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Abstract 
 

Different metals and metal complexes have been used as catalysts in many industries such as 

commodity petrochemicals, fine and specialty chemicals, polymers, environmental services, 

agrochemicals and pharmaceuticals. Although these catalysts allow for increased reaction rates 

and selectivity, they can also be toxic, expensive and of limited supply (cf. Pt group metals). This 

has led researchers to the intensive study of first row metal catalysts, with nickel standing out as 

the most widely studied to date. As found for other first row metal catalysts, nickel’s easy access 

to oxidation states 0-3 allows for a number of different one- and two-electron mechanisms and 

novel transformations. In Chapter 2 we use a phosphine-free, tridentate N,N,N ligand to generate 

an active catalyst for the C-N cross-coupling reaction of aryl halides with amines. The catalyst 

demonstrated excellent turnover numbers (up to 484) for the amination reactions that are proposed 

to proceed through a Ni(I)-Ni(III) cycle. In Chapter 3 we investigate the Ni coordination 

chemistry of a biomimetic SNS thiolate ligand. Protonation of the Ni bis(thiolate) complex, Ni(-

SNS)2, removes one SNS ligand, affording crystals of a thiolate-bridged dimer dication, {[Ni(-

-SNS)]2}
2+ that exhibits unique anionic tridentate ligand dynamics. Dissolving these crystals, 

even in weakly-coordinating solvents such as dichloromethane, gives a mixture of ‘naked’ Ni2+ 

and paramagnetic, trinuclear {[Ni(--SNS)2]2Ni}2+. Although this equilibrium lies far to the 

right (no diamagnetic dication visible in NMR), addition of ancillary ligands proceeds smoothly 

to provide several mono- and dinuclear Ni thiolate products, [Ni-SNS)L]n – potential 

bifunctional catalysts for further studies. In Chapter 4 we demonstrate using chemical and 

electrochemical techniques that one-electron reduction of Ni(-SNS)2 triggers quantitative imine 

C-C bond coupling, forming [Ni(S2N2)]
- with a redox-active ligand. Spectroelectrochemical 

studies indicated reversible oxidation and reduction steps give three stable redox states, 

([Ni(S2N2)]
0/-/2-), that were characterized by NMR, EPR and UV-Vis spectroscopy, X-ray 

diffraction and computational chemistry. While the Ni(0) dianion (and not the Ni(I) anion) reacted 

reversibly with phenol and carbon dioxide, results from Chapter 5 showed that reactions with 

strong electron-acceptor fluoroalkenes proceeded more cleanly with the Ni(I) anion. The latter 

reactions afforded a mixture of fluoroalkenyl and fluoroalkyl products resulting from C-F bond 

activation and electron transfer/H atom abstraction, respectively. In Chapter 6 we discuss our 

results in the context of the current state of the art and suggest some avenues for future 

development.  
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Chapter 1. Introduction 

 

1.1 Introduction Summary and Brief History of Nickel in Catalysis 

Nickel was discovered in the 1750s, is present in metallic meteorites, and has been used since 

ancient times.1 Nickel and its complexes have been shown to be effective catalysts for a host of 

important chemical transformations.2 Nickel metal was first isolated in 1751 in Sweden by Axel 

Fredrik Cronstedt and its name is derived from the German kupfernickel, meaning either devil's 

copper or St. Nicholas's copper.3 The first pure samples were obtained in 1775 by Torbern 

Bergman. In the 1890s, Mond observed unusual reactivity of nickel and carbon monoxide (CO) at 

room temperature to give the toxic, low-boiling, green liquid Ni(CO)4.
4 In 1912 Sabatier, Nobel 

prize winner in chemistry, discovered the first hydrogenation of ethylene using nickel metal.5 

Years later, Wilke and his group at the Max Planck Institute in Germany expanded the 

organometallic chemistry of nickel complexes by synthesizing Ni(allyl)2, Ni(C2H4)3 and Ni(cod)2 

and examining catalysis of olefin and diene oligomerization reactions (cod = 1,5-cyclooctadiene).6 

Further work on ethylene oligomerization led to the Shell Higher Olefins Process (SHOP)7,8 and 

nickel phosphite catalysts were also employed by Dupont for hydrocyanation of butadiene to 

adiponitrile, a precursor to Nylon 6,6.9,10 Following award of the Nobel prize for Pd-catalyzed 

cross-coupling catalysis in 2005, increasing numbers of nickel catalysts for these reactions were 

developed11 and shown to be more mechanistically complex,12 as detailed in the following sections 

as an introduction to Chapter 2 of this thesis. Nickel has also been found to play key roles in several 

metallo-enzymes including superoxide dismutase, CO dehydrogenase, acetyl-CoA synthase / 

decarbonylase and [NiFe] hydrogenase.13 Further details are provided below as an introduction to 

Chapters 3 and 4 which feature some coordination chemistry of biomimetic SNS thiolate and S2N2 

dithiolate ligands. Finally, after discovering that the Ni(S2N2) complex discussed in Chapter 4 

exists in three stable redox states, we investigated in Chapter 5 their selective reactivity with 

prototypical electron-acceptor fluoroalkenes, CFX=CF2 (X = F, Cl, CF3, OCF3) for which a brief 

introduction is also provided here. 

 

1.2 Typical Modes of Action for Nickel Catalysts. 

Before going into depth about the applications and reaction mechanisms for nickel complex-

catalyzed cross-coupling, we compare the typical reaction steps with those for Pd catalysts (Figure 

1.1). As a less electronegative metal, oxidative addition is facilitated for zerovalent Ni complexes 
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and thought to proceed by single-electron transfer through Ni(I) intermediates, in contrast to the 

three-centered transition state typically invoked for Pd(0) oxidative additions.14,15 This also allows 

Ni catalysts to effect cross-coupling with less reactive electrophiles such as phenol derivatives,16-

18 aromatic nitriles19 and aryl fluorides.20 

 

 
 

Figure 1.1 (a) Basic properties of Ni and Pd (common oxidation states in bold). (b) Fundamental reactions 

of Ni complexes in catalytic cycles.21 
 

      Nickel has a number of oxidation states that can be involved in cross-coupling catalysis 

whereas Pd typically employs Pd0-II or PdII-IV couples in catalytic cycles. In addition to Ni0-II, easily 

accessible NiI-III couples have been invoked to account for different reactivity.22 Beta-hydride 

elimination is also frequently slower with Ni relative to Pd, allowing for a broader scope of alkyl-

aryl and alkyl-alkyl couplings.23 Finally, nickel is roughly 2,000 times less expensive than Pd.  

In a recent example, Diao et al. reported that a Ni-catalyzed two-component reductive 

dicarbofunctionalization of alkenes proceeds via a “sequential reduction” pathway through a 

radical chain mechanism (Scheme 1.1).24 Reduction of Phen Ni(II) dibromide to Ni(I) by Zn is 

followed by reaction with bromobenzene to afford NiBrPh(phen) that also gets reduced by Zn to 

active catalyst NiPh(phen). The latter then reacts with alkyl bromide to form a radical which  
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Scheme 1.1. Diao’s sequential reduction mechanism for alkene difunctionalization.24 

 

cyclizes and subsequently adds to NiBrPh(phen), forming the Ni(III) intermediate prior to 

reductive elimination. In 2020 Liao and co-workers prepared aryl- and vinyl nitriles from aryl 

halides and alkynes using Ni(bipy) to catalyze cyanation and hydrocyanation in which the 

mechanism involved Ni(0)-Ni(II) and Ni(I)-Ni(III) transformations within the same cycle using 

Zn as reducing agent.25 Weix et al. reported that the selectivity observed in nickel-catalyzed cross-

coupling of aryl halide with alkyl halide electrophiles arises from an unusual catalytic cycle that 

combines both polar and radical steps to form the new C-C bond (Scheme 1.2).26 These reaction 

pathways clearly show the versatility of nickel catalysts vs their Pd analogs. 

 

 
 

Scheme 1.2. Combined polar-radical mechanism for Ni-catalyzed cross-electrophile coupling.26 

 

1.3 Nickel-Catalyzed Cross-coupling Reactions 

Since the 1970s, nickel complexes have been the most effective first row transition metal catalysts 

for cross-coupling reactions. While these reactions were initially developed as a means to 

synthesize biaryls from aryl halides and aryl metal reagents, the scope of cross-coupling reactions 

has been extended in recent years to involve many other types of coupling as addressed below. 
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1.3.1 Cross-coupling of aryl halides 

The Suzuki-Miyaura reaction is the most popular cross-coupling reaction due to the stability of the 

arylboron reagents employed. The advantage of using nickel in these reactions stems from their 

ready oxidative addition of carbon-heteroatom bonds that ultimately undergo protodeboronation 

under basic reaction conditions and/or elevated reaction temperature. Hartwig and Ge, used readily 

activated catalyst 3 to obtained coupled heterocycle products (Scheme 1.3a)27 and Garg and co-

workers extended and improved similar reactions of both heteroaryl chlorides and bromides by 

applying a green solvent (Scheme 1.3b).28 

 

Scheme 1.3 Nickel complex-catalysed Suzuki-Miyaura reactions of heteroaryls. 

 

1.3.2 Cross-coupling of phenol derivatives 

Although C-O bond activation by nickel was originally reported in 1979, since then a host of 

developments have been disclosed. 29,30 In 1989, Kocienski and Dixon developed the first effective 

Ni(0)-catalysed cross-coupling of vinyl carbamates with organomagnesium reagents31 and later 

Snieckus and co-workers developed analogous reactions of aryl carbamates32 and tertiary aryl 

sulphonamides33 with organomagnesium reagents.  Dankwardt described the cross-coupling of aryl 

ethers with arylmagnesium reagents in a Kumada-Corriu-type coupling34 (Scheme 1.4a) followed 

by Chatani and co-workers who described the first Suzuki-Miyaura cross-coupling of aryl ethers 

and boronic esters (Scheme 1.4b).35  The Shi and Garg groups reported Suzuki-Miyaura cross-

coupling of aryl acetates and aryl pivalates with boronic acids (Scheme 1.4c).36,37 
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Scheme 1.4 Nickel-catalysed-cross-coupling reactions of aryl ethers and esters. 

 

1.3.3 Cross-coupling of electrophiles with benzylic C-O bonds 

A variety of electrophiles with benzylic C-O bonds including ethers, esters, carbonates and 

carbamates can be activated by low-valent nickel.38 In 2011 Jarvo and co-workers used the first 

example of Ni-catalyzed alkyl-alkyl cross-coupling to prepare di- or tri-arylalkanes as drug targets 

(Scheme 1.5a)39 including anti-cancer agent 16. The same group demonstrated Suzuki-Miyauara 

cross-coupling of benzylic esters, carbonates and carbamates with boronic derivatives (Scheme 

1.5b).40 Subsequently, Watson and co-workers demonstrated a similar method for synthesizing 

diarylalkanes and triarylmethanes from benzylic pivalates and boroxines (Scheme 1.5c).41 

 

 

Scheme 1.5 Ni-catalyzed cross-coupling of electrophiles containing benzylic C-O bonds. 
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1.3.4 Cross-coupling of aziridines 

The activation of aziridine C-N bonds by Ni(0) complexes has been known for some years42 and in 

2012 Huang and Doyle demonstrated the successful Negishi coupling of alkyl and arylzinc halides 

to styrene-derived N-tosyl aziridines to form -disubstituted amines.43 (Scheme 1.6) 

 

 

Scheme 1.6 Nickel-catalysed Negishi cross-coupling of aziridines.43 

 

1.3.5 C-N cross-coupling 

Many heterocyclic molecules, especially those containing nitrogen atoms, are important due to 

their occurrence in many natural products, and their propensity for interesting biological activity.44  

Formation of aromatic C-N bonds was originally challenging in the medicinal field.45 due to 

limitations of the original Ullmann coupling (Figure 1.2).46,47 Since chapter 2 focuses on C-N 

cross-coupling reaction, background for these reactions follows.  

 

 
 

Figure 1.2 C-N bond formation using different metals.48 
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1.3.6 Nickel-catalyzed C-N cross-coupling  

Nickel was first used for amination reactions in 1950 when oil company researchers were 

investigating different metal salts as catalysts for the reaction of methylamine with 

chlorobenzene.49 Although CuI and CuII chlorides were the most effective catalysts under basic 

reaction conditions, NiCl2 also worked, albeit at higher temperatures ( > 200 °C). Cramer and 

Coulson then reported a comprehensive study on the effect of changing reaction conditions and 

catalyst composition for the nickel-catalysed amination reaction50. They found that Ni0 

complexes such as [Ni(CO)2(dppe)] and [Ni(CO)2(PPh3)2] were almost as effective as NiBr2. 

Since 1997, Buchwald and other researchers have developed many nickel complexes for cross-

coupling amination reactions using a variety of different Ni precursors, ligands and reaction 

conditions (Scheme 1.7 and Figure 1.3).51-56 

 

 
 

Scheme 1.7 Nickel catalysed amination reactions.51-55 

 

Figure 1.3 Different substrates used for nickel-catalyzed amination.56 
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1.3.7 Nickel-catalyzed amination of phenol-derived electrophiles  

In 2008, Gao and Yang described the first example of nickel-catalyzed amination of aryl 

tosylates, reporting short reaction time using [NiCl(1-naphthyl)(PPh3)2].
57  Chatani and co-

workers later reported the more challenging C-N formation of aryl methyl ethers catalysed by 

Ni(0).58  Tobisu, Chatani and coworkers then extended this methodology to the amination of N-  

heteroaryl methyl ethers59 and arylcarboxylates.60 Garg’s group reported the amination of aryl 

sulfamates and carbamates with secondary cyclic and acyclic amines, as well as anilines 

although sterically hindered examples required higher catalyst loadings.61,62 In 2011, Huang and 

Yang reported the use of aryl phosphates as coupling partners (Scheme 1.8).63  

 

 
 

Scheme 1.8 Nickel-catalyzed amination of phenol-derived electrophiles.61-65 

 

1.4 Cross-coupling reaction mechanisms 

The conventional metal-catalyzed cross-coupling mechanism follows a three-step process (Figure 

1.4):  

1) oxidative addition of the electrophile (R-X) C-X bond to the low-valent metal center, causing a 

formal oxidation state change of two; 

2) transmetalation, in which the nucleophile, MR’, often activated by additive Y, is transferred to the 

metal center;  

3) reductive elimination of the coupled product with regeneration of the low-valent metal center. 
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Figure 1.4 General metal-catalyzed cross-coupling reaction mechanism. 

 

1.4.1 Mechanisms of Nickel-catalyzed amination reactions  

Mechanistic studies for nickel-catalysed amination have not been investigated to the same level of 

detail as those for Pd.66 The easy access to different nickel oxidation states make such studies more 

challenging and both Ni0/NiII and NiI/NiIII cycles have been proposed.67-74. In 2014, Hartwig and 

his group reported the first in-depth mechanistic studies of the amination of chloro- and 

bromoarenes with aliphatic primary amines catalyzed by a Ni0 complex (Figure 1.5).75 Stewart 

and co-workers investigated the same mechanism using different techniques including NMR and  

 

 

Figure 1.5 Hartwig’s proposed mechanism for Ni-catalysed amination of aryl halides with primary 

amines.75  
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reaction kinetics as well as computational studies.76 Although they agreed with the Ni0/NiII 

catalytic cycle, there was some conflict with the findings from Hartwig’s report, in that the 

oxidative addition was not the rate-determining step and the reaction rate was dependent on the 

concentration of aryl chloride (Figure 1.6). These are just two examples out of many that prove 

investigating nickel catalytic mechanisms still remains a challenge. 

 

 

Figure 1.6 Stewart’s proposed mechanism for Ni-catalysed amination of aryl halides with primary 

amines.76 

 

As we have seen for other cross-coupling reactions, nickel-catalyzed amination need not 

be confined to Ni0,2 cycles. In 2019 Matsubara and co-workers reported C-N cross-coupling of aryl 

halides with a variety of amines.77 They used 2,2'- bipyridyl to stabilize Ni(I) NHC complexes, 

which efficiently mediated amination of aryl bromides employing a Ni(I)-Ni(III) pathway. 

 

1.5 Biomimetic NS Thiolate Ligands for Metal Coordination Chemistry 

1.5.1 Nickel metalloenzymes and their synthetic models 

Thiolate and NS thiolate ligands play pivotal roles in a number of metalloenzymes.78 

Hydrogenases, for example, are the most efficient enzymes for reversible conversion of protons 

and electrons to dihydrogen (Eq. 1). For the [FeFe] hydrogenase, both experimental and theoretical  

          
1)

 

studies show that the amine motif of the bridging dithiolate (Figure 1.7) is essential for hydrogen 

production,79 while the [NiFe] hydrogenase typically oxidizes hydrogen to protons.80 Both Ni- and 

Fe-bound thiolates are proposed to be involved in the H2 splitting step (Scheme 1.9).81 

 

2H+ + 2e- H2
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Figure 1.7. Active site of [FeFe] hydrogenase. X marks site of catalytic H2/proton turnover.79 

 

 

Scheme 1.9 Hydrogen activation by [NiFe] hydrogenase.81 

Several functional mimics of [NiFe] hydrogenase have been reported82,83 as well as a series of 

mononuclear Ni phosphine complexes that employ a pendant, non-bonded amine to assist proton 

transfer steps.84 

 Superoxide dismutase (SOD) enzymes control reactive oxygen species in cells by 

converting superoxide and protons to oxygen and hydrogen peroxide (Eq. 2).85 While metal active  

         
2)

 

sites in Mn-, Fe- and Cu/Zn-SOD are all bound to N- and O-donors, in Ni-SOD nickel is bound to 

N- and S-donors.86 In the oxidized form, the active site includes a low-spin (S = ½) Ni(III) center 

ligated in an N3S2 square pyramidal geometry with an axial imidazole group (Figure 1.8a). In the 

reduced form the imidazole is dissociated and the active site is square planar Ni(II) (Figure 1.8b). 

Using metallopeptide models, Tietze, Buntkowsky and co-workers recently showed that this axial 

ligand improves catalyst stability to air, but is not required for catalytic activity.87 

Ni S2N2 coordination is also employed by the acetyl co-A synthase enzyme (ACS; Figure 

1.9) which remarkably involves organometallic intermediates with Ni-C and Co-C bonds.88,89 This 

inspired a number of Ni N2S2 model studies such as those by Holm and co-workers.90 

       

 

2H+ + 2 (O2)- H2O2  + O2
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Figure 1.8. Oxidized (a) and reduced (b) forms of Ni-SOD. 

 

 

 

 

Figure 1.9 Active site of acetyl co-A synthase (ACS) enzyme.89 

 

1.5.2 Hemilabile NS ligands  

The hemilability of multidentate donor ligands refers to the ease of reversible (de)coordination of 

at least one of the donors, taking advantage of the different strengths of the metal heteroatom 

bonds.91 Metal complexes that take advantage of hemilability have been shown to be more active 

in many transformations such as hydrogenation, carbonylation, hydroformylation of olefins and 

epoxides, allylation, olefin metathesis and ring-opening metathesis polymerization.92 Metal NS 

complexes can undergo a ring-opening process through the cleavage of the weakest bond (M-N 

vs. M-S) and can be reversible (Figure 1.10a) so that the ligand can provide a vacant metal 

coordination site during a catalytic cycle.93 Alternately, hemilability can be effected by external 

ligand addition which can also be reversible in a catalytic cycle (Figure 1.10b). Although 

hemilability of amine-thiolate NS ligands would involve reversible coordination of the N-donor, 

most examples consist of reversible thioether coordination. Bassetti et al. reported such an example 

in which hemilability of a benzyl thioether group helped promote the oxidative addition of methyl 

ACS 
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iodide to a cationic Rh(I) complex (Scheme 1.10).94 Reversible dissociation of the thioether 

generates an equilibrium with the solvent adduct that undergoes addition of MeI much more 

readily. The authors did not speculate whether hemilability also plays a role in the subsequent 

methyl migration to the CO ligand.  

 

 

Figure 1.10 Hemilability via ligand dissociation (a) or addition of external ligand (b).93 

 

 

Scheme 1.10 Role of benzyl thioether lability in reaction of Rh(I) with MeI.94 

 

In another example reported by Kaim and co-workers hemilability occurs in concert with 

an oxidation state change of the metal center. Oxidation of the four-coordinate cationic Cu(I) 

complex gives rise to a five-coordinate Cu(II) complex due to thioether binding (Scheme 1.11).95 

Kaim et al. also reported a reversible intramolecular ligand-based oxidation that was accompanied 

by coordination of the thioether group to the Ir(III) center (Scheme 1.12).96  
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Scheme 1.11 Hemilability occurs through reduction of copper center.95 

 

 
 

Scheme 1.12 Hemilability of redox-active ligand upon oxidation.96 

 

Kinoshita et al. showed that the thioether in their dinucleating tetradentate ligand (SCNSR) 

can be reversibly replaced with a CO ligand (Scheme 1.13).97 Interestingly, addition of PMe2Ph 

results in CO evolution and formation of monomeric, pseudo-octahedral Fe(4-

SCNSR)(CO)(PMe2Ph).  

 

 

Scheme 1.13 Hemilability of thioether upon carbonyl ligand addition to iron complex.97 

 

1.5.3 Conversion of M(NS)2 into M(S2N2) complexes 

In the 1960s Busch and co-workers conducted extensive studies in nickel macrocyclization 

reactions of Ni complexes with NS ligands that yielded tetradentate N2S2 ligands.98 They also 

demonstrated that reactions with electrophiles could occur at the thiolate sulfur. In one example 

the intermediate thioether species [NiII(NSR)2]
2+ rearranged to a trinuclear complex with a central 



15 

 

NiS4 core,99 later structurally characterized by Dahl and Wei (Figure 1.11).100 A variety of Ni-

S2N2 metalloligands have been synthesized based on 5- and 6-membered rings (Figure 1.12).101   

 

 

 
 
Figure 1.11 Two Ni(S2N2) metalloligands bound to a central Ni2+.100 

 

 

 

Figure 1.12 Ni S2N2 complexes with different ring sizes.101  

 

1.5.4 Metrical details in Ni-S2N2 complexes 

The correlation shown in Figure 1.13 uses the S-S and N-N distances to show that the S-Ni-S 

angle varies inversely with the N-Ni-N angle in Ni-S2N2 complexes.102 The distances range over 

∼0.4 and ∼0.6 Å for the S−S versus N−N, respectively. Pinning together the nitrogens opens the 

S-Ni-S bite angle. More influence on S-Ni-S angles comes from modifying the N to S linker; 

changing from 2 to 3 carbons increases the N-Ni-N angle and decreases the S-Ni-S bite angle.  

