I. SYNTHESIS AND RING-OPENING POLYMERIZATION OF
CATIONIC DIVALENT METAL COMPLEXES SUPPORTED
BY NEN-PINCER LIGANDS (E =0, S, SE)

II. SEMISYNTHESIS STRATEGIES FOR THE GENERATION
OF CANNABINOIDS AND RELATED DERIVATIVES

DYLAN J. WEBB
Master of Science Victoria University of Wellington, 2017

A thesis submitted in partial
fulfilment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
in

CHEMISTRY

Department ofChemistry and Biochemistry
University of Lethbridge
LETHBRIDGE, ALBERTA, CANADA

© Dylan JamesWebb,2022



l. SYNTHESIS AND RING OPENING POLYMERIZATION OF CATIONIC
DIVALENT METAL COMPLEXES SUPPORTED BWEN-PINCER LIGANDS
(E=0,S, SE)

II. SEMISYNTHESIS STRATEGIES FOR THE GENERATION OF
CANNABINOIDS AND RELATED DERIVATIVES

DYLAN JAMES WEBB

Date of DefenceApril 5™, 2022

Dr. P. Hays Professor Ph.D
Thesis Supervisor

Dr. R. Boeré Professor Ph.D
Thesis Examination Committee Member

Dr. P. Hazendonk AssociateProfessor Ph.D
Thesis Examination Committee Member

Dr. R. Golsteyn Associate Professor Ph.D
Internal Examiner

Dr. D. MoralesMorales Professor Ph.D
External Examiner

Universidad Nacional Autbnoma de México

Mexico City, Mexico

Dr. T. Patel Associate Professor Ph.D
Chair, Thesis Examination Committee



Dedication

For Pam,

A constant advocate for my education

and a loving godmother



Abstract

Part | describes the synthesis of neutral bis(phosphininN&dy-pincer ligands.
The ligands vary at the neutral central donor, E, the flanking aromatic group; and P
substituents. Cationic alkyl and phenoxide zinc complexes of this ligand system were
synthesized to understand the steric and electronic factors thahdbeecomplexes

capacity to serve as catalysts for the fipgning polymerization dicaprolactone.

Part 1l describes thesemisynthetic strategies for the generation of the major
cannabinoids (9THC and CBD), and the lower abundant cannabinoids 8THIB&hd
Lesserknown cannabinoids and related derivatives were also prepdrenlii vitro
chemotherapeutic action to breast cancer cells is described, attetoptiegpher a
relationshipto chemical structuréther investigations include computationahbysis
and reduction of thertho-quinoids. A quantitative NMR procedure was used to

determine purity of cannabinoids extracted.

Compounds were characterizedh multi-dimensional and muknuclear NMR
spectroscopy, elemental analysis, and, where gessinglecrystal X-ray diffraction

experiments.



Preface

This thesis has been written with the intention that anyone with a tertiary education
in chemistry or biochemistry can understand the content. Some of the common parlance
and chemical nomenclat used are not common in the English lexicon, but efforts to

mitigate confusion have been implemented.

As there is an abundance of topics within this thesis, an attempt to be concise has
been made; trying to highlight certain aspects in the literaeejonstrate an
understanding of the current research, and explain the importance of the study from a
wider pointof-view. Both Part and Partl are structured so a larger picture is presented
first, and each subsequent section narrows the scope towsrdspécific areas

investigated for this work.

The numbering systefor the compounds discusskxt the introduction chapter in
Partl is in Roman numerals. Any compounds synthesized in Padve Arabic
numerals.Since many of the compounds synthesize®ant!l are known ice. their
nomenclature has been gstablished)their commonly accepted abbreviatiamnsed
in the literatureor their full chemical nameksave been usetilo numbering system is
used for synthesized compounds in Parthiéderivatives of known compounds have
abbreviations that reflect their respective derivatizatidalour has been utilized

where appropriatép highlight the subtle changes in chemical structure

Several aspects of this thesiwere performedby collaborabrs, or under the
supervision of other researchefgcordingly, t is appropriate to indicate what work
was not done alone. The computational analysis of 8THE Jf was conducted by

Rajwinder Kur and Prof. Stacey Wetmore. Télectrochemical studies and related

Vv



computational analysi$(5.1and5.5.2 were conducted by Nathan Hill and Prof. René
Boeré. The biological studies were conducted by Dr. DongPing Li, and the biomass of

Cannabis sativavas provided by Prof. Igor Kovalchuk.@).

Some ontentin this thesis originated r o m t h eowrapublithedr work,
manuscriptsn the process dieing submitted, and manuscripts that are to be submitted,

all of which has beereformattedseesections3.4 and6.4 for specifics)
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tert-butyl

tert-butyllithium

tetrahydrocannabinol
tetrahydrofuran

thin layer chromatography

turnover number

trityl groupi (CPhg)
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TsOH para-toluenesulfonic acid

uv ultraviolet

VT variable temperature
ZnEL diethyl zinc

ZnMex dimethyl zinc
2F~CBN 2-fluoro-cannabinol

2,5Br,CsH2S  2,5-dibromothiophene
2,5Br.CsH,Se  2,5-dibromoselenophene

7THC ( Ttansgd-tetrahydrocannabinol

8THC ( Ttansgd-tetrahydrocannabinol

9THC ( Ttiansqf-tetrahydrocannabinol

9THC-A ( Ttlansgd-tetrahydrocannabinolic acid
10THC (R,9-q#’tetrahydrocannabinol

10aTHC R-g#%tetrahydrocannabinol

% percent

A angstrom

m change in or heat applied (context specific)
a chemical shift in ppm

° degrees

{"X} decoupling of the y isotope of the X nuclei
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|. SYNTHESIS AND RINGOPENING
POLYMERIZATION OF CATIONIC DIVALENT
METAL COMPLEXES SUPPORTED BYEN-

PINCER LIGANDS (E = O, S, SE)



Chapter lintroductionto Ligands and Cationic Complexes

1.1 History and Nomenclature

Chemical definitiondrave very specific meanings and when used incorrehty,
can lead to a great dealafnfusion® A few key terms will therefore be introduceodw
to mitigate ambiguityMoleculeis a general term to describe any combination of at
least two atoms with ahemicalbond. A compounds a molecule that must have at
least onechemical bondetween two different atoms. Therefore, all compounds are
molecules, but not all molecules are compourdigand (pronounced as either
laygpnd or Iygpnd) is a molecule thdbrmsabond to atypically metalliccentral atom,
to establish aomplex Complex, a term that will be used throughout Pafthis thesis
is a compound thatontairs a central atonmsurrounded byligands Therefore, all

complexesare compounds, but not all compounds are complgigarel.1).

(Molecules h
\
| Compounds
Oz  NH; Organometallic
NH coO
F NaCl 2
2 a HN, | NH, | oc..|.co
VM'O /M\
H, co HoN”'| “NH; oc”| ~co
Ligands NH; Co
\_ -,

Figure 1.1: Schematic of the definition®olecule, compound, ligand, complex, and organometallic,
and simple examples thereof. M = Metal.

A complex can be describdzhased on the steric and electropiopertiesof the
ligands themselvesas well aghe electronic structure of the central ajéeading to the
establ i shment of 0 c otletedhcoordirnatiomconipleisdftenmi st r y
used® The terms omplex and coordinationomplexare often used interchangeably.

Finally, anorganometallic comlpx requires a carbon atotgpically in the form of a



ligand to be bound to a metal ionThe resulting complex is referred to as
organometallic compx wheren the prefixorgano can be placed in front of a specific
metalwhen that particular metal is the main subject(organozinccan be used for

organometallic compounds where zinc is theaf@nd centraatom).

The way a ligand generally binds to a central atom is by donating electron density
to that atom. Therefore,in a coordination compleXigands are said to be acting as
Lewis bases, and the central atoms as Lewis acithey can be classified in many
ways: by charge (neutral, anionic, or catiomiaare cases); by coordination number
(also known as denticitgl e n ot eald wwhtehr e n bondsformedbwéthr theo f
central aton or by hapticity (in which multiple atoms in a contiguous series all bind
to the met af¢ wkambmbemnbfatwistinithe ontiguous series that
are involved in binding* An ancillary ligand, sometimes referred to asspectator
ligand, is a ligand that provides both a stabilizing steric and electronic environment
around the centralatgro ut r emai ns 6 i nn adransfdrndationthe uni n\
compound undergoes. Ligands which are participating in a particular chemical
transformation can be calledtor or reactiveligands® A substituents a group attached
to a defined atomirhis term is generally used to describe a particular feature of a ligand
that can often be exchanged for other groups during tathesis. Altering

substituents is used for fine tuning steric and electronic prepeaf the ligand

It is with the use of synthetic and taHorade ancillary ligands that a metal ion can
form a complex and be utilized in specified and extraordinary ways. The design of the
ancillary ligand helps guide the chemical reactivity of thdameentre to yield a
particular outcome. These outcomes are often only possible due to the chemical

environment the ancillary ligand provides. Ligands have proved instrumental to the



solution phase reactivity of metal complexes, expanding from theirgiadgveries to

their developments throughout thé"2thd 2! centuries confirming that ligand design

is a flourishing and worthwhile subject to pursue’

The initial challengeof determining the nature digand coordinationn agueous

solventswvas overcome by Christian Wilhelm Blomstrand in 1869 with his preliminary

work on watetbased ammonia complex&$his was further expanded upon by Alfred

Werner in 1893 with the landmark discovery of hekal coordination complex of

cobalt often used to illustratereliminary discoveries in geometgnd chirality in

compounds containing a meta Figure1.2).10- 11
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Figure 1.2: Historically significant compoundsat contributed to the development of ligands and

coordination chemistry.

The earliest knowrsynthetic complex is Prussian bldé,o r

Tur nbul

([FE"(CN)J*, 1), which is an iron ferrocyanide complex accidently made by a painter,

Diesbach, in 1706 when blood tadta dye mixing process gendraf a distinct blue

colourinstead of the intended cochineal féd-* Despite arsenic being considered a

4

0s



metalloid the arsenic containinggompound, cacodyl ((CHz)2AsAs(CHs)2, II),
synthesized in 1760 by isiClaude Cadet de Gassicqud considered one of the

earliest known organometallic compourdsThis discovery was followed by an
organometallic compl (PCl(CHuf,dWy m 1828 nadeeli s e 6 s
after its discoverer, William Christopher Zeiéelthough confirmation of the exact
structure and thacceptance of tha@# bondingof the olefin ligand was not fully realized

until advances in Xay crystallography were developed in 19692

Simple reactive ligands, such @O by Paul Schitzenberger with Pt(CQI2 in
1868%2! andalkyl groups includingGrignardsby Auguste Victor Grigard in 190(F2
were discovered and used to more readily generate numerous metal containing
compounds. In 1951, Ferroce(fee(GHs)2, V) further expanded the idea of ligands
involving more intricate chemicastructure$*?® The use of ligands to alter the
chemical environment of a metal centras notably utilized in the 1963 Nobel prize in
Chemistry for Karl Zieglar ah Giulio Natta Many industrial catalysts are still based
upon theirfizieglarNattao system (an activated examp\d,). Following Karl Zieglar
and Giuli o *Niavedigatioss intw oanddlary ligands spawned the
developmenbf cyclopentadienyl ligand (Cp) sgsns as some of the firgesigned
ancillary ligandsvhich havebeen used tproduce catalystir the polymerization of

olefing22°

The development ofaordination chemistrgxpandedver the past 50 yearwith
an enormous library ofinique, tailormade, and complex ancillary ligands systems
being established. Notable series of ligands, or ligand systems, designed for use as

arcillary ligands include cyclopentadienyl analogues and derivafitié andVIll ),3%



31 N-heterocyclic carbenegdX),®? and pincer ligandg(X),®3 all of which fill various

catalyst nichegFigurel.3).

Zr,
Vil
Py Ir‘\“OH

Pr
Pd
@ o \J “SH
H3Cn,, / \_‘\\CHs <

i Ti

H,Cc” \N/ “CH,
)J\ IX X
(1))

Vil

Pr == Pr
:rNYN P(tBu)z
j < Q |

P(‘Bu),

Figure 1.3: Examplesof organometallic complexes that containaidé ancillary ligands systems
common inhomogeneous catalysis. Lédtright: Cp (VII ) and a relatedilyl amide containing
analogugVIIl )% 3I1N-heterocyclic carben@X),3? and aPCP-pincer ligandcomplex(X).33

1.2 Polymerization

The process in which small molecules, monomarg] together to formrepeating
units, polymers, igermedpolymerizatiors*3” Two major types of polymerinclude
homopolymers(the polymer is made of a single monojneand copolymers(the
polymer is made of at least two different monométs’ Natural biopolymers include
deoxyribonucleic acidl¥NA), silk, and ruber, a wide variety of synthetic polymers
have been developgdhcluding plastics(e.g. polyethyleneand polypropyleng and

otherflexible materials €.g.neoprene and nylon).

The physical properties of polymers are defined not only byidéetity of the
repeating monomebut also their tacticity, which involves the relative stereochemistry
of adjacent chiral centres provided by the monomer, and the polymer microstascture
physical arrangement of the monomer residues which are not alweayssimple
2-dimentional chairf®4° Chain length, often presented as molecular weight (MW), is a

microstructure fature that greatly affects th@opertiesexhibited by the polymer.
6



Longer and heavier polymers generally exhibit increased melting pampsct
resistance, toughness, and visco$itpue to the imperfect nature of polymerization
different sized polymer chairsse producedlhe mlydispersity indeXPDI) isa value
used to describe how dispersed the molecular weights of the polyméFfgarel.4).
PDlis determined by a ratio of the mass averagécular weigh(My) to the number
averageamolecular weigh{M:), where a smaller and ideal PDI (closer to 1) represents
a sample withmore uniform chain lengd7®4° The degree of polymerization (DOP) is
another metric used to quantify the chain length by describing how mamynmeo

units have been incorporated into the polymer chaigufe1.4).38 3°

MW
DopP = = PDI =
0 Mn
M; X n; M; X w;
M, = YM; xn, M, = D w
xn, N

Figure 1.4: Equations associated with calculatiD@P and PDIM; = mass of polymer i,irr number
of polymermolecules, i, of a specific mass = weight fraction of polymer, iMo = molecular weight
of the monomer.

A polymer is not always a linear chain mbnomersasthere is the possibility of
branching to create alternative polymer architectures. These architectures can further
affect bulk physical properties like toughness and flexibility. The degree of branching
can be quantifietby the branching indexg, Figure1.5), determined byheradius of
gyration where a branched polymer hatame radius of gyration compared to an
identical linear polymerldeally the brarching indexdoesnot exceed 1lwhen no
branching is desired~or example, low density polyethylene has more and longer
branching than high density polyethylene, the long branches restrict crystallinity of the

polymer, meaning low density polyethylepeodues a larger radius of gyration



compared tothe tight packing observed ihigh density polyethylenegiving a

branching index >4

_ Bo4Z
Bél

ig,z

2

Figure 1.5: Equations associated with calculatipgm = masses of the branching unitss $ixed
distance from centre of mass,~smean square radius of gyration of branched polymerprsean
square radius of gyration of identical linear polymer.

0=

Polymerization reactions may require a catalygtrtwvide better control over the
initiation, propagation, and terminatiatepsof the reactior?*3’ Ligands on the metal
centre of catalysts, along with the steaid electronigproperties of ancillary ligands,
greatly influence polymerizatioreactions The catalyspften dictat s t he pol y me
microstructure and tacticityand hence, the physical properties of the polyrbgr,
controlling how the monomers arrange themselves upon coordination and

insertion*l 42

1.2.1 Ring-Opening Polymerizatioof Lactones

A cyclic ester is called a lactonthe cyclic di-ester derived from lactic acid is
named lactidgFigure 1.6).*3 Lactones are renewably sourced monomers that can be
used o produce polyesters, a type of biodegradable polymer, where control over the
microstructure and tacticity isccomplished with the use of a catafffsgince these
monomers are cyclic compounds, the polymerization invok@sateding-openingto
generate polymer chain, and hencge name ringppening polymerization (ROPIn

comparison to polymers produced from olefi@shemel.1), polyesters can be readily



broken down by naturally occurring processegh as hydrolysis, cleavage oé tbster
groups within biological media, thermally, or withtraviolet UV) radiation all of
which produce smaller MW polymers or monomers that can be safely digested by

microbes*

(o] (o]
A oY Ty
i e

Figure 1.6: Common gclic estersgeneral structure oflactone (left)an example of a lactone,
Ucaprolactone (middlegndrac-lactide (right).
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Schemel.l: Synthesis of PLA(top), synthesis oblefin polymer (bottom).

There are two chiral centres in lactide, giving rise to three possible stereocisomers:
(§9-lactide (-lactide), RR)-lactide D-lactide) and R S-lactide (meselactide)
(Figurel.7). A 50/50mixture ofL- andD-Lactide is known agac-Lactide.Because of
the variety of lactide stereoisomers, teents to describpolymertacticity are used,
which include isotactic (stereocentres in the same absolute configuration throughout),
heterotactic (repeating pairs of stereocenthes alternatg syndiotactic (alternating
stereocentres), and atactic (no pattgffigure 1.7). These differencein tacticity
greatlyi nf l uence t he pol y,nsach asmelpny pant, teaslle pr op

strength, viscositymicellization, and degradatidfi*®
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Figure 1.7: Possible isomers of lactide (top) and polylactide tacticity (bottom).
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Cyclic estersundergospecific ROP mechanisms when a catalysised*® Two
mechanismg$or metal complex catalysed ROP arepafticularinterest: coordination
insertion and chairend activation pathway$.The coordinatiofinsertion pathway
involves a nucleophilic ligand provided by the catalystnitiate ring-opening and
allow propagation of the polyméschemel.2). This mechanism is highly dependent
on the nature of the nucleophded propaga&n occursat the metal siteA chainend
pathway relies on the transfer of charfgem the metal centreo the coordinated
monomer to promote ringpening(in the presente@xample the positive charge is
transferred to the monomenhere propagatiothenoccurs at the end of the chain,
away from the metal sit€Schemel.2). Both thesemechanisra follow the cycle of
monomer coordination initiation (opening of the cyclic ester), propagation (the
continuous activation anthsertion of monomers), and termination (halting of the
polymerization process)lermination often occurs due whaintransfer reaction
which transfers the growing poher chain to available monomers, other uncoordinated
polymers, solvents, oby an intentional chaktransfer agent, effectively halting

polymerization.

10
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Schemel.2: Two comnon ROP mechanisms for coordination complexes with lactide. A)
Coordinationinsertion and B) chakend activation mechanisms,£ ancillary ligand, M = metal,
R = nucleophilic or nomucleophilic ligand, XH = quenching or chain transfer agent.

In a living catalyst system, termination and chain transfer reactions have been
removed. The rate at which a polymer chain is initiated is much higher than the rate of
propagation, resulting in more constant polymer growth. This type of catalyst requires
an additie to terminate or release the polymer from the catalyst, usually quenching the
catalyst. Catalysts of this type can be used to subsequently add different monomers to
generate cpolymers>* A major problem with the mechanismspicted irSchemel..2
is intra or intermoleculatransesterificationvhere the end of the polymbackbites

the chain resulting in a cyclic polymer. These transesterification reactions affect the

11



expected PDI vales by broadening the average molecule weitjiglength of the
polymers generatedndprovideinconsistent bulk propertieAn immortal catalystds

where termination occurs with an internal procas# the polymer is reversibly bound

to the catalystit can simply dissocia® Ani mmor t al catal yst does
termination reaction occurs, and the catalyst can polymerize and continuously yield
polymers if there is a sufficient monomer feedstddiey require a chain transfer agent,
which is often a pra¢ compound, so that the polymer chains can be removed from the
catalyst or redistributed more evenly to give less dispersed molecular wéights.
determining how efficient an immortal catalyst tse turnover number (TONjan be

used. A TONrefers to te number of moles of a substrate, in this case monomer, a mole
of catalyst can conveirito polymerbefore becoming inactivéue to catalyst poisoning

or degradation

Properties of the ancillary ligand, such as steric bulk, electronic environment and
ster@chemistry, influence the tacticity and microstructure of the polymesitbying
the environment around the metal cewniegthe open coordination pock&olvation of
the catalyst is important to allow for the homogenous reaction to .olssuies with
competitive coordination of coordinating solvents, such as tetrahydrofuran (THF),
occasionally proveroblematic as theycaninterfere with propagation and monomer
coordination Nonpolar solvents, such as toluendp not generally participatein
competitive coordinatigrbut solubility of the monomeaind polymer camecome an

issue,as well asavng heterogeneous mechanisms ocogy>°: %2

1.2.2 Cationic Complexes

A cationic complex is a complex that holds an overall cationic (positive) charge;
therefore, it is pairedith an anion (negative), of which there are a vari&¥To avoid

12



the anion being involved with catalysis, often a weakly coordinating anion is used. The
weakly coordinating ann remains out of the coordination sphere of the metal centre
due to steric bulk of the complex and/or anion and the charge is distributed over a large
number of, often electronegative, atothsdntroducing a cationic charge to a metal
complex increases the Lewis acidity and electrophilicity of the metal centre, and as
such, cationic complexes are generally quite reaclive.useof cationic complexes as
singlesite catalysts are heavily influenced by the ancillary lig&\ith respect to

ROP, charge neutral metal catalysts can be hampered by limited aétfApationic
complexes may be more active towards ROP, especially of lactones, due to the higher
electrophilicity of the metal centre which increases the affinity for the heteroeatom

containing monomett

The use of cationic complexas catalystsvas first demonstrated by Zieglbatta
type olefin polymerization catalysts. Theserlg catalystsnvolvethe cationic catalyst
being isolated, or generated situ by addition of a ceatalyst, and the nucleophilic
ligand becoring incorporated into the polymer during initiati#® Cationic
compkexes are attractive for use in ROP catalysis as they have been shown to operate
reliably, are used in industrially relevant transformations, and are continuously featured
in recent literaturé€! 8*7% Included on the frontier of this wonkas the Hayes group
who pioneered the use of cationic catalystghe ROP of lactide, wherein great
emphasis was placed upon garnering a deep understanding effectthat various

ancillary ligandarchitectures have on polymerizatigde infra1.3.3.5% 7% 72

Generation of a cationic metal centre providesacantcoordination siteThey are
often generateih situwith an activator, or cgatalyst instead of being isolat&dVlost

commonly, cationic complexes apeepareckeither by abstraction of a ligand using a

13



Lewis acid through metathesis withnaappropriatesalt, or reaction witha Brgnsted
acid that abstracts a ligand by protonating$chemel.3).”* The chosen approach
depends on the nature of the ligand, the metal, and th@kaseess tahe necessary

starting materials.

L,M—R + Lewisacid —> L ,M®R—Lewis acid®

LM—X + NOA — = L mM®A® + Nax

HLn®Ae + R-M—R ——> LnM—R®A@ + RH

Schemel.3: Common routes to cationic complsxusingabstraction (top)salt metathesiémiddle),
andreaction with éBrgnsted acid (bottom)., = ancillary ligand, M = metal, R = typically awganic
ligand A = anion X = halogen.

1.3 Relevant Hayes Group Research

1.3.1 The Phosphinimine Functional Group

While phosphiniminesor iminophosphoraneare structurallyanalogous to imirge
(RC=NRO ; R, R6 = arkhuch stranger etectrgnl dpndisTheh e y
phosphiniminemoiety is capable ofraylidic resonance structuidue to the presence
of thephosphoroud/) atomand cartherefae be drawn without formal P=N double
bond (e.RsP'IN'RO; R, RO =ThepHodphirimineswill baporgrdyéd akin
to imines,asPi N multiple bond charactdras been shown texistin the solid state
(RsP=NROG ; R, R6 Wheelrdleyaht, disaussi@nrog NP honding is
included.The substituerd on phosphorous need not be the same, and theywaidt&n
as linkers to other donors, thereby creating compounds that can serve as multidentate
ligands. In addition, organic linkecen bei ncor porated into the
generating a multitude of possible ancillary ligand architectures. The nature of the
connecting group can be distinguished by utilizingptedixes endoor exg which are
intended to indicate if the phosphasgroup ispart of the linking fragmenende
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phosphiniming or acting as a terminal substituent exophosphinimine
(Figure 1.8). This distinction is made by representamgdoa s R 6 NiE& &nfleRoas

Ei N=P(R). The Hayes groupas thus far used exclusivepdephosphinimines.

R\ R;P L
N E Il = organic linker
1] N E

R, R' = Alkyl or aryl

endo exo E = Electron donor

Figure 1.8: Endo and exaonultidentatephosphinimines

Unlike imines, phosphinimes do not typically participate Traccepting
interactions, and instead act as bothind” donors through the available lone pair on
nitrogen’3 In the absence of moisture, phosphinimines tend to be more robust than their
imine counterpast This is due to, in partthe steric bulk surrounding the
phosphorou®/) atomwhich hindersnucleophilic attackPhosphinimines also tend to
be quitestable under strongly reducing conditidAsSSince phosphorous is an NMR
active nucleus3fP = 100%, | = »)3'P NMR spectroscopy has proven to be an
extremely valuable tool when characterizing phosphirgrmsontainingligands. This is
particularly true as th&'P NMR resonance in these liganigshighly sensitive to its
environment, with large predictable changes observed upon coordination to a metal

centre.

The Staudinger reaction, named after the Gerrh@mist Hermann Stauding€r,
usesan organic azid® generata phosphinimine (3%®* = NR6; R, Ro6viee al ky|l

reaction with a tertiary phosphiigchemetl.4).’5 7/
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@ NO ®,—.0
F/\"N//g R ~ RR N—R
R” {'I'RR N=N
R, R' = alkyl or aryl l
R’ R
/r!l S — r!l :
RsP~ N, R3P\§ \:
NZ

Schemel.4: Synthesis of a phosphiniminga a typical Staudinger reaction.

The first step of the Staudinger reaction is generation of a phosphazide
(RPIN3iIRO ; R®R, = al kyl or aryl) intermediate.
in nature as they are prone to extrusion of dinitrogerifjashe absence of water, no
further reaction occurdsGiven that the process is generally highly selective and the

byproduct is a gas, often little to no purification of the phosphinimine is needed.

When an organic azide is not readily available, anratere procedure, typically
referred to as the Kirsanov reaction, can be used to prepare phosphirifiniesoute
involves the formation of a tertiary bromophosphonium bromidesPER][Br];

R = alkyl or aryl) by the addition of bromine to a phosphine. An excess of the desired
alkyl or aryl amine is then added to the saltsitu (Schemel.5). The ammonium
bromideside products removedvia standard filtration techniquelt.should be noted
that compéx azides are continuously becoming meyathetically viable with more
cost effective reagents amahder increasingly safe conditiobg avoiding the use of

explosive and toxic organic azid&s

. 4 B RN, ©
Py, + B —_—>
R” “R 2 RPN
R\

R
BLLIN
,_F‘\H R,P

I

R

R, R' = alkyl or aryl

Schemel.5: A typical Kirsanov reaction to generate a phosphinimine.
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1.3.2 Bisphosphinimind’yrrole- and Carbazol®asedPincer Ligands

The Hayesgroup has reportedtwo families of monoanionicpincer ligandsthat
featue two phosphinimine functionalitiesgenoted asbisphosphiniming These
systems incorporatearbazole (1,4ArN=PR.)»-3,6-dimethylcarbazole +1)88® and

rigid pyrrole (2,5-(4-'PrGsHaN=PR:)2C4H2NH = L 2) 8”2 cores(Figure1.9).

Ar Ar
\N N/
I W Ar\N N /Ar
R,P H PR, N H N
R,P PR,
Y AYs

Figure 1.9: Generak t r u c t ur eNsINpinter ligeangde andL ».

A notable difference between the two scaffolds is that upon coordination to a metal
L1 fromstwo 6-membered chelate rings, as opposdwvto5-membered rings whem
is employed. This places the phosphorus and nitrogen tsugrdtifurther fromthe
metal centrevhenLz is used The consequence @icreasedsteric crowdingin L1
compared td_2 can prove beneficial, as it protects the metal centre, but can also lead
to decomposition bintramolecular bond activation processsesdemonstrated in rare
earth element containing compleX&8&® Accordingly, L 2 has proven to bamore ideal

scaffold forstabilizing a variety ometalcomplexe$’®2

Most recentlya family of L2 supportedhodium complexes that engage in various
reactions with small moleculebave been reportedFor example, reaction of
L2rnRh(COE), Xla, with H. gas liberates cyclooctane (COA) and affords an
asymmetric dinuclear specieslHpnRhp, XIb, which contains one equivalent of bk
a bridging hydride (H and protonated (B phosphinimine $chemel.6).%° Although

exposuref Xlb to cyclooctene does not regenerdta, addition of the smaller alkene,
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ethylene, affords 2phRh(H:C=CH), Xl c. Both complexeXlaandXI cserve as alkene
and alkyne hydrogenation catalysts afidb was determined to be the catalyst resting
state once allof the H and/or substrate has been consumed. Notably, when
diphenylacetylene is hydrogenaté@dns-stilbene is the sole alkene produét higher

temperatures, diphenylethane can be obtaihed.

Upon replacement of thei Ph substituents ih 2rh with 'Pr groups further nal
ligand cooperative activation of small molecules was observed. For example, when
L2irrRh(CO), Xlla, is exposed to one equivalent of BFg)s, the unusual encounter
complex NN-L 2irrRh(CO}»B(CsFs)3, Xl b, wherein one CO ligand is bonded to
rhodiumwas isolated$chemel.6).9! Although the @Y B interaction is weakral can
be cleaved upon addition of THF, over time in solution complét® Gond scission
occurs, ultimately generating half an equivalent of e&iL 2irrRh(COYP=0
B(CeFs)3, XII ¢, the monocarbonyl 2irrRhCO,XII d, and the boraneappedsocyanide

4PrGHaNI & B(CoFs)s.

When the cycloocteneomplex L2irrRh(COE), XIl a, was reacted with silanes,
conventional SiH oxidative addition provided the fiveoordinate silyl hydride species
L 2irrRh(H)SIRs, XIIl b: Rs = HoPh; Xl ¢: Rz = HPhy; XIlI d: Rs = Phs.%2 Conversely,
reaction ofL2rrRhCO with PhSiH or PhSiH, afforded the corresponding base
stabilized silylenes& 2irrRh=Si(Ph)R(CO)XIII e: R = H;XIlIf : R = Phyia an unusual

dehydrogenative proce$s.
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Xib
AI'\N/Rh\N,AI‘
Il 1]
[RhCI(COE),], thP\(i7/PPh2 L1 .
\/ —H;C-CH,| | 27772
Xla
R=Ph T
COE Ar\N,Rh\ Ar
N
® H,C=CH, PhyP NS PPh,
Na r
Ar\N o N,Ar Xlc
RPN PR B(C¢Fs)
2 2 6' 5/3
NaL, B(CeFs)3 ¢ 0
I'\N,Rh—c
THF no \N
iProPa N P? " Nar
e
R ='Pr o Xilb FQ_NECH"B(CGFS)z
" S
¥ <=0 '
A —~CZ 0
[RhCICO)l,  * ~N—R"" e
—> i N 2 -
PTZPUPQN/AI’ Ar\N’R:h_C=0
RhCI(COE
[ ( )2l2 Xlia "Przg N_ _pz0>B(C¢Fs);
,?, \ / iPr2
C?E C
~ I Xllc
Ar\N’RIh\N,AI’ CO co AI'\N/th\N/Ar
| = 0 b
Pr,P P'Pr, co 'Pr,P P'Pr,
r ~r
Xllla Xild
l H,SiR, -H, l H,SiR,
0
H SiHR, m R
Ar. \: Ar ?/Si’Ph
\”,th\ﬂz Ar\N’RIh/ \N A
i i i =Ar
'PI’2P N PIPr2 Ar = 4-'PI’-CGH4 ,'Przl:! N ,P//
Xillb: R; = H,Ph Xllle: R=H
Xlllc: R, = HPh, XIlIf: R = Ph
Xilld: R; = Phy

Schemel.6: Synthesis and reaction chemistry of rhodium complexes supporied®b3¢
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1.3.3 Mono- and BisphosphiniminBibenzofurarBasedPincerLigands

The Hayes group utilized ideas froofefin polymerization catalysts, likéhose
derived from ZieglerNatta catalysts, and focused om alectronically and
coordinatively unsaturated metal centeehelp facilitate the coordinatieinsertion
process of ROPTo achieve this with a divalent naét such as zinc or magnesiuan,
neutral ancillary ligand can be usedccordingly, aa analogous neutral ligand
frameworkto L1, usingdibenzofuran (dbffontainingtwo phosphinimineat the 4 and
6 positions 4,6-(ArN=PRy)z)dibenzofuran I(3, Schemel.7), was developedf This
scaffold proved valuable for generating a large library of cationic complexes of zinc
([LsZnE][A], XIVa-€)°*% and magnesium I(zMg"BuJ[A] XV),%® many of which
exhibited high catalytic activity for the ROP of lactor{@hemel.7).%® % These
species wergrepared by treating the free neutral ligands with a Bregnsted acid,
affording weltbehaved salts that could be isolated and stored indefinitely under an inert
atmosphere. Subsequent reaction with alkylzinc or magnesium reagents cleanly

afforded cationic cmplexesvia an alkane elimination proce%s
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Ar Ar Ar Ar (Al Ar Foar |
_-H-~< ~Zn
NN ma | N Ny [Zn] N | Ny
R,P PR, /> |R,P PR,] — > |R,P PR,
Lqs [Zn] = ZnE; or
[Zn] = Zn(E)Et when E = Me-(rac)-lactate
XIVa: R =Ph Ar = Mes A = B(CgFs5)4, BPhy E = Me, OAc, Me-(rac)-lactate
XIVb: R =Ph Ar = 4-PrCgH, A = B[CgH3(m-CF3),l4, BPh; E = Me
XIVc: R =Ph Ar =Ph A = B[CgH3(m-CF3),], E = Me-(rac)-lactate
XIVd: R = Et Ar = CH,Ph A = B[CgH3(m-CF3),1, E = Me, Me-(rac)-lactate
XlVe: R = Ph, 'Pr Ar = m-Xy, p-TrPh A = B[CgH3(m-CF;),]4 E = Et
Mes Mes Mes Mes [A] Mes "‘Bu Mes |[A]
o Mo~
P, N\ [HIA] i 2\ Mg"Bu, AN
Ph,P PPh,—>|Ph,P PPh,| —— |Ph,P PPh,
XV

A = B(C¢Fs)s, BPh,

Schemel.7: Synthesis of cationicizc and magnesium complexX$V %7 andXV %8
m-Xy = metaxylene p-TrPh =para-tritylphenyl.

Zinc complexesbearing amethyt(rac)-lactategroup were found to behe most
activefor lactide polymerization, withL{ssneiZn(lactate)][B(3,5(CFs)2CeH3)4], Bn =
benzyl ori CH2Ph, XIVd, capable of polymerizing 200 equivalents (90% conversion)
of monomer in 20 mirat 25 °C.%° In situ NMR studies revealed no induction period
and firstorder consumption of lactide (PDI = 1:247). Polymer analysis by NMR
spectroscopy, gel permeation chromatograamgd MALDI-ToOF mass spectrometry
indicated largely atdic material with polymer chains bearing a metlagtate end
group, suggesting a coordinatiorsertion mechanism. However, substantial rates of
transesterification were obseryeglving poorly defined microstructureBrior to the
termination reactiomadditional monomer (200 equiv) was consumed giving PLA that
was consisterto when 400 equiv was added in a single stisplaying living catalyst
characteristics Although inert toward lactide, the magnesium complex
[L3amesMg"Bu][BPhy], XV, exhibited extremely high activityith complete monomer

consumption in 4 min at ambient temperatwith a 0.77 mol% initiator loading for
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t he R ORcaproléctond) producing relatively low PDI (<1.6) p6iy)

caprolactone$®

Monophosphinimine dbf ligands-#ArN=PR)dibenzofuranl 4, have also been
used to prepare neutral and cationic zinc compléke8® 1°1Stable mutral four
coordinate  complexes LapippZNClh, XVla, LavmesZn(CeFs)2, XVIb, and
L apippZNEtL(OTf) XVI ¢, weregeneratedy the addition of the requisite zinc starting
material to the neutral ligan®¢hemel.8).1%! The cationic specied. koippZnE{[A],
XVlla: A = B(CeFs)4; XVI1b: A = SGCRs, were synthesizeda an alkane elimination
process involvingprotonated. s, akin tothe zinc complexes dfs.”? Although high
activity and conversion was maintairfed XVlla -b, the resultant PLA asatactic and
suffered from bimodal and broad MW distributidhsi®In an effort to impart
stereochemical control during the polymerization of lacttigality was introduced at
the phosphorous groups, giving two ligandsoipp,verh and L ames Meph Cationic zinc
complexes [L4ZnR][B(CeFs)4], XVIII : R = Et; XIX: R = methyk(rac)-lactate were
preparedrom them(Schemel.8).1%° AlthoughPLA was obtained under mild reaction

conditions (24 h, 40°C), only a slight heterotactic bias was obsert#d.
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Ar A
/ X I
N\\ ann/N\
o, [Ph I PPh,
Ar = Dipp, Mes
Ly XVla: X = Cl, Ar = Dipp
HOTf or XVib: X = CgF5, Ar = Mes
[HNMe,Ph][B(CgFs)4] XVlc: X = Et, OTf, Ar = Dipp
Di .
/ @pp . Dipp JIA]
n
PPh, 2 \Pth

A = B(CgF5)y XVlla: A = B(C¢Fs),
A =SO,CF, XVIIb: A = SO;CF;
NIAr - 3 ,Ar [A]
\ ,~Ph \Zn’N\@ Ph
Pa ZnEt, | P2
SO [T on”
Ar = Mes, Dipp -
_ XVllla: Ar = Mes
[HI[A] A=B(CsFs)a  xvib: Ar = Dipp
i B Al
o %pp o/
-N .
A H N\, e Ph _2:9 ,DG')PP
(o) %Me L O,Zn’N\\ th
D >~
(o) Me
aY
Ar = Mes, A = B(C4Fs)s O-ZnEt

Ar = Dipp, A = B(CgFs),4
Ar = Mes, A = BPh,
Ar = Dipp, A = BPh,

XiXa: Ar = Mes
XIXb: Ar = Dipp

Schemel.8: Synthesis of neutratationic,and Pstereogenic zinc complexd/1 -X1X .72 100 101

As demonstrated by the work withs andL 4, the steridoulk provided by the Ar
substituents of the phosphinimine was found to substantially influence catalytic
activity. A series of experiments aimed at tuning the steric environment about the metal
centre suggested that less congestamis the case witta benzy group?® generally
improved activityto an extent as complexes bearingwvere more active. Thoughe
importance of the imtraction betweethe central oxygen don@nd the metal centre

remains unclearThe work in Chapter 2 aimed to elucidate the relationship between

this interaction and ROP activity/selectivity.
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1.4 Other Notable Cationic Zinc Complexes in ROP

Apart from the cotributions from the Hayes group, other ligand frameworks have
been employed tgtabilize cationic zinc complexeMany ofthese complexebave
proven effectiveat mediating the RORf epoxide, lactones, and lactideselected
complexesarehighlightedbelow to illustrate challenges researchers lenmuntered

and the benchmark for quality RQ#this area

Bochmanret al. usal their ligand system, (MeC=NDipp). =L 5, to generate several
cationic zinc complexed4,sZnR R = Me, Et, N(SiMg2 XXa-c (Schemel.9). These
complexes polymerized epoxides, cyclohexene of@d€O)and propylene oxid@O)
at0 °Cto give polymers witlthigh MW and PDI values (>1.8Flevated temperatures
(60 °C) were require to converiJcaprolactonénto polycaprolactonevithin 1 h, but
with PDI values closer to 3 This is an example of high reactivitiyatdoes nogive
rise to quality polymers as the exothermic reactamth CHO and PO produced
polymers withhigh PDI valuest he | ower  a&aprolactometpsodueed farh

betterdefined polymers.

o Y ©B(CeFs)s —a ©B(CeFs)s
Pr I\ ipr Pr I\ pr

I > YL Tl g A
o b R

Ls XX
R = Me (a), Et (b), N(SiMes), (c)

<3 &

Schemel.9: Synthesis ofcomplexes<Xa-c.

