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Abstract 
 

     The more we learn about fluorine, the more we understand why this fascinating element has 

been extensively explored for use in polymers, surfactants, refrigerants, agrochemicals, 

pharmaceuticals, and PET imaging. Switching chlorine to fluorine and adding a double bond 

drastically decreases fluorocarbons’ atmospheric half-lives and pushes the development of new 

routes to hydrofluoroolefins (HFOs) as 4th generation refrigerants. In another application, the 

inclusion of fluorine into drugs improves their pharmacokinetic and pharmacodynamic properties. 

Since the first fluorinated drugs were introduced in the 1960s, the use of organoflruoine 

compounds has greatly expanded in both the pharmaceutical and agrochemical markets. However, 

there is still a need for improved synthetic methodologies for late-stage fluoroalkylation of 

bioactive compounds. Moreover, moving beyond -CF3 and -CF2H, the use of additional RF groups 

like -CF2CF2H that increase lipophilicity while also allowing for H-bonding may also lead to the 

identification of improved bioactivity over a broad spectrum.  

     Previous work in the Baker group demonstrated that regioselective insertion of 

hexafluoropropene, CF2=CF(CF3) into a Cu-F bond generated the hexafluoroisopropyl group that 

could be efficiently transferred to aroyl chlorides. Moreover, the insertion of tetrafluoroethylene 

(TFE) into Cu-H gave a stable Cu-CF2CF2H complex that could also transfer its RF group to aryl 

iodides in the presence of catalytic CuCl(NHC) (NHC = N-heterocyclic carbene). In this thesis we 

expand the regioselective Cu-H insertion strategy to include chlorotrifluoroethylene, CTFE, 

CF2=CFCl, and perfluoro(methyl vinyl ether), PMVE, CF2=CF(OCF3). With the former, we 

showed the importance of ancillary ligands in stabilizing the Cu complex and enabling the 

successful transfer of the -CFClCF2H group to aroyl chlorides (aryl iodides gave only biaryls). In 

contrast, we found that stable Cu[CF(OCF3)(CF2H)] complexes could be prepared using a variety 

of ligands spanning 2- to 4-coord Cu, and we showed that DMSO serves as a ‘privileged’ ligand 

for transfer of this RF group to organic electrophiles.  With the help of a computational chemistry 

collaborator, we identified the importance of pre-equilibria that hampered the aryl iodide addition 

step, leading us to develop a ‘ligandless’ polar solvent-stabilized Cu-RF strategy, using added CuBr 

to trap the phosphine ligands for efficient transfer of the novel -CF(OCF3)(CF2H) group. Further 

calculations showed that rate-limiting product elimination for RF transfer to aroyl chloride involves 

an asynchronous transition state occurring at a single Cu coordination site. Finally, adding the 
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‘ligandless’ Cu-RF strategy with our previously reported Cu-CF2CF2H complexes, derived from 

the stable 1:1 TFE: CO2 mixture, allowed for the successful tetrafluoroethylation of alkenyl iodide 

nucleobases, nucleosides and glycals with potential biological activity. In another collaboration, 

we report the results of preliminary molecular docking studies of fluorinated-carboxamides as 

potential fungicide targets.   

     In an effort to expand the range of readily available fluoroalkenes using the Baker group’s Ni-

catalyzed homologation approach, we first collaborated with another computational chemistry to 

investigate the mechanism of fluoronickelacyclopentane formation. This work showed that the 

NiL2 fragment often led to reduced activation barriers (vs. NiL) and that the transition state 

involves a wide L-Ni-L angle of ca. 150°. Using the wide bite-angle bis(phosphine) DPEPhos, we 

were able to characterize a model for the initially formed pseudotetrahedral metallacycle. We then 

expanded the range of isolated fluoronickelacycles to include those derived from PMVE and 

CTFE. While the former gave regio- and stereoselective formation of stable metallacycles with 

trans -OCF3 groups on C, the stability and regioselectivity of the latter depended on the ancillary 

ligands. Preliminary reactivity of these metallacycles with Lewis and Brønsted acids is also 

reported. 

     In summary, using two functionalized fluoroalkenes, we have advanced our understanding of 

the stabilization of Cu-RF complexes and their ability to transfer their RF group to organic 

electrophiles. In addition, we assessed the synthesis, stability, and reactivity of new 

fluoronickelacycles to provide additional insight into the Baker group’s Ni-catalyzed fluoroalkene 

homologation strategy.  
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CHAPTER 1.  INTRODUCTION 

      1. The Power of Fluorine  

      1.1 Properties of fluorine 

Fluorine (F) is the most abundant halogen in the Earth’s crust,258although it is much less 

abundant in sea water (1.1%  as NaF).259 It was isolated as elemental F2 gas for the first time 

by Henri Moissan in 1886 by electrolysis of potassium hydrogen difluoride (KHF2) in 

anhydrous hydrogen fluoride (HF).1 Incorporation of fluorine into organic molecules was 

initiated by Swarts at the end of the 19th century through the conversion of chlorocarbons to 

fluorocarbons in the presence of SbF3.
2 Later, the first and most recognized fluoropolymer 

[poly(tetrafluoroethylene) – PTFE or Teflon™] was discovered by Roy Plunkett at DuPont in 

1938, essentially initiating the commercial application of organofluorine compounds (Scheme 

1).3  

 

Scheme 1.1 (A) Incorporation of fluorine in organic molecules; (B) PTFE synthesis. 

The widespread use of fluorine is due to specific features (also called fluorine magic)4 such 

as high electronegativity (Pauling scale = 4), small size (van der Waals radius = 1.47 Å), low 

polarizability (less van der Waals attraction) and high C-F bond energy (480 kJ/mol) accounted 

for by electrostatic interactions between Fδ- and Cδ+ which increase upon accumulation of 

additional fluorine atoms. A significant dipole moment (μ) influences the anti-planar 

conformational preference of the C-F bond to amide carbonyl, reducing conforming to the 

weaker dipole functional group. Additionally, the hyperconjugation effect from anomeric 

stabilization of low lying σ*C-F antibonding orbital contributes to axial stabilization/gauche 

conformational preference (known as the fluorine gauche effect).5–9 
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Fluorinated compounds have both HOMO (highest occupied molecular orbital) and LUMO 

(lowest unoccupied molecular orbital) at lower energies than hydrogen compounds, which 

explains their higher reactivity toward reductants (electron donation to LUMO) and lower 

reactivity toward oxidants (accepting an electron from HOMO).8 Consequently, the 

substitution of H with F can drastically change a molecule’s properties. For example, changing 

one H in acetic acid (present in vinegar, CH3COOH) to F forms fluoroacetic acid 

(CH2FCOOH), which is highly poisonous. Nonetheless, desirable properties can also be 

achieved by adding F into a molecule, so there is a rapidly growing number of fluorine-

substituted compounds applied across multiple industry sectors.10 Therefore, the future of 

fluorine chemistry is bright, as reflected in all sections of this thesis. 

     1.2 Application of fluorine in industry: Fluorocarbon refrigerants 

Refrigeration systems have a significant impact on food preservation; extending the shelf life 

of fresh foods to increase food safety and decrease food waste.11–13 Refrigerants are essential 

components of Heating, Ventilation, and Air-conditioning (HVAC) systems responsible for 

transferring heat from indoors to outdoor. The first fluorinated gases produced on a large scale 

were chlorofluorocarbons (CFCs), constituting the first-generation of fluorocarbon 

refrigerants. Within this group, CFC-12 (CF2Cl2) showed the most suitable properties (high 

stability, low flammability and toxicity) and production in commercial quantities began in 

1935 with the addition of HF to CCl4 in the presence of an antimony catalyst (Scheme 

1.2A).9,10 After many decades of useful service, however, 1995 Nobel prize winners Molina, 

Rowland and Crutzen discovered that the stability of CFCs allowed them to enter the Earth’s 

stratosphere, where UV radiation generated chlorine atoms that depleted the ozone layer that 

serves to protect us from the sun’s radiation.14 This led to a 1978 ban on CFCs by the US 

Environmental Protection Agency (EPA) and the subsequent 1987 Montreal Protocol to phase 

out their production.  

The second generation hydrochlorofluorocarbons (HCFCs) were prepared by similar 

routes (Scheme 1.2B), providing a number of useful refrigerants and foam-blowing agents 

with a lower ozone depletion potential (ODP). Working with a DuPont team, Baker 

demonstrated an alternate route to HCFCs using metal-catalyzed hydrodefluorination to afford  



3 
 

 

Scheme 1.2 Synthesis of CFC-12 (A), HCFC-21 and HCFC-22 (B, C and D). 

HCFC-21 in 95% yield (Scheme 1.2C)15 and Iikubo et al. used oxidative chlorination of CH2F2 

at 200 oC to obtain HCFC-22 (Scheme 1.2D).16  

      In 1998 HCFCs were also phased out with the advent of third generation 

hydrofluorocarbons (HFCs) that have no adverse effects on the ozone layer. The CFC-12 

substitute, HFC-134a (1,1,1,2-tetrafluoroethane)17 was initially prepared from 

trifluoroethylene (TrFE, CHF=CF2) using SnF4 in HF18
 (Scheme 1.3A) or PbO2/SF4

19
 (Scheme 

1.3B). In 1999, Hughes and Smith reported the formation of 134a from stoichiometric 

hydrodefluorination of an Ir-C2F5 complex via CF2 hydrogenolysis (Scheme 1.3C, C 

coordinated to Ir).20 Vinylidene chloride (1,1-dichloroethylene) can also be utilized in the 

presence of F2 followed by catalyzed HF addition (Scheme 1.3D)21 or using the PbO2/SF4 

system19 (Scheme 1.3E). In spite of their zero ODP, the atmospheric lifetime of HFCs species 

is still too long, and they contribute greatly to the greenhouse effect; HFC-134a, for example, 

has a 14 year lifetime and a Global Warming Potential (GWP) of 1430 (vs. CO2 as 1).10,22,23  

     Finally, the fourth-generation refrigerants known as hydrofluoroolefins (HFOs) are 

composed of species containing at least one carbon-carbon double bond (C=C) and exhibit low 

GWP. For example, HFO-1234yf (2,3,3,3-tetrafluoroprop-1-ene) possesses low flammability, 

zero ODP, and GWP of 4 with 11 days atmospheric lifetime (gets converted to CF3CO2H), and 

is already being used to replace HFC-134a in automobile air-conditioners.24–26 There are many 
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Scheme 1.3 Synthesis of HFC-134a. 

routes to HFO-1234yf discussed in the literature,10,27,28 including hydrodehalogenation of 

chlorotrifluoroethylene (CTFE) in the presence of SbF5 catalyst and methyl fluoride (CH3F) 

(Scheme 1.4A).29 It can also be obtained from hydrodefluorination of hexafluoropropylene 

(HFP) catalyzed by palladium in the presence of hydrogen (Scheme 1.4B)30 or copper with 10 

mol% of co-ligands and 10 eq. of siloxane (Scheme 1.4C).31 

 

Scheme 1.4 Synthesis of HFO-1234yf. Picture changed: ClH2 to HCl (A) and 2 HF (B) 

 

1.3 Metal organofluorine chemistry 

 1.3.1 Perfluoroalkyl metal complexes  

The expansion of organofluorine chemistry in the 1950s was soon followed by its 

organometallic counterpart.32 In the early 1960s, Stone et al. and McClellan reported the first 
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examples of perfluoroalkyl transition metal derivatives with general formula M(RF)(CO)5 from 

decarbonylation of perfluoroacyl compounds using NaM(CO)5 in which M = manganese (Mn) 

or rhenium (Re) (Scheme 1.5A). They also reported a stable Mn prop-1-enyl complex from  

 

 

Scheme 1.5 Synthesis of transition metal perfluoro-alkyl and -alkenyl complexes. 

perfluoroallyl chloride and NaMn(CO)5 via rearrangement of the initially formed Mn prop-2-

enyl complex (Scheme 1.5B).33,34  

Stone and co-workers expanded the range of metals to prepare perfluoroalkyl derivatives. 

In 1961, for example, they demonstrated the oxidative addition of perfluoroalkyl iodides to 

iron carbonyl (Scheme 1.6A) and showed that their thermolysis at 120 °C afforded fluoro-

alkenes and -alkanes (Scheme 1.6B).35 An analogous Co complex was also prepared (Scheme 

1.6C).35  

 

Scheme 1.6 Oxidative addition of RFI to form perfluoroalkyl metal iodides. 
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        1.3.2 Perfluorometallacycles: 3- vs. 5-membered ring 

     In the 1960s, Stone showed that the reaction product obtained from photolysis of iron 

carbonyl and tetrafluoroethylene (TFE), previously assigned as an Fe bis(TFE) complex by 

Wilkinson,36 was actually the first example of a perfluorometallacyclopentane.37 The 

remarkable stability of this Fe dialkyl complex is evidenced by its reactivity: heating at 160 oC 

for 12 days gave tetrafluorocyclobutene, or in the presence of bromine (Br2) at 70 oC for 120 

h yielded perfluorocyclobutane in 70% yield.37  

     Later, Stone expanded this chemistry to low-valent nickel (Ni), showing that ligand sterics 

dictate the size of the metallacycle formed (3- vs. 5-membered ring).38 He also noted that Ni(II) 

metallacycles could easily undergo ligand-exchange reactions from the stable precursor 

Ni(C4F8)[(P(n-Bu)3]2.
36,39 Building on these studies, Ogoshi et al. confirmed the need for a 

smaller ligand to form metallacyclopentanes, regardless of basicity. He then investigated 

bidentate ligands, showing exclusive formation of three-membered metallacyclopropane in the 

presence of 1,2-bis(dicyclohexylphosphino)ethane (DCPE) or 1,4-bis(dicyclohexylphos-

phino)butane (DCPB).40  

     Vicic and co-workers prepared a nickel perfluorocyclopentane without the use of TFE using 

a dizinc reagent [(MeCN)2Zn((CF2)4)2Zn(NCMe)2] and [(DME)NiBr2] in acetonitrile, which 

is a safer methodology compared to using TFE. Vicic also prepared a cobalt complex. 

[Co(C4F8)(NCMe)4], using the same method, and both Co and Ni products undergo ligand 

substitution using two equivalents of the desired ligand in THF. 38,41,42 

     The reaction of two molecules of TFE with d10 platinum bis(ƞ-cyclo-octa-1,5-diene, cod), 

unlike Ni(cod)2, gives a bis(μ-C2F4)-bridged dimer via electron transfer from Pt to TFE 

(Scheme 1.7).43 Treatment of tetrakis(triphenylphosphine) platinum with different fluoro-

olefins yields a σ-bonded metallacyclopropane three-membered ring exclusively (Figure 

1.1).44 A robust Pt-CF bond is observed for 1-1a (X= CF3) with a geminal 19F-19F coupling 

constant of 200 Hz, suggesting a -bonded fluorocarbon to the metal. Heating 1-1b (X = Cl) 

at 208 oC causes a molecular rearrangement, affording vinyl complex 1-1c for which the 19F-

31P coupling constant suggests a trans-phosphine complex.44,45  
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Scheme 1.7 Pt(cod)2 reaction with tetrafluoroethylene. 

 

 

Figure 1.1 Perhalo-organoplatinum products from PtL4 and fluoro-olefins. 

     Another study that shows different types of TFE reactivity with metal variation observed strong 

binding of TFE with tris(triphenylphosphine) rhodium (I) chloride (Wilkinson’s catalyst), which 

was not displaced by an excess of triphenylphosphine, ethylene, amines, nitriles, cyanide ion, or 

heating to 37 oC in benzene. However, treatment with 1,5-cyclooctadiene or CO displaces the TFE 

at 70 °C as its hydrogenated product (C2F4H2). Meanwhile, TFE displaces one molecule of 

ethylene from [Rh(acac)(C2H4)2], supporting the increased stability of fluoroalkene vs. 

hydrocarbon alkenes to electron-rich metal centers (acac = acetylacetonate).46–48 

Rhodacyclopentane complexes can be generated from addition of fluoro-olefins to 

[Rh(acac)(PPh2Me)2] (Figure 1.2). The insertion of CTFE yields a head-to-tail 

metallacyclopentane with trans-phosphine ligands (1-2a) and TFE affords a similar 

perfluororhodacyclopentane (1-2b). However, switching the halogen to bromide 

(bromotrifluoroethylene, BrFC=CF2) generates only the rhodacyclopropane (1-2c).49  

 

 

Figure 1.2 Structures of rhodium fluorometallacycles derived from fluoroolefins and Rh(acac)(PPh2Me)2. 
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     Palladium tetrakis(methyldiphenylphosphine), [Pd(PPh2Me)4], reacts with an excess of 

hexafluoroacetone at 25 oC yielding the three-membered ring complex (1-3a), which, after 

three days at 60 oC, expands to the five-membered ring product (1-3b). As for Ni chemistry, 

there is a dependence on the ligand, such that the triphenylphosphite analog does not generate 

the fluorometallacyclopentane.50 In contrast, a similar reaction of nickel tetrakis(t-

butylisocyanide), followed by hexafluoroisopropylidene amine, gave a 5-membered ring 

complex (1-3d).51 

 

 

Figure 1.3 Structures of Group 10 metallacycles derived from fluorinated ketone and imine. 

 

 

      1.3.3 Reactivity of nickel fluorometallacyclopentanes  

      Nickel fluorometallacyclopentanes are most widely studied, representing the bulk of our 

knowledge of their reactivity. In 1996 Baker et al., working at DuPont, developed a TFE 

hydrodimerization process showing unique reactivity of nickelacycles bearing π-acid ligands 

that enhance the acidity of presumed dihydrogen complex, allowing for hydrogenolysis of the 

Ni-CF bond (Scheme 1.8).52 Also at Dupont, Burch and co-workers demonstrated the reactivity 

of C-F bonds towards BF3 Lewis acid, followed by phosphine migration to C. A dicationic 

product is created after a second equivalent of BF3, and a stable product is isolated after 

bis(phosphine) ligand addition (Scheme 1.9).53  
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Scheme 1.8 Nickel-complex catalyzed TFE hydrodimerization to generate octafluorobutane. 

 

 

Scheme 1.9 Reactivity of perfluoronickelacycle with Lewis acid.   

 

In 2015, Andrella, Baker et al. reported a stable 3-coordinate NHC nickel 

perfluorocyclopentane (1-4a) prepared by displacement of two phosphite ligands by one bulky 

NHC ligand (Scheme 1.10).54 This complex reacts with Lewis acid Me3SiOTf to undergo Cα-

F abstraction, followed by C-C bond-forming ring contraction, affording perfluorocyclobutyl 

complex 1-4b. Heating (1-4b) at 80 oC for 24 h then afforded perfluorocyclobutene via Cβ-F 

elimination. 

 

Scheme 1.10 Reactivity of 3-coordinate perfluoronickelacycle with Lewis acid.  

 

Building on the Burch work, Giffin, Baker et al. found selective ligand migration of the P 

donor using bidentate [P-S] (1-4c) and [P-N] ligands on treatment with a strong Lewis acid 
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(Scheme 1.11).55 Complex 1-4d, upon hydrolysis, afforded a single isomer of hexafluorobut-

1-ene, whereas treatment with three equiv of 2,6-dimethylphenylisocyanide (CNAr) induces 

ring-opening to yield the cationic product (1-4e), in which the phosphine traps eliminated C-

F. Finally, addition of a second equiv of TMSOTf enables fluoride abstraction from P to 

generate complex (1-4f).55  

 

 

Scheme 1.11 Cα-F abstraction and phosphine migration to Cα. 

 

     Additional understanding of fluorometallacycle reactivity has resulted from the use of 

additional fluoroalkenes. Giffin, Baker et al. showed that the regioselectivity of 

metallacyclopentane formation using trifluoroethylene (TrFE) depends on the steric bulk of 

the phosphorus ligand. While DFT studies indicated that the head-to-head isomers with all four 

Fs on the  carbons are the most stable, 50% of the observed products consisted of the cis- and 

trans-head-to-tail regioisomers even with the smallest PMe3 ligand (Figure 1.4).56 In contrast, 

small amounts of the tail-to-tail isomer were only observed for the largest ligands, PPh3 and 

P(O-o-tol)3. While the reaction of the head-to-head isomer with 2 equiv of TMSOTf resulted 

in double phosphine migration followed by double C-F elimination, the head-to-tail isomers 

yielded tetrafluorocyclobutene or tetrafluorobutadiene, depending on whether BF3 or TMSOTf 

was used as the Lewis acid for the double fluoride abstraction (Scheme 1.12).  
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Figure 1.4 Reactivity of Ni0 with TrFE. 

 

Scheme 1.12 C-F bond activation of metallacyclopentanes derived from Ni0 and TrFe. 

Sicard, Baker et al. then showed the first example of fluoroalkene homologation using 

vinylidene difluoride (CH2=CF2, VDF). They observed the three-membered ring metallacycle 

using small phosphines (Scheme 1.13a) whereas large phosphines or NHC ligands gave μ-F 

dimer derived from the metallacyclopentane by selective C-F elimination (Scheme 1.13b). 

Furthermore, by addition of silanes they demonstrated the Ni-catalyzed 

hydrodefluorodimerization (HDFD) of VDF to 2,4,4-trifluorobut-1-ene (HFO-1363pyf) 

(Scheme 1.13c). This new reaction has great potential for the creation of a variety of 

fluoroalkenes via the creation of mixed metallacycles from two different fluoroalkenes. 
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Scheme 1.13 Reactivity of Ni0 with VDF. 

              

1.4 Fluorine in medicinal chemistry 

1.4.1 Fluorine in pharmaceutical compounds 

      The incorporation of fluorine into medicinal compounds often improves the biochemical and 

therapeutic aspects by impacting pharmacokinetics (PK) and pharmacodynamic (PD) properties. 

In 1953 fludrocortisone was shown to exhibit a 10-fold increase in anti-inflammatory activity 

compared to its non-fluorinated analogue.57 Four years later, Heidelberger and co-workers reported 

antimetabolic 5-fluorouracil (5-FU) for cancer treatment (Figure 1.5).58 Since then, many 

examples of fluorinated-containing pharmaceuticals for diverse diseases have been reported, 

comprising 20% of total commercial pharmaceuticals and 45% of the 38 small molecules approved 

by the U.S Food and Drug Administration (FDA) in 2018.59 These classes include anticancer60,61, 

antifungals62, antivirals63, antidepressants64, antipsychotics65, anticonvulsants66, antidiabetics67, 

treatment for heart failure68 and antilipemic69. We will not discuss all these classes in this chapter, 

but just the most relevant for the work done in this thesis. 

      The significant impact of fluorine incorporation on drug development is reflected in the 

improved drug potency. For example, fluorastrol is 5-times more potent than monastrol (inhibitor 

of ATPase activity of Eg5 for cancer treatment) given the three additional interactions involving 

the 4-fluoro-aryl group and Arg221, Glu217, and Ala218 (Figure 1.5A).70 Interestingly, the 

fluorine effect enhanced the metabolic stability of thalidomide, so the fluorinated derivative (S)-

fluorothalidomide is more potent and stable than (R)-fluorothalidomide avoiding the racemization 

in vivo. This was a great discovery after the “thalidomide tragedy”71 since this drug is still approved 
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for multiple myeloma (MM) and erythema nodosum leprosum (ENL).72 Enhancing lipophilicity 

increases the rate of absorption, transportation to cells, and oral bioavailability.  

      Another essential factor to be considered is the drug permeability. Many drugs need a high 

permeability and CNS penetration to achieve their target; for example, C-F bond inclusion  in β-

site amyloid precursor protein-cleaving enzyme 1 (BACE1) inhibitors decreases the efflux ratio 

from the P-glycoprotein efflux pump from 19 to 2, increasing the drug concentration in the brain 

(Figure 1.5B).73 

 

Figure 1.5 (A) Structures of fludrocortisone, 5-FU, trifluridine, thalidomide, fluorothalidomide, 

fluorastrol, monastrol, and (B) BACE-1 inhibitor. RE = Efflux ratios. 

 

1.4.2 Fluorine in nucleoside analogs: Anticancer and antiviral activity 

     Modification of DNA structure, synthesis of nucleotides, and modification of nucleobases have 

attracted scientists.74,75 Nucleoside analogs of uridine, thymidine, and cytidine can inhibit viral 

replication and act as antivirals,76 or their metabolites can incorporate into the DNA strand and 

cause apoptosis of cancer cells.77 Fluorine-containing-nucleoside analogs (NAs) have become a 

significant class among FDA-approved drugs and those in development.78 Fluorinated-NAs have 

different dipole-dipole and gauche interactions, anomeric effects, and F-base interactions, besides 

the features typical of fluorine incorporation such as metabolic stability and increased lipophilicity, 

which explains their improvement in both PD and PK drug properties compared to NAs.79  

     We noted above the second fluorinated drug developed as 5-FU, an analog of nucleobase uracil 

that inhibits thymidylate synthase (TS). However, we did not mention this molecule's poor tumor 

activity and high toxicity. Many strategies have been addressed to decrease this toxicity; a pro-
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drug called Capecitabine was developed that selectively delivers the fluorouracil after 

metabolizing by carboxylesterase (CES), cytidine deaminase (CDA), and thymidine 

phosphorylase (TP) (enzymes highly expressed in tumours).80–83 Furthermore, numerous studies 

have been exploited extensively in the development process of pyrimidine analogs with fewer 

adverse effects and higher activity.  

 

Scheme 1.14 Metabolic reactions of capecitabine to afford 5-FU. 

     Trifluridine (trifluorinated thymidine-based nucleoside analog, TFD) (Figure 1.5A) is another 

example of fluorinated-NA in the market, synthesized in 1964 by Heidelberger and co-workers as 

an antitumor reagent.84 The cytotoxicity of TFD is due to the phosphorylation by thymidine kinase 

1 (TK1) instead of thymidine (the usual substrate). Then TFD can incorporate the DNA during 

phase S and TS inhibition (analog to 5-FU mechanism).85 Interactions of the trifluoromethyl group 

with Cys198 and Tyr146 are essential for the TS inhibition mechanism.86 In 2015, to prevent the 

degradation of TFD from TP; it was combined with tipiracil (TP inhibitor) and approved for 

metastatic colorectal cancer.87 Moreover, it is the first-choice treatment for herpes simplex virus 

type 1 and 2 (HSV-1 and HSV-2) keratitis and keratoconjuctivitis.88–90    

 

1.4.3 Fluorine in drugs for COVID-19 treatment 

     Not surprisingly, fluorine participated actively during the latest pandemic that affected over 

170 countries in less than three months (COVID-19 pandemic) as part of potential adjuvants 

against SARS-CoV-2 disease (COVID-19). PaxlovidTM is the first oral antiviral therapeutic 

approved for the treatment of COVID-19 by the FDA (December 2021), followed by Health 

Canada, Australia, and the European Union (January 2022).91,92 PaxlovidTM combines nirmatrelvir 

plus ritonavir; nirmatrelvir is an inhibitor of the SARS-CoV-2 main protease and contains a 

trifluoromethyl group93 ritonavir is a CYP3A4 inhibitor (which keeps the concentration of 
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nirmatrelvir high) and human immunodeficiency virus type 1 (HIV-1) protease inhibitor (Figure 

1.6).94 Besides the super-star drug first approved, more than ten fluorinated drugs have been 

reported for COVID-19 treatment, solidifying fluorine’s importance in health science.95 

 

Figure 1.6 Structures of Paxlovid active ingredients. 

 

1.4.4 Fluorine in agrochemicals 

     The continuing growth of the world’s population pushes agriculture to improve its production 

by reducing plant illness/crop losses and enhancing food quality. A 4.5% annual growth rate for 

agrochemicals has been projected worldwide.96 Among them, fluorinated pesticides constitute 

70% of new agrochemical products in the 21st century; they are displayed in the top-selling 

agricultural products such as insecticides, fungicides, acaricides, and herbicides.97,98 The most 

common fluoroalkyl groups incorporated into agrochemicals are trifluoromethyl (-CF3), 

difluoromethyl (-CF2H), trifluoromethoxy (-OCF3), difluoromethoxy (-OCF2H), difluoromethyl-

sulfonyl (SO2CF2H), heptafluoroisopropyl [-CF(CF3)2] and methoxy-heptafluoroisopropyl                 

[-C(OMe)(CF3)2] (Figure 1.7).99 

 

Figure 1.7 Examples of agrochemicals containing fluoroalkyl groups. 

     All fluorine properties discussed earlier in this chapter (section 1.1), such as electronic effects, 

steric effects, dipole effect, H-bond interaction, lipophilicity modulation, stereochemical 
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behaviour, and improvement in metabolic stability, explain the importance of building fluorinated 

blocks into agrochemical compounds. 4,7,100  

     While late-stage fluorination of pharmaceuticals and agrochemicals is quite similar, the choice 

of process for commercialization is very different. For example, the cost of production may render 

the final product inaccessible to developing countries and has an environmental impact since they 

are not readily biodegradable. Moreover, lipophilicity may interfere with the bioaccumulation 

inside living organisms. Both properties are more significant due to the high volume necessary for 

the use of agrochemicals vs. pharmaceuticals. Although ecological implications are discussed in 

the current literature, discovering a novel fluorinated agrochemical that is more selective, specific, 

and less dangerous to human health is urgent for protecting crop production, ensuring we can feed 

the population in coming years.97,101,102 

 

1.4.4.1 Fungicides 

     Fungicides control mycotoxins produced by fungi, kill fungi and can be used to treat plant 

diseases.103 There are several fungicide groups with their respective target site: methyl-

benzimidazole fungicides (MBCs), demethylation inhibitor fungicides (DMIs), quinone-outside 

inhibitor fungicides (QoIs), succinate dehydrogenase inhibitors (SDHis), carboxylic acid amides 

(CAAs), dicarboximide fungicides (DCFs) and keto-reductase inhibitors (KRIs).104 However, 

SDHis have become the most commonly used fungicide class on the market due to their high 

broad-based activity and are now the center of research in modern agriculture. 

The main mode of action of fungicides is inhibition of succinate dehydrogenase (SDH), 

also known as mitochondrial complex II or ubiquinone oxidoreductase. The SDH contains four 

polypeptide nuclear-encoded subunits (SdhA, SdhB, SdhC, and SdhD) inside mitochondria. 

Inhibition of this enzyme interferes with the functional mitochondrial respiratory chain and 

tricarboxylic acid cycle (TCA).103,105 SDHis bind in the ubiquinone binding pocket (Q site) and 

avoid the reduction of succinate to fumarate and ubiquinone to ubiquinol (instead of panthenol), 

thereby inhibiting fungal respiration, leading to fungal death.103  
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Carboxin was the first-generation SDHi commercially available in the late 1960s.106 1990 

saw the development of the second generation, represented by thifluzamide, and in the 21st 

century, the third generation appeared, represented by structurally variable compounds.103 

Carboximide fungicides block the Q site efficiently. Many researchers have proposed a structure-

activity relationship (SAR) of SDHi developing a new succinate dehydrogenase subclass based on 

molecular docking and molecular dynamics simulations. They observed hydrogen bonding from 

the pyrazole ring closer than pyridines and π-π interaction of aromatic ring and the target protein; 

they also described the importance of the carbonyl linker connecting the amide attached to the 

amine portion and the pyrazole ring (acid part), the last component usually contains fluoroalkyl 

groups.106–111 These descriptions clearly define Pydiflumetofen and Isoflucypram, which entered 

the market in 2016 and 2019 (Figure 1.8).112 The unique properties of these compounds as SDHi 

have been applied against the devastating disease of wheat and barley crops known as fusarium 

head blight (FHB) caused by Fusarium graminearium (Fg).112–114 

 

Figure 1.8 Structures of Ag chemicals pydiflumetofen, isoflucypram (A), and carboxin (B).  

 

1.5 Late-stage fluorination 

1.5.1 Incorporation of fluorine 

       The development of synthetic protocols to incorporate fluorine into drugs or agricultural 

chemicals is an expanding field, with many new options becoming available.115 There are 

problems associated with the use of simple fluorine sources, such as fluorine gas (F2) and 

fluoride ion, for functionalization at a late stage of the bioactive molecule’s synthesis. The high 

reactivity of F2 gas leads to functional group intolerance and fluoride ion’s poor nucleophilicity 

in the presence of an H-bond donor, and its high basicity often causes side-reactions leading 

to poor yields.116 
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There are two types of fluorinating reagents: nucleophilic and electrophilic. Electrophilic 

fluorination provides a source of F+, starting with elemental F2 and xenon difluoride (XeF2) 

(more stable than F2 but expensive);116,117 F2 gas is a good choice for fluorination of 

nanographene to the 2D diamond in a free-radical cross-linking mechanism118. Also, O-F 

reagents (like CF3OF119, CH3CO2F
120, CF3CO2F

121, and CsOSO2OF122) were used for many 

years; however, they possess many challenges, as we discussed before.   

      In the early 1990s, a new class of electrophilic fluorination reagents became popular due 

to their milder and safer properties. Having a general structure of R2N-F (neutral) or R3N
+-F 

(quaternary ammonium), N-fluorobis(phenyl)sulfonimide (NFSI), N-fluoropyridinium salts 

(NFPy), and 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) 

(Selectfluor®) (Figure 1.9) are the most used reagents that helped to develop more tolerable 

fluorination methods. These organonitrogen groups promote reactivity of the N-F bond after 

suffering a nucleophilic attack (Scheme 1.15a) or a single-electron transfer (SET) reaction 

with nucleophiles (Scheme 1.15b).123–126  

 

Figure 1.9 Structures of Selectfluor®, NFSI, and NFPy. 

 

 

Scheme 1.15 a. Reactivity of fluorine with nucleophile using quaternary salt reagents and b. SET 

pathway. 

Differding and co-workers 1991 synthesized the stable crystalline solid NFSI127, which 

requires high temperatures and neat conditions to fluorinate various aromatic nucleophiles 

(anisole, toluene, acetanilide) and so is less used.128 Selectfluor,® reported for the first time in 

1992 by Banks and co-workers,129, is the favorite fluorinating reagent that possesses a 
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“fluorine-free” functional group (transition metal oxidant, fluorine cation, or radical initiator) 

and can also react as an oxidant or Lewis acid.130,131 

In 2014 You and co-workers described a silver-catalyzed tandem cyclization/ fluorination 

of 2-alkylanilines to offer fluorinated indole derivatives using NFSI or Selectfluor® as the 

fluorinating reagent. They found a cyclization/ difluorohydroxylation one-pot protocol using 

3.0 equiv of H2O, 10 mol % silver nitrate (AgNO3) in acetonitrile (ACN) at 80 oC, that was 

only possible to get excellent yields by adding 2.0 equiv of Selectfluor® instead of NFSI.132 

Nonetheless, Flower and co-workers133 observed fluorination of carboxylic acids substituting 

the Selectfluor® from Li`s methodology134 (Scheme 1.16a) with NFSI combined with sodium 

persulfate (Scheme 1.16b). Two years later, Tang et al. described a silver-catalyzed 

hydroxyfluorination of styrenes with anti-Markovnikov-type regioselectivity treating 

Selectfluor® with 10 mol % of AgOTf in PhNO2/H2O/CH3NO2 at 30 oC (Scheme 1.16c).135 

More recently, Vincent and Brioche described a combination of AgNO3 and Selectfluor® 

capable of deoxyfluorinating cesium oxalates from their corresponding alcohols performed by 

radical fluorination (Scheme 1.16d).136 A boron-catalyzed α-fluorination of free carboxylic 

acids was recently described by Feng and co-workers using SelectFluor® in organic bases 

(pyridine, DMAP, TMG, and DBU), yielding α-fluorocarboxylic acid bioactive molecules in 

20-96% yield (Scheme 1.16e).137 Examples of nickel catalyzed fluorinations use NFSI or 

Selectfluor® to α-fluorinate cyano-ester138, oxindole139, and keto-ester140 substrates in 

excellent yields.141  

Nucleophilic fluorination was developed in the early 21st century and has expanded efforts 

to improve its reactivity and/or ease of use. Familiar sources are poorly soluble metal fluoride 

salts, such as KF, CsF, and AgF (cheaper than electrophilic reagents but weak nucleophiles) 

and soluble tetrabutylammonium difluorotriphenylsilicate (TBAT) tetramethylammonium 

fluoride (TMAF), and tetrabutylammonium fluoride (TBAF).142 One of the most successful 

methods is to transfer nucleophilic fluorine to a transition metal, and the fluorination proceeds 

via a cross-coupling mechanism.117,143–145 
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Scheme 1.16 -Fluorination of carboxylic acids (a,b,e), styrene (c), and decarboxylative fluorination (d). 

     Late transition metal-catalyzed fluorination is an attractive strategy since d10-metals are 

functional group tolerant and can be attached to different ligands to increase reactivity.143,144 

However, the difficult reductive elimination of Ar-F has been noted by Grushin.146–148 In 

general, late metal-fluorine bonds are labile and reactive, and many complexes are capable of 

fluorinating electrophile substrates.149–151 

     The first Pd(0) system to catalyze fluorination of aryl triflates was reported by Buchwald et 

al. in 2009.152 The same group developed a system using CsF that expanded the substrate scope 

to include heterocycles.153–155 In 2014 Doyle and co-workers studied the reaction mechanism 

of palladium-catalyzed allylic fluorination with AgF as the fluorine source. They proposed 

allylpalladium(II) chloride formation after oxidative addition to Pd(0), followed by ligand 

exchange with AgF to produce a homobimetallic transition state from both intermediates 

(cationic vs. neutral allylic); which they were not able to distinguish by kinetic studies (Scheme 

1.17a).156 In contrast, using an electrophilic F source, Lectka and co-workers reported a radical 

chain mechanism based on the synthesis, kinetics and computational studies combining a 

copper salt and Selectfluor in acetonitrile (Scheme 1.17b).157  
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Scheme 1.17 The proposed mechanism by Doyle et al. uses a nucleophilic source (A), while Lectka et al. 

use an electrophilic source (B). 

Motivated by Gray et al.’s work using a cyclometallated iridium (III) catalyst for high yield 

fluorination of acyl chlorides,158 Baker et al. reported cobalt-catalyzed fluorination of acyl 

chlorides using AgF as fluoride source and CpCo (III) perfluoroalkyl halide complexes.159 In 

a similar way, Licence and co-workers recently reported rhodium-catalyzed nucleophilic 

fluorination of acyl chlorides, including an analog of the pharmaceutical compound 

probenecid, in 99% yield. The reaction was performed under mild conditions, using 5 mol% 

of a cyclometallated rhodium complex containing a perfluorinated ligand and 1.5 equiv. of 

AgF in dichloromethane for 1.5 h.160 His DFT studies also supported Baker’s1 proposed 

mechanism, 59 in which nucleophilic attack at the substrate is the rate-determining step with 

the formation of a new M-F bond (Scheme 1.18).160 
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Scheme 1.18 Fluorination of acyl chloride catalyzed by perfluorinated metal (M = Rh, Ir, or Co). 

 

1.5.2 Fluoroalkylation 

      An enormous number of late-stage trifluoromethylation have been described in the 

literature for decades.161–164 They can be divided into four categories: nucleophilic165,166, 

electrophilic167, radical168 and radical addition169 (Figure 1.10). Ruppert et al. synthesized one 

of the most used CF3 sources (TMSCF3) of organic electrophiles, which is less toxic and more 

attractive, which will be detailed in the next sections.170 It can be activated by n-Bu4NF 

(TBAF), Lewis base (such as Et3N and pyridine) or N-heterocyclic carbenes (NHC) for 

promoting trifluoromethylation of carbonyl groups.171 Beier and co-workers established the 

trifluoromethylation of sulfonyl azides to further the generation of CF3-containing triazoles 

(Scheme 1.19a).171,172 In 1989, Chen and co-workers developed a nucleophilic 

trifluoromethylation reagent (FSO2CF2CO2Me)173. A catalytic amount of copper iodide 

promotes the in situ decomposition of this reagent, generating CuCF3, inducing 

trifluoromethylation of organohalides (Scheme 1.19b).174  
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Figure 1.10 Four categories of trifluoromethylation sources. 

 

 

Scheme 1.19 Trifluoromethylation using nucleophilic sources. 

 

     Amii et al. developed a copper-catalyzed strategy of aromatic trifluoromethylation using 

diamine ligands to stabilize and increase the nucleophilicity of Cu-CF3,
175. They proposed a 

catalytic mechanism in which the Cu(I) iodide complex could be reused faster than 

trifluoromethylcopper decomposition. Years later Jover detailed by computational studies, the 

endergonic reaction of KCF3 generation from TMSCF3 and KF (Scheme 1.20a), followed by 

CF3 transfer to copper through an exergonic transmetalation (Scheme 1.20b). They also 

observed the slowest step oxidative addition with +2.4 kcal/mol.176 Very recently, Shen et al. 

for the first time isolated and characterized a five-coordinated Cu (III) complex containing two 

CF3 group and a bpy ligand. They examined the reductive elimination of this complex 

involving a concerted pathway with a 23.0 kcal/mol energy barrier (Scheme 1.20c). 177 
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Scheme 1.20 Copper-catalyzed trifluoromethylation. 

