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Abstract 

Since the inception of frustrated Lewis pair (FLP) chemistry more than a decade ago, the 

development of an assortment of main group Lewis acids in the literature has contributed to the 

enrichment and diversification of FLP reactivity to achieve transition metal-like chemistry. While 

most of the employed Lewis acids were initially boron-based, exploration of the remainder of the 

p-block has led to the expansion of the boundaries of reactivity. 

The present work focuses on the exploration of Lewis acids based on the scantly explored p-block 

elements in the context of FLP and Lewis acid chemistry. Fluorosulfoxonium cations containing 

a Lewis acidic sulfur(VI) center were prepared from sulfoxides in an analogous fashion to 

previously reported fluorophosphonium cations. These cations were shown to enact Lewis acid 

catalysis via a S-F ů*-orbital and are among the first sulfur-based Lewis acids to be employed in 

such chemistry. 

Azophosphonium cations were prepared from the reaction between diazonium cations and 

phosphines. Their Lewis acidity is derived from the masked nitrenium character of one of the 

nitrogen centers. The azophosphonium cations act as one-electron acceptors to form paramagnetic 

species, and a combination of the bulky phosphine PtBu3 and one of the azophosphonium cations 

acted as an FLP to effect the cleavage of disulfides. 
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Phosphorus(V) dications containing both an ortho-quinone and terpyridine backbone were 

prepared and shown to effect the Lewis acid-mediated hydrodefluorination (HDF) of fluoroalkanes 

with silanes, despite the phosphorus center being coordinately saturated. Computational data 

support the notion that these dications are in fact Lewis acidic at the para-carbon of the central 

ring of the terpyridine ligand, with the phosphorus center not directly participating in the 

chemistry. Following these results, ethylene-bridged bipyridinium dications were prepared to 

verify their reactivity without a phosphorus center. Indeed, these dications also displayed similar 

Lewis acidic behavior, acting as one-electron acceptors and effecting the same HDF catalysis, 

further supporting the notion of the para-carbon center acting as the electrophilic site of reactivity. 
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 Introduction 

1.1 The Significance of Science 

The pursuit of knowledge, one can argue, has always been the driving force for the advancement 

of human society. This has been especially evident since the 16th century when the Scientific 

Revolution began, marking the birth of an era which saw the development of the scientific method 

and thus modern science as we now recognize it. The emergence of the scientific discipline was 

gradual but nonetheless punctuated by key discoveries and revelations. In 1543, Nicolaus 

Copernicus published a book called On the Revolutions of the Heavenly Spheres, in which he 

described a model of the universe which had the Sun at the center and all the other planets rotating 

around it, a theory that Galileo Galilei later heavily contributed to. In 1687, Isaac Newton 

published the Principia, which proposed the laws of motion and the law of universal gravitation. 

Benjamin Franklin conducted extensive experiments in the 18th century to propel the studies of 

electricity forward. These discoveries all lie at the very foundation of a multitude of scientific 

disciplines and on-going research, most of which continue to this day to have a direct impact on 

individualsô lives, perhaps even more so now, centuries after their initial realization. 

The field of chemistry did not benefit to the same degree as anatomy, physics, engineering, and 

mathematics during the periods of Scientific Revolution and Enlightenment. This can be attributed 

to the limited technological tools at the disposal of scientists at the time for the analysis of 

chemicals and their properties. One of the most influential early chemists and thinkers of the 18th 

century was Antoine Lavoisier, who disproved the now defunct phlogiston theory of combustion 

and established the now accepted oxygen theory. This was one of the first major steps towards the 

emerging field of modern chemistry. Following this discovery, some of the major fundamental 

chemical breakthroughs came from the minds of John Dalton (atomic theory), Amedeo Avogadro 

(Avogadroôs law), and Dmitri Mendeleev (the periodic table). 

These advances have all led to the ultimate development of the chemical processes that currently 

sustain the world. For instance, the Haber-Bosch process of producing ammonia from H2 and N2 

at the industrial scale is arguably the most impactful scientific discovery of the modern era. Since 

its conception in 1909, it is responsible for the production of an estimated 100 million metric tons 

of ammonia per year across the globe and consumes approximately 1 % of the worldôs energy 
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supply.1 Ammonia is primarily used in fertilizers, hence the process dramatically increased the 

global agricultural productivity and, as a consequence, the global population. On the other hand, 

ammonia is also used in the production of explosives, and thus its widespread abundance 

permanently changed obstacles of modern warfare. In parallel to these developments was the 

creation of Bakelite, the first synthetic plastic, in 1907, which precipitated the plastics and 

polymers industries and led to materials applications in virtually every item we see and touch. The 

discovery of the antibacterial effects of Penicillin, combined with the revelation that bacteria were 

responsible for infections, propelled the field of antibiotics forward and provided actual means to 

fighting serious infections.2 

While initial scientific discoveries may require a touch of serendipity, the route to making 

academic revelations industrially viable and impactful to society requires fundamental 

understanding at the very core of their concepts. Only when our fundamental knowledge has been 

established can we build upon initial discoveries to create improved products suitable for industrial 

or public use. This is how most technologies currently on the market have evolved, and how 

technologies in the future will likely continue to evolve. It is the responsibility of the scientist to 

ensure the development of products and ideologies that advance society forward. 

 

1.2 Frustrated Lewis Pairs 

1.2.1 The Classical Lewis Acid-Base Pair 

In 1916, Gilbert Lewis published his seminal work titled The Atom and the Molecule, in which he 

described the idea of what is currently understood as covalent bonding, where an electron pair is 

shared equally between two atoms.3 Several years later, in 1923, he defined that ña basic substance 

is one which has a lone pair of electrons which may be used to complete the stable group of another 

atom, and that an acid substance is one which can employ a lone pair from another molecule in 

completing the stable group of one of its own atomsò, and thereby defined what are now known 

as Lewis bases and Lewis acids, respectively (Scheme 1-1).4 While Lewis acids and bases have 

found widespread use in organocatalysis5-6 and transition metal chemistry,7-8 combination of the 

two was accepted to simply lead to an adduct between the pair. Ammonia borane, H3NBH3, is the 
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prototypical Lewis acid-base pair to form an adduct, in which the amine is the electron-pair donor 

via its lone pair and the borane is the electron-pair acceptor via its vacant p-orbital. 

 

Scheme 1-1. The formation of a classical Lewis acid-base adduct. 

 

The first exception to Lewisô acid-base theory was reported by Brown and co-workers in 1942, 

wherein the authors discussed the significance of steric strain in the context of Lewis acid-base 

adducts.9 Upon mixing 2,6-lutidine and BMe3, the mixture did not yield the expected adduct 

between the two. This was contrasted with the observation that a combination of the same Lewis 

base with BF3 did in fact form an adduct (Scheme 1-2), leading the authors to conclude that the 

steric strain between the methyl groups of both pyridine and BMe3 is too great an energy barrier 

to overcome to form an adduct between the pair. 

 

Scheme 1-2. Contrast in reactivity of BF3 and BMe3. 

 

Several reports in the subsequent years added to the list of known deviations from the formation 

of classical Lewis acid-base adducts. In 1950, Wittig observed the ring-opening of THF with the 

Lewis pair consisting of the trityl anion and BPh3.
10 Nearly a decade later, he noticed the addition 

of PPh3 and BPh3 across benzyne to generate a 1,2-disubstituted phosphonium-borate benzene 

(Scheme 1-3, top).11 Similarly, in 1966, Tochtermann reported the addition of the trityl anion and 

various Lewis acids (BPh3, AlPh3, BePh2, and MgPh2) across butadiene, instead of the expected 

olefin polymerization.12 Finally, the 1990s saw Erker and co-workers report the para-attack of a 

phosphorus ylide onto the pentafluorophenyl group of B(C6F5)3 rather than simple Lewis adduct 
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formation (Scheme 1-3, bottom),13 with similar reactions subsequently observed between various 

phosphine Lewis bases and B(C6F5)3
14 or [Ph3C][B(C6F5)4].

15 

 

Scheme 1-3. Exceptions to the formation of classical Lewis acid-base adducts. 

 

1.2.2 Discovery of Frustrated Lewis Pairs 

The role of steric bulk in Lewis acid-base pairs evidently has a significant effect on their reactivity. 

The aforementioned reports culminated into the idea that, due to steric strain precluding classical 

Lewis acid-base adduct formation that renders them ñfrustratedò, there can exist unquenched 

reactivity between a given Lewis pair (Scheme 1-4). These frustrated Lewis pair (FLP) 

combinations can be exploited to then induce further reactivity with other molecules which would 

otherwise be very stable on their own or react differently with the Lewis acid or base alone. 

 

Scheme 1-4. Depiction of a frustrated Lewis pair. 

 

In 2006, Stephan and co-workers developed an intramolecular FLP consisting of a phosphine and 

a borane, Mes2P(C6F4)B(C6F5)2, which was also the first metal-free compound that could 

reversibly split H2 (Scheme 1-5).16 In the following year, the FLP system PtBu3 and B(C6F5)3 was 
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also shown to activate H2 to generate [tBu3PH][HB(C6F5)3], though in this case the reaction was 

irreversible due to the increased basicity of PtBu3.
17 

 

Scheme 1-5. First reversible H2-splitting by a main group FLP system. 

 

Until this point, it was imperceptive to consider that a metal-free system would be able activate H2 

given the orbital dissimilarities between metals and non-metals. However, once this was shown, 

the potential for the development of FLPs to effect the chemistry of transition metals, and 

eventually replace them, naturally led to the field exploding in dimension. The subsequent years 

saw FLPs emerge as hydrogenation catalysts,18 catalyzing the reduction of imines,19 olefins,20-21 

alkynes,22 and carbonyls.23-24 

Reactivity of FLPs is not limited to H2, however. FLPs have been shown to sequester and react 

with a myriad of small molecules containing polar unsaturated bonds.25-29 In particular, in 2009, 

the first inter- and intramolecular FLP systems were shown to capture CO2 to afford 1,2-addition 

products (Scheme 1-6, top),30 while stoichiometric31-32 and catalytic33-34 reductions of CO2 were 

later demonstrated. Similarly, N2O can be captured by the simple FLP of PtBu3 and B(C6F5)3, in 

this case forming the 1,3-addition product (Scheme 1-6, middle).35 Boron amidinates have been 

used as masked FLPs in capturing CO, affording 1,1-insertion products after an initial ring-opening 

step (Scheme 1-6, bottom).36 Additionally, FLPs can mediate the stoichiometric reduction of CO 

using either syngas37 or HB(C6F5)2.
38 
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Scheme 1-6. Reactivity of FLPs towards CO2 (top), N2O (middle), and CO (bottom). 

 

FLPs can activate nonpolar bonds, both unsaturated and saturated, as well. The FLP PtBu3 and 

B(C6F5)3 undergoes 1,2-addition across alkenes to form an alkyl-bridged phosphonium borate 

(Scheme 1-7, top),39 however the reactivity slightly differs with terminal alkynes. In the latter case, 

there are two potential reaction pathways, depending on the Brønsted basicity of the Lewis base 

in the FLP. The first pathway is the 1,2-addition of the FLP across the alkyne, analogous  to alkene 

reactivity, while the second is deprotonation of the terminal alkynyl proton if the Lewis base is 

sufficiently Brønsted basic, followed by quenching of the resulting carbanion by the Lewis acid 

(Scheme 1-7, middle).40 The ring-opening of cyclopropanes was later reported with FLPs, 

demonstrating the breaking of C-C single bonds by exploiting ring strain.41 Finally, the heterolytic 

cleavage of disulfides was achieved by treatment with PtBu3 and B(C6F5)3 to generate a 

phosphonium borate salt (Scheme 1-7, bottom).42 

While the reactions described above certainly do not summarize the entire library substrates in 

FLP chemistry, they do represent some of the initial discoveries in the field. What the reader will 

have noted, one of the more common FLPs that was utilized in these works was PtBu3 and 

B(C6F5)3. Since the inception of FLP chemistry, many researchers have focused on the 

development of various Lewis acids and bases in the effort of making more air- and moisture-

stable FLPs,43 chiral FLPs,18, 44 and specialized FLPs to achieve specific reactivity.45-47 
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Scheme 1-7. Reactivity of FLPs towards alkenes (top), alkynes (middle), and disulfides 

(bottom). 

 

1.3 Applications of Main Group Lewis Acids 

1.3.1 Group 13: Aluminum and Boron Lewis Acids 

Boranes and alanes were among the first species studied for their Lewis acidic behavior, owing to 

their vacant p-orbital. Perhaps the earliest application of Lewis acids in chemical synthesis was the 

chance discovery of the alkylation of aromatic compounds via the electrophilic activation of alkyl 

halides by AlCl3, reported by Friedel and Crafts in 1877 (Scheme 1-8, top).48-51 Improvements in 

reaction efficiency and selectivity have been made since these initial reports by modifying the 

Lewis acid catalysts and substrates, rendering the Friedel-Crafts method of arene alkylation,52-53 

acylation,54 and silylation55 prominent in various chemical industries. 

The 20th century saw further developments in organic synthesis that exploited the Lewis acidic 

nature of boranes and alanes. Trialkylaluminum species are very commonly employed as co-

catalysts with the titanium-based Ziegler-Natta catalysts for olefin polymerization, which began 

appearing in the literature in the 1950s (Scheme 1-8, bottom).56-59 Additionally, in 1960, it was 

found that AlCl3 catalyzes the Diels-Alder reaction,60 while later reports described chiral group 13 

derivatives to effect enantioselective renditions.61 
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Scheme 1-8. Friedel-Crafts alkylation of arenes (top) and olefin polymerization (bottom), both 

catalyzed and initiated by aluminum Lewis acids. 

 

Boron trihalides were among the first boranes to be used as electrophilic reagents. While also being 

shown to effect Friedel-Crafts alkylation of arenes62-67 and Diels-Alder reactions,68-71 other 

transformations include cleavage of ethers,72-73 various cyclizations,74-77 rearrangements,78-86 and 

desilylation,87-89 among many others.90-91 

Though boron trihalides are effective Lewis acidic reagents, the boron-halogen bonds are 

susceptible to cleavage by hydrolysis, generating hydrogen halide acids and making these species 

difficult to handle. In this light, the similarly Lewis acidic B(C6F5)3 was initially prepared in the 

1960s as an alternative with comparatively stable boron-carbon bonds.92-93 From the time of its 

initial report, B(C6F5)3 had found very few applications until the early 1990s, where it was 

discovered to be an effective initiator for olefin polymerization reactions when combined with 

group 4 alkyl-metallocenes.94 B(C6F5)3 has since been one of the most exploited main group Lewis 

acids for organic transformations, such as allylation and Diels-Alder reactions with aldehydes,95 

aldol-type reactions,95-97 conversions of epoxides to carbonyls,98 tautomerizations,99-100 

hydrosilylation of carbonyls,101 transfer hydrogenation of imines,102 and transfer hydrosilylation 

of aldehydes, olefins, and imines.103-105 

One of the most noteworthy achievements in the field of main group chemistry in recent years is 

the reduction of N2 at a boron center, reported by Braunschweig and co-workers in 2018.106 This 

was accomplished by preparing a bulky cAAC-stabilized borane (cAAC = cyclic 

(alkyl)(amino)carbene), followed by two one-electron reductions in a N2 atmosphere (Scheme 1-9, 

top). Interestingly, the bonding between the boron and nitrogen centers resembles the bonding 

described between transition metal centers and N2. The N2 fragment acts as a ů-donor to a vacant 
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sp2-orbital on boron, while the lone pair of the boron is involved in ˊ-backdonation into the           

ˊ*-orbital of N2. The Lewis acidy of the boron center is contrasted with that typically seen in group 

13 compounds, in which the Lewis acidity is derived from a vacant p-orbital rather than a vacant 

sp2-orbital. Following this result, the same group reported the reductive coupling of N2 using an 

even bulkier analogue of the boron compound described in the previous report (Scheme 1-9, 

bottom).107 

 

Scheme 1-9. Reduction (top) and reductive coupling (bottom) of N2 at a boron center (Dur = 

2,3,5,6-tetramethylphenyl, Dipp = 2,6-di-iso-propylphenyl, Tipp = 2,4,6-tri-iso-propylphenyl). 

 

1.3.2 Group 14: Silicon and Carbon Lewis Acids 

Silicon-based compounds have also played a significant role in Lewis acid-mediated organic 

transformations.108 Silicon species are generally highly fluorophilic and chlorophilic, and as such 

have found common use as halide abstracting reagents. Neutral, tetravalent silicon centers are 

known to react as Lewis acids to form hypervalent compounds.109 Interestingly, this fact has been 

known since the beginning of the 19th century with the independent discoveries of the formation 

of the [SiF6]
2- dianion110 and the adduct of SiF4 with ammonia.111 Since these reports, hypervalent 

organosilicon species have found their way into a myriad of organic applications.112-114 One recent 

and memorable application of a silicon Lewis acid, by Gabbaï and co-workers, involved a 

molecule containing both a neutral silicon center and a sulfonium group to cooperatively bind a 

fluoride anion for fluoride sensing applications (Scheme 1-10).115 
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Scheme 1-10. Reactivity of a tetravalent silicon Lewis acid (Ant = 9-anthryl). 

 

Three-coordinate silyl cations eluded isolation until the late 1980s, when thioalkyl- and methyl-

substituted silylium cations were studied in solution.116-117 These were prepared by treatment of 

the corresponding silanes with trityl perchlorate to form the perchlorate salts (Scheme 1-11, top). 

A few years later, the triethylsilylium cation was isolated as the salt of the very weakly 

coordinating [B(C6F5)4]
- anion, using the same preparative method (Scheme 1-11, middle).118 

Structural characterization by single crystal X-ray diffraction revealed weak coordination of a 

toluene solvent molecule to the silicon center with no evidence of anion coordination. Finally, as 

the final step towards the isolation of a truly free silylium cation, the trimesityl-substituted silylium 

cation with the non-coordinating carborane anion [HCB11Me5Br6]
- was prepared and 

crystallographically characterized in 2002, revealing that the steric bulk of the mesityl substituents 

effectively precludes coordination of solvent molecules (Scheme 1-11, bottom).119-120 Since the 

initial isolation of stable silylium cations, these species have enjoyed widespread use as potent 

Lewis acid catalysts.108, 121-123 

 

Scheme 1-11. Preparation of silylium cations. 

 

It was nearly 100 years prior to the isolation of the first silylium cation that its carbon homologue, 

the carbocation, was discovered as a stable species. The first reported carbocation was the 



 

11 

 

tropylium cation in 1891,124 ensued by the preparation of the trityl cation in the following 

decades.125-127 While the Lewis acid chemistry of such cations was preliminarily explored, it 

remains underdeveloped,6, 128 especially when compared to the chemistry of many other such 

prototypical main group Lewis acids. Some of the reported reactions that trityl cations and their 

derivatives can catalyze include Mukaiyama aldol-type reactions,129-131 Michael additions,132-133 

Diels-Alder reactions,134-135 oxidation of amines to imines,136 phase-transfer reactions,137 

hydrothiolation of alkenes,138 dehydrosilylation of alcohols,139 and hydroboration of pyridine.140 

 

1.3.3 Group 15: Phosphorus Lewis Acids 

Phosphorus compounds have almost exclusively been used as Lewis bases in the chemical 

literature and particularly as ligands in transition metal chemistry.7-8 In 1954, Wittig reported the 

first use of an electrophilic phosphorus ylide to convert aldehydes and ketones to alkenes (Scheme 

1-12, top).141 In the same year, it was shown that neutral phosphorus(V) phosphoranes can also 

exhibit Lewis acidic behavior, as exhibited by the formation of a Lewis acid-base adduct between 

PCl5 and pyridine (Scheme 1-12, middle).142-144 In 1977, one example of an amidophosphorane 

was even reported to undergo CO2 and CS2 insertion into the P-N bond (Scheme 1-12, bottom),145 

in reminiscence of FLP-type chemistry before its inception. 

 

Scheme 1-12. Early examples of electrophilic phosphorus compounds. 
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In 2006, bisalkoxyphosphonium cations were shown to effect Lewis acid-catalyzed Diels-Alder 

reactions.146 Since then, phosphonium cations have found extensive use in organocatalysis, 

catalyzing a variety of C-C, C-O, and C-N bond-forming reactions.147 Stephan and co-workers 

reported the synthesis of the fluorophosphonium salt [(C6F5)3PF][B(C6F5)4] in 2013, which is 

Lewis acidic by virtue of its low-lying P-F ů*-orbital.148 This highly electrophilic cation catalyzes 

the hydrodefluorination of fluoroalkanes,148 the Friedel-Crafts dimerization of 1,1-

diphenylethylene,149 the dehydrocoupling of silanes with amines, thiols, and phenols,150 and the 

hydrosilylation of olefins, alkynes,149 ketones, and imines,151 among other reactions. 

FLP chemistry involving phosphorus Lewis acids is not well explored, especially compared to 

other main group Lewis acids, and has been limited to only a small number of reactions. In 2012, 

Stephan and co-workers reported the sequestration of CO2 with an amidophosphorane acting as an 

intramolecular FLP (Scheme 1-13, top).152 That same year, Radosevich and co-workers developed 

a sterically rigid compound with an ambiphilic phosphorus(III) center that catalyzed the transfer 

hydrogenation of azobenzene (Scheme 1-13, bottom).153 Another example of a neutral 

phosphorus(III) Lewis acid is 1,3,5-triphosphabenzene, shown to intramolecularly react with H2 

via an electrophilic phosphorus center and a nucleophilic carbon center.154 Finally, the FLPs 

consisting of various amine bases and [(C6F5)3PF][B(C6F5)4] have been reported to catalyze the 

hydrogenation of olefins.155  

 

Scheme 1-13. FLP reactivity using phosphorus Lewis acids. 
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1.4 Methods for Evaluating Lewis Acidity 

1.4.1 Experimental Methods 

Historically, there have been a number of different methods to provide measures of Lewis acidity, 

including calculating mesomeric moments of Lewis adducts,156 bond dissociation energies of 

Lewis adducts,157 shifts in IR absorption frequencies of esters,158-159 triphenylphosphine oxide,160 

and acetonitrile161 bound to Lewis acids, and heats of adduct formation between esters and Lewis 

acids.162-163 While all of these methods are accurate in determining relative Lewis acidities, the 

main drawback lies in the inconveniences of the techniques in quickly establishing Lewis acidity 

values for large libraries of compounds. 

The surge in FLP and main group Lewis acid chemistry, along with the development of 

increasingly potent Lewis superacids,164 in the recent decades has prompted the search for other 

methods to address these drawbacks. The Gutmann-Beckett method165-166 is one of the more 

commonly employed measures of Lewis acidity currently used in the literature. Following this 

method, the Lewis acid is treated with triethylphosphine oxide, Et3PO, to form a Lewis acid-base 

adduct via the oxygen center and the Lewis acidic center (Scheme 1-14, top). Due to the 

coordination, the phosphorus center becomes more electron-deficient and therefore its 31P NMR 

resonance shifts downfield relative to free Et3PO. The change in chemical shift, ȹŭ, is directly 

proportional to the strength of the Lewis acid. A second related technique is the Childs method,167 

where an Ŭ,ɓ-unsaturated ketone or aldehyde is treated with a Lewis acid (Scheme 1-14, bottom). 

Upon coordination, the chemical shift changes observable for the remote 1H nuclei are consistent 

with the strength of the Lewis acid. 

 

Scheme 1-14. The Gutmann-Beckett method (top) and the Childs method (bottom) for Lewis 

acidity tests (LA = Lewis acid). 
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Lewis acidity measures utilizing absorption or emission spectroscopy are much scarcer. Gutmann 

had in fact initially attempted to correlate the acceptor strength of antimony Lewis acids in POCl3 

by UV-Vis spectroscopy.168 Much later on, a study demonstrated that the fluorescence emission 

maxima of 10-methylacridones are red shifted upon coordination to metal ions, which could be 

quantified and correlated to the Lewis acidity of the metals (Scheme 1-15, top).169 Drawing 

inspiration from the Gutmann-Beckett method, a recently developed fluorescence-based method 

involves the use of fluorescent Lewis basic probes in dithienophosphole oxides (Scheme 1-15, 

bottom).170 Since these compounds emulate the structural motif of the Gutmann-Beckett method, 

the binding to the Lewis acid at the oxygen center is conceptually identical. The resulting Lewis 

acid-base adducts lead to a red shift in the fluorescence emission maximum, allowing for accurate 

quantification of the strength of a wide variety of Lewis acids. 

 

Scheme 1-15. Fluorescence-based Lewis acidity tests utilizing the fluorescent probes 10-

methylacridones (top) and dithienophosphole oxides (bottom). 

 

1.4.2 Computational Methods 

Since computational chemistry has become a more prominent area of study, it has naturally found 

applications in the field of main group chemistry, and in particular, in the development of 

computational methods for evaluating Lewis acidity. Access to computational methods offers the 

advantage to quickly calculate Lewis acidity measures for large libraries of Lewis acids without 

having to synthesize each individual compound and subsequently subjecting them to an 

experimental method to obtain their Lewis acidity measure, which could require days to weeks to 

complete. Additionally, it is also feasible to use computational methods for Lewis acids that are 
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not even possible to study in the condensed state, which could be desirable for reference purposes. 

Finally, these methods can help narrow down different classes of Lewis acids into ideal targets for 

potential experimental studies. 

The fluoride ion affinity (FIA) of a compound is defined as the negative of the enthalpy of 

formation of the compound with the fluoride ion (FIA = -ȹH). Due to the basicity and the small 

size of the fluoride ion, it can react with most Lewis acids, making the FIA one of the more 

commonly employed computational methods to evaluate Lewis acidity. In many of the initial 

reports,171-174 the heats of formation were estimated by calculating the individual energies for the 

Lewis acid, the fluoride ion, and the Lewis acid-fluoride product, however the calculations of the 

free fluoride ion prove to be quite complex. In a later report,175 the FIA of a series of Lewis acids 

(LAs) was calculated against the reference compound COF2 (Equation 1-1), as its FIA is 

experimentally known176-177 (Equation 1-2). With this value known, Hessô Law can be applied to 

obtain the calculated absolute FIA of each Lewis acid (Equation 1-3). 

 CF3O LAO CF2O LA-F (1-1) 

 CF2O F ᴼCF3O  (1-2) 

 LA F ᴼLA-F (1-3) 

In analogy to the FIA, the hydride ion affinity (HIA) is also defined as the negative of the enthalpy 

of formation of a Lewis acid with a hydride ion. The HIA is computationally determined in the 

same way as the FIA, though in this case a common reference is the experimentally calculated 

HIA of BH3 (Equations 1-4 to 1-6).178-179 Depending on the classes of Lewis acids in question and 

on the type of reactivity users are concerned with, evaluating HIAs can sometimes be a more 

appropriate measure of Lewis acidity when comparing Lewis acids. For instance, HIAs have seen 

extensive use for carbon-based Lewis acids.139-140, 180-183 

 BH4 LAO BH3 LA-H  (1-4) 

 BH3 H ᴼB(4  (1-5) 

 LA H ᴼLA-H  (1-6) 
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An underlying issue with both FIA and HIA is that they are not measures of general Lewis acidity; 

rather, they are, more accurately, measures of fluoridophilicity and hydridophilicity, respectively. 

The global electrophilicity index (GEI), formally introduced in 1999 by Parr and co-workers184 

who built upon previous work from Maynard and co-workers,185 was developed to define 

electrophilicity using inherent properties of the molecule in question, rather than by enthalpy 

changes upon reactions with nucleophiles such as hydride or fluoride. The GEI, ɤ, is a measure of 

the ability of a molecule to take up electrons, and is defined by Equation 1-7: 

 
ɤ

ɛ2

2ɖ

ɢ2

2ɖ
 (1-7) 

where µ is the chemical potential and ɖ is the chemical hardness,186 which may respectively be 

calculated from Equations 1-8 and 1-9. It is also interesting to note that µ is the negative of the 

Mulliken electronegativity value ɢ, and thus can be substituted into Equation 1-7. Additionally, 

one description of hardness is the resistance of the chemical potential to change in the number of 

electrons,186 and chemical softness is the reciprocal of this value (1/ɖ). Therefore, the mathematical 

definition for electrophilicity in Equation 1-7 agrees with chemical intuition, in that a more 

electronegative and softer molecule should indeed be more electrophilic. 

 
ɛ
1

2
(EHOMO ELUMO) (1-8) 

 ɖ ELUMO EHOMO (1-9) 

Recent reports have utilized the GEI as a metric to successfully estimate the relative Lewis acidities 

of a number of boron-, carbon-, phosphorus-, and sulfur-based Lewis acids,187-188 validating the 

GEI as a reliable computational method that is accessible even to users with minimal 

computational training. As is the same with most methods for quantifying Lewis acidity, there are 

several drawback associated with the GEI. Firstly, the GEI is a better gauge of Lewis acidity for 

softer Lewis acids than for hard Lewis acids, as GEI values have been shown to relate more closely 

to those obtained by the Childs experimental method, where the softer crotonaldehyde is 

employed.187 Secondly, GEI values should only be compared between Lewis acids that fall within 

the same chemical families, i.e. values between various boranes may be compared to each other, 

however directly comparing the GEI values of boranes to those of carbocations, though 
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isoelectronic, would be inappropriate. Thirdly, the GEI does not take into consideration the change 

in geometry of the Lewis acid upon binding a Lewis base and the potential stability or instability 

that accompanies it. Finally, the GEI considers the addition of only one electron to the Lewis acid. 

Since the role of a Lewis acid is to accept an electron pair rather a single electron, the GEI is not 

a measure of true Lewis acidity, but more of an indicator, similar to the reduction potential using 

cyclic voltammetry. 

 

1.5 Scope of Thesis 

At the outset of these studies, the Lewis acid and FLP chemistry of boron- and phosphorus-based 

compounds had been already well-developed. The objective of this thesis was to explore the Lewis 

acid and FLP chemistry of scantly explored main group cations and evaluate the differences in 

their reactivity. 

Chapter 2 focuses on the development of a series of sulfur(VI) fluorosulfoxonium cations. 

Interestingly, these cations are isolobal to the highly electrophilic fluorophosphonium cation 

[(C6F5)3PF]+. As such, similar Lewis acid chemistry is observed, though with a smaller scope due 

to their high instability towards certain reagents. The work presented in this chapter was conducted 

in collaboration with Dr. Judy (Fu An) Tsao and undergraduate student Jordan Hofmann, who both 

made the initial unexpected discovery of the fluorosulfoxonium cations. Additionally, all 

computational work in this chapter was conducted by Dr. Lei Liu and Professor Stefan Grimme at 

the Mulliken Center for Theoretical Chemistry at the University of Bonn. 

Chapter 3 focuses on the development of azophosphonium cations as Lewis acids in one-electron 

and FLP chemistry, whose reactivity is derived from masked nitrenium character. The work 

presented in this chapter was conducted in collaboration with undergraduate student Rouzbeh 

Ostadsharif Memar. 

The content in Chapter 4 is separated into three main sections. The first section focuses on the 

synthesis of alkynyl fluorophosphonium cations, in attempts to subsequently prepare triazolium-

based fluorophosphonium dications. The second and third sections are inspired by the recent work 

from the Stephan group utilizing phosphorus(III) dications with bipyridyl and terpyridine 
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backbones as a new direction for phosphorus-based Lewis acid chemistry. In the second section, 

attempts are made to install more labile backbones onto the phosphorus(III) center to enhance their 

electrophilic nature. In the third and final section of this chapter, the initial phosphorus(III) species 

are oxidized with ortho-quinones to phosphorus(V) to increase the electrophilicity of the 

phosphorus center. However, the electrophilic site of reactivity of these new phosphorus(V) 

compounds is in fact carbon-based, located on the terpyridine backbone. The work in this third 

section was conducted in collaboration with Professor Saurabh Chitnis, who performed the initial 

oxidation chemistry with ortho-quinones.  