 

 

Figure 1.13 Correlation between S-Ni-S and N-Ni-N bite angles portrayed through E…..E bond distances.103  

A B C D 
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1.5.5 Nickel complexes with redox non-innocent S2N2 ligands 

In 1997, Kawamoto and Kushi reported the thermal conversion of nickel and cobalt thiolate-imine 

complexes into the M(S2N2) complexes via imine C-C bond formation (Scheme 1.14).103 

Moreover, they recognized that two electrons had been transferred to the redox-active S2N2 ligand, 

giving an open shell singlet ground state. The same authors reported a series of Ni-S2N2 complexes 

(1-3 in Figure 1.14) with extended--conjugation that allows them to serve as near infrared 

absorption dyes.104 Several mono-nuclear Ni-S2N2 complexes (4-9 in Figure 1.14) have been 

reported that have six-membered NiNC3S rings with phenylene ring linked by N to S.105-109 In the 

reactivity aspect of these S2N2 ligands, one thio-salen ligand of (9) is converted into a thiazole 

upon connection of a thiolate sulfur with the cyanide on the phenylene ring, leaving only one N/S 

donor site binding to the nickel center which then needs two salen ligands to form the S2N2 donor 

set.110  

 

Scheme 1.14 Thermal conversion of M(SN)2 to M(S2N2) via imine C-C bond formation. 

 

1.5.6 Applications of Ni-S2N2 complexes 

In 2007, Darensbourg and co-workers showed that the Ni-S2N2 complex, N,N′-

bis(mercaptoethylene-1,4-diazacyclooctane nickel(II), Ni(bme-daco), can support olefin/CO 

coupling on palladium, via the [Ni(bme-daco)PdII(CH3)(OEt2)]
+ catalyst, (Scheme 1.15),111 in 

which the Ni metalloligand mimics the diimiine ligand in Brookhart’s palladium catalyst 

developed for the production of polyketoethylene.112 Moreover, Ogo and co-workers reported that 

coordination of a Ni-S2N2 metalloligand to Ru2+ generates a functional model of [NiFe]-

hydrogenase (Scheme 1.16).112,113 
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Figure 1.14 Ni-S2N2 complexes with mercapto-aniline and thiolate-salen ligands.101 

 
 

 

 
 

 

Scheme 1.15 Ni-S2N2 complex as metalloligand for Pd-based ethylene-CO copolymerization catalyst.111  
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Scheme 1.16 Thiolate-bridged Ni-S2N2-Ru complex serves as a functional model for [NiFe] 

hydrogenase.113  
 

1.6 Fluoroalkene Chemistry Mediated by Transition Metal Complexes 

1.6.1 Overview 

In Chapter 5 of this thesis we investigate the reactivity of reduced Ni(S2N2) complexes with 

easily accessed electron-acceptor fluoroalkenes. In this section we discuss the various ways in 

which metal complexes have been shown to interact with fluoroalkenes.   

 Fluoroalkenes are currently seeing an increase in their study and applications due to: 

1) The need to replace molecules containing long perfluoroalkylated chains currently 

employed in a number of industrial and materials applications with smaller ones that 

could also include hydrogens to reduce their environmental persistence.115  

2)  The pursuit of greener unsaturated hydrofluorocarbons to expand the current 4th 

generation of refrigerants, propellants and foam-blowing agents.116  

3) The competitive cost of commercially available fluoroalkenes compared to other 

chemicals used for installing fluoroalkyl groups on organic molecules for fine chemicals, 

pharmaceuticals and agrochemicals.117  

 

1.6.2 Fluoroalkene Coordination to Metals and Coupling to Form Metallacycles 

1.6.2.1 Metal fluoroalkene complexes and metallacyclopropanes 

When Parshall and co-workers at DuPont CR&D prepared the first metal complexes of 

tetrafluoroethylene (TFE), they already recognized that the bonding in Rh complex A resembled 

that for hydrocarbon alkenes such as ethylene [a)] whereas extensive back-bonding in Ir complex 

B led to significant metallacyclopropane character [b)] (Figure 1.15).118,119 Later work by Stone 

and co-workers expanded the scope of metal centers and fluoroalkenes.120,121  
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Figure 1.15 a) First metal complexes of TFE. b) Bonding schematic for metal alkene complex vs 

metallacyclopropane. 
 

1.6.2.2 Metallacyclopentanes and bridged complexes 

An early report of Fe(CO)3(TFE)2 by Nobelist G. Wilkinson122 was shown in 1961 by Stone123 to 

instead be the first example of a fluorometallacycle (Figure 1.16). The same group published 

another d6 example with Co several years later124 and then showed that steric bulk of the ancillary 

ligands dictated the size of Ni d8 metallacycle formed. (Scheme 1.17).125 In contrast, reaction of 

TFE with the zerovalent bis(diene) complex Pt(cod)2 afforded the bis-(C2F4)
2--bridged Pt(II) 

complex (cod = 1,5-cyclooctadiene; Figure 1.17a).126 A similar reaction with hexafluoropropene 

(HFP) gave the carbene-bridged diplatinum product resulting from a fluoride shift (Figure 

1.15b).127 

 

 

Figure 1.16. First perfluorometallacyclopentane complexes.123,124 

 

 

Scheme 1.17: Ligand effects in nickel perfluorometallacycle formation.125  
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Figure 1.17. Fluorocarbon bridged complexes from TFE and HFP reactions with Pt(cod)2.124,125 

 

1.6.2.3 Metallacyclobutanes from metal fluorocarbenes 

Baker et al. showed that nucleophilic d8 cobalt fluorocarbenes128 such as CpCo=CF2(PMePh2) react 

with TFE to form stable fluorometallacyclobutanes129 via an unusual radical pathway.130 In the 

presence of Me3SiOTf fluoride abstraction gives the trans-alkenyl complex whereas reversible 

fluoride abstraction using a catalytic amount (3-6 mol%) of HNTf2 gave the metallacyclopropane 

via isomerization/ring contraction (Scheme 1.18). Synthesis of d10 nickel fluorocarbenes131 then 

led to the first example of metal fluorocarbene metathesis (Scheme 1.19), shown to be an 

independent pathway to that which gives the metallacyclobutane.132  

 

Scheme 1.18 Formation and C-F bond activation of perfluorocobaltacyclobutane complex.129  

 

1.6.3 Fluoroalkene C-F Bond Activation by Metal Complexes 

Although C-F bonds are typically stronger than C-H bonds,133 the polarity of the former allows for 

its activation via fluoride ion abstraction as described for metallacyclobutanes above.  Although a 

comprehensive review of C-F bond activation is beyond the scope of this introduction, several 

examples will be discussed so the reader can understand the potential impact of the work reported 

in Chapter 5.  
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Scheme 1.19 Stoichiometric metathesis of nickel fluorocarbene and TFE.132  

 

1.6.3.1 C(sp3)-F bond activation (stoichiometric) 

A number of studies have demonstrated the Lewis-acid promoted fluoride abstraction from 

fluorometallacycles such as the Pt examples in Scheme 1.20.134 Burch and co-workers showed 

that treatment of a perfluoronickelacyclopentane with BF3 induced phosphine migration to C 

(Scheme 1.21).135 In 2013, Baker’s group demonstrated a similar reaction with a [P,S]-ligated 

nickel complex.136 Treatment of the resulting phosphonium zwitterion with the xylyl-isonitrile 

ligand induced cleavage of the C-F bond affording a ring-opened product. In contrast, hydrolysis 

afforded a single isomer of the TFE dihydrodefluoro-dimerization product (Scheme 1.22). 

 

Scheme 1.20 Lewis acid-induced C-F bond activation in Pt perfluorometallacyclopropanes.134  

 

 

Scheme 1.21 C-F abstraction in Ni perfluorometallacycle.135 
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Scheme 1.22 Metallacycle C-F bond activation and resulting reactivity.136 

 

1.6.3.2 C(sp3)-F bond activation (catalytic) 

Ogoshi’s group reported the first example of C(sp3)-F activation in trifluorotoluene which 

oxidatively adds to the nickel(0)-NHC (N-heterocyclic carbene) complex to afford trans-

difluorobenzyl Ni(II) fluoride. Using silanes to convert Ni-F to Ni-H allowed for catalytic 

hydrodefluorination proceeding via a syn-SN 2′ type mechanism ( Scheme 1.23).137  

 

 

Scheme 1.23 C(sp3)-F bond activation of fluoroarenes catalyzed by Ni-NHC.137  

 

1.6.3.3 C(sp2)-F bond activation (stoichiometric) 

In 1997, Perutz’s group reported the selective C-F bond activation of fluorinated heteroaromatics 

in which reactions of R-tetrafluoropyridine ( R= H, F) with a  nickel (0) complex successfully gave 

the desired product.138 (Scheme 1.24). In 2002, Braun’s group reported the Ni-mediated 

chemoselective C-X bond cleavage in which the bulkier phosphine ligand led to exclusive C-F 
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bond cleavage (Scheme 1.25).139 The same group showed that RhH(PEt3)3 effected vinylic C-F 

bond activation of hexafluoropropene (HFP) in the presence of base (Scheme 1.26).140 Presumably 

the extensive back-bonding from Rh to HFP allows for the Rh-H to be removed as a proton.  

 

 

Scheme 1.24 C-F activation by nickel phosphine complex.138 

 

Scheme 1.25 Phosphine-dependent chemoselective C-X activation by nickel complex.139 

 

 

Scheme 1.26 Fluoroalkene C-F bond activation by rhodium hydride complex.140  

 

The traditional pathway of nucleophilic substitution in organic synthesis goes through 

substitution at carbon that has halide anion as a good leaving group. Another possibility is 

nucleophilic attack at halogen (SN
2Hal) with carbanion leaving group, first reported by Witting 

and Schollkopf141 and Sunthankar and Gilman142 for organolithiums in organic reactions known 

as halogenophilic reactions.143 It was demonstrated that for reactions of halopentafluorobenzenes, 
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bromotrifluoroethylene144-150 and other substrates, coupling of the carbanion and metal carbonyl 

halide intermediates is found to be a second reaction step giving the nucleophilic substitution 

product (Scheme 1.27a). Moreover, many other cases of nucleophilic vinylic or aromatic 

substitution with metal carbonyl anions undergo the traditional carbophilic addition–elimination 

(AdNE) pathway147-150 (Scheme 1.27b). 

 

 
 

Scheme 1.27 Two different nucleophilic substitution mechanisms. 

 

Transition metal carbonyl anions, carbonylmetallates, contain a large family of metal-

centered anions that are relatively stable and easily accessible due to strong charge delocalization 

on the carbonyl ligands (Scheme 1.28). Thus, the counter cation M* in complexes such as 

M*[M(CO)nL] can coordinate to the carbonyl oxygen atom, as reported by Beletskaya et al. for 

lanthanide salts that can form i) ion pair with semi-bridging CO group (Figure 1.18a); ii) complete 

insertion of CO ( Figure 1.18b) or iii) direct covalent Ln-M bond.151 ( Figure 1.18c). Hanna et 

al.152 investigated supernucleophiles, such as [CpFe(CO)2]
- and even more powerful nucleophiles 

such as [Re(CO)5]
- demonstrating the viability of single electron transfer (SET) as an alternative 

to the usual SN2 mechanism.  

1.6.3.4. Nucleophilic vinylic substitution 

The first report of carbonylmetallate reactions with polyfluorinated alkenyl halides by 

Beletskaya et al. in 2003 showed the nucleophilic vinylic substitution proceeded through the 

halogenophilic mechanism. They reported that reaction of (CF3)3CCF=CFX (X=Cl, Br) and 

CF2=CFBr with Na[Re(CO)5] formed halo(acyl)rhenates, Na[Rf CF=CFC(O)Re(CO)4X], derived 

from alkenyl anion attack on the coordinated CO ligand (Scheme 1.29).153 Using the same  
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Scheme 1.28 C-X bond activation by halogenophilic (SET) or addition-elimination (AdNE) pathway. 

 

 

 

Figure 1.18 Bonding in lanthanide carbonylmetallate salts.151  

 

 

Scheme 1.29 Reaction of Na[Re(CO)5] with polyfluorinated alkenes.153  

 

substrates with K[CpFe(CO)2] gave a more complicated product slate resulting from competing 

halogenophilic and AdNE pathways. (Scheme 1.30).154 The ready dimerization of the CpFe(CO)2 

radical allows for some fluoride elimination from the fluoroalkenyl carbanion, thus generating the 
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reactive fluoroalkyne that gives rise to alkynyl iron product CpFe(C=CPh)(CO)2 or 

[CpFe(CO)2]2(-C2) from CF2=CFCl. As expected, no acetylene-derived products were formed in 

presence of a proton source. 

  

 

Scheme 1.30 Reactions of 2-chloro-1,2-difluorostyrene isomers with K[CpFe(CO)2].154  

 

1.6.3.5 C(sp2)-F bond activation (catalytic) 

The catalytic hydrodefluorination of hexafluoropropene was reported first by Holland et al. They 

demonstrated that a catalytic amount of Fe(II) fluoride in the presence of triethylsilane yielded a 

mixture of 1,1,3,3,3-pentafluoropropene(E/Z) and 1,2,3,3,3-pentafluoropropene (Scheme 1.31).155 

NMR data and stoichiometric reactions showed that an iron(II) hydride was the active 

hydrodefluorination catalyst. In 2020, Tomson’s group reported the Kumada cross-coupling of  

 

 

Scheme 1.31 Hydrodefluorination of hexafluoropropene catalyzed by iron complex.155 
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aryl Grignard reagents with fluoroarenes proposed to proceed through a palladium–magnesium 

bimetallic intermediate (Scheme 1.32).156  

 

 
 

Scheme 1.32 Bimetallic Pd-Mg intermediate in catalyzed Kumada cross-coupling of fluoroarenes.156 

 

1.7 Scope of Thesis Work 

The work detailed in this thesis is the result of two different research experiences. First with Prof. 

Anindya Ghosh at the University of Arkansas at Little Rock (USA) (Chapter 2) and then with Prof. 

R. Tom Baker at the University of Ottawa (Chapters 3-5). In Chapter 2 we applied an anionic 

nickel complex with a tridentate N,N,N ligand as a precatalyst for C-N cross coupling amination 

of aryl chlorides. The focus of the work was on catalyst lifetime so all reactions were conducted 

for 3 h using just 0.2 mol% catalyst. Our substrate scope included both primary and secondary 

alkyl- and arylamines with both electron-rich and electron-poor aryl chlorides. Kinetic studies and 

examples from prior publications pointed to a Ni(I)-Ni(III) catalytic cycle.  

In the Baker group a previous PhD student investigated the iron coordination chemistry of 

an easily prepared, biomimetic SNS thiolate-imine-thioether ligand. In Chapter 3 we explored the 

analogous chemistry with nickel that includes isolation of the first bis(thiolate) complex (3-1) with 

this ligand. Protonation of this complex gives a crystalline dicationic thiolate-bridged dimer (3-3) 

that is converted into a paramagnetic trinuclear complex upon dissolution in all solvents tested. 

The hemi lability of the thioether donor proved to be the source of the observed ligand dynamics. 

Nonetheless, addition of ancillary ligands to 3-3 gave a variety of mono- and dinuclear cations 

containing strong -donor ligands such as PMe3 and -acceptors such as P(OMe)3 and CNxylyl. 

Using a strong donor N-heterocyclic carbene ligand, we demonstrated an alternate S-C bond 

cleavage pathway to the one known, allowing access to the neutral, mononuclear dithiolate 

complex.  
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Another feature of the SNS ligand is its ability to convert to a redox-active S2N2 ligand via 

imine C-C bond formation. In Chapter 4 our electrochemical studies of 3-1 led to an improved 

synthetic route to the Ni(N2S2) complex (3-2). We identified three stable redox states and showed 

that doubly reduced [Ni(N2S2)]
2- reacts reversibly with both phenol and carbon dioxide, although 

we did not investigate its use as an electrocatalyst for CO2 reduction. In Chapter 5 we discovered 

that singly reduced [Ni(N2S2)]
- reacts cleanly with four different electron-acceptor fluoroalkenes, 

leading to a neutral Ni(II) fluoroalkenyl complex derived from C(sp2)-F bond activation and/or an 

anionic Ni(II) fluoroalkyl complex resulting from electron transfer and H atom abstraction.  

In Chapter 6 we assess our results in light of the current state of the art and comment on 

future prospects for our work.  
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Chapter 2.  C–N Cross‑coupling Reactions of Amines with Aryl Halides Using 

Amide‑Based Pincer Nickel(II) Catalyst. 

 
2.1 Published contribution 

 

Y. M. Albkuri, A. B. RanguMagar, A. Brandt, H. A. Wayland, B. P. Chhetri, C. M. Parnell, P. 

Szwedo, A. Parameswaran-Thankam and A. Ghosh, Catal. Lett., 2020, 150, 1669–1678. 

 

Albkuri and Ghosh wrote the manuscript with Wayland’s assistance. Albkuri performed most of the 

experiments, Parnell obtained the ESI-MS data for intermediate complexes. The rest of the co-

authors were involved in cleaning up the manuscript and fixing the figures. 

 

Abstract 

An approach to C–N cross-coupling reactions of aryl halides with amines in the presence of an 

amide-based pincer nickel(II) catalyst (2) is described. For 3 h reactions at 110 °C with 0.2 mol% 

catalyst, aryl bromides gave higher turnover numbers (TON) than the corresponding chlorides or 

iodides. Both primary and secondary amines could be used with the former giving higher TON. 

However, sterically hindered amines showed lower TON. In elucidating the mechanism of this 

nickel complex-catalyzed C–N cross coupling reaction it was found that the rate of reaction was 

unchanged in the presence of radical quenchers and a plausible Ni(I)–Ni(III) pathway is proposed. 
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2.2 Introduction 

Using transition metal complexes for amination of aryl halides to form arylamines has become a 

prevailing methodology1. In this context, heterocyclic compounds containing nitrogen atoms are 

of significant importance due to their abundance in natural products and their roles in biological 

and bio-inspired reactions2. Carbon–nitrogen (C–N) bond-containing aromatic and aliphatic 

compounds have also found multiple applications as polymers, dyes, and agrochemicals3.4. 

However, one of the primary avenues for exploration of C–N bond-containing molecules is their 

value in medicinal chemistry5. Some prevalent pharmaceutical compounds containing C–N bonds 

are shown in (Figure 2.1). Due to these and many more potential applications, it is highly desirable 

to develop improved methodologies for facile and economical generation of C–N bonds. 

 

 

Figure 2.1 Significant pharmaceutical compounds of different classes containing C–N bonds. 
 

Development of versatile catalyzed processes for arylamine synthesis took chemists over a century 

to achieve success. In 1903, Ullmann and Goldberg showed that copper salts enabled reactions of 

activated aryl halides with amine nucleophiles6,7. However, these reactions used stoichiometric 

copper and typically harsh reaction conditions. In the 1990s, Buchwald8,9 and Hartwig10,11 worked 

independently to successfully develop palladium catalyzed N-arylation using phosphine ligands. 

Since that time the Buchwald–Hartwig amination has brought great advances in C–N cross-
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coupling reactions12,13. In attempts to reduce catalyst loading and reaction times, design of new 

catalysts for efficient C–N coupling reactions continues as a vigorous research area14. In a recent 

example, aryl chlorides, bromides and iodides could be efficiently coupled using 1 mol% CuBr 

with a simple 8-oxyquinoline N-oxide ligand15. 

With a view to performing C–N coupling catalysis on larger scales, recent interest has 

focused on advancing nickel catalysis16-18 beyond the original reports19-21. In contrast to Pd and Cu 

catalysts, nickel catalyzed C–N bond-forming reactions often proceed through paramagnetic Ni(I)/ 

(III) intermediates via redox processes22-24 although systems have been developed recently to favor 

Ni(0)/(II)17,25. Therefore, developing new nickel-based catalysts with geometrical constraints 

enforced by pincer ligands may allow for improved catalysts. We have previously used a 

diamidopyridine-ligated nickel complex for cross-coupling reactions of multiple C–Cl bonds26 and 

activation of sp3 and sp2 C–H bonds in alkylation and arylation27. In this study, we show that the 

nickel complex effects the selective cross-coupling amination of unactivated aryl halides with 

various aliphatic and aromatic amines with low catalyst loading and short reaction times. 

 

2.3 Experimental Section 

2.3.1 Materials and instrumentation 

All reactions were carried out under an inert (Ar) atmosphere using oven-dried glassware. All 

solvents and chemicals such as anhydrous dimethylsulfoxide (DMSO), amines, anhydrous aryl 

halides, KOtBu, and all chemicals for ligand synthesis were obtained from Sigma-Aldrich, USA, 

Acros Organics, USA, and Alfa Aesar, USA and were used as received without any further 

purification unless otherwise stated. All amines were purified by passing through activated 

alumina prior to use. Gas chromatography-mass spectrometry (GC–MS) spectra were collected 

using a Shimadzu QP2010 GC–MS, where parameters were maintained at 275 °C interface, 3 

injections at 24 and 50 min. Characterization of the ligand and metal catalyst were performed by 

electrospray ionization mass spectrometry (ESI–MS). The fourier transform infrared spectrometer 

(FT/IR), and nuclear magnetic resonance (NMR) instruments used were as reported previously26,27. 

2.3.2 Synthesis of N,N′‑bis(2,6‑di‑isopropylphenyl)‑2,6‑pyridinedicarboxamide (1) 

The ligand was synthesized according to a previous synthetic route with slight modifications26,27. 

In a 100 mL round bottom flask with a stir bar, 2,6-pyridinedicarboxylic acid (5 g, 0.03 mol) and 

15 mL 1,2-dimethoxyethane were added followed by addition of thionyl chloride (5 mL, 0.07 mol). 
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The reaction mixture was refluxed for 3 h. After completion, the excess solvent and thionyl 

chloride were removed under reduced pressure to obtain a white product, followed by 

crystallization from concentrated hexane to obtain 2,6-pyridinedicarbonyl dichloride. The acid 

chloride was then treated with 2,6-diisopropylaniline and triethylamine of anhydrous  

 

 

Figure 2.2 Structures of ligand 1 and pincer nickel(II) catalyst 2. 

 

tetrahydrofuran (THF) cooled to 0 °C and stirred for 3 h. On warming the reaction was further 

stirred at room temperature for another 9 h. The reaction mixture was then filtered and THF was 

removed under reduced pressure to obtain the crude ligand (2-1) (Figure 2.2 ). See Figure A2.1 

and A2.2 for 1H NMRs. 

2.3.3 Synthesis of Pincer Nickel(II) Complex (2) 

Our previous work has described the synthesis of pincer-nickel(II) complex (2-2) (Figure 2.2)26,27. 

