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Abstract 

     The development of new unconventional routes to small functionalized fluorocarbons (FCs) 

continues to be an attractive target due to the high utility of FCs in a broad range of applications, 

including their use as refrigerants, solvents, and surfactants. With the phasing out of 

hydrofluoroalkanes as refrigerants, there is a growing interest in the synthesis of new 

hydrofluoroolefins (HFOs), which are known to have significantly reduced global warming potential 

relative to hydrofluoroalkanes. Currently, energy-intensive conditions and toxic starting materials are 

typically necessary for their syntheses, making these processes environmentally problematic. The 

approach we have proposed for alternative ‘greener’ methods for functionalized FC production 

targets a transition metal-catalyzed synthesis involving the formation of metallacyclic intermediates 

through the oxidative cycloaddition of simple fluorinated alkenes, e.g., tetrafluoroethylene (TFE) and 

trifluoroethylene (TrFE), at low-valent nickel centres.  

     There is precedent for the generation of short fluoroalkyl chain (C4-C6) compounds through 

homogeneous catalysis. For example, Baker et al. showed that you could catalytically hydrodimerize 

two molecules of tetrafluoroethylene (TFE) or one molecule of TFE with one molecule of ethylene 

using low valent Ni catalysts and π-acidic monodentate ancillary ligands, affording octafluorobutane 

and 1,1,2,2-tetrafluorobutane respectively.  

     The objective of this Thesis is to further the state-of-the-art in fluoroorganometallic chemistry by 

gaining a deeper understanding of transition metal fluoroalkyl complexes as a function of 

metal−fluoroalkyl and carbon−fluorine bond reactivity. The over-arching goal is to harness said 

reactivity for the synthesis of new value-added fluorocarbons. 

     Due to the robust nature of carbon−fluorine and metal−fluoroalkyl bonds in transition metal 

fluoroalkyl complexes, intensive conditions are often necessary to achieve any reactivity. Recently, 

bifunctional ligands have proven to be useful at effecting challenging transformations through 

unconventional ligand-assisted substrate activation pathways. Chapters 2 and 3 herein explore the 
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use of a bidentate phosphinothiol ligand in the context of perfluoronickelacyclopentane reactivity. 

Synthetic approaches for the formation of phosphinothioether- and phosphinothiolate-supported 

perfluorometallacycles are outlined along with ensuing reactivity studies, including examples of 

Cα−F, Cβ−F, and Ni−Cα bond activation. Furthermore, a metal-mediated synthesis of functionalized 

FC, (E)-1,2,3,3,4,4-hexafluoro-1-butene, is provided. Chapter 4 sheds light on the comparatively 

underdeveloped chemistry of fluorinated nickelacycles generated from TrFE. A systematic study of 

monodentate phophine and phosphite ligand effects on metallacyclopentane regio-/stereochemistry 

is presented. The behaviour of the generated hydrofluoronickelacyclopentanes in the presence of 

acidic additives allows for a direct analogy to be made regarding the effects of the extent of 

metallacycle fluorination on C−F and Ni−C activation. In search of new approaches to novel 

functionalized FC synthesis, Chapter 5 will re-visit the use of bifunctional ligands, investigating the 

formation and reactivity of new perfluoronickelacycles featuring [P,NH] and [P,N¯] bidentate 

ligands. Finally, Chapter 6 summarizes the findings of this Thesis and discusses some of the future 

opportunities that will build on this work. 

     The increased understanding of the stoichiometric systems presented herein will be directly 

important to the development of nickel-catalyzed routes to HFOs. As the demand for new “greener” 

refrigerants and propellants increases, the synthesis of small-molecule functionalized FCs using 

transition metal catalysis and waste fluorinated feedstocks can offer a mild, atom economical 

approach to new, unique candidates that will be appealing to industrial partners.  
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Chapter 1. Introduction 
 
 
1.1.      Organofluorine Compounds  
 

     The importance of organofluorine compounds is highlighted by their wide range of uses, including 

as refrigerants, surfactants, solvents, pharmaceuticals, agrochemicals, and polymers.1 The global 

fluorochemicals market was valued at $18.90 billion in 2015 and is expected to reach a value of 

$36.40 billion by 2025.2 As marketed fluorochemical products are ever-evolving, this type of growth 

provides opportunity for innovations in both synthesis and product development. Many of the unique 

properties that make fluorocarbons (FCs) so valuable in a multitude of industrial applications and 

that furthermore make their syntheses more challenging are imparted by the strength of the C−F 

bonds in comparison to the C−H bonds of their hydrocarbon analogues. In Nature, fluorine is 

estimated to be the thirteenth most abundant element and is mostly sourced from fluorite (CaF2) 

mining.1 Interestingly, C−F bonds are very rarely found in Nature, and consequently all C−F bonds 

of organofluorine compounds are synthetically introduced. Of particular interest for this Thesis are 

small highly fluorinated organics that are important as refrigerants, blowing agents, surfactants and 

as treatments for various materials to impart water/oil-repellent properties. Quantitatively, 

refrigerants account for the majority of fluorocarbon production, with their market continuously 

growing with that of the automotive industry. In contrast, fluorosurfactants account for a minor 

amount of fluorocarbons by mass, but are still significant economically with an over $1 billion market 

annually based on their high cost.3 

1.2     Fluorinated Refrigerants    

1.2.1     Properties 

     Industry based on organofluorine compounds only came to be in 1930 with the discovery of the 

attractive refrigeration properties of chlorofluorocarbons (CFCs) by Frigidaire, first synthesized 

earlier by Swarts.4 This led to the development of a cheaper, lighter and safer refrigerator, thus 
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instigating widespread use of refrigerators in households. The high electronegativity of the fluorine 

atom accounts for its low polarizability, which in turn leads to low surface energies and weak 

cohesive forces between fluorocarbon molecules.5 This property is evident in the high volatilities of 

fluorocarbons, which have similar boiling points to their hydrocarbon analogues, even though their 

molecular weights are significantly higher. The low boiling points of fluorocarbons lend to their 

efficiency as refrigerants in addition to their high heats of vaporization and critical temperature, and 

their density in liquid/gaseous form.6 The two qualities which really set FCs apart from other 

refrigerants such as ammonia, diethyl ether, sulfur dioxide, and propane are their low flammability 

and low toxicity. The major drawbacks of fluorinated refrigerants compared to the other options are  

their environmental impacts. Although chlorofluorocarbons and hydrochlorofluorocarbons make 

excellent refrigerants, their significant contribution to ozone depletion led to their complete phase out 

initiated by the Montreal Protocol in 1987 and the Vienna Conference in 1995.7 Following this phase 

out, hydrofluorocarbons (HFCs) were developed as the next generation of refrigerants, wherein the 

absence of chlorine atoms completely eliminates their ozone depletion potential. These compounds, 

however, still have high global warming potentials (GWP; how much heat a gas traps in the  

Figure 1.1 History of fluorocarbon refrigerants. 
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atmosphere). Currently, the most commonly used fluorinated refrigerant is HFC-134a (see Chart 1.1), 

which has a GWP of 1430 relative to CO2 = 1. These high GWPs have translated to the phasing out 

of saturated HFCs which was very recently accelerated on a global scale by the Kigali agreement.8 

Some of the more attractive refrigerants emerging from the phasing out of HFCs include 

hydrofluoroolefins (HFOs) which are known to retain the attractive refrigeration properties of HFCs 

while possessing significantly reduced GWPs (e.g., HFO-1234yf has a GWP of 4).9 Two major 

players in the commercialization of the fourth generation HFO refrigerants are HFO-1234yf and 

HFO-1234ze, both based on a C3 backbone. There are only a few lesser known HFOs to date based 

on C4 backbones, including HFO-1336mzz(e) and HFO-1345fz. 

Chart 1.1 Important HFC and HFO refrigerants. 

 

1.2.2     Synthesis 

     Historically, CFCs were synthesized on industrial scales using the original Swarts Process, in 

which chlorocarbons react with anhydrous hydrogen fluoride in the presence of a Lewis acid 

(typically SbF5 or SbF3Cl2), exchanging the chlorine for a fluorine at carbon to form the stronger 

Sb−Cl bond (vs. Sb−F, Scheme 1.1a).4b A similar process was adapted for the synthesis of HFCs 

starting from hydrochlorocarbons and utilizing Cr(III)-based catalysts (Scheme 1.1b).10 To obtain a 

higher extent of fluorination as is often needed for the generation of targeted refrigerants, more 

extreme conditions are necessary. Current methods for the production of emerging HFO refrigerants 

on an industrial scale draw some similarities to the methods previously/currently used for CFC and 

HFC production, and will be discussed further below. 
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Scheme 1.1 a) Formation of C−F bonds using the Swarts process; b) Synthesis of HFC 134a. 

 

1.2.3.    2,3,3,3-Tetrafluoropropene (HFO-1234yf) 

     HFO-1234yf (GWP of 4) is one of the most promising HFC replacements. Its performance 

characteristics match those of HFC-134a (GWP of 1430), making it the ideal candidate to directly 

replace HFC-134a for automobile air conditioning.11 Indeed, the EPA approved the use of HFO-

1234yf for automobile use back in 2011, and it has already been implemented by a handful of car 

companies in select models, with this number expected to grow exponentially in the near future, given 

the new regulations to limit saturated HFCs. In 2007, Du Pont and Honeywell announced a joint 

manufacturing venture for the production of HFO-1234yf.12 In 2008, Du Pont patented a method for 

HFO-1234yf synthesis involving initial hydrogenation (using H2 gas) of CF3CF=CHF at 85 oC over 

Pd/C catalyst.13 The effluent from this reactor proceeds to a second catalyst bed of gamma-alumina 

for dehydrofluorination. When the temperature of the reactor reaches 400 °C, targeted HFO-1234yf 

and HF are obtained in high conversions (Scheme 1.2a). One of the major drawbacks of this method 

is that the starting olefin, CF3CF=CHF, requires several synthesis steps, increasing the costs of the 

overall reaction.  A patent published by Van der Puy from Honeywell Inc. in 2011 outlines the 

synthesis of 2,3,3,3-tetrafluoropropene involving a two-reactor process (Scheme 1.2b).14 

Chlorotrifluoroethylene (CTFE) and a methyl halide are fed into a reactor (R1) at 700 °C to form an 
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+
 δ

-
 



Chapter	1:	Introduction	
 

5	
	

Scheme 1.2 Methods for the synthesis of HFO-1234yf. 

	

intermediate product stream consisting of C3H2ClF3 isomers and minor amounts of other HFCs. This 

stream is fed into a second reactor (R2, containing a catalytic amount of fluorinated chromium oxide) 

with a superstoichiometric amount of HF (2 moles vs. CTFE for optimal yield) kept at 335 °C. The 

product stream after R2 consists mainly of the desired product, CF3CF=CH2 (HFO-1234yf), 

alongside by-products (HCl and HF), unreacted intermediates (mainly CF3CH2CF2H; HFC-245fa), 

and other minor impurities. HCl and HF can be removed by scrubbing and the significant difference 

in boiling points between HFO-1234yf and HFC-245fa allow for purification of the product by 

cryogenic distillation. Some of the major drawbacks of this refrigerant include its current price and 

its flammability (vs. the currently employed HFC-134a), but recent regulations on HFC-134a should 

provide incentives for the discovery of more economical synthetic routes. 

1.2.4     1,3,3,3-Tetrafluoropropene (HFO-1234ze) 

     Before HFO-1234ze was attractive as a fourth generation refrigerant, it was useful along with 

other fluorinated propenes as a monomer in the synthesis of homo- and co-polymers.15 It was 

traditionally synthesized by catalytic dehydrofluorination of HFC-245fa in the presence of a phase 

transfer catalyst, or by catalytic dehalogenation of CF3CH2CHFCl (HCFC-244fa). However the many 

steps required to get to both 245fa and 244fa alone make this process undesirable based on cost and 

availability of starting materials. After renewed interest in HFO-1234ze as a low GWP refrigerant 

and blowing agent, Honeywell recently patented routes based on more readily available starting 

materials for its synthesis. In 2008, Van Der Puy and co-workers described a process for the synthesis 
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of HFO-1234ze using a sequential method, where CF3X and H2C=CFH in the presence of a Pd 

catalyst are heated to 200°C for 48 h, resulting in a mixture of products (Scheme 1.3a).16 The targeted 

intermediate CF3CH2CFHX is separated from the other by-products by distillation, followed by its 

addition to an aqueous solution of KOH. After 24 h at 40 °C, GC reveals that the reaction product 

consists of 75 mol% of the desired 1,3,3,3-tetrafluoropropene. 

     A more recent Honeywell patent from 2013 disclosed the invention of a four-step process starting 

with fluorine-free 1,2-dichloroethylene and CCl4 (Scheme 1.3b).17 Initially, the starting materials are	

converted to the addition product, CCl3CHClCHCl2, in the presence of a molecular Ru or Rh catalyst 

[e.g., RuCl2(PPh3)3] with an isolated yield ranging between 40-50%. The intermediate is then added 

dropwise to a zinc dust/methanol mixture to afford 60-70% of the dechlorinated product 

CCl2=CHCHCl2. Thirdly, a fluorination reaction is performed using SbCl5 (or SbF5) on activated 

carbon as a catalyst and an excess of anhydrous HF to yield CF3CH2CHClF as the major product. 

Lastly, dehydrochlorination of CF3CH2CHClF over activated carbon gives targeted HFO-1234ze in 

a 40-60% yield, purified by distillation.     

Scheme 1.3 Patented methods for the synthesis of HFO-1234ze. 

	

1.2.5     1,1,1,4,4,4-Hexafluoro-2-butene (HFO-1336mzz) 

     An HFO that meets the low GWP requirements, but has received less attention to date is C4-based 

HFO-1336mzz which has desirable properties as a blowing agent for insulating foams. A 2013 Du 
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Pont patent describes the utility of azeotrope-like mixtures of the E/Z isomers of HFO-1336mzz in 

applications as a blowing agent, refrigerant, a fire extinguisher, an aerosol product, and as a solvent.18 

Z-HFO-1336mzz can be synthesized by selective hydrogenation (using H2) of hexafluoro-2-butyne 

in the presence of a Lindlar catalyst.19 Alternatively, the E isomer can be obtained by treating 1,2-

dichloro-1,1,4,4,4-pentafluorobutane with dried KF in distilled tetramethylene sulfone.20 

1.3     Fluorosurfactants 

1.3.1     Properties 

     Highly fluorinated compounds are known to be the most effective surfactants for many different 

applications. This is mainly attributable to their low surface energies, water repellency and chemical 

inertness. They consist of hydrophilic “heads” and fluorophilic “tails” that also make them the most 

effective surfactants for the solubilisation of fluorinated monomers in emulsion polymerization.1 

Perfluorinated products are indispensable in applications where chemical and thermal robustness play 

a key role. Their stability stems from the great strength of C−F bonds and C−C bonds of 

perfluorinated groups, which also accounts for their indefinite persistence in the environment. For 

example, long-chain fluorocarbons, in particular perfluorooctanoic acid (PFOA) and 

perfluorooctanesulfonic acid (PFOS, Chart 1.2), are known to bioaccumulate and can be found at low 

levels everywhere, from municipal wastewater to the blood and organs of most mammals, including 

polar bears and humans.21 Upon discovery of this bioaccumulation in the 1990s by 3M, the company 

voluntarily terminated production of C8-based PFOS-related products (important components in their 

Scotchgard brand of stain-protection products) and replaced them with shorter-chain pefluorobutane 

analogues that degrade to perfluorobutane sulfonate (PFBS).22 This was a surprising discovery as it  
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was previously believed that longer perfluoroalkyl chains (> C6) were vital to maintain the desirable 

chemical and thermal properties of these fluoroalkyl materials. Not only were C4-based fluorinated 

products just as effective as their C8 analogues, they were also found to be much less 

bioaccumulative, and consequently presumed to be less toxic. For instance, PFBS has a half-life of 

one month in a person whereas PFOS has a half-life of 4.5 years.22 Given the evidence for the 

carcinogenicity and the disruption of sexual development in lab animals with exposure to PFOA, a 

PFOA Stewardship Program was set in place by the EPA and the 8 major companies that manufacture 

PFOA agreed to completely eliminate production by 2015.23 Many of the replacements for PFOA are 

also based on shorter-chain perfluoroalkyl derivatives, with Du Pont’s short-chain perfluoroether-

based surfactant as the major player for polymer production. While the new shorter-chain products 

are an improvement on the phased out longer-chain analogues, more innovation towards fluorinated 

alternatives that are even less persistent, more environmentally benign, and that furthermore retain 

properties uniquely associated to fluorocarbons is desired. 

Chart 1.2 Long- and short-chain fluorosurfactants. 

	

	

1.3.2     Synthesis 

     Traditionally, the method of choice for the synthesis of fluorosurfactant precursors employs 

electrochemical fluorination (ECF), a process developed by Simons in 1950 that is still commonly 

used on large scales today.24 The process is especially valuable when a high extent of fluorination is 

desired, and entails the application of a direct electric current to a solution of organic compound 
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dissolved in anhydrous HF. Some of the major drawbacks typical of electrochemical fluorination 

include low yield, long reaction times, and low selectivity towards the desired product(s). 3M’s 

industrial scale synthesis of both PFOA and perfluorooctanesulfonyl fluoride (abbreviated POSF, a 

precursor for PFOS and PFOS-based compounds) involved ECF of octanoyl chloride and 

octanesulfonyl fluoride respectively.25 Although the mechanism of fluorination using ECF is not 

completely understood, it is proposed to either proceed by formation of high-valent nickel fluorides 

at the surface of the anode, or by formation of radical cation intermediates (Scheme 1.4). 

Alternatively, Du Pont employed a telomerisation method for the synthesis of PFOA, involving the  

addition of tetrafluoroethylene (TFE) to a perfluoroiodine compound in the presence of a catalyst 

(mixture of iodine pentafluoride and antimony pentafluoride), followed by oxidation with SO3.26 

With the phasing out of the C8-based products, many of the technologies previously employed for 

their syntheses were adapted for the synthesis of shorter-chain derivatives. Notable examples from 

recent patents published by 3M and Du Pont will be highlighted below.  

Scheme 1.4 Proposed mechanism for C−F bond formation in ECF. 

	

 

1.3.3     Scotchgard 

     Scotchgard was famously discovered by Patsy Sherman and Samuel Smith at 3M back in 1952 

when an accidental chemical spill on Smith’s white shoe proved to effect stain resistance. Scotchgard 

is now used as a treatment on a wide array of products to impart stain and water resistance, including 

clothing fabrics, furniture, and carpets. Originally, Scotchgard was patented as a block co-polymer 

which incorporates a segment that is highly fluorinated and a segment with a high number of polar 

groups, making materials treated with Scotchgard autoadaptable (i.e., change from net oleophobic 

and hydrophobic in air to net oleophobic and hydrophilic in water).27 In 2002, a newer version was 

patented by 3M, wherein it was first shown that shorter chain fluoroalkyl groups can be effective at 
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imparting the same desirable qualities.28 The new Scotchgard treatment is a chemical composition 

typically considered to be an oligomer which results from the condensation of a) fluorinated polyol, 

b) polyisocyanate, and c) a monofunctional fluorine-containing terminal group (Chart 1.3). One of 

the preferred embodiments uses the diol, C4F9SO2N(C2H4OH)2 as the fluorinated  polyol, which is 

synthesized by first treating perfluorobutanesulfonyl fluoride (PBSF; obtained from ECF of n-

butanesulfonyl chloride) with an equimolar amount of NH3, followed by successive treatments with 

ethylene chlorohydrin and sodium hydroxide. The monofunctional fluorine-containing terminal 

group is ideally a C4-based compound that is at least 50 % fluorine by weight, and contains a 

functional group that must be reactive with either the terminal isocyanate group (from the 

polyisocyanate) or hydroxyl group (from the polyol). Such functional groups include secondary 

amino, carboxyl, hydroxyl, isocyanato, epoxy, or oxazolinyl groups. One of the more preferred 

fluorinated monofunctional compounds is the alcohol, C4F9SO2N(CH3)CH2CH2OH, prepared by the 

reaction of PBSF with methylamine and ethylenechlorohydrin. The three main components of 

Scotchgard listed above are condensed to afford the fluorochemical oligomer in the presence of a 

catalytic amount of dibutyltin dilaurate. 

Chart 1.3 Formula for the fluorochemical urethane composition of Scotchgard. 

	

1.4     Fluoroorganometallic Chemistry 

     Focus has recently shifted to the development of more sustainable, “greener” routes for the 

synthesis of small highly fluorinated compounds. In this context, transition metal-mediated 

transformations of fluorinated building blocks are attractive alternatives to the current methods 
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highlighted above. Homogeneous catalysts for fluorination and trifluoromethylation have been well-

established in the past decade. Some heterogeneous methods for the synthesis of highly fluorinated 

compounds have emerged as well. This Thesis will focus on the selective functionalization of 

fluorinated compounds at transition metal centres with the goal of developing more sustainable and 

energy efficient routes towards new value-added fluorochemicals. 

1.4.1   Historical Context 

     One of the first examples of a transition metal fluoroalkyl complex, Mn(CF3)(CO)5, was almost 

simultaneously reported by three independent groups in 1960: Gordon Stone and co-workers, the 

Ethyl Corporation, and W.R. McClellan of Du Pont.29 The perfluoroalkylmanganese complex was 

synthesized by the thermal decarbonylation of the acetyl precursor, CF3COMn(CO)5. Around this 

same time, it was also discovered that transition metal fluoroalkyl complexes could be accessed by 

exploiting the pseudohalide characteristics of perfluoroalkyl groups. For example, 

perfluoroalkyliodides oxidatively add to low valent iron and cobalt centres to afford new metal 

fluoroalkyl bonds.30 The 1960s witnessed an explosion in the field of fluoroorganometallic  chemistry 

in large part due to the prolific work of Stone. The first metallacyclopentanes were synthesized by 

addition of tetrafluoroethylene (TFE) to low valent Fe(CO)5 and Co(CO)2(ƞ5-C5H5) respectively 

(Chart 1.4).30a,31 Evidence for TFE insertion into M−H bonds was also demonstrated by	

formation of Mn(CF2CF2H)(CO)5 from the reaction between TFE and MnH(CO)5.32 Shortly after the 

synthesis of the iron and cobalt metallacyclopentanes, Stone expanded this reactivity to low valent 

Ni and TFE. By widening the scope of the ancillary ligands employed, he was able to conclude that 

the ligand(s) steric bulk dictated the size of metallacycle formed, with the bulkiest ancillary ligand(s) 

favouring formation of metallacyclopropane products (Scheme 1.5).33 The study of mono- and 

bidentate phosphine ancillary ligands was more recently elaborated by Ogoshi et. al. in 2013, 
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Chart 1.4 First reported perfluorometallacycles. 

 	

 

Scheme 1.5 Ligand effects on perfluoronickelacycle formation. 

	

 

increasing the number of examples of both metallacyclopropane and -pentane complexes.34 The 

propensity for Ni(0) to favour the formation of metallacyclopentane products with TFE contrasts the 

reactivity Stone reported with Pt(0). Platinum and palladium complexes such as Pt(PR3)4 (where R = 

alkyl or aryl) and Pd(C2H4)(PPh3)2 exclusively form stable metallacyclopropane products34,35 with 

TFE and interestingly, in the presence of excess TFE, Pt(cod)2 gives a diplatinum TFE-bridged 

product (Chart 1.5, right).36 This type of reactivity has more recently been extended to Ir complexes 

by Cowie and co-workers, and will be discussed further in Chapter 4.37 Early studies by Stone were 

also performed with other fluorinated feedstocks, including hexafluoropropene (HFP) and 

trifluoroethylene (TrFE). Hexafluoropropene exclusively forms 3-membered metallacycles with both 

Pt and Ni (Chart 1.5, left).38 Presumably due to the larger steric bulk of the olefin, no examples of 

5-membered rings with HFP have been reported to date. TrFE reacts with Ni(PPh2Me)4 and 

(PPh3)2Ni(C2H4) to give nickelacyclopentanes33,39, which will be elaborated on later in Chapter 4. 
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Chart 1.5 Reactivity of Pt(0) with TFE and HFP. 

	

     In parallel to this work, Stone also investigated other fluorinated feedstocks such as (CF3)2=O, 

(CF3)2=NH, CF2=CFX (where X = Br, Cl) that are beyond the scope of this Thesis.40 In his perspective 

on fluorine as a ligand substituent in organometallic chemistry41, Hughes pointed out that the initial 

excitement in the field of fluoroorganometallic chemistry seemed to fade over the years, which he 

states is “perhaps due to the observations that complexes of fluorinated ligands were almost 

invariably more stable and much less chemically reactive than their hydrocarbon counterparts.” 

1.4.2    Comparison of M−Alkyl and M−Perfluoroalkyl Bonds 

     The strength of mid to late transition metal perfluoroalkyl bonds compared to their hydrocarbon 

analogues has been highlighted over the years through their difference in reactivity. While metal alkyl 

bonds are best known in classic organometallic reactions such as migratory insertions and reductive 

eliminations, metal perfluoroalkyl complexes are famous for their lack of reactivity via these same 

pathways.40 For example, Mn(CH3)(CO)5 is known to undergo facile migratory insertion in the 

presence of CO (Scheme 1.6a) while Mn(CF3)(CO)5 is surprisingly resistant to insertion even under 

high pressures of CO (Scheme 1.6b).42  

Scheme 1.6 Comparative reactivity of Mn−CH3 and M−CF3 bonds.  
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     There has been some controversy over the years as to the theory behind the shortening of 

M−perfluoroalkyl bonds relative to M−alkyl43, but two recent independent studies by Hughes44 and 

Macgregor45 combined both DFT and experimental studies to conclude that there are a number of 

factors which contribute to the overall strength of M−CF3 vs. M−CH3 in mid to late transition metals: 

a) M−C bonds are predominantly covalent, therefore bond ionicity does not play a major role (no 

correlation between M or C charges and M−C bond length variations); b) a higher σ interaction in 

M−CF3 due to an increase in C 2s character (consistent with Bent’s rule)46 contributes to bond 

shortening; and c) a minor contribution from metal π-back-bonding into the C−F σ* orbital exists. 

Notably, Hughes’ computational study also compared trends for M−CF2CF2CF2CF3 complexes and 

found them to be identical to the M−CF3 analogue.  

     As mentioned earlier, the strength of C−F bonds (attributed mainly to the large electronegativity 

difference between fluorine and carbon), creates challenges for the derivatization of fluorocarbons. 

This is however noticeably changed upon coordination to a transition metal, wherein C−F bonds α 

to the metal centre are known to be significantly elongated. The NBO analysis by Macgregor on a 

series of M−CF3 complexes suggests that two factors contribute to Cα−F weakening: a) the 

delocalization of the C lone pair in CF3 ̄ into the C−F σ* orbitals; and b) the minor metal π back-

donation contribution into C−F σ* orbitals.44 The effect of this bond weakening in terms of reactivity 

will be discussed below. 

1.5     Transition Metal-Mediated C−F Bond Activation of Fluorinated Ligands  

1.5.1    Selected Examples of M−Fluoroalkyl Reactivity 

     Reger and Dukes were the first to examine the effect of Cα−F elongation on reactivity, 

rationalizing that such bonds would be more susceptible to electrophilic attack.47 Indeed, they 

successfully synthesized a metal difluorocarbene complex by treatment of Mo−CF3 with Lewis 

acidic SbF5. By using the same strategy on a higher fluoroalkyl complex, they were able to 

demonstrate that the Cα−F bonds are selectively activated by the transition metal. Treatment of 
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Mo−CF2CF2CF3 with Lewis acid afforded exclusive formation of the monofluorocarbene product I1 

(Scheme 1.7). The fluorocarbene products were unstable and therefore only characterized in situ by 

Scheme 1.7 Selective activation of Cα−F with a Lewis acid. 

 

NMR. Shortly after this initial report, a series of new mono- and difluorocarbene complexes were 

published, mainly from the groups of Roper, Shriver, and Hughes.48 These subsequent studies 

demonstrated that the fluoride abstraction generally works well with other acids (both Lewis and 

protic acids), and also with other M−perfluoroalkyl derivatives, including examples with Mn, Fe, 

Ru, Os, and Ir. Another early report that clearly highlights the activation of the Cα−F bonds is the 

electrophilic halogen exchange reaction published by Richmond and Shriver.49 In the presence of 

BX3 (where X = Cl, Br), regiospecific halogen exchange occurs at the α carbon of 

CpMo(CO)3(CF2CF3) and CpMo(CO)3(CF2CF2CF3), affording CpMo(CO)3(CX2CF3) and 

CpMo(CO)3(CX2CF2CF3) respectively. 

1.5.2    Perfluorometallacyclopropane Complexes 

     Early studies by Stone and Kemmitt investigated the reactivity of Pt HFP50 and TFE51 adducts 

towards Lewis acids (Scheme 1.8). In the case of (PPh3)2Pt(C2F4), only the weakly Lewis acidic LiI 

is needed to achieve C−F activation and rearrangement to the vinyl product, presumably due to the	

favourable formation of LiF. More recently, Ogoshi et. al. performed a more in-depth investigation 

of various Ni and Pd TFE adducts, concluding that a number of Lewis acids and metal halogens are 

capable of affording the C−F bond-activated vinyl products.34 These stoichiometric reactions were 

further exploited to achieve catalytic C−C bond forming reactions in the presence of LiI and aryl 

zinc compounds formed in situ from ZnCl2 and a Grignard reagent.52  
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Scheme 1.8 C−F activation of a) Pt HFP and b) Pt TFE complexes. 

 

     Another more recent report from Xiaoyan Li and colleagues which was published in parallel with 

the work of this Thesis, outlined the synthesis and reactivity of a new Ni HFP adduct.53 Upon addition 

of ZnCl2, five coordinate (PMe3)3Ni(C3F6) undergoes selective C−F activation at the 2-position, 

giving vinyl product I2 (Scheme 1.9). Further studies investigating the reactivity of complex I2 with 

Grignard reagents resulted in multiple C−F activations, affording trans-

[NiBr{CF3CH=C(CH2CH2C6H5)}(PMe3)2].   

Scheme 1.9 C−F bond activations in Ni HFP adduct. 

 

     Li’s HFP study was followed up shortly thereafter by a report of a Pd HFP analogue from Ogoshi 

et al., wherein the selectivity of C−F activation (Cα−F vs. Cβ−F) could be tuned based on the Lewis 

acid co-additive employed.54 While a stoichiometric amount of BF3·OEt2 afforded the expected 

vinylic product upon addition to (PCy3)2Pd(C3F6) (I3), treatment of I3 with one equivalent of a 

bulkier Lewis acid, B(C6F5)3, gave cationic perfluoroallylpalladium complex I4, resulting from the  

unexpected activation of a CF3 Cβ−F bond (Scheme 1.10). An in depth NMR study demonstrated the 

fluxionality of the perfluoroallyl ligand and also confirmed its ƞ2-coordination mode.   
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Scheme 1.10 Tuning C−F bond activation in I3 by varying the Lewis acid. 

 

1.5.3     Perfluorometallacyclobutane Complexes 

     Our group recently published the synthesis of new cobalt fluorocarbenes55, CpCo(PR3)(=CF2) 

where PR3 = PPh3, PPh2Me and P(OMe)3. The PPh2Me analogue demonstrates its decidedly 

nucleophilic character by affording perfluorocobaltacyclobutane complex I5 upon treatment with 

TFE.56 Harnessing the reactivity of such fluorocarbenes and fluorometallacyclobutanes is highly 

desirable in pursuit of more selective homogeneous catalyzed routes (relative to current radical and 

heterogeneous catalyzed methods)57, for the polymerization of fluorinated alkenes. In the presence 

of either stoichiometric Me3SiOTf or a catalytic amount (3-6 mol%) of HNTf2, fluoride abstraction 

from I5 yields the trans-vinyl I6 and the isomerization/ring contraction metallacyclopropane I7 

(where the abstracted fluoride returns to the rearranged product), respectively (Scheme 1.11). Both 

acid reactions were proposed to proceed through a formal Cβ−F activation, which was supported by 

generation of the β-phosphine functionalized metallacycle I8 upon addition of [HPPh2Me][NTf2] to 

perfluorometallacyclobutane (Scheme 1.12). These results have been reproduced in our lab with  

nickel analogues P2Ni(-CF2CF2-CF2-) where P2 = 2 P(OMe)3 or bis(diphenylphosphino)ethane 

(DPPE).58 New developments including examples of fluoroalkene metathesis have been achieved and 

are currently being expanded upon by PhD candidate, Mr. Alex Daniels.59  
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Scheme 1.11 Formation and acid reactivity of perfluorocobaltacyclobutane complex I5. 

 

 

Scheme 1.12 Synthesis of Cβ phosphine-functionalized metallacyle. 

 

 

     In 2015, Vicic and colleagues reported the synthesis of perfluoroplatinacyclobutanes from 

perfluoroalkyl iodide complex I9. Heating I9 at 90 °C for 36 h in CH2Cl2, or for 16 h in pyridine led 

to the synthesis of metallacyclobutanes I10 and I11, respectively (Scheme 1.13).60 Interestingly, the 

cyclooctadiene analogue I10 undergoes double Cα−F activation when subjected to column 

chromatography, giving a fluorocarboxylate metallacycle. This is proposed to result from the reaction 

between the perfluorometallacyclobutane and water/air.  
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Scheme 1.13 Formation and reactivity of perfluoroplatinacyclobutanes. 

 

1.5.4     Perfluorometallacyclopentane Complexes 

     The stability of perfluorometallacyclopentanes was highlighted with the very first example, 

(CO)4Fe(C4F8), introduced by Stone in 1961.30a The metallacycle was found to be indefinitely stable 

at room temperature, and in the presence of Br2 or excess phosphine. Heating at 160°C for 12 days 

resulted in the formation of perfluorocyclobutene, resulting from the activation of two C−F bonds 

which were proposed to form iron fluorides as by-product(s). Surprisingly, the reactivity of 

perfluorometallacyclopentanes remained largely unexplored until Burch et al. investigated their 

reactivity towards Lewis acids in 1988.61 He found that bis(phosphine) metallacycle (PEt3)2Ni(C4F8) 

undergoes a Cα−F activation in the presence of BF3 followed by phosphine ligand migration to Cα, 

affording the unusual phosphine-functionalized metallacycle I12 (Scheme 1.14). Furthermore, 

addition of a second equivalent of BF3 results in a subsequent C−F activation at the other Cα position, 

affording the dicationic product of which was isolated by addition of a bis(phosphine) ligand. 

Scheme 1.14 Cα−F abstraction in a bis(phosphine) perfluoronickelacycle. 
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     More recently and in parallel with the work of this Thesis, Mr. Nicholas Andrella of our group has 

established alternative reactivity with NHC-coordinated perfluoronickelacycles.62 Low-coordinate 

(SIPr)Ni(C4F8) [SIPr = 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene] reacts with one 

equivalent of Me3SiOTf to give Cα−F abstraction product I13, where the CαF2 unit migrates to furnish 

a cyclobutyl ring with the NHC−Ni bond remaining intact (Scheme 1.15). Heating I13 leads to Cβ−F 

elimination and formation of organic product, perfluorocylobutene; the presumed (SIPr)NiF(OTf) 

co-product was not fully characterized. 

Scheme 1.15 Reactivity of a low-coordinate NHC perfluoronickelacycle.  

 

 

1.6     Formation and Activation of Ni−Cα Bonds in Fluorometallacyclopentanes 

     As mentioned above, perfluorometallacyclopentanes are classically synthesized by oxidative 

cyclization of TFE at a low valent metal centre. More recently, Vicic et al. has introduced an 

alternative method for accessing perfluoronickelacyclopentanes.63 This method begins with the 

preparation of a bifunctionalized fluoroalkylzinc reagent from diethyl zinc and 1,4-

diiodooctafluorobutane. Upon addition of the dinuclear zinc reagent to [(DME)NiBr2] in the presence 

of L [where L = CH3CN or 2,6-dimethylphenyl isocyanide (CNAr)], two new 

perfluoronickelacyclopentanes are obtained (Scheme 1.16). 

