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Abstract 

 The prevalence of fluorine in natural products is scarce. There are but a handful of 

compounds that have been discovered to date. This could be largely attributable to the 

occurrence of fluorine in nature as fluoride (F-). — One might recognize such nomenclature from 

the ingredients list on a toothpaste tube — In fact, naturally occurring fluoride is most commonly 

found as fluorite (CaF2) or cryolite (Na3AlF6). As such, the introduction of fluorine via biological 

pathways has been limited to use of aqueous F- (a very poor nucleophile). This fact — coupled 

with its naturally low concentration in water — has created the ripe conditions for this shortage. 

In a way this has proven fertile for synthetic chemists because nature has not yet evolved a 

method for the deconstruction of partially or fully fluorinated compounds.  

 Considering the above, as synthetic methodologies for the construction of carbon-fluorine 

bonds became available, so too did the discovery of their valuable properties. So beneficial are 

these properties that C-F bond-containing compounds have become commonplace in many 

households throughout the world. For example, practically every home relies on these 

compounds for use in their refrigerators. Other examples of useful fluorinated materials include 

blowing agents, non-stick coatings, pharmaceuticals, agrochemicals, liquid crystals, and 

lubricants. 

 With all these applications and seemingly easy availability of these compounds, it is 

interesting to learn that original synthetic methods are still being employed today. As such, the 

objective of this Thesis is to develop ‘greener’ routes for the synthesis of fluorocarbons. We 

hypothesized that by studying transition metal-fluoroalkyl complex-mediated reactions, a more 

efficient catalytic system could be developed. A foreseen complication arises from the 
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thermodynamic stability of C-F, transition metal-F and transition metal-CRF bonds. 

Improvements to overcome these caveats include the use of first-row late transition metal 

complexes. Presented herein are additions to this body of knowledge by expanding on the 

reactivity of nickel, copper and silver fluoroalkyl complexes.  

The approach applied in this work, in line with ‘green’ chemistry principles, was to 

source readily available fluorinated reagents, i.e. fluoroalkenes and fluoroarenes, to reduce the 

number of steps for the synthesis of new fluorinated compounds. Chapter 2 builds on the well-

established oxidative cyclization of C2 fluoroalkenes to nickel (0), which yields new C4 units. 

The use of a bulky N-heterocyclic carbene ligand was found to enhance reactivity by reducing 

the coordination number at nickel. Examples of room temperature Cα-F and Ni-CF bond 

activation and functionalization reactions are presented. Chapters 3, 4 and 5 re-examine the 

insertion of fluoroalkenes into silver and copper fluorides and hydrides. Building on precedent of 

addition reactions to hexafluoropropene, this fluoroalkene was examined first. In so doing, a 

versatile and inexpensive copper heptafluoroisopropyl reagent was developed (Cu-F addition to 

(CF3)CF=CF2. With easy access to new heptafluoroisopropyl complexes, they were systemically 

studied for their applications in catalysis. This revealed key features, particularly the lability of 

the M-hfip bond, which could be detrimental to catalytic reactions. As such, a nickel complex-

mediated carbonylative heptafluoroisopropylation reaction and copper complex-mediated 

nucleophilic addition to electrophiles were developed. When a copper hydride was used instead, 

the in situ generated fluoroalkyl [Cu-H addition to (CF3)CF=CF2] was susceptible to β-fluoride 

elimination. Chapter 4 expands this methodology to achieve the catalytic consecutive 

hydrodefluorination of fluoroalkenes, demonstrating the scope and limitations of this system. 

Furthermore, the critical role of the phosphine ligand in accessing an L3Cu-H addition and 
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unusual β-fluoride elimination mechanism is highlighted. However, tetrafluoroethylene proved 

resistant to this reaction because the fluoroalkyl resting state of this alkene, Cu-CF2CF2H, is 

unusually robust. Chapter 5 investigates the utility of this fragment and others in C(sp2)-RF 

cross-coupling and nucleophilic substitutions. With focus on new routes for late stage 

fluorination and examples of nickel (0) complex-catalyzed selective C-F bond functionalization 

reactions, Chapter 5, continues studies for low-temperature and DMAP-assisted conditions for 

aryl-F cross-coupling reactions with boronic acid esters. 

Lastly, Chapter 6 reviews the advances presented in this Thesis, provides a link to the 

expected lasting impacts and attempts to provide guidance to future research on transition-metal 

complexes in the synthesis of C-F or C-RF containing compounds. Moreover, with the 

introduction of a new hydrodefluorination technology, previously scarce fluoroalkenes (e.g. 1,2-

difluoroethylene) can now be used more freely, potentially leading to the development of new 

refrigerants or materials applications.   
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Chapter 1 

1. Introduction 

1.1. The Relevance of Fluorine 

 The synthesis of carbon fluorine (C-F) bonds has brought with it the discovery of 

applications in numerous fields. These fields of applications include refrigerants, surfactants, 

blowing agents, polymers, liquid crystalline materials, pharmaceuticals and agrochemicals 

(Scheme 1.1).[1-41] At a glance, because of the breadth and scope of these applications, the 

valuable properties within each group appear seemingly unrelated. However, given the large 

body of knowledge available today, generalities can be made. These commonalities arise because 

of the low polarizability and strength of the C-F bond.[42-49] For example, this low 

polarizability is one of the attributes considered in the suppression of boiling points of C-F 

containing products vs their C-H bond-containing analogues and, at the same time, it allows for 

the modulation of the lipophilicity of biologically active molecules.  

 

Scheme 1.1 Examples of prevalent fluorinated compounds  
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This improved understanding of the properties of fluorinated compounds has reciprocally 

led to continued interest and research on these compounds. Yet the industrial strategies to access 

these compounds, especially partially fluorinated ones, remain limited. For instance, the 

industrial synthesis of some of these compounds still relies on Swarts fluorination strategies 

developed in the 1890s.[50] Some impediments to the development of these strategies arise 

from: the low nucleophilicity of fluoride in media in which it is soluble, the strength of the C-F 

bond and the oxidation potential of F2. (Scheme 1.2) Consequently, these strategies require 

caustic or highly reducing or oxidizing conditions or high temperatures.[51-63] 

 

Scheme 1.2. Early methods used for the formation of C-F bonds 

Methods to circumvent these fundamental limitations are the focus of this Thesis. In 

general, the highlighted synthetic approaches are convenable when handling simple small 

fluorinated molecules with few or no functional groups [albeit, with some safety concerns]. 

Many C2 and C3 fluorocarbons are successfully generated on huge industrially relevant scales 

employing these strategies. Some popular fluorinated monomers, tetrafluoroethylene, and 

hexafluoropropene, are synthesized by pyrolysis of chlorodifluoromethane at ~500 °C (Scheme 

1.3, Top).[77-81] Likewise, a new generation refrigerant, 1,1,1,2-tetrafluoropropene, is 

synthesized stepwise by hydrogenation of a fluoroalkene precursor followed by 

dehydrofluorination [loss of HF] at elevated temperature. (Scheme 1.3, Bottom).[82-87] As a 
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result, it is not currently feasible to supplant these syntheses with “greener” ones. Instead, 

because of the relative ease of synthesis and bulk quantities of some fluorocarbons, there are 

potential benefits if they could be used in the development of new fluorinated compounds. To 

this end, two methodologies have been considered herein for value-added greener routes to 

fluorocarbons. The first method is their application to the construction of C-C bonds and the 

second is selective C-F bond activation. 

 

Scheme 1.3. The modern synthesis of some common C2 and C3 fluorocarbons. 

1.2. Considerations for Transition Metals in Greener Routes to Fluorocarbons 

 Considerable advances have been made in the development of applications of small 

fluorocarbons in the synthesis of new compounds. In no small part, the use of transition metals 

has led to these innovations. With the now well-established use of transition metals in 

applications involving non-fluorinated congeners, it is no surprise they should find their way into 

this field.[88-91] Notably, initial studies highlighted drawbacks in the use of early transition 

metals and, thus, research in the use of late transition metals has become more prominent. For 

example, zirconium alkyl catalyzed ethylene polymerization is an industrially applied process, 

but no such equivalent exists for tetrafluoroethylene polymerization.[91] In fact, a current 

research focus has been in developing transition metal-catalyzed routes to fluorocarbons, 
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stemming from advances gathered from research on transition metal-mediated hydrocarbon 

reactions. The list of reagents being developed is continuously expanding and various 

organometallic complexes containing fluorinated moieties, M-RF, have been synthesized. 

Members of this group include, but are not limited to, tetrafluoroethyl, pentafluoroethyl, n-

heptafluoropropyl, heptafluoroisopropyl, octafluorobutyl, fluoroarenes, difluorocarbene, 

=CF(CF3), =C(CF3)2, pentafluorosulfanyl, trifluoromethoxide, trifluoromethyl thiolate, 

difluoromethyl, trifluoromethyl. 

Although many synthetic challenges exist in developing such compounds (discussed 

below), these have not prevented the use of synthetic strategies generally applied to their 

hydrocarbon congeners. It is sometimes the inherent stability of the carbon-fluorine bond that has 

permitted the synthesis and isolation of these compounds. But the trend is clear - early transition 

metal fluoroalkyl complexes remain scarce, while late transition metal complexes are far and 

away more studied. This is likely related to the stability of the metal fluoride (M-F) bond in 

comparison to the C-F bond. As such, when M-F > C-F spontaneous α- or β-fluoride 

eliminations can occur.[92, 93] For this reason, we also observe a shortage of first-row transition 

metal organofluorine complexes in the literature.  

1.3. Strategies for the Synthesis of M-RF Complexes 

1.3.1. Synthesis of M-CF3  

 Of the fluoroalkyl chains, the most popular remains the trifluoromethyl (CF3) group. The 

CF3 group has retained its popularity likely because its precursors are abundant, and it has, time 

and again, demonstrated utility in pharmaceutical and agro-chemical applications (Scheme 1.4). 

These factors, coupled with a push for “late-stage” reactions, have instigated a renaissance in 
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transition metal-mediated and -catalyzed fluoroalkylation reactions. As such, M-CF3 complexes 

continue as the most studied of this group to date. 

A discussion on the strategies used for the synthesis of M-CF3 complexes will also 

provide an evaluation on most of those used to make other fluoroalkyl complexes. Within the 

context of this Thesis, impediments to extending some procedures to other fluoroalkyl groups 

will be highlighted. Furthermore, unique strategies which do not apply to C1 units will be 

discussed separately.  

 

Scheme 1.4. Commercially available trifluoromethyl-containing bio-active compounds. 

1.3.1.1. Using Iodofluoroalkanes 

One of the earliest approaches to synthesize transition metal fluoroalkyls was via 

oxidative addition of iodotrifluoromethane which reacts with elemental metals or low-valent 

molecular complexes to yield the corresponding M-CF3 complexes. This method was first 

studied by Emeleus et al. where, by reacting Hg and ICF3, HgI(CF3) could be produced. [95-96] 

However, this reaction does not occur spontaneously and conditions favoring the generation of 

CF3 radicals were necessary to obtain good yields of the desired product. These early 

experiments suggested that the ethane series, e.g. iodopentafluoroethane, would not yield any 
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useful products. It was later shown that the choice of solvent is crucial for the preparation of 

these compounds. For example, Zn readily reacts with ICF2CF3 in DMF to produce 

ZnI(CF2CF3).[96] This work was extended some years later to reactions of molecular complexes. 

Since the first report by Stone et al., this route has since been applied with various other 

transition metals (Scheme 1.5). [94-104] This method has not obtained widespread use, however, 

because of its propensity to generate fluoroalkyl radicals, rendering it somewhat unreliable. 

Nonetheless, many elegant applications stemming from the generation of these fluoroalkyl 

radicals have been subsequently developed and their importance in synthetic organic applications 

should not be understated. [105-112]  

 

Scheme 1.5. Use of iodofluoroalkanes in the synthesis of transition metal fluoroalkyl complexes. 

Given that these oxidative addition reactions yielded mixed results, other routes using 

these inexpensive fluoroalkyl precursors were sought (Scheme 1.6). Therefore, metalation of I-

RF compounds was explored, and, in 1984, Naumann et al. successfully prepared the first 

(L)Zn(CF3)2 from ZnEt2.[113] They also demonstrated their synthetic strategy’s utility in the 

synthesis of various other zinc fluoroalkyls. Given the affordability of ZnEt2, it is no surprise that 

others have explored this route to generate more Zn organofluorine complexes for use in metal-

mediated reactions. Recently, this route was employed by Vicic et al. [114] to synthesize an 
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(L)Zn(μ-C4F8)2Zn(L) complex and, again, by Mikami et al. [115] to synthesize 

(DMPU)2Zn(CF3)2. Both these groups endeavoured to developed practical reagents for the 

synthesis of organofluorine compounds.  

These examples highlight some complexities when employing Zn fluoroalkyl complexes 

as synthons. Primarily, except for a few sparse examples, these reagents do not readily react as 

nucleophiles for the transfer of CF3 to organics. Instead, there must first be a transmetalation step 

(vide infra), generally to Cu, to achieve any desirable products. Beyond Zn, the use of this 

methodology in the synthesis of transition metal fluoroalkyls is underutilized. 

 

Scheme 1.6. Metalation of iodofluoroalkanes in the synthesis of transition metal fluoroalkyl 

complexes. 

Some examples have used Turbo Grignard® to generate Mg fluoroalkyl reagents using the same 

approach, suggesting a more adaptable procedure than the oxidative addition route (Scheme 

1.7).[116]  
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Scheme 1.7. Metalation of iodo-perfluoropropyl with Turbo Grignard, in the synthesis of a 

suspected TiIII-RF complex 

1.3.1.2. Using Trifluoroacetic Acid and its Derivatives 

Consistent with using commercially available sources of CF3, derivatives of 

trifluoroacetic acid have also proven timeless in their use as synthons. If either an acid chloride 

or anhydride is employed under common substitution or oxidative addition conditions, an M-

C(O)CF3 or XM-C(O)CF3 complex can be synthesized and readily decarbonylated to yield M-

CF3, although both routes necessarily require a two-electron process (Scheme 1.8). As such, the 

generality of this approach is limited to transition metals with either significant nucleophilic 

character, e.g. Mn- and Co-, or reduction potential, e.g. Ni0 and Pd0. [117-127] Another route 

starting from sodium trifluoroacetate, a more easily handled reagent, has also been garnering 

significant attention. In this case, an M-OC(O)CF3 complex, is prepared and subsequently heated 

in an appropriate solvent to generate “M-CF3” in situ.[128-129] So far, these conditions have 

been used successfully to synthesize various CF3 containing substrates from a mixture of 

XOC(O)CF3 and CuI. Additionally, Vicic et al. used an isolable (SIiPr)Cu[OC(O)CF3] complex 

to generate a Cu-CF3 complex but found that it did not outperform the XOC(O)CF3/CuI mixture 

in DMAc.[131] A caveat of this route is that these complexes often require temperatures ≥130 °C 

to initiate decarboxylation and the stability of M-CF3 is questionable under these conditions.  
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Scheme 1.8. Decarbonylation strategies for the synthesis of metal trifluoromethyl complexes 

1.3.1.3. Using Ruppert-Prakash Reagent 

In 1984, Ruppert et al. introduced the trimethylsilyltrifluoromethane reagent which is 

prepared using inexpensive and commercially available starting materials.[132] Comparatively, 

however, TMSCF3 is three times more expensive than CF3I and one hundred times more 

expensive than trifluoroacetic acid. The reagent has nonetheless gained wide popularity since its 

inception because of ease of handling and its facile generation of the (CF3)
- anion.[133-141] For 

example, LiCF3 is unstable even at low temperature and decomposes swiftly to LiF 

and :CF2.[142-143] Given this anionic character, one could expect TMSCF3 to be used in 

transmetalation reactions, like a step in the Hiyama cross-coupling reaction (Scheme 1.9). 
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Following this revelation, TMSCF3 has been used extensively in the preparation of various M-

CF3 complexes. Tyrra reported a straightforward preparation of AgCF3 by mixing AgF and 

TMSCF3 in a sufficiently polar solvent, prior to which it was difficult to prepare as AgCF3 is 

susceptible to decomposition.[144-146] Vicic et al. and Grushin et al. adapted this approach for 

copper in which [(SIiPr)Cu(OtBu)]2 or (PPh3)3CuF was mixed with TMSCF3 to generate gram 

quantities of (SIiPr)CuCF3 or (PPh3)3CuCF3 respectively. [147,148] 

 

Scheme 1.9. Transmetalation of M-X with TMSCF3 

Various other groups have modified these procedures for other metals, including Pd, Ni 

and Co [149-159]. Most importantly, this is one of the few procedures that can be employed in 

the synthesis of early transition metal M-CF3 complexes (cf. preparation of Cp2Ti(OTf)CF3 using 

TMSCF3 by Kiplinger et al.).[150] 
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1.3.1.4. Using Fluoroalkanes 

 The value-add proposition for using fluoroalkanes to prepare metal fluoroalkyls is quite 

enticing. The former have a long history of use as refrigerants, propellants and blowing agents 

while others are industrial waste products, e.g. fluoroform, CHF3. It is no surprise then that these 

products are manufactured on huge scales and their prices remain quite low. However, it wasn’t 

until 2011 that procedures were developed for the use of fluoroform in the synthesis of Cu-

CF3.[160-166] Daugulis et al. used a bis(tetramethylpiperidinide) zinc complex as a base to 

generate ZnRF
2 complexes, which could then transmetalate CuCl in situ.[160] Importantly, their 

methodology could be used with a wide variety of linear fluoroalkanes. In contrast, the success 

of the conditions employed by Grushin et al. hinged on the use of 2 equivalents of KOtBu with 1 

equivalent of CuCl to generate K(DMF)[Cu(OtBu)2] as the base in the reaction media (Scheme 

1.10).[161] The same authors later reported the same procedure for the synthesis of Cu-CF2CF3 

from HCF2CF3. Of all the fluoroalkanes tested using this method, e.g. heptafluoropropane, iso-

heptafluoropropane, etc., only fluoroform and pentafluoropropane gave the desired Cu 

complexes.[162] 

 

Scheme 1.10. Metalation of fluoroalkanes  
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1.3.1.5. Using M-CF3 in Transmetalation Reactions 

M-CF3 compounds are the most widely used synthons for the preparation of transition 

metal CF3 complexes, since fluoroalkyls of Zn, Hg and Cd are some of the earliest studied 

compounds. Although the use of Hg and Cd has continued to wane because of their associated 

toxicity (Scheme 1.11), [167-178] they have proven invaluable in the synthesis of various 

organometallic complexes, which could not otherwise be made using previously described 

methods (vide supra). Lately, the focus has been on the use of Ag, Zn and Mg to synthesize new 

M-RF
 complexes.[179-184] Of these, Zn continues to be most widely researched. Not only are 

these reagents generally stable at room temperature and easy to prepare but a wide array of 

fluoroalkyl zinc complexes are available. Furthermore, ZnRF complexes have been used 

successfully for transmetalation in cross-coupling catalysis. Mikami et al. and Vicic et al. 

concurrently reported the use of (DMPU)2Zn(CF2H)2 in the presence of either Cu or Ni, 

respectively, for the preparation of Ar-CF2H compounds. [179,181] 

1.3.2. Synthesis of M-(CF2)n-X 

With respect to the -CF3 group, applications in the organic synthesis of longer chain 

fluoroalkyl complexes have remained somewhat overshadowed. However, several routes to these 

complexes, not derived from C1 procedures, do exist. One exciting avenue is the preparation of 

metallacyclopentanes, which generates a C4 unit starting from two C2 units, e.g. fluoroalkenes, a 

process which has been exploited in the preparation of 1,4-dihydrooctafluorobutane.[185] 

Several other interesting routes which capitalize on the reactivity of fluoroalkenes have been 

developed and will be discussed herein.   
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Scheme 1.11.Transmetalation strategies for the synthesis of M-RF 

 

1.3.2.1. Using Fluoroalkenes for C-C Bond Formation  

 The synthesis of fluorometallacycles has been explored since pioneering studies by Stone 

et al. The paradigm established the use of low-valent, electron-rich metal complexes in reactions 

with fluoroalkenes to generate metallacyclic products, either fluorometallacyclopropanes or 

fluorometallacyclopentanes.[185-207] There is a delicate balance between the formation of 

either these 3- or 5-membered metallacycles (Scheme 1.12). This balance is dictated by the steric 

bulk and electronic parameters of the fluoroalkene and ancillary ligands. (cf. it has been 

demonstrated that (bipy)Ni(C2F4) does not form (bipy)Ni(C4F8) even upon exposure to excess 

C2F4 under high pressure and temperature, by Pörschke et al.[208,209]). 
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Scheme 1.12. Synthesis of Ni-RF complexes 

It should be noted that most, if not all the following precedents are extrapolated from 

reactivity observed with nickel and precious metal (Ru, Rh, Pd, Pt) complexes. Only a few 

examples exist for other metals, such as Fe and Co, and corollaries are being drawn. Overall, 

both nickelacyclopropanes and nickelcyclopentanes have been characterized. As such, bulky 

groups have been found to lead to the formation of nickelacyclopropanes. For example, the 

reaction using PCy3 and tetrafluoroethylene (TFE) affords (PCy3)2Ni(C2F4) while the slightly 

less bulky ligand, P(O-o-tolyl)3, gives, under the same reaction conditions, [P(O-o-

tolyl)3]2Ni(C4F8). Similar reactivity has been reported for trifluoroethylene (TrFE).[207] In stark 

contrast to the TFE reaction, hexafluoropropene (HFP), a considerably bulkier fluoroalkene, only 

yields L2Ni(C3F6) even with less bulky ancillary ligands.[199] Moreover, the propensity to 

generate a 5-membered ring is less for the heavier 5d metals. The reaction of Pt(COD)2 with TFE, 
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for example, gives a diplatinacyclohexane, while that with HFP leads to a -C(CF3)2 alkylidene 

complex via a 1,2-fluoride shift, Scheme 1.13.[201]  

 

Scheme 1.13. Synthesis of Pt-RF complexes from TFE and HFP. 

 Another class of these compounds is those prepared from mixed constituents, i.e. two 

types of fluoroalkenes or a fluoroalkene and non-fluorinated alkene. These fluorometallacycles 

can be generated in a similar fashion to those mentioned above. Ogoshi et al. used this approach 

in various ways for the synthesis of new fluorocarbons. In one example, the nickel complex 

intermediate was isolated from the reaction mixture. The authors found that when mixing 

Ni0/PCy3 with TFE and ethylene a 7-membered metallacycle was produced, which consisted of 

at least one Ni-CRF bond. [210] 

1.3.2.2. Using Fluoroalkenes: C-F bond Activation  

 In parallel to this work, the reactivity of fluorometallacyclopropanes was also being 

explored. It was found that addition of a Lewis acid to abstract a fluoride anion leads to the 

synthesis of new fluoroalkenyl complexes. The prevalence of this reaction is now well 

established in organometallic chemistry. Several Lewis acids can be used to initiate this 

transformation. The addition of LiI or MgBr or BF3·Et2O to L2Ni(C2F4) or L2Pd(C2F4) always 

leads to the formation of L2NiX-CF=CF2 or L2PdX-CF=CF2. Under thermal conditions, these 

low-valent metal complexes can undergo C-F bond oxidative addition to provide another route, 
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without additives, to fluorovinyl complexes. This reactivity is not limited to TFE complexes, but 

also applicable to HFP complexes. Under Lewis acid addition conditions (PCy3)2Pd(C3F6) 

rearranges to (PCy3)2Pd[-CF=CF(CF3)]BF4, (PMe3)3Ni(C3F6) to (PMe3)2NiCl[-C(CF3)=CF2] and, 

(dppe)Pt(C3F6) to (dppe)PtCl[-CF=CF(CF3)].[211-216] Beyond these oxidative addition routes, 

C-F bonds can also be activated using carbonylmetallates. An early study by Stone et al., treated 

[CpFe(CO)2]
- with TFE to make the stable Fp-CF=CF2  complex.[217,218] On top of this, 

trifluorovinyl lithium can be synthesized at low temperature upon treatment of 1,1,1,2-

tetrafluoroethane with BuLi. If this reagent is mixed with [CpFeI(CO)2] at low temperatures, Fp-

CF=CF2 can be isolated in 50 % yield (Scheme 1.13). [219,220] A less direct metalation reaction 

was also proposed by Clark and Tsang et al. They noted that reaction of a [Pt]-H complex with 

TFE at 120 °C afforded a [Pt]-CF=CF2 complex rather than the expected insertion product, [Pt]-

CF2CF2H. Similar [Pt]-H reactions with TrFE and perfluorocyclobutene generated [Pt]-CF=CFH 

and [Pt]-(η1-C4F5) respectively. [221,222] 

 

Scheme 1.14. Synthesis of fluorovinyl complexes. 
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1.3.2.3. Using Fluoroalkenes: Insertion into M-X 

  In the work by Clark and Tsang et al. they demonstrated that the initial product formed 

in the reaction of Pt-H with TFE was Pt-CF2CF2H, but this readily loses HF to yield the Pt-

CF=CF2 mentioned above.[221,222] Original reports on this type of reactivity where first 

produced by Stone et al. In this report, (CO)5Mn-H was demonstrated to readily insert TFE, 

CTFE and DiCTFE yielding the corresponding Mn-RF complex.[223,225] It was later 

demonstrated that this reaction protocol was not limited to M-H complexes (Scheme 1.14). For 

example, Burnard et al. showed that metal fluorides also readily insert fluoroalkenes. By mixing 

AgF with HFP, the insertion product AgCF(CF3)2, can be prepared on a gram scale.[226] While 

Stone also demonstrated TFE insertion into the Mn-Me bond[224], Ogoshi et al. extended this 

protocol to include the Cu-arene bond. They found that (phen)Cu-Ar, generated in situ, reacts 

with TFE to provide a scalable route to Cu-CF2CF2Ar complexes.[227,228] More recently, J. Hu 

et al. proposed that TFE would react with other Cu complexes to mediate some cross-coupling 

reactions. They were the first to report the use of a Cu-CF2CF3 complex (not isolated) 

synthesized by insertion of TFE into Cu-F. Later, Ogoshi et al. demonstrated that (phen)Cu-

CF2CF3 could be prepared and isolated using a similar route.[229,230] 

 

Scheme 1.15. Selected examples of fluoroalkene insertion into M-H/Me bonds 
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1.4. Properties of M-RF Complexes 

 Given the plethora of methods now available for their synthesis (vide supra 1.2.1) it is a 

purview of this Thesis to summarize here a non-exhaustive list of M-RF complexes to correlate 

structural parameters to observed reactivity.  

1.4.1. Theoretical Considerations of the C-F bond 

 The C-F bond is highly polarized towards the fluorine. One should also consider that the 

orbital configurations of fluorine and carbon are very similar. Essentially, we would expect 2p to 

2p orbital overlap between these elements or, according to valence bond theory, some hybridized 

sp orbital, and as such we would expect a significantly strengthened bond.[231] An interesting 

empirical observation is that upon increasing the number of fluorine substituents on carbon we 

notice a significant increase in the C-F bond strength (i.e. from 104 kcal/mol in CH3F to 116 

kcal/mol in CF4) as well as non-negligible shortening of bonds.[49] The current theory for this 

observation is that bond shortening is caused by the increased electropositive nature of the 

carbon, thereby increasing the electrostatic C-F interaction, accounting for the shorter bond. To 

correct for this effect in valence bond theory the hybridized carbon orbital must then decrease 

from sp3 to sp2.4 for every consecutive fluorine substitution. However, as described by Banks et 

al, while this would account for the C-C bond lengthening in perfluoroethane vs ethane, it does 

not account for the significant increase in C-C BDE of 107 kcal/mol vs 100 kcal/mol respectively. 

[21] While the above discussion provides a qualitative model, some discrepancies remain for 

explaining certain empirical values. 

 It is clear from this example that any substituents next to a C-F bond have a profound 

effect on both bond dissociation energy and length. So, it stands to reason that one might expect 

a form of C-F bond “activation” by sharing this bonding carbon atom with a metal. Simply by 
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forming an M-CRF  bond, thus modulating the orbital character and electrostatic charge of the 

carbon, the C-F bond can be strengthened or weakened without necessarily invoking further 

orbital interaction. 

1.4.2. Known M-RF Complexes: M-C and C-F Bond Lengths 

 Since the synthesis of the first M-RF complexes, one intrigue has always been their 

disparate reactivity at the M-C or C-F bond vs. their hydrocarbon congeners. A few notable 

examples highlight this comparison. In the first, the reactivity of Mn(CH3)(CO)5 with CO is 

compared with the CF3 analog shown in Figure 1.15.[202,232,233] Under pressure of CO, the 

CH3 migrates to a coordinated CO ligand affording the acetyl product, Mn[C(O)CH3](CO)5 

whereas no reaction is observed for the CF3 analog. In fact, the reverse reaction 

(decarbonylation) is the thermodynamically preferred pathway for the perfluoroacyl complex 

prepared independently (vide supra). This observation suggests that the insertion pathway for M-

RF complexes encounters high activation energies and M-RF complexes are thermodynamically 

more stable.  

 Another example highlighting this disparity compares the stability of 

nickelacyclopentanes with their fluorinated counterparts. It was shown that nickelacyclopentanes 

readily undergo various transformations and need to be kept cold during their preparation.[234] 

Upon warming to just 9 °C, they can decompose to yield ethylene, cyclobutane and butene 

isomers, depending on the coordination mode (Scheme 1.16). In comparison, 

perfluoronickelacyclopentanes are outstandingly robust and withstand decomposition even at 

elevated temperatures (~100 °C).  

 These observations are a testament to the thermodynamic stability of the M-CRF bond in 

these systems. Furthermore, these complexes do not insert either CO or TFE into the M-CRF 
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bond, to yield expanded ring nickelacycles.[232] However, if the complex allows for 

coordination of H2, the Ni-CRF bonds can be cleaved to generate Ni0 and 

HCF2CF2CF2CF2H.[185] These results suggest, like the Mn complexes, that the Ni-RF 

complexes are kinetically and thermodynamically inert to insertions generating other Ni-C bonds. 

They also suggest that the Ni- CRF bond energy is in the range of H-CRF bonds.  

Although the M-CRF bonds have demonstrated unique stability, the same cannot be said 

for C-F bonds in proximity, be it alpha or beta, to a metal although the fundamental properties 

which lead to this somewhat enhanced reactivity are still not fully understood.[150,236-240] 

 

 

Scheme 1.16. Comparison in the reactivity of M-R vs M-RF 
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Scheme 1.17. Some metal trifluoromethyl complexes  
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In this case, “enhanced” or “activated” implies that addition of non-reducing exogenous 

reagents (e.g. Lewis acids) leads to reactivity at the C-F bond, in cases where that same reagent 

would not react with the respective perfluoroalkane or fluoroalkane. For example, H-CF3 does 

not readily react with TMSOTf but most M-CF3 complexes do (as discussed below). Scheme 

1.17 shows the structures of a variety of M-CF3 complexes which have been fully characterized, 

including by X-ray crystallography.[241-271] It highlights the difficulty in defining any form of 

an empirical trend with respect to bond lengths (M-C or C-F) and so-called “activation”. A 

rudimentary analysis suggests that structure and the position occupied by the CF3 ligand are the 

greatest factors in determining this C-F bond elongation or contraction, and each complex has 

been binned accordingly. Several attempts have been made to interrogate these complexes with 

DFT in determining a rationale for the observed M-CRF inertness and C-F enhanced reactivity. 

These studies suggest that multiple factors are responsible for these effects; primarily, the 

enhanced s character of the carbon with a minor contribution from back-donation of a filled 

metal d orbital into a C-F σ* orbital. [150,240] 

 Counter to the above arguments, it is well known that the trifluoromethyl anion rapidly 

decomposes to difluorocarbene and fluoride ion.[141,142] Therefore, it could also be argued that 

M-CF3
 complexes allow for a unique stabilization of the RF ligand. That is to say that they could 

be characterized as concealed CF3 anions. This Cα-F stabilization trend is less clear for greater 

chain-length RF groups because, in such cases, the thermodynamic product results from Cβ-F 

elimination to yield M-F and a fluoroalkene. This is supported by reactivity trends in which 

carbenium ions generated from Cα-F fluoride abstraction from longer chain RF’s are quite 

unstable and do not usually form stable M=CRF  complexes. [240] 
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A noteworthy example of these trends in stability was recently highlighted by J. Hu and 

colleagues using copper fluoroalkyl complexes. Upon mixing CuCl, KF, and TMSCF3 in DMF, a 

Cu-CF3 complex could be generated in the first 30 minutes. If the reaction is left to sit for 24 

hours, nearly complete conversion to Cu-CF2CF3 is achieved and only small amounts of Cu-

CF2CF2CF3 are observed as a co-product (Scheme 1.17). [272] 

 

Scheme 1.18. Stability of Cu-RF
 towards spontaneous C-F bond activation 

1.5. Reactivity of M-RF Complexes: Metal-Mediated or -Catalyzed 

 The stability of M-RF-complexes has not undermined their use in organic transformations 

although it has significantly hindered the development of catalytic routes. This is particularly 

true for the synthesis of Ar-RF using Ni- or Pd-catalyzed routes (popular catalysts for the 

synthesis of Ar-R). The diverse mechanisms of these reactions should be analyzed separately as 

each one has unique caveats. As such, the methods will be considered as two categories: -RF 

synthesis and C-F bond activation. 

1.5.1. M-RF in cross-coupling reactions 

 Due to the importance of the CF3 group in pharmaceutical and agrochemical industries, 

significant effort has been applied to catalytic reactions involving this functionality. A catalytic 

system had long eluded chemists, though several key metal-mediated reactions have been 

identified such as the stoichiometric trifluoromethylation of aryl halides using Cu, first disclosed 

by Fuchikami et al. [274] However, no discreet metal complex was used in the reaction. 
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Naturally, catalytic systems followed and Amii et al. successfully coupled Ar-I and TES-CF3 

using a KF/CuI/1,10-phenanthroline mixture.[275] Following these results, Cu has emerged as 

the metal of choice for RF cross-coupling reactions (Scheme 1.19)[273-284] although some Ni-

mediated and Pd-catalyzed variants have been reported. [285-289] 

 

Scheme 1.19. Protocols for the synthesis of Ar-CF3 compounds 

These reactions are of use in the design of methodologies for the installation of other 

fluoroalkyl chains in the framework of this Thesis. Furthermore, the mechanistic details of these 

reactions could provide useful insight into this design. In 2014, Grushin et al. carried out a 

comprehensive mechanistic study on the DMF-solvated copper trifluoromethylation of aryl 

iodides.[290] This seminal work provided support for the generally accepted oxidative addition 

pathway (CuI/CuIII) (Scheme 1.20), all but ruling out SET or HAT mechanisms. Li et al. built on 
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these calculations for his study of the (IiPr)Cu-CF3 system. Their studies revealed similar trends, 

with oxidative addition to (IiPr)CuCF3 proving to be the rate limiting step and the lowest energy 

pathway.[291] However, computational details for the phen/CuCF3 reaction with aryl halides are 

not yet available.  

Far fewer examples of longer chain perfluoroalkylation reactions exist today. Hartwig 

and coworkers were able to extend the conditions they employed in the copper-catalyzed   

 

Scheme 1.20. The mechanism for the cross-coupling of Ar-I with Cu-CF3. 

trifluoromethylation reaction to n-heptafluoropropyl trimethylsilane.[281] Using an isolated 

[(phen)CuCF2CF2CF3] complex, n-heptafluoropropyl benzene analogues could be prepared. 

Daugulis and coworkers (drawing inspiration from C-H bond activation of pentafluorobenzene) 

prepared similar products.[160] With the same catalytic mixture used in trifluoromethylation 

reactions, CuI/phen ~10 mol%, and a strong base, Zn(TMP)2, in a polar aprotic solvent, a series 

of fluoroalkanes (HCF3, HC2F5, HCF2CF3, etc.) were shown to react with aryl iodides. As 
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described above (Section 1.2.1.1.4), this reaction likely generates first a fluoroalkyl zinc reagent 

which serves to transmetallate the Cu(I). This in situ generated Cu-RF then reacts with the Ar-I. 

Later, Grushin et al. showed that DMF-solvated Cu-CF2CF3 could be mixed with aryl bromides 

to yield a series of Ar-CF2CF3 complexes.[162] This work was unique in that it did not require 

the use of a ligand to obtain good yields, more closely resembling the original Ullman-type 

reaction conditions.  

The pentafluoroethyl group has gained a somewhat more popular status then others and a 

few more examples have appeared in recent years. The groups of J. Hu and Ogoshi 

simultaneously developed similar protocols, again relying on either CuI/phen in catalytic 

amounts or a discreet [(phen)CuCF2CF3] complex to achieve cross-coupling.[229,230] More 

recently, J. Hu and coworkers extended the use of TMSCF3 to generate DMF/Py-solvated 

CuCF2CF3 which, when heated to 80 °C, could pentafluoroethylate various Ar-I substrates.[272] 

To date, a few reports have applied similar procedures (CuI/phen and DMF/CuI) for the 

introduction of various other fluoroalkyl chains such as -CF2CF2Ar and -

CF2CF2OR.[227,230,292] 

 Most examples of metal-assisted Ar-CF3 synthesis involve the coupling of M-CF3 with 

Ar-I. In line with this paradigm, most syntheses of R-C(O)-RF involve the coupling of M-CF3 

with R-C(O)-Cl although some novel carbonylation reactions have been developed. For example, 

Perutz et al. showed that NiII(-C5NF4)Me does not reductively eliminate C5NF4-Me but will 

readily eliminate C5NF4-C(O)Me when exposed to CO.[293] In 2016, Yang, Xhou and Wu et al. 

also showed that PdII(-C(O)Ph)CF3 can be used to synthesize Ar(CO)CF3. Strangely, a 

comparable PdII(Ph)CF3 complex does not insert CO and thus does not generate Ar(CO)CF3. 