In short, a 100 mL Schlenk flask fitted with a magnetic stir bar was charged with 2-1. The flask 

was sealed with a septum and stirred for 5 minutes while purging with N2. Dry THF was added 

using a gas tight syringe, and n-butyllithium was added to the ice bath-cooled (0 °C) reaction 

mixture to deprotonate the ligand, followed by addition of anhydrous nickel(II) chloride to yield 

the deep red nickel(II) complex 2-2 ( Figure 2.2). The catalyst was characterized using 1H-NMR, 

ESI–MS, FT/IR, and ultraviolet–visible (UV–Vis) spectroscopy as described in the previous 

reports26,27. 

2.3.4 General Amination Procedure of Aryl Halides Using Different Amines 

A representative amination method using chlorobenzene, pentylamine, and KOtBu in DMSO is 

described here. All other amination reactions including different aryl halides, primary (1°) and 

secondary (2°) amines, solvents and bases were performed using a similar method. A 4 mL reaction 

vial containing a magnetic stir bar was charged with 1.4 mL of anhydrous DMSO. The reaction 

vial, after being sealed with a septum and parafilm, was purged with Ar for 10 min. Chlorobenzene 

[0.4 mL, 3.9 mmol, 2.25 equivalent (eq.)], pentylamine (0.21 mL, 1.8 mmol, 1.0 eq.), anhydrous 
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powdered KOtBu (70 mg, 0.63 mmol, 0.3 eq.), and 2 (2 mg, 0.2 mol%) were added sequentially. 

The reaction mixture was stirred for 5 min while continually purging with Ar. The vial was then 

sealed with a Teflon screw cap. The reaction mixture was stirred for 3 h at 110 °C in a preheated 

oil bath, then allowed to cool to room temperature and filtered by passing through Celite to remove 

the base and the catalyst. 30 μL of the solution was then dissolved in 1 mL absolute ethanol, and 

10 μL of decane was added as an internal standard. Turn over number (TON) was determined 

using GC–MS. 

 

2.4. Results and Discussion 

2.4.1 Optimization of reaction solvent and base 

To best facilitate the amination, reactions conditions were optimized by changing solvents and 

bases (Table 2.1). Many solvents gave low TON (Entries 1–3) most likely due to the low solubility 

of the catalyst and/or base. The low boiling point of the solvents may also have played a role in 

the product conversion. Solvents with high polarity and boiling point, such as dimethylacetamide 

(DMA), produced moderate results (TON 69) (Entry 6), whereas none of the desired product was 

obtained using dimethylformamide (DMF) (Entry 1), presumably due to thermal decomposition. 

DMSO proved to be the most effective solvent, yielding a TON of 243 (Entry 7). Therefore, 

DMSO was used to further optimize the C–N coupling reaction conditions. 

 

Table 2.1 Amination of chlorobenzene using various solvents and bases. 
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One of the requirements for many cross-coupling reactions, and particularly for aminations, 

is the use of a base28,29. None of cesium carbonate (Cs2CO3), potassium carbonate (K2CO3), 4-

dimethylaminopyridine (DMAP) or DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) yielded any 

product (Entries 8–11), while relatively stronger bases such as KOH gave high yields (Entry 12). 

Results showed that KOtBu was most effective (Entry 7) presumably due to its better reducing 

power and was thus used for all subsequent reactions. 

2.4.2 Optimizing reaction temperature and aryl halide comparison 

In reactions run at temperatures ranging from 70 to 120 °C, increasing the temperature resulted in 

higher yields and TONs (Figure 2.3). The TON of the reaction increased slightly from 70 to 100 

°C with values of 169, 174, 181 and 195, respectively. Similar trends were observed at 110 and 

120 °C, with values of 212 and 219, respectively, with maximum TON observed at 120 °C. 

 

Figure 2.3 Effect of temperature (70 to 120 °C) on the amination reaction using 2-2 and KOtBu in 

DMSO. Yields represent an average of two runs after 3 h. 
 

After identifying the optimal amination conditions using 2-2, we investigated the amination 

of chloro-, bromo and iodobenzene with morpholine in DMSO with KOtBu. In order to focus on 

low catalyst loadings and short reaction times, all reactions were heated at 110 °C for 3 h under 

argon (Table 2.2). Bromobenzene yielded the desired product with highest TON of 484 (Entry 3) 

compared to chlorobenzene (361, Entry 2) and iodobenzene (317, Entry 1). Note that 484 turnovers 

amount to 97% conversion of the bromobenzene limiting reagent with a selectivity of 95% due to 
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Table 2.2 Evaluation of various electrophiles. 

 

a small amount of biphenyl formation. Nonetheless, aryl chlorides were chosen as the major focus 

of this work as they are less expensive and more widely available than their bromo and iodo 

analogs. 

2.4.3 Chlorobenzene amination scope with aliphatic/aromatic amines.  

A series of 1° amines were tested for cross-coupling reactions using chlorobenzene under the same 

conditions as previously stated (Scheme 2.1). Good TONs were obtained for most 1° amines 

tested. Among the series of linear aliphatic amines (7a–h), there was no clear-cut trend for the 

smaller compounds (7a–c). However, as the amine chain length increased, a rise in TON (from 

173 to 365) was observed (7d–h). All linear aliphatic amines were found to react with 

chlorobenzene to produce the desired products (143–365 TON). Octyl- and decyl-amines yielded 

high TONs of 331 and 365, respectively (7f, h). The steric bulk of the amines was found to 

negatively influence the outcome of the desired products, as t-butylamine produced low TON of 

55 (7i). Similarly, other sterically bulky amines also showed dimished activities (7j, k). Two of 

the amine products (7l, m) were isolated from the reaction mixture for the purpose of 1H and 13C 

NMR analysis and these characterizations are included in the figure A3.  

Reactions of chlorobenzene with alkyl and aromatic 2° amines with varying degrees of 

steric bulk and nucleophilicity were also investigated (Scheme 2.2). Alkyl amines with relatively 

less steric hindrance furnished the desired products with TONs in the range of 156–215 (8a–d, f), 

while more hindered amines showed lower activity, as in the case of diisopropylamine (8e). 
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Scheme 2.1 Pincer nickel catalyzed amination of chlorobenzene with 1° amines. Yields represents an 

average of two runs. TON was measured in GC by using decane as an internal standard.  
 

2.4.4 Scope of substituted aryl jalide amination with aniline 

Establishing optimal conditions for nickel-catalyzed amination of substituted aryl bromides has 

proved challenging, generally requiring complicated catalyst systems and often giving low 

yields.28,29 Indeed, using complex 2-2 with varying ratios of KOtBu gave insignificant conversions. 

However, using 1 eq. of LiHMDS as a base, the desired coupling products were obtained from 

aniline and several substituted aryl bromides in poor to fair yields (3–30% 9a–c, (Scheme 2.3). 

Applying a similar protocol (but using 2 eq. of LiHMDS) to the amination of several 

substituted aryl chlorides catalyzed by 2-2 gave fair to moderate yields of the coupled products 

(7, 21% 10a, b). 

 



48 

 

 

Scheme 2.2 Pincer nickel catalyzed amination of chlorobenzene with 2° amines. Yields represent an 

average of two runs. TON was measured in GC by using decane as an internal standard.  

 

 

Scheme 2.3 Pincer nickel-catalyzed amination of substituted aryl bromides and chlorides with 1° amine. 

Yields represents an average of two runs. TON was measured in GC by using decane as an internal standard. 

10a and 10b, LiHMDS (0.66 mL, 2 equiv. to substrate). 
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2.4.5 Kinetic study of chlorobenzene amination using aniline and catalyst 2-2 

Initial rates of chlorobenzene amination using aniline and KOtBu in DMSO at 110 °C were 

measured with respect to catalyst, aryl chloride, amine and base. Plots of concentrations of 

diphenylamine versus time at various concentrations of amine, catalyst, base, and aryl chloride 

along with their reaction schemes are shown in our publication‘s Supporting Information.32 The 

first observation of note was that no reaction was observed for the first 20–30 min depending on 

the ratio of base to catalyst precursor, suggesting that the active catalyst is slow to form, even at 

110 °C. Plots of the initial amination rate versus time at various concentrations of amine, catalyst, 

base, and aryl chloride are shown in figure A2.4. The results are consistent with a first order rate 

dependence on the concentrations of catalyst and aryl chloride and zero order for the base and 

amine. Similar observations have been reported previously with other Ni catalysts.17 At high 

concentrations of aryl chloride using 2-2, however, the rate is suppressed, likely due to catalyst 

deactivation. 

 

2.5 Proposed Reaction Pathway of Pincer Nickel Complex‑Catalyzed Amination of Aryl 

Halides with Amines. 

As mentioned in the literature for different Ni- and Pd complexes, reactions usually occur via 

oxidative addition of aryl halides followed by reductive elimination from a metal-amido 

intermediate16. While catalysts have been designed to accomplish these steps exclusively through 

Ni(0–II) intermediates17, many Ni(II) pre-catalysts are proposed instead to involve paramagnetic 

Ni(I–III) intermediates in which the base serves as the initial reductant30,31. We propose a similar 

scheme using anionic catalyst 2-2. 

In our reaction system, loss of chloride from 2-2 is likely required before the complex can 

be reduced to the Ni(I) anion, where either amines or KOtBu can reduce the metal by single 

electron transfer process30,31, likely present as the amine complex A (Figure 2.4). Following aryl 

halide oxidative addition, halide elimination would again be required to recoordinate the amine in 

intermediate B. Deprotonation of the coordinated amine will also be favored from the neutral 

Ni(III) intermediate B and subsequent reductive elimination of the product and recoordination of 

the amine regenerates the active Ni(I) catalyst A. The slow reduction of 2-2 to A presumably gives 

rise to the long induction period whereas rate-limiting oxidative addition of the aryl halide is 

consistent with the first order rate dependence on both catalyst and aryl halide. The reaction was 

also performed in the presence of a radical quencher, namely 2,2,6,6-tetramethyl-1-piperidinyloxy 
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(TEMPO) to assess its effect on the rate. The rate of reaction was found to be unaffected in the 

presence of TEMPO. Therefore, it can be inferred that organic radicals are not involved in the 

catalyst cycle. 

2.6 Conclusion 

Nickel pincer-based catalyst 2-2 was used for the first time in C–N cross coupling 

amination of aryl halides with amines. The catalyst is stable and relatively easy to handle under 

atmospheric conditions and after an induction period, low catalyst loading (0.2 mol%) and short 

reaction times afford significant product yields for both 1° and 2° amines with a variety of 

substituted aryl halides. Various amines and aryl halides were examined, and the catalyst 

demonstrated moderate to high TONs (up to 400). Kinetic studies revealed that the reaction  

 

Figure 2.4 Proposed mechanism for the nickel catalyzed amination of aryl halides with amines using 

catalyst 2-2. 
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proceeds with first-order kinetics with respect to catalyst and aryl halide concentrations while 

amine and base concentrations did not affect the overall reaction rate. The proposed reaction 

pathway involves the oxidative addition of aryl halides to the anionic Ni(I) catalyst A and loss of 

halide to give a neutral Ni(III) amine intermediate B. Deprotonation of the coordinated amine in 

B is followed by reductive elimination of the N-arylamine product. The reaction does not proceed 

through organic radical intermediates as revealed by radical quencher studies. In future studies, 

generation, isolation and reactivity of the reduced version of 2-2 will likely be informative. 
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Abstract  
 

Nickel coordination chemistry with a biomimetic thiolate-imine-thioether SNSMe ligand is 

accompanied by diverse reactivity and anionic tridentate ligand dynamics. Reaction of Ni(acac)2 

with two equiv of 2-(methylthio)-phenyl-benzothiazolidine (MPB) affords the bis(arylimino-

phenylene-thiolate) complex Ni(2-SNSMe)2 (3-1; acac = acetylacetonate). Thermolysis of 3-1 in 

refluxing toluene is accompanied by imine C-C bond formation, yielding [Ni(N2S2)]
 (3-2) with a 

redox-active ligand. Protonation of 3-1 with NHTf2 at low temperature released one equiv of MPB, 

yielding crystals of the dimeric dication {[Ni(-3-SNSMe)]2}(NTf2)2 (3-3; Tf = SO2CF3) in high 

yield. In contrast, the same reaction at room temperature gave also paramagnetic complexes {Ni[-

Ni(3-SNSMe)2]2}(NTf2)2 (4-3) and {Ni[-Ni(3-SNSMe)2]3}(NTf2)2 (3-5) that feature coordination 

of two or three pseudo-octahedral, paramagnetic Ni(3-SNSMe)2 units to a central Ni(II) dication 

via thiolate bridges. Remarkably, dissolution of 3-3 in a variety of solvents, including weakly-

coordinating CH2Cl2, rapidly generates a mixture of 3-4 and Ni(NTf)2. This transformation is 

apparently fully reversible as reactions of 3-3 with Lewis bases L gave high yields of dimers 

{[Ni(-3-SNSMe)L]2}(NTf2)2 for L = CNXylyl (3-6a) and {[Ni(-3-SNSMe)]2(-dmpm)}(NTf2)2 

(3-6b; dmpm = bis(dimethylphosphino)methane) or monomers [Ni(3-SNSMe)L](NTf2) for L = 

https://doi.org/10.1021/acs.inorgchem.1c00446
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PMe3 (3-7a), P(OMe)3 (3-7b). Addition of 2 equiv of the strong donor N-heterocyclic carbene 

ligand, IPr, to 3-3, however, led to methylium cation abstraction from the coordinated thioether, 

affording neutral dithiolate complex, Ni(3-SNS)(IPr) (3-8). Reaction products were characterized 

by NMR, IR and UV-vis spectroscopy and mass spectrometry and complexes 3-(1-5), 3-6a,b, 3-

7a and 3-8 by single-crystal X-ray diffraction. 

 

3.2 Introduction  

Transition metal complexes bearing ‘pincer’ ligands tend to exhibit improved thermal stability, 

reactivity and catalytic activity /selectivity when compared to their monodentate analogs.1-5 

Inspired by a plethora of multiple N,S coordination geometries in metallo-enzymes6-9 and their 

synthetic models,10,11 we have been preparing new first row metal SNS complexes (Figure 3.1)12-

16 in order to assess and compare the roles of ‘hard’ amido and ‘soft’ thiolate donors as cooperative 

ligands in catalysis.17  

 
 

Figure 3.1 First row metal SNS thiolate and amido complexes. 

 

The thiolate SNS proligand, 2-(methylthio)-phenyl-benzothiazolidine (MPB; Scheme 3.1), 

is readily prepared in a single step from the appropriate aldehyde and aniline precursors. The S-

But analog prepared by Bouwman et al.18 showed a solution equilibrium between the ‘open’ S-H 

and cyclic N-H tautomers.19 With iron we isolated cationic SNSMe thiolate complexes in which 

two neutral FeII bis(thiolate) units are coordinated to a central Fe2+ ion (Scheme 3.1A).12 In 

contrast, using a neutral Fe precursor bearing an ‘internal’ base yielded not the targeted 

bis(thiolate) complex, but an Fe(N2S3) product due to facile imine C-C bond formation (Scheme 

3.1B). The latter contains a redox-active ligand and proved to be an efficient and selective catalyst 

for hydroboration of aldehydes.14 In contrast, copper complexes with an N-heterocyclic carbene 

ancillary ligand showed 2-SNSMe binding with the thiolate complex also serving as an efficient 

(0.5 mol%, RT) outer-sphere carbonyl hydroboration catalyst (Scheme 3.1C).16 
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In another finding relevant to this work, we showed that electron-rich ancillary ligands led 

to selective Caryl-S bond cleavage with subsequent formation of a coordinated dianionic CNS 

pincer ligand (Scheme 3.2).15,20 

 
 

Scheme 3.1. Synthesis of first row M-SNS thiolate complexes. 

 

 

Scheme 3.2 Selective Caryl-S bond cleavage. 

 

For nickel, there are three relevant previous reports. Bouwman et al. prepared Ni(2-SNSt-Bu)2
 from 

Ni acetate and showed that heating in toluene effected selective C-SBu
t bond cleavage, affording 

dithiolate-bridged [Ni(-3-SNS)]2 presumably by release of isobutene and protonated ligand 

(Scheme 3.3A).18 Using phenylimino-phenylene-thiolate NS ligand, first reported with nickel by 

Kochin et al.,21 Kawamoto and coworkers described the facile thermal conversion of Ni(2-NS)2 

to Ni(N2S2) via imine C-C bond formation22 as discussed above (Scheme 3.3B).14 In later work 
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they extended the aryl ring π-conjugation to prepare near-infrared absorbing dyes.23 In this work 

we detail the nickel coordination chemistry with the SNSMe ligand, including solid state molecular 

structures, reactivity studies and ligand dynamics. 
 

 
 

Scheme 3.3 Ni(II) SNS thiolate complexes. 

 

3.3 Results 

3.3.1 Synthesis and structure of neutral Ni(II) bisthiolate complex 

Synthesis of Ni bis(thiolate) Complex (3-1): Treatment of Ni(acac)2 with 2 equiv of the MPB 

proligand afforded Ni(2-SNSMe)2 (3-1) as an air-stable red solid (Scheme 3.4; acac = 

acetylacetonate). 

 

 

Scheme 3.4 Synthesis of Ni bis(thiolate) complex 1. 

 

The molecular structure of 3-1 determined by single crystal X-ray diffraction shows a 

distorted square planar (12.2(1)° twist between the two N-Ni-S planes vs. 18.6(3)° in the S-But 

analog)18 geometry about Ni with cis-thiolate and imine donors (Figure 3.2). The N-Ni-S bite 

angles average 86.6° with the bulkier N centers giving rise to a N-Ni-N angle of 100.0°. The 

arylimino groups are located on the same side of the NiN2S2 unit with a face-to-face interaction 

between the aryl rings as seen in the Ni(SN)2 complex.21,22 The Ni-S and Ni-N bond distances are 

within normal ranges for four-coordinate imino-thiolate complexes.25,26 
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Figure 3.2 Molecular structure of 3-1. H atoms are omitted for clarity. Selected bond lengths (Å) and 

angles (deg) can be found in Table 3.1. 
 

Bond Lengths (Å)  Bond Angles (deg)  

Ni−S(1) 2.174 (7) S(1)-Ni-S(3) 87.96(3) 

Ni−S(3) 2.170(7) S(1)-Ni-N(1) 86.52(6) 

Ni-N(1) 1.944(2) S(1)-Ni-N(2) 169.38(6) 

Ni-N(2) 1.939(2) S(3)-Ni-N(1) 170.14(6) 

  S(3)-Ni-N(2) 86.59(6) 

  N(1)-Ni-N(2) 100.1(8) 

Table 3.1 Selected bond lengths (Å) and angles (deg) for 3-1. 

 

The 1H NMR spectrum of 3-1 is consistent with effective C2 symmetry, giving rise to a 

single imine C-H resonance at  8.4 and just 8 different aryl H resonances, including one doublet 

at low field ( 10.4, 2JHH = 7 Hz) (Figure A3.1). A similar resonance at  10.95 for the S-But 

analog18 was suggested to be due to interaction with the Ni dz2 orbital, as observed in the solid-

state structure (avg. Ni-H = 2.55 Å vs 2.58 Å for Ni-H(10,24) and 2.42 Å in the Ni(SN)2 

complex).22  

 

3.3.2 Synthesis and comparison of neutral Ni(II)(S2N2) thiolate complex 

Thermolysis of 3-1: For the previously reported Ni(SN)2 complex, conversion to the Ni(N2S2) 

product (Scheme 3.3 B) was achieved after 1 d in DCM at room temperature or 10 min at toluene 

reflux in yields of 30 and 56%, respectively.22 In contrast, 3-1 is stable under ambient conditions 

and conversion to the analogous Ni(N2S2) complex 3-2 required 12 h at toluene reflux to obtain 

just a 20% yield (Scheme 3.5). The molecular structure of 3-2 is similar to that determined by 

Kawamoto et al.22 (Figure A3.2). The 1H NMR spectrum of 3-2 includes a singlet at 7.1 ppm 

due to the backbone hydrogens. The ground state electronic structure of 3-2 (S = 0) is in contrast  
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Scheme 3.5 Synthesis of Ni(N2S2) complex 3-2.  

 

to that of the isoelectronic [Co(N2S2)]
- anion which has a doublet ground state, suggesting that the 

two ligand-based electrons in the redox-active ligand constitute a singlet diradical (i.e.  and 

spins) in 3-2. A full analysis of the electronic structure of 3-2 and its two reduced spin states will 

appear in chapter 4. 

3.3.3 Synthesis of di- (3-3), tri- (3-4) and tera- (3-5) nuclear nickel thiolate complexes 

Protonolysis of 1: In previous work, we showed that protonation of the Fe SNS bis(amido) 

complex occurs at nitrogen, facilitating SMeNHSMe ligand loss and providing access to cationic 

[Fe(SMeNSMe)Ln]
+ complexes with ancillary ligands L.13 Protonation of 3-1 with one equiv of 

bis(trifluoromethane)-sulfonimide, NHTf2 at -35°C in a toluene-DCM solvent mixture occurs at 

sulfur with subsequent release of the MPB proligand and precipitation of dinuclear thiolate-

bridged complex {[Ni(-3-SNSMe)]2}(NTf2)2 (3-3; Tf = SO2CF3; (Scheme 3.6)(Figure A3.5 & 

A3.6). In contrast, protonation of 3-1 at room temperature also afforded two crystalline  

 

 

Scheme 3.6 Protonation of 3-1 to give dinuclear thiolate-bridged complex 3-3 or a mixture of 3-4 and 3-5 
 

paramagnetic products shown by X-ray diffraction to be tri- and -tetranuclear 

{Ni[Ni(3SNSMe)2]2}(NTf2)2 (3-4) and {Ni[-Ni(3-SNSMe)2]3}(NTf2)2 (3-5). Alternatively, the 
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triflate salts 3-4’ and 3-5’ can be generated by treating Ni(OTf)2 with 2 equiv and excess (ca. 5 

equiv) of 3-1, respectively (Figure A3.12).  

The molecular structure of dication 3-3 (Figure 3.3) consists of two distorted square planar 

Ni centers (N,S bite angles of 5- and 6-membered rings = 80 and 96.5 °) linked by a bent dithiolate 

bridge (angle between best NiNS3 square planes is 103°), resulting in a fairly short Ni-Ni distance 

[2.792(5) Å]. The 3-SNSMe ligand is meridionally coordinated (S-Ni-S = 172.4(3) °). As in 

Bouwman’s neutral dithiolate complex,18 the Ni-Sthiolate bond distances trans to the imine N (avg 

2.200(6) Å) are longer than those trans to thioether (avg 2.178(8) Å).  