 

 

 



Chapter	1:	Introduction	
 

21	
	

Scheme 1.16 Synthesis of perfluoronickelacycles using a transmetallation reaction. 

 

     Most examples of Ni−Cα activation in fluorometallacyclopentanes involve mixed metallacycles, 

derived from the oxidative cyclization of one molecule of TFE with another non-fluorinated alkene 

or alkyne, in which the non-fluorinated Ni−Cα bond is more prone to insertion reactions. For example, 

Bennett and colleagues outlined the synthesis of a mixed metallacycle by exposing benzyne nickel(0) 

complex (dcpe)2Ni(η2-C6H4) to TFE.64 Under an atmosphere of CO at 50°C, selective insertion into 

the nickel aryl bond to give acyl-bound complex I14 occurs (Scheme 1.17). Increasing the pressure 

of CO led to the reductive elimination of organic product, I15, with concomitant formation of 

byproduct (dcpe)2Ni(CO)2.  

Scheme 1.17 Reactivity of mixed TFE nickelacyclopentanes. 

 

     Baker and Ogoshi have also developed catalytic processes that rely on key nickelacyclopentane 

intermediates derived from one molecule of TFE and one of ethylene, which will be detailed further 

in Chapter 4.65  

     While working at Du Pont, Baker et al. developed a catalytic method for the hydrodimerization 

of TFE, with perfluoronickelacyclopentane and NiL4 intermediates (Scheme 1.18).63a The reaction 

required elevated temperatures and pressures for the hydrogenolysis of the robust Ni−RF bonds. 
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Scheme 1.18 Synthesis of octafluorobutane by hydrodimerization of TFE using low valent Ni. 

 

 

1.7     19F NMR as a Characterization Tool in Fluoroorganometallic Chemistry 

     19F NMR spectroscopy has proven to be an invaluable tool in the characterization of 

fluoroorganometallic complexes. The 19F nucleus is 100% naturally abundant and has a nuclear spin 

quantum number of ½, allowing for acquisition of useful information about coupling to proximate 

fluorine, hydrogen, carbon and phosphorus atoms.66 Another resemblance of 19F to 1H NMR is that 

the intensity of an individual signal provides an accurate number of fluorines responsible for that 

given signal. Other advantages of the 19F nucleus are its high magnetogyric ratio (ca. 0.94 times that 

of 1H) and its expansive chemical shift range. With the complexes synthesized in our group alone, 

the fluorine chemical shifts span around 1 000 ppm (+ 150 to – 780 ppm)! This huge range is also 

very informative in terms of determining the chemical environment of the observed fluorine. For 

example, fluorines in the Cα position of a transition metal fluoroalkyl are known to be shifted 

significantly downfield relative to a normal aliphatic fluorocarbon.67 Furthermore, the presence of 

31P nuclei can be highly beneficial for characterization purposes. The 31P nucleus is also 100% 

naturally abundant, has a nuclear spin quantum number of ½, and couples strongly and distinctly to 

adjacent fluorines. 
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1.8     Bifunctional Ligands: Uses and Advantages 

     Classical homogeneous catalysis typically employs ancillary ligands such as 

phosphines/phosphites that act as two electron donors to stabilize the transition metal centre and 

remain unchanged throughout the course of the reaction. With a greater understanding of 

metalloenzymes and how they function in nature to perform essential catalytic reactions, it has 

become clear that these systems rely heavily on cooperative effects between the metal and its ligand 

environment. In many cases, the ligand environment is considered to be involved directly in bond 

activation processes. For example, the enzyme [FeFe]-hydrogenase catalyzes either H2 production or 

uptake at its active site (Scheme 1.19).68 A combination of experimental and theoretical studies has 

shown that a pendant amine group in this enzyme is key for heterolytic H2 cleavage.69  

Scheme 1.19 H2 activation at [FeFe]-hydrogenase. 

 

     This type of bifunctional reactivity is also highlighted by H2 oxidation to H+ in the heterobimetallic 

[NiFe]-hydrogenase enzyme, where it is proposed that the Ni-coordinated thiolate group participates 

directly in H2 splitting (Scheme 1.20).70 

Scheme 1.20 H2 activation at [NiFe]-hydrogenase. 
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1.8.1    Metal−NH/N Bond 

     The most studied bifunctional systems in homogeneous catalysis to date are based on metal-

coordinated amine and amido ligands.67c The first example of heterolytic H2 cleavage by a metal 

amido group was established with Fryzuk’s disilylamido complexes.71 The remarkable activity of 

Noyori’s catalyst (based on a Ru ethylenediamine platform) in the asymmetric hydrogenation of 

ketones to alcohols demonstrates the significance of the “NH effect”, which attributes the high 

catalyst performance to metal-ligand cooperativity.72 Importantly, this “NH effect” was supported by 

a loss of catalyst performance when tetramethylethylenediamine was employed as the ligand.69a  

     Although it has been traditionally accepted that the amine ligand participates directly in the ketone 

hydrogenation (TS1; involving simultaneous transfer of a hydride from Ru and a proton from NH2 

and TS2; heterolytic H2 cleavage, Scheme 1.21)73, this mechanism and the exact role of the NH group 

in metal-ligand cooperativity has recently been debated by Gordon and colleagues.74 A plethora of 

transition metal complexes designed to incorporate this “NH effect” have opened the door for the 

application of homogeneous catalysis to a wider range of more challenging chemical transformations, 

operating with higher activities and comparatively milder conditions than previous systems. Similar 

motifs based on [P,N] ligand scaffolds have been designed and reported independently by Fagnou75, 

Schneider76, and Baker77 for the dehydrogenation of ammoniaborane, a targeted substrate for 

chemical hydrogen storage. 
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Scheme 1.21 Catalytic cycle for the hydrogenation of ketones under basic conditions. 

 

1.8.2    Metal−S Bond 

     There have been a handful of reports highlighting the metal-ligand cooperativity of thiolato-

coordinated metal complexes. One example communicated by Stradiotto et al. detailed the reversible 

activation of Si−H bonds by a [P,S]-coordinated cationic Ir complex (Scheme 1.22).78 This system 

was shown to achieve stoichiometric ketone hydrosilylation but was not effective as a hydrosilylation 

catalyst.  

Scheme 1.22 Si−H activation by a thiolate-coordinated Ir complex. 

 

     In 2011, Oestreich and co-workers reported a Ru thiolate complex that catalyzes both the 

electrophilic borylation and the C−H silylation of indoles.79 Furthermore, they provided evidence 
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Scheme 1.23 B−H activation by a Ru thiolate complex. 

	

for the metal-ligand cooperative activation of the B−H bond by characterizing complex I16 by NMR 

and X-ray crystallography (Scheme 1.23). They have also demonstrated that the same ruthenium 

complex effectively catalyzes hydrodefluorination of C(sp3)−F bonds, a reaction of particular interest 

in the context of this Thesis (Scheme 1.24).80 Interestingly, they propose that catalytically generated 

silicon cations are responsible for the C−F abstraction reaction.  

Scheme 1.24 Ru−S catalyzed hydrodefluorination with silanes. 

 

     Although we have outlined examples above of metal thiolate complexes capable of activating H2 

and H−X bonds, the magnitude of metal-ligand cooperation at play in catalytic reactions still needs 

to be elucidated through more thorough mechanistic studies. 
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1.9     Scope of Thesis Work 

     The work highlighted in this Thesis aims to develop methods for the selective functionalization of 

FCs at a transition metal centre to obtain novel small-molecule functionalized FCs that are of 

potential interest for application as refrigerants and fluorosurfactants, among others. The following 

Chapters will examine the effect that bifunctional ligands have on the reactivity of 

perfluoronickelacyclopentanes, synthesized by the oxidative cyclization of TFE at Ni(0) centres. The 

TFE used in these studies is generated by pyrolysis of waste polytetrafluoroethylene (PTFE). 

Specifically, Chapter 2 will detail the synthesis of a phosphinothioether-coordinated 

perfluorometallacycle and its ensuing reactivity towards Lewis acids, with examples of Cα−F, Cβ−F 

and Ni−Cα bond activation. Chapter 3 will highlight the synthesis of phosphinothiolate-coordinated 

fluoronickelacycles, including the first example of an anionic NiII metallacycle. Chapter 4 will take 

a different approach to the synthesis of small-molecule functionalized FCs, examining the effects of 

replacing TFE with TrFE in metallacycle formation and their subsequent reactivity. Lastly, Chapter 

5 will compare and contrast the formation and reactivity of new perfluoronicelacycles featuring 

[P,NH] and [P,N¯] bidentate ligands {where [P,NH] is 2-(diphenylphosphino)phenyl-N-

phenylaniline} with previously studied systems. 
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Chapter 2. Activation of C−F and Ni−C Bonds of [P,SiPr]-Ligated 
Fluoronickelacycles 
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Abstract 

The first example of a [P,SiPr]-ligated metal perfluorocyclopentane is reported.  The new metallacycle 

undergoes Cα−F activation in the presence of a Lewis acid, followed by chemoselective ligand 

migration, affording a fused metallabicyclic product.  Reactivity of this product includes an 

unprecedented nucleophile-induced ring-opening reaction, involving loss of a β-fluoride.  
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Additionally, hydrolysis of the metallabicyclic product affords a single isomer of hexafluoro-1-

butene. 

2.2     Introduction 

     The importance of fluorocarbons and their derivatives can be seen through their wide range of 

uses: small-molecule fluorocarbon derivatives are employed, for example, as refrigerants, solvents, 

surfactants, and pharmaceutical compounds.1 Despite the attractive features of fluorocarbons and 

their derivatives (e.g., thermal and chemical/biochemical stability), their syntheses are typically 

energetically intensive and environmentally problematic.2 High temperatures or large 

electrochemical potentials are needed, along with toxic reagents. For example, the Swarts process for 

synthesizing highly fluorinated organic compounds requires antimony-based catalysts with 

chlorocarbon and hydrofluoric acid feedstocks (Scheme 1.1).3 These harsh conditions are also 

incompatible with most functional groups. Our goal is to develop more sustainable routes to 

functionalized small-molecule fluorocarbons via base-metal catalysis, using fluoroalkenes obtained 

from waste fluoropolymers (e.g., PTFE) as feedstocks.4 We are currently studying the stoichiometric 

reactions of new nickel polyfluorocyclopentane complexes, with emphasis on challenging C−F and 

M−RF (RF = fluoroalkyl) activation processes, to assess their viability for future catalytic 

applications.  

     In the 1960s, Stone and co-workers synthesized the first nickel perfluorometallacycles by reacting 

TFE with tetrakis(phosphine) or -(phosphite) nickel(0) complexes (Scheme 1.5). Various metal 

systems were studied, including nickel, platinum, cobalt and iron. It was concluded that the choice 

of metal and ancillary ligands dictated whether three- or five-membered metallacycles were formed.5 

Since these complexes surfaced nearly five decades ago, very few studies have focused on their 

reactivity and most reports have been limited to substitution of the ancillary ligands.6 Reactions of 

the typically inert perfluorometallacyclic fragment are even rarer.7 In 1988, Burch and co-workers 

demonstrated the activation of a Ca−F bond in (PEt3)2Ni(CF2)4 using BF3; upon fluoride abstraction, 
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one of the phosphine ligands migrated to the a-carbon, giving the phosphonium ylide 

Ni(PEt3)(BF4)[CF(PEt3)(CF2)3], and a transient fluorocarbene was proposed as an intermediate 

(Scheme 1.14).8 Baker et al. later developed a catalytic method for the hydrodimerization of TFE, 

with perfluoronickelacyclopentane and NiL4 intermediates (Scheme 1.18).9 The reaction required 

elevated temperatures/pressures and hydrogenolysis of the typically robust Ni−RF bonds was only 

observed when π-acidic phosphite ligands were employed.9,10 Catalysis with transition metal 

perfluoroalkyl intermediates is inherently challenging due to the general stability of M−RF 

bonds,11,18a but a number of new metal-based methods for introducing RF (predominantly CF3) groups 

to organic molecules have appeared recently.12  

2.3     Results and Discussion  

     One approach to metal-catalyzed fluorocarbon synthesis involves metallacycle modification 

through C−F bond functionalization prior to hydrogenolysis. As a result, we have initiated extensive 

studies of fluoride abstraction as a function of metal and ancillary ligands. Herein we report the first 

nickel perfluorometallacycle complex with a bidentate [P,SiPr] ligand. Most6b of the previously 

reported complexes with the perfluoronickelacyclopentane substructure have two identical 

monodentate auxillary ligands or a symmetrical bidentate ligand (e.g., 2,2’-bipyridine or 1,2-

bis(diphenylphosphino)-ethane; ideal C2v symmetry for the complexes). The reactivity of the [P,SiPr]-

ligated metallacycle has been examined and below we describe several reactions, including the 

activation of Cα−F and M−C bonds, as well as an unusual ring-opening reaction that appears to 

proceed through β-fluoride elimination. 

     The bis(phosphite) nickel perfluorometallacycle Ni-1 was synthesized according to reported 

methods.3,9 Treatment of Ni-1 with the thiol form of the ligand, 1,2,4-(HS),(Ph2P),Me(C6H3) 

[variation of the known ligand, 1,2-(HS),(Ph2P)(C6H4)]13 led to unexpected migration of an isopropyl 

group of the phosphite ligand to the sulfur atom of the bidentate ligand, cleanly yielding complex Ni-

2 (86% isolated yield). The di-isopropyl phosphonate side-product was observed by 31P{1H} NMR 
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at 1.1 ppm with an equimolar amount of free phosphite appearing at 135.8 ppm. The mechanism for 

the formation of Ni-2 is speculative at this point, but likely involves a transient nickel-coordinated 

thiol, which is deprotonated by the phosphite; the resulting phosphorus acid then transfers an alkyl 

group to the nickel-bound thiolate (Scheme 2.1).14 This proposed mechanism is similar to the organic 

Michaelis-Arbuzov reaction which involves formation of a phosphonate from a trialkylphosphite and 

an alkyl halide; the potently electrophilic P-alkylated phosphite transfers another alkyl group to the 

halide.15   

Scheme 2.1 Proposed mechanism for the formation of [P,SiPr]-ligated metallacycle. 

	

     The 19F NMR data for Ni-2 are consistent with the loss of symmetry (apparent Cs), relative to Ni-

1 (C2v) and show four unique fluorine environments. Considering that the nickel-coordinated sulfur 

atom is chiral, and pyramidal inversion is unlikely (based on previous reports of sulfonium salts and 

metal-coordinated thioethers),16 we propose that the thioether group rapidly 

coordinates/decoordinates from the metal, resulting in the apparent equivalence of the two faces of 

the perfluorometallacycle. The 31P{1H} signal for Ni-2 (44.0 ppm) is an apparent quintet due to 

coupling with the fluorines on the Cα atoms. Complex Ni-2 was characterized by single-crystal X-

ray diffraction (Figure 2.1).17 Crystals were grown by slow evaporation of a diethyl ether solution. 

Bond angles are consistent with a distorted-square-planar Ni(II) centre. As expected,11 the Cα−F 



Chapter	2	
	

38	
	

bonds are significantly elongated in comparison to Cβ−F bonds (e.g., 1.3897(17) Å and 1.3507(18) 

Å respectively). The Ni(1)-C(26) bond in Ni-2 is appreciably longer than the Ni(1)-C(23) bond trans 

to the sulfur donor (1.9470(13) Å and 1.9204(14) Å respectively), reflecting the larger trans influence 

of the  phosphine in comparison to the thioether.	

 

Figure 2.1 ORTEP representation of the molecular structure of complex Ni-2. Thermal ellipsoids set 
at 40% probability and hydrogen atoms are omitted. Selected bond lengths [Å] and angles [°].  Ni1-
C23 1.9204(14), Ni1-C26 1.9470(13), Ni1-S1  2.2147(3), Ni1-P1  2.2194(3), C26-F1 1.3852(17), 
C26-F2  1.3897(17), C23-F7 1.3743, C23-F8 1.3823(18), C23-Ni1-C26  85.82(6), C26-Ni1-S1  
91.12(4), C23-Ni1-P1  93.57(4), S1-Ni1-P1  89.860(13).  
 
    When the [P,SiPr] perfluorometallacycle Ni-2 was treated with Lewis acid Me3SiOTf (Tf = 

SO3CF3), a fluoride was abstracted from the metallacycle, presumably from one of the metal-

activated Cα positions,18 yielding the fused metallabicyclic complex Ni-3 in 95% isolated yield (48 

h, 60oC in toluene) (Scheme 2.2, top). At this stage, it is not clear which of the α-fluoride atoms is 

activated: the Cα−F bond lengths in the solid state structure of Ni-2 are very similar for the carbon 

atoms trans to P and S and thus offer no insight into the likely site of fluoride abstraction. When BF3-

etherate was employed as the Lewis acid, the BF4-ligated analogue of Ni-3 was not formed and only 

minor, unidentified products were observed (C6D6, 60°C, <10% conversion of starting material after 

48 h). Complex Ni-3 is air-stable and did not decompose upon heating (80oC) in CD3CN for 24 h.  
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     The reactivity described above is reminiscent of Burch’s observation of monodentate phosphine 

(PEt3) migration upon fluoride abstraction (see above).8 Interestingly, Burch noted that fluoride 

abstraction/phosphine migration was not observed when excess BF3 was combined with 

perfluoronickelacyclopentane bearing a bidentate [P,P] ligand {Ni[κ2-(i-Pr)2PCH2CH2P(i-

Pr)2)](CF2)4}, even upon heating.8 The failure of the [P,P] complex to undergo fluoride abstraction 

derives presumably from the increased Lewis basicity and/or size of the phosphine groups, relative 

to the P and S donors in Ni-2. However, BF3 also failed to abstract fluoride from complex Ni-2 (see 

above) and it is possible the [P,P] metallacycle could be activated using Me3SiOTf. Burch proposed 

the fluoride-activation reaction proceeds through a short-lived nickel fluorocarbene.8 In keeping with 

this proposal, we speculate that the reaction proceeds through one of two possible intermediates: a 

fluorocarbene (Scheme 2.2, bottom left), or a carbocation intermediate19 (Scheme 2.2, bottom right). 

The highly electrophilic18a,20 intermediate is attacked, chemoselectively, by the more nucleophilic 

phosphine group of the [P,SiPr] ligand to give Ni-3.  

     The 19F NMR spectrum of Ni-3 shows eight unique fluorine environments (including the CF3 from 

the triflate group), consistent with loss of apparent mirror-plane symmetry (Cs to C1) and the 

formation of a new chiral carbon centre upon phosphine migration. Again, the sulfur atom is chiral, 

but the 1H NMR data show only two methyl environments for the S-bound isopropyl group, indicating 

either the formation of only one diastereomer or rapid racemization at sulfur (see above).16 Geminal 

F-F (2JFF) coupling constants range between 250 and 275 Hz and the fluorine geminal to P is shifted 

significantly upfield to -198.4 ppm (2JFP = 69 Hz). All seven of the metallacyclic fluorine 

environments were assigned by 19F NOESY NMR experiments (see Appendix for 2D spectrum).   

     Single crystals of Ni-3 were obtained by slowly cooling a benzene solution. Distorted-square-

planar geometry is again observed at the Ni centre. For the Ni−C−P fragment, the Ni−C bond is 

approximately the same length or shorter than the three Ni−CF2RF bonds in structures Ni-2 and Ni-

3 (Figure 2.2). Presumably, the weak trans influence of the OTf ligand contributes to the short 

metal−carbon bond, although the effects of replacing a fluoride with a phosphine substituent are 
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unclear at present.   

Scheme 2.2 Cα−F activation of Ni-2 with Lewis acid.  

 

 

Figure 2.2 ORTEP representation of the molecular structure of complex Ni-3. Thermal ellipsoids 
set at 40% probability and hydrogen atoms are omitted. Two phenyl groups are omitted from P1 for 
clarity. One of two orientations of the disordered OTf group is depicted. Selected bond lengths [Å] 
and angles [°]. Ni1-C23 1.9160(15), Ni1-C26 1.9149(15), Ni1-S1 1.2777(4), P1-C23 1.8494(14), 
O1-Ni1-S1 84.49(14), C23-Ni1-S1 93.58(4), O1-Ni1-C26 95.07(15), C23-Ni1-C26 86.73(6). 

     We began to explore the reactivity of complex Ni-3, initially focusing on ligand substitution 

reactions with a variety of nucleophiles. Dissolving Ni-3 in acetonitrile leads to displacement of the 

triflate ion with acetonitrile to yield Ni-3·CH3CN (Scheme 2.3, left). Substitution of the triflate group 
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was also observed when Ni-3 was treated with 1 equiv of 2,6-dimethylphenyl isocyanide (CNAr) or 

sodium thiophenolate, to afford Ni-4 and Ni-5, respectively (Scheme 2.3). Thus, the triflate ion of 

Ni-3 can be displaced from nickel by a variety of nucleophiles, while the thioether group remains 

coordinated in the products.		

Scheme 2.3 Ligand substitution reactions of Ni-3. 
	

	

					When Ni-3 is treated with > 1 equiv of CNAr, a surprising ligand–induced ring-opening reaction 

occurs, in which Ni−S, Ni−C, and Cβ−F bonds are cleaved and P−F/C−C bonds are formed. 

Treatment of Ni-3 with 3 equiv of CNAr yields complex Ni-6 (room temperature, 1 h, C6D6) (Scheme 

2.4, top right), which was observed using multinuclear NMR.21,22 Evidence for the P−F group is 

provided by 19F and 31P NMR: the large coupling constant of 660 Hz is strongly indicative of one-

bond P-F coupling and the downfield 19F shift of +16.5 ppm also supports a fluorine−phosphorus 

bond. The 31P{1H} NMR resonance for Ni-6 is found significantly upfield at -73.8 ppm, suggestive 

of a five-coordinate phosphorus atom.23 For the alkenyl fluorine atoms, 3JFF = 135 Hz, pointing to 

exclusive formation of the F,F-trans (E) double bond isomer. Attempts to isolate Ni-6 led to 

decomposition; we obtained the more stable compound Ni-7 (91% isolated yield) by fluoride 
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abstraction from the phosphorus centre of Ni-6, using Me3SiOTf (Scheme 2.4). Complex Ni-7 was 

characterized by 1H, 19F and 31P{1H} NMR, UV-vis, and ESI-MS.	

     Upon hydrolysis, Ni-3 releases exclusively the F,F-trans (E) double bond isomer fluoroalkene 

O1, shown in Scheme 2.4 (bottom) and uncharacterized co-products.24 This is the first example of a 

transition metal-mediated process for the selective formation of (E)-1,2,3,3,4,4-hexafluoro-1-

butene.25 An experiment with D2O confirms that the hydrogens of the product originate from water. 

We suspect the obtained NMR yield of the hydrofluoroalkene (27% based on 3 trials) is artificially 

low due to liquid-gas phase partitioning and/or supersaturation of the benzene solvent. The crude 19F 

NMR spectrum for the hydrolysis reaction showed only minor impurities and (E)-1,2,3,3,4,4-

hexafluoro-1-butene as the only major product.	

Scheme 2.4 Ligand-induced ring-opening reaction of Ni-3. 

	

     Treating complex Ni-7 with water does not generate (E)-1,2,3,3,4,4-hexafluoro-1-butene. 19F and 

31P{1H} NMR data indicate that an intact P−C(F) bond is present among the unknown hydrolysis 

products, on the basis of geminal coupling between the phosphorus and one fluorine atom. 
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2.4     Conclusions	

     In summary, the synthesis of a new nickel perfluorometallacycle (Ni-2), with a hemilabile 

phosphine/thioether ligand, has been described. Fluoride abstraction from this complex yielded a 

phosphine migration product (Ni-3), featuring weakly bound thioether and triflate groups on the 

nickel atom. Ligand substitution studies revealed that the triflate ligand may be displaced from the 

metal, producing neutral or cationic complexes by employing different nucleophiles. The reaction of 

Ni-3 with CNAr (≥ 3 equiv) produced an unexpected ring-opened product via Ni−C and C−F 

activation pathways. Finally, hydrolysis of Ni-3 afforded a single isomer of hexafluoro-1-butene 

(O1), thus demonstrating the potential of metallacycle modification for selective production of 

unsaturated hydrofluorocarbons. The stoichiometric systems reported here will be studied more 

extensively with the goal of designing catalytic systems for the synthesis of functionalized 

fluorocarbons.  

2.5     Experimental Section 

2.5.1 General   

     Experiments were conducted under nitrogen, using Schlenk techniques or an MBraun glove box.  

All solvents were deoxygenated by purging with nitrogen. Toluene, hexanes, diethyl ether and 

tetrahydrofuran (THF) were dried on columns of activated alumina using a J. C. Meyer solvent 

purification system. Benzene-d6 (C6D6) was dried by stirring over activated alumina (ca. 10 wt.%) 

overnight, followed by filtration. Acetonitrile (CH3CN), acetonitrile-d3 (CD3CN), and 

dichloromethane (DCM) were dried by refluxing over calcium hydride under nitrogen. After 

distillation, they were dried further by stirring over activated alumina (ca. 5 wt.%) overnight, 

followed by filtration. All solvents were stored over activated (heated at ca. 250oC for >10 h under 

vacuum) 4 Å molecular sieves. Glassware was oven-dried at 150oC for >2 h. The following chemicals 

were obtained commercially, as indicated: trimethylsilyl trifluoromethanesulfonate (Me3SiOTf, 

Aldrich, 99%), bis(1,5-cyclooctadiene)nickel (Ni(cod)2, Strem, 98+%), tri-iso-propyl phosphite 
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(P(O-i-Pr)3, Aldrich, 95%), 4-methylbenzenethiol (1,4-(HS)Me(C6H4), Aldrich, 98%), 

diphenylchlorophosphine (PPh2Cl, Strem, min. 95%), 2,6-dimethylphenyl isocyanide (CNAr; 

Aldrich, 96%), sodium thiophenolate (NaSPh, Aldrich, ≥96.5%). Tetrafluoroethylene was purchased 

from ABCR (99%) or made by pyrolysis of polytetrafluoroethylene (Scientific Polymer Products, 

powdered) under vacuum, using a slightly modified literature procedure [10-20 mTorr, 650oC, 30 g 

scale, product stabilized with R(+)-limonene (Aldrich, 97%), giving TFE of ca. 97% purity].26 

Compound [P(O-i-Pr)]2Ni(C4F8) was made by oxidative addition of tetrafluoroethylene to Ni[P(O-i-

Pr)3]4 using a slightly modified literature procedure.3,9 Ni[P(O-i-Pr)3]4 complex was prepared from 

Ni(cod)2 following reported methods.3  1H, 19F, 31P{1H} and 13C{1H} NMR spectra were recorded on 

a 300 MHz Bruker Avance instrument at room-temperature (21-23oC). 1H NMR spectra were 

referenced to the residual proton peaks associated with the deuterated solvents (C6D6: 7.16 ppm; 

CD3CN: 1.94 ppm). 19F NMR spectra were referenced to internal 1,3-bis(trifluoromethyl)benzene 

(BTB) (Aldrich, 99%, deoxygenated by purging with nitrogen, stored over activated 4 Å molecular 

sieves), set to –63.5 ppm. 31P{1H} NMR data were referenced to external H3PO4 (85 % aqueous 

solution), set to 0.0 ppm. Electrospray ionization mass spectral data were collected using an Applied 

Biosystem API2000 triple quadrupole mass spectrometer. UV-vis spectra were recorded on a Cary 

100 instrument, using sealable quartz cuvettes (1.0 cm pathlength). Elemental analyses were 

performed by Canadian Microanalytical Service Ltd. (Delta, British Columbia, Canada). 

2.5.2   X-ray Crystallography  

     For Ni-2 and Ni-3:  samples were mounted on thin glass fibers using paraffin oil and were cooled 

to 200 K prior to data collection. Data were collected on a Bruker AXS KAPPA single crystal 

diffractometer equipped with a sealed Mo tube source (wavelength 0.71073 Å) APEX II CCD 

detector. Raw data collection and processing were performed with APEX II software package from 

BRUKER AXS.27 Diffraction data were collected with a sequence of 0.5° ω scans at 0, 90, 180, and 

270° in ϕ. Initial unit cell parameters were determined from 60 data frames collected at the different 

sections of the Ewald sphere. Semi-empirical absorption corrections based on equivalent reflections 
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were applied. Systematic absences in the diffraction data set and unit-cell parameters were consistent 

with triclinic systems. Solutions in centrosymmetric space group yielded chemically reasonable and 

computationally stable results of refinement. The structures were solved by direct methods, 

completed with difference Fourier synthesis, and refined with full-matrix least-squares procedures 

based on F.27 In the structure, compound molecules are situated in the general position. All non-

hydrogen atoms were refined anisotropically with satisfactory thermal parameters values. Additional 

crystallographic data and selected data collection parameters are reported below. 

2.5.3 Synthesis of [1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)]Ni(C4F8) (Ni-2)  

     [(P(O-i-Pr)3)2Ni(C4F8)] (Ni-1) (1.00 g, 1.48 mmol) was placed in a 100 mL round-bottom flask 

and dissolved in ca. 10 mL of toluene. [1,2,4-(HS),(Ph2P),Me(C6H3)] (480 mg, 1.56 mmol) was added 

to the stirred [(P(Oi-Pr)3)2Ni(C4F8)]/toluene mixture, and stirring was continued at room temperature 

for ca.12 h. The cloudy yellow-orange reaction mixture was concentrated in vacuo until ca. 2 mL of 

yellow paste remained. Around 20 mL of hexanes was then added to the round-bottom flask, 

precipitating a light yellow powder. The flask was placed in a -35°C freezer for 24 h. The product 

was filtered cold (30 mL medium pore fritted funnel), washed with pre-cooled hexanes (2 x 3 mL), 

and dried in vacuo, affording a light yellow powder. Yield: 776 mg, 1.27 mmol, 86% based on Ni-1. 

UV-vis (0.7 mM in diethyl ether): λmax(ε) = 332(2082). 1H NMR (300 MHz, C6D6) δ 0.96 (d, J ≈ 7 

Hz, 6H, 2 i-Pr Me), 1.64 (s, 3H, Me), 3.58 (sept, 1H, i-Pr H), 6.60 (d m, 1H, Ar-H), 6.98 (ov m, 8H, 

Ar-H), 7.60 (ov m, 4H, Ar-H). 19F NMR (282 MHz, C6D6) δ -96.3 (d m, 2Fα, 3JFP = 32 Hz), -104.7 

(d m, 2Fα, 3JFP = 27 Hz), -137.8 (m, 2Fβ), -138.6 (m, 2Fβ). 31P{1H} NMR (121 MHz, C6D6) δ 44.0 

(tr tr, 3JPF = 27, 32 Hz). Anal. Calc. for C26H23F8NiPS: C, 51.26, H, 3.81.  Found: C, 51.48, H, 3.65. 

See Figures A1-A2 for 19F and 31P{1H} NMR spectra. 

2.5.4 Synthesis of [1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)]Ni(C4F7)(OTf) (Ni-3)   

     [1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)]Ni(C4F8) (Ni-2) (831 mg, 1.36 mmol) was dissolved in ca. 20 mL 

of toluene and transferred to a 100 mL Schlenk ampoule. To the Ni-2/toluene solution was added 

Me3SiOTf (296 µL, 1.64 mmol). The ampoule was sealed and placed in a 60°C oil bath for 48 h. A 
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dark yellow precipitate was formed over the course of the reaction. The product was filtered through 

a 30 mL medium pore fritted funnel under nitrogen. The collected dark yellow powder was washed 

with hexanes (2 x 3 mL), and dried in vacuo. Yield: 958 mg, 1.30 mmol, 95% based on Ni-2. 1H 

NMR (300 MHz, CD2Cl2) δ 1.59, 1.74 (d, J = 7 Hz, 3H, i-Pr Me), 2.33 (s, 3H, Me), 3.81 (sept, J = 7 

Hz, 1H, i-Pr H), 7.06 (d, JHP = 14 Hz, 1H, Ar-H), 7.47-8.00 (ov m, 10H, Ar-H), 8.39 (ov d m, 2H, 

Ar-H). 19F NMR (282 MHz, CD2Cl2) δ -78.5 (s, 3F, OTf), -99.2 (d tr, 2JFF = 242 Hz, 3JFF = 12 Hz, 

1Fα), -115.6 (d d, 2JFF= 242 Hz, 3JFF = 17 Hz, 1Fα), -117.8 (d m, 2JFF = 272 Hz, 1Fβ), -129.9 (d m, 

2JFF = 272 Hz, 1Fβ), -132.5 (d d d, 2JFF = 245 Hz, 3 JFF = 35, 16 Hz, 1Fβ), -137.3 (d m, 2JFF = 245 Hz, 

1Fβ), -196.2 (d d d, 2JFP = 75 Hz, 3JFF = 31, 7 Hz, 1Fα). 31P{1H} NMR (121 MHz, CD2Cl2) δ 14.8 (d 

tr, 2JPF = 75, 3JPF = 14 Hz). Anal. Calc. for C27H23F10NiO3PS2: C, 43.87, H, 3.14. Found: C, 43.73, H, 

2.95. See Figures A3-A4 for 19F and 1H NMR spectra. 

2.5.5 {[1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)]( CD3CN)Ni(C4F7)}+(OTf)- (Ni-3·CD3CN)  

     [1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)]Ni-(C4F7)(OTf) (Ni-3) (10 mg, 0.0135 mmol) was dissolved in 

deuterated acetonitrile. UV-vis (0.7 mM in acetonitrile): λmax(ε) = 396(907). 1H NMR (300 MHz, 

CD3CN) δ 1.18 (d d, J ≈ 7, 1 Hz, 3H, i-Pr Me), 1.38 (d, J ≈ 7 Hz, 3H, i-Pr Me), 2.34 (s, 3H, Me), 3.43 

(sept, 1H, i-Pr H), 7.29 (d d m, 1H, Ar-H), 7.5-8.1 (ov m, 10H, Ar-H), 8.35 (ov d m, 2H, Ar-H). 19F 

NMR (282 MHz, CD3CN) δ -79.4 (s, 3F, OTf), -96.8 (d tr m, 2JFF = 250 Hz, 3JFF = 12 Hz, 1Fα), -

109.2 (d d, 2JFF = 250 Hz, 3JFF = 16 Hz, 1Fα), -118.5 (d m, 2JFF = 273 Hz, 1Fβ), -130.0 (d tr m, 2JFF = 

273 Hz, 3JFF = 15 Hz, 1Fβ), -132.4 (d m, 2JFF = 248 Hz, 1Fβ), -135.8 (d m, 2JFF = 248 Hz, 1Fβ), -198.4 

(d d m, 2JFP = 69 Hz, 3JFF = 30 Hz, 1Fα). 31P{1H} NMR (121 MHz, CD3CN) δ 15.8 (d tr, 2JPF = 69, 

3JPF = 13 Hz).  

2.5.6  Synthesis of {[1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)](CNAr)Ni(C4F7)}+(OTf)- (Ni-4)   

     [1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)] Ni(C4F7)(OTf) (Ni-3) (50 mg, 0.068 mmol) was dissolved in ca. 