     Metal-free or iron-catalyzed trifluoromethylation reactions using Togni`s hypervalent 

iodine reagent have been studied over the past few years.163,178 For example, Togni`s reagent 

can be the electrophile source for iron-catalyzed trifluoromethylation of diallyl aryl alcohol 

and enamides,179,180 as well as for trifluoromethylation of ketones and unsaturated amides 

under metal-free basic conditions (Scheme 1.21).181,182 

 

Scheme 1.21 Trifluomethylation employed by Togni`s reagent. 

     Synthetic approaches to afford trifluoromethylated heterocycles using radical fluorinated 

sources can also be metal-free.183 Zhang et al. showed a direct trifluoromethylation of 

quinoxaline-2(1H)-ones with Langlois reagent in the presence of 

[bis(trifluoroacetoxy)iodo]benzene (PhI(OTFA)2) (Scheme 1.22a).184 Another example 

reported the trifluoromethylation of alkyl radicals assisted by copper.168 Along this line, Li and 

co-workers disclosed that Cu(CF3)2(bpy) complex reduced by triethylsilane gives CuII-CF3 

which becomes the electrophilic source in this reaction (Scheme 1.22b). 185 
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Scheme 1.22 Trifluoromethylation using radical source. 

      A transition metal-catalyst combined with Selectfluor® as an oxidant can mediate cross-

coupling reactions and generate new fluoroorganic compounds. Although there are a few 

reports using transition metal catalysts and NFSI/ Selectfluor® reagents,186 silver-catalyzed 

radical fluorination combined with these reagents has become more popular for 

hydroxyfluorination. For example, Qing et al. reported a silver-mediated trifluoromethylation 

of alcohols (Scheme 1.23a);187 more than two years later; they also showed that 

pentafluoroalkyl ethers were incorporated into alcohols and phenol substrates mediated by 

silver in the presence of Selectfluor® and TMSC2F5, TMSCF2CO2Et or TMSCF2CF2CF3 

(Scheme 1.23b).188 

 

Scheme 1.23 a. Trifluoromethylation of alcohols; b. Pentafluoroethylation of alcohols and phenols. 



26 
 

 

1.5.3 Transition-metal catalyzed trifluoromethythiolation, trifluoromethoxylation and 

difluoromethylation. 

     Methodologies for introducing SCF3, OCF3, and CF2H into organic molecules, mainly 

catalyzed by metal complexes, have recently gained much attention. Palladium, nickel, gold, and 

copper complexes have all been reported for catalyzing direct nucleophilic and electrophilic 

trifluoromethylthiolation. Nucleophilic sources (CuSCF3, AgSCF3, Hg(SCF3)2, TMSCF3, 

Me4NeSCF3) and electrophilic reagents (CF3SCl, CF3SSCF3, N-trifluoromethylthiophthalimide, 

N-Trifluoromethylthiosaccharin) have both been  employed. The first Pd-catalyzed cross-coupling 

of aryl halides for the formation of heteroaryl-SCF3 using a nucleophilic source was reported by 

Buchwald and co-workers in 2011; their optimal conditions used a combination of [NPhEt3]I, 

AgSCF3, and a sterically hindered/ electron-rich phosphine Brettphos (dicyclohexyl[3,6-

dimethoxy-2’,4’,6’-tri(isopropyl)[1,1’-biphenyl]]-2-yl] phosphine) (Scheme 1.24).189 Huang and 

co-workers used Pd(OAc)2, 2 equiv of AgSCF3, and 3.0 equiv of Selectfluor as oxidant at 60 oC to 

trifluoromethylthiolate phenylpyridine derivatives in high yields.190A catalytic amount of copper 

salt combined with 1.5 equiv of AgSCF3 and 20 mol % of bipyridine (bpy) ligand (to increase the 

stability of CuSCF3)
191 gave aryl trifluoromethylthioethers in good yields from oxidative 

trifluoromethylthiolation of boronic acids.192 Hypervalent diaryliodonium salts are also good 

substrates, as shown by Anbarasan and co-workers, using 20 mol % of CuI combined with 20 

mol % of SPhos (2-dicyclohexylphosphino-2’,6’-dimethoxylbiphenyl) and 1.1 equiv of AgSCF3 

 

Scheme 1.24 Trifluoromethylthiolation of aryl halides using AgSCF3. 
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at 50 oC in DMF, generating heteroaryl trifluoromethyl sulfides in up to 94% yield.193 

Phenanthroline is also a good ligand to stabilize CuSCF3 (derived from AgSCF3 and CuBr) and 

effect the trifluoromethylthiolation of aryl halides.194 In recent work, Lu et al. reported a gold-

catalyzed trifluoromethylthiolation of aryl halides under mild conditions, including bioactive 

molecules, in high yields, using AgSCF3 and a silver activator (AgSbF6).
195 Reactions using 

Me4NSCF3 to afford aryltrifluoromethylethers can be catalyzed by iodide-bridged palladium 

dimer196 or Ni (0) using highly soluble bipyridine derivatives like 4,4’-dimethoxybipyridine 

(dmbpy197) and a wide-bite angle phosphine ligand 1,1’-bis(diphenylphosphino)ferrocene (dppf) 

(Scheme 1.25). Shoenebeck and co-workers also found this Ni-catalyzed protocol to be highly 

efficient in giving the respective trifluoromethyl sulfide (ArSCF3) of pharmaceutical 

compounds.198 

 

Scheme 1.25 Trifluoromethylthiolation of aryl halides using Me4NSCF3. 

The most commonly used electrophile source, N-trifluoromethylthalimide present in the 

reaction mixture with a copper salt as a catalyst and boronic acids gives trifluoromethylthiolated 

arenes in good yields.199,200 Alternately, Li et al. reported a rhodium-catalyzed C-H bond 

functionalization affording trifluoromethylthiolated arenes in high yields using N-

trifluoromethylthiosaccharin. 201  

Many other electrophilic trifluoromethylthiolating reagents have been developed in the 

past decades. 202 Billard`s reagent activated by Lewis or Brønsted acids trifluoromethylthiolate 
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electron-rich arene and indoles (Scheme 1.26a),203 while his second generation under superacid 

condition achieved trifluoromethylthiolation of acetanilide (Scheme 1.26b).204 The recently 

hypervalent iodine (III) trifluoromethylthiolate designed by Zhang is able to 

trifluoromethylthiolate multimethoxylated arenes and naphthols without Lewis acid (Scheme 

1.26c).205 Expanding Friedel-Crafts substrate scopes, the trifluoromethyl sulfoxide built by Procter 

and co-workers was able to generate p-xylene trifluoromethylthiolate after activation by Tf2O 

(Scheme 1.26d). 206 

 

Scheme 1.26 Trifluoromethylthiolation of hetero(aryl) C-H bonds. 

The trifluoromethoxy anion (OCF3)
- is highly unstable and decomposes (to fluoride and 

difluorophosgene) above – 20 oC,207 highlighting the need for new trifluoromethoxylation 

reagents. While the first examples of arene trifluoromethoxylation generated trifluoromethoxide 

salts in situ208,209, newer nucleophilic reagents include AgOCF3,
210  nBu4NOCF3,

210 and 

(Me2N)3SOCF3 (TASOCF3).
211 Although the generation of trifluoromethoxy anion (OCF3

-) from 

trifluoromethyl triflate (TFMT) activated by fluoride salt has enabled the development of 

transition-metal catalyzed protocols, few examples are found in the literature. In 2018 Hu and co-

workers reported the trifluoromethoxylation-bromination of benzyne from 

trifluoromethylbenzoate (TFBz), trimethylsilylphenyl triflate and AgF that generates AgOCF3 in 

situ (Scheme 1.27).212 In the same year, Liu et al. described the generation of 

bis(trifluoromethoxylated) alkenes using AgOCF3, 3.0 equiv of strong oxidant (Selectfluor-OTf), 

and a catalytic amount of palladium.213 Interestingly, a catalytic amount of Pd and 2.0 equiv. of 

Selectfluor®/ 3.0 equiv. of AgOCF3 under mild conditions provided a trifluoromethoxylation (-
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OCF3) of alkenes in 60-80% (Scheme 1.27). 214 In 2020, Friesen and co-workers reported a stable 

quaternary ammonium trifluoromethoxide (NR4OCF3) as a nucleophilic source of OCF3. They 

formed the NR4OCF3 salts from the nucleophilic attack of tertiary amines on trifluoromethyl ether, 

followed by trifluoromethoxylation of pyranose.215 Hopkinson et al. described a C-H 

trifluoromethoxylation of arenes from the reaction of bis(trifluoromethyl)peroxide (BTMP) and 

the photocatalyst [Ru(bpy)3][PF6]2 in MeCN for 16 h at room temperature.216 

Trifluoromethoxylation of aziridines was studied by Tang et al. using TFMOTf as an OCF3 source 

catalyzed by silver, with a nucleophilic attack of -OCF3 proceeding at the less hindered carbon of 

the aziridine.217 

Difluoromethylation of organic compounds is not yet well-developed. N,N-

diethylaminosulfur trifluoride (DAST), bis(2-methoxyethyl)aminosulfur trifluoride (Deoxo-

fluor®), and Xtalfluor-M® have been used as difluoromethyl sources for many years, but they are 

limited by toxicity, functional group incompatibility, and have low scalability.218–220 Some  

 

 

Scheme 1.27 Trifluoromethoxylation using nucleophilic sources.  

successful reactions were achieved using transition metal catalysts, such as Cu,221,222 Fe223, 

Ni,224,225 Pd,226,227 and Pt.228  
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In 2014 Shen et al. reported a palladium/silver catalytic cycle for difluoromethylation of 

aryl halides using dppf as ligand and TMSCF2H as the fluoroalkyl source. They isolated 

[Ag(CF2H)(SIPr)] (SIPr = 1,3-bis(2,6-diisopropyl phenyl)imidazoline-2-ylidine) in 82% by 

reacting [AgCl(SIPr)] with TMSCF2H in THF (Scheme 1.28).229 In 2017, the same group 

described a direct difluoromethylation of heteroaryl bromides and iodides using [Ag(CF2H) (SIPr)] 

with a catalytic amount of bis(dibenzylideneacetone) palladium(0) [Pd(dba)2] and a wide bite 

angle phosphine bis[(2-diphenylphosphino)phenyl] ether (DPEphos) that reacted smoothly to give 

Ar-CF2H, inclusive of medicinal substrate imiquimod analog (Scheme 1.29).230 

Difluoromethylation of important drug/ agrochemical molecules was also achieved using a Pd 

catalyst discovered by Buchwald231 with Xphos ligand.226 A Pd-catalytic system with TMSCF2H, 

CsF, and bulky electron-rich monodentate phosphine Brettphos conducted in moderate to good 

yields the difluoromethylation of aryl chlorides.227 Mikami and co-workers developed a Cu- 

catalyzed difluoromethylation of aryl iodides using Vicic`s reagent, [(DMPU)2Zn(CF2H)2] 

(DMPU = N, N’dimethylpropyleneurea).232 They observed by 19F NMR neutral Cu(CF2H) and  

 

Scheme 1.28 Metal-catalyzed difluoromethylation of aryl halides. 
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Scheme 1.29 Metal-catalyzed difluoromethylation of bioactive compounds. 

 

cuprate [Cu(CF2H)2]
- in equilibrium from the transmetallation of -CF2H from the Zn complex to 

CuI.222 The second example of Cu-catalyzed difluoromethylation of aryl iodides in good yields 

was reported by Sanford et al. in 2017, who explored the use of CuCl(IPr) as a catalyst with 

TMSCF2H and 3.0 equiv of CsF at 120 oC for 12 h.233 Liu and co-workers reported a late-stage 

deaminative difluoromethylation of drug agents using Vicic`s reagent as the difluoromethyl source 

and Cu(CH3CN)4BF4 as a catalyst in DMSO for 12 h at room temperature (Scheme 1.29).221 Vicic 

and co-workers developed a Ni-catalyzed system for difluoromethylation of a variety of electron-

deficient aryl iodides using his reagent as a difluoromethyl source and dppf as a ligand.232 NiCl2 

in DME can also catalyze the reaction between chlorodifluoromethane (ClCF2H) and aryl 

chlorides at 60 oC yielding CF2H-Ar.224 Fe(acac)3 in the presence of TMEDA catalyzed 

difluoromethylation of diaryl zinc reagents using 2-pyridyl sulfone (2-PySO2CF2H) as a 

difluoromethyl source under mild conditions yielding electron-rich and electron-poor CF2H-Ar 

(Scheme 1.30).223 

 

Scheme 1.30 Iron-catalyzed difluoromethylation of diaryl zinc. 
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1.5.4 Copper-mediated fluoroalkylation 

1.5.4.1 From fluoroalkyl iodides 

     McLoughlin and Thrower first reported an example of a stoichiometric copper-mediated 

fluoroalkylation of aryl halides using fluoroalkyl iodides (RF-I) in polar aprotic solvents (DMF or 

DMSO) at 100-170 oC (Scheme 1.31a).141 Two coppers react with RF-I to give Cu-I + Cu-RF; The 

latter then reacts with aryl halide to give the product. Kondo et al. 1981 realized a 

trifluoromethylation of aryl halides using stoichiometric copper (CuI) and sodium trifluoroacetate 

(CF3CO2Na) in aprotic solvents, such as N-methylpyrrolidone (NMP) and N, N-

dimethylacetamide (DMA) (Scheme 1.31b).235 Likewise, trifluoromethylarenes were obtained 

using a more soluble precursor fluorosulphonyl difluoromethyl iodide (FSO2CF2I) using a 

stoichiometric amount of Cu (Scheme 1.31c). They proposed that two other reaction pathways 

besides trifluoromethylation interfered with the reaction yield; difluorocarbene insertion and a 

free-radical addition-elimination.236 

 

1.5.4.2 From Zn(CF3)Br 

    In 1997, Shibuya et al. observed a transmetallation of [(diethoxyphosphinyl)difluoromethyl] 

zinc with CuBr that generates organocopper species, promoting the fluoroalkylation of aryl iodides 

(Scheme 1.32a).237 The development of trifluoromethylation using a stable solid complex 

ZnBr(CF3)•2 DMF (stable in a dry-box fridge for weeks)238 showed the generation of [Cu(CF3)] 

 

Scheme 1.31 Copper-mediated trifluoromethylation of aryl iodides using fluoroalkanes. 
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after transmetallation from Zn to CuBr, enabling the trifluoromethylation of electron-deficient aryl 

halides in moderate yields. 19F NMR monitoring detected the presence of CuCF3, Cu[Cu(CF3)2], 

and Cu[CuIII(CF3)4]; at higher temperatures (50 oC), using less reactive aryl halides, a small 

quantity of pentafluoroethyl aryl halides was observed and using a mixture of 1:2 (ZnBr(CF3)•2 

DMF/ CuBr) converted the trifluoromethylcopper to pentafluoroethylcopper selectively (Scheme 

1.32b).239 

 

Scheme 1.32 Trifluoromethylation of aryl iodides using Zn(RF)Br. 

 

 

1.5.4.3 From fluoroalkylsilanes 

 

     The most efficient and successful method for trifluoromethylation is using inexpensive and 

readily available Ruppert-Prakash reagent (TMSCF3) and its derivatives as the fluoroalkyl 

source.240 The facile generation of (CF3)
 - anion by addition of catalytic NaI allows for facile 

transmetallations, and this reagent has been used extensively to prepare different M-CF3 

complexes. For example, Vicic and co-workers in 2008 prepared a bulky Cu(CF3)(SIPr) complex 

by treating [Cu(OtBu)(SIPr)]2 with 2.0 equiv of TMSCF3. They then demonstrated stoichiometric 

CF3 transfer from this complex to aryl iodides in DMF (Scheme 1.33a).241 A robust and stable 

phen-ligated trifluoromethylcopper, Cu(CF3)(phen), known as the Trifluoromethylator,™ was 

obtained by Hartwig in 96% yield by treatment of [CuOtBu] with 1.0 equiv of phen and 1.1 equiv 

of TMSCF3. The complex efficiently transferred the CF3 group to a broad range of aryl iodides 

(Scheme 1.33b).242 In the same year, Grushin et al. prepared the air-stable PPh3 complex from 

CuF2•3 H2O, PPh3, and TMSCF3. Addition of phen generated [Cu(CF3)(phen)(PPh3)] that was 

soluble in DMF and efficiently mediated the trifluoromethylation of aryl iodides in moderate yields 

(Scheme 1.33c).243 
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Scheme 1.33 Copper-mediated trifluoromethylation of aryl iodides using TMSCF3 reagent.  

 

     Building on the work of Prakash,244 and Lee159 from the Baker group, Hu and co-workers used 

TMSCF3 / NaI to generate the CuCF2CF3 group from TMSCF3 and optimized conditions for the 

pentafluoroethylation of aryl iodides.245 Boutureira et al. prepared a storable and stable 

“ligandless” [Cu(C2F5)] from the treatment of excess CuBr, TMSCF3, and KF in DMF at 50 oC 

(Scheme 1.34a). Using 19F NMR monitoring, they adjusted reaction parameters (CuX, solvent, 

temperature, and reaction time) to adjust the ratio of the homologated products (CuCF3 vs. CuC2F5 

and CuC3F7), showing that CuCl gave a lower yield (vs CuBr) due to the formation of [Cu(CF3)2]
-

. Finally, they could pentafluoroethylate electron-rich alkenyl and heterocycle iodides, including 

medicinal compound derivatives.246 Recently, Hu et al. investigated a copper-mediated oxidative 

pentafluoroethylation to heteroaryl boronates and terminal alkynes using TMSCF3 and phen as the 

ligand in DMF at 50 oC (Scheme 1.34b).247 
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Scheme 1.34 Copper-mediated pentafluoroethylation of aryl iodide and boronate using TMSCF3. 

 

1.5.4.4 From TMSCF2H 

 

     We gave many examples of metal-catalyzed difluoromethylation in the above section. 

However, stoichiometric difluoromethylation using copper was first reported in 2012248, and the 

first isolated [Cu(CF2H)] complex, stabilized by the IPr NHC ligand was reported in 2017.233 

Unlike [Cu(CF3)], [Cu(CF2H)] is quite unstable in situ, and Hartwig found that using an excess of 

TMSCF2H could avoid this problem by conversion to more stable [Cu(CF2H)2]
-, followed by 

difluoromethylation of electron-rich aryl iodides in good yields248. Years later, Qing observed that 

phen as ligand combined with a soluble base tBuOK expanded the substrate scope to electron-poor 

aryl iodides at room temperature.111 Shen and co-workers isolated stable [Ag(CF2H)(SIPr)] from 

[AgCl(SIPr)] and TMSCF2H, which was able to difluoromethylate aryl iodides using CuI and 

diaryliodonium triflates in MeCN at room temperature.249 Following the same thinking, two years 

later, Sanford and co-workers isolated a [Cu(CF2H)(IPr)] using TMSCF2H and [Cu(OtBu)(IPr)]. 

The reaction of electron-rich aryl iodides and 1.25 equiv of [Cu(CF2H)(IPr)] complex at 90 oC 

afforded aryl difluoromethylated in good yields.233  More recently, Jinbo Hu and co-workers 

reported a tetrafluoroethylation of aryl iodides using TMSCF2H and TMSCF2Br as fluorinated 

source (Scheme 1.35).250  
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Scheme 1.35 Copper-mediated difluoromethylation using TMSCF2H as the fluorinated source. 

 

1.5.4.5 From fluoroalkanes and -alkenes 

 

     Grushin and co-workers 2011 developed a trifluoromethyl source from a direct cupration of 

fluoroform (CHF3). Treatment of CuCl with KOtBu (1:2) in DMF quickly generates the 

dialkoxycuprate K[Cu(OtBu)2] that directly metallates CHF3 at room temperature to afford 

K[Cu(CF3)(O
tBu)] and ButOH. Addition of Et3NF•3HF (TREAT HF) stabilizes the CuCF3, 

preventing defluorination from K+, and allows for good trifluoromethylation yields for a wide 

range of electron-deficient and -rich aryl iodides.251 Two years later, they reported a direct 

cupration of C2F5H under the same conditions, isolating [K(DMF)2][Cu(C2F5)(O
tBu)]. This 

complex gave high yields of pentafluoroethylated boronic acids, benzyl, aryl, and alkenyl 

bromides (Scheme 1.36a).252 

     Building on a previous report in which inexpensive hexafluoropropene gas [CF2=CF(CF3), 

HFP] was inserted into the Ag-F bond to generate an Ag heptafluoroisopropyl (hfip) complex, 

253,254 Baker and co-workers in 2018 prepared Cu[CF(CF3)2](PPh3)2 by direct insertion of HFP into 

the Cu-F bond of CuF(PPh3)3. Given the insolubility of the latter, they then developed an improved 

procedure using Stryker`s reagent [CuH(PPh3)]6, PPh3 and HFP. Furthermore, inspired by 

Hartwig242 and Grushin243, they prepared the phen adduct Cu[CF(CF3)2](phen)(PPh3)] and 

observed perfluoroalkylation of aroyl chlorides (Scheme 1.36b).255 
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Scheme 1.36 Perfluoroalkylation of aryl iodides using CF3H (a) and HFP (b). 

 

1.6 Summary and thesis outline  

         The powerful and unique features of fluorine allow for its use in a wide range of applications. 

Moreover, fluorine's very important but often unpredictable behaviour enables us to divide this 

thesis into two parts, highlighting the special essence of fluorine discussed in this chapter for  both 

the fluorochemical and pharmaceutical industries. 

In Chapter 1, we highlight the importance of fluorine in medicinal chemistry and the 

creation of new fluoroalkyl groups derived from the insertion of fluoroalkenes into Cu-H. Chapter 

2 details the synthesis and stabilization of Cu(CFClCF2H) using the triphos ligand after 

regioselective insertion of CFCl=CF2 (CTFE) into Cu-H. While our initial attempts to transfer this 

new RF group gave only poor to fair yields using aroyl chlorides, further work is needed given the 

possibility of further functionalization of the C-Cl bond. In Chapter 3, we expand on this work 

using perfluoro(methyl vinyl ether) (PMVE) to generate a new bifunctional fluoroalkyl containing 

two important groups (OCF3 and CF2H). An extensive study of the ancillary ligands on Cu allowed 

us to develop the Cu-mediated transfer of the -CF(OCF3)CF2H group to aryl iodides; the first 

example using such a large fluoroalkyl. Further insight into these transfers was provided by our 

computational chemistry collaborator Christian Ehm (Naples). Chapter 4 builds on Andrella`s 

work31,256 with the synthesis and reactivity of Cu-CF2CF2H complexes using the stable gas mixture 



38 
 

TFE:CO2 (1:1) and focuses on the inorganic/bio-organic interface using solvent-stabilized 

‘ligandless’ Cu-CF2CF2H reagent for the fluoroalkylation of biologically-active compounds, 

including nucleosides synthesized in collaboration with the Omar Boutureira group at URV  in 

Tarragona, Spain. In another collaboration with the Michelle Loewen lab at NRC Ottawa, we 

investigated bioisosteric interactions of different fluoroalkylated compounds with a specific 

enzyme for antifungal potential.  

Environmental concerns relating to GWP mitigated by hydrofluoroalkenes and the 

necessity to develop new fluorocarbon refrigerants drove us to explore further the reactivity of 

low-valent nickel precursors with fluoroalkenes in part 2. For Chapter 5, we collaborated with 

computational fluorine chemist Russell P. Hughes (Dartmouth College) to better understand the 

electronic factors and ancillary ligand effects associated with metallacyclopentane formation. In 

Chapter 6, we examine the reactivity of low-valent nickel precursors with functionalized 

fluoroalkenes (CTFE and PMVE) containing C-Cl and C-OCF3 bonds, revealing fundamental 

effects of the ancillary ligands (phosphines, phosphites, and NHCs) on the metallacycle 

regioselectivity and reactivity with Lewis and Brønsted acids.  

Finally, in Chapter 7 we consider our new discoveries within the context of the current 

state of the art and propose some new directions that they will hopefully enable. 
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Chapter 2. Generation of Copper Fluoroalkyl Complexes (CuRFLn) from 

Chlorotrifluoroethylene and -RF Transfer to Benzoyl Chloride 
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Abstract: Given the importance of fluorinated drugs and agrochemicals, fluoroalkylation of organic 

electrophiles that can be performed at a late stage of chemical synthesis has attracted a flurry of 

contributions. New fluoroalkyl groups can be obtained by insertion of fluoroalkenes into Cu-H bonds. 

Chlorotrifluoroethylene undergoes regioselective insertion in its reaction with Stryker’s reagent, 

[CuH(PPh3)]6, and triphos to give [Cu(CFClCF2H)(−1,2-triphos)]2 which mediates the 

fluoroalkylation of several aroyl chlorides [triphos = bis(2-diphenylphosphinoethyl)- phenylphosphine]. 

In contrast, attempted -RF transfer to aryl iodides instead affords aryl-aryl coupling products. 

2.1 INTRODUCTION 

     The development of new methodologies for perfluoroalkylation of organic electrophiles has been 

extensively explored by scientists over the last decade due to the widespread application of fluorine in 

pharmaceutical, agrochemicals and material science.1–4 Since McLoughlin and Thrower developed the 

first copper-mediated perfluoroalkylation of aryl halides in 1969,5 diverse methodologies to afford 

fluoroalkylated arenes have been found in the literature.6 In 2011 Hartwig and co-workers demonstrated 

the stabilization of CuCF3 generated in situ from the Ruppert-Prakash reagent (Me3SiCF3) using 1,10-

phenanthroline (phen) as a ligand; the Trifluoromethylator® effects the trifluoromethylation of aryl 

iodides in good yields.7  However, there are still few examples of perfluoroalkylation methodologies that 

transfer -CF2CF2H, -CF2CF3, -OCF3, -SCF3, and -CF2H to organic electrophiles.8-11  In 2019, Boutureira 

and co-workers reported the pentafluoroethylation of aryl iodides using CuBr and Me3SiCF3 in DMF.12 

Jinbo Hu et al. showed that adding the phen ligand and AgF in the reaction of Me3SiCF3 and CuCl could 

perform the pentafluoroethylation of heteroaryl boronates.13 Sanford et al. demonstrated 

difluoromethylation of aryl iodides using Cu(CF2H)(IPr) generated from Me3SiCF2H.14 Building on the 
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work of Miller and Burnard who first prepared Ag(hfip) by reaction of hexafluoropropene (HFP) with 

AgF,15 the Baker group prepared Cu-hfip complexes from insertion of HFP first into Cu-H and then Cu-

F (hfip = heptafluoroisopropyl; Scheme 2.1).16 They then showed that Cu(hfip)(phen)(PPh3) transfers the 

hfip group to aroyl chlorides in moderate to good yields. Moreover, insertion of tetrafluoroethylene into 

Cu-H gave Cu(CF2CF2H)(PMePh2)3 that enabled the tetrafluoroethylation of aryl halides.17 

Chlorotrifluoroethylene (CTFE, CFCl=CF2) is a readily available fluoroalkene that we thought could give 

access to a functionalizable fluoroalkyl group (cf., post-synthetic replacement of C-Cl bond). Herein, we 

report a new fluoroalkyl RF group (-CFClCF2H) derived from regioselective insertion of CTFE into Cu-

H. After testing several different N-, P-, and C-donor ligands, we found that the tridentate triphos ligand 

[bis-(2-diphenylphosphinoethyl)phenylphosphine)] stabilizes the Cu-RF linkage sufficiently to allow for 

its Cu-mediated transfer to aroyl chlorides. 

 

Scheme 2.1 Synthesis of Cu(hfip)(PPh3)2 from HFP + Cu-F generated from Cu-H + HFP 

2.2 RESULTS AND DISCUSSION 

2.2.1 Synthesis of Cu(CFClCF2H)Ln complexes: Reactions of Stryker’s reagent, [CuH(PPh3)]6, 

with CTFE after addition of a variety of ligands including triisopropylphosphite [P(OiPr)3], tri-o-

tolylphosphite (P(O-o-tol)3], methyldiphenylphosphine (PPh2Me), 1,1,1-tris(diphenylphosphino-

methyl)ethane (tripod), 1,10-phenanthroline (phen), 2,2’;6’,2”-terpyridine (terpy) and 

N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDTA) gave mostly hydrodehalogenation 

(CHF=CHF) and/or hydrogenolysis products (CHFClCF2H) (see Appendix). In contrast, both 

triethylphosphite and triphenylphosphine afforded the regioselective insertion products, 

Cu(CFClCF2H)Ln (2-1,2) as evidenced by 19F NMR spectroscopy (Scheme 2.2). For 
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Cu(CFClCF2H)[P(OEt)3]3 (2-1) the phosphite ligand presumably undergoes facile dissociation 

(rapid on NMR time scale) as evidenced by the broad 31P resonance and lack of P-F coupling to 

Ca-F in the 19F NMR. The diastereotopic CF2 groups of 2-1,2 show characteristically large F-F 

(264 and 280 Hz) and F-H two-bond couplings (ca. 59 Hz). Unfortunately, upon solvent removal, 

the signals for 2-1 disappeared (Fig. A2.5) and those for Cu(CFClCF2H)(PPh3)2 (2-2) were 

accompanied by a number of additional side-products (Fig. A2.8) as confirmed by an unsuccessful 

scale-up attempt. 

 

Scheme 2.2 Generation of Cu-CFClCF2H complexes 2-1,2. 

 

Finally, a stable analogue was obtained using the potentially tridentate bis(2-

diphenylphosphinoethyl)phenyl phosphine (triphos) ligand that generates the dinuclear complex 

[Cu(CFClCF2H)(−1,2-triphos)]2 (2-3) as determined by 19F NMR and mass spectrometry 

(Scheme 2.3). Triphos reacts with expulsion of PPh3 from Stryker`s reagent to give a hydride 

intermediate that we could not characterize (both 31P and 1H NMR show broad resonances as 

shown in Appendix). Although we could not obtain a suitable crystal of 2-3 for X-ray 

crystallographic analysis, we assign the dimeric structure based on the molecular structure of the 

iodide analog determined by White and co-workers in 1991.18  

 

Scheme 2.3 Synthesis of [Cu(CFClCF2H)(−1,2-triphos)]2 (2-3). 
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The two-resonance 19F NMR spectrum of 2-3 in benzene is overly simplistic due to the 

similarity of the diastereotopic CF2 chemical shifts. Adding 8 equiv of dimethylsulfoxide (DMSO) 

sharpens the resonances and distinguishes the diastereotopic CF2 group resonances (Figure 2.1).  

Another S ligand, tetrahydrothiophene (THT), also sharpens the resonances, and the CF2 chemical 

shifts are further distinguished using THT as the solvent. The 31P NMR spectra of 2-3 provides 

evidence for a fluxional process that equilibrates the two PPh2 arms of the triphos ligand. At -40 

°C in THT solvent, the three broad resonances appear at 9, -4 and -8.5 ppm while at 22 °C two 

broad resonances at -8 and -12 ppm in a 2:1 ratio are observed (Fig. A2.28,29). Unfortunately, 

heating a solution of 2-3 to obtain the high-temperature limiting spectrum led to decomposition.   

 

Figure 2.1 19F NMR spectra of complex 2-3 in benzene (A), with 8 eq. of DMSO (B), 8 eq. of THT (C), 

and THT as solvent (D). 

 

2.2.2 Reactivity of 2-3 with aroyl chlorides: To investigate the reactivity of 2-3 towards organic 

electrophiles, we started our studies by screening aroyl chlorides and p-fluoro-benzyl bromide in benzene. 

Although we still observed the presence of 2-3 after 24 h, none of the desired product was obtained. Next, 

we tried DMSO, in which the solution changed from yellow to green (Figure 2.2). Indeed, conducting the 

reaction in DMSO as a solvent at room temperature (25 oC), the RF group (-CFClCF2H) could be 
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transferred to electron-poor or -rich benzoyl chlorides (2-4a-i), albeit in low yield (Scheme 2.4). 

Unfortunately, neither addition of other ligands such as phen, additives such as CuBr, or increasing the  

 

 

Figure 2.2 Variation of reaction color in DMSO after addition of substrate. 

 

Scheme 2.4 Perfluoroalkylation of aroyl chlorides. All reactions gave poor yields; those shown included 

the internal standard. 

temperature had a positive effect on the yield. Nonetheless, the -CFClCF2H group is transferred to 4-

fluorobenzoyl chloride using DMSO as solvent (10%) or ligand in benzene (16%). We also observed by-

products, including LCu-CF2H, a common side product in the following chapters' reactions. The 19F NMR 

spectrum shows a significant shift of the CFCl fluorine resonance after being transferred to the organic 
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electrophile (Figure 2.3). Although most products were characterized only by 19F NMR spectroscopy, the 

composition of the p-tolyl derivative 2-4b was confirmed by GC-MS observation of M+.  

 

 

Figure 2.3 19F NMR (282 MHz) spectra of 2-3 (A) and benzoyl-RF (B) in DMSO at 25 °C. 

2.2.3. Reactivity of 2-3 with aryl iodides: A further investigation of the electrophile scope showed that in 

the presence of aryl iodide, oxidative aryl-aryl homocoupling products are dominant, besides the cis-

CHF=CFH hydrodehalogenation product. Aryl-aryl homocoupling products suggest a transmetallation 

from CuRFArI to another Cu center, perhaps favoured by the bimetallic structure proposed in this work. 

Although aryl-aryl coupling between complex 2-3 and electron-poor electrophile 4-fluoro-iodobenzene 

was observed in different solvents (benzene, DMF, DMPU and DMSO), decomposition of the complex is 

also occurring simultaneously. Unfortunately, raising the temperature only accelerated the decomposition 

of 2-3. 

2.3 CONCLUSION 

This work expands our knowledge of Cu-RF synthesis using Cu-H and fluoroalkenes with a variety of 

ligands. CTFE certainly turned out to be the most challenging fluoroalkene with P(OEt)3 generating an 

observable CuRF product and P(OiPr)3 not. With PPh3 we see the product but not with PMePh2. Moreover, 

only with triphos could we obtain a product that is stable upon removal of the CTFE and solvent. Based 

on our observation of high m/e cations in the mass spectrum and a previous molecular structure 

determination for the iodide analog, we propose a dimeric structure for the CuRF(triphos) complex 2-3. In 

addition, transfer to aroyl chlorides gave low yields even after addition of nitrogen ligands (PMDTA, 

DMAP, TMEDA) or CuBr. These reactions were also accompanied by HF formation, suggesting 
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formation of Cu-CCl=CF2 (cf. formation of Cu-CF=CF2 from trifluoroethylene insertion into Cu-F 

reported previously by Andrella16) but we were unable to identify this species by NMR spectroscopy.  

 

2.4 EXPERIMENTAL SECTION 

2.4.1. General Procedures: Experiments were conducted under nitrogen, using Schlenk techniques or a 

164 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. 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%), N,N′- dimethylpropyleneurea (DMPU, Alfa Aesar anhydrous, 

98%), cyclopentyl methyl ether (CPME, Sigma-Aldrich, >99.9%), iodobenzene (Alfa Aesar, 98 %), all 

aroyl chlorides and aryl iodides (SiGMA), triphenylphosphine (PPh3, Oakwood chemicals, 99%), 

triisopropylphosphite [P(OiPr)3, Sigma-Aldrich, 98%], triethylphosphite [P(OEt)3, Sigma-Aldrich, 98%], 

methyldiphenylphosphine (PMePh2, Acros Organics, 99%). bis(2-diphenylphosphinoethyl)phenyl 

phosphine (triphos, Sigma-Aldrich), 1,1,1-tris(diphenylphosphinomethyl) (tripod, Sigma Aldrich), 1,10-

phenanthroline (phen, Sigma-Aldrich), pyridine (pyr, Sigma-Aldrich, 99.8%), 2,2’;6’,2”-terpyridine 

(terpy, Sigma-Aldrich,) N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDTA, Sigma-Aldrich, 99%). 

The [CuH(PPh3)]6 was synthesized as previously reported.23 Electrospray ionization mass spectral data 

were collected using an Applied Biosystem API2000 triple quadrupole mass spectrometer. GC-MS 

analyses were performed on an Agilent Technologies 6890N GC system equipped with an Agilent 

Technologies 5973 Network mass selective detector. NMR spectra were recorded on a 300 MHz Bruker 

Avance instrument at room temperature (21-23 °C) unless stated otherwise. 31P{1H} NMR data were 

referenced to external H3PO4 (85 % aqueous solution) set to 0.0 pm. Unless stated otherwise, 19F NMR 

spectra were referenced to internal standard α,α,α-trifluorotoluene (PhCF3; Sigma-Aldrich, 99%), 

deoxygenated by purging with nitrogen, stored over activated 4 Å molecular sieves), set to –63.5 ppm. 



66 
 

 

 

2.4.2. Synthesis of copper complexes: 

Generation of Cu(CFClCF2H)[P(OEt)3]3 (2-1): The red complex [(PPh3)3CuH]6 (10 mg, 0.03 mmol) was 

loaded into an NMR tube and dissolved in 0.5 mL of benzene. P(OEt)3 (10 mg, 0.06 mmol) was added to 

the solution and the NMR tube was sealed with a cap. Using a gas-tight syringe, 5 equiv of CTFE were 

then added to the same NMR tube. The reaction was left to sit at room temperature for 12 h. 19F NMR –

115.9 (ddd, 2JFF = 264, 2 JFH = 60, 3JFF = 9 Hz, CF2H), –116.2 (dd, 2JFF = 264, 2JFH = 59, 3JFF = 12 Hz 

CF2H), –118.7 ppm (ddd, 3JFF = 12, 9, 3 JFH = 8 Hz, CF). 31P{1H} NMR 131.9 ppm. (Figs. A2-A4). Upon 

removal of the CTFE and solvent in vacuo, no 19F NMR resonances were observed (Fig. A5) and the 31P 

NMR spectrum showed a singlet resonance at 140 ppm due to CuRF[P(OEt)3]2.  

Generation of Cu(CFClCF2H)(PPh3)2 (2-2): The red complex [(PPh3)3CuH]6 (10 mg, 0.03 mmol) was 

loaded into an NMR tube and dissolved in 0.5 mL of benzene. PPh3 (15 mg, 0.06 mmol) was added to the 

solution and the NMR tube swas ealed with a cap. Using a gas-tight syringe, 5 equivalent of CTFE were 

then added to the same NMR tube. The reaction was left to sit at room temperature for 12 h. 19F NMR –

121.1 (mult, CF), –121.8 (dd, 2JFF = 280, 2JFH = 59 Hz, CF2H), –124.2 ppm (dd, 2JFF = 280, 2JFH = 59 Hz, 

CF2H) (Fig. S7). On removal of the CTFE and solvent in vacuo, a number of new resonances were 

observed (Fig. A8).  

Synthesis of [Cu(CFClCF2H)(−1,2-triphos)]2 (2-3): The red complex [(PPh3)3CuH]6 (150 mg, 0.46 

mmol) was loaded into a vial glass and dissolved in 5 mL of benzene. Triphos (248 mg, 0.46 mmol) was 

added to the solution and the vial was sealed with a cap. Using a gas-tight syringe, 5 equiv of CTFE were 

added to the vial and the reaction was left to sit at room temperature for 24 h. The reaction mixture changed 

from deep red to light brown. The solvent was removed under vacuum, and the residue was washed with 

Et2O. The resulting oil was triturated with hexane, and the ensuing precipitate was collected as a light 

brown solid: 503 mg = 75% yield. 19F NMR (C6D6) –116.7 (dmult, 2JFH = 60 Hz, CF2H), –116.8 (dmult, 

2JFH = 60 Hz, CF2H), –119.9 ppm (mult, CFCl). 31P{1H} NMR (C6D6) (br, 1P), -12 ppm (br, 2P). 1H NMR 

(C6D6)  8.5-6.5 (ov mult, aryl CH), 6.17 ppm (trd, 2JHF = 60, 3JHF = 10 Hz, CF2H), 2-1.5 (br, CH2) (Figs. 

214 A215-A218). High-resolution electrospray ionization MS: mass calculated for [(H3O-M]+ 215 

C72H63Cl2Cu2F6NaOP6 1449.1597 m/z, 1447.1797 found (Fig. A2.20). 



67 
 

2.4.3. General experimental procedure for fluoroalkylation of aroyl chlorides, NMR scale: Complex 2-3 

(10 mg, 0.007 mmol) was loaded into an NMR tube and mixed with 0.5 mL of DMSO. Benzoyl chloride 

(0.01 mmol) and PhCF3 (20 μL, 0.01 mmol/mL) were added to the solution and the reaction was analyzed 

by 19F NMR after 12 h. 