The molecular structures of 3-4 and 3-5 feature central NiS4 and NiS6 units coordinated by two 

and three Ni bis(thiolate) metalloligands (Figs 3.4 and 3.5).26 The progressive flattening of the 

NiS2Ni bridges is accompanied by longer central Ni-S bonds going from 3-3 (avg 2.18 Å) to 3-4 

 

Figure 3.3 Molecular structure of 3-3 showing bent bridge. NTf2 counter-ion and H atoms are omitted for 

clarity. Selected bond lengths (Å) and angles (deg) can be found in Table 3.2. 
 

Bond Lengths (Å)  Bond Angles (deg)  

Ni(1)…..Ni(2) 2.792(5) S(2)-Ni(2)-S(3) 80.0(2) 

Ni(1)−S(1) 2.178(8) S(2)-Ni(2)-S(4) 94.2(2) 

Ni(1)-S(2) 2.171(8) S(2)-Ni(2)-N(2) 167.7(5) 

Ni(1)-S(3) 2.204(6) S(3)-Ni(2)-S(4) 172.4(3) 

Ni(1)-N(1) 1.90(1) S(3)-Ni(2)-N(2) 89.8(5) 

Ni(2)-S(2) 2.196(6) S(4)-Ni(2)-N(2) 96.5(5). 

Ni(2)-S(3) 2.165(7)   

Ni(2)-S(4) 2.163(6)   

Ni(2)-N(2) 1.94(2)   

Table 3.2 Selected bond lengths (Å) and angles (deg) for 3-3. 
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(avg 2.23 Å) and 3-5 (avg 2.45 Å). Moreover, the imines trans to thiolate in 3-3 lead to shorter Ni-

N bond distances (avg 1.92(2) Å) as compared to those with trans imine donors in 3-4 (avg 

2.057(3) Å) and 3-5 (avg 2.126(8) Å).  

 

Bond Lengths (Å)  Bond Angles (deg)  

Ni(1)…..Ni(2) 3.313(1) S(1)-Ni(2)-S(2) 166.90(4) 

Ni(1)-S(1) 2.246(1) S(1)-Ni(2)-S(3) 82.82(4) 

Ni(1)-S(3) 2.226(1) S(1)-Ni(2)-S(4) 94.78(4) 

Ni(2)-S(1) 2.357(1) S(1)-Ni(2)-N(2) 93.76(9) 

Ni(2)-S(2) 2.431(1) S(1)-Ni(2)-N(1) 86.17(9) 

Ni(2)-S(3) 2.369 (1) N(1)-Ni(2)-N(2) 177.7(1) 

Ni(2)-S(4) 2.420 (1)   

Ni(2)-N(1) 2.062(3)   

Ni(2)-N(2) 2.052(3)   

Table 3.3 Selected bond lengths (Å) and angles (deg) for 3-4. 

 

The diamagnetic nature of 3-3 was confirmed by its solid state 13C{1H} NMR spectrum 

(Figure A3.5). In contrast, dissolution of 3-3 in a number of solvents, including weakly  

 

 

Figure 3.4. Molecular structure of 3-4. NTf2 

counter-ion and H atoms are omitted for clarity. 

Selected bond lengths (Å) and  

angles (deg) can be found in Table 3.3. 

 

Figure 3.5. Molecular structure of 3-5. NTf2 

counter-ion and H atoms are omitted for clarity. 

Selected bond lengths (Å) can be found in Table 

3.4. 
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Table 3.4 Selected bond lengths (Å) for 3-5. 

 

coordinating CH2Cl2, gave broad resonances in the 1H NMR spectrum that were identical to those 

due to 3-4 (Figure 3.6). Although several of the resonances sharpened and shifted on cooling to (-

30 °C), no evidence for diamagnetic 3-3 was provided. Moreover, melting a heterogeneous mixture 

of solid 3-3 and frozen acetone-d6 in the NMR probe at -75°C gave only 3-4 after just a few minutes 

of data collection (Fig. A3.14).  

3.3.4 Solution dynamics of (3), (4) and (5) complexes 

Conversion of 3-3 to 3-4 upon dissolution involves an increase of the ligand:Ni ratio from 1:1 to 

4:3, suggesting some formation of Ni(NTf)2 (Scheme 3.7). Attempts to further elucidate this 

dynamic process using UV-Vis spectroscopy met with limited success (Fig. A3.10). An alternate 

stoichiometric route to trinuclear 3-4 involving reaction of 3-3 with 3-1 also gave a small amount 

of 3-5 which has a ligand:Ni ratio of 6:4 (Fig.A3.13). The latter could also be obtained by reaction 

of 3-3 with one equiv of the (SNSMe)- anion (Fig. A3.15).  

 

 

Figure 3.6 300 MHz 1H NMR spectra of 3-4 obtained by dissolution of 3-3 in acetone-d6. * toluene, DCM 

and THF solvents. 
 

22 oC

-30 oC

*

*

* *

*

Bond Lengths (Å)  

Ni(1)…..Ni(2) 3.475 

Ni(1)-S(1) 2.459(2) 

Ni(1)-S(3) 2.438(2) 

Ni(2)-S(1) 2.390(2) 

Ni(2)-S(2) 2.511(2) 

Ni(2)-S(3) 2.359(3) 

Ni(2)-S(4) 2.434(4) 

Ni(2)-N(1) 2.144(8) 

Ni(2)-N(2) 2.108(8) 
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The equilibrium between the dications of 3-4 and 3-5 was confirmed by reactions of 

[Ni(NCMe)4](OTf)2 with 3-1 (Fig. A3.12). Finally, reaction of [Ni(NCMe)4](OTf)2 with one equiv 

of Na(SNSMe) gives product 3-4 directly (Fig. A3.15) as with the iron reaction shown in Scheme 

1. Unlike Fe, however, addition of a second equivalent of ligand cleanly affords bis(thiolate) 

complex 3-1. 

 

Scheme 3.7 Ligand dynamics of complexes 3-3, 3-4 and 3-5. 
 

3.3.5 Reactivity of 3-3 with co-ligand Ar-NC  

In spite of the observed rapid conversion of 3-3 to 3-4 in solution, addition of donor ligands L to 

dicationic Ni dimer 3-3 afforded several classes of well-defined products depending on the nature 

of L. Treatment of 3-3 with two equiv of 2,6-dimethylphenyl isonitrile gave dinuclear{[Ni(-3-

SNSMe)L]2}(NTf2) (3-6a) in 62% yield (Scheme 3.8). The molecular structure of 3-6a consists of 

square bipyramidal nickel centers with a planar bis(thiolate) bridge and isonitrile ligands trans to 

imine nitrogens on opposite sides of the NiS2Ni bridge (Figure 3.7).  
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Scheme 3.8. Synthesis of dinuclear, thiolate-bridged Ni isonitrile complex 3-6a.  
 

 

Figure 3.7 Molecular structure of 3-6a. NTf2 counter-ion and H atoms are omitted for clarity. Selected 

bond lengths (Å) and angles (deg) can be found in Table 3.5 
 

Bond Lengths (Å)  Bond Angles (deg)  

Ni(1)−S(1) 2.1925(8) S(1)-Ni(1)-S(2) 166.41(3) 

Ni(1)-S(2) 2.1883(8) S(1)-Ni(1)-S(2’) 98.97(2) 

Ni(1)-S(2’) 2.1904(8) S(1)-Ni(1)-N(1) 88.61(6) 

Ni(1)-N(1) 1.924(2) S(2)-Ni(1)-N(1) 88.92 

Ni(1)-C(15) 1.823(2) S(2)-Ni(1)-S(2’) 94.42(2) 

  N(1)-Ni(1)-S(2’) 90.71(6) 

  Ni(1)-S(2)-Ni(1) 85.58(2) 

Table 3.5 Selected bond lengths (Å) and angles (deg) for 3-6a. 

 

3.3.6 Reactivity of 3-3 with co-ligand dmpm  

Addition of chelating bis(phosphine) dmpm to 3-3 gave dinuclear complex {[Ni(-3-SNSMe)]2(-

dmpm)}(NTf2)2 (3-6b; dmpm = bis(dimethylphosphino)methane; Scheme 3.9) in 84 % yield. The 
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molecular structure of 3-6b also consists of a planar NiS2Ni bridge with P trans to imine N that are 

now on the same side of the bridge (Figure 3.8). 

 

 
 

Scheme 3.9. Synthesis of dmpm-bridged dinuclear Ni thiolate complex 3-6b. 

 

 
 

Figure 3.8Molecular structure of 3-6b. NTf2 counter-ion and H atoms are omitted for clarity. Selected 

bond lengths (Å) and angles (deg) can be found in Table 3.6. 
 

Bond Lengths (Å)  Bond Angles (deg)  

Ni(1)−Ni(2) 3.158(2) S(3)-Ni(2)-S(4) 171.50(9) 

Ni(1)-S(1) 2.191(2) S(3)-Ni(2)-P(2) 91.40(9) 

Ni(1)-S(2) 2.179(2) S(3)-Ni(2)-N(2) 93.4(2) 

Ni(1)-S(4) 2.850(3) S(4)-Ni(2)-P(2) 85.89(9) 

Ni(1)-P(1) 2.190(2) S(4)-Ni(2)-N(2) 88.2(2) 

Ni(1)-N(1) 1.954(6) P(2)-Ni(2)-N(2) 170.6(2) 

Ni(2)−S(2) 2.846(3) Ni(1)-S(1)-Ni(2) 76.62(7) 

Ni(2)-S(3) 2.192(2)   

Ni(2)-S(4) 2.176(2)   

Ni(2)-P(2) 2.191(2)   

Ni(2)-N(2) 1.952(6)   

Table 3.6 Selected bond lengths (Å) and angles (deg) for 3-6b. 
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3.3.7 Reactivity of 3-3 with co-ligands PMe3 and P(OMe)3 

Addition of monodentate ligands to 3-3 afforded mononuclear cationic thiolate complexes [Ni(3-

SNSMe)L](NTf2) with L = PMe3 (3-7a; 80%), P(OMe)3 (3-7b; 73%) (Scheme 3.10). The molecular 

structure of 3-7a consists of a distorted square planar geometry about nickel with S-Ni-N bite 

angles of 88.7(1) and 93.1(1)° for the 5- and 6-membered rings and a short Ni-Sthiolate distance of 

2.154(2)Å. (Figure 3.9). 

 

 
 

Scheme 3.10. Synthesis of mononuclear Ni thiolate cations. 
 

 
 

Figure 3.9. Molecular structure of the cation of (3-7a). NTf2 counter-ion and H atoms are omitted for 

clarity.  Selected bond lengths (Å) and angles (deg) can be found in Table 3.7 

 

Bond Lengths (Å)  Bond Angles (deg)  

Ni-S(1) 2.182(1) S(1)-Ni-S(2) 173.33(5) 

Ni-S(2) 2.154(2) S(1)-Ni-P 92.59(5) 

Ni-P 2.188(1) S(1)-Ni-N 93.06(9) 

Ni-N 1.954(3) S(2)-Ni-P 85.91(5) 

  S(2)-Ni-N 88.7(1) 

  P-Ni-N 173.9(1) 

Table 3.7 Selected bond lengths (Å) and angles (deg) for 3-7a. 
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3.3.8 Reactivity of 3-3 with NHC co-ligand IPr 

In contrast to the P-donor ligands, addition of the NHC ligand IPr (1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene) to complex 3-3 afforded a mixture of products. Using 2 

equiv of IPr per Ni, however gave a clean reaction that resulted in selective S-CMe cleavage, 

forming neutral complex [Ni(3-SNS)(IPr)] (3-8) in good yield along with [N-Me-IPr]NTf2 

(Scheme 3.11). 

 

 
 

Scheme 3.11 Synthesis of neutral NHC Ni bis(thiolate) complex 3-8. 
 

 

The molecular structure of 3-8 exhibits a similar distorted square planar geometry to that of 3-7a 

with similar Ni-Sthiolate bond distances and a somewhat shorter Ni-N distance (1.915(6) vs 

1.954(3)Å; Figure 3.10). 

 
 

Figure 3.10. Molecular structure of (3-8). H atoms are omitted for clarity. Selected bond lengths (Å) and 

angles (deg) can be found in Table 3.8. 
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Bond Lengths (Å)  Bond Angles (deg)  

Ni-S(1) 2.164(4) S(1)-Ni-S(2) 173.7(2) 

Ni-S(2) 2.153(4) S(1)-Ni-N 88.9(2) 

Ni-C 1.910(4) S(1)-Ni-C 90.7 

Ni-N 1.915(6) S(2)-Ni-N 97.1(2) 

  S(2)-Ni-C 83.3(2) 

  N-Ni-C 179.6(3) 

Table 3.8 Selected bond lengths (Å) and angles (deg) for 3-8. 

 

3.4 Discussion 

Comparing the rich coordination chemistry of d8 Ni SNS thiolate complexes to that of the d6 Fe 

analogs reveals a number of stark differences. The pseudo-octahedral Fe bis(thiolate) moiety has 

only been accessed as components of the trinuclear dication as attempts to prepare it directly 

yielded instead the Fe(N2S3) complex exclusively (Scheme 3.1).12,28 In contrast, the Ni 

bis(thiolate) complex is stable as a distorted square planar complex with uncoordinated SMe 

donors. Upon protonation, however, loss of one MPB proligand affords crystals of the thiolate-

bridged dinuclear dication 3-3 with 3-SNSMe meridional coordination – a similar structure to 

Bouwman’s neutral Ni dithiolate dimer (Scheme 3.3).18 Remarkably, dissolution of crystals of   

..3-3 even in weakly-coordinating solvents such as DCM drives its conversion to an analogous 

trinuclear complex in which now two paramagnetic, pseudo-octahedral Ni bis(thiolate) moieties 

coordinate to a square planar Ni2+ cation. Indeed, the minimal steric requirements of the Ni 

bis(thiolate) unit even permit formation of the tetranuclear dication that includes an octahedral 

central NiS6 unit. These ligand dynamics require formation of a ‘naked’ anion-stabilized Ni center 

as demonstrated by reactions of [Ni(NCMe)4](OTf)2 with neutral Ni bis(thiolate) complex 3-1 to 

generate multinuclear complexes 3-4’ and 3-5’. Moreover, reaction of [Ni(NCMe)4](OTf)2 with 

one equivalent of Na(SNSMe) affords 3-4 directly, just as observed for the Fe system.12 

Intermolecular dynamics of multidentate, anionic ligands have been little studied, especially for 

their potential role in homogeneous catalysis.      

 The reactivity of these Ni SNS thiolate complexes can be compared to those introduced 

previously. Inclusion of the SMe group prevented thermal C-S bond cleavage to the dithiolate 

ligand as seen for Bouwman’s SBut analog.18 It is surprising that inclusion of the ortho-SMe group 

has such a stabilizing effect on the Ni bis(thiolate) complex (relative to Ni(SN)2 that slowly 
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converts to Ni(N2S2) via imine C-C bond formation even at 25°C).21 While these isomerizations 

are also accompanied by side-reactions that limit reaction yields (56% from Ni(SN)2 and just 25% 

from 3-1), work in the next chapter shows that this coupling can be effected quantitatively upon 

1e- reduction of 3-1. 

Although we were unable to detect any diamagnetic 3-3 in solution, the fact that it can be 

recrystallized from concentrated DCM suggests that its conversion to 3-4 is reversible. 

Nonetheless, ancillary ligand additions may proceed directly from 3-4 as observed previously with 

Fe which also gave both mono- and dinuclear thiolate complexes.12 With the most electron-rich 

NHC ligand, however, demethylation of the coordinated thioether affords neutral dithiolate 

complex 3-8, returning us once again to Bouwman’s results,18 albeit presumably proceeding by a 

different C-S bond cleavage mechanism.29 Note that this selective C-SMe bond cleavage contrasts 

with the C-Saryl bond cleavage depicted for electron-rich Fe15 and Co precursors20 in Scheme 3.2. 

 

3.5 Conclusion 
 

   The work reported herein reveals further the versatility of the simple thiolate-imine-thioether 

tridentate SNS pincer ligand. Protonation of the 2-bis(thiolate) Ni complex 3-1 affords the dimeric 

3-thiolate bridged dication 3-3 that exhibits a similar structure as Bouwman’s neutral dithiolate 

dimer. Addition of a variety of ligands to 3-3, greatly expands the ancillary ligand coordination 

chemistry of these SNS ligand complexes which differ from their pseudooctahedral Fe 

analogues.12 Using a strong donor N-heterocyclic carbene ligand, we demonstrated an alternate S-

C bond cleavage pathway to the one known, allowing access to additional complexes containing 

Bouwman’s dianionic dithiolate pincer ligand. Most remarkably, we showed that 3-3 undergoes 

facile anionic tridentate ligand dynamics in which coordination of the hemilabile thioether donor 

constructs multimetallic, thiolate-bridged arrays containing paramagnetic, pseudooctahedral Ni(II) 

centers. Although there are a number of studies of bidentate anionic ligand dynamics such as 

carboxylates,30 such studies with tridentate X-ligands are rare.31 

    With a variety of neutral and cationic Ni SNS thiolate complexes in hand with ancillary ligands 

ranging from strong donors to powerful -acceptors, we are currently in the process of 

investigating their potential as homogeneous catalysts for reductive transformations.  
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3.6 Experimental Section 

3.6.1 General Considerations All experiments were carried out under nitrogen, using a Schlenk 

line or an MBraun glovebox unless otherwise stated. All solvents were deoxygenated by purging 

with nitrogen. Toluene, hexanes, diethyl ether, and THF were dried on columns of activated 

alumina using a J. C. Meyer (formerly Glass Contour) solvent purification system. Anhydrous 

benzene (Aldrich), C6D6 and acetone-d6 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)-benzaldehyde24 and the SNHSMe (MPB) proligand12 were 

prepared according to literature procedures. Other chemicals were used as obtained commercially: 

2-(methylthio)-aniline (Alfa Aesar, 98%), Ni(acac)2 (Oakwood chemical, 95%), 2,6-

dimethylphenyl isonitrile (CNxylyl, Aldrich, 96%), bis(dimethylphosphino)methane (dmpm, 

Strem, 98%), trimethylphosphite [P(OMe)3, Strem, 97%], trimethylphosphine [PMe3, Strem, 

98%], trifluoromethane sulfonimide (NHTf2, Aldrich >95%) and 1,3-bis(2,6-

diisopropylphenyl)imidazolium chloride (IPr•HCl, Aldrich, 97%). 1H, 19F, and 31P NMR spectra 

were recorded on a 300 MHz Bruker Avance or Avance II instrument at room temperature (21−25 

°C) and 13C{1H} NMR and MAS NMR spectra were recorded on a 500 MHz Bruker Avance 

instrument. 13C and 1H NMR spectra were referenced respectively to solvent carbons and residual 

protons (C6D6, δ 7.15; CDCl3, δ 7.26) with respect to tetramethylsilane at δ 0.00. 19F and 31P NMR 

chemical shifts were referenced to external CFCl3 and H3PO4 at 0 ppm. UV−vis spectra were 

recorded on an Agilent Cary 7000 universal measurement spectrophoto-meter. IR data were 

collected on a Thermo Scientific Nicolet 6700 FT-IR spectrometer. 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 or dichloro-methane. 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). Elemental analyses were performed by University of 
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Guelph Elemental Analysis service (all charged products gave poor results likely due to incomplete 

combustion of the (NTf2)
- anion).  

3.6.2 X-ray Crystallographic Details. Crystallographic data collection and processing were 

performed via the X-Ray Core Facility at the University of Ottawa. Crystals were mounted on 

MiTeGen sample holders using Parabar oil. Data were collected on a Bruker Smart (3-1, 3-4, 3-

6a,b, 3-7a and 3-8) or Kappa (3-2, 3-3 and 3-5) diffractometer equipped with an ApexII CCD 

detector and a sealed-tube Mo K source (λ = 0.71073 A). During collection, crystals were cooled 

to approx. 200 K. Sample cooling was effected via a refrigerated, dry compressed air stream. Raw 

data collection and processing were performed with the Apex3 software package from Bruker.31 

Initial unit cell parameters were determined from 36 data frames from select ω scans. Semi-

empirical absorption corrections based on equivalent reflections were applied.32 Systematic 

absences in the diffraction data-set and unit-cell parameters were consistent with the assigned 

space group. Compound 3 crystallized as a non-merohedral twin. The twin law was discovered 

using CELL_NOW,33 and accounted for in the absorption correction via twinabs.34 The twin law 

was also accounted for and twin fractions refined during final refinements. The initial structural 

solutions for all structures were determined using ShelxT direct methods,35 and refined with full-

matrix least-squares procedures based on F2 using ShelXle.36 Carbon and nitrogen-based hydrogen 

atoms were placed geometrically and refined using a riding model, all other hydrogen atoms were 

placed via the difference map and refined with restraints. Structures of complexes 4 and 5 

contained solvent molecules which could not be rationalized by the XRD data. The electron density 

was thus accounted for using Squeeze.37 

3.6.3 Synthesis of NiII(2-SNSMe)2 (3-1). A 50 mL round-bottom Schlenk flask was charged with 

Ni(acac)2 (149 mg, 0.58 mmol) in 10 mL of THF and a solution of the MPB proligand (300 mg, 

1.16 mmol) in 20 mL of THF was added dropwise. The color changed rapidly from green to red-

brown. After stirring for 12 h at 60 °C, the solvent was removed under vacuum. The resulting red 

solid was then washed with hexane (3 X 5 mL), benzene (3 X 5 mL) and dried in vacuum yielding 

255 mg (77 %). Crystals of (3-1) suitable for X-ray crystallography were obtained from a 

concentrated DCM solution at −35 °C. 1H NMR (300 MHz, CDCl3) δ 10.70 (d, 7, 1H, Ar-H), 8.87 

(br s, imine C-H), 7.40 (d, 7, 1H, Ar-H), 7.32 (tr, 7.5, 1H, Ar-H), 7.24 (d, 1H, Ar-H), 6.98 (tr, 7, 

1H, Ar-H), 6.75 (tr, 7, 1H, Ar-H), 6.67 (tr, 7, 1H, Ar-H), 6.31 (d, 8,1H, Ar-H), 2.66 (s, 3H, S−CH3) 

(Fig. A3.1). 13C{1H} NMR (125.8 MHz, CDCl3) δ 165.0, 150.8, 145.0 (C=N), 139.8 (br), 133.6, 
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131.8, 131.3, 129.0 (br), 127.6 (br), 126.1, 121.5, 117.4, 17.2 (S-CH3) (Fig. A3.2). Anal. Calcd for 

C28H24N2NiS4: C, 58.44; H, 4.20; N, 4.87. Found: C, 58.33; H, 4.45; N, 5.10. 