8 mL of DCM and transferred to a 50 mL round-bottom flask. To the Ni-3/DCM solution was added 

one equiv of CNAr (9 mg, 0.068 mmol). No significant colour change was observed. The reaction 

mixture was stirred at room temperature for 12 h. The product was concentrated, dried in vacuo, and 
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stored at room temperature under nitrogen. Yield: 53 mg, 0.061 mmol, 90% based on Ni-3. UV-vis 

(0.7 mM in DCM): λmax(ε) = 352(1118). 1H NMR (300 MHz, CD2Cl2) δ 1.52, 1.55 (d, J = 7 Hz, 3H, 

i-Pr Me), 2.31 (s, 6H, CNAr Me), 2.39 (s, 3H, Me), 3.75 (sept, 1H, i-Pr H), 7.06 (d, 2JPH = 14 Hz, 1H, 

Ar-H), 7.2 (d, 2H ), 7.34 (m, 1H, Ar-H), 7.51-8.08 (ov m, 12H, Ar-H). 19F NMR (282 MHz, CD2Cl2) 

δ -79.0 (s, 3F, OTf), -87.5 (br d, 2JFF = 257 Hz, 1Fα), -94.2 (d tr, 2JFF = 257 Hz, JFF = 10 Hz, 1Fα), -

116.9 (d m, 2JFF = 275 Hz, 1Fβ), -128.8 (d m, 2JFF = 275 Hz, 1Fβ), -132.5 (br AB doublets, 2JFF ≈ 262 

Hz, 2Fβ), -199.0 (d d, 3JFF = 31 Hz, 2JFP = 67 Hz, 1Fα). 31P{1H} NMR (121 MHz,CD2Cl2) δ 17.2 (d 

d d, 2JPF = 67, 3JPF = 17, 10 Hz). MS-ESI (positive mode), solvent: CH3OH]: m/z calcd for {[1,2,4-(i-

Pr-S),(Ph2P),Me(C6H3)](CNAr)Ni(C4F7)}+ (% intensity): 720.1 (100), 722.1 (51), 721.1 (39), 723.1 

(20), found: 720.2 (100), 722.3 (51), 721.3 (39), 723.4 (22). 

2.5.7    Synthesis of [1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)](SPh)Ni(C4F7) (Ni-5) 

     [1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)]Ni(C4F7)(OTf) (Ni-3) (70 mg, 0.095 mmol) was dissolved in ca. 

6 mL of acetonitrile and transferred to a 50 mL round-bottom flask. To the above solution was added 

sodium thiophenolate (13 mg, 0.099 mmol). An immediate colour change from light orange to bright 

red was observed. The reaction mixture was stirred at room temperature for 12 h. The solution was 

concentrated in vacuo, and the product was extracted with DCM, precipitating out the sodium triflate 

salt. The DCM solution was filtered through a Celite Pasteur pipet and concentrated in vacuo in a 

round-bottom flask. Hexanes was added (ca. 20 mL), precipitating out a light orange solid. The flask 

was placed in a -35°C freezer for 12 h. The product was filtered cold (15 mL medium pore fritted 

funnel) and washed with 3 mL hexanes. The light orange powder was dried in vacuo. Yield: 44 mg, 

0.063 mmol, 67% based on Ni-3. UV-vis (0.7 mM in acetonitrile): λmax(ε) = 310 (5886) (shoulder on 

off-scale signals in the UV range), 353 (2551) (shoulder/tail), 515(322). 1H NMR (300 MHz, CD3CN) 

δ 1.33, 1.38 (d, J ≈ 7 Hz, 3H, i-Pr Me), 2.28 (s, 3H, Me), 4.15 (sept, J ≈ 7 Hz, 1H, i-Pr H), 6.82 (ov 

m, 3H, Ar-H), 6.93 (ov m, 2H, Ar-H), 7.17 (d, JHP ≈ 14 Hz, 1H, Ar-H), 7.46-7.69 (ov m, 6H, Ar-H), 

7.86 (ov m, 3H, Ar-H), 8.00 (m, 1H, Ar-H), 8.32 (ov d, 2H, Ar-H). 19F NMR (282 MHz, CD3CN) δ 

-93.0 (d m, 2JFF = 269 Hz, 1Fα), -114.6(d d d, 2JFF = 269 Hz, 3JFF = 20, 5 Hz, 1Fα), -117.3 (d m, 2JFF 
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= 270 Hz, 1Fβ), -130.4 (d m, 2JFF = 270 Hz, 1Fβ), -130.9 (d m, 2JFF = 244 Hz, 1Fβ), -135.9 (d m, 2JFF 

= 244 Hz, 1Fβ), -198.8 (d d, 2JFP = 73 Hz, 3JFF = 36 Hz, 1Fα). 31P{1H} NMR (121 MHz, CD3CN) δ 

13.5 (d tr, 2JPF = 73, 3JPF = 15 Hz). MS[ESI(positive mode), solvent: CH3CN]: m/z calcd for {[1,2,4-

(i-Pr-S),(Ph2P),Me(C6H3)] Ni(C4F7)+} (% intensity): 589.0 (100), 591.0 (43), 590.1 (28), found: 589.8 

(100), 591.7 (48), 590.8 (43).   

2.5.8   Observation of Ni-6  

     [1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)]Ni(C4F7)(OTf)) (Ni-3) (20 mg, 0.027 mmol) was dissolved in 

C6D6 (ca. 1 mL) in a medium screw cap vial, and CNAr (12 mg, 0.095 mmol) was added. The colour 

changed immediately from opaque yellow to clear orange. The reaction mixture was stirred at room 

temperature for 30 min and then transferred to a J Young NMR tube to obtain NMR spectra of 

compound Ni-6. NMR data in benzene-d6 (broad peaks in fluorine and proton spectra associated with 

intermediate(s) en route to Ni-6 are not reported; integrations for proton peaks are not reported due 

to overlap between product peaks from Ni-6 and broad intermediate peaks): 1H NMR (300 MHz, 

C6D6) δ 0.95 (d, J = 7 Hz, i-Pr Me), 2.15 (s, Me), 2.22 (s, CNAr Me), 3.11 (sept, i-Pr H), 6.62-6.69 

(ov m, Ar-H), 6.77-6.83 (m, Ar-H), 7.66-7.78 (ov m, Ar-H). 19F NMR (282 MHz, C6D6) δ 14.5 (br 

d, JFP = 660 Hz, 1F), -55.9 (br s, 2Fα), -78.3 (s, 3F, OTf), -105.0 (d d, 4JFF = 27, 3JFF = 11 Hz, 2Fβ), -

128.2 (br d, 3JFF(trans) = 135 Hz, 1F), -151.2 (br d, 3JFF(trans) = 135 Hz, 1F). 31P{1H} NMR (121 MHz, 

C6D6) δ -73.3 (br d, JPF = 660 Hz). See Figures A6-A7 for 31P{1H} and 19F NMR spectra. 

2.5.9  {[1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)][(1,2,6-(CN)(Me)2(C6H3)]3Ni(C4F6)}2+[2(OTf)]- (Ni-7) 

     [1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)]Ni(C4F7)(OTf) (Ni-3) (70 mg, 0.095 mmol) was dissolved in ca. 

10 mL of C6H6 in a 50 mL round-bottom flask. A 3.5 equiv portion of CNAr (44 mg, 0.333 mmol) 

was added, and the reaction mixture was left to stir for 20 min at room temperature. To the Ni-3/CNAr 

benzene solution was added Me3SiOTf (18.9 µL, 0.104 mmol). The reaction mixture was stirred at 

room temperature for 14 h. The product was concentrated in vacuo and washed with 2 x 3 mL of 

benzene, affording a yellow-gold solid. Yield: 109 mg, 0.086 mmol, 91% based on Ni-3. UV-vis (0.7 

mM in acetonitrile): λmax(ε) = 369 (2233) (shoulder on off-scale signals in UV range), 453 (1018). 1H 
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NMR (300 MHz, CD3CN) δ 0.93 (d, J = 7 Hz, 6H, i-Pr Me), 2.32 (s, 3H, Me), 2.41 (ov s, 18H, CNAr 

Me), 3.17 (sept, 1H, i-Pr H), 7.23 (ov m, 6H, Ar-H), 7.36 (ov m, 5H, Ar-H), 7.75 (ov m, 9H, Ar-H), 

7.94 (ov m, 2H, Ar-H). 19F NMR (282 MHz, CD3CN) δ -58.7 (br s, 2Fα), -79.4 (s, 6F, OTf), -107.3 

(d d, 4JFF = 23, 3JFF = 11 Hz, 2Fβ), -133.9 (d m, 3JFF(trans) = 144, 4JFF = 11 Hz, 1F), -151.0 (d t t, 3JFF(trans) 

= 144 Hz, 2JFP = 60 Hz, JFF = 23, 3JFF = 8 Hz, 1F). 31P{1H} NMR (121 MHz, CD3CN) δ 15.6 (d d, 2JPF 

= 60, 3JPF = 7 Hz). MS[ESI (positive mode), solvent: CH3CN]: m/z calcd for [{[1,2,4-(i-Pr-

S),(Ph2P),Me-(C6H3)][(1,2,6-(CN)(Me)2(C6H3)]3Ni(C4F6)}2+(OTf)- - H + K+]: 1150.2 , found: 1150.5; 

{[[1,2,4-(i-Pr-S),(Ph2P),Me-(C6H3)][(1,2,6-(CN)(Me)2(C6H3)]3Ni(C4F6)}2+ 481.6, found: 481.3. 

2.5.10  Hydrolysis of [1,2,4-(i-Pr-S),(Ph2P),Me(C6H3)]Ni(C4F7)(OTf) (Ni-3)  

    Ni-3 (60 mg, 0.081 mmol) was transferred to a 50 mL Schlenk ampoule in a minimal amount of 

deuterated benzene (~ 2 mL). To the Ni-3/benzene solution was added 0.2 mL of water. The flask 

was sealed and left to stir at 75°C for 72 h. The reaction mixture was cooled to room temperature and 

the flask was connected directly to the Schlenk line. Three freeze-pump-thaw cycles were performed 

on the flask. The J. Young NMR was then evacuated and cooled to – 196°C. With the ampoule and 

J. Young tube both under vacuum, ca. 0.5 mL of the reaction mixture was transferred to the J. Young 

tube under static vacuum, isolating (E)-1,2,3,3,4,4-hexafluoro-1-butene from the nickel-containing 

and other non-volatile co-products. 19F NMR yield (by integration of product CF2 peaks relative to 

an internal standard) of 27% based on three trials was calculated. Note: No reaction occurred upon 

addition of an excess of water to Ni-2 with heating. NMR data in benzene-d6: 1H NMR (300 MHz, 

C6D6) δ 0.44 (s, H2O), 5.06 (tr tr m, 2JHF = 53, 3JHF = 3 Hz, 1H), 6.19 (d d m, JHF = 71, 4 Hz, 1H). 19F 

NMR (282 MHz, C6D6) δ -122.1 (m, JFH = 3 Hz, 2F), -137.3 (d m, 2JFH = 53 Hz, 2F), -166.8 (d d tr 

tr, 3JFH(gem) = 71 Hz, 3JFF(trans) = 135 Hz, JFF = 21, 4 Hz, 1F), -178.5 (d m, 3JFH(cis) = 4 Hz, 3JFF(trans) = 135 

Hz, 1F). 19F{1H} NMR (282 MHz, C6D6) δ  -122.1 (m, 2F), -137.3 (m, 2F), -166.8 (d tr tr, 3JFF(trans) = 

135 Hz, JFF = 21, 4 Hz, 1F), -178.5 (d tr tr, JFF(trans) = 135 Hz, 1F). 13C{1H} NMR (75 MHz, C6D6) δ 

109.2 (tr tr d, JCF = 251 Hz, 2JCF = 38 Hz, 3JCF = 3 Hz, 1C), 142.9 (d d, JCF = 244 Hz, 2JCF(trans) = 33 
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Hz, 1C), 144.8 (d d tr, JCF = 264 Hz, 2JCF(trans) = 59 Hz, 3JCF = 3 Hz, 1C). MS[ESI (positive mode), 

solvent: CH3CN]: m/z calcd for [M + H+]: 165.0, found: 165.4. 
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Chapter 3. Brønsted acid-promoted C−F bond activation in [P,S]-ligated neutral and 
anionic perfluoronickelacyclopentanes 
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Abstract  

Treatment of L2Ni(C4F8) (L = PPh3, PPh2Me, pyridine) with an external Lewis acid results in the 

synthesis of new L-functionalized fluoronickelacyclopentanes. L2Ni(C4F8) (L = PPh3, PPh2Me) react 

with the thiol form of the bidentate ligand 1,2,4-(HS)(Ph2P)Me(C6H3) [P,SH] through a unique Cα−F 

bond activation mechanism, affording phosphinothiolate-functionalized nickelacycles. Furthermore, 

substituting monodentate ligands in L2Ni(C4F8) with the deprotonated form of the bidentate ligand 

[P,S¯] leads to the first anionic phophinothiolate-cooordinated perfluoronickelacycle. The anionic 

metallacyle demonstrates reactivity with phosphonium salts [PHPh3](Br) and [PHPh2Me](Br).  
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3.2     Introduction 

     The development of new homogeneous catalytic routes to small functionalized fluorocarbons 

(FCs) remains an attractive target, given the environmental concerns related to current synthetic 

routes. Recently, there have been significant advances in homogeneous catalyzed routes for the 

installment of fluorine (−F)2, trifluoromethyl (−CF3)3, difluoromethyl (−CHF2)4, and 

difluoromethylene (−CF2−)4 groups to unactivated organic substrates, typically proceeding through 

M−F or M−RF (M = transition metal, RF = fluoroalkyl) intermediates. In contrast, examples of M−RF 

complexes containing a perfluoroalkyl fragment with more than one perfluoromethylene unit as 

intermediates in catalysis are less common, and often require the use of heavier halogenated FCs as 

precursors for M−RF synthesis.4,5 To circumvent this, we investigated the reactivity of 

perfluorometallacycle complexes synthesized by the oxidative cyclization of tetrafluoroethylene 

(TFE; obtained from waste PTFE)6 to low-valent metal centres. Previous studies have concluded that 

both the metal and ancillary ligands influence whether three- or five-membered metallacycles are 

formed upon reacting TFE with low-valent metals.7 To date, there are few reports on Ni−C and C−F 

bond reactivity studies involving perfluoronickelacyclopentanes. Among these is work patented by 

Baker et al., wherein catalytic hydrodimerization of TFE resulting in the synthesis of 

octafluorobutane, a useful solvent in several industrial processes, was achieved.5c 

     Additionally, work published by Burch and co-workers demonstrated the activation of a Cα−F 

bond of (PEt3)2Ni(C4F8) in the presence of a stoichiometric amount of the fluorophilic Lewis acid, 

BF3.8  In an effort to develop novel strategies for activation of C−F bonds and functionalization of 

nickel fluorocyclopentanes, we aim to assess their reactivity as a function of ancillary ligand(s) 

modification. Our group recently reported a new T-shaped three-coordinate 

perfluoronickelacyclopentane–NHC complex that undergoes an unusual fluoroalkyl group migration 

upon Cα−F activation by a Lewis acid. Additionally, the NHC perfluoronickelacycle reacts with 
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carboxylic acids to afford Cα−F activated/ Cα ester functionalized metallacycles and/or Ni−C bond 

protonolysis products.9 

     We previously communicated the synthesis of an unsymmetrical [P,SiPr]-ligated nickel 

perfluorocyclopentane (complex Ni-2, Scheme 3.1) which displayed examples of Cα−F, Cβ−F and 

Ni−RF  bond activation reactivity.10 Upon treatment of [P[O(i-Pr)]3]2Ni(C4F8) (Ni-1) with 1,2,4-

(HS)(Ph2P)Me(C6H3) [P,SH] an isopropyl transfer from one free phosphite to the sulfur occurred, 

resulting in the selective formation of the phosphinothioether-coordinated nickel complex Ni-2. We 

speculated that this reaction proceeds through a transient acidic thiol-bound intermediate (Int 1) that, 

upon deprotonation by a free phosphite, results in a short-lived thiolate-coordinated anionic nickel 

intermediate (Int 2). Nucleophilic attack by the nickel-coordinated thiolate on one O−i-Pr bond of 

the phosphorus acid leads to the formation of product Ni-2.11 Treatment of Ni-2 with the strongly 

Lewis acidic Me3SiOTf (OTf = SO3CF3) resulted in Cα−F activation followed by chemoselective 

phosphine migration, affording metallabicyclic product Ni-3. Hydrolysis of Ni-3 with heating led to 

exclusive formation of the (E)-1,2,3,3,4,4-hexafluoro-1-butene as the major product. 

Scheme 3.1 Formation and reactivity of [P,SiPr]Ni(C4F8). 

	

      In this work, we turned our focus to other perfluoronickelacyclopentanes bearing two 

monodentate ancillary ligands, L2Ni(C4F8), where L = PPh3 (Ni-9a), PPh2Me (Ni-9b), and pyridine 
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(Ni-9c). Nickelacycles Ni-9a and Ni-9b have both been previously characterized by Stone and co-

workers. Bis(pyridine)Ni(C4F8) (Ni-9c) has not been reported, however Stone did characterize the 

analogous bis(γ-picoline)Ni(C4F8).7d Complexes Ni-9a to Ni-9c were of interest for our study as they 

do not offer potential alkyl transfer to the sulfur atom (see Scheme 3.1, Int 2) as was observed with 

phosphite ancillary ligands containing O−i-Pr bonds susceptible to nucleophilic attack. The 

phosphinothiol ligand offers versatility as it can be employed in its acidic thiol form [P,SH] or in its 

basic thiolate form [P,S¯]. A handful of Ni(I) and Ni(II) coordination complexes bearing the 1,2-(S-

)(Ph2P)(C6H4) ligand (slight variation on the ligand used in this study) have been reported to date.12 

Most preceding examples of Cα−F bond activation of nickel perfluorocyclopentanes have required 

the use of a strong Lewis acid, where the driving force for the reaction is the formation of the stronger 

B−F or Si−F bond (relative to C−F). Herein, we present the reactivity of the unsymmetrical 

bidentate ligand [P,SH] in substitution reactions with L2Ni(C4F8) Ni-9a,b and c, where a unique 

ligand-assisted/Brønsted acid-promoted Cα−F activation occurs. Furthermore, the synthesis and 

characterization of an anionic perfluoronickelacyclopentane will be presented, along with 

preliminary reactivity studies. 

3.3     Results and Discussion     

     Consistent with previous results from our group and Burch et al.8, Cα−F activation of 

perfluoronickelacycles Ni-9 occurs when an equimolar amount of external Lewis acid is added 

(Scheme 3.2). This result is also congruous with precedent for the weakening of Cα−F versus Cβ−F 

bonds in M−RF (M = Rh, Ir, Pt, Fe, Ni) complexes.13 The postulated short-lived electrophilic 

intermediate then undergoes a nucleophilic attack by one L, resulting in the zwitterionic L-

functionalized metallacycles Ni-10a,b and c. Dissolving Ni-10 metallacycles in CD3CN results in 

displacement of the (OTf)- ligand with one molecule of acetonitrile, affording a cationic Ni centre 

with an outer sphere OTf anion.  
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Scheme 3.2 Functionalization of perfluoronickelacycles through Cα−F activation. 

 

     Notably, Cα−N bond formation to give the pyridine-functionalized nickel fluorometallacycle Ni-

10c is the first example of N-donor migration to the Cα position. X-ray quality crystals of Ni-10b and 

Ni-10c were grown by slow diffusion of hexanes into a dichloroethane solution and slow evaporation 

from a dichloromethane solution respectively (Figure 3.1). No significant Ni−Cα elongation in 

comparison to Ni−Cα	bonds of Ni-9c (See Appendix for ORTEP representation) is observed upon 

substituting a fluoride with a pyridine group at Cα. In contrast, a quite significant increase in Ni−Cα 

bond length in Ni-10b is observed for the Cα−P functionalized carbon in comparison to 

perfluorinated Cα trans to OTf (1.994(5) Å and 1.864(6) Å respectively). 

 

Figure 3.1. ORTEP representation of the molecular structures of complexes Ni-10b (left) and Ni-
10c (right). Thermal ellipsoids are set at the 40% probability level. Hydrogen atoms and 
phenyl/methyl groups of P1 and P2 (left structure) are omitted for clarity. Selected bond lengths (Å) 
and angles (deg): Ni-10b: Ni1−P1 2.2398(16), Ni1−O1 1.988(4), Ni1−C27 1.994(5), Ni1−C30 
1.864(6), C27−P2 1.845(5); C30−Ni1−C27 86.4(2), C30−Ni1−P1 93.40(17), C27−Ni1−O1 
93.44(19), P1−Ni1−O1 88.76(11). Ni-10c: Ni1−N2 1.9213(17), Ni1−O1 1.9733(15), Ni1−C1 
1.879(2), Ni1−C4 1.921(2), C4−N1 1.499(3); C1−Ni1−C4 87.09(9), C1−Ni1−N2 91.35(9), 
C4−Ni1−O1 93.07(8), N2−Ni1−O1 89.87(7). 
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     Upon substitution of (PR3)2Ni(C4F8) metallacycles Ni-9a and Ni-9b with the thiol form [P,SH] of 

the bidentate ligand, an unexpected Cα−F bond activation occurs, where a displaced free phosphine 

is selectively installed in the Cα position of the final product Ni-11, proceeding through HF 

elimination. Monitoring the reaction between Ni-9a and [P,SH] in C6D6 at room temperature using 

19F NMR shows immediate consumption of (PPh3)2Ni(C4F8) and the presence of Ni-11 as well as an 

intermediate with four distinct fluorine environments: two CαF2 peaks at δF = -97.4 (d, JFP = 27 Hz) 

and -102.2 (d, JFP = 24 Hz), and two CβF2 peaks at -137.9 and -138.2 (see Appendix, Figure A8). The 

31P{1H} NMR spectrum reveals two phosphorus peaks assignable to complex Ni-11 at δP = 54.0 (d, 

JPF = 57 Hz, Ni−P) and 17.6 (dm, JPF = 65 Hz, Cα−P). The phosphorus resonances associated with 	

the intermediate include one apparent quintet at δP = 46.4 (1P), and a singlet at -7.8 (2P). After 3 

hours, the 19F and 31P{1H}NMR spectra indicate complete consumption of the intermediate, with only 

seven unique fluorine peaks associated with Ni-11 remaining. Carrying out the reaction between 

[P,SH] and Ni-9a in THF at -40°C reveals the formation of the same intermediate mentioned above, 

however no conversion to product Ni-11 at this temperature is observed. When the reaction between 

[P,SH] and Ni-9b is performed in THF at room temperature, product Ni-11 is formed along with the 

observation of a distinct HF peak at δF = -195.7 ppm (JFH = 453 Hz; see Appendix, Figure A9). The 

19F NMR data for the intermediate are consistent with an unsymmetrically substituted 

perfluorometallacycle.10  

     We reasoned that the intermediate observable by NMR either resembles the thiol-coordinated Int 

3 proposed in Scheme 3.3, or a thiolate-coordinated intermediate (Int 4, Scheme 3.3). A variable 

temperature multinuclear NMR experiment between [P,SH] and Ni-9b in CDCl3 solvent supports a 

thiolate-coordinated anionic nickel complex as the intermediate (Int 4, Scheme 3.3) based on the 

following observations: a) Initially, the 31P{1H} NMR spectrum at room temperature shows one 

apparent quintet at δP = 51 and a broad singlet at δP = -16 (∆ⱱ 1/2 = 200 Hz); b) The broad singlet at - 
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Scheme 3.3 Formation of functionalized [P,S]-ligated fluoronickelacycles. 

 

 

16 ppm splits into two separate singlets at δP = -4 and -27 respectively upon cooling to -40°C, 

revealing a chemical exchange process between two phosphorus atoms;14 c) Performing a gated 

decoupled 31P NMR experiment at -40°C shows splitting from a singlet to a doublet peak at -4 ppm 

with a large 1JPH coupling constant of 522 Hz, strongly suggestive of one bond P−H coupling; d) At 

-40°C, the proton with a consistent 1JHP = 522 Hz coupling is assigned at δH = 10.0 ppm.  The one 

bond P−H coupling constant in addition to the observation of a significantly downfield chemical 

shift for the associated proton are in agreement with an outer sphere phosphonium cation as shown 

in Scheme 3.3, Int 4 (see Appendix, Figures A10-A11).15 We propose that a transient nickel-

coordinated thiol intermediate (Int 3) should initially form in order to generate a sufficiently acidic 

proton for deprotonation by free phosphine.16 These results provide experimental support for the 

intermediates we originally presented in the proposed mechanism for the synthesis of Ni-2 (see 

Scheme 3.1). It is likely that the acidity of the generated secondary phosphonium cation in 

conjunction with the basicity of the anionic nickel counter ion contribute to the instability of Int 4, 

leading to Cα−F abstraction and formation of the stable Ni(II) product Ni-11. Following HF 

elimination, a transient electrophilic carbocationic or fluorocarbene intermediate presumably 
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precedes nucleophilic attack by free phosphine, although this intermediate is not observable by NMR 

even at low temperatures. Interestingly, exclusive formation of the triphenylphosphine (Ni-11a) and 

methyldiphenylphosphine (Ni-11b) functionalized metallacycles is observed with no evidence of 

[P,S¯] phosphine migration to the Cα as observed previously upon Cα−F activation of Ni-2 using an 

external Lewis acid (vide supra). Moreover, the reaction is regioselective for a Cα−F bond trans to 

the phosphine group of the [P,S¯] ligand. Complexes Ni-11a and Ni-11b were fully characterized 

using multinuclear NMR, UV-vis spectroscopy, X-ray diffraction, and elemental analysis.   

 

Figure 3.2. ORTEP representation of the molecular structures of complexes Ni-11a (left) and Ni-
11b (right). Thermal ellipsoids are set at the 40% probability level. Hydrogen atoms and phenyl rings 
of P2 (left structure) and P1 (right structure) are omitted for clarity. Selected bond lengths (Å) and 
angles (deg): Ni-11a: Ni1−C1 2.044(11), Ni1−C4 1.947(8), Ni1−P2 2.182(3), Ni1−S1 2.198(2), 
C1−P1 1.832(9), C1−F1 1.443(10), C4−F6 1.383(9), C4−F7 1.363(10); C4−Ni1−C1 86.7(4), 
C4−Ni1−P2 93.2(3), P2−Ni1−S1 88.04(11), C1−Ni1−S1 92.0(2). Ni-11b: Ni1−C20 2.016(3), 
Ni1−C23 1.926(3), Ni1−P1 2.1608(9), Ni1−S1 2.1929(10), C20−P2 1.849(4), C20−F1 1.422(3), 
C23−F6 1.401(4), C23−F7 1.392(4); C23−Ni1−C20 87.72(13), C23−Ni1−P1 90.97(10), 
P1−Ni1−S1 88.50(3), C20−Ni1−S1 92.72(10).   

     X-ray quality crystals of Ni-11a and Ni-11b were grown by slow evaporation of a benzene 

solution (Figure 3.2, left) and by gradual cooling of a saturated dichloromethane solution (Figure 3.2, 

right), respectively. Bond angles in the molecular structures of Ni-11a and Ni-11b confirm a 

distorted-square-planar geometry about the Ni(II) centres (359.9° and 359.9°, respectively). For the 

Ni−C−P fragment, both structures reveal a significant elongation of the metal−carbon bond upon 

replacement of one fluorine with a phosphine substituent. The Ni−Cα bond length associated with 
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the phosphine-functionalized Cα is significantly longer in comparison to the Ni−Cα bond of the 

perfluorinated Cα trans to sulfur (e.g., 2.044(11) Å and 1.947(8) Å respectively for Ni-11a). A similar 

Ni−Cα bond elongation was noted above for the structure of Ni-10b, however was not observed in 

the previously reported phosphine-functionalized metallacycles presumably due to the minor trans 

influence of the weakly coordinating triflate group in Ni-3 and the fluoride-bridging tetrafluoroborate 

group in (PEt3)(BF4)Ni[CF(PEt3)(CF2)3] reported by Burch and co-workers.8,10 

     Treatment of (PR3)2Ni(C4F8) (Ni-9a, Ni-9b) with the anionic form [P,S¯] of the bidentate ligand 

(free ligand deprotonated in situ using an equimolar amount of sodium tert-butoxide) and one 

equivalent of 18-Crown-6 (18-C-6)17 led to quantitative formation of an anionic phosphinothiolate-

coordinated nickel perfluorometallacycle Ni-12, isolated as a bright yellow powder (Scheme 3.4). To 

the best of our knowledge, there have been no previously reported stable anionic Ni(II) metallacycles.  

Scheme 3.4 Synthesis of phosphinothiolate-coordinated perfluoronickelacycle.	

	

     Single crystals of Ni-12 were grown by gradual cooling of a saturated THF solution (see Figure 

3.3). The sum of the angles about the Ni(II) centre in the molecular structure of Ni-12 demonstrate 

distorted-square-planar geometry (360.1°). The nickel-thiolate bond length of the anionic complex 

Ni-12 (2.1903(15) Å) is similar in comparison to the Ni−S bonds of the neutral complexes Ni-11a 

and Ni-11b (2.198(2) Å and 2.1929(10) Å respectively). The Ni−Cα bond length trans to phosphine 

is significantly shorter in relation to the Ni−Cα bonds of the phosphine-functionalized metallacycles 

Ni-11a and Ni-11b (e.g., 1.943(5) Å for Ni-12 and 2.044(11) Å for Ni-11a). The sodium cation is 
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bound by two THF molecules in addition to the six oxygen atoms of 18-Crown-6, making it an 

octacoordinate metal centre.18  

     Owing to the imparted electron density from the thiolate group and the basic nature of Ni-12, we 

directed our attention to its reactivity with a range of different acids, aiming to develop new strategies 

for C−F bond functionalization. Of particular interest were Brønsted acids, as these have previously 

demonstrated reactivity with cobalt perfluorocyclobutane19, nickel hexafluoropropene complexes20, 

and more recently with a three-coordinate perfluoronickelacyclopentane–NHC complex.9 Indeed, 

treatment of Ni-12 with the phosphonium salts [HPPh3](Br) and [HPPh2Me](Br) affords zwitterionic 

products Ni-11a and Ni-11b, concomitantly eliminating NaBr and HF (Scheme 3.5). At room 

temperature, full conversion of Ni-12 to Ni-11a and Ni-11b is observed within 4 hours (91%) and 16  

 

Figure 3.3. ORTEP representation of the molecular structure of [1,2,4-
(S),(Ph2P),Me(C6H3)]Ni(C4F8)[Na(18-Crown-6)(THF)2] (Ni-12·2 THF). Thermal ellipsoids are set 
at the 40% probability level. Hydrogen atoms, two phenyl rings of P1, and two outer sphere THF 
molecules are omitted for clarity. One of two orientations of the disordered F atoms of C20 is depicted 
and one of two orientations for the two disordered Na+ bound THF molecules. Selected bond lengths 
(Å) and angles (deg): Ni1−C23 1.943(5), Ni1−C20 1.925(6), Ni1−P1 2.1890(14), Ni1−S1 
2.1903(15), C23−F7 1.381(6), C23−F8 1.379(6), C20−F1 1.238(16), C20−F2 1.543(18); 
C20−Ni1−C23 86.2(2), C20−Ni1−P1 96.75(18), P1−Ni1−S1 87.92(5), C23−Ni1−S1 89.24(16). 
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hours (78%), respectively (yields were determined using 19F NMR spectroscopy and a quantitative 

amount of internal standard). Treating Ni-12 with the more strongly Brønsted acidic trifluoroacetic 

acid resulted in a complex mixture of products by 19F and 31P{1H} NMR spectroscopy.  

Scheme 3.5 Functionalization of phosphinothiolate-coordinated perfluoronickelacycle.	

 

      In the presence of an equimolar amount of pyridinium bromide, complex Ni-12 afforded a 

mixture of products with only a minor amount of Cα−F activated pyridine-functionalized product Ni-

13 observed by multinuclear NMR. Unlike the (PR3)2Ni(C4F8) perfluorometallacycles, treatment of 

(Pyr)2Ni(C4F8) Ni-9c with 2 equiv. of [P,SH] gave a mixture of Ni(II) pyridine-functionalized 

metallacycle Ni-13 (48% yield by quantitative 19F NMR), bis(chelate) [NiS2P2] product Ni-14 and 

other uncharacterized byproducts (Scheme 3.6). Similar [NiS2P2] complexes related to Ni-14 have 

been reported previously.12 The trans geometry of Ni-14 was determined by X-ray analysis (see 

Figure A55) and a characteristic singlet in the 31P{1H} NMR spectrum at δP = 52.9 ppm in C6D6. 
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Scheme 3.6 Reactivity of (Pyr)2Ni(C4F8) with [P,SH] ligand. 

	

3.4     Conclusions 

     This work expands our knowledge of C−F bond activation in fluorometallacycles. Lewis acid 

activation of a Cα−F bond in L2Ni(C4F8) complexes to give zwitterionic functionalized 

fluoronickelacyclopentanes was extended beyond L = P donors to include the N-donor pyridine. In 

contrast, treatment of (PR3)2Ni(C4F8) Ni-9a and Ni-9b with an equimolar amount of protonated 

bidentate ligand [P,SH] led to a unique ligand-assisted/Brønsted acid-protomoted Cα−F activation, 

affording phosphine-functionalized nickelacycles bearing the phosphinothiolate ligand Ni-11a and 

Ni-11b . A variable temperature NMR study confirmed the presence of an intermediate consisting of 

an anionic nickel centre with an outer sphere phosphonium counter ion (Int 4) in the formation of 

Ni-11a and Ni-11b. Finally, substituting the monodentate phosphines in Ni-9 with the deprotonated 

chelate [P,S¯] afforded an anionic phophinothiolate-cooordinated nickelacycle Ni-12. Treatment of 

Ni-12 with weakly acidic tertiary phosphonium salts reformed Ni-11 without protonation of the 

thiolate sulfur. This study has revealed the versatile nature of the [P,SH] ligand, and corroborated 

previous studies that demonstrated the significant influence that ancillary ligand(s) can impart on 

perfluorometallacycle reactivity. Additional in-depth studies assessing the effects of the basic [P,S¯] 
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ligand on the reactivity of perfluoronickelacyclopentanes and their functionalized derivatives is 

currently underway. 

3.5     Experimental Section 

3.5.1 General  

     Experiments were conducted under nitrogen, using Schlenk techniques or an MBraun glove box.  

All solvents were deoxygenated by purging with nitrogen. Toluene, hexanes, and dichloroethane 

(DCE) were dried on columns of activated alumina using a J. C. Meyer solvent purification system. 

Benzene-d6 (C6D6) and chlorobenzene were dried by stirring over activated alumina (ca. 10 wt. %) 

overnight, followed by filtration. Acetonitrile (CH3CN), acetonitrile-d3 (CD3CN), and 

dichloromethane (DCM) were dried by refluxing over calcium hydride under nitrogen. After 

distillation, CH3CN, CD3CN and DCM were further dried by stirring over activated alumina (ca. 5 

wt. %) overnight, followed by filtration. All solvents were stored over activated (heated at ca. 250oC 

for >10 h under vacuum) 4 Å molecular sieves. Glassware was oven-dried at 150oC for >2 h. The 

following chemicals were obtained commercially, as indicated: trimethylsilyl 

trifluoromethanesulfonate (Me3SiOTf, Aldrich, 99%), bis(1,5-cyclooctadiene)nickel (0) (Ni(cod)2, 

Strem, 98+%), 4-methylbenzenethiol (1,4-(HS)Me(C6H4), Aldrich, 98%), and 

diphenylchlorophosphine (PPh2Cl, Strem, minimum 95%). 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).6 Compound [P(O-o-tol)3)2]Ni(C4F8) 

(Ni-8) was made by oxidative addition of tetrafluoroethylene to Ni[P(O-o-tol)3]4 using slightly 

modified literature procedures.5c (PPh3)2Ni(C4F8) and (PPh2Me)2Ni(C4F8) complexes were prepared 

from Ni(cod)2 following reported methods.7d,7i 1H, 19F, 31P{1H}, 13C{1H} NMR spectra were recorded 

on a 300 MHz Bruker Avance instrument at room-temperature (21-23oC). 1H NMR spectra were 

referenced to the residual proton peaks associated with the deuterated solvents (C6D6: 7.16 ppm; 

CD3CN: 1.94 ppm; CDCl3: 7.26 ppm; CD2Cl2: 5.32 ppm). 19F NMR spectra were referenced to 
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internal 1,3-bis(trifluoromethyl)benzene (BTB) (Aldrich, 99%, deoxygenated by purging with 

nitrogen, stored over activated 4 Å molecular sieves), set to –63.5 ppm. 31P{1H} NMR data were 

referenced to external H3PO4 (85 % aqueous solution), set to 0.0 ppm. UV-vis spectra were recorded 

on a Cary 100 instrument, using sealable quartz cuvettes (1.0 cm pathlength). Electrospray ionization 

mass spectral data were collected using an Applied Biosystem API2000 triple-quadrupole mass 

spectrometer. Elemental analyses were performed by Laboratoire d’Analyse Élémentaire de 

l’Université de Montréal.   

