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ABSTRACT 

In molecular transition metal catalyst architectures, ligand design plays a crucial role in enhancing the 

efficiency of catalytic reactions. Selected ligands can play a bifunctional role in ligand-assisted catalysis, 

providing first coordination sphere basic sites and facilitating formation of multinuclear species through 

monomer bridging, as well as through their electronic and steric effects. This research addresses the 

underutilization of SNS complexes in various catalytic cycles. Our aim is to expand their activity in different 

cycles, unlocking untapped reactivity. Specifically, we focus on SNS ligands with soft thiolate and hard 

amido donors, comparing their catalytic performance in diverse coupling reactions. This comparative study 

provides insights into the suitability of these ligands with different transition metals, contributing to the 

understanding of ligand-assisted catalysis. Chapter 1 introduces these concepts and outlines the relevant 

catalytic reactions studied herein. 

To gain a deeper understanding of the chemistry involved, a comparative analysis of the reactivity 

differences between transition metal complexes with similar coordination structures is conducted. This 

investigation is crucial as it provides valuable insights into the design of suitable ligands for transition metal 

catalysts. Specifically, Chapters 2 and 3 of this thesis delve into a comparison of the reactivity of 

coordination complexes with identical metal centers and similar ligands, or even the same molecular 

formula, in catalysis. 

In the second chapter, we introduce a new cobalt (II) complex bearing an (SNS) amido ligand for 

the bifunctional hydroboration of carbonyls. Following an unsuccessful attempt to mono-protonate the 

amido donor in the bis(amido) complex Co(SMeNSMe)2 (2.1) treatment with 1 equivalent of 1,3-bis(1-

adamantyl)imidazolium chloride (IAd•HCl) resulted in the liberation of one protonated ligand, affording 

CoIICl(SMeNSMe)(a-IAd) (2.2) with an “abnormally” coordinated IAd ligand, i.e., specifically bound through 

C4 instead of C2 of the imidazole ring. Compound 2.2 exhibited excellent catalytic activity in the 

hydroboration of aldehydes, displaying high substrate tolerance under mild reaction conditions and short 

reaction times. Stoichiometric reactions of 2.2 with pinacolborane (HBpin) revealed a bifunctional catalyst 

activation step, generating free SNS-amine, ClBpin and the active cobalt dihydride catalyst. Generation of 

an analogous catalyst with a normally coordinated IAd ligand showed poor reactivity in the hydroboration 

of aldehydes and was unable to effect ketone hydroboration. 

In Chapter 3, two tetranuclear copper(I) complexes bearing thiolate [Cu(SNSMe)]4 (3.1) and amido 

[Cu(SNSMe)]4 (3.2) SNS ligands are synthesized and their catalytic activity in a base-free azide-alkyne 

cycloaddition is compared. Complex 3.1 (1 mol%) demonstrated excellent reactivity for performing this 

‘click’ reaction in water, exhibiting a broad substrate scope and enabling the production of various triazole 

compounds, including bioactive compound 3.16, which holds potential as an anti-cancer drug. DFT 

calculations suggested a proton shuttle role for the thiolate donor in conversion of the Cu-coordinated 

terminal alkyne to the key Cu-alkynyl intermediate. On the other hand, complex 3.2 exhibited reactivity 

similar to copper chloride. This observation was attributed to the basic nature of the amido ligand, which 

undergoes protonation by the coordinated alkyne C-H bond, with subsequent dissociation of the SNS-

amine from the copper. Without a ligand to stabilize the copper in the less stable +1 oxidation state, a 

disproportionation reaction occurs, leading to catalyst deactivation. 

Chapter 4 introduces two palladium(II) thiolate complexes: PdI(3-SNSMe) (4.1) exhibits catalytic 

activity in promoting the Heck cross-coupling reaction, while Pd(2-SNSMe)2 (4.2) affords no coupling 
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product. In concert with triethylamine base, catalyst 4.1 efficiently produces olefin products with excellent 

yields, even at low catalyst loadings, and exhibits broad substrate tolerance over a 5 h reaction period. In 

contrast, the limited catalytic activity of 4.2 can be rationalized by proposing the formation of a Pd(N2S2) 

complex through ligand imine coupling at elevated temperatures, a reaction reported previously for Ni 

and Co analogs. The tetra-coordinated ligand formed through this isomerization occupies critical 

coordination sites around the metal, thereby preventing oxidative addition of the organohalide substrate, 

a key step in the Heck reaction mechanism. This work sheds light on the divergent catalytic behaviors of 

these two intriguing complexes. 

Finally, in Chapter 5 we assess what has been learned and identify relevant implications for further 

work. 
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Chapter 1. Introduction 

1.1 General Introduction 

The aim of this thesis is to delve deeply into the fascinating interplay between ligand design and its 

impact on catalytic processes, with a specific focus on transition metal complexes bearing SNS 

ligands.1 These ligands, characterized by their distinctive sulfur-nitrogen-sulfur arrangement, show 

promising potential in guiding a diverse array of catalytic reactions. By unraveling the intricate details 

of their mechanisms and understanding their unique characteristics, we intend not only to enhance 

our fundamental grasp of molecular-level catalysis but also to shed light on their strategic use in 

creating vital industrial and pharmaceutical compounds. 

Commencing our journey into the world of ligand-assisted catalysis2 using metal SNS 

complexes, this opening chapter sets the stage. We begin by emphasizing the pivotal role of catalysis 

in today's scientific landscape and its vital contribution to sustainability. We then delve into the 

potential bifunctional role of ligands, highlighting their capabilities and exploring various strategies in 

metal-ligand cooperation (MLC). In this context, the word "bifunctional" is employed to explain a 

ligand that does not just have a supporting role in the coordination sphere to stabilize the metal center 

(monofunctional), but also engages in chemical reactions with the metal (bifunctional) during the 

catalytic cycle. This approach to reactivity was named "metal-ligand cooperation" by Hansjörg 

Grützmacher3 in 2008, and it has been extensively studied over the past decades.1,4 Next we 

summarize some previous coordination chemistry and catalysis studies on first row metal amido- and 

thiolate-SNS complexes by the Baker group. From this groundwork, we finally outline the structural 

framework for the upcoming chapters, with each chapter embarking on an exploration of unique 

transition-metal-SNS complexes and their catalytic effectiveness across diverse reactions. 

1.2 Catalysis Overview 

In today's rapidly evolving world, in which concerns about environmental sustainability and the 

responsible utilization of Earth's resources take center stage, the imperative to minimize our 

ecological footprint has become preeminent.5 At the heart of this endeavor lies the pursuit of novel 

scientific and technological pathways that can address the challenges posed by our energy needs, 

resource depletion, and the deleterious effects of waste generation. Among these, catalysis emerges 

as a pivotal field that offers transformative solutions to usher in a more sustainable future.6 

Catalysis, a crucial part of modern chemistry, provides a bridge between fundamental 

scientific principles and their tangible applications in industry, manufacturing, pharmaceuticals, and 

beyond.7 It offers a powerful means to harness the potential of abundant and accessible compounds 

found in nature, while concurrently mitigating the energy requirements and environmental 

consequences associated with traditional synthetic processes. By adapting reactions through 

intricately designed catalysts, researchers endeavor to steer chemical transformations along 

pathways that not only demand reduced energy inputs but also yield fewer unwanted byproducts, 

aligning with the broader focus on green and sustainable chemistry. 
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In the quest for efficient catalysis, the distinction between heterogeneous and homogeneous 

catalysis plays a pivotal role. Heterogeneous catalysis harnesses solid catalysts, often metal surfaces 

or metal oxides, that interact with reactants in a separate phase.8 While this approach offers 

advantages such as facile catalyst separation, reuse, and stability under harsh conditions, it introduces 

challenges related to diffusion hindrances and compromised selectivity due to limitations in reactant-

catalyst interactions.9 In contrast, homogeneous catalysis stands out for its use of molecular catalysts 

uniformly dispersed within the reaction mixture.10 Here, the complexities of ligand design come to 

the fore, enabling precise tailoring of the catalyst's structure to dictate reactivity and selectivity. This 

mastery of catalyst architecture speeds up reaction rates and improves selectivity, which is crucial in 

fields like pharmaceuticals and industry. In pharmaceuticals, homogeneous catalysis reduces 

byproducts and impurities, simplifying purification steps and expediting the synthesis of vital 

pharmaceutical agents. Similarly, in industrial settings, homogeneous catalysis fosters cost-effective 

production of specialty chemicals with elevated yield and purity.11 

1.3 Moving Through First-Row Transition-Metal Complexes 

For a considerable time, homogeneous transition metal catalysis has played a crucial role in enabling 

complex chemical transformations, resulting in valuable products.12 Processes like hydrogenation13, 

metathesis14, and hydrocyanation15, carried out through homogeneous catalysis, make up a significant 

portion of the global production of bulk chemicals.16 Historically, precious metals (Pd, Pt, Rh, Ru, Ir) 

have been at the forefront of this field. Some noteworthy catalyst examples for these reactions are 

illustrated in Figure 1.1 (A: Crabtree’s hydrogenation catalyst;17 B: Wilkinson’s hydrogenation 

catalyst;18 C: hydroformylation catalyst19 and D: Grubbs’ catalyst for olefin metathesis.20) 

 

Figure 1.1 Prominent examples of homogeneous catalysts based on precious metals. 

While precious metal catalysis has demonstrated remarkable efficiency, there has been a 

noticeable trend over the past few decades towards employing first-row transition metals in 

catalysis.21 These metals are valued for their cost-effectiveness, compatibility with biological systems, 

and widespread availability, ultimately resulting in a decrease in environmental impact.22 

Nonetheless, navigating the realm of organometallic complexes built upon lighter metals presents 

significant challenges, such as air sensitivity and the existence of diverse oxidation states with closely 

related electronic structures, rendering these complexes less predictable. To pave the way for the 

widespread application of first-row metals in homogeneous catalysis, innovative strategies that 

capitalize on their distinctive attributes must be conceived and implemented. Within this context, 

ligand design has proven influential in catalytic activity, with the utilization of bifunctional ligands 

emerging as a promising avenue to address the challenge of developing stable and efficient catalysts 

centered around first-row transition metals. 



3 
 

1.4 Metal-ligand Cooperative Catalysis (MLC) 

Designing a ligand to enhance the catalytic activity of a complex, while taking into account its assisting 

capability, is a powerful strategy for achieving effective and selective catalyst reactions.3,23 Nature has 

consistently served as a wellspring of inspiration for human innovation, and the concept of metal-

ligand cooperative catalysis is no exception. Numerous instances of ligand-assisted catalysis can be 

found in metal-based enzymes.24 One notable example is superoxide dismutase (SOD),25 a 

metalloenzyme that leverages metal-ligand cooperation to facilitate the conversion of superoxide—

an oxygen metabolism byproduct—into oxygen and hydrogen peroxide, thereby averting potentially 

damaging cellular effects. Although SOD was initially discovered by Fridovich and McCord in 1969,26 

it was the pioneering insights of Henry Taube27 in electron transfer reactions and coordination 

chemistry that illuminated the bifunctional role of the ligand in this catalytic system (Scheme 1.1). 

Taube's contributions earned him the Nobel Prize in Chemistry in 1983. Furthermore, Ryoji Noyori's 

remarkable achievements in the realm of asymmetric hydrogenation earned him the Nobel Prize in 

Chemistry in 2001 (Scheme 1.2).28 His breakthroughs centered on the utilization of ruthenium 

complexes bearing bifunctional amide ligand for the enantioselective hydrogenation of ketones and 

imines. These novel ligands combined a phosphine moiety that directed metal coordination with a  

 

Scheme 1.1 Proposed mechanism for SOD metalloenzyme. * The amino acid structures are omitted for clarity. (His: 
Histidine, Cys: Cysteine, Tyr: Tyrosine) 



4 
 

+ 

 

Scheme 1.2 Noyori’s catalyst system for asymmetric hydrogenation of ketones. 

chiral  amine unit that engaged  with the substrate, harmonizing a symphony of enantioselectivity in 

bifunctional hydrogenation reactions. Noyori's discoveries highlighted the intricate workings of these 

versatile dual-purpose ligands in coordination chemistry and catalysis, emphasizing their many 

important roles. 

1.5 Bifunctional Ligands in MLC 

Ever since the discovery of the multifunctional capacity of ligands in catalytic reactions, diverse 

strategies have been implemented in the realm of MLC catalysis. By offering this assisting role during 

the catalytic reaction, the chemical structure of the ligand may undergo reversible transformations, 

including processes like protonation and deprotonation, or may remain intact. In specific cases, the 

ligand's role might be limited to catalyst activation, as observed in some examples of hydroboration29 

and hydrosilylation.30 Within this framework, several categories of bifunctional ligands warrant 

discussion: 1) Ligand acts as Lewis base - an anionic “X” ligand31 bearing an additional lone pair of 

electrons, such as amido, alkoxide or thiolate, can function as a Lewis base in the activation of E-H 

bonds (E = H, B, Si), i.e., M-X + BHR2 → MH-BR2X.32 These ligands also have the ability to interact with 

the substrate through H-bonding.33 Furthermore, some aromatic chelating ligands possess the 

intriguing ability to undergo dearomatization upon deprotonation, effectively maintaining the metal 

center's oxidation state throughout the catalytic cycle (Scheme 1.3).34 2) Ligand acts as Lewis acid: 

Alternatively, a ligand with an available empty orbital, such as boryl, aluminyl or phosphenium, can 

act as a Lewis acid, activating E-H bonds with complementary regioselectivity, i.e., M-X + BHR2 → 

MBR2-XH.35 These ligands also have the ability to interact with heteroatom-containing substrates 

through lone-pair coordination.36 3) Redox non-innocent ligands: Ligands with valence orbitals of 

similar energy to those of the metal d orbitals can serve as reservoirs for electrons, again preserving 

the oxidation state of the central metal throughout the catalytic cycle.37 These multifaceted roles 

collectively contribute to the rich landscape of MLC catalysis.  

 

Scheme 1.3 General mechanism for aromatization / dearomatization in MLC. 
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The central focus of this dissertation revolves around the application of transition-metal 

catalysts that employ the primary mode of metal-ligand cooperation (MLC), utilizing an amido or 

thiolate Lewis base X-donor to facilitate collaborative bond activations by the bifunctional arm. 

Consequently, the majority of attention and emphasis will be directed towards this category, aiming 

to gain a deeper understanding of the bifunctional activity of these ligands in catalysis. This emphasis 

is particularly crucial for evaluating their suitability based on their hard or soft basic nature, 

contributing valuable insights to the field of transition-metal catalysis. 

1.6 Ligand Acts as Lewis Base 

The main group of cooperative ligands includes those that use an X donor with multiple lone pairs, 

often in a multidentate structure. In this context, the X donor employs one of its lone pairs to strongly 

attach to the Lewis acidic metal center. Concurrently, another lone pair plays a crucial part by acting 

as a Lewis base; this collaborative action enables bifunctional catalysis in cooperation with the metal. 

Different studies have shown that nitrogen-, sulfur-, and oxygen-donor ligands all have the potential 

to function in MLC.1 

The interaction between the Lewis base ligand and the Lewis acidic central metal enables 

them to cooperate through three distinct mechanisms, as illustrated in Scheme 1.4. These 

mechanisms include 1) outer-sphere reduction, 2) inner-sphere insertion, and 3) inner-sphere 

hydride transfer.38 In mechanisms 1 and 3, each cycle relies on the cooperative interplay between the 

metal and the ligand, whereas in the second mechanism, the bifunctional ligand only plays a role in 

catalyst activation. In contrast, in monofunctional ligand systems, the ligand remains uninvolved in 

both catalyst activation and the formation/separation of chemical bonds. 

Our research focuses on multidentate amido- and thiolate-SNS ligands, which are prime 

examples of bifunctional donors displaying Lewis base characteristics. These ligands have consistently 

been used in hydroboration and hydrosilylation catalytic reactions, mainly due to their significant role 

as a Lewis base.2 In the upcoming section, we will shift our attention to bifunctional ligands containing 

nitrogen and sulfur donors with a bifunctional role as Lewis base. This exploration will expand our 

understanding of cooperative catalysis, with a stronger emphasis on their Lewis base characteristics. 

1.6.1 Nitrogen-based ligands 

Due to the pronounced electronegativity of the nitrogen atom, complexes featuring metal-nitrogen 

bonds demonstrate a remarkable capacity for engaging in metal-ligand cooperative catalysis, with the 

nitrogen donor fulfilling the role of a Lewis base. Numerous examples of these catalysts have been 

reported, primarily for two types of reactions:39 1) Hydrogenation and dehydrogenation, and 2) E-H 

bond activation (where E = B, Si) in the context of hydroboration and hydrosilylation. 

1.6.1.1 Hydrogenation and dehydrogenation catalysis 

An array of first-row metal complexes excels in catalyzing hydrogenation reactions for both polar and 

nonpolar unsaturated organic molecules. Many of these ligands are designed on a multidentate [N, 

P] scaffold, in which the strong-field phosphine donors participate significantly in stabilizing active 

catalyst species  in  low-spin states.  This field's  growth owes  much  to  diligent efforts  from  various 
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Scheme 1.4 Different types of mechanisms in ligand-assisted catalytic reduction of carbonyls in which the N donor 

acts as a Lewis base. (R = alkyl, aryl; R’ = H, alkyl, aryl; E = H, B, Si). 

research groups focused on bifunctional hydrogenation of alkenes, carbonyls, nitriles, and N-

heterocycles.40 For example, in 2012, Hanson and colleagues introduced the active catalyst (PNHP)-

Co(II)-alkyl, which performs exceptionally well in hydrogenating a wide range of unsaturated organic 

compounds.41 Their 2013 studies on alcohol dehydrogenation identified a cobalt hydride as a key 

intermediate (Scheme 1.5). The N-H moiety displayed no indications of bifunctional activity as 

confirmed by the similar effectiveness of the N-Me analogue, essentially ruling out a bifunctional 

outer-sphere mechanism.42 Further research uncovered detailed mechanistic understanding, 

elucidating different reaction pathways catalyzed by the initial catalyst across various substrates.43 

Notably, the N-Me analogue encountered challenges with ketone hydrogenation, suggesting an outer-

sphere ligand-assisted mechanism for these substrates. 

1.6.1.2 E-H bond activation in hydroboration and hydrosilylation 

Hydroboration and hydrosilylation reactions stand as catalytic pathways yielding sought-after 

organoboranes and organosilanes, pivotal starting materials for cross-coupling reactions aimed at 

generating complex organic molecules.44 Traditionally, these catalytic processes involved the use of 

precious metal complexes (Ru, Ir, Rh). However, recent years have witnessed remarkable advances in 

employing first-row metal complexes.45 Hydrosilanes and boranes exhibit a resemblance to 

dihydrogen due to comparable electronegativity values. The heterolytic cleavage of relatively weaker 

Si–H and B–H bonds (vs H-H) can be facilitated by first row metal catalysts employing MLC.  Throughout 

the literature, there are several examples of the utilization of Lewis base bifunctional ligands in these 

contexts.46,32  
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Scheme 1.5 Proposed mechanisms for Co(CH2SiMe3)(PNHP)-catalyzed hydrogenation of ketones (left) and alkenes 
(right).  

            The theoretical pathways through which Si–H or B–H bonds can be activated by bifunctional 

amido ligands are similar to the process for H2, resulting in the electrophilic Si/B fragment being 

located at the Lewis basic ligand site and the hydrogen on the Lewis acidic metal center. 

In 2018, Leitner and colleagues reported a manganese complex featuring a PNP pincer ligand 

with the capability to catalyze the hydroboration of carbon dioxide and other challenging carbonyl 

groups (Scheme 1.6).47 In their mechanistic inquiries, they successfully isolated and characterized a 

reaction intermediate using X-ray crystallography. This intermediate formed in the presence of 

stoichiometric amounts of base and HBPin. The crystallographic data revealed the existence of a four-

membered ring (Mn-H-B-N), indicative of B-H bond cleavage across the Mn-N bond, thus emphasizing 

the Lewis basic bifunctional role of the amido donor. Mild heating of this intermediate then afforded 

the Mn-H complex. These intermediates both served as competent catalyst precursors for CO2 

hydroboration, confirming their role in the catalytic cycle.  

 

Scheme 1.6 Isolation of Mn–H intermediates from bifunctional B–H bond activation. 



8 
 

1.6.2 Sulfur-based ligands 

The concept of harnessing the cooperative dynamics between a Lewis acidic metal and a coordinated 

Lewis base has proven to be a strong approach in homogeneous catalysis. While focus has mostly 

centered on metal amido complexes in the landscape of metal-ligand cooperation, it is important to 

see the potential of alternative donors like sulfur in analogous catalysis reactions. This avenue of 

exploration is still in its early stages, given the few examples of cooperative S donor ligands in the 

literature (Figure 1.2). 

The metal-sulfur interaction plays a fundamental role within biological systems, often 

displaying key functions in metalloenzyme reactions. A prime example is [FeFe]-hydrogenase, an 

enzyme comprised of a dinuclear Fe complex featuring bridging thiolates.48 This enzyme effectively 

catalyzes the reversible conversion of protons and electrons into dihydrogen (Scheme 1.7). Unraveling 

the details of the roles played by the sulfur donors in this metalloenzyme is challenging, with several 

research groups involved.49 Consequently, further exploring the bifunctional activity of sulfur donors 

within MLC not only reveals insights into these biological pathways but also drives us toward more 

environmentally sustainable and biocompatible realms of homogeneous catalysis. This shift is vital for 

advancing green and eco-friendly approaches to catalysis, aligning with the growing demand for 

environmentally conscious and biocompatible chemical methodologies in contemporary research. 

 

 

Figure 1.2 Timeline of bifunctional sulfur-based ligands for stoichiometric or catalytic E-H bond activation in 
cooperation with a metal.  
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Scheme 1.7 Proposed activation of H2 by [FeFe]-hydrogenase.  

Thiolate donors emerge as strong candidates to showcase their Lewis basic nature, thanks to 

their natural tendency due to their electronic structure to share their electron pair through bridging 

interactions.50 Noteworthy studies have harnessed the ligand-assisted activity of thiolate donors 

within metal complexes to perform catalytic reactions of significance.  Key milestones include 

pioneering work by Sellmann on a Ni(II) thiodibenzenethiolate complex for cooperative H2 cleavage, 

and subsequent studies on Ru and Ir complexes for H2 activation.51 More recent research includes the 

exploration of sulfur-modified [PNP] ligands and the development of Ru-thiolate hydrosilylation 

catalysts.52 In another study, Stradiotto demonstrated the reversible activation of organosilane Si−H 

bonds. This was achieved using a coordinatively unsaturated cationic Ir complex containing a 

bidentate [SP] ligand. However, despite its effectiveness in this activation, it did not exhibit catalytic 

activity.53 More recently, the Khusnutdinova group reported a Mn complex that featured a macrocyclic 

[N2S2] pyridinophane ligand. This complex underwent double dearomatization at the methylene 

linkers, leading to H2 activation. However, it did not exhibit catalytic activity similar to the previous 

case.54 The most significant advancements in bifunctional catalysis using sulfur-based ligands 

originated from the Oestreich research team. They formulated a series of Ru-thiolate hydrosilylation 

catalysts with bifunctional capabilities over the past decade.55  

In recent years, the Wang group expanded the application range of thiolate complexes 

involving first row transition metals in metal-ligand cooperative catalysis. In 2017, they reported an 

iron thiolate complex 1.1A, which exhibits regiocontrol over the hydroboration of aryl epoxides 

(Scheme 1.8).56 Notably, an intriguing departure from the typical initiation process was observed. 

Instead of the conventional B–H bond activation, the pivotal initial stage involved the direct insertion 

of the epoxide into the Fe–S bond. In a different investigation, the Wang research group expanded 

the concept of metal-thiolate collaboration to include the hydroboration of N-heteroarenes using 1 

mol% of the N2-bridged diiron complex 1.2A.57 Hydride transfer from HBpin to C2 (proceeding through 

1.2C) gives rise to 1.2D. Following this step, the Bpin group migrates from sulfur to the reduced 

heterocycle, ultimately yielding the hydroborated product and regenerating 1.2E. Lastly, the Maji 

group recently introduced a Mn(I) catalyst for the transfer hydrogenation of nitriles. In this case, the 

sulfur donor in the ligand doesn't serve as the bifunctional donor; however, the thioether acts as a 

hemilabile donor, providing stability to coordinatively unsaturated intermediates during the catalytic 

cycle.58  

1.7 Toward Sustainable S-Donor Bifunctional Ligands 

A commonly-used ligand motif for metal-ligand cooperation (MLC) catalysis with first-row metals 

involves phosphine-based multidentate ligands with actor amine/amido functional groups. This ligand 

design has significantly advanced protocols for (de)hydrogenation catalysis.59 Some of the most 
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effective metalloenzymes in nature, such as [FeFe]- and [FeNi]-hydrogenases, incorporate sulfur-

based ligands in their active sites for heterolytic H2 activation.48,60 However, outside of these biological 

systems, the utilization of first-row metal-sulfur complexes for cooperative activation of small 

molecules has been limited, with precious metals being predominant. 

 

 

Scheme 1.8 Proposed mechanism for Fe thiolate complex-catalyzed hydroboration of aryl epoxides. 

Attempting to grow this field, the Wang research group has expanded the application range 

of thiolate complexes involving first row transition metals in metal-ligand cooperation catalysis. In 

2017, they reported their findings on a thiolate complex involving iron, which exhibited regioselective 

control over the hydroboration of aryl epoxides (Scheme 1.8).61.a In a different investigation, the Wang 
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research group expanded the concept of metal-thiolate collaboration to involve the hydroboration of 

heteroarenes (Scheme 1.9).61.b Despite these advances, progress with first-row metals has been 

comparatively slower. A critical aspect often overlooked is the sustainability of ligands used in these 

reactions. While sulfur-based bifunctional ligands show promise as highly active catalysts, variants 

free of phosphines remain underexplored. Moreover, the use of Lewis-base S-donors is rare compared 

to the widespread use of Lewis-base N-donors. Exploring the role of sulfur in bifunctional pincer  

 

Scheme 1.9 Proposed mechanism for Fe thiolate-catalyzed hydroboration of N-heteroarenes. 
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ligands is intriguing due to its oxidation state flexibility and ‘soft’ donor properties. Thiolate ligands 

have demonstrated involvement in redox events, generating thiyl radicals and facilitating addition 

reactions.62 Thus, understanding the reactivity of [N,S]-donor ligands could promote more 

widespread adoption of sustainable ligand designs. 

Over the past 8 years, the Baker research group has revealed the diverse reactivity of two 

simple amido- and thiolate-[SNS] pincer ligands and identified their mechanistic roles in MLC catalysis 

(Scheme 1.9).2 

1.8 Amido and Thiolate SNS Ligands 

The Baker research group has recently undertaken a comparative study involving 'soft' thiolate (L1) 

and 'hard' amido ligands (L2) within the realm of ligand-assisted catalysis.2 Their investigation 

spanned base metals ranging from Mn to Zn, revealing diverse bifunctional mechanisms for catalyzing 

hydroboration63.a-d and hydrosilylation63.e reactions involving carbonyls, nitriles,64 and N-

heterocycles.65 This section provides a concise introduction to this chemistry.  

1.8.1 Thiolate-SNS ligand (L1) 

 

Synthesis of the benzothiazolidine HL1 is achieved with a high 90% yield using a straightforward 
condensation reaction between 2-(methylthio)benzaldehyde and 2-aminothiophenol (Scheme 
1.10).66 Quantitative deprotonation then gives the thioether-imine-thiolate SNS ligand L1. Reaction  
 
 

 
 

Scheme 1.10 Synthesis of benzothiazolidine (HL1) and thiolate-SNS ligand (L1).  

 

of Fe(OTf)2 with 1 equiv. of both HL1 and NaOtBu afforded a trinuclear complex {Fe[2-Fe(3-
SNSMe)2]2}(OTf)2 (1.1) featuring a central iron center coordinated to two bidentate pseudo-octahedral 

Fe[3-SNSMe]2
 units in a distorted tetrahedral fashion (Scheme 1.11). Formation of multinuclear 

complexes confirms the capacity of thiolate ligands for bridging.66 Note that the imine and thiolate 
donors form a 5-membered ring with the Fe center, whereas the coordinated thioether and imine 
donors form a 6-membered ring. Addition of ancillary phosphorus ligands then afforded both 

dinuclear and mononuclear analogs such as Fe(3-SNSMe)[P(OMe)3]3. Although an iron bis(thiolate) 

complex Fe(3-SNSMe)(2-SNSMe)(CO), was obtained from reaction with CO,67 Ni(acac)2 reacts with L1 

to afford cis-Ni(2-SNSMe)2 (1.2), demonstrating the hemilability of the thioether donor (Scheme 
1.12).68 Thermolysis of 1.2 afforded the Ni(N2S2) complex (1.3) via imine C-C bond formation, as 
reported previously by Kawamoto for Ni(NS)2 complexes.69 Note that the (N2S2)2- ligand in 1.3 is redox 
active, affording a diamagnetic Ni complex.70 
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Scheme 1.11 Synthesis of the trinuclear [Fe3(SNSMe)4]2+ cationic complex (1.1).  

 
 

Scheme 1.12 Synthesis of Ni bis(thiolate) (1.2) and Ni(N2S2) (1.3) complexes. 

 

1.8.2 Amido-SNS ligand (L2)  

The bis(thioether)-amine ligand (HL2) can be synthesized with yields exceeding 90% by condensing 

2-(methylthio)benzaldehyde and 2-(methylthio)aniline, followed by imine reduction using 4 equiv of 

ammonia-borane (Scheme 1.13).71 Upon deprotonation, L2 presents a "hard" amido group as the 

bifunctional donor, flanked by two thioether groups—one forming a 5-membered ring and the other 

a 6-membered ring. The latter was conceptualized to possess potential hemilabile properties.72  The 

weaker acidity of the N-H bond in HL2 (vs HL1) necessitates the use of stronger bases for 

deprotonation. Thus, metal precursors incorporating strongly basic X groups such as 

hexamethyldisilazanide (HMDS) were selected for the salt-free synthesis of the bis(amido) 

complexes, trans-M(3-SMeNSMe)2 with M = Mn (1.4), Fe (1.5), and Co (1.6) (Scheme 1.14).62(b),71,73 A 

notable observation for these complexes is the longer M-SMe distance within the 6-membered ring 

compared to the 5-membered ring. This potential hemilability was realized in reactions with the 

bipyridine ligand which cleaved both thioether donors from the 6-membered rings, yielding M(2-

SMeNSMe)2(bpy) [M = Mn, Fe] complexes. (Scheme 1.15). 

 

 

Scheme 1.13 Synthesis of protonated SNS amido ligand (HL2).  
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Scheme 1.14 Synthesis of first row metal bis(amido) complexes 1.4-1.6. 

 

Scheme 1.15 Demonstrating the hemilability of the thioether donors in the 6-membered rings of 1.4 and 1.5.  

Protonation of complex 1.5 with NHTf2 gave the cationic amido-amine complex (1.7) that then 

serves as a precursor for monoamido complexes with ancillary ligands such as triphos (1.8; Scheme 

1.16), which proved to be a selective catalyst for ammonia-borane dehydrogenation.71 

 

Scheme 1.16 Protonation of iron bis(amido) complex (1.5) gives cationic monoamido complex (1.7) with triphos.  

 

1.9 Catalysis Using First-row Metal Complexes Bearing Amido- and Thiolate-SNS Ligands 

Despite the existing literature on bifunctional hydroboration catalysts, the Baker research group took 

a novel approach by using this reaction as a foundation to explore the Lewis base MLC potential of 

the newly introduced SNS ligands. The various complexes shown in Figure 1.3, showcased remarkable 

efficacy in catalyzing carbonyl hydroboration. Impressively, these complexes accomplished the 
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conversion of both aldehydes and ketones to full completion at room temperature, with catalyst 

loadings of less than 1 mol%. Notably, the catalytic process exhibited versatility in accommodating a 

diverse range of substrates, encompassing electron-withdrawing and electron-donating groups on 

both aryl and alkyl carbonyls. Furthermore, a comprehensive examination into the mechanistic 

intricacies unveiled distinct pathways governing the MLC M(SNS)n-catalyzed hydroboration. As 

discussed earlier, two distinct mechanisms  come  to  the  fore  in   bifunctional    E-H bond  activation.  

In one  scenario,  E-H  bond  

 

Figure 1.3 Active hydroboration catalysts containing SNS ligands.  

cleavage across the M-L bond initiates an outer-sphere six-membered transition state, in which direct 

interaction between the substrate and the metal center is absent. In an alternate scenario, an inner-

sphere mechanism take place, involving the coordination of the substrate to the metal followed by 

insertion into the M-H bond. Several mechanistic investigations utilizing the complexes featured in 

Figure 1.3, not only revealed contrasting coordination chemistry linked to the amido- and thiolate-

SNS ligands but also illuminated their distinct modes of facilitating the reaction across diverse metals. 

In one example, the mechanistic exploration of hydroboration utilizing the zinc bis-thiolate 

precatalyst Zn(L1)2 (1.10) disclosed a rare example of borylated ligand dissociation to yield an active 

hydroboration catalyst.74 This intriguing phenomenon was achieved by initiating the activation of the 

B-H bonds via reduction of the imine group. Subsequently, the activation pathway involved the 

interaction of a Zn[L1-HBpin] unit with benzaldehyde, leading to a series of reactions that 

encompassed deoxygenation and the creation of a benzothiazoline heterocycle. This process likely 

gave rise to the formation of Zn[OBpin]2, which, in the presence of both HBpin and benzaldehyde, 

generated O(Bpin)2 and the catalytically active Zn species (Figure 1.4). This intriguing reaction 

pathway involving the deployment of a sacrificial ligand underscores the diversity of options 

presented by these SNS ligands.  

To draw a comparative analysis between the two SNS ligands, an investigation into the 

catalytic performance of two copper complexes (1.8 and 1.9) was undertaken (Figure 1.3). While the 

(IPr)Cu(L2) complex exhibited catalytic activity in both hydroboration and hydrosilylation of carbonyls, 

its thiolate analogue, (IPr)Cu(L1), exclusively demonstrated catalysis in the hydroboration reaction.63 

In another investigation, the Baker research team reported a catalyst system demonstrating 

exceptional efficacy in effecting the dihydroboration of nitriles, thereby affording access to valuable 

N,N-diborylamine precursors.75 The Mn-based thiolate-SNS complex Mn(CO)3(L1) exhibited the 

remarkable  capability   to  reduce  nitriles,  utilizing  a  mere  1 mol%  catalyst  loading  with  a  good  
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Scheme 1.17 Proposed reaction pathway for benzaldehyde hydroboration using HBPin and Zn(L1)2 bis(thiolate) 
precatalyst. On the right, one of the L1 ligands is omitted for clarity.  

substrate scope tolerance, all at room temperature (Scheme 1.18). This accomplishment necessitated 

only ongoing photolysis to introduce an additional coordination site on the metal center. 

Central to the objectives of this thesis is the aspiration to extend the catalytic capabilities of 

this family of bifunctional ligands beyond E-H bond activation reaction. The aim is to enable diverse 
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and valuable bond-forming reactions, thereby contributing to the advancement of synthetic 

methodologies and enhancing the repertoire of tools available to synthetic chemists. 

 

 

Scheme 1.18 Photolytic dihydroboration of nitriles utilizing the Mn(CO)3(L1) complex.  

