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ABSTRACT 

 
 series of N-functionalized 2-diphenylphosphinobenzaldimino ligands (3.1 – 3.6) 

bearing pendant groups on the imine moiety were prepared by the Schiff-base 

condensation reaction of 2-diphenylphosphinibenzaldehyde and appropriate primary amines. 

The ligands were subsequently used to synthesize a range of palladium complexes of the 

types [Pd(P^N)Cl2] (3.7 – 3.12) and [Pd(P^N)(Me)Cl)] (3.13 – 3.18) from precursor 

complexes [Pd(COD)Cl2] and [Pd(COD)(Me)Cl], respectively. Platinum complexes of the 

type [Pt(P^N)Cl2] (3.19 – 3.24) were synthesized by the ligand displacement reaction 

between [Pt(COD)Cl2] and ligands 3.1 – 3.6. All compounds were characterized by 

multinuclear NMR and infrared spectroscopies as well as elemental analysis. In addition, the 

structure of complex 3.14 was determined by x-ray crystallography.  

 
Palladium complexes 3.8 – 3.10 and 3.16 were evaluated as pre-catalysts in the Suzuki-

Miyaura coupling reaction. These complexes were found to be highly active and tolerant of a 

wide range of reaction conditions and functional groups on substrates. Low catalyst loadings 

(0.1 mol% Pd) were required, while high conversions and short reaction times were 

maintained. Having a substituent bearing a donor atom on the imine moiety of the ligand 

(ligands 3.3 and 3.4) was found to enhance catalytic activity. Palladium methyl chloride 

complexes were found to show slightly more activity than their palladium dichloride 

counterparts. 

 
Reaction of [Pt(P^N)Cl2] complexes with BrMg(CH2)4MgBr in an attempt to synthesize 

platinacycloalkane complexes resulted in the formation of bromobutyl complexes 

[Pt(P^N)(C4H9)Br] (3.25 and 3.26) instead. Successful synthesis of platinacyclopentane 

complexes, 5.1 – 5.6, and platinacycloheptane complexes, 5.7 – 5.12, was achieved by the 

reaction of [Pt(COD)Cl2] with appropriate di-Grignard reagents, followed by ligand 

displacement with the iminophosphine ligands. All complexes were fully characterized using 

various NMR spectroscopies, mass spectrometry and elemental analysis. Crystal structures 

of the bromobutyl and platinacyclopentane complexes 3.25 and 5.1 were determined. 

 
Studies on the thermal decomposition of the platinacycloalkane complexes were carried out. 

Platinacyclopentane complexes 5.1 – 5.6 were found to be markedly stable, with the 

decomposition reaction requiring temperatures higher than 100 °C. Reaction temperature 

and duration were found to have a significant influence on the organic product distribution 

obtained. These reactions gave 1-butene (for the platinacyclopentane complexes) and 1-

hexene (for the platinacycloheptane complexes) as major products. Kinetic data obtained for 
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the decomposition of 5.1 and 5.7 shows that the decomposition reaction follows first order 

kinetics for the initial 30% of the decomposition reaction. Thereafter, reaction order deviates 

from first order behaviour, indicating increasing involvement of products in the reaction 

mechanism.  

 
The generally accepted β-hydride elimination/reductive elimination reaction mechanism for 

the decomposition of metallacycloalkanes was investigated using DFT methods. The 

simplified complex, 5.13B, was used as a model for platinacyclopentane complexes. Results 

from these calculations show that intramolecular β-hydride elimination from the carbocyclic 

ring of platinacyclopentane complexes is unlikely to occur as this process requires an 

extremely high energy barrier (>64 kcal·mol-1). Furthermore, these calculations reveal that 

ligand hemilability is energetically disfavoured in the β-elimination reaction while it is 

favoured in the reductive elimination reaction.        
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CHAPTER 1 
 

IMINOPHOSPHINE LIGANDS AND THEIR COMPLEXES IN 
SYNTHESIS AND CATALYSIS 

 
1.1 INTRODUCTION 
 

igand design is becoming an increasingly important part of synthetic organometallic and 

coordination chemistry.1 This is because the properties of metal complexes in synthesis 

and catalysis are a direct result of the interactions between the metal centre and its 

supporting ligands.2 Ligands composed of significantly different chemical functionalities such 

as hard and soft donor moieties, often called hybrid ligands, find increasing use in molecular 

chemistry. A special class of these ligands is that of hemilabile ligands. The concept of 

hemilability was introduced in 1979 by Rauchfuss3,4 to describe multidentate ligands that 

‘would bind well enough to the metal centre to allow isolation of the complex, but would 

readily dissociate the hard end component thus generating a vacant site for substrate 

binding’5 (Figure 1.1).6 

 
Figure 1.1: Generalized description of adaptive coordination of hemilabile ligands (M = 
metal centre, D = strong donor, Z = weak donor and L’ = substrate). 
 
This is a particularly desirable characteristic for complexes which might have application in 

catalysis, and since the majority of metals used in such systems are middle or late transition 

metals, it is usually the soft donor atom which is continually bound to the metal centre.7 An 

important property of these ligands is that they can stabilize metal ions in a variety of 

oxidation states and geometries, which form during the catalytic cycle.4 In addition, the hard 

ends are weakly coordinated to the soft metal centre, and can be easily dissociated in 

solution, affording a vacant site whenever demanded, whereas the chelate effect confers 

stability to the catalyst precursor in the absence of substrate4 thereby preventing catalyst 

decomposition/deactivation. 

 
Over the past few decades, interest in metal complexes of this type of ligands, which are 

essentially functionalized phosphine ligands, and their role in catalysis has been steadily 

growing as the different features associated with each donor atom confer unique properties 

to their metal complexes.7-10 Unlike homo-donor chelate ligands, hetero-donor ligands have 

a distinct trans effect which can play a role in controlling the selectivity/activity, especially in 

co- and/or polymerization processes.11 The syntheses and reactivity/catalytic activity of 

L 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 1: Iminophosphines in Catalysis – Review 

 

UCT CHEMISTRY  2 

complexes bearing hemilabile ligands of the type P^N4,12 and P^O,13 have been widely 

reported.  

 
Of the reported hemilabile ligands, those bearing phosphorus and nitrogen atoms as their 

donors form the most commonly used class. These ligands can display quite different 

coordination modes compared to the homo-donor P^P and N^N ligands. The π-acceptor 

character of the phosphorus ligand can stabilize a metal centre in a low oxidation state, while 

the σ-donor ability of the nitrogen donor makes the metal centre more susceptible to 

oxidative addition reactions. This combination can help to stabilize intermediate oxidation 

states and geometries which form during the catalytic cycle.4,11   

 
This electronic asymmetry can also be used to optimize a ligand for a particular reaction by 

appropriate choice of the nature of the donor atoms. For example, binding the phosphorus 

atom directly to a more electronegative atom such as oxygen or nitrogen12,14 will reduce its 

electron donating capability while also enhancing its π-acceptor capacity. On the other hand, 

the presence of an imino rather than amino group will result in a nitrogen donor atom of 

greater δ-donating capabilities.12,15 Moreover, this type of ligand allows modulation of the 

steric crowding around the metal centre through the simple variation of the substituents on 

the imine and phosphine groups.16 

 
Finally, the past decade or so has witnessed an unprecedented increase in the number of 

reports on chiral iminophosphine ligands. Complexes based on these ligands have been 

successfully used in asymmetric catalytic reactions such as hydosilylation,17 hydroboration of 

olefins,18 transfer hydrogenation of ketones19 to name but a few. Their success is based not 

only on steric factors, but also on electronic asymmetry on the metal centre generated by the 

presence of very different donor atoms on the metal,4,5 a concept that was called electronic 

differentiation by Faller.7  

 
1.2 SCOPE  
 
This brief review covers a specific subset of bidentate, heterodonor ligands: the 

iminophosphine ligands. The diverse structural motifs found in this ligand class are 

highlighted. In addition, because these ligands are usually used as supporting ligands in 

coordination chemistry and catalysis, the broad range of synthetic and catalytic reactions in 

which the ligands and their complexes are applied will also be mentioned. The main aim of 

this exercise is to give a brief overview of the structural diversity found in this class of ligands 

as well as the diversity in their application in organic synthesis and homogeneous catalysis.  
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1.3 CYCLIC IMINE N-DONOR LIGANDS 
 
1.3.1 Pyridine-Based Ligands 
 
Pyridylphosphines represent one of the most widely used class of iminophosphine ligands. 

The simplest of these is 2-(diphenylphosphino)pyridine. Although this ligand is better suited 

to bridge two metal centres, there are examples of complexes where it acts as a bidentate 

hemilabile ligand (complex 1.1), forming a 4-membered chelate ring with the metal centre.20 

 
1.1: M = Ru, Mo; X = N 

 
Cationic complexes 1.2 and 1.3 were prepared from the reaction of methyl 2-

(diphenylphosphino)nicotinate with a nickel precursor. X-ray crystallographic data revealed 

that, although this ligand is potentially a tridentate P,N,O ligand, the preferred structures are 

the bidentate P^N or P^O complexes 1.2 and 1.3 respectively.21a,21b  

 
                                  1.2                                                       1.3    

Drent and co-workers21c,21d developed a highly efficient class of homogeneous palladium 

cationic catalysts, 1.4, for the carbonylation of alkynes. These catalysts allowed the 

development of cost-effective, large scale production of methyl methacrylate (MMA), a large-

scale chemical intermediate for the production of homopolymers and copolymers. 

 

1.4 
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Due to the unprecedented high selectivities shown by these catalysts, this process has the 

benefit of exerting minimal negative environmental impact.  

 
5-membered chelate rings can be formed with a metal centre when ligands derived from 8-

phosphinoquinoline or phosphines linked to the pyridyl moiety by a methylene linker are 

used. These complexes are more stable than those that have 4-membered chelate ring 

structures due to reduced ring strain. Examples of such complexes include the palladium 

complex 1.5 reported by Deeming and co-workers22 as well as rhodium complexes of ligands 

1.6 – 1.9 reported by Lavigne, Lugan and co-workers.23  

 
                                                                 1.5    

 
 
 

1.6: R = Ph; R’ = Me; R” = H 
1.7: R = Ph; R’ = C4H4; R” = C4H4 
1.8: R = Cy; R’ = Me; R” = H 
1.9: R = Cy; R’ = C4H4; R” = C4H4 

 
 

 
Rhodium complexes of ligands 1.6 – 1.9 were tested for activity in transfer hydrogenation 

using a wide range of ketones as substrates. The complexes showed good activities, with 

high turnover frequencies and high enantioselectivities.  

 
The chiral ligand 1-(2-diphenylphosphino-3,6-dimethoxyphenyl)-isoquinoline reacts with 

palladium precursors to give a racemic mixture of the complex [Pd(P^N)Cl2], 1.10 and 1.11.24     

 
                                                 1.10                                         1.11 
 
Kamer and co-workers reported the synthesis of ligands 1.12 – 1.16 and their corresponding 

neutral nickel and palladium complexes as well as cationic palladium complexes.25 These 

complexes were tested for activity in ethylene oligomerization. Upon activation with MAO, 
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the nickel complexes were found to be highly active while both the neutral and cationic 

palladium complexes showed very low activities. Butenes were the major products in all 

cases. The ligands all consist of a diphenylphosphine moiety and a 2-pyridyl group and differ 

in the backbone connecting these functionalities. Ligands 1.12 – 1.14 have respectively one, 

two and three methylene units as the backbone. Ligand 1.15 has a two-carbon bridge 

integrated in a phenylene ring between the 2-pyridyl and the phosphine moiety. As in 1.12 – 

1.14, the two-carbon bridge in 1.16 is aliphatic. However, due to this spacer being part of a 

substituted ring system, the backbone in these ligands is more rigid than in ligands 1.12 – 

1.14.25  

 
                    1.12                1.13              1.14                      1.15                          1.16 
 
Electronic asymmetry can be used to optimize ligands for use in a particular reaction by 

appropriate choice of the nature of the donor atoms. For example, bonding a phosphorus 

atom directly to a more electronegative atom such as oxygen or nitrogen will reduce its 

electron-donating capability while enhancing its π-acceptor capacity.11 Consiglio and co-

workers reported the synthesis and complexation, to palladium and nickel, of ligands 1.17 – 

1.20. The palladium complexes were tested for activity in the copolymerization of styrene 

and ethylene with carbon monoxide while the nickel complexes were tested for activity in 

ethylene oligomerization. The nickel complexes were found to be highly active at ambient 

temperature and low ethylene pressure (1 – 2 bar) and the major products were found to be 

C4 and C6 oligomers.26     
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                                           1.19                                             1.20  
 
Vrieze and co-workers prepared palladium and platinum complexes of the type 1.21, based 

on a multifunctional and hemilabile phosphorus-bis(nitrogen) ligand, which combined both 

imine and pyridyl moieties.27 The ligand was found to coordinate in a terdentate fashion to 

group 10 metals, resulting in the formation of cationic complexes of the type [MII(PNN)(R)]Y, 

where M = Pd, Pt; R = alkyl, acetyl or η1-allyl and Y = Cl, CF3SO3. Catalytic studies showed 

that the palladium conplexes were highly active in allylic alkylation reactions. 

 

 
                                                                1.21 
 
Del Zotto, Baratta and co-workers prepared similar ligands and tested their rhodium 

complexes 1.22 – 1.26 for activity in the transfer hydrogenation of ketones.15a They reported 

that complex 1.26 catalyzes the quantitative reduction of acetophenone to 1-phenylethanol 

with high turnover frequencies. Replacing the amino complex with amino derivatives 1.23 

and 1.24 resulted in slightly lower turnover frequencies, but these complexes still showed 

comparable activities to those reported by other groups.14a,28   

1.17 1.18 
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         1.22                            1.23                             1.24                             1.25 

 
                                                                     1.26 
 
Liu and co-workers prepared bulky pyridylphosphine ligands (6-mesityl-2-

((diaryl)methyl)pyridine by the Suzuki coupling of mesitylboronic acid with 6-bromo-2-picoline 

followed by phosphinylation.29 Palladium (1.27, 1.28) and nickel (1.29) complexes were 

prepared by reaction of these ligands with [Pd(COD)(Me)Cl] and [Ni(DME)Br]. The cationic 

methylpalladium(II) complexes, 1.28, performed poorly in catalytic ethylene polymerization 

and could only catalyze ethylene dimerization and trimerization.30 The nickel complexes, on 

the other hand, were found to be efficient catalysts upon activation by MAO. The nickel 

complexes catalyzed the polymerization of ethylene when an Al/Ni ratio of 150 was used 

whereas dimerization and trimerization were observed when the Al/Ni ratio was increased to 

500.29  

               1.27a, 1.27b                      1.28a, 1.28b                                    1.29a, 1.29b 
a: Ar = Mes, L = NCMe 
b: Ar = 2-Tol, L = NCMe 

 

1.3.2 Quinazoline-Based Ligands 
 
Guiry and co-workers prepared a series of quinazoline-based ligands, 1.30 – 1.35 and found 

them to be effecient ligands in palladium-catalyzed allylic alkylation reactions. Ligand 1.31, in 

particular, showed excellent enantioselectivities, while more bulky ligands gave poorer 

results, indicating that the steric properties of substituents on the 2’ position have a 
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significant influence on asymmetric induction conferred by the ligand on the reaction 

outcome.31 

 
1.30: R = Ph 
1.31: R = Me 
1.32: R = i-Pr 
1.33: R = t-Bu 
1.34: R = Bn 
1.35: R = 2-Pyridyl 
 

 
1.3.3 Pyrazole-Based Ligands 
 
Pyrazole-containing ligands such as 1.36, in which substituents on the phosphorus and the 

pyrazole ring can be easily varied allow for optimization of both steric and electronic 

properties of their metal complexes. This, in turn, influences their activity and selectivity in 

catalytic reactions. Rhodium complexes of ligand 1.36 have been used as catalysts in a 

number of asymmetric metal-catalyzed reactions such as hydrosilation of norbonene,32 and 

hydroboration of styrene.33 In addition to the advantages brought on by the presence of 

different donor groups on the metal centre, having a ferrocenyl core, which plays the 

important role of a spectator, on the ligand backbone gives the ligand the coordinative 

mobility and serves as an electron reservoir needed for pendant/donating switches.34a Hor 

and co-workers have also used this ligand backbone in their iminophosphine palladium 

complexes used in Suzuki-Miyaura coupling reactions.34  

 
                                                              1.36 
 
 
1.3.4 Imidazoline-Based Ligands 
 
The synthesis of phosphinoimidazoline ligands such as 1.37 and their metal complexes has 

been reported by several groups.  
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1.37 

 
These ligands are analogous to phosphinooxazolines (see 1.3.4 below), but possess an 

additional nitrogen atom, which provides a further point for electronic tuning of the ligand. 

Pfaltz and co-workers prepared a number of these ligands and applied 1.38 and 1.39 in 

iridium-catalyzed hydrogenation of several alkenes.35  

 
                                                  1.38                                           1.39 
 
Busacca and co-workers reported the application of ligands such as 1.40 in the asymmetric 

intermolecular Heck reaction and made several interesting observations.36 They observed 

that, 1) under the same reaction conditions, basic ligand (R1 = Me, Bn) gave the opposite 

enantiomer to non-basic ligands (N-acylated); 2) ligands with alkyl substituents on the 

imidazoline ring gave the enantiomer opposite to that obtained with aryl-substituted ligands; 

and  3) there was a direct correlation between phosphine electron density and 

enantioselectivity.11  

 
                                                          1.40: R1 = 2-naphthyl 
                                                                   R2 = Ar = 3,5-F2C6H3 
 
1.3.5 Oxazoline- and Thiazoline-Based Ligands 
 
One of the most successful ligand classes is that of diphenylphosphinoaryloxazolines such 

as ligands 1.41 – 1.45, which were independently reported by the groups of Pfaltz,37 

Helmchem,38 and Williams39 in 1993. Their palladium complexes were found to be highly 

efficient catalysts for allylic substitution of 1,3-diphenyl-2-propenyl acetate with a number of 

different nucleophiles. The ligands have also been successful in many other asymmetric 
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reactions with the best results coming from enantioselective Diel-Alder reactions, 

asymmetric intermolecular Heck reactions and the iridium-catalyzed hydrogenation of 

alkenes.40  

 
 

     1.41: R = Me 
     1.42: R = i-Pr 
     1.43: R = t-Bu 
     1.44: R = Ph 
     1.45: R = Bn 

 
Gilbertson and co-workers developed a series of oxazoline-containing bicyclic phosphine 

ligands 1.46 – 1.49, based on ketopinic acid. These ligands have been used in palladium-

catalyzed processes such as the intermolecular Heck reaction, where ligand 1.46 gave 

excellent enatioselectivities with a number of substrates.41  

 
 
             1.46: R = t-Bu; R’ = Ph 
              1.47: R = i-Pr; R’ = Ph 
             1.48: R = Ph; R’ = Ph 
             1.49: t-Bu; R’ = Cy 

 
 
 

 
The ferrocenyl backbone structural motif has also been used by several groups in the 

preparation of oxazoline-based iminophosphine ligands such as ligands 1.50 – 1.55 and 

1.56 - 1.58. 

  
                  1.50: R = Me 
                  1.51: R = i-Pr 
                  1.52: R = t-Bu 
                  1.53: R = Ph 
                  1.54: R = Bn 
                                                                                     1.55: R = s-Bu 

 
 
                     1.56: R = Ph 
                    1.57: R = i-Pr 
                     1.58: R = t-Bu 
 

Metal complexes formed with these ligands have been applied as catalysts in a wide range 

of metal-catalyzed reactions, including allylic substitutions, transfer hydrogenation of 
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ketones, hydrosilylation of acetophenone and intermolecular Heck reaction, among 

others.42,43   

 
Unlike oxazoline-based iminophosphine ligands, thiazoline derivatives are not as widely 

reported. Braunstein and co-workers reported the synthesis and structural characterization 

of diphenylphosphinothiazoline 1.59 and its palladium complexes 1.60 and 1.61.44  

 
              1.59                          1.60                                                  1.61 
  
1.3.6 Oxazine-Based ligands 
 
Oxazines are six-membered ring ligands related to the oxazolines. A two-dimensional 

schematic of these ligands (Figure 1.2) shows that the substituent on the 4-position of both 

rings should be closer to the metal centre in the oxazines than it is in the oxazoline ligands.11 

 
Figure 1.2: A two-dimentional schematic of oxazoline and oxazine ligands complexed to a 
metal centre, M. 
 
This substituent should, therefore, exert a larger steric influence on the outcome of the 

reaction for metal complexes bearing oxazine ligands than for those bearing oxazoline 

ligands. However, while the oxazoline ring is relatively flat, the oxazine ring can exist in both 

the chair- and boat- conformations, which may interfere with the efficient transfer of chirality 

to products. One strategy to reduce the number of possible conformations in the oxazine ring 

is fusing the oxazine ring to another ring. Kündig and co-workers used an aromatic ring to 

restrain the oxazine ring in ligands 1.62 and 1.63. Complexes of these ligands were found to 

be good catalysts in a wide variety of reactions.11,45 
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1.62: R = t-Bu 
1.63: R = i-Pr 

 
Ligands 1.64 and 1.65 reported by Evans and Brandt comprised of a β-pinene ring fused to 

the oxazine ring.46 

 
                1.64                                       1.65                                              1.66 
 
Their complexes were tested for activity in palladium-catalyzed allylic substitution of 1,3-

diphenyl-2-propenyl acetate, where ligand 1.64 gave high yields and enantioselectivities 

over a wide range of reaction conditions.11,47 It was also observed that under similar 

reactions, ligand 1.64 performed better than phosphinooxazolines.47 The palladium complex 

of the unfused oxazine 1.66 gave excellent enatioselectivity in the allylic alkylation of 1,3-

diphenyl-2-propenyl acetate.47      

 
1.4 ACYCLIC IMINE N-DONOR LIGANDS   
 
Most iminophosphine ligands in which the imine moiety is not included in a cyclic system are 

prepared by a condensation reaction between phosphine-bearing aldehydes/ketones such 

as diphenylphosphinobenzaldehyde and amines.  

 
                                     1.67                  1.68                                 1.69 

 
                         1.70                                    1.71                                       1.72 
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                                     1.73                                               1.74 
 
Neutral and cationic palladium methyl complexes of ligands 1.67 – 1.69 were reported by Liu 

and co-workers.48 The complexes were used as catalysts for the copolymerization of 

ethylene and carbon monoxide. They observed that ligand 1.67, which forms five-membered 

chelate rings with metal centres confers better activity toward carbonylation and 

copolymerization than ligands 1.68 and 1.69 which form six-membered chelate structures.  

Shirakawa and co-workers tested a palladium complex of ligand 1.68 for activity in the 

homocoupling of organostannanes using allyl acetate or air as an oxidant. Good to excellent 

conversions as well as isolated yields were obtained.15b   

 
Haynes and co-workers explored the reactivity of rhodium(I) carbonyl complexes of ligands 

1.67 – 1.74 with methyl iodide.49 They observed that all complexes react with methyl iodide 

to give rhodium(III) methyl or acetyl complexes. Results from this study indicate that 

migratory CO insertion is favoured for systems in which the N-aryl group of the ligand is 

bulky or contains an o-methoxy group. For reactions involving complexes with ortho-

substituted ligands 1.69, 1.71 and 1.72, only the acetyl complexes were obtained as 

products. In contrast, reactions involving ligands with no ortho-substituents on the N-aryl 

group, equilibrium between methyl and acetyl complexes was obtained.  

 
Hor and co-workers prepared ligands 1.75 – 1.82 and tested their palladium complexes as 

catalysts in the Suzuki-Miyaura coupling reactions.34 The ligand system was chosen 

because the strong (phosphine) and weak (imine) donor sites are separated by the 

conformationally flexible ferrocenyl moiety. This motif would enable the weak donor group to 

undergo facile reversible coordination to the metal centre. Both donor sites also have 

variable substituents, allowing the introduction of different substituents (R, and R’).  

 
In addition, the redox-active Fe(II) in the ferrocenyl backbone provides an additional 

electronic buffer that allows the catalytic metal to maintain its catalytic activity at different 

redox stages. Therefore it is possible to systematically and independently alter the electronic 

and steric properties of both donor sites.  The complexes were found to be effective with 

good to excellent conversions being obtained even when aryl chlorides were used as 

substrates, with complex 1.82 giving the best results.34b  
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1.75: R = t-Bu                      1.78: R = t-Bu; R’ = Ph    
1.76: R = Cy                        1.79: R = t-Bu; R’ = p-Tolyl 
1.77: R = Ph                        1.80: R = t-Bu; R = p-Fluorophenyl 

                                 1.81: R = t-Bu; R’ = m-methoxyphenyl 
                                 1.82: R = t-Bu; R’ = naphthyl 

 
The iminophosphine ligand 1.83, incorporating a cyclopentenyl backbone was prepared by 

Schmidt and co-workers, who reported the use of its palladium complexes 1.84 and 1.85.10,50 

The cationic complexes, 1.85a and 1.85b showed excellent catalytic activity in the 

hydroamination of 3-methyl-1,2-butadiene with anilines. For complex 1.85a, the reaction was 

found to be 100% atom-efficient and selective for the branched allylic amine products in high 

conversion at ambient temperature for non-halogenated substrates. For halogenated 

substrates, the hydroamination reaction was found to be efficient at 70 °C, with moderate 

yields. The reaction was also found to be selective for the branched product.       

 
                   1.83a, 1.83b                1.84a, 1.84b                      1.85a, 1.85b 

a: R = t-Bu 
b: R = Ph 

 
Complex 1.85a was also found to catalyze the coupled hydroamination and aryl amino 

Claisen rearrangement reaction to produce substituted 2-allyl-anilines in a one-pot reaction. 

This two-step, one-pot reaction was found to work well for a wide range of substrates 

originally screened for the hydroamination reaction. 

 
A number of palladium(II) (1.86 – 1.89)and nickel(II) (1.90 – 1.94) complexes based on 

bulky, non-enolizable iminophosphine ligands were reported by Daugulis and Brookhart.51 

These complexes were tested for activity as ethylene polymerization catalysts and their 

activity was compared to that of corresponding α-diimine complexes previously reported by 

the same authors. The iminophosphine complexes showed better activity and improved 

tempereature tolerance. The nickel complexes 1.90 – 1.93, with gem-dimethyl substituent 

adjacent to the phosphine moiety displayed moderate activity and were found to produce 

substantially higher molecular weight polymers than analogous enolizable complexes.  
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1.86: R = H                                           1.88: R = Me 
1.87: R = Ph                                         1.89: R = Ph 

 

 
1.90: R = Me                          1.94 
1.91: R = Ph 
1.92: R = Me, Mes 
1.93: R = o-Tol 

   
1.5 PHOSPHOLANE-BASED LIGANDS  
 
There have been a number of reports on iminophospine ligands bearing a stereogenic 

phosphorus atom incorporated in a cyclic structure. A class of these is the 

phosphaferrocenyl ligands, in which the phosphorus atom is part of the Cp ring. The ligands 

coordinate in a bidentate fashion, via the phosphorus and nitrogen atoms, to their metal 

centres. The rationale behind the design of this type of ligand is that once the metal centre 

coordinates, it will be in close proximity to the element of planar chiraity of the ligand, 

allowing the transfer of chirality in asymmetric reactions. The phosphorus atom in these 

systems has the electronic character of an sp2-centre and is strongly π-accepting.11  

 
Fu et al.52 and Ganter et al.53 reported the preparation of ligands 1.95 - 1.96, and their 

application in palladium-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl acetate. While 

all the ligands tested showed activity, the best results were obtained when ligands 1.95 and 

1.95, bearing the oxazoline functionality were used. Excellent yields and better 

enantioselectivities were obtained with these ligands than with 1.97 and 1.98. 

 

1.95: R = i-Pr 
1.96: R = t-Bu 
1.97: n = 1 
1.98: n = 2  
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Ligands 1.99 – 1.102 were synthesized and used in the palladium-catalyzed allylic alkylation 

and Heck cross coupling reactions by Gilbertson and co-workers.54 Ligand 1.100a was found 

to be an efficient ligand in the Heck reaction between 2,3-dihydrofuran and cyclohexenyl 

triflate. 1.99a and 1.100a gave excellent conversions and high enantioselectivities in the 

allylic alkylation of 1,3-diphenylallyl acetate.    

 
                                                        a                             b 

1.99a,   1.99b: Ar = Ph, R = i-Pr  
1.100a,   1.100b: Ar = Ph, R = t-Bu 
1.101a, 1.101b: Ar = Phenanthryl, R = i-Pr 
1.102a, 1.102b: Ar = Anthracyl, R = i-Pr 

 
1.6 SUMMARY  
 
The use of heterodonor, hemilabile ligands in synthesis and catalysis continues to be a 

rapidly growing area of research. Of the commonly used heterodonor ligands, those bearing 

phosphorus and nitrogen as their donor atoms have attracted a lot of attention due to the 

unique steric and electronic properties they confer to their metal complexes. In particular, 

iminophosphine ligands have found wide applicability in organometallic synthesis and 

homogenous catalysis. This brief review has highlighted the wide variety of structural motifs 

found in the design of iminophosphine ligands. In addition, attention has been paid to the 

broad range of catalytic processes in which metal complexes bearing iminophosphine 

ligands have been used as catalysts.  
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CHAPTER 2 
 

REVIEW OF THE SYNTHESIS AND REACTIVITY OF 
PLATINACYCLOALKANES 

 

2.1 INTRODUCTION  
 

etallacyclic compounds of the transition metals can be defined as ‘carbocyclic 

systems in which one or more carbon atoms have been substituted by a transition 

metal’.1,2 This class of compounds has become a subject of considerable research interest 

due to the important role they play in catalytic reactions3 such as alkene metathesis, 

isomerization of strained carbocyclic rings as well as oligomerization and polymerization of 

olefins.4 These compounds have been shown to be key intermediates in various catalytic 

reactions and their subsequent thermolysis or substitution reactions have been used to 

model catalytic cycles.5  

 
The chromium-based catalyst systems developed by Sasol in recent years for the selective 

trimerization and tetramerization of ethylene to 1-hexene and 1-octene, respectively, is a 

prime example of reactions that involve metallacycloalkanes as key intermediates. Their high 

selectivity for α-olefins has led to increased interest in the mechanism of these systems. 