3.6.4 Synthesis of Ni(N2S2) (3-2). A solution of 100 mg, 0.17 mmol) 3-1 in 15 mL of toluene was 

heated at reflux overnight under N2 with no noticeable color change. The solvent was removed 

under vacuum and the resulting residue dissolved in ca. 5 mL of dichloro-methane and filtered. 

The filtrate was then purified by chromatography on silica gel eluting with DCM to provide 25 mg 

of violet solid (3-2) (25% yield). Single crystals were obtained from concentrated DCM by 

layering with hexane at -35 oC. 1H NMR (500 MHz, C6D6) δ 7.56 (ov mult, 4H, Ar-H), 7.46 (dd, 

8, 1, 2H, Ar-H), 7.10 (s, 2H, backbone C-H), 7.04 (d, 8, 2H, Ar-H), 6.76 (tr d, 7.5, 1, 2H, Ar-H), 

6.62 (ov mult, 4H, Ar-H), 6.36 (tr d, 7.5, 1, 2H, Ar-H), 2.12 (s, 6H, S−CH3) (Fig. A3.3).13C{1H} 

NMR (126 MHz, C6D6) δ 162.7 (Ar−C=N), 161.1 (Ar−C=N), 142.9 (Ar−C), 137.5 (Ar−C), 131.9 

(Ar−C), 126.7 (Ar−C), 126.1 (Ar−C), 123.1 (Ar−C), 120.6 (Ar−C), 79.2 (backbone C), 17.4 (S-

CH3) (Fig. A3.4).Anal. Calcd for C28H24N2NiS4: C, 58.44; H, 4.20; N, 4.87. Found: C, 58.16; H, 

5.11; N, 4.79. 

3.6.5 Synthesis of {[Ni(-3-SNSMe)2}(NTf2)2 (3-3). A 20 mL scintillation vial was charged with 

3-1 (100 mg, 0.17 mmol) in 2 mL of DCM cooled to -35 oC. To this cooled solution, was added 

dropwise 49 mg (0.17 mmol) of bis(trifluoromethane)sulfonimide, NHTf2, in 8 mL of toluene.  

The resulting bright brown solution was stirred for 2 h at room temperature with precipitation of 

red solid 3 that was filtered, washed with toluene (3 X 10 mL) and dried in vacuum to give 97 mg 

(88 %). Crystals of 3-3 suitable for X-ray crystallography were obtained from a concentrated DCM 

solution at −35 °C.  Selected 1H NMR resonances (actually due to 3-4; 300 MHz, acetone-d6) δ 

15.8 (br s, 4H), 14.5 (br s, 4H), 9.9 (ov br s, 8H), 3.8 (br m, 4H), 1.9 (br s), -1.8 (br s, 4H), -3.3 (br 

s, 4H) (Fig. A3.5). 13C{1H} MAS NMR (126 MHz, Fig. S6) δ 166.9 (ov s), 157.5 (ov s), 142.0 (ov 

s), 140.2 (ov s), 136.1 (ov s), 134.4 (ov s), 133.0 (ov s), 132.1 (ov s), 130.3 (ov s), 124.8 (s), 123.6 

(ov s), 121.1 (ov s), 26.4 (ov s, S-CH3) (Fig. A3.6). MS: [M+-2Me] 601.9 Calcd 601.910 (Fig. S8) 

and [Ni(SNSMe)]+ 315.736 Calcd 315.977 (Fig. A3.8). 

3.6.6 Isolation of {Ni[-Ni(3-SNSMe)2]2}(OTf)2 (3-4’) and  {Ni[-Ni(3-SNSMe)2]3}(OTf)2 (3-

5’. A A 20 mL vial was charged with 3-1 (100 mg, 0.17 mmol) in 15 mL of DCM and to this 

solution was added a solution of [Ni(MeCN)4](OTf)2 (0.5 equiv for 3-4’ and 0.2 equiv for 3-5’) in 

5 mL of DCM. No significant color change was observed. The resulting brown solution was stirred 

for 2 h at room temperature and the solvent was removed under vacuum. The remaining red solid 
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was washed with benzene (3 X 10 mL) and hexane (2 X 10 mL) and dried to obtain 75 mg (72%) 

and 52 mg (80 %) yield of complex 3-4’ and 3-5’, respectively. Selected 1H NMR resonances for 

3-4’ (300 MHz, acetone-d6) δ 15.84 (br, s), 14.55 (br,s), 10.07 (br, s), 7.55 (br, s), 6.76 (br, s), 6.43 

(s), -0.83 (br, s), -1.89 (br, s), -3.47 (br, s), -4.34 (br, s) (Figure A3.12). 19F NMR (282 MHz, 

acetone-d6) -78.5 ppm (br, s, OTf) (Fig. A3.12).Selected 1H NMR resonances for 3-5’ (300 MHz, 

acetone-d6) δ 15.8 (br s), 7.53 (br s), 6.75 (br s), 6.4 (br s), -0.79 (br, s), -4.32 (br s).  

3.6.7 Reaction of complex (3-3) with (3-1). To an NMR tube charged with a purple solution of 

(3-1) (10 mg, 0.017 mmol) in 0.5 mL of acetone-d6 was added (3-3) (10 mg, 0.016 mmol, 1.0 

equiv). The NMR tube was shaken continuously for 10 min affording a dark red solution that was 

characterized by 1H NMR spectroscopy (Fig. A3.13). 

3.6.8 Reaction of complex (3-3) with Na(SNSMe). A 10 mL scintillation vial was charged with 

11.0 mg of SMeNHS ligand (0.04 mmol) in 10 mL of THF. To this solution was added 4 mg NaOtBu 

(0.04 mmol) in 3 mL of THF. The resulting yellow/brown solution was stirred for 30 min and 

solvent was removed under vacuum. The residue was dissolved in 0.4 mL of acetone-d6 and added 

to an NMR tube containing 24 mg of 3-3 (0.04 mmol) in 0.4 mL of acetone-d6 yielding a red 

solution. Continuous shaking of the NMR tube for 10 min gave a red solution that was 

characterized by 1H NMR spectroscopy (Fig. A3.15). 

3.6.9 Synthesis of {[Ni(-3-SNSMe)(CNxylyl)]2}(NTf2)2 (3-6a). A 20 mL scintillation vial was 

charged with 3-3 (100 mg, 0.16 mmol) in 10 mL of DCM and 41 mg (0.32 mmol) of 2,6-

dimethylphenylisonitrile in 3 mL of DCM was added dropwise using a micro-syringe. The red 

solution was stirred for 12 h after which the solvent was removed and the remaining red solid 

washed with hexane (3 X 10 mL) and cold diethyl ether (4 X 15 mL). Drying under vacuum gave 

92 mg (62%). Crystals suitable for X-ray diffraction were obtained by layering hexane on a 

concentrated dichloromethane solution at room temperature. 1H NMR (300 MHz, acetone-d6) δ 

8.21 (br s, 2H), 7.51 (br s, 2H), 7.36 (br s, 2H), 7.13 (ov br s, 4H), 6.91 (br s, 2H), 6.65 (ov s, tr, 

4H), 6.52 (d, 7, 6H, CNAr-H), 6.31 (br s, 2H), 2.54 (s, 6H, S-CH3), 1.72 (s, 6H, CNAr-CH3), 1.27 

(s, 6H, CNAr-CH3) (Fig. A3.16). 19F NMR (282 MHz, acetone-d6) δ −78.6 (br, s, NTf2). ESI-MS 

[Ni(SNSMe)(CNAr)]+ 447.0491 Calcd 447.0500 (Fig. A3.17). 

3.6.10 Synthesis of {[Ni(-3-SNSMe)]2(-dmpm)}(NTf2)2 (3-6b). A 20 mL scintillation vial was 

charged with 3-3 (20 mg, 0.03 mmol) in 20 mL of DCM and bis(dimethylphosphino)methane (4 

mg, 0.03 mmol) was added dropwise using a micro-syringe. The resulting red solution was stirred 
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for 12 h, the solvent was removed under reduced pressure and the remaining red solid was washed 

with hexanes (3 X 10 mL) and cold diethyl ether (4 X 15 mL) and dried under vacuum to yield 20 

mg (84%). Crystals suitable for X-ray diffraction were grown from concentrated DCM layering 

with pentane solution at -35 °C. 1H NMR (300 MHz, CDCl3) δ 8.62 (br s, 2H), 7.72 (ov mult, 4H), 

7.55 (br, 2H), 7.44 (br, 4H), 7.03 (ov mult, 4H), 6.75 (d, 7.5, Ar-H), 4.44 (br, s), 3.12 (br, s), 2.50 

(br, m), 1.96 (br, d), 1.72 (br, m) (Fig. A3.18). 31P{1H} NMR (121 MHz, CDCl3) -45.5 ppm (s) 

(Fig. A3.19). 19F NMR (282 MHz, acetone-d6) -78.6 ppm (br, s, NTf2). ESI-MS [M-Me]+ 752.9844 

Calcd 752.9865 (Fig. A3.20). 

 

3.6.11 Synthesis of [Ni(3-SNSMe)(PMe3)](NTf2), (3-7a). A 20 mL scintillation vial was charged 

with 3-3 (80 mg, 0.13 mmol) in 15 mL of DCM. To this solution, trimethylphosphine (19 mg, 0.25 

mmol) was added dropwise using a micro-syringe. The resulting red solution was stirred for 2 h 

after which the solvent was removed and the red solid product was washed with cold diethyl ether 

(3 X 2 mL) and hexanes (3 X 3 mL). Drying in vacuum afforded 45 mg (80%). Crystals suitable 

for X-ray diffraction were grown from a concentrated DCM solution at –35 °C. 1H NMR (300 

MHz, CDCl3) δ 8.49 (s, 1H, C-H), 7.98 (d, 7.5, 1H, Ar-H), 7.92 (d, 8, 1H, Ar-H), 7.78 (t, 7.5, 1H, 

Ar-H), 7.68 (t, 7.5, 1H, Ar-H), 7.41 (d, 8, 1H, Ar-H), 7.33 (d, 8, 1H, Ar-H), 7.18 (t, 7.5, 1H, Ar-

H), 7.02 (t, 7.5, 1H, Ar-H), 2.84 (s, 3H, S-CH3), 1.54 (d, 11.5, 9H, P-CH3) (Fig. A3.21). 31P{1H} 

NMR (121 MHz, CDCl3) -8.6 ppm (s) (Fig. A3.22). 19F NMR (282 MHz, CDCl3) -78.6 ppm (br 

s, NTf2). ESI-MS M+ 392.0166 Calcd 392.0207 (Fig. A3.23). 

3.6.12 Synthesis of [Ni(3-SNSMe)(P(OMe)3)](NTf2), (3-7b). A 20 mL scintillation vial was 

charged with 3-3 (70 mg, 0.11 mmol) in 15 mL of DCM. Trimethylphosphite (27 mg, 0.22 mmol) 

was added dropwise to the solution using a micro-syringe. After stirring for 2 h the solvent was 

removed and the red solid washed with cold diethyl ether (3 X 2 mL) and hexanes (3 X 3 mL). 

Drying the solid gave 40 mg (73%).  1H NMR (300 MHz, CDCl3) δ 8.64 (s, 1H, C-H), 8.00 (d, 7, 

1H, Ar-H), 7.90 (d, 7, 1H, Ar-H), 7.76 (tr, 7, 1H, Ar-H), 7.70 (tr, 7, 1H, Ar-H), 7.55 (d, 7, 1H, Ar-

H) 7.33 (d, 7, 1H, Ar-H), 7.17 (tr, 7, 1H, Ar-H), 7.04 (tr, 7, 1H, Ar-H), 3.92 (d, 11.5, 9H, P-OCH3), 

2.83 (s, 3H, S-CH3) (Fig. A3.25). 31P{1H} NMR (121 MHz, CDCl3) 106.7 ppm (s) (Fig. A3.26). 

19F NMR (282 MHz, CDCl3) −78.6 ppm (br, s, NTf2). ESI-MS M+ 440.0023 Calcd 440.0054 (Fig. 

S27) (Fig. A3.27). 

3.6.13 Synthesis of Ni(3-SNS)(IPr), (3-8). A 20 mL scintillation vial was charged with 3-3 (100 

mg, 0.16 mmol) in 15 mL of DCM. To this solution, 1-(2,6-diisopropylphenyl)-imidazol-2-ylidene 
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(245 mg, 0.64 mmol) in 5 mL DCM was added dropwise. The resulting red solution was stirred 

for 12 h at room temperature after which the solvent was removed. The residue was extracted with 

toluene, filtered through Celite and the solvent removed. After washing with cold diethyl ether (3 

X 2 mL) and hexanes (3 X 3 mL), drying in vacuum afforded 87 mg (81%). Crystals suitable for 

X-ray diffraction were grown from a concentrated DCM solution at room temperature. 1H NMR 

(300 MHz, C6D6) .97 (d, 8, 1H),(s, 1H, imine C-H), 7.71 (d, 8, 1H), 7.11 (ov mult, 4H), 

6.96 (ov mult, 3H), 6.79 (d, 8, 1H), 6.70 (d, 7.5, 1H), 6.66 (s, 2H, IPr backbone C-H), 6.56, 2H, 

IPr), 3.62, 3.45 (sept, IPr iPr C-H, 2H), 1.66, 1.57, 1.10, 1,08 (d, 6.5, 6H, IPr iPr CH3) (Fig. A3.28). 

EI-MS [M-1]+ 603.33. 
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Chapter 4. Spectroscopic and Electrochemical Characterization and 

Reactivity of Three Redox States of Ni(S
2
N

2
). 

 

4.1 Contribution for publication 

Yahya M. Albkuri, Jeffrey S. Ovens, Stephan Steinmann,* Christophe Bucher* and R. Tom 

Baker,* to be submitted to Chem. Eur. J., August, 2021.  

 

Albkuri performed chemical and some electrochemical experiments with Bucher. Steinmann 

performed computational chemistry and Ovens collected X-ray diffraction data and solved the 

structure. Bucher, Steinmann, Baker and Albkuri all wrote the manuscript. 

  

 

Abstract  

Metal thiolate-imine complexes, M(SN)2 are known to undergo imine C-C bond formation to 

M(S2N2) complexes (M = Fe, Co, Ni) containing a redox-active ligand. Although these 

transformations with nickel are accompanied by side-products, we demonstrate here that one-

electron reduction of a related Ni bis(thiolate) complex affords the corresponding paramagnetic 

[Ni(S2N2)]
- anion (2)- exclusively. Moreover, spectroelectrochemical studies indicate that a second 

1e- reduction affords the diamagnetic dianion. In this work, we characterize and investigate the 

electronic structures of the three Ni(S2N2) redox states of 2 by DFT and compare their reactivity 

with phenol and carbon dioxide. 
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4.2 Introduction  

First–row transition metal complexes are increasingly playing a broader role in both homo- and 

heterogeneous catalysis as their unique one-electron transformations continue to be more 

efficiently harnessed.1 For molecular catalysts, novel transformations have been effected with the 

assistance of functional ligands.2 In a recent example, the Chirik group showed that an Fe complex 

containing the redox-active bis(imino)pyridine ligand catalyzes both the [2+2] cycloaddition-

oligomerization of 1,3-butadiene to (1,n’-divinyl)oligocyclobutane and its deoligomerization, 

demonstrating the first closed-loop recycling of a hydrocarbon polymer.3 

In 1992, Kawamoto and Kushi demonstrated the thermal conversion of a Ni bis(thiolate) 

complex, M(SN)2 to its M(S2N2) isomer via imine C-C bond formation (Scheme 4.1).4 They 

recognized that the resulting S2N2 ligand was redox non-innocent and likely a dianionic ligand 

with two electrons in the ligand framework. Subsequent work by Wieghardt and co-workers on 

Fe, Co and Zn complexes applied a combination of spectroscopic, crystallographic and theoretical 

techniques to more accurately assess the oxidation state of both the metal and the ligand (Scheme 

4.2).5-14 For the Co case they showed that intimate sharing of the electrons by the nearly 

isoenergetic metal and ligand orbitals prevented a clear assignment of the Co oxidation state.13  

 

 

Scheme 4.1 Thermal conversion of Ni(NS)2 to Ni(S2N2) complex. 

 

Scheme 4.2 Three ligand redox states derived from imine C-C bond coupling of (NS)- ligand.  
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Square planar metal complexes with redox-active ligands have been employed extensively 

as catalysts for multielectron transformations such as the hydrogen evolution reaction (HER) or 

oxygen evolution reaction (OER) in order to obtain powerful solar-driven or electrochemically–

driven systems for hydrogen generatiion from water.15-19 In a recent example by Sakai and co-

workers,20 two-electron reduction of a Ni bipy dithiolene complex occurs into both Ni d and bipy 

* orbitals, rising the basicity of the Ni d orbital and promoting the proton-coupled electron 

transfer needed to generate H2 from protons (Scheme 4.3). 

 

 

Scheme 4.3. Proposed pathway for HER catalysis using Ni(II)(bipy)(dcbdt), in which E or ET is the 

electron transfer process, and C or PT is the protonation step.28 
 

In this chapter we employ spectroelectrochemistry, NMR and EPR spectroscopy and 

computational chemistry to access and characterize three stable Ni(S2N2) redox states and 

investigate their electronic structures and reactivity with phenol and carbon dioxide.  

 

4.3 Results and Discussion  

4.3.1 Electrochemistry of 4-1.  

The electrochemical properties of Ni(2-SNSMe)2 (4-1; same as 3-1 from Chapter 3) were 

investigated in THF in the presence of tetra-n-butylammonium hexafluorophosphate (0.1 M). 

Initial studies revealed that the electrochemical response depends on scan rate as shown in Figure 

4.1. The curve recorded at a low scan rate (10 mV•s-1) displays two consecutive irreversible  

reduction waves below 1 V while that recorded at 100 mV•s-1 exhibits only one broad electron 

reduction wave at Epc = 1.125 V (Figure 4-1B). Another key feature of the CV curve shown is 
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Figure 4.1 CV (full lines) and RDE (dashed lines) curves recorded for 4-1 in THF (1 mM, TBAPF6 0.1 

M) at glassy carbon working electrodes at A) 10 mV•s-1 and B) 100 mV•s-1 (Ø = 3 mm, 500 rd•min-1 for 

RDE, E vs dimethylferrocene+/ 0. 

the fully reversible oxidation wave at ca E1/2 = 0.27 V, which is only observed when scanning 

back from 1.5 V to the initial open circuit potential. On first examination, these drastic effects 

could be attributed to the limited stability of the oxidized and reduced species on the time scale of 

the CV experiment and to the existence of coupled chemical reactions yielding redox-active 

products. More specifically, these features are consistent with an ECE mechanism including a 

chemical step (C) coupled to the initial one-electron reduction (E) of 4-1 at Epc = 1.125 V yielding 

a new species that can be both reduced right after 4-1 and oxidized at E1/2 = 0.27 mV. These data 

are consistent with an electron-triggered dimerization of 4-1 to [Ni(S2N2)]
- (4-2-) proceeding 

through the unstable intermediate, [Ni(2-SNSMe)2] 
-
 (4-1- ) (Scheme 4.4). 

 

 

Scheme 4.4 Electron-triggered dimerization of 4-1 to (4-2)- via unstable (4-1)-.  
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Further support for this conclusion came from additional investigations involving 

exhaustive electrochemical reduction of 4-1 monitored by electrochemical methods coupled to 

time-resolved in situ UV-visible absorption measurements. The potentiostatic coulometry 

experiment was carried out at a platinum plate working electrode with potential held constant at 

Eapp = -1.6 V. The UV-visible spectra recorded throughout the electrolysis are shown in Figure 

4.2. In the first stage of the electrolysis, up to a charge corresponding to addition of one 

electron/mole, reduction led to the progressive disappearance of the broad MLCT band at max= 

460 nm at the expense of two bands growing in at max= 696 and 903, along with a clean isosbestic 

point at 581 nm, reaching maximum intensities after addition of 1e- per molecule of 4-1 (Figure 

4.2A). 

Electrochemical measurements conducted in stationary and transient regimes furthermore 

showed that the well-defined intermediate compound [(4-2)-] formed in solution at this stage of 

the electrolysis undergoes two Nernstian electron transfers between 0 and -1.5 V: a one electron 

oxidation at E1/2 = 0.27 V to 4-2 as well as a one-electron reduction at E1/2 = 1.17 V to (4-2)2- 

(thin solid line in Figures 4.3A and B).  

 

 

Figure 4.2 Superimposition of UV/Vis spectra recorded during the exhaustive reduction of 4-1 at Eapp =       

-1.6 V after addition of A) 1 electron per mole and B) 2 electrons per mole. (THF + 0.1 M TBAPF6, 1 

mM, 10 mL, l = 1 mm, t ≈ 30 min, Pt). 
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Figure 4.3 [A] RDE curves recorded before a) and after b) one- and c) two-electron reduction of 4-1 at 

Eap = 1.4 V (Pt, 1 mM in THF+TBAPF6); [B] CV and RDE curves recorded at a glassy carbon working 

electrode (Ø = 3 mm, 10 mV•s1, 500 rd•min-1) after 1e- reduction of 4-1 at Eap = 1.4 V (Pt, 1 mM in 

THF+TBAPF6). CV and RDE curves recorded at glassy carbon working electrode, Ø = 3 mm at 100 

mV•s1 (CV) or at 10 mV•s1 / 500 rd•min-1 (RDE); E vs DMFc+/ 0).  
 

4.3.2 Electrochemistry of 4-2.  

While the reversible reductions of 4-2 shown in Figure 4.4 are attributed to Ni-based reductions 

from Ni(II) to Ni(I) and Ni(0), on the anodic side, the shape and relative position of the CV 

curves are consistent with two successive one-electron oxidation processes centered on both 

mercapto-aniline moieties (Scheme 4.5a). Under this assumption, the shift in potential observed 

between both waves can be attributed to through-bond or through-space “communication” 

processes occurring between both mercapto-anilines, the oxidation of the first one making the 

oxidation of the second harder. This attribution relies on i) the number of electrons involved in 

these waves (2x1e) ii) DFT data indicating that the organic subunits of the complex are more 

likely to be oxidized than the metal center. 

The reduced species (4-2)-/2- were further characterized by spectroelectrochemistry 

measurements, upon collecting time-resolved UV-vis spectra during the successive reduction of 

4-2. As can be seen in Figure 4.5, accumulation of (4-2) - in solution during the electrolysis at Eapp 

= -0.8 V led to the progressive disappearance of the broad signal centered at 834 nm at the expense 

of less intense ones at λmax =697 and 902 nm. Observation of a clean isosbestic point at 875 nm 

also confirms that no secondary reactions occur over the considered time range. Further reduction 
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of the sample at Eapp = -1.4 V led to the disappearance of the signals attributed to (4-2) - at the 

expense of new bands developing at much higher energy) (500 nm) attributed to (4-2) 2. 

