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Abstract

Since the inception of frustrated Lewis pair (FLP) chemistgre than a decade agthe
development ofan assortment of main group Lewis acids in the literature has contributed to the
enrichment and diversification of FLP reactivity to achieve transition pikéathemistry. While

most of the employed Lewis acids were initially betzased, eploration of the remainder of the

p-block has led téhe expansion of the boundarigfsreactivity.

The present work focuses on the exploration of Lewis acids based on the scantly gxplooéd
elements in the context of FLP and Lewis acid chemistry. Fluorosulfoxonium satiotaining

a Lewis acidic sulfur(VI) centewere prepared from sulfoxides in an analogous fashion to
previously reported fluorophosphonium cations. These cations were shemactd_ewis acid
catalyssviaaS-F {orbital and are among the first suoased Lewis acids to be employed in

such chemistry.

Azophosphonium cations were prepared frtme reaction betweediazonium cations and
phosphinesTheir Lewis acidity is derived from the masked nitrenium character of one of the
nitrogen centers. The aza@phonium cations act as eekectron acceptors to form paramagnetic
species, and combination of the bulky phosphin&iBz and one othe azophosphonium cations

acted as an FLP &ffectthecleavage of disulfides
i



Phosphorus(V) dications containing bo#m ortho-quinone and terpyridine backbone were
prepared and shown to effect the Lewis aniediated hydrodefluorinatiqii DF) of fluoroalkanes

with silanes despite the phosphorus center being coordinately saturated. Computational data
support the notiothat these dications are in fact Lewis acidic atghe-carbon of the central

ring of the terpyridine ligandwith the phosphorus center not directly participating in the
chemistry Following these resultgthylenebridged bipyridinium dicationswere preparedto

verify their reactivity without a phosphorus center. Indeed, these dications also displayed similar
Lewis acidic behavigracting as onelectron acceptorand effecting the same HDF catalysis

further supporting the notion of tipara-carbon ceter acting as thelectrophilicsite of reactivity.
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Chapter 1.l nt roducti on

1.1 The SigniStieacee of

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 theetbury when the Scientific
Revolution began, marking the birth of an era which sawi¢velopment 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 call€h the Revolutions of the Heavenly Sphermesvhich 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 thePrincipia, which proposed the laws of motion and the law of universal gravitation.
Benjamin Franklin conducted extensive experiments in tfecg8tury to propel the studies of
electricity forward. These discoveries all lie at the very foundatfoa multitude of scientific
disciplines and owgoing research, most of which continue to this day to have a direct impact on

individual sé6 |ives, perhaps even more SO0 now

The field of chemistry did not benefit 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
chemtals and their properties. One of the most influential early chemists and thinkers df the 18
century was Antoine Lavoisier, who disproved the now defunct phlogiston theory of combustion
and established the now accepted oxygen theory. This was onditdtth@jor steps towards the
emerging field of modern chemistrifollowing this discoverysome of the major fundamental
chemical breakthrouglmmefrom the minds of John Dalton (atomic theory), Amedeo Avogadro

(Avogadrods | aw), apenbdidiablie)t r i Mendel eev (the

These advances have all led to the ultimate development of the chemical processeeeththt
sustain the world. For instance, the HaBesch process of producing ammonia fromadd N

at the industrial scale is arguably the mostastful 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 co



supply! 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 iespvechd 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 applicetio 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.

While initial scientific discoveries may require a touch of serendipity, the route to making
academic revelations industrially viable and impactful dociety 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 mbsechnologies 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 Fr ustLreantiesd Pai r s

1.2.1 The Classical Lewis AciBase Pair

In 1916, Gilbert Lewis published his seminal work titldte Atom and the Moleculie which he
described the idea of what is currently understood as covalent bonding, where an electron pair is
shared equallpetween two atomsSev er al years | ater, in 1923,
is one which has a lone pair of electrons which may be used to complete the stable group of another
atom, andhat an acid substance is one which can employ a lone pair from another molecule in
completing the stable group of one of i1ts o0
as Lewis bases and Lewis acids, respectiv@bhémel-1).* While Lewis acids and bases have

found widespread use in organocataf/%iand transition metal chemistf{f,combination of the

two was accepted to simply lead to an adduct between the pair. Ammonia beiBEIzHSs the



prototypical Lewis aciebase pair to form an adduct, in which the amine is the eleptaronor

viaits lone pair and the borane is the elecfpair acceptovia its vacantp-orbital.

) + < >
Q %) Q

Lewis Lewis Lewis acid-base
base acid adduct

Schemel-1. The formation of a classical Lewis adidse adduct.

The first exc e-pdsatioeary was reporeedvhy 8rdownamcedimakers in 1942,
wherein the authors disceskthe significance of steric strain in the context of Lewis -#eide
adducts’ Upon mixing 2,6lutidine and BMe, 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 Bk did in fact fom an adduct§chemel-2), leading the authors to conclude that the
steric strain between the methyl groups of both pyridine and:Bvteo great an energy barrier

to overcome to form an adduct between the pair.

pe
N BF, N BMes _

| | ——> No reaction
= =

Schemel-2. Contrast in reactivity of Bfand BMe.

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

of classical Lewis acibase adducts. In 1950, Wittig observed the-opgning of THF with the
Lewis pair consisting of the trityl anion and BPhNearly a decade later, he noticed the addition
of PPl and BPh across benzyne to generate a-digubstituted phosphoniuyorate benzene
(Schemel-3, top) ! Similarly, in 1966, Tochtermann reported the addition of the trityl anion and
various Lewis acids (BRhAIPhs, BePh, and MgPh) across butadiene, instead of the expected
olefin polymerizatiort? Finally, the 1990s saw Eer and ceworkers report th@ara-attack of a

phosphorus ylide onto the pentafluorophenyl group oféB{e rather than simple Lewis adduct

3



formation Gchemel-3, bottan),'2 with similar reactions subsequently observed between various
phosphine Lewis bases and BFg)s'* or [PhsC][B(CeFs)4].*°

@
PPh;
- e
o
BPh;
R F
Ph CsFs
m + B(C4Fs) v G)B/
R. 675)3 ® CHE
~\"Ph AN
Ph bh, PhsP : . CoFs

Schemel-3. Exceptions to the formation of classical Lewis doade adducts.

1.2.2 Discovery of Frustrated LewlRairs

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

The aforementioned reports culminated into the idea that, due to steric strain precluding classical
Lewis acidbase adduct formation that rendérdrem Afrustratedo, t her e
reactivity between a given Lewis paiSdhemel-4). These frustrated Lewis pair (FLP)
combinations can be exploited to thaduce further reactivity with other molecules which would

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

B &

Lewis Lewis Frustrated Lewis
base acid pair

Schemel-4. Depiction of a frustrated Lewis pair.

In 2006, Stephan and -aeorkers developed an intramolecular FLP consisting of a phosphine and
a borane, Me®(CGsF4)B(CesFs)2, which was also the first methke compound that could
reversiblysplit H, (Schemel-5).2¢ In the following year, the FLP systeniBR; and B(GFs)s was



also $iown to activate bto generatetBusPH][HB(CsFs)3], though in this case the reaction was

irreversibledue to the increased basicity aBBs.*’

FF FF
H, ® H
MeSZP B(C6F5)2 - MeSZP B(C6F5)2
A, - Hy H/ ©
F F F

Schemel-5. Firstreversible H-splitting by a main group FLP system.

Until this point, it was imperceptive to consider thatetalfree system would be able activate H
given the orbital dissimilarities between metals and-metals. However, once this was shown,
the potential for the development of FLPs to effect the chemistry of transition metals, and
eventually replace thematurally led to the field exploding in dimension. The subsequent years
saw FLPs emerge as hydrogenation catalfstatalyzing the reduction of iminé$plefins2%-2

alkynes?? and carbonylg>24

Reactivity of FLPs is not limited to 4H{however. FLPs have been shown to sequester and react
with a myriad of small molecules containing palasaturated bonds?® In particular, in 20009,

the first inter and intramolecular FLP systems were shown to capturgt@@fford 1,2addition
products $chemel-6, top)3° while stoichiometrié'3? and catalytié*>** reductions of C@were

later demonsated. Similarly, NO can be captured by the simple FLP @i and B(GFs)3, in

this case forming the 1-&ddition product $chemel-6, middle)3® Boron amidinates have hee
used as masked FLPs in capturing CO, affordingrisértion products after an initial rirapening

step Schemel-6, bottom)*® Additionally, FLPs can mediate the stoichiometric reduction of CO

using either syngdsor HB(CgFs)2.8



0
CO, )
PtBU3 + B(CGF5)3 ® B(C<F
tBu3P)J\O/ (CeFs)a

N>O ® N, .09
PtBug + B(CeFs)s — BusP” “N™ “B(CgFs)s

5

NO© coO Pr_ ©)
@B(CeFs)y —— TN "B(CeFe),
N =N

iPr O Npr

Schemel-6. Reactivity ofFLPstowardsCO: (top), N2O (middle), andCO (bottom).

FLPs camactivate nonpolar bonds, both unsaturated and satuestesiell. The FLP 8Buz and
B(CeFs)3 undergoes 1;addition across alkenes to form an alkyidged phosphonium borate
(Scheme-7, top) 3° however the reactivity slightly differs with terminal alkynes. In the latter case,
there are two potential retion pathways, depending on the Brgnsted basicity of the Lewis base
in the FLP. The first pathway is the 4a8dition of the FLP across the alkyne, analogous to alkene
reactivity, while the second is deprotonation of the terminal alkynyl proton if theslEase is
sufficiently Brgnsted basic, followed by quenching of the resulting carbanion by the Lewis acid
(Scheme1-7, middle)?° The ringopening of cyclopropanes was later reported with FLPs,
demonstrating the breaking ofCsingle bonds by exploiting ring straihEinally, the heterolytic
cleavage of disulfides was achieved by treatment wiBufand B(GFs)s to generate a

phosphonium borate saB¢hemel-7, bottom)*?

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 tias ahd
B(CeFs)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 mosm@imoistue-

stable FLP$? chiral FLPs!® “*and specialized FLPs to achieve specific reactf\ify.



Bu Bu

—/ ©)
PtBU3 + B(C6F5)3 —— @ B(CxF
tBu3P)\/ (CeFs)3
® R.P®
_ — 3
RaPHI (Ph—= pr. i BCoFe)y e )— o
@ R ={Bu R = o-tol Ph B(C F )
Ph—=——B(C¢F5)3 6" 5/3
®
ph- S g- PN [tBusP-SPh]
PtBus; + B(CgFs)3 ———————— (CaFe) B@SPh]
6F5)3b-

Schemel-7. Reactivity of FLPs towards alkenésp), alkynes(middle), anddisulfides
(bottom)

1.3 Applications of Main Group Lewi

1.3.1 Group 13: Aluminum an@oron Lewis Acids

Boranes and alanes wexmongthe first species studied for their Lewis acibdehavior, owing to

their vacanp-orbital. Perhaps the earliest application of Lewis acids in chemical synthesis was the
chance discovery of the alkylationafomatic compoundaa the electrophilic activation of alkyl
halides by AIC4, reported by Friedel and Crafts in 18Bthemel-8, top)*&>! Improvements in
reaction efficiency and selectivity have been made since these initial reports by modifying the
Lewis acid catalysts and substrates, rendering the F@maétis method of arene alkylati6f3®

acylation>* and silylatiof?® prominent in various chemical industries.

The 20" 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 titaniurbased ZiegleNatta catalysts for olefin polymeation, which began
appearing in the literature in the 195@liemel-8, bottom)>*>° Additionally, in 1960, it was
found that AIC} catalyzs the DielsAlder reactiorf® while later reports described chigrbup 13

derivatives to effect enantioselective renditibhs.



cat. AICl5 R
+ RClI ——
cat. [Ti
. [T
AlEt;
n

Schemel-8. FriedelCrafts alkylation of arenes (top) and olefin polymerization (bottom), both

catalyzedand initiatedoy aluminum Lewis acids.

Boron trihalides were amongeliirst boraneo beused as electrophilic reagents. While also being
shown to effect FriedeCrafts alkylation of aren&%®’ and DielsAlder reaction$®’! other
transformations include cleavage of eth@rS,various cyclizationg*’” rearrangement$;2¢ and

desilylation®”8° among many othef8!

Though boron trihalides are effective Lewagidic reagents, the bordralogen 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 Bf&s)s was initially prepared in the

1960s as aalternative with comparatively stable borcarbon bond€?°2 From the time of its

initial report, B(GFs)z 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 alkyimetallocened? B(CsFs)s has since been one of the most exploited main group Lewis
acids for organic transformans, such as allylation and Diefdder reactions with aldehydés,
aldoktype reaction$>®’ conversions of epoxides to carbon$ilstautomerization§>1°
hydrosilylation of carbonyl&*! transfer hydrogenation of iminé%, and transfer hydrosilylation

of aldehydes, olefins, and imin&s1%

One of the most noteworthy achievements in the field of main group chemistry in recent years is
the reduction of Blat a boron center, reported by Braunschweig argaters in 2018% This

was accomplished by preparing a bulky cAA&@bilized borane (cAAC = cyclic
(alkyl)(amino)carbene), followed by two oméectron reductions a No atmosphereJchemel-9,

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

o

described between transition metal centand N. The Nf r a g me nt -danorttosavewant a U

8



sp-or bital on boron, whi |l e t he -Hackdoeatiop iato the o f
" *orbital of Nbo. The Lewis acidy of the boron center is contrasted with that typically sgeoup

13 compounds, in which the Lewis acidity is derived from a vge@mbital rather than a vacant
sp?-orbital. Following this result, the same group reported the reductive couplingusfimg an

even bulkier analogue of the boron compound describettid previous reportSchemel-9,

bottom) %7

Dipp

Schemel-9. Reduction (top) and reductive coupling (bottom) efaNa boron center (Dur =
2,3,5,6tetramethylphenyl, Dipp = 2;@i-iso-propylphenyl, Tipp = 2,4 &i-iso-propylphenyl).

1.3.2 Group 14: Silicon and Carbon Lewis Acids

Silicon-based compounds have also played a significant role in Lewisreddited organic
transformations Silicon species are generally highly fluorophilic and chlorophilic, and as such
have founl common use as halide abstracting reagents. Neutral, tetravalent silicon centers are
known to react as Lewis acids to form hypervalent compot¥tisterestngly, this fact has been
known since the beginning of the"8entury with the independent discoveries of the formation

of the [Sikg]? dianiont'®and the adduct of Sikvith ammoniat!! Since these reports, hypervalent
organosilicon species have found their way into a myriad of organic applicBfiéH<ne recent

and memorable application of a silicon Lewis acid, by Gabbai andodcers, involved a
molecule containing both a neait silicon center and a sulfonium group to cooperatively bind a

fluoride anion for fluoride sensing applicatior@&chemel-10).11°



F + Ant Ant
Ant | . Ant =’
Si F- F-Si—FK

- ..M
Me

Schemel-10. Reactivity of a tetravalent silicon Lewis acid (Ant =a@thryl).

Threecoordinate silyl cations eludesolation until the late 1980s, when thioakkghd methy
substituted silylium cations were studied in solufitfit!’ These were prepared by treatment of
the corresponding silanes with trityeqzhlorate to form the perchlorate saglfemel-11, top).
A few years later, the triethylsilylium cation was isolated as the salt of the very weakly
coordinating [BCesFs)4]” anion, using the same preparative meth®dhémel-11, middle)!8
Structural characteration by single crystal Xay 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 trigmesibstituted silylium
cation with the norcoordinating carborane anion [HGBlesBre]” was prepared and
crystallographically characterized in 2002, revealing that the steric bulk of the mesityl substituents
effectively precludes coordination of solvenblecules $chemel-11, bottom)1%120 Since the
initial isolation of stable silylium cations, these species have enjoyed widespread use as potent
Lewis acid catalyst&® 124123

[CPh3][CIO,]

(RS);SiH “PhyCH [(RS)3SI][CIO,]

_ [CPh3][B(CeFs)d] .
EtSiH _‘*Phscﬁi“ [Et;Si-tol][B(CoF 5)4]

[EtsSil[HCBMesBre]
- Etysi7 N

Mes33i/\/ [Mes;Sil[HCB;MesBrg]

Schemel-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, wasdiscovered as a stable species. The first reported carbocation was the
10



tropylium cation in 189124 ensued by the preparation of the trityl cation in the following
decaded?>'?” While the Lewis acid chemistry of such cations was preliminarily explored, it
remains underdevelop&d!?® 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 cal@e include Mukaiyama alddype reactiond?®**3! Michael additiong3133
Diels-Alder reactions24'*® oxidation of amines to iming$® phasetransfer reactions’

hydrothiolation of alkene¥® dehydrosilylation of alcohols® and hydroboration of pyriding?

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 chemi$thy.1954, Wittig reported the

first use of an el@ophilic phosphorus ylide to convert aldehydes and ketones to all&stente

1-12, top)1*! In the same year, it was shown thatitnal phosphorus(V) phosphoranes can also
exhibit Lewis acidic behavior, as exhibited by the formation of a Lewislzasé adduct between

PCk and pyridine $chemel-12, middle)!*#144 In 1977, one example of an amidophosphorane

was even reported to undergo £fd CS insertion into the A bond Schemel-12, bottom)4®

in reminiscence of FL®ype chemistry before its inception.

Ph

Ph
PhsP= + >:o ———> PhP=0 + >:
PH PH

@
|@/
N

N\
PCls + O ~ ¢, | .l
cl=g ~cl

Cl
GFs CE T
F3C/,, 2 F3C/,,, ‘\\E
P— e P- >—NMe
Me’||D NMe, E=0,S Me” | “E 2
CF; CF3

Schemel-12. Early examples of electrophilic phosphorus compounds.
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In 2006, bisalkoxyphosphonium cations were shown to effect Lewiscatadlyzed DielsAlder
reactionst*® Since then, phosphonium cations have found extensive use in organocatalysis,
catalyzing a variety of €, GO, and GN bondforming reactions?’ Stephan and eworkers
reported the synthesis of the fluorophosphonium sabFHePF][B(CsFs)4] in 2013, which is

Lewis acidic by Vrtue of its lowlying P-F  4@rbital 8 This highly electrophilic cation catalyzes

the hydrodefluorination of fluoroalkan&$, the FriedelCrafts dimerization of 1;1
diphenylethylené?® the dehydrocoupling of silanes with amines, thiols, and phérfadsd the
hydrosilylation of olefins, alkyne¥? ketones, and imin€'§t among other reactions.

FLP chemistry involving phosphorusewis 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 ceworkers reported the sequestration of@@h an amidophosphorane acting as an
intramokecular FLP $chemel-13, top)*2That same year, Radosevich andarkers devieped

a sterically rigid compound with an ambiphilic phosphorus(lll) center that catalyzed the transfer
hydrogenation of azobenzen&cheme 1-13, bottom)!®® Another example of a neutral
phosphorus(lll) Lewis acid is 123triphosphabenzene, shown to intramolecularly react with H

via an electrophilic phosphorus center and a nucleophilic carbon éghfénally, the FLPs
consisting of various amine bases an&klEEPF][B(CsFs)4] have been reported to catalyze the

hydrogenation of olefin&>®

/
N
—>
\ ’
| ~Ph /\’Ph
F
tBu H3NBH; "H,NBH,"  Bu
%\o / 70
N—P N—p-H
\ \~H
xfo e N °
Bu H  Ph Ph B
N-N, N=N
PH  H PH

Schemel-13. FLP reactivityusingphosphorus ewis acids.
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14 Met hods for Evalwuating Lewis Ac

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 addttétbpnd dissociation energies of
Lewis adducts?’ shifts in IR absorption frequeres of ester$>®® triphenylphosphine oxid¥?

and acetonitril®* bound to Lewis acids, artkats of adduct formation between esters and Lewis
acids!®?163 while all of these methods are accuratel@ermining relative Lewis acidities, the
main drawback lies in the inconveniences of the techniqugsiakly establishing Lewis acidity

values for large libraries of compounds.

The surge in FLP and main group Lewis acid chemistry, along with the gevehd of
increasingly potent Lewis superacidéjn the recent decades has prompted the search for other
methods to address these drawbacks. The GutBaokett methot?*>%¢ is one of the more
commonly employed measures of Lewis acidity currently used in thetliterdollowing this
method, the Lewis acid is treated with triethylphosphine oxid®&tto form a Lewis acidase
adductvia the oxygen center and the Lewis acidic cenfechémel-14, top). Due to the
coordination, the phosphorus center becomes more elafmient and therefore it8P NMR
resonance shifts downfield relative to fregFEO . The change uisdrectlye mi c ¢
proportional tahestrength of the Lewis acid. A second related technique is the Childs m&thod,
wh e r e -uasaturaled ketone or aldehyde is treated with a Lewis &cie(nel-14, bottom).
Upon coordination, the chemical shihanges observable for the rembtenuclei are consistent

with the strength of the Lewis acid.
Et;PO + LA — Et;PO---LA

-LA

-
-

) 0]

2 2
F\j)J\R1 + LA — F\j)‘\R']

Schemel-14. The GutmansBeckett method (top) and the Childs method (bottfam).ewis
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 i POCI
by UV-Vis spectoscopy'®® Much later on, a study demonstrated that the fluorescence emission
maxima of 18methylacridones are red shifted upon coordination to metal ions, which could be
quantified and correlated to the Lewis acidity of the met8ishémel-15, top)1®°® Drawing
inspiration from the GutmanrBeckett metbd, a recently developed fluorescet@sed method
involves the use of fluorescent Lewis basic probes in dithienophosphole oRutesr(el-15,
bottom)17° Since these compounds emulate the structural motif of the GutBeokett method,

the bindng 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

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

-LA
(@] (@]
fa
N N
I I
Ph,_0 Ph,_ O---LA
P P
+
YA A YR
R s s R R S S R

Schemel-15. Fluorescencdased lewis acidity tests utilizing the fluorescent probes 10
methylacridones (top) and dithienophosphole oxides (bottom).

1.4.2 Computational Methods

Sincecomputational 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 computiatn@thods offers the
advantage tquickly 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 swga, which could requirgays toweeks to
complete. Additionally, it is also feasible to use computational methods for Lewis acids that are

14



not even possible to study in the condensed state, which could be desirable for reference purposes
Finally, thesemethods 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 iGRIA = -qpH ) . Due to the basi
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
reportst’*174 the heats of formation were estimated by calculating the individual energies for the
Lewis acid, the fluoride ion, antie¢ Lewis aciefluoride product, however the calculations of the

free fluoride ion prove to be quitemplex In a later report’®the FIA of a series of Lewis acids

(LAs) was céculated against the reference compoun@Fe (Equation 11), as its FIA is
experimentally knowH®!’” (Equation 12). With thisvale known, HessO6 Law c

obtain the calculated absolute FIA of kdewis acid (Equation-B).

CFO L A° CF,0 L AF (1-1)
CF,0 F O CF;0 (1-2)
LA F O LAF (1-3)

In analogy taheFIA, the hydride ion affinity (HIA) is also defined as thegative 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 14 to 1-6).1’®17° Depending on the classes of Lewis acids in question and

on the type of reactivity users are concerned with, evaluating HIAs can sombgnaemore
appropriate measure of Lewis acidity when comparing Lewis acids. For instance, HIAs have seen

extensive use for carbdrased Lewis acids>140. 180183

BH, L AC BH; L AH (1-4)
BH; H O B(, (1-5)
LA H O LAH (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 andaiers®*

who built upon previous work from Maynard and-workersi® 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,&Ed, measure of

the ability of a molecule to take up elexts, and is defined by EquatiosV1

g2 &
¥ Z{ Z{ (2-7)
wherep is the chemical potential artlis the chemical hardne$¥,which may respectively be
calculated from Equations8 and 19. It is also interesting to note thatis the negative of the
Mulliken electronegativity value, and thus can be substituted into Equatien Additionally,
one description of hardness is the resistance of the chemical potential to change in the number of
electrons'®and chemical softness is the reciprocal of this valug.(Therefore, the mathematical
definition for electrophilicity in Equation-X agrees with chemical intuition, in that a more

electronegative and softer molecule should indeed be more electrophilic.

1
€ E(EHOMO ELumd (1-8)

d E.uwmo Enowmo (1-9)

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

of a number of boron carbon, phosphorus and sulfutbased Lewis acid$® validating the

GEI as a reliable computational method that is accessible even to users with minimal
computationatraining.As is the same with most methods for quantifying Lewis acidity, there are
several drawback associated with the GEI. Firstig GEI is a better gauge of Lewis acidity for
softer Lewis acids than for hard Lewis acids, as GEI values have beemtsh@hate more closely

to those obtained by the Childs experimental method, where the softer crotonaldehyde is
employedt®’ Secondly GEI values should only be compared between Lewis acids that fall within
the same chemical familiesei values between various boranes may be compared to each other,

however directly comparing the GEI values of boranes to those of carbocationgh t
16



isoelectronic, would be inapproprialehirdly, 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 iEinally, 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 teethection potential using

cyclic voltammetry.

15 Scope of Thesi s

At the outset othesestudies, the Lewis acid and FLP chemistry of beand phosphorubased
compounds had been already wadlveloped. 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 reactiviy.

Chapter 2 focuses on the development of a series of sulfur(VI) fluorosulfoxonium cations.
Interestingly, these cations are isolobal to the ligighectrophilic fluorophosphonium cation
[(CeFs)sPF]". 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 collaboratiorwith 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 conducte®hyLei Liu andProfessor Stefan @nme at

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

Chapter 3 focuses on the development of azophosphonium cations as Lewis aciesl@éctooe
and FLP chemistry, whose reactivity is derived from masked nitrenium charabgenvdrk
presented in this chapter was conducted in collaboration with undergraduate student Rouzbeh

Ostadsharif Merar.

The content in Chapter 4 is separated into three main sections. The first section focuses on the
synthesis of alkynyl fluorophosphoniuratmons, in attempts to subsequently prepare triazelium
based fluorophosphonium dications. The second and third sections are inspired by the recent work

from the Stephan group utilizing phosphorus(lll) dications with bigyridnd terpyridine
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backbones asm@ew direction for phosphordsased Lewis acid chemistry. In the second section,
attempts are made to install more labile backbones onto the phosphorus(lil) center to enhance their
electrophilic nature. In the third and final section of this chapternttial iphosphorus(lll) species

are oxidized withortho-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 carbdrased, locatedn the terpyridine backbone. The work in this third
section was conducted in collaboration with Professor Saurabh Chitnis, who performed the initial
oxidation chemistry witlortho-quinones.

The work in Chapter 5 focuses on the exploration of Lewis ac@idtry of bipyridinium
dications, drawing direct inspiration from the discovery of the caldased reactivity in the
previous chapter. Changing the substituents on the backbone of these dications significantly alters
their reactivityand confirms the chonbased electrophilicity.

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

Chapter 2Waked, A.E.*; Tsao, FA.*; Cao, L.L.; Hofmann, J.; Liu, L.; Grimme, S.; Stephan,
D. W. AnS(VI) Lewi s aci ds : Chénikcal ©@ommouscatiorfs @316 52j u m ¢
1241812421.

Chapter 3Waked, A.E.; Ostadsharif Mear, R.; Stephan, DV. A N i-Based bewia Acids
derived from Phos pAngerandie@nent international Exlition. @018 57,
1193411938

Chapter 4Waked, A.E.; Chitnis S.S.; Stephan, DW. AnP(V) Di c-laased bewis : C:
acid initiators foHy d r o d e f | uGChenicahGorinmuecations 2019 55, 89718974.

Chapter 5: Waked, A. E. ; St ephamasebd LWwiisBia
Manugript in preparation
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Chapter2. Sul fur (VI') Lewis Aci ds: FI

21 I ntroducti on

2.1.1 Common Applications of Thioethers and Sulfoxides

Since the discovery th#tioethers could be oxidized to sulfoxides be alkylated by treatment

with alkyl halide$ in the 1860s, sulfucontaining compounds have garnered much attention in a
variety of disciplines of chemistry. In the organic and pharmaceutical industries, the fielchbf ¢
sulfoxides has made significant progress due to their extensive use in asymmetric s§htmesbis

the preparation of drug molecule¥. In the organometallic field, the nucleophilicity of sukfur
containing compounds has typically been the focus, which is seen by the use sulfoxides as soft
ligands in the coordination chemistijtransition metal complexgsuch as in compleX| (Figure

2-1).1+17 Additionally, it was demonstrated that crown thioether macrocycles could bind a variety
of transition metal ions, as seergitl (Figure2-1),'¥2*and can stabilize metal centersiimusual

oxidation state$®

- S S
O\\S" ( \\ //
CI/"'F\’lu"“Cl S----Aé@__s
clI= | ~~cl & // \ J
St / P
0" ™ S\/S
24 241l
James (1990) Loeb (1991)

Figure 2-1. Sulfur-containing compounds in coor@ition chemistry.

2.1.2 Sulfur-Containing Compounds in FLP Chemistry

More recently, thioethers have found some use in FLP chemisiing Bswis bagc components.

In 2010, it was demonstrated that the borsméide adduct MgS-B(GsFs)s could add across
alkynes in FIP-type fashion to formally generate a sulfonium borate zwitteffdrater, in 2011

and 203, two separate intramolecular thioethrane compounds were shown to react similarly
with alkynes Scheme 2-1, top)?™?® Another particularly interesting example was an
intramolecular sulfuborane system that was connected through a vinylic backbone, in which

addition across alkynes once again occurs. However, differanersowere selectively formed
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depending on whether the reaction was performed under UV light or with heat, demonstrating the
design for photeswitchable FLPs for selective reactivi§cheme-1, middle).?° Finally, in 2017,

a series of silyl chalconm 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 silan&¢heme2-1, bottom)*°

® ~O
Pho~ ¢ He— Pt _ "8 "B(CeF)
57 B(CoFs); = - =
Ph

B(CeFs — S B(CeFs)2
— S” B(CeFs): —
Ph Ph

tBu tBu
)[ 4 o — h :[L
ptol~NG ), J[ + H Ph —Y s prtol DN
2 p-tol

Pha o Ph\ziEt3 ;.'
@ |M62 Et3SIH @ IMez

CO T T O

Scheme2-1. Intramoleculaf~LP reactivitywith sulfur Lewis bases.

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

containirg 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 AcidicNature of SulfuuContaining Compounds

Althoughsulfur-containing compounds are generally classified as Lewis bases, there are a number
of examples of molecules containing electrophilic sulfur centers. The amphoteric naturg of SO
was discovered in the 1960y the Ibers group through single crystalay diffraction analysis of

select iridium and rhodium complexes, sasi2-111, containing an Sgligand bound to the metal
center in a Zype fashion Figure2-2).332 At the time of this discovery, S@vas only thought to

actasanit ype donor to met al centers through th
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backdonati on f r o m-orbithl ® S@ewhiehl hasimodtlp-chdracter and fs
localized on the sulfur. Consequently, the geaynabout the sulfur center in this binding mode
was always known to be trigonal planar, with the metal anda8fns lying in the same plane, as
seen ir2-1V (Figure2-2).33

In the initial reports of the Zype bindirg mode of S@in transition metal complexes, the authors
were puzzled by the structural differences from previous-t&Dsition metal complexes: the
geometry about the sulfur center was pyramidal instead of the expected trigonal planar and the
sulfur-metd distance was much longer than in previous-8@tal complexes (2.49 A versus 2.072

A).3! At that time, the only explanation that was offered was that the binding pfcS®e metal

was very weak, accounting for the elongated regahd 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 te theakly Lewis acidic S&ligand, in analogy with the

amphoteric nature of NO, was prevalént.