Ethylene labeling experiments have revealed that these reactions, often catalyzed by 

chromium catalysts, proceed via metallacycloalkanes as key intermediates.5,6 A similar 

metallacyclic pathway, supported by computational studies, has also been proposed for 

some homogeneous titanium and tantalum catalysts for ethylene oligomerization.7,8 

 
Many other transition metal catalyzed processes such as the palladium-catalyzed 

intramolecular Stille reaction, coupling reactions that proceed via C-H activation,9 as well as 

dimerization and telomerization reactions of 1,3-butadienes10 involve metallacycloalkanes as 

key intermediates. One of the interesting classes of reactions that proceed via palladacyclic 

intermediates is the “Heck-type” reactions, where the final step in the reaction, the syn-β-

hydrogen elimination step is inhibited due to lack of suitable β-hydrogen atoms.9  

 
2.2 SCOPE  
 
This review focuses on three main areas of interest. The first is the different synthetic 

methods used for the preparation of platinacyclic complexes of small to medium ring sizes. 

The merits and drawbacks of each method are presented. The second area deals with the 

reactivity of platinacycloalkanes, with specific focus on decomposition and insertion 

reactions of these complexes. The final section deals with the subject of ethylene 

M 
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oligomerization reactions that involve metallacycloalkanes as key intermediates. This section 

is not restricted to processes that involve platinacycles. Early transition metal-based 

catalysts that are proposed to employ metallacycloalkanes as key intermediates are covered 

in this section as well.  

 
For the purposes of this review, the definition of metallacycloalkanes is limited to those 

complexes in which the metal centre is bonded to two carbon atoms with σ M-C bonds in a 

cyclic system, and therefore excludes complexes formed by chelating ligands such as 

diphosphines and diimines in which the metal centre is bonded to heteroatoms.11 

Furthermore, this review only covers complexes in which the metallacyclic ring consists of 

the metal centre and carbon atoms. Therefore complexes of the type shown in Figure 2.1, 

where heteroatoms are incorporated into the metallacyclic ring are not discussed. 

 
Y = Heteroatom 

Figure 2.1: Metallacyclic complexes incorporating a heteroatom. 
 
2.3 SYTHESIS OF SMALL AND MEDIUM PLATINACYCLES 
 
Several methods have been reported for the preparation of platinacycles. The main synthetic 

routes include transmetallation, cyclometallation, insertion into C-C bonds and the oxidative 

coupling of unsaturated molecules.2,4a,11  

 
2.3.1 Transmetallation 

 
M = Li or MgX (where X = halide or triflate) 

Scheme 2.1: Preparation of paltinacycloalkanes via transmetallation. 
 
The use of dilithio and di-Grignard reagents (Scheme 2.1) offers a convenient route to 

metallacycloalkanes for metals throughout the transition series.4a Although in principle this 

procedure can be used for the preparation of metallacycles of any ring size, it is most often 

used in the preparation of metallacyclopentanes.2,11 One of the earliest examples of such a 

reaction for platinum complexes was reported in 1958 by Chatt and Shaw, who reported the 

preparation of the platinacyclohexane [Pt(PPh3)2(C5H10)] via the treatment of [cis-

Pt(PPh3)2Cl2] with 1,5-dilithiopentane.12 In a series of mechanistic studies on the 

decomposition of platinacycloalkanes in the 1970s, Whitesides13,14 and Grubbs15 reported 

the synthesis of a series of platinacycloalkanes 2.1 – 2.5.  
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                           2.1                 2.2              2.3                   2.4                      2.5 

L = phosphine ligands 
 
Whitesides prepared the complexes by reaction of (1,5-cyclooctadiene)dichloroplatinum(II) 

with the appropriate di-Grignard reagents followed by the displacement of the labile 

cyclooctadienyl ligand by tertiary phosphine ligands. Grubbs prepared the complexes by 

treatment of cis-bis(triphenylphosphine)dichloroplatinum(II) with one equivalent of the 

appropriate dilithio reagents. Platinacyclopentanes such as 2.2 and 2.3, bearing methyl 

groups on the β-carbons were also prepared using this synthetic method.14,16   

 
The use of di-Grignard alkylating reagents in the synthesis of platinacycloalkanes has two 

major drawbacks. Firstly, the direct reaction of cis-dichlorobis(triphenylphosphine) 

platinum(II) with the di-Grignard reagents is reported to be an unsatisfactory method for the 

preparation of platinacycloalkanes as it yields a mixture of products containing large 

quantities of monoalkylated Pt(II) complexes.14 Secondly, for medium and large ring 

platinacycloalkanes, the yields obtained using this route are poor. The platinacycloheptane 

2.7 was synthesized in 3% yield by the reaction of the appropriate di-Grignard with 

[Pt(COD)Cl2] followed by ligand displacement with triphenylphosphine.13 The low yields 

observed could be due to the lower thermal stability of medium to large metallacycles 

compared to their small ring size counterparts,2 leading to rapid decomposition as well as 

formation of side products such as monoalkylated and oligomeric species. 

  

 
                                                                  2.6                                        2.7 
 
Due to the low yields obtained for the preparation of medium and large ring 

platinacycloalkanes via the dilithio and di-Grignard routes, alternative methods for the 

synthesis of these complexes have had to be devised. Moss and co-workers reported a 

synthetic route that involves the treatment of [M(COD)Cl2] with two equivalents of 1-alkenyl 

Grignard reagents to form bisalkenyl metal complexes. Displacement of the labile COD 

ligand with phosphine ligands gave bisalkenyl metal complexes stable enough to undergo 

the ring closing metathesis reaction. Ring closing metathesis of the bis-alkenyl complexes 

using Grubbs catalysts yields metallacycloalkenes which can then be hydrogenated with 
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molecular hydrogen using Pd/C as the catalyst. This route proved successful for the 

preparation of medium and large ring metallacycles of both platinum17,18 and palladium19 

(Scheme 2.2). 

 
2.8: M = Pt, Pd; L= PPh3, dppe, dppp  

Scheme 2.2: Preparation of metallacycloalkanes via bis(alkenyl) intermediates. 
 
Using this route, Moss and co-workers prepared platinacycloalkanes ranging in size from 7-

membered to 13-membered rings in moderate to good yields.17,18,20 A slight modification of 

this bisalkenyl route provides access to even larger metallacycloalkanes. In this method, 

cross metathesis of the bisalkenyl complexes with dienes such as 1,7-octadiene and 1,5-

hexadiene, followed by hydrogenation, yields platinacycloalkanes with up to 21-membered 

rings.20 Preparation of substituted platinacycloalkanes was also achieved by the cross 

metathesis of the bisalkenyl platinum complexes with unsaturated molecules such as 

diphenylacetylene, followed by hydrogenation.20   

 
However, because the platinacycloalkanes prepared by the bisalkenyl route are derived from 

complexes with two equal length alkenyl groups, only metallacycloalkanes with odd-

numbered rings can be prepared. To circumvent this, a modified metal bisalkenyl route was 

reported by Moss and co-workers.21 In this route, a bis-1-pentenyl platinum complex was 

prepared as previously reported. Careful reaction of this complex with acetyl chloride or a 

dilute solution of HCl in diethyl ether yielded a monopentenyl platinum complex that was 

then reacted with one equivalent of 1-butenyl Grignard, giving a bisalkenyl complex with 

alkenyl chains of different lengths. Ring closing metathesis of this complex yielded 

platinacyclooctenes, which, upon hydrogenation yielded the first reported 

platinacyclooctanes 2.9 and 2.10.21      
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2.9: L = dppp; 2.10: L = dppe 

 
Other platinacycles that have been prepared using the transmetallation reaction include 

some unsaturated platinacycles such as benzo[c]metallacyclopentenes (o-xylene 

complexes), platinacyclopentadienes and dibenzoplatinacyclopentadienes.11 Lappert and co-

workers reported the synthesis of several o-xylene complexes of different transition metals 

including the platinacyclic complex 2.11.22  

 
                                                                                                                  2.11 

 
While synthesis of tetraphenyl substituted nickel metallacyclopentadiene using 1,2-dilithio-

1,2,3,4-tetraphenyl-1,3-butadiene has been reported by several researchers,23 the use of di-

Grignard and dilithio reagents for the preparation of similar mononuclear platinum complexes 

as well as biphenyl substituted platinum complexes has only met with limited success.24 The 

research groups of Vicente25 and Brune26 prepared these biphenyl platinacyclic complexes 

by employing the use of the stannole reagent 2.12 and this route has allowed the synthesis 

of substituted dibenzoplatinacyclopentadiene 2.13 in yields of up to 60%. 
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                                                 2.12                                  2.13    

L2 = COD, nbd; R = Pr, Bu; R’ = CF3, MeO, tBu (substitution pattern 3,3’ or 4,4’) 
 
Displacement of the olefin ligands in these complexes with other donor ligands such bipy, 

bipym or PPh3 offered easy access to other derivatives of these complexes.25,27 Interestingly, 

the reaction of Pt(THT)2Cl2 with 2,2’-dilithiobiphenyl gave the Pt(IV) metallabicyclic complex 

2.14),28 while a similar reaction using PtCl2 with excess 2,2’-dilithiobiphenyl gave the 

bromide-bridged bismetallacyclic complex 2.15.29 

                  2.14                                                                                           2.15                                                                     

 
A complex similar to 2.15 was prepared by the reaction of 2,2‘-dilithiobiphenyl with cis-

[PtCl2(SEt2)2] at −10 °C in diethyl ether to give complex 2.16 with bridging sulphur ligands.30 

Rillema31 and von Zelewsky32 also reported the preparation of other suphur-bridged 

binuclear platinacycles using 2,2’-dilithiobiphenyl in their studies of photophysical properties 

of inorganic materials that can potentially behave as energy- or electron-transfer 

photocatalysts. 

 
                                                                                              2.16 
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Attempts by Grubbs to synthesize nickelacyclopentanes using excess 1,4-dilithiobutane 

resulted in the formation of an ate-type complex of the composition 

Ni(CH2)4(L2).Li2(CH2)4(Et2O)4.33 Frohlich and co-workers used this reaction for the synthesis 

of several anionic metallabicyclic complexes of Ni, Pd and Pt34 while Puddephatt and co-

workers reported the synthesis of platinabicyclic complexes of the type 2.17 by reacting 

[PtCl2(SEt2)2] with 1,4-dilithiobutane followed by displacement of the bridging SEt2 ligand 

with diphosphine ligands.35 

 
2.17 

P^P = Ph2PCH2PPh2 (dppm) 

 
As part of their efforts for the synthesis of large polycyclic aromatic compounds (PAC’s), 

Sharp and co-workers prepared complexes 2.18 and 2.19 by reacting L2PtCl2 (L = PEt3) with 

the appropriate dilithio PAC’s.36 The four-membered platinacycle 2.19,37-40 may also be 

prepared by Na/Hg reduction of 2.20 or from L2PtCl2 and [Mg(1,8-naphthalendiyl)]4.37 Both 

2.18 and 2.19 are thermally robust and withstand heating in toluene solution to more than 

150 °C for hours in a closed system with no observable decomposition. 

 
                                                               2.18                                        2.20             

 
                                                          2.19 

 
The use of dilithio reagents for the preparation of platinum complexes with PAC’s was 

extended to systems where the aryl rings are linked by a bridging group in the ortho position 

as shown in complex 2.21.41 The six-membered platinacycles decompose via reductive 

elimination with C-C bond formation to give the biphenyl organic products. The nature of the 

bridging group (X) was also found to dramatically influence the rate of reductive elimination. 
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                                                                                              2.21 

L = PEt3; L2 = dppp, tBu2bpy; X = Me, O, NMe 
 
 

2.3.2 Cyclometallation  
 
Since the first report of a cyclopalladation reaction by Cope and Siekman,42 there has been 

growing interest in the chemistry of cyclometallated compounds of Pd(II) and Pt(II).43,44 

These complexes find numerous applications in organic synthesis,45 metallomesogens,46 as 

well as exhibiting remarkable photophysical properties.47 The chemistry of cyclometallated 

complexes has thus become one of the most advanced areas of modern organometallic 

chemistry and several reviews have been written on the subject.48 The complexes are 

formed by the intramolecular C-H activation, or cyclometallation reaction as shown in 

Equation 2.1. The development of methods to selectively activate and functionalize 

hydrocarbon C-H bonds is considered one of the ultimate goals in organometallic chemistry. 

Since the initial discovery by Shilov and co-workers of the catalytic functionalization of 

methane by aqueous Pt(II) chloride salts, efforts to develop alternative Pt-based systems for 

the activation and functionalization of C-H bonds have been widely pursued.49 

 

 
Equation 2.1: Metallacycloalkane formation via C-H activation. 
 
For most of the compounds prepared by this method, Y is a two electron donor 

heteroatom.48,50,51 However, for metal alkyl complexes, where Y is a -CR2- group, this route 

provides access to metallacycloalkanes.11 From a mechanistic point of view, the 

cyclometallation reaction can be classified into three categories: (a) oxidative addition, (b) 

electrophilic substitution, and (c) concerted or multicentered pathway as shown in Equation 

2.2.  
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Equation 2.2: Cyclometallation reaction. 
 
For group 10 transition metals, there is very little experimental evidence reported in the 

literature supporting the concerted pathway.52 However, considerable effort has been put 

into studies trying to distinguish between the oxidative addition and electrophilic substitution 

pathways. Although this distinction may appear to be straightforward, for the group 10 M(II) 

systems, both pathways give the same products. The metal hydrides of the type shown in 

pathway d readily undergo reductive elimination and pathway e needs the assistance of a 

base that may enter the coordination sphere of the metal centre. Consequently, the overall 

results of the two mechanisms end up being very similar (Equation 2.3).11  

 
Equation 2.3: Base-assisted cyclometallation. 
 
Cyclometallation has provided a synthetic route for the preparation of several platinacycles. 

The thermal rearrangement of platinum dialkyl complexes that lack β-hydrogen atoms leads 

to the formation of platinacycles 2.22 – 2.24 with accompanying hydrocarbons.53-55 This 

route mostly produces platinacyclobutanes and platinacyclopentanes, although the formation 

of platinacyclohexanes has been reported.53 Whitesides and Young carried out mechanistic 

studies on the formation of the platinacyclobutane 2.2453 and the platinacyclopentane 2.23.54 

 
   2.22 
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   2.23 

 
   2.24 

 
These kinetic studies revealed that the C-H activation reaction follows first order kinetics and 

the experimental evidence obtained is in agreement with the mechanism depicted in 

Equation 2.4.11 Measurement of the rate of thermolysis for the complexes containing 

deuterated alkyl (neopentyl and neophenyl) chains indicated that either oxidative addition at 

the C-H bond or reductive elimination of R-H takes place as the rate determining step. 

Interestingly, the photochemical cyclometallation of the complex [Pt(dppe)(CH2CMe2Ph)]2 

takes place via a radical pathway involving Pt-C homolysis and H-abstraction by the 

resulting neophyl radical.56  

 
Equation 2.4: Mechanism of cycloplatination via C-H activation. 
 
The thermolysis of bis(2,2-dimethyl)-alkyl complexes of platinum with alkyl chains of differing 

lengths seems to proceed via the mechanism outlined in Equation 2.4 and yields mixtures of 

platinacycles of varying ring sizes.53 From the experimental evidence obtained from isotopic 

labeling experiments, the following conclusions can be drawn: (1) as expected, ring strain 

increases in the order 5-membered > 6-membered > 4-membered ring, and (2) the strain 

energy difference between platinacyclobutanes and platinacyclopentanes is considerably 

smaller than that between cyclobutanes and cyclopentanes.11  
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2.3.3 Insertion into C-C Bonds 
 
Carbocyclic compounds can oxidatively add to transition metal centres to form 

metallacycles. The first metallacyclic compound reported is an oligomeric complex which 

was prepared by the treatment of hexachloroplatinic acid with cyclopropane in acetic 

anhydride to give a compound of formula [PtCl2(C3H6)n].57 The structure was later shown to 

be a chloride bridged tetramer, with the structure analogous to Pt(IV) alkyls, in which the 

metal centre had inserted into the cyclopropane ring. Subsequent research has shown that 

this synthetic method is useful for a small number of transition metals and many 

platinacycles have been prepared by the reaction of platinum compounds with 

cyclopropanes. A more general route employs the treatment of Zeise’s dimer with the 

relevant substituted cyclopropane.4a,11  

 
                                                                    2.25                                  2.26 
 
Both mono- and dialkylated cyclopropane derivatives react with Zeise’s dimer to produce 

substituted polymeric platinacyclobutanes, which can then be reacted with various donor 

ligands to give soluble mononuclear species.11 Although 2-substituted metallacycles are 

usually obtained from monoalkylated cyclopropanes, a mixture of the 1- and 2- isomers may 

form from acylcyclopropanes, due to the so-called Pudephatt rearrangement.11,58,59 The 

platinum centre acts as an electrophile in the process, and therefore electron withdrawing 

substituents deactivate the cyclopropane ring.11,60 Pt(0) compounds react with cyclopropane 

derivatives bearing electron withdrawing groups like 1,2,2,2-tetracyanopropane to give 

divalent platinacyclobutanes.11 In these reactions, the metal centre inserts into the C-C bond 

bearing the electron withdrawing substituents.4a  

 
Hoberg and Stocker recently used this strategy to synthesize platinacyclobutanes 2.27 – 

2.29, bearing biomolecules such as cholesterol, nucleosides and carbohydrates as cis-platin 

prodrugs.61 
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2.27 

 
                                        2.28                                                        2.29 
 
Complexes 30 and 31 were prepared by the reaction of substituted cyclopropenes with Pt(0) 

precursors such as [Pt(PPh3)2(C2H4)] and [Pt(PPh3)4].62,63 The  driving force in these formal 

insertion reactions seems to be the presence of a partial positive charge on the carbon 

atoms rather than the drive to relieve strain in the small ring.62 Platinum (0) complexes react 

in a similar fashion with diphenylcyclopropenone64 and cyclobutenedione65 derivatives. For 

the reaction of the cyclobutenedione, a stable metal olefin intermediate was isolated and 

characterized.66 A similar platinacyclobutene complex was recently prepared by Kakiuchi 

and co-workers by the reaction of [Pt(PPh3)4] with polyalkynes.67 

 

 2.31 

2.30 
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Cyclopropabenzene and cyclopropa[b]naphthalene also react with M(0) compounds of the Ni 

group to give M(II) metallacycles. Synthesis of the platinacyclobutane 2.32 from the reaction 

of [Pt(PPh3)2(C2H4)] and cyclopropa[b]naphthalene was reported by Stang.68    

 

 
                                                                                                  2.32 

 
Although the C-C bond cleavage of carbocyclic rings larger than cyclopropanes and 

cyclopropenes is less common, a number of examples of insertion into C-C bonds of 

cyclobutene derivatives have been reported. The reaction of [Pt(PPh3)4] and 1,2-

benzocyclobutadienequinone, in which the Pt(PPh3)2 unit inserts into the phenyl-carbon 

bond of the cyclic dione to give 1,2-platinacyclopentenediones  was reported by Kemmitt and 

co-workers.69  

 
                                    2.33 

They also reported a similar reaction in which substituted cyclobutenediones and 

[Pt(PPh3)2(C2H4)] react to give 1,2-platinacyclopentenediones 2.34 and 2.35.70 An interesting 

feature of this reaction is its regioselectivity. The formation of the 1,2-

platinacyclopentenedione is preferred over the formation of other possible products.  

                                                              
2.34: L = AsPh3 

                                                          2.35: L = PPh3 

Rheingold and co-workers reported the synthesis of the platinacyclohexa-1,2-diene 2.36, 

which they prepared by the reaction of 1,2,3-triphenyl-3-vinylcycloprop-1-ene and 

[Pt(PPh3)2(C2H4)] The X-ray crystal structure of the complex shows that the metallacycle 

contains localized single and double bonds between the carbon atoms, and shows no 

evidence of interaction between the olefinic bonds and the metal centre. The complex is 

formed, presumably, by the initial coordination of the olefinic vinylcyclopropene to the low 
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valent metal centre, followed by the rapid cleavage of the cyclopropene C-C bond, to give 

the platinacyclohexadiene in a net oxidative addition reaction.71     

 
                                                                                                    2.36 
 
Stone and co-workers reported the synthesis of platinacycloheptatrienes 2.37 and 2.38 from 

the reaction of hexakis(trifluoromethyl)benzene.72 The complexes are presumed to form via 

the formation of an initial η2-complex, which rearranges with C-C bond cleavage to form the 

observed product. The ring opening reaction is highly dependent on the nature of the ligands 

used on the platinum precursor, as the reaction does not proceed when PEt3 is the 

coordinating ligand. 

 
2.37: L = ButNC;  
2.38: L = PMe3; R = CF3 

 
2.3.4 Cycloaddition of Unsaturated Molecules  
 
One of the most common synthetic methods for the preparation of metallacycles is the 

oxidative coupling (cycloaddition) of unsaturated molecules. Alkenes and alkynes react with 

metal centres to give metallacycloalkanes and metallacycloalkadienes, respectively. This 

method is highly useful as it provides access to relatively complex molecules from simple 

unsaturated organic starting materials.4a,11 The cycloaddition reaction is also important in the 

ethylene oligomerization reactions catalyzed by early transition metals such as Cr, Ti and 

Ta, where metallacycloalkanes have been shown to be key intermediates4,7a,7r,8a as well as in 

the palladium catalyzed telomerization of conjugated dienes.73  

 
For group 10 metals, the reaction can take place on M(0) and M(II) metal centres to give 

M(II) and M(IV) metallacycles respectively. The oxidative coupling reaction can be classified 

into two categories: (1) homocoupling, where coupling occurs between two identical 

molecules and (2) heterocoupling, where coupling occurs between two different unsaturated 

molecules (equations f and g). In addition, the unsaturated units themselves can be further 

categorized into two groups: the ‘activated’ and ‘unactivated’ unsaturated molecules.11 
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Attaching electron donating groups on unsaturated molecules ‘activates’ them towards 

oxidative addition to M(0) metal centres. For instance, ethylene would be considered an 

unactivated unsaturated molecule while methylvinyl ketone is considered to be activated.   

 
 

 
 
A large amount of work has been carried out on alkyne reactions as many transition metals 

mediate the cyclotrimerization of these molecules to give benzene derivatives.4a Generally, 

the insertion of an alkyne into the M-η2-acetylene bond initially leads to a 

metallacyclopentane-2,4-diene such as complex 2.39. Insertion of another acetylene 

molecule into this metallacyclopentadiene and subsequent decomposition yields the desired 

benzene derivatives.74 

 
                                                                                                                   2.39 

 
Although the formal cycloaddition of more than two unsaturated molecules is possible, this 

process frequently consists of a true cycloaddition of two unsaturated molecules and a 

subsequent insertion into the resultant platinapentacycle.10 Thus, this synthetic method 

yields, almost exclusively, metallacyclopentanes and metallacyclopentadienes.4a,74 

 
The cycloaddition of unactivated unsaturated molecules to platinum is relatively unusual and 

literature reports indicate that reactivity follows the trend: alkenes < dienes < alkyne < 

allenes. The reaction of 1,3-butadienes with [Pt(COD)2] gives stable metallacycles. The 

double bonds on the butadiene can react independently to give vinyl substituted 

metallacycles 2.40 or they can both react with the platinum centre to give platinacycles of the 

type 2.41.75 Phosphine derivatives of these complexes can be obtained by the substitution of 

the labile cyclooctadienyl ligand with appropriate phosphine ligands. Allenes react with 

platinum to give complexes of the type 2.42.76 
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                                 2.40                           2.41                                     2.42 

L = COD, ButNC 

The reaction between Pt(0) and activated alkenes and alkynes to give substituted 

platinacyclopentanes and platinacyclopentenes is facile. Cyclodimerization of methylvinyl 

ketone by Pt(COD)2 gives the stable platinacyclopentanes 2.43 – 2.45.76  

 

 
2.43: L = COD  
2.44: L = PPh3 

  2.45: L = ButNC 

 
The reaction of a mixture of two different unsaturated molecules can lead to the formation of 

unsymmetrical metallacycles. The drawback of this synthetic method is that formation of a 

mixture of products is highly likely. However, this route is still an effective way of preparing 

substituted metallacycles that would otherwise be inaccessible. The selectivity problem can 

be circumvented by reacting a π-complex that contains one of the unsaturated substrates 

with the second unsaturated substrate.11,76  

 

 
                                                                                                             2.46 
 

2.3.5 Nucleophilic Attack on Coordinated Ligands 
 
Metallacyclobutanes of group 10 transition metals are often presumed to be key 

intermediates in nucleophilic addition reactions involving π-allyl complexes (Scheme 2.3).  
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Scheme 2.3: Metallacycloalkane formation by nucleophilic attack on a π-allyl complex. 
 
In these reactions the nature of the ligands bonded to the metal complex as well as the 

nucleophile play an important role in both the rate and the regioselectivity of the reaction.77 

When attack of a nucleophile on a π-allyl complex occurs on the central carbon atom, the 

result is the formation of a metallacyclobutane, and this process is kinetically favoured by 

sterically hindered and basic nucleophiles as well as by good σ-donor ligands on the metal 

centre.78 

 
                                                                                                                  2.47 
 
Metallacyclobutenes can be formed by the nucleophilic attack on the central atom of η3-

propargyl complexes. However, for platinacycles this process is often complicated by 

subsequent proton transfer reactions that lead to π-oxatrimethylene, π-azatrimethylene or π-

trimethylene complexes. Platinacyclobutenes can, therefore, be obtained if the attacking 

nucleophile lacks exchangeable hydrogens as demonstrated by the preparation of 

complexes 2.48 – 2.50.79  

 
2.48: Nu = PPh3; 2.49: = NEt3; 2.50: Nu = Py 

 

2.4 REACTIVITY OF PLATINACYCLOALKANES 
 
2.4.1 Decomposition Reactions 
 
The final step in the mechanism of any synthetically useful catalytic reaction in which 

metallacycles are involved is the decomposition of the metallacycle to give the desired 

organic products. Understanding this process is therefore of great importance in the design 

of new applications of metallacycles.11,36 Metallacycloalkanes have two metal–carbon single 
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bonds and can therefore be regarded as metal complexes with two alkyl ligands; however, 

their thermal chemistry can be quite different from that of acyclic dialkyl complexes.1 

Thermal decomposition studies have shown that metallacyclobutanes, -pentanes and –

hexanes, which have quite rigid rings are found to be much more thermally stable than their 

acyclic analogues. However, as ring size increases, the decomposition pathways of 

metallacycloalkanes becomes increasingly similar to those of acyclic metal-alkyl 

complexes.80 

 
The thermal chemistry of metallacycloalkanes involves several processes reported for the 

decomposition of dialkyl complexes such as β-hydride elimination, reductive elimination, α-

hydride elimination and carbon–carbon bond cleavage (retro-cycloaddition) (Figure 2.2), as 

well as certain processes which have only been proposed in metallacyclic systems.11,80 The 

decomposition process is an aspect of the chemistry of metallacycles which sometimes 

differs considerably from that of metal dialkyl complexes.  

 
Figure 2.2: Decomposition pathways for metallacycloalkanes. 
 
The decomposition pathways of metallacycles are dependent on the nature of the ligand on 

the metal centre as well as reaction conditions. Most decomposition studies are carried out 

in solvent, in which the reaction can easily take place and reported temperatures are usually 

low. Decompositions in the solid state or gas phase are less common due to instrumental 

and other limitations. Decomposition reaction under solvent-less conditions would, however, 

be very interesting since no solvent molecules are present to influence the decomposition 

pathways.80  

 
2.4.1.1 β-Hydride Elimination 
 
β-Hydride elimination requires a transition state in which the dihedral angle M-C-C-H is 

nearly 0°. This transition state is not readily attained in 4-, 5-, 6-membered platinacycles, 

therefore β-elimination is relatively hindered in these complexes. As the ring size of the 

metallacycle increases, this transition state is more readily achieved, thereby making these 

complexes more prone to decomposition via this route. In fact, no metallacyclobutane has 

ever been directly observed to form an allyl hydride complex by β-hydride elimination.1 
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However, there is evidence to suggest that β-hydride elimination reactions of 5-membered 

metallacyclic complexes, to give hydridometal alkene complexes is possible (Scheme 

2.4).8,81 Reductive elimination of R-H from these hydridometal alkene complexes would then 

yield α-olefins, the target products in ethylene oligomerization reactions.  

 

 
Scheme 2.4: β-Hydride elimination of metallacyclopentanes. 
 