The work in Chapter 5 focuses on the exploration of Lewis acid chemistry of bipyridinium 

dications, drawing direct inspiration from the discovery of the carbon-based reactivity in the 

previous chapter. Changing the substituents on the backbone of these dications significantly alters 

their reactivity and confirms the carbon-based electrophilicity. 

Portions of this thesis have been published at the time of writing: 

Chapter 2: Waked, A. E.*; Tsao, F. A.*; Cao, L. L.; Hofmann, J.; Liu, L.; Grimme, S.; Stephan, 

D. W. ñS(VI) Lewis acids: fluorosulfoxonium cationsò, Chemical Communications. 2016, 52, 

12418-12421. 

Chapter 3: Waked, A. E.; Ostadsharif Memar, R.; Stephan, D. W. ñNitrogen-Based Lewis Acids 

derived from Phosphonium diazo cationsò, Angewandte Chemie International Edition. 2018, 57, 

11934-11938. 

Chapter 4: Waked, A. E.; Chitnis, S. S.; Stephan, D. W. ñP(V) Dications: Carbon-based Lewis 

acid initiators for Hydrodefluorinationò, Chemical Communications. 2019, 55, 8971-8974. 

Chapter 5: Waked, A. E.; Stephan, D. W. ñBipyridinium dications: Carbon-based Lewis acidsò, 

Manuscript in preparation. 
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 Sulfur(VI) Lewis Acids: Fluorosulfoxonium Cations 

2.1 Introduction 

2.1.1 Common Applications of Thioethers and Sulfoxides 

Since the discovery that thioethers could be oxidized to sulfoxides1 or be alkylated by treatment 

with alkyl halides2 in the 1860s, sulfur-containing compounds have garnered much attention in a 

variety of disciplines of chemistry. In the organic and pharmaceutical industries, the field of chiral 

sulfoxides3 has made significant progress due to their extensive use in asymmetric synthesis4-8 and 

the preparation of drug molecules.9-10 In the organometallic field, the nucleophilicity of sulfur-

containing compounds has typically been the focus, which is seen by the use sulfoxides as soft 

ligands in the coordination chemistry of transition metal complexes, such as in complex 2-I  (Figure 

2-1).11-17 Additionally, it was demonstrated that crown thioether macrocycles could bind a variety 

of transition metal ions, as seen in 2-II  (Figure 2-1),18-24 and can stabilize metal centers in unusual 

oxidation states.25 

 

Figure 2-1. Sulfur-containing compounds in coordination chemistry. 

 

2.1.2 Sulfur-Containing Compounds in FLP Chemistry 

More recently, thioethers have found some use in FLP chemistry as the Lewis basic components. 

In 2010, it was demonstrated that the borane-sulfide adduct Me2S·B(C6F5)3 could add across 

alkynes in FLP-type fashion to formally generate a sulfonium borate zwitterion.26 Later, in 2011 

and 2013, two separate intramolecular thioether-borane compounds were shown to react similarly 

with alkynes (Scheme 2-1, top).27-28 Another particularly interesting example was an 

intramolecular sulfur-borane system that was connected through a vinylic backbone, in which 

addition across alkynes once again occurs. However, different isomers were selectively formed 
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depending on whether the reaction was performed under UV light or with heat, demonstrating the 

design for photo-switchable FLPs for selective reactivity (Scheme 2-1, middle).29 Finally, in 2017, 

a series of silyl chalconium ions were shown to catalytically effect the hydrodefluorination of 

fluoroalkanes with silane by means of an intramolecular FLP reaction between the silyl 

chalconium ion and silane (Scheme 2-1, bottom).30 

 

Scheme 2-1. Intramolecular FLP reactivity with sulfur Lewis bases. 

 

Aside from these few examples, there are relatively few reports of FLP systems featuring sulfur-

containing Lewis bases, at least with respect to the other much more commonly exploited bases 

featuring central nitrogen or phosphorus atoms. One potential explanation for this is the 

comparatively weaker Lewis basicity of the sulfur center. 

 

2.1.3 The Lewis Acidic Nature of Sulfur-Containing Compounds 

Although sulfur-containing compounds are generally classified as Lewis bases, there are a number 

of examples of molecules containing electrophilic sulfur centers. The amphoteric nature of SO2 

was discovered in the 1960s by the Ibers group through single crystal X-ray diffraction analysis of 

select iridium and rhodium complexes, such as 2-I II , containing an SO2 ligand bound to the metal 

center in a Z-type fashion (Figure 2-2).31-32 At the time of this discovery, SO2 was only thought to 

act as an L-type donor to metal centers through the lone pair on the sulfur center and with ˊ-
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backdonation from the metal into the ˊ*-orbital of SO2, which has mostly p-character and is 

localized on the sulfur. Consequently, the geometry about the sulfur center in this binding mode 

was always known to be trigonal planar, with the metal and SO2 atoms lying in the same plane, as 

seen in 2-IV (Figure 2-2).33 

In the initial reports of the Z-type binding mode of SO2 in transition metal complexes, the authors 

were puzzled by the structural differences from previous SO2-transition metal complexes: the 

geometry about the sulfur center was pyramidal instead of the expected trigonal planar and the 

sulfur-metal distance was much longer than in previous SO2-metal complexes (2.49 Å versus 2.072 

Å).31 At that time, the only explanation that was offered was that the binding of SO2 to the metal 

was very weak, accounting for the elongated metal-ligand bond. However, this was later corrected 

in a separate report three years later, wherein the explanation offered was that donation of a lone 

pair of electrons from the metal center to the weakly Lewis acidic SO2 ligand, in analogy with the 

amphoteric nature of NO, was prevalent.32 

 

Figure 2-2. Binding modes of SO2 in transition metal complexes. 

 

Another example of a neutral sulfur(IV) Lewis acid is sulfur tetrafluoride, SF4. While SF4 can act 

as a fluoride donor to Lewis acids such as BF3, PF5, and SbF5,
34-37 its Lewis acidity has also been 

experimentally documented in the literature. Its reaction with various fluoride sources, like CsF 

and [NMe4][F], to produce [SF5]
- salts has been known since the 1960s.38-42 However, it was only 

recently, in 2012, when the Gerken group provided the first conclusive evidence for a dative 

interaction between SF4 and an organic base. The report featured X-ray crystallographic studies 

revealing the dative bonding nature between triethylamine and the sulfur center of SF4 at very low 

temperatures.43 Since this report, there have been several follow-up accounts of different nitrogen 

Lewis bases binding to SF4 in a similar fashion.44-45 
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In 2009, Ragogna and co-workers reported the preparation of formally dicationic sulfur(II) 

analogues of N-heterocyclic silylenes, 2-V, in which the sulfur was stabilized by a diazabutadiene 

ligand (Figure 2-3).46 It was found that at least in the solid state, the sulfur center exhibited 

electrophilic behavior based on the observed coordination of the triflate anion. Even upon 

exchange of the triflate anions with the noncoordinating [B(C6F5)4]
- anions, the essentially exposed 

dicationic sulfur core remained quite stable. It has been shown in subsequent works that various 

other nitrogen Lewis bases could also be used in place of the diazabutadiene ligand, including 

tridentate ligands, 2-VI , and the monodentate ligand pyridine, 2-VII  (Figure 2-3).47-49 

 

Figure 2-3. Dicationic sulfur(II) species. 

 

The 1980s saw the Akiba group prepare a series of compounds, 2-VIII , containing both a Lewis 

acidic sulfur(IV) center and an amino center (Figure 2-4).50-54 These intramolecular systems 

allowed for studies of the typically unstable transannular bonds between amino and sulfonium 

groups, in which they could correlate 1H NMR spectroscopy chemical shift values of the N-methyl 

group to the strength of the amino-sulfonium bond. More recently, in 2010, Gabbaï and co-workers 

utilized a sulfonium-containing species, 2-IX , for fluoride sensor applications, in which the silicon 

and sulfur centers cooperatively bind the fluoride anion (Figure 2-4).55-56 

 

Figure 2-4. Lewis acidic sulfonium-containing species (Ant = 9-anthryl). 
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In principle, sulfur(VI) compounds are expected to exhibit higher Lewis acidity than their 

sulfur(II) and sulfur(IV) counterparts given the larger charge density in the higher oxidation state. 

The following chapter explores the preparation of a class of sulfur(VI) cations and the investigation 

into their Lewis acidic properties. 

 

2.2 Results and Discussion 

2.2.1 Synthesis and Characterization of Sulfur(VI) Cations  

The initial investigation into the generation of sulfur(VI) cations involved treating the 

commercially available reagent PhSF5 with freshly generated [Et3Si·tol][B(C6F5)4] in toluene at    

-35 °C. Removal of all volatiles in vacuo and subsequent recrystallization from CH2Cl2 and 

cyclohexane afforded a small amount of colourless crystals. Single crystal X-ray diffraction 

analysis of these crystals revealed them to be the fluorosulfoxonium cation                                            

[(p-tol)PhSOF][B(C6F5)4] (2-1) (Figure 2-5). The geometry about the central sulfur atom in the 

cation is pseudo-tetrahedral with S-C bond distances of 1.725(4) and 1.733(4) Å, while the S-F 

and S-O distances were 1.533(3) and 1.404(3) Å, respectively. 

 

Figure 2-5. Solid-state structure of 2-1 (30 % thermal ellipsoids). C: gray; S: yellow; O: red; F: 

purple. Hydrogen atoms and the [B(C6F5)4]
- anion are ommitted for clarity. 

 

The reaction leading to 2-1 is thought to begin with generation of the cation [PhSF4]
+ via fluoride 

abstraction from PhSF5 by [Et3Si·tol][B(C6F5)4]. It is plausible that this is followed by a Friedel-
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Crafts arylation of the solvent toluene and subsequent hydrolysis or reaction with glass, affording 

2-1 (Scheme 2-2). Compound 2-1 is characterized by a singlet in the 19F{1H} NMR spectrum with 

ŭ 33.4 ppm, corresponding to the sulfur-bound fluorine, in addition to the anionic borate 

resonances at ŭ -132.0, -162.5, and -166.5 ppm. Due to the complexity of the crude reaction 

mixture and low yield of        2-1, any definitive mechanistic details and studies were precluded. 

Although it was discovered that sulfur(VI) cations of the form [RSF4]
+ would not be suitable 

targets for Lewis acid applications due to their apparent instability, it appeared that the stability of 

cations of the form [R2SOF]+ would allow them to be viable alternatives to target for potential 

investigations into their Lewis acidic character. 

 

Scheme 2-2. Generation of compound 2-1. 

 

Seeking a more rational synthetic strategy to access [R2SOF]+ cations, previous works of 

Ruppert57-58 and Janzen59 were noted. In these works, the synthesis of [Ph2SOF][BF4] was initially 

reported via oxidation of diphenyl sulfoxide, Ph2SO, with xenon difluoride, XeF2, followed by the 

bubbling of BF3 gas through the resulting solution. Though this cation was characterized by 19F 

NMR spectroscopy, further characterization and exploration of its chemistry was not undertaken. 

Drawing inspiration from these initial syntheses, Ph2SO and dibenzothiophene sulfoxide 

(C12H8SO) were oxidized with one equivalent of XeF2 and catalytic [NEt4][Cl ] at room 

temperature in CH2Cl2 solvent, cleanly affording the difluorosulfur(VI) species Ph2SOF2 (2-2) and 

C12H8SOF2 (2-3), respectively (Scheme 2-3). These oxidation reactions were carried out in Teflon 

reaction vessels due to the instability of compounds 2-2 and 2-3 in the presence of glass, which 

causes degradation to their respective sulfone, R2SO2. 

Consistent with the reported observations from Janzen, the oxidations performed with XeF2 were 

facilitated by the addition of catalytic amount of [NEt4][Cl], with the chloride anion initiating a 
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reaction with XeF2 to liberate fluoride anions, followed by an ensuing radical mechanism.59 For 

instance, in the formation of 2-3 from C12H8SO, the reaction was complete in 3 hours in the 

presence of the chloride catalyst, whereas in its absence, no reaction was observed over a 10 day 

period. In the case of the formation of 2-2, however, the reaction could proceed without the 

presence of catalytic chloride, though a prolonged reaction time of 24 hours was required. The 

formation of 2-2 and 2-3 was evidenced from the 19F{1H} NMR spectra of reaction mixtures which 

showed resonances at ŭ 103.2 and 68.2 ppm, respectively. Attempts to isolate these products 

proved problematic as they were not stable on prolonged contact with glass. Nonetheless, 

immediate diffusion of pentane into the reaction mixture in CH2Cl2 afforded single crystals of 2-3 

which were suitable for X-ray diffraction analysis. While crystallographic data were indeed 

obtained, the instability of the crystals resulted in the quality of the solution being quite poor. Even 

so, the data did confirm the solid-state structure of 2-3 (Figure 2-6). The geometry at the sulfur 

center is pseudo-trigonal bipyramidal with axial fluorine atoms (F-S-F angle: 179.4(4)°), an S-O 

bond length of 1.41(1) Å, and S-F bond lengths of 1.651(9) and 1.689(9) Å. These values fall 

within the range observed for the S-F bonds in N(SOF)2N2SOF2
60 and compounds of the form 

(R2N)2RôSOF.61 

 

Figure 2-6. Solid-state structure of 2-3 (30 % thermal ellipsoids). C: gray; S: yellow;  O: red; F: 

purple. Hydrogen atoms are ommitted for clarity. 

 

Addition of one equivalent of [Et3Si·tol][B(C6F5)4] to toluene solutions of 2-2 and 2-3 afforded 

the fluorosulfoxonium cations [Ph2SOF][B(C6F5)4], 2-4, and [C12H8SOF][B(C6F5)4], 2-6, 

respectively (Scheme 2-3). In the case of the reaction of 2-2 with freshly prepared 

[Et3Si·tol][B(C6F5)4] in toluene, there was an immediate colour change from colourless to dark 



 

40 

 

red/brown. The solution was warmed to room temperature over 4 hours and subsequent work-up 

afforded 2-4 as a white powder in 80 % yield. 1H and 13C{1H} NMR data for isolated 2-4 showed 

the expected aromatic resonances, while the 11B{ 1H} signal at ŭ -16.7 ppm and the 19F{1H} NMR 

resonances at ŭ -133.1, -163.6, and -167.5 ppm were consistent with the presence of the [B(C6F5)4]
- 

anion. In addition, a 19F{1H} NMR resonance was observed at ŭ 32.2 ppm, corresponding to the 

fluorine directly bonded to the sulfur center and consistent with the chemical shift of 29.5 ppm 

reported by Janzen in their initial report.59 Similarly, in the case of the reaction of 2-3 with 

[Et3Si·tol][B(C6F5)4], the product was characterized by a singlet resonance in the 19F{1H} NMR 

spectrum at ŭ 25.6 ppm, in addition to the resonances attributable to the borate anion. 

 

Scheme 2-3. Synthesis of fluorosulfoxonium cations. 

 

Crystallographic studies of single crystals of compounds 2-4 and 2-6 confirmed the connectivity 

of the cations (Figure 2-7). In particular, it was found that 2-6 had co-crystallized with its 

decomposition product dibenzothiophene sulfone (this decomposition is described in the next 

paragraph), in which there was substitutional disorder between the two molecules at the same 

position (further details on the refinement of this disorder can be found in the Experimental 

section). The geometry at the sulfur center of both cations was found to be pseudo-tetrahedral. The 

S-F bond lengths for 2-4 and 2-6 are 1.468(2) and 1.53(1) Å, while the S-O distances are 1.454(2) 

and 1.431(6) Å, respectively. Interestingly, both 2-4 and 2-6 exhibit high stability in the solid state, 
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even towards glass once isolated from the reaction mixture. In particular, compound 2-4 can be 

isolated at >500 mg scale and kept under an inert atmosphere at room temperature for over 6 

months without decomposition. 

 

Figure 2-7. Solid-state structures of 2-4 (left) and 2-6 (right) (30 % thermal ellipsoids). C: gray; 

S: yellow;  O: red; F: purple. Hydrogen atoms and the [B(C6F5)4]
- anions are ommitted for 

clarity. 

 

One observation of note was that compound 2-6 itself could not be isolated as a pure solid. Instead, 

a 1:1 molar ratio of 2-6 and dibenzothiophene sulfone, its decomposition product with either glass 

or trace moisture, was repeatedly obtained. This was evident in the 1H NMR spectrum of the 

isolated solid, where resonances for both compounds were observed (Figure 2-8, top). In an 

attempt to isolate 2-6 as a pure product, it was thought that decreasing its solubility would improve 

the work-up via multiple repeated washings with a solvent of choice. Treatment of CH2Cl2 

solutions of 2-2 and 2-3 with one equivalent of BF3·OEt2 afforded the [BF4]
- salts 2-5 and 2-7, 

respectively (Scheme 2-3). As predicted, the [BF4]
- salts 2-5 and 2-7 were much more insoluble 

than their [B(C6F5)4]
- counterparts 2-4 and 2-6 in CH2Cl2 solvent. In the case of 2-7, this readily 

allowed for  filtration of the resulting yellow solid followed by subsequent washings with CH2Cl2, 

yielding pure 2-7 as evidenced in the 1H NMR spectrum (Figure 2-8, bottom). Although 2-7 could 

be isolated immediately in this fashion, the product could not be stored even at -35 °C as it slowly 

decomposes to dibenzothiophene sulfone in both the solid state as well as in solution. 
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Figure 2-8. Aromatic region of the 1H NMR (CD2Cl2, 400 MHz) spectrum of the isolated 

mixture of 2-6 and dibenzothiophene sulfone (top), and pure 2-7 (bottom). 

 

Single crystals of 2-7 suitable for X-ray diffraction analysis were obtained by placing a saturated 

CH2Cl2 solution in the freezer at -35 °C for 24 hours. The solid-state structure of 2-7 (Figure 2-9) 

revealed a S-O bond distance of 1.418(2) Å and a S-F bond distance of 1.526(2) Å, both similar to 

those observed in 2-6. Additionally, the sulfur center is situated in a distorted trigonal pyramidal 

geometry with a contact to the [BF4]
- anion (S-F = 3.196(2) Å) that is within the sum of the van 

der Waals radii (3.27 Å).62 The F-S-F angle is 175.45(8)°, while the sum of the angles in the 

equatorial plane around sulfur totals 336.42°. This compares with a sum of 334.8° in 2-6. These 

data support the notion of a Lewis acidic sulfur center interacting with the fluorine lone pair on 

[BF4]
- via the LUMO localized on the sulfur center of the fluorosulfoxonium cation, which appears 

to be ů* in character (vide infra). 
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Figure 2-9. Solid-state structure of 2-7 (30% thermal ellipsoids). C: gray; S: yellow;  O: red; F: 

purple; B: green. Hydrogen atoms are ommitted for clarity. 

 

2.2.2 Lewis Acidic Properties of Fluorosulfoxonium Cations 

With the synthesis and characterization of the sulfur(VI) cations established, the Lewis acidic 

character of these cations was then studied using density functional theory (DFT). All DFT 

calculations were performed employing Turbomole 7.0 software.63-64 The structures of 2-4 and     

2-6 were optimized at the TPSS level of theory,65 with the BJ-damped variant of the DFT-D3 

dispersion correction66-67 in conjunction with the Def2-TZVP basis set.68-69 The structure of 2-7 

was also optimized using the method above, minimizing to a structure closely related to that 

determined above by the X-ray methods. The LUMO of cations 2-4 and 2-6 are similar to each 

other, with a major component being localized on the sulfur atom, which appears to be 

predominantly S-F ů* in character, and smaller contributions located on the aromatic rings (Figure 

2-10). 

In addition, the fluoride ion affinities (FIAs) were computed for the cations of 2-4 and 2-6 using 

the PW6B95-D3/Def2-TZVP//TPSS-D3/Def2-TZVP level of theory.70 In the gas phase, the FIAs 

were calculated to be 132.5 and 144.5 kcal/mol for 2-4 and 2-6, respectively. The solvent-corrected 

corresponding FIAs in toluene were also computed to be 140.0 and 151.8 kcal/mol, respectively. 

These numbers suggest that the Lewis acidity of 2-4 and 2-6 is comparable to common Lewis acids 



 

44 

 

such as BF3 and AlCl3, whose FIAs in the gas phase have been computed to be 82.7 and 120.0 

kcal/mol, repectively.71 

 

Figure 2-10. LUMO of the cations of 2-4 (left) and 2-6 (right). 

 

The Lewis acidity of these fluorosulfoxonium cations was also probed experimentally via the 

Gutmann-Beckett method.72 Upon mixing 2-4 with triethylphosphine oxide, Et3PO, the resonance 

of the Et3PO shifted downfield to ŭ 84.5 ppm in the 31P{1H} NMR spectrum. This shift difference 

(ȹŭ = 33.8 ppm) demonstrates the ability of 2-4 to function as an electron-pair acceptor. This ȹŭ 

value is significantly higher than that reported for B(C6F5)3 (ȹŭ = 26.6 ppm), suggesting that 

compound 2-4 is a stronger Lewis acid. Notably, in the case of the reaction between 2-6 and Et3PO, 

the 31P{1H} NMR data revealed the formation of [Et3PF][B(C6F5)4], characterized by a doublet at 

ŭ 147.8 ppm with 1JPF = 973 Hz, inferring a fluoride-oxide exchange (Scheme 2-4). Indeed, the 1H 

NMR spectrum of the mixture confirmed the generation of dibenzothiophene sulfone. A similar 

exchange reaction was observed for a Gutmann-Beckett test of related fluorophosphonium 

cations.73 

 

Scheme 2-4. Reaction of 2-4 and 2-6 with Et3PO. 
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The difference in reactivity exhibited by 2-4 and 2-6 is noteworthy, despite the fact that their FIAs 

were found to be very similar to each other, suggesting that their reactivity should also be similar. 

Additionally, it was noted in the previous section that 2-6 and 2-7 readily undergo degradation to 

their corresponding sulfone, while 2-4 and 2-5 do not show any signs of degradation. One potential 

explanation of their differences in reactivity could be attributed to the steric congestion around the 

LUMO of each cation. Electronically, their LUMOs are nearly identical, however it can be seen 

in Figure 2-10 that the Lewis acidic site in 2-6 is more accessible than that in 2-4. In 2-4, the two 

phenyl rings are rotated in such a way that the protons can interfere with a Lewis base interacting 

with the LUMO. In the case of 2-6, however, the dibenzothiophene backbone forces the aromatic 

rings to be in the same plane, suggesting minimal interference of the backbone for the interaction 

between a Lewis base and the LUMO, thereby increasing the reactivity of 2-6. 

 

2.2.3 Applications of Fluorosulfoxonium Cations  

Due to their inherent instability, compounds 2-6 and 2-7 were not employed in the following 

section; 2-4 was used exclusively for the exploration of Lewis acid applications of these 

sulfur(VI)-based cations. Compound 2-4 was not stable in the presence of silanes, therefore 

catalysis involving silanes as a typical reducing reagent were not explored. A common qualitative 

test of the potency of a Lewis acid is the polymerization of THF. At a concentration of 10 mg/mL 

in THF, 2-4 was able to effect the desired polymerization (Scheme 2-5). In addition, using 5 mol% 

of compound 2-4 as a Lewis acid catalyst, the hydroarylation of diphenylamine and pyrrole with 

1,1-diphenylethylene was shown to proceed smoothly over the course of 24 hours (Scheme 2-5). 

The hydroarylation of phenol with 1,1-diphenylethylene, however, does not proceed, attributed 

likely to the quenching of the Lewis acidity of the catalyst via coordination of phenol to 2-4. 

Finally, the hydrothiolation of 1,1-diphenylethylene with thiophenol proceeds in a similar fashion 

(Scheme 2-5). In each case, the identity of the products was confirmed unambiguously by 1H NMR 

spectroscopy. While similar catalysis has been reported for electrophilic phosphonium cations,74 

these observations represent the first use of a sulfur-based Lewis acid in such catalysis. 
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Scheme 2-5. Lewis acid-catalyzed transformations with catalytic 2-4. 

 

The use of 2-4 in FLP chemistry was subsequently investigated, with most of the results described 

in the doctoral dissertation of Dr. Judy Tsao.75 One select example is the treatment of a 

stoichiometric mixture of 2-4 and PtBu3 with diphenyl disulfide which led to the formation of the 

phosphonium cation [tBu3P(SPh)]+, characterized by a singlet resonance in the in situ 31P{1H} 

NMR spectrum at ŭ 85.7 ppm. The 1H NMR spectrum showed peaks corresponding to diphenyl 

sulfoxide, suggesting the decomposition of 2-4 in the presence of either PtBu3 or the transiently 

generated PhS- anion (Scheme 2-6). These data, along with those found in the aforementioned 

dissertation, suggest that the instability of 2-4 towards various Lewis bases limits its applications 

in FLP chemistry. 

 

Scheme 2-6. Reactivity of diphenyl disulfide with 2-4 and PtBu3. 
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2.2.4 Further Investigations into Enhancing the Lewis Acidity  

In order to increase the potency of the sulfur(VI) Lewis acids, replacement of the phenyl 

substituents on the sulfur center with more electron-withdrawing substituents was considered. 

Thus, pentafluorophenyl groups were targeted, with a synthetic strategy of treating thionyl chloride 

(SOCl2) with two equivalents of pentafluorophenyl Grignard reagent, prepared by stirring 

bromopentafluorobenzene over magnesium turnings in diethyl ether solvent under reflux. This 

Grignard solution was added to a diethyl ether solution of SOCl2 at -78 °C in a 2:1 molar ratio. 

Following aqueous work-up, the 19F{1H} NMR spectrum showed three main sets of 

pentafluorophenyl resonances, including one major set and two equal minor sets (Figure 2-11, 

top). 

To identify the products in this mixture, GC-MS analysis was performed on a sample. Consistent 

with the 19F{1H} NMR spectrum, three peaks were observed in the chromatogram (Figure 2-12, 

top). The mass spectrum corresponding to the major peak at t = 13.0 minutes contained m/z = 382 

amu, consistent with the mass of the target product bis(pentafluorophenyl) sulfoxide, (C6F5)2SO, 

2-9. The mass spectra of the minor peaks at t = 10.7 minutes and t = 12.6 minutes contained m/z 

values of 366 and 398 amu, respectively. These masses are consistent with pentafluorophenyl 

sulfide, (C6F5)2S, and bis(pentafluorophenyl) sulfone, (C6F5)2SO2, respectively. Compound 2-9 

could only be separated from the mixture by column chromatography, however only very trace 

amounts could be isolated (2 % isolated yield) due to the nearly identical retention factors of all 

the products in the mixture. Nonetheless, the GC-MS (Figure 2-12, bottom) and NMR data (Figure 

2-11, bottom) of isolated 2-9 confirm the assignment of the major chromatogram peak and the 

major 19F{1H} resonances to compound 2-9. 
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Figure 2-11. 19F{1H} NMR spectra (CDCl3, 376 MHz) of the crude mixture from the reaction of 

C6F5MgBr with SOCl2 (top), and isolated compound 2-9 (bottom). 

 

 

Figure 2-12. Normalized portions from the gas chromatograms of the crude mixture from the 

reaction of C6F5MgBr with SOCl2 (top), and isolated compound 2-9 (bottom). 
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To generate the corresponding fluorosulfoxonium cation from 2-9, a similar synthetic route as the 

formation of 2-4 and 2-6 was employed. Compound 2-9 was treated with one equivalent of XeF2 

and catalytic [NEt4][Cl], however no conversion to (C6F5)2SOF2 was observed (Scheme 2-7). 

Alternatively, 2-9 was treated with fluoronium sources, including Selectfluor and 2,6-dichloro-1-

fluoropyridinium triflate, in an attempt to generate the fluorosulfoxonium cation directly, since it 

was noted that the cation of 2-4 could be generated from the reaction between diphenyl sulfoxide 

and certain fluoronium sources (Scheme 2-7). However, once again, no generation of the target 

cation was observed in all the above cases. The lack of reactivity of 2-9 can likely be attributed to 

the very electron-deficient sulfur center resisting a seemingly unfavourable oxidation from 

sulfur(IV) to sulfur(VI). 

 

Scheme 2-7. Attempted synthesis of C6F5-substituted fluorosulfoxonium cations. 

 

2.3 Conclusion 

Though similar sulfur(VI) cations have been previously reported in the literature, the data in this 

chapter present the first isolation and crystallographic characterization of a series of 

fluorosulfoxonium cations, prepared by the facile oxidation of sulfoxides by XeF2 and subsequent 

fluoride abstraction. The Lewis acidic character of these cations was probed both computationally 

and experimentally, supporting the notion of the sulfur center being the Lewis acidic site. 

Compound 2-4 was demonstrated to catalytically effect the polymerization of THF, the 

hydroarylation of diphenylamine and pyrrole with 1,1-diphenylethylene, and the hydrothiolation 

of 1,1-diphenylethylene with thiophenol. Attempts to prepare more electron-deficient analogues 

of 2-4 and 2-6 using the same synthetic protocol were unfruitful, as 2-9 resisted oxidation due to 

the electron-poor nature of the sulfur center. 
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2.4 Experimental Section 

2.4.1 General Considerations 

All manipulations were performed under an atmosphere of dry, oxygen-free N2 by means of 

standard Schlenk or glovebox techniques (MBraun LABmaster SP dry box and Vacuum 

Atmospheres glovebox both equipped with a -35 °C freezer). Toluene, pentane, diethyl ether, and 

dichloromethane (DCM) were collected from a Grubbs-type column system manufactured by 

Innovative Technology. These solvents, along with cyclohexane, were dried over 4 Å molecular 

sieves for 48 hours prior to use. 4 Å molecular sieves (pellets, 3.2 mm diameter) were purchased 

from Sigma-Aldrich and were activated prior to usage by iteratively heating with 1050 W Haier 

microwave for 5 minutes and cooling under vacuum. The process was repeated until no further 

moisture was released upon heating. Benzene-d6 and dichloromethane-d2, purchased from 

Cambridge Isotope Laboratories, were degassed and stored over 4 Å molecular sieves in the 

glovebox for at least 48 hours prior to use. Chloroform-d, purchased from Cambridge Isotope 

Laboratories, was degassed and dried over calcium hydride. Unless otherwise mentioned, reagents 

were purchased from Sigma-Aldrich or TCI America and used without further purification. 

Dibenzothiophene sulfoxide76 and [Et3Si·tol][B(C6F5)4]
77 were prepared using literature methods. 

NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer, a Bruker DD2 500 

MHz spectrometer, a Varian DD2 600 MHz spectrometer, and an Agilent DD2 500 MHz 

spectrometer equipped with a 13C-sensitive cryogenically cooled probe. Spectra were referenced 

to residual solvents of CD2Cl2 (
1H = 5.32 ppm; 13C = 53.8 ppm), CDCl3 (

1H = 7.26 ppm; 13C = 

77.2 ppm), or C6D6 (
1H = 7.16 ppm, 13C = 128.1 ppm), or externally (11B: BF3·OEt2 (ŭ 0.00), 

19F: 

CFCl3 (ŭ 0.00), 31P: 85 % H3PO4 (ŭ 0.00)). All NMR spectra were recorded at 298 K, unless stated 

otherwise. Chemical shifts (ŭ) are reported in ppm and the absolute values of the coupling 

constants (J) are in Hz, while the multiplicity of the signals is indicated as ñsò, ñdò, ñtò, or ñmò for 

singlet, doublet, triplet, or multiplet, respectively. In the instances where the peaks are assigned to 

their corresponding nuclei, this was accomplished with the use of 2D NMR experiments. 

