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Abstract 

Structurally responsive ligands (SRLs) are dynamic ligands that can alter coordination 

mode with a metal centre, to stimulate fundamental organometallic reactions in several catalytic 

cycles. These dynamic ligand coordination changes can also enable access to unique reaction 

mechanisms and challenging reaction steps. The Blacquiere group previously synthesized a 

phosphine 1-azaallyl (P^AzA) ligand, in which the 1-azaallyl (1-AzA) moiety reversibly switches 

between multiple coordination modes. The previous phenyl-linked P^AzA ligand led to a variety 

of coordination modes with Pd, however the  1-P;η3-NCC mode was never observed. In pursuit 

of accessing the  1-P;η3-NCC coordination mode, a new P^AzA ligand bearing a biaryl backbone 

was targeted. The coordination chemistry of the biaryl P^AzA ligand with Pd was explored. Small 

molecule reactivity with the biaryl Pd P^AzA complex was examined, with the goal of inducing a 

change in ligand coordination mode. Preliminary catalysis with the biaryl Pd P^AzA complex was 

assessed. 
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Summary for Lay Audience 

Catalysis is the process of increasing the speed of a chemical reaction with the participation 

of a compound known as a catalyst. During a chemical reaction, catalysts must be reactive under 

the given conditions to facilitate a specific chemical transformation. However, there are no 

permanent chemical changes made to the catalyst itself and the catalyst is not consumed. Transition 

metal complexes operate as very effective catalysts for several organic reactions. Transition metal 

catalysts are made up of two components, the metal centre and the ligands bound to the metal 

centre. The ligands bound to the metal centre of a transition metal catalyst can significantly 

influence the reactivity of the catalyst. Certain ligand families can dynamically change how they 

bind to a metal centre, based on the reaction environmental demands, to facilitate and stabilize 

difficult chemical transformations. This work focuses on expanding a new ligand family, with this 

dynamic metal binding ability, known as the phosphine 1-azaallyl (P^AzA) ligand family. 

Specifically, the synthesis of a new P^AzA ligand was conducted and how the P^AzA ligand binds 

to Pd was analyzed. Several reactivity experiments were investigated with this new Pd P^AzA 

complex, with the goal of inducing a change in how the P^AzA ligand binds to Pd. The reactivity 

experiments highlighted the dynamic binding ability of the P^AzA ligand, which suggested that 

the Pd P^AzA complex could promote desirable chemical transformations. Preliminary catalysis 

was attempted to try to exploit the unique reactivity of the Pd P^AzA complex.        
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1.0 Introduction 

1.1 Homogeneous Catalysis 

 Homogeneous transition metal catalysts play an important role in several chemical 

transformations because they lower the energy barrier of chemical transformations without being 

consumed, which subsequently accelerates the rate of these chemical processes.1-4 Homogeneous 

catalysts are specifically advantageous because they operate through well-defined mechanisms, which 

can allow for relatively straightforward catalyst alteration, and therefore exceptional selectivity towards 

a distinct product can be achieved.5 Improved design and selectivity of homogeneous catalysts is 

typically due to the influence of ligands coordinated to the metal centre, as different ligands enable 

unique reactivity and selectivity at the metal centre.6-10  

1.2 Small Molecule Activation   

Small molecule activation is the process of triggering and transforming small molecules such as 

N2, H2, O2, CO, CO2, H2O, SO2, N2O, CH4, and NH3 that are readily abundant in natural geochemical 

cycles and several metabolic processes in organisms into value-added products, which have significant 

applications in biology, medicine, industrial catalysis, and environmental protection.11-13 Small 

molecule activation/transformation requires a kinetically or thermodynamically unfavoured step such 

as breaking or forming chemical bonds to alter the molecule’s reactivity.13,14 Small molecule activation 

is a fundamental step in several catalytic transformations so the ability to efficiently activate small 

molecules catalytically is of high interest.13,15 One strategy to improve catalytic small molecule 

activation involves utilizing catalyst design by fine-tuning the steric and electronic profiles of 

supporting ligands to enhance catalytic performance.12, 16-19 
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1.3 Hemilabile Ligands in Catalysis 

Hemilabile ligands have been exploited in catalysis because they can open coordination sites 

for catalyst activation and stabilize reactive transition metal centres throughout the duration of a 

reaction.20,21 Hemilabile ligands have been successfully utilized in a variety of catalytic reactions 

including hydrogenation, carbonylation, hydroformylation, polymerization, isomerization, 

cycloaddition, allylation, and epoxidation.20 Hemilabile ligands are polydentate chelates that contain at 

least two different types of bonding groups, where at least one group strongly coordinates to the metal 

centre while at least one other group is labile or weakly bonding.20,22 Although all hemilabile ligands 

have similar properties with regards to bonding groups, they operate and self-tune within three different 

mechanisms.20,23 The first type of hemilabile ligand involves spontaneous opening of the chelate bond 

and often occurs when the metal centre has variable coordination numbers.20,23 For example, the cationic 

Ni complex A reversibly shifts between coordination numbers five and four (A and Aʹ respectively), 

the NEt2 donor (highlighted in blue, Scheme 1.1) spontaneously dissociates and recoordinates at the Ni 

metal centre.23 

 

Scheme 1.1. Spontaneous opening of the NEt2 chelate bond on a cationic Ni complex.23 

The second type of hemilabile ligand involves intramolecular ligand competition between donor 

groups through a fluxional ligand exchange process.20,23 This most commonly occurs when a hemilabile 

ligand has at least two weak donor groups coordinated to a single transition metal centre.20 In the 

[ReCl(CO)3(DAP)] complex B, coordination exchange of the pendant acyl groups occurs readily at 
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room temperature (Scheme 1.2).24 The coordination number at the metal centre remains the same in 

both complex B and Bʹ.    

 

Scheme 1.2. Fluxional ligand exchange between the pendant acyl groups.24 

The third type of hemilabile ligand involves displacement of a donor group by an exogenous 

ligand that coordinates to the metal centre, such as CO coordination.20,23 In a CO atmosphere Rh 

complex C reversibly binds to CO, which displaces the methoxy ligand highlighted in blue to form 

complex Cʹ (Scheme 1.3).25 In the absence of a CO atmosphere the methoxy ligand highlighted in blue 

recoordinates to complex Cʹ to form complex C.25 

 

Scheme 1.3. Reversible coordination between CO and a hemilabile methoxy ligand in a Rh(I) complex.25  

Hemilabile P,O and P,N ligands have been especially prominent in catalysis because they offer 

a pathway to achieve product selectivity, by their non-symmetric nature, while maintaining the ability 

to activate and stabilize a reactive transition metal centre.26-28 P,O and P,N ligands coordinate to 
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transition metal centres as either neutral LL type ligands or anionic LX type ligands. In late transition 

metal complexes bearing hemilabile P,O and P,N ligands, the phosphine donor groups are statically 

anchored to the metal centre and provide stability to a low coordinate metal centre, with their strong σ-

donor ability.26,27 The oxygen and nitrogen donor groups can reversibly dissociate from the metal centre 

to generate an open coordination site on the metal.26,27 P,O and P,N ligands can also introduce an element 

of regiocontrol through the trans effect, since nucleophilic substitution will be directed to the position 

on the metal centre trans to the phosphine donor group.26,27 Bidentate P,O and P,N ligands coordinate 

to transition metal centres with three distinct coordination modes, which include κ1-P coordination,  2-

P,O/N coordination, or µ-(2-P,O/N) coordination (Figure 1.1).23 

 

Figure 1.1. Coordination modes of bidentate P,O and P,N ligands.23  

Keim and coworkers synthesized a cationic Pd η3-allyl complex D bearing a hemilabile P,O 

ligand, that demonstrates how reversible dissociation and recoordination of the oxygen donor group can 

drive reactivity (Scheme 1.4). When D was exposed to ethylene at –30 ˚C, the O-donor of the 

phosphino-ester readily dissociates from Pd, which allows ethylene coordination to form complex E. 

Upon warming, the hemilabile O-donor recoordinates to Pd, which drives allyl ethylene coupling 

through insertion of ethylene into the Pd-allyl bond to form complex F.29      
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Scheme 1.4. Ligand enabled ethylene insertion into a Pd-allyl bond.29 

 Homogeneous gold catalysis has become a promising area of research due to the functional 

group tolerance and biocompatibility of gold.30-33 Gold catalysis often proceeds through a Au(I)/Au(III) 

redox catalytic cycle, which has been traditionally challenging, due to the instability of the Au(I) 

intermediate species.30-33 A popular method to overcome this challenge, has been to incorporate a 

hemilabile P,N ligand onto the catalyst, to stabilize both the Au(I) and Au(III) catalytic intermediates 

through changes in ligand coordination mode.30 In the following gold catalyzed Heck reaction, the P,N 

ligand is initially coordinated κ1-P to allow for the favourable linear geometry of the Au(I) complex G 

(Scheme 1.5).30 Upon oxidative addition of the aryl iodide the N coordinates to the metal centre in a κ2-

P,N coordination mode to stabilize the favourable square planar geometry of the Au(III) intermediate 

I.30 From here styrene coordinates to Au(III), and complex J undergoes 1,2-migratory insertion to form 

complex K.30 β-H elimination then occurs to produce intermediate M, where reductive elimination then 

occurs along with N ligand dissociation to regenerate Au(I) complex H, with the P,N ligand coordinated 

κ1-P.30 
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Scheme 1.5. Ligand stabilization of Au(I) and Au(III) intermediates, which enables gold catalyzed Heck 

reactions of aryl iodides with styrenes.30  

1.4 Structurally Responsive Ligands 

Supporting ligands that dynamically adapt their coordination mode to environmental and 

structural demands of a reactive intermediate are known as structurally responsive ligands (SRLs).21 

SRLs are valuable in catalysis because they have the capability to provide both an open coordination 

site for substrate binding and stabilization for a low coordinate intermediate species. Hemilabile ligands 

are the simplest version of SRLs as they undergo reversible changes in denticity through chelate 

dissociation/coordination, however SRLs incorporate much more versatile ligand classes that can 

shapeshift between several coordination modes through reversible changes in denticity, hapticity, or a 
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combination of both. In each coordination mode, the ligand induces different electronic and steric 

properties on the metal centre and therefore, the reactivity of the metal changes for each coordination 

mode.34   

 The 2-azaallyl ligand is a SRL that can shift between a diverse range of coordination modes. In 

Co(I) complex N, the 2-azaallyl ligand highlighted in blue is coordinated to the metal centre with an 

η3-CNC coordination mode (Scheme 1.6).35  When N undergoes a reaction with CO the geometry, 

coordination number, and oxidation state at the metal centre does not change, but the coordination mode 

of the 2-azaallyl ligand highlighted in blue shifts from η3-CNC to  1-C.35 The strong π-backbonding 

interaction between CO and the Co(I) metal centre in complex O, induces the change in 2-azaallyl 

ligand coordination mode, to prevent a change in geometry, coordination number, and oxidation state 

at the metal centre. 35 

 

Scheme 1.6. Addition of CO to Co(I) complex N to synthesize complex O.35 

1.5 Coordination Chemistry of 1-Azaallyl Ligands 

The 1-azaallyl (1-AzA) group is an SRL that is isoelectronic and structurally similar to many 

common SRLs used in catalysis, including allyls, amidinates, carboxylates, and pyridonates, however 

it remains underused in catalysis.36 The 1-AzA moiety has a delocalized negative charge through the π-

system that is across the NCC backbone, which allows it to adopt a diverse range of coordination modes 

with transition metals (Figure 1.2).34,37,38 In monometallic complexes the 1-AzA moiety will coordinate 
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in either a κ1-N, κ2-NC, or η3-NCC mode and in bimetallic complexes the 1-AzA will coordinate in 

either a µ-N, µ-(1-N; 1-C), or µ-(1-N;η2-CC) mode.      

 

Figure 1.2. General depiction of the diverse range of monometallic (left) and bimetallic (right) coordination 

modes of the 1-AzA group. 

The ability of the 1-AzA ligand to exhibit and switch between various coordination modes is 

influenced by the identity of the metal, the metal oxidation state, ligand substituents, and solvent.21 

Sterically large 1-AzA ligands on monometallic metal(II) complexes (M = group 2, 13, 14) favour κ2-

NC coordination in low coordinate environments, whereas in the presence of a strong neutral donor 

such as THF or pyridine, 1-AzA ligands on monometallic complexes favour the κ1-N coordination 

mode.37 One important isomerization in monometallic complexes is the shift between the η3-NCC 

mode, which occupies two coordination sites and the κ1-N mode, which occupies one coordination site 

(Scheme 1.7).39 In a catalytic cycle, the 1-AzA moiety could isomerize from the η3-NCC mode to the 

κ1-N mode, which would open a coordination site on the metal centre for substrate binding. Conversely, 

isomerization from the κ1-N mode to the η3-NCC mode could occur after product release or any step 

that opens a coordination site to stabilize the low coordinate intermediate.  



9 
 

 

 

Scheme 1.7. Hypothesized mechanism of η3-NCC to κ1-N 1-AzA isomerization, which opens a coordination site 

for substrate binding.   

Lappert and coworkers conducted variable temperature (VT) NMR spectroscopy experiments 

with a Ni(II) 1-AzA complex P, where the 1-AzA ligand is coordinated with an η3-NCC coordination 

mode (Scheme1.8).34 The NMR data revealed a dynamic process between complex P and isomers Pʹ, 

Pʹʹ , Pʹʹʹ, Pʹʹʹʹ, which is proposed to be an interconversion between η3-NCC and κ1-N coordination 

modes.34 The interconversion from the η3-NCC coordination mode to the κ1-N coordination mode 

creates a vacant coordination site at the Ni metal centre (complexes Pʹ and Pʹʹʹ), where substrate 

coordination could occur.34    

 

Scheme 1.8. Proposed η3-NCC to κ1-N isomerization between isomers of Ni complex P. R = Si(CH3)3.34 The box 

in structures Pʹ and Pʹʹʹ represents an open coordination site.  

1.6 Phosphine 1-Azaallyl Ligands 

In 2017, the Blacquiere group synthesized the first phosphine 1-azaallyl (P^AzA) ligand, K[L1] 

by deprotonation of a phosphine imine (P^I) precursor, H[L1] (Scheme 1.9).40 The P^AzA ligand has 

a rigid aryl ring between a phosphine donor, that anchors the ligand to the metal centre, and a 1-AzA 
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moiety. The phosphine donor is statically coordinated to the metal centre and the 1-AzA moiety has the 

capacity to change coordination modes to induce reactivity at the metal centre.38,40 Coordination of L1 

to Ru and Pd metal centres was initially conducted to investigate the various coordination modes of the 

P^AzA ligand at each metal. 

 

Scheme 1.9. Synthesis of the ligand K[L1] from the H[L1] precursor.40  

 Coordination of H[L1] to [RuCl2(PPh3)2] resulted in the formation of the phosphine imine (P^I) 

complex Q, and subsequent deprotonation by Li[HMDS] in the presence of pyridine afforded Ru 

P^AzA complex R, where the P^AzA ligand is bound with a  2-PN coordination mode (Scheme 

1.10).40 Coordinating pyridine to the Ru metal centre provides stability to Ru P^AzA complex R, since 

deprotonation of Q with Li[HMDS] in non coordinating solvents was attempted, but a mixture of 

products was produced.40 There were no other coordination modes observed of the P^AzA ligand in 

this complex besides the  2-PN coordination mode.40 

 

Scheme 1.10. Synthesis of Ru complex R, where only a 2-PN P^AzA coordination mode was observed.  

Coordination of K[L1] to [PdCl(CH3)(COD)] resulted in the formation of a Pd(II) P^AzA dimer 

S, with  1-P;µ-N coordination of the P^AzA ligand (Scheme 1.11A).38 Complex S readily underwent 
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a reaction with pyridine, resulting in cleavage of the dimer to afford T, accompanied by a change in 

P^AzA coordination mode to  2-PN (Scheme 12A).38 Thermolysis of S results in reductive elimination 

of ethane, to give complexes U and V with µ-(  2-PN;η2-CC) and  2-PN P^AzA coordination modes, 

respectively (Scheme 1.11B).38 The reactivity observed with Pd(II) dimer S, demonstrates the dynamic 

coordination ability of the 1-AzA moiety in the P^AzA ligand.  

 

Scheme 1.11. A) Synthesis of the Pd(II) dimer S via coordination of ligand K[L1] to [PdCl(CH3)(COD)]. 

Followed by a reaction with pyridine, forming T. B) Reductive elimination of ethane from S forming U and V.38   

At this point in the investigation the 1-P;η3-NCC coordination mode of the P^AzA ligand had 

not been observed with a Pd complex and there had been no demonstration that the P^AzA ligand could 

open a coordination site on a monometallic complex. Since Pd complexes usually exist with square 

planar coordination geometry, L1 is likely restricted by bite angle to coordinate in a  1-P;η3-NCC 

mode, as it would need to occupy three coordination sites on the Pd metal centre (Figure 1.3). In an 

attempt to coordinate L1 in a  1-P;η3-NCC coordination mode a Ru metal complex precursor, 

[RuCl(Cp*)(PPh3)2] was explored. Ru(II) complexes usually exist with octahedral geometry and with 
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this half sandwich precursor, the Cp* ligand would enforce L1 to coordinate across three coordination 

sites that are facially disposed, with a smaller angle between them.   

 

Figure 1.3. Proposed L1  1-P;η3-NCC coordination on square planar Pd complexes with mer configuration and 

octahedral half sandwich Ru complexes with fac configuration. 

Coordination of H[L1] to [RuCl(Cp*)(PPh3)2] resulted in the formation of phosphine imine 

complex W (Scheme 1.12A).41 In the presence of Li[HMDS] and pyridine, the P^I ligand was 

deprotonated and a 2-PN coordination mode of the P^AzA ligand was observed in the Ru complex X 

(Scheme 1.12A).41 Upon removal of pyridine from complex X a Ru P^AzA complex Y was isolated 

without a pyridine donor. The coordination mode of the P^AzA ligand in complex Y was indirectly 

detected through VT NMR spectroscopy, VT UV-Vis experiments, and evaluated through computations, 

to be an equilibrium between  2-PN and  1-P;η3-NCC coordination modes (Scheme 1.12B).41 This 

confirms that L1 is capable of coordinating with a  1-P;η3-NCC coordination mode when not restricted 

by bite angle and that it can reversibly switch between coordination modes.   
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Scheme 1.12. A) Coordination of H[L1] to [RuCl(Cp*)(PPh3)2] followed by deprotonation of W to give pyridine 

adduct X.41 B) Removal of pyridine to give an equilibrium of Ru complexes Y and Yʹ.41 

1.7 Scope of Thesis  

Herein, the synthesis of Pd P^AzA complexes with a new P^AzA ligand K[L2] bearing a biaryl 

backbone will be reported (Figure 1.4). Compared to the 1,2-disubstituted aryl backbone of K[L1], the 

biaryl backbone increases distance between the heteroatoms, which may increase the P-Pd-N bite angle, 

potentially resulting in the accessibility and observation of the κ1-P;η3-NCC coordination mode.  
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Figure 1.4. P^AzA ligands K[L1] and K[L2]. 

Chapter 2 will cover the synthesis of the biaryl P^I ligand H[L2] and the biaryl P^AzA ligand 

K[L2], as well as the synthesis of Pd complexes bearing either H[L2] or K[L2]. In a catalytic cycle, 

the ligand change in coordination mode from κ1-P;η3-NCC to κ2-PN could allow substrate coordination 

and the ligand change in coordination mode from κ2-PN to κ1-P;η3-NCC could stabilize a low 

coordinate intermediate, which would create a pathway for catalysis to occur, therefore, Chapter 3 will 

cover an investigation into the reactivity of the Pd P^AzA complex with a biaryl backbone. Reactivity 

with pyridine, tertiary phosphines, cyanide, water, carbon monoxide, and methyl acrylate will be 

investigated, with the hope of inducing a change in L2 coordination mode on the Pd metal centre. 

Chapter 4 will cover the preliminary examination of the Pd P^AzA complex as a catalyst for the 

polymerization, oligomerization, isomerization, cyanation, and carbonylation.  
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2.0 Synthesis and Characterization of Biaryl Pd Phosphine 1-Azaallyl Complexes 

2.1 Ligand Synthesis 

The target biaryl P^AzA ligand synthesis was a three-step process that begins with the synthesis 

of a biaryl phosphine amine precursor and then the synthesis of a biaryl phosphine imine precursor. 

From here, the target biaryl P^AzA ligand can be synthesized.   

2.1.1 Phosphine Amine Synthesis (A[L2]) 

 The synthesis of the known phosphine amine (P^A) precursor A[L2] was performed following 

a literature procedure.42 Suzuki cross coupling was achieved between 2-

bromophenyldiphenylphosphine and 2-aminophenylboronic acid using Pd(dppf)Cl2 as the catalyst 

(Scheme 2.1). The product was purified by silica gel column chromatography, affording A[L2] as a 

yellow solid with an average yield of 85%. The 31P{1H} NMR spectrum of the product in CDCl3 

displayed a singlet at P = –13.0, matching the value reported in the literature.42 The 1H NMR spectrum 

of the product in CDCl3 displayed a diagnostic broad singlet at H = 3.42 that integrates to two, which 

is consistent with the amine protons reported in the literature. All the known aromatic proton signals 

were also identified in the 1H NMR spectrum which confirmed the formation of A[L2]. 

 

Scheme 2.1. Synthesis of A[L2] following literature procedures.42 
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2.1.2 Phosphine Imine Synthesis (H[L2]) 

The synthesis of the phosphine imine ligand H[L2] was performed following a similar 

procedure to that used for the related phosphine imine ligand H[L1].38 A condensation reaction between 

2'-(diphenylphosphanyl)-[1,1'-biphenyl]-2-amine (A[L2]) and isobutyraldehyde was performed to 

afford H[L2], as a white solid with an average yield of 87% (Scheme 2.2).  

 

Scheme 2.2. Synthesis of the neutral phosphine 1-azaallyl ligand precursors, H[L2]. 

The 31P{1H} NMR spectrum of the isolated product in CDCl3 has two distinct singlets at P = 

–12.4 and –13.3, in a 1:2 ratio, respectively. There are two sets of signals in the 1H NMR spectrum that 

were key to assigning the structure of H[L2] (Figure 2.1). The first set of signals includes a doublet at 

H = 7.55, a doublet of septets at H = 2.39, and broad multiplets found in the ranges of H = 7.47 – 

7.09, 6.96 – 6.63, and 0.97 – 0.89. The doublet at H = 7.55 integrates to one, which is consistent with 

an imine proton and the broad multipets found in the range of H = 0.97 – 0.89 integrate to six, and are 

consistent with two equivalent methyl groups, which is consistent with the target imine structure 

H[L2]a. The second set of signals includes two singlets that each integrate to three at H = 1.69 and 

1.36 which suggests inequivalent methyl groups, two doublets that each integrate to one at H = 6.08 

and 4.94, and broad multiplets found in the ranges of  H = 7.47 – 7.09, and 6.96 – 6.63. The 1H-13C 

HSQC shows only the proton signal at H = 6.08 is attached to C1, which established the signal at H = 

4.94 as an N-H signal, confirming the structure of the enamine, H[L2]b.  
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Figure 2.1. 1H NMR spectrum (600 MHz, CDCl3) of H[L2] in CDCl3 which, provides spectroscopic evidence 

for the two tautomers, H[L2]a and H[L2]b. 

