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The coordination chemistry of antimony(lll) and antimony(V) have been
investigated to reveal fundamental structural and electronic features. The limited scope of
known cationic antimony(V) complexes was greatly expanded, including the first
examples of pnictogen(V) trications. The systematic nature of these investigations led to
the observation of redox chemistry, determined to be the result of reductive elimination of
chlorobenzene and biphenyl from an antimony center. The reactivity of
[Ph2Sb(OPyrMe)s][OTf]s was investigated and it was found that the OPyrMe ligands are
sufficiently labile to perform ligand substitution chemistry. However, when exposed to
phosphines, ligand-centered reactivity prevails and phosphonium salts of the form [R3P(2-
4-methylpyridine)][OTf] which may be useful reagents in the field of medicinal chemistry
and drug design. While attempts were made to synthesise antimony(V) tetra- and penta-
cations have been unsuccessful, the methodologies reported here will serve as a foundation

to future endeavors.
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Chapter 1: Introduction

1.1. Classical Coordination Chemistry

In 1913, the first Nobel Prize in inorganic chemistry was awarded: Alfred Werner won
the Prize for his work on how molecules interact with a metal centre. Werner established
many of the concepts and vernacular used to this day, making him widely regarded as the
founder of coordination chemistry. Coordination chemistry is the study of a class of
molecules dubbed coordination complexes, in which a central ‘acceptor’ atom or ion,
traditionally a metal, is bound to a surrounding array of ‘donor’ molecules or ions. This
acceptor atom or ion is conventionally designated as a Lewis acid, while the donor

molecules or ions are Lewis bases or ligands.

Werner’s work showed that there were two different environments in a metal
complex: a long-distance interaction between the metal and a ligand, which he termed the
primary valence, and a shorter interaction called the secondary valence. This secondary
valence, known as the coordination number, is defined as the number of substituents
directly linked to the metal center. The terminology Werner established has evolved with
our understanding of coordination complexes such that the terms primary and secondary
valence have been replaced respectively with outer and inner sphere.

Another invaluable contribution Werner provided to the field is the concept of
isomerism in coordination complexes. In chemistry, isomerism is the relation of two or

more molecules that possess identical chemical formulas but different structural
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arrangements in space. Werner was specifically interested in a chemical with the empirical

formula Co(NHz3)4Cls, as it was known to be either green or purple depending on the
environmental factors like pH, solvent, and concentration. He correctly proposed that the
complex exists as two different geometric isomers of [Co(NH3)4Cl2]Cl: one in which the
chlorine atoms are trans (Latin: across) to each other, and another in which they are cis

(Latin: on the same side) (Figure 1.1.1).

trans-[Co(NH;),Cl,]"

- Q1+ - -+
Cl NH,
HSN///,' \\\\\NH:; HSN///,' \\\\\NH:;
‘Co. ‘Co
H3N( | ‘NH3 H3N( | e
i Cl i Cl i

cis-[Co(NH3)4Cl,]"

Figure 1.1.1: Depiction of trans and cis-[Co(NH3)4Cl2]" cation.

Building on the foundational principles of coordination chemistry established by
Werner, inorganic chemists around the globe began to investigate the plethora of unique
structures and bonding environments available to transition metal complexes. This
groundwork has allowed chemists to develop a variety of beneficial compounds with
applications ranging from use in electronic materials, such as dye-sensitized solar cells, to
the production of commercially useful chemicals such as catalysts. Traditionally, it was
believed that these properties are distinct to the transition metals; however, more recently,

it has been observed that these concepts can be extended to the main group elements.



1.2. Resurgence of Main Group Chemistry

The study of main group chemistry led to the development of a number of
fundamental concepts in chemistry. For example, valence shell electron pair repulsion
(VSEPR) theory, molecular orbital (MO) theory, and acid-base chemistry all originated
from the observations of structural and bonding trends of main group elements.
Additionally, even the birth of organometallic chemistry can be attributed to advances in
main group chemistry with the discovery of the organo-arsenic compounds (CHz)2As-
As(CHs)2 and (CH3)2As-0-As(CHz)..[ After a period of prosperity, interest in main group
chemistry began to flounder by the mid 1900s, as it was believed that all major discoveries
in the area have been uncovered. This waning interest was exacerbated by the advent of
fundamental and applied chemistry of transition metals. Nevertheless, work continued in
the area until a series of discoveries led to what the field has colloquially called “The
Renaissance of Main Group Chemistry.”[?1E]

This renewed interest can be attributed to the simultaneous discovery of three
landmark compounds in 1981 that defied the conventional wisdom of the “double bond
rule”;¥MB! which states elements with a principal quantum number greater than two, (i.e.
Period 3 elements and lower) should not form multiple bonds with themselves or other
elements. These compounds were the first examples of multiply bonded species outside
the second row elements: Mes;Si=SiMes[8] Mes*P=PMes* "l P=CtBul®l, and
(SiMes3)3Si=C(0SiMes)(C1oH1s5)P®! (Figure 1.2.1). The isolation of these three compounds

showed that the scope of main group compounds was much broader than expected.



Si

Figure 1.2.1: Reported examples of a) disilene, b) diphosphene, ¢) phosphaalkyne, and

d) silaethene.

This resurgence of main group chemistry led to fundamental advances and the
synthesis of many exotic structural and bonding motifs. Examples include: complexes with
high molecular charge,*! coordinately unsaturated main group elements in low oxidation
states,**12l multiply bonded element-element fragments,**l and multi-element clusters
and chains.™ These advances in main group chemistry are fueled by, and help to fuel,
advancements in the field of ligand design, where bulky ligands are often required to
stabilize reactive species. The nature of these unprecedented bonding situations attracts
computational chemists to rationalize them. This leads to new and sometimes controversial
theories to describe the nature of these bonding environments, one of which will be
discussed in the following section.

Perhaps one of the most significant findings is the observation of the structure and
reactivity of main group analogues of transition metal complexes.[*S! For example, metal
carbonyl complexes are ubiquitous in the realm of coordination chemistry, yet it was not

until recently that the first main group center bound by multiple carbonyl ligands, a

OSiMe;

—t P=P PEC% (SiMe3)3Si=C_
CioHis
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borolene dicarbonyl, was reported (Figure 1.2.2).1'81 Density functional theory (DFT)

calculations showed that its highest occupied molecular orbital (HOMO) consisted of a
three-centered m bonding interaction between the boron and carbonyl group.[*®! This
backbonding from the filled p-orbital of the boron atom into the «~ orbital of the carbonyl

is directly comparable to metal-to-carbon n backbonding in transition metal chemistry.

Figure 1.2.2: Reported example of a borolene dicarbonyl.

Furthermore, in the past decade, many examples of reactions previously only possible
with transition metals have been performed with main group compounds. The activation
of small molecules is one example, the simplest of which is the addition of H», a key step
in many transition metal-mediated chemical transformations such as hydrogenation. No
main group species were known to perform this addition under mild conditions. In 2005,
however, it was shown that the Ge alkyne analogue ArGe=GeAr (Ar = CeHs-2,6(CsH3-2,6-
iPr2)2) reacted directly with H> under ambient conditions, to yield the hydrogenated
products Ar(H)Ge=Ge(H)Ar, Ar(H).Ge-Ge(H) Ar and HzGeAr.[*"] This type of reactivity
has also been promoted by heavy Ge and Sn carbene analogues!*®! as well as monovalent
Ga species.[*’]

In another major advancement, it was found that H> could be bound reversibly to a
phosphine-borane system by employing a strategy termed “frustrated Lewis pairs” (FLP).

FLP chemistry relies on the high steric demand of the phosphine and borane preventing the
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formation of a stable Lewis acid-base adduct hence, ‘frustrated’, while simultaneously

promoting the synergistic interaction of Hz with the lone pair of the phosphine and empty
p-orbital of the borane. This polarization of Hz allows for reversible H-H heterolytic bond
cleavage and formation of the phosphonium borate; mild heating allows for the release of

H. and the regeneration of the phosphine and borane.[?%

1.3. The Coordinate Bond

A distinct difference between coordination chemistry and other purviews of
chemistry is in the perceived nature of the bonds involved. Bonds in molecular structures
are often interpreted as covalent bonds formed through the sharing of a pair of electrons
between two atoms. Conversely, a fundamental concept in coordination chemistry is that
of the coordinate or dative bond in which a pair of electrons is donated from one atom to
another. While this convention is well accepted in transition metal coordination chemistry,
defining a bond as either coordinate or covalent in main group coordination chemistry is a
controversial subject.l?1[2211231 Several criteria attempting to define a coordinate bond have
been proposed, but each possesses inherent limitations.

For instance, one proposed criterion is that a coordinate bond is relatively long and
weak. This definition is troubling since it assumes a standardization of all bond lengths and
strengths between atoms that may serve as reference. It is even more problematic for new
bonding motifs for which there are no or insufficient examples to compare to. Additionally,
bond strength is greatly affected by the molecular charge of the complex, with cationic
species often possessing shorter and stronger bonds than neutral or anionic derivatives.

Therefore, it is difficult to classify a bond as long or weak in absolute terms.
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A more accurate criterion for defining a coordinate bond is the prevalence of

heterolytic versus homolytic bond cleavage. Experimental evidence for a coordinate bond
is often demonstrated by performing a ligand exchange reaction in which a neutral Lewis
base substituent is replaced by another, stronger Lewis base. This, too, is problematic as it
is often unknown whether the substitution is occurring by an associative or dissociative
mechanism. An associative pathway involves both the incoming and outgoing ligand in the
transition state and, therefore, offers no information on the preference of heterolytic bond
cleavage as the transition state is fundamentally different from the compound of interest.
Secondary to all these factors, the use of coordinate bonding model in main group
chemistry has come under criticism as seeking to “sell” the chemistry. It is important to
remember that any bonding model, be it Lewis or dative, is simply a way for chemists to
express the potential reactivity of a compound and, while not fundamentally wrong, can be
misleading. In light of this, throughout this thesis a hybrid model will be used that does not
distinguish between coordinate or covalent bonds and assigns charge to the overall

complex rather than any particular atom (Figure 1.3.1).

i +
R L R L R L
™~ ;/ N P/ ~ P/
R R R
Coordinate Lewis Hybrid

Figure 1.3.1: Example of coordinate, Lewis, and hybrid bonding models for a generic

phosphenium cation.



1.4. The Pnictogen Elements

Group 15, consisting of the elements N, P, As, Sb, Bi, and Mc, is also known as the
pnictogens (Pn), derived from the ancient Greek term for strangulation or “to choke” due
to the suffocation properties of the elements in their gaseous form, particularly nitrogen.
Although the term is not recommended by IUPAC, it is the most well established in the
main group community and least cumbersome way to collectively identify the Group 15
elements.

The pnictogens have the electron configuration of ns? np? and possess three common,
closed shell, oxidation states (+I, +IllI, and +V). Selected nuclear properties for the
pnictogen elements, with exception of the recently discovered Mc, are highlighted in Table
1.4.1. A decrease in Pauling electronegativity and ionization energy is apparent down the
group: this signifies an increased metallic character of heavier pnictogen elements, which
significantly affects their coordination chemistry. One pertinent implication of this is that
lighter elements exhibit more polar covalent bonds, while the heavier elements Pn-X bonds
are more ionic. This, for example, allows less energetically demanding abstraction of X
from a heavy pnictogen than a lighter element.

Another important factor when discussing the coordination chemistry of these elements
is the trend of increasing van der Waals radii. Nitrogen, the smallest element, cannot
accommodate more than eight valence electrons; on the other extreme, the largest element
of the group, bismuth, hypervalency is the norm rather than the exception where
coordination number as high as nine are not uncommon. The prototypical hypervalent
pnictogen compounds are the pnictogen(V) pentahalides which adopt trigonal bipyramidal

geometries and are potent oxidizers and Lewis acids.
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Examination of the nuclear spin and natural abundance shows that phosphorus is the

most convenient element with respect to analysis by nuclear magnetic resonance NMR
spectroscopy techniques. °N while also possessing a spin integer value of %, it exists in
extremely low natural abundance, making routine NMR analysis impractical without
enriched samples. The remaining stable pnictogen nuclides have non-% nuclear spins,
allowing for efficient quadrupolar relaxation of the nucleus such that NMR collection is
infeasible if not impossible, in many cases. In terms of organophosphorus compounds, the
typical chemical shift range is -100 to 300 ppm. Features affecting 3P chemical shift
include electronic properties of the attached substituents, coordination number, and steric
encumbrance of the phosphorus center. Generally, like in *H NMR, phosphorus centers
attached to electronegative elements resonate at higher chemical shift compared to less
electronegative substituents. Additionally, penta-coordinate phosphorus typically
resonates at lower chemical shift than its tri-coordinate counterpart. The large chemical
shift window and the high sensitivity to environmental change make phosphorus ideal for

investigation via NMR techniques.
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Table 1.4.1: Selected properties of the pnictogen elements (temperature in °C, energy in

kJ/mol, distance in A).

N P As Sb Bi
Atomic Number 7 15 33 51 83
57.4%
Natural Isot 99.6% N 121g}
atural Isotope
P 100% 3P | 100% "°As 100% 2%°Bi
Abundance 42.6%
0.4% N
1238b
+1 N +5/2 1215
Nuclear Spin (1) +1/2 3lp -3/2 As -9/2 209Bj
-1/2 BN +7/2 133p
Melting Point -210.0 44.15 - 630.6 271.4
- _ 615
Boiling Point -195.8 280.5 ) 1587 1564
(sublimes)
1% lonization
1402 1012 947 834 703
Energy
2" Jonization
2856 1907 1798 1595 1610
Energy
3" lonization
4578 2914 2735 2440 2466
Energy
4" Jonization
7475 4964 4837 4260 4370
Energy
51 lonization
9445 6274 6043 5400 5400
Energy
Electron Affinity 7 72 78 101 91
Pauling
o 3.04 2.19 2.18 2.05 2.02
Electronegativity
Atomic Radius 0.65 1.00 1.25 1.46 1.55
Covalent Radius 0.71 1.11 1.21 1.39 1.48
van der Waals
_ 1.55 1.80 2.00 2.20 2.40
Radius
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The geometry of pnictogen complexes are discussed in several chapters of this
dissertation: structural parameters for prototypical compounds are tabulated in Table 1.4.2
as reference. The trend in bond lengths reflects the larger covalent radii of the heavier group
15 elements. The X-Pn-X angles show a sharp decrease from nitrogen (ca. 107°) to the
heavier elements (ca. 90-100°). In valence bond theory terms, this trend is explained by
high s-orbital contribution to bonding in the case of amines, and by purely p-orbital
bonding for the heavier elements. In other words, the s- and p-orbitals of amines are easily
hybridized, forming four sp® orbitals, while this hybridization is resisted for the heavier
elements. This resistance to hybridization is known as the inert pair effect: this effect
implies that the lone pair of heavier pnictogens exhibit greater s-orbital character;
moreover, these s-orbitals are more diffuse and polarizable than the hybrid sp® orbital of
nitrogen which are more directional and less polarizable. Experimentally, these electronic
effects on the lone pair are observed in the hard donor characteristics of amines and the

soft donor abilities of the heavier analogues.

Table 1.4.2: Structural parameters of prototypical Pn(I11) compounds (distances in A,

angles in °).[24

NH3 PHs AsHs SbHs BiHs
Pn-H 1.012 1.421 1.511 1.700 1.776
H-Pn-H 106.7 93.3 921 91.6 90.5
NCl3 PCls AsCl3 SbCls BiCls
Pn-Cl 1.759 2.039 2.165 2.334 2.424
Cl-Pn-ClI 107.1 100.3 98.6 97.1 97.5
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1.5. Coordination Chemistry of Pnictogen(V) Acceptors

A variety of pnictogen-centered complexes can be envisaged as potential Lewis
acceptors, and can be organized by the oxidation state of the pnictogen center and overall
charge of the complex (Figure 1.5.1). Moving left to right in Figure 1.5.1, an anionic
substituent, or X-type ligand, is being removed, so a cationic charge is installed on the
pnictogen center. Prior to the work of this dissertation, no examples of [RzPn(V)]**,
[RPn(V)]*, [Pn(V)]®* have been reported in the literature, though the other entries, most
notably the pnictogen(lll) class and the rarer pnictogen(1).[?51126L27] have been reported.
However, by no means has a comprehensive list been established, and, in many cases, only
isolated examples of a species are reported such that no analysis of trends or understanding

of the behaviour of this class of compounds can be undertaken.

+
Py ~ R—Pn o
R
R\ /R o + . 2+ . 3+
Pn(IIT) - - P -bn +Pn
R R R
R R R TR | mmmmmmmm e
R_OI_R - P : el a L s
Pn_ _—Pn R—Pn . Pn°" !'R—Pn™"' | Pn>"
Pn(V) | R R / \R | o/ Lo I ! :
R R R ! R | Le—--——- : Lo

Figure 1.5.1: Potential neutral and cationic pnictogen moieties. Motifs in dashed borders

are unreported prior to this dissertation. R = anionic substituent (alkyl, aryl, halogen, etc.).
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The current scope of pnictogen(V) cation coordination complexes has been recently

reviewed.?®! This review discusses the synthesis and structural characteristics of
pnictogen(V) coordination complexes. Importantly, it highlights the superficial coverage
of species which have been comprehensively characterised and are summarized in Table
1.5.1. It can clearly be seen that many structural motifs have yet to be observed,
particularly species with a cationic charge greater than 2. These compounds would likely

possess interesting chemical reactivity due to their inherently high Lewis acidity.

Table 1.5.1: Generic formulae for potential pnictogen(V) centered coordination complexes
prior to the work of this dissertation (X = monovalent susbtituent such as halide or alkyl,
Y = divalent substituent such as O, S, or NR, L = neutral ligand, n = number of ligands). *
indicates that one or more derivatives of that formula has been isolated and

comprehensively characterised. Adapted from reference [27].

Generic formula n=1 n=2 n>2
[XsPnLn] *
[X4PnLa]* * *
[X2PnYLn]* *
[PnY2La]? *
[XsPnLn]? * *
[XPnY L.]* *
[X2PnLa]*
[PnY L.
[PXnLa]*
[PnLn]**
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1.6. Synthetic Methodology

Main group cations are often synthesised from fundamentally simple synthetic
routes to target a wide variety of novel compounds. One common methodology, and the
one employed through most of this dissertation, is the displacement of a halide substituent
by a neutral donor. This approach is versatile and allows for the systematic formation of a
broad range of complexes. Recently likened to the Menschutkin Sn2 reaction of amines
with alkyl halides to yield ammonium salts,®® the prototypical reaction of a
chlorophosphine with a trialkylphosphine yields the complex [RsP-PR2][CI] (Figure
1.6.1). In cases where the Lewis acidity required to engage the donor is insufficient,
abstraction of the halide may be accomplished through a metathesis reaction with a salt of
a weakly coordinating anion (OTf, PFe’, BF4, etc), TMSOTT, or Group 13 halide EX3 (E
= Al or Ga, X = ClI, Br, or I). The use of a halide abstractor increases the Lewis acidity of
the acceptor and allows interaction with the donor. The use of a weakly coordinating
counter-anion ensures that the Lewis acidity of the acceptor center is not quenched, and

this counter-anion is easily displaced by a stronger donor.
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a) PnX;+L ———> [PnX,L][X]

b) PnX3 +MX' + ], — [anzL] [X'] M= Ag, TMS, Na, Tl, ect. ‘
- MX X' = weakly coordinating anion

¢) PnX;+EX;+L ——> [PnX,L][EX,] E=AlorGa
Figure 1.6.1: Generic reaction to form [PnX:L] * a) addition of a ligand, b) halide
abstraction via salt metathesis, and c¢) halide abstraction via Group 13 halide. Pn =

pnictogen, X = halogen.
1.7. Scope of Thesis

This dissertation investigates the coordination chemistry of neutral and cationic
pnictogen acceptors. As outlined above, the development of pnictogen(V) acceptors
chemistry is superficial at best. Much of this dissertation focuses on the synthesis and
structural characterization of this class of compounds. In the case of highly charged
pnictogen(V) cations, subsequent reactivity studies were conducted to investigate the effect
of the increased Lewis acidity of the cation.

Chapter 2 begins this investigation with the systematic synthesis and
characterization of a series of neutral, mono-, di-, and the first examples of tri-cationic
antimony(V) complexes. The discovery and cause of unexpected redox chemistry is also
discussed. Chapter 3 details the structural investigation of a series of mono- and bi-dentate
pyridine-based donors on antimony(l11) acceptors. Focus is given to both the nature of the
ligand and the effect of the substituents on the structure and geometry of the cations.
Chapter 4 reports several reactivity studies of the novel tricationic antimony(V) synthesised

in Chapter 2. Redox reactions with phosphines are of primary interest in this chapter, as is



16
the applicability of the phosphoniums formed. These reactions are analysed

spectroscopically and structurally, where possible. Finally, Chapter 5 reports the attempts
and pitfalls in the synthesis of tetra- and penta-cationic pnictogen(V) complexes: the
synthetic challenges of forming and isolating these moieties will be discussed as well as

potential routes to circumvent these difficulties.
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Chapter 2: Coordination Complexes of
Antimony(V)

Coordination complexes involving p-block element Lewis acceptor centers offer
opportunities for the discovery of new reactivities that are distinct from those of transition
metal complexes. In particular, highly electrophilic complexes are of fundamental interest
for their bonding and structure, but also for the potential of unique reactivity facilitated by
high molecular charge. As previously discussed, the coordination chemistry of
pnictogen(l11) acceptors has been systematically approached in the past, but investigations
of pnictogen(V) acceptors are relatively sparse with many structural motifs yet to be
explored. A fundamental understanding of the possible geometric and bonding parameters
available to this class of compounds is required before any assessment of their reactivity
can be performed.

Antimony(V) is a well known class of Lewis acid compounds, with SbFs used to
form the strongest superacid, [H2F][SbFs]. Due to its low electronegativity, antimony can
easily engage a Lewis base to form an adduct. The Lewis acidity of antimony(V) can be
enhanced by incorporating a cationic charge on the molecule through the substitution of an
anionic substituent with a neutral ligand.

The Lewis acidity of antimony(V) cations has been exploited in recent years by the
Gabbai research group to form a variety of anion sensors. Complexation of fluoride anions
in protic media is a valuable area of research with applications in drinking water analysis.
It was found that 9-anthryltriphenylstibonium, [(9-ant)PhsSh]*, could selectively bind
aqueous fluoride at the part-per-million level. Upon binding fluoride, the geometry at

antimony changes from tetrahedral to trigonal bipyramidal, inducing a florescence
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response allowing for ease of detection.l*”! Since this discovery, further tuning of the

system allowed for sub-ppm detection of fluoride,® use of a sufficiently Lewis acidic
neutral antimony species,® and improved fluorescence response®. Similar approaches
have been taken to design detectors for other anions like cyanide and azide.[!

The following cationic complexes featuring antimony(V) as the Lewis acceptor
center have been reported and systematically explored: [PhsSbL]*, [PhsSbL(OTf)]
[PhsSbL2]?*, where (L = 4-dimethylaminopyridine (dmap), bipyridine (bipy),
phenanthroline (phen) R3PO (R = Me, Cy, Ph) and 4-methylpyridine-N-oxide
(OPyrMe)).ILB8LEET Additionally, attempts to form phosphine complexes of [PhsSb]?*
have failed and resulted in the oxidative coupling of phosphine to their corresponding
diphosphonium salt and reduction of antimony.% Based on this finding, redox-resistant
donors will need to be used when exploring the coordination chemistry of antimony(V)
cations.

Two different approaches can be invoked to access antimony(V) cations. Perhaps
the most intuitive of these approaches is to determine a suitable antimony(V) precursor to
utilize to investigate its coordination chemistry. Alternatively, previously synthesised
antimony(l11) complexes can be oxidized to form their corresponding antimony(V)
complex. Beginning with an antimony(V) precursor allows for more flexibility and
therefore was the route initially chosen for this work.

To that effect, PhoSbClz, PhSbCls, and SbCls were chosen as suitable precursors
for the synthesis of [Ph2Sb]®*, [PhSb]**, and [Sb]** moieties. SbCls is commercially

available, and, according to literature,*® Ph,SbhCl3 and PhSbCl, are easily synthesised from
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inexpensive starting materials. Moreover, complexes derived from these species would be

directly comparable with those previously reported for [PhaSb]* and [PhsSh]?*.[*%
PhoSbCls was synthesised by a modified literature preparation as per Scheme
2.1.%8 A 2:1 stoichiometric ratio of Ph3Sh and SbCls were combined without solvent to
form a viscous melt which was left to stir at ambient temperature for seven days. From this,
Ph>SbCI can be isolated, or the crude mixture can be used to proceed with the reaction via
dilution in DCM followed by dropwise addition of a 1 M solution of SO,Cl, in DCM; the
solution is then left to stir for 24 hours. Crystals of Ph,SbCls were obtained after
recrystallization in DCM at -30 °C. Isolation of PhoSbCI offers no benefit in terms of the
final isolated yield of PhoShCls. Similar methodologies were used to synthesise PhSbCls.
Attempts to isolate PhSbCls, however, were problematic and eventually deemed

unsuccessful. Efforts made to circumvent this issue will be discussed in Chapter 5.

ay 2 PhsSb+SbCly ——> 3Ph,SbCl
thSbCl + 802C12 —>Ph28bC13 + SOz

p) PhsSb+2SbCl——= 3 PhSbCl
PhSbCl, + SO,Cl, —> PhSbCl, + SO,

Scheme 2.1: Synthetic pathway to a) Ph.SbClz and b) PhSbCla.