00 ol
O “ ,
S S
S“AO
T H3N//,, l ,\\\NH3
Clu, 1 \PPhg i RIS~
Ph,P” " YCO 3 él 3
2-111 2-lvV
Ibers (1969) Wiberley (1965)

Figure 2-2. Binding modes of S@in transition metal complexes.

Another example of a neutralilfur(IV) Lewis acid is sulfur tetrafluoride, SFWhile SF; can act

as a fluoride donor to Lewis acids such as,BHs, and SbE3*%" its Lewis acidity has also been
experimentally documented in the literature. Its reaction with various fluoride sources, like CsF
and [NMe][F], to produce [SK" salts has been known since the 1980$However, it was only
recently in 2012 when the Gerken group provided the first conclusive evidence for a dative
interaction between 3fand an organic base. The report featureyXcrystallographic studies
revealing the dative bondintature between triethylamine and the sulfur center pb&¥ery low
temperature$® Since this report, there have been several folipvaccounts of different nitrogen
Lewis bases binding to S a similar fashiort**°
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In 2009, Ragogna and -aworkers reported the preparation of formally dicatiosidfur(ll)
analogues oN-heterocyclic silylene-V, in which the sulfur was stabilized by a diazabutadiene
ligand Figure 2-3).4¢ It was found that at leash ithe 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{fa] anions, the essentially exposed
dicationic sulfurcore 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 ligands2-VI, and the monodentate ligand pyridi@eyIl (Figure2-3).4"4°

2® |[OTf],
Dipp< S~ _Di
20 0T | ONT LN 20 [Tl
/S\ N\ \N/ \N N
R-N. N-R | | I
NS/ = = =
2-v 2.vi| 2-Vil
Ragogna (2009) Ragogna (2009) Ragogna (2010)

Figure 2-3. Dicationicsulfur(ll) species.

The 1980s saw the Akiba group prepare a series of compdids,, containing both a Lewis
acidic sulfur(lV) center and an amino centeFigure 2-4).5°5* These intramolecular systems
allowed for studies of the typically unstable transannular bonds between amino and sulfonium
groups, in which they could correldtd NMR spectroscopy chemical shift valiof theN-methyl

group to the strength of the amisalfonium bond. More recently, in 2010, Gabaai ceworkers

utilized a sulfoniurrcontaining specieg;1X, for fluoride sensor applications, in which the silicon

and sulfur centers cooperatively bitné fluoride anionKigure2-4).556

X [PFel F [OTH]
. Ant_'| _Ant

®s i
¢ SMez
'Tj ®
CHjy

2-VIII 2-I1X

Akiba (1983) Gabbai (2010)

Figure 2-4. Lewis acidicsulfoniumcontaining species (Ant =&nthryl).
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In principle, sulfur(VI) compounds are expected to exhibit higher Lewis acidity tinin
sulfur(ll) 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(VI1) catiotiseindestigation

into their Lewis acidic properties.

22 Resund sDiascussi on

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 PhS#kith freshly generated [BSi-tol][B(CsFs)4] in toluene at

-35 °C. Removal of all volatilegn vacuoand subsequent recrystallization fraddi>Cl> and
cyclohexane afforded a small amount of colourless crystals. Single crystsl diffraction
analysis of these crystals revealed them to be the fludoesnium cation
[(p-tol)PhSOF][B(GFs)4] (2-1) (Figure 2-5). The geometry about the central sulfur atom in the
cation ispseudetetrahedral with &C bond distances of 1.725(4) and 1.733(4) A, while tife S
and SO distances were 1.533(3) and 1.404(3) A, respectively.

Figure 2-5. Solid-state structuref 2-1 (30 % thermal ellipsoids). C: gra$; yellow; O: red; F:

purple. Hydrogen atoms atige [B(CsFs)4]” anion are ommittetor clarity.

The reactiorleading to2-1 is thoughtto begin with generation of the cation [PhBRia fluoride

abstraction from PhSy [EtsSi-tol][B(CsFs)4]. It is plausible that this is followed by a Friedel
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Crafts arylation of the solvent toluene and subsequent hydrolysesction with glassffording

2-1 (Scheme2-2). Compound-1 is characterized by a singlet in tHE{*H} NMR spectrum with

U 33.4 ppm, corresponding to the suthound fluorine, in addition to the anionic borate
resonances ai -132.0,-162.5, and-166.5 ppm. Due to the owplexity of the crude reaction
mixture and low yieldf 2-1, any definitive mechanistic details and studies were precluded.
Although it was discoverechat sulfur(Vl) cations of the fornfRSFK]" would not be suitable
targets for Lewis acid applications due to their apparent instability, it appeared that the stability of
cations of the form [ESOF] would allow them to be viable alternatives to target for potential

investigations into their Lewiacidic character.

i) Friedel-Crafts arylation @ E
Et;Si-tol][B(CeF of toluene . /S
[Et3Si-tol][B(CgFs)al [PhSF ,J[B(CeFs)d] u ,

S
Toluene ii) Hydrolysis or reaction \\O
with glass

[B(CeFs5)al
2-1

PhSFs

Scheme2-2. Generation of compourigtl.

Seeking a more rational synthetic strategyatwess[R2SOF] cations, previous works of
Ruppert”®and Janzefi were noted.n these works, the synthesis of {BOF][BF] was initially
reportedvia oxidation of diphenyl sulfoxide, BEO, with xenon difluoride, Xef-followed by the
bubbling of BE gas through the resulting solution. Though this cation was characteriZé@ by
NMR spectroscopy, further characterization and exploration of its chemistry was not undertaken.
Drawing inspiration from these initial syntheses,.$® and dibenzothiophene sulfoxide
(C12HsSO) were oxidized with one equivalent of Xe&nd catalytic [NEA[CI] at room
temperature in CECl> solvent, cleanly affording the difluorosulfur(VI) specRsSOFR (2-2) and
C12HsSOR (2-3), respectively $cheme2-3). These oxidation reactions were carried out in Teflon
reaction vessels due to the instabilitycompound2-2 and2-3 in the presence of glass, which

causes degradation to their respecsivfone, RSO,.

Consistent with the reported observatifnosn Janzen, thexidations performed with XeFRvere

facilitated by the addition of catalytic amount of [NEEI], with the chloride anion initiating a
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reaction with XeEkto liberate fluoride anias) followed by an ensuing radical mechaniSrRor
instance, in the formatioof 2-3 from C12HsSO, the reaction was complete in 3 hours in the
presence of the chloride catalyst, whereas in its abseaceaction was observed over a 10 day
period. In the case of the formation 222, however, the reaction could proceed without the
presence of catalytic chloride, though a prolonged reaction time of 24 hours was required. The
formationof 2-2 and2-3 wasevidenced from th€F{*H} NMR spectra of reaction mixtures which
showedresonances ai 103.2 and 68.2 ppm, respectively. Attempts to isolate these products
proved problematias they were not stable on prolonged contact with glass. Nonetheless,
immediae diffusion of pentane into the reaction mixture in,CH afforded single crystals @3

which were suitable for Xay diffraction analysis. While crystallographic data were indeed
obtained, the instability of the crystals resulted in the quality afdheion being quite poor. Even

so, the data did confirm the soltlate structure a?-3 (Figure2-6). The geometry at the sulfur
center is pseudtrsigonal bipyramidawith axial fluorine atoms (5-F angle: 179.4(4)°), an-S

bond length of 1.41(1) A, and-Bbond lengths of 1.651(9) and 1.689(9) A. These values fall
within the range observed for theFSbonds in N(SOENSOR®? and compounds of the form
(R2N).RE6BOFS!

Figure 2-6. Solid-statestructureof 2-3 (30 % thermal ellipsoids). @ray; S: yellow; O: red; F:

purple. Hydrogen atoms are ommitted for clarity.

Addition of one equivalent of [ESi-tol][B(CeFs)4] to toluene solutionsf 2-2 and 2-3 afforded
the fluorosulfoxonium cations [PBOF][B(GFs)a], 2-4, and [G2HsSOF][B(GsFs)4], 2-6,
respectively $cheme 2-3). In the case of the reaction &2 with freshly prepared

[EtsSi-tol][B(CsFs)4] in toluene, there was an immediate colour change from colourless to dark
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red/brown. The solution was warmed to room temperature over 4 hours and subsequeipt work
afforded2-4 as a white powder in 80 % yieftH and**C{*H} NMR datafor isolated2-4 showed

the expected aromatic resonances, whilefBg'H} signal atti-16.7 ppm and th€F{*H} NMR
resonances @t-133.1,-163.6, and167.5 ppm were consistent with the presexfdbe [B(GFs)4]

anion. In addition, 8°F{*H} NMR resonance was observedia32.2 ppm, corresponding to the
fluorine directly bonded to the sulfur center and consistent with the chemical shift of 29.5 ppm
reported byJanzenin their initial reporf® Similarly, in the case of the reactionf 2-3 with
[EtsSi-tol][B(CsFs)4], the product was characterized by a singlet resonance #iRfi¢l} NMR

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

[ Xt oy [F L F
cat. [NEt]ICI] o [Et5Si-tol][B(CgFs)al b,/

S=0 >

S
0 CH,Cl, I or \\O
F BF,-OEt,
(X]

X = B(CgFs),, 2-4
X = BF,, 2-5

XeF2
,, cat. [NEt,][CI] ,, i [EtsSi-tol][B(CeFs)a]

F

& T O <

BF3OEt2

(X

X = B(CgFs)s, 2-6
X = BF,, 2-7

Scheme2-3. Synthesis ofluorosulfoxoniumcations.

Crystallographic studies of single crystals of compowidsand 2-6 confirmedthe connectivity

of the cations(Figure 2-7). In particular, it was found tha?-6 had cecrystallized with its
decomposition product dibenzothiophene sulfone (this decomposition is described in the next
paragraph), in which there wasibstitutional disorder between the two molecules at the same
position (further details on the refinement of this disorckan befound in the Experimental
section).The geometry at the sulfur center of both cations was foundgsdueletetrahedral. The

S-F bond lengths fo2-4 and2-6 are1.468(2) and B3(1) A, while the SO distances are 1.454(2)

and 1.81(6) A, respectively. Interestingly, bofh4 and2-6 exhibithigh stability in the solid state,
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even towards glass once isolated from the reactiotunei. In particular, compouar2-4 canbe
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 @4 (left) and2-6 (right) (30 % thermal ellipsoidsE: gray;
S: yellow; O: red; F: purple. Hydgen atomsnd the [B(GFs)4]” anionsare ommitted for

clarity.

One observation of note was that compogxtdtself could not be isolateas a pure solid. Instead,

a 1.1 molar ratio 02-6 and dibenzothiophene sulfone, its decomposition product with either glass
or trace moisture, was repeatedly obtained. This was evident fHtNMR spectrum of the
isolated solid, where resonances fathcompounds were observeigure 2-8, top). In an
attempt to isolat@-6 as a pure product, it was thought that decreasing its solubility would improve
the workup via multiple repeated washings with a solvent of choice. Treatment eClgH
solutions of2-2 and 2-3 with one equivalent of BFOE® afforded the [BE" salts2-5 and 2-7,
respectively $cheme2-3). As predicted, the [BF salts2-5 and2-7 were much more insoluble
than their [B(GFs)4]” counterpart®-4 and2-6 in CHxCl> solvent. In the case @7, this readily
allowed for filtration of the resulting yellow solid followed by subsequent washings wiiEle;H
yielding pure2-7 as evidenced in th#d NMR spectrumKigure2-8, bottom). Althougt2-7 could

be isolated immediately in this fashion, the product could not be stored e@&rf&tas 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 théH NMR (CD.Cl,, 400 MHz)spectum of the isolated
mixture of2-6 and dibenzothiophene sulfone (tophdpure2-7 (bottom).

Single crystals 02-7 suitable for Xray diffraction analysis were obtained by placing a saturated
CH.ClI; solution in the freezer aB5 °C for 24 hours. The solstate structure &-7 (Figure2-9)
revealed a $ bond distance of 1.418(2) A and -4 ®ond distance of 1.526(2) Aothsimilar to
thoseobservedn 2-6. Additionally, the sulfur center situated in a distorted trigonal pyramidal
geometry with a contact to the [fFanion (SF = 3.196(2) A) that is within the sum of the van
der Waals radii (3.27 A% The FS-F angle is 175.45(8)°, while the sum of the angfethe
equatorialplanearound sulfur totals 336.42°. This compares with a sunB84f&8in 2-6. These

data support the notion of a Lewis acidic sulfur center interacting with the fluorine lone pair on
[BF4]" viathe LUMO localized on the sulfur center of the fluorosulfoxon cation, which appears

to be 0* (videinfharacter
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Figure 2-9. Solid-state structuref 2-7 (30% thermal ellipsoidsiC: gray;S: yellow; O: red; F:

purple; B: green. Hydrogen atoms aramitted for clarity

2.2.2 Lewis Acidic Properties of Fluorosulfoxonium Cations

With the synthesis and characterization of shfur(Vl) cations established, the Lewis acidic
character of these cations was then studied using density functional theory (DIFDFETA
calculations were performed employing Turbomole 7.0 softf#ffeThe structuresf 2-4 and

2-6 were optimized at the TPSS level of thedfywith the Bddamped variant of the DFD3
dispersion correctid®®’ in conjunction with theDef2-TZVP basis set®®® The structure of-7

was also optimized using the method above, minimizing to a structure closely related to that
determined above by the-bdy methodsThe LUMO of cation2-4 and 2-6 aresimilar to each

other, with a major component being localized on the sulfur atom, which appears to be
predominanty & G* in character, and small erFigarent r i
2-10).

In addition, the fluoride ion affinities (FIAs) were computed for the catadr’s4 and2-6 using

the PW6B95D3/Def2-TZVP//TPSSD3/Def2-TZVP level of theory? In the gas phase, the FIAs

were calculated to be 132.5 and 144.5 kcalfora2-4 and2-6, regectively. The solvenicorrected
corresponding FIAs in toluene were also computed to be 140.0 and 151.8 kcal/mol, respectively.

These numbers suggest that the Lewis acadiB/4 and2-6 is comparable to common Lewis acids
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such as Bkand AICk, whose FIAs in the ggshase have been computed to be 82.7 and 120.0

kcal/mol, repectively?!

Figure 2-10. LUMO of the cations 0£-4 (left) and2-6 (right).

The Lewis acidity of these fluorosulfoxonium cations was also probed experimengatlye
GutmannBeckett method? Upon mixing2-4 with triethylphosphine oxide, BRO, the resonance
of the EtPO shifted downfield tdi 84.5 ppm in thé'P{*H} NMR spectrum. This shift difference
( go= 33.8 ppm) demonstrates the ability2e# to function as anelectrepai r accelpt or .
value is significantly higher than that mped for B(GFs)s ( Go= 26.6 ppm), suggesting that
compound-4 is a strongetewis acid Notably, n the case of the reaction betw@ethand EtPO,
the3P{*H} NMR data revealed thiormation of [EtPF][B(CsFs)4], characterized by a doublet at
U147.8 ppm withtJer= 973 Hz,inferring a fluorideoxide exchangeScheme2-4). Indeed, théH
NMR spectrum of the mixture confirrdehe generation of dibenzothiophene sulfone. A similar
exchange reaction was observed for a GutrBeckett test of related fluorophosphonium

cations’®
Et,PO
[PhoSOF][B(CeF5)s] ——— [(Phy,SOF)-(OPELt3)][B(CeF5)4]
2-4
Et;PO

[C12HgSOF][B(CgF5)4]
2-6

Cy2HgSO, + [Etz3PFI[B(CgFs5)4l

Scheme2-4. Reaction of2-4 and2-6 with EzPO.
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The difference in reactivity exhibited &y4 and2-6 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 tB&and2-7 readily undergo degradation to
theircorresponding sulfone, whik24 and2-5 do not show any signs of degradation. One potential
explanation of their differences in reactivity could be attributed to the stargestioraround the
LUMO of each cation. Electronically, their LUMOs are neadgntical, however it can be seen

in Figure2-10that the Lewis acidic site i2-6 is more accessible than thata#. In 2-4, the two

phenyl rings are rotated incua way that the protons can interfere with a Lewis base interacting
with the LUMO. In the case &6, however, the dibenzothiophene backbone forces the aromatic
rings to be in the same plane, suggesting minimal interference of the backbone for élcdonter

between a Lewis base and the LUMO, thereby increasing the reacti2i§. of

2.2.3 Applications of Fluorosulfoxonium Cations

Due to their inherent instability, compoungs$ 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. Compour4 was not stable in the presence of silanes, therefore
catalysis involving silanes as a typiceducing 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 polymerizati®oheme2-5). In addition, using 5 mol%

of compound®-4 asa Lewis acid catalyst, the hydroarylation of diphenylamine and pyrrole with
1,1-diphenylethylenavasshown to proceed smoothly over the course oh@4rs Scheme2-5).

The hydroarylation of phenol with tdiphenylethylene, however, does not proceed, attributed
likely to the quenching of the Lewis acidity of thatalystvia coordination of phenol t@-4.
Finally, the hydrothiolation of 1;8liphenylethylene with thiophenol proceeds in a similar fashion
(Scheme2-5). In each case, the identity of the products was confirmed unambiguodsiyNdR
spectroscopy. While similar catalysis has been reported for electrophilic phosphonium‘éations,

these observations represent the first use of a dodfsed Lewis acid inugh catalysis.

45



10 mg/mL 2-4
THF o)

12 hours n
H
Ph N,
5 mol% 2-4 Ph
=+ Ph,NH Ph >99 %
Ph 24 hours
PH
Ph H Ph H Ph
5 mol% 2-4
2 =( + N ° N 91 %
bh \ /] 24 hours Ph \ / Ph
Ph 5 mol% 2-4 S—Ph
—( + PhSH >4 85 %
Ph 12 hours Ph Ph

Scheme2-5. Lewis acidcatalyzed transformations with cataly®el.

The use o2-4in FLP chemistry wasubsequentlynvestigatedwith most of theesults described

in the doctoral dissertation of Dr. Judy TdadOne select example is thieeatment of a
stoichiometric mixture o2-4 and RBuz with diphenyl disulfidewvhichled to the formation of the
phosphonium cationtBusP(SPh)], characterized by a singlet resonance inithsitu 3P{*H}
NMR spectrum atii 85.7 ppm. ThéH NMR spectrum showed peaks corresponding to diphenyl
sulfoxide, suggestinthe decomposition d?-4 in the presence of eithetBus or the transiently
generated Ph&nion (Scheme2-6). These dataalong with those found in the aforementioned
dissertationsuggest thathe instability of2-4 towards various Lewis bases limits its applications

in FLP chemistry

F
Ph,, / PhSSPh . e
Ph’s\\ + PtBuz —— > Ph,SO + [tBusP(SPh)][B(CeF5)4] + Unidentified products
]
[B(C6Fs5)4l
24

Scheme2-6. Reactivity ofdiphenyl disulfide with2-4 and RBus.
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2.2.4 Further Investigations into Enhancing the Lewis Acidity

In order to increase the potency of thelfur(VI) Lewis acids, replacement of the phenyl
substituents on the sulfur center with more eleewdhdrawing substituents was considered.
Thus, pentafluorophenyl groups were targeted, with a synthetic stodtieggiting thionyl chloride
(SOCb) 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 etba@ution of SOCGl at-78 °C in a 2:1 molar ratio.
Following aqueous workip, the F{!H} NMR spectrum showed three main sets of

pentafluorophenyl resonances, including one major set and two equal mindfigete Z-11,

top).

To identify the products in this mixture, @@S analysis was performed on a sample. Consistent
with the ®F{*H} NMR spectrum, three peaks were observed in the chromatodfigore¢ 2-12,

top). The mass spectrum corresponding to the major peak H3.0=minutesontainedn/z= 382

amu, consistent with the mass of the target product bis(pentafluorophenyl) sulfoxkiSQC,

2-9. The mass spectra of the minor peaks at t = 10.7 minutes and t = 12.6 minutes camtained
values of 366 and 398mu respectively. These masses are consistent with pentafluorophenyl
sulfide, (GFs)2S, and bis(pentafluorophenyl) sulfone ¢k€).SO,, respectively. Compounz-9

could only be separated from the mixture by column chromatography, however only very trace
amounts could be isolatéd % isolatedyield) due to the nearly identical retention factors of all
the products in the mixture. Nonelbgs, the GEMS (Figure2-12, bottom) and NMR datd(gure

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

major*°F{*H} resonances to compour2e9.
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Figure 2-11. **F{*H} NMR specta (CDCls, 376 MHz) of the crude mixture from the reaction of
CeFsMgBr with SOC} (top), and isolated compoued (bottom).

A

6 7 8 9 10 1

1 12 13 14 15 16 157 18
Elution time (minutes)

Figure 2-12. Normalized portiongrom thegas chromatogranaf the cudemixture from the
reaction of GFsMgBr with SOC}. (top), and isolated compou2e9 (bottom).
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To generate the corresponding fluorosulfoxonium cation ena smilar synthetic route as the
formation of2-4 and2-6 was employed. Compourtd9 wastreated with one equivalent of XeF
and catalytic [NE4[CI], however no conversion to ¢€s5)>.SOF was observedScheme2-7).
Alternatively, 2-9 was treated with fluoronium sources, including Selectfluor andli2fdoro-1-
fluoropyridinium triflate, in an attempt to generate the fluorosulfoxonium cation dirsatiye it

was noted that the cation 2 could be generated from the reaction between diphenyl sulfoxide
and certain fluoronium sourceSaqheme2-7). However, onceg@ain, no generation of the target
cation was observed in all the above cases. The lack of reactiZt9 cén likely be attributed to

the very electromleficient sulfur center resisting a seemingly unfavourable oxidation from
sulfur(lV) to sulfur(V1).

Xer
-78 °C - r.t. cat. [NEt4][CI
2 CgFsMgBr + SOCI, e ety (CeF5)2S0O INELIL ]— No reaction
Ether or
2-9 +
F™ sources

Scheme2-7. Attempedsynthess of CeFs-substitutedluorosulfoxoniumcations.

23 Concl usi on

Though similar sulfur(VI1) cations have been previously reported ititdrature, 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 af@Fsubsequent
fluoride abstraction. The Lewis acidicaracter 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 dipenylamine and pyrrole with 1-diphenylethylene, and the hydrothiolation

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

of 2-4 and2-6 using the same synthetic protocol were unfruitful2-&sresisted oxidation due to

the electrorpoor nature of the sulfur center.
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24 Experimental Section

2.4.1 General Considerations

All manipulations were performed under an atmosphere of dry, oxygen\> by means of
standard Schlenk or glovebox techniques (MBraukBinaster SP dry box an&acuum
Atmospheres glovebdxoth equipped with e85 °C freezer). Toluene, pentadgthyl etherand
dichloromethangDCM) were collected from a Grubligpe column system manufactured by
Innovative TechnologyThese solvents, algwith cyclohexaneweredried over 4 A molecular
sievesfor 48 hours prior to usé A molecular sievegpellets, 3.2 mm diametewerepurchased
from SigmaAldrich andwere activated prior to usage by iteratively heating with 1050 W Haier
microwave for Sminutes and cooling under vacuum. The process was repeated until no further
moisture was released upon heatiidgnzeneds and dchloromethanel,, purchased from
Cambridge Isotope Laboratoriesere degassed and stored over 4 A molecular sieves in the
glovebox for at leasti8 hours prior to use Chloroformd, purchased from Cambridge Isotope
Laboratories, was degassed and dried over calcium hytndiess otherwise mentionegagents
were purchased from Siga#ddrich or TCI America and used without fugh purification

Dibenzothiophensulfoxide’ and [EtSi-tol][B(CesFs)s]” wereprepared usintiterature methods

NMR spectra were recordecha Bruker Avance 11l 400 MHz spectrometer, a Bruker DD2 500

MHz spectrometer, a Varian DD2 600 MHz spectromessd an Agilent DD2 500 MHz
spectrometer equipped with'3C-sensitive cryogenically cooled probepeBtra were referenced

to residual solvents €D.Cl, (*H = 5.32 ppm3C = 53.8 ppry CDCk (*H = 7.26 ppm°C =

77.2 ppm, or GDs (*H = 7.16 ppm*°C =128.1 ppn), or externally {*B: BFs-OE ( &  0¥F0D 0)
CFClz( U 003P085% HsPOs( U 0 AIINMR dpectra were recorded at 298 K, unless stated
otherwise.Ch e mi c a l shifts (0) are r eportheeaiplingn pp
constants]) areinHzwhi | e t he multiplicity of the signs:
singlet, doublet, triplet, or multiplet, respectivdly the instances where the peaks are assigned to
their corresponding nuclei, this was accomplished with uke of 2D NMR experiments.
Combustion analyses were performeghouse employing a Flash 2000 from Thermo Instruments
CHN Analyzer.
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2.4.2 Synthesis oCompounds

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

0]

1l
Ph—S~
p-tol/ F

[B(CeFs)4l

Pentafluorosulfanylbenzene (143 mg, 0.7 mmol) in toluene (10 mL) was cool88 ¢, then
freshly preparefEt:Si-tol][B(CsFs)4] (619.3 mg, 0.7 mmol) in toluene (10 mL) was added to the
former dropwise. The solution turned rerhnge immediately, and was warmed up to room
temperature slowly over 3 hours before all volatiles were remiovestuo A brown residuavas
obtained,washed with pentane (2 x 5 mLgnd 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 comp@ihdby °F{*H} NMR spetroscopy
and single crystal Xay diffraction analysis. However, as this is only a minor product in a
complicated reaction mixture, this species was not fully characterizeld and *3C NMR
spectroscopy.

19{1H} NMR (376 MHz, GDe): 11 33.4 (s, 1F, B), -132.0 (m, 8Fp-CeFs), -162.5 (t, 4F 33k =

26 Hz,p-CeFs), -166.5 (m, 8FmM-CeFs).

Preparation of Crystals of Ci2HsSOR (2-3)

At room temperature, XeF(15 mg, 0.089 mmol) was added as a solid to a solution of
dibenzothiophene sulfoxide (17 mg, 0.085 mmol) setchethylammonium chlorid@ mg, 0.02
mmol) in DCM (0.5 mL) in a Hram 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
vapaur diffusion into the DCM solutionSingle eystals of compoun@-3 were obtained after 24
hours and were suitable forpay crystallography. Due to the inbtity of 2-3 in solution, only

thein situ'°F{*H} NMR spectum wasobtained for spectroscopic characterization.

19F{*H} NMR (376 MHz, CHCI,): li68.2 (s).
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Preparation of [Ph2SOF][B(CsFs)4] (2-4)

[ F
/,"S/
(7o
[B(CeF5)4l

At room temperature, XeH168.3 mg, 0.9942 mmol) in DCM (5 mL) was added dropwise to a
solution of diphenykulfoxide (196.1 mg, 0.9695 mmol) in DCM (5 mL) in a Teflon wvidiile
stirring. The solution remained clear and colourless and was allowed to stir fimugglat room
temperature. All volatiles were then removiadvacuq leaving behind a crystalline, colourless
solid. The solid was then-dissolved in toluene (5 mL) and cooled-85 °C. Freshly prepared
[EtsSi-tol][B(CeFs)4] (840.0 mg, 0.95 mmol) in toluene (5 mL) was added to the above solution
dropwise, leading to an immediate changecolour of the solutiorfrom colourlessto dark
red/brown. The solution was allowed to warm to room temperature over 4 hours and then
tranderred to a glass scintillation vial. When the stirring was stopped the solution separated into
two layers écolourless top layer arated bottom layer), the top layer was decanted using a pipette
and the bottom layer was triturated 3 times using pentegige2-4 as a white powder (684.4 mg,
80 % yield). Single crystals suitable forrdy diffraction analysis were grown from a solution of
2-4in DCM layered with cyclohexane.

H NMR (600 MHz, CRCLy): 118.24 (tm2Jun = 7 Hz, 2H,p-Ph), 8.16 (d®Jun = 8 Hz, 4H,0-Ph),

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

13C{*H} NMR (125 MHz, CDCIly): U ([B(CsFs)4]” peaks not included) 142.4 &Ph), 132.8 (s,
m-Ph), 129.9 (sp-Ph), 126.1 (d®Jcr = 11 Hz,i-Ph).

19F{1H} NMR (376 MHz, CDRCl,): i32.2 (s, 1F, B), -133.1 (m, 8Fp-CsFs), -163.6 (t, 4F3Jrr
=20Hz, p-CeFs), -167.5 (m, 8FmM-CeFs).

L1B{IH} NMR (128 MHz, CDCl): ti-16.7 (s).

Anal. Calc. for GeH10BF210S: C 48.03 %, H 1.12 %. Found: C 48%2H 1.47%.

52



Preparation of [Ph2SOF][BF4] (2-5)

[y r

/,"S/

\N

ok
[BF.]

At room temperature, Xek46 mg, 0.27 mmol) in DCM (2 mL) was added dropwise to a solution

of diphenylsulfoxide (55 mg, 0.27 mmol) in DCM (2 mL) in a Teflon wahile stirring The
solution remained clear and colourless and was allowed to stir for 24 hours at room temperature.
All volatiles were then removead vacuq leaving behind a crystalline, coloesk solid. The solid

was then ralissolved in toluene (2 mL) and cooled-85 °C. BRAEL (33 pL, 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 \aald the solvent was removetdvacuo The solid was
dissolved in DCM (2 mL) and crystals were obtained by slow pentaneaivdifusion irto the

DCM solution. These crystals were suitable feray diffraction analysis, however due to heavy
disorder of th¢BF4] anion in the asymmetric unit, the structure was noy fefined. The crystals

were washed with pentane (3 x 2 mL) and diredacuoto give2-5 as a colourless powder (65

mg, 79% yield).

H NMR (400 MHz, CDCLy): 118.40 (d,3Jun = 8 Hz, 4H,0-Ph), 8.19 (tm3Jun = 8 Hz, 2H,p-Ph),

7.98 (tm,2Jun = 8 Hz, 4H,m-Ph).

13C{*H} NMR (126 MHz, CDRCl,): 1 141.9 (sp-Ph), 132.7 (s;m-Ph), 130.6 (sp-Ph), 127.0 (d,

3Jcr = 11 Hz,i-Ph).

19F{H} NMR (377 MHz, CDCly): i 30.9 (s, 1F, B), -151.7 (s, 4F, Bs).

1B{H} NMR (128 MHz, CDCly): ti-1.0 (s).

Anal. Calc. for GeH10BF210S: C 46.79 %, H 3.27 %. Found: C 46.81 %, H 3.34 %.