Therefore, it was rationalized that a Pd acyl complex must first be generated by insertion of CO 
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into PdII(Ph)I prior to transmetallation with CuCF3.[294] Mixed constituent metallacycles are 

also known to undergo these types of reactions. For example, Bennett et al. showed that a mixed 

constituent metallacyle, where one Ni-C bond exists, readily inserts CO and reductively 

eliminate fluoro-ketones.[235] 

 Since that early report of reactivity on mixed constituent metallacycles, Ogoshi et al. 

have made considerable contributions to this field (Scheme 1.20).[295,298] They have since 

expanded the insertion of Ni(C4F4H4) to include ethylene, aldehydes, acetylenes, and styrenes. A 

key feature of this catalytic system is the generation of a 7-membered metallacycle, e.g. 

Ni(C6F4H8), which can readily β-hydride eliminate, forming a NiIIH(RF) intermediate which 

quickly reductively eliminates to yield Ni0 and H-RF. In fact, this work nicely supports earlier 

findings by Baker et al who found that NiII(C4F8) complexes --- which are for the most part inert 

to insertion reactions --- can undergo hydrogenolysis, leading to Ni0 and H-RF-H.[185] 

 

Scheme 1.21. Examples of catalytic C-C bond forming reaction where there is at least one M-RF 

bond. 
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1.5.2. Metal-Mediated/Catalyzed C-F bond activation 

 C-F bond activation has long attracted attention because of the ability to obtain 

regiocontrol in a multifluorinated system. This allows for further derivatization of the fluoro-

organic fragment without necessarily sacrificing fluorine content. A prominent example of this 

type of reactivity is the C-F bond activation of fluoroarenes, which will be detailed further in 

Chapter 6.  

 This exemplar involves oxidative addition of a C-F bond to a metal center. An analogy 

can be drawn with this type of reaction and the synthesis of M-RF
vinyl complexes and their use in 

cross-coupling reactions. Although not necessarily involving oxidative addition of a C-F bond, 

the Cα-F bond activation product of 3-membered metallacycles are the same as the oxidative 

addition product of the respective alkene. As such, various groups have used this reactivity to 

synthesize R-RF
vinyl compounds. As a first example, Ichikawa and Minami et al. reacted 

fluorovinyl ethers with zirconocene.[299] They found that the resulting 3-membered 

metallacycle was unstable and re-arranged to Cp2ZrF(-CF=CH(OR)). When this complex was 

mixed with ZnI2 (4 equiv)/Pd2dba3 (2 mol%) and an aryl iodide in THF, the corresponding α-

fluoro-β-alkoxystyrenes were generated. Ogoshi et al. then successfully used tetrafluoroethylene 

in a cross-coupling reaction with diaryl zinc, alkyl zinc, or allyl Grignard reagents to synthesize 

Ar-CF=CF2, Et-CF=CF2, and allyl-CF=CF2.[216] However, the reaction only produced 

appreciable yields when LiI or LiCl was added to the reaction mixture. The suspected role of the 

LiI/LiCl was to a) act as a Lewis acid and b) generate diaryl zincates. The first role was 

supported by a stoichiometric reaction in which an isolated Pd(C2F4) complexes was stirred with 

LiI, producing I-Pd-CF=CF2. These authors followed up this research, later showing that heating 

(~100 °C) both Ni and Pd 3-membered metallacycles leads to formation of a vinyl complex 
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without the use of an additive.[205] They found that these F-M-CF2=CF2 complexes react with 

aryl boronic acid esters at high temperatures, yielding fluorostyrenes. Interestingly, use of the 

iodo complexes did not produce the desired product under the same reaction conditions. These 

base-free Suzuki type cross-coupling reaction conditions employed could also be used for 

Hiyama type cross-coupling reactions if aryl silanes were used instead of aryl boronic acid 

esters.[300]  

 Other somewhat related approaches, taking advantage of facile C-F bond elimination, are 

those which first generate a new C-X bond, then undergo fluoride elimination to yield the 

organic fragment. These types of reactions can be divided into two classes. One class involves 

the generation of a 5- or 4-membered metallacycle that then undergoes F-elimination. The 

second involves the addition of a metal-X bond to a fluoroalkene, followed by β-fluoride 

elimination from the respective M-RF complex.  

 Using the oxidative cyclization route, a nickel-catalyzed route for the synthesis of fluoro-

benzenes and nickel-mediated route for the synthesis of perfluorocyclobutene and difluorophenyl 

butadienes have been achieved.[298] These routes use the well established α-fluoride elimination 

of fluoronickelacycles to achieve novel reactivity. In 2014, Ichikawa et al. reported an example 

of an uncommon β-fluoride elimination and successfully synthesized a series of 

fluorocyclopentadienes starting from trifluoropropene derivatives and an alkyne (Scheme 1.22). 

The in situ generated 5-membered nickelacycle was unstable, and quickly β-fluoride eliminates. 

Insertion of the resulting alkene into the Ni-Calkenyl bond followed by a second β-fluoride 

elimination generates the observed diene.[302,303,304] Although this system is unique because 

it has a β-fluoride in proximity to metal, it is related to work carried out by our group. 
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Scheme 1.22. Example of coupling reactions involving C-F bond activation.  

Similarly, to the work described in Chapter 2, Dr. Kaitlin Giffin and Mr. Alexandre 

Sicard discovered that the stability of nickelacyclopentanes is linked to the degree of fluorination. 

The synthesis of these classes of fluoronickelacycle led to new routes to fluorobutenes. The 

fluoronickelacycles generated from the head-to-tail reaction of 2x TrFE with Ni0, although stable 

at rt, underwent a novel dual-α and dual-β fluoride elimination in the presence of a Lewis acid, 

producing tetrafluorobutadienes.[207] With one less degree of fluorination, using VdF, the 

presumed in situ generated nickelacycle undergoes spontaneous β-fluoride elimination, as Ni-

CF2CH2CF=CH2 is isolated as the only product. Furthermore, these complexes were found to 

catalyze the hydrodefluorodimerization of VdF using silanes.[206] In another example by our 

group, 4-membered cobaltacycles, made from the 2+2 cycloaddition of Co=CF2 and TFE, also 

underwent β-fluoride elimination in the presence of a Lewis or Bronsted acid, affording alkenyl 

complexes or ring contraction to cobaltacyclopropanes.[305]   
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Scheme 1.23. Examples of Cβ-F bond activation. 

  Using the M-X addition or Heck-like route, Heitz et al. synthesized α-fluorostyrenes 

from Ar-I and VdF. The reaction likely proceeds via insertion of VdF into the Pd-Ar bond. 

Interestingly, VdF always inserts to give Pd-CH2CF2Ar. The Pd-RF then undergoes β-fluoride 

elimination, producing PdIIF and H2C=CF-Ar. The purpose of the addition of triethylamine to the 

reaction mixture is not clear since no PdHF is generated and the regeneration of Pd0 remains 

ambiguous.[306] Sometime later, the groups of Murakami and Ogoshi reported Rh- and Cu-

catalyzed coupling of aryl boronic acid esters and α-trifluoromethylstyrenes, involving a similar 

Ar addition/elimination pathway.[307] To date, several other Cu catalyzed processes have been 

disclosed, including but not limited to Cu-B, Cu-Si, and Cu-H.[308-310] 

1.6.  Summary and Thesis Outline 

 Fluorinated compounds have dramatically impacted the quality of life around the globe. 

Such compounds have become invaluable in our efforts to develop new pharmaceuticals, agro-

chemicals, non-toxic refrigerants, and anesthetics, to name a few. Although their preparation on 

industrial scales remains viable, they have a rather large carbon footprint. Issues with the current 
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procedures have been introduced and transition metal-catalyzed routes are recommended as 

feasible alternatives. As such, this work develops “greener” routes for the synthesis of fluoro-

carbons using coinage metals (e.g. Ni, Ag, Cu).  

 The synthesis of metal fluoroalkyl complexes was discussed above to initiate those who 

are not familiar with the art. The synthetic strategies generally employ fundamental 

organometallic concepts and are not necessarily “novel”, but they highlight the difficulties in the 

preparation of these compounds. The strategies were separated into classes of fluorinated 

precursors used as starting materials. When possible, these reagents were discussed based on cost, 

yields of products and generality of use. For example, TMSCF3 has a wide scope of application 

and provides good yields but is considerably more expensive then other -CF3 delivery reagents. 

To appreciate the complications in their manipulations, the properties of the C-F bond and M-RF 

bond were discussed. This allows the reader to understand the current paradigm and limitations 

for the applications of M-RF complexes in synthetic organic chemistry. It establishes the 

acceptance for the use of metal-mediated routes and the push to discover catalyzed ones. For 

instance, 2011 saw a resurgence in research for the catalytic introduction of the -CF3 group using 

copper. Lastly, to establish the worth of these complexes and the inspirations for the work of this 

Thesis, applications pertaining to the advances herein were introduced. These applications were 

divided into C-C bond formation and C-F bond activation methodologies.  

As indicated, this Thesis builds on the body of knowledge of M-RF complexes to establish 

new synthetic strategies for the synthesis of small fluorinated molecules. In chapters 2 and 5, we 

present the advantages offered by low-coordination numbers enabled by a bulky N-heterocyclic 

carbene ligand. In the first instance, the low-coordinate fluorometallacycle complex, C-F bond, 

and Ni-RF bond activation strategies are explored. This work helps to further clarify the exciting 
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differences between hydrocarbon-based and fluorinated metallacycles and illustrates some of the 

potentially useful reactivity of the latter. The chemistry of the oxidation product is also explored, 

especially with respect to reductive elimination and insertion reactions. This work further 

highlights the disparities between the hydrocarbon analogues and shows the potential in 

developing a catalytic cycle for the synthesis of RF-RF compounds based on a NiII/IV cycle. In the 

second instance, the use of a Ni0 complex bearing a bulky-NHC was explored in a base-free 

Suzuki cross-coupling reaction. This strategy allowed for the facile oxidative addition of CAr-F 

bonds. Upon treatment with DMAP, the isolated dimers could be easily fragmented and when 

mixed with excess aryl boronic acid ester could effectively promote the coupling of Ar-F and 

neopB-Ph. In chapter 3, we investigated the synthesis of metal-hfip complexes using HFP to 

expand on their reactivity; Ag-, Ni- and Cu-hfip complexes were presented. This contribution 

opens the door for the eventual development of catalyzed transfer of the hfip fragment using 

inexpensive HFP gas. In chapters 4 and 5, we present the advantages of using a commercially 

available copper-hydride complex, in a comprehensive study of its reactions with fluoroalkenes. 

In a full ligand screen, we established a selective and consecutive hydrodefluorination reaction, 

with a dependence on ligand size and without the use of additives. A scope of various 

fluoroalkenes is established to demonstrate the robustness of our strategy, except for TFE, which 

instead produces a stable Cu-CF2CF2H complex. This is the first synthesis of a Cu-CF2CF2H 

complex, that allows for the use of easily and safely handled TFE Safe Supply®. This could 

provide a facile route for the study of tetrafluoroethyl-containing pharmaceuticals and agro-

chemicals. Chapter 6 is a summary of this Thesis and provides a discussion on potential future 

work stemming from it.  
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Chapter 2 

2. Published Contributions 

A T-shaped Ni[κ2-(CF2)4–] NHC complex: unusual Csp3–F and M–CF bond functionalization 

reactions 

N. O. Andrella, A. J. Sicard, S. I. Gorelsky, I. Korobkov, and R. T. Baker Chem. Sci 2015, 6, 

6392-6397. 

 

Andrella and Baker wrote the manuscript. Andrella performed most of the experiments, Sicard 

was responsible for the synthesis of starting material.  

Gorelsky was responsible for Computational Studies  

Korobkov was responsible for X-ray diffraction data collection and refinement.  

2.1. Abstract 

A T-shaped octafluoronickelacyclopentane–NHC complex is prepared and characterized. 

While the solid-state structure includes a weak isopropyl-CH3 agostic interaction, the reactivity 

of this complex with Lewis- and Brønsted acids is clearly enhanced by its low coordination 

number. Reaction with Me3SiOTf, for example, yielded a rare metal–heptafluorocyclobutyl 
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complex whereas carboxylic acids gave substitution at the α-carbon and/or Ni–CF bond 

protonolysis to afford thermally robust 4H-octafluorobutyl Ni complexes. 

2.2. Introduction 

 Fluorocarbons and their derivatives are valuable as refrigerants, agrochemicals, unique 

solvents/surfactants and fluoropharmaceuticals, with annual sales of the latter alone in the 

billions of dollars.[1,2,34, 311] As the demand for fluorinated chemicals has increased, so too 

have synthetic methods for introducing fluorine and fluorocarbon groups.[92, 147, 261, 281, 285, 

312-316] Despite recent advances, transition metal-mediated/-catalyzed routes are rare in 

comparison to the well-developed organometallic chemistry of hydrocarbons.[317, 318] The 

challenge rests in the stability of metal–perfluoroalkyl (M–RF) bonds, relative to metal–alkyl 

bonds.[94, 119, 150, 233] M–CF bonds are typically inert to processes such as insertion/alkyl 

migration reactions, vital to metal-mediated catalytic cycles.[319] Moreover, C–F bonds are 

stronger than C–H bonds,[1, 2] posing another obstacle to metal-based approaches. We are 

investigating perfluoronickelacyclopentane complexes (PNCPs) as platforms for functionalized 

fluorocarbons with an initial focus on fundamental stoichiometric reactions. PNCPs have been 

synthesized previously by reaction of tetrafluoroethylene (TFE, CF2=CF2) with Ni0 complexes. 

The displacement of P ligands by bidentate ligands has also been reported (Scheme 2.1).[167, 

191, 192, 197, 200, 320]  

 

Scheme 2.1. Synthesis of perfluoronickelayclopentanes. 
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To date, reports concerning the reactivity of PNCPs are sparse: Burch and co-workers found that 

Lewis acidic BF3 effects fluoride abstraction from Cα and phosphine migration to the activated 

carbon (Scheme 2.2a).[321] Extending this reaction to the unsymmetrical P^S chelate, we 

showed that treatment with excess isonitrile effected cleavage of the Ni–CF bond (Scheme 

2.2b).[203] With phosphite co-ligands, a remarkable hydrogenolysis reaction enables the 

selective catalytic hydrodimerization of TFE (Scheme 2.2c).[185, 187] As far as we know, this 

reaction is the only example of a perfluoro-metallacyclopentane participating in a catalytic 

cycle.[215] 

 

Scheme 2.2. Previously reported reactivty of perfluoronickelacyclopentanes. 

Our approach to metallacycle functionalization hinges on the reactivity of metal-activated 

Cα–F bonds[322-328] wherein we replace a C–F bond by C–Nu vs. the current paradigm C–L 

(Nu = nucleophile, L = ligand). Using N-heterocyclic carbenes (NHCs),[329, 330] we aimed to 
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access low-coordinate PNCPs wherein the strong M–CNHC bond may also prevent ligand 

migration to Cα. There is a considerable precedent for such an approach to low-coordinate metal 

complexes.[331] Hillhouse and coworkers prepared a two-coordinate nickel–imido complex 

bearing the exceptionally bulky IPr* ligand (analog of IPr with 2,6-bis(diphenyl-methyl)phenyl 

groups instead of 2,6-diisopropylphenyl).[332] Similarly, Miyazaki and coworkers synthesized a 

T-shaped three-coordinate nickel(I) chloride species [Ni(IPr)2Cl] by treatment of two-coordinate 

[Ni(IPr)2] with aryl chlorides.[333] Also, Hartwig et al. synthesized low-valent, three-coordinate 

palladium(II) norbornyl species [Pd(SIPr)(NHAr)(Nor)], which underwent facile C–N bond 

reductive elimination when heated.[334] In this report, we show that low-coordinate NHC Ni 

perfluorometallacycles undergo facile Csp3–F and M–CF bond cleavage as well as Cα-F 

functionalization. We also demonstrate the first migration of a fluoroalkyl to a reactive carbon 

center. This is significantly different from the reactivity previously observed for phosphine Ni 

perfluorometallacycle complexes. [321] 

2.3 Results and discussion 

Starting from bis(phosphite) PNCPs[203] (2.1a and b) we were able to cleanly synthesize 

coordinatively-saturated or -unsaturated nickel perfluorometallacycles. Thus, 2.1a reacts 

smoothly with 1 equiv. of ItBu (ItBu = 1,3-di-tert-butylimidazol-2-ylidene) to afford the 

NHC/phosphite product 2.2 (Scheme 2.3, top; X-ray structural characterization presented in 

ESI†).[335] Significantly, the reaction between the larger SIPr ligand [SIPr = 1,3-bis(2,6- 

diisopropylphenyl)imidazolin-2-ylidene] and a nickel metallacycle with sterically-demanding co-

ligands (2.1b) results in displacement of both phosphite ligands, yielding the pseudo-three-

coordinate/14e-Ni(II) metallacycle 2.3 (Scheme 2.3, bottom).  
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Scheme 2.3. Synthesis of NHC perfluoronickelacyclopentane complexes. 

The molecular structure of complex 2.3, as determined by single crystal X-ray diffraction, 

exhibits a T-shaped coordination about the Ni and features a weak agostic interaction with the 

isopropyl methyl group (Ni–C = 2.757(1) Å; compare Ni–CF bond distance trans to the NHC 

(1.934(1) Å) with that trans to the agostic interaction (1.875(1) Å) (Figure 2.1a). The 19F NMR 

spectrum of 2.3 in C6D6 is consistent with ideal C2v symmetry at room temperature, with only 

two distinct singlet resonances at 101.9 (Fα) and 138.6 ppm (Fβ). While these resonances both 

broaden significantly at 213 K, it is apparent that the T-flip interconversion encounters only a 

small energy barrier.[336] To confirm this, we carried out DFT calculations (at the B3LYP/ 

TZVP level with and without the empirical dispersion correction of Grimme).[337] Intriguingly, 

the calculations reveal two spin singlet structures with a very small energy difference (DG298 K 

= 0.0–1.5 kcal mol-1 ). The first computed structure coincides well with the observed solid-state 

structure of 2.3; the 3-center bond order index between the Ni and the corresponding C–H bond 

of 0.05 is much less than 8/27 (0.3), the maximum possible value for a 3-center 2-electron bond. 

As a result, the Mayer valence index for Ni in structure 3 is only 3.09. The second structure (2.3) 

features a weak η3 interaction between the aryl group of the NHC ligand at the 4th coordination 



 

39 

 

site of the Ni atom (Figure 2.1b). Mayer bond orders for the corresponding three Ni–C 

interactions are in the 0.02–0.05 range, with a total bond order of 0.09. This suggests a semi-

bidentate binding mode for the class of NHC ligands possessing pendant aryl groups. From 

calculations with the dispersion correction, structure 2.3 has the same Gibbs free energy as 2.3. 

Without the dispersion correction, structure 2.3 is actually 1.5 kcal mol-1 lower in energy than 

2.3. The 3-coordinate structure with trigonal coordination around Ni and symmetric binding of 

the C4F8 ligand is a transition state with a low energy (ΔGǂ 298 K = 2.1 kcal mol-1 relative to 2.3). 

Thus, it is clear that cleavage of the weak agostic and/or η3 -aryl bond is facile and allows for 

rapid reorientation of the ligands around the Ni center. Attempts to obtain evidence for structure 

2.3 by low temperature NMR were frustrated by dynamic processes associated with the T-flip 

and hindered rotations about the M–C and perhaps N–C bonds.  

 

Figure 2.1. A) ORTEP representation of the molecular structure of 2.3. Thermal-ellipsoid 

probabilities are set to 35% with hydrogen atoms omitted for clarity. The Ni-C(1) distance is 

1.854(2) Å. (B) Optimized structure of low energy Ni-aryl isomer 2.3’; Ni-Caryl distance are = 

2.818, 3.329, 3.379, 4.166, 4.204, 4.543 Å. The Ni-C(17) distance is 1.989 Å. 

The HOMO of 2.3 (ε = 6.01 eV; Figure 2.2, left) is localized on the Ni (87%), primarily from a 

dz2 orbital contribution (71%). Lower-lying orbitals display interactions between metal dxz, dyz 

orbitals and the δ-system of the aryl group.[338] The LUMO (ε = 1.96 eV; Figure 2.2, right) is 
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an anti-bonding combination of the metal dx2-y2 orbital (total Ni character of 45%) with the π-

donor orbitals of the NHC and C4F8 ligands. Thus, the reactivity of the M–C bond is likely under 

orbital control and arises from an interaction with the HOMO of 2.3. In contrast, C–F bond 

activation is likely a combination of orbital and charge control with a slant towards the latter as 

the hardness of the Lewis acid increases.[339]  

 

Figure 2.2. The HOMO (left) and LUMO (right) of 3. Isosurface values of 0.04 au are used. 

 

Figure 2.3. ORTEP representation of the molecular structure of 2.4a with thermal ellipsoid 

probabilities set to 30% and hydrogen atoms omitted for clarity. The Ni-C(1) distance is 1.854(2) 

Å. 

Initial studies on the C–F bond activation reactions of 2.3 are promising in the context of 

synthesizing functionalized fluorocarbons by metal-mediated approaches. Firstly, when 2.3 is 

treated with the Lewis acid TMSOTf (TMS = Me3Si, OTf = SO3CF3), α-fluoride-abstraction, 
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accompanied by Ni–CF bond cleavage and CF–CF bond formation, furnishes a rare 

perfluorocyclobutyl complex 2.4a (Figure 2.3, 75% isolated yield).[340, 341] The driving force 

behind this transformation is likely related to the triflate leaving group ability and the formation 

of a strong C–C bond.[342] Importantly, the NHC remains bound to the nickel atom (i.e., does 

not migrate to Cα), potentially opening new pathways to functionalized fluorocarbon derivatives. 

Upon heating complex 2.4a (80 °C in C6D6, 24 h), perfluorocyclobutene is produced, 

presumably via a β-fluoride elimination mechanism, although the metal-containing co-product(s) 

have not yet been identified.[307, 343] Interestingly, a single OTf containing product can be 

discerned by 19F NMR (93.37 ppm) but a Ni–F signal could not be located. The 1H NMR shows 

that the NHC remains intact. Upon addition of PPh3 to the reaction mixture, PPh3F2 was 

identified as a major product, suggesting the formation of a Ni– F thermolysis co-product.  

 

Scheme 2.4. Synthesis and decomposition of 2.4a. 

The distorted square planar structure of complex 2.4a (Figure 2.3) features a bidentate 

triflate ligand which can also likely access the κ1 -mode in solution as evidenced by the simple 

19F NMR spectrum[344] and observed tendency to eliminate. The perfluorocyclobutyl ring is 

nearly planar, the Ni–C bond is short [1.890(2) Å] due to the weak σ-trans influence ligand, and 

the Cα–F bond distance (1.384(3) Å) is considerably longer than the other C–F bonds (average 

of 1.33 Å). The reactivity enhancement offered by low-coordinate 2.3 is evidenced by the 

sluggish reaction of 4-coordinate complex 2.2 with TMSOTf to give a mixture of unidentified 
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products. Indeed, monitoring the reaction of 2.3 and TMSOTf at 25 °C allowed for the 

identification of a Ni–C4F7 intermediate 2.5a apparently containing a Cα–OTf linkage (triflate 

CF3 
19F NMR resonance is coupled to Cα–F: 5JFF = 11 Hz). This is in contrast to previous 

suggestions of a metal fluorocarbene intermediate (Scheme 2.5).[321]  

 

Scheme 2.5. Possible intermediates in the reaction of 2.3 with TMSOTf. 

Having established that the NHC ligand remains bound to the metal upon fluoride-

abstraction from 2.3, we shifted our focus to C–F bond functionalization using Brønsted acids. 

Treatment of 2.3 with trifluoroacetic acid [TFA; pKa = 3.4 (DMSO)][345] gives HF and the 

more stable (vs. 2.5a) trifluoroacetate-substituted metallacycle 2.5b that could be characterized 

spectroscopically at room temperature (Scheme 2.6). Nonetheless, accompanying formation of 

perfluorocyclobutene, presumably formed via an analogous structure to 2.4a, led us to move to 

weaker Brønsted acids. Remarkably, the reaction of 2.3 with acetic acid [pKa = 12 

(DMSO)][346] (Scheme 2.6, bottom) yielded the stable ester metallacycle 2.5c (30% isolated 

yield) as well as the Ni–CF bond cleavage product 2.6a in a 1 : 1 ratio. At a similar acidity [pKa 

= 11 (DMSO)][347] but increased steric bulk, 2,4,6-trimethyl-benzoic acid gave a 10 : 1 mixture 

favouring the ring cleavage product, 2.6b.  

The molecular structure of 2.5c features similar Ni–C bond distances (1.895(7) vs. 

1.896(6) Å) and a distorted square planar coordination (Figure 2.4). The functionalized 

heptafluoro-metallacyclopentane ring is puckered with the smallest C–C bond distance being 
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C(32)α–C(39)β [1.49(1) Å]. The carbonyl oxygen completes the nickel coordination sphere (Ni–

O1 =1.969(4) Å).  

 

Figure 2.4. ORTEP representation of the molecular structure of 2.5c with thermal ellipsoids 

probabilities set to 30% and hydrogen atoms omitted for clarity. The Ni-C(1) distance is 1.928(2) 

Å 

The 19F NMR spectra of 2.5a–d are very similar and support our original proposal for the 

low temperature intermediate 2.5a in the reaction of 2.3 with TMSOTf. The Cα–F 19F chemical 

shifts of the functionalized carbon, (117.2 and 119.2 ppm) can be compared with those of the 

phosphonium analogs (115.6 and 117.8 ppm) shown in Scheme 2.2. As expected, the ring-

opened products 2.6a and b display nearly identical 19F NMR chemical shift patterns with the 

Cγ– and Cδ–F resonances distinguished by F–H coupling of 6 and 52 Hz, respectively. These 

unique complexes have been identified as their potassium cation adducts using ESI-MS (747.2 g 

mol-1 and 851.4 g mol-1 respectively) and are surprisingly inert to thermolysis at 80 °C in C6D6 

for 20 h. Considering the importance of esters as synthons in organic transformations[348] this 

C–O bond-forming reaction 2.3 / 2.5 is very appealing from the standpoint of synthesizing 

functionalized fluorocarbons. As such, understanding competing pathways for M–C vs. C–F 

bond cleavage would be valuable.[349] Viable reaction pathways can be considered as 
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proceeding via either 5- or 6-membered transition states (Scheme 2.7). The selective HF 

elimination observed for TFA is eroded as Ni–C bond protonolysis (orbital control) competes 

using acids of intermediate acidity (e.g. pKa 11).[350] With the bulkier trimethylbenzoic acid, 

kinetic acidity factors in the tighter 5-membered ring transition state could severely limit HF 

elimination.[199] 

 

Scheme 2.6. The reaction of 2.3 with trifluoroacetic, acetic and 2,4,6-trimethylbenzoic acids. 

 

Scheme 2.7. Proposed reaction pathways for C-F activation vs. Ni-RF protonolysis. 
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2.3. Continued Work 

2.3.1. Oxidation Chemistry 

Previous work in the Baker group showed that (N-N)Ni(C4F8) complexes could be 

oxidized with diacetoxy iodobenzene [PhI(OAc)2] to give stable 19e- pseudo-octahedral 

complexes, (N-N)Ni(C4F8)(κ
2-O2CMe) (N-N = 2,2’ bipyridine, 1,10-phenanthroline.[351] 

Interestingly, these complexes also showed reversible oxidation to the 18e- Ni(IV) complex, 

although attempts to cleanly generate these complexes were unsuccessful. The preference of 

these high-valent Ni complexes for 6-coordination was further confirmed by reaction of the 

acetate complexes with Me3SiCl which afforded the 19e- Cl-bridged dimer. As all attempts to 

isolate high-valent complexes with phosphine co-ligands were also unsuccessful, we were keen 

to investigate the oxidation of 2.3. 

Upoon exposure of 2.3 to 1 equiv. of [PhI(OAc)2] in dichloromethane, an instantaneous 

colour change was observed, signalling the formation of a five-coordinate, 17e- NiIII metallacycle 

(SIPr)Ni(C4F8)(κ
2-O2CMe) 2.7. 

 

Scheme 2.8. Synthesis of NiIII complex, 2.7 
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Figure 2.5. ORTEP representation of the molecular structure of 2.7 with thermal ellipsoid 

probabilities set to 30% and hydrogen atoms omitted for clarity. The Ni-C(1) distance is 1.928(2) 

Å. 

The molecular structure of 2.7, as determined by single crystal X-ray diffraction, exhibits a 

distorted square pyramidal coordination about the Ni. The Ni-CNHC and Ni-CF (trans to NHC) lie 

roughly 7 ° below the plane and the Ni-Oaxial bond is roughly 23 ° off axis. Interestingly, the 

change in oxidation state does not bring about a significant change in the Ni-CF bond lengths and 

are like previously reported complexes. The Ni-C bond length most affected by this change in 

oxidation state is the Ni-CNHC bond going from 1.941 Å (NiII) to 1.987 Å (NiIII). Similarly, the 

stability of 2.7 can also be attributed to the bulk of SIPr as it shields the orbital (dz2) in which the 

unpaired electron lies, as supported by DFT calculations (See SI). Remarkably, the complex is 

sufficiently stable that it does not decompose upon contact with air. To be exact, the 1H NMR 

and 19F NMR do not vary when exposed to air. As well, the IR spectra upon immediate exposure 

to air and after 1 day of exposure, in the solid state, show no new bands. Importantly, an IR was 

acquired in the presence of hexanes, which shows bands in line with those of complex 2.7. 

However, when a drop of isopropanol is added, immediate evolution of gas was observed, and 

the IR no longer demonstrates the characteristics bands of 2.7. (See Figure B1-3) 
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To better support, the NiIII identity of complex 2.7, EPR and NMR data were collected. 

Room temperature EPR revealed 2 overlapping singlet signals (306.3 mT (0.5 mT broad) and 

308.8 mT). This has been corroborated by EPR simulation. Although, this distinctly indicates a 

single unpaired electron on nickel, as supported by DFT; it raises concerns over the identity of 

the species in solution. The 19F NMR shows two very broad features centered at -176 and -195 

ppm in acetone-d6. This is consistent with the paramagnetic nature of 2.7. Although the 1H NMR 

suffers from similar broadening, characteristic SIPr signals are identifiable, allowing for 

characterization of the ligand. 

Interestingly, complex 2.7 showed a chemically accessible and reversible oxidation to, 

presumably, a NiIV complex. As such, the chemical oxidation to access this species was 

attempted. As expected, the reaction of 2.7 with XeF2, leads to an immediate colour change. The 

so formed product was unstable at room temperature and only lasted one hour. When the reaction 

is left to sit, the 19F NMR signals of the NiIV product (2.8’) have vanished and are replaced by a 

single resonance due to perfluorocyclobutane. This represents a rare example of C-C reductive 

elimination from a bis-fluoroalkyl nickel complex generating an RF-RF bond. 

2.4. Conclusions 

In summary, we have prepared the first NHC–perfluorometallacyclopentane complexes and 

exploited the bulky SIPr ligand to stabilize a pseudo-three-coordinate nickelacycle, 2.3. 

Importantly, 2.3 undergoes Cα–F abstraction reactions without migration of the NHC ligand. 

Instead, we see an unprecedented migration of the fluoroalkyl to the reactive carbon center, 

giving rise to the novel perfluorocyclobutyl complex via Ni–CF bond cleavage. More importantly, 

the low-coordinate nature of 2.3 allows for ring functionalization. Strong acids favor selective 

Cα functionalization, but the resulting products are unstable with respect to competion with 
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metallacycle ring contraction and elimination of perfluorocyclobutene. With less acidic reagents 

stable ring-functionalized products are formed but a competing Ni–CF bond cleavage pathway 

comes into play and dominates for bulkier carboxylic acids. These are the first examples of 

selective functionalization of a PNCP and synthesis of thermally stable Ni–C4F8H complexes. 

These results are encouraging in the context of developing metallacycle-based routes to 

functionalized fluorocarbons. Ongoing work is focused on (a) expanding the scope of ring 

functionalization substrates suitable for reactions with 2.3 and (b) reductive (see Scheme 2, 

above) and oxidative approaches for removing the functionalized fluorocarbon fragments from 

the metal. Preliminary results of the hydrogenolysis of compound 2.3 indicate enhanced 

reactivity towards H2 (i.e., at 7 psig and 25 C) vs. reported 4-coordinate phosphite variants. 

However, the loss of selectivity[352] is observed with the synthesis of two distinct products. Full 

details of these results will be published in due time. 

2.5. Experimental Section 

2.5.1. General Procedures.  

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 (DEE) 

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

(formerly Glass Contour®) solvent purification system. Benzene-d6 (C6D6) was dried by stirring 

over activated alumina (ca. 10 wt. %) overnight, followed by filtration. Acetonitrile-d3 (CD3CN) 

was dried by refluxing over calcium hydride under nitrogen. After distillation, CD3CN was 

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. Glassware was oven-dried at 120 °C for >2 h. The following chemicals were 
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obtained commercially, as indicated: trimethylsilyl trifluoromethanesulfonate (Me3SiOTf, 

Aldrich, 99%), bis(1,5- cyclooctadiene)nickel (0) (Ni(cod)2, Strem, 98+%), triisopropyl 

phosphite (P(OiPr)3, Aldrich, 95%), tri-ortho-tolyl phosphite (P(O-o-tolyl)3), Alfa Aesar, 97%), 

1,3-bis(2,6-diisopropylphenyl)imidazolidin-2-ylidene (SIPr, SigmaAldrich) and 1,3-di-tert-

butylimidazol-2-ylidene (ItBu, Sigma-Aldrich). Tetrafluoroethylene (TFE) 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, 650 °C, 

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

Compound Ni[P(OiPr)3]2(C4F8) was made by oxidative addition of tetrafluoroethylene to 

Ni[P(OiPr)3]4 using slightly modified literature procedures. Ni[P(OiPr)3]4 complex was prepared 

from Ni(cod)2 following reported methods. Metallacycle Ni(C4F8)[P(O-o-tolyl)3]2 was prepared 

by addition of TFE to Ni[P(O-o-tolyl)3]3 using slightly modified literature procedures. 

Ni[P(OiPr)3]4 complex was prepared from Ni(cod)2 following reported methods. 1H, 19F, 31P{1H}, 

and 13C{1H} NMR spectra were recorded on a 300 MHz Bruker Avance instrument at room-

temperature (21-23 °C) unless stated otherwise. 1H NMR spectra were referenced to 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) [unless stated 

otherwise] (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 Laboratoire d'analyse élémentaire, 
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Université de Montréal. (Montreal, Quebec, Canada). Note that the NMR spectra (1H, 19F, 

19F{1H}, and 31P{1H} for the title compounds are displayed at the end of the Supporting 

Information (http://www.rsc.org/suppdata/c5/sc/c5sc01886b/c5sc01886b1.pdf). 

2.5.2. Computational Methods 

Density Functional Theory (DFT) calculations were performed for each structure using the 

Gaussian 09 package. Geometry optimization at the B3LYP/TZVP level of theory (with and 

without the empirical dispersion correction GD3 of Grimme) was performed using the molecular 

structure of 2.3 from the X-ray diffraction experiment as a starting point. Harmonic frequency 

calculations were used to characterize the stationary points obtained during the geometry 

optimization. Tight SCF convergence was used in each calculation. Mulliken population analysis 

(MPA)-compositions of molecular orbitals, and 2- and 3-center Mayer bond orders were 

calculated using the AOMix package (www.sg-chem.net). Optimized structure coordinates are 

presented in SI. 

2.5.3. Experimental.  

Synthesis of Ni[κ2-(CF2)4-](ItBu)[P(OiPr)3] (2.2). Yellow complex Ni[κ2-(CF2)4-][P(OiPr)3]2 

(2.1a) (0.100 g, 0.15 mmol) was placed in a 15 mL scintillation vial and dissolved in ~7 mL of 

toluene. Colorless [ItBu] (29 mg, 0.16 mmol) was then added to the mixture and left to sit at 

25 °C for ~24 hours. Large yellow block crystals suitable for X-ray analysis formed. They were 

filtered off (30 mL medium pore fritted funnel), washed with pre-cooled hexanes (4 °C, 3 x 3 

mL), and dried in vacuo to yield 85 mg of 2 (0.13 mmol, 89 % based on Ni[κ2-(CF2)4-

][P(OiPr)3]2). The isolated material was stored at room temperature under nitrogen. UV-vis (1.0 

mM in THF): λmax(ε) = 322(341). 1H NMR (300 MHz, CD3CN) δ 1.19 (d, J ≈ 6 Hz, 18H, 

MeiPr) 1.94 (s, 18H, MetBu), 4.65 (sept, m, J ≈ 6 Hz, 3H, iPr H) 7.34 (s, 2H, CHIm). 19F NMR 

http://www.rsc.org/suppdata/c5/sc/c5sc01886b/c5sc01886b1.pdf
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(282 MHz, CD3CN) δ -100.50 (d ‘quint’, 3JFP = 31, 3JFF ≈ 4JFF = 6 Hz, 2Fα), -102.93 (d ‘quint’, 

3JFP = 33, 3JFF ≈ 4JFF = 4 Hz, 2Fα), -137.03, -138.54 (mult, 2Fβ). 31P{1H} NMR (121 MHz, 

CD3CN) 115.8 ppm (‘quint’ ‘tr’, 3JPF ≈ 32, 4JPF ≈ 7 Hz). Anal. Calc. for C24H41F8N2NiO3P: C, 

44.54, H, 6.39, N, 4.33. Found: C, 44.54, H, 6.53, N, 4.28. See Figures S7-9 for 1H, 19F, 31P{1H} 

NMR spectra. 

