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Abstract  

Part I describes the synthesis of neutral bis(phosphinimine) NEN-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 that govern the complexes 

capacity to serve as catalysts for the ring-opening polymerization of Ů-caprolactone. 

Part II describes the semisynthetic strategies for the generation of the major 

cannabinoids (9THC and CBD), and the lower abundant cannabinoids 8THC and CBN. 

Lesser-known cannabinoids and related derivatives were also prepared. Their in vitro 

chemotherapeutic action to breast cancer cells is described, attempting to decipher a 

relationship to chemical structure. Other investigations include computational analysis 

and reduction of the ortho-quinoids. A quantitative NMR procedure was used to 

determine purity of cannabinoids extracted. 

Compounds were characterized via multi-dimensional and multi-nuclear NMR 

spectroscopy, elemental analysis, and, where possible, single-crystal X-ray diffraction 

experiments. 
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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 nomenclature 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 literature, demonstrate an 

understanding of the current research, and explain the importance of the study from a 

wider point-of-view. Both Part I and Part II  are structured so a larger picture is presented 

first, and each subsequent section narrows the scope towards the specific areas 

investigated for this work. 

The numbering system for the compounds discussed for the introduction chapter in 

Part I is in Roman numerals. Any compounds synthesized in Part I have Arabic 

numerals. Since many of the compounds synthesized in Part II  are known (i.e. their 

nomenclature has been pre-established), their commonly accepted abbreviations used 

in the literature, or their full chemical names, have been used. No numbering system is 

used for synthesized compounds in Part II, the derivatives of known compounds have 

abbreviations that reflect their respective derivatization. Colour has been utilized, 

where appropriate, to highlight the subtle changes in chemical structure.  

Several aspects of this thesis were performed by collaborators, or under the 

supervision of other researchers. Accordingly, it is appropriate to indicate what work 

was not done alone. The computational analysis of 8THC (5.4.1) was conducted by 

Rajwinder Kur and Prof. Stacey Wetmore. The electrochemical studies and related 
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computational analysis (5.5.1 and 5.5.2) were conducted by Nathan Hill and Prof. René 

Boeré. The biological studies were conducted by Dr. DongPing Li, and the biomass of 

Cannabis sativa was provided by Prof. Igor Kovalchuk (5.8).  

Some content in this thesis originated from the authorôs own published work, 

manuscripts in the process of being submitted, and manuscripts that are to be submitted, 

all of which has been reformatted (see sections 3.4 and 6.4 for specifics). 
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1 Chapter 1: Introduction to Ligands and Cationic Complexes 

1.1 History and Nomenclature 

Chemical definitions have very specific meanings and when used incorrectly, they 

can lead to a great deal of confusion.1 A few key terms will therefore be introduced now 

to mitigate ambiguity. Molecule is a general term to describe any combination of at 

least two atoms with a chemical bond. A compound is a molecule that must have at 

least one chemical bond between two different atoms. Therefore, all compounds are 

molecules, but not all molecules are compounds. A ligand (pronounced as either 

laұgϸnd or lұgϸnd) is a molecule that forms a bond, to a typically metallic central atom, 

to establish a complex. Complex, a term that will be used throughout Part I of this thesis, 

is a compound that contains a central atom surrounded by ligands. Therefore, all 

complexes are compounds, but not all compounds are complexes (Figure 1.1).  

 

Figure 1.1: Schematic of the definitions molecule, compound, ligand, complex, and organometallic, 

and simple examples thereof. M = Metal. 

A complex can be described based on the steric and electronic properties of the 

ligands themselves, as well as the electronic structure of the central atom, leading to the 

establishment of ócoordinationô chemistry where the term coordination complex is often 

used.2 The terms complex and coordination complex are often used interchangeably. 

Finally, an organometallic complex requires a carbon atom typically in the form of a 
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ligand to be bound to a metal ion. The resulting complex is referred to as an 

organometallic complex wherein the prefix organo- can be placed in front of a specific 

metal when that particular metal is the main subject (e.g. organozinc can be used for 

organometallic compounds where zinc is the focal and central atom). 

The way a ligand generally binds to a central atom is by donating electron density 

to that atom. Therefore, in a coordination complex, ligands are said to be acting as 

Lewis bases, and the central atoms as Lewis acids.3 They can be classified in many 

ways: by charge (neutral, anionic, or cationic in rare cases); by coordination number 

(also known as denticity, denoted with óənô where n = number of bonds formed with the 

central atom); or by hapticity (in which multiple atoms in a contiguous series all bind 

to the metal, denoted with óɖnô where n = number of atoms in the contiguous series that 

are involved in binding).4 An ancillary ligand, sometimes referred to as a spectator 

ligand, is a ligand that provides both a stabilizing steric and electronic environment 

around the central atom, but remains óinnocentô or uninvolved in a transformation the 

compound undergoes. Ligands which are participating in a particular chemical 

transformation can be called actor or reactive ligands.5 A substituent is a group attached 

to a defined atom. This term is generally used to describe a particular feature of a ligand 

that can often be exchanged for other groups during their synthesis. Altering 

substituents is used for fine tuning steric and electronic properties of the ligand.  

It is with the use of synthetic and tailor-made 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 the metal centre 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 
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solution phase reactivity of metal complexes, expanding from their early discoveries to 

their developments throughout the 20th and 21st centuries confirming that ligand design 

is a flourishing and worthwhile subject to pursue.1, 6, 7 

The initial challenge of determining the nature of ligand coordination in aqueous 

solvents was overcome by Christian Wilhelm Blomstrand in 1869 with his preliminary 

work on water-based ammonia complexes.8 This was further expanded upon by Alfred 

Werner in 1893 with the landmark discovery of hexol,9 a coordination complex of 

cobalt often used to illustrate preliminary discoveries in geometry and chirality in 

compounds containing a metal (I , Figure 1.2).10, 11 

  

Figure 1.2: Historically significant compounds that contributed to the development of ligands and 

coordination chemistry.  

The earliest known synthetic complex is Prussian blue,12 or Turnbullôs blue 

([FeIII (CN)]3-, II ), which is an iron ferrocyanide complex accidently made by a painter, 

Diesbach, in 1706 when blood tainted a dye mixing process generating a distinct blue 

colour instead of the intended cochineal red.13, 14 Despite arsenic being considered a 
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metalloid, the arsenic containing compound, cacodyl ((CH3)2AsAs(CH3)2, III ), 

synthesized in 1760 by Luis Claude Cadet de Gassicourt, is considered one of the 

earliest known organometallic compounds.15 This discovery was followed by an 

organometallic complex, known as Zeiseôs salt ([PtCl3(C2H4)]
-, IV ) in 1827 named 

after its discoverer, William Christopher Zeise,16 although confirmation of the exact 

structure and the acceptance of the ɖ2 bonding of the olefin ligand was not fully realized 

until advances in X-ray crystallography were developed in 1969.17, 18  

Simple reactive ligands, such as CſO by Paul Schützenberger with Pt(CO)2Cl2 in 

186819-21 and alkyl groups, including Grignards by Auguste Victor Grignard in 1900,22 

were discovered and used to more readily generate numerous metal containing 

compounds. In 1951, Ferrocene (Fe(C5H5)2, V) further expanded the idea of ligands 

involving more intricate chemical structures.23-25 The use of ligands to alter the 

chemical environment of a metal centre was notably utilized in the 1963 Nobel prize in 

Chemistry for Karl Zieglar and Giulio Natta. Many industrial catalysts are still based 

upon their ñZieglar-Nattaò system (an activated example, VI ). Following Karl Zieglar 

and Giulio Nattaôs work,26 investigations into ancillary ligands spawned the 

development of cyclopentadienyl ligand (Cp) systems as some of the first designed 

ancillary ligands which have been used to produce catalysts for the polymerization of 

olefins.27-29   

The development of coordination chemistry expanded over the past 50 years, with 

an enormous library of unique, tailor-made, and complex ancillary ligands systems 

being established. Notable series of ligands, or ligand systems, designed for use as 

ancillary ligands include cyclopentadienyl analogues and derivatives (VII and VIII ),30, 
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31 N-heterocyclic carbenes (IX ),32 and pincer ligands (X),33 all of which fill various 

catalyst niches (Figure 1.3).   

 

Figure 1.3: Examples of organometallic complexes that contain notable ancillary ligands systems 

common in homogeneous catalysis. Left to right: Cp (VII ) and a related silyl amide containing 

analogue (VIII ),30, 31 N-heterocyclic carbene (IX ),32 and a PCP-pincer ligand complex (X).33  

1.2 Polymerization 

The process in which small molecules, monomers, bind together to form repeating 

units, polymers, is termed polymerization.34-37 Two major types of polymers include 

homopolymers, (the polymer is made of a single monomer), and copolymers, (the 

polymer is made of at least two different monomers).34-37 Natural biopolymers include 

deoxyribonucleic acid (DNA), silk, and rubber; a wide variety of synthetic polymers 

have been developed, including plastics (e.g. polyethylene and polypropylene) and 

other flexible materials (e.g. neoprene and nylon).  

The physical properties of polymers are defined not only by the identity of the 

repeating monomer, but also their tacticity, which involves the relative stereochemistry 

of adjacent chiral centres provided by the monomer, and the polymer microstructure or 

physical arrangement of the monomer residues which are not always in a simple  

2-dimentional chain.38-40 Chain length, often presented as molecular weight (MW), is a 

microstructure feature that greatly affects the properties exhibited by the polymer. 
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Longer and heavier polymers generally exhibit increased melting points, impact 

resistance, toughness, and viscosity.40 Due to the imperfect nature of polymerization 

different sized polymer chains are produced. The polydispersity index (PDI) is a value 

used to describe how dispersed the molecular weights of the polymers are (Figure 1.4). 

PDI is determined by a ratio of the mass average molecular weight (Mw) to the number 

average molecular weight (Mn), where a smaller and ideal PDI (closer to 1) represents 

a sample with more uniform chain lengths.38-40 The degree of polymerization (DOP) is 

another metric used to quantify the chain length by describing how many monomer 

units have been incorporated into the polymer chain (Figure 1.4).38, 39 

 

Figure 1.4: Equations associated with calculating DOP and PDI. Mi = mass of polymer i, ni = number 

of polymer molecules, i, of a specific mass, wi = weight fraction of polymer i, M0 = molecular weight 

of the monomer. 

A polymer is not always a linear chain of monomers, as there 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 quantified by the branching index (g, Figure 1.5), determined by the radius of 

gyration where a branched polymer has a large radius of gyration compared to an 

identical linear polymer. Ideally the branching index does not exceed 1 when no 

branching is desired. For example, low density polyethylene has more and longer 

branching than high density polyethylene, the long branches restrict crystallinity of the 

polymer, meaning low density polyethylene produces a larger radius of gyration, 
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compared to the tight packing observed in high density polyethylene, giving a 

branching index >1.38-40  

 

Figure 1.5: Equations associated with calculating g. mi = masses of the branching units, si = fixed 

distance from centre of mass, sb = mean square radius of gyration of branched polymer, sI = mean 

square radius of gyration of identical linear polymer. 

Polymerization reactions may require a catalyst to provide better control over the 

initiation, propagation, and termination steps of the reaction.34-37 Ligands on the metal 

centre of catalysts, along with the steric and electronic properties of ancillary ligands, 

greatly influence polymerization reactions. The catalyst often dictates the polymerôs 

microstructure and tacticity, and hence, the physical properties of the polymer, by 

controlling how the monomers arrange themselves upon coordination and  

insertion.41, 42 

1.2.1 Ring-Opening Polymerization of Lactones 

A cyclic ester is called a lactone; the cyclic di-ester derived from lactic acid is 

named lactide (Figure 1.6).43 Lactones are renewably sourced monomers that can be 

used to produce polyesters, a type of biodegradable polymer, where control over the 

microstructure and tacticity is accomplished with the use of a catalyst.44 Since these 

monomers are cyclic compounds, the polymerization involves repeated ring-opening to 

generate a polymer chain, and hence, the name ring-opening polymerization (ROP). In 

comparison to polymers produced from olefins (Scheme 1.1), polyesters can be readily 
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broken down by naturally occurring processes, such as hydrolysis, cleavage of the ester 

groups within biological media, thermally, or with ultraviolet (UV) radiation, all of 

which produce smaller MW polymers or monomers that can be safely digested by 

microbes.45 

 

Figure 1.6: Common cyclic esters: general structure of a lactone (left), an example of a lactone,  

Ů-caprolactone (middle), and rac-lactide (right). 

 

Scheme 1.1: Synthesis of PLA (top), synthesis of olefin polymer (bottom).    

There are two chiral centres in lactide, giving rise to three possible stereoisomers: 

(S,S)-lactide (L-lactide), (R,R)-lactide (D-lactide) and (R,S)-lactide (meso-lactide) 

(Figure 1.7). A 50/50 mixture of L- and D-Lactide is known as rac-Lactide. Because of 

the variety of lactide stereoisomers, the terms to describe polymer tacticity are used, 

which include: isotactic (stereocentres in the same absolute configuration throughout), 

heterotactic (repeating pairs of stereocentres that alternate), syndiotactic (alternating 

stereocentres), and atactic (no pattern) (Figure 1.7). These differences in tacticity 

greatly influence the polymerôs physical properties, such as melting point, tensile 

strength, viscosity, micellization, and degradation.46-48   
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Figure 1.7: Possible isomers of lactide (top) and polylactide tacticity (bottom). 

Cyclic esters undergo specific ROP mechanisms when a catalyst is used.49 Two 

mechanisms for metal complex catalysed ROP are of particular interest: coordination-

insertion, and chain-end activation pathways.50 The coordination-insertion pathway 

involves a nucleophilic ligand provided by the catalyst to initiate ring-opening and 

allow propagation of the polymer (Scheme 1.2). This mechanism is highly dependent 

on the nature of the nucleophile and propagation occurs at the metal site. A chain-end 

pathway relies on the transfer of charge from the metal centre to the coordinated 

monomer to promote ring-opening (in the presented example the positive charge is 

transferred to the monomer) where propagation then occurs at the end of the chain, 

away from the metal site (Scheme 1.2). Both these mechanisms follow the cycle of 

monomer coordination, initiation (opening of the cyclic ester), propagation (the 

continuous activation and insertion of monomers), and termination (halting of the 

polymerization process). Termination often occurs due to chain-transfer reactions 

which transfers the growing polymer chain to available monomers, other uncoordinated 

polymers, solvents, or by an intentional chain-transfer agent, effectively halting 

polymerization.  
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Scheme 1.2: Two common ROP mechanisms for coordination complexes with lactide. A) 

Coordination-insertion and B) chain-end activation mechanisms. Ln
 = ancillary ligand, M = metal,  

R = nucleophilic or non-nucleophilic ligand, XïH = 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 additive 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 co-polymers.51 A major problem with the mechanisms depicted in Scheme 1.2 

is intra- or intermolecular transesterification where the end of the polymer back-bites 

the chain resulting in a cyclic polymer. These transesterification reactions affect the 
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expected PDI values by broadening the average molecule weight, the length of the 

polymers generated, and provide inconsistent bulk properties. An immortal catalysts is 

where termination occurs with an internal process or, if the polymer is reversibly bound 

to the catalyst, it can simply dissociate.52 An immortal catalyst does not ódieô when the 

termination reaction occurs, and the catalyst can polymerize and continuously yield 

polymers if there is a sufficient monomer feedstock. They require a chain transfer agent, 

which is often a protic compound, so that the polymer chains can be removed from the 

catalyst or redistributed more evenly to give less dispersed molecular weights. For 

determining how efficient an immortal catalyst is, the turnover number (TON) can be 

used. A TON refers to the number of moles of a substrate, in this case monomer, a mole 

of catalyst can convert into polymer before becoming inactive due to catalyst poisoning 

or degradation. 

Properties of the ancillary ligand, such as steric bulk, electronic environment and 

stereochemistry, influence the tacticity and microstructure of the polymer by altering 

the environment around the metal centre via the open coordination pocket. Solvation of 

the catalyst is important to allow for the homogenous reaction to occur. Issues with 

competitive coordination of coordinating solvents, such as tetrahydrofuran (THF), 

occasionally prove problematic, as they can interfere with propagation and monomer 

coordination. Nonpolar solvents, such as toluene, do not generally participate in 

competitive coordination, but solubility of the monomer and polymer can become an 

issue, as well as having heterogeneous mechanisms occurring.50, 53  

1.2.2 Cationic Complexes 

A cationic complex is a complex that holds an overall cationic (positive) charge; 

therefore, it is paired with an anion (negative), of which there are a variety.54-56 To avoid 
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the anion being involved with catalysis, often a weakly coordinating anion is used. The 

weakly coordinating anion 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, atoms.57 Introducing 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 reactive. The use of cationic complexes as 

single-site catalysts are heavily influenced by the ancillary ligand.58 With respect to 

ROP, charge neutral metal catalysts can be hampered by limited activity.59, 60 Cationic 

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 heteroatom-

containing monomer.61  

The use of cationic complexes as catalysts was first demonstrated by Zieglar-Natta 

type olefin polymerization catalysts. These living catalysts involve the cationic catalyst 

being isolated, or generated in situ by addition of a co-catalyst, and the nucleophilic 

ligand becoming incorporated into the polymer during initiation.62-66 Cationic 

complexes 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 literature.61, 67-70 Included on the frontier of this work was the Hayes group 

who pioneered the use of cationic catalysts in the ROP of lactide, wherein great 

emphasis was placed upon garnering a deep understanding of the effect that various 

ancillary ligand architectures have on polymerization (vide infra 1.3.3).61, 71, 72 

Generation of a cationic metal centre provides a vacant coordination site. They are 

often generated in situ with an activator, or co-catalyst instead of being isolated.61 Most 

commonly, cationic complexes are prepared either by abstraction of a ligand using a 
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Lewis acid, through metathesis with an appropriate salt, or reaction with a Brønsted 

acid that abstracts a ligand by protonating it (Scheme 1.3).71 The chosen approach 

depends on the nature of the ligand, the metal, and the ease of access to the necessary 

starting materials. 

 

Scheme 1.3: Common routes to cationic complexes using: abstraction (top), salt metathesis (middle), 

and reaction with a Brønsted acid (bottom). Ln = ancillary ligand, M = metal, R = typically an organic 

ligand, A = anion, X = halogen. 

1.3 Relevant Hayes Group Research 

1.3.1 The Phosphinimine Functional Group 

While phosphinimines, or iminophosphoranes, are structurally analogous to imines 

(R2C=NRô; R, Rô = alkyl or aryl), they are much stronger electron donors.73 The 

phosphinimine moiety is capable of an ylidic resonance structure due to the presence 

of the phosphorous(V) atom and can therefore be drawn without a formal P=N double 

bond (i.e. R3P
+ïNïRô; R, Rô = alkyl or aryl). The phosphinimines will be portrayed akin 

to imines, as PïN multiple bond character has been shown to exist in the solid state 

(R3P=NRô; R, Rô = alkyl or aryl). Where relevant, discussion on PïN bonding is 

included. The substituents on phosphorous need not be the same, and they often work 

as linkers to other donors, thereby creating compounds that can serve as multidentate 

ligands. In addition, organic linkers can be incorporated into the nitrogen Rô moiety, 

generating a multitude of possible ancillary ligand architectures. The nature of the 

connecting group can be distinguished by utilizing the prefixes endo or exo, which are 

intended to indicate if the phosphorous group is part of the linking fragment, endo-
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phosphinimine, or acting as a terminal substituent, exo-phosphinimine  

(Figure 1.8). This distinction is made by representing endo as RôN=P(R)2ïE and exo as 

EïN=P(R)3. The Hayes group has thus far used exclusively endo-phosphinimines.  

 

Figure 1.8: Endo and exo multidentate phosphinimines. 

Unlike imines, phosphinimes do not typically participate in -́accepting 

interactions, and instead act as both ů and ́  donors through the available lone pair on 

nitrogen.73 In the absence of moisture, phosphinimines tend to be more robust than their 

imine counterparts. This is due to, in part, the steric bulk surrounding the 

phosphorous(V) atom which hinders nucleophilic attack. Phosphinimines also tend to 

be quite stable under strongly reducing conditions.74 Since phosphorous is an NMR 

active nucleus (31P = 100%, I = ½), 31P NMR spectroscopy has proven to be an 

extremely valuable tool when characterizing phosphinimine-containing ligands. This is 

particularly true as the 31P NMR resonance in these ligands is highly sensitive to its 

environment, with large predictable changes observed upon coordination to a metal 

centre. 

The Staudinger reaction, named after the German chemist Hermann Staudinger,75 

uses an organic azide to generate a phosphinimine (R3P=NRô; R, Rô = alkyl or aryl) via 

reaction with a tertiary phosphine (Scheme 1.4).76, 77 
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Scheme 1.4: Synthesis of a phosphinimine via a typical Staudinger reaction. 

The first step of the Staudinger reaction is generation of a phosphazide  

(R3PïN3ïRô; R, Rô = alkyl or aryl) intermediate. Phosphazides are typically transient 

in nature as they are prone to extrusion of dinitrogen gas.78 In the absence of water, no 

further reaction occurs. Given 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, an alternative procedure, typically 

referred to as the Kirsanov reaction, can be used to prepare phosphinimines.79 This route 

involves the formation of a tertiary bromophosphonium bromide ([R3PBr][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 salt in situ (Scheme 1.5). The ammonium 

bromide side product is removed via standard filtration techniques. It should be noted 

that complex azides are continuously becoming more synthetically viable with more 

cost effective reagents and under increasingly safe conditions by avoiding the use of 

explosive and toxic organic azides.80 

 

Scheme 1.5: A typical Kirsanov reaction to generate a phosphinimine. 
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1.3.2 Bisphosphinimine Pyrrole- and Carbazole-Based Pincer Ligands 

The Hayes group has reported two families of monoanionic pincer ligands that 

feature two phosphinimine functionalities, denoted as bisphosphinimines. These 

systems incorporate carbazole (1,8-(ArN=PR2)2-3,6-dimethylcarbazole = L 1)81-86 and 

rigid pyrrole (2,5-(4-iPrC6H4N=PR2)2C4H2NH = L 2),87-92 cores (Figure 1.9).  

 

Figure 1.9: General structures of Hayesô NNN-pincer ligands L1 and L2. 

A notable difference between the two scaffolds is that upon coordination to a metal, 

L 1 froms two 6-membered chelate rings, as opposed to two 5-membered rings when L 2 

is employed. This places the phosphorus and nitrogen substituents further from the 

metal centre when L 2 is used. The consequence of increased steric crowding in L1 

compared to L 2 can prove beneficial, as it protects the metal centre, but can also lead 

to decomposition by intramolecular bond activation processes, as demonstrated in rare-

earth element containing complexes.81-86 Accordingly, L 2 has proven to be a more ideal 

scaffold for stabilizing a variety of metal complexes.87-92 

Most recently, a family of L 2 supported rhodium complexes that engage in various 

reactions with small molecules have been reported. For example, reaction of 

L 2PhRh(COE), XI a, with H2 gas liberates cyclooctane (COA) and affords an 

asymmetric dinuclear species H2L 2PhRh2, XI b, which contains one equivalent of H2 as 

a bridging hydride (Hï) and protonated (H+) phosphinimine (Scheme 1.6).90 Although 

exposure of XIb to cyclooctene does not regenerate XI a, addition of the smaller alkene, 
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ethylene, affords L 2PhRh(H2C=CH2), XI c. Both complexes XI a and XI c serve as alkene 

and alkyne hydrogenation catalysts and XI b was determined to be the catalyst resting 

state once all of the H2 and/or substrate has been consumed. Notably, when 

diphenylacetylene is hydrogenated, trans-stilbene is the sole alkene product. At higher 

temperatures, diphenylethane can be obtained.90  

Upon replacement of the PïPh substituents in L2Ph with iPr groups further metal 

ligand cooperative activation of small molecules was observed. For example, when 

L 2iPrRh(CO)2, XIIa , is exposed to one equivalent of B(C6F5)3, the unusual encounter 

complex NN-L 2iPrRh(CO)2B(C6F5)3, XII b, wherein one CO ligand is bonded to 

rhodium was isolated (Scheme 1.6).91 Although the OŸB interaction is weak and can 

be cleaved upon addition of THF, over time in solution complete CſO bond scission 

occurs, ultimately generating half an equivalent of each NN-L 2iPrRh(CO)2P=Oï

B(C6F5)3, XII c, the monocarbonyl L 2iPrRhCO, XII d, and the borane-capped isocyanide 

4-iPrC6H4NſCŸB(C6F5)3.
91  

When the cyclooctene complex L 2iPrRh(COE), XII a, was reacted with silanes, 

conventional SiïH oxidative addition provided the five-coordinate silyl hydride species 

L 2iPrRh(H)SiR3, XIII b: R3 = H2Ph; XIII c: R3 = HPh2; XIII d: R3 = Ph3.
92 Conversely, 

reaction of L 2iPrRhCO with PhSiH3 or Ph2SiH2 afforded the corresponding base-

stabilized silylenes L 2iPrRh=Si(Ph)R(CO), XIII e: R = H; XIIIf : R = Ph, via an unusual 

dehydrogenative process.92 
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Scheme 1.6: Synthesis and reaction chemistry of rhodium complexes supported by L1.90-92 
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1.3.3 Mono- and Bisphosphinimine Dibenzofuran-Based Pincer Ligands 

The Hayes group utilized ideas from olefin polymerization catalysts, like those 

derived from Ziegler-Natta catalysts, and focused on an electronically and 

coordinatively unsaturated metal centre to help facilitate the coordination-insertion 

process of ROP. To achieve this with a divalent metal, such as zinc or magnesium, a 

neutral ancillary ligand can be used. Accordingly, an analogous neutral ligand 

framework to L 1, using dibenzofuran (dbf) containing two phosphinimines at the 4 and 

6 positions, 4,6-(ArN=PR2)2)dibenzofuran (L 3, Scheme 1.7), was developed.96 This 

scaffold proved valuable for generating a large library of cationic complexes of zinc 

([L 3ZnE][A], XIVa-e)93-97 and magnesium ([L 3MgnBu][A] XV ),98 many of which 

exhibited high catalytic activity for the ROP of lactones (Scheme 1.7).93, 94 These 

species were prepared by treating the free neutral ligands with a Brønsted acid, 

affording well-behaved salts that could be isolated and stored indefinitely under an inert 

atmosphere. Subsequent reaction with alkylzinc or magnesium reagents cleanly 

afforded cationic complexes via an alkane elimination process.99 
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Scheme 1.7: Synthesis of cationic zinc and magnesium complexes XIV93-97 and XV .98  

m-Xy = meta-xylene, p-TrPh = para-tritylphenyl. 

Zinc complexes bearing a methyl-(rac)-lactate group were found to be the most 

active for lactide polymerization, with [L 3Bn,EtZn(lactate)][B(3,5-(CF3)2C6H3)4], Bn = 

benzyl or ïCH2Ph, XIVd, capable of polymerizing 200 equivalents (90% conversion) 

of monomer in 20 min at 25 °C.96 In situ NMR studies revealed no induction period 

and first-order consumption of lactide (PDI = 1.24-1.57). Polymer analysis by NMR 

spectroscopy, gel permeation chromatography, and MALDI-ToF mass spectrometry 

indicated largely atactic material with polymer chains bearing a methyl-lactate end 

group, suggesting a coordination-insertion mechanism. However, substantial rates of 

transesterification were observed, giving poorly defined microstructures. Prior to the 

termination reaction, additional monomer (200 equiv) was consumed giving PLA that 

was consistent to when 400 equiv was added in a single step displaying living catalyst 

characteristics. Although inert toward lactide, the magnesium complex 

[L 3MesMgnBu][BPh4], XV , exhibited extremely high activity with complete monomer 

consumption in 4 min at ambient temperature with a 0.77 mol% initiator loading for 
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the ROP of Ů-caprolactone, producing relatively low PDI (<1.6) poly-(Ů-

caprolactone).98 

Monophosphinimine dbf ligands, 4-(ArN=PR2)dibenzofuran, L 4, have also been 

used to prepare neutral and cationic zinc complexes.72, 100, 101 Stable neutral four-

coordinate complexes L 4DippZnCl2, XVI a, L 4MesZn(C6F5)2, XVI b, and 

L 4DippZnEt(OTf) XVI c, were generated by the addition of the requisite zinc starting 

material to the neutral ligand (Scheme 1.8).101 The cationic species [L 4DippZnEt][A], 

XVI Ia: A = B(C6F5)4; XVI Ib: A = SO3CF3, were synthesized via an alkane elimination 

process involving protonated L 4, akin to the zinc complexes of L 3.72 Although high 

activity and conversion was maintained for XVIIa -b, the resultant PLA was atactic and 

suffered from bimodal and broad MW distributions.72, 100 In an effort to impart 

stereochemical control during the polymerization of lactide, chirality was introduced at 

the phosphorous groups, giving two ligands, L 4Dipp,MePh and L 4Mes,MePh. Cationic zinc 

complexes [L 4ZnR][B(C6F5)4], XVIII : R = Et; XIX : R = methyl-(rac)-lactate, were 

prepared from them (Scheme 1.8).100 Although PLA was obtained under mild reaction 

conditions (2-4 h, 40 °C), only a slight heterotactic bias was observed.102 
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Scheme 1.8: Synthesis of neutral, cationic, and P-stereogenic zinc complexes XVI -XIX .72, 100, 101  

As demonstrated by the work with L3 and L4, the steric bulk 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 congestion, as is the case with a benzyl group,96 generally 

improved activity to an extent as complexes bearing L 3 were more active. Though the 

importance of the interaction between the central oxygen donor and the metal centre 

remains unclear. The 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 contributions from the Hayes group, other ligand frameworks have 

been employed to stabilize cationic zinc complexes. Many of these complexes have 

proven effective at mediating the ROP of epoxides, lactones, and lactide. Selected 

complexes are highlighted below to illustrate challenges researchers have encountered 

and the benchmark for quality ROP in this area. 

Bochmann et al. used their ligand system, (MeC=NïDipp)2 = L 5, to generate several 

cationic zinc complexes, L 5ZnR R = Me, Et, N(SiMe3)2 XXa-c (Scheme 1.9). These 

complexes polymerized epoxides, cyclohexene oxide (CHO) and propylene oxide (PO) 

at 0 °C to give polymers with high MW and PDI values (>1.8). Elevated temperatures 

(60 °C) were required to convert Ů-caprolactone into polycaprolactone within 1 h, but 

with PDI values closer to 1.103 This is an example of high reactivity that does not give 

rise to quality polymers as the exothermic reactions with CHO and PO produced 

polymers with high PDI values; the lower activity with Ů-caprolactone produced far 

better defined polymers. 

 

Scheme 1.9: Synthesis of complexes XXa-c. 

Le Roux and co-workers used bis(oxazoline), L 6, and 1,3-bis(2-

pyridylmethyl)imidazolinium, L 7, as ancillary ligands containing several variable 
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substituent sites. These ligands were used to give zinc alkyl complexes, L 6ZnR R = Me, 

Et, (XXIa-d) and L 7ZnEt(Cl) (XXII ) (Scheme 1.10), that were treated with B(C6F5)3 

to generate zinc cations in situ that produced high PDI polymers (>2.1) from CHO and 

PO.104 The reactions were complete within 1 min with CHO and 30 min with PO at 30 

°C with yields as low as 7-25% with PO and as high as 74-100% with CHO. This is 

similar to Bochmann et al. as high PDI values were realized for a reasonably swift 

reaction.  

 

Scheme 1.10: Synthesis of complexes XXIa -d and XXII . 

The 3-mesityl-1-picolylimidazolium iodide ligand, L 8, by Tolman et al, was used 

to generate a cationic zinc complex bearing two L 8 ligands, [(L 8)2ZnI][I] ( XXIII ). 

Catalytic studies with XXII  were conducted using rac-lactide. The ROP was performed 

neat (140 °C) to yield polymers with moderately broad PDI (1.78) in 5 min.105 The 

metal center was still accessible to monomer despite the presence of two ligands. Since 

elevated temperatures are sometimes required for polymerization to transpire, a robust 

catalyst is often necessary, and it is possible to consider that the neutral donor portion 

of the ancillary ligand dissociates at these elevated temperatures. 
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Scheme 1.11: Synthesis of complex XXIII . 

More success was found by Aviles et al. when 

bis(Ar)acenaphthenequinonediimine, Ar = Mes, Dipp, L 9, was used to support cationic 

zinc complexes [L 9ZnMeÅEt2O][MeB(C6F5)3], XXIVa -b (Scheme 1.12). This series of 

complexes required benzyl alcohol or (ï)-menthol as a chain transfer agent. 

Polymerization of Ů-caprolactone (2 h at 60 °C in THF) gave polymers with PDI as low 

as 1.07.106 The success of this system is possibly due to the more exposed metal centre 

compared to others described in this section. Notably, it is not clear how much the N-

aryl groups influenced the described activity.   

 

Scheme 1.12: Synthesis of complex XXIV .  

The Schulz group used the 1,3-diketiminato (NacNac) scaffold, a well known and 

heavily researched ligand family, as the basis for their ligand 

MesN=C(Me)C(H)C(Me)=NMes, L 10. Using L 10, a cationic zinc complex 

[L 10Zn][Al(OC(CF3)3)4], XXV , which was used as a catalyst for lactide polymerization 

(Scheme 1.13). Elevated temperatures (160 °C) led to reaction completion in 8 min 

when 200 equiv of monomer was added in the absence of solvent (PDI = 1.73).107 The 
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ligand, O=C(Me)C(H)C(Me)ïN(H)RNMe2, R = (CH2)3, (CH2)2, L11, was used to 

synthesize zinc complexes [L 11Zn][Al(OC(CF3)3)4], XXVI a-b (Scheme 1.13). The 

same reaction conditions were used for the ROP of lactide as XXV , after 22 min PLA 

with a PDI value of 1.3 was generated.108 This is a demonstration of how ligand libraries 

can be refurbished for other applications and appropriate alterations can be made to 

select towards a particular purpose. 

 

Scheme 1.13: Synthesis of complexes XXV  and XXVI . 

1.5 Project Aims 

The Hayes group has made a pronounced effort to develop phosphinimine 

containing ancillary ligands (L 1-L 4). Absent from these ligands was a neutral analogue 

of the monoanionic pyrrole-based ligand, L 2. The smaller chelate rings formed upon 

coordination of L 2 yielded more controlled reactivity with rhodium complexes (XI-

XIII) 87-92 and more stable rare-earth species.81-86 It is therefore reasonable to suggest 

that a enhanced reactivity could result with a transition from the dbf-based ligand, L 3, 

to a neutral pincer ligand akin to L 2. 
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The complexes generated using neutral ligands L 3 and L4 did not provide a clear 

understanding of the influence that the central donor has on lactone polymerization. 

Solid state structures revealed substantial variation in ZnïO lengths, ranging from 

3.326(1) Å in XIVe , 2.336(5) Å in XIVb , 2.60(1) Å in XVIIb , and 2.525(1) Å in XIVd . 

There was no discernible trend between ZnïO distance and catalyst activity and it is 

unclear if the solid-state structures provide meaningful information on ZnïO 

interactions in solution. Accordingly, it is imperative that more work be performed to 

elucidate whether this central donor impacts ROP catalytic performance in these 

systems. 

A furan-based ligand structure, as opposed to the dibenzofuran-based ligands 

previously investigated (Figure 1.10), was targeted with the anticipation that the 5 

membered chelate rings would render the metal centre more accessible, and thus, 

reactive. The chemical starting materials used to produce this ligand framework 

provides the option to easily synthesize neutral pincer ligands with different central 

donors (E = O, S, Se), flanking N-aryl groups (Ar), and substituents on the phosphorous 

of the phosphinimine functional groups (R, Figure 1.10). Alteration at all three sites 

provides an avenue for systematically optimizing the resultant cationic zinc complexes 

for ROP. Variation of the central chalcogen donor, E, was undertaken in an effort to 

learn more about the interaction between E and the metal centre. It was anticipated that 

by altering the central donor from oxygen to sulfur, and to selenium, a predictable trend 

in ROP activity would emerge. Based on hard-soft acid-base theory, oxygen is a óhardô 

base and moving down the chalcogen group, the elements become more ósoftô. 

Accordingly, one might expect stronger bonding to occur between the óintermediateô 

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. 

 

Figure 1.10: Targeted neutral bisphosphinimine NEN-pincer ligand system.  