Preparation of [C12HsSOF][B(CsFs)4] (2-6)

[ r
/1, /
S

56,2\
35 [B(CoFs)]
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At room temperature, XeH85 mg, 0.50 mmol) was slowly added as a solid to a solution of
dibenzothiophene sulfoxide (98 mg, 0.49 mmol) tatchethylammonium chloridd0 mg, 0.060
mmol) in DCM (5 mL) while stirring. The solution was stirred for 3 hours and the solvent was
removedn vacuo Toluene (5 mL) was added and the suspension was coolgsl 1G. A-35 °C
solution of freshly preparedEfsSi-tol][B(CsFs)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
removedin vacuoand the crude mixture was recrystallized by layering a concentta@adl
solution of the solid with pentane. &lcrystals were washed with pentane (3 x 3 mL) and all
volatiles were removeith vacuoto obtain the product as a yellow powder of a 1:1 molar mixture
of compound-6 and dibenzothiophene sulfone (258 mg total%®gield). The crystals obtained
from the ecrystallization were suitable for-bay diffraction analysis

1H NMR (400 MHz, CDCI,): Ui (Dibenzothiophene sulfone peaks not included) 8.3%)d,= 8

Hz, 2H, Hy), 8.26 (t,3Jun = 8 Hz, 2H, H), 8.14 (d2Jun = 8 Hz, 2H, H), 7.96 (t,°Jun = 8 Hz, 2H,

Ha).

13C{H} NMR (125 MHz, CDCIly): U ([B(CeFs)4]” and dibenzothiophene sulfone peaks not
included) 144.7 (s, £, 135.8 (d3Jcr= 3 Hz, G), 134.6 (s, €), 128.9 (s, @), 126.1 (s, ©, 122.3
(d,%Jcr= 3 Hz, G).

19F{1H} NMR (377 MHz, CDRCl,): 1124.9 (s, 1F, B), -133.1 (m, 8Fp-CsFs), -163.5 (t, 4F3Jrr

= 20 Hz,p-CeFs), -167.4 (m, 8FmM-CeFs).

LIB{IH} NMR (128 MHz, CDCl): ti-16.7 (s).

Anal. Calc. for (GeHsBF210S)-(G2Hg02S): C 51.73 %, H 1.45 %. Found: C 50.18 %l .88 %.

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

Preparation of [C12HsSOF][BF4] (2-7)

[ r
’1,, /
S

N\

O
O [BF4]

Dibenzothiophene sulfoxide (60 mg, 0.30 mmol) &stdaethylammonium chlorid§ mg, 0.04
mmol) were dissolved in 1 mL DCM. XeF54 mg, 0.32 mmol) was slowly added as a solid to the
solution while stirring. After stirring for 3 hours, the solution was coole@%c°C and BEOE®L
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(37 pL, 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 diredacuoto give2-6 as a yellow
powder (76 mg, 836 yield). A saturated DCM solution @7 wasplaced in &35 °C freezer for

24 hours to obtain crystals suitable fora§ diffraction analysis

'H NMR (400 MHz, CRCl,): 118.39 (d,2Jun = 8 Hz, 2H), 8.30 (FJun = 8 Hz, 2H), 8.26 (BJun

= 8 Hz, 2H), 7.93 (tm2Jun = 8 Hz, 2H).

13C{*H} NMR (126 MHz, CDCly): U 144.7 (s), 134.5 (s), 129.1 (s), 126.7 (s), (2 of the peaks
could not be located in tHéC NMR spectrum due to the decreased solubilitg-6.

19F{*H} NMR (377 MHz, CDRCly): 124.6 (s, 1F, B), -152.6 (s, 1F, Ba).

1B{H} NMR (128MHz, CD,Cly): Gi-1.1 (s).

Anal. Calc. for Go2HgBFsOS: C 47.09 %, H 2.63 %. Found: C 46.86 %, H 2.55 %.

Preparation of C12F10SO (29)

CeFs/.,

CeFs” O
Magnesium turnings (0.745 g, 30.7 mmol) in diethyl ether (20 mL) was heatefluo 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 a78 °C solution of thionyl chloridé0.8 mL, 11 mmol) irdiethylether (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).dldtdyl ether layer was
collected and dried over anhydrous magnesium sulfate. After removing all valatigsuq the
resulting oil was purified by column chromatography (eluent 80:20 hexanes:ethyl acetate) to give
2-9 as a colourless solid (97 mg2Ryield).
19F{1H} NMR (376 MHz, CDC}): 1i-139.7 (m, 2Fp-CeFs), -139.7 (tm3Jrr = 22 Hz, 1Fp-CeFs),
-139.7 (tm23Jer = 20 Hz, 2Fm-CsFs).
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2.4.3 GutmannBeckett Tests

Reaction of 24 with EtsPO

Compound2-4 (42.7 mg, 0.04mmol) and triethylphosphine oxide (2.1 mg, 0.015 mmol) were
dissolved in CRCI, (1 mL). The reaction mixture was investigate ##/NMR spectroscopy after
one hour at room temperature.

31P{1H} NMR (162 MHz, CDCly): i 84.5 fors).

Reaction of 26 with EtsPO

Compound2-6 (12 mg, 0.013 mmol) and triethylphosphine oxide (2 mg, 0.015 mmol) were
dissolved in CRCI (1 mL). The formation of dibenzothiophene sulfoxide aneRE}[B(CeFs)4]

were observed in thiéd and3P{*H} NMR spectra after one hour at room temperature.

'H NMR (400 MHz, CDRCl): 1 7.83 (d,3Jun = 8 Hz, 2H), 7.78 (d3Juw = 8 Hz, 2H), 7.65 (td,
3Jun = 8 Hz,Jun = 1 Hz, 2H), 7.54 (tdBdun = 8 Hz,*Jnn = 1 Hz, 2H).

31P{IH} NMR (162 MHz, M,Cly): 11 147.8 (d,}Jpr = 973 Hz)

2.4.4 Lewis Acid Catalysis Using-4

Hydroarylation of diphenylamine with 1,1-diphenylethylene

N.
Ph
Ph

Ph
To a solution of catalys?-4 (4.4 mg, 0.0049 mmol, 4 mol%) in CDGIL mL), diphenylamine
(19.0 mg, 0.112 mmol) and diphenylethylene (20.4 mg, 0.113 mmol) were added. The solution
was transferred to an NMR tube and theaction progresswas monitored by'H NMR
spectroscopyComplete conversion to the desired product was observed after 24 houtsl The
NMR resonances match those previously repofted.
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Hydroarylation of pyrrole with 1,1 -diphenylethylene

Ph H Ph

Ph \ / Ph
To a solution otatalyst2-4 (7.1 mg, 0.0009 mmol,5 mol%) in CDCk (1 mL), pyrrole(11.5mg,
0.171 mmol) and 1,idiphenylethylene56.5mg, 0.314 mmol) were added. The solution was
transferred to an NMR tube and the reacpoogressvas monitored byH NMR spectroscopy

91 % conversion to the desired product was observed after 24 hoursHTHBIR resonances
match those previously reportéd.

Hydrothiolation of 1,1-diphenylethylene with thiophenol
S—Ph

Ph><Ph
To a solution of catalys2-4 (6 mg, 0.0067 mmol, 5 mol%) in CD&I1L mL), thiophenol (14 mg,
0.13 mmol) andl,l-diphenylethylene (23 mg, 0.13 mmol) were added. The solution was
transferred to an NMR tube and the reacpoogressvas monitored byH NMR spectroscopy
85 % conversion to the desired product was obseafedt 12 hourswith no further significant
increase in conversion aftam additional 12hours. The!H NMR resonances match those

previously reported?

2.4.5 X-Ray Crystallography

X-ray Data Collection and Reduction

Crystals were coated in ParateNeoil in an N-filled glovebox, mounted on a MiTegen
Micromount, and placed under a 8iream, thus maintaining a dry®ee environment for each
crystal. The data were collected oBrauker Kappa Apex Il Triumphmonochromatowith Mo

KU radiation (& = 0.71073 ). The data were
were integréed with the Bruker SAINT software package using a nafframe algorithm. Data

were corrected for absorption effects using the empirical +scdin method (SADABS).
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Structure Solution and Refinement

The structures were solved by direct methasiag XS and subjected to futiatrix leastsquares
refinement on Fusing XL as implemented in the SHELXTL suite of programs. All-hgdrogen
atoms were refined with anisotropic thermal parameters. Cdxtwand hydrogen atoms were
placed in geometricallgalculated positions and refined using an appropriate riding model and

coupled isotropic thermal parameters.

Sincecompound2-1 is chiral andthere is no chemical reason to believe that it was synthesized
with enantioselectivity, the molecular structuraswefined 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 groBpra, but no reasonable solution could be found this way.

Compound-1 wasthus solved irPna2;.

Compound2-6 was refined with a disorder model wh&® and dibenzothiophene sulfone each
had a site occupancy factof 0.5 occupying the same space. This was done because the
asymmetric unitontaired one molecule o2-6 andone half ofthe [B(GFs] anion in which the
boron centef the anionlay directly ona 2fold rotationaxis. Sincethe overall charge in the
asymmetric unitvas not balancedt was determined thatlogical explanation washe presence

of substitutionhdisorder between the cationic spe@e8 and its neutral decomposition product,

dibenzothiophene sulfone.

In the cases afompound®-4, 2-6 and2-7, the possibility of substitutional disorder between the
sulfur-boundfluorine and oxygen atoms was cafesied 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 nopositive definite thermal parameters for one of the sdlfwrine sets in all
casesEven 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.

58



Table 2-1. Crystallographic data fd-1, 2-3, and2-4.

2-1 2-3 2-4
Empirical formula Cs7H12BF210S C12HsF20S CseH10BF210S
Formula weight 914.34 238.24 900.31
Crystal system Orthorhombic Triclinic Orthorhombic
Space group Pna2; P1 Pbca
a(A) 14.635(2) 6.924(5) 15.0990(3)
b (A) 9.785(1) 8.665(6) 18.8792(5)
c(A) 23.547(3) 8.772(7) 23.1430(7)
U(°) 90 108.78@) 90
b(°) 90 94.634(17) 90
2(°) 90 90.550(16) 90
Volume (&) 3371.9(7) 496.3(6) 6597.1(3)
Z 4 2 8
j(cal cdd 1.801 1.594 1.813
i (mmh) 0.247 0.327 0.251
F(000) 1808 244 3552
T (K) 150(2) 150(2) 150(2)

Crystal size (mrf) 0.20x0.20x0.20  0.10x0.10x0.05 0.20x0.20x0.20
Crystal colour, habit colourless, block colourless, block colourless, block

COmin (°) 2.254 2.46 1.760
Omax (°) 27.506 27.89 27.507
-19 O h 8 O h -19 O h
Reflection area 12 O kK 11 O k 24 O k
-30 O | -11 O | 21 O |
Reflections collected 13441 15557 33498
Unique reflections 6310 1631 7575
Rint 0.0619 0.1685 0.0501
Rii ndi ces 0.0463 0.1242 0.0416
WRz indices (all data) 0.1153 0.3219 0.1002
Parameters 552 146 541
GOF on B 1.010 1.092 1.015
residual density (eA) 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 f&-6 and2-7.

2-6 2-7
Empirical formula  CagH16BF210sS, Ci12HsBFs0S
Formula weight 1114.54 306.05
Crystal system Monoclinic Monoclinic
Space group C2lc P2i/n
a(A) 25.433(3) 6.9113(7)
b (A) 8.797(1) 10.7857(9)
c(A) 18.856(2) 16.508(2)
U(°) 90 90
b (°) 97.150(5) 99.049(7)
2(°) 90 90
Volume (&%) 4186.0(8) 1215.2(2)
z 4 4
j(cal cdd 1.769 1.673
i (mmh) 0.269 0.320
F(000) 2216 616
T (K) 150(2) 150(2)
Crystal size (mr) 0.20x0.10x0.10  0.20x0.20x0.10
Crystal colour, habit  yellow, block yellow, shard
Omin (°) 1.614 2.264
Omax (°) 27.524 27.568
32 O h -8 O h
Reflection area -11 O k -13 O k
24 O | 21 O |
Reflections collected 23038 23694
unigue reflections 4812 2799
Rint 0.0762 0.1017
Rii ndi ces 0.0571 0.0502
WRz indices (all data) 0.1322 0.1097
Parameters 366 181
GOF on B 1.04 1.011
residual density (eA)  0.308,-0.339 0.418,-0.427
CCDC No. 1500272 1500273

*Refined differently inthis thesis tharnthat found in the CCDC database.
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2.4.6 Computational Details

All density functional theorfDFT) calculations were performed by employing Turbomole 7.0
software®® "8 The structures were optimized at the TPSS level of tH@omth the Bddamped
variant of the DFID3 dispersion correctiéf®’ in conjunction with theDef2-TZVP basis
set®% Harmonic vibrational frequency calculations were conducted at the same level to
characterize the nature of the stationary points along the reactdimtates: 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-nogad-harmonic oscillator
approximatior® at temperatures of 298.15 K and 1 atm presstine densityfitting RI-JF%8!
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 PW6B9D3 level® upon the optimized structures, with the same basis $¢f@fTZVP.

The COSMGRS (Conductotike Screening Model for Real Solvents) solvation mé&félwas

used to compute the solvation Gibbs energies by employing thphge® optimized structures,

with toluene as the solvent. These calculations were done with the COSMOtherm pfoginam.

final Gibbs energies in solution were calculated from theppase single point electronic energies
plus the gagphase thermostatistical contributioasd the COSMERS solvation Gibbs energies.

The fluoride ion affinities (FIA) were calculateth the following equation:

FIA=-[ G (-F)A®G ( L-Ap)G ()F

where LA stands for Lewis acid.

Table 2-3. Calculated FIAs (kcal/mol) of thea-4 and2-6 at the PW6B99D3/Def2-
TZVP/ITPSSD3/Def2-TZVP level of theory.

Compound FIAg FIA sol
2-4 132.5 140.0
2-6 144.5 151.8

FIAg stands for FIA irthegas phase and FtAstands for FIA in solution (toluene).
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Figure 2-13. Calculated LUMO othe cationsof 2-4 (left) and2-6 (right) at a contour surface

value of 0.03 a.u. (computational level: TRBS/Def2-TZVP).
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Chapter 3. Ni t rlo@wins AAzcoi pdhso: s pChad n iounms
31 Il ntroduction

3.1.1 Electrophilic NitrogerContaining Cations

Although nitrogercontaining compounds are usually considered to be basic due typita!
presence of a lone pair of electrons, there are several classes of nitrogen compounds that are knowr
to exhibit electrophilic behavior at the nitrogen center. The nitronium cation’, NOa welt
established nitrating agent for the electrophitamaatic substitution for benzetfeand pyridinium

cations? The related nitrosonium cati, NO',° is a much weaker electrophile than NChowever

it can still effect the nitrosylation of (hetero)aromatic hydrocarbtfrend alkenes$t2

The diazonium cation is another Lewis acidic class of nitregamaining compounds:®
Aromatic diazonium cations have been observed to ngacaddition reactions, in which the
electrondeficient terminal nitrgen is thesite of nucleophilic attack§chemes-1). A variety of
azo compounds with different electronic properties can be synthesized usingethadology,
from the usage of different nucleophiles such as hydrozilexides, phenoxides, cyanide, azide,

thiolates, phosphines, and aminé€’

\
[Ar—N=NT]* + [N —— N=N,

Nu

Scheme3-1. Addition reaction of nucleophiles with diazonium salts.

Another common family of Lewis acidic compounds containinglaatrophilic nitrogen center is

the positively charged disubstituted nitrenium caffoif,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 exis
solely as intermediates in reactions. Studies of nitrenium ions have been of increasing interest in
recent years due to their involvement in carcinogenic RidAaging reactions, in which
nitrenium intermediates electrophilically attack the guanine in B&A Due to the extreme
instability of nitrenium ions, the typical method used to study their cdarbehavior is by

generation of the intermediate situ followed by trapping with nucleophiles. For example,
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photolysis of N-aminopyridinium ions 1) generates the diphenylnitrenium cation, J®J,
which can be trapped by nucleophiles such as clearidalcoholg/2?° or by abstraction from a
suitable hydride donor like 1-@yclohexadiene§chemes-2).3°

H H
Ph Lo
£ " 1) "L
Ph\N [V . @ / Cl Cl
AN N Ph”" “Ph \
H
3 @ Ph™ Ph

Scheme3-2. 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 riteogemed
compounds, and their reactivihas 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 Neheterocyclic carbenes (NHCs), asdbnors in
transition metal complexe®: 3+23 These same cation3;ll and3-1ll , were shown several years

later, in2017, to exhibit Lewis acidic behaviwgira coordination of different phosphorus bases to

the nitrenium centerSchemes-3).2* This was one of the very first reports of a stable, robust, and

a stereeelectronically modifiable nitrogebased Lewis acid in éhliterature.

N/ 9 N/
. PhPK . _P(O)Ph
©:@>/N 2 ©: N (O)Ph;
N N
\ \
3-ll
P(0)Ph;
N. ) SN.
\N/@\N/ C SN
3l

Scheme3-3. Electrophilic reactivity of triazolium cations.
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One year later, Stephamnal described the synthesis of the cyclic (alkyl)(amino)nitrenium cations
3-1V and3-V with enhanced Lewis acidity at the nitrogen center, employing an analogous strategy
to that wused f or t haididcgclicddky)@meojcarbemes frotteksecal mo r e
NHCs (Figure3-1).3>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 reactitg was

splitting of a disulfide to form unstable products which degraded readily.

/tBu
N®
Ly
ph Ph
3-Iv 3-v
Stephan (2018) Stephan (2018)

Figure 3-1. Cyclic (alkyl)(amino)nitreniurrbased Lewis acids.

As of yet, there have been newis acidic nitrogen compounds that have been reported to effect
clean FLP reactivity. In seeking to expand the range of nitrbgered Lewis acids, cationic
azophosphonium species were targeted. These compounds were initially reported by Horner and
Stohrin 195337 while Horner and Hoffmann later reported, in 1958, the use of species of the form
[ArN2PRs] " in the quaternization of phosphines, in which phosphines were treated with diazonium
salts®In 2018, Slootwegt al. exploed the utility of azophosphonium cations in the dye industry,
where the electronics, and therefore the colours, are tunable by either the phosphine substituents
or thepara-substituted aryldiazonium saftsln the context of Lewis acid studies, Severin and co
workers reported the synthesis of the azoimidazolium3dye in 2016, which was shown to act

as a oneelectron acceptor centered at the doglind nitrogen atonschemes-4)°Th e ni t r oge
Lewis acidity weaascepting propertesiof ther NH@ graup. €hosphine ligands
are weltkk n o waccepting ligands in transition metal chemidir§? promping the work in this

chapter onthe reactivity of azophosphonium cations in FLP chemistry as highly tuaakle

accessible Lewis acids.
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Mes Mes o

N ,N—Ph K N N—
[@»—N — [ =N

N N

Mes Mes
3-vi

Ph

Scheme3-4. Oneelectron reduction of azoimidazolium dyes.

32 Results and Discussi on

3.2.1 Synthesis and Characterization of Azophosphor@ations

Treatment ofpara-chlorobenzenediazonium tetrafluoroboratg-QICesH4)N2][BF4], with one
equivalent of triphenylphosphine, PRIin CHCI, afforded an initially intensely red solution,
subsequently fading to colourless after several minutes.>{éH} NMR spectrum of this
solution cleanly showed resonances attributable to a new s@etighich exhibits two doublets

at U 41.3 and 25.0 ppm, both with a coupling constantJe# = 46 Hz. These observations
suggested the incorporation of two phaspl 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. Thiéd NMR spectrum of the reaction mixture in €IN also showed
resonances atbutable to3-1 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 PPlor subsequent repetition of the réactwith two
equivalents of PPhafforded clean production of the prod@et. This species was isolated upon

work-up in 90 % yield as a colourless solid.

An X-ray crystallographic study o8-1 confirmed the formulation of the compound as
[(p-CICsH4)N(PPR)N(PPHR)][BF 4] (Figure 3-2), in which an equivalent of PRare bound to each

of thenitrogen atoms in a pseuwdi@nsoiddisposition §cheme3-5, top). The average N(N(2)
bond lengths in the cations was found to be 1.474(4) A, which is consigttengpical N-N single
bonds. The N(HP(1) and N(2P(2) bonds average 1.666(4) and 1.613(4) A, respectively, while
the dihedral angle P(J(1)-N(2)-P(2) is 128.5°. This orientation minimizes the steric congestion
between both bulky PRlgroups.
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Figure 3-2. Solid-state structure @&-1 (30 % thermal ellipsoids). C: gray; N: blue; P: orange;
ClI: dark green. Hydrogen atoms and the4B&nion are ommitted for clarity.

The reaction is proposed to procesa an initial nucleophilic attack of PRIonto the terminal
nitrogen of the diazonium cation, generating an unstable azophosphonium cation intermediate
(Scheme3-5, top). The observed initial red colour dfet solution supports the notion of an
azophosphonium intermediate, as azo compounds arémeiin for their intense colouf$.A
second equivalent of PPsubsequently attacks the atmitrogen center to generael. The loss

of the intense red colour of the solution is attributed to the loss of-thelduble bond character
upon the coordination of the second equivalent ofsPPiis second nucleophilic attack implies

the Lewis acidi nature of the areAgound nitrogen center. Analysis of the different resonance
forms of this cation§cheme3-5, bottom) suggests that, due to the fast reactivityinability to

isolate [p-CICsH4)N2(PPH)][BF 4], the resonance foriih or Il 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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Ar, PPhs A PP
[ANJI[BF4] + PPhy ——= N=N - NN
PPhs [BF,] PhsP [BF4]
Ar = p-CgH,ClI not isolable 3
@Pph3 PPh3 PPh3 PPh3 PPh3
| " I v v

Scheme3-5. Preparation 08-1 via reaction of PPhwith 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 prevem siecond 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 reactisrof the diazonium salt f{CICsHa)N2][BF 4] with bulky phosphines

were tested first. Treatment with one equivalent otett-butylphosphine, Bus, in CHCI:
resulted in an immediate colour change to intense purple, which persisted over the course of
reaction. The**P{*H} NMR spectrum of the solution showed the clean formation of a new product
3-2, exhibiting a singlet resonancetat0.2 ppm. Upon workip, a purple solid was isolated in 95

% yield. These data, along with elemental analysis andriegplition mass spectroscopy, provide
evidence for the identity of compound3-2 to be the azophosphonium salt
[(p-ClCsHa)N2(PtBus)][BF4] (Scheme3-6). In addition, the connectivity -2 was confirmed

with a preliminary Xray diffraction investigation, however the poor quality of the crystals and

disorder in the solution precluded pubbdble data.
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PR, Ar,
[ArNL][BFy] ——— N=N
PR,

R = tBu, 3-2
R = Mes, 3-3

BF
Ar = p-CgH,Cl [BF]

Scheme3-6. Synthesis of azophosphonium cati@2 and3-3.

In a similar fashion, the same diazonium salt was treated with trimesitylphosphine;, RMes
CHCl>, which immediately produced a persisting intenselyo@dured solution. Analysis of the
31P{*H} NMR spectrum of the solution revealed the clean appearance of a singlet resonance at
0 45.1 ppm, corresponding to a new compo@fl Following subsegent workup, a red solid

was isolated in 95 % yield. These comparable daBs2tetrongly suggest the identity 8f3 to be

the corresponding azophosphonium safi-Q(CeH4)N2(PMes)][BF4] (Scheme3-6). X-ray
diffraction analysis of single crystals 8f3 unambiguously confirmed the expected structure
(Figure3-3). UV-Vis spectra were obtained for these compouRitgi(e3-12 andFigure3-13in

the Experimental section); it was found tB& and3-3 have maximum absorption at wavelengths

of 517 and 486 nm, respectively, with their extinction coefficients experimentally determined to

be 133 and 194 L-mdlcm?, respectively.

The NN and NP distances i8-3 were found to be 1.244(2) and 1.765(2) A, respectively. It is
interesting to note the structural differences betw8¢hand the related azophosphonium
compound [§-EtzNCsH4)N2(PPR)][BF4].4* The amido substituent in tipara position of the aryl
group is mesomerically electratonating to the arene ring, which extends to the azophosphonium
group, resulting in a decreasedNNdouble bond character and an increaseld tbuble bond
character. This is reflected in the difference in bdistinces of the cation in the solid state, with
N-N and NP distances of 1.308(6) and 1.648(5) A, respectively. In the cat®®3,ahe chloride

is not nearly as mesomerically electdonating as an amido group, which is reflected in the
shorter NN distance and the longer-R distance. The i distance ir8-3 is significantly longer

than that seen iB-1, reflecting presumably the steric congestion about the phosphorus. On the
other hand, the W bond in3-3 is significantly shorter than that 811, consistent with its higher

bond order.

75



Figure 3-3. Solid-state structure @&-3 (30 % thermal ellipsoids). C: gray; N: blue; P: orange;

Cl: dark green. Hydrogen atoms and the{B&nion are ommitted fodarity.

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 -24,6
trimethylbenzenediazonium tetrafluoroborate, [MgfBF4]. This salt was trated with two
equivalents of PRHn CHxCly, after which the solution immediately turned red. Analysis of the
31p{IH} NMR spectrum of the solution revealed the presence of four resonances. A singlet at
U 38.1 ppm is attributable to the azophosphonium salt [M@EN3)][BF4], 3-4, based on its
similar chemical shift t@-3. Two doublets afi 33.1 and 16.9 ppm, each with a coupling constant

of 3Jpp= 54 Hz, correspond to the double phosphine addition ptgiiesN(PPE)N(PPh)][BF4],

3-5. Finally, the singlet ali -5.7 ppm corresponds to free BPAt first glance, it appears that the
reaction was following the same reaction pathway as seen in the formaBdn albeit just at a
slower rate due to theestc encumberment from the methyl groups in @ando 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 additiorBsalHowever, it was found thaven

after prolonged stirring for 20 hours, the reaction never proceeded to completion t8-5orm
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cleanly; the**P{*H} NMR spectrum always contained these four resonances. This suggested that
there is an equilibrium betwe&+, PPh, and3-5 (Scheme3-7).

X Mes ~ PPh;
N=N + PPh; =—= N-N
PPh3 [BF4] Ph3P [BF4]
34 3-5

2 PPh,
[MesN,][BF,] ———»

Scheme3-7. Equilibrium betweer3-4, PPh, and3-5.

To probe whether this waan indeed an equilibrium, variable temperature NMR studies were
performed on this mixture. Since the low boiling point of,CH of 40 °C would not have allowed
obtaining spectra at increased temperatures, the solvent from the above solution was iremoved
vacuoand the mixture was taken up in -dhloroethane (DCE), whose higher boiling point of

83 °C would be more suitable for such studi#’{*H} NMR spectra of this solution were obtained

at threeseparate temperatures of 25 °C, 45 °C, and 65-fgli(e 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 ftire integrations of the resonance3a4 to those of3-5
significantly increased, in addition to the significant broadening of the doublet resona¢es of
Upon cooling the solution back down to 25 °C, the original spectrum was obtained once again.
Thesedata suggested that an equilibrium does in fact exist, where the equilibrium expectedly lies

to the side of the azophosphoni@m and PPhat higher temperatures.

The presence of such an equilibrium implies a labile bond betwesend and PPk Despite
the lack of an observable equilibrium based on NMR data for comp&and at least a small
equilibrium exists, then addition of a stronger phosphine basettiR PPhshould result in the
formation of a species of the formpfCICsH4)N(PR:)N(PPh)][BF 4], where the PPysubstituent
would be replaced by the stronger phosphine. However, no reaction was observédlwtes
treated with one equivalent ofBusz. A potential reason for the lack of reactivity is th&B® is
too sterically bulkywhich would disfavar the addition. To circumvent thi8;1 was also treated
with one equivalent of the smaller base trimethylphosphine,sPMewever, once again no

reaction was observed. These observations suggest thahthem in3-1 is much stroger than
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that in3-5, which is presumably due to steric arguments since the electronic properties should be

comparable.

PPh,
3-4 3-5 3-5
M JL 25°C
PPh,
3-4
45 °C
3-5 3-5
34 PPh,
65 °C
3-5 3-5

70 65 60 55 50 45 40 35 30 25 20 15 10 5 O -5 -10 -15 -20 -25 -30 -35 -40
Figure 3-4. 3P{*H} NMR spectra (DCE162MHz) of the equilibrium betweed-4, PPh, and
3-5at 25 °C (top), 45 °C (middle), and 65 °C (bottom).

3.2.2 The Lewis Acidic Character of Azophosphonium Cations

The Lewis acidity of compound%2 and 3-3 was probed computationally. D&ty functional
theory (DFT) calculations were performed at the M08Def2-SVP level of theory® Additional

NBO calculations were performed at a higher level of theory (Mef2-TZVP) on the
optimized geometeis with NBO version 6.0 as implemented in the Gaussian 09 patkage.
Structural optimizationrad computations of the LUMO of the cations32 and 3-3 as well as
the NBO computations wer e do nNbora(58%fo®3and h e
52 % for 3-3) with minor Cc 0 n t-orbitals Urom then ratrogétroundnaryt h e
substitent Figure3-5). These features account for the Lewis acidity at the nitrogen adjacent the
aryl substituent and are similar to features reported foratozarbene species of the form
[ArN2(NHC)]" described by Severiet al*°
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Figure 3-5. LUMO of the cations 08-2 (left) and3-3 (right). Hydrogen atoms are omitted for

clarity.

As a further measure oflwis acidity, the GEI valué&for 3-2 and3-3 were calculated to be 2.69
and 2.27 eV, respectively, inferring tt8aR is moreLewis acidic thar8-3. Interestingly, these are
both significantly less acidic than the model cyclic triazenium c&itin(3.06 eV¥* 3'and the
cyclic (amino)(aryl)nitrenium catio8-V (3.03 eV¥® (Figure3-6).

+
+
Ar, * Ar, +
N=N N=N
PtBU3 PMeS3 /N\\/,N\
Ar = p-CgH4CI Ar = p-CgH,4CI N L |
3-2 3-3 34 3-v
w=269eV w=227eV »=3.06 eV »=3.03eV

Figure 3-6. GEI valueq¥) of the cations 08-2, 3-3, 3-1l, and3-V.

Efforts to evaluate the Lewis acidity 8f2 and 3-3 experimentallyvia the GutmansBeckett
method were inconclusive, presumably a result of the poor oxophilicity of the nitrogen atoms.
Addition of excess Bus or PMes to either3-2 or 3-3, respecirely, 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 combinationspe€[CsH4)N2(PRs)][BF 4] and free
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phosphine constitutes &iL.P comprised of the Lewis acidic nitrogen center of the cation and the

Lewis basic phosphine.

In related reactions, it is interesting to note that additiontBfifto 3-3 resulted in the liberation

of PMes and the formation 03-2 over the course of 2dours, presumably a result of the greater
Lewis basicity of BBus compared to that of PMeéSchemes-8, top). Similarly, addition of two
equivalents of PRPHo 3-3 yielded clean conversion 81 alsowith the release of PMesver 20
hours Gcheme3-8, bottom), whereas use of one equivalent of;RBéulted in 50 % conversion

to 3-1 with a halfequivalent 0f3-3 remaining. There exist two potential mechanisms for this
phosphine exchangeaetion. The first is an associative mechanism, in which the free phosphine
initially interacts with azophosphonium s&i8, followed subsequently by the release of PMes

form the new azophosphonium cation with the new phosphine substituent. The se@nd
dissociative mechanism, in which the PMesubstituent 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 msecheas the more likely

with the above reactions, the reaction rates betBeand RBus weredetermined with varying
concentrations oftBus. It was found that increasing the concentrationtBuBrelative t03-3 did

not accelerate the exchange reattisuggesting that the reaction proceedsa dissociative
process. This infers that a small, undiscernible equilibrium exists betweens RNesthe

diazonium cation, allowing for exchange to proceed.