Combustion analyses were performed in-house employing a Flash 2000 from Thermo Instruments 

CHN Analyzer. 
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2.4.2 Synthesis of Compounds 

Preparation of Crystals of [(p-tol)PhSOF][B(C6F5)4] (2-1) 

 

Pentafluorosulfanylbenzene (143 mg, 0.7 mmol) in toluene (10 mL) was cooled to -35 °C, then 

freshly prepared [Et3Si·tol][B(C6F5)4] (619.3 mg, 0.7 mmol) in toluene (10 mL) was added to the 

former dropwise. The solution turned red-orange immediately, and was warmed up to room 

temperature slowly over 3 hours before all volatiles were removed in vacuo. A brown residue was 

obtained, washed with pentane (2 x 5 mL) and finally re-dissolved in DCM and layered with 

cyclohexane. Letting the solution stand at room temperature for over 24 hours yielded a small crop 

of colourless crystals, which was confirmed to be compound 2-1 by 19F{ 1H}  NMR spectroscopy 

and single crystal X-ray diffraction analysis. However, as this is only a minor product in a 

complicated reaction mixture, this species was not fully characterized by 1H and 13C NMR 

spectroscopy. 

19F{1H} NMR  (376 MHz, C6D6): ŭ 33.4 (s, 1F, SF), -132.0 (m, 8F, o-C6F5), -162.5 (t, 4F, 3JFF = 

26 Hz, p-C6F5), -166.5 (m, 8F, m-C6F5). 

 

Preparation of Crystals of C12H8SOF2 (2-3) 

 

At room temperature, XeF2 (15 mg, 0.089 mmol) was added as a solid to a solution of 

dibenzothiophene sulfoxide (17 mg, 0.085 mmol) and tetraethylammonium chloride (3 mg, 0.02 

mmol) in DCM (0.5 mL) in a 1 dram glass scintillation vial. The vial was placed in a 20 mL glass 

scintillation vial containing pentane (5 mL), which was then sealed to allow for slow pentane 

vapour diffusion into the DCM solution. Single crystals of compound 2-3 were obtained after 24 

hours and were suitable for X-ray crystallography. Due to the instability of 2-3 in solution, only 

the in situ 19F{1H} NMR spectrum was obtained for spectroscopic characterization. 

19F{1H} NMR  (376 MHz, CH2Cl2): ŭ 68.2 (s). 
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Preparation of [Ph2SOF][B(C6F5)4] (2-4) 

 

At room temperature, XeF2 (168.3 mg, 0.9942 mmol) in DCM (5 mL) was added dropwise to a 

solution of diphenyl sulfoxide (196.1 mg, 0.9695 mmol) in DCM (5 mL) in a Teflon vial while 

stirring. The solution remained clear and colourless and was allowed to stir for 24 hours at room 

temperature. All volatiles were then removed in vacuo, leaving behind a crystalline, colourless 

solid. The solid was then re-dissolved in toluene (5 mL) and cooled to -35 °C. Freshly prepared 

[Et3Si·tol][B(C6F5)4] (840.0 mg, 0.95 mmol) in toluene (5 mL) was added to the above solution 

dropwise, leading to an immediate change in colour of the solution from colourless to dark 

red/brown. The solution was allowed to warm to room temperature over 4 hours and then 

transferred to a glass scintillation vial. When the stirring was stopped the solution separated into 

two layers (a colourless top layer and a red bottom layer), the top layer was decanted using a pipette 

and the bottom layer was triturated 3 times using pentane to give 2-4 as a white powder (684.4 mg, 

80 % yield). Single crystals suitable for X-ray diffraction analysis were grown from a solution of 

2-4 in DCM layered with cyclohexane. 

1H NMR  (600 MHz, CD2Cl2): ŭ 8.24 (tm, 3JHH = 7 Hz, 2H, p-Ph), 8.16 (d, 3JHH = 8 Hz, 4H, o-Ph), 

7.98 (tm, 3JHH = 8 Hz, 4H, m-Ph). 

13C{1H} NMR  (125 MHz, CD2Cl2): ŭ ([B(C6F5)4]
- peaks not included) 142.4 (s, p-Ph), 132.8 (s, 

m-Ph), 129.9 (s, o-Ph), 126.1 (d, 3JCF = 11 Hz, i-Ph). 

19F{1H} NMR  (376 MHz, CD2Cl2): ŭ 32.2 (s, 1F, SF), -133.1 (m, 8F, o-C6F5), -163.6 (t, 4F, 3JFF 

= 20 Hz, p-C6F5), -167.5 (m, 8F, m-C6F5). 

11B{1H} NMR  (128 MHz, CD2Cl2): ŭ -16.7 (s). 

Anal. Calc. for C36H10BF21OS: C 48.03 %, H 1.12 %. Found: C 48.72 %, H 1.47 %. 
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Preparation of [Ph2SOF][BF4] (2-5) 

 

At room temperature, XeF2 (46 mg, 0.27 mmol) in DCM (2 mL) was added dropwise to a solution 

of diphenyl sulfoxide (55 mg, 0.27 mmol) in DCM (2 mL) in a Teflon vial while stirring. The 

solution remained clear and colourless and was allowed to stir for 24 hours at room temperature. 

All volatiles were then removed in vacuo, leaving behind a crystalline, colourless solid. The solid 

was then re-dissolved in toluene (2 mL) and cooled to -35 °C. BF3ĀOEt2 (33 µL, 0.27 mmol) was 

added and the solution was stirred for two hours at room temperature. The pale yellow solution 

was transferred to a glass scintillation vial and the solvent was removed in vacuo. The solid was 

dissolved in DCM (2 mL) and crystals were obtained by slow pentane vapour diffusion into the 

DCM solution. These crystals were suitable for X-ray diffraction analysis, however due to heavy 

disorder of the [BF4]
- anion in the asymmetric unit, the structure was not fully refined. The crystals 

were washed with pentane (3 x 2 mL) and dried in vacuo to give 2-5 as a colourless powder (65 

mg, 79 % yield). 

1H NMR  (400 MHz, CD2Cl2): ŭ 8.40 (d, 3JHH = 8 Hz, 4H, o-Ph), 8.19 (tm, 3JHH = 8 Hz, 2H, p-Ph), 

7.98 (tm, 3JHH = 8 Hz, 4H, m-Ph). 

13C{1H} NMR  (126 MHz, CD2Cl2): ŭ 141.9 (s, p-Ph), 132.7 (s, m-Ph), 130.6 (s, o-Ph), 127.0 (d, 

3JCF = 11 Hz, i-Ph). 

19F{1H} NMR  (377 MHz, CD2Cl2): ŭ 30.9 (s, 1F, SF), -151.7 (s, 4F, BF4). 

11B{1H} NMR  (128 MHz, CD2Cl2): ŭ -1.0 (s). 

Anal. Calc. for C36H10BF21OS: C 46.79 %, H 3.27 %. Found: C 46.81 %, H 3.34 %. 

 

Preparation of [C12H8SOF][B(C6F5)4] (2-6) 
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At room temperature, XeF2 (85 mg, 0.50 mmol) was slowly added as a solid to a solution of 

dibenzothiophene sulfoxide (98 mg, 0.49 mmol) and tetraethylammonium chloride (10 mg, 0.060 

mmol) in DCM (5 mL) while stirring. The solution was stirred for 3 hours and the solvent was 

removed in vacuo. Toluene (5 mL) was added and the suspension was cooled to -35 °C. A -35 °C 

solution of freshly prepared [Et3Si·tol][B(C6F5)4] (354 mg, 0.446 mmol) in toluene (5 mL) was 

slowly added and the resulting yellow solution was stirred for 10 minutes. The solvent was 

removed in vacuo and the crude mixture was recrystallized by layering a concentrated DCM 

solution of the solid with pentane. The crystals were washed with pentane (3 x 3 mL) and all 

volatiles were removed in vacuo to obtain the product as a yellow powder of a 1:1 molar mixture 

of compound 2-6 and dibenzothiophene sulfone (258 mg total, 65 % yield). The crystals obtained 

from the recrystallization were suitable for X-ray diffraction analysis. 

1H NMR  (400 MHz, CD2Cl2): ŭ (Dibenzothiophene sulfone peaks not included) 8.35 (d, 3JHH = 8 

Hz, 2H, H4), 8.26 (t, 3JHH = 8 Hz, 2H, H2), 8.14 (d, 3JHH = 8 Hz, 2H, H1), 7.96 (t, 3JHH = 8 Hz, 2H, 

H3). 

13C{1H} NMR  (125 MHz, CD2Cl2): ŭ ([B(C6F5)4]
- and dibenzothiophene sulfone peaks not 

included) 144.7 (s, C2), 135.8 (d, 3JCF = 3 Hz, C5), 134.6 (s, C3), 128.9 (s, C4), 126.1 (s, C1), 122.3 

(d, 2JCF = 3 Hz, C6). 

19F{1H} NMR  (377 MHz, CD2Cl2): ŭ 24.9 (s, 1F, SF), -133.1 (m, 8F, o-C6F5), -163.5 (t, 4F, 3JFF 

= 20 Hz, p-C6F5), -167.4 (m, 8F, m-C6F5). 

11B{1H} NMR  (128 MHz, CD2Cl2): ŭ -16.7 (s). 

Anal. Calc. for (C36H8BF21OS)·(C12H8O2S): C 51.73 %, H 1.45 %. Found: C 50.18 %, H 1.38 %. 

Elemental analysis was attempted three times and a low carbon content was observed in all cases. 

 

Preparation of [C12H8SOF][BF4] (2-7) 

 

Dibenzothiophene sulfoxide (60 mg, 0.30 mmol) and tetraethylammonium chloride (7 mg, 0.04 

mmol) were dissolved in 1 mL DCM. XeF2 (54 mg, 0.32 mmol) was slowly added as a solid to the 

solution while stirring. After stirring for 3 hours, the solution was cooled to -35 °C and BF3ĀOEt2 
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(37 µL, 0.30 mmol) was added to form a yellow precipitate. The slurry was stirred for 10 minutes. 

The solid was filtered, washed with DCM (3 x 1 mL), and dried in vacuo to give 2-6 as a yellow 

powder (76 mg, 83 % yield). A saturated DCM solution of 2-7 was placed in a -35 °C freezer for 

24 hours to obtain crystals suitable for X-ray diffraction analysis. 

1H NMR  (400 MHz, CD2Cl2): ŭ 8.39 (d, 3JHH = 8 Hz, 2H), 8.30 (d, 3JHH = 8 Hz, 2H), 8.26 (t, 3JHH 

= 8 Hz, 2H), 7.93 (tm, 3JHH = 8 Hz, 2H). 

13C{1H} NMR  (126 MHz, CD2Cl2): ŭ 144.7 (s), 134.5 (s), 129.1 (s), 126.7 (s), (2 of the peaks 

could not be located in the 13C NMR spectrum due to the decreased solubility of 2-6). 

19F{1H} NMR  (377 MHz, CD2Cl2): ŭ 24.6 (s, 1F, SF), -152.6 (s, 1F, BF4). 

11B{1H} NMR  (128 MHz, CD2Cl2): ŭ -1.1 (s). 

Anal. Calc. for C12H8BF5OS: C 47.09 %, H 2.63 %. Found: C 46.86 %, H 2.55 %. 

 

Preparation of C12F10SO (2-9) 

 

Magnesium turnings (0.745 g, 30.7 mmol) in diethyl ether (20 mL) was heated to reflux while 

stirring. Bromopentafluorobenzene (6.107 g, 24.73 mmol) was slowly added, and the mixture was 

stirred for 14 hours under reflux. After cooling to room temperature, this solution was then added 

dropwise to a -78 °C solution of thionyl chloride (0.8 mL, 11 mmol) in diethyl ether (20 mL). The 

mixture was warmed to room temperature and stirred for an additional 15 minutes. The precipitate 

was filtered off and the filtrate was washed with water (2 x 30 mL). The diethyl ether layer was 

collected and dried over anhydrous magnesium sulfate. After removing all volatiles in vacuo, the 

resulting oil was purified by column chromatography (eluent 80:20 hexanes:ethyl acetate) to give 

2-9 as a colourless solid (97 mg, 2 % yield). 

19F{1H} NMR  (376 MHz, CDCl3): ŭ -139.7 (m, 2F, o-C6F5), -139.7 (tm, 3JFF = 22 Hz, 1F, p-C6F5), 

-139.7 (tm, 3JFF = 20 Hz, 2F, m-C6F5). 
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2.4.3 Gutmann-Beckett Tests 

Reaction of 2-4 with Et3PO 

Compound 2-4 (42.7 mg, 0.047 mmol) and triethylphosphine oxide (2.1 mg, 0.015 mmol) were 

dissolved in CD2Cl2 (1 mL). The reaction mixture was investigated by 31P NMR spectroscopy after 

one hour at room temperature. 

31P{1H} NMR  (162 MHz, CD2Cl2): ŭ 84.5 (br s). 

 

Reaction of 2-6 with Et3PO 

Compound 2-6 (12 mg, 0.013 mmol) and triethylphosphine oxide (2 mg, 0.015 mmol) were 

dissolved in CD2Cl2 (1 mL). The formation of dibenzothiophene sulfoxide and [Et3PF][B(C6F5)4]
73 

were observed in the 1H and 31P{ 1H}  NMR spectra after one hour at room temperature. 

1H NMR  (400 MHz, CD2Cl2): ŭ 7.83 (d, 3JHH = 8 Hz, 2H), 7.78 (d, 3JHH = 8 Hz, 2H), 7.65 (td, 

3JHH = 8 Hz, 4JHH = 1 Hz, 2H), 7.54 (td, 3JHH = 8 Hz, 4JHH = 1 Hz, 2H). 

31P{1H} NMR  (162 MHz, CD2Cl2): ŭ 147.8 (d, 1JPF = 973 Hz). 

 

2.4.4 Lewis Acid Catalysis Using 2-4 

Hydroarylation of diphenylamine with 1,1-diphenylethylene 

 

To a solution of catalyst 2-4 (4.4 mg, 0.0049 mmol, 4 mol%) in CDCl3 (1 mL), diphenylamine 

(19.0 mg, 0.112 mmol) and 1,1-diphenylethylene (20.4 mg, 0.113 mmol) were added. The solution 

was transferred to an NMR tube and the reaction progress was monitored by 1H NMR 

spectroscopy. Complete conversion to the desired product was observed after 24 hours. The 1H 

NMR resonances match those previously reported.74 
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Hydroarylation of pyrrole with 1,1 -diphenylethylene 

 

To a solution of catalyst 2-4 (7.1 mg, 0.0079 mmol, 5 mol%) in CDCl3 (1 mL), pyrrole (11.5 mg, 

0.171 mmol) and 1,1-diphenylethylene (56.5 mg, 0.1314 mmol) were added. The solution was 

transferred to an NMR tube and the reaction progress was monitored by 1H NMR spectroscopy. 

91 % conversion to the desired product was observed after 24 hours. The 1H NMR resonances 

match those previously reported.74 

 

Hydrothiolation of 1,1-diphenylethylene with thiophenol 

 

To a solution of catalyst 2-4 (6 mg, 0.0067 mmol, 5 mol%) in CDCl3 (1 mL), thiophenol (14 mg, 

0.13 mmol) and 1,1-diphenylethylene (23 mg, 0.13 mmol) were added. The solution was 

transferred to an NMR tube and the reaction progress was monitored by 1H NMR spectroscopy. 

85 % conversion to the desired product was observed after 12 hours, with no further significant 

increase in conversion after an additional 12 hours. The 1H NMR resonances match those 

previously reported.74 

 

2.4.5 X-Ray Crystallography 

X-ray Data Collection and Reduction 

Crystals were coated in Paratone-N oil in an N2-filled glovebox, mounted on a MiTegen 

Micromount, and placed under a N2 stream, thus maintaining a dry, O2-free environment for each 

crystal. The data were collected on a Bruker Kappa Apex II Triumph® monochromator with Mo 

KŬ radiation (ɚ = 0.71073 ¡). The data were collected at 150(2) K for all crystals. The frames 

were integrated with the Bruker SAINT software package using a narrow-frame algorithm. Data 

were corrected for absorption effects using the empirical multi-scan method (SADABS). 
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Structure Solution and Refinement 

The structures were solved by direct methods using XS and subjected to full-matrix least-squares 

refinement on F2 using XL as implemented in the SHELXTL suite of programs. All non-hydrogen 

atoms were refined with anisotropic thermal parameters. Carbon-bound hydrogen atoms were 

placed in geometrically calculated positions and refined using an appropriate riding model and 

coupled isotropic thermal parameters. 

Since compound 2-1 is chiral and there is no chemical reason to believe that it was synthesized 

with enantioselectivity, the molecular structure was refined as an inversion twin. The possibility 

of the crystal belonging to a centrosymmetric space group was explored by attempting to solve it 

in the next most suitable space group (Pnma), but no reasonable solution could be found this way. 

Compound 2-1 was thus solved in Pna21. 

Compound 2-6 was refined with a disorder model where 2-6 and dibenzothiophene sulfone each 

had a site occupancy factor of 0.5, occupying the same space. This was done because the 

asymmetric unit contained one molecule of 2-6 and one half of the [B(C6F5]
- anion, in which the 

boron center of the anion lay directly on a 2-fold rotation axis. Since the overall charge in the 

asymmetric unit was not balanced, it was determined that a logical explanation was the presence 

of substitutional disorder between the cationic species 2-6 and its neutral decomposition product, 

dibenzothiophene sulfone. 

In the cases of compounds 2-4, 2-6 and 2-7, the possibility of substitutional disorder between the 

sulfur-bound fluorine and oxygen atoms was considered. Attempts to model potential disorder by 

splitting the site occupancies of the fluorine and oxygen atoms and allowing the structure to refine 

freely resulted in non-positive definite thermal parameters for one of the sulfur-fluorine sets in all 

cases. Even with restraints, the bond lengths and angles within the molecules became inconsistent 

with each other with large uncertainties. Based on these findings, disorder between the sulfur and 

fluorine atoms was dismissed. 
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Table 2-1. Crystallographic data for 2-1, 2-3, and 2-4. 

 2-1 2-3 2-4 

Empirical formula C37H12BF21OS C12H8F2OS C36H10BF21OS 

Formula weight 914.34 238.24 900.31 

Crystal system Orthorhombic Triclinic Orthorhombic 

Space group Pna21 P1 Pbca 

a (Å) 14.635(2) 6.924(5) 15.0990(3) 

b (Å) 9.785(1) 8.665(6) 18.8792(5) 

c (Å) 23.547(3) 8.772(7) 23.1430(7) 

Ŭ (°) 90 108.78(2) 90 

ɓ (°) 90 94.634(17) 90 

ɔ (°) 90 90.550(16) 90 

Volume (Å3) 3371.9(7) 496.3(6) 6597.1(3) 

Z 4 2 8 

ɟ (calcd) (gĀcm-3) 1.801 1.594 1.813 

µ (mm-1) 0.247 0.327 0.251 

F(000) 1808 244 3552 

T (K) 150(2) 150(2) 150(2) 

Crystal size (mm3) 0.20x0.20x0.20 0.10x0.10x0.05 0.20x0.20x0.20 

Crystal colour, habit colourless, block colourless, block colourless, block 

ɗmin (°) 2.254 2.46 1.760 

ɗmax (°) 27.506 27.89 27.507 

Reflection area 

-19 Ò h Ò 11 

-12 Ò k Ò 7 

-30 Ò l Ò 18 

-8 Ò h Ò 9 

-11 Ò k Ò 11 

-11 Ò l Ò 11 

-19 Ò h Ò 14 

-24 Ò k Ò 23 

-21 Ò l Ò 30 

Reflections collected 13441 15557 33498 

Unique reflections 6310 1631 7575 

Rint 0.0619 0.1685 0.0501 

R1 indices [I>2ů(I)] 0.0463 0.1242 0.0416 

wR2 indices (all data) 0.1153 0.3219 0.1002 

Parameters 552 146 541 

GOF on F2 1.010 1.092 1.015 

residual density (eÅ-3) 0.288, -0.461 1.138, -0.693 0.319, -0.460 

CCDC No. 1500270 1500269 1500271 
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Table 2-2. Crystallographic data for 2-6 and 2-7. 

 2-6 2-7 

Empirical formula C48H16BF21O3S2 C12H8BF5OS 

Formula weight 1114.54 306.05 

Crystal system Monoclinic Monoclinic 

Space group C2/c P21/n 

a (Å) 25.433(3) 6.9113(7) 

b (Å) 8.797(1) 10.7857(9) 

c (Å) 18.856(2) 16.508(2) 

Ŭ (°) 90 90 

ɓ (°) 97.150(5) 99.049(7) 

ɔ (°) 90 90 

Volume (Å3) 4186.0(8) 1215.2(2) 

Z 4 4 

ɟ (calcd) (gĀcm-3) 1.769 1.673 

µ (mm-1) 0.269 0.320 

F(000) 2216 616 

T (K) 150(2) 150(2) 

Crystal size (mm3) 0.20x0.10x0.10 0.20x0.20x0.10 

Crystal colour, habit yellow, block yellow, shard 

ɗmin (°) 1.614 2.264 

ɗmax (°) 27.524 27.568 

Reflection area 

-32 Ò h Ò 32 

-11 Ò k Ò 11 

-24 Ò l Ò 21 

-8 Ò h Ò 8 

-13 Ò k Ò 14 

-21 Ò l Ò 21 

Reflections collected 23038 23694 

unique reflections 4812 2799 

Rint 0.0762 0.1017 

R1 indices [I>2ů(I)] 0.0571 0.0502 

wR2 indices (all data) 0.1322 0.1097 

Parameters 366 181 

GOF on F2 1.044 1.011 

residual density (eÅ-3) 0.308, -0.339 0.418, -0.427 

CCDC No. 1500272* 1500273 

 

*Refined differently in this thesis than that found in the CCDC database. 
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2.4.6 Computational Details 

All density functional theory (DFT) calculations were performed by employing Turbomole 7.0 

software.63, 78 The structures were optimized at the TPSS level of theory,65 with the BJ-damped 

variant of the DFT-D3 dispersion correction66-67 in conjunction with the Def2-TZVP basis        

set.68-69 Harmonic vibrational frequency calculations were conducted at the same level to 

characterize the nature of the stationary points along the reaction coordinates: no imaginary 

frequencies were found for the local minima. The thermostatistical contributions to the Gibbs 

energy in the gas phase were obtained from a modified rigid-rotor-harmonic oscillator 

approximation79 at temperatures of 298.15 K and 1 atm pressure. The density-fitting RI-J80-81 

approach for the Coulomb integrals was used to accelerate the geometry optimization and 

frequency calculations. Accurate electronic energies were obtained from single point calculations 

at the PW6B95-D3 level70 upon the optimized structures, with the same basis set of Def2-TZVP. 

The COSMO-RS (Conductor-like Screening Model for Real Solvents) solvation model82-83 was 

used to compute the solvation Gibbs energies by employing the gasïphase optimized structures, 

with toluene as the solvent. These calculations were done with the COSMOtherm program.84 The 

final Gibbs energies in solution were calculated from the gas-phase single point electronic energies 

plus the gas-phase thermostatistical contributions, and the COSMO-RS solvation Gibbs energies. 

The fluoride ion affinities (FIA) were calculated via the following equation: 

FIA = -[ȹG(LA-Fī) - ȹG(LA) - ȹG(Fī)] 

where LA stands for Lewis acid. 

 

Table 2-3. Calculated FIAs (kcal/mol) of the 2-4 and 2-6 at the PW6B95-D3/Def2-

TZVP//TPSS-D3/Def2-TZVP level of theory. 

Compound FIA g FIA sol 

2-4 132.5 140.0 

2-6 144.5 151.8 

FIAg stands for FIA in the gas phase and FIAsol stands for FIA in solution (toluene). 
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Figure 2-13. Calculated LUMO of the cations of 2-4 (left) and 2-6 (right) at a contour surface 

value of 0.03 a.u. (computational level: TPSS-D3/Def2-TZVP). 
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 Nitrogen Lewis Acids: Azophosphonium Cations 

3.1 Introduction 

3.1.1 Electrophilic Nitrogen-Containing Cations 

Although nitrogen-containing compounds are usually considered to be basic due to the typical 

presence of a lone pair of electrons, there are several classes of nitrogen compounds that are known 

to exhibit electrophilic behavior at the nitrogen center. The nitronium cation, NO2
+, is a well-

established nitrating agent for the electrophilic aromatic substitution for benzene1-4 and pyridinium 

cations.5 The related nitrosonium cation, NO+,6 is a much weaker electrophile than NO2
+, however 

it can still effect the nitrosylation of (hetero)aromatic hydrocarbons7-10 and alkenes.11-12 

The diazonium cation is another Lewis acidic class of nitrogen-containing compounds.13-16 

Aromatic diazonium cations have been observed to react via addition reactions, in which the 

electron-deficient terminal nitrogen is the site of nucleophilic attack (Scheme 3-1). A variety of 

azo compounds with different electronic properties can be synthesized using this methodology, 

from the usage of different nucleophiles such as hydroxide, alkoxides, phenoxides, cyanide, azide, 

thiolates, phosphines, and amines.17-20 

 

Scheme 3-1. Addition reaction of nucleophiles with diazonium salts. 

 

Another common family of Lewis acidic compounds containing an electrophilic nitrogen center is 

the positively charged disubstituted nitrenium cation,21-23 which bears a lone pair and a vacant       

p-orbital. These species are isoelectronic and isolobal with carbenes, and can similarly exist either 

in the singlet state or the triplet state. Due to their general instability, they almost exclusively exist 

solely as intermediates in reactions. Studies of nitrenium ions have been of increasing interest in 

recent years due to their involvement in carcinogenic DNA-damaging reactions, in which 

nitrenium intermediates electrophilically attack the guanine in DNA.24-26 Due to the extreme 

instability of nitrenium ions, the typical method used to study their chemical behavior is by 

generation of the intermediate in situ followed by trapping with nucleophiles. For example, 
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photolysis of N-aminopyridinium ions (3-I ) generates the diphenylnitrenium cation, [Ph2N]+, 

which can be trapped by nucleophiles such as chloride or alcohols,27-29 or by abstraction from a 

suitable hydride donor like 1,4-cyclohexadiene (Scheme 3-2).30 

 

Scheme 3-2. Decomposition pathways for the diphenylnitrenium cation. 

 

3.1.2 Applications of Nitrogen Lewis Acids in FLP and Lewis Acid Chemistry 

More recently, there have been several efforts to prepare isolable electrophilic nitrogen-centered 

compounds, and their reactivity has been explored in the context of Lewis acid and frustrated 

Lewis pair (FLP) chemistry. In 2011, Gandelman and others described several examples of using 

triazolium cations, which are isoelectronic to N-heterocyclic carbenes (NHCs), as L-donors in 

transition metal complexes.22, 31-33 These same cations, 3-II  and 3-III , were shown several years 

later, in 2017, to exhibit Lewis acidic behavior via coordination of different phosphorus bases to 

the nitrenium center (Scheme 3-3).34 This was one of the very first reports of a stable, robust, and 

a stereo-electronically modifiable nitrogen-based Lewis acid in the literature. 

 

Scheme 3-3. Electrophilic reactivity of triazolium cations. 
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One year later, Stephan et al. described the synthesis of the cyclic (alkyl)(amino)nitrenium cations 

3-IV  and 3-V with enhanced Lewis acidity at the nitrogen center, employing an analogous strategy 

to that used for the development of the more ˊ-acidic cyclic (alkyl)(amino)carbenes from classical 

NHCs (Figure 3-1).35-36 Similarly to the triazolium cations, these species formed classical Lewis 

adducts when treated with various Lewis bases, including phosphines and NHCs. These cations 

also formed an FLP with bulky phosphine bases, however the only observable reactivity was the 

splitting of a disulfide to form unstable products which degraded readily. 

 

Figure 3-1. Cyclic (alkyl)(amino)nitrenium-based Lewis acids. 

 

As of yet, there have been no Lewis acidic nitrogen compounds that have been reported to effect 

clean FLP reactivity. In seeking to expand the range of nitrogen-based Lewis acids, cationic 

azophosphonium species were targeted. These compounds were initially reported by Horner and 

Stöhr in 1953,37 while Horner and Hoffmann later reported, in 1958, the use of species of the form 

[ArN2PR3]
+ in the quaternization of phosphines, in which phosphines were treated with diazonium 

salts.38 In 2018, Slootweg et al. explored the utility of azophosphonium cations in the dye industry, 

where the electronics, and therefore the colours, are tunable by either the phosphine substituents 

or the para-substituted aryldiazonium salts.39 In the context of Lewis acid studies, Severin and co-

workers reported the synthesis of the azoimidazolium dye 3-VI  in 2016, which was shown to act 

as a one-electron acceptor centered at the aryl-bound nitrogen atom (Scheme 3-4).40 The nitrogenôs 

Lewis acidity was derived from the ˊ-accepting properties of the NHC group. Phosphine ligands 

are well-known ˊ-accepting ligands in transition metal chemistry,41-42 prompting the work in this 

chapter on the reactivity of azophosphonium cations in FLP chemistry as highly tunable and 

accessible Lewis acids. 
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Scheme 3-4. One-electron reduction of azoimidazolium dyes. 

 

3.2 Results and Discussion 

3.2.1 Synthesis and Characterization of Azophosphonium Cations 

Treatment of para-chlorobenzenediazonium tetrafluoroborate, [(p-ClC6H4)N2][BF4], with one 

equivalent of triphenylphosphine, PPh3, in CH2Cl2 afforded an initially intensely red solution, 

subsequently fading to colourless after several minutes. The 31P{1H} NMR spectrum of this 

solution cleanly showed resonances attributable to a new species 3-1 which exhibits two doublets 

at ŭ 41.3 and 25.0 ppm, both with a coupling constant of 3JPP = 46 Hz. These observations 

suggested the incorporation of two phosphines per diazonium molecule, in contrast to the expected 

azophosphonium product in which one equivalent of phosphine would add to the terminal nitrogen 

of the diazonium cation. The 1H NMR spectrum of the reaction mixture in CD3CN also showed 

resonances attributable to 3-1 as well as a half equivalent of unreacted diazonium cation, further 

suggesting the stoichiometry of the reaction of the diazonium cation and phosphines was 1:2. 

Addition of a second equivalent of PPh3, or subsequent repetition of the reaction with two 

equivalents of PPh3, afforded clean production of the product 3-1. This species was isolated upon 

work-up in 90 % yield as a colourless solid. 

An X-ray crystallographic study of 3-1 confirmed the formulation of the compound as                     

[(p-ClC6H4)N(PPh3)N(PPh3)][BF4] (Figure 3-2), in which an equivalent of PPh3 are bound to each 

of the nitrogen atoms in a pseudo-transoid disposition (Scheme 3-5, top). The average N(1)-N(2) 

bond lengths in the cations was found to be 1.474(4) Å, which is consistent with typical N-N single 

bonds. The N(1)-P(1) and N(2)-P(2) bonds average 1.666(4) and 1.613(4) Å, respectively, while 

the dihedral angle P(1)-N(1)-N(2)-P(2) is 128.5°. This orientation minimizes the steric congestion 

between both bulky PPh3 groups. 
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Figure 3-2. Solid-state structure of 3-1 (30 % thermal ellipsoids). C: gray; N: blue; P: orange; 

Cl: dark green. Hydrogen atoms and the [BF4]
- anion are ommitted for clarity. 