PhC(O)CFCl(CF2H) (2-4a): 19F NMR –72.4 (t, 3JFF = 12 Hz, CFCl), -124.8 ppm (dd, 2JFH = 60, 3JFF
 = 12 

Hz, CF2H). 

p-CH3-PhC(O)CFCl(CF2H) (2-4b): 19F NMR –72.5 (t, 3JFF = 12 Hz, CFCl), -124.9 ppm (dd, 2JFH = 56, 3JFF 

= 12 Hz, CF2H). GC-MS expected 236 m/z, found 234 m/z (1%) and 119 m/z (90%).  

p-F-PhC(O)CFCl(CF2H) (2-4c): 19F NMR –73.9 (t, 3JFF = 14 Hz, CFCl), -101.6 (s, CF), -125 ppm (dd, 2JFH 

= 54, 3JFF
 = 14 Hz, CF2H). 

naphthyl-C(O)CFCl(CF2H) (2-4d): 19F NMR –72 (t, 3JFF = 14 Hz, CFCl), -124.8 ppm (dd, 2JFH = 55, 3JFF
 

= 14 Hz, CF2H). 

2-thiophenyl-C(O)CFCl(CF2H) (2-4e): 19F NMR –71.8 (t, 3JFF = 13 Hz, CFCl), -124.2 ppm (dd, 2JFH = 

54, 3JFF
 = 13 Hz, CF2H). 

m-Br-PhC(O)CFCl(CF2H) (2-4f): 19F NMR –71.9 (t, 3JFF = 14 Hz, CFCl), -124.3 ppm (dd, 2JFH = 53, 3JFF 

= 14 Hz, CF2H). 

p-NC-PhC(O)-CFCl(CF2H) (2-4g): 19F NMR –71.8 (t, 3JFF 12 Hz, CFCl), -124.3 ppm (dd, 2JFH = 53, 3JFF
 

= 12 Hz, CF2H). 

2-NO2-PhC(O)CFCl(CF2H) (2-4h): 19F NMR –71.6 (t, 3JFF 14 Hz, CFCl), -124.1 ppm (dd, 2JFH = 53, 3JFF
 

= 14 Hz, CF2H). 

2,4,6-Cl3-PhC(O)CFClCF2H (2-4i): 19F NMR – 71.8 (t, 3JFF = 14 Hz, CFCl), -124.3 ppm (dd, 2JFH = 55, 

3JFF
 = 14 Hz, CF2H). 

General experimental procedure for attempted fluoroalkylation of aryl iodides, NMR scale: 

Complex 2-3 (10 mg, 0.007 mmol) was loaded into an NMR tube and mixed with 0.5 mL of solvent 

(DMSO, benzene or CPME). 1.5 equiv. of substrate 4-fluoro-iodobenzene (1.2 μL, 0.0105 mmol), 

methyl 2- iodobenzoate (1.5 μL, 0.0105 mmol), or 4-iodo-benzonitrile (2.4 mg, 0.0105 mmol) 

were then added to the solution and the reaction was analyzed by 19F NMR after 7 h at the reported 
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temperature. In another NMR tube, complex 2-3 (10 mg, 0.007 mmol) in benzene, 1.5 equiv. of 

substrate and 8 equiv. of ligands pyridine (4.5 μL , 0.056 mmol), DMSO (4 μL, 0.056 mmol) or 

DMF (4,3 μL, 0.056 mmol) were added to the solution. The reactions were left for 7 h at the 

reported temperature and analyzed by 19F NMR. Finally, a mixture of 2-3 (10 mg, 0.007 mmol) in 

benzene, 1.5 equiv of methyl 2-iodobenzoate (1.5 255 μL, 0.0105 mmol), 28 equiv of DMSO and 

2 equiv of CuBr (2 mg, 0.014 mmol) were stirred for 12 h and monitored by 19F NMR (Fig. A2.70). 
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Chapter 3. Copper-Mediated -CF(OCF3)CF2H Transfer to Organic Electrophiles 
 

Contributions to Knowledge: 
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Abstract: Fluoroalkyl groups containing the -CF2H functional group have drawn interest for their ability 

to simultaneously increase lipohilicity and provide a hydrogen-bonding function in bioactive compounds. 

Regioselective insertion of commercially available perfluoro(methyl vinyl ether), CF2=CF(OCF3), into 

Cu-H, derived from [CuH(PPh3)]6 (Stryker`s reagent) and ancillary ligands L, affords a series of stable 

Cu[CF(OCF3)CF2H]Ln complexes, some of which mediate the fluoroalkylation of aroyl chlorides. 

Reaction optimization and computational analysis identified a unique role for dimethylsulfoxide as a 

privileged co-ligand, enabling fluoroalkylation of a broad scope of aryl iodides. 

 

3.1 INTRODUCTION 

As noted in previous chapters, the success of organofluorine compounds in the pharmaceutical (more than 

20% contain at least one fluorine)1 and agrochemical (more than 40% contain at least one fluorine)2 

markets have been inspiring many scientists and researchers to develop more efficient late-stage 

fluorination3 and fluoroalkylation protocols.4 While there are many methodologies to incorporate the 

trifluoromethyl group into organic substrates5, fewer examples have been reported for other fluoroalkyl 

groups such as -C2F5,
6 -OCF3

7, and -CF2H.8 Nonetheless, such functional groups have already appeared in 

useful drugs: cf. -OCF3 in Riluzole® (glutamate antagonist used as an anticonvulsant)9 and Triflumuron 

(pesticide)10 and -CF2H in PQR620 (mTOR inhibitor, anti-cancer)11 and Pantoprazole (proton pump 

inhibitor; Figure 3.1).12 Increased interest in these two substituents results from their bioisosteric 

properties (cf., CF2H for OH and SH). In contrast to the OCH3 group, the OCF3 group is not co-planar 

with its attached aryl ring, and adjacent σ bonds can interact with the low-energy σ* orbital of the O-CCF3 

bond.13 The -CF2H group has been intensively studied over the past few years due to its unique properties, 

such as Brønsted acidity and ability to act as a hydrogen-bond donor while still modulating lipophilicity.14 



71 
 

Moreover, its small steric signature allows it to adopt an optimal conformation based on specific drug 

targets.15,16 

 

Figure 3.1 Bioactive compounds containing -OCF3 and -CF2H groups. 

 

As detailed in Chapter 1, the Baker group recently reported the perfluoroisopropylation of aroyl 

chlorides with a phenanthroline copper heptafluoroisopropyl complex, [Cu(hfip)(PPh3)(phen)].17 

Although phenanthroline was necessary for successful fluoroalkylation, stabilization of the hfip group was 

initially achieved by inserting hexafluoropropene (HFP) into the Cu-F bond of CuF(PPh3)3. However, the 

hfip group transfer was limited to aroyl chlorides, other important electrophiles like aryl iodides or allyl 

halides remained inaccessible. 

In this work, we employ commercially available perfluoro(methyl vinyl ether), PMVE, 

CF2=CF(OCF3), in the synthesis of new copper fluoroalkyls Cu[CF(OCF3)CF2H]Ln that contain geminal 

-OCF3 and -CF2H groups. We also demonstrate, both experimentally and computationally, the privileged 

role of the dimethylsulfoxide co-ligand in enabling trifluoroalkylation of a range of aryl iodides. Finally, 

our computational studies show that the elimination step resembles SN2 (RF)- anion attack at the carbonyl 

carbon. 

3.2 RESULTS AND DISCUSSION 

3.2.1 Synthesis and characterization of Cu[CF(OCF3)CF2H]Ln: Reaction of 5 equiv of PMVE with a 

mixture of [CuH(PPh3)]6, PPh3 (3 equiv per Cu) and tetramethyldisiloxane (TMDSO) (1.5 equiv) gave a 

light red solution of Cu[CF(OCF3)CF2H](PPh3)2 (3-1) from which pink crystals could be isolated in 90% 

yield. Addition of the siloxane converted any Cu-F (by-product of β-F elimination) back to Cu-H to avoid 

the formation of Cu[CF(OCF3)CF3](PPh3)2 (3-2; Scheme 3.1). No evidence for the other regioisomer [Cu-
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CF2CHF(OCF3)(PPh3)2] was obtained. Similar reactions using the more basic PMePh2 ligand did not 

selectively afford the desired product, generating P-F bonds and additional uncharacterized side products.  

 

 

Scheme 3.1 Synthesis of Cu[CF(OCF3)CF2H](PPh3)2 (3-1) 

      The 19F NMR spectrum of 3-1 in C6D6 displayed a doublet for the OCF3 (
4JFF = 4 Hz), a multiplet for 

Ca-F and typical diastereotopic CF2 resonances at -120.8 (ddd, 2JFF = 280, 3JFH = 58, 3JFF = 5 Hz), and -

127.0 ppm (ddd, 2JFF = 280, 2JFH = 60, 3JFF = 5 Hz) (Figs. S1,2). The molecular structure of 3-1 shows a 

distorted trigonal-planar copper with a P-Cu-P angle of 114.5o and P-Cu-C angles of 126.6 and 118.5o 

(Figure 3.2). The Cu-C bond distance (2.062 Å) is slightly longer than that observed in Cu-hfip (2.003 

Å)17 and Cu-CF2CF3 complexes (1.99 Å),18 presumably reflecting the influence of the bulky OCF3 group. 

Moreover, the Cα-F bond distance (1.55 Å) is also longer vs Cu-hfip (1.44 Å) and Cu-CF2CF3 (1.40 Å). 

 

Figure 3.2 Molecular diagram representation of the molecular structure of 3-1. Thermal ellipsoid 

probabilities are set at 50%, and hydrogens atoms and alternate conformations of disordered ttfet group 

are omitted. Selected bond distances (Å) and angles (deg): Cu-C 2.012(18)-2.062(16) Cu-P1 2.271(2) Cu-

P2 2.286(2) P1-Cu-C1 118.50(4)-120.5(5), P1-Cu-P2 114.50(9), P2-Cu-C1 121.2(4)-126.7(4). 
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3.2.2 Reactivity of 3-1 with aroyl chlorides: Beginning with benzoyl chloride, we added 1 equiv 

of 3-1 in a range of solvents (Table 3.1, entries 1-9) and monitored the reaction using 19F NMR 

spectroscopy. In contrast to our previous results with transfer of the hfip group that required 

dimethylformamide (DMF) solvent,17 successful transfer of the 1-trifluoromethyl-1,2,2-

trifluoromethoxy-ethyl (ttfet) group to give 3-3a was only realized in dimethylsulfoxide (DMSO); 

using 3-1 with other coordinating polar solvents led to decomposition of the Cu complex after 2 

h. Moderate heating (40 °C) of the reactions in dry tetrahydrofuran (THF), toluene, diethyl ether 

(Et2O) or hexane gave fluoroalkane [CHF(OCF3)CF2H] from the decomposition of 3-1. Formation 

of the fluorinated ketone was indicated by the shift of the Cα-F 19F NMR resonance from -119.9 

ppm in 3-1 to -81 ppm in 3-3a.   

 

Table 3.1 Fluoroalkylation of benzoyl chloride in different solvents. 

 

 

After identifying the optimal solvent, we next examined a limited aroyl chloride substrate scope 

(Table 3.2). Substituted aroyl chlorides were treated with complex 3-1 in DMSO to give the corresponding 

fluoroalkyl ketones (3-3b-i) in low to good yields. The 19F NMR spectra of 3-3b-i are all very similar to 

that of 3-3a (see Appendix). The fluoroalkyl transfer was most successful with electron-poor substrates, 

although poor or no yield was obtained from the 4-cyano and 4-nitro analogs. No attempts were made to 

separate the products from the high-boiling dmso solvent. 

3.2.3 Influence of ancillary ligands on fluoroalkylation efficiency: Chelating nitrogen ligands have been 

shown previously to promote Cu-mediated fluoroalkyl transfer to organic electrophiles.17-19 Although the 
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reaction product of 3-1 with 1,10-phenanthroline (3-4a) could be characterized by 19F NMR spectroscopy, 

the formation of several by-products hampered its full characterization, whereas reaction of 3-1 with 

Table 3.2 Aroyl chloride fluoroalkylation substrate scope 

 

 

4,4’-dichloro-2,2’-bipyridine proceeded smoothly to afford 4-coordinate Cu[CF(OCF3)CF2H](PPh3)(bpy-

Cl2) (3-4b). Finally, reaction of 1 with the 7-Dipp NHC ligand gave 2-coordinated analogue 3-5 (Scheme 

3.2). The molecular structure of 3-4b exhibits a distorted tetrahedral geometry around Cu (C1-Cu-P1 = 

133o) analogous to the previously reported Cu(hfip)(phen)(PPh3) complex.17 The molecular structure of 

3-5 features the RF group and the seven-membered ring NHC in a linear geometry, with shorter Cu-Cα and 

Cα-F bond distances than those in 3-1 or 3-4b (Figure 3.3). Complexes 3-4a,b could not effect 

fluoroalkylation of benzoyl chloride in DMSO. Although the 19F NMR spectra of reactions of 3-5 with 

several aroyl chlorides reveal new products, chemical shifts are not consistent with transfer of the ttfet 

group (i.e., no C-F resonance at -81 ppm; see Appendix). 
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Scheme 3.2 Synthesis of additional Cu-ttfet complexes. 

 

 

Figure 3.3 Molecular diagram representation of the molecular structures of 3-4b (A) and 3-5 (B). Thermal 

ellipsoid probabilities are set to 50%, with hydrogen atoms and alternate conformations for disordered ttfet 

group omitted for clarity. Selected bond distances (Å) and angles (deg) for 3-4b: Cu-C1 1.99(2)-2.02(2), 

C1-F1 1.42(2)-1.44(2), C1-Cu-P1 123(1)-133(1) and for 3-5: Cu-C31 1.976(5)-2.033(7), Cu-C13 1.920(2), 

C31-F3 1.414(9)-1.436(7), C31-Cu-C13 165.1(2). 

3.2.4 Fluoroalkylation of aryl iodides: In previous work, we were unable to transfer the hfip group from 

Cu(hfip)(phen)(PPh3) to aryl iodides.17 Similarly, using 3-1 in DMSO led only to decomposition before 

any transfer could occur. Curiously, when conducting the reaction in benzene solvent at 50 °C with just 8 

equiv of DMSO, we observed some ttfet transfer to several electron-poor aryl iodides (methyl-2-

iodobenzoate, 4-fluoro-iodobenzene, 4-nitro-iodobenzene, 3-iodobenzonitrile and 2-iodopyridine). 19F 

NMR spectra shows that the Cα-F resonance shifts from -119.9 ppm in 3-1 to -131 ppm in the 

fluoroalkylated arenes (see Appendix). Increasing the concentration beyond 8 equiv led to more 

decomposition of complex 3-1 (see A3). In his work on pentafluoroethylation, Hartwig reported that less 
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electron-donating bpy ligands increased the rate of RF transfer from Cu to aryl chlorides.20 Indeed, heating 

3-4b with electron-poor aryl iodides at 85 °C in toluene provided our second example of successful transfer 

of the ttfet group. However, yields were limited due to poor selectivity (see A3).  

Given these first results with DMSO and bpy-Cl2, we sought to optimize the fluoroalkylation of 

aryl halides. Inspired by previous work by Grushin et al.21 and Boutureira and co-workers22, we aimed to 

access a polar solvent-stabilized, “ligandless” Cu[CF(OCF3)CF2H] complex generated from complex 3-1 

and Cu halide salts, Cu-X, to trap the PPh3 ligands. To avoid decomposition of 3-1, we created a new 

protocol using a minor amount of coordinating solvent to stabilize the copper salt in benzene, followed by 

precipitation of (PPh3)2CuX. The ArRF (3-6a) yield decreased to less than 5% when DMF was used as co-

solvent (Table 3.3, entries 4, 8 and 12). Further screening of different CuX identified CuBr as the most 

efficient copper salt, producing 3-6a in 82% when used with a 2:1:1 ratio of CuBr/substrate/3-1 (entry 

11). Next, to optimize the DMSO concentration we conducted experiments under our best conditions 

(Table 3, entry 11) with less reactive substrate, 4-iodoanisole (Figure 3.4), which showed 25 equiv of 

DMSO gave the highest yield. The reaction time course for 3-1 and 3-iodobenzonitrile demonstrated fast 

transfer over the first 10 min, with progressive slowing thereafter, as expected for a bimolecular reaction 

(Fig. A3.106). To our satisfaction, this methodology could also be employed for the larger hfip group that 

we were unable to transfer previously. Unoptimized perfluoroalkylation of methyl 2-iodobenzoate using 

Cu(hfip)(PPh3)2 and 2 equiv of CuBr gave 20% of the desired product (Fig. A3.104). 

Table 3.3 Optimization of the preparation of “ligandless” Cu[CF(OCF3)CF2H]. 
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Figure 3.4 Yield of 4-iodoanisole fluoroalkylation product as a function of added DMSO in benzene after 

24 h at 50 °C with a substrate/3-1 ratio of 1.5/1. 

3.2.5 Aryl iodide substrate scope: With the optimal conditions in hand, we examined the substrate scope 

for ttfet transfer to a series of substituted aryl iodides. As shown in Scheme 3.3, all reactions furnished 

the desired product in moderate to very good yields. High yields were obtained with ortho-substituted 

substrates (3-7a,f,h), as observed by Grushin et al. for trifluoromethylations,20 but electron-donating 

para substituents generally led to decreased product yields (3-7g,i,m,n,o) compared to electron-

withdrawing ones (3-7b-d). Again, the 19F NMR spectra of 3-7b-o are all very similar to that of 3-7a 

(see Appendix). 

 

Scheme 3.3 Substrate scope for –[CF(OCF3)CF2H] transfer to aryl iodides. 
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3.2.6 Computational insights into the role of DMSO:  The reaction of complex 3-1 with benzoyl chloride 

was computationally interrogated at the DFT level (TPSSh-D0/TZ//TPSSTPSS/DZ) utilizing an 

approach previously employed in studying selective copper complex-catalyzed hydrodefluorination of 

fluoroalkenes.23 

Potential Energy Surface. Modeling the effect of solvent employing solvent corrections indicated only 

minimal (polarizable continuum model, PCM: 1.5 kcal/mol)24 or absent (solvation model based on 

density, SMD)25 effects of increased solvent polarity with respect to gas phase calculations, which does 

not reflect experimental observations. Therefore, we decided to model solvent coordination explicitly; 

Scheme 3.4 depicts the Gibbs free energy surface for the reaction of 3-1 with benzoyl chloride. 

Dissociation of one PPh3 ligand (L) from 3-1 precedes oxidative addition of benzoyl chloride and is 

strongly endergonic (LCu-RF: 18.5 kcal/mol). The barrier for oxidative addition from 3-1 is sizable 

(OxAd TS: 25.7 kcal/mol) and predominantly due to formation of the monoligated LCu-RF complex. 

Formation of the square-planar, formally Cu(III), intermediate is endergonic (+12.2 kcal/mol). Rate 

limiting is the reductive elimination (RedEl TS: 25.7 kcal/mol) which is strongly exergonic (L2Cu-Cl + 

product: -23 kcal/mol). β-F elimination from the LCu-RF complex is not competitive because it is 

endergonic (+2.6 kcal/mol); there is no obvious escape route, and the resulting olefin would only reinsert 

into Cu-F under the experimental conditions. Coordination of two solvent molecules stabilizes the mono-

phosphine complex, however, DMSO (LCu(2DMSO)-RF: 2.2 kcal/mol) is much more effective than 

either acetone (12.7 kcal/mol) or acetonitrile (11.9 kcal/mol). The oxidative addition TS is stabilized by 

coordination of a single solvent molecule, with all three solvents showing similar stabilization (≈ 4 

kcal/mol). Then again, of the three tested solvents, only DMSO stabilizes the square-pyramidal formal 

Cu(III)-intermediate and the RedEl TS strongly enough to overcome the entropic penalty for solvent 

coordination (RedEl TS: 21.1 kcal/mol). This barrier height is in line with the slow reaction observed 

experimentally. Five-coordinate Cu(III)-complexes have recently been isolated by Xue and Shen.26 In 

order to understand the effect that solvent coordination has on the barrier heights and stability of the 

intermediate it is instructive to analyze those species in more detail.  

Cu(III) or Cu(I)? Snyder was the first to propose that the formal Cu(III) square-planar [Cu(CF3)4]
− 

anion is best thought of as Cu(I).27 He postulated an inverted ligand field, with the LUMO being 

primarily ligand-centered and the dx2-y2 orbital heavily occupied. The ligand field inversion has been 

proven spectroscopically by Lancaster and co-workers.28,29 They ascertained that “copper’s limited 



79 
 

capacity to be oxidized necessitates localization of electron hole character on the supporting ligands; 

consequently the physical d8 description for these formally Cu(III) species is inaccurate.” Overgaard has 

also confirmed the Cu(I) oxidation state by high-resolution X-ray single-crystal diffraction.30  

In the present case, several observations align with Snyder’s findings. Although the intermediate 

is nearly perfectly square planar (depending on the level of theory) pointing to Cu(III), the frontier 

molecular orbitals are ligand-centered (Figure 3.5). Natural resonance theory (NRT)31 and intrinsic bond 

orbital theory (IBO)32-34 were used to further elucidate the nature of the intermediate. NRT allows us to 

determine the weights of contributing resonance structures to an idealized Lewis structure. In Knizia’s 

IBO method, a set of local orbitals (IBOs) is determined, exactly representing the computed Kohn-Sham  

 

Scheme 3.4 Potential energy surface for the reaction of 3-1 with benzoyl chloride. Black trace without 

coordinated solvent, green trace with coordinated DMSO. Insert shows relative energies of key species 

for different solvents with respect to 3-1 (L2Cu-RF). T = 298 K. 
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significantly. The apical Cu-P bond is very long (3.076 Å). NRT now conforms with more Cu(III) 

character, albeit with substantial Cu(I) (22.4%). The effective oxidation state of copper computed with 

IBOview according to the formalisms by Ramos-Cordoba, Postils and Salvador35,36 is in both cases +1. 

The rate-limiting reductive elimination is concerted but decidedly asynchronous. In fact, in the 

solventless system, the Cu-Caroyl bond length is even shorter in the TS than it is in the intermediate (by 

0.005 Å, Figure 3.6) and only minimally elongated in the DMSO case. Contrarily, the Cu-Rf bond is 

elongated by 0.33 Å (no DMSO) and 0.41 Å (DMSO). Wiberg bond indices reflect these changes, with 

the Cu-Caroyl bond order changing only minimally while the one for the Cu-RF bond decreases from 

around 0.4 to around 0.15. Minimal changes occur in the bond Cu-Caroyl bond composition while the 

electron density of the forming C-C bond stems mostly from the RF fragment (approx. 2:1). Figure 3.7 

shows wave function. Because IBOs intuitively depict occupied orbitals, they allow for a direct 

interpretation of chemical bonding. Charges are assigned to individual atoms without free parameters 

and electrons in doubly occupied IBOs are assigned proportionately to individual atoms allowing further 

quantitative interpretation of bonding. NRT conforms to a Cu(I) species with an oxidized benzoyl ligand.   
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Figure 3.5 Metal-ligand IBOs, frontier molecular orbitals and NRT structures for the key intermediate. 

 

IBO as well as natural bond orbital theory describe the Cu-P, Cu-Cl and Cu-RF bonds as heavily 

polarized and ligand centered (>72% ligand contribution) while the Cu-Caroyl bond is heavily copper-

centered (75% Cu). Wiberg bond indices are < 0.4, indicating substantial ionic contribution to the bond. 

Moreover, the Cu-P, Cu-Cl and Cu-RF IBOs are partially localized on the aroyl fragment (5-9%), with 

the Cu-RF bond showing the largest contribution from Caroyl. FMOs change only minimally when DMSO 

is coordinated. 
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Figure 3.6 IBO bond composition at the TS stage, key metric parameters, charges and WBIs. 

 

the bond composition of the Cu-Cl and Cu-RF bonds and the Cu-Caroyl bond also do not change depicts 

the electron flow along the reaction coordinate, emphasizing the asynchronicity of the elimination.   

Consequences of the Inverted Ligand Field and Solvent Stabilization. Regardless of whether one 

regards the intermediates as Cu(III) or Cu(I), a picture emerges of a species in which the Cu-RF bond is 

heavily concentrated on the ligand, while the Cu-Caroyl bond is more concentrated on the metal. This 

biases the complex for an easy reductive elimination more reminiscent of nucleophilic attack of the RF 

group on the electrophilic aroyl fragment than traditional concerted reductive elimination mechanisms. 

In essence, this resembles acid-base chemistry. These findings align with Lancaster’s analysis of 

reductive elimination in [Cu(benzyl)(CF3)3]
-28 and Klein’s37 findings for Sanford’s Ni-system.38 

Square-pyramidal Cu-species like the DMSO-stabilized one here are severely crowded, as 

emphasized by the long Cu-P in the intermediate (3.076 Å vs 2.401 Å in the square-planar species). 

DMSO, with its javelin shaped O=S unit, develops steric bulk further away from the central metal than, 

for example, acetone. Furthermore, the strong negative point-charge stabilizes the charge transfer during 
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the elimination. N-donors like acetonitrile, on the other hand, seem incapable of stabilizing such species 

sufficiently. 

 

Figure 3.7 Electron flow along the intrinsic reaction coordinate (IRC) during reductive elimination. 

Hydrogen atoms omitted for clarity. The two IBOs with the largest changes along the reaction pathway 

are depicted. 
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3.3 CONCLUSIONS 

The results described herein build significantly on the Baker group’s previous work with Cu-hfip transfer 

to aroyl chlorides. In that case the optimal reaction conditions involved use of the phenanthroline 

ancillary ligand in DMF solvent with the PPh3 ligand presumably dissociating with addition of the 

substrate. For the present work with Cu-ttfet, DMSO outperformed other solvents in spite of its 

propensity to eventually decompose 3-1. As a result, optimal reaction conditions were obtained using 

just 28 equiv of DMSO in arene solvents. Accompanying DFT calculations showed that the unique 

properties of DMSO (polar S=O bond and steric bulk further from Cu vs other polar coordinating  

solvents) contribute to a lower energy transition state for rate-determining reductive elimination. 

Moreover, the unusual characteristics of the formal Cu(III) addition product (Cu-Caroyl bond 

concentrated on the metal and Cu-CF bond on the carbon) give rise to an asynchronous C-C bond 

formation more reminiscent of an acid/base reaction than a typical concerted reductive elimination. 

Finally, employing the “ligandless” strategy previously developed by others for transfer of the -CF3
21 

and -C2F5 groups,22 we were able to transfer the ttfet group to a range of aryl iodides, thus providing a 

new RF group capable of increasing lipophilicity and serving as an H-bond donor in new bioactive target 

molecules. Extension of this concept to include other commercially available fluoroalkenes will provide 

additional RF groups for late-stage fluoroalkylation approaches. 

 

3.4 EXPERIMENTAL SECTION 

3.4.1 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), 

acetonitrile (MeCN), diethyl ether (Et2O), hexanes and toluene 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. 

Glassware was oven-dried at 120 °C for >2 h. The following chemicals were obtained commercially, as 

indicated: perfluoro(methyl vinyl ether) (PMVE, Synquest), pentane (Sigma-Aldrich, anhydrous, 

>99%), benzene (Sigma-Aldrich, anhydrous, 99.8%), dimethylformamide (DMF, Alfa Aesar, 

anhydrous, 99.8%), dimethylsulfoxide (DMSO, Alfa Aesar Anhydrous, 99.8%), cyclopentyl methyl 

ether (Sigma-Aldrich, anhydrous, >99%), N,N-dimethylformamide (Sigma-Aldrich, anhydrous, 99.8%), 
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N,N-dimethylacetamide (Sigma-Aldrich, anhydrous, >99%), dimethylsulfoxide (Sigma-Aldrich, 

anhydrous, >99%), trifluorotoluene (Sigma-Aldrich, anhydrous, >99%), iodobenzene (Alfa Aesar, 98 

%), all other aryl iodides (SIGMA), all acid chlorides (SIGMA), 1,10-phenanthroline (Sigma-Aldrich, 

phen), 4,4’-dichloro-2,2’-bipyridine (SIGMA, bipy), triphenylphosphine (PPh3, Oakwood chemicals, 

99%), methyldiphenylphosphine (PMePh2, Acros Organics, 99%), tetramethyldisiloxane (Sigma-

Aldrich, 97%), copper bromide ((Sigma-Aldrich, 98%). The following chemicals were synthesized as 

previously reported: hexahydro-1,3-bis(2,4,6-trimethylphenyl)-1,3-diazepin-2-ylidene (7-dipp),39 1,3-

bis(2,3,6-trimethylphenyl)imidazolidene (IMes),40 and [CuH(PPh3)]6.
41  Electrospray ionization mass 

spectral data were collected using an Applied Biosystem API2000 triple quadrupole mass spectrometer. 

For electron impact (EI), solid samples were prepared by drying products under vacuum, and spectra 

obtained using a Kratos Concept S1 instrument (Hres 7000−10000). X-ray diffraction data were 

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

sealed-tube Mo K source (λ = 0.71073 Å) (see Table A3.1 for details). 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) 

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) set to – 63.5 ppm. NMR spectra for the title compounds are displayed in the Appendix.  

3.4.2 Synthesis of Copper Complexes 

Synthesis of Cu[CF(OCF3)CF2H](PPh3)2 (3-1): The red complex [(PPh3)3CuH]6 (150 mg, 0.46 mmol) 

was dissolved in 5 mL of benzene in a glass vial. Triphenylphosphine (365 mg, 1.39 mmol) and 

tetramethyldisiloxane (122 µL, 0.69 mmol) were added to the solution and the vial was sealed with a 

septum. Five equiv of PMVE were then added to the vial using a gas-tight syringe. The reaction changed 

from deep red to light red and was left to sit at room temperature for 24 h. The solvent was then removed 

under vacuum, and the residue washed with Et2O. The resulting oil was triturated with hexane, and the 

ensuing precipitate was collected as a light red solid and dried to give 320 mg (95% yield). 19F NMR 

(C6D6) -53.8 (d, 3JFF = 4 Hz, OCF3), -119.9 (mult, CF), -120.8 (ddd, 2JFF = 280, 2JFH = 58, 3JFF = 5 Hz, 

CF2H) and -126.8 ppm (ddd, 2JFF = 280, 2JFH = 60, 3JFF = 5 Hz, CF2H). 31P{1H} NMR -2.4 ppm (br s). 1H 

NMR d 7.24 (overlapping, PPh3) and 5.58 ppm (tmult 2JFH = 58 Hz, CF2H). MS results: (Figs A3.1-S7). 

Addition of co-ligands to 3-1: To a solution of 10 mg (0.013 mmol) 3-1 in C6D6 was added 5 µL (0.026 

mmol) of PMePh2 in one experiment and 4 mg (0.013 mmol) of IMes in another. 19F NMR spectra 
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indicated decomposition (Figs. S8, S9). In another experiment, 10 mg (0.013 mmol) of 3-1 was dissolved 

in 0.8 mL of DMSO-d6, resulting in decomposition of the RF group. (Figs. S16-S18). 

 Synthesis of Cu[CF(OCF3)CF2H](phen) (3-4a): Complex 1 (150 mg, 0.20 mmol) and 1,10-

phenanthroline (36 mg, 0.20 mmol) were loaded into a 20 mL vial glass along with 5 mL of benzene. 

After 2 h, the resulting brown-black solid was washed with hexane to remove PPh3, filtered using a glass 

frit and dried, yielding 106 mg of 3-4a (80% yield). 19F NMR -50.2 ppm (s, OCF3), –111.1 ppm (m, CF), 

-118.8 ppm (dd, 2JFF = 278, 2JFH = 60 Hz, CF2H) and -120.7 ppm (dd, 2JFF = 278,2JFH  = 60 Hz, CF2H) (Fig. 

S30).   

Synthesis of Cu[CF(OCF3)CF2H](bpyCl2)(PPh3) (3-4b): Complex 1 (200 mg, 0.26 mmol) and 4,4’-

dichloro-2,2’-bipyridine (60 mg, 0.26 mmol) were loaded into a 20 mL vial glass along with 5 mL of 

benzene. The reaction was left stirring for 2 h and then dried under vacuum. The residue was dissolved in 

Et2O, and pentane was used to precipitate a yellow solid that was filtered off and dried, yielding 96 mg of 

3-4b (80% yield). 19F NMR (C6D6) -50.1 ppm (s, OCF3), – 113.9 ppm (m, CF), -119.27 ppm (ddd, 2JFF = 

280, 2JFH = 53 Hz, CF2H) and -121.4 ppm (ddd, 2JFF = 290, 2JFH = 54 Hz, CF2H). 31P{1H} NMR – 2.9 ppm 

(m, PPh3). 
1H NMR d 7.6 – 7.25 (overlapping, PPh3 and H aromatics from pyridine), 5.38 (trd, 2JFH = 58, 

2JFH = 9 Hz). High-resolution electrospray ionization: mass calculated for C13H9F6N2OCu 385.99 m/z, 

Found m/z 389 (99%); C28H23CuN2P expected 481 m/z, Found 481.13 (20%). (Fig. S31-33). 

Synthesis of Cu[CF(OCF3)CF2H](7-dipp) (3-5): Complex 3-1 (100 mg, 0.13 mmol) and hexahydro-1,3-

bis(2,4,6-trimethylphenyl)-1,3-diazepin-2-ylidene (7-dipp) (44 mg, 0.13 mmol) were loaded into a 20 mL 

vial glass and dissolved in 5 mL of benzene. The reaction was left stirring for 2 h and then dried under 

vacuum. The resulting residue was washed with Et2O and pentane was used to precipitate a colorless solid 

that was filtered and dried to give 70 mg of 3-5 (90% yield). 19F NMR -53.6 ppm (s, OCF3), -119.8 (mult, 

CF), -120.6 (ddd, 2JFF = 282, 2JFH = 56, 3JFF = 7 Hz, CF2H) and -126.9 ppm (ddd, 2JFF = 284, 2JFH = 58, 3JFF 

= 5 Hz, CF2H). 1H NMR d 5.74 (trd, 2JFH = 59 Hz, 3JHF = 12 Hz, CF2H). High-resolution electrospray 

ionization: mass calculated for [C26H32F6N2OCuNa]2(H2O)]2+ expected 597 m/z, found 597 (Figs. S34-

S36). 

3.4.3 RF Transfer Reactions: 

General experimental procedure for perfluoroalkylation of aroyl chlorides in DMSO. Complex 3-1 (13 

mg, 0.01 mmol) was loaded into an NMR tube and mixed with 0.5 mL of DMSO. Benzoyl chloride (0.01 
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mmol) and PhCF3 (20 μL, 0.01 mmol/mL) were added to the solution and the reaction was analyzed by 

19F NMR spectroscopy after 24 h.  

PhC(O)CF(OCF3)CF2H (3-3a): 19F NMR -54.0  (d, 4JFF = 10 Hz, OCF3), -81.2 (mult, CF), -133.2 (ddq, 

2JFF = 288, 2JFH = 54, 3JFF = 10 Hz, CF2H), -134.6 ppm (ddq, 2JFF = 288, 2JFH = 54, 3JFF = 10 Hz, CF2H. 

MePhC(O)CF(OCF3)CF2H (3-3b): 19F NMR -53.9 (d, 4JFF = 10 Hz, OCF3), -81.2 (mult, CF), -132.7 (ddq, 

2JFF = 288, 2JFH = 54, 3JFF = 8 Hz, CF2H), -135.1 ppm (ddq, 2JFF = 288, 2JFH = 51, 3JFF = 8 Hz, CF2H). 

2,4,6-Cl3PhC(O)CF(OCF3)CF2H (3-3c): 19F NMR -53.9 (d, 4JFF = 10 Hz, OCF3), -81.2 (mult, CF), -132.7 

(ddq, 2JFF = 288, 2JFH = 53, 3JFF = 10 Hz, CF2H), -135.1 ppm (ddq, 2JFF = 288, 2JFH = 53, 3JFF = 9 Hz, CF2H). 

4-CNPhC(O)CF(OCF3)CF2H (3-3d): 19F NMR –53.9 (d, 4JFF = 10 Hz, OCF3), -81.2 (mult, CF), -132.7 

(ddq, 2JFF = 288, 2JFH = 52, 3JFF = 8 Hz, CF2H), -135.1 ppm (ddq, , 2JFF = 288, 2JFH = 51, 3JFF = 9 Hz, CF2H). 

2-(-CHCHCHCHO-)C(O)CF(OCF3)CF2H (3-3e): 19F NMR -53.9 (d, 4JFF 10 Hz, OCF3), -81.2 (mult, CF), 

-132.7 (ddq, 2JFF = 288, 2JFH = 53, 3JFF = 9 Hz, CF2H), -135.1 ppm (ddq, , 2JFF = 288, 2JFH = 52, 3JFF = 8 Hz, 

CF2H). 

Ph-PhC(O)CF(OCF3)CF2H (3-3f): 19F NMR -54 (d, 4JFF = 10 Hz, OCF3), -81.3 (mult, CF), -133.2 (ddq, , 

2JFF = 287, 2JFH = 51, 3JFF = 8 Hz, CF2H), -134.6 ppm (ddq, 2JFF = 287, 2JFH = 52, 3JFF = 9 Hz, CF2H). 

2-NO2PhC(O)CF(OCF3)CF2H (3-3h): 19F NMR -53.9 (d, 4JFF = 10 Hz, OCF3), - 81.2 (mult, CF), -133.1 

(ddq, 2JFF = 288, 2JFH = 53, 3JFF = 7 Hz, CF2H) and -134.5 ppm (ddq, 2JFF = 288, 2JFH = 53, 3JFF = 7 Hz, 

CF2H). 

2-(-C4H4S)C(O)CF(OCF3)CF2H (3-3i): 19F NMR -53.9 (d, 4JFF =10 Hz, OCF3), - 81.2 (mult, CF), -133.2 

(ddq, 2JFF = 287, 2JFH = 53, 3JFF = 8 Hz, CF2H), -134.6 ppm (ddq, 2JFF = 287, 2JFH = 52, 3JFF = 9 Hz, CF2H). 

General experimental procedure for perfluoroalkylation of aryl iodides. CuBr (3.8 mg, 0.026 mmol) was 

dissolved in 28 equiv of DMSO (0.36 mmol) and then added to complex 3-1 (10 mg, 0.01 mmol) in an 

NMR tube with 0.5 mL of benzene. The aryl iodide (0.013 mmol) and PhCF3 (20 μL, 0.01 mmol/mL) 

were added to the solution, and the reaction was analyzed by 19F NMR after 24 h at 50 oC. 

2-Methylbenzoate-CF(OCF3)CF2H (3-7a): 19F NMR -52.9 (d, 4JFF = 10 Hz, OCF3), -132.1 (s, CF), –134.5 

(ddd, 2JFF = 288, 2JFH = 55, 3JFF = 13 Hz, CF2H), –136.1 ppm (ddd, 2JFF = 288, 2JFH = 55, 3JFF = 10 Hz, 

CF2H). 1H NMR d 7.62 (dd, 3JFF = 8, 4JFF = 1 Hz), 7.48 (dd, 3JFF = 8, 4JFF = 1 Hz), 7.4 (dd, 3JFF = 8, 4JFF = 
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1.5 Hz), 7.24 (dmult), 6.80 (overlapped, CF2H), 3.34 (s, OCH3). GC-MS: (retention time: 12.483 min) 

expected 302.17 m/z (100%), found 302.1 m/z (20%) and 251 m/z (99%). 

4-cyanophenyl-CF(OCF3)CF2H (3-7b): 19F NMR -52.9 (d, 4JFF = 9 Hz, OCF3), -132.9 (s, CF), -133.1 (ddd, 

2JFF = 287, 2JFH = 54, 3JFF = 4 Hz, CF2H), –133.6 ppm (ddd, 2JFF = 287, 2JFH = 54, 3JFF = 7 Hz, CF2H). 1H 

NMR d 7-5.5 (ov aromatic C-H), 5.53 (trd, 2JFH = 54, 3JFH = 5 Hz, CF2H). GC-MS: (retention time: 6.791 

min) expected 269.15 m/z (100%), found 269 m/z (30%), 218 m/z (80%) and 130.1 (99%). 

4-nitrophenyl-CF(OCF3)CF2H (3-7c): 19F NMR -51.5 (d, 4JFF = 9 Hz, OCF3), -131.7 (s, CF), –133.2 

(ddd, 2JFF = 293, 2JFH = 53, 3JFF = 8 Hz, CF2H), –133.3 ppm (ddd, 2JFF = 293, 2JFH = 53, 3JFF 8 Hz, CF2H). 

GC-MS (retention time: 14.357 min) expected 289.13 m/z (100%), found 289 m/z (20%) and 238 m/z 

(99%). 

4-fluorophenyl-CF(OCF3)CF2H (3-7d): 19F NMR –52.0 (d, 4JFF = 8 Hz, OCF3), -108.9 (s, CF), -131.5 (s, 

CF), –133.4 (ddd, 2JFF = 289, 2JFH = 52, JFF = 6 Hz, CF2H) –134.8 ppm (ddd, 2JFF = 289, 2JFH = 52, JFF = 

6 Hz, CF2H). 

1-naphthyl-CF(OCF3)CF2H (3-7e): 19F NMR –52.7 (d, 4JFF = 9 Hz OCF3), -131.5 (s, CF), –131.9 (ddd, 

2JFF = 286, 2JFH = 53, 3JFF = 10 Hz, CF2H), –134.5 ppm (ddd, 2JFF = 286, 2JFH = 53, 3JFF = 10 Hz, CF2H). 