Le Roux and cavorkers used bis(oxazoline), Ls, and 1,3bis(2-

pyridylmethyl)imidazolinium, L7, as ancillary ligands containing several variable
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substituent sitesThesdigandswere usedo give zinc alkyl complexed, sZnR R = Me,
Et, (XXla-d) andL7ZnEt(Cl) (XXII') (Schemel.10), that were treated with BéEs)s3
to generateinc catiors in situthatproducechigh PDI polymers (>2.1) from CHO and
PO The reactions were complete witHinmin with CHO and30 min with PO at 30
°C with yields as low as-25% with PO and as high as-180% with CHO.This is
similar to Bochmannet al ashigh PDI values wereealizedfor a reasonably swift

reaction

n
R2 R2 R R2
Le XXI
R'=Et,R?=(4S)-Bu,R®=H a
o R' = Et, R? = (4S)-Ph, R® = H b
/<? (j R! = Et, R? = (4R)-Ph, R® = (5S)-Ph ¢
R'=Me, R? = (4S)-Bu, R®=H d
[ \® Oc [N
N\,/N N\?N
\ /N N/ N\ \ /N—Zn—N/ \
—/ + ZnEt, —> =
2 _/ cl
L, XXII

Schemel.10: Synthesis of complexe$Xla-d andXXIl .

The 3mesityt1-picolylimidazolium iodide ligandl.s, by Tolmanet al, was used
to generate a cationic zinc complex bearing twoligands,[(Ls)2Znl][I] ( XXIII ).
Catalytic studies witiXXll wereconductedisingrac-lactide The RORvasperformed
neat(140 °C) to yield polymersvith moderately broadPDI (1.78)in 5 min.1°® The
metal center was still accessible to monone=spite thgpresence of two ligandSince
elevated temperatures are sometimes required for polymerization to transpinesta
catalyst isoftennecessaryand it is possible to consider tlthe neutral donor portion

of the ancillary ligand dissociatestheseelevated temperatures.
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/—\,@’ ey

N__N —7h—n’ \

2 e + ZnEt, —— N N Zn@)p
N

Lg XXl

Schemel.1l: Synthesis of complexXIll .

More success was found by Aviles et al when
bis(Ar)acenaphthenequinonediimjwe = Mes, Dipp,Lo, was used to suppacationic
zinc complexesl[sZnMeAEt:O][MeB(CsFs)s], XXIVa -b (Schemel.12). This series of
complexes required benzyl alcohaokr (i)-menthol as a chain transfer agent
Polymerization of}caprolactong2 h at 60°C in THF)gavepolymerswith PDI as low
as 1.072% The success of this systémpossibly due to the more exposed metal centre
compared to othemescribedn this sectionNotably, it is not clear how much the-

aryl groups influence the described activity.

yo 52

®Z'n/ C]
Arw _Ar 1.ZnMe, N Mo MeB(CgFs)3 0
N 2.B(CeFs)s AT gAY 5
(. — A &
Ly XXIV

R = Mes (a), Dipp (b)
Schemel.12: Synthesis of compleXXIV .

The Schulz group usdtie 1,3-diketiminato (NacNa¢ scaffold a well known and
heavily researched ligand family, as the basis for their ligand
MedN=C(Me)C(H)C(Me)=NMes, Lio. Using Lio, a cationic zinc complex
[L10ZN][AI(OC(CR3)3)4], XXV, whichwasused as catalyst br lactide polymerization
(Schemel.13). Elevated temperatures (160 °{@d to reaction completiom 8 min
when200 eqiv of monomer was added in the absence of sofRidt = 1.73.2" The
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ligand O=C(Me)C(H)C(Me)N(H)RNMez, R = (CHb)3, (CHu)2, L11, was used to
synthesizezinc complexes J11Zn][AI(OC(CFzs)3)4], XXVl a-b (Schemel.13). The
samereaction conditions were used for the ROP of lactid&X¢, after22 minPLA
with aPDI value of 1.3vas generatet?® This is a demonstration of how ligaliloraries

can be refurbished for other applicaticarsd appropriate alterations can be made to

select towarda particular purpose

Y_\\( Y_\\(
N, N Li[AI(OC(CF3)3)4] N, N
2 K

Cl

Lo XXV
W 1. ZnMe, W
by 4 2. Hel N lo
o 3. LI[AOC(CF2)s),] et
N N
N "N

©AOC(CF3)s)l
Ly XXVI
R = (CHp)s (a), (CHy), (b)

Schemel.13: Synthesis of complexesXV andXXVI .

1.5 Project Aims

The Hayes grouphas made apronouncedeffort to develop phosphinimine
containingancillaryligands (L 1-L 4). Absentfrom these ligands was a neutral analogue
of the monoanionic pyrole-basedigand, L2. The smaller chelate ring®rmed upon
coordination ofL 2 yielded more controlledreactivity with rhodium canplexes (X4
XI1) 892 and more stable rai@arth specie®:® It is therefore reasonable to suggest
thata enhanced reactivitgould result with a transition from the dbésed ligand.. 3,

to a neutral pincer ligand akin Lo.
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The complexes generated using neutral ligdndandL 4 did not provide a clear
understanding ofhe influencethatthe central donohas on lactone polymerization.
Solid state structures revealed substantial variation ifOZlengths, ranging from
3.321) A in XIVe, 2.336(5)A in XIVb , 2.60(1)A in XVIIb , and 2.525(14 in XIvd .
There was no discernible trebétween ZinO distance and catalyst activity and it is
unclear if the soligstate structures provide meaningful information oni @n
interactions in solution. Accordingly, it is imperative that more work be performed to
elucidde whether this central donor impaclOP catalytic performance in these

systems

A furanbased ligand structure, as opposed to the dibenzehased ligands
previously investigatedFigure 1.10), wastargetedwith the anticipationthat the 5
membered chelate rings would render the metal centre more accessibleusgnd th
reactive. The chemical startingmaterials usedo producethis ligand framework
provides the option to easily synthesize neyprater ligands with diffeznt central
donors (E =0, S, Se), flankimgaryl groups (Ar), andubstituents on thghosphorous
of the phosphinimine functional groups, (Rgure 1.10). Alteration at all threesites
provides an avenuer systematically optiming theresultanicationic zinc compless
for ROP. Variation of the centrathalcogerdonor, E,was undertaken in an effort to
learn more abouhe interaction between E and the metal centreasianticipatedhat
by altering the central donfmom oxygento sulfur, and to selenium, a predictable trend
in ROP activitywouldemergeBased on hardoftacidb as e t heory, oxygert
base and moving down the <c¢chalcogen grou
Accordingly, one might expect stronger bonding to odmiweenthed i nt er medi at

zinc centre and either sulfur or selenium. If that were indeed the case, the metal centre
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would be expected to be less electron deficient, and more sterically encumbered, as it

would be bound more tightly by the pincer ligand.

RZP\@,PRZ

E=0,S, Se
R = Organic group
Ar = Aryl

Figure 1.10: Targeted rutral bisphosphinimineEN-pincer ligand system

Zinc, compared to other metals, is plentiful, inexpensare] bettertolerated in
humans compared tnostother main group and tratisin metals Furthermore, ihas
beendemonstrated to bextremely pronsingin the research for RORhe use of zinc
will act as a direct comparison to previous work done by the Hayes group with dbf
based bisphosphinimine ligandr this investigatiora family of neutral ligandsvas
preparedased on work with 3 andL 4. From thesea wide array otationiczinc alkyl
and alkoxide complexasere synthesizely using a Brgnsted acid abstract an alkyl
group off the zinc starting material and install a wealdgrdinating anior{Scheme
1.14). All complexes were characterized by multinuclear NMRcgpscopy and many

by X-ray crystallography.

A9 |$ A@
Ars LAr Ar®. H LAr Are._Zn2_ Ar
N N HITA N , N TN
g U [HI[A] e Il ZnR, Lo
R,P PR, — > R,P PR, — > R,P PR,
E=0,S,Se A = Anion R’ = Alkyl, alkoxide
R = Organic group
Ar = Aryl

Schemel.1l4: General synthetic approach to cationic zinc complexes supported by neutral
bisphosphinimindEN-pincerligands.
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Chapter 2Synthesis oBisphosphinimindNEN-PincerLigands

(E =0, S, SeandCationic Complexe$hereof

The synthesis of the neutral furan, thiophene and selenophergased
bisphosphinimindNEN-pincer ligands described in trebapter, wasccomplishedia
modified published routes used to accessdhbiebasedisphosphinimindNON-pincer

ligands(L 13).9% 969

2.1 FuranbasedisphosphinimindNON-PincerLigands

2.1.1 Furan 2,5Bisphosphines

Thefuranbased CsH40) bisphosphinsweremade byfirst exposinga diethyl ether
(Et:0) solution offuranto 2 equivalentsof tert-butyllithium (BuLi) ati 78 °C. The
dilithium salt of furan[Li] 2[C4H20], was not isolated andasusedin situ, as dight-
yellow solution Addition of 2 equivalents of CPR: (R ='Pr (isopropyjor CH(CH)2),
Ph = (phenl, or GsHs)) to the cooled i©4 °C) [Li] 2[C4H20] solution affored
2 5-(PPhy)2CaH20 (1, 73.9%)and2 5-(PPr2)2CaH20 (2, 86.8%)(Scheme.1). 31P{1H}
NMR spectroscopyvas used t@stablish purity; compoundsand?2 exhibit 3P NMR

resonances ati 24.71andui 9.9, respectively

1) 2 BuLi
2) 2 CI-PR,
0 > R,P~ON\ PR,
<\_/7 -2 Licl \<\_/7/
R=Ph(1)
R = ipr(2)

Scheme2.1: Synthesis ofuranbased bisphosphiaé and2.
Compoundl is stableunder aerobiaconditions however, itis susceptible to
oxidationwhen kept in wet solvent farweek or moreA largequantityof light-brown

X-ray quality crystalsof 1 was easily grown from a saturatéoluene solution at
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i 20°C.1°° Compound2 was isolated aadark-orange oil Despite exhaustive efforts to
yield compound2 as a soligd throughexcessive dryin@nd exposure ta variety of
solvents it remaired an oil The oily nature of thesynthesizedisphosphines and
bisphosphiniminess attributed to the isopropyl groups on phosphordhese groups
have previously proven valuable for imparting crystallindg they increase

compounddés solubilify in hydrocarbon solyv

2.1.2 Furan 2,5Bisphosphinimines

To generat@aphosphiniminevia a Staudinger reactioan organic azides required.
Organicazides (RNs3) arehighly toxic, decompose with the violent release of nitrogen
when exposed to a source of energy, and can generate explosive comgpounds
hydrolyzed!!? 1!Aryl azides argartially stabilizedhrough resonancbut stability is
alsoapparentvhen the carbon to nitrogen ratio is abovelBe aryl azides(Ari Na)
used include 1-azido2,6-diisopropybenzene (DippiNs),*?2  1-azido4-
isopropylbenzenPipp N3),8t and1-azido2,4,6trimethybenzendMes N3),*2 all of
which were generated according to reported literature procedndasolated ased
viscous liquidsIn addition, 3,5-dimethyt1-azidopyrimidine (PmNz) was also used.

In solution, PriN3 exists in equilibrium with the tetrazole isomer,
5,7-dimethylpyrazolel,5apyrimidine via valence automerization(Scheme2.2); it

was synthesizediccording taeported methods The tetrazole isomer is a solid and
is the predominant form in solutiosp the Staudinger reaction with PiMs; was
monitored for at least 16 h at Arant temperature to ensure complete reaction. The
Staudingerreactionsthat usedDippi N3, Pipp N3, or Mes$ N3 required less time to

reach completiontaambient temperature
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Scheme2.2: Valence automerization equilibrium of PilN3 and 5,7dimethylpyrazolel,5a
pyrimidine.

Under an inert atmosphere of argon, 2 equivalents biNAwere added to a toluene
solution ofeitherl or 2 to generate the desiredutal bisphosphinimindNON-pincer
ligandvia a Staudinger reactiots¢hemel.4, 1.3.7). This procedureggenerated several
pincer ligands, including: 2;@ippN=PPh)2C4H20 3, 89.7%)
2,5(PippN=PPh):CsH20 (4, 92.4%) 2,5(MesN=PPh);CsH20 (5, 64.6%),
2,5(PmMN=PPH)2,CsH:0 (6, 76.4%), 2,5(DippN=PPR).C4H.0 (7, 79.8%), and
2,5-(MesN=PPr,).CsH,0 (8, 42.0%) (Scheme2.3) as browrorange solids All
compound®xhibit a singléP NMR signaliii 22.53 @), 113.42 @),125.87 6), 13.30
(6), 13.29 (7), andi0.93 @). The3P and'H NMR spectra wereonsistent with &,
symmety. All ligands wouldreactif exposed to air or wet solverthus,they were

storedunder an inert atmosphere where they stablandefinitely.

R = Ph, Ar = Dipp (3)
Arsy N-AT Ar = Pipp (4)
| Ar = Mes (5)

1l
o
RoP PR, + Ar-N; ——> R,P PR, Ar=Pm (6
\<\_/7/ -N2 \<\_/7/ =@

R = 'Pr, Ar = Dipp (7)
Ar = Mes (8)

4 1\

114y
5 -~
h
~“ ~“ i
Dipp Pipp Pm Mes

(. J

o

W

Scheme2.3: General procedurer the synthesis afeutralfuran-based bisphosphinimine ligan8s.
A sample ofbisphosphinimine8 was dissolved in a minimum amount of toluene

and kept at 30 °C wherén small X-ray quality crystals developed over a 48 h period.
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Crystals of3 grew in a monoclinic crystaystem inthe C2/c space group with the
lattice comprising 4noleculeqZ =4, =Z0d5). The compound is bisected by -#kd
rotation axis (kaxis), andhus,the asymmetric unit is comprised of half3vith the

rotationaxis passing through O1 and thei C2 bond(Figure2.1).

Figure 2.1: Displacementllipsoid plot of bisphosphinimin®, depicted at 50% probability.
Theasymmetric unit (Z6 = 0.5) was grown to show
R1 = 4.18%. Selected bond lengttf){P1i N1 = 1.549(1), NLC15 = 1.407(2)

The3P{*H} NMR spectroscoje dataindicated a pronounced upfield chemical shift
for compound (U722.53 compared td (47 9.91). The X-ray structure confirmed the
presencef the phosphinimine moiiets which werd.549(1)A (P1i N1) in length This
is shortethantypical P=N bondswhichtypically vary from 1.570(1) A to 15983) A,

according tosolid state structuresontainingP=N bonds (Figure2.2 andFigure2.4).

* Using ConQuest, program used to search and retrieve information from structures submitted to
the Cambridge Structural Database
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Notably, those withPi N single bondsirefrom 1.6242) A to 1.6943) A (Figure2.3
and Figure 2.4). The Hayes groupasrepored the phosphinimine bond lengthn
neutral dbfbased bisphoghinimine NON-pincer ligandsrange from 1.548(1) to
1.584(1) A;%3°" the P=N in compoundlies on the shorter end of that rangjee Np=ni
Caryi bondsarefrom 1.38@3) to 1.43L(5) A for neutral dbfbased bisphosphinimine

NON-pincer ligand$%°” The No-ni Caryi bonddistance in compoun@lis 1.407(2) A

Distribution of P=N Bonds - ConQuest

8000
7000
6000
5000

4000

Amount

3000

2000

- -
. I —

[1.40, 1.45] (1.45,1.49] (1.49,1.54] (1.54,1.58] (1.58, 1.62] (1.62, 1.67] (1.67,1.71] (1.71,1.76] (1.76,1.80] (1.80, 1.84]

Bond Length (A)

Figure 2.2: Histogram ofP=N bonds reported on the Cambridge Crystallographic Data Centre
(CCDC)andgeneratedy ConQuestas of September 2021
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Distribution of P-N Bonds - ConQuest
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15000
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(1.394, 1.474] (1.554, 1.634] (1.714, 1.794] (1.874, 1.954] >2
[1.314, 1.394] (1.474,1.554] (1.634, 1.714] (1.794, 1.874] (1.954, 2]

Bond Length (A)

0 I

Figure 2.3: Histogram of PN bonds reported on the Cambridgeystallographic Data Centre (CCDC)
andgeneratedby ConQueshs of September 2021

PN Single and Double Bond Distributions

1.85

1.8

1.75

1.7
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1.6
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Figure 2.4: Labelled loxplot comparison ofi N bond(right, 48,586 entrigsandP=N bondlength
(left. 14,882entrieg distributionsas of September 2021
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Installing the Pm group using PN is relatively new to the Hayes group, and so,
obtaining solid state information was sought. isgosphinimine 6
(2,5(PmN=PPh).C4H20) wassoluble in many solvents wheragile crystals would
grow ati 30 °C. Usinga minimum amount of toluen6 was dissolved ansimall X-ray
quality crystals developed over a 48 h pemdten kept ai 30 °C. Crystals of6 grew
in a monoclinic crystal system withthe P2/c space group with the lattice comprising
of 8molecules (Z=8  Z § Twe mdeculesomprise the asymmetric undf which
differences in metrical parameters are not statistically significBme. H N bond

lengths range between 1.5618and 1.589(3R.

099 R
= =) \
C34,

C36
“ ’\

ca7 /
] C35
'/ wl)’ y

Figure 2.5: Displacemenellipsoid plot of phosphiniming, depictedat 50% probabilityOne
molecule of thesty mme t r i c2)igshawh Spacg group 2:/c, R = 8.34%.

Table 2.1: Selected bond lengtid) in compounds.

Atoms Length (A) Atoms  Length (A)  Atoms  Length (A)

PIINI  1587(3) N3iCl7 13576) N8iC57  1.3546)

P2i N4 1.589(4)  N4iC35  1.3786) N9iC57  1.340(6)

P3IN7  1561(3) N5/C35 1.3576) NI10iC75 1.381(5)
P4N10  1.589(3) N6iC35  13546) NI11iC75  1.357(5)
N1icl7  1.3675)  N7iC57 13836) N12iC75 1.3526)
N2iC17  1.352(5)
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Compound8 (2,5(MesN=PPr,),CsH,0) readily dissolved in pentanend at
ambient temperature,-kKy quality crystals grew within 24\ha the slow evaporation
of solvent Crystals of8 grew in an orthorhombic crystal systeim the P22:2; space
group with the lattice comprising dfmolecules (Z = 4, Z . The phbsphinimine

bond distance¢P1i N1 1.554(2)A, and P2iN2 1.549(2)A) were only marginally

differentfrom each otheandwere similar tahose incompounds.

C30

?%329

Figure 2.6: Displacementllipsoid plot of phosphinimin8 depictedat 50% probability. Asymmetric
unit( Z 6él) issshown. Space group = #22;, R = 2.86%. Selected bond distancek)(
P1i N1 = 1.554(2), PEN2 = 1.549(2) N1i C11 =1.400(3) N2i C26 =1.395(3)

2.2 ThiophenebasedisphosphinimindNSNPincerLigands

2.2.1 Thiophene 2,8Bisphosphines

Thiophenebased(C4H4S) bisphosphire were generateby introducingan EtO
solution of either thiopheneto 2 equivalents of tert-butyllithium (BuLi) or
2,5-dibromothiophene to 2 equivalents'BiiLi ati 78 °C to generate the dilithium salt,
[Li] 2[C4H2S], in solution Addition of 2 equivalents of CPPh to the cooledi(94°C)
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[Li] 2[C4H2S] solution afforded the corresponding bisphosphines(PR5).C4H2S (9)
and 2,5(P'Pr)2C4H2S (10) (Scheme2.4). 3'P{*H} NMR spectroscopy showed a single
resonance for botB and10 at G 7 16.55 andi 10.78, respectively. Compourtdwas
isolated as a beige solid, ah@as a lightyellow liquid in appreiable yields of 94.2%

and 87.1%, respectively.

Whenusing 2,5dibromothiophenghelithium-halogen exchange reactiamoided
competitive deprotonation of thepbsitionof the thiophene rings amixture of 2,5
(PR)2C4H2S and 2,4PR:)2C4H2S would often result with theapid injection ofBuLi
to thiophene. The two compounds in the mixture were corroboratednag@ivalent
resonances in théP{*H} spectrum. One resonance integrated for moréj 8t78, and
so was assigned to additions at carbons 2 and/or 5, the remaining sigh2lldt was
assigned to an addition at carbon 4. The evidence th&PP#),CsH.S was present in
the mixture was further confirmeda two signals in theH NMR spectum. Two
separate resonances of equal intensity attributed to the 3 and 5 positions of the
thiophene ring for 2 4P'Pr,).C4H.S atli 7.61 andi 6.85, compared td 7.25 in 2,5

(PPr)2CaH2S.

1) 2 Bui
2) 2 CI-PPh
S : 2 RyP— S\ PR,
W oo X
1) 2 "BuLi
2) 2 CI-PiPr
Br\G,Br 2 RZP\<17,PR2
\ / —2Licl \ /
R = Ph(9)
R = ipr(10)

Scheme2.4: Two routes for theythesisof thiophenebased bisphosphis® and10.

Although compoun® has beempreviouslysynthesized'*the crystal structure da

not beerreported X-ray quality crystals 09 were isolatedy slowly evaporating
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concentrated solution in toluen@rystals of9 grew in a triclinic crystal systein the

Pp space groupvith the lattice comprising of ioleculs  ( Z

1
N
N
o

1

Figure 2.7: Displacemenellipsoid plot of phosphinimin® depicted at 50% probabilitAsymmetric
unit( Zd = 1 )SpdcegrosphEo RiF.5.17%.

2.2.2 Thiophene 2,8Bisphosphinimines

To afford the desiredneutral bisphosphinimineNSNpincer ligand, a toluene
solution of eithe® or 10 was reacted with ANz (Ar = Dipp, Pipp, or Pm) under an
inert atmosphere of argoneral pincer ligandsvere generated with this method
2,5(DippN=PPh),CsH.S (11, 82.1%), 2,5(PippN=PPh)2CsH.S (12, 91.8%),
2,5(PmMN=PPHh),CsH.S (13, 83.8%), and 2,5(DippN=PPr).CsH2S (14, 88.4%)
(Scheme2.5), all of which areyellow-orange solidsAll compounds exhibit a single
3P NMR signal:tii16.39 (1), 17.66 (L2), 12.69 (3), and 0.78 14), and along with
the 'H NMR spectraall ligandsdenonstratedC,, symmetryin solution All ligands
react with water, giving the aryl amine and a phosphinedkielgposed to air or wet
solvent; thus, they were stored under an inert atmosphere where they are stable

indefinitely.
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Ar\N Ar R =Ph, Ar = Dipp (11)

s PI Ar = Pipp (12)

1]
R,P PR, + Ar-N; ———> Rzp\G/PRz Ar=Pm (13)
v -N \ / R = Pr, Ar = Dipp (14)

Scheme2.5: Synthesis ofhiophenebased bisphosphinimine neutral ligarids14.

Bisphosphiniminell readily dissolved in toluene, and &0 °C, X-ray quality
crystalsgrew within48 h. Crystals of11 grew in a monoclinic crystal systeim the
C2/c space group with the lattice comprising ahdlecules (Z = 4 Z06) e 0.5
compound is bisected by af@d rotation axis (kaxis), andhus, he asymmetric unit
is comprised of half af1with the axis passing through S1 and the boridd2XFigure
2.8). Compound11 is isostructural with3 (2,5 (DippN=PPh)2.CsH-0), with the
exception ofa slightly elongategphosphinimine®i N bonds(P1i N1: 1.561(1)A, cf.

1.549(1)A for 3) thatstill fell in thetypical range for phosphiniménP=N distance

Figure 2.8: Displacementllipsoid plot of bisphosphinimingl depicted at 50% probability
Asymmetr i c wasigrownfosliow an eftimmderule Space group = C2/c,1R 3.89%.
Selected bontengths A): P1iN1 = 1.561(1), N1LC15 = 1.41(2).
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2.3 SelenophendasedisphosphinimindNSeNPincerLigands

2.3.1 Selenophene 2;Bisphosphines

A mixture of either 2,5 (PR:)2C4H2Se and 2,4(PR:)2C4H2Se would result when
exposing an kO solution of selenopher{€sHSe)to 2 equivalents dBuLi followed
by the addition of 2 equivalents either CI PPh or Cli PPr.. To selectivity initiate at
justthe 2 and 5 positions afeleophene, a lithium halogen exchange reaction was
exclusively used between 2 &libromaselerophere (2,5BroCsH>Se) and "Buli.
Sequential addition of 2 equivalerts"BuLi to 2,5Br.C4H.Sein EtO, followed by 2
equivalents of either CIPPh or CliPPr; yielded the desired bisphosphime
2,5(PPh),C4H-Se (L5, 48.6%)and 2,5(PPr).CsH-Se (L6, 83.8%) (Scheme2.6).
31p{I1H} NMR spectroscopy was used tensure the2,5-metalation occurred
compounds15 and 16 exhibit 3P NMR resonances di 113.94 andU 77.14,
respectively’’Sef'H} NMR spectroscopy waisnplemented to identifthe typicalarea
the resonancef the selenopherieased ligandwill occur, with G 7312 andil 7449 for
15and16, respectivelyBoth 15 and16 reactwhen exposed to air or wet solvent after
48 h. Thus, they were kept under an inert atmosphere where they were stable
indefinitely. Compoundl5was isolated as an oily brown liquadd dssolution of crude

oily 16in cold (0°C) pentane provided analytibapure Xray quality brown crystals.

1) 2 eq. BulLi
2) 2 eq. CI-PR
Br\<\s_e/7,Br 2 RZP\<\S_9/7,PR2
~2 LiCl
R = Ph(15)
R = ipr (16)

Scheme2.6: Synthesis okelenophendased bisphosphine.

Crystals ofL6 grew in a monoclinic crystal system with the P2/c space grotine

lattice comprising of 4nolecules (Z =4  Z § Thereark two independent molecules
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with similar metrical parameters within the unit cell. Both independent molecules are
split by a 2fold rotation axis (kaxis), and thus, the asymmetric unit is comprised of
two halves ofl6 with the axis passing through Se (Sel or Se2) and the barzPQR

C10G C10 (Figure2.9).

Figure 2.9: Displacementllipsoid plot of bisphosphiniming6 depicted at 50% probability
Asymmet r i c)wasgiown tq sEodmoteculés Space group = P Ry = 4.53%.

2.3.2 Selenophene 2;Bisphosphinimines

A toluene solution of eithet5 or 16 was reacted with ANz (Ar = Dipp or Pipp)
under an argon atmosphere. This method yiekmderalneutral bisphosphinimine
N<SeN-pincer ligandsvia the Staudinger reactiofDippN=PPh).CsH2Se (7, 70.2%),
(DippN=PPr,).CsH.Se (L8, 52.2%), and (PippN=FPr),CsH.Se (19, 75.5%)
(Scheme2.7), all of which are yellowbrown solids. All compounds exhibitne 3P
NMR signal: 0 115.79 (7), 5.63 (8), and 21.04 X9). Much like the furarand
thiophenebased bisphosphinimines, the selenopHsased bisphosphiniminegere
consistent with @ symmetryin solution and would reactif exposed to air or wet
solvent Of the selenophereased ligandd7-19, all three werecrystalline and of

appropriate quality to colleé-ray crystallograpic data.All three hsphosphinimines
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17-19, readily dissolved in toluene, andi&0 °C, X-ray quality crystals grew within

48 h.

N°"" R =Ph, Ar = Dipp (17)

R,P~_S8 PR, + Ar-N, ———» R,P PR, R ='Pr, Ar=Dipp (18)
i U i TN T\ Ar = Pipp (19)
Scheme2.7: Synthesis obelenophendased bisphosphinimine neutral ligands.

Crystals of compound7 grew in a triclinic crystal systeim the Pp space group
with the lattice comprising of tholecules (Z = 2 Z §. The phbsphiniminéi N
bond distance&1i N1 1.565(2)A, P2 N2 1.572(3)A) aremarginally different from
one awther and were slightly elongated compared to the analogous furan
(3, 1.549(1) A) and thiophené1, 1.561(1) A)analogus. There appears toeba slight
elongation of the phosphinimiri& N bond distancebond with respect to th&ize of

thecentralatom(vide infra2.4).

Figure 2.10: Displacementllipsoid plot of bisphosphiniming7 depicted at 50% probability
Asymmetric uni tSpdc&group =P ,R)=4i569%.Sselé¢ciedromd lengthgA): P1i N1
=1.565(2), PEN2 =1.572(3),N1i C17 = 1.416(3)N2i C43 = 1.411(4)
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Crystals of compound8 grew in a monoclinic crystal systeim the Pn (or Pc)
space group with the lattice comprising ofn®leculs (Z = 2 Z0). The 1
phosphiniminePi N bond distance$P1i N1 1.551(6)A, and P2 N2 1.553(6)A) are
similar tocompound (2,5-(MesN=PPr,),C4H,0) which also bears isopropyl groups

on phosphorousP(li N1 1.554(2)A, andP2 N2 1.549(2)A).

i
&)
4 \ Y P2

Figure 2.11: Displacementllipsoid plot of bisphosphinimin&8 depicted at 50% probability
Asymmetric unit (26 = 1) i s 55%cEeectedbsndergdlgr oup =
P1i N1 =1.551(6), P24 N2 =1.553(6), N1i C11 = 1.3898), N2i C29= 1.3698).

Crystals of compound9 grew in a monoclinic crystal systeim the P2/c space
group with the lattice comprising ofolecules (Z =4  Z )Y Theghosphinimine
Pi N bond distances (PN1 1.570(3)A, and P2N2 1.577(3)A) wereonly marginally
different from one anotheand were slightly elongated compared to the analogous
bisphosphinimind 7 (P1i N1 1.565(2)A, andP2 N2 1.572(3)A). Several issues arose
while solvingfor this structureincludingthe N2i Pipp group whicltappeared over two
positions Thisdisorder was successfully modellesing residual densities around the

associated atomA. twin was identifiedduring refinement that pertained to 33% of the
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data It was successfully modelled which helped resolve some data and remove other

space group ssibilities

Figure 2.12: Displacementllipsoid plot of bisphosphiniming9 depicted at 50% probability

Asymmetric unit (Z06 = 2ilc)R-Factor=s566%.lwvawer ocBypancye gr oup
disordered Pipp ring not show&elected bond lengthA): P1i N1 =1.570(3), P2 N2 =1.577(3), N1i
C11 = 1.3925),

N2i C26 = 1.38(3), N2i C35=142(4) (from disorderd model)

2.4 Other Noten the Neutral Bisphosphinimine Ligands

The CIElLi C4or CIiELiC1 (E = O, S, or Sehondangles decreased as the size
of the chalcogen increas€tiable2.2). For example, the furabased compounds; 6,
and 8, haveanglesof 106.1(3) (3), 105.9(3)° andL05.8(3)°(6), and 106.9(2)°(8),
while the thiophendased ligand9 and11, haveC1i SIi C4 angles 002.9(1)°(9) and
92.8(6Y (11). This trend continues for the selenknoontaining specie$6-19, which
haveC1li Sel C4 angles 088.8(5)° and9.1(7Y (16), 86.6(1f (17), 87.5(3Y (18), and

86.5(2Y (19). As theC1i E1i C4 angle contracts, ¢ftentral chalcogen necessarily more
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closely approaches a bound metal centre, the impact of which on lactone polymerization
catalysis will be addressed in sect@6.5 Notably the phosphinimine bond distance
slightly increased with the size of the central donor when the R and Ar groups were

constant3, 11, 17whereR = Ph, Ar = Dipp.

Table 2.2; Tabulated bond angles of the chalcogen riniykiN-pincerneutral ligands.

Compound d(éﬁg';r?llz) emi&;iﬂf;ﬁ;; 0 Phosphinimine A'N bond length })
3 @] 106.1(3) 1.549(1)
6 O 105.9(3), 105.8(3) 1.587(3), 1.589(4)1.561(3), 1.589(3)
8 o 106.9(2) 1.554(2), 1.549(2)
9 S 92.9(1) -
11 S 92.8(6) 1.561(1)
16 Se 88.8(5), 89.1(7) -
17 Se 86.6(1) 1.565(2), 1.572(3)
18 Se 87.5(3) 1.551(6), 1.553(6)
19 Se 86.5(2) 1.570(3), 1.577(3)

2.5 ProtonatedisphosphinimindNEN-PincerLigands(E = O, S, Se)

The ligands 3-8, 11-14, and 17-18 were protonated to afford
[2-(ArN(H)=PR2)-5-(ArN=PR2)CsH:E][A], according to synthetic protocols
previously established in the Hayes .Y&8® Specifically, the requisiteneutral
bisphosphinimineNEN-pincer ligand (E = O @3-8), S (1-14), Se (7-18)) were
combined with either N,N-dimethylanilinium tetrakis(pentalfuorophenyl)borate
([HIJA] = [HNMe2PH[B(CeFs)s]) or diethyl ether oxonium tetrakis[3,5
bis(trifluoromethyl )phenyl ] bor dH]J&] = bett el
[(Et20)2H][B(3,5-(CFs)2CeH3)a])1*® in either benzene ortoluene at ambient
temperatureThe resultant ion pairarere generated in 2 h amaoved insoluble in

common aromatic solvents. Accordingly, the solvent was decanted from the oily
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products, whictwere triturated with pentane or heptane to afford sweliaed solids
of: [2-(DippN(H)=PPh)-5-(DippN=PPh)C4H20][B(3,5(CFs)2CsHs)s] (20, 64.7%),
[2-(PippN(H)=PPh)-5-(PippN=PPh)C4H-0][B(CsFs)4] (21, 93.6%),
[2-(PmN(H)=PPb)-5-(PmN=PPh)CsH20][B(CsFs)] (22 90.6%),
[2-(DippN(H)=PPr,)-5-(DippN=PPr)CsH20][B(3,5(CFs)2CsH3)a] (23, 87.2%),
[2-(DippN(H)=PPh)-5-(DippN=PPh)CsH.S][B(3,5(CFs)2CeHa)a] (24,  73.0%),
[2-(PippN(H)=PPb)-5-(PippN=PPh)C4HS][B(CsFs)] (25, 95.1%),
[2-(PmN(H)=PPb)-5-(PmN=PPh)CsH,S][B(CsFs)4] (26, 66.2%),
[2-(DippN(H)=PPr,)-5-(DippN=PPr)C4H2S][B(3,5(CFs)2CeHa)a] (27, 75.4%),
[2-(DippN(H)=PPh)-5-(DippN=PPh)CsHSe]B(3,5(CFs).CsHa)s] (28, 87.6%),
[2-(DippN(H)=PPr,)-5-(DippN=PPr)CsH2Se][B(3,5(CFs)2CsH3)4] (29, 87.2%),and
[2-(PippN(H)=PPr.)-5-(PippN=PPr,)C4H.Se][B(CsFs)4] (30, 92.2%) (Scheme2.8).

All of these compounds amgore intensly colouredthan th& neutralcounterparts

The addition of 2 agvalents of [HNMezPh][B(CsFs)s] to 4
(2,5(PippN=PPh).C4H-0) in a solution of benzenat ambient temperatuedforded
the doubly protonated compound, 2,5 (PippN(H)=PPh)>.CsH20][B(CsFs)4]2
(31, 77.8%)in 2 h. Compound31 contained a single sharp signal in tHe{H}
spectrum ati 22.7, along with a doublet fathe protonated phosphiniming N in the

H spectrum aii 5.43which collapsed to a singlet upon decoupling'®
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Arsy N-AT Ar O H (AT R=Ph; Ar=Dipp (20) [A]=b
1l I [HI[A] 0] Il Ar = Pipp (21) [A]=a
RP~ON PR, — > R,P~ON PR, .~ Ar=Pm(22) [Al=a
U \(\_/7/ R ='Pr; Ar = Dipp (23) [A]=b
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Scheme2.8: Synthesis oprotonaed ligand20-31.