 

The reaction is proposed to proceed via an initial nucleophilic attack of PPh3 onto the terminal 

nitrogen of the diazonium cation, generating an unstable azophosphonium cation intermediate 

(Scheme 3-5, top). The observed initial red colour of the solution supports the notion of an 

azophosphonium intermediate, as azo compounds are well-known for their intense colours.43 A 

second equivalent of PPh3 subsequently attacks the other nitrogen center to generate 3-1. The loss 

of the intense red colour of the solution is attributed to the loss of the N-N double bond character 

upon the coordination of the second equivalent of PPh3. This second nucleophilic attack implies 

the Lewis acidic nature of the arene-bound nitrogen center. Analysis of the different resonance 

forms of this cation (Scheme 3-5, bottom) suggests that, due to the fast reactivity and inability to 

isolate [(p-ClC6H4)N2(PPh3)][BF4], the resonance form II  or III  contributes at least somewhat to 

the overall structure of the cation, where the nitrogen center with the formally positive charge is 

the Lewis acidic site. 
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Scheme 3-5. Preparation of 3-1 via reaction of PPh3 with diazonium cation (top), and resonance 

contributors of the azophosphonium cation intermediate (bottom). 

 

In order to exploit this Lewis acidic nitrogen species, it was thought that increasing the steric bulk 

around the nitrogen center would prevent the second equivalent of phosphine from binding. Two 

potential methods to investigate this would be by incorporating the steric bulk in the phosphine, 

or by preparing a diazonium cation derived from a sterically encumbered aniline. 

The corresponding reactions of the diazonium salt [(p-ClC6H4)N2][BF4] with bulky phosphines 

were tested first. Treatment with one equivalent of tri-tert-butylphosphine, PtBu3, in CH2Cl2 

resulted in an immediate colour change to intense purple, which persisted over the course of 

reaction. The 31P{1H} NMR spectrum of the solution showed the clean formation of a new product 

3-2, exhibiting a singlet resonance at ŭ 70.2 ppm. Upon work-up, a purple solid was isolated in 95 

% yield. These data, along with elemental analysis and high-resolution mass spectroscopy, provide 

evidence for the identity of compound 3-2 to be the azophosphonium salt                                                

[(p-ClC6H4)N2(PtBu3)][BF4] (Scheme 3-6). In addition, the connectivity of 3-2 was confirmed 

with a preliminary X-ray diffraction investigation, however the poor quality of the crystals and 

disorder in the solution precluded publishable data. 
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Scheme 3-6. Synthesis of azophosphonium cations 3-2 and 3-3. 

 

In a similar fashion, the same diazonium salt was treated with trimesitylphosphine, PMes3, in 

CH2Cl2, which immediately produced a persisting intensely red-coloured solution. Analysis of the 

31P{1H} NMR spectrum of the solution revealed the clean appearance of a singlet resonance at       

ŭ 45.1 ppm, corresponding to a new compound 3-3. Following subsequent work-up, a red solid 

was isolated in 95 % yield. These comparable data to 3-2 strongly suggest the identity of 3-3 to be 

the corresponding azophosphonium salt [(p-ClC6H4)N2(PMes3)][BF4] (Scheme 3-6). X-ray 

diffraction analysis of single crystals of 3-3 unambiguously confirmed the expected structure 

(Figure 3-3). UV-Vis spectra were obtained for these compounds (Figure 3-12 and Figure 3-13 in 

the Experimental section); it was found that 3-2 and 3-3 have maximum absorption at wavelengths 

of 517 and 486 nm, respectively, with their extinction coefficients experimentally determined to 

be 133 and 194 L·mol-1·cm-1, respectively. 

The N-N and N-P distances in 3-3 were found to be 1.244(2) and 1.765(2) Å, respectively. It is 

interesting to note the structural differences between 3-3 and the related azophosphonium 

compound [(p-Et2NC6H4)N2(PPh3)][BF4].
44 The amido substituent in the para position of the aryl 

group is mesomerically electron-donating to the arene ring, which extends to the azophosphonium 

group, resulting in a decreased N-N double bond character and an increased N-P double bond 

character. This is reflected in the difference in bond distances of the cation in the solid state, with 

N-N and N-P distances of 1.308(6) and 1.648(5) Å, respectively. In the cation of 3-3, the chloride 

is not nearly as mesomerically electron-donating as an amido group, which is reflected in the 

shorter N-N distance and the longer N-P distance. The N-P distance in 3-3 is significantly longer 

than that seen in 3-1, reflecting presumably the steric congestion about the phosphorus. On the 

other hand, the N-N bond in 3-3 is significantly shorter than that in 3-1, consistent with its higher 

bond order. 
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Figure 3-3. Solid-state structure of 3-3 (30 % thermal ellipsoids). C: gray; N: blue; P: orange; 

Cl: dark green. Hydrogen atoms and the [BF4]
- anion are ommitted for clarity. 

 

In the other scenario of incorporating the steric bulk in the diazonium cation backbone instead of 

from the phosphine, the investigation began with the synthesis of 2,4,6-

trimethylbenzenediazonium tetrafluoroborate, [MesN2][BF4]. This salt was treated with two 

equivalents of PPh3 in CH2Cl2, after which the solution immediately turned red. Analysis of the 

31P{1H} NMR spectrum of the solution revealed the presence of four resonances. A singlet at           

ŭ 38.1 ppm is attributable to the azophosphonium salt [MesN2(PPh3)][BF4], 3-4, based on its 

similar chemical shift to 3-3. Two doublets at ŭ 33.1 and 16.9 ppm, each with a coupling constant 

of  3JPP = 54 Hz, correspond to the double phosphine addition product [MesN(PPh3)N(PPh3)][BF4], 

3-5. Finally, the singlet at ŭ -5.7 ppm corresponds to free PPh3. At first glance, it appears that the 

reaction was following the same reaction pathway as seen in the formation of 3-1, albeit just at a 

slower rate due to the steric encumberment from the methyl groups in the ortho position of the 

arene. Allowing the reaction to proceed over a longer period of time would in theory drive the 

reaction to completion to the double phosphine addition salt 3-5. However, it was found that even 

after prolonged stirring for 20 hours, the reaction never proceeded to completion to form 3-5 
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cleanly; the 31P{1H} NMR spectrum always contained these four resonances. This suggested that 

there is an equilibrium between 3-4, PPh3, and 3-5 (Scheme 3-7). 

 

Scheme 3-7. Equilibrium between 3-4, PPh3, and 3-5. 

 

To probe whether this was an indeed an equilibrium, variable temperature NMR studies were 

performed on this mixture. Since the low boiling point of CH2Cl2 of 40 °C would not have allowed 

obtaining spectra at increased temperatures, the solvent from the above solution was removed in 

vacuo and the mixture was taken up in 1,2-dichloroethane (DCE), whose higher boiling point of 

83 °C would be more suitable for such studies. 31P{1H} NMR spectra of this solution were obtained 

at three separate temperatures of 25 °C, 45 °C, and 65 °C (Figure 3-4). At higher temperatures, 

decomposition was observed by the appearance of several new resonances in the spectrum. At      

45 °C and 65 °C, the relative ratio for the integrations of the resonance of 3-4 to those of 3-5 

significantly increased, in addition to the significant broadening of the doublet resonances of 3-5. 

Upon cooling the solution back down to 25 °C, the original spectrum was obtained once again. 

These data suggested that an equilibrium does in fact exist, where the equilibrium expectedly lies 

to the side of the azophosphonium 3-4 and PPh3 at higher temperatures. 

The presence of such an equilibrium implies a labile bond between N(arene) and PPh3. Despite 

the lack of an observable equilibrium based on NMR data for compound 3-1, if at least a small 

equilibrium exists, then addition of a stronger phosphine base, PR3, than PPh3 should result in the 

formation of a species of the form [(p-ClC6H4)N(PR3)N(PPh3)][BF4], where the PPh3 substituent 

would be replaced by the stronger phosphine. However, no reaction was observed when 3-1 was 

treated with one equivalent of PtBu3. A potential reason for the lack of reactivity is that PtBu3 is 

too sterically bulky, which would disfavour the addition. To circumvent this, 3-1 was also treated 

with one equivalent of the smaller base trimethylphosphine, PMe3. However, once again no 

reaction was observed. These observations suggest that the P-N bond in 3-1 is much stronger than 
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that in 3-5, which is presumably due to steric arguments since the electronic properties should be 

comparable. 

 

Figure 3-4. 31P{1H} NMR spectra (DCE, 162 MHz) of the equilibrium between 3-4, PPh3, and 

3-5 at 25 °C (top), 45 °C (middle), and 65 °C (bottom). 

 

3.2.2 The Lewis Acidic Character of Azophosphonium Cations 

The Lewis acidity of compounds 3-2 and 3-3 was probed computationally. Density functional 

theory (DFT) calculations were performed at the M06-2X/Def2-SVP level of theory.45 Additional 

NBO calculations were performed at a higher level of theory (M06-2X/Def2-TZVP) on the 

optimized geometries with NBO version 6.0 as implemented in the Gaussian 09 package.46 

Structural optimization and computations of the LUMO of the cations of 3-2 and 3-3 as well as 

the NBO computations were dominated by the ˊ* component of the N-N bond (55 % for 3-2 and 

52 % for 3-3) with minor contributions from the ˊ*-orbitals from the nitrogen-bound aryl 

substituent (Figure 3-5). These features account for the Lewis acidity at the nitrogen adjacent the 

aryl substituent and are similar to features reported for the azocarbene species of the form 

[ArN2(NHC)]+ described by Severin et al.40  
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Figure 3-5. LUMO of the cations of 3-2 (left) and 3-3 (right). Hydrogen atoms are omitted for 

clarity. 

 

As a further measure of Lewis acidity, the GEI values47 for 3-2 and 3-3 were calculated to be 2.69 

and 2.27 eV, respectively, inferring that 3-2 is more Lewis acidic than 3-3. Interestingly, these are 

both significantly less acidic than the model cyclic triazenium cation 3-II  (3.06 eV)22, 31 and the 

cyclic (amino)(aryl)nitrenium cation 3-V (3.03 eV)36 (Figure 3-6). 

 

Figure 3-6. GEI values (ɤ) of the cations of 3-2, 3-3, 3-II , and 3-V. 

 

Efforts to evaluate the Lewis acidity of 3-2 and 3-3 experimentally via the Gutmann-Beckett 

method were inconclusive, presumably a result of the poor oxophilicity of the nitrogen atoms. 

Addition of excess PtBu3 or PMes3 to either 3-2 or 3-3, respectively, prompted no further reaction 

in either case. This is likely a result of steric congestion of the phosphine substituents about the 

electrophilic nitrogen center. Notably, these combinations of [(p-ClC6H4)N2(PR3)][BF4] and free 
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phosphine constitutes an FLP comprised of the Lewis acidic nitrogen center of the cation and the 

Lewis basic phosphine. 

In related reactions, it is interesting to note that addition of PtBu3 to 3-3 resulted in the liberation 

of PMes3 and the formation of 3-2 over the course of 24 hours, presumably a result of the greater 

Lewis basicity of PtBu3 compared to that of PMes3 (Scheme 3-8, top). Similarly, addition of two 

equivalents of PPh3 to 3-3 yielded clean conversion to 3-1 also with the release of PMes3 over 20 

hours (Scheme 3-8, bottom), whereas use of one equivalent of PPh3 resulted in 50 % conversion 

to 3-1 with a half-equivalent of 3-3 remaining. There exist two potential mechanisms for this 

phosphine exchange reaction. The first is an associative mechanism, in which the free phosphine 

initially interacts with azophosphonium salt 3-3, followed subsequently by the release of PMes3 to 

form the new azophosphonium cation with the new phosphine substituent. The second is a 

dissociative mechanism, in which the PMes3 substituent dissociates first to reform the 

aryldiazonium cation, which then undergoes nucleophilic attack by the new free phosphine to form 

the corresponding azophosphonium cation. To investigate which mechanism was the more likely 

with the above reactions, the reaction rates between 3-3 and PtBu3 were determined with varying 

concentrations of PtBu3. It was found that increasing the concentration of PtBu3 relative to 3-3 did 

not accelerate the exchange reaction, suggesting that the reaction proceeds via a dissociative 

process. This infers that a small, undiscernible equilibrium exists between PMes3 and the 

diazonium cation, allowing for exchange to proceed. 

 

Scheme 3-8. Phosphine exchange reactions between azophosphonium cations and free 

phosphines. 
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In an attempt to verify whether cation 3-2 would undergo the same type of exchange reaction, it 

was treated with one equivalent of PMe3. Interestingly, no reaction between the two compounds 

was observed. This indicates that the PtBu3 substituent does not undergo dissociation, presumably 

due to the stronger P-N bond it forms from its higher basicity compared to PMes3. It is also 

interesting to note that this infers there are likely different driving forces for the exchange reactions 

of 3-3 with PtBu3 and with PPh3. In the case of PtBu3, once the azophosphonium cation 3-2 is 

formed, the resulting P-N bond is much stronger and thus results in a more stable compound, as 

evidenced by the lack of an equilibrium by dissociation of the phosphine group. In the case of the 

reaction with PPh3, after the initial dissociation of PMes3, one may not expect the attack from PPh3 

to be more favourable than that from PMes3, as PMes3 is the slightly stronger base of the two. 

However, if even a small amount of [ArN2(PPh3)][BF4] is formed, it has already been 

demonstrated that this azophosphonium cation is not stable because a second equivalent of PPh3 

attacks the intermediate to form 3-1. Since 3-1 does not exhibit any observable equilibrium, it is 

the formation of this second P-N bond that drives the reaction from 3-3 to 3-1 to completion. 

Due to the instability of 3-3 with stronger phosphine bases, this cation was determined to be 

unsuitable in the context of FLP chemistry. As such, compound 3-2 was the focus of the following 

Lewis acid and FLP studies. Noting that an FLP is generated from the combination of the nitrogen-

based Lewis acid 3-2 and an equivalent of the base PtBu3, several standard FLP substrates were 

treated with this combination, including H2, CO2, CO, alkenes, alkynes, ketones, aldehydes, 

isocyanates, and disulfides. However, it was found that this FLP only exhibited reactivity towards 

disulfides. Treatment of a purple CH2Cl2 solution of equimolar 3-2 and PtBu3 with diphenyl 

disulfide, PhSSPh, resulted in an immediate colour change to intense red. The 31P{1H} NMR 

spectrum of the solution was consistent with the generation of [tBu3P(SPh)]+, as evidenced by the 

chemical shift at ŭ 85.2 ppm (Figure 3-7). A new singlet resonance at 67.4 ppm indicated the 

generation of a second product. This was initially thought to be the Lewis acid-thiophenolate 

adduct (p-ClC6H4)N(SPh)N(PtBu3), analogous to other FLP systems.48 However, further 

investigations suggested a different reaction pathway had taken place. 
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Scheme 3-9. Reaction of the FLP 3-2/PtBu3 with PhSSPh. 

 

 

Figure 3-7. 31P{1H} NMR spectrum (CH2Cl2, 162 MHz) of the crude reaction mixture between 

3-2, PtBu3, and PhSSPh. 

 

The intense red colour of the solution suggested the possibility of radical formation, since none of 

the expected products would have been predicted to be highly coloured. Indeed, the EPR spectrum 

of the reaction mixture revealed the presence of a paramagnetic species (Figure 3-8), which is 

proposed to be [(p-ClC6H4)N2(PtBu3)]
Å, 3-6. While the delivery of [PhS]+ to the phosphine 

suggests heterolytic cleavage of the disulfide as is seen for conventional FLP reactions,48 the 

corresponding reaction of the thiophenolate ([PhS]-) fragment results in single electron transfer to 

the Lewis acid 3-2 (Scheme 3-9). 

The implication of a one-electron reduction prompted an examination of 3-2 and 3-3 by cyclic 

voltammetry. This revealed a reversible one-electron reduction at potentials of -0.912 and -0.927 

V versus Fc/Fc+, respectively (Figure 3-10 and Figure 3-11 in the Experimental section). In the 

case of 3-6, the radical was also derived from the independent reaction of 3-2 with PhSNa in 

CH3CN (Scheme 3-10); the resulting gave an intense red solution and the precipitation of a white 

solid presumed to be NaBF4. After filtration, the solution was silent in the 31P{1H} NMR spectrum 
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but gave the same EPR spectrum described above. The PhSNa appears to initially act as a one-

electron reductant, generating 3-6 from 3-2, which transiently produces the radical species PhSÅ 

and presumably leads to its dimerization to form PhSSPh. The above data suggest that the 

resonance at ŭ 67.4 ppm in the 31P{1H} NMR spectrum from the crude reaction mixture between 

3-2, PtBu3, and PhSSPh does not likely correspond to (p-ClC6H4)N(SPh)N(PtBu3), but to an 

unidentified product. 

 

Figure 3-8. Simulated and experimental EPR spectrum (CH2Cl2) of 3-6. 

 

In a similar fashion, reaction of 3-2 with reductants like potassium or cobaltocene, Cp2Co, resulted 

in a 31P{1H} NMR-silent spectrum and yielded the same EPR spectrum, affirming the formation 

of the radical species 3-6 (Scheme 3-10). The hyperfine coupling constants for this radical were 

derived from a spectral simulation (Figure 3-8, top) and can be found in the Experimental section. 

The simulated hyperfine coupling constants are consistent with the delocalization of the unpaired 

electron density across the PN2Ar fragment and consistent with the nature of the LUMO of 3-2. 

The EPR parameters of 3-6 are similar to those described for the radical, [ArN2(NHC)]Å reported 

by Severin et al.40 The identity of the radical was further confirmed by oxidation of 3-6 with 

ferrocenium tetrafluoroborate, [FeCp2][BF4], which cleanly regenerated 3-2. This also serves as 

experimental confirmation for the one-electron reversibility exhibited in the cyclic 

voltammograms. 
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Scheme 3-10. Reactions of 3-2 to generate the radical species 3-6. 

 

3.2.3 Reactivity with Bidentate Phosphines 

In related reactions to the generation of 3-1, the diazonium salt [(p-ClC6H4)N2][BF4] was treated 

with one equivalent of various bidentate phosphine ligands, Ph2P(CH2)nPPh2 (Scheme 3-11). In all 

cases, the reactions unsurprisingly afforded the corresponding products 3-7 to 3-10, in which the 

phosphorus centers were each bonded to one of the nitrogen centers. Compound 3-8 was worked 

up and isolated as a pale yellow solid in 95 % yield for full characterization, while the other 

compounds 3-7, 3-9, and 3-10 were only characterized by 31P{1H} NMR spectroscopy. 

 

Scheme 3-11. Reactions of the diazonium salt with bidentate phosphines. 

 

The 31P{1H} NMR spectrum of 3-8 exhibited two doublets at ŭ 33.8 and 33.0 ppm, both with a 

coupling constant 3JPP = 10 Hz. Interestingly, this coupling constant is much smaller than the 

coupling constant for 3-1 (3JPP = 46 Hz). Further analysis of the 31P{1H} NMR spectra of 3-7,        

3-9, and 3-10 all showed similar doublet resonances, however the three-bond phosphorus coupling 

constants all varied as well (Table 3-1). These varied values can likely be explained by the                

P-N-N-P dihedral angle resulting from the required cis-orientation of the phosphine substituents 
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on the adjacent nitrogen atoms, similarly to how 3JHH values also differ based on their dihedral 

angles. 

 

Table 3-1. 31P{1H} NMR data of 3-1, 3-7, 3-8, 3-9, and 3-10. 

Compound 3JPP (Hz) P-N-N-P dihedral anglea (°) 

3-1 46 131.9 

3-7 36 49.2 

3-8 10 74.7 

3-9 20 101.2 

3-10 45 128.5 
aCalculated at the M06-2X/Def2-SVP level of theory 

 

To verify whether the coupling constant values correlated to their respective dihedral angles in a 

similar way as seen in the Karplus function for protons, the P-N-N-P dihedral angles were 

determined computationally since single crystals could not be obtained for compounds 3-7 to         

3-10. The geometries of these cations were optimized at the M06-2X/Def2-SVP level of theory, 

and these optimized structures were used directly to calculate the dihedral angles. For the cation 

of 3-1, the dihedral angle from the solid-state structure was used. These dihedral angles can be 

found in Table 3-1. A plot of the three-bond phosphorus coupling constant against the P-N-N-P 

dihedral angle shows that, based at least on the five compounds, that there is a similar relationship 

between the two values as is seen in the traditional Karplus function (Figure 3-9). The plot displays 

a minimum at a dihedral angle of approximately 80°, while the coupling constant gradually 

increases at smaller and larger angles than 80°. Since it appears there is good qualitative agreement 

with the Karplus function, the diazonium salt [(p-ClC6H4)N2][BF4] could potentially be used to 

perform further studies of three-bond phosphorus coupling of various bidentate phosphines due to 

its ease of synthesis, however not before considering the relative contributions to the P-P coupling 

constant through the P-(CH2)n-P linker versus the P-N-N-P linker. 
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Figure 3-9. Plot of 3JPP against P-N-N-P dihedral angle in 3-1, 3-7, 3-8, 3-9, and 3-10. 

 

3.3 Conclusion 

The characterization and isolation of compounds 3-1 to 3-5 demonstrated the ability of species of 

the form [ArN2PR3]
+, generated from the reaction of phosphines and diazonium cations, to act as 

a Lewis acid by coordination of an additional phosphine to the electrophilic nitrogen atom adjacent 

the arene ring. Depending on the steric bulk of the phosphines and the diazonium cations, or the 

Lewis basicity of the phosphines, the resulting cations exhibited different reactivity towards 

substitution reactions with different phosphine bases. In addition, the azophosphonium cations 

were shown to act as one-electron acceptors, affording stable radicals of the form                               

[(p-ClC6H4)N2(PR3)]
Å. EPR data support the computational data indicating the Lewis acidity of the 

species [ArN2PR3]
+ is derived predominantly from the ˊ*-orbital from the N-N bond, with an 

additional extended ˊ-component across the PN2Ar fragment. Moreover, in cases where steric 

demands precluded phosphine coordination as in the combination of 3-2 with PtBu3, cleavage of 

diphenyl disulfide gave [tBu3P(SPh)]+ and the radical species [ArN2P(tBu)3]
Å. Finally, the reaction 

between diazonium salts with bidentate phosphines to generate 3-7 to 3-10 resulted in a system 

which has many similarities with the Karplus equation, which may be exploited for potential 

further studies. 
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3.4 Experimental Section 

3.4.1 General Considerations 

All manipulations were performed under an atmosphere of dry, oxygen-free N2 by means of 

standard Schlenk or glovebox techniques (MBraun LABmaster SP dry box equipped with a -35 

°C freezer). Toluene and pentane were collected from a Grubbs-type column system manufactured 

by Innovative Technology and were dried over 4 Å molecular sieves for 48 hours prior to use.        

4 Å molecular sieves (pellets, 3.2 mm diameter) purchased from Sigma-Aldrich were activated 

prior to usage by iteratively heating with 1050 W Haier microwave for 5 minutes and cooling 

under vacuum. The process was repeated until no further moisture was released upon heating. 

Dichloromethane (DCM) and acetonitrile (CH3CN) were dried over calcium hydride, followed by 

distillation and degassing. 1,2-Dichloroethane (DCE) was purchased as anhydrous grade from 

Sigma-Aldrich and was used without further purification. Chloroform-d and acetonitrile-d3, 

purchased from Cambridge Isotope Laboratories, was degassed and dried over calcium hydride. 

Unless otherwise mentioned, reagents were purchased from Sigma-Aldrich or TCI America and 

used without further purification. Para-chlorobenzenediazonium tetrafluoroborate                           

[(p-ClC6H4)N2][BF4] was prepared using literature methods.49 

NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer, a Bruker DD2 500 

MHz spectrometer, a Varian DD2 600 MHz spectrometer, and an Agilent DD2 500 MHz 

spectrometer equipped with a 13C-sensitive cryogenically cooled probe. Spectra were referenced 

to residual solvent of CDCl3 (
1H = 7.26 ppm; 13C = 77.2 ppm), CD3CN (1H = 1.94 ppm; 13C = 1.3 

ppm), or externally (11B: BF3·OEt2 (ŭ 0.00), 19F: CFCl3 (ŭ 0.00), 31P: 85 % H3PO4 (ŭ 0.00)). All 

NMR spectra were recorded at 298 K, unless stated otherwise. Chemical shifts (ŭ) are reported in 

ppm and the absolute values of the coupling constants (J) are in Hz, while the multiplicity of the 

signals is indicated as ñsò, ñdò, ñtò, or ñmò for singlet, doublet, triplet, or multiplet, respectively. 

In the instances where the peaks are assigned to their corresponding nuclei, this was accomplished 

with the use of 2D NMR experiments. Mass spectra were recorded on an Agilent 6538 Q-TOF 

mass spectrometer. Combustion analyses were performed in-house employing a Flash 2000 from 

Thermo Instruments CHN Analyzer. Electron paramagnetic resonance (EPR) measurements were 

performed at 298 K using a Bruker ECSEMX X band EPR spectrometer equipped with an 

EP4119HS cavity. Simulations were performed using PEST WinSIM software. Cyclic 
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voltammetry experiments were performed using a BASi-Epsilon Model RDE-2 instrument. A 

standard three-electrode cell configuration was employed using a glassy-graphite working 

electrode, a platinum-wire counter electrode, and a silver wire as a reference electrode. Formal 

redox potentials were referenced to the ferrocene/ferrocenium redox couple. The scanning 

direction was from positive to negative potential. UV-Vis absorption spectra were obtained on an 

Agilent 8453 UV-Vis spectrophotometer using dry DCM solutions in quartz cuvettes. Extinction 

coefficients were determined by successively diluting an initial stock solution prepared using 

volumetric glassware and plotting absorbance versus concentration to determine the slope of the 

line. 

 

3.4.2 Synthesis of Compounds 

Preparation of [MesN2][BF4] 

 

2,4,6-Trimethylbenzenediazonium tetrafluoroborate was synthesized according to a literature 

procedure with slight modifications.49 2,4,6-Trimethylaniline (0.984 g, 7.28 mmol) was added to 

a 48 wt % HBF4/H2O solution (4.002 g, 21.9 mmol). The suspension was cooled in an ice bath and 

sodium nitrite (0.754 g, 10.9 mmol) was slowly added while stirring. After the addition was 

complete, the mixture was warmed to room temperature and was filtered. The solid was washed 

with cold aqueous sodium tetrafluoroborate, cold methanol, and diethyl ether. The solid was 

further dried in vacuo to give [MesN2][BF4] as an off-white powder (0.938 g, 55 % yield). The 

solid decomposes readily at room temperature, but is stable for an indefinite period when stored at 

-35 °C. 

1H NMR  (400 MHz, CD3CN): ŭ 7.41 (s, 2H, C6H2(CH3)3), 2.65 (s, 6H, o-CH3), 2.51 (s, 3H, p-

CH3). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ 156.2 (s), 145.8 (s), 132.2 (s), 111.8 (s), 23.0 (s), 18.9 (s). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -151.8 (s). 

11B{1H} NMR  (128 MHz, CD3CN): ŭ -1.2 (s). 
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Preparation of [(p-ClC6H4)N(PPh3)N(PPh3)][BF4] (3-1) 

 

At room temperature, a solution of triphenylphosphine (40.0 mg, 0.153 mmol) in DCM (1 mL) 

was added dropwise to a suspension of [(p-ClC6H4)N2][BF4] (13.9 mg, 0.061 mmol) in DCM (1 

mL) while stirring. The solution immediately turned orange-red. After 20 minutes of stirring, the 

solution turned much paler in colour, and all volatiles were removed in vacuo. Toluene (1 mL) and 

pentane (1 mL) were added to the residue to precipitate out a colourless solid. The solvent was 

decanted and the solid was washed with pentane (3 x 2 mL). The remaining solid was dried in 

vacuo to give 3-1 as a white powder (41.7 mg, 90 % yield). Single crystals suitable for X-ray 

diffraction analysis were grown by slow evaporation of a solution of 3-1 in DCM. 

1H NMR  (400 MHz, CDCl3): ŭ 7.71 (tm, 3JHH = 7 Hz, 3H, PPh), 7.63 (tm, 3JHH = 9 Hz, 6H, PPh), 

7.56 (tm, 3JHH = 7 Hz, 3H, PPh), 7.49 (tm, 3JHH = 8 Hz, 6H, PPh), 7.39 (td, 3JHH = 8 Hz, J = 3 Hz, 

6H, PPh), 7.30-7.19 (m, 6H, PPh), 7.00 (dm, 3JHH = 9 Hz, 2H, C6H4Cl), 7.00 (d, 3JHH = 9 Hz, 2H, 

C6H4Cl). 

13C{1H} NMR  (125 MHz, CDCl3): ŭ 142.6 (d, J = 5 Hz), 135.1 (dm, J = 10 Hz), 133.1 (d, J = 9 

Hz), 132.8 (d, J = 3 Hz), 132.7 (d, J = 3 Hz), 129.8 (d, J = 13 Hz), 129.3 (d, J = 4 Hz), 129.2 (s), 

129.0 (d, J = 12 Hz), 128.8 (d, J = 2 Hz), 128.3 (s), 127.0 (d, J = 93 Hz), 120.9 (d, J = 101 Hz). 

31P{1H} NMR  (162 MHz, CDCl3): ŭ 41.3 (d, 3JPP = 46 Hz, (Ph3P)N-N=PPh3), 25.0 (d, 3JPP = 46 

Hz, (Ph3P)N-N=PPh3). 

19F{1H} NMR  (376 MHz, CDCl3): ŭ -154.1 (s). 

11B{1H} NMR  (128 MHz, CDCl3): ŭ -0.7 (s). 

Anal. Calc. for C42H34BClF4N2P2: C 67.18 %, H 4.56 %, N 3.73 %. Found: C 66.81 %, H 4.55 %, 

N 3.64 %. 
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Preparation of [(p-ClC6H4)N2(PtBu3)][BF4] (3-2) 

 

At room temperature, a solution of tri-tert-butylphosphine (47.2 mg, 0.233 mmol) in DCM (1 mL) 

was added dropwise to a suspension of [(p-ClC6H4)N2][BF4] (54.6 mg, 0.241 mmol) in DCM (2 

mL) while stirring. The solution immediately turned purple. The solution was stirred for 10 

minutes, the solids were filtered off, and all volatiles were removed in vacuo. The solid was washed 

with toluene (2 x 3 mL) and pentane (3 x 3 mL) and was further dried in vacuo to give 3-2 as a 

purple powder (95.5 mg, 95 % yield). 

1H NMR  (400 MHz, CDCl3): ŭ 7.95 (dm, 3JHH = 9 Hz, 2H, C6H4Cl), 7.65 (d, 3JHH = 9 Hz, 2H, 

C6H4Cl), 1.72 (d, 3JPH = 15 Hz, 27H, C(CH3)3). 

13C{1H} NMR  (125 MHz, CDCl3): ŭ 153.6 (d, J = 40 Hz), 144.3 (s), 130.8 (s), 125.2 (d, J = 2 Hz), 

42.6 (d, J = 23 Hz), 29.8 (s). 

31P{1H} NMR  (162 MHz, CDCl3): ŭ 70.2 (s). 

19F{1H} NMR  (376 MHz, CDCl3): ŭ -152.9 (s). 

11B{1H} NMR  (128 MHz, CDCl3): ŭ -1.0 (s). 

Anal. Calc. for C18H31BClF4N2P: C 50.43 %, H 7.29 %, N 6.53. Found: C 50.11 %, H 7.13 %, N 

6.58 %. 

HRMS (ESI, m/z) calc. for [C18H31ClN2P]+, [M]+: 341.1913. Found: 341.1912. 