Synthesis of Ni[κ2-(CF2)4-](SIPr) (2.3). Yellow complex Ni[κ2-(CF2)4-][P((O-o-tol)]3]2 (2.1b) 

(1.00 g, 1.04 mmol) was placed in a 20 mL scintillation vial and dissolved in ~ 10 mL of 

benzene. Colorless [SIPr] (446 mg, 1.14 mmol) was then added to the stirred mixture and the 

mixture heated at 35 °C for ~24 hours. The resulting deep red solution was concentrated in vacuo 

to a thick paste with some red precipitate. Hexanes (15 mL) were then added to precipitate the 

product which was subsequently filtered (30 mL medium pore fritted funnel), washed with pre-

cooled hexanes (4 °C, 3 x 5 mL), and dried in vacuo, affording 2.3 as a light red powder. Yield: 

506 mg (0.78 mmol, 75 % based on Ni[κ2-(CF2)4-][P(O-o-tol)3]2. The isolated material was 

stored at room temperature under nitrogen. UV-vis (1.5 mM in benzene): λmax(ε) = 486( 461). 

1H NMR (300 MHz, C6D6) δ 1.09 (d, J ≈ 6 Hz, 12H, 4 Me), 1.68 (d, J ≈ 6 Hz, 12H, 4 Me), 3.04 

(sept, J ≈ 6 Hz, 4H, 4 iPr H), 3.13 (s, 4H, 2 CH2Im), 7.00-7.30 (mult, 6H, 6 Ar-H). 13C{1H} 

NMR (75 MHz, C6D6) δ 24.78, 24.96, 29.40, 53.50, 125.63, 127-129, 129.57, 131.26, 147.67. 

19F NMR (282 MHz, C6D6, 25 °C) δ -101.90 (s, 4Fα), -138.63 (s, 4Fβ). 19F NMR (282 MHz, 

CD2Cl2, -50 °C) δ -99.32 (s, 2F’α), -103.07 (br s, 4Fα), -119.17 (s, 2F’α), -138.37 (s, 2F’β), -

139.64 (br s, 4Fβ), -141.21 (s, 2F’β). Anal. Calc. for C31H38F8N2Ni: C, 57.34, H, 5.90, N, 4.31. 

Found: C, 56.22, H, 6.18, N, 4.17 (These values reflect those expected for the water adduct 

2.3•H2O Anal. Calc. for C31H40F8N2NiO: C, 55.79, H, 6.04, N, 4.20. See Figure S34, Table S11- 

12) See Figures S10-12 for the 1H, 13C{1H}, and 19F NMR spectra. 
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Synthesis of Ni[κ1-(cyclo-C4F7)](SIPr)(OTf) (2.4a). Red complex Ni[κ2-(CF2)4-](SIPr) (2.3) 

(0.100 g, 0.15 mmol) was placed in a 15 mL scintillation vial and dissolved in ~ 7 mL of 

benzene. Me3SiOTf (42 μL, 0.23 mmol) was added to the stirred mixture and left to stir at room 

temperature for ~24 hours. (N.B. Product 2.4a is unstable under these reaction conditions for 

prolonged periods of time, reaction times longer than 24 hours will lead to the formation of 

perfluorocyclobutene in the reaction medium). The deep pink solution was concentrated in vacuo 

and the resulting pink powder 2.4a was washed with pre-cooled hexanes (4 °C, 3 x 5 mL) and 

dried in vacuo. Yield: 0.108 g, 0.14 mmol, 90 % based on Ni[κ2-(CF2)4-](SIPr). The isolated 

material was stored at room temperature under nitrogen. UV-vis (1.0 mM in benzene): λmax(ε) = 

503( 218), 332(312). 1H NMR (300 MHz, C6D6) δ 1.04 (d, J = 7 Hz, 12H, 4 Me), 1.60 (br d, J ≈ 

5 Hz, 6H, 2 Me), 1.71 (br, 6H, 2 Me) 3.2 (br ov mult, 6H, 4 iPr H + 2 CH2Im ), 3.4 (br mult, 2H, 

CH2Im), 6.5-7.8 (mult, 6H, 6 Ar-H). 13C{1H} NMR (75 MHz, C6D6) δ 24.78, 24.96, 28.53, 

28.87, 53.37, 124.3-125, 130.02, 133.96, 146.89.19F NMR (282 MHz, C6D6) δ -77.60 (s, CF3), -

110.01 (br d, 2JFF ≈ 228 Hz, 2Fβ), -123.75 (d, 2JFF = 229 Hz, 1Fβ), -123.79 (d, 2JFF = 229 Hz, 

1Fβ) -129.80 (d mult, 2JFF = 222 Hz, Fγ), -131.59 (d, 2JFF = 222 Hz, Fγ), -197.74 (br s, Fα). 19F 

NMR (282 MHz, CD2Cl2, -50 °C) δ -78.93 (s, CF3), -109.27 (d mult, 2JFF ≈ 227 Hz, 1Fβ), -

112.22 (d mult, 2JFF ≈ 231 Hz, 1Fβ), -124.18 (d, 2JFF = 227 Hz, 1Fβ), -124.26 (d, 2JFF = 231 Hz, 

1Fβ) -129.80 (d mult, 2JFF = 222 Hz, Fγ), -131.59 (d, 2JFF = 222 Hz, Fγ), -197.74 (br s, Fα). Anal. 

Calc. for C32H38F10N2NiO3S: C, 49.31, H, 4.91, N, 3.59, S, 4.11. (These values reflect those 

expected for the water adduct Anal. Calc. for C32H40F10N2NiO4S: C, 48.20, H, 5.06, N, 3.51, S, 

4.02.) Found: C, 47.53, H, 5.05, N, 2.76, S, 4.21. See Figures S13-15 for the 1H, 13C{ 1H} and 

19F NMR spectra. 
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19F NMR spectrum of intermediate leading to 2.4a. Ni[κ3-(CF2)3CF(OTf)-](SIPr) (2.5a): 19F 

NMR (282 MHz, Tol-d8, -35 °C) δ -73.27(d, 5JFF = 11 Hz, CF3[OTf]), -83.98 (d mult, 2JFF = 225 

Hz, Fα), -99.73 (d mult, 2JFF = 225 Hz, Fα), -106.29 (br mult, Fα), -127.11 (d mult, 2JFF = 246 Hz, 

Fβ), -129.23 (d mult, 2JFF = 246, Fβ), -137.07 (d mult, 2JFF = 246 Hz, Fβ), -144.71 (d mult, 2JFF = 

246, Fβ). 

Synthesis of Ni[κ3-(CF2)3CF(O2CCF3)-](SIPr) (2.5b). Red complex Ni[κ2-(CF2)4-](SIPr) (2.3) 

(50 mg, 0.08 mmol) was placed in a 20 mL scintillation vial and dissolved in ~ 7 mL of benzene. 

Trifluoroacetic acid (7 μL, 0.085 mmol) was added to the stirred mixture (reaction should not be 

attempted in toluene) and left to stir at 25 °C for 10 minutes. The fluorescent yellow solution was 

concentrated in vacuo until a thick paste with some light yellow precipitate was remaining. Cold 

hexanes (4 °C, 3 x 5 mL) were added and decanted off to wash. The resulting product was dried 

in vacuo, affording 2.5b as a light yellow powder. Yield: 47 mg (0.06 mmol, 82 % based on 

Ni[κ2- (CF2)4-](SIPr). The isolated material was stored at room temperature under nitrogen. UV-

vis (1.5 mM in benzene): λmax(ε) = 486( 461). 1H NMR (300 MHz, C6D6) δ 1.05 (ov d, J ≈ 6 Hz, 

12H, 4 Me), 1.36 (d, J ≈ 6 Hz, 6H, 2 Me), 1.47 (br, 6H, 2 Me), 3.19 (br, ov mult, 3H, 3 iPr H), 

3.37 (br, ov mult, 5H, i-Pr H + 2 CH2Im), 6.80-7.06 (mult, 6H, 6 Ar-H). 13C{ 1H} NMR (75 

MHz, C6D6) δ 22.66, 22.82, 26.17, 26.28, 28.41, 53.89, 124.20, 124.39, 127-129, 129.33, 146.57. 

19F NMR (282 MHz, C6D6, 25 °C) δ -72.97 (s, CF3), -90.06 (d mult, 3JFF = 245 Hz, 1Fα), -99.09 

(d mult, 3JFF = 245 Hz, 1Fα), -116.17 (dd, 3JFF = 22, 11 Hz, 1Fα), -126.14 (d mult, 3JFF = 248 Hz, 

1F, 1 CβF2), -130.76 (d d mult, 3JFF = 248, 22 Hz, 1Fβ), -134.17 (d mult, 3JFF = 248 Hz, 1Fβ), -

142.71 (d d mult, 3JFF = 248, 11 Hz, 1Fβ). Anal. Calc. for C33H38F10N2NiO2: C, 53.32, H, 5.15, N, 

3.77. Found: C, 53.15, H, 6.01, N, 3.87. See Figures S16-18 for the 1H, 13C{ 1H} and 19F NMR 

spectra 
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Synthesis of Ni[κ3-(CF2)3CF(O2CCH3)-](SIPr) (2.5c). Red complex Ni[κ2-(CF2)4-](SIPr) (2.3) 

(50 mg, 0.08 mmol) was placed in a 20 mL scintillation vial and dissolved in ~ 7 mL of toluene. 

Acetic acid (5 μL, 0.085 mmol) was added to the stirred mixture and left to stir at 25 °C for 24 

hours. The deep yellow solution was concentrated in vacuo (~ 1 mL). 5 mL of hexanes was 

added and the product was crystallized (-20 °C). The supernatant was decanted and the yellow 

crystals of 2.5c were washed with hexanes (2 x 5 mL) and dried in vacuo. Yield: 20 mg, 0.063 

mmol, 38 % based on Ni[κ2-(CF2)4-](SIPr). The isolated material was stored at room temperature 

under nitrogen. UV-vis (1.0 mM in benzene): λmax(ε) = 632 (361); 103 (485). 1H NMR (300 

MHz, C6D6) δ 1.05 (ov d, J ≈ 6 Hz, 12H, 4 Me), 1.36 (d, J ≈ 6 Hz, 6H, 2 Me), 1.47 (br, 6H, 2 

Me), 3.19 (br, 4H, 4 iPr H), 3.37 (br, 4H, 2 CH2Im), 6.80-7.06 (m, 6H, 6 Ar-H). 13C{1H} NMR 

(75 MHz, C6D6) δ 22.66, 22.82, 26.17, 26.28, 28.41, 53.89, 124.20, 124.39, 27-129, 129.33, 

146.57. 19F NMR (282 MHz, C6D6, 25 °C) δ -91.23(d mult, 2JFF = 253 Hz, Fα) , -101.86 (d mult, 

2JFF = 253 Hz, Fα), -119.78 (d d, 3JFF = 17, 15 Hz, Fα), -126.35 (d mult, 2JFF = 247 Hz, Fβ), -

130.90 (d d mult, 2JFF = 247, 3JFF = 15 Hz, Fβ), -135.10 (d mult, 2JFF = 248 Hz, Fβ), -143.33 (d d, 

2JFF = 248, 3JFF = 17 Hz, Fβ), Anal. Calc. for C34H43F7N2NiO2: C, 57.49, H, 6.16, N, 3.98. 

Found: C, 57.05, H, 6.21, N, 4.11. See Figures S19-21 for the 1H, 13C{ 1H} and 19F NMR spectra. 

Synthesis of Ni[κ1-(C4F8H)](SIPr)(OAc) (2.6a). Red complex Ni[κ2-(CF2)4-](SIPr) (2.3) (50 

mg, 0.08 mmol) was placed in a 20 mL scintillation vial and dissolved in ~ 7 mL of toluene. 

Acetic acid (5 μL, 0.085 mmol) was added to the mixture and left to stir at 25 °C for 24 hours. 

The deep yellow solution was concentrated in vacuo to ca. 1 mL, 5 mL of hexanes were added 

and the product allowed to crystallize at -20 °C. The supernatant was decanted, concentrated and 

filtered through a short silica column (eluent: benzene), the first yellow band was collected. The 

volatiles were removed in vacuo. Yield of 2.6c: 25 mg (0.035 mmol, 45 % based on Ni[κ2-
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(CF2)4-](SIPr). UV-vis (1.0 mM in benzene): λmax(ε) = 296(343) ;427(494). 1H NMR (300 MHz, 

C6D6) δ 1.01 (s, 3H, 1 Me), 1.05 (d, J ≈ 7 Hz, 6H, 2 Me), 1.07 (d, J ≈ 7 Hz, 6H, 2 Me), 1.55 (d, J 

≈ 7 Hz, 6H, 2 Me), 1.55 (d, J ≈ 7Hz, 6H, 2 Me), 3.13 (sept, J ≈ 7 Hz, 1H, 1 iPr H), 3.20 (sept, J ≈ 

7 Hz, 1H, 1 iPr H), 3.21 (s, 2H, 1 CH2Im), 3.42 (sept, J ≈ 7 Hz, 1H, 1 iPr H), 3.45 (sept, J ≈ 7 Hz, 

1H, iPr H), 3.48 (s, 2H, 1 CH2Im), 5.65 (tr tr, 2JFH = 53 Hz, 3JFH = 6 Hz, 1H, CF2H), 6.90-7.75 

(mult, 6H, 6 Ar-H). 13C{1H} NMR (75 MHz, C6D6) δ 21.73, 22.73, 23.04, 26.43, 26.66, 28.33, 

28.63, 53.57, 124.22, 124.64, 129.53, 135.29, 147.06, 147.56, 191.30; 19F NMR (282 MHz, 

C6D6) δ -95.90 (br tr, 3JFF = 9 Hz, Fα), -120.47 (br tr, 3JFF = 7 Hz, 2Fβ), -130.98 (br d mult, 3JFH = 

6 Hz, 2Fγ), -137.99 (br d mult, 2JFH = 52 Hz, 2Fδ); m/z calcd for {Ni[κ1-

(C4F7H)](SIPr)(OAc)]}K+ (% intensity), 747.2 (100), 748.2 (36), 749.2 (46), 749.2(6.8) 751.2 

(20), 752.2(3), 753.2 (2); m/z found, 747.3 (100), 748.3 (36), 749.2 (50), 751.2 (19), 752.2(3), 

753.2 (1); See Figures S22- 24 for the 1H, 13C{ 1H} and 19F NMR spectra. 

Synthesis of Ni[κ1-(C4F8H)](SIPr)(O2Cmes)] (2.6b). Red complex Ni[κ2-(CF2)4-](SIPr) (2.3) 

(50 mg, 0.08 mmol) was placed in a 20 mL scintillation vial and dissolved in ~ 7 mL of toluene. 

2,4,6-trimethylbenzoic acid (14 mg, 0.085 mmol) was added to the stirred mixture and left to stir 

at 25 °C for 24 hours. The deep yellow solution was concentrated in vacuo to 1 mL, 5 mL of 

hexanes were added and the product allowed to crystallize at -20 °C. The supernatant was 

decanted and the crystals were washed with hexanes (2 x 5 mL). Yield of 2.6d: 48 mg (0.06 

mmol, 77 % based on Ni[κ2-(CF2)4-](SIPr). UV-vis (1.5 mM in benzene): λmax(ε) = 486( 461). 

1H NMR (300 MHz, C6D6) δ 0.95 (d, J ≈ 7 Hz, 6H, 2Me), 1.04 (d, J ≈ 7 Hz, 6H, 2 Me), 1.07 (d, J 

≈ 7 Hz, 6H, 2 Me), 1.51 (d, J ≈ 7Hz, 6H, 2 Me), 1.56 (d, J ≈ 7 Hz, 6H, 2 Me), 1.78 (s, 3H, MeAr), 

1.94 (s, 6H, 2 MeAr), 3.09 (s, 2H, CH2Im), 3.12 (sept, J ≈ 7 Hz, 2H, 1 iPr H), 3. (sept, J ≈ 7 Hz, 

1H, iPr H), 3.40 (s, 2H, 1 CH2Im), 3.54 (sept, J ≈ 7 Hz, 1H, 1 iPr H), 5.65 (tr tr, 2JFH ≈ 52 Hz, 
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3JFH ≈ 6 Hz, 1H, CF2H), 6.34 (mult, 2H, Ar H), 7-7.20 (mult, 6H, 6 Ar-H). 13C{1H} NMR (75 

MHz, C6D6) δ 19.52, 20.62, 23.05, 23.44, 26.15, 26.56, 28.39, 28.80, 53.85, 124.52, 124.70, 

129.38, 134.94, 135.62, 138.55, 146.61, 147.46, 189.86. 19F NMR (282 MHz, C6D6) δ -95.90 (br 

tr, 3JFF = 8 Hz, 2Fα), -120.80 (br tr, 3JFF = 8 Hz, 2Fβ), -130.99 (d mult, 3JFH = 6 Hz, 2Fγ), -138.68 

(br mult, 2JFH ≈ 52 Hz, 2Fδ); m/z calcd for{[Ni[κ1- (C4F7H)](SIPr)(OAr)]}K+ (% intensity), 

851.3 (100), 852.3 (45), 853.3 (46), 853.3(10), 854.3(22), 855.3 (9), 856.3(4), 857.3 (2); m/z 

found, 851.4 (100), 852.3 (46), 853.4(49), 854.3 (22), 855.41(10), 856.3 (4), 857.3 (2); See 

Figures S25-27 for the 1H, 13C{ 1H} and 19F NMR spectra. 19F NMR spectrum of minor 

product, Ni[κ3-(CF2)3CF(O2Cmes)-](SIPr) (2.5d): 19F NMR (282 MHz, C6D6, 25 °C) δ -91.22 (d 

mult, 2JFF = 254 Hz, Fα), -101.86 (d mult, 2JFF = 254 Hz, Fα), -119.74 (d d, 3JFF = 17, 15 Hz, Fα), 

-126.25 (d mult, 2JFF = 245 Hz, Fβ), -130.80 (d d mult, 2JFF = 245, 3JFF = 17 Hz, Fβ), -135.05 (d 

mult, 2JFF = 248 Hz, Fβ), - 143.27 (d d, 2JFF = 248, 3JFF = 15 Hz, Fβ). 

Variable-temperature 19F NMR spectra of reaction intermediates leading to 2.4a: Red 

complex Ni[2 -(CF2)4-](SIPr) (2.3) (10 mg, 0.015 mmol) was dissolved in 0.5 mL of CD2Cl2 in 

a screw cap NMR tube. The solution was precooled to 193 K and then placed in the NMR probe 

cooled to 223 K and a 19F NMR spectrum was obtained (Figure S3) after 5 minutes to allow for 

temperature equilibration. The low temperature 19F NMR clearly indicates no de-coalescence of 

signals associated with 2.3, this indicates the presence of low energy processes which are 

consistent with our calculations. However, four new signals develop at this temperature, which 

may indicate interference and the formation of a new product possibly involving trace water 

coordination. The sample was removed from the probe and re-cooled to 193K. A pre-prepared 

solution of TMSOTf (4 L, 0.023 mmol) in 0.5 mL of CD2Cl2 was injected into the NMR tube. 

The NMR tube was then placed in the NMR probe. The probe was cooled to 223 K and the 19F 
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NMR spectrum was obtained (Figure S1) after 5 minutes to allow for temperature equilibration. 

The sample was warmed to 253 K and low temperature 19F NMR spectra were acquired at 30 

min, 2 hours and 3 hours corresponding to Figures S1 a-d respectively. It is noted that a distinct 

intermediate possessing 19F NMR signals similar to those observed for 2.5b, c is present in 

solution already after 5 minutes. However, the intermediate quickly dissipates even at low 

temperature after only 2 hours. After warming to room temperature, the intermediate is no longer 

present. 

Synthesis of Ni[κ2-(CF2)4-](SIPr)(OAc) (2.7). Red complex Ni[κ2-(CF2)4-](SIPr) (2.3) (100 mg, 

0.154 mmol) was placed in a 20 mL scintillation vial and dissolved in ~ 5 mL of DCM. Colorless 

[PhI(OAc)2] (50 mg, 0.154 mmol) was then added to the stirred mixture. The resulting bright 

yellow solution was concentrated in vacuo to a thick paste with some yellow precipitate. 

Hexanes (10 mL) were then added to precipitate the product which was subsequently filtered (30 

mL medium pore fritted funnel), washed with hexanes (3 x 2 mL), and dried in vacuo, affording 

2.7 as a yellow powder. Yield: 82 mg (0.12 mmol, 75 % based on Ni[κ2-(CF2)4-](SIPr). The 

isolated material was stored at room temperature under nitrogen. UV-vis (1.5 mM in DCM): 

λmax = 313.29 and 430.24. 1H NMR (300 MHz, (CD3)2CO) δ 1.28 (d, J ≈ 5 Hz, 12H, 4 Me), 

1.40 (d, J ≈ 5 Hz, 12H, 4 Me), 2.72 (H2O), 3.3 (br, 4H, 4 iPr H), 4.03 (br , 4H, 2 CH2Im), 7.40-

7.70 (mult, 6H, 6 Ar-H). 19F NMR (282 MHz, (CD3)2CO) δ -176 (br), -195 (br). See Figure B.5-

6 for the 1H and 19F NMR spectra. 
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Chapter 3 

3. Published Contributions 

Metal Heptafluoroisopropyl (M-hfip) Complexes for use as hfip Transfer Agents 

N. O. Andrella, K. Liu, B. M. Gabidullin, M. Vasiliu, D. A. Dixon and R. T. Baker 

Organometallics 2018, 37, 422-432 

 

Andrella and Baker wrote the manuscript. Andrella performed most of the experiments, Liu was 

responsible for scope screening  

Vasiliu and Dixon were responsible for Computational Studies  

Gabidullin was responsible for X-ray diffraction resolution.  

3.1. Abstract 

New coinage metal heptafluoroisopropyl (LnM-hfip) complexes are synthesized from the 

metal fluoride and inexpensive hexafluoropropene [M = Ag, Cu; L = PPh3, 2,2,6,6-

tetramethylpiperidine (Htmp)]. The reaction of the silver Htmp complex with a Ni dibromide 
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complex led to an efficient hfip transfer to afford L2NiBr(hfip) [L = 2-ethylpyridine]. Treatment 

of the Ni-hfip complex with ZnPh2 gave the corresponding L2NiPh(hfip) complexes that were 

investigated for reductive elimination of PhCF(CF3)2. Although the desired reductive elimination 

proved unsuccessful, the addition of carbon monoxide to L2NiPh(hfip) achieved an efficient 

heptafluoroisopropyl carbonylative cross-coupling. Further, while the silver complex does not 

undergo hfip transfer to organic electrophiles, the copper complex [(phen)(PPh3)Cu(hfip); 3.3b] 

effectively transfers the hfip unit to various substrates. We investigated the scope of 3.3b with 

acid chlorides toward the synthesis of perfluoroisopropyl aryl ketones. Additionally, reaction 

conditions for hfip transfer to p-fluorobenzyl bromide and p-fluorobenzaldehyde were identified. 

As a bonus, 3.3b was easily generated on a gram scale using commercially available copper 

hydride by taking advantage of a rapid hydrodefluorination to generate “Cu-F” in situ. Aspects 

of the observed reactivity are supported by DFT calculations.   

3.2. Introduction 

Fluorinated carbon fragments, i.e. fluoroalkyls and -aryls, have become quite common in 

many applications.[353,354] In the pharmaceutical industry,[311,355] for example, many 

household drugs now contain these functional groups[15] which offer benefits in metabolic 

stability, solubility, lipophilicity, and bioavailability. Many of these fluoroalkyl-containing drugs 

have become ‘block-busters’, such as Celebrex®, Prevacid®, and Pantoprazole®. 

While many such fragments can be envisioned, only a few are currently readily 

accessible. For example, trifluoromethylation reactions have seen a period of rapid growth 

spurred by unique biological applications.[356-360] However, installation of other fluoroalkyl 

fragments such as -CF2H,[180,361-363] C2F5,[229,364,365] OCF3,[366-368] and SCF3[135,369] 

remains challenging. There has also been a huge investment in identifying new biologically 
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active agents for use in both the agro-chemical and pharmaceutical industries. For example, the 

heptafluoroisopropyl (hfip) group has recently been incorporated into insecticides (Figure 

3.1)[370-374] prompting our current study of its synthesis, coordination chemistry and transfer 

to organic electrophiles. 

The success and application of fluoroalkylation routes generally hinge on the stability and 

ease of access to the critical reagent.  

 

Figure 3.1. Biologically active compounds containing the hfip group. 

The Ruppert-Prakash reagent, Me3Si-CF3, for example, has seen widespread adoption primarily 

because of its moderate cost and ready availability.[375] Recently, Grushin et al. successfully prepared a 

series of [Cu]CF2CF3 complexes generated from pentafluoroethane[162] and Vicic et al. developed a zinc 

reagent of the type [Zn]CF2H.[181] In both cases, the cost of preparation for these reagents remains low 

by using base metals and readily available hydrofluoroalkanes. The reactivity of these reagents depends 

heavily on the choice of ancillary ligand, with 1,10-phenanthroline (phen) giving rise to increased 

reactivity ― like the (phen)Cu(CF3) Trifluoromethylator®.[281] In this report, we find that changes in the 

coordination chemistry of copper lead to the improved transfer of the hfip fragment to organic 

electrophiles. 

To date, methodologies for the introduction of the hfip group to organic molecules remain scarce. 

One can generate the hfip nucleophile as the hfip anion, [CF(CF3)2]-, (Figure 3.2A)[376,377] or a metal 

complex [M]-hfip (Figure 3.2B).[177,378-385] In these procedures, two reagents provide a foundation to 
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access the hfip moiety. The more obvious of the two is 2-iodohepta-fluoropropane, which has been 

successfully metallated to yield hfip complexes (Scheme 3.1A)[386,387] Alternatively, one can generate 

similar compounds from hexafluoropropene (HFP) and a source of fluoride (Scheme 3.1B).[226,340] 

This route benefits from the significantly less expensive starting material [23.7 (HFP) vs 192 $/mol 

(Ihfip)] and HFP can be generated selectively from waste polytetrafluoroethylene (PTFE).[388,389]  

In reports that explore such reactivity, four reagents stand out: the hfip anion and hfip complexes 

of cadmium, silver, and copper (Scheme 3.2).[390-392] Evidently, each system comprises their own 

drawbacks which could possibly be remediated with the development of new hfip organometallic reagents. 

Herein, we report the synthesis and characterization of new Cu, Ni and Ag hfip complexes. The reactivity 

of each compound is then tested with simple organic electrophiles to determine their nucleophilicity.  

 

Figure 3.2. Heptafluoroisopropyl anion vs M-hfip complex 

 

Scheme 3.1. (A) Metallation of heptafluoro-2-iodopropane and (B) Addition of M0-F to 

hexafluoropropene 
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Scheme 3.2. Reported Reactions of hfip compounds 

3.3. Results and Discussion  

Synthesis and Characterization of a Silver hfip Complex. Following a modified literature 

procedure,[226] the new silver hfip complex 3.1 was prepared directly from HFP and silver 
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fluoride in the presence of 2,2,6,6-tetramethylpiperidine (Htmp) (Scheme 3.3). As is typical for 

such reactions, only a single isomer is observed. The metal fluoride inserts HFP such that the less 

sterically hindered and the more δ+ carbon (=CF2) is oriented towards the fluoride. This choice 

of the ligand was inspired by previous work with AgCF3 complexes,[393] to target the neutral 

compound (vs [Ag(CF3)2]
-). The colorless powder 3.1 is slightly unstable at room temperature, 

becoming progressively grayer over time. However, this did not preclude the collection of 

single-crystal X-ray diffraction data (Figure 3.3). 

 

Scheme 3.3. Synthesis of compound 3.1. 

 

Figure 3.3. ORTEP representation of the molecular structure of 3.1. Thermal-ellipsoid 

probabilities are set to 35% with hydrogen atoms omitted for clarity. 

The molecular structure of complex 3.1 exhibits linear coordination about Ag and 

features a hydrogen bond interaction (N—H--F) between the isopropyl fluoride (F4) and the 

tetramethylpiperidine amine (N1—H1’) from the neighboring complex in the crystal lattice (See 
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Figure S40 in Supporting Information). There is a slight distortion from linearity with the 

shortest angle between C12—Ag—N1 being 173°.  

The 19F NMR spectrum of 3.1 in C6D6 is consistent with the structure determined in the 

solid state. Whereas the trifluoromethyl group displays a chemical shift difference for the 106Ag 

and 107Ag isotopomers, the iPr fluoride does not and neither resonance displays Ag—F coupling. 

Consistent with previous reports, on dissolution in more polar and coordinating solvents an 

equilibrium between (Htmp)Ag[CF(CF3)2] and Ag+[Ag{CF(CF3)2}2]
- is evident with the neutral 

complex being favored.[177]  

Synthesis and Characterization of Nickel hfip Complexes. With the stable Ag complex 3.1 in 

hand, we proceeded to transmetallate the hfip fragment to other transition metal halides.[252] 

Generally, the reaction with transition metal halides led to decomposition of 3.1 by the formation 

of HFP (β-fluoride elimination) or 2-H-heptafluoropropane. Reaction with bis(2-ethylpyridine) 

nickel dibromide in benzene, however, yielded the singly transmetallated product, 3.2a (Scheme 

3.4) Even when using an excess of 3.1, only 3.2a was observed. 

 

Scheme 3.4. Synthesis of Compound 3.2a 

The nickel atom of complex 3.2a adopts a square planar geometry with the hfip and 

bromide trans to each other (Figure 3.4). While the Cα-F bond appears to be significantly 
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longer[127,152,322-325,327,328,395] than that in 3.1 [1.59 Å (average) vs 1.420(2) Å in 3.1], 

this is likely an artifact of the disorder in the crystal structure as the calculated value is in line 

with other complexes (Table 3.1). 

 

Figure 3.4. ORTEP representation of the disordered molecular structure of 3.2a (ethyl groups 

can be syn, anti or anti, anti to hfip). Thermal-ellipsoid probabilities are set to 35% with 

hydrogen atoms omitted for clarity. 

The 1H NMR spectrum of 3.2a has three broad signals centered at δ 4.5, 5.2 and 9.4 

respectively. These are assigned to the CH2Et and CHpy fragments which reside closest to the 

metal center. The dynamic process that contributes to these broad resonances is most evident in 

the variable-temperature 19F NMR spectrum that exhibits the expected doublet and septet 

resonances only at elevated temperature (Figure S8). At room temperature, the inequivalent CF3 

resonances are likely due to hindered rotation about the Ni-C and Ni-N bonds in the two 

rotamers observed in the solid-state structure.  

Seeing as 3.2a can be considered as the oxidative addition product of Br-CF(CF3)2 to 

nickel(0), it may serve as a potential platform to study the cross-coupling synthesis of Ar-

CF(CF3)2. To model such a reaction, we selected diphenyl zinc as a potential coupling partner. 
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Immediately upon addition of the zinc reagent to a solution of 3.2a in THF, a reaction was 

observed to form complex 3.2b. This new complex [not isolated] was then treated in situ with 

bis(phosphines) to give stable products: 1,2-bis(dicyclohexylphosphino)ethane [dcpe; 3.2c], 1,1’-

bis(diphenylphosphino)ferrocene [dppf; 3.2d (not isolated)] and xantphos (multiple products). 

 

Scheme 3.5. Synthesis of phenyl Ni-hfip Complexes 3.2b, 3.2c and 3.2d. 

Complex 3.2c was isolated as a bright yellow powder and crystallized from acetonitrile. 

The molecular structure of 3.2c shows a distorted square planar Ni center with the hfip and the 

phenyl cis to each other (See Figure S1 in Supporting Information). The Cα-F bond distance 

[1.437 Å] is now closer in length to complex 1. 

Synthesis and Characterization of Copper hfip Complexes. The reaction of 3.1 with copper 

chloride in benzene produces the solvated Cu-hfip complex disclosed previously[380] and used 

extensively in aryl boronic acid cross-coupling reactions[390] and others.[387,390-392] Looking 

to avoid the use of the costlier silver fluoride starting material [928 $/mol], we endeavored to 
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synthesize the Cu complex from commercially available copper fluoride dihydrate [43 $/mol] 

and triphenylphosphine [45 $/3 mol]. The choice of copper fluorides is limited since only a few 

have been reported and/or isolated,[396,397] with (PPh3)3CuF being successfully used as a 

source of nucleophilic fluoride. In one example, Szabó et al. demonstrated the substitution of 

allylic C-X bonds [X = Br, Cl, OTf] using said reagent to synthesize allylic C-F 

compounds.[398]Similarly, Grushin et al. employed this complex to easily generate CuCF3 from 

Me3SiCF3.[148] In this regard, we expected the coinage metal fluoride to yield a net addition of 

Cu-F across the HFP double bond, as seen with AgF.  

The copper(I) fluoride complex, CuF(PPh3)3, was synthesized as previously 

reported[322] and treatment with HFP in Et2O over a 24-hour period afforded the hfip complex 

3.3a in high yield (80%) and excellent purity [>90%, Scheme 3.6]. Solvents of higher polarity 

yielded impurities that are not trivially separated from 3.3a. Moreover, the use of 

dichloromethane or N,N-dimethylformamide [DMF] yielded no product and only HFP oligomers. 

Like the previously reported pentafluoroethyl copper complex,[399] the molecular structure of 

3.3a features a hfip group and two PPh3 ligands in a trigonal planar array about the copper 

[Figure 3.5(left)]. As expected, the Cu-C bond [2.003(3) Å] is shorter than the Ag-C bond 

[2.114(2) Å] but like those in the Cu-CF2CF3 [1.99 Å] and Cu-CF3 [2.025(7) Å] analogs. On this 

note, the Cα-F bond distance gets progressively smaller with decreasing fluoroalkyl size [1.44 Å 

for 3.3a vs 1.4 and 1.39 Å for CF2CF3 and CF3 respectively]. 
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Scheme 3.6. Synthesis of 3.3a from HFP and copper(I) fluoride 

 

As the reaction to form 3.3a was slow — likely related to the limited solubility of 

[(PPh3)3CuF] in Et2O — we sought an alternate Cu-X precursor that upon rapid insertion of HFP 

would undergo β-fluoride elimination to Cu-F followed by subsequent addition of HFP to yield 

3.3a. For example, Ogoshi et al. have taken advantage of β-fluoride elimination of a copper 

complex to generate fluorostyrenes.[228,292] To avoid side reactions, we selected X such that 

the produced fluoroalkene would be a gas at room temperature. We thus turned to commercially 

available [(PPh3)CuH]6 (Stryker’s reagent). Although copper hydride has been used for 

hydrodefluorination of ArF compounds,[400] it has never been used with fluoroalkenes. When 

[(PPh3)CuH]6 with 1 additional equiv. of PPh3 per Cu is exposed to HFP in benzene, it reacts in 

< 2 h to give 3.3a in excellent yield (81% based on [(PPh3)CuH]6, Scheme 3.7). Moreover, the 

addition of phen to 3.3a in Et2O gave [(phen)(PPh3)Cu(hfip)], 3.3b, in high yield (> 80% based 

on (PPh3)2Cu(hfip)) as a bright orange powder. This change in coordination number and ligand 

did not have a profound effect on the Cu-C or Cα-F bond lengths [Figure 3.5(right), Table 3.1]. 
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Scheme 3.7. Synthesis of 3a from HFP and Stryker’s reagent. 

The 19F NMR spectrum of 3.3a in C6D6 shows an unusually broad resonance for Cα-F 

indicating some fluxional behavior. This is supported by a broad signal in the 31P NMR spectrum 

at -5 ppm for both PPh3 ligands. While 3.3b in C6D6 reveals a similar trend in the 31P NMR 

spectrum (broad resonance at -5 ppm), the 19F NMR spectrum now consists of sharp resonances 

with the typical 3JFF coupling constant [FC-CF3] being quite apparent although no JPF could be 

identified. The 1H NMR spectrum also shows broadening of the signal assigned to phen-H lying 

closest to the metal center, resulting presumably from fast cleavage and reformation of the Cu-

PPh3 bond. 

 

Figure 3.5. ORTEP representation of the molecular structure of (left) 3.3a and (right) 3.3b. 

Thermal-ellipsoid probabilities are set to 35% with hydrogen atoms omitted for clarity. 
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Table 3.1. Selected Bond Lengthsa 

Complex 3.1 3.2a 3.2c 3.3a 3.3b 

M-C 2.11/2.14 2.00/2.04 2.00 2.00/2.04 2.00/2.04 

Cα-F 1.42/1.42 1.60c/1.42 1.44 1.43/1.43 1.44/1.43 

Cβ-Fb 1.32/1.36 1.35/1.36 1.35 1.35/1.37 1.34/1.37 

a All values are rounded and in Å: expt/calc. b Average for calculated values at the DFT/B3LYP level. c  Accuracy 

likely affected by the disorder. 

Reactivity of M-hfip Complexes with Aroyl Chlorides. Having these four new M-hfip 

complexes in hand, we proceeded to test their reactivity with benzoyl chloride to determine 

which one may be a suitable platform for further nucleophilic studies. First, when 3.1 was mixed 

with benzoyl chloride in many solvents no reaction was observed. This is in line with previously 

described reactivity for the analogous compound (MeCN)Ag[CF(CF3)2].[384] Second, when 

3.2a was mixed with benzoyl chloride, immediate formation of HCF(CF3)2 [Hhfip] was observed. 