For the previous phosphine imine ligand precursor H[L1], only the imine structure was observed 

and there was no evidence of tautomerization between an imine an enamine structure. This is consistent 

with typical imine/enamine tautomerization as the imine is usually the favoured tautomer. The two 

ligands only differ by the ligand backbone, however in H[L2], there is evidence of tautomerization, and 

the enamine structure is favoured. Since the two ligands only differ by backbone, the biaryl backbone 

may provide additional stabilization through hydrogen bonding to the enamine tautomer, which drives 

the equilibrium to favour this tautomer.43 

2.1.3 Phosphine 1-Azaallyl Synthesis (K[L2]) 

Deprotonation of H[L2] with potassium hydride was performed to afford the phosphine 1-

azaallyl ligand K[L2], as an orange solid with an average yield of 60% (Scheme 2.3). The 31P{1H} 
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NMR spectrum of K[L2], has one signal at P = –13.6, confirming deprotonation of both tautomers to 

give one species. The deprotonation of H[L2] is further confirmed with the 1H NMR spectrum of 

K[L2], where the loss of the C2 proton signal from H[L2]a and the loss of the N-H proton signal from 

H[L2]b is observed. The proton loss from H[L2] confirms deprotonation and the formation of the 

phosphine 1-azaallyl ligand K[L2].  

 

Scheme 2.3. Synthesis of phosphine 1-azaallyl ligand K[L2]. 

2.2 Pd Complex Synthesis  

The target biaryl Pd P^AzA complex synthesis involves either coordination of the neutral H[L2] 

ligand to Pd followed by deprotonation or deprotonation of H[L2] to form K[L2], which is then 

followed by Pd coordination. In this section both synthetic routes will be discussed. 

2.2.1 Pd Imine Complex (1) Synthesis 

The tautomeric mixture of H[L2]a and H[L2]b was coordinated to [PdCl(CH3)(COD)] 

affording complex 1 in 67% isolated yield (Scheme 2.4). The 31P{1H} NMR spectrum shows two 

distinct species based on two singlets at P = 35.4 and 36.2. The 1H NMR spectrum has a doublet that 

integrates to one at H = 6.32 consistent with the imine proton on C1 as well as a doublet of septets that 

integrates to one H = 3.53, and two doublets that integrate to three at H = 1.19 and 0.68 consistent 

with the isopropyl group on the target imine complex. The methyl protons at H = 1.19 and 0.68 are 

likely inequivalent due to hydrogen bonding with the adjacent chloro ligand. A second species is 
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observed by a doublet that integrates to one at H = 6.32 consistent with the C1 proton and three broad 

singlets at H = 5.90, 1.65 and 1.47 that integrate to one, three, and three, respectively. These proton 

signals correspond to N-H and the methyl protons in H[L2]b. The diagnostic doublets for the Pd bound 

methyls for the two species are observed at H = 0.47 and 0.61, with coupling constants of 3JHP = 3.4 

and 3.6 Hz, respectively. The small coupling constants are consistent with cis coordination of the 

phosphine and methyls for both tautomeric products 1a and 1b.44-46  

 

Scheme 2.4. Coordination of H[L2] to Pd to form 1a and 1b.  

Crystals of 1 suitable for X-ray diffraction were grown via slow vapour diffusion of pentane 

into a solution of 1 in a 9:1 mixture of toluene and DCM at –20 ˚C (Figure 2.2). X-Ray diffraction 

revealed the crystallized structure was only the enamine tautomer 1b, in which the palladium centre has 

square planar geometry, with very minimal distortion according to the τ4 value of 0.07.5 The unit cell 

included two complexes (A and B) that differed only by rotation of the C-C bond that connects the two 

aryl groups in the biaryl backbone, so only the structural parameters of complex A will be discussed. 
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Figure 2.2. Displacement ellipsoid plot of complex 1b. Ellipsoids are given at 50% probability level, except the 

phenyl substituents of the phosphine donor that are depicted as wireframe for clarity. H atoms (except H1NA) 

were omitted for clarity. 

The enamine form of the P^AzA ligand is supported by the N(1A)–C(1A) and C(1A)–C(2A) 

bond lengths of 1.440(2) Å and 1.332(3) Å, respectively, which are characteristic of a C-N single bond 

and a C-C double bond. The crystal structure also confirms the cis orientation of the phosphine and 

methyl substituents. The P(1A)–Pd–N(1A) bite angle was determined to be 95.18˚(5), which is 

significantly wider than the angle of 78.48˚ found for the analogous complex with the monoaryl linked 

phosphine imine ligand L1.38 Therefore, H[L2] imparts less conformational strain on the metal centre 

and may allow for isolation of a Pd phosphine 1-azaallyl species in which L2 is coordinated in a  1-

P;η3-NCC mode. 

A Pd phosphine 1-azaallyl complex was initially targeted by deprotonation of the tautomeric 

mixture of the Pd phosphine imine/enamine complexes 1a/1b. However, the attempted deprotonation 

of 1a/1b with potassium hydride did not result in clean conversion to a Pd phosphine 1-azaallyl 

complex. The 31P{1H} NMR spectrum had multiple unknown signals, which is indicative of multiple 

products or decomposition and the 1H NMR spectrum also had many unknown and unexpected product 

signals. Therefore, the Pd phosphine 1-azaallyl complex was targeted through a different synthetic 

pathway involving the coordination of the deprotonated P^AzA ligand salt K[L2].  
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2.2.2 Pd P^AzA Complex (2) Synthesis 

K[L2] was coordinated to Pd through a reaction with [PdCl(CH3)(COD)], to afford 2, as an 

orange solid in 70% yield (Scheme 2.5). The 31P{1H} NMR spectrum of 2 has one singlet at P = 25.7, 

which is consistent with ligand coordination to Pd. Due to the P^AzA ligand structure and the favourable 

square planar geometry for Pd there are two possible products from this reaction: dimeric complex 2ʹ, 

with the P^AzA ligand in a  1-P;µ-N mode, which is structurally similar to the analogous Pd(II) dimer 

S; or monomeric 2, which has the P^AzA ligand with a 1-P;η3-NCC coordination mode. Crystal growth 

was attempted but it is so far unsuccessful. 

 

Scheme 2.5. Coordination of phosphine 1-azaallyl ligand K[L2] to Palladium to form 2 or 2ʹ.  

A 1H-31P HMBC NMR spectrum of 2 was obtained to provide insight on the coordination mode 

of the phosphine 1-azaallyl ligand (Figure 2.3). If the P^AzA group is coordinated in the  1-P;µ-N 

mode, the 1-AzA methyl protons would be six bonds away from the phosphine, and no coupling of 

these protons to the phosphine donor would be expected. If the P^AzA group is coordinated in the  1-

P;η3-NCC mode, the 1-AzA methyl protons would be four bonds away from the phosphine, and 

coupling of these protons to the phosphine donor would be expected. The 1H-31P HMBC NMR spectrum 

displayed correlation between the 1-AzA methyl protons and the phosphine in 2, which suggests the 

P^AzA group is coordinated in the  1-P;η3-NCC mode. By comparison, no analogous correlation was 

observed in metal complexes that exhibited  1-P;µ-N (Pd(II) dimer S) or  2-PN (pyridine adduct T, 

Pd(II) monomeric V) coordination modes, where the 1-AzA methyl protons are six bonds from the 
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phosphine. However, a correlation was also observed in the Pd(I) dimer U, in which each Pd centre is 

coordinated κ1-P to the phosphine of one ligand and η2-CC to the alkene portion of the 1-AzA moiety 

of another ligand.6 Thus, for U there are four bonds between the coupling methyl protons and phosphine. 

The observed correlation in the 1H-31P HMBC NMR spectrum of 2 suggests that L2 is coordinated 

through an 1-P;η3-NCC coordination mode.  

 

Figure 2.3. 1H-31P HMBC NMR spectrum (600 MHz, C6D6) of 2.  

The coordination mode of the ligand was further analyzed by comparing the chemical shifts of 

C1 and C2 to known η3-NCC and µ-N 1-AzA complexes. Known η3-NCC 1-AzA complexes have a C1 

signal within the range of C = 151.9-184.9 and a C2 signal within the range of C = 42.0-64.5, while 

the analogous µ-N 1-AzA complex Pd(II) dimer S has a C1 signal at C = 141.5 and a C2 at C = 117.2.1 

For 2, C1 and C2 are at C = 129.4 and  = 88.4, respectively, as determined by means of both 1H-13C 

HSQC and 1H-13C HMBC spectra. These chemical shifts are not consistent with known η3-NCC or µ-
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N 1-AzA complexes. Since Pd dimer 2ʹ is structurally analogous to Pd(II) dimer S, it would be expected 

that the 13C NMR shifts for C1 and C2 would be very similar to those of S, however the observed C1 and 

C2 chemical shifts for 2 are both upfield in comparison to S. The 13C NMR shift for C1 is upfield and 

the 13C NMR shift for C2 is downfield of the expected range of an η3-NCC coordination mode, however 

L2 is a new ligand and the η3-NCC range has yet to established for this ligand class. The main difference 

between L2 and known η3-NCC ligands is that L2 contains a phosphine donor that coordinates to the 

metal centre along with the 1-AzA moiety. Known η3-NCC ligands only coordinate to the metal centre 

through the 1-AzA moiety so the bidentate coordination of the P^AzA ligand L2 may cause different 

η3-NCC carbon shifts outside of the current known range.   

In collaboration with the Sham group, a series of XANES and EXAFS experiments were 

conducted on known compounds Pd(II) dimer S and pyridine adduct T and unknown compound 2 to 

provide further insight on the structure and geometry of unknown compound 2. Three experiments were 

conducted, Pd K-edge, Pd L3-edge, and P K-edge. In all cases, the S and T displayed nearly identical 

features, while compound 2 displayed different features. In both compounds S and T the 1-AzA moiety 

coordinates to Pd through the nitrogen atom only, so it makes sense that the geometry around Pd is 

nearly identical. Specifically, the Pd L3-edge experiment showed that both the whiteline (TEY) (Figure 

2.4, Left) and energy threshold (TEY 1st Derivative) (Figure 2.4, Right) of 2 (PdP-E) shifts lower in 

energy compared to S (PdP-C) and T (PdP-B), which indicates either a lower oxidation state of Pd or a 

different coordination geometry of the 1-AzA moiety around Pd. The data suggests that in 2 the 1-AzA 

moiety is not coordinated solely through the nitrogen atom. It is proposed that 2 exists as a monometallic 

complex with ligand L2 coordinated through a 1-P;η3-NCC coordination mode.  
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Figure 2.4. Left: XANES Pd L3-edge TEY Plot. Right: XANES Pd L3-edge TEY 1st Derivative Plot. PdCl2 and 

PdS were included as known standards.  

In collaboration with the Staroverov group, a series of DFT calculations were conducted to 

determine whether Pd complex 2 with L2 coordinated  1-P;η3-NCC or Pd complex 2ʹ with L2 

coordinated  1-P;µ-N was more energetically favourable. The results indicated that 2 is energetically 

more favourable than 2ʹ, and that 2 is predicted to absorb strongly near 400 nm with the HOMO-LUMO 

pair as the dominant contributor. UV-Vis spectra at various concentrations of 2 in toluene were acquired 

to determine a λmax at 390 nm and an ε of 1706 M-1 cm-1 (Figure 2.5). The UV-Vis absorbance of 2 is 

consistent with the calculated absorbance of the monometallic  1-P;η3-NCC Pd P^AzA complex.  
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 Figure 2.5. UV-Vis spectra of 2 at various concentrations in toluene. 

In summary, the target biaryl P^AzA ligand was successfully synthesized and coordinated to Pd, 

to afford Pd complex 2. Characterization of complex 2 was completed with a variety of methods 

including NMR spectroscopy, XANES, EXAFS, calculations, and UV-Vis spectroscopy. The 

coordination mode of complex 2 was identified with 1H-31P HMBC and 1H-13C HMBC NMR 

spectroscopy by comparing 2 to previously known palladium P^AzA complexes. The coordination 

mode of 2 was determined to be  1-P;η3-NCC which supports the monometallic complex 2. Further 

comparison experiments were conducted between complex 2 and known palladium P^AzA complexes 

that did not have  1-P;η3-NCC coordination modes and analyzed with XANES and EXAFS 

spectroscopy. Complex 2 had very different features compared to the known complexes, which again 

supports the  1-P;η3-NCC coordination mode. The energies of both complex 2 and complex 2ʹ were 

calculated, and complex 2 was energetically more favourable. The UV-Vis spectrum was also consistent 

with the calculated absorbance of complex 2. Therefore the structure of complex 2 is the 

monometallic 1-P;η3-NCC complex. 
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3.0 Reactivity of Biaryl Pd Phosphine 1-Azaallyl Complexes 

3.1 Substitution Reactivity with Lewis Bases 

The Blacquiere group previously found that Pd(II) dimer S with L1 coordinated 1-P;µ-N 

readily reacts with pyridine to form a pyridine adduct T with L1 coordinated 2-PN, which can be 

isolated and crystallized (Section 1.6). Similarly, the Blacquiere group found that Ru(II) P^AzA 

complex Y, dynamically interconverts between 1-P;η3-NCC and  2-PN coordination modes of L1 

with the addition and removal of Lewis base donors pyridine and PPh3 (Section 1.6). Based on the 

observed reactivity with previous complexes it was hypothesized that Lewis base donors would bind to 

complex 2, and induce a change in L2 coordination mode from 1-P;η3-NCC to  2-PN (Scheme 3.1).  

 

Scheme 3.1. Proposed substitution reactivity of 2 with Lewis base donors (L), which is hypothesized to induce 

P^AzA isomerization from 1-P;η3-NCC to  2-PN to form complex 3.  

3.1.1 Reactivity with Pyridine 

Coordination of pyridine to 2 was conducted, with one equivalent of pyridine added to a solution 

of 2 in C6H6 at room temperature (Scheme 3.2). There was an immediate colour change from the starting 

orange solution to a red solution. The reaction was analyzed with 31P{1H} NMR spectroscopy, and there 

was observed signal broadening compared to the spectra of the starting material, and no new signals 

formed (Figure 3.1). The broadening of the signal for the starting complex suggests that there is a 



27 
 

 

dynamic equilibrium occurring between 2, pyridine, and 3a. The {2 + L} labelling represents an 

unidentified equilibrium mixture between complex 2, the Lewis base donor L, and 3. 

 

Scheme 3.2. Proposed reactivity with 2 and pyridine.   

Since there is an equilibrium present between 2, pyridine, and 3a there is no isolable 2-PN 

pyridine adduct, unlike what is observed with the reaction between Pd(II) dimer S or Ru  complex W 

and pyridine, which both gave stable pyridine adducts. In an attempt to push the proposed equilibrium 

towards the 3a pyridine adduct, 1-20 equivalents of pyridine were titrated into a solution of 2 in C6H6 

at room temperature (Figure 3.1). The only observed change in the 31P{1H} NMR spectrum was 

continued broadening of the signal for starting Pd complex 2, which completely disappeared after the 

addition of four pyridine equivalents. This indicates that the proposed dynamic equilibrium between 

complex 2, pyridine, and 3a heavily favours complex 2 and free pyridine, in which the P^AzA ligand 

is coordinated through a 1-P;η3-NCC coordination mode.  
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Figure 3.1. 31P{1H} NMR spectra (162 MHz, C6D6) stack plot of the reaction of 2 with pyridine. From top to 

bottom: 2, 2 and one equivalent of pyridine, 2 and two equivalents of pyridine, 2 and four equivalents of pyridine, 

2 and 20 equivalents of pyridine. The signal at P = 25.4 is an unidentified impurity. 

Variable temperature (VT) NMR spectroscopy was conducted on the solution of complex 2 and 

20 equivalents of pyridine to determine if it was feasible to in situ characterize the identity of the product 

3a, including the P^AzA coordination mode. In situ characterization of the product and the P^AzA 

coordination mode would be possible if the broad signal observed in the 31P{1H} NMR spectrum 

sharpens into two or more distinct signals at low temperature. The reaction was cooled from 25 ̊ C down 

to –80 ˚C and analyzed at every 10 ˚C change in temperature by 31P{1H} NMR spectroscopy. There 

was no change in the 31P{1H} NMR spectroscopy which indicates that in -situ characterization of the 

P^AzA coordination mode is not possible (Figure B.1). Dissolution of 2 in py-d5 also resulted in signal 

broadening in the 1H NMR spectrum, so there was no ability to further characterize the proposed 

equilibrium products (Figure B.2). 
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To assess if the observed dynamics represent the proposed equilibrium, a reaction between a 

mixture of 2 and pyridine, and the Lewis acid B(C6F5)3 was conducted to target regeneration of Pd 

complex 2, and formation of the B(C6F5)3 pyridine adduct (Scheme 3.3). 

 

Scheme 3.3. Proposed reactivity with {2 + py} and B(C6F5)3 to regenerate 2.   

One equivalent of B(C6F5)3 was added to a 1:1 solution of 2 and pyridine in C6D6 at room 

temperature and an immediate colour change from the starting red solution to an orange solution, 

consistent with isolated 2 was observed. The reaction was analyzed by 1H NMR, 31P{1H} NMR, 

19F{1H} NMR, and 11B NMR spectroscopy. In the 11B NMR spectrum there was a signal observed at 

B = –3.5, which is consistent with the chemical shift range of four coordinate boron complexes. 

Additionally, there was disappearance of the three coordinate B(C6F5)3 signal at B = 60.9 (Figure 3.2, 

Left). In the 19F{1H} NMR spectrum, a doublet at F = –131.5, and two triplets at F = –155.9 and –

163.0 were observed (Figure 3.2, Right). In addition, there was disappearance of the B(C6F5)3 singlets 

at  F = –128.9, –141.7, and –160.1. Signal broadening continued to be observed in both the 1H and 

31P{1H} NMR spectra, and there was no regeneration of 2 (Figure B.4 and Figure B.5). The results in 

the NMR spectra suggest that there is formation of a B(C6F5)3 pyridine adduct, however because there 

is no regeneration of 2, the B(C6F5)3 pyridine adduct is likely in equilibrium with {2 + py}. 
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Figure 3.2. Left: 11B NMR spectra (128 MHz, C6D6) stack plot of 1:1:1 mixture of 2, pyridine, and B(C6F5)3. 

Right: 19F{1H} NMR spectra (376 MHz, C6D6) stack plot of 1:1:1 mixture of 2, pyridine, and B(C6F5)3. In both 

from top to bottom: B(C6F5)3, B(C6F5)3 and pyridine, B(C6F5)3, 2, and pyridine. 

 To fully drive this equilibrium towards the B(C6F5)3 pyridine adduct, forty equivalents of 

B(C6F5)3 were added to a 1:1 solution of 2 and pyridine in C6D6 at room temperature. Again, there was 

an immediate colour change from the starting red solution to an orange solution. The reaction was 

analyzed by 1H, 31P{1H}, 19F{1H}, and 11B NMR spectroscopies. In both the 11B and 19F{1H} NMR 

spectra the signals identified as the B(C6F5)3 pyridine adduct continued to be observed along with 

signals for free B(C6F5)3. The 1H NMR spectrum presented three new signals, a doublet and two triplets 

at H = 8.05, 6.75, and 6.41, respectively, and complete consumption of free pyridine (Figure 3.3). 

These results indicate that the equilibrium between {2 + py} and the B(C6F5)3 pyridine adduct has been 

fully pushed to the B(C6F5)3 pyridine adduct.   
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Figure 3.3. 1H NMR spectra (400 MHz, C6D6) stack plot of 1:1:40 mixture of 2, pyridine, and B(C6F5)3. From 

top to bottom: 2; 2 and pyridine; and 2, pyridine, and B(C6F5)3.  

The 31P{1H} NMR spectrum shows a new signal at P = 25.6, which represents regeneration of 

starting complex 2 upon pyridine abstraction (Figure 3.4). The results indicate that the dynamics 

observed with pyridine addition to 2 represent an equilibrium involving complex 2 (as hypothesized) 

as this reaction is reversible once pyridine is sequestered. 
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Figure 3.4. 31P{1H} NMR spectra (162 MHz, C6D6) stack plot of 1:1:40 mixture of 2, pyridine, and B(C6F5)3. 

From top to bottom: 2; 2 and pyridine; and 2, pyridine, and B(C6F5)3.  

3.1.2 Reactivity with Tertiary Phosphines 

Reactivity of Pd complex 2 with PPh3, P(tBu)3, and P(NEt2)3 was conducted, because tertiary 

phosphines readily coordinate to Pd through phosphine σ-donation and Pd π-backbonding interactions. 

One equivalent of Lewis base was added to a solution of 2 in C6H6 at room temperature and the reactions 

were analyzed by 31P{1H} NMR spectroscopy (Scheme 3.4).  
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Scheme 3.4. Proposed reactivity of 2 with PR3, where PR3 = PPh3, P(tBu)3, or P(NEt2)3. 

After the initial addition of each phosphine (PPh3, P(tBu)3, or P(NEt2)3) there was a vibrant 

colour change, from the starting orange solution to purple, red, and pink, respectively. In all cases the 

31P{1H} NMR spectra displayed complete consumption of complex 2, but no new product signals were 

observed (Figure B.6). The same reactions were conducted with an excess (10 equivalents) of each 

phosphine, but the same results were observed. In all cases the 31P{1H} NMR spectra displayed 

complete consumption of complex 2, but no new product signals were observed. This suggests there is 

likely a dynamic equilibrium occurring between 2, PR3, and 3b-d. Since there is an equilibrium present 

between 2, PR3, and 3b-d there is no isolable 2-PN phosphine adduct, unlike what is observed with 

the reaction between Ru complex W and PPh3.  

As noted above, there were vibrant colour changes observed upon each phosphine addition, so 

a titration of P(tBu)3 was conducted and monitored by UV-Vis spectroscopy to determine if it was 

feasible to characterize an in situ change in P^AzA coordination mode between the equilibrium products 

{2 + PR3}. An in situ change in P^AzA coordination mode could be represented by a new absorbance 

band at a different wavelength than 390 nm, where complex 2 absorbs. A 0.4 mM solution of 2 dissolved 

in toluene was prepared and a UV-Vis spectrum was collected at 25 °C (Figure 3.5). P(tBu)3 was added 

to the solution in 0.2 equivalent increments and a UV-Vis spectrum was collected after each addition. 