Zinc, compared to other metals, is plentiful, inexpensive, and better tolerated in 

humans compared to most other main group and transition metals. Furthermore, it has 

been demonstrated to be extremely promising in the research for ROP. The use of zinc 

will act as a direct comparison to previous work done by the Hayes group with dbf-

based bisphosphinimine ligands. For this investigation, a family of neutral ligands was 

prepared based on work with L 3 and L 4. From these, a wide array of cationic zinc alkyl 

and alkoxide complexes were synthesized by using a Brønsted acid to abstract an alkyl 

group off the zinc starting material and install a weakly-coordinating anion (Scheme 

1.14). All complexes were characterized by multinuclear NMR spectroscopy and many 

by X-ray crystallography. 

 

Scheme 1.14: General synthetic approach to cationic zinc complexes supported by neutral 

bisphosphinimine NEN-pincer ligands. 
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2 Chapter 2: Synthesis of Bisphosphinimine NEN-Pincer Ligands  

(E = O, S, Se) and Cationic Complexes Thereof 

The synthesis of the neutral furan-, thiophene-, and selenophene-based 

bisphosphinimine NEN-pincer ligands described in this chapter, was accomplished via 

modified published routes used to access the dbf-based bisphosphinimine NON-pincer 

ligands (L 13).94, 96-98 

2.1 Furan-based Bisphosphinimine NON-Pincer Ligands 

2.1.1 Furan 2,5-Bisphosphines 

The furan-based (C4H4O) bisphosphines were made by first exposing a diethyl ether 

(Et2O) solution of furan to 2 equivalents of tert-butyllithium (tBuLi) at ï78 °C. The 

dilithium salt of furan, [Li] 2[C4H2O], was not isolated and was used in situ, as a light-

yellow solution. Addition of 2 equivalents of ClïPR2 (R = iPr (isopropyl, or CH(CH3)2), 

Ph = (phenyl, or C6H5)) to the cooled (ï94 °C) [Li] 2[C4H2O] solution afforded  

2,5-(PPh2)2C4H2O (1, 73.9%)  and 2,5-(PiPr2)2C4H2O (2, 86.8%) (Scheme 2.1). 31P{1H} 

NMR spectroscopy was used to establish purity; compounds 1 and 2 exhibit 31P NMR 

resonances at ŭ ï24.71 and ŭ ï9.91, respectively.  

 

Scheme 2.1: Synthesis of furan-based bisphosphines 1 and 2. 

Compound 1 is stable under aerobic conditions; however, it is susceptible to 

oxidation when kept in wet solvent for a week or more. A large quantity of light-brown 

X-ray quality crystals of 1 was easily grown from a saturated toluene solution at  
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ï20 °C.109 Compound 2 was isolated as a dark-orange oil. Despite exhaustive efforts to 

yield compound 2 as a solid, through excessive drying and exposure to a variety of 

solvents, it remained an oil. The oily nature of the synthesized bisphosphines and 

bisphosphinimines is attributed to the isopropyl groups on phosphorous. These groups 

have previously proven valuable for imparting crystallinity as they increase a 

compoundôs solubility in hydrocarbon solvents.91 

2.1.2 Furan 2,5-Bisphosphinimines 

To generate a phosphinimine via a Staudinger reaction, an organic azide is required. 

Organic azides (RïN3) are highly toxic, decompose with the violent release of nitrogen 

when exposed to a source of energy, and can generate explosive compounds if 

hydrolyzed.110, 111 Aryl azides are partially stabilized through resonance but stability is 

also apparent when the carbon to nitrogen ratio is above 3. The aryl azides (ArïN3) 

used include 1-azido-2,6-diisopropylbenzene (DippïN3),
112 1-azido-4-

isopropylbenzene (PippïN3),
81 and 1-azido-2,4,6-trimethylbenzene (MesïN3),

112 all of 

which were generated according to reported literature procedures and isolated as red 

viscous liquids. In addition, 3,5-dimethyl-1-azidopyrimidine (PmïN3) was also used. 

In solution, PmïN3 exists in equilibrium with the tetrazole isomer,  

5,7-dimethylpyrazolo-1,5a-pyrimidine via valence tautomerization (Scheme 2.2); it 

was synthesized according to reported methods.113 The tetrazole isomer is a solid and 

is the predominant form in solution, so the Staudinger reaction with PmïN3 was 

monitored for at least 16 h at ambient temperature to ensure complete reaction. The 

Staudinger reactions that used DippïN3, PippïN3, or MesïN3 required less time to 

reach completion at ambient temperature. 
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Scheme 2.2: Valence tautomerization equilibrium of Pm-N3 and 5,7-dimethylpyrazolo-1,5a-

pyrimidine. 

Under an inert atmosphere of argon, 2 equivalents of ArïN3 were added to a toluene 

solution of either 1 or 2 to generate the desired neutral bisphosphinimine NON-pincer 

ligand via a Staudinger reaction (Scheme 1.4, 1.3.1). This procedure generated several 

pincer ligands, including: 2,5-(DippN=PPh2)2C4H2O (3, 89.7%),  

2,5-(PippN=PPh2)2C4H2O (4, 92.4%), 2,5-(MesN=PPh2)2C4H2O (5, 64.6%),  

2,5-(PmN=PPh2)2C4H2O (6, 76.4%), 2,5-(DippN=PiPr2)2C4H2O (7, 79.8%), and  

2,5-(MesN=PiPr2)2C4H2O (8, 42.0%) (Scheme 2.3) as brown-orange solids. All 

compounds exhibit a single 31P NMR signal: ŭ ï22.53 (3), ï13.42 (4), ï25.87 (5), 13.30 

(6), ï3.29 (7), and ï0.93 (8). The 31P and 1H NMR spectra were consistent with C2v 

symmetry. All ligands would react if exposed to air or wet solvent; thus, they were 

stored under an inert atmosphere where they are stable indefinitely.  

 

Scheme 2.3: General procedure for the synthesis of neutral furan-based bisphosphinimine ligands 3-8. 

A sample of bisphosphinimine 3 was dissolved in a minimum amount of toluene 

and kept at ï30 °C wherein small X-ray quality crystals developed over a 48 h period. 
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Crystals of 3 grew in a monoclinic crystal system in the C2/c space group with the 

lattice comprising 4 molecules (Z = 4, Zô = 0.5). The compound is bisected by a 2-fold 

rotation axis (b-axis), and thus, the asymmetric unit is comprised of half of 3 with the 

rotation axis passing through O1 and the C2ïC2i bond (Figure 2.1).  

 

Figure 2.1: Displacement ellipsoid plot of bisphosphinimine 3, depicted at 50% probability.  

The asymmetric unit (Zô = 0.5) was grown to show an entire molecule. Space group = C2/c,  

R1 = 4.18%. Selected bond lengths (Å): P1ïN1 = 1.549(1), N1ïC15 = 1.407(2). 

The 31P{1H} NMR spectroscopic data indicated a pronounced upfield chemical shift 

for compound 3 (ŭ ï22.53) compared to 1 (ŭ ï9.91). The X-ray structure confirmed the 

presence of the phosphinimine moieties which were 1.549(1) Å (P1ïN1) in length. This 

is shorter than typical P=N bonds, which typically vary from 1.570(1) Å to 1.598(3) Å, 

according to solid state structures containing P=N bonds* (Figure 2.2 and Figure 2.4). 

 
* Using ConQuest, a program used to search and retrieve information from structures submitted to 

the Cambridge Structural Database 
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Notably, those with PïN single bonds are from 1.624(2) Å to 1.694(3) Å (Figure 2.3 

and Figure 2.4). The Hayes group has reported the phosphinimine bond lengths in 

neutral dbf-based bisphosphinimine NON-pincer ligands range from 1.548(1) to 

1.584(1) Å;93-97 the P=N in compound 3 lies on the shorter end of that range. The NP=Nï

CAryl bonds are from 1.380(3) to 1.431(5) Å for neutral dbf-based bisphosphinimine 

NON-pincer ligands.93-97 The NP=NïCAryl bond distance in compound 3 is 1.407(2) Å.  

 

Figure 2.2: Histogram of P=N bonds reported on the Cambridge Crystallographic Data Centre 

(CCDC) and generated by ConQuest as of September 2021.  



 

35 

 

 

Figure 2.3: Histogram of PïN bonds reported on the Cambridge Crystallographic Data Centre (CCDC) 

and generated by ConQuest as of September 2021. 

 

Figure 2.4: Labelled boxplot comparison of PïN bond (right, 48,586 entries) and P=N bond length 

(left. 14,882 entries) distributions as of September 2021. 
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Installing the Pm group using Pm-N3 is relatively new to the Hayes group, and so , 

obtaining solid state information was sought. Bisphosphinimine 6  

(2,5-(PmN=PPh2)2C4H2O) was soluble in many solvents where fragile crystals would 

grow at ï30 °C. Using a minimum amount of toluene, 6 was dissolved and small X-ray 

quality crystals developed over a 48 h period when kept at ï30 °C. Crystals of 6 grew 

in a monoclinic crystal system within the P21/c space group with the lattice comprising 

of 8 molecules (Z = 8, Zô = 2). Two molecules comprise the asymmetric unit, of which 

differences in metrical parameters are not statistically significant. The PïN bond 

lengths range between 1.561(3) Å and 1.589(3) Å. 

 

Figure 2.5: Displacement ellipsoid plot of phosphinimine 6, depicted at 50% probability. One 

molecule of the asymmetric unit (Zô = 2) is shown. Space group = P21/c, R1 = 8.34%. 

Table 2.1: Selected bond lengths (Å) in compound 6. 

Atoms Length (Å)  Atoms Length (Å)  Atoms Length (Å)  

P1ïN1 1.587(3) N3ïC17 1.357(6) N8ïC57 1.354(6) 

P2ïN4 1.589(4) N4ïC35 1.378(6) N9ïC57 1.340(6) 

P3ïN7 1.561(3) N5ïC35 1.357(6) N10ïC75 1.381(5) 

P4ïN10 1.589(3) N6ïC35 1.354(6) N11ïC75 1.357(5) 

N1ïC17 1.367(5) N7ïC57 1.383(6) N12ïC75 1.352(6) 

N2ïC17 1.352(5)     
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Compound 8 (2,5-(MesN=PiPr2)2C4H2O) readily dissolved in pentane, and at 

ambient temperature, X-ray quality crystals grew within 24 h via the slow evaporation 

of solvent. Crystals of 8 grew in an orthorhombic crystal system in the P212121 space 

group with the lattice comprising of 4 molecules (Z = 4, Zô = 1). The phosphinimine 

bond distances (P1ïN1 1.554(2) Å, and P2ïN2 1.549(2) Å) were only marginally 

different from each other and were similar to those in compound 3. 

 

Figure 2.6: Displacement ellipsoid plot of phosphinimine 8 depicted at 50% probability. Asymmetric 

unit (Zô = 1) is shown. Space group = P21 21 21, R1 = 2.86%. Selected bond distances (Å):  

P1ïN1 = 1.554(2), P2ïN2 = 1.549(2), N1ïC11 = 1.400(3), N2ïC26 = 1.395(3). 

2.2 Thiophene-based Bisphosphinimine NSN-Pincer Ligands 

2.2.1 Thiophene 2,5-Bisphosphines 

Thiophene-based (C4H4S) bisphosphines were generated by introducing an Et2O 

solution of either thiophene to 2 equivalents of tert-butyllithium (tBuLi) or  

2,5-dibromothiophene to 2 equivalents of nBuLi at ï78 °C to generate the dilithium salt, 

[Li] 2[C4H2S], in solution. Addition of 2 equivalents of ClïPPh2 to the cooled (ï94°C) 
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[Li] 2[C4H2S] solution afforded the corresponding bisphosphines, 2,5-(PPh2)2C4H2S (9) 

and 2,5-(PiPr2)2C4H2S (10) (Scheme 2.4). 31P{1H} NMR spectroscopy showed a single 

resonance for both 9 and 10 at ŭ ï16.55 and ŭ ï0.78, respectively. Compound 9 was 

isolated as a beige solid, and 10 as a light-yellow liquid in appreciable yields of 94.2% 

and 87.1%, respectively.  

When using 2,5-dibromothiophene, the lithium-halogen exchange reaction avoided 

competitive deprotonation of the 4 position of the thiophene ring as a mixture of 2,5-

(PR2)2C4H2S and 2,4-(PR2)2C4H2S would often result with the rapid injection of tBuLi 

to thiophene. The two compounds in the mixture were corroborated by 2 inequivalent 

resonances in the 13P{1H} spectrum. One resonance integrated for more, at ŭ ï0.78, and 

so was assigned to additions at carbons 2 and/or 5, the remaining signal at ŭ ï2.11 was 

assigned to an addition at carbon 4. The evidence that 2,4-(PiPr2)2C4H2S was present in 

the mixture was further confirmed via two signals in the 1H NMR spectrum. Two 

separate resonances of equal intensity attributed to the 3 and 5 positions of the 

thiophene ring for 2,4-(PiPr2)2C4H2S at ŭ 7.61 and ŭ 6.85, compared to ŭ 7.25 in 2,5-

(PiPr2)2C4H2S.  

 

Scheme 2.4:  Two routes for the synthesis of thiophene-based bisphosphines 9 and 10. 

Although compound 9 has been previously synthesized,114 the crystal structure had 

not been reported. X-ray quality crystals of 9 were isolated by slowly evaporating a 
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concentrated solution in toluene. Crystals of 9 grew in a triclinic crystal system in the 

Pρ space group with the lattice comprising of 2 molecules (Z = 2, Zô = 1). 

 

Figure 2.7: Displacement ellipsoid plot of phosphinimine 9 depicted at 50% probability. Asymmetric 

unit (Zô = 1) is shown. Space group = P , R1 = 5.17%. 

2.2.2 Thiophene 2,5-Bisphosphinimines 

To afford the desired neutral bisphosphinimine NSN-pincer ligands, a toluene 

solution of either 9 or 10 was reacted with ArïN3 (Ar = Dipp, Pipp, or Pm) under an 

inert atmosphere of argon. Several pincer ligands were generated with this method:  

2,5-(DippN=PPh2)2C4H2S (11, 82.1%), 2,5-(PippN=PPh2)2C4H2S (12, 91.8%),  

2,5-(PmN=PPh2)2C4H2S (13, 83.8%), and 2,5-(DippN=PiPr2)2C4H2S (14, 88.4%) 

(Scheme 2.5), all of which are yellow-orange solids. All compounds exhibit a single 

31P NMR signal: ŭ ï16.39 (11), ï7.66 (12), 12.69 (13), and 0.78 (14), and along with 

the 1H NMR spectra, all ligands demonstrated C2v symmetry in solution. All ligands 

react with water, giving the aryl amine and a phosphineoxide if exposed to air or wet 

solvent; thus, they were stored under an inert atmosphere where they are stable 

indefinitely. 
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Scheme 2.5: Synthesis of thiophene-based bisphosphinimine neutral ligands 11-14. 

Bisphosphinimine 11 readily dissolved in toluene, and at ï30 °C, X-ray quality 

crystals grew within 48 h. Crystals of 11 grew in a monoclinic crystal system in the 

C2/c space group with the lattice comprising of 4 molecules (Z = 4, Zô = 0.5). The 

compound is bisected by a 2-fold rotation axis (b-axis), and thus, the asymmetric unit 

is comprised of half of 11 with the axis passing through S1 and the bond C2ïC2i (Figure 

2.8). Compound 11 is isostructural with 3 (2,5-(DippN=PPh2)2C4H2O), with the 

exception of a slightly elongated phosphinimine PïN bonds (P1ïN1: 1.561(1) Å, cf. 

1.549(1) Å for 3) that still fell  in the typical range for phosphinimine P=N distance. 

 

Figure 2.8: Displacement ellipsoid plot of bisphosphinimine 11 depicted at 50% probability. 

Asymmetric unit (Zô = 0.5) was grown to show an entire molecule. Space group = C2/c, R1 = 3.89%. 

Selected bond lengths (Å): P1ïN1 = 1.561(1), N1ïC15 = 1.411(2). 
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2.3 Selenophene-based Bisphosphinimine NSeN-Pincer Ligands 

2.3.1 Selenophene 2,5-Bisphosphines 

A mixture of either 2,5-(PR2)2C4H2Se and 2,4-(PR2)2C4H2Se would result when 

exposing an Et2O solution of selenophene (C4H4Se) to 2 equivalents of tBuLi followed 

by the addition of 2 equivalents of either ClïPPh2 or ClïPiPr2. To selectivity initiate at 

just the 2 and 5 positions of selenophene, a lithium halogen exchange reaction was 

exclusively used between 2,5-dibromoselenophene (2,5-Br2C4H2Se) and nBuLi. 

Sequential addition of 2 equivalents of nBuLi to 2,5-Br2C4H2Se in Et2O, followed by 2 

equivalents of either ClïPPh2 or ClïPiPr2 yielded the desired bisphosphines  

2,5-(PPh2)2C4H2Se (15, 48.6%) and 2,5-(PiPr2)2C4H2Se (16, 83.8%) (Scheme 2.6). 

31P{1H} NMR spectroscopy was used to ensure the 2,5-metalation occurred; 

compounds 15 and 16 exhibit 31P NMR resonances at ŭ ï13.94 and ŭ ï7.14, 

respectively. 77Se{1H} NMR spectroscopy was implemented to identify the typical area 

the resonance of the selenophene-based ligands will occur, with ŭ 731.2 and ŭ 744.9 for 

15 and 16, respectively. Both 15 and 16 react when exposed to air or wet solvent after 

48 h. Thus, they were kept under an inert atmosphere where they were stable 

indefinitely. Compound 15 was isolated as an oily brown liquid and dissolution of crude 

oily 16 in cold (0 °C) pentane provided analytically pure X-ray quality brown crystals. 

 

Scheme 2.6: Synthesis of selenophene-based bisphosphine. 

Crystals of 16 grew in a monoclinic crystal system with the P2/c space group in the 

lattice comprising of 4 molecules (Z = 4, Zô = 1). There are two independent molecules 
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with similar metrical parameters within the unit cell. Both independent molecules are 

split by a 2-fold rotation axis (b-axis), and thus, the asymmetric unit is comprised of 

two halves of 16 with the axis passing through Se (Se1 or Se2) and the bond C2ïC2i or 

C10ïC10i (Figure 2.9). 

 

Figure 2.9: Displacement ellipsoid plot of bisphosphinimine 16 depicted at 50% probability. 

Asymmetric unit (Zô = 1) was grown to show molecules. Space group = P 2/c, R1 = 4.53%. 

2.3.2 Selenophene 2,5-Bisphosphinimines 

A toluene solution of either 15 or 16 was reacted with ArïN3 (Ar = Dipp or Pipp) 

under an argon atmosphere. This method yielded several neutral bisphosphinimine 

NSeN-pincer ligands via the Staudinger reaction: (DippN=PPh2)2C4H2Se (17, 70.2%), 

(DippN=PiPr2)2C4H2Se (18, 52.2%), and (PippN=PiPr2)2C4H2Se (19, 75.5%)  

(Scheme 2.7), all of which are yellow-brown solids. All compounds exhibit one 31P 

NMR signal: ŭ ï15.79 (17), 5.63 (18), and 21.04 (19). Much like the furan-and 

thiophene-based bisphosphinimines, the selenophene-based bisphosphinimines were 

consistent with C2v symmetry in solution and would react if exposed to air or wet 

solvent. Of the selenophene-based ligands 17-19, all three were crystalline and of 

appropriate quality to collect X-ray crystallographic data. All three bisphosphinimines, 
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17-19, readily dissolved in toluene, and at ï30 °C, X-ray quality crystals grew within 

48 h. 

 

Scheme 2.7: Synthesis of selenophene-based bisphosphinimine neutral ligands. 

Crystals of compound 17 grew in a triclinic crystal system in the Pρ space group 

with the lattice comprising of 2 molecules (Z = 2, Zô = 1). The phosphinimine PïN 

bond distances (P1ïN1 1.565(2) Å, P2ïN2 1.572(3) Å) are marginally different from 

one another and were slightly elongated compared to the analogous furan  

(3, 1.549(1) Å) and thiophene (11, 1.561(1) Å) analogues. There appears to be a slight 

elongation of the phosphinimine PïN bond distances bond with respect to the size of 

the central atom (vide infra 2.4). 

 

Figure 2.10: Displacement ellipsoid plot of bisphosphinimine 17 depicted at 50% probability. 

Asymmetric unit (Zô = 1) is shown. Space group = P , R1 = 4.56%. Selected bond lengths (Å): P1ïN1 

= 1.565(2), P2ïN2 = 1.572(3), N1ïC17 = 1.416(3), N2ïC43 = 1.411(4). 
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Crystals of compound 18 grew in a monoclinic crystal system in the Pn (or Pc) 

space group with the lattice comprising of 2 molecules (Z = 2, Zô = 1). The 

phosphinimine PïN bond distances (P1ïN1 1.551(6) Å, and P2ïN2 1.553(6) Å) are 

similar to compound 8 (2,5-(MesN=PiPr2)2C4H2O) which also bears isopropyl groups 

on phosphorous (P1ïN1 1.554(2) Å, and P2ïN2 1.549(2) Å). 

 

Figure 2.11: Displacement ellipsoid plot of bisphosphinimine 18 depicted at 50% probability. 

Asymmetric unit (Zô = 1) is shown. Space group = Pn (or Pc), R1 = 5.58%. Selected bond lengths (Å):  

P1ïN1 = 1.551(6), P2ïN2 = 1.553(6), N1ïC11 = 1.389(8), N2ïC29 = 1.369(8). 

Crystals of compound 19 grew in a monoclinic crystal system in the P21/c space 

group with the lattice comprising of 4 molecules (Z = 4, Zô =1). The phosphinimine  

PïN bond distances (P1ïN1 1.570(3) Å, and P2ïN2 1.577(3) Å) were only marginally 

different from one another and were slightly elongated compared to the analogous 

bisphosphinimine 17 (P1ïN1 1.565(2) Å, and P2ïN2 1.572(3) Å). Several issues arose 

while solving for this structure, including the N2ïPipp group which appeared over two 

positions. This disorder was successfully modelled using residual densities around the 

associated atoms. A twin was identified during 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 possibilities.  

 

Figure 2.12: Displacement ellipsoid plot of bisphosphinimine 19 depicted at 50% probability. 

Asymmetric unit (Zô = 1) is shown. Space group = P 21/c. R-Factor = 5.65%. Lower occupancy 

disordered Pipp ring not shown. Selected bond lengths (Å): P1ïN1 = 1.570(3), P2ïN2 = 1.577(3), N1ï

C11 = 1.392(5),  

N2ïC26 = 1.38(3), N2ïC35 = 1.42(4) (from disordered model). 

2.4 Other Notes on the Neutral Bisphosphinimine Ligands 

The C1ïE1ïC4 or C1ïE1ïC1i (E = O, S, or Se) bond angles decreased as the size 

of the chalcogen increased (Table 2.2). For example, the furan-based compounds 3, 6, 

and 8, have angles of 106.1(3)° (3), 105.9(3)° and 105.8(3)° (6), and 106.9(2)° (8), 

while the thiophene-based ligands 9 and 11, have C1ïS1ïC4 angles of 92.9(1)° (9) and 

92.8(6)° (11). This trend continues for the selenium-containing species 16-19, which 

have C1ïSe1ïC4 angles of 88.8(5)° and 89.1(7)° (16), 86.6(1)° (17), 87.5(3)° (18), and 

86.5(2)° (19). As the C1ïE1ïC4 angle contracts, the central 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 section 2.6.5. Notably the phosphinimine bond distance 

slightly increased with the size of the central donor when the R and Ar groups were 

constant (3, 11, 17 where R = Ph, Ar = Dipp). 

Table 2.2: Tabulated bond angles of the chalcogen ring in NEN-pincer neutral ligands.  

Compound 
Central 

donor (E) 

C1ïE1ïC4, or 

equivalent, angle (°) 

Phosphinimine PïN bond length (Å) 

3 O 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 Protonated Bisphosphinimine NEN-Pincer Ligands (E = O, S, Se) 

The ligands 3-8, 11-14, and 17-18 were protonated to afford  

[2-(ArN(H)=PR2)-5-(ArN=PR2)C4H2E][A] , according to synthetic protocols 

previously established in the Hayes lab.93-98 Specifically, the requisite neutral 

bisphosphinimine NEN-pincer ligands (E = O (3-8), S (11-14), Se (17-18)) were 

combined with either N,N-dimethylanilinium tetrakis(pentalfuorophenyl)borate 

([H][A] = [ HNMe2Ph][B(C6F5)4]) or diethyl ether oxonium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate, better known as Brookhartôs acid, ([H][A] = 

[(Et2O)2H][B(3,5-(CF3)2C6H3)4])
115 in either benzene or toluene at ambient 

temperature. The resultant ion pairs were generated in 2 h and proved insoluble in 

common aromatic solvents. Accordingly, the solvent was decanted from the oily 
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products, which were triturated with pentane or heptane to afford well-behaved solids 

of: [2-(DippN(H)=PPh2)-5-(DippN=PPh2)C4H2O][B(3,5-(CF3)2C6H3)4] (20, 64.7%),  

[2-(PippN(H)=PPh2)-5-(PippN=PPh2)C4H2O][B(C6F5)4] (21, 93.6%),  

[2-(PmN(H)=PPh2)-5-(PmN=PPh2)C4H2O][B(C6F5)4] (22, 90.6%),  

[2-(DippN(H)=PiPr2)-5-(DippN=PiPr2)C4H2O][B(3,5-(CF3)2C6H3)4] (23, 87.2%), 

[2-(DippN(H)=PPh2)-5-(DippN=PPh2)C4H2S][B(3,5-(CF3)2C6H3)4] (24, 73.0%), 

[2-(PippN(H)=PPh2)-5-(PippN=PPh2)C4H2S][B(C6F5)4] (25, 95.1%),  

[2-(PmN(H)=PPh2)-5-(PmN=PPh2)C4H2S][B(C6F5)4] (26, 66.2%), 

[2-(DippN(H)=PiPr2)-5-(DippN=PiPr2)C4H2S][B(3,5-(CF3)2C6H3)4] (27, 75.4%),  

[2-(DippN(H)=PPh2)-5-(DippN=PPh2)C4H2Se][B(3,5-(CF3)2C6H3)4] (28, 87.6%),  

[2-(DippN(H)=PiPr2)-5-(DippN=PiPr2)C4H2Se][B(3,5-(CF3)2C6H3)4] (29, 87.2%), and  

[2-(PippN(H)=PiPr2)-5-(PippN=PiPr2)C4H2Se][B(C6F5)4] (30, 92.2%) (Scheme 2.8). 

All of these compounds are more intensely coloured than their neutral counterparts.  

The addition of 2 equivalents of [HNMe2Ph][B(C6F5)4] to 4  

(2,5-(PippN=PPh2)2C4H2O) in a solution of benzene at ambient temperature afforded 

the doubly protonated compound, [2,5-(PippN(H)=PPh2)2C4H2O][B(C6F5)4]2  

(31, 77.8%) in 2 h. Compound 31 contained a single sharp signal in the 31P{1H} 

spectrum at ŭ 22.7, along with a doublet for the protonated phosphinimine NïH in the 

1H spectrum at ŭ 5.43 which collapsed to a singlet upon decoupling to 31P. 
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Scheme 2.8: Synthesis of protonated ligands 20-31. 

The addition of either Brønsted acid to a neutral bisphosphinimine protonated a 

single phosphinimine substituent and installed a weakly-coordinating borate anion. The 

large bulky fluorinated aromatic rings and lack of available orbitals on the boron centre 

restrict any formal bond from forming with the phosphinimine group, making the 

attraction electrostatic.116 All compounds, except 24, retained the C2v symmetry in 

solution. Presumably the H+ exchanges rapidly between the phosphinimine nitrogen 

atoms on the NMR timescale. The broad resonances observed in the 31P NMR spectra, 

as well as broad 1H signals attributed to the phosphiniminium proton are consistent with 

this suggestion. 
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The protonated Dipp (20, 23, 24, 27-29) and Pipp (21, 25, 30) containing ligands 

include a broad signal in the 1H NMR spectrum due to the phosphiniminium proton 

between ŭ 4.84 and ŭ 6.87 in CDCl3 solvent. These resonances shifted further downfield 

in pyridine-d5 and THF-d8, to ŭ 11.82-16.36. There was no obvious correlation between 

phosphiniminium chemical shift and central donor, E. Compound 24  

([2-(DippN(H)=PPh2)-5-(DippN=PPh2)C4H2S][B(3,5-(CF3)2C6H3)4]) is unique in that 

its 31P{1H} NMR spectrum exhibits two resonances at ŭ 29.47 and ï15.83. Evidently 

the H+ exchange between phosphinimine groups, if present, is slower than the NMR 

timescale. Hence, a ófreeô phosphinimine and a protonated phosphiniminium can be 

distinguished in the 13P{1H} NMR spectrum. The difference of ~40-50 ppm between 

two phosphinimine groups of a bisphosphinimine containing complex (L2iPrRh(CO)2, 

XIIa  in 1.3.2) is attributed to the difference between a ófreeô phosphinimine and one 

that is bound to a metal or H+.91 By comparison, compounds 22 and 26 (where  

Ar = Pm) exhibit relatively sharp 31P{1H} NMR signals at ŭ 10.25 (full width half 

maximum, FWHM, = 16.6 Hz) and ŭ 13.46 (FWHM = 13.9 Hz), respectively. It is 

postulated that the proton was exchanged between the two phosphinimines and an 

available nitrogen atom of the Pm group. Unfortunately, analytically pure X-ray quality 

material was difficult to obtain for these species. 
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Table 2.3: Tabulated 1H and 31P{1H} NMR chemical shifts for the protonated phosphinimine. For 

reference, a sharp singlet has a FWHM of 3±1.0 Hz in 1H NMR spectra and 2.44±0.61 Hz in 31P{1H} 

NMR spectra. +Compound 24 contained two peaks. *Compound 31 contained a doublet. 

Compound Solvent 

1H 

NMR 

shift (ŭ) 

1H shift 

FWHM ( Hz) 

31P{1H} NMR 

shift (ŭ) 

31P{1H} shift 

FWHM ( Hz) 

20 pyridine-d5 16.36 209 ï11.64 367 

21 CDCl3 5.82 15.9 7.92 275 

22 CDCl3 - - 10.25 16.6 

23 pyridine-d5 11.82 194 1.17 824 

24 CDCl3 6.87 9.30 29.47, ï15.83 22.0, 36.1+ 

25 CDCl3 6.40 32.4 14.8 312 

26 THF-d8 13.74 143 13.46 13.9 

27 pyridine-d5 12.54 572 7.08 719 

28 pyridine-d5 12.75 191 ï8.62 1390 

29 pyridine-d5 - - 11.07 694 

30 CDCl3 4.84 10.3 56.37 234 

31 CDCl3 5.43 3.45, 3.12* 22.67 2.44 
 

Compound 25 ([2-(PippN(H)=PPh2)-5-(PippN=PPh2)C4H2S][B(C6F5)4]) was 

dissolved in bromobenzene which evaporated slowly at ambient temperature to allow 

X-ray quality crystals of 25 to be produced. Crystals of compound 25 grew in a triclinic 

crystal system in the Pρ space group with the lattice comprising of 2 molecules  

(Z = 2, Zô = 1). The two phosphinimine PïN bond distances, P1ïN1 = 1.621(2) Å and 

P2ïN2 = 1.571(1) Å, differ significantly as the former is protonated, and thereby has 

more single bond character. Notably, H1 was successfully modelled using residual 

electron density (Figure 2.13). The latter phosphinimine functionality is not protonated, 

and as such, is similar in length to the structurally characterized neutral phosphinimines 

in this chapter. Typical phosphiniminium moieties have bond lengths between  

1.618-1.643 Å.72, 93-97, 100, 101 The weakly-coordinating borate anion does not interact 

with the protonated ligand, but hydrogen bonding was observed between N1ïH1 and 

N2 of a neighbouring compound in the solid state. 
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Figure 2.13: Displacement ellipsoid plot of protonated bisphosphinimine 25 depicted at 50% 

probability. Asymmetric unit (Zô = 1) is shown. Space group = P , R1 = 3.96%. Selected bond lengths 

(Å):  

P1ïN1 = 1.621(2), P2ïN2 = 1.571(1), N1ïC17 = 1.430(2), N2ïC38 = 1.413(2).  

Selected bond angles (°): C1ïS1ïC4 = 91.93(8). 

2.6 Cationic Zinc Complexes Supported by NEN-Pincer Ligands (E = O, S, Se) 

2.6.1 Zinc Methyl Complexes 

The two most available zinc alkyl compounds are dimethyl zinc (ZnMe2) and 

diethyl zinc (ZnEt2). For this project, dimethyl zinc was used as it is less expensive. In 

bromobenzene, a solution of 1 equivalent of ZnMe2 was added to a protonated ligand 

[2-(ArN(H)=PR2)-5-(ArN=PR2)C4H2E][A] (20-30). No immediate change was 

observed and after 2 h the solvent was removed in vacuo. The resulting waxy solids 

were subjected to trituration with pentane affording pale yellow-orange powders. The 

protocol yielded a series of cationic zinc complexes bearing the previously described 

NEN-pincer ligands (E = O, S, Se) via methane elimination. The complexes synthesized 

include: [2,5-(DippN=PPh2)2C4H2OZnMe][B(C6F5)4] (32, 72.9%),  

[2,5-(PippN=PPh2)2C4H2OZnMe][B(C6F5)4] (33, 78.1%),  
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[2,5-(DippN=PiPr2)2C4H2OZnMe][B(3,5-(CF3)2C6H3)4] (34, 87.5%)  

[2,5-(DippN=PPh2)2C4H2SZnMe][B(3,5-(CF3)2C6H3)4] (35, 74.9%),  

[2,5-(PippN=PPh2)2C4H2SZnMe][B(C6F5)4] (36, 79.9%)  

[2,5-(DippN=PiPr2)2C4H2SZnMe][B(3,5-(CF3)2C6H3)4] (37, 92.7%),  

[2,5-(DippN=PPh2)2C4H2SeZnMe][B(3,5-(CF3)2C6H3)4] (38, 84.4%),  

[2,5-(DippN=PiPr2)2C4H2SeZnMe][B(3,5-(CF3)2C6H3)4] (39, 84.3%), and  

[2,5-(PippN=PiPr2)2C4H2SeZnMe][B(C6F5)4] (40, 81.2%) (Scheme 2.9). A slight 

excess of dimethyl zinc ensured complete reaction and given the volatility of ZnMe2 

(b.p. = 46 °C), any residual material can be readily removed under reduced pressure. 

Appropriate procedures were followed when disposing of residual dimethyl zinc 

captured in solvent traps, such as keeping the solvent trap cold and quenching the 

material with isopropanol over 6 h under a blanket of argon.  

 

Scheme 2.9: Synthesis of cationic zinc methyl complexes 32-40. a = [B(C6F5)4],  

b = [B(3,5-(CF3)2C6H3)4]. 

The products 32-40 were similar to the protonated ligand starting materials, in that 

they tenaciously retain hydrocarbon solvents which were introduced during the 

trituration step. The 11B and 19F NMR resonances for the weakly-coordinated borate 
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anion in all complexes remained relatively constant with respect to chemical shift, 

shape, and integration, within the same solvent (Table 2.4). 

Table 2.4: Tabulated 11B and 19F NMR chemical shifts of weakly-coordinating borate anions in various 

deuterated solvents. a = [B(C6F5)4], b = [B(3,5-(CF3)2C6H3)4]. 

Solvent 
11B shift (ŭ) 

[A] = b 

19F shift (ŭ) 

[A] = b 

11B shift (ŭ)  

[A] =  a 

19F shift (ŭ)  

[A] = a 

pyridine-d5 ï4.4 ï15.9 ï15.9 ï132.1, ï162.2, ï166.3 

CDCl3 ï5.9 ï16.8 ï16.7 ï131.6, ï161.7, ï165.6 

THF-d8 N/A N/A ï18.5 ï133.7, ï165.9, ï169.4 

CD2Cl2 N/A N/A ï18.5 ï133.7, ï166.0, ï169.5 
 

The signals in the 31P{1H} NMR spectra generally had smaller FWHM for most 

compounds except 33, 36, and 40. All of the zinc methyl complexes 32-40 were 

surprisingly stable over long periods of time when kept as dried powders at ambient 

temperature. However, they were very sensitive to water. Degradation to various 

unidentified by-products was observed when these complexes were heated in solution 

at elevated temperatures (>100 °C) over 48 h. To decrease the broadness of the 

resonances, 1H NMR spectroscopy was conducted at a range of temperatures (ï80-100 

°C). No temperature afforded better resolved signals for 32-39, but for compound 40 

they were considerably sharper at elevated temperatures (60 °C) attributed to an 

increase in the rapid exchange of the ZnïMe group between the two phosphinimines. 