 

 In the ensuing chapters, we delve into the exploration of arrays comprising SNS-transition metal 

complexes, elucidating their applications in the realm of metal-ligand cooperation catalysis. Additionally, 

a comprehensive analysis unfolds as we examine the distinctive attributes of soft thiolate and hard amido 

donors, particularly in the context of their involvement in a click reaction within the thiolate and amido 

complexes. This comparative investigation serves to deepen our understanding of the unique catalytic 

properties inherent in these diverse ligand frameworks. 
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Chapter Two: Cobalt Amido Complexes Bearing N-Heterocyclic Carbenes as Pre-

catalysts for Carbonyl Hydroboration  

 

2.1 Contribution to Knowledge 

Bifunctional Hydroboration Catalyst Activation Using an Abnormal-NHC Co SNS Amido Complex. Atousa 

Khanzadeh, Saeed Ataie, Loïc P. Mangin, Maxwell I. Lohoar, Brandon Fitchett and R. Tom Baker, 

Organometallics 2023, in press. 

Author Contributions 

Atousa conducted the catalytic reactions, prepared the complexes, recorded and analyzed the EPR spectra 

under the expert guidance and supervision of Prof. Baker. Saeed took charge of growing the crystals and 

conducted in-depth analysis of the X-ray and mass spectra. Loïc was responsible for the DFT calculations 

studies and Max recorded the Evan's NMR spectra. Atousa, Saeed and Prof. Baker wrote the manuscript. 

Each author played a crucial role in advancing our understanding of the subject matter and contributed 

significantly to the completion of this research project. 

Abstract: In previous work, supporting ligands were incorporated in Fe(II) SNS pincer catalysts by 

monoprotonation of the bis(amido) complex, mer-[Fe(3-SMeNSMe)2], affording the isolable Fe amido-

amine cation with an easily displaced SNS amine ligand. Herein we show that protonation of the Co 

analogue (2.1) proceeds directly to the bis(amine) dication, fac-[Co(3-SMeNHSMe)2]2+. DFT studies clearly 

corroborate the mer- to fac-isomerization upon diprotonation of both Fe and Co complexes. To access an 

ancillary ligated hydroboration precatalyst, treatment of 2.1 with 1,3-bis(1-adamantyl)imidazolium 

chloride (IAd·HCl) effects both amido ligand protonation and chloride addition, yielding the abnormally-

coordinated IAd complex, CoIICl(2-SMeNSMe)(a-IAd) (2.3). DFT calculations showed that 2.3 is only slightly 

more stable than the complex containing the normal IAd isomer, suggesting a role for kinetic control due 

to steric factors. Stoichiometric treatment of both 2.1 and 2.3 with pinacolborane (HBpin) afforded free 

N-borylamine but only 2.3 served as an effective carbonyl hydroboration catalyst, showing the important 

role of a-IAd in stabilizing cobalt throughout the catalytic cycle. 
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2.2 Introduction 

In Chapter one I discussed the role of amido ligands in cooperative metal-ligand catalysis either in the 

catalytic cycle [Mn bis(amido) photo-catalyzed nitrile hydroboration]1 or in an initial pre-catalyst activation 

step [Zn bis(amido)-catalyzed carbonyl hydroboration].2 In this chapter I demonstrate a similar ligand-

assisted pre-catalyst activation step using a Co amido complex bearing an abnormally-coordinated N-

heterocyclic carbene (NHC) ligand. 

B-H bond activation is a fundamental step in metal complex-catalyzed hydroboration reactions,3-5 

in which the ligand can play multiple roles.6 Although anionic ligands possessing an additional lone pair as 

potential Lewis-base donor have shown remarkable potential to participate in cooperative B-H bond 

activation,4,10-20 borylation of these ligands often decreases their donor power, leading to facile 

dissociation.10-17 For some ligands in precatalysts, this dissociation may result in irreversible catalyst 

deactivation. To address this problem, two methods have been reported: first, using a multidentate XLn 

ligand that retains strong donors in its borylated form,4,19-25 and second, employing a supporting ligand to 

stabilize the metal center after dissociation of the borylated ligand.26-29 In previous work the Baker group 

employed amido- and thiolate-SNS complexes of first row metals (Mn, Fe, Co, Cu, Zn) as bifunctional 

hydroboration catalysts. While reactions of HBpin with Cu and Zn 2-amido complexes led to dissociation 

of the N-borylamine (and generation of M-H), protonation of the bis(amido) Fe complex afforded the Fe 

amido-amine cation in which the latter retained its 3-coordination (Scheme  2.1-top). Nonetheless, facile 

dissociation of the tridentate bis(thioether)amine ligand allowed for the isolation of a series of precatalysts 

Fe(3-SMeNSMe)Ln containing a variety of supporting ligands i.e., P(OMe)3, triphos.30  

Cobalt complexes have demonstrated promising activity in hydroboration of various unsaturated 

organic groups such as carbonyls,31-36 N-heterocycles,37 nitriles,38 alkenes,39 and alkynes.40,41 Among cobalt 

complexes studied in catalytic carbonyl hydroboration, two different mechanistic pathways have been 

reported (Scheme 2.2). First is Fout’s Co(I) bis(NHC) complex,35 which adds a B-H bond to form a CoH(Bpin) 

core much like previously reported Rh catalysts.42 Second, the Baker group’s recent Co(II) complex36 

benefits from two Lewis-basic thiolate donors to bifunctionally activate the B-H bond through metal-ligand 

cooperation. In this cooperation the thiolate donor activates HBpin and the Co center activates the 

carbonyl through O-coordination, thus directing the reaction through an inner-sphere hydride transfer 

mechanism not involving a Co-H intermediate. Herein, we examine the catalytic potential of our previously 

reported cobalt(II) bis(amido) SNS complex (2.1; Scheme 2.1-bottom)43 with and without supporting NHC 

ligands in hydroboration reactions. 
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Scheme 2.1 Supporting ligand addition following protonation of amido-SNS ligand in Fe- and Co- complexes. 

 

A. Fout’s oxidative addition mechanism35 B. Baker’s bifunctional mechanism36 

 

 

 

Scheme 2.2 Diverse reaction pathways for Co-catalyzed hydroboration.   
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2.3 Results and Discussion  

2.3.1 Protonation of CoII(SMeNSMe)2 (2.1) 

Treatment of a green benzene solution of bis(amido) complex CoII(κ3-SMeNSMe)2 (2.1) with 1 equiv of HNTf2 

gave a brown-yellow solution and dark yellow precipitate of [Co(κ3-SMeNHSMe)2](NTf2)2 (2.2). All efforts to 

synthesize and isolate the mono-protonated complex, such as using 0.9 equiv of HNTf2 in THF at -110 °C, 

were unsuccessful, as the green solution quickly converted to brown-yellow, containing both 2.2 and 

unreacted 2.1. Hence 2.1 was treated with 2 equiv of HNTf2, affording 2.2 in 87% yield (Scheme 2.3). 

Paramagnetic 1H NMR of 2.2 showed two singlets at  0.74 and 0.95, each due to two SMe groups (Figure 

2.2). The two NCH2- moieties gave a singlet at  2.72 and 16 hydrogens were observed between  4.85-

5.8, in agreement with the expected number of aromatic hydrogens. 

 

Scheme 2.3 Synthesis and molecular structure of 2.2 with 50% probability. Thermal ellipsoids, hydrogen atoms 
refined via the riding model and counter NTf2

- anions are omitted for clarity. Selected bond distances (Å) and angles 
(°): Co-S1 = Co-S1’ 2.2785, Co-S2 =Co-S2’ 2.6522, Co-N1 = Co-N1’ 1.993, S1-Co-S2= S1’-Co-S2’ 100.04, S1-Co-S2’ = S1’-
Co-S2 79.96, S1-Co-N1=S1’-Co-N1’ 87.74, S1-Co-N1’=S1’-Co-N1 92.26, S1-Co-S1’ 180.00, S2-Co-N = S2’-Co-N1’ 89.68, 
S2-Co-N1’=S2’-Co-N1 90.32, S2-Co-S2’ 180.00. 

                The solution magnetic moment of 2.2 determined by Evans’ NMR method42 was 4.64 BM in 

accord with other octahedral high-spin cobalt(II) complexes.43,44 The molecular structure of 2.2 (Scheme 

2.3) shows that protonation of mer-Co(L2)2 gives rise to the facial isomer of [Co(L2H)2]2+. The Co-S bonds 

in 5-membered rings of 2.2 (2.2785 Å) are shorter than those of 2.1 (2.4723(7) and, as observed for the Fe 

amine-SNS ligand,30 the difference in Co-S bond distances between the 5- and 6-membered rings is small 

(0.004 Å), in contrast to that in 2.1 (0.230 Å). As expected, the Co-N bond distance is significantly longer 

in 2.2 (by 0.023 Å vs 2.1) due to protonation.  

2.3.2 DFT investigation of 2.1 isomerization upon protonation  

To shed some light on the isomerism change upon protonation, we undertook DFT calculations (see section 

2.6.4 for detailed discussion) at the PBE0-D3(BJ)/6-311(+)g**/ def2TZVP(D) level of theory in implicit THF. 

The results demonstrate that the two protonations of M(L2)2 complexes (M = Co or Fe) by HNTf2 are 

strongly exothermic and exergonic, the second one releasing slightly less energy (Table 2.1). The 

thermodynamics of the Co and Fe complexes are relatively similar, and the meridional isomer is clearly 

favoured over the facial one in the neutral complexes. The first and easiest protonation reduces the energy 
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gap between the isomers and the second protonation then induces a conformational change leading to 

the [fac-M(L2H)2]2+ cation that is strongly stabilized by ionic pairing to the (NTf2)- counter-anions (ca. 10 

kcal/mol per anion), as observed for both [Fe(L2)(L2H)][NTf2] and [Co(L2H)2][NTf2]2 in the solid state. 

Protonation is also accompanied by a lengthening of both the N-CAr and Co-N bonds, allowing for a greater 

flexibility of the SNS ligand without compromising its binding ability. 

Table 2.1 Gibbs free energies (in kcal/mol) for sequential stepwise protonation of the mer/fac-[M(L2)2]n+ complexes 
(n = 0,1,2). 

 

 

2.3.3 Adding a NHC supporting ligand to the coordination sphere 

In light of the protonation reactivity of 2.1, we sought an alternate strategy to install a supporting ligand 

for catalysis studies. Taking a page from our earlier work with Co(L1)2,34 we treated 2.1 with 1 equiv. of 

IAd•HCl, affording 2.3 as a dark green powder in 81% yield (Scheme 2.4). In this method, protonation of 

L2 by the imidazolium salt adds both IAd and Cl ligands to Co with expulsion of L2H. The paramagnetic 1H 

NMR of  2.3 showed 19 resonances between  -51.71 and 106.95 ppm, in agreement with the  number of 

Scheme 2.4 Synthesis and molecular structure of 2.3 with 50% probability thermal ellipsoids. Backbone hydrogen 
atoms omitted for clarity. Selected bond distances (Å) and angles (deg): Co1-S1 2.411(1), Co1-C26 2.034(3), Co1-N1 
1.919(3), Co1-Cl1 2.269(1), S1-Co1-N1 85.7(1), S1-Co1-Cl1 103.18(4), S1-Co1-C26 103.1(1), N1-Co1-Cl1 113.0(1), N1-
Co1-C26 122.7(1), Cl1-Co1-C26 119.3(1). 
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inequivalent protons in 2.3 (Figure A2.3). The solution magnetic moment of 2.3 determined by Evans’ 

NMR method was 3.80 BM. 

Although 2.1, 2.2 and 2.3 are high spin complexes with S = 3/2, 2.2 has a larger magnetic moment due to 

its cationic nature causing a larger energy difference between the eg and t2g orbital sets in octahedral 

geometry.47.a The molecular structure of 2.3 showed a slightly distorted tetrahedral geometry (τ′
4 = 0.98)47.b 

in which IAd is coordinated abnormally (i.e., through C26 instead of C27). The Co-S bond in 2.3 is 0.133 Å 

longer than its peer in 2.2, and very close to that of 2.1. The Co-C26 bond length of 2.034(3) Å is in 

agreement with those previously reported in other pseudotetrahedral abnormal-NHC cobalt(II) 

complexes.47.c The average bond lengths of Co-CNHC in normal cobalt(II) carbene complexes are in the same 

range.48,49  

2.3.4 DFT investigation of abnormal coordination of IAd  

 Although the majority of abnormal NHC metal complexes have been prepared using 2-substituted 

imidazolium precursors,51 examples of selective C4-H activation in conventional NHCs with bulky N-

substituents have been reported previously.52 To better understand why IAd is coordinated abnormally in 

2.3, we turned to DFT to compare the binding modes of IAd to our Co(SNS) core (Figure 2.1). The optimized 

geometry of 2.3 agrees well with the experimental SC-XRD structure with a Co-C bond distance of 2.032 Å 

(vs. 2.034(4) Å in the solid state at 200 K). Structure optimization of the isomer with a normally coordinated 

IAd showed a significantly longer Co-C bond (2.101 Å) and a clear lengthening of all bonds around the 

metal center. Moreover, an increased deviation from the ideal tetrahedral geometry (τ′
4 = 0.73)47.b was 

observed, caused by a significant increase of the Ĉ-Co-S angle (from 103 ° (XRD) / 106 ° (DFT) to 127 °) and 

a reduction of the Ĉ-Co-Cl angle (from 119 ° (XRD) / 122 (DFT) to 106 °). This most likely results from the 

large steric hindrance of the adamantyl substituents. Although the free a-IAd zwitterion is significatively 

less stable (by ΔG = 12 kcal/mol) than the normal free carbene, the calculations predict that the abnormal 

coordination mode is only slightly favoured over the normal isomer by ΔG = 0.6 kcal. This thermodynamic 

preference is attributed mostly to the entropic factor (normal → abnormal; ΔHr = +1.9 kcal/mol and ΔSr = 

+8 cal/mol·K) and highlights once more the steric effects of the bulky adamantly substituents. Thus, we 

believe that the selectivity leading to 2.3 arises from kinetic control, and that the approach of the 

imidazolium IAdH+ towards the amido-cobalt bond is easier from the less hindered C4 of the imidazolium, 

and that further abnormal→normal rearrangement is kinetically inaccessible at room temperature.  

Figure 2.1 Calculated geometries and energy differences (at 298 K) of 2.3 (right) and its normal IAd isomer (left). 
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While the abnormal IAd coordination did not provide significant stabilization for 2.3 vs. the 

unobserved normally-coordinated IAd isomer, thermolysis of Co[N(SiMe3)2]2(IPr) at 80 °C has been shown 

to afford the more stable a-IPr isomer.53 The strong donor power of these so-called “mesoionic” carbenes54 

has proven useful in a number of catalytic processes although most involve precious metal complexes.51c 

2.3.5 Synthesis and characterization of [CoCl2(n-IAd)]2 (2.4) 

In an effort to prepare the normal-IAd version of 2.3, we prepared [CoCl(μ-Cl)(IAd)])2 (2.4; Scheme 2.5). In 

2.4 two CoCl2(IAd) units form a symmetrical chloro-bridged dimer with two strained pseudotetrahedral Co 

centers [C1-Co-Cl1’ = 130.85(8) and Cl1-Co1-Cl1’ = 88.32(3) °]. Interestingly, the normally coordinated form 

of IAd in 2.4 makes the Co-C bond slightly longer compared to that of 2.3 (2.057(3) Å vs. 2.034(3) Å). 2.4 

is structurally similar to previously reported dichlorocobalt dimers ligated by a bulky carbene ligand such 

as IMes,55 IPr50 and 4-butylamino-IPr.56 The Co1-C1 bond in 2.4 is slightly longer than that of previously 

reported analogs (2.057(3) Å vs. 2.0298(13)50 Å, vs. 2.031(2)55 Å and vs. 2.045(5)56 Å) which is expected 

due to the steric bulk of IAd in 2.4.  The angle between Co and the two Cl bridges is smaller in 2.4 (88.32(3) 

compared to 95.24(1)50, 94.86(2)55 and 92.89(5)56, which is in agreement with Co-Cl bridges being 

relatively longer in 2.4 (2.3562(8) and 2.3725(7) Å compared to 2.3272(16) and 2.3525(16) Å as the longest 

bridges56 among the previously reported cases). Theoretically, treatment of 2.4 with NaL2 could afford an 

analogue of 2.3 with IAd being normally coordinated, but in practice all efforts to isolate and characterize 

the target complex were unsuccessful (see SI). However, comparing 2.4 and 2.3 in hydroboration reactions 

helped us to assess the importance of L2 in the latter precatalyst (vide supra). 

 

Scheme 2.5 Synthesis and molecular structure of 2.4 with 50% probability thermal ellipsoids and hydrogen atoms 
omitted for clarity. Selected bond distances (Å) and angles (deg): Co1-Cl1=Co1’-Cl1’ 2.3562(8), Co1-Cl1’=Co1’-Cl1 
2.3725(7), Co1-Cl2=Co1’-Cl2’ 2.2551(9), Co1-C1=Co1’-C1’ 2.057(3), C1-Co1-Cl2=C1’-Co1’-Cl2’ 113.20(8), C1-Co1-
Cl1=C1’-Co1’-Cl1’ 105.95(8), C1-Co1-Cl1’=C1’-Co1’-Cl1 130.85(8), Cl2-Co1-Cl1=Cl2’-Co1’-Cl1’ 124.56(3), Cl2-Co1-
Cl1’=Cl2’-Co1’-Cl1 94.08(3) Cl1-Co1-Cl1’  88.32(3) Co1-Cl1-Co1’=Co1’-Cl1’-Co1 91.68(3). 

To compare the protonation of L2 in 2.3 with that in 2.1, the former was treated with 1 equiv of 

HNTf2. In addition to dissociation of HL2, however, a ligand redistribution afforded the dinuclear dication 

{[Co(μ-Cl)(a-IAd)2]2}2+(NTf2)2 (2.5, Scheme 2.6). The inorganic byproduct(s) were not characterized. The 

Co1-C bond distances in 2.5 (2.013(3) and (2.020(4) Å) are somewhat shorter than that in 2.3 (2.034(3) Å) 

and the Cl-Co-Cl bridge angle in 2.5 (93.60(4)°) is larger than that in 2.4 (88.32(3)°).  
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Scheme 2.6 Synthesis and molecular structure of 2.5 with 50% probability thermal ellipsoids and hydrogen atoms, 

NTf2 moieties and THF solvent molecules omitted for clarity. Selected bond distances (Å) and angles (deg): Co1-

Cl1=Co1’-Cl1’ 2.367(1), Co1-Cl1’=Co1’-Cl1 2.376(1), C1-Co1=C1’-Co1’ 2.013(3), C4-Co1=C4’-Co1’ 2.020(4), Cl1-Co1-

Cl1’=Cl1’-Co1’-Cl1 93.60(4), Co1-Cl1-Co1’=Co1-Cl1’-Co1 86.40(4), C1-Co1-C4=C1’-Co1’-C4’ 124.0(2), C1-Co1-Cl1=C1’-

Co1’-Cl1’ 115.6(1), C1-Co1-Cl1’=C1’-Co1’-Cl1 102.4(1), C4-Co1-Cl1=C4’-Co1’-Cl1’ 103.1(1), C4-Co1-Cl1’=C4’-Co1’-Cl1 

114.3(1). 

 

2.3.6 Carbonyl hydroboration catalysis 

Using 1 mol% of complexes 2.1, 2.2 and 2.3 as catalysts for the hydroboration of benzaldehyde using HBpin 

in benzene showed that only 2.3 was effective (Table 2.2, entries 1-3). 2.3 also proved to be efficient in 

hydroboration of acetophenone both in benzene (entry 4) and THF (entry 5), with the former giving 

quantitative yield after 30 min. To shed some light on this observation, one equiv of 2.1 was treated with 

2 equiv of HBpin, resulting in a black precipitate (presumably Co metal). The precipitate was filtered off, 

the filtrate  was evaporated under  vacuum, and the remaining residue was  confirmed as  L2-Bpin by ESI- 

 

Table 2. 2 Hydroboration of carbonyls in presence of cobalt complexes.  

Entry [Co]a Sub. Solv. Time Yield 

1 2.1 Benz. C6D6 1 h n.p. 

2 2.2 Benz. C6D6 1 h n.p. 

3 2.3 Benz. C6D6 5 m >99 % 

4 2.3 Acet. C6D6 30 m >99 % 

5 2.3 Acet. THF 30 m 91 % 

6 2.4 Benz. C6D6 15 m 84 % 

7 2.4 Acet. C6D6 45 m <5 % 

8 CoCl2 Benz. C6D6 30 m 84 % 

9 CoCl2 Acet. C6D6 30 m n.p. 

*Reaction conditions: 2.1, 2.2, 2.3, CoCl2 (1 mol%), and 2.4 (0.5 mol%), carbonyl substrate (0.53 mmol), 
pinacolborane (0.53 mmol), C6D6 (0.5 mL) and THF (0.5 mL). Yields were determined by 1H NMR and 11B NMR analyses 
based on substrates and HBpin. Selectivity in all cases was 100%. a (1 mol%). n.p. = no product. Benz = Benzaldehyde 
and Acet = Acetophenone. m= minutes. Sub = substrate. 
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Table 2.3 Hydroboration of carbonyls using 2.3 precatalyst.  

 
 

*Reaction conditions: 2.3 (1 mol%), carbonyl substrate (0.53 mmol), pinacolborane (0.53 mmol) and C6D6 (0.5 mL). 
Yields were determined by 1H NMR and 11B NMR analyses based on substrates and HBpin. Selectivity in all cases was 
100% for the reported products. Quantitative yields were obtained for all substrates in 5 min, except for 
acetophenone. 
 

MS (Figure 2.7). In contrast, treating 2.3 with a stoichiometric amount of HBpin resulted in a color change 

from dark green to brown and no precipitate formed. Evaporation of the solvent followed by hexane 

extraction and evaporation again confirmed formation of L1-Bpin. No evidence was found in the EI mass 

spectrum for free IAd or IAd-Bpin, confirming that a-IAd plays an important role in stabilizing the cobalt 

catalyst. The 11B NMR spectrum of this reaction also showed two resonances at 24.6 (L2-Bpin)14 and 21.6 

ppm (Cl-Bpin),48 showing that both chloride and L2 are taking part in the B-H bond activation. 

To find out which plays the more effective role, 2.4 was employed in hydroboration of benzaldehyde and 

acetophenone (entries 6 and 7), showing that 2.4 can only catalyze benzaldehyde hydroboration of 

benzaldehyde (84% yield in 15 min) while it failed to convert acetophenone. Removing IAd as a supporting 

ligand from the catalytic system by switching 2.4 to CoCl2, benzaldehyde hydroboration gave 84% yield 

after 30 min (entry 8) while acetophenone did not undergo hydroboration at all (entry 9). These 

observations clearly show the important role of both IAd and L2-Bpin in stabilizing the Co center. 
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Precatalyst 2.3 was then tested as a hydroboration catalyst for a range of aldehydes and ketones (Table 

2.3). Aldehyde reactions were quantitative in 5 min even for bulky substrates (entries b and c) and those 

having an electron-donating group on different positions (entries i-k). Switching aldehyde to ketone 

(acetophenone) resulted in a longer reaction time (30 min) for quantitative hydroboration (entry l). The 

paramagnetism of the used catalyst was confirmed by EPR spectroscopy, suggesting that the catalyst 

resting state is likely the substrate-derived bis(aryloxide) Co(II)-NHC complex as recently proposed for a 

similar Zn(II) system.16   

 

2.4 Experimental Section 

2.4.1 General considerations 

All experiments were carried out under nitrogen, using a Schlenk line or an MBraun glovebox unless 

otherwise stated. Hexane, diethyl ether, acetonitrile and THF were dried on columns of activated alumina 

using a J. C. Meyer (formerly Glass Contour) solvent purification system. Anhydrous benzene (Aldrich), 

CD3OD and C6D6 were dried with activated alumina (ca. 10 wt %) overnight, followed by filtration. 

Dichloromethane (DCM) and CDCl3 were refluxed over calcium hydride under nitrogen, collected by 

distillation, dried further by passing through activated alumina (ca.10 wt%), and stored over activated 4 Å 

molecular sieves (heated at 250 oC for 3 d under vacuum). Ligand precursor 2-(methylthio)-

benzaldehyde,53 1,3-bis(1-adamantyl)imidazolium chloride (IAd·HCl),48 SMeNHSMe (HL2)28 ligand, and as well 

as CoII(κ3-SMeNSMe)2 (2.1)41 were prepared according to literature procedures. Other chemicals were used 

as obtained commercially: 2-(methylthio)-aniline (Alfa Aesar, 98%), CoCl2 (Alfa Aesar, 97%), 

trifluoromethane sulfonimide (NHTf2, Aldrich >95%), and sodium bis(trimethylsilyl)amide (Alfa Aesar, 

98%). 1H and 11B NMR spectra were recorded on a 300 MHz Bruker Avance or Avance II instrument at room 

temperature (21−25 °C). 1H NMR spectra were referenced respectively to residual solvent proton signals 

(C6D6, δ 7.15; CDCl3, δ 7.26; CD3OD, δ 1.75 and 3.31 ppm) and 11B NMR spectra to external BF3 etherate at 

0.0 ppm. EPR spectra were recorded on a Bruker Elexsys E580 X-band spectrometer equipped with 

nitrogen gas temperature control system. Mass spectra were recorded on an AB Sciex Q1MS mass 

spectrometer with electrospray ionization (ESI-MS) in positive mode (ion spray voltage: 5000.0 V, TEM: 

400 °C, declustering potential: 11.00 V and focusing potential: 300.0 V) with samples prepared to ca. 0.05 

mg/mL in acetonitrile. For electron impact (EI), solid samples were prepared by drying products under 

vacuum, and spectra obtained using a Kratos Concept S1 instrument (Hres 7000−10000). X-ray diffraction 

data were collected on a Bruker Smart or Kappa diffractometer equipped with an ApexII CCD detector and 

a sealed-tube Mo K source ( = 0.71073 Å). 

2.4.2 Synthesis of 2.2  

A 20 mL scintillation vial was charged with 2.1 (100 mg, 0.164 mmol) and 4 mL of benzene. To this solution, 

was added a solution containing 92 mg of bis(trifluoromethane)sulfonimide (0.328 mmol) in 8 mL of 

benzene, dropwise. The resulting yellowish solution was stirred for 2 h at room temperature, resulting in 

a pale yellow precipitate which was filtered, washed with hexane (3 × 10 mL) and then dried in vacuum 

affording 168 mg of 2.2 (87 %). Crystals of 2.2 suitable for X-ray crystallography were obtained by hexane 

layering of a concentrated DCM solution at room temperature. Selected 1H NMR resonances (300 MHz, 
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methanol-d4): δ 0.73 (s, 6H), 0.94 (s, 6H), 2.86 (s, 4H), 4.93 (br, d, 2H), 5.00 (br, t, 2H), 5.51 (br, ov mult, 

4H), 5.76 (br, ov mult, 8H). MS: [M+] 609.0667, Calcd. 609.093 (Figure 2.3). µeff (for 2.1 is 3.75 and for 2.2 

is 4.64).  

2.4.3 Synthesis of 2.3 

A 42 mL scintillation vial was charged with 2.1 (200 mg, 0.328 mmol) and 15 mL of THF. To this solution, 

IAd·HCl (122 mg, 0.328 mmol) in 10 mL THF was added dropwise. The solution turned dark green after 3-

4 h and was then stirred overnight at room temperature. The solvent was removed under vacuum and the 

residue was washed with diethyl ether (3 × 3 mL) and dried under vacuum, affording 187 mg of 2.3 (81%). 

Crystals of 2.3 suitable for X-ray crystallography were obtained by hexane layering of a concentrated DCM 

solution at room temperature; MS: [M+] 704.2270, Calcd. 704.230 (Figure 2.5). µeff = 3.80. 

2.4.4 Synthesis of 2.4 

A 42 mL scintillation vial was charged with CoCl2 (200 mg, 1.54 mmol) in 10 mL of THF. To this solution, 

IAd.HCl (518 mg, 1.54 mmol) in 10 mL THF was added dropwise at room temperature. The solution turned 

purple blue from the starting blue and then stirred overnight at room temperature. Then, the solvent was 

removed, and the residue was washed with diethyl ether (3 × 3 mL) and dried under vacuum affording 640 

mg 2.4 (89%) as purple powder. Crystals suitable for X-ray diffraction were grown by hexane layering of a 

concentrated DCM solution at room temperature. EI-MS: Calcd for C46H66Cl4Cl4Co2N4 m/z 932.27 ([M+]). 

Found m/z 932.24 (Figure 2.10). 

2.4.5 Stochiometric reaction of 2.1 and 2.3 with HBpin 

To a purple solution of 2.1 (0.010 g, 0.016 mmol, in 2 mL of THF) was added pinacolborane (4.6 μL, 0.032 

mmol, 2 equiv) and the mixture immediately turned black, and a black precipitate formed. Then, the black 

precipitate was filtered, and the solvent of the filtrate was evaporated and the residue was analyzed by EI-

MS, showing N-borylated L2 (L2-Bpin, Figure S7-top).  In a separate reaction, 2.3 (0.010 g, 0.014 mmol) 

and pinacolborane (2 μL, 0.014 mmol, 1 equiv), were treated in 2 mL of THF affording a quick color change 

from deep green to dark brown. Then, the solvent was evaporated, and the residue was analyzed by EI-

MS, showing N-borylated L2 (Figure 2.7).  

 

2.4.6 General procedure for hydroboration of carbonyls 

A vial was charged by 2.3 (3 mg, 0.005mmol, 1 mol%), the carbonyl substrate (0.53 mmol) and C6D6 (0.5 

mL). Then the solution was transferred to an NMR tube. Subsequently, pinacolborane (77 μL, 0.53 mmol) 

was added and the NMR tube was capped and well shaken. Every 5 min, an 1H NMR was recorded. Reaction 

times varied from 5-30 min at room temperature. The yield was determined by 1H NMR in reference to 

characteristic aldehyde peak of starting substrates for aldehyde substrates, and 11B NMR in reference to 
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35 
 

peak of starting HBpin for acetophenone. The reaction mixture was filtered through a short silica plug, 

rinsed with ethyl acetate (2 mL), and concentrated under vacuum to yield the isolated product.  

2.5 Conclusions 

In this work we employed a bis(amido-SNS) cobalt complex (2.1) to generate an active catalyst for 

hydroboration of carbonyls. Although 2.1 was an ineffective precatalyst due to its decomposition in the 

presence of HBpin, replacement of one amido ligand by Cl and IAd ligands afforded 2.3, with IAd being 

abnormally coordinated (a-IAd). DFT studies showed that the a-IAd ligand did not stabilize 2.3 vs. the 

unobserved normally-coordinated IAd analog, suggesting that the sterically crowded Co coordination 

sphere in 2.1 was responsible for coordination of IAd at C4 instead of C2.  

At 1 mol% loading, 2.3 catalyzed acetophenone hydroboration quantitatively in 30 min under ambient 

conditions in benzene. Stoichiometric studies indicated that 2.3 undergoes a bifunctional catalyst 

activation, forming the N-borylamine and chloroborane to generate the active Co-(a-IAd) dihydride 

catalyst. In contrast, 2.4 is unable to catalyze acetophenone hydroboration, suggesting a key role for the 

increased donor power of the a-IAd ligand vs C2-coordinated IAd. As reported previously for a related Zn 

catalyst,2 further work will be required to determine whether reversible coordination of L2-Bpin to Co 

could also be contributing to the catalytic activity of 2.3 by preventing oligomerization of reaction 

intermediates via aryloxide bridges. Overall, the results reported herein build on previous examples in 

which a stable precursor can undergo bifunctional B-H bond activation to generate reactive first row metal 

hydride catalysts.   
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2.6 Appendix 

2.6.1 Spectroscopic data 

 

Figure A2.1 1H NMR spectrum (300 MHz, CD3OD) of 2.2. * Indicates protic impurity in CD3OD. 

 

Figure A2.2 ESI-mass spectrum of 2.2 [M]+. 



37 
 

 

Figure A2.3 1H NMR spectrum (300 MHz, CDCl3) of 2.3. 1H NMR:  -51.71, -46.03, -22.71, -14.88, -13.50, -6.14, -1.69, 
18.41, 27.16, 37.29, 43.27, 45.42, 48.64, 64.14, 65.67, 80.87, 84.55, 93.29, 106.95. 

 

Figure A2.4 ESI-mass spectrum of 2.3 [M]+. 
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Figure A2.5 EPR spectrum (toluene, 19K) of 2.3 (bottom), and reaction mixture after 2.3 catalyzed benzaldehyde 
hydroboration (top).  
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Figure A2.6 EI-mass spectrum of solid reaction residue from 2.1 and HBpin (top), and from 2.3 and HBpin (bottom). 
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Figure A2.7 EI-mass spectrum of the filtrate portion of the workup process of synthetic reaction of 2.3. 

 

Figure A2.8 11B NMR (96 MHz) spectra of reaction mixture of 2.3 and HBpin. 11B NMR: 24.6 and 21.2 ppm. 
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Figure A2.9 EI-mass spectrum of 2.4 [M]+. 

 

Figure A2.20 1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated benzaldehyde. Chemical shifts 
matched with literature values.36 ( 
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Figure A2.11 1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated 2-naphthaldehyde. *  indicates 
protic impurity in C6D6. Chemical shifts matched with literature values.36 

 

Figure A2.12 1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated 1-pyrenecarboxaldehyde. *  
indicates protic impurity in C6D6. Chemical shifts matched with literature values.36 
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Figure A2.13 1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated 5-bromo-2 
thiophenecarboxaldehyde. *  indicates protic impurity in C6D6. Chemical shifts matched with literature values.36 

 

Figure A2.14 1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated cinnamaldehyde. Chemical shifts 
matched with literature values.36 
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Figure A2.15 1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated 2-fluorobenzaldehyde. *  indicates 
protic impurity in C6D6. Chemical shifts matched with literature values.36 

 

Figure A2.16  1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated 3-fluorobenzaldehyde. *  
indicates protic impurity in C6D6. Chemical shifts matched with literature values.36 
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Figure A2.17 1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated 4-chlorobenzaldehyde. *  
indicates protic impurity in C6D6. Chemical shifts matched with literature values.36 

 

Figure A2.18 1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated 2-(methylthio)-benzaldehyde. *  
indicates protic impurity in C6D6. Chemical shifts matched with literature values.36 
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Figure A2.19 1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated 3-methoxybenzaldehyde. *  
indicates protic impurity in C6D6. Chemical shifts matched with literature values.36 

 

Figure A2.20 1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated 4-methoxybenzaldehyde. *  
indicates protic impurity in C6D6. Chemical shifts matched with literature values.36 
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Figure A2.21 1H (300 MHz, C6D6) and 11B (96 MHz) NMR spectra of hydroborated acetophenone. *  indicates free 
HBpin in C6D6. Chemical shifts matched with literature values.16 

2.6.2 Crystallographic Details 

Crystallographic data were collected from single crystals mounted on MiTeGen dual thickness 

MicroMounts using Parabar oil. Data were collected on a Bruker Kappa Evans II single crystal 

diffractometer equipped with a graphite monochromator. The instrument was equipped with a sealed 

tube Mo K𝜶 source (𝝀 = 0.71073 Å), an ApexII CCD detector and a dry compressed air-cooling system. All 

samples were cooled to 203(2) K during data collection. Raw data collection and processing were 

performed with the Apex3 software package from Bruker.56 Initial unit cell parameters were determined 

from 36 data frames from select 𝝎 scans. Semi-empirical absorption corrections based on equivalent 

reflections were applied.57 Systematic absences in the diffraction dataset and unit-cell parameters were 

consistent with the assigned space group. The initial structural solutions were determined using ShelXT 

(direct methods),58 and refined with full-matrix least-squares procedures based on F2 using ShelXL or 

ShelXle.59 Hydrogen atoms were placed geometrically and refined using a riding model. Deposition 

Numbers: 2183655-2183657.  
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Table A2.1 Data collection and refinement metrics for 2.2 and 2.3. 