An additional UV-Vis spectrum was collected for a solution that had 10 equivalents of P(tBu)3. After 

0.2 equivalents of P(tBu)3 was added, there was a reduction in the absorption at 390 nm for 2. Over the 
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course of the titration, there was a new absorbance shoulder observed at 360 nm. When two absorbance 

bands intersect at one specific wavelength it is known as an isobestic point, which is often indicative of 

a clean one-to-one reaction. In this reaction there was formation of an imperfect isobestic point at 387 

nm, which means the absorbance bands do not intersect at one specific wavelength, and the reaction is 

not a clean one-to-one conversion. Since the observed isobestic point was not perfect, titrations were 

also conducted at –80 °C and 60 °C to try to overcome a possible two-step reaction barrier that would 

involve a change in L2 ligand coordination mode. A similar imperfect isobestic point was observed at 

both temperatures. This suggests that there is not a clean one-to-one reaction upon P(tBu)3 addition, 

which is further evidence that there is a dynamic equilibrium between 2, PR3, and 3b-d. 

 

Figure 3.5. UV-Vis spectra of P(tBu)3 titration at 25 °C in toluene. Concentrations of P(tBu)3 include: 0.2 mM, 

0.4 mM, 0.6 mM. 0.8 mM, 1.0 mM, and 10 mM. 

Since the addition of P(tBu)3 to complex 2 does not proceed through a clean-one-to-one reaction, 

the substitution pathway is likely two-steps, with an intermediate. If the substitution occurred through 
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an associative pathway, the association of P(tBu)3 would give a 5-coordinate intermediate 3c-5, where 

P^AzA isomerization from 1-P;η3-NCC to 2-P,N would then give complex 3c (Scheme 3.5). 

Alternatively, if the substitution occurred through a dissociative pathway, P^AzA isomerization would 

occur first, to give a 3-coordinate intermediate 2-3, and P(tBu)3 coordination would follow to give 

complex 3c.  

 

Scheme 3.5. Proposed two-step reaction pathway for P(tBu)3 substitution. PR3 = P(tBu)3. 

Since the rate of an associative pathway would be dependent on phosphine coordination, 

analyzing the rate of the reaction with respect to phosphine concentration would provide insight on 

what intermediate the reaction proceeds through. If the rate increased with increased phosphine 

concentration the reaction likely proceeds through the 5-coordinate intermediate 3c-5, and if the rate 

does not change with increased phosphine concentration the reaction likely proceeds through the 3-

coordinate intermediate 2-3. Time analysis of the addition of one equivalent of P(tBu)3 to a solution of 

2 dissolved in toluene was conducted to determine if the reaction occurs on a timescale where rate 

analysis would be possible. The reaction was monitored by UV-Vis spectroscopy at –80 °C, with a new 

spectrum acquired every 30 seconds (Appendix Figure B.13). Unfortunately, the reaction was complete 

after 30 seconds, so a rate analysis was not possible.           
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The initial PR3 ligands investigated were all sterically bulky, so it was hypothesized that a less 

sterically hindered PR3 ligand may coordinate to Pd more effectively. Reactivity with PEt3 was 

explored, where one equivalent of PEt3 was added to a solution of 2 in C6H6 at room temperature and 

the reaction was analyzed by 31P{1H} NMR spectroscopy (Scheme 3.6).  

 

Scheme 3.6. Proposed reactivity of 2 with PEt3. 

After the initial addition of one equivalent of PEt3 there was a vibrant colour change, from the 

starting orange solution to red. The 31P{1H} NMR spectrum displayed signals that indicate complete 

consumption of complex 2, free PEt3 ligand, and the formation of several new signals in the range of 

P = 10.3 – 27.7 (Figure 3.6). Overall, the vibrant colour change and the new 31P{1H} NMR 

spectroscopy signals observed with PEt3 indicate there is reactivity between complex 2 and PEt3, 

however, the multiple signals in the 31P{1H} NMR spectrum suggest that either a mixture of products 

possibly containing the  2-PN product or an equilibrium between 2, PEt3, and 3e, where there would 

be no isolable  2-PN product. The same reaction was conducted and monitored by variable temperature 

NMR spectroscopy with the goal of slowing down reactivity to observe a single product by 31P{1H} 

NMR spectroscopy. The reaction was cooled from 25 ˚C down to –50 ˚C and analyzed at every 10 ˚C 

change in temperature by 31P{1H} NMR spectroscopy (Appendix Figure B.15). There was no change 

in the 31P{1H} NMR spectroscopy product distribution, which suggests that a change in temperature 

does not lead to an isolable  2-PN phosphine adduct.  
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Figure 3.6. 31P{1H} NMR spectra (162 MHz, C6H6) stack plot of the reaction of 2 and PEt3. From top to bottom: 

2, 2 and PEt3. The peak at P = –19.8 is free PEt3.  

3.1.3 Reactivity with CN–   

The reactivity of Pd complex 2 with CN– was evaluated, because this anion generally 

coordinates strongly to Pd(II). One equivalent of tetrabutylammonium bromide (TBABr) was added to 

a heterogenous solution of Zn(CN)2 in DMF at room temperature. TBABr was added to the Zn(CN)2 

solution, to increase solubility of the cyanide salt, through salt metathesis to form a soluble, charge 

separated [TBA]CN, cyanide source.47 Complex 2 was dissolved in DMF and added to the TBACN 

solution at room temperature (Scheme 3.7). The reaction was analyzed by 31P{1H} NMR spectroscopy, 

and there was complete consumption of complex 2, but no new product signals were observed 

(Appendix Figure B.16). This suggests that there may be a dynamic equilibrium occurring between 2, 

CN–, and 3f.   
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Scheme 3.7. Proposed reactivity with 2 and TBACN.  

When complex 2 was added to the TBACN solution there was an immediate colour change from 

the starting orange solution to a colourless solution. This lack of colour is consistent with a Pd(0) 

complex, which indicates that reductive elimination of acetonitrile may have occurred, to produce a 

Pd(0) complex (Scheme 3.8).  

 

Scheme 3.8. Proposed reactivity with 2 and TBACN, followed by reductive elimination of acetonitrile to produce 

Pd(0) complex 4.  

Excess maleic anhydride (MAH) was added to the proposed Pd(0) complex 4 solution in an 

effort to trap the Pd(0) complex (Scheme 3.9). After addition of MAH, there was an immediate colour 

change in solution from colourless to orange. Over the course of 24 h the colour of the solution 

continued to change to a dark orange/brown solution. The reaction was analyzed by 31P{1H} NMR 

spectroscopy, but there were still no signals observed (Appendix Figure B.16). This suggests that there 
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is likely a dynamic equilibrium occurring between 4, MAH, and the MAH adduct 5, which means that 

the potential Pd(0) complex could not be trapped with MAH. The results indicate that substitution with 

CN– does not lead to an isolable 2-PN Pd complex.  

 

Scheme 3.9. Proposed reactivity with in situ generated 4 and MAH.  

3.1.4 Reactivity with Water 

 The reactivity of Pd complex 2 with water was explored to determine if the addition of water 

would result in hydroxide substitution onto 2 with the release of methane gas (Scheme 3.10), or if 

protonation of the 1-AzA ligand would occur (Scheme 3.11). One drop of degassed water was added to 

a solution of 2 in C6D6 at room temperature and there was a colour change from the starting orange 

solution to a yellow solution. Additionally, there was formation of white, yellow, and black precipitates 

that accumulated over 24 h. This was consistent with the same reaction conducted with Pd(II) dimer 

S.48   
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Scheme 3.10. Proposed reactivity with 2 and water. 

The reaction was analyzed by both 31P{1H} and 1H NMR spectroscopy. In the 31P{1H} NMR 

spectrum there was complete consumption of complex 2 and the formation of two new signals at P = 

36.2 and 35.4 in a 1:10 ratio (Appendix Figure B.18). The product mixture was dissolved and analyzed 

in both THF and DMSO as well as C6D6 and in each case the ratio of the products changed, which 

suggests that the products are in equilibrium (Appendix Figure B.19). The signals are consistent with 

Pd bound imine/enamine (H[L2]) complexes, which suggests that the water is protonating the 

coordinated 1-AzA moiety in 2, however the black precipitate is consistent with Pd black. The 1H NMR 

spectroscopy was too broad to identify distinctive signals, and the identity of these signals was not 

further investigated. Based on the 31P{1H} NMR spectroscopy, the reaction likely proceeds through Pd 

imine/enamine intermediate before decomposing into Pd black, which indicates that complex 2 is not 

stable upon water addition (Scheme 3.11).  
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Scheme 3.11. Proposed decomposition pathway of 2 through a Pd imine/enamine intermediate. 

3.2 Insertion Reactivity 

Since complex 2 has a Pd methyl bond, it was hypothesized that insertion into the Pd methyl 

bond could occur with CO and/or methyl acrylate.  

3.2.1 Reactivity with CO 

Reactivity with Pd complex 2 and CO was conducted to assess if CO could coordinate to Pd 

directly or through insertion into the Pd methyl bond (Scheme 3.12).  

 

Scheme 3.12. Proposed reactivity of 2 with CO, to form products 8. 

CO was bubbled into to a solution of 2 in C6D6 at room temperature and the reaction was 

monitored over 24 h by 1H and 31P{1H} NMR spectroscopy. There was an observed solution colour 

change after CO was bubbled into the solution from a light orange to dark orange. After 10 min the 

31P{1H} NMR spectrum displayed partial consumption of 2 and the formation of multiple new signals 

between the range of P = 18.0 – 40.0. After six hours 2 was completely consumed, and the new signals 
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all persisted in greater ratios than the initial 10 min observation. The combination of the colour changes 

and multiple new 31P{1H} NMR spectroscopy signals suggest that a reaction occurs, but multiple 

products are formed at room temperature, and currently no products have been isolated. Since there are 

different possible products for this reaction, CO coordination and insertion products could potentially 

be in a dynamic equilibrium, where the multiple observed 31P{1H} NMR spectroscopy signals may 

represent multiple products in equilibrium with each other (Scheme 3.13). 

 

Scheme 3.13. Proposed equilibrium products following CO coordination or insertion with 2.  

The same reaction with CO bubbled into a solution of 2 in toluene-d8 was conducted in a                

–50 ˚C cold bath with the objective of slowing down reactivity to potentially isolate or characterize one 

of the new 31P{1H} NMR spectroscopy signals. Multiple 31P{1H} NMR spectroscopy signals between 

the range of P = 18.0 – 40.0 were still observed, however there were significantly fewer signals 

observed at –50 ˚C which indicates that cooling the reaction may provide method to product isolation 

or characterization (Figure 3.7). Complex 2 does react with CO, but the mechanism of how CO reacts 

with 2 is still unknown. Future experiments could be conducted try an isolate the products and determine 

how CO reacts with 2.  
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Figure 3.7. 31P{1H} NMR spectra (162 MHz, toluene-d8) stack plot of the reaction of 2 and CO. From top to 

bottom: 2, 2 and CO bubbled in at room temperature, 2 and CO bubbled in at –50 ˚C.  

3.2.2 Reactivity with Methyl Acrylate 

Reactivity with Pd complex 2 and methyl acrylate (MA) was evaluated to assess if MA could 

coordinate to Pd through either insertion into the Pd methyl bond, polar functional group binding, or 

alkene binding (Scheme 3.14). 

 

Scheme 3.14. Proposed reactivity of 2 with MA, to form possible products 9a-e.  

  One equivalent of MA was added to a solution of 2 in C6H6 at room temperature and the reaction 

was monitored over 24 h by 31P{1H} NMR spectroscopy. After 6 h the 31P{1H} NMR spectrum 
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displayed complete consumption of complex 2 and the formation of two new signals with a 2:3 ratio at 

P = 19.4 and 23.2, respectively (Appendix Figure B.22). To examine the stability of the products, the 

solvent was removed, and the compounds were redissolved in C6H6. The 31P{1H} NMR spectrum of 

the redissolved products displayed the same two signals at P = 19.4 and 23.2 in the same ratio, which 

indicates the products persist on solvent removal and redissolution. The product distribution remained 

the same when this reaction was conducted in toluene-d8 or THF. This reaction was then conducted in 

a –50 ˚C cold bath, where one equivalent of MA was added to a solution of 2 in toluene-d8 at –50 ˚C 

and the reaction was monitored over time by 31P{1H} NMR spectroscopy (Appendix Figure B.24). The 

purpose of the low temperature addition was to slow the reaction down, to provide a possible pathway 

to product isolation or characterization for one of the new products observed in the 31P{1H} NMR 

spectroscopy. After 3 h, the 31P{1H} NMR spectrum displayed an abundance of new signals between 

the range of P = 18.0 – 40.0, which indicates that cooling the reaction either slows down reactivity 

allowing multiple intermediates to be observed or that cooling does not provide method to product 

isolation or characterization. The 1H NMR spectrum was too complex to identify specific products, 

however there was no evidence of alkene proton signals in the 1H NMR spectrum, which suggests the 

product is likely an insertion product and not complex 9d or 9e. Complex 2 does react with MA, 

however the mechanism of how MA reacts with 2 is still unknown. Future experiments could be 

conducted to try an isolate the products and determine how MA reacts with 2.  

In Summary,  the substitution reactivity of both pyridine and tertiary phosphines with Pd 

complex 2 resulted in a reversible dynamic equilibrium mixture between 2, the Lewis base, and complex 

3, which was completely different than the previous observed results with Pd(II) dimer S and Ru 

complex W, where pyridine or phosphine coordinated to Pd or Ru and the P^AzA  2-PN product was 

isolated and crystallized. The substitution reactivity of cyanide with 2, provided evidence towards the 

formation of a Pd(0) intermediate, following the reductive elimination of acetonitrile. The substitution 
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reactivity of water with 2, was consistent with Pd(II) dimer S. In both cases the 1-AzA ligand fragment 

was protonated upon water substitution to form Pd imine/enamine intermediates before proceeding 

down a decomposition pathway to Pd black. The insertion reactivity with both CO and MA suggested 

that there was evidence towards insertion into the Pd methyl bond, however no insertion products were 

isolated or characterized. Pd complex 2, exhibits unique fast and dynamic reactivity that could be 

exploited towards catalysis.   
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4.0 Attempted Catalysis with Biaryl Pd Phosphine 1-Azaallyl Complexes 

Preliminary examination of 2 as a catalyst for polymerization, oligomerization, isomerization, 

cyanation, and carbonylation was evaluated based on the interesting reactivity observed in Chapter 3. 

4.1 Attempted Ethylene Homopolymerization 

Cationic phosphine phosphonic amide Pd(II) complexes bearing hemilabile bidentate P,O or P,N 

ligands have been successful ethylene polymerization catalysts.49 This led to the hypothesis that Pd 

complex 2 could catalyze ethylene polymerization since it is structurally related to successful ethylene 

polymerization catalysts. Polymerization of ethylene was attempted with Pd complex 2 (Scheme 4.1). 

A solution of 2 in toluene was added to a Parr Reactor with pressurized ethylene and heated at 80 ˚C. 

After 24 h, MeOH was added to the solution to try and precipitate any formed polymers, however upon 

filtration no solids were observed, which suggests there is no formation of long chain polymers.  The 

solvents were then removed to afford a white solid with an average mass of 11 mg, this white solid was 

also observed with the control reaction containing no catalyst. The white solid possibly represents the 

formation of short chain oligomers, however as this isolated product is observed in the control reaction, 

it appears product formation does not require Pd, and the yield is so small that the result does not warrant 

follow-up.  

 

Scheme 4.1. Proposed synthesis of polyethylene catalyzed by 2. 

Nonetheless, the spectroscopic data of the solids was analyzed, and the 1H NMR spectrum of 

the isolated product from the reaction with 2 and the control reaction both had signals at H = 1.40, 

1.28, and 0.88. These signals are consistent with reported polyethylene 1H NMR spectra where the 

signals at H = 1.40 and 1.28 represent methylene protons and the signal at H = 0.88 represents methyl 
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protons of polyethylene.50 The chain length of the products was determined using end group analysis 

and the chain in both products was found to have of four repeating units, which is consistent with short 

chain polyethylene oligomers. The 1H NMR spectroscopy signals for the isolated product were very 

sharp singlets and the 1H NMR spectroscopy signals for the control reaction were very broad. This 

suggests that Pd complex 2 is not required for ethylene oligomerization but may play a role in product 

selectivity. To determine if Pd complex 2 could catalyze ethylene oligomerization, a series of 

optimization reactions were conducted to assess the influence of catalyst, time, and solvent volume on 

product chain length (Table 1).  

Table 1. Optimization reactions for ethylene homopolymerization with varying times, solvent volumes, and 

catalyst conditions. 

Entry Catalyst 

Loading 

(mM) 

Temperature 

(˚C) 

Time (h) Solvent 

Volume 

(mL) 

Mass (mg) Repeating 

Units 

1 0 80 24 15 5 4 

2  0.005 80 24 15 11 4 

3  0.005 80 6 15 10 4 

4  0.005 80 3 15 10 4 

5  0.005 80 3 8 7 4 

6b  0.005 80 24 15 6 4 

7b  0.005 80 6 15 7 4 

8b  0.005 80 3 15 8 3 

9b  0.005 80 3 8 5 3 

a all reactions conducted in toluene with 150 psi of ethylene. b with four equivalents of pyridine added 

to the solution of 2 in toluene.   
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Reaction time, the first condition examined (Entries 2-4), was decreased from 24 h to six hours, 

and then three hours, and no changes in product chain length or yield were observed. Toluene volume 

was then decreased from 15 mL to 8 mL (Entries 4-5), and no changes in product chain length were 

observed. Four equivalents of pyridine were then added to the solution of 2 in toluene with the 

hypothesis that the addition of a Lewis base would induce a change in P^AzA coordination mode from 

 1-P;η3-NCC to  2-PN. Accessing a 2-PN coordination mode with pyridine coordinated to the metal 

centre could provide an easier pathway for ethylene coordination. Ethylene substitution onto Pd would 

then be able to occur through dissociation of the neutral pyridine ligand instead of through dissociation 

of the anionic 1-AzA ligand. However, there were no observed changes in product chain length, which 

suggests that reaction time, solvent volume, and the addition of pyridine do not influence the chain 

length of the solid oligomer products isolated from the MeOH solution. This suggests that 2 is not an 

effective polymerization catalyst under the given conditions. 

4.2 Attempted 1-Octene Oligomerization 

Oligomerization of 1-octene was attempted with Pd complex 2 (Scheme 4.2) to evaluate if 

oligomers were being formed, since the expected oligomeric products should be non-volatile, whereas 

the potential oligomers formed from the reaction with ethylene would be volatile, and therefore nearly 

impossible to identify. 1-Octene was added to a solution of 2 in toluene-d8 and the reaction was 

monitored by 1H NMR spectroscopy over 24 hours. There were no changes observed in the 1H NMR 

spectrum, which indicates no oligomerization occurred. This reaction was then conducted at 80 ˚C and 

monitored over 24 h to investigate if catalysis would occur under more forcing conditions. There were 

no changes observed in the 1H NMR spectrum, which indicates no oligomerization occurred.  
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Scheme 4.2. Attempted 1-octene oligomerization with Pd complex 2.  

4.3 Attempted Allyl Benzene Isomerization 

Cationic and sterically hindered palladium-diimine polymerization catalysts have also been 

known to act as catalysts for α-olefin isomerization.51 This led to the hypothesis that Pd complex 2 

could act as an olefin isomerization catalyst, so the potential of 2 to catalyze allyl benzene isomerization 

was explored. Allyl benzene was added to a solution of 2 in C6D6 at room temperature and the reaction 

was monitored by 1H NMR spectroscopy over 24 h (Scheme 4.3). A new methyl proton signal at H = 

1.70 or 1.92 would indicate isomerization to the E or Z isomer, respectively.40 There were no changes 

observed in the 1H NMR spectrum, which indicates no isomerization occurred. This reaction was then 

conducted at 80 ˚C and monitored over 24 h to investigate if catalysis would occur under more forcing 

conditions. There were no changes observed in the 1H NMR spectrum, which indicates no isomerization 

occurred. The results suggest that 2 is not an effective olefin isomerization catalyst. 

 

Scheme 4.3. Attempted allyl benzene isomerization with Pd complex 2.  

4.4 Attempted Cyanation of 3-Bromopyridine 

Traditionally, Pd(II) catalyzed cyanation of aryl bromides has been unsuccessful due to catalyst 

decomposition.51 In a catalytic cycle, when Pd(II) is exposed to strongly binding CN–anions, an inactive 
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Pd-CN species is formed, and this Pd species cannot be reduced to Pd(0), which ultimately leads to a 

dead end in the catalytic cycle and catalyst decomposition.52 The dynamic equilibrium observed with 

Pd complex 2 with Lewis base donors (Section 3.1) led to the hypothesis that Pd catalyzed cyanation 

of heteroaryl bromides with 2 could be successful without forming a stable Pd-CN species that would 

ultimately lead to catalyst deactivation. 

Cyanation of 3-bromopyridine with zinc cyanide and catalytic tetrabutylammonium bromide 

was attempted with 2 following a literature procedure (Scheme 4.4).53 A solution of one equivalent of 

3-bromopyridine, 0.6 equivalents of zinc cyanide, 0.25 equivalents of tetrabutylammonium bromide, 

and 5 mol% of Pd complex 2 in DMF was stirred at 65 ˚C for 20 h.53 The reaction was analyzed by 

13C{1H} NMR spectroscopy where an additional signal at C = 110.3 would be indicative of the nitrile 

carbon of the proposed cyanation product. The 13C{1H} NMR spectrum displayed no additional carbon 

signal, which indicates that the cyanation catalysis with Pd complex 2 was unsuccessful.  

 

Scheme 4.4. Attempted cyanation of 3-bromopyridine with Pd complex 2.53 

In this reaction, oxidative addition of 3-bromopyridine is likely the rate determining step with 

the highest energy barrier. One way to overcome this energy barrier is to increase the reaction 

temperature, so catalysis under the same conditions was attempted at 120 ˚C and the reaction was 

analyzed by 13C{1H} NMR spectroscopy. The 13C{1H} NMR spectrum displayed no additional carbon 

signal, which indicates that the cyanation catalysis with 2 was unsuccessful. If catalysis were to occur, 

the proposed catalytic cycle for this reaction with 2 would initially involve coordination of CN– to Pd, 

followed by the reductive elimination of acetonitrile to form a Pd(0) intermediate complex (Scheme 
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4.5). 

 

Scheme 4.5. Proposed catalytic cycle for cyanation of 3-bromopyridine with Pd complex 2.  

To confirm if the Pd(0) intermediate complex would be stable, an independent synthesis of a 

Pd(0) complex with L2 coordinated was attempted. The tautomeric mixture of H[L2]a and H[L2]b was 

coordinated to [DMPDAB-Pd-MAH] affording complexes 12a and  12b (Scheme 4.6). The 31P{1H} 

NMR spectrum displayed two singlets at P = 28.8 and 25.5.  

 

Scheme 4.6. Coordination of H[L2] to Pd to form 12a and 12b.  