 

 

Figure 4.4 CV measurement of reduction and oxidation of neutral 4-2. CV and RDE curves recorded in 

THF (1 mM, TBAPF6 0.1 M) at glassy carbon working electrode at ν = 0.1 V s-1 (CV) or 10 mV•s-1 (RDE, 

500 rd•min-1) (Ø = 3 mm, E vs DMFc+/DMFc). 

 

 
 

 

Scheme 4.5 Oxidation and reduction of 4-2. 
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Figure 4.5 Superimposition of UV/Vis spectra recorded during the exhaustive reduction of 4-2 at A) (Eapp)1 

= -0.7 V (1 electron per mole) and B) (Eapp)1 = -1.4 V (1 electron per mole). (THF + 0.1 M TBAPF6, 1 mM, 

10 mL, l = 1 mm, t ≈ 30 min, Pt). 

4.3.3 Step-by-step ESR studies of reduced 4-2. 

Formation of Ni(I) and Ni(0) was further demonstrated by ESR measurements carried out at each 

stage of the electrolysis.  The spectrum collected after addition of one electron per mole is shown 

as a full/bolded black line in (Figure 4.6A).  Based on simulation analyses and on experimental 

literature data reported for relevant Ni(I) compounds,16-19 we assign the intense signals observed 

at gx = 1.995 gy = 2.022 and gz = 2.118 to (4-2)- with an S = 1/2 spin state. This attribution was 

further supported by simulation studies showing that the multiplicity of the of gx signal results 

from hyperfine coupling with two equivalent nitrogen atoms (aN = 8.8 G, full black line in (Figure 

4.6B). ESR measurements carried out on the two-electron reduced complex gave a silent spectrum 

featuring only a residual signal attributed to traces of the Ni(I) intermediate (dashed line in Figure 

4.6A). This absence of signal is in agreement with formation of diamagnetic (4-2)2-. 

4.3.4 Electrochemical reactivity studies of reduced Ni(S2N2) complexes. 

Noting that both d9 (4-2)- and d10 complex (4-2)2- cannot achieve their preferred pseudo-tetrahedral 

geometry when coordinated to the tetradentate (S2N2)
2- ligand, we were interested in investigating 

their reactivity with the weak acid phenol and challenging reactant carbon dioxide. As shown in 

Figure 4.7, performing the CV experiment on 4-2 in THF in the presence of phenol has little effect 

on the first reduction wave. In contrast, the second quasireversible reduction takes place about 80  
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Figure 4.6 A) experimental X-band EPR spectra (110 K, microwave power = 6 mW; modulation amplitude 

= 2 G)  recorded before (dashed line) and after exhaustive electrochemical reduction of 4-2 in THF (0.1 M 

TBAPF6) at  Eapp = 0.8 V (bolded black line) and at Eapp = 1.4 V (thin black line) B) experimental and 

simulated EPR spectra of (4-2)2-. 

 

mV before that of (4-2)- indicating formation of a new product that is easily reversed upon 

reoxidation to (4-2)-. In Figure 4.8 we see that a second irreversible reduction occurs under a CO2 

atmosphere at a slightly increased voltage, relative to that of (4-2)-. Again reoxidation shows 

reversibility of the reaction of (4-2)2- with CO2. These promising reactivity findings will be 

expanded on in chapter 5 towards fluoroalkenes.  

4.3.5 Synthesis and molecular structure of Ni(S2N2) complexes. 

Building on the above electrochemical results, we treated a purple solution of complex 4-1 in THF 

with one equiv of sodium benzophenone to afford green crystals of (4-2)- as the [Na(THF)6]
+ salt 

in high yield (Figure 4.9). On comparing the molecular structures of 4-2 and (4-2)- we see in Table 

4.1 that the bond alternation in the mercapto-aniline ring is consistent with the (L••)2- formulation 

in Figure 4.1 (cf. avg N-C1 = 1.356 vs 1.475 Å for the N-C7 single bond). This similarity between 

the two structures is consistent with a metal-based reduction from Ni(II) to Ni(I). 

In Chapter 3 we showed that heating 4-1 in refluxing toluene gave 4-2 in low yield as 

formation of by-products necessitated a chromatographic separation to obtain pure product. 

Similar results were obtained by Kawamoto and Kushi using the Ni(SN)2 complex shown in Figure 

4.1 (56% yield).4b As one-electron reduction of 4-1 affords (4-2)- as the only product, subsequent 

chemical oxidation should afford neutral 4-2 in high yield. Indeed, treatment of (4-2)- with 

[Fe(C5H5)2](BF4) in THF gave 4-2 in 80% yield after simple work-up.  
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Figure 4.7 Cyclic voltammogram (100 mV•s-1) of 4-2 + phenol in THF / TBAPF6 on cathodic side.  

 

 

 

 

 

 

 

 

 

Figure 4.8 Cyclic voltammogram (100 mV•s-1) of 4-2 in THF / TBAPF6 on cathodic side under a CO2 

atmosphere. 

 

Figure 4.9 Molecular Structure of (4-2)[Na(THF)6] with 40% thermal ellipsoids. H atoms are omitted for 

clarity.  
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Table 4.1 Bond distance metrics for 4-2 and (4-2)- 

 

 

 

 

 

 

 

 

 

 

 

 

The clean generation of yellow solutions of diamagnetic (4-2)2- was best effected using 

Na/K alloy in THF. The 1H NMR spectrum (Fig. A4.2) showed significant shifting of the ligand 

resonance to high field vs. those for neutral (4-2). 

4.3.6 DFT calculations of Ni(SNS)2 (4-1) and Ni(S2N2) redox states [(4-2)0/1-/2-]. 

Density functional theory computations have been performed to shed more light on the electronic 

structures, reactivity and spectroscopic properties of (4-1) and (4-2)0/1-/2-. By analogy to the 

complexes described by Wieghardt et al.,14 the ground state of 4-2 is an open-shell singlet, while 

4-1 is a closed shell complex. The optimized geometries are very similar to the crystal structures 

(Figure 4.10). The geometry of transient (4-1)- shows more conformational flexibility with a near 

tetrahedral conformer being only 1.7 kcal/mol higher in energy than the near square-planar one. 

The oxidation of (4-1)- leads to a doublet ground state at a potential of 0.9 V vs SHE. The oxidation 

is centered on the organic ligand, as clearly visible in the density-difference with respect to the 

neutral complex shown in Figure 4.11A. A second oxidation process is predicted to occur at ~+1.6 

V vs SHE, involving the oxidation of a “free” thiolate. This latter finding is not in agreement with 

Ni(S
2
N

2
) 

N-C1 = 1.352(4), 1.359(3) 

N-C7 = 1.479(4), 1.471(3) 

S-C6 = 1.723(4), 1.723(3) 

C1-C2 = 1.417(5), 1.415(4) 

C2-C3 = 1.368(5), 1.362(4) 

C3-C4 = 1.390(6), 1.407(5) 

C4-C5 = 1.364(6), 1.362(5) 

C5-C6 = 1.407(5), 1.398(4) 

C1-C6 = 1.423(5), 1.419(4) 

C7-C7’ = 1.551(4) 

Ni-N = 1.811(2), 1.815(2) 

Ni-S = 2.1310(9), 2.1311(9) 

[Ni(S
2
N

2
)]

-
 

N-C1 = 1.362(7), 1.352(7) 

N-C7 = 1.464(5), 1.481(6) 

S-C6 = 1.755(6), 1.747(5) 

C1-C2 = 1.388(8), 1.415(7) 

C2-C3 = 1.41(1), 1.370(8) 

C3-C4 = 1.39(1), 1.365(8) 

C4-C5 = 1.364(6), 1.362(5) 

C5-C6 = 1.396(8), 1.390(7) 

C1-C6 = 1.415(7), 1.405(7) 

C7-C7’ = 1.556(7) 

Ni-N = 1.829(4), 1.835(4) 

Ni-S = 2.154(2)), 2.147(2) 
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the experimental data displayed in Figure 4.4, showing two successive and very close one-electron 

oxidations in the accessible potential range.  

 

 

Figure 4.10 Overlay between X-ray (color) and DFT (grey) geometries. 

 

 
 

Figure 4.11 A: Isodensity surfaces (0.005 a.u.) of the charge difference of various complexes with respect 

to the neutral complex. Charge accumulation and depletion are depicted in blue and orange, respectively. 

B: Spin-density iso-surfaces (0.005 a.u.); blue -electron excess, red: -electron excess. 
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The first reduction of 4-2 occurs at -0.4 V vs SHE, generating a doublet ground-state. The charge 

is mostly accumulating on the nitrogen atoms ( 

 

Figure 4.11B), with the spin-density being dominant on Ni, in agreement with the ESR 

measurements. A second reduction (at -1.7 V vs SHE) generates a closed-shell dianion, where the 

additional charge is located on Ni, N and, to a minor extent, on the mercapto-aniline ligand. The 

reduction of 4-1 also leads to a doublet, but the additional charge is mostly located on the C=N 

double bond of the imine moiety, with the largest contribution on the carbon atom.  

4.3.7 DFT calculations of intramolecular C-C bond formation from 4-1 and (4-1) - 

We also studied the electron-triggered coupling reaction with DFT methods. The transition state 

for the C-C bond formation has been identified for both the neutral and radical anion states (Figure 

4.12). The geometry of this TS is very similar in both cases, except that the forming C-C  

 

 
 

Figure 4.12 Left: Summary of theoretical results at the PBE0/def2-TZVP, SMD(THF) level of theory. Uo: 

vs SHE; the value for ferrocene/ferrocenium is, at the same level of theory, equal to 0.8 V. Right: Transition 

state for the C-C bond formation in the radical anion state. In the neutral state, the geometry is very similar, 

except that the forming C-C bond is reduced to 2.05 Å. 

bond is 2.24 Å in the radical anion, while it is shortened to 2.05 Å in the neutral complex. The 

activation energy of 17.1 kcal/mol in the radical anion is compatible with the reactivity discussed 

in the experimental part, especially since (4-2)- is 21.2 kcal/mol more stable than (4-1)-, revealing 
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a significant thermodynamic driving force. This contrasts with the situation for neutral 4-1 in 

which not only is the barrier (31.4 kcal/mol) excessively high at room temperature, but also the 

reaction energy shows a complete reversal: 4-1 is 5.6 kcal/mol more stable than 4-2. 

4.3.8 TD-DFT studies of three redox states of 4-2. 

Time-dependent density functional theory (TDDFT) was applied to investigate the spectroscopic 

properties of 4-2, (4-2)- and (4-2)2-. The computed spectra are summarized in (Figure 4.13). A 

qualitative agreement with experiment is obtained: The most intense transition in the visible region 

is located at 615 and 763 nm for the neutral and radical anion, respectively, while the dianion has 

no transitions in this region. The nature of these transitions has been characterized via the 

corresponding natural transition orbitals, shown in (Figure 4.13). They reveal a mixed 

metal/ligand character, i.e., the electron is delocalized both in the ground and excited state across 

the square planar complex. The strong involvement of the metal center in this transition 

rationalizes the absence of the corresponding transition for (4-2)2- for which the Ni d-orbitals are 

filled and thus no longer available. 

 

 

Figure 4.13 Left: UV-Vis spectrum for 4-2, (4-2)- and (4-2)2- at the TD-PBE0/def2-TZVP level of theory. 

Right: Iso-surfaces (0.05 a.u.) for the dominant natural transition orbitals for the hole (top row) and 

particle (bottom row) for the most intense transition. For (4-2)- only the beta electrons participate 

significantly in the corresponding transition. 
 

4.4 Conclusion  

Employing a combination of CV, rotating disk electrode and controlled potentiometry, we showed 

that reduction of Ni bis(thiolate) complex 4-1 led to reductive coupling of the imines, forming 

exclusively paramagnetic Ni(I) complex (4-2)- that contains the redox-active (S2N2)
2- ligand. 
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Moreover, this can be reduced by a second e- to form diamagnetic (4-2)2-. Furthermore, (4-2)- 

undergoes reversible oxidation and reduction, providing three different redox states. Although the 

valence electrons are delocalized between the metal and ligand orbitals in both ground and excited 

states, the reductions are largely metal-based, suggesting a novel square planar Ni(0) complex for 

(4-2)2-. The latter reacts readily with both the weak acid phenol and carbon dioxide, indicating a 

potential role in multielectron electrocatalysis.  

 

4.5 Experimental Section  

4.5.1 General Considerations 

Synthetic chemistry was carried out under nitrogen, using an MBraun glovebox. THF and hexanes 

were dried on columns of activated alumina using a J. C. Meyer (formerly Glass Contour) solvent 

purification system. NMR solvent C6D6 was dried with activated alumina (ca. 10 wt %) overnight, 

followed by filtration. Sodium, potassium and benzophenone were obtained from Aldrich, 

ferrocenium-tetrafluoroborate from Strem, and complex 4-1 was prepared as described in Chapter 

3. 1H NMR spectra were recorded on a 300 MHz Bruker Avance II instrument at room temperature 

(21−25 °C) and referenced to residual protons (C6D6, δ 7.15) with respect to tetramethylsilane at 

δ 0.00. 

Electrochemistry: Electrochemical studies were performed in a glovebox (Jacomex) (O2 < 1 ppm, 

H2O < 1 ppm) with a home-designed 3- electrode cell. Cyclic voltammetry (CV) curves were 

recorded using a SP300 Biologic potentiostat. All studies were conducted in a standard one-

compartment, three-electrode electrochemical cell using an automatic ohmic drop compensation 

procedure. Vitreous carbon (Ø = 3 mm) working electrodes (ALS instruments) were systematically 

polished with 2 mm diamond paste (PRESI SA) before recording. The non-aqueous reference 

electrode (ALS Instruments) was made of a silver wire dipped in a AgNO3 solution (10−2 M + 

TBAP 10−1M in CH3CN).  The counter electrode was a platinum wire and ferrocene or 

dimethylferrocene served as internal reference. THF (anhydrous, ≥99.9%, inhibitor-free) was 

purchased from Aldrich and further purified on activated alumina before use. 

Tetrabutylammonium hexafluorophosphate (TBAPF6) was synthesized from tetra-n-

butylammonium hydroxide and HPF6, recrystallized several times from EtOH/H2O and then dried 

under vacuum at 60°C for 24 h before use. Spectroelectrochemical (SEC) measurements were 

carried out in a “thin layer” (0.5 mm) SEC quart cell (ALS Co) connected to a Biologic ESP-300 
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potentiostat equipped with a 1 A/48 V booster and a linear scan generator. Absorption 

measurements were carried out in remote mode with the SEC cell coupled to an MCS 500 UV-

NIR Zeiss spectrophotometer through optical fibers. All measurements were carried out at room 

temperature in THF (anhydrous, 99.9% Acroseal) using TBAPF6 as the electrolyte (0.2 M). The 

Ag+/Ag reference electrode was made of a silver wire immersed in a solution containing a known 

concentration of Ag+ (AgNO3 (10-2 M) + tetrabutylammonium perchlorate (0.1 M) in THF). The 

counter electrode was a large surface platinum grid isolated from the main solution through a 

home-made electrolytic bridge.  

Computational details: All computations have been performed with Orca 4.2.1. The adopted 

density functional was PBE0-D3 applied in conjunction with the def2-TZVP basis set. The 

RIJCOSX option was activated to accelerate the computations. The numerical grid quality was 

increased with respect to the default and set to Grid6 and GridX6. The SMD implicit solvent model 

was used with parameters corresponding to THF. 

X-ray Crystallographic Details: Crystallographic data collection and processing were performed 

via the X-ray Core Facility at the University of Ottawa. Crystals were mounted on MiTeGen 

sample holders using Parabar oil. Data were collected on a Bruker Smart diffractometer equipped 

with an ApexII CCD detector and a sealed-tube Mo K source (λ = 0.71073 A). During collection, 

crystal was cooled to approx. 200 K. Sample cooling was effected via a refrigerated, dry 

compressed air stream. Raw data collection and processing were performed with the Apex3 

software package from Bruker.20 Initial unit cell parameters were determined from 36 data frames 

from select ω scans. Semi-empirical absorption corrections based on equivalent reflections were 

applied.21 Systematic absences in the diffraction data-set and unit-cell parameters were consistent 

with the assigned space group. Carbon and nitrogen-based hydrogen atoms were placed 

geometrically and refined using a riding model, all other hydrogen atoms were placed via the 

difference map and refined with restraints. Data collection and structure refinement details are 

provided in Table A5.1.  

4.5.2 Synthesis of three Ni(S2N2) redox states 

Synthesis of [4-2][Na(THF)6].  A 20 mL scintillation vial was charged with 100 mg of 4-1 (0.17 

mmol) in 15 mL of THF. To this solution was added dropwise 37 mg of sodium benzophenone 

(0.17 mmol, 1 equiv) in 5 mL of THF. The resulting yellow/brown solution was stirred for 16 h at 

room temperature and the solvent was removed under reduced pressure. The resulting green solid 
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was washed with hexanes (3 X 10 mL) and dried under vacuum to yield 97 mg (93%). Crystals 

suitable for X-ray diffraction were grown from concentrated THF layering with hexanes at -35 °C. 

1H NMR (300 MHz, C6D6, Fig. A4.1) δ 12.13 (ov mult, 4H, Ar-H), 7.46 (dd, 2H, Ar-H), 8.34 (br, 

2H, backbone C-H), 7.42 (d, 2H, Ar-H), 7.03 (tr d, 2H, Ar-H), 6.89 (s, 4H, Ar-H), 6.66 (ov mult, 

2H, Ar-H), 3.15 (s, 6H, S−CH3). 

Generation of [4-2](MI)2 (MI = Na+, K+). A 40 mL scintillation vial was charged with 4-1 (300 

mg, 0.52 mmol) in 25 mL of THF. To this solution, was added dropwise 64 mg (1.04 mmol, 2 

equiv) of sodium-potassium alloy, NaK. The resulting bright brown solution was stirred for 16 h 

at room temperature after which the yellow solution was filtered, solvent was removed and the 

remaining yellow solid dried in vacuum to give 328 mg (85 %). 1H NMR (300 MHz, CD3CN, Fig. 

A4.2) δ 9.83 (d, 1H, Ar-H), 7.38 (s, 2H, backbone C-H), 7.25 (mult, 1H, Ar-H ), 7.22-7.06 (ov 

mult, Ar-H), 6.46 (dd, Ar-H), 6.14 (tr, Ar-H), 5.61 (dd, br, 2H), 4.45 (br, 2H, backbone C-H), 2.50 

(s, 6H, S−CH3).  

High-yield synthesis of [Ni(S2N2)] (4-2). A 20 mL scintillation vial was charged with [4-

2][Na(THF)6] (70 mg, 0.12 mmol) in 10 mL of THF. Ferrocenium-tetrafluoroborate 

[Fe(C5H5)2]BF4 (32 mg, 0.12 mmol) was added dropwise to the solution using a micro-syringe. 

After stirring for 16 h the solution was filtered and solvent was removed.  The resulting violet solid 

was washed with cold THF (2 X 1 mL) and hexanes (2 X 1 mL) and dried to yield 54 mg (80%). 

4.5.3 Reactions of phenol and CO2 with Ni(S2N2)
-/2- anions 

 In the glovebox a solution of TBAPF6 (970 mg, 2.5 mmol, 0.1 M) in THF was placed in a home-

designed 3-electrode cell. After CV blank measurements were run, a solution (6 mg, 0.01 mmol, 

1μM) of 4-2 in THF was added and characterized by a reductive scan. This step was then repeated 

in the presence of phenol (0.9 mg, 0.01 mmol) (Figure 4.7). In another experiment with the 4-2 + 

TBAPF6 solution in THF, the E-cell was taken to a pre-set up Schlenk line connected to two dry 

THF bubblers to ensure a dry source of CO2. A cannula transfer line was inserted into the 3-

electrode cell and after a 1 min CO2 purge the CV measurement was taken (Figure 4.8).  
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Chapter 5. Reactions of Fluoroalkenes with d9 Nickel-SNS Thiolate Complexes 

 

5.1 Contribution for publication 

Yahya M. Albkuri, Jeffrey S. Ovens and R. Tom Baker, communication in preparation. 

 

Albkuri did all the experiments and Ovens did the X-ray diffraction data collection and structure 

refinement. Albkuri and Prof. Baker are writing the manuscript.  

 

Abstract 

Fluoroalkenes (FAs) are strong electron-acceptors that are also prone to reductive C-F bond 

activation. Reduction of bis(thiolate) complex, Ni(SNS)2 using 1 or 2 equiv of Na/K alloy 

generates the Ni(S2N2) mono- and dianion, respectively, which have been evaluated for their 

reactions with CFX=CF2, where X = F, Cl, OCF3 and CF3. While reactions of the dianion with 

these FAs give a number of products, the monoanion reacts cleanly to afford a mixture of neutral 

cis- and trans-Ni(S2N2)(CF=CFX) and anionic [Ni(S2N2)(CF2-CFXH)]-. The reactions are 

proposed to proceed via initial electron transfer, followed by hydrogen atom abstraction or fluoride 

elimination. High dilution was required to cleanly obtain the alkenyl product from 

hexafluoropropene.  

 

5.2 Introduction  

Catalytic routes to organofluorine compounds offer an attractive target considering the 

environmental downside associated with current synthetic methods. Installation of fluoride (-F)1, 

trifluoromethyl (-CF3)
2, difluoromethyl (-CHF2)

3, and difluoromethylene (-CF2-)
3 to organic 

substrates typically proceed through M-F or M-RF intermediates using electrophilic or nucleophilic 

fluorine or fluoroalkyl sources that have been studied extensively. With the advent of photoredox 

catalysis, efficient metal-mediated transfer of fluoroalkyl radicals has also been achieved.4 

However, stoichiometric studies of M-RF complexes obtained by single-electron transfer (SET) 

from the metal center are less common, especially for metal alkenyl complexes. Beletskaya and 

co-workers employed metal carbonyl anions ([M(CO)nL]- to investigate halogenophilic versus 

carbophilic reactivity of aryl- and alkenyl halides.5 They proposed a pathway involving initial 

attack at halogen with subsequent coupling of carbanion and HalM(CO)nL intermediates.6 While 

reaction of K[CpFe(CO)2] with polyfluorinated alkenyl halides gave some substituted products, 
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CpFe(CO)2(CF=CFRF)], Na[Re(CO)5] afforded the acyl product with selective C-Cl and C-Br 

activation versus C-F ( Scheme 5.1). In 2001, the same authors examined less reactive alkenyl 

chlorides, RCF=CFCl (R= Ph, F), with the same metal carbonyl anions and showed that no 

substituted products were derived from direct attack of the carbonylmetallate at the vinylic carbon 

atom.7 

 

Scheme 5.1 Reactivity of fluoroalkenes with Na[Re(CO)5].5 

 

In this chapter, we demonstrate that reduced Ni(S2N2) complexes react readily with 

fluoroalkenes affording both neutral Ni-fluoroalkenyl and anionic Ni-fluoroalkyl products. 