 

Preparation of [(p-ClC6H4)N2(PMes3)][BF4] (3-3) 

 

At room temperature, a solution of trimesitylphosphine (99.2 mg, 0.255 mmol) in DCM (2 mL) 

was added dropwise to a suspension of [(p-ClC6H4)N2][BF4] (53.9 mg, 0.238 mmol) in DCM (2 

mL) while stirring. The solution immediately turned orange-red. The solution was stirred for 10 
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minutes, then all volatiles were removed in vacuo. Toluene (3 mL) and pentane (3 mL) were added 

to the residue to precipitate out an orange-red solid. The solvent was decanted and the solid was 

washed with pentane (3 x 3 mL). The remaining solid was dried in vacuo to give 3-3 as an orange-

red powder (139.8 mg, 95 % yield). Single crystals suitable for X-ray diffraction analysis were 

grown from a supersaturated solution of 3-3 in acetone placed in a -30 °C freezer. 

1H NMR  (400 MHz, CDCl3): ŭ 7.76 (d, 3JHH = 9 Hz, 2H, C6H4Cl), 7.60 (d, 3JHH = 9 Hz, 2H, 

C6H4Cl), 7.19-7.06 (m, 6H, C6H2(CH3)3), 2.39 (s, 9H, p-CH3
Mes), 2.14 (s, 9H, o-CH3

Mes), 2.01 (s, 

9H, o-CH3
Mes). 

13C{1H} NMR  (125 MHz, CDCl3): ŭ 150.9 (d, J = 53 Hz), 146.9 (d, J = 3 Hz), 145.0 (dd, J = 70 

Hz, J = 10 Hz), 143.5 (s), 133.4 (dd, J = 72 Hz, J = 12 Hz), 130.1 (s), 128.7 (d, J = 102 Hz), 125.8 

(s), 115.2 (d, J = 83 Hz), 24.4 (s), 21.5 (s). 

31P{1H} NMR  (162 MHz, CDCl3): ŭ 45.1 (s). 

19F{1H} NMR  (376 MHz, CDCl3): ŭ -154.3 (s). 

11B{1H} NMR  (128 MHz, CDCl3): ŭ -0.9 (s). 

HRMS (ESI, m/z) calc. for [C33H37ClN2P]+, [M]+: 527.2383. Found: 527.2377. 

 

Equilibrium between [MesN2(PPh3)][BF4] (3-4) and [MesN(PPh3)N(PPh3)][BF4] (3-5) 

 

At room temperature, a solution of triphenylphosphine (23.3 mg, 0.0889 mmol) in DCM (1 mL) 

was added dropwise to a suspension of [MesN2][BF4] (10.4 mg, 0.0444 mmol) in DCM (1 mL) 

while stirring. The solution immediately turned red. The solution was stirred for 20 hours, by which 

point equilibrium had been reached. All volatiles were removed in vacuo, and the mixture was 

taken up in DCE (1 mL) to perform variable temperature NMR experiments. The 31P{1H} data 

listed below are those of the equilibrium solution in DCE solvent at 25 °C. 

31P{1H} NMR  (162 MHz, DCE): ŭ 37.5 (s, 3-4), 32.5 (d, 3JPP = 54 Hz, 3-5), 16.0 (d, 3JPP = 54 Hz, 

3-5), -6.5 (s, PPh3). 
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3.4.3 Reactivity of Azophosphonium Cations  

Phosphine exchange between 3-3 and PtBu3 

 

At room temperature, 3-3 (16.3 mg, 0.0265 mmol) and tri-tert-butylphosphine (5.6 mg, 0.028 

mmol) were dissolved in DCM (2 mL). After 24 hours of stirring, the red solution slowly turned 

purple and the 31P{1H} NMR spectrum indicated the complete conversion to 3-2 and PMes3. 

31P{1H} NMR  (162 MHz, CH2Cl2): ŭ 70.2 (s, 3-2), -36.5 (s, PMes3). 

 

Phosphine exchange between 3-3 and PPh3 

 

At room temperature, 3-3 (10.1 mg, 0.0164 mmol) and triphenylphosphine (8.5 mg, 0.032 mmol) 

were dissolved in DCM (2 mL). After 20 hours of stirring, the 31P{1H} NMR spectrum indicated 

the complete conversion to 3-1 and PMes3. 

31P{1H} NMR  (162 MHz, CH2Cl2): ŭ 41.5 (d, 3JPP = 48 Hz, 3-1), 25.0 (d, 3JPP = 48 Hz, 3-1), -36.7 

(s, PMes3). 

 

Synthesis of [(p-ClC6H4)N2(PtBu3)]Å (3-6) by reduction of 3-2 with Cp2Co 

 

At room temperature, a solution of cobaltocene (3.5 mg, 0.019 mmol) in DCM (1 mL) was added 

dropwise to a solution of 3-2 (7.5 mg, 0.018 mmol) in DCM (1 mL) while stirring. The solution 

immediately turned dark green. The EPR spectrum of this crude solution was obtained and is 

shown in Figure 3-8, along with the simulated EPR spectrum for 3-6. The hyperfine coupling 

constants derived from the simulation are: P: 8.8 G, N1: 4.2 G, N2: 3.6 G, Hortho: 3.6 G, Cl: 2.8 G. 
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Synthesis of [(p-ClC6H4)N2(PtBu3)]Å (3-6) by reduction of 3-2 with K 

 

At room temperature, a suspension of potassium (6.3 mg, 0.16 mmol) in CH3CN (2 mL) was added 

dropwise to a solution of 3-2 (7.1 mg, 0.017 mmol) in CH3CN (2 mL) while stirring. The solution 

immediately turned dark brown. The solvent was removed in vacuo after 10 minutes of stirring. 

Diethyl ether (10 mL) was added to the mixture, and the solids were filtered off. The filtrate was 

concentrated in vacuo to yield 3-6 (3.6 mg, 80 % yield). The EPR spectrum was identical to that 

shown in Figure 3-8. 

 

Diphenyl disulfide cleavage between 3-2 and PtBu3 

 

At room temperature, 3-2 (8.8 mg, 0.021 mmol) and tri-tert-butylphosphine (4.2 mg, 0.021 mmol) 

were dissolved in DCM (2 mL). A solution of diphenyl disulfide (4.6 mg, 0.021 mmol) in DCM 

(1 mL) was slowly added to the above solution while stirring. The solution immediately turned 

dark red/brown. The 31P{1H} NMR spectrum indicated the presence of [tBu3P(SPh)][BF4], along 

with a second major unidentifiable product. The EPR spectrum of the solution was identical to that 

in Figure 3-8, indicating the presence of 3-6. 

31P{1H} NMR  (162 MHz, CH2Cl2): ŭ 85.2 (s, tBu3P(SPh)), 70.0 (s, 3-2), 67.4 (s), 62.4 (s, PtBu3). 

 

Reduction of 3-2 with PhSNa 

 

At room temperature, sodium thiophenolate (2.5 mg, 0.019 mmol) was slowly added as a solid to 

a solution of 3-2 (7.5 mg, 0.017 mmol) in CH3CN (3 mL) while stirring. The solution immediately 
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turned dark red. The precipitate was filtered off, then the solvent of the filtrate was removed in 

vacuo. The 31P{1H} NMR spectrum was completely silent, while the EPR spectrum corresponded 

to 3-6. 

 

Oxidation of 3-6 with [FeCp2][BF4] 

 

At room temperature, a solution of cobaltocene (4.8 mg, 0.025 mmol) in DCM (0.5 mL) was added 

dropwise to a solution of 3-2 (10.8 mg, 0.0252 mmol) in DCM (0.5 mL) while stirring. The solution 

immediately turned dark green and the 31P{1H} NMR spectrum of the solution was silent, 

indicating the presence of the radical species 3-6. A solution of ferrocenium tetrafluoroborate (7.2 

mg, 0.026 mmol) in DCM (0.5 mL) was then added dropwise to the above solution, which 

immediately turned dark brown. The 31P{1H} NMR spectrum of the solution indicated the clean 

reformation of 3-2. 

31P{1H} NMR  (162 MHz, CH2Cl2): ŭ 70.3 (s, 3-2). 

 

3.4.4 Reactivity with Bidentate Phosphines 

Preparation of [(p-ClC6H4)N2(Ph2PCH2CH2PPh2)][BF4] (3-8) 

 

At room temperature, a solution of 1,2-bis(diphenylphosphino)ethane (46.2 mg, 0.116 mmol) in 

DCM (1 mL) was added dropwise to a suspension of [(p-ClC6H4)N2][BF4] (29.0 mg, 0.128 mmol) 

in DCM (1 mL) while stirring. The solution immediately turned yellow. After 10 minutes of 

stirring, the remaining solids were filtered off and all volatiles were removed in vacuo. The solid 

was washed with pentane (3 x 3 mL) and was then dried in vacuo to give 3-8 as a pale yellow 
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powder (68.5 mg, 95 % yield). Compound 3-8 underwent slow decomposition over the course of 

several days, even as a solid when stored at -35 °C. 

1H NMR  (400 MHz, CDCl3): ŭ 7.87-7.79 (m, 4H, PPh), 7.75 (t, 3JHH = 7 Hz, 2H, PPh), 7.69-7.55 

(m, 10H, PPh), 7.46 (td, 3JHH = 8 Hz, 3JPH = 3 Hz, 4H, PPh), 6.99 (d, 3JHH = 9 Hz, 2H, C6H4Cl), 

6.84 (d, 3JHH = 9 Hz, 2H, C6H4Cl), 3.55-3.35 (m, 4H, PCH2CH2P). 

13C{1H} NMR  (125 MHz, CDCl3): ŭ 142.7 (dd, JCP = 6 Hz, JCP = 4 Hz), 135.3 (s), 133.7 (d, JCP = 

3 Hz), 133.1 (d, JCP = 10 Hz), 132.0 (d, JCP = 9 Hz), 130.3 (d, JCP = 13 Hz), 129.5 (d, JCP = 12 Hz), 

128.9 (d, JCP = 1 Hz), 125.8 (d, 1JCP = 92 Hz), 123.5 (d, JCP = 3 Hz), 121.8 (d, 1JCP = 88 Hz), 20.2 

(dd, 1JCP = 84 Hz, 2JCP = 6 Hz), 18.9 (dd, 1JCP = 60 Hz, 2JCP = 6 Hz). 

31P{1H} NMR  (162 MHz, CDCl3): ŭ 33.8 (d, 3JPP = 10 Hz), 33.0 (d, 3JPP = 10 Hz). 

19F{1H} NMR  (376 MHz, CDCl3): ŭ -152.3 (s). 

11B{1H} NMR  (128 MHz, CDCl3): ŭ -0.8 (s). 

HRMS (ESI, m/z) calc. for [C32H28ClN2P2·H2O]+, [M·H2O]+: 555.1522. Found: 555.1527. 

 

General preparation of [(p-ClC6H4)N2(Ph2P(CH2)nPPh2)][BF4] (3-7, 3-9, 3-10) 

 

At room temperature, a solution of the corresponding phosphine (0.022 mmol) in DCM (1 mL) 

was added dropwise to a suspension of [(p-ClC6H4)N2][BF4] (5.0 mg, 0.022 mmol) in DCM (1 

mL) while stirring. After 10 minutes of stirring, the 31P{1H} NMR spectrum of the crude solution 

indicated the formation of 3-7, 3-9, and 3-10. 

3-7: 31P{1H} NMR  (162 MHz, CH2Cl2): ŭ 66.5 (d, 3JPP = 36 Hz), 56.8 (d, 3JPP = 36 Hz). 

3-9: 31P{1H} NMR  (162 MHz, CH2Cl2): ŭ 41.7 (d, 3JPP = 20 Hz), 34.6 (d, 3JPP = 20 Hz). 

3-10: 31P{1H} NMR  (162 MHz, CH2Cl2): ŭ 50.1 (d, 3JPP = 45 Hz), 49.7 (d, 3JPP = 45 Hz). 
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3.4.5 Cyclic Voltammetry 

The cyclic voltammetry experiments were all performed at room temperature in CH3CN in the 

presence of tetrabutylammonium tetrafluoroborate, [NBu4][BF4], as the electrolyte. Formal redox 

potentials were referenced to the ferrocene/ferrocenium redox couple. The scanning direction was 

from positive to negative potential. The following concentrations were used for both samples: 

Concentration of analyte (3-2 or 3-3): 0.010 M 

Concentration of [NBu4][BF4]: 0.100 M 

Concentration of ferrocene: 0.010 M 

 

Figure 3-10. Cyclic voltammogram of 3-2. Scan rate: 100 mV/sec. 

 

 

Figure 3-11. Cyclic voltammogram of 3-3. Scan rate: 200 mV/sec. 
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3.4.6 UV-Vis Spectroscopy 

All UV -Vis spectra of 3-2 and 3-3 were obtained in DCM at concentrations listed in the figures 

below. The extinction coefficients, Ů, at the wavelength of maximum absorption, ɚmax, were 

calculated by plotting the absorbance value at ɚmax against concentration and then calculating the 

slope in accordance with the Beer-Lambert equation A = Ůlc, where A is the absorbance, l is the 

path length of the cuvette (1 cm) and c is the sampleôs concentration. The values of Ů for 3-2 and 

3-3 were determined to be 133 and 194 L·mol-1·cm-1, respectively. 

 

Figure 3-12. UV-Vis spectra of 3-2 at various concentrations. 

 

 

Figure 3-13. UV-Vis spectra of 3-3 at various concentrations. 
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3.4.7 X-Ray Crystallography 

X-ray Data Collection and Reduction 

Crystals were coated in Paratone-N oil in an N2-filled glovebox, mounted on a MiTegen 

Micromount, and placed under a N2 stream, thus maintaining a dry, O2-free environment for each 

crystal. The data were collected on a Bruker Kappa Apex II Triumph® monochromator with Mo 

KŬ radiation (ɚ = 0.71073 ¡). The data were collected at 150(2) K for all crystals. The frames 

were integrated with the Bruker SAINT software package using a narrow-frame algorithm. Data 

were corrected for absorption effects using the empirical multi-scan method (SADABS). 

 

Structure Solution and Refinement 

The structures were solved by direct methods using XS and subjected to full-matrix least-squares 

refinement on F2 using XL as implemented in the SHELXTL suite of programs. All non-hydrogen 

atoms were refined with anisotropic thermal parameters. Carbon-bound hydrogen atoms were 

placed in geometrically calculated positions and refined using an appropriate riding model and 

coupled isotropic thermal parameters. 
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Table 3-2. Crystallographic data for 3-1 and 3-3. 

 3-1 3-3 

Empirical formula C87H74B2Cl8F8N4P4 C36H43BClF4N2OP 

Formula weight 1756.60 672.95 

Crystal system Monoclinic Monoclinic 

Space group P21/c P21/n 

a (Å) 32.283(5) 8.0860(8) 

b (Å) 13.618(2) 33.714(3) 

c (Å) 19.050(3) 12.838(1) 

Ŭ (°) 90 90 

ɓ (°) 94.447(5) 97.063(5) 

ɔ (°) 90 90 

Volume (Å3) 8350(2) 3473.2(6) 

Z 4 4 

ɟ (calcd) (gĀcm-3) 1.397 1.287 

µ (mm-1) 0.413 0.209 

F(000) 3608 1416 

T (K) 150(2) 150(2) 

Crystal size (mm3) 0.14x0.07x0.07 0.19x0.12x0.04 

Crystal colour, habit colourless, shard red, shard 

ɗmin (°) 1.898 1.709 

ɗmax (°) 25.026 27.102 

Reflection area 

-38 Ò h Ò 38 

-16 Ò k Ò 16 

-22 Ò l Ò 14 

-10 Ò h Ò 10 

-43 Ò k Ò 43 

-16 Ò l Ò 16 

Reflections collected 46410 57299 

Unique reflections 14735 7680 

Rint 0.0975 0.0697 

R1 indices [I>2ů(I)] 0.0676 0.0509 

wR2 indices (all data) 0.1646 0.1211 

Parameters 1069 415 

GOF on F2 1.017 1.025 

residual density (eÅ-3) 0.792, -0.785 1.547, -0.835 

CCDC No. 1827346 1827347 
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3.4.8 Computational Details 

NBO Analysis of 3-2 and 3-3 

All density functional theory (DFT) calculations were performed by employing the Gaussian 09 

program.45 The geometry optimization of the cation of 3-2 and 3-3 was performed using the M06-

2X functional with the Def2-SVP basis set. The stationary nature of the converged-upon geometry 

was confirmed by carrying out a frequency calculation and ensuring the absence of imaginary 

frequencies. NBO calculations were performed using the M06-2X functional with the Def2-TZVP 

basis set, starting with the optimized geometry, with NBO version 6.0 as implemented in the 

Gaussian 09 package.46 

 

 

Figure 3-14. HOMO (left) and LUMO (right) of the cation of 3-2. 

 

 

Figure 3-15. HOMO (left) and LUMO (right) of the cation of 3-3. 
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Global electrophilicity index (GEI) calculations  

The GEI of the cations of 3-2, 3-3, 3-II ,34 and 3-V36 was calculated using the Gaussian 09 

program.45 The geometry optimizations were carried out using the BP86 functional with the Def2-

TZVP basis set. The stationary nature of the converged-upon geometry was confirmed by carrying 

out a frequency calculation and ensuring the absence of imaginary frequencies. Energies were 

subsequently recalculated using the MP2 functional with the Def2-TZVPP basis set. The GEI (ɤ) 

is defined as 

‫  ‘ ς–ϳ  

where ɛ is the chemical potential and ɖ is the chemical hardness. These terms are defined as 

‘ Ὁ Ὁ  and – Ὁ Ὁ  
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 Phosphorus Lewis Acids 

4.1 Introduction 

4.1.1 Early Phosphorus(V) Lewis Acids 

One of the earliest examples of a phosphorus(V) Lewis acid was the Wittig reagent of the form 

Ph3P=CHR, 4-I ,1 (Figure 4-1) reported in 1954 to convert aldehydes and ketones to alkenes via 

coordination of the carbonyl functional group to the electrophilic phosphorus center. At around 

the same time, PCl5 was shown in several reports to form a Lewis acid-base adduct with pyridine, 

4-II ,2-4 (Figure 4-1) and was subsequently shown in the years to come to form similar adducts with 

a myriad of other Lewis bases.5 

 

Figure 4-1. Examples of early electrophilic phosphorus(V) species. 

 

In 1977, Cavell et al. reported the insertion of CO2 and CS2 into an amidophosphorane (Scheme 

4-1, top),6 demonstrating the electrophilic nature of the phosphorus(V) center as well as the use of 

the reagent in frustrated Lewis pair reactivity, though not considered as such at the time. Much 

later, in 2006, Terada showed that bis(alkoxy)phosphonium cations could act as catalysts in the 

Lewis acid-mediated Diels-Alder reaction, in which the phosphonium cation is Lewis acidic via 

its low-lying ů*-orbital (Scheme 4-1, bottom).7 Various phosphonium cations have also been 

shown to catalyze a number of other Lewis acid-mediated organic transformations, including the 

cyanosilylation of aldehydes8 and ketones,9 and a variety of other C-C, C-O, and C-N bond-

forming reactions.10 
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Scheme 4-1. Reactivity exploiting the Lewis acidity of phosphorus(V) species. 

 

4.1.2 Fluorophosphonium Lewis Acids and Subsequent Cations 

In 2013, a newer class of highly electrophilic phosphonium cations was targeted by the Stephan 

group, in which fluorophosphonium cations could be generated in a facile manner via oxidation of 

phosphines with xenon difluoride to generate the corresponding difluorophosphoranes, followed 

by fluoride abstraction with a silylium cation (Scheme 4-2).11 In this initial report, the 

fluorophosphonium cations [(C6F5)2RPF][B(C6F5)4] (R = Ph, 4-III ; R = C6F5, 4-IV ) were shown 

to be highly Lewis acidic via their low-lying P-F ů*-orbitals. In particular, the Lewis acidity of    

4-IV  was exploited to effect the hydrodefluorination (HDF) of fluoroalkanes in the presence of 

silane. Subsequent reports have shown that 4-IV  also catalyzes the isomerization of terminal 

olefins to their internal isomers,12 the polymerization of isobutylene,12 the Friedel-Crafts 

dimerization of 1,1-diphenylethylene,12 the dehydrocoupling of silanes with amines, thiols, and 

phenols,13 the hydrosilylation of olefins, alkynes,12 ketones,14 and imines,14 the deoxygenation of 

ketones15-16 and amides,17 and the hydroarylation and hydrothiolation of olefins.18  

 

Scheme 4-2. Preparation of fluorophosphonium cations. 
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The electron-withdrawing C6F5 substituents play a crucial role in the electrophilicity of the 

phosphorus center, as the Lewis acidity rapidly drops off with each replacement of a C6F5 group 

with a phenyl group. Therefore, while these first fluorophosphonium cations were very strong 

Lewis acids, they were also plagued by limited tunability and poor stability. To address these 

limitations, a new approach was to prepare polycationic fluorophosphonium cations. The 

additional positive charge density on the phosphorus center would increase the Lewis acidity 

enough to allow for the use of simple aryl substituents instead of perfluorinated ones. In the 

subsequent years, many new fluorophosphonium dications were prepared, some of which were 

more Lewis acidic than the parent fluorophosphonium cation 4-IV . Such species included     

[Fe(ɖ5-C5H4PFPh2)2]
2+ (4-V),19 [(SIMes)PFPh2]

2+ (4-VI ),20-21 [(o-MeNC5H4)PFPh2]
2+ (4-VII ),22 

[(C10H6)(PFPh2)2]
2+ (4-VIII ),23 [(CH2)n(PFPh2)2]

2+ (4-IX ),23 and [2,6-(CH2PFPh2)2C5H3N(CH3)] 

(4-X)24 (Figure 4-2). 

 

Figure 4-2. Examples of dicationic fluorophosphonium cations. 

 

The major limitation of each fluorophosphonium cation was their high instability toward moisture, 

so subsequent research focused on designing more air-stable analogues by replacing the fluoride 

with other less electron-withdrawing substituents. Some strategies included implementing a 

phenoxy group, [(C6F5)3P(OR)]+ (4-XI ),25 a trifluoromethyl group, [Ph3PCF3]
+ (4-XII ),26 

dicationic alkyl-substituted phosphonium cations, [(o-MeNC5H4)PMePh2]
2+ (4-XIII ),22 dicationic 
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diphosphonium cations, [(C10H6)(Ph2P)2]
2+ (4-XIV ),27 and tricationic alkyl-substituted 

phosphonium cations, [MeC(CH2PMePh2)3]
3+ (4-XV )28 (Figure 4-3). These Lewis acids exhibit 

varying degrees of stability toward water, with the alkyl-substituted phosphonium salts being 

indefinitely stable due to their unreactive P-C bonds.  

 

Figure 4-3. Examples of air-stable phosphonium cations. 

 

4.1.3 Phosphorus(III) Lewis Acids and Cations 

Since the discovery of phosphenium cations in 1964,29 reactivity exploiting their Lewis acidic 

character slowly began to emerge. One of the first reports to experimentally demonstrate the 

electrophilic behavior of such cations contained the Lewis acid-base adduct [(Me2N)3P-

P(NMe2)2], 4-XVI  (Figure 4-4).30-31 A review in 1985 by Cowley and Kemp highlighted 

subsequent reactivity of phosphenium cations, including C-H bond insertions, reactions with 

unsaturated bonds, and their coordination chemistry as ligands.32 Since then, a wide variety of 

phosphenium cations have been explored, in most cases to improve their utility in coordination 

chemistry and small molecule activation.33-44 In 2000, Nieger et al. isolated N-heterocyclic 

phosphenium cations 4-XVII  (Figure 4-4), a phosphorus analogue isoelectronic to N-heterocyclic 

carbenes (NHCs).45 These cations differ from NHCs in that the phosphorus center exhibits more 

Lewis acidic character than Lewis basic character, with a later report demonstrating small 

molecule FLP activations, including alcohols, CH2Cl2, and olefins.46 
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Figure 4-4. Examples of electrophilic phosphenium cations. 

 

In 2012, Radosevich et al. reported a neutral phosphorus(III) species that catalyzed the transfer 

hydrogenation of azobenzene using ammonia-borane (Scheme 4-3, top),47 which was the first 

example of a P(III)/P(V) catalytic redox cycle. The reactivity was attributed to a geometrically 

constrained T-shaped O-N-O backbone, priming the phosphorus center towards the oxidative 

addition of H2. This strategy inspired further chemistry for E-H activations using main group 

centers.48-54 Another notable example of a neutral phosphorus(III) Lewis acid was a 1,3,5-

triphosphabenzene, shown in 2014 by Stephan et al. to intramolecularly split H2 through an 

electrophilic phosphorus center and a nucleophilic carbon center, followed by a rearrangement and 

ring-closure (Scheme 4-3, bottom).55 

 

Scheme 4-3. Reactivity of neutral electrophilic phosphorus(III) species. 

 

In 1991, Weiss and Engel first showed that the polycationic phosphorus(III) compounds 

[(DMAP)3P][OTf]3 (4-XVIII )56 and [(DMAP)2P(OMe)][OTf]2 (4-XIX )57 could be generated via 
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addition of the appropriate number of equivalents of DMAP and TMSOTf to PCl3 and (MeO)PCl2, 

respectively (Figure 4-5). This reactivity is general with various neutral bases, including those 

containing phosphorus (4-XX ),58-63 carbenes (4-XXI ),64-66 and nitrogen (4-XXII  and                          

4-XXIII )67-71 (Figure 4-5). While the mono- and polycations have been shown to undergo different 

reactivity,66, 70, 72-76 they have seen limited use in catalytic applications.47, 49, 77-80 In particular, the 

dications 4-XXII  and 4-XXIII  have recently been shown to effect the catalytic HDF71 and 

allylation81 of fluoroalkanes with silanes, as well as the hydrosilylation of carbonyls and olefins.82 

In particular, the dication 4-XXIII  benefits from being air-stable and is able to enact these 

transformations on the benchtop, in contrast to the fluorophosphonium cations and most of the 

previously reported phosphorus-based cations. 

 

Figure 4-5. Examples of polycationic phosphorus(III) compounds. 

 

4.2 Results and Discussion 

4.2.1 Synthesis of Alkynyl Fluorophosphonium Cations 

In seeking to expand the chemistry of the fluorophosphonium Lewis acids, a family of phosphines 

that had yet to be explored in the context of Lewis acid chemistry had been alkynyl phosphines. 

These were sought out due to the ease in which alkynyl phosphines can be prepared and the 

tunability of the alkynyl substituent. In addition, a proposed synthetic route to a novel class of 

triazolium-based dicationic fluorophosphonium Lewis acids from alkynyl phosphines could be 

envisioned (Scheme 4-4), in which the alkynyl phosphine is initially oxidized with xenon 
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difluoride, XeF2. The resulting difluorophosphorane may then be treated with organic azides to 

undergo a 1,3-dipolar Huisgen cycloaddition reaction,83 followed by treatment with a fluoride 

abstracting agent such as a silylium cation to generate a triazole-substituted fluorophosphonium 

cation. The order of these two steps could potentially be reversed as well in the event that reactivity 

does not occur, though there is the possibility that azide coordination to the fluorophosphonium 

center could inhibit the desired reaction to proceed. Finally, the triazole may be alkylated to yield 

the desired triazolium-substituted fluorophosphonium dication, which would be subjected to 

standard Lewis acidity tests. 

 

Scheme 4-4. Proposed synthetic route to dicationic triazolium-substituted fluorophosphonium 

Lewis acids from alkynyl phosphines. 

 

The investigation began with the synthesis of the alkynyl phosphines RCCPPh2 (R = H, 4-1; R = 

Ph, 4-2) based on literature reports.84-85 Upon treatment of 4-1 and 4-2 with one equivalent of XeF2 

in CH2Cl2, the expected difluorophosphoranes 4-3 and 4-4 were obtained in 96 and 95 % yields, 

respectively (Scheme 4-5). The respective 31P{1H} NMR spectra revealed triplets at ŭ -67.4 ppm 

and -66.3 ppm with 1JPF = 630 Hz and 1JPF = 622 Hz. Additionally, the 19F NMR spectrum of 4-3 

revealed a doublet of doublets at -25.5 ppm with 1JPF = 630 Hz and a longer-range coupling to the 

terminal acetylene proton with 4JHF = 4 Hz, while the 19F{1H} NMR spectrum of 4-4 revealed a 

simple doublet at -25.1 ppm with 1JPF = 622 Hz. These chemical shifts and coupling constants are 

consistent with many difluorophosphoranes reported previously in the literature.11, 20-21, 23 
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Scheme 4-5. Synthesis of alkynyl fluorophosphonium cations. 

 

Single crystals of 4-4 suitable for X-ray diffraction analysis were obtained by layering a 

concentrated CH2Cl2 solution of 4-4 with pentane and allowing the mixture to stand for 16 hours, 

confirming the formulation of 4-4 (Figure 4-6). The C(1)-C(2) bond distance is 1.195(3) Å, 

standard for typical C-C triple bonds. The P-F(1) and P-F(2) bond lengths are 1.651(1) and 

1.657(1) Å, consistent with axial P-F bonds in difluorophosphoranes.86-88 The F(1)-P-F(2) bond 

angle is 177.16(7), deviating slightly from linearity. 

 

Figure 4-6. Solid-state structure of 4-4 (30 % thermal ellipsoids). C: gray; P: orange; F: purple. 

Hydrogen atoms are omitted for clarity. 

 

The difluorophosphoranes 4-3 and 4-4 were treated with one equivalent of [Et3Si·tol][B(C6F5)4] 

to generate their corresponding fluorophosphonium cations 4-5 and 4-6, respectively (Scheme 

4-5). The 31P{1H} NMR spectrum of 4-6 displayed a doublet at ŭ 62.7 ppm with a diagnostic P-F 
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coupling constant of 1JPF = 1007 Hz. The 19F{1H} NMR spectrum also contained a doublet at            

-110.1 ppm with a matching coupling constant, in addition to the [B(C6F5)4]
- resonances. 

Interestingly, in the case of the reaction with 4-3, the 31P{1H}  and the 19F{1H} NMR spectra of the 

crude product mixture revealed the formation of what appeared to be two new products (Figure 

4-7). The major product is characterized by a doublet in both the 31P{1H} and 19F{1H} NMR 

spectra at ŭ 65.0 and -113.0 ppm, respectively, with 1JPF = 1013 Hz. The minor product is also a 

doublet in the 31P{1H} and 19F{1H} NMR spectra at ŭ 101.7 and -131.3 ppm, respectively, with 

1JPF = 966 Hz. These coupling constants are both within the range of typical P-F bonds in 

fluorophosphonium cations.11, 20-21, 23 One possible scenario which could result in these spectra is 

that there exists an equilibrium between the major product proposed to be [HCCPFPh2]
+ (4-5) and 

the minor one proposed to be a dimer of 4-5 ([4-5]2), in which the electron rich ˊ-orbital can 

interact with the ů*-orbital of the P-F bond of the second molecule. The donation of this electron-

density to the P-F ů*-orbital would slightly decrease the strength of the P-F bond, resulting in the 

observed smaller coupling constant than that seen in the monomer. Variable temperature and 

DOSY NMR studies have yet to be undertaken to further support the proposition of such an 

equilibrium, however. 

        

Figure 4-7. 31P{1H} NMR spectrum (left) and 19F{1H} NMR spectrum (right) of the crude 

reaction mixture of 4-3 and [Et3Si·tol][B(C6F5)4]. 