2-cyanophenyl-CF(OCF3)CF2H (3-7f): 19F NMR –52.7 (d, 4JFF = 9 Hz OCF3), -129.9 (s, CF), –131.8 

(ddd, 2JFF = 295, 2JFH = 54, 3JFF = 5 Hz, CF2H) –134.5 ppm (ddd, 2JFF = 295, 2JFH = 54, 3JFF = 8 Hz, 

CF2H). 

4-biphenyl-CF(OCF3)CF2H (3-7g): 19F NMR -51.8 (d, 4JFF = 10 Hz, OCF3), -132.3 (m, CF), –133.3 

(ddd, 2JFF = 291, 2JFH = 53, 3JFF = 5 Hz, CF2H) –134.7 ppm (ddd, 2JFF = 291, 2JFH = 53, 3JFF = 8 Hz, 

CF2H). 

2-methoxyphenyl-CF(OCF3)CF2H (3-7h): 19F NMR –52.7 (d, 4JFF = 9 Hz OCF3), -129.9 (s, CF), –132.7 

(dd, 2JFF = 284, 2JFH = 53, 3JFF = 14 Hz, CF2H), –139.1 ppm (dd, 2JFF = 284, 2JFH = 54, 3JFF = 9 Hz, 

CF2H). 1H NMR d 7.62 (dt, JHH = 8, JHH = 1.5 Hz), 6.8 (dt, 3JHH = 8, JHH = 1 Hz), 6.33 (dt, 2JHH = 8, 3JHH 

= 1.5 Hz), 6.18  (dt, 2JHH = 8, 3JHH = 1.5 Hz), 6.28 (ddd, 2JFH = 55,  2JHF = 12 Hz, CF2H), 3.0 (s, OCH3). 

4-trifluoromethylphenyl-CF(OCF3)CF2H (3-7i): 19F NMR –52.7 (d, 4JFF = 9 Hz OCF3), -129.9 (s, 

CF), –132.7 (dd, 2JFF = 284, 2JFH = 53, 3JFF = 14 Hz, CF2H), –139.1 ppm (dd, 2JFF = 284, 2JFH = 54, 

3JFF = 9 Hz, CF2H). 1H NMR d 7.62 (dt, JHH = 8, JHH = 1.5 Hz), 6.8 (dt, 3JHH = 8, JHH = 1 Hz), 6.33 
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(dt, 2JHH = 8, 3JHH = 1.5 Hz), 6.18  (dt, 2JHH = 8, 3JHH = 1.5 Hz), 6.28 (ddd, 2JFH = 55,  2JHF = 12 Hz, 

CF2H), 3.0 (s, OCH3). 

3- trifluoromethylphenyl -CF(OCF3)CF2H (3-7j): 19F NMR – 52.8 (d, 4JFF = 9 Hz OCF3), - 62.6 (s, 

CF3), -132.1 (mult, CF), –133.6 (ddd, JFF = 288, JFH = 55, JFF = 5 Hz, CF2H), –133.6 ppm (ddd, 

JFF = 288, JFH = 55, JFF = 7 Hz, CF2H). 

3-pyridyl-CF(OCF3)CF2H (3-7k): 19F NMR – 52.2 (d, 4JFF = 9 Hz, OCF3), -132.8 (m, CF), – 133.1 

(dt, 2JFF = 278, 2JFH = 55 Hz, CF2H), –134.6 ppm (dt, 2JFF = 278, 2JFH = 51 Hz, CF2H). 1H NMR 

7.6 ppm (ddt, JFF 8 Hz, JFF 12 Hz), 7.36 ppm (d, JFF 8 Hz), 7.31 ppm (d, JFF 8 Hz), 7 ppm 

(overlapped), 5.55 ppm (dt, 2JFH = 54, 3JFH = 4 Hz, CF2H). 

2-pyridyl-CF(OCF3)CF2H (3-7l): 19F NMR – 52.9 (d, 4JFF = 8 Hz, OCF3), -142.5 (m, CF), – 

135.15 (dd, 2JFF = 289, 2JFH = 55, 3JFF = 11 Hz, CF2H) – 139.8 ppm (dd, 2JFF = 289, 2JFH = 53, 3JFF 

= 9 Hz, CF2H). 1H NMR d 8.16 (dm, JHH = 5 Hz), 7.25 (dm, JHH = 8 Hz), 6.5 (dd, JHH = 8 Hz, JHH 

= 1 Hz), 6.2 (dd, JHF = 54, 3JHF = 12 Hz, CF2H). 

4-formylphenyl-CF(OCF3)CF2H (3-7m): 19F NMR –52.2 (d, 4JFF = 8 Hz, OCF3), -133 (m, CF), –

134 (ddt, 2JFF = 240, 2JFH = 53, 3JFF = 5 Hz, CF2H) and –134.8 ppm (ddt, 2JFF = 240, 2JFH = 53, 3JFF 

= 7 Hz, CF2H). 

4-acetylphenyl-CF(OCF3)CF2H (3-7n): 19F NMR –52.3 (d, 4JFF = 8 Hz, OCF3), -132.3 (m, CF), –

133.0 (ddd, 2JFF = 293, 2JFH = 54, 3JFF = 4 Hz, CF2H), –134.4 ppm (ddd, 2JFF = 293, 2JFH = 54, 3JFF 

= 6 Hz, CF2H). 1H NMR d 7.37 (dt, 3JFF = 9, JFF = 1.5 Hz), 7.21 (dt, 3JFF = 9, JFF = 1.5 Hz), 5.56 

(dt, 2JFH = 54, 3JHF = 5 Hz,  CF2H) and 1.98 (s, CH3). 

4-t-butylphenyl-CF(OCF3)CF2H (3-7o): 19F NMR –51.9 (d, 4JFF = 9 Hz, OCF3), -131.6 (mult, CF), 

–133.0 (dt, 2JFF = 290, 2JFH = 54 Hz, CF2H), –134.3 ppm (dt, 2JFF = 290, 2JFH = 55 Hz, CF2H). 

Time course reaction: Complex 3-1 (10 mg, 0.013 mmol) was loaded into an NMR tube and mixed 

with 25 μL of DMSO. 4-Iodobenzonitrile (0.013 mmol) and PhCF3 (20 μL, 0.01 mmol/mL) were 

then added to the solution and the reaction was analyzed by 19F NMR every 5 min for 4 h.  

Computational Details: All geometries were fully optimized using the Gaussian 16 software 

package42 in combination with the BOpt software package.43 Following a previously proposed 

protocol,44 all relevant minima and transition states were fully optimized at the TPSSTPSS level45 
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of theory employing correlation-consistent polarized valence double-ζ Dunning (DZ) basis sets 

with cc-pVDZ quality46,47 from the EMSL basis set exchange library, using a small core 

pseudopotential on Cu.48 The density fitting approximation (Resolution of Identity, RI)49-52 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.53 

All calculations were performed at the standard Gaussian 16 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 TS was confirmed with an intrinsic reaction coordinate (IRC) scan. Transition states were 

located using a suitable guess and the Berny algorithm (Opt = TS)54 or a 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 theory45 employing triple-ζ Dunning (TZ) basis sets (cc-pVTZ quality).46 

Grimme dispersion corrections without damping (keyword -zero) were added at this stage using 

the standalone dftd3 program.55,56 Enthalpies and Gibbs free energies were then obtained from TZ 

single-point energies and thermal corrections from the TPSSTPSS/cc-pVDZ-(PP) vibrational 

analyses; entropy corrections were scaled by a factor of 0.67 to account for decreased entropy in 

the condensed phase.57-59 IBOview was used for intrinsic bond orbital theory 

(IBO)calculations.32,33 
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Chapter 4. Copper-mediated Tetrafluoroethylation of Bioactive Compounds 
  

Contributions to Knowledge: 

Copper-Mediated Tetrafluoroethylation of Aroyl Chlorides and Aryl Halides 

Nicholas O. Andrella, Luana L. T. N. Porto, Nancy Xu, Christian Ehm* and R. Tom Baker,* to 

be submitted, 2022. 

Copper-mediated Tetrafluoroethylation of Bioactive Alkenyl Iodides 

Luana L. T. N. Porto, Isabel Bascuas, Nicole Johnson, Omar Boutureira* and R. Tom Baker,* 

manuscript in preparation. 

Fluoroalkylated Carboxamides as Potential Succinate Dehydrogenase Inhibitors 

Luana L. T. N. Porto, Antony St.-Jacques, R. Tom Baker* and Michele C. Loewen,* manuscript 

in preparation. 

Chapter Contributions: Our collaborator Dr. Christian Ehm (University of Naples, Italy), 

performed the DFT calculations. The Xantphos-Cu mediated tetrafluoroethylation of aroyl 

chlorides and aryl halides performed by Luana Porto built on previous work in the Baker group by 

Nicholas O. Andrella using the PMePh2 ancillary ligand. Development of the ligandless -CF2CF2H 

transfer to alkenyl iodides was performed by Luana Porto and ICE undergraduate Nicole Johnson 

with substrates provided by our collaborator Prof. Omar Boutureira and his PhD student Isabel 

Bascuas (Universitat Rovira i Virgili, Tarragona, Spain). The molecular docking studies were 

performed by Dr. Antony St.-Jacques working with our collaborator Dr. Michele Loewen 

(National Research Council, Ottawa).  

Abstract: The tetrafluoroethyl group (-CF2CF2H) has attracted attention in pharmaceutical and 

agrochemical research due to its lipohilicity and H-bonding capability. In this chapter we show 

that the readily available Xantphos ligand allows for the Cu-mediated tetrafluoroethylation of aroyl 

chlorides and aryl iodides in toluene at 90°C, albeit in poor to fair yields (Xantphos = 4,5-

bis(diphenylphosphino)-9,9-dimethylxanthene). We then describe an efficient ‘ligandless’ Cu 

system that mediates the tetrafluoroethylation of alkenyl iodides, affording products with potential 

biological activity. Finally, we propose fluoroalkylated-carboxamide analogues as potential 

fungicides based on molecular docking studies. 

 

4.1 INTRODUCTION 

     Fluoroalkyl groups containing the -CF2H functionality have attracted attention as lipophilic H-

bond donors.1 However, the -CF2CF2H group offers both increased lipophilicity and a more acidic 

C-H bond (vs. -CF2H).2 Although there are a number of strategies to access difluoromethylarenes 

(ArCF2H),3 direct incorporation of -CF2CF2H has been limited in terms of both step economy and 

cost efficiency. An early example of cobalt carbonyl-catalyzed direct addition of 
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tetrafluoroethylene (TFE) to arenes at 135°C (Scheme 4.1A)4 would be unsuitable for late-stage 

fluoroalkylation, and deoxyfluorination, by treating Ar-C(O)C(O)H compounds with deoxofluor  

 

Scheme 4.1 Several arene tetrafluoroethylation strategies.  

[bis(2-methoxyethyl)aminosulfur trifluoride]5 requires specialized starting materials (Scheme 

4.1B). Hu and co-workers prepared heteroatom-containing -CF2CF2H compounds by addition of 

E-H nucleophiles to TFE generated from TMSCF3 using a custom two-chamber reactor (Scheme 

4.1C).6 In 2018 Andrella, working in the Baker group, reported the synthesis of 

Cu(CF2CF2H)(PMePh2)3
 (4-1)7 from reaction of Stryker’s reagent, CuH(PPh3]6, with PMePh2 and 

so-called Safe-Supply™ mixture of 1:1 TFE:CO2, easily generated by thermolysis of potassium 

perfluoropropionate.8 Moreover, they demonstrated for the first time the direct 

tetrafluoroethylation of aroyl chlorides and, in the presence of catalytic CuCl(IPr), the 

tetrafluoroethylation of aryl iodides (Scheme 4.2).9 
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Scheme 4.2 Synthesis of 4-1 and tetrafluoroethylation of aroyl chlorides and aryl iodides. 

      In a later report, citing safety concerns associated with the use of TFE gas, Hu et al. optimized 

the generation of TFE from TMSCF3 to effect the pentafluoroethylation of aryl iodides and double 

insertion of CF2 of heteroatom-CF2CF2C6F5 compounds (Scheme 4.3A).10 Finally, Hu et al. 

recently employed Me3SiCF2Br with CuCF2H to effect the direct tetrafluoroethylation of aryl 

iodides and bromides (Scheme 4.3B).11 In an effort to expand the synthesis of M-RF complexes 

pioneered by Miller and Burnard with silver fluoride and hexafluoropropene (as described in 

Chapter 1),12 we have accessed Cu-RF complexes by insertion of fluoroalkenes into Cu-F or Cu-H 

bonds.13 In an effort to expand the scope of tetrafluoroethylations, we build on Boutureira’s work 

on alkenyl iodide pentafluoroethylation14 to develop solvent-stabilized ‘ligandless’ Cu-CF2CF2H 

transfer to analogous bioactive compounds under mild conditions. Moreover, working with DFT 

collaborator Christian Ehm, we show the contribution of pre-equilibria to the activation energies 

for transfer of a variety of RF groups to several organic electrophiles as a function of the ancillary 

ligands on copper. Finally, we propose fluoroalkylated-carboxamide analogues as potential 

fungicides based on molecular docking studies. 

 

Scheme 4.3 Hu’s fluoroalkyl-trimethylsilane routes to arene tetrafluoroethylation. 
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4.2 RESULTS AND DISCUSSION 

4.2.1 Ligand effects in -CH2CH2F transfer to aryl iodides: In previous work it was reported that 

Cu(CF2CF2H)(PMePh2)3 (4-1) could be obtained in high yield from the reaction of Stryker’s 

reagent, [CuH(PPh3)]6, with PMePh2 and so-called Safe-Supply™ mixture of 1:1 TFE:CO2, 

whereas synthesis of the Xantphos analog, Cu(CF2CF2H)(Xantphos)  (4-2) could only be prepared 

using pure TFE (Xantphos = 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene).7 In contrast, we 

found that changing the reaction solvent from benzene to N,N-dimethylformamide (DMF) 

afforded complex 4-2 from the TFE:CO2 mixture. Moreover, 4-2 slowly transferred the -CF2CF2H 

group to 4-nitro-iodobenzene at 50 °C (Figure 4.1); addition of 10% CuCl(SIMes) gave 22% yield 

after 12 h at 90 °C (Figure 4.2).  

 

Figure 4.1 19F NMR spectrum of [CuH(PPh3)]6 + Xantphos + tetramethyldisiloxane + TFE:CO2 +  

methyl-4-iodobenzoate in DMF after 7 h at 50 °C. 
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Figure 4.2 19F NMR spectrum of Cu(CF2CF2H)(Xantphos) (4-2) + 4-nitro-iodobenzene + 10 mol% 

CuCl(SIMes) in toluene at 90 °C after 12 h. I = internal standard PhCF3. 

Vicic previously identified N-heterocyclic carbenes as one of the best ligand classes that 

he evaluated for Cu-mediated trifluoromethylation, suggesting that they reduce the rate-

determining energy barrier for oxidative addition.15 As a detailed computational analysis of ligand 

effects for several different RF groups and organic electrophiles had not been undertaken, we 

engaged Dr. Christian Ehm from Naples, Italy as a collaborator. 

4.2.2 DFT studies of Cu-mediated RF transfer to organic electrophiles: DFT calculations were 

performed using the TPSSh-D0 /TZ//TPSSTPSS/DZ level of theory. Solvent effects were included 

at the single point energy correction stage employing the polarizable continuum model; this 

approach was employed previously in studying selective copper complex-catalyzed 

hydrodefluorination of fluoroalkenes.7  

A simplified mechanistic scheme is depicted in Figure 4.3 using a single PPh3 ligand on 

the Cu(CF2CF2H) fragment and iodobenzene as the substrate, i.e., ignoring any pre-equilibria that 

can affect the stability of LCu-RF complexes. The reaction has a strong driving force due to the 

weak Cu-CF bond (vs. Cu-X) and strong product C-C bond between the aryl carbon and fluorinated 

benzylic carbon. Using this linear model, the activation energies for both the ‘oxidative’ addition 

and ‘reductive’ elimination steps are similar for the -CF3, -CF2CF2H and -CF(CF3)2 R
F groups 

showing little dependence on sterics (Table 4.1); this is hardly surprising, considering that PPh3 

is not a large phosphine and, in linear d10 copper systems, the steric bulk of the phosphine ligand 

is in the opposing hemisphere from the RF group. In contrast, replacing the PPh3 ancillary ligand 
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with either bulky SIMes or bidentate phenanthroline ligand increased the energy barriers for both 

addition and elimination steps (Table 4.2), especially for the SIMes system. Finally, five different 

electrophiles were screened, and the oxidative addition barriers follow the expected C-X bond 

strengths with PhC(O)Cl < Ph-I < Ph-Br < PhCH2Br < PhCl (Table 4.3); reductive elimination 

becomes rate-determining only when oxidative addition has very low barriers, i.e., only for 

benzoyl chloride as shown in Chapter 3.  

Having explored the effects of L-type ligand, RF group and electrophile, we decided to interrogate 

the trends for RF and electrophile variation for two copper ligands: SIMes and phen. The largest 

barriers associated with a given RF, electrophile, and ancillary ligand are listed in Table 4.4. Cells 

marked in red in the table indicate that the predicted rate-limiting barrier in a given system is above 

25 kcal/mol, i.e., no reactivity (or very slow conversion) would be expected under experimental 

conditions. Inspection of the results indicates that most barriers are predicted to be below 25 

kcal/mol, regardless of the ligand; this is not in line with experimental observation. However, in a 

general sense, barriers increase with increasing size of L, RF and C-X bond strength.  On the face 

of it, there is no apparent indication as to why the phen complex gives the best transfer of the hfip 

group to aroyl chlorides or why SIMes is a privileged ligand for transfer of the -CF2H and -

CF2CF2H groups to aryl iodides. However, once one considers the potential role of ligand 

association pre-equilibria as significant contributors to the oxidative addition step, everything falls 

rapidly into place.   
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Figure 4.3 Calculated reaction coordinate for RF transfer from Cu(CF2CF2H)(PPh3) to iodobenzene in 

toluene (energies are in kcal/mol).   

 

 

Table 4.1 Addition and elimination energy barriers (kcal/mol) for transfer of three different fluoroalkyl 

groups to iodobenzene. 
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Table 4.2 Addition and elimination energy barriers (kcal/mol) associated with -CF2CF2H transfer to 

iodobenzene from three different LCuRF complexes. 

 

 

Table 4.3 Addition and elimination energy barriers (kcal/mol) associated with -CF2CF2H transfer to five 

different organic electrophiles. 
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Table 4.4 Largest barriers associated with a given RF, electrophile, and ancillary ligand. Bold = oxidative 

addition rate limiting, Italics = reductive elimination rate-limiting. 

 

We identified several different possible equilibria. Most notably, depending on the size of 

the RF group, L3Cu-RF or L2Cu-RF (L = triphenylphosphine) is predicted to be the lowest energy 

structure, i.e., phosphine dissociation to provide space for the subsequent oxidative addition is a 

non-negligible contribution, in fact raising the barrier in all cases above the useful threshold (25 

kcal/mol). The phen ligand does not displace all coordinated phosphines and (phen)(PPh3)Cu-RF 

is lowest in energy for CF2CF2H and hfip. Nonetheless, addition of phen is predicted to improve 

RF transfer, as the phosphine is much more weakly-bound to copper than in the homoleptic copper 

phosphine complexes, likely due to steric reasons.  

Additionally complicating the pre-equilibria are dimeric copper complexes, depending on 

the RF ligand (in the case of RF = perfluorovinyl) and the halide ligand (X-ligand). The latter is 

only relevant for catalytic performance, when dimerization of the reaction products (X stemming 

from the electrophile after the first reductive elimination) can increase the barrier for regeneration  

PhCl PhBr PhI BnBr PhC(O)Cl

SIMes 23.9 18.9 14.5 21.6 13.3

Phen 20.8 16.3 11.3 19.4 15.0

PPh3 22.1 16.8 11.8 19.8 12.4

SIMes 29.2 23.4 19.4 20.5 15.2

Phen 22.6 19.0 13.9 20.5 13.9

PPh3 22.6 17.4 12.7 20.3 13.4

SIMes 28.3 26.6 25.3 32.2 26.1

Phen 25.3 22.3 20.2 26.7 22.6

PPh3 22.1 16.8 11.8 19.8 12.4

Phen 24.2 20.3 15.3 19.6 11.7

Phen 24.4 21.9 18.1 23.1 19.3

R = CF3

R = CF2CF2H

R = i-C3F7

R = CF=CF2

R = CFCF3OCF3
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Table 4.5 Largest barriers associated with a given RF, electrophile, and ancillary ligand taking account of 

ligand association pre-equilibria. Bold = oxidative addition rate limiting, Italics = reductive elimination 

rate-limiting. 

 

 

Figure 4.4 RF- and halo-bridged copper dimers. 

of the catalyst. Note that bimolecular decomposition pathways have been implicated in the 

decomposition of Cu-RF complexes, for example. SIMes is only a privileged ligand, and only for 

small RF groups, because it affects the pre-equilibria.15 Reductive elimination becomes rate-

limiting for bulkier RF groups and even for smaller RF groups, barriers from the active LCu-RF 

species are larger than for the corresponding phosphine system and only the suppression of pre-

equilibria tips the scales. The smaller phen ligand seems to offer the best compromise here between 

influencing pre-equilibria and activation barriers of the active species. In fact, the existence of 

PhCl PhBr PhI BnBr PhC(O)Cl

SIMes 24.2 19.5 16.7 22.2 13.3

Phen 20.9 17.3 15.5 19.5 15

PPh3 50.6 45.3 40.3 48.3 39

SIMes 29.2 23.4 19.4 20.5 15.2

Phen 25.2 21.6 16.5 20.5 13.9

PPh3 45.1 39.9 35.2 42.8 32.1

SIMes 33.4 28.7 25.3 32.2 26.1

Phen 39.2 34.3 29.3 26.7 22.6

PPh3 37.4 32.1 27.1 35.1 25.8

Phen 34.2 30.3 25.6 29.9 22.0

R = CF=CF2

R = CF3

R = CF2CF2H

R = i-C3F7
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these pre-equilibria leads to non-trivial tuning effects for this type of catalysis, partially explaining 

why Hartwig observed “unusual electronic effects of ancillary ligands on the perfluoroalkylation 

of aryl iodides and bromides” in his copper bipy systems.16 Correctly identifying the role that these 

pre-equilibria play is challenging due to the complexity of the hyperspace and the results presented 

above represent a necessary first step in this direction. 

4.2.2 Tetrafluoroethylation of bioactive compounds using ‘ligandless’ CuRF strategy: Ever since 

Burton and co-workers used Zn and Cd reagents to prepare ‘Cu(CF3)’ stabilized solely by 

coordinating solvents, and demonstrated the stoichiometric trifluoromethylation of aryl iodides,17 

this strategy has been employed by Grushin and co-workers using fluoroform (CHF3)
18 and by 

Boutureira et al. using Me3SiCF3 to effect the pentafluoroethylation of glycals, nucleosides and 

nucleobases.19 Building on our work in Chapter 3, our initial investigation adding Cu(I) halide 

salts to complex 4-1 in DMF afforded two different Cu-CF2CF2H species that eventually converted 

to a single Cu complex that was stable for at least four months. To better understand the reactivity 

of this solvated complex, we treated 4-1 with 2 equiv. of CuX and 1 equiv. of 4-iodobenzonitrile 

using two solvent systems: DMSO/benzene (0.05:1) and pure DMF. Using the DMSO/benzene 

mixture with CuCl, CuBr and CuI afforded 4-(C2F4H)-benzonitrile (4-3a) in 16, 11 and 9%, yield, 

respectively (Table 4.6, entries 1-3). Fortunately, pure DMF gave the same product with CuBr in 

80% yield vs. 26 for CuI and 12 for CuCl. 

Table 4.6 Optimization of 4-iodobenzonitrile tetrafluoroethylation using “ligandless” Cu(C2F4H). 
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With these conditions in hand, we moved to alkenyl iodides, investigating the scope with protected 

and unprotected nucleobases, indoles (Scheme 4.4) and protected (benzyl, pivalate and acetate) 

iodoglycols, including disaccharides with acid-labile linkages (D-lactose and D-glucose) and 

Neu5Ac2en (Scheme 4.5). All afforded moderate to high yields, except the deprotected cytidine 

(4-4b) obtained in 20% yield. Traces of HCF2CF2H by-product (19F NMR resonance at ca. -141 

ppm) were detected for all reactions. Of note, unprotected NH2 and N-H groups gave lower yields 

(cf. 4-4b and 4-4f) with formation of HCF2CF2H predominating. In contrast, the same behaviour 

was not observed for free OH as evidenced by 4-4a and 4-4c. Furthermore, the electron-rich 

iodinated analog of the antiviral trifluridine (Viroptic®)19 gave product 4-4d in only 10% higher 

yield than 4-4a from the deprotected substrate. Both fluorinated indole iodides afforded C2F4H-

derivatives 4-4g and 4-4h in high yield, including the analog of vitamin P core (4-4g). In Scheme 

4.5, we show the fluoroalkylation of the iodinated analog of antiviral zanamivir (Relenza®)20 that 

generates 4-4k in 80% yield. Among D-glucose analogs, those with the pivalate protecting group 

(4-4m) showed the most efficient reaction compared to similar results obtained with benzyl (4-4i) 

or acetate (4-4j). 

 

 

Scheme 4.4 Tetrafluoroethylation of electron-rich heterocyclic alkenyl iodides. Yields determined by 19F 

NMR with trifluorotoluene as internal standard. 
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Scheme 4.5 Tetrafluoroethylation of electron-rich iodoglycols. Yields determined by 19F NMR with 

trifluorotoluene as internal standard. 

Motivated by the above success and attempting to get a higher yield, considering the side 

product reactions are coming from interaction with the substrate, we increased the substrate to 1.5 

equiv. We observed a slightly higher yield for some products (including unprotected 4-4a). 4-

Iodouracil analog of the antiviral fluorouracil (Adrucil®) improved almost twice the effectiveness 

of fluoroalkylation, but no significant changes were observed for protected 4-4d, 4-4e, 4-4i, and 

4-4j (Scheme 4.6). Further experiments confirmed by 1H NMR an interaction between 4-

iodouracil and CuBr, resulting in a higher yield with an excess of the substrate (See Appendix). 

Additional optimization of this reaction (Table 4.7) showed that the 4-1/CuBr/substrate (1:2:1) 

system in DMSO/toluene (0.05:1) gave 77% of product 4-4n with evident precipitation of 

CuBr(PPh2Me)3. Even though scale-up reactions were not successful due to generation of a large 

quantity of hydrogenolysis product, in collaboration with Dr. Boutureira we decided to scale up 

the fluorouracil (Adrucil®) (4-4f) and trifluridine (Viroptic®) (4-4e) analogues containing (-

CF2CF2H and -CF2CF3). These compounds tested as antivirals by another collaborator lab, Dr. 

John Pezacki at uOttawa. Purification of the crude material started during my visit in prof. 

Boutureira’s laboratory and will be continued by them to characterize all the compounds. 
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4.2.3 Synthesis and molecular docking studies of potential succinate dehydrogenase inhibitors 

(SDHi): As discussed in Chapter 1, novel fluorine-containing agrochemicals have critical 

relevance for agrochemical research. One of the most common modes of action for fungicides is  

  

Scheme 4.6 Tetrafluoroethylation of electron-rich heterocyclic alkenyl iodides using 1.5 equiv. of 

substrate. 

 

Table 4.7 Optimization of RF transfer from 4-1 to 4-iodouracil. 
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the inhibition of the succinate dehydrogenase (SDH) enzyme involved in the tricarboxylic acid 

cycle, as its inhibition leads to the arrest of fungal growth.20 Motivated by our successful ligandless 

fluoroalkylation system for aryl iodides, nucleobases and glycals, we decided to go further and 

pursue novel fluoroalkylated carboxamides as potential succinate dehydrogenase inhibitors. In a 

collaboration with Dr. Michele Loewen of the National Research Council lab in Ottawa, in silico 

molecular docking analysis on potential fluorinated-carboxamides containing the three RF group 

(-CF(OCF3)CF2H, -CF2CF3 and CF2CF2H) with Fusarium graminearum succinate dehydrogenase 

(fgSDH) structure were performed by Dr. Antony St.-Jacques.  

4.2.3.1 In silico molecular docking results: We initiated our studies using in silico docking 

molecular strategy to find the most successful fluorinated-carboxamide analogue (4-5a-i, 4-6a-i) 

for synthesis and in vitro studies (Figure 4.5).  To the best of our knowledge, no crystal structure 

has been solved for fgSDH. Thus, we built two homology models using SWISS_MODEL.21 The 

major difference between the two models is the positions of W72C and F73C (Figure 4.6). In 

order to gauge the predictability of the docking simulations, we compared the docking results to 

how N-[(4-t-butylphenyl)methyl]-2-(trifluoromethyl)benzamide (NAQ) binds the crystal structure 

of Sus scrofa (feral pig) SDH (PDB ID: 4YTP, Figure 4.6). NAQ binds ssSDH in an orientation 

consistent with how Sierotzki et al.22 described how SDHIs bind SDHs: Trp173B and Tyr128D 

hydrogen bond to the carbonyl oxygen of the amide group; the trifluoromethylbenzene group is in 

the cavity, 5.9 Å from the Cα of His216B, the residue at the end of the pocket, and p-stacking with 

Arg46C. The isopropyl benzene group is at the mouth of the pocket and interacts with Ile30C, 

Trp35C, and Ile43C. This orientation of the carboxy side ring and the amide side ring in the binding 

site is consistent with the pharmacophore reported for carboxamide SDHIs.23  
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Figure 4.5 Fluoroalkylated carboxamide analogues proposed for molecular docking studies. 

 

Figure 4.6 (a) Structure of N-[(4-tert-butylphenyl)methyl]-2-(trifluoromethyl)benzamide (NAQ). (b) 

NAQ (green) binding mode with Sus scrofa SDH (PDB ID: 4YTP). The heme group is shown in cyan. 

The binding site residues are labelled with a 1-letter amino acid code, and the chain letter near the Cα 

shown as spheres. 

4.2.3.2 Docking simulations of known SDHi: The SDHIs isoflucypram, thifluzamide, (S)- 

pydiflumetofen, pyflubimide, and flubendiamide (Figure 4.7) were docked onto the fgSDH 

models (Figures 4.8 and 4.9). The azole rings of isoflucypram (model 2), thifluzamide (model 1), 

(S)-pydiflumetofen (models 1 and 2) are predicted to interact with the binding pocket. In these 

cases, π-stacking with Arg80C is predicted. 
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Figure 4.7 Chemical structures of known SDH inhibitors. 

 

 

Figure 4.8 Simulation results of known SDHIs docked into the binding site of fgSDH homology model 1. 

(a) isoflucypram, (b) thifluzamide, (c) (S)-pydiflumetofen, (d) pyflubimide and (e) flubendiamide. The 

SDHIs and heme groups are shown as green and cyan sticks, respectively. Chlorine and fluorine atoms 

are shown in pink and light green, respectively. 
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Figure 4.9 Simulation results of known SDHis docked into the binding site of fgSDH homology model 2. 

(a) isoflucypram, (b) thifluzamide, (c) (S)-pydiflumetofen, (d) pyflubimide and (e) flubendiamide.  The 

SDHIs and heme groups are shown as green and cyan sticks, respectively. Chlorine and fluorine atoms 

are shown in pink and light green, respectively. 

4.2.3.2 Docking of fluoroalkylated SDHi analogues: The next step was to try fluorinated-

carboxamide analogues (4-5a-i, 4-6a-i). Since the azole rings of (S)-pydiflumetofen were 

predicted to bind the fgSDH site in the orientation hypothesized to inhibit the enzyme in both 

models and (S)-pydiflumetofen has been reported to act as a fungicide of F. graminearum, 4 

fluoroalkyl-substituted analogues of (S)-pydiflumetofen (Figure 4.10) were also docked onto the 

fgSDH binding site to predict the effect of the proposed RF groups (-CF(OCF3)CF2H, -CF2CF3, 

CF2CF2H). In short, only analogues that contained the -CF2CF2H and -CF2CF3 at the R1 position 

of both compounds were docked in an orientation with the carboxy side azole ring inside the 

pocket, interacting with W72C, W205B and R80C. Hydrogen bonding is predicted between the 

Trp and the amide-oxygen of compounds 4-5f, 4-5g, 4-6a and 4-6c. Alternatively, Trp is predicted 

to form a hydrogen bond with the N-methoxy-oxygen of compound 4-6b. 
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Figure 4.10 Simulation results of fluoroalkylated-carboxamides (4-5b,c,f,g and 4-6a,b,c) docked into the 

binding site of fgSDH homology model 2. 

 

4.3 CONCLUSIONS 

Building on previous work in the Baker group by Andrella, we showed that the readily 

available Xantphos ligand can be used (instead of NHC ligands) in concert with the easily prepared 

1:1 mixture of CO2 and TFE to facilitate the fluoroethylation of aryl iodides. Our computational 

studies confirmed that, in contrast to the aroyl chlorides studied in Chapter 3, the oxidative addition 

step is rate-limiting for aryl iodides as determined previously by others.24 Moreover, contributions 

of ligand exchange pre-equilibria at copper to the oxidative addition barrier helped to explain the 

efficiency of the ‘ligandless’ approach in which stronger binding ligands can be scavenged by 

added CuBr. Our evaluation of different RF groups revealed that transfer of the perfluorovinyl 

group should be energetically feasible unless prevented by its dimerization.  

Building on Boutureira’s work with pentafluoroethylation,14 we demonstrated the efficient 

tetrafluoroethylaiton of nucleosides, nucleobases and glycols in fair to high yields. Work is in 

progress to scale up the fluorouracil (4-4f) and trifluridine (4-4e) analogues containing -CF2CF2H 

and -CF2CF3 groups for antiviral testing in the John Pezacki labs at uOttawa. Finally, in efforts 

aimed at developing antifungal fluoroalkylated carboxamides, a molecular docking investigation 
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identified these same two RF groups as potentially active SDH inhibitors. Two analogues have 

been scaled up in the Boutureira lab for testing by the Loewen lab in Ottawa.  

4.4 EXPERIMENTAL SECTION 

4.4.1 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), 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%), 4-iodo-benzonitrile (Alfa Sigma, 98 

%), triphenylphosphine (PPh3, Oakwood chemicals, 99%), 4,5-bis(diphenylphosphino)-9,9-

dimethylxanthene (Xantphos, Accela ChemBio Inc., 99%), methyldiphenylphosphine (PMePh2, 

Acros Organics, 99%). The following chemicals were synthesized as previously reported: 1,3-

bis(2,3,6-trimethylphenyl)imidazolidin-2-ylidene (SIMes),25 [(PPh3)CuH]6,
26 (SIMes)CuCl27 and 

Cu(CF2CF2H)(PMePh2)3 (4-1).9 All bioactive substrates were provided by our collaborator Omar 

Boutureira. Electrospray ionization mass spectral data were collected using an Applied Biosystem 

API2000 triple quadrupole mass spectrometer. 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) 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, 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 in the Appendix. 

4.4.2 Synthesis of Cu(CF2CF2H)(Xantphos (4-2): The red complex [(PPh3)3CuH]6 (150 mg, 0.46 

mmol) was placed in a 40 mL vial glass and mixed with 4 mL of DMF. Xantphos (266 mg, 0.46 

mmol) and tetramethyldisililoxane (TMDSO) (107 µL, 0.69 mmol) were then added to the solution 

and sealed with cap. In the same vial glass, 5 equivalents of TFE:CO2 was inserted using a syringe. 
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The reaction was left to sit at room temperature for 24 h at room temperature. The deep red color 

changed to a light orange-red colour. The solvent was removed using vacuum and the residue 

heated at 50 oC for 2 h, washed with Et2O and then triturated with pentane. The resulting light 

orange solid was collected and dried to give 239 mg of 4-2 (70%). 19F NMR (282 MHz, acetone-

d6):  −107.7 (m, CF2), −129 ppm (d, 2JFH = 58 Hz, CF2H). 31P{1H} NMR (121 MHz, acetone-d6): 

-19.2 ppm (br) 1H NMR (300 MHz, acetone-d6): d x.yy (ov mult, Ar-H), 5.65 (trtr, 2JHF = 58,  3JHF 

= 9 Hz, CF2H). 

4.4.3 Procedures for RF transfer using 4-2: Complex 4-2 (10 mg, 0.013 mmol) was loaded into an 

NMR tube and mixed with 4-nitro-iodobenzene (0.013 mmol) and internal standard PhCF3 (20 μL, 

0.01 mmol/mL) in 0.5 mL of DMF and the reaction was analyzed by 19F NMR spectroscopy after 

7 h at 50 oC.  

In a second procedure, complex 4-2 (10 mg, 0.013 mmol) was loaded into an NMR tube and mixed 

with 4-nitro-iodobenzoate (0.013 mmol), Cu(SIMes)Cl (0.052 mg, 0.0013 mmol) and PhCF3 (20 

μL, 0.01 mmol/mL) in 0.5 mL of toluene and the reaction was analyzed by 19F NMR after 12 h at 

90 oC. 19F NMR -109.6 (brs, CF2) and –133.1 ppm (dt, 2JFH = 55 and 3JFF
 = 10 Hz, CF2H). 

 

4.4.4 General procedure for ‘ligandless’ RF transfer using 4-1 / CuBr: The colorless complex 

Cu(CF2CF2H)(PPh2Me)3 (4-1) (10 mg, 0.013 mmol) and CuBr (3.75 mg, 0.026 mmol) were loaded 

into an NMR tube and dissolved in 0.5 mL of DMF. The (hetero)aryl iodide (0.013 mmol) and 

internal standard PhCF3 (20 μL, 0.01 mmol/mL) were then added to the tube and the reaction was 

analyzed by 19F NMR spectroscopy after heating at 50 oC for 12 h. 

2'-deoxy-5-tetrafluoroethyl-uridine (4-4a): 19F NMR –116.5 and –118.2 (d, 2JFF = 268 Hz, CF2), 

–138.6 and –139.9 ppm (ddd, 2JFF = 297, 2JFH = 51 Hz, CF2H). 

2'-deoxy-5-tetrafluoroethyl-cytidine (4-4b): 19F NMR –113.2 (m, CF2), –136.8 ppm (dm, 2JFH = 

53 Hz, CF2H). 

5-tetrafluoroethyl uridine (4-4c): 19F NMR –116.6 and -118.2 (d, 2JFF = 267 Hz, CF2), –138.6 and 

–139.9 ppm (dd, JFF = 293, 2JFH = 51 Hz, CF2H). 

2'-5-o-acetyl-5-tetrafluoroethyl-uridine (4-4d): 19F NMR –117.5 and –118.2 (br d, 2JFF = 268 Hz, 

CF2), –131.1 ppm (br d, JFH = 55 Hz, CF2H)  
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5-tetrafluoroethyl-2',3',5'-triacetate uridine (4-4e): 19F NMR –117.8 (br s, CF2), –139.1 ppm (br 

d, 2JFH = 54 Hz, CF2H). 

4-tetrafluoroethyl-uracil (4-4f): 19F NMR –118.6 (br s, CF2), –140.1 ppm (d, 2JFH = 55 Hz, 

CF2H). 

6-fluoro-3-tetrafluoroethylchromone (4-4g): 19F NMR –119.9 (mult, CF2), –139.2 ppm (dt, 2JFH = 

52, 3JFF = 7 Hz, CF2H). 

t-butyl-5-fluoro-3-tetrafluoroethyl-1H-indole-1-carboxylate (4-4h): 19F NMR –110.8 (br s, CF2), 

–136.4 ppm (d, 2JFH = 53 Hz, CF2H). 

1,5-anhydro-3,4,6-tri-O-benzyl-2-deoxy-2-tetrafluoroethyl-D-lyxo-hex-1-enitol (4-4i): 19F NMR 

–111.7 and –122.1 (dm, 2JFF = 265, 3JFF = 12 Hz, CF2), –137.1 and –139.2 ppm (ddd, 2JFF = 287, 

2JFH = 55, 3JFF = 12 Hz, CF2H).  

1,5-anhydro-3,4,6-tri-O-acetyl-2-deoxy-2-tetrafluoroethyl-D-lyxo-hex-1-enitol (4-4j): 19F NMR 

–112.5 and -117.1 (dd, 2JFF = 270, 3JFF = 10 Hz, CF2), –136.6 (ddd, 2JFF = 292, 2JFH = 52, 3JFF = 

10 Hz, CF2H), -138.6 ppm (ddtr, 2JFF = 292, 2JFH = 54, 3JFF = 8 Hz, CF2H).  

methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-tetrafluoroethyl-D-

glycero-D-galacto-non-2-enonate (4-4k): 19F NMR –109.2 and –115.0 (d, JFF = 275 Hz, CF2),      

–136.2 ppm (d, 2JFH = 53 Hz, CF2H). 

methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-tetrafluoroethyl-D-

glycero-D-galacto-non-2-enonate (4-4l): 19F NMR –112.5 (dd, JFF = 271, 3JFF = 10 Hz, CF2),      

–117.2 (dq, 2JFF = 271, 3JFF = 3JFH = 9 Hz, CF2), –136.6 (dddd, 2JFF = 290, 2JFH = 52, 3JFF = 10, 2 

Hz, CF2H), –138.5 ppm (ddtr, 2JFF = 290, 2JFH = 52, 3JFF = 12 Hz, CF2H). 