Theoretical studies have been carried out to explore β-hydride elimination in several 

ruthenium and platinum metallacycloalkanes by Huang and co-workers. These studies 

revealed that, while structural arrangements in which the transferring hydrogen is in close 

proximity with the metal centre for facile β-hydride elimination exist for ruthenacycloalkanes, 

these arrangements were less favourable for platinacylces, making the process more difficult 

for 4-, 5- and 6-membered platinacycloalkanes.82 In 7-membered and larger 

platinacycloalkanes, β-hydride elimination is expected to be less hindered.14 Table 2.1 

summarizes experimental conditions as well as the product distribution for the 

decomposition of selected platinacycloalkanes. The initial step in the formation of the major 

products is generally accepted to be β-hydride elimination followed by reductive elimination 

from the resultant hydrido-metal alkene intermediates.13,14,82,83a 

 
Table 2.1: Thermal decomposition products of platinacycloalkanes 

Complex Ligand Solvent Temp (°C) Products (%) 

 

PPh3, dppe DCM 120 
  

             (78)                (20) 

 

PPh3, dppe DCM 120 
  

             (75)                 (17) 

 

PPh3, dppe DCM 120 

 
             (83)                 (17) 

 

PCy3 Cyclohexane 99 
 & isomers 

       (60 – 93) 

 
Moss and co-workers carried out decomposition studies on medium ring 

platinacycloalkanes, which revealed that the primary decomposition pathway for these 

complexes is β-hydride elimination followed by reductive elimination, giving 1-alkenes as 
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major products (Scheme 2.5).17,18-20 The decomposition reactions were carried out under 

solvent free conditions.  

 

 
Scheme 2.5: Thermal decomposition of platinacyclononanes. 
 
These results suggest that the compounds can be useful models for intermediates in 

ethylene oligomerization reactions to give α-olefins. 

 
2.4.1.2 Reductive Elimination 
 
Carbon–carbon bond formation by reductive elimination from transition metal alkyl 

complexes is an important product forming reaction in organometallic synthesis and 

catalysis83b and is frequently observed in dialkyl complexes. Thus in complexes such as 

PtR2L2 (L = PPh3, R= alkyl), reductive elimination of a C–H bond to form alkanes through the 

intermediacy of hydridoalkylplatinum(II) compounds is the key step in the decomposition 

process.80 Thermal decomposition studies of platinum and palladium dialkyl complexes show 

that platinum complexes preferably decompose via reductive elimination of C-H bonds, while 

analogous palladium complexes preferably decompose via C-C reductive elimination.  

 
Like β-hydride elimination, reductive elimination is also thermally less favourable in small 

and medium-sized metallacycles than it is in open chain metal dialkyls as it leads to strained 

organic products such as cyclopropanes and cyclobutanes.11 However for platinum 

complexes such as 2.51 and 2.52, where β-hydride elimination is prevented by the absence 

of β-hydrogens, C-C reductive elimination occurs.84 The 1,2-dimethylcyclopropane produced 

in this reaction was obtained in 94 – 98% yield.  

 
2.51: L = P(iPr)3,  
2.52: L = PCy3 

 
C-C reductive elimination is extremely facile for platinacyclic complexes that both lack β-

hydrogen atoms and one of the carbon atoms attached to the metal centre is sp2 hybridized. 

A rare type of this complex is the platinahexacycle 2.53, which readily decomposed in hot 

C6D6 giving tetraphenylcyclopentadiene.71     
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                                                   2.53 

 
The reductive elimination in M(II) metallacycles of the Ni group metals can be efficiently 

induced by π-acceptor ligands such as maleic anhydride.33 The effect of electron acceptor 

ligands may be understood on the basis of the destabilization of the proposed 

pentacoordinated species that results from the interaction of the metallacyclic complex due 

to the partial electron transfer from the metal to the ligand. In line with this reasoning, the 

reductive elimination of Ni and Pd complexes can be induced by oxidizing agents such as 

molecular oxygen. Alkyl halides can also play a similar role, inducing the reductive 

elimination of pallada- and platinaycles although a closer look at the reductive elimination of 

the pallada- and platina-cycles reveals that the species that actually decomposes is a M(IV) 

metallacycle.11 

 
Metallacycloalkanes of divalent Ni group metals are known to undergo oxidative addition 

with alkyl halides to form M(IV) metallacycles. These M(IV) metallacycles, therefore, readily 

undergo reductive elimination to give cyclic organic product as well as M(II) complexes as 

the main organometallic products of the reaction as shown in the example in Scheme 2.6.83b 

The formation of C5 hydrocarbons can be explained by a ring expansion to give a 

platina(IV)cyclopentane, which then reductively eliminates cyclopentane. 

 

 
Scheme 2.6: Reductive elimination of platinacyclopentanes and –hexanes. 
 
The presence of π-acceptor ligands or ligands with a strong trans effect favours the 

reductive elimination of metallacycloalkanes. Thus the addition of phosphines, arsines, 

stilbines or anionic ligands such as I-, SCN- and CN- to otherwise stable 
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platina(IV)cyclobutane complexes can induce their decomposition via reductive 

elimination.58,61  

 
2.4.1.3 α-Hydride Elimination 
 
Hydrogen elimination from the carbon directly bonded to the metal centre is much less 

favourable than that from the β carbon. However, Whitesides and co-workers suggested the 

possibility of an olefin extrusion step starting with α-hydride elimination (Scheme 2.7) in the 

decomposition mechanism of the platinacyclopentane, [Pt(PPh3)2(CH2)4].14 

Scheme 2.7: α-Hydride elimination from platinacycloalkanes. 
 
For platinacycloalkanes, α-hydride elimination is observed more commonly in the 

decomposition of M(IV) complexes. The rearrangement of platinacyclobutanes 2.54 was 

initially studied by Puddephatt and coworkers.85 Although the decomposition of the complex 

via β-hydride elimination is possible, deuterium-labeling experiments by Puddephatt as well 

as studies by Fischer and co-workers revealed that the decomposition of 2.54 leads to an 

isotopic distribution which is consistent with an α-elimination process followed by a 1,2-

hydrogen shift.86,87 

 
L = 2-methylpyridine, acetonitrile 

(g) 
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(h)                                                                                                     

 
2.4.1.4 C-C-Bond Cleavage (Retro-cycloaddition) 
 
α- or β-C-C bond cleavage can be a facile process in some metallacycles of group 10 

transition metals (Scheme 2.8). β-C-C bond cleavage takes place in metallacyclopentane 

systems that have symmetrical β,β-carbon atoms. Although the organic product distribution 

in decomposition reactions of some Ni complexes is in agreement with this pathway,88 this 

distribution has not been reported for Pd and Pt metallacycles. The decomposition of 

nickellacyclopentanes via this pathway gives ethylene as the major product. 

 
Scheme 2.8: Metallacycloalkane decomposition via C-C bond cleavage. 
 
2.4.1.5 Other Decomposition Pathways 
 
Other less common decomposition pathways postulated for the decomposition of 

metallacycloalkanes include intermolecular chain reactions as well as concerted transition 

metal assisted β-hydride transfer (Scheme 2.9).13,14 The latter pathway was postulated by 

Whitesides and co-workers in their decomposition studies of platinacycloalkanes. The most 

unsatisfactory aspect of the metal β-hydride elimination mechanism as a rationalization for 

the thermal decomposition of the platinacycles is that it is not clear that the platinum atom 

and a β-hydrogen atom can be brought close enough together for a concerted elimination to 

take place, without introducing energetically unacceptable bond angle distortions.14 

2.54 
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Scheme 2.9: Metal-assisted β-hydride elimination. 
  
The intermolecular chain reaction was first proposed by Whitesides for the decomposition of 

[Pt(PCy3)2(C4H8)]. In this work, they suggested that the decomposition pathway is an 

intermolecular hydride chain transfer process, and not the simple β-hydride 

elimination/reductive elimination pathway, due to the high thermal stability of the 

platinacyclopentane ring.83a  

 
2.4.2 Insertion Reactions 
 
The interest in reactions of metallacycloalkanes resides in the scope they offer for 

functionalizing hydrocarbons to give valuable organic products such as aldehydes, acids, 

ethers and thiolates.80 The reaction of group 10 metallacycles with small, unsaturated 

molecules may lead to their insertion into the M-C bonds and expansion of the ring. Often, a 

decomposition reaction follows, yielding desirable organic products.11 The majority of the 

insertion reactions effected at Ni, Pd and Pt can be regarded as migratory insertion 

reactions, in which the unsaturated molecule first coordinates to the metal centre followed by 

an intramolecular attack of the coordinated molecule on the M-C bond. Square planar Ni(II) 

complexes easily coordinate a fifth ligand and undergo migratory insertion while such a 

process for Pd(II) and Pt(II) complexes has seldom been reported.11     

 
2.4.2.1 Insertion of Carbon Monoxide, Isocyanides and Sulfur 
 
The carbonylation of metallacycles allows their transformation to cyclic ketones. In general, 

the insertion of one equivalent of CO is followed by the reductive elimination of a cyclic 

ketone.11 Extensive work has been published on the insertion of CO into transition metal-

carbon bonds. Generally all the metals have been shown to undergo CO insertion, except for 

Nb, Ta, Tc, Cu, Ag, and Au.89 

 
For complexes of the Ni group metals, the reaction seems to be sensitive to the co-ligands 

on the metal complex.11 Only a small number of investigations of CO insertion into Pt-alkyl 

complexes have been undertaken.89f Moss and coworkers carried out carbonylation 
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reactions on the platinacyclononane 2.55 and observed that two equivalents of CO inserted 

into the Pt-C bonds and the diacyl complex 2.56 was obtained in reasonable yield. This 

reaction proved to be relatively slow, and this could primarily be due to the strong metal-

carbon bond seen in most 5d transition metal complexes.20 A mechanism leading to this 

product may proceed via an intermediate 5-coordinate platinum species.90 Reaction of 2.55 

with elemental sulfur (S8) gave the di-inserted complex 2.57, whereas reaction with excess 

sulfur gave the platinacyclosulphide 2.58. Similar products have been observed in the 

reaction of S8 with platinum bisalkyl complexes.20 

 
L = dppp 

 
Although the insertion of one equivalent of CO into Pt-C bonds of platinacyclobutanes (k) 

has been reported,91 it has also been found that for certain platinacyclobutanes, CO can 

displace a neutral ligand on platinacycles (l).92 The high kinetic barrier to insertion in these 

complexes could be due to the restrictions imposed by the metallacycle for the migration of 

one of the CH2 termini to the coordinated CO ligand.11 

 
 

2.56 

2.55 

2.58 

2.57 

2.59 2.60 

2.61 2.62 
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The insertion of isocyanides into platinacyclopropane 2.63 was studied by Nagashima and 

co-workers.93 Since TCNE is a strong electron acceptor, 2.63 is a platinacyclopropane as 

opposed to a π-complex (Scheme 2.10). This complex undergoes a double insertion of CNR 

to give the platinacyclopentane 2.65. Although the platinacyclobutane intermediate 2.64 was 

not isolated, an analogous metallacyclobutane intermediate was isolated in the insertion of 

isocyanides to a η2-alkyne-cobalt complex that was reported by Yamazaki and Wakatsuki.94 

DFT calculations by Hsiao and Su provide further support for the mechanism of the reaction 

via a platinacyclobutane intermediate.95 

 
Scheme 2.10: Equilibrium between a metallacyclopropane and an η2-alkene complex. 
 

 
2.4.2.2 Insertion of Alkenes, Alkynes and Allenes 
 
A survey of the literature reveals that the insertion of unsaturated organic molecules into 

platinacycloalkanes is very rare. Although allenes are promising candidates to undergo 

insertion reactions, their reactivity towards group 10 metallacycles has been studied only 

sparsely. Tom Dieck carried out investigations into the catalytic transformations of allenes 

using Pd and Pt metallacycles, and found that platinacyclopentadienes supported by 

diazabutadiene co-ligands react with allenes.96 Insertion of alkenes and alkynes into 

platinacycles has not been reported.   

 

2.63 

2.64 2.65 
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2.5 METALLACYCLOALKANES IN ETHYLENE OLIGOMERIZATION 
 
Olefins, particularly ethylene, propylene and butenes are the basic building blocks of the 

petrochemical industry. They are readily available, cheap, reactive, and can be easily 

transformed into a range of useful products. The past half century or so has witnessed 

increasing importance of higher linear α-olefins, which today are a source of biodegradable 

detergents, new kinds of polymers, lubricants, and many other industrially useful 

chemicals.97  Of the linear α-olefins (LAOs), 1-hexene and 1-octene are the most valuable. 

The conventional method of producing these is by catalytic oligomerization of ethylene, 

which yields a wide spectrum of LAOs that follow a Schulz-Flory type of distribution and 

consequently require tedious product separation processes. From an industrial point of view, 

processes that are selective for the production of higher value LAOs such as 1-hexene and 

1-octene are desirable.5,6 As a result, there is ongoing effort both in industry and academic 

communities to develop more efficient catalysts that will produce 1-hexene and 1-octene 

selectively.8b 

 
The selective trimerization of ethylene to 1-hexene is a well known technology. Most of the 

catalyst systems for this process are based on chromium,6 although catalyst systems based 

on tantalum8 and titanium7 have been reported. Of these systems, the Cr catalysts show the 

best activity and selectivity.6c The observed selectivity in ethylene trimerization reactions is a 

consequence of the unusual metallacyclic mechanism proposed to be operative (Scheme 

2.11).6c,6p,6q  

 
The initial step in the catalytic cycle is the oxidative coupling of two ethylene molecules with 

the active catalytic metal to give a metallacyclopentane intermediate. The geometrical 

constraints of this species limit the interaction needed between the β-hydrogen atoms and 

the metal centre for the complex to decompose via β-hydride elimination of 1-butene. 

Coordination and subsequent migratory insertion of a third ethylene molecule is thus 

facilitated, and the resultant metallacycloheptane is flexible enough for β-hydride transfer to 

occur and reductive elimination of 1-hexene from this intermediate is facile.5 

 
Until recently, a corresponding selective tetramerization reaction of ethylene to give 1-octene 

was thought to be improbable. This is due to the fact that if ethylene tetramerization were to 

proceed via a metallacyclic mechanism similar to that of ethylene trimerization, it would imply 

expansion of a seven-membered to a nine-membered metallcyclic intermediate. It has been 

argued that this is unlikely to occur as the nine-membered ring is the least favoured medium-

sized ring and should thus be disfavoured relative to the seven-membered ring.7g,8b It was 

thought that coordination and migratory insertion of a fourth ethylene molecule to give a 
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metallacyclononane or selective elimination of 1-octene from such an intermediate was 

improbable.5,6a However, a catalyst system capable of ethylene tetramerization with 

selectivities of up to 70% was recently reported by the group at Sasol.6a Considerable effort 

has been made to modify the catalyst system to improve its performance, but so far this 

system is still by far the most active and selective for 1-octene.6b  

 
The high selectivity for 1-hexene and 1-octene displayed by these catalysts has been 

explained by the involvement of metallacycloalkanes as key intermediates in the 

oligomerization reactions (Scheme 2.11(a)). The metallacyclic mechanism has been 

favoured over the Cossee-Arlman mechanism (Scheme 2.11(b))6s used to explain the 

product distribution observed for the late transition metal catalysts such as those based on 

nickel and palladium as a Cossee-type mechanism offers no reasonable explanation for the 

high selectivity for the C6 and/or C8 α-olefins. Production of higher linear α-olefins (up to C30) 

has also been proposed to proceed via an extended metallacycloalkane mechanism.6r  

 
(a) 

 
(b) 

 
Scheme 2.11: (a) Proposed metallacyclic mechanism of ethylene tri- and tetramerization, (b) 
modified, Cossee-Arlman mechanism for olefin oligomerization and /or polymerization. 
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In support of the metallacyclic mechanism, Jolly and co-workers reported well-defined 

chromacyclopentane and chromacycloheptane complexes, and the latter readily 

decomposes to give 1-hexene.6c,6p In addition, the group at Sasol as well as Bercaw and co-

workers carried out deuterium labeling studies in an effort to conclusively determine the 

reaction mechanism for the production of 1-octene.5,6c  A 50:50 mixture of C2H4 and C2D4 

was used. The ratio of C2H4 to C2D4 incorporated into the products can be calculated, 

independent of the mechanism, from the isotopomer distribution. By the use of this value, 

and a first order correction for the natural abundance of deuterium in hydrogen (0.79% D) 

and the imperfect labeling of the deuterated ethylene (0.5% H), theoretical isotopomer 

distributions for 1-octene and 1-hexene produced by both the metallacyclic mechanism and 

the Cossee-Arlman linear chain growth mechanism may be calculated. These studies 

revealed that the correlation of the observed isotopomer distribution with the predicted 

distribution for the metallacyclic mechanism is excellent for both 1-hexene and 1-octene. 

Based on these studies, the formation of 1-hexene and 1-octene via the Cossee-Arlman 

mechanism is excluded.5 

 
A number of researchers have also undertaken computational investigations into the 

changes in selectivity and activity of the trimerization or tetramerization reaction as a 

function of the different ligand systems on the metal centre.7f,8b These studies offer valuable 

insights into the factors that need to be taken into consideration for the design of new 

catalyst systems for selective ethylene trimerization and oligomerization. For instance, Yu 

and Houk8b carried out density functional investigations into the selective trimerization of 

ethylene using the tantalum catalyst, [TaCl3R2], that was initially reported by Sen and co-

workers.8a These studies showed that for this catalyst system, one of the initial and essential 

processes in the catalytic cycle is the formation of the ethene-TaCl3 complex 2.66. The 

selective generation of 1-hexene over the production of branched oligomers by this catalyst 

system is attributed to the formation of complex 2.66, whose formation is energetically 

favored over that of the terminal alkene-TaCl3 complex due to steric factors. Furthermore, 

the conversion of the tantalacycloheptane 2.67 to the η2 complex 2.68 occurs as a concerted 

hydrogen shift process related to the well-known β-agostic interaction between the metal 

centre and β-hydrogens, in contrast to the two-step β-hydride/reductive elimination process 

that has been proposed for chromium and platinum systems. These studies show that the 

dimerization of ethylene to give 1-butene is disfavored by the lack of this kind of concerted 

reductive elimination process for the tantalacyclopentane whereas bimolecular processes 

that would lead to tetramerization and possible higher oligomerizations cannot compete with 

the facile reductive elimination available to the tantalacycloheptane.8b  
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Recently, Muller and Rosenthal proposed an alternative mechanism for the selective 

tetramerization of ethylene via dimeric catalytic centres to give 1-octene (Scheme 2.12).98a 

The conceivability of the concept of a binuclear centre for selective ethylene oligomerization 

was supported by the synthesis of a complex consisting of two chromium centres bridged by 

a 1,4-butandiyl unit by Theopold and co-workers.98b  

 
Scheme 2.12: Proposed bimetallic mechanism for ethylene tetramerization.  
 
There are also indications for a binuclear mechanism in the Phillips and Union Carbide 

catalysts systems for ethylene polymerization, in which ethylene inserts between two bridged 

chromium atoms to form one metallacycle. This postulated mechanism is supported by 

kinetic investigations98c as well as density functional theory (DFT) studies.98d Experimental 

support for the postulated bimetallic mechanism is delivered by the thermolysis of defined 

binuclear chromium complexes with one or more metallacycles such as 2.69 reported by 

Kurras and co-workers.98e 

 
                               2.69 

 

2.66 2.67 

2.68 
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Without further detailed characterization of catalytically active tetramerization species and 

their kinetics, primary proof of this concept is not possible. In the mean time, the 

mononuclear metallacyclic mechanism is still the accepted mechanism for the selective 

production of high value α-olefins such as 1-hexene and 1-octene mediated by Cr, Ta and Ti 

catalysts. 

 
2.6 SUMMARY 
 
Metallacyclic compounds of the transition metals are an important class of compounds due 

to the important role they play in catalytic and stoichiometric reactions. Due to the unstable 

nature of most metallacyclic compounds, platinacycles are an attractive class of compounds 

to study as they are relatively stable compared to other metallacycles. In this review, the 

different methodologies available for the synthesis of platinacyclic complexes have been 

described. The merits and drawbacks of each synthetic method are presented along with 

examples of complexes prepared using each method. Also described is the reactivity of 

platinacycles, with specific focus on the insertion and decomposition reactions as these 

processes are pertinent to the catalytic processes that involve metallacycles as 

intermediates. Finally, a brief look at ethylene oligomerization reactions, specifically 

trimerization and tetramerization reactions has been taken. These processes rely heavily on 

the intermediacy of metallacycloalkanes for their high selectivity for α-olefins. 

 
2.7 AIMS AND OBJECTIVES 
 
The overall objective of this project is to prepare and study the reactivity and catalytic activity 

of a series of palladium and platinum complexes based on bidentate iminophosphine 

ligands. 

 
2.7.1 Specific Aims 
 

 To synthesize a series of bidentate phosphinobenzaldimino ligands (P^N), and their 

corresponding palladium and platinum complexes of the types [Pd(P^N)Cl2], 

[Pd(P^N)(Me)Cl)], [Pt(P^N)Cl2] and [Pt(P^N)(C4H9)Br] (Chapter 3). 

  To test a selection of the palladium complexes for catalytic activity in Suzuki-

Miyaura coupling reaction (Chapter 4). 

 To prepare platinacycloalkane complexes of the type [Pt(P^N)(CH2)n], n = 4 or 6 

(Chapter 5).  

 To study the decomposition reaction of platinacycloalkane complexes and 

investigate the β-hydride elimination/reductive elimination reaction mechanism 

proposed for this decomposition reaction using DFT methods (Chapter 5).    
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CHAPTER 3 
 

IMINOPHOSPHINE LIGANDS AND THEIR PALLADIUM(II) AND 
PLATINUM(II) COMPLEXES 

 

3.1 INTRODUCTION  
 

igands with phosphorus(III) donor atoms represent the most widely used ligand class in 

homogeneous catalysis, owing to their synthetic stability and the ease with which their 

properties can be modified.1 They are especially attractive ligands for the design of catalysts 

based on late transition metals as the strong bonds between phosphorus and late metals 

provide for the stabilization of reactive (unstable) intermediates that form during catalytic 

cycles.2 For example, the use of phosphine ligands in palladium-catalyzed reactions has 

often circumvented catalyst deactivation by inhibiting the formation of palladium black. In 

addition, complexes with phosphine ligands are often air and moisture stable, making their 

preparation and handling relatively easy, and avoiding formation of phosphine oxides due to 

the strong interaction between the lone pair on the phosphorus atom and the metal centre.2,3 

This stability towards air and moisture offers the possibility of using these complexes in 

aqueous media, which is an especially attractive feature as the focus of industrial and 

academic research is shifting towards more environmentally friendly processes. By choosing 

the appropriate ligand, the properties and structures of the organometallic and coordination 

complexes they form can be readily modified.  

 
Complexes of chelating ligands are often more stable than their monodentate counterparts. 

In addition to the enhanced stability, asymmetry and chirality can be introduced into 

chelating ligands and their complexes through the use of chiral backbones/substituents and 

different donor atoms.1 Developments in the field of functionalized phosphine chemistry 

continue to draw attention because understanding how these ligands coordinate to metals 

aids in understanding their influence on the stereoelectronic properties of their complexes.4  

 
The past 20 – 30 years have seen considerable interest in metal complexes of bidentate 

ligands containing both hard and soft donor atoms, in particular where the soft donor is 

phosphorus and the hard donor is nitrogen.5,6 These ligands combine strong coordination via 

the phosphorus with a hemilabile donor for stabilization of intermediates via the nitrogen 

donor during the catalytic cycle.7 Of the most widely studied bidentate P^N ligands are the 

pyridylphosphines and iminophosphines, whose complexes with palladium,8 platinum,5 

rhodium,9 ruthenium,10 and iridium11 have been reported.  Other  common ligand classes 

include aminophosphines,12 diphenylphoshinomethyl-oxazolines and 

L 
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diphenylphosphinomethyl-thiazolines.13 The application of such complexes in various 

catalytic processes has been widely reported and reviewed.14,15 These complexes have 

added great value to the repertoire of transition metals used in a variety of catalytic 

applications. In fact, there are instances where complexes of bidentate P^N ligands are 

catalysts of choice. Important examples include carbonylation of alkynes,16 asymmetric 

hydrogenation of highly substituted alkenes,17 asymmetric allylic alkylation,18 asymmetric 

hydrocarbonylation,19 Stille coupling,20 and nickel-catalyzed cycloaddition reactions.21  

 
This chapter describes the synthesis and characterization of iminophosphine ligands as well 

as their neutral [(iminophosphine)palladium(II)(X2)], where X = Cl or Me, and 

[(iminophosphine)platinum(II)(Cl2)] complexes. The compounds were characterized using 

various analytical and spectroscopic techniques such as 1H, 13C and 31P NMR spectroscopy, 

FTIR spectroscopy, mass spectrometry and elemental analysis. Single crystal structure 

determination was done for selected palladium and platinum complexes.        

 
3.2 RESULTS AND DISCUSSION 
 
3.2.1 Synthesis and Characterization of Iminophosphine Ligands (3.1 – 3.6) 
 
A convenient method for the preparation of phosphines with P^N donor sets is the 

condensation of phosphine-substituted aldehydes with amines/hydrazines. This method 

often proceeds cleanly to give the desired products in quantitative yields.6 The 

iminophosphine ligands in this study were synthesized by a Schiff-base condensation 

reaction of the commercially available 2-diphenylphosphinobenzaldehyde and the 

appropriate primary amines (Scheme 3.1).22  

 
Ligand R 

3.1 Phenyl 
3.2 4-Tolyl 
3.3 2-Furfuryl 
3.4 2-Thionyl 
3.5 3-Pyridyl 
3.6 Mesityl 

Scheme 3.1: Synthesis of iminophosphine ligands 3.1 – 3.6. 
 
The Schiff-base condensation reactions were carried out in DCM in the presence of either 

Na2SO4 or MgSO4 to remove the water that is formed as a by-product in the reaction. After 

filtration, the solution was concentrated under reduced pressure, and the crude products 
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were obtained as yellow/pale orange oils. Solution of the oily materials in hot hexane 

followed by filtration and cooling to -16 °C overnight yielded the desired ligands as cream-

white or pale orange solids (3.1, 3.3 – 3.5) or orange oils (3.2, 3.6). All ligands were obtained 

as air stable materials in moderate to excellent yields (Table 3.1).  

 
The compounds were characterized by 1H, 13C and 31P NMR spectroscopy, FTIR 

spectroscopy, mass spectrometry and elemental analysis (Table 3.2). The data obtained for 

these compounds confirmed the proposed structures, and was found to be in agreement 

with data reported for similar compounds in the literature. 

 
Table 3.1: Isolated yields and melting point and microanalysis data for ligands 3.1 – 3.6  

Ligand R Yield Melting Point 

(°C) 

Microanalysis
a
  

C H N 

3.1 Phenyl 96 79 – 8023 82.56 (82.33) 6.11 (5.90) 3.89 (3.91) 

3.2 4-Tolyl 81 Oil 82.47 (82.42) 6.61 (6.15) 3.54 (3.56) 

3.3 2-Furfuryl 69 75 – 77 77.98 (78.03) 5.51 (5.64) 3.75 (3.79) 

3.4 2-Thionylb 64 71 – 72 74.41 (74.78) 5.30 (5.23) 3.59 (3.63) 

3.5 3-Pyridyl 74 79 – 81 78.95 (78.93) 5.57 (5.56) 7.32 (7.36) 

3.6 Mesityl 77 Oil 82.59 (82.63) 6.65 (6.70) 3.29 (3.32) 
 aExpected values in parenthesis.  bMicroanalytical data for S: 8.28 (8.32). 
 
3.2.1.1 NMR Spectroscopy for 3.1 – 3.6 
  
The 1H NMR spectra of the ligands were consistent with the proposed structures and were 

found to be in agreement with similar compounds reported in the literature.24,25  

 
Product formation was indicated by the disappearance of the signal at δ 10.49 ppm, which is 

due to the aldehyde proton in 2-diphenylphosphinobenzaldehyde. This was accompanied by 

the appearance of a doublet in the region δ 8.98 – 9.05 ppm (JHP = 5.0 – 5.7 Hz). This 

doublet is assigned to the imine proton (H2 in Scheme 3.1) and the phosphorus coupling 

observed is presumably due to through-space coupling, indicating that the preferred 

conformation of the free ligands is one in which the imine proton points towards the lone pair 

on the phosphorus atom (Figure 3.1).25a,25f The methylene protons (H1) appear as a singlet 

in the region δ 4.64 – 4.87 ppm.25b,25c The methyl proton in the 4-tolyl derivative (3.2) 

appears as a singlet integrating for three protons at 2.34 ppm while the methyl protons in the 

mesityl derivative (3.6) appear as singlets integrating for six and three protons at 2.25 ppm 

and 2.41 ppm respectively. The aromatic protons (phenyl, pyridyl, thiophenyl and furfuryl) 

appear in the region δ 6.03 – 8.41 ppm as expected (Table 3.2). Figure 3.2 shows the 1H 

NMR spectrum of ligand 3.1 with the diagnostic signals for the methylene protons H1 and 

imine proton H2 highlighted. 
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Figure 3.1: Ligand structure showing through-space coupling of the imine proton with 
phosphorus. 

 
Figure 3.2: 1H NMR spectrum of ligand 3.1.  
 