The addition of either Brgnsted acid to a neutral bisphosphinimpiatonatel a
singlephosphinimine substituent anmtstalledaweakly-coordinatingoorateanion The
large bulky fluorinated aromatic ringsid lack of available orbitals on theron centre
restrict any formal bond from forming with the phosphinimine group, making the
attraction electrostatit'® All compounds, excep?4, retained the & symmetryin
solution Presumably the Hexchanges rapidly between thkogphinimine nitrogen
atoms on the NMR timescale. The broad resonances observediR tEIR spectra,
as well as broatH signals attributed to the phosphiniritim proton are consistent with

this suggestion.
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The protonatedipp (20, 23, 24, 27-29) andPipp @1, 25, 30) containingligands
include a broadsignalin the 'H NMR spectrumdue tothe phosphiniminium proton
betweerni4.84andu 6.87in CDClz solvent These resonances shifted further downfield
in pyridine-ds andTHF-ds, to1 11.8216.36 There vas noobviouscorrelationbetween
phosphiniminium chemical shift and central donor, E Compound 24
([2-(DippN(H)=PPh)-5-(DippN=PPR)C4H2S][B(3,5(CFs)2CsHz)4]) is unique in that
its 3!P{*H} NMR spectrumexhibitstwo resonances at29.47 and 15.83 Evidently
the H exchangebetween phosphinimine groups, if present, is slower thahkhe
timescaleHencea 6freed6 phosphinimine and a prot
distinguishedn the *P{*H} NMR spectrum The differenceof ~40-50 ppm between
two phosphinimine groupsf a bisphosphinimine containing complex2(prRh(COY),
Xlla in 1.3.2 is attributed tothe difference betweend@eed phosphinimie and one
that is bound to a metal or ¥#* By comparison,compounds22 and 26 (where
Ar = Pm) exhibit relatively sharpP{*H} NMR signalsat t 10.25 (full width half
maximum,FWHM, = 16.6 H2 andu 13.46 (FWHM = 13.9 H2, respectivelylt is
postulated that the proton wagchangedetween the two phosphinimines and an
available nitrogen atom of tiRm group Unfortunately analytically pureX-ray quality

materialwasdifficult to obtainfor these species
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Table 2.3: TabulatedH and3P{*H} NMR chemical shifts for the protonated phosphinimine. For
reference, a sharp singlet has a FWHM £f.8 Hz in 'H NMR spectra and 2.40.61 Hz in®'P{1H}
NMR spectra. +Compouri2¥ contained two peaks. *Compoufd contained a doublet

1
Compound  Sowent v HSHL - PCHINMR  opesy shit
shift (0)

20 pyridineds  16.36 209 111.64 367
21 CDClz 5.82 15.9 7.92 275
22 CDCls - - 10.25 16.6
23 pyridineds  11.82 194 1.17 824
24 CDClz 6.87 9.30 29.47,115.83 22.0 36.1
25 CDCls 6.40 324 14.8 312
26 THF-dg 13.74 143 13.46 13.9
27 pyridine-ds 12.54 572 7.08 719
28 pyridineds  12.75 191 18.62 1390
29 pyridine-ds - - 11.07 694
30 CDCls 4.84 10.3 56.37 234
31 CDClz 5.43 3.453.12 22.67 2.44

Compound 25 ([2-(PippN(H)=PPh)-5-(PippN=PPb)CsH>S][B(CsFs)4]) was
dissolved in bromobenzenehich evaporatedlowly at ambient temperatute allow

X-ray quality crystalef 25to be producedCrystals of compoun@5grew in a triclinic

crystal systemin the Pp space group with the lattice comprising ofnlecules
(Z=2  Z § The twd phophiniminePi N bond distances, PN1 = 1.621(2)A and
P2iN2 =1.571(1)A, differ significantly as the former is protonateand thereby has
more single bond character. Notably, Was successfully modelled using residual
electron densityFigure2.13). The later phosphinimindunctionality is not protonated,
and as sughs similar in length to the structurally characterized neutral phosphinimines
in this chapter. Typicalphosphiniminium moietieshave bondlengths between
1.618-1.643 A.72 9397, 100101 The weakly-coordinatingborateanion does not interact
with the protonated ligandut hydrogen bonding was observed betwedii L and

N2 of a neighbouring compound in the solid state.
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Figure 2.13: Displacementllipsoid plot of protonated bisphosphinimi2&depicted at 50%
probability Asymmet r i ¢ uni t $padsgroap :P_) R1 ¥ 396% Peleated bond lengths
(A):
P1iN1=1.621(2), PEN2 =1.571(1) N1i C17 = 1.430(2), N2C38 = 1.413(2)
Selected bond angle®){C1i S1i C4 = 91.93(8).

2.6 CationicZinc ComplexesSupported bNEN-Pincer Ligands (E = O, S, Se)

2.6.1 Zinc Methyl Complexes

The two mostavailablezinc alkyl compundsare dimethyl zinc (ZnMe2) and
diethyl zinc(ZnEb). For this project, dimethyl zinc was used ds less expensiveén
bromobenzene, a solution of luaeplent of ZnMe> was added to a protonated ligand
[2-(ArN(H)=PR2)-5-(ArN=PR2)C4H2E][A] (20-30). No immediate change was
observedand after2 h the solvent was removed vacuo The resulting waxy solsl
weresubjected to trituratiowith pentane affordingaleyellow-orangepowders The
protocolyielded aseriesof cationic zinc complexes bearitige previously described
NEN-pincer ligands (E = O, S, Sea methane elimination. The complexes synthesized
include; [2,5(DippN=PPh)2CsH20ZnMe][B(CsFs)4] (32, 72.9%)

[2,5-(PippN=PPH)2CsH,0ZnMe][B(CeFs)d] (33, 78.1%),
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[2,5-(DippN=PPr),CsH.0ZnMe][B(3,5(CFs)2CsH3)4] (34, 87.5%)

[2,5-(DippN=PPh)2C4H2SZnMe][B(3,5-(CF3)2CsH3)d] (35, 74.9%),
[2,5-(PippN=PPh)>C4H,SZnMe][B(CsFs)4] (36, 79.9%)
[2,5-(DippN=PPp),CsH2SZnMe][B(3,5-(CFs)2CeHa)d] (37, 92.7%),
[2,5-(DippN=PPh),C4H2SeZnMe]B(3,5(CF)2CeH3)4] (38, 84.4%),

[2,5-(DippN=PPr),CsH,SeZnMe]B(3,5(CFs)CeHz)a] (39, 84.3%), and
[2,5(PippN=PPr2)2CsH.SeZnMe]B(CeFs)s] (40, 81.2%) (Scheme2.9). A slight
excess of dimethyl zinensured completeeaction andyiven the volatility of ZnMe

(b.p. =46 °C), any residual material can be readily removedeumeduced pressure.
Appropriate procedurewere followed when disposingof residual dimethyl zinc
capturedin solvent trapssuch as keeping the solvent trap cold and quenching the

material with isopropanaiver 6 h under a blanket of argon

O
A@ CH, A
Ar @ H LAr Ar., _Znl_ _Ar
n Fl ZnMe H | PI R = Ph; Ar = Dipp (32)[A] = a
RpP~ON PR, —— > R,P~ O\ PR, _ Ar=Pipp (33)[A] = a
U ~CH, \<\_/7’ R =Pr; Ar = Dipp (34) [A] = b
o
A@ CH, A
Zn
Ar\“,H N,Ar Jobte Ar\“/ I \“,Ar R = Ph: Ar = Dipp (35)[A] = b
s 2 S Ar = Pipp (36)[A] = a
RzP PR2 —_— RzP PRZ D . _
\<\_/7’ _ch, \<\_/7’ R = /Pr; Ar = Dipp (37)[A] = b
A2 CH, A9
Zn
Ar @ H LAr Are, SN LAT o A _
N N ZnMe, N~ | DN R = Ph; Ar = Dipp (38)[A] = b

R =Pr; Ar = Dipp (39) [A] = b

[1] Se | 1] Se [1]
RzP\(\_/?/PRZ 4>_CH4 RzPUPRz Ar = P|pp (40) [A] -2

Scheme2.9: Synthesis otationiczinc methyl complexe82-40. a =[B(CeFs)4],
b= [B(3,5—(CF3)2C6H3)4]

The product 32-40 weresimilar tothe protonated liganstarting materials, in that
they tenaciously retairhydrocarbon solvents which were introduced during the

trituration step The 1'B and!°F NMR resonancefor the weakly-coordinatecborate
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anion in all complexes remaineadlatively mnstantwith respect to chemical shift,

shape, and integratiowjthin the same solveriTable2.4).

Table 2.4: Tabulated'B and**F NMR chemical shifts of weakigoordinating borate anions in various
deuterated solventa.=[B(CsFs)4], b= [B(3,5(CFs)2CsH3)4].

Solvent “B[:]hlftb(ﬂ) 19F[:]hlftb(ﬂ) ns[As]hi:ft ;“’ 19F[As]hi=ft a(n )
pyridine -ds 14.4 115.9 115.9 1132.1,i162.2,1 166.3
CDCl3 5.9 i16.8 i16.7 i1131.6,i161.7,i 165.6
THF-ds N/A N/A i18.5 71133.7,1165.9,1169.4
CD:Cl> N/A N/A i18.5 1133.7,1166.0,i 169.5

The signad in the *'P{*H} NMR specta generally had smaller FWHNbr most
compoundsexcept33, 36, and 40. All of the zinc methyl complexe32-40 were
surprisingly stable over long periods of time when kept as dried pswtdambient
temperature However, they were vergensitive towater Degradation to various
unidentifiedby-products was observed whtarese complexes were heatedolution
at elevated temperatures1(® °C) over 48 h. To decrease the broadness of the
resonancesH NMR spectroscopy wasonducted at a range mperaturesi 80-100
°C). No temperature afforded better resolsgghalsfor 32-39, but for compoundiO
they were considerably sharper at elevated temperatii@sC) attributed to an

increase in the rapid exchange of thé Me group betweethe twophasphinimines

2.6.2 Zinc Alkoxide Complexes

The metal alkoxide complexeBtZnOPh andMeZnOR (R ='Pr, 'Bu, Ph or Me)
were synthesized by addition df equivalent othe correspondinglry alcohol tol
equivalent of dimethyl zinor diethyl zinadiluted with tolueneVolatiles were removed

in vacuoto giveMeZnORor EtZnORaswhite powdes.
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Addition of MeZnCPh or EtZnCPh to a bromobenzenesolution of

[2-(ArN(H)=PR2)-5-(ArN=PR>)CsH2E][A] (20-30) afforded:
[2,5-(DippN=PPh)2C2H,0ZnOPh]B(CsFs)4] (32b, 72.7%),
[2,5-(PippN=PPh)2C4H0ZnOPh]B(CsFs)4] (33b, 86.1%),
[2,5-(DippN=PPr,),C4H,0ZnOPh]B(3,5-(CFs)2CsH3)d] (34b, 88.6%),
[2,5-(DippN=PPh)2C2H2SZnOPh]B(3,5-(CFs)2CeH3)4] (35h, 90.4%),
[2,5-(PippN=PPh)2C4H2SZnOPh]B(CsFs)] (36h, 82.4%),
[2,5-(DippN=PPr,),C4H.SZnOPh]B(3,5(CF3)2CeH3)4] (37D, 93.4%),
[2,5-(DippN=PPh)2CsH2SeZnOPh]B(3,5-(CFs)2CsH3)4] (38b, 89.6%)

[2,5-(DippN=PPr)CsH.SeZnOPhIB(3,5(CFs)2CeHs)s]  (39b,  71.8%) and
[2,5-(PippN=PPr2).C4H.SeZnOPh]B(CsFs)s] (40b, 90.1%) after 2 h at ambient
conditions These complexesanalso be generated by addition ofedrphenol to the
requisitezinc alkyl complexes ([2,5(ArN=PRz)2C4H2EZnMe][A]) in bromobenzea
This was a necessary route for compB&b, as there wa considerable competition

between methane and phenol elimination wkieZnOPhwas employed

The procedureto generatehe cationic zinc phenoxideslied on the preferential
elimination of methane to yield the desired cationic zinc alkoxide compléxesn
using MeZnOR (R 2Pr or'Bu) as zinc starting materials, a mixture of products was
generated. There weodmpeting reactions with the eliminatiof eithermethaneor
the correspondingalcoholwhich could not be controlled. This was observedtwo
separate resonances in tH8{*H} NMR spectrum, one of which was the cationic
methyl complex, the other being the cationic alkoxide complex. Thesmrnding
Zni Me and ZiOR (R ='Pr or'Bu) resonancesvere also observed in thel NMR

specta of the reaction mixtuie
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When MeZnQ/le wasuseal as the zinc starting material, the resulting reaction
mixtures with the protonated ligands contained a myrfagroducts. Whenreacted
with the protonated ligand21 ([2-(PippN(H)=PPb)-5-(PippN=PPh)CsH20]
[B(CeFs)4]) an isolatable produc{?,5-(PippN=PPh).CsH.0ZnOMe]B(CeFs)4] (41)
was obtainedThe cationic zinmetloxide41degradd to various unidentified products
in solution withinhours andwas only identified using Xay crystallographyThe
cationic zincpheroxide complexe82b-40b showedevidence of degradation after 24
h in solution and so werdored as dry solids aB0 °C. More so than the cationic zinc
methyl complexes32-40, 32b-40b retaired solvent which may be the reason

satisfactoryelemental analysi€f\) values were not obtagal

A9 ?Ph AC
®
Ar® H A A Zn A
N N Mezaopn N | N R=PhiAr=Dipp (20) (Al -
RzP (0) PR2 N RzP (o) PR2 ) Ar = Plpp (33b) [A] =a
\<\_/7’ “cH, \ / R = /Pr; Ar = Dipp (34b) [A] = b
A@ (l)ph A
®
Zn
AN N o N N R =P A= Dipp (35b) (41 = b
rB s M. TR U s e ~ Ar=Pipp (36b) [A] = a
2 \@’ > en, X\ )2 R=PrAr=Dipp (37b) [A] = b
A9 oph A°
® Zn
Ar\N,H N,Ar Ar\N/ I \N,Ar R = Ph; Ar = Dipp (38b) [A] = b

MeZnOPh i .
R,P— S\ PR, > RP— S8 PR, R='PrAr=Dipp(39b)[Al=b
WA W Ar = Pipp (40b) 4] =
S ome A°
) . . | ® .
Pipp{-H .Pipp Pipp.\ —ZN~-PiPP

MeZnOM I
| eZnOMe || & ||

1]
Ph,P~ O\ -PPh, — > Ph,P PPh,
A VATV

Scheme2.10: General procedurir in situ generaibn of zinc alkoxide cationic complexes
32b-40band4l a :[B(C5F5)4], b= [B(3,5—(CF3)2C5H3)4].

The synthesis of lactate complexasalogougo XIV ([L3ZnE][A], E = methy}

(rac)-lactatg was attempted, but no single product could be isolated frome#otion
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mixturewhen MeZn(nethyl(rac)-lactate) was added to a bromobenzene solution of a

protonated ligand20-30).

2.6.3 Comparisorof NMR Data fromCationic Zinc Complexes

The *P{*H} NMR spectra of thecatioric zinc methyl complexes(32-40) and

cationiczinc pheroxide complexes32b-40b), seeTable2.5, were mostlyobtainedin

pyridine-ds. In pyridineds singletswere observedwhereas other solventssuch as

CDClzand THFds, resonancewerenotaswell-defined The Zinc complexes exhibited

C2v Symmetry in solution, as indicated theH NMR and®'P NMR spectraHowever,

the 3P NMR spectraof 36 and 39b containedtwo separate resonancasd no®!P

signals were observed for eitt&3 or 40b.

Table 2.5: Tabulated*P{*H} NMR chemical shifts for the cationic zinc methyl aplderoxide
complexes. For reference, a sharp singlet has a FWHMd£0.61 Hzin 3'P{*H} NM R spectra

Compound Solvent 31p{IH} NMR shift (1) 3*P{*H} shift FWHM ( )
32 pyridine-ds 12335 2.44
33 CD:Cl NA NA
34 pyridine-ds 0.19 2.44
35 pyridine-ds 117.14 2.44
36 CDCls 26.69,i8.71 312 299
37 pyridine-ds 2.83 2.44
38 pyridine-ds i14.01 2.44
39 pyridine-ds 7.19 336
40 CDCls 55.3 159
32b pyridine-ds 123.26 447
33b THF-dg 18.09 2.44
34b pyridine-ds 11.35 2.44
35b pyridine-ds 117.05 2.44
36b THF-ds i28.64 104
37b pyridine-ds 2.82 2.44
38b pyridine-ds 114.02 2.44
39b pyridine-ds 5.49, 2.85 447, 447
40b THF-ds NA NA
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The spin active (I = 1/2YSe nucleuprovidedinsight into the relationship between
the centrathalcogerdonor andzinc. “’Se{tH} NMR experimentshowedresonances
atu 7 4 4 .0933.170onbaphosphine$5and16. Upon oxidation othe phosphine
adownfield shift in frequency of approximately 35 ppm was obserVedi( 7 818.. 5
U 764.4 and19: i1 812.0. Unfortunately, nd’Se signals were detected for protonated
ligands 28, 29, and30. Zinc complexes39 and 39b exhibited "’Se resonances it
764.75 andu 764.87 respectively As no discernible trend was obvious upon
coordination of theNSeNpincer ligands to zinc its difficult to comment upon the
extent to which Senteracts with Zn in solutiorgr whetherthe presence or absence of

such arinteraction has a predictable impact upon metal complex reactivity.

Diffusion ordered spectroscopy experinge(OSY) were conducted using the
methyl complex40 ([2,5-(PippN=PPr.),CsH.SeZnMe]B(CsFs)4]) and thepheroxide
complex 40b ([2,5-(PippN=PPr,),C4H,SeZnOPh]B(CsFs)4]). Using a DOSY, the
molecular radius of a compound in solution can be calculated. Relating the results from
a DOSY through the Einstefatokes equation gives a molecular radius of the molecule
in solution(Figure2.14).11’ This equationmakes the assumption that the molecule in
guestion is spherical. Since bath and40b are not spherical molecules, the values
generated are used to determine the relative $ieither molecule.

’?’Q)"Y
6“ ] ‘YO

O=

Figure 2.14: EinsteinStokes equation. T =temperature (k)= Bol t zmannds const :
€ = solvent viscosity, D = diffusion constant, Rsolute radius.

The DOSY experimenievealedself-diffusion constarstof 3.648 x 16° m?s'! for
40 and 0.746 x 10 m?s'! for 40b from the isopropyl groups at phosphorous as they
gave the strongest signals. All other chemibétscame under the same sdiffusion
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congant,but their signals were diminished in comparidgelating these values to the
radius of themolecularvia the EinsteirStokes equation gives adius of 40 at
approximately 0.117 nm and 0.574 nm fodOb (as a reference, 9,10
diphenylanthracene, a & flat hydrocarbongives aradiusof 0.436 nm). This data
suggests that in soluticf0b is considerably larger tha4D presumably sincdOb is

dimeric in solution and0is monomeric.

2.6.4 Crystallographic Dat&rom Cationic Zinc Alkoxide Complexes

Crystals of compound1l ([2,5-(PippN=PPh)2C4sH.0ZnOMe]B(CeFs)4]) grew in

a triclinic crystal systemin the Pp space groupwith the lattice comprising of 2
molecules (Z=2  Z § This dateestablished connectivithe Zni OR fragment and
the bisphosphinimineNEN-pincer ligand. In the asymmetric unit, there is one
weakly-coordinating anion, as well asdssordereddichloromethaneCavities in the
centre of the a axis were responsible for the presencenathex solventof
crystallizationwhich was dealt wittusingthe squeeze subroutin®ther sources of

disorder includedavavingof the fluorinated rings of the borate anion.

Notable elongation of the phosphinimif&N bonds, compared to previously
discussedompounds, wsobserved. PiIN1, 1.600(2) Aand P2N2, 1.602(2) A were
statistically indistinguishabl@he Ne=ni Cayi bondlengtrs (N1i C38 1.448(3) A,and
N2i C17: 1.445(3) A)were both similar to the protonated phosphinimirenNCaryi
bond length o5 (1.430(2) A) In the cationic zinc complexes reporteyg theHayes
group thephosphiniminePi N bondlengthsrangebetweenl.586 A and1.611 A, the
Np=ni Cary betweenl.437-1.473 A, and the Meni Zn from 1.972 A to 2.367A (XIVa-
eandXVIl ).7%9397. 1007]| of the bond lengths @flare within the rangesf the cationic

zinc complexeseported by the Hayes group.
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Figure 2.15: Displacementllipsoid plot of protonated bisphosphinimitg depicted at 50%

probability Asymmetri c unit g(roZip‘):P_:, R1 % 5.12%.Solventnmolaules Sp ac e
removed for clarity.

The 6growd function in Olex2 allowed vi
two [2,5(PippN=PPh).CsH0ZnOMe]B(CeFs)s] asymmetric units interact
(Figure 2.16). The zinc atom has a bonaith the one of the phosphinimines
(N1i Zn1: 2.025(2)R), a bond with a phosphinimine of the nearby asymmetric unit
(N2 Zn1: 2.029(3)%), and the methoxide grosipO2i Zn1: 1.976(2A and O% Zn1:
1.979(2)A)). The bridgingmetloxides, visualized with two asymmetric unjtgive a
4-membered ring with angles ©2Zn1i O2 = 82.78(7)° and Zri102i Zn1 = 97.22(8)°.
The zinc centre retains a psettdtrahedral geometrnyith shatened anglesvith the
bridging metioxide groups ©@2i Znl1i 02: 82.78(7)) and between the two ligands
(N1i Zn1i N2': 103.92(8)° Whether this dimeristructure existsn solution for the
methyl zinc complexes3g-40) is not fully understogdbut the DOSY o#0 and40b

suggest that the alkoxide complexes are larger than the methyl comiplesodstion
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and thesolid-statestructure o#t1 provides further evidence that the alkoxide complexes

arein factdimeric.

Figure 2.16: Displacementllipsoid plot of protonated bisphosphinimifgdepicted at 50%
probability. Asymmetric unit grown to include compleatelecule Anions and solverntolecules
removed for clarity.

Table 2.6: Selected bond lengths and angresompound41.

Atoms Length (A) Atoms Angle (°)

P1iN1 1.600(2) 02iZn1i02 82.78(7)

P2i N2 1.602(2) zZnliO2iznli 97.22(8)

N1i C38 1.448(3) N1iZnliN2  103.92(8)
N2i C17 1.445(3) N1izZnliO2 118.49(8)
N1i Znl 2.025(2) NI1iZn1liO2' 117.73(8)
N2i Zn1' 2.029(3) N2iznli02 117.57(8)
O2iznl  1.976(2) N2izZnliO2 116.36(8)
027Znl 1.979(2)
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Fragile white crystals of comple33b were grown from a concentrated DCM

solution stored at30 °Cfor 48 h.Crystals of compound3b grew in a triclinic crystal

system in the Pp space groupwith the lattice comprising of 2molecules
(Zz=2 Z ). The striicture solution contained rotatbwlisorder of the isopropyl
groups and positional disorder of thasépropylphenyl group off N1 and contained
cavities that were larger than those foundtinwhere several DCM molecules were
removed with the squeeze subroutie.low-quality connectiviy structure was
obtained Figure2.17 andFigure 2.18) and found to be isostructural 44, providing

further evidence that the alkoxides dmmeric.

Figure 2.17: Displacementllipsoid plot of protonated bisphosphinimi@&b depicted at 20%
probability, ~Asymmetri c unBgace@@up®= 1) is shown
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Figure 2.18 Thermal ellipsoid plot of protonated bisphosphinim@8 depicted at 20% probability.
Asymmetric unit grown to include completeolecule Anions and®i Phgroups removed for clarity.

2.6.5 Polymerizatiorof JCaprolactone with Cationic Zinc Complexes

To ascertainthe impact thatthe central donor(E), the aromatic group othe
phosphiniminenitrogen(Ar), andthe organic grop on phosphoroud) have on ROP
catalysis,an ROPstudywas conductedUnfortunately, when complexe¥?-40 and
32b-40b were tested as initiators for lactide polymerization at’C0in deuterated
bromobenzengCsDsBr), no reaction was observexver a 24 h periadHowever,
activity was observeahen testeavith Ucaprolactonén CeDsBrat7 0 . Eh€activity
of the catalysts was monitorederan 11 hperiodvia the depletion of the monomer
signalobserved in théH NMR spectraati 63 (ov ¢, 3Jun = 6.1 Hz, 2H Uproton3
and growth of the methylermlymerresonanceiCOOCH:i ) atli B (t, 8hn=6.1
Hz, 2H) These resonancese most appropriate for reaction monitoring as they are
baselineresolved from all other monomer, polymegtalyst and residual solvent
signak. To confirm that the polymerization offcaprolactone wasatalysedby the
cationiczinc complexs, control experiments witl}caprolactongseveraligands and

protonated ligands wettestedunder the same conditian§hese control experiments
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showed no ROBf Ucaprolactonavith only <5% of the monomer being consunied

all experiments

The seconabrder reaction gives a rate is givenlby [catalyst][monomer]. Since
the concentration of the catalyst remains relatigenstant throughout the reactiand
is much larger relative to the monome#re pseudo firsorder reaction rate is used,
given bykd kfeatalyst]. There is a induction period occurs in the first 1.5 h reaction

(or initial 10-20% of monomer consumed)

2.6.5.1 Polymerization Activity for Complexe83, 36, 40, 33b, 36b, and 40b

(Ar = Pipp, E = Qor S,R = Ph,andE =Sg R ='Pr)

The compexesthat contained the Pipp aromatic gro@, 36, 40, 33b, 36b, and
40bwerethe first to baestedor initiating polymerization of}caprolactongthe results
are shown inFigure 2.19. The cationic zinc methyl complexespth 33 and 36
(Ar = Pipp, R = PhE = O andS, respectively)were exceptionally sluggisit ko (10
%) = 0.0658 § and 0.118'$, but40 (Ar = Pipp, R =Pr, E = Se)mediated ROP at a
greatly accelerated rat&d((10%) = 1.17 $1). A similar trendwas observed for the
cationic zinc phenoxy complexes(33b, 36b, and 40b) wheran the rate of ROP
increased as E wefiom Oto S, and to Sek(10'%) = 0.0118 &', 0.137 &', 0.469 &
but were slower compared to their methyl counterpéirtss hypothesized that the
formation ofa dimeiic structurein the pheroxide complexe83b, 36b, and40b, as
proposed by DOSY experiments anda§ crystallography o83b and40b, restricted
accessibility to the zinc metal centta comparson the zinc methyl complexesre
thought to remain as a monomaet least in solutionand thereforecontain amore

accessibleginc metal centre
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Figure 2.19: Plot of In[nonome} versus ime(s)for polymerization of3caprolactone at 78C over an

11 h periodCationic zinc methyl complexe&3, 36, and40 aredepicted on théop graphand cationic

zinc phenoide complexes33b, 36b, and40b on thebottomgraph k6(10'4) = 0.0658 & (33), 0.118 &
(36), 1.175'1 (40), 0.0118s'* (33h), 0.137s (36h), 0.469 &' (40b).

2.6.5.2 Polymerization Activity for Complexe82, 35, 38, 32b, 35b, and 38b

(Ar = Dipp, E=0, SorSe, R =Ph)

The complexes that contained the Dipp aromatic groups and phenyl groups on
phosphorous32, 35, 38, 32b, 35b, and38b were tested fotheir ability to initiate

polymerization ol3caprolactongthe result®f whichare shown irFigure2.20.
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Figure 2.20: Plot of In[A] versus t for polymerization d¥caprolactone at 76C over an 11 h period.
Cationic zinc methyl complexe&2, 35, and38 are depicted on thep graphand cationic zinc
phenoxde complexes32b, 35b, and38b onthebottomgraph k6(104) = 1.63 &' (32), 3.00s* (35),
2.10 ¢! (38), 8.33 6! (32h), 5.02 &* (35h), 5.27s'1 (38b).

The cationic zinc methyl complexes did not display any trend in relation to the
central donor, E, as the swiftest ROP occurred udtko (104) = 3.00 &) where
E = S. The ROP using the cationic zinc phenoxide complexes as catalysts were notably
fast in comparison, with the rate of reaction increasing from Se to S to O

(k6(10'4) = 5.27 &', 5.02 &1, 8.33 §! (38b, 35b, 32b, respectively)).
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2.6.5.3 Polymerization Activiy for Complexes34, 37, 39, 34b, 37b, and 39b

(Ar = Dipp, E = O, Spr Se, R =Pr)

To compare the influence of the group on phosphorous, while keeping the aryl
group consistent34, 37, 39, 34b, 37b, and39b were alsotested fortheir ability to

initiate polymerization ofJcaprolactongFigure2.21).
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Figure 2.21: Plot of In[A] versus t for pgimerization ofJcaprolactone at 7¢C over an 11 h period.
Cationic zinc methyl complexe®, 37, and39 are depicted on the top graph and cationic zinc phenoxy
complexes34b, 37b, and39b on the bottom graptkd(104) = 27.351 (34), 6.36s 1 (37), 10.25 1 (39),

02485 (34b), 0.4195* (37h), 6.565* (39h).
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The cationic zinc methyl complexes catalysed ROP remarkably quickly, with the
swiftest reaction rate for the investigated complexescurring for 34
(k6(10% = 27.3 &', 30 minto completion)where E = O. The ROP using the cationic
zinc phenoxy complexes as catalysts were mostly sluggish, except when BSb Se,

(k6(104) = 6.56 &', 1.7 hto completion)

2.6.5.4 Comparison of Polymerization Activity Data

All the rates, compound distribahs, and features of the catalysts tested are

displayed inTable2.7.

Table 2.7: Tabulated results of compounds tested for ROBazprolactone at 7€C over 11 h.

Aromatic Phosoh Central Acti 1%t order rate
Compound  group PROTOUS — yonor c'tlvator Converted constant, kb

(A group (R) (E) Ligand monomer % (s9) (109

33 Pipp Ph @) Me 23.0 0.0658
36 Pipp Ph S Me 37.0 0.118
40 Pipp iPr Se Me 98.3 1.17
33b Pipp Ph o OPh 5.9 0.0118
36b Pipp Ph S OPh 41.3 0.137
40b Pipp iPr Se OPh 82.7 0.469
32 Dipp Ph o) Me 98.1 1.63
35 Dipp Ph S Me 98.0 2.10
38 Dipp Ph Se Me 98.2 3.00
34 Dipp iPr @) Me 98.9 27.3
37 Dipp iPr S Me 97.1 6.36
39 Dipp iPr Se Me 98.1 10.2
32b Dipp Ph (@) OPh 99.0 8.33
35b Dipp Ph S OPh 98.0 5.02
38b Dipp Ph Se OPh 98.9 5.27
34b Dipp iPr o) OPh 84.3 0.248
37b Dipp iPr S OPh 79.1 0.419
39b Dipp iPr Se OPh 98.1 6.56
ZnMe: = = = - 33.9 0.105
MeZnOPh - - - - 98.8 28.9
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As a change between chalcogen donors of a pincer ligand has not been thoroughly
investigated in the literature, it was anticipated that a reliable and predictable trend
would be observebetween these elemenltiswas theorized thatlzetter understanding
of the interation betweerthe metal centre and the central doRtrE (E = O, S, Se)
would be established by studying different chalcogen dondesing a better
understanding of the ME interactionwould help withthe design of théganditself, as
a meal centre that is bondedoretightly to the ligand is going to deetterinfluenced
by its steric bulk, providingraopportunity to develop more refined catalytic sité
bond would also provide more electron density to the zinc centre, making it less
electropositive, which would further influence its interaction with monomers.
Unfortunately,X-ray quality material was not obtaineshd thus, the extent of iINE
interaction in the solid state was not establisthedeitherthe *H nor 3'P{*H} NMR
spectraof the new zinc complexesvere obvious correlations between phosphorous
chemical shift and interaction between the central donor, E, and zinc, observed.
Unfortunately, the polymerization data did not reveal a discernible trend, despite the
initial assumptn that the rate of polymerization would be proportional to the size

and/or electronegativity of the chalcogen donor.

All of the complexeswhereAr = Pipp, catalysedhe ROP ofUcaprolactone much
slower than thenalogousomplexesvhere Ar =Dipp. The consistently fast reaction
rates came from thezni OPh complexes were R = Phexcept for 39b
(k6(10% = 6.56 &', R ='Pr, E = Se)Thefastest Zni OPh containingatalystwas32b
(k6(10'%) =8.33 &', E = O). Alkoxide ligands are known to be mordegttive initiating
groups than alkyl ligands when this mechanism is aétfshere aryloxides are less

effective than other alkoxidg$.119 120
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Generally,the zinc methyl species were moeetive when R 2Pr. The superior
activity of catalysts with isopropyl substituerds phosphorouss likely because of
greater donation to the electron deficient zinc centre compared to the more electron
withdrawing phenyl group Generally, the zinc phenoxide species were found to be
moreactive when R = Ph, in contrast to the zinc methyl complexes. This might be due
to the dimeric structure of the ZBPh containing complexdseing more stabilized
with the more electron donatirggoup on phosphorous, hindering access to the metal
centre. While the more electron withdrawing phenyl group destabilizes the dimeric
arrangement to a certain degree in solution making the zinc centre more available for
catalysis.The superior activity du¢o theelectron donabn from the isopropyl groups
was observed witthe methyl complexesndis consistent with literatut&® ascatalyst
34 wasthe most active(kd (104) = 27.3 &', E = O), proceeihg to 95% completion
within onehour. The most active sel@phenebasedcontaining catalyst 39 and39b

(k6(10% = 10.2 &, and 6.56'3) where R 2Pr,werecomparable.

Bochmann and cworkers generated cationic complexes with small organozinc
complexes, ZnMgand Zn(SiMe)2, which polymerized cyclohexane oxide (CHO)
within 1 h at 0°C to yield high MW polymers, although their PDI was considerably
large (>2.0)%:?! To confirm that theancillary ligand had some influence ovéne
catalysts ability to initiat®OP,control experiments usirdnMe> and MeZnOPlwere
conductedFigure2.22). ZnMe; exhibiteda simila sluggishreactionrate (ko (10 %) =
0.105 §Y) to several of the Pippontainingcomplexegested(33, 36, 33b, and36h).
Surprisingly,the MeZnOPhwas incredibly swift, giving the fastegseuddirst-order
rateconstanbbservedko(10 4) = 28.9 ') with 98% mnsumption of monomewithin
30 min In comparison, the magnesium compy¥ ([L3Mg"Bu][A]) which bears an

"Bu ligand, was able to catalyse ROPUhfaprolactone withidt min and at ambient
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temperaturén the same catalyst loadinghe presencef the"Bu group in the resulting
polymer provided evidence that a coordinatiosertion mechanism was operative (see

A, Schemel.2).

ROP of Compounds ZnMe, and MeZnOPh
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Figure 2.22: Plot of In[A] versus t for polymerization d¥caprolactone at 78C over an 11 h period
with ZnMe; and MeZnOPlas catalystk' (10'4) = 0.105s* (ZnMe;), 28.95'* (MeZnOPh)

Clearly thke furan, thiophene and selenophedgased bisphosphinimine
NEN-pincer ligandgyreatly increased theaction rate of ROWhen usinga cationic
zinc methyl centrebut substantially hindered those of tbetionic zinc phenoide

containing compounddikely due to dimer formation

The magnesium complexV participates in a coordinatieinsertion mechanism
due to the presence of tPu in the isolated polymer generafé@ince theiterature
suggests that alkyl groups are poor initiatérs?° the Zri OPh complexes were
theorizedto bemore activethan the ZinMe complexesBut, with the ancillaryligand
systeminvestigated heir, the zinc methyl centregives catalysts that are more active.
Analogues complexedearing dbfbased bisphosphinimindlON-pincer ligands
([L3ZnMe][A], XIVb)®* were inert to initiating ROP of lactideThe activity of

complexes32-40 and32b-40b could berelated to the accessibility of the cationic zinc
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metal centre and is independentthe substituent on zinc batechanism cannot be

confirmed without polymer end group analysis.

2.7 ConcludingStatemenand Future Workvith Zinc Complexes

A new neutral bisphosphinimineNEN-pincer ligand 2,5(ArN=PR:)CsH:E,
E = 038, E = S11-14, and E = Sd.7-18) serieshas been developed. Thesaique
ligands feature two phosphinimifienctionalitieswhich have been utilized to generate

stable cationic zinmethyland phenoixie complexes.