 2.2 (K0475) 2.3 (K0676) 2.4 (K0842) 

empirical formula C34H34CoF12N4O8S8 C38H48ClCoN3S2 C25H36Cl6CoN2 

formula weight (g⋅mol-1) 1170.06 705.29 636.19 

crystal system Triclinic Monoclinic Monoclinic 

space group P 1̅ P 21/c P 21/c 

a (A) 8.7564(11) 14.349(3) 14.0357(4) 

b (A) 13.0048(17) 11.711(2) 9.1640(2) 

c (A) 20.590(3) 21.383(4) 22.4666(6) 

𝜶 (deg) 91.159(4) 90 90 

𝜷 (deg) 93.835(4) 101.770(3) 101.231(1) 

𝜸 (deg) 102.856(3) 90 90 

V (A3) 2279.3(5) 3517.9(11) 2834.39(13) 

Z 2 4 4 

T (K) 203(2) 203(2) 203(2) 

𝝆calcd (g⋅cm-3) 1.705 1.332 1.491 

𝝁 (mm-1) 0.845 0.714 1.189 

2𝜽max (deg) 52.876 51.356 51.906 

total/unique reflections 41619/9384 40358/6687 19997/5470 

Reflections [Io ≥ 2𝝈(Io)] 5691 4079 4431 

R1, wR2 [Io ≥ 2𝝈(Io)] 0.0449, 0.0770 0.0545, 0.1267 0.0424, 0.1166 

goodness of fit 0.993 1.011 1.035 

CCDC number 2183656 2183657 2183655 

 

Table A2.2 Bond lengths (Å) for 2.2 

Atom1 Atom2 Length 

Co1 S1 2.2785 

Co1 S2 2.6522 

Co1 N1 1.993 

Co1 S1 2.2785 

Co1 S2 2.6522 

Co1 N1 1.993 

S1 C1 1.810(3) 

S1 C2 1.775(3) 

S2 C8 1.799(4) 

S2 C9 1.772(4) 

N1 H1 0.99 

N1 C7 1.469(4) 

N1 C15 1.515(5) 

C1 H1A 0.97 

C1 H1B 0.97 

C1 H1C 0.97 
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C2 C3 1.382(5) 

C2 C7 1.386(4) 

C3 H3A 0.94 

C3 C4 1.380(5) 

C4 H4 0.94 

C4 C5 1.390(6) 

C5 H5 0.94 

C5 C6 1.376(5) 

C6 H6 0.94 

C6 C7 1.390(5) 

C8 H8A 0.97 

C8 H8B 0.97 

C8 H8C 0.97 

C9 C10 1.392(5) 

C9 C14 1.398(5) 

C10 H10 0.94 

C10 C11 1.382(6) 

C11 H11 0.941 

C11 C12 1.365(7) 

C12 H12 0.941 

C12 C13 1.375(6) 

C13 H13 0.94 

C13 C14 1.393(5) 

C14 C15 1.492(5) 

C15 H15A 0.98 

C15 H15B 0.98 

S1 C1 1.810(3) 

S1 C2 1.775(3) 

S2 C8 1.799(4) 

S2 C9 1.772(4) 

N1 H1 0.99 

N1 C7 1.469(4) 

N1 C15 1.515(5) 

C1 H1A 0.97 

C1 H1B 0.97 

C1 H1C 0.97 

C2 C3 1.382(5) 

C2 C7 1.386(4) 

C3 H3A 0.94 

C3 C4 1.380(5) 

C4 H4 0.94 

C4 C5 1.390(6) 

C5 H5 0.94 
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C5 C6 1.376(5) 

C6 H6 0.94 

C6 C7 1.390(5) 

C8 H8A 0.97 

C8 H8B 0.97 

C8 H8C 0.97 

C9 C10 1.392(5) 

C9 C14 1.398(5) 

C10 H10 0.94 

C10 C11 1.382(6) 

C11 H11 0.941 

C11 C12 1.365(7) 

C12 H12 0.941 

C12 C13 1.375(6) 

C13 H13 0.94 

C13 C14 1.393(5) 

C14 C15 1.492(5) 

C15 H15A 0.98 

C15 H15B 0.98 

Co2 S5 2.462 

Co2 S6 2.6107 

Co2 N3 2.111 

Co2 S5 2.462 

Co2 S6 2.6107 

Co2 N3 2.111 

S5 C21 1.805(4) 

S5 C22 1.774(3) 

S6 C28 1.802(4) 

S6 C29 1.771(3) 

N3 H3 0.99 

N3 C27 1.460(4) 

N3 C35 1.510(4) 

C21 H21A 0.97 

C21 H21B 0.97 

C21 H21C 0.97 

C22 C23 1.385(5) 

C22 C27 1.396(4) 

C23 H23 0.94 

C23 C24 1.379(5) 

C24 H24 0.94 

C24 C25 1.367(6) 

C25 H25 0.94 

C25 C26 1.376(5) 
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C26 H26 0.94 

C26 C27 1.384(4) 

C28 H28A 0.97 

C28 H28B 0.97 

C28 H28C 0.97 

C29 C30 1.382(5) 

C29 C34 1.404(5) 

C30 H30 0.94 

C30 C31 1.378(6) 

C31 H31 0.94 

C31 C32 1.372(6) 

C32 H32 0.94 

C32 C33 1.393(6) 

C33 H33 0.94 

C33 C34 1.385(5) 

C34 C35 1.491(4) 

C35 H35A 0.98 

C35 H35B 0.98 

S5 C21 1.805(4) 

S5 C22 1.774(3) 

S6 C28 1.802(4) 

S6 C29 1.771(3) 

N3 H3 0.99 

N3 C27 1.460(4) 

N3 C35 1.510(4) 

C21 H21A 0.97 

C21 H21B 0.97 

C21 H21C 0.97 

C22 C23 1.385(5) 

C22 C27 1.396(4) 

C23 H23 0.94 

C23 C24 1.379(5) 

C24 H24 0.94 

C24 C25 1.367(6) 

C25 H25 0.94 

C25 C26 1.376(5) 

C26 H26 0.94 

C26 C27 1.384(4) 

C28 H28A 0.97 

C28 H28B 0.97 

C28 H28C 0.97 

C29 C30 1.382(5) 

C29 C34 1.404(5) 
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C30 H30 0.94 

C30 C31 1.378(6) 

C31 H31 0.94 

C31 C32 1.372(6) 

C32 H32 0.94 

C32 C33 1.393(6) 

C33 H33 0.94 

C33 C34 1.385(5) 

C34 C35 1.491(4) 

C35 H35A 0.98 

C35 H35B 0.98 

S3 O1 1.417(3) 

S3 O2 1.435(3) 

S3 N2 1.566(3) 

S3 C16 1.817(5) 

S4 O3 1.427(3) 

S4 O4 1.426(3) 

S4 N2 1.573(3) 

S4 C17 1.823(4) 

F1 C16 1.319(5) 

F2 C16 1.318(6) 

F3 C16 1.321(6) 

F4 C17 1.316(5) 

F5 C17 1.308(5) 

F6 C17 1.318(4) 

S7 O5 1.415(3) 

S7 O6 1.425(3) 

S7 N4 1.558(3) 

S7 C36 1.822(4) 

S8 O7 1.427(3) 

S8 O8 1.419(3) 

S8 N4 1.575(3) 

S8 C37 1.812(4) 

F10 C37 1.321(4) 

F11 C37 1.322(5) 

F12 C37 1.315(5) 

C36 F7 1.38(1) 

C36 F8 1.30(1) 

C36 F9 1.29(1) 
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Table A2.3 All angles (°) for 2.2 

Atom1 Atom2 Atom3 Angle (Å) 

S1 Co1 S2 100.04 

S1 Co1 N1 87.74 

S1 Co1 S1 180 

S1 Co1 S2 79.96 

S1 Co1 N1 92.26 

S2 Co1 N1 89.68 

S2 Co1 S1 79.96 

S2 Co1 S2 180 

S2 Co1 N1 90.32 

N1 Co1 S1 92.26 

N1 Co1 S2 90.32 

N1 Co1 N1 180 

S1 Co1 S2 100.04 

S1 Co1 N1 87.74 

S2 Co1 N1 89.68 

Co1 S1 C1 118.9 

Co1 S1 C2 96.9 

C1 S1 C2 101.9(2) 

Co1 S2 C8 117.5 

Co1 S2 C9 102.7 

C8 S2 C9 105.0(2) 

Co1 N1 H1 104.8 

Co1 N1 C7 113.5 

Co1 N1 C15 116.8 

H1 N1 C7 104.8 

H1 N1 C15 104.8 

C7 N1 C15 110.8(2) 

S1 C1 H1A 109.5 

S1 C1 H1B 109.5 

S1 C1 H1C 109.5 

H1A C1 H1B 109.5 

H1A C1 H1C 109.4 

H1B C1 H1C 109.5 

S1 C2 C3 121.0(3) 

S1 C2 C7 118.2(2) 

C3 C2 C7 120.7(3) 

C2 C3 H3A 120.2 

C2 C3 C4 119.5(3) 

H3A C3 C4 120.2 

C3 C4 H4 120.2 

C3 C4 C5 119.8(3) 
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H4 C4 C5 120.1 

C4 C5 H5 119.6 

C4 C5 C6 120.9(3) 

H5 C5 C6 119.5 

C5 C6 H6 120.4 

C5 C6 C7 119.3(3) 

H6 C6 C7 120.4 

N1 C7 C2 119.6(3) 

N1 C7 C6 120.6(3) 

C2 C7 C6 119.8(3) 

S2 C8 H8A 109.4 

S2 C8 H8B 109.5 

S2 C8 H8C 109.4 

H8A C8 H8B 109.5 

H8A C8 H8C 109.5 

H8B C8 H8C 109.5 

S2 C9 C10 122.9(3) 

S2 C9 C14 116.4(3) 

C10 C9 C14 120.6(3) 

C9 C10 H10 120.2 

C9 C10 C11 119.6(4) 

H10 C10 C11 120.2 

C10 C11 H11 119.9 

C10 C11 C12 120.3(4) 

H11 C11 C12 119.8 

C11 C12 H12 119.8 

C11 C12 C13 120.4(4) 

H12 C12 C13 119.8 

C12 C13 H13 119.4 

C12 C13 C14 121.1(4) 

H13 C13 C14 119.4 

C9 C14 C13 117.9(3) 

C9 C14 C15 121.6(3) 

C13 C14 C15 120.5(3) 

N1 C15 C14 114.2(3) 

N1 C15 H15A 108.7 

N1 C15 H15B 108.7 

C14 C15 H15A 108.7 

C14 C15 H15B 108.7 

H15A C15 H15B 107.6 

Co1 S1 C1 118.9 

Co1 S1 C2 96.9 

C1 S1 C2 101.9(2) 
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Co1 S2 C8 117.5 

Co1 S2 C9 102.7 

C8 S2 C9 105.0(2) 

Co1 N1 H1 104.8 

Co1 N1 C7 113.5 

Co1 N1 C15 116.8 

H1 N1 C7 104.8 

H1 N1 C15 104.8 

C7 N1 C15 110.8(2) 

S1 C1 H1A 109.5 

S1 C1 H1B 109.5 

S1 C1 H1C 109.5 

H1A C1 H1B 109.5 

H1A C1 H1C 109.4 

H1B C1 H1C 109.5 

S1 C2 C3 121.0(3) 

S1 C2 C7 118.2(2) 

C3 C2 C7 120.7(3) 

C2 C3 H3A 120.2 

C2 C3 C4 119.5(3) 

H3A C3 C4 120.2 

C3 C4 H4 120.2 

C3 C4 C5 119.8(3) 

H4 C4 C5 120.1 

C4 C5 H5 119.6 

C4 C5 C6 120.9(3) 

H5 C5 C6 119.5 

C5 C6 H6 120.4 

C5 C6 C7 119.3(3) 

H6 C6 C7 120.4 

N1 C7 C2 119.6(3) 

N1 C7 C6 120.6(3) 

C2 C7 C6 119.8(3) 

S2 C8 H8A 109.4 

S2 C8 H8B 109.5 

S2 C8 H8C 109.4 

H8A C8 H8B 109.5 

H8A C8 H8C 109.5 

H8B C8 H8C 109.5 

S2 C9 C10 122.9(3) 

S2 C9 C14 116.4(3) 

C10 C9 C14 120.6(3) 

C9 C10 H10 120.2 
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C9 C10 C11 119.6(4) 

H10 C10 C11 120.2 

C10 C11 H11 119.9 

C10 C11 C12 120.3(4) 

H11 C11 C12 119.8 

C11 C12 H12 119.8 

C11 C12 C13 120.4(4) 

H12 C12 C13 119.8 

C12 C13 H13 119.4 

C12 C13 C14 121.1(4) 

H13 C13 C14 119.4 

C9 C14 C13 117.9(3) 

C9 C14 C15 121.6(3) 

C13 C14 C15 120.5(3) 

N1 C15 C14 114.2(3) 

N1 C15 H15A 108.7 

N1 C15 H15B 108.7 

C14 C15 H15A 108.7 

C14 C15 H15B 108.7 

H15A C15 H15B 107.6 

S5 Co2 S6 92.27 

S5 Co2 N3 80.76 

S5 Co2 S5 180 

S5 Co2 S6 87.73 

S5 Co2 N3 99.24 

S6 Co2 N3 86.67 

S6 Co2 S5 87.73 

S6 Co2 S6 180 

S6 Co2 N3 93.33 

N3 Co2 S5 99.24 

N3 Co2 S6 93.33 

N3 Co2 N3 180 

S5 Co2 S6 92.27 

S5 Co2 N3 80.76 

S6 Co2 N3 86.67 

Co2 S5 C21 113 

Co2 S5 C22 93.6 

C21 S5 C22 101.0(2) 

Co2 S6 C28 121.1 

Co2 S6 C29 97.8 

C28 S6 C29 105.4(2) 

Co2 N3 H3 105.3 

Co2 N3 C27 111.4 
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Co2 N3 C35 117.9 

H3 N3 C27 105.3 

H3 N3 C35 105.3 

C27 N3 C35 110.5(2) 

S5 C21 H21A 109.5 

S5 C21 H21B 109.5 

S5 C21 H21C 109.5 

H21A C21 H21B 109.5 

H21A C21 H21C 109.5 

H21B C21 H21C 109.5 

S5 C22 C23 122.4(2) 

S5 C22 C27 118.5(2) 

C23 C22 C27 119.1(3) 

C22 C23 H23 119.8 

C22 C23 C24 120.3(3) 

H23 C23 C24 119.8 

C23 C24 H24 119.8 

C23 C24 C25 120.2(3) 

H24 C24 C25 119.9 

C24 C25 H25 119.8 

C24 C25 C26 120.5(3) 

H25 C25 C26 119.8 

C25 C26 H26 120.1 

C25 C26 C27 119.9(3) 

H26 C26 C27 120 

N3 C27 C22 119.5(2) 

N3 C27 C26 120.7(3) 

C22 C27 C26 119.9(3) 

S6 C28 H28A 109.5 

S6 C28 H28B 109.5 

S6 C28 H28C 109.5 

H28A C28 H28B 109.4 

H28A C28 H28C 109.4 

H28B C28 H28C 109.5 

S6 C29 C30 123.2(3) 

S6 C29 C34 115.8(3) 

C30 C29 C34 120.9(3) 

C29 C30 H30 120.2 

C29 C30 C31 119.7(3) 

H30 C30 C31 120.2 

C30 C31 H31 119.7 

C30 C31 C32 120.7(4) 

H31 C31 C32 119.6 
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C31 C32 H32 120.1 

C31 C32 C33 119.7(4) 

H32 C32 C33 120.2 

C32 C33 H33 119.5 

C32 C33 C34 121.0(4) 

H33 C33 C34 119.5 

C29 C34 C33 118.1(3) 

C29 C34 C35 120.7(3) 

C33 C34 C35 121.1(3) 

N3 C35 C34 111.4(3) 

N3 C35 H35A 109.4 

N3 C35 H35B 109.4 

C34 C35 H35A 109.4 

C34 C35 H35B 109.3 

H35A C35 H35B 108 

Co2 S5 C21 113 

Co2 S5 C22 93.6 

C21 S5 C22 101.0(2) 

Co2 S6 C28 121.1 

Co2 S6 C29 97.8 

C28 S6 C29 105.4(2) 

Co2 N3 H3 105.3 

Co2 N3 C27 111.4 

Co2 N3 C35 117.9 

H3 N3 C27 105.3 

H3 N3 C35 105.3 

C27 N3 C35 110.5(2) 

S5 C21 H21A 109.5 

S5 C21 H21B 109.5 

S5 C21 H21C 109.5 

H21A C21 H21B 109.5 

H21A C21 H21C 109.5 

H21B C21 H21C 109.5 

S5 C22 C23 122.4(2) 

S5 C22 C27 118.5(2) 

C23 C22 C27 119.1(3) 

C22 C23 H23 119.8 

C22 C23 C24 120.3(3) 

H23 C23 C24 119.8 

C23 C24 H24 119.8 

C23 C24 C25 120.2(3) 

H24 C24 C25 119.9 

C24 C25 H25 119.8 
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C24 C25 C26 120.5(3) 

H25 C25 C26 119.8 

C25 C26 H26 120.1 

C25 C26 C27 119.9(3) 

H26 C26 C27 120 

N3 C27 C22 119.5(2) 

N3 C27 C26 120.7(3) 

C22 C27 C26 119.9(3) 

S6 C28 H28A 109.5 

S6 C28 H28B 109.5 

S6 C28 H28C 109.5 

H28A C28 H28B 109.4 

H28A C28 H28C 109.4 

H28B C28 H28C 109.5 

S6 C29 C30 123.2(3) 

S6 C29 C34 115.8(3) 

C30 C29 C34 120.9(3) 

C29 C30 H30 120.2 

C29 C30 C31 119.7(3) 

H30 C30 C31 120.2 

C30 C31 H31 119.7 

C30 C31 C32 120.7(4) 

H31 C31 C32 119.6 

C31 C32 H32 120.1 

C31 C32 C33 119.7(4) 

H32 C32 C33 120.2 

C32 C33 H33 119.5 

C32 C33 C34 121.0(4) 

H33 C33 C34 119.5 

C29 C34 C33 118.1(3) 

C29 C34 C35 120.7(3) 

C33 C34 C35 121.1(3) 

N3 C35 C34 111.4(3) 

N3 C35 H35A 109.4 

N3 C35 H35B 109.4 

C34 C35 H35A 109.4 

C34 C35 H35B 109.3 

H35A C35 H35B 108 

O1 S3 O2 118.7(2) 

O1 S3 N2 109.3(2) 

O1 S3 C16 104.2(2) 

O2 S3 N2 116.2(2) 

O2 S3 C16 103.6(2) 
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N2 S3 C16 102.6(2) 

O3 S4 O4 118.8(2) 

O3 S4 N2 108.6(2) 

O3 S4 C17 103.8(2) 

O4 S4 N2 115.9(2) 

O4 S4 C17 103.7(2) 

N2 S4 C17 103.9(2) 

S3 N2 S4 123.7(2) 

S3 C16 F1 109.9(3) 

S3 C16 F2 111.7(3) 

S3 C16 F3 112.1(3) 

F1 C16 F2 108.7(4) 

F1 C16 F3 106.8(4) 

F2 C16 F3 107.4(4) 

S4 C17 F4 111.5(3) 

S4 C17 F5 109.2(3) 

S4 C17 F6 110.7(3) 

F4 C17 F5 108.8(3) 

F4 C17 F6 107.5(3) 

F5 C17 F6 109.0(3) 

O5 S7 O6 116.8(2) 

O5 S7 N4 118.0(2) 

O5 S7 C36 105.0(2) 

O6 S7 N4 108.9(2) 

O6 S7 C36 102.4(2) 

N4 S7 C36 103.5(2) 

O7 S8 O8 119.5(2) 

O7 S8 N4 116.2(2) 

O7 S8 C37 105.1(2) 

O8 S8 N4 108.7(2) 

O8 S8 C37 103.3(2) 

N4 S8 C37 101.5(2) 

S7 N4 S8 126.4(2) 

S7 C36 F7 107.5(4) 

S7 C36 F8 111.5(6) 

S7 C36 F9 118.2(5) 

F7 C36 F8 104.9(7) 

F7 C36 F9 103.5(6) 

F8 C36 F9 110.0(8) 

S8 C37 F10 110.2(3) 

S8 C37 F11 111.2(3) 

S8 C37 F12 112.3(3) 

F10 C37 F11 107.4(3) 
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F10 C37 F12 107.9(3) 

F11 C37 F12 107.7(3) 
 

Table A2.4 Bond lengths (Å) for 2.3 

Atom1 Atom2 Length 

Co1 Cl1 2.269(1) 

Co1 S1 2.411(1) 

Co1 N1 1.919(3) 

Co1 C26 2.034(3) 

S1 C1 1.802(5) 

S1 C2 1.776(4) 

S2 C14 1.758(5) 

S2 C15 1.787(7) 

N1 C7 1.374(5) 

N1 C8 1.451(5) 

N2 C16 1.493(5) 

N2 C26 1.408(4) 

N2 C27 1.333(5) 

N3 C27 1.334(5) 

N3 C28 1.386(5) 

N3 C29 1.491(5) 

C1 H1A 0.97 

C1 H1B 0.97 

C1 H1C 0.97 

C2 C3 1.396(5) 

C2 C7 1.402(6) 

C3 H3 0.939 

C3 C4 1.373(6) 

C4 H4 0.94 

C4 C5 1.377(7) 

C5 H5 0.94 

C5 C6 1.362(6) 

C6 H6 0.94 

C6 C7 1.404(5) 

C8 H8A 0.98 

C8 H8AB 0.98 

C8 C9 1.527(5) 

C9 C10 1.392(6) 

C9 C14 1.401(6) 

C10 H10 0.94 

C10 C11 1.400(7) 

C11 H11 0.941 
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C11 C12 1.364(8) 

C12 H12 0.941 

C12 C13 1.375(8) 

C13 H13 0.94 

C13 C14 1.387(7) 

C15 H15A 0.97 

C15 H15B 0.97 

C15 H15C 0.97 

C16 C17 1.534(5) 

C16 C21 1.519(6) 

C16 C24 1.528(5) 

C17 H17A 0.979 

C17 H17B 0.98 

C17 C18 1.550(6) 

C18 H18 0.99 

C18 C19 1.517(7) 

C18 C25 1.498(7) 

C19 H19A 0.979 

C19 H19B 0.981 

C19 C20 1.515(6) 

C20 H20 0.99 

C20 C21 1.537(6) 

C20 C22 1.522(7) 

C21 H21A 0.98 

C21 H21B 0.979 

C22 H22A 0.979 

C22 H22B 0.981 

C22 C23 1.512(6) 

C23 H23 0.989 

C23 C24 1.536(6) 

C23 C25 1.523(5) 

C24 H24A 0.98 

C24 H24B 0.98 

C25 H25A 0.98 

C25 H25B 0.98 

C26 C28 1.357(6) 

C27 H27 0.94 

C28 H28 0.94 

C29 C30 1.529(5) 

C29 C34 1.514(6) 

C29 C35 1.499(6) 

C30 H30A 0.98 

C30 H30B 0.98 
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C30 C31 1.535(7) 

C31 H31 0.99 

C31 C32 1.472(9) 

C31 C38 1.493(8) 

C32 H32A 0.98 

C32 H32B 0.98 

C32 C33 1.508(8) 

C33 H33 0.989 

C33 C34 1.559(9) 

C33 C37 1.51(1) 

C34 H34A 0.98 

C34 H34B 0.98 

C35 H35A 0.98 

C35 H35B 0.98 

C35 C36 1.558(8) 

C36 H36 0.99 

C36 C37 1.550(9) 

C36 C38 1.491(7) 

C37 H37A 0.979 

C37 H37B 0.98 

C38 H38A 0.981 

C38 H38B 0.98 
 

Table A2.5 All angles (°) for 2.3 

Atom1 Atom2 Atom3 Angle (Å) 

Cl1 Co1 S1 103.18(4) 

Cl1 Co1 N1 113.0(1) 

Cl1 Co1 C26 119.3(1) 

S1 Co1 N1 85.7(1) 

S1 Co1 C26 103.1(1) 

N1 Co1 C26 122.7(1) 

Co1 S1 C1 104.3(2) 

Co1 S1 C2 93.7(1) 

C1 S1 C2 101.2(2) 

C14 S2 C15 104.7(3) 

Co1 N1 C7 120.2(2) 

Co1 N1 C8 121.9(2) 

C7 N1 C8 117.9(3) 

C16 N2 C26 129.3(3) 

C16 N2 C27 120.4(3) 

C26 N2 C27 110.2(3) 

C27 N3 C28 106.7(3) 
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C27 N3 C29 123.3(3) 

C28 N3 C29 130.0(3) 

S1 C1 H1A 109.5 

S1 C1 H1B 109.5 

S1 C1 H1C 109.5 

H1A C1 H1B 109.4 

H1A C1 H1C 109.4 

H1B C1 H1C 109.5 

S1 C2 C3 118.7(3) 

S1 C2 C7 118.7(3) 

C3 C2 C7 122.6(4) 

C2 C3 H3 120.1 

C2 C3 C4 119.8(4) 

H3 C3 C4 120.1 

C3 C4 H4 120.7 

C3 C4 C5 118.5(4) 

H4 C4 C5 120.8 

C4 C5 H5 119 

C4 C5 C6 121.8(4) 

H5 C5 C6 119.1 

C5 C6 H6 119 

C5 C6 C7 122.1(4) 

H6 C6 C7 119 

N1 C7 C2 120.2(3) 

N1 C7 C6 124.7(3) 

C2 C7 C6 115.1(3) 

N1 C8 H8A 108.2 

N1 C8 H8AB 108.2 

N1 C8 C9 116.4(3) 

H8A C8 H8AB 107.3 

H8A C8 C9 108.3 

H8AB C8 C9 108.2 

C8 C9 C10 120.7(4) 

C8 C9 C14 119.8(4) 

C10 C9 C14 119.4(4) 

C9 C10 H10 120.1 

C9 C10 C11 119.6(4) 

H10 C10 C11 120.2 

C10 C11 H11 119.6 

C10 C11 C12 120.8(5) 

H11 C11 C12 119.6 

C11 C12 H12 120.3 

C11 C12 C13 119.5(5) 
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H12 C12 C13 120.1 

C12 C13 H13 119.3 

C12 C13 C14 121.5(5) 

H13 C13 C14 119.2 

S2 C14 C9 117.0(3) 

S2 C14 C13 123.9(4) 

C9 C14 C13 119.1(4) 

S2 C15 H15A 109.4 

S2 C15 H15B 109.5 

S2 C15 H15C 109.5 

H15A C15 H15B 109.5 

H15A C15 H15C 109.5 

H15B C15 H15C 109.5 

N2 C16 C17 109.4(3) 

N2 C16 C21 110.5(3) 

N2 C16 C24 108.1(3) 

C17 C16 C21 109.7(3) 

C17 C16 C24 109.5(3) 

C21 C16 C24 109.6(3) 

C16 C17 H17A 109.9 

C16 C17 H17B 109.9 

C16 C17 C18 108.7(3) 

H17A C17 H17B 108.4 

H17A C17 C18 109.9 

H17B C17 C18 109.9 

C17 C18 H18 109.6 

C17 C18 C19 108.3(4) 

C17 C18 C25 109.6(4) 

H18 C18 C19 109.7 

H18 C18 C25 109.6 

C19 C18 C25 110.0(4) 

C18 C19 H19A 109.6 

C18 C19 H19B 109.5 

C18 C19 C20 110.4(4) 

H19A C19 H19B 108.1 

H19A C19 C20 109.6 

H19B C19 C20 109.6 

C19 C20 H20 109.7 

C19 C20 C21 109.7(4) 

C19 C20 C22 109.3(4) 

H20 C20 C21 109.5 

H20 C20 C22 109.6 

C21 C20 C22 109.0(4) 
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C16 C21 C20 109.3(3) 

C16 C21 H21A 109.8 

C16 C21 H21B 109.8 

C20 C21 H21A 109.8 

C20 C21 H21B 109.8 

H21A C21 H21B 108.3 

C20 C22 H22A 109.8 

C20 C22 H22B 109.8 

C20 C22 C23 109.3(4) 

H22A C22 H22B 108.3 

H22A C22 C23 109.8 

H22B C22 C23 109.8 

C22 C23 H23 109.3 

C22 C23 C24 110.1(3) 

C22 C23 C25 110.3(4) 

H23 C23 C24 109.3 

H23 C23 C25 109.3 

C24 C23 C25 108.5(3) 

C16 C24 C23 108.9(3) 

C16 C24 H24A 109.9 

C16 C24 H24B 109.9 

C23 C24 H24A 109.9 

C23 C24 H24B 109.9 

H24A C24 H24B 108.3 

C18 C25 C23 110.1(4) 

C18 C25 H25A 109.6 

C18 C25 H25B 109.7 

C23 C25 H25A 109.6 

C23 C25 H25B 109.6 

H25A C25 H25B 108.1 

Co1 C26 N2 132.6(2) 

Co1 C26 C28 124.1(3) 

N2 C26 C28 103.3(3) 

N2 C27 N3 109.1(3) 

N2 C27 H27 125.4 

N3 C27 H27 125.4 

N3 C28 C26 110.7(3) 

N3 C28 H28 124.6 

C26 C28 H28 124.7 

N3 C29 C30 108.9(3) 

N3 C29 C34 109.0(3) 

N3 C29 C35 109.0(3) 

C30 C29 C34 110.3(4) 



67 
 

C30 C29 C35 108.8(3) 

C34 C29 C35 110.9(4) 

C29 C30 H30A 110 

C29 C30 H30B 110 

C29 C30 C31 108.4(4) 

H30A C30 H30B 108.4 

H30A C30 C31 110 

H30B C30 C31 110 

C30 C31 H31 109 

C30 C31 C32 108.9(4) 

C30 C31 C38 109.1(4) 

H31 C31 C32 109 

H31 C31 C38 109.1 

C32 C31 C38 111.7(5) 

C31 C32 H32A 109.5 

C31 C32 H32B 109.5 

C31 C32 C33 111.1(5) 

H32A C32 H32B 108 

H32A C32 C33 109.4 

H32B C32 C33 109.4 

C32 C33 H33 110.1 

C32 C33 C34 108.8(5) 

C32 C33 C37 111.0(5) 

H33 C33 C34 110 

H33 C33 C37 110 

C34 C33 C37 106.9(5) 

C29 C34 C33 108.6(4) 

C29 C34 H34A 110 

C29 C34 H34B 110 

C33 C34 H34A 109.9 

C33 C34 H34B 109.9 

H34A C34 H34B 108.4 

C29 C35 H35A 109.8 

C29 C35 H35B 109.8 

C29 C35 C36 109.2(4) 

H35A C35 H35B 108.3 

H35A C35 C36 109.9 

H35B C35 C36 109.9 

C35 C36 H36 110.1 

C35 C36 C37 107.0(4) 

C35 C36 C38 108.7(4) 

H36 C36 C37 110 

H36 C36 C38 110.1 
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C37 C36 C38 110.8(5) 

C33 C37 C36 109.8(5) 

C33 C37 H37A 109.7 

C33 C37 H37B 109.7 

C36 C37 H37A 109.7 

C36 C37 H37B 109.7 

H37A C37 H37B 108.3 

C31 C38 C36 110.2(5) 

C31 C38 H38A 109.6 

C31 C38 H38B 109.6 

C36 C38 H38A 109.6 

C36 C38 H38B 109.7 

H38A C38 H38B 108.1 
 

Table A2.6 Bond lengths (Å) for 2.4 

Atom1 Atom2 Length 

Co1 Cl1 2.3562(8) 

Co1 Cl2 2.2551(9) 

Co1 C1 2.057(3) 

Co1 Cl1 2.3725(7) 

Cl1 Co1 2.3725(7) 

N1 C1 1.360(3) 

N1 C2 1.377(4) 

N1 C4 1.505(3) 

N2 C1 1.368(3) 

N2 C3 1.369(4) 

N2 C15 1.500(3) 

C2 H2 0.94 

C2 C3 1.324(5) 

C3 H3 0.94 

C4 C5 1.530(4) 

C4 C6 1.538(4) 

C4 C7 1.532(4) 

C5 H5A 0.98 

C5 H5B 0.98 

C5 C8 1.529(4) 

C6 H6A 0.98 

C6 H6B 0.98 

C6 C10 1.525(4) 

C7 H7A 0.98 

C7 H7B 0.98 

C7 C12 1.532(4) 
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C8 H8 0.99 

C8 C9 1.530(5) 

C8 C13 1.526(4) 

C9 H9A 0.98 

C9 H9B 0.98 

C9 C10 1.524(5) 

C10 H10 0.99 

C10 C11 1.526(4) 

C11 H11A 0.98 

C11 H11B 0.98 

C11 C12 1.532(5) 

C12 H12 0.99 

C12 C13 1.537(4) 

C13 H13A 0.98 

C13 H13B 0.98 

C14 H14A 0.98 

C14 H14B 0.98 

C14 C15 1.525(4) 

C14 C20 1.536(4) 

C15 C16 1.529(4) 

C15 C17 1.539(4) 

C16 H16A 0.98 

C16 H16B 0.98 

C16 C22 1.543(4) 

C17 H17A 0.98 

C17 H17B 0.98 

C17 C18 1.533(4) 

C18 H18 0.99 

C18 C19 1.516(5) 

C18 C23 1.527(5) 

C19 H19A 0.98 

C19 H19B 0.98 

C19 C20 1.532(5) 

C20 H20 0.99 

C20 C21 1.522(5) 

C21 H21A 0.98 

C21 H21B 0.98 

C21 C22 1.520(5) 

C22 H22 0.99 

C22 C23 1.529(5) 

C23 H23A 0.98 

C23 H23B 0.98 

Co1 Cl1 2.3562(8) 
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Co1 Cl2 2.2551(9) 

Co1 C1 2.057(3) 

N1 C1 1.360(3) 

N1 C2 1.377(4) 

N1 C4 1.505(3) 

N2 C1 1.368(3) 

N2 C3 1.369(4) 

N2 C15 1.500(3) 

C2 H2 0.94 

C2 C3 1.324(5) 

C3 H3 0.94 

C4 C5 1.530(4) 

C4 C6 1.538(4) 

C4 C7 1.532(4) 

C5 H5A 0.98 

C5 H5B 0.98 

C5 C8 1.529(4) 

C6 H6A 0.98 

C6 H6B 0.98 

C6 C10 1.525(4) 

C7 H7A 0.98 

C7 H7B 0.98 

C7 C12 1.532(4) 

C8 H8 0.99 

C8 C9 1.530(5) 

C8 C13 1.526(4) 

C9 H9A 0.98 

C9 H9B 0.98 

C9 C10 1.524(5) 

C10 H10 0.99 

C10 C11 1.526(4) 

C11 H11A 0.98 

C11 H11B 0.98 

C11 C12 1.532(5) 

C12 H12 0.99 

C12 C13 1.537(4) 

C13 H13A 0.98 

C13 H13B 0.98 

C14 H14A 0.98 

C14 H14B 0.98 

C14 C15 1.525(4) 

C14 C20 1.536(4) 

C15 C16 1.529(4) 
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C15 C17 1.539(4) 

C16 H16A 0.98 

C16 H16B 0.98 

C16 C22 1.543(4) 

C17 H17A 0.98 

C17 H17B 0.98 

C17 C18 1.533(4) 

C18 H18 0.99 

C18 C19 1.516(5) 

C18 C23 1.527(5) 

C19 H19A 0.98 

C19 H19B 0.98 

C19 C20 1.532(5) 

C20 H20 0.99 

C20 C21 1.522(5) 

C21 H21A 0.98 

C21 H21B 0.98 

C21 C22 1.520(5) 

C22 H22 0.99 

C22 C23 1.529(5) 

C23 H23A 0.98 

C23 H23B 0.98 

C24 H24A 0.98 

C24 H24B 0.98 

C24 Cl5A 1.70(1) 

C24 Cl6A 1.79(1) 

C25 H25A 0.98 

C25 H25B 0.979 

C25 Cl3A 1.721(8) 