2.1. Complexes Featuring Oxygen Donors

As previously mentioned, choice of ligand is important for the successful isolation of
antimony(V) coordination complexes. Hard donors (O, N) were shown to be effective at

forming stable complexes, while soft donors (As, Sh, Se, S) elicited no reaction. Oxygen
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donors were first investigated as they are unable to be further oxidized by antimony, and

are less basic and therefore less prone to unwanted protonation compared to nitrogen-based
donors.

A systematic approach was taken and reactions of PhoSbClz with AgOTT in the
presence of OPyrMe or OPEts were carried out per Scheme 2.1.1. All reactions are facile
and rapid in either DCM or CH3CN at room temperature. Upon removal of AgCl, the
samples were crystallized in order to afford complexes of the general formula
[Ph2Sb(L)mCls][OTf]n. Additionally, the lower charged species can be converted to more
highly charged species with appropriate stoichiometric addition of AgOTf and ligand.
Attempts to form the five coordinate species have resulted only in the isolation of the six
coordinate species. This observed preference for an octahedral configuration contrasts the
speculated trigonal bipyramidal structures of R2SbL3z*", that were previously proposed on
the basis of elemental analysis and *H NMR.[“l Indeed, NMR data of both the reaction
mixture and the isolated solid are inconsistent with a trigonal bipyramidal assignment.
[PhoSbL4][OTf]s represent the first structurally characterized examples of a pnictogen(V)

tricationic complex.

Ph,SbCl; + mL + nAgOTf —> [Ph,Sb(L),,Cl5_,][OTf], + nAgCl L = OPyrMe or OPEt;

Scheme 2.1.1: Generic equation for the formation of monodentate oxygen donor Sh(V)

complexes(m=1,n=0),(m=2,n=1),(m=3,n=2),or(m=4,n=23).
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Figure 2.1.1: General structure of synthesised Sb(V) complexes featuring oxygen-

donors.

The solid-state structures of compounds Ph2SbCl3(OPyrMe),
[Ph2SbCl2(OPyrMe)][OTf] and [Ph2Sh(OPyrMe)][OTf]3z are shown in Figure 2.1.2 with
selected structural parameters listed in Table 2.1.1. It has not been possible to determine
the solid-state structure of [Ph.ShCI(OPyrMe)s][OTf].. In each of the compounds the
antimony center adopts a distorted octahedral geometry with the two phenyl substituents
in a trans configuration (C-Sb-C = 168.62 - 177.45°), imposing a planar arrangement for
the OPyrMe ligands and chloride substituents. Attempts to form the five-coordinate species
have resulted only in the isolation of the six-coordinate species. This observed preference
for an octahedral configuration contrasts the speculated trigonal bipyramidal structures of
R2SbL3%*, that were previously proposed on the basis of elemental analysis and *H NMR

spectroscopy. 4]
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Figure 2.1.2: Solid state structures of a) Ph.SbCIl3(OPyrMe), b) The cation in
[Ph2SbCl2(OPyrMe),][OTf], and c) The cation in [Ph2Sb(OPyrMe)s][OTf]s. All hydrogen
atoms and counter-anions omitted for clarity. Thermal ellipsoids are shown at 50%

probability.

The Sh-O(PyrMe) bonds in all three compounds are slightly longer than the sum of
the covalent radii of Sb and O (Zcrsp--o = 2.03A), and the Sb---O(Tf) contacts are outside
the sum of the van der Waals radii (Zvawsb--o = 3.58A), indicating that all compounds are
ionic in nature. The Sb-O(PyrMe) bond in each compound are all shorter than that in

[PhsSb(OPyrMe)][OTf], while the Sb-O bond in PhaSbCIsOPyrMe and in
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[Ph2SbCl2(OPyrMe),][OTf] are longer than that in [PhsSb(OPyrMe)2][OTf]2,[*¢ and the

shortest Sh-O bond is observed in [Ph.Sb(OPyrMe)4][OTf]s: this trend is consistent with
the magnitude of the cationic charge. The Sb-Cl bonds in the neutral PhoSbCIlsOPyrMe are
similar to those in PhsShCl. (average Sb-Cl = 2.463(2) A),*! and the Sh-Cl bond trans to
OPyrMe is the shortest, indicating that the trans influence of CI" is greater than that of
OPyrMe. This observation is consistent with the bond distances observed for the
monohydrate, Ph2SbCl3(OHz)- [Sh-Cl(trans to OHa) = 2.331(4)A, Sb-Cl(trans to Cl) =
2.490(4)A1.1%21 The cis configuration and bond lengths of the Sh-Cl bonds in
[PhoSbCI2(OPyrMe),][OTf] are similar to those in PhoSbCly(acac): [Sb-ClI =
2.418(3)A].1*%1 The degree of twisting of the phenyl rings increases across the series, likely

due to = interactions between the phenyl and pyridine rings.
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Table 2.1.1: Selected bond lengths (A) and angles (°) in the solid-state structures of Ph2SbClo(OPyrMe), [Ph2SbCl2(OPyrMe),][OTH],

and [Ph2Sb(OPyrMe)4][OTf]s, with comparison to [PhsSb(OPyrMe)][OTf] and [PhsSb(OPyrMe),][OTf]..[*

[Ph2SbCl2(OPyrMe).] | [Ph2Sb(OPyrMe)s] | [PhaSb(OPyrMe)] | [PhsSh(OPyrMe).]
Ph2SbCl3(OPyrMe) [OTH] [OTf]; (0T (0T,
Sh-O1 2.1779(12) 2.164(2) 2.117(4) 2.4486(12) 2.1381(15)
Sb-02 - 2.160(2) 2.098(3) - 2.1392(15)
Sb-03 - - 2.135(4) : 5
Sb-04 - - 2.123(4) ; 5
Ag/te)rfé)ge 2.1779(12) 2.162(2) 2.1183(4) 2.4486(12) 2.1387(15)
Sh-Cl1 2.4561(5) 2.4086(10) - - -
Sh-CI2 2.4380() 2.4187(10) - - -
Sb-CI3 2.4449(5) - - ; 3
Ph-Ph
Twist 12.4 32.7 51.8 ; ]
angle
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The  solid-state  structures of  compounds  [Ph2SbCl2(OPEt3)][OTTf],
[Ph2Sb(OPEts)s][OTf]2, and [Ph.Sb(OPEts)4][OTf]s are shown in Figure 2.1.3, with
selected structural parameters listed in Table 2.1.2. Attempts to obtain a crystal adequate
for X-ray diffraction of the neutral Ph.SbCl3(OPEt) were hampered by its low solubility in
most solvents. Weakly diffracting crystals were obtained, suitable only for determination
of atomic connectivity that revealed an equivalent structure to that of PhoSbClz(OPyrMe).

3P NMR spectroscopy can help estimate Lewis acidity for these compounds via
the Gutmann-Beckett method.[*l The Gutmann-Becket method is a NMR technique in
which the difference in *!P NMR chemical shift of free OPEts (41.0 ppm) and that of its
adduct with a Lewis acid is assessed: the greater the difference, the more potent the Lewis
acid. From the difference in chemical shift, an “acceptor number” (AN) can be calculated
to act as a simple numerical representation of Lewis acidity, and allow facile comparisons
between Lewis acids. The scale for acceptor numbers have been arbitrarily assigned such
that the AN of free OPEt; in hexane is 0, and that of EtsPO-SbCls is 100.11. In the
compounds studied herein, there is a clear trend in 3P chemical shift shifting to higher
frequencies as the cationic charge increases. The *!P chemical shifts for Ph,SbCl3(OPEts),
[Ph2ShCI2(OPEts)][OTT], [Ph2SbCI(OPEt3)s][OTf]2, and [Ph2Sb(OPELts)4][OTf]s are 76.3,
81.2, 85.2, 89.3 ppm, giving AN values of 78.1, 81.8, 97.8, and 106.7, respectively. This
shows that these compounds are indeed potent Lewis acids; for context, the AN of the well-

known Lewis acid B(CsFs)s is 82.14°]
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a)

Figure 2.1.3: Solid state structures of the cation in a) [Ph2SbCl3(OPEts)2][OTf], b)
[Ph2ShCI2(OPEL)s][OTf]2, and c) [Ph2Sb(OPEts)4][OTf]z. All hydrogen atoms and counter-

anions omitted for clarity. Thermal ellipsoids are shown at 50% probability.

Similar to the OPyrMe derivatives, the antimony center of each cation adopts a
distorted octahedral geometry with the two phenyl substituents in a trans configuration (C-
Sb-C = 176.25-180°). Again, preference for adoption of an octahedral geometry is
displayed as, regardless of the stoichiometry of ligand employed, only octahedral
complexes are isolated. As all three cations are octahedral there are no Sh---O(Tf) contacts
in the solid-state. Interestingly, unlike the monocationic OPyrMe derivative,
[Ph2SbCl,(OPEt3)][OTf]2 adopts a configuration in which the ligands are trans to each

other.
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In general, the Sb-O bonds in each species are very similar in length with no

significant change as the cationic charge varies, however, the Sbh-O in
[PhsSb(OPMe3)][OTH] is significantly longer than the rest of the series. This is likely due
to steric congestion imposed by the four phenyl substituents rather than any electronic
effect. Similarly, there is no change in Sb-Cl bond length when the cationic charge is
increased from [Ph2SbCl2(OPEts)2]* to [Ph2SbCI(OPEts)s]?*. There is a slight increase in
P-O bond length as the cationic charge increases which would be consistent with binding

to a more Lewis acidic center.
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Table 2.1.2: Selected bond lengths (A) and angles (°) in the solid-state structures [Ph2SbCl2(OPEts)2][OTf], [Ph2SbCI(OPEts)s][OTf]2,

and [Ph2Sb(OPEts)4][OTf]3 with comparison to [PhsSh(OPMe3)][OTf] and PhsSh(OPMe3),][OTf]2.%

[Ph2SbCI>(OPEts)2] | [Ph2ShCI(OPEts)s] | [PhoSb(OPEts)s] | [PhaSb(OPMes)] | PhsSb(OPMes)2]

[OTf] [OTf] [OTfa [OTf] [OTf]

Sb-01 2.096(4) 2.0885(19) 2.002(6) 2.406(2) 2.104(3)

Sb-02 2.087(4) 2.0731(19) 2.084(6) - 2.074(3)
Sb-03 - 2.0790(18) 2.092(6) - -
Sb-04 - - 2.084(6) - -

A‘éir_age 2.092(4) 2.0802(19) 2.088(6) 2.406(2) 2.089(3)
Sb-CI1 2.4485(14) 2.4442(6) - - -
Sb-CI2 2.4487(14) - - - -

P1-01 1.532(4) 1.5382(19) 1.539(6) 1.499(2) 1.526(3)

P2-02 1.520(5) 1.5415(19) 1.552(6) - 1.530(3)
P3-03 - 1.528(2) 1.539(6) i i
P4-04 - - 1.552(6) - -

A‘;e_roage 1.526(5) 1.536(2) 1.546(6) 1.499(2) 1.528(3)
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2.2. Redox Chemistry

Reaction of Ph,ShClz with two equivalents of 2,2'-bipyridine (bipy) followed by
three equivalents of trimethylsilyltrifluoromethanesulfonate (TMSOTf) results in
formation of [Ph2ShCl2(bipy)][OTf] as the major product and [PhSh(bipy)][OTf]. as the
minor product, both of which were isolated by fractional crystallization and have been
comprehensively  characterized (Figure 2.2.1). Under different conditions,
[Ph2SbCl2(bipy)][OTf] can also be synthesised as the sole product and will be discussed in
the following section. Regarding the reduced Sbh(lll) species, [PhSh(bipy)][OTf]., it can be
seen that two chloride substituents have been abstracted from Ph,SbCls yielding a 2+
charge and an effective loss of a phenyl and chloride substituent. Signals corresponding to
chlorobenzene were observed in the 3C NMR spectrum of the crude reaction mixture,
indicating that reduction of Sb(V) to Sb(lll) is associated with the oxidative coupling of
phenyl and chloride. Similarly, reaction of PhSbCls under similar conditions yielded the

reduced [Sb(bipy)2][OTf]s from a mixture of products (Scheme 2.2.1).

a) Ph,SbCl; + 2 bipy + 3 TMSOTf ———— [Ph,SbCl,(bipy)[OTf], + [PhSb(bipy)][OTf],
71% 16%

b) PhSbCly, + 2 bipy + 4 TMSOTf —— > [Sb(bipy),][OTf]; + other compounds
13%

Scheme 2.2.1: Observed reduction of Sb(V) to Sb(lll). Percent yields are crystalline

isolated yields.
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These observations are consistent with the previously reported decomposition of

RsSbl> to give RI and R.Sbl (R = MesSiCH, and MesCCHy) through thermal
decomposition. #2147 Moreover, cationic phosphine complexes of Sh(lll) and Sh(V)
centers are known to oxidatively couple R3P to form diphosphonium cations (R =Me, Et,
Pr).[3L18149 The redox behavior of Ph,SbCls in the presence of bipy and TMSOTf
contrasts the apparent redox stability of the previously reported [PhsSh(bipy)][OTf]2, 2%} 16]
which contains a formal dication. | speculate that the bipy ligand is unable to sufficiently
stabilize the cationic charge on [Ph2Sh(bipy)CI][OTf]. or [PhSbCl(bipy)2][OTf]z which

results in the reductive elimination of PhCI in order to decrease the charge density.

Figure 2.2.1: Solid-state structure of [PhSb(bipy)][OTf]. and [Sh(bipy):][OTf]s. All

hydrogen atoms omitted for clarity. Thermal ellipsoids are shown at 50% probability.
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2.3. Complexes Featuring Nitrogen Donors

In an attempt to rationally assess the redox reactivity observed, a systematic series of
cationic [Ph2SbhX3.nLm][OTf]n complexes were synthesised as per Scheme 2.3.1 using the
monodentate nitrogen based donor 4-dimethylaminopyridine (dmap). All reactions were
performed in DCM and produced high yields of the neutral, monocationic and dicationic
species Ph2SbCls(dmap), [Ph2ShCl2(dmap)2][OTf], and [Ph2SbCl(dmap)2][OTf]2 (Figure
2.3.1). Unlike the reactions with bipy, no redox reactivity was observed. Reactions
performed in CH3CN result in formation of a significant quantities of protonated dmap,
likely due to the activation of CH3CN by the Lewis acidic antimony center. Similar
activation and deprotonation of CH3CN has been reported in reactions of the electrophilic

(C2Fs)3PF2 with amines.[%

-m Ag

Scheme 2.3.1: Synthesis of Ph,SbClz(dmap) (n=1,m=0), [Ph2ShCl.(dmap)2][OTf]

(n=2,m=1), [Ph2SbCl(dmap).][OTf]> (n=2,m=2).

All attempts to synthesise the tricationic [Ph2Sh(dmap)s][OTf]s, resulted in the
formation of a pale blue solution from which the known [Ag(dmap)z][OTf]B 52
crystallizes. This reaction, occurs over the course of an hour, indicated by the colour
change; if halted early, [Ph2SbCI(dmap)2][OTf]z is isolated. Alternative halide abstractors
such as TMSOTT, NaPFs, NaBF4, AICl3, and GaCls in the presence of dmap have been

attempted to remove the last chloride from [Ph.SbCl(dmap).][OTf]- to no avail.
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Figure 2.3.1: Solid state structure of a) PhoSbCls(dmap), b) [Ph2SbCl2(dmap).][OTf], and
c) [Ph2SbCl(dmap).][OTf]. All hydrogens and counter-anions omitted for clarity. Thermal

ellipsoids are shown at 50% probability.

All three complexes possess an octahedral environment around the antimony center
with the phenyl substituents in a trans configuration (C-Sb-C=170-178°). The neutral
Ph2ShCl3(dmap) and monocationic [Ph2ShCl2(dmap)2][OTf] are structurally analogous to
the oxygen donors described above. [Ph2SbCl(dmap)2][OTf]2, however, displays a short
Sb---OTf contact: this inter-ion contact is within the sum of the van der Waals radii but
slightly longer than the Sb-O interactions considered "fully coordinated."}54 The second

triflate is non-interacting and [Ph2SbCl(dmap)2][OTf]2 is thus ionic, but contains a
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monocation more accurately depicted as [PhSbCl(dmap)2(OTf)][OTf]. Attempts to

substitute the coordinated triflate with an additional equivalent dmap were unsuccessful.
Perhaps the steric pressure at antimony is too great to allow for binding of a third dmap
ligand. This would also explain the prevalence of the formation of Ag(dmap)." and the
difficult synthesis of [Ph.Sb(dmap)4][OTf]s. There is a slight decrease in Sb-N and Sh-Cl
bond lengths across the series, consistent with the increasing molecular charge. The Sb-N
bonds are relatively short (Xcr = 2.11 A),®® but are consistent with [PhsSb(dmap)2][OTf].

and other reported Sb(V)-N bonds (range 2.27-2.81 A).[%

Table 2.3.1: Selected bond lengths (A) and angles (°) in the solid-state structures
of Ph2SbClz(dmap), [Ph2ShCl2(dmap)2][OTf], and [Ph2SbCl(dmap)2][OTf]. and

sums of covalent (Zrcov)®! and van der Waals (Zrvaw)®® radii for selected atom

pairs.
[Ph2SbClz(dmap)z] | [Ph2SbCl(dmap)z] | [PhsSb(dmap)z]
Ph2SbCls(dmap) [oTH] [OTH, [OTH,
Sb-N; 2.2334(13) 2.225(3) 2.182(8) 2.2219(17)
Sb-N; - 2.216(3) 2.201(8) 2.2210(17)
A‘S’EfaNge 2.2334(13) 2.221(3) 2.192(8) 2.2215(17)
Sb-Cl; 2.4374(5) 2.4515(9) 2.387(4) -
Sb-Cl, 2.4643(5) 2.4493(9) - -
Sb-Cls 2.4636(5) - - -
Ag’g_rg?e 2.4551(5) 2.4504(9) 2.387(4) .
Sb---Oort - - 2.202(13) 2.7143(17)
% co(SD,0) 2.03
% vaw(Sb,0) 3.58
N1-Sb-N2 - 177.15(11) 174.4(4) 170.69(6)
N1-Sb-CI1 86.65(4) 89.19(8) 93.6(3) -
N1-Sb-CI2 178.47(3) 91.75(3) - -
N1-Sb-CI3 87.17(4) - - -
N2-Sb-CI1 - 89.52(3) 91.9(2)
N2-Sb-CI2 - 89.56(3) -
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It is worth noting that the dmap ligands are consistently oriented in a trans fashion,
which is counter to what is observed for phosphine and phosphine chalcogenide complexes
of Sb(lll): here, with the exception of PPhs, the donor is bound in a strictly cis
manner.?M01  This observation is consistent with the trans configuration of
[PhoShCI>(OPEts)][OTf] and distinct from the cis configuration of ligands in
[Ph2SbCl2(OPyrMe)][OTf]. One explanation for this is that the neutral adduct is formed
first with the dmap donating into an Sb-C1 ¢~ orbital trans to it, thus weakening the bond
and allowing easier abstraction by the Ag*. From this intermediate the ligand can bind to
form an exclusively trans product (Scheme 2.3.2 pathway a). Alternatively, the
intermediate may relax to a trigonal bipyramidal geometry prior to attack of the second
equivalent of ligand which would allow the two ligands to either be cis or trans to each

other (Scheme 2.3.2 pathway b).
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Scheme 2.3.2: Proposed mechanism for the synthesis of a) exclusive synthesis of
trans,trans,trans-[PhoSbClzL2]" and b) synthesis of both trans,trans,trans-
[Ph2SbClL2]* and trans,trans,cis-[Ph2SbCloL2]*.

As reactions with dmap offered no insight on the redox reactivity previously
observed with bipy, further investigation with bidentate nitrogen donors was continued. In
an attempt to elucidate the conditions that favor redox chemistry, a series of reactions
varying either the ligand (bipy or 4,4’-di-tert-butyl-2,2’-dipyridyl (tBubipy)), halide
abstractor (AgOTf or TMSOTHT), or solvent (DMC or CH3CN) was performed (Scheme
2.3.2). The choice of halide abstractor was varied as AgOTf is a more potent chloride
abstractor due to the high lattice energy of AgClI; conversely, TMSOTT is a less potent
chloride abstractor and, in solution, exists in equilibrium with TMSCI reducing the driving

force for complete chloride abstraction. The coordinating solvent CH3CN was tested
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against weakly coordinating DCM to determine whether solvent plays a role in the

stabilization of any potential intermediates prior to reductive elimination of PhCI.

Ph,SbCl; + n bipy + m TMSOTfW Ph,SbCl; + n Bubipy + m TMSOTTf Do
Ph,SbCl; + n bipy + m AgOTf Dov Ph,SbCl; + n Bubipy + m AgOTf Do
Ph,SbCl; + n bipy + m TMSOTfW PhySbCly + n tBubipy + m TMSOTS >

Ph,SbCl; + n bipy + m AgOTf Ph,SbCl; + n Bubipy + m AgOTf

—_—
CH,CN

Scheme 2.3.3: Reactions performed in order to rationalize conditions required for redox
chemistry and complex formation(n=1, m=0),(n=1, m=1),(n=2,m=2),(n=2, m
=3).

It was determined that solvent did not play a role, as identical reactivity was
observed regardless of solvent in all cases. Choice of halide abstractor and ligand, however,
were significant. Reaction of PhoSbClz with bipy in the absence of halide abstractor led to
the formation of [Ph2ShClz(bipy)][Ph2SbCls]. The addition of one equivalent of either
TMSOTTf or AgOTf results in the formation of [Ph2SbCl.(bipy)][OTf]. The cation
[Ph2ShCla(bipy)]* exists as two isomers in a 60:40 ratio according to *H NMR. Attempts
to selectively crystallize one isomer, using a variety of solvent systems, temperatures, and
sublimation, failed and resulted in a mixture of both visually indistinct isomers.
Nevertheless, single crystal X-ray data was obtained for both isomers and verified their
identities, revealing bipy to be in a trans configuration to either the chloride or phenyl

substituents (Figure 2.3.3).

——
CH,CN
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Figure 2.3.2: Solid state structure of the two isomers of the cation in
[Ph2SbCl2(bipy)][OTS]. Isomer A) cis,trans, cis-[Ph2SbClx(bipy)][OTf], isomer B)
trans, cis, cis-[Ph2SbCl2(bipy)][OTf]. All hydrogens and counter-anions omitted

for clarity. Thermal ellipsoids are shown at 50% probability.

In the solid-state, the cation [PhoSbCl.(bipy)]* adopts a distorted octahedral
geometry about antimony. Isomer A displays greater distortion from ideal octahedral
geometry (trans-Cl-Sb-Cl = 163.62°) than isomer B (trans-C-Sb-C = 173.44°) perhaps due
to steric pressure of the cis oriented phenyl substituents. The Sb-N bond distances for both
isomers are statistically indistinct and slightly longer than those present in the dmap
derivative [Ph2SbCl2(dmap)2]*. The Sbh-Cl bonds are also very similar in length between
the two isomers (isomer A average Sb-Cl = 2.3997(17) A, isomer B = 2.4136(12) A), these

are notably shorter than those in [Ph.SbCl>(dmap).]* (average Sh-Cl = 2.4504(9) A).
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Table 2.3.2: Selected bond lengths (A) and angles (°) in the solid-state structures

of the two isomers of the cation in [PhoSbCl,(bipy)][OTf]. Isomer A) cis,trans, cis-

[Ph2SbCl2(bipy)], isomer B) trans, cis, cis-[Ph2SbCl2(bipy)][OTf].

Isomer A Isomer B

Sb-N1 2.275(3) 2.261(5)
Sh-N2 2.260(3) 2.255(5)
Sh-Cl1 2.4071(12) 2.3924(17)
Sh-CI2 2.4200(11) 2.4069(16)
C-Sb-C 173.44(14) 103.4(2)
CI1-Sb-CI2 98.91(4) 163.62(5)
N1-Sh-N2 72.70(12) 72.06(18)
N1-ShCl1 167.51(9) 84.46(13)
N1-Sb-CI2 93.45(9) 81.50(13)
N2-Sb-Cl1 94.92(9) 84.04(12)
N2-Sb-CI2 166.14(8) 83.65(13)

Reaction of Ph,SbCls with two equivalents of bipy in the presence of two
equivalents of TMSOTT exhibited the same reactivity as when only one equivalent of the
halide abstractor was used. Conversely, utilizing two equivalents of AgOTf or three
equivalents of TMSOTf as chloride abstractor both resulted in formation of
[Ph2SbCl2(bipy)][OTf] and the reduced [PhSb(bipy)][OTf]. as described in the previous
section. Using three equivalents of AgOTf resulted in isolation of the reduced
[Sb(bipy)2][OTf]s, presumably along with the reductive elimination of biphenyl. Further
investigation is required, however, if this is the case it is the first example of C-C bond
formation from a Group 15 center.®] These results suggest that, similar to

[Ph2SbCl(bipy)]?* and [PhSbCl(bipy)2]3*, [Ph2SbCl(bipy)]** is unstable with respect to
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reductive elimination. | postulate this is due to the inability of bipy to stabilize the cationic

charge and the fact that a second equivalent of bipy is unable to bind due to the bidentate
nature of the ligand and steric pressure about antimony. [Ph.SbCl(bipy)]?*, however, is
sufficiently long-lived for AgOTf to abstract the final chloride, allowing a second
equivalent of bipy to bind and thus form [Ph,Sb(bipy):]**. This, too, is unstable with
respect to reduction, suggesting that two equivalents of bipy are insufficient to stabilize the

cationic charge of [Ph2Sh]*".