Moreover, with chlorotrifluoroethylene d9 [Ni(S2N2)]
- exhibits high selectivity for C-F versus C-

Cl bond activation. 

 

5.3 Results and Discussion  

5.3.1 Synthesis of reduced Ni(S2N2) complexes 

In the previous Chapter we demonstrated the accessibility and stability of the Ni(S2N2) mono- and 

dianions generated electrochemically. Chemical reduction was achieved conveniently using 

sodium benzophenone or Na/K alloy, affording complexes Ni-3 through Ni-6 (Scheme 5.2).  

 

 

Scheme 5.2 Chemical reduction of Ni(SNS)2 or Ni(S2N2). 
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The 1H NMR spectra showed that the dianion in Ni-4 and Ni-6 is diamagnetic; the EPR spectrum 

of the monoanion was displayed and discussed in Chapter 4.  

5.3.1 Reactions of reduced Ni(S2N2) complexes with chlorotrifluoroethylene (CTFE) 

Neither Ni-1 nor neutral Ni-2 showed any reactivity with CTFE, whereas dianionic Ni-4 and Ni-6 

both gave a mixture of products (yellow to green colour change) even when the addition was 

performed at -78 °C (Figure 5.1). In contrast, monoanionic Ni-3 and Ni-5 both gave clean 

reactions with CTFE even at RT accompanied by a colour change from green to green-blue after 

16 h (Scheme 5.3). The 19F NMR spectrum indicated formation of three products: cis- and trans-

Ni(S2N2)(CF=CFCl) (Ni-7) and [Ni(S2N2)(CF2CFClH)]MI (Ni-8), where MI = Na+, K+, in a 5:4:12 

ratio (Figure 5.2). The alkenyl products are distinguished by their 3JFF coupling constants which 

are 15 Hz for cis-Ni-7 and 140.5 Hz for trans-Ni-7.  The diastereotopic CF2 resonances for Ni-8 

include a large 2JFF coupling constant (219 Hz) and small 3JFH of 8 and 4 Hz, whereas the CF 

resonance has 2JFH of 38 Hz confirming attack of the Ni-based nucleophile at the CF2 group of 

CTFE followed by H atom abstraction from solvent.  The expected doublet of doublet of doublets 

resonance of the terminal C-H was observed at  5.90 in the 1H NMR spectrum (Fig. A5.1). On 

consideration of these reaction products we surmise that formation of Ni-7 is accompanied by loss 

of MI-F whereas formation of Ni-8 involves hydrogen atom abstraction from the solvent. The 3:4 

ratio of C-F bond activation to hydrogen atom abstraction was not significantly affected by 

switching to acetonitrile solvent (C-H bond dissociation energy = 91 vs. 92 kcal/ mol for THF), 

but no reaction at all was observed in toluene (benzylic C-H BDE = 88 kcal/mol),8 suggesting that 

solvent polarity may also play a key role.  

 

 

 

 

 

 

 

 

 

 
Figure 5.1 19F NMR (282 MHz, C6D6) spectrum of reaction products from Ni-4 (Ni0, d10) + CTFE in 

THF.  
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Scheme 5.3 Reaction of Ni-3 or Ni-5 (NiI, d9) with CTFE. 

 

 

 

 

 

 

 

Figure 5.2 19F NMR (282 MHz, C6D6) spectrum of cis- and trans-Ni-7 and Ni-8.  
 

in these reactions. Moreover, in forming Ni-7, we might have expected activation of the weaker 

C-Cl (vs. C-F) bond but similar observations have been attributed to better carbanion stabilization 

by Cl vs. F.9 

5.3.2 Reactions of reduced Ni(S2N2) complexes with perfluoro(methyl vinyl ether) (PMVE) 

Substitution of the Cl in CTFE with the OCF3 group in PMVE did not significantly affect the 

reaction course with the reduced Ni(S2N2) complexes.  As above, dianion Ni-4 gave a mixture of 

products and a broad 19F NMR spectrum (Figure 5.3) whereas Ni-3 showed a cleaner reaction to 

cis- and trans-{Ni(S2N2)[CF=CF(OCF3)]} (Ni-9) and {Ni(S2N2)[CF2CHF(OCF3)]}MI (Ni-10) in 

Ni-7 Trans Ni-7 Cis Ni-8 
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a 12:10:5 ratio (Scheme 5.4). The alkenyl complexes were again distinguished by their 3JFF 

coupling constants (26 Hz for cis-Ni-9 and 129.5 Hz for trans-Ni-9) but only one F of the former 

was coupled to the OCF3 group (4JFF = 4.5 Hz), in contrast to the latter in which both alkenyl F 

resonances were doublet of doublets (4JFF and 5JFF = 4.5 Hz) (Figure 5.4).  The diastereotopic CF2 

resonances for Ni-10 included a large 2JFF coupling constant (226 Hz) and small 3JFH of 12.5 and 

13 Hz, whereas the CF resonance (also coupled to OCF3) has 2JFH of 54.5 Hz, again confirming 

attack of Ni at the CF2 group of PMVE followed by H atom abstraction from solvent. Although 

there were several unidentified co-products (one major), the 19F NMR spectra provided no 

evidence for a Ni[CF(OCF3)CF2H] group.  In an effort to control the selectivity, the reaction was 

  

 

 

 

 

 

 

Figure 5.3 19F NMR (300 MHz, C6D6) spectrum of Ni-4 with PMVE.   

 

 

Scheme 5.4 Reaction of Ni-3 with PMVE.   
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Figure 5.4 19F NMR (282 MHz, C6D6) spectrum of Ni-3 reaction with PMVE (red is proton-decoupled). 

 

performed at – 78 oC but the relative selectivity for C-F bond activation and H atom abstraction (> 

4:1) was unchanged. Longer reaction times also had no effect on product selectivity. 

5.3.3 Reactions of reduced Ni(S2N2) complexes with tetrafluoroethylene (TFE) and 

hexafluoropropene (HFP) 

As with the other fluoroalkenes, TFE reactions with dianion Ni-4 afforded green solutions 

that gave broad 19F NMR spectra of a mixture of unidentified products (Fig. A5.3). Attempts to 

improve the reaction by changing solvent, temperature and stoichiometry were unsuccessful. 

However, Ni-3 and TFE afforded both perfluorovinyl (Ni-11) and tetrafluoroethyl (Ni-12) 

products in a 3:10 ratio (Scheme 5.5). 
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Scheme 5.5 Reactions of TFE and HFP impurity with Ni-3. 

 

The 19F NMR spectrum of this reaction mixture (Figure 5.5) showed two additional 

alkenyl products (cis- and trans-Ni(S2N2)[CF=CF(CF3)] in a 1:2.5 ratio) (Ni-13) apparently 

derived from hexafluoropropene (HFP) which is a 3% impurity in the TFE gas. The perfluorovinyl 

group in Ni-11 is distinguished by the large trans- 3JFF coupling constant (124.5 Hz) and the 

tetrafluoroethyl group in Ni-12 by the 3.5 and 54 Hz JFH coupling constants for the CF2 and CF2H 

groups, respectively. Both fluorines in trans-Ni-13 (3JFF = 146 Hz) are coupled to the CF3 group 

(JFF = 21 and 12 Hz) as they are in cis-Ni-13 (3JFF = 6 Hz; JFF to CF3= 11 and 10 Hz).  The large 

amount of Ni-13 shown in Figure 5.5 reflects the much higher reactivity of HFP relative to TFE. 

Indeed, using 25 equiv. of TFE gave Ni-13 almost exclusively (Fig. A5.4). In contrast, direct 

reactions of Ni-3 with HFP gave no colour change and broad 19F NMR spectra (Fig. A5.6) 

indicating a mixture of products, due again to the high reactivity of the latter. Similar behavior was 

observed using Ni-4 (Fig A5.7).  

5.3.4 Reactions of reduced Ni(S2N2) complexes with 1,1-difluoroethylene (VDF) and 3,3,3-

trifluoropropene (TFP) 

In a last attempt to obtain clean products from dianion Ni-4, we investigated less reactive CH2=CF2 

(VDF) and CH2=CF(CF3) (TFP). Although both gases effected a colour change from yellow to 

green, no diamagnetic products were observed by 19F NMR.  
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Figure 5.5 19F NMR spectrum (282 MHz, C6D6) of Ni-3 + TFE:HFP (97:3). 

 

5.4 Conclusion  

This work has expanded our knowledge about C-F activation of fluoroalkenes. Starting from 

simple Ni-bisthiolate and reduced by one electron has shown great reactivity that can be seen by 

Ni(I)-SNS complex to give different type of fluorinated nickel-SNS complexes. While treatment 

of Ni-3 with CTFE led to different products, one of them favor HAA, but the other one favor the 

usual vinyl product, the Ni-3 reacted with PMVE differently and favor the HAA pathway to 

make two isomers. Variable temperature had no effect on the selectivity. Moreover, using a poor 

source of proton also did not improve the selectivity. Finally and interestingly, Ni-3 has shown 

great and different reactivity towards TFE, changing the TFE ratio with Ni-3 showed different 

products, 19F NMR confirmed that there are two intermediates form in suti- and that led to the 

unusual Ni-11 and Ni-12. 
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5.5 Experimental Section   

5.5.1 General Considerations. All experiments were carried out under nitrogen, using a Schlenk 

line or an MBraun glovebox unless otherwise stated. All solvents were deoxygenated by purging 

with nitrogen. Toluene, hexanes, diethyl ether, and THF were dried on columns of activated 

alumina using a J. C. Meyer (formerly Glass Contour) solvent purification system. Anhydrous 

benzene (Aldrich), C6D6 and acetone-d6 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). 

Glassware was oven-dried at 150oC overnight. Ligand precursor 2-(methylthio)-benzaldehyde7 

and the SNHSMe (MTB) ligand8 were prepared according to literature procedures and reduced 

Ni(S2N2) complexes were generated as described in Chapter 4 Experimental section. Other 

chemicals were used as obtained commercially: Sodium cubes (contains mineral oil, Aldrich, 

99.9%), Potassium cubes (contains mineral oil, Alfa Aesar, 99.5%), NaK reagent was made K:Na 

4:1 ratio. Tetrafluoroethylene was made by pyrolysis of polytetrafluoroethylene (Scientific 

Polymer Products, powdered) under vacuum, using a slightly modified literature procedure (10−20 

mTorr, 650 °C, 30 g scale, product stabilized with (R)- (+)-limonene (Aldrich, 97%), giving TFE 

of ca. 97% purity).9,10  1H and 19F NMR spectra were recorded on a 300 MHz Bruker Avance or 

Avance II instrument at room temperature (21−25 °C). 19F and 1H NMR spectra were referenced 

respectively to solvent carbons and residual protons (C6D6, δ 7.15; CDCl3, δ 7.26) with respect to 

tetramethylsilane at δ 0.00. 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 or dichloromethane. 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). Elemental analyses were performed by University of Guelph Elemental 

Analysis service.  

5.5.2 Reaction of CTFE with (Ni-4) and (Ni-6). A 50 mL one-neck vacuum flask fitted with 

rubber septum was charged with Ni-4 (40 mg, 0.061 mmol) in 15 mL of THF solution. CTFE (1.5 

mL, 0.061 mmol, 1 equiv.) was added to the solution using a syringe at room temperature. The 

yellow color solution was immediately turned green. The reaction mixture was stirred for 16 h at 
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room temperature after which the solvent was removed under vacuum and the remaining 

green/blue solid was dissolved in cold hexane (2 mL) and THF (1mL) and kept at -35 oC for 3 hrs, 

solution was filtered and remove the solvent under vacuum to give a mixture of products as a 

green/blue solid. 

 

5.5.3 Synthesis of cis- and trans-Ni(S2N2)(CF=CFCl) (Ni-7) and [Ni(S2N2)(CF2CFClH)]MI 

(Ni-8) ( MI = Na+, K+). A 50 mL one-neck vacuum flask fitted with rubber septum was charged 

with Ni-3 (40 mg, 0.065 mmol) in 15 mL of THF. CTFE (1.6 mL, 0.065 mmol, 1 equiv.) was 

added to the solution using a syringe at room temperature. The resulting green solution was stirred 

for 16 h at room temperature after which the solvent was removed under vacuum and the remaining 

blue-green solid was dissolved in cold hexane (2 mL) and THF (1 mL) and kept at -35 oC for 3 

hrs. The solution was then filtered and the solvent removed under vacuum to give a mixture of cis- 

and trans-Ni-7 and Ni-8 as a purple solid. 1H NMR for Ni-7 and Ni-8 (300 MHz, C6D6) 8.89 (br, 

Ar-H), 8.25-8.33 (dd, Ar-H), 7.57 (m, Ar-H), 7.42 (s, Ar-H), 7.05-6.99 (m, Ar-H), 6.78 (m, Ar-

H), 2.25 (s, S-CH3) (Fig. A5.1). 19F{1H} NMR (282 MHz, C6D6): cis-Ni-7: -85.5, -112.9 ppm (d, 

3JFF = 15 Hz); trans-Ni-7: -103.2, -123.8 ppm (d, 3JFF = 140.5 Hz); Ni-8: -84.9 (ddd, 2JFF = 219, 

3JFF = 20, 3JFH = 4 Hz, 1F, CF2), -89.0 (ddd, 2JFF = 219, 3JFF = 18, 3JFH = 8 Hz, 1F, CF2), -146.8 

ppm (ddd, 3JFF = 20, 18, 3JFH = 38 Hz, 1F, CHFCl). 

 

5.5.4 Reaction of PMVE with (Ni-4). 

 (20 mg, 0.031 mmol) of Ni-4 dissolved in 0.5 mL of THF was transferred to an NMR tube 

equipped with a septum. To the solution, a 1.0 equiv portion of PMVE (0.75 ml, 0.031 mmol) was 

added, giving an immediate colour changed from yellow to green. The NMR was shaken 

vigorously for 10 min, the solvent was removed in vacuo and the residue re-dissolved in C6D6.  

5.5.5 Synthesis of cis- and trans-{Ni(S2N2)[CF=CF(OCF3)]} (Ni-9) and 

{Ni(S2N2)[CF2CHF(OCF3)]}MI (Ni-10) ( MI = Na+, K+). A 50 mL one-neck vacuum flask fitted 

with a rubber septum was charged with Ni-3 (40 mg, 0.065 mmol) in 15 mL of THF. PMVE (1.6 

mL, 0.065 mmol, 1 equiv.) was added to the solution using a syringe at room temperature. The 

resulting green solution turned into blue in 10 min and was stirred for 16 h after which the solvent 

was removed under vacuum and the remaining solid was dissolved in cold hexane (2 mL) and THF 

Same experimental procedure was followed using Ni-6 

 

Same experimental procedure was followed to synthesize Ni-7 and Ni-8 using Ni-5. 
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(1mL) and kept at -35 oC for 3 h. The solution was then filtered and the solvent under vacuum to 

give a mixture of Ni-9 and Ni-10 as a purple solid. 19F{1H} NMR (282 MHz, C6D6) cis-Ni-9: -

59.4 (d, 5JFF = 4.5 Hz, OCF3), -90.3 (dq, 3JFF = 26, 5JFF = 4.5 Hz), -128.4 ppm (d, 26). trans-Ni-9: 

-59.0 (tr, 5JFF = 4.5 Hz, OCF3), -108.7 (dq, 3JFF = 129.5, 5JFF = 4.5 Hz), -134.5 ppm (dq, 129.5, 4JFF 

= 4.5 Hz). Ni-10: -59.6 (d, 4JFF = 4.5 Hz, OCF3), -89.0 (ddd, 2JFF = 226, 3JFF = 13, 3JFH = 4 Hz, 1F, 

CF2), -90.0 (ddd, ,226, 3JFF = 12.5, 3JFH = 8 Hz, 1F, CF2), -140.0 ppm (ddd, 3JFF = 13, 12.5, 3JFH = 

54.5 Hz, 1F, CHFCl). Additional resonances: -59.5 (d, 4.5), -88.3 (dd, 62.5, 10), -134.5 (dq, 2JFH 

= 55, JFF  = 4.5 Hz), -139.3 (br d mult, 2JFH = 54 Hz). 

5.5.6 Synthesis of Ni(S2N2)(CF=CF2)] (Ni-11) and [Ni(S2N2)(CF2CF2H)]MI (Ni-12) ( MI = Na+, 

K+). A 50 mL one-neck vacuum flask fitted with a rubber septum was charged with Ni-3 (40 mg, 

0.065 mmol) in 15 mL of THF. TFE (1.6 mL, 0.065 mmol, 1 equiv.) was added to the solution 

using a syringe at room temperature. The resulting green solution was stirred for 16 h at room 

temperature after which the solvent was removed under vacuum and the remaining purple solid 

was dissolved in cold hexane (2 mL) and THF (1 mL) and kept at -35 oC for 3 hrs. The solution 

was filtered and the solvent removed under vacuum to give a mixture of Ni-11 and Ni-12 as a 

purple solid. 1H NMR for Ni-11 and Ni-12 (300 MHz, C6D6) 8.87 (s, Ar-H), 8.26 (m, Ar-H), 7.57 

(d, Ar-H), 7.40-7.14 (ov mult, Ar-H), 7.03 (s, Ar-H), 7.0-6.8 (ov mult, Ar-H), 6.83-6.64 (ov mult, 

Ar-H), 5.52 (t, 1H, -CF2-CF2H), 5.34 (t, 1H, -CF2-CF2H), 5.17 (t, 1H, -CF2-CF2H), 3.16 (br), 2.26 

(s, S-CH3) (Figure A5.2). 19F{1H} NMR (282 MHz, C6D6): Ni-11: -87.1 (dd, JFF = 44, 33 Hz), -

105.9 (dd; 2JFF = 124, JFF = 44 Hz), -150.1 (dd, 124, 33 Hz). Ni-12: -92.3 (trd, 2JFF = 10, 3JFH = 3.5 

Hz), CF2), -132.5 ppm (dtr, 2JFH = 54 Hz, 2JFF = 10 Hz).  

5.5.7 Synthesis of cis- and trans-[Ni(S2N2)(CF=CFCF3)] (Ni-13). A 50 mL one-neck vacuum 

flask fitted with rubber septum was charged with Ni-3 (40 mg, 0.065 mmol) in 15 mL of THF. 

TFE (38.8 mL, 1.625 mmol, 25 equiv.) HFP (1.3 mL, 0.065 mmol, 1 equiv.) was added to the 

solution using a syringe at room temperature. The resulting green solution was stirred for 3 days 

at room temperature after which the solvent was removed under vacuum and the remaining purple 

solid was dissolved in cold hexane (2 mL) and THF (1mL) and kept at -35 oC for 3 h. The solution 

was filtered and the solvent removed under vacuum to give a mixture of cis- and trans-Ni-13 as a 

purplish solid. 1H NMR (300 MHz, C6D6) 8.25 (ov mult, Ar-H), 7.48 (d, Ar-H), 7.42 (s, Ar-H), 

6.92-6.80 (m, Ar-H), 6.77-6.63 (ov mult, Ar-H), 6.62-6.33 (ov mult, Ar-H), 2.25 (s, S-CH3) 

(Figure A5.8). 19F{1H} NMR (282MHz, C6D6): cis-Ni-13: -64.9 (dd, JFF = 11, 10 Hz), -99.8 (qd, 
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JFF = 10, 6 Hz), -135.4 ppm (qd, JFF = 11, 6 Hz). trans-Ni-13: -67.3 (dd, JFF = 21, 12 Hz), -120.4 

(dq, JFF = 146, 21 Hz), -156.0 ppm (dq, JFF = 146, 12 Hz).  

5.5.8 Reaction of HFP with (Ni-3) and (Ni-4). 

Two NMR tubes was prepared with rubber septa: the first tube was charged with Ni-3 (20 mg, 

0.033 mmol). A 1.0 equiv portion of HFP (0.8 ml, 0.033 mmol) was added to the NMR tube and 

it was shaken vigorously for 10 min and kept inside the glovebox for 16 hrs; no color change was 

observed.  The solvent was removed and the residue re-dissolved in C6D6. The second NMR tube 

was charged with Ni-4 (20 mg, 0.031 mmol). A 1.0 equiv portion of HFP (0.75 ml, 0.031 mmol) 

was added to the NMR tube and it was shaken vigorously for 10 min; the colour changed 

immediately from yellow to green.  After 16 hrs, the solvent was removed and the residue dissolved 

in C6D6. 

5.5.9 Reaction of 1,1-difluoroethylene, 3,3,3-trifluoropropene with (Ni-4) and (Ni-6). 

Two NMR tubes were prepared and each filled with Ni-4 (20 mg, 0.031 mmol) dissolved in ca. 1 

mL THF. A 1.0 equiv portion of the fluoroalkene (0.75 ml, 0.031 mmol) was then added to the 

NMR tube giving an immediate colour change from yellow to dark green. After 16 h, THF solvent 

was removed from each NMR tube and the residue dissolved in C6D6.   
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Chapter 6. Conclusions and Future Outlook 
 

The work presented in this thesis adds to our understanding of phosphine-free nickel catalysts for cross-

coupling catalysis, nickel coordination chemistry and dynamics of thiolate-imine-thioether SNS 

ligands, and electronic structure and reactivity of a nickel S2N2 complex in three redox states. In this 

Chapter we consider these advancements in the context of the current state of the art and suggest some 

ideas for future development. 

In Chapter 2 our work builds on earlier catalysis projects from the Ghosh group employing 

the diamidopyridine pincer ligand.1,2 Advantages offered by our Ni precatalyst (2-2) include: 1) ease 

of ligand (2-1) preparation (single step from pyridine dicarboxylic acid and 2 equiv of the disubstituted 

aniline); 2) stability to air and water; 3) potential thermal stability; and 4) ease of Ni separation (vs. 