The 1H NMR results were supported by the data obtained from the 13C NMR spectra of the 

ligands. Formation of the imine functionality was unambiguously confirmed by the 

appearance of a doublet (3JCP = 21.1 – 23.4 Hz) in the region δ 158.9 – 161.4 ppm, which is 

due to the imine carbon (C2) in Scheme 3.1.25a In addition the benzaldimino and phenyl 

carbon signals (for the PPh2 groups) were observed as doublets, indicating that these 

carbons also couple with the phosphorus atom. The signals for the methylene carbons (C2) 

appear as a singlet in the region δ 57.6 – 65.1 ppm.25a,25b The methyl carbon in the 4-tolyl 

derivative 3.5 appears at δ 21.9 ppm, while the methyl carbons in the mesityl derivative 3.6 

appear at 19.5 ppm and 21.0 ppm. Signals for the aromatic carbons (phenyl, mesityl, tolyl, 

pyridyl, furan and thiophenyl) appear in the region 106.9 ppm – 143.2 ppm. The degree of 

substitution on the phenyl ring of the pendant R group appears to have influence on the 

shielding experienced by the methylene carbon C1. The shielding effect on this carbon 

increases with increased electron density on the phenyl ring in the order phenyl < tolyl < 

mesityl. The signal for this carbon atom appears at 65.1 ppm for ligand 3.1 (R = Ph) whereas 

this signal appears at 57.6 ppm for ligand 3.6 (R = Mes). 

    
 The disappearance of the signal at -11.7 ppm (due to the phosphine in 2-

diphenylphosphinobenzaldehyde) and the appearance of only one new singlet in the region 

 H2 

 

H1 
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δ -13.4 – -14.5 ppm in the 31P NMR spectra of the ligands further confirmed the formation of 

the desired iminophosphine ligands (Table 3.2).  Analysis of the ligands by 31P NMR also 

provided valuable insight into the oxidation state of the phosphorus atom of the 

iminophosphine ligands as phosphorus has distinct chemical shifts in the +3 and +5 

oxidation states. In the low +3 oxidation state, high field signals are usually observed 

whereas for the +5 oxidation state low field signals are expected. This observation is in 

agreement with reports for similar compounds.9,25 The appearance of only one signal 

indicates the formation of only one product.                                                                                    

 
3.2.1.2 FTIR Spectroscopy for 3.1 – 3.6  
 
Reaction progress was also followed by IR spectroscopy. A successful reaction is indicated 

by the disappearance of the carbonyl stretching frequency in the region 1700 – 1800 cm-1 

and the appearance of new strong bands in the region 1634 – 1636 cm-1, which are due to 

the imine stretching vibrations (Table 3.1).5,24,25a,25f   

 
3.2.1.3 Mass Spectrometry and Microanalysis for 3.1 – 3.6 
  
Microanalytical and mass spectral data obtained confirmed the proposed formulations for the 

ligands. The parent ion, [M]+ was obtained as the highest molecular weight fragment in all 

cases (Table 3.2).  
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Table 3.2: Characterization data for ligands 3.1 – 3.6 

aIR spectra recorded as KBr pellets. 
 

Table 3.3: Isolated yields and melting point data for complexes 3.7 – 3.12 
Complex R Yield Melting Point 

(°C) 

Microanalysis
a
 

C H N 

3.7 Phenyl 75 199 – 202 55.99 (56.09) 3.78 (3.98) 2.50 (2.54) 

3.8 4-Tolyl 50 173 – 175  56.84 (56.81) 4.28 (4.24) 2.39 (2.45) 

3.9 2-Furfuryl 72 198 – 199 52.75 (52.72) 3.71 (5.64) 2.56 (2.56) 

3.10 2-Thionylb 65 232 – 234 51.33 (51.22) 3.56 (3.58) 2.48 (2.49) 

3.11 3-Pyridyl 63 209 – 211 53.91 (53.84) 3.84 (3.80) 4.98 (5.02) 

3.12 Mesityl 67 186 - 189 58.37 (58.16) 4.27 (4.17) 2.31 (2.34) 
aExpected values in parenthesis.  bMicroanalytical data for S: 5.67 (5.70). 

Ligand R Formula νC=N
a
  

(cm
-1

) 

δH(H1) 

(ppm) 

δH(H2)  

(ppm) 

δC(C1)  

(ppm) 

δC(C2)  

(ppm) 

δP  

(ppm) 

[M+H]
+
 

(calc) m/z 

3.1 Phenyl  C26H22NP 1636 4.67 9.05 (d, J = 5.0 Hz) 65.1 160.6 (d, 3JCP = 22.3 Hz) -13.8 (s) 379.18 
(379.43) 

3.2 4-Tolyl  C27H24NP 1635 4.64 9.00 (d, J = 5.1 Hz) 60.9 161.3 (d, 3JCP = 22.9 Hz)  -13.6 (s) 392.79 
(393.46) 

3.3 2-Furfuryl  C24H20NOP 1635 4.65 8.98 (d, J = 5.2 Hz) 57.0 161.4 (d, 3JCP = 23.1 Hz) -14.5 (s) 369.81 
(369.40) 

3.4 2-Thionyl  C24H20NPS 1634 4.86 9.01 (d, J = 5.1 Hz) 59.9 160.8 (d, 3JCP = 23.4 Hz) -14.5 (s) 385.51 
(385.46) 

3.5 3-Pyridyl  C25H21N2P 1634 4.67 8.98 (d, J = 5.7 Hz) 62.3 161.3 (d, 3JCP = 21.1 Hz) -13.4 (s) 379.92 
(380.42) 

3.6 Mesityl C29H28NP 1636 4.90 8.98 (d, J = 5.1 Hz) 57.6 158.9 (d, 3JCP = 23.0 Hz) -13.5 (s) 422.36 
(421.51) 
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3.2.2 Synthesis and Characterization of Palladium Dichloride Complexes (3.7 – 3.12) 
 
A ligand displacement reaction between [Pd(COD)Cl2] and the appropriate P^N ligands gave 

the desired iminophosphine palladium dichloride complexes (Scheme 3.2).22  

 
Complex  R 

3.7 Phenyl 
3.8 4-Tolyl 
3.9 2-Furfuryl 
3.10 2-Thionyl 
3.11 3-Pyridyl 
3.12 Mesityl 

Scheme 3.2: Synthesis of palladium dichloride complexes 3.7 – 3.12. 
 
The DCM solutions were stirred at room temperature overnight, during which time a yellow 

precipitate formed. At the end of the reactions, the yellow mixtures were concentrated under 

reduced pressure, filtered and the yellow solids obtained were washed with cold DCM. The 

products were obtained in moderate to good yields (Table 3.3). The complexes were 

characterized by 1H and 31P NMR spectroscopy, FTIR spectroscopy, elemental analysis and 

mass spectrometry (Table 3.4). 

 
3.2.2.1 NMR Spectroscopy for complexes 3.7 – 3.12 
 
The palladium dichloride complexes proved to be highly insoluble in common organic 

solvents. As a result, 1H and 31P NMR spectroscopy for these complexes was performed on 

DMSO-d6 suspensions of the material. Due to their insoluble nature, 13C NMR spectroscopy 

could not be performed. 

 
Coordination of the iminophosphine ligands to the metal centre was shown by the upfield 

shift of the signal for the imine protons (H2) from δ 8.98 – 9.05 ppm in the free ligands to δ 

8.52 – 8.84 ppm in the palladium complexes (Table 3.4), indicating the participation of the 

imine moiety in ligand coordination to palladium. This upfield shift is thought to be due to 

back-bonding from the palladium centre to the imine moiety. In addition, this signal appears 

as a singlet as opposed to the doublet observed for the same protons in the free ligands, 

which is a common observation for complexes of this type.22d This could be attributed to the 

ligands being locked in a conformation in which the imine carbon points away from the 

phosphine group upon coordination to the metal centre. This conformational change was 

suggested by Liu and co-workers, who proposed that this unexpected upfield shift of the 
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imine proton signal could be due to the change in the conformation of the ligand in order to 

facilitate coordination of the imine nitrogen to the metal center.26 A downfield shift of the 

signal for the methylene protons (H1) from δ 4.63 – 4.87 ppm in the free ligands to δ 5.48 – 

5.69 ppm in the palladium complexes was observed (Table 3.4). This downfield shift can be 

attributed to the imine group coordinating to the metal centre thereby resulting in the 

deshielding of these neighbouring methylene protons.23,25a This downfiled shift further 

confirms the involvement of the imine moiety in the bidentate coordination of the ligand to 

the metal centre. 

 
As expected, the signals for the phenyl and pyridyl protons appear in the region δ 6.98 – 

8.89 ppm. The appearance of the signals for the thiophenyl and furfuryl groups at δ 6.44 – 

7.08 ppm indicates that these groups do not coordinate to the metal centre as these singals 

appear in a similar region in the free ligands (6.03 – 7.17 ppm).  

 
Further evidence for complex formation between the iminophosphine ligands and the 

palladium centre is obtained from the 31P NMR spectra of the complexes. A significant 

downfield shift (about 50 ppm) of the phosphine signals from δ -14.5 – -13.4 ppm in the free 

ligands to δ 30.8 – 35.2 ppm in the palladium complexes is observed (Table 3.4).22d,27 

Appearance of only one signal in the 31P NMR spectra further confirms formation of only one 

product. 

 
3.2.2.2 FTIR Spectroscopy for 3.7 – 3.12  
 

Further confirmation of ligand coordination to the metal centre comes from IR data obtained 

for the complexes. The peaks which convey the most important information are those due to 

the ν(C=N), which occur as strong peaks between 1624cm-1 and 1628 cm-1 in the complexes 

(Table 3.4). Upon coordination, there is a distinct bathochrombic shift of between 8 and 11 

cm-1 with respect to the free ligands, which is typical for coordinated imines of this type.28  

 
3.2.2.3 Mass Spectrometry and Microanalysis for 3.7 – 3.12  
  
Good microanalytical and mass spectral data were obtained for the complexes (Table 3.4). 

The microanalytical data obtained corresponds to the proposed structures while the mass 

spectral data for the complexes showed [M-Cl]+ as the highest molecular weight fragment. 

This observation is consistent with what has been observed for other chloride complexes of 

iminophosphines.24,29,30 
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Table 3.4: Characterization data for palladium dichloride complexes 3.7 – 3.12a 
Complex R 

 

Formula νC=N
b
  

(cm
-1

) 

δH (H1)  

(ppm) 

δH(H2)  

(ppm) 

δP  

(ppm) 

[M]
+
 (calc) 

m/z
c
 

3.7 Phenyl C26H22Cl2NPPd 1628  
(1636) 

5.48 (s)  
(4.70) 

8.84 (s)  
(9.05) 

34.1 (s)  
(-13.8) 

522.01 
(521.31) 

3.8 4-Tolyl C27H24Cl2NPPd 1628  
(1635) 

5.47 (s)  
(4.64) 

8.84 (s)  
(9.00) 

30.7 (s) 
(-13.6) 

536.27 
(535.33) 

3.9 2-Furfuryl C24H20Cl2NOPPd 1626  
(1635) 

5.54 (s)  
(4.64) 

8.79 (s)  
(8.98) 

31.3 (s) 
(-14.5) 

511.94 
(511.27) 

3.10 2-Thionyl C24H20Cl2NPPdS 1627  
(1634) 

5.69 (s)  
(4.87) 

8.52 (s)  
(9.01) 

35.2 (s) 
 (-14.5) 

527.99 
(527.31) 

3.11 3-Pyridyl C24H21Cl2N2PPd 1624  
(1634) 

5.58 (s)  
(4.63) 

8.61 (s)  
(8.98) 

30.8 (s) 
(-13.4) 

523.21 
(522.29) 

3.12 Mesityl C29H28Cl2NPPd 1630 
(1636) 

5.50 (s) 
(4.90) 

8.71 (s) 
(8.98) 

31.9 (s) 
(-13.5) 

564.26 
(563.39) 

aLigand data in parenthesis. bIR spectra recorded as KBr pellets. c[M]+ represents m/z for the fragment [M-Cl]+. 
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3.2.3 Synthesis and Characterization of Palladium Methyl Chloride Complexes (3.13 
– 3.18) 

 
The reaction of [Pd(COD)MeCl] and the appropriate ligands gave the desired palladium 

methylchloride complexes (Scheme 3.3).  

 
Complex  R 

3.13 Phenyl 
3.14 4-Tolyl 
3.15 2-Furfuryl 
3.16 2-Thionyl 
3.17 3-Pyridyl 
3.18 Mesityl 

Scheme 3.3: Synthesis of palladium methylchloride complexes 3.13 – 3.18. 
 
The DCM solutions were stirred at room temperature overnight. Upon completion of the 

reactions, excess solvent was removed under reduced pressure and the crude products 

obtained were recrystallised from DCM and hexane. The products were obtained as air and 

moisture-stable crystalline solids in good yields (Table 3.5).  

 
Table 3.5: Isolated yields, melting point and microanalysis data for 3.13 – 3.18 

Complex R Yield Melting Point 

(°C) 

Microanalysis
a
  

C H N 

3.13 Phenyl 65 169 – 171 60.51 (60.46) 4.73 (4.70) 2.57 (2.61) 

3.14 4-Tolyl 79 122 – 124  61.54 (61.10) 5.00 (4.94) 2.51 (2.54) 

3.15 2-Furfuryl 71 193 – 195 57.56 (57.05) 4.39 (4.40) 2.98 (2.66) 

3.16 2-Thionylb 73 188 – 190 55.42 (55.36) 4.25 (4.27) 2.31 (2.58) 

3.17 3-Pyridyl 72 180 – 182 58.52 (58.12) 4.56 (4.50) 5.13 (5.21) 

3.18 Mesityl 79 135 - 138 62.33 (62.29) 5.42 (5.40) 2.39 (2.42) 
aCalculated values in parenthesis. bMicroanalytical data for S: 5.87 (5.91). 

 
The complexes were characterized using spectroscopic and analytical techniques, and the 

data obtained is in agreement with the proposed structures. Similar trends are observed in 

the data for both the palladium dichloride (3.7 – 3.12) and palladium methylchloride 

complexes (3.13 – 3.18). 
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3.2.3.1 NMR Spectroscopy for complexes 3.13 – 3.18 
 
In the 1H NMR spectra of the methyl chloride complexes, the signals for the imine protons 

(H2) appear as singlets in the region δ 8.16 – 8.80 ppm. Upon ligand coordination there is 

an upfield shift from δ 8.98 – 9.05 ppm (observed in the free ligand) and this upfield shift has 

been attributed to the conformational change that occurs in the ligand upon chelation.22d,24,31 

As in the dichloride complexes, a downfield shift from δ 4.64 – 4.87 ppm in the free ligands 

to δ 5.09 – 5.49 ppm in the complexes is observed for the methylene protons (N-CH2-R) 

upon chelation. This downfield shift is attributed to the deshielding that occurs for these 

protons when the adjacent imine group coordinates to the metal centre. A slightly greater 

downfield shift (to δ 5.47 – 5.69 ppm) was observed for the same protons in the palladium 

dichloride complexes due to the deshielding that occurs for these protons when the adjacent 

imine group coordinates to the metal centre. The deshielding is, therefore, more significant 

for the palladium dichloride complexes as there is less electron density on the metal centre 

in the dichloride complexes due to the electronegative chlorido- ligands than there is in the 

analogous palladium methyl chloride complexes. As in the dichloride complexes, there is 

only a slight effect on the signals for the thiophenyl and furfuryl protons, indicating that these 

groups do not participate in coordinating to the metal centre.  

 
The signals for the methyl protons in Pd-Me appear as doublets in the region δ 0.21 - 0.61 

ppm, with coupling constants 3JHP = 2.4 – 3.2 Hz. As a result of the different trans influence 

of the two donor atoms in the ligands, the phosphine is expected to coordinate trans to the 

chlorido ligand. This coordination mode is demonstrated by the small coupling constants 

between the phosphorus and the Pd-Me protons.24,30,32 

 
In the 13C NMR spectrum of the methyl chloride complexes, the signals for the imine 

carbons are found in the region 162.4 – 164.7 ppm (Table 3.6). This is a downfield shift from 

160.6 – 161.4 ppm observed for the free ligands, further confirming the coordination of the 

imine group to the metal centre.22d On the contrary, there is an upfield shift of 1.5 – 3.2 ppm 

with respect to the free ligand in the signals for the methylene carbons (C1) upon 

coordination to the metal centre.25a The signals for the Pd-Me carbons occur as singlets at δ 

0.62 – 2.9 ppm, which is comparable to similar complexes.30     

 
The downfield shift of the phosphine signals from -13.4 – -14.5 ppm in the free ligands to 

37.4 – 38.3 ppm in the 31P NMR spectra of the complexes reflects the coordination of the 

phosphine end of the ligand to the palladium atom.24,26,33 This downfield shift is slightly more 

significant for the methyl chloride complexes (51.0 – 52.1 ppm) than it is for the analogous 

dichloride complexes (44.2 – 49.7 ppm). The presence of only one signal in the 31P NMR 
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spectra indicates the formation of only one product. For both palladium dichloride and 

methyl chloride complexes, the significant downfield shift of the phosphorus signals from ca. 

-14 ppm in the free ligands to ca. 30 ppm and ca. 38 ppm is due to the effect of coordination 

to the metal centre, as well as the fact that the phosphorus atom is contained in a ring 

system.34 

 
3.2.3.2 FTIR Spectroscopy for 3.13 – 3.18   
 
In contrast to their dichloride analogues, the IR spectra of complexes 3.13 – 3.18 show 

strong peaks for the imine stretch vibrations in region 1635 – 1638 cm-1, which is a slight 

hypsochromic shift with respect to the free ligands (1634 – 1636 cm-1). Similar observations 

have been made for similar methyl chloride complexes of transition metals.27,28    

 
3.2.3.3 Mass Spectrometry and Microanalysis for 3.13 – 3.18  
   
Good microanalytical and mass spectral data were obtained for the complexes (Table 3.6). 

The microanalytical data obtained correspond to the proposed structures. As in the 

dichloride complexes, the mass spectral data for the complexes showed [M-Cl]+ as the 

highest molecular weight fragment. This observation is consistent with what has been 

observed for other methyl chloride complexes of iminophosphines.29,30 

 
3.2.3.4 X-ray Structure Determination for Complex 3.14 
 

Slow diffusion of hexane into a concentrated DCM solution of complex 3.14 gave greenish-

yellow crystals suitable for X-ray analysis. The solid-state structure of the complex (Figure 

3.3) was determined by X-ray diffraction analysis in order to complete the characterization of 

this class of compounds and to gain further insights into the coordination mode of these 

types of ligands. Selected structural data are listed in Table 3.7. 
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Figure 3.3: The ORTEP plot of the molecular structure of 3.14 showing the atomic 
numbering. 
 
The cis orientation of the phosphine and the methyl groups around the metal centre was 

confirmed by crystal structure determination. The complex displays a distorted square planar 

arrangement around the metal centre. The X-ray crystal structure shows that, as expected, 

the iminophosphine ligand coordinates in a bidentate fashion to the palladium centre, with 

the phosphine end of the ligand coordinated trans to the chloride ligand. The ligand forms a 

puckered chelate ring with the palladium centre, in which the =CHC6H4 unit lies above the 

Pd(P,N)MeCl plane with the torsion angle Pd(1)-P(1)-C(16)-C(11) being 38.89(17)°. The bite 

angle N(1)-Pd(1)-P1 of 87.45(5)° deviates slightly from the expected 90° angle, which can 

be attributed to the steric strain imposed by the 6-membered chelate ring N(1)-Pd(1)-P(1)- 

C(16)-C(11)-C(10) that is formed upon coordination to the palladium centre. This reduction 

in the bite angle of N(1)-Pd(1)-P(1) as well as the compensatory increase in the N(1)-Pd(1)-

Cl(1) angle has been observed in other palladium methylhalide complexes of 

iminophosphines.22,24,25 The remaining two angles around the palladium centre are close to 

the expected 90°, i.e 89.79(6)° and 89.18(6) for C(1)-Pd(1)-P(1) and C(1)-Pd(1)-Cl(1) 

respectively. These values are in good agreement with those obtained for similar 

complexes.32,35,36 
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Table 3.6: Characterization data for palladium methyl chloride complexes 3.13 – 3.18a 

 aLigand data in parenthesis. bIR spectra recorded as KBr pellets. c[M]+ represents m/z for the fragment [M-Cl]+

Complex R Formula νC=N  

(cm
-1

)
b
 

δH(Pd-CH3) 

(ppm) 

δH(H1) 

(ppm) 

δH(H2) 

(ppm) 

δC(Pd-

CH3) 

(ppm) 

δC(C1) 

(ppm) 

δC(C2) (ppm) δP  

(ppm) 

[M]
+
 (calc) 

m/z
c
 

3.13 Phenyl C27H25ClNPPd 1638 
(1636) 

0.21 (d, 3J 
= 3.2 Hz) 

5.09 
(4.67) 

8.80  
(9.05) 

0.62  62.5 
(65.2) 

164.7 (d, 3J =  
5.0 Hz) (160.6) 

38.3  
(-13.8) 

501.10 
(500.89) 

3.14 4-Tolyl C28H27ClNPPd 1638 
(1635) 

0.56 (d, 3J 
= 2.9 Hz) 

5.40 
(4.64) 

8.16 
(9.00) 

2.3  66.6 
(64.8) 

162.4 (d, 3J = 
4.9 Hz) (161.3)  

37.4 
(-13.6) 

514.10 
(514.91) 

3.15 2-Furfuryl C25H23ClNOPPd 1637 
(1635) 

0.56 (d, 3J 
= 2.4 Hz) 

5.47 
(4.65) 

8.24 
(8.98) 

2.9  59.1 
(57.1) 

163.7 (d, 3J = 
5.1 Hz) (161.4) 

37.7 
(-14.5) 

490.21 
(490.85) 

3.16 2-Thionyl C25H23ClNPPdS 1637 
(1634) 

0.56 (d, 3J 
= 2.9 Hz) 

5.48 
(4.86) 

8.24 
(9.01) 

2.3 61.5 
(60.0) 

163.5 (d, 3J = 
5.1 Hz) (160.8) 

37.5 
(-14.5) 

506.83 
(506.92) 

3.17 3-Pyridyl C26H24ClN2PPd 1635 
(1634) 

0.61 (d, 3J 
= 3.0 Hz) 

5.49 
(4.67) 

8.40 
(8.98) 

2.6 64.4 
(62.4) 

163.6 (d, 3J =  
4.8 Hz) (161.3) 

37.6  
(-13.4) 

501.11 
(501.88) 

3.18 Mesityl C30H31ClNPPd 1638 
(1636) 

0.59 (d, 3J 
= 3.1 Hz) 

5.32 
(4.90) 

8.36 
(8.98) 

2.1 64.7 
(57.6) 

162.8 (d, 3J =  
5.0 Hz) (158.9) 

38.1  
(-13.5) 

543.69 
(542.97) 
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Table 3.7: Selected Bond Ligands (Å) and Angles (°) for 3.14 
Bond Lengths Bond Angles 

Pd(1)-Cl(1) 2.3985(6) P(1)-Pd(1)-Cl(1) 177.15(2) 

Pd(1)-P(1) 2.1846(5) N(1)-Pd(1)-(Cl(1) 93.85(5) 

Pd(1)-N(1) 2.1595(16) C(1)-Pd(1)-Cl(1) 89.18(6) 

Pd(1)-C(1) 2.0586(19) N(1)-Pd(1)-P(1) 87.45(5) 

P(1)-C(16) 1.8255(19) C(1)-Pd(1)-P(1) 89.79(6) 

P(4)-C(11) 1.824(3) C(1)-Pd(1)-N(1) 173.39(7) 

N(1)-C(10) 1.278(2)   

N(1)-C(2) 1.484(2)   

 
3.2.4 Synthesis and Characterization of Platinum Dichloride Complexes (3.19 – 3.24) 
 
The platinum dichloride complexes were prepared by the reaction of [Pt(COD)Cl2] and the 

appropriate P^N ligands (Scheme 3.4). To a DCM solution of the appropriate ligand was 

added equimolar amount of a DCM solution of [Pt(COD)Cl2]. A pale yellow precipitate 

formed immediately and the reaction mixtures were stirred at room temperature overnight, 

after which the mixture was concentrated under reduced pressure and the precipitates 

filtered. The yellow solids obtained were washed with aliquots of DCM and Et2O and then 

dried under vacuum. The desired products were obtained as pale yellow solids in moderate 

to good yields (Table 3.8). 

 
Complex R Complex R 

3.19 Phenyl 3.22 2-Thionyl 
3.20 4-tolyl 3.23 3-pyridyl 
3.21 2-furfuryl 3.24 Mesityl 

Scheme 3.4: Synthesis of platinum dichloride complexes 3.19 – 3.24. 
 
The complexes were characterized by various spectroscopic and analytical methods (1H, 31P 

NMR spectroscopy, IR spectroscopy, mass spectrometry and elemental analysis) and the 

data obtained corresponds to the proposed structures of the complexes. Due to the 

insoluble nature, 1H and 31P spectra were performed on DMSO-d6 suspensions of the 

complexes whereas 13C NMR spectrometry could not be performed. The data (Table 3.9) 

obtained is in agreement with that reported for similar complexes in the literature.  
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Table 3.8: Isolated yields and melting point data for complexes 3.19 – 3.24 
Complex R Yield Melting Point 

(°C) 

Microanalysis
a
 

C H N 

3.19 Phenyl 69 >300 48.01 
(48.38) 

3.47 (3.44) 2.14 (2.17) 

3.20 4-Tolyl 58 275 – 279  48.93 
(49.18) 

3.64 (3.67) 2.09 (2.12) 

3.21 2-Furfuryl 79 >300 45.83 
(45.37) 

3.19 (3.17) 2.17 (2.20) 

3.22 2-Thionylb 87 >300 44.36 
(44.25) 

3.10 (3.09) 2.13 (2.15) 

3.23 3-Pyridyl 70 259 – 261 46.13 
(46.45) 

3.31 (3.27) 4.30 (4.33) 

3.24 Mesityl 68 265 – 267  50.79 
(50.66) 

4.47 (4.11) 2.00 (2.04) 

aExpected values in parentheses. bMicroanalytical data for S: 4.89 (4.92). 
 
3.2.4.1 NMR Spectroscopy for complexes 3.19 – 3.24 
 
1H NMR spectra of the complexes show that upon coordination, the signals for the 

methylene protons H2 experience a downfield shift from 4. 63 – 4.90 ppm in the free ligands 

to 5.67 – 5.89 ppm in the platinum complexes (Table 3.9). This effect is more pronounced 

for the platinum dichloride complexes than it is for the analogous palladium complexes. The 

effect on the chemical shifts of the imine protons, on the other hand, is less distinct 

compared to the palladium complexes. For complexes 3.19, 3.20 and 3.23, 3.24, there is a 

downfield shift from 8.89 – 9.05 ppm in the free ligands to 9.01 – 9.20 ppm in the complexes 

indicating that these protons are more deshielded in the platinum complexes than they are 

in the free ligands. This is consistent with the observation made for analogous palladium 

dichloride complexes. In contrast, for complexes 3.21 and 3.22 bearing the furfuryl and 

thionyl groups, the reverse is observed, whereby the imine protons in these complexes are 

more shielded relative to the free ligands. The 1H NMR spectra of these complexes show an 

upfield shift in the signals of the imine protons from 8.98 to 8.90 ppm and 9.01 to 8.98 ppm 

for 3.21 (R = furfuryl) and 3.22 (R = thionyl) respectively. This indicates that for these 

complexes there is greater electron density on the metal centre than there is in complexes 

3.19, 3.20, 3.23 and 3.24, resulting in shielding of the imine protons in 3.21 and 3.22. 

Further confirmation of coordination of the imine moiety to the platinum centre comes from 

the presence of platinum satellites (3JH-Pt ranging from 100.0 Hz to 109.1 Hz) on the imine 

proton signals. While several platinum dichloride complexes of the imine ligands have been 

prepared before,22e,33b  there are only a few reports in the literature with 1H NMR spectral 

data of these complexes, especially the coupling between platinum and the imine protons, 

which bears further testimony to ligand coordination to the metal centre.5  
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As in the palladium complexes, the signals for the imine protons appear as singlets as 

opposed to the doublets observed for the free ligands. The signals for the aromatic protons 

(phenyl, pyridyl, thiophenyl and furfuryl) appear in the expected regions and do not differ 

significantly from their values in free ligands, indicating that these groups are not involved in 

the coordination to the metal centre. 

 
Bidentate coordination of the ligands to the metal centre is confirmed by the 31P NMR 

spectra of the platinum dichloride complexes 3.19 – 3.24 (Table 3.9), which show a 

significant downfield shift of the phosphorus signal from -14.5 – -13.4 ppm in the free ligands 

to 4.29 – 5.87 ppm in the complexes. This observation is consistent with previous reports, 

where the signals for the phosphorus atom in these types of complexes have been reported 

to appear in the range ca. 4 – 11 ppm.4,22e,33b In addition, these signals appear as singlets 

with platinum satellites (1JPPt = 3684 – 3890 Hz), further confirming the coordination of the 

phosphine moiety to the metal centre. The large coupling constants (Figure 3.4) observed 

for these complexes are typical for phosphines coordinated to a platinum centre bearing 

halide ligands.22e,33b,37 The chemical shifts for the phosphorus atoms in complexes 3.19 – 

3.24 are very similar, indicating that the nature of the pendant R group does not influence 

the chemical environment around the metal centre.    