C25 Cl4A 1.58(1) 
 

Table A2.7 All angles (°) for 2.4 

Atom1 Atom2 Atom3 Angle (Å) 

Cl1 Co1 Cl2 124.56(3) 

Cl1 Co1 C1 105.95(8) 

Cl1 Co1 Cl1 88.32(3) 

Cl2 Co1 C1 113.20(8) 

Cl2 Co1 Cl1 94.08(3) 

C1 Co1 Cl1 130.85(8) 

Co1 Cl1 Co1 91.68(3) 

C1 N1 C2 110.0(2) 

C1 N1 C4 127.2(2) 
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C2 N1 C4 122.8(2) 

C1 N2 C3 109.9(2) 

C1 N2 C15 128.0(2) 

C3 N2 C15 122.0(2) 

Co1 C1 N1 129.4(2) 

Co1 C1 N2 126.0(2) 

N1 C1 N2 104.6(2) 

N1 C2 H2 126.2 

N1 C2 C3 107.5(3) 

H2 C2 C3 126.3 

N2 C3 C2 107.9(3) 

N2 C3 H3 126 

C2 C3 H3 126.1 

N1 C4 C5 109.9(2) 

N1 C4 C6 109.2(2) 

N1 C4 C7 110.3(2) 

C5 C4 C6 108.5(2) 

C5 C4 C7 110.4(2) 

C6 C4 C7 108.4(2) 

C4 C5 H5A 109.7 

C4 C5 H5B 109.7 

C4 C5 C8 109.6(2) 

H5A C5 H5B 108.2 

H5A C5 C8 109.8 

H5B C5 C8 109.7 

C4 C6 H6A 109.6 

C4 C6 H6B 109.6 

C4 C6 C10 110.1(2) 

H6A C6 H6B 108.2 

H6A C6 C10 109.7 

H6B C6 C10 109.6 

C4 C7 H7A 109.7 

C4 C7 H7B 109.7 

C4 C7 C12 109.6(2) 

H7A C7 H7B 108.2 

H7A C7 C12 109.8 

H7B C7 C12 109.8 

C5 C8 H8 109.4 

C5 C8 C9 110.0(3) 

C5 C8 C13 109.6(2) 

H8 C8 C9 109.3 

H8 C8 C13 109.3 

C9 C8 C13 109.1(3) 
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C8 C9 H9A 109.9 

C8 C9 H9B 109.9 

C8 C9 C10 109.0(3) 

H9A C9 H9B 108.3 

H9A C9 C10 109.9 

H9B C9 C10 109.9 

C6 C10 C9 109.7(3) 

C6 C10 H10 109.2 

C6 C10 C11 109.2(2) 

C9 C10 H10 109.2 

C9 C10 C11 110.3(3) 

H10 C10 C11 109.3 

C10 C11 H11A 109.8 

C10 C11 H11B 109.8 

C10 C11 C12 109.2(3) 

H11A C11 H11B 108.3 

H11A C11 C12 109.8 

H11B C11 C12 109.8 

C7 C12 C11 109.0(2) 

C7 C12 H12 109.6 

C7 C12 C13 109.8(2) 

C11 C12 H12 109.6 

C11 C12 C13 109.3(2) 

H12 C12 C13 109.6 

C8 C13 C12 109.7(2) 

C8 C13 H13A 109.7 

C8 C13 H13B 109.7 

C12 C13 H13A 109.7 

C12 C13 H13B 109.7 

H13A C13 H13B 108.2 

H14A C14 H14B 108.2 

H14A C14 C15 109.6 

H14A C14 C20 109.7 

H14B C14 C15 109.7 

H14B C14 C20 109.6 

C15 C14 C20 110.1(2) 

N2 C15 C14 110.2(2) 

N2 C15 C16 109.8(2) 

N2 C15 C17 109.8(2) 

C14 C15 C16 110.6(2) 

C14 C15 C17 108.3(2) 

C16 C15 C17 108.0(2) 

C15 C16 H16A 109.8 
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C15 C16 H16B 109.7 

C15 C16 C22 109.5(3) 

H16A C16 H16B 108.2 

H16A C16 C22 109.8 

H16B C16 C22 109.8 

C15 C17 H17A 109.7 

C15 C17 H17B 109.7 

C15 C17 C18 109.8(2) 

H17A C17 H17B 108.2 

H17A C17 C18 109.7 

H17B C17 C18 109.7 

C17 C18 H18 109.1 

C17 C18 C19 109.6(3) 

C17 C18 C23 109.3(3) 

H18 C18 C19 109.1 

H18 C18 C23 109 

C19 C18 C23 110.7(3) 

C18 C19 H19A 109.9 

C18 C19 H19B 109.9 

C18 C19 C20 109.0(3) 

H19A C19 H19B 108.3 

H19A C19 C20 109.9 

H19B C19 C20 109.9 

C14 C20 C19 108.4(2) 

C14 C20 H20 109.5 

C14 C20 C21 109.5(3) 

C19 C20 H20 109.5 

C19 C20 C21 110.4(3) 

H20 C20 C21 109.5 

C20 C21 H21A 109.7 

C20 C21 H21B 109.7 

C20 C21 C22 109.8(3) 

H21A C21 H21B 108.2 

H21A C21 C22 109.7 

H21B C21 C22 109.7 

C16 C22 C21 109.6(3) 

C16 C22 H22 109.4 

C16 C22 C23 109.2(3) 

C21 C22 H22 109.4 

C21 C22 C23 109.9(3) 

H22 C22 C23 109.4 

C18 C23 C22 108.8(3) 

C18 C23 H23A 109.9 
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C18 C23 H23B 109.9 

C22 C23 H23A 109.9 

C22 C23 H23B 109.9 

H23A C23 H23B 108.3 

Cl1 Co1 Cl1 88.32(3) 

Cl1 Co1 Cl2 94.08(3) 

Cl1 Co1 C1 130.85(8) 

Cl1 Co1 Cl2 124.56(3) 

Cl1 Co1 C1 105.95(8) 

Cl2 Co1 C1 113.20(8) 

Co1 Cl1 Co1 91.68(3) 

C1 N1 C2 110.0(2) 

C1 N1 C4 127.2(2) 

C2 N1 C4 122.8(2) 

C1 N2 C3 109.9(2) 

C1 N2 C15 128.0(2) 

C3 N2 C15 122.0(2) 

Co1 C1 N1 129.4(2) 

Co1 C1 N2 126.0(2) 

N1 C1 N2 104.6(2) 

N1 C2 H2 126.2 

N1 C2 C3 107.5(3) 

H2 C2 C3 126.3 

N2 C3 C2 107.9(3) 

N2 C3 H3 126 

C2 C3 H3 126.1 

N1 C4 C5 109.9(2) 

N1 C4 C6 109.2(2) 

N1 C4 C7 110.3(2) 

C5 C4 C6 108.5(2) 

C5 C4 C7 110.4(2) 

C6 C4 C7 108.4(2) 

C4 C5 H5A 109.7 

C4 C5 H5B 109.7 

C4 C5 C8 109.6(2) 

H5A C5 H5B 108.2 

H5A C5 C8 109.8 

H5B C5 C8 109.7 

C4 C6 H6A 109.6 

C4 C6 H6B 109.6 

C4 C6 C10 110.1(2) 

H6A C6 H6B 108.2 

H6A C6 C10 109.7 
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H6B C6 C10 109.6 

C4 C7 H7A 109.7 

C4 C7 H7B 109.7 

C4 C7 C12 109.6(2) 

H7A C7 H7B 108.2 

H7A C7 C12 109.8 

H7B C7 C12 109.8 

C5 C8 H8 109.4 

C5 C8 C9 110.0(3) 

C5 C8 C13 109.6(2) 

H8 C8 C9 109.3 

H8 C8 C13 109.3 

C9 C8 C13 109.1(3) 

C8 C9 H9A 109.9 

C8 C9 H9B 109.9 

C8 C9 C10 109.0(3) 

H9A C9 H9B 108.3 

H9A C9 C10 109.9 

H9B C9 C10 109.9 

C6 C10 C9 109.7(3) 

C6 C10 H10 109.2 

C6 C10 C11 109.2(2) 

C9 C10 H10 109.2 

C9 C10 C11 110.3(3) 

H10 C10 C11 109.3 

C10 C11 H11A 109.8 

C10 C11 H11B 109.8 

C10 C11 C12 109.2(3) 

H11A C11 H11B 108.3 

H11A C11 C12 109.8 

H11B C11 C12 109.8 

C7 C12 C11 109.0(2) 

C7 C12 H12 109.6 

C7 C12 C13 109.8(2) 

C11 C12 H12 109.6 

C11 C12 C13 109.3(2) 

H12 C12 C13 109.6 

C8 C13 C12 109.7(2) 

C8 C13 H13A 109.7 

C8 C13 H13B 109.7 

C12 C13 H13A 109.7 

C12 C13 H13B 109.7 

H13A C13 H13B 108.2 
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H14A C14 H14B 108.2 

H14A C14 C15 109.6 

H14A C14 C20 109.7 

H14B C14 C15 109.7 

H14B C14 C20 109.6 

C15 C14 C20 110.1(2) 

N2 C15 C14 110.2(2) 

N2 C15 C16 109.8(2) 

N2 C15 C17 109.8(2) 

C14 C15 C16 110.6(2) 

C14 C15 C17 108.3(2) 

C16 C15 C17 108.0(2) 

C15 C16 H16A 109.8 

C15 C16 H16B 109.7 

C15 C16 C22 109.5(3) 

H16A C16 H16B 108.2 

H16A C16 C22 109.8 

H16B C16 C22 109.8 

C15 C17 H17A 109.7 

C15 C17 H17B 109.7 

C15 C17 C18 109.8(2) 

H17A C17 H17B 108.2 

H17A C17 C18 109.7 

H17B C17 C18 109.7 

C17 C18 H18 109.1 

C17 C18 C19 109.6(3) 

C17 C18 C23 109.3(3) 

H18 C18 C19 109.1 

H18 C18 C23 109 

C19 C18 C23 110.7(3) 

C18 C19 H19A 109.9 

C18 C19 H19B 109.9 

C18 C19 C20 109.0(3) 

H19A C19 H19B 108.3 

H19A C19 C20 109.9 

H19B C19 C20 109.9 

C14 C20 C19 108.4(2) 

C14 C20 H20 109.5 

C14 C20 C21 109.5(3) 

C19 C20 H20 109.5 

C19 C20 C21 110.4(3) 

H20 C20 C21 109.5 

C20 C21 H21A 109.7 
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C20 C21 H21B 109.7 

C20 C21 C22 109.8(3) 

H21A C21 H21B 108.2 

H21A C21 C22 109.7 

H21B C21 C22 109.7 

C16 C22 C21 109.6(3) 

C16 C22 H22 109.4 

C16 C22 C23 109.2(3) 

C21 C22 H22 109.4 

C21 C22 C23 109.9(3) 

H22 C22 C23 109.4 

C18 C23 C22 108.8(3) 

C18 C23 H23A 109.9 

C18 C23 H23B 109.9 

C22 C23 H23A 109.9 

C22 C23 H23B 109.9 

H23A C23 H23B 108.3 

H24A C24 H24B 109 

H24A C24 Cl5A 111 

H24A C24 Cl6A 111.1 

H24B C24 Cl5A 111 

H24B C24 Cl6A 111 

Cl5A C24 Cl6A 103.7(5) 

H25A C25 H25B 107.3 

H25A C25 Cl3A 108 

H25A C25 Cl4A 107.9 

H25B C25 Cl3A 108 

H25B C25 Cl4A 108 

Cl3A C25 Cl4A 117.4(5) 
 

2.6.3 Evans method NMR spectra 

The Evans method44 was implemented to determine the magnetic moments of 2.1, 2.2 and 2.3. For the 

experiment, 2.1 (7mg) was dissolved in 1mL of CDCl3, and 30 µL of tert-butanol was added as an internal 

standard. 100 µL of this solution was added to a capillary tube. A reference solution of 1 mL CDCl3 and 30 

µL tert-butanol was added to an NMR tube in a quantity of 0.6 mL. The capillary tube was gently placed in 

the NMR tube and an 1H NMR experiment was recorded at room temperature. The presence of 

paramagnetic 2.1 deshields the tert-butanol 1H NMR peak in the capillary, while the signal in the reference 

solution remains unaffected. The difference in frequencies was 42.99Hz. Using Evans Method, the data 

showed a crystal field of 3 unpaired electrons. The same result was found for 2.2 and 2.3. While for 2.2 (7 

mg), 20 µL of regular chloroform was used as the internal standard in 1 mL of CDCl3, and for 2.3 (5 mg), 30 

µL of tert-butanol was used as the internal standard in 1 mL of CDCl3, the calculations and experiments  

are otherwise similar. The  change  in frequency was  34.14Hz for 2.2, and 43.01 Hz for  2.3 
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µeff (2.1) = 3.75, µeff (2.2) = 4.67, µeff (2.3) = 3.80. 

 

Figure A2.22 1H NMR (300 MHz, CDCl3) spectrum of 2.1 using the Evans method. 

 

Figure A2.23 1H NMR (300 MHz, CDCl3) spectrum of 2.2 using the Evans method. 
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Figure A2.24 1H NMR (400 MHz, CDCl3) spectrum of 2.4 using the Evans method. 

2.6.4 Computational details 

2.6.4.1 Experimental 

All DFT calculations were performed using Gaussian 1660 on Graham cluster, with access provided by 

Compute Canada/Calcul Canada. Several methods (M06,61 M06-L,62 PBE0-D3(BJ),63 B3LYP-D3(BJ),64 TPSSh-

D3(BJ)65 and TPSS0-D3(BJ)66) were benchmarked against the solid-state geometries of the neutral (SNS)2Co 

and (SNS)2Fe complexes (characterized by SC-XRD),30, 43.b and the PBE0-D3(BJ) method was found to give 

the smaller deviations in terms of bond distances and angles around the metal center. 

Table A2.8 Comparison of the experimental (found by SC-XRD at 200K) and DFT-computed bonds and angles in 
cobalt and iron bis-amido complexes. 

  M = Co  M = Fe 

Bond /Angle  XRD PBE0-D3(BJ)  XRD PBE0-D3(BJ) 

S1-M  
2.6481(7) 
2.7027(7) 

2.6636  
2.7156(7) 
2.7014(8) 

2.6726 
2.6722 

S2-M  
2.4723(7) 
2.4780(7) 

2.4940  
2.5389(7) 
2.5431(7) 

2.5322 
2.5511 

N-M  
1.967(2) 
1.974(2) 

1.9927  
2.015(2) 
2.031(2) 

2.0456 
2.0516 

trans S1-M-S2  
165.41(3) 
167.06(3) 

167.62  
166.63(2) 
160.67(3) 

166.68 
160.39 

trans N-M-N’  176.46(8) 175.66  177.60(8) 178.06 

cis S1-M-N  
85.36(6) 
85.84(6) 

86.62  
86.80(6) 
83.08(6) 

86.54 
83.50 

cis S2-M-N  
82.48(6) 
83.03(6) 

82.27  
80.72(6) 
78.48(6) 

80.33 
78.00 
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Geometry optimization of all complexes were carried out using mixed basis sets:67 6-311g** for C and H 

atoms,68 6-311+g** for N, O, F, S and Cl,69 and def2TZVP for Co or Fe,70 in implicit THF using the CPCM 

model.71 The PBE0 hybrid functional was exploited in conjunction with the D3 version Grimme’s empirical 

dispersion66 with Becke-Johnson damping.72 Local minima were assessed by convergence and the absence 

of imaginary frequencies in the frequency calculation. The electronic energy was further computed using 

the def2TZVP basis set for all atoms, with an added diffuse function for N, O, F, S and Cl atoms.73 The 

thermal energies presented herein correspond to the sum of the electronic energy found with the larger 

basis set and the thermal corrections outputted from the frequency calculation after the optimization 

procedure.  

 

2.6.4.2 Results 

For all octahedral Co and Fe complexes, the lowest energy wavefunctions were found to be high spin 

states, i.e., S = 3/2 for cobalt and S = 2 for iron complexes, in accordance with experimentally measured 

values of the parent (κ3-SNS)2M complexes, and 2.2. For the neutral bis-amido complexes and their mono- 

and di-protonated complexes (either free cations or ion-paired to Tf2N- anions (X-) via O---H hydrogen 

bonding), a variety of geometries were studied, namely: several conformations for the meridional trans 

complexes (trans), the facial trans complexes (fac), and the facial-cis complexes (cis). The energies 

discussed below relate to the lower energy solution found for each of these coordination modes, and are 

expressed in kcal/mol. 

For the neutral complexes, the meridional isomers were found to be lower in energy as found in the solid 

state. In the free mono-protonated complexes, [M(L2)(L2H)]+, the meridional isomers are still more 

favoured, although the difference of energy with the facial coordination mode decreases, and the cis 

isomer is almost isoenergetic in the Co system. In the free di-protonated complexes, [M(L2H)2]2+, all three 

isomers are within 1 kcal/mol difference in terms of Gibbs free energy.  

When ion-pairing to the TfN2
- anion is considered, as observed in the solid state structure of of [fac-(κ3-

SNHS)(κ3-SNS)Fe][NTf2], the mono-protonated complexes [mer-M(L2H)(L2)]X still show the same trend 

with the mer complexes being the most favoured and the cis complexes being the less favoured. On the 

other hand, for the ion-paired di-protonated complexes, the facial coordination is clearly favoured, as 

observed in the solid state of [fac-(κ3-SNHS)2Co][NTf2]2, although the difference is small for the iron 

dication. 

Table A2.9 1 DFT computed relative enthalpies and Gibbs free energies of three isomers for the neutral complexes, 

expressed in kcal/mol. 

 M = Co M = Fe 

Isomer ΔH ΔG ΔH ΔG 

mer-M(L1)2 0 0 0 0 

fac-M(L1)2 7.6 5.3 13.8 11.2 

cis-M(L1)2 6.9 3.9 8.5 5.8 
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Table A2.10 DFT computed relative enthalpies and Gibbs free energies of three isomers for the free mono- or di-
protonated complexes, expressed in kcal/mol. 

 M = Co M = Fe 

Isomer ΔH ΔG ΔH ΔG 

[mer-M(L1H)(L1)]+ 0 0 0 0 

[fac-M(L1H)(L1)]+ 5.6 3.4 2.7 0.1 

[cis-M(L1H)(L1)]+ –0.1 1.6 3.5 1.3 

[mer-M(L1H)2]2+ –1.8 0 0 0 

[fac-M(L1H)2]2+ 0.8 1.0 2.6 1.0 

[cis-M(L1H)2]2+ 0 0 2.4 0.7 

 

Table A2.11 2 DFT computed relative enthalpies and Gibbs free energies of three isomers for the NTf2-bound 
mono- or di-protonated complexes, expressed in kcal/mol. 

 M = Co M = Fe 

Isomer ΔH ΔG ΔH ΔG 

[mer-M(L1H)(L1)]X 0 0 0 0 

[fac-M(L1H)(L1)]X 3.2 2.2 5.0 4.1 

[cis-M(L1H)(L1)]X 7.4 5.1 8.1 6.0 

[mer-M(L1H)2]X2 1.3 3.7 –0.6 0.8 

[fac-M(L1H)2]X2 0 0 0 0 

[cis-M(L1H)2]X2 5.5 6.7 6.0 6.9 
 

The protonation of mer-M(L2)2 complexes by one equiv of HNTf2 leading to fully dissociated ions is strongly 

exergonic, by ca. 20 kcal/mol for cobalt and by ca. 16 kcal/mol for iron, and is even more favoured when 

tight ion-pairing (ranging 3–6 and 3–9 kcal/mol, respectively for all Co and Fe conformers/isomers) is 

added, giving a ΔG of ca. –25 kcal/mol for both metals. 

On the other hand, the protonation of [mer-M(L2H)(L2)]+ by one additional equiv of HNTf2 leading to free 

dications is only –1.9 and –4.4 kcal/mol, respectively, for Co and Fe. Again, the ion pairing energy with two 

NTf2
- anions (ranging 18–26 kcal/mol for both Co and Fe) allows for a strongly exergonic second 

protonation of ca. –20.5 and –19.6 kcal/mol for Co and Fe, respectively. 

The difference between the two metals is thus very subtle and thus, at the level of theory used, we were 

not able to rationalize the proton redistribution when mer-Co(L2)2, is treated with one equiv. HNTf2, where 

the reaction was calculated to be disfavoured by 2.0 kcal/mol with cobalt, and 2.8 kcal/mol with iron. 

Analysis of Hirshfeld charges did not allow us to explain the proton redistribution observed with Co 

through kinetic considerations. 
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Table A2.12 3 DFT computed enthalpies and Gibbs free energies for each sequential protonation step.  

  
mer-M(L2)2 

Tf2NH 
→ [mer-M(L2H)(L2)][NTf2] 

Tf2NH 
→ [fac-M(L2H)2][NTf2]2 

Co 
ΔH 0  –37.1  –32.3 

ΔG 0  –24.6  –20.5 

Fe 
ΔH 0  –37.8  –31.9 

ΔG 0  –25.3  –19.6 
 

Another aspect of this study is the formation of the abnormally coordinated NHC complex derived from 

IAdH+ (1,3-bisadamantyl-imidazolium) upon deprotonation by one amido-ligand of (SNS)2Co. DFT 

optimization of the resulting (SNS)Co(aIAd)Cl led to a geometry fairly close to that observed in the solid 

state (SC-XRD at 200 K) in terms of bond lengths and angles around the Co center, except for the Ĉ-Co-N 

angle which was found significantly wider in the solid state.  

Although the free abnormal carbene (1,3-bisadamantylimidazol-4-ylidene) is found to much less stabilized 

than the normal IAd (by a ΔG of ca. 12 kcal/mol), coordination to the Co center leads to two complexes of 

very similar energies. The aIAd coordination mode is favoured in terms of Gibbs free energy by only 0.6 

kcal/mol, while it is predicted to be disfavoured enthalpically. We believe that it arises from the high steric 

hindrance of the adamantly groups, that translates into significantly elongated bonds around the metal, 

especially with a Co-Ĉ that theory envisages to increase from 2.032 to 2.101 Å in the event of a normally 

coordinated carbene. It suggests that the isolation of complex 2.3 exclusively relies on a kinetic control, 

where the deprotonation at C4 of the imidazolium is much more accessible. 

 

Table A2.13 Comparison of the experimental (found by SC-XRD at 200K) and DFT-computed bonds and angles in 
the abnormally and normally bound IAd complexes, and their thermal energies. 

Bond / Angle 
(aIAd)Co(κ2-SNS)Cl (IAd)Co(κ2-SNS)Cl 

XRD PBE0-D3(BJ) PBE0-D3(BJ) 

Co-Ĉ 2.034(4) 2.032 2.101 

Co-S 2.4112(12) 2.433 2.482 

Co-N 1.919(3) 1.951 1.970 

Co-Cl 2.2691(12) 2.311 2.341 

Ĉ-Co-Cl 119.28(11) 121.93 105.71 

Ĉ-Co-N 122.66(14) 112.34 118.78 

Ĉ-Co-S 103.09(11) 105.55 127.07 

S-Co-Cl 103.18(5) 104.50 92.14 

S-Co-N 85.75(9) 85.17 81.94 

N-Co-Cl 113.02(10) 118.69 128.15 

Energy 
ΔH 0 +1.8 

ΔG 0 –0.6 
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Table A2.14 4 Comparison of the experimental (found by SC-XRD at 200K) and DFT-computed bonds for abnormally 
bound IAd complexes in quartet and doublet spin states, and their thermal energies. 

Bond / Angle 
 (aIAd)Co(κ2-SNS)Cl 

XRD PBE0-D3(BJ) quartet PBE0-D3(BJ) doublet 

Co-Ĉ 2.034(4) 2.032 1.970 

Co-S 2.4112(12) 2.433 2.342 

Co-N 1.919(3) 1.951 1.911 

Co-Cl 2.2691(12) 2.311 2.360 

Ĉ-Co-Cl 119.28(11) 121.93 98.09 

Ĉ-Co-N 122.66(14) 112.34 154.58 

Ĉ-Co-S 103.09(11) 105.55 97.39 

S-Co-Cl 103.18(5) 104.50 110.37 

S-Co-N 85.75(9) 85.17 85.49 

N-Co-Cl 113.02(10) 118.69 104.58 

Energy 
ΔH 0 24.2 

ΔG 0 21.6 
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Chapter Three: Tetracopper(I) Thiolate- and Amido-(SNS) Complexes as Catalysts 

for Base-Free, Aqueous Azide-Alkyne Cycloaddition 

 

 

 

 

3.1 Contribution to Knowledge 

Tetracopper(I) Thiolate- and Amido-(SNS) Complexes and Copper-Catalyzed Azide-Alkyne 

Cycloaddition in Water. Atousa Khanzadeh, Saeed Ataie, R. Tom Baker, Dalton Trans. 2023, 52, 11768-

11772. 

Author contributions 

Atousa performed all the catalysis experiments and DFT studies, collected the NMR spectra and 

analyzed the data with Prof. Baker’s supervision.  Saeed was responsible for some synthesis, crystal 

growth and X-ray diffraction studies. Atousa and Prof. Baker wrote the manuscript. 

Abstract: Two tetranuclear Cu(I) complexes bearing thiolate- and amido-SNS ligands were 

characterized by X-ray diffraction and mass spectrometry. Although the amido ligand undergoes 

irreversible N-protonation by the copper-bound alkyne, the thiolate complex demonstrates good 

activity in the copper-catalyzed azide−alkyne cycloaddition reaction with a variety of substrates. The 

base-free reactions are performed in water and afford excellent yields over 2 h at 70 °C. DFT 

calculations suggest a proton-shuttle role for the thiolate donor in formation of the initial dicopper 

-alkynyl intermediate. 
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3.2 Introduction 

In the preceding two chapters, we delved into the bifunctional properties of amido- and thiolate-SNS 

ligands, highlighting their pivotal role in cooperative metal-ligand catalysis. Specifically, we explored their 

efficacy in activating E-H bonds, a phenomenon evident in reactions like hydroboration1-5 and 

hydrosilylation,6 which enable the transformation of a diverse range of unsaturated bonds (carbonyls,1,3-5 

nitriles7,8 and N-heterocycles9).  In these investigations the Baker group has been comparing ‘soft’ 

thiolate- (L1) and ‘hard’ amido- (L2) SNS ligands in ligand-assisted catalysis.10,11 These endeavors have 

illuminated pathways to access a rich array of organic compounds. Nevertheless, the potential of these 

ligands in catalysis extends beyond their role in these transformations, remaining largely unexplored in 

other catalytic domains. In the ensuing chapter, we embark on a journey to broaden the horizons of these 

ligands. Our aim is to extend their applications by investigating the catalytic capabilities of multinuclear 

copper(I) complexes incorporating thiolate- and amido-SNS ligands in the context of copper-catalyzed 

azide-alkyne cycloaddition click reactions. 

  Over the past two decades, click chemistry,12 as a simple molecular attachment strategy and 

atom economic route, has attracted the attention of researchers in chemistry,13 biology14 and 

materials science.15 The copper(I)-catalysed reaction of terminal alkynes and organic azides to give 

1,4 disubstituted 1,2,3-triazoles is among the best Click reactions known to date.16-18 The triazole 

products of this reaction have various applications in different area such as pharmaceuticals and 

other bioactive molecules,13,14 nanomaterials19 and numerous useful compounds. As a result, copper-

catalysed azide-alkyne cycloaddition (CuAAC) has become a powerful tool in synthetic chemistry.  

Previous mechanistic studies have identified Cu(I) species as the active CuAAC catalyst. The unique 

catalytic function of Cu(I) can be explained by its ability to engage terminal alkynes in π- interactions 

and promote the deprotonation to Cu-alkynyl, accompanied by ancillary ligand exchange, especially 

in aqueous solution.20 Therefore, introducing a stabilizing ligand to support copper in the required 

oxidation state should enhance its catalyst performance. CuAAC reports include the use of different 

sources of copper catalyst ranging from elemental copper21 to in situ formation of Cu(I) species from 

a combination of readily available, air-stable copper(II) sulfate or acetate with ascorbate as a mild 

reductant,16 to Cu(I) halides with heteroatom-based donor ligands,22 and even metal-organic 

complexes.23  

Several experimental and computational studies have investigated the mechanism of 

CuAAC.24,25 In kinetic studies, Fokin and co-workers found a second order rate dependence on the 

catalyst concentration.24 Subsequent DFT calculations identified low energy pathways involving active 

participation of two copper atoms as depicted in Scheme 3.1.25 Further support for this mechanism 

was provided by the isolation and characterization of dicopper ,π- alkynyl intermediates.25,26 
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Scheme 3.1 Proposed mechanism for CuAAC reaction 

In this chapter we compare the catalyst reactivity of copper(I) thiolate- and amido-SNS 

complexes in CuAAC click reaction in order to expand the catalytic application of these coordination 

complexes. 

 

3.3 Results and Discussion 

Herein we introduce two new tetranuclear complexes in which copper is coordinated to a thiolate- 

(3.1) or amido-SNS ligand (3.2) (Schemes 3.2 and 3.3). Moreover, we show that 3.1 is an effective 

catalyst for CuAAC in water without added base. We used DFT calculations to examine the possibility 

of a bifunctional role for the thiolate donor in forming the dicopper ,π-alkynyl intermediate, the first 

step of the catalytic cycle.20 Both complexes were synthesized by reaction of the deprotonated 

proligand and CuCl in a 1:1 ratio in dry THF under nitrogen (Schemes 3.2 and 3.3). The copper-thiolate 

complex (3.2) has a very low solubility and was simply filtered from the reaction mixture, washed with 

THF to remove the salt, dried under vacuum, and collected as a black powder in 97% yield. The copper-

amido complex (3.2) is soluble in THF so the solvent was removed, the residue extracted with 

dichloromethane, filtered to remove the salt, evaporated in vacuum, and the solid washed with 

hexane and dried under vacuum (83% yield). Both complexes were characterized using ESI-MS 

(Figures 3.7, 3.8) and single-crystal X-ray crystallography. Complex 3.2 was also characterized by 

solution NMR (Figure 3.8) and insoluble 3.1 by solid-state 13C{1H} NMR (Figure 3.7). Complex 3.1 

consists of a tetrahedral array of four pyramidal three-coordinate Cu centers (Cu is 0.19 Å out of  the 

NS2 plane)  each with a  2-SNSMe  ligand  in  which  the  thiolate  donor  bridges  to a second Cu.  The  
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Scheme 3.2 Synthesis and molecular structure of Cu thiolate complex 3.1. In the molecular structure at right only 
one SNS ligand is shown in full with the rest omitted to highlight the Cu4S4 core. Selected bond distances (Å) and 
angles (deg): Cu1-N1 2.08(1), Cu1-S1 2.247(5), Cu1-S13 2.181(5), S1-Cu1-N1 88.3(3), S1-Cu1-S13 140.1(2), S13-Cu1-
N1 128.9(4), Cu1-S1-Cu12 = Cu1-S13-Cu13 82.6(2).  

 
Scheme 3.3 Synthesis and molecular structure of Cu amido complex 3.2. In the molecular structure at right only 
one SNS ligand is shown in full with the rest omitted to highlight the Cu4N4 core. Selected bond distances (Å) and 
angles (deg): Cu1-N1 1.934(3), Cu1-S1 2.535(1), Cu1-N12 1.953(3), Cu1-Cu11 2.5666(6), Cu1-N1-Cu11 82.7(1), S1-
Cu1-N1 79.58(9), S1-Cu1-N12 110.71(9), N1-Cu1-N12 169.3(1).  

thiolate bridges are unsymmetrical [cf. Cu1-S1 = 2.247(5) and Cu1-S12 = 2.181(5) Å]. In contrast, 3.2 

consists of a planar array of four T-shaped three-coordinate Cu(I) centers [N-Cu-N = 169.3(1) °] each 

with a 2-SMeNSMe ligand in which the amido donor bridges to the adjacent Cu. In this case the amido 

bridges are more symmetrical [cf. Cu1-N1 = 1.934(3) and Cu1-N-1’ = 1.953(3) Å]. For 3.1 the ESI-MS 

displayed both dimer and monomer cations, whereas only the monomer was observed for 3.2. The 

two copper tetramers were then assessed as catalysts for the azide-alkyne cycloaddition reaction.  

Conditions were optimized using the model reaction of phenylacetylene and benzyl azide 

(formed in-situ from reaction of benzyl chloride and NaN3) in a 1:1 ratio at 70°C over 24 h (Table 3.1). 

The reaction yielded no triazole product in the absence of catalyst (entry 1) and 21% yield using 

unligated CuCl in water (entry 2). A similar yield (23%; entry 4) was obtained using complex 3.2 in 

water while dry DMF gave an even poorer result (7.5%; entry 3). The poor catalyst activity of 3.2 was 

not surprising as the basic amido nitrogen will be protonated in water and previous results showed 

the resulting SNS amine (HL2) to be a poor ligand for Cu.10 Monitoring the reaction in dry DMF also 

showed formation of HL2 (Figure 3.1), suggesting the acidity of the Cu-coordinated terminal alkyne 

is sufficient to irreversibly protonate the amido nitrogen. On the other hand, complex 3.1 provided 

the triazole product (3.3) in excellent yields. Of the seven solvents tested, DMF and water gave the 
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best yields (99%) so the latter was chosen for further optimization due to being a green solvent. 

Reducing the catalyst loading to 1 mol% still gave a high yield (90%) but reducing the temperature to 

60 °C had a negative impact (80%). The time course experiment also confirmed that the reaction 

proceeds to completion within a span of 2 h. With optimized conditions in hand, we next examined 

the scope of both azide and alkyne coupling partners (Table 3.2). The catalytic reaction was effective 

for aliphatic alkynes (entries 8,9) or aromatic analogues with electron-donating (entries 4,7,10) and 

electron-withdrawing (entries 5,6) groups in different positions (ortho and para). The reaction also 

afforded the 1,4-disubstituted triazole product with reasonable yield when using organoazides with 

electron-donating (entries 12-15) and electron-withdrawing (entry 15) substrates. Changing the 

halide from chloride to bromide (entry 11) reduced the yield from 99% to 59%. 

 

Table 3.1 Optimization table for CuAAC reaction using 3.1 and 3.2.  

 

 
*Reaction conditions: phenylacetylene (0.5 mmol), benzyl chloride (0.5 mmol), sodium azide (0.5 mmol), and 4 mL 
of H2O. Isolated yields. 
 

 The reaction also worked well for synthesis of anti-cancer triazole drug 3.16.27 This product 

was isolated in 99% and 87% yield after 2 h at 70 °C using 1.0 and 0.5 mol% catalyst loading, 

respectively, as characterized by 1H and 13C NMR spectroscopy (Figure 3.22 and 3.23). Finally, product 
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3.3 was scaled up to 23 mmol using 1 mol% 3.1 under the same conditions (90% yield). The used 

catalyst was then isolated and further characterized.  

Catalyst 3.1 is poorly soluble in most solvents, but its dark colour evolves during catalysis to 

a light green solid (see UV/Vis in Figure 3.3) that dissolves to a limited extend in dimethyl sulfoxide. 

The 1H NMR spectrum shows that the thiolate L1 ligand is retained (imine C-H at d 8.59 and SMe at d 

1.19; Figure 3.4). The ESI-mass spectrum, however, also indicated formation of the copper(II) 

bis(thiolate) complex (Figure 3.5) as confirmed by EPR spectroscopy (Figure 3.6). Nonetheless, the 

catalyst  could be reused to give 3  in 90% yield under the  same  conditions  as  Table 3.2. While the  

 

Table 3.2 Substrate scope table for CuAAC reaction under optimized conditions. 