 

Extending the series of alkynyl phosphines, bis(diphenylphosphino)acetylene was employed in the 

same reactivity as the previous phosphines (Scheme 4-5). Treatment with one equivalent of XeF2 

did not selectively yield the expected mono-oxidized product Ph2PCCPF2Ph2; the crude mixture 
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contained Ph2PCCPF2Ph2, the doubly-oxidized product Ph2F2PCCPF2Ph2 (4-7), and unreacted 

starting material Ph2PCCPPh2, evidenced in the 31P{1H} NMR spectrum. Adding a second 

equivalent of XeF2 cleanly afforded 4-7, which was isolated as a colourless powder in 95 % yield. 

Compound 4-7 was characterized by a triplet in the 31P{1H} NMR spectrum at ŭ -67.9 ppm and a 

doublet in the 19F{1H} NMR spectrum at ŭ -28.6 ppm, each with 1JPF = 645 Hz. 

The solid-state structure of 4-7 was determined by X-ray diffraction analysis of single crystals 

obtained by layering a concentrated CH2Cl2 solution of 4-7 with pentane (Figure 4-8). The P(1)-

F(1) and P(2)-F(2) bond lengths are 1.6538(8) and 1.6570(8) Å, respectively, while the C(1)-C(2) 

bond length is 1.197(3) Å. The F(1)-P(1)-F(1A) and F(2)-P(2)-F(2A) bond angles measure 

172.60(6) and 173.66(6)°, respectively. These angles interestingly deviate toward the central C(1)-

C(2) moiety much more than the deviation seen in 4-4, which is peculiar since the F-P-F moieties 

in 4-4 and 4-7 were expected to be in nearly identical environments in terms of the steric 

constraints they experience from the protruding phenyl groups. Additionally, the F-P-F moieties 

are nearly orthogonal to one another (95.79°). These data suggest that there could exist electronic 

interactions between the F-P-F and the C(1)-C(2) groups in 4-7, potentially where the electron 

density in the P-F bonds is donated into the C(1)-C(2) ˊ*-orbitals. This proposed interaction, 

however, could not be described computationally. Additionally, if such an interaction was in fact 

present, the C(1)-C(2) bond would be weakened and would consequently be longer than the typical 

1.2 Å for standard C-C triple bonds. Thus, a more likely explanation is that the geometry is simply 

a result of the solid-state packing of the molecule in the crystal. 

Compound 4-7 was treated with one equivalent of [Et3Si·tol][B(C6F5)4], generating the 

difluorophosphorane-fluorophosphonium product 4-8 (Scheme 4-5). This species was 

characterized by two resonances in the 31P{1H} NMR spectrum, a triplet at ŭ -67.8 ppm with        

1JPF = 664 Hz and a doublet at ŭ 64.5 ppm with 1JPF = 1016 Hz corresponding to the 

difluorophosphorane phosphorus and to the fluorophosphonium phosphorus center, respectively. 

The 19F{1H} NMR spectrum contains two doublets, one at ŭ -31.3 ppm with 1JPF = 664 Hz 

corresponding to the difluorophosphorane fluorine atoms, and the second at ŭ -112.5 ppm with 

1JPF = 1016 Hz corresponding to the fluorophosphonium fluorine atom. Attempting to generate the 

bis(fluorophosphonium)acetylene, 4-8 was treated with a second equivalent of 

[Et3Si·tol][B(C6F5)4]. The 31P{1H} and 19F{1H}  NMR spectra of the crude solution contained an 
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abundance of new resonances, suggesting that the presumably generated 

bis(fluorophosphonium)acetylene product is highly unstable. 

 

Figure 4-8. Solid-state structure of 4-7 (30 % thermal ellipsoids). C: gray; P: orange; F: purple. 

Hydrogen atoms are omitted for clarity. 

 

With this small library of alkynyl difluorophosphoranes and fluorophosphonium cations, they were 

subsequently treated with benzyl azide to verify whether the Huisgen cycloaddition would 

proceed. In the case of the difluorophosphoranes 4-3, 4-4, and 4-7, no reaction was observed with 

benzyl azide at room temperature, even with the addition of catalytic quantities copper iodide to 

the terminal alkynes 4-3 and 4-5. Heating these mixtures yielded many undiscernible 

decomposition products. With the fluorophosphonium salts 4-5, 4-6, and 4-8, reactions with benzyl 

azide were even less encouraging, also revealing a myriad of resonances in the 31P and 19F NMR 

spectra. Concurrent with this work, an alternate synthesis to triazolium-substituted 

fluorophosphonium cations was reported (Scheme 4-6),89 in which an unsubstituted triazolium 

cation was initially generated, followed by phosphine installation via deprotonation of the 

triazolium backbone and treatment with Ph2PCl. This triazolium-phosphine cation was treated with 

XeF2, then TMSOTf to form the triazolium-substituted fluorophosphonium dication. It was found, 
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however, that this species was unstable and readily decomposed even when stored at -40 °C. For 

this reason, further attempts to prepare such species via the alkynyl difluorophosphoranes and 

fluorophosphonium salts were ceased, as their preparation would presumably also yield highly 

unstable products. 

 

Scheme 4-6. Preparation of a triazolium-substituted fluorophosphonium cation via an alternate 

synthetic route. 

 

4.2.2 Dicationic Phosphorus(III) Species 

The synthesis of dicationic phosphorus(III) species of the form [LPPh][X]2 (L = bidentate or 

tridentate ligand) is accomplished via the reaction of PhPCl2, L, and two equivalents of a chloride 

abstracting agent of choice (NaB(C6F5)4 to form the [B(C6F5)4]
- salt, or TMSOTf/AgOTf to form 

the [OTf] - salt). One of the important features of the recently studied [(tBu-bpy)PPh]2+ (4-XXII ) 

and [(terpy)PPh]2+ (4-XXIII ) dications is the mechanism of their Lewis acid reactivity. 

Computational studies reveal that the LUMO of these two species do in fact differ significantly 

from each other. The LUMO of [(tBu-bpy)PPh]2+ consists primarily of the vacant p-orbital of the 

phosphorus center, while the LUMO of [(terpy)PPh]2+ is mostly delocalized around the terpyridine 

ligand with minimal phosphorus character.71 The difference in their LUMOs is due to the different 

coordination numbers of the phosphorus center. The three-coordinate phosphorus in                   

[(tBu-bpy)PPh]2+ contains a vacant electrophilic site of reactivity, resulting in an efficient catalyst 

for HDF reactions, though at the cost of poor stability in ambient atmosphere. Although the four-

coordinate phosphorus center in [(terpy)PPh]2+ does appear to be a Lewis acidic site based on the 

observed triflate anion coordination in the solid-state structure, its higher coordination number 

results in much higher air stability but reduces the reactivity of the cation in HDF catalysis. 
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In a follow-up report that described the allylation of C-F bonds using catalytic [(terpy)PPh]2+, 

density functional theory (DFT) calculations suggested that an equilibrium exists between 

[(terpy)PPh]2+ and a new [(terpy)PPh]2+ cation in which one of the pendant pyridine rings from 

the terpyridine ligand has been dissociated from the phosphorus center (Scheme 4-7).81 The 

activation energy required for this dissociation was calculated to be ȹGÿ = +18.9 kcal/mol. This 

new species is likely the active catalyst for the reaction. This result suggests that designing new 

phosphorus(III) dicationic Lewis acids should be possible by tuning the hemilability of the 

tridentate ligand. In particular, incorporating more labile ligands should result in more reactive air-

stable Lewis acids. 

 

Scheme 4-7. Dissociation of a pendant pyridine ring from [(terpy)PPh]2+
. 

 

The present investigation began with the synthesis of literature-known tridentate O-N-O (4-9)90 

and S-N-S (4-10)91 pincer ligands. However, attempts to prepare the corresponding 

phosphorus(III) dications by reaction of these ligands with PhPCl2 and two equivalents of chloride 

abstracting agent (AgOTf, TMSOTf, NaB(C6F5)4, and [Et3Si·tol][B(C6F5)4]) in CH2Cl2 were 

unsuccessful, as indicated by the lack of new resonances appearing in the 31P{1H} NMR spectra 

even after 48 hours of stirring at room temperature (Scheme 4-8). 

 

Scheme 4-8. Attempted reactions between the pincer ligands 4-9 and 4-10 and PhPCl2 and 

PhPF2. 
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To increase the driving force for the reaction to proceed, PhPCl2 was initially treated with an excess 

of sodium fluoride (5 equivalents) in CH3CN to generate PhPF2. The difluorophosphine was 

characterized by the clean generation of a triplet resonance in the 31P{1H} NMR spectrum at ŭ 210 

ppm and a doublet resonance in the 19F{1H} NMR spectrum at ŭ -93 ppm, both with a 1JPF = 1172 

Hz. Upon filtration of the mixture, the filtrate containing PhPF2 was treated with the ligands 4-9 

and 4-10 and the same halide-abstracting reagents as previously employed, however still no 

reaction was observed. This unexpected lack of reactivity can likely be attributed to the low 

nucleophilicity of the ether and thioether arms of the pincer ligands. 

Therefore, more nucleophilic ligands were targeted next to increase the likelihood that the desired 

compounds could be prepared. Two different pincer ligands were synthesized with a central 

pyridine backbone, one containing phosphine donor arms and the other containing phosphinimine 

donor arms (Scheme 4-9). The former ligand was synthesized according to the literature92-93 with 

slight modifications by treatment of 2,6-bis(chloromethyl)pyridine with two equivalents of 

potassium diphenylphosphide to form 4-11. The latter was synthesized in a two-step protocol. 

First, 2,6-dichloropyridine was reacted with two equivalents of potassium diphenylphosphide in 

toluene at -35 °C, which was subsequently warmed to room temperature and stirred for 15 hours. 

After all volatiles were removed in vacuo, the residue was taken up in CH2Cl2 and the potassium 

chloride was filtered off. The filtrate was then concentrated and the residue was triturated with 

pentane to yield 2,6-bis(diphenylphosphino)pyridine as a colourless solid, which was 

characterized by a singlet resonance in the 31P{1H} NMR spectrum at ŭ -4.0 ppm. This species 

was then treated with benzyl azide in CH2Cl2. After 9 hours of stirring, the bis(phosphinimine) 

product 4-12 was cleanly obtained as evidenced by its singlet resonance at ŭ 4.4 ppm in the 31P{1H} 

NMR spectrum. 

With these ligands at hand, they were each treated with one equivalent of PhPCl2 and two 

equivalents of TMSOTf. In both cases, the solution immediately turned yellow upon mixing the 

components in CH2Cl2. Inspection of the 31P{1H} NMR spectra of the crude solutions revealed a 

complicated mixture of unidentifiable products in both reactions (Figure 4-9). At this time the 

reason these reactions did not exclusively yield the target compounds is unknown, however the 

presence of benzylic protons in each ligand may have led to some unexpected reactivity. 
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Scheme 4-9. Synthesis of the pincer ligands 4-11 (top) and 4-12 (bottom). 

 

 

Figure 4-9. 31P{1H} NMR spectra (CH2Cl2, 162 MHz) of the crude mixture from the reaction 

between: (i) 4-11, PhPCl2, and TMSOTf (top); and (ii) 4-12, PhPCl2, and TMSOTf (bottom). 
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4.2.3 Ortho-Quinone-Phosphorus(V) Dications 

Using a similar idea to that employed in Chapter 2 with the fluorosulfoxonium cations, increasing 

the oxidation state of the phosphorus center in the dication [(terpy)PPh][X]2 (X = B(C6F5)4, 4-13; 

X = OTf, 4-14) should increase the Lewis acidity of the species. To this end, 4-13 and 4-14 were 

reacted with o-chloranil (C6Cl4O2) in CH2Cl2 (Scheme 4-10).94 In the case of the reaction with      

4-13, after 24 hours, a new product 4-15 was identified by the generation of a new singlet 

resonance in the 31P{1H} NMR spectrum at ŭ -103 ppm. Upon work-up, 4-15 was isolated in 93 

% yield as a red powder. As all attempts to obtain single crystals of 4-15 suitable for X-ray 

diffraction analysis were unsuccessful, the corresponding triflate salt 4-16 was synthesized via 

treatment of 4-14 with one equivalent of o-chloranil in CH3CN. This yielded 4-16 in 92 % isolated 

yield, which exhibited the same singlet resonance in the 31P{1H} NMR spectrum as 4-15. Single 

crystals of 4-16 suitable for X-ray diffraction analysis were grown from a mixture of CH3CN and 

diethyl ether, confirming the formulation of 4-16 as [(terpy)(C6Cl4O2)PPh][OTf]2 (Figure 4-10). 

 

Scheme 4-10. Synthesis of 4-15 to 4-18. 
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The solid-state structure of 4-16 confirmed the expected octahedral geometry about the 

coordinatively saturated six-coordinate phosphorus center. The P-O(1) bond trans to the phenyl 

substituent is 1.721(2) Å, which is notably longer than the P-O(2) bond trans to the central pyridine 

ring of the terpyridine ligand (1.656(2) Å). The P-N(2) bond to the central ring is 1.829(2) Å, 

which is slightly shorter than the other P-N(1) and P-N(3) bond lengths of 1.894(2) and 1.890(2) 

Å. The terpyridine ligand gives rise to a pseudo-trans N(1)-P-N(3) bond angle of 165.5(1)°. This 

deviation from linearity reflects the constrained geometry of the terpyridine backbone. Comparing 

this geometry to the phosphorus(III) precursor 4-14, it is interesting to note that the P-N(2) distance 

in 4-16 is similar, whereas the P(1)-N(1) and P(1)-N(3) distances in 4-14 (2.002(3) Å and 1.971(2) 

Å, respectively) are slightly longer than in 4-16, suggesting less hemilability of the ligand. Also, 

it is notable that there are no significant close contacts between the triflate anions and the cation 

in 4-16, in contrast to 4-14 where coordination of a triflate anion to phosphorus was observed in 

the solid-state structure. 

 

Figure 4-10. Solid-state structure of 4-16 (30 % thermal ellipsoids). C: gray; P: orange; N: blue; 

O: red; Cl: dark green. Triflate anions and hydrogen atoms are omitted for clarity. 
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In a similar fashion, treatment of 4-13 with 9,10-phenanthrenequinone (C14H8O2) in CH2Cl2 

generated the analogous product 4-17 after 12 hours (Scheme 4-10). This species exhibits a 

diagnostic singlet resonance in the 31P{1H} NMR spectrum at ŭ -104 ppm and was isolated as a 

red powder in 89 % yield. The analogous triflate salt 4-18 was also prepared by treatment of 4-14 

with the same ortho-quinone, exhibiting the same chemical shift in the 31P{1H} NMR spectrum 

after 12 hours. Single crystals of 4-18 suitable for X-ray diffraction analysis were grown from a 

mixture of CH3CN and diethyl ether, confirming its formulation as [(terpy)(C14H8O2)PPh][OTf]2 

(Figure 4-11). The P-O(1) and P-O(2) distances are 1.716(2) and 1.653(2) Å, respectively, and are 

nearly identical to those in 4-16. The P-N(1), P-N(2), and P-N(3) distances in 4-18 are 1.871(3), 

1.830(3), and 1.902(3) Å, respectively, also following a similar trend of the P-N(2) bond being 

slightly shorter than the P-N(1) and P-N(3) bonds. These salts 4-17 and 4-18 proved to be unstable 

in solution and in the solid-state at room temperature over the course of two or more days, 

decomposing to a mixture of unidentified products. 

 

Figure 4-11. Solid-state structure of 4-18 (30 % thermal ellipsoids). C: gray; P: orange; N: blue; 

O: red. Triflate anions and hydrogen atoms are omitted for clarity. 
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The Lewis acidity of 4-15 was evaluated using the Gutmann-Beckett method95 employing one 

equivalent of Et3PO in CH2Cl2. The chemical shift of the phosphine oxide was shifted downfield 

by 5.3 ppm, corresponding to an acceptor number (AN) of 12. The relatively low AN value 

indicates that this phosphorus(V) dication is weakly Lewis acidic in comparison to the parent 

phosphorus(III) dication 4-13 (AN 27), which can be rationalized by the fully saturated 

coordination sphere of the phosphorus center in 4-15. 

Nonetheless, the observation of this Lewis acidity prompted consideration of this phosphorus(V) 

dication as a potential catalyst for the HDF of fluoroalkanes. In previous works, the triflate salts 

proved to be much less active than the corresponding borates,71 and thus 4-15 was used in the 

preliminary test reactions (Table 4-1). Combination of (trifluoromethyl)cyclohexane or 

fluoroheptane with 3.6 and 1.2 equivalents of Et3SiH, respectively, in the presence of 5 mol%        

4-15 led to the quantitative formation of the corresponding alkane and Et3SiF. In the corresponding 

reaction of (p-BrC6H4)CF3, the conversion to the alkane was markedly reduced to 22 % after 24 

hours, which is attributable to the deactivation of the C-F bonds by the electron withdrawing para-

bromoarene. 

 

Table 4-1. Hydrodefluorination of fluoroalkanes using catalytic 4-15. 

Substrate 
Cat. loading 

[%] 

Time 

[h] 

Yield (Si-F) 

[%] 

Conv. (C-F) 

[%] 

(c-C6H11)CF3 5 13 87 >99 

n-C7H15F 5 3 88 >99 

(p-BrC6H4)CF3 5 24 31 22 

Reaction conditions: CH2Cl2 solvent, 25 °C, 1.2 equivalents Et3SiH per C-F 

bond. Conversion and yield determined by 19F{1H} NMR spectroscopy 

integration using C6F6 as external standard. 

 

The nature of the Lewis acidity exhibited by these cations was also probed by density functional 

theory (DFT) calculations at the M06-2X/Def2-SVP level of theory. Additional NBO 6.0 
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calculations96 using the optimized geometry were also performed at the same level, as 

implemented in the Gaussian 09 package.97 Geometry optimizations of each cation revealed that 

the LUMO of both the cations of 4-15 and 4-17 is mainly delocalized around the central pyridine 

ring of the terpyridine ligand on phosphorus with a prominent lobe on the carbon atom para to the 

P-N linkage (Figure 4-12). Since the LUMO is dispersed over the ligand, these cations can be 

described as soft Lewis acids, corroborating the previously observed weaker coordination to the 

hard Et3PO Lewis base employed in the Gutmann-Beckett method. 

 

Figure 4-12. Depictions of the LUMO of the cation of 4-15 (left) and 4-17 (right). 

 

The Lewis acidity of 4-13 has been attributed to the hemilability of one of the pyridine arms of the 

terpyridine ligand as this dissociation is energetic accessible (DG = +16.6 kcal/mol, DGÿ = +18.9 

kcal/mol).81 Thus, a corresponding dissociation of one of the pyridine donors for the 

phosphorus(V) dications was considered computationally. At the M06-2X/Def2-SVP level of 

theory, the dissociation energy for 4-15 was computed to be much higher (DG = +27.1 kcal/mol, 

DGÿ = +29.2 kcal/mol), suggesting that the overall activation barrier for the reaction would only 

be accessible at elevated temperatures. These results suggest a more Lewis acidic phosphorus 

center, which is also consistent with the shorter observed P-N bond distances.  

Computations for several model mechanisms were carried out for the HDF of PhCF3 to PhCF2H 

mediated at the phosphorus center of 4-15. The first model that was considered involved the 
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dissociation of a pyridyl group followed by subsequent fluoride abstraction from PhCF3 by the 

exposed phosphorus center to generate a carbocation intermediate (Scheme 4-11). The energy 

barrier associated with this mechanism was computed to be DGÿ = +44.5 kcal/mol (Figure 4-13), 

an unrealistically high barrier for the reaction to proceed at room temperature. 

 

Scheme 4-11. Model mechanism for the HDF of PhCF3 to PhCF2H via dissociation of 

terpyridine followed by fluoride delivery from PhCF3 to the phosphorus center. 

 

Figure 4-13. Calculated Gibbs free energies (kcal/mol) for the phosphorus-centered HDF 

mechanism of PhCF3 to PhCF2H via dissociation of terpyridine followed by fluoride delivery 

from PhCF3 to the phosphorus center. 
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Alternatively, a second model for the mechanism involves the same initial dissociation of the 

terpyridine ligand, however it is then followed by hydride abstraction from Et3SiH by the 

phosphorus center to generate a silylium cation (Scheme 4-12). Though the calculated activation 

barrier for this mechanism is lower than the previous mechanism (DGÿ = +37.6 kcal/mol), it is still 

too high to be reasonable for the observed reactivity at room temperature (Figure 4-14). 

 

Scheme 4-12. Model mechanism for the HDF of PhCF3 to PhCF2H via dissociation of 

terpyridine followed by hydride delivery from Et3SiH to the phosphorus center. 

 

Figure 4-14. Calculated Gibbs free energies (kcal/mol) for the phosphorus-centered HDF 

mechanism of PhCF3 to PhCF2H via dissociation of terpyridine followed by hydride delivery 

from Et3SiH to the phosphorus center. 
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The possibility of dissociation of either of the oxygen atoms of the ortho-quinone ligand was also 

considered, however they were also computed to be high in energy. Indeed, the robust chelation 

of the ortho-quinone was supported experimentally as treatment of 4-15 with 9,10-

phenanthrenequinone or treatment of 4-17 with o-chloranil showed no quinone exchange. 

Collectively, these data infer that the phosphorus(V) center is robustly saturated and not the source 

of Lewis acidity. 

Since the LUMO of 4-15 and 4-17 has major contributions distributed over the central ring of the 

terpyridine ligand, two additional mechanisms in which there is interaction between the substrate 

and the para-carbon from the central terpyridine ring were considered. In a model where the C-F 

bond of PhCF3 is activated by such an interaction (Scheme 4-13), the activation energy of the 

reaction was computed to be DGÿ = 46.7 kcal/mol (Figure 4-15), still clearly too high given the 

experimental observations. 

 

Scheme 4-13. Model mechanism for the HDF of PhCF3 to PhCF2H via fluoride delivery from 

PhCF3 to the para-carbon of the terpyridine ligand. 
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Figure 4-15. Calculated Gibbs free energies (kcal/mol) for the terpyridine-centered HDF 

mechanism of PhCF3 to PhCF2H via fluoride delivery from PhCF3 to the carbon center. 

 

The final mechanistic model involved activation of silane at the same para-carbon (Scheme 4-14). 

The computations for this mechanism provide an activation barrier of only DGÿ = 15.4 kcal/mol, 

with the first step itself being exergonic (DG = -24.4 kcal/mol) to generate the monocationic 

intermediate [(H-terpy)(C6Cl4O2)PPh]+, 4-15-Int -CH (Figure 4-16). Experimentally, treatment of 

4-15 with one equivalent of Et3SiH showed no apparent reaction after 2 hours, suggesting that 

hydride abstraction could be reversible in the absence of fluoroalkane. However, in the presence 

of fluoroalkane, the transiently generated silylium cation activates the C-F bond of PhCF3. This 

affords Et3SiF and transiently generates the [PhCF2]
+ carbocation which abstracts hydride from a 

second equivalent of Et3SiH to form the alkane PhCF2H. In this latter step, while 4-15-Int -CH is 

one potential hydride source, excess silane is both more abundant and thermodynamically downhill 

(DG = -20.5 kcal/mol), whereas the regeneration of 4-15 is in fact endergonic by +3.8 kcal/mol. 

Collectively, these data are consistent with an overall mechanism (Scheme 4-14) in which 

compound 4-15 acts as an initiator to generate the silylium catalyst which mediates the HDF 

reactions. 
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Scheme 4-14. Proposed mechanism for the HDF of PhCF3 to PhCF2H initiated by 4-15 via 

hydride delivery from Et3SiH to the para-carbon of the terpyridine ligand. 

 

 

Figure 4-16. Calculated Gibbs free energies (kcal/mol) for the terpyridine-centered HDF 

mechanism of PhCF3 to PhCF2H via hydride delivery from Et3SiH to the carbon center. 

 

The present phosphorus(V) dications, where the LUMO resides exclusively on the terpyridine 

ligand, are reminiscent of the reported reactivity of acridine-borenium cations described by 

Ingleson and co-workers,98-100 in addition to the redox chemistry of the coenzyme NAD+/NADH 
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involving reversible hydride transfer.101 It is also noteworthy that a very recent study102 has 

inferred that the phosphorus(V) electrophilic phosphonium cations also act as initiators to generate 

silylium cation for HDF catalysis. Indeed, the activity of silylium cations in C-F activations is well 

documented.103-107 

 

4.3 Conclusion 

In summary, a series of alkynyl difluorophosphoranes and alkynyl fluorophosphonium cations was 

prepared and characterized, however their lack of reactivity towards azides limits their use in the 

desired application of preparing polycationic triazolium-substituted fluorophosphonium cations. 

Additionally, attempts to prepare phosphorus(III) dications with labile tridentate ligands were 

unsuccessful due to the insufficient Lewis basicity of the targeted ligands. Starting from the 

[(terpy)PPh]2+ parent dication, the phosphorus(V) dications [(terpy)(C6Cl4O2)PPh]2+ and 

[(terpy)(C14H8O2)PPh]2+ were prepared via oxidation with the corresponding ortho-quinones. 

Experimental and computational data demonstrate that, in contrast to the phosphorus(III) species, 

these coordinatively saturated phosphorus(V) species act as Lewis acid initiators to generate 

silylium cations for the HDF of fluoroalkanes. The Lewis acidity of these species resides at the 

para-carbon of the central ring of the terpyridine ligand. 

 

4.4 Experimental Section 

4.4.1 General Considerations 

All manipulations were performed under an atmosphere of dry, oxygen-free N2 by means of 

standard Schlenk or glovebox techniques (MBraun LABmaster SP dry glovebox equipped with a 

-35 °C freezer). Toluene, pentane, and diethyl ether were collected from a Grubbs-type column 

system manufactured by Innovative Technology and were dried over 4 Å molecular sieves for 48 

hours prior to usage. 4 Å molecular sieves (pellets, 3.2 mm diameter), purchased from Sigma 

Aldrich, were activated prior to usage by heating at greater than 200 °C while under dynamic 

vacuum for 72 hours. Dichloromethane (DCM), chloroform, and acetonitrile were dried over 

calcium hydride, followed by distillation and degassing. Acetonitrile-d3 and dichloromethane-d2, 

purchased from Cambridge Isotope Laboratories, were degassed and dried over calcium hydride. 
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Unless otherwise mentioned, reagents were purchased from Sigma Aldrich or TCI America and 

used without further purification. Diphenylphosphinoacetylene (4-1),85 

(diphenylphosphino)phenylacetylene (4-2),84 [Et3Si·tol][B(C6F5)4],
108 [(terpy)PPh][B(C6F5)4]2   

(4-13),71 and [(terpy)PPh][OTf]2 (4-14)71 were prepared using literature methods.  

NMR spectra were recorded on a Bruker Avance III 400 MHz, an Agilent DD2 500 MHz, and an 

Agilent DD2 600 MHz spectrometer and spectra were referenced to residual solvents of CD3CN 

(1H = 1.94 ppm; 13C = 1.32 ppm), CD2Cl2 (
1H = 5.32 ppm; 13C = 77.16 ppm), or externally (11B: 

BF3·OEt2 (ŭ 0.00), 19F: CFCl3 (ŭ 0.00), 31P: 85 % H3PO4 (ŭ 0.00)). All NMR spectra were recorded 

at 298 K, unless stated otherwise. Chemical shifts (ŭ) are reported in ppm and the absolute values 

of the coupling constants (J) are in Hz, while the multiplicity of the signals is indicated as ñsò, ñdò, 

ñtò, or ñmò for singlet, doublet, triplet, or multiplet, respectively. In the instances where the peaks 

are assigned to their corresponding nuclei, this was accomplished with the use of 2D NMR 

experiments. Mass spectra were recorded on an Agilent 6538 Q-TOF mass spectrometer. 

Combustion analyses were performed in-house employing a Flash 2000 from Thermo Instruments 

CHN Analyzer. 

 

4.4.2 Synthesis of Compounds 

Preparation of HCCPF2Ph2 (4-3) 

 

At room temperature, XeF2 (37 mg, 0.22 mmol) in DCM (2 mL) was added dropwise to a solution 

of diphenylphosphinoacetylene, 4-1, (45 mg, 0.21 mmol) in DCM (2 mL). The solution was stirred 

for 1 hour at room temperature. All volatiles were removed in vacuo, producing a colourless solid. 

The solid was washed with pentane (3 x 5 mL) and all volatiles were removed in vacuo to afford 

4-3 as a white powder (51 mg, 96 % yield). 

1H NMR  (500 MHz, CD2Cl2): ŭ 8.14-8.06 (m, 4H, Ph), 7.68-7.63 (m, 2H, Ph), 7.62-7.54 (m, 4H, 

Ph), 3.19 (dt, 3JPH = 15 Hz, 4JHF = 4 Hz, 1H, -CſCH) 

31P{1H} NMR  (162 MHz, CD2Cl2): ŭ -67.4 (t, 1JPF = 630 Hz). 

19F NMR (376 MHz, CD2Cl2): ŭ -25.5 (dd, 1JPF = 630 Hz, 4JHF = 4 Hz). 
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Preparation of PhCCPF2Ph2 (4-4) 

 

At room temperature, XeF2 (38 mg, 0.22 mmol) in DCM (2 mL) was added dropwise to a solution 

of (diphenylphosphino)phenylacetylene, 4-2, (59 mg, 0.21 mmol) in DCM (2 mL). The solution 

was stirred for 1 hour at room temperature. All volatiles were removed in vacuo, producing a 

colourless solid. The solid was washed with pentane (3 x 5 mL) and all volatiles were removed in 

vacuo to afford 4-4 as a white powder (63 mg, 95 % yield). Single crystals suitable for X-ray 

diffraction analysis were grown from a solution of 4-4 in DCM layered with pentane. 

1H NMR  (400 MHz, CD2Cl2): ŭ 8.14 (dd, J = 16 Hz, J = 9 Hz, 4H, Ph), 7.66 (d, J = 7 Hz, 2H, Ph), 

7.63-7.50 (m, 6H, Ph), 7.50-7.35 (m, 3H, Ph). 

31P{1H} NMR  (162 MHz, CD2Cl2): ŭ -66.3 (t, 1JPF = 622 Hz). 

19F{1H} NMR  (376 MHz, CD2Cl2): ŭ -25.1 (d, 1JPF = 622 Hz). 

 

Preparation of [HCCPFPh2][B(C6F5)4] (4-5) 

 

A solution of 4-3 (27 mg, 0.11 mmol) in toluene (2 mL) was cooled to -35 °C. Freshly prepared 

[Et3Si·tol][B(C6F5)4] (91 mg, 0.11 mmol) in toluene (2 mL) was added to the above solution 

dropwise while stirring. The solution was allowed to warm to room temperature and was stirred 

for an additional 2 hours. All volatiles were removed in vacuo and the resulting solid was washed 

with pentane (3 x 5 mL) to afford 4-5 as a white powder (84 mg, 85 % yield). 

31P{1H} NMR  (162 MHz, CD2Cl2): ŭ 101.7 (d, 1JPF = 966 Hz), 65.0 (d, 1JPF = 1013 Hz). 

19F{1H} NMR  (376 MHz, CD2Cl2): ŭ ([B(C6F5)4]
- peaks not included) -113.0 (d, 1JPF = 1013 Hz, 

4-5), -131.3 (d, 1JPF = 966 Hz, [4-5]2). 

11B{1H} NMR  (128 MHz, CD2Cl2): ŭ -16.6 (s). 

 

Preparation of [PhCCPFPh2][B(C6F5)4] (4-6) 

 

A solution of 4-4 (52 mg, 0.16 mmol) in toluene (3 mL) was cooled to -35 °C. Freshly prepared 

[Et3Si·tol][B(C6F5)4] (129 mg, 0.15 mmol) in toluene (3 mL) was added to the above solution 
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dropwise while stirring. The solution was allowed to warm to room temperature and was stirred 

for an additional 2 hours. All volatiles were removed in vacuo and the resulting solid was washed 

with pentane (3 x 5 mL) to afford 4-6 as a white powder (131 mg, 83 % yield). 