1,5-anhydro-3,4,6-tri-O-pivaloyl-2-deoxy-2-tetrafluoroethyl-D-arabino-hex-1-enitol (4-4m): 19F 

NMR –112.1 and –113.4 (d, 2JFF = 275 Hz, CF2), –136.6 and –137.7 ppm (dd, 2JFF= 296 Hz, 2JFH 

= 50 Hz, CF2H). 

1,5-anhydro-3,6-di-O-acetyl-2-deoxy-4-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-2 

tetrafluoroethyl-D-arabino-hex-1-enitol (4-4n): 19F NMR – 113.7 and - 117.0 (d, 2JFF = 271 Hz, 

CF2), –137.5 ppm (dmult, 2JFH = 53 Hz, CF2H). 
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4.4.5 Computational details: All geometries were fully optimized using the Gaussian 16 software 

package28 in combination with the BOpt software package.29 Following a previously proposed 

protocol,30 all relevant minima and transition states were fully optimized at the TPSSTPSS level31 

of theory employing correlation-consistent polarized valence double-ζ Dunning (DZ) basis sets 

with cc-pVDZ quality32,33 from the EMSL basis set exchange library, using a small core 

pseudopotential on Cu.34 The density fitting approximation (Resolution of Identity, RI)35-37 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.38 

All calculations were performed at the standard Gaussian 16 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 TS was confirmed with an intrinsic reaction coordinate (IRC) scan. Transition states were 

located using a suitable guess and the Berny algorithm (Opt = TS)39 or a 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 theory40 employing triple-ζ Dunning (TZ) basis sets (cc-pVTZ quality).32 

Grimme dispersion corrections without damping (keyword -zero) were added at this stage using 

the standalone dftd3 program.41,42 Enthalpies and Gibbs free energies were then obtained from TZ 

singlepoint energies and thermal corrections from the TPSSTPSS/cc-pVDZ-(PP) vibrational 

analyses; entropy corrections were scaled by a factor of 0.67 to account for decreased entropy in 

the condensed phase.43-45 

4.4.6 Molecular docking studies: The amino acid sequence of Sus scrofa succinate dehydrogenase 

was retrieved from a crystal structure (PDB ID: 4YXD);46 the subunit consists of 4 unique chains. 

The F. graminearum SDH amino acid sequence was retrieved via a TBLASTN search using the 

Sus scrofa SDH sequences as the query and the organism as “Fusarium graminearum species 

complex (taxid:569360)”. The accession numbers for each chain are: XM_011328820 (NCBI), 

JX869230.1 (Genebank), JX869216.1 (Genebank), JX869209 (Genebank) for chains A, B, C, and 

D, respectively. The 4 chains were then used as a “Multiple Target” input for homology modeling 

using the SWISS-MODEL server,21 which yielded 26 different templates. Models were then built 

for the top scored (by GMQE and QSQE) 2 unique templates (Table 3). Each model was 
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superimposed with the crystal structure of their respective template. Coordinates of ligands from 

the template structure that were missing (flavin-adenine dinucleotide and heme group) were added 

to the model. Then, each model was superimposed to the template from model 2. The coordinates 

of the NAQ were then copied into each model to guide selection of the SDHI binding site residues. 

 

Table 4. 8 Information of homology model of F. graminearum SDH. 

 

The coordinates of the model were opened in the Molecular Operating Environment (MOE) 

software,47 and hydrogens were added with the Protonate3D utility. Using the AMBER99 force 

field48 with a combined explicit solvent and implicit reaction field solvent model set up using the 

MOE software package, the model was minimized to a RMSG of < 0.1 kcal mol-1 Å -1 with the 

backbones tethered to prevent deviation from the starting structure. The coordinates of NAQ from 

the crystal structure of Sus scrofa SDH used as a template in model 2 (PDB ID: 4YTP) was placed 

into the binding sites of each model. Active site residues within 5 Å were selected as the binding 

pocket residues. Then, a library of conformers for each ligand was generated in MOE using a 

systematic search with the MMFF94x force field49 as implemented by MOE. Docking was 

performed with the ‘Induced Fit’ docking protocol. One thousand ligand conformations were 

generated, and the docking was performed using the ‘Triangle Matcher’ placement method. All 

1000 conformations per ligand were scored using the ‘London dG’ scoring function, submitted to 

a refinement step based on molecular mechanics and rescored with the ‘GBVI/WSA dG’ scoring 

function.11-12 GBVI/WSA dG, a forcefield-based scoring function, determines the binding free 

energy (kcal mol-1 ) of the ligand from a given pose.50,51 
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Chapter 5: Mechanism of Perfluoronickelacyclopentane Formation from 

Tetrafluoroethylene 
 

Contributions to Knowledge:  

Mechanism of Perfluoronickelacyclopentane Formation from Tetrafluoroethylene: Ancillary 

Ligand Steric and Bite Angle Effects on Cyclization Pathways.  

Luana L. T. N. Porto, Jeffrey A. Ovens, Russell P. Hughes* and R. Tom Baker,* to be submitted, Oct. 

2022.             

Chapter Contributions: Our collaborator Dr. Russell P. Hughes (Dartmouth College, USA) 

performed DFT calculations, Luana Porto performed all the experiments and wrote the first draft. 

Dr. Jeffrey Ovens collected and refined the X-ray diffraction data for molecular structure 

determination, and Prof. Baker conceived the project, helped plan the experiments and refined the 

manuscript text. 

Abstract: Metallacyclopentanes are important reaction intermediates for catalytic processes such 

as selective ethylene oligomerization and diene cyclooligomerization. Reactions of fluoroalkenes 

with low-valent first row transition metal complexes tend to form stable 

fluorometallacyclopentane products (unless precluded by bulky ancillary ligands). DFT studies 

conducted herein indicate that conversion of L2Ni bis(fluoroalkene) complexes to 

fluorometallacycle products is accompanied by a dramatic increase in the L-Ni-L angle. An 

experimental investigation of wide bite-angle bis(phosphine) ligands such as DPEphos confirms 

formation of isomeric metallacyclobutane products. 

5.1 INTRODUCTION 

Formation of metallacyclopentanes from alkenes has been pursued intensively with early metals 

for selective ethylene oligomerization to 1-hexene1-5 and with late metals for diene 

cyclooligomerization6-11 and ethylene dehydrodimerization to butadiene.12 The history of 

nickelacyclopentanes is particularly fascinating. In 1974 Binger and co-workers showed that 

reactions of Ni(cod)2 with strained cyclopropenes gave cyclobutane products, proposed to result 

from reductive elimination of the substituted metallacyclopentane intermediate (Scheme 5.1).13 

Subsequent synthesis of Ni(2-C4H6)(bpy) demonstrated its considerable thermal stability (now to 

b-H elimination),  although the complex could not be obtained from ethylene.14,15  Several years 

later Grubbs and Miyashita prepared triphenylphosphine nickelacyclopentanes at low temperature 

and showed that their decomposition pathways depended on the P:Ni ratio (Scheme 5.2).16,17 

Labeling studies indicated reversible formation of the nickelacyclopentane from the bis(alkene) 
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complex18 and proposed the former as catalysts for alkene cycylodimerization.19 These results 

prompted an early EHMO computational study on concerted cyclization of Fe(2-C2H3R)2(CO)3
  

 

Scheme 5.1 First synthesis and reactivity demonstration of nickelacyclopentanes. 

 

 

Scheme 5.2 Nature of decomposition products derived from PPh3 nickelacycles depends on P:Ni ratio. 

that correctly predicted the kinetic regioselectivity of metallacycle formation based on relative 

lobe size of the unsymmetrical alkene’s * orbital.20 In contrast, both Ogoshi and coworkers,21 and 

Olivier-Bourbigou, Breuil and coworkers22 did not observe formation of cyclobutane or 1-butene 

while using Ni(C2H4)2(PCy3) and Ni(C2H4)(PPh3)2, respectively, with ethylene. In 1998 a DFT 

study showed that in the lowest energy pathway the incoming ethylene molecule reacts not at the 

metal center, but at the carbon of a coordinated ethylene, generating a 1,5-diradical that then 

collapses to the metallacycle.23 

The discovery of perfluorometallacyclopentane complexes by Stone and Wilkinson in 

1960 (prepared by photolysis of Fe(CO)5 and tetrafluoroethylene, TFE) demonstrated their high 

thermal stability.24,25 Subsequent studies with low-valent nickel precursors showed that steric 

effects dictated formation of the alkene complex vs. metallacycle.26–30 Electronic effects were also 

identified by the same group with π-accepting ancillary ligands favoring metallacycle formation31. 
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Later work by Pörschke and co-workers confirmed this effect in their demonstration that Ni(2-

C2F4)(tmeda) does not form the nickelacyclopentane on exposure to excess TFE under elevated 

pressure and temperature,32,33 even though the latter is stable and easily obtained by ligand 

substitution from Ni[2-(CF2)4)-][P(OiPr)3]2. 
34  

Although the metal-mediated cyclization of alkenes and alkynes has been investigated 

computationally,1,18,19 given the unique roles played by organofluorine compounds in physical 

organic chemistry35 we sought to investigate the Ni-mediated cyclization of TFE in detail. Herein 

we report a combined experimental-computational study of the effects of ancillary ligands. For 

bidentate chelating ligands, and for all but the most sterically demanding monodentate ligands, an 

18-electron four-coordinate pathway is energetically favored, proceeding via an unusual 

pseudotetrahedral metallacyclopentane intermediate. In the cases of bidentate ligands, large bite 

angles accelerate the overall reaction.  

5.2 RESULTS AND DISCUSSION 

The standard reaction we employed for the synthesis of perfluoronickelacyclopentanes is 

reaction of Ni(cod)2 with 2 equiv of a monodentate ligand, L or 1 equiv of a bidentate ligand, L-L 

followed by addition of 3-5 equiv of TFE. In some cases, the first reaction was conducted at low 

temperature to minimize formation of NiL4 or Ni(L-L)2, although some of these react smoothly 

with TFE. Monitoring the reaction by 19F NMR spectroscopy typically shows initial formation of 

the olefin complex, followed by the metallacycle with no evidence of the bis(olefin) complex prior 

to cyclization. As a result computational studies started with L2Ni- or (L-L)Ni TFE olefin complex 

+ 1 equiv TFE.  

5.2.1 Computational studies: Experimentally, the only relevant species observed in solution has 

been the mono(alkene) complex (or metallacyclopropane), Ni(ƞ2-C2F4)(L2) (5-1) and the 

metallacyclopentane Ni(CF2CF2CF2CF2)L2 (5-2), several examples of which have been 

characterized crystallographically.31-34,36,37 Potential pathways for conversion of 5-1 to 5-2 were 

studied computationally using Density Functional Theory (DFT/B3LYP-D3/LACV3P**). As the 

reactions typically proceed in non-polar solvents, no solvent corrections were employed. 

5.2.1.1 Pathways for metallacycle formation: We began by evaluating potential species present in 

solution from which metallacycle formation might originate. Assumptions were that 5-1 is the 
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starting material, spectroscopically observed in situ, and that coupling to form the new C-C bond 

occurs within the coordination sphere, requiring two molecules of coordinated C2F4. Alternative 

pathways, in which exogenous C2F4 attacks ligated C2F4 to give a diradical intermediate38 prior to 

closure to give the metallacycle were considered but excluded (vide infra). Two coordinated C2F4 

ligands are accommodated by coordination of an additional C2F4 to L2Ni(C2F4) (A) to give the 

pseudo-tetrahedral 18-electron intermediate L2Ni(C2F4)2 (B), or by subsequent loss of L from B to 

afford the trigonal planar 16-electron mono(phosphine) species LNi(C2F4)2 (C). DFT optimization 

of A, B, and C using several monodentate ligands afforded their closed-shell singlet ground state 

structures and free energies, and further exploration of the singlet energy landscape afforded the 

transition structures and intermediates connecting them. The resultant relative free energy 

landscapes are shown in Figure 5.1. In all systems described herein, calculated free energies are 

given relative to G[L2Ni(C2F4) + free C2F4] = 0.0 kcal/mol. Since singlet/triplet energy gaps for 

starting materials and product A, B, and C are calculated to be large (e.g., L= PMe3; A 23.7; B 

27.0; C 34.9 kcal/mol) only closed-shell singlet reaction pathways have been examined in detail. 

Calculated structures (A-I) for L = PMe3 are presented in Figure 5.2. Full structural information 

on all calculated species is provided in the Appendix. 

As shown in Figure 5.1, formation of the final metallacyclic product F is strongly downhill 

in all cases. Binding of a second C2F4 ligand to L2Ni(C2F4) (A) to give B is an uphill process except 

for the PMe3 complex, which is essentially thermoneutral. A transition state for C2F4 binding to A 

to give B (L=PMe3) was located at 6.4 kcal/mol above the starting materials; coordination is clearly 

a low activation energy process and details have not been examined for other systems. 

Unsurprisingly, both steric and electronic effects play significant roles in these reactions to form 

the key bis(alkene) intermediates B and C and are discussed in detail later. 

In all cases, the transition structure (D‡) for C-C coupling via four-coordinate intermediate 

B is more favorable than that (G‡) from three-coordinate C. For the three-coordinate pathway, 

examination of the relevant structures in Figure 5.2 reveals that the two alkenes in the ground state 

of C are already in the conformationally required coplanar arrangement for metallacycle formation. 

The C-C coupling occurs concertedly via D‡, which then descends to a second transition structure 

G‡ leading to a bifurcated pathway to the two identical T-shaped intermediates (I); a similar pathway 
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has been computed for cyclization of CF2=CH2 using Ni(NHC) as a template.39 Coordination of L 

affords the final metallacycle F.  

 

Figure 5.1 Calculated relative free energy landscape (not to scale) for Ni-metallacycle formation from two 

molecules of C2F4 using monodentate ancillary ligands. G values are relative to G[L2Ni(C2F4) + free C2F4] 

= 0.0 kcal/mol. 

In contrast, binding of a second C2F4 to A results in a substantial contraction of the L-Ni-L angle 

from 119.3° to 108.9° (L = PMe3) that must have a steric price (vide infra). In the ground state of 

the resultant four-coordinate B the two alkenes are mutually skewed, with each of their C-C axes 

eclipsing a Ni-P bond and are not conformationally oriented for coplanar C-C bond formation. 

Fortunately, as expected, the barrier to propeller rotation about the Ni-alkene axis is small 

(calculated ~6 kcal/mol) in pseudotetrahedral B, allowing low energy access to the coplanar 

conformation required to generate transition structure D‡. Other than this rotational component, 

four-coordinate transition structure D‡ for formation of the new C-C bond requires significantly 

less distortion of the two alkenes and occurs earlier along the reaction coordinate (C-C = 2.311Å) 

compared to G‡ (C-C = 1.970Å) (L = PMe3), contributing to its lower energy. The concerted C-C 
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Figure 5.2 Calculated structures for Ni-C2F4 complexes A-I (Figure 5.1) using PMe3 as the ancillary ligand. 

Hydrogen atoms are omitted for clarity. 

coupling reaction via D‡ leads to an unusual kinetic metallacycle E. The L-Ni-L angle is 

dramatically increased in both the transition structure D‡ (120.6°) and kinetic metallacycle product 

E (149.5°) (L = PMe3). Subsequently E rearranges to the thermodynamically observed square planar 

metallacycle F. We have been unable to observe a direct transition structure for this E-F 

isomerization computationally. Intermediate E is remarkable for a four coordinate, formally Ni(II), 

species, which has an exceptionally obtuse L-Ni-L angle. Rather than a pseudotetrahedral geometry, 

it resembles a trigonal bipyramid with a missing equatorial ligand. We speculate that one of the 

additional donors present in situ (L or COD) can bind to the vacant coordination site in E to afford 

a trigonal bipyramidal intermediate, which can then pseudorotate to a square pyramid, with ultimate 

loss of the exogenous donor to afford the final product metallacycle (F). We have not examined this 
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isomerization in any detail, but significant computational evidence for an intramolecular version of 

this isomerization is presented later. 

In contrast, when the ancillary ligand becomes sufficiently bulky (e.g., PiPr3), the energy 

landscape is flipped, as shown in Figure 5.3. Formation of four-coordinate B is now strongly 

disfavored compared to three-coordinate C and coupling proceeds via the three-coordinate pathway. 

Here the steric demands of the phosphine make even the four-coordinate metallacycle F unstable 

with respect to phosphine dissociation to give I. Similar T-shaped metallacycles I with very bulky 

NHC ligands have been previously observed experimentally and studied computationally.39,40 

Further discussion here is therefore limited to the four-coordinate pathway. 

5.2.1.2 Energy components in the four-coordinate pathway: The overall activation free energy of 

metallacycle formation from four-coordinate B, reflected by the free energy of transition structure 

D‡, involves two important components; initial binding of the second alkene to A to give B, 

followed by the actual intramolecular cyclization step in which B transitions to E via D‡. The 

former represents a reversible, and in most cases thermodynamically unfavorable, pre-equilibrium 

in which lnKeq is inversely proportional to DG(B-A), with the second barrier DG(D-B) 

corresponding to the barrier for C-C bond formation via irreversible generation of the kinetic 

metallacycle E directly from B. Ancillary ligand effects on both steps define their impact on the 

overall facility of the reaction and are considered separately. 

       Relative G values, Ni-L distances, and L-Ni-L angles in the important species along the four-

coordinate path are compiled in Table 5-1 for those monodentate ligands already discussed (entries 

1-6), and for several bidentate analogues to be discussed later.  

5.2.1.3 Monodentate ligands (Table 5-1; entries 1-6): Relative to the PMe3 example, in which the 

electron-rich and relatively sterically unencumbered Ni readily binds an additional C2F4 to give B, 

this reaction is disfavored for the larger cone angle PPh3 (as it is even more strongly for PiPr3; vide 

supra) but is also disfavored for the better p-acceptor P(OMe)3 and notably for the sterically 

undemanding but strongly p-accepting CO ligand. Electronic effects clearly play an important 

effect on this pre-cyclization process. Replacement of PMe3 by NMe3 also results in less favorable  
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Figure 5.3 Calculated relative free energy landscapes (not to scale) for Ni-metallacycle formation from two 

molecules of C2F4 using the PiPr3 ligand. 

Table 5.1 Ligand Angle Effects in Metallacycle Formation (DFT/B3LYP-D3/LACV3P**/gas) 

Entry Ligand (L2) 

Relative Ga 

(L-Ni-Langle °) 

{Ni-L distances Å} 

 

  
L2Ni(C2F4)

2 B 

Transition 

structure D‡ 

Kinetic 

Metallacycle E 

Final 

Metallacycle 

F 

G 

(D‡-B)b 

1 2 x PMe3 

-0.1 

(101.9) 

{2.271} 

11.3 

(120.6) 

{2.252} 

-10.5 

(149.5) 

{2.202} 

-38.0 

(99.1) 

{2.273, 

2.293} 

11.4 

2 2 x PPh3 

11.0 

(105.0) 

{2.348, 

2.354} 

20.5 

(114.9) 

{2.275, 

2.342} 

-0.6 

(142.6) 

{2.210, 2.220} 

-36.2 

(99.8) 

{2.288, 

2.348} 

9.5 

3 2 x P(OMe)3 

7.0 

(96.2) 

{2.227} 

12.9 

(119.6) 

{2.210} 

-3.9 

(143.9) 

{2.177} 

-34.3 

(95.4) 

{2.222, 

2.250} 

5.9 

4 2 x CO 

12.4 

(103.9) 

{1.859} 

28.1 

(127.5) 

{1.833} 

9.8 

(158.2) 

{1.813} 

-29.1 

(99.3) 

{1.873} 

15.7 
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5 2 x NMe3 

7.9 

(101.8) 

{2.248} 

17.8 

(109.3) 

{2.168, 

2.171} 

-7.5 

(146.7) 

{1.989} 

-33.1 

(99.3) 

{2.102, 

2.320} 

9.9 

6 2 x py 

2.4 

(93.8) 

{2.057} 

22.2 

(113.6) 

{1.958. 

2.114} 

-5.3 

(157.5) 

{1.913} 

-48.0 

(90.5) 

{2.025} 

19.8 

7 bipy 

2.1 

(80.5) 

{2.028} 

26.0 

(82.3) 

{1.946, 

2.069} 

18.8 

(85.5) 

{1.971} 

-50.1 

(81.3) 

{2.009} 

23.9 

8 

Me2N(CH2)2N

Me2 

tmeda 

8.3 

(84.2) 

{2.214, 

2.223} 

24.8 

(88.0) 

{1.984, 

2.343} 

12.9 

(95.9) 

{2.048} 

-48.6 

(86.0) 

{2.078} 

16.5 

9 

cis-

Me2N(CH=C

H)NMe2 

8.6 

(81.6) 

{2.190, 

2.198} 

26.4 

(83.4) 

{2.010, 

2.336) 

14.8 

(91.2) 

{2.062} 

-47.9 

(84.8) 

{2.078} 

17.8 

10 
Me2N(CH2)3N

Me2 

15.5 

(90.6) 

{2.278} 

29.4 

(98.8) 

{2.146, 

2.168} 

10.2 

(120.3) 

{1.996} 

-35.4 

(94.6) 

{2.132} 

13.9 

11 
Me2N(CH2)4N

Me2 

15.5 

(98.4) 

{2.172, 

2.277} 

29.4 

(110.2) 

2.018, 

2.444} 

6.5 

(136.5) 

{1.975, 1.990} 

-21.6 

(97.1) 

{2.163, 

2.228} 

13.9 

12 

Me2P(CH2)2P

Me2 

dmpe 

-3.8 

(88.5) 

{2.286} 

14.4 

(95.0) 

{2.207, 

2.266} 

-0.5 

(104.5) 

{2.165} 

-49.5 

(88.4) 

{2.211} 

18.2 

13 

Me2P(CH2)3P

Me2 

dmpp 

4.4 

(93.9) 

{2.301} 

18.9 

(103.5) 

{2.230, 

2.236} 

0.9 

(118.2) 

{2.157} 

-41.8 

(93.6) 

{2.243} 

14.5 

14 

Me2P(CH2)4P

Me2 

dmpb 

1.0 

(98.5) 

{2.247, 

2.269} 

14.1 

(115.5) 

{2.238, 

2.250} 

-7.3 

(138.9) 

{2.189} 

-39.6 

(98.2) 

{2.270} 

13.1 
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15 DPEphos 

8.0 

(102.0) 

{2.305, 

2.377} 

{Ni-O 

3.251} 

17.8 

(111.4) 

{2.280, 

2.297} 

{Ni-O 

3.126} 

Isomer 1c 

-3.5 

(132.1) 

{2.202, 2.212} 

{Ni-O  2.892} 

Isomer 2c 

-24.5 

(117.9) 

{2.248, 2.461} 

{Ni-O  2.120} 

-33.2 

(100.6) 

{2.324, 

2.371} 

{Ni-O 

3.088} 

9.8 

16 XantPhos 

5.3 

(104.3) 

{2.336, 

2.351} 

{Ni-O 

3.382} 

12.1 

(116.9) 

{2.274, 

2.301} 

{Ni-O 

3.181} 

Isomer 1 

-8.4 

(137.2) 

{2.202, 2.212} 

{Ni-O 2.797} 

Isomer 2 

-25.7 

(125.4) 

{2.276, 2.345} 

{Ni-O 2.059} 

-26.6 

(99.5) 

{2.315, 

2.321} 

{Ni-O 

2.546} 

6.8 

a For each L2, all G values (bold) are relative to L2Ni(C2F4) + C2F4(free) = 0.0 kcal/mol 
b This value represents the free energy change for the actual cyclization step. 
c Different intermediate structures are due to different conformations of the DPE ring systems; 

the Ni, P, and metallacycle components are essentially superimposable. 

 

binding of alkene, perhaps due to increased intra-ligand steric effects which are enhanced due to the 

short Ni-N bonds, as the L-Ni-L angle must contract from A to B. Indeed, loss of NMe3 from B to 

give C is slightly downhill. In contrast the planar pyridine (py) ligand provides for more favorable 

alkene binding, and unfavorable py dissociation from B. Loss of L from B to give the trigonally 

coordinated species (C) is also a significantly uphill process for all phosphorus ligands (excepting 

PiPr3; vide supra), while NMe3 is slightly downhill (vide supra) and CO is only slightly uphill. 

Clearly, the facility of initial binding of a second alkene to afford the crucial intermediate B is 

strongly dependent both on the ancillary ligand donor/acceptor properties and intraligand steric 

effects, with no clear predictable pattern emerging. However, despite unfavorable binding constants 

in almost all cases, it is clear that the preferred pathway for metallacycle formation originates from 

B via transition structure D‡; the corresponding transition state G‡ for cyclization in a three 

coordinate species is always a significantly higher energy reaction. 
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 Not unexpectedly, as with the initial binding step, examination of the activation free energies 

of the cyclization step (reflected in DG(D‡-B); entries 1-6, Table 5-1) reveals no clear correlation 

between steric effects and electron donor/acceptor properties of the monodentate ligands studied. 

However, some more useful correlations can be made between individual monodentate ligands and 

their bidentate analogues. 

5.2.1.4 Bidentate ligands (Table 5-1; entries 7-16): Since the favored pathway for metallacycle 

formation for monodentate ligand complexes requires a four-coordinate intermediate we were 

initially mystified as to why the previously reported compounds L2Ni(C2F4) [L2 = bipy, tmeda] were 

resistant to reaction with more C2F4 to give a metallacycle, even though the metallacycle can be 

prepared independently by alternative means (see below). This clearly implicates a kinetic barrier 

to cyclization, and we posited that the obtuse L-Ni-L angle in the corresponding intermediate E and 

in the transition structure D‡ leading to it, might not be readily achievable by chelates with small 

bite angles. Accordingly, we examined the energy landscapes of these bidentate chelates, as shown 

in Figure 5.4. 

 

Figure 5.4 Calculated relative free energy landscapes (not to scale) for Ni-metallacycle formation from two 

molecules of C2F4 using bipy and tmeda chelate ligands. Structures for the bipy complexes are shown, with 

hydrogen atoms omitted for clarity. 
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The pathway to metallacycle formation via transition structure D‡ is indeed higher than for 

the monodentate ligands in both cases (Figure 5.1). Due to the constrained bite angles of these 

chelating ligands, the kinetic metallacycle E has a much more pseudotetrahedral structure than in 

the monodentate ligand cases in which the L-Ni-L angle can expand. Comparison of the tmeda 

data with those of the analogous untethered bis(NMe3) system (Table 5.1; entries 8 and 5) reveals 

significantly different overall activation free energies. These arise not from binding energies 

differences for the second alkene, which are almost identical, but from significant differences in 

the values of DG(D‡-B); transition structure D‡ is significantly higher in energy for the bidentate 

ligand, as is the energy of the kinetic metallacycle E. The structure of D‡ shows an N-Ni-N angle 

of 88.0° for the bidentate tmeda ligand, with significantly different Ni-N distances (1.984, 

2.343Å). Formation of intermediate E expands this angle slightly to 95.9°, with equal Ni-N 

distances (2.048Å). In contrast, the untethered bis(NMe3) analogue allows a much larger N-Ni-N 

angle of 109.3° in the transition structure D‡, with essentially equal Ni-N distances, and also allows 

an even more expanded angle of 146.7° in the kinetic metallacycle E. Introduction of additional 

conformational constraint in the bidentate ligand using cis-Me2NCH=CHNMe2 (entry 9) affords 

essentially identical conclusions. Thus constraint of the bite angle is a significant factor in the 

tmeda system, which accommodates the additional strain by elongating one Ni-N distance in the 

transition structure D‡. Likewise, comparison of the data for chelating bipy and its untethered 

bis(py) analogue (Table 5-1; entries 6 and 7) yields similar conclusions concerning bite angle 

constraints, with the exception that the transition structure D‡ for the bis(py) derivative also shows 

two different Ni-N distances. 

The results of increasing the bite angle of the chelating nitrogen ligands using added 

methylene groups (entries 8, 10, and 11) are initially suprising, as the overall activation free energy 

actually increases, despite the more flexible ligands. However this difference arises from increased 

steric cost of alkene binding to form intermediate B; the actual cyclization step has a slightly lower 

activation energy DG(D‡-B), in agreement with a more flexible bite angle. 

Comparison of the bis(PMe3) system with the chelating dmpe analogue (entries 1 and 12) 

is also enlightening. Even though the dmpe derivative binds the second alkene more strongly than 

the monodentate analogue, the overall activation free energy is larger due to the constrained bite, 

as reflected in the DG(D‡-B) values. Two significantly different Ni-P distances are found in the 
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dmpe transition structure D‡. Comparison of dmpe with its ring-expanded analogues dppp and 

dppb (entries 12-14) illustrates differential C2F4 binding as the chelate ring bite expands, but 

examination of the DG(D‡-B) values illustrates that the more flexible bite angle leads to 

progressive lowering of the activation barrier to the actual cyclization step. 

Bidentate ligands having larger bite angles were also examined computationally (Table 5-

1: entries 15-16). In addition, these ligands have an O-atom in the chelate backbone with added 

ligating potential. The energy landscape for the DPEphos system (entry 15) is shown in Figure 

5.5, along with computed structures. The energetics are remarkably similar to those for the 

untethered bis(PPh3) system (entry 2) indicating that the bite angle constraint is attenuated for this 

large bite angle ligand. In particular, the activation barrier for the actual cyclization step DG(D‡-

B) is almost identical to that for the untethered PPh3 analogue. The backbone O-atom appears to 

play no significant role until after the cyclization transition state, with the Ni-O distance essentially 

unchanged from B (3.251Å) to D‡ (3.126Å) Transition structure D‡ intially evolves into 

intermediate E(isomer 1) in which the Ni-O distance (2.797Å) shortens slightly but is not 

significantly stabilized relative to the PPh3 analogue. However, a subsequent conformational flip 

of the DPEphos ligand generates a truly five-coordinate isomer E(isomer2) in which the Ni-O 

distance is 2.120Å and which is strongly stabilized relative to its isomer. Alternative views of these 

two isomeric intermediates E for the DPEphos system are provided in Figure 5.6, illustrating that 

E(isomer2) is a truly five-coordinate trigonal bipyramidal structure. A trigonal twist serves to 

isomerize this to the final square planar metallacyclic product F in which the Ni-O interaction is 

substantially lengthened to 3.088Å. This serves as a model for exogenous donors to help stabilize 

intermediates E in other systems (vide supra), and to facilitate isomerization to the final product 

F. 

The energy profile of the corresponding XantPhos system (entry 16) is similar, though with 

a significantly lower activation barrier fro the cyclization step, consistent with its larger bite angle. 

Notably for XantPhos the final square planar product F (entry 16) is very close in energy to E 

(intermediate2). 
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Figure 5.5 Calculated free energy landscape for metallacycle formation using DPEphos. H-atoms omitted 

for clarity. 

5.2.2 Experimental Studies: In light of the remarkable P-Ni-P angle increase observed 

computationally for C-C bond formation using TFE, we investigated reactions with several 

bis(phosphines) having a wide natural bite angle (βn).
41-43 Reactions of 5 equiv of TFE with 

Ni(cod)(dppe) (βn = 78 °) and Ni(cod)(dppf) (βn = 99 °) proceeded as expected with initial 

formation of the olefin complexes, 5-1a,b and subsequent conversion to nickelacyclopentanes, 5-

2a,b characterized by 19F and 31P NMR spectroscopy [Figure 5.7 and Appendix; dppe = 1,2-

bis(diphenylphosphino)ethane; dppf = 1,1’-bis(diphenylphosphino)ferrocene]. The structure of 5-

1b was confirmed by X-ray crystallography (Figure 5.8). In contrast, using DPEphos (bn = 102 

°), olefin complex 5-1c as well as two different metallacycles 5-2c and 5-3 were observed {Scheme 

5.3; DPEphos = bis[(2-diphenylphosphino)-phenyl] ether}. While complex 5-2c gave rise to sharp 

19F NMR resonances (Figure 5.9), those due to 5-3 were indicative of a fluxional process with the 

low-temperature spectrum indicating no apparent mirror plane containing the metallacycle ring 

(Figure 5.10). This process could involve a flexing of the ligand backbone or reversible Ni-O bond 

cleavage; the activation barrier could be estimated  as ΔG҂ = -13.5 kcal/mol) assuming coalescence 

at 238K. Crystallization of 5-2c from the reaction mixture allowed us to demonstrate its distorted 

square planar structure (Figure 5.11) that matched well the calculated structure (E isomer 1). The 
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other metallacyclopentane isomer (5-3) is presumably that with Ni coordinated to the oxygen of 

the DPEphos diaryl ether backbone (E isomer 2).  

 

dpephos (Table 5-1:entry 15) 

  

E (isomer 1) E (isomer 2) 
  

XantPhos (Table 5-1:entry 16) 

 
 

 

E (isomer 1) E (isomer 2) 
 

Figure 5.6 Alternative views of the computed structures of the E isomers in the DPEphos and Xantphos 

cyclization reactions, with H-atoms omitted for clarity. 
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Figure 5.7  19F (A) and 31P{1H} (B) NMR spectra of Ni(cod)2 + dppf + 3 equiv TFE in C6D6. 

 

 

Figure 5.8 Molecular diagram representation of the molecular structure of Ni(2-C2F4)(dppf) (5-1b). Thermal ellipsoid 

probabilities are set to 30% with hydrogen atoms and co-crystallized solvent omitted for clarity. Selected bond distances (Å) and 

angles (deg): Ni-P1 2.2003(4); Ni-C1 1.8839(14); C1-C1’ 1.409(3); Ni-Centroid(C1,C1’) 1.7471(10); Ni-Fe 4.1955(4); P1-Ni-

P1’ 106.6(1); C1-Ni-P1 104.95(5); C1-Ni-P1’ 148.2(1); P1-Ni-Centroid(C1,C1’) 126.7(1). 
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Scheme 5.3 Reaction of Ni(cod)(DPEphos) with TFE in THF.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Finally, using Bisbi (βn = 113 °), which does not contain an oxygen donor, we again 

observed a mixture of metallacycles (Figure 5.12). Although several of the resonances shifted on 

2.5 h 

5 min 

B A 

5 min 

2.5 h 

- 10  

- 35 °C 

25  

45  

Figure 5.9 19F (A) and 31P{1H} (B) NMR spectra of Ni(cod)2 + DPEphos + 3 equiv TFE in C6D6. 

Figure 5.10 Variable temperature 19F NMR spectra of metallacycle 5-3. 
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addition of acetonitrile (see Appendix), crystals obtained from this solvent revealed formation of 

.a bis(phosphine)-bridged complex with one acetonitrile ligand coordinated to each Ni (Figure 

5.13). It is thus possible that with this largest bite-angle bis(phosphine), chelating a single Ni center 

is disfavored with respect to bridging two nickels.  

Returning then to the chelating N-N ligands investigated originally by Pörschke, after 

confirming their observation of no reaction between the TFE complex and additional TFE in THF 

solvent even at 60 °C, we found that simply switching the solvent to acetone with gentle heating (40 

°C) afforded previously reported Ni(C4F8)(bipy) (5-2e) in high yield (see Appendix). Indeed, even 

in 2,5-dimethyl-dihydrofuran solvent metallacycle formation was observed after heating at 60 °C 

overnight. As a result, rather than smaller solvent molecules promoting metallacycle formation via 

an associative pathway, it is more likely, based on the calculations above, that tight binding of THF 

to Ni(2-C2F4)(bipy) accounts for Pörschke’s original observation.  

 

 

Figure 5.11 Molecular diagram representation of molecular structure of 5-2c. Thermal ellipsoid 

probabilities are set to 30% with hydrogen atoms, co-crystallized solvent and alternate conformations of 

the disordered nickelacyclopentane ring are omitted for clarity. Selected bond distances (Å) and angles 

(deg): Ni-C1 1.956(3); Ni-C4 1.948(3); Ni-P1 2.2403(8); Ni-P2 2.2512(9); Ni----O 2.947(2); C1-Ni-P1 

153.01(10); C4-Ni-P2 157.29(10); C1-Ni-C4 84.32(13); P1-Ni-P2 100.43(3); C1-Ni-P2 91.44(10); C4-

Ni-P4 93.13(9). 
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Figure 5.12 19F (A) and 31P{1H} (B) NMR spectra of Ni(cod)(Bisbi) + 3 equiv TFE in benzene. 

 

Figure 5.13 Molecular diagram representation of molecular structure of 5-5. Thermal ellipsoid 

probabilities are set to 30% with hydrogen atoms, co-crystallized solvent and alternate conformations of 

disordered nickelacyclopentane ring are omitted for clarity. Selected bond distances (Å) and angles (deg): 

Ni-C1 1.898(3)-1.899(3); Ni-C2 1.940(3)-1.943(4); Ni-P1 2.2589(9)-2.2734(8); Ni-N1 1.885(3)-1.897(3); 

C1-Ni-N1 175.12(13)-175.27(11); C2-Ni-P1 174.29(11)-175.01(14); C1-Ni-C4 85.68(13)-85.92(16); C1-

Ni-P1 92.91(10)-93.23(9); C4-Ni-N1 89.20(15)-89.95(12); P1-Ni-N1 90.95(7)-91.98(9) 

5.3 CONCLUSIONS 

In this work, DFT calculations, together with experiments, elucidated several unique features in 

reactions of TFE with zerovalent Ni complexes. The effects of ancillary ligands are derived first from 

both the kinetic energy barrier to binding the second TFE molecule, as well as the thermodynamic 

stability of this intermediate. Second, in the transit from bis(alkene) complex to metallacycle, C-C 

bond formation occurs in a plane that is perpendicular to the L-Ni-L plane and is accompanied by a 

dramatic opening of the L-Ni-L angle to afford a kinetic metallacycle product in which the geometry 

about Ni resembles a trigonal bipyramid with one vertex missing. We then proposed that reversible 

coordination of a third ligand could facilitate conversion of this kinetic metallacycle to the most stable 

distorted square planar analogue. We showed that using wide bite-angle ligands such as DPEphos 

permits the ‘trapping’ of the kinetic metallacycle by Ni coordination to the oxygen of the ligand’s 

diaryl ether backbone. These observations represent a rare example of mechanistic studies of 

perfluorometallacycles and could help to develop new and more efficient catalytic systems.  
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5.4 EXPERIMENTAL SECTION 

5.4.1 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 (CH3CN) and dichloromethane (DCM) were dried by refluxing over calcium hydride 

under nitrogen. After distillation, they were dried further by stirring over activated alumina (ca. 5 

wt.%) overnight, followed by filtration. All solvents were stored over activated (heated at ca. 250 

oC for >10 h under vacuum) 4 Å molecular sieves. Glassware was oven-dried at 150 oC for >2 h. 

The following chemicals were obtained commercially without further purification, as indicated: 

1,2-bis(diphenylphosphino)ethane, (dppe, AlfaAesar, 97%), 1,1′-Ferrocenediyl-

bis(diphenylphosphine), (dppf, Sigma-Aldrich, 97%), Bis[(2-diphenylphosphino)phenyl] ether 

(DPEphos, Sigma-Aldrich, 97%), Bis[(2-diphenylphosphino)phenyl] ether (DPEphos, Sigma-

Aldrich, 98%), 2,2'-Bis(diphenylphosphinomethyl)-1,1'-biphenyl, 99% (Bisbi, Strem, 99%), 

acetone (Sigma-Aldrich, ≥99.8%, HPLC grade), 1,4-Dioxane (Sigma-Aldrich, ≥99.8%, 

anhydrous), nickel(II) acetylacetonate (EMD Millipore, >98%), 1,5-cyclooctadiene (TCI America, 

>98%), di-n-butylmagnesium (Sigma-Aldrich, 1.0 M solution in heptane) and n-butyl-s-

butylmagnesium (Sigma-Aldrich, 0.7 M solution in hexane). Tetrafluoroethylene (TFE) was made 

by pyrolysis of polytetrafluoroethylene (Scientific Polymer Products, powdered) under vacuum, 

using a slightly modified literature procedure [10-20 mTorr, 650 °C, 30 g scale, product stabilized 

with R(+)-limonene (Aldrich, 97%), giving TFE of ca. 97% purity].44 Bis(1,5-

cyclooctadiene)nickel (0) [Ni(cod)2] was prepared using a new literature procedure.45 19F and 

31P{1H} NMR spectra were recorded on a 300 MHz Bruker Avance instrument at room 

temperature (21-23 °C) unless stated otherwise. Electrospray ionization mass spectral data were 

collected using an Applied Biosystem API2000 triple-quadrupole mass spectrometer. 