In contrast, when 3.3a or 3.3b were mixed with benzoyl chloride in DMF, both produced 

fluorinated ketone 3.4a in moderate (50%) and high (75%) yields, respectively. In the case of 

3.3a, the reagent is unstable under the reaction conditions and produces an equivalent amount of 

benzoyl fluoride, arising presumably from β-fluoride elimination with concomitant formation of 

HFP. Optimizing the reaction of 3.3b with benzoyl chloride, we found that DMF was required; 

all other solvents tested yielded no product and gave exclusively Hhfip. The reaction proceeds 

readily at room temperature over 24 h.  

Existing methods for the synthesis of these compounds have been limited either by a) 

generation of the [CF(CF3)2]
- anion and accompanying HFP oligomers[376] or b) the use of acid 
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fluorides, generated from acid chlorides.[385,401] The reaction can be applied to a wide range of 

acid chlorides bearing various functional groups including, halide (3.4e-g), CN (3.4i), ether 

(3.4k), alkyl (3.4c), nitro (3.4j,k), naphthyl (3.4l) and thiophene (3.4n; Table 3.2). Some steric 

effects could be observed. For example, the ortho derivatives gave lower yields [3.4d and 3.4k]. 

The extent of this effect is better measured using the 2,4,6-chloro substituted benzoyl chloride 

that does not react with 3.3b. In general, the electron-rich aroyl chlorides always gave lower 

yields, presumably due to reversibility under the reaction conditions. This is more evident in the 

case of 3,4,5-trimethoxy benzoyl chloride, for which the yield drops off as the reaction 

progresses. Similarly, this highlights the inherent difficulty in isolating these products as the hfip 

group is readily substituted and therefore demands rigorously dry conditions. To compound this 

issue, all the products are volatile and could not be easily separated from DMF. However, they 

can be collected as the distillate with DMF.[402] Noticeably, phenyl acetyl chloride, the only 

alkyl acid chloride, does not react with 3.3b. 

Reactivity of Cu-hfip Complexes with Other Electrophiles. Reactions of 3.3b with several 

other electrophiles generally required ~1.5 equiv. of 3.3b due to competing formation of 

Hhfip.[403] The reaction of 3.3b with 4-fluorobenzyl bromide (Scheme 3.8, Top) gave an 

unusually low yield and produced several unidentifiable products when heated to 50 °C. To 

compound the issue, the product 3.5a was unstable under regular work-up conditions. In one 

attempt at isolation of 3.5a by column chromatography, no product was collected. Although we 

expected the formation of benzyl fluoride to arise from a β-fluoride transfer, we did not observe 

the concomitant formation of HFP under the reaction conditions.  
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Table 3.2. Perfluoroisopropylation of Aroyl Chlorides 

 

 

Reaction Conditions: (0.074 mmol) of Cu, (0.049 mmol) acid chloride and (0.027 mmol of 

internal standard) in 0.5 mL DMF at RT for 24 h. The reactions were performed in an NMR tube 

sealed with a plastic cap and wrapped with parafilm without stirring. The yields were determined 

by 19F NMR spectroscopy with hexafluorobenzene as an internal standard vs moles of 

electrophile. For details see the Supporting Information. [a] 1 equiv. of 3.3b.  [b] 4 h at RT. 

We suspect that the benzyl fluoride arises from α-fluoride transfer (Scheme 3.9, route B) 

from an intermediate copper (III) complex (3.3b’) and is in competition with product formation, 

corroborating the 30% yield. On the trend of alkyl halides, we found that those vicinal to a 
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ketone do not react with 3.3a [e.g. bromoacetophenone]. We also found that bulkier benzhydryl 

halides do not substitute readily. Unfortunately, 3.5c was not stable under the reaction conditions 

and slowly decomposed, precluding its isolation. Lastly, aldehydes could be substituted by 

employing a weak Lewis acid as an additive. While 3.3b does not react readily with 4-

fluorobenzaldehyde, the addition of a strong Lewis acid also does not produce the desired 

product. 3.3b itself reacts with both trimethylsilyl trifluoromethanesulfonate [TMSOTf] and 

trifluoroborane etherate [BF3·Et2O]. However, the addition of triphenylborane gave the desired 

product 3.5b in 91% yield. 

 

Scheme 3.8. Reactions of 3.3b with other electrophiles. 
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Scheme 3.9. The reaction of 3.3b with benzyl bromide and suspected decomposition pathways 

of 3.3b’. 

Reactivity of Ni(Ph)hfip (3.2b) Towards Reductive Elimination. Upon heating complexes 

3.2b-d to 66 °C either (a) no reaction [3.2c], (b) decomposition to Hhfip [3.2b] or (c) a mixture 

of unknown products [3.2d] was observed. With the stable complex 3.2c in hand, we attempted 

to effect the associatively-induced reductive elimination by addition of excess triethylphosphite, 

2,6-dimethylphenyl isocyanide or CO gas. Although the addition of triethylphosphite had no 

effect, the isocyanide reacted immediately to give a mixture of unidentified products. Addition of 

CO (3 atm) to 3.2c [in either THF or benzene-d6] at 50 °C instead produced the ketone in 90% 

yield (Scheme 3.10) with some Hhfip produced in a side reaction. 

 

Scheme 3.10. Carbonylation and reductive elimination of the hfip group 

This suggests that catalytic perfluoroalkyl-carbonylation[293,294] using nickel could be 

possible and will be explored further in due course. 
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Computational chemistry. To provide insight into these reactivity trends, we carried out DFT 

calculations (at the B3LYP/DZVP2/aug-cc-pvdz-pp(M) level; Table 3.3). The calculated bond 

distances are in good agreement with experiment (Table 3.1). The calculated 31P gas phase NMR 

chemical shifts are within about 12 ppm of the experiment while those for 19F differ by ~ 20-30 

ppm for the CF3
iPrF and the CFiPrF (See Supporting Information). This is typical of the usual 

errors in calculated chemical shifts for these nuclei. 

There are two types of bond dissociation energies (BDEs) to consider for this system, 

homolytic with the formation of a metal-centered radical and the perfluoro-isopropyl radical and 

heterolytic with the formation of a metal-centered cation and the perfluoro-isopropyl anion. In 

the gas phase, homolytic cleavage always requires less energy than heterolytic cleavage. 

However, in solution, heterolytic cleavage can become favored due to solvation of the ions. In 

the gas phase, 1 and 3.3a have significantly higher homolytic BDEs than do 3.2a and 3.3b with 

3.2a having the lowest homolytic BDE. In DMF solution 3.3a is predicted to have a heterolytic 

BDE close to 0 kcal/mol and 3.2a is predicted to have a heterolytic BDE just above 10 kcal/mol. 

In contrast, 3.1 and 3.3b have heterolytic BDEs slightly greater than 30 kcal/mol in solution. The 

difference between the heterolytic BDEs in 3.3a and 3.3b arises from the bulky cation generated 

from 3b which is not as well solvated as is the smaller cation generated from 3.3a. Furthermore, 

the perfluoro-isopropyl anion can release fluoride to generate CF3(F)C=CF2. The fluoride affinity 

of perfluoropropene is ΔH298K = 46.3 kcal/mol and ΔG298K = 37.2 kcal/mol in the gas phase at 

the G3MP2 level[404] (see Supporting information). The inclusion of a solvent effect leads to 

the result that it is exothermic to release F- from the iPrF anion by -6.3 kcal/mol. 

    The lack of reactivity observed for 3.1 is consistent with the calculated BDEs. The instability 

of 3.3a is also consistent with the low energy for heterolytic cleavage and should be very 
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sensitive to reaction conditions, especially as F- can be generated from the perfluoro-isopropyl 

anion. The BDEs for 3.2a suggest that both heterolytic and homolytic cleavage could occur. 

Table 3.3. Bond dissociation energies (BDE, ΔH0K, and ΔG298K at the B3LYP/DZVP2/aug-cc-

pvdz-pp(M) level in kcal/mol) and charge distribution of some reported complexes (aNi cation 

has a triplet ground state). 

Complex 

    

Homolytic 

BDE  

ΔH0K /ΔG298K 

ΔG298K(DMF) 

71.1/57.3/62.9 46.4/28.4/22.2 80.7/64.1/66.6 55.1/40.0/44.1 

Heterolytic 

BDE ΔH0K 

/ΔG298K/ 

ΔG298K(DMF) 

133.9/122.1/33.8 116.4/98.0/12.6a 90.3/74.3/1.8 86.4/72.6/32.4 

Charge 

(NBO NPA) 

M(0.555), C- iPrF(-

0.186) 

M(0.716), C- iPrF(-

0.097) 

M(0.598), C- iPrF(-

0.275) 

M(0.748), C- iPrF(-

0.260) 

 

3.4. Conclusions 

In summary, we have prepared a series of stable M-hfip complexes and investigated their 

reactivity. Isolation of the first stable Ni-hfip complexes demonstrates their potential for new 
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cross-coupling reactions. The synthesis of 3.2a was enabled by the underexploited salt 

metathesis reaction between Ag-RF and transition metal halides, whereby previous attempts had 

yielded ionic species such as [Rh]+[Ag(RF)2]
-,[383] the prior paradigm being that only copper 

complexes could be synthesized.[379,390] Further, this may enable access to metals in low 

oxidation states without the need for reduction. However, as demonstrated herein, judicious 

choice of transition metal starting material and the ligand are necessary for the success of these 

transfers. 

    Although the aforementioned reaction does yield the copper complex, we have discovered a 

new convenient synthesis of Cu-hfip complexes 3.3a,b. An easily prepared, air-stable copper 

fluoride can be used to synthesize new Cu-hfip complexes, thus by-passing the need for silver. 

We have optimized these conditions to prevent side reactions, such as HFP oligomerization, 

which we found can occur in media other than Et2O. Still, we wished to improve the reaction 

efficiency by decreasing the reaction time [likely limited by poor solubility of the Cu-F complex] 

and increasing the atom efficiency [Cu-F synthesis < 50%]. We have thus shown that a 

commercially available copper-hydride can readily hydrodefluorinate HFP, generating Cu-F in 

situ which reacts rapidly with HFP to give the Cu-hfip complex.  

On evaluating the reactivity of all new M-hfip complexes towards electrophiles we 

showed that Cu complexes 3.3a,b, readily transfer the hfip fragment to benzoyl chloride. These 

findings have been supported by DFT calculations which yielded parameters against which to 

compare for suspected reactivity /stability trends. It may serve as a preliminary screening 

mechanism to identify successful candidates to further expand the scope of hfip transfers. 

The trend in BDE explains quite readily the propensity for the formation of Hhfip or HFP 

over the course of the reaction. Especially, in the case of 3.3b where, without the judicious 
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choice of solvent (e.g. DMF), the desired reaction does not occur, although a balance must be 

struck between M-C BDE (3.3b<<3.3a) and desired reactivity. As a bonus 3.3b also possesses a 

greater positive charge at Cu that could be beneficial for reactivity with less activated substrates. 

Ongoing work is focused on (a) expanding the range of electrophiles that can undergo 

substitution with 3.3b and (b) exploring conditions for catalytic cross-coupling for both 3.2c and 

3.3b or analogs thereof. Preliminary results of the stoichiometric substitution reactions with 3.3b 

are encouraging and indicate an enhanced reactivity of said reagent. Full details of these results 

will be published in due course. 

3.5. Experimental Section 

3.5.1. General Procedures.  

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

All solvents were deoxygenated by purging with nitrogen. Hexanes, diethyl ether (Et2O), 1,2-

dimethoxyethane (DME) and tetrahydrofuran (THF) were dried on columns of activated alumina 

using a J. C. Meyer (formerly Glass Contour®) solvent purification system. Benzene-d6 (C6D6) 

was dried by stirring over activated alumina (ca. 10 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 and glassware was oven dried at 120 °C for >2 h. The following chemicals were obtained 

commercially, as indicated: silver fluoride (AgF, Alfa, 99%), hexafluoropropene (HFP, Synquest, 

99 %), triphenylphosphine (PPh3, Oakwood Chemical, 99%), copper (II) fluoride dihydrate 

(CuF2•2H2O, Alfa), diphenyl zinc (ZnPh2, Strem Chemicals, 99 %), all acid chlorides (Sigma-

Aldrich, 99%), 4-fluorobenzylbromide (Oakwood Chemicals, 99%), 4-fluorobenzaldehyde 

(Oakwood Chemicals, 99%), 3-bromo-1-phenyl-1-propene (cinnamyl bromide, Sigma-Aldrich, 

97%), 2,2,6,6-tetramethylpiperidine (Htmp, Sigma-Aldrich, 99%), 1,10-phenanthroline , 
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anhydrous (phen, Alfa, 99%), 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (xantphos, 

Accela, 97%), 1,1'-bis(diphenyl-phosphino)ferrocene (dppf, Accela, 95%), 1,2-bis(dicyclo-

hexylphosphino)ethane (dcpe, Strem, 98%), triethylphosphite (P(OEt)3, Sigma-Aldrich, 99%) 

and 2,6-dimethylphenyl isocyanide (XylCN, Sigma-Aldrich, 96%). 1H, 19F, 31P{1H}, and 

13C{1H} NMR spectra were recorded on a 300 MHz Bruker Avance instrument at room 

temperature (21-23°C) unless stated otherwise. 1H NMR spectra were referenced to residual 

proton peaks associated with the deuterated solvents (C6D6: 7.16 ppm). 19F NMR spectra were 

referenced to internal standard hexafluorobenzene (C6F6, Oakwood, 99%) unless stated otherwise, 

set to -164.5 ppm. 13C{1H} NMR data were referenced to carbon peaks associated with the 

solvent (C6D6: 128.39 ppm, THF: 67.57 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 path 

length). IR data were obtained on a Nicolet Nexus 6700 FT-IR spectrometer. For 3.3a, the 

sample was prepared by allowing a benzene solution of 3.3a to evaporate on a NaCl plate under 

a stream of nitrogen. Elemental analyses were performed by Laboratoire d'analyse élémentaire, 

Université de Montréal. (Montreal, Quebec, Canada). Note that the NMR spectra (1H, 19F, 

19F{1H}, 31P{1H}, and 13C{1H} for the title compounds are displayed at the end of the 

Supporting Information (https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.7b00837). 

Synthesis of [(Htmp)Ag(hfip)] (3.1). AgF (500 mg, 3.94 mmol) was placed in a 100 mL 

ampoule and mixed with 15 mL of THF. Colorless Htmp (612 mg, 4.34 mmol) was then added 

to the slurry. The reaction vessel was attached via a three-way-valve to a HFP canister with a 

regulator and a Schlenk line. The solution was degassed using regular freeze/pump/thaw method. 

https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.7b00837
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The HFP was added to the degassed solution with the regulator set to 5 psi. The reaction was left 

to stir at 25 °C for ~24 hours and wrapped in tinfoil. The solid became dark green after a few 

hours. As the reaction progressed, the solution became progressively clear with a slight silver 

mirror forming. The solution was filtered through a Celite pad (15 mL medium pore fritted 

funnel), and the remaining solvent was removed in vacuo to yield a colorless powder. 10 mL of 

hexanes were added and the solid was collected (30 mL medium pore fritted funnel), washed 

with hexanes (4 °C, 3 x 5mL), and dried in vacuo to yield 1.44 g of 3.1 (3.55 mmol, 90% based 

on AgF). The isolated material was stored in a fridge under nitrogen in an amber container. 1H 

NMR (300 MHz, C6D6) δ 1.17 (br, 2H, CH2), 1.06 (m, JHH = 6 Hz, 4H, CH2), 0.76 (br, 12H, Me). 

19F NMR (282 MHz, C6D6) δ -68.45 (d, 3JFF = 13 Hz, 6F, CF3), -68.50 (d, 3JFF
 = 13 Hz, 6F, CF3), 

-211.03 (d 'hept', 3JFF = 13 Hz, 2JAgF = 2 Hz, 1F, CFiPrF), -211.12 (d 'hept', 3JFF = 13 Hz, 2JAgF = 2 

Hz, 1F, CFiPrF). 13C{1H} NMR (75 MHz, C6D6) δ 17.3 (Htmp), 32.0 (br, Htmp), 37.3 (Htmp), 

54.0 (Htmp), 104.1 ('multiplet', CFiPrF), 127.1 (qdqd, 1JCF = 273 Hz, 2JCF = 24 Hz, 3JCF = 2JAgC = 5 

Hz). IR: 3262(w), 2948(w, br), 1452(m, br), 1394(s), 1351(s), 1098(w), 932(s), 734(s), 692(s) 

cm-1. ESI-MS: m/z(%) 562.15 (100), 563.16 (20), 564.15 (95), 566.15 (15) [M+-H + 2THF], 

142.16 [L+-H]. See figures S2-4 for 1H, 19F, 13C{1H} NMR spectra. 

Synthesis of [(PyEt)2NiBr(hfip)] (3.2a). Purple complex [(PyEt)2NiBr2][431] (1.000 g, 2.31 

mmol) was placed in a 100 mL round bottom flask and mixed with 30 mL of benzene. A 10 mL 

colorless solution of 3.1 in benzene (990 mg, 2.37 mmol) was then added to the slurry. The 

reaction was left to stir at 25 °C for 24 hours. The solution became progressively pink as the 

reaction progressed. The deep pink solution with light yellow precipitate (AgBr) was filtered 

through a Celite pad (15 mL medium pore fritted funnel), and the remaining solvent was 

removed in vacuo to yield a light pink powder. Roughly 5 mL of hexanes were added and the 
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solid was collected (30 mL medium pore fritted funnel), washed with hexanes (4 °C, 3 x 5mL), 

and dried in vacuo to yield 1.05 g of 3.2a (2.00 mmol, 87% based on [(PyEt)2NiBr2]). The 

isolated material was stored at room temperature under nitrogen. UV-vis (1.0 mM in THF): 

λmax(ε) = 495(407). 1H NMR (300 MHz, C6D6) δ 1.38 (t, 3JHH = 7 Hz, 6H, MeEt), 4.56 (br, 2H, 

CH2Et), 5.19 (br, 2H, CH2Et), 6.23 (td, 3JHH = 7Hz, 4JHH = 1 Hz, 2H, CHPy), 6.36 (d, 3JHH = 7Hz, 

2H, CHPy), 6.54 (td, 3JHH = 7Hz, 4JHH = 1 Hz, 2H, CHPy), 9.37 (br, 2H, CHPy). 19F NMR (282 

MHz, C6D6) δ -68.24 (br, CF3
iPrF), -68.68 (br, CF3

iPrF), -70.11 (br, CF3
iPrF), -204.65 (br, 

CFiPrF). 1H NMR (300 MHz, C6D6, 50 °C) δ 1.45 (td, 3JHH = 7 Hz, 4JHH = 2 Hz, 6H, MeEt), 4.87 

(br, 4H, CH2Et), 6.34 (t'multiplet', 3JHH = 7Hz, 2H, CHPy), 6.50 (d, 3JHH = 7 Hz, 2H, CHPy), 

6.67 (t'multiplet', 3JHH = 7Hz, 2H, CHPy), 9.49 (br, 2H, CHPy). 19F NMR (282 MHz, C6D6, 

50 °C) δ -68.56 (br, CF3
iPrF), -206.10 (br, CFiPrF). Anal. Calc. for C17H18BrF7N2Ni: C, 39.12, H, 

3.48, N, 5.37. Found: C, 38.37, H, 3.71, N, 5.16. See figures S5-6 for 1H, 19F NMR spectra. See 

figures S7-8 for 1H, 19F NMR spectra at 50 °C. 

In situ synthesis of [(PyEt)2Ni(Ph)(hfip)] (3.2b). Pink complex [(PyEt)2NiBr(hfip)] (20 mg, 

0.04 mmol) was placed in a 5 mL round bottom flask and mixed with 1 mL of THF. A 1 mL 

colorless solution of Ph2Zn in THF (9 mg, 0.04 mmol) was then added to the solution affording a 

yellow/brown solution after 10 minutes that was used as is. 19F NMR (282 MHz, C6D6) δ -66.70 

(br, CF3
iPrF(2b')), -67.39 ('quint', 3JFF = 4JFF = 9 Hz, CF3

iPrF(2b''), -68.00 (d, 3JFF = 10 Hz, 

CF3
iPrF(2b''')), -68.01 (br, CFiPrF(2b')), -69.14 ('quint', 3JFF = 4JFF = 9 Hz, CF3

iPrF(2b'')), -197.33 

(br, CFiPrF(2b')), -214.80 (sept, 3JFF = 9 Hz, CFiPrF(2b'')), -215.26 (sept, 3JFF = 10 Hz, 

CFiPrF(2b''')). See figure S9 for 19F NMR spectra. 

Synthesis of [(dcpe)Ni(Ph)(hfip)] (3.2c). To a 5 mL solution of complex 3.2b in THF (100 mg, 

0.19 mmol) vide supra was added solid dcpe (89 mg, 0.21 mmol). Stirring at 25 °C over 1 hour, 
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the solution became progressively lighter yellow with concomitant formation of a black 

precipitate. The light-yellow solution was filtered through a Celite pad (15 mL medium pore 

fritted funnel), and the remaining solvent was removed in vacuo to yield a light-yellow powder. 

Roughly, 5 mL of acetonitrile were added and the solid was collected (15 mL medium pore 

fritted funnel), washed with Et2O (4 °C, 3 x 3 mL), and dried in vacuo to yield 105 mg of 3.2c 

(0.14 mmol, 75% based on (PyEt)2NiBr2). UV-vis (1.5mM in THF): λmax(ε) = 373(882), 

307(2348). 1H NMR (300 MHz, C6D6) δ 7.89 (m, 2H, Ar), 7.05 (m, 2H, Ar), 6.91 (m, 1H, Ar), 

2.5 – 0.5 (overlap, 48H, Cy and CH2Et). 19F NMR (282 MHz, THF) δ -65.19 (dd, 4JFP = 5 Hz, 

3JFF = 13 Hz, CF3
iPrF), -169.28 (dsept, 4JFP

 = 96 Hz, 4JFF = 13 Hz, CFiPrF). 13C{1H} NMR (75 

MHz, THF) δ 153.1 (dd, 2JPC = 76 Hz, 2JPC = 43 Hz, CαAr), 137.9 (CAr), 124.9 (CAr), 121.1 

(CAr), 36.2 (‘multiplet’, dcpe), 34.5 (‘multiplet’, dcpe), 29.9 – 24 (overlap(THF), dcpe), 20.0 

(‘multiplet’, dcpe). 31P{1H} NMR (121 MHz, THF) δ 57.81 (dd, 3JPF = 96 Hz, 2JPP = 31 Hz, 

Ptrans-hfip), 47.75 (dsept, 2JPP = 31 Hz, 4JPF = 6 Hz, Pcis-hfip). Compound 2c proved to be quite 

hygroscopic and sensitive to air and moisture. Collection of elemental analysis returned a value 

closest to [(Cy2PCH2CH2P(O)Cy2)Ni(Ph)(hfip)·2H2O]: Anal. Calc. for C35H57F7NiO3P2: C, 

53.93; H, 7.37. Found: C, 53.98; H, 7.28. See figures S10-13 for 1H, 19F, 13C{1H}, 31P[1H] NMR 

spectra. 

[In situ synthesis of [(dcpe)NiC(O)-Ph(hfip)] (3.2c'). A J. Young NMR tube containing a 0.6 

mL solution of complex 2c in C6D6 or THF (20 mg, 0.028 mmol) was degassed and CO (1 atm) 

was added. The tube was heated for 2 hours at 50 °C to produce a mixture [6:7:1] of 3.2c, 3.2c' 

and 3.4a respectively. 19F NMR (282 MHz, C6D6) δ -66.24 ('quint', 3JFF = 4JFF = 9 Hz, CF3
iPrF), -

67.22 ('quint', 3JFF = 4JFF = 9 Hz, CF3
iPrF), -167.619 (m, 3JFF = 4JFF

 = 9 Hz, 3JFP = 26 Hz, 3JFP = 

120 Hz, CFiPrF). 31P{1H} NMR (121 MHz, C6D6) δ 45.15 (m, 3JFP = 120 Hz), 39.48 (m, 3JFP = 26 
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Hz). N.B. For the reaction to go to completion (yield: 90%) 3 atm of CO should be employed. 

See Figure S21-24 for 19F, 31P{1H} NMR spectra of the reaction carried out at 1 atm: 30 % yield. 

In situ synthesis of [(dppf)Ni(Ph)(hfip)] (3.2d). To a J. Young NMR tube containing a 0.6 mL 

solution of complex 3.2b in THF (20 mg, 0.04 mmol) was added solid dppf (21 mg, 0.04 mmol). 

The solution becomes deep orange colored and was used as is. 19F NMR (282 MHz, C6D6) δ -

65.16 (d, 3JFF = 9 Hz, CF3
iPrF (2d)), -66.30 ('quint', 3JFF = 4JFF = 9 Hz, CF3

iPrF (2d’)), -67.96 

('quint', 3JFF = 4JFF = 9 Hz, CF3
iPrF (2d’)), -166.99 (br m, 3JFF = 4JFF

 = 9 Hz, 3JFP = 150 Hz, CFiPrF 

(2d)), -200.42 (sext, 3JFP = 3JFF = 4JFF
 = 9 Hz, CFiPrF (2d’)). See figure S14 for 19F NMR spectrum. 

Synthesis of [PPh3Cu(hfip)] (3.3a). Method A: The colorless complex [(PPh3)3CuF] (500 mg, 

0.56 mmol) was placed in a 100 mL ampoule and mixed with 30 mL of Et2O. The reaction vessel 

was attached via a three-way valve to an HFP canister with a regulator and a Schlenk line. The 

solution was degassed using a regular freeze/pump/thaw method. The HFP was added to the 

degassed solution with the regulator set to 5 psi. The reaction was left to stir at 25 °C for ~24 

hours. A colorless precipitate remained over the course of the reaction. The solvent was removed 

in vacuo, 10 mL of DME was added and filtered through a Celite pad (15 mL medium pore 

fritted funnel) to remove unreacted Cu-F. The volatiles were removed in vacuo and roughly 10 

mL of hexanes was added. The solid was collected (15 mL medium pore fritted funnel), 

triturated with hexanes (3 x 10 mL) and dried in vacuo to yield 391 mg of 3.3a (0.52 mmol, 

90 % based on (PPh3)3CuF). The isolated material was stored at room temperature under 

nitrogen. Method B: The red complex [(PPh3)CuH]6 (5.23 g, 16 mmol based on the monomeric 

unit) and PPh3 (5.03 g, 19.2 mmol) were placed in a 1L Schlenk round bottom flask and mixed 

with 100 mL of benzene. The reaction vessel was attached via a three-way valve to an HFP 

canister with a regulator and a Schlenk line. The solution was degassed using a regular 
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freeze/pump/thaw method. The HFP was added to the degassed solution with the regulator set to 

5 psi and the reaction left to stir at 25 °C for ~ 2 hours. The solution became a light-yellow color. 

The solvent was removed in vacuo leaving a buff powder. The powder was dissolved in DME 

(100 mL) and stirred vigorously. The solution was then filtered (15 mL medium pore fritted 

funnel) and the solvent removed in vacuo. The solid was collected (30 mL medium pore fritted 

funnel), triturated with cold Et2O (-35 °C, 3 x 20 mL) and dried in vacuo to yield 9.81 g of 3.3a 

(12.96 mmol, 81% based on ((PPh3)CuH)6). IR: 3053(m,br), 1480(m), 1434(s,sh), 1292(w), 

1231(w), 1146(w), 1116(w), 1094(w), 741(s,sh), 639(s,sh) cm-1. 1H NMR (300 MHz, C6D6) δ 

6.88 (m, 18H, Ar), 7.31 (m, 12H, Ar). 19F NMR (282 MHz, C6D6) δ -68.93 (br, CF3
iPrF), -207.98 

(br, CFiPrF). 31P{1H} NMR (121 MHz, C6D6) δ -4.66 (s, PPh3). Anal. Calc. for C39H30CuF7P2: C, 

61.87, H, 3.99. Found: C, 63.47, H, 4.12. See figures S15-17 for 1H, 19F, 31P{1H} NMR spectra. 

Synthesis of (PPh3)(phen)Cu(hfip) (3.3b). Colorless complex [(PPh3)2Cu(hfip)] (500 mg, 0.66 

mmol) was placed in a 20 mL scintillation vial and mixed with 10 mL of Et2O. Phen (130 mg, 

0.73 mmol) was then added slowly while the solution was vigorously stirred. The reaction was 

left to stir for 1 hour as it changed from clear to deep orange with a significant amount of orange 

precipitate. Roughly 10 mL of hexanes were added and the solid was collected (15 mL medium 

pore fritted funnel). The solid was dissolved in 10 mL of DME, filtered through a Celite padded 

frit (15 mL medium pore fritted funnel), 50 mL of hexanes was added and the solid was collected, 

washed with hexanes (3 x 10 mL) and dried in vacuo to yield 356 mg of 3.3b (0.53 mmol, 80% 

based on 3.3a). The isolated material was stored at room temperature under nitrogen. A second 

crop of the product could be collected by crystallizing from the remaining solution at -35 °C. 

UV-vis (1.0 mM in benzene): λmax(ε) = 395(1276). 1H NMR (300 MHz, C6D6) δ 8.88 (br, 2H, 

phen), 7.49 (m, 6H, PPh3), 7.28 (m, 2H, phen), 6.99 (s, 2H, phen), 6.90 (m, 9H, PPh3), 6.72 (m, 
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2H, phen). 19F NMR (282 MHz, C6D6) δ -67.39 (d, 3JFF = 10 Hz, CF3
iPrF), -209.05 (sept, 3JFF = 

10 Hz, CFiPrF). 31P{1H} NMR (121 MHz, C6D6) δ -4.95 (br, PPh3). Anal. Calc. for 

C33H23CuF7N2P: C, 58.71, H, 3.43, N, 4.15. Found: C, 58.18, H, 3.51, N, 4.15. See figures S18-

20 for 1H, 19F, 31P{1H} NMR spectra. 

Perfluoro-isopropylation of Acid Chlorides, General Procedure. The copper complex, 3.3b, 

(50 mg, 0.07 mmol) was loaded into an NMR tube and mixed with DMF. The benzoyl chloride 

(A mg, 0.05 mmol) was then added to the solution. The reaction was left to sit at room 

temperature for 24 hours. The reaction changed from deep orange/red to light orange with a 

significant amount of orange precipitate being formed. See figures S25-36 for 19F NMR spectra. 

PhC(O)(hfip) (3.4a). 19F NMR (282 MHz, DMF) δ -73.95 (d, 3JFF = 7 Hz, CF3
iPrF), -179.17 (m, 

3JFF = 7 Hz, CFiPrF). GC-MS (retention time: 3.91 min.): Expected: 274.1. Found: 274.1 

3,4,5-(OMe)3-PhC(O)(hfip) (3.4b). 19F NMR (282 MHz, DMF) δ -73.93 (d, 3JFF = 7 Hz, 

CF3
iPrF), -177.79 (m, 3JFF = 7 Hz, CFiPrF). GC-MS: (retention time: 7.11 min): Expected: 364.1 

(100%). Found. 364.1 (100%) 

p-Me-PhC(O)(hfip) (3.4c). 19F NMR (282 MHz, DMF) δ -74.50 (d, 3JFF = 7 Hz, CF3
iPrF), -

179.19 (m, 3JFF = 7 Hz, CFiPrF). GC-MS: (retention time: 4.63 min): Expected: 288.1. Found: 

288.1  

o-Me-PhC(O)(hfip) (3.4d). 19F NMR (282 MHz, DMF) δ -74.19 (d, 3JFF = 7 Hz, CF3
iPrF), -

177.46 (m, 3JFF = 7 Hz, CFiPrF). GC-MS: (rentention time: 4.34 min): Expected: 288.1. Found: 

288.1 
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m-Br-Ph(CO)(hfip) (3.4e). 19F NMR (282 MHz, DMF) δ -74.50 (d, 3JFF = 7 Hz, CF3
iPrF), -

179.85 (m, 3JFF = 7 Hz, CFiPrF). GC-MS: (retention time: 5.16 min): Expected: 351.9(100%), 

353.9 (97.3%). Found: 351.9 (100%), 353.9 (93%) 

p-F-PhC(O)(hfip) (3.4f). 19F NMR (282 MHz, DMF) δ -73.99 (d, 3JFF = 7 Hz, CF3
iPrF), -101.26 

(m, F-Ar), -178.43 (m, 3JFF = 7 Hz, CFiPrF). GC-MS: (retention time: 3.75 min): Expected: 292.0 

(100%). Found: 291.9 (100%). 

p-Br-Ph(CO)(hfip) (3.4g). 19F NMR (282 MHz, DMF) δ -73.97 (d, 3JFF = 8 Hz, CF3
iPrF), -

178.90 (d‘multiplet’, 3JFF = 8Hz, CFiPrF).  GC-MS: (retention time: 5.22 min): Expected: 351.9 

(100%), 353.9 (97.3%). Found: 352.1 (100%), 354.0 (90%). 

p-CN-PhC(O)(hfip) (3.4i). 19F NMR (282 MHz, DMF) δ -73.9 (d, 3JFF = 7 Hz, CF3
iPr), -179.45 

(d‘multiplet’, 3JFF = 7Hz, CFiPrF). GC-MS: (retention time: 5.30 min). Expected: 299.0 (100%). 

Found. 299.1 (100%). 

p-NO2-PhC(O)(hfip) (3.4j). 19F NMR (282 MHz, DMF) δ -73.87 (d, 3JFF = 7 Hz, CF3
iPrF), -

179.30 (m, 3JFF = 7 Hz, CFiPrF). GC-MS: N/A. 

o-NO2-PhC(O)(hfip) (3.4k). 19F NMR (282 MHz, DMF) δ -73.90 (d, 3JFF = 7 Hz, CF3iPrF), -

179.45 (m, 3JFF = 7 Hz, CFiPrF). GC-MS: N/A. 

2-Naph(CO)iPrF (3.4l). 19F NMR (282 MHz, DMF) δ -74.21 (d, 3JFF = 7 Hz, CF3
iPrF), -176.83 

(m, 3JFF = 7 Hz, CFiPrF). GC-MS: (retention time: 6.70 min): Expected: 324.0 (100%). Found: 

324.1 (100%). 
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2-Tp(CO)iPrF (3.4n). 19F NMR (282 MHz, DMF) δ -74.32 (d, 3JFF = 7 Hz, CF3
iPrF), -179.83 (m, 

3JFF = 7 Hz, CFiPrF). GC-MS: (retention time: 4.20 min): Expected: 280.1 (100%). Found: 280.0 

(100%). 

Synthesis of p-F-PhCH2(hfip) (3.5a). 19F NMR (282 MHz, DMF) δ -75.86 (d, 3JFF = 7 Hz, 

CF3
iPrF), -115.91 (m, F-Ar), -182.76 (t sept, 3JFH = 24 Hz, 3JFF = 7 Hz, CFiPrF). GC-MS: 

(retention time: 3.82 min) Expected: 278.0 (100%). Found: 278.1 (100%)[405,406]. See figures 

S36 for 19F NMR spectra. 

Synthesis of p-F-PhCH(OH)(hfip) (3.5b). 19F NMR (376.5 MHz, C6D6): -70.40 ('quint.', 3JFF = 

4JFF = 9 Hz, CF3
iPrF), -73.23 ('quint.', 3JFF = 4JFF = 9 Hz, CF3

iPrF), -111.51 (m, F-Ar), -179.55 (d 

sept, 3JFH = 12 Hz, 3JFF = 9 Hz, CFiPrF). GC-MS: (retention time: 5.01 min) Expected: 294.0 

(100%). Found: 294.0 (100%)[407-409]. See figures S37-38 for 19F NMR spectra. 

3.5.2. Computational Methods  

The geometries were optimized at the density functional theory (DFT)[410] level with the 

hybrid B3LYP[411,412]with the DFT-optimized DZVP2 basis set[413] for H, N, C, F and P 

atoms and aug-cc-pVDZ-PP[414,415] basis sets for M = Ag, Ni and Cu using Gaussian09 

program system.[416] Vibrational frequencies were calculated to show that the structures were 

minima. The B3LYP/DZVP2/aug-cc-pVDZ-PP(M) geometries were used to predict the NMR 

chemical shifts for F (19F-NMR) and P (31P-NMR) in C6H6 using the ADF program 

system[417,418] with the BLYP[419] functional and the TZ2P basis set in ADF[420]. Scalar 

relativistic effects were included at the two-component zero-order regular approximation 

(ZORA) level for the NMR calculations.[421-423]The 19F-NMR and 31P-NMR chemical shifts 

are reported relative to their specific standard CFCl3 and H3PO4 calculated at the same level.   
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Using the gas phase geometries, the solvation free energies in DMF at 298 K were 

calculated using the self-consistent reaction field (SCRF) approach[424] with the COSMO 

parameters[425,426]as implemented in Gaussian 09[416] at the same B3LYP/DZVP2 level of 

theory using the COSMO radii. The Gibbs free energy in DMF solution, ΔGDMF, was calculated 

from Eq. 1.  

ΔGDMF = ΔGgas + ΔGsolv    (1) 

where ΔGgas is the gas phase free energy and ΔGsolv is the solvation free energy in DMF. 

A dielectric constant of 37.22 corresponding to that of bulk DMF was used in the COSMO 

calculations.  