Deprotonation of H[L2] on complex 12a/b with potassium hydride was performed to generate 

the proposed P^AzA Pd(0) complex 7. The 31P{1H} NMR spectrum displayed two different singlets at 

P = 33.2 and 29.1, which may imply that there is an equilibrium between the complex 5 and 4 (Scheme 

4.7). Only preliminary characterization was conducted on 5, but the results suggest that a Pd(0) 
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intermediate could be stable, which implies that oxidative addition is likely the limiting step to 

successful catalysis with 2 under the given conditions.    

 

Scheme 4.7. Deprotonation of 12a and 12b to form the proposed Pd(0) intermediate 5.  

4.5 Attempted Carbonylation of Aryl Triflates to Aroyl-DMAP Salts 

The reactivity observed with CO and Pd complex 2 led to the hypothesis that CO could insert 

into the Pd alkyl bond which would enable Pd catalyzed carbonylation of phenyl triflate with Pd 

complex 2. Carbonylation of phenyl triflate to aroyl-DMAP salts was attempted with 2 following a 

literature procedure (Scheme 4.8).54 A solution of phenyl triflate, DMAP, and 5 mol% 2 in toluene was 

prepared. An immediate colour change from colourless to bright red was observed upon the addition of 

2 to the solution of phenyl triflate and DMAP. The red colour is consistent with the colour observed 

when pyridine was added to a solution of 2. CO was bubbled into the Strauss flask and the reaction was 

stirred at 60 ˚C for 24 h. After 24 h there was visible Pd black formation and no visible white solid 

indicative of the product.  
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Scheme 4.8. Attempted carbonylation of phenyl triflate with Pd complex 2.54 

The reaction was analyzed by 1H, 19F{1H}, and 13C{1H}, and NMR spectroscopy. In the 1H 

NMR spectrum only signals of the starting material DMAP and PhOTf were observed. In the 19F{1H} 

NMR spectrum the only signal observed was for the starting material phenyl triflate. In the 13C{1H} 

NMR spectrum there was no evidence of a new carbon signal indicative of a carbonyl. The NMR spectra 

indicates that the Pd catalyzed carbonylation of phenyl triflate was unsuccessful with 2. The Pd black 

observed during the reaction represents decomposition of Pd complex 2. To determine if heating the 

reaction led to catalyst decomposition, the reaction was conducted under the same conditions at room 

temperature. After 24 h Pd black was again observed and there was no evidence of new product 

formation in the NMR spectra.  

If catalysis were to occur, the proposed catalytic cycle for this reaction with 2 would initially 

involve CO insertion into the Pd methyl bond, followed by the rapid reductive elimination of the acyl 

group followed by subsequent DMAP salt formation to form a Pd(0) intermediate (Scheme 4.9). 

Previous reactivity with 2 suggests that these steps are all possible, which would indicate that the 

oxidative addition of phenyl triflate is preventing catalysis from occurring. To overcome the potential 

oxidative addition energy barrier, the carbonylation of p-tolyl triflate was attempted at 120 ˚C. After 24 

h both the 19F{1H} NMR spectrum and the 13C{1H} NMR spectrum displayed only signals for starting 

material. Additionally, Pd black was again observed, which is indicative of catalyst decomposition. The 

results suggest that 2 is not an effective carbonylation catalyst under the given conditions.    
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Scheme 4.9. Proposed catalytic cycle for carbonylation of phenyl triflate with Pd complex 2. In cycle one Ar = 

Me.  

In summary, the promising insertion reactivity with Pd complex 2 and MA, led to the hypothesis 

that 2 could catalyze ethylene polymerization, however under the tested catalytic conditions 2 was an 

unsuccessful polymerization catalyst. The ability of 2 to catalyze 1-octene oligomerization and allyl 

benzene isomerization was also assessed, but again under the tested catalytic conditions 2 was an 

unsuccessful catalyst. Cyanation catalysis with 2 was attempted because of the unique reactivity 

observed with 2 and cyanide indicated that an inactive Pd-CN complex would likely not form, and result 

in a decomposition pathway. The attempted cyanation catalysis with 2 was unsuccessful under the tested 

conditions. Since, there was evidence that Pd(0) intermediate bearing L2 would be a stable complex 

through a catalytic cycle, oxidation addition was likely the barrier to successful catalysis. This was seen 

again with the attempted carbonylation catalysis where oxidative addition was proposed to be the 

limiting step towards successful catalysis.  
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5.0 Conclusions and Future Work 

5.1 Summary and Conclusion  

 Modifying the P^AzA ligand backbone from a single aryl ring to a biaryl backbone led to the 

isolation of the rare 1-P;η3-NCC coordination mode on a Pd complex and demonstrated how structural 

variation of the P^AzA ligand can allow for new coordination chemistry and reactivity to occur. The 

new P^AzA ligand K[L2], with a biaryl backbone was synthesized in three steps. First, the biaryl P^A 

precursor A[L2] was synthesized by a Suzuki cross coupling reaction between 2-

bromophenyldiphenylphosphine and 2-aminophenylboronic acid, catalyzed by Pd(dppf)Cl2. A[L2] 

then underwent a condensation reaction with isobutyraldehyde to afford the biaryl P^I precursor H[L2]. 

H[L2] was determined to be a tautomeric mixture of both the imine and enamine biaryl precursors. 

Deprotonation of the H[L2] tautomers with potassium hydride led to the formation of the biaryl 

phosphine 1-azaallyl ligand, K[L2]. K[L2] was coordinated to [PdCl(CH3)(COD)], to afford Pd 

complex 2. The  1-P;η3-NCC coordination mode of complex 2 was characterized by a series of NMR 

spectroscopy, EXAFS spectroscopy, energy computations, and UV-Vis spectroscopy experiments. 

Correlation between the 1-AzA protons and the phosphine in 1H-31P HMBC NMR spectrum and the 

chemical shift of the 1-AzA C1 and C2 carbons in 13C{1H} NMR spectrum supported a 1-P;η3-NCC 

coordination mode. A comparison of unknown complex 2 to known complexes S and T in the Pd L3-

edge experiment indicated that 2 has either a lower oxidation state of Pd or a different coordination 

geometry of the 1-AzA moiety around Pd. DFT calculations were conducted to determine if the 1-P;η3-

NCC coordination mode of L2 was more favourable than the  1-P;µ-N coordination mode, which 

would have been consistent with known complex S. The 1-P;η3-NCC was determined to be more 

energetically favourable and 2 had absorbance at 390 nm, which was also consistent with a 1-P;η3-

NCC coordination mode. Therefore, increasing the P-Pd-N bite angle successfully led to the rare and 

previously inaccessible κ1-P;η3-NCC  P^AzA coordination mode on a Pd complex.         
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 The reactivity of 2 with Lewis bases was explored and the Lewis bases tested included pyridine, 

tertiary phosphines, cyanide, and water. The observed results with both pyridine and phosphine addition 

to Pd complex 2 were completely different than the previous observed results with Pd(II) dimer S and 

Ru complex W, where pyridine or phosphine coordinated to Pd or Ru and the P^AzA  2-PN product 

was isolated and crystallized. Unlike the Ru(II) P^AzA complex  Y, there was also no formal detection 

of isomerization between 1-P;η3-NCC and  2-PN coordination modes with the addition and removal 

of Lewis base donors. However, the observed colour changes and changes in NMR spectra suggest that 

there was a very fast and dynamic equilibrium that occurred with Lewis base addition to complex 2. 

This dynamic equilibrium was confirmed to be reversible when Lewis acid B(C6F5)3 was added to the 

equilibrium mixture of {2 + py} and complex 2 was regenerated once pyridine was sequestered. The 

reversible dynamic equilibrium observed with Lewis base substitution could potentially be 

advantageous for catalysis as it could allow for both substrate coordination and stabilization of a low 

coordinate intermediate. The observed results with CN– addition to 2, suggest that the dynamic {2 + 

CN–} equilibrium mixture can undergo the reductive elimination of acetonitrile to form a stable Pd(0) 

intermediate complex 4. Several Pd catalytic cycles proceed through a Pd(0) active catalyst, as it allows 

for substrate coordination at two coordination sites, so the ability to generate a stable Pd(0) complex 

would be extremely valuable for a diverse range of Pd catalyzed reactions. The observed results with 

water addition to 2, are consistent with Pd(II) dimer S. In both cases the 1-AzA ligand fragment was 

protonated upon water addition to form Pd imine/enamine intermediates before proceeding down a 

decomposition pathway to Pd black. The P^AzA ligand is anionic, so it makes sense that the addition 

of a proton source led to ligand protonation.  Since Pd complex 2 had a Pd methyl bond, insertion 

reactivity with CO and MA was also tested. In both cases there was preliminary evidence that insertion 

into the Pd methyl bond was possible, however no insertion products were isolated or characterized in 

situ. For this type of insertion to occur, an open coordination site must be generated on the Pd metal 
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centre to allow for CO or MA to coordinate before insertion can occur. This suggests that L2 was 

dynamically adapting different coordination modes to facilitate insertion into the Pd methyl bond. 

Overall, the unique, fast, and dynamic reactivity observed with Pd complex 2, and a diverse range of 

small molecules could be exploited towards several catalytic processes. 

The promising insertion reactivity observed with Pd complex 2 and MA, led to the hypothesis 

that 2 could catalyze ethylene polymerization, 1-octene oligomerization, and allyl benzene 

isomerization as each mechanism would initially involve the coordination of an alkene to Pd followed 

by insertion into a Pd alkyl bond. There was preliminary evidence that L2 could enable this 

transformation, however under the tested catalytic conditions 2 was an unsuccessful catalyst. The 

promising reactivity observed with Pd complex 2 and cyanide, led to the hypothesis that 2 could 

catalyze the cyanation 3-bromopyridine. The most common deactivation pathway for Pd catalyzed 

cyanation is the formation of an inactive Pd-CN species, which terminates the catalytic cycle. When 2 

underwent a reaction with cyanide a dynamic equilibrium mixture between 2, CN–, and 3f was 

produced, which indicates that an inactive Pd-CN complex does not form. Furthermore, there is 

evidence that this {2 + CN–} equilibrium mixture can undergo the reductive elimination of acetonitrile 

to form a stable Pd(0) intermediate complex 4, which would be the active catalyst in the cyanation of 

3-bromopyridine. The attempted cyanation catalysis with 2 was unsuccessful under the tested 

conditions, which suggests that the oxidative addition of 3-bromopyridine onto 4 was likely the barrier 

to successful catalysis. The promising insertion reactivity observed with Pd complex 2 and CO, led to 

the hypothesis that 2 could catalyze the carbonylation of aryl triflates. All the Pd complexes that would 

be generated in the catalytic cycle for this reaction should be stable and possible to form, however the 

attempted carbonylation catalysis with 2 was unsuccessful under the tested conditions. It was again 

proposed that the oxidative addition of the aryl triflate onto the Pd(0) active catalyst 4,was the limiting 

step towards successful catalysis.  



58 
 

 

5.2 Future Work 

 Since Pd complex 2 reacts with both CO and MA further experimentation should be conducted 

to try to isolate and characterize the various insertion products. Characterization of the insertion 

products would provide a way to establish the mechanism of how CO and MA insert into the Pd methyl 

bond, which could then be useful to apply towards catalytic reactions. 

 When cyanide was substituted onto Pd complex 2 to form 3f, there was evidence that the 

complex underwent reductive elimination of acetonitrile to form a Pd(0) intermediate 4. Similarly, when 

H[L2] was coordinated to a Pd(0) precursor and then subsequently deprotonated, there was again 

evidence that 4 was formed in an equilibrium mixture. It would be beneficial to develop a conclusive 

synthesis pathway towards 4, because the reduction of a Pd(II) intermediate to a Pd(0) complex is 

fundamental step in a vast number of Pd-catalyzed processes, including cross-coupling or C-H 

activation.55 Ligand L2 has the capacity to alter its coordination mode from 1-P;η3-NCC to 2-PN, 

which could open a second coordination site at Pd in 4, to allow for substrate coordination and oxidative 

addition from Pd(0) to Pd(II) (Scheme 5.1). As seen with the tested cyanation and carbonylation 

catalysis reactions, the barrier to successful catalysis was proposed to be oxidative addition, so a 

thorough substrate scope towards Pd(0) to Pd(II) oxidative addition should be examined, to determine 

how best to exploit complex 4 towards successful catalytic reactions. 
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Scheme 5.1. Proposed oxidative addition from Pd(0) to Pd(II). 

Synthesizing an analogous Pd complex to complex 2, with a chloro ligand bound to Pd instead 

of a methyl ligand bound to Pd could be intriguing, because of the potential to generate two open 

coordination sites on the Pd metal centre. The two open coordination sites could potentially be generated 

with a change in L2 coordination mode along with chloride abstraction. Preliminary work has gone into 

synthesizing this proposed Pd chloro complex. There is promising evidence that this biaryl Pd choro 

complex with L2 coordinated 1-P;η3-NCC can be synthesized by the coordination of H[L2] to 

[PdCl2(COD)] (Scheme 5.2A), followed by deprotonation with potassium hydride (Scheme 5.2B). 

Developing a reproducible synthetic route and characterizing this proposed Pd chloro complex should 

be targeted. This Pd complex could potentially have the ability generate two open coordination sites, 

which would be immensely valuable for oxidative addition, a fundamental step in several Pd-catalyzed 

processes. 
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Scheme 5.2. A) Proposed coordination of H[L2] to Pd to form a Pd chloro imine complex. B) Proposed 

deprotonation of the Pd chloro imine complex to form a Pd chloro P^AzA complex. 

The reactivity of the proposed Pd chloro complex should also be assessed. It would be useful to 

investigate the reactivity of the proposed Pd chloro complex towards Lewis base substitution with 

parallel experiments to those that were conducted with 2. This would determine if similar reactivity is 

observed with the proposed Pd chloro complex, or if reaction products with the proposed Pd chloro 

complex can be isolated or characterized in situ. Isolation or in situ characterization of these reaction 

products would provide direct evidence towards the expected change in L2 ligand coordination mode. 

Since the proposed Pd chloro complex has a chloride bound to Pd, halide abstraction could be conducted 

to install a labile Lewis base ligand (L) onto Pd to form a charge separated complex (Scheme 5.3). In 

the presence of a strong bidentate phosphine donor, L should dissociate, and the phosphine donor should 

coordinate. This would induce a ligand change in coordination mode from 1-P;η3-NCC to 2-PN, to 

form a complex where the  2-PN ligand coordination mode could be characterized, which would show 
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the dynamic coordination of L2. Reduction of the proposed Pd chloro complex to form a Pd(0) complex 

may also provide pathway to a direct synthetic route towards Pd(0) complex 4.  

 

Scheme 5.3. Proposed halide abstraction and bidentate phosphine ligand coordination on the proposed Pd chloro 

complex. 
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6.0 Experimental 

6.1 General Experimental Procedure  

All reactions were conducted in a nitrogen atmosphere glovebox or using standard Schlenk line 

techniques under an argon atmosphere, unless explicitly stated otherwise. All glassware was oven dried 

at 150 ˚C for at least three hours and cooled under nitrogen atmosphere prior to use, unless otherwise 

stated. All reagents used were obtained from commercially available sources and used without further 

purification, unless otherwise indicated. Potassium hydride was purchased from Alfa Aesar as a 30% 

w/w suspension in mineral oil and was purified by filtration through a fritted funnel. The solid KH was 

then washed with dry hexanes and diethyl ether (20 mL/g KH) and dried under vacuum inside a nitrogen 

atmosphere glovebox for use. The following materials were prepared following literature procedures: 

A[L2]42, [PdCl(CH3)(COD)]56 and [DMPDAB-Pd-MAH]57. All reaction solvents were obtained from an 

Innovative Technology 400-5 Solvent Purification system and stored over 4 Å molecular sieves unless 

otherwise stated. Pyridine was dried over CaH2, distilled under dynamic vacuum, and stored in an inert 

atmosphere over activated 4 Å molecular sieves. Deuterated solvents were obtained from commercially 

available sources and stored over 4 Å molecular sieves in an inert atmosphere unless otherwise stated. 

Acetone-d6 and toluene-d8 were purchased in glass ampoules and used as received.  

 All NMR spectra were obtained using either a 600 or 400 MHz Bruker, or 600 MHz Varian 

NMR spectrometer at 25 ˚C unless otherwise indicated. 1H and 13C{1H} spectra were referenced 

internally to TMS at 0 ppm as follows: benzene-d6 (
1H, 7.16 ppm; 13C{1H}, 128.1 ppm), CDCl3 (

1H, 

7.26 ppm; 13C{1H} 77.2 ppm), toluene-d8 (
1H, 2.08 ppm, 13C{1H}, 20.4 ppm), acetone-d6 (

1H, 2.05 

ppm; 13C{1H}, 205.9 ppm).31P{1H} spectra obtained in deuterated solvents were referenced internally 

to H3PO4 at 0.0 ppm, whereas spectra acquired in non-deuterated solvents were referenced externally 

to a sample of 85% H3PO4. Multiplicities are identified as: s (singlet), d (doublet), t (triplet), sept 

(septet), m (multiplet) or, br (broad). Chemical shift assignments were obtained using 1D NMR 
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spectroscopy and 2D heteronuclear and homonuclear NMR spectroscopy (i.e. 1H-1H COSY, 1H-13C 

HSQC, 1H-13C/31P/15N HMBC). X-ray diffraction measurements were made on a Bruker Kappa Axis 

Apex2 diffractometer at a temperature of 110 K. Further details are provided in Appendix A. UV-Vis 

spectra were collected using an Agilent Technologies Cary 8454 UV-Vis spectrometer, fitted with a 

Unisoko CoolspeK UV USP-203-A cryostat for low temperature analyses. Infrared spectra were 

collected on solid samples using a Bruker ALPHA II FTIR spectrometer. Charge-transfer Matrix 

Assisted Laser Desorption/Ionization (MALDI) mass spectrometry data were collected on an AB Sciex 

5800 TOF/TOF mass spectrometer using pyrene as the matrix in a 20:1 molar ratio to complex. 

Solutions were prepared in C6H6 and spotted on a sample plate under an inert atmosphere and 

transferred to the instrument in a sealed Ziplock® bag. The instrument is equipped with a 349 nm 

OptiBeam On-Axis laser. The laser pulse rate was 400 Hz and data were collected in reflectron positive 

mode unless otherwise indicated. Reflectron mode was externally calibrated at 50 ppm mass tolerance. 

Each mass spectrum was collected as a sum of 500 shots. The acquired data sets were plotted in 

Microsoft Excel, and simulations for 130 peaks of interest were simulated from envipat.eawag.ch58 and 

plotted in Microsoft Excel. 
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6.2 Ligand Synthesis 

 

Figure 6.1. General labelling scheme for the phosphine imine ligand H[L2]. This scheme will be used 

consistently for all compounds throughout the experimental. In cases where H3 and C3 atoms are not equivalent 

H3 and H3’, C3 and C3’ are used to distinguish between the two sites.  

6.2.1 Phosphine Imine Synthesis (H[L2]) 

 

Figure 6.2. Phosphine imine ligand H[L2]. 

In a glovebox, 2'-(diphenylphosphanyl)-[1,1'-biphenyl]-2-amine (237 mg, 0.671 mmol) was 

dissolved in toluene (20 mL) and added to a 100 mL Schlenk flask containing a magnetic stir bar and 4 

Å molecular sieves. The Schlenk flask was then removed from the glovebox and attached to the Schlenk 

line. Isobutyraldehyde (0.080 mL, 0.874 mmol) and five drops of formic acid were individually added 

to the Schlenk flask by a plastic syringe through a septum, and the flask was left to stir for 24 h at room 

temperature. After 24 h, the solution was filtered through a pad of Celite in a fritted funnel via cannula. 

The original flask was washed with degassed toluene (3 × 10 mL) and the washings were filtered 

through Celite. The solvent of the combined filtrates was removed under vacuum at 60 ˚C to afford a 
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yellow oil. The Schlenk flask was brought into the glovebox and DCM (2 mL) was added to dissolve 

the yellow oil. The yellow solution was transferred to a 20 mL vial, the Schlenk flask was rinsed with 

DCM (3 × 1 mL), transferred to the sample vial, and the combined solvent was then reduced under 

vacuum to afford 2'-(diphenylphosphanyl)-[1,1'-biphenyl]-2-imine H[L2] as a white/yellow solid. 

H[L2] is a mixture of two tautomers H[L2]a the imine and H[L2]b the enamine in a 1:2 ratio, 

respectively. Yield: 240 mg, 0.589 mmol (88%).  

1H NMR (600 MHz, CDCl3): H[L2]a:  = 7.55 (d, 3JHH = 4.7 Hz, 1H, H1), 7.47 – 7.04 (m, 15H, 

C12H8 and P(C6H5)), 6.96 – 6.59 (m, 3H, C12H8), 2.39 (sept. of d, 3JHH = 4.7 Hz, 1.7 Hz, 1H, H2), 0.97– 

0.89 (m, 6H, H3). H[L2]b:  = 7.47 – 7.04 (m, 15H, C12H8, P(C6H5)), 6.96 – 6.59 (m, 3H, C12H8), 6.08 

(d, 3JHH = 10.1 Hz, 1H, H1), 4.94 (d, 3JHH = 10.1 Hz, 1H, N-H), 1.69 (s, 3H, H3), 1.36 (s, 3H, H3’). 

31P{1H} NMR (162 MHz (CDCl3): H[L2]a:  = –12.4 (s, PPh2). H[L2]b:  = –13.3 (s, PPh2). 
13C{1H} 

NMR (151 MHz, CDCl3): H[L2]a:  =171.2 (s, C1) 150.7 (s, C12H8), 145.9 (d, JCP = 30.6 Hz, C12H8), 

138.8 (d, JCP= 13.6 Hz, C12H8), 137.3 (d, JCP = 6.9 Hz, P(C6H5)), 133.9 (d, JCP = 5.2 Hz, C12H8), 133.4 

(s, C12H8) 131.3 (d, JCP = 4.2 Hz, P(C6H5)), 130.9 (d, JCP = 5.3 Hz, C12H8), 128.6 (s, C12H8), 128.5 (s, 

C12H8), 128.4 (s, P(C6H5)), 128.3 (s, C12H8), 128.2 (s, P(C6H5)) 127.3, (s, C12H8), 123.8 (s, C12H8), 

119.6 (s, C12H8), 34.6 (s, C2), 18.0 (s, C3). H[L2]b:  = 144.2 (d, JCP = 30.5 Hz, C12H8) 141.3 (s, C12H8), 

137.4 (d, JCP = 7.8 Hz, C12H8), 137.0 (d, JCP = 11.7 Hz, P(C6H5)), 134.3 (s, C12H8), 134.0 (d, JCP = 5.9 

Hz, C12H8), 131.0 (d, JCP = 3.4 Hz, P(C6H5)), 130.8 (d, JCP = 4.5 Hz, C12H8), 129.8 (d, JCP = 6.9 Hz, 

P(C6H5)),  129.6 (s, C12H8), 129.1 (s, C12H8), 128.4 (s, C12H8), 128.3 (s, P(C6H5)), 126.7 (d, JCP = 6.9 

Hz, C12H8), 121.3 (s, C1), 117.3 (s, C12H8), 110.7 (s, C12H8), 109.7 (s, C2) 22.5 (s, C3), 16.1 (s, C3’). 