31P{1H} NMR  (162 MHz, CD2Cl2): ŭ 62.7 (d, 1JPF = 1007 Hz). 

19F{1H} NMR  (376 MHz, CD2Cl2): ŭ -110.1 (d, 1JPF = 1007 Hz, 1F, PF), -133.0 (m, 8F, o-C6F5), 

-163.5 (t, 3JFF = 20 Hz, 4F, p-C6F5), -167.4 (m, 8F, m-C6F5). 

11B{1H} NMR  (128 MHz, CD2Cl2): ŭ -16.7 (s). 

 

Preparation of Ph2F2PCCPF2Ph2 (4-7) 

 

At room temperature, XeF2 (182 mg, 1.08 mmol) in DCM (3 mL) was added dropwise to a solution 

of bis(diphenylphosphino)acetylene (206 mg, 0.522 mmol) in DCM (3 mL). The solution was 

stirred for 1 hour at room temperature. All volatiles were removed in vacuo, leaving behind a 

colourless solid. The solid was washed with pentane (3 x 5 mL) and all volatiles were removed 

once again in vacuo to afford 4-7 as white powder (230 mg, 94 % yield). Single crystals suitable 

for X-ray diffraction analysis were grown from a solution of 4-7 in DCM layered with pentane. 

1H NMR  (400 MHz, CD2Cl2): ŭ 8.08-7.97 (m, 8H, Ph), 7.59 (d, J = 7 Hz, 4H, Ph), 7.54-7.46 (m, 

8H, Ph). 

31P{1H} NMR  (162 MHz, CD2Cl2): ŭ -67.9 (t, 1JPF = 645 Hz). 

19F{1H} NMR  (376 MHz, CD2Cl2): ŭ -28.6 (d, 1JPF = 645 Hz). 

 

Preparation of [Ph2F2PCCPFPh2][B(C6F5)4] (4-8) 

 

A solution of 4-7 (60 mg, 0.13 mmol) in toluene (3 mL) was cooled to -35 °C. Freshly prepared 

[Et3Si·tol][B(C6F5)4] (107 mg, 0.13 mmol) in toluene (3 mL) was added to the above solution 

dropwise while stirring. The solution was allowed to warm to room temperature and was stirred 

for an additional 2 hours. All volatiles were removed in vacuo and the resulting solid was washed 

with pentane (3 x 5 mL) to afford 4-8 as a white powder (129 mg, 89 % yield). 

31P{1H} NMR  (162 MHz, CD2Cl2): ŭ 64.5 (d, 1JPF = 1016 Hz, PF), -67.8 (t, 1JPF = 664 Hz, PF2). 
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19F{1H} NMR  (376 MHz, CD2Cl2): ŭ -31.3 (d, 1JPF = 664 Hz, 2F, PF2), -112.5 (d, 1JPF = 1016 Hz, 

1F, PF), -133.0 (m, 8F, o-C6F5), -163.6 (t, 3JFF = 20 Hz, 4F, p-C6F5), -167.4 (t, 3JFF = 20 Hz, 8F, 

m-C6F5). 

11B{1H} NMR  (128 MHz, CD2Cl2): ŭ -16.7 (s). 

 

Preparation of [(terpy)(C 6Cl4O2)PPh][B(C6F5)4]2 (4-15) 

 

At room temperature, a solution of o-chloranil (13.8 mg, 0.0561 mmol) in DCM (2 mL) was added 

dropwise to a solution of [(terpy)PPh][B(C6F5)4]2, 4-13, (86.4 mg, 0.0508 mmol) in DCM (2 mL) 

while stirring. The solution was stirred for 24 hours, and all volatiles were removed in vacuo. The 

residue was washed with chloroform (3 x 5 mL), and the remaining solid was dried in vacuo to 

give 4-15 as a red powder (92.0 mg, 93 % yield). 

1H NMR  (400 MHz, CD3CN): ŭ 9.29 (t, 3JHH = 8 Hz, 1H, H6), 9.20 (dd, 3JHH = 8 Hz, 4JHH = 3 Hz, 

2H, H5), 9.05 (t, 3JHH = 5 Hz, 2H, H1), 9.00 (d, 3JHH = 8 Hz, 2H, H4), 8.76 (t, 3JHH = 8 Hz, 2H, H3), 

8.18 (tm, 3JHH = 7 Hz, 2H, H2), 7.33-7.12 (m, 5H, Ph). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ ([B(C6F5)4]
- peaks not included) 152.9 (s), 148.8 (s), 144.6 

(s), 143.8 (s), 140.9 (d, J = 5 Hz), 139.9 (d, J = 5 Hz), 137.3 (d, J = 5 Hz), 133.5 (s), 132.7 (d, J = 

4 Hz), 131.2 (d, J = 12 Hz), 131.0 (d, J = 20 Hz), 130.2 (s), 129.7 (s), 129.5 (s), 129.4 (s), 129.3 

(s), 128.4 (s), 127.4 (s), 127.0 (s). 

31P{1H} NMR  (162 MHz, CD3CN): ŭ -104.8 (s). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -133.7 (m, 8F, o-C6F5), -163.9 (t, 3JFF = 20 Hz, 4F, p-C6F5), 

-168.3 (s, 8F, m-C6F5). 

11B{1H} NMR  (128 MHz, CD3CN): ŭ -16.7 (s). 

Anal. Calc. for C75H16B2Cl4F40N3O2P: C 46.31 %, H 0.83 %, N 2.16 %. Found: C 46.08 %, H 1.06 

%, N 2.49 %. 
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Preparation of [(terpy)(C 6Cl4O2)PPh][OTf] 2 (4-16) 

 

At room temperature, a solution of o-chloranil (27.9 mg, 0.113 mmol) in CH3CN (3 mL) was 

added dropwise to a solution of [(terpy)PPh][OTf]2, 4-14, (49.1 mg, 0.0768 mmol) in CH3CN (2 

mL) while stirring. The solution was stirred for 24 hours, and all volatiles were removed in vacuo. 

The residue was washed with DCM (3 x 5 mL), and the remaining solid was dried in vacuo to give 

4-16 as a red powder (62.4 mg, 92 % yield). Single crystals suitable for X-ray diffraction were 

obtained by layering a solution of 4-16 in CH3CN with diethyl ether and placing in the freezer at 

-35 °C. 

1H NMR  (400 MHz, CD3CN): ŭ 9.34-9.27 (m, 3H), 9.10-9.04 (m, 4H), 8.78 (t, 3JHH = 8 Hz, 2H), 

8.23-8.17 (tm, 3JHH = 8 Hz, 2H), 7.35-7.18 (m, 5H). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ 152.8 (d, JCP = 1 Hz), 149.1 (d, JCP = 1 Hz), 144.6 (d, JCP = 

2 Hz), 142.3 (s), 140.8 (d, JCP = 5 Hz), 140.7 (s), 139.9 (d, JCP = 5 Hz), 137.3 (d, JCP = 5 Hz), 133.5 

(d, JCP = 3 Hz), 132.7 (d, JCP = 5 Hz), 131.3 (d, JCP = 12 Hz), 131.0 (d, JCP = 20 Hz), 129.4 (s), 

128.5 (d, JCP = 6 Hz), 128.5 (d, JCP = 1 Hz), 126.9 (s), 122.1 (q, 1JCF = 321 Hz, OTf), 117.5 (d, JCP 

= 22 Hz). 

31P{1H} NMR  (162 MHz, CD3CN): ŭ -104.8 (s). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -79.2 (s). 

 

Preparation of [(terpy)(C14H8O2)PPh][B(C6F5)4]2 (4-17) 
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At room temperature, a solution of 9,10-phenanthrenequinone (5.0 mg, 0.024 mmol) in DCM (2 

mL) was added dropwise to a solution of [(terpy)PPh][B(C6F5)4]2, 4-13, (37.2 mg, 0.0219 mmol) 

in DCM (2 mL) while stirring. The solution was stirred for 24 hours, and the volatiles were 

removed in vacuo. The residue was washed with chloroform (3 x 5 mL) and pentane (3 x 2 mL), 

and the remaining solid was dried in vacuo to give 4-17 as a red powder (37.2 mg, 89 % yield). 

Compound 4-17 proved to be unstable for extended periods of time in both the solid-state and in 

solution, and decomposed into unidentifiable products. As such, 1H, 13C{1H}, and 31P{1H} NMR 

spectra of the completely pure 4-17 could not be obtained. The reported chemical shifts for the 1H 

and 13C{1H} NMR spectra below correlate to those seen in the spectra, though they are not all 

assigned to compound 4-17. 

1H NMR  (400 MHz, CD3CN): ŭ 9.33-9.13 (m, 4H), 8.98 (d, J = 8 Hz, 1.5H), 8.83 (d, J = 9 Hz, 

2H), 8.75-8.62 (m, 4H), 8.62-8.52 (m, 2H), 8.36-8.25 (m, 2H), 8.16-7.92 (m, 5.5H), 7.82-7.76 (m, 

1H), 7.62-7.16 (m, 10H). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ ([B(C6F5)4]
- peaks not included) 152.0 (s), 149.1 (s), 148.4 

(d, J = 8 Hz), 147.1 (s), 147.0 (s), 144.4 (s), 143.9 (s), 143.2 (d, J = 11 Hz), 142.4 (s), 142.3 (s), 

141.1 (d, J = 4 Hz), 137.8 (d, J = 4 Hz), 134.5 (d, J = 3 Hz), 132.9 (m), 132.6 (d, J = 2 Hz), 132.3 

(d, J = 4 Hz), 131.5 (d, J = 12 Hz), 130.8 (d, J = 19 Hz), 130.6 (s), 130.0 (m), 129.4 (s), 129.3-

128.8 (m), 128.6 (s), 128.1 (s), 128.0 (d, J = 3 Hz), 127.8-127.3 (m), 126.4 (s), 125.9 (s), 125.6 

(s), 124.7 (d, J = 8 Hz), 124.4 (d, J = 10 Hz), 122.3-122.0 (m). 

31P{1H} NMR  (162 MHz, CD3CN): ŭ -102.0 (s). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -133.7 (m, 8F, o-C6F5), -163.8 (t, 3JFF = 21 Hz, 4F, p-C6F5), 

-168.3 (s, 8F, m-C6F5). 

11B NMR (128 MHz, CD3CN): ŭ -16.7 (s). 

Anal. Calc. for C42H34BClF4N2P2: C 52.26 %, H 1.27 %, N 2.20 %. Found: C 54.03 %, H 1.76 %, 

N 2.03 %. 
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Preparation of [(terpy)(C14H8O2)PPh][OTf] 2 (4-18) 

 

At room temperature, a solution of 9,10-phenanthrenequinone (8.2 mg, 0. 394 mmol) in CH3CN 

(3 mL) was added dropwise to a solution of [(terpy)P(Ph)][OTf]2, 4-14, (24.8 mg, 0.0388 mmol) 

in CH3CN (2 mL) while stirring. The solution was stirred for 12 hours, and the volatiles were 

removed in vacuo. The residue was washed with DCM (3 x 1 mL) and pentane (3 x 1 mL), and 

the remaining solid was dried in vacuo to give 4-18 as a red powder (30.9 mg, 94 % yield). Single 

crystals suitable for X-ray diffraction were obtained by layering a solution of 4-18 in CH3CN with 

diethyl ether and placing in the freezer at -35 °C. Since 4-18 was prepared solely for the purpose 

of obtaining single crystals, only the 31P{1H} and 19F{1H} NMR spectra were obtained to confirm 

the product. 

31P{1H} NMR  (162 MHz, CD3CN): ŭ -101.7 (s). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -79.2 (s). 

 

4.4.3 Gutmann-Beckett Tests 

Reaction of 4-15 with Et3PO 

Compound 4-15 (18.1 mg, 0.00930 mmol) and triethylphosphine oxide (1.2 mg, 0.0089 mmol) 

were dissolved in DCM (0.5 mL). After 15 minutes, the 31P{1H} NMR spectrum of the reaction 

mixture was obtained. 

31P{1H} NMR  (162 MHz, DCM): ŭ 55.8 (br s), -103.1 (s). 

 

 

 



 

139 

 

4.4.4 Hydrodefluorination Catalysis Using 4-15 

General Procedure 

 

At room temperature, the corresponding fluoroalkane (1 equivalent) and triethylsilane (1.2 

equivalents per CF bond) were dissolved in DCM (1 mL) and transferred to an NMR tube 

containing a sealed capillary containing C6F6 and mesitylene dissolved in CDCl3. Initial NMR 

spectra were obtained. Compound 4-15 (0.05 equivalents) was added as a solid to the solution, 

which marked t = 0 hours. The reaction progress was monitored by 1H and 19F{1H} NMR 

spectroscopy; the 31P{1H} NMR spectra generally did not exhibit any signals due to the low 

concentration of catalyst. The NMR yield was determined by 19F{1H} NMR spectroscopy; the 

ratio of the generated Et3SiF peak to the C6F6 peak was calculated, which was then compared to 

the initial ratio of the fluoroalkane peak to the C6F6 peak at t = 0 hours. This provided the value 

for the percent yield based on the amount of Et3SiF generated. 

 

HDF of (trifluoromethyl)cyclohexane, (c-C6H11)CF3 

 

(c-C6H11)CF3 (6.3 mg, 0.041 mmol), Et3SiH (18.3 mg, 0.157 mmol), and 4-15 (4.1 mg, 0.0021 

mmol) were used. The 19F{1H} NMR spectrum indicated 87 % conversion from (c-C6H11)CF3       

(ŭ -77.5 ppm) to (c-C6H11)CH3 and Et3SiF (ŭ -179.0 ppm) at t = 13 hours. 

 

HDF of fluoroheptane, n-C7H15F                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

 

n-C7H15F (5.2 mg, 0.044 mmol), Et3SiH (6.2 mg, 0.053 mmol), and 4-15 (4.3 mg, 0.0022 mmol) 

were used. The 19F{1H} NMR spectrum indicated 88 % conversion from n-C7H15F (ŭ -221.2 ppm) 

to n-C7H16 and Et3SiF (ŭ -179.0 ppm) at t = 3 hours. 
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HDF of 4-bromo-Ŭ,Ŭ,Ŭ-trifluorotoluene, (p-BrC 6H4)CF3 

 

(p-BrC6H4)CF3 (8.9 mg, 0.040 mmol), Et3SiH (6.0 mg, 0.052 mmol), and 4-15 (3.9 mg, 0.0020 

mmol) were used. The 19F{1H} NMR spectrum indicated 31 % conversion from (p-BrC6H4)CF3 

(ŭ -66.2 ppm) to (p-BrC6H4)CH3 and Et3SiF (ŭ -179.0 ppm) at t = 24 hours. 

 

4.4.5 X-Ray Crystallography 

X-ray Data Collection and Reduction 

Crystals were coated in Paratone-N oil in an N2-filled glovebox, mounted on a MiTegen 

Micromount, and placed under a N2 stream, thus maintaining a dry, O2-free environment for each 

crystal. The data were collected on a Bruker Kappa Apex II Triumph® monochromator with Mo 

KŬ radiation (ɚ = 0.71073 ¡). The data were collected at 150(2) K for all crystals. The frames 

were integrated with the Bruker SAINT software package using a narrow-frame algorithm. Data 

were corrected for absorption effects using the empirical multi-scan method (SADABS). 

 

Structure Solution and Refinement 

The structures were solved by direct methods using XS and subjected to full-matrix least-squares 

refinement on F2 using XL as implemented in the SHELXTL suite of programs. All non-hydrogen 

atoms were refined with anisotropic thermal parameters. Carbon-bound hydrogen atoms were 

placed in geometrically calculated positions and refined using an appropriate riding model and 

coupled isotropic thermal parameters. 

 

 

 

 

 

 



 

141 

 

Table 4-2. Crystallographic data for 4-4 and 4-7. 

 4-4 4-7 

Empirical formula C20H15F2P C26H20F4P2 

Formula weight 324.29 470.36 

Crystal system Monoclinic Monoclinic 

Space group P21/c C2/c 

a (Å) 16.938(3) 14.408(1) 

b (Å) 5.958(1) 10.5884(9) 

c (Å) 16.142(3) 14.859(1) 

Ŭ (°) 90 90 

ɓ (°) 92.78(1) 102.060(3) 

ɔ (°) 90 90 

Volume (Å3) 1627.0(5) 2216.7(3) 

Z 4 4 

ɟ (calcd) (gĀcm-3) 1.324 1.409 

µ (mm-1) 0.185 0.241 

F(000) 672 968 

T (K) 150(2) 150(2) 

Crystal size (mm3) 0.30x0.20x0.20 0.27x0.20x0.20 

Crystal colour, habit colourless, shard colourless, needle 

ɗmin (°) 1.204 2.41 

ɗmax (°) 27.527 27.51 

Reflection area 

-22 Ò h Ò 21 

-7 Ò k Ò 7 

-20 Ò l Ò 20 

-18 Ò h Ò 18 

-13 Ò k Ò 13 

-19 Ò l Ò 19 

Reflections collected 14229 9731 

Unique reflections 3734 2554 

Rint 0.0559 0.0321 

R1 indices [I>2ů(I)] 0.0423 0.0331 

wR2 indices (all data) 0.1290 0.0890 

Parameters 253 147 

GOF on F2 1.020 1.097 

residual density (eÅ-3) 0.387, -0.369 0.470, -0.229 

CCDC No. - - 
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Table 4-3. Crystallographic data for 4-16 and 4-18. 

 4-16 4-18 

Empirical formula C29H16Cl4F6N3O8PS2 C43H37F6N4O9PS2 

Formula weight 885.34 962.85 

Crystal system Triclinic Monoclinic 

Space group P-1 P21/n 

a (Å) 8.766(1) 10.6663(4) 

b (Å) 10.806(2) 25.760(1) 

c (Å) 19.768(3) 16.1421(7) 

Ŭ (°) 95.710(8) 90 

ɓ (°) 99.202(8) 100.574(2) 

ɔ (°) 112.242(8) 90 

Volume (Å3) 1684.4(4) 4359.9(3) 

Z 2 4 

ɟ (calcd) (gĀcm-3) 1.746 1.467 

µ (mm-1) 0.612 0.245 

F(000) 888 1984 

T (K) 150(2) 150(2) 

Crystal size (mm3) 0.16x0.10x0.09 0.14x0.07x0.06 

Crystal colour, habit yellow, shard orange, shard 

ɗmin (°) 2.068 1.507 

ɗmax (°) 25.028 27.102 

Reflection area 

-10 Ò h Ò 10 

-12 Ò k Ò 12 

-23 Ò l Ò 22 

-13 Ò h Ò 13 

-33 Ò k Ò 33 

-20 Ò l Ò 20 

Reflections collected 22897 75513 

Unique reflections 5927 9611 

Rint 0.0345 0.1187 

R1 indices [I>2ů(I)] 0.0377 0.0571 

wR2 indices (all data) 0.1306 0.1927 

Parameters 478 635 

GOF on F2 1.135 1.076 

residual density (eÅ-3) 0.470, -0.427 0.544, -0.522 

CCDC No. 1918281 1918282 
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4.4.6 Computational Details 

Calculations of the HOMO and LUMO of the cation of 4-15 and 4-17 

All computations were performed using the Gaussian 09 program.97 Both the geometry 

optimization and the NBO 6.0 calculations96 of the cation of 4-15 and 4-17 were performed using 

the M06-2X functional with the Def2-SVP basis set. The stationary nature of the converged-upon 

geometry was confirmed by carrying out a frequency calculation and ensuring the absence of 

imaginary frequencies. 

 

 

Figure 4-17. HOMO (left) and LUMO (right) of the cation of 4-15. 

 

 

Figure 4-18. HOMO (left) and LUMO (right) of the cation of 4-17. 
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Calculations of the HDF mechanisms 

All computations were performed using the Gaussian 09 program.97 Geometry optimizations were 

performed using the M06-2X functional with the Def2-SVP basis set. Frequency calculations at 

the same level of theory were performed to identify the number of imaginary frequencies (zero for 

local minimum and one for transition states) and provide the thermal corrections of Gibbs free 

energy, which were added to the calculated single-point energies to obtain the Gibbs free energies 

in solution. 
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 Carbon Lewis Acids: Bipyridinium Dications 

5.1 Introduction 

5.1.1 Isolable Carbocations 

The positively charged carbon atom in a carbocation is isoelectronic to an sp2-hybridized boron 

atom, and as such owes its Lewis acidity to its low-lying empty p-orbital. Carbocations are 

commonly taught in introductory organic chemistry courses to be unstable and non-isolable 

intermediates in a slew of organic transformations, such as in SN1 and E1 reactions,1 however this 

is not strictly true. The first stable carbocation was the tropylium cation, [C7H7]
+ (5-I ), discovered 

in 1891 by Merling upon reacting cycloheptatriene with bromine (Figure 5-1).2 However, it was 

only much later in 1954 that its identity was confirmed with IR and UV-Vis studies, along with 

the proposition of its stability arising from its aromaticity.3 In 1909, the trityl cation, [CPh3]
+         

(5-II ), was first isolated as a perchlorate (ClO4
-) salt in separate accounts (Figure 5-1).4-5 Its 

preparation was improved upon by Dauben, Jr. et al., in which the treatment of triphenylmethanol 

with tetrafluoroboric acid produced the trityl tetrafluoroborate salt in high yields.6 This facile 

synthetic method has allowed large libraries of trityl derivatives to be prepared with differing 

substituents on the phenyl rings, whose electronic properties have varying effects on the 

carbocation stability, photochemical properties, and Lewis acidity.7-8 

 

Figure 5-1. Isolable carbocations. 

 

Trityl cations have found use as Lewis acid catalysts in various transformations,9 including 

Mukaiyama aldol-type reactions,10-12 Michael additions,13-14 Diels-Alder reactions,15-16 oxidation 

of amines to imines,17 phase-transfer reactions,18 epoxide rearrangement,19 and hydrothiolation of 

alkenes.20 Additionally, they have been applied in frustrated Lewis pair (FLP) studies as the Lewis 

acid component, and have been demonstrated to effect H2 cleavage,21 disulfide cleavage,22 alkyne 

activation,22 and capture of Staudinger reaction intermediates.22 
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5.1.2 Other Carbon-Based Lewis Acids 

A variety of carbon-centered electrophiles have been reported in recent years, with many of them 

being described as heteroatom-stabilized carbocations. For instance, in 2000, Mukaiyama and co-

workers demonstrated the ability of N-acyliminium cations (5-III ) to enact Lewis acid-mediated 

catalysis (Figure 5-2).23-25 Similarly, Wilhelm and co-workers have utilized a variety of 

imidazolium and amidinium cations as Lewis acid catalysts, including optically-active variants 

such as 5-IV , to effect Diels-Alder reactions, aza Diels-Alder reactions, and ring-opening of 

epoxides, albeit with no enantioselectivity being achieved (Figure 5-2).26-28 One particular example 

of a carbon-based Lewis acid that does not fit into the category of heteroatom-stabilized 

carbocations is the electron-poor bis(fluorenyl)-substituted allene 5-V, first prepared in 1990 by 

Weber et al. (Figure 5-2).29-30 In 2010, Alcarazo et al. reported the heterolytic splitting of disulfide 

bonds by the all-carbon FLP comprised of the Lewis acid 5-V and bulky N-heterocyclic carbenes 

(NHCs).31-32 

 

Figure 5-2. Carbon-centered electrophiles (the electrophilic carbon centers are denoted with an 

asterisk). 

 

Singlet carbenes are ambiphilic in nature, bearing a lone pair in an sp2-orbital in addition to a 

vacant p-orbital. While NHCs have flourished in the field of organometallic chemistry as strong 

ů-donating and somewhat ˊ-acidic ligands,33-34 they have also found use in main group chemistry 

in the stabilization of low-valent p-block elements34 and in FLP chemistry, typically as the Lewis 

basic component. In 2005, Bertrand and co-workers prepared the first cyclic (alkyl)(amino)carbene 

(cAAC), a new class of carbenes that are more ˊ-acidic than their NHC counterparts while 

maintaining strong ů-donating properties.35 The enhanced ˊ-acidity was reflected in their ability 

to effect the activation of hydrogen and ammonia at the carbene center, as seen with 5-VI , whereas 
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the same chemistry is not observed with NHCs (Scheme 5-1).36 This mode of small molecule 

activation is reminiscent of oxidative addition at low-valent transition metals.  

 

Scheme 5-1. Activation of H2 and NH3 by cAACs (Dipp = 2,6-di-iso-propylphenyl). 

 

In 2010, Crudden and Stephan reported that the electron-deficient pyridinium cation 5-VII  serves 

as a hydride acceptor at the ortho-carbon to form a 1,2-dihydropyridine product (Scheme 5-2, 

top).37 FLP-catalyzed hydrogenation and hydrosilylation of acridine, quinolines, and 

phenanthroline was achieved later that same year (Scheme 5-2, middle).38 While it is noteworthy 

that the stoichiometric reduction of related quinoline species by borohydrides had already been 

established since the 1990s,39-40 the above example was the first report of a metal-free catalytic 

system for the reduction of such species. In 2013, Ingleson and co-workers utilized acridine-

borenium cations as carbon-centered Lewis acids in the FLP splitting of H2 and as one-electron 

acceptors.41 In the following year, simplified cations in the form of N-methylacridinium salts, were 

shown to activate H2 with 2,6-lutidine and catalyze the reduction of imines and the 

dehydrocoupling of alcohols with silanes (Scheme 5-2, bottom).42 Finally, a variety of acridine-

borenium cations have been prepared with fluorinated acridine backbones, greatly enhancing the 

Lewis acidity of the cations.43 Interestingly, the Lewis acidity of such pyridinium and related 

cations is reminiscent of the redox chemistry of the coenzyme NAD+/NADH, which also contains 

a pyridinium backbone responsible for reversible formal hydride delivery.44 
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Scheme 5-2. N-heterocyclic compounds as carbon-based Lewis acids. 

 

5.2 Results and Discussion 

5.2.1 Preparation and Characterization of Bipyridinium Dications 

Following the results from the previous chapter regarding the phosphorus(V) dications and 

drawing inspiration from the reported Lewis acidity of pyridinium and related cations, ethylene-

bridged bipyridinium dications were targeted to study their Lewis acidic properties. In addition to 

their facile preparation, it is proposed that the dicationic nature of such cations would enhance the 

overall electrophilicity compared to pyridinium monocations. The phenanthroline-based dication 

was targeted due to its extended aromatic backbone which is expected to enhance the Lewis acidity 

compared to its bipyridyl counterparts. 

The bromide salts of the bipyridinium dications [(bpy)(CH2CH2)]
2+ (5-12+),                                      

[(Me-bpy)(CH2CH2)]
2+ (5-22+), [(tBu-bpy)(CH2CH2)]

2+ (5-32+), and [(phen)(CH2CH2)]
2+ (5-42+) 

were prepared according to literature-reported procedures,45 wherein the corresponding bipyridyl 

or phenanthroline was reacted with excess 1,2-dibromoethane under reflux to cleanly afford the 

desired salts. Treatment of suspensions of these salts in CH3CN with 2 equivalents of TMSOTf 



 

157 

 

led to the immediate dissolution of the compounds, rapidly forming the corresponding triflate salts 

(Scheme 5-3). Alternatively, the [B(C6F5)4]
- salts were prepared by treatment of the bromide salts 

with 2 equivalents of [Et3Si·tol][B(C6F5)4] in C6H5Br solvent. The formation of these products was 

characterized by multinuclear NMR spectroscopy and elemental analysis. 

 

Scheme 5-3. Synthesis of bipyridinium salts. 

 

Single crystals of 5-1[OTf]2 suitable for X-ray diffraction analysis were obtained from layering a 

concentrated CH3CN solution with diethyl ether (Figure 5-3). No close contacts between the 

triflate anions and the dication were observed, and the bond parameters in 5-12+ are similar to those 

seen in previously reported bipyridinium salts.46-48 

 

Figure 5-3. Solid-state structure of 5-1[OTf]2 (30 % thermal ellipsoids). C: gray; N: blue. 

Triflate anions and hydrogen atoms are omitted for clarity. 
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5.2.2 Lewis Acidity of Bipyridinium Dications 

The nature of the Lewis acidity of these bipyridinium dications was initially probed by density 

functional theory (DFT) calculations at the M06-2X/Def2-SVP level of theory. Subsequent NBO 

calculations were performed at the M06-2X/Def2-TZVP level of theory using the optimized 

geometries, as implemented in the Gaussian 09 package. The calculations revealed that the LUMO 

of each cation is delocalized around both aromatic rings (Figure 3), similar to that in the 

[(terpy)(chloranil)PPh]2+ dication described in the previous chapter.49 

 

Figure 5-4. Depictions of the LUMO of 5-12+ (upper left), 5-22+ (upper right), 5-32+ (bottom 

left), and 5-42+ (bottom right). 

 

Electrochemical studies of bipyridinium dications have been reported in the literature describing 

the formations of the reduced paramagnetic cations.47, 50 Treatment of the triflate salts of 5-12+,    

5-22+, 5-32+, and 5-42+ with one equivalent of cobaltocene in CH3CN confirmed these reports. 

Immediately after mixing, the resonances of the dications disappeared in their respective 1H NMR 

spectrum, indicating the formation of the reduced monocations (Scheme 5-4). Indeed, EPR 

analysis of each reaction mixture in CH2Cl2 revealed the presence of different paramagnetic 
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compounds. The calculated hyperfine coupling constants from the simulated spectra are consistent 

with the delocalized SOMO of each cation, with contributions from the nitrogen atoms as well as 

the different protons. The simulated and experimental EPR spectra, as well as the calculated 

hyperfine coupling constants, of the reduced cations can be found in Figure 5-6 to Figure 5-9 in 

the Experimental Section. 

 

Scheme 5-4. One-electron reduction of the dications 5-12+ to 5-42+. 

 

The hydride ion affinities (HIAs) of 5-12+ to 5-42+ were computationally calculated following the 

procedure reported by Ingleson and co-workers.51 The dications were preoptimized at the HF/3-

21G level of theory, and then further optimized at the M06-2X/6-311G(d,p) level of theory with a 

PCM solvent model for dichloromethane. The HIAs are calculated relative to the HIA of BEt3. 

Since the hydride ion can be delivered to either the ortho-carbon or the para-carbon of the 

pyridinium ring, the HIA was calculated for both of these positions, HIAortho and HIApara (Scheme 

5-5). The HIA values are listed in Table 5-1. In all cases, there is a minimal difference between 

HIAortho and HIApara. In general, HIApara was greater than HIAortho for each dication, with the sole 

exception of 5-22+. Additionally, the computed HIAs of the bipyridinium dications 5-12+ to 5-42+ 

are lower than those computed for the previously reported acridinium cations by Ingleson et     

al.,41-42 suggesting that they are weaker Lewis acids. 
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Scheme 5-5. Reactions associated with the computed HIAs. 

 

Table 5-1. Computed HIAs of 5-12+ to 5-42+ versus BEt3. 