The Natural Population Analysis based on the Natural Bond Orbitals 

(NBOs)[427,428]using NBO6[429,430]with wavefunctions are calculated at the 

B3LYP/DZVP2/aug-cc-pVDZ-PP(M) density functional theory level using Gaussian09.  

The calculations were performed on a Xeon-based Dell Linux cluster at the University of 

Alabama, and a local AMD Opteron-based and Intel Xeon-based Linux cluster from Penguin 

Computing. 
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4.1. Abstract 

The transition to more economically friendly small-chain fluorinated groups is leading to a 

resurgence in the synthesis and reactivity of fluoroalkenes. One versatile method to obtain a 

variety of commercially relevant hydrofluoroalkenes involves the catalytic hydrodefluorination 

(HDF) of fluoroalkenes using silanes. In this work, it is shown that copper hydride complexes of 

tertiary phosphorus ligands (L) can be tuned to achieve selective multiple HDF of fluoroalkenes. 

In one example, HDF of hexafluoropropene dimer affords a single isomer of heptafluoro-2-

methylpentene in which five fluorines have been selectively replaced with hydrogens. DFT 

computational studies suggest distinct HDF mechanisms for L2CuH (bidentate or bulky 

monodentate phosphines) and L3CuH (small cone angle monodentate phosphines) catalysts, 

allowing for stereocontrol of the HDF of trifluoroethylene 

4.2. Introduction 

The synthesis and chemistry of fluorinated alkenes [FAs] are currently experiencing a 

renaissance[309, 432-440] due to the need for smaller fluorinated chains[441-444] in materials 

applications (cf. environmental persistence of long-chain fluorocarbons)[443,444] and the 

development of economical late-stage fluoroalkylation processes,[395,438-440]including cross-

metathesis.[445] Moreover, selected unsaturated hydrofluoroalkenes have been identified as low 

global warming potential refrigerants [e.g. H2C=CFCF3, R-1234yf] and blowing agents [e.g. (Z)-

CF3HC=CHCF3, R-1336mzz(Z)] when compared to their saturated counterparts [i.e. 

hydrofluorocarbon refrigerants and blowing agents, such as R-134a, R-401a, R-245fa, etc.].[446] 

Most currently used synthetic routes to the latter employ well-established technologies (i.e. 

halogen exchange, dehydro-halogenation) that require harsh/caustic conditions, HF and 

expensive reactors.[446] Catalytic hydrodefluorination [HDF] represents a potential 
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alternative.[353,354] Selective and potentially consecutive C-F bond activation and substitution 

by C-H bonds could provide new routes to these valuable compounds and additional previously 

unavailable FAs. 

Detailed studies of metal-catalyzed HDF have been focused largely on fluoroarenes but these 

reaction conditions are not easily transposed to FAs, as their mechanisms can be quite different. 

For example, fluoroarene HDFs generally proceed by attack of the hydride at the Cα-F carbon 

(Scheme 4.1a,b) [400,447-451] while FAs typically undergo hydride attack at the Cβ-F carbon 

(Scheme 4.1c,d). To further complicate matters, the addition of M-H to the FA can proceed 

either via the more traditional insertion mechanism (Scheme 4.1c) or, as is shown herein, by 

nucleophilic addition of the hydride, generating an intimate ion pair (Scheme 4.1d). It can be 

expected that the disparity between the activation energies of these processes could lead to 

significantly different outcomes, especially when considering product distribution in a multi-

HDF reaction 
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Scheme 4.1. HDF of fluoroarenes vs fluoroalkenes. 

Furthermore, selectivity issues with HDF of fluoroarenes are less problematic because, as 

fluorine is removed, HDF becomes more difficult. On top of this, the use of directing groups can 

increase selectivity. However, such strategies are not necessarily available when using FAs as 

substrates.[452,453] Product selectivity must arise from the inherent reactivity of the catalyst or 

rely on thermodynamic distribution of isomers with the former often leading to uncontrolled 

multi-HDF and the latter leaving little control for obtaining the desired product. 

In studies of HDF of hexafluoropropene (HFP, 4.1a; Scheme 4.2), Jones et al. reported 

the use of stoichiometric zirconocene dihydride for consecutive substitution but selectivity could 

only be achieved with careful control of the Zr/FA stoichiometry.[454456] Similarly, using a 

stoichiometric ruthenium hydride complex, Whittlesey and co-workers converted 4.1a to a 5:3 

mixture of mono- and dihydrodefluorinated products.[455] Holland et al. demonstrated the iron 

complex-catalyzed HDF of FAs although turnover numbers (ToNs) were limited and high 
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temperature was required (100 °C).[456] In contrast, Lentz and co-workers showed that Ti-based 

catalysts are active under ambient conditions, ToNs up to 125.[457] However, 

dihydrodefluorination was only observed in trace amounts. Another contribution from the Lentz 

group showed that HDF of FAs using Al or Ga hydrides can be catalyzed by N- and O-donors 

with ToNs up to 87.[458-460]  

 

Scheme 4.2. Some examples of the HDF of HFP 

Recent studies have identified the potential of copper complexes for catalyzed HDF of 

FAs (Scheme 4.3).[461-464] For example, the groups of Shi and of Ito have reported the HDF of 

gem-difluoroalkenes to E- and Z-terminal monofluoroalkenes with high stereoselectivity using 

copper(I) catalysts and base. Building on this body of knowledge, we recently reported that 

isolated phosphine copper hydride complexes readily insert HFP, followed by rapid β-fluoride 

elimination to yield Cu-F and 1,2,3,3,3-pentafluoropropene (PFP, 4.1b, 4.1c). Using similar 
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methodology employing silanes to regenerate Cu-H from Cu-F, a catalytic HDF could be 

established (Scheme 4.3). 

 

Scheme 4.3. Copper complex-catalyzed HDF of fluoroalkenes. [PMHS = 

polymethylhydrosiloxane] 

As such, described herein is the reactivity of P-ligated [Cu]-H with various FAs, development of 

tunable selectivity in Cu complex-catalyzed HDF, and discovery of a new catalytic HDF 

pathway. The latter allows for stereocontrol with some FAs and for the HDF of less electrophilic 

FAs, like vinylidene difluoride (4.2e) (Scheme 4.3, bottom). 
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4.3. Results and Discussion 

4.3.1. Catalyzed HDF Reactions.  

Ligand Screen.  

Extending our previous work to include catalytic HDF, excess dimethylphenyl silane (vs 

4.1a) was added to the reaction of a catalytic amount of [CuH(PPh3)]6 (10 mol %) with 4.1a at 

45 °C for 8 h. Heating the reaction at 45 °C provided the optimal rate, as higher temperatures 

were found to decompose the catalyst (reaction turned brown) or lead to HFP oligomerization. 

As expected, this reaction led readily to a mixture of E- and Z-1,2,3,3,3-pentafluoropropene 

isomers (PFP, 4.1b,c) but, unexpectedly, also 2,3,3,3-tetrafluoropropene (4.1d), in a rare double 

HDF (Table 4.1, entry 1). It is notable that substitution of (E)-PFP, 4.1b, is significantly favored 

vs the Z-isomer, 4.1c, such that 4.1b has been entirely consumed while 4.1c still remains. No 

additional HDF was observed after another 24 h. No differences in reactivity were observed 

when employing less expensive tetramethyldisiloxane (TMDS) (Table 4.1, entry 2) or even 

moisture-tolerant waste product polymethylhydrosiloxane (PMHS) (Table 4.1, entry 3). 

Similarly, the change in solvent had little impact on the reaction outcome, except for DMF, 

which gave the same product ratios independent of ligand, followed by rapid catalyst 

deactivation (see Supporting Information (SI) Table S1). However, while toluene and 

tetrahydrofuran (THF) both worked well on NMR scale they failed to match benzene for 

consistent results when scaled to 1 L of HFP. Monitoring the conversion of 4.1a by 19F NMR 

spectroscopy showed that addition of 3 equiv or even excess PPh3 gave no change in the HDF 

product slate (Table 4.1, entries 4,5) 
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Table 4.1. Ratios of hexafluoropropene HDF products. 

 

Entry Ligand 

 

4.1b/1c 

 

4.1d 

 

4.1e 

 

4.1f 

1 Nonea 1e 1.7   

2 None 1e 1.7   

3 Noneb 1e 1.6   

4 PPh3 1e 1.5   

5 PPh3
c 1e 1.5   

6 P(o-

tolyl)3 

9.5 1   

7 tBuXphos 1e 1.2   

8 PCy3 1e 1.3   

9 dppe  11  1 

10 dppf  1  3.0 

11 Xantphos 1 2.4   
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12 P(OEt)3   1 2.4 

13 P(OPh)3
a 1    

14 P(O-o-

tolyl)3 

35 1   

aPhMe2SiH was used in place of TMDS. bPMHS was used in place of TMDS; N.B. PMHS 

forms a biphasic mixture with benzene. c60 mol % of PPh3. 
dComplete conversion of HFP not 

achieved after 8 h. eonly Z-isomer 4.1c was observed. fRatios are based on 19F NMR integration 

of products vs internal standard. All reactions gave 100% conversion of HFP unless indicated 

otherwise. Following the reaction, the headspace of the reaction was sampled to confirm solution 

product distribution. 

In contrast, the HDF product distribution showed a pronounced ligand effect (Table 4.1). 

When employing bulky electron-rich ligands, like tBuXphos or PCy3 (Table 4.1, entries 7,8), 

similar ratios to that of no added ligand were observed. Using the bulky aromatic phosphine, 

P(o-tolyl)3, however, the reaction converted HFP to 4.1b/c isomers and then quickly ceased to be 

functional. This was based qualitatively on a color change from orange to green and, 

quantitatively, upon addition of more HFP that failed to react. For 4.1a, bidentate ligands 

generated more efficient HDF catalysts. Bis(phosphines) dppe, dppf and Xantphos all readily 

converted 4.1a to 4.1d and even 1,1-difluoropropene, 4.1f, although the latter likely arises from 

HDF of 1,1,2-trifluoropropene, 4.1e. While dppe provided the highest selectivity for 4.1d, 

Xantphos produced 4.1f more slowly than dppf. Interestingly, π-acidic triethylphosphite 

(P(OEt)3) gave selective tetra-substitution, yielding primarily 4.1f at the same rate as dppf. This 

increased efficiency of the P(OEt)3/CuH catalytic mixture is contrary to the expected activity 

increase with hydricity using the more σ-donating phosphines, dppf and Xantphos. Both P(OPh)3 

and P(O-o-tolyl)3 provided significantly reduced reactivity, however, suggesting ligand size is 

also an important factor. 
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Substrate Scope.  

Using these optimized conditions with dppf or Xantphos, the scope was investigated for 

the HDF reaction of various perfluorinated substrates (Scheme 4.4). Both chlorotrifluoroethylene 

(4.3a) and HFP analogue, trifluoromethyl trifluorovinyl ether (4.4a), yielded a 4:1 mixture of 

cis:trans 1,2-difluoroethylene (4.2c,d), respectively. During the first few hours of the latter 

reaction trifluoromethyl 1,2-difluorovinyl ether (4.4b) was observed as a single isomer but then 

eventually consumed, presumably via β-OCF3 elimination (Scheme 4.5). Isomer 4.2c is 

presumably formed preferentially due to the gauche effect[465] as the cis isomer is also the most 

thermodynamically stable, suggesting a late transition state. 

 

Scheme 4.4. Selective and multiple HDF of various perfluorinated substrates. 
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Scheme 4.5 Top: HDF of 4a leading to a 4:1 mixture of 4.2c,d via β-OCF3 elimination. Bottom: 

The gauche effect increasing selectivity for 4.2c. 

The HDF of perfluorocyclobutene (4.5a) and HFP dimer, perfluoro-2-methylpent-2-ene 

(4.6a) proceeded readily, yielding multi-HDF products. FA 4.5a was selectively converted to 

1,2-dicyclobutene (4.5c) via triple HDF whereas 4.6a underwent quintuple HDF to generate the 

di-alkyl substituted gem-difluoroalkene 4.6c, exclusively. The isomer of 4.6a, perfluoro-4-

methylpent-2-ene (4.6b), also underwent multiple HDF but in an unselective manner, generating 

multiple products (see the SI for details). 

Switching to the use of P(OEt)3, the HDF of 4.5a, produced a mixture of 4.5b, 1,2-

difluorocyclobutene (4.5c) and 1-fluorocyclobutene (4.5d) in a 1:1:3 ratio before catalyst 

deactivation. As with 4.1a, this ligand produced a significantly more active HDF catalyst than 

the electron-donating bis(phosphines). FA 4.6a, as above, yielded only 4.6c, demonstrating that 

this product is too electron-rich to undergo further HDF.  

The above electrophilic substrates (i.e. 4.1a, 4.5a, 4.6a and 4.6b) did not provide an 

avenue to test the impact of stronger σ-donating ligands as they react readily with electron-rich 

phosphines with cone angles smaller than tricyclohexylphosphine (PCy3).[437,466,467] 
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Likewise, the decomposition of CuH complexes containing N-heterocyclic carbenes and nitrogen 

chelates is well documented, excluding these ligands from consideration.[468-470] With this in 

mind, the HDF of less electrophilic trifluoroethylene, 4.2b, was performed. Using the optimized 

reaction conditions and the Xantphos/CuH catalytic mixture, 4.2b was readily converted to 

cis:trans (4.2c:4.2d) in a 7:1 ratio, reflecting the thermodynamic preference, whereas use of 

P(OEt)3 gave no reaction. Using three equivalents of basic phosphine PMePh2, however, inverted 

the 4.2c:4.2d ratio to 1:3.7. As with HFP, hydride addition always occurs regioselectively, 

suggesting that Cu-H addition to 4.2b occurs with the FHC= fragment oriented towards the 

copper.  

 

Scheme 4.6. Ligand-induced inversion of stereoselectivity in HDF of trifluoroethylene 

In contrast to the above substrates, tetrafluoroethylene (4.2a) reacts with the copper 

hydride complexes to yield thermally stable copper 1,1,2,2-tetrafluoroethyl complexes.[229,230] 

As previously reported, addition of a Lewis acid (or base) is required to induce β-fluoride 

elimination,[439] presumably via an outer-sphere fluoride-elimination mechanism ( Scheme 4.7). 
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 Scheme 4.7. HDF of 2a leading to a mixture of 4.2b, 4.2a’ and incomplete conversion of 4.2a. 

Cu-tetrafluoroethyl complexes.  

Interestingly, the Cu tetrafluoroethyl complex with PMePh2 can be easily and safely 

prepared using TFE Safe SupplyTM (See experimental). Treatment of Stryker’s reagent, 3 equiv. 

PMePh2 and 1.5 equivalents of tetramethyldisiloxane [TMDS] with 4.2a:CO2 in benzene at 70 

°C afforded the Cu-CF2CF2H complex [(PMePh2)3Cu(CF2CF2H)] (4.7a) in good yield (70%) and 

excellent purity [>90%, Scheme 4.8]. The use of this methodology with Xantphos or P(OEt)3 did 

not yield the desired product. The synthesis of the former complex was instead carried out with 

limonene-inhibited 4.2a. In our first attempt, [(Xanpthos)Cu(CF2CF3)] (4.7b’) was formed 

concomitantly with [(Xantphos)Cu(CF2CF2H)] (4.7b). Hence, to avoid this byproduct 10 % 

TMDS was added to prevent its formation. Using this approach 4.7b could be successfully 

prepared. 
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Scheme 4.8. Synthesis of complexes 4.7a and 4.7b. 

The 19F NMR spectrum of 4.7a in C6D6 displays two resonances which can be easily 

differentiated based on their JFH coupling constants: CF2H = 50 Hz and CF2R < 1 Hz 

(unresolved). The 31P NMR spectrum contains a broad singlet at -8 ppm and the molecular 

structure was confirmed by single crystal X-ray diffraction (Figure 4.1). Again, the disparity 

between the reactivity of the ligands based on cone-angle should be highlighted, although, 

another layer of complication arises considering only PMePh2 could effectively reduce CO2, 

showing that σ-donating phosphines are important in the reduction of less electrophilic 

substrates.  
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Figure 4.1. ORTEP representation of the molecular structure of 4.7a. Thermal ellipsoid 

probabilities are set to 35%, hydrogen atoms omitted for clarity. 

With three seemingly unrelated observations in hand - a) Using P(OEt)3 in the HDF of 

HFP (1a) generates an active HDF catalyst on par with dppf, b) Using a small cone-angle, strong 

σ-donating phosphine (PMePh2 vs P(OEt)3) allows for HDF of 4.2b; and c) Changing from 

Xantphos to PMePh2 inverts isomer ratios of 4.2c,d in the HDF of 4.2b from 7:1 to 1:3.7 - 

mechanistic studies and computations were carried out in an attempt to consolidate them.  

4.3.2. Mechanistic DFT Studies. 

To gain deeper insight into the HDF mechanism(s) in these P-ligated copper-hydride 

systems, we conducted solvent corrected (PCM: benzene) DFT studies at the 

TPSSh(PCM)/TZ/TPSSTPSS-(PCM)/DZ level of theory. For details and expected accuracy of 

the method see computa-tional details and supporting information. A model phos-phine ligand, L 

= PMe3, was chosen to fully analyze possi-ble reaction pathways in the LCu-H, L2Cu-H and 

L3Cu-H systems in the HDF of three prototypical FAs of varying fluorine content, i.e. 

tetrafluoroethylene (2a), trifluoroeth-ylene (2b) and 1,1-difluoroethylene (2e). Relevant transi-



 

104 

 

tion states (TS) and resting states (RS) were then analyzed for realistic systems, i.e. L = PPh3, 

PMePh2 and PMe2Ph, dppe and Xantphos, to understand the pronounced influ-ence of the 

ligands on the selectivity of HDF of 4.2b. 

PMe3 model system. 4.2a.  

We considered HDF in the present systems to take place in an LCu, L2Cu and/or L3Cu 

system (L = PMe3) via a) insertion-elimination sequence,[471] b) ‘SNV’-like H-addition as for 

example observed for early transition metal- catalyzed HDF followed by Cu-C bond formation 

and subsequent F-elimination[452] c) single electron transfer,[472,473] d) σ-bond metathesis 

[400,445,448,452,474-478] or e) ‘SNV’-like H-addition followed by immediate F-

elimination.[452,460,476] The latter two mechanisms could be quickly excluded; a σ-bond 

metathesis TS could not be located and ion pairs are stable, showing no tendency for immediate 

F-elimination. SET can be excluded based on the known low electron affinity of (per)fluorinated 

alkenes.[450,452] An oxidative addition – reductive elimination pathway[452] can be excluded 

based on the experimental observation of 4.7a,b. Both insertion and H-addition pathways for 

hydrometallation could be found.  

The first two PMe3 ligands in (PMe3)3Cu-H (A) are relatively weakly bound (ΔG323K = 

7.8 + 5.1 kcal/mol). Nonetheless, this penalty raises the barrier for HDF in the LCu-H system 

significantly over the corresponding barriers in the L2 and L3 systems (see supporting 

information). Therefore, we will focus the discussion on the competition between L2 and L3 HDF 

pathways Figure 4.2 shows important transition states and Figure 4.3 the PES for the two 

competing mechanisms for the example of 4.2a.  

 Hydrometallation in the L2 system starts with dissociation of one phosphine ligand from 

L3Cu-H (A, +7.8 kcal/mol) to form L2Cu-H (B). Thereafter, coordination of 4.2a (alkene coord. 
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TS(B-C), +12.6 kcal/mol) forming Cu-olefin complex C followed by alkene insertion into the 

Cu-H bond (HM TS(C-D), +9.1 kcal/mol) represents the lowest energy pathway for HDF to 

form L2Cu-CF2CF2H (D).  

 

Figure 4.2. Graphical depiction of important transition states in the HDF system of 4.2a with 

L3/L2Cu-H. L = PMe3. Bond distances in Å, bond angles in deg. Level of theory 

TPSSTPSS(PCM)/DZ. Solvent = benzene. 

The insertion barrier from the Cu-H(alkene) complex C is very small (+3.2 kcal/mol) and 

overall, the coordination TS(B-C) is rate limiting in this process. Nucleophilic H-addition via 

TS(B-D), although possible in the L2 system, is associated with a much higher barrier (+17.7 

kcal/mol; see discussion of the L3 system for further details).  
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Within the L2 hydrometallation pathway, alkene coordination is endergonic, but 

irreversible, as insertion from the alkene complex has a much lower barrier than dissociation of 

the alkene. That insertion of the FA into the Cu-H bond is associated with only a very small 

barrier is unsurprising; TS(C-D) is geometrically very early compared to the Cu-H(alkene) 

complex C (Cu-H bond length + 0.01 Å, see also Figure 4.3), as coordination to the late TM 

copper has already activated the C=C double bond and Cu-H bonds are rather weak (~ 60 

kcal/mol).[478] Hydrometallation leads to D (-38.7 kcal/mol), which can be further stabilized by 

coordination of another phosphine forming L3Cu-CF2CF2H (-50.4 kcal/mol, E).  

HDF can also proceed without the release of one phosphine ligand in the L3 system. 

Unlike in the L2 system, where synchronous hydrometallation via insertion is favored, insertion 

into the Cu-H bond in the L3 system proceeds via a two-step, asynchronous, mechanism. 

Nucleophilic H-addition in this system via TS(A-F) has a very low barrier (+7.4 kcal/mol) and 

proceeds to a contact ion pair (CIP F, -17.7 kcal/mol); the barrier is lower than all barriers in the 

L2 system, making this the preferred HDF pathway. The low barrier can be understood as a direct 

result of the destabilization of a C=C double bond by multiple fluorine substituents and the weak 

Cu-H bond.[479,480] Coordination of a third phosphine stabilizes the forming cation in the TS 

with respect to the L2 system. TS(A-F) is essentially ‘dagger-like’ and requires minimal space 

around Cu. Forming a solvent-separated ion pair (SIP, +17.5 kcal/mol) from the CIP is 

associated with a significant increase in energy (see supporting information). However, full 

separation is not necessary, as slight reorientation of the anion leads to formation of a Cu-C 

bond, ultimately yielding L3Cu-CF2CF2H (E). 
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Figure 4.3. PES for HDF of tetrafluoroethylene (4.2a) with L3/L2Cu-H. L = PMe3. L2 pathway 

in blue, L3 pathway in maroon. CIP = contact ion pair. Level of theory TPSSh-D0(PCM)/TZ// 

TPSSTPSS(PCM)/DZ. T = 323 K. p = 0.1 bar. Solvent = benzene. Gibbs free energies in 
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kcal/mol. PES after the high energy TS12-14 on the H-addition pathway in the L2 system not 

shown. 

Insertion of 4.2a into the Cu-H bond is irreversible, as the reverse elimination barriers are 

> 58 kcal/mol. From the resting state E (-50.4 kcal/mol), F-elimination can again proceed, after 

phosphine decoordination, via L2 TS(D-G) (-10.3 kcal/mol) or, interestingly, also directly from 

the L3 species (-13.9 kcal/mol) via TS(E-H). The latter one is preferred for formation of 4.2b. 

The lowest F-elimination pathway is still associated with a significant barrier (36.5 kcal/mol); 

moreover, elimination is endergonic (+8.3 kcal/mol). In line with experiment, where 4.7b was 

isolated, E is therefore predicted to be stable under experimental conditions with respect to F-

elimination and Lewis acids need to be added to shift the equilibrium to the product side by 

removal of fluoride via salt metathesis, enforcing HDF of 4.2a. The F-elimination TS(E-H) in 

the L3Cu system is rather unusual and geometrically not late like the corresponding TS(D-G) in 

the L2 system but rather central. On the one hand, the Cu-C bond is much more elongated (15 

2.016, 14 1.979, TS(E-H) 2.413, TS(D-G) 2.129 Å) and the forming C=C bond is shorter 

(TS(E-H) 1.384, TS(D-G) 1.407 Å). On the other hand, the forming Cu-F bond is much longer 

in the L3 system (TS(E-H) 2.390, TS(D-G) 2.093 Å). Substantial charge separation occurs in 

both TS, (see Table 4.2), with the NPA charge on the eliminating F exceeding 0.6 e-; charge 

separation is somewhat more extensive in the L3 TS(E-H) and leads to a slightly higher dipole 

moment (5.6 D in L2 vs. 6.1 D in L3).  

The extensive charge delocalization in the TS explains the experimentally observed rate 

dependence on the solvent. Wiberg bond indices[481,482] support the notion that TS(E-H)  is 

central in the L3 system and less covalent, as WBIs for the Cu-F, Cu-C and F-C bonds are < 0.24, 

in all cases lower than in the corresponding L2 system TS(D-G). In contrast to L2, where 

elimination proceeds to RS G with copper-coordinated alkene, elimination in the L3 system 
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proceeds directly to L3Cu-F (H) and the separated olefin 4.2b. Decoordination of the olefin via 

TS(G-I) leads to L2Cu-F I, which can be further stabilized via coordination of a third phosphine 

to form H. Overall, F-elimination in both the L2 and L3 system is reminiscent of the H-addition 

pathway in the L3 system, which similarly shows extensive charge separation. 

Table 4.2. NPA charges (q) on fragments and Wiberg bond indices (WBI) in L2 TS(D-G) and L3 

TS(E-H) Elimination TS. 
 

q (e-) WBI 

Fragment L2 L3 Bond L2 L3 

Cu -0.02 -0.24 Cu-F 0.28 0.15 

F2C=CFH -0.02 -0.05 Cu-C 0.34 0.24 

F -0.62 -0.67 F-C 0.37 0.23 

   
C=C 1.38 1.5 

 

The first coordination sphere of copper in the F-elimination TS(E-H) can essentially be 

described as five-coordinate in the L3 system, consisting of three phosphines, a FA and a fluoride 

ligand. However, Cu d10 does not possess the ability to engage in sp3d-hybridization required for 

trigonal-bipyramidal binding of five ligands. The geometry of the P3Cu fragment barely changes 

from the resting state E; P-Cu-P angles are 113(3)°for RS and TS, WBIs for the Cu-P bonds in 

TS(E-H) are with 0.72(1) even higher than in the L2 system TS(D-G) with 0.64(1). Therefore, it 

appears that the system is better described as tetrahedral, with one coordination site being 

simultaneously occupied by both a fluoride and the alkene in the F-elimination TS (Figure 4.4). 

Both the HOMO and the HOMO-1 are concentrated on the Cu, F and the alkene, which supports 
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this notion. The H-addition TS in the L2 system is substantially higher in energy, as it only 

benefits from stabilization of the partial cationic charge by two phosphines, not three as in the L3 

system. 

 

Figure 4.4. HOMO (left) and HOMO-1 (right) of the L3 F-elimination TS(E-H). Bottom: 

tetrahedral vs. trigonal-bipyramidal geometry in the L3Cu(F, alkene) F-elimination TS. L = PMe3. 

In conclusion, in the PMe3/Cu system, HDF proceeds preferentially via a three-step 

nucleophilic H-addition/Cu-C bond formation/F-elimination sequence in an L3 ligand 

environment along all steps. This pathway offers the possibility for lower barriers compared to 

the traditional L2 mechanism. Phosphine ligands that allow for an L3 environment can 

subsequently enable HDF in systems where ligands enforcing a traditional L2 mechanism fail. 

Interestingly, the mechanism described here for FAs differs distinctively from the concerted 

SBM described by the group of Zhang for fluorinated arenes using a similar phosphine-stabilized 

copper hydride system.[400] We could not locate such TS for alkene systems. This presents a 

distinct difference from early transition metal systems, as in the case of Ti-catalyzed HDF, SBM 
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TS could be found for both alkene and arene HDF systems,[450,452] although they are only 

kinetically relevant in the latter case. 

PMe3 model system. 4.2b and 4.2e. 

Figure 4.5 shows trends in HM and F-Elimination barriers for all three tested FAs (Table 

S8-10 shows all relevant RS and TS). Barriers for hydrometallation via H-addition/Cu-C bond 

formation (L3 pathway) or insertion (L2 pathway) increase with decreasing fluorine content of 

the FA; therefore no ‘runaway’ defluorination can occur, i.e. that multiple defluorinations are 

preferred. Due to the stabilization of the corresponding anions, hydrometallation in L3 

environment via H-addition/Cu-C carbon bond formation is the preferred mechanism for the 

highly fluorinated FAs 4.2a and 4.2b, and likely others like 4.1a; hydrometallation via phosphine 

decoordination/insertion is preferred for more electron-rich FAs with lower fluorine content like 

4.2e. F-elimination becomes easier the lower the fluorine content of the forming FA is and is 

exergonic for both, 2b and 2e. The L3 elimination mechanism is preferred for all three FAs by 4-

5 kcal/mol. 
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Figure 4.5. Trends in hydrometallation and F-elimination barrier heights for 4.2a, 4.2b and 4.2e 

in the L2 and L3 ligand environment. L = PMe3. 
1 from the isolated reactants L3CuH and FA. 2 

from the L3CuR resting state. Level of theory TPSSh-D0(PCM)/TZ// TPSSTPSS(PCM)/DZ. T = 

323 K. p = 0.1 bar. Solvent = benzene. Gibbs free energies in kcal/mol. 

Real systems. 4.2a and (Ph3P)3Cu-H. 

In this system, the H-addition L3 pathway is favored by 13.4 kcal/mol over the phosphine 

decoordination/hydrometallation L2 pathway, indicating that bulkier phosphines and/or less 

donating phosphines do not change the preferred pathway. This preference stems entirely from 

the coordination energy of the third phosphine. It has been shown that modern dispersion-

corrected functionals allow relatively accurate prediction of transition metal – phosphine 

bonds;[483] see also the benchmark test for the current method in the supporting information. 

Even assuming that the error on the Cu-P bond strength of (PPh3)2HCu-PPh3 is on the order of 5-

10 kcal/mol does not change the preference. 

However, while were able to locate the L3-F elimination TS for 4.2a (-1.8 kcal/mol vs L2), 

all optimization attempts for 4.2b lead to decoordination of one phosphine (see Supporting 
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Information for an example structure for one TS with decoordinatied phosphine). It appears that 

only phosphines with a small cone angle (Tolman cone angles:[484] PMe3 118°, PMePh2 122°, 

PMe2Ph 136°, PPh3 145°) can allow for this TS also in cases where the alkyl fragment is less 

stabilized. Unlike the ‘dagger-like’ H-addition TS, the F-elimination TS needs significant space 

around the central metal to accommodate both the FA product and the fluoride ligand. 

Real systems. Ligand induced selectivity differences.  

One of the striking observations in the present systems is the ability to tune the cis/trans 

product selectivity in the HDF of 4.2b. We computationally tested the catalyst selectivity for 

several phosphines, i.e. for the monodentate phosphines PPh3, PMePh2 and PMe2Ph, and two 

bidentate phosphines with varying bite angle, dppe and Xantphos.  

The experimentally observed selectivity for Xantphos (2c/2d, cis/trans 7:1 = ΔΔG‡
50°C = 

1.4 kcal/mol) is nicely reproduced by DFT (1.2 kcal/mol), but the error for dppe is somewhat 

larger (predicted cis preference 0.4 kcal/mol, experimentally observed ΔΔG‡
50°C =1.4 kcal/mol, 

see SI). For PMePh2 and PMe2Ph, both, the L2 pathway and the L3 pathway are possible. DFT 

predicts that the L3 pathway is preferred by 6-9 kcal/mol. Moreover, while F-elimination in the 

L2 system is predicted to yield a 1:1 ratio of cis and trans, only the L3 system is in line with the 

experimentally observed preference for trans elimination. The experimental selectivity for 

PMePh2 and PMe2Ph (cis/trans 1:4 = ΔΔG‡
50°C = 0.9 kcal/mol) appears to be somewhat 

overestimated (DFT: 1.5-2.0 kcal/mol). However, repeated product re-insertion into the Cu-F 

bond could diminish the kinetic trans preference of these catalysts somewhat, if regeneration of 

the catalyst is not fast enough. The possibility for re-insertion of FAs in the Cu-F bond could be 

successfully demonstrated by the experimental observation of 4.7b’.   
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Table 4.3. Barriers for FHC=CFH elimination in various LxCu-CFHCF2H systems. Level of 

theory TPSSh-D0(PCM)/TZ// TPSSTPSS(PCM)/DZ. Solvent = benzene. T = 323K, p = 0.1 bar. 

Energies in kcal/mol. 

 

cis Δ‡Gelim trans Δ‡Gelim ΔGElim (cis/trans) 

L2 systems 

dppe* 28.3 28.7 -9.6/-8.9 

Xantphos* 25.6 26.8 -9.2/-8.9 

PPh3 23.8 26.1 -14.4/-13.8 

PMePh2 26.8 26.8 -8.9/-8.3 

PMe2Ph 28.1 27.9 -3.1/-2.5 

L3 systems 

PMePh2 22.8 20.8 -8.9/-8.3 

PMe2Ph 20.4 19.0 -3.1/-2.5 

aLevel of theory TPSSh-D0(PCM)/TZ//TPSSTPSS(PCM)/DZ. Solvent = benzene. T = 323 

K, p = 0.1 bar. Energies are in kilocalories per mole. b Resting state is assumed to be 

L(PPh3)Cu-CFHCF2H, L = dppe or Xantphos.[485] 

 

Experimental trends, i.e. the preference for the cis isomer 4.2c for ligands where F-

elimination must proceed in the L2 environment and for trans isomer 4.2d for systems where it 

can proceed in the L3 environment are very well reproduced. The model also correctly predicts 

that the F-elimination barrier is smaller in bidentate systems with larger bite angle (Xantphos vs. 

dppe). Product 4.2c (cis) is preferred by 0.9 kcal/mol over 4.2d (trans),[486] but clearly the 
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ligand environment can modulate the product distribution in the present copper hydride systems, 

from enhanced cis preference all the way to a switch to trans preference.  

We considered that the pronounced shift in selectivity could stem from short H-F 

contacts in the TS, as the trans TS often has more short contacts of this type. This has been 

postulated to lead to stabilizing TS interactions in other systems,[487,488] but NBO[482,489] 

does not locate any significant interactions between H-F in these systems (WBI < 0.002). Steric 

interactions could conceivably be responsible for the differences in the L2 systems and, in line 

with experimental observations, a cis preference would be expected in this case. The distribution 

of steric bulk in L2 systems as indicated by buried volume maps shown in Figure 4.6 leads to 

shorter ligand-FA contacts and thus increased steric repulsion in the trans TS (Table 4.4). 

In the more trans selective system L3, pseudo C3-symmetric distribution of the 

phosphines equally distributes the steric bulk, offering no possibility for either of the two 

FHC=CFH isomers to avoid it (Figure 4.6). Unfavorable dipole-dipole interactions between the 

FA and LxCuF can only play a role in the cis TSs (Figure 4.7) leading to 4.2c; this is due to the 

relative orientation of the two dipoles in the cis TSs and the lack of a dipole for 2d. Interestingly, 

the trans preference in the phosphine systems follows qualitatively Tolman’s electronic 

parameter (Table 4.4), which point to electronic effects being responsible for the switch. 
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Figure 4.6. Symmetric distribution of steric bulk in L3 systems and origin of cis-preference in L2 

systems (L = PMe3) and map of steric bulk generated with SambVca 2.0[279] from L3Cu-H; 

sphere radius of 3.5 Å. 

 

Figure 4.7. Unfavorable dipole-dipole interactions in L3 TS leading to 4.2c (left) vs lack of 

dipole-dipole interactions in L3 TS leading to 4.2d (right). L2Cu-F fragment dipole orientation in 

maroon, FA dipole orientation in green. 

Table 4.4. Ligand dependence of the preference for the cis FHC=CFH isomer in different L2 and 

L3 systems, Tolman’s electronic parameter ν and differences between the shortest ligand-FA 

contacts (lcis-trans) in the L2 ligand environment and deformation energy difference of the FA 

fragments in the TS (EDef. cis-trans). 
 

ΔΔG‡ ν Lcis-trans EDef. cis-trans 

 
L2 L3 

 
  

Ph3P -2.5 
 

2068.9 0.137 -2.2 
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Xantphos -1.2 
  

0.066 -0.4 

dppe -0.8 
  

0.015 -1.2 

Ph2MeP -0.2 2.0 2065.1 -0.023 -0.9/-1.0 

PhMe2P 0.0 1.5 2065.3 -0.025 -0.7/-0.3 

Me3P 0.1 0.4 2064.1 -0.048 -0.6/-1.9 

Although the unusual cis preference for the two isomers of FHC=CFH has been the 

subject of considerable research efforts in the past, it appears that no definitive conclusion on its 

origin has been reached, yet.[489-498] Nonetheless, most authors appear to agree that the 

preference is of electronic origin.[490,497] In the absence of a definitive consensus on the origin 

of the cis preference, we deem a quantitative analysis of the trends here impossible. However, 

tentatively the preference switch can be explained as follows: The Hammond postulate assumes 

that electronic and steric changes from the reactants to the TS and further to the products occur 

gradually.[498,499] While TS of the L3 type are central with respect to the overall TS geometry, 

they are later than L2 type TS with respect to the forming olefin, as the forming C=C bond is 

much shorter (see also Figure 4.2). A shift from the L2 to the L3 environment should therefore 

increase the preference for the thermodynamic product; this is not observed for 4.2c/4.2d. Table 

4.4 shows that the energy difference between the FA fragments in the cis/trans TS favors the 

trans isomer in all cases, indicating that the electronic stabilization of cis-1,2-difluoroethene 

occurs very late and that initially only the steric repulsion by the F atoms prevails. It appears that 

within the L2 pathway, FA deformation and unfavorable dipole-dipole interactions in the cis TS 

favor the trans isomer, but this is more than compensated for by unfavorable steric interactions 

in the trans TS. L2 leads preferentially to formation of the cis isomer 4.2c. An increase in the 
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FA-Cu distance in the L3 environment weakens unfavorable dipole-dipole interactions in the cis 

TS and the symmetric distribution of steric bulk lessens steric differences. Subsequently, the FA 

deformation dominates, which leads to a preference for the trans isomer 4.2d.  