Ar\ Ar\
N:N\ + PtBuz —> N:N\ + PMes;
PMes, [BF,] PtBuj [BF,]
Ar = p-C6H4C|
3-3 3-2
Ar\ Ar\ //PPh3
N:N\ + 2 PPhg ——> /N—N + PMes;
PMes; [BF 4] PhsP [BF,]
Ar = ,O-C6H4C|
3-3 31

Scheme3-8. Phosphine exchange reactions between azophosphonium cations and free

phosphines.
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In an attempt to verify whether cati@?2 would undergo the same type of exchange reaction, it
was treated with one equivalent of PMmterestingly, no reaction between the two compounds
was observed. This indicates that thBU2 substituent does not undergo dissociation, presumably
due to thestronger PN bond it forms from its higher basicity compared to PMésis also
interesting to note that this infers there are likely different driving forces for the exchange reactions
of 3-3 with PtBuz and with PPk In the case of tBus, once the azshosphonium catio-2 is
formed, the resulting4R 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 PP§) after the initiddissociation of PMeg one may not expect the attack from PPh

to be more favarable than that from PMesas PMesis the slightly stronger base of the two.
However, if even a small amount of [A#RPh)][BF4] is formed, it has already been
demonstratedhat this azophosphonium cation is not stdi@deausea second equivalent of PPh
attacks the intermediate to for8al. Since3-1 does not exhibit any observable equilibrium, it is

the formation of this second®? bond that drives the reactifmom 3-3 to 3-1 to completion.

Due to the instability o8-3 with stronger phosphine bases, this cation was determined to be
unsuitable in the context of FLP chemistry. As such, comp8tihwas the focus of the following
Lewis acid and FLP studies. Noting that arPRE generated from the combination of the nitregen
based Lewis aci@-2 and an equivalent of the bas#Bs, several standard FLP substrates were
treated with this combination, including.,HCO,, CO, alkenes, alkynes, ketones, aldehydes,
isocyanates, andisulfides. However, it was found that this FLP only exhibited reactivity towards
disulfides. Treatment of a purple @E, solution of equimolai3-2 and RBuz with diphenyl
disulfide, PhSSPh, resulted in an immediate colour change to intense ret{PT# NMR
spectrum of the solution was consistent with the generatiaBaf{(SPh)], as evidenced by the
chemical shift atl 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 Lewidhampihenolate
adduct p-CICeHs)N(SPh)N(RBus), analogous to other FLP systefisHowever, further

investigations suggested a different reactionywathhad taken place.
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Ar
: ] + PitBuj M» :N—N\ + [tBusP(SPh)][BF,4] + "PhS*"
PtBus [BF,] PtBuj
Ar = p-C6H4C|
3-2 3-6

\
N=N

Scheme3-9. Reaction of the FLB-2/PtBus with PhSSPh.
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Figure 3-7. 3'P{*H} NMR spectrum CH:Clz, 162MHz) of the crude reaction mixture between
3-2, PtBus, and PhSSPh.

The intense red colour of the solution suggested the possibility of radical formation, since none of
the expected produetvould have been predicted to be highly coloured. Indeed, the EPR spectrum
of the reaction mixture revealed the presence of a paramagnetic s/pégias 3-8), which is
proposed to be XCICsH4)N2(PtBus)]” 3-6. While the delivery offPhg* to the phosphine
suggests heterolytic cleavage of the disulfide as is seen for conventional FLP rédtiens,
corresponding reaction of the thiophenol§hQ") fragment results in single electron transfer to

the Lewis acid3-2 (Schemes-9).

The implication of a onelectron reduction prompted an examinatior8«f and 3-3 by cyclic
voltammetry. This revealed a reversible -@hectron reduction at potentials -@.912 and-0.927
V versus Fc/Ft, respectively Figure3-10 andFigure 3-11 in the Experimental section). In the
case 0f3-6, the radical was also derived from the independent reacti@R2okith PhSNa in
CHsCN (Scheme8-10); the resulting gave an intense red solution and the precipitation of a white
solid presumed to be NaBFAfter filtration, the solution was silent in tA#{*H} NMR spectrum
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but gave the same EPR spectrum dbed above. The PhSNa appears to initially act as a one
electron reductant, generatiBgb from 3-2, which transiently produces the radical speciesAPhS

and presumably leads to its dimerization to form PhSSPh. The above data suggest that the
resonance at 67.4 ppm in thé'P{*H} NMR spectrum from the crude reaction mixture between

3-2, PtBuz, and PhSSPh does not likely correspondp€ICsH4)N(SPh)N(RBus), but to an

unidentified product.

Simulated

Experimental

I ] 1 I Il ]
T T T T T T T T T T T

3280 3300 3320 3340 3360 3380
Field (G)

Figure 3-8. Simulatedand eperimental EPR spectrum (GEl.) of 3-6.

In a similar fashion, reaction 82 with reductants like potassium or cobaltocene@@presulted

in a3P{*H} NMR -silent spectrum and yielded the same EPR sp@gtaffirming the formation

of the radical specie®6 (Scheme3-10). The hyperfine coupling constants for this radical were
derived from a spectral simulatioRigure3-8, top) and can be found in the Experimental section.
The simulated hyperfine coupling constants are consistent with the delocalization of the unpaired
electron dasity across the PIr fragment and consistent with the nature of the LUMG-@f

The EPR parameters 8{6 are similar to those described for the radical, [ANNHC)]Areported

by Severinet al* The identity of the radical was further confirmed by oxidatior8-&f with
ferrocenium tetrafluoroborate-¢Cpp][BF 4], which cleanly regenerate®i2. This also serves as
experimental confirmation for the omdectron reversibility exhibited in the cic

voltammograms.
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PhSNa

- "PhS*", NaBF,
Ar\N—N CoCp, Ar\N \
- \ - (] - \
PtBus |[BF,] - [CoCp2](BF,] PtBus
Ar = p-C6H4C|
3-2 K 3-6
_KBF,

Scheme3-10. Reactions 08-2 to generate the radical speci6.

3.2.3 Reactivity with Bidentate Phosphines

In related reactions to the generatiorB8dif, the diazonium salt f-CICe¢H4)N2][BF 4] was treated
with one equivalent of various bidentate phosphine ligand®(Bhb).PPh (Schemes-11). In all
cases, the reactions unsurprisingly afforded the corresponding pr8dutts3-10, in which the
phosphorus centers were each bonded to one of the nitrogen centers. CoB@eowasivorked
up and isolated as a pale yellow solid in%®b5yield for full characterization, while the other

compoundss-7, 3-9, and3-10 were onlycharacterizedy >'P{*H} NMR spectroscopy.

thP\/QF//PPhZ
/N—N
Ar

[ArNS][BF,4] + thP/@HPPhZ —_—

Ar = p-CzH,CI n=1-4
p-LeHy [BF,]

S 55535

4,310

Scheme3-11. Reactions of the diazonium salt with bidentate phosphines.

The 3P{*H} NMR spectrum of3-8 exhibited two doublets at 33.8 and 33.0 ppm, both with a
coupling constantJep = 10 Hz. Interestingly, this coupling constant is much smaller than the
coupling constant foB-1 (3Jer = 46 Hz). Further analysis of tH&P{*H} NMR spectra of3-7,

3-9, and3-10all showed similar doublet resonances, however the-thwad phospbrus coupling
constants all varied as wellgble 3-1). These varied values can likely be explained by the

P-N-N-P dihedral angle resulting from the vagd cis-orientation of the phosphine substituents
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on the adjacent nitrogen atoms, similarly to htdwy values also differ based on their dihedral

angles.

Table 3-1. 3P{*H} NMR data of3-1, 3-7, 3-8, 3-9, and3-10.
Compound 3Jpp(Hz) P-N-N-P dihedral anglé? (°)

3-1 46 131.9
3-7 36 49.2
3-8 10 74.7
39 20 101.2
3-10 45 128.5

dCalculatedat theM06-2X/Def2-SVP level of theory

To verify whether the coupling constant values correlated to risgpective dihedral angles in a
similar way as seen in the Karplus function for protons, tHé-N2P dihedral angles were
detemined computationally since single crystals could not be obtained for comp8uhtts

3-10. The geometries of these cations were optimized atid&2X/Def2-SVP level of theory,

and these optimized structures were used directly to calculatéhddral angles. For the cation

of 3-1, the dihedral angle from the soltlite structure was used. These dihedral angles can be
found inTable3-1. A plot of the thre-bond phosphorus coupling constant against tihNeNRP
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 funEtgané€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 tfuer@ gualitative agreement
with the Karplus function, the diazonium sHip-CICsH4)N2][BF4] could potentially be used to
perform further studies of thrd®nd phosphorus coupling of various bidentate phosphines due to
its ease of synthesisowever nobefore considering the relative contributions to tHe ¢bupling
constant through the-@€H>)n-P linker versus the-R-N-P linker.
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Figure 3-9. Plot of3Jppagainst PN-N-P dihedral angle i8-1, 3-7, 3-8, 3-9, and3-10.

33 Concl usi on

The characterization and isolation of compouddsto 3-5 demonstrated the ability of species of

the form [ArNePRs]*, generated from the reaction of phosphines and diazoniuamnsato 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 resigjtcations exhibited different reactiyitowards
substitution reactions with different phosphine bases. In addition, the azophosphonium cations
were shown to act as omdectron acceptors, affording stable radicals of the form
[(p—CIC6H4)N2(PRg)]5 EPR data support the computational data indicating the Lewis acidity of the
species [ANPR:;]"i s der i ved pr ed ocarbitahfeomtthe WN bord,owith an h e
addi ti on aicompoxeanteaorase the PN fragment. Morewer, in cases where steric
demands precluded phosphine coordination as in the combinatis2 with PtBus, cleavage of
diphenyl disulfide gavetBusP(SPh)] and the radicapecie$ArN zP(tBu)g]A. Finally, the reaction
between diazonium salts with bidentate phosphines to ger#vate 3-10 resulted in a system
which has many similarities with the Karplus equation, whitdy be exploited for potential

further studies.
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34 Experimental Section

3.4.1 Gener&Considerations

All manipulations were performed under an atmosphere of dry, oxygen\> by means of
standard Schlenk or glovebox techniques (MBraun LABmaster SP dry box equipped-8&th a

°C freezer). Toluene and pentane were collected from a Gtypeolumn system manufactured

by Innovative Technology and were dried over 4 A molecular sieves for 48 hours prior to use.
4 A molecular sieves (pellets, 3.2 mm diameter) purchased from S\giriah were activated

prior to usage by iteratively héng 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 (&EN) were dried over calcium hydride, followed by
distillation and degassing. }Richloroethane (DCE) was purchased as anhydrous grade from
SigmaAldrich and was used without further purification. Chlorofednmand acetonitrilels,
purchased from Cambridge Isotope Laboratories, was degassed and dried over caldden hyd
Unless otherwise mentioned, reagents were purchased from-8igneh or TClI America and

used without further purification. Para-chlorobenzenediazonium tetrafluoroborate
[(p-CICsH4)N2][BF 4] was prepared using literature metls?*®

NMR spectra were recordecha Bruker Avance 11l 400 MHz spectrometer, a Bruker DD2 500
MHz spectrometer, a Varian DD2 600 MHz spectrometer, and an Agilent DD2 500 MHz
spectrometer equipped with'¥*C-sensitive cryogenically cooled probgpeBtrawere referenced

to residual solvent of CDE(*H = 7.26 ppm*C = 77.2 ppm), CECN (*H = 1.94 ppm!*C = 1.3

ppm), or externally'{B: BFs-OEt (i 0.00),'°F: CFCk (i 0.00),3P: 85 % HPQy (i 0.00)). All

NMR spectra were recorded at 298 K, unless stated otherwise. Chemicali$lifesreported in

ppm and the absolute values of themlowg constants)) are in Hz, while the multiplicity of the
signals is indicated as fso, ido, At o, or Al
In the instances where the peaks are assigned to their corresponding nuclei, this wakshecb

with the use of 2D NMR experimentslass spectra were recorded on an Agilent 653BOF

mass spectrometer. Combustion analyses were perforriedige employing a Flash 2000 from
Thermo Instruments CHN Analyzer. Electron paramagnetic resonanig (Easurements 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 BBESilon Model RDE2 instrument. A
standard threelectrode cell configuration was employed using a gtgsaphite working
electrode, a platinurwire counter electrode, and a silver wire as a reference electrode. Formal
redox potentials were referenced to the ferrocene/feriamemedox couple. The scanning
direction was from positive to negative potential.-Wis absorption spectra were obtained on an
Agilent 8453 U\tVis spectrophotometer using dry DCM solutions in quartz cuvettes. Extinction
coefficients were determined by sessively 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 [MesN][BF 4]

[BF4]
2,4,6 Trimethylbenzenediazonium tetrafluoroborate was synthesized according to a literature
procedure with slight modificatior§.2,4,6 Trimethylaniline (0.984 g, 7.28 mmol) was added to
a 48 wt % HBE/H20 solution (4.002 g, 21.9 mmol). The suspension was cooled in an ice bath and
sodium nitrite (0.754 g, 10.9 mmol) waowly 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,dsttiyl ether. The solid was
further driedin vacuoto give [MesN][BF4] as an offwhite 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.
'H NMR (400 MHz, C3CN): U 7.41 (s, 2H, @H2(CHa)s), 2.65 (s, 6Hp-CHs), 2.51 (s, 3Hp-
CHs).
13C{*H} NMR (125 MHz, CXCN): 11 156.2 (s), 145.8 (s), 132.2 (s), 111.8 (s), 23.0 (s), 18.9 (s).
19F{*H} NMR (376 MHz, CXCN): 1i-151.8 (s).
1B{1H} NMR (128 MHz, CDCN): ti-1.2 (s).
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Preparation of [(p-CICeH4)N(PPhs)N(PPhs)][BF 4] (3-1)

Cl

: ,PPhs

N-N
L PhsP JI[BF4]

At room temperature, a solution of triphenylphosphine (40.0 mg, 0.153 mmol) in DCM (1 mL)
was added dropwise to a suspension pJICsHa)N2][BF4] (13.9 mg, 0.061 mmol) in DCM (1
mL) while stiring. The solution immediately turned orangel. After 20 minutes of stirring, the
solution turned much paler in colour, and all volatiles were remiomecuo Toluene (1 mL) and
pentane (1 mL) were added to the residue to precipitate out a colowlidsd'ke solvent was
decanted and the solid was washed with pentane (3 x 2 mL). The remaining solid was dried
vacuoto give 3-1 as a white powder (41.7 mg, 90 % vyield). Single crystals suitable -fay X
diffraction analysis were grown by slow evaparatof a solution o8-1in DCM.

'H NMR (400 MHz, CDC}): i 7.71 (tm 33w = 7 Hz, 3H, PPh), 7.63 (tm 3Juw = 9 Hz, 6H, Ph),

7.56 (tm3Jun = 7 Hz, 3H, Ph), 7.49 (tm 2334w = 8 Hz, 6H, PPh), 7.39 (td 33w = 8 Hz,J = 3 Hz,

6H, PPh), 7.307.19 (m, 6H, Ph), 7.00 (dm3JuH = 9 Hz, 2H, GH4CI), 7.00 (d*JuH = 9 Hz, 2H,
CesH4Cl).

13C{*H} NMR (125 MHz, CDC%): i142.6 (d,J = 5 Hz), 135.1 (dmJ = 10 Hz), 133.1 (dJ =9

Hz), 132.8 (d,J= 3 Hz), 132.7 (dJ = 3 Hz), 129.8 (dJ = 13 Hz), 129.3 (d) = 4 Hz) 129.2 (s),
129.0 (dJ=12 Hz), 128.8 (d) =2 Hz), 128.3 (s), 127.0 (d,= 93 Hz), 120.9 (d) = 101 Hz).
31p{'H} NMR (162 MHz, CDC#): i 41.3 (d,*Jpp= 46 Hz, (PBP)N-N=PPh), 25.0 (d,*Jpp = 46

Hz, (PRP)N-N=PPtg).

19F{*H} NMR (376 MHz, CDC}): i-154.1 (s).

1B{H} NMR (128 MHz, CDC}$) : -0.7(s).

Anal. Calc. for GoH3z4BCIF4N2P2: 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-CICesH4)N2(PtBus)][BF 4] (3-2)

N=N

PtBu3_ [BF 4]

At room temperature, a solution of-tart-butylphosphine (47.2 mg, 0.233 mmol) in DCM (1 mL)
was added dropwise to a suspension pJ(CsHa)N2][BF4] (54.6 mg, 0.241 mmol) in DCM (2
mL) while stirring. The solution imméately turned purple. The solution was stirred for 10
minutes, the solids were filtered off, and all volatiles were remiomealcuo The solid was washed
with toluene (2 x 3 mL) and pentane (3 x 3 mL) and was further drigdcuoto give3-2 as a
purplepowder(95.5 mg, 95 % yield).

'H NMR (400 MHz, CDC¥): 1 7.95 (dm,2Jun = 9 Hz, 2H, GH4Cl), 7.65 (d,*Jnn = 9 Hz, 2H,
CeH4Cl), 1.72 (d3Jpn = 15 Hz, 27H, C(Els)3).

13C{1H} NMR (125 MHz, CDC#): t1153.6 (d,J = 40 Hz), 144.3 (s), 130.8 (s), 125.2J&; 2 Hz),
42.6 (d,J= 23 Hz), 29.8 (s).

31p{I1H} NMR (162 MHz, CDC}): i 70.2 (s).

19F{*H} NMR (376 MHz, CDC}): i-152.9 (s).

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

Anal. Calc. for GgH3z1BCIFsN2P: C50.43 %, H 7.29 %, N 6.53. Found: C 50.11 %, H 7.13 %, N
6.58 %.

HRMS (ESI,m/2 calc. for [GeH31CIN2PT", [M]*: 341.1913. Found: 341.1912.

Preparation of [(p-CICeH4)N2(PMess)][BF 4] (3-3)

N=N\
PMess_ [BF,]

At room temperature, solution of trimesitylphosphine (99.2 mg, 0.255 mmol) in DCM (2 mL)
was added dropwise to a suspension @J(CesH4)N2][BF 4] (53.9 mg, 0.238 mmol) in DCM (2
mL) while stirring. The solution immediately turned oraingd. The solution was stirred for 10
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minutes, then all volatiles were removedacuo Toluene (3 mL) and pentane (3 mL) were added
to the residue to precipitate out an orangg solid. The solvent was decanted and the solid was
washed with pentane (3 x 3 mL). The remaining solid was driealcuoto give3-3 as an orange
red powder(139.8 mg, 95 % yield). Single crystals suitable feray diffraction analysis were
grown from a supersaturated solutiorBe8 in acetone placed in-80 °C freezer.

'H NMR (400 MHz, CDC#): 1 7.76 (d,3Jwn = 9 Hz, 2H, GH4CI), 7.60 (d,3Jun = 9 Hz, 2H,
CeH4Cl), 7.197.06 (M, 6H, GH2(CHa)s), 2.39 (s, 9Hp-CH3Y®9), 2.14 (s, 9HP-CH3V®9), 2.01 (s,
9H, 0-CH3V®9).

13C{*H} NMR (125 MHz, CDC}): 1i150.9 (d,J = 53 Hz), 146.9 (dJ = 3 Hz), 145.0 (dd) =70
Hz,J= 10 Hz), 143.5 (s), 133.4 (ddi= 72 Hz,J= 12 Hz), 130.1 (s), 128.7 (d= 102 Hz), 125.8
(s), 115.2 (dJ =83 Hz), 24.4 (s), 21.5 (s).

31p{IH} NMR (162 MHz, CDC}): i45.1 (s).

19F{*H} NMR (376 MHz, CDC}): Ui-154.3(s).

1B{H} NMR (128 MHz, CDC#$): 1i-0.9 (s).

HRMS (ESI,m/2 calc. for [GsH37CIN2PT", [M]™: 527.2383. Found: 527.2377.

Equilibrium between [MesNz(PPhs)][BF 4] (3-4) and[MesN(PPhs)N(PPhs)][BF 4] (3-5)
X Mes ~ PPh;
N=N N-N
PPh3 [BF4] Ph3P
3-4 3-5

+ PPhy =——=

[BF4]

At room temperature, a solution of triphenylphosphine (23.3 mg, 0.0889 mmol) in DCM (1 mL)
was added dropwise to a suspension of [M#8®4] (10.4 mg, 0.0444 mmol) in DCM (1 mL)
while stirring. The solution immediately tued red. The solution was stirred for 20 hours, by which
point equilibrium had been reached. All volatiles were remonegacug and the mixture was
taken up in DCE (1 mL) to perform variable temperature NMR experiments>fPfigd} data

listed below are those of the equilibrium solution in DCE solveRb5aC

31p{IH} NMR (162 MHz, DCE)1i37.5 (s,3-4), 32.5 (d,2Jrp= 54 Hz,3-5), 16.0 (d,*Jrr= 54 Hz,

3-5), -6.5 (s, Pha).
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3.4.3 Reactivity of Azophosphonium Cations
Phosphine exchange betwees3 and RBus

Ar, [Ar\ ]
N=N + PtBuy —— N=N + PMes;
PMes; [BF ] PtBuj [BF,]
Ar = p-C6H4C|
3-3 3-2

At room temperature3-3 (16.3 mg, 0.0265 mmol) and 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 thé'P{*H} NMR spectrum indicated the complete conversiof-®and PMes

31p{1H} NMR (162 MHz, CHCI): 1 70.2 (s,3-2), -36.5 (sPMess).

Phosphine exchange betwee$3 and PPhy

Ar, Ar, ,/PPh3]
N=N + 2 PPhy —— /N—N + PMes;
PMes; [BF 4] PhsP [BF 4]
Ar = p-CgH,4ClI
3-3 341

At room temperature8-3 (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, #e{*H} NMR spectrum indicated

the complete conversion 81 and PMes

31P{1H} NMR (162 MHz, CHCl,): ti41.5 (d,2Jpp= 48 Hz, 3-1), 25.0 (d3Jpp= 48 Hz,3-1),-36.7
(s,PMes).

Synthesis of [p-CICsH4)N2(PtBuz)]*(3-6) by reduction of 32 with Cp2Co

CoCp, AT g o

N=N

\ g () \
PtBU3][BF4] - [CoCpol[BF] PBus
Ar = p-C6H4C|

3-2 3-6

At room temperature, a solution of cobaltocene (3.5 mg, 0.019 mmol) in DCM (1 mL) was added
dropwise to a solution &-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 solisrobtained and is
shown inFigure 3-8, along with the simulated EPR spectrum 368. The hyperfine coupling

constants derived from the simulation are: P: 8.81%54.2 G, N: 3.6 G, Hrtho: 3.6 G, Cl: 2.8 G.
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Synthesis of [p-CICsH4)N2(PtBus)]A(3-6) by reduction of 32 with K

Ar\ K Ar\
N:N\ Y L) _N\
PBusjjgr,; T ROT4 PtBus
Ar = p-C6H4C|
3-2 3-6

At room temperature, a suspension of potassium (6.3 mg, 0.16 mmol3@NJ& mL) was added
dropwise to a solution &2 (7.1 mg, 0.017 mmol) in C4&N (2 mL) while stirring. The solution
immediately turned dark brown. The solvent was remanegcuoafter 10 minutes of stirring.
Diethyl ether (10 mL) was added to the mixtusad the solids were filtered off. The filtrate was
concentratedh vacuoto yield 3-6 (3.6 mg, 80 % yield). The EPR spectrum was identical to that
shown inFigure3-8.

Diphenyl disulfide cleavage between-2 and RBus

Ar

\ PhSSPh \ "
N=N + PtBuz ——> [tBuzP(SPh)][BF,] + .N—N\ + Decomposition
PBus |[BF,] PtBuj
Ar = p-C6H4C|
3-2 3-6

At room temperature3-2 (8.8 mg, 0.021 mmol) and ttért-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

(2 mL) was slowly added to the above solution while stirring. The solution immediately turned
dark red/brown. Thé'P{*H} NMR spectrum indicated the presence BysP(SPh)][BR], along

with a second major unidentifiable product. The EPR spectrum of the solution was identical to that
in Figure3-8, indicating the presence 8f6.

31P{1H} NMR (162 MHz, CHCI,): i 85.2 (s,tBusP(SPh)), 70.0 (s3-2), 67.4 (s), 62.4 (s,tBus).

Reduction of 32 with PhSNa

Ar Ar
\ PhSN
N:N\ L .? a .\N_N
PtBU3 [BF4] - "PhS*", NaBF4

\\PtBU3
Ar = p-C6H4C|
3-2 3-6

At room temperature, sodium thiophenolate (2.5 mg, 0.019 mmol) was slowly added as a solid to

a solution of3-2 (7.5 mg, 0.017 mmol) in G¥N (3 mL) while stirring. The solution immediately
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turned dark red. The precipitates filtered off, then the solvent of the filtrate was remawved
vacua The3P{*H} NMR spectrum was completely silent, while the EPR spectrum corresponded
to 3-6.

Oxidation of 3-6 with [FeCpz][BF 4]

Ar\N:N CoCp, An [FeCp,l[BF ] AV\N:N
PtBu, |ipr,; - [COCP2IBF4] * bBu; ~FeCre PBUs |[BF,]
Ar = p-C6H4C|
3-2 3-6 3-2

At room temperature, a solution of cobaltocene (4.8 mg, 0.025 mmol) in DCM (0.5 mL) was added
dropwise to a solution &2 (10.8 mg, 0.0252 mmol) in DCM (0.5 mL) while stirring. The solution
immediately turned dark green and tH®{*H} NMR spectrum of the solution was silent,
indicating the presence of the radical spe8i€sA 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 bwn. The*'P{*H} NMR spectrum of the solution indicated the clean
reformation of3-2.

31P{*H} NMR (162 MHz, CHCI): i 70.3 (5,3-2).

3.4.4 Reactivitywith Bidentate Phosphines
Preparation of [(p-CICsH4)N2(Ph2PCH2CH2PPh)][BF 4] (3-8)

Ph,R ,PPhy
N-N

Cl _J[BF4]

At room temperature, a solution of dh(diphenylphosphino)ethane (46.2 mg, 0.116 mmol) in
DCM (1 mL) was added dropwise to a suspensionp€]CsH4)N2][BF 4] (29.0 mg, 0.128 mmol)

in DCM (1 mL) while stirring. The solidn immediately turned yellow. After 10 minutes of
stirring, the remaining solids were filtered off and all volatiles were remmovedcuo The solid

was washed with pentane (3 x 3 mL) and was then dniedcuoto give 3-8 as a pale yellow
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powder (68.5mg, 95 % yield). Compoun88 underwent slow decomposition over the course of
several days, even as a solid when stored@matC.

IH NMR (400 MHz, CDC}): Ui 7.87%-7.79 (m, 4H, Ph), 7.75 (t3Jxn = 7 Hz, 2H, Ph), 7.697.55
(m, 10H, RPh), 7.46 (td,3Jun = 8 Hz,%Jpn = 3 Hz, 4H, Ph), 6.99 (d,3Jun = 9 Hz, 2H, GH4CI),
6.84 (d,3Jun = 9 Hz, 2H, GH4CI), 3.553.35 (m, 4H, PE,CH.P).

13C{H} NMR (125 MHz, CDC¥): 01 142.7 (ddJcp= 6 Hz,Jcp= 4 Hz), 135.3 (s), 133.7 (depr=
3 Hz), 133.1(d, Jcp= 10 Hz), 132.0 (dJcp= 9 Hz), 130.3 (dJcp= 13 Hz), 129.5 (dJcp= 12 HZz),
128.9 (dJcp= 1 Hz), 125.8 (d*Jcp= 92 Hz), 123.5 (dJcp = 3 Hz), 121.8 (d*Jcp = 88 Hz), 20.2
(dd,*Jcp = 84 Hz,2Jcp = 6 Hz), 18.9 (ddJcp = 60 Hz,2Jcp = 6 Hz).

31pf1IH} NMR (162 MHz, CDC$): 1133.8 (d,3Jpp= 10 Hz), 33.0 (d®Jpp= 10 Hz).

19F{1H} NMR (376 MHz, CDCH4): ti-152.3 (s).

11B{1IH} NMR (128 MHz, CDC}): 1i-0.8 (s).

HRMS (ESI,m/2 calc. for [G2H2eCIN2P,-H20]", [M-H20]": 555.1522. Found: 555.1527.

General preparation of [(p-CICsH4)N2(Ph2P(CH2)nPPHe)][BF 4] (3-7, 39, 310)

thP\/@R/FPhZ
N—N
A [BF,]
Ar = p-CgH,4CI
n=1,3-7

n=3,39
n=4,3-10
At room temperature, a solution of the corresponding phosphine (0.022 mmol) in DCM (1 mL)
was added dropwise tosamspension of ftCICeH4)N2|[BF4] (5.0 mg, 0.022 mmol) in DCM (1
mL) while stirring. After 10 minutes of stirring, tR&P{*H} NMR spectrum of the crude solution
indicated the formation &-7, 3-9, and3-10.
3-7:31P{1H} NMR (162 MHz, CHCly): li66.5 (d,2Jpp= 36 Hz), 56.8 (d3Jpp= 36 Hz).
3-9: 31P{1H} NMR (162 MHz, CHCL,): 1i41.7 (d,3Jpp= 20 Hz), 34.6 (d®Jpp= 20 Hz).
3-10: 31P{*H} NMR (162 MHz, CHCIl,): 150.1 (d,3Jpp= 45 Hz), 49.7 (d3Jpp= 45 Hz).
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3.4.5 Cyclic Voltammetry

The cyclicvoltammetry experiments were all performed at room temperature i€ICkh the
presence of tetrabutylammonium tetrafluoroborate, [N[B& 4], asthe electrolyte. Formal redox
potentials were referenced to the ferrocene/ferrocenium redox couple. The gchreution was

from positive to negative potential. The following concentrations were used for both samples:

Concentration of analyt&{2 or 3-3): 0.010 M
Concentration of [NB][BF4]: 0.100 M
Concentration of ferrocene: 0.010 M

E,.=-976 mV

T E,,=-848 mV

Current (mA)
S & & o o o o
(9] W p— — w ()] ~

-600 -800 -1000 -1200 -1400
Potential (mV vs. Fc*/Fc)

Figure 3-10. Cyclic voltammogram 08-2. Scan rate: 100 mV/sec.

E,=-982 mV

S oo oo 9
— = W W 1 O

Current (mA)

T E,,=-872 mV

-400 -600 -800 -1000 -1200 -1400
Potential (mV vs. Fc*/Fc¢)

oS o
W

Figure 3-11. Cyclic voltammogram 08-3. Scan rate: 200 mV/sec.
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3.4.6 UV-Vis Spectroscopy

All UV -Vis spectra oB-2 and3-3 were obtained in DCM at concentrations listed in the figures
below. The extinction coefficients) , at the wavel engt hmaxovere ma x i
calcul ated by pl ot t imkagainst boacerdrétisncamidénacaicalatingihe | u e
slope in accordance withthe Bdem mb er t e qu at i AintheAbserbattéjcthe wh e |
path length of the cuvette (1cm)and s t he sampl eds concé8&dand at i o

3-3were determined to be 133 and 19bl*.cm?, respectively.
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Figure 3-12. UV-Vis spectra 08-2 at various concentrations.
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Figure 3-13. UV-Vis spectra 08-3 at various concentrations.
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3.4.7 X-Ray Crystallography

X-ray Data Collection and Reduction

Crystals were coated in ParateNeoil in an N-filled glovebox, mounted on a MiTegen
Micromount, and placed under a 8tream, thus maintaining a dry;-®ee environmat for each

crystal. The data were collected oBrauker Kappa Apex Il Triumphmonochromatowith Mo

KU radiation (& = 0.71073 ). The data were
were integrated with the Bruker SAINT software packageguainarrowframe algorithm. Data

were corrected for absorption effects using the empirical tacéth method (SADABS).