ATR-FTIR (cm-1): ν 3067 (Csp
3 –H, w), 1680 (C=N). ESI MS: m/z found: 408.1865, calc: [H[L2]]+ 

408.1881.    
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6.2.2 Phosphine 1-Azaallyl Synthesis (K[L2]) 

 

Figure 6.3. Phosphine 1-azaallyl ligand K[L2]. 

In a glovebox, H[L2] (112 mg, 0.270 mmol) was dissolved in THF (2 mL) and added to a 

suspension of KH (44 mg, 1.09 mmol) in THF (2 mL) in a 20 mL vial. The H[L2] solution was added 

to the KH vial with vigorous stirring, and immediately the solution changed colour from pale yellow to 

light orange/red. The reaction solution was left to stir for 24 h at room temperature, during which the 

solution became a dark orange/red. The solution was passed through a pad of Celite to remove any 

unreacted KH. The solvent of the filtrate was then reduced to 1 mL under vacuum and cold pentane (3 

mL) was added to the vial to precipitate an orange powder. The precipitate was washed with cold 

pentane (3 × 1 mL), and the solvent from each wash was removed by pipette. The resulting solid was 

dried under vacuum to produce K[L2] as an orange powder. NOTE: K[L2] is thermally unstable and 

was stored in the freezer (–20 ˚C). Yield: 73 mg, 0.16 mmol (60%). 

1H NMR (600 MHz, (CD3)2CO):  = 7.53 – 7.49 (m, 1H, C12H8), 7.43 – 7.37 (m, 8H, C12H8, 

P(C6H5)), 7.20 – 7.09 (m, 6H, C12H8, P(C6H5)), 6.82 (d, 3JHH = 8.4 Hz, 1H, C12H8), 6.71 (d, 3JHH = 7.2 

Hz, 1H, C12H8), 6.56 – 6.50 (m, 1H, C12H8), 6.15 (s, 1H, H1), 1.66 (s, 3H, H3), 1.32 (s, 3H, H3’).  31P{1H} 

NMR (243 MHz, (CD3)2CO):  = –13.6 (s, PPh2). 
13C{1H} NMR (151 MHz, (CD3)2CO)):  =  145.0 

(d, JCP = 31.5, C12H8),142.0 (s, C12H8), 139.2 (d, JCP = 13.9 Hz, C12H8), 138.2 (d, JCP = 3.3 Hz, P(C6H5)), 

134.9 (s, C12H8), 134.4 (d, JCP = 9.8 Hz, P(C6H5)), 134.3 (s, C12H8), 134.2 (s, C12H8), 131.5 (d, JCP = 

5.3 Hz, C12H8), 131.4 (d, JCP = 3.0 Hz, C12H8), 130.5 (s, C12H8), 129.6 (s, C12H8), 129.3 (d, JCP = 10.6 

Hz, P(C6H5)), 129.1 (d JCP = 6.04 Hz, P(C6H5)), 122.0 (s, C1), 117.9 (s, C12H8), 111.3 (s, C12H8), 109.1 
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(s, C2), 22.4 (s, C3) 15.9 (s, C3’). ATR-FTIR (cm-1): ν 3049 (Csp
3 –H, w), 1090 (P–Ar, m). MALDI MS 

(pyrene) collected in negative ion mode m/z found: 406.2, calc. [L2]•- : 406.2. 

6.3 Pd Complex Synthesis 

6.3.1 Pd Imine Complex (1) Synthesis   

 

Figure 6.4. Pd imine complex 1. 

H[L2] (65 mg, 0.16 mmol) was dissolved in DCM (2 mL) and added to a solution of 

[PdCl(CH3)(COD)] (38 mg, 0.15 mmol) and stirred for 24 h. The reaction volume was reduced to 0.5 

mL and placed in a freezer at –20 ˚C for 10 min. Cold pentane (6 mL) was added to produce a white 

precipitate. The solvent was decanted via pipette and the white solid was washed with cold pentane (3 

× 4 mL) and dried under vacuum to yield 1 as a white powder. Yield: 55 mg, 67%. 

1H NMR (600 MHz, CDCl3): 1a:  =7.39 – 7.34 (m, 4H, C12H4, P(C6H5)), 7.26 – 7.15 (m, 11H, 

C12H4, P(C6H5)), 6.94 – 6.87 (m, 1H, C12H8), 6.83 – 6.75 (m, 1H, C12H8), 6.32 (d, 3JHH = 7.7 Hz, 1H, 

C12H4), 3.53 (d of sept, 3JHH = 1.0 Hz, 6.6 Hz, 1H, H2), 1.19 (d, 3JHH = 6.6 Hz, 3H, H3), 0.68 (d, 3JHH = 

6.6 Hz, 3H, H3’), 0.47 (d, 3JHP = 3.4 Hz, 3H, Pd-CH3). 1b: 7.63 – 7.52 (m, 4H, C12H8, P(C6H5)), 7.52 – 

7.40 (m, 8H, P(C6H5)), 7.33 – 7.26 (m. 2H, C12H8), 7.10 – 7.03 (m, 1H, C12H8), 7.01 – 6.95 (m, 1H, 

C12H8), 6.64 – 6.52 (m, 1H, C12H8), 6.13 (dd, 3JHH = 1.4 Hz, 7.6 Hz, 1H, C12H8), 5.90 (br, 1H, N-H), 

1.65 (br, 3H, H3), 1.47 (s, 3H, H3’), 0.60 (d, 3JHP = 3.6 Hz, 3H, Pd-CH3). 
31P{1H} NMR (243 MHz, 

CDCl3): 1a:  = 35.4 (s, PPh2). 1b: 36.2 (s, PPh2).  
13C{1H} NMR (151 MHz, CDCl3): 1a:  = 179.5 (s, 

C1), 148.6 (s, C12H8), 35.3 (s, C2), 19.0 (s, C3) 18.5 (s, C3’) 0.76 (d, JCP = 2.9 Hz, Pd-CH3). 1b:  = 121.4 

(s, C1), 119.7 (s, C2), 22.5 (s, C3), 22.5 (s, C3’), 1.26 (d, JCP = 2.7 Hz, Pd-CH3). The following signals 
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cannot be assigned specifically to 1a or 1b. 136.0 (d, JCP = 14.0 Hz, C12H8), 134.2 (d, J = 12.5 Hz, 

C12H8) 132.5 (s, P(C6H5)), 132.4 (s, P(C6H5)), 132.3 (s, C12H8), 132.3 (s, C12H8), 132.3 (s, C12H8), 132.3 

(s, C12H8), 132.2 (s, C12H8), 132.2 (s, C12H8,), 131.6 (s, C12H8), 131.0 (s, C12H8), 130.9 (d, JCP = 2.3 Hz, 

C12H8), 130.8 (d, JCP = 2.3 Hz, C12H8), 129.8 (s, C12H8), 129.4 (s, C12H8), 129.1 (s, C12H8), 129.0 (s, 

C12H8), 128.8 (s, C12H8), 128.8 (s, C12H8), 128.7 (s, C12H8), 128.6 (s, C12H8), 128.5 (s, P(C6H5)), 128.4 

(s, P(C6H5)), 128.4 (s, P(C6H5)), 128.3 (s, P(C6H5)), 127.4 (d, JCP = 8.2 Hz, C12H8), 126.4 (s, C12H8), 

125.4 (s, C12H8), 124.0 (s, C12H8), 122.5 (s, C12H8). ATR-FTIR (cm-1): ν 3306 (N-H, w), 1671 (C=N, 

m). MALDI MS (pyrene) m/z found: 337.1, calc: [H[L2]-C4H8N]•+ 337.1, found: 347.0, calc: [1-CH3]
•+ 

347.0. 

6.3.2 Pd P^AzA Complex (2) Synthesis 

 

Figure 6.5. Pd P^AzA complex 2. 

Prior to initiation of the reaction, all reagents were stored in the glovebox freezer (–20 ˚C) for 

at least 30 min. In a glovebox, separate solutions of K[L2] (50 mg, 0.112 mmol) and [PdCl(CH3)(COD)] 

(23 mg, 0.094 mmol) were prepared in cold THF (2 mL each) in two separate 20 mL vials. The K[L2] 

solution was added dropwise to the stirring solution of [PdCl(CH3)(COD)] resulting in an immediate 

colour change from white to orange. The orange solution was stirred for five minutes and was filtered 

through a pad of Celite into a 20 mL vial. The reaction vial was rinsed with THF (0.5 mL) passed 

through the filter until the rinses were no longer yellow. The rinses were filtered again through a pad of 

Celite, and the filtrates were combined. The solvent of the filtrate was removed under vacuum to give 
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an orange solid. NOTE: 2 is thermally unstable and it was stored in the freezer (–20 ˚C). Yield: 35 mg, 

0.066 mmol (70%).  

1H NMR (400 MHz, C6D6):  = 7.57 – 7.50 (m, 5H, C12H8), 7.09 – 6.95 (m, 10H, P(C6H5)), 

6.88 (s, 1H, H1), 6.80 – 6.76 (m, 1H, C12H8), 6.65 – 6.60 (m, 1H, C12H8), 6.46 (d, 3 3JHH = 7.3Hz, 1H, 

C12H8), 1.82 (d, 3JHH = 3.8 Hz, 3H, H3), 1.72 (d, 3JHH = 6.9 Hz, 3H, H3’), 0.52 (d, 3JHP = 3.6 Hz, 3H, 

Pd-CH3). 
31P{1H} NMR (162 MHz, C6D6):  = 25.8 (s, PPh2). 

13C{1H} NMR (151 MHz, C6D6):  = 

153.1 (s, C12H8), 148.1 (s, C12H8), 136.2 (d, JCP = 14.1 Hz, C12H8), 135.4 (d, JCP = 12.2 Hz, C12H8), 

134.7 (d, JCP = 7.0 Hz, P(C6H5)), 133.0 (s, C12H8), 132.7 (s, C12H8), 131.1 (s, C12H8),131.0 (d, JCP = 7.6 

Hz, P(C6H5)), 130.6 (d, JCP = 18.0 Hz, C12H8), 129.7 (d, JCP = 4.7 Hz, C1), 128.8 (s, C12H8), 128.7 (d, 

JCP = 10.1 Hz, P(C6H5)), 128.4 (s, C12H8), 126.6 (d, JCP = 7.0 Hz, P(C6H5)), 121.9 (s, C12H8), 113.9 (s, 

C12H8), 88.7 (d, 2JCP = 28.2 Hz, C2), 22.2 (s, C3), 21.2 (s, C3), –1.3 (d, JCP = 11.8 Hz, Pd-CH3). ATR-

FTIR (cm-1): ν 2957 (Csp
2 –H, w), 1098 (P– Aryl, m). MALDI MS (pyrene) m/z found: 406.1, calc: 

[L2]•+ 406.2, found: 512.1, calc: [2- CH3]
•+ 512.1. 

6.3.3 Pd(0) Imine MAH Complex (12) Preliminary Synthesis  

 

Figure 6.6. Pd(0) imine MAH complex 12. 

In a glovebox, separate solutions of H[L2] (21 mg, 0.05 mmol) and [DMPDAB-Pd-MAH] (20 

mg, 0.04 mmol) were prepared in cold THF (1 mL each) in two separate 20 mL vials. The H[L2] 

solution was added to the stirring solution of [DMPDAB-Pd-MAH] resulting in an immediate colour 

change from dark red to dark yellow. The yellow solution was stirred for 3 h and then it was filtered 

through a pad of Celite into a 20 mL vial. The reaction volume was reduced to 0.5 mL. Cold pentane (6 
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mL) was added to produce a yellow precipitate, and the suspension was placed in a freezer at –20 ˚C 

for 1 h. The solvent was decanted via pipette and the yellow solid was washed with cold pentane (3 × 

4 mL) and dried under vacuum to yield 12 as a yellow powder. Yield = 20 mg, 0.03 mmol (95%) 

31P{1H} NMR (162 MHz, C6D6):  = 28.8 (s, PPh2), 25.5 (s, PPh2). 

6.3.4 Pd(0) P^AzA MAH Complex (5) Preliminary Synthesis  

 

Figure 6.7. Pd(0) P^AzA MAH complex 5. 

 In a glovebox, 12 (20 mg, 0.03 mmol) was dissolved in THF (1 mL) and added to a suspension 

of KH (10 mg, 0.25 mmol) and TBABr (10 mg, 0.07 mmol) in THF (2 mL) in a 20 mL vial. The solution 

of 12 was added to the KH/TBABr vial with vigorous stirring, and immediately the solution changed 

colour from yellow to dark red. The reaction solution was left to stir for 24 h at room temperature. The 

solution was passed through a pad of Celite to remove any unreacted KH. The solvent of the filtrate 

was then reduced to 1 mL under vacuum and cold pentane (3 mL) was added to the vial to precipitate a 

red powder. The red powder was stored in a –20 ˚C freezer overnight. The precipitate was washed with 

cold pentane (3 × 1 mL) and the solvent was removed by pipette. The solid was dried under vacuum to 

produce 5 as a red powder.  

 31P{1H} NMR (162 MHz, C6D6):  = 33.2 (s, PPh2), 29.1 (s, PPh2). 
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6.4 General Procedure for Substitution Reactivity with Lewis Bases 

6.4.1 General Procedure for Pyridine Reactivity 

 In a glovebox, a solution of 2 (10 mg, 0.020 mmol) dissolved in C6H6 (1 mL) was prepared in a 

4 mL vial. One equivalent of pyridine was added, and the solution was transferred to an NMR tube, 

where it was monitored by 31P{1H} NMR spectroscopy. This procedure was repeated for the pyridine 

titrations where a subsequent equivalent of pyridine was added from 1 – 5 equivalents, 10, and 20 

equivalents. In a separate experiment, complex 2 was dissolved in a solution of py-d5 and it was 

analyzed by 1H and 31P{1H} NMR spectroscopy. 

6.4.1.1 Procedure For B(C6F5)3 Addition 

 In a glovebox, a 0.375 mM stock solution of pyridine in C6D6 was prepared in a 4 mL vial. In a 

separate 4 mL vial, a solution of 2 (10 mg, 0.020 mmol) dissolved in the pyridine/C6D6 stock solution 

(1 mL) was prepared. 40 equivalents of B(C6F5)3 (100 mg, 0.76 mmol) were dissolved in the solution 

of 2, pyridine, and C6D6. The solution was transferred to an NMR tube, where it was analyzed by 1H, 

31P{1H}, 19F{1H}, and 11B NMR spectroscopies. 

 B(C6F5)3 Pyridine Adduct: 1H NMR (400 MHz, C6D6):  = 8.05 (d), 6.75 (t), 6.41 (t). 19F{1H} 

NMR (376 MHz, C6D6):  = –131.5 (d), –155.9 (t), –163.0 (t). 11B NMR (128 MHz, C6D6):  = –3.5(s). 

 Regenerated Complex 2: 31P{1H} NMR (162 MHz, C6D6):  = 25.6 (s, PPh2). 

6.4.2 General Procedure for Phosphine Reactivity 

In a glovebox, a solution of 2 (10 mg, 0.020 mmol) dissolved in C6H6 (1 mL) was prepared in a 

4 mL vial. One equivalent of PR3 was added, and the solution was transferred to an NMR tube, where 

it was analyzed by 31P{1H} NMR spectroscopy. This procedure was conducted separately for the 

following phosphines: PPh3, P(tBu)3, P(NEt2)3, and PEt3. 
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6.4.3 General Procedure for CN– Reactivity  

 In a glovebox, a solution of 2 (10 mg, 0.020 mmol) dissolved in DMF (1 mL) was prepared in 

a 4 mL vial. In a separate 4 mL vial equipped with a stir bar, one equivalent of TBABr (0.020 mmol) 

was added to a solution of one equivalent of Zn(CN)2 (0.020 mmol) in DMF (1 mL). The solution of 2 

in DMF was transferred to the 4 mL vial containing TBACN solution. The reaction mixture was stirred 

for five minutes and there was an immediate colour change from orange to colourless. The solution was 

then transferred to an NMR tube, where it was analyzed by 31P{1H} NMR spectroscopy. 

6.4.4 General Procedure for Water Reactivity 

 In a glovebox, a solution of 2 (10 mg, 0.020 mmol) dissolved in C6D6 (0.6 mL) was prepared in 

a 4 mL vial and the solution was transferred to an NMR tube with a septum cap. One drop of degassed 

water was added to the NMR tube using a syringe, and the NMR tube was then inverted three times. 

The reaction was analyzed by 1H and 31P{1H} NMR spectroscopy. 

31P{1H} NMR (162 MHz, C6D6):  = 36.2 (s, PPh2), 35.4 (s, PPh2). 

6.5 General Procedure for UV-Vis Spectroscopy 

All UV-Vis spectra were obtained using the Agilent Technologies Cary 8454 UV-Vis 

spectrometer at 25 ˚C unless otherwise indicated. A solvent blank was run before each set of samples 

to calibrate the instrument to the selected solvent. All data was plotted using Microsoft Excel. 

6.5.1 UV-Vis Procedure for Complex 2 Characterization 

A stock solution of 2 dissolved in toluene was prepared in a 4 mL vial. Solutions with 

concentrations of 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, and 0.6 mM of 2 were prepared in separate 4 mL 

vials and added to a cuvette equipped with a septum cap. UV-Vis spectra were collected for each 

concentration. The λmax was found at 390 nm and an ε value of 1706 M-1 cm-1 was determined.  
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6.5.2 UV-Vis Procedure for P(tBu)3 Titration 

A 0.4 mM solution of 2 dissolved in toluene was prepared in a 4 mL vial. The solution (3 mL) 

was added to a cuvette equipped with a stir bar and septum cap. The solution was cooled to -80 °C, 

heated to 60 °C, or run at 25 °C in the spectrometer and a UV-Vis spectrum was collected. Using a gas 

tight syringe, 0.2 equivalents of P(tBu)3 were added to the cuvette with stirring and a UV-Vis spectrum 

was collected after a 30 second equilibration period. This procedure was repeated with 0.2 equivalent 

P(tBu)3 additions until the solution had one equivalent of P(tBu)3 added. From here P(tBu)3 was added 

via syringe until the solution had 10 equivalents of P(tBu)3. Spectra were collected with each addition 

of P(tBu)3 at –80 °C, 60 °C, or 25 °C. 

6.6 General Procedure for CO Reactivity 

In a glovebox, a solution of 2 (10 mg, 0.020 mmol) dissolved in C6D6 (1 mL) or toluene-d8 (1 

mL) was prepared in a 4 mL vial. The solution was transferred to a J Young NMR tube and the NMR 

tube was sealed and removed from the glovebox. The J Young NMR tube was connected to a Schlenk 

line under a carbon monoxide atmosphere (prepared by evacuating and filling with CO 3 times). Either 

at room temperature or submerged in a –50 °C dry ice/acetone bath the tube was degassed by three 

cycles of a freeze/pump/thaw procedure using dry ice/acetone and backfilled at room temperature with 

CO. The reaction was analyzed by 1H and 31P{1H} NMR spectroscopy. 

6.7 General Procedure for Methyl Acrylate Reactivity 

In a glovebox, a solution of 2 (10 mg, 0.020 mmol) dissolved in C6D6 (1 mL) was prepared in a 

4 mL vial. One equivalent of MA was added, and the solution was transferred to an NMR tube, where 

it was analyzed by 1H and 31P{1H} NMR spectroscopy. The 1H and 31P{1H} NMR spectroscopy was 

also analyzed with a scan delay of 5 s. 

31P{1H} NMR (162 MHz, C6D6):  = 23.2 (s), 19.4 (s). 
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6.8 General Procedure for Attempted Catalytic Ethylene Homopolymerization 

A 25 mL Parr Reactor fitted with a glass insert was brought into the glovebox. In the glovebox, 

a 58 mM solution of the catalyst 2 (52 mg, 0.098 mmol) dissolved in benzene (1.7 mL) was prepared 

in a 20 mL vial. A portion of the catalyst 2 stock solution (86 µL, 0.005 mmol) and toluene (14.914 mL) 

were added to the Parr Reactor to give 15 mL of a 0.005 mM solution of 2. The Parr Reactor was sealed 

and then removed from the glovebox and stirring was initiated. The Parr Reactor was pressurized with 

150 psi of ethylene, and the reactor pressure line was closed. The reactor was heated to 80 ˚C, and left 

to stir for 24 h, after which, the reactor was cooled to room temperature, pressure was released, and the 

solution was open to air. The solution was transferred from the reactor into a 250 mL round bottom 

flask, MeOH (60 mL) was added to the flask submerged in dry ice and acetone to precipitate the 

generated polymer. No visible precipitate was observed. The solvent was removed via rotary 

evaporation and a white precipitate with an average mass of 11 mg was observed. 

Product formed with 2 as a catalyst: 1H NMR (400 MHz, CDCl3):  = 7.00 (s, 2H), 5.03 (s, 1H), 

2.29 (s, 2H) 1.40 (s), 1.28 (s), 0.88 (br, 3H).  

6.9 General Procedure for Attempted Catalytic 1-Octene Oligomerization 

In a glovebox a solution of 2 (10 mg, 0.020 mmol) dissolved in toluene-d8 was prepared and 1 

mL of the stock solution was added to four separate 4 mL vials (A-D). In vial A, one equivalent of 1-

octene (0.020 mmol) was added, and the solution was transferred to an NMR tube, where it was 

analyzed after 24 hours at room temperature by 1H NMR spectroscopy. In vial B, 50 equivalents of 1-

octene (1.000 mmol) were added, and the solution was transferred to an NMR tube, where it was 

analyzed after 24 hours at room temperature by 1H NMR spectroscopy. In vial C, one equivalent of 1-

octene (0.020 mmol) was added, and the solution was transferred to an NMR tube, where it was heated 

to 80 ˚C for 24 hours and analyzed by 1H NMR spectroscopy. In vial D, 50 equivalents of 1-octene 

(1.000 mmol) were added, and the solution was transferred to an NMR tube, where it was heated to 80 
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˚C for 24 hours and analyzed by 1H NMR spectroscopy. After 24 hours there were no changes observed 

in any of the four reactions. 

6.10 General Procedure for Attempted Catalytic Allyl Benzene Isomerization 

 In a glovebox, two solutions of 2 (10 mg, 0.020 mmol) dissolved in C6D6 (1 mL each) were 

prepared in 4 mL vials. In vial one, allyl benzene (0.190 mmol) was added, and the solution was 

transferred to an NMR tube, where it was monitored for 24 hours at room temperature by 1H NMR 

spectroscopy (Timepoints: 10 min, 1 h, 6 h, 24 h). In vial two, allyl benzene (0.190 mmol) was added, 

and the solution was transferred to an NMR tube, where it was heated to 80 ˚C for 24 hours and 

monitored by 1H NMR spectroscopy (Timepoints: 10 min, 1 h, 6 h, 24 h). Over 24 hours there were no 

changes observed in either of the two reactions. 