As the solid-state structures of the cationic zinc complexes bearingldtsied
bisphosphinimindNON-pincerligands is varied, some showing bonds betweeit¥n
and some nothe interaction likely differs in solution asdlid-statedata is insufficient
to ascertain the 41t relationship Therewasno observabldrend between the central
ligand donors @gxygen, sifur, selenium and the degree if interaction with the metal
centre in the complexes studied within this theBereforeno concrete statement can
be made about the exact influence the central donoom&OP. Differences were
observed in the pseudadtorder rate constant in the ROPlédaprolactone when the
central donor was changed so thé Einteraction is clearly importatd some degree
As previously reported, a more electron donating ancillary ligand increases catalytic
activity.*?*1?4 This is also the case withdtinvestigatedigand system as even small
change in electron donating effec&ich aschanging R =Pr to R = Phon the
phosphorusatoms caused an increase in activity for the zimethylcomplexesand a

decrease for the phende complexes

Succinct suggestionfor future work include theuse of cationic zinc methyl

complexesbearing neutral bisphosphinimid¢EN-pincer ligandswhere E = O and
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R = 'Pr, which produced the most active catalymtd explore changes in the Ar
substituentFurtherchange®f the Ar group include diffemtsteric bulk (such as Mes,

Bn, ortert-butyl containingaryl groups) Also exploring the electron richness at the
metal centre versus ROP activity by uselgctron withdrawing or electron donating

aryl groups, with substituentsuch asCFs, tert-butyl, or NMe2. Work with ROP
reactions with other sslrates to determinehich onebest fits thissystem;cyclic
etherscyclohexene oxide (CHO) and propylene oxide (Bf2)common investigative
alternatives Thiswould be valuabléecause catalysthat were shown isectionl.4,

often catalysed one substrate more efficiently than others, so there could be another

substrate that the system explored in Pertriore active towards.

Finally, the factthatsmall organainc compounds, as simple as the zinc alkoxide
starting materiglMeZnOPh wasextraordinarilyactiveat ROP i9f interest especially
since it is simplistic to generatnd here is alack of literature ont and similar
compunds.Generation of cationic systern$ MeZnOPh and related analoguekin
to Bochmanret al?! could be used to determine if a catiorinc system lacking an
ancillary ligand is more or less active and whdtuence that has on th@lymer
producedComparing all these results to the PDI and MW would demonstrate whether

this system has any control over the physical characteristics of the polymer.

For any student reading this, if this project is adopted iruttued, adhere to a single
solvent systenfor NMR investigations, ideally pyridinds, asthis produced more
defined resonancethan other NMR solventsand adhere to a singleeakly
coordinating anion to aid with writing up awmtiaracterizations of these compounds.

This ligand system is fantastic at demonstrating all the techniques required to be a
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synthetic chemist and would greatly benefit any student looking at joining the Hayes

group.

2.8 CationicCalciumComplexesSupported bNEN-Pincer Ligands (E = O, S)

As the magnesium complexV ([LsMg"Bu][A]) was one of the more active ROP
catalystsupported byhe Hayes groumnalogous cationic magnesiwomplexes with
theneutral bisphosphinimineEN-pincer ligand (2,5(ArN=PR>)CsH2E, E = O,S, or
S8 were soughtto ascertain the differences a metal centre can have on ROP.
Exploratory reactionswhereMg("Bu). was addedo a bromobenzene solution of a
protonated ligand FZArN(H)=PR:)-5-(ArN=PR>)CsH2E][A] (20-30), afforded a
mixture of inseparable product€alcium wasthen deemeda suitablereplacement
Calcium is considered aalkaline earth metal, differing to the chemical similarities of
zinc and magnesiuit® The larger ionic radii of calcium atoms may also be more
appropriate with th&lEN-pincerancillary ligand in qustion andmitigatethe shuttling
of the metal centre between phosphinimine growgsch may interfere with

polymerization and make the properties of the ancillary ligand more canstant

The initial challenge wado determinethe appropriate calcium containing
compoundto be used astarting materialldeally the starting materiaan undergo
alkane elimination, akin to the production 82-40. Analogous alkyl alcium
complexes ofzinc (CaMe or CaEs) are not readily availabl nor are they well
described in the literatufé® ?’and sg altematives were sought. The use oélcium
amideswas consideredas amine eliminationmight occur upon reaction witha
protonated ligandlhe readily available and affordable ambig(trimethylsilyl)amine
or hexamethyldisilazane, abbreviated as HWMBSs theamine and HMDS as the
amide wascommerciallyavailable along withthe lithium andpotassiumamidesalt.
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Addition of 2 equivalents ofK][HMDS]ATHF or [K][HMDS] A&t.O to a toluene
solution ofcalcium diiodideafforded he calcium startingnaterial, Ca(HMDSYATHF

or Ca(HMDSYEtO (yield = 69.9%), as white powdeiThe H NMR spectra were
consistent with literature and contained one equivaletiteoforresponding ethaoim
theamide salused?® 2°Both calcium starting materighydrolyse in the presence of
water, andaccordingly, were stordd an argorfilled glove box. For added precautions,

they were als&ept ati 30 °C.

The reactionto generatdhe cationic calcium complexes involved ttepwise
addition of Ca(HMDSYATHF or Ca(HMDS)&t%O in bromobenzene toa
bromobenzene solution of21 ([2-(PippN(H)=PPh)-5-(PippN=PPh)CsH-0]
[B(CsFs)4]) or 25 ([2-(PippN(H)=PPh)-5-(PippN=PPh)C4H>S][B(CsFs)4]) at ambient
temperatureNo discernible change was observEde reactiomixturewas left to stir
for 2 h beforethe volatiles were removeth vacuofollowed by heptane riturations
which gave the products of double ligand substitytif(2,5(PippN=PPh).C-
4H20)Ca][B(CsFs)4]2 (42, 80.1%) and [@,5(PippN=PPh)2CsH2S)Ca][B(CsFs)4]2
(43, 75.9%)Scheme.11). Elimination of both amide ligandsom the calcium starting
material occurredThe excess calcium starting material was removed with triturations.
Double ligand substitution was apparémthe *H NMR spectra o#2 and43 which
only containedesonances attributedtioe ancillary ligandAny further addition othe
neutral ligand, protonated ligand, or calciustarting material or dtering the
stoichiometry of the reagents had no effectr@reaction outcomi® complexegl2 or
43. Much like all other cationic complexgenerated in Part | of this thesizoth42
and43 would degrade when exposed to water or air, and so were kept under an inert

atmosphere where they were stable indefinitely.
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Scheme2.11: Synthesis of dicationicalciumcomplexest2 and43.

Crystals of ompound42 were grown from a concentrated DCM solution stored at
130 °Cfor 48 h Crystals of compound2 grew in a monoclinic crystal systeimthe
P2/n space group with the lattice comprising ahdleculs (Z=4  Z § As=each
molecule containetivo ancillaryligandsand twoweakly-coordinatinganions(Figure
2.23), the cell volumewas notably large at 13,359.8 compared tathe dimer41
([2,5-(PippN=PPh)-C4sH.0ZnOMe][B(CsFs)4]) (3,599.87 A and the phosphined

(2,5(PPh)2C4H2S) (1,148.66 A.

Figure 2.23: Displacementllipsoid plot of calcium dicatiod2 depicted at 50% probability.
Asymmet r i c isushown. Spacé group = #2)R, = 3.65%.

The formally dicationic calcium centre is supported by two neutral ancillary
ligands The calciumatomis 6-coordinate andhasa distorted octahedral geometag

several angles are smaller than the idedli@Mctahedral geometries (67-69.66)
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and some are close to, or notably larger thaf,(98.0897.94 and 105.09111.93°)
(Figure 2.24). All bonds with Cal rangebetveen2.3951) A and2.4921) A andall
phosphiniminesetain phosphinimine characteith similar Pi N bond lengthg1.592
1.597 A, Table 2.8). A reported cationic calcium complex((2-methyt4-'‘Bu-
trispyrazolylborate)Ca(BE(THF)) has Ca N bond lengths rangingetween2.5046
2.5335 A0 Complex42 hasCai N bond lengths more similar tocalcium complex
bearing a neutraNNN-pincer ligand (Ca(bis(oxazolinylphnyl)amine)(N(SiNMp)
(THF)). Where Ca' N bond lengths rarggfrom 2.3979A to 2.4530 A'3! The
NEN-pincer ligands more strictly acting as a pincer ligam#42 as the ligands are in

closer proximity to the calcium centre than a trispyrazolylborate ligand vibeuld

Figure 2.24: Displacementllipsoid plot ofcalcium dicatiord2 depicted at 50% probabilityAnions
and phenyl groups on phosphoraamoved for clarity.
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Table 2.8: Selected bontengths(A) and angle$°) of compound42.

Atoms Length (A) Atoms Angle (°) Atoms Angle (°)
P1iN1 1.596(1) OIliCaliNl 67.71(4) N2iCaliN3 92.08(4)
P2i N2 1.595(1) O1iCaliN2 69.66(4) N2iCaliN4 95.61(4)
P3iN3 1.592(1) OliCaliN3 111.93(4) OliCaliO2 178.72(4)
P4i P4 1.597(1) OliCaliN4 111.22(4) N3iCaliN4 136.15(4)
Calio1l 2.492(1) O2iCaliNl 111.10(4) NliCaliN2 137.34(4)
Cali02 2.457(1) O2iCaliN2 111.54(4)
CaliN1 2.482(1) O2iCaliN3 67.77(4)
CaliN2 2.395(1) O2iCaliN4 69.26(4)
Cali N3 2.477(1) NIiCaliN3 105.09(4)
CaliN4 2.425(1) NIiCaliN4 97.94(4)

When attempting to crystalizZ&8 by storing a concentrated solutiontb& complex
in DCM ati30 °Cfor 48 h, asmall numberof crystals formedThe identity of the

crystals was established to B,5-(PippN=PPh)2CsH2S),CaNSiMe]2[B(CsFs)4]2

(43b Scheme2.12).
Pipp Pipp
A® .
Ph,P=N—__ ¥ _-N=PPh, ¢
Pipp‘ﬁ’H n-FiPP A Messi, 73|, -~ A
2 Il Il + 2Ca(HMDS),;THF ———— > s o A s i
thP S - H 4 :\ 'SiMes - A

—(N(SiMe;),),

~
-
)
o
=2
N

Ph2P=lil/ ® \ril=PPh2

25 Pipp Pipp

43b

Scheme2.12: Synthesis of dicationicalciumcomplex43b as a minor product t43.

Crystals of compound3b grew in a triclinic crystal system in theBpace group
with the | attice compri si hhgPiMbonddengthe® | e c ul
(1.601(2)A and 1.598(2)A) are slightly elongated compared tttose in42. The
calcium metalcentre conforms to a pseutkirahedral geometry as one angle,
N3i Cali N3, is less than 109°581.56(6)), the rest are larger than 109513.06

117.22) (Table2.9).
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Br1

Figure 2.25: Displacemenellipsoid plot of the asymmetric unit of cationic calcium compl8k

depicted at 50% probabilityspacegroup = P . Ry = 4.66%.

The oO6growé function in Olex2 allowed
(Figure 2.26). The atom N3 remains planar, with surrounding bond angles adding to
359.95 anda flat plane can be generated using Cal, N3, Si1, 8d]1and Siatoms
The crystallographic data collected fé8b was of high quality and the depicted

structure solution is of good fit, with an Ractor of 4.66%.

78



Figure 2.26: Displacemenellipsoid plot ofcationic calcium compleA3b depicted at 50% probability
Asymmetric unit grown to include completeolecule Anions and solvent removed for clarity.

Table 2.9: Selected bond lengthd) and angles®j of compound3b.

Atoms  Length (A) Atoms Angle (°)

P1rN1 1.601(2) N3iCaliN3' 81.56(6)

P2i N2 1.598(2) N1iCaliN3  114.29(6)
CaliN1 2.406(2) N1iCaliN3' 117.22(6)
CaliNZ  2.415(2) NIiCaliNd 117.22(6)
CaliN3 2.237(2) N2iCaliN3' 113.06(6)
CaliN3  2.264(2) N2iCaliN3 115.22(6)
N3i Sil 1.632(2) CaliN3iCal 98.35(6)
CaliN3iSil  140.04(9)
CaliN3iSil 121.56(8)

Addition of 20 to Ca(HMDSYATHF in deuteratedoromobenzeneat ambient
temperature gave [(2,5(DippN=PPh).CsH-0).CaNSiMe][B(CeFs)s]2 (44) as

indicated by*H, 13C{*H}, and 3P{'H} spectroscopyScheme2.13). One resonance in
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the3P{*H} NMR spectrum was identified &ti 24.6.In the'H NMR spectrum, a single
chemical environment pertaining tdSaMes group atu 1 0.01was notedlntegratons
of the resonances in thid NMR spectrunindicated that the signal ati 0.01 integrated
for 9H. This suggestthatai SiMes group was retained@nd therefore it is postulated

that44is isostructural t@3b.

o Dipp Dipp
A = ® =
Ph,P=N—__ ¥ _—-N=PPh, o
Plpp\ﬁ,H .Pipp A Messiy ;% H Sl
2 i N + 2Ca(HMDS),»THF ———— > o N N O
Ph,P~ON\_-PPh ; < H™\ & siMe; YV ©
2 \@/ 2 —(N(SIMe3)2)2 /Ca\ 3 A
Ph,P=N ® N=PPh,
20 , !
Dipp Dipp

44
Scheme2.13: Synthesis oflicationiccalciumcomplex44.
Calcium is undoubtably catiar) but as there is only two weakdpordinating
anions,and sawo anionic charges must be accountedridhe dimerA theory is that
the i NSiMez groupis in factai N(H)SiMes group although, he proton could not be

found from residual densitie& possible mechanism 4 is depicted $cheme2.14).

?iMe3
. . - Clo
Me;Si, SiMe; Me3Si—IN—Ca-l;l—H
:,N-Ca-N\: Me,Si SiMe;
Me;Si SiMe,
Di @/H Di . «
PP~ D “N-DiPP Dlpp\N-. ~.Dipp
- M - o U

Ph,P. PPh Ph,P. PPh
2 \@/ 2 2 \@/ 2

l —(N(SiMe3),),

Dipp Dipp ?iMe3
Ph,P=N—_ ® __N=FRPh, L NCS
. a . .
A MesSi, /\ _H ~ Dipp. . \ .Dipp
05 [0 -~ 0] —m N N
v/ _SiMe, Dimerization Ph,P~_ O~ _PPh,
Ph,P=N—" @ —~N=PPh, \<\_/7/
Dipp Dipp

Scheme2.14: Possible mechanism for the generatiod#from 20. Anions removed for clarity.
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2.8.1 Concluding Statement and Future Work witalcium Complexes

Continuing this work would involve further manipulation of the aromatic group
Ar, in attempts taeliably reproduce similar compounds 48b and 44, with grougs
such as Mes, Bn, ¢ert-butyl containing aryl substituenaghich may proma or hinder
formation to complexes liké2 and43. Also exploring the electron richness at the metal
centre by using electron withdrawing or electron donating aryl groups, with substituents
such as C§; tert-butyl, or NMe to see if that affects the reamti outcomeAlternative
amidesbearing different alkyl groupsay preventdimer formation. If a monomer is
generated with aaccessiblemide group, ROP of cyclic esters could be undertaken as

amides have been reported to be good initiating gréips.

To avoid the congested structure in compd@x other group 2 elementsuch as
strontium and bariuncould be used in place of calcium as thsillylamide starting
materials Sr(N(SiMe).). and Ba(N(SiMe)2). are known'?® 12°Both strontium and
barium have larger ionic radiompared to calcium which may hindemal formation
with the phosphinimine groups of the same ligand andre reliably generate

complexesakinto 43b and44.
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Chapter 3: Experimentand Supporting Information

3.1 Experimental Considerations

3.1.1 General Equipment

Manipulation of oxygehand moisturésensitive materials and reagentssaarried
outin the absence of air and moisture eithging a double manifold vacuum line and
corresponding techniqué® or in an MBraun Labmaster 130 glove box (argon)ess
otherwise specifiedAll vacuum lines and glove box antechambers were evacuated
using an Edwards RV12 pump. Specialty glassware designed for this work included
swivel frit apparati and thicwalled (5 mm) glass bombs, herein referred to as bombs,
equipped with Konteé® valves.Glass utilized in experimental procedures was stored in
a 115 °C oven for a minimum of 12 h or heated directly via a Bunsen burner whereupon
the glass was assembledtba vacuum line or placed in the antechamber and evacuated

while hot

3.1.2 Solvents

All solventsutilized in air and moisture sensitive reactions weiteer obtained
from an MBraun Solvent Purification System (SHD Chemicals, Inor Millipore
Sigma Non-halogenated solvents (benzene, toluene, pentane, heptane, THF, and
diethyl ether)werefurther degassediried over molecular sieves8( ) before being
transferredto 500 mL bombs chargeavith Na/benzophenondor storager3
Halogenated solvents (chloroform, dichloromethane, and bromobenzesre)
degassedbefore beingdried and storedbver Cakb under static vacuunm 500 mL
bombs Solvents were transfezd to their receiving flask under reduced pressure and

temperaturei(78 °C). Solvents used in synthetic procedures that were impervious to
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air and moisture were acquired fr&iviD Chemicals, Inor Millipore Sigmaand used
without further purification. Deterated solvents used for NMR spectroscopy were
dried and stored oveeither Na/benzopehenonepyridine-ds, benzeneds (CeDs),
tolueneds, THFds) or Cah (chloroformd: (CDCl), dichloromethanel, (CD.Cl»),
bromobenzenes (CeDsBr)). These solvents were degassedatideastthree freeze
pumpthaw cycles and distilled under reduced pressure and tempeiiat8réQ) into

a bomband stored under static vacuum, for the -hafogenated solventsolecular

sieves 8 )were also added

3.1.3 Chemical Materials

The reagent$'BuLi (1.6 M in hexanes)BuLi (1.7 M in hexanes), MeLi (1.6 M in
diethyl ether), chlorodiphenylphosphine, chlorodiisopropylphosphine, furan,
thiophene2,5-dibromothiophes, and2,5-dibromaselenophenavere purchased from
Sigma Aldrichand [HNMe2Ph][B(CsFs)4] from Alfa Aesarand used without further
purification All deuterated solvents and reagents were purchased from Cambridge
Isotope Laboratorieand driedvide supra The following compounds were pragd
according to modified literature procedur&@ipp-Ns,112 Pipp-N3,8! MesN3,'? Pm

N3, 22,51 Br,CsH2Sg*** and [(E+O)zH][[B(C 6H3(CFs)2)a].**®

3.1.4 NMR Spectroscopy

NMR spectra{H, B{*H}, 3C{*H}, °F{*H}, 2°Si{*H}, 3P{*H}, ""Se{tH}, Hi
'H COSY,Hi ¥*C HSQC, andHi **C HMBC) were acquired on a Bruker Avance I
300 MHz spectrometetil 300.13 MHz'B 96.251 MHz'3C 75.47 MHz °F 282.23
MHz, 2°Si 59.63 MHz3'P 121.49 MHz""Se 57.24 MH}or a Bruker Avancéll HD
700 MHz spectrometertfl 700.13 MHz,'°C 176.048MHz, °F 658.78 MHz 3P

283.42MHz) where statedDOSY NMR experiments were performed on a Bruker
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Avance Ill HD 700 MHz spectrometer equipped with a gradient coetraitid a TXO

probe with automatic tuning and a shieldedgradient. The gradient shape was
sinusoidal, and its length was 1.8 ms. The gradient strength was increased by 16
increments of 6.2% (2985%). The time between the midpoints of these gradients was
99.97 ms. Experiments were performed at 292 K. NMR spectroscopic data is presented
in parts per million (ppm) whertH and*3C{H} shifts are referenced tetramethyl
silanethrough internatH and*3C{'H} resonance(syespectivelyof the corresponding
solvent: CeDs (U 7.16 andu 128.0, tolueneds (U 2.09, 6.98, 7.02, 7.09 and20.4,

125.2, 128.0, 128.9, 137.8)DCk (Ui 7.27 andii 77.36),CD:Cl> (i 5.32andi 53.5),

THF-dg (Ui 1.73, 3.58 andi 25.3, 67.3, pyridine-ds (Ui 7.22, 7.58, 8.74nd U 123.9,

135.9, 150.% and C¢DsBr (i 7.28, 7.00, 6.93, anid 122.3, 126.1, 129.3, 130.9}B

NMR spectra were referenced to externaboron trifluoride diethyl etherate sample
(110). %F NMR spectra were referencedan externalrifluorotoluene sampldii 63.7).

29Si NMR spectra were referenced to axternaltetramethyl silane samplé 0). An

85% HPQ, standard with an internaleDs capillary was used to referené®{ H}

spectra at 0 ppnbData for diamagnetic compounifelude the following information,

when appropriate, aratereported as follows: chemical shift, multiplicity (s = singlet,

d = doublet, t = triplet, q = quartefuin = quintet sext = sextetsp = septethr = broad,

m = multiplet, @ = overlapping, br = brogd coupling constants (Hz), integration,

assignment.

3.1.5 Elemental Analysis

CHNS elemental analyses were performed on an Elementar Americas Vario
MicroCube instrument. In cases when carbon percentages were low, vanadium oxide

was employd as a combustion agent.
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3.1.6 X-ray Crystallography

Crystals grown for Xray diffraction analysis were coated in Paratone oil and placed
on a glass slide. Close visual inspection and selection of the crystals was aided by either
a standard microscope @r polaiizing light microscope. The crystal chosen for
diffraction analysis was placed on a MiTeGen Dual Thickness MicroMount attached to
the goniometer head. The crystal was centred on a Rigaku SuperNova diffractometer
equipped with a 130 Dectris Pilatus 3R 26BKdetector, Oxford CryoStream 800
cooling systent?® and molybdenumM OVA) radiation source (K = 0.71073 ), and
copper NOVA) radiation sources (K= 1.5406 ). Experiments were performed at
100 K to reduceéhermalmotion of the atomsCrysAlisPro softwar&’ wasappliedto
determine unit cell parametenscaSSHELXTL softwaré®® 1*°usingOlex21.3'°and a
leag squares methodology for refinement with Ff4tland Hooft*? parameters for
absolute configuration determinatiddretp3softwaré*®was usedor visualization of

the structuresolution

3.1.7 Ring-Opering Polymerizations

All NMR -scale polymerization procedures made use of similar methods; .8 |
of a given complexvas weigledinto an NMR tube inside an inert atmosphere glove
box, and the tube was capped withi a rub
caprolactone ( 20 uig)was measuted ungdemanlinert aimdosphere q
into a 20 mL scintillation vial, followed by 0.5 mL ofsBsBr. The 0.18mmol L'?!
solution was measured in arL disposable syringe and the neeidigered through
the septunof the NMR tube. Th&lMR tube was cooled o7 8 C, and then t
o ficaProlactone in €DsBr was injected into theolution freezing on the inside of the

NMR tube,the cap ofvhich was then wrapped in parafilm. Prior to this, all appropriate
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instrumental parameters were set, includi
sample only containing the monomer solution. The tube was quickly warmed to
ambient temperaturenmedately prior to being injected into the NMR probe. The
polymerization reactions were then monitored every 10 min for 11 h maintaining a
constant temperature of 70 C. Conversion
of the most downfield methylene mrsance {COOCH: ) of the polymer {H NMR

(CeDe) : U 331=9%.8 Hz{ 2H) relative to those of the residual monorie¢NMR

(CeDp) : U B 5@1 He, ©2H) as these resonances were most clearly resolved

from all other monomer, polymetsatalyst and residual solvent resonances.

3.2 Synthetic Methods and Characterizations

o Synthesis of (Ph).CsH>O (1) Diethyl ether (=40 mL) was

Ph,P. PPh
2 \@/ 2

transferredn vacuoto a twenecked100 mLroundbottom flask
attached to a swivel frit apparatluranwas injected into the flask (1.25 mL, 17.2
mmol, 0.936 g/mL), undepositive argonpressureresulting in a transparent and
colourless solution. The flask was cooled @2 °C (liquid nitrogen/acetone mixture),
after which'BuLi (22.2 mL, 0.0378 mol, 1.7 M) was slowly injected into the flask over
the course of ~50 min. The now transparent yellow solution was then left in the cold
bath toslowly warm to ambient temperature sloviflowed by3 hof constant stirring.
Afterwards gpale-yellow precipitate was observed, and the flask was once again cooled
to 794 °C.CIli PPh (6.48 mL,0.0361 mol, 1.23 g/mL) was then injected into the flask
over the course of 20 min. The now yell@nange solution was then left to warm up
slowly to ambient tempetare while remaining in the cold bath under an argon
atmosphere with constant stirrirfgh after the injection of the phosphine, the solution

turned orangdrown,and a thick precipitate formed. The reaction was left for 16 h at
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ambienttemperature undexr flow ofargon. Volatiles were removéa vacuoaffording

a brown waxy solid. Toluene (~40 mL) was thastilled into the flask, resulting in a
brown opaque solution. The opaque solution was filtered thrawghsdrit, resulting

in a transparent browsolution, and an oftvhite solid wascollected orthe frit. The
solvent was removeth vacuq resulting in a brown waxy solid. The product was
crystallized from toluene aB0 °C as lightorown platesndthe mother liquoremoved

by filtration to yield the desired product. Yield: 5.55 g, 73.9%. NMR (300 MHz,
CeDs) : 7.40 (m, 8H,ortho-Ph), 7.066.95 (br ov m, 12Hmetdpara-Ph), 6.59 (dd,
33up = 4.8 Hz,Jwp = 2.1 Hz, 2H, GH20). BC{H} NMR (75 MHz, CsD¢) : & 158. 6
LJcp = 25.6 Hz, G/Cs-furan), 1368 (d, 2Jcp = 6.7 Hz,ortho-Ph), 133.8 (dXJcp= 19.8
Hz, ipso-Ph), 1289 (s, paraPh), 1287 (d, “Jue = 4.6 Hz, metaPh), 123.0 (dd,
2Jcp =28.1 Hz,3Jcp = 6.7 Hz, G/Cs-furan).3P{H} NMR (122 MHz, GDe) : 12417

(s). Anal. Calcd for ggH220P.: C 77.06; H 5.08. Found: C 77.09; H 5.32.

Synthesis of (IPr),CsH.O (2) Diethyl ether (~40 mL) was

i (o) i
'Pr,P P'Pr,
W

transferredn vacuoto a twenecked100 mLroundbottom flask
attached to a swivel frit apparatusuran was injected into the flask (0.53 mL,
7.34 mmol, 0.936 g/mL), under positive argmessureresulting in a transparent and
colourless solution. The flask was cooled @2 °C (liquid nitrogen/acet@mixture),

after which'BuLi (9.50 mL, 162 mmol, 1.7M) was slowly injected into the flask over
the course of ~50 min. The still clear and colourless solution was then left in the cold
bath toslowly warm to ambient temperatufellowed by 3 h of constantstirring.
Afterwards apaleyellow transparensolutionwas observed, and the flask was once
again cooled t®94 °C.Cli PPr, (2.45 mL, 15.4 mmol, 0.959 g/mL) was then injected
into the flask over the course of 20 min. The solution then lefidaly warm to

ambient temperature while remaining in the cold bath under an argon atmosphere with
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constant stirring. Immediately after the addition the solution turned a darker shade of
yellow. An hour after the injection of the phosphine, the solwiasbrightyellow and

after 3 heventually turned to a bright orange/dour. After 16 h, a deep red opaque
solution with orange precipitate was observed. The ether was removed under vacuum,
resulting in a deep repurple liquid alongwith bright red sall stuck to the sides of

the flask. Toluene was transferred to the flask under reduced pressure, resulting in a
deep red/purple opaque solution. T§@ution was then filtered through glassfrit,
resulting in a transparent deep 4matple solution An orange solid wagollected on

the frit. The solvent was removed under vacuum, resulting in-pugde liquid. The
apparatus was transferred to a glove boxl the liquid was washed with heptane

(4 x 2 mL). The remaining heptane was removed under vacthigyi€lded an opaque
red-purple liquidconfirmed to be the desired produ¥teld: 1.91g, 86.8%.1H NMR

(300 MHz, GDe): i 6 . 6 43346 =t4,3 HZ GH20), 2.13 (sp, 4H3Jun = 7.0 Hz,
CH(CHa)2), 1.05 (ov dd, 24H3J4p = 15.9,33un = 7.0 Hz, CH(®3)2). **C{*H} NMR

(75 MHz, GDe): ' 1 5 8 3Jdp= 904 ldz, “Jcp = 3.3 Hz, Co/Cs-furan), 1236 (dd,

2Jcp = 64.8 Hz3Jcp= 168 Hz, Ca/Cs-furan), 238 (d, 3Jcp = 21.4 Hz,CH(CH3)2), 204

(dd, 3Jcp = 448 Hz, CH(CHa)2). **P{*H} NMR (122 MHz, GDs) : 9.8 (s).Anal.

Calcd for GgH240P>: C 63.98; H 10.07. Found: C 63.41; H 9.79.

Synthesis of (DippN=PBRrCsH-0 (3) Under argori (520 mg,

Dipp< .Di
PP<y N-DiPP

| I
P“ZP\@/PP“Z 1.19 mmol) was added to a twecked50 mL roundbottom

flask. Toluene (~20 mL) was distilled into the flask unitlevacuoandthe flask was

then placed uter an argon atmosphere. Dipp (484 mg, 2.38 mmol) was injected

into the flask under positive argon pressure, resulting in almtatkn solution. The
solution was left for 16 h at ambient temperature under constant stirring, after which no

furtherchange was observed. The solvent was removed under vacuum, yielding a dark
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brown oil, after which the oil was brought into a glove box and triturated with heptane
(4 x 10 mL). The remaining heptane was removed under vacuum. This yielded a light
brown solid Yield: 841 mg, 89.7%H NMR (300 MHz, GDe) U 7 38 212(3d d ,
Hz, 3Jun = 7.0 Hz, 8H,ortho-Ph), 7.28 (m, 4HmetaDipp), 7.156.93 (ov m, 14H,
metdpara-Ph and para-Dipp), 6.62 (s, 2H, (P=NDipphi CsH-0), 3.55 (sp,

3Jun = 6.8 Hz, 4H, DippCH(CHs)2), 1.10 (d,2Jun = 6.8 Hz, 24H, DippCH(CH3)y).
13C{H} NMR (75 MHz, CGsDs) U 8 (d,5-%p.= 92.1 Hz,Co/Cs-furan), 1435 (d,
2Jcp = 17.5 Hzjpso-Dipp), 1431 (s, ortho-Dipp), 1338 (d, 1Jcp = 104.2 Hzjpso-Ph),
132.3 (d,?Jcp = 9.8 Hz,ortho-Ph), B2.5 (s,paraPh), 129.0 (d*Jcr = 2.3 Hz,
metaPh), 1237 (s, metaDipp), 1236 (m, G/Cs-furan), 12.0 (s, para-Dipp), 295

(s, DippCH(CHs)2), 24.3 (s, DippCH(CHzs)2). *P{*H} NMR (122 MHz, GDs)
071225 (s). Anal. Calcd. for £2HseNOP>: C 79.36 H 7.17 N 3.56; found: C 79.31

H7.14 N 3.49.

PipP.,, PP Synthesis of (PippN=PRPhCsH-O (4) In a glove box,1
| I
thp\(\o_p’Pth (612 mg, 1.40 mmol) was added to a tmecked50 mL

roundbottom flask containing toluene (~20 mBipp-Ns (452 mg, 2.8 mmol) was
injected into the flask under positive argon pressure, resulting in dodark solution.

The solution was left for 16 h at ambient temperatvitle constant stirring, after which

no further change was observed. The solvent was removed under vacuum, yielding a
dark-brown oil, after which the oil was brought into a glove box and triturated with
heptane (4 x 10 mL). The remaining heptane was removed under vacuum. This yielded
a lightbrown solid Yield: 911 mg, 92.4%H NMR (300 MHz, GDe): Ui 8@ (dd, 8H,

3Jup = 12.7 Hz,3Jun = 7.7 Hz, ortho-Ph), 7.24 (d, 4H,3Jun = 7.7 Hz, metaPipp),
7.07-6.89 (ov m, 16Hmetdpara-Ph, ortho-Pipp), 6.66 (s, 2H, &£120), 278 (sp, 2H,

3Jun = 6.8 Hz, Pipp-CH(CHs)2), 1.22 (d, 12H, 3Jun = 6.8 Hz, Pipp-CH(CHs)2).
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13C{*H} NMR (75 MHz, GD¢): U 105 Jcp = 42.6 Hz, Co/Cs-furan), 149.0 (s,
ipso-Pipp), 1387 (s, para-Pipp), 1329 (d, 2Jcp = 3.9 Hz,ortho-Ph), 1322 (s, metaPh),
131.1 (d,YJcp = 49.9 Hz,ipso-Ph), 129 (s, ortho-Pipp), 1276 (s, para-Ph), 124.3
(s, metaPipp), 123.4 (d, 2Jcp = 9.7 Hz, Ca/Cs-furan), 34.2 (s, Pipp-CH(CHs)2), 25.0
(s, PippCH(CH3)2). 3*P{*H} NMR (122 MHz, GDe): Ui i13.4 (s). Anal. Calcd. for

CagH44N20P2: C 78.61; H 6.31; N 399; found: C ‘B.59;, H6.36, N 3.2.

Synthesis of (MesN=PRPhCsH,O (5) In a glove box,1

Mes Mes
N

I I
P“Z"\@/"""z (129 mg, 0.146 mmol) was added to a twoecked50 mL

roundbottom flask containing toluene (~20 miMes-Nz (102 mg,0.292mmol) was
added to the stirringnixture, yielding a brown solutionUnder constant stirringhé
solution was allowed to react fo8 b at 50 °C producing a reddibinown solutionThe
solvent was removed under vacuyprpducing a reddisbrown oil. The oil was left to
stir in pentane overnight leaving a brown powdére pentane was decanted and all
remaining volatiles were removetdvacuoto yield a lightbrown solid.Yield: 71.9 mg,
64.6%.*H NMR (300 MHz, GDe): i 7 . 6 8 3{ud=d7,6 H3,3%p= 12.9 Hz,
ortho-Ph), 7.03 (t, 4H3Jw = 7.6 Hz, para-Ph), 6.96 (dd, 8H3Jun = 7.6 Hz,
3y = 2.9 Hz,metaPh), 6.54 (s, 2HC4H20), 6.94 (s, 4HmetaMes), 2.29 (d, 6H,
“Jwn = 1.8 Hz, paraMesCHsg), 2.21 (s, 12H,ortho-Mes-CHs). B*C{H} NMR
(75 MHz, GDe): U 1 5 5%JcA = 46.1 Hz,Co/Cs-furan), 143.7 (sjpso-Mes), 133.0
(d, Ycp = 48.5 Hz,ipsoPh), 131.8 (d,3Jcr = 3.3 Hz, ortho-Mes), 1318 (d,
2Jcp = 4.3 Hz,ortho-Ph), 131.1 (d¥Jcp= 1.1 Hz,para-Ph), 1282 (d, *Jcp= 5.7 Hz,
metaMes), 1B.0 (s, para-Mes), 1B.0 (s, metaPh), 122.2 ¢, 2Jcp = 10.2 Hz,
Ca/Cs-furan), 21.00 (sprtho-Mes), 20.6 (spara-Mes).3'P{*H} NMR (75 MHz, GDs):
01259 (s). Anal. Calcd. for GeHa4N20OP>; C 78.61 H 6.33 N 3.99; found:.C 78.54

H 6.28 N 3.94.
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Pm. _Pm Synthesis of (PmMN=PRPhCsH.O (6) In a glove box,1

==

Ph,

N
I
\(\0_/7’”“2 (4000 mg, 0917 mmol) and 3,&dimethy}l-

tetrazolopyrimiding273mg, 1.83 mmol) were added to 00 mLroundbottom flask.
Toluene (~40 mL) wasransferred invacuoto the rounebottom flaskgenerating a
yellow suspensianThe mixture wasstirredat ambient temperature for 16 h under an
argon atmosphere. This yielded a cldan solution with no solid remaining
Afterwards the toluene was removed under vacuum, resulting in a bright yellamge
solid. Yield: 476 mg, 764%. *H NMR (300 MHz, GDe¢): U 3 (dd, 8H,
3Jwp= 12.9 Hz 3Jun = 7.3 Hz, ortho-Ph), 716 (m, 2H, C4H20), 7.076.87 (ov m, 12H,
metdpara-Ph), 5.97 (s, 2Hpara-Pm), 2.5 (s, 12H,metaPm-CHa). 13C{*H} NMR

(75 MHz,C¢Dg) : 82 (sligo-Pm), 1.1 (s, metaPm), 152.0 (d,*Jcp = 51.0 Hz
ipso-Ph), 1337 (d, 2Jcp = 7.2 Hz,ortho-Ph), 132.0 (d3Jcp = 2.1 Hz,metaPh), 1301

(d, Wcp = 42.9 Hz), 19.0 (s, para-Ph), 124.7 (d?Jcp = 9.9 Hz, G/Cs-furan), 110.0
(s,para-Pm), 2.0 (s,metaPm-CHs). *'P{*H} NMR (122 MHz,CéD¢) : U Arl. 3 (s) .

Calcd. for GoH3sNsOP»; C 70.79; H5.35; N 12.38; found: C D.66; H 5.32; N 12.47.

Dipp.,, -Dipp Synthesis of (DippN=Pr).C4H.O (7) In a glove box2
|

. I
'Przp\@’PPrZ (540 mg, 1.80 mmolwas added to a twoecked50 mL

roundbottom flask containing toluene (~20 mL). Dipla (731 mg, 3.60 mmol) was
injected into the flask under positive argon presstaiagng the deep red solution to

turn an opaque browiigorous bubbling was observed. The solution was left for 16 h
at ambient temperature under constant stirring, after which no chagebserved.