3.5.2   X-ray Crystallography  

     For Ni-9c, Ni-10b, Ni-10c, Ni-11a, Ni-11b, Ni-12 and Ni-14: samples were mounted on thin glass 

fibers using paraffin oil and were cooled to 200 K prior to data collection. Data were collected on a 

Bruker AXS KAPPA single crystal diffractometer equipped with a sealed Mo tube source 

(wavelength 0.71073 Å) APEX II CCD detector. Raw data collection and processing were performed 

with APEX II software package from BRUKER AXS.1 Diffraction data were collected with a 

sequence of 0.5° ω scans at 0, 90, 180, and 270° in ϕ. Initial unit cell parameters were determined 

from 60 data frames collected at the different sections of the Ewald sphere. Semi-empirical absorption 

corrections based on equivalent reflections were applied. Systematic absences in the diffraction data 

set and unit-cell parameters were consistent with a triclinic system for Ni-11a, a tetragonal system 

for Ni-9c, and monoclinic systems for Ni-10b, Ni-10c, Ni-11b, Ni-12 and Ni-14. Solutions in 

centrosymmetric space group yielded chemically reasonable and computationally stable results of 

refinement. The structures were solved by direct methods, completed with difference Fourier 

synthesis, and refined with full-matrix least-squares procedures based on F.27 In the structure, 

compound molecules are situated in the general position. All non-hydrogen atoms were refined 

anisotropically with satisfactory thermal parameters values.  

3.5.3 Synthesis of (Pyr)2Ni(C4F8) (Ni-9c) 

     [P(O-o-tol)3]2Ni(C4F8) Ni-8 (1.0 g, 0.00104 mol) was placed in a 100 mL round-bottom Schlenk 

flask, dissolved in a minimal amount of pyridine (ca. 10 mL), and left to stir at room temperature for 
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16 h. The reaction mixture was concentrated in vacuo until ca. 1 mL of solution was remaining. 

Hexanes was added (15 mL), precipitating out a light yellow solid. The flask was placed in a -35 °C 

freezer for 16 h. The product was filtered cold, washed with pre-cooled hexanes (2 x 3 mL), and dried 

in vacuo, affording a light beige powder. Yield: 338 mg, 0.81 mmol, 78% based on [P(O-o-

tol)3]2Ni(C4F8). X-ray quality crystals were grown from a saturated solution of Ni-9c in 

toluene/hexanes/diethyl ether. 1H NMR (300 MHz, C6D6) δ 6.27 (br t, 4H, Hmeta), 6.50 (br t, 2H, 

Hpara), 7.16 (solvent), 8.29 (br d, 4H, Hortho). 19F NMR (282 MHz, C6D6) δ -63.5 (s, BTB), -111.3 (s, 

4Fα), -139.3 (s, 4Fβ). Anal. Calc. for C14H10F8NiN2: C, 40.33, H, 2.42, N, 6.72. Found: C, 40.59, H, 

2.43, N, 6.64.  

3.5.4 Synthesis of (PPh3)(OTf)Ni[CF(PPh3)(CF2)3] (Ni-10a) 

     (PPh3)2Ni(C4F8) (100 mg, 0.13 mmol) was dissolved in ca. 10 mL of C6H6 in a 50 mL Schlenk 

ampoule. Me3SiOTf (25.5 µL, 0.14 mmol) was added via 25 µL syringe and the reaction mixture was 

heated to 40°C and left to stir for 3 days. The colour changed from clear dark yellow to a cloudy 

bright orange throughout the reaction. The reaction mixture was filtered, collecting a light orange 

solid. The product was washed with cold hexanes (3 x 3mL) and the isolated material was dried in 

vacuo, affording a light orange powder. Yield: 94 mg, 0.10 mmol, 80% based on (PPh3)2Ni(C4F8). 

UV-vis (0.3 mM in dichloromethane): λmax(ε) = 451 nm (1095). By NMR in CD2Cl2, there is ca. 8 % 

of a minor shifted functionalized metallacycle, which we propose to be the other regioisomer (Cα−P 

trans to OTf). 1H NMR (300 MHz, CD2Cl2) δ 5.32 (solvent), 7.30-7.53 (m, 21H, Ar-H), 7.75 (d m, 

3H, Ar-H), 8.02 (d d, 3JHP = 13 Hz, 3JHH = 8 Hz, 6H, Ar-H). 19F NMR (282 MHz, CD2Cl2) δ -63.5 (s, 

BTB), -79.1, (s, 3F, OTf), -94.2 (d, 2JFF = 239 Hz, 1Fα), -96.2 (d d m, 2JFF = 239 Hz, 3JFP = 65 Hz, 

1Fα), -102.8 (br d, 2JFF = 265 Hz, 1Fβ), -124.3 (d, 2JFF = 265 Hz, 1Fβ), -128.6 (d m, 2JFF = 243 Hz, 

1Fβ), -129.8 (d m, 2JFF = 243 Hz, 1Fβ), -206.9 (d m, 2JFP = 74 Hz, 1Fα). 31P{1H} (121 MHz, CD2Cl2) 

δ 15.6 (d m, 3JPF = 65 Hz, Ni-P), 19.1 (d d d, 2JPF = 74 Hz, 3JPF = 34 Hz, Cα-P). Repeated elemental 

analysis resulted in low % Carbon for Ni-9a. Anal. Calc. for C41H30F10NiO3P2S: C, 53.92, H, 3.31, S, 

3.51.  Found: C, 50.44, H, 3.20, S, 3.84.  
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3.5.5 Synthesis of {(PPh3)(NCCH3)Ni[CF(PPh3)(CF2)3]}+(OTf)- (Ni-10a·CH3CN)  

     (PPh3)(OTf)Ni[CF(PPh3)(CF2)3] (Ni-10a) was dissolved in deuterated acetonitrile. 1H NMR (300 

MHz, CD3CN) δ 1.94 (solvent), 7.36-7.50 (m, 15 H, Ar-H), 7.70-7.79 (m, 6H, Ar-H), 7.87 (m, 3H, 

Ar-H), 8.22 (d d, 3JHP = 13 Hz, 3JHH = 8 Hz, 6H, Ar-H). 19F NMR (282 MHz, CD3CN) δ -63.5 (s, 

BTB), -79.4 (s, 3F, OTf), -97.9 (br d, 2JFF = 254 Hz, 1Fα), -107.4 (br d, 2JFF = 254 Hz, 1Fα), -110.7 (d 

m, 2JFF = 269 Hz, 1Fβ), -126.1 (d t t, 2JFF = 269 Hz, 3JFF = 16 Hz, 3JFF = 2 Hz, 1Fβ), -130.8 (d m, 2JFF = 

247 Hz, 1Fβ), -132.8 (d m, 2JFF = 247 Hz, 1Fβ), -203.1 (d d m, 2JFP = 63 Hz, 3JFF = 29 Hz, 1Fα). 31P{1H} 

(121 MHz, CD3CN) δ 4.7 (v br s, 1P, Ni-P), 18.5 (d d d, 2JPF = 63 Hz, 3JPF = 24 Hz, 3JPF = 12 Hz, 1P, 

Cα-P). High-resolution Electrospray Ionisation; mass calculated for C40H30NiF7P2 (M+ - CH3CN) 

763.1064, found 763.1003. MS [ESI (positive mode), solvent: CH3CN] m/z calcd for C40H30F7NiP2 

(M+ - CH3CN) 763.1, m/z found (% intensity) 763.3 (56 %); m/z calcd for C26H21F7N2NiP (M+ - PPh3 

+ CH3CN) 583.1, m/z found 583.2 (16 %); m/z calcd for C24H18F7NNiP (M+ - PPh3) 542.0, m/z found 

542.2 (51 %); m/z calcd for C22H15F7NiP (M+ - CH3CN - PPh3) 501.0, m/z found 501.2 (50 %); m/z 

calcd for C22H15F5P (C4F5PPh3) 405.1, m/z found 405.2 (100%). 

3.5.6 Synthesis of (PPh2Me)(OTf)Ni[CF(PPh2Me)(CF2)3] (Ni-10b) 

     (PPh2Me)2Ni(C4F8) (100 mg, 0.15 mmol) was dissolved in ca. 10 mL of DCM in a 100 mL Schlenk 

ampoule. Me3SiOTf (30.2 µL, 0.17 mmol) was added via 100 µL syringe, heated to 40°C and left to 

stir for 4 days. The colour changed from clear yellow to a darker clear orange throughout the reaction. 

The reaction mixture was transferred to a 50 mL RB Schlenk flask, solvent volume was reduced in 

vacuo to ca. 2 mL and hexanes was added, precipitating out a dark yellow solid. The flask was placed 

in a -35°C for 16 h. The product was filtered cold and washed with cold hexanes (3 x 3 mL). The 

isolated material was dried in vacuo, affording a bright yellow powder. Yield: 86 mg, 0.11 mmol, 

73% based on (PPh2Me)2Ni(C4F8). X-ray quality crystals were grown by slow diffusion of hexanes 

into a supersaturated solution of Ni-10b in dichloroethane. UV-vis (0.7 mM in dichloromethane): 

λmax(ε) = 419 nm (911). 1H NMR (300 MHz, CDCl3) δ 1.70 (d, 2JHP = 9 Hz, 3H, CH3), 2.47 (d d, 2JHP 

= 13 Hz, 3JHH = 3 Hz, 3H, CH3), 7.26 (solvent), 7.27-7.55 (ov m, 14H, Ar-H), 7.64 (m, 1H, Ar-H), 
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8.00 (m, 2H, Ar-H), 8.10 (m, 1H, Ar-H), 8.50 (d d, 3JHP = 13 Hz, 3JHH = 8 Hz, 2H, Ar-H). 19F NMR 

(282 MHz, CDCl3) δ -63.5 (s, BTB), -77.9 (d, 6JFF = 9 Hz, 3F, OTf), -93.5 (d m, 2JFF = 258 Hz, 1Fα), 

-100.8 (d d t, 2JFF = 258 Hz, 3JFF = 15 Hz, 3JFP = 67 Hz, 1Fα), -114.0 (d m, 2JFF = 274 Hz, 1Fβ), -130.0 

(d d d, 2JFF = 274 Hz, 3JFF = 28 Hz, 3JFF = 15 Hz, 1Fβ), -131.9 (app s, 2Fβ), -207.1 (br d d m, 2JFP = 74 

Hz, 3JFF = 31 Hz, 1Fα). 31P{1H} (121 MHz, CDCl3) δ 4.8 (d t, 3JPF = 67 Hz, 1P, Ni-P), 21.2 (d d, 2JPF 

= 74 Hz, 3JPF = 22 Hz, 1P, Cα-P).  

3.5.7 Synthesis of {(PPh2Me)(NCCH3)Ni[CF(PPh2Me)(CF2)3]}+(OTf)- (Ni-10b·CH3CN) 

     (PPh2Me)(OTf)Ni[CF(PPh2Me)(CF2)3] (Ni-9b) was dissolved in deuterated acetonitrile. 1H NMR 

(300 MHz, CD3CN) δ 1.94 (solvent), 2.03 (br d, 2JHP = 7 Hz, 3H, CH3), 2.72 (d, 2JHP = 13 Hz, 3H, 

CH3), 7.45-7.89 (m, 15 H, Ar-H), 7.93-8.04 (m, 3H, Ar-H), 8.10 (d d, 2JHP = 13 Hz, 3JHH = 8 Hz, 2H, 

Ar-H). 19F NMR (282 MHz, CD3CN) δ -63.5 (s, BTB), -79.3 (s, 3F, OTf), -96.6 (d m, 2JFF = 270 Hz, 

1Fα), -104.1 (d m, 2JFF = 270 Hz, 1Fα), -112.2 (d m, 2JFF = 272 Hz, 1Fβ), -128.3 (d t, 2JFF = 272 Hz, 

3JFF = 15 Hz, 1Fβ), -131.3 (ov d d, 2JFF ≈ 267 Hz, 2Fβ), -207.5 (d d, 2JFP = 65 Hz, 3JFF = 29 Hz, 1Fα). 

31P{1H} (121 MHz, CD3CN) δ 12.2 (br s, 1P, Ni-P), 19.6 (d d d, 2JPF = 65 Hz, 3JPF = 30 Hz, 3JPF = 9 

Hz, 1P, Cα-P). High-resolution Electrospray Ionisation; mass calculated for C32H29NNiP2 (M+) 

680.1017, found 680.0950. MS [ESI (positive mode), solvent: CH3CN] m/z calcd for C32H29F7NNiP2 

(M+) 680.1, m/z found (% intensity) 680.3 (7 %); m/z calcd for C30H26F7NiP2 (M+ - CH3CN) 639.1, 

m/z found 639.3 (43 %); m/z calcd for C19H16F7NNiP (M+ - PPh2Me) 480.0, m/z found 480.2 (24 %); 

m/z calcd for C17H13F7NiP (M+ - CH3CN - PPh2Me) 439.0, m/z found 439.1 (18 %). See Figure A52 

for ESI-MS spectrum. 

3.5.8 Synthesis of (Pyr)(OTf)Ni[CF(Pyr)(CF2)3] (Ni-10c) 

     (Pyr)2Ni(C4F8) (117 mg, 0.28 mmol) was dissolved in ca. 8 mL of DCE in a 50 mL Schlenk 

ampoule. Me3SiOTf (66.1 µL, 0.37 mmol) was added via 100 µL syringe. The reaction mixture was 

heated to 60°C and left to stir for 24 h. The colour changed from clear beige to a cloudy yellow 

throughout the course of the reaction. The reaction mixture was transferred to a 50 mL RB Schlenk 

flask, solvent volume was reduced in vacuo to ca. 2 mL and hexanes was added, precipitating out a 
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bright yellow solid. The flask was placed in a -35°C for 16 h. The product was filtered cold and 

washed with cold hexanes (3 x 2 mL). The isolated material was dried in vacuo, affording a bright 

yellow powder. Yield: 130 mg, 0.24 mmol, 84% based on (Pyr)2Ni(C4F8). X-ray quality crystals were 

grown by slow evaporation of a dichloromethane solution. UV-vis (0.7 mM in dichloromethane): 

λmax(ε) = 398 nm (627). 19F NMR (282 MHz, CH2Cl2/C6D6 lock) δ -63.5 (s, BTB), - 79.8 (br s, 3F, 

OTf), -99.0 (d t, 2JFF = 253 Hz, 3JFF = 11 Hz, 1Fα), -113.9 (d d d, 2JFF = 253 Hz, 3JFF = 15 Hz, 3JFF = 6 

Hz, 1Fα), -126.1 (d m, 2JFF = 254 Hz, 1Fβ), -130.1 (d m, 2JFF = 252 Hz, 1Fβ), -141.1 (d m, 2JFF = 252 

Hz, 1Fβ), -144.4 (d t, 2JFF = 254 Hz, 3JFF = 13 Hz, 1Fβ), -153.0 (app t, 3JFF ≈ 14 Hz, 1Fα). Anal. Calc. 

for C15H10F10N2NiO3S: C, 32.94, H, 1.84, N, 5.12, S, 5.86. Found: C, 32.69, H, 2.00, N, 5.01, S, 5.72.   

3.5.9 Synthesis of {(Pyr)(NCCH3)Ni[CF(Pyr)(CF2)3]}+(OTf)- (Ni-10c·CH3CN)  

     (Pyr)(OTf)Ni[CF(Pyr)(CF2)3] (Ni-10c) was dissolved in deuterated acetonitrile. 1H NMR (300 

MHz, CD3CN) δ 1.94 (solvent), 7.49 (br t, 3JHH = 6 Hz, 2H), 7.91 (t, 3JHH = 7 Hz, 1H), 8.13 (t, 3JHH = 

7 Hz, 2H), 8.60 (t, 3JHH = 8 Hz, 1H), 8.91 (br d, 2H), 9.59 (d, 3JHH = 6 Hz, 2H). 19F NMR (282 MHz, 

CD3CN) δ -63.5 (s, BTB), -79.3 (s, 3F, OTf), -103.5 (br d, 2JFF ≈ 263 Hz, 1Fα), -114.8 (br d, 2JFF ≈ 

263 Hz, 1Fα), -126.8 (app d q, 2JFF = 256 Hz, 3JFF = 30 Hz ,3JFF = 15 Hz, 1Fβ), -131.6 (d m, 2JFF = 253 

Hz, 1Fβ), -140.8 (br d, 2JFF = 253 Hz, 1Fβ), -142.6 (d m, 2JFP = 256 Hz, 1Fβ), -150.7 (v br s, 1Fα). 

13C{1H} (75 MHz, CD3CN) δ 1.3 (solvent), 118.3 (solvent), 126.5 (s, 2C, pyr), 128.8 (d, JCF = 2 Hz, 

2C, pyr), 140.2 (s, 1C, pyr), 143.3 (d, JCF = 9 Hz, 2C, pyr), 148.8 (s, 1C, pyr), 150.7 (s, 2C, pyr). 

High-resolution Electrospray Ionisation; mass calculated for C16H13NiF7N3 (M+) 438.0351, found 

438.0365. MS [ESI (positive mode), solvent: CH3CN] m/z calcd for C16H13F7N3Ni (M+) 438.0, m/z 

found (% intensity) 438.1 (76%); m/z calcd for C13H11F7N3Ni (M+ - Pyr + CH3CN) 400.0, m/z found 

400.1 (100%); m/z calcd for C11H8F7N2Ni (M+ - Pyr) 359.0, m/z found 359.0 (23%). See Figure A53 

for ESI-MS spectrum. 

3.5.10 Synthesis of [1,2,4-(S),(Ph2P),Me(C6H3)]Ni[CF(PPh3)(CF2)3] (Ni-11a)  

     NMR scale Ni-11a: (PPh3)2Ni(C4F8) (Ni-9a) (20 mg, 0.03 mmol) was dissolved in a 1:1 mixture 

of C6D6/C6H6 (total volume ca. 2 mL). To the solution was added [1,2,4-(HS),(Ph2P),Me(C6H3)] 
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(dissolved in ca. 2 mL C6H6) and the mixture was stirred at RT for 3 h. Integration of product F peaks 

relative to BTB in the 19F spectrum indicated an 89% yield of Ni-11a.  

     Isolation of Ni-11a: (PPh3)2Ni(C4F8) (Ni-9a) (224 mg, 0.29 mmol) was placed in a 100 mL round-

bottom Schlenk flask and dissolved in chlorobenzene (ca. 20 mL). 1,2,4-(HS),(Ph2P),Me(C6H3)] (88 

mg, 0.29 mmol) was dissolved in ca. 10 mL of chlorobenzene and added to the 

(PPh3)2Ni(C4F8)/chlorobenzene solution. A gradual colour change (over 30 min.) from clear yellow 

to clear bright orange occurred. The reaction mixture was left to stir at RT for 14 h. The clear orange 

reaction mixture was concentrated in vacuo until 5 mL remained in the flask (cloudy orange). Around 

10 mL of hexanes was then added to the round-bottom flask, precipitating a light orange powder. The 

flask was placed in a -35°C freezer for 16 h. The product was filtered cold, washed with 2 x 2 mL 

pre-cooled acetonitrile/ 2 x 2 mL pre-cooled hexanes, and dried in vacuo, affording a light orange 

powder. Yield: 140 mg, 0.17 mmol, 61% based on (PPh3)2Ni(C4F8). X-ray quality crystals were 

grown by slow evaporation of a saturated solution of Ni-11a in benzene. UV-vis (0.7 mM in 

dichloromethane): λmax(ε) = 377 nm (2814). 1H NMR (300 MHz, CDCl3) δ 2.04 (s, 3H, CH3), 6.60 

(d, 3JHH = 8 Hz, 1H, Ar-H), 6.74 (m, 2H, Ar-H), 7.26 (solvent), 7.29-7.67 (m, 17H, Ar-H), 7.90 (d d 

d, 3JHP = 12 Hz, 3JHH = 8 Hz, 3JHH = 2 Hz, 2H, Ar-H), 8.13 (d d, 3JHP = 12 Hz, 3JHH = 8 Hz, 6H, Ar-H). 

19F NMR (282 MHz, CDCl3) δ -63.5 (s, BTB), -94.7 (d m, 2JFF = 282 Hz, 1Fα), -108.3 (d d d d, 2JFF 

= 282 Hz, 3JFP = 57 Hz, 3JFF = 22 Hz, 1Fα), -109.3 (d m, 2JFF = 267 Hz, 1Fβ), -126.1 (d m, 2JFF = 267 

Hz, 1Fβ), -129.0 (d m, 2JFF = 245 Hz, 1Fβ), -136.3 (d m, 2JFF = 245 Hz, 1Fβ), -203.1 (d d d, 2JFP = 65 

Hz, 3JFF = 36 Hz, 1Fα). ). 31P{1H} (121 MHz, CDCl3) δ 17.3 (d m, 2JPF = 65 Hz, 1P, Cα-P), 54.3 (d m, 

3JPF = 57 Hz, 1P, Ni-P). Repeated elemental analysis resulted in low % Carbon for Ni-11a. Anal. 

Calc. for C41H31F7NiP2S: C, 60.84, H, 3.86, S, 3.96.  Found: C, 59.65, H, 3.90, S, 3.94. High-

resolution Electrospray Ionisation; mass calculated for C41H32SNiP2F7 (M + H+) 809.0942, found 

809.0920. MS [ESI (positive mode), solvent: CH3CN] m/z calcd for C41H31SNiP2F7K (M + K+) 847.1, 

m/z found (% intensity) 847.2 (32%); m/z calcd for C41H31SNiP2F6 (M – F)+ 789.1, m/z found 789.3 

(34%).  
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3.5.11 Synthesis of [1,2,4-(S),(Ph2P),Me(C6H3)]Ni[CF(PPh2Me)(CF2)3] (Ni-11b)  

     NMR scale Ni-11b: (PPh2Me)2Ni(C4F8) (Ni-9b) (15 mg, 0.023 mmol) was dissolved in a 

minimum amount (ca. 3 mL) of chlorobenzene. [1,2,4-(HS),(Ph2P),Me(C6H3)] (8 mg, 0.025 mmol) 

was dissolved in ca. 4 mL of cholorobenzene and transferred to the vial containing the 

(PPh2Me)2Ni(C4F8)/chlorobenzene solution. After stirring at RT for 15 h the colour had changed from 

bright clear yellow to clear orange-yellow. Integration of product F peaks relative to BTB in the 19F 

spectrum indicated 92% yield of Ni-11b.  

     Isolation of Ni-11b: (PPh2Me)2Ni(C4F8) (Ni-9b) (250 mg, 0.38 mmol) was placed in a 100 mL 

round-bottom Schlenk flask and dissolved in chlorobenzene (ca. 20 mL). 1,2,4-

(HS),(Ph2P),Me(C6H3)] (123 mg, 0.40 mmol) was dissolved in ca. 15 mL of chlorobenzene and added 

to the (PPh2Me)2Ni(C4F8)/chlorobenzene solution. A gradual colour change (over 30 min.) from clear 

yellow to cloudy bright yellow occurred. The reaction mixture was left to stir at RT for 14 h. The 

clear deep orange reaction mixture was concentrated and dried in vacuo for 2 h, leaving a yellow 

solid. The product was dissolved/suspended in ca. 5 mL of acetonitrile. The flask was placed in a -

35°C freezer for 16 h. The product was filtered cold, washed with 3 x 3 mL pre-cooled hexanes, and 

dried in vacuo, affording a dark yellow powder. Yield: 165 mg, 0.22 mmol, 58% based on 

(PPh2Me)2Ni(C4F8). X-ray quality crystals were grown by gradual cooling of a supersaturated 

solution of Ni-11b in dichloromethane. UV-vis (0.7 mM in chloromethane): λmax(ε) = 374 nm (1332). 

1H NMR (300 MHz, CDCl3) δ 2.07 (s, 3H, CH3), 2.78 (d d, 3JHP = 14 Hz, 3JHH = 2 Hz, 3H, CH3), 6.64 

(d, 3JHH = 8 Hz, 1H, Ar-H), 6.84 (d m, 3JHH = 8 Hz, 1H, Ar-H), 7.15 (d d, 3JHH = 8 Hz, 3JHH = 3 Hz, 

1H, Ar-H), 7.25-7.68 (ov m, 16H, Ar-H/solvent), 7.89 (d d, 2H, Ar-H), 8.18 (d d, 3JHP = 13 Hz, 3JHH 

= 8 Hz, 2H, Ar-H). 19F NMR (282 MHz, CD3CN) δ -63.5 (s, BTB), -94.1 (d m, 2JFF = 283 Hz, 1Fα), 

-107.5 (d d d d, 2JFF = 283 Hz, 3JFP = 55 Hz, 3JFF = 21 Hz, 1Fα), -111.3 (d m, 2JFF = 272 Hz, 1Fβ), -

128.1 (d m, 2JFF = 272 Hz, 1Fβ), -130.0 (d m, 2JFF = 245 Hz, 1Fβ), -135.9 (d m, 2JFF = 245 Hz, 1Fβ), -

202.0 (d d d, 2JFP = 75 Hz, 3JFF = 36 Hz, 3JFF = 12 Hz, 1Fα). 31P{1H} (121 MHz, CD3CN) δ 23.0 (d d 
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d, 2JPF = 75 Hz, 3JPF = 28 Hz, 3JPF = 10 Hz, 1P, Cα-P), 53.5 (d m, 3JPF = 55 Hz, 1P, Ni-P). Anal. Calc. 

for C36H29F7NiP2S: C, 57.86, H, 3.91, S, 4.29. Found: C, 57.84, H, 3.98, S, 4.00.  

3.5.12 Synthesis of [1,2,4-(S-),(Ph2P),Me(C6H3)]Ni(C4F8)(Na)(18-Crown-6) (Ni-12) 

     [1,2,4-(HS),(Ph2P),Me(C6H3)] (130 mg, 0.42 mmol) was placed in a 100 mL round-bottom flask 

and dissolved in THF (ca. 10 mL). NaOtBu (40 mg, 0.42 mmol) was added to the 

[1,2,4(HS),(Ph2P),Me(C6H3)]/THF solution. An immediate colour change from clear to a very pale 

yellow occurred. After 15 minutes of stirring at room temperature, (PPh3)2Ni(C4F8) (330 mg, 0.42 

mmol) was added to the mixture. An immediate colour change to clear bright yellow was observed. 

Immediately after, one equivalent of 18-Crown-6 was added to the flask (111 mg, 0.42 mmol). The 

reaction mixture was left to stir at RT for 18 h. The yellow-green reaction mixture was concentrated 

in vacuo until 10 mL solution remained in the flask (precipitate already beginning to form). Around 

10 mL of hexanes was then added, precipitating a bright yellow powder. The flask was placed in a -

35°C freezer for 4 h. The product was filtered cold, washed with pre-cooled hexanes (3 x 3 mL), and 

dried in vacuo, affording a bright yellow powder. Yield: 319 mg, 0.37 mmol, 89% based on 

(PPh3)2Ni(C4F8). UV-vis (0.7 mM in dichloromethane): λmax(ε) = 386 nm (1176) (shoulder on off-

scale signals in the UV range). 1H NMR (300 MHz, CD3CN) δ 1.94 (solvent), 2.08 (s, 3H, Me), 3.57 

(s, 24H, 18-Crown-6), 6.74 (br d, JHP = 7 Hz, 1H, Ar-H), 6.90 (br d, JHH = 8 Hz, 1H, Ar-H), 7.22 (br 

dd, JHH = 8 Hz, JHP = 3 Hz, 1H, Ar-H), 7.37-7.52 (m, 6H, Ar-H), 7.64-7.74 (m, 4H, Ar-H). 19F NMR 

(282 MHz, CD3CN) δ –63.5 (s, BTB), -100.0 (d, 3JFP = 27 Hz, 2F), -107.3 (d, 3JFP = 25 Hz, 2F), -

138.6 (m, 4F). 31P{1H} (121 MHz, CD3CN) δ 48.7 (m, JPF = 27 Hz, 25 Hz, 1P). Anal. Calc. for 

C35H40F8NaNiO6PS: C, 49.26, H, 4.72, S, 3.76. Found: C, 49.27, H, 4.78, S, 3.91.  

3.5.13 NMR scale reaction of Ni-12 with [HPPh3](Br) 

     [1,2,4-(S),(Ph2P),Me(C6H3)]Ni(C4F8)(Na)(18-Crown-6) (25 mg, 0.029 mmol) (Ni-12) was 

dissolved in ca. 1 mL DCM and transferred to a vial containing [HPPh3](Br) (10 mg, 0.029 mmol) 

dissolved /suspended in ca. 1 mL DCM. Initial colour of reaction mixture was a clear bright yellow. 

After stirring at RT for 4 h the colour had changed to clear orange-yellow. Integration of product F 
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peaks relative to BTB in the 19F spectrum indicated 91% yield of Ni-11a (19F NMR indicates ca. 8% 

of what we propose to be the other regioisomer, with Cα−P trans to S). 

3.5.14 NMR scale reaction of Ni-12 with [HPPh2Me](Br) 

     [1,2,4-(S),(Ph2P),Me(C6H3)]Ni(C4F8)(Na)(18-Crown-6) (27 mg, 0.032 mmol) (Ni-12) was 

dissolved in ca. 1 mL DCM and transferred to a vial containing [HPPh2Me](Br) (9 mg, 0.032 mmol) 

dissolved /suspended in ca. 1 mL DCM. Initial colour of reaction mixture was a clear yellow. After 

stirring at RT for 16 h the colour had changed to clear orange-yellow. Integration of product F peaks 

relative to BTB in the 19F spectrum indicated 78% yield of Ni-11b (19F NMR indicates ca. 15% of 

what we propose to be the other regioisomer, with Cα−P trans to S). 

3.5.15 Reaction of Ni-9c with [P,SH] 

     (Pyr)2Ni(C4F8) (80 mg, 0.19 mmol) (Ni-9c) was dissolved in ca. 6 mL chlorobenzene and 

transferred to a 50 mL RB Schlenk flask containing [1,2,4-(HS),(Ph2P),Me(C6H3)] (118 mg, 0.38 

mmol) dissolved in ca. 6 mL chlorobenzene. An immediate colour change to bright clear yellow was 

followed by a gradual colour change over 5 minutes to a deep clear red-orange. After stirring at RT 

for ca. 6 h, integration of product F peaks relative to BTB in the 19F spectrum (average of three 

separate experiments) indicated a 48% yield of Ni-13 based on (Pyr)2Ni(C4F8) as well as the presence 

of Ni-14 by 31P{1H} NMR. Ni-13 was not isolated but was characterized by its 19F and 31P{1H} 

spectra: 19F NMR (282 MHz, C6H5Cl with C6D6 capillary) δ -63.5 (s, BTB), -94.3 (d m, 2JFF = 288 

Hz, 1Fα), - 107.6 (d d d, 2JFF = 288 Hz, 3JFP = 46 Hz, 3JFF = 19 Hz, 1Fα), -124.4 (d m, 2JFF = 251 Hz, 

3JFF = 18 Hz, 1Fβ), -128.5 (d m, 2JFF = 250 Hz, 1Fβ), -141.4 (d m, 2JFF = 251 Hz, 1Fβ), -143.1 (ov m, 

1Fβ, 1Fα). 31P{1H} (121 MHz, C6H5Cl with C6D6 capillary) δ 54.0 (d, 3JPF = 46 Hz, 1P, Ni-P). Cooling 

an acetonitrile solution resulted in precipitation of X-ray quality crystals of Ni-14, isolated as green 

cubic crystals. 31P{1H} (121 MHz, C6D6) δ 52.9 (s, 2P).  
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Chapter 4. Hydrofluoronickelacycles: Ligand Effects on Regio-/Stereo-Selectivity and 
Reactivity 
 

4.1     Published Contributions 

Generation of Hydrofluoronickelacycles from Trifluoroethylene and Ni(0): Ligand Effects 
on Regio-/Stereoselectivity and Reactivity 

K. A. Giffin, L. A. Pua, S. Piotrkowski, B. M. Gabidulin, I. Korobkov, R. P. Hughes and R. T. Baker 
J. Am. Chem. Soc. 2017, 139, 4075. 
 

 
 

Author Contributions 

Giffin and Baker wrote the manuscript. Giffin performed all experiments presented. Pua and 

Piotrkowski performed preliminary experimental studies under the supervision of Giffin. Korobkov 

and Gabidulin were responsible for X-ray diffraction studies. Hughes was responsible for DFT 

studies presented. 

Abstract 

Treatment of Ni(0) complexes with sub-atmospheric pressures of trifluoroethylene (TrFE) affords 

hydrofluoronickelacyclopentanes L2Ni(C4F6H2) (L = PPh3, P(O-o-tol)3, PPh2Me, PPhMe2, PMe3). 

Fluorine NMR analysis demonstrates predominant formation of three (of the possible six) isomers 

upon oxidative cycloaddition of TrFE: the cis and trans head-tail isomers and the trans head-head 

isomer, where the CHF group is defined as the TrFE “head”. The respective ratios of L2Ni(C4F6H2) 
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isomers are influenced by the nature of L with smaller phosphines favouring the thermodynamically 

preferred (from DFT calculations) trans head-head isomer (cf. 50% with PMe3) and the largest 

affording small amounts of the tail-tail isomers. Lewis and Brønsted acids induce a surprising double 

C−F bond activation in L2Ni(C4F6H2) (L = PPh2Me, PPhMe2), affording small functionalized 

hydrofluoroalkenes. Interestingly, varying the acid employed dictates the organic product obtained 

from the head-tail isomers: BF3•OEt2 is selective for 1,1,2,3-tetrafluorocyclobutene, whereas 

Me3SiOTf and N,N-dimethylanilinium bromide yield (Z,E)-1,1,3,4-tetrafluorobutadiene as the major 

fluorinated product. Reaction intermediates were isolated and possible pathways are discussed. 

4.2     Introduction 
 
     Transition metal-mediated synthesis of fluorinated organic compounds has developed over the 

past two decades into an invaluable approach for obtaining new value-added fluorocarbons (FCs).1 

FCs find value in a multitude of applications; specifically, small highly fluorinated organics are 

desirable for use as anesthetics, refrigerants, blowing agents, surfactants and as treatments for various 

materials to impart water/oil-repellent properties. The strength of C−F compared to C−H bonds (ca. 