2.6.2 Zinc Alkoxide Complexes 

The metal alkoxide complexes, EtZnOPh and MeZnOR (R = iPr, tBu, Ph, or Me) 

were synthesized by addition of 1 equivalent of the corresponding dry alcohol to 1 

equivalent of dimethyl zinc or diethyl zinc diluted with toluene. Volatiles were removed 

in vacuo to give MeZnOR or EtZnOR as white powders.  
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Addition of MeZnOPh or EtZnOPh to a bromobenzene solution of  

[2-(ArN(H)=PR2)-5-(ArN=PR2)C4H2E][A] (20-30) afforded:  

[2,5-(DippN=PPh2)2C4H2OZnOPh][B(C6F5)4] (32b, 72.7%),  

[2,5-(PippN=PPh2)2C4H2OZnOPh][B(C6F5)4] (33b, 86.1%),  

[2,5-(DippN=PiPr2)2C4H2OZnOPh][B(3,5-(CF3)2C6H3)4] (34b, 88.6%),  

[2,5-(DippN=PPh2)2C4H2SZnOPh][B(3,5-(CF3)2C6H3)4] (35b, 90.4%),  

[2,5-(PippN=PPh2)2C4H2SZnOPh][B(C6F5)4] (36b, 82.4%),  

[2,5-(DippN=PiPr2)2C4H2SZnOPh][B(3,5-(CF3)2C6H3)4] (37b, 93.4%),  

[2,5-(DippN=PPh2)2C4H2SeZnOPh][B(3,5-(CF3)2C6H3)4] (38b, 89.6%)  

[2,5-(DippN=PiPr2)2C4H2SeZnOPh][B(3,5-(CF3)2C6H3)4] (39b, 71.8%) and  

[2,5-(PippN=PiPr2)2C4H2SeZnOPh][B(C6F5)4] (40b, 90.1%) after 2 h at ambient 

conditions. These complexes can also be generated by addition of dried phenol to the 

requisite zinc alkyl complexes ([2,5-(ArN=PR2)2C4H2EZnMe][A]) in bromobenzene. 

This was a necessary route for complex 39b, as there was considerable competition 

between methane and phenol elimination when MeZnOPh was employed.  

The procedure to generate the cationic zinc phenoxides relied on the preferential 

elimination of methane to yield the desired cationic zinc alkoxide complexes. When 

using MeZnOR (R = iPr or tBu) as zinc starting materials, a mixture of products was 

generated. There were competing reactions with the elimination of either methane or 

the corresponding alcohol which could not be controlled. This was observed via two 

separate resonances in the 31P{1H} NMR spectrum, one of which was the cationic 

methyl complex, the other being the cationic alkoxide complex. The corresponding  

ZnïMe and ZnïOR (R = iPr or tBu) resonances were also observed in the 1H NMR 

spectra of the reaction mixtures.  
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When MeZnOMe was used as the zinc starting material, the resulting reaction 

mixtures with the protonated ligands contained a myriad of products. When reacted 

with the protonated ligand 21 ([2-(PippN(H)=PPh2)-5-(PippN=PPh2)C4H2O] 

[B(C6F5)4]) an isolatable product, [2,5-(PippN=PPh2)2C4H2OZnOMe][B(C6F5)4] (41) 

was obtained. The cationic zinc methoxide 41 degraded to various unidentified products 

in solution within hours and was only identified using X-ray crystallography. The 

cationic zinc phenoxide complexes 32b-40b showed evidence of degradation after 24 

h in solution and so were stored as dry solids at ï30 °C. More so than the cationic zinc 

methyl complexes 32-40, 32b-40b retained solvent which may be the reason 

satisfactory elemental analysis (EA) values were not obtained. 

 

Scheme 2.10: General procedure for in situ generation of zinc alkoxide cationic complexes  

32b-40b and 41. a = [B(C6F5)4], b = [B(3,5-(CF3)2C6H3)4]. 

The synthesis of lactate complexes analogous to XIV  ([L 3ZnE][A], E = methyl-

(rac)-lactate) was attempted, but no single product could be isolated from the reaction 
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mixture when MeZn(methyl-(rac)-lactate) was added to a bromobenzene solution of a 

protonated ligand (20-30). 

2.6.3 Comparison of NMR Data from Cationic Zinc Complexes 

The 31P{1H}  NMR spectra of the cationic zinc methyl complexes (32-40) and 

cationic zinc phenoxide complexes (32b-40b), see Table 2.5, were mostly obtained in 

pyridine-d5. In pyridine-d5 singlets were observed, whereas other solvents, such as 

CDCl3 and THF-d8, resonances were not as well -defined. The Zinc complexes exhibited 

C2v symmetry in solution, as indicated by the 1H NMR and 31P NMR spectra. However, 

the 31P NMR spectra of 36 and 39b contained two separate resonances and no 31P 

signals were observed for either 33 or 40b.  

Table 2.5: Tabulated 31P{1H} NMR chemical shifts for the cationic zinc methyl and phenoxide 

complexes. For reference, a sharp singlet has a FWHM of 2.44±0.61 Hz in 31P{1H} NM R spectra.  

Compound Solvent 31P{1H} NMR shift (ŭ) 31P{1H}  shift FWHM ( ŭ) 

32 pyridine-d5 ï23.35 2.44 

33 CD2Cl2 NA NA 

34 pyridine-d5 0.19 2.44 

35 pyridine-d5 ï17.14 2.44 

36 CDCl3 26.69, ï8.71 312, 299 

37 pyridine-d5 2.83 2.44 

38 pyridine-d5 ï14.01 2.44 

39 pyridine-d5 7.19 336 

40 CDCl3 55.3 159 

32b pyridine-d5 ï23.26 447 

33b THF-d8 18.09 2.44 

34b pyridine-d5 ï1.35 2.44 

35b pyridine-d5 ï17.05 2.44 

36b THF-d8 ï28.64 104 

37b pyridine-d5 2.82 2.44 

38b pyridine-d5 ï14.02 2.44 

39b pyridine-d5 5.49, 2.85 447, 447 

40b THF-d8 NA NA 
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The spin active (I = 1/2) 77Se nucleus provided insight into the relationship between 

the central chalcogen donor and zinc. 77Se{1H}  NMR experiments showed resonances 

at ŭ 744.93 and ŭ 731.17 for bisphosphines 15 and 16. Upon oxidation of the phosphine 

a downfield shift in frequency of approximately 35 ppm was observed (17: ŭ 788.5, 18: 

ŭ 764.4, and 19: ŭ 812.0). Unfortunately, no 77Se signals were detected for protonated 

ligands 28, 29, and 30. Zinc complexes 39 and 39b exhibited 77Se resonances at ŭ 

764.75 and ŭ 764.87, respectively. As no discernible trend was obvious upon 

coordination of the NSeN-pincer ligands to zinc it is difficult to comment upon the 

extent to which Se interacts with Zn in solution, or whether the presence or absence of 

such an interaction has a predictable impact upon metal complex reactivity. 

Diffusion ordered spectroscopy experiments (DOSY) were conducted using the 

methyl complex 40 ([2,5-(PippN=PiPr2)2C4H2SeZnMe][B(C6F5)4]) and the phenoxide 

complex 40b ([2,5-(PippN=PiPr2)2C4H2SeZnOPh][B(C6F5)4]). Using a DOSY, the 

molecular radius of a compound in solution can be calculated. Relating the results from 

a DOSY through the Einstein-Stokes equation gives a molecular radius of the molecule 

in solution (Figure 2.14).117 This equation makes the assumption that the molecule in 

question is spherical. Since both 40 and 40b are not spherical molecules, the values 

generated are used to determine the relative size of either molecule. 

 

Figure 2.14: Einstein-Stokes equation. T = temperature (K), kb = Boltzmannôs constant,  

ɛ = solvent viscosity, D = diffusion constant, Ro = solute radius. 

The DOSY experiment revealed self-diffusion constants of 3.648 × 10ï9 m2sï1 for 

40 and 0.746 × 10ï9 m2sï1 for 40b from the isopropyl groups at phosphorous as they 

gave the strongest signals. All other chemical shifts came under the same self-diffusion 
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constant, but their signals were diminished in comparison. Relating these values to the 

radius of the molecular via the Einstein-Stokes equation gives a radius of 40 at 

approximately 0.117 nm and 0.574 nm for 40b (as a reference, 9,10-

diphenylanthracene, a large flat hydrocarbon, gives a radius of 0.436 nm). This data 

suggests that in solution 40b is considerably larger than 40 presumably since 40b is 

dimeric in solution and 40 is monomeric. 

2.6.4 Crystallographic Data from Cationic Zinc Alkoxide Complexes 

Crystals of compound 41 ([2,5-(PippN=PPh2)2C4H2OZnOMe][B(C6F5)4]) grew in 

a triclinic crystal system in the Pρ space group with the lattice comprising of 2 

molecules (Z = 2, Zô = 1). This data established connectivity the ZnïOR fragment and 

the bisphosphinimine NEN-pincer ligand. In the asymmetric unit, there is one  

weakly-coordinating anion, as well as a disordered dichloromethane. Cavities in the 

centre of the a axis were responsible for the presence of another solvent of 

crystallization which was dealt with using the squeeze subroutine. Other sources of 

disorder included waving of the fluorinated rings of the borate anion. 

Notable elongation of the phosphinimine PïN bonds, compared to previously 

discussed compounds, was observed. P1ïN1, 1.600(2) Å, and P2ïN2, 1.602(2) Å, were 

statistically indistinguishable. The NP=NïCAryl bond lengths (N1ïC38: 1.448(3) Å, and 

N2ïC17: 1.445(3) Å) were both similar to the protonated phosphinimine NP=NïCAryl 

bond length of 25 (1.430(2) Å). In the cationic zinc complexes reported by the Hayes 

group, the phosphinimine PïN bond lengths range between 1.586 Å and 1.611 Å, the 

NP=NïCAryl between 1.437-1.473 Å, and the NP=NïZn from 1.972 Å to 2.367 Å (XIVa -

e and XVII ).72, 93-97, 100 All of the bond lengths of 41 are within the ranges of the cationic 

zinc complexes reported by the Hayes group.  
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Figure 2.15: Displacement ellipsoid plot of protonated bisphosphinimine 41 depicted at 50% 

probability. Asymmetric unit (Zô = 1) is shown. Space group = P , R1 = 5.12%. Solvent molecules 

removed for clarity. 

The ógrowô function in Olex2 allowed visualization of the entire compound where 

two [2,5-(PippN=PPh2)2C4H2OZnOMe][B(C6F5)4] asymmetric units interact  

(Figure 2.16). The zinc atom has a bond with the one of the phosphinimines  

(N1ïZn1: 2.025(2) Å), a bond with a phosphinimine of the nearby asymmetric unit 

(N2iïZn1: 2.029(3) Å), and the methoxide groups (O2ïZn1: 1.976(2) Å and O2iïZn1: 

1.979(2) Å)). The bridging methoxides, visualized with two asymmetric units, give a  

4-membered ring with angles O2ïZn1ïO2i = 82.78(7)° and Zn1ïO2ïZn1i = 97.22(8)°. 

The zinc centre retains a pseudo-tetrahedral geometry with shortened angles with the 

bridging methoxide groups (O2ïZn1ïO2i: 82.78(7)°) and between the two ligands  

(N1ïZn1ïN2i: 103.92(8)°. Whether this dimeric structure exists in solution for the 

methyl zinc complexes (32-40) is not fully understood; but the DOSY of 40 and 40b 

suggest that the alkoxide complexes are larger than the methyl complexes in solution 
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and the solid-state structure of 41 provides further evidence that the alkoxide complexes 

are in fact dimeric. 

 

Figure 2.16: Displacement ellipsoid plot of protonated bisphosphinimine 41 depicted at 50% 

probability. Asymmetric unit grown to include complete molecule. Anions and solvent molecules 

removed for clarity. 

Table 2.6: Selected bond lengths and angles in compound 41. 

Atoms Length (Å) Atoms Angle (°) 

P1ïN1 1.600(2) O2ïZn1ïO2i 82.78(7) 

P2ïN2 1.602(2) Zn1ïO2ïZn1i 97.22(8) 

N1ïC38 1.448(3) N1ïZn1ïN2i 103.92(8) 

N2ïC17 1.445(3) N1ïZn1ïO2 118.49(8) 

N1ïZn1 2.025(2) N1ïZn1ïO2i 117.73(8) 

N2ïZn1i 2.029(3) N2iïZn1ïO2i 117.57(8) 

O2ïZn1 1.976(2) N2iïZn1ïO2 116.36(8) 

O2iïZn1 1.979(2)   
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Fragile white crystals of complex 33b were grown from a concentrated DCM 

solution stored at ï30 °C for 48 h. Crystals of compound 33b grew in a triclinic crystal 

system in the Pρ space group with the lattice comprising of 2 molecules  

(Z = 2, Zô = 1). The structure solution contained rotational disorder of the isopropyl 

groups and positional disorder of the 4-isopropylphenyl group off N1 and contained 

cavities that were larger than those found in 41 where several DCM molecules were 

removed with the squeeze subroutine. A low-quality connectivity structure was 

obtained (Figure 2.17 and Figure 2.18) and found to be isostructural to 41, providing 

further evidence that the alkoxides are dimeric.  

 

Figure 2.17: Displacement ellipsoid plot of protonated bisphosphinimine 33b depicted at 20% 

probability. Asymmetric unit (Zô = 1) is shown. Space group = P . 
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Figure 2.18: Thermal ellipsoid plot of protonated bisphosphinimine 33b depicted at 20% probability. 

Asymmetric unit grown to include complete molecule. Anions and PïPh groups removed for clarity. 

2.6.5 Polymerization of Ů-Caprolactone with Cationic Zinc Complexes 

To ascertain the impact that the central donor (E), the aromatic group on the 

phosphinimine nitrogen (Ar), and the organic group on phosphorous (R) have on ROP 

catalysis, an ROP study was conducted. Unfortunately, when complexes 32-40 and 

32b-40b were tested as initiators for lactide polymerization at 70 °C in deuterated 

bromobenzene (C6D5Br), no reaction was observed over a 24 h period. However, 

activity was observed when tested with Ů-caprolactone in C6D5Br at 70 ęC. The activity 

of the catalysts was monitored over an 11 h period via the depletion of the monomer 

signal observed in the 1H NMR spectra at ŭ 3.64 (ov q, 3JHH = 6.1 Hz, 2H, Ů protons) 

and growth of the methylene polymer resonance (ïCOOCH2ï) at ŭ 3.81 (t, 3JHH = 6.1 

Hz, 2H). These resonances are most appropriate for reaction monitoring as they are 

baseline resolved from all other monomer, polymer, catalyst, and residual solvent 

signals. To confirm that the polymerization of Ů-caprolactone was catalysed by the 

cationic zinc complexes, control experiments with Ů-caprolactone, several ligands, and 

protonated ligands were tested under the same conditions. These control experiments 



 

63 

 

showed no ROP of Ů-caprolactone with only <5% of the monomer being consumed in 

all experiments. 

The second-order reaction gives a rate is given by k = [catalyst][monomer]. Since 

the concentration of the catalyst remains relatively constant throughout the reaction and 

is much larger relative to the monomer, the pseudo first-order reaction rate is used, 

given by kô = k[catalyst]. There is an induction period occurs in the first 1.5 h reaction 

(or initial 10-20% of monomer consumed). 

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

(Ar = Pipp, E = O or S, R = Ph, and E = Se, R = iPr) 

The complexes that contained the Pipp aromatic group, 33, 36, 40, 33b, 36b, and 

40b were the first to be tested for initiating polymerization of Ů-caprolactone; the results 

are shown in Figure 2.19. The cationic zinc methyl complexes, both 33 and 36  

(Ar = Pipp, R = Ph, E = O and S, respectively), were exceptionally sluggish at kô (10ï

4) = 0.0658 sï1 and 0.118 sï1, but 40 (Ar = Pipp, R = iPr, E = Se) mediated ROP at a 

greatly accelerated rate (kô (10ï4) = 1.17 sï1). A similar trend was observed for the 

cationic zinc phenoxy complexes (33b, 36b, and 40b) wherein the rate of ROP 

increased as E went from O to S, and to Se (kô (10ï4) = 0.0118 sï1, 0.137 sï1, 0.469 sï1) 

but were slower compared to their methyl counterparts. It is hypothesized that the 

formation of a dimeric structure in the phenoxide complexes 33b, 36b, and 40b, as 

proposed by DOSY experiments and X-ray crystallography of 33b and 40b, restricted 

accessibility to the zinc metal centre. In comparison, the zinc methyl complexes are 

thought to remain as a monomer, at least in solution, and therefore contain a more 

accessible zinc metal centre. 
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Figure 2.19: Plot of In[monomer] versus time(s) for polymerization of Ů-caprolactone at 70 °C over an 

11 h period. Cationic zinc methyl complexes 33, 36, and 40 are depicted on the top graph and cationic 

zinc phenoxide complexes 33b, 36b, and 40b on the bottom graph. kô (10ï4) = 0.0658 sï1 (33), 0.118 sï1 

(36), 1.17 sï1 (40), 0.0118 sï1 (33b), 0.137 sï1 (36b), 0.469 sï1 (40b). 

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

(Ar = Dipp, E = O, S, or Se, R = Ph) 

The complexes that contained the Dipp aromatic groups and phenyl groups on 

phosphorous, 32, 35, 38, 32b, 35b, and 38b were tested for their ability to initiate 

polymerization of Ů-caprolactone, the results of which are shown in Figure 2.20. 
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Figure 2.20: Plot of In[A] versus t for polymerization of Ů-caprolactone at 70 °C over an 11 h period. 

Cationic zinc methyl complexes 32, 35, and 38 are depicted on the top graph and cationic zinc 

phenoxide complexes 32b, 35b, and 38b on the bottom graph. kô (10ï4) = 1.63 sï1 (32), 3.00 sï1 (35), 

2.10 sï1 (38), 8.33 sï1 (32b), 5.02 sï1 (35b), 5.27 sï1 (38b). 

The cationic zinc methyl complexes did not display any trend in relation to the 

central donor, E, as the swiftest ROP occurred using 35 (kô (10ï4) = 3.00 sï1) 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  

(kô (10ï4) = 5.27 sï1, 5.02 sï1, 8.33 sï1 (38b, 35b, 32b, respectively)). 
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2.6.5.3 Polymerization Activity for Complexes 34, 37, 39, 34b, 37b, and 39b  

(Ar = Dipp, E = O, S, or Se, R = iPr) 

To compare the influence of the group on phosphorous, while keeping the aryl 

group consistent, 34, 37, 39, 34b, 37b, and 39b were also tested for their ability to 

initiate polymerization of Ů-caprolactone (Figure 2.21).  

 

Figure 2.21: Plot of In[A] versus t for polymerization of Ů-caprolactone at 70 °C over an 11 h period. 

Cationic zinc methyl complexes 34, 37, and 39 are depicted on the top graph and cationic zinc phenoxy 

complexes 34b, 37b, and 39b on the bottom graph. kô (10ï4) = 27.3 sï1 (34), 6.36 sï1 (37), 10.2 sï1 (39), 

0.248 sï1 (34b), 0.419 sï1 (37b), 6.56 sï1 (39b). 
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The cationic zinc methyl complexes catalysed ROP remarkably quickly, with the 

swiftest reaction rate for the investigated complexes occurring for 34  

(kô (10ï4) = 27.3 sï1, 30 min to completion) where E = O. The ROP using the cationic 

zinc phenoxy complexes as catalysts were mostly sluggish, except when E = Se, 39b  

(kô (10ï4) = 6.56 sï1, 1.7 h to completion). 

2.6.5.4 Comparison of Polymerization Activity Data 

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

displayed in Table 2.7. 

Table 2.7: Tabulated results of compounds tested for ROP of Ů-caprolactone at 70 °C over 11 h. 

Compound  

Aromatic 

group 

(Ar)  

Phosphorous 

group (R) 

Central 

donor 

(E) 

Activator  

Ligand 

Converted 

monomer % 

1st order rate 

constant, kô 

(sï1) (10ï4) 

33 Pipp Ph O 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 O 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 O 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 

ZnMe2 - - - - 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 observed between these elements. It was theorized that a better understanding 

of the interaction between the metal centre and the central donor MïE (E = O, S, Se) 

would be established by studying different chalcogen donors. Having a better 

understanding of the MïE interaction would help with the design of the ligand itself, as 

a metal centre that is bonded more tightly to the ligand is going to be better influenced 

by its steric bulk, providing an opportunity to develop a more refined catalytic site. A 

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 obtained, and thus, the extent of MïE 

interaction in the solid state was not established. In neither the 1H nor 31P{1H} NMR 

spectra of the new zinc complexes, were 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 assumption that the rate of polymerization would be proportional to the size 

and/or electronegativity of the chalcogen donor. 

All of the complexes, where Ar = Pipp, catalysed the ROP of Ů-caprolactone much 

slower than the analogous complexes where Ar = Dipp. The consistently fast reaction 

rates came from the ZnïOPh complexes were R = Ph, except for 39b  

(kô (10ï4) = 6.56 sï1, R = iPr, E = Se). The fastest ZnïOPh containing catalyst was 32b 

(kô (10ï4) = 8.33 sï1, E = O). Alkoxide ligands are known to be more effective initiating 

groups than alkyl ligands when this mechanism is active,118 where aryloxides are less 

effective than other alkoxides.44, 119, 120 
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Generally, the zinc methyl species were more active when R = iPr. The superior 

activity of catalysts with isopropyl substituents at phosphorous is likely because of 

greater donation to the electron deficient zinc centre compared to the more electron 

withdrawing phenyl groups. Generally, the zinc phenoxide species were found to be 

more active when R = Ph, in contrast to the zinc methyl complexes. This might be due 

to the dimeric structure of the ZnïOPh containing complexes being more stabilized 

with the more electron donating group 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 due to the electron donation from the isopropyl groups 

was observed with the methyl complexes and is consistent with literature118 as catalyst 

34 was the most active (kô (10ï4) = 27.3 sï1, E = O), proceeding to 95% completion 

within one hour. The most active selenophene-based containing catalysts, 39 and 39b 

(kô (10ï4) = 10.2 sï1, and 6.56 sï1) where R = iPr, were comparable. 

Bochmann and co-workers generated cationic complexes with small organozinc 

complexes, ZnMe2 and Zn(SiMe3)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).121 To confirm that the ancillary ligand had some influence over the 

catalysts ability to initiate ROP, control experiments using ZnMe2 and MeZnOPh were 

conducted (Figure 2.22). ZnMe2 exhibited a similar sluggish reaction rate (kô (10ï4) = 

0.105 sï1) to several of the Pipp containing complexes tested (33, 36, 33b, and 36b). 

Surprisingly, the MeZnOPh was incredibly swift, giving the fastest pseudo first-order 

rate constant observed (kô (10ï4) = 28.9 sï1) with 98% consumption of monomer within 

30 min. In comparison, the magnesium complex XV  ([L 3MgnBu][A]) which bears an 

nBu ligand, was able to catalyse ROP of Ů-caprolactone within 4 min and at ambient 
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temperature in the same catalyst loading. The presence of the nBu group in the resulting 

polymer provided evidence that a coordination-insertion mechanism was operative (see 

A, Scheme 1.2).  

 

Figure 2.22: Plot of In[A] versus t for polymerization of Ů-caprolactone at 70 °C over an 11 h period 

with ZnMe2 and MeZnOPh as catalysts. k' (10ï4) = 0.105 sï1 (ZnMe2), 28.9 sï1 (MeZnOPh). 

Clearly the furan-, thiophene-, and selenophene-based bisphosphinimine  

NEN-pincer ligands greatly increased the reaction rate of ROP when using a cationic 

zinc methyl centre, but substantially hindered those of the cationic zinc phenoxide 

containing compounds, likely due to dimer formation.  

The magnesium complex XV  participates in a coordination-insertion mechanism 

due to the presence of the nBu in the isolated polymer generated.98 Since the literature 

suggests that alkyl groups are poor initiators,44, 120 the ZnïOPh complexes were 

theorized to be more active than the ZnïMe complexes. But, with the ancillary ligand 

system investigated herein, the zinc methyl centre gives catalysts that are more active. 

Analogues complexes bearing dbf-based bisphosphinimine NON-pincer ligands 

([L 3ZnMe][A], XIVb )94 were inert to initiating ROP of lactide. The activity of 

complexes 32-40 and 32b-40b could be related to the accessibility of the cationic zinc 
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metal centre and is independent of the substituent on zinc but mechanisms cannot be 

confirmed without polymer end group analysis. 

2.7 Concluding Statement and Future Work with Zinc Complexes 

A new neutral bisphosphinimine NEN-pincer ligand (2,5-(ArN=PR2)C4H2E,  

E = O 3-8, E = S 11-14, and E = Se 17-18) series has been developed. These unique 

ligands feature two phosphinimine functionalities which have been utilized to generate 

stable cationic zinc methyl and phenoxide complexes. 

As the solid-state structures of the cationic zinc complexes bearing dbf-based 

bisphosphinimine NON-pincer ligands is varied, some showing bonds between ZnïO 

and some not, the interaction likely differs in solution and solid-state data is insufficient 

to ascertain the ZnïE relationship. There was no observable trend between the central 

ligand donors (oxygen, sulfur, selenium) and the degree if interaction with the metal 

centre in the complexes studied within this thesis. Therefore, no concrete statement can 

be made about the exact influence the central donor has on ROP. Differences were 

observed in the pseudo first-order rate constant in the ROP of Ů-caprolactone when the 

central donor was changed so the ZnïE interaction is clearly important to some degree. 

As previously reported, a more electron donating ancillary ligand increases catalytic 

activity.122-124 This is also the case with the investigated ligand system as even small 

change in electron donating effects, such as changing R = iPr to R = Ph on the 

phosphorus atoms, caused an increase in activity for the zinc methyl complexes, and a 

decrease for the phenoxide complexes.  

Succinct suggestions for future work include the use of cationic zinc methyl 

complexes bearing neutral bisphosphinimine NEN-pincer ligands where E = O and  



 

72 

 

R = iPr, which produced the most active catalyst, and explore changes in the Ar 

substituent. Further changes of the Ar group include different steric bulk (such as Mes, 

Bn, or tert-butyl containing aryl groups). Also exploring the electron richness at the 

metal centre versus ROP activity by using electron withdrawing or electron donating 

aryl groups, with substituents such as CF3, tert-butyl, or NMe2. Work with ROP 

reactions with other substrates to determine which one best fits this system; cyclic 

ethers cyclohexene oxide (CHO) and propylene oxide (PO) are common investigative 

alternatives. This would be valuable because catalysts, that were shown in section 1.4, 

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

substrate that the system explored in Part I is more active towards. 

Finally, the fact that small organozinc compounds, as simple as the zinc alkoxide 

starting material, MeZnOPh, was extraordinarily active at ROP is of interest, especially 

since it is simplistic to generate and there is a lack of literature on it and similar 

compounds. Generation of cationic systems of MeZnOPh and related analogues, akin 

to Bochmann et al121 could be used to determine if a cationic zinc system lacking an 

ancillary ligand is more or less active and what influence that has on the polymer 

produced. Comparing 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 in the future, adhere to a single 

solvent system for NMR investigations, ideally pyridine-d5, as this produced more 

defined resonances than other NMR solvents; and adhere to a single weakly-

coordinating anion to aid with writing up and characterizations 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 Cationic Calcium Complexes Supported by NEN-Pincer Ligands (E = O, S) 

As the magnesium complex XV  ([L 3MgnBu][A]) was one of the more active ROP 

catalysts supported by the Hayes group, analogous cationic magnesium complexes with 

the neutral bisphosphinimine NEN-pincer ligands (2,5-(ArN=PR2)C4H2E, E = O, S, or 

Se) were sought to ascertain the differences a metal centre can have on ROP. 

Exploratory reactions, where Mg(nBu)2 was added to a bromobenzene solution of a 

protonated ligand [2-(ArN(H)=PR2)-5-(ArN=PR2)C4H2E][A] (20-30), afforded a 

mixture of inseparable products. Calcium was then deemed a suitable replacement. 

Calcium is considered an alkaline earth metal, differing to the chemical similarities of 

zinc and magnesium.125 The larger ionic radii of calcium atoms may also be more 

appropriate with the NEN-pincer ancillary ligand in question and mitigate the shuttling 

of the metal centre between phosphinimine groups which may interfere with 

polymerization and make the properties of the ancillary ligand more constant.  

The initial challenge was to determine the appropriate calcium containing 

compound to be used as starting material. Ideally the starting material can undergo 

alkane elimination, akin to the production of 32-40. Analogous alkyl calcium 

complexes of zinc (CaMe2 or CaEt2) are not readily available, nor are they well 

described in the literature,126, 127 and so, alternatives were sought. The use of calcium 

amides was considered as amine elimination might occur upon reaction with a 

protonated ligand. The readily available and affordable amine bis(trimethylsilyl)amine 

or hexamethyldisilazane, abbreviated as HMDSïH as the amine, and HMDS as the 

amide, was commercially available, along with the lithium and potassium amide salt. 
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Addition of 2 equivalents of [K][HMDS]ÅTHF or [K][HMDS]ÅEt2O to a toluene 

solution of calcium diiodide afforded the calcium starting material, Ca(HMDS)2ÅTHF 

or Ca(HMDS)2ÅEt2O (yield = 69.9%), as white powders. The 1H NMR spectra were 

consistent with literature and contained one equivalent of the corresponding ether from 

the amide salt used.128, 129 Both calcium starting materials hydrolyse in the presence of 

water, and accordingly, were stored in an argon filled glove box. For added precautions, 

they were also kept at ï30 °C.   

The reaction to generate the cationic calcium complexes involved the dropwise 

addition of Ca(HMDS)2ÅTHF or Ca(HMDS)2ÅEt2O in bromobenzene to a 

bromobenzene solution of 21 ([2-(PippN(H)=PPh2)-5-(PippN=PPh2)C4H2O] 

[B(C6F5)4]) or 25 ([2-(PippN(H)=PPh2)-5-(PippN=PPh2)C4H2S][B(C6F5)4]) at ambient 

temperature. No discernible change was observed. The reaction mixture was left to stir 

for 2 h before the volatiles were removed in vacuo followed by heptane triturations 

which gave the products of double ligand substitution, [(2,5-(PippN=PPh2)2C-

4H2O)2Ca][B(C6F5)4]2 (42, 80.1%) and [(2,5-(PippN=PPh2)2C4H2S)2Ca][B(C6F5)4]2 

(43, 75.9%) (Scheme 2.11). Elimination of both amide ligands from the calcium starting 

material occurred. The excess calcium starting material was removed with triturations. 

Double ligand substitution was apparent in the 1H NMR spectra of 42 and 43 which 

only contained resonances attributed to the ancillary ligand. Any further addition of the 

neutral ligand, protonated ligand, or calcium starting material or altering the 

stoichiometry of the reagents had no effect on the reaction outcome to complexes 42 or 

43. Much like all other cationic complexes generated in Part I of this thesis, both 42 

and 43 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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Scheme 2.11: Synthesis of dicationic calcium complexes 42 and 43. 

Crystals of compound 42 were grown from a concentrated DCM solution stored at 

ï30 °C for 48 h. Crystals of compound 42 grew in a monoclinic crystal system in the 

P21/n space group with the lattice comprising of 4 molecules (Z = 4, Zô = 1). As each 

molecule contained two ancillary ligands and two weakly-coordinating anions (Figure 

2.23), the cell volume was notably large at 13,359.5 Å compared to the dimer 41  

([2,5-(PippN=PPh2)2C4H2OZnOMe][B(C6F5)4]) (3,599.87 Å) and the phosphine 9  

(2,5-(PPh2)2C4H2S) (1,148.66 Å).  

 

Figure 2.23: Displacement ellipsoid plot of calcium dication 42 depicted at 50% probability. 

Asymmetric unit (Zô = 1) is shown. Space group = P21/n, R1 = 3.65%. 

The formally dicationic calcium centre is supported by two neutral ancillary 

ligands. The calcium atom is 6-coordinate and has a distorted octahedral geometry as 

several angles are smaller than the ideal 90° in octahedral geometries (67.71-69.66°) 
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and some are close to, or notably larger than, 90° (92.08-97.94° and 105.09-111.93°) 

(Figure 2.24). All bonds with Ca1 range between 2.395(1) Å and 2.492(1) Å and all 

phosphinimines retain phosphinimine character with similar PïN bond lengths (1.592-

1.597 Å, Table 2.8). A reported cationic calcium complex ((2-methyl-4-tBu-

trispyrazolylborate)Ca(BH4)(THF)) has CaïN bond lengths ranging between 2.5046-

2.5335 Å.130 Complex 42 has CaïN bond lengths more similar to a calcium complex 

bearing a neutral NNN-pincer ligand, (Ca(bis(oxazolinylphnyl)amine)(N(SiMe3)2) 

(THF)). Where CaïN bond lengths range from 2.3979 Å to 2.4530 Å.131 The  

NEN-pincer ligand is more strictly acting as a pincer ligand in 42 as the ligands are in 

closer proximity to the calcium centre than a trispyrazolylborate ligand would be.  

 

Figure 2.24: Displacement ellipsoid plot of calcium dication 42 depicted at 50% probability. Anions 

and phenyl groups on phosphorous removed for clarity. 
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Table 2.8: Selected bond lengths (Å) and angles (°) of compound 42. 

Atoms Length (Å) Atoms Angle (°) Atoms Angle (°) 

P1ïN1 1.596(1) O1ïCa1ïN1 67.71(4) N2ïCa1ïN3 92.08(4) 

P2ïN2 1.595(1) O1ïCa1ïN2 69.66(4) N2ïCa1ïN4 95.61(4) 

P3ïN3 1.592(1) O1ïCa1ïN3 111.93(4) O1ïCa1ïO2 178.72(4) 

P4ïP4 1.597(1) O1ïCa1ïN4 111.22(4) N3ïCa1ïN4 136.15(4) 

Ca1ïO1 2.492(1) O2ïCa1ïN1 111.10(4) N1ïCa1ïN2 137.34(4) 

Ca1ïO2 2.457(1) O2ïCa1ïN2 111.54(4)   

Ca1ïN1 2.482(1) O2ïCa1ïN3 67.77(4)   

Ca1ïN2 2.395(1) O2ïCa1ïN4 69.26(4)   

Ca1ïN3 2.477(1) N1ïCa1ïN3 105.09(4)   

Ca1ïN4 2.425(1) N1ïCa1ïN4 97.94(4)   
 

When attempting to crystalize 43 by storing a concentrated solution of the complex 

in DCM at ï30 °C for 48 h, a small number of crystals formed. The identity of the 

crystals was established to be [(2,5-(PippN=PPh2)2C4H2S)2CaNSiMe3]2[B(C6F5)4]2 

(43b Scheme 2.12).  

 

Scheme 2.12: Synthesis of dicationic calcium complex 43b as a minor product to 43. 

Crystals of compound 43b grew in a triclinic crystal system in the Pρ space group 

with the lattice comprising of 2 molecules (Z = 2, Zô = 1). The PïN bond lengths 

(1.601(2) Å and 1.598(2) Å) are slightly elongated compared to those in 42. The 

calcium metal centre conforms to a pseudo-tetrahedral geometry as one angle,  

N3ïCa1ïN3i, is less than 109.5° (81.56(6)), the rest are larger than 109.5° (113.06-

117.22°) (Table 2.9).  
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Figure 2.25: Displacement ellipsoid plot of the asymmetric unit of cationic calcium complex 43b 

depicted at 50% probability. Space group = P . R1 = 4.66%. 

The ógrowô function in Olex2 allowed visualization of the entire compound  

(Figure 2.26). The atom N3 remains planar, with surrounding bond angles adding to 

359.95° and a flat plane can be generated using Ca1, N3, Si1, Ca1i, N3i, and Sii atoms. 

The crystallographic data collected for 43b was of high quality and the depicted 

structure solution is of good fit, with an R1 factor of 4.66%. 
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Figure 2.26: Displacement ellipsoid plot of cationic calcium complex 43b depicted at 50% probability. 

Asymmetric unit grown to include complete molecule. Anions and solvent removed for clarity. 

Table 2.9: Selected bond lengths (Å) and angles (°) of compound 43b. 