 
 

presence of Cu(II) species may explain the reduced activity of the catalyst, it is important to note that 

the product yield remains reasonably high. The high activity of the used catalyst suggests the rate of 
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conversion to Cu(II) is relatively low, and that Cu(I) serves as the primary active catalyst. Although 

there is not universal agreement as to whether metallacycle formation or alkyne deprotonation is the 

turnover-limiting step in CuAAC,28-31 formation of the copper-alkynyl intermediate plays a crucial role 

in the mechanism.  

As mentioned above, the thiolate SNS ligand has demonstrated ligand-assistance in several 

catalyzed reactions.18-21 Although other base-free azide-alkyne cycloadditions in water have been 

reported,32 we speculated that the thiolate donor may play a proton-shuttle role in converting the -

coordinated alkyne to the Cu alkynyl intermediate. To assess this possibility, we used DFT 

calculations33 to probe potential low-energy intermediates. Evaluation of the stability (ΔG) of several 

different potential intermediates in copper alkynyl formation identified one low-energy dinuclear 

intermediate in which the proton of the -bound alkyne is transferred to the thiolate (vs. water to 

form H3O+); (see section 3.9 for details; Scheme 3.4).  

 

 
Scheme 3.4 Most thermodynamically favorable intermediate for the first step of the catalytic cycle. 

 

3.4 Experimental Section 

3.4.1 General considerations 

Synthesis of the complexes (3.1 and 3.2) were carried out under dinitrogen, using an MBraun glovebox 

and stored in the glovebox. THF, DCM and hexane were dried on columns of activated alumina using 

a J. C. Meyer (formerly Glass Contour) solvent purification system. Anhydrous C6D6 were dried with 

activated alumina (ca. 10 wt %) overnight, followed by filtration. SNS ligands synthesized in the lab 

based on previous publications in our group.10,11 All substrates were purchased from commercial 

suppliers. 1H and 13C NMR spectra were recorded on a 300 MHz Bruker Avance or Avance II 

instrument. Solid state 13C NMR spectra recorded as the low solubility of the 3.1 on the Bruker 200 

Avance III. For characterization of compound 3.15 the DEPT 135, HSQC and HMBC NMR spectra 
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recorded on the 300 MHz Bruker Avance II instrument. 1H NMR spectra were referenced respectively 

to solvent residual protons (C6D6, δ 7.15; CDCl3, δ 7.26) and all the NMR spectra recorded at room 

temperature (21−25 °C). Mass spectra were recorded on an AB Sciex Q1MS mass spectrometer with 

electrospray ionization (ESIMS) in positive mode (ion spray voltage, 5000.0 V; TEM, 400 °C; 

declustering potential, 11.00 V; focusing potential, 300.0 V) with samples prepared to ca. 0.05 mg/mL 

in acetonitrile or dichloromethane. For electron impact (EI), solid samples were prepared by drying 

products under vacuum, and spectra obtained using a Kratos Concept S1 instrument (Hres 

7000−10000). X-ray diffraction data were collected on a Bruker Smart or Kappa diffractometer 

equipped with an ApexII CCD detector and a sealed-tube Mo K source (= 0.71073 Å). EPR spectra 

recorded on a Bruker EMX plus 10/12 X-band spectrometer at room temperature. 

3.4.2 Synthesis of (CuL1)4  

A vial was charged with 200 mg HL1 (0.77 mmol) and 129 mg of LiHMDS (0.77 mmol) in 5 mL of THF 

and the mixture was stirred for 15 min. In a second vial 76 mg of CuCl (0.77 mmol) was dissolved in 5 

mL of THF and the mixture from the first vial was added dropwise with stirring. After stirring the 

resulting mixture for 24 h at room temperature, complex 3.1 was collected by filtration, washed two 

times with 5 mL of THF and dried under vacuum to give a dark powder (240 mg, 97% yield). 13C{1H} 

MAS NMR (50 MHz): 115-163 (aromatic) 15.5-19.5 ppm (S-Me), ESI-MS: [(CuL1)2H+] 642.9457, Calcd. 

642.9492 and [(CuL1)H]+ 321.9736 Calcd 321.98 (Figure 3.5). 

3.4.3 Synthesis of (CuL2)4 

A vial was charged with 200 mg HL2 (0.727 mmol) and 121 mg of LiHMDS (0.727 mmol) in 5 mL of 

THF and the mixture was stirred for 30 min. In a second vial 71 mg of CuCl (0.727 mmol) was dissolved 

in 5 mL of THF and the mixture from the first vial was added dropwise with stirring. After stirring the 

resulting mixture for 24 h the solvent was removed in vacuo. The residue was extracted with 5 mL of 

DCM, filtered and evaporated under vacuum to give a light brown powder (203 mg, 83% yield). 1H 

NMR (300 MHz, C6D6): δ 7.45 (d, 1H, aromatic), 7.20 (d, 1H, aromatic), 6.96 (t, 3H, aromatic), 6.87 (t, 

1H, aromatic), 6.56 (t, 1H, aromatic), 6.49 (d, 1H, aromatic), 4.26 (d, 2H, N-CH2), 1.97 (s, 3H, S-CH3) 

1.93 (s, 3H, S-CH3). ESI-MS: [(CuL2)H]+ 338.0061, Calcd. 338.0098 (Figure 3.6). 

3.4.4 Catalysis protocol, general procedure for CuAAC reaction catalyzed by complex 3.1 

A 15 mL vial was charged with 1-5 mol% 3.1 or 3.2 in the glovebox. The vial was then taken out and 

the organohalide substrate (0.5 mmol), NaN3 (0.5 mmol), terminal alkyne substrate (0.5 mmol) and 4 

ml of distilled water were added to the vial along with a small stir bar. The vial was then left to stir at 

the desired temperature from 1-24 h. The resulting product was then isolated by extracting three 

times with 4 mL of ethyl acetate. The extract was evaporated under vacuum and the collected triazole 

product was dried and weighed to calculate the yield. 1H NMR spectra were then recorded to 

characterize the known triazole products. 
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3.4.5 Mechanistic studies 

3.4.5.1 Catalysis using copper amido complex (CuL2)4  

After the catalytic run using complex 3.2 in dry DMF, the solvent was removed, the residue dissolved 

in 0.5 mL of CDCl3 and the 1H NMR spectrum recorded (Figure 3.1).  

In another experiment, 4 equiv. of water were added to a solution of complex 3.2 in C6D6. The 1H NMR 

spectrum is compared with that of 3.2 in Figure 3.2. 

 

Figure 3.1 1H NMR spectrum (300 MZ, D2O) of CuAAC reaction using complex 3.2 resulting in 7.5% yield of the 
triazole product and formation of protonated amido-SNS ligand (L2). 

 

Figure 3.2 1H NMR spectrum of 3.2 before (bottom) and after (top) adding water. 
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3.4.5.2 Catalysis using copper thiolate complex (CuL1)4 

Using the above catalysis protocol, one reaction on a higher scale (23 mmol benzyl chloride, 23 mmol 

sodium azide and 21.9 mmol of phenylacetylene) with 1 mol% of complex 3.1 was conducted. After 

extraction of the product, the insoluble used catalyst was dried and characterized by UV/Vis (Figure 

3.3), 1H NMR (Figure 3.4), ESI-MS (Figure 3.5), and EPR spectroscopy (Figure 3.6). In another 

experiment, the used catalyst was filtered off, dried and then reused in the same protocol to give the 

triazole product 3.16 in 90% yield. 

 

Figure 3.3 UV-Vis spectra comparison of the initial catalyst 3.1 (blue) and the used catalyst (green). 

Figure 3.4 1H NMR spectrum of the used catalyst from 3.1-catalysed CuAAC. The singlet peak at  8.59 is due to the 
ligand imine hydrogen which shows that the ligand is still coordinated to a copper(I) center. 
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Figure 3.5 ESI-mass spectrum of recovered catalyst from 3.1-catalysed CuAAC showing [Cu(L1)2H]+ (Calcd 579.01, 
found 578.9465) and accumulation of the thiolate ligand (peaks at 583.1 and 633.1). 

 

Figure 3.6 EPR spectrum of the solid catalyst at room temperature [gx, gy=gꓕ= 2.061, gz=gǁ= 2.324, A(Cu) = 
101.7G]. 

2000 2500 3000 3500 4000 4500

Magnetic Field (G)
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3.5 Conclusion 

In summary, this study has shed light on the remarkable bifunctional activity of the SNS ligand system, 

pioneered by the Baker group. Over the past decade, their investigations into the catalytic and mechanistic 

aspects of these ligands have showcased their efficacy in activation of E-H bonds during hydroboration and 

hydrosilylation reactions involving aldehydes, ketones, and nitriles. Building on this foundation, we have 

further extended the catalytic capabilities of SNS complexes in the context of valuable click reactions. 

Our investigation focused on two tetranuclear copper(I) complexes, one featuring amido ligands 

and the other incorporating thiolate ligands. These complexes were examined as catalysts for the CuAAC 

reaction. In contrast to the amido complex, which exhibited high amido-N basicity leading to ligand 

protonation and dissociation, the thiolate complex displayed exceptional reactivity in a base-free, aqueous 

CuAAC environment. 

The unique attributes of the thiolate ligand, characterized by its moderate basicity, enabled it to 

potentially serve as a proton-shuttle during the alkyne-to-alkynyl conversion. Furthermore, the insolubility 

of the thiolate catalyst allowed for its reuse with consistent results. However, the detection of the Cu(II) 

bis(thiolate) complex during the reaction indicated structural rearrangement accompanied by copper 

oxidation, suggesting potential long-term stability challenges for this catalyst. 

This work not only underscores the diverse applications of SNS ligands but also highlights the 

pivotal role of ligand choice in governing the outcome of catalytic reactions. The SNS ligand system's ability 

to facilitate E-H bond activation, as demonstrated in previous studies, extends to the efficient synthesis of 

valuable triazole products through CuAAC. Moreover, the ability to perform these transformations in a 

base-free, aqueous environment represents a significant advancement in green chemistry practices, 

allowing for the rapid and sustainable production of triazole compounds. 

In conclusion, our research provides valuable insights into the bifunctional activity of the SNS 

ligand system and its role in catalysis. While the thiolate complex demonstrates promising catalytic 

performance in CuAAC reactions, the challenge of long-term stability remains a subject for further 

investigation. This study opens new avenues for the development of SNS-ligated catalysts and green 

synthetic methodologies, contributing to the broader field of organic chemistry and catalysis.  
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3.6 Appendix 

3.6.1 Spectroscopic data 

 

 

Figure A3.1 13C{1H} MAS NMR spectrum (50MHz, solid) of complex 3.1 (top)34. ESI-mass spectrum of 3.1 (bottom) 
showing monomer [(CuL1)H]+ (Calcd 321.98, found 321.9736) and dimer [(CuL1)2H]+ (Calcd 642.95, found 
642.9492). 
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Figure A3.2 1H NMR spectrum of 3.2 (top). ESI-mass spectrum of 3.2 (bottom) showing monomer [CuL2]+ (Calcd 
338.0098, found 338.0061). 
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Figure A3.3 1H NMR spectrum of triazole product 3.3 from the catalytic reaction in CDCl3.  

 

Figure A3.4 1H NMR spectrum of triazole product 3.4 from the catalytic reaction in CDCl3. 
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Figure A3.5 1H NMR spectrum of triazole product 3.5 from the catalytic reaction in CDCl3. 

 

Figure A3.6 1H NMR spectrum of triazole product 3.6 from the catalytic reaction in CDCl3. 
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Figure A3.7 1H NMR spectrum of triazole product 3.7 from the catalytic reaction in CDCl3. 

 

Figure A3.8 1H NMR spectrum of triazole product 3.8 from the catalytic reaction in CDCl3. 
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Figure A3.9 1H NMR spectrum of triazole product 3.9 from the catalytic reaction in CDCl3. 

 

Figure A3.10 1H NMR spectrum of triazole product 3.10 from the catalytic reaction in CDCl3. 
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Figure A3.11 1H NMR spectrum of triazole product 3.11 from the catalytic reaction in CDCl3. 

 

Figure A3.12 1H NMR spectrum of triazole product 3.12 from the catalytic reaction in CDCl3. 
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Figure A3.13 1H NMR spectrum of triazole product 3.13 from the catalytic reaction in CDCl3. 

 

Figure A3.14 1H NMR spectrum of triazole product 3.14 from the catalytic reaction in CDCl3. 
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Figure A3.15 1H NMR spectrum of triazole product 3.15 from the catalytic reaction in CDCl3. 

 

Figure A3.16 1H NMR spectrum of triazole product 3.16 from the catalytic reaction in CDCl3. The 1H NMR of the 
compound 3.16 in DMSO is available in literature.35 Peaks with yellow star are due to ethyl acetate and peak with 
blue star is protic impurity in CDCl3. 
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Figure A3.17 13C{1H} NMR spectrum (blue on the bottom) and DEPT 135 spectrum (red on top) of triazole product 
3.16 from the catalytic reaction in CDCl3. The peaks with yellow stars are ethyl acetate and the triplet assigned with 
blue star is CDCl3. The peaks labeled with red triangles are belong to carbons with no hydrogen atoms.  

 

3.6.2 Crystallographic details 

Crystallographic data were collected from single crystals mounted on MiTeGen dual thickness 

MicroMounts using Parabar oil. Data were collected on a Bruker Smart (3.1) or Kappa (3.2) ApexII 

single crystal diffractometer equipped with a graphite monochromator. The instrument was equipped 

with a sealed tube Mo K𝜶 source (𝝀= 0.71073 Å), an ApexII CCD detector and a dry compressed air-

cooling system. The samples were cooled to 203 K. Raw data collection and processing were 

performed with the Apex3 software package from Bruker.36 Initial unit cell parameters were 

determined from 36 data frames from select 𝝎 scans. Semi-empirical absorption corrections based 

on equivalent reflections were applied.37 Systematic absences in the diffraction data-set and unit-cell 

parameters were consistent with the assigned space group. The initial structural solutions were 

determined using ShelxT direct methods38, and refined with full-matrix least-squares procedures 

based on 𝑭𝟐 using ShelXL or ShelXle.39 Hydrogen atoms were placed geometrically and refined using 

a riding model. Deposition Numbers: 2232759-2232760. 

 

 

 



112 
 

Table A3.1 Data collection and refinement metrics for 3.1 and 3.2. 

 3.1 (K0590) 3.2 (S0726) 

empirical formula C56H48Cu4N4S8 C60H64Cu4N4S8 

formula weight (g⋅mol-1) 1287.62 1351.79 

crystal system Tetragonal  Tetragonal 

space group P-421c I 41/acd 

a (A) 24.1902(11) 14.4406(12) 

b (A) 24.1902(11) 14.4406(12) 

c (A) 22.8468(12) 14.0771(12) 

𝛼 (deg) 90 90 

𝛽 (deg) 90 90 

𝛾 (deg) 90 90 

V (A3) 13369.2(14) 2935.5(5) 

Z 8 2 

T (K) 203(2) 203(2) 

𝜌calcd (g⋅cm-3) 1.279 1.529 

𝜇 (mm-1) 1.540 1.757 

2𝜃max (deg) 50.162 61.042 

total/unique reflections 8977/3088 12226/4484 

Reflections [Io ≥ 2𝜎(Io)] 2317 3550 

R1, wR2 [Io ≥ 2𝜎(Io)] 0.2109, 0.0724 0.0373, 0.0942 

goodness of fit 1.134 1.039 

CCDC number 2232759 2232760 

 

Table A3.2 Bond lengths (Å) for complex 3.1 

Atom1 Atom2 Length Å 

Cu1 S1 2.247(5) 

Cu1 N1 2.08(1) 

Cu1 S1 2.181(5) 

S1 C1 1.77(1) 

S1 Cu1 2.181(5) 

S2 C13 1.71(2) 

S2 C14A 1.83(6) 

N1 C6 1.41(2) 

N1 C7 1.30(2) 

C1 C2 1.34(3) 

C1 C6 1.45(2) 

C2 H2 0.94 

C2 C3 1.41(3) 

C3 H3 0.94 

C3 C4 1.38(3) 

C4 H4 0.94 

C4 C5 1.40(2) 

C5 H5 0.94 
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C5 C6 1.40(2) 

C7 H7 0.94 

C7 C8 1.46(2) 

C8 C9 1.40(3) 

C8 C13 1.44(2) 

C9 H9 0.94 

C9 C10 1.37(3) 

C10 H10 0.94 

C10 C11 1.43(3) 

C11 H11 0.94 

C11 C12 1.32(3) 

C12 H12 0.94 

C12 C13 1.41(3) 

C14A H14A 1 

C14A H14B 0.98 

C14A H14C 1 

Cu1 S1 2.247(5) 

Cu1 N1 2.08(1) 

Cu1 S1 2.181(5) 

S1 C1 1.77(1) 

S2 C13 1.71(2) 

S2 C14A 1.83(6) 

N1 C6 1.41(2) 

N1 C7 1.30(2) 

C1 C2 1.34(3) 

C1 C6 1.45(2) 

C2 H2 0.94 

C2 C3 1.41(3) 

C3 H3 0.94 

C3 C4 1.38(3) 

C4 H4 0.94 

C4 C5 1.40(2) 

C5 H5 0.94 

C5 C6 1.40(2) 

C7 H7 0.94 

C7 C8 1.46(2) 

C8 C9 1.40(3) 

C8 C13 1.44(2) 

C9 H9 0.94 

C9 C10 1.37(3) 

C10 H10 0.94 

C10 C11 1.43(3) 

C11 H11 0.94 
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C11 C12 1.32(3) 

C12 H12 0.94 

C12 C13 1.41(3) 

C14A H14A 1 

C14A H14B 0.98 

C14A H14C 1 

Cu1 S1 2.247(5) 

Cu1 N1 2.08(1) 

S1 C1 1.77(1) 

S1 Cu1 2.181(5) 

S2 C13 1.71(2) 

S2 C14A 1.83(6) 

N1 C6 1.41(2) 

N1 C7 1.30(2) 

C1 C2 1.34(3) 

C1 C6 1.45(2) 

C2 H2 0.94 

C2 C3 1.41(3) 

C3 H3 0.94 

C3 C4 1.38(3) 

C4 H4 0.94 

C4 C5 1.40(2) 

C5 H5 0.94 

C5 C6 1.40(2) 

C7 H7 0.94 

C7 C8 1.46(2) 

C8 C9 1.40(3) 

C8 C13 1.44(2) 

C9 H9 0.94 

C9 C10 1.37(3) 

C10 H10 0.94 

C10 C11 1.43(3) 

C11 H11 0.94 

C11 C12 1.32(3) 

C12 H12 0.94 

C12 C13 1.41(3) 

C14A H14A 1 

C14A H14B 0.98 

C14A H14C 1 

Cu1 S1 2.247(5) 

Cu1 N1 2.08(1) 

S1 C1 1.77(1) 

S2 C13 1.71(2) 
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S2 C14A 1.83(6) 

N1 C6 1.41(2) 

N1 C7 1.30(2) 

C1 C2 1.34(3) 

C1 C6 1.45(2) 

C2 H2 0.94 

C2 C3 1.41(3) 

C3 H3 0.94 

C3 C4 1.38(3) 

C4 H4 0.94 

C4 C5 1.40(2) 

C5 H5 0.94 

C5 C6 1.40(2) 

C7 H7 0.94 

C7 C8 1.46(2) 

C8 C9 1.40(3) 

C8 C13 1.44(2) 

C9 H9 0.94 

C9 C10 1.37(3) 

C10 H10 0.94 

C10 C11 1.43(3) 

C11 H11 0.94 

C11 C12 1.32(3) 

C12 H12 0.94 

C12 C13 1.41(3) 

C14A H14A 1 

C14A H14B 0.98 

C14A H14C 1 
 

Table A3.3  All angles (°) for complex 3.1 

Atom1 Atom2 Atom3 Angle 

S1 Cu1 N1 88.3(3) 

S1 Cu1 S1 140.1(2) 

N1 Cu1 S1 128.9(4) 

Cu1 S1 C1 96.3(5) 

Cu1 S1 Cu1 82.6(2) 

C1 S1 Cu1 104.3(5) 

C13 S2 C14A 132(3) 

Cu1 N1 C6 112.1(9) 

Cu1 N1 C7 126(1) 

C6 N1 C7 115(1) 

S1 C1 C2 122(1) 
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S1 C1 C6 119(1) 

C2 C1 C6 119(1) 

C1 C2 H2 119 

C1 C2 C3 122(2) 

H2 C2 C3 119 

C2 C3 H3 119 

C2 C3 C4 121(2) 

H3 C3 C4 119 

C3 C4 H4 122 

C3 C4 C5 117(2) 

H4 C4 C5 122 

C4 C5 H5 118 

C4 C5 C6 123(1) 

H5 C5 C6 118 

N1 C6 C1 119(1) 

N1 C6 C5 123(1) 

C1 C6 C5 117(1) 

N1 C7 H7 118 

N1 C7 C8 125(1) 

H7 C7 C8 118 

C7 C8 C9 122(1) 

C7 C8 C13 118(1) 

C9 C8 C13 119(2) 

C8 C9 H9 119 

C8 C9 C10 122(2) 

H9 C9 C10 119 

C9 C10 H10 121 

C9 C10 C11 117(2) 

H10 C10 C11 122 

C10 C11 H11 119 

C10 C11 C12 122(2) 

H11 C11 C12 119 

C11 C12 H12 119 

C11 C12 C13 122(2) 

H12 C12 C13 119 

S2 C13 C8 121(1) 

S2 C13 C12 123(1) 

C8 C13 C12 117(2) 

S2 C14A H14A 110 

S2 C14A H14B 110 

S2 C14A H14C 110 

H14A C14A H14B 109 

H14A C14A H14C 110 
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H14B C14A H14C 109 

S1 Cu1 N1 88.3(3) 

S1 Cu1 S1 140.1(2) 

N1 Cu1 S1 128.9(4) 

Cu1 S1 Cu1 82.6(2) 

Cu1 S1 C1 104.3(5) 

Cu1 S1 C1 96.3(5) 

C13 S2 C14A 132(3) 

Cu1 N1 C6 112.1(9) 

Cu1 N1 C7 126(1) 

C6 N1 C7 115(1) 

S1 C1 C2 122(1) 

S1 C1 C6 119(1) 

C2 C1 C6 119(1) 

C1 C2 H2 119 

C1 C2 C3 122(2) 

H2 C2 C3 119 

C2 C3 H3 119 

C2 C3 C4 121(2) 

H3 C3 C4 119 

C3 C4 H4 122 

C3 C4 C5 117(2) 

H4 C4 C5 122 

C4 C5 H5 118 

C4 C5 C6 123(1) 

H5 C5 C6 118 

N1 C6 C1 119(1) 

N1 C6 C5 123(1) 

C1 C6 C5 117(1) 

N1 C7 H7 118 

N1 C7 C8 125(1) 

H7 C7 C8 118 

C7 C8 C9 122(1) 

C7 C8 C13 118(1) 

C9 C8 C13 119(2) 

C8 C9 H9 119 

C8 C9 C10 122(2) 

H9 C9 C10 119 

C9 C10 H10 121 

C9 C10 C11 117(2) 

H10 C10 C11 122 

C10 C11 H11 119 

C10 C11 C12 122(2) 
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H11 C11 C12 119 

C11 C12 H12 119 

C11 C12 C13 122(2) 

H12 C12 C13 119 

S2 C13 C8 121(1) 

S2 C13 C12 123(1) 

C8 C13 C12 117(2) 

S2 C14A H14A 110 

S2 C14A H14B 110 

S2 C14A H14C 110 

H14A C14A H14B 109 

H14A C14A H14C 110 

H14B C14A H14C 109 

S1 Cu1 S1 140.1(2) 

S1 Cu1 N1 128.9(4) 

S1 Cu1 N1 88.3(3) 

Cu1 S1 C1 96.3(5) 

Cu1 S1 Cu1 82.6(2) 

C1 S1 Cu1 104.3(5) 

C13 S2 C14A 132(3) 

Cu1 N1 C6 112.1(9) 

Cu1 N1 C7 126(1) 

C6 N1 C7 115(1) 

S1 C1 C2 122(1) 

S1 C1 C6 119(1) 

C2 C1 C6 119(1) 

C1 C2 H2 119 

C1 C2 C3 122(2) 

H2 C2 C3 119 

C2 C3 H3 119 

C2 C3 C4 121(2) 

H3 C3 C4 119 

C3 C4 H4 122 

C3 C4 C5 117(2) 

H4 C4 C5 122 

C4 C5 H5 118 

C4 C5 C6 123(1) 

H5 C5 C6 118 

N1 C6 C1 119(1) 

N1 C6 C5 123(1) 

C1 C6 C5 117(1) 

N1 C7 H7 118 

N1 C7 C8 125(1) 
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H7 C7 C8 118 

C7 C8 C9 122(1) 

C7 C8 C13 118(1) 

C9 C8 C13 119(2) 

C8 C9 H9 119 

C8 C9 C10 122(2) 

H9 C9 C10 119 

C9 C10 H10 121 

C9 C10 C11 117(2) 

H10 C10 C11 122 

C10 C11 H11 119 

C10 C11 C12 122(2) 

H11 C11 C12 119 

C11 C12 H12 119 

C11 C12 C13 122(2) 

H12 C12 C13 119 

S2 C13 C8 121(1) 

S2 C13 C12 123(1) 

C8 C13 C12 117(2) 

S2 C14A H14A 110 

S2 C14A H14B 110 

S2 C14A H14C 110 

H14A C14A H14B 109 

H14A C14A H14C 110 

H14B C14A H14C 109 

S1 Cu1 S1 140.1(2) 

S1 Cu1 N1 128.9(4) 

S1 Cu1 N1 88.3(3) 

Cu1 S1 Cu1 82.6(2) 

Cu1 S1 C1 104.3(5) 

Cu1 S1 C1 96.3(5) 

C13 S2 C14A 132(3) 

Cu1 N1 C6 112.1(9) 

Cu1 N1 C7 126(1) 

C6 N1 C7 115(1) 

S1 C1 C2 122(1) 

S1 C1 C6 119(1) 

C2 C1 C6 119(1) 

C1 C2 H2 119 

C1 C2 C3 122(2) 

H2 C2 C3 119 

C2 C3 H3 119 

C2 C3 C4 121(2) 
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H3 C3 C4 119 

C3 C4 H4 122 

C3 C4 C5 117(2) 

H4 C4 C5 122 

C4 C5 H5 118 

C4 C5 C6 123(1) 

H5 C5 C6 118 

N1 C6 C1 119(1) 

N1 C6 C5 123(1) 

C1 C6 C5 117(1) 

N1 C7 H7 118 

N1 C7 C8 125(1) 

H7 C7 C8 118 

C7 C8 C9 122(1) 

C7 C8 C13 118(1) 

C9 C8 C13 119(2) 

C8 C9 H9 119 

C8 C9 C10 122(2) 

H9 C9 C10 119 

C9 C10 H10 121 

C9 C10 C11 117(2) 

H10 C10 C11 122 

C10 C11 H11 119 

C10 C11 C12 122(2) 

H11 C11 C12 119 

C11 C12 H12 119 

C11 C12 C13 122(2) 

H12 C12 C13 119 

S2 C13 C8 121(1) 

S2 C13 C12 123(1) 

C8 C13 C12 117(2) 

S2 C14A H14A 110 

S2 C14A H14B 110 

S2 C14A H14C 110 

H14A C14A H14B 109 

H14A C14A H14C 110 

H14B C14A H14C 109 

 

Table A3.4  Bond lengths (Å) for complex 3.2 

Atom1 Atom2 Length 

   

Cu1 S1 2.535(1) 
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Cu1 N1 1.934(3) 

Cu1 Cu1 2.5666(6) 

Cu1 Cu1 2.5666(6) 

Cu1 N1 1.953(3) 

S1 C1 1.785(5) 

S1 C2 1.763(4) 

S2 C14 1.753(6) 

S2 C15 1.808(6) 

N1 C7 1.417(5) 

N1 C8 1.474(5) 

N1 Cu1 1.953(3) 

C1 H1A 0.97 

C1 H1B 0.97 

C1 H1C 0.97 

C2 C3 1.391(7) 

C2 C7 1.421(6) 

C3 H3 0.941 

C3 C4 1.380(9) 

C4 H4 0.94 

C4 C5 1.36(1) 

C5 H5 0.94 

C5 C6 1.387(7) 

C6 H6 0.941 

C6 C7 1.393(6) 

C8 H8A 0.98 

C8 H8AB 0.98 

C8 C9 1.522(6) 

C9 C10 1.371(6) 

C9 C14 1.413(6) 

C10 H10 0.939 

C10 C11 1.402(8) 

C11 H11 0.94 

C11 C12 1.37(1) 

C12 H12 0.94 

C12 C13 1.365(9) 

C13 H13 0.94 

C13 C14 1.400(8) 

C15 H15A 0.97 

C15 H15B 0.971 

C15 H15C 0.97 

Cu1 S1 2.535(1) 

Cu1 N1 1.934(3) 

Cu1 Cu1 2.5666(6) 
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S1 C1 1.785(5) 

S1 C2 1.763(4) 

S2 C14 1.753(6) 

S2 C15 1.808(6) 

N1 C7 1.417(5) 

N1 C8 1.474(5) 

N1 Cu1 1.953(3) 

C1 H1A 0.97 

C1 H1B 0.97 

C1 H1C 0.97 

C2 C3 1.391(7) 

C2 C7 1.421(6) 

C3 H3 0.941 

C3 C4 1.380(9) 

C4 H4 0.94 

C4 C5 1.36(1) 

C5 H5 0.94 

C5 C6 1.387(7) 

C6 H6 0.941 

C6 C7 1.393(6) 

C8 H8A 0.98 

C8 H8AB 0.98 

C8 C9 1.522(6) 

C9 C10 1.371(6) 

C9 C14 1.413(6) 

C10 H10 0.939 

C10 C11 1.402(8) 

C11 H11 0.94 

C11 C12 1.37(1) 

C12 H12 0.94 

C12 C13 1.365(9) 

C13 H13 0.94 

C13 C14 1.400(8) 

C15 H15A 0.97 

C15 H15B 0.971 

C15 H15C 0.97 

Cu1 S1 2.535(1) 

Cu1 N1 1.934(3) 

Cu1 Cu1 2.5666(6) 

Cu1 N1 1.953(3) 

S1 C1 1.785(5) 

S1 C2 1.763(4) 

S2 C14 1.753(6) 
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S2 C15 1.808(6) 

N1 C7 1.417(5) 

N1 C8 1.474(5) 

C1 H1A 0.97 

C1 H1B 0.97 

C1 H1C 0.97 

C2 C3 1.391(7) 

C2 C7 1.421(6) 

C3 H3 0.941 

C3 C4 1.380(9) 

C4 H4 0.94 

C4 C5 1.36(1) 

C5 H5 0.94 

C5 C6 1.387(7) 

C6 H6 0.941 

C6 C7 1.393(6) 

C8 H8A 0.98 

C8 H8AB 0.98 

C8 C9 1.522(6) 

C9 C10 1.371(6) 

C9 C14 1.413(6) 

C10 H10 0.939 

C10 C11 1.402(8) 

C11 H11 0.94 

C11 C12 1.37(1) 

C12 H12 0.94 

C12 C13 1.365(9) 

C13 H13 0.94 

C13 C14 1.400(8) 

C15 H15A 0.97 

C15 H15B 0.971 

C15 H15C 0.97 

Cu1 S1 2.535(1) 

Cu1 N1 1.934(3) 

S1 C1 1.785(5) 

S1 C2 1.763(4) 

S2 C14 1.753(6) 

S2 C15 1.808(6) 

N1 C7 1.417(5) 

N1 C8 1.474(5) 

C1 H1A 0.97 

C1 H1B 0.97 

C1 H1C 0.97 
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C2 C3 1.391(7) 

C2 C7 1.421(6) 

C3 H3 0.941 

C3 C4 1.380(9) 

C4 H4 0.94 

C4 C5 1.36(1) 

C5 H5 0.94 

C5 C6 1.387(7) 

C6 H6 0.941 

C6 C7 1.393(6) 

C8 H8A 0.98 

C8 H8AB 0.98 

C8 C9 1.522(6) 

C9 C10 1.371(6) 

C9 C14 1.413(6) 

C10 H10 0.939 

C10 C11 1.402(8) 

C11 H11 0.94 

C11 C12 1.37(1) 

C12 H12 0.94 

C12 C13 1.365(9) 

C13 H13 0.94 

C13 C14 1.400(8) 

C15 H15A 0.97 

C15 H15B 0.971 

C15 H15C 0.97 

 

Table A3.5  All angles (°) for complex 3.2. 