Compound HIAortho (kcal/mol) HIApara (kcal/mol) 

BEt3 0.0 0.0 

5-12+ 47.5 47.7 

5-22+ 43.9 42.6 

5-32+ 44.1 44.9 

5-42+ 56.0 56.9 

 

As a preliminary test to experimentally assess the Lewis acidity of the bipyridinium dications, both 

the [OTf]- and the [B(C6F5)4]
- salts of 5-12+ and 5-32+ were employed as catalysts for the 

hydrodefluorination (HDF) of fluoroalkanes with Et3SiH (Table 5-2). Complete conversion of     

(c-C6H11)CF3 and (p-BrC6H4)CF3 to their corresponding alkanes was observed with 5 mol% of    

5-1[B(C6F5)4]2 in CH2Cl2 solvent. Interestingly, catalytic amount of 5-3[B(C6F5)4]2 instead did not 

result in any conversion, suggesting that the bulky tert-butyl substituents at the para-carbons of 

the bipyridinium dication hinder reactivity. This offers insight into the mechanism of the HDF 

mechanism by these catalysts, supporting the notion of a carbon-based Lewis acid and that the 

reactivity likely occurs at the para-carbon rather than the ortho-carbon. Due to the insolubility of 

5-1[OTf]2 and 5-3[OTf]2 in CH2Cl2, the more polar CH3CN solvent was required. No conversion 

of the fluoroalkanes was observed in the case of the triflate salts, which may be attributed to the 

coordinating nature of either the triflate anions or the CH3CN solvent suppressing the Lewis acidity 

of the bipyridinium cations. 
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Table 5-2. Hydrodefluorination of fluoroalkanes using catalytic bipyridinium salts. 

Substrate Catalyst 
Time 

[h] 

Yield (Si-F) 

[%] 

Conv. (C-F) 

[%] 

(c-C6H11)CF3 5-1[B(C6F5)4]2 16 76 >99 

(c-C6H11)CF3 5-3[B(C6F5)4]2 48 <1 <1 

(p-BrC6H4)CF3 5-1[B(C6F5)4]2 48 89 >99 

(p-BrC6H4)CF3 5-3[B(C6F5)4]2 48 <1 <1 

(c-C6H11)CF3 5-1[OTf]2 48 <1 <1 

(c-C6H11)CF3 5-3[OTf]2 48 <1 <1 

(p-BrC6H4)CF3 5-1[OTf]2 48 <1 <1 

(p-BrC6H4)CF3 5-3[OTf]2 48 <1 <1 

Reaction conditions: CH2Cl2 solvent for the [B(C6F5)4]
- salts, CH3CN solvent for 

the [OTf]- salts, 5 mol% catalyst, 25 °C, 3.6 equivalents Et3SiH. Conversion and 

yield determined by 19F{1H} NMR spectroscopy integration using C6F6 as external 

standard. 

 

Computations at the M06-2X/Def2-SVP level of theory were carried out to determine the model 

mechanism for the HDF of PhCF3 to PhCF2H mediated by 5-12+. The proposed mechanism is 

analogous to that described in the previous chapter, where Et3SiH initially delivers hydride to the 

para-carbon of the bipyridinium dication, generating [Et3Si]+ and the intermediate [5-1-Int ]+ 

(Scheme 5-6). This step is exergonic (DG = -39.9 kcal/mol) and has an activation barrier of only 

DGÿ = +8.1 kcal/mol (Figure 5-5), consistent with the experimental observations that the HDF 

reaction proceeds at room temperature. The silylium cation then abstracts fluoride from PhCF3 to 

form the intermediate [PhCF2]
+. From this point, similarly to the mechanism involving 

[(terpy)(C6Cl4O2)PPh]2+, it is more energetically favourable for [PhCF2]
+ to abstract hydride from 

a second equivalent of Et3SiH (DG = -21.3 kcal/mol) rather than from [5-1-Int ]+ (DG = +18.6 

kcal/mol). According to these computations, the bipyridinium dication simply acts as an initiator 

in the HDF of fluoroalkanes with Et3SiH, while in situ generated [Et3Si]+ is the true catalyst. 
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Scheme 5-6. Proposed mechanism for the HDF of PhCF3 to PhCF2H initiated by 5-12+ via 

hydride delivery from Et3SiH to the para-carbon of 5-12+. 

 

 

Figure 5-5. Calculated Gibbs free energies (kcal/mol) for the HDF mechanism of PhCF3 to 

PhCF2H initiated by 5-12+. 
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5.3 Conclusion 

In summary, a series of ethylene-bridged bipyridinium dications were prepared to assess their 

utility as Lewis acids. Computational methods, such as LUMO and HIA calculations, suggested 

that such dications are indeed carbon-based Lewis acids. The salt 5-1[B(C6F5)4]2 was shown to be 

an effective Lewis acid initiator in the HDF of fluoroalkanes with Et3SiH, with further 

computational support demonstrating that the proposed mechanism is initiated by hydride delivery 

from Et3SiH to the dication 5-12+. 

 

5.4 Experimental Section 

5.4.1 General Considerations 

All manipulations were performed under an atmosphere of dry, oxygen-free N2 by means of 

standard Schlenk or glovebox techniques (MBraun LABmaster SP dry box equipped with a -35 

°C freezer). Toluene, pentane, and diethyl ether were collected from a Grubbs-type column system 

manufactured by Innovative Technology and were dried over 4 Å molecular sieves for 48 hours 

prior to use. 4 Å molecular sieves (pellets, 3.2 mm diameter) purchased from Sigma-Aldrich were 

activated prior to usage by heating at approximately 250 °C under dynamic vacuum for 48 hours. 

Dichloromethane (DCM) and acetonitrile (CH3CN) were dried over calcium hydride, followed by 

distillation and degassing. Bromobenzene was dried over 4 Å molecular sieves for 48 hours prior 

to use. Acetonitrile-d3, purchased from Cambridge Isotope Laboratories, was degassed and dried 

over calcium hydride. Unless otherwise mentioned, reagents were purchased from Sigma-Aldrich 

or TCI America and used without further purification. [(bpy)(CH2CH2)][Br] 2 (5-1[Br]2),
45       

[(Me-bpy)(CH2CH2)][Br] 2 (5-2[Br]2),
45 [(phen)(CH2CH2)][Br] 2 (5-4[Br]2),

45 and 

[Et3Si·tol][B(C6F5)4]
52 were prepared using literature methods. 

NMR spectra were recorded on a Bruker Avance III 400 MHz spectrometer, a Bruker DD2 500 

MHz spectrometer, a Varian DD2 600 MHz spectrometer, and an Agilent DD2 500 MHz 

spectrometer equipped with a 13C-sensitive cryogenically cooled probe. Spectra were referenced 

to residual solvent of CD3CN (1H = 1.94 ppm; 13C = 1.3 ppm) and D2O (1H = 4.79 ppm), or 

externally (11B: BF3·OEt2 (ŭ 0.00), 19F: CFCl3 (ŭ 0.00)). All NMR spectra were recorded at 298 K, 

unless stated otherwise. Chemical shifts (ŭ) are reported in ppm and the absolute values of the 
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coupling constants (J) are in Hz, while the multiplicity of the signals is indicated as ñsò, ñdò, ñtò, 

or ñmò for singlet, doublet, triplet, or multiplet, respectively. In the instances where the peaks are 

assigned to their corresponding nuclei, this was accomplished with the use of 2D NMR 

experiments. Combustion analyses were performed in-house employing a Flash 2000 from 

Thermo Instruments CHN Analyzer. Electron paramagnetic resonance (EPR) measurements were 

performed at 298 K using a Bruker ECSEMX X band EPR spectrometer equipped with an 

EP4119HS cavity. Simulations were performed using PEST WinSIM software.  

 

5.4.2 Synthesis of Compounds 

Preparation of [(tBu-bpy)(CH2CH2)][Br] 2 (5-3[Br ]2) 

 

Compound 5-3[Br]2 was prepared according to the literature45 with minor modifications. A 

solution of 4,4ǋ-di-tert-butyl-2,2ǋ-dipyridyl (284.1 mg, 1.058 mmol) in 1,2-dibromoethane (10 mL) 

was refluxed for 16 hours, during which time a precipitate formed. After cooling to room 

temperature, the solid was filtered, washed with acetone (2 x 0.5 mL) and hexanes (3 x 1 mL), and 

then dried in vacuo to afford 5-3[Br]2 as a yellow powder (352.4 mg, 73 % yield). 

1H NMR  (400 MHz, D2O): ŭ 9.10 (d, 3JHH = 7 Hz, 2H, H5), 8.82 (d, 4JHH = 2 Hz, 2H, H2), 8.42 

(dd, 3JHH = 7 Hz, 4JHH = 2 Hz, 2H, H4), 5.29 (s, 4H, CH2CH2), 1.57 (s, 18H, C(CH3)3). 

13C{1H} NMR  (125 MHz, D2O): ŭ 174.5 (s, C3), 146.1 (s, C5), 139.2 (s, C1), 127.7 (s, C4), 125.7 

(s, C2), 51.8 (s, CH2CH2), 37.0 (s, C(CH3)3), 29.1 (s, C(CH3)3). 

Anal. Calc. for C20H28Br2N2: C 52.65 %, H 6.19 %, N 6.14 %. Found: C 50.58 %, H 6.08 %, N 

5.88 %. Elemental analysis was attempted three times and a low carbon content was observed in 

all cases. 
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Preparation of [(bpy)(CH 2CH2)][OTf] 2 (5-1[OTf] 2) 

 

At room temperature, TMSOTf (97 µL, 0.54 mmol) was slowly added to a suspension of 5-1[Br]2 

(88.0 mg, 0.256 mmol) in CH3CN (1 mL) while stirring. Within 5 minutes, all precipitates had 

dissolved and the solution became orange-brown in colour. The solution was stirred for an 

additional 30 minutes, and all volatiles were removed in vacuo. The residue was washed with 

pentane (3 x 1 mL) and the remaining solid was dried in vacuo to give 5-1[OTf]2 as a grey powder 

(119.4 mg, 97 % yield). Single crystals suitable for X-ray diffraction were obtained by layering a 

CH3CN solution of 5-1[OTf]2 with diethyl ether. 

1H NMR  (600 MHz, CD3CN): ŭ 9.02 (d, 3JHH = 6 Hz, 2H, H5), 8.86 (dd, 3JHH = 8 Hz, 4JHH = 2 Hz, 

2H, H2), 8.83 (td, 3JHH = 8 Hz, 4JHH = 2 Hz, 2H, H3), 8.31 (ddd, 3JHH = 8 Hz, 3JHH = 6 Hz, 4JHH = 

2 Hz, 2H, H4), 5.20 (s, 4H, CH2CH2). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ 149.2 (s, C3), 148.4 (s, C5), 140.9 (s, C1), 131.6 (s, C4), 

129.6 (s, C2), 121.9 (q, JCF = 320 Hz, OTf), 53.4 (s, CH2CH2). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -79.2 (s). 

Anal. Calc. for C14H12F6N2O6S2: C 34.86 %, H 2.51 %, N 5.81 %. Found: C 34.74 %, H 2.47 %, 

N 5.66 %. 

 

Preparation of [(Me-bpy)(CH2CH2)][OTf] 2 (5-2[OTf ]2) 

 

At room temperature, TMSOTf (60 µL, 0.33 mmol) was slowly added to a suspension of 5-2[Br]2 

(59.2 mg, 0.159 mmol) in CH3CN (1 mL) while stirring. Within 5 minutes, all precipitates had 

dissolved and the solution became orange-brown in colour. The solution was stirred for an 

additional 30 minutes, and was then concentrated nearly to dryness. Diethyl ether (1 mL) was 
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added, after which a solid precipitated upon agitation of the mixture. The supernatant was 

decanted, the solid was washed with pentane (3 x 1 mL), and was dried in vacuo to give 5-2[OTf]2 

as a grey powder (72.8 mg, 90 % yield). 

1H NMR  (400 MHz, CD3CN): ŭ 8.83 (d, 3JHH = 6 Hz, 2H, H5), 8.77 (s, 2H, H2), 8.09 (d, 3JHH = 6 

Hz, 2H, H4), 5.10 (s, 4H, CH2CH2), 2.78 (s, 6H, CH3). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ 163.7 (s C3), 147.0 (s, C5), 140.0 (s, C1), 131.5 (s, C4), 129.9 

(d, C2), 121.9 (q, 1JCF = 321 Hz, OTf), 52.7 (s, CH2CH2), 22.6 (s, CH3). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -79.3 (s). 

Anal. Calc. for C16H16F6N2O6S2: C 37.65 %, H 3.16 %, N 5.49 %. Found: C 37.17 %, H 3.13 %, 

N 5.36 %. 

 

Preparation of [(tBu-bpy)(CH2CH2)][OTf] 2 (5-3[OTf ]2) 

 

At room temperature, TMSOTf (53 µL, 0.29 mmol) was slowly added to a suspension of 5-3[Br]2 

(64.1 mg, 0.140 mmol) in CH3CN (1 mL) while stirring. Within 5 minutes, all precipitates had 

dissolved and the solution became light orange-brown. The solution was stirred for an additional 

30 minutes, and all volatiles were removed in vacuo. The residue was washed with diethyl ether 

(3 x 1 mL), and the remaining solid was dried in vacuo to give 5-3[OTf]2 as a grey powder (80.1 

mg, 96 % yield). 

1H NMR  (400 MHz, CD3CN): ŭ 8.86 (d, 3JHH = 7 Hz, 2H, H5), 8.67 (d, 4JHH = 2 Hz, 2H, H2), 8.27 

(dd, 3JHH = 7 Hz, 4JHH = 2 Hz, 2H, H4), 5.08 (s, 4H, CH2CH2), 1.52 (s, 18H, C(CH3)3). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ 174.9 (s, C3), 147.4 (s, C5), 140.5 (s, C1), 128.3 (s, C4), 

127.1 (s, C2), 52.8 (s, CH2CH2), 38.3 (s, C(CH3)3), 30.0 (s, C(CH3)3). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -79.3 (s). 

Anal. Calc. for C22H28F6N2O6S2: C 44.44 %, H 4.75 %, N 4.71 %. Found: C 43.72 %, H 4.72 %, 

N 4.67 %. 
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Preparation of [(phen)(CH2CH2)][OTf] 2 (5-4[OTf] 2) 

 

At room temperature, TMSOTf (103 µL, 0.571 mmol) was slowly added to a suspension of              

5-4[Br]2 (100.1 mg, 0.2720 mmol) in CH3CN (1 mL) while stirring. Within 5 minutes, all 

precipitates had dissolved and the solution became light orange-brown. The solution was stirred 

for an additional 30 minutes, and all volatiles were removed in vacuo. The residue was washed 

with diethyl ether (3 x 1 mL), and the remaining solid was dried in vacuo to give 5-4[OTf]2 as an 

orange powder (131.8 mg, 96 % yield). 

1H NMR  (600 MHz, CD3CN): ŭ 9.45 (dd, 3JHH = 8 Hz, 4JHH = 1 Hz, 2H, H3), 9.44 (d, , 3JHH = 6 

Hz, 2H, H1), 8.66 (s, 2H, H6), 8.55 (dd, 3JHH = 8 Hz, 3JHH = 6 Hz, 2H, H2), 5.56 (s, 4H, CH2CH2). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ 149.9 (s, C1), 149.0 (s, C3), 132.8 (s, C4), 130.8 (s, C6), 

130.3 (s, C5), 128.6 (s, C2), 121.8 (q, 1JCF = 321 Hz, OTf), 53.3 (s, CH2CH2). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -79.3 (s). 

Anal. Calc. for C16H12F6N2O6S2: C 37.95 %, H 2.39 %, N 5.53 %. Found: C 36.14 %, H 2.33 %, 

N 4.98 %. 

 

Preparation of [(bpy)(CH 2CH2)][B(C6F5)4]2 (5-1[B(C6F5)4]2) 

 

At room temperature, freshly prepared [Et3Si·tol][B(C6F5)4] (154.4 mg, 0.1742 mmol) was slowly 

added to a suspension of 5-1[Br]2 (30.3 mg, 0.0881 mmol) in C6H5Br (5 mL) while stirring. The 

mixture was stirred overnight, and all volatiles were removed in vacuo. The residue was extracted 

with CH3CN (10 mL) and the remaining solids were filtered off. The solvent was removed in vacuo 

to give 5-1[B(C6F5)4]2 as a yellow powder (120.9 mg, 90 % yield). 
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1H NMR  (400 MHz, CD3CN): ŭ 8.96 (d, 3JHH = 6 Hz, 2H, H5), 8.84 (dd, 3JHH = 8 Hz, 4JHH = 2 Hz, 

2H, H2), 8.78 (td, 3JHH = 8 Hz, 4JHH = 2 Hz, 2H, H3), 8.32 (tm, 3JHH = 8 Hz, 2H, H4), 5.11 (s, 4H, 

CH2CH2). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ ([B(C6F5)4]
- peaks not included) 149.1 (s, C3), 148.4 (s, C5), 

140.2 (s, C1), 131.4 (s, C4), 129.7 (s, C2), 53.7 (s, CH2CH2). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -133.7 (m, 16F, o-C6F5), -163.9 (t, 3JFF = 20 Hz, 8F, p-C6F5), 

-168.3 (t, 3JFF = 16 Hz, 16F, m-C6F5). 

11B{1H} NMR  (128 MHz, CD2Cl2): ŭ -16.7 (s). 

Elemental analysis was not obtained. 

 

Preparation of [(Me-bpy)(CH2CH2)][B(C6F5)4]2 (5-2[B(C6F5)4]2) 

 

At room temperature, freshly prepared [Et3Si·tol][B(C6F5)4] (105.0 mg, 0.1184 mmol) was slowly 

added to a suspension of 5-2[Br]2 (22.8 mg, 0.0613 mmol) in C6H5Br (5 mL) while stirring. The 

mixture was stirred overnight, and all volatiles were removed in vacuo. The residue was extracted 

with CH3CN (10 mL) and the remaining solids were filtered off. The solvent was removed in vacuo 

to give 5-2[B(C6F5)4]2 as a yellow powder (81.7 mg, 88 % yield). 

1H NMR  (400 MHz, CD3CN): ŭ 8.81 (d, 3JHH = 6 Hz, 2H, H5), 8.71 (s, 2H, H2), 8.15 (d, 3JHH = 6 

Hz, 2H, H4), 5.07 (s, 4H, CH2CH2), 2.65 (s, 6H, CH3). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ ([B(C6F5)4]
- peaks not included) 162.9 (s C3), 146.5 (s, C5), 

140.3 (s, C1), 131.5 (s, C4), 129.8 (d, C2), 52.5 (s, CH2CH2), 22.9 (s, CH3). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -133.7 (m, 16F, o-C6F5), -163.9 (t, 3JFF = 20 Hz, 8F, p-C6F5), 

-168.3 (t, 3JFF = 16 Hz, 16F, m-C6F5). 

11B{1H} NMR  (128 MHz, CD2Cl2): ŭ -16.7 (s). 

Elemental analysis was not obtained. 
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Preparation of [(tBu-bpy)(CH2CH2)][B(C6F5)4]2 (5-3[B(C6F5)4]2) 

 

At room temperature, freshly prepared [Et3Si·tol][B(C6F5)4] (79.2 mg, 0.0893 mmol) was slowly 

added to a suspension of 5-3[Br]2 (20.9 mg, 0.0458 mmol) in C6H5Br (5 mL) while stirring. The 

mixture was stirred overnight, and all volatiles were removed in vacuo. The residue was extracted 

with CH3CN (10 mL) and the remaining solids were filtered off. The solvent was removed in vacuo 

to give 5-3[B(C6F5)4]2 as a yellow powder (67.3 mg, 91 % yield). 

1H NMR  (400 MHz, CD3CN): ŭ 8.85 (d, 3JHH = 7 Hz, 2H, H5), 8.68 (d, 4JHH = 2 Hz, 2H, H2), 8.26 

(dd, 3JHH = 7 Hz, 4JHH = 2 Hz, 2H, H4), 5.02 (s, 4H, CH2CH2), 1.52 (s, 18H, C(CH3)3). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ ([B(C6F5)4]
- peaks not included) 173.7 (s, C3), 147.2 (s, C5), 

140.5 (s, C1), 128.4 (s, C4), 127.0 (s, C2), 52.8 (s, CH2CH2), 37.9 (s, C(CH3)3), 30.2 (s, C(CH3)3). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -133.7 (m, 16F, o-C6F5), -163.9 (t, 3JFF = 20 Hz, 8F, p-C6F5), 

-168.3 (t, 3JFF = 16 Hz, 16F, m-C6F5). 

11B{1H} NMR  (128 MHz, CD2Cl2): ŭ -16.7 (s). 

Elemental analysis was not obtained. 

 

Preparation of [(phen)(CH2CH2)][B(C6F5)4]2 (5-4[B(C6F5)4]2) 

 

At room temperature, freshly prepared [Et3Si·tol][B(C6F5)4] (263.8 mg, 0.2976 mmol) was slowly 

added to a suspension of 5-4[Br]2 (57.6 mg, 0.156 mmol) in C6H5Br (5 mL) while stirring. The 

mixture was stirred overnight, and all volatiles were removed in vacuo. The residue was extracted 

with CH3CN (10 mL) and the remaining solids were filtered off. The solvent was removed in vacuo 

to give 5-4[B(C6F5)4]2 as a red powder (214.4 mg, 92 % yield). 
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1H NMR  (600 MHz, CD3CN): ŭ 9.43 (dd, 3JHH = 8 Hz, 4JHH = 1 Hz, 2H, H3), 9.36 (dd, 3JHH = 6 

Hz, 4JHH = 1 Hz, 2H, H1), 8.66 (s, 2H, H6), 8.55 (dd, 3JHH = 8 Hz, 3JHH = 6 Hz, 2H, H2), 5.44 (s, 

4H, CH2CH2). 

13C{1H} NMR  (125 MHz, CD3CN): ŭ ([B(C6F5)4]
- peaks not included) 150.0 (s, C1), 149.2 (s, C3), 

132.8 (s, C4), 130.5 (s, C6), 130.0 (s, C5), 128.8 (s, C2), 53.3 (s, CH2CH2). 

19F{1H} NMR  (376 MHz, CD3CN): ŭ -133.8 (m, 16F, o-C6F5), -164.0 (t, 3JFF = 20 Hz, 8F, p-C6F5), 

-168.4 (t, 3JFF = 16 Hz, 16F, m-C6F5). 

11B{1H} NMR  (128 MHz, CD2Cl2): ŭ -16.7 (s). 

Elemental analysis was not obtained. 

 

5.4.3 Reduction of Bipyridinium Dications 

Preparation of [(bpy)(CH2CH2)]Å+ (5-1Å+) by reduction of 5-1[OTf ]2 with CoCp2 

 

A solution of cobaltocene (1.9 mg, 0.010 mmol) in CH3CN was slowly added to solution of 

compound 5-1[OTf]2 (4.7 mg, 0.0097 mmol) in CH3CN (0.5 mL) while stirring. The solution 

immediately turned dark green and was stirred for an additional 15 minutes. The solvent was 

removed in vacuo and a dilute solution of the remaining solid in DCM was prepared for EPR 

analysis. The simulated and experimental EPR spectrum of 5-1Å+are shown below in Figure 5-6. 

Simulated EPR parameters:  

Aiso N = 4.49 G 

Aiso H1 = 0.64 G 

Aiso H2 = 2.30 G 

Aiso H3 = 3.60 G 

Aiso H4 = 0.33 G 

Aiso H5 = 0.54 G 

Aiso H6 = 7.10 G 
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Figure 5-6. Simulated and experimental EPR spectrum (CH2Cl2) of 5-1Å+. 

 

Preparation of [(Me-bpy)(CH2CH2)]Å+ (5-2Å+) by reduction of 5-2[OTf] 2 with CoCp2 

 

A solution of cobaltocene (1.4 mg, 0.0074 mmol) in CH3CN was slowly added to solution of 

compound 5-2[OTf]2 (3.6 mg, 0.0071 mmol) in CH3CN (0.5 mL) while stirring. The solution 

immediately turned dark green and was stirred for an additional 15 minutes. The solvent was 

removed in vacuo and a dilute solution of the remaining solid in DCM was prepared for EPR 

analysis. The simulated and experimental EPR spectrum of 5-2Å+ are shown below in Figure 5-7. 
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Simulated EPR parameters:  

Aiso N = 5.15 G 

Aiso H1 = 1.16 G 

Aiso H2 = 2.85 G 

Aiso H3 = 0.35 G 

Aiso H4 = 0.97 G 

Aiso H5 = 6.21 G 

Aiso CH3 = 2.47 G 

 

Figure 5-7. Simulated and experimental EPR spectrum (CH2Cl2) of 5-2Å+. 

 

Preparation of [(tBu-bpy)(CH2CH2)]Å+ (5-3Å+) by reduction of 5-3[OTf] 2 with CoCp2 
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A solution of cobaltocene (1.7 mg, 0.0090 mmol) in CH3CN was slowly added to solution of 

compound 5-3[OTf]2 (5.4 mg, 0.0091 mmol) in CH3CN (0.5 mL) while stirring. The solution 

immediately turned dark green and was stirred for an additional 15 minutes. The solvent was 

removed in vacuo and a dilute solution of the remaining solid in DCM was prepared for EPR 

analysis. The simulated and experimental EPR spectrum of 5-3Å+ are shown below in Figure 5-8. 

Simulated EPR parameters:  

Aiso N = 3.74 G 

Aiso H1 = 2.88 G 

Aiso H2 = 1.24 G 

Aiso H3 = 0.74 G 

Aiso H4 = 3.80 G 

Aiso H5 = 6.77 G 

Aiso C(CH3)3 = 0.16 G 

 

Figure 5-8. Simulated and experimental EPR spectrum (CH2Cl2) of 5-3Å+. 
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Preparation of [(phen)(CH2CH2)]Å+ (5-4Å+) by reduction of 5-4[OTf] 2 with CoCp2 

 

A solution of cobaltocene (1.6 mg, 0.0085 mmol) in CH3CN was slowly added to solution of 

compound 5-4[OTf]2 (3.6 mg, 0.0071 mmol) in CH3CN (0.5 mL) while stirring. The solution 

immediately turned dark green and was stirred for an additional 15 minutes. The solvent was 

removed in vacuo and a dilute solution of the remaining solid in DCM was prepared for EPR 

analysis. The experimental EPR spectrum of 5-4Å+[OTf] is shown below in Figure 5-9. Due to its 

insolubility in DCM, the obtained spectrumôs background signal-to-noise precluded proper 

simulation of the spectrum. 

 

Figure 5-9. Experimental EPR spectrum (CH2Cl2) of 5-4Å+. 
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5.4.4 Hydrodefluorination Catalysis 

General Procedure 

 

At room temperature, the corresponding fluoroalkane (0.14 mmol, 1 equivalent) and triethylsilane 

(0.45 mmol, 3.6 equivalents) were dissolved in DCM (1 mL) and transferred to an NMR tube 

containing a sealed capillary containing C6F6 and mesitylene dissolved in CDCl3. Initial NMR 

spectra were obtained. Compound 5-1[B(C6F5)4]2 (0.007 mmol, 0.05 equivalents), 5-3[B(C6F5)4]2 

(0.007 mmol, 0.05 equivalents), 5-1[OTf]2 (0.007 mmol, 0.05 equivalents), or 5-3[OTf]2 (0.007 

mmol, 0.05 equivalents) was added as a solid to the solution, which marked t = 0 hours. The 

reaction progress was monitored by 1H and 19F{1H} NMR spectroscopy. The NMR yield was 

determined by 19F{1H} NMR spectroscopy; the ratio of the generated Et3SiF peak to the C6F6 peak 

was calculated, which was then compared to the initial ratio of the fluoroalkane peak to the C6F6 

peak at t = 0 hours. This provided the value for the percent yield based on the amount of Et3SiF 

generated. A summary of the HDF catalysis can be found in Table 5-2. 

 

5.4.5 X-Ray Crystallography 

X-ray Data Collection and Reduction 

Crystals were coated in Paratone-N oil in an N2-filled glovebox, mounted on a MiTegen 

Micromount, and placed under a N2 stream, thus maintaining a dry, O2-free environment for each 

crystal. The data were collected on a Bruker Kappa Apex II Triumph® monochromator with Mo 

KŬ radiation (ɚ = 0.71073 ¡). The data were collected at 150(2) K for all crystals. The frames 

were integrated with the Bruker SAINT software package using a narrow-frame algorithm. Data 

were corrected for absorption effects using the empirical multi-scan method (SADABS). 

 

Structure Solution and Refinement 

The structures were solved by direct methods using XS and subjected to full-matrix least-squares 

refinement on F2 using XL as implemented in the SHELXTL suite of programs. All non-hydrogen 

atoms were refined with anisotropic thermal parameters. Carbon-bound hydrogen atoms were 
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placed in geometrically calculated positions and refined using an appropriate riding model and 

coupled isotropic thermal parameters. 

 

Table 5-3. Crystallographic data for 5-1[OTf]2. 

 5-1[OTf]2 

Empirical formula C14H12F6N2O6S2 

Formula weight 482.38 

Crystal system Triclinic 

Space group P-1 

a (Å) 6.6865(6) 

b (Å) 11.746(1) 

c (Å) 12.639(1) 

Ŭ (°) 101.218(3) 

ɓ (°) 94.812(3) 

ɔ (°) 102.607(3) 

Volume (Å3) 941.9(2) 

Z 2 

ɟ (calcd) (gĀcm-3) 1.701 

µ (mm-1) 0.377 

F(000) 488 

T (K) 150(2) 

Crystal size (mm3) 0.11x0.05x0.04 

Crystal colour, habit colourless, shard 

ɗmin (°) 1.657 

ɗmax (°) 27.129 

Reflection area 

-8 Ò h Ò 8 

-15 Ò k Ò 14 

-16 Ò l Ò 16 

Reflections collected 18682 

Unique reflections 4159 

Rint 0.0351 

R1 indices [I>2ů(I)] 0.0355 

wR2 indices (all data) 0.0973 

Parameters 271 

GOF on F2 1.059 

residual density (eÅ-3) 0.446, -0.345 

CCDC No. - 
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5.4.6 Computational Details 

Calculations of the HOMO and LUMO of the bipyridinium dications  

All computations were performed using the Gaussian 09 program.53 The geometry optimization of 

the dications 5-12+, 5-22+, 5-32+, and 5-42+ were performed using the M06-2X functional with the 

Def2-SVP basis set, while subsequent NBO 6.0 calculations54 were performed using the M06-2X 

functional with the Def2-TZVP basis set. The stationary nature of the converged-upon geometry 

was confirmed by carrying out a frequency calculation and ensuring the absence of imaginary 

frequencies. 

 

 

Figure 5-10. HOMO (left) and LUMO (right) of 5-12+. 

 

 

Figure 5-11. HOMO (left) and LUMO (right) of 5-22+. 
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Figure 5-12. HOMO (left) and LUMO (right) of 5-32+. 

 

 

Figure 5-13. HOMO (left) and LUMO (right) of 5-42+. 

 

Hydride ion affinity (HIA) calculations  

All computations were performed using the Gaussian 09 program.53 Hydride ion affinities (HIAs) 

of the cations were calculated using the method reported by Ingleson et al.51 The cations were 

preoptimized using HF with the 3-21G basis set, and then further optimized using the M06-2X 

functional with the 6-311G(d,p) basis set with a PCM solvent model for dichloromethane. In all 

cases, structures were confirmed as minima by frequency analysis and the absence of imaginary 

frequencies. The HIAs are calculated relative to the HIA of BEt3. 

 

Calculations for the HDF mechanism by 5-12+ centered at the para-carbon 

All computations were performed using the Gaussian 09 program.53 Geometry optimizations were 

performed using the M06-2X functional with the Def2-SVP basis set. Frequency calculations at 
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the same level of theory were performed to identify the number of imaginary frequencies (zero for 

local minimum and one for transition states) and provide the thermal corrections of Gibbs free 

energy, which were added to the calculated single-point energies to obtain the Gibbs free energies 

in solution. 
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