Atoms Length (Å) Atoms Angle (°) 

P1ïN1 1.601(2) N3ïCa1ïN3i 81.56(6) 

P2ïN2 1.598(2) N1ïCa1ïN3 114.29(6) 

Ca1ïN1 2.406(2) N1ïCa1ïN3i 117.22(6) 

Ca1ïN2i 2.415(2) N1ïCa1ïN3i 117.22(6) 

Ca1ïN3 2.237(2) N2iïCa1ïN3i 113.06(6) 

Ca1ïN3i 2.264(2) N2iïCa1ïN3 115.22(6) 

N3ïSi1 1.632(2) Ca1ïN3ïCa1i 98.35(6) 

  Ca1ïN3ïSi1 140.04(9) 

  Ca1iïN3ïSi1 121.56(8) 
 

Addition of 20 to Ca(HMDS)2ÅTHF in deuterated bromobenzene at ambient 

temperature gave [(2,5-(DippN=PPh2)2C4H2O)2CaNSiMe3]2[B(C6F5)4]2 (44) as 

indicated by 1H, 13C{1H}, and 31P{1H} spectroscopy (Scheme 2.13). One resonance in 
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the 31P{1H} NMR spectrum was identified at ŭ ï24.6. In the 1H NMR spectrum, a single 

chemical environment pertaining to a SiMe3 group at ŭ ï0.01 was noted. Integrations 

of the resonances in the 1H NMR spectrum indicated that the signal at ŭ ï0.01 integrated 

for 9H. This suggested that a ïSiMe3 group was retained, and therefore it is postulated 

that 44 is isostructural to 43b.  

 

Scheme 2.13: Synthesis of dicationic calcium complex 44. 

Calcium is undoubtably cationic, but as there is only two weakly-coordinating 

anions, and so two anionic charges must be accounted for in the dimer. A theory is that 

the ïNSiMe3 group is in fact a ïN(H)SiMe3 group, although, the proton could not be 

found from residual densities. A possible mechanism to 44 is depicted (Scheme 2.14). 

 

Scheme 2.14: Possible mechanism for the generation of 44 from 20. Anions removed for clarity.  
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2.8.1 Concluding Statement and Future Work with Calcium Complexes 

Continuing this work would involve further manipulation of the aromatic group, 

Ar, in attempts to reliably reproduce similar compounds to 43b and 44, with groups 

such as Mes, Bn, or tert-butyl containing aryl substituents which may promote or hinder 

formation to complexes like 42 and 43. Also exploring the electron richness at the metal 

centre by using electron withdrawing or electron donating aryl groups, with substituents 

such as CF3, tert-butyl, or NMe2 to see if that affects the reaction outcome. Alternative 

amides bearing different alkyl groups may prevent dimer formation. If a monomer is 

generated with an accessible amide group, ROP of cyclic esters could be undertaken as 

amides have been reported to be good initiating groups.103  

To avoid the congested structure in complex 42, other group 2 elements, such as 

strontium and barium could be used in place of calcium as their silylamide starting 

materials, Sr(N(SiMe3)2)2 and Ba(N(SiMe3)2)2 are known.128, 129 Both strontium and 

barium have larger ionic radii compared to calcium which may hinder bond formation 

with the phosphinimine groups of the same ligand and more reliably generate 

complexes akin to 43b and 44. 
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3 Chapter 3: Experimental and Supporting Information 

3.1 Experimental Considerations 

3.1.1 General Equipment 

Manipulation of oxygenï and moistureïsensitive materials and reagents was carried 

out in the absence of air and moisture either using a double manifold vacuum line and 

corresponding techniques,132 or in an MBraun Labmaster 130 glove box (argon), unless 

otherwise specified. All vacuum lines and glove box antechambers were evacuated 

using an Edwards RV12 pump. Specialty glassware designed for this work included 

swivel frit apparati and thick walled (5 mm) glass bombs, herein referred to as bombs, 

equipped with Kontes® 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 assembled on the vacuum line or placed in the antechamber and evacuated 

while hot.  

3.1.2 Solvents 

All solvents utilized in air and moisture sensitive reactions were either obtained 

from an MBraun Solvent Purification System (SPS), EMD Chemicals, Inc or Millipore 

Sigma. Non-halogenated solvents (benzene, toluene, pentane, heptane, THF, and 

diethyl ether) were further degassed, dried over molecular sieves (3 ), before being 

transferred to 500 mL bombs charged with Na/benzophenone for storage.133 

Halogenated solvents (chloroform, dichloromethane, and bromobenzene) were 

degassed before being dried and stored over CaH2 under static vacuum in 500 mL 

bombs. Solvents were transferred to their receiving flask under reduced pressure and 

temperature (ï78 °C). Solvents used in synthetic procedures that were impervious to 
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air and moisture were acquired from EMD Chemicals, Inc or Millipore Sigma and used 

without further purification. Deuterated solvents used for NMR spectroscopy were 

dried and stored over either Na/benzopehenone (pyridine-d5, benzene-d6 (C6D6), 

toluene-d8, THF-d8) or CaH2 (chloroform-d1 (CDCl3), dichloromethane-d2 (CD2Cl2), 

bromobenzene-d5 (C6D5Br)). These solvents were degassed via at least three freeze-

pump-thaw cycles and distilled under reduced pressure and temperature (ï78 °C) into 

a bomb and stored under static vacuum, for the non-halogenated solvents molecular 

sieves (3 ) were also added.  

3.1.3 Chemical Materials 

The reagents: nBuLi (1.6 M in hexanes), tBuLi (1.7 M in hexanes), MeLi (1.6 M in 

diethyl ether), chlorodiphenylphosphine, chlorodiisopropylphosphine, furan, 

thiophene, 2,5-dibromothiophene, and 2,5-dibromoselenophene, were purchased from 

Sigma Aldrich and [HNMe2Ph][B(C6F5)4] from Alfa Aesar and used without further 

purification. All deuterated solvents and reagents were purchased from Cambridge 

Isotope Laboratories and dried vide supra. The following compounds were prepared 

according to modified literature procedures: Dipp-N3,
112 Pipp-N3,

81 Mes-N3,
112 Pm-

N3,
113 2,5ïBr2C4H2Se,134 and [(Et2O)2H][[B(C 6H3(CF3)2)4].

135  

3.1.4 NMR Spectroscopy 

NMR spectra (1H, 11B{ 1H}, 13C{1H}, 19F{1H},  29Si{1H},  31P{1H},  77Se{1H},  1Hï

1H COSY, 1Hï13C HSQC, and 1Hï13C HMBC) were acquired on a Bruker Avance II 

300 MHz spectrometer (1H 300.13 MHz, 11B 96.251 MHz, 13C 75.47 MHz, 19F 282.23 

MHz, 29Si 59.63 MHz, 31P 121.49 MHz, 77Se 57.24 MHz) or a Bruker Avance III HD  

700 MHz spectrometer (1H 700.13 MHz, 13C 176.048 MHz, 19F 658.78 MHz, 31P 

283.42 MHz) where stated. DOSY NMR experiments were performed on a Bruker 
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Avance III HD 700 MHz spectrometer equipped with a gradient controller and a TXO 

probe with automatic tuning and a shielded z-gradient. The gradient shape was 

sinusoidal, and its length was 1.8 ms. The gradient strength was increased by 16 

increments of 6.2% (2%ï95%). 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) where 1H and 13C{1H} shifts are referenced to tetramethyl 

silane through internal 1H and 13C{1H} resonance(s), respectively, of the corresponding 

solvent: C6D6 (ŭ 7.16 and ŭ 128.0), toluene-d8 (ŭ 2.09, 6.98, 7.02, 7.09 and ŭ 20.4, 

125.2, 128.0, 128.9, 137.5), CDCl3 (ŭ 7.27 and ŭ 77.36), CD2Cl2 (ŭ 5.32 and ŭ 53.5), 

THF-d8 (ŭ 1.73, 3.58 and ŭ 25.3, 67.4), pyridine-d5 (ŭ 7.22, 7.58, 8.74 and ŭ 123.9, 

135.9, 150.4), and C6D5Br (ŭ 7.28, 7.00, 6.93, and ŭ 122.3, 126.1, 129.3, 130.9). 11B 

NMR spectra were referenced to an external boron trifluoride diethyl etherate sample 

(ŭ 0). 19F NMR spectra were referenced to an external trifluorotoluene sample (ŭ ï63.7). 

29Si NMR spectra were referenced to an external tetramethyl silane sample (ŭ 0). An 

85% H3PO4 standard with an internal C6D6 capillary was used to reference 31P{1H} 

spectra at 0 ppm. Data for diamagnetic compounds include the following information, 

when appropriate, and are reported as follows: chemical shift, multiplicity (s = singlet, 

d = doublet, t = triplet, q = quartet, quin = quintet, sext = sextet, sp = septet, br = broad, 

m = multiplet, ov = overlapping, br = broad), 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 employed as a combustion agent. 
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3.1.6 X-ray Crystallography 

Crystals grown for X-ray 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 or a polarizing 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 200K-A detector, Oxford CryoStream 800 

cooling system,136 and molybdenum (MOVA) radiation source (K = 0.71073 ), and 

copper (NOVA) radiation sources (K = 1.5406 ). Experiments were performed at 

100 K to reduce thermal motion of the atoms. CrysAlisPro software137 was applied to 

determine unit cell parameters and SHELXTL software138, 139 using Olex2-1.3140 and a 

least squares methodology for refinement with Flack141 and Hooft142 parameters for 

absolute configuration determination. Oretp3 software143 was used for visualization of 

the structure solution.   

3.1.7 Ring-Opening Polymerizations 

All NMR -scale polymerization procedures made use of similar methods; 1.8 ɛmol 

of a given complex was weighed into an NMR tube inside an inert atmosphere glove 

box, and the tube was capped with a rubber NMR tube septum. Dry, distilled Ůï

caprolactone (20 ɛL, 0.18 mmol, 100 equiv) was measured under an inert atmosphere 

into a 20 mL scintillation vial, followed by 0.5 mL of C6D5Br. The 0.18 mmol Lï1 

solution was measured in a 1 mL disposable syringe and the needle inserted through 

the septum of the NMR tube. The NMR tube was cooled to ï78 C, and then the solution 

of Ůïcaprolactone in C6D5Br was injected into the solution, freezing on the inside of the 

NMR tube, the cap of which was then wrapped in parafilm. Prior to this, all appropriate 
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instrumental parameters were set, including the high temperature of 70 C using a blank 

sample only containing the monomer solution. The tube was quickly warmed to 

ambient temperature immediately 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 percentages were determined by integration 

of the most downfield methylene resonance (ïCOOCH2ï) of the polymer (1H NMR 

(C6D6): ŭ 3.98 (t, 
3JHH = 6.1 Hz, 2H) relative to those of the residual monomer (1H NMR 

(C6D6): ŭ 3.59 (t, 
3JHH = 6.1 Hz, 2H) as these resonances were most clearly resolved 

from all other monomer, polymer, catalyst, and residual solvent resonances. 

3.2 Synthetic Methods and Characterizations 

Synthesis of (PPh2)2C4H2O (1) Diethyl ether (~40 mL) was 

transferred in vacuo to a two-necked 100 mL round-bottom flask 

attached to a swivel frit apparatus. Furan was injected into the flask (1.25 mL, 17.2 

mmol, 0.936 g/mL), under positive argon pressure resulting in a transparent and 

colourless solution. The flask was cooled to ï94 °C (liquid nitrogen/acetone mixture), 

after which tBuLi (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 to slowly warm to ambient temperature slowly followed by 3 h of constant stirring. 

Afterwards a pale-yellow precipitate was observed, and the flask was once again cooled 

to ï94 °C. ClïPPh2 (6.48 mL, 0.0361 mol, 1.23 g/mL) was then injected into the flask 

over the course of 20 min. The now yellow-orange solution was then left to warm up 

slowly to ambient temperature while remaining in the cold bath under an argon 

atmosphere with constant stirring. 1 h after the injection of the phosphine, the solution 

turned orange-brown, and a thick precipitate formed. The reaction was left for 16 h at 
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ambient temperature under a flow of argon. Volatiles were removed in vacuo affording 

a brown waxy solid. Toluene (~40 mL) was then distilled into the flask, resulting in a 

brown opaque solution. The opaque solution was filtered through a glass frit, resulting 

in a transparent brown solution, and an off-white solid was collected on the frit. The 

solvent was removed in vacuo, resulting in a brown waxy solid. The product was 

crystallized from toluene at ï30 °C as light-brown plates and the mother liquor removed 

by filtration to yield the desired product. Yield: 5.55 g, 73.9%. 1H NMR (300 MHz, 

C6D6): ŭ 7.40 (m, 8H, ortho-Ph), 7.06-6.95 (br ov m, 12H, meta/para-Ph), 6.59 (dd, 

3JHP = 4.8 Hz, 4JHP = 2.1 Hz, 2H, C4H2O). 13C{H} NMR (75 MHz, C6D6): ŭ 158.6 (d, 

1JCP = 25.6 Hz, C2/C5-furan), 136.8 (d, 2JCP = 6.7 Hz, ortho-Ph), 133.8 (d, 1JCP = 19.8 

Hz, ipso-Ph), 128.9 (s, para-Ph), 128.7 (d, 4JHP = 4.6 Hz, meta-Ph), 123.0 (dd,  

2JCP =28.1 Hz, 3JCP = 6.7 Hz, C3/C4-furan). 31P{H} NMR (122 MHz, C6D6): ŭ ï24.7 

(s). Anal. Calcd for C28H22OP2: C 77.06; H 5.08. Found: C 77.09; H 5.32. 

Synthesis of (PiPr2)2C4H2O (2) Diethyl ether (~40 mL) was 

transferred in vacuo to a two-necked 100 mL round-bottom flask 

attached to a swivel frit apparatus. Furan was injected into the flask (0.53 mL,  

7.34 mmol, 0.936 g/mL), under positive argon pressure, resulting in a transparent and 

colourless solution. The flask was cooled to ï94 °C (liquid nitrogen/acetone mixture), 

after which tBuLi (9.50 mL, 16.2 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 to slowly warm to ambient temperature followed by 3 h of constant stirring. 

Afterwards a pale-yellow transparent solution was observed, and the flask was once 

again cooled to ï94 °C. ClïPiPr2 (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 left to slowly 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 solution was bright yellow and 

after 3 h eventually turned to a bright orange/red colour. After 16 h, a deep red opaque 

solution with orange precipitate was observed. The ether was removed under vacuum, 

resulting in a deep red-purple liquid, along with bright red solid stuck to the sides of 

the flask. Toluene was transferred to the flask under reduced pressure, resulting in a 

deep red/purple opaque solution. The solution was then filtered through a glass frit, 

resulting in a transparent deep red-purple solution. An orange solid was collected on 

the frit. The solvent was removed under vacuum, resulting in a red-purple liquid. The 

apparatus was transferred to a glove box and the liquid was washed with heptane  

(4 × 2 mL). The remaining heptane was removed under vacuum. This yielded an opaque 

red-purple liquid confirmed to be the desired product. Yield: 1.91 g, 86.8%. 1H NMR 

(300 MHz, C6D6): ŭ 6.64 (t, 2H, 
3JHP = 4.3 Hz, C4H2O), 2.13 (sp, 4H, 3JHH = 7.0 Hz, 

CH(CH3)2), 1.05 (ov dd, 24H, 3JHP = 15.9, 3JHH = 7.0 Hz, CH(CH3)2). 
13C{1H} NMR 

(75 MHz, C6D6): ŭ 158.1 (dd, 
3JCP = 90.2 Hz, 4JCP = 3.3 Hz, C2/C5-furan), 123.6 (dd, 

2JCP = 64.8 Hz, 3JCP = 16.8 Hz, C3/C4-furan), 23.8 (d, 3JCP = 21.4 Hz, CH(CH3)2), 20.4 

(dd, 3JCP = 44.8 Hz, CH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6): ŭ ï9.9 (s). Anal. 

Calcd for C16H24OP2: C 63.98; H 10.07. Found: C 63.41; H 9.79. 

Synthesis of (DippN=PPh2)2C4H2O (3) Under argon 1 (520 mg, 

1.19 mmol) was added to a two-necked 50 mL round-bottom 

flask. Toluene (~20 mL) was distilled into the flask under in vacuo and the flask was 

then placed under an argon atmosphere. Dipp-N3 (484 mg, 2.38 mmol) was injected 

into the flask under positive argon pressure, resulting in a dark-brown solution. The 

solution was left for 16 h at ambient temperature under constant stirring, after which no 

further change 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 × 10 mL). The remaining heptane was removed under vacuum. This yielded a light-

brown solid. Yield: 841 mg, 89.7%. 1H NMR (300 MHz, C6D6) ŭ 7.62 (dd, 
3JHP = 12.3 

Hz, 3JHH = 7.0 Hz, 8H, ortho-Ph), 7.28 (m, 4H, meta-Dipp), 7.15ï6.93 (ov m, 14H, 

meta/para-Ph and para-Dipp), 6.62 (s, 2H, (Ph2P=NDipp)2ïC4H2O), 3.55 (sp,  

3JHH = 6.8 Hz, 4H, Dipp-CH(CH3)2), 1.10 (d, 3JHH = 6.8 Hz, 24H, Dipp-CH(CH3)2).
 

13C{1H} NMR (75 MHz, C6D6) ŭ 155.8 (d, 1JCP = 92.1 Hz, C2/C5-furan), 143.5 (d,  

2JCP = 17.5 Hz, ipso-Dipp), 143.1 (s, ortho-Dipp), 133.8 (d, 1JCP = 104.2 Hz, ipso-Ph), 

132.3 (d, 2JCP = 9.8 Hz, ortho-Ph), 132.5 (s, para-Ph), 129.0 (d, 4JCP = 2.3 Hz,  

meta-Ph), 123.7 (s, meta-Dipp), 123.6 (m, C3/C4-furan), 121.0 (s, para-Dipp), 29.5  

(s, Dipp-CH(CH3)2), 24.3 (s, Dipp-CH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6)  

ŭ ï22.5 (s). Anal. Calcd. for C52H56N2OP2: C 79.36; H 7.17; N 3.56; found: C 79.31;  

H 7.14; N 3.49. 

Synthesis of (PippN=PPh2)2C4H2O (4) In a glove box, 1  

(612 mg, 1.40 mmol) was added to a two-necked 50 mL  

round-bottom flask containing toluene (~20 mL). Pipp-N3 (452 mg, 2.81 mmol) was 

injected into the flask under positive argon pressure, resulting in a dark-brown solution. 

The solution was left for 16 h at ambient temperature with 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 × 10 mL). The remaining heptane was removed under vacuum. This yielded 

a light-brown solid. Yield: 911 mg, 92.4%. 1H NMR (300 MHz, C6D6): ŭ 7.80 (dd, 8H, 

3JHP = 12.7 Hz, 3JHH = 7.7 Hz, ortho-Ph), 7.24 (d, 4H, 3JHH = 7.7 Hz, meta-Pipp),  

7.07-6.89 (ov m, 16H, meta/para-Ph, ortho-Pipp), 6.66 (s, 2H, C4H2O), 2.78 (sp, 2H, 

3JHH = 6.8 Hz, Pipp-CH(CH3)2), 1.22 (d, 12H, 3JHH = 6.8 Hz, Pipp-CH(CH3)2).  
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13C{1H} NMR (75 MHz, C6D6):  ŭ 155.0 (d, JCP  = 42.6 Hz, C2/C5-furan), 149.0 (s,  

ipso-Pipp), 138.7 (s, para-Pipp), 132.9 (d, 2JCP = 3.9 Hz, ortho-Ph), 132.2 (s, meta-Ph), 

131.1 (d, 1JCP = 49.9 Hz, ipso-Ph), 129.2 (s, ortho-Pipp), 127.6 (s, para-Ph), 124.3  

(s, meta-Pipp), 123.4 (d, 2JCP = 9.7 Hz, C3/C4-furan), 34.2 (s, Pipp-CH(CH3)2), 25.0  

(s, Pipp-CH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6): ŭ ï13.4 (s). Anal. Calcd. for 

C48H44N2OP2: C 78.61; H 6.31; N 3.99; found: C 78.59; H 6.36; N 3.92. 

Synthesis of (MesN=PPh2)2C4H2O (5) In a glove box, 1  

(129 mg, 0.146 mmol) was added to a two-necked 50 mL 

round-bottom flask containing toluene (~20 mL). Mes-N3 (102 mg, 0.292 mmol) was 

added to the stirring mixture, yielding a brown solution. Under constant stirring, the 

solution was allowed to react for 18 h at 50 ºC producing a reddish-brown solution. The 

solvent was removed under vacuum, producing a reddish-brown oil. The oil was left to 

stir in pentane overnight leaving a brown powder. The pentane was decanted and all 

remaining volatiles were removed in vacuo to yield a light-brown solid. Yield: 71.9 mg, 

64.6%. 1H NMR (300 MHz, C6D6): ŭ 7.68 (dd, 8H, 
3JHH = 7.6 Hz, 3JHP = 12.9 Hz,  

ortho-Ph), 7.03 (t, 4H, 3JHH = 7.6 Hz, para-Ph), 6.96 (dd, 8H, 3JHH = 7.6 Hz,  

3JHH = 2.9 Hz, meta-Ph), 6.54 (s, 2H, C4H2O), 6.94 (s, 4H, meta-Mes), 2.29 (d, 6H,  

4JHH = 1.8 Hz, para-Mes-CH3), 2.21 (s, 12H, ortho-Mes-CH3). 
13C{1H} NMR  

(75 MHz, C6D6): ŭ 155.1 (d, 1JCP  = 45.7 Hz, C2/C5-furan), 143.7 (s, ipso-Mes), 133.0 

(d, 1JC-P = 48.5 Hz, ipso-Ph), 131.8 (d, 3JCP = 3.3 Hz, ortho-Mes), 131.8 (d,  

2JCP = 4.3 Hz, ortho-Ph), 131.1 (d, 4JCP = 1.1 Hz, para-Ph), 128.2 (d, 4JCP = 5.7 Hz, 

meta-Mes), 128.0 (s, para-Mes), 128.0 (s, meta-Ph), 122.2 (d, 2JCP = 10.2 Hz,  

C3/C4-furan), 21.00 (s, ortho-Mes), 20.6 (s, para-Mes). 31P{1H} NMR (75 MHz, C6D6): 

ŭ ï25.9 (s). Anal. Calcd. for C46H44N2OP2; C 78.61; H 6.33; N 3.99; found: C 78.54;  

H 6.28; N 3.94. 
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Synthesis of (PmN=PPh2)2C4H2O (6) In a glove box, 1  

(400.0 mg, 0.917 mmol) and 3,5-dimethyl-1-

tetrazolopyrimidine (273 mg, 1.83 mmol) were added to a 100 mL round-bottom flask. 

Toluene (~40 mL) was transferred in vacuo to the round-bottom flask generating a 

yellow suspension. The mixture was stirred at ambient temperature for 16 h under an 

argon atmosphere. This yielded a clear tan solution with no solid remaining. 

Afterwards, the toluene was removed under vacuum, resulting in a bright yellow-orange 

solid. Yield: 476 mg, 76.4%. 1H NMR (300 MHz, C6D6): ŭ 7.85 (dd, 8H,  

3JHP = 12.9 Hz, 3JHH = 7.3 Hz, ortho-Ph), 7.16 (m, 2H, C4H2O), 7.07-6.87 (ov m, 12H, 

meta/para-Ph), 5.97 (s, 2H, para-Pm),  2.05 (s, 12H, meta-Pm-CH3). 
13C{1H} NMR 

(75 MHz, C6D6): ŭ 168.2 (s, ipso-Pm), 167.1 (s, meta-Pm), 152.0 (d, 1JCP = 51.0 Hz, 

ipso-Ph), 133.7 (d, 2JCP = 7.2 Hz, ortho-Ph), 132.0 (d, 3JCP = 2.1 Hz, meta-Ph), 130.1 

(d, 1JCP = 42.9 Hz), 129.0 (s, para-Ph), 124.7 (d, 2JCP = 9.9 Hz, C3/C4-furan), 110.0  

(s, para-Pm), 24.0 (s, meta-Pm-CH3). 
31P{1H} NMR (122 MHz, C6D6): ŭ 13.3 (s). Anal. 

Calcd. for C40H36N6OP2; C 70.79; H 5.35; N 12.38; found: C 70.66; H 5.32; N 12.47. 

Synthesis of (DippN=PiPr2)2C4H2O (7) In a glove box 2  

(540 mg, 1.80 mmol) was added to a two-necked 50 mL  

round-bottom flask containing toluene (~20 mL). Dipp-N3 (731 mg, 3.60 mmol) was 

injected into the flask under positive argon pressure, causing the deep red solution to 

turn an opaque brown. Vigorous bubbling was observed. The solution was left for 16 h 

at ambient temperature under constant stirring, after which no change was observed. 

The solvent was removed under vacuum, yielding a brown waxy solid, after which the 

material was brought into a glove box and triturated with pentane (3 × 6 mL). The 

remaining pentane was removed under vacuum. This yielded a brown solid. Yield:  

934 mg, 79.8%. 1H NMR (300 MHz, C6D6) ŭ 7.23 (br dd, 
3JHH = 7.2 Hz, 5JHP = 0.9 Hz, 
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4H, meta-Dipp), 7.09 (br dt, 3JHH = 7.2 Hz, 6JHP = 1.4 Hz, 2H, para-Dipp), 6.85 (br s, 

2H, C4H2O), 3.51 (sp, 3JHH = 6.8 Hz, 4H, Dipp-CH(CH3)2), 2.25 (ov sp, 3JHH = 7.1 Hz, 

4H, PïCH(CH3)2), 1.31 (d, 3JHH = 6.8 Hz, 24H, Dipp-CH(CH3)2), 1.11 (dd,  

3JHP = 15.9 Hz, 3JHH = 7.1 Hz, 12H, PïCH(CH3)2), 0.91 (dd, 3JHP = 17.2 Hz,  

3JHH = 7.1 Hz, 12H, PïCH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6) ŭ 153.4 (dd,  

1JCP = 92.7, 4JCP = 2.1 Hz, C2/C5-furan), 145.0 (s, ortho-Dipp), 142.1 (d, 2JCP = 6.1 Hz, 

ipso-Dipp), 123.4 (d, 5JCP = 1.1 Hz, para-Dipp), 121.7 (dd, 2JCP = 12.1 Hz,  

3JCP = 7.0 Hz, C3/C4-furan), 120.3 (d, 4JCP = 2.4 Hz, meta-Dipp), 29.5 (s,  

Dipp-CH(CH3)2), 28.6 (d, 1JCP = 73.4 Hz, PïCH(CH3)2), 24.2 (s, Dipp-CH(CH3)2), 16.9 

(d, 2JCP = 2.1 Hz, PïCH(CH3)2), 15.9 (d, 2JCP = 3.6 Hz, PïCH(CH3)2).
 31P{1H} NMR 

(122 MHz, C6D6) ŭ ï3.3 (s). Anal. Calcd. for C40H64N2OP2: C 73.31; H 9.91; N 4.30; 

found: C 73.96; H 9.89; N 4.23. 

Synthesis of (MesN=PiPr2)2C4H2O (8) In a glove box 2  

(120 mg, 0.287 mmol) was added to a two-necked 50 mL 

round-bottom flask containing toluene (~20 mL). Mes-N3 (130 mg, 0.574 mmol) was 

added to the stirring mixture, yielding an orange-brown solution. The solution was 

stirred for 48 h at 70 ºC producing a red-brown solution. The solvent was removed 

under vacuum, affording a brown oil. The oil was dissolved in minimal pentane and left 

at ambient temperature where crystals grew within 24 h. The remaining pentane was 

decanted and the brown crystals were dried in vacuo. Yield: 68.4 mg, 42.0% 1H NMR  

(700 MHz, C6D6): ŭ 7.00 (s, 4H, meta-Mes), 6.73 (s, 2H, C4H2O), 2.32 (s, 18H, 

ortho/para-Mes-CH3), 2.12 (sp, 4H, 3JHH = 8.8 Hz, PïCH(CH3)2), 1.08 (dd, 12H,  

3JHP = 23.0 Hz, 3JHH = 8.8 Hz, PïCH(CH3)2), 0.94 (dd, 12H, 3JHP = 24.1 Hz,  

3JHH = 8.8 Hz, PïCH(CH3)2). 
13C{1H} NMR (176 MHz, C6D6): ŭ 154.0 (dd,  

4JCP = 2.5 Hz, JCP = 2.4 Hz, C2/C5-furan), 145.6 (s, para-Mes), 131.5 (d, 3JCP =  6.6 Hz, 
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ortho-Mes), 129.5 (d, 4JCP = 1.5 Hz, meta-Mes), 127.4 (d, 2JCP = 2.8 Hz, ipso-Mes), 

121.5 (dd, 2JCP = 18.7 Hz, 3JCP = 5.4 Hz, C3/C4-furan), 28.3 (d, 2JCP = 73.2 Hz,  

PïCH(CH3)2), 21.6 (s, ortho-Mes-CH3), 21.3 (s, para-Mes-CH3), 16.9 (d,  

2JCP = 2.3 Hz, PïCH(CH3)2)). 
31P{1H} NMR (283 MHz, C6D6): ŭ ï0.9 (s). Anal. Calcd. 

for C34H52N2OP2: C 72.06; H 9.25; N 4.94; found: C 72.66; H 9.84; N 4.37. 

Synthesis of (PPh2)2C4H2S (9) Diethyl ether (~40 mL) was 

transferred in vacuo to a two-necked 100 mL round-bottom flask 

attached to a swivel frit apparatus. Thiophene was injected into the flask (1.47 mL,  

17.5 mmol, 1.05 g/mL), under positive argon pressure resulting in a transparent and 

colourless solution. The flask was cooled to ï94 °C (liquid nitrogen/acetone mixture), 

after which tBuLi (22.7 mL, 0.0385 mmol, 1.7 M) was 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 slowly over 3 h under constant stirring. The flask was once again 

cooled to ï94 °C. ClïPPh2 (6.59 mL, 36.7 mmol, 1.23 g/mL) was then injected into the 

flask over the course of 20 min. The dark-yellow 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 reaction mixture was left for 16 h at ambient 

temperature under argon. Volatiles were removed in vacuo affording an orange waxy 

solid. Toluene (~40 mL) was then transferred into the flask under reduced pressure, 

resulting in an orange opaque solution. The solution was filtered through a glass frit, 

resulting in a transparent orange solution, and an off-white solid. The solvent was 

removed in vacuo, resulting in a pale-yellow oily solid. The apparatus was transferred 

into a glove box, where the solid was washed with heptane (4 × 10 mL), affording a 

pale-yellow solid. The remaining heptane was removed under vacuum. This yielded a 

light-yellow solid. 9 was crystallized from toluene at ambient temperature over one 
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week, during which the toluene evaporated, to yield X-ray quality crystals. Yield:  

7.46 g, 94.2%. 1H NMR (300 MHz, C6D6): ŭ 7.41 (ov m, 8H, ortho-Ph), 7.16 (dd, 2H, 

C4H2S, 3JHP = 4.1 Hz, 4JHP = 2.3 Hz), 6.99 (ov m, 12H, meta/para-Ph). 13C {H} NMR 

(72 MHz, C6D6): ŭ 146.3 (d, 
1JCP = 31.3 Hz, C2/C5-thiophene), 138.5 (d, 2JCP = 10.1 Hz, 

ortho-Ph), 137.6 (dd, 2JCP = 23.10 Hz, 3JCP = 6.6 Hz, C3/C4-thiophene), 133.9 (d,  

1JCP = 20.0 Hz, ipso-Ph), 129.4 (s, para-Ph), 129.1 (d, 4JHP = 4.2 Hz, meta-Ph). 31P {H} 

NMR (122 MHz, C6D6): ï16.6 (s). Anal. Calcd for C28H22P2S: C 74.32; H 4.90; S 7.09. 

Found: C 74.35; H 5.07; S 6.84. 

Synthesis of (PiPr2)2C4H2S (10) Diethyl ether (~40 mL) was 

transferred in vacuo to a two-necked 100 mL round-bottom flask 

attached to a swivel frit apparatus. 2,5-dibromothiophene was injected into the flask 

(0.280 mL, 2.22 mmol, 2.14 g/mL) under positive argon pressure resulting in a 

transparent yellow solution. The round-bottom flask was cooled to ï94 °C (liquid 

nitrogen/acetone mixture), after which nBuLi (1.95 mL, 4.88 mmol, 2.5M) was slowly 

injected over the course of 20 min. The faint yellow solution was then left in the cold 

bath to slowly warm to ambient temperature followed by 3 h of constant stirring. 

Afterwards a thick white slurry was observed, and the flask was once again cooled to  

ï94 °C. ClïPiPr2 (0.74 mL, 4.66 mmol, 0.956 g/mL) was then injected into the flask 

over the course of 20 min. The solution was then left to warm to ambient temperature, 

after which it was stirred for 16 h under an argon atmosphere. The diethyl ether was 

removed under vacuum to afford an opaque yellow oil. Toluene (15 mL) was then 

transferred into the flask, yielding a cloudy yellow mixture. The mixture was then 

filtered through a glass frit, resulting in a transparent faint yellow solution. The solvent 

was removed in vacuo, giving a yellow transparent liquid. The apparatus was 

transferred into a glove box and the liquid was washed with heptane (4 × 2 mL). The 
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remaining heptane was removed under vacuum, affording the product as a transparent 

light-yellow liquid. Yield: 611 mg, 87.1%. 1H NMR (300 MHz, C6D6): ŭ 7.25 (dd,  

3JHP = 4.8, 4JHP = 2.3 Hz, 2H, C4H2S), 1.96 (sp, 3JHH = 6.9 Hz, 4H, CH(CH3)2), 1.02 

(ov dd, 3JHP = 15.2 Hz, 3JHH = 6.9 Hz, 24H, CH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6) 

ŭ 143.0 (d, 1JCP = 42.0 Hz, C2/C5-thiophene), 137.7 (dd, 2JCP = 26.6 Hz, 3JCP = 7.6 Hz, 

C3/C4-thiophene), 25.3 (d, 1JCP = 11.2 Hz, CH(CH3)2), 20.5 (d, 2JCP = 18.8 Hz, 

CH(CH3)2), 19.5 (d, 2JCP = 8.3 Hz, CH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6) ŭ ï0.8 

(s). Anal. Calcd. for C16H30P2S: C 60.73; H 9.56; S 10.13; found: C 61.12; H 9.53;  

S 10.21. 

Synthesis of (DippN=PPh2)2C4H2S (11) Under argon 9  

(453 mg, 1.45 mmol) was added to a two-necked 50 mL  

round-bottom flask. Toluene (~20 mL) was distilled into the flask under vacuum. The 

flask was then placed under an argon atmosphere. Dipp-N3 (591 mg, 2.91 mmol) was 

injected into the flask under positive argon pressure, resulting in a dark-yellow solution. 

The solution was stirred for 16 h at ambient temperature, after which no further change 

was observed. The solvent was removed under vacuum, yielding an orange oil. The oil 

was brought into a glove box and triturated with heptane (4 × 10 mL). The remaining 

heptane was removed under vacuum to yield a light-yellow solid. Yield: 945 mg, 

82.1%. 1H NMR (300 MHz, C6D6) ŭ 7.66 (dd, 
3JHP = 12.1, 3JHH = 6.1 Hz, 8H,  

ortho-Ph), 7.23 (m, 4H, meta-Dipp), 7.15ï6.93 (ov m, 16H, C4H2S and meta/para-Ph 

and para-Dipp), 3.56 (sp, 3JHH = 6.8 Hz, 4H, Dipp-CH(CH3)2), 1.08 (d, 3JHH = 6.8 Hz, 

24H, Dipp-CH(CH3)2).
 13C{1H} NMR (75 MHz, C6D6) ŭ, 143.9 (d, 

2JCP = 16.2 Hz,  

ipso-Dipp), 143.0 (d, 3JHP = 7.1 Hz, ortho-Dipp), 142.7 (m, C2/C5-thiophene), 136.5 

(dd, 2JCP = 10.9 Hz, 3JCP = 7.9 Hz, C3/C4-thiophene), 133.7 (d, 1JCP = 105.0 Hz,  

ipso-Ph), 132.2 (d, 2JCP = 9.9 Hz, ortho-Ph), 131.9 (s, para-Ph), 128.5 (d, 4JCP = 2.6 Hz, 
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meta-Ph), 123.7 (s, meta-Dipp), 120.6 (s, para-Dipp), 29.2 (s, Dipp-CH(CH3)2), 24.0 

(s, Dipp-CH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6) ŭ ï16.4 (s).  Anal. Calcd. for 

C52H56N2P2S C 77.78; H 7.03; N 3.49; S: 3.99; found: C 77.49; H 7.51; N 3.28; S 3.79. 