480 vs. ca. 400 kJ/mol) accounts for the inertness and persistence of FCs in the environment.2 The 

latter issue has initiated a major industry shift towards the use of shorter fluoroalkyl chains (i.e. CF
4), 

known to be less persistent (and arguably less toxic), to replace their longer chain predecessors (e.g., 

perfluorooctanoic acid).3 Another recent change in the fluorochemical industry has been the 

replacement of hydrofluoroalkanes (known global warming contributors) with new 

hydrofluoroalkene refrigerants with significantly reduced global warming potential.4 Environmental 

concerns with synthetic routes common to FC synthesis stimulate interest in the development of less 

energy-intensive and more atom economical routes for CF
4 and HFO production. Moreover, the 

synthesis of novel small-molecule functionalized FCs that maintain the beneficial properties of FCs 

and decrease their toxicity/persistence is highly desired.5  
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     The oxidative cyclization of unsaturated substrates at M(0) centres to form metallacyclic 

intermediates is an indispensable technique for atom economical C-C bond forming catalytic 

processes (cf. selective ethylene oligomerization to 1-hexene or 1-octene).6 One approach to new 

highly fluorinated organics is to derivatize fluorometallacycles selectively at a transition metal 

centre prior to release from the metal.7 For example, Baker et al. demonstrated nickel phosphite 

complex-catalyzed hydrodimerization of two molecules of tetrafluoroethylene (TFE) or one molecule 

of TFE with one of ethylene, affording octafluorobutane or 1,1,2,2-tetrafluorobutane, respectively 

(Scheme 4.1a).8 More recently, Ogoshi et al. reported the nickel-catalyzed co-cyclization of TFE and 

ethylene, yielding 5,5,6,6-tetrafluoro-1-hexene (Scheme 4.1b).9 Additionally, nickel IPr complexes 

effected the catalytic co-cyclization of TFE, ethylene and aldehydes was demonstrated, generating 

new fluorine-containing ketones (IPr = (1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene), 

Scheme 4.1c).10 These highlighted catalytic processes rely on the oxidative cyclization reaction to 

afford key nickelacyclopentane intermediates. As a result, we are exploring the reactivity of less 

studied HFAs with low-valent metal centres. In this initial report, we detail the synthesis and 

reactivity of new partially fluorinated nickelacycles, generated from trifluoroethylene (TrFE).  

Scheme 4.1. Nickel-catalyzed routes to C4-C6 functionalized fluorocarbons.  
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     Stone et al. reported previously the oxidative cyclization of TrFE with Ni(PPh2Me)4 and 

(PPh3)2Ni(C2H4) to give  L2Ni(C4F6H2) (Scheme 4.2a, left).11 The 5-membered nickelacycles were 

characterized by elemental analysis, melting point, and although NMR spectral data were not 

provided, they were proposed to be a mixture of isomers based on their complex 19F NMR spectra. 

Two Ni TrFE complexes with the tridentate ligands [MeC(CH2EPh2)3] (E = P, tpame; As, tdame; 

Scheme 4.2a, right) have also been prepared.12 Notably, the P analogue was unstable in the solid state, 

decomposing readily in solution in the absence of an excess of TrFE. In contrast, the As analogue is 

stable in the solid state and reacts with excess TrFE to presumably form a mixture of 5-membered 

nickelacycles, although these were only described as having complex 19F NMR that could not be 

analyzed due to solubility issues. Finally, Cowie and co-workers have done extensive studies on the 

reactivity of C2F3H-bridged di-iridium complexes, including examples of C−F bond activation using 

a stoichiometric amount of Lewis acid (Scheme 4.2b).13  

Scheme 4.2 Reported Ni TrFE complexes and metallacyclopentanes (a) and the Lewis acid 
reactivity of a TrFE- bridged diiridium complex (b). 
 

 

     Owing to the reduced symmetry of TrFE vs. TFE, there are six potential nickelacyclopentane 

isomers that could form upon oxidative cyclization (Chart 4.1). We present herein the effects of 

ancillary ligand variation on the nature of the nickelacycle formed (3- vs. 5-membered), as well as 

the regio-/stereoselectivity and reactivity of the ensuing nickelacyclopentanes. 
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Chart 4.1 Potential nickelacyclopentane regio-/stereoisomers from oxidative cyclization of 
TrFE. 
 

 

 

4.3 Results and Discussion 

4.3.1 Synthesis and Characterization of Hydrofluoronickelacycle Complexes.  

     Treatment of Ni(0) complexes Ni-15a,c,d and e (generated from Ni(cod)2  + 2 equiv of L = PPh3, 

Ni-15a, PPh2Me, Ni-15c,  PPhMe2, Ni-15d,  or PMe3, Ni-15e), with ~ 7 psi of TrFE at room 

temperature in toluene gave quantitative conversion (by 31P{1H} NMR) to Ni(II) 5-membered 

metallacycles Ni-16a,c,d and e  (cod = 1,5-cyclooctadiene; Table 4.1). Under an excess of TrFE (~ 

12 psi), tetrakis(phosphite)nickel complex Ni-15b afforded 80% conversion to product Ni-16b as 

indicated by quantitative NMR yield. On the basis of 19F NMR spectroscopic analysis, it is concluded 

that oxidative cyclization at Ni(0) is largely selective towards the formation of three 

nickelacyclopentane isomers: the cis and trans head-tail isomers and the trans head-head isomer, 

where the CHF group is defined as the TrFE “head”. The less-favored tail-tail isomers are observed 

only for the bulkiest phosphorus ligands. We note first that the effect of the increased π-acidity 

associated with phosphite ligand in Ni-15b (vs. PPh3 Ni-15a) was to increase the trans head-head 

isomer at the expense of the trans head-tail isomer. Note that the steric properties of these ligands are 

similar (cone angle for P[(O-o-tol)3] = 141° and PPh3 = 145°).14 On progressing to less bulky 

phosphines (Ni-15c,d,e) by successive replacement of Ph by Me, however, minor amounts of the tail- 

tail isomers are no longer detected and the ratio of the trans head-head isomer to the head-tail isomers 



Chapter	4	
	

84	
	

increases from 0.2 (PPh3) to 0.3, 0.4 and to 1.0 for PMe3. Preliminary studies with (oxydi-2,1-

phenylene)bis(diphenylphosphine) (DPEPhos) show quantitative conversion to the same three major 

isomers, indicating that bidentate ligands follow the same trend as the monodentate ligands studied 

herein.15 DFT (B3LYP-D3/LACV3P**) calculations for the systems L2Ni(C2F3H) + C2F3H, with L = 

PMe3 and PPh3 (Table 4.2), indicate that metallacycle formation is strongly downhill energetically 

and unlikely to be reversible under the experimental conditions. While the experimentally observed 

regiochemistry does reflect the relative thermodynamic stabilities of the metallacyclic isomers for L 

= PMe3, the same is not the case for L = PPh3, suggesting that the product ratios are likely those of 

kinetic control in the cyclization mechanism. Leaving a C6D6 solution of Ni-16c in a J Young tube 

under ~ 7 psi of TrFE at room temperature for 18 h results in no change in the isomer ratios. Moreover,  

Table 4.1 Phosphorus ligand effects on selectivity of hydrofluoronickelacyclopentane 
formation.a  
 

 

a Yield of isolated product; isomer mix was determined by 19F NMR integration. b Both isomers of this minor 
product were characterized by 19F NMR. c Yield estimated by relative integration of product peaks with 
hexafluorobenzene in the 19F NMR spectrum. 
 

Product PR3 Cone 

Angle 

Yield (%)a Cis h-t 

(%) 
Trans h-t (%) Trans h-h (%) Tail-tail (%)b 

Ni-16a PPh3 145 64 53 25 17 4 

Ni-16b P(O-o-tol)3 141 80c 53 20 21 6 

Ni-16c PPh2Me 136 87 53 25 20 2 

Ni-16d PPhMe2 122 83 50 21 28 0 

Ni-16e PMe3 118 87 38 13 49 0 
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heating the PPhMe2 metallacycle Ni-16d at 80°C in C6D6 under N2 for 24 h provided no evidence of 

isomerization and only a minor amount of decomposition.   

     The nickelacyclopentane isomers of all Ni-16 complexes were characterized by multinuclear 

NMR spectroscopy. Both the cis and trans head-tail isomers contain no mirror plane (Cs symmetric) 

and therefore six unique fluorine peaks are observed for each isomer in the 19F NMR spectrum. The 

cis arrangement of the major head-tail stereoisomer is supported by a 2D 19F-19F NOESY experiment 

(Figure A14). The trans head-head and tail-tail isomers each display three unique fluorine resonances, 

owing to the presence of a C2 axis, with the geminal coupling between the CαF2 fluorines of the head-

head isomer arising from the presence of a chiral centre in the adjacent position (CβFH). Surprisingly, 

there is a large enough chemical shift difference between each fluorine in the three observed major 

isomers, resulting in fifteen unique fluorine environments in the 19F and 19F{1H} NMR spectra of all 

Ni-16 complexes (excluding the minor tail-tail resonances). Correlations between fluorines for each 

isomer were confirmed using 2D 19F-19F COSY experiments (Figures A15-A17). Consistent with  

Table 4.2 DFT calculated (B3LYP-D3/LACV3P**) relative free energies (kcal/mol) of 
hexafluoro-nickelacyclopentane isomers. 
 

 
Relative G 

Relative G of 
metallacycle 
isomers 

Relative G 
Relative G of 
metallacycle 
isomers 

 L = PMe3 L = PPh3 
L2Ni(CF2CFH) + 
CF2CFH 

0.0  0.0  

Trans head-head (F 
equatorial) 

-28.1 0.0 -24.6 0.0 

Cis head-head -27.2 0.8 -20.5 4.2 
Trans head-head (F 
axial) 

-26.3 1.8 -24.6 0.0 

Trans head-tail -24.8 3.3 -19.4 5.2 
Cis head-tail -24.6 3.5 -23.0 1.6 
Trans tail-tail -24.3 3.8 -19.8 4.9 
Cis tail-tail -22.8 5.3 -24.3 0.3 
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previously reported NMR assignments of perfluoronickelacycles,16 the CαF2 signals of 

hydrofluoronickelacycle isomers appear downfield in the 19F NMR with chemical shifts and geminal 

coupling constants ranging from δF = -83 to -106 and 2JFF = 251-278 Hz. The CβF2 resonances, 

including CβF2 signals associated with the tail-tail isomers, appear further upfield, displaying shifts 

ranging from δF = -107 to -131 with smaller geminal coupling constants 2JFF = 218-242 Hz. The CαFH 

and CβFH fluorines are shifted drastically further upfield at δF = -201 to -228. Geminal coupling 

constants between the fluorine and proton of the cis and trans head-tail metallacycles are not very 

dependent on the position of the fluorine (Cα vs. Cβ), exhibiting a narrow range of values (2JFH = 47-

50 Hz), whereas CβFH fluorines of the trans head-head isomers have larger coupling constants (2JFH 

= 57-59 Hz). The CαFH fluorines of the tail-tail isomers in Ni-16a,b and c appear as complex 

multiplets owing to their coupling with phosphorus, proton and CβF2 fluorines. For Ni-16a,b,c and 

d, the 31P{1H} NMR resonances of all three metallacycles appear as overlapping multiplets, however 

Ni-16e exhibits an apparent broad singlet (∆�1/2 = 73 Hz) in the 31P{1H} NMR spectrum due 

presumably to nearly identical chemical shifts for the inequivalent phosphine ligand.  

     Likewise, the 1H NMR spectra reveal overlapping peaks (integrating to 2H relative to other proton 

peaks) in the chemical shift range from ca. δ 4.5 to 6 for the metallacyclic protons of all three isomers 

(the 1H NMR spectrum for Ni-16e is shown in Figure 4.1c). Further NMR experiments for complexes 

Ni-16c,d and e were performed to decipher each unique metallacycle proton signal. The 1D 1H 

detected 1H-19F HOESY NMR spectra were obtained to provide NOE correlations by sequentially 

using a selective pulse on each type of fluorine in the CαFH and CβFH region (δF = -201 to -228).17 

The upfield region of the 1D 19F spectrum for complex Ni-16e is depicted in Figure 4.1a. Only strong 

NOEs were observed for the proton geminal to the fluorine that was being selectively irradiated 

(Figure 4.1b). The correlation between each proton and its associated geminal fluorine was also 

corroborated with 2D 1H-19F HMQC NMR (2JFH = 50 Hz) data (see Figures A18-A20). Weak NOEs 
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Figure 4.1 a) The 1D 19F NMR spectrum of Ni-16e depicting the fluorine peaks that are geminal to 
a metallacyclic proton (282 MHz, C6D6). b) The 1D 1H detected 1H-19F HOESY NMR spectra that 
are colour coded to indicate the selected fluorine. c) The 1D 1H NMR spectrum for Ni-16e (300 MHz, 
C6D6). 
 
are also observed with at least one proton of a P−CH3 group when the fluorines in the Cα position of 

the head-tail isomers are selectively irradiated (orange and green spectra in Figure 4.1), indicating 

that they are also close in space. The 1H detected 1H-19F HOESY NMR spectra of Ni-16c,d and e 

(Figure 4.1 and Figures A21-A22) reveal that the protons in the Cβ position of the 

hydrofluorometallacycles appear more upfield (e.g., δH = 5.08, 5.32 and 4.71 for HE, HC/C’ and HB 

respectively) than the Cα metallacyclic protons (δH = 5.81 and 5.55 for HD and HA respectively).  

      The molecular structure of the trans head-head isomer of Ni-16e was confirmed by a single crystal 

X-ray diffraction study (Figure 4.2, left). Bond angles about the Ni(II) centre are indicative of a 

distorted-square-planar geometry (360.5°). Interestingly, there are no significant differences in 

metallacycle Ni−C and C−C bond lengths when comparing to previously characterized perfluoro-

nickelacyclopentanes.16b,c,d Furthermore, the distance between the C3 methyl group on the phosphine 

ligand and F2 is 2.926 Å, supporting the positive NOE observed in the 1H detected 1H-19F HOESY 

spectrum (vide supra). 

     As noted above, in Stone’s original studies of the (tdame)Ni(C2F3H) complex (Scheme 4.2) they 

speculated that reaction with another equivalent of TrFE overnight afforded 5-membered 
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nickelacycles that were not characterized due to solubility issues.12 Indeed, we demonstrate here that 

halting the reaction between in situ generated (PPh3)2Ni(cod) and TrFE by evacuating the head space 

of the reaction flask after 1 h at room temperature results in clean isolation of metallacyclopropane 

Ni-17 as a bright yellow powder in 74% yield (Scheme 4.3). In the 19F NMR spectrum, a geminally 

coupled pair is observed at δF = -114.3 and -115.6 (2JFF = 181 Hz) corresponding to the CαF2 fluorines 

along with a peak far upfield at δF = -221.0 associated with the CαFH fluorine resonance, revealing 

couplings of 2JFH = 64 Hz and trans 3JFF = 96 Hz. The metallacyclic proton appears at δH = 5.45 as a 

distinctive doublet of doublets in the 1H NMR spectrum. The coupling constant values for Ni-17 fall  

Scheme 4.3 Synthesis of Ni-17 from Ni-15a and TrFE. 

 

 

Figure 4.2 ORTEP representation of the molecular structure of the trans head-head isomer of 
complex Ni-16e (left) and complex Ni-17 (right). Thermal ellipsoids are set at the 40% probability 
level. Hydrogen atoms and phenyl rings from PPh3 are omitted for clarity. For Ni-16e, one of the two 
orientations for the disordered CβFH groups are shown. For Ni-17, one of four orientations of the 
disordered structure is depicted.  
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somewhere between typical values expected for fluorines on sp2 hybridized carbons and sp3 

hybridized ones16b,d (e.g., gem-F,F of 181 Hz vs. 251-278 Hz for above nickelacyclopentanes). In the 

solid state, the Ni-Cα bond lengths are surprisingly shorter than those observed in Ni-16e (e.g., 

1.903(3) vs. 1.937(4) Å respectively, Figure 2). 

     The Cα-Cα bond length of 1.385 Å is elongated in relation to that of free TrFE [1.309(6) Å], and 

the F1-C37- F2 angle of 101.8(9) deviates significantly from sp2 hybridization.16c,29 Moreover, the 

non-planarity of the TrFE moiety, evidenced in the bending away of the substituents from the metal 

centre, suggests significant back-donation from the nickel to the π* antibonding orbital of TrFE.18,19 

Overall, the spectroscopic and solid state structural data indicate that Ni-17 has both 

metallacyclopropane and η2-coordinated TrFE olefin-type character. Complex Ni-17 adds another 

equivalent of TrFE to form nickelacyclopentanes Ni-16a, providing evidence for the intermediacy of 

TrFE nickelacyclopropanes in the formation of nickelacyclopentanes. In contrast, Ni-17 behaves 

more like an η2-coordinated TrFE olefin complex in the presence of other fluorinated alkenes (e.g., 

tetrafluoroethylene, hexafluoropropene), liberating free TrFE. 

4.3.2 Reactivity of Hydrofluoronickelacycle Complexes.  

     With the objective of generating functionalized hydrofluorocarbons, we initiated studies on the 

C−F and Ni−Cα reactivity of hydrofluoronickelacycles Ni-16c and Ni-16d. The Lewis acid reactivity 

of bis(phosphine) perfluoronickelacyclopentanes is well documented in the literature; Cα−F fluoride 

abstraction is accompanied by migration of the phosphorus ligand to Cα, affording phosphonium 

zwitterions (Scheme 4.4a).16b,c We then showed that addition of isonitrile ligands to a P-S ligated 

analogue effected Ni−C bond cleavage and elimination of a β-F, affording the unusual ring-opened 

Ni phosphonium dication, A (Scheme 4.4b).16d However, the reactivity of Lewis acids with partially 

fluorinated nickelacycles has not been previously investigated.  
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Scheme 4.4 Cα-F fluoride abstraction/phosphine migration to Cα. 

 

     Treatment of the Ni PPh2Me metallacycle mixture Ni-16c with a stoichiometric amount of boron 

trifluoride etherate, (BF3•OEt2) resulted in multiple C−F bond activations in all regioisomers, 

affording four different organic products. While the trans head-head isomer yielded two isomers of 

the bis(phosphonium) 1,4-difluorobutadienes (O4a,O5a) from the expected phosphine migration to  

Cα followed by β-F elimination, the head-tail isomers gave 1,1,2,3-tetrafluorocyclobutene (O2) as the 

major fluorinated product along with a minor amount of (Z,E)-1,1,3,4-tetrafluorobutadiene (O3; 

Table 4.3, entry 1). Cyclobutene O2 is also obtained as the major product when the reaction was 

performed with the PPhMe2 analogue Ni-16d (entry 2). Surprisingly, treatment of Ni-16c with either 

two equivalents of trimethylsilyl trifluoromethanesulfonate (Me3SiOTf) or a stoichiometric amount 

of Brønsted acid, N,N-dimethylanilinium bromide [C6H5N(CH3)2•HBr] reversed the selectivity, 

yielding butadiene O3 as the major organic product and only a minor amount of cyclobutene O2 

(entries 3 and 5). In contrast to the head-tail isomers, the minor head-head regioisomer did not show 

any acid-dependent selectivity differences. Organic products O2-O5 were characterized by 

multinuclear NMR spectroscopy and, for isolated examples, by high resolution MS and X-ray 

diffraction. 
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Table 4.3 Reactivity of complexes Ni-16c and Ni-16d with Lewis and Brønsted acids.a  

 

 

a Yields estimated by relative integration of product peaks with hexafluorobenzene in 19F{1H} spectra 
 
    Constitutional isomers O2 and O3 both have characteristic chemical shifts/coupling constants in 

their 1H, 19F and 13C{1H} spectra when compared to other geometric isomers of 

tetrafluorocyclobutene and constitutional isomers of tetrafluorobutadiene respectively.20-22 The signal 

for the sp2 hybridized fluorine in the 19F NMR spectrum of O2 is located downfield at -95.8 with a 

cis coupling to the alkenyl proton of 3JFH = 8 Hz. The two fluorine signals associated with the CF2 

group at -104.5 and -115.7 ppm depict 2JFF = 199 Hz, a value that is congruous with other reported 

cyclobutenes containing geminally coupled fluorines (cf. 199 Hz in 1,2,3,3,4-

pentafluorocyclobutene)20b. The CFH fluorine predictably appears the furthest upfield at -184.2 ppm 

and exhibits a large coupling constant with the geminal proton (60 Hz).20 Unsymmetrical butadiene 

O3 displays four unique fluorine resonances in the 19F NMR spectrum. The terminal CF2 

difluorovinyl group appears as two signals at -79.2 and -81.3 ppm with gem-F,F coupling of 20 Hz. 

Entry PR3 Acid equiv. 

Acid 

Solvent Yield O2 

[%]  

Yield O3 

[%]   

Yield O4 

[%]   

Yield O5 

[%]  

1 PPh2Me BF3•(OEt)2  1.1 CDCl3 66  3 5 10 

2 PPhMe2 BF3•(OEt)2  1.1 CDCl3 50  3 9 13 

3 PPh2Me Me3SiOTf 2.1 DCM 3 45 6 13 

4 PPhMe2 Me3SiOTf 2.1 DCM < 1 23 8 14 

5 PPh2Me [C6H5N(CH3)2•HBr] 1.2 DCM 3 61 5 ND 

6 PPhMe2 [C6H5N(CH3)2•HBr] 1.2 DCM 4 64 6 6 
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Terminal fluorine FA (Figure 4.3) displays a large (5JFF = 28 Hz) long-range coupling with FD, 

consistent with previous assignments made by Servis and Roberts for 1,1,4,4-tetra-

fluorobutadiene.22b The FC,D signals associated with the 3,4-cis fluorines appear further upfield at -

143.2 and-159.1 ppm, respectively and are coupled to each other by 3JFF = 13 Hz, in agreement with 

their cis geometry. In the 1H NMR spectrum, the internal proton appears further upfield at δ 3.74 

compared to the terminal proton at 5.56. The large gem-F,H coupling constant of 72 Hz is 

characteristic of terminal vinylic CFH groups. The observed and simulated 19F NMR spectra of O2 

are depicted in Figure A29. 

     Compound O4c was fully characterized using multinuclear NMR, X-ray diffraction, and high- 

resolution ESI-MS. Analogues O4a,b,d-f were all identified based on their highly characteristic 19F 

and 31P{1H} chemical shifts and splitting patterns identical to O4c. Structural characterization of O4b 

(Figure 4.4) and O4c (Figure A56) was obtained from X-ray quality crystals grown from cooled 

acetonitrile solutions of each compound. Another minor product of these reactions displays two 

unique fluorines in the 19F spectrum with large JFP values, and two unique phosphorus peaks with 

corresponding JFP values. Given the characteristic coupling constants and the decrease in symmetry 

 

 

Figure 4.3 Simulated (g-NMR) and observed (282 MHz, C6D6) 19F NMR spectra for O3.  

-78.4 -78.6 ppm -80.4 -80.6 ppm -142.4 -142.6 ppm -158.2 -158.4 ppm

Simulated 

Observed 

δ	
19
F	(ppm) 
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relative to O4, we propose these peaks correspond to the 2Z,4E isomers O5a-f. The lower yield of 

O3 in entry 4 of Table 4.3 is accounted for by the presence of another phosphine-functionalized 

butadiene presumably derived from the head-tail nickelacycle. This competing phosphine migration 

does not occur when C6H5N(CH3)2•HBr is employed, in which a high yield of O3 is obtained (entry 

6).  

 

Figure 4.4 ORTEP representation of the molecular structure of O4b. Thermal ellipsoids are set at the 
40% probability level. Hydrogen atoms and outer-sphere tetrafluoroborate ions are omitted for clarity.  
 
4.3.3 Reaction intermediates and proposed pathways.  

     Given both the well-established precedent for activation of C−F bonds alpha to a transition 

metal16,23 and the asymmetry of the head-tail nickelacycles, we can propose two possible fluoride 

activation routes to obtain tetrafluorocyclobutene O2 from metallacycles Ni-16c/Ni-16d: a) Initial 

Cα−F activation from CαFH affords a Ni−cyclobutyl intermediate (Int 1) that then undergoes β-

fluoride elimination at CβF2 and Ni−Cα bond cleavage to give O2; b) initial Cα−F abstraction occurs 

at the CαF2 position followed by Ni−Cα cleavage, generating Ni−cyclobutyl intermediate (Int 2), that 

undergoes Cβ−F elimination from CβFH and Ni−Cα bond cleavage to afford O2 (Scheme 4.5). A T-

shaped three-coordinate perfluoronickelacyclopentane–NHC complex reported by our group 

undergoes a similar Cα−F/Cβ−F activation to give perfluorocyclobutene, where the slower Cβ−F 

elimination allowed for full characterization of the Ni−cyclobutyl product.24 Key intermediates also 

consistent with path (b) were observed by closely monitoring the reaction between BF3•OEt2 and Ni- 

 
 
 



Chapter	4	
	

94	
	

Scheme 4.5 Two proposed routes for the double C−F bond activation of Ni-16c and Ni-16d with 
BF3•OEt2.   
 

 

16c by NMR in CDCl3. A colour change to dark purple upon addition of BF3•OEt2 was accompanied 

by complete consumption of starting metallacycle as observed by 19F{1H} NMR. The appearance of 

new peaks in the 19F and 19F{1H} spectra is in agreement with the formation of two fluorocyclobutyl 

intermediates (Chart 4.2) Ni-18’ and Ni-19’, that support an initial selective Cα−F activation from 

the CαF2 carbon followed by a nucleophilic attack by the CαFH group. The characteristic NMR 

features of Ni-18’ include an upfield Cα−F peak at δF = -192.1 which exhibits an apparent triplet 

coupling to phosphorus (3JFP = 36 Hz) with a corresponding doublet in the 31P{1H} spectrum at δP = 

2.0 ppm. Intermediate Ni-19’ displays a distinguishing resonance with complex coupling well upfield 

at δF = -383.5 ppm representing the bridging Ni fluorides. The 19F{1H} spectrum after 15 minutes 

shows resonances due to O2 : Ni-18’ : Ni-19’ in a ratio of 1.0:0.6:0.5 and those associated with Ni-

18’ decrease at a faster rate than  Ni-19’ (see Figures A30-A33 for detailed NMR spectra). We propose 

that the minor trans cyclobutyl intermediate is not observed by NMR due to a significantly faster rate 

of β-fluoride activation compared to the cis cyclobutyl isomer. We suggest that this faster reactivity 
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Chart 4.2 Proposed observed intermediates in the reaction between Ni-16c and BF3•OEt2 in 
CDCl3.   
 

 
 

is attributed to an intramolecular β-F elimination to give cyclobutene O2. This type of intramolecular 

CβF activation is not possible with the cis arrangement of the cyclobutyl intermediate, where both 

CβFH fluorines are pointing away from the Ni centre. The selective formation of fluorocyclobutene 

rather than phosphine-functionalized nickelacycles suggests that the difference in reactivity between 

the head-head isomer and head-tail isomers stems from the competing nucleophilicity of PR3 and 

CαFH.	 

     Performing the reaction between BF3•OEt2 and Ni-16c in toluene solvent produces the same two 

cyclobutyl intermediates. Over the course of the reaction, the resonances associated with proposed 

intermediate Ni-18’ decrease with time as those assigned to O2 and Ni-19’ increase, indicating that 

competing pathways for the conversion of Ni-18’ to Ni-19’ or O2 exist in toluene. The reaction 

deposited a deep red-purple crystalline solid that was shown by X-ray diffraction to be a dicationic, 

difluoro-bridged Ni dimer containing two outer-sphere tetrafluoroborate anions (Ni-20, Figure 4.5, 

right) as the major Ni-containing byproduct resulting from β-fluoride elimination from Ni-18’. In 

contrast to Ni-18’, the difluoro-bridged binuclear Ni-19’ is stable in toluene and does not undergo 

the second β-fluoride elimination, enabling characterization by multinuclear NMR and an X-ray 

study that confirms the dimeric structure, where both Ni(II) centres exhibit square-planar geometry 

(Figure 4.5, left). 
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Figure 4.5 ORTEP representation of the molecular structures of Ni-19’ (left) and Ni-20 (right). 
Thermal ellipsoids are set at the 40% probability level. Hydrogen atoms are omitted for clarity. 
 
     Compound O2 can be isolated in 58% yield (89% purity) and O3 in 56% isolated yield (82% 

purity) by cryogenic distillation under vacuum. Trace amounts of other small fluorinated organics are 

detected by 19F NMR: in the spectrum of O2; 1,1,2,2-tetrafluorocyclobutene (arising from the head-

head metallacycle), O3 and another isomer of  tetrafluorocyclobutene (potentially arising from β-

hydride elimination from Ni-18’ or Ni-19’) are detected, and in O3; (Z,Z)-1,1,3,4-

tetrafluorobutadiene, O2, and 1,1,4,4-tetrafluorobutadiene23b (arising from the head-head 

metallacycle) are detected. 

     In contrast to the BF3•OEt2 reaction, close monitoring of the reaction between metallacycle Ni-

16c and Me3SiOTf or N,N-dimethylanilinium bromide at room temperature did not result in the 

observation of any key intermediates. In the Me3SiOTf reaction, complete conversion of starting 

material occurs with only a 45% yield of O3. Initially, one species with a cyclobutyl group was 

observed by 19F NMR, but it slowly transformed to unknown product(s) and did not appear to 

correspond to an intermediate in butadiene formation. Notably, 3,3,4,4-tetrafluorocyclobutene is 

known to isomerize to 1,1,4,4- tetrafluorobutadiene at elevated temperatures (550-750°C).25 A control 
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Scheme 4.6 Proposed route for the double C-F bond activation of Ni-16c and Ni-16d with 
Me3SiOTf and C6H5N(CH3)2•HBr. LA = Lewis acid; HA = Brønsted acid 
 

	

experiment with O2 in the presence of Lewis acidic Ni(OTf)2 salt showed no conversion to O3 at 

room temperature. Furthermore, there is no evidence for the intermediacy of O2 in the formation of 

O3 by reaction monitoring. It is also important to note that there is no observation of a fluoride-

bridged intermediate or Ni byproduct over the course of the Me3SiOTf and C6H5N(CH3)2•HBr 

reactions. At this point, we surmise that the disparate product selectivities arise from the higher 

nucleophilicity of the triflate/bromide anions versus the tetrafluoroborate anion. We propose that 

initial C−F activation still occurs at the CαF2 position and the generated carbocationic intermediate 

is partially stabilized by the OTf/Br counterion and the adjacent CHF group (Int 3; Scheme 4.6). A 

[1,2]-fluoride shift/Ni−Cα cleavage generates butenyl intermediate (Int 4) that then undergoes β-

fluoride elimination to afford O3. Such [1,2]-fluoride shifts are well documented in fluoroorganic 

chemistry.26 Currently, a detailed DFT study examining the mechanism of C−F activation in 

hydrofluoronickelacyclopentanes is underway. 
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4.4 Conclusions                          

       The oxidative cyclization of TrFE at Ni(0) complexes Ni-15 is selective towards the formation 

of the cis and trans head-tail and thermodynamically favored trans head-head 

hydrofluoronickelacyclopentanes Ni-16. An analysis of the 19F NMR spectra of Ni-16 shows that the 

respective ratio of the three major isomers is dictated by the nature of the PR3 ancillary ligands. 

Additionally, a minor amount of tail-tail metallacycle is observed with the larger phosphine/phosphite 

ligands (PR3 = PPh3, P(O-o-tol)3, PPh2Me). The effect of ancillary ligands on metallacycle selectivity 

is both informative on a fundamental level and in terms of potential application for the selective 

formation of valuable fluoroorganics. At this point, we cannot conclude whether the steric or 

electronic properties of the ancillary ligands play a bigger role in selectivity. Ongoing studies in our 

group using different ligands as well as other fluorinated feedstocks (e.g., vinylidene fluoride) aim to 

shed more light on this. Lewis and Brønsted acids induce a surprising double C−F bond activation 

of the head-tail regioisomers in Ni-16c and Ni-16d, affording small functionalized 

hydrofluoroalkenes. Surprisingly, varying the acid employed dictates the organic product obtained: 

BF3•OEt2 is selective for 1,1,2,3-tetrafluorocyclobutene O2 as the major organic product, whereas 

Me3SiOTf and N,N-dimethylanilinium bromide yield (Z,E)-1,1,3,4-tetrafluorobutadiene O3 as the 

major fluorinated product. Notably, when Ni-15a  (L = PPh3) is left to react at room temperature for 

24 h under ca. 7 psi of TrFE, minor amounts of butadiene and peaks presumably associated with ring-

opened products are observed. This does not occur with any of the other ligands studied and is 

therefore attributed to the lability of one PPh3. Furthermore, it indicates that a low-coordinate Ni 

centre can be sufficiently acidic for presumably intermolecular C−F bond activation. Given the ratio 

of BF3•OEt2 or N,N-dimethylanilinium bromide to metallacycle employed, we also presume that this 

type of nickel-mediated C−F bond activation could be playing a role in the formation of O2, O3, O4, 

and O5. Based on our current understanding, initial C−F activation with BF3•OEt2 occurs rapidly 

followed by a slower second C−F elimination. In contrast, employing Me3SiOTf and 
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N,N-dimethylanilinium bromide results in a slower initial C−F bond activation followed by a faster 

second C−F elimination. The chemistry of phosphine-ligated partially fluorinated 

nickelacyclopentanes derived from TrFE thus deviates significantly from that of the previously 

studied perfluorinated analogues. Previously observed phosphine ligand migration to Cα following 

Cα−F activation is only observed with the minor head-head regioisomer and results in an unstable 

product (in contrast to the TFE-derived analogue)16a that undergoes further β-F eliminations. In 

contrast, the head-tail regioisomers undergo successive C−F activations with no evidence for 

phosphine migration to Cα of the metallacycle. This chemistry highlights that substitution of CF2 with 

CFH in metallacyclopentanes has a significant effect on the reactivity of Ni−C and C−F bonds. Very 

recently, Ogoshi et. al. communicated some similar differences observed with mixed 

metallacyclopentanes derived from tetrafluoroethylene and ethylene.27 Further analysis of the 

reaction pathways through observation and characterization of key intermediates by NMR/X-ray will 

be invaluable in the development of catalytic systems for production of O2 and O3 which are 

desirable products in relation to their potential application as refrigerants and blowing agents. 

Ongoing studies in our lab are exploring the mechanism of C−F bond activation in 

hydrofluoronickelacycles in addition to further investigations of ligand variation with the goal of 

designing catalytic methods for the production of CF
4 products from CF

2 gases.  

4.5 Experimental Section 

4.5.1 General 

     Experiments were conducted under nitrogen, using Schlenk techniques or an MBraun glove box.  

All solvents were deoxygenated by purging with nitrogen. Toluene, hexanes, diethyl ether and 

tetrahydrofuran (THF) were dried on columns of activated alumina using a J. C. Meyer solvent 

purification system.  Benzene-d6 (C6D6) was dried by stirring over activated alumina (ca. 10 wt.%) 
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overnight, followed by filtration. Acetonitrile (CH3CN), acetonitrile-d3 (CD3CN) and 

dichloromethane (DCM) were dried by refluxing over calcium hydride under nitrogen. After 

distillation, they were further dried by stirring over activated alumina (ca. 5 wt.%) overnight, 

followed by filtration. All solvents were stored over activated (heated at ca. 250 °C for >10 h under 

vacuum) 4 Å molecular sieves. The following chemicals were used as purchased, without further 

purification: Ni(cod)2 (Strem, 98+%), PPh3 (Strem, 99%), PPh2Me (Strem, 99%) PPhMe2 (Strem, 

99%), PMe3 (Strem, 98+%), Me3SiOTf (Aldrich, 98%), BF3•OEt2 (Alfa Aesar, 98+%). Ni{P[O(o-

tol)3]}4 was prepared using reported methods.8 N,N-dimethylanilinium bromide was synthesized 

using a slightly modified literature procedure.28 Glassware was oven-dried at 150°C for >2 h. 1H, 19F, 

31P{1H}, 13C{1H} NMR spectra were recorded on a 300 MHz Bruker Avance instrument at room-

temperature (21-23°C). 1H NMR spectra were referenced to the residual proton peaks associated with 

the deuterated solvents (C6D6: 7.16 ppm; CD3CN: 1.94 ppm). 19F NMR used 1, 3-

bis(trifluoromethyl)benzene (BTB) set to –63.5 ppm or hexafluorobenzene (HFB) set to –164.9 ppm. 