To the contrary, increased selectivity for the thermodynamic product upon L2/L3 switch is 

indeed observed experimentally in the HDF of the bulky α-trifluoromethyl styrene (4.8a). Use of 

the small cone angle phosphite P(OEt)3 increases the selectivity for the thermodynamic product 

Z-β-fluoro-α-methyl styrene (4.8c) from 2.8:1 (Xantphos/PMePh2) to 7.2:1 [P(OEt)3] (DFT, L = 

P(OMe)3: ΔΔG‡ L2 1.3 kcal/mol, L3 2.3 kcal/mol). No HDF is observed for 4.2b with this ligand 

class. Phosphites are electron-poor and DFT indicates that F-elimination in such a system could 

lead to F/OR exchange on the organophosphite ligand during HDF of 4.2a.[500]  

4.3.3. Experimental Mechanistic Studies.  

To confirm these DFT revelations, mechanistic studies were carried out. First, the L2CuH 

systems like Xantphos follow the previously reported insertion-elimination mechanism, as 

supported by DFT calculations (vide supra) and, therefore, focus was given to mechanistic 

studies on the HDF mechanism of a phosphine ligand, PMePh2, that can allow for coordination 

of a third phosphine during catalysis (vide supra).  

Control experiments for the HDF of 4.2b demonstrated that all three components of the 

reaction mixture are required. The product ratio of the HDF of 4.2b using PMePh2 is altered 

(4.2c:4.2d, 1:1) when no silane is present; no such alteration is observed for Xanthphos. This 

experiment suggests that re-insertion of 4.2c/4.2d into Cu-F occurs if no silane is present. 

Similarly, TMDS does not achieve HDF at RT without a source of copper. Nor does the mixture 

of phosphine and TMDS, confirming that the copper plays a crucial role in this HDF reaction. 

However, when the reaction was attempted with varying concentrations of silane; no rate 
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dependence was observed. As a significant rate increase with increasing solvent polarity was 

observed, the silane substituents were varied to elaborate further on its role. Interestingly, the 

reaction only progresses smoothly at RT when either triphenylsilane (Ph3SiH) or TMDS are used. 

When triethoxysilane [(EtO)3SiH] is used, the reaction turns over once at RT and then ceases 

operation at this temperature. If heated to 45 °C, the reaction progresses with some loss of 

selectivity. This is reminiscent of Lentz’s observations in Ti(III) complex-catalyzed HDF, where 

(EtO)3SiH led to fast catalyst deactivation via formation of alkoxytitanium compounds.[477] The 

alkyl silanes either require heating (i.e. triethylsilane) or are ineffective (i.e. triisopropylsilane). 

Interestingly, diphenylsilane also does not work at room temperature, and requires heating to 

70 °C but the reaction mixture quickly becomes black. The most productive silanes are those 

with somewhat more electron-withdrawing functional groups.  

Based on the stoichiometric reactions of PMePh2/(PPh3CuH)6/4.2b, a fast equilibrium 

between the resulting products is suspected. In line with observations (see above), this would 

lead to an increased ratio 4.2c/4.2d ratio tending towards a thermodynamic distribution. On this 

note, as the rate of Cu-F to Cu-H conversion becomes slow, a secondary reaction becomes 

competitive (Scheme 4.9) leading eventually to complete catalyst deactivation via formation of a 

suspected copper(I)-alkenyl complex by formal HF elimination. Additionally, byproduct 1,1,1,2-

tetrafluoroethane (4.2b’) suggests that the generated Cu-alkyl reacts quickly with HF, explaining 

why it is not observed over the course of the reaction.   

To probe the elementary steps further, the source of the hydride was sought by carrying 

out the reaction with a deuterated reagent. When the reaction is carried out with stoichiometric 

amounts of Cu-H and a slight excess of triethylsilyl deuteride, the major product contains mostly 
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protons, confirming that Cu-H adds to the FA, and that the silane likely does not participate in 

this event. 

 

Scheme 4.9. Reaction of copper hydride with 4.2b leading to the formation of a suspected 

copper trifluorovinyl complex and R-134a (4.2b’). 

Effects controlling selectivity for the L2CuH or L3CuH mechanism.  

With the DFT and experimental support for the L3CuH mechanism, other FAs were 

examined to determine the effects of FA substitution on the ability to access the L3CuH 

mechanism. For consistency with reactions using the Xantphos catalyst, these reactions were 

carried out in benzene at 45 °C. First, mono-substituted FAs were explored to determine if β-

fluoride elimination is crucial in accessing analogs of TS(E-H). As such, FAs XFC=CF2 [X = Cl 

(4.3a), I (4.3b) or OCF3 (4.4a)] were used. Unfortunately, when iodotrifluoroethylene, 4.3b, was 

treated with stoichiometric copper hydride, the expected HFC=CF2, 4.2b, was observed as the 

major product, independent of the choice of ligand. It is suspected that this is occurring via σ-

bond metathesis of the C-I bond. However, with chlorotrifluoroethylene (4.3a), when using 

Xantphos, the observed product was a mixture of cis/trans-1,2,-difluoroethylene, 4.2c/4.2d. This 

result suggests that the first HDF step produces 1-chloro-1,2-difluoroethylene (4.3a’) arising 
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from addition of the hydride at the CF2 carbon. This new alkene is considerably more reactive 

than 4.3a, such that addition of Cu-H to 4.3a’ dominates. Consistent, with this result, PMePh2 

yields the same product distribution as that observed with Xantphos. This indicates that β-

fluoride elimination is necessary to access analogues of TS(E-H). To confirm this, the HDF of 

4.4a was attempted with PMePh2 and P(OEt)3 and 4.2c,d were produced in the same ratio as the 

Xantphos reaction (vide supra). β-X elimination (X = Cl or OCF3), excluding fluoride, generally 

proceeds through the known analogous transition states of TS(D-G).  

On another note, as the activation energies for the L3CuH hydride addition mechanism 

are considerably lower, this could explain why P(OEt)3 is competitive in efficiency in the HDF 

of 4.1a with the dppf or Xantphos ligands. Although, it would be expected that accessing 

analogues of TS(A-F), depends on a delicate balance of the stabilization of Cu+ and the 

carbanion (Alk). To explore this idea, 1,1-difluoroethylene (4.2e) was used as the Xantphos 

catalyts could not hydrodefluorinate this substrate (Scheme 4.10, bottom). Interestingly, use of 

P(OEt3) also afforded no HDF product from 2e. However, the use of PMePh2 led to the efficient 

HDF of 2e to a 3:1 mixture of vinyl fluoride (2f) and ethylene (Scheme 4.10, Top) although 

calculations show that this substrate could be hydrometallated via both mechanisms (Figure 4.5). 

As such, a larger cone-angle, stronger σ-donating phosphine ligand, PCp3, was also tested with 

no HDF product detected. Again, because ligand size is so important, PMePh2 likely leads to 

greater Cu+ stabilization, thus balancing the more destabilized carbanion, H2CR-, in the L3CuH 

mechanism. 
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Scheme 4.10. Hydrodefluorination of 1,1-difluoroethylene (4.2f) 

These results indicate that an electronic limit to the HDF of FAs via the L3CuH 

mechanism exists. (i.e. in cases where the stabilization of the Cu+ is simply not great enough to 

offset destabilization of the Alk-). Therefore, alkyl substituted FAs were tested (Scheme 4.11). 

 

Scheme 4.11. Hydrodefluorination of allyl trifluoropropene and α-trifluoromethyl styrene 

(bottom) 

In this case, 1,1,1-trifluoropropene (4.9) was subjected to HDF to generate 4.1f in situ. 

Naturally, 1f is not hydrodefluorinated by the Xantphos system, like that observed in the HDF of 
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4.1a. Nor is 4.1f hydrodefluorinated by the PMePh2 system, as suspected. Still, if a stabilizing 

element is introduced onto the Alk-, HDF through the L3CuH mechanism should proceed. Hence, 

α-trifluoromethyl styrene (4.8a) could be used to generate β-difluoro-α-methyl styrene (4.8b) in 

situ. In this case, Xantphos or PMePh2 both yielded the same product distribution of E/Z- β-

fluoro-α-methyl styrene (4.8c,d) in a ratio of 2.8:1 respectively. As expected, the steric 

congestion near Cu, from addition with the =CPhMe carbon oriented towards the copper, proves 

too much to accommodate a third PMePh2 necessary for the L3 mechanism. As such, the L2 

mechanism dominates for control of the product ratio in both cases. Nevertheless, if our 

hypothesis is correct even the weaker σ-donating but smaller ligand should function, because 

significant Alk- stabilization should come from the benzylic functionality, PhCHR-. Indeed when 

P(OEt)3 was used, the HDF of 4.8a to 4.8b and on to 4.8c,d proceeded smoothly to provide an 

increased ratio of 7.2:1 respectively. Apparently, the L3 mechanism provides an increased E/Z 

ratio from 2.8:1 to 7.2:1. The E/Z ratio is reinforced because 4.8c is both the least polar and most 

thermodynamically stable, as confirmed by DFT (vide supra). 

4.4. Conclusion 

In summary, new P-ligated copper hydride complex-catalyzed routes for the HDF of 

fluoroalkenes using silanes have been developed. With our technology, hexafluoro-propene 

(4.1a) can be selectively converted to fourth-generation refrigerant CH2=CF(CF3) (4.1d) or to 

1,1-difluoropropene (4.1f). While the (dppe)Cu-H system stops at the double HDF, giving the 

highest yield of 4.1d, small cone-angle, less electron-rich P(OEt)3 allows for the quad-ruple HDF 

of 4.1a to 4.1f. Furthermore, the use of PMHS provides a simplified separation procedure 

because it forms a biphasic mixture with benzene. On evaluating the HDF substrate scope we 

found that use of a smaller cone-angle, electron-rich ligand such as PMePh2 leads to L3Cu-H 
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reactivity with electron-poor or bulky fluoroalkenes not observed with the L2CuH systems. DFT 

studies identified both inser-tion/elimination and hydride transfer mechanisms. In the latter, F-

elimination involves a doubly-occupied coordina-tion site at copper. Both hydrometallation and 

F-elimination in the L2 as well as the L3 system proceed via TSs showing significant charge 

separation, explaining the experimentally observed rate dependence on the solvent. DFT results 

are nicely in line with experimental observations. We propose that the phosphine choice can 

modulate the position of the F-elimination TS with respect to the product and thereby modulate 

product selectivity, as ex-perimentally observed for 4.2b and 4.8a. It appears that in the case of 

4.8a, tuning the position of the F-elimination TS rein-forces the preference for the 

thermodynamic product. In the case of 4.2b, the switch from L2 to L3 environment leads to a 

switch from thermodynamic to kinetic product. We believe that this effect can be traced to a 

breakdown of the assumption that steric and electronic changes occur gradually from RS to TS to 

product in this specific case. 

   The work presented herein demonstrates a new variant of copper-catalyzed 

hydrodefluorination which requires no additive and allows for some control of new FA synthesis, 

making a host of new variants accessible for further studies. For example, with the renewed 

interest in FAs as amide bioisosteres this approach may provide an expedient route to their 

synthesis. 

With tetrafluoroethylene both (P-P)CuH and P3Cu-H complexes (4.7a,4.7b) could be 

successfully synthesized. In fact, the reactivity of these complexes is currently being assessed as 

a potential route for the introduction of the 1,1,2,2-tetrafluoroethyl (-CF2CF2H) moiety to 

organic electrophiles.[501] 
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4.5. Experimental Section 

4.5.1. General Procedures.  

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

glove box. All solvents were deoxygenated by purging with nitrogen. Tetrahydrofuran (THF) 

and toluene were dried on columns of activated alumina using a J. C. Meyer (formerly Glass 

Contour®) solvent purification system. Chlorobenzene, mdimethoxybenzene, benzene, 

cyclopentyl methyl ether (CPME) and Benzene-d6 (C6D6) were dried by stirring over activated 

alumina (ca. 10 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. Glassware was oven-dried 

at 120 °C for >2 h. The following chemicals were obtained commercially, as indicated: 

Dimethylformamide (DMF, Alfa Aesar Anhydrous 99.8%), hexafluoropropene (4.1a, Synquest 

98.5%), trifluoroethylene (4.2b, Synquest 98%), chloro trifluoroethylene (4.3a, Synquest, 99%), 

iodo trifluoroethylene (4.3b, Synquest, 97%), trifluoromethyl trifluorovinyl ether (4.4a, 

Synquest, 99%), vinylidene difluoride (4.2e, Arkema Inc., 99%), alpha-trifluoromethyl styrene 

(4.8a, Synquest, 97 %), hexafluorocyclobutene (4.5a, Synquest 98%), 3,3,3-trifluoropropene 

(4.9, Synquest, 99%), perfluoro(4-methyl-2-pentene) (4.6b, Synquest, 95%), perfluoro(2-methyl-

2-pentene) (4.6a, Synquest, 96%), triethylesilane (Sigma-Aldrich, 99%), triethyl(silane-d) 

(Sigma-Aldrich, 97 atom % D), triisopropylsilane (Oakwood chemicals, 98%), triphenylsilane 

(Oakwood chemicals, 97%), triethoxysilane (Sigma-Aldrich, 95%), diphenylsilane (Oakwood 

chemicals, 97%), tetramethyldisiloxane (TMDS, Sigma-Aldrich, 97 %), 

poly(methylhydrosiloxane) (PMHS, Sigma-Aldrich, average Mn: 1,700-3,200), 

triphenylphosphine (PPh3, Oakwood chemicals, 99%), tri(o-tolyl)phosphine (P(o-tolyl)3, Alfa 

Aesar, 98%), 2-di-tert-butylphosphino-2′,4′,6′-triisopropylbiphenyl (tbuXphos, Sigma-Aldrich, 
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97%), 1,2-bis(diphenylphosphino) ethane (dppe, Strem chemicals, 99%), 1,1’-

bis(diphenylphosphino) ferrocene (dppf, Accela ChemBio Inc., 99%), 4,5-

bis(diphenylphosphino)-9,9-dimethylxanthene (Xantphos, Accela ChemBio Inc., 99%), 

triethylphosphite (P(OEt)3, Sigma-Aldrich, 98%), triphenylphosphite (P(OPh)3, Alfa Aesar, 

97%), tri-ortho-tolyl phosphite (P(O-o-tolyl)3, Alfa Aesar), methyldiphenylphosphine (PMePh2, 

Acros Organics, 99%), dimethylphenylphosphine (PMe2PhMe, Acros Organics, 97%). The 

following chemicals were synthesized as previously reported: 1,3-bis(2,6-

diisopropylphenyl)imidazolidin-2-ylidene (SIPr)[502] and [(PPh3)CuH]6.[503] 

Tetrafluoroethylene (4.2a) was prepared 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 4.2a 

of ca. 97% purity][504] or by pyrolysis of KO2CCF2CF3 under vacuum, producing TFE Safe 

Supply®.[505] 1H, 19F, 31P{1H}, and 13C{1H} NMR spectra were recorded on a 300 MHz Bruker 

Avance instrument at room-temperature (21-23 °C) unless stated otherwise. 1H NMR spectra 

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

ppm). 19F NMR spectra were referenced to internal standard α,α,α-trifluorotoluene (CF3Ph) 

[unless stated otherwise] (Sigma-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 pm. Electrospray ionization mass spectral 

data were collected using an Applied Biosystem API2000 triple quadrupole mass spectrometer. 

Elemental analyses were performed by Ján Veizer Stable Isotope Laboratory, University of 

Ottawa (Ottawa, Ontario, Canada). Note that the NMR spectra (1H, 19F, 19F{1H}, and 31P{1H} for 

the title compounds are displayed at the end of the Supporting Information (Annex D). 
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4.5.2. General Experimental Procedure for Hydrodefluorination of Gaseous 

Fluoroalkenes, NMR Scale.  

[(PPh3)CuH]6 (5 mg, 0.0153 mmol, 10 mol %) was placed in a 7 ″ nmr tube and mixed with 400 

μL of solvent. A ligand (31 mol % or 11 mol %) and silane (10 equiv) were added. The tube was 

capped with a rubber septum, removed from the glovebox, further sealed by tightly wrapping the 

cap with a strip of parafilm and shaken to ensure a homogenous solution. 3 mL of gaseous 

fluoroalkene was then added to the reaction via air-tight syringe. The reaction was monitored by 

19F NMR over 8 hours at various temperatures. See Annex D for 1H NMR and 19F NMR spectra. 

Compounds 4.1b[506,507], 4.1c[506,507], 4.1d[508], 4.1e[509], 4.1f[445], 4.2c[510], 

4.2d[510], 4.2f[510], 4.4b[511], 4.5b[512] and 4.5c[512], 4.5d[512] were identified using 

available literature data.   

   Z-3,3,3,2,1-pentafluoropropene (4.1b). 1H NMR (300 MHz, C6D6): δ 6.13 (ddq, 2JHF = 68, 

3JHF = 15, 4JHF = 1 Hz, =CHF).  19F NMR (282 MHz, C6D6):  -72.59 (ddq, 3JFF = 14, 4JFF = 6, 4JFH 

= 1 Hz, CF3), -155.07 (ddq, 2JFH = 68, 3JFF = 7, 4JFF = 6 Hz, =CFH), -158.97 ppm (ddq, 3JFH = 

15, 3JFF = 7, 4JFF = 6 Hz, =CF(CF3)).  

   E-3,3,3,2,1-pentafluoropropene (4.1c): 1H NMR (300 MHz, C6D6): δ 5.93 (dd, 2JHF = 68, 3JHF 

= 4 Hz, = CHF). 19F NMR (282 MHz, C6D6): -70.09 (dd, 3JFF = 19, 4JFF = 12 Hz, CF3), -165.93 

(ddq, 2JFH = 68, 3JFF = 137, 4JFF = 19 Hz, =CFH), -180.12 ppm (ddq, 2JFH = 4 3JFF = 137, 4JFF = 

12 Hz, =CF(CF3)). 

   3,3,3,2-tetrafluoropropene (4.1d): 1H NMR (300 MHz, C6D6): δ 4.36 (ddq, 2JHH = 5, 3JHF = 

13, 3JHF = 1 Hz, =CH2cis), 4.49 (br dd, 2JHH = 4, 3JHF = 52 Hz, =CH2trans). 
19F NMR (282 MHz, 

C6D6):  -73.28 (d, 3JFF = 10 Hz, CF3), -124.12 ppm (ddq, 3JFH = 52, 3JFH = 13 Hz, 3JFF = 10 Hz. 

=CF(CF3)). 
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   1,1,2-trifluoropropene (4.1e): 19F NMR (282 MHz, C6D6):  -106.32 (ddq, 2JFF = 93, 3JFF = 32, 

4JFH = 5 Hz, =CF2cis), -126.15 (ddq, 2JFF = 93, 3JFF = 115, 4JFH = 5 Hz, =CF2trans), -167.19 ppm 

(ddq, 3JFF = 115, 3JFF = 32, 3JFH = 17 Hz, =CF(CH3)). 

   1,1-difluoropropene (4.1f): 19F NMR (282 MHz, C6D6):  -89.67 (ddq, 2JFF = 50, 3JFH ≈ 4JFH = 

3 Hz, =CF2trans), -93.45 ppm (ddq, 2JFF = 50, 3JFH = 25, 4JFH = 2 Hz, =CF2cis). 

   Z-1,2-difluoroethylene (4.2c):1H NMR (300 MHz, C6D6): δ 5.54 (m). 19F NMR (282 MHz, 

C6D6): δ -163.09 ppm (m). 

   E-1,2-difluoroethylene (4.2d): 1H NMR (300 MHz, C6D6): δ 6.68 (m). 19F NMR (282 MHz, 

C6D6):  -187.73 ppm (dd, 2JFH = 49, 3JFH = 30 Hz). 

   Vinyl fluoride (4.2f): 1H NMR (300 MHz, C6D6): δ 6.14 (ddd, 2JHF = 85, 3JHH = 13, 3JHH = 5 

Hz), 4.54 (ddd, 3JHF = 20, 2JHH = 12, 3JHH = 3 Hz), 4.00 (ddd, 3JHF = 54, 2JHH = 5, 3JHH = 3 Hz). 

19F NMR (282 MHz, C6D6): -115.97 ppm (ddd, 2JFH = 85, 3JFH = 54, 3JFH = 20 Hz). 

   Z-Trifluoromethyl-1,2-difluorovinyl ether (4.4b): 19F NMR (282 MHz, C6D6): -54.78 (m, 

OCF3), -118.28 (m, F), -122.22 ppm (dm, 2JFH = 59 Hz). 

1,4,4-trifluorocyclobutene (4.5b): 19F NMR (282 MHz, C6D6): δ -106.52 (m, 2F), -113.45 ppm 

(m, 1F). 

1,2-difluorocyclobutene (4.5c): 1H NMR (300 MHz, C6D6): δ 1.67 (m, 2H) ppm. 19F NMR: 

(282 MHz, C6D6) -118.57 ppm (m, 4F). 

1-fluorocyclobutene (4.5d): 19F NMR (282 MHz, C6D6):  -84.23 ppm (m, 1F). 
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4.5.3. General Experimental Procedure for Hydrodefluorination of Non-Gaseous 

Fluoroalkenes, NMR Scale.  

[(PPh3)CuH]6 (5 mg, 0.015 mmol, 10 mol %) was placed in a 7 ″ nmr tube and mixed with 400 

μL of solvent. A ligand (31 mol % or 11 mol %), silane (10 equiv, 1.45 mmol) and fluoroalkene 

(0.145 mmol) were added. The tube was capped, removed from the glovebox, further sealed by 

tightly wrapping the cap with a strip of parafilm and shaken to ensure a homogenous solution. 

The reaction was monitored by 19F NMR over 8 h at various temperatures. See Annex D for 19F 

NMR spectra. Compounds 4.6c[513], 4.8b,[514,515] 4.8c[514,515] and 4.8d[514,515] were 

identified using available literature data.   

   1,1,4,4,5,5,5-heptafluoro-2-methylpent-1-ene (4.6c). 1H NMR (300 MHz, C6D6): δ 2.13 (t, 

3JHF = 19 Hz, CH2), 1.22 (m, CH3). 
19F NMR (282 MHz, C6D6): -86.42 (s, CF3), -92.00 (d, 2JFF = 

44 Hz, 1F), -92.64 (d, 2JFF = 44 Hz, 1F), -117.07 ppm (tm, 3JFH = 19 Hz, CF2). 

  1,1-difluoro-2-methyl-2-phenylethyl-1-ene (4.8a): 1H NMR (300 MHz, C6D6): δ 1.59 (dd, 

4JHF ≈ 
4JHF = 3 Hz, Me).  19F NMR (282 MHz, C6D6):  -91.99 (dq, 2JFF = 44, 4JFH = 3 Hz), -92.30 

ppm (dq, 2JFF = 44, 4JFH = 2 Hz). 

   (E)-1-fluoro-2-methyl-2-phenylethyl-1-ene (4.8b): 1H NMR (300 MHz, C6D6): δ 7.4 – 6.9 

(Ar), 6.58 (dq, 2JHF = 85, 4JHH = 2 Hz, 1H(FHC=)), 1.80 (dd, 4JHF = 4, 
4JHF = 2 Hz, Me).  19F NMR 

(282 MHz, C6D6):  -131.66 ppm (dq, 2JFF = 85, 4JFH = 4 Hz). 

(Z)-1-fluoro-2-methyl-2-phenylethyl-1-ene (4.8c): 1H NMR (300 MHz, C6D6): δ 7.4 – 6.9 

(Ar), 6.22 (dq, 2JHF = 84, 4JHH = 2 Hz, 1H(FHC=)), 1.80 (dd, 4JHF = 5, 
4JHF = 2 Hz, Me).  19F NMR 

(282 MHz, C6D6):  -131.66 ppm (dq, 2JFF = 84, 4JFH = 5 Hz). 
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    Synthesis of [(PMePh2)3Cu(CF2CF2H)] (4.7a). The red complex [(PPh3)CuH]6 (3.16 g, 9.69 

mmol based on monomeric unit), PPh2Me (6.01 g, 30 mmol) and TMDS (1.4 mL, 8 mmol or 16 

mmol hydride equivalents) were placed in a 350 mL ampule and mixed with 30 mL of benzene. 

The reaction vessel was attached via a three-way valve to an 4.2a:CO2 canister with a regulator 

and a Schlenk line. The solution was degassed using a regular freeze/pump/thaw method. The 

4.2a:CO2 was added to the degassed solution with the regulator set to 5 psi and the reaction 

mixture stirred at 70 °C. After 10 minutes, the regulator pressure dropped to 0 and more 

4.2a:CO2 was added. After ~2h, the solution became clear with some black precipitate. The 

solvent was removed in vacuo, leaving a thick liquid. 10 mL of Et2O was added, and the solution 

was then filtered through a Celite-padded fritted funnel (30 mL medium pore). The ampule was 

rinsed 2 more time with 10 mL of Et2O. All volatiles were removed in vacuo and 50 mL of 

methylcyclohexane were added to the solution. Upon standing, the product crystallized from 

solution. The white microcrystalline powder was collected (30 mL medium-pore fritted funnel), 

triturated with pentane (2 x 20 mL), and dried in vacuo to yield 5.17 g of 4.7a (6.8 mmol, 69 % 

based on [(PPh3)CuH]6). 
1H NMR (300 MHz, C6D6): δ 7.23 (m, 16H, PMePh2), 6.89 (m, 25H, 

PMePh2), 6.75 (tt, 1H, 2JHF = 52, 3JHF
 = 5 Hz, -CF2H), 1.55 (br, 12H, PMePh2) ppm. 19F NMR 

(282 MHz, C6D6): −96.68 (dt, 3JFF = 3JFH = 5 Hz, CF2), -124.89 ppm (dt, 2JFH = 52,3JFF = 5 Hz, -

CF2H). 31P{1H} NMR (121 MHz, C6D6): −19.99 ppm (br, PMePh2). Anal. Calcd for 

C41H40CuF4P3: C, 64.35, H, 5.27. Found: C, 60.49, H, 5.31. (These values reflect those expected 

for phosphine oxidation prior to combustion. Anal. Calc. for C41H40CuF4O3P3: C, 60.56, H, 

4.96.) See Annex D for 1H, 19F, and 31P{1H} NMR spectra. 

    Synthesis of [(Xantphos)Cu(CF2CF2H)] (4.7b). The red complex [(PPh3)CuH]6 (25 mg, 

0.077 mmol based on monomeric unit), Xantphos (40 mg, 0.077 mmol) and TMDS (2 μL, 0.008 
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mmol) were placed in a 7 " NMR tube mixed with 400 μL of C6D6. The tube was capped with a 

rubber septum, removed from the glovebox, further sealed by tightly wrapping the cap with a 

strip of parafilm and shaken to ensure a homogenous solution. 3 mL of gaseous 4.2a was added 

to the reaction via air-tight syringe. The reaction was monitored by 19F NMR over 8 hours at 

various temperatures. Compound 4.7b was identified by comparing to 4.7a. 19F NMR (282 MHz, 

C6D6): −103.9 (br m, CF2), -125.45 ppm (br dm, 2JFH = 52, -CF2H). 31P{1H} NMR (121 MHz, 

C6D6): −16.74 ppm (br m, Xantphos). See Annex D for 19F and 31P{1H} NMR spectra. 

4.5.4. Computational Details.  

All geometries were fully optimized by using the Gaussian 09 software package[416] in 

combination with an external optimizer (PQS, OPTIMIZE routine of Baker[516,517]) and the 

BOpt software package.[518] Following the protocol proposed in ref.[519], all relevant minima 

and transition states were fully optimized at the TPSSTPSS level[520] of theory employing 

correlation-consistent polarized valence double-ζ Dunning (DZ) basis sets with cc-pVDZ 

quality[521,522]from the EMSL basis set exchange library, using a small core pseudo-potential 

on Cu.[523] The density fitting approximation (Resolution of Identity, RI) [524-527] was used at 

the optimization stage and for single-point energy corrections. Solvent effects (benzene, ε = 

2.2706) were included with the polarizable continuum model approach (PCM) at both 

stages.[528] All calculations were performed at the standard Gaussian 09 SCF convergence using 

an ultrafine grid [Scf=Tight and Int(Grid=ultrafine)]. The nature of each stationary point was 

checked with an analytical second-derivative calculation (no imaginary frequency for minima, 

exactly one imaginary frequency for transition states, corresponding to the reaction coordinate). 

The accuracy of the TS was confirmed with an IRC scan on preliminary gas phase calculations. 

Transition states were located using a suitable guess and the Berny algorithm (Opt=TS)[529] or a 
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relaxed potential energy scan to arrive at a suitable transition-state guess, followed by a quasi-

Newton or eigenvector-following algorithm to complete the optimization. 

Final single-point energies were calculated at the TPSSh level of theory[530] employing 

triple-ζ Dunning (TZ) basis sets (cc-pVTZ quality).[521] Grimme dispersion corrections without 

damping (keyword -zero) were added at this stage using the standalone dftd3 program.[531,532] 

Enthalpies and Gibbs free energies were then obtained from TZ single-point energies and 

thermal corrections from the TPSSTPSS(PCM)/cc-pVDZ-(PP) vibrational analyses; entropy 

corrections were scaled by a factor of 0.67 to account for decreased entropy in the condensed 

phase.[533-535] Δ%VBur was calculated using the SambVca 2.0 program.[490] Maps of steric 

bulk were generated using the same program. NBO 3.1 was used for NBO analysis.[536]  

The correct prediction of copper-phosphine bond strengths is crucial for the competition 

of mechanisms described in this paper. Metal-phosphine bond strengths are known to be 

challenging to predict and dispersion corrections are critically needed for their accurate 

description.[483] To our knowledge, no accurate experimental data is available for Cu-P bonds. 

In the absence of this data, we decided to benchmark the protocol against available gas phase 

bond dissociation energies of copper complexes with labile binding of ligands,[479] i.e. Cu(0)-

NH3,[537] Cu+CO[538] and the 1st and 2nd binding energies in Cu+(ethene)2[539,540] and 

Cu+(acetonitrile)4[541]. A labile metal phosphine bond was included in the benchmark via the 

complex NiCN2(PEt3)3, in the solvents dichloroethane and enthanol.[483] For this set of 8 bonds, 

the protocol including Grimme’s dispersion corrections with no damping produces an MAD of 

1.8 kcal/mol. Becke-Johnson damping leads to an overestimation of bond dissociation energies 

and a higher discrepancy (MAD 4.2 kcal/mol). Finally, in a limited test set, we included 
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dispersion corrections during optimization via the use of the B97D functional,[337] but this did 

not noticeably change the predictions.   
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Chapter 5. 

5. Unpublished Contributions 

Straightforward Tetrafluoroethylation of Aryl-Iodides and Acid Chlorides from a Cu-CF2CF2H 

Complex and Facile C-F Bond Activation: From ArF6 to ArF with (IPr)Ni(C6H6). 

N. O. Andrella, N. Xu and R. T. Baker manuscript in preparation and 

N. O. Andrella, R. T. Baker and S. Ogoshi, manuscript in preparation 

 

 

Andrella, Baker and Ogoshi wrote the manuscript. Andrella performed most of the experiments, 

Xu responsible for the scope of aryl iodides. 
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5.1. Abstract 

The synthesis of C-RF (ArF or fluoroalkyls) compounds remains challenging for synthetic 

chemists. In particular, the cross-coupling of C-X (X = Boron, Halogen) synthons with 

fluorinated moieties, using typical reaction conditions (e.g. Suzuki-Miyaura). Therefore, the new 

synthetic methodologies were envisioned. Using our reported complex, [(PMePh2)3CuCF2CF2H], 

a new methodology for tetrafluoroethylation was developed. This complex is sufficiently stable 

under the reaction conditions to permit the fluoroalkylation of aryl iodides and a broad scope of 

acid chlorides. This is the first time either Ar-CF2CF2H or ArC(O)-CF2CF2H have been prepared 

from Ar-I or ArC(O)Cl. Furthermore, the reaction of (IPr)Ni(η6-C6H6) (5.4) with a series of 

fluoroarenes, C6F6-nHn [n = 0, 1, 4 or 5] yielded the C-F bond activated products [(IPr)NiF(-

C6F5)]2, [(IPr)NiF(-C6F4H)]2, [(IPr)NiF(-m-C6FH4)]2 and [(IPr)NiF(-p-C6FH4)]2. Unexpectedly, 

the reaction of 5.4 with o-C6F2H4 afforded a Ni(I) complex [(IPr)Ni(-o-C6FH4)]2. With the 

addition of DMAP, the [(IPr)NiF(-C6F5)]2 product was used in a nickel-mediated, base-free 

Suzuki-type cross-coupling reaction. This observation provides insight for the development of a 

catalytic reaction and expands the potential of nickel complexes for late-stage fluoroarylation.  

5.2. Introduction 

The use of fluorine atoms in pharmaceuticals and agrochemicals has for some time now been 

crucial in the development of new compounds.[15,31,355,550] The discovery of manmade bio-

active fluorinated compounds (e.g. fluorouracil and fluorocortisone) spurred a search for new 

routes for their synthesis.[10,15,25,31,49] Several of these fluorinated compounds contain a CAr-

F bond including one of the more successful drugs, atorvastatin (i.e. Lipitor®,Figure 5.1).[551]  
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Figure 5.1. Some CAr-F containing drugs. 

As such, more and more fluorinated pharmaceuticals and agro-chemicals have been 

introduced to the market. Trifluoromethylated compounds have also become increasingly 

popular and have by and large received the most 

attention.[92,111,124,128,130,134,140,141,147,148,163,164] Thus, the construction of other C-

RF (RF = fluoroalkyl) bonds, excluding CF3, remains 

underdeveloped.[162,229,230,272,365,399,387,390,391] However, recent advancements have 

brought other fluoroalkyl fragments to the fore, such as -CF2H and -CF2CF3. In fact, variations 

on the fluoroethyl fragment have been an area of interest for quite some time.[542-546] For 

example, Desflurane® is a popular general anesthetic containing a -CFHCF3 group but only a 

few synthetic methodologies exist for the introduction of such groups.[547] 

Although, significant headway has been achieved in late-stage fluorination, the more 

popular routes generally start with a fluorinated precursor.[552,553,554] One such route that has 

been explored is the use of fluorinated aromatics as a coupling partner by C-F bond 

activation.[216,555-567] This route has recently seen some success, several challenges remain: 
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a) selective C-F vs C-H bond activation, and b) current reaction condition require high-

temperature >100 °C and the use of strong Lewis acids. Generally, transition metal-mediated and 

-catalyzed routes were built on conditions first developed by Mcloughlin and Thrower. [382] In 

this discovery, it was found that copper metal could couple Ar-I and I-RF [when used in the 

appropriate solvent, i.e. DMF] to generate Ar-RF compounds. It was later introduced, that the use 

(-mediated or -catalyzed) of CuI-CF3 complexes could achieve this same coupling reaction.[261, 

275, 281] Various conditions have now been identified to carry out this reaction. For example, 

1,10-phenanthroline (phen), di-tert-butylbipyridine (dtbpy) and 1,3-bis(2,4,6-trimethylphenyl)-

4,5-dihydroimidazol-2-ylidene (SIMes) have all been shown to be suitable ligands.[548] 

Building on these previous reports, transition metal catalyzed routes, especially with nickel 

and copper, have thus far proven to be the most useful. In 2006, Radius et al. reported the first 

Suzuki-type cross-coupling reaction using perfluoroarenes.[566] The reaction was enabled by a 

dimeric Ni0 complex bearing two N-heterocyclic carbene ligands on each Ni atom, 

[(IiPr2)2Ni2(,2,2-COD)] with the first step being oxidative addition of a CAr-F bond. In 2011, 

Ogoshi et al. reported a Hiyama cross-coupling with fluoroarenes using the same catalyst but the 

reaction still required high-temperatures.[300] Presumably, higher temperatures are required, as 

compared to perfluoroarenes, because C-F bond activation energy increases with decreasing F-

substitution.[568] Recently, Johnson et al. found that Ni(PEt3)4 requires addition of AlMe3 to 

effect the oxidative addition of CAr-F bonds.[569] In general, enhanced reactivity is observed 

with electronically unsaturated Ni complexes (< 16e-) that can potentially coordinate fluoro-

arenes as π-ligands or through the CAr-F bond. Recent successes with copper for the introduction 

of other RF groups focused on the use of fluoroalkenes [inexpensive and abundant fluorinated 

precursors]. In 2014, Ogoshi et al. synthesized Ar-CF2CF2-Ar via a (phen)Cu-CF2CF2Ar 
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complex.[227,228] Ar-CF2CF3 and Ar-CF2CF2OAr compounds have since been synthesized in a 

similar fashion.[229,230,272,292] In 2017 Hu et al. prepared 1,1,2,2-tetrafluoroethyl, -CF2CF2H, 

containing compounds by addition of E-H nucleophiles to tetrafluoroethylene (TFE).[229] 

However, this approach was limited to the synthesis of O- and N-CF2CF2H compounds. In fact, 

very few methods exist for the synthesis of C-CF2CF2H containing compounds.[546,549] 

 In a report by Singh and Shreeve, Ar-CF2CF2H could be prepared by reacting Ar-

C(O)C(O)H compounds with deoxofluor. Very recently, we reported the facile synthesis of a 

new Cu-CF2CF2H complex, which could be successfully coupled with Ph-I, in a preliminary 

reaction.[see Chapter 4] Advantageously, in our synthetic protocol TFE can be used safely either 

on industrial or laboratory scale, because it uses a non-explosive 50:50 mixture of TFE:CO2, so-

called TFE Safe Supply®.[505]  

Herein we report the synthesis and characterization of new FNiIIArF complexes and their 

reactivity under Suzuki-type cross-coupling reaction conditions and two previously unknown 

tetrafluoroethylation reactions with our Cu-CF2CF2H complex (4.7a). We demonstrate the 

tetrafluoroethylation of a) aryl iodides, effected by a catalytic amount of exogeneous ligand, and 

b) acid chlorides. The reaction with RC(O)Cl proved to be highly efficient, selective and of 

broad scope, yielding new tetrafluoroethyl ketones in up to 97% yield.  