6.11 General Procedure for Attempted Catalytic Cyanation of 3-Bromopyridine 

A 4 mL vial equipped with a stir bar was charged with Zn(CN)2 (40 mg, 0.34 mmol, 0.60 equiv) 

and TBABr (22 mg, 0.10 mmol, 0.25 equiv), and brought into a glovebox. In the glovebox, a solution 

of Pd complex 2 (15 mg, 0.03 mmol, 0.05 equiv), DMF (3.0 mL), and 3-bromopyridine (148 µL, 0.57 

mmol, 1.0 equiv) was added to the vial that contained Zn(CN)2 and TBABr. The 4 mL vial was capped, 

and the cap was secured with electrical tape. The reaction mixture was stirred outside the glovebox in 

a heating block at either 65 ˚C or 120 ˚C, for 20 h. After 20 h, the reaction was cooled to ambient 

temperature, diluted with EtOAc (10 mL), filtered through Celite and washed with 10 wt% LiCl(aq) (3 

x 5 mL). The organic layer was dried (MgSO4), filtered through a frit, and the filtrate was concentrated 

in vacuo. The crude residue was analyzed by 13C{1H} NMR spectroscopy, however there was no 

indication of product formation. 

6.12 General Procedure for Attempted Carbonylation of Aryl Triflates to Aroyl-DMAP Salts 

In a glovebox, a 25 mL thick-walled Strauss flask with a side arm was equipped with a stir bar 

and charged with 4-dimethylaminopyridine (DMAP) (73 mg, 0.60 mmol) and phenyl triflate (113 mg, 
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0.50 mmol) or p-tolyl triflate (120 mg, 0.50 mmol). In a separate 4 mL vial Pd complex 2 (15 mg, 0.03 

mmol, 5 mol%), was dissolved in 2 mL of toluene, and transferred to the reaction vessel containing 

DMAP and the aryl triflate. The Strauss flask was sealed and removed from the glovebox. The Strauss 

flask was connected to a Schlenk line under a carbon monoxide atmosphere (prepared by evacuating 

and filling with CO 3 times). The Strauss flask was degassed by three cycles of a freeze/pump/thaw 

procedure using liquid nitrogen and backfilled at room temperature with CO. The reaction was then 

stirred at 60 ˚C or 120 ˚C for 24 h. After 24 h, the CO was removed in vacuo by freeze/thaw cycles with 

liquid nitrogen, and the Strauss flask was brought back into the glovebox. The solution was washed 

with an excess of toluene and pentane, filtered through a frit packed with Celite, and transferred to an 

NMR tube. The filtrate was analyzed by 13C{1H} NMR spectroscopy, however there was no indication 

of product formation. 
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8.0 Appendix 

8.1 Appendix A: Supplementary Information for Chapter 2  

 

Figure A.1. 1H NMR spectrum (CDCl3, 600 MHz) of Ph2P(o-C6H4)(o-C6H4)N(3-Methyl-1-butene), H[L2]a and 

Ph2P(o-C6H4)(o-C6H4)NH(2-Methyl-2-butene), H[L2]b. Signals identified are for H[L2]a.     
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Figure A.2. 1H NMR spectrum (CDCl3, 600 MHz) of Ph2P(o-C6H4)(o-C6H4)N(3-Methyl-1-butene), H[L2]a and 

Ph2P(o-C6H4)(o-C6H4)NH(2-Methyl-2-butene), H[L2]b. Signals identified are for H[L2]b.  
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Figure A.3. 31P{1H} NMR spectrum (CDCl3, 243 MHz) of Ph2P(o-C6H4)(o-C6H4)N(3-Methyl-1-butene), 

H[L2]a and Ph2P(o-C6H4)(o-C6H4)NH(2-Methyl-2-butene), H[L2]b.  
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Figure A.4. 13C{1H} NMR spectrum (CDCl3, 151 MHz) of Ph2P(o-C6H4)(o-C6H4)N(3-Methyl-1-butene), 

H[L2]a and Ph2P(o-C6H4)(o-C6H4)NH(2-Methyl-2-butene), H[L2]b. Signals identified are for H[L2]a.  
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Figure A.5. 13C{1H} NMR spectrum (CDCl3, 151 MHz) of Ph2P(o-C6H4)(o-C6H4)N(3-Methyl-1-butene), 

H[L2]a and Ph2P(o-C6H4)(o-C6H4)NH(2-Methyl-2-butene), H[L2]b. Signals identified are for H[L2]b.  
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Figure A.6. 1H-1H COSY NMR spectrum (400 MHz, CDCl3) of Ph2P(o-C6H4)(o-C6H4)N(3-Methyl-1-butene), 

H[L2]a and Ph2P(o-C6H4)(o-C6H4)NH(2-Methyl-2-butene), H[L2]b. 
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Figure A.7. 1H-13C HSQC NMR spectrum (400 MHz, CDCl3) of Ph2P(o-C6H4)(o-C6H4)N(3-Methyl-1-butene), 

H[L2]a and Ph2P(o-C6H4)(o-C6H4)NH(2-Methyl-2-butene), H[L2]b. 

 

 



87 
 

 

 

Figure A.8. 1H-13C HMBC NMR spectrum (400 MHz, CDCl3) of Ph2P(o-C6H4)(o-C6H4)N(3-Methyl-1-butene), 

H[L2]a and Ph2P(o-C6H4)(o-C6H4)NH(2-Methyl-2-butene), H[L2]b. 
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Figure A.9. 1H-31P HMBC NMR spectrum (400 MHz, CDCl3) of Ph2P(o-C6H4)(o-C6H4)N(3-Methyl-1-butene), 

H[L2]a and Ph2P(o-C6H4)(o-C6H4)NH(2-Methyl-2-butene), H[L2]b. 
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Figure A.10. ATR-FTIR of solid Ph2P(o-C6H4)(o-C6H4)N(3-Methyl-1-butene), H[L2]a and Ph2P(o-C6H4)(o-

C6H4)NH(2-Methyl-2-butene), H[L2]b. Data acquired using Bruker Alpha II ATR-FTIR and plotted using 

Microsoft Excel. 
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Figure A.11. ESI Mass spectrum of Ph2P(o-C6H4)(o-C6H4)N(3-Methyl-1-butene), H[L2]a and Ph2P(o-C6H4)(o-

C6H4)NH(2-Methyl-2-butene), H[L2]b. m/z found: 408.1865, calc: [H[L2]]+ 408.1881. Data plotted with 

Microsoft Excel. 
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Figure A.12. 1H NMR spectrum ((CD3)2CO, 600 MHz) of [Ph2P(o-C6H4)(o-C6H4)N(2-Methyl-2-butene)]K, 

K[L2].  
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Figure A.13. 31P{1H} NMR spectrum ((CD3)2CO, 243 MHz) of [Ph2P(o-C6H4)(o-C6H4)N(2-Methyl-2-

butene)]K, K[L2].  
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Figure A.14. 13C{1H} NMR spectrum ((CD3)2CO, 151 MHz) of [Ph2P(o-C6H4)(o-C6H4)N(2-Methyl-2-

butene)]K, K[L2].  
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Figure A.15. ATR-FTIR of solid [Ph2P(o-C6H4)(o-C6H4)N(2-Methyl-2-butene)]K, K[L2]. Data acquired using 

Bruker Alpha II ATR-FTIR and plotted using Microsoft Excel. 
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Figure A.16. MALDI mass spectrum collected in negative ion mode of [Ph2P(o-C6H4)(o-C6H4)N(2-Methyl-2-

butene)]K, K[L2] with pyrene as the matrix. Left inset: simulated3 isotope pattern (top) for [(PhP=O)(C12H8)N]•- 

and observed signal (bottom) at m/z = 290.1. Right inset: simulated3 isotope pattern (top) for [L2] •- and observed 

signal (bottom) at m/z = 406.2. 
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Figure A.17. 1H NMR spectrum (CDCl3, 600 MHz) of [PdCl(CH3)(H[L2]a)], 1a, and [PdCl(CH3)(H[L2]b)], 

1b. Signals shown are for 1a.  
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Figure A.18. 1H NMR spectrum (CDCl3, 600 MHz) of [PdCl(CH3)(H[L2]a)], 1a, and [PdCl(CH3)(H[L2]b)], 

1b. Signals shown are for 1b.  
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Figure A.19. 31P{1H} NMR spectrum (CDCl3, 243 MHz) of [PdCl(CH3)(H[L2]a)], 1a, and 

[PdCl(CH3)(H[L2]b)], 1b.  
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Figure A.20. 13C{1H} NMR spectrum (CDCl3, 151 MHz) of [PdCl(CH3)(H[L2]a)], 1a, and 

[PdCl(CH3)(H[L2]b)], 1b. Signals shown are for 1a.  
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Figure A.21. 13C{1H} NMR spectrum (CDCl3, 151 MHz) of [PdCl(CH3)(H[L2]a)], 1a, and 

[PdCl(CH3)(H[L2]b)], 1b. Signals shown are for 1b.  
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Figure A.22. ATR-FTIR of solid [PdCl(CH3)(H[L2]a)], 1a, and [PdCl(CH3)(H[L2]b)], 1b. Data acquired using 

Bruker Alpha II ATR-FTIR and plotted using Microsoft Excel. 
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Figure A.23. MALDI mass spectrum mode of [PdCl(CH3)(H[L2]a)], 1a, and [PdCl(CH3)(H[L2]b)], 1b with 

pyrene as the matrix. Left inset: simulated3 isotope pattern (top) for [H[L2]-C4H8N]•+ and observed signal 

(bottom) at m/z = 337.1. Right inset: simulated3 isotope pattern (top) for [1-CH3]•+ and observed signal (bottom) 

at m/z = 347.0. 
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Figure A.24. 1H NMR spectrum (C6D6, 600 MHz) of [Pd(CH3)([L2])], 2.  
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Figure A.25. 31P{1H} NMR spectrum (C6D6, 243 MHz) of [Pd(CH3)([L2])], 2.  
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Figure A.26. 13C{1H} NMR spectrum (C6D6, 151 MHz) of [Pd(CH3)([L2])], 2.  
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Figure A.27. 1H-1H COSY NMR spectrum (600 MHz, C6D6) of [Pd(CH3)([L2])], 2.  
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Figure A.28. 1H-13C HMBC NMR spectrum (600 MHz, C6D6) of [Pd(CH3)([L2])], 2.  
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Figure A.29. 1H-13C HSQC NMR spectrum (600 MHz, C6D6) of [Pd(CH3)([L2])], 2. 
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Figure A.30. 1H-31P HMBC NMR spectrum (600 MHz, C6D6) of [Pd(CH3)([L2])], 2.  
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Figure A.31. 1H-15N HMBC NMR spectrum (600 MHz, C6D6) of [Pd(CH3)([L2])], 2.  
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Figure A.32. ATR-FTIR of solid [Pd(CH3)([L2])], 2. Data acquired using Bruker Alpha II ATRFTIR and plotted 

using Microsoft Excel. 
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Figure A.33. MALDI mass spectrum mode of [Pd(CH3)([L2])], 2 with pyrene as the matrix. Left inset: 

simulated3 isotope pattern (top) for [L2]•+ and observed signal (bottom) at m/z = 406.1. Right inset: simulated3 

isotope pattern (top) for [2-CH3]•+ and observed signal (bottom) at m/z = 512.1. 
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Figure A.34. DFT calculations for [Pd(CH3)([L2])], 2 and [Pd2(CH3)2([L2])2], 2ʹ. Computations were calculated 

by Dr. Staroverov. 

 



114 
 

 

 

Figure A.35. Calibration curve for UV-Vis spectra of [Pd(CH3)([L2]), 2 in toluene. Concentrations include 0.1 

mM, 0.2 mM, 0.3 mM, 0.4 mM, and 0.6 mM. 
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Figure A.36. UV-Vis spectra of [Pd(CH3)([L2])], 2 in toluene. 
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Figure A.37. Plot of molar absorptivity vs wavelength of [Pd(CH3)([L2])], 2 in toluene. Concentrations include 

0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, and 0.6 mM. 
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X-Ray Experimental for C29.50H30Cl2NPPd (1b) 

 

Data Collection and Processing. The sample 1b was submitted by Kyle Jackman of the Blacquiere 

research group at the University of Western Ontario. The sample was mounted on a Mitegen polyimide 

micromount with a small amount of Paratone N oil. All X-ray measurements were made on a Bruker 

Kappa Axis Apex2 diffractometer at a temperature of 110 K. The unit cell dimensions were determined 

from a symmetry constrained fit of 9246 reflections with 5.06° < 2θ < 64.12°. The data collection 

strategy was a number of ω and φ scans which collected data up to 72.702° (2θ). The frame integration 

was performed using SAINT.59 The resulting raw data was scaled, and absorption corrected using a 

multi-scan averaging of symmetry equivalent data using SADABS.60 

 

Structure Solution and Refinement. The structure was solved by using a dual space methodology using 

the SHELXT program.61 All non-hydrogen atoms were obtained from the initial solution.  The 

asymmetric unit contained two symmetry independent Pd complexes, designated A and B and one 

CH2Cl2 molecule of solvation. The hydrogen atoms were introduced at idealized positions and were 

allowed to ride on the parent atom.  The structural model was fit to the data using full matrix least-

squares based on F2. The calculated structure factors included corrections for anomalous dispersion 

from the usual tabulation. The structure was refined using the SHELXL program from the SHELX suite 

of crystallographic software.61 Graphic plots were produced using the Mercury program.62 Additional 

information and other relevant literature references can be found in the reference section of this website 

(http://xray.chem.uwo.ca). 
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Figure A.38. ORTEP drawing of 1b molecule A showing naming and numbering scheme.  Ellipsoids are at the 

50% probability level and hydrogen atoms were omitted for clarity. 

Figure A.39. ORTEP drawing of 1b molecule A.  Ellipsoids are at the 50% probability level and hydrogen atoms 

were omitted for clarity. 
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Figure A.40. ORTEP drawing of 1b molecule B showing naming and numbering scheme.  Ellipsoids are at the 

50% probability level and hydrogen atoms were omitted for clarity. 

Figure A.41. ORTEP drawing of 1b molecule B.  Ellipsoids are at the 50% probability level and hydrogen atoms 

were omitted for clarity. 
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Table A.1.  Summary of Crystal Data for 1b  

Formula C29.50H30Cl2NPPd 

Formula Weight (g/mol) 606.81 

Crystal Dimensions (mm) 0.372 × 0.214 × 0.094 

Crystal Color and Habit colourless prism 

Crystal System triclinic 

Space Group P -1 

Temperature, K 110 

a, Å 10.701(5) 

b, Å  14.209(6) 

c, Å  18.491(8) 

a,° 100.258(10) 

b,° 94.936(14) 

g,° 94.487(14) 

V, Å3 2744(2) 

Number of reflections to determine final unit cell 9246 

Min and Max 2q for cell determination, ° 5.06, 64.12 

Z 4 

F(000) 1236 

r (g/cm) 1.469 

l, Å, (MoKa) 0.71073 

m, (cm-1) 0.948 

Diffractometer Type Bruker Kappa Axis Apex2 

Scan Type(s) phi and omega scans 

Max 2q for data collection, ° 72.702 

Measured fraction of data 0.999 

Number of reflections measured 219806 

Unique reflections measured 26623 

Rmerge 0.0583 

Number of reflections included in refinement 26623 

Cut off Threshold Expression I > 2sigma(I) 

Structure refined using full matrix least-squares using F2 
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Weighting Scheme w=1/[sigma2(Fo2)+(0.0393P)2+0.96

44P] where P=(Fo2+2Fc2)/3 

Number of parameters in least-squares 628 

R1 0.0362 

wR2 0.0813 

R1 (all data) 0.0544 

wR2 (all data) 0.0880 

GOF 1.026 

Maximum shift/error 0.005 

Min & Max peak heights on final DF Map (e-/Å) -0.905, 0.950 

Where: 

R1 = S | |Fo| - |Fc| | / S Fo 

wR2 = [ S( w( Fo
2 - Fc

2 )2 ) / S(w Fo
4 ) ]½ 

GOF = [ S( w( Fo
2 - Fc

2 )2 ) / (No. of reflns. - No. of params. ) ]½ 

Table A.2.  Atomic Coordinates for 1b  

Atom x y z Uiso/equiv 

Pd1A 0.57803(2) 0.27874(2) 1.04200(2) 0.01652(3) 

Cl1A 0.43336(4) 0.29250(3) 1.13380(2) 0.02127(7) 

P1A 0.70983(4) 0.25423(3) 0.95646(2) 0.01614(7) 

N1A 0.72678(13) 0.29432(10) 1.13803(7) 0.0197(2) 

C1A 0.82435(16) 0.37208(13) 1.16194(9) 0.0235(3) 

C2A 0.80978(17) 0.46509(13) 1.16645(9) 0.0250(3) 

C3A 0.9192(2) 0.53808(15) 1.19680(11) 0.0352(4) 

C4A 0.68970(18) 0.50410(13) 1.14389(11) 0.0296(4) 

C5A 0.43501(15) 0.25610(15) 0.95906(10) 0.0276(3) 

C6A 0.76633(15) 0.19824(12) 1.12574(9) 0.0213(3) 

C7A 0.70233(17) 0.12817(13) 1.15615(10) 0.0271(3) 

C8A 0.7329(2) 0.03378(14) 1.14188(12) 0.0340(4) 

C9A 0.8287(2) 0.00935(14) 1.09851(12) 0.0349(4) 

C10A 0.89334(18) 0.07971(13) 1.06897(10) 0.0278(3) 

C11A 0.86281(15) 0.17455(12) 1.08084(9) 0.0213(3) 



122 
 

 

C12A 0.93340(14) 0.24588(12) 1.04546(9) 0.0201(3) 

C13A 1.06249(16) 0.26748(13) 1.06571(10) 0.0262(3) 

C14A 1.13230(16) 0.33576(15) 1.03700(10) 0.0300(4) 

C15A 1.07412(17) 0.38328(15) 0.98691(11) 0.0302(4) 

C16A 0.94621(15) 0.36000(13) 0.96305(9) 0.0244(3) 

C17A 0.87512(14) 0.29121(11) 0.99107(8) 0.0185(3) 

C18A 0.71612(14) 0.12796(11) 0.91828(8) 0.0185(3) 

C19A 0.62557(15) 0.05956(12) 0.93200(9) 0.0217(3) 

C20A 0.63436(17) -0.03769(13) 0.90638(10) 0.0269(3) 

C21A 0.73380(17) -0.06630(13) 0.86714(10) 0.0273(3) 

C22A 0.82441(17) 0.00138(13) 0.85297(10) 0.0271(3) 

C23A 0.81680(16) 0.09823(13) 0.87858(9) 0.0234(3) 

C24A 0.68143(14) 0.31429(11) 0.87844(8) 0.0185(3) 

C25A 0.66676(17) 0.41231(12) 0.89322(10) 0.0259(3) 

C26A 0.64695(18) 0.46238(13) 0.83598(11) 0.0301(4) 

C27A 0.63809(17) 0.41393(14) 0.76326(10) 0.0289(4) 

C28A 0.64765(17) 0.31658(14) 0.74811(10) 0.0276(3) 

C29A 0.67082(16) 0.26626(12) 0.80552(9) 0.0230(3) 

Pd1B 0.38073(2) 0.25125(2) 0.55623(2) 0.01525(3) 

Cl1B 0.53329(3) 0.14052(3) 0.57152(2) 0.02312(7) 

P1B 0.24226(3) 0.35152(3) 0.53102(2) 0.01397(6) 

N1B 0.23860(12) 0.13416(10) 0.57240(8) 0.0196(2) 

C1B 0.15731(16) 0.13997(13) 0.63127(10) 0.0248(3) 

C2B 0.19583(18) 0.16945(14) 0.70258(10) 0.0289(3) 

C3B 0.1013(2) 0.17156(16) 0.75822(12) 0.0374(4) 

C4B 0.3296(2) 0.20248(19) 0.73218(12) 0.0444(5) 

C5B 0.51850(14) 0.35001(12) 0.53972(10) 0.0221(3) 

C6B 0.17906(14) 0.10688(11) 0.49808(9) 0.0190(3) 

C7B 0.22819(16) 0.03562(12) 0.44961(10) 0.0257(3) 

C8B 0.17845(18) 0.01147(14) 0.37648(11) 0.0317(4) 

C9B 0.07899(19) 0.05734(14) 0.35105(10) 0.0318(4) 

C10B 0.02900(16) 0.12790(12) 0.39891(9) 0.0240(3) 
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C11B 0.07829(14) 0.15419(11) 0.47298(9) 0.0183(3) 

C12B 0.02010(13) 0.22963(11) 0.52241(8) 0.0163(2) 

C13B -0.10384(14) 0.20925(12) 0.53731(9) 0.0205(3) 

C14B -0.16243(14) 0.27465(13) 0.58501(10) 0.0239(3) 

C15B -0.09858(15) 0.36189(13) 0.61808(10) 0.0237(3) 

C16B 0.02396(14) 0.38468(11) 0.60216(9) 0.0188(3) 

C17B 0.08397(13) 0.31985(11) 0.55439(8) 0.0156(2) 

C18B 0.21367(14) 0.35535(11) 0.43288(8) 0.0170(3) 

C19B 0.30442(16) 0.32982(14) 0.38533(9) 0.0257(3) 

C20B 0.28081(19) 0.32987(16) 0.30993(10) 0.0325(4) 

C21B 0.16645(19) 0.35363(14) 0.28175(10) 0.0301(4) 

C22B 0.07365(17) 0.37710(13) 0.32834(9) 0.0261(3) 

C23B 0.09720(15) 0.37830(12) 0.40351(9) 0.0214(3) 

C24B 0.27865(13) 0.47526(10) 0.57940(8) 0.0161(2) 

C25B 0.35035(15) 0.49091(12) 0.64780(9) 0.0209(3) 

C26B 0.37775(17) 0.58353(12) 0.68877(9) 0.0249(3) 

C27B 0.33183(17) 0.66073(12) 0.66147(10) 0.0257(3) 

C28B 0.26068(17) 0.64564(12) 0.59381(10) 0.0246(3) 

C29B 0.23458(15) 0.55322(11) 0.55213(9) 0.0198(3) 

C1M 0.47360(18) -0.08899(15) 0.62509(11) 0.0313(4) 

Cl1M 0.31157(4) -0.07731(4) 0.63201(3) 0.03695(11) 

Cl2M 0.55330(5) -0.08880(6) 0.71174(3) 0.05402(17) 