The solvent was removed under vacuum, yielding a breay solid after which the
materialwas brought into a glove box and triturated with pentane (3 x 6 mL). The
remaining pentane was removed under vacuum. This yielded a brown solid. Yield:

934 mg, 79.8%H NMR (300 MHz, GDs) U 7 . 2J34={.DHz, *Jebd 0.9 Hz,
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4H, metaDipp), 7.09 (br dt3Jun = 7.2Hz, 8Jup = 1.4 Hz, 2H para-Dipp), 6.85 (br s,
2H, C&H20), 3.51 (sp3Jun = 6.8 Hz, 4H, DippCH(CHa)2), 2.25 (ov sp>Jun = 7.1 Hz,
4H, A CH(CHs)), 1.31 (d, 33w = 68 Hz, 24H, DippCH(CH3)2), 1.11 (dd,

3Jup = 15.9 Hz, 33w = 7.1 Hz, 12H, PCH(CHs)z), 0.91 (dd,3Jup = 17.2 Hz,

3Jun = 7.1 Hz, 12H, PCH(CH3)2). *C{*H} NMR (75 MHz, GDs) U 4 (d&, 3 .
ep=92.7,%Jcp= 2.1 Hz, G/Cs-furan), 145.0 (sprtho-Dipp), 1421 (d, 2Jcp= 6.1 Hz,
ipso-Dipp), 123.4 (d,%Jce = 1.1 Hz, paraDipp), 121.7 (dd,2Jcp = 12.1 Hz,
8Jce = 7.0 Hz, G/Csfuran), 1203 (d, *Jcp = 2.4 Hz, metaDipp), 295 (s,
Dipp-CH(CHs)2), 28.6 (d1Jcp= 73.4 Hz, PCH(CHs)2), 24.2 (s, DippCH(CH3)2), 16.9
(d, 2Jcp = 2.1 Hz, PCH(CH3)2), 15.9 (d,2Jcp = 3.6 Hz, RCH(CHs)»). 31P{*H} NMR
(122 MHz, GDg) i &3 (s). Anal. Calcd. for @HssN2OP>: C 73.31 H 9.91 N 4.30;

found: C73.96 H 9.89 N 4.23.

Synthesis of (MesN=Pr),CsH,O (8) In a glove box2

Mes _Mes
N N
1] 1]

’PrzP\@/P’sz (120 mg, 0.287 mmol) was added to @awo-necked50 mL

roundbottom flask containing toluene (~20 miMes-Nz (130 mg 0.574 mmol) was
added to the stirringnixture, yielding an orangérown solution. The solution was
stirredfor 48 h at 70 °C producing a Hedown solution.The solvent was removed
under vacuumaffording a brown oil. The oil was dissolvednmnimal pentane and lef
at ambient temperature where crystals grew within .ZBhle remaining pentane was
decanted and tHarown crystals werdriedin vacuo Yield: 68.4 mg, 42.0%H NMR
(700 MHz, GDe): i 7.00 (s, 4H,metaMes), 6.73 (s, 2HC4H0), 2.32 (s, 18H,
ortha/para-Mes-CHs), 2.12 (sp, 4H2Jun = 8.8 Hz, Pi CH(CHs),), 1.08 (dd, 12H,
3J4p = 23.0 Hz, 334y = 8.8 Hz, PiCH(CHa)2), 0.94 (dd, 12H.3Jup = 24.1 Hz,
3Jun = 8.8 Hz, PiCH(CHs)2). 3C{*H} NMR (176 MHz, CeéDe): U 154.0 (dd,

4Jcp= 2.5 Hz,Jcp = 2.4 Hz,Co/Cs-furan), 145.6 (spara-Mes), 131.5 (3Jcp= 6.6 Hz,
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ortho-Mes), 129.5 (d*Jcp = 1.5 Hz,metaMes), 127.4 (d,?Jcp = 2.8 Hz,ipso-Mes),
121.5 (dd,?Jcp = 18.7 Hz,3Jcp = 5.4 Hz, Ca/Cy-furan), 283 (d, 2Jcp = 73.2 Hz,
PiCH(CH3)2), 21.6 (s, ortho-MesCHs), 21.3 (s, paraMesCHs), 169 (d,
2Jcp= 2.3 Hz,Pi CH(CHs)2)). 3'P{*H} NMR (283 MHz,CsDs): lii 0.9 (s).Anal. Calcd.

for Cz4Hs2N20OP»: C 72.06; H 925, N 494; found: C 2.66; H 984; N 437.

s Synthesis of (PPRCsH.S (9) Diethyl ether (~40 mL) was

Ph,P. PPh
2 \@/ 2

transferredn vacuoto a twenecked100 mLroundbottom flask
attached to a swivel frit apparatus. Thiophe&res injected into the flask (1.47 mL,
17.5 mmol, 1.05 g/mL), under positive argoressureesulting in a transparent and
colourless solution. The flask was cooled @2 °C (liquid nitrogen/acetone mixture),
after which'BuLi (22.7 mL, 0.0385 mmol, 1.7 Mwas slowly injected into the flask
over the course of ~50 min. The yellow slurry was then left in the cold bath to warm to
ambient temperature slowbver3 h under constant stirring. The flask was once again
cooled toi 94 °C.Cli PPh (6.59 mL, 36.7 mmol1.23 g/mL) was then injected into the
flask over the course of 20 min. The dgédlow solution was then left to warm up
slowly to ambient temperature while remaining in the cold bath under an argon
atmosphere with constant stirring. The reactarture was left for 16 h aambient
temperature under argon. Volatiles were remane¢hcuoaffording an orange waxy
solid. Toluene (~40 mL) was then transferretb the flask under reduced pressure,
resulting in an orange opaque solution. Eb&ution was filtered througa glasdrit,
resulting in a transparent orange solution, and aswbife solid. The solvent was
removedn vacugq resulting in a palgellow oily solid. The apparatus was transferred
into a glove box,wherethe solid was wdsed with heptane (4 x 10 mLaffording a
paleyellow solid. The remaining heptane was removed under vacuum. This yielded a

light-yellow solid. 9 was crystallized from toluene ambienttemperature oveone
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week during whichthe toluene evaporatetb yield X-ray quality crystals. Yield:
7.46 g, 94.2%'H NMR (300 MHz, GD¢) : U 7 . 4 brth¢-Rh) 7.1 (dd, 8H
C4H2S,3hp = 4.1 Hz,*Jnp = 2.3 Hz), 6.99 (ov m, 12Hnetdpara-Ph).2*C {H} NMR
(72MHz,GDs) : U 1.34p6 3133 Hg, @/Cs-thiophene), 138.(d, 2Jcp= 10.1 Hz,
ortho-Ph), 1376 (dd, 2Jcp = 23.10 Hz,3Jcp = 6.6 Hz, G/Cs-thiophene), 133.9 (d,
YJep=20.0 Hzjpso-Ph), 129.4 (spara-Ph), 129.1 (d*Jup = 4.2 Hz,metaPh).3*P {H}
NMR (122 MHz, GDs): 1 166 (s). Anal. Calcd for gH22P.S: C 74.32; H 4.90; S 7.09.

Found: C 74.35; H 5.07; &84.

Synthesis of (Pr),CsH>S (10) Diethyl ether (~40 mL) was

i S i
'Pr,yP: P'Pr,
AYA

transferredn vacuoto atwo-necked100 mLroundbottom flask
attached to a swivel frit apparatus. -@jsromothiophene was injected into the flask
(0.28 mL, 2.22 mmol, 2.4 g/mL) under positive argopressureresulting in a
transparent yellow solution. The roubdttom flask was cooled t694 °C (liquid
nitrogen/acetone mixture), after whi¢fBulLi (1.95 mL, 4.88 mmol, 2.5M) was slowly
injected over the ag'se of 20 min. The faint yellow solutiavas then left in the cold
bath toslowly warm to ambient temperatufellowed by 3 h of constant stirring
Afterwards a thick white slurry was observed, and the flask was once again cooled to
794 °C.Cli PPr2 (0.74 mL, 4.66 mmol, 0.956 g/mL) waken injected into the flask
over the course of 20 min. The solution wasnleft to warm to ambient temperature
after which it was stirred for 16 tmder an argon atmospheifiéne diethyl ether was
removed under vacuuno afford an opaque yellow oil. Toluene (15 mL) was then
transferredinto the flask, yielthg a cloudy yellowmixture The mixture was then
filtered through a glass friresulting in a transparent faint yellow solution. The solvent
was removedin vacuqQ giving a yellow transparent liquid. The apparatus was

transferrednto a glove boxandthe liquid was washed with heptane (4 x 2 mL). The
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remaining heptane was removed under vaguaffording the product asteansparent
light-yellow liquid. Yield: 611 mg, 87.1% NMR (300 MHz, GDe): i 7. 25 ( dd,
3Jhp = 4.8,%np = 2.3 Hz, 2H, GH2S), 1.96 (sp3Jun = 6.9 Hz, 4H, GI(CHs)2), 1.02

(ov dd,3Jnp = 15.2Hz, 3Jun = 6.9 Hz, 24H, CH(CH3)2). **C{*H} NMR (75 MHz, GsDs)

U 3104d, YJcp = 42.0 Hz, G/Cs-thiophene), 137.7 (ddJcp = 26.6Hz, 3Jcp= 7.6 Hz,
Ca/Ca-thiophene), 23 (d, 3Jcp = 11.2 Hz, CH(CHs)2), 20.5 (d,?Jce = 18.8 Hz,

CH(CH3)2), 19.5 (d2Jcp= 8.3 Hz, CHCHa)2). 3'P{*H} NMR (122 MHz, GDs) 1 @8

(s). Anal. Calcd. for @HsoP.S: C 60.73H 9.56 S 10.13; found: C 61.22H 9.53

S 10.21.

Dipp.,, \-DiPP Synthesis of (DippN=PBRrCsH>S (11) Under argon9
| Il
thp\@’Pphz (453 mg, 1.45 mmol) was added to a twecked50 mL

roundbottom flask. Toluene (~20 mL) was distilled into the flask un@dgeuum. Te
flask was then placed under an argon atmosphere-j§p91 mg, 2.91 mmol) was
injected into the flask under positive argpressure, resulting in a day&llow solution.
The solution wastirredfor 16 h at ambient temperature, after which no further change
was observed. The solvent was removed under vacuum, yielding an orafie oil
was brought into a glove box andturated with heptane (4 x 10 mL). The remaining
heptanewas removed under vacuuro Yyield a light-yellow solid. Yield: 945 mg,
82.1%. 'H NMR (300 MHz, GDe) a 7 &= 1Q.8, Wyn = 6.1 Hz, 8H,
ortho-Ph), 7.23 (m, 4HmetaDipp), 7.15 6.93 (ov m, 16H, ¢H>S andmetdpara-Ph
andpara-Dipp), 3.56 (sp3Jun = 6.8 Hz, 4H, DippCH(CHs)2), 1.08 (d2Jun = 68 Hz,
24H, DippCH(CH3)2). 3C{*H} NMR (75 MHz, GiDe) U, 1%A3= 18.2 Hzd ,
ipso-Dipp), 143.0 (d, 3Jup = 7.1 Hz,ortho-Dipp), 142.7 (m, @Cs-thiopheng, 1365
(dd, 2Jcp = 10.9 Hz, 3Jcp = 7.9 Hz, G/Cs-thiopheng, 1337 (d, Jcp = 105.0 Hz,

ipso-Ph), 132.2 (d?Jcp= 9.9 Hz,0ortho-Ph), 131.9 (spara-Ph), 1285 (d, *Jcp= 2.6 Hz,
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metaPh), 123.7 (smetaDipp), 120.6 (spara-Dipp), 292 (s, DippCH(CHs)2), 24.0
(s, DippCH(CHz)2). 3'P{*H} NMR (122 MHz, GDs) 1164 (s). Anal. Calcd. for

Cs2HseN2P2S C 77.78H 7.03 N 3.49 S: 3.99; found: C 77.4H 7.5 N 3.28 S 3.79.

Pipp. _pipp | Synthesis of (PippN=PRhCsH,S (12) In a glove box,9

N N
| 1l

thp\@’”hz (699 mg, 155 mmol) was added to a tweecked50 mL

roundbottom flask containing toluene (~20 mBipp-N3 (498 mg, 3.09 mmol) was
injected into the flask under positive argon pressure, resulting in g ekwk solution.

The solution wastirredfor 16 h at ambient temperature, after which no further change
was observed. The solvent was removed under vacuum, yielding-gedlan oil that

was brought into a glove box and triturated with heptane (4 x 10 mL). The remaining
heptane was removed under vacuorgivea light-yellow solid. Yield: 1.02 g, 91.8%.

IH NMR (300 MHz, GDe): Ui 79 (dd, 8H,3Jun = 7.8 Hz, 3Jup= 126 Hz, ortho-Ph),
7.26-7.16(ov m, 6H, C4H>S andmetaPipp), 7.®-6.87 (ov m, 16H metdpara-Phand
ortho-Pipp), 2.7 (sp, 2H,2Jun = 6.8 Hz, PippCH(CHs)2), 1.21 (d, 12H,3Jun = 6.8 Hz,
Pipp-CH(CH3)2). BC{*H} NMR (75 MHz, GDe): U 149.1 (s,ipso-Pipp), 142.1 (d,

Jep = 43,5 Hz, C/Cs-thiopheng, 138.6 (s,para-Pipp), 1358 (d, 2Jcp = 9.5 Hz,
Cas/Cs-thiophene),131.1 (d,Jcp = 49.9 Hz,ipso-Ph), 132.9 (d,%Jcp = 7.0 Hz,
ortho-Ph), 132.6 (d,YJcp = 47.7 Hz,ipso-Ph), 1322 (s, ortho-Pipp), 1292 (d,
4Jcp= 5.8 Hz para-Pipp), 127.5 (snetaPh), 124.3d, *Jcp= 6.7 Hz,metaPipp), 342

(s, PippCH(CHa)2), 25.0 (s, PipfCH(CH3)2). **P{*H} NMR (122 MHz, GDe): U1 7.7

(s). Anal. Calcd. for GeHaaN2P-S: C 76.86; H 6.17; N 390; S 4.46;found: C 76.68;

H 6.32; N 3.93; S 4.16.

Synthesis of (PmN=PRPRCsH>S (13) In a glove box9

Pm,_ Pm

==

Ph,

N
I
\(\s_/7’PPh2 (198 mg, 0.434 mmoBnd 3,5dimethyk1-tetrazolopyrimidine

96



(130 mg, 0.868 mmdlvere added to 200 mLroundbottom flask. Toluene (~40 mL)
was then transferred wacuoto the round bottom flask. The reaction ve&isred at
ambient temperature for 16 h under an argon atmosphelding a clear mustard
yellow solutionalongwith a darker yelloworange solidToluene was removed under
vacuum, resulting in a bright yellearange solid. Yield: 249 mg, 83.89% NMR (300
MHz, CDCk) : U 7. 8% =(72,dJ4p = 82t6 Hz,ortho-Ph), 7.50 (dd, 4H,
3Jin = 7.2, %un = 6.3 Hz paraPh), 7.42 (td, 8H%Jun = 6.4 Hz, *Jup = 2.7 Hz
metaPh), 7.25 (dd, B, “Ju+ = 6.0 Hz,°J4p = 3.3Hz, paraPm), 6.21 (s, 2HCsH2S),
2.03 (s, 12H,metaPmCHs). ¥3C{!H} NMR (75 MHz, CDCk) : @0 (d, 6
2Jcp= 3.9 Hz ipso-Pm), 166.6 (smetaPm), 138.5 (dd'Jcp= 90.7Hz, *Jcp= 2.1 Hz,
C2/Cs-thiopheng, 1374 (dd, 2Jcp= 13.1Hz,3Jcp= 10.3 Hz,C3/Cs-thiopheng, 132.8
(d, 2Jcp= 10.1 Hz,ortho-Ph), 132.1 (spara-Ph), 129.9 (dlJcp= 13.0 Hz,ipso-Ph),
128.4 (d2Jcp= 51 Hz,metaPh), 109 (s, para-Pm), 23.5 (smetaPm-CHs). 3*P{*H}
NMR (122 MHz, CDCY) :  Ti(s).}Agal. Calcd. for GoHaeN2P,S: C 68.94H 5.19

N 12.19 S 4.02; found: C 69.1%1 5.22 N 12.10 S 4.61.

Dipp., 0P Synthesis of (DippN=Pr,),CsH,S (14) In a glove box10
Il I

iprzp\@’PiPrZ (228 mg, 0.722 mmolyas added to a twmecked50 mL

roundbottom flask containing toluene (~20 mL). Dipla (293 mg, 1.44 mmol) was
injected into the flask under positive argon pressure, resulting in a transparent bright
yellow solution Vigorous bubbling was observed. The solution stasedfor 16 h at
ambient temperature, after which no change was obséeFhedsolvent was removed
under vacuum, yielding@aleyellow fluffy power, after which the powder was brought

into a glove box and washed with pentane (4 x 3 mL). The remaining pentane was
removed under vacuurto afford a paleyellow powder. Yield: 426 mg88.4%.

IH NMR (300 MHz, GDg) U 7 . £J8= 0.9 Hz, 2H, GH,S), 7.06 (br m,
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33w = 7.0 Hz, 4H, metaDipp), 7.00 (t,°Jun = 7.0 Hz, 2H, para-Dipp), 3.45 (sp,
3Jun = 6.8 Hz, 4H, DippCH(CHa)2), 2.06 (ov sp3Jun = 7.0 Hz, 4H, A CH(CHs)),
1.22 (d,3JuH = 68 Hz, 24H, DippCH(CH3)2), 1.01 (dd3Jwe = 15.7Hz, 3Jnun = 7.0 Hz,
12H, A CH(CHa)2), 0.78 (dd,®Jwe = 17.2Hz, 334w = 7.0 Hz, 12H, PCH(CHa)2).
13C NMR (75 MHz, GDe): i 1 4 Sorthé-Dipk 142.2 (d2Jcp= 6.0 Hz,ipso-Dipp),
1386 (d, YJcp = 75.1 Hz, G/Cs-thiophene), 133.(dd, 2Jcp = 11.6Hz, 3Jcp = 7.1 Hz,
C3/Ca-thiophene), 123.(d, °Jcp = 1.2 Hz), 120.2 (d¥Jcp = 2.4 Hz,para-Dipp), 29.6
(s, A CH(CHza)2), 294 (d, YJcp= 71.4 Hz, PCH(CHs)2), 24.3 (s, DippCH(CH3)2), 173
(d, 2Jcp= 1.8 Hz, PCH(CHz)2), 16.0 (d,2Jcp = 3.6 Hz, RCH(CHz3)2). 3P NMR (122
MHz,CsDe):li 0. 8 ( s) . AdfeNiP:S: CT2036 9.67 N4.2QrS 481;

found: C 72.68H 9.71; N 4.16 S 4.62.

Synthesis of (PPpCsH-Se (5 Diethyl ether (~40 mL) was

Se

Ph,P PPh
2 \U/ 2

transferredn vacuointo a two-neckedl00 mLroundbottom flask
attached to a swivel frit apparat@s5-dibromoselenophengas injected into the flask
(1.42 g, 4.9 mmol) under positive arggoressurgesulting in dight-yellow solution

The roundbottom flask was cooled i&8 °C, after whicfBuLi (4.32 mL, 108 mmol,

2.5 M) was slowly injected into the flask over the course of 10 min. The faint yellow
solutionwas then left in the cold bath to warm to ambient temperature stmehs h
under costant stirring Afterwards a thick brown slurry was observethe flask was
once again cooled 78 °C.CIi PPh (1.87 mL, 10.30 mmol, 0.956 g/mL) was then
injected into the flask over the course of 5 min. The solutionaeedto warm to
ambient tempeture and react for 16 h with constant stirring and under an argon
atmosphere. This yielded a light browwrange cloudy suspensionhe solution was
filtered through a glass fritesulting in a transparent brown solution. The solvent was

removed under \@um,giving a brown oil. The apparatus was transfeirgd a glove
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box andthe liquid washed with heptane (4 xn8.). The oil was then dissolved in
pentane anthe resultant solutiofiltered through Celitéo givea brown transparent
solution. The remaing pentane was removed under vacwaifordinga brown sticky
solid. Yield: 1.19 g, 48.694H NMR (300 MHz, GDs) U 7 . 5%8p=(6d Mz, d d ,
“Jup = 2.6 Hz, 2H, GH,Se), 7.53 (ov dddJup = 7.8Hz, 3Jun = 3.6Hz, “Jun = 2.2 Hz,
8H, ortho-Ph), 7.227.12 (m, 4Hpara-Ph), 7.126.98 (m, 8HmetaPh).*C{*H} NMR
(75 MHz, GDs) U 15%cr & 37(4dHz, G/Cs-selenophene), 13®.(dd,
2Jep = 27.0Hz, 3Jcp = 8.6 Hz, G/Cs-selenophene), 138.6 (tlcp = 10.1 Hz,ipso-Ph),
133.1 (d,2Jcp = 20.1 Hz,ortho-Ph), 128.8 (spara-Ph), 1285 (d, 3Jcp = 7.1 Hz,
metaPh).3P{*H} NMR (122 MHz, GDe¢) 118.9 (s)”’Se NMR (12 MHz, CsDe) U
731.1 (t,2Jsep = 8.6 Hz).Anal. Calcd. for GgH2oNP.Se: C 67.34; H 4.44; found:

C6710 H4.71

Synthesis of (Pr).CsH.Se (16) Diethyl ether (~40 mL) was

iProp—Se\PiPr,
AV

transferredn vacuoto a twenecked100 mLroundbottom flask
attached to a swivel frit apparat@s5-dibromoselenophengas injected into the flask
(1.42 g, 4.9 mmol) under positive argopressurgesulting in dight-yellow solution
The roundbottom flask was cooled 78 °C (dry ice/acetone mixture), after which
"BuLi (4.32 mL, 108 mmol, 2.5 M)was slowly injected over the coursel0 min The
faint yellow solution wasallowedto warm to ambient temperatuoxer 3 h under
constant stirring. Afterwards thick greerbrown slurry was observed, and the flask
was once again cooledt@8 °C.Cli PPr; (0.49 mL, 3.01 mmol, 0.956 g/mL) was then
injected into the flask over the courseSomin. The solution wasllowedto warm to
ambient temperatureafter which the mixturevas stirredfor 16 h under an argon
atmosphere. This yielded a brown cloudy solution. The solution was filtered traough

frit, giving a transparent brown solution. The solvent was removed under vacuum,
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giving in a thick brown oil The apparatus was traesfedinto a glove boxandthe
liquid was washed with pentane (4 x 3 mL). Tasultingoil was dissolved in pentane
andkept afi 30 °C, whichyieldedlight-brown crystals. Yield: 249 mg, 83.8%51 NMR
(300 MHz,CeDg) : U 7 . 81% = 6.9Hd, {Jup 2 24, Hz, GH.Se), 1.89 (sp, 4H,
3Jun = 6.9 Hz, GH(CHa)2), 1.001.08 (ov m, 24H, CH(83)2). **C{*H} NMR (75 MHz,
CeDe) : U 1 8J6p=37.5Hd Wep = 1.5 Hz, G/Cs-selenophene), 14D(dd,

2Jcp = 29.4Hz, 3Jcp = 9.1 Hz, G/Cs-selenophene), 2526.3 (d,*Jcp = 11.3 Hz

CH(CHa)2), 196 (d, 2Jcp = 4.6 Hz, CHCH3)2). 31P{!H} NMR (122 MHz, GDe) © U 7.

(s). ""Se{*H} NMR (57 MHz, GiDs) : U 7 Adal. Calcqd. $0) @HzoP-.Se:

C52.89 H 8.37; found: C 52.74H 8.33.

Dipp pipp | SYNthesis of (DippN=PRpCsH,Se (7) In a glove box15
\N Nr

Ph,P— 5S¢\ _PpPh,
‘(\_/7’ (108 mg, 0.217 mmol) was added to a tmexked50 mL

roundbottom flask with toluene (~20 mL). Diggs (88.3 mg, 0.433 mmol) was
injected into the flask under positive argon pressure, resulting in an opaque
golderrbrown solution Vigorous bubbling was observed. The solution stasedfor

16 h at ambient temperature, after which an ordmge/n solutionwas observed. The
solvent was removed under vacuum Yyielding a dark orange&n oil, which was
washed with pentane (4 x 3 mL). The oilsdissolved in pentane and filtered through
Celite, resulting in an orang®gown transparent solution. The remainingitp@e was
removed under vacuum yieéhd) an orangeéorown sticky solid. Yield: 29 mg, 70.2%.

IH NMR (300 MHz, GDe): Ui 7 . 6334p =(18.4Hz, 3Jun = 6.7 Hz, 8H ortho-Ph),
7.20 (brov t, 6H, metaDipp and C4HzSe), 7.10 (d3Jun = 8.4 Hz, 2H,para-Dipp),
7.07-6.87 (m, 12Hpara/metaPh), 3.58 (spJun = 6.8 Hz, 4H, DippCH(CHs)2), 1.08

(d, 33 = 6.8 Hz, 24H, DippCH(CHa)2). 3C{'H} NMR (75 MHz, GsDg): i 150 . 4

Jcp = 95.8 Hz, G/Cs-selenophene), 144.2 (sttho-Dipp), 143.4 (d2Jcp = 7.5 Hz,
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ipso-Dipp), 138.9 (dd,2Jcp = 15.5,3Jcp = 8.9 Hz, G/Cs-selenophene), 134.6 (d,
1Jcp= 105.5 Hzjpso-Ph), 132.5 (d2Jcp = 10.0 Hz,ortho-Ph), 12.0 (d, *Jcp = 2.6 Hz,
metaPh), 128.9 (d®Jcp= 12.4 Hzpara-Ph), 123.7 (d'Jcp= 2.1 HzmetaDipp), 121.0
(d, 3Jcp = 3.4 Hz,para-Dipp), 29.52 (s, DipfCH(CHs)2), 24.35 (s, DippCH(CH3)2).

31p{1H} NMR (122 MHz, GiDs): Ui 158 (). 3P NMR (28 MHz, CsDs) i 158 (s,

Se satellites:2Jsep = 102.2 Hz).”’Se NMR (13 MHz, GDe): U 764 . 4

2Jsep = 26.2 Hz). Anal. Calcd. for £HseN2P2Se: C 73.48H 6.64 N 3.30; found:

C 74.09H 6.6Q N 3.21.

Synthesis of(DippN=PPr,),CsH,Se (18) In a glove box16

Blpp. b
LN ipp

N

ipr,P__Se_pipr
'32"\(\_/7"":2 (80.0 mg, 0.220 mmolyvas added to a twoecked50 mL

roundbottom flask with toluene (~20 mL). Dipds (118 mg, 0.578 mmol) was
injected into the flask under positive argpressureresulting in agoldenyellow
solution Vigorous bubbling was observed. The solution stasedfor 16 h at ambient
temperature. Volatiles were removedvacuo The resulting brown waxy solid was
dissolved in pentane (~5 mL) acdoled toi 35 °C for 48 h. Browsyellow crystals
were isolatecand wasted with 4 portions of cold toluene (3 mL). The product was
brown-yellow rectangular block crystals. Yield: 82.1 n8@,2%.'H NMR (300 MHz,
CeDe) : U 7. 3Jpp=b6.41Hz,*Jup2 BL3, GH.Se), 7.24 (d3Jun = 7.2 Hz 2H,
metaDipp), 7.11 (m, 4Hpara-Dipp), 3.57 (sp, 4H3Jun = 6.6 Hz, DippCH(CHs)2),
2.122.13 (ov sp, 4H, FCH(CHs)2), 1.31 (d, 12H3Jn = 6.6 Hz, Dipp-CH(CH3)2),
1.11 (dd, 12H,°Jwp = 15.6 Hz,3Jun = 6.9 Hz, P CH(CHs)2), 0.91 (dd,?24H,
3Jun = 6.9,3Jup = 17.1 Hz, PCH(CH3)2). 3C NMR (75 MHz, GDe) :  5i0 (d] 4
ortholipso-Dipp), 1449 (s, ipso-Dipp), 141.7 (d1Jce = 24.0 Hz, G/Cs-selenophene),
1366 (dd,3Jcp = 27.0,2Jcp = 54.0 Hz, G/Cs-selenophene), 122(s, metaDipp), 1197

(d, °Jp = 3.0 Hz, para-Dipp), 29.0 (s, PCH(CHa)2), 28.9 (d,%Jcer = 6.9 Hz,
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Dipp-CH(CHa)2), 23.8 (s, PCH(CHs3)2), 16.2 (d2Jcp= 9.0 Hz, RCH(CH3)2). 3*P{*H}
NMR (122 MHz, GDe) : U "Sef'8} NMR (67 MHz, GsDs) : (B (SY Anal.

Calcd. for GoHesN2P2Se: C 67.30H 9.04 N 3.92; found: C 67.0H 8.94 N 3.92.

Synthesis of (PippN=Pr).CsH.Se (9) In a glove box,16

Pipp< _Pi
LN N-PiPP

ipr.H S bi
Przp\(\:/]’”'z (117 mg, 0.322 mmol) was added to a tweecked round

bottom flask containing toluene (~20 mPjpp-N3 (136 mg,0.845mmol)was injected
into the flask under positive argon pressure, resulting in a\yddidw solution. The
solution wasstirredfor 16 h at ambient temperature, after which no further chaage w
observed. The solvent was removed under vacuum, yielding @eldolv oil. The oil
was brought into a glove box and triturated with heptane (4 x 10 mL). The remaining
heptane was removed under vacuorgivealight-yellow solid. Yield: 153mg, 75.5%.

'H NMR (300 MHz, GDe): Ui 7 . 4 8 “Jgpe 8.4 Hz 2= 5.2 Hz, CiH.Se), 714
(ov m, 4H, ortha/metaPipp), 283 (sp, 2H,3JuH = 69 Hz, PippCH(CHs)2), 2.05 (ov
sp, 4H, PCH(CHs)2), 1.27 (s, 12H, PippCH(CHz3)2), 1.06 (dd, 12H,
3Jhn = 6.9,%34p = 15.7 Hz, PCH(CHa3)2), 0.94 (dd, 12H3Jup = 16.1 Hz3Jun = 6.9Hz,

Pi CH(CH3)2). B*C{*H} NMR (75 MHz, GDe): U 503 (s, ipso-Pipp), 14.0 (d,
ep = 45.9 Hz, CJ/Cs-selenophene 1382 (dd, 2Jcp = 15.0 Hz,3Jcp = 8.5 Hz,
Cs/Cs-selenophene),37.9 (s, para-Pipp),127 4 (s, metaPipp), 1244 (d, 3Jcp= 3.3 Hz,
ortho-Pipp), 342 (s, PippCH(CHa)2), 2738 (d, YJcp = 40.0 Hz, PCH(CHs)2), 25.1 (s,
PippCH(CH3)2) 173 (d, 2Jcp = 5.1 Hz, RCH(CH3)2), 16.5 (d,2Jce = 5.1 Hz,

Pi CH(CH3)2). 3'P{*H} NMR (122 MHz, GDe): Ui 21.0 (s). "’Se{'H} NMR (57 MHz,
CeDs) : U 8 Anal. Qalcd( for JasHsN2P.Se: C 64.85; H 8.32, N 4.45; found:

C 64.65; H 8.38; N 4.38.
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Synthesis of(DippN(H)=PPh)(DippN=PPh)C4H,0][ B(3,5(CFs)2CeH3)4] (20) In a

Y glove box,3 (40.0 mg, 0.0508 mmol) and
B R L OO B k h a r51.4msg,0.8508 ndmol)
o U w CF, roo a r51.4mg,0. ol,
e BAS -
F3C L 3 were added to a 20 mL scintillation vial,
3

followed by ~5mL of toluene or benzene. The reaction was left at ambient temperature
for 2 h under an argon atmosphere with constant stirring. This yielded a clear solution
with an orange oilThe solvent waslecantedand the oil washed witfour ~1 mL

portions of pentane or heptane. Excess solvent was removed under vacuum, resulting a
darkorange sticky solid. Yield: 55.3 mg, 64.7% NMR (pyridineds, 300 MHz):

U 16. 36 HiNM=P), &44 (brisH8Hortho-[B(CeH3(CFs)2)4]), 7.83 (br s, 4H,
para-[B(CeHs(CFs)2)4]), 7.78 (dd, 8H3Jke = 12.3,33un = 7.0 Hz,ortho-Ph), 7.73 (m,

4H, para-Ph), 7.67 (br ov m, 2H, 4£,0), 7.49 (td, 8H3Jun = 7.0Hz, 3Jun = 2.9 Hz,
metaPh), 7.31 (m, 4HmetaDipp), 7.20 (m, 2H para-Dipp), (4H, 3Jun = 6.8 Hz,
Dipp-CH(CHs)2), 0.98 (d, 24H,2Jun = 7.0 Hz, DippCH(CHs)2). 'B{*H} NMR

(96 MHz, pyridineds): U715.91 (s).X*C{*H} NMR (176 MHz, pyridineds) : 4 16 2.
(1:1:1:1 qNJce = 49.4 Hzjpso[B(CsH3(CFs)2)4]), 1441 (d, 2Jcp= 13.3 Hzjpso-Dipp),

1392 (br m, G/C:s-furan),134.8 (sprtho-[B(CsH3(CFs)2)4]), 133.3 (sparaPh), 132.3

(d, 2Jcp = 31.8 Hz,ortho-Ph), 1303 (s, para-Dipp), 1298 (g, Jcr = 115.5 Hz,
CFs-[B(CsH3(CFs)2)a]), 1294 (s, metaDipp), 1292 (s, metaPh), 128 (s,
meta[B(CsH3(CFs)2)4]), 1261 (d, 3cp = 102.7 Hz,ipso-Ph), 119.4 (sortho-Dipp),

1181 (m, para-[B(CsH3(CFs3)2)4]), 28.9 (s, DippCH(CHs)2), 23.5 (s, DippCH(CH3)2).

Note: G/Cs-thiophenewere not observed 1°F{*H} NMR (282 MHz, pyridiné ds):
U7162.07 (s)3*P{*H} NMR (282.42 MHz, pyridin&ds) : 11116 (br).Anal. Calcd. for

CgaHs7BF24N20P.: C 61.55; H 350; N 1.71; found: C 6205; H 3.95 N 2.00.
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Synthesis of [(PippN(H)=PBI{PippN=PPB)CsH-0][B(CeFs)4] (21) In a glove box4

F

FAF (193 mg, 0.275 mmol) and

pipp\ﬁ,H \-PiPP [HNMe2Ph][B(CsFs)s] (220 mg, 0.275
P2 \Q’thzF g mmol) were added to a 20 mL
scintillation vial followed by ~5 mL of

benzene. The reaction wasirred at ambient temperature f@& h under an argon
atmosphere. This yielded a daskange oil The solvent was decanted, and the oi
washed wth four ~1 mL portions of pentane. Excess solvent was removed under
vacuum, resultingn an orange sticky soliield: 356 mg, 93.6%¢H NMR (300 MHz,
CDCl3): U 7B (t, 4H, 3Jun = 7.8 Hz, para-Ph), 762 (dd, 8H,3Jwn = 7.3 Hz,
3Jup = 11.8 Hz,ortho-Ph), 7.51 (m, 8H,metaPh), 711 (s, 2H, GH20), 6.92 (d, 4H,
3Jun = 8.1 Hz,ortho-Pipp), 6.65 (d, 4H3Jun = 8.1 Hz,metaPipp), 5.82 (br s, 1H,
Hi N=P), 2.78(sp, 2H,3Jun = 6.7 Hz, PippCH(CHs)2), 115 (d, 3Jun = 6.7 Hz,12H,
Pipp-CH(CH3)2). *B{*H} NMR (96 MHz, CDCk) : i16.72 (s).**C{*H} NMR
(75 MHz,CDCl): i 485 (brd, Jcp = 53.6 Hz,Co/Cs-furan), 144.2 (s, ipso-Ph), 143.8
(s, para-Pipp), 139.9 (d,%Jcp = 37.6 Hz,ipso-Pipp), 135.4 (s,para-Ph), 1327 (d,
2Jep=5.9 Hz ortho-Ph), 130.4 (d®Jcp= 3.0 Hz,metaPh), 127.8 (sprtho-Pipp), 1269
(dd, 2Jcp = 9.1 Hz,3Jcp = 7.9 Hz, Cg/Cu-furan), 122.2 (s, Pippmetd, 33.5 (s,
Pipp-CH(CHs)2), 24.09 (s, PippCH(CHa3)2). F{*H} NMR (282 MHz, CDCH):
U1131.56 (d, 8Fortho-CsFs), 1 161.72 (t, 4Fpara-CeFs), i 165.61 (t, 8FmetaCsFs).
31P{IH} NMR (122 MHz, CDCl): @i 7.9 (br s). Anal. Calcd. for GoHasBF20N2OP:

C 60.80; H 3.28; N 2.03; found: C60.46; H 3.27; N 2.03.
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Synthesis of [(PmN(H)=PBH{PMN=PPR)C4H-O][B(CsFs)4] (22) In a glove box,6

£l E (157 mg, 0.231 mmol) and
Pm.© H P . F eF [HNMe2Ph][B(CsFs)4] (185 mg, 0.231
Pra Oy Pom L T PN | dded to a 20 mL scintillati
\(\_/7’ han 1V N ] mmol) wereadded to a 20 mL scintillation
F
FF F vial followed by~3 mL of toluene A faint

yellow solutionwas visible immediately after the addition of the solvdihte reaction
wasstirredat ambient temperature f@rh under an argon atmosphere. This yielded a
darkyellow oil. A clear toluene layer was seen on top with a small-gallow oil layer
underneathThe solvent was decanted, and tHen@shed witHfour 3 mL portions of
toluenefollowed by two3 mL portions otheptane. The remaining heptane was removed
undervacuumto give a golden yellow solidYield: 2728 mg,90.6%. *H NMR (300
MHz, CDCl3) : 55-7.12(br ov m 20H, ortha/metdpara-Ph),6.82 (s, 2H, GH20),
6.41(s, 2H para-Pm), 220 (s, 12H,meta CHs-Pm).Note Hi N=P wasnot observed
LB{1H} NMR (96 MHz, CDChs) : 116169 (s) *3C{*H} NMR (176 MHz, CDCl):
1168.1 (smetaPm),152.5 (d,}Jcp = 63.2, G/Cs-furan),1336 (s, para-Ph), 1328 (d,
3Jcp = 2.3 Hz,metaPh), 1289 (d, 2Jcp = 8.0 Hz,ortho-Ph), 8.7 (d, YJcp = 52.7 Hz
ipso-Ph), 128.0 (m, C3/Cs-furan), 1112 (s, para-Pm), 223 (s, metaCH3z-Pm). Note
ipso-Pm was not observed'®F{*H} NMR (282 MHz, CDCls) : i181.63 (d, 8F,
ortho-CsFs), 1162.10 (t, 4F, para-CeFs), 1165.84 (t, 8F, metaCsFs). 3IP{*H} NMR
(122 MHz CDCh): U 0.2 (s). Anal. Calcd. for GsH37BF20NsOP>: C 56.57; H 2.74;

N 6.19; found: C56.42; H 2.70; N 6.15.
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Synthesis of [(DippN(H)=Pr)(DippN=PPr)CsH-0][B(3,5(CFs),CeH3)4] (23) In a

glove box,7 (113 mg, 0.173 mmol) and
Dipp&.H .Dipp

N N F,;C S} .

o Mo ? @""B c/,|] Brookhar t@®mg, (3 nmgl( 17

iPrzF’\@/ FyC d \g(;lzs

F3C L were added to a 20 mL scintillation vial,
3

followed by ~5 mL of toluene. The reaction wsgredat ambient temperature farh

under an argon atmosphere. This yielded a clear solution with a-bragige oil The
solvent waslecanted, and the oil washeh four ~1 mL portions of pentane. Excess
solvent was removed under vacuum, resultmgn orange sticky solid. Yield: 228.6
mg, 87.2%H NMR (300 MHz, pyridineds) U 1 1. 8 P{iNEM),B.44s(rs, 1 H,
8H, ortho-[B(CeH3(CFs)2)4]), 7.83 (br s, 4Hmeta[B(CsH3(CFs)2)4]), 7.62 (br s, 2H,
C4H20), 7.27 (ov m, 4H,metaDipp), 7.17 (ov s, 2H,para-Dipp), 3.51 (sp,

3Jun = 6.7 Hz, 4H, DippCH(CHs)2), 2.79 (br , 4H, R CH(CHs)2), 1.35 (ov dd,

8Jup = 16.7Hz, 33w = 7.1 Hz, 12H, PCH(CH3)2), 1.25 (ov d,2Jun = 6.8 Hz, 6H,

Pi CH(CH3)2), 1.19 (ov d3Jun = 7.0 Hz, 30H, DippandPi CH(CHa)y). 1'B{*H} NMR

(96 MHz, pyridineds): 4 15.91 (s).2*C{*H} NMR (75 MHz, pyridineds) 0 16 3.