Structure Solution and Refinement

The structures were solved by direct methods using XS and subjectednafiuk leastsquares
refinement on Fusing XL as implemented in the SHELXTL suite of programs. All-hgdrogen
atoms were refined with anisotropic thermal parameters. Cdrtwond hydrogen atoms were
placed in geometrically calculated positions and refinedguam appropriate riding model and

coupled isotropic thermal parameters.

98



Table 3-2. Crystallographic data f@-1 and3-3.

31 3-3
Empirical formula  Cg7H74B2ClgFsN4Ps  C3sH43sBCIFsN2OP
Formula weight 1756.60 672.95
Crystal system Monoclinic Monoclinic
Space group P2i/c P2:/n
a(A) 32.283(5) 8.0860(8)
b (A) 13.618(2) 33.714(3)
c(A) 19.050(3) 12.838(1)
U(°) 90 90
b (°) 94.447(5) 97.063(5)
2(°) 90 90
Volume (A% 8350(2) 3473.2(6)
z 4 4
j(cal cdd 1.397 1.287
i (mmh) 0.413 0.209
F(000) 3608 1416
T (K) 150(2) 150(2)
Crystal size (mr) 0.14x0.07x0.07  0.19x0.12x0.04
Crystal colour, habit  colourless, shard red, shard
Omin (°) 1.898 1.709
Omax (°) 25.026 27.102
38 O h -10 O h
Reflection area -16 O kK 43 O k
22 0O | -16 O |
Reflections collected 46410 57299
Unique reflections 14735 7680
Rint 0.0975 0.0697
Rii ndi ces 0.0676 0.0509
WRz indices (all data) 0.1646 0.1211
Parameters 1069 415
GOF on B 1.017 1.025
residual density (eA) 0.792,-0.785 1.547,-0.835
CCDC No. 1827346 1827347
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3.4.8 Computational Details

NBO Analysis of 32 and 33

All density functional theory (DFT¢alculations were performed by employing the Gaussian 09
program?® The geometry optimization of the cation®® and3-3 was performedisingthe M06

2X functional with theDef2-SVPbasis setThestationary nature of the convergegon geometry

was confirmed by carrying out a frequency calculation and ensuring the absence of imaginary
frequencies. NBQ@alculations were performegsingthe M062X functional with theDef2-TZVP

basis set, starting wWitthe optimized geometrywith NBO version 6.0 as implemented in the
Gaussian 09 packade.

o

Figure 3-14. HOMO (left) and LUMO (right) of the cation &2.

o

Figure 3-15. HOMO (left) and LUMO (right) of the cation &3.
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Global electrophilicity index (GEI) calculations
The GEI of the cations 08-2, 3-3, 3-11,** and 3-V3® was calculated using the Gaussian 09
program® The geometry optimizations were carried osingthe BP8&unctional with theDef2-
TZVP basis setThe stationary nature of the converggubn geometry wasonfirmed by carrying
out a frequency calculation and ensuring the absence of imaginary frequencies. Energies were
subsequently recalculategingthe MP2functional with theDef2-TZVPP basis setThe GEI )
is defined as
[ S
wheree is the chemical potential amts the chemical hardness. These terms are defined as

‘ -0 (0] and— (0] (0]
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Chapter4. Phospbewus Aci ds

41 Il ntroducti on

4.1.1 Early FhosphorugV) Lewis Acids

Oneof the earliest examples of a phosphorus(V) Lewis acid was the Wittig reagent of the form
PhP=CHR, 4-1,! (Figure4-1) reported in 1954 to convert aldehydes and ketones to alkenes
coordination of the carbonyl functional group to the electrophilic phosphorus center. At around
the same time, P€Was shownn several reports form a Lewis aciebase adduct with pyride

4-11 % (Figure4-1) and was subsequently shown in the years to come to form sagdacts with

@
|@/
N

a myriad of other Lewis bases.

CI/,,,I|D“\\CI

PhaP=\ Cci=g, ~cCl
R Cl
4-| 4-11

Wittig (1954) Holmes, Gutmann (1954)

Figure 4-1. Examples of early electrophilic phosphorus(V) species.

In 1977,Cavellet al.reported the insertion of G@nd CS into an amidophosphoran8c¢heme

4-1, top)® 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 catiots actuas catalysts in the
Lewis acidmediated DielsAlder reaction, in which the phosphonium cation is Lewis acidic

its low-l y i n-grbitall Scheme4-1, bottom).” Various phosphonium cations have also been
shown to catalyze a number of other Lewis anigdiated organic transformations, including the
cyanosilylation of aldehyd&sand ketoneg,and a variety of other €, GO, and GN bond

forming reactions?
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CF, CF4

FsC/, l CE; FsCi,, \\E
— 2 R T NM
Mem T "NMe2 T 05T e T ~E ©2
CF, c:|=3
0
Y
(5 o
[OTH]
@ . MeOQC\)OJ\ o 10 mol% 7
X N’ g CONHPh

CO,Me

Schemed-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 nvemoxidation of
phosphines with xenon difluoride to generate the correspondingrdphosphoranes, followed
by fluoride abstraction with a silylium cationStheme4-2).1! In this initial report, the
fluorophosphonium catior{¢CsFs).RPF][B(CeFs)4] (R = Ph4-11l ; R = CeFs, 4-1V) were shown

to behighly Lewis acidicvia their low-lying P-F  {@rbitals. In particular, the Lewis acidity of
4-1vV wasexploitedto effect the hydrodefluorinatiofHDF) of fluoroalkanes in the presence of
silane. Subsequent reports have shown 4kt also catalyzes the isomerization of terminal
olefins to their internal isomet$, the polymerization of isobykenel? the FriedelCrafts
dimerization of 1,idiphenylethylené? the dehydrocoupling of silanes with amines, thiols, and
phenolst® the hydrosilylation of olefins, alkynédketones;* and imines; the deoxygenation of

ketone$>% and amided’ and the hydroarylation and hydrothiolation offis.*®

F
F .
o \/,C Fs _XeFa o L.wCeFs [EtsSitollB(CeFs)d] F|>
CeFs F\C6F5 R™ \CCF6F5
6'5
[B(CgF5)al
R = Ph, 41l
R = CgFs, 4-IV

Schemed-2. Preparatiorof fluorophosphonium cations.
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The electrorwithdrawing GFs substituents play a crucial role in the electrophilicity of the
phosphorus center, as the Lewis acidity rapidly drops off with eggthaement of a 65 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 prepgolycationic 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, manew fluorophosphonium dications were prepared, some of which were
more Lewis acidic than the parent fluorophosphonication 4-1V. Such species included
[Fe@-CsH4PFPh)2]?* (4-V),'° [(SIMes)PFPH?* (4-VI),2%?! [(0-MeNGCsH4)PFPR]?* (4-VII ),
[(C10He)(PPPH)2]%* (4-VIII ),22 [(CH2)n(PPPH)2] % (4-1X),2 and [2,6(CH2PFPh)2CsH3N(CH3)]

(4-X)?* (Figure4-2).

2+
C 2+ NI/VIeS F
‘ PFPh, /
Fe [N)>_Fi,,,Ph Ph“/
CGD/PFPhZ \ Ph
Mes
4-v 4-Vi 4-Vil
Stephan (2016) Stephan (2014) Stephan (2016)
i F E 2+ Ph Ph 2+
Ph, wPh Ph_ _Ph
F F 2+ “uF Fal,
o P‘Ph P P

Ph/ \M; ’Ph KENJ)
=

4-Vii 4-1X 4-X
Stephan (2015) Stephan (2015) Stephan (2017)

Figure 4-2. Examples of dicationiluorophosphonium cations.

The major limitation of each fluorophosphonium cation was their high instability toward moisture,
so subsequent research focused on designing mestahie analogues by replacing the fluoride
with other less electrewithdrawing substituents. Somstrategies included implementing a
phenoxy group, [(6Fs)sP(OR)I (4-X1),%° a trifluoromethyl group, [P#CR]* (4-XII),2®
dicationic alkytsubstituted phosphonium cationg-leNCsH4)PMePh]?* (4-XII ),?2 dicationic
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diphosphonium cations, [(@Hs)(PrP)]?" (4-XIV),?” and tricationic alkysubstituted
phosphonium cations, [MeC(GPMePh)s]*" (4-XV)?® (Figure4-3). These Lewis acidexhibit
varying degrees of stability toward water, with the akybgituted phosphonium salts being
indefinitely stable due to their unreactiveCFbonds.

Nl |

P, Ph"
CeF/\'C6F5 ph” \ Ph /U
CoFs Ph

4-XI 4-XII 4-X1ll
Stephan (2016) Stephan (2018) Stephan (2016)

[ Ph Ph ]2+ | 3+
Phalp_ pisPh Ph,P |

gvpphz
OO _PPh,

4-XIvV 4-XV
Stephan (2015) Stephan (2018)

Figure 4-3. Examples of akstable phosphonium cations.

4.1.3 Phosphorus(lll) Lewis Acids and Cations

Since the discovery of phosphenium cations in 236éactivity exploiting their Lewis acidic
character slowly began to emerge. One of the first reports to experimentally deraotisrat
electrophilic behavior of such cations contained the Lewis-laasd adduct [(IM&N)sP-
P(NMe)2], 4-XVI (Figure 4-4).3%31 A review in 1985 by Cowley and Kemp highlighted
subsequent reactivity of phosphenium cations, includidg Bond insertions, reactions with
unsaturated bonds, and their coordination chemistry as ligasisce then, a wide variety of
phosphenium cations have been explored, in most cases to improve their utility in coordination
chemistry and small molecule activatibtt* In 2000, Niegeret al. isolated N-heterocyclic
phosphenium cation&XVII (Figure4-4), a phosphorus analogue isoelectronibldoeterocyclic
carbenes (NHCSY. 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, includiradcohols,CHzClz, and olefing®
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Me;oN, *

Me2N -~ ." /7 \ +
P—»P\II/NMez R/N\ /N\R
Me,N NMe, P
4-XVI 4-XVII
Parry (1976) Nieger (2000)

Figure 4-4. Examplesof electrophilic phosphenium cations.

In 2012, Radosevicht al. reported a neutral phosphorus(lll) species that catalyzed the transfer
hydrogenation of azobenzene using ammdmtieane $cheme4-3, top)#’ which wasthe first
example ©a P(ll)/P(V) catalytic redox cycle. The reactivity was attributed to a geometrically
constrained Ishaped @N-O backbone, priming the phosphorus center towards the oxidative
addition of HB. This strategy inspired further chemistry foiHEactivations ugg main group
center$’®>* Another notable example of a neutral phosphorus(lll) Lewis acid was a 1,3,5
triphosphabenzene, shown 2014 by Stephamt al. to intramolecularly split bl through an
electrophilic phosphorus center and a nucleophilic carbon center, followed by a rearrangement and

ring-closure 8chemet-3, bottom)>°

tBu  HaNBH; "H,NBH,"  Bu
%\O / 70
N—P N—pH
- \~H
g(o / e
Bu H  Ph Ph
N-N N=N
PH  H PH
By By, H

tBu

i
fx Fﬁ %@u

Scheme4-3. Reactivity of neutral electrophilic pgohorus(lll) species.

In 1991, Weiss and Engel first showed that the polycationic phosphorus(lll) compounds
[(DMAP)3P][OTf]s (4-XVIIl )°¢ and [(DMAP)P(OMe)][OTf]. (4-XIX )°’ could be generateda
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addition of the appropriate number of equivalents of DMAP and TMSOTf tea@l(MeO)PG),
respectively FEigure 4-5). This reactivity is general with various neutral bases, including those
containing phosphorus 4{XX),°®%® carbenes 4XXI1),54%¢ and nitrogen 4-XXII and

4-XXIIl )®""1 (Figure4-5). Whilethemono and polycations have been shown to undergo different
reactivity,%6 % "?’® they have seen limited use in catalytic applicatiBrf§: "*° In particular, the
dications 4-XXIl and 4-XXIll have recently been shown to effect the cataliAidF’* and
allylatior®? of fluoroakanes with silanes, as well as the hydrosilylation of carbonyls and digfins.

In particular, the dicatio®-XXIIl benefits from being aistable and is able to enact these
transformations on the benchtop, in contrast to the fluorophosphonium cations and most of the

previously reported phosphorbased cations.

E'l// 3+ E"// 2+ .P."// 2+
pmAP~ \ DMAP MeO~ \ DMAP Me~ \ PMeg
DMAP DMAP PMej;
4-XVIlI 4-XIX 4-XX
Weiss (1991) Weiss (1992) Burford (2016)
P. 3+
RoN 1y NR; Bu—_— 2+ = 2+
NR SN SONePS
[ 2 N =N N
NRy NR, [ /N | > ! A
R2N tBu Ph Ph
4-XXI 4-XXII 4-XXIlI
Alcarazo (2011) Stephan (2018) Stephan (2018)

Figure 4-5. Examples of polycationic phospho(li§ compounds.

42 Results and Discussi on

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 syiathmetite to a novel class of
triazoliumbased dicationic fluorophosphonium Lewis acids from alkynyl phosphines could be
envisioned $cheme4-4), in which the alkynyl phgshine is initially oxidized with xenon
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difluoride, Xek. The resulting difluorophosphorangay then be treated with organic azides to
undergo a 18lipolar Huisgen cycloaddition reactihfollowed by tratment with a fluoride
abstracting agent such as a silylium cation to generate a trsuodtituted fluorophosphonium
cation. The order of these two steps could potentially be reversed as well in the event that reactivity
does not occur, though theretlge 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 triazoliursubstitutedfluorophosphonium dication, which would be subjected t

standard Lewis acidity tests.

1) RNy . .
F 2) [ESI] = bwPh
- xeF2 fl ' ‘Ph
R—=——PPh, -----° R—=—=—PPh, --- Lo —
F 1) [EtsSi]* R'/N‘N”N
2) R'N;
| [CH4]*
¥
R 2*
‘\\Ph

Schemed-4. Proposed synthetic route dicationictriazolium-substitutedluorophosphonium

Lewis aciddrom alkynyl phosphines.

The investigation began with the synthesis of the alkynyl phosphines REEPPRIH, 4-1; R =
Ph,4-2) based on literature repofts® Upon treatment of-1 and4-2 with one equivalent of XeF

in CH2Cl, the expected difluorophosphorare8 and4-4 were obtained in 96 and 95 % vyields,
respectively $chemed-5). The respectivé'P{*H} NMR spectra revealed triplets &t67.4 ppm
and-66.3 ppm with'Jer= 630 Hz andJee = 622 Hz. Additionally, thé®F NMR spectrum o#-3
revealed a doublet of doutsedt-25.5 ppm with'Jpr = 630 Hz and a longeange coupling to the
terminal acetylene proton witldur = 4 Hz, while the'*F{*H} NMR spectrum of4-4 revealed a
simple doublet a25.1 ppm with'Jee = 622Hz. These chemical shifts and coupling constars a
consistent with many difluorophosphoranes reported previously in the litetatiiré. 2
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[Et3S| tOl][B(C6F5)4]

R—==—PPh, R—=——PF,Ph, ~ [R—==—PFPh,|
[B(CeFs)al
R =H, 4-1 R=H, 43 R=H, 45
R = Ph, 4-2 R = Ph, 4-4 R = Ph, 4-6
PhP—=—=—PPh, 2222, ppFp——pFph, oo OBCeFs)l [Ph,F,P—=—PFPh,|
[B(CeFs)al
4-7 4-8

Schemed-5. Synthesis of alkynyl fluorophosphonium cations.

Single crystals of4-4 suitable for Xray diffraction analysis were obtained by layering a
concentrated CH#Cl> solution of4-4 with pentane and allowing the mixture to stand for 16 hours,
confirming the formulation o#-4 (Figure 4-6). The C(1)C(2) bond distance is 195(3) A,
standard for typical € triple bonds. The #(1) and PF(2) bond lengths are 1.651(1) and
1.657(1) A, consistent with axiakiP bonds in difluorophosphoran®$® The F(1)P-F(2) bond
angle is 177.16(7), deviating slightly from linearity.

Figure 4-6. Solid-state structuref 4-4 (30 % thermal ellipsoids). Qgray; P: orangeF: purple.

Hydrogen atoms are omitted for clarity.

The difluorophosphorane4-3 and4-4 weretreated with one equivalent PEtSi-tol][B(CsFs)4]
to generate their corresponding fluorophosphonaations4-5 and 4-6, respectively(Scheme

4-5). The3P{*H} NMR spectrum o#-6 displayed a doublet &it62.7 ppm witha diagnostic FF
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coupling constant otJer = 1007 Hz. The'F{*H} NMR spectrum also contained a doublet at
-110.1 ppm with a matching coupling constant, in addition to the ¢fBJ& resonances.
Interestingly, in the case of theaction with4-3, the3'P{!H} and the'*F{*H} NMR spectra of the
crude product mixture revealed the formation of what agadarbe two new productsHgure
4-7). The major product is characterized by a doublet in botF#gH} and °F{*H} NMR
spectra ati 65.0 and-113.0 ppm, respectively, witdpr = 1013 Hz. The minor product is also a
doublet inthe *}P{*H} and®F{'H} NMR spectra afi 101.7 and-131.3 ppm, respectively, with
1Jpe = 966 Hz. These coupling constants are both within the range of typigabdhds in
fluorophosphonium catioris: 2°2: 220ne possiblescenario which could result in these spectra is
that there exists an equilibrium between the major prqatogosed to bfHCCPFPh]* (4-5) and

the minor one proposed to be a dimedds ([4-5]2),i n whi ch t heorbgalaac t r or
i nt er ac t -orhital bfthe RFtbend af the second molecule. The donation of this electron
density to the FF  +@rbital would slightly decrease the strength of the IBond, resulting in the
observed smaller coupling constant than that seen in the monomer. Variable tempemture
DOSY NMR studies have yet to be undertaken to further support the propositsuchodn

equilibrium, however.

| { T

200 150 100 50 O  -50 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190
Figure 4-7. 31P{*H} NMR spectrum (left) ané®F{*H} NMR spectrum (right) of the crude
reactionmixture of4-3 and[Et:Si-tol][B(CsFs)4].

Extending the series of alkynyl phosphings(diphenylphosphino)acetylene was employed in the
same reactivity as the previous phosphirfgehémet-5). Treatment with one equivalent of XeF
did not selectively yiel the expected moroxidized product PiPCCPEPh; the crude mixture
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contained P¥PCCPEPh, the doublyoxidized productPhF:PCCPEPh (4-7), and unreacted
starting material P#PCCPPh, evidenced in the!P{*H} NMR spectrum. Adding a second
equivalent of XeE-cleanlyafforded4-7, which was isolated as a colourlggsvderin 95 % yield.
Compound4-7 was characterizey a triplet in the’’P{*H} NMR spectrum ati-67.9 ppm and a
doublet in the®F{*H} NMR spectrum ati-28.6 ppmgachwith Jpr = 645 Hz.

The solidstate structuref 4-7 was determined by Xay diffraction analysis of single crystals
obtained by layering a concentrated £CH solution of4-7 with pentane Figure4-8). The P(1)

F(1) and P(2F(2) bond lengths are 1.6538(8) and 1.6570(8) A, respectiwéije the C(13C(2)

bond length is 1.197(3) A. The F{PY1)}F(1A) and F(2P(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 seef-4, which is peculiar since the~F moieties

in 4-4 and 4-7 were expected tde in nearlyidentical environments in terms of the steric
constraintghey experience from the protruding phenyl groups. Additionally, tRe=Fmoieties

are nearly orthogonal to one another (95.79°). These data suggest that there could exist electronic
interactionsbetween the #P-F and the C(1C(2) groups in4-7, potentially where the electron
density in the HF bonds is donateohto the C(1)C ( 2 )-orbitats. This proposed interaction,
however, could not be described computationally. Additionally, if such araati@n was in fact
present, the C(1¢(2) bond would be weakened and would consequently be longer than the typical
1.2 A for standard € triple bonds. Thus, a more likely explanation is that the geometry is simply
a result of the soligtate packing of #gnmolecule in the crystal.

Compound 4-7 was treated with one equivalent QEt:Si-tol][B(CsFs)s], generating the
difluorophosphoranfluorophosphonium product4-8 (Scheme 4-5). This species was
characterized by two resonances in tHe{*H} NMR spectrum a triplet atli -67.8 ppm with

Jpr = 664 Hz and a doublet at 64.5 ppm withJer = 1016 Hz corresponding to the
difluorophosphorane phosphorasdto the fluorophosphonium phosphorus centespectively

The °F{*H} NMR spectrum contains two doublets, onetiat31.3 ppm withJer = 664 Hz
corresponding to the difluorophosphorane fine atoms, and the secondiatl12.5 ppm with

1Jpr= 1016 Hz corresponding to the fluorophosphonium fluorine atom. Attempting to generate the
bis(fluorophosphonium)acetylene,4-8 was treated with a second equivalent of

[EtsSi-tol][B(CsFs)4]. The3P{*H} and®F{*H} 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.

FO1A)

Ct1 C(2)

JF(1)

Figure 4-8. Solid-state structuref 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 difluorophosphordrgsA-4, and4-7, no reaction was observed with
benzyl azide at room temperature, evath the addition otcatalyticquantitiescopper iodidgo

the terminal alkynes4-3 and 4-5. Heating these mixtures yielded many undiscernible
decomposition products. With the fluorophosphonium galiist-6, and4-8, reactions with benzyl
azide were even less encouraging, also réwgal myriad of resonances in tfi@ and'°®F NMR
spectra. Concurrent with this work, an alternate synthesis to triazolisobstituted
fluorophosphonium cations was report&tijemes-6),8° in which an unsubstituted triazolium
cation was initially generated, followed by phosphine installati@n deprotonation of the
triazolium backbone and treatment withbP@I. This triazoliurphosphine cation was &eed with

Xek, then TMSOTT to form the triazoliursubstituted fluorophosphonium dication. It was found,
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however, that this species was unstable and readily decomposed even when s40ré@.aEor

this reason, further attempts to prepare such spei@dabe alkynyl difluorophosphoranes and
fluorophosphonium salts were ceased, as their preparation would presumably also yield highly
unstable products.

B MeO ] B MeO ] B MeO ]
1) 0.5 Ag,0
\NC/% Ao i \NC%7 1) XeF, \NC)»
| - . i PPh, | ——— > i PFPh
NS NS 2 NS 2
) ) )

2) Ph,PCI 2) 2 TMSOTf

Ph | | Ph 1 Ph
[OT] [AgCl2]

[0Tf],
Scheme4-6. Preparation of a triazoliursubstituted fluorophosphonium catieia an alternate
synthetic route.

4.2.2 Dicationic Phosphorus(lll) Species

The synthesis of dicationic phosphorus(lll) species of the form [LPPh{[X} bidentateor
tridentate ligand) is accomplishe the reaction of PhPg&IL, and two equivalents of a chloride
abstracting agent of choice (NaBf&g)4 to form the [B(GFs)4]” salt, or TMSOT{/AgOTTf to form

the [OTf]” salt). One of the important features of the ntlyestudied [(Bu-bpy)PPhf* (4-XXII )

and [(terpy)PPRI (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 oftBu-bpy)PPh}* consists primarily of the vacaptorbital of the
phosphorus center, while the LUMO of [(terpy)P#i§ mostly delocalized around the terpyridine
ligand with minimal phosphorus charactémhe difference in their LUMOs is due to the different
coordination numbers of the phosphorus center. The -tueslinate phosphorus in
[(tBu-bpy)PPhF* contains a vacant electrophilic site of reactivity, resulting iaffiient catalyst

for HDF reactions, though at the cost of poor stability in ambient atmosphere. Although the four
coordinate phosphorus center in [(terpy)PPtbes appear to be a Lewis acidic site based on the
observed triflate anion coordination ihet solidstate structure, its higher coordination number

results in much higher air stability but reduces the reactivity of the catiebDkncatalysis.
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In a follow-up report that described the allylation ofFCbonds using catalytic [(terpy)PPh]

densiy functional theory (DFT) calculations suggested that an equilibrium exists between
[(terpy)PPh}* and a new [(terpy)PPH]cation in which one of the pendant pyridine rings from

the terpyridine ligand has been dissociated from the phosphorus cgabemes-7).8 The
activation energy required f oY=+i180ikeal/moli This oc i
new species is likely the active catalyst for the reaction. This result suggests that designing new
phosphorus(lll) dicationic Lewis acids should be possible by tuning the hemilability of the
tridentate ligand. In particular, incorporating more labile ligands should result in more reaetive air

stable Lewis acids.

Ph,, 2+
Ph,, 2+ N—P—[] N N
o7 e N
N

Scheme4-7. Dissociationof a pendant pyridine rinfjom [(terpy)PPH".

The present investigation began with the synthesis of literktwren tridentate EN-O (4-9)%°
and SN-S (4-10)°! pincer ligands. However, #&empts to prepare the corresponding
phosphoru@ll) dications by reaction of these ligands with PhfA2id two equivalents of chloride
abstracting agentAQOTf, TMSOTf, NaB(CeFs)s, and [EtSi-tol][B(CeFs)a]) in CHCl2 were
unsuccessful, as indicated by the lack of new resonances appearing'®{tH¢ NMR spectra

even after 48 hours of stirring at room temperat8ahémed-8).

E E Ph
N PhPCl, E—P—€
s +  or 4+ 2MX ——H— |
_ PhPF, N
E = -O(p-tol), 4-9 MX = AgOTf, TMSOTY, NaB(CgFs)s, < Xk
E = -SPh, 4-10 [Et3Si-tol][B(CgF5)4]

Scheme4-8. Attempted reactions betweéme pinceligands4-9 and4-10 and PhPCland
PhPE.
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To increase thdriving force for the reaction to proceed, PhR&@s initially treated with an excess

of sodium fluoride (5 equivalents) in GEN to generate PhRFThe difluorophosphine was
characterized by the clean generation of a triplet resonance®#P{fid} NMR spectrum ati210

ppm and a doublet resonance ing*H} NMR spectrum ati-93 ppm, both with &Jpr= 1172

Hz. Upon filtration of the mixturethe filtrate containing PhBRvas treated with thigands4-9

and 4-10 and the same halidabstractingreagentsas previously employechowever still no
reaction was observed. This unexpected lack of reactivity can likely be attributed to the low
nucleopliicity of the ether and thioether arms of the pincer ligands.

Therefore, mre nucleophilic ligands were targeted nexntrease the likelihood that the desired
compounds could be preparetwo different pincer ligands were synthesized with a central
pyridine backbone, one containing phospldnaorarms and the other containing phosphinimine
donorarms Schemed-9). The former ligand was synthesized according to the litef&finith
slight modifications by treatment of 2bs(chloromethyl)pyridine wit two equivalents of
potassium diphenylphosphide to fod¥lll. The latter was synthesized in a tatep protocol.
First, 2,6dichloropyridinewas reacted with two equivalents of potassium diphenylphosphide in
toluene at35 °C, which was subsequently waihte room temperature and stirred for 15 hours.
After all volatiles were removeith vacuq the residue was taken up in &Hp and the potassium
chloride was filtered off. The filtrate was then concentrated and the residue was triturated with
pentane to vyid 2,6-bis(diphenylphosphino)pyridine as a colourless solid, which was
characterized by a singlet resonance in*{R§'H} NMR spectrum atli -4.0 ppm. This species
was then treated with benzyl azide in L. After 9 hours of stirring, the bisosphinimine)
product4-12was cleanly obtained as evidenced by its singlet resonatideppm in thé'P{*H}

NMR spectrum.

With these ligands at hand, they were each treated with one equivalent of. RhnBGivo
equivalents of TMSOTT. In both cases, the soltimmediately turned yellow upon mixing the
components in CkClo. Inspection of thé'P{*H} NMR spectra of the crude solutions revealed a
complicated mixture of unidentifiable products in both reactidngute 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 unexpedieityrea
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Scheme4-9. Synthesis othe pinceligands4-11 (top) and4-12 (botton).
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Figure 4-9. 3'P{*H} NMR specta (CH:Clz, 162MHz) of the crude mixture from the reaction
between{i) 4-11, PhPC}, and TMSOTT (top); and (i#-12, PhPC4, and TMSOTf (bottom).
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4.2.3 Ortho-QuinonePhosphorus(V) Dications

Using a similar idea to thamployed inChapter 2 with the fluorosulfoxonium cations, increasing
the oxidation state of the phosphorus center in the dication [(terpy) PP X] B(CeFs)s, 4-13,

X = OTHf, 4-14) should increase the Lewis acidity of the@ps. To this end4-13 and4-14 were
reacted witho-chloranil (GClsO2) in CH.Cl, (Scheme4-10).% In the case of the reaction with
4-13, after 24 hours, a new produétl5 was identified by the generation of a new singlet
resonance in th&P{*H} NMR spectrum ati-103 ppm. Upon workp, 4-15 was isolated in 93
% vyield as a regpowder As all attempts to obtain single crystals415 suitable for xray
diffraction analysisvere unsuccessfuthe corresponding triflate saltl6 was synthesizedia
treatment o#l-14 with one equivalent ad-chloranil in CHCN. This yielded}-16in 92 % isolated
yield, which exhibited the same singlet resonance if'®PgH} NMR spectrum agl-15. Single
crystals of4-16 suitable for Xray diffraction analysis were grown from a mixture of £ and
diethyl ether, confirming théormulation of4-16 as [(terpy)(GCl4O2)PPh][OTfp (Figure4-10).

Cl
m@im
_—~, O Cl
S N//, |,\\O
CGC|402 L A=
/ - Ph JIXI2
_ N X = B(CgF5)4, 4-15

\N’IT;N « X = OTY, 4-16
\ ,

/ I —
Ph [X]Z \ ) |
X = B(CgFs)s, 413 C14Hg0, O
X = OTf, 4-14 O
- O
S N//,,rL‘\\O
\ P | e ——
Ph ]

X = B(CgF5)s, 417
X = OTf, 4-18

[X]2

Scheme4-10. Synthesis ofi-15t0 4-18.
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The solidstate structure o#-16 confirmed the expected octahedrgéometry about the
coordinatively saturated sboordinate phosphorus center. ThR®f) bondtransto the phenyl
substituent is 1.721(2) A, which is notably longer than #@® bondransto the central pyridine
ring of the terpyidine ligand (1.656(2)A). The RN(2) bond to the central ring is 1.829(2) A,
which is slightly shorter than the otheM\®1) and PN(3) bond lengths of 1.894(2) and 1.890(2)
A. The terpyidine ligand gives rise ta pseudetransN(1)-P-N(3) bond angle of 165.5(1)°. This
deviation fromlinearity reflects theconstrained geometry of the terpyridine backb@wemnparing
this geometryo thephosphoru@ll) precursord-14, it is interesting to note that theNR2) distance
in 4-16is similar, whereas the P¢N(1) and P(1IN(3) distances id-14(2.002(3) A and 1.971(2)
A, respectively) are slightly longer than4l6, suggesting less hemilability of the ligamlso,

it is notable thathere are no significant close contacts betwéertriflate anios and the cation
in 4-16, in contrast ta4-14 where coordination o triflate anion tgphosphorusvas observed in

the solidstate structure.