Atom1 Atom2 Atom3 Angle 

S1 Cu1 N1 79.58(9) 

S1 Cu1 Cu1 73.87(3) 

S1 Cu1 Cu1 130.89(3) 

S1 Cu1 N1 110.71(9) 

N1 Cu1 Cu1 49.00(9) 

N1 Cu1 Cu1 122.71(9) 

N1 Cu1 N1 169.3(1) 

Cu1 Cu1 Cu1 89.28(2) 

Cu1 Cu1 N1 129.43(9) 

Cu1 Cu1 N1 48.35(9) 

Cu1 S1 C1 157.1(2) 

Cu1 S1 C2 95.3(1) 

C1 S1 C2 103.9(3) 
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C14 S2 C15 103.4(3) 

Cu1 N1 C7 122.1(2) 

Cu1 N1 C8 112.9(2) 

Cu1 N1 Cu1 82.7(1) 

C7 N1 C8 115.0(3) 

C7 N1 Cu1 107.4(2) 

C8 N1 Cu1 111.5(2) 

S1 C1 H1A 109.5 

S1 C1 H1B 109.5 

S1 C1 H1C 109.4 

H1A C1 H1B 109.5 

H1A C1 H1C 109.5 

H1B C1 H1C 109.5 

S1 C2 C3 123.7(4) 

S1 C2 C7 116.3(3) 

C3 C2 C7 120.0(4) 

C2 C3 H3 120 

C2 C3 C4 120.1(5) 

H3 C3 C4 119.9 

C3 C4 H4 119.6 

C3 C4 C5 120.7(6) 

H4 C4 C5 119.7 

C4 C5 H5 119.9 

C4 C5 C6 120.2(6) 

H5 C5 C6 120 

C5 C6 H6 119.4 

C5 C6 C7 121.2(5) 

H6 C6 C7 119.4 

N1 C7 C2 118.4(4) 

N1 C7 C6 123.9(4) 

C2 C7 C6 117.7(4) 

N1 C8 H8A 108.3 

N1 C8 H8AB 108.3 

N1 C8 C9 115.8(3) 

H8A C8 H8AB 107.4 

H8A C8 C9 108.4 

H8AB C8 C9 108.4 

C8 C9 C10 122.3(4) 

C8 C9 C14 118.4(4) 

C10 C9 C14 119.2(4) 

C9 C10 H10 119.5 

C9 C10 C11 121.0(5) 

H10 C10 C11 119.5 
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C10 C11 H11 120.7 

C10 C11 C12 118.7(6) 

H11 C11 C12 120.6 

C11 C12 H12 118.8 

C11 C12 C13 122.3(6) 

H12 C12 C13 118.9 

C12 C13 H13 120.3 

C12 C13 C14 119.3(6) 

H13 C13 C14 120.4 

S2 C14 C9 118.0(4) 

S2 C14 C13 122.5(4) 

C9 C14 C13 119.5(5) 

S2 C15 H15A 109.5 

S2 C15 H15B 109.5 

S2 C15 H15C 109.5 

H15A C15 H15B 109.4 

H15A C15 H15C 109.5 

H15B C15 H15C 109.4 

Cu1 Cu1 N1 48.35(9) 

Cu1 Cu1 S1 130.89(3) 

Cu1 Cu1 N1 122.71(9) 

Cu1 Cu1 Cu1 89.28(2) 

N1 Cu1 S1 110.71(9) 

N1 Cu1 N1 169.3(1) 

N1 Cu1 Cu1 129.43(9) 

S1 Cu1 N1 79.58(9) 

S1 Cu1 Cu1 73.87(3) 

N1 Cu1 Cu1 49.00(9) 

Cu1 S1 C1 157.1(2) 

Cu1 S1 C2 95.3(1) 

C1 S1 C2 103.9(3) 

C14 S2 C15 103.4(3) 

Cu1 N1 C7 122.1(2) 

Cu1 N1 C8 112.9(2) 

Cu1 N1 Cu1 82.7(1) 

C7 N1 C8 115.0(3) 

C7 N1 Cu1 107.4(2) 

C8 N1 Cu1 111.5(2) 

S1 C1 H1A 109.5 

S1 C1 H1B 109.5 

S1 C1 H1C 109.4 

H1A C1 H1B 109.5 

H1A C1 H1C 109.5 
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H1B C1 H1C 109.5 

S1 C2 C3 123.7(4) 

S1 C2 C7 116.3(3) 

C3 C2 C7 120.0(4) 

C2 C3 H3 120 

C2 C3 C4 120.1(5) 

H3 C3 C4 119.9 

C3 C4 H4 119.6 

C3 C4 C5 120.7(6) 

H4 C4 C5 119.7 

C4 C5 H5 119.9 

C4 C5 C6 120.2(6) 

H5 C5 C6 120 

C5 C6 H6 119.4 

C5 C6 C7 121.2(5) 

H6 C6 C7 119.4 

N1 C7 C2 118.4(4) 

N1 C7 C6 123.9(4) 

C2 C7 C6 117.7(4) 

N1 C8 H8A 108.3 

N1 C8 H8AB 108.3 

N1 C8 C9 115.8(3) 

H8A C8 H8AB 107.4 

H8A C8 C9 108.4 

H8AB C8 C9 108.4 

C8 C9 C10 122.3(4) 

C8 C9 C14 118.4(4) 

C10 C9 C14 119.2(4) 

C9 C10 H10 119.5 

C9 C10 C11 121.0(5) 

H10 C10 C11 119.5 

C10 C11 H11 120.7 

C10 C11 C12 118.7(6) 

H11 C11 C12 120.6 

C11 C12 H12 118.8 

C11 C12 C13 122.3(6) 

H12 C12 C13 118.9 

C12 C13 H13 120.3 

C12 C13 C14 119.3(6) 

H13 C13 C14 120.4 

S2 C14 C9 118.0(4) 

S2 C14 C13 122.5(4) 

C9 C14 C13 119.5(5) 
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S2 C15 H15A 109.5 

S2 C15 H15B 109.5 

S2 C15 H15C 109.5 

H15A C15 H15B 109.4 

H15A C15 H15C 109.5 

H15B C15 H15C 109.4 

Cu1 Cu1 S1 73.87(3) 

Cu1 Cu1 N1 49.00(9) 

Cu1 Cu1 Cu1 89.28(2) 

Cu1 Cu1 N1 129.43(9) 

S1 Cu1 N1 79.58(9) 

S1 Cu1 Cu1 130.89(3) 

S1 Cu1 N1 110.71(9) 

N1 Cu1 Cu1 122.71(9) 

N1 Cu1 N1 169.3(1) 

Cu1 Cu1 N1 48.35(9) 

Cu1 S1 C1 157.1(2) 

Cu1 S1 C2 95.3(1) 

C1 S1 C2 103.9(3) 

C14 S2 C15 103.4(3) 

Cu1 N1 Cu1 82.7(1) 

Cu1 N1 C7 107.4(2) 

Cu1 N1 C8 111.5(2) 

Cu1 N1 C7 122.1(2) 

Cu1 N1 C8 112.9(2) 

C7 N1 C8 115.0(3) 

S1 C1 H1A 109.5 

S1 C1 H1B 109.5 

S1 C1 H1C 109.4 

H1A C1 H1B 109.5 

H1A C1 H1C 109.5 

H1B C1 H1C 109.5 

S1 C2 C3 123.7(4) 

S1 C2 C7 116.3(3) 

C3 C2 C7 120.0(4) 

C2 C3 H3 120 

C2 C3 C4 120.1(5) 

H3 C3 C4 119.9 

C3 C4 H4 119.6 

C3 C4 C5 120.7(6) 

H4 C4 C5 119.7 

C4 C5 H5 119.9 

C4 C5 C6 120.2(6) 
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H5 C5 C6 120 

C5 C6 H6 119.4 

C5 C6 C7 121.2(5) 

H6 C6 C7 119.4 

N1 C7 C2 118.4(4) 

N1 C7 C6 123.9(4) 

C2 C7 C6 117.7(4) 

N1 C8 H8A 108.3 

N1 C8 H8AB 108.3 

N1 C8 C9 115.8(3) 

H8A C8 H8AB 107.4 

H8A C8 C9 108.4 

H8AB C8 C9 108.4 

C8 C9 C10 122.3(4) 

C8 C9 C14 118.4(4) 

C10 C9 C14 119.2(4) 

C9 C10 H10 119.5 

C9 C10 C11 121.0(5) 

H10 C10 C11 119.5 

C10 C11 H11 120.7 

C10 C11 C12 118.7(6) 

H11 C11 C12 120.6 

C11 C12 H12 118.8 

C11 C12 C13 122.3(6) 

H12 C12 C13 118.9 

C12 C13 H13 120.3 

C12 C13 C14 119.3(6) 

H13 C13 C14 120.4 

S2 C14 C9 118.0(4) 

S2 C14 C13 122.5(4) 

C9 C14 C13 119.5(5) 

S2 C15 H15A 109.5 

S2 C15 H15B 109.5 

S2 C15 H15C 109.5 

H15A C15 H15B 109.4 

H15A C15 H15C 109.5 

H15B C15 H15C 109.4 

Cu1 Cu1 N1 48.35(9) 

Cu1 Cu1 Cu1 89.28(2) 

Cu1 Cu1 S1 130.89(3) 

Cu1 Cu1 N1 122.71(9) 

N1 Cu1 Cu1 129.43(9) 

N1 Cu1 S1 110.71(9) 
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N1 Cu1 N1 169.3(1) 

Cu1 Cu1 S1 73.87(3) 

Cu1 Cu1 N1 49.00(9) 

S1 Cu1 N1 79.58(9) 

Cu1 S1 C1 157.1(2) 

Cu1 S1 C2 95.3(1) 

C1 S1 C2 103.9(3) 

C14 S2 C15 103.4(3) 

Cu1 N1 Cu1 82.7(1) 

Cu1 N1 C7 107.4(2) 

Cu1 N1 C8 111.5(2) 

Cu1 N1 C7 122.1(2) 

Cu1 N1 C8 112.9(2) 

C7 N1 C8 115.0(3) 

S1 C1 H1A 109.5 

S1 C1 H1B 109.5 

S1 C1 H1C 109.4 

H1A C1 H1B 109.5 

H1A C1 H1C 109.5 

H1B C1 H1C 109.5 

S1 C2 C3 123.7(4) 

S1 C2 C7 116.3(3) 

C3 C2 C7 120.0(4) 

C2 C3 H3 120 

C2 C3 C4 120.1(5) 

H3 C3 C4 119.9 

C3 C4 H4 119.6 

C3 C4 C5 120.7(6) 

H4 C4 C5 119.7 

C4 C5 H5 119.9 

C4 C5 C6 120.2(6) 

H5 C5 C6 120 

C5 C6 H6 119.4 

C5 C6 C7 121.2(5) 

H6 C6 C7 119.4 

N1 C7 C2 118.4(4) 

N1 C7 C6 123.9(4) 

C2 C7 C6 117.7(4) 

N1 C8 H8A 108.3 

N1 C8 H8AB 108.3 

N1 C8 C9 115.8(3) 

H8A C8 H8AB 107.4 

H8A C8 C9 108.4 
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H8AB C8 C9 108.4 

C8 C9 C10 122.3(4) 

C8 C9 C14 118.4(4) 

C10 C9 C14 119.2(4) 

C9 C10 H10 119.5 

C9 C10 C11 121.0(5) 

H10 C10 C11 119.5 

C10 C11 H11 120.7 

C10 C11 C12 118.7(6) 

H11 C11 C12 120.6 

C11 C12 H12 118.8 

C11 C12 C13 122.3(6) 

H12 C12 C13 118.9 

C12 C13 H13 120.3 

C12 C13 C14 119.3(6) 

H13 C13 C14 120.4 

S2 C14 C9 118.0(4) 

S2 C14 C13 122.5(4) 

C9 C14 C13 119.5(5) 

S2 C15 H15A 109.5 

S2 C15 H15B 109.5 

S2 C15 H15C 109.5 

H15A C15 H15B 109.4 

H15A C15 H15C 109.5 

H15B C15 H15C 109.4 

 

3.6.3 Details of DFT analysis 

General information 

All DFT calculations were performed using Gaussian 16 on Grex server from Westgrid (provided by 

Compute Canada/Calcul Canada). Geometry optimizations were carried out using the mixed basis set 

6-31g** for all light atoms (C, H, O, S, N) and def2TZVP for copper atoms. The M06L functional was 

exploited in aqueous solvent using the CPCM model. Local minima were assessed by convergence and 

the absence of imaginary frequencies in the frequency calculation. The mechanism of the first step of 

the catalytic reaction was inspected by considering the different possible formation pathways of the 

copper alkynyl intermediate in order to investigate the bifunctional ability of the thiolate ligand in 

complex 3.1. The electronic energy, thermal enthalpy and free Gibbs energy were calculated for each 

intermediate and the other molecules in the equation regarding each pathway. 

Path 1. Deprotonation by the S group and formation of copper alkynyl monomer (SMe group in 

trans position): 

Complex 3.1 (Tetramer) 
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Cu                -0.88736800   -0.44783400   -1.25121700 
 S                 -0.82256900    1.79049700   -1.83844900 
 S                 -5.52669300   -2.10159300   -4.16835300 
 N                 -3.02090700   -0.20840100   -1.30365200 
 C                 -2.45990100    2.15746300   -1.23937100 
 C                 -2.85838000    3.48256100   -1.04094100 
 H                 -2.12889400    4.27404000   -1.19220200 
 C                 -4.15231900    3.79225900   -0.63336400 
 H                 -4.42818500    4.82848800   -0.45942600 
 C                 -5.07577100    2.77144500   -0.41821900 
 H                 -6.07925700    2.99917800   -0.07087400 
 C                 -4.70612600    1.44963300   -0.64188100 
 H                 -5.41873900    0.64621000   -0.47082900 
 C                 -3.40860200    1.12774800   -1.06461300 
 C                 -3.89173200   -0.97483000   -1.88739100 
 H                 -4.82439800   -0.52624000   -2.25544600 
 C                 -3.74054600   -2.39796500   -2.09951700 
 C                 -2.89194000   -3.14968700   -1.27509300 
 H                 -2.35111600   -2.62806500   -0.48805800 
 C                 -2.77939200   -4.52322100   -1.41238700 
 H                 -2.12710600   -5.08339200   -0.74868900 
 C                 -3.52815800   -5.17141800   -2.39345600 
 H                 -3.45598400   -6.24841400   -2.51446600 
 C                 -4.37877600   -4.45290000   -3.22869100 
 H                 -4.94174000   -4.98357800   -3.98769900 
 C                 -4.50062000   -3.06587600   -3.09784100 
 Cu                 0.65916600   -1.75167900    0.40644500 
 S                  0.22149600   -2.37882300   -1.77108400 
 S                  6.21580800   -3.57308000    1.53390000 
 N                  2.71773600   -1.73417700   -0.13156600 
 C                  1.81237100   -1.87847100   -2.39374300 
 C                  2.01603400   -1.81189600   -3.77682800 
 H                  1.18685700   -2.05654900   -4.43560600 
 C                  3.24035600   -1.42238000   -4.30828600 
 H                  3.36580700   -1.36054900   -5.38540600 
 C                  4.28352200   -1.06797600   -3.45456200 
 H                  5.22872900   -0.71399300   -3.85471400 
 C                  4.10597400   -1.15162700   -2.07969400 
 H                  4.91009300   -0.85182900   -1.41227000 
 C                  2.89188200   -1.58925500   -1.52825800 
 C                  3.75999100   -2.10336300    0.55242200 
 H                  4.67475100   -2.35346600    0.00194900 
 C                  3.83692500   -2.25063500    1.98858900 
 C                  2.84699400   -1.71988800    2.82719400 
 H                  2.04537200   -1.14518500    2.36973100 
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 C                  2.89986500   -1.86320900    4.20345800 
 H                  2.11905900   -1.43352300    4.82442900 
 C                  3.98008000   -2.53384300    4.77261600 
 H                  4.04451300   -2.65573400    5.85002500 
 C                  4.99720800   -3.04679500    3.97204600 
 H                  5.82714600   -3.55793200    4.44537900 
 C                  4.94737800   -2.91738100    2.58071800 
 C                  7.45978100   -4.14487700    2.70586800 
 H                  8.29274700   -4.49624400    2.09675700 
 H                  7.80779300   -3.33218700    3.34610700 
 H                  7.09315600   -4.97549200    3.31169400 
 Cu                 0.70638000    1.36716700   -0.20058100 
 S                  1.08228500    1.88952800    2.03586700 
 S                  4.49405900    4.77100800   -2.70466500 
 N                  2.82232800    1.61633600   -0.41149300 
 C                  2.81158600    1.47388100    2.01886900 
 C                  3.51574900    1.31678500    3.21636600 
 H                  2.97036300    1.38442200    4.15404300 
 C                  4.88197400    1.05341300    3.21938900 
 H                  5.39992400    0.90832400    4.16319900 
 C                  5.57047600    0.94228400    2.01325500 
 H                  6.63021800    0.70509800    2.00241600 
 C                  4.89262000    1.12839400    0.81349400 
 H                  5.42147600    1.03786900   -0.13236400 
 C                  3.51909000    1.40978100    0.79944300 
 C                  3.43965300    2.29289600   -1.33248400 
 H                  4.40493300    2.75646200   -1.08772900 
 C                  2.96102400    2.49067200   -2.68353000 
 C                  2.08189500    1.56599800   -3.26388400 
 H                  1.76323400    0.71662000   -2.66246800 
 C                  1.66795800    1.68917400   -4.57993500 
 H                  0.99968400    0.94873800   -5.00989200 
 C                  2.13613900    2.75819000   -5.34228300 
 H                  1.82542800    2.86961600   -6.37708000 
 C                  3.00674700    3.69533600   -4.79330500 
 H                  3.34544900    4.52129400   -5.40791500 
 C                  3.43263700    3.57917500   -3.46644200 
 C                  5.04235200    5.77630900   -4.09716700 
 H                  5.78257200    6.46480800   -3.68933100 
 H                  5.51438300    5.16303500   -4.86693000 
 H                  4.22234600    6.35632100   -4.52433900 
 Cu                -0.38017300    0.13821100    1.81227200 
 S                 -0.37770800   -2.10404800    2.42001400 
 S                 -5.32951300    2.40793700    4.20283400 
 N                 -2.50281300    0.04187400    2.01315600 
 C                 -2.10470400   -2.36637100    2.09487100 
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 C                 -2.61225700   -3.67042800    2.07179300 
 H                 -1.92698500   -4.49707200    2.24012300 
 C                 -3.95710700   -3.91659200    1.81966200 
 H                 -4.32192400   -4.93917800    1.78868500 
 C                 -4.81836500   -2.85167800    1.56108200 
 H                 -5.86003600   -3.03151200    1.31318200 
 C                 -4.33589300   -1.55009200    1.60399300 
 H                 -5.00132000   -0.72055000    1.37811200 
 C                 -2.99163800   -1.28205000    1.90544500 
 C                 -3.32866800    0.93177500    2.47830200 
 H                 -4.30875200    0.59069300    2.83233100 
 C                 -3.07988200    2.35002200    2.60643500 
 C                 -2.00387900    2.95939500    1.94707900 
 H                 -1.38952900    2.34317400    1.29450900 
 C                 -1.74815200    4.31527700    2.06230900 
 H                 -0.90880800    4.75606000    1.53216300 
 C                 -2.59819500    5.10007900    2.83824400 
 H                 -2.41937200    6.16651200    2.94098900 
 C                 -3.69395200    4.53307500    3.48357900 
 H                 -4.33925600    5.17142500    4.07525300 
 C                 -3.95472400    3.16317000    3.38196900 
 C                 -6.22650000    3.81665300    4.88078100 
 H                 -7.12414000    3.39790900    5.33599900 
 H                 -6.52102500    4.51650900    4.09654400 
 H                 -5.64933700    4.33052100    5.65160900 
 C                 -6.47405000   -3.35135700   -5.05740600 
 H                 -7.19853200   -2.79989100   -5.65678400 
 H                 -5.84147800   -3.93876900   -5.72542100 
 H                 -7.00951200   -4.00699800   -4.36827300 

Eelectronic (Ha) =  -12129.3573378 

H (Ha)=  -12128.383622 

G (Ha) =  -12128.572745 
 

Phenyl Acetylene 

C                  3.23004200    0.00001300   -0.00001700 
 H                  4.29617700    0.00005200   -0.00005100 
 C                  2.01625200   -0.00004200    0.00002000 
 C                  0.59324200   -0.00002900    0.00001200 
 C                 -0.11975400    1.21186400    0.00000500 
 C                 -0.11980100   -1.21188500    0.00000600 
 C                 -1.50922900    1.20663500   -0.00000300 
 H                  0.42758000    2.14970800    0.00000700 
 C                 -1.50928300   -1.20660100   -0.00000400 
 H                  0.42748100   -2.14975900    0.00000800 
 C                 -2.20792100    0.00002800   -0.00000800 
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 H                 -2.04931700    2.14876000   -0.00000700 
 H                 -2.04939500   -2.14871200   -0.00000800 
 H                 -3.29381500    0.00005900   -0.00001600 

Eelectronic (Ha) =  -308.360964774 

H (Ha)=  -308.244079 

G (Ha) =  -308.281916 
 

 

Int A 

Cu                 0.57073900    0.43609800   -0.05560800 
 S                 -0.25517800    2.53320300    1.86497600 
 S                 -4.63974800   -1.60927800    0.75610500 
 N                 -1.33692400    0.79014900   -0.26425900 
 C                 -1.17746400    3.11225100    0.46728100 
 C                 -1.47876100    4.46195700    0.27141200 
 H                 -1.10724300    5.20129700    0.97480300 
 C                 -2.25571800    4.86053500   -0.81117100 
 H                 -2.46785800    5.91541200   -0.95400900 
 C                 -2.75850200    3.91502900   -1.70318000 
 H                 -3.36184900    4.22385900   -2.55042700 
 C                 -2.46970500    2.56954600   -1.51398300 
 H                 -2.82055000    1.82084500   -2.21884400 
 C                 -1.67559400    2.15832000   -0.43886900 
 C                 -2.30434100   -0.07663000   -0.35246300 
 H                 -3.32914900    0.30569100   -0.42029400 
 C                 -2.13981400   -1.51230200   -0.37295900 
 C                 -0.96686800   -2.09843700   -0.87977600 
 H                 -0.17979600   -1.44703800   -1.25682300 
 C                 -0.82340600   -3.47302700   -0.96018300 
 H                  0.08381900   -3.90463900   -1.36916000 
 C                 -1.86928300   -4.29203300   -0.53287600 
 H                 -1.77533700   -5.37217500   -0.59344600 
 C                 -3.04280100   -3.74271900   -0.02964600 
 H                 -3.83361000   -4.40447000    0.30378700 
 C                 -3.19967600   -2.35525900    0.05882100 
 C                 -5.80818400   -2.98018800    0.83789800 
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 H                 -6.75708800   -2.53947300    1.14369800 
 H                 -5.51007300   -3.72030600    1.58240800 
 H                 -5.93329900   -3.45079300   -0.13881400 
 H                  0.21226900    3.73895600    2.22511000 
 C                  2.38418100    0.05389400   -0.03001300 
 C                  3.59448700   -0.19818400   -0.01618100 
 C                  4.98783000   -0.48185200    0.00200600 
 C                  5.72849900   -0.55272300   -1.19505600 
 C                  5.66854800   -0.69856500    1.21709900 
 C                  7.09056100   -0.82749000   -1.17395400 
 H                  5.21778500   -0.38824100   -2.13991300 
 C                  7.03073100   -0.97345200    1.23030400 
 H                  5.11134900   -0.64730700    2.14851900 
 C                  7.74947000   -1.03939200    0.03689900 
 H                  7.64199700   -0.87682200   -2.10898800 
 H                  7.53530500   -1.13712100    2.17870000 
 H                  8.81403700   -1.25404900    0.05036700 

Eelectronic (Ha) =  -3340.65165842 

H (Ha)=  -3340.292291 

G (Ha) =  -3340.379605 

ΔG (Path 1) 0.181989 Ha = 28.6 kcal/mol 
 

Path 2. Deprotonation by the S group and formation of copper alkynyl monomer (SMe group in cis 

position):  

 

Int B 

Cu                 0.01979600   -0.09605800    0.49088000 
 S                  0.77126900    2.14836200    2.13204000 
 S                  1.79348000   -1.37306900    1.57820900 
 N                  1.71682800    0.90131100   -0.28741300 
 C                  0.91042900    2.99502600    0.57863800 
 C                  0.57166500    4.33898000    0.41277400 
 H                  0.18811100    4.90655200    1.25532900 
 C                  0.72107700    4.94725500   -0.82906300 
 H                  0.43923200    5.98852000   -0.94982700 
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 C                  1.21938600    4.22396600   -1.91270600 
 H                  1.32042600    4.69468100   -2.88525000 
 C                  1.56952100    2.89002100   -1.75269700 
 H                  1.91899800    2.30945700   -2.60161100 
 C                  1.42488700    2.26316600   -0.50917700 
 C                  2.69705600    0.34820800   -0.93098800 
 H                  3.29807300    0.95201600   -1.62192300 
 C                  3.07589300   -1.04543100   -0.85334400 
 C                  3.90165400   -1.51043600   -1.89323100 
H                  4.22184200   -0.79626100   -2.64769400 
 C                  4.28140900   -2.83898300   -1.98879700 
 H                  4.90762200   -3.17228400   -2.80918900 
 C                  3.84636300   -3.73583600   -1.01621200 
 H                  4.12787700   -4.78295100   -1.06989600 
 C                  3.06336200   -3.30035200    0.04931400 
 H                  2.76871300   -4.01704200    0.80629700 
 C                  2.67480200   -1.96307400    0.15560300 
 C                  1.30697100   -2.88900100    2.42606000 
 H                  0.66541500   -2.56590800    3.24589700 
 H                  2.17230400   -3.40939100    2.83880900 
 H                  0.73961400   -3.54542400    1.76434600 
 C                 -1.79578400   -0.33381400    0.15149100 
 C                 -3.00331200   -0.51835600   -0.05531800 
 H                 -0.06585000    3.03430000    2.69371800 
 C                 -4.38936000   -0.72721300   -0.28905200 
 C                 -4.83499300   -1.49773600   -1.38317700 
 C                 -5.36334100   -0.17091700    0.56616800 
 C                 -6.19121200   -1.70033600   -1.60791900 
 H                 -4.09865600   -1.93410900   -2.05274900 
 C                 -6.71778600   -0.37803700    0.33518000 
 H                 -5.03834400    0.42574600    1.41430600 
 C                 -7.14099000   -1.14302500   -0.75176500 
 H                 -6.50981700   -2.29809400   -2.45782100 
 H                 -7.44922700    0.06083000    1.00863900 
 H                 -8.20035300   -1.30327400   -0.92972900 

Eelectronic (Ha) =  -3340.65333949 

H (Ha)=  -3340.294076 

G (Ha) =  -3340.380696 

ΔG (Path 2) 0.177625 Ha = 27.86 kcal/mol 
 

Path 3. Deprotonation by water and formation of copper alkynyl in tetranuclear complex: 

H2O 

O                  0.00000000    0.00000000    0.11970300 
 H                  0.00000000    0.75156000   -0.47881200 
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 H                  0.00000000   -0.75156000   -0.47881200 

Eelectronic (Ha) =  -76.4174212 

H (Ha)=  -76.391862 

G (Ha) =  -76.413288 
 

H3O+ 

H                  0.24252300   -0.88916900    0.23457800 
 H                 -0.89153400    0.23473900    0.23472300 
 H                  0.64940900    0.65432100    0.23457900 
 O                 -0.00005000    0.00001400   -0.08798500 

Eelectronic (Ha) =  -76.81969281 

H (Ha)=  -76.780433 

G (Ha) =  -76.803371 
 

 

Int C 

 

Cu                -2.09206000    1.75176300    1.03782800 
 S                 -0.99781300    1.12145900    2.92620900 
 S                 -6.47380100   -0.33783200   -0.90612000 
 N                 -2.64698500   -0.50503100    0.95694200 
 C                 -1.76749200   -0.44457700    3.21066200 
 C                 -1.66066800   -1.03757900    4.47827900 
 H                 -1.06369400   -0.53570300    5.23613400 
 C                 -2.31180600   -2.22720300    4.78062200 
 H                 -2.20916200   -2.66100700    5.77162600 
 C                 -3.06083700   -2.87960300    3.79969400 
 H                 -3.54088100   -3.83034700    4.01349900 
 C                 -3.16258000   -2.32273600    2.53296400 
 H                 -3.71256400   -2.84752300    1.75521000 
 C                 -2.54848600   -1.09710300    2.22005700 
 C                 -3.66863700   -0.74891800    0.19516700 
 H                 -4.53445700   -1.31045400    0.57631300 
 C                 -3.74070200   -0.24116400   -1.15886100 
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 C                 -2.55723500    0.08626800   -1.83197200 
 H                 -1.61431400   -0.11147100   -1.32509600 
 C                 -2.57241200    0.61697200   -3.11308900 
 H                 -1.63568600    0.85058900   -3.61291600 
 C                 -3.79464000    0.82475000   -3.74676900 
 H                 -3.83077500    1.23305800   -4.75342700 
 C                 -4.98977600    0.51698300   -3.09781800 
 H                 -5.92766900    0.71194800   -3.60587900 
 C                 -4.98112500   -0.00928000   -1.80402400 
 Cu                 1.12991200   -0.09525800   -1.42528000 
 S                  0.18090400    1.93088900   -1.00606800 
 S                  4.73945900    0.00380300   -5.66716300 
 N                  2.92587400    0.98570600   -1.94010400 
 C                  1.64853200    2.91261700   -1.18019300 
 C                  1.59895200    4.28261700   -0.89822000 
 H                  0.65366300    4.71155500   -0.57671200 
 C                  2.73273000    5.08250900   -0.98860300 
 H                  2.67021000    6.13618700   -0.72864200 
 C                  3.94926900    4.52102600   -1.37573800 
 H                  4.84981300    5.12675700   -1.41494500 
 C                  4.00878600    3.17224800   -1.70444500 
 H                  4.96091800    2.72258200   -1.97496200 
 C                  2.86761200    2.35751400   -1.63374500 
 C                  3.75517300    0.60237000   -2.86363300 
 H                  4.25875200    1.35626700   -3.48443200 
 C                  4.10697000   -0.77964600   -3.11476300 
 C                  3.99154400   -1.72408600   -2.08362900 
 H                  3.58684400   -1.38876900   -1.13119500 
 C                  4.41322300   -3.03258000   -2.25028500 
 H                  4.32553400   -3.74102900   -1.43136400 
 C                  4.95825500   -3.42031800   -3.47421400 
 H                  5.29755100   -4.44131800   -3.62353100 
 C                  5.07521500   -2.50932600   -4.51999000 
 H                  5.49105700   -2.84235200   -5.46405000 
 C                  4.65779000   -1.18377900   -4.35928200 
 C                  5.72343400   -0.83975800   -6.92065600 
 H                  5.88779000   -0.10607500   -7.70996500 
 H                  6.68961300   -1.15319600   -6.52078900 
 H                  5.19269900   -1.69513300   -7.34270900 
 Cu                 0.58930500    0.68260600    1.04624700 
 S                  1.84495300   -1.12922100    2.03728500 
 S                  4.31123100    5.34461800    3.32659300 
 N                  2.64014700    1.76737900    1.60624100 
 C                  3.43133800   -0.53399400    1.49201700 
 C                  4.48207000   -1.43337500    1.27874400 
 H                  4.28692000   -2.49606600    1.40207800 
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 C                  5.74230600   -0.99487300    0.88521500 
 H                  6.53082100   -1.71855900    0.69795900 
 C                  5.97322700    0.36716100    0.69925200 
 H                  6.94193200    0.72150500    0.35902100 
 C                  4.95216800    1.27756800    0.94229200 
 H                  5.11764700    2.33786700    0.76821200 
 C                  3.68044400    0.85147400    1.35885700 
 C                  2.97095700    2.89478100    2.14819900 
 H                  4.01546600    3.04280000    2.45439400 
 C                  2.07695600    4.00501200    2.41259300 
 C                  0.71386400    3.93070900    2.09187400 
 H                  0.34730500    3.02743100    1.60733900 
 C                 -0.15488200    4.97969000    2.34177600 
 H                 -1.20593400    4.88749100    2.08081300 
 C                  0.34148700    6.14981400    2.91418900 
 H                 -0.32064200    6.98661200    3.11742900 
 C                  1.69326200    6.26610200    3.22321300 
 H                  2.05166300    7.19285200    3.65536100 
 C                  2.57721000    5.20878800    2.98114900 
 C                  4.46592800    7.00387300    4.01355100 
 H                  5.52442100    7.12384500    4.24520100 
 H                  4.17513200    7.76840600    3.29060600 
 H                  3.88962300    7.11385400    4.93409100 
 Cu                 0.76389400   -1.97005300    0.26863000 
 S                  0.80928900   -2.25711200   -2.06145400 
 S                 -0.33354400   -7.46521700    1.35055900 
 N                 -0.78193600   -3.42636700    0.18980600 
 C                 -0.91108600   -2.72213100   -2.12995900 
 C                 -1.63993700   -2.62100200   -3.31762300 
 H                 -1.16017300   -2.18263800   -4.18896600 
 C                 -2.96217600   -3.05046300   -3.38835300 
 H                 -3.51572700   -2.93612400   -4.31623900 
 C                 -3.57901700   -3.59571100   -2.26442600 
 H                 -4.61913800   -3.90664000   -2.30230700 
 C                 -2.85982500   -3.73111700   -1.08145000 
 H                 -3.33284800   -4.14593100   -0.19404600 
 C                 -1.52859600   -3.30356700   -1.00297700 
 C                 -0.89625300   -4.54452100    0.83910600 
 H                 -1.48288100   -5.35552900    0.38638200 
 C                 -0.28488400   -4.82724100    2.12101400 
 C                  0.00012500   -3.78721100    3.01620900 
 H                 -0.27779900   -2.77609400    2.72965000 
 C                  0.55184400   -4.03898800    4.26280000 
 H                  0.74418600   -3.21652600    4.94559200 
 C                  0.82567900   -5.35381800    4.63356500 
 H                  1.25528600   -5.56980200    5.60762300 
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 C                  0.54772000   -6.40878800    3.76792400 
 H                  0.77632900   -7.42106300    4.08095000 
 C                 -0.00928100   -6.16626200    2.50913800 
 C                 -0.08220500   -8.95617100    2.33232800 
 H                 -0.36458000   -9.78639900    1.68475400 
 H                 -0.72294300   -8.96198800    3.21611000 
 H                  0.96310700   -9.07792900    2.62212200 
 C                 -7.73852900    0.40443700   -1.95687300 
 H                 -8.66793700    0.34938600   -1.38882600 
 H                 -7.50457900    1.45483100   -2.15288900 
 H                 -7.86517700   -0.14111200   -2.89426000 
 C                 -3.45459100    2.74381100    0.18176700 
 C                 -4.49257700    3.16316300   -0.35301100 
 C                 -5.69931400    3.56001400   -0.98955900 
 C                 -5.73957600    3.84322100   -2.37168000 
 C                 -6.90732700    3.65868400   -0.26641400 
 C                 -6.92831700    4.20332500   -2.99563400 
 H                 -4.82139100    3.76470900   -2.94807500 
 C                 -8.09322300    4.01819000   -0.89603600 
 H                 -6.89925000    3.43943000    0.79837900 
 C                 -8.11319800    4.29326800   -2.26389700 
 H                 -6.93114800    4.41280800   -4.06234300 
 H                 -9.01006800    4.08184800   -0.31549600 
 H                 -9.04120100    4.57301100   -2.75411900 

Eelectronic (Ha) =  -12437.24494 

H (Ha)=  -12436.16516 

G (Ha) =  -12436.37455 

ΔG (Path 3) 0.090025 Ha = 56.49 kcal/mol 
 

Path 4. Proton capture by S group and formation of dimer complex (proton and alkyne group located 

on different monomers and SMe group located in trans position): 

 

Int D 

Cu                -0.27246600   -1.99400500    0.92166800 
 S                  1.82088600   -1.91938900    2.07853300 
 S                 -4.15283700    1.77391600    0.64099300 
 N                 -0.58462900   -0.15207200    1.81694700 
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 C                  1.81009200   -0.12554500    2.10751200 
 C                  3.02095000    0.55665200    2.22757200 
 H                  3.94829100   -0.00838300    2.26597300 
 C                  3.04099500    1.94488600    2.29283000 
 H                  3.98853800    2.46874500    2.36911300 
 C                  1.84007200    2.65419100    2.27455300 
 H                  1.84446400    3.73842500    2.33749900 
 C                  0.63239000    1.98335200    2.15929700 
 H                 -0.28728000    2.55861900    2.11013100 
 C                  0.59161700    0.58537500    2.04525800 
 C                 -1.77231700    0.36743300    1.87597200 
 H                 -1.92235400    1.43354600    2.08630800 
 C                 -2.94790300   -0.45610700    1.67178400 
 C                 -2.91014400   -1.81625600    2.03046900 
 H                 -2.01716400   -2.19631900    2.52532000 
 C                 -4.00579900   -2.64480000    1.84285000 
 H                 -3.95922600   -3.68804800    2.13746200 
 C                 -5.16931200   -2.11278000    1.29168200 
 H                 -6.03756800   -2.74642700    1.13438800 
 C                 -5.24190800   -0.76859500    0.93986200 
 H                 -6.15805800   -0.38909900    0.50257900 
 C                 -4.14471500    0.07708700    1.12555900 
 C                 -5.79354600    1.98160800   -0.07158600 
 H                 -5.83933900    3.01675400   -0.41025400 
 H                 -5.92772000    1.31958100   -0.93093100 
 H                 -6.58182900    1.81456700    0.66488900 
 S                 -0.93763000   -3.02636600   -0.95577000 
 S                 -1.33252200    3.92502900   -0.19319100 
 N                 -0.82984000   -0.07404900   -1.71726700 
 C                 -2.28102400   -2.03424500   -1.56601300 
 C                 -3.53245700   -2.62364000   -1.76810200 
 H                 -3.66198500   -3.67178300   -1.51176600 
 C                 -4.59835300   -1.89040600   -2.27757900 
 H                 -5.56142900   -2.37028800   -2.42733100 
 C                 -4.42223000   -0.54603900   -2.59967700 
 H                 -5.23777200    0.02939500   -3.02881000 
 C                 -3.18496200    0.05525500   -2.40357100 
 H                 -3.03695700    1.09121000   -2.69691800 
 C                 -2.10248600   -0.66726800   -1.87530800 
 C                 -0.81797200    1.18484800   -1.38058500 
 H                 -1.77166100    1.64542300   -1.08851900 
 C                  0.33550200    2.06052700   -1.36312100 
 C                  1.57172300    1.64759500   -1.88622600 
 H                  1.64594000    0.64326300   -2.29105100 
 C                  2.68049700    2.47664800   -1.87880200 
 H                  3.62641900    2.12474700   -2.27953200 
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 C                  2.56237600    3.76611300   -1.36142500 
 H                  3.41926400    4.43356900   -1.34840200 
 C                  1.34538800    4.21720700   -0.86112200 
 H                  1.28381300    5.22608800   -0.47065300 
 C                  0.22212300    3.38446400   -0.85054000 
 C                 -0.95788400    5.57161500    0.43717000 
 H                 -1.88582500    5.92761300    0.88522500 
 H                 -0.18483000    5.53721500    1.20823600 
 H                 -0.66727800    6.25746600   -0.36073100 
 Cu                 0.78574700   -1.53152000   -1.39506700 
 H                  2.55921500   -2.01306500    0.93543300 
 C                  3.86431900   -1.29560700   -0.98175300 
 C                  2.65991800   -1.42319000   -1.25649700 
 C                  5.23942900   -1.10973500   -0.67297500 
 C                  6.10500900   -0.45185700   -1.57088600 
 C                  5.77724800   -1.56806000    0.54781800 
 C                  7.44509800   -0.26053100   -1.25686800 
 H                  5.70805500   -0.09525300   -2.51761500 
 C                  7.11737400   -1.36929300    0.85694600 
 H                  5.12696800   -2.08711700    1.24898200 
 C                  7.95908000   -0.71515000   -0.04244300 
 H                  8.09343000    0.24899800   -1.96459400 
 H                  7.50811500   -1.72982400    1.80459000 
 H                  9.00644500   -0.56205400    0.20043100  
Eelectronic (Ha) =  -6373.001616 