 
Figure 3.4: 31P NMR spectrum of complex 3.22.   

δP: 4.4 ppm (1JPPt = 
3774 Hz) 
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Table 3.9: Characterization data for platinum dichloride complexes 3.19 – 3.24a 
Complex R 

 

Formula νC=N  

(cm
-1

)
b
 

δH (H1)  

(ppm) 

δH(H2)  

(ppm) 

δP  

(ppm) 

[M+H]
+
 (calc) 

m/z
c
 

3.19 Phenyl  C26H22Cl2NPPt 1631 
(1636) 

5.78 (s) 
(4.70) 

9.09 (s, 3JH-Pt = 108.8 
Hz) (9.05) 

4.29 (s, JP-Pt = 3764 Hz) 
(-13.8) 

610.43 
(609.96) 

3.20 4-Tolyl  C27H24Cl2NPPt 1632 
(1635) 

5.67 (s) 
(4.64) 

9.01 (s, 3JH-Pt = 109.1 
Hz) (9.00) 

4.44 (s, JP-Pt = 3890 Hz) 
(-13.6) 

624.84 
(623.99) 

3.21 2-Furfuryl  C24H20Cl2NOPPt 1633 
(1635) 

5.78 (s) 
(4.64) 

8.90 (s, 3JH-Pt = 106.2 
Hz) (8.98) 

5.87 (s, JP-Pt = 3760 Hz) 
(-14.5) 

600.76 
(599.93) 

3.22 2-Thionyl C24H20Cl2NPPtS 1630 
(1634) 

5.89 (s) 
(4.87) 

8.98 (s, 3JH-Pt = 100.0 
Hz) (9.01) 

4.41(s, JP-Pt = 3763 Hz) 
(-14.5) 

616.87 
(615.99) 

3.23 3-Pyridyl  C24H21Cl2N2PPt 1629 
(1634) 

5.81 (s) 
(4.63) 

9.20 (s, 3JH-Pt = 107.6 
Hz) (8.98) 

4.72 (s, JP-Pt = 3726 Hz) 
(-13.4) 

611.03 
(610.95) 

3.24 Mesityl C29H28NPPt 1634 
(1636) 

5.74 (s) 
(4.90) 

9.17 (s, 3JH-Pt = 105.8 
Hz) (8.98) 

5.71 (s, JP-Pt = 3684 Hz) 
(-13.5) 

652.96 
(652.04) 

aLigand data in parenthesis. bIR spectra recorded as KBr pellets. c[M+H]+ represents m/z for the fragment [M-Cl]+ 
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3.2.4.2 FTIR Spectroscopy for 3.19 – 3.24 
 
The most informative peak in the IR spectra of the platinum complexes is the imine 

stretching band, which occurs in the region 1630 – 1634 cm-1. There is a slight shift to lower 

wavenumbers upon coordination to the metal centre (from 1634 – 1636 in the free ligands), 

further confirming the participation of the imine moiety in ligand coordination to the platinum. 

The direction and maginitude of this shift is in agreement with data reported for similar 

complexes.4   

 
3.2.4.3 Mass Spectrometry and Microanalysis for 3.19 – 3.24 
 
Like the palladium complexes reported herein as well as other iminophosphine complexes of 

the transition metals,6 the highest molecular weight fragment recorded in the mass spectra 

is the [M-Cl]+ fragment. Microanalytical data are in good agreement with the proposed 

structures for the complexes. 

 
3.2.5 Synthesis and Characterization of Platinum Butyl Bromide Complexes (3.25 – 

3.26)  
 
To explore the chemistry of iminophosphine complexes of platinum with alkyl ligands, 

platinum butyl bromide complexes were prepared and fully characterized and their 

coordination behaviour studied. The platinum butyl bromide complexes were obtained as 

products in the reaction of [Pt(P^N)Cl2] complexes with BrMg(C4H8)MgBr. The products 

were recrystallized from a THF solution by addition of hexane. The products precipitated out 

as bright yellow or orange solids. 

 
Complex R 

3.25 Phenyl 
3.26 2-furfuryl 

Scheme 3.5: Synthesis of platinum alkyl bromide complexes 3.25 and 3.26. 
 
The majority of P^N platinum alkyl halide complexes reported in the literature are 

[Pt(P^N)(Me)X] complexes where X = Cl, Br or I. The most straight-forward method to 

synthesize these complexes is by the reaction of [Pt(COD)(Me)X] with the appropriate 

ligands to give the desired products.33b,37 A review of the literature shows that, to date, 

analogous complexes bearing longer alkyl chains have not been reported. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 3: Iminophosphine Complexes of Palladium and Platinum 

 

UCT CHEMISTRY  78 

A qualitative comparison of the number of reports on [M(P^N)(Me)X] where M = Pd or Pt 

and X is a halide, shows that there are, by far, more reports on palladium complexes than 

there are on platinum complexes. This could be due to the higher activity and a wider scope 

of application of palladium complexes in catalysis. However, because of the increased 

stability (and hence lower catalytic activity) of platinum complexes, their study can offer 

valuable insight into the nature of transient species in catalytic processes catalyzed by 

analogous palladium complexes.  

 
It has been reported that the direct reaction of [Pt(L2)Cl2], with di-Grignard reagents has the 

drawback of producing a mixture of products containing large quantities of monoalkylated 

complexes.37 In this study, the reaction of the precursor [Pt(P^N)Cl2] gave the monoalkylated 

complexes as the major products (>75%). The rest of the product mixture was composed of 

some platinacyclic complexes as well as unidentified compounds. While the formation of the 

monoalkylated complexes was not unexpected, their being the majority product was 

unexpected. McDermott and co-workers employed the same synthetic procedure for the 

synthesis of [Pt(L2)(C4H8)], where L = PPh3 and L2 = diphosphines. They reported that the 

expected platinacyclopentanes were obtained in yields as high as 62%.38       

 
The expected halide ligand in these complexes would be the chloride ligand. However, the 

bromide could come from the reaction mixture following the hydrolysis of the excess 

Grignard reagent. Halide metathesis reactions such as the one depicted in Scheme 3.5, 

where heavier halides such as iodine replace chlorine in metal complexes are well 

documented and frequently used.39  

 

 
Scheme 3.5: Halide metathesis reaction. 
 
The products were obtained as crystalline solids in good yields (Table 3.11). The complexes 

were characterized by 1H, 13C and 31P spectroscopy as well as mass spectrometry, 

microanalysis and melting points (Tables 3.10 and 3.11) and the data obtained is in 

agreement with the proposed structures.  

 
3.2.5.1 NMR Spectroscopy for complexes 3.25 – 3.26 
 
1H NMR spectra of the complexes show the expected signals indicative of complex 

formation. Upon coordination, the signals for the imine protons appear as a singlet at 8.27 

ppm and 8.39 ppm for 3.26 and 3.25 respectively. This is an upfield shift from 8.98 – 9.05 

ppm observed for the free ligands. As in the other complexes previously discussed, this 
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upfield shift is attributed to the conformational changes that occur in the ligands in order to 

facilitate complex formation. In addition to this upfield shift, further support for coordination 

of the imine functionality to the metal centre comes from the observation of platinum 

satellites (3JHPt = 33.1 – 34.8 Hz) accompanying the signals for the imine protons. As in the 

dichloride complexes, a downfield shift is observed in the signals for the methylene protons 

(N-CH2-R) upon coordination to platinum. These signals appear as broad singlets at 5.79 

ppm and 5.67 for 3.25 and 3.26 respectively. Signals for the same protons appear at 4.65 

ppm for ligand 3.1 and 4.64 ppm for ligand 3.3. The magnitude of this downfield shift is 

comparable to that observed for the dichloride complexes indicating that the chemical 

environment experienced by these particular protons is similar in both types of complexes.  

 
The alkyl protons in the butyl chains appear in the expected aliphatic region (0.44 – 1.37 

ppm). The most deshielded protons are the terminal methyl protons, Hd, whose signals 

appear at 0.58 ppm and 0.44 ppm for 3.25 and 3.26 respectively. As expected, these 

signals appear as triplets with 3JHH = 7.3 Hz. Signals for the methylene protons adjacent to 

the metal centre, Ha, appear as a doublet of triplets at 0.95 ppm for 3.25 and 0.80 ppm for 

3.26. These protons are more upfield than Hb and Hc, whose signals appear in the region 

1.07 – 1.37 ppm, due to the shielding effect of the d-electron on the metal centre. A similar 

shielding effect is observed for the methyl protons (Pd-CH3) in analogous palladium 

chloromethyl complexes, where these protons appear as doublets in the region between 

0.21 ppm and 0.56 ppm (Table 3.6).  

 
The aromatic protons for the ligand backbone as well as the pendant R groups (Ph for 3.25 

and furfuryl for 3.26) appear in the expected regions. The signals for the furfuryl group 

appear in a similar region for both the free ligand (3.3) and the platinum dichloride complex 

(3.26), indicating that, as in the other complexes, this group is not involved in coordination to 

the metal centre.   

 
Further evidence for imine coordination to the metal centre comes from the 13C NMR spectra 

of the complexes, which show signals for the imine protons as doublets coupling to 

phosphorus at 161.4 ppm for 3.25 and 162.2 ppm for 3.26. Signals for the same carbons 

appear at 160.6 ppm and 161.4 ppm for ligands 3.1 and 3.3 respectively. As in the 

palladium chloromethyl complexes, this is a slight upfield shift with respect to the same 

signals in the free ligands. In addition, the difference in the magnitude of the coupling 

constants between the imine carbons and the phosphorus atoms between the free ligands 

and the complexes provides further support for the imine coordination to the platinum. 3JCP 

for the imine carbons in the free ligands is in the range of 22.3 – 23.1 Hz whereas 3JCP in the 

complexes is 4.6 Hz for 3.25 and 4.7 Hz for 3.26.  
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Signals for the methylene carbons (N-CH2-R) appear at 69.0 ppm for 3.25 and 61.3 ppm for 

3.26, a downfield shift from 65.2 ppm (ligand 3.1) and 57.1 ppm (ligand 3.3), lending further 

support to the proposed imine coordination to the metal centre. Signals for the carbons in 

the butyl chains appear in the aliphatic region between 7.4 ppm and 35.1 ppm. The most 

shielded carbon is the one adjacent to the metal centre, which appears as a doublet 

coupling to the phosphorus at 7.4 ppm (2JCP = 3.5 Hz) for complex 3.25 and 7.6 ppm (2JCP = 

3.7 Hz) for complex 3.26. The terminal methyl carbons appear at 13.8 ppm for complex 3.25 

and 13.7 ppm for complex 3.26. The other two methylene carbons (Cb and Cc) appear at 

26.3 ppm and 35.1 ppm for complex 3.25, while they appear at 29.7 ppm and 34.9 ppm for 

complex 3.26 (Figure 3.5).      

 
Figure 3.5: 13C NMR spectrum of complex 3.25 with signals of interest labelled. 
 
Evidence for phosphine coordination to platinum comes from 31P NMR spectra of the 

complexes. The data obtained for these complexes show similar trends to those obtained for 

the other metal complexes previously discussed. There is a downfield shift of the 

phosphorus signals from ca. -14 ppm in the free ligands to ca. 16 ppm in the complexes 

(Table 3.10). These chemical shifts are in the same range as those reported for similar 

methyl halide platinum complexes of iminophosphine ligands.33b Further proof for the 

coordination of the phosphine group to the platinum centre comes from the platinum 

satellites that accompany these signals. Evidence that these are alkyl halide complexes as 

opposed to the metallacycloalkanes that are expected to be the product when platinum 

dichloride precursor complexes react with di-Grignard reagents; comes from the large 

coupling constants observed between platinum and phosphorus atoms. 1JPPt = 5000 for 3.25 

(Figure 3.6) and 1JPPt = 5018 Hz for 3.26. Typically, 1JPPt for platinacycloalkanes or dialkyl 

platinum complexes with phosphine ligands are <2500 Hz33b,40 while those for phosphorus 
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atoms trans to a halide ligand in platinum complexes are large, typically >3000 Hz.33b,37 In 

particular, where the halide ligand is a bromide these coupling constants are ca. 5000 Hz.33b  

 
Figure 3.6: 31P NMR spectrum of complex 3.25. 
 
3.2.5.2 Mass Spectrometry and Microanalysis for 3.25 – 3.26. 
 
Microanalytical data (Table 3.11) obtained for the complexes is in agreement with the 

proposed structures while the highest molecular fragment recorded in the mass spectra is 

the [M-Br]+ fragment (Table 3.10).29,30  

 
3.2.5.3 X-ray Structural Determination for Complex 3.26 
 
Crystals (Figure 3.7) suitable for X-ray analysis were obtained by slow diffusion of hexane 

into a concentrated DCM solution of complex 3.26. The solid-state structure of the complex 

was determined in order to complete the characterization for the complex and to gain further 

insight into the structure of this class of compounds as complexes of this type have not been 

reported and structurally characterized in the literature. Selected structural data are listed in 

Table 3.12. 

 
As in other alkyl halide complexes of the transition metals bearing iminophosphine ligands, 

the phosphine group and butyl chain have a cis arrangement around the metal centre, with 

the bromide ligand found trans to the phosphine group. As expected, the ligand coordinates 

in a bidentate fashion to the metal centre. The complex displays a distorted square planar 

arrangement around the platinum centre. 

δP: 16.1 ppm (1JPPt = 
5000 Hz) 
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Figure 3.7: The ORTEP plot of the molecular structure of 3.26 showing numbering scheme. 
All non-hydrogen atoms are shown as ellipsoids with probability level of 40 %. 
 
The ligand forms a puckered chelate ring with the metal centre, with the =CHC6H4 fragment 

lying above the Pt(P^N)(C4H9)Br plane and the torsion angle Pt(1)-P(1)-C(16)-C(11) being 

33.7(2)°. The bite angles around the metal centre slightly deviate from the expected 90°, 

and this can be attributed to the ring strain imposed by the 6-membered chelate ring N(1)-

Pt(1)-P(1)-C(16)-C(11)-C(10) that is formed upon complex formation. In addition, the ligands 

around the platinum centre have to arrange in such a manner that the relatively large groups 

found around the metal centre are accommodated. This may lead to further deviation from 

the expected 90° angles around the metal centre. The angle N(1)-Pt(1)-Br(1) is 93.82(6)°, 

which is significantly larger than the expected angle. However, this increase is compensated 

for by the reduction of the bite angle C(1)-Pt(1)-Br(1), which is 86.60(6)°. This reduction in 

C(1)-Pt(1)-Br(1) and compensatory increase in N(1)-Pt(1)-Br(1) are commonly observed for 

alkyl halide complexes with iminophosphine ligands.22,24,25 The other two bite angles around 

the platinum centre are close to the expected 90-degree angle with the bite angle C(1)-

Pt(1)-P(1) being 90.66(6)° and N(1)-Pt(1)-P(1) being 89.38(6)°. 
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Table 3.10: Characterization data for platinum butyl bromide complexes 3.25 – 3.26a 

aLigand data in parenthesis. b[M+H] represents m/z for [M-Br]+. 
 

Table 3.11: Isolated yields and melting point data for complexes 3.25 – 3.26 
Complex R Yield Melting Point 

(°C) 

Microanalysis
a
 

C H N 

3.25 Phenyl 69 202 – 203  50.71 (50.64) 4.41 (4.39) 1.96 (1.97) 
3.26 2-Furfuryl 79 193 – 194  47.99 (47.94) 4.20 (4.17) 1.98 (2.00) 

aExpected values in parentheses.  

 

Complex R Formula δH(Pt-CH2-)  

(ppm) 

δH(H1)  

(ppm) 

δH(H2)  

(ppm) 

δC(Pt-CH2-) 

(ppm) 

δC(C1) 

(ppm) 

δC(C2) (ppm) δP  

(ppm) 

[M+H]
+
 

(calc) m/z
b
 

3.25 Phenyl C30H31BrNPPt 0.95 (dt, 3J = 
7.2 Hz, 14.6 

Hz) 

5.79  
(4.67) 

8.39   
(9.05) 

7.4 (d, 2JCP 
= 3.5 Hz)  

69.0 
(65.2) 

161.4(d, 3J =  
4.7 Hz)(160.6) 

16.1 (s, JPPt = 
5000 Hz)(-

13.8) 

632.56 
(631.63) 

3.26 2-Furfuryl C28H29BrNOPPt 0.80 (dt, 3J = 
7.6 Hz, 14.5 

Hz) 

5.67  
(4.65) 

8.27  
(8.98) 

7.6 (d, 2JCP 
= 3.7 Hz)  

61.3 
(57.1) 

162.2(d, 3J = 
4.6 Hz)(161.4) 

16.2 (s, JPPt = 
5018 Hz)(-

14.5) 

622.32 
(621.59) 
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Table 3.12: Selected Bond Ligands (Å) and Angles (°) for 3.26 
Bond Lengths Bond Angles 

Pt(1)-Br(1) 2.5032(3) P(1)-Pt(1)-Br(1) 175.050(18) 

Pt(1)-P(1) 2.1722(6) N(1)-Pt(1)-Br(1) 93.82(6) 

Pt(1)-N(1) 2.150(2) C(1)-Pt(1)-Br(1) 86.60(6) 

Pt(1)-C(1) 2.094(2) N(1)-Pt(1)-P(1) 89.38(6) 

P(1)-C(16) 1.821(3) C(1)-Pt(1)-P(1) 90.66(6) 

C(10)-C(11) 1.462(4) C(1)-Pd(1)-N(1) 173.44(9) 

N(1)-C(10) 1.283(3)   

N(1)-C(5) 1.493(3)   

 
3.3 SUMMARY AND CONCLUSION 
 
A series of bidentate iminophosphine ligands (3.1 – 3.6) were successfully prepared by the 

reaction of 2-diphenylphosphinobenzaldehyde with various primary amines. The ligands 

were fully characterized using spectroscopic and analytical techniques. The ligands were 

obtained in good to excellent yields and were found to be air and moisture stable. These 

ligands were used to prepare pallladium(II) complexes of the types [PdCl2(P^N)] (3.7 – 3.12) 

and [Pd(Me)Cl(P^N)] (3.13 – 3.18), as well as platinum(II) complexes of the types 

[PtCl2(P^N)] (3.19 – 3.24) and [Pt(P^N)(C4H8)Br] (3.25 – 3.26). All complexes were 

characterized as fully as possible using various spectroscopic and analytical techniques. For 

the palladium and platinum dichloride complexes (3.7 – 3.12 and 3.19 – 3.24 respectively), 

full characterization by spectroscopic techniques was limited by the poor solubility of these 

compounds in common organic solvents. All complexes were found to be air and moisture 

stable. 
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CHAPTER 4 
 

PALLADIUM-CATALYZED SUZUKI-MIYAURA COUPLING 
REACTIONS 

 

4.1 INTRODUCTION 
 

ransition metal-catalyzed C-C and C-X (X = heteroatom) bond forming reactions are a 

powerful synthetic tool in organic chemistry. In this regard, palladium complexes form 

some of the most versatile and useful catalysts in these organic transformations. Impressive 

advances have been made in palladium-catalyzed cross-coupling reactions such as the 

Suzuki-Miyaura, Migita-Kosugi-Stille, Buchwald-Hartwig and Mizoroki-Heck reactions in the 

last 20 to 30 years.1-3 These processes have historically been used for the construction of 

carbocycles. However, in recent years interest in their application in the decoration and 

construction of heterocycles has been steadily growing.4 The reason for this interest 

becomes obvious if one takes into account that the majority of drugs and agrochemicals 

contain a heterocyclic unit.1  

 
Interest in palladium chemistry is not limited to academic research. The past few decades 

have witnessed an increase in the number of palladium-catalyzed reactions being performed 

on a kilogram-to-few-hundred kilogram scale in the development of new drug or 

agrochemical candidates in all major agrochemical and pharmaceutical companies.1,5 The 

facile interchange between the two stable oxidation states, PdII and Pd0, and the 

compatibility of many palladium compounds with most functional groups, are mainly 

responsible for the rich chemistry enjoyed by palladium compounds6 which make these 

compounds a suitable tool to couple highly functionalized subunits in the synthesis of 

complex natural products and to perform efficient lead optimization in medicinal chemistry.1 

In recognition of the importance and impact of palladium compounds in organic synthesis, 

the 2010 Nobel prize in chemistry was awarded for palladium-catalyzed cross couplings. 

 
Among the most utilized palladium-catalyzed reactions is the Suzuki-Miyaura carbon-carbon 

coupling reaction between an aryl-(pseudo)halide and a boronic acid for the preparation of 

biaryls; moieties that are found in a wide variety of natural products, chiral reagents, chiral 

phases for chromatography, chiral liquid crystals and pharmaceutical drugs.7    

 
The most common Suzuki-Miyaura catalysts currently in use are based on phosphine 

complexes with strong P-donors, owing to the stability displayed by these complexes as well 

as the comparative ease with which their properties can be modified. The accepted 

mechanism of the C-C coupling reaction (Figure 4.1) begins with the oxidative addition of an 

T 
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aryl halide to an initial Pd0 species (I) generating a PdII intermediate (II). This is followed by a 

metathetic exchange between this PdII intermediate and the base (step b), resulting in 

intermediate (III). This intermediate then undergoes transmetallation (step c) with borane 

reactants in the presence of base to form the bi-aryl intermediate IV. The product is released 

by reductive elimination (step d) from the bi-aryl PdII species regenerating the active Pd0 

species.8,9  

 
Figure 4.1: Suzuki-Miyaura mechanism. NaOH is used as an example of a typical base. 
 
The rate-limiting steps are typically the oxidative addition10 or the transmetalation.11 As such, 

a precatalyst such as Pd(PPh3)4, would need to enter the catalytic cycle through two 

successive ligand dissociations to give the 14-electron catalytically active complex 

Pd0(PPh3)2. Such low-valent, low-coordinate palladium complexes are known to be 

extremely unstable and their formation is energetically unfavourable. One of the main 

challenges facing these catalyst systems is therefore the facile decomposition and 

deactivation of such complexes, which can lead to poor catalyst performance9 thereby 

making the use of high Pd loadings (2 to 12 mol%) necessary.3,12-17 It is therefore desirable 

to design catalysts that are both chemically stable and catalytically active. One way of 

achieving this is through the use of hemilabile supporting ligands. 

 
The concept of hemilability was introduced in the 1970’s by Rauchfuss18,19 to describe 

multidentate ligands that ‘would bind well enough to the metal centre to allow isolation of the 

complex, but would readily dissociate the hard donor component thus generating a vacant 
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site for substrate binding’.20 This is a particularly desirable characteristic for complexes 

which might have application in catalysis, and since the majority of metals used in such 

systems are middle or late transition metals, it is usually the soft donor atom which is 

continually bound to the metal centre.21 An important property of these ligands is that they 

can stabilize metal ions in a variety of oxidation states and geometries, which normally form 

during the catalytic cycle.18 In addition, the hard donor sites are weakly coordinated to the 

soft metal centre, and can be easily dissociated in solution, affording a vacant site whenever 

demanded, whereas the chelate effect confers stability to the catalyst precursor in the 

absence of substrate18 thereby preventing catalyst decomposition/deactivation. 

 
Over the past few decades, interest in metal complexes of these types of ligands, which are 

essentially functionalized phosphine ligands, and their role in catalysis has been steadily 

growing as the different features associated with each donor atom confer unique properties 

to their metal complexes.21-24 Unlike homo-donor chelate ligands, hetero-donor ligands have 

a distinct trans effect which can play a role in controlling the selectivity/activity, especially in 

co- and/or homo-polymerization processes.25 The syntheses and reactivity/catalytic activity 

of complexes bearing hemilabile ligands of the type P^N18,26 and P^O27 have been widely 

reported.  

 
Significant developments in the chemistry of functionalized phosphine ligands continue to 

play a crucial role in understanding how these versatile ligands coordinate to metal centres, 

how they influence metal reactivity and their application in homogeneous catalysis.28 Of the 

heterodentate ligands, those bearing phosphorus and nitrogen as their donor atoms have 

emerged as an important class of ligands.23 The π-acceptor ability of the phosphine can 

stabilize a metal centre in a low oxidation state, while the nitrogen σ-donor ability makes the 

metal centre more susceptible to oxidative addition reactions. This electronic asymmetry can 

also be used to optimize a ligand for a particular reaction by appropriate choice of the 

properties of the donor atoms. For example, binding the phosphorus atom directly to a more 

electronegative atom such as oxygen or nitrogen23,29 will reduce its electron donating 

capability while also enhancing its π-acceptor capacity. On the other hand, the presence of 

an imino rather than amino group will result in a nitrogen donor atom of greater δ-donating 

capabilities.23,30 Moreover, these types of ligands allow modulation of the steric crowding 

around the metal centre through the simple variation of the substituents on the imine and 

phosphine groups.31 Recent years have seen an increase in the amount of research on the 

synthesis and application of iminophosphine complexes as catalysts for coupling reactions 

and it has been found that these complexes show great promise.17,32-37 
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This chapter describes the application of palladium complexes with hemilabile 

iminophosphine ligands as pre-catalysts in Suzuki-Miyaura coupling reactions. The effect of 

such factors as the choice of solvent and base as well as different substituents on both the 

aryl halides and the arylboronic acids is presented. The bidentate iminophoshine ligand 

system used in this study was chosen based on several advantages that such ligands offer. 

These include: 1) their ability to improve the thermal stability of their metal complexes.38 2) 

their ability to stabilize complexes in a variety of oxidation states and geometries that can 

form during the catalytic cycle.18 3) their hemilabile nature, which would aid in creating 

vacant sites on the metal centre,20 allowing easy access to reactants, while 4) helping 

reduce catalyst deactivation/decomposition.20,21 

 
4.2 RESULTS AND DISCUSSION 
 

Complexes 3.8 – 3.10 and 3.16 (Figure 4.2) were tested for catalytic activity in Suzuki-

Miyaura coupling reactions. Complex 3.10 was used in preliminary testing to optimize 

reaction conditions (temperature, nature of base, solvent type and catalyst loading). The 

coupling of bromobenzene and phenylboronic acid was chosen as the model reaction and all 

reactions were carried out under aerobic conditions. Secondly, complexes 3.8, 3.9, 3.10 and 

3.16 were evaluated for activity in Suzuki-Miyaura coupling reactions to test the effect of 

palladium precursor (3.8 and 3.16) and substituents (3.8, 3.9 and 3.10) that may influence 

the second coordination sphere of the metal centre. 

 

 
3.8 

 
3.9 

 
3.10 

 
3.16 

Figure 4.2: Complexes tested for catalytic activity in Suzuki-Miyaura Coupling reactions. 
 
Complex 3.10 was found to be active and full conversion was observed to occur within three 

hours of reaction under optimized reaction conditions. As a result, the reactions were carried 

out for a period of 3 h, except in cases where conversion was not observed or was found to 

be very low in the given period. In such cases the reactions were carried out over a period of 

24 h. The molar ratio of bromobenzene : phenylboronic acid : base used was 1.0 : 1.5 : 2.0 

for all reactions. The results of these optimization reactions are presented in Table 4.1. 
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4.2.1 Optimization of Reaction Conditions 
 
4.2.1.1 Effect of Temperature 
 
The reaction was carried out in toluene at 85 °C, 100 °C, 110 °C and 140 °C. The amount of 

catalyst used was 0.1 mol% and K2CO3 was used as base. Complex 3.10 is active even at 

temperatures as low as 85 °C (entry 1, Table 4.1), with almost complete conversion (94%) 

being obtained in 3 h. Increasing the temperature to 100 °C (entry 2, Table 4.1) results in an 

increase in reaction rate, and 92% conversion is reached in 1 h (compared to 77% obtained 

after 1 h at 85 °C) and 97% conversion at the end of 3 h. Increasing the temperature beyond 

100 °C (entries 3 and 4, Table 4.1) does not have a significant beneficial effect on catalyst 

performance, although complete conversion is reached within 2.5 h at 140 °C. At 110 °C, 

90% and 98% conversion were reached within 1 h and 3 h respectively. In all cases, most of 

the conversion occurs in the first hour of the reaction, with ≥90% conversion being reached 

within an hour at 100 °C and 110 °C (Figure 4.3). Based on the results obtained from the 

temperature study, all subsequent reactions were carried out at 100 °C. 

 

 
Figure 4.3: Effect of temperature on the production of biphenyl under different temperature 
conditions with complex 3.10 as catalyst. 
 
4.2.1.2 Catalyst Loading 
 
Entries 1, 5 and 6 in Table 4.1 show the effect of catalyst loading on the performance of 

complex 3.10. The best performance is obtained when 0.1 mol% Pd is used. When 0.1 

mol% of pre-catalyst is used, 92% conversion is reached within the first hour of the reaction 

while 87% and 69% conversions are reached in the same amount of time when 1.0 mol% 

and 5.0 mol%, respectively, are used. Conversion stabilizes at ca. 70% when 5.0 mol% 

percent of catalyst is used while almost complete conversion (97%) is achieved using 0.1 

mol% of catalyst (Figure 4.4).  
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Figure 4.4: Effect of catalyst loading on the production of biphenyl with complex as catalyst 
3.10. 
 