_ o+ ~ 2+ ~ _ 2+
Ph Ph N
+ .
N\Slb O Ag N\Sb_Cl ( >Sb.
N Dal Al N |‘/ el N
i Ph | Ph Ph
b)l - AgCl
~ 2+ - - 3+ _
Ph . N N
N\ + ﬂ N | N — N | N
Sb——Cl| A8 TAgCl gy _Ph-Ph oy
N/ | N— 4 O~ s
N7 (| Pn N
i Pho Ph 1 ]
Scheme 2.3.4: Potential mechanism for the formation of a) [PhSh(bipy)]** and b)
[Sh(bipy)2]®*.

Reaction of PhoSbCls with tBubipy in the presence of one or two equivalents of
TMSOTT or one equivalent of AgOTT results in the formation of two isomers in an 80:20

ratio by *H NMR. Only one isomer, in which the tBubipy ligand is trans to the phenyl

3+
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substituents, was successfully crystallized (Figure 2.3.4). Extrapolating through

comparison to the bipy derivative, the other isomer likely has tBubipy trans to the chloride
substituents. Reaction of Ph2SbCls with two equivalents of tBubipy and three equivalents
of TMSOTT or two equivalents of AgOTT resulted in a mixture of products from which
only [Ph2SbClx(tBubipy)][OTf] has been isolated. Notably, no evidence of PhCIl was
observed, indicating that, if formed, [Ph.SbCI(tBubipy)]?* may be more stable than the
bipy derivative. In a similar vein, when three equivalents of AgOTf were used as halide

abstractor, clean formation of [Ph2Sb(tBubipy).][OTf]s occurs.

Figure 2.3.3: Solid state structure of the cation in a) [Ph2SbCl>(tBubipy)][OTf] and
b) [Ph2Sb(tBubipy)2][OTf]s . All hydrogens and counter-anions omitted for clarity.

Thermal ellipsoids are shown at 50% probability.

In the solid-state, both [PhoSb(tBubipy).][OTf]s and the isomer of
[Ph2SbhCl>(tBubipy)][OTf] that crystallized adopts a distorted octahedral geometry about

antimony with the two phenyl substituents cis to each other. The Sh-N bonds in
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[Ph2SbCl2(tBubipy)][OTf] are slightly shorter than those in the unsubstituted bipy

derivative and slightly longer than those in [Ph2Sb(tBubipy)2][OTf]s. The C-Sh-C angle
for all three species with cis configured phenyl substituents are identical. In
[Ph2Sb(tBubipy)2][OTf]s, the Sb-N bonds trans to phenyl are slightly longer than those

trans to nitrogen indicating a larger trans influence of phenyl compared to tBubipy.

Table 2.3.3: Selected bond lengths (A) and angles (°) in the solid-state structures

of the [Ph2SbClx(tBubipy)][OTf] and [Ph2Sb(tBubipy)2][OTf]s.

[Ph2SbCl(tBubipy][OTH] | [Ph2Sb(tBubipy)z][OTf]s
Sb-N1 2.238(4) 2.204(9)
Sb-N2 2.236(4) 2.228(9)
Sb-N3 - 2.237(9)
Sb-N4 - 2.208(8)
Sb-Cl1 2.4083(15) -
Sb-Cl2 2.3957(16) -
C-Sb-C 104.14(18) 104.4(4)
Cl1-Sb-CI2 163.84(4) -
N1-Sb-N2 72.07(13) 72.5(3)
N1-Sb-N3 - 89.6(3)
N1-Sb-N4 - 158.9(3)
N2-Sb-N3 - 75.6(3)
N2-Sh-N4 - 90.2(3)
N3-Sh-N4 - 74.2(3)
N1-ShCl1 81.87(11) -
N1-Sb-CI2 85.37(11) -
N2-Sb-Cl1 82.84(12) -
N2-Sb-CI2 83.82(11) -
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It is unexpected that redox chemistry is observed in the case of the bipy derivatives,

while stable Sb(V) complexes are formed with tBubipy as the ligand. | believe that these
two pathways are very similar energetically, and that the slight increase in donor ability of
tBubipy compared to bipy allows for the formation of stable Sb(V) complexes rather than
redox chemistry. | predict that the use of a weakly activated or deactivated bipy derivative
(e.g. 4,4’-di-fluoro-2,2’-dipyridyl, 4,4’-di-nitro-2,2’-dipyridyl) would further facilitate

redox chemistry.
2.4. Oxidation of [Pn(111)]%*

An alternative synthetic route to access Pn(V) cations is through the oxidation of
suitable Pn(I11) cations. A series of tricationic Pn(I1l) compounds of the generic formulae
[Pn(L)2][OTf]s (L = bipy or tBubipy) has previously been reported.[¥ Reaction of
[Sb(tBubipy)2][OTf]s with one equivalent of the oxidant SeCls or SO.Cl, resulted in
isolation of [Sb(tBubipy)Cls][OTf] and protonated ligand instead of the expected
[SbCl2(tBubipy)2][OTf]s.

Reactions of [P(tBubipy)2][OTf]s with the oxidants SO2Cl», SeCls, and PCls were also
investigated. In all cases, complete consumption of [P(tBubipy)2]3* and formation of a new
species which resonates at -147 ppm on 3P NMR—and at 219 ppm when PCls was used
as the oxidant, corresponding to PCls—was observed. Through independent reaction of
PCls with tBubipy and AgOTf, the species was verified to be [P(tBubipy)Cl4][OTf].
While oxidation of [Pn(tBubipy)2][OTf]s did occur, the apparent lability of the tBubipy
ligand allowed for redistribution of substituents. This could potentially be prevented

through the use of a less labile ligand. This has recently been shown to be successful in the
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preparation of [P(BIMEt)][OTf]s (BIMEts = tris((1-ethyl-benzoimidazol-2-

yl)methyl)amine) and subsequent oxidation with XeF2 to from [PF2(BIMEts)][OTf]s.[%!
The tetradentate nature of BIMEts allows for additional stabilization upon oxidation by

reorganization of the ligand and shortening of the apical P-N bond (Figure 2.4.1).

Figure 2.4.1: General structure of the cation a) [P(BIMEts]** and b) [PF2(BIME®)]*".

2.5. Summary

A systematic approach was taken to synthesize several series of antimony(V)
cations featuring nitrogen and oxygen donors, including the first examples of structurally
characterised pnictogen(V) trications. Two different routes were explored: halide
abstraction-ligand substitution from an Sh(V) precursor, and oxidation of a previously
synthesized Sb(lll) cation. It was found that an octahedral geometry is preferred in all
cases. During preparation of these compounds, redox chemistry was observed, and
determined to be the result of reductive elimination of chlorobenzene and biphenyl from

an antimony center. This process was studied in depth, and leads us to believe the redox
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chemistry is facilitated through a buildup of cationic charge which cannot be effectively

stabilized by the ligands.
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Chapter 3: Pyridine complexes of antimony(I1I)

While more established than the coordination chemistry of Pn(V), survey of the
literature indicates few systematic assessments of structural trends within Pn(lll)
complexes, despite a diverse array of structures and bonding environments available. A
feature of note when considering Sb(lll) is that, unlike Sb(V) and most metals, Sb(lll)
possesses a localized and stereochemically active lone pair. The presence of a lone pair of
electrons on the acceptor element, also referred to as electron rich acceptor, offers
electronic and structural features unique from those of the transition metals and which offer
potential applications in catalysis.[?[%51 While VSEPR theory is generally quite accurate
in predicting the geometry of main group compounds; when multiple substituents, ligands,
and a lone pair are present, it is often impossible to predict the structure of a compound
facilitating the need for systematic investigations.

One diverse class of electron rich acceptors are antimony acceptors with phosphine
ligands, with examples of neutral, %671 anjonic,®® and cationicl® 7M1l compounds
known. In addition, a recent systematic investigation on the structural diversity of PR3
complexes of chloro-antimony acceptors has been performed which highlights the
structural diversity of the series.[>%

While pyridine-based ligands are a ubiquitous class in transition metal coordination
chemistry, their chemistry with antimony(l11) acceptors remains underdeveloped. There
are several examples of neutral antimony(ll) pyridine complexes—some of which have
been utilized for their anti-parasitic activityl”*l—but few cationic derivatives are reported.
Our recent reports of a number of pyridine chelate complexes (Figure 3.2) revealed the

importance of a cationic charge on the viability of the coordination chemistry of



46
antimony(l11). In this context, we have performed a more systematic assessment of such

complexes including SbCls, SbCl.*, SbCI?*, PhSbCl,, PhSbCI* and Ph3Sh as acceptors and

2,2’bipyridine (bipy) or 4-dimethylaminopyridine (dmap) as ligands.

f)

Figure 3.1: Examples of structurally characterized neutral Sb(111) complexes with pyridine

donors: a) ShCla(bipy),[™ b) PhSbCly(bipy),™ ¢) SbCls(phen),I”3! d) PhShCla(phen), "3 ¢)

MeSbCl(phen),["® f) SbClz(4-phenylpyridine),.l"]
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R
c) ’ \ d) ’ \ K
N / N /
i [OTf], [OTf];
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NT | N / N /

Figure 3.2 Examples of structurally characterized cationic Sb(lll) complexes with
pyridine donors: a) [SbFz(bipy)][OTf],I"® b) [Sb(bipy)2][OTf]s: R= H,['® tBu,"™ c)

[SbF(tris(2-pyridyl)phosphine)][OTf]2,[2% d) [Sb(tris(2-pyridyl)phosphine)][OTf]sE.

3.1. Bipy Complexes of SbCls

Reactions of SbClz with bipy in the presence of TMSOTTf were carried out as per
Scheme 3.1.1 and occur rapidly at room temperature as observed by 'H NMR
spectroscopy. The formation of SbClsz(bipy), [SbCl2(bipy)][OTf], and [SbCl(bipy)2][OTf].

proceed cleanly and are based on reagent stoichiometry (Figure 3.1.1). Reaction of SbCl3
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with two equivalents of bipy and three equivalents of TMSOTT results in incomplete

abstraction of chloride and the formation of [SbCI(bipy).][OTf]2, exclusively, indicating
that TMSOTT is insufficient to abstract a chloride from the [SbCI]?>* moiety. The fully
dehalogenated derivative, [Sb(bipy)2][OTf]s, has been previously synthesised from SbCls

with the potent halide abstractor AgOTf, and from SbFs using TMSOT.[781[7]

a) SbCl; +bipy —> SbCl;(bipy)

b i —— [SbCl,(bipy)][OT
) SbCl; + bipy + TMSOTf TMSOl [SbCl,(bipy)][OTH]

c 9 hipy + —— [SbCl(bi OT
) SbCl; + 2 bipy exTMSOTf_TMSCl[ (bipy),][OTf],

d) SbCly + 2 bipy + 3 AgOTf TgCT [Sb(bipy)][OT{];

Scheme 3.1.1: Reactions of SbCls with bipy and TMSOTT. For reaction c) excess
TMSOTT (>2 equivalents) is required.
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Figure 3.1.1: View of the antimony environment in the solid-state structures of a)
SbCls(bipy), the cation in b) [SbCly(bipy)][OTf], c) [SbCl(bipy):][OTf]2, and d)
[Sb(bipy)2][OTf]s"® showing interacting oxygen atoms of triflate anions. Hydrogen atoms

are omitted for clarity. Thermal ellipsoids are shown at 50% probability.

The solid-state structure of the neutral SbClz(bipy) is simply an adduct of SbCls and
bipy, with a distorted square pyramidal geometry at the antimony center. The solid-state
structure of [SbCl2(bipy)][OTf] is best described as a triflate salt of a dichlorostibenium
cation [SbCl2]* which is chelated by bipy; the antimony center also engages in weak
interactions with the neighboring oxygen center of the triflate anion, again, imposing a
distorted square pyramidal geometry. This is in contrast to the related fluoride derivative
which achieves an octahedral geometry through the interaction of a neighbouring fluorine

atom.[”® The solid-state structure of [SbCI(bipy)2][OTf]. is best described as a bis-triflate
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salt of [SbCI]?* which is chelated by two bipy ligands; the antimony center engages in weak

interactions with two neighbouring oxygen centers of the triflate anions, inducing a
distorted pentagonal bipyramidal geometry. The cause of distortion in all cases is the
stereochemically active lone pair and the rigid nature of the bipy ligand. With respect to
bond lengths, both cationic complexes have Sb---O interactions which are significantly
longer than the sum of the covalent radii implying a degree of ionic character. One would
expect the bond lengths to decrease as the cationic charge of the molecule increases;
however, it can be see that both the average Sh-N and Sh-CI distances are longer in the
dicationic [SbCl(bipy)2][OTf]2 than the mono- or tri-cationic derivatives. The increased
Sb-ClI bond length is likely due to the chloride substituent trans to N4. Moreover, the
second equivalent of bipy would quench some of the Lewis acidity thereby elongating the

bonds relative to [SbClz(bipy)][OTT].
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Table 3.1.1: Selected bond lengths (A) and angles (°) in the solid state structure of

SbCls(bipy), [SbCl2bipy][OTH], and [SbCI(bipy)2][OTf].  compared
[Sh(bipy)2][OT]a"8l.
ShCls(bipy) | 100 2PVl | [SOCIOIYRL o aroTs
[OTf] [OTf]2
Sb-N1 2.3659(13) | 2.3481(11) | 2.2683(18) 2.2843(12)
Sb-N2 2.2358(13) | 2.2512(11) | 2.3438(18) 2.2333(12)
Sb-N3 - - 2.3033(18) 2.3322(12)
Sb-N4 - - 2.3339(18) 2.2434(12)
Average
Sb-N 2.3009(13) 2.2997(11) 2.3123(18) 2.2733(12)
Sb-Cl1 2.6492(4) 2.4901(3) 2.5270(7) -
Sb-CI2 2.4963(4) 2.3970(4) - -
Sb-CI3 2.6492(4) - -
2.598(2)
2.9782(12) 2.650(2)
Sh-0 - 2.6515(11) 3.077(1)
3.7097(5)
3.247(1)
3.367(1)
r.cov(Sb,0) 2.03
Srvaw(Sh,0) 3.58
N1-Sb-N2 | 70.27(4) 70.48(4) 69.90(6) 72.09(4)
N1-Sb-N3 - - 85.11(6) 156.02(4)
N1-Sb-N4 - - 77.16(6) 87.87(4)
N2-Sb-N3 - - 150.62(6) 91.42(4)
N2-Sb-N4 - - 88.54(6) 78.66(4)
N3-Sb-N4 - - 70.52(6) 71.53(4)

to
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3.2. Dmap Complexes of SbCls

Reactions of SbClz and dmap occur rapidly at room temperature. *H NMR spectra
of the reaction mixtures show a downfield shift of the dmap resonances, indicative of
coordination of dmap. The formation of SbClz(dmap)> occurs regardless of the
stoichiometry employed: using less than two equivalents of dmap results in the
precipitation of exclusively SbCls(dmap). by *H NMR with presumably unreacted SbCls
remaining in solution, while the addition of more than two equivalents of dmap leads to
the formation of the same compound with free dmap in solution by *H NMR. Abstraction
of chloride occurs readily with AgOTT or similarly as above with TMSOTT. Attempts to
form [Sb(dmap)s][OTf]s by abstraction with AgOTf in DCM or CH3CN continually led to
the formation of a large amount of [H-dmap][OTf] that could not be separated from the
desired product. Addition of dmap to Sb(OTf)z generated in situ by fluoride abstraction of

SbFz with TMSOTT, however, afforded the desired [Sb(dmap)s][OTf]s.

a) SbCly + dmap —— SbCl;(dmap),

b —> [SbCl,(dma OoT
) SbCly + dmap + TMSOTf —=- 2 [SbCly(dmap), ][OTH]

¢) SbCly + dmap + AgOTf A—gC1> [SbCl,(dmap), J[OTH]

d) SbCl; + 2 dmap + ex TMSOTf TTMSCl [SbCl(dmap),][OT1],

e) SbCl; + 2 dmap + 2 AgOTf m [SbCl(dmap),][OTf],

— [Sb(dma oT
f) SbF; + 3 dmap + 3 TMSOTf 3 TMScl [Sb(dmap);][OTf];

Scheme 3.2.1: Reactions of ShClz with dmap and halide abstractor.
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a)

N2
C13

Al CI2

Cll1

Figure 3.2.1: View of the antimony environment in the solid-state structures of a)
SbCl3(dmap)., the cation in b) [SbClz(dmap)2][OTf], c) [SbCI(dmap).][OTf]2, and d)
[Sb(dmap)3][OTf]s showing interacting oxygen atoms of triflate anions. Hydrogen atoms

are omitted for clarity. Thermal ellipsoids are shown at 50% probability.

In the solid-state, SbCls(dmap). adopts a square pyramidal arrangement with
meridionally configured chlorine substituents. The longer Sb-N1 interaction is presumably
due to the trans-influence of CI2. The monocationic [SbCl2(dmap)2][OTf] adopts a see-
saw configuration with the dmap ligands in the axial positions and chloride in the
equatorial. This is in contrast to the PMes analogue®® in which the ligands adopt an
exclusively cis configuration. The greater steric demands of the dmap ligand likely
facilitates this configuration. The dicationic [SbCl(dmap).][OTf]. adopts a square

pyramidal geometry with two long Sb-OTf contacts and a facial arrangement of dmap and
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Cl. Unlike the previous example, this is in agreement with the PMes analoguel®® which

adopts a distorted octahedral arrangement with a third short triflate contact due to the less
sterically demanding PMes ligands. The tricationic [Sb(dmap)s][OTf]z adopts a pyramidal
geometry with one short and two longer Sb-OTf contacts for an overall distorted octahedral
geometry. This configuration is equivalent to the phosphorus and arsenic derivatives
previously reported.[®?! The Sh-N bond distances decrease with increasing cationic charge
as expected with only slight decrease from the dicationic to tricationic complexes,
explained by the additional equivalents of dmap diminishing the Lewis acidity of the
antimony center. Additionally, the Sb-N distances of [Sb(dmap)s][OTf]s are shorter than
the corresponding values of the bipy derivative [Sb(bipy)2][OTf]s, consistent with the

greater donor strength of dmap over bipy.
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Table 3.2.1: Selected bond lengths (A) and angles (°) in the solid state structure of

SbCls(dmap)z, [SbClo(dmap)2][OTH], [SbCl(dmap)z][OTf], [Sb(dmap)s][OTf]s.

SbCls(dmap). [SbCl2(dmap)2] | [SbCl(dmap)2] | [Sb(dmap)s]
[OTH] [OTf]2 [OTf]s

Sb-N1 | 2.4841(19) 2.344(2) 2.166(2) 2.187(3)

Sb-N2 | 2.1704(18) 2.344(2) 2177(2) 2.156(3)

Sb-N3 i i i 2.161(33)
Sb-CIL | 25943(6) 2.3923(7) 2.3331(6) i
Sb-CI2 2.5145(7) 2.3923(7) - -
Sb-CI3 | 25616(7) i i i

2.501(3)

2.567(2)
Sh-O - - 2.759(3)
3.359(3)
2.769(4)
T eor(SD,0) 2.03
Zr,vdW(Sb,O) 358

NL1-Sb-N2 | 83.61(7) 160.05(12) 86.63(9) 84.42(11)

N1-Sb-N3 i i i 91.26(11)

N2-Sb-N3 i i i 89.18(11)
N1-Sh-Cl1 88.19(5) 83.04(6) 89.09(6) -
N1-Sb-CI2 | 169.37(5) 83.44(6) i i
N1-Sb-CI3 | 87.03(5) i i i
N2-Sh-Cl1 83.90(5) 83.44(6) 92.22(6) -
N2-Sb-CI2 | 85.76(5) 83.04(6) i i
N2-Sb-CI3 | 84.56(5) i i i
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3.3. Bipy Complexes of PhSbCl>

Reaction of PhSbCl, with bipy in the presence of AgOTf in DCM occurs rapidly to
afford [PhSbCl(bipy)][OTf] or [PhSb(bipy)][OTf]>, depending on the stoichiometry
(Figure 3.3.1). Interestingly, in contrast to the SbCls reactions, no chloride abstraction
from PhSbCI; occurs in the presence of TMSOTT, even with a 2.5-fold excess. Moreover,
regardless of the stoichiometry employed or halide abstractor chosen, attempts to form
[PhSb(bipy)2][OTf]. were unsuccessful. [PhSb(bipy)][OTf]. has been previously
synthesised through reduction of Ph2SbCls in the presence of bipy and TMSOTT in Chapter

2.

a) PhSbCl, + bipy —— PhSbCl,(bipy)

b) PhSbCl, + bipy + TMSOTf —> No Reaction
¢) PhSbCl, + bipy + AgOTf A—gcr [PhSbCl(bipy)][OTf]

d) PhSbCl, + n bipy + 2 AgOTf Tgcr [PhSb(bipy)][OT{],

n=1,.2

Scheme 3.3.1: Reactions of PhShCI> with bipy and halide abstractor.
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a) b)

N2 cll

N2

C12

Cll1

Figure 3.3.1: View of the antimony environment in the solid-state structures of a)
PhShClz(bipy), the cation b) [PhShCI(bipy)][OTf], and c) [PhSb(bipy)][OTf]> showing
interacting oxygen atoms of triflate anions. Hydrogen atoms are omitted for clarity.

Thermal ellipsoids are shown at 50% probability.

In the solid state, all three compounds adopt a distorted square pyramidal geometry
at antimony with the phenyl substituent in the axial position. The mono- and di-cation
possess one and two Sh---OTf contacts, respectively, to achieve a coordination number of
5. As expected, the Sb-N bond length deceases across the series, consistent with increasing
cationic charge. In addition, the N-Sb-N angle widens much more drastically than the SbCls

derivatives.
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Table 3.3.1: Selected bond lengths (A) and angles (°) in the solid state structure of

[PhSbCI(bipy)][OTf], [PhSb(bipy)][OTf]> compared to PhSbClz(bipy)L™®!.

PhSbClz(bipy) | [PhSbCI(bipy)I[OTf] | [PhSb(bipy)][OTf]2
Sb-N1 2.43(1) 2.2327(17) 2.229(2)
Sb-N2 2.43(1) 2.3581(18) 2.2434(19)
Sb-CI1 2.556(5) 2.3606(6) -
Sb-CI2 2.556(5) - -
2.4681(16)
Sb-0 - 2.9599(4)
2.4926(18)
%r.cov(SD,0) 2.03
rvaw(Sb,0) 3.58
N1-Sb-N2 66.9(7) 71.73(6) 73.39(7)
N1-SbCI1 159.2(4) 156.59(5) -
N1-Sb-CI2 93.3(4) - -
N2-Sb-CI1 93.3(4) 85.02(4) -
N2-Sb-CI2 |  159.2(4) - -

3.4. Dmap Complexes of PhSbCl.

Reaction of PhSbCl, with dmap in the presence of AgOTf occurs rapidly to afford
[PhSbCI(dmap)2][OTf] or [PhSh(dmap)s][OTf]., depending on the stoichiometry (Figure
3.4.1). Without AgOTf, the neutral complex PhSbClz(dmap). forms regardless of the
stoichiometry imposed, showing preference for a 5-coordinate antimony just as seen in
SbCls(dmap).. As with the aforementioned PhSbCI. reactions with bipy (Section 3.3), no

halide abstraction of PhSbCl, occurs when using TMSOT{. While X-ray quality crystals
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have yet to be obtained for [PhSh(dmap)s][OTf]2, *H and BC{*H} NMR spectroscopy and

elemental analysis is consistent with this formulation.

a) PhSbCl, +2 dmap ——> PhSbCl,(dmap),

b) PhSbCl, + dmap + TMSOTf —> No Reaction
¢) PhSbCl, + 2 dmap + AgOTf A_gcr [PhSbCl(dmap),][OTf]

d) PhSbCl, + 3 dmap + 2 AgOTf Tgcr [PhSb(dmap);][OTf],

Scheme 3.4.1: Reactions of PhSbCI, with dmap and halide abstractor.

a)

Cll1
N2

Cl2

Figure 3.4.1: View of the antimony environment in the solid-state structures of a)
PhSbCl>(dmap). and the cation in b) [PhSbCI(dmap).][OTf]. Hydrogen atoms are omitted

for clarity. Thermal ellipsoids are shown at 50% probability.

In the solid state PhSbCl>(dmap). adopts a square pyramidal geometry at antimony,
with the phenyl substituent in the axial position, two trans dmap ligands, and two trans
chloride substituents. The cation [PhSbCIl(dmap):]* adopts a see-saw geometry at

antimony, with the dmap ligands occupying the axial positions. The closest Sb-OTf contact
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is far outside the sum of the VVan der Waals radii. In both cases, one Sb-N is slightly longer

than the other.

Table 3.4.1: Selected bond lengths (A) and angles (°) in the solid state structure of

[PhSbCl2(dmap).] and [PhShCl(dmap).][OTf].

3.5. Dmap Complexes of PhSbCl

PhSbClz(dmap)

[PhSbCI(dmap)2][OTT]

Sb-N1 2.417(2) 2.3369(13)
Sb-N2 2.378(2) 2.3227(14)
Sb-CI1 2.6702(9) 2.3737(4)
Sb-CI2 2.5523(8) -
Sb-0 - 3.99525(11)
%rcov(SD,0) 2.03
>rvaw(Sh,0) 3.58
N1-Sb-N2 169.39(7) 169.32(5)
N1-Sb-CI1 94.29(6) 84.82(3)
N1-Sb-CI2 88.87(6) -
N2-Sb-CI1 90.11(6) 85.68(4)
N2-Sb-CI2 85.87(6) -

Reaction of PhoSbCl with dmap in the presence of AgOTf or TMSOTTf occurs

rapidly to afford [Ph2Sb(dmap)2][OTf]. In the absence of a halide abstractor, the neutral

complex Ph.ShCl(dmap) forms regardless of the stoichiometry imposed.
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a) Ph,SbCl+dmap ——> Ph,SbCl(dmap)

b) Ph,SbCl + 2 dmap + TMSOTf ———> [Ph,Sb(dmap),][OTf]
-TMSOTf

¢) PhSbCl, + 2 dmap + AgOTf A_gcr [Ph,Sb(dmap),][OTI]

Scheme 3.5.1: Reaction of Ph,SbhCI with dmap and halide abstractor.

a) b)

Cll

Figure 3.5.1: View of the antimony environment in the solid-state structures of a)
Ph2SbCl(dmap), the cation in b) [Ph2Sb(dmap)2][OTf]. Hydrogen atoms and counter-ions

are omitted for clarity. Thermal ellipsoids are shown at 50% probability.