5.4.2 X-ray crystallography: Single crystals were mounted on MiTeGen MicroMounts using 

parabar oil and X-ray diffraction data were collected on a Bruker Kappa or Smart ApexII single 

crystal diffractometer equipped with a sealed tube Mo K𝜶 source (𝝀= 0.71073 Å), a graphite 

monochromator, and an Apex II CCD detector. Samples were held at a low temperature using a 
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dry compressed-air cooling system. Raw data collection and processing were performed with the 

Apex3 software package from Bruker.46 Initial unit cell parameters were determined from 36 data 

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

were applied.47 Systematic absences in the diffraction data-set and unit-cell parameters were 

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

ShelxT direct methods,48, and refined with full-matrix least-squares procedures based on 𝑭𝟐 using 

ShelXL and ShelXle.49 Hydrogen atoms were placed geometrically and refined using a riding 

model. 

5.4.3 Computational Methods: All calculations were carried out using the Jaguar quantum 

mechanical program from Schrodinger.50 Structures were optimized with the M06 functional51 

combined with the LACVP** basis set.52 Single point energies for the optimized structures were 

calculated using M06 and the def2-TZVP53 basis set. Stationary point structures were confirmed 

to be minima or first-order saddle points by calculating the vibrational frequencies using analytical 

second derivatives. Images were produced using CYLView.54  

Reported free energies are:  

(U)M06/def2-TZVP(THF)//(U)M06/LACVP**(gas) at 298 K and 1 atm  

∆G = ∆E(def2-TZVP) + ∆Gsolv(def2-TZVP) + ∆EZPE(LACVP**) + ∆U(LACVP**) + nRT - 

T∆S(gas phase). ∆Gsolv(def2-TZVP).  

5.4.4 Synthesis: 

Generation of Ni(ƞ2-C2F4)(dppe) (5-1a) and Ni(C4F8)(dppe) (5-2a) 

Solid Ni(cod)2 (10 mg, 0.036 mmol) and dppe (14 mg, 0.036 mmol) were dissolved in 0.5 mL of 

C6D6 in an NMR tube sealed with rubber cap. Using a 3 mL syringe, 1 mL of TFE was inserted 

directly into the NMR tube. The reaction mixture was light orange and left at RT. 19F NMR spectra 

were recorded after 5 min, 1 and 2 h. 5-1a: -125.6 ppm (t, 3JFP = 31 Hz, 4F). 5-2a: -97.7 (s, 2Fα), -

134.7 ppm (s, 2Fβ). 
31P{1H} NMR: 5-1a: -2.98 ppm 5-2a: -0.7 ppm. 

 

Generation of Ni(ƞ2-C2F4)(dppf) (5-1b) and Ni(C4F8)(dppf) (5-2b) 
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Solid Ni(cod)2 (10 mg, 0.036 mmol) and dppf (20 mg, 0.036 mmol) were dissolved in 0.5 mL of 

C6D6 in a NMR tube sealed with rubber cap. Using a 3 mL syringe, 1 mL of TFE was inserted 

directly into the NMR tube. The reaction mixture was light orange and left at RT. 19F NMR spectra 

were recorded after 5 min, 2 and 8 h. 19F NMR (benzene) 5-1b: δ -130.1 ppm (t, 3JFP = 24 Hz, 4F) 

and 5-2b: δ -98.4 ppm (t, 3JFP = 29 Hz, 2Fα), -136.6 ppm (s, 2Fβ).
 31P{1H} NMR: 5-1b:18.5 ppm 

5-2b: 18.5 ppm. 19F NMR (THF) 5-1b: δ -127.8 ppm (t, 3JFP = 24 Hz, 4F) and 5-2b: δ -96.1 (t, 3JFP 

= 28 Hz, 2Fα), -134.2 (s, 2Fβ).
 31P{1H} NMR: 5-1b:22 ppm 5-2b: 22 ppm. 19F NMR (acetone) 5-

1b: δ -131.6 ppm (t, 3JFP = 23 Hz, 4F) and 5-2b: δ -100.4 ppm (t, 3JFP = 28 Hz, 2Fα), -137.6 ppm 

(s, 2Fβ).
 31P{1H} NMR: 5-1b:18.1 ppm 5-2b: 18.1 ppm. 

 

Generation of Ni(ƞ2-C2F4)(DPEphos) (5-1c), Ni(C4F8)(2-DPEphos) (5-2c) and Ni(C4F8)( 3-

DPEphos) (5-3) 

Solid Ni(cod)2 (10 mg, 0.036 mmol) and DPEphos (20 mg, 0.036 mmol) were dissolved in 0.5 mL 

of benzene in a NMR tube sealed with rubber cap. Using a 3 mL syringe, 1 mL of TFE was inserted 

directly into the NMR tube. The reaction mixture was light orange and left at RT. 19F NMR spectra 

were recorded after 5 min, 1 and 2 h. 5-1c: -130.6 (s, 4F), 5-2c: δ -101.6 (s, 2Fα), -136.3 (s, 2Fβ) 

and 5-3 δ -97.5 (br s, 2Fα), -134.3 ppm (br s, 2Fβ). 5-3 at -35 °C: -92, -109.02 ppm (d, 2JFF = 262 

Hz, Fα), -127.2, -145.5 ppm (d, 2JFF = 255 Hz, Fb) 
31P{1H} NMR: 5-1c: 16.3 ppm 5-2c: 16.3 ppm 

5-3 15.38 ppm. 

In another identical experiment, after 12 h complex 5-2c crystallized quantitatively from the 

reaction mixture and, after filtration, 19F NMR spectra were obtained at different temperatures to 

investigate the fluxional process occurring for 5-3.  MS of 5-2c [EI], m/z calculated for 

C40H28F8NiOP2. 797.7, found 796.7 (M-H)+. 

Synthesis of Ni(Bisbi)(COD)  

Solid Ni(cod)2 (100 mg, 0.36 mmol) was placed in a 15 mL vial glass and dissolved in 5 mL of 

benzene. Solid Bisbi (200 mg, 0.36 mmol) was added to the solution and the color changed from 

light yellow to orange. After stirring for 2 h at RT, the reaction mixture was concentrated in vacuo 

and precipitated with pentane. The product was filtered and dried affording an orange powder (252 

mg, 98%).  31P{1H} NMR: 36.7 ppm.     
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Synthesis of Ni(C4F8)(Bisbi) (5-4) 

Solid Ni(COD)(Bisbi) was dissolved in 0.5 mL of benzene in a NMR tube sealed with rubber cap. 

Using a 3 mL syringe, 1 mL of TFE was inserted directly into the NMR tube. The reaction mixture 

did not change color and was left at RT. 19F NMR spectra were recorded after 5 min, 1 and 2 h. 

19F NMR (282 MHz, toluene) 5-4a: -124.5 (dm, 2JFF = 182 Hz, 2F), -129.6 ppm (dm, 2JFF = 182 

Hz, 2F); 5-4b: -99.1 (s, 1F), -133.8 ppm (s, F); 5-4c -87.7 (dd, 2JFF = 253 Hz, CF2), - 99.8 (dt, 2JFF 

= 253, 3JFP = 30 Hz, CF2), -128 (dd, 2JFF = 247 Hz, CF2), -137.8 ppm (dd, 2JFF = 247 Hz, CF2). 

 

Synthesis of Ni(C4F8)(TMEDA) (5-2d) 

Solid Ni(cod)2 (10 mg, 0.036 mmol) and TMEDA (4.2 mg, 0.036 mmol) were dissolved in 0.5 mL 

of acetone in an NMR tube sealed with rubber cap. Using a 3 mL syringe, 1 mL of TFE was 

inserted directly into the NMR tube. The reaction mixture was light orange and left at 50 oC. 19F 

NMR 5-2d: -111.6 (s, 2F), -140.6 ppm (s, 2F). 

 

Synthesis of Ni(C4F8)(bipyridine) (5-2e) 

Solid Ni(cod)2 (10 mg, 0.036 mmol) and bipyridine (6 mg, 0.036 mmol) were dissolved in 0.5 mL 

of THF in a NMR tube sealed with rubber cap. Using a 3 mL syringe, 1 mL of TFE was inserted 

directly into the NMR tube. The reaction mixture was light orange and left at 50 oC. 19F NMR 5-

2e: -105.9 (s, 2F), -136.5 ppm (s, 2F). 

 

Synthesis of Ni(C4F8)(pyridine)2 (5-2f) 

Solid Ni(cod)2 (10 mg, 0.036 mmol) and pyridine (6 mg, 0.072 mmol) were dissolved in 0.5 mL 

of acetone in a NMR tube sealed with rubber cap. Using a 3 mL syringe, 1 mL of TFE was inserted 

directly into the NMR tube. The reaction mixture was light orange and left at 50 oC. 19F NMR 5-

2f: -112.18 (s, 2F), -139.51 ppm (s, 2F). 
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Chapter 6: Synthesis and Reactivity of Functionalized Fluoro-Nickelacyclopentanes 
 

Contributions to Knowledge: 

Synthesis and Reactivity of Functionalized Fluoro-Nickelacyclopentanes 

Luana L. T. N. Porto, Loic P. F. Mangin, Jeffrey A. Ovens and R. Tom Baker,* to be submitted, 2022.  

Chapter Contributions: Luana Porto performed all the experiments and wrote the first draft. Dr. Jeffrey 

Ovens and Dr. Loic P. F. Mangin collected and refined the X-ray diffraction data for molecular structure 

determination and Prof. Baker helped plan the experiments, analyze NMR data, and refine the manuscript 

text. 

Abstract: Fluoronickelacyclopentanes, typically formed by reactions of low-valent nickel complexes 

with fluoroalkenes, are key intermediates in the synthesis of hydrofluorocarbons (by hydrogenolysis or b-

F elimination / organosilane reduction) and fluorinated ketones (by cycloaddition / β-H elimination). In 

an effort to better understand substituent effects on their reactivity, we have prepared a series of nickel 

complexes from perfluoro(methyl vinyl ether) (PMVE) and chlorotrifluoroethylene (CTFE). In addition 

to L2Ni olefin complexes, both fluoroalkenes react with Ni(cod)2 + 2 equiv of P(OiPr)3 to give 

regioselective formation of the nickelacyclopentanes, Ni[-CFX(CF2)2CFX-][P(OiPr)3]2 (X =  OCF3, Cl) 

as trans-diastereomers. While the complex with X = OCF3 is stable, removal of solvent with X = Cl affords 

CTFE and Ni(cod)[P(OiPr)3]2. Reaction of both metallacycles with dppp [1,3-bis(diphenylphosphino)-

propane] displaces the phosphite ligands, affording a single diastereomer of electron-rich congeners Ni[-

CFX(CF2)2CFX-](dppp) that are both stable to solvent removal. In contrast, reaction of CTFE with 

Ni(cod)2 and 2 equiv of PPh3 yields the perfluorovinyl complex, NiCl(CF=CF2)(PPh3)2 from oxidative 

addition of the C-Cl bond. Using the wide bite-angle Xantphos ligand, however, affords the alkene 

complex and metallacyclopentanes that include two diastereomers of the head-to-tail regioisomer, Ni[-

CFClCF2CFClCF2-](Xantphos). While the CTFE-derived dppp metallacycle does not react with Lewis 

acids such as ZnCl2 and Me3SiOTf, the Xantphos analog undergoes selective C-F bond cleavage with 

the latter reagent to form a new complex proposed to be the dichloropentafluorocyclobutyl complex, 

Ni(OTf)(-CFCF2CF2CFCl-](Xantphos). In contrast, reaction of a mixture of the dppp CTFE alkene 

complex and metallacycle with trifluoroacetic acid protonated the Ni-CF bond of the alkene complex 

exclusively, providing insight into substituent effects on reactivity of fluoronickelacycles.  

6.1 INTRODUCTION 

      Advantages of fluorocarbons (vs. hydrocarbons), such as the strength of C-F bonds due to high 

polarity, small size, and low polarizability, as well as reduced flammability, reflect their increased 

demand as refrigerants, foam-blowing agents, and monomers for high-value fluoropolymers.1 

Development of the 4th generation of F-gases, hydrofluoroolefins (HFOs), in air-conditioning and 
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refrigeration came with the necessity of decreasing their global warming potential.2 One effective 

way to synthesize HFOs is by transition metal catalysis and environmental concerns with 

traditional methods employing HF and heavy metals have stimulated development of this area.3 

Organometallic nickel chemistry has played an important role in this field, allowing for the 

functionalization of easily accessed fluorometallacycles as described in Chapters 1 and 5.4,5  

In 1996, Baker et al., working at DuPont CR&D, demonstrated hydrogenolysis of the Ni-

CF bond in phosphite-ligated Ni perfluoronickelacyclopentanes at elevated temperature, giving 

rise to the catalytic hydrodimerization of TFE to H(CF2)4.
6 This process was also successful with 

trifluoroethylene (CF2=CFH, TrFe) giving predominantly HCF2(CHF)CF2CH2F) and 

HCF2(CHF)2CF2H)], and with a 10:1 mixture of ethylene and TFE to give 1,1,2,2-tetrafluoro-n-

butane. In later work, Andrella of the Baker group prepared the three-coordinate NHC 

perfluoronickelacyclopentane which undergoes hydrogenolysis at room temperature and 1 atm 

(Scheme 6.1). Building on earlier work by Burch (also at Dupont CR&D), Cα-F abstraction from  

 

Scheme 6.1 Reactivity of perfluoronickelacyclopentanes with Lewis acids. 
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Andrella’s complex using trimethylsilyl trifluoromethanesulfonate (TMSOTf) was accompanied 

by Ni-CF bond cleavage, CF-CF bond formation, and subsequent β-F elimination to give 

perfluorocyclobutene.7 Baker et al. also showed that xylylisocyanide ligand substitution promoted 

cleavage of both Ni-CF and  Cβ-F bonds.8  

Following up on Stone’s cyclization of Ni(0) with TrFe and PPh2Me,9,10 Baker et al. 

showed that regioselectivity could be influenced significantly by ancillary ligands (Scheme 6.2). 

Treatment of the head-to-tail isomers of the Ni(PMePh2)2 metallacycles with boron trifluoride 

etherate (BF3.OEt2) or TMSOTf resulted in multiple C-F bond activations (Scheme 6.3).11 In 

contrast, reaction of Andrella’s 3-coordinate, TFE derived Ni(NHC) metallacycle with Brønsted 

acids gave HF or CFα-H bond formation depending on the acid strength (Scheme 6.4).7 Finally, 

employing the monoligand nickel strategy with vinylidene fluoride (CF2=CH2, VDF) afforded 

dimeric [Ni(-F)(CF2CH2CF=CH2)L]2 via β-F elimination from the head-to-tail metallacycle. 

Inclusion of a hydrosiloxane then gave 2,4,4-trifluorobut-1-ene exclusively via Ni-catalyzed 

hydrodefluorodimerization (Scheme 6.5).12 

 

Scheme 6.2 Controlling fluoronickelacycle regioselectivity with ancillary ligands 
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Scheme 6.3 Reactions of Ni TrFE metallacycle with Lewis acids. 

 

Scheme 6.4 Reactions of Ni(C4F8)(SIPr) with carboxylic acids 

 

 

Scheme 6.5 Ni-catalyzed hydrodefluorodimerization of VDF 

      Inspired by this work, we expanded the scope to include the functionalized fluoroalkenes, 

chlorotrifluoroethylene (CF2=CFCl, CTFE) and trifluoromethyl vinyl ether (CF(OCF3)=CF2, 
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PMVE) with several different ancillary ligands on nickel. We also explored the reactivity of the 

resulting fluoronickelacyclopentanes with several Lewis and Brønsted acids.  

6.2 RESULTS AND DISCUSSION 

6.2.1 Synthesis of functionalized nickelacyclopentanes and nickel alkene complexes from 

perfluoro(methyl vinyl ether) (PMVE) 

 

Treatment of Ni(cod)2 (cod = 1,5-cyclooctadiene) with 2 equiv of triisopropylphosphite, P(OiPr)3, 

and excess (5 equiv) perfluoro(methyl vinyl ether) [PMVE, CF2=CF(OCF3)] at room temperature 

in benzene after 4 h gave a 1:1 mixture of the nickel alkene complex, Ni[ƞ2-

CF2=CF(OCF3)][P(OiPr)3]2 (6-1a) and regio- and stereospecific formation of 

nickelacyclopentane, Ni[-CF(OCF3)-CF2CF2CF(OCF3)-][P(OiPr)3]2 (6-2a; Scheme 6.6). 

Interestingly, the 6-1a:6-2a ratio remains unchanged in the presence of PMVE after several days, 

suggesting that metallacyclopentane formation is reversible. The 19F NMR spectrum of the 

reaction mixture displayed two new broad OCF3 resonances at -51.6 and -51.9 ppm in a 2:1 ratio 

due to 6-2a and 6-1a, respectively (Figure 6.1A). For 6-2a the two broad doublets for the 

diastereotopic CF2 groups show a typical sp3 2JFF coupling of 249 Hz but the C-F resonance does 

not show coupling to P which is 46 Hz from the triplet 31P NMR resonance (Figure 6.1B). In 

contrast, 6-1a shows a single triplet CF2 resonance and a singlet CF resonance in keeping with the 

3JFP coupling of 42 Hz observed in the 31P{1H} NMR spectrum (see Appendix). The molecular 

structure of 6.2a, confirmed by single-crystal X-ray diffraction analysis, consists of a distorted 

square planar nickel center with C2-Ni-C5 and P1-Ni-P2 angles of 87.5 and 95.4°, respectively 

(Figure 6.2). 

 

Scheme 6.6 Synthesis of complexes 6-1a and 6-2a from Ni(0), P(OiPr)3 and PMVE.   
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As seen previously with TFE,13 use of bulkier ancillary ligands often afford the alkene 

complex (or metallacyclopropane) exclusively. Indeed, treatment of Ni(cod)2 with 2 equiv of tri-

o-tolylphosphite, P(O-o-tol)3, and excess (5 equiv) PMVE at room temperature in benzene after 4 

h gave exclusively the alkene complex, Ni[ƞ2-CF2=CF(OCF3)][P(O-o-tol)3]2 (6-1b; Scheme 6.7).  

 

Figure 6.1 19F (A) and 31P{1H} NMR spectra (B) of 6-1a and 6-2a 

 

Figure 6.2 Molecular diagram representation of molecular structure of 6-1a. Thermal ellipsoid 

probabilities are set to 30% with hydrogen atoms, disordered OCF3 and terminal Me of i-Pr are omitted. 

Selected bond distances (Å) and angles (deg): Ni-P1: 2.2085(5) Ni-P2 2.2108(4) Ni-C2: 1.9416(17) 

NiC5: 1.9448(18) P1-Ni-P2: 95.41(2) P1-Ni-C2: 92.36(6) P1-Ni-C5: 159.35(7) P2-Ni-C5: 91.90(6) P2-

Ni-C2: 159.00(6), C1-Ni-C5: 87.54(8). 
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The 19F NMR spectrum of 6-1b features two broad doublet resonances for the CF2 (
2JFF = 176 Hz) 

one of which is also coupled significantly to the other F (3JFF = 76 Hz). The 31P{1H} NMR 

spectrum showed a single resonance at 127.6 ppm, indicative of fast rotation of the alkene with 

respect to the Ni-centroid axis. Similar results were obtained with PPh3 (6-1c) (cone angle = 145° 

vs. 140° for P(O-o-tol)3) and chelating bis(phosphine) 1,3-bis-(diphenylphosphino)propane 

 

Scheme 6.7 Synthesis of complex 6-1b from Ni(0), P(O-o-tol)3 and PMVE. 

 

Figure 6.3 19F (A) and 31P{1H} NMR spectra (B) of 6-2 

 (dppp, 6-1d; see Appendix). In contrast, the reaction of NiL2 with PMVE, in which L is the wide 

bite angle bis(phosphine) Xantphos, afforded both alkene complex (6-1e) and nickelacyclopentane 

(6-2b). Attempts with more electron-rich phosphines such as tricyclohexyl or tricyclopentyl 

phosphines, however, led to significant by-product formation including formation of P-F bonds. 

As a result, we pursued ligand substitution of the 6-1a/6-2a reaction mixture. Although we were 
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unable to obtain clean reactions with NHC ligands or electron-rich PiPr3, reaction of 6-1 with 1,2-

bis(diphenylphosphino)ethane (dppe) gave metallacycle Ni[-CF(OCF3)-CF2CF2CF(OCF3)-

](dppe) (6-2c) and a five-coordinate alkene complex, Ni[ƞ2-CF2=CF(OCF3)][dppe)[P(OiPr)3] (6-

3; Scheme 6.8) as confirmed by 31P NMR. The similarity of the 19F NMR spectrum of 6-2c and 

6-3 to that of 6-2a and 6-1a is apparent (Figure 6.4). The alkene complex 6-3 was characterized 

further by single crystal X-ray  

 

Scheme 6.8 Synthesis of complexes 6-2c and 6-3 from reaction of 6-1a/6-2a with dppe. 

 

Figure 6.4 19F (A) and 31P{1H} NMR spectra (B) of 6-2c and 6-3. 

 

diffraction (Figure 6.5). The structure consists of a distorted tetrahedral geometry about Ni with C1-C2 

centroid angles to P of 120.5(1)-121.8(1)o, 124,4(1)-125.7(1)° and 114.7(1)o. The disparate Ni-C bond 

distances to the PMVE ligand with alternate conformations (Ni-C1 = 1.868(6)-1.892(2) Å, Ni-C2 = 

1.926(2)-1.948(5) Å) reflect the bulky (OCF3) group on C2.  
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Figure 6.5 Molecular diagram representation of the molecular structure of 6-3. Thermal ellipsoid 

probabilities are set to 50% with hydrogen atoms omitted. Selected bond distances (Å) and angles (deg): 

Ni-P1 2.2185(4) Ni-P2 2.2895(4) Ni-P3 2.1827(4) Ni-C1 1.868(6)-1.892(2) Ni-C2 1.926(2)-1.948(5) P1-

Ni-P2 86.453(14) P1-Ni-P3 102.166(15) Ni-C1,2centroid 1.775(1)  P1-Ni-C1,2centroid  120.5(1)-121.8(1)  P2-Ni-

P3 101.995(15) P2-Ni-C1,2centroid  124.4(1)-125.7(1) P3-Ni- C1,2centroid  114.7(1). 

6.2.2 Synthesis of functionalized nickelacyclopentanes, nickel alkene, and -vinyl complexes from 

chlorotrifluoroethylene (CTFE) 

In assessing the reactions of Ni(0) complexes with chlorotrifluoroethylene (CTFE, CF2=CFCl) it 

became apparent that phosphite ligands were most suitable as the majority of others led rapidly to 

the perfluorovinyl complexes via C-Cl oxidative addition (see below). The reaction of Ni(cod)2 

and 3 equiv of P(OiPr)3 with 5 equiv of CTFE in benzene after 2 h at room temperature yielded a 

mixture of alkene complex, Ni(2-CF2=CFCl)[P(OiPr)3]2 (6-4a) and selective formation of 

metallacyclopentane (6-5); after 24 h the main product was vinyl complex, NiCl(1-

CF=CF2)[P(OiPr)3]2 (6-6a). (Scheme 6.9). In contrast to the PMVE reactions, removal of solvent 

left only the vinyl complex, demonstrating the reversibility of both alkene and 

metallacyclopentane complexes. As observed for PMVE the reaction with bulkier phosphite P(O-

o-tol)3 gave initially the alkene complex (6-4b) and then the vinyl complex (6-6b) (see Chapter 6 

Appendix). Similar behavior was observed for the wide bite-angle bis(phosphine), DPEphos, 

(forming alkene complex 6-4c and then vinyl complex 6-6c), whereas PPh3 led directly to the vinyl 

complex (6-6d). Interestingly, chiral ligand BINAP gave two diastereomeric alkene complexes 6-

4d/6-4d’without formation of the vinyl complex (Fig. A6.23). In order to obtain a more stable 

electron-rich metallacycle, we assessed reactions of the above mixture at short reaction times with 

alternate ancillary ligands.   
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Scheme 6.9 Synthesis of 6-4a, 6-5 and 6-6a from Ni(cod)2, P(OiPr)3 and CTFE. 

Monitoring by 19F NMR spectroscopy, 1 equiv of L (L = phenanthroline, dppp and dppe) 

reacted with 6-4a and 6-5 with phosphite ligand displacement yielding 6-7a-c and 6-5a-c. To 

investigate their stability, the solution from the NMR tube was transferred to a glass vial and dried 

in vacuum. Upon redissolution, 19F NMR confirmed the presence of both 6-5a-c and 6-7a-c. Due 

to solubility issues, we only scaled up the reaction to isolate 6-7b and 6-5a-c complexes. Although 

the solid-state molecular structure for 6-7b obtained by single crystal X-ray diffraction was of poor 

quality, the crystal for olefin complex 6-7c confirmed the five-coordinate structure (Figure 6.6). 

 

Scheme 6.10 Synthesis of stable CTFE-derived nickelacycles. 

       Finally, reaction of CTFE with Ni(Xantphos)2 again gave both alkene complex (6-4e) and 

metallacycle products (and at longer reaction times vinyl complex 6-6e). However, in addition to 

the tail-to-tail regioisomer  (6-5d) observed with PMVE, we now see two stereoisomers of the 
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head-to-tail regioisomer (6-8a,b; Scheme 6.11). The structure of the latter is confirmed in the 19F 

NMR spectrum by observation of P-F coupling in both CαF and diastereotopic CαF2 groups. The 

19F-19F-COSY NMR also helped us to identify the peaks related to each product. 

6.2.3 Reactions of nickelacycles with Lewis and Brønsted acids 

 

      Treatment of the 2:1 mixture of the PMVE-derived DPPE nickelacycles 6-3 and 6-2c with 

Lewis acids such as ZnCl2 or TMSOTf gave no reaction even after heating at 60 °C for 12 h. In 

contrast, treatment of the CTFE-derived Xantphos nickelacycles depicted in Scheme 6-11 with 

TMSOTf afforded the dichloropentafluorocyclobutyl complex, Ni(OTf)(-CFCF2CF2CFCl-

](Xantphos) from selective Cα-F bond cleavage of the major nickelacyclopentane isomer (Scheme 

6-12).  

 

Figure 6.6 Molecular diagram representation of the molecular structure of 6-7c. Thermal ellipsoid 

probabilities are set to 50% with hydrogen atoms omitted. Selected bond distances (Å) and angles (deg): 

Ni-P1 2.3219(4) Ni-P2 2.2074(4) Ni-P3 2.1582(4) Ni-C1 1.8970(15) Ni-C2 1.9197(16) P1-Ni-P2 

88.132(14) P1-Ni-P3 107.754(15) Ni-C1,2centroid 1.771(2)  P1-Ni-C1,2centroid  116.6(1)  P2-Ni-P3 97.493(15) 

P2-Ni-C1,2centroid  123.5(1) P3-Ni- C1,2centroid  118.3(1). 
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Scheme 6.11 Synthesis of Xantphos alkene complex 6-4e, metallacycles 6-5d and 6-8a,b and vinyl 

complex 6-6e. 

 

Scheme 6.12 Reaction of nickelacycle 6-5d with TMSOTf. 

On comparing the Brønsted acid reactivity of the CTFE-derived dppp mixture of nickelacycles 6-

5b and 6-7b with that reported previously by Andrella in Scheme 6-4 we were surprised to find 

exclusive and selective cleavage of the Ni-CF bond of the alkene complex, affording two 

complexes bearing the Ni-CF2CHFCl group (Scheme 6-13) as evidenced by 19F NMR 

spectroscopy (Figure 6.11). Although we were unable to separate the reaction products from 

unreacted metallacyclopentane, we propose that the two products reflect the similar energies of 

isomers that differ in the coordination of the trifluoroacetate anion to Ni, i.e., either 1- vs 2-

monomeric product or bis(1-bridged) dimer vs 2-monomer. 

 

Scheme 6.13 Reaction of nickelacycle mixture 6-5b / 6-7b with trifluoroacetic acid. 
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Scheme 6.14 19F NMR (282 MHz, C6D6) spectrum of Ni[C4Cl2F6](dppp) (6-5b) and Ni[C2ClF3](dppp)-

[(P(OiPr)3] (6-7c) (green line) plus trifluoroacetic acid after 7 h (black line) and 16 h (red line). 

6.3 CONCLUSION 

      The work reported in this chapter reveals how sensitive the synthesis and reactivity of 

fluoronickelacycles are to the substituents on carbon. While previous work had indicated a steric 

effect in formation of 3- vs 5-membered rings, the electronic effects in forming 

nickelacyclopentanes from VDF become more subtle for the fluoroalkenes studied here. While we 

obtained some evidence for reversibility of metallacyclopentane formation from the alkene 

complex using PMVE and triisopropylphosphite, with CTFE the reversibility extended to 

formation of the alkene complex. Moreover, only with the BINAP ligand did we not see eventual 

conversion of the alkene complex to the vinyl complex via C-Cl oxidative addition. On the other 

hand, electron-rich phosphines readily reacted with PMVE, limiting our ability to access more 

electron-rich metallacycles. We were successful, however, in preparing several stable electron-

rich metallacycles from both PMVE and CTFE by ligand substitution of the triisopropylphosphite 

derivatives, although short reaction times were required for CTFE.  

 Regioselective formation of the tail-to-tail isomer also results presumably from electronic 

effects although steric effects likely dictate the stereospecificity for the trans disposition of the Cl 
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or OCF3 groups. These results can be compared with those for VDF in which the large dipole 

dictates head-to-tail regioselectivity and to TrFE which typically yields at least 4 of the possible 

regio- and stereoisomers. This brings us to the unique reactivity of Xantphos, the only 

bis(phosphine) that reacts cleanly with PMVE and the only one that affords metallacycles form 

CTFE although now with eroded regiochemistry presumably resulting from the steric pressure of 

having both Cl substituents on the alpha carbons. 

 Finally, in comparing the metallacycle reactivity with Lewis and Brønsted acids, the 

stability and or structure of the PMVE-derived metallacycles seems to prevent access to the 

activated Cα-F bond. Such steric effects may also explain the reactivity of trifluoroacetic acid 

exclusively at the CαF2 group of the CTFE complex which does not exist in the corresponding 

metallacyclopentanes. We should be able to test this hypothesis using the Xantphos metallacycles 

two of which appear to contain such a CαF2 group. In fact, scaling up the selective reaction of 

TMSOTf with these Xantphos metallacycles would allow us to perhaps characterize alternate 

cyclobutyl complexes, heating of which should yield the free dichlorocyclobutenes. 

 In summary, our study of these functionalized metallacycles opens the door to further 

studies of mixed fluoroalkene metallacycles and eventual reactivity control to develop further Ni-

catalyzed homologations to new fluoroalkenes. 

6.4 EXPERIMENTAL SECTION 

6.3.1 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 (CH3CN) and dichloromethane (DCM) were dried by refluxing over calcium hydride 

under nitrogen. After distillation, they were dried further by stirring over activated alumina (ca. 5 

wt.%) overnight, followed by filtration. All solvents were stored over activated (heated at ca. 250 

oC for >10 h under vacuum) 4 Å molecular sieves. Glassware was oven-dried at 150 oC for >2 h. 

The following chemicals were obtained commercially without further purification, as indicated: 

1,3-Bis(diphenylphosphino)propane (Dppp, Sigma-Aldrich, 97%), trimethylsilyl 
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trifluoromethanesulfonate (Me3SiOTf, Aldrich, 99%), triphenylphosphine (PPh3. SigmaAldrich, 

99%) , triisopropyl phosphite (P(OiPr)3, Aldrich, 95%), tri-ortho-tolyl phosphite (P(O-o-tolyl)3), 

Alfa Aesar, 97%), 1,2-bis(diphenylphosphino)ethane, (Dppe, AlfaAesar, 97%), 1,1′-

ferrocenediyl-bis(diphenylphosphine), (Dppf, Sigma-Aldrich, 97%), bis[(2-

diphenylphosphino)phenyl] ether (DPEphos, Sigma-Aldrich, 972,2'-

bis(diphenylphosphinomethyl)-1,1'-biphenyl, 99% (Bisbi, Strem, 99%), acetone (Sigma-Aldrich, 

≥99.8%, HPLC grade), 1,4-dioxane (Sigma-Aldrich, ≥99.8%, anhydrous), nickel(II) 

acetylacetonate (EMD Millipore, >98%), Trifluoroacetic acid (ReagentPlus®, 99%),  Zinc 

Chloride (TCI America), 1,5-cyclooctadiene (TCI America, >98%), di-n-butylmagnesium 

(Sigma-Aldrich, 1.0 M solution in heptane) and n-butyl-s-butylmagnesium (Sigma-Aldrich, 0.7 M 

solution in hexane), Bis(1,5-cyclooctadiene)nickel [Ni(cod)2] was prepared by a literature 

procedure.14 19F and 31P{1H} NMR spectra were recorded on a 300 MHz Bruker Avance 

instrument at room temperature (21-23 °C) unless stated otherwise.. 19F and 31P NMR chemical 

shifts are reported relative to trifluorotoluene at -62 ppm. Electrospray ionization mass spectral 

data were collected using an Applied Biosystem API2000 triple-quadrupole mass spectrometer 

and EI mass spectra were collected. 

6.3.2 Generation of nickelacycles from PMVE- NMR Scale: Solid Ni(cod)2 (10 mg, 0.036 mmol) 

was suspended in ca. 0.5 mL of benzene in a NMR tube, followed by addition of the ligand for 

each reaction: 2 equiv of triisopropylphosphite (18 µL, 0.072 mmol),  tri-o-tolylphosphite P[O-o-

tol)3 (25 µL, 0.072 mmol), triphenylphosphine, PPh3 (19 mg, 0.072 mmol), 

methyldiphenylphosphine, PPh2Me (13 µL, 0.072 mmol) or tricyclohexylphosphine, PCy3 (20 mg, 

0.072 mmol), 1 equiv of 1,3-bis(diphenylphosphino)propane, dppp (20 mg, 0.036 mmol) or 

Xantphos (20.8 mg,, 0.036 mmol). After adding the ligand, the NMR tube was sealed with cap and 

parafilm and 2.5 mL of PMVE was added by syringe. The reaction was left at 25 oC and monitored 

by 19F NMR. 

P(OiPr)3:
  19F NMR 6.1a -52.0 (s, OCF3), -118.9 ppm (t, 3JFP = 45 Hz, CF), –123.4 (t, 3JFP = 44 Hz 

CF2). 6.2a -51.6 (s, OCF3), -126.8 (s, CF), -126.3 and -131.2 ppm (d, 2JFF = 251 Hz, CF2). 
31P{1H} 

NMR 6.1a 114.0 ppm (t, 45 Hz) 6.2a 115.9 ppm (t, 45 Hz).  

P(O-o-tol)3: 
19F NMR 6.1b -53.8 (s, OCF3), -113.6 (dd, 2JFF = 179, 3JFF = 75 Hz, CF2), -117.2 (d, 

2JFF
 = 179 Hz, CF2), -133.9 ppm (d, 3JFF = 75 Hz CF). 31P{1H} NMR 131.5 ppm (br s).  
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PPh3:
 19F NMR 6.1c -50.8 (dd, 4JFF = 8, 5JFF = 5 Hz, OCF3), -114.4 ppm (dq, 2JFF 186, 3JFF = 79 

Hz JFF7 Hz CF2), – 118.5 (d, JFF186 Hz, CF2), -134.7 (d, 3JFF 79 Hz, CF). 31P{1H} NMR 30.5 

ppm (br s).  

dppp: 19F NMR 6.1d -52.9 (s, OCF3), -117.1 (dd, 2JFF = 190 Hz, 3JFF = 75 Hz CF2), -119.5 (dt, 
2JFF = 190 Hz, 3JFP = 30 Hz, CF2), -137 ppm (d, 3JFF = 75 Hz CF).  

Xantphos: 19F NMR 6.1e -52.8 (d tr, OCF3), -123.3 (mult, CF), -123.5 ppm (mult, CF2). 6.2b -

51.3 (d tr, OCF3), -129.0 (s, CF), -129.4 and -132.7 ppm (d mult, 2JFF
 = 179 Hz, CF2). 

31P{1H} 

NMR 6.1e 39.3 ppm (ov mult). 6.2b 37.5 ppm (d, 22 Hz).  

   

6.3.3 Generation of electron-rich PMVE-derived nickelacycles: 

To the mixture of 6.1a and 6.2a from the P(OiPr)3 reaction was added 1 equiv of dppe that gave 

metallacycle 6.2c and five-coordinate alkene complex 6.3. 19F NMR 6.3 -53.5 (s, OCF3), -115.8 

(mult, CF), -119.2 ppm (mult, CF2). 6.2c -53.6 (br s, OCF3), -124.7 and 127.4 (d mult, 2JFF = 

248 Hz, CF2), -129.2 ppm (s, CF). 31P{1H} NMR 6.3 161.2 (br s, P(OiPr)3), 46.9 ppm (br s, 

dppe). 6.2c 49.4 ppm (br s).To 6.1b from the P(O-o-tol)3 reaction was added 1 equiv of IMes or 

2 equiv of PiPr3 but neither gave clean reactions. 

6.3.4 Synthesis of nickelacycles from PMVE: 

Synthesis of 6.1a 

Solid Ni(cod)2 (100 mg, 0.36 mmol) was dissolved/suspended in ca. 5 mL of benzene in a 20 mL 

glass-vial and 2 equiv of triisopropylphosphite (167 µL, 0.72 mmol) were added. The colour 

changed from yellow to orange. The vial was then degassed, charged with 30 mL of PMVE and 

stirred at 25 oC for 24 h. No major colour change occurred. The solvent was evaporated and the 

residue washed with hexane. Approximately 2 mL of toluene was then added, followed by 0.5 mL 

of hexane and the mixture left to sit at -35 oC for 24 h. Large yellow crystals of 2a suitable for X-

ray analysis formed.  

 

Synthesis of 6-2c/6-3 mixture 

Solid Ni(cod)2 (100 mg, 0.36 mmol) and triisopropylphosphite (167 µL, 0.72 mmol) were charged 

with 30 mL of PMVE as above and stirred at 25 oC for 24 h. The solvent was then evaporated and 

the residue washed with hexane. The resulting oil was dissolved in 5 mL of benzene and 1 equiv. 

of DPPE (144 mg, 0.36 mmol) was added to the solution. The reaction was left stirring for 2 h at 

25 oC. The solvent was then evaporated, washed with Et2O and hexanes and dried in vacuo to yield 

223 mg of a yellow solid 2:1 mixture of 6-2c and 6-3 [95% based on Ni(cod)2].
  

 

Synthesis of Ni[(Xantphos)2] 

Ni(cod)2 (150 mg, 0.54 mmol) was dissolved/suspended in ca. 5 mL of benzene in a 20 mL glass-

vial. 2 equivalents of (9,9-Dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane) (Xantphos) 

(631 mg, 1.09 mmol). The reaction stirred at 25 oC for 2 hours and precipitated a strong wine-red 

colour. The solvent was evaporated and washed with hexane and filtered of 30 mL medium pore 

fritted funnel and dried in vacuo to yield a wine-red solid 636 mg (0.52 mmol, 97% based on 

Ni(cod)2. 
31P{1H} NMR 6.8, 5.6 ppm (ov mult).  
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Synthesis of 6-1e/6-2b mixture 

Ni(Xantphos)2 (100 mg, 0.082 mmol) was dissolved/suspended in ca. 5 mL of benzene in a 20 mL 

glass-vial and 30 mL of PMVE was added. The reaction was stirred at 25 oC for 24 h and the colour 

changed to pink red. The solvent was then evaporated and the residue washed with Et2O and 

hexanes, filtered and dried in vacuo to yield 64 mg of a yellow solid 1:1 mixture of 6-1e and 6-2b  

(80% based on Ni(Xantphos)2).
  

 

6.3.5 Generation of nickelacycles from CTFE- NMR scale: Solid Ni(cod)2 (10 mg (0.036 mmol) 

was dissolved/ suspended in ca. 0.5 mL of benzene in an NMR tube, followed by addition of the 

ligand for each reaction: 2 equiv. of triisopropylphosphite (18 µL, 0.072 mmol),  tri-o-

tolylphosphite P(O-o-tol)3 (25 µL, 0.072 mmol), triphenylphosphine PPh3 (19 mg, 0.072 mmol), 

1 equiv of  bis [(2-diphenylphosphino)phenyl] ether, DPEphos (19 mg, 0.036 mmol) or 2,2′-

bis(diphenylphosphino)-1,1′-binaphthyl, BINAP (22.3 mg, 0.036 mmol). After adding the ligand, 

the NMR tube was sealed with cap and parafilm and 2.5 mL of CTFE was added. The reaction 

was then left at 25 oC and monitored by 19F NMR. 

P(OiPr)3:
 19F NMR 6-4a –109.1 (d, 2JFF = 172 Hz, CF), -112.3 (dd, 2JFF = 172, 3JFF  = 174 Hz, 

CF), -140.8 ppm (d, 3JFF  = 174 Hz, CF). 6-5 –112.4 (dm, 2JFF = 235 Hz, CF2), -126.6 (td, JFP = 57 

Hz, JFF  = 21 Hz, CFα), -130.1 ppm (dm, JFF  = 235 Hz, CF2). 6-6a –89.8 (dd, 3JFF = 112, 39 Hz, 

CF), -132.5 (dt, 3JFF = 112, 2JFF = 107 Hz, CF) -161.2 ppm (dd, 2JFF = 107, 39 Hz, CF). 31P{1H} 

NMR 6-4a 114.0 ppm (t, 45 Hz) 6-5 115.9 ppm (t, 45 Hz) 6-6a. 96.9 ppm (s). 