Pd) from resulting organic products.  Although anionic nickel(II) halide complexes are unusual 

precatalysts for aryl halide aminations, addition of KOBut serves the function of both halide removal 

and reduction to Ni(I)3 which is competent for oxidative addition of the aryl halide substrate. It is 

understood that the base also deprotonates the metal amine complex to an amido ligand that 

subsequently undergoes reductive N-C bond elimination with the Ni-aryl.4 Although more effective 

nickel catalysts have been reported previously by the Stradiotto group,5,6 their designer Dalphos ligands 

are considerably more complicated to make. In order to stand out from other simple yet effective 

catalyst systems such as CuBr/8-hydroxyquinoline-N-oxide,7 development of a catalyst separation 

strategy that takes advantage of the negative charge could be a game-winner. Bulky phosphonium-

based ionic liquids that are compatible with strong bases may offer one promising possibility.8 Finally, 

application of inorganic chemistry characterization techniques such as freeze-quench EPR studies, may 

allow for characterization of paramagnetic Ni(I) and Ni(III) intermediates.9 

In Chapter 3 we investigate the nickel coordination chemistry of an SNSMe pincer ligand 

containing thiolate, imine and thioether donors. Previous studies of this ligand by other members of 

the Baker group have focused on Fe10,11 and Co,12 and more recently Cu and Zn. The origin of this 

ligand type can be traced to Bouwman’s work on hydrogenase enzyme models,13 using an S-But 

substituent instead of S-Me. Although she did isolate and characterize a bis(thiolate) complex, Ni(2-

SNSt-Bu)2, analogous to 3-1, reaction of her ligand with some Ni salts afforded instead a thiolate-

bridged dinuclear complex [Ni(-3-SNS)]2 due to ‘deprotection’ of the thioether group, affording the 

dianionic, imine-dithiolate SNS ligand. In our work, we obtained a structurally similar dicationic, 

thiolate-bridged dinuclear complex {[Ni(-3-SNSMe)]2}
2+ (3-3) by protonation of the bis(thiolate) 

complex, Ni(2-SNSMe)2 (3-1). In her 1998 paper, Bouwman noted that attempts to cleave their 
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dinuclear complex with donor ligands were underway but a follow-up paper has not appeared. In 

our case, ligand addition proceeds smoothly, affording di- or mononuclear cationic products, 6a,b 

and 7a,b, depending on the ligand. Using 2 equiv of the IPr N-heterocyclic carbene ligand, revealed 

an alternate S-C bond cleavage pathway in which the strong NHC nucleophile abstracts a 

methylium cation, forming the same dianionic dithiolate ligand that appeared in Bouwman’s 

dimer, but now in a mononuclear Ni(3-SNS)(IPr) complex (8).  

An unexpected and remarkable feature of our dinuclear dication 3-3 is its ligand dynamics 

in solution. Even dissolving the crystals at -78°C yields no evidence for its diamagnetic structure 

in solution. Instead, the hemilabile thioether group allows for the formation of the paramagnetic, 

pseudo-octahedral Ni(3-SNS)2 unit, two of which bind to a central square planar Ni2+ center 

through thiolate bridges in trinuclear complex 3-4 and three to a central octahedral Ni2+ center in 

tetranuclear complex 3-5. As the SNS ligand:Ni ratio increases from 1 to 1.33 to 1.5 h going from 

3-3 to 3-4 to 3-5, the co-product must be Ni(NTf2)2 although we were unable to identify a UV-vis 

signature for the latter. In spite of this unprecedented ‘X-ligand’ dynamics, addition of ancillary 

ligands L provided no evidence for formation of [NiL4](NTf2)2 and reaction with CNXylyl even 

afforded a thiolate-bridged dimer, seemingly derived from 3-3.  We showed that conversion of 3-

3 to 3-4 + Ni(NTf2)2 proceeded in a variety of solvents, including acetone, THF, acetonitrile and 

even weakly-coordinating DCM. Although we were able to generate triflate salts of the 

multinuclear Ni complexes from reaction of Ni(OTf)2 with multiple equiv of 3-1, in future work, 

it would be interesting to employ more weakly-coordinating anions by performing the protonation 

of 3-1 using HBF4 or HB(ArF)4 [ArF = 3,5-(CF3)2-Ph]. Perhaps dissolution of these salts in DCM 

would then allow for the observation of diamagnetic 3-3 structure in solution. 

In comparing the Ni SNS coordination chemistry with that of other first row metals, 

reaction of Fe(OTf)2 with 2 equiv of the (SNS)- anion affords a similar trinuclear dication in which 

two diamagnetic, pseudo-octahedral Fe(3-SNS)2 metalloligands bind to a central tetrahedral Fe2+ 

via thiolate bridges.10 All attempts to isolate the iron bis(thiolate) complex (cf. by reaction of 

Fe[N(SiMe3)2]2 with two equivalents of the MPB proligand) afforded instead the Fe(N2S3) 

complex via imine C-C bond coupling as shown in Scheme 3.1.11 The lone exception is the 

carbonyl complex, Fe(3-SNSMe)(2-SNSMe)CO, formed reversibly by carbonylation of Fe(N2S3). 

With Co, reaction of MPB or the (SNS)- anion with a number of Co(I) or Co(II) salts and neutral 

precursors all afford the [Co(S2N2)]
- anion.12 In more recent unpublished work, Baker group 
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researchers have shown that reaction of CuCl2 with the (SNS)- anion also involves metal reduction, 

affording monovalent, thiolate-bridged tetramer, [Cu(-SNSMe)]4.  Only zinc affords a stable 

bis(thiolate) complex, Zn(2-SNSMe)2, with the expected distorted tetrahedral structure. Several of 

these complexes have been shown to be effective bifunctional catalysts for hydroboration of 

carbonyl compounds such as aldehydes, ketones and amides. Although we showed that dication 

3-3 catalyzes the hydroboration of pyridine, sluggish activity, poor selectivity and no discernible 

ligand effects caused us to discontinue this study. For future studies, bifunctional 

(de)hydrogenation catalysis should be pursued with our nickel complexes to identify a system that 

takes advantage of the basic thiolate ligand and hemilabile thioether.  

 In Chapter 4 an electrochemical study of 3-1 revealed quantitative isomerization of the 

Ni bis(thiolate) anion to [Ni(S2N2)]
- (3-2)-. This is an important observation as thermal 

conversion of 3-1 (and its Ni(SN)2 analogs) to 3-2 (and the corresponding Ni(S2N2) complexes) 

proceeds in moderate yield at best (max. 56%). In contrast, chemical reduction of 3-1 using 

cobaltocene followed by oxidation using ferrocenium tetrafluoroborate afforded 3-2 in 85% 

yield. The electronic structure of d8 3-1 is consistent with an open-shell singlet with the two 

ligand-based electrons paired (i.e. one  and one ).  This is in contrast to ‘isoelectronic’ d8 

[Co(S2N2)]
-, which is an S = 1 open-shell triplet (i.e. both ligand electrons ).13 Note, however, 

that the degree of electron-sharing between the ligand and metal d orbitals is so extensive in 

these complexes that the concept of oxidation state becomes blurred and thus less useful. 

Presumably the difference between Ni and Co electronic structure arises from the energy 

difference between the metal and ligand orbitals. Moreover, the two characteristic short C=C 

bonds (1.36 Å) in the mercapto-anilide portion of the (S2N2)
2- ligand in 3-2 and (3-2)- are absent 

in [Co(S2N2)]
- which shows nearly equivalent C-C bonds of ca. 1.40 Å. Our understanding of 

this class of complexes would likely benefit from a high-level ab initio molecular orbital 

calculation of the four redox states of the S2N2 ligand shown in Scheme 4.2. 

Spectroelectrochemical experiments demonstrated three stable redox states for 3-2 and 

DFT studies suggest predominantly metal-based reductions from Ni(II) to paramagnetic Ni(I) to 

diamagnetic Ni(0). Nonetheless, an inspection of the frontier orbitals for both 3-2 and radical 

anion (3-2)- shows the intimate participation of the redox-active S2N2 ligand (Figure 6.1). This 

was also confirmed by the TD-DFT studies which demonstrated that the most intense electronic 
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transition in the visible region has mixed metal/ligand character. (Scheme 4.11). In a preliminary 

reactivity study, we performed the CV experiment of 3-2 in the presence of weak acid phenol 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 DFT frontier orbitals for 3-2 and (3-2)-.  

 

to assess its ability to generate H2 by electrocatalysis. Although no reaction was observed with (3-

2)-, the dianion (3-2)2- clearly reacted with phenol but no catalytic wave was observed and the 

reaction was shown to be reversible upon reoxidation. Further studies should investigate stronger 

acids with weakly coordinating anions such as lutidinium-BF4 or p-toluenesulfonic acid (cf. 

Castillo’s study using a thiolate-bridged [Ni(SNS)]2 catalyst in which SNS is an amino dithiolate 

ligand).14 Performing the CV experiment with 3-2 under a CO2 atmosphere again showed no 

reaction with (3-2)- but the second reduction occurred at an increased voltage and was only 

quasireversible. This promising observation should be followed up in the presence of a weak acid 

to see if 3-2 shows promising selectivity for CO2 reduction products. This is an increasingly well 

studied target as heterogeneous catalysts such as fluorine-modified solid copper have been recently 

shown to give high yields of C2 products ethylene and ethanol.15 

 In a second attempt to distinguish the reactivity of the three redox states of [Ni(S2N2)]
 (3-

2) we turned to strong electron-acceptor fluoroalkenes (FAs) in Chapter 5. In this case, dianion 

(3-2)2- proved to be too reactive, generating complex reaction mixtures with all FAs tried except 

HOMO
-5.8 eV 

HOMO
-5.8 eV 

LUMO
-3.6 eV 

LUMO
-3.6 eV 

3-2 

HOMO
-4.3 eV 

HOMO
-4.6 eV 

LUMO
-0.6 eV 

LUMO
-2.4 eV 

(3-2)
-
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for CH2=CF2 and CH2=CH(CF3) with which no reaction was observed. In contrast, radical anion 

(3-2)- underwent reasonably selective transformations with TFE, CTFE, PMVE and HFP although 

the latter required high dilution. Based on previous work by the Beletskaya group in Russia,16 we 

propose that all reactions proceed by initial electron transfer from (3-2)- to the FA, followed by 

either fluoride elimination to give the neutral Ni alkenyl product or hydrogen atom abstraction 

from solvent which yields anionic fluoroalkyl complexes. The observed F elimination/H 

abstraction ratio depended on the FA but further quantitative experiments will be required to 

eliminate possible solvent and concentration effects.  
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Appendices 

 

Chapter 2  

 

Figure A2.1 1H NMR spectrum (300 MHz, CDCl3) of ligand (1).203 

 

Figure A2.2 1H NMR spectrum (300 MHz, CDCl3) of nickel complex (2)203  

 
Ref 203: Gartia, Y.; Biswas, A.; Stadler, M.; Nasini, U. B.; Ghosh, A. Cross-coupling Reactions of Multiple 

C-Cl Bonds of Polychlorinated Solvents with Grignard Reagent using a Pincer Nickel Complex. J. Mol. Catal. 

A Chem. 2012, 363–364, 322–327. 
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Figure A2.3 1H and 13C{1H} NMR spectra (300 MHz, CDCl3) of two isolated products a) N-

benzylaniline and b) diphenylamine. 

 

1H NMR of N-benzylaniline
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Figure A2.4 Plots of initial rates vs concentration of catalyst, base, aniline, and chlorobenzene for the 

amination of chlorobenzene with aniline catalyzed by 2 (0.2 mol %) in the presence of KOtBu at 110 oC 

 

Remaining data for chapter 2 of this thesis can be found in the supporting information of the 

following published article: 

Y. M. Albkuri, A. B. RanguMagar, A. Brandt, H. A. Wayland, B. P. Chhetri, C. M. Parnell, P. 

Szwedo, A. Parameswaran-Thankam, A. Ghosh, Catal. Lett. 2020, 150, 1669–1678. 
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Appendices  

Chapter 3: 

 
 3-1 3-2 3-3 3-4 

empirical formula C28H24N2NiS4 C28H24N2NiS4 C32H24F12N4Ni2O8S8 C60H48F12N6Ni3O8S12 

formula weight (g⋅mol-1) 575.44 575.42 1194.45 1769.89 

crystal system Monoclinic Monoclinic Triclinic Monoclinic 

space group P 21/c P 21/c P 1̅ C 2/c 

a (A) 12.2589(7) 13.3113(17) 14.4433(12) 34.3326(17) 

b (A) 15.9225(9) 7.7206(9) 16.7533(15) 16.8791(9) 

c (A) 14.3728(8) 24.852(3) 19.6255(18) 14.7378(8) 

𝛼 (deg) 90 90 75.575(2) 90 

𝛽 (deg) 113.110(1) 100.313(5) 85.075(2) 110.813(2) 

𝛾 (deg) 90 90 70.780(2) 90 

V (A3) 2580.3(3) 2512.8(5) 4342.7(7) 7983.3(7) 

Z 4 4 4 4 

T (K) 200(2) 203(2) 201(2) 200(2) 

𝜌calcd (g⋅cm-3) 1.481 1.521 1.827 1.473 

𝜇 (mm-1) 1.097 1.126 1.357 1.093 

2𝜃max (deg) 55.044 50.052 46.514 52.938 

total/unique reflections 35483/5923 23401/4436 11816/11816 45314/8209 

Reflections [Io ≥ 2𝜎(Io)] 4283 2761 5393 4833 

R1, wR2 [Io ≥ 2𝜎(Io)] 0.0379, 0.0847 0.0480, 0.0885 0.1135, 0.2385 0.0451, 0.1042 

goodness of fit 1.013 0.995 1.014 1.087 

CCDC number 2038642 2038648 2038650 2038645 

 
Table A3.1 X-ray diffraction data collection and structure refinement details for complexes 3-1 through 

3-4 
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 3-5 3-6a 3-6b 3-7a 3-8 

empirical 

formula 

C88H79Cl3F9N7.5Na0.5Ni4O6

S15 

C50H42F12N6Ni2O8

S8 

C39H40Cl6F12N4O8P2

S8 

C19H21F6N2NiO4P

S4 

C40H45N3Ni

S2 

formula 

weight 

(g⋅mol-1) 

2342.17 1456.79 1569.29 673.30 690.62 

crystal 

system 

Hexagonal Triclinic Monoclinic Triclinic Orthorhombi

c 

space 

group 

P 63 2 2 P 1̅ P 21/n P 1̅ F d d d 

a (A) 17.9139(6) 10.0747(7) 18.013(3) 10.0605(6) 16.7276(14) 

b (A) 17.9139(6) 11.9675(8) 14.766(2) 11.0281(7) 20.602(2) 

c (A) 41.2248(15) 12.8285(8) 22.977(4) 13.0236(8) 41.462(4) 

𝛼 (deg) 90 99.035(1) 90 74.331(2) 90 

𝛽 (deg) 90 91.730(1) 90.366 75.761(2) 90 

𝛾 (deg) 120 108.050(1) 90 76.441(2) 90 

V (A3) 11457.0(9) 1447.22(17) 6111.3(17) 1326.47(14) 14289(2) 

Z 4 1 4 2 16 

T (K) 213(2) 200(2) 200(2) 296(2) 203(2) 

𝜌calcd 

(g⋅cm-3) 

1.358 1.672 1.706 1.686 1.284 

𝜇 (mm-1) 1.055 1.036 1.290 1.179 0.692 

2𝜃max 

(deg) 

52.962 55.064 46.708 56.694 50.146 

total/uniqu

e 

reflections 

33015/7930 30449/6655 46759/8869 22462/6626 20753/3174 

Reflection

s [Io ≥ 

2𝜎(Io)] 

4186 5361 5204 3475 2251 

R1, wR2 [Io 

≥ 2𝜎(Io)] 

0.0632, 0.1391 0.0387, 0.0929 0.0795, 0.2192 0.0501, 0.1080 0.0613, 

0.1266 

goodness 

of fit 

0.963 1.037 1.030 1.052 1.161 

CCDC 

number 

2038644 2038649 2038643 2038647 2038646 

 
Table A3.2 X-ray diffraction data collection and structure refinement details for complexes 3-5, 3-6a,b, 

7a and 8 
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Figure A3.1 1H NMR spectrum (300 MHz, C6D6) of 3-1. 

 

 
Figure A3.2 13C{1H} NMR spectrum (75.5 MHz, C6D6) of 3-1. 
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Figure A3.3 1H NMR spectrum (300 MHz, C6D6) of 3-2. 

 

 

 
Figure A3.4 13C{1H} NMR spectrum (75.5 MHz, C6D6) of 3-2. 
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Figure A3.5 1H NMR spectrum (300 MHz) obtained by dissolution of 3-3 in acetone-d6. 

 

 
Figure A3.6 13C{1H} MAS NMR spectrum (50 MHz, solid) of 3-3. 
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Figure A3.7 19F NMR spectrum (282 MHz) obtained by dissolution of 3-3 in acetone-d6. 

 

 

 

 
Figure A3.8 EI-MS [M+-2Me] of 3-3. 
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Figure A3.9 Positive-ion ESI-MS of 3-3 showing [Ni(SNS)]+ fragment. 

 

 
Figure A3.10 UV-vis spectra of 3-4’ and solution obtained by dissolution of 3-3 in DCM. 
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Figure A3.11 UV-vis spectra of complex 3-1 (blue), Ni(OTf)2 + 2 equiv. of 3-1 (red) and Ni(OTf)2 + 5 

equiv. of 3-1 (gray). 

 

 
Figure A3.12 1H NMR spectra (300 MHz, acetone-d6) of complex 3-3 dissolved in acetone-d6 (A) and 

products derived from reactions of 3-1 with 0.5 equiv of Ni triflate (B) and with 0.2 equiv of Ni triflate 

(C). 
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Figure A3.13 1H NMR spectra (300 MHz, acetone-d6) comparison of 3-1 (A), 3-3 dissolved in acetone-d6 

(B) and reaction of 3-1 with 3-3 (C), showing formation of 3-4. 

 
Figure A3.14 1H NMR spectra (300 MHz, acetone-d6) derived from melting a heterogeneous mixture of 

solid 3-3 and frozen acetone-d6 at -75°C in the NMR probe, followed by eventual warming to 50°C. 
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Figure A3.15 1H NMR spectra (300 MHz, acetone-d6) comparing 3-3 dissolved in acetone-d6 (A), 

reaction of 3-1 with 5 equiv of Ni(OTf)2 to generate 3-5 (B) and reaction of 3-3 with deprotonated thiolate 

ligand to generate 3-5 (C). 

 
Figure A3.16 1H NMR spectrum (300 MHz, acetone-d6) of 3-6a. 

 

[A] 

[B] 

[C] 
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Figure A3.17 Positive-ion ESI-MS of 3-6a. 

 
Figure A3.18 1H NMR spectrum (300 MHz, CDCl3) of 3-6b. 
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Figure A3.19 31P NMR spectrum (121 MHz, CDCl3) of 3-6b. 

 

Figure A3.20 Positive-ion ESI-MS [M+-Me] of 3-6b. 
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Figure A3.21 1H NMR spectrum (300 MHz, CDCl3) of 3-7a. 

 
Figure A3.22 31P NMR spectrum (121 MHz, CDCl3) of 3-7a 

. 
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Figure A3.23 Positive-ion ESI-MS of 3-7a. 

 

 
Figure A3.24 Negative-ion ESI-MS of 3-7a. 
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Figure A3.25 1H NMR spectrum (300 MHz, CDCl3) of 3-7b. 

 

 

Figure A3.26 31P NMR spectrum (121 MHz, CDCl3) of 3-7b. 

 

 

3-7b 
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Figure A3.27 Positive-ion ESI-MS of 3-7b. 

 
Figure A3.28 1H NMR spectrum (300 MHz, CDCl3) of 3-8. 
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Figure A3.29 EI-MS of 3.8 (A) and experimental (B) and calculated (C) isotope pattern for M+ ion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A3.30. Molecular Structure of 3-2: H atoms are omitted for clarity. Selected bond lengths (Å) and 

angles (°): Ni−S(1) 2.131 (1), Ni−S(4) 2.1312(9), Ni-N(1) 1.815(2), Ni-N(2) 1.811(2), S(1)-Ni-S(4) 

95.10(4), S(1)-Ni-N(1) 89.14(8), S(1)-Ni-N(2) 175.55(8), S(4)-Ni-N(1) 174.37(8), S(4)-Ni-N(2) 89.22(8), 

N(1)-Ni-N(2) 86.6(1). 
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Appendices 

 

Chapter 4: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A4.1 X-ray diffraction data collection and structure refinement details for (4-2)-. 

 

 

 

 

 

 

 

 (4-2)[Na(THF)6]
 

Empirical formula C59H82N2NaNiO7S4 

formula weight 

(g⋅mol-1) 

1141.20 

crystal system monoclinic 

space group P 21/𝑛 

a (A) 10.7663(6) 

b (A) 39.623(2) 

c (A) 13.9800(7) 

𝛼 (deg) 90 

𝛽 (deg) 94.725(2) 

𝛾 (deg) 90 

V (A3) 5943.5(5) 

Z 4 

T (K) 200(2) 

𝜌calcd (g⋅cm-3) 1.275 

𝜇 (mm-1) 0.526 

2𝜃max (deg) 50.808 

total/unique 

reflections 

60042/10903 

Reflections [Io ≥ 

2𝜎(Io)] 

6690 

R1, wR2 [Io ≥ 2𝜎(Io)] 0.0740, 0.1663 

goodness of fit 1.033 
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Figure A4.1 1H NMR spectrum (300 MHz, C6D6) of Ni-3 

 

 
Figure A4.2 1H NMR spectrum (300 MHz, CD3CN) of Ni-4. # Solvent residual peak, *THF and DEE 

  

 

 

 

 # 
* * * 
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Appendices, Chapter 5: 

 

 

 

 

 

 

 
Figure A5.1 1H NMR (300 MHz, C6D6) spectrum of Ni-7 and Ni-8. Insert shows -CFClH ddd.  * Solvent 

residual peak. 
 

 
 

 

Figure A5.2 1H NMR (300 MHz, C6D6) spectrum of Ni-11 and Ni-12. * Solvent residual peak 
 

 

 

* 

* 
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Figure A5.3 19F NMR (282 MHz, C6D6) spectrum of Ni-4 with TFE. 
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Figure A5.4 19F NMR (282 MHz, C6D6) spectrum of Ni-13 and Ni-14 with all fluorine peaks labeled.  

 

 

Figure A5.5 1H NMR (300 MHz, C6D6) spectrum of Ni-13 and Ni-14. * Solvent residual peak 
 

  

 

 

Figure A5.6 19F NMR (300 MHz, C6D6) spectrum of Ni-3 with HFP 

* 
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Figure A5.7 19F NMR (300 MHz, C6D6) spectrum of Ni-4 with HFP. 
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Figures and Schemes permission: 

Schemes: 1.1-1.32, 4.1, 4.2 and 5.1 

Figures: 1.1-1.18 

Some figures and/or schemes cited from one paper which had only one permission.  
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