In the solid state, both PhoSbCl(dmap) and [Ph2Sb(dmap)2][OTf] adopt a see-saw
geometry about the antimony with the phenyl substituents occupying equatorial positions.
The two Sb-N distances in [Ph2Sb(dmap).][OTf] are not equivalent, with one being

extended compared to the other.
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Table 3.5.1: Selected bond lengths (A) and angles (°) in the solid state structure of

Ph.SbCI(dmap) and [Ph2Sh(dmap)][OT].

PhoSbhCl(dmap) | [Ph2Sb(dmap)2][OTf]
Sb-N1 2.392(2) 2.3819(12)
Sb-N2 - 2.3237(11)
Sb-CI1 2.5881(6) -
Sb-0 - 4.3648(9)
2 cov(Sh,0) 2.03
Zrvaw(Sh,0) 3.58
N1-Sb-N2 - 167.77(4)
N1-Sb-Cl1 175.77(5) -

3.6. Bipy Complexes of Ph2SbCl

Isolating the product of the reaction of PhoShCI with bipy reveals the formation of
PhSbClz(bipy), rather than the expected Ph,SbCl(bipy). Similarly, reaction of PhoSbCl
with bipy in the presence of AgOTf or TMSOTT affords [PhSbCl(bipy)][OTf]. Performing
the reaction in dilute solutions has no effect on the reactivity, suggesting redistribution may
be occurring during crystallization. Comparison to the dmap derivatives show a preference
for four-coordinate antimony: perhaps steric effects imposed by the phenyl substituents

prevent the formation of five-coordinate PhoSbCl(bipy).
3.7. Bipy and dmap Complexes of PhsSb

All attempts to form PhsSb(bipy) or PhsSb(dmap) have been unsuccessful. In the

case of PhsSb(dmap), *H NMR of the crude reaction mixture indicates an interaction
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between the ligand and antimony center by a shift of the dmap resonances to higher

frequencies, but all attempts at isolation result in free ligand and acceptor. This interaction
in solution suggests that PhsSb may be sufficiently Lewis acidic to form weak interactions
with a donor, but the steric pressure imposed by the phenyl substituents is too great for

complex formation.

3.8. Summary

Several series of Sb(lll) pyridine complexes were synthesized and structurally
characterized. The structural parameters were varied through the choice of ligand (either
monodentate dmap or bidentate bipy), the substituents on antimony (either phenyl or
chloride), and the cationic charge. It was found that TMSOTT is often insufficient for
chloride abstraction. Unlike in the case of phosphine complexes of Sb(lll), a trans
configuration of monodentate ligands is often preferred. While the complexes
PhoSbCl(dmap) and [Ph2Sb(dmap)2][OTf] are isolable, the equivalent bipy derivatives are
not and result in substituent rearrangement to PhSbClz(bipy) and [PhSbCl(bipy)][OTf],

respectively.
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Chapter 4: Reactivity of Complexes of [Ph2Sb]**

The activation of small molecules by transition metal species has been studied
extensively and these species are routinely used in catalytic transformations of substrates
in both academia and industry. Conversely, the activation of small molecules by main
group species has not received the same level of assessment. In recent years, however, this
area of research has garnered a great deal of interest.[*>} One landmark example is the
activation of dihydrogen with the aim to transfer the equivalent of H, to a substrate
catalytically.

To perform these molecular transformations, transition metals engage in a variety of
fundamental reactions that can be broadly categorized as oxidation, reduction,
coordination, insertion, and reaction at the ligand. These reactivities are a consequence of
the small energy gap between the d-orbital centered HOMO and LUMO of transition metal
complexes. Main group complexes are able to simulate this electronic environment through
multiple bonds between heavy main group elements, 12 [ow-valent species with open
coordination sites,[®384 and stable radical character.l®Me1 While the Pn(V) complexes
synthesised in Chapter 2 do not possess these electronic characteristics, other transition
metal chemistry should be accessible. The redox chemistry reported in Chapter 2 should
be available in general for Sb(V) cations. Coordination reactions should be accessible with
the use of a stronger donor. Finally, the electrophilic nature of complexes with large
cationic charge may allow for ligand centered reactivity.

The new antimony(V) trications reported in Chapter 2 prompted an assessment of
the reactivity of this class of compounds. The majority of these reactions were performed

with [Ph2Sb(OPyrMe)4][OTf]s, which is most readily synthesised and purified.
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4.1. Ligand Substitution

Fundamental ligand substitution reactions could also offer a potential synthetic route
to complexes that were inaccessible by direct synthesis from Ph>SbCls, described in
Chapter 2. To assess the lability of OPyrMe, synthesis of [PhSb(OPEt3)4][OTf]s was
undertaken as 3P NMR spectroscopy would easily confirm its formation. Treatment of
[Ph2Sb(OPyrMe)s][OTf]s with four equivalents of OPEts results in a species with a broad
resonance at 87.1 ppm, assigned to incomplete substitution of OPyrMe for OPEtz. If an
excess, 4.5 equivalents, of OPEts is used, complete substitution occurs and the desired
[Ph2Sb(OPEts)4][OTf]s is formed as confirmed by 3!P{*H} NMR spectroscopy. This
demonstrates that OPyrMe is sufficiently labile to allow for ligand substitution and
potential reactivity at the antimony center.

Synthesis of [Ph.Sh(dmap)4][OTf]z was targeted as its synthesis was previously
hindered by the formation of [Ag(dmap).][OTf], as described in Chapter 2. Reaction of
[Ph2Sb(OPyrMe)4][OTf]s with 4.5 equivalents of dmap in a variety of solvents resulted in
a pale yellow solution which turned dark red over 10 minutes of stirring. When the reaction
was performed in CH3CN, a substantial amount of protonated dmap is formed. In DCM,
colourless crystals determined to be [CH2(dmap)2][OTf]. were isolated (Figure 4.1.1).
This is surprising as [Ph2Sb(OPyrMe)s][OTf]s itself is formed and stable in DCM with no
sign of decomposition over the course of weeks. Visually, the reaction proceeds
analogously in DMF, DMSO, and CH3NO», but the antimony species has yet to be

identified.
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Figure 4.1.1: Solid-state state structure of the cation in [CH2(dmap).][OTf].. All
hydrogens and counter-anions omitted for clarity. Thermal ellipsoids are shown at 50%
probability.

The ability of [PhoSb(OPyrMe)4][OTf]s to react with hydrogen was probed through
the reaction of Me;HNBH3, which can be considered a source of pre-polarized H,. Upon
reaction, the solution turned pale yellow, consistent with the release of OPyrMe. The
byproduct [Me2HNBH2(OPyrMe)][OTf] was crystallized (Figure 4.1.2), indicating the
transfer of a hydride to antimony with no reaction involving protic hydrogen. No evidence
of an antimony hydride species was observed by *H NMR spectroscopy, but this is not
unexpected as the large quadrupole moment of antimony often broadens out or masks
atoms directly bound. This reactivity suggests that [Ph.Sb(OPyrMe)s][OTf]s may be able
to act as the Lewis acid in a frustrated Lewis pair. On the other hand, addition of tBusP, a
common Lewis base for frustrated Lewis pair chemistry, results in separate reactivity that

is discussed below.
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Figure 4.1.2: Solid-state state structure of the cation in [Me2HNBH2OPyrMe][OTHT].
Counter-anion omitted for clarity. Thermal ellipsoids are shown at 50% probability.

4.2. Reactions with Phosphines

Prompted by the reductive elimination of chlorobenzene from the reaction of
Ph2SbClz with bipy and TMSOTT as described in Chapter 2, the redox behaviour of
[Ph2Sb(OPyrMe)4][OTf]s was investigated. No reaction occurred with a variety of metals
(Mg, Zn, CpzFe), with isolation of only starting material by *H NMR spectroscopy.
Reaction with Na resulted in the immediate formation of an insoluble black precipitate,
likely Sb metal.

While electron transfer has proven unsuccessful, another potential route for
reduction is through the reaction of [Ph2Sb(OPyrMe)s][OTf]z with phosphines.
Triphenylantimony bistriflate has been shown to oxidatively couple phosphines to

diphosphonium dications along with reduction of antimony (Scheme 4.2.1).E%148] The
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mechanism of this reaction is unknown, but likely involves binding of the phosphine to

antimony and the subsequent reductive elimination of a diphosphonium dication.s!

2 PR,
_ Me, Et,
" nPr

Ph;Sb(OTH), [R;P-PR;][OT{], + Ph;Sb

Scheme 4.2.1: Oxidative coupling of trialkylphosphines.

This chemistry has also been exploited to form novel cationic 4-membered
antimony rings (Scheme 4.2.2).[°1 The reaction of PMes and Sb(OTf)s, either prepared and
isolated independently or generated in situ by reaction of SbFz and TMSOTT, results in the
formation of [MesP-PMe3][OTf]> and the cationic antimony ring [(PMes)sSbs][OTf]a.
While the mechanism of this reaction is not known, it is believed that a highly electrophilic
[Sb(PMes)s]®* cation is formed and promptly undergoes reductive elimination to form
[MesP-PMes][OTf]2, as well as the intermediate [Sb(PMes)]* which then assembles into a

tetraantimony ring.

12 PR
4 Sb(OTH; Tonre 5 4 [RsP-PR3J[OTA, + [(R3P),Sb,][OTH],

Scheme 4.2.2: Reductive coupling to form a catena antimony complex.

While the reduction of antimony(llll) resulted in catena antimony, reported
reduction of antimony(V) resulted solely in the formation of the stable PhsSh, and hence
no catenation.*8! However, perhaps the reduced antimony species resulting from these

antimony(V) trications would lead to interesting catena antimony(111) chains or rings. To
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investigate this, reactions of [Ph.Sb(OPyrMe)4][OTf]s with various PR3 phosphines were

attempted.

Reactions of [Ph.Sbh(OPyrMe)s][OTf]s with one to four equivalents of PMes
resulted in quantitative conversion to a single species by 3P NMR spectroscopy with a
resonance at 22.2 ppm, while reactions with more than four equivalents yielded the same
species and unreacted PMes. This chemical shift does not correspond to the expected
hexamethyldiphosphonium dication (3P & = 28.4 ppm) or another potential oxidation
product, trimethylphosphine oxide (3!P & = 36.2 ppm). Single crystals were grown and
allowed for the identification of the phosphorus containing product as [MesP(2-4-
methylpyridine)][OTf], resulting from oxidation of phosphorus, and reduction of the

nitrogen atom instead of the expected reduction of antimony.

Figure 4.2.1: Solid-state structure of the cation in [MesP(2,4-methylpyridine)][OTf]. All
hydrogen atoms and counter-anions omitted for clarity. Thermal ellipsoids are shown at
50% probability.

The generality of this reaction was investigated by performing the reaction with a
variety of simple PR3 phosphines and monitored with **P{*H} NMR spectroscopy (Figure

4.2.2). Reactions with PEtz and PnPr3 proceeded analogously to PMes with complete
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consumption of phosphine and appearance of species with a resonance at 35.2 and 28.5

ppm, respectively. All three of these reaction mixtures possess a minor unidentified
phosphorus-containing side product at slightly higher chemical shift than the major
product. The similarity in chemical environment of this species leads us to believe this may
be the meta-substituted product. When using PCys, the reaction proceeds similarly with a
major product at 28.8 ppm, but the side product is much more prevalent in this reaction: if
this side product is the meta-substituted pyridine, the high steric demand of PCys would
explain its prevalence. Reaction with PPhs results in a product at 15.2 ppm and a large
amount of unreacted PPhas. Finally, reactions with PiPrs; and PtBus proceed to very limited
extent, consisting mostly of unreacted phosphine by 3P{*H} NMR. In the reaction with
PtBus, a pair of doublets at 83.4 ppm and 79.5 ppm, Jr-p = 34Hz, may indicate the trace
formation of a diphosphonium dication, albeit in very low yield. Crystals were isolated in
the case of reaction with PiPrs that verified that the species at 40 ppm was [iPrsP(2-4-
methylpyridine)][OTf], indicating that phosphonium formation does occur but to a minute

extent (Figure 4.2.3).



71

E 8 q
a) § b) ¥ c) i
-
2% PPhy
*
S B
B i P/Bu,
H
T
| i g)
0 I ) 1 9 00 150 100 50 ) 50 100
*
g E 2 PiPr
g H = 3
d) e) f)
§ &Rag
| 8§TE EJ
|
150 100 50 L] -50
# o~
& & 3=
it {7
8 I 1 ‘
L Ll |
100 s e o 150 100 ) 1 % “Hea 150 100 % H %0 100

Figure 4.2.2: 3'P{*H} NMR spectra of the reactions of [Ph2Sb(OPyrMe)4][OTf]s with four equivalents of a) PMes, b) PEts, ¢) PPhs, d)

PnPrs, ) PCys, ) PiPr3, or g) PtBus.
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Figure 4.2.3: Solid-state structure of the cation in [iPrsP(2,4-methylpyridine)][OTf]. All
hydrogen atoms and counter-anions omitted for clarity. Thermal ellipsoids are shown at
50% probability.

It is noteworthy that these reactions proceed analogously when
[Ph2Sb(OPyrMe)4][OTf]s is generated in situ with no need to isolate or purify the antimony
salt. In those reactions that resulted in complete conversion of phosphine (R = Me, Et, nPr,
Cy), the antimony byproduct is believed to be the anion [PhoSb(OH)4] or its potential
decomposition product [Ph2Sb(O)(OH)2]- (Scheme 4.2.3).  This is supported by
characterization of crystals isolated from the reaction with PPhs which structurally verified

the antimony-containing product to be [Ph.Sb(OPyrMe)s(OH)][OTf]. (Figure 4.2.4).
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X X
PR | |
[Ph,Sb(OPyrMe),J[OTfl; ——> 3 r@/ [OTf] + r\@/ [PhaSb(OH),]
R = Me, Et,
X

nPr, Cy PR3 PR3
|

NI~ [Ph2Sb(O)(OH),]

PRj

Scheme 4.2.3: Reaction of [Ph2Sh(OPyrMe)s][OTf]s with trialkylphosphines.

In the solid-state, the cation adopts a distorted octahedral environment at the
antimony center with trans phenyl substituents (C-Sb-C = 172.9°). The Sh-O(H) bond
length (1.974 A) is similar to other terminal Sb(V)-O(H) distances,®"}8EL10] gng
significantly shorter than the Sb-O(PyrMe) bonds (2.121(4)-2.162(4) A), consistent with
the anionic OH substituent. One triflate is close to the hydroxy substituent (O-H---O(Tf) =
2.056), indicating a potential hydrogen bonding interaction. Additionally, there is an
apparent loss of the m-interaction between the pyridine and phenyl ring in

[Ph2Sb(OPyrMe)s(OH)]?* when compared to [Ph2Sb(OPyrMe)s]*".
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Figure 4.2.4: Solid-state structure of the cation in [Ph.Sb(OPyrMe)s(OH)][OTf].. Non-
hydroxy hydrogen atoms and counter-anions omitted for clarity. Thermal ellipsoids are

shown at 50% probability.

Among the scope of phosphines tested, there does not seem to be a clear trend of
which reactions proceed to completion and which do not. Reactions involving PMes, PEts,
PnPrs, and PCys showed complete consumption of parent phosphine, while a significant
amount of starting material remained for PPhs, PiPrs, and PtBus. Comparison of cone
angles as a measure of steric bulk (Table 4.2.1) shows that PCys lies between PiPrs, and
PtBus, meaning sterics cannot solely explain reactivity, nor can basicity since the donor
ability of the alkyl phosphines is similar. That said, the incomplete reactivity of PPhs can

be rationalized by its weak donor ability.
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Table 4.2.1: Cone angle of phosphines employed.[®!

Phosphine | Cone Angle (°)
PMes 118
PEts 132
PnPr3 132
PPhs 145
PiPrs 160
PCys 170
PtBus 182

Mechanistically, the reaction is believed to follow a nucleophilic aromatic
substitution (SnAr) pathway in which the phosphine attacks the 2-position of the pyridine
followed by deprotonation and subsequent rearomatization (Scheme 4.2.4). Nucleophilic
attack of the pyridine is believed to be facilitated through coordination to antimony, which
increases its electrophilicity. The antimony salt acts as the base to facilitate the

rearomatization of the pyridine.

3+ 3+
Ph,Sb(OPyrMe); +
PhZSb(OPere)3 / iy —
/ — O\.N | S 2+
O‘N\? —_— (H Y/ — IN_ + [Ph,Sb(OPyrMe);(OH)]
Y
‘PR3

Scheme 4.2.4: Proposed pathway for the formation of phosphonium salt [RsP(2-4-
methylpyridine)]".
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The oxidation state of antimony is significant for the reaction to occur. While

reaction of [Ph.Sb(OPyrMe)4][OTf]s with PMes occurs instantaneously, no evidence of
reaction between in situ generated [Sb(OPyrMe)s][OTf]s and PMes was observed by 3P

NMR spectroscopy (Scheme 4.2.5).

+ PMe3

SbF; + 3 OPyrMe + 3 TMSOTf m» [Sb(OPyrMe);][OTf]; —— No Reaction

Scheme 4.2.5: No reaction observed between in situ generated [Sb(OPyrMe)s:][OTf]z and
PMes.

A similar mechanism has been proposed by the McNally group (Scheme 4.2.6) in
which a pyridine is activated by reaction with triflic anhydride, followed by attack of PPhs
and subsequently deprotonation and rearomatization by a base.l®? It is worth noting that
this reaction is highly selective for installation of the phosphonium cation at the para-
position. PPhz is the phosphine of choice due to its low cost and ease of use, although, for

reasons not yet understood, the selectivity for the para-position is greater for PPh3 than

: PPh, /'NRS
a +

other phosphines.®!

H PPhs
X
€ €3 o [ 25 o s
7 N |[OTH R || [[OTT - RNHIT |R
—
) Tf C'Tl
Tf
O\\ CO\ //O
FiC”~ g “CF3

Scheme 4.2.6: Installation of phosphonium on a pyridine based substrates.

PPh

+

[OTH]
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4.3. Applications of Phosphonium Salts

In 2016, Xiao et al. demonstrated that in the presence of caesium carbonate
tetraarylphosphonium salts are able to perform, transition-metal free, nucleophilic
arylation of carbonyls and imines.® These systems have the advantage over their
transition metal counterparts of being relatively resilient to water and compatible with
common functional groups such as cyano and ester moieties. It was found that the P-O
affinity is a major driving force for the reaction.

More recently, the McNally group have used their triphenylphosphonium pyridine
complexes to enact a variety of chemical transformations. It was found that phosphonium
cations could act as pseudohalides in nickel catalyzed cross coupling reactions,®! an
effective leaving group for SnAr reactions,®?%l enact amination of complex pro-
drugs,®M%81 and for the incorporation of deuterium and tritium into pyridines, diazines,
and pharmaceuticals.®%

In light of these findings, the activity of the synthesised phosphonium cations as
aryl transfer reagents was investigated. [R3P(2,4-methylpyridine)][OTf] (R = Me and Ph)
were reacted with 4-chlorobenzaldehyde under the optimized reaction conditions reported
by Xiao (Scheme 4.3.1).1°1 IH NMR spectra show complete consumption of the starting
benzaldehyde and formation of signals corresponding to the arylated product as well as the
formation of phosphine oxide in the 3'P NMR. It is also worth noting that wet solvent was
used with no apparent detriment to the reaction. In the case of R = Me, the reaction was
repeated with an unpurified sample of [Me3sP(2-4-methylpyridine)][OTf] with no impact

on product conversion.
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+ 2.5 CSQCO3
Q O ;) THF OH
H + 2 N_. _~ 12 hr
[OTf] 650C l\ll
Cl rR-T R 2) HCI Cl
R R = Me, Ph

Scheme 4.3.1: Test reaction for arylation of 4-chlorobenzaldehyde.

Many drug fragments and therapeutic compounds contain pyridine moieties. !
The facile synthesis of these phosphonium cations and their ability to transfer pyridine
could offer a new, transition-metal free, synthetic route for medicinal chemists. Future
investigation of addition of phosphine to the meta- and para-position of pyridine would be
valuable and allow for greater flexibility in regiochemistry of drug fragments that could be

produced by this method.
4.4, Summary

Investigation of the reactivity available to the novel [Ph.Sb(OPyrMe)4][OTf]s was
initiated. It was found that the OPyrMe ligands are sufficiently labile to perform ligand
substitution chemistry which may act as a route to complexes unobtainable from
Ph2SbCls directly. However, simple ligand exchange does not occur when reacted with
phosphines: instead, ligand-centered reactivity prevails. It was found that reactions of
[Ph2Sh(OPyrMe)4][OTf]s and phosphines result in attack of the phosphine at the 2-
position of the pyridine ring, along with reduction of nitrogen to yield the phosphonium
salt [R3P(2-4-methylpyridine)][OTf] and corresponding antimony hydroxide. Formation

of phosphonium proceeds to completion by 3P NMR spectroscopy for R = Me, Et, nPr,
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and Cy. These phosphoniums have the ability to transfer a pyridine to organic substrates

which could offer a new, transition-metal free synthetic route for medicinal chemists.
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Chapter 5: Attempted routes to tetra- and penta-
cationic Pn(V)

As mentioned previously, there remains a vast amount of chemical space to explore in
the area of Pn(V) cations, with no examples of Pn(V) tri-, tetra-, or penta-cations prior to
this thesis. Synthesis and characterization of Sb(V)** cations were reported in Chapter 2,
but synthesis of higher charged analogues remains elusive. Much work remains in this area
to develop methodologies necessary to realize these highly charged species. Hopefully, this

chapter will assist future researchers in pursuing these compounds.
5.1. Attempted Synthesis of RSbX4

While Ph,SbCls was a useful reagent in the preparation of tricationic antimony(V)
species, finding a suitable precursor for tetra-cationic species has been more problematic.
Analogous to Ph,ShCls, literature states PhSbCls can be synthesised through the mixture
of SbClz and PhsSb in a 2:1 ratio followed by oxidation with a source of Cl..[8

Alternatively, the intermediate PhSbCl., can be isolated and oxidized (Scheme 5.1.1).

S0,Cl,
a)  Ph;Sb + 2 SbCl; ———> 3 PhSbCl,
- SO,
S0,Cl,
b) PhSbCl, ——> PhSbHCl,

- S0,

Scheme 5.1.1: Synthetic routes to PhShCla.
Both synthetic routes proceed similarly, and while there is evidence for the
formation of PhShCly, it is not pure according to *H NMR spectroscopy and melting

point. Attempts to purify the sample by crystallization in various solvent systems
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yielded only Ph2SbCls. This rearrangement likely involves the dimerization of PhSbCly

followed by a substituent rearrangement to yield PhoSbCls and the colourless liquid

SbCls (Scheme 5.1.2), which is unobservable by standard NMR techniques.

Cl Cl

Cl / /) 1, \\\\\C 1 / \\\\\Cl \\\\\Cl \\\\\Cl
'Sb. “Sb" » (Cl—Sb. +  Cl—Sb'
a” | e | v | N ¢

Cl Cl

Scheme 5.1.2: Potential rearrangement pathway PhSbCla.

In efforts to prevent this rearrangement, a series of modifications were undertaken
to attempt to isolate PhShXs (Scheme 5.1.3). Firstly, the reaction mixture containing
PhSbCls was treated with either TMSOTf or AgOTf, working off the rationale that
PhSbCI3(OTf) may be less prone to rearrangement; however, no pure material could be
isolated from these reactions as demonstrated by broad melting point ranges. The rate of
substituent rearrangement is reported to be slowest for fluoride,[*® so PhSbF,Cl, and
PhSbFs were targeted. Attempts to form PhSbF.Cl, were carried out by oxidation of
PhSbCl, with XeF,. The attempted synthesis of PhSbF4 involved first the formation of
PhSbF,, which was successfully performed through salt metathesis of PhSbCl; and CsF
followed by oxidation of XeF>. In the end, however, neither PhSbCI>F> or PhSbF4 could

be isolated. Melting points of isolated solids displayed broad ranges and *°F NMR showed
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multiple fluorine containing species. These could be the result of substituent rearrangement

or fluorination of the glass vials used.

a) PhSbCl, %002» phsbcl, TMSOTE_ prgsperore
- 2

b) PhSbClL, —XF2 o phSbCLF,
-AC

¢) PhsbCl, —2CF o phsvE, X2 o phsor,
-2CsCl -Xe

Scheme 5.1.3: Attempted synthetic routes to PhShX4, of which all failed.

5.2. Synthesis and Reactivity of PhPX4

As the isolation of PhSbX4 was problematic, other sources of RPnX4 were investigated.
Phosphorus was the pnictogen of choice, as attempts to synthesis Bi(V) cations was
plagued with decomposition to bismuth metal and sources and As(V) are relatively
uncommon. Additionally, phosphorus provides a useful NMR handle for monitoring
reactions.