Synthesis of (PippN=PPh2)2C4H2S (12) In a glove box, 9  

(699 mg, 1.55 mmol) was added to a two-necked 50 mL  

round-bottom flask containing toluene (~20 mL). Pipp-N3 (498 mg, 3.09 mmol) was 

injected into the flask under positive argon pressure, resulting in a dark-yellow solution. 

The solution was stirred for 16 h at ambient temperature, after which no further change 

was observed. The solvent was removed under vacuum, yielding a dark-yellow oil that 

was brought into a glove box and triturated with heptane (4 × 10 mL). The remaining 

heptane was removed under vacuum to give a light-yellow solid. Yield: 1.02 g, 91.8%. 

1H NMR (300 MHz, C6D6): ŭ 7.79 (dd, 8H, 3JHH = 7.8 Hz, 3JHP = 12.6 Hz, ortho-Ph), 

7.26-7.16 (ov m, 6H, C4H2S and meta-Pipp), 7.09-6.87 (ov m, 16H, meta/para-Ph and 

ortho-Pipp), 2.77 (sp, 2H, 3JHH = 6.8 Hz, Pipp-CH(CH3)2), 1.21 (d, 12H, 3JHH = 6.8 Hz, 

Pipp-CH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6): ŭ 149.1 (s, ipso-Pipp), 142.1 (d,  

1JCP  = 43.5 Hz, C2/C5-thiophene), 138.6 (s, para-Pipp), 135.8 (d, 2JCP = 9.5 Hz,  

C3/C4-thiophene), 131.1 (d, 1JCP = 49.9 Hz, ipso-Ph), 132.9 (d, 2JCP = 7.0 Hz,  

ortho-Ph), 132.6 (d, 1JCP = 47.7 Hz, ipso-Ph), 132.2 (s, ortho-Pipp), 129.2 (d,  

4JCP = 5.8 Hz, para-Pipp), 127.5 (s, meta-Ph), 124.3 (d, 3JCP = 6.7 Hz, meta-Pipp), 34.2 

(s, Pipp-CH(CH3)2), 25.0 (s, Pipp-CH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6): ŭ ï7.7 

(s). Anal. Calcd. for C46H44N2P2S: C 76.86; H 6.17; N 3.90; S 4.46; found: C 76.68;  

H 6.32; N 3.93; S 4.16. 

Synthesis of (PmN=PPh2)2C4H2S (13) In a glove box 9  

(198 mg, 0.434 mmol) and 3,5-dimethyl-1-tetrazolopyrimidine 
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(130 mg, 0.868 mmol) were added to a 100 mL round-bottom flask. Toluene (~40 mL) 

was then transferred in vacuo to the round bottom flask. The reaction was stirred at 

ambient temperature for 16 h under an argon atmosphere yielding a clear mustard 

yellow solution along with a darker yellow-orange solid. Toluene was removed under 

vacuum, resulting in a bright yellow-orange solid. Yield: 249 mg, 83.8%. 1H NMR (300 

MHz, CDCl3): ŭ 7.80 (dd, 8H, 
3JHH = 7.2, 3JHP = 12.6 Hz, ortho-Ph), 7.50 (dd, 4H,  

3JHH = 7.2, 4JHH = 6.3 Hz, para-Ph), 7.42 (td, 8H, 2JHH = 6.4 Hz, 4JHP = 2.7 Hz,  

meta-Ph), 7.25 (dd, 2H, 4JHH = 6.0 Hz, 6JHP  = 3.3 Hz, para-Pm), 6.21 (s, 2H, C4H2S),  

2.03 (s, 12H, meta-Pm-CH3). 
13C{1H} NMR (75 MHz, CDCl3): ŭ 167.0 (d,  

2JCP = 3.9 Hz, ipso-Pm), 166.6 (s, meta-Pm), 138.5 (dd, 1JCP = 90.7 Hz, 4JCP = 2.1 Hz, 

C2/C5-thiophene), 137.4 (dd, 2JCP = 13.1 Hz, 3JCP =  10.3 Hz, C3/C4-thiophene), 132.8 

(d, 2JCP = 10.1 Hz, ortho-Ph), 132.1 (s, para-Ph), 129.9 (d, 1JCP = 13.0 Hz, ipso-Ph), 

128.4 (d, 3JCP = 51 Hz, meta-Ph), 109.6 (s, para-Pm), 23.5 (s, meta-Pm-CH3). 
31P{1H} 

NMR (122 MHz, CDCl3): ŭ 12.7 (s). Anal. Calcd. for C40H36N2P2S: C 68.94; H 5.19; 

N 12.19; S 4.02; found: C 69.15; H 5.22; N 12.10; S 4.61. 

Synthesis of (DippN=PiPr2)2C4H2S (14) In a glove box 10  

(228 mg, 0.722 mmol) was added to a two-necked 50 mL 

round-bottom flask containing toluene (~20 mL). Dipp-N3 (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 was stirred for 16 h at 

ambient temperature, after which no change was observed. The solvent was removed 

under vacuum, yielding a pale-yellow fluffy power, after which the powder was brought 

into a glove box and washed with pentane (4 × 3 mL). The remaining pentane was 

removed under vacuum to afford a pale-yellow powder. Yield: 426 mg, 88.4%.  

1H NMR (300 MHz, C6D6) ŭ 7.13 (br d, 
3JHP = 0.9 Hz, 2H, C4H2S), 7.06 (br m,  
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3JHH = 7.0 Hz, 4H, meta-Dipp), 7.00 (t, 3JHH = 7.0 Hz, 2H, para-Dipp), 3.45 (sp,  

3JHH = 6.8 Hz, 4H, Dipp-CH(CH3)2), 2.06 (ov sp, 3JHH = 7.0 Hz, 4H, PïCH(CH3)2), 

1.22 (d, 3JHH = 6.8 Hz, 24H, Dipp-CH(CH3)2), 1.01 (dd, 3JHP = 15.7 Hz, 3JHH = 7.0 Hz, 

12H, PïCH(CH3)2), 0.78 (dd, 3JHP = 17.2 Hz, 3JHH = 7.0 Hz, 12H, PïCH(CH3)2).  

13C NMR (75 MHz, C6D6): ŭ 145.4 (s, ortho-Dipp), 142.2 (d, 2JCP = 6.0 Hz, ipso-Dipp), 

138.6 (d, 1JCP = 75.1 Hz, C2/C5-thiophene), 135.3 (dd, 2JCP = 11.6 Hz, 3JCP = 7.1 Hz, 

C3/C4-thiophene), 123.4 (d, 5JCP = 1.2 Hz), 120.2 (d, 6JCP = 2.4 Hz, para-Dipp), 29.6 

(s, PïCH(CH3)2), 29.4 (d, 1JCP = 71.4 Hz, PïCH(CH3)2), 24.3 (s, Dipp-CH(CH3)2), 17.3 

(d, 2JCP = 1.8 Hz, PïCH(CH3)2), 16.0 (d, 2JCP = 3.6 Hz, PïCH(CH3)2). 
31P NMR (122 

MHz, C6D6): ŭ 0.8 (s). Anal. Calcd. for C40H64N2P2S: C 72.03; H 9.67; N 4.20; S 4.81; 

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

Synthesis of (PPh2)2C4H2Se (15) Diethyl ether (~40 mL) was 

transferred in vacuo into a two-necked 100 mL round-bottom flask 

attached to a swivel frit apparatus. 2,5-dibromoselenophene was injected into the flask 

(1.42 g, 4.91 mmol) under positive argon pressure resulting in a light-yellow solution. 

The round-bottom flask was cooled to ï78 °C, after which nBuLi (4.32 mL, 10.8 mmol, 

2.5 M) was slowly injected into the flask over the course of 10 min. The faint yellow 

solution was then left in the cold bath to warm to ambient temperature slowly over 3 h 

under constant stirring. Afterwards, a thick brown slurry was observed. The flask was 

once again cooled to ï78 °C. ClïPPh2 (1.87 mL, 10.30 mmol, 0.956 g/mL) was then 

injected into the flask over the course of 5 min. The solution was allowed to warm to 

ambient temperature and react for 16 h with constant stirring and under an argon 

atmosphere. This yielded a light brown-orange cloudy suspension. The solution was 

filtered through a glass frit, resulting in a transparent brown solution. The solvent was 

removed under vacuum, giving a brown oil. The apparatus was transferred into a glove 
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box and the liquid washed with heptane (4 × 3 mL). The oil was then dissolved in 

pentane and the resultant solution filtered through Celite to give a brown transparent 

solution. The remaining pentane was removed under vacuum affording a brown sticky 

solid. Yield: 1.19 g, 48.6%. 1H NMR (300 MHz, C6D6) ŭ 7.58 (ov dd, 
3JHP = 6.1 Hz, 

4JHP = 2.6 Hz, 2H, C4H2Se), 7.53 (ov ddd, 3JHP = 7.8 Hz, 3JHH = 3.6 Hz, 4JHH = 2.2 Hz, 

8H, ortho-Ph), 7.22-7.12 (m, 4H, para-Ph), 7.12-6.98 (m, 8H, meta-Ph). 13C{1H} NMR 

(75 MHz, C6D6) ŭ 152.9 (d, 
1JCP = 37.4 Hz, C2/C5-selenophene), 139.5 (dd,  

2JCP = 27.0 Hz, 3JCP = 8.6 Hz, C3/C4-selenophene), 138.6 (d, 1JCP = 10.1 Hz, ipso-Ph), 

133.1 (d, 2JCP = 20.1 Hz, ortho-Ph), 128.8 (s, para-Ph), 128.5 (d, 3JCP = 7.1 Hz,  

meta-Ph). 31P{1H} NMR (122 MHz, C6D6) ŭ ï13.9 (s). 77Se NMR (134 MHz, C6D6) ŭ 

731.1 (t, 2JSeP = 8.6 Hz). Anal. Calcd. for C28H22NP2Se: C 67.34; H 4.44; found:  

C 67.10; H 4.71. 

 Synthesis of (PiPr2)2C4H2Se (16) Diethyl ether (~40 mL) was 

transferred in vacuo to a two-necked 100 mL round-bottom flask 

attached to a swivel frit apparatus. 2,5-dibromoselenophene was injected into the flask 

(1.42 g, 4.91 mmol) under positive argon pressure resulting in a light-yellow solution. 

The round-bottom flask was cooled to ï78 °C (dry ice/acetone mixture), after which 

nBuLi (4.32 mL, 10.8 mmol, 2.5 M) was slowly injected over the course of 10 min. The 

faint yellow solution was allowed to warm to ambient temperature over 3 h under 

constant stirring. Afterwards, a thick green-brown slurry was observed, and the flask 

was once again cooled to ï78 °C. ClïPiPr2 (0.49 mL, 3.01 mmol, 0.956 g/mL) was then 

injected into the flask over the course of 5 min. The solution was allowed to warm to 

ambient temperature, after which the mixture was stirred for 16 h under an argon 

atmosphere. This yielded a brown cloudy solution. The solution was filtered through a 

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 transferred into a glove box, and the 

liquid was washed with pentane (4 × 3 mL). The resulting oil was dissolved in pentane 

and kept at ï30 °C, which yielded light-brown crystals. Yield: 249 mg, 83.8%. 1H NMR 

(300 MHz, C6D6): ŭ 7.55 (dd, 2H, 
3JHP = 6.9 Hz, 4JHP = 2.4 Hz, C4H2Se), 1.89 (sp, 4H, 

3JHH = 6.9 Hz, CH(CH3)2), 1.00-1.08 (ov m, 24H, CH(CH3)2). 
13C{1H} NMR (75 MHz, 

C6D6): ŭ 150.3 (dd, 
1JCP = 47.5 Hz, 4JCP = 1.5 Hz, C2/C5-selenophene), 140.7 (dd,  

2JCP = 29.4 Hz, 3JCP = 9.1 Hz, C3/C4-selenophene), 26.2-26.3 (d, 1JCP = 11.3 Hz, 

CH(CH3)2), 19.6 (d, 2JCP = 4.6 Hz, CH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6): ŭ 7.1 

(s). 77Se{1H} NMR (57 MHz, C6D6): ŭ 744.9 (s). Anal. Calcd. for C16H30P2Se:  

C 52.89; H 8.37; found: C 52.74; H 8.33. 

Synthesis of (DippN=PPh2)2C4H2Se (17) In a glove box 15 

(108 mg, 0.217 mmol) was added to a two-necked 50 mL 

round-bottom flask with toluene (~20 mL). Dipp-N3 (88.3 mg, 0.433 mmol) was 

injected into the flask under positive argon pressure, resulting in an opaque  

golden-brown solution. Vigorous bubbling was observed. The solution was stirred for 

16 h at ambient temperature, after which an orange-brown solution was observed. The 

solvent was removed under vacuum yielding a dark orange-brown oil, which was 

washed with pentane (4 × 3 mL). The oil was dissolved in pentane and filtered through 

Celite, resulting in an orange-brown transparent solution. The remaining pentane was 

removed under vacuum yielding an orange-brown sticky solid. Yield: 259 mg, 70.2%. 

1H NMR (300 MHz, C6D6): ŭ 7.69 (dd, 
3JHP = 12.4 Hz, 3JHH = 6.7 Hz, 8H, ortho-Ph), 

7.20 (br ov t, 6H, meta-Dipp and C4H2Se), 7.10 (d, 3JHH = 8.4 Hz, 2H, para-Dipp), 

7.07-6.87 (m, 12H, para/meta-Ph), 3.58 (sp, 3JHH = 6.8 Hz, 4H, Dipp-CH(CH3)2), 1.08 

(d, 3JHH = 6.8 Hz, 24H, Dipp-CH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6): ŭ 150.4 (d, 

1JCP = 95.8 Hz, C2/C5-selenophene), 144.2 (s, ortho-Dipp), 143.4 (d, 2JCP = 7.5 Hz, 
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ipso-Dipp), 138.9 (dd, 2JCP = 15.5, 3JCP = 8.9 Hz, C3/C4-selenophene), 134.6 (d,  

1JCP = 105.5 Hz, ipso-Ph), 132.5 (d, 2JCP = 10.0 Hz, ortho-Ph), 132.0 (d, 4JCP = 2.6 Hz, 

meta-Ph), 128.9 (d, 3JCP = 12.4 Hz, para-Ph), 123.7 (d, 4JCP = 2.1 Hz, meta-Dipp), 121.0 

(d, 5JCP = 3.4 Hz, para-Dipp), 29.52 (s, Dipp-CH(CH3)2), 24.35 (s, Dipp-CH(CH3)2). 

31P{1H} NMR (122 MHz, C6D6): ŭ ï15.8 (s). 31P NMR (283 MHz, C6D6) ŭ ï15.8 (s, 

77Se satellites: 2JSeP = 102.2 Hz). 77Se NMR (134 MHz, C6D6): ŭ 764.4 (t,  

2JSeP = 26.2 Hz). Anal. Calcd. for C52H56N2P2Se: C 73.48; H 6.64; N 3.30; found:  

C 74.09; H 6.60; N 3.21. 

Synthesis of (DippN=PiPr2)2C4H2Se (18) In a glove box 16 

(80.0 mg, 0.220 mmol) was added to a two-necked 50 mL 

round-bottom flask with toluene (~20 mL). Dipp-N3 (118 mg, 0.578 mmol) was 

injected into the flask under positive argon pressure, resulting in a golden-yellow 

solution. Vigorous bubbling was observed. The solution was stirred for 16 h at ambient 

temperature. Volatiles were removed in vacuo. The resulting brown waxy solid was 

dissolved in pentane (~5 mL) and cooled to ï35 °C for 48 h. Brown-yellow crystals 

were isolated and washed with 4 portions of cold toluene (3 mL). The product was 

brown-yellow rectangular block crystals. Yield: 82.1 mg, 52.2%. 1H NMR (300 MHz, 

C6D6): ŭ 7.36 (dd, 2H, 
3JHP = 5.4 Hz, 4JHP = 3.3, C4H2Se), 7.24 (d, 3JHH = 7.2 Hz 2H, 

meta-Dipp), 7.11 (m, 4H, para-Dipp), 3.57 (sp, 4H, 3JHH = 6.6 Hz, Dipp-CH(CH3)2), 

2.12-2.13 (ov sp, 4H, PïCH(CH3)2), 1.31 (d, 12H, 3JHH = 6.6 Hz, Dipp-CH(CH3)2), 

1.11 (dd, 12H, 3JHP = 15.6 Hz, 3JHH = 6.9 Hz, PïCH(CH3)2), 0.91 (dd, 24H,  

3JHH = 6.9, 3JHP = 17.1 Hz, PïCH(CH3)2). 
13C NMR (75 MHz, C6D6): ŭ 145.0 (d, 

ortho/ipso-Dipp), 144.9 (s, ipso-Dipp), 141.7 (d, 1JCP = 24.0 Hz, C2/C5-selenophene), 

136.6 (dd, 3JCP = 27.0, 2JCP = 54.0 Hz, C3/C4-selenophene), 122.9 (s, meta-Dipp), 119.7 

(d, 5JCP = 3.0 Hz, para-Dipp), 29.0 (s, PïCH(CH3)2), 28.9 (d, 5JCP = 6.9 Hz,  



 

102 

 

Dipp-CH(CH3)2), 23.8 (s, PïCH(CH3)2), 16.2 (d, 2JCP = 9.0 Hz, PïCH(CH3)2). 
31P{1H} 

NMR (122 MHz, C6D6): ŭ 5.6 (s).
77Se{1H} NMR (57 MHz, C6D6): ŭ 788.3 (s). Anal. 

Calcd. for C40H64N2P2Se: C 67.30; H 9.04; N 3.92; found: C 67.09; H 8.94; N 3.92. 

Synthesis of (PippN=PiPr2)2C4H2Se (19) In a glove box, 16 

(117 mg, 0.322 mmol) was added to a two-necked round-

bottom flask containing toluene (~20 mL). Pipp-N3 (136 mg, 0.845 mmol) was injected 

into the flask under positive argon pressure, resulting in a dark-yellow solution. The 

solution was stirred for 16 h at ambient temperature, after which no further change was 

observed. The solvent was removed under vacuum, yielding a dark-yellow oil. The oil 

was brought into a glove box and triturated with heptane (4 × 10 mL). The remaining 

heptane was removed under vacuum to give a light-yellow solid. Yield: 153 mg, 75.5%. 

1H NMR (300 MHz, C6D6): ŭ 7.48 (dd, 2H, 
4JHP = 3.4 Hz, 3JHP = 5.2 Hz, C4H2Se), 7.14 

(ov m, 4H, ortho/meta-Pipp), 2.83 (sp, 2H, 3JHH = 6.9 Hz, Pipp-CH(CH3)2), 2.05 (ov 

sp, 4H, PïCH(CH3)2), 1.27 (s, 12H, Pipp-CH(CH3)2), 1.06 (dd, 12H,  

3JHH = 6.9, 3JHP = 15.7 Hz, PïCH(CH3)2), 0.94 (dd, 12H, 3JHP = 16.1 Hz, 3JHH = 6.9 Hz,  

PïCH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6): ŭ 150.3 (s, ipso-Pipp), 147.0 (d,  

1JCP  = 45.9 Hz, C2/C5-selenophene), 138.2 (dd, 2JCP = 15.0 Hz, 3JCP = 8.5 Hz,  

C3/C4-selenophene), 137.9 (s, para-Pipp), 127.4 (s, meta-Pipp), 124.4 (d, 3JCP = 3.3 Hz, 

ortho-Pipp), 34.2 (s, Pipp-CH(CH3)2), 27.8 (d, 1JCP = 40.0 Hz, PïCH(CH3)2), 25.1 (s, 

Pipp-CH(CH3)2) 17.3 (d, 2JCP = 5.1 Hz, PïCH(CH3)2), 16.5 (d, 2JCP = 5.1 Hz,  

PïCH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6): ŭ 21.0 (s). 77Se{1H} NMR (57 MHz, 

C6D6): ŭ 812.0 (s). Anal. Calcd. for C34H52N2P2Se: 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)=PPh2)(DippN=PPh2)C4H2O][B(3,5-(CF3)2C6H3)4] (20) In a 

glove box, 3 (40.0 mg, 0.0508 mmol) and 

Brookhartôs acid (51.4 mg, 0.0508 mmol), 

were added to a 20 mL scintillation vial, 

followed by ~5 mL 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 oil. The solvent was decanted, and the oil washed with four ~1 mL 

portions of pentane or heptane. Excess solvent was removed under vacuum, resulting a 

dark-orange sticky solid. Yield: 55.3 mg, 64.7%. 1H NMR (pyridine-d5, 300 MHz):  

ŭ 16.36 (br s, 1H, HïN=P), 8.44 (br s, 8H, ortho-[B(C6H3(CF3)2)4]), 7.83 (br s, 4H, 

para-[B(C6H3(CF3)2)4]), 7.78 (dd, 8H, 3JHP = 12.3, 3JHH = 7.0 Hz, ortho-Ph), 7.73 (m, 

4H, para-Ph), 7.67 (br ov m, 2H, C4H2O), 7.49 (td, 8H, 3JHH = 7.0 Hz, 3JHH = 2.9 Hz, 

meta-Ph), 7.31 (m, 4H, meta-Dipp), 7.20 (m, 2H, para-Dipp), (4H, 3JHH = 6.8 Hz,  

Dipp-CH(CH3)2), 0.98 (d, 24H, 3JHH = 7.0 Hz, Dipp-CH(CH3)2). 
11B{ 1H} NMR  

(96 MHz, pyridine-d5): ŭ ï5.91 (s). 13C{1H} NMR (176 MHz, pyridine-d5): ŭ 162.5 

(1:1:1:1 q, 1JCB = 49.4 Hz, ipso-[B(C6H3(CF3)2)4]), 144.1 (d, 2JCP = 13.3 Hz, ipso-Dipp), 

139.2 (br m, C3/C4-furan), 134.8 (s, ortho-[B(C6H3(CF3)2)4]), 133.3 (s, para-Ph), 132.3 

(d, 2JCP = 31.8 Hz, ortho-Ph), 130.3 (s, para-Dipp), 129.8 (q, 1JCF = 115.5 Hz,  

CF3-[B(C6H3(CF3)2)4]), 129.4 (s, meta-Dipp), 129.2 (s, meta-Ph), 128.5 (s,  

meta-[B(C6H3(CF3)2)4]), 126.1 (d, 1JCP = 102.7 Hz, ipso-Ph), 119.4 (s, ortho-Dipp), 

118.1 (m, para-[B(C6H3(CF3)2)4]), 28.9 (s, Dipp-CH(CH3)2), 23.5 (s, Dipp-CH(CH3)2). 

Note: C2/C5-thiophene were not observed. 19F{1H} NMR (282 MHz, pyridineïd5):  

ŭ ï62.07 (s). 31P{1H} NMR (282.42 MHz, pyridineïd5): ŭ ï11.6 (br). Anal. Calcd. for 

C84H57BF24N2OP2: C 61.55; H 3.50; N 1.71; found: C 62.05; H 3.95; N 2.00. 
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Synthesis of [(PippN(H)=PPh2)(PippN=PPh2)C4H2O][B(C6F5)4] (21) In a glove box, 4 

(193 mg, 0.275 mmol) and 

[HNMe2Ph][B(C6F5)4] (220 mg, 0.275 

mmol) were added to a 20 mL 

scintillation vial followed by ~5 mL of 

benzene. The reaction was stirred at ambient temperature for 2 h under an argon 

atmosphere. This yielded a dark-orange oil. The solvent was decanted, and the oil 

washed with four ~1 mL portions of pentane. Excess solvent was removed under 

vacuum, resulting in an orange sticky solid. Yield: 356 mg, 93.6%. 1H NMR (300 MHz, 

CDCl3): ŭ 7.75 (t, 4H, 3JHH = 7.8 Hz, para-Ph), 7.62 (dd, 8H, 3JHH = 7.3 Hz,  

3JHP = 11.8 Hz, ortho-Ph), 7.51 (m, 8H, meta-Ph), 7.11 (s, 2H, C4H2O), 6.92 (d, 4H, 

3JHH = 8.1 Hz, ortho-Pipp), 6.65 (d, 4H, 3JHH = 8.1 Hz, meta-Pipp), 5.82 (br s, 1H,  

HïN=P), 2.78 (sp, 2H, 3JHH = 6.7 Hz, Pipp-CH(CH3)2), 1.15 (d, 3JHH = 6.7 Hz, 12H, 

Pipp-CH(CH3)2). 
11B{ 1H} NMR (96 MHz, CDCl3): ŭ ï16.72 (s). 13C{1H} NMR  

(75 MHz, CDCl3): ŭ 148.5 (br d, JCP  = 53.6 Hz, C2/C5-furan), 144.2 (s, ipso-Ph), 143.8 

(s, para-Pipp), 139.9 (d, 2JCP = 37.6 Hz, ipso-Pipp), 135.4 (s, para-Ph), 132.7 (d,  

2JCP = 5.9 Hz, ortho-Ph), 130.4 (d, 3JCP = 3.0 Hz, meta-Ph), 127.8 (s, ortho-Pipp), 126.9 

(dd, 2JCP = 9.1 Hz, 3JCP = 7.9 Hz, C3/C4-furan), 122.2 (s, Pipp meta), 33.5 (s,  

Pipp-CH(CH3)2), 24.09 (s, Pipp-CH(CH3)2). 
19F{1H} NMR (282 MHz, CDCl3):  

ŭ ï131.56 (d, 8F, ortho-C6F5), ï161.72 (t, 4F, para-C6F5), ï165.61 (t, 8F, meta-C6F5). 

31P{1H} NMR (122 MHz, CDCl3): ŭ 7.9 (br s). Anal. Calcd. for C70H45BF20N2OP2:  

C 60.80; H 3.28; N 2.03; found: C 60.46; H 3.27; N 2.03. 
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Synthesis of [(PmN(H)=PPh2)(PmN=PPh2)C4H2O][B(C6F5)4] (22) In a glove box, 6 

(157 mg, 0.231 mmol) and 

[HNMe2Ph][B(C6F5)4] (185 mg, 0.231 

mmol) were added to a 20 mL scintillation 

vial followed by ~3 mL of toluene. A faint 

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

was stirred at ambient temperature for 2 h under an argon atmosphere. This yielded a 

dark-yellow oil. A clear toluene layer was seen on top with a small dark-yellow oil layer 

underneath. The solvent was decanted, and the oil washed with four 3 mL portions of 

toluene followed by two 3 mL portions of heptane. The remaining heptane was removed 

under vacuum to give a golden yellow solid. Yield: 272.8 mg, 90.6%. 1H NMR (300 

MHz, CDCl3): ŭ 7.55-7.12 (br ov m, 20H, ortho/meta/para-Ph), 6.82 (s, 2H, C4H2O), 

6.41 (s, 2H, para-Pm), 2.20 (s, 12H, metaïCH3-Pm). Note: HïN=P was not observed. 

11B{ 1H} NMR (96 MHz, CDCl38): ŭ ï16.69 (s). 13C{1H} NMR (176 MHz, CDCl3):  

ŭ 168.1 (s, meta-Pm), 152.5 (d, 1JCP = 63.2, C2/C5-furan), 133.6 (s, para-Ph), 132.8 (d, 

3JCP = 2.3 Hz, meta-Ph), 128.9 (d, 2JCP = 8.0 Hz, ortho-Ph), 128.7 (d, 1JCP = 52.7 Hz 

ipso-Ph), 128.0 (m, C3/C4-furan), 111.2 (s, para-Pm), 22.3 (s, meta-CH3-Pm). Note: 

ipso-Pm was not observed. 19F{1H} NMR (282 MHz, CDCl3): ŭ ï131.63 (d, 8F,  

ortho-C6F5), ï162.10 (t, 4F, para-C6F5), ï165.84 (t, 8F, meta-C6F5). 
31P{1H} NMR 

(122 MHz, CDCl3): ŭ 10.3 (s). Anal. Calcd. for C64H37BF20N6OP2: C 56.57; H 2.74;  

N 6.19; found: C 56.42; H 2.70; N 6.15. 
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Synthesis of [(DippN(H)=PiPr2)(DippN=PiPr2)C4H2O][B(3,5-(CF3)2C6H3)4] (23) In a 

glove box, 7 (113 mg, 0.173 mmol) and 

Brookhartôs acid (176 mg, 0.173 mmol) 

were added to a 20 mL scintillation vial, 

followed by ~5 mL of toluene. The reaction was stirred at ambient temperature for 2 h 

under an argon atmosphere. This yielded a clear solution with a bright-orange oil. The 

solvent was decanted, and the oil washed with four ~1 mL portions of pentane. Excess 

solvent was removed under vacuum, resulting in an orange sticky solid. Yield: 228.6 

mg, 87.2%. 1H NMR (300 MHz, pyridine-d5) ŭ 11.82 (br s, 1H, HïN=P), 8.44 (br s, 

8H, ortho-[B(C6H3(CF3)2)4]), 7.83 (br s, 4H, meta-[B(C6H3(CF3)2)4]), 7.62 (br s, 2H, 

C4H2O), 7.27 (ov m, 4H, meta-Dipp), 7.17 (ov s, 2H, para-Dipp), 3.51 (sp,  

3JHH = 6.7 Hz, 4H, Dipp-CH(CH3)2), 2.79 (br sp, 4H, PïCH(CH3)2), 1.35 (ov dd,  

3JHP = 16.7 Hz, 3JHH = 7.1 Hz, 12H, PïCH(CH3)2), 1.25 (ov d, 3JHH = 6.8 Hz, 6H,  

PïCH(CH3)2), 1.19 (ov d, 3JHH = 7.0 Hz, 30H, Dipp- and PïCH(CH3)2).
 11B{ 1H} NMR 

(96 MHz, pyridine-d5): ŭ ï5.91 (s). 13C{1H} NMR (75 MHz, pyridine-d5) ŭ 163.1 

(1:1:1:1 q, 1JCB = 49.8 Hz, ipso-[B(C6H3(CF3)2)4]), 144.0 (br s, ipso-Dipp), 135.8 (s, 

ortho-[B(C6H3(CF3)2)4]), 130.5 (q, 1JCF = 2.8 Hz, CF3-[B(C6H3(CF3)2)4]), 130.1 (q,  

1JCF = 2.9 Hz, CF3-[B(C6H3(CF3)2)4]), 129.5 (d, 2JCP = 56.0 Hz, C3/C4-furan), 127.3 (s, 

meta-[B(C6H3(CF3)2)4]), 126.2 (s, para-Dipp), 124.2 (s, meta-Dipp), 120.1 (s,  

ortho-Dipp), ŭ 118.8 (t, 3JCF = 4.1 Hz, para-[B(C6H3(CF3)2)4]), 29.5 (s, PïCH(CH3)2), 

28.8 (s, Dipp-CH(CH3)2), 27.8 (s, Dipp-CH(CH3)2), 24.3 (s, Dipp-CH(CH3)2), 17.0 (d, 

2JCP = 2.1 Hz, PïCH(CH3)2), 16.2 (d, 2JCP = 3.3 Hz, PïCH(CH3)2).
 Note: C2/C5-furan 

was not observed. 19F{1H} NMR (282 MHz, pyridine-d5): ŭ ï62.06 (s). 31P{1H} NMR 

(122 MHz, pyridine-d5): ŭ 1.17 (br s). Anal. Calcd. for C72H77BF24N2OP2: C 57.08;  

H 5.12; N 1.85; found: C 57.19; H 5.31; N 1.84. 
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Synthesis of [(DippN(H)=PPh2)(DippN=PPh2)C4H2S][B(3,5-(CF3)2C6H3)4] (24) In a 

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

Brookhartôs acid (130 mg, 0.128 mmol) 

were added to a 20 mL scintillation vial, 

followed by ~5 mL of toluene. The reaction was stirred at ambient temperature for 2 h 

under an argon atmosphere. This yielded a bright-orange solution. The solvent was 

removed under vacuum, resulting in a bright yellow powder. Yield: 156.0 mg, 73.0%. 

1H NMR (300 MHz, CDCl3): ŭ 7.79 (br, 2H, para-Dipp), 7.72 (br s, 8H,  

ortho-[B(C6H3(CF3)2)4]), 7.58 (br ov m, 2H, C4H2S), 7.56 (br ov m, 8H, meta-Ph), 7.51 

(br s, 4H, para-[B(C6H3(CF3)2)4]), 7.48 (br, 4H, para-Ph), 7.35 (br d, 8H, 3JHP = 4.2 Hz, 

ortho-Ph), 7.08 (br d, 2H, 3JHH = 7.0 Hz, meta-Dipp), 6.98 (br d, 2H, 3JHH = 7.0 Hz, 

para-Dipp), 6.87 (br, 1H, HïN=P), 3.16 (br sp, 2H, Dipp-CH(CH3)2), 2.84 (br sp, 2H, 

Dipp-CH(CH3)2), 0.84 (ov d, 12H, 3JHH = 7.0 Hz, Dipp-CH(CH3)2), 0.80 (ov d, 12H, 

3JHH = 7.0 Hz, Dipp CH(CH3)2). 
11B{ 1H} NMR (96 MHz, pyridine-d5): ŭ ï5.91 (s). 

13C{1H} NMR (176.05 MHz, CDCl3): ŭ 161.7 (1:1:1:1 q, 1JCB = 49.4 Hz,  

ipso-[B(C6H3(CF3)2)4]), 134.8 (s, ortho-[B(C6H3(CF3)2)4]), 132.3 (br m,  

C3/C4-thiophene), 129.3 (ov m, meta-Dipp), 129.3 (ov d, 2JCP = 22.9 Hz, ortho-Dipp), 

128.8 (s, para-Dipp), 125.2 (q, 1JCF = 115.5 Hz, CF3-[B(C6H3(CF3)2)4]), 124.2 (d,  

1JCP = 116.3 Hz, ipso-Ph) 122.2 (s, meta-[B(C6H3(CF3)2)4]), 117.5 (s,  

para-[B(C6H3(CF3)2)4]), 29.4 (s, 2JCP = 120.0 Hz, Dipp-CH(CH3)2), 22.71 (m,  

Dipp-CH(CH3)2). Note: ipso Dipp, and C2/C5-thiophene were not observed. 19F{1H} 

NMR (282 MHz, pyridine-d5) ŭ ï62.06 (s). 31P{1H} NMR (282.42 MHz, CDCl3):  

ŭ 29.5 (s, DippïNH=P+), ï15.83 (s, DippïN=P). Anal. Calcd. for C84H69BF24N2P2S:  

C 60.51; H 4.17; N 1.68; S 1.92; found: C 60.55; H 4.01; N 1.53; S 1.49. 
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Synthesis of [(PippN(H)=PPh2)(PippN=PPh2)C4H2S][B(C6F5)4] (25) In a glove box, 12 

(249 mg, 0.346 mmol) and 

[HNMe2Ph][B(C6F5)4] (278 mg, 0.346 

mmol) were added to a 20 mL 

scintillation vial followed by ~5 mL of 

benzene. The reaction was stirred at ambient temperature for 2 h under an argon 

atmosphere. This yielded a dark-red oil. The solvent was decanted, and the oil washed 

with four ~1 mL portions of pentane. Excess solvent was removed under vacuum, 

resulting a bright yellow solid. Yield: 460.0 mg, 95.1%. 1H NMR (300 MHz, CDCl3): 

ŭ 7.72 (t, 4H, 3JHH = 7.7 Hz, para-Ph), 7.62 (dd, 8H, 3JHH = 7.1 Hz, 3JHP = 11.1 Hz, 

ortho-Ph), 7.54 (m, 8H, meta-Ph), 7.44 (m, 2H, C4H2S), 6.96 (d, 4H, 3JHH = 8.2 Hz, 

ortho-Pipp), 6.62 (d, 4H, 3JHH = 8.2 Hz, meta-Pipp), 6.40 (br s, 1H, HïN=P), 2.80 (sp, 

2H, 3JHH = 6.6 Hz, Pipp-CH(CH3)2), 1.16 (d, 3JHH = 6.6 Hz, 12H, Pipp-CH(CH3)2). 