P(O-o-tol)3: 
19F NMR 6-4b -108.4 (2JFF = 174 Hz, CF), -115.3 (2JFF = 174 Hz, CF) and –144.3 

ppm (3JFP = 51 Hz, CF). 6-6b –84.1 (dd, 3JFF = 107, 2JFF = 40 Hz, CF), -128.2 (dt 2JFF = 109, 
3JFF = 107 Hz, CF), -159.3 ppm (dd, 2JFF = 109, JFP = 40 Hz, CF). 31P{1H} NMR 6-4b 132.2 ppm 

(br s). 6-6b 85.7 ppm (br mult). 

PPh3:
 19F NMR 6-6c –89.1 (dd, 2JFF = 107, 3JFF = 25 Hz, CF), - 131.2 (t, CF, 2JFF = 3JFF = 107 Hz), 

- 157.6 ppm (dd, CF, 3JFF = 108, 3JFF = 25 Hz). 6-6c 31P{1H} NMR 6-6c 29.1 ppm (br s). 

DPEphos: 6-4c –104.7 (d, 2JFF
 = 172 Hz, CF), - 109.2 (dt, JFF = 172 Hz, JFF = 81 Hz,) and - 141.4 

ppm (d JFF = 81 Hz, CF). 6-6d –81.7 (br, CF), -127.2 (br, CF), –154.9 ppm (br, CF). 31P{1H} 

NMR 6-4c 20.4 ppm (br s). 

BINAP: 19F NMR 6-4d/6-4d’ -106.1 (dmult, 2JFF = 171 Hz, CF), -107.8 (dmult, 2JFF = 171 Hz 

CF), -110.8 (dmult, 2JFF = 171 Hz, CF), -113.8 ppm (dmult, JFF = 171 Hz, CF), -143.3 (mult, CF), 

-143.6 (mult, CF). 

6.3.6 Generation of electron-rich CTFE-derived nickelacycles: To the 6-4a/6-5a mixture from 

the P(OiPr)3 reaction was added 1 equiv of L in benzene at room temperature and 19F NMR was 

analyzed after 2 hours. 

phen: 19F NMR 6-5a -109.4 and -127.3 (d, 2JFF = 238 Hz CF2), -125.7 ppm (t, 3JFP = 45 Hz, CF). 

6-7a -92 (t, 2JFF = 188 Hz), -93 (dt, 2JFF = 188 Hz, 3JFF = 86 Hz) -110.9 ppm (86 26 Hz, Hz). 
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dppe: 19F NMR 6-7b – 104.7 ppm (d, 2JFF
 172 Hz, CF), - 109.2 ppm (dt, 3JFF 81 Hz, 2JFF 172 Hz, 

CF) and - 141.4 ppm (d 2JFF 81 Hz, CF). 6-5c – 109.7 (dmult 2JFF = 236 Hz, CF2), - 126.6 (dmult 
2JFF = 236 Hz, CF2) and – 125.6 ppm (br s, CF). 

dppp: 19F NMR 6-7c – 95.2 ppm (dmult, 2JFF = 182 Hz, CF), - 95.6 ppm (dmult, 2JFF =182 Hz, CF) 

and - 114.1 ppm (dmult 2JFF = 81 Hz, CF). 6-5d – 112.7 ppm (dmult 2JFF = 236 Hz, CF2), - 130.6 

ppm (dmult 2JFF = 236 Hz, CF2) and – 128.9 ppm (qt, 2JFF = 41 Hz 3JFF = 16 Hz, CF). 

6.3.7 Synthesis of nickel complexes from CTFE: 

 

Synthesis of 6-6c  

Solid Ni(cod)2 (100 mg, 0.36 mmol) was dissolved/suspended in ca. 5 mL of benzene in a 20 mL 

glass-vial and 2 equiv of triphenylphosphine (188.64 mg, 0.72 mmol) were added, giving an 

orange solution. The vial was capped, degassed, charged with 30 mL of CTFE and stirred at 25 oC 

for 24 h. The solvent was then evaporated and the residue washed with Et2O, and hexanes, filtered 

and dried in vacuo to yield 224 mg of 6-6c as a yellow solid (0.32 mmol, 90% based on Ni(cod)2. 

 

Synthesis of 6-7a/6.5a mixture  

Solid Ni(cod)2 (100 mg, 0.36 mmol) was dissolved/suspended in ca. 5 mL of benzene in a 20 mL 

glass-vial and 2 equiv of triisopropylphosphite (167 µL, 0.72 mmol) were added. The vial was 

capped, degassed, charged with 30 mL of CTFE and stirred at 25 oC for 24 h. The solvent was then 

evaporated and the residue was washed with hexane. The resulting oil was dissolved in 5 mL of 

benzene and 1 equiv of 1,10-phenanthroline (64.8 mg, 0.36 mmol) was added.  After 2 h at 25 oC 

the solvent was evaporated and the residue washed with Et2O and hexanes, filtered and dried in 

vacuo to yield 119 mg of a yellow solid (70% based on Ni(cod)2. Metallacycle: -109.4 ppm (d 

CF2, J
FF

 240 Hz), -125.7 ppm (t CF, JFF
 45 Hz), – 127.3 ppm (d CF2, J

FF
 237 Hz). Olefin complex- 

92 ppm (t 188 Hz), -93 ppm (dt, 188 Hz, 86 Hz) -110.90 ppm (26 Hz, 86 Hz) and vinyl complex: 

-79.24 ppm (dd, broadened), -115.1 ppm (broadened), -139.3 ppm (m, broadened). 

 

Synthesis of 6-7b/6-5b mixture  

This reaction was conducted as for 6-7a/6.5a using 1 equiv of dppp (148.5 mg, 0.36 mmol) to 

yield 230 mg of a yellow solid mixture of 6-7b and 6.5b (90% based on Ni(cod)2. 

 

Synthesis of 6-7c/6-5c mixture  

This reaction was conducted as for 6-7b using 1 equiv of dppe (143.4 mg, 0.36 mmol) to yield 226 

mg of a yellow solid mixture of  6-7c and 6.5c (88 % based on Ni(cod)2). Olefin complex: 19F 

NMR – 104.7 ppm (d CF, JFF
 172 Hz), - 109.2 ppm (dt CF, JFF

 81 Hz, JFF
 172 Hz) and - 141.4 ppm 

(d CF, JFF
 81 Hz). 31P{1H} NMR 20.4.  Vinyl complex: 19F NMR – 81.7 ppm, -127.18 ppm and – 

154.9 ppm. 
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Synthesis of 6-8 

Ni(Xantphos)2 (10 mg, 0.008 mmol) was dissolved/suspended in ca. 0.5 mL of benzene in an NMR 

tube and 2.5 mL of CTFE was added. After stirring at 25 oC for 2 h the colour changed to pink red. 
19F NMR (benzene): -109.1 (dmult, 2JFF = 168 Hz CF), -111.5 ppm (dt, 2JFF = 174 Hz, CF) and -

111.79 (dt, 2JFF = 174 Hz, CF). 31P{1H} NMR 10.9 ppm.  

 

6.3.8 Reactions of CTFE-derived nickelacycles with Lewis and Brønsted acids 

Reaction of 6-7b/6-5b mixture with ZnCl2 

The solution mixture of the solid 6-7b and 6-5b was treated with 1 equiv of ZnCl2 in benzene, no 

color changed, or precipitate was formed. 

 

Reaction of 6-7c/6-5c mixture with TMSOTf 

The solution mixture of the solid 6-7b and 6-5b was treated with 1 equiv of TMSOTf in benzene, 

the color changed to red/ orange.  
 

Reaction of 6-5d/6-8a,b mixture with TMSOTf 

The solution mixture of the solid 6-5d and 6-8a,b was treated with 1 equiv of TMSOTf in DCM, 

the light yellow color turned strong yellow after 30 minutes. 

 

Reaction of 6-7b/6-5b mixture with trifluoroacetic acid 

The solid mixture of 6-7b and 6-5b was treated with 1 equiv of trifluoroacetic acid and colour 

changed to strong yellow. 19F NMR: 6-10a -86.6 (dmult, 2JFF = 252 Hz, CF2), -92.1 (dt, 2JFF = 252, 

JFF = 30 Hz, CF2), – 145.7 ppm (dt, 2JFH = 48, 3JFF = 8 Hz, CFHCl). 6-10b -97.8 (dmult, 2JFF = 243 

Hz, CF2),– 143.7 ppm (d, 2JFH = 48 Hz, CFHCl)  
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Chapter 7. Conclusions and Future Work 
 

     As discussed above, the addition of fluorine or a fluoroalkyl group can significantly alter the 

ADME properties and improve the bioactivity of a molecule. The large number of fluorine-

containing pharmaceutical compounds approved by the FDA is reflected in the fast growth of this 

class over the last decades. Although enormous improvements have been made in synthesizing 

fluorinated organic compounds, the development of selective methods using fluorinating reagents, 

such as those based on nucleophilic, electrophilic, and radical strategies, have shown limitations. 

Some reagents are unstable, expensive, readily decompose, and are not selective. Fluoroalkylation 

has been limited primarily to addition of a CF3 group with much fewer strategies reported for small 

fluoroalkyl groups like CF2H, OCF3, and SCF2H. Therefore, further development of fluorinating 

reagents with economical and convenient methods is still needed.  

     Building on earlier work by the Baker group in which RF groups were generated by insertion 

of tetrafluoroethylene1 or hexafluoropropene2 gas into Cu-H bonds, and subsequently transferred 

to organic electrophiles, we investigated similar protocols using CTFE and PMVE. In Chapter 2      

we used the tridentate tris(phosphine) ligand triphos to stabilize the RF group derived from 

regioselective insertion of CTFE into Cu-H. In addition, we transferred the resulting -CFCl(CF2H) 

group to benzoyl chlorides in DMSO at 25 oC, albeit in low yield. In contrast, attempted transfer 

to aryl iodides afforded aryl-aryl cross coupling, presumably due to facile transmetallation in the 

proposed dimeric [CuRF(triphos)]2 complex. One potential advantage of this particular RF group 

is its potential for further functionalization by reaction with the C-Cl bond. By exchanging the C-

Cl for pseudohalides such as cyanide or isocyanate or even for H or methyl, new RF groups could 

be accessed that may give higher yields for transfer to a broader slate of organic electrophiles. 

Additional halofluoroalkenes such as bromotrifluoroethylene or perfluoroallyl chloride 

[ClFC=C(CF3)F] may also prove useful in this Cu-H insertion protocol followed by additional C-

X bond functionalization. Finally, in this chapter, we also started noticing the DMSO solvent's 

importance and unique effect on fluoroalkylation reactions, which expanded our strategies and 

methodologies for Chapters 3 and 4.  

In Chapter 3 we observed another regioselective insertion using PMVE and by controlling 

the DMSO concentration in benzene and using CuBr to sequester strong binding ligands, were 

now able to transfer the resulting -CF(OCF3)CF2H group to a variety of aryl halides in good yields.  



178 
 

This new RF group is also special not just for its stability (isolated 2-, 3- and 4-coordinate CuRF 

complexes) but in containing both CF2H and OCF3 groups which have proven useful in previous 

drug development. These reactions gave us a better understanding of ligand effects in our systems 

and how they can affect stability vs. fluoroalkylation. We first observed some fluoroalkylation of 

electron-poor benzoyl chlorides using the electron-rich 7-dipp NHC ligand and of electron-poor 

aryl iodides in low yield using the 4,4-diCl-bpy co-ligand in benzene at 25 oC. In DMSO solvent 

at 25 oC, however, the Cu RF(PPh3)2 complex (3-1) transfers the RF group to a variety of benzoyl 

chlorides in good to moderate yields. Herein, with our DFT collaborator Christian Ehm we also 

showed an unusual rate-determining elimination mechanism for aroyl chlorides. With the inverted 

ligand field often seen for formal Cu(III), only DMSO solvent stabilizes the square-pyramidal 

formal Cu (III) intermediate with the strong negative point charge stabilizing the charge transfer 

during the elimination. The synthesis of these complexes can be easily scaled up and used to 

develop new bioactive compounds. Many substrate scopes can be explored, which opens the 

opportunity to improve the bioactivity and bioavailability of agrochemicals and drugs already 

existent in the market.  

     Chapter 4 builds on Baker and Andrella’s first report of aryl iodide tetrafluoroalkylation using 

Cu(CF2CF2H)(PMePh2)3 and a catalytic amount of Cu(SIMes)Cl.1 We showed that the “Safe 

Supply” TFE:CO2  can be used to generate the Xantphos complex which can also perform the 

tetrafluoroethylation of aryl iodides. Computational studies by Christian Ehm showed the 

importance of pre-equilibria in raising the barrier for rate-determining “oxidative addition” of aryl 

iodides.  In the same chapter, we initiated two other crucial collaborations: with Omar Boutureira, 

we developed the tetrafluoroethylation of nucleobases, nucleosides and glycals in moderate to fair 

yields using a ligandless system. The complex [CuCF2CF2H] is stabilized in DMF solvent after 

CuBr salt addition before the oxidative addition and reductive elimination steps.  

 

Figure 7.1. Summary description of “ligandless” system used in this work. 
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With Michele Loewen, we further explored by molecular docking analysis the interactions of -

CF(OCF3)CF2H-, CF2CF2H- and CF2CF3-substituted carboxamides with the active site of 

succinate dehydrogenase enzyme (SDH), and we found that both tetrafluoroethyl- and 

pentafluoroethyl-substituted analogs are strong candidates as SDH inhibitors since they interact 

deeply in the active site of the enzyme.  

     The first part of this thesis contributes significantly to copper-mediated fluoroalkylation 

chemistry. Further work can be done to construct new fluoroalkyl groups using different 

fluoroalkene gases, such as perfluorocyclobutene. There is also future interest in photochemical 

reactions of these RF groups to eliminate HCl or HOCF3 and create a Cu-fluorovinyl complex as 

another potential bioisostere of amides. Furthermore, the “ligandless” approach inspired by our 

collaborator Omar Boutureira opens the door for fluoroalkylation of a wide range of substrates, 

including electron-poor hetero (aryl) iodides.  

     For pharmaceutical applications, the next step of this work is the biological testing of these 

fluorinated nucleobases/ nucleosides and glycals that can be easily scaled-up. We are in the process 

of scaling up the most promising candidates for antivirus activity. Biological tests will be 

performed in the lab of our collaborator Prof. John Pezacki at uOttawa.   

     Another exciting future project for the development of agrochemical compounds in 

collaboration with Michele Loewen and Omar Boutureira involves the synthesis of a new 

fluorinated-carboxamide containing the best two candidates based on our in-silico studies with RF 

(-C2F4H and -C2F5) followed by biological testing in plants for potential antifungal activity that 

will be performed at NRC Ottawa. Encouraging results from synthesizing these compounds using 

the “ligandless” system were achieved, and reactions were performed at the SINTCARB lab in 

Tarragona, Spain, during my visit in July.    

     Another potential growth field in organofluorine chemistry is synthetic methodologies to 

produce new fluoroalkenes as many existing protocols still generate intermediate ozone-depleting 

chlorofluorocarbons. This topic constituted the second part of this thesis. Nickel-catalyzed 

hydrodefluorodimerization from mixed alkene metallacycles is being explored in Baker`s group 

in collaboration with Arkema, Inc. However, in spite of several studies on the synthesis and 

reactivity of fluoronickelacyclopentanes, there was a lack of knowledge in the mechanism for its 

formation.  
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     In chapter 5, we discovered via a combination of computational results by Russell Hughes and 

our experimental work with wide bite-angle bis(phosphines) that C-C bond formation 

perpendicular to the P-Ni-P plane gives rise to a large P-Ni-P angle expansion and a kinetic 

metallacycle whose geometry resembles a trigonal bipyramid with one vertex missing. After 

decades since the first example of perfluoronickelacyclopentane was observed by Stone, this is the 

first work to probe the mechanism of perfluoronickelacyle formation. Indeed, using the DPEphos 

ligand allowed us to observe the kinetic metallacycle product, stabilized by Ni-O bonding.  

     Finally, In Chapter 6 we learned additional facts about the effects of C-substituents on 

fluoronickelacycle stability and reactivity. Inspired by Dr. Giffin’s work with trifluoroethylene 

(CF2=CFH, TrFE), we investigated the reactivity of two inexpensive and functionalized 

fluoroalkenes (CTFE and PMVE) with zerovalent Ni precursors. The oxidative cyclization of 

PMVE at Ni(cod)2 with triisopropylphosphite was found to be -regio and stereoselective towards 

the formation of tail-to-tail fluoronickelacyclopentane with both OCF3 groups at Cα, 6-2a. 

However, interconversion of the alkene complex + PMVE with the metallacycle was reversible. 

Ligand exchange with dppe afforded a stable metallacycle but no reactivity was seen with Lewis 

or Brønsted acids or even high temperatures. Similar results were obtained with CTFE and 

triisopropylphosphite at Ni(cod)2, affording stereo- and regioselective 6-5a with both Cl atoms at 

Cα. However, now both reactions were reversible so that removal of the CTFE led to the 

disappearance of both complexes. Moreover, extended reaction times led to formation of the 

perfluorovinyl NiCl complex. Surprisingly, the oxidative cyclization of CTFE at Ni(Xantphos)2 

afforded stable nickelacyclopentanes but with erosion of regioselecivity as head-to-tail 

regioisomers were also formed. The latter reacted readily with Lewis acid TMSOTf to give 

selective C-F (vs. C-Cl) activation, forming the Ni dichloropentafluorobutyl complex.   

     In summary, chapter 6 investigates the reactivity of functionalized fluoroalkenes at Ni(0). 

Future studies in this area would benefit from preparing mixed metallacycles to afford new 

fluoroalkenes. For example, the oxidative cyclization of PMVE + CTFE, or PMVE + VDF at Ni(0) 

followed by -F elimination and hydrosilylation could generate novel fluoroalkenes (Scheme 7.1). 

Furthermore, the chemistry with Ni(Xantphos)2 can be applied with other fluoroalkenes (VDF, 

HFP and HTFE) to improve the efficiency of oxidative cyclization. 
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Scheme 7.1. Schematic synthesis of new fluoroolefins from a mixed metallacycle. 

Overall, this thesis fleshes out a conceptual strategy to create new fluoroalkyl groups and 

improve the efficiency of late-stage fluorination. The last two chapters also amplified our design 

knowledge to obtain new fluoroolefins from metallacycle intermediates, understanding the 

mechanism of their formation and the reactivity of functionalized metallacycles.  
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Appendix for  

Reactions of Functionalized Fluoroalkenes: Ni Fluorometallacycles and Cu 

Fluoroalkyls for RF Transfer to Organic Electrophiles 

Luana L. T. N. Porto PhD thesis 

Chapter 2: Generation of Copper Fluoroalkyl Complexes (CuRFLn) from 

Chlorotrifluoroethylene and -RF Transfer to Aroyl Chlorides 
Luana L. T. N. Porto, Moutasem Seifi, Nicole Johnson, and R. Tom Baker 

 

 

 

 

 

 

 

 

 

 

Figure A2.1 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 3 equiv/Cu of P(OiPr)3 + CTFE in 

benzene. 

 

Figure A2.2 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 3 equiv/Cu of P(OEt)3 + CTFE in 

benzene. 
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Figure A2.4 31P{1H} NMR spectrum (121 MHz) of [CuH(PPh3)]6 + 3 equiv/Cu of (POEt)3 + CTFE in 

benzene. 

 

Figure A2.3 19F (A) and 19F{1H} (B) NMR spectra (282 MHz) of 

Cu(CFClCF2H)[(POEt)3]n (2-1a) in benzene. 
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Figure A2.5 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 3 equiv/Cu of triethylphosphite + CTFE in 

benzene after removal of solvent. SP = uncharacterized side-product(s). 

 

 

Figure A2.6 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 2 equiv/Cu of PPh2Me + CTFE in 

benzene. 
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Figure A2.8 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 2 equiv/Cu of PPh3 + CTFE in benzene 

after removal of solvent. SP = uncharacterized side-products 

Figure A2.7 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 2 equiv/Cu of PPh3 + 

CTFE in benzene. 
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Figure A2.9 19F NMR (282 MHz) of [CuH(PPh3)]6 + 1 equiv/Cu of phen + CTFE in benzene. 

 

Figure A2.10 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 1 equiv/Cu of terpyridine + CTFE in 

benzene. 
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Figure A2.11 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 1 equiv/Cu of PMDTA+ CTFE in 

benzene. 

 

Figure A2.12 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 1 equiv/Cu of PMDTA + CTFE in DMF. 
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Figure A2.13 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 1 equiv/Cu of tripod + CTFE in benzene. 

 

 

Figure A2.14 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 1 equiv/Cu of triphos + CTFE in 

benzene. 
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Figure A2.15 19F{1H} NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 1 equiv/Cu of triphos + CTFE in 

benzene. 

 

Figure A2.16 19F NMR spectrum (282 MHz, C6D6) of complex 2-3. 
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Figure A2. 17 19F{1H} NMR spectrum (282 MHz, C6D6) of complex 2-3. 

 

Figure A2.18 31P{1H} NMR (121 MHz, C6D6) of complex 2-3. 

 

 

 

Figure A2.19 1H NMR spectrum (300 MHz, C6D6) of complex 2-3. 
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Figure A2.20 ESI-MS (positive mode) spectrum of complex 2-3. 

 

Figure A2.21 19F NMR spectrum (282 MHz) of complex 2-3 + 8 eq. of DMSO in benzene. 
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Figure A2.22 19F{H} NMR spectrum (282 MHz) of Complex 2-3 + 8 eq. of DMSO in benzene. 

 

Figure A2.23 19F NMR spectrum (282 MHz) of complex 2-3 with 8 eq. of tetrahydrothiophene (THT) in 

benzene. 

 

Figure A2.24 31P{H} NMR spectrum (282 MHz) of Complex 2-3 with 8 eq. of THT in benzene. 
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Figure A2.25 19F NMR spectrum (282 MHz) of complex 2-3 in THT. 

 

Figure A2.26 19F{H} NMR spectrum (282 MHz) of complex 2-3 in THT. 

 

Figure A2.27 19F NMR spectrum (282 MHz) of complex 2-3 in THT at -40 °C.  

 

Figure A2.28 31P{1H} NMR spectrum (121 MHz) of complex 2-3 in THT. 
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Figure A2.29 31P{1H} NMR spectrum (121 MHz) of complex 2-3 in THT at -40 °C. 

 

 

 

Figure A2.30 31P{1H} NMR spectrum (121 MHz) of [CuH(PPh3)]6 + 2 equiv/Cu of PPh3 + 1 equiv/Cu of 

triphos in benzene. 
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Figure A2.31 31P{1H} NMR spectra (121 MHz) of reaction of [CuH(PPh3)]6 + 1 equiv/Cu of PPh3 + 0.5 

equiv/Cu of triphos (A) and 1 eq. of triphos (C) in benzene. 

 

Figure A2.32 31P{1H} NMR (121 MHz) of [CuH(PPh3)]6 + 1 equiv/Cu of triphos in benzene after 22 h at 

50 oC. 
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Figure A2.33 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 0.5 equiv/Cu of triphos + CTFE in 

benzene. 

 

Figure A2.34 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6 + 2 equiv/Cu of PPh3 + 0.5 equiv/Cu of 

triphos + CTFE in benzene. 
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Figure A2.35 19F NMR spectrum (282 MHz) of [CuH(PPh3)]6  + 1 equiv/Cu of PPh3 + 1 equiv/Cu of 

triphos + CTFE. 

 

Figure A2.36 19F NMR spectrum (282 MHz) of complex 2-2 in DMSO with benzoyl chloride. 
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Figure A2.37 19F NMR spectrum (282 MHz) of complex 2-2 in DMF with 1 equiv of benzoyl chloride 

and 1 equiv of phen. 

 

 

Figure A2.38 19F NMR (282 MHz) of Complex 2-3 with benzoyl chloride in benzene. SM = Starting 

material 2-3. 

 

Figure A2.39 19F NMR spectrum (282 MHz) of 2-4a from complex 2-3  with 1.5 eq. of benzoyl chloride 

in DMSO at 25 oC after 12 h. 
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Figure A2.40 19F{1H} NMR spectrum (282 MHz) of 2-4a from complex 2-3 with 1.5 eq. of benzoyl 

chloride in DMSO at 25 oC after 12 h. 

 

 

 

Figure A2.41 19F NMR spectrum (282 MHz) of 2-4b from complex 2-3 with 1.5 eq. of toluoyl chloride 

in DMSO at 25 oC after 12 h. 

 

Figure A2.42 19F{1H} NMR spectrum (282 MHz) of 2-4b from complex 2-3  with 1.5 eq. of p-toluoyl 

chloride in DMSO at 25 oC after 12 h. 
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Figure A2.43 Selected GC-MS peak from reaction mixture of 2-4b from complex 2-3 with 1.5 eq. of 

toluoyl chloride in DMSO at 25 oC after 12 h (after filtration through alumina). 

 

Figure A2. 44 19F NMR spectrum (282 MHz) of 2-4c from complex 2-3  with 1.5 eq. of 4-fluoro-benzoyl 

chloride in DMSO at 25 oC after 12 h. 
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Figure A2.45 19F NMR spectrum (282 MHz) of 2-4c from complex 2-3 with 1.5 eq. of 4-fluoro-benzoyl 

chloride and 8 eq. of DMSO in benzene at 50 oC after 12 h. S = substrate 

 

 

 

 

Figure A2.46 19F NMR spectrum (282 MHz) of 2-4d from complex 2-3 with 1.5 eq. of 1-naphthoyl 

chloride in DMSO at 25 oC after 12 h. 
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Figure A2.47 19F{1H} NMR spectrum (282 MHz) of 2-4d from complex 2-3 with 1.5 eq. of 1-naphthoyl chloride 

in DMSO at 25 oC after 12 h. 

 

Figure A2.48 19F NMR spectrum (282 MHz) of 2-4e from complex 2-3  with 1.5 eq. of 2-

thiophenecarbonyl chloride in DMSO at 25 oC after 12 h. 
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Figure A2.49 19F{1H} NMR spectrum (282 MHz) of 2-4e from complex 2-3 with 1.5 eq. of 2-

thiophenecarbonyl chloride in DMSO at 25 oC after 12 h. 

 

 

Figure A2.50 19F NMR spectrum (282 MHz) of 2-4f from complex 2-3 with 1.5 eq. of m-Br-benzoyl 

chloride in DMSO at 25 oC after 12 h 
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Figure A2.51 19F{1H} NMR spectrum (282 MHz) of 2-4f from complex 2-3 with 1.5 eq. of m-Br-benzoyl 

chloride in DMSO at 25 oC after 12 h. 

 

 

Figure A2.52 19F NMR spectrum (282 MHz) of 2-4g from complex 2-3 with 1.5 eq. of 4-cyano-benzoyl 

chloride in DMSO at 25 oC after 12 h. 

 

Figure A2.53 19F{1H} NMR spectrum (282 MHz) of 2-4g from complex 2-3 with 1.5 eq. of 4-cyano-

benzoyl chloride in DMSO at 25 oC after 12h. 
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Figure A2.54 19F NMR spectrum (282 MHz) of 2-4h from complex 2-3 with 1.5 eq. of 2-nitro-benzoyl 

chloride in DMSO at 25 oC after 12 h. 

 
Figure A2.55 19F{1H} NMR spectrum (282 MHz) of 2-4h from complex 2-3 with 1.5 eq. of 2-nitro-benzoyl 

chloride in DMSO at 25 oC after 12 h. 

 

 

Figure A2.56 19F NMR spectrum (282 MHz) of 2-4i from complex 2-3 with 1.5 eq. of 2,4,6-trichloro-

benzoyl chloride in DMSO at 25 oC after12 h. 
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Figure A2.57 19F{1H} NMR spectrum (282 MHz) of 2-4i from complex 2-3 with 1.5 eq. of 2,4,6-trichloro-

benzoyl chloride in DMSO at 25 oC after 12 h. 

 

Figure A2.58 19F NMR spectrum (282 MHz) of complex 2-3 with p-F-benzyl bromide (6) in benzene. S 

= substrate. 

 

Figure A2.59 19F NMR spectrum (282 MHz) of complex 2-3 with 4-fluoro-iodobenzene in benzene. SM 

= starting material 2-3, S = substrate. 
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Figure A2.60 19F NMR spectrum (282 MHz) of complex 2-3 with methyl-2-iodobenzoate in DMSO at 

room temperature. 

 

Figure A2.61 19F NMR spectrum (282 MHz) of complex 2-3 with 4-iodo-benzonitrile and 8 equiv. of 

DMF in benzene at 50 oC 

 

Figure A2.62 19F NMR spectrum (282 MHz) of complex 2-3 with methyl-2-iodobenzoate and 8 eq. of 

DMSO in benzene at 50 oC. 
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Figure A2.63 19F NMR spectrum (282 MHz) of complex 2-3 with 4-iodo-benzonitrile in benzene at 35 oC 

overnight. 

 

Figure A2.64 19F NMR spectrum (282 MHz) of complex 2-3 with methyl 2-iodo-benzoate in benzene at 

35 oC overnight. 

 

 

Figure A2.65 19F NMR spectrum (282 MHz) of complex 2-3 with 4-fluoro-iodobenzene and 8 eq. of  

DMSO in benzene at 35 oC overnight. 
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Figure A2.66 19F NMR spectrum (282 MHz) of complex 2-3 with 4-fluoro-iodobenzene in DMF diluted 

2x.  

 

Figure A2.67 19F NMR spectrum (282 MHz) of complex 2-3 with 4-fluoro-iodobenzene in benzene 

diluted 2x. 
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Figure A2.68 19F NMR spectrum (282 MHz) of complex 2-3 in DMSO. 

 

Figure A2.69 19F NMR spectrum (282 MHz) of complex 2-3 in DMF. 

 

 

Figure A2.70 19F NMR spectrum (282 MHz) of complex 2-3 in DMPU. 
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Figure A2.71 19F NMR spectrum (282 MHz) of complex 2-3 in CPME after 30 min (A), addition of 8 eq. 

of DMSO and 1.5 eq. of 4-fluoro-iodobenzene (B), after heating at 50 oC overnight (C). 

 

Figure A2.72 19F NMR spectrum (282 MHz) of complex 2-3 with 4- fluoro-iodobenzene + 8 eq. of 

DMPU in benzene diluted. 
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Figure A2.73 19F NMR spectrum (282 MHz) of complex 2-3 with 4-fluoro-iodobenzene in benzene 

diluted at 40 oC. 

 

Figure A2.74 19F NMR spectrum (282 MHz) of complex 2-3 in 1,4-dioxane after 24 h. 

 

Figure A2.75 19F NMR spectrum (282 MHz) of complex 2-3 with 4-fluoro-iodobenzene in DMSO at 50 
oC. 
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Figure A2.76 19F NMR spectrum (282 MHz) of complex 2-3 with 4-iodo-benzonitrile in benzene at 50 
oC. 

 

 

 

Figure A2.77 19F NMR spectrum (282 MHz) of complex 2-3 with 4-fluoro-iodobenzene in CPME at 50 
oC. S = substrate. 

 

 

Figure A2.78 19F NMR spectrum (282 MHz) of complex 2-3 with 4-iodobenzonitrile in CPME at 100 oC. 
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Figure A2.79 19F NMR spectrum (282 MHz) of complex 2-3 with methyl-2-iodobenzoate in benzene at 

50 oC. 

 

Figure A2.80 19F NMR spectrum (282 MHz) of complex 2-3 with iodo-benzonitrile in ACN at room 

temperature.

 

Figure A2.81 19F NMR spectrum (282 MHz) of complex 2-3 with iodo-nitrobenzene in DMSO/ benzene 

1:1 at 50 oC. 
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Figure A2.82 19F NMR spectrum (282 MHz) of complex 2-3 + 4-fluoro-iodobenzene + 8 equiv. of 

pyridine in benzene. S = substrate. 

 

Figure A2.83 19F NMR spectrum (282 MHz) of complex 2-3 +2-methyliodo benzoate + 2 equiv. of CuBr 

+ 28 equiv. of DMSO in benzene. I = internal standard, PhCF3. 
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Chapter 3:  Copper-Mediated -CF(OCF3)CF2H Transfer to Organic Electrophiles 
 

Table A3.1 Details of X-ray diffraction data collection and refinement 

Identification code K1082 K0212_F S0379_F 

Empirical formula C37H34Cl2CuF6N2OP C39H31CuF6OP2 C50H58CuF6N2OP 

Formula weight 802.07 755.12 110.48 

Temperature/K 200.05 204(2) 200(2) 

Crystal system Triclinic monoclinic monoclinic 

Space group P-1 P21/c P21/n 

a/Å 10.9841(11) 19.093(3) 9.7127(4) 

b/Å 18.5694(19) 10.6109(18) 16.3030(7) 

c/Å 19.517(2) 18.412(3) 29.3819(13) 

α/° 69.627(2) 90 90 

β/° 81.123(3) 109.613(11) 95.8390(10) 

γ/° 80.657(3) 90 90 

Volume/Å3 3661.7(6) 3513.9(10) 4628.4(3) 

Z 4 4 4 

ρcalc/g·cm-3 1.455 1.427 1.308 

μ/mm-1 0.849 0.775 0.569 

F(000) 1640.0 1544.0 1912.0 

Crystal size/mm3 0.16 × 0.08 × 0.07 0.286 × 0.23 × 0.098 0.415 × 0.302 × 0.292 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range collection/° 2.238 to 52.806 4.456 to 46.536 2.786 to 61.226 

Index ranges 
-13 ≤ h ≤ 13 
-21 ≤ k ≤ 23 
 0 ≤ l ≤ 24 

-21 ≤ h ≤ 20 
-10 ≤ k ≤ 11 
-20 ≤ l ≤ 18 

-13 ≤ h ≤ 13 
-23 ≤ k ≤ 23 
-39 ≤ l ≤ 42 

Reflections collected 46359 14525 101956 

Independent reflections 
14544 [Rint = 
0.0558, Rsigma = 
0.0901] 

5047 [Rint = 0.1019, 
Rsigma = 0.1386] 

14211 [Rint = 0.0576,  
Rsigma = 0.0412] 

Data/restraints/parameters 14544/1818/1072 5047/204/479 14211/95/604 

Goodness-of-fit on F2 1.080 1.016 1.042 

Final R indexes [I>=2σ (I)] 
R1 = 0.0697 
wR2 = 0.1189 

R1 = 0.0760, wR2 = 
0.1521 

R1 = 0.0677 
wR2 = 0.1860 

Final R indexes [all data] 
R1 = 0.1427  
wR2 = 0.1432 

R1 = 0.1611, wR2 = 
0.1860 

R1 = 0.1145 
wR2 = 0.2142 

Largest diff. peak/hole / e·Å-3 0.58/-0.65 0.75/-0.66 0.84/-1.02 
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Figure A3.1 19F NMR spectrum (282 MHz, C6D6) of complex 3-1. 

 

 

 

Figure A3.2 19F{1H} NMR spectrum (282 MHz, C6D6) of complex 3-1. 
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Figure A3.3 31P NMR spectrum (121 MHz, C6D6) of complex 3-1. 

 

 

 

Figure A3.4 1H NMR spectrum (300 MHz, C6D6) of complex 3-1. 
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Figure A3.5 EI-MS spectrum of complex 3-1. 

 

 

Figure A3.6 ESI-MS (positive mode) spectrum of complex 3-1. 
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Figure A3.7 Mass spectrum of complex 3-1. 

 

 

 

Figure A3.8 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 and PMePh2 in benzene. 
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Figure A3.9 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 and IMes in benzene. 

 

 

 

Figure A3.10 19F NMR spectra (282 MHz, C6D6) of complex 3-1 with 1 equiv of benzoyl chloride in 

THF and after heating at 40 °C. CF2HCHF(OCF3): -56.6 (s, OCF3), -134 (dmult, 2JFH = 55 Hz, CF2H) and 

-144.9 ppm (dmult, 2JFH = 54 Hz, CF). SP = uncharacterized side product 
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Figure A3.11 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 with 1 equiv of benzoyl chloride in 

Et2O and after heating at 40 °C. 

 

 

Figure A3.12 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 with 1 equiv of benzoyl chloride in 

N,N-dimethylacetamide after 7 h. SP = uncharacterized side products. 
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Figure A3.13 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 with 1 equiv of benzoyl chloride in 

acetonitrile. 

 

 

Figure A3.14 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 with 1 equiv of benzoyl chloride in 

cyclopentyl methyl ether. 
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Figure A3.15 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 with 1 equiv of benzoyl chloride in 

toluene. 

 

Figure A3.16 19F NMR spectrum (282 MHz, C6D6) of product fluorinated ketone 3-3a, after complex 3-1 

reacted with 1 equiv of benzoyl chloride in DMSO. SP = side product and I = Internal Standard (PhCF3). 
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Figure A3.17 19F NMR spectrum (282 MHz, C6D6) of 3-3b, after complex 3-1 reacted with 1 equiv of 4-

toluoyl chloride in DMSO. I = Internal Standard (PhCF3). 

 

Figure A3.18 19F NMR spectrum (282 MHz, C6D6) of 3-3c, after complex 3-1 reacted with 1 equiv of 

2,4,6-trichlorobenzoyl chloride in DMSO. I = Internal Standard (PhCF3). 
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Figure A3.19 19F NMR spectrum (282 MHz, C6D6) of 3-3d, after complex 3-1 reacted with 1 equiv of 4-

cyanobenzoyl chloride in DMSO. I = Internal Standard (PhCF3). 

 

 

Figure A3.20 19F NMR spectrum (282 MHz, C6D6) of 3-3e, after complex 3-1 reacted with 1 equiv of 2-

furoyl chloride in DMSO. I = Internal Standard (PhCF3). 
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Figure A3.21 19F NMR spectrum (282 MHz, C6D6) of 3-3f, after complex 3-1 reacted with 1 equiv of 

naphthoyl chloride in DMSO. SP = side products and I = Internal Standard (PhCF3). 

 

 

Figure A3.22 19F NMR spectrum (282 MHz, C6D6) of 3-3g, after complex 3-1 reacted with 1 equiv of 2-

nitrobenzoyl-chloride in DMSO. SP = side product and I = Internal Standard (PhCF3). 
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Figure A3.23 19F NMR spectrum (282 MHz, C6D6) of 3-3h, after complex 3-1 reacted with 1 equiv of 4-

nitrobenzoyl chloride in DMSO. SP = side product and I = Internal Standard (PhCF3).   

 

Figure A3.24 19F NMR spectrum (282 MHz, C6D6) of 3-3i, after complex 3-1 reacted with 1 equiv of 2-

thiophenylcarbonyl chloride in DMSO. SP = side product and I = Internal Standard (PhCF3). 
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Figure A3.25 19F NMR (282 MHz, C6D6; A) and 31P{1H} NMR (121 MHz; B) spectra of complex 3-4a. 

 

 

 

Figure A3.26 19F NMR (282 MHz, C6D6; A) and 31P{1H} NMR (121 MHz; B) of complex 3-4b. 
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Figure A3.27 1H NMR spectrum (282 MHz, C6D6) of complex 3-4b. 

 

 

Figure A3.28 ESI-MS (positive mode) spectrum of complex 3-4b showing [Na-MRF(Cl2-bipy)]+ 
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Figure A3.29 19F NMR spectrum (282 MHz, C6D6) of complex 3-5. 

 

 

Figure A3.30 1H NMR spectrum (282 MHz, C6D6) of complex 3-5. 
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Figure A3.31 ESI-MS (positive mode) spectrum of complex 3-5. 

 

Figure A3.32 19F NMR spectrum (282 MHz, C6D6) after complex 3-4a reacted with 1.5 equiv of 4-

fluorobenzoyl chloride in benzene. SP = side product, SM = start material, S= substrate. 
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Figure A3.33 19F NMR spectrum (282 MHz, C6D6) after complex 3-4a reacted with 1.5 equiv of benzoyl 

chloride in benzene. SM = starting material. 

 

 

Figure A3.34 19F NMR spectrum (282 MHz, C6D6) after complex 3-5 reacted with 1.5 equiv of 4-benzoyl 

chloride in benzene. SP = side products, SM = starting material. 
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Figure A3.35 19F NMR spectrum (282 MHz, C6D6) after complex 3-5 reacted with 1.5 equiv of 4-CF3-

benzoyl chloride in benzene. SP = side products, SM = starting material. 

 

 

 

Figure A3.36 19F NMR spectrum (282 MHz, C6D6) after complex 3-5 reacted with 1.5 equiv of 4-

fluorobenzoyl chloride in benzene. SP = side product, SM = starting material. 
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Figure A3.37 19F NMR spectrum (282 MHz, C6D6) after complex 3-5 reacted with 1.5 equiv of naphthoyl 

chloride in benzene. SP = side product, SM = starting material. 