The synthesis of PhPCl, was attempted by the oxidation of the commercially available
PhPCI> (Scheme 5.2.1). Attempts to chlorinate PhPCI> with SO2ClI: led to the formation of
a single product which resonates at 33.6 ppm in 3P NMR, determined to be PhP(O)Cl..
The reaction was repeated multiple times and with different samples of SO2Cl and freshly
dried solvents to verify that the oxygen is originating from SO.Cl,. No reaction occurred
between PhPCI, and C,Cls over the course of 24 hours. Reaction with SeCls or PCls were,

however, more promising.
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a) phpcl, —>92Chb prpo)cl,

b) PhPCl, C2_Cl6> No Reaction

o) Phpcl, —5l o pppe, + [PhPCL)[CI]
PCl,
d) PhPCl, PhPCI, + [PhPCIL][CI]

Scheme 5.2.1: Attempted synthesis of PhPCla.

When SeCl; or PCls was used as the oxidant in DCM two species were isolated, one
which remained in solution while the other precipitated out. 3*P{*H} NMR was acquired
on both species and allowed for the assignment of the precipitate as the ionic formulation
[PhPCI3][CI] (8 = 98.9 ppm), and the filtrate as the molecular formulation PhPCls (8 = -
33.9 ppm).[*92I Further support for these assignments is provided by the reaction of species
with AgOTf resulting in the identical product. Unfortunately, the stability of both
formulations is quite low in solution. A solution of PhPCl4, in either molecular or ionic
form, in CH3CN changes from colourless to orange over 10 minutes, *'P{*H} spectroscopy
showing loss of PhPCl4 and the formation of several new species from 47-26 ppm, a range
associated with P(II1). This is also observed in solutions of DCM, but over the course of
an hour rather than minutes. Addition of a ligand to try to stabilize PhPCl, only accelerates
the decomposition.

As the use of PhPCl4 as a reagent was problematic it was decided to target PhPF4. The
P-F bond is much stronger than P-CI (405 kJ/mol vs. 376 kJ/mol)[®! which was expected
to prevent the reductive decomposition that was observed for PhPCls. Additionally, the

high Si-F affinity should allow for ease of fluoride abstraction by TMSOTf when
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synthesizing cations. A survey of the literature resulted in one published synthesis of

PhPF4,11% which was modified for this work (Scheme 5.2.2). Four equivalents of SbFs
were added to neat PhPCI, and heated at 60 °C for one hour, after which PhPF4 was isolated
as a colourless liquid via distillation between 134-136 °C. 3P{*H} NMR spectroscopy
shows a pentet centered at -50.3 ppm with YJp.r = 963 Hz with a corresponding doublet

center at -54.6 ppm in the °F NMR.

PhPCl, + 4 SbF; ———— > PhPF,
-2 SbCl,

-2Sb

Scheme 5.2.2: Synthesis of PhPFa.

The reactivity of PhPFs with a variety of donors was investigated. No reaction
occurs when PhPF4 is combined with TMSOTf. However, upon addition of dmap, PhPF4
is consumed and a mixture of products forms, with the major product showing overlapping
doublet of triplets (3'P & = -141.9 ppm Jp_r = 882, 742 Hz) in the *:P{*H} NMR along with
a set doublet of doublets (*°F § = -67.2 ppm Jp.r = 882 Hz, Jer = 38 Hz) and triplet of
doublets (*°F = -38.3 ppm, Jp.r = 742 Hz, Jr.r = 38 Hz) with a 2:1 integration in the ‘°F
NMR. This is consistent with an octahedral structure with two chemically inequivalent
fluorine environments. Crystallization from a saturated DCM solution layered with Et20
yielded X-ray quality crystals which have been characterized as [PhPFz(dmap)2][OTf]

(Figure 5.2.1).
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Figure 5.2.1: Solid-state structure of the cation in [PhPF3(dmap).]. All hydrogen atoms

and counter anions omitted for clarity. Thermal ellipsoids are shown at 50% probability.

In the solid-state, the cation in [PhPF3(dmap)2][OTf] adopts an octahedral geometry
about phosphorus with the two dmap ligands trans to each other. The two P-F bonds show
no difference in length. This is in contrast to K[PhPFs] in which the fluorine trans to phenyl
is significantly shorter (1.5857(19) A) than those trans to other fluorines (average
1.6356(16) A). This difference may be due to F---K interactions present in K[PhPFs]. The

P-N bond length is slightly shorter than that of PFs(pyridine) (1.8849(2) A).[1%]
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Table 5.2.1: Selected bond lengths (A) and angles (°) in the solid-state structures of

[PhPF3(dmap).][OTH].
[PhPF3(dmap).][OTf]
P-F1 1.6187(17)
P-F2 1.6162(11)
P-N1 1.849(2)
N1-P-N2 174.41(11)
N1-P-F1 87.21(5)
F2-P-N1 90.15(7)
F1-P-F2 87.90(5)
F2-P-F3 175.79(10)

While PhPF; is stable when stored in a glass vial at -35 °C for months,
[PhPF3(dmap)2][OTf] is much more reactive. A solution of [PhPF3(dmap)2][OTf] was
stored for a week in a glass vial at -35 °C after which crystals determined to be
PhP(0)2(dmap) were isolated. *P{*H} NMR of the solution shows the complete loss of
[PhPF3(dmap)2][OTf] and the formation of various phosphorus-containing species. This
decomposition is likely occurring through fluorination of the glass vial as etching of the

glass was observed.
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Figure 5.2.2: Solid-state structure of PhP(O)2(dmap). All hydrogens

omitted for clarity. Thermal ellipsoids are shown at 50% probability.

Attempts to synthesise higher charged species by further abstraction of fluoride from
[PhPF3(dmap).][OTf] were unsuccessful. No reaction occurs in a mixture of
[PhPF3(dmap).][OTf] with varying equivalents of TMSOTf and dmap by 3P{*H} NMR
spectroscopy. Boiling in neat TMSOTT also fails to abstract a second equivalent of fluoride,
with only [PhPFs(dmap)2][OTf] and the known [TMS-dmap][OTf](%! being isolated.
Other donors (OPyrMe, bipy, pyridine, trialkylphosphines, and OPEts) and alternative
fluoride abstractors (AgOTT, PhsSh(OTf)2, and SbCls) were attempted, resulting in either
abstraction of only a single fluoride or decomposition. We believe the already strong P-F
bond is being enhanced through the incorporation of a cationic charge, increasing the

difficulty of subsequent fluoride abstraction.
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5.3. Attempted Synthesis of tBuPF4

Since the abstraction of multiple fluorides from PhPFs; was not possible, further
modification was attemped. Specifically, tBuPF4 was targeted, with the hope that the bulky
tBu substituent would encourage the dissociation of fluoride and allow for the formation
of highly charged species. First, in an analogous procedure to the synthesis of PhPFj,
tBuPCl> was reacted with four equivalents of SbFs, but resulted only in trace amounts of
tBUPF4, with tBuPF, being the major product as determined by 3!P{*H} spectroscopy.
Survey of the literature reveals a one-pot synthesis in which SbFz is added to neat tBuPCl;
followed by the addition of Cl, resulting in the formation of tBuPF4.[*%1 Presumably,
tBuPCl; reacts with SbFs to form tBuPF which is then oxidized by Cl, and exchanged for

fluoride from another equivalent of SbFz (Figure 5.3.1).

Cl
{BuPCl, + SbF; ——» BuPF,

SbF,

Cl
BuPF, ——2 » (BuPF,Cl,

Figure 5.3.1: Pathway for the reported synthesis of tBuPF.

To emulate this reaction, SbFz was added to tBuPCl,, and SO2Cl, or SeCls were
subsequently added as sources of chlorine; this was done either at room temperature, -78

°C, or -96 °C. In all cases, a black precipitate formed and no distillate could be collected.
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Filtration of this black precipitate produced only a few drops of liquid which contained

many phosphorus species as determined by 3P{*H} spectroscopy.

To simplify the synthetic procedure, the direct fluorination of tBuPF, by XeF, was
attempted. Addition of XeF> to neat tBuPF. inside a glovebox resulted in a small fire
immediately upon addition of reagents. Attempts to control the exothermic nature of this
reaction by dropwise addition of a solution of XeF to a solution of tBuPF also yielded the

same result. This route was then abandoned without further exploration.

5.4. Reactions of PCls and SbCls

While the synthesis of a RPnXs was problematic, PCls and SbCls are commercially
available and could act as precursors to [PnCI]*" and [Pn]** species. Choice of ligand and
reaction conditions are of paramount importance due to the high electrophilicity imposed
by the high cationic charge. This is demonstrated by reactions of PCls or SbCls with
nitrogen-based donors (dmap, bipy, BIMEts, and tris(2-pyridylmethyl)amine)) in the
presence of AgOTTf in CH3CN or DCM, all resulting in the isolation of protonated ligand.
Without the halide abstractor, however, reaction of ShCls and dmap results in the
precipitation of SbCls(dmap) which has been crystallographically characterized (Figure

5.4.1).
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Figure 5.4.1: Solid-state structure of the cation in a) SbCls(dmap) and b) SbCls(OPyrMe).

All hydrogen atoms omitted for clarity. Thermal ellipsoids are shown at 50% probability.

In the solid-state, both SbCls(dmap) and SbCls(OPyrMe) adopt an octahedral
geometry about antimony. The Sh-N bond length in SbCls(dmap) is comparable to that of
SbCIs{(N(iPr)CN(iPr)}%l (2.153(4) A) and shorter than that of PhSbCls(dmap)
(2.2334(13) A), consistent with the potent Lewis acidity of SbCls. Similarly, the Sb-O bond
length in SbCls(OPyrMe) is shorter than that of Ph,SbCls(OPyrMe) (2.1779(12) A). Sb-Cl1
is slightly shorter in both compounds than the remaining Sb-Cl bonds. This is also seen in

ShCIs{(N(iPr)CN(iPr)} and SbCls(NCCHs).[*0¢!
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Table 5.4.1: Selected bond lengths (A) and angles (°) in the solid-state structures of

SbCls(dmap) and SbCls(OPyrMe).

ShCls(dmap) | SbCls(OPyrMe)
Sb-N1 2.1497(3) -
Sh-O1 - 2.072(2)
Sb-Cl1 2.3354(3) 2.3470(10)
Sb-CI2 2.3566(5) 2.3568(9)
Sb-CI3 2.3543(5) 2.3670(9)
Sb-Cl4 2.3638(5) 2.3521(9)
Sb-CI5 2.3820(5) 2.3727(8)
Average Sb-Cl 2.3648(3) 2.3591(9)

Due to the success of oxygen-based donors in stabilizing complexes of [Ph2Sb]**, we
believed that they could be applied to the analogous higher charged species. Therefore, we
investigated the reaction of PnCls with OPyrMe and 2,2'-dipyridyl N,N'-dioxide (bipy-O2)
(Scheme 5.4.1). Unfortunately, obtaining X-ray quality crystals of these reactions has so
far been unsuccessful, and analysis is currently dependent on NMR. This complicates
analysis of reactions involving SbCls as the only nuclei available for NMR analysis are
those of the ligand which do not provide any insight on the species formed. Additionally,
attempts to crystallize the products of these reactions results in a colourless solid slowly
precipitating from solution, and which cannot be redissolved: this may be indicative of

decomposition.
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PnCls + n OPyrMe + m AgOTf ———
Pn=P, Sb
n=1-6
m=0-5

PnCls + n bipy-O, + m AgOTf ——

Pn=P, Sb
n=23
m=3-5

Scheme 5.4.1: Reactions of PnCls with oxygen donors.

Reactions involving PCls lend more insight into the formation of these highly charged
complexes due to the availability of 3'P NMR. Reactions of PCls with 2, 3, 4, 5, 6, and
equivalents of OPyrMe and 1, 2, 3, 4, 5 equivalents of AgOTT results in the formation of
increasingly dark red solutions and the precipitation of AgCl. After filtration, 3P{*H}
NMR spectra of all five samples showed a mixture of products (Figure 5.4.2). As the ratio
of OPyrMe and AgOTf is increased the relative integration of resonances at -4.2 ppm and
-120 ppm increases compared to the species at -130 and -157 ppm. Further addition of
OPyrMe and AgOTT to reactions a) to c) results in a spectrum identical to b) to d). This
leads us to believe that the resonance -157.6 ppm, -145.4 ppm, -130.6 ppm, -119.2 ppm,
and -4.2 ppm correspond to [PCl2(OPyrMe)s]*, [PClo(OPyrMe)s]?*, [PCl.(OPyrMe)]**,
[PCI(OPyrMe)s]**, and [P(OPyrMe)s]®*, respectively. It is expected that an excess of

OPyrMe would result in the formation of only the species at -4.2 ppm.
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b)

d)

Chemical Shift (ppm)

Figure 5.4.2: 3P{*H} NMR spectra of the reaction of PCls with a) 2 equivalents of
OPyrMe and 1 equivalents of AgOTf b) 3 equivalents of OPyrMe and 2 equivalents of
AgOTT, c) 4 equivalents of OPyrMe and 4 equivalents of AgOTTf, d) 5 equivalents of
OPyrMe and 4 equivalents of AgOTf and, e) 6 equivalents of OPyrMe, and 5 equivalents

of AgOTH.
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Reaction of PCls with the chelating ligand bipy-O: in the presence of AgOTf

proceeds similarly. Due to the bidentate nature of bipy-O> and the apparent preference of
phosphorus to adopt an octahedral geometry, sequential abstraction of halide is unfeasible,
such that only [PCla(O2-bipy)]*, [PCl2(O2-bipy)2]**, and [P(O2-bipy)s]®* are likely to be
attainable. Reactions of PCls with 1, 2, and 3 equivalents of bipy-O to a mixture of PCls
and AgOTT results in the precipitation of a large amount of colourless solid, more than can
be accounted for by AgCI alone. The phosphorus-containing products can be extracted
from AgCI after several washes with CHzCN. 3P{*H} NMR spectrum of the reaction of
PCls with one equivalent of bipy-O2 and AgOTTf shows conversion to a single product with
resonance a resonance at -147.2 ppm. Conversely, reaction of PCls with 2 or 3 equivalents
of bipy-O2and 3 or 5 equivalents of AgOTT results in a mixture of products, with a species
at -0.2 ppm as the major product (Figure 5.4.3). Again, with further addition of bipy-O-
and AgOTT reactions a) and b) can be converted to b) and c), respectively, leading us to
believe that the resonance at -101.4 ppm, and -0.2 ppm correspond to [PClz(Oz-bipy)2]**

and [P(Oz-bipy)s]**.
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Figure 5.4.3: 3'P{*H} NMR spectra of the reaction of PCls with a) 1 equivalents of bipy-
O and 1 equivalents of AgOTT, b) 2 equivalents of bipy-O, and 3 equivalents of AgOTT,

and c) 3 equivalents of bipy-O2 and 5 equivalents of AgOTT.

5.5. Summary

Attempts to form unprecedented Pn(V) tetra- and penta-cations have, as of yet, been
unsuccessful. Unfortunately, a suitable precursor to systematically approach the synthesis
of these complexes has yet to be identified. Efforts to synthesise compounds of generic
formula PhSbXs (X = CI, F) were hampered by substituent rearrangement. PhPF4 was
successfully synthesized, but the strong P-F bond impedes fluoride abstraction.
Conversely, PhPCly is exceptionally reactive and reductively decomposes in a matter of

minutes in CH3CN or an hour in DCM. Reactivity of SbCls was investigated, resulting in
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the formation of ShCls(dmap) and ShCls(OPyrMe), however, attempts to abstract the

halides have resulted in decomposition. Reactions of PCls with mono- and bi-dentate
oxygen donors seem promising based on observed 3P NMR spectra, but isolation of these

highly charged species remains problematic.
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Chapter 6: Summary and Future Directions

The field of main group chemistry has experienced a renewed interest over the last
couple decades, fuelled by the discovery of exotic structural and bonding motifs. Much
academic research has been devoted towards the development of transition metal-like
reactivity; although, before we are able to intelligently approach the reactivity of these
species, there must be a fundamental understanding of their structure and bonding. The
work presented in this dissertation focuses primarily on the structural characterization of a
series of pnictogen complexes with an emphasis on species that possess a large cationic
charge, in addition to some preliminary reactivity of these new compounds.

The objective of Chapter 2 was to expand the scope of known coordination
chemistry of pnictogen(V) compounds. In service to this, several series of antimony(V)
cations featuring nitrogen and oxygen donors were synthesized and structurally
characterized, including the first examples of pnictogen(V) trications. Two different routes
were explored: halide abstraction-ligand substitution from an Sb(V) precursor, and
oxidation of a previously synthesized Sh(lll) cation. The structural trends upon increasing
cationic charge and the effects of steric bulk were discussed. During preparation of these
compounds, redox chemistry was observed, and determined to be the result of reductive
elimination of chlorobenzene and biphenyl from an antimony center. This process was
studied in depth, and leads us to believe the redox chemistry is facilitated through a buildup
of cationic charge which cannot be effectively stabilized by the ligands. Further
investigation into the conditions required to selectively achieve redox chemistry is

required. We believe that the use of a weakly activated or deactivated bipy derivatives (e.g.
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4,4’-di-fluoro-2,2’-dipyridyl, 4,4’-di-nitro-2,2’-dipyridyl) would further facilitate redox

chemistry given their weaker donor strength when compared to bipy.

In Chapter 3, a series of Sb(lll) pyridine complexes were synthesized and
structurally characterized. The structural parameters were varied through the choice of
ligand (either monodentate dmap or bidentate bipy), the substituents on antimony (either
phenyl or chloride), and the cationic charge. It was found that, unlike in the case of
phosphine complexes of Sh(l11), a trans configuration of ligands is preferred.

Chapter 4 begins to explore the reactivity of [PhoSb(OPyrMe)4][OTf]s. It was found
that the OPyrMe ligands are sufficiently labile to perform ligand substitution chemistry.
However, simple ligand exchange does not occur when reacted with phosphines: instead,
ligand-centered reactivity prevails. It was found that reactions of [Ph.Sb(OPyrMe)][OTf]s
and phosphines result in attack of the phosphine at the 2-position of the pyridine ring, along
with reduction of nitrogen to yield the phosphonium salt [R3P(2-4-methylpyridine)][OTf]
and corresponding antimony hydroxide. Formation of phosphonium proceeds to
completion by 3P NMR spectroscopy for R = Me, Et, nPr, and Cy. These phosphoniums
have the ability to transfer a pyridine to organic substrates which could offer a new,
transition-metal free synthetic route for medicinal chemists. The potential to add phosphine
to the meta- and para-position of pyridine would be valuable in its provision of greater
flexibility in regiochemistry of drug fragments, but must be further studied.

The work in Chapter 5 attempts to form unprecedented Pn(V) tetra- and penta-
cations. Unfortunately, a suitable precursor to systematically approach the synthesis of
these complexes has yet to be identified. Attempts to synthesise compounds of generic

formula PhSbXs (X = CI, F) were hampered by substituent rearrangement. PhPF4 was
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successfully synthesized, but the strong P-F bond impedes fluoride abstraction. Survey of

the literature indicates that one example of RSbX4, Mes>CsHsShCls (Mes = 2,4,6-
MesCeH>), has been isolated. The bulky terphenyl substituent likely prevents bridging
interactions that are required for substituent rearrangements. For this reason, this
compound may be a suitable precursor for the synthesis of complexes of the form [RSb]*".
Reactivity of PCls with mono- and bi-dentate oxygen donors seem promising based on
observed 3P NMR spectra, but isolation of these highly charged species remains
problematic.

A systematic study of the synthesis of antimony(V) and antimony(ll1) has been
described here, which led to the unprecedented identification of the first pnictogen(V)
trication and novel redox chemistry. Much work remains to be done to achieve isolable
pnictogen tera- and pentacations, however, it is expected the work here will aid in future
endeavors. It is expected that the design of multidentate, hard donor ligands with low

basicity will be required in order to isolate these highly charged species.
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Chapter 7: Experimental Procedures

7.1. General Considerations

As the majority of compounds prepared in this dissertation are oxygen and water
sensitive, stated all experiments were carried out under an atmosphere of nitrogen. Unless
otherwise stated, all preparative work was carried out either using standard Schlenk
techniques or within one of the following gloveboxes: Innovative Technologies, MBraun
Labmaster 130, MBraun Labmaster 110. Reactions performed in a glovebox were carried
out in 4- or 8-dram screw cap vials which were previously dried at 200 °C for at least 2
hours before being placed under dynamic vacuum (glovebox antechamber) while still hot.
The atmosphere of the glovebox was maintained through daily 15 minute purges with
nitrogen gas at the end of the working day and circulation over a bed of catalyst, consisting
of copper and activated sieves, overnight. Additionally, a 10 minute purge with nitrogen
gas was carried out after the use of particularly volatile reagents such as PMe3 or ShCls.

NMR spectra were recorded using either Bruker Avance 360, or 300 MHz
spectrometers. Chemical shifts are reported relative to residual protonated solvent peaks.
Elemental analyses were carried out by Canadian Microanalytical Ltd. in Delta, British
Columbia.

X-ray crystallographic data was collected at either a) University of British Columbia,
b) University of Alberta, or c) University of New Brunswick.

a) Data was collected on a Bruker APEX DUO diffractometer with graphite

monochromated Mo-Ka radiation in a series of ¢ and » scans in 0.5° oscillations.
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Data were collected and integrated using the Bruker SAINTI%I software package,

corrected for absorption effects using the multi-scan technique (SADABS)* and
solved using SHELXT! and refined against all Fo2 data using SHELXL-
2013.[122

Crystallographic analysis was carried at on aBruker D8/APEX Il CCD by using
graphite-monochromated MoKa radiation. Structures were solved by using
SHELXTM2 and refined against all Fo2 data with using SHELXL-97.[112]

Single crystals were coated with Paratone-N oil, mounted using a polyimide
MicroMount and frozen in the cold nitrogen stream of the goniometer. A
hemisphere of data was collected on a Bruker AXS P4/SMART 1000
diffractometer using o and ¢ scans with a scan width of 0.3 ° and 10 s exposure
times. The detector distance was 5 cm. The data were reduced (SAINT)%! and
corrected for absorption (SADABS).['% The structure was solved by direct
methods and refined by full-matrix least squares on F(SHELXTL).[*2 All non-
hydrogen atoms were refined using anisotropic displacement parameters.
Hydrogen atoms were included in calculated positions and refined using a riding
model.

All solvents were distilled under nitrogen from their appropriate drying
agent directly into Teflon-valved Strauss flask. Prior to use, all solvents were stored
for at least 48 hours over 4 A or 3 A molecular sieves for CHsCN that had been
freshly activated at 300 C under dynamic vacuum for 72 hours. Deuterated solvents

were dried over activated molecular sieves for 48 hours prior to use.
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7.2. Compounds in Chapter 2

7.2.1. Ph2SbCls

Reaction was carried out via a modified literature procedure.’®! PhsSb and ShCls
were combined in a 1:2 ratio to form a viscous, golden yellow melt which was left
to stir at ambient temperature for three days after which DCM was added. 1 molar
equivalent of 1M SO2Cl> in DCM was added dropwise to the stirred solution and
left to stir for 24 hours resulting in a mixture of golden yellow liquid and a
colourless powder. A minimum amount of DCM was added to dissolve the powder
and this was stored in a freezer at -30 °C to yield colourless crystals. The filtrate
was concentrated and returned to the freezer to yield a second, smaller batch of
crystals. Attempts to isolate a third batch of crystals resulted in an impure sample.
Reaction was typically carried out on a 20 g scale, attempts to scale the reaction to
50 g resulted in a severe decrease in yield (15%). Yield: 33-38%. M.P. = 170-172
°C. 'H NMR (300 MHz, CD:Cl,): &+ = 8.29-8.35 (m, 2H, Ph), 7.62-7.70 (m, 3H,

Ph). 2C{*H} (76 MHz, CD:Cly): 5c = 144.94, 133.94, 133.81, 130.64.
7.2.2.  [PhSb(bipy)][OTf]

Ph,SbCls (0.189 g, 0.494 mmol) was dissolved in CH3CN (3mL) and solid 2,2’-
bipy (0.158 g, 1.01 mmol) was added to form a yellow mixture, addition of
TMSOTT (272 pL, 1.50 mmol) resulted in a clear and colourless solution which

was left to stir for 2 hours before removing all volatiles under high vacuum to leave
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a colourless powder. This powder was redissolved in CH3CN to which Et2O

diffused into to yield crystals suitable for X-Ray crystallography. Yield: 16%
(crystalline). M.P. = 146-150 °C. 'H NMR (300 MHz, CD3sCN): 8 = 9.27-9.29 (d,
J(H,H) = 6.4 Hz, 2H, Ar-H, [bipy]), 8.79-8.82 (d, J(H,H) = 8.2 Hz, 2H, Ar-H,
[bipy]), 8.58-8.64 (dt, J(H,H) = 7.6 Hz, J(H,H) = 1.5 Hz, 2H, Ar-H, [bipy]), 8.06-
8.11 (dt, J(H,H) = 6.0 Hz, J(H,H) = 1.2 Hz, 2H, Ar-H, [bipy]) 7.50-7.54 (m, 2H,
Ph), 7.36-7.41 (m, 3H, Ph). 3C{H} (76 MHz, CDsCN): &c = 153.15, 150.60,

149.46, 146.65, 135.27, 132.47, 131.15, 130.93, 127.49.