5.3. Results and Discussion 

5.3.1. Copper Mediated and Catalyzed Synthesis of C-CF2CF2H Compounds 

Based on our results of hydrometallation of TFE, we investigated the stoichiometric 

reactions between [CuH(PPh3)]6, TFE, ligand and aryl iodides. Initially, we attempted generating 

CuH in situ but none of the conditions used produced the desired product in appreciable yields 
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(for details, see the Annex E). Similarly, we could not identify reaction conditions which could 

couple the in situ generated Cu-CF2CF2H complexes to iodo benzene. DMF was chosen as a 

suitable solvent because it was found that polar solvents facilitate the addition of copper hydride 

to TFE. Additionally, using labile bidentate phosphine ligands such as dppe or DPEphos, yielded 

PhCF2CF2H, 20%. Changing the solvent to xylenes did not greatly influence the reaction but 

showed that aromatic solvents were suitable for such transformations. 

 As such, continuing with the originally discovered conditions, using isolated complex 

4.7a, we carried out a detailed study on the solvent and ligands (Table 5.1).  

Table 5.1. Optimization of reaction conditions using complex 4.7a. 

 

 

Entry Solvent T [°C] Ligand  Yield[a] 

[%] 

1 C6D6 80 SIMes  80 
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2 DMF 80 SIMes  85 

3 THF 80 SIMes  3 

4 DMSO 80 SIMes  50 

5 DME 80 SIMes  56 

6 CPME 60 SIMes  56 

7 MeCN 80 SIMes  18 

8 Toluene 80 SIMes  83 

9 C6D6 80 bipy  75 

10 C6D6 80 phen  68 

11 C6D6 80 dmphen  58 

12 C5D6 80 tmeda  32 

13 C6D6 80 Box-ph  0 

14 C6D6 80 MesDAD  55 

15 C6D6 80 SIMes  82 

16 C6D6 80 phen  42 

[a] Yields are based on 19F NMR integration of products vs 

internal standard. All reactions gave 100% conversion of 

[Cu]-CF2CF2H unless indicated otherwise.  
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First, the reaction conditions were optimized using complex 4.7a as the limiting reagent 

and employing iodobenzene in excess (5 equiv.) for 24 h. Under these conditions, many solvents 

could be used in combination with SIMes to perform this transformation in good yield. Albeit, 

when THF is used (entry 3), the reaction does not go to completion and a significant amount of 

starting material remains. This is likely a consequence of not being able to heat the reaction to 80 

°C. If a higher boiling point ether is used instead (e.g. 1,2-dimethoxyethane [DME] or 

cyclopentyl methyl ether [CPME], entries 5 and 6 respectively) the reaction still proceeds in 

decent yields, 56%. In DMSO yields are lower (entry 4, 50%) and HCF2CF2H is produced as a 

significant by-product. These results recall the reactivity of [(PPh3)3CuCF3], where HCF3 was 

also observed in significant amounts in some solvents. However, when DMF is used (entry 2, 

85%) little to no HCF2CF2H is formed and yields are on par with reactions in benzene or toluene. 

As such, we focused first on the use of ligands that are usually employed in trifluoromethylation 

reactions. Of the nitrogen ligands tested (bipy, phen, mesDAAD and dmphen) all performed 

well, with bipy giving the highest yields (entry 9, 75%), except for tmeda and Box-ph (entries 12 

and 13, 32% and 0% respectively) in which HCF2CF2H was the major product.  

With the original conditions still providing the best yields, an attempt to switch the 

limiting reagent of the iodobenzene reaction was made. It was found that an excess of 4.7a, 1.3 

equivalents, could be used to effectively carry out this reaction. Comparatively, use of phen 

under these conditions (entry 16, 42%), provided lower yields. Increasing the amount of 4.7a 

beyond this ratio does not offer any additional benefits. Importantly, under these conditions, the 

yields depended heavily on the concentrations used, with the highest yields resulting from the 

most concentrated reactions. Any higher concentrations then those used, were impractical 
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because of the insolubility of 4.7a, although ball-milling might prove useful to further optimize 

these conditions.  

 

Scheme 5.1. Plausible mechanism for the cross-coupling of aryl iodides and 4.7a, using a 

catalytic amount of SIMes.  

With the optimized reaction conditions in hand, the scope of substrate reactivity of 4.7a 

was explored (Table 5.2) and found to be highly dependent on the electronics and substitution 

pattern of the aryl iodide. In line with the dependence on the concentration of iodobenzene and 

results of other fluoro-alkylation reactions with copper, we suspect the limiting step to be the 

oxidative addition of the Ar-I bond to a copper(I) fluoroalkyl complex. 
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Table 5.2. Tetrafluoroethylation of aryl iodides with 4.7a and a catalytic amount of SIMesCuCl. 

 

 

[a] Unless otherwise noted, reactions were performed using 4.7a (0.07 mmol) and ArI (0.05 

mmol). Yields were determined by 19F NMR spectroscopy using PhCF3 as an internal standard. 
[b] 0.2 mmol of 4.7a was used. Isolated yields given in parentheses. 

Typically, electron-rich arenes (5.1b, 5.1c and 5.1i) did not efficiently undergo 

tetrafluoroethylation giving poor yields. Prolonged heating of the reaction mixture did not lead to 

increased yields because most, if not all, of 4.7a had decomposed over the course of the reaction. 

Other electron-poor functional groups such as cyano (5.1e and 5.1f, ortho and para respectively), 

meta-trifluoromethyl (5.1j) and bromo (5.1h) were tolerated and moderate yields were obtained. 

Predictably, substitution in the ortho position (5.1e, 5.1h, 5.1i) leads to lower yields, except for 

5.1c which likely benefits from the ortho effect. The substrate bearing the para-phenyl (5.1g) 
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showed good yields but para-fluoro (5.1k) was quite low. However, the naphthyl derivative 

(5.1d) only produced moderate yields, possibly due to the volatility of this product. 

To further demonstrate the utility 4.7a, its reactivity was tested with acid chlorides. As 

expected, complex 4.7a reacted smoothly with 2-Me-C6H4C(O)Cl (5.2a) with gentle heating (50 

°C). The choice of solvent was based on the optimization reaction conditions of aryl iodides, see 

above. Use of DMF, for example, gave multiple products. Interestingly, this reactivity echoes 

previous reports of fluoroalkylations of acid chlorides using tetrahedral copper complexes. In 

some of those reports, the L2Cu-RF phosphine complexes were demonstrated to be ineffective in 

this transformation with yields < 50%. Only by addition of a small bidentate nitrogen ligand, to 

generate L3Cu-RF, did these make useful reagents. As in our case, the use of a smaller phosphine 

ligand from the onset, provides a much quicker route to the L3Cu-RF complex to achieve similar 

utility.  

Table 5.3. Tetrafluoroethylation of acid chlorides with 4.7a. 
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[a] Unless otherwise noted, reactions were performed using 4.7a (0.07 mmol) and Ar(O)Cl (0.05 

mmol). Yields were determined by 19F NMR spectroscopy using PhCF3 as an internal standard. 
[b] 0.2 mmol of 4.7a was used. Isolated yields given in parentheses. 

Various acid chlorides were reacted with 4.7a to generate the corresponding ketones 5.8 in 

great yields (Table 5.3). Unlike the reaction with aryl iodides, even electron-rich substrates 

reacted smoothly with 4.7a. In fact, substitution at either the para or ortho positions were 

tolerated (5.8a, b and k). Both 2-furanoyl chloride (5.8f) and 2-thienoyl chloride (5.8g) were 

tetrafluoroethylated in near quantitative yield. Halogenated aryl rings in either ortho, meta or 

para are all well tolerated (5.8c, 5.8h and 5.8i, yields) but the more sterically hindered, 5.8c, 

required longer reaction times to go to completion. Like the reactivity of the scope for the aryl 

iodides, electron-withdrawing functional groups in the para position reacted smoothly with para-

cyano (5.8j) giving quantitative yields. However, substitution of the nitro group in the ortho or 

para position gave rise to a plethora of side-products, likely due to single-electron transfer 

chemistry.  
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5.3.2. Nickel Mediated CAr
F-C Cross-Coupling Reactions 

Building on the success of NHC ligated Ni0 complexes in C-F bond activation reactions, a 

recently reported complex by Ogoshi et al. (IPr)Ni(η6-C6H6) (5.3) was treated with a series of 

fluoro-arenes. Reaction in neat C6F6 at room temperature afforded complex 5.4a (Scheme 5.2). 

The collection of single-crystal X-ray diffraction data unambiguously verified the dimeric nature 

of 5.4a (Figure 5.2). 

 

Scheme 5.2. Synthesis of complex 5.4a 

 

Figure 5.2. ORTEP representation of the molecular structure of 5.4a. Thermal-ellipsoid 

probabilities are set to 35% with hydrogen atoms and 2,6-iso-propyl groups omitted for clarity. 

The molecular structure of complex 5.4a exhibits a tetrahedral coordination about the Ni with 

C2 symmetry and features a bridging fluoride. There is a slight distortion of the C6F5 from 
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planarity, likely resulting from the steric bulk of the IPr ligand. The 19F NMR spectrum of 5.4a 

in C6D6 is consistent with the structure determined in the solid state. Interestingly, the Ni-F 

chemical shift (-470 ppm) is significantly further upfield then previously reported 

complexes.[564] With these initial reaction conditions in hand, the scope of fluoro-arene C-F 

bond activation was explored. It was found complex 5.3 undergoes facile oxidative addition, 

although yields are low ( ≤ 50 %), with some of the series of ArF compounds tested (Figure 5.3) 

with increasing temperature as the fluorination level is decreased, with the highest temperature 

required (60 °C) for fluorobenzene. 

 

Figure 5.3. Isolated products from the reactions of 5.4 with various fluoroarenes. 

All structures were unambiguously confirmed by single-crystal X-ray diffraction data (See 

SI). The Ni-F bond length is similar for all complexes ~1.89Å. Interestingly, no discernable trend 

in Ni-CAr bond length versus the degree of fluorination of the phenyl ring is observed, with only 

slight variations from 1.879 Å to 1.886 Å. Again, the 19F NMR showed a discernable upfield 

signal in the range of -400 to -450 ppm, with the chemical shift being dependent on the degree of 

fluorination.  

Unexpectedly, if the same conditions were used with 1,2-difluorobenzene a dimeric 

NiI(C6H4F) (5.5) complex was isolated from the reaction mixture (Scheme 5.3). Although the 

exact mechanism for the formation of this complex is not known, it is possible that a NiII 

complex, analogous to complex 5.4, is generated in situ, followed by a conproportionation with 
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left-over 5.3 to yield 5.5 and [IPrNiIF]n. This competing reaction may rationalize the low yields 

observed for complexes 5.4a-d.  

 

Scheme 5.3. Synthesis of complex 5.5.  

The molecular structure of complex 5.5 (Figure 5.4) exhibits a trigonal planar coordination about 

the Ni with C2 symmetry and features a bridging aryl group that is σ-bonded to one Ni (Ni-C = 

1.931 Å and π-bonded to the other (η1Ni-CAr = 1.971Å). These bonds are considerably longer 

then their NiII counterparts, but in-line with other NiI-Ar complexes. The dimer exhibits a very 

close NiI-NiI contact of 2.407 Å, suggesting a bonding interaction. Indeed, the 19F NMR 

spectrum is typical of a diamagnetic complex with a sharp signal for the Ar-F fluorine. This 

suggests a Ni-Ni single bond or bridging ligand-facilitated, strong anti-ferromagnetic coupling 

between the paramagnetic NiI centers.  
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Figure 5.4. ORTEP representation of the molecular structure of 5.5. Thermal-ellipsoid 

probabilities are set to 35% with hydrogen atoms and 2,6-iso-propyl groups omitted for clarity.  

With initial reactivity with ArF compounds in hand, a stoichiometric study on the reactivity 

of complex 5.4a was carried out to achieve a base-free Suzuki-type cross-coupling reaction. 

Unfortunately, attempted catalytic conditions did not produce the desired product. We therefore 

focused our attention on stoichiometric reactions of 5.4a with aryl boronic esters. In a first 

attempt 5.4a was mixed with a boronic ester in C6D6 but no reaction was observed. 

As such, we hypothesized that no transmetallation reaction was occurring because the 

dimeric nature of 5.4a was inhibiting the reaction. Thus, the dimer was treated with 

dimethylaminopyridine (DMAP) to generate 5.6a. Based on the distinct downfield shift of the 

Ni-F signal, and color change (orange to yellow) upon addition of DMAP, we suspect that 

DMAP is coordinated and 5.6a is monomeric. As expected, addition of aryl boronic acid ester to 

this complex, leads to a successful cross-coupling reaction (Scheme 5.4). Interestingly, C6F5-Ph, 

the expected product, is not observed. Instead, a mixture of 4-H-C6F4-Ph (5.7), minor, and 4-Ph-

C6F4-Ph (5.8), major, are observed. These results suggest that the development of a catalytic 

reaction is attainable and further elaboration on these results is ongoing. It is suspected that the 
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initial transmetallation occurs to generate 5.6a’, which undergoes rapid reductive elimination, to 

produce C6F5-Ph, which then undergoes facile C-F bond oxidative addition at the para-position 

generating 5.6b’, which likely undergos slow homolysis of Ni-CAr bond, producing 5.7, or 

undergoes transmetallation and reductive elimination to give 5.8. The role of water in the 

production of 5.7 has not yet been ruled out.  

 

Scheme 5.4. Nickel-mediated base-free Suzuki cross-coupling of 5.4a and phenylboronic acid 

neopentylglycol ester. 

 

5.4. Conclusions 

In summary, we have outlined the synthesis and characterization of dimeric NHC-NiArF 

complexes and a rare NiI complex and a new synthetic methodology for the introduction of the -

CF2CF2H group. This reaction uses our previously reported Cu-CF2CF2H complex (4.7a), which 

can be easily and safely synthesized from TFE Safe Supply®. We have demonstrated that the 

nickel complexes, 5.4, can be easily synthesized under mild conditions by exposure of 5.3 to 

various Ar-F compounds. Furthermore, we have explored the reactivity of such complexes under 

various additive-free Suzuki cross-coupling conditions. These results highlight the importance of 

dimer dissociation to achieve transmetallation of Ar-B with Ni-F complexes. Finally, a 

mild/base-free nickel complex-mediated cross-coupling of hexafluorobenzene and a boronic acid 
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ester was demonstrated. Furthermore, the Cu-CF2CF2H complex, 4.7a, can undergo coupling 

reactions with electron-poor or -neutral aryl iodides in good yields, with addition of either SIMes 

or bipy in catalytic amounts. This complex, 4.7a, is an effective reagent for the 

tetrafluoroethylation of a broad scope of acid chlorides. This protocol represents the first 

practical synthesis of tetrafluoroethyl ketones from the corresponding acid chlorides. Ongoing 

studies are focused on the development of a catalytic variant of these reactions and there utility 

in late-stage introduction of fluoro-alkyls and fluoro-arenes. 

5.5.  Experimental Section. 

5.5.1. General Procedure 

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

glove box. All solvents were deoxygenated by purging with nitrogen. Tetrahydrofuran (THF), 

acetonitrile (MeCN) and toluene were dried on columns of activated alumina using a J. C. Meyer 

(formerly Glass Contour®) solvent purification system. 1,2-Dimethoxyethane (DME), 

cyclopentyl methyl ether (CPME) and benzene-d6 (C6D6) were dried by stirring over activated 

alumina (ca. 10 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. Glassware was oven-dried 

at 120 °C for >2 h. The following chemicals were obtained commercially, as indicated: 

dimethylformamide (DMF, Alfa Aesar Anhydrous 99.8%), dimethylsulfoxide (DMSO, Alfa 

Aesar Anhydrous 99.8%), iodobenzene (Alfa Aesar, 98 %), all other aryl iodides (SiGMA), all 

acid chlorides (SIGMA), 1,10-phenanthroline (Sigma-Aldrich, phen), 2,2’-bipyridine (SIGMA, 

bipy), 2,9-dimethy-1,10-phenanthroline (Sigma-Aldrich, dmphen), tetramethylethylenediamine 

(Sigma-Aldrich, tmeda), [3aR-[2(3′aR*,8′aS*),3′aβ ,8′aβ]]-(+)-2,2′ -Methylenebis 
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[3a,8a-dihydro-8H-indeno[1,2-d]oxazole] (Box-ph, Sigma), triphenylphosphine (PPh3, Oakwood 

chemicals, 99%), tri(o-tolyl)phosphine (P(o-tolyl)3, Alfa Aesar, 98%), 2-di-tert-butylphosphino-

2′,4′,6′-triisopropylbiphenyl (tbuXphos, Sigma-Aldrich, 97%), 1,2-bis(diphenylphosphino)ethane 

(dppe, Strem chemicals, 99%), 1,1’-bis(diphenylphosphino)ferrocene (dppf, Accela ChemBio 

Inc., 99%), 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (Xantphos, Accela ChemBio Inc., 

99%), triethylphosphite (P(OEt)3, Sigma-Aldrich, 98%), triphenylphosphite (P(OPh)3, Alfa 

Aesar, 97%), tri-ortho-tolyl phosphite (P(O-o-tolyl)3, Alfa Aesar), methyldiphenylphosphine 

(PMePh2, Acros Organics, 99%), dimethylphenylphosphine (PMe2PhMe, Acros Organics, 97%). 

The following chemicals were synthesized as previously reported: 1,3-bis(2,6-

diisopropylphenyl)imidazolidin-2-ylidene (SIPr), 1,3-bis(2,3,6-trimethylphenyl)imidazolidin-2-

ylidene (SIMes), [(PPh3)CuH]6, (SIMes)CuCl and (SIPr)CuCl. Electrospray ionization mass 

spectral data were collected using an Applied Biosystem API2000 triple quadrupole mass 

spectrometer and elemental analyses were performed by Ján Veizer Stable Isotope Laboratory, 

University of Ottawa. NMR spectra (1H, 19F, 31P{1H}, and 13C{1H}) were recorded on a 300 

MHz Bruker Avance instrument at room temperature (21-23 °C) unless stated otherwise. 1H 

NMR spectra were referenced to residual proton peaks associated with the deuterated solvents 

(C6D6:  7.16) and 31P{1H} NMR data were referenced to external H3PO4 (85 % aqueous 

solution), set to 0.0 pm. 19F NMR spectra were referenced to internal standard α,α,α-

trifluorotoluene (CF3Ph) [unless stated otherwise] (Sigma-Aldrich, 99%, deoxygenated by 

purging with nitrogen, stored over activated 4 Å molecular sieves), set to – 63.5 ppm. NMR 

spectra for the title compounds are displayed at the end of the Supporting Information, Annex D. 

General Experimental Procedure for Tetrafluoroethylation of Aryl Iodides, NMR 

Scale. The copper complex 4.7a (53 mg, 0.07 mmol) and [(1,3-bis(2,4,6-trimethylphenyl)-4,5-



 

153 

 

dihydroimidazol-2-ylidene) copper(I) chloride] (3 mg, 0.007 mmol) were loaded into an NMR 

tube and mixed with C6D6. Aryl iodide (0.054 mmol) and PhCF3 (3 μL, 0.02 mmol) were then 

added to the solution. The reaction was heated at 80 °C for 8 h. Compounds 5.1a-c,h-k were 

identified using available literature data. See Annex D.  

1,1,2,2-tetrafluoroethylbenzene (5.1a): 19F NMR (282 MHz, C6D6): δ −115.98 (dt, 3JFF 

= 3JFH = 7 Hz, CF2), −136.54 (dt, 2JFH = 51, 3JFF = 7 Hz, CF2H). GC-MS (retention time 3.85 

min): expected, 178.0; found, 178.0. 

(4-methoxy)phenyl-1,1,2,2-tetrafluoroethane (5.1b): 19F NMR (282 MHz, C6D6): δ 

−113.34 (dt, 3JFF = 3JFH = 4 Hz, CF2), −134.99 (dt, 2JFH = 55, 3JFF = 4 Hz, CF2H). GC-MS 

(retention time 4.10 min): expected, 208.0; found, 208.1. 

(2-methoxy)phenyl-1,1,2,2-tetrafluoroethane (5.1c): 19F NMR (282 MHz, C6D6): δ 

−117.305 (dt, 3JFF = 3JFH = 9 Hz, CF2), −137.63 (dt, 2JFH = 54, 3JFF = 9 Hz, CF2H). GC-MS 

(retention time 4.08 min): expected, 208.0; found, 208.1. 

(2-bromo)phenyl-1,1,2,2-tetrafluoroethane (5.1h): 19F NMR (282 MHz, C6D6): δ 

−115.14 (tt, 3JFF = 3JFH = 7 Hz, CF2), −136.51 (dt, 2JFH = 51, 3JFF = 7 Hz, CF2H). GC-MS 

(retention time 4.54 min): expected, 255.9 (100%), 257.9 (97%); found, 255.9 (100%), 257.9 

(94%). 

(2-ethyl)phenyl-1,1,2,2-tetrafluoroethane (5.1i): 19F NMR (282 MHz, C6D6): δ 

−110.97 (tt, 3JFF = 3JFH = 7 Hz, CF2), −134.86 (dt, 2JFH = 51, 3JFF = 7 Hz, CF2H). GC-MS 

(retention time 4.32 min): expected, 206.1; found, 206.1. 
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 (3-trifluoromethyl)phenyl-1,1,2,2-tetrafluoroethane (5.1j): 19F NMR (282 MHz, 

C6D6): δ -63.77 (CF3),  −114.88 (m, CF2), −136.10 (dt, 2JFH = 54, 3JFF = 7 Hz, CF2H). GC-MS 

(retention time 3.97 min): expected, 246.0; found, 246.0. 

(4-fluoro)phenyl-1,1,2,2-tetrafluoroethane (5.1k): 19F NMR (282 MHz, C6D6): δ 

−115.14 (tt, 3JFF = 3JFH = 7 Hz, CF2), −136.51 (dt, 2JFH = 51, 3JFF = 7 Hz, CF2H). GC-MS 

(retention time 3.65 min): expected, 197.03; found, 197.03. 

General Experimental Procedure for Tetrafluoroethylation of Aryl Iodides, 

Isolation. The copper complex 4.7a (250 mg, 0.33 mmol) and [(1,3-bis(2,4,6-trimethylphenyl)-

4,5-dihydroimidazol-2-ylidene) copper(I) chloride] (17 mg, 0.04 mmol) were loaded into 

scintillation vial and mixed with toluene. Aryl iodide (0.22 mmol) was then added to the solution 

and the reaction was heated at 80 °C for 8 h. Compounds 5.1d-g were identified using available 

literature data. See Annex D. 

2-(1,1,2,2-tetrafluoro)ethylnaphthalene (5.1d): 1H NMR(400 MHz, CDCl3): δ 8.20 (m, 

Ar, 1H), 8.02 (m, Ar, 1H), 7.93 (m, Ar, 1H), 7.81 (m, Ar, 1H), 7.62 – 7.51 ( ov m, Ar, 3H), 6.17 

(tt, 2JHF = 54, 3JHF = 4 Hz, 1H, CF2H). 19F NMR (282 MHz, C6D6): δ −113.20 (dt, 3JFF = 3JFH = 5 

Hz, CF2), −137.53 (dt, 2JFH = 54, 3JFF = 6 Hz, CF2H). GC-MS (retention time 3.85 min): 

expected, 178.0; found, 178.0. Yield: 33%  

(2-cyano)phenyl-1,1,2,2-tetrafluoroethane (5.1e): 1H NMR(400 MHz, CDCl3): δ 7.85 (m, Ar, 

1H), 7.79 – 7.64 (ov m, Ar 3H), 6.11 (tt, 2JHF = 54, 3JHF = 3 Hz, 1H, CF2H). 13C{1H} δ 134.93, 

132.77, 132.16, 131.78, 129.12, 128.55 (t, JCF = 8 Hz), 116.29, 114.62 (tt, JCF = 253 Hz, JCF = 30 

Hz), 109.76 (tt, JCF = 252, JCF = 41 Hz). 19F NMR (282 MHz, C6D6): δ −115.68 (dt, 3JFF = 3JFH = 
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4 Hz, CF2), −137.29 (dt, 2JFH = 54, 3JFF = 4 Hz, CF2H). GC-MS (retention time 3.85 min): 

expected, 178.0; found, 178.0. 

(4-cyano)phenyl-1,1,2,2-tetrafluoroethane (5.1f): 1H NMR(400 MHz, CDCl3) δ 7.80 (dm, 3JHH 

= 8 Hz, Ar, 2H), 7.69 (dm, 3JHH = 8 Hz, Ar 2H), 5.96 (tt, 2JHF = 54, 3JHF = 2 Hz, 1H, CF2H). 

13C{1H} δ 134.03 (t, JCF = 25 Hz), 132.36, 127.51 (t, JCF = 8 Hz), 117.65, 115.62 (m), 114.77 (tt, 

JCF = 248, JCF = 28 Hz), 109.86 (tt, JCF = 251, JCF = 43  Hz). 19F NMR (282 MHz, C6D6): δ 

−115.302 (dt, 3JFF = 3JFH = 4 Hz, CF2), −135.11 (dt, 2JFH = 54, 3JFF = 4 Hz, CF2H). GC-MS 

(retention time 3.85 min): expected, 178.0; found, 178.0. 

4-(1,1,2,2-tetrafluoro)ethylbiphenyl (5.1g): 1H NMR(400 MHz, CDCl3) δ 7.72 – 7.35 (over m,  

Ar, 9H), 7.69 (dm, 3JHH = 8 Hz, Ar 2H), 5.95 (tt, 2JHF = 54, 3JHF = 3 Hz, 1H, CF2H). 19F NMR 

(282 MHz, C6D6): δ −114.31(dt, 3JFF = 3JFH = 4 Hz, CF2), −134.99 (dt, 2JFH = 54, 3JFF = 4 Hz, 

CF2H). GC-MS (retention time 3.85 min): expected, 178.0; found, 178.0. 

General Experimental Procedure for Tetrafluoroethylation of Acid Chlorides, NMR 

Scale. The copper complex 4.7a (53 mg, 0.07 mmol) was loaded into an NMR tube and mixed 

with C6D6. Acid Chloride (0.054 mmol) and PhCF3 (3 μL, 0.02 mmol) were then added to the 

solution and the reaction was heated at 60 °C for 8 h. Compounds 5.2a-c, f-i were identified 

using available literature data. See Annex D.  

2-Me-PhC(O)CF2CF2H (5.2a): 19F NMR (282 MHz, C6D6): δ −119.76 (m, CF2), 

−140.16 (dm, 2JFH = 53 Hz, CF2H). GC-MS (retention time 3.85 min): expected, 178.0; found, 

178.0. 
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4-Me-PhC(O)CF2CF2H (5.2b): 19F NMR (282 MHz, C6D6): δ −119.68 (dd, 3JFF = 3JFH 

= 7 Hz, CF2), −136.54 (dm, 2JFH = 54 Hz, CF2H). GC-MS (retention time 3.85 min): expected, 

178.0; found, 178.0. 

2,4,6-Cl3-PhC(O)CF2CF2H (5.2c): 19F NMR (282 MHz, C6D6): δ −122.87 (m ,  CF2), 

−138.50 (dt, 2JFH = 51, 3JFF = 6 Hz, CF2H). GC-MS (retention time 3.85 min): expected, 178.0; 

found, 178.0. 

2-(-CHCHCHCHO-)C(O)CF2CF2H (5.2f): 19F NMR (282 MHz, C6D6): δ −123.10 (m, 

CF2), −139.33 (dt, 2JFH = 53, 3JFF = 7 Hz, CF2H). GC-MS (retention time 3.85 min): expected, 

178.0; found, 178.0. 

2-TpC(O)CF2CF2H (5.2g): 19F NMR (282 MHz, C6D6): δ −120.98 (m, CF2), −139.34 

(dt, 2JFH = 52, 3JFF = 7 Hz, CF2H). GC-MS (retention time 3.85 min): expected, 178.0; found, 

178.0. 

3-Br-PhC(O)CF2CF2H (5.2h): 19F NMR (282 MHz, C6D6): δ −119.74 (m, CF2), 

−139.61 (dm, 2JFH = 52 Hz, CF2H). GC-MS (retention time 3.85 min): expected, 178.0; found, 

178.0. 

4-F-PhC(O)CF2CF2H (5.2i): 19F NMR (282 MHz, C6D6): δ −101.73 (m, Ar-F), −119.62 

(dd, 3JFF = 3JFH = 7 Hz, CF2), −139.76 (dm, 2JFH = 52 Hz, CF2H). GC-MS (retention time 3.85 

min): expected, 178.0; found, 178.0. 

General Experimental Procedure for Tetrafluoroethylation of Acid Chlorides, 

Isolation. The copper complex 1a (806 mg, 1.06 mmol) was loaded into an NMR tube and 

mixed with toluene. Acid Chloride (0.964 mmol) was then added to the solution and the reaction 
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was heated at 60 °C for 8 h. Compounds 5.2j,k were identified using available literature data. 

See Annex D  

4-CN-PhC(O)CF2CF2H (5.2j): Is not yet fully characterized. 

2-OH-PhC(O)CF2CF2H (5.2k): Is not yet fully characterized. 

General Experimental Procedure for the Reaction of Fluoroarenes with Ni0, NMR 

Scale. The red complex (IPr)Ni[η6-(C6H6)] (5.3) (20 mg, 0.04 mmol) was loaded into an NMR 

tube and mixed with the respective fluoroarene (C6FnH6-n). The reaction was left to sit at room 

temperature for 24 h, unless indicated otherwise.  

Synthesis of (IPr)NiF(-C6F5) (5.4a). Orange crystals of 5.4a were collected from the 

reaction mixture. 1H NMR (400 MHz, C6D6): δ 7.31 (Ar, 2), 7.05 (Ar, 4), 6.06 (IPrCH, 2), 2.76 

(IPr iPrCH, quint., 4), 1.46, (IPr iPrMe, d, 12), 0.82 (IPr iPrMe, d, 12). 19F NMR (376 MHz, 

C6D6, internal standard: C6F6= -164.5): -116.48 (Ar-F, md, 3JFF
 = 27 Hz, 2F), -164.78 (Ar-F, t, 

3JFF = 20 Hz, 1F), -168.10 (Ar-F, dt, 3JFF = 27, 3JFF = 20 Hz, 2F), -470.3 ppm (Ni-F, s). 

Synthesis of (IPr)NiF(-p-C6H1F4) (5.4b). Yellow crystals of 5.4b were collected from 

the reaction mixture. This product is not yet fully characterized. 

Synthesis of (IPr)NiF(-p-C6H4F) (5.4c). Yellow crystals of 5.4c were collected from the 

reaction mixture. This product is not yet fully characterized. 

Synthesis of (IPr)NiF(-C6H5) (5.4d). This reaction was heated to 60 °C. Yellow crystals 

of 5.2d were collected from the reaction mixture. 1H NMR (400 MHz, C6D6): δ 7.46 (Ar, 2), 

7.39 (Ar, 4), 6.69 (Ph, 5), 6.29 (IPrCH, 2), 2.81 (IPr iPrCH, quint., 4), 1.26, (IPr iPrMe, d, 12), 

0.91 (IPr iPrMe, d, 12). 19F NMR (376 MHz, C6D6): -399.7 ppm (Ni-F, s). 
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Synthesis of (IPr)NiF(-C6H5) (5.5). This reaction was heated to 40 °C. Green crystals of 

6.3 were collected from the reaction mixture. This product is not yet fully characterized. 

Reaction of Phenylboronic Acid Neopentylglycol Ester with 5.4a and 

Dimethylamino- Pyridine (DMAP), NMR Scale. The orange complex [(IPr)NiF(-C6F5)] (5.4a) 

(20 mg, 0.03 mmol) was loaded into an NMR tube and mixed with C6D6. DMAP (4 mg, 0.03 

mmol), was then added to the solution. After the reaction turned yellow, phenylboronic acid 

neopentylglycol ester (25 mg, 0.16 mmol) was added. The reaction was heated at 60 °C for 8 h. 

Compound 5.7 and 5.8 were identified using available literature data. See Annex E for NMR 

spectra. 
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Chapter 6. 

6. Conclusions 

Organofluorine compounds have become ubiquitous in everyday life but their modern-day 

synthesis still generally relies on archaic synthetic protocols. Albeit, these syntheses have 

uncompromised advantages when dealing with small-molecules with little to no functional 

groups. However, as discussed throughout this Thesis these protocols generally fail to yield the 

desired selectivity. Furthermore, their simplicity necessitates the use of the most abundant forms 

of fluorine such as HF. Although industrially we have developed protocols for the safe handling 

and storage of these compounds, there remains an inherent danger to their use. To add, many of 

these protocols generate ozone-depleting chlorofluorocarbons as intermediates.  

As the demand for fluorinated chemicals has increased, so too have synthetic methods for 

introducing fluorine and fluorocarbon groups. The application of green chemistry principles to 

organofluorine synthesis remains an underused strategy and a source for potential growth in this 

field. With this in mind, we endeavored to develop new routes to organofluorine compounds 

using commercially available feedstocks coupled with coinage metal-mediated or -catalyzed 

reactions.  

In Chapter 2 we presented the advantages offered by low-coordination number on 

perfluoronickelacyclopentanes enabled by a bulky N-heterocyclic carbene ligand. DFT studies 

reproduced the agostic interaction observed in the solid-state structure and identified a second 

isomer of similar energy that demonstrates the potential bidentate nature of diaryl NHC ligands. 

Prior to our discovery, when phosphite or phosphine complexes L2Ni(C4F8) were exposed to a 

Lewis acid, P migration to the carbenium ion was always observed. This resulted in a 
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synthetically limited methodology for production of phosphonium fluoroalkyls (Assuming that 

the Ni-CRF bond could be hydrogenolyzed, although this has never been demonstrated). 

Additionally, beyond Wittig type chemistry the utility of phosphonium fluoroalkyls are unknown 

to the author. As such, in terms of reactivity, the pseudo-three coordinate 

perfluoronickelacyclopentane enabled a rare Cα-F fluoride abstraction, using a Lewis acid, 

which did not result in ligand migration to the carbon. Instead a rare Ni-CF bond migration 

resulting in a ring contraction to a perfluorocyclobutyl complex was observed. Similar reactivity 

was enabled by exposure of this complex to Brønsted acids with pKa < 5.  However, when a 

Brønsted acid with a pKa > 5 was used, a novel ring functionalization, Cα-F to Cα-X (X = OAc,) 

and competing Ni-CF bond protonolysis was observed; the latter pathway dominates with bulky 

2,4,6-trimethylbenzoic acid. Finally, the low-coordinate scaffold has allowed access to low 

pressure/low temperature hydrogenolysis of both Ni-CF bonds under much milder conditions 

than reported previously by Baker et al. using a 4-coordinate bis(phosphite) complex.[185] 

In Chapter 3 our approach shifted from oxidative cyclization to M-X insertion reactions. 

There has been an increase in pesticides containing the hexafluoro-isopropyl (hfip) fragment. To 

avoid the expense of RF-I compounds, researchers found previously that insertion of inexpensive 

hexafluoropropene [HFP] into the Ag-F bond forms stable silver hfip complexes. While these 

complexes are not efficient hfip transfer agents, they have been employed to prepare analogous 

copper complexes that are capable of such transfers. Although copper-hfip complexes can be 

generated from Cu metal or Cu(OAc) and ICF(CF3)2 they have not been generated directly from 

inexpensive HFP. As such, we investigated the synthesis of metal-hfip complexes using HFP to 

expand on their reactivity. A methodology was developed to achieve the successful hfip 

transmetallation to nickel using an Ag-hfip complex. After treatment of the Ni complex with 
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ZnPh2 we showed that reductive elimination could be promoted by addition of CO to give 

benzoyl-hfip. Wanting to eliminate the use of silver, copper hfip complexes were synthesized 

directly from HFP. These are the first isolated and fully characterized Cu-hfip complexes which 

allow for a comparison to a series of copper fluoroalkyl complexes. Using these well-defined 

Cu-hfip complexes the successful transfer of hfip to organic substrates (aroyl and benzyl 

chlorides) was achieved. We identified competing β-fluoride elimination and Cu-C bond 

homolysis or protonolysis which was supported by computations that probe thermodynamics for 

both homolytic and heterolytic cleavage of the M-hfip bond.  