Figure 4-10. Solid-state structure of-16 (30 % thermal ellipsoids). C: gray; P: oranjeblue;
O: red; Cl: dark green. Triflate anions and hydrogen atoms are omitted for clarity.
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In a similar fashion, treatment @13 with 9,10phenanthrenequinone {4ElsO2) in CHxCl>
generatd the analogous produe-17 after 12 hours §cheme4-10). This species exhibits a
diagnostic singlet resonance in tHB{*H} NMR spectrum ati-104 ppm and was isolated as a
redpowderin 89 % yield The analogous triflate salt18 was also prepared by treatmentéet4
with the samertho-quinone, exhibiting the same chemical shift in tHR{*H} NMR spectrum
after 12 hours. Single crystals #{18 suitable for Xray diffraction analysis were growrom a
mixture of CHCN anddiethyl ether, confirming its formulatioas [(terpy)(G4HsO2)PPh][OTfp
(Figure4-11). The RO(1) and PO(2) distances are716(2) and 1.653(2) A, respectively, and are
nearly identical to those 16. The RN(1), PN(2), and PN(3) distances id-18 are 1.871(3),
1.830(3), and 1.902(3) A, respectively, also following a similar trend of 4t4€Pbond being
slightly shorter than the-R(1) and PN(3) bonds. These salsl17 and4-18 proved to be unstable
in solution andin the solidstate at room tengpature over the course of two or more days,

decomposing to a mixture of unidentified products.

Figure 4-11. Solid-state structure of-18 (30 % thermal ellipsoids). C: gray; P: orange; N: blue;

O: red. Trflate anions and hydrogen atoms are omitted for clarity.
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The Lewis acidity of4-15 was evaluated using the GutmaBeckett metho? employing one
equivalent of E#2Oin CH2Cl.. The chemical shift of the phosphine oxide was shifted downfield
by 5.3 ppm, corresponding to an acceptor number (AN) of 12.rd@latively low AN value
indicates that thiphosphoru@/) dication is weakly Lewis acidic in comparison ttee parent
phosphorus(lll) dicatiord-13 (AN 27), which can be rationalized by the fully saturated

coordination sphere of the phosphorus centdrib.

Nonetheless, the observation of this Lewis acidity prompted consideration phtsighorug/)
dication as a pential catalyst for thélDF of fluoroalkanes. In previous workshe triflate salts
proved to be much less active than the corresponding bétated thus4-15 was used in the
preliminary test reactions T@ble 4-1). Combination & (trifluoromethyl)cyclohexane or
fluoroheptane with 3.6 and 1.2 equivalents ofSit, respectively, in the presence of 5 mol%
4-15led to the quantitative formation of the corresponditk@ne and BSiF.In the @rresponding
reactionof (p-BrCeH4)CFs, the conversioto the alkane was markedly reduded?2 % after 24
hours which isattributable to the deactivation of theRbonds by the electron withdrawipgra-

bromoarene

Table 4-1. Hydrodefluorination of fluoroalkanes using catalytid5.

Cat. loading Time Yield (SiF) Conv. (GF)

Substrate
[%0] [h] [%0] [%0]
(c-CeH11)CR 5 13 87 >99
n-C7H1sF 5 3 88 >99
(p-BrCsH4)CHFs 5 24 31 22

Reactionconditions: CHCI, solvent, 25 °C, 1.2 equivalentss&iH per GF
bond. Conversion and yield determined B¥{H} NMR spectroscopy

integration using €s as external standard

The nature of the Lewis acidity exhibited by these cations wagedbad by density functional

theory (DFT) calculationsat the M06-2X/Def2-SVP level of theory Additional NBO 6.0
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calculation8® using the optimized geometrwere also performed at the same level, as
implemented in th&aussian 09 packagéGeometry optimizations of each cation revedteat

the LUMO of both the cations @15 and4-17 is mainly delocalized around the central pyridine

ring of the terpyridine ligand on phosphorus with a prominent lobe on the carbopai®to the

P-N linkage Figure4-12). 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 EtPO Lewis base empjed in the GutmanBeckett method.

Figure 4-12. Depictions of the LUMO of the cation df15 (left) and4-17 (right).

The Lewis acidity ofl-13 hasbeenattributed to the hemilability of one of the pyridiarms of the
terpyridine ligand as this dissociation is energetic accessi@ £ +16.6 kcal/molPG’ = +18.9
kcal/mol)® Thus, a corresponding dissociation of one of the pyridine donors for the
phosphoru@/) dications was considered computationally. At the NO8Def2-SVP level of
theory, the dissociation engrpr 4-15 wascomputed to be much highdd® = +27.1 kcal/mal,

DG’ = +29.2 kcal/mol), suggesting that the overall activation baioiethe reaction would only

be accessible at elevated temperatufé®se results suggest a more Lewis acidic phosphorus

center, witch is also consistent with the shorter observéd Bond distances.

Computations for several model mechanisms were carried out feiliReof PhCFE to PhCEH

mediated at the phosphorus centedf5. The first model that was considered involved the
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dissociation of a pyridyl group followed by subsequent fluoride abstraction from PCthe
exposed phosphorus center to generate a carbocation intern{&diagened-11). The energy
barrier associated with this mechanism was computed Bshe +44.5kcal/mol (Figure4-13),

an unrealistically high barrier for the reaction to proceed at room temperature.

2+
N\—Fl’ PhCF3
[TS1] N\
[TS2]
N
4-15-Int
N—P—F |*
4-15 N_T_N \lll PhCF,*
- = + 2
N N
N
4-15-Int-PF
N—P—F
Et,SiF
3! NG Et,SiH
[TS3] \N
4-15-Int-PF PhCF,H
+ EtySi*

Scheme4-11. Model mechanisnfor theHDF of PhCE to PhCEH via dissociation of
terpyridine followed by fluoride delivery from Phete the phosphorus center.
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Figure 4-13. CalculatedGibbs freeenergiegkcal/mol)for the phosphorusenteredHDF
mechanisnof PhCE to PhCEH via dissociation of terpyridine followed by fluoride delivery

from PhCE to the phosphorus center.
126



Alternatively, a second model for the mechanism involves the saitred dissociation of the
terpyridine ligand, however it is then followed by hydride abstraction frogBilEtby the
phosphorus center to generate a silylium cat®chémed-12). Though the calculated activation
barrier for this mechanism is lower than the previous mechal&h+37.6kcal/mo)), it is still

too high to be reasonable for the observed reactivity at room tempefgued-14).

Et,SiH
[TS1]
[TS2]
415Int
24 N P H T
4-15 N_T_N N + EtSi*
- = 3
N ™
N
4-15-Int-PH
+
—P-H
[TS3] \N
4-15-Int-PH Et;SiF
+ PhCF,*

Scheme4-12. Model mechanisnfor theHDF of PhCE to PhCEH via dissociation of
terpyridine followed by hydde delivery from ESiH to the phosphorus center.
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Figure 4-14. CalculatedGibbs freeenergiegkcal/mol)for the phosphorusenteredHDF
mechanisnmof PhCE to PhCEH via dissociation of terpyridine followed by hydride delivery

from E&SiH to the phosphorus center.
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The possibility of dissociation of either of the oxygen atoms obttie-quinone ligand was also
considered, however they were also computed to be high igyenedeed, the robust chelation
of the ortho-quinone was supported experimentally as treatment4-d6 with 9,10
phenanthrenequinone or treatment 417 with o-chloranil showed no quinone exchange.
Collectively, these data infer that thieosphoru@/) center is robustly saturated and not the source

of Lewis acidity.

Since the LUMO of-15and4-17 has major contributions distributed over the central ring of the
terpyridine ligand, two additional mechanisms in which there is interaction between theaseibstr
and thepara-carbon from the central terpgline ring were considered. In a model where the C
bond of PhCF is activated by such an interacticdBchemed-13), the activation energy of the
reaction was computed to B’ = 46.7 kcal/mol Figure4-15), still clearly too high given the

experimental observations.

Et,SiH
[TS1]
PhCF;4
PhCF,H
+ PhCF,*
+
= ’-\ 2+
= N/,g\\o
vl ~~
Z V12
Ph
4_15 4'15'|nt'CF
+ Et3Si*
[TS2]
Et,SiF

Scheme4-13. Model mechanisnior theHDF of PhCE to PhCEH via fluoride delivery from
PhCR to thepara-carbon of the terpyridine ligand.
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Figure 4-15. CalculatedGibbs freeenergiegkcal/mol)for theterpyridinecenteredHDF
mechanisnof PhCFE to PhCEH via fluoride delivery from PhC#to the carbon center.

The final mechanistic model involved activation of silane at the smreecarbon Schemel-14).

The computations for this mechanism provide an activation barrier oD@l 15.4 kcal/mol,

with the first step itself being exergonibG = -24.4 kcal/mol) to generate the monocationic
intermediate [ifi-terpy)(GClsO2)PPhT, 4-15-Int-CH (Figure4-16). Experimentally, treatment of

4-15 with one equivalent of BSiH showed no apparent reaction after 2 hours, suggesting that
hydride abstraction could be reversible in the absence of fluoroalkane. However, in the presence
of fluoroakane, the transiently generated silylium cation activates tRebGnd of PhCk: This

affords EtSiF and transiently generates the [PHCEarbocation which abstracts hydride from a
second equivalent of £3iH to form the alkane PhGH. In this latter ste, while4-15-Int-CH is

one potential hydride source, excess silane is both more abundant and thermodynamically downhill
(DG =-20.5 kcal/mol), whereas the regeneratiod-dfs is in fact endergonic by +3.8 kcal/mol.
Collectively, these data are consistevith an overall mechanismS¢heme4-14) in which
compound4-15 acts as an initiator to generate the silylium catalyst whielliates théHDF

reactions.
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Schemed-14. Proposednechanisnfor theHDF of PhCE to PhCEH initiated by4-15 via
hydride delivery from ESiH to thepara-carbon of the terpydine ligand.
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Figure 4-16. CalculatedGibbs freeenergiegkcal/mol)for theterpyridinecenterecdHDF
mechanisnmof PhCE to PhCEH via hydride delivery from ESiH to the carbon center.

The presenphosphoru@/) dications, where the LUMO residexclusivelyon the terpyidine
ligand, are reminiscent of the reported reactivityasfidineborenium cations described by

Ingleson and cavorkers®®1%in addition to the redox chemistry of the coenzyme NKINADH
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involving reversible hydride transfét It is also noteworthy that a very recent sttfdyhas
inferred that th@hosphoru@/) electrophilic phosphonium catioakso act ainitiatorsto generate
silylium cation forHDF catalysis. Indeed, the activity of silylium cations kF@ctivations is well

documented¥31%7

43 Concl usi on

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 znAum-substituted fluorophosphonium cations.
Additionally, attempts to prepare phosphorus(lll) dications with labile tridentate ligands were
unsuccessful due to the insufficient Lewis basicity of the targeted ligands. Starting from the
[(terpy)PPh}* parent dication, the phosphoru@/) dications [(terpy)(GClsO2)PPhf* and
[(terpy)(CiaHsO2)PPhF* were preparediia oxidation with the correspondingrtho-quinones
Experimental and computational data demonstrateithebntrast to th@hosphoru@ll) species,

these coordinatively saturatgdhosphoru@/) species act as Lewis acid initiators to generate
silylium cations forthe HDF of fluoroalkanes. The Lewis acidity of these species resides at the

para-carbon of the central ring of the termjneligand.

44 Experi mental Section

4.4.1 General Considerations

All manipulations were performed under an atmosphere of dry, oxygen\> by means of
standard Schlenk or glovebox techniques (MBraun LABmaster SP dry glovebox equipped with a
-35 °C freezer)Toluene, pntane anddiethyl etherwere collected from a Grubbtype column
system manufactured by Innovative Technology aatedriedover 4 A molecular sievesr 48

hours prior to usaget A molecular sieves (pellets, 3.2 mm diametenrchased from Sigma
Aldrich, were activated prior to usage hgating at greater than 200 °C while under dynamic
vacuum for 72 hoursDichloromethangDCM), chloroform, and acetonitrile were dried over
calcium hydride followed by distillation and degassing. Acetonitiiteand dichloromethand,

purchased from Cambridge Isotope Laboratoriesedegassed and dried over calcium hydride.
131



Unless othervde mentioned, reagents were purchased from Sigma Aldrich or TCI America and
used without further purification. Diphenylphosphinoacetylene  4-1),8°
(diphenylphosphino)phenylacetylend-2),2* [EtsSi-tol][B(CesFs)4],}%® [(terpy)PPh][B(GFs)4]2
(4-13)," and [(terpy)PPh][OTH (4-14)"* were prepared using literature methods.

NMR spectra were recordedh@ Bruker Avance 111 400 MHAN Agilent DD2 500 MHzand an
Agilent DD2 80 MHz spectrometer and spectra weremafced to residual solverd CD3:CN

(*H = 1.94 ppm®3C = 1.32 ppm)CD:Cl> (*H = 5.32ppm; 3C =77.16ppm), or externally 'B:
BFs-OEt (110.00),'F: CFCls (110.00), 31P: 85% HsPQ; (110.00)).All NMR spectra were recorded

at 298 K, unless stated otherwi€hemical shifts{f) are reported in ppm and the absolute values

of the coupling constantd)(areinHzwhi | e t he mul tiplicity of th
At o, or ftndaubldt, driplet, ®rimultpleterespectively 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 Agilent 6538 QTOF mass spectrometer
Combustion analyses were performe¢hbuse employing a Flash 2000 from Thermo Instruments
CHN Analyzer.

4.4.2 Synthesis of Compounds

Preparation of HCCPF2Ph2 (4-3)

H—=——PF,Ph,
At room temperature, XeK37 mg, 0.22 mmol) in DCM (2 mL) was added dropwise to a solution
of diphenylphosphinoacetyleng 1, (45 mg, 0.21 mmol) in DCM (2 mL). The solution was stirred
for 1 hour at room temperature. All volatiles were remawegicuq producingacolourless skid.
The solid was washed with pentane (3 x 5 mL) and all volatiles were rentovaduoto afford
4-3 asawhite powder (51 mg, 96 % yield).
IH NMR (500 MHz, CRCly): 1i8.14-8.06(m, 4H, Ph),7.687.63(m, 2H, Ph), 762-7.54(m, 4H,
Ph), 3.19 (dt3Jpn = 15Hz, *Jur =4 Hz, 1H,-C [ B)
31P{*H} NMR (162 MHz, CDCly): i-67.4 (t,"Jpr= 630 Hz).
19F NMR (376 MHz, CDRCl,): Ui -25.5(dd, *Jpr = 630Hz, “Jur = 4 Hz).
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Preparation of PhCCPRPhz (4-4)

Ph—==—PF,Ph,
At room temperature, XeK38 mg, 0.22 mmol) in DCM (2 mL) was added dropwise to a solution
of (diphenylphosphino)phenylacetylee?, (59 mg, 0.21 mmol) in DCM (2 mL). The solution
was stirred for 1 hour at room temperature. All volatiles were removedcuq producinga
colouless solid. The solid was washed with pentane (3 x 5 mL) and all volatiles were removed
vacuoto afford4-4 as awhite powder (63 mg, 95 % yield). Singtgystals suitable for Xay
diffraction analysis were grown from a solutiofh4-4 in DCM layeredwith pentane.
'H NMR (400 MHz, CDRCl,): i8.14(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{H} NMR (162 MHz, CDCl): 1i-66.3 (t,'Jpr= 622 Hz).
19F{1H} NMR (376 MHz, CDCly): 1i-25.1 (d,"Jpr = 622 Hz).

Preparation of [HCCP FPhz][B(C6Fs)4] (4-5)

|[H—==—PFPh,|
[B(CsF5)al

A solution of4-3 (27 mg, 0.11 mmol) in toluene (2 mL) was cooled3b °C. Freshly prepared
[EtsSi-tol][B(CsFs)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 remowedacuoand the resulting solid wagashed

with pentane (3 x 5 mL) to affort5 as awhite powder (84 mg, 85 % yield).

31p{1H} NMR (162 MHz, CDCly): 11101.7(d, 3pr = 966 Hz), 65.0(d, *Jpr = 1013Hz).

19F{1H} NMR (376 MHz, CDCl,): ii ([B(CsFs)4]” peaks not included113.0 (d,1Jpr= 1013 Hz,
4-5),-131.3 (d,"Jpr = 966 Hz, §-5]2).

1B{H} NMR (128 MHz, CDCly): li-16.6 (s).

Preparation of [PhCCPFPh][B(CsFs)4] (4-6)

[Ph—=—PFPH,|
[B(CsF5)al

A solution of4-4 (52 mg, 0.16 mmol) in toluene (3 mL) was cooled36 °C. Freshly prepared
[EtsSi-tol][B(CsFs)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 andness s
for an additional 2 hours. All volatiles were remowedacuoand the resulting solid was washed
with pentane (3 x 5 mL) to affort6 as awhite powder(131 mg, 83 % yield

31P{1H} NMR (162 MHz, CRCly): 1i62.7 (d,'Jpr = 1007 Hz).

19F{*H} NMR (376 MHz, CDCl): ii-110.1(d, 1Jpr= 1007 Hz, E, PF), -133.0 (m, 8Fp-CsFs),
-163.5 (t,2Jrr = 20 Hz,4F, p-CsFs), -167.4 (M, 8FM-CeFs).

11B{1H} NMR (128 MHz, CDCly): ti-16.7 (S).

Preparation of Ph2F2PCCPRPh: (4-7)

Ph,F,P—=——PF,Ph,
At room temperature, Xe182 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 remawegacuq leaving behind a
coloutess solid. The solid was washed with pentane (3 x 5 mL) and all volatiles were removed
once againn vacuoto afford4-7 aswhite powder (230 mg, 94 % yieldgingle crystals suitable
for X-ray diffraction analysis were grown from a solutaf-7 in DCM layered with pentane.
'H NMR (400 MHz, CDCly): 1 8.087.97 (m, 8H, Ph), 7.59 (d,= 7 Hz, 4H, Ph), 7.54.46 (m,
8H, Ph).
31P{IH} NMR (162 MHz, CDCly): i-67.9 (t,'Jpr = 645 Hz).
19F{1H} NMR (376 MHz, CDCly): 1i-28.6 (d,"Jpr= 645 H2).

Preparation of [Ph2F2PCCPFPhz][B(C 6Fs)4] (4-8)

[Ph,Fo.P—==—PFPh, |
[B(CeFs5)al

A solution of4-7 (60 mg, 0.13 mmol) in toluene (3 mL) was cooled3b °C. Freshly prepared
[EtsSi-tol][B(CsFs)4] (107 mg, 0.13 mmol) in toluen@ mL) wasadded to the above solution
dropwisewhile stirring The solution was allowed to warm to room temperatme: was stirred
for an additional 2 hour&\ll volatiles were removeith vacuoand the resulting solid was washed
with pentane (3 x 5 mL) to affot8 asa whitepowder (29 mg, 89 % yield

31p{1H} NMR (162 MHz, CDCly): i 64.5 (d,"Jpr= 1016 Hz PF),-67.8(t, 2Jpr = 664 Hz, PF).
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19F{1H} NMR (376 MHz, CDRCl): 1i-31.3 @, 1Jpr= 664 Hz, 2F, P2), -112.5 @, *Jpr= 1016 Hz,
1F, PF), -1330 (m, 8F,0-C¢Fs), -163.6 (t,%Jre = 20 Hz, 4F, p-CeFs), -1674 (t, 3Jee = 20 Hz, 8F,
m-CeFs).

11B{1H} NMR (128 MHz, CDCly): ti-16.7 (S).

Preparation of [(terpy)(CsCl402)PPh][B(CeFs)4]2 (4-15)

Cl
Clﬁm
_—~, O Cl
= N/,,'é‘\\o
=N~ I‘N N 2
= ] e —
5 Ph 4 3 |
[B(CsFs5)al2
At room temperature, a solution@thloranil (13.8 mg, 0.0561 mmpin DCM (2 mL) was added
dropwise to a solution of [(terpy)PPh][B{&2)4]2, 4-13, (86.4 mg, 0.0508 mmpin DCM (2 mL)

while stirring. The solution was stirred for 24 hours, and all volatiles were rentovaduo The

|

6

residue was washed with chloroform (3 x 5 mL), and the remaining solid wasrdsaduoto
give4-15as a red powdeBR.0 mg 93 % yield)

1H NMR (400 MHz, CRXCN): 119.29 (t,2Jun = 8 Hz, 1H, H), 9.20 (dd2Jun = 8 Hz,*Jun = 3 Hz,
2H, Hs), 9.05 (t,334n = 5 Hz, 2H, H), 9.00 (d3Jun = 8 Hz, 2H, H), 8.76 (t,3JhH = 8 Hz, 2H, H),
8.18 (tm,*Jun = 7 Hz, 2H, H), 7.337.12 (m, 5H, Ph).

13C{*H} NMR (125 MHz, CXCN): Ui ([B(CsFs)4] peaks not included)52.9 (s), 148.8 (s), 144.6
(s), 143.8 (s), 140.9 (d,= 5 Hz), 139.9 (dJ =5 Hz), 137.3 (dJ =5 Hz), 133.5 (s), 132.7 (4=

4 Hz), 131.2 (dJ = 12 Hz), 131.0 (dJ = 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{IH} NMR (162 MHz, CQCN): li-104.8 (s).

19F{1H} NMR (376 MHz, CRCN): (1-133.7 (m, 8Fp-CsFs), -163.9 (t,Jrr = 20 Hz,4F, p-CsFs),
-168.3(s, 8F,m-CgFs).

1B{H} NMR (128 MHz, CCN): ii-16.7 (s).

Anal. Calc. for GsH16B2ClaF40N302P: C 46.31 %, H 0.83 %, N 2.%6. Found: C 8.08%, H 106
%, N 2.8 %.
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Preparation of [(terpy)(CeClsO2)PPh][OTTf] 2 (4-16)

cl
mﬁm
_~, 0
S N//,,Fl),\\o

\ / | L —_—

Ph

[OTf],
At room temperature, a solution ofchloranil (27.9 mg, 0.113 mmol) in GBN (3 mL) was
added dropwise to a solution of [(terpy)PPh][QT# 14, (49.1 mg, 0.0768 mmol) in GEBN (2
mL) while stirring. The solution was stirred for 24 hours, and all volatiles were renmovaduo
The residue was washed with DCM (3 x 5 mL), and the remaining solid wasrdvigclioto give
4-16 as a red powder (62.4 mg, 92 % yield). Single tafgssuitable for Xray diffraction were
obtained by layering a solution 416 in CH:CN with diethyl ether and placing in the freezer at
-35 °C.
1H NMR (400 MHz, CXCN): 119.349.27(m, 3H), 9.10-9.04(m, 4H), 8.78(t, 3Jun = 8 Hz, 2H),
8.238.17(tm, 3Jun = 8 Hz, 2H), 7.357.18 (m, 5H).
13C{*H} NMR (125 MHz, CRCN): 0152.8 (d Jcp = 1 Hz), 149.1 (dJcp = 1 Hz), 144.6 (dJcp =
2Hz), 142.3 (s), 140.8 (dcp =5Hz), 140.7 (s), 139.9 (dcp=5H2Z), 137.3 (dJcpr=5H2), 133.5
(d, Jer = 3 Hz), 132.7 (dJep = 5 HZz), 131.3 (dJcp = 12 Hz), 131.0 (dJcr = 20 Hz),129.4 (3,
128.5 (dJcp= 6 HZz), 128.5 (dJcp= 1 Hz), 1269 (s),122.1 (q.}Jcr = 321 Hz, OTf) 117.5 (d Jcp
=22 H2).
31p{IH} NMR (162 MHz, CQCN): li-104.8 (s).
19F{*H} NMR (376 MHz, CXCN): li-79.2 (s).

Preparation of [(terpy)(C14HsO2)PPh][B(CsFs)4]2 (4-17)

_—~ O
= N//,,é\\\o
\ \N(|\N A
= ] —_—
[B(CeFs5)al2
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At room temperature, a solution of 9;pfenanthrenequinone (5.0 mg, 0.024 mmol) in DCM (2
mL) was added dropwise to a solution@erpy)PPh][B(GFs)4]2, 4-13, (37.2 mg, 0.0219 mmol)

in DCM (2 mL) while stirring. The solution was stirred for 24 hourg] #re volatiles were
removedn vacuo The residue was washed with chloroform (3 x 5 mL) and pentane (3 x 2 mL),
and the remaining solid was driedvacuoto give4-17 as a red powder (37.2 mg, 89 % yield).
Compound4-17 proved to be unstable for extendetiods of time in both the solgtate and in
solution, and decomposed into unidentifiable products. As $H¢h3C{'H}, and 3!P{*H} NMR
spectra of the completely pugel7 could not be obtained. The reported chemical shifts fotthe
and*C{*H} NMR spectra below correlate to those seen in the spectra, though they are not all
assigned to compourd17.

'H NMR (400 MHz, C3CN): 119.339.13 (m, 4H), 8.98 (d] = 8 Hz, 1.5H),8.83 (d,J = 9 Hz,
2H), 8.758.62 (m, 4H), 8.6:B.52 (m, 2H), 8.3@.25 (m, 2H), 8.1.92 (m, 5.5H), 7.82.76 (m,
1H), 7.627.16 (m, 10H).

13C{*H} NMR (125 MHz, C3CN): U ([B(CsFs)4]” peaks not included)52.0 (s), 149.1 (s), 148.4
(d,J =8 Hz), 147.1 (s), 147.0 (s), 144.4 (s), 143.9 (s), 143.2%dl1 Hz), 142.4 (s), 142.3 (s),
141.1 (dJ = 4 Hz), 137.8 (dJ = 4 Hz), 134.5 (dJ = 3 Hz), 132.9 (m), 132.6 (d,= 2 Hz), 132.3
(d,J=4 Hz), 131.5 (dJ = 12 Hz), 130.8 (dJ = 19 Hz), 130.6 (s), 130.0 (m), 129.4 (s), 129.3
128.8 (m), 128.6 (s), 128.1 (s), 128.0 J& 3 Hz), 127.8127.3 (m), 126.4 (s), 125.9 (s), 125.6
(s), 124.7 (dJ = 8 Hz), 124.4 (dJ = 10 Hz), 122.3122.0 (m).

31p{IH} NMR (162 MHz, CD:CN): i-102.0 (s).

19F{1H} NMR (376 MHz, CRCN): i-133.7 (m, 8Fp-C¢Fs), -163.8 (t3Jrr = 21 Hz,4F, p-CsFs),
-168.3 (s, 8FmM-CeFs).

118 NMR (128 MHz, CQCN): li-16.7 (s).

Anal. Calc. for G2Hz4BCIFsN2P2: C 52.26 %, H 1.27 %, N 2.20 %ound: C 54.03 %, H 1.76 %,
N 2.03 %.
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Preparation of [(terpy)(C14HsO2)PPh][OTf] 2 (4-18)

[OTf]2

At room temperature, a solution of 9;fpienanthrenequinone (8.2 mg, 0. 394 mmol) iCW

(3 mL) was added dropwise to a solutior(térpy)P(Ph)][OTf}, 4-14, (24.8 mg, 0.0388 mmol)
in CHsCN (2 mL) while stirring. The solution was stirred for 12 hours, #redvolatiles were
removedin vacuo The residue was washed with DCM (3 x 1 mL) gedtane (3 x 1 mL), and
the remaining solid was dried vacuoto give4-18as a red powder (30.9 mg, 94 % yield). Single
crystals suitable for Xay diffraction were obtained by layering a solutiod-df8in CHsCN with
diethyl ether and placing in thedezer at35 °C. Sincet-18 was prepared solely for the purpose
of obtaining single crystals, only tB#{*H} and 1°F{'H} NMR spectra were obtained to confirm
the product.

31p{IH} NMR (162 MHz, CQCN): li-101.7 (s).

19F{*H} NMR (376 MHz, CXCN): (i-79.2 (s).

4.4.3 GutmannBeckett Tests

Reaction of 415 with EtsPO

Compound4-15 (18.1 mg, 0.00930 mmphnd triethylphosphine oxidd.2 mg, 0.0089 mmbl
were dissolved iDCM (0.5mL). After 15 minutes, e 3*P{*H} NMR spectrum of theeaction
mixture wasobtained.

31p{IH} NMR (162 MHz,DCM): t155.8(br s), -103.1 (s).
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4.4.4 Hydrodefluorination Catalysis Usingg15

General Procedure

RCF,H + 1.2x Et3Si % 4-1 - C
- ZX iH RCH
x"13-x 3 -x t3 Si 3

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 containi@gFs and mesitylene dissolved in CRClInitial NMR
spectra were obtained. Compoufd5 (0.05 equivalents) was added as a solid to the solution,
which marked t = 0 durs The reaction progress was monitored by and °F{*H} NMR
spectroscopythe 3P{*H} NMR spectra generally did not exhibihy signals due to the low
concentration of catalyst. The NMR vyield was determined®6{*H} NMR spectroscopy; the

ratio of the generated £3iF peak to the £ peak was calculated, which was then compared to
the initial ratio of the fluoroalkane peak to theF€peak at t = 0 hours. This provided the value
for the percent yield based on the amount et generated.

HDF of (trifluoromethyl)cyclohexane, (c-CsH11)CF3

O/CF3

(c-CeH11)CR (6.3 mg, 0.041 mmol), EBIH (18.3 mg, 0.157 mmol), ant#15 (4.1 mg, 0.0021
mmol) were used. Th&F{*H} NMR spectrum indicated 87 % conversion fromGsH11)CFs
(G-77.5 ppm) to§-CeH11)CHz and EtSiF @ -179.0 ppm) at t = 13 hours.

HDF of fluoroheptane,n-C7H1sF

S SF
n-C7HisF (5.2 mg, 0.044 mmol), EBiH (6.2 mg, 0.053 mmol), ant15 (4.3 mg, 0.0022 mmol)
were used. ThEF{*H} NMR spectrum indicated 88 % conversion frorC7HisF ({i-221.2 ppm)
to n-C7His and E£SiF [@-179.0 ppm) at t = 3 hours.
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HDF of 4-bromo-U, Gtrjflibrotoluene, (p-BrCeH4)CF3

Br

(p-BrCeH4)CFRs (8.9 mg, 0.040 mmol), E$iH (6.0 mg, 0.052 mmol), ané#15 (3.9 mg, 0.0020
mmol) were used. ThEF{*H} NMR spectrum indicated 31 % conversion fr¢paBrCsH4)CFs
(G-66.2 ppm) tqp-BrCsH4)CHz and EtSiF @ -179.0 ppm) at t = 24 hours.

4.4.5 X-Ray Crystallography

X-ray Data Collection and Reduction

Crystals were coated in ParateNeoil in an N-filled glovebox, mounted on a MiTegen
Micromount, and placed under a stream, thus maintaining a dry,-@ee eavironment for each

crystal. The data were collected oBrauker Kappa Apex Il Triumphmonochromatowith Mo

KU radiation (& = 0.71073 ). The data were
were integrated with the Bruker SAINT software pagé using a narrodvame algorithm. Data

were corrected for absorption effects using the empirical +acéth method (SADABS).