31P{1H}NMR data were referenced to external H3PO4 (85% aqueous solution) set to 0.0 ppm. For 

acquisition of quantitative 19F and 19F{1H} NMR data, delay times (D1) were set to 5 s. For labelling 

of O5a-f, FA is used for the cis fluorine signal and FB for the trans signal. UV-vis spectra were 

recorded on a Cary 100 instrument, using sealable quartz cuvettes (1.0 cm pathlength). A Micromass 

Q-ToF 1 (positive mode) was used for electrospray ionization (ESI), and a Kratos Concept S1 (Hres 

7000-10000) was used for electron impact (EI). Elemental analyses were performed by CENTC 

Elemental Analysis Facility at the University of Rochester. NMR simulations were done using the 

program g-NMR. 

4.5.2   X-ray Crystallography  

The crystals of Ni-16e, Ni-17, O4b, O4c, Ni-19’, and Ni-20 were mounted on thin glass fibers 

using paraffin oil. Prior to data collection, crystals were cooled to 200±2 K. Data were collected on 

a Bruker AXS single crystal diffractometer equipped with a sealed Mo tube source (wavelength 

0.71073 Å) and APEX II CCD detector. Raw data collection and processing were performed with 
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Bruker APEX II software package.1 Semi-empirical absorption corrections based on equivalent 

reflections were applied.2 Systematic absences in the diffraction dataset and unit cell parameters were 

consistent with triclinic P-1 (#2) for Ni-17, O4c, Ni-19’, monoclinic C2/c(#15) for Ni-16e, 

monoclinic P21/n (#14) for Ni-20, O4b. The structures were solved by direct methods and refined 

with full-matrix least-squares procedures based on F2, using SHELXL3 and WinGX4. All non-

hydrogen atoms were refined anisotropically. The positions of hydrogen atoms were calculated based 

on the geometry of related non-hydrogen atoms. 

In the crystal structure of 2e the molecule lies on a 2-fold rotation axis. The F3 and H5A atoms 

are disordered over two positions with 0.50:0.50 occupancies. Some restraints were applied to the 

ADPs and bond distances of the disordered group. The crystal structure of Ni-17 was refined using 

HKLF5 file as a two-component twin with 0.55:0.45 ratio of components. The F1, F2, F3, and F4 

fluorine atoms were modeled at 75% occupancy and H37A, H37B, H38A, H38B - as 25% occupied. 

The molecule of O4b as well lies on an inversion centre. It crystallizes with two BF4
- anions per main 

molecule. The tetrafluoroborate anion is disordered over two positions with 0.76(1):0.24(1) 

occupancies. The molecule of O4c lies on an inversion centre. Half of the molecule and one -OTf 

anion constitute the asymmetric unit. No restraints or constraints were applied. The molecule of Ni-

19’ lies on an inversion centre. No restraints or constraints were applied. The molecule of Ni-20 also 

lies on an inversion centre. There are two BF4
- anions per molecule. The C8…C13 phenyl ring is 

disordered over two positions with 0.74(2):0.26(2) occupancies. Some restraints and constraints were 

applied to the disordered group. 

4.5.3 (PPh3)2Ni(C4F6H2) (Ni-16a)  

     Ni(cod)2 (250 mg, 0.909 mmol) was dissolved/suspended in ca. 15 mL of toluene in a 100 mL 

round-bottom Schlenk flask. Two equivalents of triphenylphosphine (500 mg, 1.909 mmol) were 

added. The colour changed from yellow to deep red. The flask was degassed, charged with ca. 7 psi 
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of TrFE, and stirred at room temperature for 16 h. The colour changed to a cloudy brown-yellow over 

the course of the reaction. The solvent volume was reduced to ca. 5 mL. Hexanes was added (10 mL), 

and the flask was cooled at -35°C. The product was filtered cold, washed with cold hexanes, and 

dried in vacuo, affording a dark yellow powder. Yield: 435 mg, 0.582 mmol, 64% based on Ni(cod)2. 

UV-vis (0.7 mM in DCM): λmax(ε) = 265 nm (47 405). 1H NMR (300 MHz, CDCl3) δ 4.19-5.01 (ov 

m), 5.8 (d d d d, 1H, 2JHF = 64 Hz, 3JHP = 7 Hz), 6.93 (br s, 18H, Ar-H), 7.16 (solvent), 7.47 (br s, 

12H, Ar-H). 31P{1H} (121 MHz, CDCl3) δ 6.2-11.0 (ov m, 2P, Ni-P). 19F NMR cis head-tail: (282 

MHz, CDCl3) δ -84.7 (d m, 1F, 2JFF = 256 Hz, CαF2), -101.2 (d m, 1F, 2JFF = 256 Hz, CαF2), -110.7 (d 

m, 1F, 2JFF = 227 Hz, CβF2), -128.1 (d m, 1F, 2JFF = 227 Hz, CβF2), -215.4 (m, 1F, CαFH), -222.9 (d 

m, 1F, 2JFH = 50 Hz, CβFH). 19F NMR trans head-tail: (282 MHz, CDCl3) δ -88.1 (d m, 1F, 2JFF = 251 

Hz, CαF2), -97.4 (m, 1F, 2JFF = 251 Hz, CαF2), -114.7 (d m, 1F, 2JFF = 242 Hz, CβF2), -123.9 (d m, 1F, 

2JFF = 242 Hz, CβF2), - 202.0 (d m, 1F, CαFH), -212.6 (d m, 1F, 2JFH = 49 Hz, CβFH). 19F NMR trans 

head-head: (282 MHz, CDCl3) δ -90.6 (d, 2F, 2JFF = 231 Hz, CαF2), -91.9 (d t m, 2F, 2JFF = 231 Hz, 

3JFP = 40 Hz, CαF2), -214.3 (d m, 2JFH = 58 Hz, CβFH). 19F NMR cis/trans tail-tail: (282 MHz, CDCl3) 

δ -118.0 (d, 2F, 2JFF = 246 Hz, CβF2), -121.1 (d m, 2F, 2JFF = 234 Hz, CβF2), -122.4 (d m, 2F, 2JFF = 

234 Hz, CβF2), -128.0 (ov d m, 2F, 2JFF ≈ 246 Hz, CβF2), -213.9 (m, 2F, CαFH), -216.6 (m, 1F, CαFH).  

4.5.4 [P(O-o-tol)3]2Ni(C4F6H2) (Ni-16b) 

     Ni[P(O-o-tol)3]4 (301 mg, 0.205 mmol) was dissolved in ca. 3 mL of toluene and transferred to a 

50 mL ampoule. The flask was degassed, charged with ca. 8 psi of TrFE, and stirred at 40°C for 40 

h. The colour changed to a dark yellow with minor amount of Ni black observed. An aliquot was 

filtered through a pipet with a Celite plug into an NMR tube containing HFB (0.026 mmol). Yield of 

Ni-16a was determined by integration of CβFH peaks with HFB in the 19F spectra. Yield: 0.164 mmol, 

80% based on Ni[P(O-o-tol)3]4. 1H NMR (300 MHz, C6D6) δ 4.19-5.01 (ov m), 5.8 (d d d d, 1H, 2JHF 
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= 64 Hz, 3JHP = 7 Hz), 6.93 (br ov m, 18H, Ar-H), 7.16 (solvent), 7.47 (br s, 12H, Ar-H). 31P{1H} 

(121 MHz, C6D6) δ 116.0-121.9 (ov m, 2P, Ni-P). 19F NMR cis head-tail: (282 MHz, C6D6) δ -83.6 

(app d t m, 1F, 2JFF = 257 Hz, 3JFP = 53 Hz CαF2), -98.4 (d m, 1F, 2JFF = 257 Hz, CαF2), -110.8 (d m, 

1F, 2JFF = 224 Hz, CβF2), -130.0 (d m, 1F, 2JFF = 224 Hz, CβF2), -216.0 (d d m, 1F, 3JFP = 106 Hz, 2JFH 

= 55 Hz, CαFH), -224.5 (d m, 1F, 2JFH = 45 Hz, CβFH). 19F NMR trans head-tail: (282 MHz, C6D6) δ 

-86.2 (d m, 1F, 2JFF = 246 Hz, CαF2), -91.8 (d m, 1F, 2JFF = 246 Hz, CαF2), -108.6 (d m, 1F, 2JFF = 241 

Hz, CβF2), -112.6 (d m, 1F, 2JFF = 241 Hz, CβF2), -202.7 (d d m, 1F, 3JFP = 96 Hz, 2JFH = 49 Hz, CαFH), 

-203.4 (d m, 1F, 2JFH = 49 Hz, CβFH). 19F NMR trans head-head: (282 MHz, CDCl3) δ -86.9 (d m, 

2F, 2JFF = 243 Hz, CαF2), -88.8 (app d t m, 2F, 2JFF = 43 Hz, 3JFP = 58 Hz CαF2), -213.2 (d m, 2JFH = 

58 Hz, CβFH). 19F NMR cis/trans tail-tail: (282 MHz, C6D6) δ -118.0 (d, 2F, 2JFF = 246 Hz, CβF2), -

121.1 (d m, 2F, 2JFF = 234 Hz, CβF2), -122.4 (d m, 2F, 2JFF = 234 Hz, CβF2), -128. (ov d m, 2F, 2JFF ≈ 

246 Hz, CβF2), -213.9 (m, 2F, CαFH), -216.6 (m, 1F, CαFH).  

4.5.5 (PPh2Me)2Ni(C4F6H2) (Ni-16c)  

     Ni(cod)2 (320 mg, 1.16 mmol) was dissolved/suspended in ca. 15 mL of toluene in a 100 mL 

round-bottom Schlenk flask. Two equivalents of diphenylmethylphosphine (455 µL, 2.44 mmol) 

were added to the Ni(cod)2/toluene solution. The colour changed from yellow to orange-yellow. The 

flask was degassed, charged with ca. 7 psi of TrFE, and stirred at room temperature for 16 h. The 

solvent volume was reduced of the resulting cloudy yellow reaction mixture to ca. 3 mL. Hexanes 

was added (10 mL), and the flask was cooled at -35°C. The product was filtered cold, washed with 

cold hexanes, and dried in vacuo, affording a light yellow powder. Yield: 631 mg, 1.01 mmol, 87% 

based on Ni(cod)2. UV-vis (0.7 mM in DCM): λmax(ε) = 386 nm (400). 1H NMR (300 MHz, C6D6) δ 
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1.09 (d, 1.4H, 2JHP = 7 Hz, P-CH3), 1.16 (d, 0.67H, 2JHP = 7 Hz, P-CH3), 1.46 (d, 1.3H, 2JHP = 7 Hz, 

P-CH3), 1.61 (ov d d, 2.3H, P-CH3), 4.68 (d d d, 0.5H, 2JHF = 49 Hz), 5.13-5.85 (ov m, 1.5H, CFH), 

6.71-7.06 (ov m, 12H, Ar-H), 7.16 (solvent), 7.09-7.61 (ov m, 8H, Ar-H). 31P{1H} (121 MHz, C6D6) 

δ 6.5-11.0 (ov m, 2P, Ni-P). 19F NMR cis head-tail: (282 MHz, C6D6) δ -84.8 (ov d m, 1F, 2JFF = 262 

Hz, CαF2), -102.7 (d m, 1F, 2JFF = 262 Hz, CαF2), -108.9 (d m, 1F, 2JFF = 221 Hz, CβF2), -129.7 (d m, 

1F, 2JFF = 221 Hz, CβF2), -219.9 (m, 1F, CαFH), -221.4 (d m, 1F, 2JFH = 49 Hz, CβFH). 19F NMR trans 

head-tail: (282 MHz, C6D6) δ -84.8 (ov d m, 1F, 2JFF = 264 Hz, CαF2), -97.4 (br d, 1F, 2JFF = 264 Hz, 

CαF2), -112.8 (d m, 1F, 2JFF = 239 Hz, CβF2), -121.6 (d m, 1F, 2JFF = 239 Hz, CβF2), -207.9 (m, 1F, 2JFH 

= 47 Hz, CαFH), -209.3 (d m, 1F, 2JFH = 50 Hz, CβFH). 19F NMR trans head-head: (282 MHz, C6D6) 

δ -89.6 (d t m, 2F, 2JFF = 253 Hz, 3JFP = 43 Hz, CαF2), -94.8 (d m, 2F, 2JFF = 253 Hz, CαF2), -212.4 (d 

m, 2JFH = 59 Hz, CβFH). See Figures A12-A13 for 19F and 31P{1H} NMR spectra. 

4.5.6 (PPhMe2)2Ni(C4F6H2) (Ni-16d) 

     Ni(cod)2 (500 mg, 1.82 mmol) was dissolved/suspended in ca. 10 mL of toluene in a 100 mL 

round-bottom Schlenk flask. Two equivalents of dimethylphenylphosphine (517 µL, 3.64 mmol) 

were added, resulting in a colour change from yellow to orange-yellow. The flask was degassed, 

charged with ca. 7 psi of TrFE, and stirred at room temperature for 14 h. A light yellow precipitate 

was formed throughout the course of the reaction. The flask was degassed, and the solvent volume 

was reduced to ca. 5 mL. Hexanes was added (10 mL), and the flask was cooled at -35°C. The product 

was filtered cold, washed with cold hexanes, and dried in vacuo, affording a bright yellow powder. 

Yield: 692 mg, 1.38 mmol, 83% based on Ni(cod)2. UV-vis (0.7 mM in DCM): λmax(ε) = 373 nm 

(950), 299 nm (4153). Anal. Calc. for C20H24F6NiP2: C, 48.14, H, 4.85. Found: C, 48.11, H, 4.78. 1H 
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NMR (300 MHz, C6D6) δ 0.07-1.19 (ov m, 12H), 4.85 (ov m, 0.5H, CFH), 5.12-6.04 (ov m, 1.5H, 

CFH), 6.80-7.06 (ov m, 10H, Ar-H). 31P{1H} (121 MHz, C6D6) δ -5.7 (ov m, 2P, Ni-P). 19F NMR cis 

head-tail: (282 MHz, C6D6) δ -86.8 (br d, 1F, 2JFF = 269 Hz, CαF2), -104.4 (br d, 1F, 2JFF = 268 Hz, 

CαF2), -108.6 (d m, 1F, 2JFF = 219 Hz, CβF2), -130.1 (d m, 1F, 2JFF = 219 Hz, CβF2), -222.2 (d m, 1F, 

2JFH = 49 Hz, CβFH), -225.6 (m, 1F, CαFH). 19F NMR trans head-tail: (282 MHz, C6D6) δ -84.7 (br d, 

1F, 2JFF = 277 Hz, CαF2), -97.6 (br d, 1F, 2JFF = 277 Hz, CαF2), -113.8 (d m, 1F, 2JFF = 238 Hz, CβF2), 

-120.7 (d m, 1F, 2JFF = 238 Hz, CβF2), -207.2 (d m, 1F, 2JFH = 50 Hz, CβFH), -213.2 (br d, 1F, 2JFH ≈ 

49 Hz, CαFH). 19F NMR trans head-head: (282 MHz, C6D6) δ -89.3 (br d t, 2F, 2JFF = 270 Hz, 3JFP = 

35 Hz, CαF2), -99.3 (br d, 2F, 2JFF = 270 Hz, CαF2), -212.1 (d m, 2JFH = 58 Hz, CβFH).  

4.5.7 (PMe3)2Ni(C4F6H2) (Ni-16e)  

     Ni(cod)2 (320 mg, 1.16 mmol) was dissolved/suspended in ca. 15 mL of toluene in a 100 mL 

round-bottom Schlenk flask. Two equivalents of trimethylphosphine (239 µL, 2.33 mmol) were 

added to the Ni(cod)2/toluene solution. No major colour change occurred. The flask was degassed, 

charged with ca. 7 psi of TrFE, and stirred at room temperature for 16 h. An immediate colour change 

to cloudy orange occurred. The flask was degassed, and the solvent volume was reduced to ca. 2 mL. 

Hexanes was added (10 mL), and the flask was cooled at -35°C. The product was filtered cold, 

washed with cold hexanes, and dried in vacuo, affording a light yellow powder. Yield: 380 mg, 1.01 

mmol, 87% based on Ni(cod)2. UV-vis (0.7 mM in DCM): λmax(ε) = 381 nm (877), 299 nm (3277). 

Anal. Calc. for C10H20F6NiP2: C, 32.04, H, 5.38. Found: C, 32.11, H, 5.28. 1H NMR (300 MHz, C6D6) 

δ 0.71 (d, 18H), 4.55-6.00 (ov m, 2H, CFH). 31P{1H} (121 MHz, C6D6) δ -17.1 (br s, 2P, Ni-P). 19F 
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 NMR cis head-tail: (282 MHz, C6D6) δ -89.4 (d m, 1F, 2JFF = 269 Hz, CαF2), -105.6 (d d d, 1F, 2JFF = 

269 Hz, CαF2), -108.2 (d m, 1F, 2JFF = 218 Hz, CβF2), -130.7 (d m, 1F, 2JFF = 218 Hz, CβF2), -205.6 (d 

m, 1F, 2JFH = 50 Hz, CFH), -216.2 (d m, 1F, 2JFH = 48 Hz, CFH). 19F NMR trans head-tail: (282 MHz, 

C6D6) δ -86.8 (d d d, 1F, 2JFF = 278 Hz, CαF2), -98.6 (ov d m, 1F, 2JFF = 278 Hz, CαF2), -113.4 (d m, 

1F, 2JFF = 238 Hz, CβF2), -118.6 (d m, 1F, 2JFF = 238 Hz, CβF2), -221.9 (d m, 1F, 2JFH = 49 Hz, CFH), 

-228.1 (d m, 1F, 2JFH = 47 Hz, CFH). 19F NMR trans head-head: (282 MHz, C6D6) δ -91.8 (br d t, 2F, 

2JFF = 271 Hz, CαF2), -98.6 (br d, 2F, 2JFF = 271 Hz, CαF2), -212.2 (d m, 2JFH = 58 Hz, CβFH).  

4.5.8 (PPh3)2Ni(C2F3H) (Ni-17) 

     Ni(cod)2 (100 mg, 0.36 mmol) was dissolved/suspended in ca. 6 mL of diethyl ether in a large vial 

fitted with a septum cap. Two equivalents of triphenylphosphine (191 mg, 0.73 mmol) were added to 

the Ni(cod)2/diethyl ether solution. The colour changed from yellow to deep red. TrFE (ca. 15 mL, 

1.7 equiv) was added via syringe through the septum cap of the vial. The colour changed to cloudy 

orange. The vial was stirred at room temperature for 1 h. A bright yellow precipitate formed over the 

course of the reaction. The reaction mixture was filtered through a 15 mL medium pore fritted funnel. 

The collected powder was washed with cold hexanes and dried in vacuo, affording a fluorescent 

yellow powder. Yield: 178 mg, 0.27 mmol, 74% based on Ni(cod)2. X-ray quality crystals were grown 

from a cooled (-35°C) saturated solution in chlorobenzene. UV-vis (0.7 mM in DCM): λmax(ε) = 323 

nm (10 118). Anal. Calc. for C38H31F3NiP2: C, 68.60, H, 4.70. Found: C, 67.76, H, 4.62. 1H NMR 

(300 MHz, C6D6) δ 5.45 (d d, 1H, 2JHF = 64 Hz, 3JHP = 7 Hz), 6.87-7.00 (ov m, 18H, Ar-H), 7.16 

(solvent), 7.49 (app t, 12H, Ar-H). 19F NMR (282 MHz, C6D6) δ -114.3 (d d, 1F, 2JFF = 181 Hz, 3JFF 

= 18 Hz), -115.6 (d d, 1F, 2JFF = 181 Hz, 3JFF = 96 Hz), -221.0 (d d d, 3JFF = 96 Hz, 2JFH = 64 Hz, 3JFF 

= 18 Hz). 31P{1H} (121 MHz, C6D6) δ 26.0 (br s, 2P, Ni-P). See Figures A23-A24 for 19F and 1H 

NMR spectra. 
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4.5.9 Reaction of (PPh2Me)2Ni(C4F6H2) (Ni-16c) with BF3•OEt2  

     (PPh2Me)2Ni(C4F6H2) (48 mg, 0.080 mmol) was dissolved in ca. 1 mL of CDCl3 and transferred 

to a 25 mL round-bottom Schlenk ampoule containing a quantitative amount of HFB (3 µL, 0.026 

mmol). A 1.1 equiv portion of BF3•OEt2 (10.5 µL, 0.085 mmol) was added to the Ni-16c/CDCl3 

solution. The colour changed immediately from yellow to dark red-purple. The flask was stirred at 

room temperature for 2 h. The reaction mixture was decanted from the white solid that had formed 

over the course of the reaction into a J Young tube for quantitative NMR analysis. The solid 

bis(phosphonium) salt was dissolved in ca. 0.7 mL of CH3CN and transferred to an NMR tube 

containing HFB (0.026 mmol). Yields were determined by integration of signals with respect to HFB 

in the 19F{1H} spectra.   

1,1,2,3-tetrafluorocyclobutene (O2): Yield: 0.051 mmol, 66% based on sp2 CF. 1H NMR (300 MHz, 

CDCl3) δ 5.58 (ov d m, 2H, 2JHF = 60 Hz, HA + HB), 7.26 (solvent). 19F NMR (282 MHz, CDCl3) δ -

95.8 (app t m, 1F, 3JFF = 25 Hz, 3JFF = 23 Hz, FC), -104.5 (d d d d, 1F, 2JFF = 199 Hz, 3JFF = 25 Hz, 3JFF 

= 18 Hz, 3JFH = 2 Hz, FD/FD’), -115.7 (d d d d, 1F, 2JFF = 199 Hz, 3JFF = 23 Hz, 3JFF = 15 Hz, 3JFH = 2 

Hz, FD/FD’), -184.2 (d t d d, 1F, 2JFH = 60 Hz, 3JFF = 18 Hz, 3JFF = 15 Hz, FE). 13C{1H} NMR (75 MHz, 

CDCl3) δ 92.3  (d m, 1C, 1JCF = 228 Hz), 112.8 (t d, 1C, 2JCF = 27 Hz, 2JCF = 13 Hz), 113.7 (t d d d, 

1C, 1JCF = 275 Hz, 2JCF = 52 Hz, 2JCF = 19 Hz, 3JCF = 3 Hz), 160.5 (d d d d, 1C, 1JCF = 344 Hz, 2JCF = 

36 Hz, 2JCF = 21 Hz, 3JCF = 20 Hz). High-resolution EIMS by head space analysis: mass calculated 

for C4F4H2  126.0093, found 126.0089. See Fugures A25-A26 for 1H and 19F NMR spectra. 

Z,E)-1,1,3,4-tetrafluorobutadiene (O3): Yield was 3% based on CFH. 1H NMR (300 MHz, C6D6) δ 

3.74 (app t d d d, 1H, 3JHF = 19 Hz, 3JHF = 19 Hz, 3JHF = 2 Hz, 4JHF = 1 Hz, 4JHH = 0.6 Hz, HA), 5.56 

(d d app quin, 1H, 2JHF = 72 Hz, 3JHF = 16 Hz, 5JHF = 2 Hz, 5JHF = 1 Hz, 4JHH = 0.6 Hz, HB), 7.16 

(solvent). 19F NMR (282 MHz, C6D6) δ -79.2 (m, 1F, 2JFF = 20 Hz, 4JFF = 24 Hz, 5JFF = 10 Hz, 3JFH = 

20 Hz, FB), -81.3 (d d d, 1F, 2JFF = 20 Hz, 5JFF = 28 Hz, 3JFH ≈ 2 Hz, FA), -143.2 (m, 1F, 3JFF = 13 Hz, 
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(4JFF = 24 Hz, 3JFH = 16 Hz, FC), -159.1 (d d m, 1F, 2JFH = 72 Hz, 3JFF = 13 Hz, 5JFF = 28 Hz, 5JFF = 10 

Hz, FD). 13C{1H} NMR (75 MHz, C6D6) δ 72.3 (d d d, 1C, 2JCF = 39 Hz, 2JCF = 25 Hz, 2JCF = 14 Hz), 

135.5 (d d, 1C, 1JCF = 258 Hz, 2JCF = 16 Hz, 4JCF = 10 Hz, 4JCF = 6 Hz), 141.3 (d m, 1C, 1JCF = 248 

Hz), 156.1 (t m, 1C, 1JCF = 289 Hz). See Figures A27-A28 for 1H and 19F NMR spectra. 

2Z,4Z-[(PPh2Me)(F)C=C(H)−C(H)=C(F)(PPh2Me)][BF4]2 (O4a): Yield: 5% based on F. 19F NMR 

(282 MHz, CD3CN) δ -116.6 (d d, 2JFP = 74 Hz, 3JFH = 33 Hz, 2F), -152.6 (br s, 8F, BF4). 31P{1H} 

(121 MHz, CD3CN) δ 20.0 (d, 2JPF = 74 Hz, 2P). 2Z,4E-

[(PPh2Me)(F)C=C(H)−C(H)=C(F)(PPh2Me)][BF4]2 (O5a): Yield: 10% based on FA. 19F NMR (282 

MHz, CD3CN) δ -105.6 (app d t, 1F, 2JFP = 86 Hz, 5JFF ≈ 22 Hz, 3JFH ≈ 22 Hz, FA), -119.6 (d d d, 1F, 

2JFP = 76 Hz, 5JFF ≈ 22 Hz, 3JFH = 32 Hz, FB), -152.6 (br s, 8F, BF4. 31P{1H} (121 MHz, CD3CN) δ 

19.1 (ov d d, 2JPF = 86 Hz, 2JPF = 76 Hz, 2P). 

Isolation of O2:  

     (PPh2Me)2Ni(C4F6H2) (46 mg, 0.074 mmol) was dissolved in ca. 1 mL of CDCl3 and transferred 

to a 25 mL round-bottom Schlenk ampoule. A 1.1 equiv portion of BF3•OEt2 (10.0 µL, 0.081 mmol) 

was added to the Ni-16c/CDCl3 solution. The colour changed immediately from yellow to dark red-

purple. The flask was stirred at room temperature for 3.5 h. A J Young tube was loaded with a 

quantitative amount of HFB (0.026 mmol). On the Schlenk line, one freeze-pump-thaw cycle was 

performed on both the J Young tube and the reaction flask, respectively. The solvent/volatiles from 

the Schlenk ampoule were vacuum condensed into the J Young tube kept at -196°C. Yield of O2 

based on sp2 CF: 0.043 mmol, 58% (ca. 89% purity). 

4.5.10 Reaction of (PPhMe2)2Ni(C4F6H2) (Ni-16d) with BF3•OEt2 

     (PPhMe2)2Ni(C4F6H2) (40 mg, 0.080 mmol) was dissolved in ca. 1 mL of CDCl3 and transferred 

to a 25 mL round-bottom Schlenk ampoule containing a quantitative amount of HFB (0.026 mmol). 

A 1.1 equiv portion of BF3•OEt2 (10.9 µL, 0.088 mmol) was added, resulting in an immediate colour 
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change from yellow to dark red-purple. The flask was stirred at room temperature for 2 h. The reaction 

mixture was decanted from the white solid that had formed over the course of the reaction into a J 

Young tube. The white solid was dissolved in ca. 0.7 mL of CD3CN and transferred to an NMR tube 

containing HFB (0.026 mmol). Yields were determined by integration of signals with respect to HFB 

in the 19F{1H} spectra. Yield of O2 based on sp2 CF: 0.040 mmol, 50% and of O3 based on CFH: 

3%.  

2Z,4Z-[(PPhMe2)(F)C=C(H)−C(H)=C(F)(PPhMe2)][BF4]2 (O4b): Yield: 9% based on F. 19F NMR 

(282 MHz, CD3CN) δ -114.6 (d d, 2JFP = 74 Hz, 3JFH = 35 Hz, 2F), -151.2 (8F, BF4). 31P{1H} (121 

MHz, CD3CN) δ 18.7 (d, 2JPF = 74 Hz, 2P). 

2Z,4E-[(PPhMe2)(F)C=C(H)-C(H)=C(F)(PPhMe2)][BF4]2 (O5b): Yield: 13% based on FA. 19F NMR 

(282 MHz, CD3CN) δ -104.6 (app d t m, 1F, 2JFP = 86 Hz, 5JFF ≈ 21 Hz, 3JFH ≈ 21 Hz, FA), -115.9 (d 

d d, 1F, 2JFP = 77 Hz, 5JFF = 21 Hz, 3JFH = 32 Hz, FB), -151.2 (8F, BF4). 31P{1H} (121 MHz, CD3CN) 

δ 18.3 (ov d d, 2JPF = 77 Hz, 2JPF = 86 Hz, 2P). 

4.5.11 Observation of intermediates Ni-18’ and Ni-19’ by reaction monitoring in CDCl3  

     (PPh2Me)2Ni(C4F6H2) (24 mg, 0.039 mmol) was dissolved in ca. 1 mL of CDCl3 and transferred 

to a J Young NMR tube. A 1.1 equiv portion of BF3•OEt2 (5.2 µL, 0.042 mmol) was added to the 

NMR tube. The colour changed immediately from yellow to dark red-purple. The sample was taken 

immediately to the NMR spectrometer and 19F{1H} spectra were acquired every 30 min for 10 h. See 

Figure A30 for time-elapsed 19F{1H} NMR spectra and A31-A33 for initial 19F{1H} and 31P{1H} 

spectra. 

NMR data for Ni-18’: 19F NMR (282 MHz, CDCl3) δ -102.0 (d, 1F, 2JFF = 206 Hz, CγF2), -139.2 (d 

m, 1F, 2JFF = 206 Hz, CγF2), -192.1 (m, 1F, CαF), -218.3 (d m, 2F, 2JFH = 44 Hz, CβFH). 19F{1H} NMR 

(282 MHz, CDCl3) δ -102.0 (d, 1F, 2JFF = 206 Hz, CγF2), -139.2 (d d, 1F, 2JFF = 206 Hz, 3JFF = 8 Hz, 
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CγF2), -192.1 (app t m, 1F, 3JFP = 36 Hz, CαF), -218.3 (s, 2F, CβFH). 31P{1H} (121 MHz, CDCl3 δ 2.0 

(d, 3JPF = 36 Hz, 2P). NMR data for Ni-19’: 19F NMR (282 MHz, CDCl3) δ -101.0 (d m, 2F, 2JFF = 

205 Hz, CγF2), -139.1 (d m, 2F, 2JFF = 205 Hz, CγF2), -201.2 (m, 2F, CαF), -221.8 (d m, 4F, 2JFH = 44 

Hz, CβFH), -383.5 (m, 2F, Ni-F).  

Isolation of Ni-19`: (PPh2Me)2Ni(C4F6H2) (89 mg, 0.14 mmol) was dissolved in ca. 10 mL of toluene 

in a large vial. A 1.1 equiv portion of BF3•OEt2 (19.4 µL, 0.16 mmol) was added to the Ni-16c/toluene 

solution. The colour changed immediately from yellow to dark red-purple. The reaction was stirred 

at room temperature for 5 h. Over the course of the reaction, a deep red-purple solid crashed out of 

solution. The orange supernatant was decanted into a new vial and concentrated in vacuo to ca. 1 mL. 

Hexanes was added (3 mL), precipitating a dark yellow solid. The product was filtered, and washed 

with hexanes. Yield: 20 mg, 0.05 mmol, 33% based on Ni-16c. X-ray quality crystals were grown 

from a cooled saturated toluene solution. Anal. Calc. for C34H30F12Ni2P2•2H2O: C, 46.30, H, 3.89. 

Found: C, 46.282, H, 3.504. 1H NMR (300 MHz, C6D6) δ 1.40 (d, 6H, 3JHP = 10 Hz, P-CH3), 4.19 (br 

d, 4H, 2JHF = 45 Hz, CβFH), 6.88-7.09 (ov m, 12H, Ar-H), 7.16 (solvent), 7.42 (d d, 8H, Ar-H). 19F 

NMR (282 MHz, C6D6) δ -97.9 (d, 2F, 2JFF = 202 Hz, CγF2), -136.0 (d m, 2F, 2JFF = 202 Hz, CγF2), -

197.4 (br s, 2F, CαF), -219.1 (d, 4F, 2JFH = 45 Hz, CβFH), -379.5 (br s, 2F, Ni-F). 31P{1H} (121 MHz, 

C6D6) δ 19.4 (m, 2P, Ni-P).  

4.5.12 Reaction of (PPh2Me)2Ni(C4F6H2) (Ni-16c) with Me3SiOTf 

     (PPh2Me)2Ni(C4F6H2) (43 mg, 0.069 mmol) was dissolved in ca. 1.5 mL of DCM and transferred 

to a 25 mL round-bottom Schlenk ampoule containing a quantitative amount of HFB (0.026 mmol). 

A 2.1 equiv portion of Me3SiOTf (25.3 µL, 0.14 mmol) was added, resulting in an immediate colour 

change from yellow to dark red. The flask was stirred at room temperature for 16 h. The colour 
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changed to cloudy orange over the course of the reaction. The reaction mixture was decanted from 

the white solid that had formed over the course of the reaction into a J Young tube. The white solid 

was dissolved in ca. 0.7 mL of CD3CN and transferred to an NMR tube containing HFB (0.026 

mmol). Yields were determined by integration of signals with respect to HFB in the 19F{1H} spectra. 

Yield of O2 based on sp2 CF: 3% and of O3 based on CFH: 0.031 mmol, 45%.  

2Z,4Z-[(PPh2Me)(F)C=C(H)−C(H)=C(F)(PPh2Me)][OTf]2 (O4c): Yield: 6% based on F. 1H NMR 

(300 MHz, CD3CN) δ 1.94 (solvent), 2.78 (d, 6H, 3JHP = 15 Hz, P-CH3), 6.86 (d m, 2H, 3JHF = 35 Hz, 

3JHP = 4 Hz), 7.68-8.00 (ov m, 10H, Ar-H). 19F NMR (282 MHz, CD3CN) δ -79.3 (s, 6F, SO3CF3), -

112.3 (d d m, 2F, 2JFP = 72 Hz, 3JFH = 35 Hz, 2F). 31P{1H} (121 MHz, CD3CN) δ 17.4 (d, 2JPF = 72 

Hz, 2P). High-resolution Electrospray Ionisation, solvent: CH3CN; mass calculated for C30H28P2F2
++ 

244.08117, found 244.08172. 

2Z,4E-[(PPh2Me)(F)C=C(H)−C(H)=C(F)(PPh2Me)][OTf]2 (O5c): Yield: 13% based on FA. 19F 

NMR (282 MHz, CD3CN) δ -79.7 (s, 6F, SO3CF3), -103.1 (app d t, 1F, 2JFP = 86 Hz, 5JFF = 22 Hz, 

3JFH = 22 Hz, FA), -113.0 (d d d, 1F, 2JFP = 75 Hz, 5JFF = 22 Hz, 3JFH = 32 Hz, FB). 31P{1H} (121 MHz, 

CD3CN) δ 16.7 (d, 2JPF = 86 Hz, 1P), 21.1 (d, 2JPF = 75 Hz, 1P). 

4.5.13 Reaction of (PPhMe2)2Ni(C4F6H2) (Ni-16d) with Me3SiOTf  

     (PPhMe2)2Ni(C4F6H2) (40 mg, 0.080 mmol) was dissolved in ca. 1.5 mL of DCM and transferred 

to a 25 mL round-bottom Schlenk ampoule containing a quantitative amount of HFB (0.026 mmol). 

A 2.1 equiv portion of Me3SiOTf (30.8 µL, 0.17 mmol) was added, resulting in an immediate colour 

change from yellow to dark red. The flask was stirred at room temperature for 16 h. The colour 

changed to cloudy orange over the course of the reaction. The reaction mixture was decanted from 

the white solid that had formed over the course of the reaction into a J Young tube. The white solid 

was dissolved in ca. 0.7 mL of CD3CN and transferred to an NMR tube containing HFB (0.026 

mmol). Yields were determined by integration of signals with respect to HFB in the 19F{1H} spectra. 