(1:1:1:1 q,%9¢ce = 49.8 Hz,ipso[B(CsH3(CFs)2)4]), 144.0 (br s,ipso-Dipp), 135.8 (s,
ortho-[B(CeH3(CFs)2)4]), 1305 (g, Jcr = 2.8 Hz, CFs-[B(CeH3(CFs)2)4]), 1301 (q,
ek = 2.9 Hz,CF3-[B(CeH3(CF3)2)4]), 129.5 (d2Jcp = 56.0 Hz, G/Cs-furan), 127.3 (s,
meta[B(CeH3(CFs)2)4]), 126.2 (s, para-Dipp), 1242 (s, metaDipp), 120.1 (s,
orthoDi pp) , &crE 4.BHzBara{B(CsH3(CR)2)4]), 29.5 (s, PCH(CHa)),
2838 (s, DippCH(CH3)2), 27.8 (s, DippCH(CH3)2), 243 (s, DippCH(CHz)2), 17.0 (d,
2Jcp = 2.1 Hz, PCH(CH3)2), 16.2 (d,2Jcp = 3.3 Hz, PCH(CHs)2). Note: G/Cs-furan
wasnot observed'*F{*H} NMR (282 MHz, pyridineds): 11 62.06 (s)3P{*H} NMR
(122 MHz, pyridineds): iU 1 . 1 7Andl.iCalcd.sfor @H77BF2aN20P2: C 5708;

H 5.12; N 1.85; found: C 5719; H 5.31 N 1.84.
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Synthesis of [(DippN(H)=PPNDippN=PPh)C4H>S][B(3,5(CFs)2CsH3)4] (24) In a
F3C CF;

glove box,11 (103 mg, 0.128 mmol) and

1]
Ph,P

s L'th @j@"gca Brookhartos acid (130
C

F o .
: were added to a 20 mL scintillation vial,

followed by ~5 mL of toluene. The reaction wsgredat ambient temperature farh
under an argon atmosphere. This yielded a buoghmgesolution The solvent was
removed under vacuum, resulting in a brighlilow powder. Yield: 156.0 mg, 73.0%.
IH NMR (300 MHz, CDCY) : t 7. 7 ParaDipp),,7.722(br, s, 8H,
ortho-[B(CsH3(CFs)2)4]), 7.58 (br ov m, 2H, @H>S), 7.56 (br ov m, 8HnetaPh), 7.51
(br's, 4H para-[B(CeH3(CFs)2)4]), 7.48 (br, 4Hpara-Ph), 7.35 (br d, 8HJne= 4.2 Hz,
ortho-Ph), 7.08 (br d, 2H3Jun = 7.0 Hz metaDipp), 6.98 (br d, 2K3Jun = 7.0 Hz
para-Dipp), 6.87 (br, 1HHi N=P), 3.16 (bisp, 2H, DippCH(CHa)2), 2.84 (brsp, 2H,
Dipp-CH(CHzs)2), 0.84 (ov d, 12H3Jun = 7.0 Hz, DippCH(CH3)2), 0.80 (ov d, 12H,
3Jun = 7.0 Hz, Dipp CH(®l3)2). *'B{H} NMR (96 MHz, pyridineds): 0 15.91 (s).
13C{'H} NMR (176.05 MHz, CDC}) : U7 (LB111.q, U = 49.4 Hz,
ipso[B(CsH3(CRs)2)4]), 134.8 (s, ortho[B(CsH3(CRs)2)4]), 132.3 (br m,
Ca/Cs-thiophene), 128.(ov m, metaDipp), 1293 (ov d,?Jcp= 22.9 Hz,ortho-Dipp),
1288 (s, para-Dipp), 1252 (g, Jcr= 115.5 Hz,CFs-[B(CeH3(CFs)2)4]), 124.2 (d,
Jep = 116.3 Hz, ipsoPh) 122.2 (s, meta[B(CsH3z(CR)2)a]), 1175 (s,
para-[B(CsH3(CFs)2)4]), 294 (s, 2Jcp = 120.0 Hz, DippCH(CHs)2), 22.71 (m,
Dipp-CH(CH3)2). Note:ipso Dipp, and Co/Cs-thiophenewere not observed 1°F{H}
NMR (282 MHz, pyridineds) i62.06 (s).3'P{*H} NMR (282.42 MHz, CDC}):
i 2@,.Dipg NH=P+),7115.83 (s, DippN=P). Anal. Calcd. for @HsBF24N2P-S:

C60.51H4.17 N 1.68 S 1.92; found: C 60.5% 4.03 N 1.53 S 1.49.
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Synthesis of [(PippN(H)=PBI{PippN=PPh) CsH>S][ B(CsFs)4] (25) In a glove box12

F

FAF (249 mg, 0346 mmol) and

PippOH  _Pipp [HNMe2Ph][B(CsFs)a] (278 mg, 0346
thg\@’gphz F’@g mmol) were added to a 20 mL
scintillation vial followed by ~5 mL of

benzene. The reaction wasirred at ambient temperature f@& h under an argon
atmosphere. This yielded a da#d oil. The solvent was decanted, and the oil washed
with four ~1 mL portions of pentane. Excess solvent was removed under vacuum,
resulting abright yellowsolid. Yield: 460.0 mg, %$.1%. *H NMR (300 MHz, CDC}):

U 72 (t, 4H,3)n = 7.7 Hz, para-Ph), 7.62 (dd, 8H3Jun = 7.1 Hz, 3Jup= 111 Hz,
ortho-Ph), 7.3 (m, 8H, metaPh), 744 (m, 2H, GH.S), 6.96 (d, 4H,3Jun = 82 Hz,
ortho-Pipp), 6.@ (d, 4H,3Jun = 82 Hz, metaPipp),6.40 (br s, 1H,Hi N=P), 2.80 (sp,

2H, 3Jun = 6.6 Hz, PippCH(CHs)2), 1.16 (d, 3Jun = 6.6 Hz,12H, PippCH(CHa)y).
LB{1H} NMR (96 MHz, CDCh) : 716173 (s).2*C{*H} NMR (75 MHz, CDC}):

U A04br, Co/Cs-furan), 1431 (s, para-Pipp), 137.9 (3pso-Pipp), 1352 (s, paraPh),
132.8 (d,%Jcp = 5.1 Hz, ortho-Ph), 130.4 (d2Jcp = 3.1 Hz, metaPh), 127.7 (s,
metaPipp), 13.0 (s, ortho-Pipp),121.2 (s, ipso-Ph), 33.5 (s, Pip£tH(CHs)2), 241 (s,
Pipp-CH(CH3)2). Note Cs/Cs-furan was not observed *°F{*H} NMR (282 MHz,
CDCl) : 713163 (d, 8F,ortho-CeFs), 1161.3 (t, 4F, para-CeFs), i 16559 (t, 8F,
metaCeFs). P{*H} NMR (122 MHz, CDC}): i 14.8 (br s). Anal. Calcd. for
CroH45BF20N2P.S: C 60.10; H 3.24; N 2.00; S 2.29; found: C 59.87; H 3.24; N 1.93;

S 2.38.
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Synthesis of [(PMN(H)=PBH{PMN=PPB)CsH,>S][B(CeFs)4] (26) In a glove box13

F
FOALF
Pm%),H NP ; FYF
s Fo Bl F
Ph,P PPh, F
T
F FF
F F
F
F

toluene creating dight-yellow solution. The reaction was stirred at ambient

(30.0 mg, 0.0432 mmol)

[HNMe2Ph][B(CsFs)4] (35.0 mg, 0.0432

mmol) were tolueneadded to a 20 mL

scintillation vial followed by ~3 mL of

temperature fo2 h under an argon atmospheféis yielded a daryellow oil. The

and

mixture was left to settle for 16 hh& solvent was decanted, and the oil washed with

toluene (4x 3 mL) followed heptane (& 3 mL). The remaining heptane was removed

under vacuumo afford a golden yellowcolouredsolid. Yield: 0.0402mg, 66.2%.

IH NMR (300 MHz, THFds) : Ui

1 3. HN=R),.75 (dd, 8HJuE, 7.2Hz,

3Jup = 6.0 Hz, ortho-Ph), 7.61 (t, 4H,3Jun = 7.2 Hz paraPh), 7.53 (d, 2H,

4Jun = 6.0 Hz para-Pm), 7.48 (td, 8H3Jun = 3.3,3Jun = 7.8 Hz metaPh), 6.51 (s, 2H,

CaH2S), 2.19 (s, 12HnetaCHa-Pm).1B{*H} NMR (96 MHz, THRdg) : i 185 (s).

13C{1H} NMR (176 MHz, THRdg) :

M (simet&Pm), 16.0 (br, ipso-Pm), 140.0

(m, Cas/Csthiopheng, 136.8 (br,Co/Cs-thiopheng, 1341 (s, para-Ph), 133.6 (d,

3Jcp= 42 Hz,ortho-Ph), 1298 (d, 3Jcp= 51 Hz,metaPh), 1105 (s,paraP m) , U

(d,ipso-Ph), 224 (s,metaCHs Pm).*°F{*H} NMR (282 MHz, THFds) :i138.70 (d,

8F,ortho-CsFs), i 165.92 (t, 4Fpara-CeFs), i 169.42 (t, 8FmetaCeFs). 3P{*H} NMR

(122 MHz, THFds) :

Bi(s).1 3 .

Synthesis of [(DippN(H)=Pr)(DippN=PPr)C4H.S][ B(3,5(CFs)2CsH3)4] (27) In a

Dipp\ﬁ,H

S

"~

N
I

.Dipp

PPr,

glove box,14 (142 mg, 0.212 mmol) and

F3C
F3;C

@ @ \chs

nnBe

CF;

Br ook ha r(215%mg, 0a2&2i ndmol)

were added to a 20 mL scintillation vial,

followed by ~5 mL of toluene. The reaction wsisredat ambient temperature farh
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under an argon atmospheayi®ing a clear solutiorand abright yelloworange oil The
solventwasdecanted, anthe oil washed with pentane (4 x 1 mL). Excess solvent was
removed under vacuum, resultimga bright yellow powder. Yield: 244.8 mg, 75.4%.
IH NMR (300 MHz, pyridineds)y & 12 . 54 Hi 4Py, 8.4 (br g I8H,
ortho-[B(CsH3(CFs)2)4]), 7.91 (br s2H, CH.S), 7.83 (s, 4Hmeta[B(CsH3(CFs)2)a]),
7.26 (ov t,°Jun = 6.6 Hz, 4H,metaDipp), 7.17 (br ov, 2Hpara-Dipp), 3.51 (sp,
3Jun = 6.7 Hz, 4H, DippCH(CHs)2), 2.86 (br s, 4H, PFCH(CHs)2), 1.36 (ov dd,
3Jup = 16.6,%Jun = 7.0 Hz, 12H, PCH(CHs)2), 1.23 (ov d2Jun = 6.8 Hz, 36H, Dipp
andPi CH(CHa)2). B{*H} NMR (96 MHz, pyridineds): ti15.91 (s).1*C{*H} NMR
(75 MHz, pyridineds): i 116(3:1:1:1 q,%Jcs = 50.0 Hz,ipso-[B(CsH3(CFs)2)4]),
144.2 (br sjpso-Dipp), 1357 (ov s,ortho-[B(CeH3(CRs)2)4]), 1309 (br s para-Dipp),
130.4 (q, YJer = 2.8 Hz, CFs[B(CeéH3(CFa)2)4]), 1300 (q, “Jcr = 2.9 Hz,
CFs-[B(CeH3(CFs)2)4]), 129.81293 (br m Cs/Csthiopheng, 1273 (s,
meta[B(CsH3(CRs)2)4]), 1243 (s, para[B(CeH3(CFs)2)4]), 120.0 (s, ortho-Dipp),
118.6 (t,%JcF = 4.0 Hz,metaDipp), 29.6 (s, FCH(CHz)2), 28.7 (s, DippCH(CHa)2),
243 (s, DippCH(CHs)2), 17.1 (d2Jcp= 1.7 Hz, PCH(CH3)2), 16.31 (d?Jcp= 3.0 Hz,

Pi CH(CHs)2). Note: G/Cs-selenophengasnot observed°F{*H} NMR (282 MHz,
pyridine-ds): U 162.06 (S).3'P{*H} NMR (122 MHz, pyridineds): & 17s). Anal.
Calcd. for GoH77BF24aN2P.S: C 56.48H 5.07 N 1.83 S 2.09; found: 56.28H 5.04

N 1.81 S 2.24.

Synthesis of [(DippN(H)=PBPNDippN=PPh)CsH>Se]B(3,5(CFs)2CsH3)4] (28) In a

FsC A CFs
Dipp.@_H Dip glove box,17 (44.4 mg, 0.0522 mmol)
N N R Jo i
P“Z"UP"“z @"' QCFS and Br oacki5a.9 mg $.0522
FyC
CF
%, | mmol)were added to a 20 ncintillation

vial, followed by ~5mL of toluene. The reaction wasrredat ambient temperature for

110



2 h under an argon atmosphere. This yielded a clear solution with a browrmeil

solvent waglecanted, and the oil washed with pentane (4 x 1 mL). Excess solvent was

removed under vacuum, resulting a brown chucky solid. Yield: 78.4 mg, 87.6%.
IH NMR (300 MHz, pyridineds): & 12 . 75  HiNeP), 8.44 (b H,, 8H,
ortho-[B(CeH3(CFs)2)4]), 7.84 (br t,3Jup= 9.9 Hz, 12Hmeta[B(CsH3(CFs)2)4] and
ortho-Ph), 7.76 (dd®Jup= 7.1,%3up= 3.5 Hz, 2H, GH.Se), 7.64 (ov m, 4Hpara-Ph),
7.51 (br td 2Jun = 7.4Hz, “Jup= 3.0 Hz, 8HmetaPh), 7.28 (ov m3Jun = 7.4 Hz, 2H,
para-Dipp), 7.18 (ov t3Jun = 74 Hz, 4H, metaDipp), 3.51 (sp3Jun = 6.8 Hz, 4H,

Dipp-CH(CHs)z), 0.99 (ov d3J = 6.8 Hz, 24H, DipgCH(CHs)2)). 1B{1H} NMR

(96 MHz, pyridineds): U 15.91 (s).1*C{*H} NMR (75 MHz, pyridineds): & 16 3.

(1:1:1:1 9, 9cB = 49.7 Hz,jpso[B(CsH3(CFs)2)a]), 144.8 (d2Jcp = 6.2 Hz,ipso-Dipp),
1411 (br s, G/Cas-selenophene), 135.(ov s, ortho[B(CsHs(CFs)2)4]), 133.6 (d,
“Jep = 2.1 Hz, paraDipp), 1331 (d, 3Jcr = 10.2 Hz, metaDipp), 131.7 (d,
LJcp = 87.8 Hz,ipso-Ph), 130.5 (qlJcr = 2.7 Hz,CFs-[B(CsH3(CFs)2)a]), 1301 (q,
ek = 2.9 Hz, CFs-[B(CeH3(CF3)2)a]), 129.7 (d,2Jcp = 22.9, ortho-Dipp), 127.3 (s,
meta[B(CsH3(CRs)2)4]), 126.2 (s,metaDipp), 123.7 (ov spara[B(CeH3(CF3)2)4]),
118.77 (m3Jcr = 3.7 Hz para[B(CsHs(CFs)2)4]), 30.48 (s, DippCH(CHz)2), 24.29 (s,
Dipp-CH(CHs)2). Note: G/Cs-selenophenewas not observe. °F{H} NMR
(282 MHz, pyridineds): U162.06 (s)3P{*H} NMR (122 MHz, pyridineds): i1 8.6
(br s).Anal. Calcd. for @HssBF2aN2P-Se: C B8.86;, H 4.06; N 1.63; found: C B.79;

H4.14; N 173.
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Synthesis of [(DippN(H)=Pr)(DippN=PPr)CsH2Sd[B(3,5(CFs)2CsHz)4] (29) In a

F1CALCF
Bioo.® H bi ’ ’ glove box,18 (106 mg, 0.148 mmol) and
lpp\N, N ipp iy .
'P’ZP@’P'P’Z ? @“"B\gc& Br ook ha r(1600nsy, 0al48i nunol)
FyC
CF
%, | were added to a 20 mL scintillation vial,

followed by ~5 mL of toluene. The reaction wsgredat ambient temperature farh
under an argon atmosphere. This yielded a clear solution with a &g oil The
solvent was decanted, atiee oil washed with pentane (4 x 1 mL). Excess solvent was
removed under vacuum, resultinga beigepeachy solid. Yield: 206.3 mg, 87.2%.
H NMR (300 MHz, pyridineds): i 8 . 4 4 qthof B(GH3(CR)HH]), 8.19 (br s,
2H, C4H2Se), 7.83 (s, 4Hneta[B(CeH3(CR)2)4]), 7.26 v m, 6H, metdpara-Dipp),
3.51 (sp3JuH = 6.8 Hz, 4H, DippCH(CHza)2), 2.90 (br s, 4H, FCH(CHzs)2), 1.531.25
(M, 24H, R CH(CHa)2), 1.21 (d,2Jun = 6.8 Hz, 24H, DippCH(CHa)2). Note:Hi N=P
signal wasnot obsened. !B NMR (96 MHz, pyridineds): Ui i4.76 (s).*C NMR
(75 MHz, pyridineds): it 16 3. 1 {Jck = 49.81Hz,ipso[B(CsH3(CF)2)4]),
1358 (s, ortho[B(CsH3(CRs)2)4]), 131.2129.4 (m, CFsz-[B(CeH3(CF3)2)4]),
130.0-127.3 (br, m Cs/Cs-selenophenje 129.6 (s,metaDipp), 129.1 (spara-Dipp),
127.3 (s,meta[B(CsH3(CFs)2)4]), 120.1 (s,ortho-Dipp), 1188 (t, 3Jcr = 4.1 Hz,
para-[B(CsH3(CFs)2)4]), 297 (s, DippCH(CHz)2), 28.9 (s, PCH(CHa)), 244 (s,
Dipp-CH(CHs)2), 169 (d, YJcp = 49.2 Hz, PCH(CHs)2), Note: Dipp ipso, and
C./Cs-selenophenesignals werenot observed *°F NMR (282 MHz, pyridineds):
U160.92 (s).3'P NMR (122 MHz, pyridings): G 1 1 . 0 7Ana{. iCalcd. Soy .

Cr2H77BF24N2P.Se: C 54.80; H 4.92; 11.78; found: C 54.76; H 4.96; N 1.76.
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Synthesis of [(PippN(H)=Pr)(PippN=PPr)CsH,Se]B(CsFs)4] (30) In a glove box,

FF F 19 (506 mg, 00800 mmol) and

Pipp O Pipp [HNMe2Ph][B(CsFs)s] (99.8 mg, 0120
’PrZBU;IPrZ ’@“éﬁ; mmol) were added to a 20 mL
scintillation vial followed by ~5 mL of

toluene The reaction wastirred at ambient temperature f& h under an argon
atmosphereThis yielded a daryellow oil. The solvent was decanted, and the oil was
with 4 portions of pentane (~1 mL). Excess solvent was removed under vacuum,
resultingin a yellow solid. Yield: 106.6 mg, 2.2%. *H NMR (300 MHz, CDCl):

U .18 (dd, 2H,3Jup = 39 Hz, “Jup= 50 Hz, GGH2Se),7.19 (d, 4H,33un = 7.9 Hz,
ortho-Pipp), 6.90 (d, 4H3Jun = 7.9 Hz, metaPipp), 4.84 (br s, 1HHi N=P), 2.89(ov

sp, 6H, Pipp-CH(CHz)2 and Pi CH(CHs)2), 1.30 (ov m, 36H, PippCH(CHs). and

Pi CH(CHz)2). 1'B{*H} NMR (96 MHz, CDCE): tii 16.68 (s)*C{*H} NMR (75 MHz,
CDCl): 1148.2 (br m, GICs-selenophene)},42.6 (br m, C2/Cs-selenophene1289 (d,

2Jep = 27.7 Hz,ipso-Pipp), 128.8 (s, metaPipp), 1242 (s, ortho-Pipp), B.3 (s,
Pipp-CH(CHa)2), 25.6 (d, XJcp = 41.1 Hz, A CH(CHs)2), 23.9 (s, PippCH(CH?3)2) 15.6

(m, P CH(CHa)2). *F{*H} NMR (282 MHz, CDC}) : i 131.58 (d, 8Fprtho-CsFs),
1161.15 (t, 4F para-CsFs), 1165.30 (t, 8FmetaCesFs). 33P{*H} NMR (122 MHz,
CDCl3): U56.4 (s). Anal. Calcd. for GgHs3BF20N2P-Se: C53.19; H 4.08; N 2.14; found:

C 53.12; H4.13; N 2.06.
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Synthesis of [(PippN(H)=AR).C4H2QO][ B(CeFs)4]2 (31) In a glove box4 (54.0 mg,

F 1 F F. ] F 0.0768 mmol)

Pipp.Q.H  H.Q.Pipp and [HNMePh]
e 82 wne B

thP\Q’PPhZ '@ é\@\ ’@é\@\ [B(CeFs)a] (123

F ¢ mg, 0154 mmol)

were added to a 20 mL scintillation vial followed by ~5 mL of benzene. The reaction
wasstirredat ambient temperature f@rh under an argon atmosphere. This yielded a
darkbrown oil. The solvent was decanted, and the oil washed withrdope of
pentane (~1 mL). Excess solvent was removed under vaatfarding a light-brown
solid. Yield: 127.0 mg,79.8%. *H NMR (300 MHz, CDC}): i 92 (m, 4H, para-Ph),
7.727.51 (ov m 16H, ortho/metaPh),7.35 (s, 2H, GH20), 7.02(d, 4H,3Jun = 82 Hz,
ortho-Pipp), 659 (d, 4H, 3Jun = 82 Hz, metaPipp), 543 (d, 2H, 2Jup = 11.0 Hz,

Hi N=P), 2.81 (sp, 2H,3Jun = 6.6 Hz, PippCH(CHs)2), 1.4 (d, 3Jun = 6.6 Hz, 12H,
Pipp-CH(CH3)2). *B{*H} NMR (96 MHz, CDCk) : i16.73 (s).**C{*H} NMR

(75 MHz, CDCh): 11 1481 (s, para-Pipp), 143.2 (br d, *Jcp = 52.0 Hz, Co/Cs-furan),
1379 (s, Phpara), 1331 (d, 3Jcp = 2.9 Hz, metaPh), 131.2 (d2Jcp = 4.7 Hz,
ortho-Ph), 131.0 (bripso-Pipp), 129.0 (brCs/Cs-furan), 1286 (s, ortho-Pipp), 1209

(s, metaPipp), 336 (s, PippCH(CHz)2), 23.8 (s, PippCH(CHs3)2). Note: ipso-Phwas

not observed °F{*H} NMR (282 MHz, CDCk) : i181.% (d, 8F, ortho-CsFs),
1161.20 (t, 4F, para-CsFs), 116531 (t, 8F, metaCeFs). 3'P{*H} NMR (122 MHz,
CDCl): ti22.7 (s).Anal. Calcd. for @HaeB2F40N20P: C 54.73; H 2.25; N 1.36; found:

C 54.87; H 2.36; N 1.38.

114



Synthesis of [(DippN=PPlpCsH-0ZnM€e|[ B(CsFs)4] (32) In a glove box20(35.9 mg,

F

F

F

0.0245 mmol)was added to a 20 mL

T F scintillation vial followed by 5 mL of
Dipp\N/ZIn\NrDipp F. F“\l\llllB@ F
I ey F o
thP\(\o_/7,Pph2 F P FA cF ; bromobenzene, resulting in a yellow
F

solution.

Dimethyl

zinc (29. ‘L,

0.0245 mmol, 1.2 M) waslowly injected into thestirring solutionover a period of
5 min. Immediately aftawardsa bright orangeed solution was observedlongwith a
small amount of bubbling. The solution waisredfor 2 h under an argon atmosphere.
An orange solutiomesulted,to which pentane (~2 mL) was adddte mixture was
allowedto stir for 30 min. The solvent was then removed under vacrasulting h a

thick darkorange oil. The oil was washed witfireeportions of pentane (3 mL), and
the remaining pentane was removed under va¢giuimg a peackorange solidYield:
27.9 mg, 72.9%H NMR (300 MHz, pyridineds): G 7 . 7 &pun € 86 Hz

3J4n = 7.0 Hz, 8HmetaPh), 7.54 (dt3Jun = 13.6Hz, “Jun = 32, 4H, para-Ph), 7.42
(td, 3Jup = 7.0 Hz, 3Jun = 3.2 Hz, 8Hprtho-Ph), 7.217.13 (ov m, 4HmetaDipp), 7.10
(dd, 2Jup = 9.6 Hz, 3Jup = 2.9 Hz, 2H, GH20), 7.06 (s, 2Hpara-Dipp), 3.59 (sp,
3Jun = 6.7 Hz, 4H, DippCH(CHza)2), 1.05 (d,2Jun = 6.9 Hz, 24H, DippCH(CHs)2),

10.16 (s, 3H, ZhCHa). B{*H} NMR (96 MHz, pyridineds): ti i 15.94 (s)13C{H}

NMR (75 MHz, pyridineds): U  124(¢} ortho-Dipp), 1433 (d, 2Jcp = 7.4 Hz,
ipso-Dipp), 133.0 (dXJcp = 107.3 Hz,ipso-Ph), 132.5 (d2Jcp = 10.3 Hz,metaPh),
131.1 (spara-Ph), 129.4 (d®Jcp = 12.8 Hz 0ortho-Ph), 127.9 (spara-Dipp), 123.5 (s,
metaDipp), 29.5 (s, DippCH(CHa)2), 24.3 (s, DippCH(CH3)2), 117.1 (s, Zri CHa).

Note: Czs-furanwere not observed®{*H} NMR (282 MHz, pyridineds): tii 132.13

(s, 8F,ortho-F),1162.18 (t, 4F3Js== 20.9 Hz para-F),1166.29 (t, 8F3J== 18.2 Hz,
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metaF). 3P{*H} NMR (122 MHz, pyridineds): U 1234 (s). Anal. Calcd. for

C77Hs54BF24N2P.0Zn: C 59.81H 3.85 N 1.81; found: C 59.79H 3.84 N 1.80.

Synthesis of [(PippN=PBRCsH-O0ZnM€|[ B(CeFs)4] (33) In a glove box21 (50.0 mg,

FAF 0.0362 mmol) was added to a 20 mL

-0

2)3 FYF scintillation vial followed by 5 mL of
Pipp.y 20~ Pipp F_& 82 F

F . .
thg IF!Ph2 F’@FF F\F@\F bromobenzene, resulting in a yellow

F solution. Dimethyl zinc30.0* L, 0.0398

o_

mmol, 1.2 M)wasslowly injected into thestirring solution over a period of 5 min
Immediatelyafterwardsthe solution became legellow in which an oil formedover
10 min. Thesolution was stirred fo2 h under an argon atmospheRentane (~2 mL)
was added to the vial artde mixture stirredor 30 min after which the solvent was
decantedandthe resultingoil furtherwashed withthreeportions of pentane (3 mL)
The remainingvolatiles wereremovedin vacuoto afford apaleyellow solid. Yield:
60.5 mg, B.1%. 'H NMR (300 MHz, CDCl): U 8I-7.61 (ov m, 12H,
para/ortho-Ph), 754 (m, 8H, metaPh), 7.8 (s, 2H, GH20), 689 (d, 4H,
334w = 80 Hz, ortho-Pipp), 676 (d, 4H, 3Jun = 80 Hz, metaPipp), 2.5 (sp, 2H,
3Jun = 68 Hz, PippCH(CHs)2), 1.15 (d,3un = 6.8 Hz, 12H, PippCH(CH3)2), i1.11
(s, 3H, Zi CHa). “B{'H} NMR (96 MHz, CD:Cl,) : 118&46 (s).*C{'H} NMR
(75 MHz,CD2Cly): Ui 147.2 (sjpso-Pipp), 1345 (s, para-Ph), 133.7 (d2Jcp = 9.8 Hz,
ortho-Ph), 1325 (s, para-Pipp), 130.2 (d,XJcpr = 130.2 Hz,ipso-Ph), 1302 (d,
3Jcp = 12.8 Hz,metaPh), 129 (m, C/Cs-furan), 127.8 (s,metaPipp), 1278 (s,
ortho-Pipp), 126.91261 (br ov m,Cs/Cs-furan andortho-Pipp), 345 (s, CH(CHs)),
24.7(s, CHCHa)2), 1151 (s, ZnTHs). 19F{'H} NMR (282 MHz, CD,Cl,) : 1133.71

(d, 8F,ortho-CsFs), i 165.98 (t, 4F, para-CsFs), i1 169.45 (t, 8F, metaCsFs). 'P{1H}
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NMR (122 MHz,CD.Cly): G wasnotobservedAnal. Calcd. for GiH47BF20N2OP>Zn:

C 5832 H3.24; N 1.92; found: C58.19; H 3.35; N 2.24.

Synthesis of [(DippN=Pr,),CsH,0ZnM€[B(3,5(CFs)2CsHs)4] (34) In a glove box,

F,C A CF;
GHg 23 (43.4 mg, 0.0286 mmplvas added to

. ® .
Dlpp\N/Z"\N,Dlpp

FsC lo o
@“" cF;| a 20 mL scintillation vial followed by 5
sC

ol I
iPryPa ON—-PPr, \g
X\ F\C
F

CF;

F, mL of bromobenzene, resulting in a

yellow-peach solution. Dimethyl zinc (24:0L, 0.0286 mmol, 1.2 M)was slowly
injected into thestirring solution over a period of 5 min. ginall amount of bubbling
was observedrhe solution wastirred for 2 h under an argon atmosphdpentang~2
mL) was added to the nopink solutionand the mixture was stirred for 30 mirhe
solvent was removed under vacuum resulting in a red oiloiTkvas washed witthree
portions of pentane (3 mL), and the remaining pentane removed under iacgina
a pinkpeach coloured powder. Yield: 39.9 mg, 87.3BbNMR (300 MHz, pyridine
ds): U 8. 43 ( sartho[B(8H3(CR)2)4]), 7.83 (s, 4H,
meta[B(CeH3(CFs)2)4]), 7.60 (s, 2H, GH20), 7.33 (s, 2HmetaDipp), 7.24 (s, 2H,
metaDipp), 7.06 (t,3Jun = 7.4 Hz, 2H,para-Dipp), 3.61 (sp2Jun = 6.7 Hz, 4H,
Dipp-CH(CH)2), 2.63 (d sptdup = 14.1Hz, 3Jun = 7.0 Hz, 4H, PCH(CHs)2), 1.36 (d,
3Jun = 7.0 Hz, 6H, PCH(CHa3)2), 1.30 (ov d,%Jss = 5.3 Hz, 30H, Dippand
Pi CH(CH3)2), 1.15 (dd3Jup = 17.3Hz, 3Ju = 7.0 Hz, 12H, PCH(CH3)2), 10.14 (s,
3H, Zni CHa). 1'B{*H} NMR (96 MHz, pyridineds): Ui i 4.41 (s).2*C{*H} NMR (75
MHz, pyridineds) 0 2 @L:6:B:1 g, Jce = 49.8 Hz,ipso[B(CeH3(CFs)2)4]), 1537
(dd, Ycp = 93.8 Hz, “Jcp = 2.2 Hz, G/Cs-furan), 145.7 (sprtho-Dipp), 1424 (d,
2Jce = 6.0 Hz, ipsoDipp), 1358 (s, ortho-[B(CsH3(CFs)2)4]), 1306 (m,
CF3-[B(CeH3(CFs)2)4]), 130.5 (9,%Jcr = 2.8 Hz, CFs-[B(CsH3(CFs)2)4]), 1301 (q,

Uer =28 Hz, CF3-[B(CeH3(CF3)2)4]), 1297 (m, CFs-[B(CeH3(CF3)2)4]), 129.5 (d,
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1Jcp=56.1 Hz Pi CH(CHs)2), 127.9 (spara-Dipp), 1274 (s, meta[B(CsHz(CFs)2)4]),

123.5 (smetaDipp), 122.0 (dd2Jcp = 12.2Hz, 3Jcp = 7.0 Hz, G/Cs-furan), 119.9 (d,
®Jcp = 2.2 Hz,para-Dipp), 118.8 (d3Jcr = 3.8 Hz,para-[B(CsH3(CFs)2)4]), 29.4 (s,
PiCH(CHs)2), 29.2 (s, DippCH(CHz3)2), 283 (s, DippCH(CHa)2), 24.3 (s,
Dipp-CH(CHzs)2), 17.1 (d,%Jcp = 2.1 Hz, PCH(CH3)2), 16.1 (d,%Jcp = 3.6 Hz,
Pi CH(CHa)2), 1167 (s, Zni CHa). °F{*H} NMR (282 MHz, pyridine ds): Ui i 62.07
(s). 3P{H} NMR (122 MHz, pyridineds): U 20 (s). Anal. Calcd. for

C73H79BF24N20PZn: C 54.99; H 4.99; N 1.76; found: C 3.41; H 4.62; N 139.

Synthesis of [(DippN=PPlpCsH.SZnMe][B(3,5(CR).CeH3)4] (35) In a glove box24

F3C_ACF
‘,32)3 ’ ’ (60.1 mg, 0.0360 mmolyas added to a 20
Dipp.,,_~ZNn_, .Dipp
I I Fsc@ N L scintillation vial followed by 5 mL of
Ph.P— ~S<__PPh " cF;| mL scintillation vial followed by 5 mL o
2 \@/ 2 FC @ \g;':
F3C Cr, ? bromobenzene, resulting in a yellow

solution. Dimethyl zinc (30.05L, 0.0360 mmol, 1.2 Myvasslowly injected into the
stirring solution over a period of 5 miA gradudcolour changeo pale yellowgreen,
along with effervescencejas observed over the next 30 min. The solutionstiagd
for 2 h under an argon atmospheRentang(~2 mL) was added to thdark-green
solutionafter which the mixture was stirréar 30 min. The solvent was removed under
vacuum resulting in a thick dark grebrown oil. The oil was washed witthree
portions of pentane (3 mL), and the remaining pentane was removed under yvacuum
yielding a brown solid. Yield: 47.0 mg, 74.9%H NMR (300 MHz, pyridineds):

a 8. 44 ortha-[B(CHHICF3)2)4]), 7.84 (ov m, 12H, metaPh and
meta[B(CsH3(CFs)2)4]), 7.52 (ov d,2Jun = 7.4 Hz, 4H para-Ph), 7.4-7.38 (m, 8H,
ortho-Ph), 7.35 (dd®Jup = 5.3,%Jup = 3.3 Hz, 2H, GH2S), 7.18 (ov s, 4HnetaDipp),
7.07 (t,33un = 8.5 Hz, 2H para-Dipp), 3.59 (sp3Jun = 6.9 Hz, 4H, DippCH(CHs)2),

1.02 (d,23un = 69 Hz, 24H, DippCH(CH3)2), i0.09 (s, 3H, ZihCHs). 1'B{*H} NMR
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(96 MHz, pyridineds): 1i715.91 (s).X*C{*H} NMR (75 MHz, pyridineds): i 1 4 3 .
2Jcp = 7.4 Hz,ipso-Dipp), 135.0 (br s,ortho-Dipp), 134.6 (smeta[B(CsH3(CFs)2)4]),
133.9 (dXJcp= 106.5 Hzjpso-Ph), 1328 (s, para-Dipp), 1327 (s, metaPh), 1323 (s,
metaDipp), 132.3-131.1(br m, C2/Cs-furan),132.0-130.5 (m,CFz-[B(CeH3(CF3)2)4]),
129.4 (d,%Jcp = 12.6 Hz,ortho-Ph), 127.33 (sjpso[B(CsH3(CFs)2)4]), 1208 (s,
metaDipp), 1188 (s, para-[B(CeH3(CFs)2)4]), 295 (s, DippCH(CHa)2), 244 (s,
Dipp-CH(CHs3)), 113.0 (s, Zri CHz3). Note: ipso[B(CsH3(CFs)2)4] and Cas-thiophene
resonancesvere notobserved°F{*H} NMR (282 MHz, pyridineds): &i 162.07 (s).
3P{*H} NMR (122 MHz, pyridineds): U i17.1 (s). Anal. Calcd. for
CgsH71BF24N2P>SZn: C 58.45; H 4.10; N 1.60; S 1.8dund: C 58.89; H 4.18; N 1.63;

S 1.44.