H1NA 0.677242 0.296027 1.181626 0.024 

H1A 0.906253 0.355603 1.175679 0.028 

H3A1 0.994969 0.505208 1.204798 0.053 

H3A2 0.901061 0.575784 1.243825 0.053 

H3A3 0.933109 0.580933 1.161585 0.053 

H4A1 0.627896 0.450999 1.119406 0.044 

H4A2 0.705805 0.548017 1.109733 0.044 

H4A3 0.656668 0.538855 1.187744 0.044 

H5A1 0.410183 0.318055 0.949522 0.041 

H5A2 0.362788 0.219580 0.973531 0.041 
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H5A3 0.463171 0.219772 0.914200 0.041 

H7A 0.637569 0.144879 1.186772 0.033 

H8A 0.687772 -0.014081 1.161956 0.041 

H9A 0.850140 -0.055027 1.089020 0.042 

H10A 0.960056 0.062846 1.039926 0.033 

H13A 1.103493 0.234591 1.099989 0.031 

H14A 1.219992 0.349683 1.051860 0.036 

H15A 1.120900 0.431933 0.968545 0.036 

H16A 0.907248 0.391569 0.927186 0.029 

H19A 0.557452 0.079225 0.958942 0.026 

H20A 0.572308 -0.084342 0.915773 0.032 

H21A 0.739927 -0.132698 0.849850 0.033 

H22A 0.891882 -0.018731 0.825623 0.033 

H23A 0.879516 0.144497 0.869342 0.028 

H25A 0.670374 0.445094 0.942943 0.031 

H26A 0.639472 0.529509 0.846480 0.036 

H27A 0.625413 0.448101 0.723918 0.035 

H28A 0.638445 0.283355 0.698321 0.033 

H29A 0.679313 0.199293 0.794707 0.028 

H1NB 0.289748 0.079818 0.579162 0.024 

H1B 0.069963 0.121369 0.618014 0.030 

H3B1 0.016076 0.159047 0.732493 0.056 

H3B2 0.110324 0.234875 0.790507 0.056 

H3B3 0.115976 0.122130 0.787969 0.056 

H4B1 0.377586 0.216095 0.691825 0.067 

H4B2 0.366649 0.152060 0.754380 0.067 

H4B3 0.332064 0.260913 0.769738 0.067 

H5B1 0.480078 0.402113 0.520450 0.033 

H5B2 0.572410 0.319238 0.504087 0.033 

H5B3 0.569347 0.376237 0.586667 0.033 

H7B 0.296123 0.003546 0.466922 0.031 

H8B 0.212721 -0.036774 0.343643 0.038 
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H9B 0.044886 0.040546 0.300803 0.038 

H10B -0.039723 0.158826 0.381115 0.029 

H13B -0.148854 0.149611 0.514427 0.025 

H14B -0.246526 0.259298 0.594875 0.029 

H15B -0.137858 0.406199 0.651497 0.028 

H16B 0.067172 0.445308 0.624226 0.023 

H19B 0.382837 0.312277 0.404291 0.031 

H20B 0.343748 0.313482 0.277910 0.039 

H21B 0.150976 0.353973 0.230440 0.036 

H22B -0.005696 0.392270 0.308727 0.031 

H23B 0.033942 0.394801 0.435279 0.026 

H25B 0.380705 0.438015 0.666572 0.025 

H26B 0.427485 0.593992 0.735082 0.030 

H27B 0.349503 0.723980 0.689482 0.031 

H28B 0.229337 0.698573 0.575559 0.029 

H29B 0.186839 0.543355 0.505212 0.024 

H1M1 0.483601 -0.149709 0.591308 0.038 

H1M2 0.510828 -0.035144 0.604062 0.038 

Table A.3.  Anisotropic Displacement Parameters for 1b 

Atom u11 u22 u33 u12 u13 u23 

Pd1A 0.01529(5) 0.01958(5) 0.01475(5) 0.00421(4) 0.00194(4) 0.00206(4) 

Cl1A 0.02084(16) 0.02268(17) 0.02041(16) 0.00376(13) 0.00635(13) 0.00158(13) 

P1A 0.01513(15) 0.01916(17) 0.01418(16) 0.00336(13) 0.00123(12) 0.00263(13) 

N1A 0.0208(6) 0.0224(6) 0.0164(6) 0.0056(5) 0.0019(5) 0.0030(5) 

C1A 0.0219(7) 0.0297(8) 0.0174(7) 0.0042(6) -0.0007(5) 0.0012(6) 

C2A 0.0269(8) 0.0282(8) 0.0197(7) 0.0003(6) 0.0023(6) 0.0047(6) 

C3A 0.0382(10) 0.0355(10) 0.0308(9) -0.0044(8) -0.0037(8) 0.0098(8) 

C4A 0.0300(9) 0.0245(8) 0.0361(10) 0.0038(7) 0.0035(7) 0.0102(7) 

C5A 0.0176(7) 0.0405(10) 0.0240(8) 0.0052(6) -0.0007(6) 0.0039(7) 

C6A 0.0237(7) 0.0232(7) 0.0176(7) 0.0062(6) -0.0008(5) 0.0048(5) 

C7A 0.0287(8) 0.0307(9) 0.0244(8) 0.0043(7) 0.0026(6) 0.0112(7) 
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C8A 0.0390(10) 0.0291(9) 0.0374(10) 0.0035(8) 0.0008(8) 0.0165(8) 

C9A 0.0433(11) 0.0252(9) 0.0390(10) 0.0136(8) 0.0004(8) 0.0113(8) 

C10A 0.0309(9) 0.0273(8) 0.0268(8) 0.0115(7) 0.0013(7) 0.0061(7) 

C11A 0.0217(7) 0.0251(7) 0.0179(7) 0.0072(6) -0.0005(5) 0.0054(6) 

C12A 0.0185(6) 0.0235(7) 0.0179(6) 0.0068(5) 0.0005(5) 0.0015(5) 

C13A 0.0201(7) 0.0333(9) 0.0243(8) 0.0088(6) -0.0017(6) 0.0025(7) 

C14A 0.0167(7) 0.0416(10) 0.0294(9) 0.0010(7) 0.0000(6) 0.0028(7) 

C15A 0.0210(7) 0.0384(10) 0.0309(9) -0.0045(7) 0.0035(6) 0.0085(7) 

C16A 0.0191(7) 0.0316(8) 0.0225(7) 0.0000(6) 0.0005(6) 0.0067(6) 

C17A 0.0154(6) 0.0224(7) 0.0170(6) 0.0030(5) 0.0007(5) 0.0016(5) 

C18A 0.0190(6) 0.0206(7) 0.0159(6) 0.0045(5) 0.0010(5) 0.0027(5) 

C19A 0.0224(7) 0.0214(7) 0.0211(7) 0.0038(6) 0.0030(6) 0.0024(6) 

C20A 0.0293(8) 0.0214(8) 0.0288(8) 0.0004(6) 0.0002(7) 0.0040(6) 

C21A 0.0316(9) 0.0220(8) 0.0265(8) 0.0085(6) -0.0034(7) -0.0002(6) 

C22A 0.0260(8) 0.0306(9) 0.0239(8) 0.0113(7) 0.0023(6) -0.0010(6) 

C23A 0.0224(7) 0.0281(8) 0.0200(7) 0.0055(6) 0.0034(6) 0.0033(6) 

C24A 0.0164(6) 0.0210(7) 0.0184(6) 0.0026(5) 0.0009(5) 0.0051(5) 

C25A 0.0302(8) 0.0232(8) 0.0231(8) 0.0074(6) -0.0029(6) 0.0021(6) 

C26A 0.0322(9) 0.0239(8) 0.0348(9) 0.0050(7) -0.0045(7) 0.0095(7) 

C27A 0.0255(8) 0.0363(10) 0.0284(9) 0.0024(7) -0.0013(6) 0.0179(7) 

C28A 0.0289(8) 0.0362(9) 0.0187(7) 0.0025(7) 0.0013(6) 0.0085(7) 

C29A 0.0252(7) 0.0250(8) 0.0187(7) 0.0032(6) 0.0016(6) 0.0044(6) 

Pd1B 0.01205(4) 0.01607(5) 0.01841(5) 0.00225(3) 0.00229(3) 0.00453(4) 

Cl1B 0.01628(15) 0.02014(16) 0.0335(2) 0.00537(12) 0.00141(14) 0.00537(14) 

P1B 0.01226(14) 0.01534(16) 0.01487(15) 0.00149(12) 0.00211(12) 0.00392(12) 

N1B 0.0164(5) 0.0192(6) 0.0246(6) 0.0031(4) 0.0041(5) 0.0062(5) 

C1B 0.0220(7) 0.0279(8) 0.0275(8) 0.0019(6) 0.0044(6) 0.0129(6) 

C2B 0.0309(9) 0.0296(9) 0.0270(8) -0.0009(7) 0.0047(7) 0.0085(7) 

C3B 0.0459(12) 0.0372(11) 0.0320(10) 0.0050(9) 0.0131(9) 0.0095(8) 

C4B 0.0377(11) 0.0621(15) 0.0278(10) -0.0162(10) -0.0004(8) 0.0044(9) 

C5B 0.0150(6) 0.0238(7) 0.0289(8) 0.0011(5) 0.0046(5) 0.0078(6) 

C6B 0.0170(6) 0.0165(6) 0.0235(7) -0.0009(5) 0.0047(5) 0.0036(5) 
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C7B 0.0218(7) 0.0194(7) 0.0353(9) 0.0011(6) 0.0102(6) 0.0006(6) 

C8B 0.0321(9) 0.0255(8) 0.0341(9) -0.0022(7) 0.0132(7) -0.0062(7) 

C9B 0.0335(9) 0.0345(10) 0.0224(8) -0.0077(7) 0.0053(7) -0.0048(7) 

C10B 0.0232(7) 0.0256(8) 0.0210(7) -0.0027(6) 0.0014(6) 0.0010(6) 

C11B 0.0164(6) 0.0171(6) 0.0206(7) -0.0019(5) 0.0030(5) 0.0023(5) 

C12B 0.0142(6) 0.0179(6) 0.0173(6) 0.0017(5) 0.0002(5) 0.0049(5) 

C13B 0.0152(6) 0.0220(7) 0.0242(7) -0.0006(5) 0.0005(5) 0.0056(6) 

C14B 0.0132(6) 0.0295(8) 0.0298(8) 0.0013(6) 0.0050(6) 0.0067(6) 

C15B 0.0179(7) 0.0269(8) 0.0278(8) 0.0047(6) 0.0081(6) 0.0056(6) 

C16B 0.0161(6) 0.0197(7) 0.0208(7) 0.0026(5) 0.0043(5) 0.0029(5) 

C17B 0.0133(6) 0.0187(6) 0.0158(6) 0.0026(5) 0.0016(4) 0.0054(5) 

C18B 0.0175(6) 0.0172(6) 0.0168(6) 0.0014(5) 0.0034(5) 0.0039(5) 

C19B 0.0199(7) 0.0381(9) 0.0201(7) 0.0048(6) 0.0051(6) 0.0057(6) 

C20B 0.0327(9) 0.0482(11) 0.0182(7) 0.0062(8) 0.0101(7) 0.0063(7) 

C21B 0.0386(10) 0.0354(10) 0.0164(7) 0.0032(8) 0.0019(7) 0.0055(7) 

C22B 0.0298(8) 0.0284(8) 0.0194(7) 0.0050(7) -0.0032(6) 0.0042(6) 

C23B 0.0221(7) 0.0235(7) 0.0190(7) 0.0047(6) 0.0006(5) 0.0044(6) 

C24B 0.0142(6) 0.0177(6) 0.0167(6) 0.0016(5) 0.0028(5) 0.0033(5) 

C25B 0.0209(7) 0.0221(7) 0.0190(7) 0.0024(5) 0.0007(5) 0.0025(5) 

C26B 0.0272(8) 0.0251(8) 0.0196(7) -0.0013(6) 0.0002(6) -0.0004(6) 

C27B 0.0323(8) 0.0192(7) 0.0241(8) -0.0029(6) 0.0080(6) 0.0000(6) 

C28B 0.0295(8) 0.0179(7) 0.0274(8) 0.0023(6) 0.0062(6) 0.0057(6) 

C29B 0.0203(7) 0.0193(7) 0.0204(7) 0.0015(5) 0.0032(5) 0.0048(5) 

C1M 0.0315(9) 0.0374(10) 0.0277(9) 0.0084(7) 0.0026(7) 0.0118(7) 

Cl1M 0.0262(2) 0.0376(2) 0.0499(3) 0.00265(18) -

0.00165(19) 

0.0188(2) 

Cl2M 0.0294(2) 0.0998(5) 0.0369(3) -0.0018(3) -0.0039(2) 0.0305(3) 
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Table A.4.  Bond Lengths for 1b  

Pd1A-C5A 2.0351(18) Pd1B-N1B 2.2429(15) 

Pd1A-P1A 2.2085(8) Pd1B-Cl1B 2.3879(8) 

Pd1A-N1A 2.2483(15) P1B-C24B 1.8209(16) 

Pd1A-Cl1A 2.3871(9) P1B-C18B 1.8253(17) 

P1A-C18A 1.8161(17) P1B-C17B 1.8261(16) 

P1A-C24A 1.8181(17) N1B-C6B 1.437(2) 

P1A-C17A 1.8315(17) N1B-C1B 1.446(2) 

N1A-C1A 1.440(2) N1B-H1NB 1.0000 

N1A-C6A 1.446(2) C1B-C2B 1.329(3) 

N1A-H1NA 1.0000 C1B-H1B 0.9500 

C1A-C2A 1.332(3) C2B-C4B 1.495(3) 

C1A-H1A 0.9500 C2B-C3B 1.501(3) 

C2A-C4A 1.495(3) C3B-H3B1 0.9800 

C2A-C3A 1.501(3) C3B-H3B2 0.9800 

C3A-H3A1 0.9800 C3B-H3B3 0.9800 

C3A-H3A2 0.9800 C4B-H4B1 0.9800 

C3A-H3A3 0.9800 C4B-H4B2 0.9800 

C4A-H4A1 0.9800 C4B-H4B3 0.9800 

C4A-H4A2 0.9800 C5B-H5B1 0.9800 

C4A-H4A3 0.9800 C5B-H5B2 0.9800 

C5A-H5A1 0.9800 C5B-H5B3 0.9800 

C5A-H5A2 0.9800 C6B-C7B 1.395(2) 

C5A-H5A3 0.9800 C6B-C11B 1.403(2) 

C6A-C7A 1.391(2) C7B-C8B 1.383(3) 

C6A-C11A 1.404(2) C7B-H7B 0.9500 

C7A-C8A 1.390(3) C8B-C9B 1.382(3) 

C7A-H7A 0.9500 C8B-H8B 0.9500 

C8A-C9A 1.384(3) C9B-C10B 1.387(3) 

C8A-H8A 0.9500 C9B-H9B 0.9500 

C9A-C10A 1.388(3) C10B-C11B 1.399(2) 

C9A-H9A 0.9500 C10B-H10B 0.9500 
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C10A-C11A 1.395(2) C11B-C12B 1.492(2) 

C10A-H10A 0.9500 C12B-C13B 1.397(2) 

C11A-C12A 1.493(2) C12B-C17B 1.408(2) 

C12A-C13A 1.395(2) C13B-C14B 1.389(2) 

C12A-C17A 1.415(2) C13B-H13B 0.9500 

C13A-C14A 1.385(3) C14B-C15B 1.379(2) 

C13A-H13A 0.9500 C14B-H14B 0.9500 

C14A-C15A 1.375(3) C15B-C16B 1.395(2) 

C14A-H14A 0.9500 C15B-H15B 0.9500 

C15A-C16A 1.397(2) C16B-C17B 1.393(2) 

C15A-H15A 0.9500 C16B-H16B 0.9500 

C16A-C17A 1.391(2) C18B-C19B 1.392(2) 

C16A-H16A 0.9500 C18B-C23B 1.402(2) 

C18A-C19A 1.390(2) C19B-C20B 1.396(2) 

C18A-C23A 1.405(2) C19B-H19B 0.9500 

C19A-C20A 1.392(2) C20B-C21B 1.379(3) 

C19A-H19A 0.9500 C20B-H20B 0.9500 

C20A-C21A 1.386(3) C21B-C22B 1.392(3) 

C20A-H20A 0.9500 C21B-H21B 0.9500 

C21A-C22A 1.386(3) C22B-C23B 1.388(2) 

C21A-H21A 0.9500 C22B-H22B 0.9500 

C22A-C23A 1.384(3) C23B-H23B 0.9500 

C22A-H22A 0.9500 C24B-C25B 1.394(2) 

C23A-H23A 0.9500 C24B-C29B 1.394(2) 

C24A-C29A 1.389(2) C25B-C26B 1.392(2) 

C24A-C25A 1.395(2) C25B-H25B 0.9500 

C25A-C26A 1.387(3) C26B-C27B 1.392(3) 

C25A-H25A 0.9500 C26B-H26B 0.9500 

C26A-C27A 1.389(3) C27B-C28B 1.381(3) 

C26A-H26A 0.9500 C27B-H27B 0.9500 

C27A-C28A 1.375(3) C28B-C29B 1.393(2) 

C27A-H27A 0.9500 C28B-H28B 0.9500 
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C28A-C29A 1.397(2) C29B-H29B 0.9500 

C28A-H28A 0.9500 C1M-Cl2M 1.749(2) 

C29A-H29A 0.9500 C1M-Cl1M 1.768(2) 

Pd1B-C5B 2.0353(17) C1M-H1M1 0.9900 

Pd1B-P1B 2.2115(8) C1M-H1M2 0.9900 

Table A.5.  Bond Angles for 1b  

C5A-Pd1A-P1A 87.90(6) C5B-Pd1B-Cl1B 90.40(6) 

C5A-Pd1A-N1A 175.06(7) P1B-Pd1B-Cl1B 174.651(15) 

P1A-Pd1A-N1A 95.18(5) N1B-Pd1B-Cl1B 85.64(5) 

C5A-Pd1A-Cl1A 91.68(6) C24B-P1B-C18B 106.84(7) 

P1A-Pd1A-Cl1A 175.713(15) C24B-P1B-C17B 103.30(7) 

N1A-Pd1A-Cl1A 84.97(5) C18B-P1B-C17B 102.06(7) 

C18A-P1A-C24A 106.61(8) C24B-P1B-Pd1B 115.28(5) 

C18A-P1A-C17A 101.37(7) C18B-P1B-Pd1B 113.95(5) 

C24A-P1A-C17A 104.69(7) C17B-P1B-Pd1B 114.03(5) 

C18A-P1A-Pd1A 113.23(5) C6B-N1B-C1B 117.01(13) 

C24A-P1A-Pd1A 115.65(6) C6B-N1B-Pd1B 99.35(9) 

C17A-P1A-Pd1A 113.93(6) C1B-N1B-Pd1B 125.66(11) 

C1A-N1A-C6A 116.71(13) C6B-N1B-H1NB 104.2 

C1A-N1A-Pd1A 127.03(11) C1B-N1B-H1NB 104.2 

C6A-N1A-Pd1A 99.52(9) Pd1B-N1B-H1NB 104.2 

C1A-N1A-H1NA 103.6 C2B-C1B-N1B 124.79(16) 

C6A-N1A-H1NA 103.6 C2B-C1B-H1B 117.6 

Pd1A-N1A-H1NA 103.6 N1B-C1B-H1B 117.6 

C2A-C1A-N1A 125.67(15) C1B-C2B-C4B 124.07(18) 

C2A-C1A-H1A 117.2 C1B-C2B-C3B 119.37(18) 

N1A-C1A-H1A 117.2 C4B-C2B-C3B 116.56(18) 

C1A-C2A-C4A 124.64(16) C2B-C3B-H3B1 109.5 

C1A-C2A-C3A 119.31(17) C2B-C3B-H3B2 109.5 

C4A-C2A-C3A 116.05(17) H3B1-C3B-H3B2 109.5 

C2A-C3A-H3A1 109.5 C2B-C3B-H3B3 109.5 
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C2A-C3A-H3A2 109.5 H3B1-C3B-H3B3 109.5 

H3A1-C3A-H3A2 109.5 H3B2-C3B-H3B3 109.5 

C2A-C3A-H3A3 109.5 C2B-C4B-H4B1 109.5 

H3A1-C3A-H3A3 109.5 C2B-C4B-H4B2 109.5 

H3A2-C3A-H3A3 109.5 H4B1-C4B-H4B2 109.5 

C2A-C4A-H4A1 109.5 C2B-C4B-H4B3 109.5 

C2A-C4A-H4A2 109.5 H4B1-C4B-H4B3 109.5 

H4A1-C4A-H4A2 109.5 H4B2-C4B-H4B3 109.5 

C2A-C4A-H4A3 109.5 Pd1B-C5B-H5B1 109.5 

H4A1-C4A-H4A3 109.5 Pd1B-C5B-H5B2 109.5 

H4A2-C4A-H4A3 109.5 H5B1-C5B-H5B2 109.5 

Pd1A-C5A-H5A1 109.5 Pd1B-C5B-H5B3 109.5 

Pd1A-C5A-H5A2 109.5 H5B1-C5B-H5B3 109.5 

H5A1-C5A-H5A2 109.5 H5B2-C5B-H5B3 109.5 

Pd1A-C5A-H5A3 109.5 C7B-C6B-C11B 120.15(15) 

H5A1-C5A-H5A3 109.5 C7B-C6B-N1B 118.54(15) 

H5A2-C5A-H5A3 109.5 C11B-C6B-N1B 121.21(14) 

C7A-C6A-C11A 120.42(16) C8B-C7B-C6B 120.30(17) 

C7A-C6A-N1A 118.62(15) C8B-C7B-H7B 119.9 

C11A-C6A-N1A 120.87(15) C6B-C7B-H7B 119.9 

C8A-C7A-C6A 120.19(18) C9B-C8B-C7B 120.16(17) 

C8A-C7A-H7A 119.9 C9B-C8B-H8B 119.9 

C6A-C7A-H7A 119.9 C7B-C8B-H8B 119.9 

C9A-C8A-C7A 120.18(18) C8B-C9B-C10B 119.99(17) 

C9A-C8A-H8A 119.9 C8B-C9B-H9B 120.0 

C7A-C8A-H8A 119.9 C10B-C9B-H9B 120.0 

C8A-C9A-C10A 119.43(18) C9B-C10B-C11B 120.96(17) 

C8A-C9A-H9A 120.3 C9B-C10B-H10B 119.5 

C10A-C9A-H9A 120.3 C11B-C10B-H10B 119.5 

C9A-C10A-C11A 121.69(18) C10B-C11B-C6B 118.45(15) 

C9A-C10A-H10A 119.2 C10B-C11B-C12B 118.87(14) 

C11A-C10A-H10A 119.2 C6B-C11B-C12B 122.67(14) 
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C10A-C11A-C6A 118.05(16) C13B-C12B-C17B 118.80(14) 

C10A-C11A-C12A 118.90(15) C13B-C12B-C11B 118.00(13) 