H (Ha)=  -6372.399318 

G (Ha) =  -6372.522937 

ΔG (Path 4) 0.090703 Ha = 28.45 kcal/mol 
 

Path 5. Proton capture by S group and formation of dimer complex (proton and alkyne group 

located on different monomers and SMe group located in cis position): 

 

Int E 

Cu                 1.33659400   -0.34083800    0.20861000 
 S                  2.33824800    0.79323900   -1.74045200 
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 S                  0.51183400   -2.46713800    0.75040500 
 N                  3.29926900   -1.30706400    0.02073200 
 C                  3.91037100    0.83999600   -0.89166100 
 C                  4.79888000    1.90498000   -1.01834400 
 H                  4.52751200    2.76235400   -1.62773500 
 C                  6.01772800    1.87595200   -0.34660000 
 H                  6.69458300    2.72064300   -0.42826400 
 C                  6.36302800    0.76902900    0.42810200 
 H                  7.31194800    0.74645600    0.95483800 
 C                  5.49069600   -0.30764600    0.53885600 
 H                  5.73786700   -1.16173100    1.16331200 
 C                  4.25338800   -0.28214800   -0.11500300 
 C                  3.69096400   -2.53199900   -0.10360900 
 H                  4.74771900   -2.72453700   -0.33556900 
 C                  2.87999800   -3.73386900   -0.06537200 
 C                  3.58435100   -4.90937400   -0.39817600 
 H                  4.65342900   -4.82450900   -0.57622400 
 C                  2.96234000   -6.13856200   -0.52687500 
 H                  3.53859200   -7.01990700   -0.78660700 
 C                  1.58674100   -6.21886600   -0.32692200 
 H                  1.06917100   -7.16791800   -0.42676700 
 C                  0.86147900   -5.08485300    0.02075400 
 H                 -0.20296900   -5.18268800    0.19839600 
 C                  1.48141100   -3.83978300    0.16877700 
 C                 -1.17142200   -2.90224900    0.25419400 
 H                 -1.73872100   -1.96959400    0.34253000 
 H                 -1.18190300   -3.26070600   -0.77655400 
 H                 -1.60051600   -3.64809100    0.92516500 
 S                  1.36523300    1.19349300    2.01091000 
 S                 -1.11794400    0.25020000   -1.75630300 
 N                 -0.39967300    2.48925600   -0.09352900 
 C                  1.66957600    2.71526300    1.14970600 
 C                  2.85602800    3.41577400    1.38774400 
 H                  3.58032600    2.99271900    2.07998700 
 C                  3.12334300    4.62120800    0.74585100 
 H                  4.05993400    5.13698400    0.93829700 
 C                  2.20341600    5.14447500   -0.16173600 
 H                  2.41223200    6.07282200   -0.68478200 
 C                  1.02181900    4.45833200   -0.41878800 
 H                  0.32357900    4.83442800   -1.16225700 
 C                  0.73039600    3.24812000    0.23307100 
 C                 -1.50261400    3.08845500   -0.42209500 
 H                 -1.61676100    4.17221700   -0.26709800 
 C                 -2.66000100    2.41437800   -0.96189100 
 C                 -3.87953300    3.11064300   -0.88343000 
 H                 -3.86796800    4.10665300   -0.44639600 
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 C                 -5.07075000    2.55710200   -1.32270300 
 H                 -6.00045400    3.10961200   -1.23470700 
 C                 -5.05039700    1.27957100   -1.87890300 
 H                 -5.97173500    0.81322200   -2.21811400 
 C                 -3.85503800    0.58005800   -2.00523700 
 H                 -3.88038300   -0.40849500   -2.44845300 
 C                 -2.64555100    1.12102300   -1.55711200 
 C                 -1.58008800   -1.10802200   -2.85447400 
 H                 -0.64593200   -1.63378200   -3.06341200 
 H                 -2.27142500   -1.80653400   -2.37648200 
 H                 -2.00492700   -0.74734200   -3.79366800 
 Cu                -0.76469100    0.74631300    1.42473200 
 H                  2.02946900    2.09258900   -1.56034100 
 C                 -3.68036900   -0.31670200    1.39279700 
 C                 -2.51599900    0.08477000    1.52839000 
 C                 -5.00171600   -0.76437700    1.12893600 
 C                 -6.12387800   -0.11999200    1.68821100 
 C                 -5.23063400   -1.84829500    0.25529800 
 C                 -7.41330500   -0.53554900    1.37771300 
 H                 -5.96677000    0.72068900    2.35912800 
 C                 -6.52210700   -2.26053600   -0.04859100 
 H                 -4.37560500   -2.35284300   -0.18961800 
 C                 -7.62157900   -1.60644500    0.50836400 
 H                 -8.26305500   -0.01893900    1.81631300 
 H                 -6.67282600   -3.09573700   -0.72760000 
 H                 -8.63054500   -1.92801600    0.26694200 

Eelectronic (Ha) =  -6372.995577 

H (Ha)=  -6372.393296 

G (Ha) =  -6372.519458 

ΔG (Path 5) 0.097661 Ha = 30.64 kcal/mol 
 

Path 6. Proton capture by S group and formation of dimer complex (proton and alkyne group 

located on the same monomer and SMe group located in trans position): 
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Int F 

 

Cu                 0.32013700   -0.33167600   -1.37411100 
 S                  0.25439800    1.75633900   -2.67166000 
 S                  6.17737700   -0.35599400   -1.20917800 
 N                  2.06667400    0.56277700   -0.73063100 
 C                  0.91128700    2.61720400   -1.25140100 
 C                  0.59899600    3.94818900   -0.97575700 
 H                 -0.08178400    4.48788200   -1.62724100 
 C                  1.16457400    4.57644800    0.13021000 
 H                  0.90248800    5.60624700    0.35218900 
 C                  2.05804100    3.88665900    0.94928500 
 H                  2.48230800    4.36977400    1.82363800 
 C                  2.38216300    2.56579800    0.67174300 
 H                  3.03261100    2.00466200    1.33719600 
 C                  1.81613700    1.91768400   -0.43320600 
 C                  3.26877300    0.10530200   -0.55428800 
 H                  4.06384400    0.81803900   -0.30308600 
 C                  3.65260100   -1.28542200   -0.64909200 
 C                  2.70722100   -2.30382000   -0.43882000 
 H                  1.68099300   -2.01657100   -0.21474400 
 C                  3.07174000   -3.63954300   -0.45393800 
 H                  2.32802800   -4.40954100   -0.27507000 
 C                  4.40539100   -3.97965300   -0.68392900 
 H                  4.70871200   -5.02243200   -0.69881800 
 C                  5.36307100   -2.99430700   -0.89751100 
 H                  6.38896000   -3.28963300   -1.08458300 
 C                  5.00863500   -1.64081600   -0.88347100 
 C                  7.76011400   -1.21602600   -1.13044200 
 H                  8.52080700   -0.43937900   -1.20959700 
 H                  7.88076700   -1.73541700   -0.17812000 
 H                  7.88331800   -1.91242000   -1.96165900 
 S                  0.88404200   -0.89170600    2.62199500 
 S                 -2.96031800    3.31453900   -1.60498200 
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 N                 -1.37888900    0.89827500    1.61378100 
 C                  0.56788800    0.78304900    3.06212000 
 C                  1.40470000    1.42070400    3.99302000 
 H                  2.22036200    0.84902700    4.42885700 
 C                  1.21584000    2.74742200    4.35654400 
 H                  1.88178700    3.20691600    5.08207000 
 C                  0.16085800    3.47851800    3.80650500 
 H                 -0.01263900    4.50868100    4.10364400 
 C                 -0.68233300    2.87165900    2.88798100 
 H                 -1.53043100    3.42409400    2.49145400 
 C                 -0.49076300    1.53698100    2.48866600 
 C                 -2.02763000    1.59989300    0.73196200 
 H                 -1.74224100    2.64562500    0.54521400 
 C                 -3.15096600    1.07337500   -0.01663200 
 C                 -3.75333000   -0.13439200    0.37511300 
 H                 -3.34732200   -0.64338900    1.24609600 
 C                 -4.83486600   -0.66554600   -0.30811100 
 H                 -5.27506200   -1.60423300    0.01610000 
 C                 -5.34618100    0.01825900   -1.40935200 
 H                 -6.19480800   -0.38022700   -1.95754400 
 C                 -4.78402100    1.22608800   -1.81509300 
 H                 -5.20749800    1.74023800   -2.66989300 
 C                 -3.69476500    1.76910400   -1.12937500 
 C                 -3.92090000    3.80597000   -3.04881700 
 H                 -3.48660200    4.74950300   -3.37957300 
 H                 -3.83478100    3.07409900   -3.85397300 
 H                 -4.96884100    3.96993100   -2.79214500 
 Cu                -0.59385200   -1.13002100    0.97518700 
 H                 -0.99861400    2.27469300   -2.56919700 
 C                 -1.73503200   -2.44105900   -0.36959100 
 C                 -0.93865100   -1.66885400   -0.96110200 
 C                 -2.74961300   -3.35819200    0.03395800 
 C                 -3.08618800   -3.50585200    1.39222100 
 C                 -3.46042400   -4.10714100   -0.92345800 
 C                 -4.10593600   -4.36664500    1.77910200 
 H                 -2.53582800   -2.92703800    2.13339400 
 C                 -4.47481800   -4.96963900   -0.52726700 
 H                 -3.21073900   -3.99713500   -1.97483100 
 C                 -4.80486300   -5.10177400    0.82198700 
 H                 -4.35580700   -4.46483000    2.83157200 
 H                 -5.01552500   -5.53978700   -1.27736900 
 H                 -5.60171600   -5.77415900    1.12535900 

Eelectronic (Ha) =  -6373.001786 

H (Ha)=  -6372.399746 

G (Ha) =  -6372.528031 
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ΔG (Path 6) 0.080515 Ha = 25.26 kcal/mol 
 

Path 7. Proton capture by S group and formation of dimer complex (proton and alkyne group 

located on the same monomer and SMe group located in cis position): 

 

Int G 

Cu                 1.17551400    0.01116400   -0.28351400 
 S                 -0.19779100    1.48872000    2.21249100 
 S                  2.43471300   -2.41870800   -0.89654600 
 N                  0.51766400   -1.22650200    1.30551500 
 C                 -1.33733800    0.13287300    2.10924600 
 C                 -2.67931900    0.24550200    2.48213600 
 H                 -3.06359900    1.20639300    2.81688100 
 C                 -3.51927300   -0.86454500    2.43930700 
 H                 -4.56439400   -0.75074300    2.71329000 
 C                 -3.02175700   -2.10465000    2.04835900 
 H                 -3.67222700   -2.97329900    2.01355100 
 C                 -1.68300500   -2.22961700    1.68856200 
 H                 -1.27964000   -3.18178200    1.35152200 
 C                 -0.83820900   -1.11862400    1.70048200 
 C                  1.25640400   -2.02494700    2.00926400 
 H                  0.81691100   -2.50583800    2.89330800 
 C                  2.68728900   -2.23553000    1.82936100 
 C                  3.42934400   -2.34054700    3.01756900 
 H                  2.89070100   -2.35976100    3.96209000 
 C                  4.81643500   -2.35650500    3.00711100 
 H                  5.36990300   -2.41002800    3.93856100 
 C                  5.48470900   -2.29575600    1.78552000 
 H                  6.57034000   -2.29880600    1.75477700 
 C                  4.77192900   -2.27022600    0.59086700 
 H                  5.31348500   -2.27903100   -0.34899900 
 C                  3.37371800   -2.25892700    0.59072300 
 C                  3.57765500   -1.81191100   -2.15373700 
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 H                  2.98999100   -1.72594000   -3.06957300 
 H                  3.93569400   -0.81824700   -1.86543700 
 H                  4.40691600   -2.49875300   -2.33118500 
 S                 -0.23437100   -0.23281800   -2.20824200 
 S                 -2.82193500    2.57060700   -0.00417500 
 N                 -2.98681700   -0.57718000   -0.94814100 
 C                 -1.16782200   -1.74077500   -2.04725200 
 C                 -0.62545800   -2.93681600   -2.53511700 
 H                  0.36087500   -2.91353300   -2.99113500 
 C                 -1.32173500   -4.13635200   -2.44529800 
 H                 -0.86925000   -5.05035900   -2.81880300 
 C                 -2.58983800   -4.16461100   -1.86280900 
 H                 -3.13055400   -5.10087900   -1.76483800 
 C                 -3.15312500   -2.98917900   -1.38758700 
 H                 -4.12038300   -3.01619700   -0.89304600 
 C                 -2.46519000   -1.76946600   -1.48033700 
 C                 -4.26545100   -0.39459900   -0.90205000 
 H                 -4.93120000   -1.14920600   -1.34116300 
 C                 -4.98584100    0.70391300   -0.27568000 
 C                 -6.35739800    0.43463000   -0.07823400 
 H                 -6.73930900   -0.52361000   -0.42157100 
 C                 -7.21270400    1.32625600    0.54623700 
 H                 -8.25743500    1.06881700    0.68556100 
 C                 -6.71705000    2.54831400    0.99325700 
 H                 -7.36543100    3.26255000    1.49031700 
 C                 -5.37471700    2.85301300    0.80112400 
 H                 -4.98544300    3.80397900    1.15436700 
 C                 -4.50648300    1.96325800    0.16305100 
 C                 -3.08443100    3.94400000   -1.16857400 
 H                 -2.11023200    4.40883700   -1.32076900 
 H                 -3.47016600    3.57107600   -2.11697100 
 H                 -3.77077500    4.67165700   -0.73386100 
 Cu                -1.58679200    0.95862500   -0.91483500 
 H                 -1.12956800    2.39793900    2.54559300 
 C                  3.77799600    1.76347500   -0.40089800 
 C                  2.69752300    1.15738400   -0.32669600 
 C                  5.02354300    2.44266600   -0.48059400 
 C                  6.23182700    1.72759900   -0.62535200 
 C                  5.09811900    3.85026200   -0.41795900 
 C                  7.45067600    2.39019700   -0.70411900 
 H                  6.19478900    0.64151700   -0.67346900 
 C                  6.32060800    4.50643100   -0.49670800 
 H                  4.17896900    4.41954700   -0.30643400 
 C                  7.50454200    3.78296100   -0.64058000 
 H                  8.36662500    1.81563000   -0.81580200 
 H                  6.35008300    5.59185200   -0.44596000 
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 H                  8.45858600    4.29840200   -0.70229800  
Eelectronic (Ha) =  -6372.981012 

H (Ha)=  -6372.378685 

G (Ha) =  -6372.506296 

ΔG (Path 7) 0.123985 Ha = 38.9 kcal/mol 

 

Calculations demonstrate Int F with the lowest ΔG (25.2 kcal/mol) as the most thermodynamically 

favorable copper alkynyl intermediate. In this pathway the acidic proton in the terminal alkyne is 

captured by the basic S arm which results in formation of the dimeric copper complex with the alkynyl 

coordinated to the copper on the same monomer while the SMe group is located in the trans position. 

This finding suggests a bifunctional role for the thiolate ligand in the catalyst.  
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Chapter Four: Palladium Thiolate-SNS Complexes as Catalysts for Heck Cross-

Coupling 

4.1 Contribution to Knowledge 

Palladium Thiolate-SNS complexes as Catalysts for Heck Cross-Coupling, Atousa Khanzadeh, Saeed Ataie, 

Maxwell I. Lohoar, R. Tom Baker, manuscript in preparation. 
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Baker are writing the manuscript. 

Abstract: Phosphine-free catalysts for the Heck cross-coupling reaction offer potential advantages in terms 

of air- and water stability. Using a potentially tridentate thiolate-imine-thioether SNS pincer ligand, we 

synthesized two palladium(II) complexes, PdI(3-SNSMe) (4.1) and Pd(2-SNSMe)2 (4.2) and compared their 

catalytic activity for the Heck cross-coupling reaction. In the presence of triethylamine, complex 4.1 

exhibited good reactivity with low catalyst loading, yielding the olefin product efficiently across various 

substrates over 5 h. In contrast, complex 4.2 failed to produce the desired product, primarily due to its 

isomerization to a Pd(II)-N2S2 complex via imine C-C bond formation at elevated temperatures. The latter 

cannot access enough coordination sites for both oxidative addition and alkene coordination.  

4.2 Introduction 

In Chapter 2, I demonstrated the potential of amido-SNS ligands for activation of B-H bonds and 

subsequent catalytic hydroboration of carbonyl compounds using cobalt complexes. We followed this up 

by a comparison of copper amido- and thiolate-SNS complexes as catalysts for azide-alkyne cycloaddition, 

showing the advantage of the thiolate complex under aqueous reaction conditions, thus opening up new 

possibilities for harnessing the potential of the thiolate SNS ligand. Continuing our journey to expand the 

application of these complexes across a wide spectrum of catalytic reactions, in this chapter we explore 

the reactivity of palladium thiolate complexes as catalysts for C-C bond formation, with a specific focus on 

the Heck reaction. 

Over the past half-century, transition metal-catalyzed coupling reactions, such as the Heck,17 

Suzuki,18 Sonogashira,19 Stille20 and many others, have revolutionized synthetic organic chemistry. These 

reactions have emerged as indispensable tools for the construction of carbon-carbon bonds, offering 

access to a diverse array of complex and sophisticated molecules with applications spanning 

agrochemicals, pharmaceuticals, and chemical manufacturing industries.21,22 Among these transformative 

methodologies, the Heck reaction and its related chemistry hold a distinctive position, providing a gateway 

to a rich reservoir of intricate molecules. The Heck reaction, which was independently discovered by 

Mizoroki23 and Heck24 in the 1970s, represents a cornerstone in this field. It typically involves the 

transformation of monosubstituted alkenes through their coupling with electrophiles, such as 

organohalides or -triflates25, facilitated by a palladium catalyst and a base. This elegant reaction yields 

more highly substituted alkenes with exceptional regio- and stereocontrol. Beyond halides, leaving groups 

including sulfonyl chlorides,26 diazonium salts,27 and carboxylic acids28 have also found utility in the Heck 

reaction. Furthermore, both electron-rich29 and electron-poor alkenes30 have been employed over time to 
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furnish an impressive array of alkene products. Different kinetic and theoretical studies have investigated 

the mechanism of this reaction and suggest a catalytic cycle including the following steps: 1. Pre-activation 

of the catalyst, 2. Oxidative addition of the electrophile-X substrate, 3. Alkene coordination and insertion, 

4. -hydride elimination-dissociation and 5. Termination (Scheme 4.4).31 

Palladium catalysis is an indispensable and potent tool for coupling reactions, demonstrating 

remarkable versatility in the gentle reduction and oxidation of various organic functional groups.32 

Palladium's unique capabilities stem from several key attributes, notably its ability to effortlessly switch 

between two stable oxidation states, 0 and +2, and its abundant sources of palladium-containing species, 

characterized by both vacant and occupied nonbonding orbitals.33 These attributes underpin the diverse 

and extensive chemistry exhibited by palladium compounds. Specifically, palladium readily participates in 

a spectrum of reactions, including reductive elimination, carbometalation, migratory insertion, and 

nucleophilic substitution. These reactions culminate in the formation of carbon-carbon bonds, exemplified 

by cross-coupling reactions.34-36 As a result of these remarkable properties, there has been a substantial 

and ongoing effort to discover efficient Pd-catalysts for the Heck reaction. 

The selection of an appropriate ligand for a metal-catalyzed homogeneous reaction holds 

immense significance, rivaling the importance of the metal choice itself.37 Ligand design, akin to fine art, 

often demands a personalized and intuitive approach tailored to each catalytic system. The right ligand 

decision can profoundly impact various aspects, including the solubility of active species, catalyst shielding 

and steric properties, electron density around the metal atom, reactivity throughout the catalytic cycle, 

catalyst longevity and turnover numbers (TON), and, in the case of chiral ligands, enantioselectivity.38 

While the role of metal catalysts in Heck coupling reactions is indisputable, conventional homogeneous 

palladium-phosphine systems have historically dominated the field as widely adopted and efficient 

catalysts for carbon-carbon coupling.39 However, these phosphine-based ligands come with inherent 

limitations. They can be costly, sensitive to air, and occasionally pose toxicity concerns, prompting 

questions regarding their practicality and sustainability in large-scale applications.40 In response, 

alternative ligands such as palladacycles,41 N-heterocyclic42 and carbocyclic carbene ligands,43 as well as 

various N-, O-, and S-donor ligands,44-46 have emerged as phosphine-free options. Many of these 

phosphine-free ligands offer stability, reduced toxicity, and cost-effectiveness when compared to their 

phosphine counterparts, leading to their widespread adoption in the realm of organometallic chemistry. 

In this context, the focus of our work shifts toward the development of more sustainable and 

environmentally benign catalytic systems. Our catalyst design features Pd coordinated to thiolate SNS 

ligands. This innovative ligand architecture presents several distinct advantages. The thiolate ligand is 

nontoxic, easily synthesized from inexpensive and readily available starting materials, and remarkably air-

stable,47 overcoming some of the inherent drawbacks associated with phosphine ligands. Furthermore, 

the thiolate arm within our SNS ligand framework demonstrates intriguing potential. It can serve as a 

bridging element, forming dinuclear compounds that act as stable precatalysts in the catalyst cocktail.47,48 

Additionally, the thioether donor exhibits the potential to play a hemilabile role in the catalytic cycle, 

assisting in the formation of the active catalyst species.48 

In 1992, Kawamoto and Kushi illustrated the thermal transformation of nickel and cobalt 

bis(thiolate) complexes, M(NS)2, into their M(N2S2) counterparts by imine C-C bond formation (Scheme 

1.12).49 They acknowledged that the resulting N2S2 ligand possessed characteristics of redox non-

innocence, suggesting it likely functioned as a dianionic ligand with two electrons integrated within its 
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ligand structure. The thiolate SNS ligand (L1) within M(L1)2 complexes has also exhibited the capacity to 

undergo thermal isomerization, resulting in the formation of a non-innocent N2S2 ligand.50 This intriguing 

capability can be harnessed as a significant asset in catalytic reactions that demand the stabilization of a 

specific oxidation state within the central metal. In such scenarios, the redox-active ligand can effectively 

serve as an electron reservoir, maintaining the metal's oxidation state.51  

In this study, we delve into the development and exploration of Pd-catalyzed Heck reactions using 

the thiolate-SNS ligand system. We showcase not only the synthetic utility of this catalytic system but also 

its potential to offer more sustainable and practical solutions in the realm of carbon-carbon bond 

formation. 

4.3 Results and Discussion  

4.3.1 Preparation of Pd thiolate-SNS complexes 

Four-coordinate complexes PdI(3-SNSMe) (4.1) and Pd(2-SNSMe)2 (4.2) were synthesized from readily 

available palladium (II) salts with respectively one and two equiv. of the deprotonated thiolate ligand (L1) 

(Scheme 4.1).  Complex 4.1  shows a  slightly  distorted  square planar geometry  (′4  =  0.07)   while  the  

 

Scheme 4.1 Synthesis and molecular structures of 4.1 and 4.2. Selected bond distances (Å) and angles (°) for 4.1: Pd-
S1 = 2.252(1), Pd-S2 = 2.293(1), Pd-N = 2.047(3), Pd-I = 2.5834(6), N-Pd-I = 174.58(9), S1-Pd-S2 = 175.38(4), N-Pd-S1 
= 87.43(9), N-Pd-S2 = 97.01(9), S1-Pd-I = 87.17(3), S2-Pd-I = 88.40(3), and for 4.2: Pd-N1 = Pd-N1’ = 2.090(0), Pd-S1 = 
Pd-S1’ = 2.266(0), N1-Pd-S1 = N1’-Pd-S1’ = 83.39(0), N1-Pd-N1’ = 102.25(0), S1-Pd-S1’ = 91.62(0), N1-Pd-S1’ = N1’-
Pd-S1 = 171.94(0).  

geometry of 4.2 shows a bigger distortion (T′4 = 0.11) presumably because of the steric hindrance between 

the thioether moieties. The bond length between Pd and S1 is very close in 4.1 and 4.2 (2.252(1) vs. 
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2.266(0) Å), while the Pd1-N1 bond distance in 4.1 (2.047(3) Å) is significantly smaller than that of 4.2 

(2.090(0) Å). The strain in the 5-membered thiolate metallocycle in 4.1 is less than that of 4.2 (N1-Pd1-S1 

= 87.43(9) and 83.39(0) for 4.1 and 4.2 respectively), leading 4.1 to be closer to an ideal square planar 

geometry. 

4.3.2 Heck reaction catalyzed by complex 4.1 

Starting with the reaction of styrene with 1.2 equiv of iodobenzene, we first found that neither PdI2 nor 

complex 4.2 at 5 mol% loading gave any of the coupling product in DMF solvent after 24 h at 120 °C.  

Table 4.3 Optimization table for PdI(SNSMe)-catalyzed Heck reaction.  NR = no reaction. 

 

Entry Complex Cat. 
(mol%) 

Base (2 eq.) Solvent Time 
(h) 

Temperature 

(C) 

Yield 
(%) 

1 PdI2 5 NEt3 DMF 24 120 NR 

2 4.2 3 NEt3 DMF 24 120 NR 

3 4.2 5 NEt3 DMF 24 130 NR 

4 4.1 3 NEt3 DMF 24 120 100 

5 4.1 1.5 NEt3 DMF 24 120 100 

6 4.1 1 NEt3 DMF 24 120 84 

7 4.1 0.5 NEt3 DMF 24 120 78 

8 4.1 1.5 NEt3 H2O 24 115 48 

9 4.1 1.5 NEt3 EtOH 24 115 NR 

10 4.1 1.5 NEt3 Tol 24 115 38 

11 4.1 1.5 NEt3 Dioxane 24 115 85 

12 4.1 1.5 KOtBu DMF 24 120 NR 

13 4.1 1.5 Na2CO3 DMF 24 120 90 

14 4.1 1.5 NEt3 1.5 eq. DMF 24 120 85 

15 4.1 1.5 NEt3 DMF 24 115 100 

16 4.1 1.5 NEt3 DMF 24 105 100 

17 4.1 1.5 NEt3 DMF 24 95 87 

18 4.1 1.5 NEt3 DMF 24 60 NR 

19 4.1 1.5 NEt3 DMF 10 105 100 

20 4.1 1.5 NEt3 DMF 5 105 100 

21 4.1 1.5 NEt3 DMF 4 105 88 
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Table 4.4 Substrate scope table for the PdI(SNSMe)-catalyzed Heck reaction under optimized conditions 

 

(Table 4.1; entries 1-3). In contrast, complex 4.1 exhibited excellent reactivity and selectivity at 1.5 mol% 

loading.    

With the optimized conditions in place, we proceeded to explore the substrate scope of the 

reaction, examining various aryl groups with different electron-donating or electron-withdrawing 

substituents at different positions (Table 4.2). Notably, when chlorobenzene was introduced into the 

reaction mixture, the catalyst failed to generate the desired coupling product. 

To assess catalyst 4.1's potential for reusability, following the completion of the initial Heck 

reaction, a second batch of starting materials was introduced into the reaction vial under standard 

laboratory conditions. Notably, the results of this subsequent run demonstrated a remarkable 100% 

conversion rate, underscoring the catalyst's impressive reusability. Furthermore, this outcome reaffirms 

the catalyst's robust stability in the presence of environmental factors such as air and moisture. This 

characteristic aligns with findings from analogous studies in the field, where catalysts exhibiting high 

reusability and stability have proven to be invaluable assets in sustainable and cost-effective synthetic 

processes. Additionally, following filtration of the reaction mixture through Celite, there was no black solid 

observed, providing compelling evidence for a homogeneous catalytic reaction. This finding was further 

confirmed by examining the GC-MS spectra of the filtrate which displayed no indication of free protonated 

thiolate ligands. These observations underscore the fundamental role played by our thiolate ligand in 

stabilizing the palladium coordination sphere. 

4.3.3 Probable Heck reaction pathways using Pd thiolate-SNS complexes 

To account for the lack of catalytic activity of complex 4.2, we turn to existing knowledge in the field of NS 

ligands. As noted in Chapter 1, thermolysis of the nickel analog gave a Ni(N2S2) complex via an imine 

coupling reaction.50 Based on this background we anticipate the formation of Pd(N2S2) at elevated 

temperature (Scheme 4.2). In the generally accepted mechanism for the Heck reaction, the Pd0 active 

catalyst requires two cis vacant sites in order to oxidatively add the iodobenzene and a third to bind the 

alkene. Even if complex 4.2 could undergo reduction to Pd0 by the triethylamine base (vide supra), the 
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rigidity of its tetradentate ligand and consequent lack of two cis vacant sites would prevent it from 

performing the oxidative addition reaction.   

 

Scheme 4.2 Isomerization of 4.2 to the Pd(N2S2) complex. 

For complex 4.1 the catalyst activation step is likely reduction to Pd0 by the triethylamine base 

(Scheme 4.3) accompanied by loss of iodide. The resulting zerovalent (Pd(SNS))- anion (possibly stabilized 

by the DMF solvent) then undergoes oxidative addition of iodobenzene followed by alkene coordination 

and insertion into the Pd-Ph bond. Finally, reductive elimination affords the Pd-H which is then 

deprotonated to regenerate the active catalyst (Scheme 4.4). Our ongoing research endeavors are 

dedicated to providing conclusive evidence to support this reaction pathway. This connection between our 

observations and the broader context of NS ligands underscores the significance of our findings and their 

potential impact on the development of new cross-coupling catalyst systems. 

 

Scheme 4.3 Proposed reduction of 4.1 to Pd0 by triethylamine base. 

 

Scheme 4.4 Proposed reaction pathway for Heck reaction catalyzed by 4.1. 
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4.4 Experimental Section 

4.4.1 General considerations 

Synthesis of complexes 4.1 and 4.2 were carried out under dinitrogen, using an MBraun glovebox and 

stored in the glovebox. THF, DCM, DMF and hexane were dried on columns of activated alumina using a J. 

C. Meyer (formerly Glass Contour) solvent purification system. Anhydrous CDCl3 and DMSO were dried 

with activated alumina (ca. 10 wt %) overnight, followed by filtration. SNS ligands were synthesized based 

on previous publications from the Baker group.47 All substrates were purchased from commercial 

suppliers. 1H and 13C{1H} NMR spectra were recorded on a 300 MHz Bruker Avance or Avance II instrument. 
1H NMR spectra were referenced to solvent residual protons (DMSO-d6, δ 3.55; CDCl3, δ 7.26) and all NMR 

spectra were recorded at room temperature (21−25 °C). Mass spectra were recorded on an AB Sciex Q1MS 

mass spectrometer with electrospray ionization in positive mode (ion spray voltage, 5000.0 V; TEM, 400 

°C; declustering potential, 11.00 V; focusing potential, 300.0 V) with samples prepared to ca. 0.05 mg/mL 

in acetonitrile. X-ray diffraction data were collected on a Bruker Smart or Kappa diffractometer equipped 

with an ApexII CCD detector and a sealed-tube Mo K source (= 0.71073 Å).  

4.4.2 Synthesis of 4.1 

A vial was charged with 215 mg HL1 (0.83 mmol) and 165 mg of KHMDS (0.83 mmol) in 10 mL of THF and 

the mixture was stirred for 15 min. In a second vial 300 mg of PdI2 (0.83 mmol) was dissolved in 5 mL of 

THF and the mixture from the first vial was added dropwise with stirring. After stirring the resulting mixture 

for 24 h at room temperature, the solvent was removed under vacuum and the residue washed with 

hexanes. The complex was then dissolved in DCM and filtered to remove the salt. Evaporation of the 

filtrate under vacuum gave complex 4.1 as a dark brown powder (343 mg, 84% yield). 1H NMR (300 MHz, 

DMSO): δ 9.02 (s, 1H, imine H), 8.29 (d, 1H, aromatic), 8.14 (d, 1H, aromatic), 7.90 (d, 1H, aromatic), 7.81 

(m, 2H, aromatic), 7.32 (d, 1H, aromatic), 7.16 (t, 1H, aromatic), 7.00 (t, 1H, aromatic), 3.04 (s, 3H, S-CH3); 
13C{1H} NMR (75.5 MHz, DMSO-d6): δ 159.92 (s, 1C, aromatic), 150.44 (s, 1C, aromatic), 148.11 (s, 1C, 

aromatic), 141.19 (s, 1C, aromatic), 135.82 (s, 1C, aromatic), 134.21 (s, 1C, aromatic), 133.72 (s, 1C, 

aromatic), 131.46 (s, 1C, aromatic), 130.54 (s, 1C, aromatic), 128.64 (s, 1C, aromatic), 124.80 (s, 1C, 

aromatic), 122.93 (s, 1C, aromatic), 120.13 (s, 1C, aromatic), 28.63 (s, 1C, S-CH3), ESI-MS: [PdI(SNSMe)H]+ 

490.8495, calculated 490.85.  

4.4.3 Synthesis of 4.2 

A vial was charged with 85 mg HL1 (0.33 mmol), 75 mg of Pd(OAC)2 (0.33 mmol) and 10 mL of THF. After 

stirring the resulting mixture for 24 h at room temperature, the solvent dried under vacuum. Hexane 

added to the residual and the complex collected on frits and dried under vacuum and collected as a red 

powder in 89% yield (554 mg). 1H NMR (300 MHz, CDCl3): δ 9.00 (d, 2H, imine H), 8.26 (s, 2H, aromatic), 

7.44 (t, 4H, aromatic), 7.30 (m, 2H, aromatic), 7.03 (t, 2H, aromatic), 6.93 (t, 2H, aromatic), 6.84 (t, 2H, 

aromatic), 6.69 (t, 2H, aromatic), 4.46 (s, 6H, S-CH3); 13C{1H} NMR (75.5 MHz, CDCl3) 151.42 (s, 2C, 

aromatic), 132.13 (s, 2C, aromatic), 131.83 (s, 2C, aromatic), 130.93 (s, 2C, aromatic), 129.59 (s, 2C, 

aromatic), 128.79 (s, 2C, aromatic), 128.56 (s, 2C, aromatic), 127.43 (s, 2C, aromatic), 125.86 (s, 2C, 

aromatic), 125.31 (s, 2C, aromatic), 122.33 (s, 2C, aromatic), 120.84 (s, 2C, aromatic), 118.87 (s, 2C, 

aromatic), 17.50 (s, 2C, S-CH3), ESI-MS: [Pd(SNSMe)2]Na 646.9964 , calculated 644.98. 
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4.4.4 Catalytic Heck reaction procedure 

Based on the optimization conditions established, the following procedure was employed for conducting 

substrate scope reactions. A vial was charged with complex 4.1 (7 mg, 1.5 mol%), alkene substrate (1 

mmol), organohalide substrate (1.2 mmol), triethylamine (2 mmol), and DMF (2 mL). The vial was stirred 

for 5 h at 105 °C. Subsequently, product isolation was carried out under standard laboratory conditions as 

follows: Water and ethyl acetate were introduced into the vial, and the product was separated into the 

organic solvent through a liquid-liquid extraction process. The solvent was then removed under vacuum, 

and the resulting product was isolated in hexane and further dried under vacuum. The product yield was 

determined based on the final weight of the collected product. 