Synthesis of [(PippN=PBRCsH-SZnMg[B(CeFs)4] (36) In a glove box25(50.0 mg,

F
FAF 0.037 mmol) was added to a 20 mL

GH scintillation vial followed by 5 mL of
Z“\N Pipp  F.
h2

LU B
,@ ’h bromobenzene, resulting in a yellow

solution. Dimethyl zinc (3.0 ‘L,

|
S

~or*

Pipp<
pp N/
Ph, P

F

0.038 mmol, 1.2 M)wasslowly injected into thestirring solution over a period of 5
min. Immediately after, the solution became less yellow, and an oil forreed O min.
The reaction wastirred for2 h with no significant changebservedPentane (~2 mL)
was added to the vial aride mixture stirredor 30 min after which the solvent was
decantedand the resulting oil washed withree portions of pentane (3 mL)lhe
remaining volatiles were removédvacuoto giveapaleyellow solid. Yield: 6.5 mg,
79.9%. *H NMR (300 MHz,ds-T HF ) :9-7.4 (brov m, 20Hprtho/metdpara-Ph),
7.3(m, 2H, GH2S), 7.0-6.7 (br ov m, 8H, Pipprtho/metg, 28 (sp,3Jun = 6.9 Hz, 2H,

Pipp-CH(CHs)2), 1.14 (d3Jnn = 6.9 Hz, 12HPipp-CH(CHa)2), 11.18 (s, 3H, ZiCHs).
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118 NMR (96 MHz, ds-T HF ) 118.45 (s).3C{H} NMR (75 MHz, dg-THF):

U 1 3.33.1%br ov mortha/para-Ph), 1319 (d, 3Jup = 95.8,ipso-Ph), 1302 (d,

3Jcp = 12.1 Hz, metaPh), 1286 (para-Pipp), 128.0 (s, metaPipp), 1277 (m,
ortho-Pipp), 345 (s, Pipp-CH(CHs)2), 24.7(s, Pipp-CH(CHs3)2), i 14.60 (s, ZHiCHs3).
Note: ipso-Pipp and Czs-thiophene carbons were nathserved'®F NMR (282 MHz,
ds-THF) : 7138.70 (s, 8Fortho-CeFs), 1 165.98 (br, 4Fpara-CeFs), 1 169.45 (br, 8F,
metaCeFs). P{H} NMR (CDCl3) : @ (br2sp i8.71 (br s).Anal. Calcd. for
CroHasBF20N2P.SZn: C 57.68; H 3.20; N 1.89; S 2.17; found: C 57.10; H 3.62; N 1.81;

S 229

Synthesis of [(DippN=Pr),C4H>SZnMd[B(3,5(CFs)2CsHs)4] (37) In a glove box,

?2)3 27(71.8 mg, 0.0510 mmoWyas added to a
Dipp., —2N~-DipP . 5
ipe s B ’ w8 cF,| 20 mL scintillation vial followed by 5 mL
Pr,P. P'Pr. 3
Tt F3@C \Q&
FCNA L : of bromobenzene, resulting in a yellow
3

solution. Dimethyl zinc (4® ‘ L, 0.0510 mmol, 1.2 Myvasslowly injected into the
stirring solution over a period of 5 miA small amount of bubblingas observedrhe
solution wasstirredfor 2 h under an argon atmospheRentane (~2 mL) waadded,
and the mixturestirred for 30 min. The solvent wagmoved under vacuum resulting
in an orangsgyellow oil. The oil was washed Withreeportions of pentane (3 mL), and
the remaining pentane was removed under vacuumgéhiesa yellow-peachpowder.
Yield: 76.1 mg, 92.7%.'H NMR (300 MHz, pyridineds): G 8. 43 ( s,
ortho-[B(CeH3(CFs)2)4]), 7.83 (s, 4H,para[B(CeH3(CFR)2)4]), 7.747.63 (m, 2H,
C4H2S), 7.337.24 (m, 4HmetaDipp), 7.06 (t3Jun = 7.6 Hz, 2Hpara-Dipp), 3.62 br

d, 3Jun = 69 Hz, 4H, DippCH(CH3)2), 2.61 (d sp3Jup = 14.0Hz, 3Jun = 6.9 Hz, 4H,

Pi CH(CHa)2), 1.35 (d,2Jun = 7.0 Hz, 6H, PCH(CHz)2), 1.28 (d,2Jun = 6.9 Hz, 30H,

Dipp andPi CH(CHs)2), 1.12 (dd2Jup = 17.3Hz, 3Jun = 6.9 Hz, 12H, PCH(CH53)2),
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10.15 (s, 3H,Zni CHa). “B{*H} NMR (96 MHz, pyridineds): ti i 4.39 (s).23C{H}
NMR (75 MHz, pyridineds)) o 163. 1  ( $Jsl = 149.7 Hzg ,
ipso-[B(CsH3(CFs)2)4]), 146.1 (d,2Jcp = 8.1 Hz,ortho-Dipp), 142.6 (t3Jcp = 5.4 Hz,
ipso-Dipp), 139.0 (d, Yep = 77.6 Hz, G/Cs-thiophene), 135.8 (s,
ortho-[B(CsH3(CFs)2)4]), 131.7 (d,%Jcr = 88.2 Hz, G/Casthiophene), 130.5 (q,
LJcr = 2.8 Hz,CFa-[B(CeH3(CFa)2)4]), 1301 (g, Wcr = 2.8 Hz,CFa-[B(CsH3(CFs)2)a]),
127.3 (s,meta[B(CsH3(CFs)2)4]), 123.5 (s,metaDipp), 1199 (br d,%Jcp = 1.9 Hz,
para-Dipp), 1188 (br t, 3Jcr = 3.8 Hz, para[B(CeHs(CFs)2)4]), 301 (s,
Dipp-CH(CH3)2), 296 (s, DippCH(CHs)2), 292 (s, DippCH(CHz3)2), 29.0 (s,
Dipp-CH(CH3)2), 245 (s, A CH(CHz)2), 244 (s, A CH(CHa)2), 176 (d, 2Jcp = 1.7 Hz,
Pi CH(CH3)2), 174 (d, 2Jcp = 1.6 Hz, PCH(CHa3)2), 16.4 (d,2Jcr = 3.5 Hz,
Pi CH(CH3)2), 163 (d, 2Jcp= 3.6 Hz, PCH(CH3)2), 1 169 (S, Zni CH3). **F{*H} NMR
(282 MHz, pyridineds): Ui 60.55 (s)3P{*H} NMR (122 MHz, pyridineds): & 2 . 8
Anal. Calcd. for GsH79BF24N2P.SZn: C 3.44; H 494; N 1.74; S 199; found: C 3.89;

H441,N137,S1.8.

Synthesis of [(DippN=PBPpCsH.SeZnMe]B(3,5(CFs)2CeH3)4] (38) In a glove box,

F3CACF

?k(ls ? ’ 28 (30.9 mg, 0.0180 mmolyas added to
Dipp~y 0P Fic,_ Yo o

se._Hen, @' cF;| a 20 mLscintillation vial followed by 5

thgv FaC d \QQF
3

mL of bromobenzene, resulting in a

goldenbrown solution. Dimethyl zinc (15.0L, 0.0180 mmol, 1.2 M)wvas slowly

injected into thestirring solution over a period of 5 min, after wheclsmall amount of

bubbling was observedhe solution was stirred f& h under an argon atmosphere.

Pentand~2 mL)was added to the brown solution and the mixtuasallowed to stir
for 30 min. The solvent was then removed under vacuum resultinghickadark

brown oil. The oil was washed with pentane (3 x 3 mL), and the remasoingnt
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removed under vacuuto afforda brown solid. Yield: 28.4 mg, 84.4%4 NMR (300

MHz, pyridineds) U 8 . 4o4tho[BE§CsH3(GFHb)4]), 7.87 (dd,2Iun = 7.2 Hz,

3Jup= 5.7 Hz, 8H,0rtho-Ph), 7.83 (s, 4Hmeta[B(CsH3(CFs)2)4]), 7.67%7.61 (m, 2H,
CaH2Se), 7.54 (br tfJun = 7.2Hz, %3Jup= 1.1 Hz, 4Hpara-Ph), 7.45 (br td3Jun= 72,

“Jup= 2.9 Hz, 8HmetaPh), 7.20 (ov d3Jun = 7.0 Hz, 4H, metaDipp), 7.06 (br td,

8Jan = 7.0 Hz, 5Jwp = 1.9 Hz, 2H,para-Dipp), 3.61 (sp,3Juwn = 6.7 Hz, 4H,
Dipp-CH(CHzs)2), 1.03 (d,%Jun = 6.7 Hz, 24H, DippCH(CHs)2), 10.14 (s, 3H,

Zni CHs). H{®P} NMR (300 MHz, pyridineds): U 8. 43 (br S
ortho-[B(CsH3(CFs)2)4]), 7.86 (ov d,%Jun = 8.1 Hz, 8H,ortho-Ph), 7.83 (ov s, 4H,
meta[B(CesH3(CFs)2)4]), 7.62 (s, 2H, @H2Se), 7.54 (t3Jun = 7.5 Hz, 4H para-Ph),

7.45 (br tJ = 7.2 Hz, 8HmetaPh), 7.20 (ov 3Jun = 75 Hz, 4H,metaDipp), 7.07 (t,

334 = 7.5 Hz, 2H para-Dipp), 3.61 (Sp3Jun = 6.7 Hz, 4H, DippCH(CHz)2), 1.04 (d,

3341 = 6.8 Hz, 24H, DippCH(CHa)2), 1 0.14 (s, 3HZni CH3). 'B{*H} NMR (96 MHz,
pyridine-ds): G15.91 (s).**C{*H} NMR (75 MHz, pyridineds): i 163. 1 ( 1: 1:
Jes = 49.8 Hz, ipso[B(CeH3s(CRs)2)4l), 143.6 (d,2Jcp = 7.5 Hz, ipso-Dipp),
1398-1389 (m, Gs/Cs-selenophene), 135.(s, ortho[B(CsH3(CFs)2)4]), 134.7 (d,
ep = 134.7 Hz,ipso-Ph), 132.7 (smetaDipp), 132.6 (s,para-Dipp), 13L.0 (s,
ortho-Ph), 1305 (q, Jcr = 2.7 Hz, CFs-[B(CeH3(CFs)2)4]), 1301 (g, *Jcr = 2.9 Hz,
CFs-[B(CeH3(CFs)2)4]), 129.4 (d, 2Jcp = 12.8 Hz, ortho-Dipp), 127.3 (s,
meta[B(CsH3(CFs)2)4]), 126.2 (smetaPh), 123.8 (spara[B(CsH3(CFs)2)4]), 120.84
(s,para-Ph), 1188 (t, 3Jcr = 4.2 Hz para-[B(CsH3(CFs)2)4]), 29.5 (s, DippCH(CHs)2),
244 (s, Dipp-CH(CH3)2), 116.7 (s, Zni CHz). Note: G/Cs-selenophenevere not
observed *°F{*H} NMR (282 MHz, pyridineds): Ui 162.07 (s).3*P{*H} NMR (122
MHz, pyridineds): U7 14.0 (s)Anal. Calcd. for @H71BF2aN2P.SeZn: C 56.92; H 3.99;

N 1.56; found: C 56.62; H 3.64; N 1.79.
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Synthesis of [(DippN=tPr).CsH,SeZnMe]B(3,5(CFs).CsHs)4] (39) In a glove box,

solution. Dimethyl zinc (24.* L, 0.0328 mmol, 1.2 Myasslowly injected into the
stirring solution over a period of 5 miA small amount of bubblingas observedrhe

solution wasstirredfor 2 h under an argon atmosphePentane (~2 mLjvas added to
thebrownorange solutiomnd the mixture was allowed $tir for 30 min. The solvent

was removed under vacuum resulting in a thick dark orang@n oil. The oil was

FsC_ACF
?'-g ’ ’ 29 (51.8 mg, 0.0328 mmolyas added to
e TP R I Ifollowed b
ipr.B__Se__pi " cF;| a 20 mL scintillation vialfollowed by 5
PrZPUP Pr, £, ; \g;':
%%, | mLofbromobenzene, resulting in a brown

washed withthree portions of pentane (3 mL), and the remaining pentane removed

under vacuunto afforda caramel coloured solid. Yield: 45.8 mg, 84.3BbNMR (300
MHz, pyridineds): i 8 . 4 3  drthof{B(&GH3(CR)Hk]), 7.93 (br s, 2H, @H2Se),
7.83 (s, 4Hmeta[B(CsHs(CFs)2)4]), 7.25 fr d, 4H, metaDipp), 7.08 (t3Jun = 7.2 Hz,
2H, para-Dipp), 3.63 (sp3Jun = 6.7 Hz, 4H, PCH(CHs)2), 2.64 (br sp3Jun = 6.1 Hz,
4H, Dipp-CH(CHzs)2), 1.35 (ov d,2Jun = 6.7 Hz, 12H, RCH(CH3)2), 1.27 (ov d,
334 = 6.1 Hz, 24H, DippCH(CHa)2), 1.17 (dd3Jkp = 17.1Hz, 3Jun = 6.7 Hz, 12H,
Pi CH(CH3)2), 10.15 (s,3H, Zni CHs3). 1B{!H} NMR (96 MHz, pyridine-ds): Ui 14.41
(s). °C{*H} NMR (75 MHz, pyridineds): & 16 3. 1 (J3s:=149.9 HZ
ipso[B(CsH3(CRs)2)4]), 1428 (br s, ipso-Dipp), 132.3 (s,0rtho[B(CsH3(CFs)2)4)),

131.7 (d2Jcp = 88.5 Hz, G/Cs-selenophene), 13:129.5(m, CFs-[B(CsH3(CFs)2)4]),

129.1 (spara-Dipp), 127.9 (smetaDipp), 127.3 (smeta[B(CsH3(CFs)2)4]), 120.1 (s,
ortho-Dipp), 118.7 (t3Jcr= 3.9 Hz,para-[B(CsH3(CFs)2)4]), 296 (d, 1Jcp = 68.8 Hz,
Pi CH(CHz)2), 24.5 (s, DippCH(CHa)2), 17.0 (d, 2Jcp = 83.9Hz, Pi CH(CH3)2). 118.01
(s,Zni CH3). Note: Co/Cs-selenophenavere not observed®{*H} NMR (282 MHz,

pyridine-ds): Ui i 60.56 (s)3P{*H} NMR (122 MHz, pyridine-ds): G 27s). "’Se{H}
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NMR (134 MHz, pyridineds) U 8 (brém). Anal. Calcd. for &Hs1BF24NoP.SeZn:

C 52.90H 4.80 N 1.69; found: C 53.3H 4.77 N 1.7Q

Synthesis of [(PippN=Pr.).CsH.SeZnM4[B(CsFs)4] (40) In a glove box:30 (100.0

F ] F mg, 0.0/64 mmol) was added to a 20

C"'s mL scintillation vial followed by 5 mL
Pipp< P | \ .Pipp

e B
,Przp Pipr, ’@ g\g\ of bromobenzene, resulting in a brown

solution. Dimethyl zinc 634 ‘L,

F

0.0764 mmol, 1.2 M)wasslowly injected into thestirring solution over a period of 5
min. A small amount of bubblingzas observedrlhe solution wastirredfor 2 h under
an argon atmospherBentane (~2 mLas added to theBrown-orange solutiorand
mixture was allowed to stifor 30 min. The solvent was removed under vacuum
resulting in a thick dark oranggown oil. The oil was washed withreeportions of
pentane (3 mL), and the remainisglventremoved under vacuuto give caamel
coloured solid. Yield94.6 mg, 8L.2%. Resonances were better resolved at@®Q@or
'H and'3C{'H} experiments, all others were run at ambient temperatdrdMR (300
MHz, ds-THF): G 8 (brl 2H, CsH2Se) 6.98 (br, 4H, ortho-Pipp), 683 (br, 4H,
metaPipp),2.83 (br ov, 4H, Pl CH(CHs)2), 2.73 (br ov2H, Fipp-CH(CHs)2), 1.32 (ov
m, 24H, Pi CH(CH3)2), 1.10 (d, 12H3Jun = 6.6 Hz, PippCH(CH3)2), 10.15 (s, 12H,
Zni CHz). “B{'H} NMR (96 MHz, dg-THF): i 118.32 (s).23C{*H} NMR (75 MHz,
CDCl): U 1496 (br d, ipso-Pipp), 137.7 (br m, C3/Cs-selenophene), 37.4 (br d,
C2/Cs-selenophene 1287 (s, para-Pipp), 1283 (s, metaPipp), 1247 (s, ortho-Pipp),
335 (s, PippCH(CHa)2), 27.4 (m, Pi CH(CHa)2), 24.5 (s, PippCH(CHz)2) 16.42 (m,
Pi CH(CH2)2), T 14.99 (s, Zni CH3). *°F{*H} NMR (282 MHz, dg-THF) : 1138.54 (s,

8F, ortho-CeFs), 1166.27 (t, 4F,%J = 20.1 Hz, para-CeFs), 1169.73 (t, 8F,
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3Jrr= 18.9 HzmetaCsFs). *P{*H} NMR (122 MHz,CDCl): 55.3(br s) Anal. Calcd.

for CsgHssBF20N2P>SeZn: C 51.01; H 3.99; N 2.02; found: C 50.93; Bb3N 1.97.

Synthesis of [(DippN=PPpCsH-OZnOPh]B(CsFs)4] (32b) In a glove box,
F

°P 20 mL scintillation vial containing?0
Dmp\N,/Z"~\ .Dipp

(5.0 mg, 0.0288 mmol). A yellow

F

solution was visible immediately after the addition of the solvent. The solution was

stirredfor 2 h under an argon atmosphere, after which a transparent eyalhge

FEAF bromobenzene (-3 mL) was added to a

F e ‘B
ol Pphz ’@é’\g\ (42.2 mg, 0.0288 mmol) and MeZnOPh

solution was observed. The solvent was then removed under vacuum resulting in a thick

red-orange oil. The oil was washed with pentang& 8mL), and the remaining pentane

was removedn vacuoto afford anorangered solid. Yield: 34.0 mg, 72.7%H NMR
(300 MHz, pyridineds): i 7 . 73&p=1219Hz, 3Jun = 7.2 Hz, 8Hprtho-Ph), 7.53
(dt, 3Jun = 7.6 Hz, 2Jup= 6.3 Hz, 4Hpara-Ph), 7.41 (td3Jun = 7.4Hz, “Jup= 3.1 Hz,
8H, metaPh), 7.31 (t3Jun = 7.8 Hz, 2HmetaOCsHs), 7.23 (ov m,C4H20), 7.20 (ov
s, 2H, para-Dipp), 7.12 (ov t,3Jun = 8.7 Hz, 4H,metaDipp), 7.05 (ov s, 2H,
ortho-OCgHs), 6.85 (t,3Jun = 7.1 Hz, 1Hpara-OCsHs), 3.59 (sp2Jun = 6.8 Hz,4H,
Dipp-CH(CHz)2), 1.04 (d,3Jun = 6.8 Hz, 24H, DippCH(CH3)2). 'B{H} NMR
(96 MHz, pyridineds): U1 14.45 (s)*C{*H} NMR (75 MHz, pyridineds):i 15 6 .
Jep = 116.1 Hz, “Jcp = 4.3 Hz, G/Cs-furan), 14.0 (s, ortho-Dipp), 144.1 (d,

2Jep = 7.3 Hz, ipso-Dipp), 133.8 (d,'Jcp = 111.7 Hz,ipso-Ph), 1335 (ov d,

2Jcp

2.8 Hz, G/Csfuran), 133.3 (d,2Jcp = 10.3 Hz, metaPh), 133.1 (s,
metaOCeHs),), 132.0 (s, ortho-OCsHs),), 131.4 (s, paraDipp), 1303 (d,
2Jcp = 12.7 Hz,ortho-Ph), 128.73 (spara-OCsHs), 1246 (s, metaDipp), 121.6 (d,

SJcp = 2.9 Hz,para-Dipp), 303 (s, DippCH(CHs)2), 252 (s, DippCH(CHs)2). Note:
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ipso-OCsHs was not observed®F{*H} NMR (282 MHz, pyridineds): ti i 130.61 (d,
3Jee= 9.1 Hz, 8Fortho-CeFs), i 160.63 (t3Jer = 20.9 Hz, 4Fpara-CoFs), i 164.74 (t,

3Jrr= 18.2 Hz, 8FmetaCeFs). 3P{*H} NMR (122 MHz, pyridineds): tii 23.26 (s).

Synthesis of [(PippN=PBRCsHOZnOPH[B(CeFs)s] (33b) In a glove box,

F
FEAE bromobenzene (~3 mL) was added to a

°P 20 mL scintillation vial containin@21
Plpp\N/Z“\N Pipp

F e B
ol Pphz ,@ {\g\ (780 mg, 0.660 mmol) andEZnOPh

(1.0 mg, 0.660 mmol). The solution

F

turnedfrom yellow to transparent over a 1 h periothe solution wastirredfor 2 h
under an argon atmosphedeyingwhich alight-yellow oil formed Theexcess solvent
was decanted, and the remaining volatiles were remiovealcuogiving an offwhite
solid which wasvashed with pentane (3 x 3 mOheresidualpentane was removed
in vacuoto affordan off-white solid. Yield: 74.3 mg, 86.1%. Crystals were grown from
a saturated solution in DCM &80 °C. *H NMR (300 MHz, THF-dg): U 7.73 (t,
3Jun = 7.6, 4H,para-Ph), 7.42 (td2Jun = 7.6,%Jwp= 3.1 Hz, 8H metaPh), 7.20 (dd,
3Jup= 121, 3Jun= 76 Hz, 8H,0rtho-Ph),7.01 6, 2H, GH20), 6.94 6, 5H, Zii OCsHs),
6.63 (d, 4H,3%3un = 7.7 Hz, ortho-Pipp),5.96 (d, 4H,3Jun = 7.7 Hz, metaPipp),2.74
(sp,3Jun = 6.8 Hz, 4HPipp-CH(CHs)2), 1.08 (d, 3Jun = 6.8 Hz, 24HPipp-CH(CHa3)2).
UB{1H} NMR (96 MHz, THF-dg): Ui i 18.45 (s).13C{'H} NMR (75 MHz, THF-ds):
U0 162.2 (sjpso-OCeHs), 149.1 (br dXJcp = 1111, Co/Cs-furan),146.7 (spara-Pipp),
141.0 (d, 2Jcp = 93.7 Hz, ipso-Pipp), 135.5 (spara-Ph), 1345 (d, 2Jcp = 3.1 Hz,
ortho-Ph), 131.1 (sprtho-OCsHs), 1305 (d, 3Jcp = 2.9 Hz,metaPh), 130.4 (br m,
Cs/Cs-furan), 129.0 (s, metaPipp), 128.1 (sprtho-Pipp), 125.6 (dlJcp = 72.7 Hz,
ipso-Ph),123.3 (smetaOCsHs), 121.9 (spara-OCsHs), 34.4 (s, Pipp CH(CHa)2), 24.4

(s, Dipp CHCH3)2). 2°F{*H} NMR (282 MHz, THF-ds): Ui i 133.69 (t, 3Jer= 9.1 Hz,
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8F, ortho-CeFs), i 165.90 (t, 3Jrr= 20.9 Hz, 4Fpara-CeFs), 1 169.38 (t, 3Jrr= 18.2 Hz,
8F, metaCsFs). 3P{*H} NMR (122 MHz, THF-ds): Ui 118.1 (s). Anal. Calcd. for

CesHs1BF24N202P2Zn: C B.50; H 357; N 1.62; found: C 8.90; H 321, N 167.

Synthesis of [(DippN=Pr,),CsH.0ZnOPh]B(3.,5(CFs)2CsHs3)4] (34b) In a glove box,

F;C_ACF3

oPh bromobenzene (~3 mL) was added to a 20
Dil°'°‘N/Zn@\N’Di'°'°' FsC < o . .

| N @""B cF;| mL scintillation vial containing 23

-l )

iPryPe O\ PPr

i U ©ORC CF
F3C 3

(33.2 mg, 0.0219 mmol) and MeZnOPh

(3.80 mg, 0.0219 mmol). An orang&rown solution was visible immediately after the
addition of the solvent. The solution wsisired for 2 h under an argon atmosphere,
after which a transparent orange solution was observed. The solvent was then removed
under vacuum resulting in a thick browwnange oil. The oil was washed with pentane
(3% 3mL), and the remainingolventremoved uder vacuunto givean orangeéarown

solid. Yield: 32.5 mg, 88.6%'H NMR (300 MHz pyridineds): & 8. 42, (s,
ortho-[B(CeH3(CFs)2)4]),, 7.83 (s, 4H,para[B(CsH3(CFRs)2)4]), 7.397.28 (m, 6H,
meta/paraDipp), 7.24 (ov m, 2H, ¢H.0), 7.16 (ov m, 2Hortho-OCeHs), 7.07 (br t,

3Jun = 7.2 Hz, 2H, metaOCsHs), 6.87 (br s, 1H,para-OCeHs), 3.64 (br sp,

3Jun = 6.5 Hz, 4H, PCH(CHa)2), 2.752.50 v m, 4H, DippCH(CHz)2), 1.29 (ov d,

3Jun = 6.3 Hz, 24H, DippCH(CHa)2), 0.86 (br d3Jun = 6.6 Hz, 24H, PCH(CHa)2).
UB{IH} NMR (96 MHz, pyridineds): U i5.92 (s). ®C{*H} NMR (75 MHz,
pyridineds): & 16 3. 1 {d& = B1.61HzIpsofB(CsH3(CFs)2)s), 1537 (d,
1Jcp=93.7 Hz, G/Cs-furan), 145.7 (sprtho-Dipp), 1424 (d, 2Jcp= 5.8 Hz,ipso-Dipp),

135.8 (s,0rtho-[B(CsH3(CFs)2)4]), 130.9 (br miJcr = 3.6 Hz,CFs-[B(CsH3(CFs)2)4]),

130.6 (s, metaDipp), 1306-1303 (m, CF3-[B(CsH3(CF3)2)4]), 1301 (br m,

ek = 3.7 Hz,CFs-[B(CeH3(CFs3)2)4]), 1299-129.3 (m,CFs-[B(CsH3(CF3)2)4]), 127.3

(s, meta[B(CsH3(CFs)2)4]), 124.0 (ov spara-OCeHs), 123.5 (smetaDipp), 119.9 6v
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s, para-Dipp), 119.9 (ov ortha/metaOCesHs), 118.7 (s para-[B(CeHs(CFs)2)4]), 294
(s, DippCH(CHg)2), 29.2 (s, PCH(CHs)2), 283 (s, AHCH(CHs)2), 243 (s,
Dipp-CH(CHa)2), 17.11 (s, PCH(CHa)2), 16.12 (s, PCH(CHz)2). Note:ipso-OCsHs
was not observed®{H} NMR (282 MHz, pyridineds): tii62.10 (s)3P{*H} NMR

(122 MHz, pyridineds) 1114 (s).

Synthesis of [(DippN=PPlpCsH>SZnOPh]B(3,5(CFs)2CesHz3)4] (35b) In a glove box,

F1C_n CF
OPh ’ ? bromobenzene (~3 mL) was added to a 20
e
Dlpp\N/ | \N .Dipp F1C
I

@"'B cF;| mL scintillation vial containing?5 (31.2
|>h2|='\<—7,|>Ph2 \g

mg, 0.0193 mmol) and MeZnOPh (8.3

CF;

mg, 0.0193 mmol)A yellow solution was visible immediately after the addition of the
solvent. A gradual colour change wasserved over the next 30 min as the yellow
solution turned brightrangein colour and a small amount of bubbling was observed.
The solution wastirredfor 2 h under an argon atmosphedeying which no change
was observed. The solvent was then removedeumwvacuum resulting in a thick
orangebrown oil. The oil was washed with pentane (3 x 3 mL), and the remaining
pentane was removed under vacuwnyield a browrorange solid. Yield: 31.8 mg,
90.4%."H NMR (300 MHz, pyridineds): ti 8 . 4 4 , prihe[B(GsH3(CRB)kL)),
7.87 (ov d3Jun= 7.1 Hz, 4Hmeta[B(CeH3(CFs)2)4]), 7.83 (ov s, 8Hortho-Ph), 7.52

(t, 3Jun = 7.2 Hz, 4Hpara-Ph), 7.46 (td3Jun = 9.4Hz, “Jup= 4.7 Hz, 8HmetaPh),
7.36 (ov dd2Jup = 5.2Hz, “Jup= 3.3 Hz, 2H, GH,S), 7.29 (ov t3Jun = 7.4 Hz, 2H,
metaOCsHs), 7.22 (ov S, 1Hprtho-OCsHs), 7.18 (ov t3Jun = 6.8 Hz, 4HmetaDipp),
7.07 (td,3Jun = 6.8, °Jup = 4.1 Hz, 2H,para-Dipp), 6.81 (t,3Jwn = 6.7 Hz, 1H,
para-OCsHs), 3.60 (t3J4n = 6.8 Hz, 4H, DippCH(CHs)2), 1.03 (d3JuH= 6.8 Hz, 24H,
Dipp-CH(CHs)2). 1'B{*H} NMR (96 MHz, pyridineds): U i4.40 (s).1*C{*H} NMR

(75 MHz, pyridineds): i 126131:1:1 q.}Jce = 49.8 Hzjpso[B(CsH3(CFs)2)4), 1446
128



(dd, YJcp = 19.5,*Jcp = 1.6 Hz Co/Cs-thiophene), 143.(d, 2Jcp = 7.5 Hz,ipso-Dipp),
1395 (br s, ortho-Dipp), 137.8137.0 (m, Gi/Cs-thiophene), 138 (s,
ortho-[B(CsH3(CFs3)2)4]), 133.9 (d1Jcp= 106.8 Hzjpso-Ph), 1328 (d, 3Jcp= 10.2 Hz,
metaPh),132.7 (m,ortho/metaOCsHs), 1306 (s, para-Ph), 1306 (q, 1Jcr = 2.7 Hz,
CFs-[B(CsH3(CFs)2)]), 1301 (g, ek = 5.3 Hz, CFa-[B(CsHa(CFs)2)a]), 129.4 (d,
2Jep = 12.6 Hz,ortho-Ph), 127.3 (smeta[B(CsH3(CFs)2)4]), 1238 (s, para-Dipp),
123.6 (spara-OCsHs), 1208 (d, 3Jcp = 3.0 Hz,metaDipp), 118.7 (d3Jcr = 4.0 Hz,
para-[B(CsH3(CFs)2)4]), 29.5 (s, DippCH(CHz)2), 244 (s, DippCH(CHs)2). Note:
ipso-OCsHs was not observed®F{*H} NMR (282 MHz, pyridineds): & 160.55 (S).

31P{*H} NMR (122 MHz, pyridineds): ti117.1 (s).

Synthesis of [(PippN=PBRCsH>SZnOPH[B(CeFs)4] (36b) In a glove box,

F
FAF bromobenzene (~3 mL) was added to a
OPh
pipp\N/z'n@\N,pipp F @F 20 mL scintillation vial containing25
X F=er e (56.0 mg, 0.@400 mmol) andEtZnOPh
F
F
FF F (7.50 mg, 0.G100 mmol). The solution

turnedfrom yellow tocolourlessover a 1 h period. The solution wasrredfor 2 h
under an argon atmosphereptang5 mL) was added which caused an-wfthite solid

to precipitate.The excess solvent was decanted, and the remawalagiles were
removedn vacuogiving an offwhite solid which was washed with pentane (3 x 3.mL)
The remaining pentane was remowetacuowhich affordedan offwhite solid. Yield:
51.3 mg, 8.4%. *H NMR (300 MHz,THF-dg): i 89 (br ov m, 8H0rtho-Ph) 7.77(br

ov m, 4H,para-Ph), 7.61 (br ov m, 8H,metaPh), 7.45 (br ov m2H, ortho-OCsHs),
7.26 (br ov m, 2HmetaOCsHs), 7.25 (br ov m, 2H,CsH2S), 6.91 (br ov m, 4H,
ortho-Pipp), 6.82 (br ov m, 1Hpara-OCsHs), 6.68(br ov m, 4HmetaPipp), 2.75 (sp,

3Jun = 69 Hz, 4H, Dipp GH(CHs)2), 112 (d, 3Jun = 69 Hz, 24H, Dipp CH(E3)2).
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LB{1H} NMR (96 MHz, THF-ds): U i 18.45 (s).3C{*H} NMR (75 MHz, THF-dg)

U 134.7 (s,ortho-OCsHs), 131.7 (s,metaOCsHs), 1304 (s, metaPh), 130.2 (s,
para-Ph), 128.0 (spara-OCsHs), 1277 (s, metaPipp), 123.65 (sprtho-Pipp), 120.1

(s, para-OCeHs). Note G.s-thiophenejpso-Ph,ipso-OCsHs, ipso-Pipp, andpara-Pipp
were rot observed®F{*H} NMR (282 MHz, THF-dg): Ui 133.69 {, 3Jse= 9.1 Hz, 8F,
ortho-CsFs), i 165.97 (t, 3Jrr= 20.9 Hz, 4Fpara-CeFs), 1 16945 (t, 3Jer= 18.2 Hz, 8F,
metaCeFs). 3P{*H} NMR (122 MHz, THF-dg): U i 28.6 (br s). Anal. Calcd. for
CreHa9BF20N20PSZn: C 58.65; H 3.17; N 1.80; S 2.06; found: C 58.31; H 3.22;

N 2.06; S 4.

Synthesis of [(DippN=Pr,),C4H>SZnOPH[ B(3,5(CFs).CsH3)4] (37b) In a glove box,

Fs;C CF;

OPh bromobenzene (~3 mL) was added to a 20
Dipp. /Z"@\ .Dipp
LN F’*c@ BS L scintillation vial containing7 (22.1
. . " cF;| mL scintillation vial containin :
iPr,P S\ —PPr, Q] s
\@/ F3(|-E c CF;
e, mg, 0.0137 mmol) and MeZnOPh (2.4

mg, 0.0137 mmol). An orange solution was visible immediately after the addition of
the solvent. The solution wasirredfor 2 h under an argon atmosphere, after which a
transparent orange solution was observed. The solvent was then removed under vacuum
resulting in a thick browayellow oil. The oil was washed with pentanex(3 mL), and

the remaining pentane was removed umdeuumgiving a brownyellow solid. Yield:

226 mg, 93.4%.'H NMR (300 MHz, pyridineds) u 8. 44 (br
ortho-[B(CeH3(CFs)2)4]), 7.83 (s, 4Hmeta[B(CsH3(CRs)2)4]), 7.68 (br s, 2HC4H,S),

7.31 (ov t3Jun = 8.0 Hz, 2H para-Dipp), 7.14 (ov d3Jun = 7.5 Hz, 4HmetaDipp),

7.06 (t,3Jun = 7.3 Hz, 2H,metaOCeHs), 6.94 (s, 1H,para-OCsHs), 6.87 (br t,
33 = 6.6 Hz, 2H,0rtho-OCsHs), 3.62 (sp2Jun = 6.8 Hz, 4H, DippCH(CHs)2), 2.61

(d sp,33up= 14.6,3Jun = 7.1 Hz, 4HPi CH(CHz)2), 1.34 (ov dJun = 6.6 Hz, 12H,

Pi CH(CH3)2), 1.28 (ov d3Jun = 6.6 Hz, 24H, DippCH(CH3)2), 1.12 (dd2Jup= 17.2,
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3Jun =66 Hz, 12H, R CH(CHs3)2). 'B{*H} NMR (96 MHz, pyridineds): ti14.41 (s).
BBC{’H} NMR (75 MHz, pyridineds): & 163. 1 (ks 2 498 Hz, q,
ipso[B(CeH3(CFs)2)4), 1461 (s, 0ortho-Dipp), 1426 (d, 2Jcp= 5.9 Hz,ipso-Dipp), 139.0
(d, YJcp = 77.4 Hz, G/Cs-thiophene), 13B. (s, ortho-[B(CsH3(CFs)2)4]), 131.7 (d,
2Jcp = 88.4 Hz, G/Csthiophene), 136. (m, CFs-[B(CsH3(CFs)2)a]), 130.5 (s,
metaDipp), 1305 (g, 1Jcr = 2.8 Hz,CFs-[B(CsH3(CFs)2)4]), 1301 (q, 1Jcr = 2.9 Hz,
CFa-[B(CeH3(CF3)2)a]), 1299 (s, metaOCsHs), 129.4 (m, CFs-[B(CesH3(CF3)2)4]),
129.4 (s,para-OCesHs), 129.1 (s,0rtho-OCsHs), 127.3 (s,meta[B(CeH3(CFs)2)4]),
123.5 (s, metaDipp), 1199 (d, °Jcp = 2.1 Hz, para-Dipp), 1191-1182 (m,
para-[B(CsH3(CF3)2)4]), 30.0 (s, A CH(CHg)2), 29.6 (s, DippCH(CHz)2), 29.0 (s,
Pi CH(CHa)2), 244 (s, DippCH(CH3)2), 17.4 (d2Jcp = 1.5 Hz, RCH(CHa)2), 163 (d,
2Jcp = 3.5 Hz, PCH(CHs3)2). Note: ipso-OCeHs was not observed *°F{*H} NMR

(282 MHz, pyridineds): tii 60.56 (s)3'P{*H} NMR (122 MHz, pyridineds):&i 2. 8 ( s) .