Yield of O2 based on sp2 CF: < 1% and of O3 based on CFH: 0.02 mmol, 23%.  
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2Z,4Z-[(PPhMe2)(F)C=C(H)−C(H)=C(F)(PPhMe2)][OTf]2 (O4d): Yield: 8% based on F. 19F NMR 

(282 MHz, CD3CN) δ -79.8 (s, 6F, SO3CF3), -115.1 (d d, 2F, 2JFP = 74 Hz, 3JFH = 36 Hz, 2F). 31P{1H} 

(121 MHz, CD3CN) δ 25.5 (d, 2JPF = 74 Hz, 2P). 

2Z,4E-[(PPhMe2)(F)C=C(H)−C(H)=C(F)(PPhMe2)][OTf]2 (O5d): Yield: 14% based on Ni-16d. 19F 

NMR (282 MHz, CD3CN) δ -79.8 (s, 6F, SO3CF3), -105.3 (app d t, 1F, 2JFP = 86 Hz, 5JFF ≈ 21 Hz, 

3JFH ≈ 21 Hz, FA), -116.6 (d d d, 1F, 2JFP = 77 Hz, 5JFF ≈ 21 Hz, 3JFH ≈ 33 Hz, FB). 31P{1H} (121 MHz, 

CD3CN) δ 25.1 (ov d d, 2JPF = 77 Hz, 2JPF ≈ 86 Hz, 2P). 

4.5.14 General Procedure for the reaction between (PR3)2Ni(C4F6H2) and N,N-dimethylaniline 
Hydrobromide 
 
     (PR3)2Ni(C4F6H2) (0.069 mmol) was dissolved in ca. 1.5 mL of DCM and transferred to a vial 

containing a 1.2 equiv portion of N,N-dimethylaniline hydrobromide (0.083 mmol). The reaction 

mixture was transferred to a 25 mL round-bottom Schlenk ampoule containing a quantitative amount 

of HFB (0.026 mmol) and stirred at room temperature for 16 h. The colour changed to dark red with 

white precipitate over the course of the reaction. The reaction mixture was decanted from the white 

solid into a J Young tube. The white solid was dried in vacuo and dissolved in ca. 0.7 mL of CH3CN 

for NMR quantification. Yields were determined by integration of signals with respect to HFB in the 

19F{1H} spectra. 

Reaction of Ni-16c with N,N-dimethylaniline hydrobromide: Yield of O2 based on sp2 CF: 3% 

and of O3 based on CFH: 0.04 mmol, 61%. High-resolution EIMS by head space analysis: mass 

calculated for C4F4H2 126.0093, found 126.0071. 

2Z,4Z-[(PPh2Me)(F)C=C(H)−C(H)=C(F)(PPh2Me)][Br]2 (O4e): Yield: 5% based on F. 19F NMR 

(282 MHz, D2O) δ -111.4 (d d, 2F, 2JFP = 73 Hz, 3JFH = 35 Hz, 2F). 31P{1H} (121 MHz, D2O) δ 17.9 

(d, 2JPF = 73 Hz, 2P). 

Reaction of Ni-16d with N,N-dimethylaniline hydrobromide: Yield of O2 based on sp2 CF: 4% 

and of O3 based on CFH: 0.04 mmol, 64%.   
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2Z,4Z-[(PPhMe2)(F)C=C(H)−C(H)=C(F)(PPhMe2)][Br]2 (O4f): Yield: 6% based on F. 19F NMR 

(282 MHz, D2O) δ -114.1 (d d, 2F, 2JFP = 75 Hz, 3JFH = 35 Hz, 2F). 31P{1H} (121 MHz, D2O) δ 20.9 

(d, 2JPF = 75 Hz, 2P). 

2Z,4E-[(PPhMe2)(F)C=C(H)−C(H)=C(F)(PPhMe2)][Br]2 (O5f): Yield: 6% based on FA. 19F NMR 

(282 MHz, D2O) δ -104.5 (app d t, 1F, 2JFP = 85 Hz, 5JFF ≈ 21 Hz, 3JFH ≈ 22 Hz, FA), -114.7 (d d d, 1F, 

2JFP = 76 Hz, 5JFF ≈ 21 Hz, 3JFH ≈ 33 Hz, FB). 31P{1H} (121 MHz, D2O) δ 20.3 (ov d d, 2JPF ≈ 76 Hz, 

2JPF = 85 Hz, 2P).  

Isolation of O3: (PPh2Me)2Ni(C4F6H2) (43 mg, 0.069 mmol) was dissolved in ca. 1 mL of DCM and 

transferred to a 25 mL round-bottom Schlenk ampoule. One equiv of N,N-dimethylaniline 

hydrobromide (14 mg, 0.069 mmol) was added to the Ni-16c/DCM solution. The flask was stirred at 

room temperature for 16 h. A J Young tube was loaded with a quantitative amount of HFB (0.026 

mmol). On the Schlenk line, one freeze-pump-thaw cycle was performed on both the J Young tube 

and the reaction flask, respectively. The solvent/volatiles from the Schlenk ampoule were vacuum 

condensed into the J Young tube kept at -196°C. Yield of O3 based on CFH: 0.039 mmol, 5% (ca. 

82% purity). 
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Chapter 5. Formation and C−F bond functionalization of [P,N]-coordinated 
perfluoronickelacyclopentanes  

K. A. Giffin, L. A. Pua, I. Korobkov and R. T. Baker manuscript in preparation. 
	

																				 	

 

5.1     Author Contributions  

Giffin wrote the Chapter. Giffin performed all experiments presented. Pua performed preliminary 

experimental studies under the supervision of Giffin. Korobkov was responsible for X-ray 

diffraction studies.  

5.2     Abstract 

     Detailed herein is the synthesis and characterization of [P,N]-ligated 

perfluoronickelacyclopentanes based on the bidentate ligand 2-(diphenylphosphino)phenyl-N-

phenylaniline [P,NH]. A clean, high-yielding substitution reaction between [P(O-o-tol)3]2Ni(C4F8) 

and [P,NH] gives the phosphinoamine-coordinated metallacycle Ni-21. Alternatively, Ni-21 is 

formed upon treatment of Ni(0) with [P,NH] followed by tetrafluoroethylene (TFE). This product 

reacts quantitatively with base to give an anionic phosphinoamide-coordinated metallacycle. 
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Additionally, treatment of the deprotonated ligand [P,N¯] with Ni(0) and TFE, or exclusively with 

TFE leads to the formation of a nickelacyclopentane complex or a perfluorovinyl compound 

respectively. Reactivity studies of the new [P,NH]- and [P,N¯]-ligated perfluoronickelacycles are 

presented and compared/contrasted to previously reported systems. 

5.3     Introduction 

				 Complexes incorporating cooperative ligands have become well known as the most active and 

efficient catalysts for a variety of challenging chemical transformations, most notably the activation 

of small molecules.1 The most established metal ligand cooperative systems to date incorporate 

metal−amido/amino bonds.1d For example, ruthenium complex A has been reported as a very 

effective catalyst for ketone/ester hydrogenation to alcohols, and for the dehydrogenation of 

ammonia-borane (Scheme 5.1).2 Although the exact nature of cooperativity between the metal and  

nitrogen has recently been debated3, a decrease in activity in the absence of the NH functionality 

confirms that some type of cooperativity is responsible for the higher activities observed with such 

catalysts.4 In particular, bi- and tridentate ligands based on [P,N] scaffolds have been especially 

successful as catalysts for challenging bond activation reactions.5 This can perhaps be attributed to 

an increase in robustness in comparison to chelating ligands based on [N,N] scaffolds. Such [P,N] 

platforms have yet to be investigated as ligands for transformations of fluoroalkyl groups at transition 

metal centres.  

Scheme 5.1 [P,N]-type ruthenium catalysts used for various chemical transformations. 

 

     As discussed in the Chapters above, there is great interest in discovering more sustainable and 

atom economical routes to functionalized FCs. We have also noted that transition metal fluoroalkyl 

complexes are known to be very robust based on the stability of M−RF and C−F bonds, requiring  
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high temperatures or pressures to achieve any reactivity.6 A good example of this is the catalytic 

hydrodimerization of TFE (proceeding through perfluoronickelacyclopentane intermediates) 

developed by Baker, where pressures and temperatures of 700 psi and 100°C are needed for 

productive catalysis (Scheme 5.2a).7 In this case, the bulky monodentate phosphite ligands act as 

spectator ligands and also stabilize the Ni(0) intermediate. More recently, Mr. Nick Andrella from 

the Baker group has explored the effects of employing one equivalent of very bulky ligand to obtain 

low-coordinate metallacycle complexes (Scheme 5.2b).8 Unpublished results from Andrella 

demonstrate that hydrogenolysis of (NHC)Ni(C4F8) occurs under mild conditions, with full 

conversions obtained at room temperature and only ca. 7 psi of H2! Some selectivity is lost under 

these conditions and the formation of octafluorobutane is accompanied by formation of another 

uncharacterized organofluorine product. Furthermore, a competing reaction between SIPr and free 

TFE renders this system less amenable to catalytic conditions (Scheme 5.3).9 

 

Scheme 5.2 Hydrogenolysis reactions of perfluoronickelacyclopentanes. 
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Scheme 5.3 Reactivity of free SIPr NHC with tetrafluoroethylene.  

 

     The reactions outlined above highlight some of the progress that has been made in terms of 

perfluorometallacycle reactivity based on ligand variation. Keeping in line with this, we set out to 

examine the use of potentially cooperative ligands in perfluoronickelacycle formation and reactivity. 

We recently reported substitution reactions with bidentate 1,2,4-(HS),(Ph2P),Me(C6H3) [P,SH] and 

(PR3)2Ni(C4F8). When PR3 equals the phosphite ligand, P(O-i-Pr)3, the thiolate group in Int 2 

nucleophilically attacks an O−i-Pr bond of the phosphonium cation to give thioether-bound product 

Ni-2 (Scheme 5.4, left).10 Alternatively, when PR3 equals phosphine ligand, regioselective Cα−F 

activation of Int 2 occurs followed by phosphine installment in the Cα position, affording 

phosphinothiolate-coordinated functionalized metallacycles Ni-11a and Ni-11b (Scheme 5.4, 

right).11 

     In this study, we report the synthesis and preliminary reactivity studies of new amino- and amido-

coordinated perfluoronickelacyclopentanes based on both the neutral form [P,NH] and anionic form 

[P,N¯] of the bidentate ligand, 2-(diphenylphosphino)phenyl-N-phenylaniline.12 We also introduce 

an interesting reaction between free deprotonated ligand [P,N¯] and TFE that is proposed to generate 

the organic product resulting from alkenyl fluoride substitution with the amido nucleophile of the 

[P,N¯] compound.  
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Scheme 5.4 Summary of reactivity between [P,SH] and (PR3)2Ni(C4F8). 

	

5.4     Results and Discussion     

     Unlike the [P,SH] ligand studied previously, addition of [P,NH] to bis(phosphite) 

perfluoronickelacycle Ni-8 leads to a clean ligand substitution reaction, exclusively forming the 

phosphinoamine-coordinated Ni-21 complex (Scheme 5.5, top). Interestingly, Ni-21 can also be 

accessed by addition of [P,NH] to low valent Ni[P(O-o-tol)3]4, followed by treatment with sub-

atmospheric pressures of TFE (Scheme 5.5, bottom). This is promising in the context of potential 

future applications in catalytic processes where metallacyclopentanes are desired as intermediates. 

Previous reports involving TFE addition to Ni(0) complexes containing chelating [P,P] 

[Cy2P(CH2)2PCy2 and Cy2P(CH2)4PCy2]13 or [N,N] [tetramethyl(ethylene)diamine]14 ligands 

afforded 3-membered metallacycles, with the exception of the DPPE-ligated perfluoronickelacycle 

reported by Stone.15 The phoshinoamide-coordinated anionic metallacycle Ni-22•Na can be formed 

quantitatively upon treatment of Ni-21 with a stoichiometric amount of base and 18-Crown-6 

(Scheme 5.5).  
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Scheme 5.5 Synthesis of amino- and amido-coordinated perfluoronickelacycles. 

										

Structural characterization of both Ni-21 and Ni-22•Na reveals significant changes in bond lengths 

upon moving from an amino-coordinated complex to the amido anionic complex (Figure 4.1). 

Specifically, a notable shortening of the Ni−N bond and the N−CAr bond in the ring linking the 

nitrogen and phosphine groups occurs. In contrast, there is little effect on the N−CAr bond length of 

the N-phenyl group upon deprotonation. The X-ray structure of Ni-22•Na also clearly depicts the 

roughly planar geometry of the nitrogen atom16, consistent with the observed change in symmetry 

from Cl (Ni-21) to Cs (Ni-22•Na) by multinuclear NMR characterization.  

 

Figure 5.1 ORTEP representation of the molecular structures of complexes Ni-21 (left) and Ni-
22•Na (right). Thermal ellipsoids are set at the 40% probability level. Hydrogen atoms and phenyl 
rings of P1 are omitted for clarity.   
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     The 19F NMR spectra are most informative when considering this symmetry change. The eight 

unique fluorine signals for Ni-21 containing no mirror plane collapse to four signals upon 

deprotonation to Ni-22•Na, indicative of the increase in symmetry (Figure 5.2). An ESI-MS 

experiment of Ni-22•Na in acetonitrile reveals an intense parent ion in the negative mode 

corresponding to the nickel anion {[1,2-(PhN),(Ph2P)(C6H4)]Ni(C4F8)}¯ at m/z 610.0 (calc’d value: 

m/z 610.0) with a distinct nickel isotope pattern.  

 

Figure 5.2 Top: The 1D 19F NMR spectrum of Ni-21 depicting the eight unique fluorine peaks (282 
MHz, C6D6). Bottom: The 1D 19F NMR spectrum of Ni-22•Na (282 MHz, CD3CN). Additionally, 
selected portions of the ORTEP representations of Ni-21 and Ni-22•Na are depicted. 
 
     Complex Ni-22•Na was further characterized electrochemically and the cyclic voltammetry data 

is presented in Figure 5.3. At a sweep rate of 0.1 V s-1 (red voltammogram), an irreversible peak at -

0.25 V is consistent with a NiII to NiIII redox couple. Increasing the sweep rate to 1.0 V s-1 (blue 

voltammogram) results in an improvement in the reversibility, with a more distinct cathodic peak 

observed at -0.36 V.  

-90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -150 ppm

-90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -150 ppm



Chapter	5	
	

124	
	

 

 
 

Figure 5.3 Cyclic voltammograms of Ni-22•Na in 0.1 M [(nBu)4N][PF6]/THF [ν = 0.1 V s-1 (red), 
0.5 V s-1 (green) and 1.0 V s-1 (blue)]. 
 
     The deprotonated form [P,N¯] of the bidentate ligand can be formed quantitatively in situ by 

addition of NaH to [P,NH] in THF, resulting in a shift of the phosphorus signal in the 31P{1H} 

spectrum from δP –19.1 ppm to –9.5 ppm. Anionic metallacycle Ni-22•K can alternatively be 

synthesized by sequential addition of NiP[O-o-tol)3]4 and TFE to the phosphinoamide ligand [P,N¯] 

(Scheme 5.6, top).  

     Free [P,N¯] ligand reacts quantitatively with TFE to give three new products as revealed by 

31P{1H} NMR. Based on some signature NMR handles, the major product is proposed to be 

unsymmetrical fluoroalkenyl compound O6, resulting from the formation of a new C−N bond with 

concomitant NaF elimination (Scheme 5.6, middle). Table 5.2 highlights some of the key features of 

the 19F and 31P{1H} NMR that are consistent with the proposed structure O6. The large 6JPF coupling 

constant of 26 Hz between P and FC can perhaps be attributed to a through-space effect. Further 
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studies including a 19F-31P{1H} NOESY experiment would be helpful in confirming the proximity of 

these two atoms.        

Scheme 5.6 Reactivity of [P,N¯] ligand. 

	
	 	
Table 5.1. Selected NMR data for proposed compound O6. 

	

	
	

Nuclei Coupling 
(Hz) 

FA-FB 40 
FA-FC 110 
FB-FC 68 
P-FC 26 
P-FA 19 
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     This organic reaction is reminiscent of the reactivity reported by Mr. Matthew Leclerc of our 

group between N-heterocyclic polyfluoroalkenyl imidazolium salts and nitrogen-based 

nucleophiles.17 Addition of an equimolar amount of Ni(cod)2 to [P,N¯] as the Ni(0) source in place 

of Ni{P[O(o-tol)3]}4 does not yield Ni-22•Na, but rather gives a major product containing a 

trifluorovinyl group as evidenced by the distinctive F-F couplings observed by 19F NMR (Scheme 

5.6, bottom). At this point, we cannot conclude whether the trifluorovinyl group is coordinated to Ni, 

or whether it is a complex resulting from a C−N bond forming reaction with the amido group of the 

ligand. Previously reported perfluorovinyl Ni complexes are typically accessed by heating or addition 

of a Lewis acid to η2-TFE complexes13, and have recently been implicated as important intermediates 

in Hiyama and Suzuki-Miyaura coupling reactions.9a,18 

     In keeping with the unique reactivity between the [P,SiPr]-ligated perfluoronickelacycle and Lewis 

acids, [P,NH]-ligated Ni-21 gives metallabicyclic Ni-23 upon treatment with Me3SiOTf (Scheme 

5.7). Again, exclusive formation of the Cα−P functionalized metallacycle is observed with  

no evidence of any competing migration of the nitrogen donor. The deprotonation reactivity detailed 

above for Ni-21 extends to metallabicyclic Ni-23; upon treatment with sodium tert-butoxide in 

acetonitrile, Ni-24 is cleanly formed, with concomitant formation of HOtBu and NaOTf, retaining a 

Ni(II) oxidation state in the product. 

Scheme 5.7 Synthesis of Ni-23 and Ni-24 metallabicycles. 
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Figure 5.4 ORTEP representation of the molecular structures of complexes Ni-23 (left) and Ni-24 
(right). Thermal ellipsoids are set at the 40% probability level. Hydrogen atoms and phenyl rings of 
P1 are omitted for clarity. Outersphere solvent molecules are removed for clarity. For Ni-23, one of 
two orientations of the disordered OTf group is shown. 
 
     Crystallographic studies of Ni-23 and Ni-24 show similar trends to the structures depicted above. 

Both the Ni−N and Ni−CAr (aryl group linking nitrogen and phosphine donor) contract upon 

substituting the amino group for an amido (see Table 4.1). The structure of Ni-24 reveals that the 

Ni−N bond to the coordinated acetonitrile molecule is notably shorter in comparison to the Ni−N 

bond of the coordinated amido group.  

     We next turned our attention to the reactivity of anionic nickelacycle Ni-22•Na with Brønsted 

acids. In contrast to the previously reported phosphinothiolate anionic complex Ni-12, which affords 

phosphine-functionalized products (Ni-11a and Ni-11b) when treated with tertiary phosphonium 

salts (see Scheme 3.5), Ni-22•Na re-forms Ni-21 in the presence of the same phosphonium salts, 

arising from protonation of the amido group and overall loss of free phosphine and NaBr salt as by-

products (Scheme 5.8). 
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Scheme 5.8 Reaction of Ni-22•Na with phosphonium salts. 

					

					As mentioned above, all examples of perfluoronickelacyclopentane hydrogenolysis afford 

octafluorobutane as the major fluoroorganic product. We envisaged that [P,N¯]-ligated metallacycles 

could potentially proceed through alternative reaction mechanisms in the presence of H2, involving 

Table 5.2 Selected bond lengths (Å) and angles (deg) for Ni-21, Ni-22•Na, Ni-23 and Ni-24. 
 
	 Ni-21	 Ni-22•Na	 Ni-23	 Ni-24	

Ni-N1	 2.0070(17)	 1.930(2)	 2.049(2)	 1.939(2)	
Ni-P1	 2.2032(6)	 2.2007(7)	 -	 -	

Ni-Cα	(trans	to	N)	 1.902(2)	 1.905(3)	 1.905(3)	 1.904(3)	
Ni-Cα’	 1.921(2)	 1.946(3)	 1.886(3)	 1.911(3)	

Cα-Cβ	(avg)	 1.515(3)	 1.531(4)	 1.530(5)	 1.518(4)	
Cβ-Cβ’	 1.511(3)	 1.446(5)	 1.526(4)	 1.510(4)	

Cα-F	(avg)	 1.386(3)	 1.379(4)	 1.375(4)	 1.384(4)	
Cβ-F	(avg)	 1.360(3)	 1.395(4)	 1.356(4)	 1.358(3)	

Cα-F	(gem	to	P)	 -	 -	 1.415(3)	 1.424(3)	
Cα-P	 -	 -	 1.833(3)	 1.828(3)	
Ni-N2	 -	 -	 -	 1.897(3)	

Ni-O	(avg)	 -	 -	 1.971(4)	 -	
	 	 	 	 	

Cα-Ni-Cα’	 85.40(10)	 86.26(12)	 87.36(13)	 86.69(12)	
Cα’-Ni-P	 95.56(7)	 92.95(9)	 -	 -	
N-Ni-P	 87.01(5)	 85.37(7)	 -	 -	
N1-Ni-Cα	 92.07(8)	 97.05(11)	 94.06(11)	 93.28(10)	
N-Ni-O	 -	 -	 93.34(15)	 -	
O-Ni-Cα	 -	 -	 85.44(17)	 -	
N1-Ni-N2	 -	 -	 -	 92.80(10)	
N2-Ni-Cα	 -	 -	 -	 88.11(12)	
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cooperative participation of the amido group (Scheme 5.9). The proposed cycle begins with addition 

of an H2 molecule across the nickel−amido unit, followed by a ring-opening reaction to give a 

nickel−fluoroalkyl intermediate. Ideally, the presence of an N−H bond rather than a Ni−H at this 

stage would instigate a β-fluoride elimination, favouring the generation of targeted 

hydrofluoroalkenes over hydrofluoroalkanes.  

Scheme 5.9 Potential cycle for hydrogenolysis of [P,N]-ligated perfluonickelacycles.      

	
     

     Surprisingly, Ni-22•Na remains unreactive towards 740 psi of H2 at 80 °C and for 24 h! We 

speculate that the stability of Ni-22•Na could be attributed to the resonance stabilization of the 

nitrogen lone pair, as evidenced by the near planar geometry about nitrogen as well as the short 

N−CAr bond. Consequently, we have begun investigations with other [P,N]-type ligands, and with 

more reactive reducing agents, such as silanes.   

5.5     Conclusions 

     In summary, we have outlined the synthesis and full characterization of a neutral phosphinoamine- 

(Ni-21) and an anionic phosphinoamide-coordinated (Ni-22•Na) perfluoronickelacyclopentane. We 

have demonstrated that Ni-21 can be formed either by a ligand substitution reaction involving [P,NH] 

and [P(O-o-tol)3]2Ni(C4F8), or by treating low valent Ni(0) with [P,NH] followed by an excess of 

TFE to afford the oxidative cyclization product. Furthermore, we explored the reactivity of the 
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deprotonated bidentate [P,N¯] ligand, leading to formation of a new substituted fluoroalkenyl 

compound through a C−F bond substitution reaction with the amido group of [P,N¯] acting as the 

nucleophile. Reactivity studies of the [P,NH]-ligated metallacycle with Lewis acids expands on 

previously reported reactions, where phosphine-functionalization of the fluorinated metallacycle is 

achieved via selective Cα−F activation. Finally, addition of weak phosphonium acids to 

{[P,N]Ni(C4F8)}¯ results in protonation at the nitrogen position, affording [P,NH]Ni(C4F8). In 

contrast, the anion does not readily promote the heterolytic cleavage of dihydrogen even at 80°C 

under 700 psi of H2. Ongoing studies in our group aim to exploit the bifunctional nature of [P,N]-

ligated metallacycles in order to develop alternative catalytic routes to novel small-molecule 

functionalized FCs.   

5.6     Experimental Section 

5.6.1 General  

     Experiments were conducted under nitrogen, using Schlenk techniques or an MBraun glove box.  

All solvents were deoxygenated by purging with nitrogen. Toluene, hexanes, diethyl ether and 

tetrahydrofuran (THF) were dried on columns of activated alumina using a J. C. Meyer solvent 

purification system. Benzene-d6 (C6D6) was dried by stirring over activated alumina (ca. 10 wt.%) 

overnight, followed by filtration. Acetonitrile (CH3CN), acetonitrile-d3 (CD3CN), and 

dichloromethane (DCM) were dried by refluxing over calcium hydride under nitrogen. After 

distillation, CH3CN, CD3CN and DCM were further dried by stirring over activated alumina (ca. 5 

wt.%) overnight, followed by filtration. All solvents were stored over activated (heated at ca. 250oC 

for >10 h under vacuum) 4 Å molecular sieves. Glassware was oven-dried at 150oC for >2 h. The 

following chemicals were obtained commercially, as indicated: trimethylsilyl 

trifluoromethanesulfonate (Me3SiOTf, Aldrich, 99%), bis(1,5-cyclooctadiene)nickel (0) (Ni(cod)2, 

Strem, 98+%), P(O-o-tol)3, Strem. Tetrafluoroethylene was made by pyrolysis of 

polytetrafluoroethylene (Scientific Polymer Products, powdered) under vacuum, using a slightly 
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modified literature procedure (10−20 mTorr, 650°C, 30 g scale, product stabilized with (R)-(+)-

limonene (Aldrich, 97%), giving TFE of ca. 97% purity).19 Compound [P(O-o-tol)3]2]Ni(C4F8) was 

made by oxidative addition of tetrafluoroethylene to Ni[P(O-o-tol)3]4 using a slightly modified 

literature procedure.7 The [P,NH] ligand, 2-(diphenylphosphino)phenyl-N-phenylaniline, was 

synthesized using a slightly modified literature procedure.12 1H, 19F, 31P{1H}, and 13C{1H} NMR 

spectra were recorded on a 300 MHz Bruker Avance instrument at room-temperature (21-23oC). 1H 

NMR spectra were referenced to the residual proton peaks associated with the deuterated solvents. 

19F NMR spectra were referenced to internal 1,3-bis(trifluoromethyl)benzene (BTB) (Aldrich, 99%, 

deoxygenated by purging with nitrogen, stored over activated 4 Å molecular sieves), set to –63.5 

ppm. 31P{1H} NMR data were referenced to external H3PO4 (85% aqueous solution), set to 0.0 ppm. 

UV-vis spectra were recorded on a Cary 100 instrument, using sealable quartz cuvettes (1.0 cm 

pathlength). Electrospray ionization mass spectral data were collected using an Applied Biosystem 

API2000 triple-quadrupole mass spectrometer. Elemental analyses were performed by CENTC 

Elemental Analysis Facility at the University of Rochester.  

5.6.2   X-ray Crystallography  

     For Ni-21, Ni-22•Na, Ni-23 and Ni-24:  samples were mounted on thin glass fibers using paraffin 

oil and were cooled to 200 K prior to data collection. Data were collected on a Bruker AXS KAPPA 

single crystal diffractometer equipped with a sealed Mo tube source (wavelength 0.71073 Å) APEX 

II CCD detector. Raw data collection and processing were performed with APEX II software package 

from BRUKER AXS.20 Diffraction data were collected with a sequence of 0.5° ω scans at 0, 90, 180, 

and 270° in ϕ. Initial unit cell parameters were determined from 60 data frames collected at the 

different sections of the Ewald sphere. Semi-empirical absorption corrections based on equivalent 

reflections were applied. Systematic absences in the diffraction data set and unit-cell parameters were 

consistent with a triclinic system for Ni-22•Na and monoclinic systems for Ni-21, Ni-23 and Ni-24. 

Solutions in centrosymmetric space group yielded chemically reasonable and computationally stable 

results of refinement. The structures were solved by direct methods, completed with difference 
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Fourier synthesis, and refined with full-matrix least-squares procedures based on F.27 In the structure, 

compound molecules are situated in the general position. All non-hydrogen atoms were refined 

anisotropically with satisfactory thermal parameters values. Additional crystallographic data and 

selected data collection parameters are reported in Table A1. 

5.6.3 Cyclic Voltammetry 

Cyclic voltammetry was performed using a Princeton Applied Research Versastat3 potentiostat 

controlled by Versastudio software. A conventional single compartment 3-electrode configuration 

with Pt working and counter electrodes and a silver pseudoreference electrode was employes. The 

measurements were carried out on acetonitrile solutions containing 0.1 M tetrabutylammonium 

hexafluorophosphate (Aldrich) as a supporting electrolyte. The experiments were subsequently 

refererenced to the Fc/Fc+ redox couple of ferrocene. 

5.6.4 Synthesis of [1,2-(HPhN),(Ph2P)(C6H4)]Ni(C4F8) (Ni-21)  

Method A: [P(O-o-tol)3]2Ni(C4F8)] (Ni-8) (700 mg, 0.727 mmol) was placed in a 100 mL round-

bottom flask and dissolved in ca. 10 mL of toluene. [1,2-(HPhN),(Ph2P),(C6H4)] (257 mg, 0.727 

mmol) was added to the stirred [P(O-o-tol)3]2Ni(C4F8)]/toluene mixture, and stirring was continued 

at room temperature for ca. 12 h. The cloudy yellow reaction mixture was concentrated in vacuo until 

ca. 2 mL of yellow paste remained. Around 20 mL of hexanes was added, precipitating a light yellow 

powder. The flask was cooled to -35°C. The product was filtered cold, washed with pre-cooled 

hexanes (2 x 3 mL), and dried in vacuo, affording a light yellow powder. Yield: 378 mg, 0.618 mmol, 

85% based on Ni-8. X-ray quality crystals were grown by slow evaporation from a diethyl ether 

solution. 1H NMR (300 MHz, C6D6) δ 5.81 (br s, 1H, NH), 6.26 (m, 1H, Ar-H), 6.64 (d d, 2H, Ar-

H), 6.69-6.80 (ov m, 5H, Ar-H), 6.88 (ov m, 7H, Ar-H), 7.16 (solvent), 7.44 (d d, 2H, Ar-H), 7.81 (d 

d, 2H, Ar-H) . 19F NMR (282 MHz, C6D6) δ -91.0 (d d m, 1Fα, 2JFF = 271 Hz, 3JFP = 27 Hz), -95.6 (d 

d d, 1Fα, 2JFF = 271 Hz, 3JFP = 42 Hz), -105.4 (d d m, 1Fα, 2JFF = 279 Hz, 3JFP = 27 Hz), -119.1 (d d d, 

1Fα, 2JFF = 279 Hz, 3JFF = 10Hz, 3JFP = 22 Hz), -133.2 (ov d m, 2Fβ, 2JFF = 251 Hz), -142.7 (d m, 1Fβ, 

2JFF = 251 Hz), -144.2 (d d t, 1Fβ, 2JFF = 251 Hz). 31P{1H} NMR (121 MHz, C6D6) δ 25.9 (m,1P). 
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Anal. Calc. for C28H20F8NNiP: C, 54.94, H, 3.29.  Found: C, 55.07, H, 3.02. See Figures A34-A36 

for 1H, 19F and 31P{1H} spectra. 

Method B: Ni[P(O-o-tol)3]4 (20 mg, 0.014 mmol) was dissolved in ca. 0.7 mL THF and transferred 

to a vial containing [1,2-(HPhN),(Ph2P),(C6H4)] (5 mg, 0.0.014 mmol). Initial colour of reaction 

mixture was a clear orange. The reaction mixture was transferred to a screw cap NMR tube containing 

BTB (2.5 µL, 0.016 mmol) and ca. 3 mL of TFE were injected. The reaction mixture was left to stand 

at RT for 16 h, over the course of which the colour gradually changed to a clear yellow. Integration 

of product F peaks relative to BTB in the 19F spectrum indicated 49% yield of Ni-21. 

5.6.5 Synthesis of [1,2-(PhN¯),(Ph2P)(C6H4)]Ni(C4F8)(Na)(18-Crown-6) (Ni-22•Na) 

Method A: [1,2-(HPhN),(Ph2P)(C6H4)]Ni(C4F8) (300 mg, 0.49 mmol) was placed in a 100 mL round-

bottom flask and dissolved in THF (ca. 10 mL). NaOtBu (47 mg, 0.49 mmol) was added to the [1,2-

(HPhN),(Ph2P)(C6H4)]Ni(C4F8)/THF (ca. 10 mL) solution. An immediate colour change from yellow 

to orange occurred. Immediately after, one equivalent of 18-Crown-6 was added to the flask (130 

mg, 0.49 mmol). The reaction mixture was left to stir at RT for 16 h. The orange reaction mixture 

was concentrated in vacuo until 10 mL solution remained in the flask (precipitate already beginning 

to form). Around 10 mL of hexanes was added, precipitating a yellow powder. The flask was cooled 

at -35°C. The product was filtered cold, washed with pre-cooled hexanes (3 x 3 mL), and dried in 

vacuo, affording a dark yellow powder. Yield: 405 mg, 0.45 mmol, 92% based on [1,2-

(HPhN),(Ph2P)(C6H4)]Ni(C4F8). X-ray quality crystals were grown by slow cooling of a 

supersaturated THF solution. 1H NMR (300 MHz, CD3CN) δ 1.94 (solvent), 3.57 (s, 24H, 18-Crown-

6), 5.59 (d d, 1H, Ar-H linking P and N), 6.00 (app t, 1H, Ar-H linking P and N), 6.66 (app t, 1H, 

Ar-H linking P and N), 6.77 (app t, 1H, Ar-H linking P and N), 6.85-7.03 (ov m, 3H, Ar-H), 7.15-

7.25 (ov m, 2H, Ar-H), 7.40-7.54 (ov m, 6H, Ar-H), 7.84 (d d, 4H, Ar-H). 19F NMR (282 MHz, 

CD3CN) δ -95.7 (d m, 3JFP = 34 Hz, 2Fα), -115.4 (d m, 3JFP = 28 Hz, 2Fα), -139.1 (m, 2Fβ), -139.6 (m, 

2Fβ). 31P{1H} (121 MHz, CD3CN) δ 32.1 (app quintet, JPF =  34 Hz, 28 Hz, 1P). Anal. Calc. for 

C35H40F8NaNiO6PS: C, 53.48, H, 4.82, N, 1.56. Found: C, 53.116, H, 4.631, N, 1.765. MS [ESI 
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(negative mode), solvent: MeOH] m/z calcd for C28H19F8NNiP¯ (M¯) 610.0, m/z found 610.0. See 

Figures A37-A39 for 1H, 19F and 31P{1H} spectra. 

Method B: 

1,2-(HPhN),(Ph2P)(C6H4)] (ca. 9 mg, 0.03 mmol) was dissolved in ca. 1 mL THF and transferred to 

a vial containing KH (ca. 1 mg, 0.0.5 mmol). The reaction mixture was left to stir at RT overnight. 

The colour had changed to cloudy melon over the course of the reaction. The reaction mixture was 

filtered through a Celite pipet into a vial containing Ni[P(O-o-tol)3]4 (37 mg, 0.014 mmol) and then 

transferred to a screw cap NMR tube containing BTB (2.5 µL, 0.016 mmol). To the NMR tube, ca. 

3 mL of TFE was injected. The reaction mixture was left to stand at RT for 4 h, over the course of 

which the colour gradually changed to a clear dark yellow. The 31P{1H} spectrum indicated ca. 46% 

conversion to Ni-22•K. 