Structure Solution and Refinement

The structures were solved by direct methods using XS and subjectednafiuk leastsquares
refinement on Fusing XL as implemented in the SHELXTL suite of programs. All-hgdrogen
atoms were refined with anisotropic thermal parameters. Cdrtwand hydrogen atoms were
placed in geometrically calculated positions and refinedguam appropriate riding model and

coupled isotropic thermal parameters.
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Table 4-2. Crystallographic data fot-4 and4-7.

4-4 4-7
Empirical formula CaoH1sFP CaeH20F4P2
Formula weight 324.29 470.36
Crystal system Monoclinic Monoclinic
Space group P2i/c C2lc
a(A) 16.938(3) 14.408(1)
b (A) 5.958(1) 10.5884(9)
c(A) 16.142(3) 14.859(1)
U(°) 90 90
b (°) 92.78(1) 102.060(3)
2(°) 90 90
Volume (&%) 1627.0(5) 2216.7(3)
z 4 4
j(cal cdd 1.324 1.409
g (mmd) 0.185 0.241
F(000) 672 968
T (K) 150(2) 150(2)

Crystal size (mr)
Crystal colour, habit
dmin (o)
Omax (°)

Reflection area

Reflections collected
Unique reflections
Rint
Rii ndi ces
WRz indices (all data)
Parameters
GOF on B
residual density (eA)
CCDC No.

0.30x0.20x0.20
colourless, shard

0.27x0.20x0.20
colourless, needle

1.204 2.41
27.527 27.51
22 O h -18 O h
7 0 k ( 13 O k
20 O | 19 O |
14229 9731
3734 2554
0.0559 0.0321
0.0423 0.0331
0.1290 0.0890
253 147
1.020 1.097
0.387,-0.369 0.470,-0.229
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Table 4-3. Crystallographic data fot-16 and4-18.

Empirical formula
Formula weight
Crystal system

Space group
a(A)
b (A)
c(A)
u()
b (%)
2(°)
Volume (A%

z
j(cal cdd
p (mm)
F(000)

T (K)
Crystal size (mr)
Crystal colour, habit
dmin (o)

Omax (°)

Reflection area

Reflections collected
Unique reflections
Rint
Rii ndi ces
WRz indices (all data)
Parameters
GOF on B
residual density (eA)
CCDC No.

0.16x0.10x0.09
yellow, shard
2.068
25.028
-10 O h
-12 O kK
23 0O |
22897
5927
0.0345
0.0377
0.1306
478
1.135
0.470,-0.427
1918281

4-16 4-18
CooH16ClaFeN30sPS  CasHzFeN4OoPS
885.34 962.85
Triclinic Monoclinic
P-1 P21/n
8.765(1) 10.6663(4)
10.805(2) 25.760(1)
19.768(3) 16.1421(7)
95.710(8) 90
99.202(8) 100.574(2)
112.242(8) 90
1684.4(4) 4359.9(3)
2 4
1.746 1.467
0.612 0.245
888 1984
150(2) 150(2)

0.14x0.07x0.06
orange, shard
1.507
27.102
-13 O h
-33 O Kk
20 O |
75513
9611
0.1187
0.0571
0.1927
635
1.076
0.544,-0.522
1918282
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4.4.6 Computational Details

Calculations of the HOMO and LUMO of the cation of 415and 4-17

All computations were performed using the Gaussian 09 programBoth the geometry
optimization and the NBO 6.0 calculatihef thecation of4-15 and4-17 wereperformedusing

the M062X functional with theDef2-SVP basis setThe stationary nature of the converggabn
geometry was confirmed by carrying out a frequency calculation and ensuring the absence of

imaginary frequencies.

Figure 4-17. HOMO (left) and LUMO (ight) of the cation o#i-15.

Figure 4-18 HOMO (left) and LUMO (right) of the cation @f17.
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Calculations of the HDF mechanisms

All computationswere performed using the Gaussian 09 progtaBeometry optimizations were
performedusingthe M062X functional with theDef2-SVP basis setFrequency calculations at

the same level of theory were performed to identify the number of imaginary frequeroief®(z

local minimum and one for transition states) and provide the thermal corrections of Gibbs free
energy, which were added to the calculated stpgiat energies to obtain the Gibbs free energies

in solution.

45 Ref erences

1. Wittig, G.; Schdllkopf, UChemische Berichtd954 87, 13181330.

2. Holmes, R. R. "A Study of Some Complexes of the Group Il and Group V Halides".
Purdue University, 1954.

3. Gutmann, VMonatshefte fir Chemie und verwandte Teile anderer Wissenschaften
1954 85, 1077#1081.

4. Beattie, I. R.; Webster, Mlournal of the Chemical Society (Resumé&@pl 1730
1733.

5. Wong, C. Y.; Kennepohl, D. K.; Cavell, R. Ghemical Reviewd4996 96, 19171952.

6. The, K. I.; Vande Griend, L.; Whitla, W. A.; CavelR. G.Journal of the American
Chemical Societyl977, 99, 73797380.

7. Terada, M.; Kouchi, MTetrahedron2006 62, 401-4009.
8. Cordoba, R.; Plumet, J. metrahedron Letter2003 44, 6157%6159.
9. Wang, X.; Tian, SK. Tetrahedron Letter2007, 48, 60106013.

10.  Werner, TAdvanced Synthesis & Catalys909 351, 14691481.

144



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Caputo, C. B.; Hounjet, L. J.; Dobrovetsky, R.; Stephan, DS¥énce2013 341, 1374
1377.

Pérez, M.; Hounjet, L. J.; Caputo, C. B.; Dobrovetsky, R.; Stephaw, Dournal of the
American Chemical Societ§013 135 1830818310.

Pérez, M.; Caputo, C. B.; Dobrovetsky, R.; Stephan, DPk/ceedings of the National
Academy of Sciencez014 111, 1091710921.

Pérez, M.; Qu, ZW.; Caputo, C. B.; Podgorny,; Hounjet, L. J.; Hansen, A.;
Dobrovetsky, R.; Grimme, S.; Stephan, D. @emistryi A European Journal015
21, 64916500.

Mehta, M.; Holthausen, M. H.; Mallov, |.; Pérez, M.; Qu,\X.; Grimme, S.; Stephan,
D. W. Angewandte Chemie Internatiortadlition. 2015 54, 82508254.

Mehta, M.; Holthausen, M. H.; Mallov, I.; Pérez, M.; Qu\X.; Grimme, S.; Stephan,
D. W. Angewandte Chemi2015 127, 83688372.

Augurusa, A.; Mehta, M.; Perez, M.; Zhu, J.; Stephan, DCWé&mical Communications
2016 52, 1219512198.

Pérez, M.; Mahdi, T.; Hounjet, L. J.; Stephan, D.@%emical Communication2015
51, 1130%11304.

Mallov, I.; Stephan, D. WDalton Transactions2016 45, 55685574.

Holthausen, M. H.; Mehta, M.; Stephan, D. Whgewaxte Chemie International
Edition. 2014 53, 65386541.

Holthausen, M. H.; Mehta, M.; Stephan, D. Whgewandte Chemi2014 126, 6656
6659.

Bayne, J. M.; Holthausen, M. H.; Stephan, D.Mdlton Transactions2016 45, 5949
5957.

145



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Holthausen, M. H.; Hiranandani, R. R.; Stephan, DOMemical Scienc015 6, 2016
2021.

Szkop, K. M.; Stephan, D. Vdalton Transactions2017, 46, 39213928.

LaFortune, J. H. W.; Johnstone, T. C.; Pérez, M.; Winkelhaus, D.; Podgorny, V.;
Steplan, D. W.Dalton Transactions2016 45, 1815618162.

Fasano, V.; LaFortune, J. H. W.; Bayne, J. M.; Ingleson, M. J.; Stephan, Chémical
Communications2018 54, 662665.

Holthausen, M. H.; Bayne, J. M.; Mallov, |.; Dobrovetsky, R.; StepBaiy. Journal of
the American Chemical SocieB015 137, 72987301.

Bayne, J. M.; Fasano, V.; Szkop, K. M.; Ingleson, M. J.; Stephan, @hamical
Communications2018 54, 1246712470.

Dimroth, K.; Hoffmann, PAngewandte Chemie Internatiortdlition. 1964 3, 384 384.
Kopp, R. W.; Bond, A. C.; Parry, R. Whorganic Chemistryl976 15, 30423046.
Schultz, C. W.; Parry, R. Wnorganic Chemistry1976 15, 30463050.

Cowley, A. H.; Kemp, R. AChemical Review4985 85, 367-382.

Gudat, D.Coordination Chemistry Reviewk997, 163 71-106.

Kuhn, N.; Fahl, J.; Blaser, D.; Boese,&itschrift fir anorganische und allgemeine
Chemie 1999 625 723734.

Tolmacheyv, A. A.; Yurchenko, A. A.; Merculov, A. S.; Semenova, M.Zarudnitskii,
E. V.; lvanov, V. V.; Pinchuk, A. MHeteroatom Chemistry1999 10, 585597.

Brauer, D. J.; Kottsieper, K. W.; Liek, C.; Stelzer, O.; Waffenschmidt, H.; Wasserscheid,
P.Journal of Organometallic Chemistr001, 630, 177184.

146



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Burford, N.; Ragogna, P. J.; Robertson, K. N.; Cameron, T. S.; Hardman, N. J.; Power, P.

P.Journal ofthe American Chemical SocieR002 124, 382383.

Burford, N.; Ragogna, P. Journal of the Chemical Society, Dalton Transacti@t2
43074315.

Azouri, M.; Andrieu, J.; Picquet, M.; Richard, P.; Hanquet, B.; Tkatchenkmrbpean
Journalof Inorganic Chemistry2007, 2007, 48774883.

Brazeau, A. L.; Caputo, C. A.; Martin, C. D.; Jones, N. D.; Ragogna[Rltdn
Transactions201Q 39, 1106911073.

Gudat, D. Accounts of Chemical Resear@01Q 43, 1307#1316.

Weigand, J. JFeldmann, KO.; Henne, F. DJournal of the American Chemical
Society201Q 132 1632116323.

Alcarazo, M.Chemistryi A European Journak014 20, 78687877.

Mehta, M.; Johnstone, T. C.; Lam, J.; Bagh, B.; Hermannsdorfer, A.; Driess, M.;
Stepha, D. W.Dalton Transactions2017, 46, 1414914157.

Gudat, D.; Haghverdi, A.; Hupfer, H.; Nieger, hemistryi A European Journal
200Q 6, 34143425.

Burck, S.; Gudat, D.; Nieger, M\ngewandte Chemie International Editi@904 43,
4801-4804.

Dunn, N. L.; Ha, M.; Radosevich, A. Journal of the American Chemical Soci&t912
134, 1133011333.

McCarthy, S. M.; Lin, Y-C.; Devarajan, D.; Chang, J. W.; Yennawar, H. P.; Rioux, R.
M.; Ess, D. H.; Radosevich, A. Journal of the America@hemical Society2014 136,
46404650.

147



49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

Zhao, W.; McCarthy, S. M.; Lai, T. Y.; Yennawar, H. P.; Radosevich, Aotitnal of
the American Chemical SocieB014 136, 1763417644.

Zhao, W.; Yan, P. K.; Radosevich, A.Jaurnal of the American Chemical Society
2015 137, 6166109.

Lin, Y.-C.; Gilhula, J. C.; Radosevich, A. Themical Scienc018 9, 43384347.

Tanushi, A.; Radosevich, A. Tournal of the American Chemicaociety 2018 140
81148118.

Lee, K.; Blake, A. V.; Tanushi, A.; McCarthy, S. M.; Kim, D.; Loria, S. M.; Donahue, C.
M.; Spielvogel, K. D.; Keith, J. M.; Daly, S. R.; Radosevich, AAfigewandte Chemie
International Edition 2019 58, 69936998.

Lee, K.; Blake, A. V.; Tanushi, A.; McCarthy, S. M.; Kim, D.; Loria, S. M.; Donahue, C.
M.; Spielvogel, K. D.; Keith, J. M.; Daly, S. R.; Radosevich, AAigewandte Chemie
2019 131, 706%7072.

Longobardi, L. E.; Russell, C. A.; Green, M.; TowndeN. S.; Wang, K.; Holmes, A. J.;
Duckett, S. B.; McGrady, J. E.; Stephan, D.Jdurnal of the American Chemical
Society2014 136, 1345313457.

Weiss, R.; Engel, SSynthesis1991 1991 1077#1079.
Weiss, R.; Engel, Angewandte Chemie Intetional Edition 1992 31, 216217.
Dillon, K. B.; Olivey, R. JHeteroatom Chemistr004 15, 150154.

Burton, J. D.; Deng, R. M. K;; Dillon, K. B.; Monks, P. K.; J. Olivey Heteroatom
Chemistry 2005 16, 447-452.

Dillon, K. B.; GoetaA. E.; Howard, J. A. K.; Monks, P. K.; Shepherd, H. J.; Thompson,
A. L. Dalton Transactions2008 11441149.

Coffer, P. K.; Dillon, K. B.Coordination Chemistry Review&013 257, 910923.

148



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Chitnis, S. S.; Robertson, A. P. M.; Burford, N.; Weidah J.; Fischer, RChemical

Science2015 6, 25592574.

Gray, P. A.; Carpenter, ¥.; Burford, N.; McDonald, RDalton Transactions2016 45,

21242129.

Petugkova, J.

Pat.i

M.
the American Chemical SocieB011, 133 2075820760.

Ho l

| e Jourrgl of

Henne, F. D.; Dickschat, A. T.; Hennersdorf, F.; Feldmann, K. O.; Weigand, J. J.
Inorganic Chemistry2015 54, 68496861.

norlevil, N.;

Tay,

Inorganic Chemistry2015 54, 41804182.

M.

Q.

Y.

Mut hai ah,

Reed, R.; Réau, R.; Dahan, F.; BertrandAfi@gewandte Chemie International Edition

1993 32, 393401.

Weigand, J. J.; Feldmann, ¥O.; Echterhoff, A. K. C.; Ehlers, A. W.; Lammertsma, K.
Angewandte Chemie International Editi@®1Q 49, 61786181.

Gu, L.; Gopakumar, G.; Gualco, P.; Thiel, W.; Alcarazoemistryi A European

Journal 2014 20, 85758578

Chitnis, S. S.; Robertson, A. P. M.; Burford, N.; Patrick, B. O.; McDonald, R.; Ferguson,

M. J.Chemical Scienc&015 6, 65456555.

Chitnis, S. S.; Krischer, F.; Stephan, D. @hemistryi A European Journak018§ 24,

65436546.

Burck, S.:Forster, D.; Gudat, BChemical Communication006 28102812.

Burck, S.; Gudat, D.; Nieger, Mingewandte Chemi2007, 119 2977%2980.

Burck, S.; Gudat, D.; Nieger, M\ngewandte Chemie International Editi@907, 46,

29192922.

149

Lehn

S.



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Burck, S; Goétz, K.; Kaupp, M.; Nieger, M.; Weber, J.; Schmedt auf der Gunne, J.;
Gudat, D.Journal of the American Chemical Societ909 131, 1076310774.

norlLevil, N.: Gangul y, InoRjanjc Clemisti2017, 56 |
1467114681.

Chong, C. C.; Hirao, H.; Kinjo, FAngewandte Chemie International Editi@015 54,
190-194.

Chong, C. C.; Hirao, H.; Kinjo, FAngewandte Chemi2015 127, 192196.

Adams, M. R.; Tien, GH.; McDonald, R.; Speed, A. W. Angewandte Chemie
International Edition 2017 56, 1666016663.

Adams, M. R.; Tien, GH.; McDonald, R.; Speed, A. WA. Angewandte Chemi2017,
129 1688716890.

Chitnis, S. S.; LaFortune, J. H. W.; Cummings, H.; Liu, L. L.; Andrews, R.; Stephan, D.

W. Organometallics2018 37, 45404544.

Andrews, R. J.; Chitnis, S. S.; Stephan, D.Gemical Communication2019 55,
55995602.

Arévalo, M. J.; Lopez, O.; Gil, M. V. Green Chemical Synthesis and Click Reactions. In
(Ed.)

Click Reactions in Organic Synthesis Chandr asekaran, S.
GmbH & Co.: 2016; 7-P7.

Kondoh, A.; Yorimitsu, H.; Oshim&. Journal of the American Chemical Soci&t§07,
129 40994104,

Huang, Y.; Wang, X.; Li, Y.; Yang, MC.; Su, M:D.; Zhu, H.Chemical
Communications2019 55, 14941497.

Sheldrick, W.Acta Crystallographica Section. B975 31, 17761778.

150

M.



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Holmes, R. R.; Holmes, J. M.; Day, R. O.; Kumara Swamy, K. C.; Chandrasekhar, V.
Phosphorus, Sulfur, and Silicon and the Related Elem&®@§ 103 153169.

Hounjet, L. J.; Caputo, C. B.; Stephan, D. D¥élton Transactions2013 42, 26292635.

Mehta, M. "Exploring the Synthesis and Reactivity of Electrophilic Phosphonium Salts".
University of Toronto, 2017.

Carvalho, J. F. S.; Louvel, J.; Doornbos, M. L. J.; Klaasse, E.; Yu, Z.; Brussee, J.;
lizerman, A. PJournal of Medicinal Chemistr013 56, 28282840.

Schoérgenhumer, J.; Zimmermann, A.; Waservhjanic Process Research &
Development2018 22, 862870.

Ziessel, RTetrahedron Letters1989 30, 463466.

Chen, L.; Ai, P.; Gu, J.; Jie, S.; Li,®&. Journal of Organometit Chemistry 2012
716 5561.

Ramirez, F.; Smith, C. P.; Gulati, A. S.; Patwardhan, AT&trahedron Lettersl966 7,
2151-2158.

Gutmann, V Coordination Chemistry Reviewks976 18, 225255.

Glendening, E. D.; Badenhoop, J. K.; Reed, AGarpenter, J. E.; Bohmann, J. A;
Morales, C. M.; Landis, C. R.; Weinhold, IRBO 6.Q Theoretical Chemistry Institute,
University of Wisconsin, Madison, WI, USA, 2013.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. Aeséh®an,

J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; A., P. G.; Nakatsuiji, H.; Caricato, M.; Li,
X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Fukuda, K. T. R.; Hasegawa, J.; Ishida, M.; Nakajim#&jdnda, Y.; Kitao,

O.; Nakai, H.; Vreven, T.; Montgomery Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark,
M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Keith, T.; Kobayashi, R.;
Normand, J.; Raghavachari, K.; Rendell, A.; Burant,.]Jly&ngar, S. S.; Tomasi, J.;

151



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R, Morokuma, K.; Zakrzewski, V.

G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.;
Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, B5dussian 09Revision E.O1 ed.;
Gaussian, Inc., Wallingford, CT, USA, 2009

Clark, E. R.; Ingleson, M. Drganometallics2013 32, 67126717.

Clark, E. R.; Ingleson, M. Angewandte Chemie International Editi@®14 53, 11306
11309.

Radcliffe, J. E.; Dunsford, J. J.; Cid, J.; Fasano, V.; Ingleson, ®rganonetallics
2017, 36, 49524960.

Belenky, P.; Bogan, K. L.; Brenner, Trends in Biochemical Scienc&907, 32, 12-19.

Susse, L.; LaFortune, J. H. W.; Stephan, D. W.; Oestreicriyjanometallics2019
38, 712721.

Douvris, C.; Ozerov, OV. Science2008 321, 11881190.

Douvris, C.; Nagaraja, C. M.; Chen,-B.; Foxman, B. M.; Ozerov, O. \Journal of the
American Chemical Societ®01Q 132, 49464953.

Lahmann, N.; Panisch, R.; Muller, Applied Organometalli€hemistry201Q 24, 533
537.

Allemann, O.; Duttwyler, S.; Romanato, P.; Baldridge, K. K.; Siegel, Sci&énce201],
332 574577.

Stahl, T.; Klare, H. F. T.; Oestreich, MCS Catalysis2013 3, 15781587.

Lambert, J. B.; Zhang, S.; Stern, C. L.; Huffman, JS€encel1993 260, 19171918.

152



Chapter5. Car bon Lewi s Acids: Bipyr
51 I ntroducti on

5.1.1 Isolable Carbocations

The positively charged carbon atom in a carbocation is isoelectmaitsp’-hybridized boron
atom, and as such owes its Lewis acidity to its-lpwg empty p-orbital. Carbocations are
commonly taught in introductory organic chemistry courses to be unstable arigolaire
intermediates in a slew of organic transforioras, such as inNd and B reactions, however this

is not strictly true. The first stable carbocation was the tropylium catieH;[C(5-1), discovered

in 1891 by Merling upon reacting cycloheptatriene with bromiigure5-1).2 However, it was

only much later in 1954 that its identity was confirmed with IR and\li&/studies, along with

the proposition of its stability arising from its aromaticditin 1909, the trityl cation, [CRK

(5-11), was first isolated as a perchlorate (€)Galt in separate accountSigure 5-1).%° Its
preparatio was improved upon by Dauben,ékral, in which the treatment of triphenylmethanol
with tetrafluoroboric acid produced the trityl tetrafluoroborate salt in high yieldss 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, andisaaidity/?

Of .1

5-1 5-11
Merling (1891) Gomberg, Hofmann (1909)

* -

Ph

Figure 5-1. Isolablecarbocations

Trityl cations have found use as Lewis acid catalysts in various transforntafinciagding
Mukaiyama aldctype reaction$®*? Michael additions?** Diels-Alder reactions>'® oxidation

of amines to imined’ phasetransfer reaction® epoxide rearrangemettandhydrothiolation of
alkenesg® Additionally, they have been appliedfrustrated Lewis pair (FLP) studies as the Lewis
acid component, and have been demonstrated to effettalage’! disulfide cleavagé? alkyne

activation?? and capture of Staudinger reaction intermedizites.
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5.1.2 Other CarbofBased Lewis Acids

A variety of carborcentered electrophiles have been reported in recent years, with many of them
being described as heteroatstabilizedcarbocations. For instance, in 2000, Mukaiyama and co
workers demonstrated the ability facyliminium cations%-11l ) to enact Lewis acithediated
catalysis Figure 5-2).2>2° Similarly, Wilhelm and ceworkers have utilized a variety of
imidazolium and amidinium cations as Lewis acid catalysts, including opteetiye variants
such as5-1V, to effect DielsAlder reactions, aza Dielalder reactions, anding-opening of
epoxides, albeit with no enantioselectivity being achieFeglife5-2).2528 One particular example
of a carborbased Lewis acid that does not fit into the category of heterestaniized
carbocations is the electrguoor bis(fluorenyBsubstituted allen&-V, first prepared in 1990 by
Weberet al. (Figure5-2).2%3%In 2010, Alcarazet al reported the heterolytic splitting of disulfide
bonds by the altarbon FLP comprised of the Lewis a8V and bulkyN-heterocyclic carbenes
(NHCs) 3132

‘, +

Ph,, N//PhN_
Peaw ’3 f g

" e | U

5111 5.1V
Mukaiyama (2000) Wilhelm (2006) Weber (1990)

Figure 5-2. Carboncentered electrophilgthe electrophilic carbocenters are denoted with an

asterisk)

Singlet carbenes are ambiphilic in nature, bearing a lone pair spfambital in addition to a
vacantp-orbital. While NHCs have flourished in the field of organometallic chemistry as strong
d-donating and somewaht -acidic ligands>34 they have also found use in main group chemistry
in the stabilization of lowalentp-block element¥ and in FLP chemistry, typically as the Lewis
basic component. In 2005, Bertrand anehawkers prepared the firsyclic (alkyl)(amino)carbene
(cAAC) , a new cl ass odcidicctlan tharnNé€ countemparts vehilee m
mai nt ai ni-dogating properted T hle e n haxidity was reflected in their ability
to effect the activation of hydrogen and ammonia at the cadsegner, as seen wiflaVl, whereas
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the same chemistry is not observed with NHSsheme5-1).3¢ This mode of small molecule

activation is reminiscent of oxidative addition at fealent transition metals.

b% 3
Dipp~ N, E=ANR2  pipp-N

5.Vi E H

Schemeb-1. Activation of H and NH by cAACs (Dipp = 2,6di-iso-propylphenyl)

In 2010, Crudden and Stephan reported that the eledé&ficient pyridinium catiob-VIl serves

as a hydride acceptor at tbetho-carbon to form a 1;#ihydropyridine product§chemes-2,

top)3’ FLP-catalyzed hydrogenation and hysifglation of acridine, quinolines, and
phenanthroline was achieved later that same \Bxrgmes-2, middle)3® While it is noteworthy

that the stoichiometric reduction of related quinoline species by borohydrides had already been
established since the 1998¢° the above example was the first report of a rake¢a catalytic
system for the reduction of such species. In 2013, Ingleson ansbr&ers utilized acridine
borenium cations as carbaentred Lewis acids in the FLP splitting of ldAnd as onelectron
acceptorg! In the following year, simplified cations in the formMimethylacridinium salts, were
shown to activate H with 2,6lutidine and catalyze the redtion of imines and the
dehydrocoupling of alcohols with silaneSchemes-2, bottom)?*? Finally, a variety of acridine
borenium cations have been prepared with fluorinated acridine backbones, greatly enhancing the
Lewis acidity of the cation® Interestingly, the Lewis acidity of such pyridinium and related
cations is reminiscent of the redox chemistry of the coeaZyAD*/NADH, which also contains

a pyridinium backbone responsible for reversible formal hydride deliery.
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EtO | N OEt > EtO | X OEt
N/ N
H H H
[HB(CeF5)s]
5-Vil

N/ Ph 5 mol% B(CgF5)3 N Ph
| +

N
AN
R l /l PhMe,Si- R
g 5 mol% eI\

N
i+ PhMeSiH /k
Ph T H

H

Ph

Schemeb-2. N-heterocycliccompounds as carbdrased Lewis acids.

52 Results and Discussion

5.2.1 Preparation and Characterization of Bipyridinium Dications

Following the results from the previous chapter regardhmegphosphorus(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@pidpertiesIn addition to

their facile preparationt is proposed that the dicationic nature of such cations would enhance the
overall electrophilicity compared to pyridinium monocations. The phenanthiodised dication

was targeted due to its extlad aromatic backbone which is expected to enhance the Lewis acidity

compared to its bipyridyl counterparts.

The bromide salts of the bipyridinium dications [(bpy)¢CH2)]?  (5-1%),
[(Me-bpy)(CHCH,)]?* (5-22%), [(tBu-bpy)(CHCH2)]?* (5-3%*), and [(phen)(CECH.)]?* (5-4%%)
wereprepared according to literatureported proceduré8 wherein the corresponding bipyridyl
or phenanthroline was reacted with excessdibpomoethane under reflux to cleanly afford the

desired saltsTreatment oSuspensions of tlse saltdn CH:CN with 2 equivalents of MSOTf
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led to the immediate dissolution of the compounds, rapidly forming the corresponding triflate salts
(Schemésb-3). Alternatively, the [B(GFs)4]” salts were prepared by treatment of the bromide salts
with 2 equivalents of [ESi-tol][B(CeFs)4] in CeHsBr solvent The formation of these products was

characterized bynultinuclear NMRspectroscopynd elementalralysis

R R e R R +2 TMSOTf R
N e~ D -2 TMSBr 7 N/ \
B B A . o or — —
N N N N ) [Et3si-tol][B(CeF5)4] N\_/N
— B - 2 Et3SiBr [Xlo
R = H, 5-1[Br], R =H, 511X
R = Me, 5-2[Br], R=Me, 52X,
R = tBu. 5-3([Br], R o iBu, 53002
X = OTf or B(CgF5)4
N +2 TMSOTf
; /\ﬁ,/\ 7\ -2 TMSBr 7 N/ \
B B A . . or —_— —
N N N N +2 [Et3Si-tO|][B(CeF5)4] N\_/N
/ 0 -2 Et;SiBr [X],
5-4[Br], >41Xl;

X = OTf or B(CgFs),

Schemeb-3. Synthesis of bipyridinium salts.

Single crystals 0b6-1[OTf] . suitable forX-ray diffraction analysis were obtain&@m layering a
concentrated C#CN solution withdiethyl ether(Figure 5-3). No close contacts between the
triflate anions andhe dication were observed, and the bond paramet&f$3hare similar to those

seen in previously reported bipyridinium s&f&

\Z

Figure 5-3. Solid-state structure d&-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 MQ@&/Def2-SVP level of theory. Subsequent NBO
calculations were performed at the MPE/Def2-TZVP level of theory using the optimized
geometries, as implemented in the Gaussian 09 package. The calculations reattded thtMO

of each cation is delocalized around both aromatic rings (Figure 3), similar to that in the

[(terpy)(chloranil)PPH]" dicationdescribed in the previous chapfgr.

c/
Figure 5-4. Depictions of the LUMO 06-12* (upper left),5-22* (upper right) 5-3%* (bottom
left), and5-42* (bottom right).

Electrochemical studies of bipyridinium dications have been reported in the literature describing
the formations of the reduced paramagnetic cafibii®Treatment of the triflate salts 6f12*,

5-22*, 5-3%*, and5-4%* with one equivalent of cobaltocene in &HN confirmed these reports.
Immediately after mixing, the resonances of the dications disappeared in their respestiMe
spectrum, indicating the formation of the reduced monocatiBebefne5-4). Indeed, EPR

analysis of each reaction mixture in &Hp 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 SO 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 foufigure 5-6 to Figure5-9 in

the Experimental Section.

R R R R+
7 N\_/ \ CoCp, 7 N\_/ \
—N N=/ | -[CoCplOTH = \=
N _/
[OTf], [OTH]
R = H, 5-1[0Tf], R = H, 5-1°*[OTf]
R = Me, 5-2[0Tf], R = Me, 5-2**[OTf]

R = tBu, 5-3[0Tf], R = Bu, 5-3*"[OTf]

o+
7 N/ \ CoCp; 7 N/ \
—N N= - [CoCp,][OTH] —N N=
_/ _/
[OTf], [OTH]
5-4[0Tf], 5-4*"[OTf]

Scheme5-4. Oneelectron eductionof the dication$-12* to 5-4%*,

The hydride ion affinities (HIAs)of 5-1%* to 5-42* werecomputationally calculated following the
procedure reported by Ingleson andvearkers®! The dications were preoptimized at the HF/3
21G level of theory, and then further optimized at the MB&-311G(d,p) level of theory with a
PCM solvent model for dichloromethane. The HIAs are calculated relative to the HIA af BEt
Since the hydride ion can be delivered to eitherdtibo-carbon or thepara-carbon of the
pyridinium ring, the HIA was calculated for both of these positions ofbA&nd HlApara (Scheme
5-5). The HIA values are listed ihable5-1. In all cases, there is a minimal difference between
HIA ortho and HIApara. In general, HlAara Was greater than Hino for each dication, with the sole
exception o-22*, Additionally, the computed HIAs of the bipyridinium dicatiohd?* to 5-4%*

are lower thanthose computed for the previously reported acridinium cations by Ingkgtson

al.,**2 suggesting that they are weaker Lewis acids.
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7 N\_47 N\
HIAorz‘ho —N N
R /C::\\ R 2 / \_/ H H

7 N\ +H
VA /2 I W :
\ / R V=g R +
\ , \ H
7 N\ _4 )
—N N
/

Schemebs-5. Reactionsassociated witthe computed HIAs.