Increasing catalyst loading to 1.0 and 5.0 mol% Pd (entries 5 and 6, Table 4.1) results in 

catalyst decomposition (shown by formation of palladium black in the reaction mixture) within 

the first five minutes and one minute, respectively. This observation is in agreement with 

those by de Vries,39 Rothenberg40,41 and others,43,44 that only homeopathic amounts of 

palladium (typically 0.001 - 0.01 mol%) are needed for cross-coupling reactions. This is 

attributed to the fact that once palladium has been reduced to Pd(0), it tends to form 

nanoclusters, which have low stability. These clusters eventually aggregate to form 

palladium black. Therefore, lowering palladium concentration in the reaction mixture favours 

oxidative addition of the aryl bromide to the Pd(0) species over cluster formation and 

subsequent catalyst deactivation.39a This result is of particular importance because the use 

of low catalyst loading is beneficial only when high reaction rates accompanied by almost 

complete conversions are observed. Otherwise expensive and time-consuming procedures 

for product separation and purification would be necessary, negating the beneficial effects of 

using low catalyst loading. 

 
4.2.1.3 Effect of Base 
 
Entries 2 and 7 – 11 in Table 4.1 highlight the effect of various bases on the catalytic 

performance of complex 3.10. K2CO3, the relatively cheap and easy to handle base chosen 

for the preliminary investigations, turned out to be one of the most efficient, along with KOH 

(entry 7), Cs2CO3 (entry 10, Table 4.1) and NaOH (entry 11, Table 4.1), which gave 

conversions in excess of 96% in 3 h or less. When these bases were used, conversions in 

excess of 80% were obtained as early in the reaction as 40 minutes, with 91% conversion 

being reached in this time when Cs2CO3 was used as base.  
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In contrast, the organic base, NaOAc (entry 8, Table 4.1) as well as Na2CO3 (entry 9, Table 

4.1) performed poorly, with only 42% and 29% conversion, respectively, obtained after 24 h 

of reaction. Interestingly, comparing entries 2 and 9, a ‘potassium effect’34 becomes evident. 

It seems that the cation plays an important role in determining the efficiency of the base to 

activate the boronic acid as previously reported.34,44-46  

 

 
Figure 4.5: Effect of base on the production of biphenyl with complex 3.10 as catalyst. 
 
4.2.1.4 Choice of Solvent 
 
Polar aprotic solvents like THF, DMF and dioxane are often used for coupling reactions as 

they allow for the best solubility of both the substrates and the catalysts used. As a result, 

high conversions with high selectivities (depending on the choice of ligand) can be obtained 

under mild conditions. A study of solvent effects on the activity of complex 3.10 revealed that 

while the reaction proceeds well in toluene (entry 2, Table 4.1) and 1,4-dioxane (entry 12, 

Table 4.1), catalytic performance is greatly affected in DMF and even more so in acetonitrile 

(entries 13 and 14, Table 4.1). Scrivanti and co-workers34 reported that no catalytic activity 

was observed when they used the heterodonor P^O complex [PdCl2{8-(di-

tertbutylphosphinooxy)quinoline)}] as a pre-catalyst for Suzuki- Miyaura coupling in DMF. 

They attributed the lack of catalytic activity in this solvent to a possible mechanism whereby 

these solvents could activate a process such as ligand hydrolysis leading to catalyst 

decomposition.  

 
Since in our case catalytic activity is just slowed down and not completely suppressed, this 

mode of catalyst deactivation is not operative. A possible explanation could be that, since 

both acetonitrile and DMF are basic solvents with N-donor atoms, they could compete with 

the imine moiety of the ligand in coordinating to the palladium centre and the resultant 

complexes could be less active than the iminophosphine complex. This possibility is further 

supported by the fact that in DMF, which is less basic than acetonitrile due to conjugation, 
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and therefore has a lower coordination ability, the reaction proceeds to almost complete 

conversion (94% after 24 h), whereas in acetonitrile only 54% conversion is obtained in the 

same period. The reaction in 1,4-dioxane proceeds at a much faster rate than it does in DMF 

and the same logic can be applied to explain this. Since the oxygen donor atoms in dioxane 

are a harder base than the nitrogen donor atom in DMF, this solvent is less likely to 

coordinate to the palladium centre and therefore it is less likely to interfere with catalyst 

performance.  

 
Nobre and Monteiro32 reported the use of Pd(OAc)2 in combination with iminophosphine 

ligands (2-diphenylphosphino-benzylidene)-2-methylpropan-2-amine or (2-

diphenylphosphino-benzylidene)-2,6-diisopropylaniline as catalysts for the coupling of 

phenylboronic acid and 4-bromotoluene. They also observed that for this catalyst system, 

dioxane and toluene were the best solvents (with 72% conversion being obtained for both 

solvents at 50 °C and 1 mol% Pd). Poor results were obtained when acetonitrile was used.32 

The graph in Figure 4.6 shows that toluene performed consistently better than the other 

solvents. However at the end of 3 h the same conversions were obtained for both toluene 

and 1,4-Dioxane.  

 
The activity of complex 3.10 compares generally favourably with other hetero-donor 

palladium complexes reported for Suzuki-Miyaura coupling17,32,34,35 with lower catalyst 

loading and shorter reaction times required, while high reaction rates are maintained. 

 

 
Figure 4.6: Solvent effects on the production of biphenyl using 10. 
 
4.2.1.5 Mercury Poisoning Test 
 
To determine whether the catalytic species is the molecular iminophosphine palladium 

complex or nanoparticles (colloids or nanoclusters), a mercury poisoning test was carried out 

by adding mercury to the reaction mixture before catalytic testing was performed. Mercury is 
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known to form an amalgam with Pd(0) species, blocking active sites on catalytically active 

nanoparticles. 

  
The results from the mercury test (entry 15, Table 4.1, Figure 4.7) show an almost complete 

suppression of catalytic activity in the presence of mercury, indicating that the probability of 

the actual active species in these reactions being a form of palladium nanoparticles (colloids, 

nanoclusters, etc) cannot be excluded. It should be noted, however, that not only colloidal 

Pd(0) but also molecular Pd(0) complexes have been reported to be destroyed by elemental 

mercury.47,48 The results obtained from these tests show that the iminophosphine ligands 

used in this study are capable of stabilizing the active catalyst. 

 

 
Figure 4.7: Effect of mercury poisoning on biphenyl production using 10 as catalyst. 
 
4.2.2 Choice of Arylhalides and Phenylboronic Acids 
 
An investigation into the effect of the use of different aryl halides and substituted 

phenylboronic acids as substrates on the production of biphenyls under the optimized 

conditions determined in the preliminary study for 3.10 (0.1 mol% Pd, K2CO3, toluene, 100 

°C) was carried out. The results from these tests are presented in Table 4.2.  

 
In palladium-catalyzed coupling reactions, oxidative addition to a Pd(0) species is often the 

rate-determining step in the catalytic cycle,8 and the relative reactivity decreases in the order 

of I > OTf > Br >> Cl because of the different C-X dissociation energies, (e.g. C-I 240 kJ/mol 

to C-Cl 339 kJ/mol). However, for some catalyst systems, a reversal of reactivity between 

aryl bromides and aryl iodides has been reported, and in these cases, transmetalation of the 

PdII-X species is the rate-determining step. Smith and co-workers7j carried out mechanistic 

studies of the Suzuki coupling in the production of the drug trityl losartan, an angiotensin II 

receptor antagonist used for the treatment of high blood pressure, in which they determined 
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that the rate-determining step depends on the identity of the aryl halide. They found that 

when using aryl bromide, oxidative addition was rate-determining since the coupling rate 

was strongly dependent on the concentration of the catalyst and the aryl bromide but 

independent of the aryl boronic acid.  

 
Table 4.1: Influence of temperature, base, solvent and catalyst loading on the activity of 
3.10a 

 
Entry mol% Pd Conditions Time (h) Solvent Base %Conversion

b
 

1 0.1 85 °C 3 Toluene K2CO3 94 

2 0.1 100 °C 3 Toluene K2CO3 97 

3 0.1 110 °C 3 Toluene K2CO3 98 

4 0.1 140 °C 2.5 Toluene K2CO3 100e 

5 1.0 100 °C 3 Toluene K2CO3 91 

6 5.0 100 °C 3 Toluene K2CO3 72 

7 0.1 100 °C 1.5 Toluene KOH 98 

8 0.1 100 °C 24 Toluene NaOAc 42 

9 0.1 100 °C 24 Toluene Na2CO3 29 

10 0.1 100 °C 1.5 Toluene Cs2CO3 98 

11 0.1 100 °C 1.5 Toluene NaOH 95 

12 0.1 100 °C 3 1,4-Dioxane K2CO3 97 

13 0.1 100 °C 24 DMF K2CO3 95c 

14 0.1 100 °C 24 Acetonitrile K2CO3 52 

15
d
 0.1 100 °C 24 Toluene K2CO3, 4 

aConditions: Solvent (15 ml), aryl halide (5.0 mmol), phenylboronic acid (7.5 mmol), base (10.0 mmol). bDetermined by GC with 
n-decane as internal standard.c38% conversion observed after 3h. d0.1 mol% Hg with respect to bromobenzene. eReaction 
done in a sealed tube. 
 
In contrast, when aryl iodide was used as substrate, the coupling rate was found to be 

proportional to the concentration of the catalyst and the aryl boronic acid but independent of 

the concentration of iodotoluene, i.e., the transmetalation was rate-determining. This 

observation has been attributed to the strength of the PdII-X bond in the products of the 

oxidative addition step,49-51 and was supported by density functional theory calculations for 

the Stille cross-coupling reaction, which showed that the overall activation barriers for the 

transmetalation process increase in the order: X = Cl < Br < I.49  
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Comparing the efficiency of the different aryl halides as substrates in the current study 

reveals that the best results are obtained when bromobenzene is used (entry 3, Table 4.2, 

Figure 4.8) and the poorest results are obtained when chlorobenzene is used as substrate 

(entry 2, Table 4.2). Although a slower reaction rate (compared to bromobenzene) is 

observed when iodobenzene is used as the substrate (entry 1, Table 4.2), the reaction 

proceeds almost to completion after 24 h (97%). 

 

 
Figure 4.8: Effect of choice of aryl halides on biphenyl production with complex 3.10 as 
complex. 
 
Complex 3.10 is tolerant of both electron-withdrawing and electron-donating groups on the 

aryl bromide. The best results were obtained when highly electron-deficient aryl bromides 

such as 2-bromobenzonitrile (entry 6, Table 4.2) and 4-bromobenzaldehyde (entry 4, Table 

4.2) were used. 100% conversion was reached within 50 minutes for both substrates. Using 

relatively electron-rich aryl bromides slows down the rate of reaction (entries 5 and 7, Table 

4.2), with the worst results (80% conversion after 24 h) obtained when 4-bromobenzyl 

bromide was used as substrate (entry 5, Table 4.2).  
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Figure 4.9: Effect of substituents on bromobenzene on catalytic performance of complex 3.10. 

 
Figure 4.10: Effect of choice of boronic acids on catalytic performance of complex 3.10. 
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Table 4.2: Suzuki-Miyaura coupling of various aryl halides with phenylboronic acids complex 
3.10a 

 
Entry Ar-X Ar’-B(OH)2 mol% Pd Time %Conversion

b
 

1 

  

0.1 3 h 66c 

2 

  

0.1 24 h 27 

3 

  

0.1 3 h 97 

4 

 
 

0.1 50 min 100 

5 

  

0.1 24 h 80 

6 

 

 

0.1 50 min 100 

7 

  

0.1 2h 100 

8 

 

 

0.1 24 h 19 

9 

 
 

0.1 2 h 92 

10 

 
 

0.1 1.5 h 100 

11 

 
 

0.1 24 h 15 

12 

  

0.1 24 h 6 

13 

 

 

0.1 24 h 63 

aConditions: Solvent (15 ml), aryl halide (5.0 mmol), phenylboronic acid (7.5 mmol), base (10.0 mmol). bDetermined by GC with 
n-decane as internal standard. c97% conversion observed after 24 h. 
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The complex also shows tolerance for electron withdrawing and electron donating 

substituents on phenylboronic acid. Good conversions were obtained in cases where 3-

chloro- and 3-methoxy-substituted phenylboronic acids were used. In the case where 2-

methoxyphenylboronic acid was used, only moderate conversion was obtained, and this 

could be due to steric effects which could come into play due to the close proximity of the 

methoxy group to the boronic acid moiety. Very little conversion was obtained when 3,4-

(methylenedioxy)phenylboronic acid was used, with only 15% conversion being observed 

after 24 hr. 3-thiopheneboronic acid was also used as substrate and only 6 % conversion to 

the desired product was obtained after 24 h, possibly due to poisoning of the active catalytic 

species by substrates with donor sites. 

 
4.2.3 Catalytic Activity of Complexes 3.8, 3.9, 3.10 and 3.16 
 
A comparative study of catalytic activity involving complexes 3.8, 3.9, 3.10 and 3.16 was 

carried out to determine the effects of palladium precursor as well as ligand substituents 

using conditions optimized for 3.10. Comparing the results obtained for 3.10 and 3.16 

(entries 3 and 4, Table 4.3) it is observed that the methyl chloride complex is slightly more 

active than its dichloride counterpart. Under the same reaction conditions 100% conversion 

is reached within 90 minutes with the methyl chloride complex (3.16) while only 84% 

conversion is achieved with the dichloride complex (3.10) in 90 minutes and 97% conversion 

is achieved after 3 h. Furthermore, comparing the results obtained for 3.8, 3.9 and 3.10 

(entries 1 – 3, Table 4.3) it is seen that having a ligand bearing a weakly coordinating donor 

atom in the second coordination sphere of the metal centre has a beneficial influence on the 

catalytic activity of the complex. Of the three complexes, complex 3.9, bearing the furfuryl 

substituent gave the best results, with 90% and 100% conversion being obtained in 10 min 

and 30 min respectively (Figure 4.10). Complexes 3.8 and 3.16, on the other hand, gave 

98% and 96% conversion, respectively in 30 min. In all cases, good turn over numbers 

(>840 mol/mol Pd) and turn over frequencies (>1680 mol/mol Pd/h), based on aryl bromide 

conversion, were observed. 
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Table 4.3: Catalytic activity of complexes 3.8 – 3.10, and 3.16 for the coupling of 
bromobenzene and phenylboronic acida 

 
Entry Catalyst  R mol% Pd %Conversion

b
 TON

f,h
 TOF

g,h
 

1 3.8 4-Tolyl 0.1 98c 980 1960 

2 3.9 2-Furfuryl 0.1 100 1000 2000 

3 3.10 2-Thionyl 0.1 84d 840 1680 

4 3.16 2-Thionyl 0.1 96e 960 1920 
aConditions: Solvent (10 ml), aryl halide (5.0 mmol), phenylboronic acid (7.5 mmol), base (10.0 mmol), 0.1 mol% Pd, time (30 
minutes). bDetermined by GC with n-decane as internal standard. c100% conversion obtained after 40 minutes. d97% 
conversion obtained after 3 h. e100% conversion obtained after 1.5 h. fTON: mol of aryl bromide converted/mol catalyst. gTOF: 
mol of aryl bromide converted/mol catalyst per hour. hTON and TOF values at 30 minutes of reaction. 
 

 
Figure 4.11: Comparison of catalytic activities of 3.8 – 3.10 and 3.16. 
 

4.3 SUMMARY AND CONCLUSIONS 
 
A selection of palladium dichloride and palladium methylchloride complexes based on 

iminophosphine ligands (Chapter 3) was tested for activity in Suzuki-Miyaura coupling 

reactions. An extensive study on the scope of these complexes was performed and they 

were found to be compatible with a wide range of reaction conditions as well as functional 

groups on both the aryl halides and the arylboronic acids. The results show that for these 

iminophosphine complexes, low catalyst loadings are required while high conversions and 

short reaction times are maintained. In addition, having a substituent bearing a donor atom 

on the imine moiety was found to enhance catalytic activity. Palladium methyl chloride 

complexes were found to be more active than their palladium dichloride counterparts. A 
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distinct halide effect was observed, whereby there was a reversal in reactivity pattern 

between bromobenzene and iodobenzene. 
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CHAPTER 5 
 

SYNTHESIS, DECOMPOSITION AND DFT STUDIES OF 
PLATINACYCLOALKANES 

 

5.1 INTRODUCTION  
 

eterocyclic compounds have played a major role in the development of organic 

chemistry.1 Heterocycles containing a transition metal, in particular, are an important 

class of compounds, which have been shown to be either cataysts2 or key intermediates in 

catalytic transformations of unsaturated compounds such as olefins3 and acetylenes.4 

Metallacyclobutanes, for example, have been shown to be key intermediates in olefin 

metathesis reactions catalyzed by metal carbenes.5 The good selectivity for high-value α-

olefins such as 1-butene, 1-hexene and 1-octene displayed by ethylene oligomerization 

catalysts based on chromium complexes has been attributed to the involvement of 

metallacyclo-pentanes, -heptanes and –nonanes as key catalytic intermediates (Scheme 

5.1).6-8 As such, metallacycles have achieved a trifecta in terms of selective α-olefin 

production; all three of the highest volume  and highest value co-monomers (i.e. 1-butene, 1-

hexene, and 1-octene) can be made selectively through this route. Thus, from their origins in 

fundamental chemistry, metallacyclic complexes have become extremely important 

intermediates in large-scale industrial chemistry.9  

 
In these ethylene oligomerization systems, the metallacyclic mechanism has been favoured 

over the Cossee-Arlman mechanism to explain the product distribution observed for the late 

transition metal catalysts such as those based on nickel and palladium. This is because a 

Cossee-type mechanism offers no reasonable explanation for the high selectivity for C6 

and/or C8 α-olefins. Production of higher linear α-olefins (up to C30) has also been proposed 

to proceed via an extended metallacycloalkane mechanism.8g The preparation of tantalum 

and titanium metallacycles by the reaction of precursor complexes with ethylene and other 

simple olefins reported by Shrock10 and Whitesides11 (Scheme 5.2) ultimately paved the way 

for the development of a catalytic process for ethylene dimerization and oligomerization. The 

nature of supporting ligands in these complexes plays an important role in the stability as 

well as the reactivity of the complexes. As a result, these ligands have important implications 

on the reactivity and catalytic activity of the resulting complexes.12,13 For instance, while 

palladium complexes with phosphine ligands have been successfully applied in ethylene 

oligomerization and polymerization, complexes with N-heterocyclic carbene ligands (NHC’s) 

have not found such widespread use. It has been postulated that this is due to the 

H 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 5: Platinacycloalkanes 

 

UCT CHEMISTRY  109 

propensity of metal alkyl complexes of NHC’s to decompose via alkyl-imidazolium reductive 

elimination.12 

 
Scheme 5.1: A generalized mechanism for α-olefin production via metallacyclic 
intermediates. 
 

 
Scheme 5.2: Preparation of tantalacyclopentanes and titanacyclopentanes. 
 
Several metallacyclopentane complexes containing platinum,14 palladium15 and nickel16 have 

previously been prepared and characterized by spectroscopic and X-ray analysis. 

Decomposition studies of a range of platinacycloalkanes by Whitesides and co-workers 

revealed that the major products in each case are α-olefins. The reaction is believed to occur 

via sequential process involving β-hydride elimination to generate a metal-hydride species, 

and reductive elimination (Scheme 5.3).9 Because the metal-hydride species is short-lived, it 

is expected that little or no isomerisation of the α-olefin product should occur.9 Whitesides’ 

studies also showed that metallacyclopentanes are markedly more stable thermally than 

analogous metallacycloheptanes.11,14 This was thought to be due to the constrained 

geometry of the metallacyclopentanes, which hinders or might even prevent β-hydride 

elimination. Similar observations have been made with chromacyclopentanes and 

chromacycloheptanes.17 However, the precise mechanism for the decomposition reaction of 

metallacyclopentanes has not been conclusively determined. Studies on platinum complexes 

indicate that although the elimination of a metal hydride is an important, albeit not 
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necessarily the rate-determining step in the thermal decomposition of dialkylplatinum(II) 

complexes and larger platinacycles, other mechanisms such as 3,5-hydrogen transfer9 and 

intermolecular hydrogen transfer18 might be involved in the decomposition of 

platinacyclopentanes. However, details of these alternative mechanisms have not been 

investigated for platinacyclopentanes. Theoretical studies with titanium complexes suggest 

that despite the challenges presented by constrained geometry of metallacyclopentanes, the 

step-wise β-hydride elimination/reductive elimination process is still the most likely 

decomposition pathway for these complexes.19  

 

 
Scheme 5.3: Decomposition platinacyclopentanes. 
 
Due to increased stability of platinacycloalkanes relative to other metallacycloalkanes, their 

study can offer valuable insight into the nature of transient species in catalytic processes 

such as ethylene oligomerization, that are proposed to involve metallacycloalkanes as key 

intermediates. This chapter describes the synthesis and characterization of 

platinacyclopentanes [Pt(P^N)(C4H8)] and platinacycloheptanes [Pt(P^N)(C6H12)] bearing 

iminophosphine ligands that were described in Chapter 3. Thermal decomposition studies 

were carried out on these complexes. In addition, density functional calculations were 

carried out to study the β-hydride elimination/reductive elimination reaction sequence for the 

decomposition of platinacyclopentanes.  

 
5.2 RESULTS AND DISCUSSION 
 
5.2.1 Synthesis and Characterization of Platinacycloalkanes (5.1 – 5.12) 
 
The reaction of [Pt(COD)Cl2] with the appropriate di-Grignard reagent in THF gave 

[Pt(COD)(CH2)n], n = 4, 6. The platinacycloalkanes were prepared by displacement of the 

labile 1,5-cyclooctadienyl ligand from [Pt(COD)(C4H8)] complexes (Scheme 5.4 (a)) or 

[Pt(COD)(C6H12)] complexes (Scheme 5.4 (b)) by the appropriate iminophosphine ligands to 

give the desired complexes. The products were obtained as yellow or orange solids (5.1 – 

5.6) or orange oils (5.7 – 5.12). All complexes were obtained as air stable materials in 

moderate to good yields (Table 5.1). 
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Complex R Complex R 

5.1 Phenyl 5.4 2-Thionyl 

5.2 4-tolyl 5.5 3-pyridyl 

5.3 2-furfuryl 5.6 Mesityl 

(a)  

 

Complex R Complex R 

5.7 Phenyl 5.10 2-Thionyl 

5.8 4-tolyl 5.11 3-pyridyl 

5.9 2-furfuryl 5.12 Mesityl 

(b) 

Scheme 5.4: (a) Synthesis of platinacyclopentanes 5.1 – 5.6. (b) Synthesis of 
platinacycloheptanes 5.7 – 5.12. 
 
The complexes were characterized by 1H, 13C and 31P NMR spectroscopy as well as mass 

spectrometry, microanalysis and melting points (for 5.1 – 5.6) (Tables 5.1 – 5.5). The data 

obtained for the compounds are in agreement with the proposed structures for the 

complexes. In addition, conclusive structural characterization of complex 5.1 was obtained 

from X-ray diffraction analysis (see section 5.2.1.4). 

 
5.2.1.1 NMR Spectroscopy for Platinacycloalkanes 5.1 – 5.12 
 
1H NMR spectra of the platinacycloalkanes show the expected signals indicative of complex 

formation. Coordination of the iminophosphine ligands to the metal centre was shown by an 

upfield shift of the imine protons (H2 in Scheme 5.4) signals, indicating participation of the 

imine moiety in coordination to the metal centre. These signals appear in the range of 8.98 - 

9.05 ppm in the free ligands, whereas in the platinacycloalkane complexes they appear in 

the range of 8.13 – 8.43 ppm. The observed upfield shift is attributed to back-bonding from 

the platinum centre to the imine bond. In addition, these signals appear as singlets, in 

contrast to the doublets observed for free ligands. This has been attributed to a 
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conformational change that occurs in the ligand in order to facilitate coordination.20 

Furthermore, these signals have platinum satellites with coupling constants in the range of 
3JHPt = 31.8 – 37.1 Hz accompanying them (Tables 5.2 and 5.4), which further supports 

coordination of imine moiety of the ligands to the metal centre. 

 
Table 5.1: Isolated yields and melting point data for complexes 5.1 – 5.12. 

Complex R Yield Melting Point  Microanalysis
a
 

   (°C) C H N 

5.1 Phenyl 83 164 – 167  56.91 

(57.14) 

4.83 (4.80) 2.12 (2.22) 

5.2 4-Tolyl 76 142 – 143   57.79 

(57.76) 

5.03 (5.00) 2.15 (2.17) 

5.3 2-Furfuryl 87 146 – 148  54.41 

(54.19) 

4.82 (4.55) 2.36 (2.26) 

5.4 2-Thionyl 81 127 – 129  53.01 

(52.82) 

4.41 (4.43) 2.17 (2.20) 

5.5 3-Pyridyl 76 139 - 142 55.20 

(55.15) 

4.67 (4.63) 4.39 (4.44) 

5.6 Mesityl 85 172 -175  58.97 

(58.92) 

5.30 (5.39) 2.08 (2.01) 

5.7 Phenyl 73 oil 58.37 

(58.35) 

5.19 (5.20) 2.11 (2.13) 

5.8 4-Tolyl 68 oil 58.95 

(58.92) 

5.40 (5.39) 2.06 (2.08) 

5.9 2-Furfuryl 77 oil 55.36 

(55.55) 

5.00 (4.97) 2.15 (2.16) 

5.10 2-Thionyl 71 oil 54.23 

(54.21) 

4.84 (4.85) 2.09 (2.11) 

5.11 3-Pyridyl 65 oil 56.51 

(56.44) 

5.05 (5.04) 4.24 (4.25) 

5.12 Mesityl 60 oil 60.01 

(59.99) 

5.75 (5.75) 2.00 (1.99) 

aExpected values in parentheses. 
 
As in other iminophosphine complexes discussed in Chapter 3, a downfield shift from 4.64 – 

4.87 ppm in the free ligands to 5.25 – 5.77 ppm in the platinacycles is observed in the 

signals for the methylene protons (N-CH2-R). This is due to the deshielding that occurs for 

these protons upon coordination of the adjacent imine group to platinum. The magnitude of 

this downfield shift is comparable to that observed for the platinum bromobutyl and platinum 

dichloride complexes discussed in sections 3.2.4 and 3.2.5, indicating that the chemical 
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environment experienced by these methylene protons is similar in these three types of 

complexes. In contrast, a less pronounced deshielding effect is experienced by these 

protons in the palladium complexes discussed in Chapter 3. As in the case of imine protons, 

the methylene protons (N-CH2-R) for complexes 5.1 – 5.12 also show platinum satellites 

(3JHPt = 15.1 – 17.0 Hz).  

 
In addition to these ligand signals, the signals in the aliphatic region of the 1H NMR spectra, 

due to the methylene protons in the carbocyclic rings of the metallacycles appear as 

multiplets in the region 0.72 – 1.91 ppm. The signals of methylene protons adjacent to the 

metal centre (Pt-CH2-) appear in the region 0.72-1.01 ppm, and they are, in most cases, 

more shielded compared to the rest of the carbocyclic methylene protons. This shielding is 

due to the d-electrons on the metal centre. A similar effect was observed for the bromobutyl 

complexes 3.25 and 3.26 discussed in Chapter 3. The aromatic protons for the ligand 

backbone as well as the pendant R groups appear in the expected regions. As with the 

complexes discussed in Chapter 3, the signals for the furfuryl and thionyl protons in the 

platinacycloalkanes appear in a similar region as in the free ligands, indicating lack of 

participation of these pendant groups in metal coordination.   

 
13C NMR spectroscopy provided additional evidence for the formation of desired 

platinacycloalkanes. Upon coordination to the metal centre, the signals for the imine carbons   

show a slight downfield shift from 160.3 – 161.4 ppm in the free ligands  to 161.6 – 163.4 

ppm in the platinacycles. As in other iminophosphine complexes, these signals appear as 

doublets, although the magnitude of the coupling constants is smaller compared to the free 

ligands. 3JCP is in the range 4.3 – 6.0 Hz for the platinacycles (Tables 5.3 and 5.5)   

compared to 21.1 – 23.4 Hz observed for the free ligands (Table 3.2). The chemical shifts 

and coupling constants for imine carbons in the platinacycles are comparable to those of the 

platinum dichloride and bromobutyl complexes. 

 
A more pronounced downfield shift (of up to 9.1 ppm) is observed for the methylene carbons 

(N-CH2-R) upon coordination. Signals for these carbons appear at 57.0 – 65.1 ppm in the 

free ligands and at 60.9 – 68.8 ppm in the platinacycloalkanes. Signals for the carbon atoms 

in the carbocycle part of the platinacycloalkanes are observed between 14.9 and 36.1 ppm 

in the aliphatic region. The carbon atoms adjacent the metal centre (Pt-CH2-) appear as 

doublets, due to coupling with the phosphorus atom in the iminophosphine ligand.  

 
Due to the different ligand directing effects of phosphorus and nitrogen donor ligands, the 

methylene carbons adjacent the metal centre have distinct chemical shifts and coupling 

constants (2JCP) to the phosphorus atoms in the coordinated ligands. The most shielded 
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carbons are Cd (for the platinacyclopentanes 5.1 – 5.6) and Cf (for the platinacycloheptanes 

5.7 – 5.12), which are cis to the phosphine group. Signals for these atoms appear as 

doublets at 14.9 – 17.3 ppm with 2JCP = 2.6 – 3.3 Hz. These values (for the chemical shifts 

and coupling constants) are similar to those observed for Ca in the bromobutyl complexes 

3.25 and 3.26. In these types of complexes, as well as similar palladium complexes, the 

preferred orientation of the ligand is such that the alkyl group is cis to the phosphine group 

and the halide ligand is trans to the phosphine.21 In contrast, signals for the methylene 

carbons trans to the phosphine group (Ca) are the most deshielded, appearing as doublets 

at 32.7 – 36.1 ppm. Moreover, coupling constants 2JCP for these carbons range from 4.0 – 

6.2 Hz, roughly double the values observed for the carbons cis to the phosphine group. 

Signals for the other methylene carbons in the metallacycles appear as singlets in the 

expected region.  