7.2.3.  [Sb(bipy)2][OTf]s

PhsSh and SbCls were combined in a 2:1 ratio to form a viscous, golden yellow
melt which was left to stir at ambient temperature for three days after which DCM
was added. 1 molar equivalent of 1M SO:Cl. in DCM was added dropwise to the
stirred solution and left to stir for 24 hours resulting in a mixture of golden yellow
liquid. To this solution of in situ generated PhSbCls, two equivalents of solid bipy
and four equivalents of TMSOTTf was added. All volatiles were removed under
vacuum and the resulting colourless solid redissolved in a minimum amount of
CH3CN and place in a freezer at -25 °C to afford a small amount of colourless
crystals. Yield: 11% (crystalline). M.P. = 110-113 °C. 'H NMR (300 MHz,
CD3CN): 8+ =8.89 (d, 5.4 Hz, 4H, bipy), 8.81 (d, 8.3 Hz, 4H, bipy), 8.63 (dt, 8.2

Hz, 1.4 Hz, 4H, bipy), 8.07 (m, 4H, bipy).
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7.2.4. PhySbCIl3(OPyMe)

Ph2SbCls (0.379 g, 0.991 mmol) was dissolved in DCM (3mL) and solid OPyrMe
(0.102 g, 0.934 mmol) was added to form a colourless mixture which was left to
stir or 1 hr before removing all volatiles under high vacuum. The resulting
colourless powder was redissolved in a minimal amount of DCM, forming crystals
suitable for X-Ray crystallography. A melting point of both a single crystal and the
powder was taken. Yield: 92% (powder). M.P. = 146-150 °C. *H NMR (300 MHz,
CD3CN): 81 =8.29-8.26 (m 4H, Ar-H, [Ph]), 8.01 (d, J(H,H) = 6.7 Hz, 2H, Ar-H,
[OPyrMe]), 7.42-7.37 (m, 6H, Ar-H, [Ph]), 7.11 (d, J(H,H) = 6.7 Hz, 2H, Ar-H,
[OPyrMe]), 2.35(s, 3H, Me), *C{*H} (76 MHz, CDsCN): &c = 140.61, 132.10,
130.53, 128.81, 127.63, 21.45 . Elemental Analysis: Calc: C: 43.99, H: 3.49, N:

2.85, Found: C: 43.99, H: 3.63, N: 2.82.
7.2.5.  [PhShCl(OPyMe),][OTT]

Ph2SbCls (0.381 g, 0.997 mmol) was dissolved in DCM (3mL) and solid OPyrMe
(0.220 g, 2.02 mmol) was added to form colourless solution, addition of AgOTf
(0.256 g, 1.00 mmol) resulted in a colourless mixture which was left to stir for 1 hr
in the dark. The mixture was then filtered and the pale yellow filtrate was
concentrated and placed in a freezer at -30 °C. The resulting colourless powder was
recrystalized by dissolving it in the minimum amount of DCM and placing in a
freezer at -30 °C yielding X-ray quality crystals. A melting point of both a single

crystal and the powder was taken. Yield: 73% (powder). M.P. = 132-136°C. 'H
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NMR (300 MHz, CDsCN): 8y = 8.37 (d, J(H,H) = 6.7 Hz, 4H, OPyrMe), 8.18-8.02

(m, 4H, Ph), 7.57 (d, J(H,H) = 6.7 Hz, 4H, OPyrMe) 7.65-7.62 (m, 6H, Ph), 2.51
(s, 6H, CHs). BC{*H} (76 MHz, CDsCN): §c =141.40, 135.03, 133.47, 132.16,
131.24,129.28, 21.61. Elemental Analysis: Calc: C: 42.04, H: 3.39, N: 3.92, Found:

C:41.92, H:3.74, N:3.88.
7.2.6. [Ph2SbCI(OPyMe)s][OTf]2

Ph2SbCls (0.381 g, 0.997 mmol) was dissolved in DCM (3mL) and solid OPyrMe
(0.3271 g, 3.00 mmol) was added to form colourless solution, addition of AgOTf
(0.520 g, 2.02 mmol) resulted in a colourless mixture which was left to stir for 1 hr
in the dark. The mixture was then filtered and the pale yellow filtrate was
concentrated and placed in a freezer at -30 °C. The resulting colourless powder was
recrystallized once again to yield analytically pure powder. All attempts to grow
X-ray quality crystals failed. Yield: 77% (powder). M.P. = 148-150°C. 'H NMR
(300 MHz, CDCly): &n =8.36 (d, J(H,H) = 6.4 Hz, 6H, OPyrMe), 8.05-8.02 (m,
4H, Ph), 7.76-7.65 (m, 6H, Ph) 7.57 (d, J(H,H) = 6.4 Hz 6H, OPyrMe), 2.49 (s, 9H,
CHs). BC{'H} (76 MHz, CD.Cl,): &c = 152.91, 141.14, 135.33, 134.64, 131.15,
129.56, 21.61. Elemental Analysis: Calc(%): C: 40.89, H: 3.65, N:4.47 Found(%):

C:40.61, H:3.18, N:4.41
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7.2.7.  [Ph2Sb(OPyrMe)s][OTf]a

Ph2SbClz (0.383 g, 1.00 mmol) was dissolved in CH.Cl, (4mL) and solid OPyrMe
(0.436 g, 3.99 mmol) was added to form a clear and yellow solution, addition of
AgOTT (0.779 g, 3.02 mmol) which was left to stir for 2 hours in the dark. The
mixture was then filtered and the pale yellow filtrate was concentrated and placed
in the freezer at -30 °C. The resulting colourless powder was recrystalized by
dissolving it in the minimum amount of DCM at -30 °C. From the resulting
analytically pure powder X-ray quality crystals were grown by vapour diffusion of
Et,0 into DCM. Yield: 65% (powder). M.P. = 193-197°C. 'H NMR (300 MHz,
CD:Cly): &1 =8.81(d, J(H,H) = 7.0 Hz, 8H, OPyrMe), 7.84-7.81 (m, 4H, Ph), 7.43
(d, J(H,H) = 6.9 Hz, 8H, OPyrMe) 7.37-7.23 (m, 6H, Ph), 2.42 (s, 12H, CHa).
BC{H} (76 MHz, CD,Cl,): 8c = 155.49, 142.02 135.45, 133.84, 131.5, 129.14,
21.93. EA: Calc (%): C: 40.39, H: 3.30, N: 4.83 Found (%): C: 40.50, H: 3.39, N:

4.69.

7.2.8.  PhySbCI3(OPEts)

Ph2SbCls (0.199 g, 0.521 mmol) was dissolved in DCM (3mL) and solid OPEts
(0.071 g, 0.52 mmol) was added to form a clear, colourless solution which was left
to stir or 1 hour before removing all volatiles under high vacuum. The resulting
colourless powder was redissolved in a minimal amount of CH3CN, forming
crystals suitable for X-Ray crystallography. Yield: 87% (powder). M.P. = 153-155
°C.3P{1H} NMR: (122 MHz, CD3CN): 76.33 *H NMR (300 MHz, CDsCN): 8.29-

8.26 (M, 4H, Ph), 7.63-7.46 (m, 6H, Ph), 1.73-1.62 (m, 6H, P(CH2CHs)s), 0.94-
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0.83(m, 9H, P(CH,CHs)s). BC{*H} (76 MHz, CDsCN): ¢ = 160.11, 131.58,

129.16, 19.01 (d, J(P,C) = 65.9 Hz), 5.39 (d, J(P,C) = 15.5 Hz).
7.2.9. [Ph2SbCI(OPEts);][OTf]

Ph>SbCl3 (0.193 g, 0.505 mmol) was dissolved in DCM (3mL) and solid OPEts
(0.131 g, 0.976 mmol) was added to form a clear, colourless solution to which
AgOTT (0.129 g, 0.502 mmol) was added and left to stir for 1 hour in the dark. The
mixture was filtered and the colourless solution place in the freezer at -25 °C to
afford colourless crystals. Yield: 78% (powder).3'P{*H} NMR: (122 MHz,
CD2Cly): 78.76 *H NMR (300 MHz, CD.Cly): 8.26-8.06 (m, 4H, Ph), 7.60-7.52 (m,
6H, Ph), 1.88-1.73 (m, 12H, P(CH2CH3)s)), 0.96-0.82 (m, 18H, P(CH2CHs)s).
BC{H} (76 MHz, CD.Cly): éc = 159.85, 131.53, 129.51, 18.82 (d, J(P,C) = 65.2

Hz), 5.41 (d, J(P,C) = 15.5 Hz).
7.2.10. [Ph2SbCI(OPEts)s][OTf]2

Ph2SbCls (0.191 g, 0.500 mmol) was dissolved in DCM (3mL) and solid OPEts
(0.201 g, 1.50 mmol) was added to form a clear, colourless solution to which
AgOTT (0.257 g, 1.00 mmol) was added and left to stir for 1 hour in the dark. The
mixture was filtered and the colourless solution place in the freezer at -25 °C to
afford colourless crystals. Yield: 78% (powder). 3P{*H} NMR: (122 MHz,
CD,Cl,): 85.24. 'H NMR (300 MHz, CDCl,): 8.19-8.05 (m, 4H, Ph), 7.78-7.64

(m, 6H, Ph), 2.15-1.73 (m, 18H, P(CH2CHs)s), 1.17-0.85 (m, 27H, P(CH2CHa)s).
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BC{H} (76 MHz, CD.Cl,): 6c = 154.61, 131.18, 130.71, 18.54(d, J(P,C) = 63.0

Hz), 5.50 (d, J(P,C) = 4.4 Hz).
7.2.11. [Ph2Sb(OPEts)4][OTf]a

Ph>SbCls (0.191 g, 0.500 mmol) was dissolved in DCM (3mL) and solid OPEts
(0.269 g, 2.00 mmol) was added to form a clear, colourless solution to which
AgOTT (0.387 g, 1.43 mmol) was added and left to stir for 1 hour in the dark. The
mixture was filtered and the colourless solution place in the freezer at -25 °C to
afford colourless crystals. Yield: 88% (powder).3'P{*H} NMR: (122 MHz,
CD,Cly): 89.28. 'H NMR (300 MHz, CD,Clp): 7.91-7.72 (m, 10H, Ph), 2.05-1.78
(M, 24H, P(CH,CHz)s), 1.04-0.76 (m, 36H, P(CH2CHa)3). 3C{*H} (76 MHz,
CD,Cly): 8¢ = 160.19, 131.62, 131.03, 19.12(d, J(P,C) = 62.1 Hz), 5.63 (d, J(P,C)

=3.7 Hz).
7.2.12. PhySbClz(dmap)

Ph2SbClsz (0.099 g, 0.26 mmol) was dissolved in MeCN (3mL) and solid dmap
(0.030 g, 0.25 mmol) was added to form an opaque, colourless mixture which was
left to stir for 2 hours before removing all volatiles under high vacuum to leave a
colourless powder. The low solubility of the compound prevented the acquisition
of B3C{'H} NMR. Yield: 76%. M.P. = 238-240 °C (dec). 'H NMR (300 MHz,
CD2Cly): 8w = 8.03-8.06 (d, J(H,H) = 7.6 Hz, 2H, Ar-H, [dmap]), 7.94-7.97 (m,

4H, Ph), 7.37-7.42 (m, 6H, Ph), 6.44-6.47 (d, J(H,H) = 7.6 Hz, 2H, Ar-H, [dmap]),
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3.09 (s, 6H, NMe»). Calc (%): C: 45.24, H: 4.00, N: 5.55. Found (%): C: 44.76, H:

4.36, N:5.34
7.2.13. [Ph2SbClz(dmap)2][OTf]

PhoSbCls (0.101 g, 0.264 mmol) was dissolved in DCM (4mL) and solid dmap
(0.031 g, 0.25 mmol) was added to form an opaque, colourless mixture to which
AgOTT (0.031 g, 0.25 mmol) was added and left to stir for 2 hours in the dark. The
mixture was then filtered and all volatiles were removed under high vacuum to
leave a colourless powder which was recrystallized from a mixture of DCM and
Et,0. Yield: 53%. M.P. = 158°C. 'H NMR (300 MHz, CD:Cl): 8.02 (d, J(H,H) =
7.61 Hz, 4H, dmap), 7.97-7.93 (m, 4H, Ph), 7.42-7.36 (m, 6H, Ph), 6.66 (d, J(H,H)
=7.4 Hz, 4H, dmap), 3.14 (s, 12H, NMe,). BC{*H} (76 MHz, CD,Cl.): 5c = 145.6,
133.5, 132.5, 129.7, 128.8, 107.2, 40.3. EA: Calc (%): C: 43.81, H: 4.08, N: 7.57.

Found (%): C: 42.55, H: 4.25, N: 7.31
7.2.14. [Ph2SbCl(dmap)2][OT]:

Ph2SbCls (0.100 g, 0.262 mmol) was dissolved in DCM (4mL) and solid dmap
(0.061 g, 0.50 mmol) was added to form an opaque, colourless mixture to which
AgOTf (0.134 g, 0.522 mmol) was added and left to stir for 2 hours in the dark.
The mixture was then filtered and all volatiles were removed under high vacuum to
leave a colourless powder which was recrystallized from a mixture of DCM and
Et,0. Yield: 47% (crystalling). M.P. = 184-186°C. *H NMR (300 MHz, CD,Cl.):

Sn = 7.77-7.81 (d, J(H,H) = 7.6 Hz, 4H, dmap), 7.50-7.67 (m, 10H, Ph), 6.60-6.65
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(d, J(H,H) = 7.6 Hz, 4H, dmap), 3.18 (s, 12H, NMey). *C{*H} (76 MHz, CD:Cl,):

dc = 157.07, 147.40, 144.99, 133.59, 133.18, 130.47, 107.58, 40.32 (s, NMe). EA
with one molecule of DCM: Calc (%): C: 36.98, H: 3.75, N: 5.95. Found (%): C:

37.81, H: 3.87, N: 5.87.
7.2.15. [Ph2SbCly(bipy)][OTf]

Ph2SbClsz (0.210 g, 0.550 mmol) was dissolved in DCM (4mL) and solid bipy
(0.078 g, 0.50 mmol) was added to form an opaque, yellow mixture to which
AgOTTf (0.128 g, 0.498 mmol) was added and left to stir for 1 hours in the dark.
The resulting colourless mixture was then filtered and all volatiles were removed
under high vacuum to leave a colourless powder which was recrystallized from a
mixture of DCM and Et20. The solid contains two isomers in a 2.6:1 ratio, attempts
to separate the isomers have failed. Yield: 76% (mixture of two isomers). *H NMR
(300 MHz, CD3CN): 61 =9.58 (ddd, J(H,H) = 5.6 Hz, 1.5 Hz, 0.6 Hz, 2H, bipy A),
9.20 (d, J(H,H) = 8.2 Hz, 0.75H, bipy B), 9.00 (d, J(H,H) = 8.20 Hz, 2H, bipy A),
8.63 (td, J(H,H) = 7.61 Hz, 1.5 Hz, 0.75H, bipy B), 8.58 (td, J(H,H) = 8.2 Hz, 1.5
Hz, 2H, bipy A), 8.40 (ddd, J(H,H) = 5.9 Hz, 1.5 Hz, 0.6 Hz, 0.75H, bipy B), 8.37-
8.31 (m, 1.7H, Ph B), 8.14 (td, J(H,H) = 5.6 Hz, 1.2 Hz, 2H, bipy A), 7.89 (dt,
J(H,H) = 5.9 Hz, 1.2 Hz, 0.75H, bipy B), 7.12-7.67 (m, 2.2H, Ph B), 7.58-7.51 (m,

4H, Ph A), 7.35-7.28 (m, 6H, Ph A)
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7.2.16. [Ph2SbCl2(tBubipy)][OTH]

Ph>SbCls (0.210g, 0.550 mmol) was dissolved in DCM (4mL) and solid tBubipy
(0.134g, 0.499 mmol) was added to form an opaque, colourless mixture to which
AgOTTf (0.128 g, 0.498 mmol) was added and left to stir for 1 hours in the dark.
The mixture was then filtered and all volatiles were removed under high vacuum to
leave a colourless powder which was recrystallized from a mixture of DCM and
Et2O. The solid contains two isomers in a 1:1 ratio, attempts to separate the isomers
have failed. Yield: 83% (crystalline mixture of both isomers). *H NMR (300 MHz,
CD3CN): 81 = 9.44 (d, J(H,H) = 6.2 Hz, 1H, tBubipy), 8.91 (d, J(H,H) = 2.1 Hz,
1H, tBubipy), 8.70 (d, J(H,H) = 1.8 Hz, 1H, tBubipy), 8.35-8.32 (m, 2H, Ph), 8.31
(d, J(H,H) = 6.4 Hz, 1H, tBubipy), 8.07 (dd, J(H,H) = 5.8 Hz, 1.8 Hz, 1H, tBubipy),
7.83 (dd, J(H,H) = 6.4 Hz, 2.1 Hz, 1H, tBubipy), 7.68-7.65 (m, 3H, Ph), 7.57-7.54

(m, 2H, Ph), 7.33-7.29 (m, 3H, Ph), 1.51 (s, 9H, tBu), 1.47 (m, 9H, tBu).
7.2.17. [Ph2Sb(tBubipy)2][OTf]3

Ph2SbCls (0.210g, 0.549 mmol) was dissolved in DCM (4mL) and solid tBubipy
(0.268g, 1.00 mmol) was added to form an opaque, colourless mixture to which
AgOTT (0.385g, 1.50 mmol) was added and left to stir for 2 hours in the dark. The
mixture was then filtered and all volatiles were removed under high vacuum to
leave a colourless powder which was recrystallized from a mixture of DCM and
Et,0. Yield: 19% (crystalline). *H NMR (300 MHz, CDsCN): 84 = 8.98 (d, J(H,H)

= 6.2 Hz, 2H, tBubipy), 8.82 (d, J(H,H) = 1.8 Hz, 2H, tBubipy), 8.29 (d, J(H,H) =
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2.3 Hz, 2H, tBubipy), 8.06 (d, J(H,H) = 6.2 Hz, 2H, tBubipy), 7.96 (dd, J(H,H) =

6.2 Hz, 1.7 Hz 2H, tBubipy), 7.91 (d, J(H,H) = 6.2 Hz, 1.7 Hz, 2H, tBubipy), 7.66-
7.61 (m, 5H, Ph), 7.55-7.52 (m, 5H, Ph), 1.55 (s, 18H, tBu), 1.41 (m, 18H, tBu).
BC{'H} (76 MHz, CD,Cly): 6c = 176.3, 173.7, 147.4, 147.2, 146.4, 144.5, 143.3,
141.0, 135.7, 135.5, 132.9, 132.8, 130.0, 129.7, 126.7, 125.9, 125.6, 124.1, 122.2,

119.9, 38.5, 38.0, 30.4, 30.1.
7.2.18. [SbCla(tBubipy)][OTf]

[Sb(tBubipy)2][OTf]s (0.552 g, 0.499 mmol) was dissolved in 8 mL of CH3CN to
which SeCls (0.110g, 0.50 mmol) was added to yield a yellow-brown solution. All
volatiles were removed under vacuum to furnish a yellow solid which was washed
with 3x0.5 mL of DCM. The solid was redissolved in a minimum amount of
CH3CN to which Et,O diffused into to yield X-ray quality crystals. Yield: 24%
(crystalline). *H NMR (300 MHz, CD3sCN): 4 = 9.60 (d, J(H,H) = 6.4 Hz, 2H,
tBubipy), 8.92 (d, J(H,H) = 2.1 Hz, 2H, tBubipy), 8.32 (dd, J(H,H) = 6.4 Hz, 2.1

Hz, 2H, tBubipy), 1.55 (s, 18H, tBu).
7.2.19. [PCls(tBubipy)][OTf]

[P(tBubipy).][OTf]s (0.507 g, 0.50 mmol) was dissolved in 8 mL of CH3CN to
which PCls (0.104 g, 0.498 mmol) was added to yield a yellow solution. All
volatiles were removed under vacuum to furnish a yellow solid which was washed

with 3x0.5 mL of DCM. Yield: 90%. 3P{*H} NMR: (122 MHz, CDsCN): -146.9

ppm.
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Table 7.2.1: Crystallographic details for compounds in Chapter 2

Ph2SbCI;0PyrMe | [Ph2SbCl2(OPyrMe):] [PhoSh(OPyrMe)4]
[OTH] [OTf]3
Eorprﬁgllgal C18H17NOCI3Sbh | C2sH24Cl2F3N205SSh | Ca1H42ClsFoN4O13S3Sh
Formula weight 491.42 714.17 1329.51
Temperature/K 188.15 188.15 173.15
Crystal system Monoclinic Triclinic monoclinic
Space group P2i/c P-1 P21/n
alA 18.457(2) 10.709(3) 11.7250(7)
b/A 13.6093(18) 11.460(3) 22.5677(14)
c/A 15.582(2) 12.859(3) 21.3088(13)
a/° 90 67.107(3) 90
B/° 106.525(2) 79.458(3) 104.407(4)
v/° 90 85.651(3) 90
Volume/A3 3752.2(8) 1429.3(6) 5461.1(6)
Z 8 2 4
pealcg/cm?® 1.740 1.659 1.617
Radiation MoRa (A =" \1oKa (A =0.71073) | CuKo (L= 1.54184)
0.71073) ' '
Srf"F’g”eSS'Of'f't 1.064 1.025 1.056
Final R indexes R1 =0.0195, R1=0.0364, wR> = R1=0.0667, wR> =
[>=26 ()] WR> = 0.0482 0.0964 0.1870
Final R indexes R1 =0.0250, R1=0.0404, wR> = R1=0.0824, wR; =
[all data] WR> = 0.0517 0.1012 0.2016




Table 7.2.2: Crystallographic details for compounds in Chapter 2 (cont.)
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data]

0.1130

[Ph2SbClo(bipy)][OTf] | [Ph2SbCl2(bipy)][Ph2SbCl4] | [Ph2SbCl2(tBubipy)][OTHf]
e > CH2Cl>

F()Trﬁg;gal C23,5oH19(;|§,F3N2038 C38HagClsN20Shs C32H36ClaF3N203SSh
Formula 694.57 994.90 849.24
weight
Temperature/K 173(1) 188(1) 173(1)
Crystal system Monoclinic Triclinic Triclinic
Space group C2/c P-1 P-1
alA 36.524(12) 9.289(5) 11.913(6)
b/A 8.190(3) 13.887(7) 12.000(6)
c/A 19.323(6) 16.384(8) 13.413(7)
a/° 90 77.671(6) 90.386(7)
B/° 107.666(6) 76.327(7) 104.529(6)
v/° 90 83.923(6) 97.989(7)
Volume/A® 5508(3) 2002.8(17) 1836.4(16)
Z 8 2 2
pealcg/cm® 1.675 1.650 1.536
Radiation MoKa (A =0.71073) MoKa (A =0.71073) MoKa (A =10.71073)
]S;’t"gg”FezSS'Of' 1.048 1.108 1.047
Final R
indexes RL=005T0 WRZ= | R1=0.0538, wR2=0.1614 | -~ 00952 WR2=
[1>=2 ()] ' '
Final R
indexes [all R1=00440, WR2= | p1 — 00731, wR2 =0.1801 | *+ = 0:0491, wR2 =

0.1294
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Table 7.2.3: Crystallographic details for compounds in Chapter 2 (cont.)

[Ph2Sh(tBubipy):] Ph2SbClz(dmap) | [Ph2ShCl2(dmap)2][OTf]
[OTf]s
o CH3CN oEt,0
E)Trflgllgal Cs1Hs8F9N4O9S3Sh C19H20N2Cl3Sb C20H20N203SF3SbhCl,
Formula weight | 1259.94 504.47 618.09
Temperature/K | 273.15 173.15 273.15
Crystal system | monoclinic monoclinic triclinic
Space group P21/n P21/n P21/n
alA 16.4518(16) 11.0351(13) 8.6326(10)
b/A 23.615(3) 15.0771(17) 21.343(3)
c/A 16.7450(16) 12.3570(14) 16.1809(19)
o/° 90 90 90
B/° 98.064(5) 97.171(2) 90.786(3)
v/° 90 90 90
Volume/A3 6441.2(11) 2039.8(4) 2980.9(6)
Z 4 4 1
pealcg/cm® 1.299 1.643 0.344
Radiation MoKa (A=0.71073) | MoKa (= MoKa (A = 0.71073)
) 0.71073) '
S:g?”ess'Of'f“ 1.071 1.106 1.047
Final R indexes | R1 =0.1166, wR2 = R1 =0.0200, R1=0.0485, wR> =

[I>=26 ()] 0.2833 wR2=0.0516 | 0.1111
Final R indexes | Ry = 0.1559, wRy = R1 =10.0213, R1=10.0652, wR> =
[all data] 0.3004 WwR> = 0.0524 0.1191




Table 7.2.4: Crystallographic details for compounds in Chapter 2 (cont.)
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[Ph2SbCl(dmap)2][OTf]2

[Ph2SbCI3(OPEt3)2][OTH]

[Ph2SbCI(OPELs)s][OTf]2

e CH.CI>
E)Trﬁ'ljl'ga' Ca2H255206FsNsSbCl | CasHa205F3P2SClaSh CazHs5SbP3S;00FsCl
Formula 776.78 849.14 1011.99
weight
Temperature/K | 273.15 173.25 296.15
Crystal system | orthorhombic monoclinic orthorhombic
Space group Pna2; P2: P212121
alA 27.612(2) 8.2417(2) 14.9656(7)
b/A 12.5435(10) 14.9189(3) 15.4478(7)
c/A 11.3274(9) 14.9172(3) 19.0979(9)
a/° 90 90 90
B/° 90 97.9486(10) 90
v/° 90 90 90
Volume/A® 3923.2(5) 1816.55(7) 4415.2(4)
Z 1 2 1
pealcg/cm® 0.329 1.552 0.381
Radiation MoKa (A =10.71073) CuKoa (A =1.54178) MoKa (A =10.71073)
]S;’togg”FezSS'Of' 1.069 1.054 1.022
rr:gg)'(fs R = 0.0827, WR; = R = 0.0387, WR: = R: = 0.0255, WR; =
(>—2 ()] 0.2473 0.1008 0.0510
Final R R1 = 0.0909, WR; = R1 = 0.0389, WR> = R; = 0.0301, WR; =
indexes [all vttt L= Leoes, e L= ooun 2

data]

0.2542

0.1011

0.0528




Table 7.2.5: Crystallographic details for compounds in Chapter 2 (cont.)