11B{ 1H} NMR (96 MHz, CDCl3): ŭ ï16.73 (s). 13C{1H} NMR (75 MHz, CDCl3):  

ŭ 149.0 (br, C2/C5-furan), 143.1 (s, para-Pipp), 137.9 (s, ipso-Pipp), 135.2 (s, para-Ph), 

132.8 (d, 2JCP = 5.1 Hz, ortho-Ph), 130.4 (d, 3JCP = 3.1 Hz, meta-Ph), 127.7 (s,  

meta-Pipp), 123.0 (s, ortho-Pipp), 121.2 (s, ipso-Ph), 33.5 (s, Pipp-CH(CH3)2), 24.1 (s, 

Pipp-CH(CH3)2). Note: C3/C4-furan was not observed. 19F{1H} NMR (282 MHz, 

CDCl3): ŭ ï131.63 (d, 8F, ortho-C6F5), ï161.73 (t, 4F, para-C6F5), ï165.59 (t, 8F, 

meta-C6F5). 
31P{1H} NMR (122 MHz, CDCl3): ŭ 14.8 (br s). Anal. Calcd. for 

C70H45BF20N2P2S: 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)=PPh2)(PmN=PPh2)C4H2S][B(C6F5)4] (26) In a glove box, 13 

(30.0 mg, 0.0432 mmol) and 

[HNMe2Ph][B(C6F5)4] (35.0 mg, 0.0432 

mmol) were toluene added to a 20 mL 

scintillation vial followed by ~3 mL of 

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

temperature for 2 h under an argon atmosphere. This yielded a dark-yellow oil. The 

mixture was left to settle for 16 h. The solvent was decanted, and the oil washed with 

toluene (4 × 3 mL) followed heptane (2 × 3 mL). The remaining heptane was removed 

under vacuum to afford a golden yellow coloured solid. Yield: 0.0402 mg, 66.2%.  

1H NMR (300 MHz, THF-d8): ŭ 13.74 (br s, 1H, HïN=P), 7.75 (dd, 8H, 3JHH = 7.2 Hz,  

3JHP = 6.0 Hz, ortho-Ph), 7.61 (t, 4H, 3JHH = 7.2 Hz, para-Ph), 7.53 (d, 2H,  

4JHH = 6.0 Hz, para-Pm), 7.48 (td, 8H, 3JHH = 3.3, 3JHH = 7.8 Hz, meta-Ph), 6.51 (s, 2H, 

C4H2S), 2.19 (s, 12H, meta-CH3-Pm). 11B{ 1H} NMR (96 MHz, THF-d8): ŭ ï18.45 (s). 

13C{1H} NMR (176 MHz, THF-d8): ŭ 168.4 (s, meta-Pm), 163.0 (br, ipso-Pm), 140.0 

(m, C3/C4-thiophene), 136.8 (br, C2/C5-thiophene), 134.1 (s, para-Ph), 133.6 (d,  

3JCP = 42 Hz, ortho-Ph), 129.8 (d, 3JCP = 51 Hz, meta-Ph), 110.5 (s, para-Pm), ŭ 128.5 

(d, ipso-Ph), 22.4 (s, meta-CH3 Pm). 19F{1H} NMR (282 MHz, THF-d8): ŭ ï133.70 (d, 

8F, ortho-C6F5), ï165.92 (t, 4F, para-C6F5), ï169.42 (t, 8F, meta-C6F5). 
31P{1H} NMR 

(122 MHz, THF-d8): ŭ 13.5 (s).  

Synthesis of [(DippN(H)=PiPr2)(DippN=PiPr2)C4H2S][B(3,5-(CF3)2C6H3)4] (27) In a 

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

Brookhartôs acid (215 mg, 0.212 mmol) 

were added to a 20 mL scintillation vial, 

followed by ~5 mL of toluene. The reaction was stirred at ambient temperature for 2 h 
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under an argon atmosphere giving a clear solution and a bright yellow-orange oil. The 

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

removed under vacuum, resulting in a bright yellow powder. Yield: 244.8 mg, 75.4%. 

1H NMR (300 MHz, pyridine-d5) ŭ 12.54 (br s, 1H, HïN=P), 8.44 (br s, 8H,  

ortho-[B(C6H3(CF3)2)4]), 7.91 (br s, 2H, C4H2S), 7.83 (s, 4H, meta-[B(C6H3(CF3)2)4]), 

7.26 (ov t, 3JHH = 6.6 Hz, 4H, meta-Dipp), 7.17 (br ov, 2H, para-Dipp), 3.51 (sp,  

3JHH = 6.7 Hz, 4H, Dipp-CH(CH3)2), 2.86 (br s, 4H, PïCH(CH3)2), 1.36 (ov dd,  

3JHP = 16.6, 3JHH = 7.0 Hz, 12H, PïCH(CH3)2), 1.23 (ov d, 3JHH = 6.8 Hz, 36H, Dipp 

and PïCH(CH3)2). 
11B{ 1H} NMR (96 MHz, pyridine-d5): ŭ ï5.91 (s). 13C{1H} NMR 

(75 MHz, pyridine-d5): ŭ 163.1 ((1:1:1:1 q, 1JCB = 50.0 Hz, ipso-[B(C6H3(CF3)2)4]), 

144.2 (br s, ipso-Dipp), 135.7 (ov s, ortho-[B(C6H3(CF3)2)4]), 130.9 (br s, para-Dipp), 

130.4 (q, 1JCF = 2.8 Hz, CF3-[B(C6H3(CF3)2)4]), 130.0 (q, 1JCF = 2.9 Hz,  

CF3-[B(C6H3(CF3)2)4]), 129.8-129.3 (br m C3/C4-thiophene), 127.3 (s,  

meta-[B(C6H3(CF3)2)4]), 124.3 (s, para-[B(C6H3(CF3)2)4]), 120.0 (s, ortho-Dipp),  

118.6 (t, 3JCF = 4.0 Hz, meta-Dipp), 29.6 (s, P-CH(CH3)2), 28.7 (s, Dipp-CH(CH3)2), 

24.3 (s, Dipp-CH(CH3)2), 17.1 (d, 2JCP = 1.7 Hz, PïCH(CH3)2), 16.31 (d, 2JCP = 3.0 Hz, 

PïCH(CH3)2). Note: C2/C5-selenophene was not observed. 19F{1H} NMR (282 MHz, 

pyridine-d5): ŭ ï62.06 (s). 31P{1H} NMR (122 MHz, pyridine-d5): ŭ 7.1 (s). Anal. 

Calcd. for C72H77BF24N2P2S: C 56.48; H 5.07; N 1.83; S 2.09; found: 56.28; H 5.04;  

N 1.81; S 2.24. 

Synthesis of [(DippN(H)=PPh2)(DippN=PPh2)C4H2Se][B(3,5-(CF3)2C6H3)4] (28) In a 

glove box, 17 (44.4 mg, 0.0522 mmol) 

and Brookhartôs acid (52.9 mg, 0.0522 

mmol) were added to a 20 mL scintillation 

vial, followed by ~5 mL of toluene. The reaction was stirred at ambient temperature for 
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2 h under an argon atmosphere. This yielded a clear solution with a brown oil. The 

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

removed under vacuum, resulting in a brown chucky solid. Yield: 78.4 mg, 87.6%.  

1H NMR (300 MHz, pyridine-d5): ŭ 12.75 (br s, 1H, HïN=P), 8.44 (br s, 8H,  

ortho-[B(C6H3(CF3)2)4]), 7.84 (br t, 3JHP = 9.9 Hz, 12H, meta-[B(C6H3(CF3)2)4] and 

ortho-Ph), 7.76 (dd, 3JHP = 7.1, 4JHP = 3.5 Hz, 2H, C4H2Se), 7.64 (ov m, 4H, para-Ph), 

7.51 (br td, 3JHH = 7.4 Hz, 4JHP = 3.0 Hz, 8H, meta-Ph), 7.28 (ov m, 3JHH = 7.4 Hz, 2H, 

para-Dipp), 7.18 (ov t, 3JHH = 7.4 Hz, 4H, meta-Dipp), 3.51 (sp, 3JHH = 6.8 Hz, 4H, 

Dipp-CH(CH3)2), 0.99 (ov d, 3JHH = 6.8 Hz, 24H, Dipp-CH(CH3)2)). 
11B{ 1H} NMR  

(96 MHz, pyridine-d5): ŭ ï5.91 (s). 13C{1H} NMR (75 MHz, pyridine-d5): ŭ 163.1 

(1:1:1:1 q, 1JCB = 49.7 Hz, ipso-[B(C6H3(CF3)2)4]), 144.8 (d, 2JCP = 6.2 Hz, ipso-Dipp), 

141.1 (br s, C3/C4-selenophene), 135.8 (ov s, ortho-[B(C6H3(CF3)2)4]), 133.6 (d,  

4JCP = 2.1 Hz, para-Dipp), 133.1 (d, 3JCP = 10.2 Hz, meta-Dipp), 131.7 (d,  

1JCP = 87.8 Hz, ipso-Ph), 130.5 (q, 1JCF = 2.7 Hz, CF3-[B(C6H3(CF3)2)4]), 130.1 (q,  

1JCF = 2.9 Hz, CF3-[B(C6H3(CF3)2)4]), 129.7 (d, 2JCP = 22.9, ortho-Dipp), 127.3 (s, 

meta-[B(C6H3(CF3)2)4]), 126.2 (s, meta-Dipp), 123.7 (ov s, para-[B(C6H3(CF3)2)4]), 

118.77 (m, 3JCF = 3.7 Hz, para-[B(C6H3(CF3)2)4]), 30.48 (s, Dipp-CH(CH3)2), 24.29 (s, 

Dipp-CH(CH3)2). Note: C2/C5-selenophene was not observed. 19F{1H} NMR  

(282 MHz, pyridine-d5): ŭ ï62.06 (s). 31P{1H} NMR (122 MHz, pyridine-d5): ŭ ï8.6 

(br s). Anal. Calcd. for C84H69BF24N2P2Se: C 58.86; H 4.06; N 1.63; found: C 58.79;  

H 4.14; N 1.73. 
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Synthesis of [(DippN(H)=PiPr2)(DippN=PiPr2)C4H2Se][B(3,5-(CF3)2C6H3)4] (29) In a 

glove box, 18 (106 mg, 0.148 mmol) and 

Brookhartôs acid (150 mg, 0.148 mmol) 

were added to a 20 mL scintillation vial, 

followed by ~5 mL of toluene. The reaction was stirred at ambient temperature for 2 h 

under an argon atmosphere. This yielded a clear solution with a brown-beige oil. The 

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

removed under vacuum, resulting in a beige-peachy solid. Yield: 206.3 mg, 87.2%.  

1H NMR (300 MHz, pyridine-d5): ŭ 8.44 (br s, 8H, ortho-[B(C6H3(CF3)2)4]), 8.19 (br s, 

2H, C4H2Se), 7.83 (s, 4H, meta-[B(C6H3(CF3)2)4]), 7.26 (ov m, 6H, meta/para-Dipp), 

3.51 (sp, 3JHH = 6.8 Hz, 4H, Dipp-CH(CH3)2), 2.90 (br s, 4H, PïCH(CH3)2), 1.53-1.25 

(m, 24H, PïCH(CH3)2), 1.21 (d, 2JHH = 6.8 Hz, 24H, Dipp-CH(CH3)2). Note: HïN=P 

signal was not observed. 11B NMR (96 MHz, pyridine-d5): ŭ ï4.76 (s). 13C NMR  

(75 MHz, pyridine-d5): ŭ 163.1 (1:1:1:1 q, 
1JCB = 49.8 Hz, ipso-[B(C6H3(CF3)2)4]), 

135.8 (s, ortho-[B(C6H3(CF3)2)4]), 131.1-129.4 (m, CF3-[B(C6H3(CF3)2)4]),  

130.0-127.3 (br, m C3/C4-selenophene), 129.6 (s, meta-Dipp), 129.1 (s, para-Dipp), 

127.3 (s, meta-[B(C6H3(CF3)2)4]), 120.1 (s, ortho-Dipp), 118.8 (t, 3JCF = 4.1 Hz,  

para-[B(C6H3(CF3)2)4]), 29.7 (s, Dipp-CH(CH3)2), 28.9 (s, PïCH(CH3)2), 24.4 (s,  

Dipp-CH(CH3)2), 16.9 (d, 1JCP = 49.2 Hz, PïCH(CH3)2), Note: Dipp ipso, and  

C2/C5-selenophene signals were not observed. 19F NMR (282 MHz, pyridine-d5):  

ŭ ï60.92 (s). 31P NMR (122 MHz, pyridine-d5): ŭ 11.07 (br s). Anal. Calcd. for 

C72H77BF24N2P2Se: C 54.80; H 4.92; N 1.78; found: C 54.76; H 4.96; N 1.76. 
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Synthesis of [(PippN(H)=PiPr2)(PippN=PiPr2)C4H2Se][B(C6F5)4] (30) In a glove box, 

19 (50.6 mg, 0.0800 mmol) and 

[HNMe2Ph][B(C6F5)4] (99.8 mg, 0.120 

mmol) were added to a 20 mL 

scintillation vial followed by ~5 mL of 

toluene. The reaction was stirred at ambient temperature for 2 h under an argon 

atmosphere. This yielded a dark-yellow oil. The solvent was decanted, and the oil was 

with 4 portions of pentane (~1 mL). Excess solvent was removed under vacuum, 

resulting in a yellow solid. Yield: 106.6 mg, 92.2%. 1H NMR (300 MHz, CDCl3):  

ŭ 8.10 (dd, 2H, 3JHP = 3.9 Hz, 4JHP = 5.0 Hz, C4H2Se), 7.19 (d, 4H, 3JHH = 7.9 Hz,  

ortho-Pipp), 6.90 (d, 4H, 3JHH = 7.9 Hz, meta-Pipp), 4.84 (br s, 1H, HïN=P), 2.89 (ov 

sp, 6H, Pipp-CH(CH3)2 and PïCH(CH3)2), 1.30 (ov m, 36H, Pipp-CH(CH3)2 and  

PïCH(CH3)2). 
11B{ 1H} NMR (96 MHz, CDCl3): ŭ ï16.68 (s). 13C{1H} NMR (75 MHz, 

CDCl3): ŭ 148.2 (br m, C3/C4-selenophene), 142.6 (br m, C2/C5-selenophene), 128.9 (d, 

2JCP = 27.7 Hz, ipso-Pipp), 128.8 (s, meta-Pipp), 124.2 (s, ortho-Pipp), 33.3 (s,  

Pipp-CH(CH3)2), 25.6 (d, 1JCP = 41.1 Hz, PïCH(CH3)2), 23.9 (s, Pipp-CH(CH3)2) 15.6 

(m, PïCH(CH3)2).
 19F{1H} NMR (282 MHz, CDCl3): ŭ ï131.58 (d, 8F, ortho-C6F5),  

ï161.15 (t, 4F, para-C6F5), ï165.30 (t, 8F, meta-C6F5). 
31P{1H} NMR (122 MHz, 

CDCl3): ŭ 56.4 (s). Anal. Calcd. for C58H53BF20N2P2Se: C 53.19; H 4.08; N 2.14; found: 

C 53.12; H 4.13; N 2.06. 
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Synthesis of [(PippN(H)=PPh2)2C4H2O][  B(C6F5)4]2 (31) In a glove box, 4 (54.0 mg, 

0.0768 mmol) 

and [HNMe2Ph] 

[B(C6F5)4] (123 

mg, 0.154 mmol) 

were added to a 20 mL scintillation vial followed by ~5 mL of benzene. The reaction 

was stirred at ambient temperature for 2 h under an argon atmosphere. This yielded a 

dark-brown oil. The solvent was decanted, and the oil washed with 4 portions of 

pentane (~1 mL). Excess solvent was removed under vacuum affording a light-brown 

solid. Yield: 127.0 mg, 79.8%. 1H NMR (300 MHz, CDCl3): ŭ 7.92 (m, 4H, para-Ph), 

7.72-7.51 (ov m, 16H, ortho/meta-Ph), 7.35 (s, 2H, C4H2O), 7.02 (d, 4H, 3JHH = 8.2 Hz, 

ortho-Pipp), 6.59 (d, 4H, 3JHH = 8.2 Hz, meta-Pipp), 5.43 (d, 2H, 2JHP = 11.0 Hz,  

HïN=P), 2.81 (sp, 2H, 3JHH = 6.6 Hz, Pipp-CH(CH3)2), 1.14 (d, 3JHH = 6.6 Hz, 12H, 

Pipp-CH(CH3)2). 
11B{ 1H} NMR (96 MHz, CDCl3): ŭ ï16.73 (s). 13C{1H} NMR  

(75 MHz, CDCl3): ŭ 148.1 (s, para-Pipp), 143.2 (br d, 1JCP  = 52.0 Hz, C2/C5-furan), 

137.9 (s, Ph-para), 133.1 (d, 3JCP = 2.9 Hz, meta-Ph), 131.2 (d, 2JCP = 4.7 Hz,  

ortho-Ph), 131.0 (br, ipso-Pipp), 129.0 (br, C3/C4-furan), 128.6 (s, ortho-Pipp), 120.9 

(s, meta-Pipp), 33.6 (s, Pipp-CH(CH3)2), 23.8 (s, Pipp-CH(CH3)2). Note: ipso-Ph was 

not observed. 19F{1H} NMR (282 MHz, CDCl3): ŭ ï131.55 (d, 8F, ortho-C6F5),  

ï161.21 (t, 4F, para-C6F5), ï165.31 (t, 8F, meta-C6F5). 
31P{1H} NMR (122 MHz, 

CDCl3): ŭ 22.7 (s). Anal. Calcd. for C94H46B2F40N2OP2: C 54.73; H 2.25; N 1.36; found: 

C 54.87; H 2.36; N 1.38. 
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Synthesis of [(DippN=PPh2)2C4H2OZnMe][B(C6F5)4] (32) In a glove box, 20 (35.9 mg, 

0.0245 mmol) was added to a 20 mL 

scintillation vial, followed by 5 mL of 

bromobenzene, resulting in a yellow 

solution. Dimethyl zinc (29.4 ‘L, 

0.0245 mmol, 1.2 M) was slowly injected into the stirring solution over a period of  

5 min. Immediately afterwards a bright orange-red solution was observed, along with a 

small amount of bubbling. The solution was stirred for 2 h under an argon atmosphere. 

An orange solution resulted, to which pentane (~2 mL) was added. The mixture was 

allowed to stir for 30 min. The solvent was then removed under vacuum, resulting in a 

thick dark-orange oil. The oil was washed with three portions of pentane (3 mL), and 

the remaining pentane was removed under vacuum, giving a peach-orange solid. Yield: 

27.9 mg, 72.9%. 1H NMR (300 MHz, pyridine-d5): ŭ 7.78 (dd, 
3JHH = 13.6 Hz,  

3JHH = 7.0 Hz, 8H, meta-Ph), 7.54 (dt, 3JHH = 13.6 Hz, 4JHH = 3.2, 4H, para-Ph), 7.42 

(td, 3JHP = 7.0 Hz, 3JHH = 3.2 Hz, 8H, ortho-Ph), 7.21-7.13 (ov m, 4H, meta-Dipp), 7.10 

(dd, 2JHP = 9.6 Hz, 3JHP = 2.9 Hz, 2H, C4H2O), 7.06 (s, 2H, para-Dipp), 3.59 (sp,  

3JHH = 6.7 Hz, 4H, Dipp-CH(CH3)2), 1.05 (d, 3JHH = 6.9 Hz, 24H, Dipp-CH(CH3)2),  

ï0.16 (s, 3H, ZnïCH3). 
11B{ 1H} NMR (96 MHz, pyridine-d5): ŭ ï15.94 (s). 13C{1H} 

NMR (75 MHz, pyridine-d5): ŭ 144.2 (s, ortho-Dipp), 143.3 (d, 2JCP = 7.4 Hz,  

ipso-Dipp), 133.0 (d, 1JCP = 107.3 Hz, ipso-Ph), 132.5 (d, 2JCP = 10.3 Hz, meta-Ph), 

131.1 (s, para-Ph), 129.4 (d, 3JCP = 12.8 Hz, ortho-Ph), 127.9 (s, para-Dipp), 123.5 (s, 

meta-Dipp), 29.5 (s, Dipp-CH(CH3)2), 24.3 (s, Dipp-CH(CH3)2), ï17.1 (s, ZnïCH3). 

Note: C2-5-furan were not observed. 19F{1H} NMR (282 MHz, pyridine-d5): ŭ ï132.13 

(s, 8F, ortho-F), ï162.18 (t, 4F, 3JFF = 20.9 Hz, para-F), ï166.29 (t, 8F, 3JFF = 18.2 Hz, 
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meta-F). 31P{1H} NMR (122 MHz, pyridine-d5): ŭ ï23.4 (s). Anal. Calcd. for 

C77H54BF24N2P2OZn: C 59.81; H 3.85; N 1.81; found: C 59.79; H 3.84; N 1.80. 

Synthesis of [(PippN=PPh2)2C4H2OZnMe][B(C6F5)4] (33) In a glove box, 21 (50.0 mg, 

0.0362 mmol) was added to a 20 mL 

scintillation vial followed by 5 mL of 

bromobenzene, resulting in a yellow 

solution. Dimethyl zinc (30.0 ‘L, 0.0398 

mmol, 1.2 M) was slowly injected into the stirring solution over a period of 5 min. 

Immediately afterwards, the solution became less yellow in which an oil formed over 

10 min. The solution was stirred for 2 h under an argon atmosphere. Pentane (~2 mL) 

was added to the vial and the mixture stirred for 30 min, after which the solvent was 

decanted, and the resulting oil further washed with three portions of pentane (3 mL). 

The remaining volatiles were removed in vacuo to afford a pale-yellow solid. Yield: 

60.5 mg, 78.1%. 1H NMR (300 MHz, CD2Cl2): ŭ 7.81-7.61 (ov m, 12H,  

para/ortho-Ph), 7.54 (m, 8H, meta-Ph), 7.13 (s, 2H, C4H2O), 6.89 (d, 4H,  

3JHH = 8.0 Hz, ortho-Pipp), 6.76 (d, 4H, 3JHH = 8.0 Hz, meta-Pipp), 2.76 (sp, 2H,  

3JHH = 6.8 Hz, Pipp-CH(CH3)2), 1.15 (d, 3JHH = 6.8 Hz, 12H, Pipp-CH(CH3)2), ï1.11 

(s, 3H, ZnïCH3). 
11B{ 1H} NMR (96 MHz, CD2Cl2): ŭ ï18.46 (s). 13C{1H} NMR  

(75 MHz, CD2Cl2): ŭ 147.2 (s, ipso-Pipp), 134.5 (s, para-Ph), 133.7 (d, 2JCP = 9.8 Hz, 

ortho-Ph), 132.5 (s, para-Pipp), 130.2 (d, 1JCP = 130.2 Hz, ipso-Ph), 130.2 (d,  

3JCP = 12.8 Hz, meta-Ph), 129.5 (m, C2/C5-furan), 127.8 (s, meta-Pipp), 127.8 (s,  

ortho-Pipp), 126.9-126.1 (br ov m, C3/C4-furan and ortho-Pipp), 34.5 (s, CH(CH3)2), 

24.7 (s, CH(CH3)2), ï15.1 (s, ZnCH3). 
19F{1H} NMR (282 MHz, CD2Cl2): ŭ ï133.71 

(d, 8F, ortho-C6F5), ï165.98 (t, 4F, para-C6F5), ï169.45 (t, 8F, meta-C6F5). 
31P{1H} 
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NMR (122 MHz, CD2Cl2): ŭ was not observed. Anal. Calcd. for C71H47BF20N2OP2Zn: 

C 58.32; H 3.24; N 1.92; found: C 58.19; H 3.35; N 2.24. 

Synthesis of [(DippN=PiPr2)2C4H2OZnMe][B(3,5-(CF3)2C6H3)4] (34) In a glove box, 

23 (43.4 mg, 0.0286 mmol) was added to 

a 20 mL scintillation vial followed by 5 

mL of bromobenzene, resulting in a 

yellow-peach solution. Dimethyl zinc (24.0 ‘L, 0.0286 mmol, 1.2 M) was slowly 

injected into the stirring solution over a period of 5 min. A small amount of bubbling 

was observed. The solution was stirred for 2 h under an argon atmosphere. Pentane (~2 

mL) was added to the now pink solution and the mixture was stirred for 30 min. The 

solvent was removed under vacuum resulting in a red oil. The oil was washed with three 

portions of pentane (3 mL), and the remaining pentane removed under vacuum to give 

a pink-peach coloured powder. Yield: 39.9 mg, 87.5%. 1H NMR (300 MHz, pyridine-

d5): ŭ 8.43 (s, 8H, ortho-[B(C6H3(CF3)2)4]), 7.83 (s, 4H,  

meta-[B(C6H3(CF3)2)4]), 7.60 (s, 2H, C4H2O), 7.33 (s, 2H, meta-Dipp), 7.24 (s, 2H, 

meta-Dipp), 7.06 (t, 3JHH = 7.4 Hz, 2H, para-Dipp), 3.61 (sp, 3JHH = 6.7 Hz, 4H,  

Dipp-CH(CH3)2), 2.63 (d sp, 1JHP = 14.1 Hz, 3JHH = 7.0 Hz, 4H, PïCH(CH3)2), 1.36 (d, 

3JHH = 7.0 Hz, 6H, PïCH(CH3)2), 1.30 (ov d, 3JHH = 5.3 Hz, 30H, Dipp and  

PïCH(CH3)2), 1.15 (dd, 3JHP = 17.3 Hz, 3JHH = 7.0 Hz, 12H, PïCH(CH3)2), ï0.14 (s, 

3H, ZnïCH3). 
11B{ 1H} NMR (96 MHz, pyridine-d5): ŭ ï4.41 (s). 13C{1H} NMR (75 

MHz, pyridine-d5) ŭ 163.2 (1:1:1:1 q, 1JCB = 49.8 Hz, ipso-[B(C6H3(CF3)2)4]), 153.7 

(dd, 1JCP = 93.8 Hz, 4JCP = 2.2 Hz, C2/C5-furan), 145.7 (s, ortho-Dipp), 142.4 (d,  

2JCP = 6.0 Hz, ipso-Dipp), 135.8 (s, ortho-[B(C6H3(CF3)2)4]), 130.6 (m,  

CF3-[B(C6H3(CF3)2)4]), 130.5 (q, 1JCF = 2.8 Hz, CF3-[B(C6H3(CF3)2)4]), 130.1 (q,  

1JCF = 2.8 Hz, CF3-[B(C6H3(CF3)2)4]), 129.7 (m, CF3-[B(C6H3(CF3)2)4]), 129.5 (d,  
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1JCP = 56.1 Hz, PïCH(CH3)2), 127.9 (s, para-Dipp), 127.4 (s, meta-[B(C6H3(CF3)2)4]), 

123.5 (s, meta-Dipp), 122.0 (dd, 2JCP = 12.2 Hz, 3JCP = 7.0 Hz, C3/C4-furan), 119.9 (d, 

5JCP = 2.2 Hz, para-Dipp), 118.8 (d, 3JCF = 3.8 Hz, para-[B(C6H3(CF3)2)4]), 29.4 (s,  

PïCH(CH3)2), 29.2 (s, Dipp-CH(CH3)2), 28.3 (s, Dipp-CH(CH3)2), 24.3 (s,  

Dipp-CH(CH3)2), 17.1 (d, 2JCP = 2.1 Hz, PïCH(CH3)2), 16.1 (d, 2JCP = 3.6 Hz,  

PïCH(CH3)2), ï16.7 (s, ZnïCH3). 
19F{1H} NMR (282 MHz, pyridine- d5): ŭ ï62.07 

(s). 31P{1H} NMR (122 MHz, pyridine-d5): ŭ 0.2 (s). Anal. Calcd. for 

C73H79BF24N2OP2Zn: C 54.99; H 4.99; N 1.76; found: C 54.41; H 4.62; N 1.39. 

Synthesis of [(DippN=PPh2)2C4H2SZnMe][B(3,5-(CF3)2C6H3)4] (35) In a glove box, 24 

(60.1 mg, 0.0360 mmol) was added to a 20 

mL scintillation vial, followed by 5 mL of 

bromobenzene, resulting in a yellow 

solution. Dimethyl zinc (30.05 ‘L, 0.0360 mmol, 1.2 M) was slowly injected into the 

stirring solution over a period of 5 min. A gradual colour change to pale yellow-green, 

along with effervescence, was observed over the next 30 min. The solution was stirred 

for 2 h under an argon atmosphere. Pentane (~2 mL) was added to the dark-green 

solution after which the mixture was stirred for 30 min. The solvent was removed under 

vacuum resulting in a thick dark green-brown oil. The oil was washed with three 

portions of pentane (3 mL), and the remaining pentane was removed under vacuum, 

yielding a brown solid. Yield: 47.0 mg, 74.9%. 1H NMR (300 MHz, pyridine-d5):  

ŭ 8.44 (s, 8H, ortho-[B(C6H3(CF3)2)4]), 7.84 (ov m, 12H, meta-Ph and  

meta-[B(C6H3(CF3)2)4]), 7.52 (ov d, 3JHH = 7.4 Hz, 4H, para-Ph), 7.49-7.38 (m, 8H, 

ortho-Ph), 7.35 (dd, 3JHP = 5.3, 4JHP = 3.3 Hz, 2H, C4H2S), 7.18 (ov s, 4H, meta-Dipp), 

7.07 (t, 3JHH = 8.5 Hz, 2H, para-Dipp), 3.59 (sp, 3JHH = 6.9 Hz, 4H, Dipp-CH(CH3)2), 

1.02 (d, 3JHH = 6.9 Hz, 24H, Dipp-CH(CH3)2), ï0.09 (s, 3H, ZnïCH3). 
11B{ 1H} NMR 
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(96 MHz, pyridine-d5): ŭ ï5.91 (s). 13C{1H} NMR (75 MHz, pyridine-d5): ŭ 143.5 (d, 

2JCP = 7.4 Hz, ipso-Dipp), 135.0 (br s, ortho-Dipp), 134.6 (s, meta-[B(C6H3(CF3)2)4]), 

133.9 (d, 1JCP = 106.5 Hz, ipso-Ph), 132.8 (s, para-Dipp), 132.7 (s, meta-Ph), 132.3 (s, 

meta-Dipp), 132.3-131.1 (br m, C2/C5-furan), 132.0-130.5 (m, CF3-[B(C6H3(CF3)2)4]), 

129.4 (d, 1JCP = 12.6 Hz, ortho-Ph), 127.33 (s, ipso-[B(C6H3(CF3)2)4]), 120.8 (s,  

meta-Dipp), 118.8 (s, para-[B(C6H3(CF3)2)4]), 29.5 (s, Dipp-CH(CH3)2), 24.4 (s,  

Dipp-CH(CH3)2), ï13.0 (s, ZnïCH3). Note: ipso-[B(C6H3(CF3)2)4] and C2/5-thiophene 

resonances were not observed. 19F{1H} NMR (282 MHz, pyridine-d5): ŭ ï62.07 (s). 

31P{1H} NMR (122 MHz, pyridine-d5): ŭ ï17.1 (s). Anal. Calcd. for 

C85H71BF24N2P2SZn: C 58.45; H 4.10; N 1.60; S 1.84; found: C 58.89; H 4.18; N 1.63; 

S 1.44. 

Synthesis of [(PippN=PPh2)2C4H2SZnMe][B(C6F5)4] (36) In a glove box, 25 (50.0 mg, 

0.0357 mmol) was added to a 20 mL 

scintillation vial, followed by 5 mL of 

bromobenzene, resulting in a yellow 

solution. Dimethyl zinc (33.0 ‘L, 

0.0393 mmol, 1.2 M) was slowly injected into the stirring solution over a period of 5 

min. Immediately after, the solution became less yellow, and an oil formed over 10 min. 

The reaction was stirred for 2 h with no significant change observed. Pentane (~2 mL) 

was added to the vial and the mixture stirred for 30 min after which the solvent was 

decanted, and the resulting oil washed with three portions of pentane (3 mL). The 

remaining volatiles were removed in vacuo to give a pale-yellow solid. Yield: 61.5 mg, 

79.9%. 1H NMR (300 MHz, d8-THF): ŭ 7.9-7.4 (br ov m, 20H, ortho/meta/para-Ph), 

7.3 (m, 2H, C4H2S), 7.0-6.7 (br ov m, 8H, Pipp ortho/meta), 2.8 (sp, 3JHH = 6.9 Hz, 2H, 

Pipp-CH(CH3)2), 1.14 (d, 3JHH = 6.9 Hz, 12H, Pipp-CH(CH3)2), ï1.18 (s, 3H, ZnïCH3). 
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11B NMR (96 MHz, d8-THF): ŭ ï18.45 (s). 13C{H} NMR (75 MHz, d8-THF):  

ŭ 135.5-133.1 (br ov m, ortho/para-Ph), 131.9 (d, 3JHP = 95.8, ipso-Ph), 130.2 (d,  

3JCP = 12.1 Hz, meta-Ph), 128.6 (para-Pipp), 128.0 (s, meta-Pipp), 127.7 (m,  

ortho-Pipp), 34.5 (s, Pipp-CH(CH3)2), 24.7 (s, Pipp-CH(CH3)2), ï14.60 (s, ZnïCH3). 

Note: ipso-Pipp and C2-5-thiophene carbons were not observed. 19F NMR (282 MHz, 

d8-THF): ŭ ï133.70 (s, 8F, ortho-C6F5), ï165.98 (br, 4F, para-C6F5), ï169.45 (br, 8F, 

meta-C6F5). 
31P{H} NMR (CDCl3): ŭ 26.7 (br s), ï8.71 (br s). Anal. Calcd. for 

C70H45BF20N2P2SZn: C 57.68; H 3.20; N 1.89; S 2.17; found: C 57.10; H 3.62; N 1.81; 

S 2.29. 

Synthesis of [(DippN=PiPr2)2C4H2SZnMe][B(3,5-(CF3)2C6H3)4] (37) In a glove box, 

27 (71.8 mg, 0.0510 mmol) was added to a 

20 mL scintillation vial, followed by 5 mL 

of bromobenzene, resulting in a yellow 

solution. Dimethyl zinc (43.0 ‘L, 0.0510 mmol, 1.2 M) was slowly injected into the 

stirring solution over a period of 5 min. A small amount of bubbling was observed. The 

solution was stirred for 2 h under an argon atmosphere. Pentane (~2 mL) was added, 

and the mixture stirred for 30 min. The solvent was removed under vacuum resulting 

in an orange-yellow oil. The oil was washed with three portions of pentane (3 mL), and 

the remaining pentane was removed under vacuum. This gave a yellow-peach powder. 

Yield: 76.1 mg, 92.7%. 1H NMR (300 MHz, pyridine-d5): ŭ 8.43 (s, 8H,  

ortho-[B(C6H3(CF3)2)4]), 7.83 (s, 4H, para-[B(C6H3(CF3)2)4]), 7.74ï7.63 (m, 2H, 

C4H2S), 7.33-7.24 (m, 4H, meta-Dipp), 7.06 (t, 3JHH = 7.6 Hz, 2H, para-Dipp), 3.62 (br 

d, 3JHH = 6.9 Hz, 4H, Dipp-CH(CH3)2), 2.61 (d sp, 3JHP = 14.0 Hz, 3JHH = 6.9 Hz, 4H, 

PïCH(CH3)2), 1.35 (d, 3JHH = 7.0 Hz, 6H, PïCH(CH3)2), 1.28 (d, 3JHH = 6.9 Hz, 30H, 

Dipp and PïCH(CH3)2), 1.12 (dd, 3JHP = 17.3 Hz, 3JHH = 6.9 Hz, 12H, PïCH(CH3)2),  
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ï0.15 (s, 3H, ZnïCH3). 
11B{ 1H} NMR (96 MHz, pyridine-d5): ŭ ï4.39 (s). 13C{1H} 

NMR (75 MHz, pyridine-d5): ŭ 163.1 (1:1:1:1 q, 1JCB = 49.7 Hz,  

ipso-[B(C6H3(CF3)2)4]), 146.1 (d, 2JCP = 8.1 Hz, ortho-Dipp), 142.6 (t, 3JCP = 5.4 Hz, 

ipso-Dipp), 139.0 (d, 1JCP = 77.6 Hz, C2/C5-thiophene), 135.8 (s,  

ortho-[B(C6H3(CF3)2)4]), 131.7 (d, 2JCP = 88.2 Hz, C3/C4-thiophene), 130.5 (q,  

1JCF = 2.8 Hz, CF3-[B(C6H3(CF3)2)4]), 130.1 (q, 1JCF = 2.8 Hz, CF3-[B(C6H3(CF3)2)4]), 

127.3 (s, meta-[B(C6H3(CF3)2)4]), 123.5 (s, meta-Dipp), 119.9 (br d, 5JCP = 1.9 Hz, 

para-Dipp), 118.8 (br t, 3JCF = 3.8 Hz, para-[B(C6H3(CF3)2)4]), 30.1 (s,  

Dipp-CH(CH3)2), 29.6 (s, Dipp-CH(CH3)2), 29.2 (s, Dipp-CH(CH3)2), 29.0 (s,  

Dipp-CH(CH3)2), 24.5 (s, PïCH(CH3)2), 24.4 (s, PïCH(CH3)2), 17.6 (d, 2JCP = 1.7 Hz, 

PïCH(CH3)2), 17.4 (d, 2JCP = 1.6 Hz, PïCH(CH3)2), 16.4 (d, 2JCP = 3.5 Hz,  

PïCH(CH3)2), 16.3 (d, 2JCP = 3.6 Hz, PïCH(CH3)2), ï16.9 (s, ZnïCH3). 
19F{1H} NMR 

(282 MHz, pyridine-d5): ŭ ï60.55 (s). 31P{1H} NMR (122 MHz, pyridine-d5): ŭ 2.8 (s). 