 
31P NMR of the platinacycloalkanes further confirmed coordination of the phosphine groups 

to the metal centre. There is a downfield shift in the phosphorus signals from ca. -14 ppm in 

the free ligands to 25.0 – 27.1 ppm in the complexes (Tables 5.3 and 5.5). Further proof for 

the coordination of the phosphine group to the platinum centre comes from the platinum 

satellites that accompany these signals (1JPPt = 1843 – 2066 Hz). The magnitude of the 

coupling constants 1JPPt for these signals is in the same range as those reported for 

platinacyclopentanes, platinum bis(akenyl) and platinum bis(alkyl) complexes with phosphine 

ligands reported by Moss and co-workers.22   

 
Figure 5.1: 31P NMR spectrum of complex 5.1. 

δP: 25.0 ppm,  
1
JPPt = 1917 Hz 
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Table 5.2: IR and 1H NMR data for complexes 5.1 – 5.6 

aLigand data in parentheses. bRecorded as KBr pellets. 
 
 
 
 
 
 
 
 
 

Complex 

 

R Formula νC=N  

(cm
-1

)
a,b

 

δH(Ha+Hd)  

(ppm) 

δH(H1)  

(ppm)
a
 

δH(H2)  

(ppm)
a
 

5.1 Phenyl C30H30NPPt 1631  

(1636) 

0.79 – 0.84 (m) 5.50 (s, 3JHPt = 16.4 

Hz) (4.67) 

8.18 (s, 3JHPt = 35.1 Hz) 

(9.05) 

5.2 4-Tolyl C31H32NPPt 1634  

(1635) 

0.87 – 1.01 (m) 5.25 (s, 3JHPt = 15.8 

Hz) (4.64) 

8.17 (s, 3JHPt = 34.8 Hz) 

(9.00) 

5.3 2-Furfuryl C28H28NOPPt 1630  

(1635) 

0.86 – 0.88 (m) 5.49 (s, 3JHPt = 15.1 

Hz) (4.65) 

 8.15 (s, JHPt = 35.0 Hz) 

(8.98) 

5.4 2-Thionyl C28H28NPSPt 1630  

(1634) 

0.80 – 0.83 (m) 5.70 (s, 3JHPt = 16.4 

Hz) (4.86) 

8.21 (s, 3JHPt = 36.4 Hz) 

(9.01) 

5.5 3-Pyridyl C29H29N2PPt 1633  

(1634) 

0.89 – 0.93 (m) 5.69 (s, 3JHPt = 16.0 

Hz) (4.67) 

8.43 (s, 3JHPt = 35.7 Hz) 

(8.98) 

5.6 Mesityl C33H36NPPt 1635  

(1636) 

0.81 – 0.92 (m) 5.27 (s, 3JHPt = 17.0 

Hz) (4.90) 

8.20 (s, 3JHPt = 35.4 Hz) 

(8.98) 
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Table 5.3: 13C, 13P and Mass Spectral data for complexes 5.1 – 5.6    

aLigand data in parenthesis. 
 
 
 
 
 
 
 
 
 

Complex R Formula δC(Cd)  

(ppm) 

δC(Ca)  

(ppm) 

δC(C1)  

(ppm)
a
 

δC(C2)  

(ppm)
a
 

δP  

(ppm)
a
 

[M+H]
+
 

(calc) m/z 

5.1 Phenyl C30H30NPPt 15.8 (d, 2JCP =  

2.9 Hz) 

33.9 (d; 2JCP =  

5.7 Hz) 

68.8  

(65.1) 

162.0 (d, 3JCP = 5.5 Hz) 

(160.6) 

25.0 (s, JPPt = 1917 Hz) 

(-13.8) 

631.18 

(630.62) 

5.2 4-Tolyl C31H32NPPt 16.1 (d, 2JCP =  

3.1 Hz) 

33.1 (d; 2JCP =  

6.0 Hz) 

67.9 

(60.9) 

162.2 (d, 3JCP = 5.1 Hz) 

(161.3)  

26.2 (s, JPPt = 1920 Hz) 

(-13.6) 

645.20 

(644.64) 

5.3 2-Furfuryl C28H28NOPPt 15.8 (d, 2JCP =  

2.8 Hz) 

33.9 (d, 2JCP =  

5.8 Hz) 

60.9 

(57.0) 

161.6 (d, 3JCP = 5.2 Hz) 

(161.4) 

25.3 (s, JPPt = 1904 Hz) 

(-14.5) 

621.17 

(620.58) 

5.4 2-Thionyl C28H28NPPtS 15.9 (d, 2JCP =  

3.0 Hz) 

36.1 (d, 2JCP =  

5.9 Hz) 

61.4 

(59.9) 

162.4 (d, 3JCP = 4.3 Hz) 

(160.8) 

25.7 (s, JPPt = 2066 Hz) 

(-14.5) 

637.13 

(636.65) 

5.5 3-Pyridyl C29H29N2PPt 16.0 (d, 2JCP =  

2.8 Hz) 

34.1 (d, 2JCP =  

5.7 Hz) 

64.4 

(62.3) 

162.1 (d, 3JCP = 5.3 Hz) 

(161.3) 

25.7 (s, JPPt = 1886 Hz) 

(-13.4) 

632.27 

(631.61) 

5.6 Mesityl C33H36NPPt 15.8 (d, 2JCP =  

3.0 Hz) 

32.7 (d, 2JCP =  

5.9 Hz) 

66.7 

(57.6) 

161.9 (d, 3JCP = 5.3 Hz) 

(158.9) 

26.7 (s, JPPt = 1843 Hz) 

(-13.5) 

673.69 

(672.70) 
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Table 5.4: IR and 1H NMR data for complexes 5.7 – 5.12 

aLigand data in parentheses. bRecorded as KBr pellets. 
 
 
 
 
 
 
 
 
 

Complex R Formula νC=N  

(cm
-1

)
a,b

 

δH(Ha+Hf)  

(ppm) 

δH(H1)  

(ppm)
a
 

δH(H2)  

(ppm)
a
 

5.7 Phenyl C32H34NPPt 1635  

(1636) 

0.74 – 0.76 (m) 5.38 (2H, s, 3JHPt= 16.8 Hz) 

(4.67) 

8.33 (s, 1H, 3JHPt= 34.7 Hz)  

(9.05) 

5.8 4-Tolyl C33H36NPPt 1635  

(1635) 

0.76 – 0.89 (m) 5.45 (s, 2H, 3JHPt = 16.0 Hz) 

(4.64) 

8.13 (s, 1H, 3JHPt = 33.0 Hz)  

(9.00) 

5.9 2-Furfuryl C30H32NOPPt 1632  

(1635) 

0.72 – 0.75 (m) 5.77 (s, 2H, 3JHPt = 15.7 Hz) 

(4.65) 

8.16 (s, 2H, 3JHPt = 31.8 Hz)  

(8.98) 

5.10 2-Thionyl C30H32NPPtS 1631  

(1634) 

0.76 – 0.80 (m) 5.50 (2H, s, 3JHPt = 16.1 Hz) 

(4.86) 

8.17 (1H, s, 3JHPt = 33.8 Hz) 

(9.01) 

5.11 3-Pyridyl C31H33N2PPt 1634  

(1634) 

0.76 – 0.81 (m) 5.38 (s, 2H, 3JHPt = 15.9 Hz) 

(4.67) 

8.41 (1H, s, 3JHPt = 37.1 Hz)  

(8.98) 

5.12 Mesityl C35H40NPPt 1634  

(1636) 

0.79 – 0.93 (m) 5.53 (2H, s, 3JHPt = 16.4 Hz) 

(4.90) 

8.17 (s, 1H, 3JHPt = 35.0 Hz)  

(8.98) 
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Table 5.5: 13C, 13P and Mass Spectral data for complexes 5.7 – 5.12 

aLigand data in parentheses.  
 

Complex R Formula δC(Cf)  
(ppm) 

δC(Ca)  
(ppm) 

δC(C1)  
(ppm)

a
 

δC(C2)  
(ppm)

a
 

δP  
(ppm)

a
 

[M+H]
+
 

(calc) m/z 

5.7 Phenyl C32H34NPPt 14.9 (d,         
2
JCP = 3.0 Hz) 

34.2 (d,         
2
JCP = 5.0 Hz) 

65.4 

(65.1) 

162.7 (d, 3JCP = 5.5 Hz) 

(160.6) 

26.8 (s, JPPt = 1802 Hz) 

(-13.8) 

659.34 

(658.67) 

5.8 4-Tolyl C33H36NPPt 17.3 (d,         
2
JCP = 3.1 Hz) 

34.7 (d,         
2
JCP = 6.0 Hz) 

64.9 

(60.9) 

162.2 (d, 3JCP = 5.1 Hz) 

(161.3)  

25.9 (s, JPPt = 1954 Hz) 

(-13.6) 

671.63 

(672.70) 

5.9 2-Furfuryl C30H32NOPPt 15.1 (d,         
2
JCP = 2.8 Hz) 

33.7 (d,        
2
JCP = 4.9 Hz) 

63.5 

(57.0) 

162.6 (d, 3JCP = 5.4 Hz) 

(161.4) 

26.4 (s, JPPt = 1860 Hz) 

(-14.5) 

649.69 

(648.63) 

5.10 2-Thionyl C30H32NPPtS 17.1 (d,         
2
JCP = 2.9 Hz) 

34.1 (d,         
2
JCP = 6.0 Hz) 

63.9 

(59.9) 

163.0 (d, 3JCP = 5.1 Hz) 

(160.8) 

27.1 (s, JPPt = 1830 Hz) 

(-14.5) 

665.59 

(664.70) 

5.11 3-Pyridyl C31H33N2PPt 16.8 (d,         
2
JCP = 3.3 Hz) 

33.5 (d,         
2
JCP = 5.6 Hz) 

67.2 

(62.3) 

161.9 (d, 3JCP = 6.0 Hz) 

(161.3) 

26.6 (s, JPPt = 1835 Hz) 

(-13.4) 

660.61 

(659.66) 

5.12 Mesityl C35H40NPPt 16.7 (d,         
2
JCP = 2.6 Hz) 

33.3 (d,         
2
JCP = 6.2 Hz) 

65.9 

(57.6) 

163.4 (d, 3JCP = 5.1 Hz) 

(158.9) 

26.7 (s, JPPt = 1863 Hz) 

(-13.5) 

701.53 

(700.25) 
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5.2.1.2 FTIR Spectroscopy for 5.1 – 5.12 
 
The most informative peak in the IR spectra of the platinacycles is the imine stretching band, 

which occurs in the region 1630 – 1635 cm-1. There is a slight shift to lower wavenumbers 

upon coordination to the metal centre (from 1634 – 1636 cm-1 in the free ligands), further 

confirming the participation of the imine moiety in ligand coordination to the platinum. The 

direction and magnitude of this shift is in agreement with data reported for other 

iminophosphine complexes of the transition metals.23 

 
5.2.1.3 Mass Spectrometry and Microanalysis for 5.1 – 5.12 
 
Microanalytical and mass spectral data were obtained for the complexes and are presented 

in Tables 5.3 and 5.5. The microanalytical data obtained were consistent with the molecular 

compositions of the proposed structures of the platinacycloalkane complexes. Mass spectral 

data showed [M+H]+ as the highest molecular weight fragments. In addition, mass spectra 

showed fragments corresponding to the loss of the carbocyclic fragments of the 

platinacycles [M-(CH2)n]+ (where n = 4 or 6). 

 
5.2.1.4 X-ray Structure Determination for Complex 5.1 
 
Crystals suitable for X-ray analysis were obtained by slow diffusion of hexane into a 

concentrated solution of complex 5.1 in DCM. The solid-state structure of the complex was 

determined in order to complete the characterization for the complex and to gain further 

insight into the structure of this class of compounds as platinacycloalkanes based on 

iminophosphine ligands have not been reported in the literature. Selected structural data are 

listed in Table 5.6. 
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Figure 5.2: The ORTEP plot of the molecular structure of 5.1 showing numbering scheme. 
All non-hydrogen atoms are shown as ellipsoids with probability level of 30 %. 
 

The X-ray crystal structure of platinacyclopentane 5.1 confirmed the bidentate coordination 

of the iminophosphine ligand to the metal centre. Because of the ring strain imposed by both 

the chelate ring N(1)-Pt(1)-P(1)-C(18)-C(13)-C(12) and the metallacycle Pt(1)-C(1)-C(2)-

C(3)-C(4), the complex displays a distorted square planar geometry around the metal centre.  

The iminophosphine ligand forms a puckered chelate ring with platinum, with the fragment 

=CHC6H4 lying above the Pt(P^N)(C4H8) plane and the torsion angle Pt(1)-P(1)-C(18)-

C(13) being 33.6(4)°. The torsion angle Pt(1)-C(1)-C(2)-C(3) is 41.3 (5)°. The bite angles 

around platinum deviate from the expected 90° angles and this can be attributed to the ring 

strain imposed by the two ring systems around the metal centre. The bite angles N(1)-Pt(1)-

P(1) and C(4)-Pt(1)-C(1) are 88.18(11)° and 84.6(2)°, respectively. These values are 

significantly smaller than the expected 90° for square planar complexes. However, this 

reduction is accompanied by a compensatory increase in the other two angles around the 

platinum atom. C(4)-Pt(1)-P(1) and N(1)-Pt(1)-C(1) are 94.98(15)° and 92.2(2)°, 

respectively. Grubbs and co-workers24 also observed a similar reduction in the bite angle 

between platinum and the carbon atoms and a compensatory increase in the bite angle 

between the metal centre and the phosphorus atoms in the metallacycle for the 

platinacyclopentane [Pt(PPh3)3(C4H8)]. In this complex, the bite angle C(37)-Pt(1)-C(40) was 

found to be 80.9(8)° while P(1)-Pt(1)-P(2) was found to be 98.8(2)° (Figure  5.3). These 

values deviate quite significantly from the expected 90° angles for the complex reported by 
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Grubbs compared to complex 5.1. This can be attributed to the large cone angles for the two 

triphenylphosphine ligands, which results in a significantly larger than average P(1)-Pt(1)-

P(1) angle and a significantly smaller than average C(37)-Pt(1)-C(40) bite angle. In addition, 

the bidentate nature of the ligand system in complex 5.1 restricts the degree of freedom in 

the complex, making the larger deviations observed in the monodentate complex 

[Pt(PPh3)3(C4H8)] energetically unfavourable. 

 
Table 5.6: Selected Bond Lengths (Å) and Angles (°) for 5.1 

Bond Lengths Bond Angles 

Pt(1)-C(1) 2.148(5) C(4)-Pt(1)-N(1) 176.77(18) 

Pt(1)-C(4) 2.052(5) N(1)-Pt(1)-C(1) 92.2(2) 

Pt(1)-N(1) 2.118(4) C(4)-Pt(1)-C(1) 84.6(2) 

Pt(1)-P(1) 2.2440(12) C(4)-Pt(1)-P(1) 94.98(15) 

P(1)-C(18) 1.831(5) C(1)-Pt(1)-P(1) 176.78(14) 

C(12)-C(13) 1.469(7) N(1)-Pt(1)-P(1) 88.18(11) 

N(1)-C(12) 1.281(6)   

N(1)-C(5) 1.487(6)   

 
A comparison of key bond lengths between complex 5.1 and [Pt(PPh3)2(C4H8)] (Figure 

5.3(a)) as well as platinacyclic and bisalkenyl complexes, with monodentate and chelating 

phosphine ligands which were reported by Moss and co-workers,22,25 reveals important 

differences between these complexes and the iminophosphine complex, 5.1. Due to the 

different trans effects of phosphine and imine donor groups, the bond lengths Pt(1)-C(1) and 

Pt(1)-C(4) are different. As expected, Pt(1)-C(1), which is trans to the phosphine group is 

slightly longer than Pt(1)-C(4), which is trans to the imine moiety. Pt(1)-C(1) and  Pt(1)-C(4) 

are 2.148(5)Å and 2.052(5)Å, respectively. In contrast, the Pt-C bonds in Grubbs’ and Moss’ 

complexes are similar. For example, the bond lengths Pt(1)-C(37) and Pt(1)-C(40) in 

Grubbs’ complex are 2.12(2) Å and 2.05(2) Å, respectively. Analogous bonds in the 

platinacycloheptene [Pt(PPh3)2(C6H10)] reported by Moss22a are 2.136(3) Å and 2.115 (3)Å 

for Pt(1)-C(1) and Pt(1)-C(6), respectively (Figure 5.3(b)). 
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(a)                                                                (b) 

Figure 5.3: (a) ORTEP stereoscopic drawing of a single molecule of [Pt(PPh3)2(C4H8)] with 
all hydrogen atoms omitted, 20% probability ellipsoids.24 (b) Molecular structure of 
[Pt(PPh3)2(C6H10)].22a 
 
5.2.2 Thermal Decomposition of Platinacycloalkanes 5.1 – 5.12  
 
Decomposition products were analyzed by GC-MS. Products were identified by comparison 

of retention times to those of authentic commercial samples as well as fragmentation 

patterns obtained from MSD identification. Yields were determined by response relative to 

an internal standard (n-decane). Response factors were obtained from authentic samples. 

 

Scheme 5.5: Decomposition of complexes 5.1 – 5.6 where n = 4,6, and m = 1,3.  
 
5.2.2.1 Effect of Temperature on Product Distribution 
 
One of the aims in this study was to determine the optimal temperature at which selective 

formation of α-olefins occurs for the metallacycoalkanes studied. The effect of temperature 

on the decomposition of 5.1 was studied by monitoring the change in the 31P NMR spectra of 

the complex throughout the decomposition process. The results from this study were used to 

determine the amount of time it takes for complete decomposition of 5.1 at each 

temperature. In addition, the NMR study was used in an attempt to shed some light on the 

nature of the platinum-containing fragment after decomposition. Thus far, this fragment has 

been referred to as the “Pt(0) species”14b in the literature. 
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(a) 

(b) 

 
(c) 

Figure 5.4: 31P NMR spectra of complex 5.1 during heating at 140 °C, (a) t0h, (b) t11h, (c) t27h. 
 
Figure 5.4 above shows 31P NMR spectra of 5.1 during heating at 140 °C. The spectra show 

a gradual decrease in the intensity of the signal at 25.0 ppm (1JPPt = 1917 Hz), which is due 

to the platinacyclopentane 5.1. The decrease is accompanied by appearance and gradual 

δP = 25.0 ppm, 
JPPt = 1917 Hz 

δP = 26.1 ppm, 
JPPt = 2198 Hz 

δP = 25.0 ppm, 
JPPt = 1917 Hz 

δP = 26.1 ppm, 
JPPt = 2198 Hz 
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increase of a new signal at 26.1 ppm (1JPPt = 2198Hz). Only two signals are observed in the 
31P NMR spectra during the heating process at all temperatures. This result reveals two 

observations. The first is that only one phosphorus-containing compound is formed upon 

decomposition of 5.1. Secondly, the phosphorus-containing compound is also a platinum 

complex, as evidenced by the presence of platinum satellites accompanying the new signal. 

 
The magnitude of the coupling constant between the platinum and phosphorus atoms also 

reveals something about the nature of the platinum fragment formed in this reaction. In 

decomposition reactions of platinacycloalkanes performed in halogenated solvents such as 

dichloromethane, cycloalkanes are obtained as a major component of the organic product 

mixture. In addition, the platinum-containing product has been suggested to be L2PtX2 (L = 

ligand, X = halogen). The reaction in these processes is presumed to proceed via the 

following sequence: 1) Oxidative addition of the C-X bond in the solvent to the metal centre 

giving a Pt(IV) metallacyclic intermediate. 2) Reductive elimination of the cycloalkane, giving 

L2PtX2 as the metal-containing fragment (Scheme 5.6).26  

 
Scheme 5.6: Decomposition of platinacycloalkanes in halogenated solvents. 
 
This route is not available for the decomposition of 5.1 as the solvent used in this case is 

non-halogenated. The small magnitude of the coupling constant for the new signal at 26.1 

ppm therefore confirms that the metal-containing fragment does not contain any halide 

ligands. 1JPPt values for platinum complexes containing halide ligands are typically large 

(>3000 Hz).27  

 
After determining the time required for complete decomposition of 5.1 at each temperature, 

the reactions were scaled up (1.5 cm3 solutions) to determine the hydrocarbon product 

distribution. The organic products were analyzed by GC-MS. The results (Table 5.7) show 

that the temperature at which the decomposition reaction is carried out has a significant 

influence on the hydrocarbon distribution obtained. The rate of reaction is significantly higher 

at elevated temperatures as expected. However, the drawback is that isomerisation and 

hydrogenation to internal olefins and n-alkanes is also prevalent. Decreasing the 
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temperature from 170 °C to 120 °C resulted in an increase in the relative amount of 1-butene 

from 67% to 91%. Further lowering the temperature to 100 °C, however, resulted in no 

decomposition occurring, reflecting the stability of platinacyclopentanes.14a   

 
Comparing the results obtained under solvent free conditions (Entry 5, Table 5.7) and in 

toluene (Entry 4, Table 5.7) shows that the product distribution obtained under the different 

conditions is similar. Under solvent free conditions the amount of n-butane obtained is 

slightly lower than that obtained in solution. These results indicate that the solvent could act 

as a hydrogen donor via C-H activation in the formation of saturated hydrocarbons from the 

decomposition reaction. Formation of n-butane from the decomposition of 5.1 under solvent-

free conditions, however, indicates that solvent is not the only available source of hydrogen 

atoms in this process. It is also possible that the hydrogen atoms could come from the C-H 

activation of coordinated ligands as has been proposed by Whitesides,18 or platinum hydride 

species that may form as intermediates or products in the reaction.  

 
Table 5.7: Thermal decomposition of complex 5.1.a  

Entry Temp. (°C) Solvent Time (h) 1-butene 2-butenes Butane 

1 100 Toluene 120 0 0 0 

2 120 Toluene 90 91 8 1 

3 140 Toluene 27 81 17 2 

4 170 Toluene 6 67 22 11 

5 170 - 6 67 26 7 
aReactions done in triplicate. Error: ± 1%. 
 
5.2.2.2 Effect of Time on Product Distribution for 5.1 
 
A time dependence study in which the relative amounts of hydrocarbons products obtained 

from the decomposition of 5.1 were compared over time was carried out. The reactions were 

carried out at 170 °C for two reasons: 1) The rate of decomposition is higher at higher 

temperatures, therefore appearance of products should be fast. 2) Effect of time on product 

isomerisation and/or hydrogenation should be detected early. The reaction was followed by 

monitoring the amounts of 1-butene, 2-butene and n-butane using GC-MS. The results 

(Figure 5.5) show that the absolute amount of 1-butene obtained increased over time. 

However, with prolonged heating, the relative amount of 1-butene decreased from 90% after 

1 h to 67% after 6 h, and the relative amounts of 2-butenes and n-butane increased. These 

results further confirm that the primary products in the thermal decomposition of 

platinacycloalkanes are α-olefins as has been previously reported. Isomerisation and 

hydrogenation to internal olefins and saturated hydrocarbons are secondary processes. After 
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complete decomposition, the major product was found to be 1-butene, indicating that these 

secondary reactions occur at a slower rate than the production of 1-butene. 

 

 
Figure 5.5: Product composition (%) for the thermal decomposition of 5.1 over time.         
 
5.1.1.1 Kinetic Studies of Thermal Decomposition of 5.1 and 5.7 
 
Knowledge of reaction kinetics is an important component in investigating reaction 

mechanisms. A number of different analytical techniques can be employed to investigate 

kinetic behaviour for a given reaction. Spectroscopic tools are particularly useful because, in 

addition to reaction rates, they can provide structural information of what is going on in the 

reaction at a molecular level.28 The kinetics of thermal decomposition of complexes 5.1 and 

5.7 were followed using two procedures. In the first procedure, samples were taken 

periodically, cooled in liquid nitrogen and GC-MS analysis of the volatiles in solution was 

performed. Results were obtained by following the total concentration of the hydrocarbon 

products relative to that of the internal standard (n-decane). In the second procedure, 

appearance of the new peak at ~26 ppm and the disappearance of the original peak at ~25 

ppm in the 31P NMR spectra measured for the reactions were monitored.  The results 

obtained with these two methods were indistinguishable within experimental error. Kinetic 

data was collected for the decomposition of 5.1 and 5.7 at 140 °C and at 170 °C.  

 
The decomposition reactions were found to follow first-order kinetics for approximately the 

first 30% to one half-life of the decomposition reaction for both complexes. Beyond this point, 

the reaction kinetics showed deviations from first order behaviour, indicating increasing 

involvement of products in the reaction mechanism, most likely the platinum-containing 

fragment as well as the occurrence of secondary reactions such as isomerisation and 

hydrogenation. The analysis presented herein is based on the results obtained over the first 

half life of the decomposition reaction. Rate constants derived from the initial linear regions 
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of the decomposition curves were calculated according to Equation 5.1 and are presented in 

Table 5.8. 

                                                            ln(at/a0) = -kt                                          (Equation 5.1) 

Where a = [Complex 5.1] or [Complex 5.7] 

 
Table 5.8: Rate constants for the thermal decomposition of 5.1 and 5.7 in toluene 

Complex Rate Constant (s
-1

)
a
 Rate (M

-1
.s

-1
)
b
 

 140 °C 170 °C 140 °C 170 °C 

5.1 2.90 x 10-5 
(0.104 h-1) 

1.50 x 10-4        
(0.525 h-1) 

4.31 x 10-7   
(1.55 x 10-3) 

2.02 x 10-6       
(7.27 x 10-3) 

5.7 9.00 x 10-5 
(0.324 h-1) 

4.37 x 10-4          
(1.58 h-1) 

1.23 x 10-6   
(4.44 x 10-3) 

6.06 x 10-6       
(2.18 x 10-2) 

aRate constants in h-1 in parenthesis. bReaction rates in M-1.h-1 in parenthesis. 
 
Figure 5.6 shows plots of kinetic data of the decomposition reaction obtained for 5.1 at 140 

°C and 170 °C, while Figure 5.7 shows plots of data obtained for the thermal decomposition 

of 5.7. As expected, the rate of decomposition at 170 °C is greater than at 140 °C for both 

complexes. 31P NMR data show that at 140 °C complete decomposition takes 29 h for 5.1 

and 10 h for 5.7. At 170 °C complete decomposition takes only 7 h for 5.1 and 2.5 h for 5.7. 

The rate constants for decomposition of 5.1 and 5.7 at 140 °C are 0.104 h-1 and 0.324 h-1, 

respectively. At 170 °C the rate constant for the decomposition of 5.1 is 0.525 h-1, while the 

rate constant for the decomposition of 5.7 is one order of magnitude higher (1.58 h-1). The 

decomposition of complex 5.7 (a seven-membered ring) was faster than that of 5.1 at both 

temperatures under investigation.14b    

 
           (a)              

(b) 

Figure 5.6: Speciation (a) and first order (b) plots for the thermal decomposition of complex 
5.1 at 140 °C and 170 °C. 
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        (a) 

 
    (b) 

Figure 5.7: Speciation (a) and first order (b) plots for the thermal decomposition of complex 
5.7 at 140 °C and 170 °C. 
 
5.2.2.3 Thermal Decomposition of Complexes 5.2 – 5.12  
 
Decomposition of the rest of the platinacycloalkane complexes in this study was carried out 

under the following conditions:  140 °C, toluene, 27 h. Results of these reactions are 

presented in Table 5.9. These conditions were selected because, from the temperature 

study with 5.1, it was observed that doing the reaction at 140 °C results in good selectivity 

for 1-butene (~80%). Secondly, whether or not the reaction is done in solution does not 

seem to significantly affect selectivity for 1-butene. Finally, doing the reaction under the 

same conditions would allow for direct comparison of results between complexes.   

 
Thermal decomposition of platinacyclopentanes 5.1 – 5.6 (Entries 1 – 6, Table 5.9) shows 

that similar hydrocarbon product profiles are obtained from the decomposition of these 

complexes. The nature of the pendant R-group on the imine moiety of the ligand does not 

seem to have a significant impact on the outcome of the decomposition reaction. A similar 

observation is made with the platinacycloheptanes 5.7 – 5.12. However, a closer look at 

entries 3, 4, 9 and 10 (which contain furfuryl and thionyl groups on the methylene carbon 

adjacent to the imine functionality) reveals a greater degree of secondary reactions for these 

complexes. This might indicate that the R-group on the imine moiety is involved in the 

decomposition and isomerisation reactions. A more noticeable effect is that of the size of the 

metallacycle ring.  It appears that the larger the ring size the greater the propensity for 

isomerization and hydrogenation. This can be attributed to the fact that, under the same 

reaction conditions, larger metallacycloalkane complexes will decompose faster than their 

smaller ring counterparts. This would therefore allow for secondary processes, i.e. 

isomerisation and hydrogenation, to occur to a larger extent for the larger metallcycles. 
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 Table 5.9: Thermal decomposition of complexes 5.1 – 5.12.a 
Entry Complex n R α-olefin Internal olefins

b
 n-alkanes 

1 5.1 4 Phenyl 81 17 2 

2 5.2 4 4-Tolyl 85 11 4 

3 5.3 4 2-Furfuryl 71 20 9 

4 5.4 4 2-Thionyl 76 13 11 

5 5.5 4 3-Pyridyl 80 13 7 

6 5.6 4 Mesityl 84 11 5 

7 5.7 6 Phenyl 50 33 17 

8 5.8 6 4-Tolyl 63 27 10 

9 5.9 6 2-Furfuryl 56 29 15 

10 5.10 6 2-Thionyl 54 35 11 

11 5.11 6 3-Pyridyl 52 28 20 

12 5.12 6 Mesityl 58 20 22 
aReaction conditions: 0.02M in toluene, 140 °C, 27 h. bMixture of cis and trans internal olefins. 
 