5.6.6 Observation of [1,2-(PhN),(Ph2P)(C6H4)](CF=CF2) (O6) 

NMR scale: 1,2-(HPhN),(Ph2P)(C6H4)] (15 mg, 0.04 mmol) was dissolved in ca. 1 mL THF and 

transferred to a vial containing NaH (ca. 3 mg, 0.11 mmol). Stirred at RT overnight. The colour had 

changed to cloudy melon over the course of the reaction. The reaction mixture was filtered through 

a Celite pipet into a screw cap NMR tube and ca. 3 mL of TFE added via syringe. The colour 

gradually changed to a darker orange colour. The tube was left to stand at RT for 16 h while reaction 

progress was monitored by NMR. The sample was transferred to a vial in the glovebox and the 

volatiles were removed in vacuo. The remaining red semi-solid was dissolved in C6D6 for NMR 

analysis. 19F NMR (282 MHz, C6D6) δ -106.8 (d d, 2JFF(gem) = 68 Hz, 3JFF(cis) = 40 Hz, 1F), -117.2 

(d d d, 3JFF(trans) = 110 Hz, 2JFF (gem) = 68 Hz, 6JFP = 26 Hz, 1F), -137.4 (d d d, 3JFF(trans) = 110 

Hz, 3JFF(cis) = 40 Hz, 5JFP = 19 Hz, 1F). 31P{1H} NMR (121 MHz, C6D6) δ -20.7 (d d, 6JPF = 26 Hz, 

5JPF = 19 Hz, 1P). See Figures A40-A42 for 1H, 19F and 31P{1H} spectra. 

5.6.7 Synthesis of [1,2-(HPhN),(Ph2P)(C6H4)]Ni(C4F7)(OTf) (Ni-23) 

     [1,2-(HPhN),(Ph2P)(C6H4)]Ni(C4F8) (491 mg, 0.82 mmol) was dissolved in ca. 10 mL of toluene 

and transferred to a 100 mL Schlenk ampoule. To the Ni-21/toluene solution was added Me3SiOTf 
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(178 µL, 0.98 mmol). The ampoule was sealed and placed in a 40°C oil bath for 48 h. A dark yellow 

precipitate was formed over the course of the reaction. The product was filtered through a 15 mL 

medium pore fritted funnel under nitrogen. The collected dark yellow powder was washed with 

hexanes (2 x 3 mL), and dried in vacuo. Yield: 542 mg, 0.73 mmol, 89% based on Ni-21. X-ray 

quality crystals were grown by cooling a toluene solution from 40°C to room temperature. UV-vis 

(0.7 mM in acetonitrile): λmax(ε) = 438(188). 1H NMR (300 MHz, CD3CN) δ 1.94 (solvent), 6.93 (br 

s, 1H, NH), 7.22 (m, 2H, Ar-H), 7.36-7.61 (ov m, 6H, Ar-H), 7.73-7.83 (ov m, 5H, Ar-H), 7.88-8.19 

(ov m, 6H, Ar-H). 19F NMR (282 MHz, CD3CN) δ -79.3 (s, 3F, OTf), -99.1 (d tr, 2JFF = 251 Hz, 3JFF 

= 13 Hz, 1Fα), -108.4 (d d, 2JFF= 242 Hz, 3JFF = 17 Hz, 1Fα), -114.9 (d m, 2JFF = 271 Hz, 3JFP = 19 Hz, 

1Fβ), -128.6 (d t, 2JFF = 271 Hz, 1Fβ), -133.5 (d d d, 2JFF = 243 Hz, 3 JFF = 29, 14 Hz, 1Fβ), -135.6 (d 

d d, 2JFF = 243 Hz, 1Fβ), -197.7 (d d, 2JFP = 70 Hz, 3JFF = 28 Hz, 1Fα). 31P{1H} NMR (121 MHz, 

CD3CN) δ 13.7 (d d d, 2JPF = 70, 3JPF = 19, 13 Hz). Anal. Calc. for C27H23F10NiO3PS2: C, 46.93, H, 

2.72, N 1.89. Found: C, 47.088, H, 3.001, N, 1.672. See Figures A43-A48 for 1H, 19F and 31P{1H} 

spectra. 

5.6.8 Synthesis of [1,2-(PhN¯),(Ph2P)(C6H4)]Ni(C4F7)(NCCH3) (Ni-24) 

     [1,2-(HPhN),(Ph2P)(C6H4)]Ni(C4F7)(OTf) (100 mg, 0.13 mmol) was dissolved in ca. 5 mL of 

CH3CN and transferred to a 50 mL RB Schlenk flask. To the Ni-23/CH3CN solution was added 

NaOtBu (13 mg, 0.13 mmol). The colour changed from dark yellow to dark orange. The reaction 

mixture was left to stir at RT for 16 h. The reaction mixture was concentrated in vacuo until 1 mL 

solution remained in the flask. The product was extracted into ca. 10 mL of DCM, and filtered 

through a Celite pipet into a clean 50 mL RB Schlenk flask. The solution was concentrated in vacuo 

to ca. 1 mL. Around 10 mL of hexanes was added, precipitating a yellow powder. The flask was 

cooled at -35°C. The product was filtered cold, washed with pre-cooled hexanes (3 x 3 mL), and 

dried in vacuo, affording a dark yellow powder. Yield: 58 mg, 0.09 mmol, 70% based on Ni-23. X-

ray quality crystals of the CD3CN adduct were grown by slow cooling of a supersaturated CD3CN 

solution. UV-vis (0.7 mM in acetonitrile): λmax(ε) = 410(923). 1H NMR (300 MHz, CD3CN) δ 1.94 
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(solvent), 1.96 (s, 3H, CH3CN), 2.33 (s, 3H, Me), 5.99 (m, 1H, Ar-H linking P and N), 6.13 (d d, 1H, 

Ar-H linking P and N), 6.26 (d d d, 1H, Ar-H linking P and N), 6.89 (t m, 1H, Ar-H linking P and 

N), 7.11 (t m, 1H, Ar-H), 7.21-7.26 (ov m, 2H, Ar-H), 7.34-7.42 (ov m, 2H, Ar-H), 7.62-7.93 (ov m, 

8H, Ar-H), 8.34 (ov d d, 2H, Ar-H). 19F NMR (282 MHz, CD3CN) δ -104.9 (d tr, 2JFF = 269 Hz, 3JFF 

= 14 Hz, 1Fα), -113.0 (d m, 2JFF= 266 Hz, 3JFP = 23 Hz, 1Fβ), -114.5 (d d, 2JFF = 269 Hz, 1Fα), -127.3 

(d t, 2JFF = 266 Hz, 3JFF = 16 Hz, 1Fβ), -132.5 (app d quart, 2JFF = 239 Hz, 3JFF = 34, 16 Hz, 1Fβ), -

137.8 (app d t, 2JFF = 239 Hz, 3JFF = 21, 14 Hz, 1Fβ), -204.0 (d d, 2JFP = 69 Hz, 3JFF = 27 Hz, 1Fα). 

31P{1H} NMR (121 MHz, CD3CN) δ 11.0 (d d d, 2JPF = 70, 3JPF = 23, 14 Hz). (Note: according to 19F 

NMR, ca. 2% NaOTf remains in the final isolated product.) See Figures A49-A51 for 1H, 19F and 

31P{1H} spectra. 

5.6.9 NMR scale reaction of Ni-22•Na with [HPPh3](Br)  

     [1,2-(PhN¯),(Ph2P)(C6H4)]Ni(C4F8)(Na)(18-Crown-6) (10 mg, 0.011 mmol) (Ni-22•Na) was 

dissolved in ca. 1 mL DCM and transferred to a vial containing [HPPh3](Br) (4 mg, 0.011 mmol) 

dissolved /suspended in ca. 0.5 mL DCM. The initial colour of the reaction mixture was a clear light 

orange. After stirring at RT for 2 h the colour had changed to a lighter yellow. Integration of product 

F peaks relative to BTB in the 19F spectrum indicated 81% yield of Ni-21. 

5.6.10 NMR scale reaction of Ni-22•Na with [HPPh2Me](Br)  

     [1,2-(PhN¯),(Ph2P)(C6H4)]Ni(C4F8)(Na)(18-Crown-6) (10 mg, 0.011 mmol) (Ni-22•Na) was 

dissolved in ca. 1 mL DCM and transferred to a vial containing [HPPh3](Br) (3 mg, 0.011 mmol) 

dissolved /suspended in ca. 0.5 mL DCM. The initial colour of the reaction mixture was cloudy light 

orange. After stirring at RT for 2 h the colour had changed to bright cloudy yellow. Integration of 

product F peaks relative to BTB in the 19F spectrum indicated 49% yield of Ni-21. (Note: we suspect 

that protonation at the amido group occurs quantitatively, but is followed by de-coordination of 

[P,NH] ligand and replacement with PPh2Me, accounting for a decrease in yield. Other peaks 

consistent with the formation of such metallacycles are observed in the 19F NMR.) 
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Chapter 6. Conclusions and Future Outlook 

     Organofluorine compounds have proven to be indispensable products that are currently used in a 

wide range of applications on a global scale. Marketed FC compounds are ever-evolving in order to 

provide products with the desirable properties imparted by C−F bonds while constantly striving to 

reduce their potential environmental and health impacts. This is particularly true for those FC 

products that are essential for refrigerant and surfactant applications. The industrial synthesis of many 

small-molecule FC derivatives is problematic, utilizing ozone depleting chlorocarbons and catalysts 

based on toxic heavy metals such as antimony. All of the above points present a great opportunity for 

the development of novel synthetic routes to valuable FC products. We aimed to design new transition 

metal-mediated routes to offer alternative, more sustainable synthetic strategies for the production of 

novel small-molecule functionalized FCs from fluoroalkene feedstocks. Specifically, we focused on 

metallacyclopentane complexes as C4
F units are particularly valuable in both refrigerant and 

surfactant applications. This Thesis covered progress towards the final goal of catalysis by exploring 

the fundamental reactivity of key fluoronickelacyclopentane intermediates as a function of their 

ancillary ligand(s) and the fluorinated feedstock employed.   

     In terms of perfluoronickelacyclopentane reactivity, previous studies focused solely on 

symmetrical complexes bearing two monophosphine/monophosphite ligands. Given the promising 

effects that bidentate and bifunctional ligands have had in other areas of transition metal chemistry, 

including challenging bond activation reactions, we set out to study such ligands in the context of 

fluoroorganometallic chemistry. Chapter 2 examined the addition of 1,2,4-(HS),(Ph2P),Me(C6H3) 

[P,SH] to a bis(tri-iso-propylphosphite) nickelacycle, wherein an interesting isopropyl migration to 

the sulfur atom takes place to afford a phosphinothioether-ligated product. Upon treatment with a 

Lewis acid, the new metallacycle undergoes Cα−F activation, followed by chemoselective migration 

of the phosphorus arm of the bidentate ligand to Cα, affording a unique fused metallabicyclic product. 

Addition of a stoichiometric amount of aryl isonitrile CNAr led to the expected displacement of the 

weakly bound OTf ligand, giving a cationic Ni centre in which the metallabicycle remained intact. 
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However, a superstoichiometric amount of CNAr induced an unexpected ring-opening reaction 

through cleavage of the Ni−SiPr and Ni−CαFP bonds with presumed loss of Cβ−F. Furthermore, 

hydrolysis of the original metallabicycle product afforded a single isomer of hexafluoro-1-butene, 

demonstrating that selective production of unsaturated C4 hydrofluorocarbons from C2 fluoroalkenes 

through nickel complex mediated processes can be achieved. Although the mechanism of this 

reaction is still unclear, it likely involves loss of Cβ−F in a similar fashion to what we have proposed 

for the CNAr ring-opening reaction. Although we suspect that this surprising reactivity may be 

attributed to the metallabicyclic nature of the complex, further experimental and DFT studies would 

be needed to confirm this effect.  

     Despite the noteworthy reactivity obtained with the in situ formed phosphinothioether-coordinated 

perfluoronickelacycle, this study concluded that [P,S]-ligated metallacycles, where S represents a 

thiolate or thiol group, could not be accessed from bis(phosphite) nickelacycle derivatives. Other 

starting metallacyles thus needed to be investigated, with the goal of designing a system that could 

favour a comparatively more direct route to functionalized FCs such as hexafluoro-1-butene. Chapter 

3 investigated the reactivity of the [P,SH] ligand with perfluoronickelacycles bearing two 

monodentate ligands that do not offer a potential alkyl transfer to the sulfur as was observed with the 

tri-iso-propylphosphite ligands. Prior to studying substitution reactions with [P,SH], we wanted to 

establish the propensity for the L2Ni(C4F8) (where L = PPh3, PPh2Me, Pyr) complexes of interest in 

this study to undergo Cα−F activation/ligand migration in the presence of a Lewis acid. This reaction 

had only been shown to work previously with the bis PEt3 analogue reported by Burch and with the 

[P,SiPr] analogue detailed in Chapter 2. Herein, we concluded that the Cα−F activation/ligand 

migration reactivity extends to bulky, electron deficient phosphines as well as to N-donor ligands, 

giving a series of new L-functionalized fluoronickelacycles. Treatment of the (PR3)2Ni(C4F8) 

complexes with [P,SH] also afforded PR3 functionalized metallacycles bearing a phosphinothiolate 

ligand via a ligand-assisted/Brønsted acid-protomoted Cα−F activation without the use of strong 

Lewis acid co-additives. A variable temperature NMR experiment was performed to analyze the 
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mechanism of the reaction between [P,SH] and (PR3)2Ni(C4F8). This study confirmed the presence 

of an intermediate consisting of an anionic nickel centre with an outer sphere phosphonium counter 

ion in the generation of the final product, which lends support to the originally proposed mechanism 

for [P,SiPr]Ni(C4F8) formation in Chapter 2.  

     Lastly, employment of the deprotonated chelate [P,S¯] in a substitution reaction with 

(PR3)2Ni(C4F8) cleanly formed the first example of an anionic phophinothiolate-cooordinated 

perfluoronickelacycle. The basic anionic metallacycle was reactive towards weakly acidic tertiary 

phosphonium salts, affording phophine-functionalization at the Cα position while the [P,S¯] ligand 

retained its k2-coordination to the metal centre.  

     The two different types of L-functionalized metallacycles introduced in this Chapter offer a 

significant opportunity for future studies in this area. It would be interesting to establish whether 

productive reactivity with H2 or silanes is favoured with the functionalized metallacycles containing 

a weakly coordinating site such as the OTf group, or with those bearing the phosphinothiolate ligand. 

Given that the ligand migration reaction has been established to work with a series of different 

nucleophiles, there is also potential to exploit such reactivity for the catalytic formation of 

functionalized highly fluorinated organics that are attractive as surfactants, or as building blocks for 

either oligomer synthesis (e.g., Scotchgard, see Introduction) or perhaps pharmaceutical applications 

(Scheme 6.1).   

     In Chapter 4 we took a different approach to FC synthesis by investigating one of the 

comparatively less studied fluoralkene feedstocks, trifluoroethylene. Owing to the reduced symmetry 

of TrFE, there are six potential nickelacyclopentanes with varying regio-/stereoselectivity that can  
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Scheme 6.1 Proposed mechanism for catalytic functionalized FC production. 

	

form upon oxidative cyclization.	The oxidative cyclization of TrFE at Ni(0) was found to be selective 

towards the formation of three of the six potential isomers: the cis and trans head˗tail and the 

thermodynamically favoured trans head˗head hydrofluoronickelacyclopentanes L2Ni(C4F6H2) (L = 

PPh3, P(O-o-tol)3, PPh2Me, PPhMe2, PMe3). Moreover, a systematic analysis involving modification 

of the ancillary ligands employed demonstrated that the ratio of the three major isomers was 

influenced by the nature of the PR3 ancillary ligands wherein smaller phosphines favoured the trans 

head˗head isomer (cf. 50% with PMe3) and the largest phosphine and phosphite afforded small 

amounts of the tail˗tail isomers with less bulky CHF groups bound to Ni. The characterization of 

each isomer was supported through a range of multinuclear 1D and 2D NMR experiments.	Double 

C−F bond activation of the head˗tail regioisomers was observed upon addition of Lewis or Brønsted 

acids to the PPh2Me and PPhMe2 analogues, releasing small functionalized organics from the metal. 

Interestingly, varying the acid allowed for control in selecting the fluorinated product obtained: 

Me3SiOTf and N,N-dimethylanilinium bromide yielded (Z,E)-1,1,3,4-tetrafluorobutadiene as the 

major organic product, while BF3 cleanly formed 1,1,2,3-tetrafluorocyclobutene as the major organic 
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product. A minor amount of unique bis(phosphonium) difluorobutadiene products were generated 

concomitantly from the head˗head isomer. The chemistry outlined in Chapter 4 highlights the 

significant effect that replacing a fluorine with a hydrogen in the fluorinated feedstock can have on 

the subsequent reactivity of the nickelacyclopentane unit. Previous Chapters showed that L2-ligated 

perfluorinated systems consistently form L-functionalized metallacycles upon Cα−F activation with 

a Lewis acid. Here it is evidenced that when one CαF2 group is replaced with a CαFH group, the 

reactivity deviates significantly, as two successive C−F bond activations occur with no L migration 

observed. This type of in-depth study on ligand effects in metallacycle selectivity and reactivity aids 

us in re-designing systems more suitable for catalytic conditions.  

     As we alluded to in the Conclusions of Chapter 4, 19F NMR reveals minor amounts of butadiene 

as well as signals presumably arising from ring-opened products with the PPh3 analogue after 24 h at 

room temperature. We reason that this results from the lability of PPh3 from the metal, which suggests 

furthermore that a low-coordinate Ni centre can be sufficiently acidic for intermolecular C−F bond 

activation. Indeed, more recent results from Mr. Alexander Sicard of the Baker group using 

vinylidene fluoride as the fluorinated feedstock support this theory. Our new collaboration with 

Arkema, Inc. aims to further develop the promising results we have achieved in functionalized FC 

production from hydrofluorometallacycles. Encouraging results from Sicard, including examples of 

nickel-catalyzed hydrodefluorodimerization to give 2,4,4-trifluorobutene by employing vinylidene 

fluoride as the fluorinated feedstock and a stoichiometric amount of silane, will be built on in the 

future. This reaction will be further optimized and scaled up to determine the physical properties of 

the novel FCs in order to assess their potential commercial value. Another exciting future project 

involves the design and construction of a new gas handling apparatus for the Baker lab that will 

enable: a) the introduction of two different gases at variable pressures, b) real-time reaction analysis 

by using a sampling loop, and c) facile volatile product isolation via vacuum transfer. This custom 

system will facilitate reactions meant to explore the syntheses of either mixed metallacycles or the 
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fluoroorganic products derived from said metallacycles with a series of different C2 fluorinated 

feedstocks, including TrFE.  

     Finally, we explored the synthesis and reactivity of perfluoronickelacyclopentanes based on a 

bidentate [P,NH] [2-(diphenylphosphino)phenyl-N-phenylaniline] ligand. In contrast to the 

previously studied [P,SH] ligand, the decreased acidity of the amino group in [P,NH] vs. the thiol of 

[P,SH] enables a clean substitution reaction to occur between [P,NH] and [P(O-o-tol)3]2Ni(C4F8), 

quantitatively yielding a new phosphinoamine-coordinated nickelacycle. Deprotonation of 

[P,NH]Ni(C4F8) occurred readily upon addition of NaOtBu and 18-Crown-6 to give an anionic Ni 

product. Studies were also performed with pre-formed deprotonated ligand [P,N¯], including a 

reaction that takes place between free ligand and TFE to give a fluoroalkenyl compound as the major 

product along with two other as-yet uncharacterized products. Reactivity studies of the [P,NH]-

ligated metallacycle include the generation of a metallabicyclic complex via Cα−F 

activation/phosphine migration in the presence of Lewis acid, adding another example to the growing 

number of L-functionalized metallacycles. Lastly, we noted the stability of the anionic metallacycle 

{[P,N]Ni(C4F8)}¯ towards H2.   

     Future studies in this area would benefit from a one-pot approach to determine optimal conditions 

for functionalized FC synthesis [e.g., ligand, base, Ni(0) source, fluoroalkene feedstock and reducing 

agent]. As mentioned in Chapter 5, the resonance stabilization of the nitrogen lone pair in the anionic 

complex could contribute to the stability of the metallacycle under high pressures of H2. This project 

could benefit from a DFT study of {[P,N]Ni(C4F8)}¯ to examine the extent of π donation from the 

amido lone pair to the metal. In parallel to the theoretical work, an experimental study examining the 

effects of varying the nature of the bidentate [P,N] ligand on the reactivity of [P,N]-ligated 

perfluoronickelacycles would be informative (Chart 6.1).       
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Chart 6.1. Examples of [P,N] ligands for future studies. 

 

     Another point to be studied in the future is the effects of having the cation trap, 18-Crown-6, 

present in the reactions, as recent studies have implicated cooperative interactions between the Lewis 

acidic cation and the bifunctional ligand as being crucial for catalyst activity. Notably, upon exposure 

to air, a THF solution of {[P,N]Ni(C4F8)}¯(Na+) in the presence of 18-Crown-6 remains yellow, 

whereas in the absence of 18-Crown-6, an immediate colour change to dark purple occurs. One other 

potential avenue to explore in the future for the phosphinoamide-coordinated metallacycle is its 

reactivity in other oxidation states. Although this point has not been discussed throughout this Thesis 

as it was not the focus of the work presented here, oxidation of NiII metallacycles to either NiIII or 

NiIV states is another promising strategy for activation of Ni−Cα and Cα−F bonds towards 

functionalized FC production.  

     Lastly, it would be interesting to expand the reactivity of both the phosphinothiolate- and the 

phosphinoamide-coordinated metallacycles towards E−H bond activation (E = Si and B). Although 

some preliminary experiments have proven unsuccesful, the promising results achieved by Oestrich 

and colleagues, employing Ru−sulfur bonds for generation of silicon cations (from silanes, see 

Scheme 1.24) and subsequent C−F activation, are good motivation for continued pursuit of this type 

of reactivity. It is worth noting here that both the [P,N¯] and [P,S¯] metallacycles do not give C−F 

abstraction products upon treatment with Lewis acids (e.g., Me3SiOTf or BF3) but rather give 

products that would be consistent by NMR with N−E or S−E bond formation. 

     As the work presented in this Thesis was being carried out over the past five years, incredible 

progress was made in many different areas in the field of fluoroorganometallic chemistry. Studies 

focused on furthering the understanding of coordinated fluoroalkyl groups at transition metal centres 
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will undoubtedly aid the development of greener catalytic routes to commercially relevant 

fluorocarbon compounds. 
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Appendices 

NMR Spectra 

 

	

Figure A1.  19F NMR (282 MHz, C6D6) spectrum for complex Ni-2.  1,3-
Bis(trifluoromethyl)benzene (BTB) used as an internal NMR standard.     

 

 

Figure A2.  31P{1H} NMR (121 MHz, C6D6) spectrum for Ni-2.  The inset shows the expanded 
(horizontal scale) signal. 
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Figure A3.  19F NMR (282 MHz, CD2Cl2) spectrum of Ni-3 with all fluorine peaks labeled. The 
inset shows the expanded (horizontal scale) peaks associated with the two indicated fluorines.  

 

Figure A4.  1H NMR (300 MHz, CD2Cl2) spectrum for complex Ni-3. Residual solvent peak 
labeled ‘*’. 
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Figure A5.  19F NOESY NMR (282 MHz, CD3CN) data for complex 3·CD3CN.   
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Figure A6.  31P{1H} NMR (121 MHz, C6D6) spectrum of Ni-6.  The inset shows the expanded 
(horizontal scale) signal.  Intermediate en route to Ni-7 labeled ‘*.   

	

 

Figure A7.  19F NMR (282 MHz, C6D6) spectrum of Ni-6.  The insets show the expanded 
(horizontal scale) peaks associated with the indicated fluorines.  Broad peak associated with 
uncharacterized intermediate(s) labeled ‘*’.  Minor impurity (< 5%) labeled with ‘#’. 
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Figure A8. 19F NMR (282 MHz, C6D6) spectra at room temperature displaying a mixture of Int 4 
and Ni-11. 

 

Figure A9. 19F NMR (282 MHz, THF/C6D6 lock) spectrum of the reaction between [P,SH] and Ni-
9b at room temperature. The inset shows the expanded (horizontal scale) signal for HF. 
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Figure A10. Variable temperature 31P{1H} and 31P{1H} with gated decoupling NMR (121 MHz, 
CDCl3) spectra of the reaction between [P,SH] and Ni-9b.  

	

Figure A11. Variable temperature 1H NMR (300 MHz, CDCl3) spectra of the reaction between 
[P,SH] and Ni-9b. 
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Figure A12.  19F NMR (282 MHz, CDCl3) spectrum for complex Ni-16c. The inset shows the 
expanded (horizontal scale) signal. 

	

	

Figure A13.  31P{1H} NMR (121 MHz, CDCl3) spectrum for Ni-16c.   
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Figure A14.  19F-19F NOESY NMR (282 MHz, C6D6) spectrum for complex Ni-16c.   

	

Figure A15.  19F-19F COSY NMR (282 MHz, DCM) spectrum for complex Ni-16c.   
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Figure A16.  19F-19F COSY NMR (282 MHz, DCM) spectrum for complex Ni-16d. 

	

Figure A17.  19F-19F COSY NMR (282 MHz, DCM) spectrum for complex Ni-16e.   
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Figure A18.  2D 1H-19F HMQC NMR (2JFH = 50 Hz) spectrum for complex Ni-16c.   

	

Figure A19.  2D 1H-19F HMQC NMR (2JFH = 50 Hz) spectrum for complex Ni-16d. 
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Figure A20.  2D 1H-19F HMQC NMR (2JFH = 50 Hz) spectrum for complex Ni-16e. 
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Figure A21.  Selective 1D 1H-19F HOESY NMR spectra for complex Ni-16c. 
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Figure A22.  Selective 1D 1H-19F HOESY NMR spectra for complex Ni-16d. 
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Figure A23.  19F NMR (282 MHz, C6D6) spectrum for complex Ni-17. The inset shows the expanded 
(horizontal scale) signal. 

	

	

Figure A24.  1H NMR (300 MHz, C6D6) spectrum for complex Ni-17.  The residual solvent peak is 
labeled ‘*’. The inset shows the expanded (horizontal scale) signal. 

	

	

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

5.35.45.55.65.7 ppm
* 

-40 -60 -80 -100 -120 -140 -160 -180 -200 -220 ppm

-114 -115 ppm ppm



Appendices	
	

161	
	

	

Figure A25.  1H NMR (300 MHz, CDCl3) spectrum of O2 from the reaction between Ni-16c and 
BF3·OEt2.  The residual solvent peak is labeled ‘*’.   

	

Figure A26.  19F NMR (282 MHz, CDCl3) spectrum of O2 from the reaction between Ni-16c and 
BF3·OEt2.   
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Figure A27.  1H NMR (300 MHz, C6D6) spectrum for O3.  The inset shows the expanded (horizontal 
scale) signals. The residual solvent peak is labeled ‘*’.   

	

Figure A28.  19F NMR (282 MHz, C6D6) spectrum for O3.  The inset shows the expanded (horizontal 
scale) signals. 
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Figure A29. Simulated/observed (282 MHz, CDCl3) 19F NMR spectra for 1,1,3,4-
tetrafluorocyclobutene O2. Simulations were calculated using the program g-NMR. 
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Figure A30. Selected time-elapsed 19F{1H} NMR (282 MHz, CDCl3) spectra for the reaction 
between Ni-16c and BF3·OEt2. Peaks associated with product O2 are indicated as well as peaks 
associated with both proposed intermediates Ni-18’ and Ni-19’.  

	

	

	

	

	

	

t	=	2	hrs	15	
min.

-100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210 -220 ppm

O2 

t	=	15	min. 

t	=	45	min. 

t	=	3	hrs	45	
min. 

t	=	9	hrs	45	
min. 

Ni-19’ 

Ni-19’ 

O2 O2 

Ni-19’ 

O2 
Ni-18’ 

Ni-18’ 

Ni-19’ 

Ni-18’ 

Ni-18’ 



Appendices	
	

165	
	

	

	

	

	

Figure A31. 19F{1H} NMR (282 MHz, CDCl3) spectrum for t = 15 min. from Figure A30. Peaks 
associated with product O2 are indicated as well as peaks associated with both proposed 
intermediates Ni-18’ and Ni-19’. The inset shows the expanded (horizontal scale) signals. 
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Figure A32. 19F{1H} NMR (282 MHz, CDCl3) upfield region of the spectrum for t = 15 min. from 
Figure A30 displaying the Ni-F resonance. 

	

	

Figure A33. 31P{1H} NMR (121 MHz, CDCl3) spectrum highlighting phosphorus peak associated 
with intermediate Ni-18’. Spectrum acquired ca. 5 min. after initial mixing of Ni-16c and BF3·OEt2. 
Corresponding coupling constant shown in Figure A31 with Cα-F. 
	
	

	

Figure A34.  1H NMR (300 MHz, C6D6) spectrum for complex Ni-21.  The residual solvent peak is 
labeled ‘*’.  
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Figure A35.  19F NMR (282 MHz, C6D6) spectrum for Ni-21.  The inset shows the expanded 
(horizontal scale) signals. 

	

	

Figure A36.  31P{1H} NMR (121 MHz, C6D6) spectrum for Ni-21.  The inset shows the expanded 
(horizontal scale) signal. 
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Figure A37.  1H NMR (300 MHz, CD3CN) spectrum for complex Ni-22•Na.  The residual solvent 
peak is labeled ‘*’.  

 

	

Figure A38.  19F NMR (282 MHz, CD3CN) spectrum for Ni-22•Na.  The inset shows the expanded 
(horizontal scale) signals. 
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Figure A39.  31P{1H} NMR (121 MHz, CD3CN) spectrum for Ni-22•Na.  The inset shows the 
expanded (horizontal scale) signal. 

 

Figure A40.  1H NMR (300 MHz, C6D6) spectrum of the reaction between [P,N¯]Na+ and TFE.  The 
residual solvent peak is labeled ‘*’.  
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Figure A41.  19F NMR (300 MHz, C6D6) spectrum of the reaction between [P,N¯]Na+ and TFE. 
Expanded peaks correspond to proposed O6 product.  

	

	

Figure A42.  31P{1H} NMR (121 MHz, C6D6) spectrum of the reaction between [P,N¯]Na+ and TFE. 
Expanded peak corresponds to proposed O6 product.  
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Figure A43.  1H NMR (300 MHz, CDCl3) spectrum for Ni-23.  The inset shows the expanded 
(horizontal scale) signals. 

	

	

	

	

Figure A44.  19F NMR (282 MHz, CDCl3) spectrum for Ni-23.  The inset shows the expanded 
(horizontal scale) signals. 
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Figure A45.  31P{1H} NMR (121 MHz, CDCl3) spectrum for Ni-23.  The inset shows the expanded 
(horizontal scale) signal. 

 

 

 

 

 

 

Figure A46.  1H NMR (300 MHz, CD3CN) spectrum for complex Ni-23•CD3CN.  The residual 
solvent peak is labeled ‘*’.  
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Figure A47.  19F NMR (282 MHz, CD3CN) spectrum for Ni-23•CD3CN.  The inset shows the 
expanded (horizontal scale) signals. 

	

	

	

	

Figure A48.  31P{1H} NMR (121 MHz, CD3CN) spectrum for Ni-23•CD3CN.  The inset shows the 
expanded (horizontal scale) signal. 
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Figure A49.  1H NMR (300 MHz, CD3CN) spectrum for complex Ni-24.  The residual solvent peak 
is labeled ‘*’.  

	

	

	

	

Figure A50.  19F NMR (282 MHz, CD3CN) spectrum for Ni-24.  The inset shows the expanded 
(horizontal scale) signals. 
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Figure A51.  31P{1H} NMR (121 MHz, CD3CN) spectrum for Ni-24.  The inset shows the 
expanded (horizontal scale) signal. 
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Mass Spectrometry Data 

	

	

Figure A52. Selected peaks from the ESI mass spectrum (positive mode, CH3CN)  of complex Ni10-
b.  
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Figure A53. Selected peaks from the ESI mass spectrum (positive mode, CH3CN)  of complex Ni-
10c.  
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X-ray Crystallography Data 

	

 

 

Figure A54. ORTEP representation of the molecular structure of complex Ni-9c. Thermal ellipsoids 
are set at the 40% probability level. Hydrogen atoms of pyridine rings are omitted for clarity. 

	

	

Figure A55. ORTEP representation of the molecular structure of complex Ni-14. Thermal ellipsoids 
are set at the 40% probability level. Hydrogen atoms are omitted for clarity. 
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Figure A56. ORTEP representation of the molecular structure of O4c. Thermal ellipsoids are set at 
the 40% probability level. Hydrogen atoms and outer-sphere triflate ions are omitted for clarity.  
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Table A1 X-ray diffraction data collection and refinement parameters for Ni-21, Ni-22•Na, Ni-
23 and Ni-24.  
	

 

	

 

 

 

 

 

 

	 Ni-21	 Ni-22•Na	 Ni-23	 Ni-24	
Formula	 C28H20F8NNiP	 C48H59F8NNaNiO8P	 C36H28F11NNiO3PS	 C32H25F7N3NiP	
Fw	 612.13	 1042.63	 853.33	 674.23	
Color	 Light	yellow	 Yellow	 Yellow	 Orange	
Temperature/K	 200(2)	 200(2)	 200(2)	 200(2)	

Crystal	system	 Monoclinic	 Triclinic	 Monoclinic	 Monoclinic		
Space	group	 P	2(1)/c	 P-1	 P	2(1)/n	 P	2(1)/n	
a/Å	 17.6812(5)	 10.1065(3)	 9.8480(4)	 11.0743(4)	
b/Å	 8.8730(2)	 13.8945(4)	 11.0845(4)	 9.4288(4)	
c/Å	 18.2889(5)	 18.2862(6)	 30.9463(11)	 29.0345(12)	
α/deg	 90	 83.3020(10)	 90	 90	
β/deg	 115.8190(10)	 87.599(2)	 90.7550(10)	 97.623	
γ/deg	 90	 75.4930(10)	 90	 90	
V/Å3	 2582.83(12)	 2468.78(13)	 3377.8(2)	 3004.9(2)	
Z	 4	 2	 4	 4	
Dc/Mg	m–3	 1.574	 1.403	 1.678	 1.490	
µ/mm–1	 0.890	 0.517	 0.785	 0.770	
F(000)	 1240	 1088	 1732	 1376	
Crystal	size/mm	 0.12	x	0.09	x	0.03	 0.14	x	0.09	x	0.08	 0.12	x	0.10	x	0.07	 0.14	x	0.06	x	0.04	
Reflections	
collected/unique	

10308/1883	 40220/10075	 53395/8333	 27533/5065	

q	range/deg	 2.24	to	28.32	 1.52	to	26.40	 2.18	to	28.33	 1.90	to	24.73	
Index	range	 -23<=h<=22,		

-11<=k<=11,		
-24<=l<=23	

-12<=h<=12,		
-17<=k<=13,		
-22<=l<=18	

-13<=h<=13,		
-14<=k<=14,		
-41<=l<=39	

-11<=h<=13,		
-11<=k<=11,		
-34<=l<=34	

R(int)	 0.0648	 0.0455	 0.0221	 0.0475	
Completeness	to	q	 28.32°,	99.0	%	 26.40°,	99.3	%	 28.34°,	98.8	%	 24.73,	98.9	%	
Max.	 and	 min.	
transmission	

0.9738	 and	
0.9007	

0.9598	 and	
0.9312	

0.9471	and	0.9117	 0.9699	and	0.8999	

Data/restraints/para
meters	

6369	/	0	/	352	 10075	/	134	/	640	 8333	/	18	/	496	 5065	/	96	/	418	

Goodness-of-fit	on	F2	 1.025	 1.014	 1.016	 1.037	
R1,	wR2	[I>2σ(I)]	 0.0399,	0.0794	 0.0523,	0.1090	 0.0548,	0.1521	 0.0392,	0.0854	
R1,	wR2	(all	data)	 0.0750,	0.0890	 0.0980,	0.1253	 0.0644,	0.1611	 0.0755,	0.0969	