[Ph2SbCI(OPELs)s][OTT]3

[SbCl4(tBubipy)][OTT]

Empirical formula | C3oH20013FeP4S3CISh C19H22N203F3SCl4Sh
Formula weight 1244.81 678.99
Temperature/K 173.15 173.15

Crystal system monoclinic orthorhombic
Space group P2i/c P212121

alA 19.777(11) 10.0612(3)

b/A 13.132(8) 11.8365(3)

c/A 21.910(13) 22.1437(5)

a/° 90 90

pB/° 94.835(8) 90

v/° 90 90

Volume/A3 5670(6) 2637.08(12)

Z 4 4

peaicg/cm® 1.458 1.710

Radiation MoKa (A =0.71073) CuKa (A= 1.54178)

Goodness-of-fit on
F2

1.188

1.070

Final R indexes

R1=0.1207, wR2 =

R1=10.0332, wR2 =

[>=20 (D)] 0.2479 0.0850
Final R indexes R1=0.1462, wR> = R1 =0.0334, wR> =
[all data] 0.2585 0.0852

7.3. Compounds in Chapter 3

7.3.1.

PhSbCl-
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Reaction was carried out via a modified literature procedure.’® PhsSb and ShCls

were combined in a 1:2 ratio to form a viscous, golden yellow melt which was left

to stir at ambient temperature for three days. The melt was placed in a freezer at -

25 °C and left to freeze (ca.3 hours) after which was left to thaw at room

temperature to yield colourless crystals which was filtered from the remaining

liquid and washed with cold DCM. Yield: 85%. M.P. = 68-70 °C.
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7.3.2.  Ph2SbCl

Reaction was carried out via a modified literature procedure.!! PhsSb and ShCls
were combined in a 2:1 ratio to form a viscous, golden yellow melt which was left
to stir at ambient temperature for three days. The melt was placed in a freezer at -
25 °C and left to freeze (ca.3 hours) after which was left to thaw at room
temperature to yield colourless crystals which was filtered from the remaining

liquid and washed with cold DCM. Yield: 73%. M.P. = 64-67 °C.
7.3.3.  ShCls(bipy)

SbCl3 (0.225 g, 0.990 mmol) was dissolved in 5mL of DCM to which solid bipy
(0.157 g, 1.01 mmol) was added to immediately form a yellow mixture which was
stirred for 30 minutes. The mixture was filtered and the yellow powder washed with
3mL of Et20. The powder is only sparingly soluble in DCM and CH3CN, however
X-ray quality crystals were obtained from a concentrated solution in CH3CN which
was placed in a freezer at -30°C. Yield: 92% (powder). M.P. = 185-187 °C. H
NMR (300 MHz, CDsCN): &n = 9.10 (d, J(H,H) = 4.9 Hz, 2H, bipy), 8.50 (dt,
J(H,H) = 8.2 Hz, 1.1 Hz, 2H, bipy), 8.30 (td, J(H,H) = 8.2 Hz, 1.4 Hz, 2H, bipy),
7.80 (ddd, J(H,H) = 7.6 Hz, 5.2 Hz, 1.1 Hz, 2H, bipy) 3C{*H} (76 MHz, CD3CN):

147.60, 143.57, 128.56, 124.68.
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7.3.4.  [SbCly(bipy)][OTT]

SbClz (0.227 g, 1.00 mmol) was dissolved in 5mL of DCM to which solid bipy
(0.161 g, 1.03 mmol) was added to immediately form a yellow mixture, followed
by TMSOTT (181 pL, 1.00 mmol) resulting in a colourless solution which was
stirred for 1hr. The solution was concentrated under vacuum and placed in a freezer
at -30°C resulting in colourless crystals. Yield: 68% (powder). *H NMR (300 MHz,
CD3CN): 81 =9.04 (d, J(H,H) = 5.2 Hz, 2H, bipy), 8.41 (dd, J(H,H) = 8.1 Hz, 0.7
Hz, 2H, bipy), 8.33 (tt, J(H,H) = 7.9 Hz, 1.5 Hz, 2H, bipy), 7.83 (td, J(H,H) = 5.4
Hz, 1.65 Hz, 2H, bipy) *C{'H} (76 MHz, CDsCN): 147.40, 143.39, 127.78,
123.62. Elemental Analysis: Calculated (%): C: 26.48, H: 1.82, N: 5.61 Found (%):

26.72,1.68, 5.57.
7.35.  [SbCl(bipy)][OTT]:

SbClz (0.228 g, 1.00 mmol) was dissolved in 5mL of DCM to which solid bipy
(0.321 g, 2.05 mmol) was added to immediately form a yellow mixture, followed
by TMSOTT (543 pL, 3.00 mmol) resulting in a colourless solution which was
stirred for 1hr. The solution was concentrated under vacuum and placed in a freezer
at -30°C resulting in colourless crystals. Yield: 74% (powder). M.P. = 195-198 °C.
IH NMR (360 MHz, CD3sCN): 84 = 8.82 (dd, J(H,H) = 4.8 Hz, 0.6 Hz, 2H, bipy),
8.68 (d, J(H,H) = 8.2 Hz, 2H, bipy), 8.49 (td, J(H,H) = 8.2 Hz, 1.5 Hz, 2H, bipy),

7.91 (td, J(H,H)=5.8 Hz, 1.2 Hz, 2H, bipy). *C{*H} (90.59 MHz, CDsCN): 148.78,
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148.48, 145.90, 130.45, 126.44. Elemental Analysis: Calculated (%): C:34.28, H:

2.48, N: 7.27, Found (%): C: 34.45, H:2.07, N: 7.29.
7.3.6. SbCls(dmap):

SbCl3 (0.115 g, 0.504 mmol) was dissolved in 5mL of DCM to which solid dmap
(0.127 g, 1.05 mmol) was added to immediately form a colourless mixture which
was stirred for 30 minutes. The mixture was filtered and the colourless powder
washed with 3mL of Et2O. The powder is only sparingly soluble in DCM and
CH3CN, however X-ray quality crystals were obtained from a concentrated solution
in CH3CN which was placed in a freezer at -30°C. Yield: 94% (powder). M.P. =
205 °C (dec) *H NMR (300 MHz, CD3sCN): &1 = 8.45 (d, J(H,H) = 7.6 Hz, 4H,
dmap), 6.67 (d, J(H,H) = 7.3 Hz, 4H, dmap), 3.07 (s, 12H, dmap). *C{*H} (76
MHz, CD3sCN): 157.29, 152.28, 147.44, 40.24. Elemental Analysis: Calculated

(%): C: 35.59, H: 4.27, N: 11.86 Found (%): C: 34.23, H: 4.27, N: 11.35.
7.3.7.  [SbCl2(dmap):][OTH]

SbCl3 (0.227 g, 0.995 mmol) was dissolved in 5mL of DCM to which solid dmap
(0.244 g, 2.00 mmol) was added to immediately form a colourless mixture,
followed by TMSOTT (181 uL, 1.00 mmol) resulting in a colourless solution which
was stirred for 1hr. The solution was concentrated under vacuum and placed in a
freezer at -30°C resulting in colourless crystals. Yield: 75% (powder). M.P. = 137-

142 °C. *H NMR (300 MHz, CDsCN): 81 = 8.03 (d, J(H,H) = 7.9 Hz, 4H, dmap),
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6.86 (d, J(H,H) = 7.9 Hz, 4H, dmap), 3.16 (s, 12H, dmap) *C{*H} (76 MHz,

CDsCN): 157.75, 143.74, 108.59, 40.27.
7.3.8. [SbCIl(dmap):][OTf]>

SbCl3 (0.227 g, 0.995 mmol) was dissolved in 5mL of DCM to which solid dmap
(0.254 g, 2.08 mmol) was added to immediately form a colourless mixture,
followed by TMSOTT (543 pL, 3.00 mmol) resulting in a colourless solution which
was stirred for 1hr. The solution was concentrated under vacuum and placed in a
freezer at -30°C resulting in colourless crystals. Yield: 63% (powder). M.P. = 133-
135 °C. 'H NMR (300 MHz, CD3sCN): 8 = 8.05 (d, J(H,H) = 7.9 Hz, 4H, dmap),
6.92 (d, J(H,H) = 7.9 Hz, 4H, dmap), 3.19 (s, 12H, dmap) BC{*H} (76 MHz,

CDsCN): 158.01, 143.88, 108.98, 40.59.
7.3.9. [Sb(dmap)3][OTf]s

SbF;3 (0.180 g, 1.00 mmol) was dissolved in 3 mL of DCM to which TMSOTT (543
uL, 3.00 mmol) was added followed by the dropwise addition of dmap (0.367 g,
3.01 mmol) dissolved in 3 mL of DCM. The solution was stirred for 30 minutes
then concentrated under vacuum and placed in a freezer at -30 °C to afford large
colourless crystals. Yield: 43% (crystalline). M.P. = 140 °C. *H NMR (300 MHz,
CD2Cly): 61 =8.07 (d, J(H,H) = 7.4 Hz, 6H, dmap), 6.76 (d, J(H,H) = 7.6 Hz, 6H,
dmap), 3.22 (s, 18 H, NMey). BC{*H} (76 MHz, CD.Cl.): 158.08, 139.63, 107.44,

40.66.
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7.3.10. [PhSbCI(bipy)][OT]

PhSbCl> (0.133 g, 0.493 mmol) was dissolved in 3mL of DCM to which solid bipy
(0.078 g, 0.50 mmol) to form a bright yellow precipitate, followed by TMSOTf
(90.6 pL, 0.500 mmol) to afford a pale yellow solution which was stirred for 1hr.
After ~10min a white precipitate formed. All volatiles were removed under
vacuum, the powder washed with ether and a small portion redissolved in DCM
and placed in a freezer at -30°C resulting in colourless crystals. Yield: 73%
(crystalline). M.P. = 127-130 °C 'H NMR (300 MHz, CD3CN): &n = 9.26 (d,
J(H,H) =5.2 Hz, 2H, bipy), 8.60 (d, J(H,H) = 8.2 Hz, 2H, bipy), 8.45 (td, J(H,H) =
8.2 Hz, 1.5 Hz, 2H, bipy), 7.95 (td, J(H,H) = 5.5 Hz, 1.2 Hz, 2H, bipy), 7.67-7.64
(m, 2H, Ph), 7.37-7.31 (m, 3H, Ph). C{'H} (76 MHz, CD3CN): 148.32, 145.05,

136.25, 134.94, 130.51, 129.69, 125.86.
7.3.11. [PhSb(bipy)][OTf]

PhSbCl> (0.134 g, 0.500 mmol) was dissolved in 3mL of DCM to which solid bipy
(0.156 g, 1.00 mmol) to form a bright yellow precipitate, followed by AgOTf (0.257
g, 1.00 mmol) after which the yellow precipitate redissolved. The colourless
mixture was left to stir in the dark for 1 hour after which the colourless AgCI was
filtered off. The colourless solution was placed in the freezer -30°C resulting in
colourless crystals. Yield: 65% (crystalline). M.P. = 146-150 °C. *H NMR (300
MHz, CDsCN): &n = 9.27-9.29 (d, J(H,H) = 6.4 Hz, 2H, Ar-H, [bipy]), 8.79-8.82

(d, J(H,H) = 8.2 Hz, 2H, Ar-H, [bipy]), 8.58-8.64 (dt, J(H,H) = 7.6 Hz, J(H,H) =
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1.5 Hz 2H, Ar-H, [bipy]), 8.06-8.11 (dt, J(H,H) = 6.0 Hz, J(H,H) = 1.2 Hz 2H, Ar-

H, [bipy]) 7.50-7.54 (m, 2H, Ph), 7.36-7.41 (m, 3H, Ph). 3C{*H} (76 MHz,
CDsCN): 8¢ = 153.15, 150.60, 149.46, 146.65, 135.27, 132.47, 131.15, 130.93,

127.49.
7.3.12. PhSbClx(dmap):

PhSbCI (0.127 g, 0.471 mmol) was dissolved in 3mL of DCM to which solid dmap
(0.124 g, 1.02 mmol) was added to form a colourless mixture which was stirred for
1 hour. All volatiles were removed under vacuum, the powder washed with ether
and a small portion redissolved in DCM and placed in a freezer at -30°C resulting
in colourless crystals. Yield: 89% (powder).!H NMR (300 MHz, CD2Cl,): &n =
8.03 (d, J(H,H) = 7.0 Hz, 4H, dmap), 7.88-7.85 (m, 2H, Ph), 7.36-7.28 (m, 3H, Ph),
6.60 (d, J(H,H) = 7.0 Hz, 4H, dmap). BC{'H} (76 MHz, CD.Cl,): 157.39, 156.63,
143.74, 136.32, 128.78, 107.15, 40.04. Elemental Analysis: Calculated (%): C:

46.73, H: 4.90, N: 10.90, Found (%): C: 45.58, H: 5.27, N: 10.53.
7.3.13. [PhSbCI(dmap)z][OTf]

PhSbCl> (0.138 g, 0.512 mmol) was dissolved in 3 mL of DCM to which solid
dmap (0.124 g, 1.02 mmol) followed by AgOTf (0.129 g, 0.502 mmol) was added
to form a colourless mixture which was stirred for 1 hour in the dark. All volatiles
were removed under vacuum to furnish a colourless powder. The powder was
redissolved in a minimum amount of DCM and layered with Et>O and placed in a

freezer at -30 °C to yield colourless crystals. Yield: 57% (crystalline). M.P. = 124-
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126. 'H NMR (300 MHz, CDsCN): & = 8.05 (d, J(H,H) = 7.0 Hz, 4H, dmap),

7.92-7.89 (m, 2H, Ph), 7.38-7.31 (m, 3H, Ph), 6.65 (d, J(H,H) = 7.0 Hz, 4H, dmap),
3.04 (s, 12H, NMe,). 3C{*H} (76 MHz, CDsCN): 156.96, 151.46, 145.87, 136.81,

129.02, 107.81, 39.88,
7.3.14. [PhSb(dmap)s3][OTf]>

PhSbCl> (0.127 g, 0.471 mmol) was dissolved in 3 mL of DCM to which solid
dmap (0.183 g, 1.51 mmol) followed by AgOTf (0.257 g, 1.00 mmol) was added
to form a colourless mixture which was stirred for 1 hour in the dark. All volatiles
were removed under vacuum to furnish a colourless powder. All attempts to
crystallize the compound in various solvent systems and temperatures yielded only
microcrystalline or powdery material. Yield: 45% (powder). *H NMR (300 MHz,
CD3CN): 8n = 7.94 (d, J(H,H) = 7.3 Hz, 6H, dmap), 7.77-7.73 (m, 2H, Ph), 7.59-
7.55 (m, 3H, Ph), 6.63 (d, J(H,H) = 7.3 Hz, 6H, dmap), 3.03 (s, 18H, NMe).
BC{'H} (76 MHz, CDsCN): 157.00, 150.04, 148.07, 136.32, 128.38, 131.06,
40.09. Elemental Analysis: Calculated (%): C: 40.15, H: 4.53, N: 9.69, Found (%):

C: 40.49, H: 4.85, N: 10.29.
7.3.15. Ph2SbCl(dmap)

Ph2SbCI (0.153 g, 0.491 mmol) was dissolved in 3 mL of DCM to which solid
dmap (0.065 g, 0.46 mmol) to form a colourless mixture which was stirred for 1
hour. All volatiles were removed under vacuum to furnish a colourless powder

which was washed with 3x0.5 mL of Et,O. A small amount of solid was redissolved
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and placed into a freezer at -30 °C to yield X-ray quality crystals. Yield: 94%

(powder). *H NMR (300 MHz, CDsCN): 81 = 7.73 (d, J(H,H) = 7.5 Hz, 2H, dmap),
7.67-7.64 (m, 4H, Ph), 7.44-7.42 (m, 6H, Ph), 6.49 (d, J(H,H) = 7.5 Hz, 2H, dmap),
2.98 (s, 6H, NMey). Elemental Analysis: Calculated (%): C: 56.19, H: 5.44, N:

10.08, Found (%): C: 55.98, H: 5.42, N: 9.72.
7.3.16. [Ph2Sb(dmap)2][OTf]

Ph2SbCI (0.150 g, 0.482 mmol) was dissolved in 3 mL of DCM to which solid
dmap (0.123 g, 1.00 mmol) was added to form a colourless mixture to which AgOTf
(0.130 g, 0.506 mmol) was added and left to stirred for 1 hour. The mixture was
filtered and all volatiles were removed under vacuum to furnish a colourless powder
which was washed with 3x0.5 mL of Et2O. The solid was redissolved and placed
into a freezer at -30 °C to yield X-ray quality crystals. Yield: 82% (crystalline).
M.P. = 114-116 °C. *H NMR (300 MHz, CDsCN): 6n = 7.71 (d, J(H,H) = 7.3 Hz,
4H, dmap), 7.67-7.65 (m, 4H, Ph), 7.47-7.45 (m, 6H, Ph), 6.53 (d, J(H,H) = 7.3 Hz,
4H, dmap). 2.98 (s, 12H, dmap). *C{*H} (76 MHz, CDsCN): 157.00, 147.28,

136.97, 131.21, 130.74, 108.63, 40.03.

7.3.17. Attempted synthesis of Ph2SbCl(bipy)

Ph>SbCl (0.160 g, 0.514 mmol) was dissolved in 3 mL of DCM to which solid bipy
(0.123 g, 1.00 mmol) was added to form a colourless mixture which was left to
stirred for 1 hour to yield a colourless powder. The mixture was filtered and the

powder was washed with 3x0.5 mL of Et.O. A small amount of solid was
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redissolved and placed into a freezer at -30 °C to yield X-ray quality crystals which

were determined to be PhSbClz(bipy). Yield: 30% (crystalline).

7.3.18. Attempted synthesis of [Ph2Sb(bipy)][OTf]

Ph2SbCI (0.159 g, 0.511 mmol) was dissolved in 3 mL of DCM to which solid bipy
(0.122 g, 1.00 mmol) was added to form a colourless mixture which was left to
stirred for 1 hour to yield a colourless powder. The mixture was filtered and the
powder was washed with 3x0.5 mL of Et:O. A small amount of solid was
redissolved and placed into a freezer at -30 °C to yield X-ray quality crystals which

were determined to be [PhSbCl(bipy)][OTf]. Yield: 37% (crystalline).

7.3.19. Attempted synthesis of PhsSb(dmap)

Ph3Sb (0.360 g, 1.02 mmol) was dissolved in 5 mL of DCM to which solid dmap
(0.129 g, 1.06 mmol) resulting in a clear, colourless solution which was stirred for
1 hour. All volatiles were removed under vacuum to furnish a colourless powder
which was washed with 3x0.5 mL of Et>O. The sample was redissolved and placed
in a freezer at -30 °C to yield X-ray quality crystals of free PhsSb and dmap. Yield:
98% (powder). *H NMR (300 MHz, CD,CCly): &u = 10.15 (d, J(H,H) = 7.9 Hz,
4H, dmap), 7.46-7.30 (m, 15H, Ph), 6.88 (d, J(H,H) = 7.9 Hz, 4H, dmap), 3.22 (s,

12H, NMey).
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Table 7.3.1: Crystallographic details for compounds in Chapter 3

ShCls(bipy) [ShCl2(bipy)][OTf] [SbCl(bipy).][OTf]2

E)Trflgllgal Ci10HsClIsN2Sb C11HsCl2F3N203SSh | CagH3sCl2F12N10012S4Sh2
Formula weight | 384.28 497.90 1617.52
Temperature/K | 296.15 273.15 296.15
Crystal system | triclinic monoclinic triclinic
Space group P-1 P2i/c P-1
alA 7.2921(10) 10.3886(4) 7.5470(17)
b/A 8.4991(11) 8.3656(3) 20.233(4)
c/A 11.3858(15) 18.0129(7) 21.443(5)
a/° 105.930(3) 90 63.248(3)
B/° 105.707(3) 98.909(2) 81.295(4)
v/° 102.326(3) 90 85.039(4)
Volume/A3 620.85(14) 1546.56(10) 2889.6(11)
Z 2 4 2
pealcg/cm® 2.056 2.138 1.859
Radiation MoKa (= MoK (= 0.71073) | MoKa (A = 0.71073)

0.71073) ' '
fj;g?”ess'Of'f“ 1.077 1.059 1.041
Final R indexes | Ry =0.0157, R1=0.0154, wR2 = | R1=0.0302, wR2 =
[[>=26 ()] WR> = 0.0359 0.0371 0.0624
Final R indexes | R1=0.0179, R1=0.0166, wR2 = | R1=0.0428, wR2 =
[all data] wR> = 0.0370 0.0376 0.0679
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Table 7.3.2: Crystallographic details for compounds in Chapter 3 (cont.)

SbClz(dmap). e

[SbCl2(dmap)2][TMS-

[SbCl(dmap)2][OTf]2

data]

=0.0659

0.1151

Y2 CH3CN dmap][OTf]>
Empirical .
formula Ci15H215Na5CIsSh | C27H24CloFsNeOsS2ShSi | C17H22ClzFeN4OsS2Sh
Formula 492.97 927.38 784.60
weight
Temperature/K | 173.15 173.15 173.15
Crystal system | triclinic monoclinic triclinic
Space group P-1 C2/c P-1
alA 8.6050(11) 12.148(4) 10.8405(4)
b/A 9.0038(12) 17.670(4) 11.3897(4)
c/A 13.9347(18) 17.713(5) 12.8357(5)
a/° 106.200(2) 90 93.6830(10)
B/ 90.521(2) 95.410(6) 90.4430(10)
v/° 103.201(2) 90 114.9880(10)
Volume/A3 1006.3(2) 3785.3(18) 1432.45(9)
Z 2 4 1
pealcg/cm® 1.627 1.627 0.910
Radiation MoKa (3. = MoKa (L= 0.71073) | CuKa (A = 1.54184)
0.71073)
ﬁtoggnéss")f' 1.095 1.079 1.079
Egii (o | R1=00239, WR; | Ry =0.0413, wR; = R1 = 0.0340, WR; =
] = 0.0650 0.1099 0.0850
IFH'QZ‘)'(ES | Ri=00260,wR; | Ry =0.0463, wR, = Ry = 0.0341, WR; =

0.0851




Table 7.3.3: Crystallographic details for compounds in Chapter 3 (cont.)
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[Sb(dmap)s][OTf]s PhSbClz(dmap)2 Ph,ShCl(dmap)
Empirical formula | C2sHssFeNgOgS3Sh C20H25CI2N4Sh Ci19H20N2SbCl
Formula weight 1017.58 514.09 433.57
Temperature/K 173(2) 296.15 296.15
Crystal system triclinic triclinic monoclinic
Space group P-1 P-1 P21/n
alA 8.089(3) 9.5414(9) 9.1544(4)
b/A 12.005(4) 11.0830(11) 22.4842(10)
c/A 21.472(8) 12.1539(12) 9.2997(4)
a/° 94.789(7) 107.747(2) 90
B/° 99.354(4) 103.603(2) 105.4210(10)
v/° 91.438(5) 107.706(3) 90
Volume/A3 2048.6(13) 1087.28(18) 1845.24(14)
Z 2 2 1
peaicg/cm?® 1.650 1.570 0.390
Radiation MoKa (A =0.71073) | MoKa (A=0.71073) MoKa (A =0.71073)

Goodness-of-fit
on F2

1.043

1.050

1.028

Final R indexes
[>=2c (D]

R1=0.0423, wR2 =
0.1067

R1 =0.0187, wR2 =
0.0454

R1=10.0341, wR; =
0.0668

Final R indexes
[all data]

R1=0.0546, wR2 =
0.1157

R1=0.0203, wR2 =
0.0461

R1=10.0527, wR; =
0.0725




Table 7.3.4: Crystallographic details for compounds in Chapter 3 (cont.)