 

 

Figure A3.38 19F NMR spectrum (282 MHz, C6D6) after complex 3-5 reacted with 1.5 equiv of o-toluoyl 

chloride in benzene. P = product, SP = side product, SM = starting material. 
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Figure A3.39 19F NMR spectrum (282 MHz) of complex 3-1 in DMSO-d6. 

 

 

 

 

Figure A3.40 19F{1H} NMR spectrum (282 MHz) of complex 3-1 in DMSO-d6. 
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Figure A3.41 1H NMR spectrum (300 MHz) of complex 3-1 in DMSO-d6.  

 

 

 

 

 

 

Figure A3.42 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with DMSO (8 eq.) and 

methyl-2-iodobenzoate (1.5 eq.) in benzene at 50 oC. SM = starting material, I = internal standard 

(PhCF3). 
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Figure A3.43 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with DMSO (8 eq.) and 4-

fluoroiodobenzene (1.5 eq.) in benzene at 50 oC. SM = starting material, S = substrate. 

 

 

Figure A3.44 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with DMSO (8 eq.) and 4-

iodo-nitrobenzene (1.5 eq.) in benzene at 50 oC. SM = starting material, I = internal standard (PhCF3). 
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Figure A3.45 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with DMSO (8 eq.) and 3-

iodobenzonitrile (1.5 eq.) in benzene at 50 oC. SP = side product, I = internal standard (PhCF3). 

 

 

 

Figure A3. 46 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with DMSO (8 eq.) and 2-

iodo-pyridine (1.5 eq.) in benzene at 50 oC. SM = starting material, SP = side product, I = internal 

standard (PhCF3). 
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Figure A3. 47 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with DMSO (10 eq.) and 

4-iodo-nitrobenzene (1.5 eq.) in benzene at 50 oC. SM = starting material, SP = side product. 

 

 

Figure A3.48 19F NMR spectrum (282 MHz, C6D6) after complex 3-4b reacted with 1.5 equiv of 

iodobenzonitrile in benzene. P = product. 
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Figure A3.49 19F NMR spectrum (282 MHz, C6D6) after complex 3-4b reacted with 1.5 equiv of 4-

fluoro-iodobenzene in benzene. P = product, SM = starting material, S = substrate. 

 

 

Figure A3.50 19F NMR spectrum (282 MHz, C6D6) after complex 3-4b reacted with 1.5 equiv of 4-iodo-

nitrobenzene in benzene. P = product, SM = starting material. 
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Figure A3.51 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuCl/ DMSO (1.5 eq.) 

and 4-benzonitrile (1.5 eq) in benzene. P = product, SP = side product, I = internal standard (PhCF3). 

 

Figure A3.52 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuCl/DMSO (2 eq.) 

and 4-benzonitrile (1.5 eq.) in benzene. P = product, I = internal standard (PhCF3). 
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Figure A3.53 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuCl/DMF (2 eq.) 

and 4-benzonitrile (1 eq.) in benzene. P = product, I = internal standard (PhCF3). 

 

 

Figure A3.54 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuCl/DMSO (2 eq.) 

and 4-benzonitrile (1 eq.) in benzene. P = product, I = internal standard (PhCF3). 



244 
 

 

Figure A3.55 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuI/DMSO (1.5 eq.) 

and 4-benzonitrile (1.5 eq.) in benzene. P = product, I = internal standard (PhCF3). 

 

 

Figure A3.56 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuI/DMSO (2 eq.) 

and 4-benzonitrile (1.5 eq.) in benzene. P = product, I = internal standard (PhCF3). 
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Figure A3.57 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuI/DMSO (2 eq.) 

and 4-benzonitrile (1 eq.) in benzene. P = product, I = internal standard (PhCF3). 

 

Figure A3.58 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuI/DMF (2 eq.) and 

4-benzonitrile (1 eq.) in benzene. 

 

Figure A3.59 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuBr/DMSO (1.5 eq.) 

and 4-iodo-benzonitrile (1.5 eq.) in benzene. P = product, I = internal standard (PhCF3). 
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Figure A3.60 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuBr/DMSO (2 eq.) 

and 4-iodobenzonitrile (1.5 eq.) in benzene. P = product, I = internal standard (PhCF3). 

 

 

Figure A3.61 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuBr/DMSO (2 eq.) 

and 4-iodobenzonitrile (1 eq.) in benzene. P = product, I = internal standard (PhCF3). 
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Figure A3.62 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuBr/DMF (2 eq.) and 

4-iodo-benzonitrile (1 eq.) in benzene. P = product, I = internal standard (PhCF3). 

 

Figure A3.63 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuBr/DMF (2 eq.) in 

20 eq. of DMSO and 4-iodoanisole (1 eq.) in 0.5 mL of benzene at 50 oC. P = product, I = internal 

standard (PhCF3). 
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Figure A3.64 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuBr/DMF (2 eq.) in 

25 eq. of DMSO and 4-iodoanisole (1 eq.) in 0.5 mL of benzene at 50 oC. I = internal standard (PhCF3). 

 

Figure A3.65 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuBr/DMF (2 eq.) in 

35 eq. of DMSO and 4-iodoanisole (1 eq.) in 0.5 mL of benzene at 50 oC. I = internal standard (PhCF3), 

SP = side product. 
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Figure A3.66 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuBr/DMF (2 eq.) in 

45 eq. of DMSO and 4-iodoanisole (1 eq.) in 0.5 mL of benzene at 50 oC. I = internal standard (PhCF3). 

 

 

Figure A3.67 19F NMR spectrum (282 MHz, C6D6) after complex 3- reacted with CuBr/DMF (2 eq.) in 

55 eq. of DMSO and 4-iodoanisole (1 eq.) in 0.5 mL of benzene at 50 oC. I = internal standard (PhCF3). 
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Figure A3.68 19F NMR spectrum (282 MHz, C6D6) after complex 3-1 reacted with CuBr/DMF (2 eq.) in 

65 eq. of DMSO and 4-iodoanisole (1 eq.) in 0.5 mL of benzene at 50 oC. I = internal standard (PhCF3), 

SP = side product. 

 

Figure A3.69 19F NMR spectrum (282 MHz, C6D6) of 3-7a, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and methyl-2-iodobenzoate (1 eq.) in benzene at 50 oC. I = internal standard (PhCF3). 
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Figure A3.70 1H NMR spectrum (300 MHz, C6D6) of 3-7a, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and methyl-2-iodobenzoate (1 eq.) in benzene at 50 oC. 

 

Figure A3.71 GC-MS of 3-7a, after complex 3-1 reacted with CuBr (2 eq) DMSO (28 eq.) and 4-

iodobenzonitrile (1 eq.) in benzene at 50 oC. Retention time 12.483 min, expected 302.17 m/z (100%), 

found 302.1 m/z (20%) and 251 m/z (99%) 
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Figure A3.72 19F NMR spectrum (282 MHz, C6D6) of 3-7b, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 4-iodo-benzonitrile (1 eq.) in benzene at 50 oC. I = internal standard (PhCF3). 

 

Figure A3.73 1H NMR spectrum (300 MHz, C6D6) of 3-7b, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 4-iodobenzonitrile (1 eq.) in benzene at 50 oC. 
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Figure A3.74 GC-MS of 3-7b, after complex 3-1 reacted with CuBr (2 eq) DMSO (28 eq.) and 4-

iodobenzonitrile (1 eq.) in benzene at 50 oC. Retention time 6.791 min, expected 269.15 m/z and found 

269 m/z. 

 

Figure A3.75 19F NMR spectrum (282 MHz, C6D6) of 3-7c, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 4-nitroiodobenzene (1 eq.) in benzene at 50 oC. I = internal standard (PhCF3). 
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Figure A3.76 GC-MS of 3-7c, after complex 3-1 reacted with CuBr (2 eq) DMSO (28 eq.) and 4-

iodonitrobenzene (1 eq.) in benzene at 50 oC. Retention time 12.357 min, expected 289.13 m/z (100%), 

found 289 m/z (20%) and 238 m/z (99%). 

 

Figure A3.77 19F NMR spectrum (282 MHz, C6D6) of 3-7d, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 4-fluoroiodobenzene (1 eq.) in benzene at 50 oC. S = substrate, I = internal standard 

(PhCF3). 
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Figure A3.78 19F NMR spectrum (282 MHz, C6D6) of 3-7e, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 1-iodonaphthalene (1 eq.) in benzene at 50 oC. I = internal standard (PhCF3). 

 

 

Figure A3.79 19F NMR spectrum (282 MHz, C6D6) of 3-7f, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 2-iodobenzonitrile (1 eq.) in benzene at 50 oC. I = internal standard (PhCF3). 
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Figure A3.80 19F NMR spectrum (282 MHz, C6D6) of 3-7g, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and (1 eq.) of biphenyl iodobenzene in benzene at 50 oC. I = internal standard (PhCF3). 

 

 

Figure A3.81 19F NMR spectrum (282 MHz, C6D6) of 3-7h, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 2-iodoanisole (1 eq.) in benzene at 50 oC. I = internal standard (PhCF3). 
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Figure A3.82 1H NMR spectrum (282 MHz, C6D6) of 3-7h, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 2-iodoanisole (1 eq.) in benzene at 50 oC. 

 

 

Figure A3.83  19F NMR spectrum (282 MHz, C6D6) of 3-7i, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 4-trifluoromethyliodobenzene (1 eq.) in benzene at 50 oC. P = product, I = internal 

standard (PhCF3). 
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Figure A3.84 19F NMR spectrum (282 MHz, C6D6) of 3-7j, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 3-trifluoromethyl-iodobenzene (1 eq.) in benzene at 50 oC. I = internal standard 

(PhCF3). 

 

Figure A3.85 19F NMR spectrum (282 MHz, C6D6) of 3-7k, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 3-iodopyridine (1 eq.) in benzene at 50 oC. I = internal standard (PhCF3). 
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Figure A3.86 1H NMR spectrum (282 MHz, C6D6) of 3-7k, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 3-iodopyridine (1 eq.) in benzene at 50 oC. 

 

Figure A3.87 19F NMR spectrum (282 MHz, C6D6) of 3-7l, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 2-iodopyridine (1 eq.) in benzene at 50 oC. I = internal standard (PhCF3). 
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Figure A3.88 1H NMR spectrum (282 MHz, C6D6) of 3-7l, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 2-iodopyridine (1 eq.) in benzene at 50 oC. 

 

 

Figure A3.89 19F NMR spectrum (282 MHz, C6D6) of 3-7m, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 4-iodobenzaldehyde (1 eq.) in benzene at 50 oC. I = internal standard (PhCF3). 
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Figure A3.90  19F NMR spectrum (282 MHz, C6D6) of 3-7n, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 4-iodoacetophenone (1 eq.) in benzene at 50 °C. I = internal standard (PhCF3). 

 

Figure A3.91 19F NMR spectrum (282 MHz, C6D6) of 3-7n, after complex 3-1 reacted with CuBr (2 eq) 

DMSO (28 eq.) and 4-iodoacetophenone (1 eq.) in benzene at 50 oC. 
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Figure A3.92 19F NMR spectrum (282 MHz, C6D6) of 3-7o, after complex 3-1 reacted with CuBr (2 eq), 

DMSO (28 eq.) and t-butyl-4-iodobenzene (1 eq.) in benzene at 50 oC. I = internal standard (PhCF3). 

 

 
Figure A3.93 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 reacted with CuBr (2 eq), DMSO (28 

eq.) in benzene 5 min after addition of 4-benzonitrile at 50 oC. I = internal standard (PhCF3). 
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Figure A3.94 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 reacted with CuBr (2 eq), DMSO (28 

eq.) in benzene 10 min after addition of 4-benzonitrile at 50 oC. I = internal standard (PhCF3). 

 

 
Figure A3.95 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 reacted with CuBr (2 eq), DMSO (28 

eq.) in benzene 20 min after addition of 4-benzonitrile at 50 oC. I = internal standard (PhCF3). 
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Figure A3.96  19F NMR spectrum (282 MHz, C6D6) of complex 3-1 reacted with CuBr (2 eq), DMSO (28 

eq.) in benzene 30 min after addition of 4-benzonitrile at 50 oC. I = internal standard (PhCF3). 

 
Figure A3.97 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 reacted with CuBr (2 eq), DMSO (28 

eq.) in benzene 40 min after addition of 4-benzonitrile at 50 oC. I = internal standard (PhCF3). 
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Figure A3.98 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 reacted with CuBr (2 eq), DMSO (28 

eq.) in benzene 50 min after addition of 4-benzonitrile at 50 oC. I = internal standard (PhCF3).  

 

 
Figure A3.99 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 reacted with CuBr (2 eq), DMSO (10 

eq.) in benzene at 25 oC. A, B, and C are different species of CF2H. 
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Figure A3.100 1H NMR spectrum (282 MHz, C6D6) of complex 3-1 reacted with CuBr (2 eq), DMSO 

(10 eq.) in benzene at 25 oC. 

 
Figure A3.101 19F NMR spectrum (282 MHz, C6D6) of complex 3-1 reacted with CuBr (2 eq), DMSO (10 

eq.) in benzene at 40 oC. 
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Figure A3.102 Selected peak (7.33 min ) from GC-MS of Cu(hfip)(PPh3)2 after reacting with CuBr (2 eq) 

DMSO (28 eq.) and methyl-2-iodobenzoate (1 eq.) in benzene at 50 oC. Expected 304.16 m/z (100%), 

found 302.1 m/z (20%) and 251 m/z (99%). 

 
Figure A3.103 19F NMR of Cu(hfip)(PPh3)2 after reacting with CuBr (2 eq) DMSO (28 eq.) and methyl-2-

iodobenzoate (1 eq.) in benzene at 50 oC after 2 and 12 h. SM = starting material, I = internal standard 

(PhCF3). 
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Table A3.2 Time course reaction of complex 3-1 with CuBr/DMSO and 4-iodo-benzonitrile monitored 

by 19F NMR using the internal standard (PhCF3) to calculate the concentration of product and starting 

material. 

Time (min) 

[Product] 

mmol/mL 

[SM] 

mmol/mL 

0 0 0.017 

10 0.0078 0.0072 

20 0.0091 0.0033 

30 0.0109 0.0027 

40 0.0125 0.0012 

50 0.014 0.000906 

60 0.0145 0.000331 

70 0.0151 0 

 

 

 
Figure A3.104 Time course reaction of complex 3-1 with CuBr/DMSO and 1 equiv. of 4-iodo-

benzonitrile in benzene at 50 oC monitored by 19F NMR using the internal standard (PhCF3) to calculate 

the concentration of product and starting material. 
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Chapter 4: Copper-mediated Tetrafluoroethylation of Bioactive Compounds 

 

Figure A4.1 19F NMR spectrum (282 MHz) of [CuH(PPh3)] +  Xantphos + TMDSO + TFE:CO2 in DMF 

after 7 h at RT. 

 

Figure A4.2 19F NMR spectrum (282 MHz) of Cu(CF2CF2H)(Xantphos) (4-2) in DMF. 
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Figure A4.3 19F NMR spectrum (282 MHz) of Cu(CF2CF2H)(Xantphos) (4-2) in C6D6. 

 

Figure A4.4 19F{1H} NMR spectrum (282 MHz) of Cu(CF2CF2H)(Xantphos) (4-2) in C6D6. 
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Figure A4.5 31P{1H} NMR spectrum (121 MHz, C6D6) of Cu(CF2CF2H)(Xantphos) (4-2). 

 

 

 

Figure A4. 6 1H NMR spectrum (300 MHz) of Cu(CF2CF2H)(Xantphos) 4-2) in C6D6. 
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Figure A4.7 EI-MS of 4-2 showing [Cu(Xantphos)]+ ion at m/s = 642. 

 

 

Figure A4.8 19F NMR spectrum (282 MHz) of 4-2 + 2-methyl-4-iodobenzoate in DMF at 50 oC after 16 

h.  SP = side product, SM = 4-2, P = Product and I = Internal standard (PhCF3). 
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Figure A4.9 19F NMR spectrum (282 MHz) of 4-2 + 4-iodo-benzonitrile in DMF at 50 oC after 16.  SP = 

side product, SM = 4-2, P = Product and I = Internal standard (PhCF3). 

 

 

 

Figure A4.10 19F NMR spectrum (282 MHz) of 4-2 in DMF at 50 oC. After 15 min (A) and upon addition 

of 4-iodo-methyl-2-benzoate after 5 min (B), 2 h (C), 12 h (D) and 22 h (E). 
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Figure A4.11 19F NMR spectrum (282 MHz) of 4-2 + 4-iodo-methyl-2-benzoate + 10 mol% 

CuCl(SIMes) in DMF at 90 oC after 12 h. 

 

Figure A4.12 19F NMR Cu(CF2CF2H)(Xantphos) + 4-iodo-ethyl-2-benzoate + CuCl(SIMes) in DMF at 

90 oC after 12 h. 19F NMR -113.4 ppm (m, CF2), and – 137.0 ppm (dt, JFF 10 Hz and JFH 54 Hz). 
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Figure A4.13 19F NMR (A) and 31P{1H} NMR (B) spectra of Complex 4-1 and 2 eq. of CuCl after 72 h in 

DMF. 

 

 

Figure A4.14 19F NMR (A) and 31P{1H}  NMR (B) spectra of Complex 4-1  and 2 eq. of CuCl after 96 h 

in DMF. 

 

 

Figure A4.15 19F NMR (A) and 31P{1H} NMR (B) (spectra of Complex 4-1  and 2 eq. of CuCl after 2 

weeks in DMF. 



276 
 

 

Figure A4.16 19F NMR (A) and 31P{1H} NMR (B) (spectra of Complex 4-1  and 2 eq. of CuCl after 4 

months in DMF. 

 

 

 

Figure A4.17 19F NMR (A) and 31P{1H} NMR (B) spectra of Complex 4-1  and 2 eq. of CuBr after 72 h 

in DMF. 

 

Figure A4.18 19F NMR (A) and 31P{1H} NMR (B) spectra of Complex 4-1  and 2 eq. of CuBr after 96 h 

in DMF. 
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Figure A4.19 19F NMR (A) and 31P{1H} NMR (B) spectra of Complex 4-1  and 2 eq. of CuBr after 2 

weeks in DMF. 

 

Figure A4.20 19F NMR (A) and 31P{1H} NMR (B) spectra of Complex 4-1 and 2 eq. of CuBr after 4 

months in DMF. 

 

Figure A4.21 19F NMR (A) and 31P{1H} NMR (B) spectra of Complex 4-1  and 2 eq. of CuI after 72 h in 

DMF. 
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Figure A4.22 19F NMR (A) and 31P NMR (B) spectra of Complex 4-1 and 2 eq. of CuI after 96 h in 

DMF. 

 

Figure A4.23 19F NMR (A) and 31P NMR (B) spectra of Complex 4-1  and 2 eq. of CuI after 2 weeks in 

DMF. 
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Figure A4.24 19F NMR (A) and 31P NMR (B) spectra of Complex 4-1 and 2 eq. of CuI after 4 months in 

DMF. 

 

Figure A4.25 19F NMR (A) (282 MHz, C6D6) of Complex 4-1, 1.5 eq. of CuI, 25 eq. of DMSO and 1 

equiv. of 4-iodobenzonitrile after 7 h. I = internal standard (PhCF3). 9% yield. 
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Figure A4.26 19F NMR (A) (282 MHz, C6D6) of Complex 4-1, 1.5 eq. of CuBr, 25 eq. of DMSO and 1 

equiv. of 4-iodo-benzonitrile after 7 h. I = internal standard (PhCF3), SM = Starting material. 11% yield. 

  

 

Figure A4.27 19F NMR (A) (282 MHz, C6D6) of Complex 4-1, 1.5 eq. of CuCl, 25 eq. of DMSO and 1 

equiv. of 4-iodobenzonitrile after 7 h. I = internal standard (PhCF3). 16% yield. 
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Figure A4.28 19F NMR (282 MHz, C6D6) of 4-3a. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 2'-

deoxy-5-iodo-uridine in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 

 

Figure A4.29 19F NMR (282 MHz, C6D6) of 4-3b. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 2'-

deoxy-5-iodo-cytidine in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.30 19F NMR (282 MHz, C6D6) of 4-3c. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 5-

iodouridine in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 

 

Figure A4.31 19F NMR (282 MHz, C6D6) of 4-3d. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 2'-5 

o acetyl-5-iodo-uridine in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.32 19F NMR (282 MHz, C6D6) of 4-3e. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 5-

iodo-2',3',5'-triacetate uridine in DMF after 12 h at 50 oC. I = internal standard (PhCF3).  
 

 

 

Figure A4.33 19F NMR (282 MHz, C6D6) of 4-3f. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 4-

iodo uracil in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.34 19F NMR (282 MHz, C6D6) of 4-3g. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. 6-

Fluoro-3-iodochromone in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 

 

Figure A4.35 19F NMR (282 MHz, C6D6) of 4-3h. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of t-

butyl 5-fluoro-3-iodo-1H-indole-1-carboxylate in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.36 19F NMR (282 MHz, C6D6) of 4-3i. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 1,5-

anhydro-3,4,6-tri-O-benzyl-2-deoxy-2-iodo-D- lyxo-hex-1-enitol in DMF after 12 h at 50 oC. I = internal 

standard (PhCF3). 

 

 

Figure A4.37 19F NMR (282 MHz, C6D6) of 4-3j. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 1,5-

anhydro-3,4,6-tri-O-acetyl-2-deoxy-2-iodo-D- lyxo-hex-1-enitol in DMF after 12 h at 50 oC. I = internal 

standard (PhCF3). 
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Figure A4.38 19F NMR (282 MHz, C6D6) of 4-3k. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of methyl 
5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-iodo-D-glycero-D-galacto-non-2-enonate 
in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 

 

Figure A4.39 19F NMR (282 MHz, C6D6) of 4-3l. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 

methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-iodo-D-glycero-D-galacto-non-2-

enonate in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.40  19F NMR (282 MHz, C6D6) of 4-3m. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 

1,5-Anhydro-3,4,6-tri-O-pivaloyl-2-deoxy-2-iodo-Darabino-hex-1-enitol in DMF after 12 h at 50 oC. I = 

internal standard (PhCF3). 

 

 

Figure A4.41 19F NMR (282 MHz, C6D6) of 4-3n. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 1,5-

anhydro-3,6-di-O-acetyl-2-deoxy-4-O-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-2-iodo-D-arabino-

hex-1-enitol in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.42 19F NMR (282 MHz, C6D6) of 4-3a. The reaction of 4-1, 2 eq. of CuBr, and 1.5 equiv. of 

2'-deoxy-5-iodo-uridine in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 

 

 

Figure A4.43 19F NMR (282 MHz, C6D6) of 4-3d. The reaction of 4-1, 2 eq. of CuBr, and 1.5 equiv. of 

2'-5 o acetyl-5-iodo-uridine in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.44 19F NMR (282 MHz, C6D6) of 4-3e. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 5-

iodo-2',3',5'-triacetate uridine in DMF after 12  h at 50 oC. I = internal standard (PhCF3). 
 

 

 

Figure A4.45 19F NMR (282 MHz, C6D6) of 4-3f. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 4-

iodo uracil in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.46 19F NMR (282 MHz, C6D6) of 4-3i. The reaction of 4-1, 2 eq. of CuBr, and 1.5 equiv. of 

1,5-Anhydro-3,4,6-tri-O-benzyl-2-deoxy-2-iodo-D- lyxo-hex-1-enitol in DMF after 12 h at 50 oC. I = 

internal standard (PhCF3). 

 

Figure A4.47 19F NMR (282 MHz, C6D6) of 4-3j. The reaction of 4-1, 2 eq. of CuBr, and 1 equiv. of 1,5-

anhydro-3,4,6-tri-O-acetyl-2-deoxy-2-iodo-D-lyxo-hex-1-enitol in DMF after 12 h at 50 oC. I = internal 

standard (PhCF3). 
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Figure A4.48 19F NMR (282 MHz, C6D6) of reaction 1.5 equiv. of 4-1, 0.5 equiv. of CuBr, and 1 equiv. 

of 4-iodouracil in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 

 

Figure A4.49 19F NMR (282 MHz, C6D6) of reaction 1 equiv. of 4-1, 1 equiv. of CuBr, and 1 equiv. of 4-

iodouracil in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.50 19F NMR (282 MHz, C6D6) of reaction 1 equiv. of 4-1, 1 equiv. of CuBr, and 1.5 equiv. of 

4-iodouracil in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 

 

 

Figure A4.51 19F NMR (282 MHz, C6D6) of reaction 1 equiv. of 4-1, 2 equiv. of CuCl, and 1.5 equiv. of 

4-iodouracil in DMF after 12 h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.52  19F NMR (282 MHz, C6D6) of reaction 1 equiv. of 4-1, 2 equiv. of CuBr, and 1.5 equiv. of 

4-iodouracil in Et2O/ DMF (1:0.005) after 12 h at 50 oC. I = internal standard (PhCF3). 

 

Figure A4.53 19F NMR (282 MHz, C6D6) of reaction 1 equiv. of 4-1, 2 equiv. of CuBr, and 1 equiv. of 4-

iodouracil in Toluene/DMF (1:0.005) after 12 h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.54 19F NMR (282 MHz, C6D6) of reaction 1 equiv. of 4-1, 3 equiv. of CuBr, and 1 equiv. of 4-

iodouracil in Toluene/DMF (1:0.005) after 12h at 50 oC. I = internal standard (PhCF3). 

 

Figure A4.55 19F NMR (282 MHz, C6D6) of reaction 1 equiv. of 4-1, 3 equiv. of CuBr, and 1 equiv. of 4-

iodouracil in Toluene/DMF (1:0.005) after 12h at 50 oC. I = internal standard (PhCF3). 
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Figure A4.56 Binding modes of chemical analogues 4-4a-c. 
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Figure A4.57 Binding modes of chemical analogues 4-4d-f.  
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Figure A4.58 Binding modes of chemical analogues 4-4g-i.  
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Figure A4.59 Binding modes of chemical analogues 4-5a-c. 
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Figure A4.60 Binding modes of chemical analogues 4-5d-f.  
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Figure A4.61 Binding modes of chemical analogues 4-5g-i. 
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Chapter 5: Mechanism of Fluoronickelacyclopentane Formation from Fluoroalkenes  
 

Table A5. 1 Details of X-ray diffraction data collection and refinement  

Complex (code)  5-1b    K0931 5-2c    S0655 5-5     K0888 

empirical formula C42H34F4FeNiP2 C40H28F8NiOP2 C55H44F16N3Ni2P2 

formula weight, 

g/mol 791.19 797.27 1230.29 

crystal system monoclinic monoclinic triclinic 

space group C 2/c C 2/c P 1̅ 

𝑎, Å 13.9752(4) 15.886(3) 9.6805(7) 

𝑏, Å 10.7858(2) 12.963(2) 17.1315(12) 

𝑐, Å 24.0777(6) 33.365(6) 17.2501(12) 

𝛼, ° 90 90 74.283(1) 

𝛽, ° 94.464(2) 92.840(2) 85.152(2) 

𝛾, ° 90 90 79.817(1) 

𝑉, Å3 3618.29(15) 6862(2) 2708.4(3) 

𝑍 4 8 2 

𝑇, K 213(2) 202(2) 213(2) 

𝜌𝑐𝑎𝑙𝑐, g/cm3 1.452 1.543 1.509 

𝜇, mm–1 1.060 0.736 0.849 

2𝜃𝑚𝑎𝑥, ° 71.262 56.688 61.416 

total/unique 

reflections 25170/8286 37718/8472 46884/16754 

reflections [𝐼𝑜 ≥

2𝜎(𝐼𝑜)] 5422 7128 8461 

𝑅1, 𝑤𝑅2 [𝐼𝑜 ≥

2𝜎(𝐼𝑜)] 0.0440, 0.919 0.0525, 0.1252 0.0562, 0.1155 

goodness of fit 1.009 1.110 0.999 
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Figure A5.1 19F NMR spectra of Ni(cod)2 + DPPE + 3 equiv of TFE in C6D6 after 5 min, 1 h and 2 h. 

 

 

Figure A5.2 Selected peaks from the EI mass spectrum of complex 5-2a. 
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Figure A5.3 19F NMR of Ni(cod)2 + dppf + TFE in benzene, 5 min (a), 2 h (b) and 12 h (c) after TFE 

addition. M = metallacyclopentane; O = olefin complex. 

 

 

 

Figure A5.4 31P{1H} NMR of Ni(cod)2 + dppf + TFE in benzene, 5 min (a), 2 h (b) and 12 h (c) after 

TFE addition. M = metallacyclopentane; O = olefin complex. 
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Figure A5.5 19F NMR (A) and 31P{1H} NMR (B) of Ni(η2-C2F4)(dppf) (5-1b) in benzene (a), addition of 

TFE after 5 min (b), after 3 h (c) and after pumping off the solvent (d). M = metallacyclopentane; O = 

olefin complex. 

 

Figure A5.6 19F NMR (A) and 31P{1H} NMR (B) of Ni(cod)2 + dppf + TFE in acetone, before TFE (a), 5 

min (b), 2 h (c) and 12 h (d) after TFE addition. M = metallacyclopentane; O = olefin complex. 
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Figure A5.7 19F NMR of Ni(cod)2 + dppf + TFE in THF, 5 min (a), 2 h (b) and 12 h (c) after TFE 

addition. M = metallacyclopentane; O = olefin complex. 

  

 

Figure A5.8 31P{1H} NMR of Ni(cod)2 + dppf + TFE in THF, 5 min (a), 2 h (b) and 12 h (c) after TFE 

addition. M = metallacyclopentane; O = olefin complex. 
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Figure A5.9 19F NMR of Ni(cod)2 + dppf + TFE in benzene, acetone and THF after 5 min, 2 h and 12 h 

after TFE addition. Acetone line shifted to right for clarity. 

 

Figure A5.10 Selected peaks from the EI mass spectrum of complex 5-2c. 
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Figure A5.11 19F (A) and 31P{1H} (B) NMR spectra of Ni(cod)2 + Xantphos + 3 equiv TFE in benzene 

C6D6 

 

Figure A5.12 19F (A) and 31P{1H} (B) NMR spectra of Ni(cod)2 + Bisbi + 3 equiv TFE in benzene C6D6. 

Star = Ni(cod)(C4F8). 
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Figure A5.13 19F NMR of Ni(cod)2 + TMEDA + TFE in THF, after 7 h at 50 oC. 

 

Figure A5.14 19F NMR of Ni(cod)2 + TMEDA + TFE in acetone, after 30 min (1a), 7 h (1c) at 21 oC, 30 

min (1b) and 7 h (1d) at 50 oC. 
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Figure A5.15 19F NMR of Ni(cod)2 + TMEDA + TFE in acetonitrile, after 7 h at 50 oC. 

 

Figure A5.16 19F NMR spectrum of Ni(cod)2 + TMEDA + TFE in 2,5-dimethyldihydrofuran, after 4 h at 

25 oC. 
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Figure A5.17 19F NMR spectra of Ni(COD)2 + TMEDA + TFE in 2,5-dimethyldihydrofuran, after 21 h at 

25 oC (A) and 7 h at 50 oC (B). 

 

Figure A5.18 19F NMR spectrum of Ni(cod)2 + bipyridine + TFE in acetone, after 7 h at 50 oC. 
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Figure A5.19 19F NMR spectrum of Ni(cod)2 + bipyridine + TFE in THF, after 7 h at 50 oC. 

 

 

 

Figure A5.20 19F NMR of Ni(cod)2 + 2 Pyridine + TFE in acetone, after 30 min at 50 oC. 
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Chapter 6: Designing and synthesis of stable perfluoronickelacyclopentane from 

PMVE and CTFE 
 

Table A6. 1 Details of X-ray diffraction data collection and refinement 

Identification code 6-2a 6-3a S0944_FP 

Empirical formula C24H42F12NiO8P2 C38H45F6NiO4P3 C37H45ClF3O3P3Ni 

Formula weight 807.22 831.36 781.80 

Temperature/K 213(2) 200.05 203(2) 

Crystal system triclinic monoclinic Triclinic 

Space group P-1 P21/n P-1 

a/Å 11.7240(9) 9.0838(3) 10.5209(8) 

b/Å 12.4400(10) 20.9080(6) 11.8752(9) 

c/Å 14.8795(12) 20.7027(6) 16.5843(12) 

α/° 71.435(4) 90 95.082(2) 

β/° 70.224(4) 90.410(2) 105.383(2) 

γ/° 62.544(4) 90 104.984(2) 

Volume/Å3 1777.5(3) 3931.8(2) 1902.2(2) 

Z 2 4 2 

ρcalc/g·cm-3 1.508 1.404 1.365 

μ/mm-1 0.739 0.682 0.755 

F(000) 832.0 1728.0 816.0 

Crystal size/mm3 0.813 × 0.254 × 0.23 0.41 × 0.36 × 0.35 0.471 × 0.278 × 0.082 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range collection/° 3.762 to 66.66 2.768 to 61.092 2.584 to 67.244 

Index ranges 
-18 ≤ h ≤ 18 
-19 ≤ k ≤ 19 
-22 ≤ l ≤ 22 

-12 ≤ h ≤ 12 
-29 ≤ k ≤ 29 
-29 ≤ l ≤ 29 

-16 ≤ h ≤ 16 
-18 ≤ k ≤ 18 
-25 ≤ l ≤ 25 

Reflections collected 45154 87245 110514 

Independent reflections 
13651 [Rint = 0.0213, 

Rsigma = 0.0247] 
12004 [Rint = 0.0272, 

Rsigma = 0.0170] 
14922 [Rint = 0.0512, 

Rsigma = 0.0320] 

Data/restraints/parameters 13651/91/473 12004/535/621 14922/0/439 

Goodness-of-fit on F2 1.024 1.066 1.013 

Final R indexes [I>=2σ (I)] 
R1 = 0.0448 

wR2 = 0.1190 
R1 = 0.0329 

wR2 = 0.0803 
R1 = 0.0385 

wR2 = 0.0927 

Final R indexes [all data] 
R1 = 0.0654 

wR2 = 0.1329 
R1 = 0.0441 

wR2 = 0.0876 
R1 = 0.0608 

wR2 = 0.1052 

Largest diff. peak/hole / e·Å-

3 
0.87/-0.57 0.35/-0.30 1.16/-0.62 
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Figure A6.1 19F NMR spectrum (282 MHz, C6D6) of Ni(cod)2, 2 equiv. of P(OiPr)3 and PMVE. 

 

 

Figure A6.2 Selected peaks from the ESI mass spectrum (positive mode, CH3CN) of complex 6-2a. 
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Figure A6.3 19F NMR (282 MHz, C6D6, A) and 31P{1H} NMR spectra (121 MHz, C6D6, B) of Ni(cod)2, 2 

equiv. of tri-o-tolylphosphite and PMVE. 

 

Figure A6.4 19F NMR spectrum (282 MHz, C6D6) of Ni(cod)2, 2 equiv. of PPh3 and PMVE. 
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Figure A6.5 19F NMR spectrum (282 MHz, C6D6) of Ni(cod)2, 2 equiv. of PMePh2 and PMVE. 

 

 

Figure A6.6 19F NMR (282 MHz, C6D6) spectrum of Ni(cod)2, PCy3 and PMVE. 
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Figure A6.7 19F NMR (282 MHz, C6D6) spectrum of Ni(cod)2, IPr and PMVE. 

 

Figure A6.8  19F NMR (282 MHz, C6D6) spectrum of IPr and PMVE, without Ni(cod)2. 
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Figure A6.9 19F NMR (282 MHz, C6D6) of IAd and PMVE, without Ni(cod)2. 

 

 

Figure A6.10 19F NMR spectrum (282 MHz, C6D6) of Ni(cod)2, 1 equiv. of dppp and PMVE. 
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Figure A6.11 19F NMR (282 MHz, C6D6, A) and 31P{1H} NMR (121 MHz, C6D6, B) spectra of 

Ni(Xantphos)2 and PMVE. 

 

Figure A6.12 19F NMR (282 MHz, C6D6, A) and 31P{1H} NMR (121 MHz, C6D6, B) spectra of 6-2c and 

6-3 from addition of 1 equiv. of dppe to 6-1a,b. 
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Figure A6.13 19F NMR (282 MHz, C6D6) spectrum of Ni[C2(OCF3)F3][P(O-o-tolyl)3] with IMes and 

excess PMVE. 

 

Figure A6.14 19F NMR (282 MHz, C6D6) spectrum of addition of 2 equiv. of PiPr3 to the reaction 

containing Ni(cod)2, 2 equiv. of tri-o-tolyl phosphite and PMVE. 
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Figure A6.15 19F NMR (282 MHz, C6D6) spectrum of Ni(cod)2, 2 equiv. of P(OiPr)3 and CTFE. 

 

 

Figure A6.16 31P NMR (121 MHz, C6D6) of Ni(COD)2, 2 equiv. of P(OiPr)3 and CTFE. 
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Figure A6.17 19F NMR (282 MHz, C6D6, A) and 31P{1H} NMR (121 MHz, C6D6, B) spectra of Ni(cod)2, 

P(O-o-tolyl)3 and CTFE after 4 h. 

 

Figure A6.18 19F NMR (282 MHz, C6D6) spectrum of Ni(cod)2, P(O-o-tolyl)3 and CTFE after 12 h. 
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Figure A6.19 19F NMR (282 MHz, C6D6, A) and 31P{1H} NMR (121 MHz, C6D6, B) spectra of Ni(cod)2, 

PPh3 and CTFE. 

 

Figure A6.20 Selected peaks from the EI mass spectrum (positive mode, CH3CN) of NiCl(1-

CF=CF2)(PPh3)2. 
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Figure A6.21 19F NMR (282 MHz, C6D6, A) and 31P{1H} NMR (121 MHz, C6D6, B) spectra of Ni(cod)2, 

DPEphos and CTFE. 

 

Figure A6.22 19F NMR (282 MHz, C6D6, A) and 31P{1H} NMR (121 MHz, C6D6, B) spectra of Ni(cod)2, 

DPEphos and CTFE after 6 and 24 h, showing conversion of olefin into vinyl complex. 
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Figure A6.23 19F NMR (282 MHz, C6D6) spectrum of Ni(cod)2, BINAP and CTFE after 7 h. 

 

 

 

Figure A6.24 19F NMR (282 MHz, C6D6) spectrum after phen addition to the reaction of Ni(cod)2, tri-

isopropylphosphite and CTFE. 
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Figure A6.25 19F NMR (282 MHz, C6D6, A) and 31P{1H} NMR (121 MHz, C6D6, B) spectra of 

Ni[C2ClF3](dppe)[(P(OiPr)3]. 

 

 

Figure A6.26 Selected peaks from the ESI mass spectrum (positive mode, CH3CN) of complex 

Ni(C2ClF3)(dppe)[(P(OiPr)]. 
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Figure A6.27 Selected peaks from the ESI mass spectrum (positive mode, CH3CN) of complex 

Ni(C2ClF3)(dppp)[(P(OiPr)]. 

 

Figure A6.28 19F NMR (282 MHz, C6D6, A) and 31P{1H} NMR (121 MHz, C6D6, B) spectra of 

Ni(Xantphos)2 + CTFE in benzene after 4 h. 
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Figure A6.29 19F NMR (282 MHz, C6D6, A) spectra of Ni(Xantphos)2 + CTFE in benzene after 12 h, 

then changed the solvent to DCM. 

 

Figure A6.30 19F NMR (282 MHz, C6D6) spectrum of Ni(C4Cl2F6)(dppe) (6-5c) and 

Ni(C2ClF3)(dppe)[(P(OiPr)3] (6-7c)  plus ZnCl2. 
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Figure A6.31 19F NMR (282 MHz, C6D6) spectrum of Ni(C4Cl2F6)(dppp) (6-5b) and 

Ni(C2ClF3)(dppp)[(P(OiPr)3] (6-7b) plus ZnCl2. 

 

Figure A6.32 19F NMR (282 MHz, C6D6) spectrum of Ni[C4(OCF3)2F6](dppe) (6-2c)  and 

Ni[C2(OCF3)F3](dppe)[P(OiPr)3] (6-3) with TMSOTf. 
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Figure A6.33 19F NMR (282 MHz, C6D6) spectrum of Ni[C4Cl2F6][dppe][(P(OiPr)3] (6-5c) and 

Ni[C2ClF3][dppe][(P(OiPr)3] (6-7c) plus TMSOTf. 

 

 

 

 

 

 

 

 

 

 

 

 

 

TMSOTf 

TMSF 

Vinyl complex 

Figure A6.34 19F NMR (282 MHz, C6D6, A) spectra of Ni(Xantphos)2 + CTFE in benzene, then changed the 

solvent to DCM and added TMSOTf. 
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Figure A6.35 19F NMR (282 MHz, C6D6) spectrum of Ni[C4Cl2F6](dppp) and Ni[C2ClF3](dppp)-

[(P(OiPr)3] (green line) plus trifluoroacetic acid after 7 h (black line) and 16 h (red line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