Anal. Calcd. for C73H79BF24N2P2SZn: C 54.44; H 4.94; N 1.74; S 1.99; found: C 53.89; 

H 4.41; N 1.37; S 1.49. 

Synthesis of [(DippN=PPh2)2C4H2SeZnMe][B(3,5-(CF3)2C6H3)4] (38) In a glove box, 

28 (30.9 mg, 0.0180 mmol) was added to 

a 20 mL scintillation vial, followed by 5 

mL of bromobenzene, resulting in a 

golden-brown solution. Dimethyl zinc (15.0 ‘L, 0.0180 mmol, 1.2 M) was slowly 

injected into the stirring solution over a period of 5 min, after which a small amount of 

bubbling was observed. The solution was stirred for 2 h under an argon atmosphere. 

Pentane (~2 mL) was added to the brown solution and the mixture was allowed to stir 

for 30 min. The solvent was then removed under vacuum resulting in a thick dark-

brown oil. The oil was washed with pentane (3 × 3 mL), and the remaining solvent 
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removed under vacuum to afford a brown solid. Yield: 28.4 mg, 84.4%. 1H NMR (300 

MHz, pyridine-d5) ŭ 8.44 (s, 8H, ortho-[B(C6H3(CF3)2)4]), 7.87 (dd, 3JHH = 7.2 Hz,  

3JHP = 5.7 Hz, 8H, ortho-Ph), 7.83 (s, 4H, meta-[B(C6H3(CF3)2)4]), 7.67-7.61 (m, 2H, 

C4H2Se), 7.54 (br td, 3JHH = 7.2 Hz, 5JHP = 1.1 Hz, 4H, para-Ph), 7.45 (br td, 3JHH = 7.2, 

4JHP = 2.9 Hz, 8H, meta-Ph), 7.20 (ov d, 3JHH = 7.0 Hz, 4H, meta-Dipp), 7.06 (br td, 

3JHH = 7.0 Hz, 5JHP = 1.9 Hz, 2H, para-Dipp), 3.61 (sp, 3JHH = 6.7 Hz, 4H,  

Dipp-CH(CH3)2), 1.03 (d, 3JHH = 6.7 Hz, 24H, Dipp-CH(CH3)2), ï0.14 (s, 3H,  

ZnïCH3). 
1H{ 31P} NMR (300 MHz, pyridine-d5): ŭ 8.43 (br s, 8H,  

ortho-[B(C6H3(CF3)2)4]), 7.86 (ov d, 3JHH = 8.1 Hz, 8H, ortho-Ph), 7.83 (ov s, 4H,  

meta-[B(C6H3(CF3)2)4]), 7.62 (s, 2H, C4H2Se), 7.54 (t, 3JHH = 7.5 Hz, 4H, para-Ph), 

7.45 (br t, J = 7.2 Hz, 8H, meta-Ph), 7.20 (ov d, 3JHH = 7.5 Hz, 4H, meta-Dipp), 7.07 (t, 

3JHH = 7.5 Hz, 2H, para-Dipp), 3.61 (sp, 3JHH = 6.7 Hz, 4H, Dipp-CH(CH3)2), 1.04 (d, 

3JHH = 6.8 Hz, 24H, Dipp-CH(CH3)2), ï0.14 (s, 3H, ZnïCH3). 
11B{ 1H} NMR (96 MHz, 

pyridine-d5): ŭ ï5.91 (s). 13C{1H} NMR (75 MHz, pyridine-d5): ŭ 163.1 (1:1:1:1 q,  

1JCB = 49.8 Hz, ipso-[B(C6H3(CF3)2)4]), 143.6 (d, 2JCP = 7.5 Hz, ipso-Dipp),  

139.8-138.9 (m, C3/C4-selenophene), 135.8 (s, ortho-[B(C6H3(CF3)2)4]), 134.7 (d,  

1JCP = 134.7 Hz, ipso-Ph), 132.7 (s, meta-Dipp), 132.6 (s, para-Dipp), 131.0 (s,  

ortho-Ph), 130.5 (q, 1JCF = 2.7 Hz, CF3-[B(C6H3(CF3)2)4]), 130.1 (q, 1JCF = 2.9 Hz,  

CF3-[B(C6H3(CF3)2)4]), 129.4 (d, 2JCP = 12.8 Hz, ortho-Dipp), 127.3 (s,  

meta-[B(C6H3(CF3)2)4]), 126.2 (s, meta-Ph), 123.8 (s, para-[B(C6H3(CF3)2)4]), 120.84 

(s, para-Ph), 118.8 (t, 3JCF = 4.2 Hz, para-[B(C6H3(CF3)2)4]), 29.5 (s, Dipp-CH(CH3)2), 

24.4 (s, Dipp-CH(CH3)2), ï16.7 (s, ZnïCH3). Note: C2/C5-selenophene were not 

observed. 19F{1H} NMR (282 MHz, pyridine-d5): ŭ ï62.07 (s). 31P{1H} NMR (122 

MHz, pyridine-d5): ŭ ï14.0 (s). Anal. Calcd. for C85H71BF24N2P2SeZn: 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=PiPr2)2C4H2SeZnMe][B(3,5-(CF3)2C6H3)4] (39) In a glove box, 

29 (51.8 mg, 0.0328 mmol) was added to 

a 20 mL scintillation vial, followed by 5 

mL of bromobenzene, resulting in a brown 

solution. Dimethyl zinc (27.4 ‘L, 0.0328 mmol, 1.2 M) was slowly injected into the 

stirring solution over a period of 5 min. A small amount of bubbling was observed. The 

solution was stirred for 2 h under an argon atmosphere. Pentane (~2 mL) was added to 

the brown-orange solution and the mixture was allowed to stir for 30 min. The solvent 

was removed under vacuum resulting in a thick dark orange-brown oil. The oil was 

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

under vacuum to afford a caramel coloured solid. Yield: 45.8 mg, 84.3%. 1H NMR (300 

MHz, pyridine-d5): ŭ 8.43 (br s, 8H, ortho-[B(C6H3(CF3)2)4]), 7.93 (br s, 2H, C4H2Se), 

7.83 (s, 4H, meta-[B(C6H3(CF3)2)4]), 7.25 (br d, 4H, meta-Dipp), 7.08 (t, 3JHH = 7.2 Hz, 

2H, para-Dipp), 3.63 (sp, 3JHH = 6.7 Hz, 4H, PïCH(CH3)2), 2.64 (br sp, 3JHH = 6.1 Hz, 

4H, Dipp-CH(CH3)2), 1.35 (ov d, 3JHH = 6.7 Hz, 12H, PïCH(CH3)2), 1.27 (ov d,  

3JHH = 6.1 Hz, 24H, Dipp-CH(CH3)2), 1.17 (dd, 3JHP = 17.1 Hz, 3JHH = 6.7 Hz, 12H,  

PïCH(CH3)2), ï0.15 (s, 3H, ZnïCH3). 
11B{ 1H} NMR (96 MHz, pyridine-d5): ŭ ï4.41 

(s). 13C{1H} NMR (75 MHz, pyridine-d5): ŭ 163.1 (1:1:1:1 q, 
1JCB = 49.9 Hz,  

ipso-[B(C6H3(CF3)2)4]), 142.8 (br s, ipso-Dipp), 132.3 (s, ortho-[B(C6H3(CF3)2)4]), 

131.7 (d, 2JCP = 88.5 Hz, C3/C4-selenophene), 131.0-129.5 (m, CF3-[B(C6H3(CF3)2)4]), 

129.1 (s, para-Dipp), 127.9 (s, meta-Dipp), 127.3 (s, meta-[B(C6H3(CF3)2)4]), 120.1 (s, 

ortho-Dipp), 118.7 (t, 3JCF = 3.9 Hz, para-[B(C6H3(CF3)2)4]), 29.6 (d, 1JCP = 68.8 Hz, 

PïCH(CH3)2), 24.5 (s, Dipp-CH(CH3)2), 17.0 (d, 2JCP = 83.9 Hz, PïCH(CH3)2). ï18.01 

(s, ZnïCH3).  Note: C2/C5-selenophene were not observed. 19F{1H} NMR (282 MHz, 

pyridine-d5): ŭ ï60.56 (s). 31P{1H} NMR (122 MHz, pyridine-d5): ŭ 7.2 (s). 77Se{1H} 
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NMR (134 MHz, pyridine-d5) ŭ 764.8 (br m). Anal. Calcd. for C73H61BF24N2P2SeZn: 

C 52.90; H 4.80; N 1.69; found: C 53.37; H 4.77; N 1.70. 

Synthesis of [(PippN=PiPr2)2C4H2SeZnMe][B(C6F5)4] (40) In a glove box, 30 (100.0 

mg, 0.0764 mmol) was added to a 20 

mL scintillation vial, followed by 5 mL 

of bromobenzene, resulting in a brown 

solution. Dimethyl zinc (63.4 ‘L, 

0.0764 mmol, 1.2 M) was slowly injected into the stirring solution over a period of 5 

min. A small amount of bubbling was observed. The solution was stirred for 2 h under 

an argon atmosphere. Pentane (~2 mL) was added to the brown-orange solution and 

mixture was allowed to stir for 30 min. The solvent was removed under vacuum 

resulting in a thick dark orange-brown oil. The oil was washed with three portions of 

pentane (3 mL), and the remaining solvent removed under vacuum to give caramel 

coloured solid. Yield: 94.6 mg, 81.2%. Resonances were better resolved at 60 °C for 

1H and 13C{1H} experiments, all others were run at ambient temperature. 1H NMR (300 

MHz, d8-THF): ŭ 8.12 (br, 2H, C4H2Se), 6.98 (br, 4H, ortho-Pipp), 6.83 (br, 4H,  

meta-Pipp), 2.88 (br ov, 4H, PïCH(CH3)2), 2.73 (br ov, 2H, Pipp-CH(CH3)2), 1.32 (ov 

m, 24H, PïCH(CH3)2), 1.10 (d, 12H, 3JHH = 6.6 Hz, Pipp-CH(CH3)2), ï0.15 (s, 1-2H,  

ZnïCH3). 
11B{ 1H} NMR (96 MHz, d8-THF): ŭ ï18.32 (s). 13C{1H} NMR (75 MHz, 

CDCl3): ŭ 149.6 (br d, ipso-Pipp), 137.7 (br m, C3/C4-selenophene), 137.4 (br d,  

C2/C5-selenophene), 128.7 (s, para-Pipp), 128.3 (s, meta-Pipp), 124.7 (s, ortho-Pipp), 

33.5 (s, Pipp-CH(CH3)2), 27.4 (m, PïCH(CH3)2), 24.5 (s, Pipp-CH(CH3)2) 16.42 (m,  

PïCH(CH3)2), ï14.99 (s, ZnïCH3).
 19F{1H} NMR (282 MHz, d8-THF): ŭ ï133.54 (s, 

8F, ortho-C6F5), ï166.27 (t, 4F, 3JFF = 20.1 Hz, para-C6F5), ï169.73 (t, 8F,  
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3JFF = 18.9 Hz, meta-C6F5). 
31P{1H} NMR (122 MHz, CDCl3): 55.3 (br s). Anal. Calcd. 

for C59H55BF20N2P2SeZn: C 51.01; H 3.99; N 2.02; found: C 50.93; H 3.65; N 1.97. 

Synthesis of [(DippN=PPh2)2C4H2OZnOPh][B(C6F5)4] (32b) In a glove box, 

bromobenzene (~3 mL) was added to a 

20 mL scintillation vial containing 20 

(42.2 mg, 0.0288 mmol) and MeZnOPh 

(5.00 mg, 0.0288 mmol). A yellow 

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

stirred for 2 h under an argon atmosphere, after which a transparent orange-yellow 

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

red-orange oil. The oil was washed with pentane (3 × 3 mL), and the remaining pentane 

was removed in vacuo to afford an orange-red solid. Yield: 34.0 mg, 72.7%. 1H NMR 

(300 MHz, pyridine-d5): ŭ 7.78 (dd, 
3JHP = 12.9 Hz, 3JHH = 7.2 Hz, 8H, ortho-Ph), 7.53 

(dt, 3JHH = 7.6 Hz, 5JHP = 6.3 Hz, 4H, para-Ph), 7.41 (td, 3JHH = 7.4 Hz, 4JHP = 3.1 Hz, 

8H, meta-Ph), 7.31 (t, 3JHH = 7.8 Hz, 2H, meta-OC6H5), 7.23 (ov m, C4H2O), 7.20 (ov 

s, 2H, para-Dipp), 7.12 (ov t, 3JHH = 8.7 Hz, 4H, meta-Dipp), 7.05 (ov s, 2H,  

ortho-OC6H5), 6.85 (t, 3JHH = 7.1 Hz, 1H, para-OC6H5), 3.59 (sp, 3JHH = 6.8 Hz, 4H, 

Dipp-CH(CH3)2), 1.04 (d, 3JHH = 6.8 Hz, 24H, Dipp-CH(CH3)2). 
11B{ 1H} NMR  

(96 MHz, pyridine-d5): ŭ ï14.45 (s). 13C{1H} NMR (75 MHz, pyridine-d5): ŭ 156.6 (dd, 

1JCP = 116.1 Hz, 4JCP = 4.3 Hz, C2/C5-furan), 145.0 (s, ortho-Dipp), 144.1 (d,  

2JCP = 7.3 Hz, ipso-Dipp), 133.8 (d, 1JCP = 111.7 Hz, ipso-Ph), 133.5 (ov d,  

2JCP = 2.8 Hz, C3/C4-furan), 133.3 (d, 2JCP = 10.3 Hz, meta-Ph), 133.1 (s,  

meta-OC6H5),), 132.0 (s, ortho-OC6H5),), 131.4 (s, para-Dipp), 130.3 (d,  

2JCP = 12.7 Hz, ortho-Ph), 128.73 (s, para-OC6H5), 124.6 (s, meta-Dipp), 121.6 (d,  

5JCP = 2.9 Hz, para-Dipp), 30.3 (s, Dipp-CH(CH3)2), 25.2 (s, Dipp-CH(CH3)2). Note: 
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ipso-OC6H5 was not observed. 19F{1H} NMR (282 MHz, pyridine-d5): ŭ ï130.61 (d, 

3JFF = 9.1 Hz, 8F, ortho-C6F5), ï160.63 (t, 3JFF = 20.9 Hz, 4F, para-C6F5), ï164.74 (t, 

3JFF = 18.2 Hz, 8F, meta-C6F5). 
31P{1H} NMR (122 MHz, pyridine-d5): ŭ ï23.26 (s). 

Synthesis of [(PippN=PPh2)2C4H2OZnOPh][B(C6F5)4] (33b) In a glove box, 

bromobenzene (~3 mL) was added to a 

20 mL scintillation vial containing 21 

(78.0 mg, 0.0560 mmol) and EtZnOPh 

(11.0 mg, 0.0560 mmol). The solution 

turned from yellow to transparent over a 1 h period. The solution was stirred for 2 h 

under an argon atmosphere, during which a light-yellow oil formed. The excess solvent 

was decanted, and the remaining volatiles were removed in vacuo giving an off-white 

solid which was washed with pentane (3 × 3 mL). The residual pentane was removed 

in vacuo to afford an off-white solid. Yield: 74.3 mg, 86.1%. Crystals were grown from 

a saturated solution in DCM at ï30 °C. 1H NMR (300 MHz, THF-d8): ŭ 7.73 (t,  

3JHH = 7.6, 4H, para-Ph), 7.42 (td, 3JHH = 7.6, 4JHP = 3.1 Hz, 8H, meta-Ph), 7.20 (dd, 

3JHP = 12.1, 3JHH = 7.6 Hz, 8H, ortho-Ph), 7.01 (s, 2H, C4H2O), 6.94 (s, 5H, ZnïOC6H5), 

6.63 (d, 4H, 3JHH = 7.7 Hz, ortho-Pipp), 5.96 (d, 4H, 3JHH = 7.7 Hz, meta-Pipp), 2.74 

(sp, 3JHH = 6.8 Hz, 4H, Pipp-CH(CH3)2), 1.08 (d, 3JHH = 6.8 Hz, 24H, Pipp-CH(CH3)2). 

11B{ 1H} NMR (96 MHz, THF-d8): ŭ ï18.45 (s). 13C{1H} NMR (75 MHz, THF-d8):  

ŭ 162.2 (s, ipso-OC6H5), 149.1 (br d, 1JCP = 111.1, C2/C5-furan), 146.7 (s, para-Pipp), 

141.0 (d, 2JCP = 93.7 Hz, ipso-Pipp), 135.5 (s, para-Ph), 134.5 (d, 2JCP = 3.1 Hz,  

ortho-Ph), 131.1 (s, ortho-OC6H5), 130.5 (d, 3JCP = 2.9 Hz, meta-Ph), 130.4 (br m, 

C3/C4-furan), 129.0 (s, meta-Pipp), 128.1 (s, ortho-Pipp), 125.6 (d, 1JCP = 72.7 Hz,  

ipso-Ph), 123.3 (s, meta-OC6H5), 121.9 (s, para-OC6H5), 34.4 (s, Pipp CH(CH3)2), 24.4 

(s, Dipp CH(CH3)2). 
19F{1H} NMR (282 MHz, THF-d8): ŭ ï133.69 (t, 3JFF = 9.1 Hz, 
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8F, ortho-C6F5), ï165.90 (t, 3JFF = 20.9 Hz, 4F, para-C6F5), ï169.38 (t, 3JFF = 18.2 Hz, 

8F, meta-C6F5). 
31P{1H} NMR (122 MHz, THF-d8): ŭ ï18.1 (s). Anal. Calcd. for 

C84H61BF24N2O2P2Zn: C 58.50; H 3.57; N 1.62; found: C 58.90; H 3.21; N 1.67. 

Synthesis of [(DippN=PiPr2)2C4H2OZnOPh][B(3,5-(CF3)2C6H3)4] (34b) In a glove box, 

bromobenzene (~3 mL) was added to a 20 

mL scintillation vial containing 23  

(33.2 mg, 0.0219 mmol) and MeZnOPh 

(3.80 mg, 0.0219 mmol). An orange-brown solution was visible immediately after the 

addition of the solvent. The solution was stirred 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 brown-orange oil. The oil was washed with pentane 

(3 × 3 mL), and the remaining solvent removed under vacuum to give an orange-brown 

solid. Yield: 32.5 mg, 88.6%. 1H NMR (300 MHz pyridine-d5): ŭ 8.42 (s, 8H,  

ortho-[B(C6H3(CF3)2)4]),, 7.83 (s, 4H, para-[B(C6H3(CF3)2)4]), 7.39-7.28 (m, 6H, 

meta/para-Dipp), 7.24 (ov m, 2H, C4H2O), 7.16 (ov m, 2H, ortho-OC6H5), 7.07 (br t, 

3JHH = 7.2 Hz, 2H, meta-OC6H5), 6.87 (br s, 1H, para-OC6H5), 3.64 (br sp,  

3JHH = 6.5 Hz, 4H, PïCH(CH3)2), 2.75-2.50 (ov m, 4H, Dipp-CH(CH3)2), 1.29 (ov d, 

3JHH = 6.3 Hz, 24H, Dipp-CH(CH3)2), 0.86 (br d, 3JHH = 6.6 Hz, 24H, PïCH(CH3)2). 

11B{ 1H} NMR (96 MHz, pyridine-d5): ŭ ï5.92 (s). 13C{1H} NMR (75 MHz,  

pyridine-d5): ŭ 163.1 (1:1:1:1 q, 
1JCB = 51.6 Hz, ipso-[B(C6H3(CF3)2)4), 153.7 (d,  

1JCP = 93.7 Hz, C2/C5-furan), 145.7 (s, ortho-Dipp), 142.4 (d, 2JCP = 5.8 Hz, ipso-Dipp), 

135.8 (s, ortho-[B(C6H3(CF3)2)4]), 130.9 (br m, 1JCF = 3.6 Hz, CF3-[B(C6H3(CF3)2)4]), 

130.6 (s, meta-Dipp), 130.6-130.3 (m, CF3-[B(C6H3(CF3)2)4]), 130.1 (br m,  

1JCF = 3.7 Hz, CF3-[B(C6H3(CF3)2)4]), 129.9-129.3 (m, CF3-[B(C6H3(CF3)2)4]), 127.3 

(s, meta-[B(C6H3(CF3)2)4]), 124.0 (ov s, para-OC6H5), 123.5 (s, meta-Dipp), 119.9 (ov 
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s, para-Dipp), 119.9 (ov s ortho/meta-OC6H5), 118.7 (s, para-[B(C6H3(CF3)2)4]), 29.4 

(s, Dipp-CH(CH3)2), 29.2 (s, PïCH(CH3)2), 28.3 (s, PïCH(CH3)2), 24.3 (s,  

Dipp-CH(CH3)2), 17.11 (s, PïCH(CH3)2), 16.12 (s, PïCH(CH3)2). Note: ipso-OC6H5 

was not observed. 19F{1H} NMR (282 MHz, pyridine-d5): ŭ ï62.10 (s). 31P{1H} NMR 

(122 MHz, pyridine-d5) ŭ ï1.4 (s). 

Synthesis of [(DippN=PPh2)2C4H2SZnOPh][B(3,5-(CF3)2C6H3)4] (35b) In a glove box, 

bromobenzene (~3 mL) was added to a 20 

mL scintillation vial containing 25 (31.2 

mg, 0.0193 mmol) and MeZnOPh (3.30 

mg, 0.0193 mmol). A yellow solution was visible immediately after the addition of the 

solvent. A gradual colour change was observed over the next 30 min as the yellow 

solution turned bright-orange in colour and a small amount of bubbling was observed. 

The solution was stirred for 2 h under an argon atmosphere, during which no change 

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

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

pentane was removed under vacuum to yield a brown-orange solid. Yield: 31.8 mg, 

90.4%. 1H NMR (300 MHz, pyridine-d5): ŭ 8.44 (br s, 8H, ortho-[B(C6H3(CF3)2)4]), 

7.87 (ov d, 3JHH = 7.1 Hz, 4H, meta-[B(C6H3(CF3)2)4]), 7.83 (ov s, 8H, ortho-Ph), 7.52 

(t, 3JHH = 7.2 Hz, 4H, para-Ph), 7.46 (td, 3JHH = 9.4 Hz, 4JHP = 4.7 Hz, 8H, meta-Ph), 

7.36 (ov dd, 3JHP = 5.2 Hz, 4JHP = 3.3 Hz, 2H, C4H2S), 7.29 (ov t, 3JHH = 7.4 Hz, 2H, 

meta-OC6H5), 7.22 (ov s, 1H, ortho-OC6H5), 7.18 (ov t, 3JHH = 6.8 Hz, 4H, meta-Dipp), 

7.07 (td, 3JHH = 6.8, 5JHP = 4.1 Hz, 2H, para-Dipp), 6.81 (t, 3JHH = 6.7 Hz, 1H,  

para-OC6H5), 3.60 (t, 3JHH = 6.8 Hz, 4H, Dipp-CH(CH3)2), 1.03 (d, 3JHH = 6.8 Hz, 24H, 

Dipp-CH(CH3)2). 
11B{ 1H} NMR (96 MHz, pyridine-d5): ŭ ï4.40 (s). 13C{1H} NMR  

(75 MHz, pyridine-d5): ŭ 163.2 (1:1:1:1 q, 1JCB = 49.8 Hz, ipso-[B(C6H3(CF3)2)4), 144.6 
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(dd, 1JCP = 19.5, 4JCP = 1.6 Hz, C2/C5-thiophene), 143.5 (d, 2JCP = 7.5 Hz, ipso-Dipp), 

139.5 (br s, ortho-Dipp), 137.8-137.0 (m, C3/C4-thiophene), 135.8 (s,  

ortho-[B(C6H3(CF3)2)4]), 133.9 (d, 1JCP = 106.8 Hz, ipso-Ph), 132.8 (d, 3JCP = 10.2 Hz, 

meta-Ph), 132.7 (m, ortho/meta-OC6H5), 130.6 (s, para-Ph), 130.6 (q, 1JCF = 2.7 Hz, 

CF3-[B(C6H3(CF3)2)4]), 130.1 (q, 1JCF = 5.3 Hz, CF3-[B(C6H3(CF3)2)4]), 129.4 (d,  

2JCP = 12.6 Hz, ortho-Ph), 127.3 (s, meta-[B(C6H3(CF3)2)4]), 123.8 (s, para-Dipp), 

123.6 (s, para-OC6H5), 120.8 (d, 5JCP = 3.0 Hz, meta-Dipp), 118.7 (d, 3JCF = 4.0 Hz, 

para-[B(C6H3(CF3)2)4]), 29.5 (s, Dipp-CH(CH3)2), 24.4 (s, Dipp-CH(CH3)2). Note: 

ipso-OC6H5 was not observed. 19F{1H} NMR (282 MHz, pyridine-d5): ŭ ï60.55 (s). 

31P{1H} NMR (122 MHz, pyridine-d5): ŭ ï17.1 (s). 

Synthesis of [(PippN=PPh2)2C4H2SZnOPh][B(C6F5)4] (36b) In a glove box, 

bromobenzene (~3 mL) was added to a 

20 mL scintillation vial containing 25 

(56.0 mg, 0.0400 mmol) and EtZnOPh 

(7.50 mg, 0.0400 mmol). The solution 

turned from yellow to colourless over a 1 h period. The solution was stirred for 2 h 

under an argon atmosphere. Heptane (5 mL) was added which caused an off-white solid 

to precipitate. The excess solvent was decanted, and the remaining volatiles were 

removed in vacuo giving an off-white solid which was washed with pentane (3 × 3 mL). 

The remaining pentane was removed in vacuo which afforded an off-white solid. Yield: 

51.3 mg, 82.4%. 1H NMR (300 MHz, THF-d8): ŭ 7.89 (br ov m, 8H, ortho-Ph) 7.77 (br 

ov m, 4H, para-Ph), 7.61 (br ov m, 8H, meta-Ph), 7.45 (br ov m, 2H, ortho-OC6H5), 

7.26 (br ov m, 2H, meta-OC6H5), 7.25 (br ov m, 2H, C4H2S), 6.91 (br ov m, 4H,  

ortho-Pipp), 6.82 (br ov m, 1H, para-OC6H5), 6.68 (br ov m, 4H, meta-Pipp), 2.75 (sp, 

3JHH = 6.9 Hz, 4H, Dipp CH(CH3)2), 1.12 (d, 3JHH = 6.9 Hz, 24H, Dipp CH(CH3)2). 
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11B{ 1H} NMR (96 MHz, THF-d8): ŭ ï18.45 (s). 13C{1H} NMR (75 MHz, THF-d8)  

ŭ 134.7 (s, ortho-OC6H5), 131.7 (s, meta-OC6H5), 130.4 (s, meta-Ph), 130.2 (s,  

para-Ph), 128.0 (s, para-OC6H5), 127.7 (s, meta-Pipp), 123.65 (s, ortho-Pipp), 120.1 

(s, para-OC6H5). Note C2-5-thiophene, ipso-Ph, ipso-OC6H5, ipso-Pipp, and para-Pipp 

were not observed. 19F{1H} NMR (282 MHz, THF-d8): ŭ ï133.69 (t, 3JFF = 9.1 Hz, 8F, 

ortho-C6F5), ï165.97 (t, 3JFF = 20.9 Hz, 4F, para-C6F5), ï169.45 (t, 3JFF = 18.2 Hz, 8F, 

meta-C6F5). 
31P{1H} NMR (122 MHz, THF-d8): ŭ ï28.6 (br s). Anal. Calcd. for 

C76H49BF20N2OP2SZn: C 58.65; H 3.17; N 1.80; S 2.06; found: C 58.31; H 3.22;  

N 2.06; S 2.54. 

Synthesis of [(DippN=PiPr2)2C4H2SZnOPh][B(3,5-(CF3)2C6H3)4] (37b) In a glove box, 

bromobenzene (~3 mL) was added to a 20 

mL scintillation vial containing 27 (22.1 

mg, 0.0137 mmol) and MeZnOPh (2.40 

mg, 0.0137 mmol). An orange solution was visible immediately after the addition of 

the solvent. The solution was stirred 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 brown-yellow oil. The oil was washed with pentane (3 × 3 mL), and 

the remaining pentane was removed under vacuum giving a brown-yellow solid. Yield: 

22.6 mg, 93.4%. 1H NMR (300 MHz, pyridine-d5) ŭ 8.44 (br s, 8H,  

ortho-[B(C6H3(CF3)2)4]), 7.83 (s, 4H, meta-[B(C6H3(CF3)2)4]), 7.68 (br s, 2H, C4H2S), 

7.31 (ov t, 3JHH = 8.0 Hz, 2H, para-Dipp), 7.14 (ov d, 3JHH = 7.5 Hz, 4H, meta-Dipp), 

7.06 (t, 3JHH = 7.3 Hz, 2H, meta-OC6H5), 6.94 (s, 1H, para-OC6H5), 6.87 (br t,  

3JHH = 6.6 Hz, 2H, ortho-OC6H5), 3.62 (sp, 3JHH = 6.8 Hz, 4H, Dipp-CH(CH3)2), 2.61 

(d sp, 3JHP = 14.6, 3JHH = 7.1 Hz, 4H PïCH(CH3)2), 1.34 (ov d, 3JHH = 6.6 Hz, 12H,  

PïCH(CH3)2), 1.28 (ov d, 3JHH = 6.6 Hz, 24H, Dipp-CH(CH3)2), 1.12 (dd, 3JHP = 17.2, 
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3JHH = 6.6 Hz, 12H, PïCH(CH3)2). 
11B{ 1H} NMR (96 MHz, pyridine-d5): ŭ ï4.41 (s). 

13C{1H} NMR (75 MHz, pyridine-d5): ŭ 163.1 (1:1:1:1 q, 
1JCB = 49.8 Hz,  

ipso-[B(C6H3(CF3)2)4), 146.1 (s, ortho-Dipp), 142.6 (d, 2JCP = 5.9 Hz, ipso-Dipp), 139.0 

(d, 1JCP = 77.4 Hz, C2/C5-thiophene), 135.8 (s, ortho-[B(C6H3(CF3)2)4]), 131.7 (d,  

2JCP = 88.4 Hz, C3/C4-thiophene), 130.6 (m, CF3-[B(C6H3(CF3)2)4]), 130.5 (s,  

meta-Dipp), 130.5 (q, 1JCF = 2.8 Hz, CF3-[B(C6H3(CF3)2)4]), 130.1 (q, 1JCF = 2.9 Hz, 

CF3-[B(C6H3(CF3)2)4]), 129.9 (s, meta-OC6H5), 129.4 (m, CF3-[B(C6H3(CF3)2)4]), 

129.4 (s, para-OC6H5), 129.1 (s, ortho-OC6H5), 127.3 (s, meta-[B(C6H3(CF3)2)4]), 

123.5 (s, meta-Dipp), 119.9 (d, 5JCP = 2.1 Hz, para-Dipp), 119.1-118.2 (m,  

para-[B(C6H3(CF3)2)4]), 30.0 (s, PïCH(CH3)2), 29.6 (s, Dipp-CH(CH3)2), 29.0 (s,  

PïCH(CH3)2), 24.4 (s, Dipp-CH(CH3)2), 17.4 (d, 2JCP = 1.5 Hz, PïCH(CH3)2), 16.3 (d, 

2JCP = 3.5 Hz, PïCH(CH3)2). Note: ipso-OC6H5 was not observed. 19F{1H} NMR  

(282 MHz, pyridine-d5): ŭ ï60.56 (s). 31P{1H} NMR (122 MHz, pyridine-d5): ŭ 2.8 (s).  

Alternate synthesis: In a glove box, bromobenzene (~3 mL) was added to a 20 mL 

scintillation vial containing 37 (24.9 mg, 0.0155 mmol), and phenol (1.5 mg,  

0.0155 mmol). Immediately after the addition of the solvent, a bright yellow solution 

was observed along with slight bubbling. The solution was stirred 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 brown-yellow oil. The oil was 

washed with pentane (3 × 3 mL), and the remaining pentane was removed under 

vacuum to afford a brown-yellow solid. Yield: 23.8 mg, 87.3%. 
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Synthesis of [(DippN=PPh2)2C4H2SeZnOPh][B(3,5-(CF3)2C6H3)4] (38b) In a glove 

box, bromobenzene (~3 mL) was added to 

a 20 mL scintillation vial containing 28 

(23.4 mg, 0.0137 mmol) and MeZnOPh 

(2.40 mg, 0.0137 mmol). A golden-brown solution was visible immediately after the 

addition of the solvent. The solution was stirred 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 brown-orange oil. The oil was washed with pentane 

(3 × 3 mL), and the remaining pentane was removed under vacuum to give an orange-

brown solid. Yield: 22.9 mg, 89.6%. 1H NMR (300 MHz, pyridine-d5): ŭ 8.44 (s,  

ortho-[B(C6H3(CF3)2)4]), 7.88 (ov d, 4JHH = 7.5 Hz, 4H, meta-[B(C6H3(CF3)2)4]), 7.83 

(s, 8H, ortho-Ph), 7.68-7.61 (m, 2H, C4H2Se), 7.57-7.49 (m, 4H, para-Ph), 7.46 (ov m, 

8H, meta-Ph), 7.29 (t, 3JHH = 7.6 Hz, 4H, meta-Dipp), 7.17 (ov m, 6H, para-Dipp and 

ortho-OC6H5), 7.06 (t, 3JHH = 7.6 Hz, 2H, meta-OC6H5), 6.80 (t, 3JHH = 6.8 Hz, 1H, 

para-OC6H5), 3.61 (t, 3JHH = 6.8 Hz, 4H, Dipp-CH(CH3)2), 1.03 (d, 3JHH = 6.8 Hz, 24H, 

Dipp-CH(CH3)2).
 11B{ 1H} NMR (96 MHz, pyridine-d5): ŭ ï5.91 (s). 13C{1H} NMR  

(75 MHz, pyridine-d5): ŭ 163.1 (1:1:1:1 q, 
1JCB = 48.9 Hz, ipso-[B(C6H3(CF3)2)4), 144.6 

(s, ortho-Dipp), 143.6 (d, 2JCP = 6.4 Hz, ipso-Dipp), 139.4 (dd, 2JCP = 14.4,  

3JCP = 10.4 Hz, C3/C4-selenophene), 135.8 (s, ortho-[B(C6H3(CF3)2)4]), 134.4 (d,  

1JCP = 106.0 Hz, ipso-Ph), 132.7 (d, 3JCP = 10.6 Hz, meta-Ph), 131.2-130.9 (m,  

1JCF = 5.1 Hz, CF3-[B(C6H3(CF3)2)4]), 130.6 (s, para-Ph), 130.5-130.3 (m,  

1JCF = 2.4 Hz, CF3-[B(C6H3(CF3)2)4]), 130.0 (m, 1JCF = 3.7 Hz, CF3-[B(C6H3(CF3)2)4]), 

129.5 (s, ortho-OC6H5), 129.3 (d, 2JCP = 12.3 Hz, ortho-Ph), 129.1 (s, meta-OC6H5), 

127.3 (s, meta-[B(C6H3(CF3)2)4]), 126.2 (s, para-OC6H5), 123.7 (s, para-Dipp), 120.8 

(s, meta-Dipp), 118.7 (s, para-[B(C6H3(CF3)2)4]), 29.5 (s, Dipp-CH(CH3)2), 24.4 (s, 
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Dipp-CH(CH3)2). Note: C2/C5-selenophene and ipso-OC6H5 was not observed. 19F{1H} 

NMR (282 MHz, pyridine-d5): ŭ ï62.07 (s). 31P{1H} NMR (122 MHz, pyridine-d5):  

ŭ ï14.0 (s).  