PhShCl,(bipy) [PhSbCI(bipy)][OTf]
Empirical formula | C16H13CI2N2Sh C17H13CIF3N203SSh
Formula weight 425.93 539.55
Temperature/K 173(2) 296.15
Crystal system triclinic orthorhombic
Space group P-1 Pbca
alA 8.124(4) 14.036(3)
b/A 10.762(5) 15.194(3)
c/A 19.446(9) 17.913(3)
a/° 85.398(7) 90
B/° 78.574(7) 90
v/° 70.762(7) 90
Volume/A3 1573.2(13) 3820.1(12)
Z 4 8
peaicg/cm® 1.798 1.876
Radiation MoKa (A =0.71073) | MoKa (A=0.71073)

Goodness-of-fit
on F2

1.172

1.020

Final R indexes

R1=0.0599, wR2 =

R1=0.0262, wR2 =

[I>=20 (I)] 0.1357 0.0595
Final R indexes R1=0.0892, wR2, = | R1=0.0363, wR2 =
[all data] 0.1446 0.0647

7.4. Compounds from Chapter 4

7.4.1. [Me2HNBH2(OPyrMe)][OTH]
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[Ph2Sb(OPyrMe)4][OTf]s (0.290 g, 0.250 mmol) was dissolved in 3 mL of DCM to

which Me2HNBHj3 (0.015g, 0.25 mmol) was added and left to stir for 1 hour to

afford a yellow solution. The solution was concentrated under vacuum and placed

in a freezer at -30 °C to yield colourless crystals. Yield: 89% (crystalline). *H NMR

(300 MHz, CD,CCl,): 811 =8.62 (d, J(H,H) = 7.0 Hz, 2H, OPyrMe), 7.64 (d, J(H,H)
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=7.0 Hz, 2H, OPyrMe), 6.26 (s, broad, 1H, N-H), 2.60 (s, 3H, OPyrCHs), 2.50 (d,

J(H,H) = 5.6 Hz, 6H, NMe>).
7.4.2. Reaction of [Ph2Sb(OPyrMe):][OTf]s with dmap

[Ph2Sb(OPyrMe)4][OTf]s was dissolved in a variety of solvents (DCM, CH3CN,
DMSO, DMF, CH2NO>) to which solid dmap (4-4.5 equivalents) was added
resulting in a pale yellow solution which turned dark red over 10 minutes of stirring
in all cases. The reaction was halted at 10 min, 30 min, or 1 hour after which all
volatiles were removed under vacuum to yield a red viscous oil. Attempts at several
crystallization methods only resulted in colourless crystals identified as [H-
dmap][OTf], dmap, OPyrMe, or [CH2(dmap)][OTf]. when the reaction was
performed in DCM. *H NMR has not aided in analysis as most resonances are very

broad. Attempts to crystallize the antimony containing species are ongoing.
7.4.3. Reaction of [Ph2Sb(OPyrMe)4][OTf]z with PMes

[Ph2Sb(OPyrMe)4][OTf]s (0.287 g, 0.247 mmol) was dissolved in 5 mL of DCM to
which PMe3 (104 pL, 1.00 mmol) was added to afford a yellow solution which was
left to stir for 5 min. All volatiles were removed under vacuum to furnish a
colourless oil which was washed with 3x0.5 mL of Et2O. The solid was redissolved
in a minimum amount of DCM and placed in a freezer at -30 °C to furnish
colourless crystals. Yield: 47% (crystalline). *'P{*H} NMR: (122 MHz, CD-Cl,):

21.6. 'H NMR (300 MHz, CDsCN): 8.71 (d, broad, J(H,H) = 5.0 Hz, 1H, Ar-H),
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7.83 (M, 1H, Ar-H), 7.52 (m, 1H, Ar-H), 2.46 (s, 3H, CHs), 2.09 (d, J(H,P) = 14.6

Hz, 9H, PMes).
7.4.4. Reaction of [Ph2Sb(OPyrMe)s][OTf]z with PEts

[Ph2Sb(OPyrMe)4][OTf]s (0.290 g, 0.250 mmol) was dissolved in 5 mL of DCM to
which PEts (147 uL, 1.00 mmol) was added to afford a yellow solution which was
left to stir for 5 min. All volatiles were removed under vacuum to furnish a
colourless oil which was washed with 3x0.5 mL of Et2O. Attempts at crystallization

have, as of yet, been unsuccessful. *:P{*H} NMR: (122 MHz, CD,Cl,): 35.22.

7.4.5. Reaction of [Ph2Sb(OPyrMe):][OTf]s with PnPr3

[Ph2Sb(OPyrMe)4][OTf]s (0.290 g, 0.250 mmol) was dissolved in 5 mL of DCM to
which PnPr3 (200 pL, 1.00 mmol) was added to afford a yellow solution which was
left to stir for 5 min. All volatiles were removed under vacuum to furnish a
colourless oil which was washed with 3x0.5 mL of Et,O. Attempts at crystallization

have, as of yet, been unsuccessful *P{*H} NMR: (122 MHz, CD.Cl,): 28.45.
7.4.6. Reaction of [Ph2Sb(OPyrMe)4][OTf]s with PiPrs

[Ph2Sb(OPyrMe)4][OTf]s (0.290 g, 0.250 mmol) was dissolved in 5 mL of DCM to
which PiPrz (200 puL, 1.00 mmol) was added to afford a yellow solution which was
left to stir for 5 min. All volatiles were removed under vacuum to furnish a
colourless oil which was washed with 3x0.5 mL of Et,O.The oil was redissolved in

a minimum amount of DCM, layered with Et.O and placed in a freezer at -30 °C to
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furnish a small amount of crystals. Yield: 3%. 3'P{*H} NMR: (122 MHz, CD3sCN):

42.4.

7.4.7. Reaction of [Ph2Sb(OPyrMe):][OTf]s with PtBus

[Ph2Sb(OPyrMe)4][OTf]s (0.290 g, 0.250 mmol) was dissolved in 5 mL of DCM to
which PtBuz (0.116 g, 1.00 mmol) was added to afford a yellow solution which was
left to stir for 5 min. All volatiles were removed under vacuum to furnish a
colourless oil which was washed with 3x0.5 mL of Et,O. Attempts at crystallization
have, as of yet, been unsuccessful. 3'P{*H} NMR spectroscopy indicates the

majority of the reaction mixtures is unreacted PtBus.

7.4.8. Reaction of [Ph2.Sb(OPyrMe)s][OTf]s with PCys

[Ph2Sb(OPyrMe)4][OTf]s (0.290 g, 0.250 mmol) was dissolved in 5 mL of DCM to
which PtBus (0.116 g, 1.00 mmol) was added to afford a yellow solution which was
left to stir for 5 min. All volatiles were removed under vacuum to furnish a
colourless oil which was washed with 3x0.5 mL of EtO. Attempts at crystallization

have, as of yet, been unsuccessful. 3'P{*H} NMR: (122 MHz, CD,Cl,): 33.5, 28.8.

7.4.9. Reaction of [Ph2Sb(OPyrMe)s][OTf]z with PPhs

[Ph2Sb(OPyrMe)4][OTf]s (0.290 g, 0.250 mmol) was dissolved in 5 mL of DCM to
which PtBusz (0.116 g, 1.00 mmol) was added to afford a yellow solution which was
left to stir for 5 min. All volatiles were removed under vacuum to furnish a
colourless oil which was washed with 3x0.5 mL of EtO. Attempts at crystallization

have, as of yet, been unsuccessful. 3'P{*H} NMR: (122 MHz, CD,Cl,): 33.5, 28.8.
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7.4.10. Arylation of 4-chlorobenzaldehyde

Reaction was carried out via a modified literature procedure.® [MesP(2,4-
methylpyridine)][OTf] (0.048 g 0.15 mmol), 4-chlorobenzaldehyde (0.014 g, 0.10
mmol), and CsCOs (0.065 g, 0.20 mmol) were all added to a glass pressure reactor
under nitrogen with 1 mL of THF. The reaction was heated to 70 °C and left to stir
for 17 hours after which the reaction was quenched with 1 mL of 6M HCI. The
resulting mixture was extracted with 3 x 1 mL of DCM and dried over MgSQa.
After filtration, the solvent was passed through a silica plug and solvent removed
under vacuum to yield a colourless powder. Yield: 81%. *H NMR (300 MHz,

CD,CCly): 8y = 7.30-7.15 (m, 8H, Ar), 5.80 (s, 1H, C-H), 2.30 (s, 3H, CHa).



Table 7.4.1: Crystallographic details for compounds in Chapter 4
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[CH2(dmap)2][OTf]2 | [Me2HNBH20PyrMe][OTf] [MesP(2-4-
methylpyridine)][OTf]
F()Trﬁgllgal C17H22F6N406S: CoH16BN204F3S C10H21NO3F3PS
Formula weight | 556.50 316.11 323.31
Temperature/K 273.15 173.15 273.15
Crystal system monoclinic monoclinic monoclinic
Space group C2/c P2i/c P21/n
alA 19.6972(13) 10.2679(7) 7.9808(4)
b/A 10.2612(7) 9.5215(7) 10.6995(6)
c/A 11.3738(8) 15.3867(11) 16.3341(9)
a/° 90 90 90
B/° 91.2750(10) 107.1434(8) 95.101(2)
v/° 90 90 90
Volume/A3 2298.3(3) 1437.46(18) 1389.25(13)
Z 4 4 4
peaicg/cm?® 0.402 1.461 1.546
Radiation MoKa (A =0.71073) | MoKa (A =0.71073) MoKa (A =0.71073)

Goodness-of-fit
on F2

1.044

1.062

1.093

Final R indexes

R1=10.0401, wR2 =

R1=0.0466, wR2> = 0.1216

R1=0.0456, wR: =

[>=20 (I)] 0.1055 0.1104
Final R indexes | R1=0.0477, wR2 = _ _ R; =0.0546, wR; =
[all data] 0.1124 R1=0.0562, WRz =0.1300 | 144
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Table 7.4.2: Crystallographic details for compounds in Chapter 4 (cont.)

[iPrsP(2-4- [Ph2Sb(OPyrMe)s(OH)][OTf]2
methylpyridine)][OTf]
F()Trﬁgllgal C16H27F3NO3PS Ca2H32FeN3010S2Sh
Formula 401.41 918.47
weight
Temperature/K | 273.15 273.15
Crystal system | triclinic monoclinic
Space group P-1 P2i/c
alA 8.6699(3) 10.3732(5)
b/A 10.2428(4) 22.4918(12)
c/A 11.7099(4) 15.9378(8)
o/° 107.190(2) 90
B/° 96.169(2) 100.162(2)
v/° 96.166(2) 90
Volume/A3 977.02(6) 3660.1(3)
Z 2 4
Pcalcg/0m3 1.364 1.667
Radiation MoKa (A=10.71073) | MoKoa (A= 0.71073)
]S;’togg”FezSS'Of' 1.046 1.021
Final R
indexes mLS 00 WRES Ry 20,0478, WR, = 0.1104
[1>=26 (1] '
Final R
indexes [all | R1= 00445, WRe= | o 50877, wR, = 0.1276
datal] 0.0998

7.5. Compounds from Chapter 5

7.5.1. Attempted synthesis of PhSbCl4

Reaction was carried out via a modified literature procedure.!®! PhsSb and ShCls
were combined in a 2:1 ratio to form a viscous, golden yellow melt which was left

to stir at ambient temperature for three days after which DCM was added. 1 molar
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equivalent of 1M SO2Cl> in DCM was added dropwise to the stirred solution and

left to stir for 24 hours resulting in a mixture of golden yellow liquid and a
colourless powder. A minimum amount of DCM was added to dissolve the powder
and this was stored in a freezer at -30 °C to yield colourless crystals which were

determined to be Ph2SbCls.

7.5.2. Attempted synthesis of PhSbCl.F>

PhSbCl, was dissolved in ca. 3 mL of CH3CN and one equivalent of solid XeF:
was added resulting in effervescence and a golden yellow solution which was
stirred for 30 min. The solution was concentrated under vacuum and placed in a
freezer at -25 °C to afford colourless crystals which were characterized as

Ph2SbCI3(NCCHa).

7.5.3. Attempted synthesis of PhSbF4

PhSbCI> was dissolved in ca. 3 mL of CH3CN to which two equivalents of AQOTT
was added and let to stir for 30 min in the dark. The in situ solution of PhSb(OTf)2
was filtered and two equivalents of CsF added to the filtrate and left to stir for 1.5
hours. The solution was filtered and XeF» added to the filtrate containing PhSbF>
to afford a clear, golden brown solution. *°F NMR spectroscopy shows a variety of

fluoride containing species with 12 resonances from -102 - -124 ppm.
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7.5.4. [PhPCIs][CI] and PhPCls

PhPCI, (2.00 mL, 14.7 mmol) was dissolved in 10 mL of DCM to which solid PCls
(3.06 g, 14.7 mmol) was added portion-wise to afford a colourless mixture. After
filtration, the solid was washed with cold 3x0.5 mL of DCM while all volatiles
were removed from the filtrate under vacuum. Yield: 33% (precipitate,
[PhPCI5][CI]. 3'P{*H} NMR: (122 MHz, CD3sCN): &p = 98.8 ppm. Yield: 64%

(filtrate, PhPCla). 3'P{*H} NMR: (122 MHz, CD2Cl,): &p = -33.9 ppm.

7.55. PhPF,

Reaction was carried out via a modified literature procedure.[*®! SbF; (8.78 g 49.1
mmol) was added portion-wise to neat PhPClI, (5.00 mL, 36.8 mmol) in a 50 mL
Schleck flask to afford a black slurry. The mixture was heated for 1 hour at 60 °C.
PhPF4 was isolated by distillation at ambient pressure with collection of material
with boiling point of 134-136 °C. PhPF4 can be stored in a glass vial for several
weeks under inert atmosphere at -30 °C. Yield: 90%. 3'P{*H} NMR: (122 MHz,
CD,Cl): 8p = -50.29 (pentet, J(P,F) = 963.4 Hz). 19F NMR: (282.54 MHz, CD:Cl,):

5 = -54.57 (d, J(F.P) = 963.4 Hz).
7.5.6. [PhPF3(dmap)2][OTf]

PhPF4 (0.092, 0.50 mmol) was dissolved in 3 mL of DCM to which solid dmap
(0.122 g, 1.00 mmol) to form a colourless mixture after which TMSOTT (90.5 uL,
0.500 mmol) was added to form a clear, colourless solution which was left to stir

for 1 hour. The solution was concentrated under vacuum and placed in a freezer at



139
— 30 °C to yield yellow crystals. Yield 27% (crystalline). 3!P{*H} NMR: (122

MHz, CD:Cly): & = -141.9 (td, J(P,F) = 882 Hz, J(P,F) = 742 Hz). °F NMR:
(282.54 MHz, CD,Cl,): 8¢ = -78.9 (s, 3F, OTf), - 67.2 (dd, J(F,P) = 882 Hz, J(F.F)

= 38 Hz, 2F), -38.1 (dt, J(F,P) = 742 Hz, J(F,F) = 38 Hz, 1F).
75.7.  PhPF4(PMes)

PhPF4 (0.092, 0.50 mmol) was dissolved in 2 mL of DCM to which PMes (52.0 pL,
0.500 mmol) to form a fuming colourless solution from which colourless crystals
immediately started to grow. The mixture was left to sit for 16 hours after which
the crystals were isolated. Yield 83% (crystalline). 3'P{*H} NMR: (122 MHz,
CD2Cly): op =broad 23-4 (apparent dt centered at 14.7, J(P,P) = 772 Hz, J(P,F) =
258 Hz, PhPF4(PMe3)), -135.4 (pentet of doublets, broad, J(P,P) = 778 Hz, J(P,F)
= 947, PhPF4(PMes)). °F NMR: (282.54 MHz, CD2Cl,): & = -39.1 (dd, broad,
J(F,P) = 953 Hz, 222 Hz). H NMR (300 MHz, CD2Cly): &n = 7.47-7.36 (m, 2H,

Ph), 7.12-7.08 (m, 3H, Ph), 1.5-0.5 (broad, PMes).
7.5.8. tBuPF:

Solid SbFs (8.48 g 47.4 mmol) was added to solid tBuPCl; (5.00 g, 31.5 mmol) in
a 50 mL Schleck flask and left to stir for 24 hours to afford a mixture of pale yellow
liquid and orange solid. The liquid was isolated and analyzed to be tBuPF, with
trace amounts of tBuPF4. Yield: 60%. 3'P{*H} NMR: (122 MHz, CD.Cl,): &p = 229

(t, J(P,F) = 1176 Hz, tBUPFy), -30.4 (p, J(P,F) = 1033 Hz, tBuPFs4). °F NMR:
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(282.54 MHz, CD2Cl,): 8¢ = -109.9 (d. J(F,P) = 1175 Hz, tBuPF2), -57.9 (d, J(F,P)

= 1033 Hz, tBuPF.).

7.5.9. Attempted synthesis of tBuPF4

Route A: Solid SbFs and solid tBuPCl, were combined in a 1.5:1 ratio in a 50 mL
Schleck flask and heated to 100 °C for 24 hours. The resulting yellow liquid was

collected and determined to be tBuPF, with only trace amounts of tBuPF4.

Route B: A solution of tBuPF, was added dropwise over the course of 2 hours to a
solution of SeCls in CH3CN. The reaction is very exothermic and produces red
fumes and a black precipitate. Upon complete addition of tBuF», a solution of SbFs
was added dropwise over the course of 1 hour. Again, the reaction is highly
exothermic. The resulting mixture was heated at 60 °C for 1 hour after which
collection of tBuPF4 was attempted by distillation. However, no distillate could be
collected. 3'P{*H} spectroscopy indicates many phosphorus containing species.

Attempts to perform the reaction at -78 °C resulted in the same outcome.

Route C: Solid XeF, was added portion wise to tBuPF2, however, immediately
upon addition a small fire started. Attempts to perform the reaction at low

temperature (at -30 °C and -78 °C) and low concentration also resulted in fires.

7.5.10. SbCls(dmap)

SbCls (63.4 pL, 0.500 mmol) was dissolved in 3 mL DCM to which solid dmap

(0.061 g, 0.50 mmol) was added to form an orange solution which was left to stir
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for 1 hour. The solution was concentrated under vacuum and placed in a freezer at

-25 °C to yield orange crystals. Yield: 67% (crystalline). M.P. = 167-170 °C. én =
8.8 (borad, s, 2H, dmap), 7.6 (d, J(H,H) = 7.7 Hz, 2H, dmap), 3.2 (s, 6H, NMey).

13C{*H} (76 MHz, CDsCN): 156.9, 142.9, 105.9, 40.6.

7.5.11. SbClIs(OPyrMe)

SbCls (63.4 pL, 0.500 mmol) was dissolved in 3 mL DCM to which solid OPyrMe
(0.060 g, 0.55 mmol) was added to form a yellow mixture which was left to stir for
30 min. The yellow solid was isolated and washed with 3x0.5 mL of cold DCM. A
small amount of solid was redissolved in a minimum amount of CHsCN and
crystals were obtained from vapour diffusion with Et,0. Yield: 92% (powder). H
NMR (300 MHz, CDsCN): &y = 8.5 (d, J(H,H) = 7.0 Hz, 2H, OPyrMe), 7.6 (d,
J(H,H) = 7.0 Hz, 2H, OPyrMe), 2.6 (s, 3H, CH3). 3C{'H} (76 MHz, CDsCN):

154.0, 140.5, 129.1, 22.0.
7.5.12. Attempted synthesis of [PCl4(OPyrMe).][OTf]

PCls (0.104 g, 0.499 mmol) was dissolved in 3 mL of CH3CN to which solid
OPyrMe (0.109 g, 1.00 mmol) followed by AgOTf (0.129 g, 0.502 mmol) which
was left to stir for 1 hour. The resulting yellow mixture was filtered and the filtrate
analyzed by 3'P{*H} spectroscopy to reveal several phosphorus containing species.
Purification and isolation attempts are ongoing. 3P{*H} NMR: (122 MHz,
CD3CN): 8p = -117.9 (s, 0.12 P), -130.6 (s, 0.14 P), -145.4 (s, 0.70 P), -157.6 (s,

1.00 P).
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7.5.13. Attempted synthesis of [PCl3(OPyrMe)s:][OTf]2

PCls (0.104 g, 0.499 mmol) was dissolved in 3 mL of CH3CN to which solid
OPyrMe (0.164 g, 1.50 mmol) followed by AgOTf (0.257 g, 1.00 mmol) which
was left to stir for 1 hour. The resulting yellow-orange mixture was filtered and the
filtrate analyzed by 3'P{*H} spectroscopy to reveal several phosphorus containing
species. Purification and isolation attempts are ongoing. 3:P{*H} NMR: (122 MHz,
CD3CN): 8p = -117.9 (s, 0.83 P), -119.2 (s, 0.11 P) -130.6 (s, 1.00 P), -145.4 (s,

0.20 P), -157.6 (s, 0.32 P).

7.5.14. Attempted synthesis of [PCl2(OPyrMe)s][OTf]s

PCls (0.104 g, 0.499 mmol) was dissolved in 3 mL of CH3CN to which solid
OPyrMe (0.218 g, 2.00 mmol) followed by AgOTf (0.385 g, 1.50 mmol) which
was left to stir for 1 hour. The resulting orange-red mixture was filtered and the
filtrate analyzed by 3P{*H} spectroscopy to reveal several phosphorus containing
species. Purification and isolation attempts are ongoing. 3'P{*H} NMR: (122 MHz,
CD3CN): 8p = -4.1 (s, 0.26 P), -117.9 (s, 0.25 P), -119.2 (s, 0.20 P), -130.6 (s, 1.00

P).

7.5.15. Attempted synthesis of [PCI(OPyrMe)s][OTf]4

PCls (0.104 g, 0.499 mmol) was dissolved in 3 mL of CH3CN to which solid
OPyrMe (0.273 g, 2.50 mmol) followed by AgOTf (0.512 g, 2.00 mmol) which
was left to stir for 1 hour. The resulting red mixture was filtered and the filtrate
analyzed by 3'P{*H} spectroscopy to reveal several phosphorus containing species.

Purification and isolation attempts are ongoing. 3'P{*H} NMR: (122 MHz,
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CDsCN): 8p = -4.1 (s, 0.22 P), -119.2 (s, 1.00 P), -123.4 (s, 0.32 P), -130.6 (s, 0.31

P).

7.5.16. Attempted synthesis of [P(OPyrMe)e][OTf]s

PCls (0.104 g, 0.499 mmol) was dissolved in 3 mL of CH3CN to which solid
OPyrMe (0.327 g, 3.00 mmol) followed by AgOTf (0.644 g, 2.50 mmol) which
was left to stir for 1 hour. The resulting red-brown mixture was filtered and the
filtrate analyzed by 3'P{*H} spectroscopy to reveal several phosphorus containing
species. Purification and isolation attempts are ongoing. *:P{*H} NMR: (122 MHz,
CD3CN): 8p = -4.1 (s, 0.67 P), -119.2 (s, 1.00 P), -123.4 (s, 0.13 P), -130.6 (s, 0.31

P).

7.5.17. Attempted synthesis of [PCla(O2-bipy)][OTf]

PCls (0.104 g, 0.499 mmol) was dissolved in 3 mL of CH3CN to which solid O>-
bipy (0.096 g, 0.50 mmol) followed by AgOTT (0.129 g, 0.502 mmol) which was
left to stir for 1 hour. The resulting yellow mixture was filtered and the filtrate
analyzed by 3!P{*H} spectroscopy to reveal a single phosphorus containing species.
Purification and isolation attempts are ongoing. 3'P{*H} NMR: (122 MHz,

CDsCN): 8p = -147.2.

7.5.18. Attempted synthesis of [PCl2(O2-bipy).][OTf]3

PCls (0.104 g, 0.502 mmol) was dissolved in 3 mL of CH3CN to which solid O»-
bipy (0.192 g, 1.00 mmol) followed by AgOTf (0.385 g, 1.50 mmol) which was left

to stir for 1 hour. The resulting yellow mixture was filtered and the filtrate analyzed
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by S3P{'H} spectroscopy to reveal several phosphorus containing species.

Purification and isolation attempts are ongoing. 3'P{*H} NMR: (122 MHz,
CD3CN): 8p = -0.17 (s, 0.76 P), -74.9 (5, 0.12 P), -94. (s, 0.22 P), -99.4 (s, 0.31 P),

-101.4 (s, 0.40), -125.6 (s, 1.00 P), -127.4 (s, 0.80 P).

7.5.19. Attempted synthesis of [P(O2-bipy)3][OTf]s

PCls (0.104 g, 0.502 mmol) was dissolved in 3 mL of CH3CN to which solid O»-
bipy (0.283 g, 1.50 mmol) followed by AgOTf (0.644 g, 2.50 mmol) which was left
to stir for 1 hour. The resulting yellow-brown mixture was filtered and the filtrate
analyzed by 3'P{*H} spectroscopy to reveal several phosphorus containing species.
Purification and isolation attempts are ongoing. 3P{*H} NMR: (122 MHz,
CD3CN): 8p =-0.17 (s, 1.00 P), -74.9 (s, 0.13 P), -94. (s, 0.31 P), -99.4 (s, 0.29 P),

-101.4 (s, 0.50), -125.6 (s, 0.67 P), -127.4 (s, 0.81 P).



7.5.20. Crystallographic Information

Table 7.5.1: Crystallographic details for compounds in Chapter 5
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[PhPF3(dmap).][OTH] ShCls(OPyrMe) ShCls(dmap)
Empirical formula | C23sH29ClsFsN4O3PS CeH7NOCIsSh C7H10ClsN2Sh
Formula weight 728.33 408.13 421.17
Temperature/K 173.15 193.15 188.15
Crystal system monoclinic orthorhombic monoclinic
Space group C2/c P21212; P2i/c
alA 17.3865(3) 7.5170(3) 9.9892(14)
b/A 12.0616(2) 8.2302(4) 11.4091(16)
c/A 17.1043(3) 20.1934(9) 12.7875(18)
a/° 90 90 90
B/° 116.6925(8) 90 110.179(2)
v/° 90 90 90
Volume/A3 3204.67(10) 1249.29(10) 1367.9(3)
Z 4 4 4
peaicg/cm?® 1.510 2.170 2.045
Radiation CuKa (A =1.54178) MoKa (A =0.71073) MoKa (A =0.71073)

Goodness-of-fit
on F2

1.029

1.048

1.119

Final R indexes
[[>=2c (D]

R1=0.0474, wR, =
0.1272

R1=0.0213, wR2 =
0.0518

R1=0.0162, wR2 =
0.0416

Final R indexes
[all data]

R1 =0.0493, wR, =
0.1296

R1=0.0224, wR> =
0.0525

R1=0.0180, wR2 =
0.0427




Table 7.5.2: Crystallographic details for compounds in Chapter 5 (cont.)

PhPF4(PMe)s
Empirical formula | CoH14F4P
Formula weight 260.14
Temperature/K 173.15
Crystal system orthorhombic
Space group Pna2;
alA 15.3690(6)
b/A 6.5078(2)
c/A 11.6675(4)
a/° 90
pB/° 90
v/° 90
Volume/A3 1166.96(7)
Z 4
pealcg/cm?® 1.481
Radiation CuKoa (A =1.54178)

Goodness-of-fit
on F2

1.070

Final R indexes
[1>=26 (D]

R1=0.0203, wR2 =
0.0528

Final R indexes
[all data]

R1=0.0204, wR2 =
0.0530
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