Table 5-1. ComputedHIAs of 5-1?* to 5-4°* versus BEL

Compound  HIAorho (kcal/mol)  HIA para (kcal/mol)
BEts 0.0 0.0
5-12* 47.5 47.7
5-2% 43.9 42.6
5-3% 44.1 44.9
5-4%* 56.0 56.9

As a preliminary test to experimentally assess the Lewis acidity of the bipyridinium dications, both
the [OTff and the [B(GFs)s salts of 5-12* and 5-3** were employed as catalysts for the
hydrodefluorination (HDF) of fluoroalkanes withs6tH (Table 5-2). Complete conversion of
(c-CeH11)CRs and (p-BrCesH4)CFs to their corresponding alkanes was observed with 5 mol% of
5-1[B(CeFs)4]2 in CH2Cl; solvent. Interestingly, catalytic amount®8[B(CeFs)4]2 instead did not
result in any conversion, suggesting that the bigkibutyl substituents at theara-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 chdsaul Lewis acid and that the
reactivity likely occurs at thpara-carbon rather thatme ortho-carbon. Due to the insolubility of
5-1[OTf]2 and5-3[OTf]2 in CH2Cl2, the more polar C#CN solvent was required. No conversion

of the fluoroalkanes was observed in the case of the triflate salts, which may be attributed to the
coordinating natw of either the triflate anions or the &N solvent suppressing the Lewis acidity

of the bipyridinium cations.
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Table 5-2. Hydrodefluorination of fluoroalkanes using catalyipyridinium salts.

Time Yield (Si-F) Conv. (GF)

Substrate Catalyst

[h] [%6] [%6]
(c-CeH11)CFs  5-1[B(C6Fs)4]2 16 76 >99
(c-CeH11)CR 5-3[B(CéFs)4]2 48 <1 <1
(p-BrCeH4)CFs  5-1[B(CsFs)4]2 48 89 >99
(p-BrCeHs)CFs  5-3[B(CsFs)a]2 48 <1 <1
(c-CeH11)CFs 5-1[0Tf]» 48 <1 <1
(c-CeH1)CR 5-3[OTf]2 48 <1 <1
(p-BrCsH4)CFs 5-1[0Tf]2 48 <1 <1
(p-BrCsH4)CFs 5-3[0Tf]2 48 <1 <1

Reaction conditions: CiLl> solventfor the [B(GFs)4]” salts, CHCN solvent for
the [OTI] salts 5 mol% catalyst25 °C,3.6 equivalents ESiH. Conversion anc
yield determined by’F{*H} NMR spectroscopy integration usingfs as external

standard

Computations at th06-2X/Def2-SVP level of theory were carried out to determine the model
mechanism for the HDF of Ph@Fo PhCEH mediated bys-12*. The proposed mechanism is
analogous to that described in the previous chapter, whe3g-HEnitially delivers hydride to the
para-carbon 6 the bipyridinium dication, generating E&i]* and the intermediatgs-1-Int]*
(Scheméb-6). This step is exergon(®G =-39.9kcal/mol) and has an activation barriefr only

DG’ = +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 frognd®hCF
form the intermediate [PhGF. From this point, similarly to the mechanism involving
[(terpy)(GsClsO2)PPhF*, it is more energetically favourable for [Ph{Ro abstract hydride from

a second equivalent of 8iH (DG = -21.3 kcal/mo)) rather than fronj5-1-Int]* (DG = +18.6
kcal/mol). According to these computations, the bipyridinium dication simply acts as an initiator

in the HDF of fluoroalkanes with E3iH, whilein situgenerated [E8i]" is the true catalyst.
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5-12* /X/ [5-1-Int]*
Et;SiH

[EtySi]*
PhCF,H PhCF,
Et,SiH Et,SiF
[PhCF,]*

Schemes-6. Proposednechanismior the HDF of PhCE to PhCEH initiated by5-1%* via
hydride delivery from ESiH to thepara-carbonof 5-12°.

H 12+
_-H---SiEt, H 12+
I\ ) _-H---CF,Ph
_ Y 7 NV
N N _ /)
/ N N
8.1 TS1
—_ TS2
S TSN o2
/7 EtgSiH -1°
00,7 pner, N 05 EtSiF
5.12* \ ,/ TS2°~_  PhCF,H
2 Et;SiH \ ;. EtsSIF s EtySiH
- / H N————
PhCF, [\5 13?.51]:\ o Et,SiH ey
-1-ln ~. -50.7 -
. S«
EtS™  [5tungT ~~<
PhCF,4 Et;SiF S~
Et;SiH PhCF,* T~~ 720
Et,SiH [5-1-Int]*
Et;SiF
PhCF,H
Et;Si*

Figure 5-5. CalculatedGibbs freeenergiegkcal/mol) for theHDF mechanisnof PhCE to
PhCEH initiated by5-12*.
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53 Concl usi on

In summary, a series of ethylehadged bipyridinium dications were prepared to assess their
utility as Lewisacids. Computational methods, such as LUMO and HIA calculations, suggested
that such dications are indeed carb@sed Lewis acids. The s&HL[B(CsFs)4]2 was shown to be

an effective Lewis acid initiator in the HDF of fluoroalkanes withhSHt, with furtther
computational support demonstrating that the proposed mechanism is initiated by hydride delivery
from E&SiH to the dicatiors-12*.

54 Experimental Section

5.4.1 General Considerations

All manipulations were performed under an atmosphere of akygenfree N0 by means of
standard Schlenk or glovebox techniques (MBraun LABmaster SP dry box equipped-3&th a

°C freezer)Toluene, pentane, and diethyl ethvare collected from a Grubligpe column system
manufactured by Innovative Technology and were dried over 4 A molecular sieves for 48 hours
prior to use. 4 A molecular sieves (pellets, 3.2 mm diameter) purchased from/Aipnh were
activated prior taisageby heatingat approximately 250 °C under dynamecuumfor 48 hours
Dichloromethane (DCM) and acetonitrile (&EN) were dried over calcium hydride, followed by
distillation and degassin@@romobenzene watried over 4 A molecular sieves for 48 heprior

to use. Acetonitrileds, purchased from Cambridge Isotope Laboratories, was degassed and dried
over calcium hydride. Unless otherwise mentioned, reagents were purchased frorABigcha

or TClI America and used without further purificatiofibpy)(CHCHo)][Br]2 (5-1[Br]2),*®
[(Me-bpy)(CHCH)|[Br]2  (5-2[Br]2),*®  [(phen)(CHCH)][Br]2  (5-4[Br]2),*® and

[EtsSi-tol][B(CsFs)4]°% wereprepared using literature methods

NMR spectra were recordecha Bruker Avance 11l 400 MHz spectrometer, a Bruker DD2 500
MHz spectrometer, a Varian DD2 600 MHz spectrometer, and an Agilent DD2 500 MHz
spectrometer equipped with'¥*C-sensitive cryogenically cooled probgpeBtrawere referenced

to residual solvent of BsCN (*H = 1.94 ppm;*3C = 1.3 ppm) and 8D (*H = 4.79 ppn), or
externally ¢'B: BFs-OEb (10.00),1°F: CFC} (110.00)). All NMR spectra were recorded at 298 K,

unless stated otherwise. Chemical shifisare reported in ppm and the absolute values @f th
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couplingconstants)y are in Hz, while the multiplicity
or Amo for singlet, doubl ethejnstanceswhete thé peakware mu |
assigned to their corresponding nugcltiis was accomplishedwith the use of2D NMR
experiments. Combustion analyses were performedouse 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 equipiiedn
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)

tBu Bu
2_/3

7 N\_1/ \4
—N N=
_/ 5

[Brl2

Compound5-3[Br], was prepared according to the literaf@reith minor modifications. A
sol ut i dairerttutyl-24, ;@pMidyl (284.1 mg, 1.058 mmol) in :@bromoethane (10 mL)
was refluxed for 16 hours, during whichme a precipitate formed. After cooling to room
temperature, the solid was filteradashed with acetone (2 x 0.5 mL) and hexanes (3 x 1 mL), and
then driedn vacuoto afford5-3[Br]2 asayellow powder (352.4 mg, 73 % yield).

H NMR (400 MHz, DO): 119.10 (d, ®Jun = 7 Hz, 2H Hs), 8.8 (d, “Jun = 2 Hz,2H, H), 8.2

(dd, 3Jun = 7 Hz,*Jun = 2 Hz,2H, Hi), 529(s, 4H, GH2CHy), 1.57 (s, 18H, C(E3)a).

13C{*H} NMR (125 MHz, DO): 1174.5 (sCs), 146.1 (sCs), 139.2 (sC1), 127.7 (sCa), 125.7
(s,C2), 51.8 (sCH2CHy>), 37.0 (sC(CHzg)3), 29.1 (s, CCH3)3).

Anal. Calc. forCxoH28BraN2: C 52.65%, H6.19%, N 6.14%. Found: C50.58%, 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)(CH2CH2)][OTf] 2 (5-1[OTf] 2)

2 3
7 NV N\,
=N =
./ 9
[OTT],

At room temperature, TMSOTTf (97 pL, 0.54 mmol) was slowly added to a suspen&diBii >
(88.0 mg, 0.256 mmol) in G4EN (1 mL) while stirring. Within 5 minutes, all precipitates had
dissolved and the solution became g&hrown in colour. The solution was stirred for an
additional 30 minutes, and all volatiles were remowedacuo The residue was washed with
pentane (3 x 1 mL) and the remaining solid was driadcuoto give5-1[OTf]. as a grey powder
(119.4 mqg, 97 %ield). Single crystals suitable for-day diffraction were obtained by layering a
CHzCN solution of5-1[OTf] 2 with diethyl ether.

IH NMR (600 MHz,CDsCN): 1i9.02 (d,3Jun = 6 Hz, 2H, H), 8.86 (dd3Jun = 8 Hz,*Jun = 2 Hz,
2H, H), 8.83 (td3Jun = 8 Hz,%Jun = 2 Hz, 2H, H), 8.31 (ddd3Jun = 8 Hz,3Jun = 6 Hz,*Jun =

2 Hz, 2H, H), 5.20 (s, 4H, €>CH>).

13C{*H} NMR (125 MHz,CDsCN): Ui 149.2 (s, G), 148.4 (s, 6), 140.9 (s, @, 131.6 (s, @),
129.6 (s, @), 121.9 (gJcr = 320 Hz, OTf), 53.4 (CH2CH?).

19F{*H} NMR (376 MHz, CXCN): li-79.2 (s).

Anal. Calc. forCisH12FeN206S2: 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)

2 3
I N1\,
A

_/ 9
[OTf],

At room temperaturefMSOTf (60uL, 0.33 mmol) was slowly added tasuspension d-2[Br]2
(59.2 mg, 0.159 mmol) in &N (1 mL) while stirring. Within 5 minutes, all precipitates had
dissolved and the solution became orabhgevn 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, #er which a solid precipitated upon agitation of the mixture. The supernatant was
decanted, the solid was washed with pentane (3 x 1 mL), and wasdralioto give5-2[OTf]>

as a grey powddi72.8 mg, 90 % yield).

'H NMR (400 MHz,CDsCN): 1i 8.83 (d,*Jun = 6 Hz, 2H, H), 8.77 (s, 2H, k), 8.09 (d2Jn =6

Hz, 2H, Hy), 5.10 (s, 4H, E>CH), 2.78 (s, 6H, B3).

13C{H} NMR (125 MHz,CD3CN): 11163.7 (SCs), 147.0 (s, €), 140.0 (sy), 131.5 (sC4), 129.9

(d, C2), 121.9 (qlJcr = 321 Hz, OTf), 52.7 (SH2CH?2), 22.6 (SCHa).

19F{H} NMR (376 MHz, CCN): Ui-793 (s).

Anal. Calc. forCieH16FeN20sS2: 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)

tBu tBu
2_{3

7 NN,
N =
/ 9

[OTf],

At room temperaturefMSOTf (53 pL, 0.29 mmol) waslowly added t@ suspension d-3[Br]
(64.1 mg, 0.140 mmol) in GEN (1 mL) while stirring. Within 5 minutes, all precipitates had
dissolved and the solution became tighangebrown. The solution was stirred for an additional
30 minutes, and all volatiles were removed/acuo The residue was washed with diethyl ether
(3 x 1 mL), and the remaining solid was driadracuoto give5-3[OTf]2 as a greypowder (80.1
mg, 96 % vyield).

'H NMR (400 MHz,CD3sCN): 1i8.86(d, 3Jun = 7 Hz, 2H Hs), 8.67 (d, *Jun = 2 Hz,2H, H,), 827
(dd, 3Jun = 7 Hz,%Jnn = 2 Hz,2H, Hi), 508 (s, 4H, GH2CH>), 1.82 (s, 18H, C(El3)3).

13C{*H} NMR (125 MHz,CDsCN): Ui 174.9 (s, G), 147.4 (s, 6), 140.5 (s, @), 128.3 (s,C4),
127.1 (sC»), 52.8 (sCH2CH>), 38.3 (s,C(CHzg)3), 30.0 (s, OCH3)3).

19F{*H} NMR (376 MHz, CCN): Gi-793 (s).

Anal. Calc. forCaoH2sFsN206S: 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)

6
4 3
7 N\_5/ \,
—N N_1
\__/

[OTf],

At room temperature, TMSOTf (103 pL, 0.571 mmol) was slowly added to a suspension of
5-4[Br]> (100.1 mg, 0.2720 mmol) in GAN (1 mL) while stirring. Within 5 minutes, all
precipitates had dissolved and the solution became light ctapga. The solution was stirred
for an additional 30 minutes, and all volatiles were remameadcuo The residue was washed
with diethyl ether(3 x 1 mL), and the remaining solid was driadracuoto give5-4[OTf]» as an
orange powderl31.8mg, 96 % yield).

'H NMR (600 MHz,CDsCN): 1 9.45 (dd,*Jnn = 8 Hz,*Jun = 1 Hz, 2H,H3), 9.44 (d, 2Jhn =6
Hz, 2H,H1), 8.66 (s, 2HHs), 8.55 (dd3Jun = 8 Hz,3Jun = 6 Hz, 2H,H2), 5.56 (S, 4H, E2CH>).
13C{*H} NMR (125 MHz,CDsCN): U 149.9 (s,C1), 149.0 (s,C3), 132.8 (s,C4), 130.8 (sCs),
130.3 (sCs), 128.6 (sC2), 121.8 (q.1Jcr = 321 Hz, OTf), 53.3 (H2CH>).

19F{*H} NMR (376 MHz, CXCN): G-793 (s).

Anal. Calc. for GeH12FeN20sS2: C 37.95%, H2.39%, N 5.53%. Found: C36.14%, H2.33%,

N 4.98%.

Preparation of [(bpy)(CH2CH2)][ B(CsFs)4]2 (5-1[B(CeFs)4]2)

2 3
N\,
—N =

s/ O

[B(CsF5)al2

At room temperature, freshly preparedsttol][B(CeFs)4] (154.4 mg, 0.1742 mmol) was slowly
added to a suspension ®fl[Br]> (30.3 mg, 0.0881 mmol) ingElsBr (5 mL) while stirring. The
mixture was stirred overnighandall volatiles wereemovedn vacuo The residue was extracted
with CH:CN (10 mL) and the remaining solids were filtered off. The solvent was renmovaduo
to give5-1[B(CsFs)4]2 as a yellow powder (120.9 mg, 90 %lglie
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H NMR (400 MHz,CDsCN): (i8.96 (d,2Jun = 6 Hz, 2H, H), 8.84 (dd3JuH = 8 Hz,%Jun = 2 Hz,
2H, Hy), 8.78 (td 2Jun = 8 HZ,*Jun = 2 Hz, 2H, H), 8.32 (tmJun = 8 Hz, 2H, H), 5.11 (s, 4H,
CH2CHy).

13C{*H} NMR (125 MHz,CDsCN): Ui ([B(CéFs)4]” peaks not includgd.49.1 (s, G), 148.4 (s, ©),

140.2 (s, @), 131.4 (s, @), 129.7 (s, ©), 53.7 (sCH2CHy).

19F{1H} NMR (376 MHz, CRCN): i-1337 (m, 16F,0-CsFs), -163.9(t, 3Jer = 20 Hz, 8Fp-CeFs),

-168.3 (t, 3Jrr = 16 Hz, 16F, m-CsFs).

11B{1H} NMR (128 MHz, CDRCl,): ti-16.7 (S)

Elemental analysis was not obtained.

Preparation of [(Me-bpy)(CH2CH2)][B(CsFs)4]2 (5-2[B(CéeFs5)4]2)

2 3
N1/ \,
_)

/ °
[B(CeFs5)al2

At room temperature, freshly preparedsfHttol][B(CsFs)4] (105.0 mg, 0.1184 mmol) was slowly
added to a suspension®2[Br]. (22.8 mg, 0.0613 mmol) ingElsBr (5 mL) while stirring. The
mixture was stirred overnight, and all volatiles were remawegcuo The residue was extracted
with CH3CN (10 mL) and theemaining solids were filtered off. The solvent was remanedcuo
to give5-2[B(CsFs)4]2 as a yellow powder (81.7 mg, 88 % yield).

'H NMR (400 MHz,CDsCN): 1i8.81 (d,Jun = 6 Hz, 2H, H), 8.71 (s, 2H, &), 8.15 (d3JhH =6
Hz, 2H, Hy), 5.07 (s, 4H, E.CH>), 2.65 (s, 6H, E3).

13C{*H} NMR (125 MHz,CDsCN): Ui ([B(CsFs)4]” peaks not includgdL62.9 (s ), 146.5 (s, @),
140.3 (s, @), 131.5 (s, @, 129.8 (d, @), 52.5 (sCH2CH>), 22.9 (sCHs>).

19-{1H} NMR (376 MHz, CRCN): ii-1337 (m, 16F,0-CsFs), -163.9(t, 3Jer = 20 Hz, 8Fp-CoFs),
-168.3 (t, 3Jrr = 16 Hz, 16F, m-CsFs).

1B{H} NMR (128 MHz, CDCly): i-16.7 (s)

Elemental analysis was not obtained.
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Preparation of [(tBu-bpy)(CH2CH2)][B(CéeFs)4]2 (5-3[B(CsFs)4]2)

Bu Bu
(3

I\ 17,
—N N_5

[B(CeF5)al2

At room temperature, freshly preparedsfEttol][B(CeFs)4] (79.2 mg, 0.0893 mmol) was slowly
added to a suspension ®8[Br]2 (20.9 mg, 0.0458 mmol) ingElsBr (5 mL) while stirring. The
mixture was stirred overnightndall volatiles wereemovedn vacuo The residue was extracted
with CH3CN (10 mL) and the remaining solids were filtered off. The solvent was renovaduo
to give5-3[B(CsFs)4]2 as a yellow powder (67.3 mg, 91 % yield).

'H NMR (400 MHz,CD3sCN): 1i8.85 (d,Jun = 7 Hz, 2H, H), 8.68 (d*Jun = 2 Hz, 2H, H), 8.26
(dd,3Iun = 7 Hz,*Jun = 2 Hz, 2H, H), 5.02 (s, 4H, E.CHy), 1.52 (s, 18H, C(83)3).

13C{*H} NMR (125 MHz,CDsCN): U ([B(CsFs)4]” peaks not includedL73.7 (s, G), 147.2 (s, ©),
140.5 (s, @), 128.4 (s, @), 127.0 (s, ©), 52.8 (sSCH2CH>), 37.9 (sC(CHza)3), 302 (s, CCHj3)3).
19F{1H} NMR (376 MHz, CRCN): ii-1337 (m, 16F,0-CsFs), -163.9(t, 3Jer = 20 Hz, 8Fp-CeFs),
-168.3 (t, 3Jrr = 16 Hz, 16F, m-CsFs).

1B{H} NMR (128 MHz, CDCly): i-16.7 (s)

Elemental analysis was not obtained.

Preparation of [(phen)(CH2CH2)][B(CsFs)4]2 (5-4[B(CeFs)4]2)

3
7 N\_s/ \,

[B(CeFs5)al2

At room temperaturdreshly prepared [BSi-tol][B(CsFs)4] (263.8 mg, 0.2976 mmol) was slowly
added to a suspension ®#[Br]2 (57.6 mg, 0.156 mmol) i€sHsBr (5 mL) while stirring. The
mixture was stirred overnighandall volatiles weraemovedn vacuo The residue was extracted
with CHsCN (10 mL) and the remaining solids were filtered off. The solvent was renmvaduo
to give5-4[B(CeFs)4]2 as ared powder (214.4 mg, 92 % vyield).
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'H NMR (600 MHz,CDsCN): 1 9.43 (dd,*Jnn = 8 Hz,*Jun = 1 Hz, 2H Hs), 9.36 (dd*JnH = 6
Hz,*Jun = 1 Hz, 2H Hi), 8.66 (s, 2HHs), 8.55 (dd3Jun = 8 Hz,3Jun = 6 Hz, 2H Hy), 5.44 (s,
4H, CH.CHy).

13C{*H} NMR (125 MHz,CDsCN): Ui ([B(CsFs)4]” peaks not includgd.50.0 (s Cz), 149.2 (sCs),
132.8 (s C4), 130.5 ($Cs), 130.0 (sCs), 128.8 ($C2), 53.3 (SCH2CHy).

19F{1H} NMR (376 MHz, CRCN): i-1338 (m, 16F, 0-CsFs), -164.0(t, 3Jer = 20 Hz,8F, p-CeFs),
-168.4 (t, 3Jrr = 16 Hz, 16F, m-CsFs).

11B{1H} NMR (128 MHz, CDRCl,): ti-16.7 (S)

Elemental analysis was not obtained.

5.4.3 Reduction of Bipyridinium Dications
Preparation of [(bpy)(CH2CH2)]A (5-1A ¥ by reduction of 5-1[OTf]2 with CoCp2

72N/ cocp, | N/ N\ |
__/ __/

[OTf]2 [OTf]
5-1[OTf], 5-1°*[OTf]

+

A solution of cobaltocene (1.9 mg, @0 mmol) inCH:CN was slowly added tsolution of
compound5-1[OTf]2 (4.7 mg, 0.0097 mmol) in GEN (0.5 mL) while stirring. The solution
immediately turned dark green and was stirred&n additional 15 minutes. The solvent was
removedin vacuoand a dilute solution of the remaining solid in DCM was prepared for EPR

analysis. The simulated and experimental EPR speaifi” are shown below ifigure5-6.

SimulatedEPR parameters

Aiso N=449G
AsoH1=0.64 G B 1 2 et

H H
AisoH2=2.30 G

> 720 /2 N
Ajso H3 = 360 G =N N=
4

AsoHa=0.33 G LGﬁHS H
Aiso Hs = 0.54 G - -
AisoHs = 7.10 G
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Simulated (R = 0.995)

Experimental

3280 3290 3300 3310 3320 3330 3340 3350 3360 3370 3380
Field (G)

Figure 5-6. SimulatedandexperimentaEPRspectrum(CH.Cl>) of 5-1A+

Preparation of [(Me-bpy)(CH2CH2)]* {(5-2* Y by reduction of 52[OTf] > with CoCp2

o+
7 N N CoCp |/ ¢ N
=N N= - [CoCp,][OTH] =N N=
/ /
[OTf], [OTH]
5-2[0Tf], 5-2°"[OTf]

A solution of cobaltocenel(4 mg, 0.0074 mmplin CH:CN was slowly added teolution of
compound5-2[OTf]2 (3.6 mg, 0.0071 mmol) in GEN (0.5 mL) while stirring. The solution
immediately turned dark green and was stirred for an additional 15 minutes. The solvent was
removedin vacuoand a dilute solution of the remaining solid in DCM was prepared for EPR

analsis. The simulated and experimental EPR spectmh'sﬂzA “are shown below ifigure5-7.
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SimulatedEPR parameters
AsoN=5.15G
AsoH1=1.16 G
AsoH2=2.85G
AisoH3=0.35G
AisoH4=0.97 G
AisoHs=6.21 G
AisoCH3=2.47 G

o+

Simulated (R = 0.996)

Experimental

3280 3290 3300 3310 3320 3330 3340 3350 3360 3370 3380
Field (G)

Figure 5-7. SimulatedandexperimentaEPRspectrum(CH.Cly) of 5-2*

Preparation of [(tBu-bpy)(CH2CH2)]* %(5-3* Y by reduction of 5-3[OTf] 2 with CoCp2

tBu tBu tBu tBu |*t
7 N\_¢/ N\ CoCp, 7 N/ N\
—N N= - [CoCp,][OTf] —N N=
__/ __/
[OTf], [OTH]
5.3[0Tf], 5.3*[OTf]
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A solution of cobaltocenel(7 mg, 0.0@0 mmol) in CHsCN was slowly added tsolution of
compound5-3[OTf]2 (5.4 mg, 0.0091 mmol) in GEN (0.5 mL) while stirring. The solution
immediately turned dark green and was stirred for an additional 15 minutes. The solvent was
removedin vacuoand a dilute solution of the remaining solid in DCM was prepared for EPR

analysis. The simulated and expsntal EPR spectrummf 5-3* *are shown below ifrigure5-8.

SimulatedEPR parameters

Aiso N = 374 G

iso H1 = 2. B e+
AisoH1=2.88 G tBu TH  C(CHy)s

isoH2=1.24 G —
AISO 2 / \ \ H2
AsoH3=0.74 G — N4

N 3

AisoHs4=3.80 G 5H H4 H
Aiso H5 = 677 G - -

Aiso C(CH3)3=0.16 G

Simulated (R = 0.994)

Experimental

3280 3290 3300 3310 3320 3330 3340 3350 3360 3370 3380
Field (G)

Figure 5-8. SimulatedandexperimentaEPRspectrum(CH.Cly) of 5-3*
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Preparation of [(phen)(CH2CH2)] {(5-4* Y by reduction of 54[OTf] > with CoCp2

ot
7 N/ \ CoCp |/ N/ \
=N N= - [CoCp,][OTH] =N N=
_/ _/
[OTf], [OTH]
5-4[0Tf], 5-4*"[OTf]

A solution of cobaltocene (1.6 mg, 0.0085 mmol) in3CN was slowly added to solution of
compound5-4[OTf]2 (3.6 mg, 0.0071 mmol) in GEN (0.5 mL) while stirring. The solution
immediately turned dark green and was stirred for an additional 15 minutes. The solvent was
removedin vacuoand a dilute solution of the remaining solid in DCM was prepared for EPR
anaysis. The experimental EPR spectruof 5-4* [OTf] is shown below irFigure5-9. Due to its
insolubility in DCM, t he o0 b-to-aaise erdcldes prepert r u m

simulation of the spectrum.

3280 3290 3300 3310 3320 3330 3340 3350 3360 3370 3380
Field (G)

Figure 5-9. ExperimentaEPRspectrun{CH.Cl) of 5-4*
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5.4.4 Hydrodefluorination Catalysis

General Procedure

5 mol% <intiator>
RCF; + 3.6 Et3SiH RCH3
- 3 Et3SiF

At roomtemperature, 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 containingFEand mesitylene dissolved in CRClnitial NMR
spectra were obtained. Compourd[B(CsFs)4]2 (0.007 mmol, 0.05 equivalent$:3[B(CesFs)4)2

(0.007 mmol, 0.05 equivalent€;1[OTf]2 (0.007 mmol, 0.05 equivalents), 513[OTf]> (0.007

mmol, 0.05 equivalents) was added as a solid to dhéien, which marked t = 0 hours. The
reaction progress was monitored ¥y and *°F{*H} NMR spectroscopy The NMR vyield was
determined by°F{*H} NMR spectroscopy; the ratio of the generatesbi peak to the s peak

was calculated, which was then compared to the initial ratio of the fluoroalkane peak &6¢the C
peak at t = 0 hours. This provided the value for the percent yield based on the amog@iFof Et

generated. A summary of the HDF catalysis can be foumdble5-2.

5.4.5 X-Ray Crystallography

X-ray Data Collection and Reduction

Crystals were coated in ParateNeoil in an N-filled glovebox, mounted on a MiTegen
Micromount, and placed under a stream, thus maintaining a dry;-®ee environment for each
crystal. The data were collected oBrauker Kappa Apex Il Triumphmonochromatowith Mo

KU radiation (& = 0.71073 ). |l TErpswls. dretframesver e
were integrated with the Bruker SAINT software package using a ndraove algorithm. Data

were corrected for absorption effects using the empirical +scdin method (SADABS).

Structure Solution and Refinement
The structures wersolved by direct methods using XS and subjected tenfalirix leastsquares
refinement on Fusing XL as implemented in the SHELXTL suite of programs. Al-hgdrogen

atoms were refined with anisotropic thermal parameters. Cdrtwond hydrogen atoms vee
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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 f&-1[OTf]>.

5-1[OTf]2
Empirical formula C14H12FeN206S,
Formula weight 482.38
Crystal system Triclinic
Space group P-1
a(A) 6.6865(6)
b (A) 11.746(1)
c(A) 12.639(1)
U(°) 101.218(3)
b(°) 94.812(3)
2(°) 102.607(3)
Volume (A% 941.9(2)
Z 2
j(cal cdd 1.701
i (mm) 0.377
F(000) 488
T (K) 150(2)

Crystal size (mrf)
Crystal colour, habit
dmin (o)
Omax (°)

Reflection area

Reflectionscollected
Unique reflections
Rint
Rii ndi ces
WR: indices (all data)
Parameters
GOF on B
residual density (e
CCDC No.

0.11x0.05x0.04

colourless, shard
1.657
27.129

8 O h (
-15 O kK
-16 O |
18682
4159
0.0351
0.0355
0.0973
271
1.059

0.446,-0.345
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5.4.6 Computational Details

Calculations of the HOMO and LUMO of the bipyridinium dications

All computationswvere performed using the Gaussian 09 progifine geometry optimization of
thedications5-1%*, 5-22*, 5-32*, and5-4?* wereperformedusingthe M062X functiond with the
Def2-SVP basis setwhile subsequent NBO 6.0 calculatighsereperformedusingthe M06-2X
functional with theDef2-TZVP basis setThe stationary nature of the converggabn geometry

was confirmed by carrying out a frequency calculation and ensuring the absence of imaginary

frequencies.

Figure 5-10. HOMO (left) andLUMO (right) of 5-1%*.

Figure 5-11. HOMO (left) and LUMO (right) o6-22*.
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Figure 5-12. HOMO (left) and LUMO (right) 06-3%*.

Figure 5-13. HOMO (left) and LUMO (right) o6-4%*.

Hydride ion affinity (HIA) calculations

All computations were performeagsing the Gaussian 09 prograftydride ion affinities (HIAS)

of the cations were calculated using the method reported by Ingé¢sd' The cations were
preoptimizedusing HF with the 3-21G basis setand then further optimizeasingthe M062X
functional with the6-311G(d,p)basis setith a PCM solvent model for dichloromethane. In all
cases, structures werenfmmed as minima by frequency analysis and the absence of imaginary
frequencies. The HIAs are calculated relative to the HIA otBEt

Calculations for the HDF mechanism by 51%* centered at thepara-carbon
All computations were performed using the Gaars€l9 program® Geometryoptimizations were

performedusingthe M062X functional with theDef2-SVP basis setFrequency calculations at
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the same level of theory were performed to identify the numberaxfinary 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 s#pgiat energies to obtain the Gibbs free energies

in solution.
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