Following on this work, and the observation of a rapid β-fluoride elimination reaction when 

using Cu-H complexes with HFP, in Chapter 4 a facile copper-catalyzed hydrodefluorination of a 

variety of FAs and vinyl fluorides using inexpensive silane sources such as tetramethyldisiloxane 

or moisture-tolerant polymethylhydrosiloxane (PMHS) is developed. This is a significant 

improvement from previous findings on copper-catalyzed HDF reactions which generally relied 

on the use of an additive that limited selectivity. They also used more privileged silanes which 

are prohibitively more expensive when considering the scalability of the process. Additionally, 

no reports exist studying the possibility of switching or enhancing the selectivity of a copper 

catalyzed HDF as we have demonstrated herein. Variation of the tertiary phosphorus ligand leads 

to unique ligand control for selective multiple hydrodefluorinations of FAs without the need for 

Lewis acid additives. In turn we discovered, via a combination of experimental and 

computational results, a new HDF mechanism in which P3CuH transfers hydride to the FA or 

allyl fluoride to generate an initial ionic [P3Cu]+ (RFH)- intermediate. This mechanism gives rise 

to inverted stereoselectivity in the HDF of trifluoroethylene. This L3Cu mechanism also provides 

a more active catalyst, allowing for the reduction of previously unreactive FAs such as 
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vinylidene difluoride. This HDF proceeds through a three-step nucleophilic H-addition/Cu-C 

bond formation/F-elimination sequence in an L3 ligand environment along all steps. F-

elimination in the L3Cu system is possible without ligand decoordination; extensive charge 

separation allows for the simultaneous occupation of one ligand site in the tetrahedral TS by both 

a fluorine and the forming fluoroalkene. Lastly, isolation and full characterization of a P3Cu-

CF2CF2H complex allows for a comparison with related copper fluoroalkyl complexes. 

Chapter 5 expanded on the reactivity of the (SIPr)Ni(6-benzene) complex with various 

fluorinated aromatics. It was found that this complex reacts smoothly with most Ar-F bonds 

independent of the degree of fluorination, yielding new NiIIFAr complexes. In one exception 1,2-

difluorobenzene instead yielded a dimeric NiI complex; the exact mechanism of this reaction is 

still unknown. We found that the isolated NiII complexes could be used in a DMAP-assisted 

Suzuki type cross-coupling reaction with aryl boronic acid esters but only when DMAP is added 

to access the monomeric complex (SIPr)(DMAP)NiF(C6F6). Interestingly, this complex showed 

enhanced activity such that 4-Ph-C6F4-Ph was observed as the major product. Moreover, with the 

convenient synthesis of a new P3Cu-CF2CF2H complex in hand, in Chapter 5, I sought to explore 

the reactivity of this complex with various organic substrates. To date, no pharmaceutical or 

agrochemicals exist with this functional group (-CF2CF2H). I believe that the limited availability 

for the synthesis of this group is the culprit. Especially in the context of the discovery of 

pentafluoroethyl-containing bio-active compounds, the advent of this copper complex and this 

study on its reactivity, the possibility to assay the tetrafluoroethyl group in bio-active compounds 

could prove fruitful. I found that by addition of ligands employed in similar reactions, i.e. the 

cross-coupling of aryl iodides with Cu-CF3, Cu-CF2CF2H could be successfully coupled with 

various aryl iodides, using 10 mol % of SIMesCuCl. This is a rare example of the synthesis of 
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Ar-CF2CF2H. To expand the scope of coupling partners, and in line with the reactivity of our Cu-

hfip complex, acid chlorides were also explored. We found that the stochiometric reaction works 

well, without the use of additives, to synthesize new ArC(O)CF2CF2H compounds.  

6.1. Outlook 

As mentioned, the synthesis and chemistry of organofluorine compounds is currently 

experiencing a renaissance due to the need for smaller fluorinated chains in materials 

applications (cf. environmental persistence of long chain fluorocarbons). The contributions in 

this Thesis open the door for the eventual development of coinage metal-catalyzed reactions.  

Future studies on fluoronickelacycle chemistry would benefit from the development of Ni0 

complexes from which the NHC is not in equilibrium with the dissociated form. As such, an 

improvement to retain the reactivity enabled by the pseudo-three coordinate complex would be 

the incorporation of a hemi-labile functionality on the ligand. This would provide an avenue for a 

bidentate mode of coordination to the Ni0 and, kinetically speaking, disfavor ligand 

decoordination and prevent side reactions.  

Expanding and improving the scope of reactivity of both the Cu-hfip and Cu-CF2CF2H 

complexes (presented in Chapters 4 and 5) in cross-coupling reactions could hold the greatest 

value. The synthesis of these complexes can be easily scaled up and used in the development of 

new biologically active compounds. However, to date the optimal cross-coupling conditions, 

especially with Ar-I, remain elusive or are dependent on the electronic nature of the substitution 

of the aromatic ring. For the Cu-hfip system preliminary reactions suggest that use of the better 

oxidant, Ph2I
+, could produce Ar-hfip compounds. As for Cu-CF2CF2H, no bio-active 

compounds currently exist with this functionality, and the synthesis of such compounds could be 
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useful in the development of pharmaceuticals and agrochemicals. Lastly, there has been renewed 

interest in fluorovinyl groups as bioisosteres of amides and our new copper hydride-catalyzed 

route, Chapter 4, offers a greener, more cost-effective method for their incorporation.  

 Fluoro-organometallic chemistry of the coinage metals has been experiencing a 

resurgence. Our works builds on this body of knowledge by focusing on the boundaries of the 

reactivity of these M-RF complexes (i.e. Ni, Cu and Ag). In so doing, we have contributed 

significantly to the field, from preparing: the first pseudo-three coordinate perfluoro-

nickelacyclopentane, the first direct route to a copper-hfip complex and the unknown copper-

CF2CF2H complex, the first facile synthesis of organo-CF2CF2H compounds, and lowest 

reported reaction temperature for C-F bond activation using nickel complexes. In collaborating 

with computational experts: fundamental insights into the thermodynamic stability of the M-hfip 

complexes were established, and mechanistic probing of copper hydride complex-catalyzed HDF 

aided in identifying an unprecedented pathway. With these additions, we are on the cusp of 

developing more efficient coinage metal-catalyzed processes which could rival those of precious 

metal-catalyzed variants. 
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Appendix A 

X-ray Crystallography.  

 
Table A.1. Crystal data and structure refinement 

Complex  2.2  2.3  2.4a  2.5c  

ID code  tb060  tb065  tb070  tb132_5  

Formula  C24H41F8N2NiO3P  C31H38F8N2Ni  C35H45F10N2NiO3S  C33H41F7N2NiO2  

Mw  647.27  649.34  822.50  689.39  

Color  yellow  Light red  pink  yellow  

Temp (K)  200(2)  200(2)  200(2)  200(2)  

Crystal system  Monoclinic  Orthorhombic  Monoclinic  Monoclinic  

Space group  P2(1)/c  P2(1)2(1)2(1)  P2(1)/c  P2(1)/c  

a/Å  15.5474(12)  10.8851(4)  10.2361(5)  9.7181(4)  

b/ Å  9.9548(8)  15.5440(6)  16.5042(8)  18.2160(7)  

c/ Å  19.6379(15)  18.9208(7)  22.6115(11)  19.2228(7)  

α/ο  90.00  90  90  90  

β/ο  92.862(4)  90  90.960(2)  92.180(2)  

γ/ο  90.00  90  90  90  

V/Å3  3035.6(4)  3201.4(2)  3819.4(3)  3400.5(2)  

Z  4  4  4  4  

Dc/g cm-1  1.416  1.347  1.430  1.347  

μ/mm-1  0.768  0.675  0.648  0.640  

F(000)  1352  1352  1708  1440  

Crystal size/mm  0.17x0.12x0.10  0.21x0.11x0.07  0.19x0.11x0.07  0.14x0.11x0.09  

2θ range/ο  2.08-28.47  2.15-28.32  1.53-28.36  1.54-23.43  

  -20<h<20  -14<h<14  -13<h<13  -10<h<10  

Index range  -13<k<13  -20<k<20  -21<k<21  0<k<20  

  -25<l<26  -25<l<25  -30<l<28  0<l<21  

Indep. reflns 

collected/unique  

29150/7565  45918/7927  65889/9440  11781/6216  

Max. and min. 

transmission  

0.9271 and 

0.8805  

0.9543 and 

0.8713  

0.9561 and 

0.8868  

0.7449 and 

0.5352  

(Rint)  0.0226  0.0281  0.0396  ?  

R1, wR2 (I>2θ(I))  0.0326, 0.0838  0.0266, 0.0643  0.0580, 0.1410  0.0687, 0.1292  

R1, wR2( all data)  0.0399, 0.0880  0.0318, 0.0663  0.0727, 0.1513  0.1053, 0.1475  

Goodness of fit, F2  1.011  1.035  1.046  1.062  
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Data/restraints/para 7565/0/352  7927/0/380  9440/0/469  9216/0/407  

Largest diff. peak,  

  

0.944, -0.261  

  

0.327, -0.224  

  

0.944, -0.717  

  

0.871, -0.423  

  

     

Table A.1. …Continued 

Complex  2.7 3.1a  3.2a  3.3a  

ID code  tb187_a tb197  tb198  tb226  

Formula  C33H41F8N2NiO2 C12H19AgF7N  C17H18BrF7N2Ni  C39H30CuF7P2  

Mw  708.39 418.15  521.95  757.11  

Color  yellow colorless  light pink  colorless  

Temp (K)  200(2) 200(2)  200(2)  200(2)  

Crystal system  Orthorombic Monoclinic  Orthorhombic  Monoclinic  

Space group  P 21 21 21 P21/c  Cmca  P21/c  

a/Å  10.994(2) 8.1927(5)  28.5021(8)  10.6766(4)  

b/ Å  16.858(3) 14.9823(10)  23.4222(7)  20.3224(8)  

c/ Å  18.465(4) 12.9081(8)  12.1675(3)  32.5627(13)  

α/ο  90 90  90  90  

β/ο  90 90.271(3)  90  95.297(2)  

γ/ο  90 90  90  90  

V/Å3  3422.3(12) 1584.39(17)  8122.8(4)  7035.1(5)  

Z  4 4  16  8  

Dc/g cm-1  1.375 1.753  1.707  1.430  

µ/mm-1  0.642 1.336  2.989  0.776  

F(000)  1476 832  4160  3088  

Crystal size/mm  0.321x0.229x0.17 0.91x0.16x0.16  0.45x0.43x0.33  0.81x0.240x0.07  

2θ range/ο  1.636-27.949 2.08-27.99  1.43-27.90  1.61-28.36  

  -14<h<7 -10<h<10  -36<h<36  -14<h<14  

Index range  -15<k<21 -19<k<19  -30<k<30  -27<k<26  

  -24<l<21 -17<l<16  -16<l<14  -43<l<43  

Indep. reflns 

collected/unique  

15281/7779 20731/3799  28965/4919  67390/17397  

Max. and min. 

transmission  

0.838 and 0.896 0.746 and 

0.562  

0.746 and 

0.538  

0.746 and 0.573  

(Rint)  0.0874 0.0245  0.0482  0.0766  

R1, wR2  

R1, wR2(all data) 

(I>2θ(I))  

0.0837, 0.1040 

0.1750, 0.1307 0.0228, 0.0570  

0.0279, 0.0600  

0.0532, 0.1177  

0.0903, 0.1420  

0.0466, 0.0975 

0.1085, 0.1294  

Goodness of fit, 

Data/restraints/pa
2 

1.111 

7779/0/424 

1.056  

3799/0/201  

1.032  

4919/144/344  

1.032  

17397/63/911  

Largest diff.  1.196, -0.570 1.053, -0.311  2.204, -1.449  0.637, -0.904  
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Table A.1. …Continued  

Complex 3.3b  3.2c 4.7a 6.2a 

ID code tb232  tb256re_new tb270_0m_a  

Formula 

Formula 

C33H23CuF7N2P  C35H49F7NiP2 C86H90Cu2F8OP6 C66H72F12N4Ni2 

Mw 675.04  723.39 1604.47 3039.38 

Color orange  light yellow colorless orange/yellow 

Temp 

(K) 

200(2)  200(2) 200(2) 123 

Crystal 

system 

Monoclinic  Monoclinic Monoclinic Triclinic 

Space 

group 

P21/n  P21/n P21/n P -1 

a/Å 9.7205(1)  16.6206(4) 10.0120(18) 11.06173(7) 

b/ Å 30.924(3  18.9727(4) 18.468(3) 13.08380(9) 

c/ Å 10.9867(7)  22.3699(5) 21.823(4) 21.79463 

α/ο 90  90 90 91.7863(5) 

β/ο 116.2310(10)  98.822(2) 92.408(4) 90.6884(5) 

γ/ο 90  90 90 105.3684(6) 

V/Å3 2962.5(6)  6970.6(3) 4031.6(13)  

Z 4  8 2 2 

Dc/g cm-

1 

1.513  1.379 1.322 1.384 

μ/mm-1 0.862  0.710 0.710 1.469 

F(000) 1368  3040 1668 1320.0 

Crystal 

size/mm 

0.92x0.77x0.22  0.36x0.24x0.05 0.700x0.660x0.42

0 

 

2θ 

range/ο 

2.17-28.32  1.414-25.250 1.445-30.103  

 -12<h<12  -19<h<19 -14<h<14 -13<h<13 

Index 

range 

-40<k<40  -22<k<22 -26<k<25 -16<k<16 

 -14<l<14  -26<l<26 -30<l<30 -27<l<27 

Indep. 

reflns 

collected

/unique 

35681/7252  47813/12603 11763/108288 73893/12297 

Max. 

and min. 

transmis

sion 

0.746and 0.597  0.745 and 0.624 
 

1.000 and 0.915 

(Rint) 0.0442  0.0899 0.0412 0.0376 

R1, wR2 

(I>2θ(I)) 

0.0363, 0.0799 

0.0565, 0.0886  

0.0743, 0.01680 0.0389, 0.0974 0.0376,  

R1, 

wR2( all 

data) 

1.020  

7252/0/397  

0.1639, 0.2278 0.0638, 0.0.1141 0.0401, 0.1281 

Goodnes

s of fit, 

F2 

0.343, -0.419  1.053 1.060 0.633 

Data/rest

raints/pa

rams 

 12603/0/811 11763/102/505  

Largest 

diff. 

peak, 

hole/Å3 

 2.590, -0.552 0.607, -0.498 0.79, -0.55 
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Table A.1. …Continued 

Complex 6.2b 6.2d 6.3 

ID code  
 

 

Formula 

Formula 

C66H70F10N4Ni2 C66H82F2N4Ni2 C66H78F2N4Ni2 

Mw 2985.73 1086.80 1082.77 

Color light yellow light yellow light yellow 

Temp 

(K) 

123 123 123 

Crystal 

system 

Monoclinic Triclinic Triclinic 

Space 

group 

P21/n P -1 P -1 

a/Å 14.4093(5) 11.0865(2) 10.4758(3) 

b/ Å 12.1008(4) 12.4575(3) 12.3309(3) 

c/ Å 17.5861(5) 12.71041(17) 13.4635(3) 

α/ο 90 100.4839(14) 64.401(3)) 

β/ο 103.170(3) 105.9107(14) 81.066(2) 

γ/ο 90 115.3244(19) 66.104(3) 

V/Å3  
 

 

Z 2 1 2 

Dc/g cm-

1 

1.364 1.260 1.254 

μ/mm-1 0.706 1.200 1.199 

F(000) 1281.97 580.0 576.0 

Crystal 

size/mm 

0.200x0.100x0.10

0 

 
 

2θ 

range/ο 

 
 

 

 -20<h<20 -13<h<13 -13<h<13 

Index 

range 

-16<k<16 -15<k<15 -15<k<15 

 -22<l<22 -15<l<15 -16<l<16 

Indep. 

reflns 

collected

/unique 

34095/7675 22176/5789 27233/5803 

Max. 

and min. 

transmis

sion 

 
 

 

(Rint) 0.0523 0.0376 0.0419 

R1, wR2 

(I>2θ(I)) 

 
 

 

R1, 

wR2( all 

data) 

0.0712, 0.1583 0.0399, 0.1031 0.0419, 0.1238 

Goodnes

s of fit, 

F2 

1.044 1.068 1.043 

Data/rest

raints/pa

rams 

 
 

 

Largest 

diff. 

peak, 

hole/Å3 
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Appendix B 

Appendix for Chapter 2 

 

Figure B.1: ATR-IR Spectrum of a powdered sample of 2.7, collected at room temperature in air. 

 

Figure B.2.  ATR-IR spectrum of a slurry of 2.7 in hexanes, collected at room temperature in air. 
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Figure B.3. ATR-IR spectrum of a slurry of 2.7 in isopropanol, collected at room temperature in 

air. 

 

 

 

Figure B.4. Cyclic Voltammogram of 2.7 (1 mg/mL in DCM, 10 mM of supporting electrolyte 

[NBu4PF6]), referenced to Cp2Fe/Cp2Fe+. Inset arrow indicates direction of scan at a rate of 200 

mV•s-1. 
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Figure B.5. 1H NMR spectrum (300 MHz, (CD3)2CO) of 2.7. 

 

Figure B.6. 19F NMR spectrum (282 MHz, (CD3)2CO) of 2.7. Externally referenced to CFCl3.  
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Figure B.7. SOMO of 2.7, isosurface values of 0.04 au are used. Atomic spin densities: Ni(0.86), 

acetate(0.16) and carbon (-0.02). 

 

 

Figure B.8. EPR spectrum (9600 MHz) of 2.7 (26 mg in 0.4 mL dichloromethane). 
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Appendix C 

Appendix for Chapter 4.  

Table C.1. Conversion of HFP(4.1a) and Product Ratios of the Solvent and mol % of Catalyst 

Optimization Screen for HDF of HFP (4.1a), using dppe.a 

mol % [CuH(PPh3)] and dppe Solvent Conversion 

of HFP 

Products 

10 Benzene > 99 % 11(1d) : 1(1f) 

10 THF > 99 % 11(1d) : 1(1f) 

10 Toluene > 99% 11(1d) : 1(1f) 

10 DMFb > 99 % 2(1d) : 1(1f 

1 Benzene 30 % 2(1b/c) : 1(1d) 

aConversion and ratios are based on 19F NMR integration vs internal standard. All reactions were 

carried out in a sealed NMR tube with a septum cap at 45 °C with 10 equivalents of TMDS after 

8 hours. Gas phase sampling confirmed similar ratios in gas phase. bThe conversion of 4.1a and 

product ratios were ligand independent. 

  

Table C.2. Relative Rates for HDF of TrFE (4.2b) (PMePh2 30 mol % / [CuH(PPh3)] 10 mol %) 

at 45 °C with 10 equivalents of TMDS. 

 

 

 

 

 

 

aReactions were carried out in a sealed NMR tube with a septum cap, monitored until complete 

conversion of TrFE. Gas phase sampling confirmed similar ratios in gas phase. 

  

m-Dimethoxybenzene 3 

Chlorobenzene 1 

Benzene 1 

THF 0.8 

CPME 0.8 
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Examples of Kinetic Experiments: 

HDF of 4.1a with dppe/[(PPh3)CuH]]6/TMDS 

[(PPh3)CuH]6 (5 mg, 0.015 mmol, 10 mol % Cu) was placed in a 7 ″ nmr tube and mixed 

with 400 μL of benzene-d6 (C6D6). 1,2-bis(diphenylphosphino)ethane (dppe, 7 mg, 0.017  11 

mol % ) and 1,1,3,3-tetramethyldisiloxane (TMDS, 161 mg , 1.21 mmol, 10 equiv) were added. 

The tube was capped with a rubber septum, removed from the glovebox, further sealed by tightly 

wrapping the cap with a strip of parafilm and shaken to ensure a homogenous solution. 

Hexafluoropropene (4.1a; 3 mL) was then added to the reaction via air-tight syringe and the tube 

was placed in the NMR probe at ambient temperature. 19F NMR spectra were obtained every 10 

minutes for 60 minutes. At this temperature the conversion of 4.1a to a mixture of 4.1b/4.1c was 

slow. Even after 60 minutes, a significant amount of 4.1a still remained and an intermediate was 

observed, proposed to be CuCF(CF3)(CF2H). The sample was then warmed to 45 °C and the 19F 

NMR spectrum was acquired after 10 minutes (70 minutes total reaction time) to allow for 

temperature equilibration. After warming, the intermediate was no longer present, and 4.1a, 4.1b 

and 4.1c had been entirely consumed, yielding mostly 4.1d. After continued heating at 45 °C for 

60 minutes (130 minutes total reaction time, not shown) no further hydrodefluorination (HDF) 

was observed.  
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Figure C.1. 19F NMR spectra (282 MHz, C6D6) of the conversion of 4.1a to 4.1d. The dashed 

line represents the trace of Cu-CF(CF3)(CF2H) across all reactions.(See Table S2 for 19F NMR 

chemical shift data of products  

 

HDF of 4.2b with PMePh2/[(PPh3)CuH]6/Ph3SiH 

[(PPh3)CuH]6 (5 mg, 0.015 mmol, 10 mol %) was placed in a 7 ″ nmr tube and mixed 

with 400 μL of benzene-d6 (C6D6). Methyldiphenylphosphine (PMePh2, 9 mg, 0.046 mmol, 30 

mol % ) and triphenylsilane (Ph3SiH, 78 mg , 0.30 mmol, 2.5 equiv) were added. The tube was 

capped with a rubber septum, removed from the glovebox, further sealed by tightly wrapping the 

cap with a strip of parafilm and shaken to ensure a homogenous solution. Trifluoroethylene (4.2b, 

3 mL) was added to the reaction via air-tight syringe and the tube was placed in the NMR probe 

at ambient temperature. 19F NMR spectra were obtained every 7 minutes for 90 minutes (14-
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minute intervals are shown) At this temperature the conversion of 4.2b to a mixture of 4.2c/4.2d 

proceeded smoothly. After ~2 hours, 4.2b was completely converted.   

 

Figure C.2. 19F NMR spectra (282 MHz, C6D6) of the conversion of 4.2b to 4.2c/4.2d.  

 

HDF of 4.2b with Xantphos/[(PPh3)CuH]]6/Ph3SiH 

[(PPh3)CuH]6 (5 mg, 0.015 mmol, 10 mol %) was placed in a 7 ″ nmr tube and mixed 

with 400 μL of benzene-d6 (C6D6). 4,4-bis(diphenylphosphino)-9,9-dimethylxanthene (Xantphos, 

10 mg, 0.017 mmol, 11 mol % ) and triphenylsilane (Ph3SiH, 78 mg , 0.30 mmol, 2.5 equiv) 

were added. The tube was capped with a rubber septum, removed from the glovebox, further 

sealed by tightly wrapping the cap with a strip of parafilm and shaken to ensure a homogenous 

solution. Trifluoroethylene (4.2b, 3 mL) was added to the reaction via air-tight syringe and the 
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tube was placed in the NMR probe at ambient temperature. 19F NMR spectra were obtained 

every 7 minutes for 90 minutes (14-minute intervals are shown), At this temperature the 

conversion of 4.2b to a mixture of 4.2c/4.2d proceeded slowly. After ~2 days, 4.2b still 

remained.   

 

Figure C.3. 19F NMR spectra (282 MHz, C6D6) of the conversion of 4.2b to 4.2c/4.2d.   

 

NMR Spectra for Title Compounds.  

Table C.3. 19F NMR Chemical Shifts of the series 4.1. 

Compound CF3 Fα Fβ 

 

Pentafluoropropene Z 

-72.59 -155.07 -158.97 
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Pentafluoropropene E 

-70.09 -180.12 -165.93 

 

2,3,3,3-Tetrafluoropropene 

(R-1234yf) 

-73.83 -123.99  

 

1,1,2-Trifluoropropene 

 -106.32 

-126.15 

-167.19 

 

1,1-Difluoropropene 

  

-89.92 

-93.66 
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Figure C.4. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of HFP (4.1a) using 

[(PPh3)CuH]6 and TMDS after 8 h at 45 °C. The Si-F peak is labeled ‘*’, PhCF3 ‘i’.  

 

Figure C.5. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of HFP (4.1a) using 

[(PPh3)CuH]6, PPh3 and TMDS after 8 h. The Si-F peak is labeled ‘*’, PhCF3 ‘i’.  
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Figure C.6.  19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of HFP (4.1a) using 

[(PPh3)CuH]6, P(o-tolyl)3 and TMDS. The Si-F peak is labeled ‘*’. The inset shows the expanded 

(horizontal scale) signal. Vinylidene difluoride (4.2e) arises from contamination of the gas 

stream. PhCF3 was used as an internal NMR standard (not shown). 

 

Figure C.7. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of HFP (4.1a) using 

[(PPh3)CuH]6, tBuXphos and TMDS. The Si-F peak is labeled ‘*’, PhCF3 ‘i’ and [Cu]-

CF(CF3)CH3 ‘#’. 
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Figure C.8. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of HFP (4.1a) using 

[(PPh3)CuH]6, dppe and TMDS. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. 

 

Figure C.9. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of HFP (4.1a) using 

[(PPh3)CuH]6, dppf and TMDS. The Si-F peak is labeled ‘*’, PhCF3 ‘i’ and [Cu]-CF(CF3)CH3 

‘#’. 
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Figure C.10. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of HFP (4.1a) using 

[(PPh3)CuH]6, Xantphos and TMDS. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. 

 

Figure C.11. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of HFP (4.1a) using 

[(PPh3)CuH], P(OEt)3 and TMDS. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. The inset shows 

the expanded (horizontal scale) signal. 
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Figure C.12. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of HFP (4.1a) using 

[(PPh3)CuH]6, P(OPh)3 and TMDS. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. 

 

Figure C.13. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of HFP (4.1a) using 

[(PPh3)CuH]6, P(O-o-tolyl)3 and TMDS. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. 
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Figure C.14. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of ITFE (4.3b) using 

[(PPh3)CuH]6, Xantphos and TMDS. The ITFE peaks are labelled ‘#’. CFCl3 was used as an 

external NMR standard. 

 

Figure C.15. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of TrFE (4.2b) using 

[(PPh3)CuH]6, PPh2Me and Ph3SiH. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. The inset shows 

the expanded (horizontal scale) signal. 
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Figure C.16. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of TrFE (4.2b) using 

[(PPh3)CuH]6, PPh2Me and EtO3SiH. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. 

 

Figure C.17. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of TrFE (4.2b) using 

[(PPh3)CuH]6, PPh2Me and Et3SiH. The Si-F peak is labeled ‘*’, PhCF3 ‘i’ and Cu-CF=CF2 ‘?’. 
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Figure C.18. 19F NMR spectrum (282 MHz, C6D6) of the HDF of TrFE (4.2b) using 

[(PPh3)CuH]6, PPh2Me and Et3SiD after 16 h. The Si-F peak is labeled ‘*’. CFCl3 was used as an 

external NMR standard.  

 

Figure C.19. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of TrFE (4.2b) using 

[(PPh3)CuH]6, PPh2Me and iPr3SiH. The Si-F peak is labeled ‘*’, PhCF3 ‘i’ and Cu-CF=CF2 ‘?’. 
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Figure C.20. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of TrFE (4.2b) using 

[(PPh3)CuH]6 and PPh2Me. The PhCF3 peak is labelled ‘i’ and Cu-CF=CF2 ‘?’. 

 

Figure C.21. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of TrFE (2b) using 

[(PPh3)CuH]6 and Xantphos. The PhCF3 is labelled ‘i’ and Cu-CF=CF2 ‘?’.  
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Figure C.22. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of TrFE (4.2b) using 

[(PPh3)CuH]6, Xantphos and Ph2SiH2. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. 

 

Figure C.23. 19F NMR spectrum (282 MHz, C6D6) of the HDF of TFE (4.2b) using 

[(PPh3)CuH]6, Xantphos and TMDS. The Si-F peak is labeled ‘*’and PhCF3 ‘i’. 
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Figure C.24. 19F NMR spectrum (282 MHz, C6D6) of the HDF of CTFE (4.3a) using 

[(PPh3)CuH]6, Xantphos and TMDS. The Si-F peak is labeled ‘*’and PhCF3 ‘i’. 

 

Figure C.25. 19F NMR spectrum (282 MHz, C6D6) of the HDF of CF3OVF3 (4.4a) using 

[(PPh3)CuH]6, P(OEt)3 and TMDS. The Si-F peak is labeled ‘*’ and unknown OCF3 species ‘?’. 

CFCl3 was used as an external NMR standard. 
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Figure C.26. 19F NMR spectrum (282 MHz, C6D6) of the HDF of CF3OVF3
 (4.4a) using 

[(PPh3)CuH]6, Xantphos and TMDS after 8 h. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. The 

inset shows the expanded (horizontal scale) signal. 

 

Figure C.27. 19F NMR spectrum (282 MHz, C6D6) of the HDF of CF3OVF3 (4.4a) using 

[(PPh3)CuH]6, Xantphos and TMDS after 16 h. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. 
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Figure C.28. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of VdF (4.2e) using 

[(PPh3)CuH]6, PPh2Me and TMDS. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. 

 

Figure C.29. 1H NMR spectrum (300 MHz, C6D6) in situ of the HDF of VdF (4.2e) using 

[(PPh3)CuH]6, PPh2Me and TMDS. The residual solvent peak is labeled ‘i’ and H2C=CH2 ‘*’  
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Figure C.30. 1H NMR spectrum (300 MHz, C6D6) in situ of the HDF of hexafluorocyclobut-1-

ene (4.5a) using [(PPh3)CuH]6, Xantphos and TMDS. The residual solvent peak is labeled ‘i’. 

 

Figure C.31. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of hexafluorocyclobut-1-

ene (4.5a) using [(PPh3)CuH]6, Xantphos and TMDS. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. 

The inset shows the expanded (horizontal scale) signal. 
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Figure C.32. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of hexafluorocyclobut-1-

ene (4.5a) using [(PPh3)CuH]6, P(OEt)3 and TMDS after 10 min. The Si-F peak is labeled ‘*’ 

and PhCF3 ‘i’. The inset shows the expanded (horizontal scale) signal. 

 

Figure C.33. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of hexafluorocyclobut-1-

ene (4.5a) using [(PPh3)CuH]6, P(OEt)3 and TMDS after 10 h. The Si-F peak is labeled ‘*’ and 

PhCF3 ‘i’. The inset shows the expanded (horizontal scale) signal. 
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Figure C.34. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of CF3V (4.9) using 

[(PPh3)CuH]6, PPh2Me and TMDS. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. 

 

Figure C.35. 1H NMR spectrum (300 MHz, C6D6) in situ of the HDF of CF3CF2CF=(CF3)2 

(4.6a) using [(PPh3)CuH]6, Xantphos and TMDS. The residual solvent peak is labeled ‘*’. 
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Figure C.36. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of CF3CF2CF=(CF3)2 

(4.6a) using [(PPh3)CuH]6, Xantphos and TMDS. The Si-F peak is labeled ‘*’ and PhCF3 ‘i’. The 

inset shows the expanded (horizontal scale) signal. 

 

Figure C.37. 1H NMR spectrum (300 MHz, C6D6) in situ of the HDF of α-

trifluoromethylstyrene (4.8a) using [(PPh3)CuH]6, Xantphos and TMDS. The inset shows the 

expanded (horizontal scale) signal. 
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Figure C.38. 19F NMR spectrum (282 MHz, C6D6) in situ of the HDF of α-

trifluoromethylstyrene (4.8a) using [(PPh3)CuH]6, Xantphos and TMDS. The Si-F peak is 

labeled ‘*’ and PhCF3 ‘i’. The inset shows the expanded (horizontal scale) signal. 

 

Figure C.39. 1H NMR spectrum (300 MHz, C6D6) of 4.7a. The residual solvent peak is labeled 

‘i’. 
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Figure C.40. 19F NMR spectrum (282 MHz, C6D6) of 7a. The C6F6 peak is labeled ‘*’. 
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Figure C.41. 31P{1H} NMR spectrum (181 MHz, C6D6) of 4.7a. H3PO4 used as external 

reference. 
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Figure C.42. 19F NMR spectrum (282 MHz, C6D6) in situ of the reaction of Ph-I with 

(PPh2Me)3Cu-CF2CF2H and SIMesCuCl (10 mol %). The SIMesCu-CF2CF2H peak is labeled ‘#’ 

and C6F6 ‘i’. 

 

Figure C.43. 19F NMR spectrum (282 MHz, C6D6) of 4.7b. The C6F6 peak is labeled ‘*’. 
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Figure C.44. 31P{1H} NMR spectrum (181 MHz, C6D6) of 4.7b. H3PO4 used as external 

reference. 
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Appendix D 

Appendix for Chapter 5.3.1 

NMR Spectra 

 

Figure D.1. 19F NMR spectrum (386 MHz, CDCl3) of 5.1b. PhCF3 (*) and HCF2CF2H (i). 
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Figure D.2. 19F NMR spectrum (386 MHz, CDCl3) of 5.1c. PhCF3 (*). 

 

Figure D.3. 1H NMR spectrum (400 MHz, CDCl3) of 5.1d. CHCl3 (*) and impurity in solvent (i) 
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Figure D.4. 19F NMR spectrum (386 MHz, CDCl3) of 5.1d. 

 

Figure D.5. 1H NMR spectrum (400 MHz, CDCl3) of 5.1e. CHCl3 (*) and impurity in solvent (i) 
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Figure D.6. 13C{1H} NMR spectrum (100 MHz, CDCl3) of 5.1e. CDCl3 (*) and and impurity in 

solvent (i). 

 

Figure D.7. 19F NMR spectrum (386 MHz, CDCl3) of 5.1e. 
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Figure D.8. 1H NMR spectrum (400 MHz, CDCl3) of 5.1f. CHCl3 (*) and impurity in solvent (i) 

 

Figure D.9. 13C{1H} NMR spectrum (100 MHz, CDCl3) of 5.1f. CDCl3 (*) and and impurity in 

solvent (i). 
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Figure D.10. 19F NMR spectrum (386 MHz, CDCl3) of 5.1f. 

 

Figure D.11. 1H NMR spectrum (400 MHz, CDCl3) of 5.1g. CHCl3 (*) and impurity in solvent 

(i) 
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Figure D.12. 19F NMR spectrum (386 MHz, CDCl3) of 5.1g. 

 

Figure D.13. 19F NMR spectrum (386 MHz, C6D6) in situ of 5.1h. PhCF3 (*). 
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Figure D.14. 19F NMR spectrum (386 MHz, C6D6) in situ of 5.1i. PhCF3 (*). 

 

Figure D.15. 19F NMR spectrum (386 MHz, C6D6) in situ of 5.1j. PhCF3 (*) and HCF2CF2H (i). 
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Figure D.16. 19F NMR spectrum (386 MHz, C6D6) in situ of 5.2a. PhCF3 (*) and HCF2CF2H (i). 

 

Figure D.17. 19F NMR spectrum (386 MHz, C6D6) in situ of 5.2b. PhCF3 (*). 
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Figure D.18. 19F NMR spectrum (386 MHz, C6D6) in situ of 5.2c. PhCF3 (*) and [Cu]CF2CF2H 

(#). 

 

Figure D.19. 19F NMR spectrum (386 MHz, C6D6) in situ of 5.2f. PhCF3 (*), HCF2CF2H (i) and 

[Cu]CF2CF2H (#). 
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Figure D.20. 19F NMR spectrum (386 MHz, C6D6) in situ of 5.1g. PhCF3 (*) and HCF2CF2H (i). 

 

Figure D.21. 19F NMR spectrum (386 MHz, C6D6) in situ of 5.2h. PhCF3 (*), HCF2CF2H (i) and 

[Cu]CF2CF2H (#). 
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Figure D.22. 19F NMR spectrum (386 MHz, C6D6) in situ of 5.2i. PhCF3 (*) and HCF2CF2H (i). 
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Appendix E 

Appendix for Chapter 5.3.2 

X-ray Structures 

 

Figure E.1. ORTEP representation of the molecular structure of 5.4b. Thermal-ellipsoid 

probabilities are set to 35% with hydrogen atoms and 2,6-iso-propyl groups omitted for clarity. 

 

Figure E.2. Preliminary ORTEP representation of the molecular structure of 5.4c. Thermal-

ellipsoid probabilities are set to 35% with hydrogen atoms and 2,6-iso-propyl groups omitted for 

clarity. 
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Figure E.3. ORTEP representation of the molecular structure of 5.4d. Thermal-ellipsoid 

probabilities are set to 35% with hydrogen atoms and 2,6-iso-propyl groups omitted for clarity. 

 

NMR Spectra 

 

Figure E.4. 19F NMR (386 MHz, C6H5F) in situ 5.3 
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Figure E.5. 1H NMR (400 MHz, C6D6) of (IPr)NiF(C6F5) 5.4a. 
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Figure E.6. 19F NMR (386 MHz, C6D6) of (IPr)NiF(C6F5) 6.2a. C6F6 external reference. 

 

Figure E.7. 19F NMR (386 MHz, C6D6) of (IPr)NiF(C6F5) 6.2a. C6F6 external reference. 
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Figure E.8. 1H NMR (400 MHz, C6D6) of (IPr)NiF(C6H5) 6.2d. 

 

Figure E.9. 19F NMR (386 MHz, C6D6) of (IPr)NiF(C6H5) 6.2d. C6F6 external reference. 
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Figure E.10. 1H NMR (400 MHz, C6D6) of (IPr)Ni(η6-C6F6) 6.1’. 

 

Figure E.11. 19F NMR (386 MHz, C6D6) of (IPr)Ni(η6-C6F6) 6.1’. C6F6 external reference 
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Figure E.12. 19F NMR (386 MHz, C6D6) in situ of 6.2a with DMAP. C6F6 external reference 
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Figure E.13. 19F NMR (386 MHz, C6D6) in situ of 6.2a with DMAP. C6F6 external reference 

 

Figure E.14. 19F NMR (386 MHz, C6D6) in situ of 6.2a with DMAP and neopBPh after heating 

at 80 °C overnight. C6F6 external reference  
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