C6A-C11A-C12A 123.05(15) C17B-C12B-C11B 123.21(13) 

C13A-C12A-C17A 118.56(16) C14B-C13B-C12B 121.14(15) 

C13A-C12A-C11A 118.81(15) C14B-C13B-H13B 119.4 

C17A-C12A-C11A 122.62(14) C12B-C13B-H13B 119.4 

C14A-C13A-C12A 121.56(16) C15B-C14B-C13B 120.04(15) 

C14A-C13A-H13A 119.2 C15B-C14B-H14B 120.0 

C12A-C13A-H13A 119.2 C13B-C14B-H14B 120.0 

C15A-C14A-C13A 119.72(16) C14B-C15B-C16B 119.62(15) 

C15A-C14A-H14A 120.1 C14B-C15B-H15B 120.2 

C13A-C14A-H14A 120.1 C16B-C15B-H15B 120.2 

C14A-C15A-C16A 119.97(17) C17B-C16B-C15B 120.99(15) 

C14A-C15A-H15A 120.0 C17B-C16B-H16B 119.5 

C16A-C15A-H15A 120.0 C15B-C16B-H16B 119.5 

C17A-C16A-C15A 120.90(16) C16B-C17B-C12B 119.34(13) 

C17A-C16A-H16A 119.6 C16B-C17B-P1B 120.91(11) 

C15A-C16A-H16A 119.6 C12B-C17B-P1B 119.73(11) 

C16A-C17A-C12A 119.14(14) C19B-C18B-C23B 118.95(15) 

C16A-C17A-P1A 121.61(12) C19B-C18B-P1B 120.41(12) 

C12A-C17A-P1A 119.19(12) C23B-C18B-P1B 120.53(11) 

C19A-C18A-C23A 119.53(15) C18B-C19B-C20B 120.33(16) 

C19A-C18A-P1A 120.14(12) C18B-C19B-H19B 119.8 

C23A-C18A-P1A 120.21(12) C20B-C19B-H19B 119.8 

C18A-C19A-C20A 120.20(16) C21B-C20B-C19B 120.22(17) 

C18A-C19A-H19A 119.9 C21B-C20B-H20B 119.9 

C20A-C19A-H19A 119.9 C19B-C20B-H20B 119.9 

C21A-C20A-C19A 119.85(17) C20B-C21B-C22B 120.12(16) 

C21A-C20A-H20A 120.1 C20B-C21B-H21B 119.9 

C19A-C20A-H20A 120.1 C22B-C21B-H21B 119.9 

C20A-C21A-C22A 120.39(16) C23B-C22B-C21B 119.89(16) 

C20A-C21A-H21A 119.8 C23B-C22B-H22B 120.1 
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C22A-C21A-H21A 119.8 C21B-C22B-H22B 120.1 

C23A-C22A-C21A 120.15(16) C22B-C23B-C18B 120.47(15) 

C23A-C22A-H22A 119.9 C22B-C23B-H23B 119.8 

C21A-C22A-H22A 119.9 C18B-C23B-H23B 119.8 

C22A-C23A-C18A 119.87(16) C25B-C24B-C29B 119.48(14) 

C22A-C23A-H23A 120.1 C25B-C24B-P1B 117.60(11) 

C18A-C23A-H23A 120.1 C29B-C24B-P1B 122.89(12) 

C29A-C24A-C25A 119.19(15) C26B-C25B-C24B 120.44(15) 

C29A-C24A-P1A 122.82(13) C26B-C25B-H25B 119.8 

C25A-C24A-P1A 117.98(12) C24B-C25B-H25B 119.8 

C26A-C25A-C24A 120.62(16) C27B-C26B-C25B 119.60(16) 

C26A-C25A-H25A 119.7 C27B-C26B-H26B 120.2 

C24A-C25A-H25A 119.7 C25B-C26B-H26B 120.2 

C25A-C26A-C27A 119.70(17) C28B-C27B-C26B 120.20(16) 

C25A-C26A-H26A 120.1 C28B-C27B-H27B 119.9 

C27A-C26A-H26A 120.1 C26B-C27B-H27B 119.9 

C28A-C27A-C26A 120.12(16) C27B-C28B-C29B 120.39(16) 

C28A-C27A-H27A 119.9 C27B-C28B-H28B 119.8 

C26A-C27A-H27A 119.9 C29B-C28B-H28B 119.8 

C27A-C28A-C29A 120.39(17) C28B-C29B-C24B 119.88(15) 

C27A-C28A-H28A 119.8 C28B-C29B-H29B 120.1 

C29A-C28A-H28A 119.8 C24B-C29B-H29B 120.1 

C24A-C29A-C28A 119.92(16) Cl2M-C1M-Cl1M 110.88(11) 

C24A-C29A-H29A 120.0 Cl2M-C1M-H1M1 109.5 

C28A-C29A-H29A 120.0 Cl1M-C1M-H1M1 109.5 

C5B-Pd1B-P1B 87.84(6) Cl2M-C1M-H1M2 109.5 

C5B-Pd1B-N1B 175.81(6) Cl1M-C1M-H1M2 109.5 

P1B-Pd1B-N1B 95.97(5) H1M1-C1M-H1M2 108.1 

 

 

 

  



134 
 

 

Table A.6.  Torsion Angles for 1b  

C6A-N1A-C1A-C2A 170.28(16) C6B-N1B-C1B-C2B -175.84(17) 

Pd1A-N1A-C1A-C2A 42.6(2) Pd1B-N1B-C1B-C2B -49.7(2) 

N1A-C1A-C2A-C4A -3.0(3) N1B-C1B-C2B-C4B 1.0(3) 

N1A-C1A-C2A-C3A 176.35(16) N1B-C1B-C2B-C3B -179.69(16) 

C1A-N1A-C6A-C7A 132.03(16) C1B-N1B-C6B-C7B -132.09(16) 

Pd1A-N1A-C6A-C7A -87.81(15) Pd1B-N1B-C6B-C7B 89.57(14) 

C1A-N1A-C6A-C11A -51.3(2) C1B-N1B-C6B-C11B 51.6(2) 

Pd1A-N1A-C6A-C11A 88.85(15) Pd1B-N1B-C6B-C11B -86.79(14) 

C11A-C6A-C7A-C8A -0.5(3) C11B-C6B-C7B-C8B 0.3(2) 

N1A-C6A-C7A-C8A 176.21(16) N1B-C6B-C7B-C8B -176.06(15) 

C6A-C7A-C8A-C9A 1.3(3) C6B-C7B-C8B-C9B -0.5(3) 

C7A-C8A-C9A-C10A -0.5(3) C7B-C8B-C9B-C10B 0.1(3) 

C8A-C9A-C10A-C11A -1.1(3) C8B-C9B-C10B-C11B 0.4(3) 

C9A-C10A-C11A-C6A 1.8(3) C9B-C10B-C11B-C6B -0.5(2) 

C9A-C10A-C11A-C12A -178.06(17) C9B-C10B-C11B-C12B -179.24(15) 

C7A-C6A-C11A-C10A -1.1(2) C7B-C6B-C11B-C10B 0.2(2) 

N1A-C6A-C11A-C10A -177.66(14) N1B-C6B-C11B-C10B 176.47(14) 

C7A-C6A-C11A-C12A 178.84(15) C7B-C6B-C11B-C12B 178.81(14) 

N1A-C6A-C11A-C12A 2.2(2) N1B-C6B-C11B-C12B -4.9(2) 

C10A-C11A-C12A-C13A -63.6(2) C10B-C11B-C12B-C13B 65.5(2) 

C6A-C11A-C12A-C13A 116.51(18) C6B-C11B-C12B-C13B -113.13(17) 

C10A-C11A-C12A-C17A 115.16(18) C10B-C11B-C12B-C17B -114.40(17) 

C6A-C11A-C12A-C17A -64.7(2) C6B-C11B-C12B-C17B 67.0(2) 

C17A-C12A-C13A-C14A 3.7(2) C17B-C12B-C13B-C14B -2.5(2) 

C11A-C12A-C13A-C14A -177.47(16) C11B-C12B-C13B-C14B 177.57(15) 

C12A-C13A-C14A-C15A -0.5(3) C12B-C13B-C14B-C15B 0.6(3) 

C13A-C14A-C15A-C16A -2.5(3) C13B-C14B-C15B-C16B 1.3(3) 

C14A-C15A-C16A-C17A 2.1(3) C14B-C15B-C16B-C17B -1.2(2) 

C15A-C16A-C17A-C12A 1.2(3) C15B-C16B-C17B-C12B -0.7(2) 

C15A-C16A-C17A-P1A -176.17(14) C15B-C16B-C17B-P1B 177.76(12) 

C13A-C12A-C17A-C16A -4.0(2) C13B-C12B-C17B-C16B 2.5(2) 



135 
 

 

C11A-C12A-C17A-C16A 177.24(15) C11B-C12B-C17B-C16B -177.58(14) 

C13A-C12A-C17A-P1A 173.39(12) C13B-C12B-C17B-P1B -175.94(11) 

C11A-C12A-C17A-P1A -5.4(2) C11B-C12B-C17B-P1B 4.0(2) 

C18A-P1A-C17A-C16A 117.30(14) C24B-P1B-C17B-C16B -2.59(14) 

C24A-P1A-C17A-C16A 6.56(15) C18B-P1B-C17B-C16B -113.37(13) 

Pd1A-P1A-C17A-C16A -120.73(13) Pd1B-P1B-C17B-C16B 123.28(12) 

C18A-P1A-C17A-C12A -60.04(14) C24B-P1B-C17B-C12B 175.85(12) 

C24A-P1A-C17A-C12A -170.78(12) C18B-P1B-C17B-C12B 65.06(13) 

Pd1A-P1A-C17A-C12A 61.92(13) Pd1B-P1B-C17B-C12B -58.28(13) 

C24A-P1A-C18A-C19A -115.41(13) C24B-P1B-C18B-C19B 104.10(14) 

C17A-P1A-C18A-C19A 135.33(13) C17B-P1B-C18B-C19B -147.82(14) 

Pd1A-P1A-C18A-C19A 12.88(14) Pd1B-P1B-C18B-C19B -24.42(15) 

C24A-P1A-C18A-C23A 68.54(14) C24B-P1B-C18B-C23B -79.83(14) 

C17A-P1A-C18A-C23A -40.72(14) C17B-P1B-C18B-C23B 28.26(14) 

Pd1A-P1A-C18A-C23A -163.16(11) Pd1B-P1B-C18B-C23B 151.66(11) 

C23A-C18A-C19A-C20A -0.2(2) C23B-C18B-C19B-C20B 1.8(3) 

P1A-C18A-C19A-C20A -176.28(13) P1B-C18B-C19B-C20B 177.97(15) 

C18A-C19A-C20A-C21A 0.1(3) C18B-C19B-C20B-C21B -1.1(3) 

C19A-C20A-C21A-C22A -0.3(3) C19B-C20B-C21B-C22B -0.4(3) 

C20A-C21A-C22A-C23A 0.6(3) C20B-C21B-C22B-C23B 1.2(3) 

C21A-C22A-C23A-C18A -0.8(3) C21B-C22B-C23B-C18B -0.5(3) 

C19A-C18A-C23A-C22A 0.6(2) C19B-C18B-C23B-C22B -1.0(2) 

P1A-C18A-C23A-C22A 176.62(13) P1B-C18B-C23B-C22B -177.18(13) 

C18A-P1A-C24A-C29A -1.26(15) C18B-P1B-C24B-C25B -155.32(12) 

C17A-P1A-C24A-C29A 105.65(14) C17B-P1B-C24B-C25B 97.47(13) 

Pd1A-P1A-C24A-C29A -128.12(13) Pd1B-P1B-C24B-C25B -27.59(13) 

C18A-P1A-C24A-C25A 177.13(13) C18B-P1B-C24B-C29B 26.87(14) 

C17A-P1A-C24A-C25A -75.96(14) C17B-P1B-C24B-C29B -80.34(14) 

Pd1A-P1A-C24A-C25A 50.27(14) Pd1B-P1B-C24B-C29B 154.61(11) 

C29A-C24A-C25A-C26A -2.6(3) C29B-C24B-C25B-C26B 0.1(2) 

P1A-C24A-C25A-C26A 178.93(14) P1B-C24B-C25B-C26B -177.78(13) 

C24A-C25A-C26A-C27A 1.8(3) C24B-C25B-C26B-C27B 0.8(3) 
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C25A-C26A-C27A-C28A 0.7(3) C25B-C26B-C27B-C28B -0.7(3) 

C26A-C27A-C28A-C29A -2.3(3) C26B-C27B-C28B-C29B -0.2(3) 

C25A-C24A-C29A-C28A 1.0(2) C27B-C28B-C29B-C24B 1.1(2) 

P1A-C24A-C29A-C28A 179.34(13) C25B-C24B-C29B-C28B -1.0(2) 

C27A-C28A-C29A-C24A 1.5(3) P1B-C24B-C29B-C28B 176.72(12) 
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Table A.7.  Potential Hydrogen Bonds for 1b  

Hydrogen Bond D—H (Å) H···A (Å) D···A (Å) D—H···A (°) 

N1B-H1NB···Cl1M 1.00 2.61 3.5002(18) 148.2 

C7B-H7B···Cl1B1 0.95 2.88 3.709(2) 145.8 

C1M-H1M2···Cl1B 0.99 2.67 3.600(2) 157.0 

1.  1-x, -y,1+ -z 
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8.2 Appendix B: Supplementary Information for Chapter 3 

 

Figure B.1. 31P{1H} variable temperature NMR spectra (243 MHz, toluene-d8) stack plot of the reaction of 

2 with one equivalent of pyridine. From top to bottom: 25 °C, 20 °C, –50 °C, 10 °C, 0°C, –10 °C, –20 °C, 

–30 °C, –40 °C, –60 °C, –70 °C, –80 °C. 
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Figure B.2. 1H NMR spectrum (py-d5), 400 MHz) of [Pd(CH3)([L2])], 2 dissolved in pyridine. 
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Figure B.3. 31P{1H} NMR spectrum (py-d5, 162 MHz) of [Pd(CH3([L2])], 2 dissolved in pyridine. 
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Figure B.4. 1H NMR spectrum (C6D6, 400 MHz) of a 1:1:1 mixture of 2, pyridine, and B(C6F5)3. 
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Figure B.5. 31P{1H} NMR spectrum (C6D6, 162 MHz) of a 1:1:1 mixture of 2, pyridine, and B(C6F5)3. 
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Figure B.6. 31P{1H} NMR spectra (C6H6, 162 MHz) stack plot of the reaction of 2 and one equivalent od 

PR3. From top to bottom: 2, 2 and PPh3, where the peak at δP = –5.3 is free PPh3, 2 and P(tBu)3, where the 

peak at δP = –32.1 is free P(tBu)3, 2 and P(NEt2)3, where the peak at δP = 118.0 is free P(NEt2)3. 
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Figure B.7. UV-Vis spectra of P(tBu)3 titration at 25 °C in toluene. Concentrations of P(tBu)3 include: 0.2 

mM, 0.4 mM, 0.6 mM. 0.8 mM, 1.0 mM, and 10 mM. 
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Figure B.8. Plot of molar absorptivity vs wavelength of P(tBu)3 titration at 25 °C in toluene. Concentrations 

of P(tBu)3 include 0.2 mM, 0.4 mM, 0.6 mM. 0.8 mM, 1.0 mM, and 10 mM. 
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Figure B.9. UV-Vis spectra of P(tBu)3 titration at –80 °C in toluene. Concentrations of P(tBu)3 include 0.2 

mM, 0.4 mM, 0.6 mM. 0.8 mM, 1.0 mM, and 10 mM. 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

300 400 500 600 700 800 900

Ab
so

rb
an

ce

Wavelength (nm)

PdP^AzA

0.2

0.4

0.6

0.8

1

10



147 
 

 

 

Figure B.10. Plot of molar absorptivity vs wavelength of P(tBu)3 titration at –80 °C in toluene. 

Concentrations of P(tBu)3 include 0.2 mM, 0.4 mM, 0.6 mM. 0.8 mM, 1.0 mM, and 10 mM. 
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Figure B.11. UV-Vis spectra of P(tBu)3 titration at 60 °C in toluene. Concentrations of P(tBu)3 include 0.2 

mM, 0.4 mM, 0.6 mM. 0.8 mM, 1.0 mM, and 10 mM. 
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Figure B.12. Plot of molar absorptivity vs wavelength of P(tBu)3 titration at 60 °C in toluene. 

Concentrations of P(tBu)3 include 0.2 mM, 0.4 mM, 0.6 mM. 0.8 mM, 1.0 mM, and 10 mM. 
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Figure B.13. UV-Vis spectra of P(tBu)3 reaction time analysis at –80 °C in toluene.  
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Figure B.14. Plot of molar absorptivity vs wavelength of P(tBu)3 reaction time analysis at –80 °C in toluene.  
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Figure B.15. 31P{1H} variable temperature NMR spectra (toluene-d8, 243MHz) stack plot of the reaction 

of 2 with one equivalent of PEt3. From top to bottom: 25 °C, 10 °C, 0 °C, –10 °C, –20 °C, –30 °C, –40 °C, 

and –50 °C. The free PEt3 signal at δP = –19.7 was cut out. 
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Figure B.16. 31P{1H} NMR spectra (DMF, 400 MHz) stack plot of the reaction of 2, one equivalent of CN–

, and excess MAH. From top to bottom: 2, 2 and CN–; 2, CN–, and MAH. 
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Figure B.17. 1H NMR spectra (C6D6, 400 MHz) stack plot of the reaction of 2 and one drop of degassed 

water. From top to bottom: 2, 2 and water. 
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Figure B.18. 31P{1H} NMR spectra (C6D6, 162MHz) stack plot of the reaction of 2 and one drop of degassed 

water. From top to bottom: 2, 2 and water. 
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Figure B.19. 31P{1H} NMR spectra (162 MHz) stack plot of the reaction of 2 and one drop of degassed 

water in different solvents. From top to bottom: C6D6, DMSO, THF. 
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Figure B.20. 1H NMR spectra (toluene-d8, 400 MHz) stack plot of the reaction of 2 and CO. From top to 

bottom: 2, 2 and CO. 
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Figure B.21. 31P{1H} NMR spectra (toluene-d8, 162 MHz) stack plot of the reaction of 2 and CO. From 

top to bottom: 2, 2 and CO. 
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Figure B.22. 31P{1H} NMR spectra (C6H6, 162 MHz) stack plot of the reaction of 2 and one equivalent of 

MA.  From top to bottom: 2, 2 and MA 10 min, 2 and MA 2 h, 2 and MA 4 h, 2 and MA 24 h. 
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Figure B.23. 1H NMR spectra (toluene-d8, 600 MHz) stack plot of the reaction of 2 and one equivalent of 

MA submerged in a -50 ˚C cold bath.  From top to bottom: 2, 2 and MA. 

 

 



161 
 

 

 

Figure B.24. 31P{1H} NMR spectra (toluene-d8, 243 MHz) stack plot of the reaction of 2 and one equivalent 

of MA submerged in a -50 ˚C cold bath.  From top to bottom: 2, 2 and MA. 
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8.3 Appendix C: Supplementary Information for Chapter 4 

 

Figure C.1. 1H NMR spectrum (400 MHz, CDCl3) of ethylene polymerization control reaction with no 

catalyst. 
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Figure C.2. 1H NMR spectrum (400 MHz, CDCl3) of attempted ethylene polymerization with 2 as a 

catalyst. 
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Figure C.3. 1H NMR spectra (600 MHz, toluene-d8) stack plot of attempted 1-octene oligomerization with 

2 as a catalyst. From top to bottom: 1-octene, 2 and one equivalent of 1-octene at room temperature, 2 and 

50 equivalents of 1-octene at room temperature, 2 and one equivalent of 1-octene at 80 ˚C, 2 and 50 

equivalents of 1-octene at 80 ˚C.  
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Figure C.4. 1H NMR spectrum (600 MHz, C6D6) of attempted allyl benzene isomerization with 2 as a 

catalyst. From top to bottom: 2 and allyl benzene 10 minutes at room temperature, 2 and allyl benzene 24 

h at room temperature, 2 and allyl benzene 10 minutes at 80 ˚C, 2 and allyl benzene 24 h at 80 ˚C. 
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Figure C.5. 13C{1H} NMR spectrum (151 MHz, DMF) of attempted cyanation of 3-bromopyridine with 2 

as a catalyst at 65 ˚C. 
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Figure C.6. 13C{1H} NMR spectrum (151 MHz, DMF) of attempted cyanation of 3-bromopyridine with 2 

as a catalyst at 120 ˚C. 
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Figure C.7. 1H NMR spectrum (C6D6, 400 MHz) of [Pd(MAH)(H[L2]a)], 12a, and [Pd(MAH)(H[L2]b)], 

12b.  
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Figure C.8. 31P{1H} NMR spectrum (C6D6, 162 MHz) of [Pd(MAH)(H[L2]a)], 12a, and [Pd(MAH) 

(H[L2]b)], 12b.  
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Figure C.9. 1H NMR spectrum (C6D6, 400 MHz) of [Pd(MAH)([L2])], 5.  
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Figure C.10. 31P{1H} NMR spectrum (C6D6, 162 MHz) of [Pd(MAH)([L2])], 5.  
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Figure C.11. 1H NMR spectrum (400 MHz, toluene-d8) of attempted carbonylation of phenyl triflate with 

2 as a catalyst at 60 ˚C. 
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Figure C.12. 19F{1H} NMR spectrum (376 MHz, toluene-d8) of attempted carbonylation of phenyl triflate 

with 2 as a catalyst at 60 ˚C. 
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Figure C.13. 13C{1H} NMR spectrum (151 MHz, toluene-d8) of attempted carbonylation of phenyl triflate 

with 2 as a catalyst at 60 ˚C. 
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Figure C.14. 1H NMR spectrum (400 MHz, toluene-d8) of attempted carbonylation of phenyl triflate with 

2 as a catalyst at room temperature. 
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Figure C.15. 19F{1H} NMR spectrum (376 MHz, toluene-d8) of attempted carbonylation of phenyl triflate 

with 2 as a catalyst at room temperature. 
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Figure C.16. 13C{1H} NMR spectrum (151 MHz, toluene-d8) of attempted carbonylation of phenyl triflate 

with 2 as a catalyst at room temperature. 
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Figure C.17. 1H NMR spectrum (400 MHz, toluene-d8) of attempted carbonylation of p-tolyl triflate with 

2 as a catalyst at 120 ˚C. 
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Figure C.18. 19F{1H} NMR spectrum (376 MHz, toluene-d8) of attempted carbonylation of p-tolyl triflate 

with 2 as a catalyst at 120 ˚C. 
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Figure C.19. 13C{1H} NMR spectrum (151 MHz, toluene-d8) of attempted carbonylation of p-tolyl triflate 

with 2 as a catalyst at 120 ˚C. 
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