4.4.5 Catalyst speciation studies  

To more comprehensively investigate the activation step and assess catalyst stability under the reaction 

conditions, we performed some stoichiometric NMR experiments. Specifically, we dissolved complex 4.1 

in DMSO-d6, with and without triethylamine, transferred the solutions into NMR tubes, and heated them  

at 120 °C for 24 h. The colour of both solutions turned from green to red. The 1H and 13C NMR spectra 

were then  compared with those of 4.1.  

The 1H NMR analysis, as illustrated in Figure A4.6, provided valuable insights. Notably, it revealed the 

presence of imine protons, indicating that the thiolate ligand remained coordinated to the metal. This 

observation substantiates the notion that the ligand effectively stabilizes the metal complex even under 

the reaction conditions. Furthermore, a closer examination of the 1H NMR spectrum revealed that 

approximately half of the triethylamine remained unreacted. However, the remainder of the triethylamine 

had undergone reaction, leading to the formation of various byproducts within the reaction mixture. The 

data collected for the 1H and 13C with 1H decoupling for the product of reacting 4.1 with triethylamine in 

DMF at elevated temperature recorded as follows: 1H NMR (300 MHz, DMSO-d6): δ 9.18 (s, 1H, imine H), 

8.21 (d, 1H, aromatic), 8.00 (d of t, 2H, aromatic), 7.71 (d, 1H, aromatic), 7.56 (m, 2H, aromatic), 7.41( t of 

d, 1H, aromatic), 7.12 (t of d, 1H, aromatic), 4.52 (t, 1H, NEt3-byproduct), 3.56 (m, 1H, NEt3-byproduct), 

3.38 (d, 1H, NEt3-byproduct), 3.34 (d, 1H, NEt3-byproduct), 3.00 (s, 1H, NEt3-byproduct), 2.99 (s, 3H, S-

CH3), 2.85 (s, 1H, NEt3-byproduct), 2.69 (s, 1H, NEt3-byproduct), 1.72 (q, 1.5H, CH2-NEt3), 1.19 (broad, 2.5H, 

NEt3-byproduct), 1.05 (t, 1.7H, CH3-NEt3). 13C{1H} NMR (75.5 MHz, DMSO-d6): δ 161.91 (s, 1C, aromatic), 

154.16 (s, 1C, aromatic), 145.87 (s, 1C, aromatic), 140.50 (s, 1C, aromatic), 133.97 (s, 1C, aromatic), 133.65 

(s, 1C, aromatic), 132.05 (s, 1C, aromatic), 130.64 (s, 1C, aromatic), 129.84 (s, 1C, aromatic), 129.29 (s, 1C, 

aromatic), 128.75 (s, 1C, aromatic), 122.61 (s, 1C, aromatic), 120.88 (s, 1C, aromatic), 72.66 (s, NEt3-

byproduct), 67.43 (s, NEt3-byproduct), 65.39 (s, NEt3-byproduct), 60.74 (s, NEt3-byproduct), 27.87 (s, 1C, 

S-CH3), 25.52 (s, 1C, CH2-NEt3), 15.55 (s, 1C, CH3-NEt3).  

In summary, our experimental findings underscore the effectiveness of the ligand in stabilizing the 

metal complex during the activation step and provide insights into the reactivity of triethylamine under 

the specified reaction conditions. 
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4.5 Conclusion 

In conclusion, this study has made valuable contributions to the broader exploration of SNS-thiolate 

complexes in the realm of Pd-catalyzed phosphine-free Heck reactions. Our primary aim in this research 

was to not only assess the catalyst's performance but also to expand the scope of applications for these 

complexes within the context of this important reaction. 

While complex 4.2 did not exhibit reactivity in the Heck reaction, it likely undergoes the same 

isomerization process observed for Co and Ni NS complexes.50 This discovery underscores the versatile 

nature of the redox-active N2S2 ligand and hints at its potential in various other chemical transformations 

and redox processes. 

One notable highlight from our investigations is the catalytic performance of air-stable complex 

4.1. While it is not the absolute best catalyst yet reported,52 it did exhibit commendable catalytic activity, 

even in aqueous solution. Importantly, it facilitated the catalytic cycle effectively, allowing for the Heck 

coupling reactions to proceed with a relatively low catalyst loading over a reasonable reaction time. This 

indicates its potential as a promising catalyst, particularly within the domain of sustainable catalysis. 

Crucially, this work builds upon the foundation laid by prior research within the Baker group, which 

predominantly focused on harnessing SNS-thiolate complexes for catalytic processes involving E-H bond 

activation, such as hydroboration and hydrosilylation of unsaturated bonds.5,6,53 In the previous chapter 

we expanded these applications in the form of the CuAAC catalyst (CuL1)4 and suggested a proton shuttle 

role for the thiolate donor.54 In this chapter we disclose the first application of the thiolate SNS-donor in 

cross-coupling catalysis. Although we have not yet identified a unique role for metal-ligand cooperativity 

in the Heck reaction, the thioether donor hemilability creates additional coordination sites and the thiolate 

donor is able to stabilize multiple Pd oxidation states, allowing for effective catalysis. Our study thus 

significantly broadens the horizons for the SNS-thiolate ligand by introducing novel applications for 

complexes bearing this unique motif. By expanding the applications of these complexes, we advance the 

field of organometallic chemistry and sustainable catalysis, opening up new possibilities for their use in a 

range of reactions.  
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4.6 Appendix 

4.6.1 Spectroscopic data 

 

 

Figure A4.1 1H NMR (top) and 13C{1H} NMR (bottom) spectrum of 4.1 in DMSO. 
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Figure A4.2 ESI-mass spectrum of 4.1. [PdI(SNSMe)H]+ : calcd. 490.85, found 490.8495. 
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Figure A4.3 1H NMR (top) and 13C{1H} NMR (bottom) spectrum of 4.2 in CDCl3.  
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Figure A4.4 ESI-mass spectrum of 4.2. [Pd(SNSMe)2]Na : calcd. 644.98, found 646.9964. 

 

 

Figure A4.5 ESI-mass spectrum of isolated catalyst 4.1 after running the Heck reaction.  
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Figure A4.6 1H NMR spectrum for catalyst 4.1 speciation study. 

 

Figure A4.7 13C{1H} NMR for catalyst 4.1 speciation study. 
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Figure A4.8 1H NMR spectrum of stilbene in acetone-d6. 
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1H NMR data (d-acetone, 300 MHz) for products 4.3-4.7: 

 

(E)-2-chlorostilbene:  7.42, 7.23 (d, 3JHH= 16.2 Hz, 2H), 7.27-7.82 ppm 

(m, 9H) 

(Z)-2-chlorostilbene:  6.68, 6.77 (d, 3JHH= 12.2 Hz, 2H), 6.90-7.82 

ppm(m, 9H) 

 

 

 

(E)-4-nitrostilbene:  7.34, 7.42 (d, 3JHH=9.7 Hz, 2H), 7.24-8.29 ppm (m, 

9H) 

(Z)-4-nitrostilbene:   6.78, 6.90 (d, 3JHH=12.3 Hz, 2H), 7.24-8.29 ppm 

(m, 9H) 

 

 

 

(E)-4-methylstilbene:  2.29 (s, CH3, 3H), 7.14, 7.20(d, 3JHH=16.5 Hz, 

2H), 7.23-7.59 ppm (m, 9H)  

 

 

 

(E)-2-methylstilbene:   2.41 (s, CH3, 3H), 7.08, 7.44 (d, 3JHH= 16.2 Hz, 

2H), 7.13-7.68 ppm (m, 9H)  

 

 

 

(E)-2-chlorostilbene:  7.19, 7.25 (d, 3JHH= 16.2 Hz, 2H), 7.24-7.63 ppm 

(m, 9H) 

(Z)-2-chlorostilbene:  6.68, 6.74 (d, 3JHH= 12 Hz, 2H), 7.24-7.63 ppm 

(m, 9H) 
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4.6.2 Crystallographic data 

Crystallographic data were collected from single crystals mounted on MiTeGen dual thickness 

MicroMounts using Parabar oil. Data were collected on a Bruker Smart ApexII single crystal diffractometer 

equipped with a graphite monochromator. The instrument was equipped with a sealed tube Mo K𝜶 source 

(𝝀 = 0.71073 Å), an ApexII CCD detector and a dry compressed air-cooling system. The samples were 

cooled to 273 K. Raw data collection and processing were performed with the Apex3 software package 

from Bruker.55 Initial unit cell parameters were determined from 36 data frames from select 𝝎 scans. Semi-

empirical absorption corrections based on equivalent reflections were applied.56 Systematic absences in 

the diffraction data-set and unit-cell parameters were consistent with the assigned space group. The initial 

structural solutions were determined using ShelxT direct methods,57 and refined with full-matrix least-

squares procedures based on 𝑭𝟐 using ShelXL or ShelXle.58 Hydrogen atoms were placed geometrically 

and refined using a riding model. Deposition Numbers: 2292482-2292483. 

Table A4.1 Data collection and refinement metrics for 4.1 and 4.2. 

 4.1 (S1143) 4.2 (S1141) 

empirical formula C14 H12 I N Pd S2 C28 H24 N2 Pd S4 

formula weight (g⋅mol-1) 491.67 623.13 

crystal system Monoclinic Monoclinic 

space group P 21/c C 2/c 

a (A) 11.4163(6) 12.0855(7) 

b (A) 12.5682(7) 15.9618(8) 

c (A) 21.6954(13) 14.5880(7) 

𝛼 (deg) 90 90 

𝛽 (deg) 96.603(2) 111.774(2) 

𝛾 (deg) 90 90 

V (A3) 3092.3(3) 2613.3(2) 

Z 8 4 

T (K) 273(2) 273(2) 

𝜌calcd (g⋅cm-3) 2.112 1.584 

𝜇 (mm-1) 3.452 1.051 

2𝜃max (deg) 50.046 52.728 

total/unique reflections 16086/5453 7693/2678 

Reflections [Io ≥ 2𝜎(Io)] 4105 2313 

R1, wR2 [Io ≥ 2𝜎(Io)] 0.0297, 0.0615 0.0319, 0.0319 

goodness of fit 1.022 1.057 

CCDC number 2292482 2292483 
 

Table A4.2 Bond lengths (Å) for 4.1. 

Atom1 Atom2 Length (Å) 

I1 Pd1 2.5834(6) 

Pd1 S1 2.252(1) 

Pd1 S2 2.293(1) 

Pd1 N1 2.047(3) 
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S1 C14 1.738(4) 

S2 C1 1.808(5) 

S2 C2 1.775(4) 

N1 C8 1.286(4) 

N1 C9 1.451(4) 

C1 H1A 0.96 

C1 H1B 0.96 

C1 H1C 0.959 

C2 C3 1.397(6) 

C2 C7 1.395(6) 

C3 H3 0.93 

C3 C4 1.385(7) 

C4 H4 0.93 

C4 C5 1.370(6) 

C5 H5 0.93 

C5 C6 1.377(6) 

C6 H6 0.931 

C6 C7 1.394(5) 

C7 C8 1.461(5) 

C8 H8 0.93 

C9 C10 1.384(6) 

C9 C14 1.400(5) 

C10 H10 0.93 

C10 C11 1.371(6) 

C11 H11 0.931 

C11 C12 1.396(7) 

C12 H12 0.93 

C12 C13 1.360(6) 

C13 H13 0.93 

C13 C14 1.402(6) 

I2 Pd2 2.5885(6) 

Pd2 S3 2.250(1) 

Pd2 S4 2.298(1) 

Pd2 N2 2.054(3) 

S3 C28 1.735(4) 

S4 C15 1.810(5) 

S4 C16 1.778(4) 

N2 C22 1.278(5) 

N2 C23 1.455(5) 

C15 H15A 0.96 

C15 H15B 0.96 

C15 H15C 0.96 

C16 C17 1.399(6) 

C16 C21 1.387(6) 

C17 H17 0.93 
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C17 C18 1.369(7) 

C18 H18 0.931 

C18 C19 1.368(9) 

C19 H19 0.93 

C19 C20 1.378(6) 

C20 H20 0.93 

C20 C21 1.397(5) 

C21 C22 1.463(5) 

C22 H22 0.93 

C23 C24 1.382(6) 

C23 C28 1.408(5) 

C24 H24 0.93 

C24 C25 1.373(6) 

C25 H25 0.93 

C25 C26 1.394(7) 

C26 H26 0.93 

C26 C27 1.373(6) 

C27 H27 0.93 

C27 C28 1.393(5) 
 

Table A4.3 Bond angles (°) for 4.1. 

Atom1 Atom2 Atom3 Angle (deg)  

I1 Pd1 S1 87.17(3) 

I1 Pd1 S2 88.40(3) 

I1 Pd1 N1 174.58(9) 

S1 Pd1 S2 175.38(4) 

S1 Pd1 N1 87.43(9) 

S2 Pd1 N1 97.01(9) 

Pd1 S1 C14 97.9(1) 

Pd1 S2 C1 106.3(2) 

Pd1 S2 C2 110.1(1) 

C1 S2 C2 99.9(2) 

Pd1 N1 C8 126.5(3) 

Pd1 N1 C9 115.6(2) 

C8 N1 C9 117.7(3) 

S2 C1 H1A 109.5 

S2 C1 H1B 109.5 

S2 C1 H1C 109.5 

H1A C1 H1B 109.4 

H1A C1 H1C 109.5 

H1B C1 H1C 109.5 

S2 C2 C3 114.6(3) 

S2 C2 C7 124.9(3) 
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C3 C2 C7 120.5(4) 

C2 C3 H3 119.9 

C2 C3 C4 120.3(4) 

H3 C3 C4 119.8 

C3 C4 H4 120.1 

C3 C4 C5 119.9(4) 

H4 C4 C5 120 

C4 C5 H5 120.2 

C4 C5 C6 119.5(4) 

H5 C5 C6 120.2 

C5 C6 H6 118.7 

C5 C6 C7 122.6(4) 

H6 C6 C7 118.7 

C2 C7 C6 117.1(3) 

C2 C7 C8 129.0(3) 

C6 C7 C8 113.9(3) 

N1 C8 C7 131.3(4) 

N1 C8 H8 114.3 

C7 C8 H8 114.3 

N1 C9 C10 124.3(3) 

N1 C9 C14 116.5(3) 

C10 C9 C14 119.2(4) 

C9 C10 H10 119.4 

C9 C10 C11 121.2(4) 

H10 C10 C11 119.4 

C10 C11 H11 120.2 

C10 C11 C12 119.7(4) 

H11 C11 C12 120.1 

C11 C12 H12 120.1 

C11 C12 C13 119.9(4) 

H12 C12 C13 120 

C12 C13 H13 119.5 

C12 C13 C14 121.0(4) 

H13 C13 C14 119.5 

S1 C14 C9 122.0(3) 

S1 C14 C13 119.0(3) 

C9 C14 C13 119.0(4) 

I2 Pd2 S3 87.63(3) 

I2 Pd2 S4 87.94(3) 

I2 Pd2 N2 175.20(9) 

S3 Pd2 S4 174.31(4) 

S3 Pd2 N2 87.59(9) 

S4 Pd2 N2 96.86(9) 

Pd2 S3 C28 98.2(1) 

Pd2 S4 C15 101.3(2) 
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Pd2 S4 C16 109.8(1) 

C15 S4 C16 99.4(2) 

Pd2 N2 C22 126.3(3) 

Pd2 N2 C23 115.6(2) 

C22 N2 C23 118.0(3) 

S4 C15 H15A 109.4 

S4 C15 H15B 109.4 

S4 C15 H15C 109.4 

H15A C15 H15B 109.5 

H15A C15 H15C 109.5 

H15B C15 H15C 109.5 

S4 C16 C17 115.1(3) 

S4 C16 C21 124.7(3) 

C17 C16 C21 120.2(4) 

C16 C17 H17 119.5 

C16 C17 C18 120.9(4) 

H17 C17 C18 119.6 

C17 C18 H18 120.1 

C17 C18 C19 119.6(5) 

H18 C18 C19 120.2 

C18 C19 H19 120 

C18 C19 C20 119.9(5) 

H19 C19 C20 120 

C19 C20 H20 119 

C19 C20 C21 122.0(4) 

H20 C20 C21 119 

C16 C21 C20 117.3(4) 

C16 C21 C22 129.0(4) 

C20 C21 C22 113.6(3) 

N2 C22 C21 131.7(4) 

N2 C22 H22 114.2 

C21 C22 H22 114.1 

N2 C23 C24 124.5(3) 

N2 C23 C28 116.6(3) 

C24 C23 C28 119.0(4) 

C23 C24 H24 119.1 

C23 C24 C25 121.9(4) 

H24 C24 C25 119 

C24 C25 H25 120.2 

C24 C25 C26 119.5(4) 

H25 C25 C26 120.3 

C25 C26 H26 120.4 

C25 C26 C27 119.1(4) 

H26 C26 C27 120.5 

C26 C27 H27 119 
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C26 C27 C28 122.0(4) 

H27 C27 C28 119 

S3 C28 C23 122.0(3) 

S3 C28 C27 119.7(3) 

C23 C28 C27 118.4(3) 
 

Table A4.4 Bond lengths (Å) for 4.2. 

Atom1 Atom2 Length (Å) 

Pd1 S1 2.266 

Pd1 N1 2.09 

Pd1 S1 2.266 

Pd1 N1 2.09 

S1 C1 1.753(3) 

S2 C13 1.762(4) 

S2 C14 1.762(4) 

N1 C6 1.441(4) 

N1 C7 1.278(4) 

C1 C2 1.396(6) 

C1 C6 1.398(5) 

C2 H2 0.93 

C2 C3 1.367(7) 

C3 H3 0.93 

C3 C4 1.370(9) 

C4 H4 0.931 

C4 C5 1.389(5) 

C5 H5 0.93 

C5 C6 1.379(5) 

C7 H7 0.93 

C7 C8 1.461(5) 

C8 C9 1.395(5) 

C8 C13 1.405(4) 

C9 H9 0.929 

C9 C10 1.377(5) 

C10 H10 0.93 

C10 C11 1.374(5) 

C11 H11 0.929 

C11 C12 1.373(5) 

C12 H12 0.929 

C12 C13 1.394(6) 

C14 H00A 0.96 

C14 H00D 0.96 

C14 H00E 0.96 

S1 C1 1.753(3) 
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S2 C13 1.762(4) 

S2 C14 1.762(4) 

N1 C6 1.441(4) 

N1 C7 1.278(4) 

C1 C2 1.396(6) 

C1 C6 1.398(5) 

C2 H2 0.93 

C2 C3 1.367(7) 

C3 H3 0.93 

C3 C4 1.370(9) 

C4 H4 0.931 

C4 C5 1.389(5) 

C5 H5 0.93 

C5 C6 1.379(5) 

C7 H7 0.93 

C7 C8 1.461(5) 

C8 C9 1.395(5) 

C8 C13 1.405(4) 

C9 H9 0.929 

C9 C10 1.377(5) 

C10 H10 0.93 

C10 C11 1.374(5) 

C11 H11 0.929 

C11 C12 1.373(5) 

C12 H12 0.929 

C12 C13 1.394(6) 

C14 H00A 0.96 

C14 H00D 0.96 

C14 H00E 0.96 
 

Table A4.5 Bond angles (°) for 4.2.  

Atom1 Atom2 Atom3 Angle (deg) 

S1 Pd1 N1 83.39 

S1 Pd1 S1 91.62 

S1 Pd1 N1 171.94 

N1 Pd1 S1 171.94 

N1 Pd1 N1 102.25 

S1 Pd1 N1 83.39 

Pd1 S1 C1 96.3 

C13 S2 C14 103.5(2) 

Pd1 N1 C6 112.6 

Pd1 N1 C7 128.6 

C6 N1 C7 118.5(3) 
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S1 C1 C2 122.2(3) 

S1 C1 C6 120.0(2) 

C2 C1 C6 117.8(3) 

C1 C2 H2 119.4 

C1 C2 C3 121.1(4) 

H2 C2 C3 119.5 

C2 C3 H3 119.7 

C2 C3 C4 120.5(4) 

H3 C3 C4 119.8 

C3 C4 H4 119.9 

C3 C4 C5 120.2(4) 

H4 C4 C5 119.9 

C4 C5 H5 120.3 

C4 C5 C6 119.4(3) 

H5 C5 C6 120.2 

N1 C6 C1 115.3(3) 

N1 C6 C5 123.6(3) 

C1 C6 C5 121.1(3) 

N1 C7 H7 117.4 

N1 C7 C8 125.3(3) 

H7 C7 C8 117.3 

C7 C8 C9 120.5(3) 

C7 C8 C13 120.3(3) 

C9 C8 C13 119.0(3) 

C8 C9 H9 119.5 

C8 C9 C10 121.0(3) 

H9 C9 C10 119.5 

C9 C10 H10 120.1 

C9 C10 C11 119.7(3) 

H10 C10 C11 120.2 

C10 C11 H11 119.7 

C10 C11 C12 120.6(3) 

H11 C11 C12 119.7 

C11 C12 H12 119.6 

C11 C12 C13 120.7(3) 

H12 C12 C13 119.6 

S2 C13 C8 117.9(2) 

S2 C13 C12 123.1(3) 

C8 C13 C12 119.0(3) 

S2 C14 H00A 109.5 

S2 C14 H00D 109.4 

S2 C14 H00E 109.5 

H00A C14 H00D 109.5 

H00A C14 H00E 109.5 

H00D C14 H00E 109.5 
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Pd1 S1 C1 96.3 

C13 S2 C14 103.5(2) 

Pd1 N1 C6 112.6 

Pd1 N1 C7 128.6 

C6 N1 C7 118.5(3) 

S1 C1 C2 122.2(3) 

S1 C1 C6 120.0(2) 

C2 C1 C6 117.8(3) 

C1 C2 H2 119.4 

C1 C2 C3 121.1(4) 

H2 C2 C3 119.5 

C2 C3 H3 119.7 

C2 C3 C4 120.5(4) 

H3 C3 C4 119.8 

C3 C4 H4 119.9 

C3 C4 C5 120.2(4) 

H4 C4 C5 119.9 

C4 C5 H5 120.3 

C4 C5 C6 119.4(3) 

H5 C5 C6 120.2 

N1 C6 C1 115.3(3) 

N1 C6 C5 123.6(3) 

C1 C6 C5 121.1(3) 

N1 C7 H7 117.4 

N1 C7 C8 125.3(3) 

H7 C7 C8 117.3 

C7 C8 C9 120.5(3) 

C7 C8 C13 120.3(3) 

C9 C8 C13 119.0(3) 

C8 C9 H9 119.5 

C8 C9 C10 121.0(3) 

H9 C9 C10 119.5 

C9 C10 H10 120.1 

C9 C10 C11 119.7(3) 

H10 C10 C11 120.2 

C10 C11 H11 119.7 

C10 C11 C12 120.6(3) 

H11 C11 C12 119.7 

C11 C12 H12 119.6 

C11 C12 C13 120.7(3) 

H12 C12 C13 119.6 

S2 C13 C8 117.9(2) 

S2 C13 C12 123.1(3) 

C8 C13 C12 119.0(3) 

S2 C14 H00A 109.5 
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S2 C14 H00D 109.4 

S2 C14 H00E 109.5 

H00A C14 H00D 109.5 

H00A C14 H00E 109.5 

H00D C14 H00E 109.5 
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Chapter Five: Conclusions and Future Work 

5.1 Key Findings  

Catalysis is essential in modern synthetic chemistry, with about 90% of commercial chemicals relying on 

catalytic processes. The global catalyst market has grown steadily over the years and, although the history 

of catalyst development goes back centuries, catalysis research is still vibrant. Synthetic chemists face the 

challenge of producing compounds with high efficiency, selectivity, and sustainability. Homogeneous 

transition metal catalysis has a longstanding history of facilitating challenging chemical transformations to 

produce valuable products.1 The most effective and selective organometallic catalysts often rely on second 

and third-row so-called ‘precious metals’ like Pd, Pt, Rh, Ru, and Ir. These heavy transition metal complexes 

exhibit a more predictable tendency to undergo 2-electron elementary steps in various reaction 

pathways,2 enabling important reactions such as C–C and C–N coupling, C–H bond functionalization, olefin 

metathesis, and H–X additions.3 However, these metals are typically toxic, costly, and in limited supply. 

Therefore, skillful ligand design is crucial for coordination chemists to harness the full potential of these 

metals. When these metal complexes are intended for use in biological contexts,4 the ligand motif plays a 

critical role in determining their distribution, localization, and behavior within dynamic systems.5 

The ligand environment surrounding the metal also plays a crucial role in optimizing catalytic 

efficiency.6 Traditionally, phosphine-based ligands have been widely used, but they pose challenges due to 

their toxicity, sensitivity to air and moisture, and high cost. To transition towards more sustainable, 

biocompatible, and environmentally friendly catalytic systems, there has been a shift towards exploring 

phosphine-free base-metal complexes. In this context, the Baker research group has focused on 

developing non-toxic, eco-friendly, and stable SNS ligands. These ligands can be easily synthesized from 

readily available starting materials.7,8 As summarized in Chapter 1, the Baker group has specifically 

investigated thiolate and amido SNS ligand complexes, aiming to compare the soft S-donor and hard N-

donor properties while broadening the applications of these compounds in functionalizing unsaturated E-

H bonds through metal-ligand cooperation.9 

In the second chapter of our exploration, we embarked on a journey through our attempts to 

mono-protonate the amido pincer ligand within the mer-cobalt bis(amido) complex (2.1). Our objective 

was to displace one of the SNS ligands with a more stabilizing ancillary ligand, aiming to create a 

sustainable and active hydroboration catalyst. Instead, even with a single equiv. of acid, a second 

protonation occurred, affording the fac-isomer of the cobalt bis(amine) dication (2.2). In an alternate 

strategy, we treated 2.1 with one equivalent of an imidazolium chloride salt (IAd•HCl) to yield a divalent 

chlorocobalt amido complex (2.3) containing an abnormally-coordinated NHC ligand (a-IAd). Intriguingly, 

(2.3) exhibited remarkable catalytic potential, facilitating the hydroboration of a wide range of carbonyl 

compounds with high yields over a short timeframe with low catalyst loading. After demonstrating that 

pinacolborane reacts with both amido and chloride ligands of 2.3 to generate ‘CoH2(a-IAd)’ in situ, we 

contrasted its catalytic performance with [CoCl2(IAd)]2 (2.4) which contains a normally coordinated IAd 

ligand. Assuming that 2.4 forms the analogous ‘CoH2(IAd)’ catalyst in situ, our results suggest that the 

more basic a-IAd ligand supports a more active Co hydroboration catalyst than IAd. Moreover, the 

increased catalyst lifetime of 2.3 (vs. 2.4) suggests a potential role for borylated L2 in stabilizing the Co 
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catalyst. The bifunctional catalyst activation strategy employed by catalyst 2.3 thus resembles that 

reported previously by the Baker group using a Zn bis(pyrrolylamine) NHC precatalyst.10 

In the third chapter of our research journey, our objective was to broaden the applications of SNS 

ligands and first row metals with a different chemical reaction, namely copper-catalyzed azide-alkyne 

cycloaddition (CuAAC).11 In the absence of an ancillary NHC ligand,12 copper(I) reactions with the SNS 

ligands afforded tetranuclear complexes, one featuring thiolate ligands (3.1) and the other amido ligands 

(3.2). Although complex 3.2 suffered from amido ligand protonation by the coordinated alkyne C-H bond, 

leading to ligand dissociation and poor catalytic activity, complex 3.1 demonstrated impressive reactivity, 

successfully yielding triazole products in excellent yields, within a base-free aqueous environment, in just 

two hours. This catalytic system exhibited noteworthy substrate tolerance, accommodating electron-

donating and -withdrawing groups in various positions. Furthermore, our catalyst facilitated the synthesis 

of bioactive compound 3.16, with potential applications in anti-cancer and anti-fungal drug 

development.13 This achievement marked a significant expansion of the utility of the stable and 

biocompatible thiolate-SNS ligand. Our mechanistic insights, derived from DFT calculations, unveiled a 

potential bifunctional role for the thiolate donor during the initial step of the catalytic cycle, in which it 

may play a critical role in forming the copper-alkynyl intermediate by reversibly capturing the acidic proton 

from the Cu-coordinated terminal alkyne.  

In our subsequent chapter, we sought to apply the thiolate SNS ligand to an important C-C cross-

coupling reaction. In this endeavor, we introduced two new palladium(II) thiolate complexes: 4.1, featuring 

a single iodide and a (3-L1) ligand coordinated to the central palladium, and 4.2, a palladium bis-thiolate 

(2-L1) complex. These two complexes were rigorously tested for their catalytic capabilities in mediating 

the Heck reaction, a cornerstone of cross-coupling chemistry. The outcomes of these investigations proved 

to be quite intriguing. Complex 4.1 emerged as an efficient catalyst, displaying catalytic activity in 

facilitating the Heck reaction under relatively mild reaction conditions. Impressively, with 1.5 mol% loading 

of catalyst 4.1, we achieved complete conversion of the starting materials within 5 hours with electron-

donating or -withdrawing groups on each substrate. Despite not being the very best catalyst system 

reported for the Heck reaction, this investigation serves as a valuable case study in the comparative 

assessment of catalyst activity among similar coordination complexes. In stark contrast, the performance 

of complex 4.2 presented a perplexing challenge due to its striking lack of catalytic activity. To unravel this 

mystery, we delved into the annals of bis-NS complexes and their propensity to undergo isomerization 

when exposed to elevated temperatures. This transformation led to the formation of a distinctive Pd(N2S2) 

complex adorned with a redox-active ligand. The active palladium(0) catalyst species necessitates vacant 

coordination sites to enable the oxidative addition of the organohalide and subsequent coordination of 

the alkene substrate. Consequently, the tightly bound tetradentate N2S2 ligand acts as a hindrance, 

precluding the formation of the active catalyst species by occupying crucial coordination sites around the 

metal. This elucidation not only sheds light on the inactivity of 4.2 but also underscores the pivotal role of 

ligand structure in dictating the catalytic behavior of these complexes, thus expanding our understanding 

of this fascinating field. 
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5.2 Future Outlook  

The work presented in this thesis significantly advances the applications of SNS ligands both with 

other first row metals like cobalt and for other chemical reactions such as copper-catalyzed azide-alkyne 

cycloaddition and Pd-catalyzed Mizoroki-Heck cross-coupling. Previous work in the Baker group showed 

that a Co imine bis(thiolate) bearing a small NHC ligand effected the selective hydroboration of aldehydes 

(vs ketones) via a non-hydride inner-sphere bifunctional mechanism.14  In Chapter 2 we showed that use 

of the amido-SNS ligand generated a more active NHC cobalt dihydride catalyst that was capable of 

hydroborating aldehydes and ketones but not more challenging substrates such as amides, esters, alkenes 

or alkynes. To further advance the hydroboration activity of SNS complexes, we could investigate the 

reduction of our active CoIICl(a-IAd) catalyst to its Co(I) analog and investigate its capacity for alkene 

hydroboration as demonstrated by Geetharani's CoICl(IPr) precatalyst, proposed to oxidatively add HBpin 

to a CoIII boryl hydride intermediate.15 

  Over the past decade, there have been significant strides in the development of highly potent 

chemical tools designed to control, detect, and visualize intricate biological processes occurring within 

living organisms.16 The realm of intracellular metal catalysts has witnessed considerable growth in recent 

decades, finding applications in diverse areas such as cell-surface modifications,17 bioimaging 

techniques,18 in situ drug synthesis,19 and pro-drug activation.20 Furthermore, these catalysts have 

displayed the remarkable ability to catalytically transform harmful chemical toxins into non-hazardous 

substances.21 However, designing effective intracellular catalysts presents certain challenges. Many 

coordination complexes used in this context are inherently incompatible with the essential elements of 

life—air and water.22 Additionally, these complexes must exhibit non-toxic properties, maintain activity 

under physiological conditions, and be tolerant of the various biological nucleophiles present within living 

systems. 

An early milestone in this journey was achieved in 1985 when Vigh and colleagues successfully 

merged soluble inorganic catalysts with living cells.23 In their groundbreaking work, they demonstrated 

that a ruthenium triarylphosphine chloride complex could hydrogenate C-C double bonds in unsaturated 

fatty acids using hydrogen gas. Nonetheless, it was noted that prolonged exposure to the ruthenium 

catalyst and hydrogen resulted in extensive cell damage. 

 

Scheme 5.1 Intracellular hydrogenation by Vigh.  

In another example, Lin and co-workers harnessed palladium aminopyrimidine complexes to facilitate 

Sonogashira C-C bond cross-coupling reactions within E. coli.24 
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Scheme 5.2 Intracellular Sonogashira cross-coupling by Lin group.  

The copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction, discovered in 2002,11 swiftly 

made a profound impact across numerous scientific domains, including chemical synthesis, drug 

development, and materials science.25 CuAAC's versatility in chemical biology became evident early on. 

Within a year of its discovery, CuAAC was effectively employed to label the surfaces of intact bacterial 

cells.26 By 2005, these reactions had even been executed within living cells. For instance, Tirrell and 

colleagues were able to monitor the synthesis of a model protein, barstar, containing unnatural alkynyl 

amino acids in auxotrophic E. coli by tagging it with coumarin azides using the CuAAC ligation method.27 
 

 
Scheme 5.3 Intracellular CuAAC by Tirrell group.  

The SNS ligands, known for their non-toxicity and biocompatibility, offer a promising avenue for 

intracellular catalysis. Notably, thiolate (L1) complexes have demonstrated robust stability even in the 

presence of air and moisture, rendering them well-suited for potential intracellular applications.  

As elucidated in Chapter Three, the copper(I) thiolate complex exhibited remarkable catalytic 

activity in facilitating azide-alkyne cycloaddition reactions in aqueous environments. This catalytic system 

displayed a high level of reactivity, yielding bioactive compound 3.16 with potential applications as an anti-

cancer drug. With slight modifications aimed at enabling catalyst activity at lower temperatures, this 

system may serve as an in situ drug synthesis catalyst or as a catalyst for converting triazole compounds 

within living cells. Furthermore, it is imperative to conduct additional investigations to closely monitor the 

generation of copper(II) species and ascertain the possibility of reducing these oxidized entities in 

subsequent catalytic cycles through the introduction of azide reagents. In the event that copper(II) species 

prove to be non-reactive, our future research endeavors may necessitate the modification of the SNS 

ligand. One promising avenue could involve the incorporation of chlorine groups onto the aromatic ring of 

the SNS ligand, a strategic alteration aimed at diminishing the oxidizing potential at the central copper 

atom, potentially revitalizing the catalytic activity.   
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Finally, the promising catalytic activity demonstrated by the palladium(II) complex introduced in 

Chapter four, paves the way for exciting future prospects. In upcoming research endeavors, the potential 

of this catalyst could be systematically explored in various cross-coupling reactions, including Sonogashira 

and Suzuki couplings, conducted under biologically relevant conditions. If this catalyst proves to be 

effective at facilitating these reactions at mild temperature and in aqueous environments, it could hold 

the key to a transformative breakthrough. If this catalyst proves to be effective at facilitating these 

reactions at mild temperature and in aqueous environments, the promising palladium(II) complex 

introduced in Chapter four may become a valuable tool for conducting intracellular cross-coupling 

reactions, offering the ability to modify biomolecules within living cells with precision (Scheme 5.2).This 

avenue of investigation not only expands the scope of chemical biology but also holds great promise for 

innovative applications in drug development, cellular engineering, and beyond. 
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