Alternate synthesidn a glove boxpromobenzene (~3 mlyas addedo a 20 mL
scintillation vial containing37 (24.9 mg, 0.0155 mmol), and phenol (1.5 mg,
0.0155 mmol). Immediately after the addition of the solvent, a byigldw solution

was observed along with slight bubbling. The soluwasstirredfor 2 h under an

argon atmosphere, after which a transparent orange solution was observed. The solvent
was then removed under vacuum resulting in a thick brgsilow oil. The oil was
washed with pentane (3 x 3 mL), and the remaining pent@as removed under

vacuumto afforda brownyellow solid.Yield: 23.8 mg, 87.3%.
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Synthesis of [(DippN=PPlrCsH.SeZnOPh]B(3,5(CFs)2CsHz3)4] (38b) In a glove

?Ph box, bromobenzene (~3 mL) was added to
®
Dlpp\ / | \ -Dipp  F,c

||‘B . . . . . .
ohy PUPth @j@ \g a 20 mL scintillation vial containin@8

F

(23.4 mg, 0.0137 mmol) and MeZnOPh

(2.40 mg, 0.0137 mmol). A goldebrown solution was visible immediately after the
addition of the solvent. The solution wstsrredfor 2 h under an argon atmosphere,

after which a transparent orange solution was observed. The solvent was then removed
under vaaum resulting in a thick browarange oil. The oil was washed with pentane

(3 x 3 mL), and the remaining pentane was removed under vaougiiean orange

brown solid. Yield: 22.9 mg, 89.6%H NMR (300 MHz, pyridineds): i 8. 44 ( s,
ortho-[B(CeH3(CFs)2)4]), 7.88 (ov d,*Jun = 7.5 Hz, 4H meta[B(CsH3(CFs)2)4]), 7.83

(s, 8H,ortho-Ph), 7.687.61 (m, 2H, GH>Se), 7.577.49 (m, 4Hpara-Ph), 7.46 (ov m,

8H, metaPh), 7.29 (t3Jun = 7.6 Hz, 4HmetaDipp), 7.17 (ov m, 6Hpara-Dipp and
ortho-OCsHs), 7.06 (t,3Jun = 7.6 Hz, 2H,metaOCsHs), 6.80 (t,%Jun = 6.8 Hz, 1H,
para-OCsHs), 3.61 (t3Jun= 6.8 Hz, 4H, DippCH(CHs)2), 1.03 (d3Jun= 68 Hz, 24H,
Dipp-CH(CHs)2). 1'B{*H} NMR (96 MHz, pyridineds): U 75.91 (s).*C{*H} NMR

(75 MHz,pyridineds): i 16 3. 1 Jca=489Hzjpstr[B(sH3(CFs)2)s), 1446

(s, ortho-Dipp), 143.6 (d,%Jcr = 6.4 Hz, ipso-Dipp), 1394 (dd, 2Jcp = 14.4,

3Jcp = 10.4 Hz, G/Cs-selenophene), 135.8 (sytho-[B(CsHs(CFs)2)4]), 134.4 (d,
Jcp = 106.0 Hz,ipso-Ph), 1327 (d, 3Jcp = 10.6 Hz,metaPh), 1312-1309 (m,
Jer = 5.1 Hz, CFs-[B(CsH3(CFs)2)4]), 1306 (s, paraPh), 130.5130.3 (m,
Lk = 2.4 Hz,CFa-[B(CsHa(CFs)2)a]), 130.0 (M, Xcr = 3.7 Hz,CFs-[B(CeH3(CFs)2)4]),
129.5 (s,0rtho-OCsHs), 129.3 (d,Jcp = 12.3 Hz,ortho-Ph), 129.1 (smetaOCsHs),
127.3 (smeta[B(CsH3(CFs)2)4]), 126.2 (spara-OCsHs), 123.7 (spara-Dipp), 120.8

(s, metaDipp), 118.7 (spara-[B(CeH3(CF3)2)4]), 29.5 (s, DippCH(CHa)2), 244 (s,
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Dipp-CH(CHs)2). Note: G/Cs-selenophenandipso-OCsHs wasnot observed'F{*H}

NMR (282 MHz, pyridineds): & 162.07 (s)3P{*H} NMR (122 MHz, pyridineds):

07114.0 (s).

Synthesis of [(DippN=Pr).C4H.SeZnOPh]B(3,5(CFs).CsHz)s] (39b) In a glove

OPh
| ®

. (1] .
iPr,P— S8\ PPr,
7

. Zn .
Dlpp\N/ | \N,Dlpp Fs;C
"

@50@

F3C

F3

CF;

CF;

CF;

(3.5 mg, 0.0202 mmol). An oranggown solution wawisible immediately after the

box, bromobenzene (~3 mL) was added to

a 20 mL scintillation vial containin@9

(31.9 mg, 0.0202 mmol) and MeZnOPh

addition of the solventalong with slight bubbling. The solution wasrredfor 2 h

under an argon atmosphere with constant stirring, after which a transparent brown

solution was observed. The solvent was then removed uadeum resulting in a thick

brown oil. The oil was washed with pentane (3 x 3 mL), and the remaining pentane was

removed under vacuuwielding a brown solid. Tts materialcontained a mix a89and

the desired compound@9b, as indicated by the peak obsetve a it0.150(s, 2H,

Zni CHs) in theH NMR spectrumThus,phenol(0.500mg, 0.0050 mmol), was added

the vial containing the brown solid, to which bromobenzene (~3 mL)asasdded,

yielding a transparent brown solution. The solution stasedfor anadditionall6 h

under an argon atmospheduringwhich no change was observed. The solvent was

then removed under vacuum resulting in a thick brown oil. The oil was washed with

pentane (3 3 mL), and the remaining pentane was removed under vaaffonding

a brown solid. Yield: 25.1 mg, 71.8%4 NMR (300 MHz, pyridineds): U

8.

4 4

8H, ortho-[B(CeH3(CFs)2)4]), 7.89 (dd3Jup= 5.2,°Jup= 3.4 Hz, 2H, GH:Se), 7.83 (br

S, 4H, para[B(CeH3(CR)2)4]), 7.68 (m, 2H, ortho-OCeHs), 7.587.52 (m, 2H,

metaOCsHs), 7.30 (ov m, 4HmetaDipp), 7.06 (br t3Jun = 7.5, 2H para-Dipp), 6.79

(br t,J = 6.5 Hz, 1Hpara-OCsHs), 3.66 (0v Sp3Ju = 6.8 Hz, 4H, DippCH(CHs)2),
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2.60 (v sp3Jun = 7.0 Hz, 4H, PCH(CHs)2), 1.32 (ov m, 36H, DippndPi CH(CHa)y),

1.15 (ov dd3Jup= 17.2Hz, 3Jun= 7.1 Hz, 12H, PCH(CH3),). 11B{*H} NMR (96 MHz,

pyridine-ds): 1 15.92 (s).1*C{*H} NMR (75 MHz, pyridineds): i 163 . 1 ( 1:

Lcs = 49.9 Hz,ipso[B(CeH3(CFs)2)s), 1462 (S, ipso-OCsHs), 1455 (s, ortho-Dipp),
1426 (m, ipso-Dipp), 139.0 (d,%Jcp = 77.3Hz, G/Cs-selenophene), 13%.(dd,
2Jep = 13.2Hz, 3Jcp = 6.6 Hz, G/Cs-selenophene), 135.8 @tho-[B(CsH3(CFs)2)4]),
132.3 (s,metaOCsHs), 131.1 (s,para-OCsHs), 131.0 (m, CFs-[B(CeH3(CF3)2)4]),
1301 (q, Ncr = 2.8 Hz, CFs-[B(CeH3(CFs3)2)4]), 1299 (s, ortho-OCsHs), 129.1 (s,
ortho-OCsHs), 127.9 (s,paraOCeHs), 127.3 (s,meta[B(CsH3(CFs)2)4]), 123.6 (s,
metaDipp), 1199 (br s, para-Dipp), 118.8 (br mpara-[B(CsH3(CF3)2)4]),), 301 (s,
Pi CH(CHs)2), 30.0 (s, F CH(CHs)z), 29.5 (s, DIppCH(CHa)2), 292 (s, A CH(CHs)2),
29.0 (s, PCH(CHa)2), 245 (s, DippCH(CHz3)2), 244 (s, DippCH(CHz3)2), 176 (d,
2Jcp = 1.5 Hz, PCH(CH3)2), 17.4 (d,%Jcp = 1.6 Hz, PCH(CH3)2), 16.4 (d,
2Jep= 3.5 Hz, PCH(CH3)2), 163 (d, 2Jcp= 3.6 Hz, PCH(CHs)2). 1%F NMR (282 MHz,
pyridine-ds) i @R.06 (s)3'P{*H} NMR (122 MHz, pyridineds): i 5%s, 71.4%), 2.85

(s, 28.6%)7’Se{tH} NMR (134 MHz, pyridineds) & 9 (¥, Bsdp= 12.8 Hz).

Synthesis of [(PippN=Pr),CsH,SeZnOPKB(CsFs)s] (40b) In a glove box,

F

FOALF bromobenzene (~3 mL) was added to a
OPh
|
Pipp., / IG{ _Pipp 20 mL scintillation vial containing30

’Pr2 ;’Prz et
U ’@ \g\ (70.6 mg, 0.0% mmol) and MeZnOPh

(10.1 mg, 0.0%8 mmol). The solution was

F

stirredfor 48 h under an argon atmospheharingwhich alight-yellow oil formed. The
excess solvent was decanted, and the remaining volatiles were remeaedogiving
ayellow solid which was washed with pentane (3 x 3 millje remainingolventwas

removedn vacuoto afford ayellow solid. Yield:78.0 mg,90.1%.*H NMR (300 MHz,
134
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THF-dg): U 8.20 (br, 2H, GH2Se), 7.69br ov m, 1HparaOCsHs), 7.50(br ov m, 2H,
metaOCsHs), 7.28 (br ov m, 2Hortho-OCeHs), 7.05 (br ov m, 4H,ortho-Pipp), 6.89
(br ov m, 4H, metaPipp, 3.00 (br ov, 4H, PCH(CHzg)2), 2.80 (br ov, 2H,
Pipp-CH(CHz)2), 1.29 (br ov, 24H, FRCH(CHs3)2, 1.19 (br ov, 12H, Pipp-CH(CHz)2).
LB{IH} NMR (96 MHz, THF-dg): U i 18.45 (s).23C{*H} NMR (75 MHz, THF-dg):
U 144(® .d, YJcp = 1020, C/Cs-selenophene 1394 (br d, 2Jcp = 1028 Hz,
ipso-Pipp), 18.1 (br s, paraOCeHs), 1367 (br s paraPipp, 1326 (br s,
para-OCsHs), (br s, ortho-OCsHs), 129.2 (br s, metaPipp), 12.0 (br s, ortho-Pipp),
124.3 (s,metaOCsHs), 1243 (br s),345 (m, Pi CH(CHs)2), 27.1 (m, DippCH(CHz)2),
247 (s, DippCH(CHs)2), 16.41 (m, PCH(CHs)2). Note: Ca/Cs-selenophengvas not
observed. ’F{*H} NMR (282 MHz, THF-ds) 133.69 (d,3J = 9.1 Hz, 8F,
ortho-CeFs), 1 165.90 (t3Jrr= 20.9 Hz, 4Fpara-CsFs), i 169.38 (t3Jrr= 18.2 Hz, 8F,

metaCsFs). 3'P{*H} NMR (122 MHz, THF-ds): i 55.4 (br), 24.0 (br)

Synthesis of Ca(HMDSATHF In a glove box, calcium diiodide (0.818 g, 0.00278 mol)

and 2 egiv of THF solvated potassium hexamethyldisilazapfg[HMDS] ATHF
(1.512 g, 0.00557 mplwere added to a swivel frit apparateguippedwith 100 mL
roundbottom flasks Toluene(~50 mL) was transferreth vacuoto the mixtureThe
reaction wasstirred for48 h under argorduring which alight-yellow slurry formed
The mixture was filtered usingand the volatiles removeth vacuoto yield a thick
yellow oil. In a glove boxhexanes were added to the digorous stirringaffordedan
off-white powder. The powder was triturated with hexanes (3 x 10 mlihardlatiles

removedn vacuoto giveCa(HMDSYATHF. Spectra were consistent with literatdfe.

129 yield: 0.849, 69.9%. 'H NMR (300 MHz, GDs) U 3 . 5 &/Cs{THF), 1.23H,

(M, GJ/C4-THF), 0.38 (s, 18H, HMDS), 0.26 (s, 18H, HMDS).
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Important notes{K][HMDS] ATHF was asolid obtainedfrom a 1.0 M solution of
[K][HMDS] in THF. This reaction is extremely sensitive to the halide salt and the
solvent used due to the insolubility of the group IBss&or exact reproduction of this
reaction do not substitute the halide salt or the solvidrg. same procedure can be

undertaken using Bt-O solvatedK][HMDS] salt

Synthesis of [((PippN=PBRC4H-0),Cd|[ B(CsFs)4]>_(42) In a glove box21 (85.0 mg,

F F
N £l E ELE 0.0615 mmol)
ipp
Pipp
Ph,P=N
: \@ \N_Pphz was added to a
~ @\ ’@“““‘ ’@\u“‘ B
_ / N—PPh2 \%\ 20 mL
Ph,P= E. Plpp o .
ipp . scintillation vial

followed by Ca(HMDS)AEt,0 (53.0 mg, 0.23 mmol) and ~5 mL of toluene.The
light-yellow mixture wasstirred for2 h with no significant changévolatiles were
removedin vacuoandthe resulting oil was washed withree portions of pentane
(3 mL). The remaining volatiles were removadvacuoto give a paleyellow solid.
Crystals were grown from a saturat@@M solutionstoredati 30 °C Yield: 1381 mg,
80.1%.H NMR (300 MHz,CD,Cl,): ti 7.70 (t, 8H3Jun = 6.7 Hz para-Ph), 7.44 (m,
16H, metaPh),7.26 (dd, 16H, 3Jun = 74 Hz, 3Jup= 123 Hz, ortho-Ph), 7.01 (s, 4H,
C4H20), 6.72 (d, 8H,3Jus = 7.8 Hz, ortho-Pipp), 6.40 (d, 8H,3Jn = 7.8 Hz,
metaPipp),2.63 (sp,4H, 3Jun = 6.6 Hz, PippCH(CHs)2), 0.99 (d, 24H, 3Jun = 6.6 Hz,
Pipp-CH(CH3)2). *B{H} NMR (96 MHz, CD.Cl;) i6.67 (s).*C{*H} NMR
(75 MHz, CD.Cly): G 495 (br m, Cy/Cs-furan), 144.4 (s, ipso-Pipp), 135.0 (s,
para-Ph), 133.30 (BJcp = 3.7 Hz,ortho-Ph), 1303 (d, *Jcp = 2.9 Hz,metaPh), 128.5
(s, metaPipp), 126.5d, Jcp = 35.4 Hz,ipso-Ph), 1249 (m, Cs/Cs-furan), 123.2 (s,
ortho-Pipp), 3.3 (s, PippCH(CHs)2), 24.0 (s, PippCH(CHz)2). Note ipso-Pipp

resonance was not observeétF{*H} NMR (282 MHz, CDxCly) : i132.24 (s, 8F,
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ortho-CsFs), 1162.63 (t, 4F,3Jrr= 20.1 Hz para-CsFs), 1 166.34 (t, 8F,3J-r= 18.9 Hz,
metaCeFs). 3P{*H} NMR (122 MHz, CD,Cl): & 14.2 (s). Anal. Calcd. for

C140HgsB2CakigN4O2P4: C 59.97; H 3.16; N 2.00; found: C 59.55; H 3.35; N 1.97.

Synthesis of [((PippN=PBRC4sH,S)Ca|[ B(CsFs)4]2 (43) In a glove box25(100.0 mg,

F F
FAUF FAUF

0.0710 mmol)

Pipp

Ph,P=N

Pipp

_ \@ \N—Pth

was added to a

mL

Plpp
Pipp

Q @‘N—Pphz ’@é\g\ ’@&B 20
thP—ril

¢ scintillation vial

followed by Ca(HMDSYATHF (15.0 mg, 0036 mmol) and ~5 mL of toluene. The
orange solution wastirred for2 h with no significant change. Volatiles were removed
in vacuoand the resulting oil was further washed witteeportions of pentane (3 mL)
The remaining volatiles were removedvacuoto yield a yellow-orangesolid. Yield:
775 mg, 75.9%. 'H NMR (300 MHz, dg-THF): Ui 7.83 (dd, 16H23Ju = 7.6 Hz,
3Jup= 12.5 Hz,ortho-Ph),7.61-7.41 (ov m, 28H, paraimetaPh and CsH,S), 6.7 (d,
8H, 3Jun = 7.8 Hz,ortho-Pipp), 662 (d, 8H,3Jun = 7.8 Hz,metaPipp), 270 (sp, 4H,
3Jun = 6.7 Hz, PippCH(CHa)2), 1.14(d, 24H 3341 = 6.7 Hz, PippCH(CH3)2). 1'B{*H}
NMR (96 MHz, ds-THF): Ui 18.48 (s)3C{'H} NMR (75 MHz, ds-THF): ti 147.7 (br

m, ipso-Pipp), 142.5 (br m, C./Cs-thiopheng, 1385 (s, para-Pipp), 137.9 (br m,
Cas/Cs-thiopheng, 1334 (d, 2Jcp = 3.9 Hz,ortho-Ph), 1325 (s, para-Ph), 1321 (d,
1Jep=37.7 Hzjpso-Ph),1286 (d, *Jcp = 2.9 Hz,metaPh),1271 (s, metaPipp), 1232

(d, 3Jcp = 11.0 Hz,ortho-Pipp), 342 (s, PippCH(CHa)2), 24.6 (s, PippCH(CHa)2).
19-{1H} NMR (282 MHz, dg-THF) : i138.71 (s, 8F,ortho-CsFs), 1165.91 (t, 4F,
3Jrr= 20.1 Hz,para-CsFs), i 169.44 (t, 8F,3Jrr= 18.9 Hz,metaCsFs). 3'P{*H} NMR
(122 MHz, ds-THF): U 19.4 (s). Anal. Calcd. for GsdHgsB2CaFoN4PsS: C 5929;

H 3.13; N 1.98; S 2.26found:C 58.80; H 369; N 2.57. S 249,
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Synthesis of((DippN=PPh)>CsH-0).CaNSiMe][B(CsFs)4]> (44) In a glove box20

F

Dipp Dipp FAF FAF (40.0 mg,
thP—N\g)/N—Pth 0.0273
Me;Si /a, '
< <° SIME3 ’@“‘““ B ’@“““ mmo') was
thP—ril/ ® \N—PPh ﬁ\ s\
Di D
PP PP g g added toa

NMR tubefollowed by Ca(HMDS)ATHF (12.0 mg, 0.@73 mmol) and~0.5 mL of
THF-ds. The orange solutiobecame crimson withihO minand was monitoredver2

h via 3'P{*H} NMR spectroscopyat which starting material resonances had vanished
Volatiles were removedh vacuoand the resultinged oil was washed withthree
portions of pentane (3 mLYhe remaining volatiles were removiedvacuoto provide
aredsolid. Yield: 70.2 mg, 0.9%.H NMR (300 MHz, THF-ds): 11 7.53 (ov m, 24H,
ortha/para-Ph), 7.38 (td, 16HJun = 7.7 Hz,%Jup= 4.5 Hz metaPh), 6.86 (m, 12H,
metdpara-Dipp), 6.68 (m, 4HC4H20), 3.25 (sp,8H, 3Jun = 6.4 Hz, Dipp-CH(CHs)y),
0.83 (d, 48H, 3Jun = 64 Hz, Dipp-CH(CHa)2), 10.01 (s, 18H, NSi(CHs)3). *'B{*H}
NMR (96 MHz, THF-dg) 7 18.46 (s)3C{'H} NMR (75 MHz, THF-dg): Ui 155.8 (d,

2Jcp = 47.7 Hz, ipso-Dipp), 144.1 (s,ortho-Dipp), 18.0 (d, Jcr = 18.8 Hz,
Ca/Cs-furan), 1337 (d, YJcp = 49.2 Hz,ipso-Ph), 132.8 (d?Jcp = 10.2 Hz, ortho-Ph),
132.6 (d,*Jcp = 2.9 Hz,para-Ph), 12% (d, 3Jcp = 11.1 Hz,metaPh), 123.23 (m,
metdpara-Dipp), 120.3 (m, G/Cs-thiophene),29.5 (s, Dipp-CH(CHs)2), 24.06 (s,
Dipp-CH(CHz)2), 5.45 (sNi Si(CH3)3). °*F{*H} NMR (282 MHz, THF-dg) :i138.71
(s, 8F, ortho-CsFs), 1165.8 (t, 4F, 3Jr = 20.1 Hz, para-CsFs), 1169.8 (t, 8F,
33e= 18.9 HzmetaCsFs). 2°Si{*H} NMR (59 MHz, dg-THF) Ui 16.85.3P{*H} NMR
(122 MHz, THF-ds): Ui 24.6 (s).Anal. Calcd. for GssH130B2CaF20N402P4Six: C 60.08;

H 4.15; N 1.77;found: C59.49 H 367; N 2.14
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3.3 X-rayCrystal Data Tables

Table 3.1: X-ray crystallography data of (DippN=P#£CsH20 (3) and
(PmN=PPB)2CsH20 (6).

Identification code PH18049 ph18082
Empirical formula Cs2Hs6N20P, CaoH3eNsOP.
Formula weight 786.92 678.69
Temperature/K 108.4(2) 293(2)
Crystal system monoclinic monoclinic
Space group C2/c P2/c
alA 23.3449(3) 15.4768(3)
b/A 9.77621(10) 15.6589(3)
c/A 19.7871(2) 29.2604(5)
us/ A 90 90
b/ A 101.9326(11) 93.845(2)
o/ A 90 90
Volume/A3 4418.34(9) 7075.3(2)
Z 4 8
} cacg/cn? 1.183 1.274
g / mm 1.188 1.438
F(000) 1680.0 2848.0
Crystal size/mm 0.3x0.2x0.1 0.2 x0.1x0.05
Radiation Cu KU (& = CuKU (@& =
2U range for 7.742 t0 160.632 8.042 t0 162.24
Index ranges 29 O hL20 @K 40-19 O K 30
O 25 O 136 O |
Reflections collected 35733 30331
Independent reflections 4812 [Ru 681%%?6 gma= 14;23,75‘:“0__005'(1)?]9 ?
Data/restraints/parameter 4812/0/262 14551/0/891
Goodnesf-fit on F? 1.085 1.088
Final R inde Ri=00418wR=01007 &~ 00855 WR=
Final R indexes [all data] ~ R: = 0.0428, wR=0.1103 &~ Obogjgiwa-
Largest diff. peak/hole / e # 0.49£0.41 0.91£0.49
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Table 3.2: X-ray crystallography data ¢MesN=

(PPh)2C4H2S (9).

Identification code PH20003 PH18063
Empirical formula Cs4Hs52N20P, CagH2oP2S
Formula weight 566.71 452.45
Temperature/K 100.00(10) 110.6(8)
Crystal system orthorhombic triclinic
Space group P212:2; P-1
alA 8.09960(10) 9.1754(2)
b/A 15.7433(3) 10.9959(3)
c/A 25.5186(5) 13.0490(3)
us/ A 90 111.585(2)
b/ A 90 92.306(2)
2/ A 90 107.736(2)
Volume/A3 3253.99(10) 1148.65(5)
Z 4 2
} cacg/cn? 1.157 1.308
g / mm 1.414 2.657
F(000) 1232.0 472.0
Crystal size/mm 0.6 x0.5x0.3 0.25x0.2x0.1
Radiation Cu KU1L54®4)= Cu KU (@&
2U range for 6.596 to 149.854 7.396 to 160.668
Index ranges -10 O h8 OLOKR40-11 O K20
O 31 O 16 O
Reflections collected 17820 25817

Independenteflections

0.0222]
Data/restraints/parameter 6164/0/366
Goodnessf-fit on P 1.130

Fi nal R

i nde

Final R indexes [all data]

Largest diff. peak/hole / e # 0.26£0.27
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6164 [Rut = 0.0239, Rgma=

R1=0.0286, wR = 0.0844

Ri1=0.0290, wR = 0.0846

PPr,).CsH-0 (8) and

Rsigma= 0.0355]
4995/0/280
1.065
R1=0.0517, wR =
0.1502
R1=0.0572, wR =
0.1541
0.79+0.53

4995 [Rn; = 0.0493,



Table 3.3: X-ray crystallography data ¢DippN=PPh).CsH>S (11) and

(PPr2)2CsH2Se (16).

Identification code

PH19012 PH19005
Empirical formula CiodH112N4PsS, CieHzoP2Se
Formula weight 1605.97 363.30
Temperature/K 99.98(10) 100.0(2)
Crystal system monoclinic monoclinic
Space group C2/c P2/c
alA 23.9121(3) 13.7471(4)
b/A 9.75930(10) 6.4235(2)
c/A 19.2860(2) 20.5973(6)
us/ A 90 90
b/ A 100.1990(10) 93.932(2)
o/ A 90 90
Volume/A3 4429.57(9) 1814.55(9)
Z 2 4
} cacg/cn? 1.204 1.330
g / mm 1.606 4.347
F(000) 1712.0 760.0
Crystal size/mm 0.4x0.3x0.15 0.5x0.1x0.1
Radiation Cu KU (& = Cu KU (@&

2U range for 7.512 to 160.69 6.444 to 161.23

30 O hL20 B 80-17 O W @
Index ranges

O 24 7,26 O |

Reflections collected 25270 20877
. 4831 [Rnt = 0.0298, Rgma= 3942 [Rnt = 0.0304,
Independent reflections 0.0201] Reigma= 0.0205]
Data/restraints/parameter 4831/0/262 3942/0/181

Goodnessf-fit on P 1.102 1.156

, , _ _ R1=0.0453, wR =
Final R i nde R;:=0.0389, wR=0.1032 01217

Final R indexes [all data] ~ R: = 0.0409, wR=0.1046 = 06052725""’3 =

Largest diff. peak/hole / e # 0.46+0.55 0.51/0.61
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Table 3.4: X-ray crystallography data ¢DippN=PPh).CsH.Se (L7) and
(DippN=PPr2)2C4H2Se (L8).

Identification code

Independent reflections

5667 [Ru = 0.0220,
Rsigma: 00272]

PH20010 PH19011
Empirical formula Cs2HseN2P2Se CaoHeaN2P2Se
Formula weight 849.88 713.83
Temperature/K 99.99(10) 100.01(10)
Crystal system triclinic monoclinic
Space group P-1 Pn
alA 8.9063(3) 8.2082(2)
b/A 15.1038(6) 27.5965(4)
c/A 17.4097(4) 9.5740(2)
u/ A 108.416(3) 90
b/ A 97.799(2) 113.004(2)
2/ A 92.183(3) 90
Volume/A3 2193.27(13) 1996.22(8)
Z 2 2
} cacg/cn? 1.287 1.188
g / mm 2.126 2.229
F(000) 892.0 764.0
Crystal size/mm 0.1 x 0.05 x 0.03 1 % 0.05 x 0.03
Radiation Cu KU (& =Cu KU (@&
2U range for 6.19 to 148.456 9.614 t0161.694
ndexranges & O N16 01k8 O h3® ¢
19 O I C 34,-11 O |
Reflections collected 8700 21986

7348 [Ru = 0.0537,
Rsigma: 0.053 1]

Data/restraints/pameters 5667/0/522 7348/26/422
Goodnessf-fit on P 1.049 1.065
, , R1=0.0456, wR= R1=0.0558, wR =
Final R inde 0.1304 01516
, . R1=0.0483, wR= R1=0.0586, wR =
Final R indexes [all data] 0.1328 0.1548
Largest diff.peak/hole / e & 0.81+0.50 1.16+0.83
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Table 3.5: X-ray crystallography data ¢PippN=PPr).CsH.Se (9) and
[(PippN(H)=PPh)(PippN=PPh)CsH2S][A] (25).

Identification code

TWIN_twinl_hkif4 PH18084
Empirical formula CasHs2N2P2Se CroHasBF20N2P2S
Formula weight 629.67 1398.89
Temperature/K 100.0(2) 112.4(4)
Crystal system monoclinic triclinic
Space group P2J/c P-1
alA 12.0624(3) 10.26140(10)
b/A 23.8990(6) 16.07790(10)
c/A 11.9583(4) 19.2278(2)
u/ A 90 102.8480(10)
b/ A 100.958(3) 94.8320(10)
2/ A 90 94.6160(10)
Volume/A3 3384.47(17) 3065.71(5)
Z 4 2
} cacg/cn? 1.236 1.515
g / mm 2.564 1.918
F(000) 1336.0 1420.0
Crystal size/mm 0.3x0.1x0.05 0.15x 0.1 x0.1
Radiation Cu KU (& =Cu KU (@&
2U range for 10.24 to 161.52 6.496 to 160.554
Index ranges -15 O W00 AL4-11 O KOO
14 O | C O 212 O |
Reflectionscollected 18411 43024

Independent reflections 6080 [Rnt = 0.0733, 13237 [Rnt= 0.0396,

Rsigma: 00397]

Rsigma: 00406]

Data/restraints/parameter 6080/197/448 13237/0/873
Goodnesf-fit on F? 1.099 1.065
, , R1=0.0565, wR = R1=0.0396, wR =
Final R inde 01971 0.0989
. . R1=0.0623, wR= R1=0.0463, wR =
Final R indexes [all data] 0.9125 0.1023
Largest diff. peak/hole / e # 1.31/1.01 0.45+0.40
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Table 3.6: X-ray crystallography data §fPippN=PPh).C4sH.0ZnOMe][A] (41) and
[((PippN=PPHh).CsH20).Ca][A]> (42).

Identification code PH19013 PH18092
Empirical formula C77Hs52BBrF20N202PZn  CiaoHssB2CaRoN4O2P4
Formula weight 1635.23 2803.72
Temperature/K 100.01(10) 114(1)
Crystal system triclinic monoclinic
Space group P-1 P2/n
alA 15.4748(2) 25.82769(11)
b/A 15.9484(2) 18.32973(7)
c/A 16.3909(2) 28.38988(13)
u/ A 68.5570(10) 90
b/ A 84.3240(10) 96.2821(4)
2/ A 72.9640(10) 90
Volume/A3 3599.87(8) 13359.48(10)
Z 2 4
} cacg/cn? 1.509 1.394
g / mm 2.431 1.819
F(000) 1648.0 5688.0
Crystal size/mm 0.05 x 0.05 x 0.05 0.2x0.2x0.1
Radiation Cu KU (& =Cu KU (@&
2 U r an g eolldcton/ 6.824 to 160.792 6.876 to 160.662
ndexranges 19 O R00A132 O k30 ¢
20 O I C 23-35 O |
Reflections collected 50607 127435

Independent reflections

Data/restraints/parameter
Goodnesf-fit on F?

Final R inde 0.1308
. . R1 = 0.0560, wR =
Final R indexes [all data] 0.1345
Largest diff. peak/hole / e # 1.23£0.88

15527 [Ru = 0.0377,
Rsigma: 00383]
15527/0/970

1.047

R1=0.0512, wR =
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28983 [Rut = 0.0363,
Rsigma= 0.0311]
28983/0/1746
1.055
R1=0.0365, WR =
0.0926
R1=0.0416, WR =
0.0952
0.70£0.44



Table 3.7: X-ray crystallography data §f(PippN=PPh)2.CsH.S),CaNSiMe]2[A] 2

(43b).
Identification code PH19002
Empirical formula ~ CisgH116B2Br2CapFaoNePaS:Siz
Formula weight 3364.34
Temperature/K 100.00(16)
Crystal system triclinic
Space group P-1
alA 12.8644(3)
b/A 16.9624(4)
c/A 17.4238(2)
u/ A 81.7654(16)
b/ A 85.8432(17)
2/ A 83.917(2)
Volume/A3 3735.34(14)
Z 1
} cag/cn?® 1.496
g / mm 3.023
F(000) 1706.0
Crystal size/mrh 0.1 x 0.1 x0.05
Radiation Cu KU (@& =
2U range for 6.85 to 161.506
-12 O R 10 Ol 622
Index ranges 5O 1 O 22
Reflections collected 49107
. 15839 [Rnt = 0.0395, Rgma=
Independent reflections [ 0.0354] 9
Data/restraints/parameter 15839/0/989
Goodnesf-fit on P 1.063

Final R i nde Ri1=0.0466, wR=0.1295
Final R indexes [all data] R:=0.0527, wR=0.1370
Largest diff. peak/hole / e # 1.50£1.57
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3.4 Publications and Presentations Arising from Part |

Webb, D. J; Wheaton, C. A; Hayes, P. G. Cationic Zinc Complexes of
PhosphinimineContaining NON-Pincer Ligands.Invited submission tanorganic
syntheses

- Consists of most work i8.1through2.2

Webb, D. J; Hayes, P. G. On the Coordination Chemistry of Bred
Trisphosphinimine Containing Ligand€omprehensive Coordination €mistry 1l
2021, 1, Pg131-157.

- Content has been reformatted 108

Webb, D. J; CruMilette, D. E; Hayes, P. G. The Synthesis of Phosphinimine
ContainingNEN-Pincer Ligands (E = (5, Se) and their Corresponding Cationic Zinc
ComplexesTo be submitted to European Journal of Inorganic Chemistry.

- Consists of most worlith zincdepictedn Chapter 2.
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. SEMISYNTHESIS STRATEGIES FOR THE

GENERATION OF CANNABINOIDS AND RELATED

DERIVATIVES
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Chapterd: Introductionto Cannabinoid Semisynthesis

4.1 Natural Products

For commercial purposes, a natural prodraitairs ingredients that are sourced
from nature. In the context ahemistry, a natural product is a compound produced by
an organisn?* “**andrefers to purified organic compounds that were isolated from
the organismthat produced the compounds primary or secondary metabolisfit:

147 An organism will utilize primary metabolites for intrinsic functions (growth,
development, reproduction), while secondary metabolites serve extrinsic functions and
affect other organism$® Secondary metabolites may not be wholly necessary for the
organisnds survival, but are utilized due to their notable influence on their ecological
environment, whether it be cytotoxic to competing organisms, as pheromones, or as
nutrient tansport. Oftenthe exact function of secondary metabolites is not explicitly

known, and they malgave numerous purpos&§®!

Natural selection led to the development of complex biological machinery to
synthesize extremelyniquechemicals-®? >3 This results in natural products having
chemical manifolds which often contain several chiral centres and functional groups
that are exceedingly difficult toreate byartficial methods.As the divere structures
of natural products typically have unique influences on biological systérde,g
discovery has been possible with the identification and testing of various natural
products One such example is paclitaxel, oaxbl®, which is a natural product
extracted from th@acific yew tree,Taxus brevifolig(Figure4.1).1>° Taxol is used by
the organism to repel pests, but it vedsorevealed to be effectivas ananti-cancer

medication, ands now prominenly usedin chemotherapy?®: 1°7
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Figure 4.1: Imageof the Pacific yewt>® with the chemical structure gfaclitaxel

4.1.1 Isolation Methods

An organism does notgenerally require secondgir metabolites in high
concentrations for the desired advantageous effectsreabeed Therefore, a primary
issue with natural products is thick ofavailability. An organism, such as tRacific
yew tree, produceas little as 0.00D.01% of Taxol®per dry bark weight (about
0.66 g per tree}>® Other notable organisms include marine sponges, who produce a
diverse array of chemicals in low quantiti€$in fact 0.91 kg ofHyrtios erectuyields
only 41.1 mg of bioactive compounds (>0.00019%)For effective research and
commercial use fonatural products, a largeand more viable source is required.
Accordingly, ®veral methods have been developed to obtain natural products, all of

which come with benefits and downfalls.

4.1.1.1 DirectExtraction

Typically, the initial discovery andompletecharacterization of a natural product
requires isolation of the novel compouwmi straightforward and direct extraction
met hods. An extraction requires collectic

the organism, andising various solvent systems amthromatography methods to
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isolate the natural producigthin (Figure4.2). A mixture of natural products can then

be further separatdaly chromatography, or sometimesith crystallization. The ease

of i solation and purification depends hig
and quantity within the organism. If trerganismis a plant, the extraction can be
conducted on biomass thads beememoved fronthe organismdquch agheleaves)

otherwisethe process destroys the organissis the case for marine sponges.

Figure 4.2: Example of a typical and simplified extraction procégsBiomass submerged in a
solvent.B) The mixtureis filtered. C) Compounds separateth chromatography
D) A purified natural product.

Extraction uses common laboratory materials, such as commercially available
solvents and drying agents, along with siistid or chiral chromatography systems.
Extractionmethodologies have been crucial to the development of this field, without
themnatural products would not have been so readily discovered. A glaring issue is
that the yield of harvested compound isconglety di ct ated by. t he o
Unless proper growth conditions can déesuredto promoteoptimal production, the
yield will always be limitedoy t he organi smés natur al pr c
It would not be viable, nor ethical, to destroy a lapgetion of marine sponges to

harvest their natural products on a commercial stedtorical extraction of Taxol®
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