Synthesis of [(DippN=PiPr2)2C4H2SeZnOPh][B(3,5-(CF3)2C6H3)4] (39b) In a glove 

box, bromobenzene (~3 mL) was added to 

a 20 mL scintillation vial containing 29 

(31.9 mg, 0.0202 mmol) and MeZnOPh 

(3.5 mg, 0.0202 mmol). An orange-brown solution was visible immediately after the 

addition of the solvent, along with slight bubbling. The solution was stirred for 2 h 

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

solution 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 vacuum yielding a brown solid. This material contained a mix of 39 and 

the desired compound 39b, as indicated by the peak observed at ŭ ï0.15 (s, 2H,  

ZnïCH3) in the 1H NMR spectrum. Thus, phenol (0.500 mg, 0.00510 mmol), was added 

the vial containing the brown solid, to which bromobenzene (~3 mL) was also added, 

yielding a transparent brown solution. The solution was stirred for an additional 16 h 

under an argon atmosphere, during which 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 vacuum affording 

a brown solid. Yield: 25.1 mg, 71.8%. 1H NMR (300 MHz, pyridine-d5): ŭ 8.44 (br s, 

8H, ortho-[B(C6H3(CF3)2)4]), 7.89 (dd, 3JHP = 5.2, 4JHP = 3.4 Hz, 2H, C4H2Se), 7.83 (br 

s, 4H, para-[B(C6H3(CF3)2)4]), 7.68 (m, 2H, ortho-OC6H5), 7.58-7.52 (m, 2H,  

meta-OC6H5), 7.30 (ov m, 4H, meta-Dipp), 7.06 (br t, 3JHH = 7.5, 2H, para-Dipp), 6.79 

(br t, J = 6.5 Hz, 1H, para-OC6H5), 3.66 (ov sp, 3JHH = 6.8 Hz, 4H, Dipp-CH(CH3)2), 
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2.60 (ov sp, 3JHH = 7.0 Hz, 4H, PïCH(CH3)2), 1.32 (ov m, 36H, Dipp and PïCH(CH3)2), 

1.15 (ov dd, 3JHP = 17.2 Hz, 3JHH = 7.1 Hz, 12H, PïCH(CH3)2).
 11B{ 1H} NMR (96 MHz, 

pyridine-d5): ŭ ï5.92 (s). 13C{1H} NMR (75 MHz, pyridine-d5): ŭ 163.1 (1:1:1:1 q,  

1JCB = 49.9 Hz, ipso-[B(C6H3(CF3)2)4), 146.2 (s, ipso-OC6H5), 145.5 (s, ortho-Dipp), 

142.6 (m, ipso-Dipp), 139.0 (d, 1JCP = 77.3Hz, C2/C5-selenophene), 137.4 (dd,  

2JCP = 13.2 Hz, 3JCP = 6.6 Hz, C3/C4-selenophene), 135.8 (s, ortho-[B(C6H3(CF3)2)4]), 

132.3 (s, meta-OC6H5), 131.1 (s, para-OC6H5), 131.0 (m, CF3-[B(C6H3(CF3)2)4]), 

130.1 (q, 1JCF = 2.8 Hz, CF3-[B(C6H3(CF3)2)4]), 129.9 (s, ortho-OC6H5), 129.1 (s, 

ortho-OC6H5), 127.9 (s, paraOC6H5), 127.3 (s, meta-[B(C6H3(CF3)2)4]), 123.6 (s,  

meta-Dipp), 119.9 (br s, para-Dipp), 118.8 (br m, para-[B(C6H3(CF3)2)4]),), 30.1 (s,  

PïCH(CH3)2), 30.0 (s, PïCH(CH3)2), 29.5 (s, Dipp-CH(CH3)2), 29.2 (s, PïCH(CH3)2), 

29.0 (s, PïCH(CH3)2), 24.5 (s, Dipp-CH(CH3)2), 24.4 (s, Dipp-CH(CH3)2), 17.6 (d,  

2JCP = 1.5 Hz, PïCH(CH3)2), 17.4 (d, 2JCP = 1.6 Hz, PïCH(CH3)2), 16.4 (d,  

2JCP = 3.5 Hz, PïCH(CH3)2), 16.3 (d, 2JCP = 3.6 Hz, PïCH(CH3)2). 
19F NMR (282 MHz, 

pyridine-d5) ŭ ï62.06 (s). 31P{1H} NMR (122 MHz, pyridine-d5): ŭ 5.5 (s, 71.4%), 2.85 

(s, 28.6%). 77Se{1H} NMR (134 MHz, pyridine-d5) ŭ 764.9 (t, 2JSeP = 12.8 Hz). 

Synthesis of [(PippN=PiPr2)2C4H2SeZnOPh][B(C6F5)4] (40b) In a glove box, 

bromobenzene (~3 mL) was added to a 

20 mL scintillation vial containing 30 

(70.6 mg, 0.054 mmol) and MeZnOPh 

(10.1 mg, 0.054 mmol). The solution was 

stirred for 48 h under an argon atmosphere, during which a light-yellow oil formed. The 

excess solvent was decanted, and the remaining volatiles were removed in vacuo giving 

a yellow solid which was washed with pentane (3 × 3 mL). The remaining solvent was 

removed in vacuo to afford a yellow solid. Yield: 78.0 mg, 90.1%. 1H NMR (300 MHz, 
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THF-d8): ŭ 8.20 (br, 2H, C4H2Se), 7.69 (br ov m, 1H, para-OC6H5), 7.50 (br ov m, 2H, 

meta-OC6H5), 7.28 (br ov m, 2H, ortho-OC6H5), 7.05 (br ov m, 4H, ortho-Pipp), 6.89 

(br ov m, 4H, meta-Pipp), 3.00 (br ov, 4H, PïCH(CH3)2), 2.80 (br ov, 2H,  

Pipp-CH(CH3)2), 1.29 (br ov, 24H, PïCH(CH3)2, 1.19 (br ov, 12H, Pipp-CH(CH3)2). 

11B{ 1H} NMR (96 MHz, THF-d8): ŭ ï18.45 (s). 13C{1H} NMR (75 MHz, THF-d8):  

ŭ 149.4 (br d, 1JCP = 102.0, C2/C5-selenophene), 139.4 (br d, 2JCP = 102.8 Hz,  

ipso-Pipp), 138.1 (br s, para-OC6H5), 136.7 (br s, para-Pipp), 132.6 (br s,  

para-OC6H5), (br s, ortho-OC6H5), 129.2 (br s, meta-Pipp), 129.0 (br s, ortho-Pipp), 

124.3 (s, meta-OC6H5), 124.3 (br s), 34.5 (m, PïCH(CH3)2), 27.1 (m, Dipp-CH(CH3)2), 

24.7 (s, Dipp-CH(CH3)2), 16.41 (m, PïCH(CH3)2). Note: C3/C4-selenophene was not 

observed. 19F{1H} NMR (282 MHz, THF-d8) ŭ ï133.69 (d, 3JFF = 9.1 Hz, 8F,  

ortho-C6F5), ï165.90 (t, 3JFF = 20.9 Hz, 4F, para-C6F5), ï169.38 (t, 3JFF = 18.2 Hz, 8F, 

meta-C6F5). 
31P{1H} NMR (122 MHz, THF-d8): ŭ 55.4 (br), 24.0 (br). 

Synthesis of Ca(HMDS)2ÅTHF In a glove box, calcium diiodide (0.818 g, 0.00278 mol) 

and 2 equiv of THF solvated potassium hexamethyldisilazane, [K][HMDS] ÅTHF 

(1.512 g, 0.00557 mol), were added to a swivel frit apparatus equipped with 100 mL 

round-bottom flasks. Toluene (~50 mL) was transferred in vacuo to the mixture. The 

reaction was stirred for 48 h under argon during which a light-yellow slurry formed. 

The mixture was filtered using and the volatiles removed in vacuo to yield a thick 

yellow oil. In a glove box, hexanes were added to the oil. Vigorous stirring afforded an 

off-white powder. The powder was triturated with hexanes (3 × 10 mL) and the volatiles 

removed in vacuo to give Ca(HMDS)2ÅTHF. Spectra were consistent with literature.128, 

129 Yield: 0.84 g, 69.9%. 1H NMR (300 MHz, C6D6) ŭ 3.56 (m, 4H, C2/C5-THF), 1.23 

(m, C3/C4-THF), 0.38 (s, 18H, HMDS), 0.26 (s, 18H, HMDS).  
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Important notes: [K][HMDS]ÅTHF was a solid obtained from 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 2 salts. For exact reproduction of this 

reaction do not substitute the halide salt or the solvent. The same procedure can be 

undertaken using a Et2O solvated [K][HMDS]  salt. 

Synthesis of [((PippN=PPh2)2C4H2O)2Ca][B(C6F5)4]2  (42) In a glove box, 21 (85.0 mg, 

0.0615 mmol) 

was added to a 

20 mL 

scintillation vial, 

followed by Ca(HMDS)2ÅEt2O (53.0 mg, 0.123 mmol) and ~5 mL of toluene. The  

light-yellow mixture was stirred for 2 h with no significant change. Volatiles were 

removed in vacuo and the resulting oil was washed with three portions of pentane  

(3 mL). The remaining volatiles were removed in vacuo to give a pale-yellow solid. 

Crystals were grown from a saturated DCM solution stored at ï30 °C Yield: 138.1 mg, 

80.1%. 1H NMR (300 MHz, CD2Cl2): ŭ 7.70 (t, 8H, 3JHH = 6.7 Hz, para-Ph), 7.44 (m, 

16H, meta-Ph), 7.26 (dd, 16H, 3JHH = 7.4 Hz, 3JHP = 12.3 Hz, ortho-Ph), 7.01 (s, 4H, 

C4H2O), 6.72 (d, 8H, 3JHH = 7.8 Hz, ortho-Pipp), 6.40 (d, 8H, 3JHH = 7.8 Hz,  

meta-Pipp), 2.63 (sp, 4H, 3JHH = 6.6 Hz, Pipp-CH(CH3)2), 0.99 (d, 24H, 3JHH = 6.6 Hz, 

Pipp-CH(CH3)2). 
11B{ 1H} NMR (96 MHz, CD2Cl2) ŭ ï16.67 (s). 13C{1H} NMR  

(75 MHz, CD2Cl2): ŭ 149.5 (br m, C2/C5-furan), 144.4 (s, ipso-Pipp), 135.0 (s,  

para-Ph), 133.30 (d, 2JCP = 3.7 Hz, ortho-Ph), 130.3 (d, 4JCP = 2.9 Hz, meta-Ph), 128.5 

(s, meta-Pipp), 126.5 (d, 1JCP = 35.4 Hz, ipso-Ph), 124.9 (m, C3/C4-furan), 123.2 (s, 

ortho-Pipp), 33.3 (s, Pipp-CH(CH3)2), 24.0 (s, Pipp-CH(CH3)2). Note: ipso-Pipp 

resonance was not observed. 19F{1H} NMR (282 MHz, CD2Cl2): ŭ ï132.24 (s, 8F, 
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ortho-C6F5), ï162.63 (t, 4F, 3JFF = 20.1 Hz, para-C6F5), ï166.34 (t, 8F, 3JFF = 18.9 Hz, 

meta-C6F5). 
31P{1H} NMR (122 MHz, CD2Cl2): ŭ 14.2 (s). Anal. Calcd. for 

C140H88B2CaF40N4O2P4: C 59.97; H 3.16; N 2.00; found: C 59.55; H 3.35; N 1.97. 

Synthesis of [((PippN=PPh2)2C4H2S)2Ca][B(C6F5)4]2 (43) In a glove box, 25 (100.0 mg, 

0.0710 mmol) 

was added to a  

20 mL 

scintillation vial, 

followed by Ca(HMDS)2ÅTHF (15.0 mg, 0.036 mmol) and ~5 mL of toluene. The 

orange solution was stirred for 2 h with no significant change. Volatiles were removed 

in vacuo and the resulting oil was further washed with three portions of pentane (3 mL). 

The remaining volatiles were removed in vacuo to yield a yellow-orange solid. Yield: 

77.5 mg, 75.9%. 1H NMR (300 MHz, d8-THF): ŭ 7.83 (dd, 16H, 3JHH = 7.6 Hz,  

3JHP = 12.5 Hz, ortho-Ph), 7.61-7.41 (ov m, 28H, para/meta-Ph and C4H2S), 6.79 (d, 

8H, 3JHH = 7.8 Hz, ortho-Pipp), 6.62 (d, 8H, 3JHH = 7.8 Hz, meta-Pipp), 2.70 (sp, 4H, 

3JHH = 6.7 Hz, Pipp-CH(CH3)2), 1.14 (d, 24H, 3JHH = 6.7 Hz, Pipp-CH(CH3)2). 
11B{ 1H} 

NMR (96 MHz, d8-THF): ŭ ï18.48 (s). 13C{1H} NMR (75 MHz, d8-THF): ŭ 147.7 (br 

m, ipso-Pipp), 142.5 (br m, C2/C5-thiophene), 138.5 (s, para-Pipp), 137.9 (br m,  

C3/C4-thiophene), 133.4 (d, 2JCP = 3.9 Hz, ortho-Ph), 132.5 (s, para-Ph), 132.1 (d,  

1JCP = 37.7 Hz, ipso-Ph), 128.6 (d, 4JCP = 2.9 Hz, meta-Ph), 127.1 (s, meta-Pipp), 123.2 

(d, 3JCP = 11.0 Hz, ortho-Pipp), 34.42 (s, Pipp-CH(CH3)2), 24.6 (s, Pipp-CH(CH3)2). 

19F{1H} NMR (282 MHz, d8-THF): ŭ ï133.71 (s, 8F, ortho-C6F5), ï165.91 (t, 4F,  

3JFF = 20.1 Hz, para-C6F5), ï169.44 (t, 8F, 3JFF = 18.9 Hz, meta-C6F5). 
31P{1H} NMR 

(122 MHz, d8-THF): ŭ ï9.4 (s). Anal. Calcd. for C140H88B2CaF40N4P4S2: C 59.29;  

H 3.13; N 1.98; S 2.26 found: C 58.80; H 3.69; N 2.57; S 2.49. 
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Synthesis of [((DippN=PPh2)2C4H2O)2CaNSiMe3]2[B(C6F5)4]2  (44) In a glove box, 20 

(40.0 mg, 

0.0273 

mmol) was 

added to an 

NMR tube followed by Ca(HMDS)2ÅTHF (12.0 mg, 0.0273 mmol) and ~0.5 mL of 

THF-d8. The orange solution became crimson within 10 min and was monitored over 2 

h via 31P{1H} NMR spectroscopy at which starting material resonances had vanished. 

Volatiles were removed in vacuo and the resulting red oil was washed with three 

portions of pentane (3 mL). The remaining volatiles were removed in vacuo to provide 

a red solid. Yield: 70.2 mg, 79.9%. 1H NMR (300 MHz, THF-d8): ŭ 7.53 (ov m, 24H, 

ortho/para-Ph), 7.38 (td, 16H, 3JHH = 7.7 Hz, 3JHP = 4.5 Hz, meta-Ph), 6.86 (m, 12H, 

meta/para-Dipp), 6.68 (m, 4H, C4H2O), 3.25 (sp, 8H, 3JHH = 6.4 Hz, Dipp-CH(CH3)2), 

0.83 (d, 48H, 3JHH = 6.4 Hz, Dipp-CH(CH3)2), ï0.01 (s, 18H, NïSi(CH3)3). 
11B{ 1H} 

NMR (96 MHz, THF-d8) ŭ ï18.46 (s). 13C{1H} NMR (75 MHz, THF-d8): ŭ 155.8 (d, 

2JCP = 47.7 Hz, ipso-Dipp), 144.1 (s, ortho-Dipp), 143.0 (d, 1JCP = 18.8 Hz,  

C2/C5-furan), 133.7 (d, 1JCP = 49.2 Hz, ipso-Ph), 132.8 (d, 2JCP = 10.2 Hz, ortho-Ph), 

132.6 (d, 4JCP = 2.9 Hz, para-Ph), 129.5 (d, 3JCP = 11.1 Hz, meta-Ph), 123.23 (m, 

meta/para-Dipp), 120.3 (m, C3/C4-thiophene), 29.5 (s, Dipp-CH(CH3)2), 24.06 (s, 

Dipp-CH(CH3)2), 5.45 (s, NïSi(CH3)3). 
19F{1H} NMR (282 MHz, THF-d8): ŭ ï133.71 

(s, 8F, ortho-C6F5), ï165.98 (t, 4F, 3JFF = 20.1 Hz, para-C6F5), ï169.48 (t, 8F,  

3JFF = 18.9 Hz, meta-C6F5). 
29Si{1H} NMR (59 MHz, d8-THF) ŭ ï16.85. 31P{1H} NMR 

(122 MHz, THF-d8): ŭ ï24.6 (s). Anal. Calcd. for C158H130B2Ca2F20N4O2P4Si2: C 60.08; 

H 4.15; N 1.77; found: C 59.49; H 3.67; N 2.14. 



 

139 

 

3.3 X-ray Crystal Data Tables 

Table 3.1: X-ray crystallography data of (DippN=PPh2)2C4H2O (3) and 

(PmN=PPh2)2C4H2O (6). 

Identification code PH18049 ph18082 

Empirical formula C52H56N2OP2 C40H36N6OP2 

Formula weight 786.92 678.69 

Temperature/K 108.4(2) 293(2) 

Crystal system monoclinic monoclinic 

Space group C2/c P21/c 

a/Å 23.3449(3) 15.4768(3) 

b/Å 9.77621(10) 15.6589(3) 

c/Å 19.7871(2) 29.2604(5) 

Ŭ/Á 90 90 

ɓ/Á 101.9326(11) 93.845(2) 

ɔ/Á 90 90 

Volume/Å3 4418.34(9) 7075.3(2) 

Z 4 8 

ɟcalcg/cm3 1.183 1.274 

ɛ/mm-1 1.188 1.438 

F(000) 1680.0 2848.0 

Crystal size/mm3 0.3 × 0.2 × 0.1 0.2 × 0.1 × 0.05 

Radiation Cu KŬ (ɚ = 1.54184) CuKŬ (ɚ = 1.54184) 

2Ū range for data collection/Á 7.742 to 160.632 8.042 to 162.24 

Index ranges 
-29 Ò h Ò 29, -12 Ò k Ò 11, -24 Ò l 

Ò 25 

-19 Ò h Ò 19, -13 Ò k 

Ò 19, -36 Ò l Ò 36 

Reflections collected 35733 30331 

Independent reflections 
4812 [Rint = 0.0296, Rsigma = 

0.0136] 

14551 [Rint = 0.0392, 

Rsigma = 0.0511] 

Data/restraints/parameters 4812/0/262 14551/0/891 

Goodness-of-fit on F2 1.085 1.088 

Final R indexes [I>=2ů (I)] R1 = 0.0418, wR2 = 0.1097 
R1 = 0.0834, wR2 = 

0.2338 

Final R indexes [all data] R1 = 0.0428, wR2 = 0.1103 
R1 = 0.0955, wR2 = 

0.2401 

Largest diff. peak/hole / e Å-3 0.49/-0.41 0.91/-0.49 
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Table 3.2: X-ray crystallography data of (MesN=PiPr2)2C4H2O (8) and  

(PPh2)2C4H2S (9). 

Identification code PH20003 PH18063 

Empirical formula C34H52N2OP2 C28H22P2S 

Formula weight 566.71 452.45 

Temperature/K 100.00(10) 110.6(8) 

Crystal system orthorhombic triclinic 

Space group P212121 P-1 

a/Å 8.09960(10) 9.1754(2) 

b/Å 15.7433(3) 10.9959(3) 

c/Å 25.5186(5) 13.0490(3) 

Ŭ/Á 90 111.585(2) 

ɓ/Á 90 92.306(2) 

ɔ/Á 90 107.736(2) 

Volume/Å3 3253.99(10) 1148.65(5) 

Z 4 2 

ɟcalcg/cm3 1.157 1.308 

ɛ/mm-1 1.414 2.657 

F(000) 1232.0 472.0 

Crystal size/mm3 0.6 × 0.5 × 0.3 0.25 × 0.2 × 0.1 

Radiation Cu KŬ (ɚ = 1.54184) Cu KŬ (ɚ = 1.54184) 

2Ū range for data collection/Á 6.596 to 149.854 7.396 to 160.668 

Index ranges 
-10 Ò h Ò 10, -18 Ò k Ò 19, -24 Ò l 

Ò 31 

-11 Ò h Ò 11, -12 Ò k 

Ò 14, -16 Ò l Ò 16 

Reflections collected 17820 25817 

Independent reflections 
6164 [Rint = 0.0239, Rsigma = 

0.0222] 

4995 [Rint = 0.0493, 

Rsigma = 0.0355] 

Data/restraints/parameters 6164/0/366 4995/0/280 

Goodness-of-fit on F2 1.130 1.065 

Final R indexes [I>=2ů (I)] R1 = 0.0286, wR2 = 0.0844 
R1 = 0.0517, wR2 = 

0.1502 

Final R indexes [all data] R1 = 0.0290, wR2 = 0.0846 
R1 = 0.0572, wR2 = 

0.1541 

Largest diff. peak/hole / e Å-3 0.26/-0.27 0.79/-0.53 
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Table 3.3: X-ray crystallography data of (DippN=PPh2)2C4H2S (11) and  

(PiPr2)2C4H2Se (16). 

Identification code PH19012 PH19005 

Empirical formula C104H112N4P4S2 C16H30P2Se 

Formula weight 1605.97 363.30 

Temperature/K 99.98(10) 100.0(2) 

Crystal system monoclinic monoclinic 

Space group C2/c P2/c 

a/Å 23.9121(3) 13.7471(4) 

b/Å 9.75930(10) 6.4235(2) 

c/Å 19.2860(2) 20.5973(6) 

Ŭ/Á 90 90 

ɓ/Á 100.1990(10) 93.932(2) 

ɔ/Á 90 90 

Volume/Å3 4429.57(9) 1814.55(9) 

Z 2 4 

ɟcalcg/cm3 1.204 1.330 

ɛ/mm-1 1.606 4.347 

F(000) 1712.0 760.0 

Crystal size/mm3 0.4 × 0.3 × 0.15 0.5 × 0.1 × 0.1 

Radiation Cu KŬ (ɚ = 1.54184) Cu KŬ (ɚ = 1.54184) 

2Ū range for data collection/Á 7.512 to 160.69 6.444 to 161.23 

Index ranges 
-30 Ò h Ò 30, -12 Ò k Ò 12, -18 Ò l 

Ò 24 

-17 Ò h Ò 17, -8 Ò k Ò 

7, -26 Ò l Ò 25 

Reflections collected 25270 20877 

Independent reflections 
4831 [Rint = 0.0298, Rsigma = 

0.0201] 

3942 [Rint = 0.0304, 

Rsigma = 0.0205] 

Data/restraints/parameters 4831/0/262 3942/0/181 

Goodness-of-fit on F2 1.102 1.156 

Final R indexes [I>=2ů (I)] R1 = 0.0389, wR2 = 0.1032 
R1 = 0.0453, wR2 = 

0.1217 

Final R indexes [all data] R1 = 0.0409, wR2 = 0.1046 
R1 = 0.0582, wR2 = 

0.1273 

Largest diff. peak/hole / e Å-3 0.46/-0.55 0.51/-0.61 
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Table 3.4: X-ray crystallography data of (DippN=PPh2)2C4H2Se (17) and 

(DippN=PiPr2)2C4H2Se (18). 

Identification code PH20010 PH19011 

Empirical formula C52H56N2P2Se C40H64N2P2Se 

Formula weight 849.88 713.83 

Temperature/K 99.99(10) 100.01(10) 

Crystal system triclinic monoclinic 

Space group P-1 Pn 

a/Å 8.9063(3) 8.2082(2) 

b/Å 15.1038(6) 27.5965(4) 

c/Å 17.4097(4) 9.5740(2) 

Ŭ/Á 108.416(3) 90 

ɓ/Á 97.799(2) 113.004(2) 

ɔ/Á 92.183(3) 90 

Volume/Å3 2193.27(13) 1996.22(8) 

Z 2 2 

ɟcalcg/cm3 1.287 1.188 

ɛ/mm-1 2.126 2.229 

F(000) 892.0 764.0 

Crystal size/mm3 0.1 × 0.05 × 0.03 1 × 0.05 × 0.03 

Radiation Cu KŬ (ɚ = 1.54184) Cu KŬ (ɚ = 1.54184) 

2Ū range for data collection/Á 6.19 to 148.456 9.614 to 161.694 

Index ranges 
-8 Ò h Ò 11, -16 Ò k Ò 11, -

19 Ò l Ò 21 

-8 Ò h Ò 10, -35 Ò k Ò 

34, -11 Ò l Ò 12 

Reflections collected 8700 21986 

Independent reflections 
5667 [Rint = 0.0220, 

Rsigma = 0.0272] 

7348 [Rint = 0.0537, 

Rsigma = 0.0531] 

Data/restraints/parameters 5667/0/522 7348/26/422 

Goodness-of-fit on F2 1.049 1.065 

Final R indexes [I>=2ů (I)] 
R1 = 0.0456, wR2 = 

0.1304 

R1 = 0.0558, wR2 = 

0.1516 

Final R indexes [all data] 
R1 = 0.0483, wR2 = 

0.1328 

R1 = 0.0586, wR2 = 

0.1548 

Largest diff. peak/hole / e Å-3 0.81/-0.50 1.16/-0.83 
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Table 3.5: X-ray crystallography data of (PippN=PiPr2)2C4H2Se (19) and 

[(PippN(H)=PPh2)(PippN=PPh2)C4H2S][A] (25). 

Identification code TWIN_twin1_hklf4 PH18084 

Empirical formula C34H52N2P2Se C70H45BF20N2P2S 

Formula weight 629.67 1398.89 

Temperature/K 100.0(2) 112.4(4) 

Crystal system monoclinic triclinic 

Space group P21/c P-1 

a/Å 12.0624(3) 10.26140(10) 

b/Å 23.8990(6) 16.07790(10) 

c/Å 11.9583(4) 19.2278(2) 

Ŭ/Á 90 102.8480(10) 

ɓ/Á 100.958(3) 94.8320(10) 

ɔ/Á 90 94.6160(10) 

Volume/Å3 3384.47(17) 3065.71(5) 

Z 4 2 

ɟcalcg/cm3 1.236 1.515 

ɛ/mm-1 2.564 1.918 

F(000) 1336.0 1420.0 

Crystal size/mm3 0.3 × 0.1 × 0.05 0.15 × 0.1 × 0.1 

Radiation Cu KŬ (ɚ = 1.54184) Cu KŬ (ɚ = 1.54184) 

2Ū range for data collection/Á 10.24 to 161.52 6.496 to 160.554 

Index ranges 
-15 Ò h Ò 14, -30 Ò k Ò 29, 

-14 Ò l Ò 12 

-11 Ò h Ò 13, -20 Ò k 

Ò 20, -22 Ò l Ò 24 

Reflections collected 18411 43024 

Independent reflections 
6080 [Rint = 0.0733, 

Rsigma = 0.0397] 

13237 [Rint = 0.0396, 

Rsigma = 0.0406] 

Data/restraints/parameters 6080/197/448 13237/0/873 

Goodness-of-fit on F2 1.099 1.065 

Final R indexes [I>=2ů (I)] 
R1 = 0.0565, wR2 = 

0.1971 

R1 = 0.0396, wR2 = 

0.0989 

Final R indexes [all data] 
R1 = 0.0623, wR2 = 

0.2125 

R1 = 0.0463, wR2 = 

0.1023 

Largest diff. peak/hole / e Å-3 1.31/-1.01 0.45/-0.40 
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Table 3.6: X-ray crystallography data of [(PippN=PPh2)2C4H2OZnOMe][A] (41) and 

[((PippN=PPh2)2C4H2O)2Ca][A]2 (42). 

Identification code PH19013 PH18092 

Empirical formula C77H52BBrF20N2O2P2Zn C140H88B2CaF40N4O2P4 

Formula weight 1635.23 2803.72 

Temperature/K 100.01(10) 114(1) 

Crystal system triclinic monoclinic 

Space group P-1 P21/n 

a/Å 15.4748(2) 25.82769(11) 

b/Å 15.9484(2) 18.32973(7) 

c/Å 16.3909(2) 28.38988(13) 

Ŭ/Á 68.5570(10) 90 

ɓ/Á 84.3240(10) 96.2821(4) 

ɔ/Á 72.9640(10) 90 

Volume/Å3 3599.87(8) 13359.48(10) 

Z 2 4 

ɟcalcg/cm3 1.509 1.394 

ɛ/mm-1 2.431 1.819 

F(000) 1648.0 5688.0 

Crystal size/mm3 0.05 × 0.05 × 0.05 0.2 × 0.2 × 0.1 

Radiation Cu KŬ (ɚ = 1.54184) Cu KŬ (ɚ = 1.54184) 

2Ū range for data collection/° 6.824 to 160.792 6.876 to 160.662 

Index ranges 
-19 Ò h Ò 11, -20 Ò k Ò 17, 

-20 Ò l Ò 20 

-32 Ò h Ò 32, -23 Ò k Ò 

23, -35 Ò l Ò 36 

Reflections collected 50607 127435 

Independent reflections 
15527 [Rint = 0.0377, 

Rsigma = 0.0383] 

28983 [Rint = 0.0363, 

Rsigma = 0.0311] 

Data/restraints/parameters 15527/0/970 28983/0/1746 

Goodness-of-fit on F2 1.047 1.055 

Final R indexes [I>=2ů (I)] 
R1 = 0.0512, wR2 = 

0.1308 

R1 = 0.0365, wR2 = 

0.0926 

Final R indexes [all data] 
R1 = 0.0560, wR2 = 

0.1345 

R1 = 0.0416, wR2 = 

0.0952 

Largest diff. peak/hole / e Å-3 1.23/-0.88 0.70/-0.44 
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Table 3.7: X-ray crystallography data of [((PippN=PPh2)2C4H2S)2CaNSiMe3]2[A] 2 

(43b). 

Identification code PH19002 

Empirical formula C158H116B2Br2Ca2F40N6P4S2Si2 

Formula weight 3364.34 

Temperature/K 100.00(16) 

Crystal system triclinic 

Space group P-1 

a/Å 12.8644(3) 

b/Å 16.9624(4) 

c/Å 17.4238(2) 

Ŭ/Á 81.7654(16) 

ɓ/Á 85.8432(17) 

ɔ/Á 83.917(2) 

Volume/Å3 3735.34(14) 

Z 1 

ɟcalcg/cm3 1.496 

ɛ/mm-1 3.023 

F(000) 1706.0 

Crystal size/mm3 0.1 × 0.1 × 0.05 

Radiation Cu KŬ (ɚ = 1.54184) 

2Ū range for data collection/Á 6.85 to 161.506 

Index ranges 
-12 Ò h Ò 16, -21 Ò k Ò 21, -22 

Ò l Ò 22 

Reflections collected 49107 

Independent reflections 
15839 [Rint = 0.0395, Rsigma = 

0.0354] 

Data/restraints/parameters 15839/0/989 

Goodness-of-fit on F2 1.063 

Final R indexes [I>=2ů (I)] R1 = 0.0466, wR2 = 0.1295 

Final R indexes [all data] R1 = 0.0527, wR2 = 0.1370 

Largest diff. peak/hole / e Å-3 1.50/-1.57 
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3.4 Publications and Presentations Arising from Part I 

Webb, D. J; Wheaton, C. A; Hayes, P. G. Cationic Zinc Complexes of 

Phosphinimine-Containing NON-Pincer Ligands. Invited submission to Inorganic 

syntheses 

- Consists of most work in 2.1 through 2.2 

Webb, D. J; Hayes, P. G. On the Coordination Chemistry of Bis- and 

Trisphosphinimine Containing Ligands. Comprehensive Coordination Chemistry III. 

2021, 1, Pg 131-157.   

- Content has been reformatted for 1.3 

Webb, D. J; Cruz-Milette, D. E; Hayes, P. G. The Synthesis of Phosphinimine 

Containing NEN-Pincer Ligands (E = O, S, Se) and their Corresponding Cationic Zinc 

Complexes. To be submitted to European Journal of Inorganic Chemistry.  

- Consists of most work with zinc depicted in Chapter 2. 
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Part II  

II. SEMISYNTHESIS STRATEGIES FOR THE 

GENERATION OF CANNABINOIDS AND RELATED 

DERIVATIVES 
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4 Chapter 4: Introduction to Cannabinoid Semisynthesis 

4.1 Natural Products 

For commercial purposes, a natural product contains ingredients that are sourced 

from nature. In the context of chemistry, a natural product is a compound produced by 

an organism,144, 145 and refers to purified organic compounds that were isolated from 

the organism that produced the compounds via primary or secondary metabolism.146, 

147 An organism will utilize primary metabolites for intrinsic functions (growth, 

development, reproduction), while secondary metabolites serve extrinsic functions and 

affect other organisms.148 Secondary metabolites may not be wholly necessary for the 

organismôs 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 transport. Often, the exact function of secondary metabolites is not explicitly 

known, and they may have numerous purposes.149-151  

Natural selection led to the development of complex biological machinery to 

synthesize extremely unique chemicals.152, 153 This results in natural products having 

chemical manifolds which often contain several chiral centres and functional groups 

that are exceedingly difficult to create by artificial methods. As the diverse structures 

of natural products typically have unique influences on biological systems,154 drug 

discovery has been possible with the identification and testing of various natural 

products. One such example is paclitaxel, or Taxol®, which is a natural product 

extracted from the Pacific yew tree, Taxus brevifolia (Figure 4.1).155 Taxol is used by 

the organism to repel pests, but it was also revealed to be effective as an anti-cancer 

medication, and is now prominently used in chemotherapy.156, 157 
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Figure 4.1: Image of the Pacific yew158 with the chemical structure of paclitaxel. 

4.1.1 Isolation Methods 

An organism does not generally require secondary metabolites in high 

concentrations for the desired advantageous effects to be realized. Therefore, a primary 

issue with natural products is their lack of availability. An organism, such as the Pacific 

yew tree, produces as little as 0.001-0.01% of Taxol® per dry bark weight (about  

0.66 g per tree).159 Other notable organisms include marine sponges, who produce a 

diverse array of chemicals in low quantities.160 In fact, 0.91 kg of Hyrtios erectus yields 

only 41.1 mg of bioactive compounds (>0.0001%).161 For effective research and 

commercial use of natural products, a larger, and more viable source is required. 

Accordingly, several methods have been developed to obtain natural products, all of 

which come with benefits and downfalls. 

4.1.1.1 Direct Extraction  

Typically, the initial discovery and complete characterization of a natural product 

requires isolation of the novel compound via straightforward and direct extraction 

methods. An extraction requires collection of the organismôs biomass, or portions of 

the organism, and using various solvent systems and chromatography methods to 
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isolate the natural products within (Figure 4.2). A mixture of natural products can then 

be further separated by chromatography, or sometimes, with crystallization. The ease 

of isolation and purification depends highly on the natural productôs structure, stability, 

and quantity within the organism. If the organism is a plant, the extraction can be 

conducted on biomass that has been removed from the organism (such as the leaves); 

otherwise, the process destroys the organism, as is the case for marine sponges.  

 

Figure 4.2: Example of a typical and simplified extraction process. A) Biomass submerged in a 

solvent. B) The mixture is filtered. C) Compounds separated via chromatography.  

D) A purified natural product.  

Extraction uses common laboratory materials, such as commercially available 

solvents and drying agents, along with simplistic or chiral chromatography systems. 

Extraction methodologies have been crucial to the development of this field, without 

them natural products would not have been so readily discovered. A glaring issue is 

that the yield of harvested compound is completely dictated by the organismôs output. 

Unless proper growth conditions can be ensured to promote optimal production, the 

yield will always be limited by the organismôs natural production of the metabolite.  

It would not be viable, nor ethical, to destroy a large portion of marine sponges to 

harvest their natural products on a commercial scale; historical extraction of Taxol® 




































































































































































































