5.3 DFT INVESTIGATION INTO THE MECHANISM OF THERMAL DECOMPOSITION OF 

PLATINACYCLOPENTANES 
 
Studies on the decomposition behaviour of organometallic compounds are fundamental to 

the development of organometallic chemistry and provide a better understanding of the role 

of organometallic complexes in synthesis and catalysis.16 Research in coordination and 

organometallic chemistry supported by theoretical studies has, in the past two decades, 

provided much insight into the mechanism of catalytic processes involving M-C and M-H 

bonds.29 Thermolysis and decomposition reactions of metallacyclic complexes have been 

used to model catalytic cycles.30 Several researchers have studied the thermal 

decomposition of metallacycloalkanes and attempts have been made to establish the 

mechanisms involved in these reactions. However, the mechanism of the thermal 

decomposition of platinacyclopentanes has not been fully explored. The products from the 

thermal decomposition of platinacycloalkanes in this study, as well as studies by other 

researchers, are a mixture of α-olefins and other hydrocarbons whose formation can be 

rationalized by the widely accepted β-elimination/reductive elimination reaction sequence. 

These products suggest that formation of a hydridoalkenyl metal complex from which 

reductive elimination of the α-olefin can occur is an important step. However, it is widely 

accepted that metallacyclopentanes and other small-ring metallacycloalkanes lack the 

degree of conformational flexibility required to engage in transannular β-hydrogen agostic 

interactions that are a prerequisite to the formation of this transition state.30 This is especially 

true for square planar complexes such as those of platinum and palladium. In this section, 
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an attempt was made to decipher the structural properties of the proposed intermediates and 

possible transition state structures in the β-elimination/reductive elimination mechanism 

using density functional methods. The role played by the supporting ligand in this reaction 

was also explored.  

 
5.3.1 Selection of Method 
 
Geometry optimization of complex 5.1 was performed using the Gaussian 09 programme. 

Calculations were carried out with the B3LYP density functional level of theory combined 

with two different basis sets: Pt was described with the pseudo-potential LANL2DZ, in which 

an effective core potential was used to describe the inner electrons. For all other elements, 

the 6-31+G (d,p) basis set was used. The results obtained were compared with the 

crystallographic data for 5.1 and were found to be an accurate match. The differences in 

bond lengths were found to be within 0.01 Å and bond angles within 0.2°. The observed 

differences can be ascribed to packing effects in the crystal structure. A comparison of 

selected data obtained experimentally and from the geometry optimization is presented in 

Table 5.10. To reduce computational costs, simplified model complexes, 5.13A and 5.13B, 

were used to explore the mechanism of thermal decomposition for platinacyclopentane 

complexes. In the model complexes, phenyl groups on the phosphine moiety as well as the 

pendant group on the imine moiety were replaced with H-atoms. The rigid benzene ring 

connecting the imine and phosphine functionalities was replaced with a HC=CH fragment.    

Full geometry optimizations were carried out for the starting structures, all intermediates and 

products. Frequency calculations were performed to identify all the stationary points as 

minima (zero imaginary frequency) or transition states (only one imaginary frequency). 

Transition state structures were further characterized by following the corresponding normal 

mode (intrinsic reaction coordinate calculations) toward each product and reactant. 
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Table 5.10: Calculated and experimental data on selected bond lengths and bond angles for 
complex 5.1. 

 Experimental B3LYP
a
 

Pt(1)-C(1) 2.148(5) 2.148(6) 

Pt(1)-C(4) 2.052(5) 2.047(3) 

Pt(1)-N(1) 2.118(4) 2.116(4) 

Pt(1)-P(1) 2.2440(12) 2.242(9) 

P(1)-C(18) 1.831(5) 1.825(10) 

C(12)-C(13) 1.469(7) 1.466(8) 

N(1)-C(12) 1.281(6) 1.274(8) 

N(1)-C(5) 1.487(6) 1.486(4) 

C(4)-Pt(1)-N(1) 176.77(18) 176.80(9) 

N(1)-Pt(1)-C(1) 92.2(2) 92.16(5) 

C(4)-Pt(1)-C(1) 84.6(2) 84.69(1) 

C(4)-Pt(1)-P(1) 94.98(15) 95.09(0) 

C(1)-Pt(1)-P(1) 176.78(14) 176.70(7) 

N(1)-Pt(1)-P(1) 88.18(11) 88.01(7) 
aBasis sets: LANL2DZ for Pt and 6-31+G(d,p) for C, H, N, P. 

 
5.3.2 β-Hydride Elimination 
 
β-Hydride elimination is an important reaction for a variety of transition metal complexes 

containing β-hydrogens, such as metal alkyl and metal alkoxide complexes. In principle, the 

agostic interaction between the metal centre and the β-hydrogen in a complex can facilitate 

the elimination process.32 However, because of the structural rigidity of small ring-sized 

metallacycloalkanes such as four- to six-membered rings, it has been suggested that these 

complexes do not readily undergo β-hydride elimination. This has been attributed to the fact 

that in order for β-elimination to occur, the dihedral angle M-C-C-H should be close to 0°.18,33 

In small ring metallacycloalkanes, especially those with square planar geometry around the 

metal centre, these angles are restrained far from 0°.32     

 
Geometry optimization was performed for two possible conformers (A and B) of complex 

5.13 (Figure 5.8). In each structure, two β-hydrogen atoms, those pointing toward the metal 

centre, are available for β-elimination. The two conformers were found to be isoenergetic. 

Conformational change between the two conformers was found to be barrierless. Further 

calculations were performed using conformer 5.13B.   
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5.13A 
 

5.13B 

Figure 5.8: GaussView drawings of conformers A and B of complex 5.13. 
 
The intramolecular β-elimination reaction of 5.13B can occur via two possible mechanisms 

(Scheme 5.7). The first is a concerted SN2-like process, in which the β-hydrogen transfer 

occurs without any ligand dissociation (pathway a, Scheme 5.7). The second is a 

dissociative pathway in which either the nitrogen (pathway b, Scheme 5.7) or phosphorus 

donor dissociates (pathway c, Scheme 5.7). In this section these two pathways are 

investigated. Pt(II) complexes normally adopt a square planar geometry around the metal 

centre and usually conform to the 16-electron rule. It would, therefore, be insightful to see 

whether the intramolecular generation of the hydridoalkenyl-platinum complexes 5.14/5.15 

proceeds via a 14-electron intermediate, 5.16/5.17, or it is a concerted process (pathway a).   

 
Two β-hydrogen atoms, H(3) and H(8), are available for elimination from 5.13B (Figure 5.9). 

It is expected that due to the different trans influences of the donor atoms, there would be 

differences in the reactivity of H(3) and H(8) toward elimination. In the optimized structure in 

Figure 5.8, Pt(10)-C(5) (2.088 Å), which is trans to the imine donor, is slightly shorter than 

Pt(10)-C(12) (2.093 Å), which is trans to the phosphine donor. Furthermore, the distances 

between the metal centre and the eliminating β-hydrogen atoms are also different. Pt(10)-

H(3) is 3.307 Å while Pt(10)-H(8) is slightly longer (3.326 Å).  
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(a) 

 
(b) 

 
(c) 

 
Scheme 5.7: Possible pathways for the β-hydrogen elimination reaction of 5.13B. 
 

 

 

 

Figure 5.9: Optimized parameters for 5.13B with atom numbering. Bond lengths (Å): Pt(10)-
C(5), 2.080; Pt(10)-C(12), 2.093; Pt(10)-N(15), 2.132; Pt(10)-P(7), 2.332. Bond angles (°): 
C(5)-Pt(10)-C(12), 82.91; C(5)-Pt(10)-P(7), 97.30; P(7)-Pt(10)-N(15), 89.78; N915)-Pt(10)-
C(12), 90.06. Dihedral angles (°): Pt(10)-C(5)-C(4)-H(3), 78.26; Pt(10)-C(12)-C(9)-H(8), 
79.14. 
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Figure 5.10 shows the energy profile plot for the β-elimination of 5.13B in the concerted 

mechanism (pathway (a) in Scheme 5.7). In this pathway, three processes are occurring 

simultaneously. Pt-Cα and Cβ-Hβ bonds are breaking while the Pt-Hβ bond is forming. The 

reaction coordinate is therefore plotted relative to the increasing Pt-Cα and Cβ-Hβ bond 

distances and the decreasing Pt-Hβ bond distance. Two transition states were located for the 

process. TS1-A results from the elimination of H(8), which is trans to the phosphine moiety 

in the ligand.TS1-B results from the elimination of H(3), which is trans to the imine moiety.  

 
Figure 5.10: Energy profile for the β-elimination reaction of 5.13B via the concerted, SN2-like 
mechanism. Calculated energies (ΔG) at 298.15 K and 1atm in kcalmol-1 relative to 5.13B 
are given. Note that the decomposition reaction of 5.1 was carried out at 413.15 K. 
 
The β-hydride elimination reaction of complex 5.13B requires a high reaction barrier (64.27 

kcal·mol-1 and 65.34 kcal·mol-1 for TS1-B and TS-1A, respectively). Both transition states 

have similar features, i.e. elongated Pt-Cα and Cβ-Hβ bonds as well as shortened Pt-Hβ 

distance (Figure 5.11). TS1-A and TS1-B are five-coordinate structures in which the 

transferring hydrogen atom is transferred from a direction perpendicular to the square 

plane.34 In TS1-A, where the transferring β-hydrogen is trans to the phosphine group of the 

ligand, Pt-Hβ distance decreases from 3.326 Å in the starting platinacyclopentane to 1.650 Å 

in the transition state. Pt-Cα bond lengthens from 2.093 Å in 5.13B to 2.228 Å in TS1-A. 

Similarly, Cβ-Hβ bond lengthens from 1.099 Å in 5.13B to 1.686 Å in TS1-A. In addition, Cα-

Cβ bond gains double bond character. This bond is 1.538 Å long in 5.13B, 1.424 Å long in 

TS1-A and 1.338 Å in 5.14. In TS1-B, Pt-Hβ distance is longer (1.718 Å) than it is in TS1-A 

while Cβ-Hβ is shorter (1.582 Å). In contrast, Pt-Cα is longer (2.269 Å) in TS1-B. TS1-B is a 

late transition state with the Pt-H bond almost completely formed (1.650 Å compared to 

1.594 Å in the resulting hydridoalkenyl complex 5.14 and 1.718 Å in TS1-B).  
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5.13B 

 
TS1-A 

 
TS1-B 

 
5.14 

 
5.15 

Figure 5.11: Geometrical features of the transition state and product structures for the 
concerted β-hydrogen elimination of 5.13B. 
 
Elimination of H(8) (trans to the phosphine) is calculated to be less favourable than that of 

H(3) (trans to the imine) by 1.07 kcal·mol-1. Similarly, complex 5.14 formed from the 

elimination of H(8) is 3.38 kcalmol-1 less stable than the analogous  complex 5.15, formed 

from the elimination of H(3). The eliminating hydrogen therefore prefers a weak donor in the 

trans position in the hydridoalkenyl metal complex. It is widely accepted that a transition 

state in which the dihedral angle M-Cα-Cβ-Hβ is close to 0° is optimal for β-hydride 

elimination to occur. These angles are 17.20° (TS1-A) and 25.38° (TS1-B). This is a 

considerable decrease from 79.14° for Pt(10)-C(12)-C(9)-H(8) and 78.26 for Pt(10)-C(5)-

C(4)-H(3) in the starting platinacyclopentane. The dihedral angle is approximately 8° smaller 

in TS1-A than in TS1-B. Accordingly, the route involving TS1-A would be more favourable 

than that involving TS1-B. However, TS1-A and complex 5.14 resulting from it are less 
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energetically favourable than TS1-B and complex 5.15. These results indicate that the trans 

influence of donor atoms plays a role in stabilizing transition states as well as products 

formed from the β-hydride elimination reaction of 5.13B. The reaction pathways presented 

above have very high energy barriers (65.34 kcal·mol-1 via TS1-A and 64.27 kcal·mol-1 via 

TS1-B). As a result, both these decomposition pathways are unlikely to occur. 

 
Heterodonor ligands based on phosphorus and nitrogen donor atoms such as the 

iminophosphine ligand used in this study confer interesting reactivity to the metal complexes 

they form. This is due to the different trans influence of each donor atom as well as the 

possibility of ligand hemilability.35 In the absence of substrate, these ligands can stabilize 

reactive species while in the presence of substrate, the weakly coordinated component can 

dissociate to create a binding site for the substrate.36 Moreover, such ligands are known to 

stabilize metal ions in different oxidation states and geometries that form at different stages 

of catalytic reactions.37 Deckers and co-workers38a as well as Tobisch and Ziegler19a,38b 

demonstrated the significance of the presence of hemilabile ligands in Ti-catalysts for 

selective ethylene trimerization. In order to explore this effect on the β-elimination reaction in 

this study, a DFT analysis of pathways that involve dissociation of either the imine or the 

phosphine donor groups (pathways b and c in Scheme 5.7) was carried out.  

 
Fully optimized geometrical structures of minima and transition state structures, along with 

relevant calculated geometrical parameters for the β-hydride elimination reaction of 5.13B 

via ligand dissociation are presented in Figure 5.12. Dissociation of the imine or phosphine 

donor moieties results in three-coordinate complexes, 5.16 and 5.17, with T-configuration 

around the metal centre. T-configuration in three-coordinate complexes of palladium and 

platinum is favoured by Jahn-Teller instability over the alternative Y-configuration.39 β-

hydride elimination from the three-coordinate intermediates, 5.16 and 5.17, proceeds via 

tetrahedral, four-coordinate transition states, TS3-AN and TS5-BP, respectively. Both 

transition states display similar characteristics which were also observed for TS1-A and TS1-

B. These include the elongation of Pt-Cα and Cβ-Hβ bond distances accompanied by the 

reduction of Cα-Cβ and Pt-Hβ distances. In TS3-AN, Pt-Cα bond is 0.10 Å longer than in 5.16 

while Cβ-Hβ distance is 0.608 Å longer. Conversely, Cα-Cβ gains double bond character and 

is 0.095 Å shorter in TS3-AN than in 5.16. Pt-Hβ distance is also reduced from 3.327 Å in 

5.16 to 1.735 Å in TS3-AN.  
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5.13B 

 
5.16  

TS3-AN 

 
5.17  

TS5-BP 

Figure 5.12: Geometrical features of species involved in β-elimination of 5.13B via imine 
dissociation and phosphine dissociation. 
 
In TS5-BP, Pt-Cα bond is 0.193 Å longer than in 5.17. Cα-Cβ bond is 0.041 Å shorter in TS5-

BP than in 5.17 while Cβ-Hβ is 0.122 Å longer. Both transition state structures located in the 

dissociative pathways show considerable reduction in the Pt-L bond distance relative to the 

three-coordinate intermediates 5.16 and 5.17, as well as hydridoalkenyl metal complexes 

5.14 and 5.15. Pt-P bond in TS3-AN is 0.097 Å shorter than in 5.16 and 0.078 Å shorter than 

in 5.14. Pt-N bond distance in TS5-BP is 0.205 Å shorter than in the three-coordinate 

complex 5.17 and 0.027 Å shorter than in the hydridoalkenyl complex 5.15. Dihedral angle 

M-C-C-H is 37.37° and -38.86° in TS3-AN and TS5-BP, respectively. These values are 

considerably larger than the 0° dihedral angle required in the transition state structure in 

order to facilitate β-hydride elimination, contributing to the very high energy barrier required 
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for β-elimination from three coordinate species. Furthermore, these values are considerably 

larger than 17.20° and 25.38° obtained for TS1-A and TS1-B, respectively.     

         
The energy profile for β-hydride elimination via ligand dissociation is shown in Figure 5.13. 

From chemical intuition, it can be expected that dissociation of the imine component of the 

ligand would require a lower reaction barrier and the product thereof would be more 

favourable than the dissociation of the phosphine component. However, the results obtained 

show that complex 5.16, from imine dissociation, is only slightly more favourable than 

complex 5.17, from phosphine dissociation. Transition states for these dissociation reactions 

could not be located. This marginal difference is also reflected in the relative stabilities of 

complexes 5.16 (18.10 kcal·mol-1) and 5.17 (18.87 kcal·mol-1). Furthermore, the difference in 

energy barriers for β-hydride elimination from these 14-electron intermediates, 5.16 and 

5.17, is insignificant (<1 kcal·mol-1). Reductive elimination from complex 5.17 via TS5-BP 

has an energy barrier of 85.99 kcal·mol-1 while elimination from 5.16 via TS3-A has a barrier 

of 85.11 kcal·mol-1. 

 

Figure 5.13: Energy profile for the β-elimination of 5.13B via imine dissociation (outlined in 
black) and phosphine dissociation (outlined in red). Calculated energies (ΔG) at 298.15 K 
and 1atm in kcalmol-1 relative to 5.13B are given. 
 
Interestingly, the energy barrier for the dissociative pathways is significantly higher (~20 

kcal·mol-1) than the barrier for the non-dissociative pathway. This supports the proposal that, 

β-hydrogen transfer in five- and seven-membered ring metallacycloalkanes usually does not 

require ligand dissociation, unlike in ethylene coordination and insertion reactions, where 

ligand dissociation is necessary in order to relieve steric crowding on the metal centre.28c In 
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fact, these calculations reveal that the interaction between the coordinated ligand and the 

metal centre is stronger in the transition state that in the corresponding starting materials 

and products. For the concerted β-elimination pathway, Pt-N bond length shortens by 0.085 

Å in TS1-A and by 0.173 Å in TS1-B. Smaller changes are observed for Pt-P bond. This 

bond shortens by 0.030 Å for TS1-A and lengthens by 0.074 Å in TS1-B. A similar trend is 

observed for pathways that involve ligand dissociation. Pt-P bond length decreases by 0.097 

Å in TS3-AN while Pt-N bond distance decreases by 0.205 Å in TS5-BP. β-hydride 

elimination reaction is therefore favoured by non-labile ligands.28c However, due to the 

extremely high energy barriers for β-elimination calculated for platinacyclopentanes in this 

study (via both the dissociative and non-dissociative pathways), it is difficult to say whether 

this reaction would benefit from the hemilabile nature of the supporting ligands. 

 
The β-hydride elimination reactions investigated in this section are characterized by late 

transition states that resemble the product whether the reaction follows the concerted or 

dissociative route. Like the starting platinacyclopentane, hydridoalkenyl platinum complexes 

5.14 and 5.15, exhibit a square planar geometry around the metal centre. Complex 5.15, in 

which the more electronegative alkenyl group is trans to the phosphine moiety and the 

hydride is trans to the imine group, is the energetically favoured product of the β-elimination 

reaction.      

 
These findings are in agreement with those by Huang and co-workers,32 who in their study 

could not locate transition states for β-hydrogen elimination of platinacyclopentanes with 

phosphine ligands. The very high energy barrier for β-elimination reaction can be 

rationalized by the fact that the β-hydrogen atoms in these complexes are not in optimal 

positions for the elimination reaction. A pseudo-rotation such as the one shown in Figure 

5.14(a) is necessary to obtain a conformation in which one of the β-hydrogens is in close 

proximity to the empty coordination site on the metal centre.32 This pseudo-rotation also 

serves to reduce the dihedral angle, Pt-C-C-H in order to facilitate formation of the 

necessary transition state structures. Furthermore, the empty coordination site in 5.13B and 

5.13B* is not exactly empty. Square planar d8 complexes such as 5.13B and 5.13B* have 

the d8 electrons residing in the dz
2 and t2g orbitals. There appears to be a repulsive 

interaction between the transferring hydrogen and the metal centre (Figure 5.14(b)), 

hindering hydride migration to the metal centre. The empty pz orbital of Pt has high orbital 

energy and is therefore not involved in the reaction.32 The 14-electron intermediates, 5.16 

and 5.17, have a real vacant site on the metal centre as a result of ligand dissociation. 

However, in addition to the repulsive interaction between the dz
2 orbital of Pt and the C-H 

group, the maximum amplitude of the empty orbital derived from this vacant site is still too 
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far away from the transferring β-hydrogen to make the elimination reaction possible (Figure 

5.14(c)).32   

 

 
                                   5.13B                                                        5.13B*  
(a) 

 
      (b) 

 
               (c) 

 
Figure 5.14: Pseudo-rotation in complex 5.13B to facilitate transition state structure 
formation.32 
 
5.3.3 Reductive Elimination 
 
Reductive elimination of transition metal complexes to form C-X bonds (where X = C, H, or 

heteroatoms) is a fundamental reaction of considerable significance in organometallic 

chemistry.40 It is often the product-forming step in transition metal-mediated homogenous 

reactions.41,42 As such, a number of theoretical43-47 and experimental48-58 investigations of 

this reaction have been carried out. Herein, a DFT analysis of the elimination of 1-butene 

from hydridoalkenyl complexes 5.14 and 5.15 is presented. Reductive elimination of 5.14 

leads to formation of 5.18 while elimination of 5.15 leads to formation of 5.19. Optimized 

geometries of 5.14, 5.15, 5.18 and 5.19, as well as the transition states connecting them are 

presented in Figure 5.15.    

 
As with the majority of four-coordinate platinum complexes, 5.14 and 5.15 have a slightly 

distorted square planar geometry around the metal centre. P-Pt-N bond angle in 5.14 is 

89.42° and 90.01° in 5.15 while C-Pt-H bond angle is 85.43° in 5.14 and 85.56° in 5.15. The 

most notable change in geometry between the hydridoalkenyl complexes and their 

corresponding transition states is the decrease in C-H distances as a result of a decrease in 

C-Pt-H bond angles. C-Pt-H bond angle decreases by 47.60° in going from 5.14 to TS6.41 

This results in a 1.132 Å decrease in the C-H bond distance. The same bond angle 
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decreases by 47.39° in going from 5.15 to TS7, resulting in a 1.111 Å decrease in the C-H 

bond distance. Although the decrease of C-H bond distances in transition structures are 

significant, these distances are still considerably longer than C-H bonds lengths calculated 

for the products.  

 
 

5.14 
 

5.15 

 
TS6 

 
 

TS7 

 
5.18 

 
 

5.19 

Figure 5.15: Optimized geometries of structures involved in the reductive elimination of 5.14 
and 5.15 along with relevant geometrical features.  
 
In contrast, changes in bonds to the metal centre are relatively small in going from 

hydridoalkenyl complexes to corresponding transition structures. Going from 5.14 (in which 

the alkenyl group is trans to the imine moiety) to TS6, Pt-C bond distance increases by 

0.210 Å while Pt-H bond distance increases by just 0.060 Å. Similar changes are seen for 

the formation of TS7 from 5.15 (in which the alkenyl group is trans to the phosphine moiety). 
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Pt-C bond distance increases by 0.176 Å and Pt-H bond increases by just 0.054 Å. There is 

a shortening of Pt-P bond distances and an increase in Pt-N distances in both transition 

state structures. N-Pt-P bond angle increases by only 0.90° in going from 5.14 to TS6 a 

decrease of 2.64° is seen in TS7 from 5.15. TS6 and TS7 are four-coordinate structures with 

a highly distorted square planar geometry around the metal centre.41    

 
The reductive elimination reaction leads to the formation of 5.18 and 5.19 from TS6 and 

TS7, respectively. 5.18 and 5.19 are complexes of 1-butene with the L2Pt(0) fragment, 

where L2 is the iminophosphine ligand. These 1-butene complexes are held together by a 

two-electron, three-centre agostic interaction between the metal centre and one of the C-H 

bonds in 1-butene. Pt-C bond distances lengthen by 0.249 Å from TS7 to 5.19 and 0.293 Å 

from TS6 to 5.18. The length of the C-H bond that is directed toward platinum is 

considerably longer than the other two terminal C-H bonds in both 1-butene complexes. In 

5.18, this C-H bond is 1.148 Å while the other two C-H bonds are 1.096 Å and 1.097 Å. In 

5.19, the C-H bond directed toward platinum has a bond length of 1.142 Å while the other 

two C-H bonds are 1.094 Å and 1.098 Å. The Pt…H distance is 1.850 Å in 5.18 and 1.915 Å 

in 5.19. L2Pt(0)…butene complexes, 5.18 and 5.19, display a distorted Y-configuration 

around the metal centre. The bond angles around the metal centre are 141.74° for P-Pt-H, 

129.91° for N-Pt-H and 88.24° for N-Pt-P in 5.19. These angles are 148.69° and 116.99° for 

P-Pt-H and N-Pt-H, respectively, in 5.18. N-Pt-P in 5.18 is slightly larger than in 5.19, with a 

value of 94.32°.  Although T-configuration in three coordinate complexes of palladium and 

platinum is preferred over Y-configuration, due to the bidentate coordination of the 

iminophosphine ligand in 5.18 and 5.19, this orientation is prohibited.   

 
Potential energy profiles for the reductive elimination reaction of 1-butene from 

hydridoalkenyl complexes 5.14 and 5.15 are presented in Figure 5.16. Elimination of 1-

butene from the two complexes has comparable energy barriers. 1-butene elimination from 

5.14 to give 5.18 has an energy barrier of 24.55 kcal·mol-1, while elimination from 5.15 to 

give the more stable product, 5.19 has a barrier of 26.82 kcal·mol-1. In addition, the reductive 

elimination reaction is endothermic, with complex 5.18 being 18.94 kcal·mol-1 higher in 

energy than complex 5.14, while 5.19 is 21.71 kcal·mol-1 higher in energy than the starting 

complex, 5.15.        
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Figure 5.16: Potential energy profile for the reductive elimination of complexes 5.14 and 
5.15. Values in parentheses (red) represent potential energy relative to the 
metallacyclopentane 5.13B.  
 
To test whether ligand lability has any effect on the potential energy profile of reductive 

elimination, calculations on the elimination of 1-butene via imine dissociation were performed 

using complex 5.15. It is generally accepted that reductive elimination reactions from three-

coordinate complexes have lower energy barriers than reductive elimination reactions from 

corresponding four-coordinate complexes.45   

 
The reductive elimination of 1-butene from 5.15 via imine dissociation proceeds via a three-

coordinate transition state structure, TS8. While the energy barrier (Figure 5.17(a)) for the 

reductive elimination of 1-butene from 5.15 via TS8 is very similar to that of TS7, the relative 

stabilities of the products resulting from these transition state structures are considerably 

different. 5.20, resulting from TS8, is 12.24 kcal·mol-1 more favourable than 5.19. Figure 

5.17(b) shows that TS8 exhibits a distorted T-configuration around the metal centre, with the 

more electronegative alkenyl group maintaining its position trans to the phosphine group. P-

Pt-C bond angle is almost linear in both TS8 and 5.20 (177.37° and 179.15°, respectively). 

Reductive elimination of 1-butene from 5.15 via TS8 (in which the imine end of the ligand 

dissociates) is <1.0 kcal·mol-1 more favourable than the non-dissociative pathway. However, 

the more favourable product, 5.20, makes the dissociative pathway more likely to occur than 

the non-dissociative pathway. 
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(a) 

 
(b)  
Figure 5.17: (a) Potential energy profile for the reductive elimination of 1-butene from 5.15 
via imine dissociation. (b) Optimized geometries of structures involved in the reductive 
elimination of 5.15 via imine dissociation, along with relevant geometrical features. 
 
The potential energy profile presented in Figure 5.18 shows the lowest energy pathway 

calculated for the decomposition of 5.13B via the β-hydride elimination/reductive elimination 

reaction sequence.  
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Figure 5.18: The energy profile for a complete, lowest energy, β-hydride 
elimination/reductive elimination decomposition of the platinacyclopentane complex, 5.13B. 
 
The energy barriers calculated for β-hydride elimination and reductive elimination of 1-

butene from 5.13B are extremely high (64.27 kca·lmol-1 and 26.20 kcal·mol-1, respectively). 

The very high energy barrier calculated for the β-elimination reaction supports the proposal 

that intramolecular β-hydride elimination from the carbocyclic ring of platinacyclopentanes is 

unlikely to occur. This high barrier is a result of the unfavourable conformational 

modifications that need to occur in order to bring β-hydrogen atoms into close proximity to 

the metal centre. In addition to the conformational changes, the repulsive interaction 

between the transferring hydrogen atom and electrons in the dz
2 orbital of platinum further 

increases the energy barrier for this process. Therefore, under the reaction conditions 

outlined for the decomposition reactions discussed in section 5.2.2, β-hydride elimination to 

generate the metal hydride intermediate is unlikely to occur. This intermediate could be 

formed through alternative pathways which were not explored in this study such as C-H 

activation of supporting iminophosphine ligands.   
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5.4 SUMMARY 
 
A series of divalent platinacyclopentane and platinacycloheptane complexes with 

iminophosphine complexes were successfully synthesized and fully characterized using 

spectroscopic and analytical techniques. The complexes were obtained in moderate to good 

yields, and were found to be air stable at ambient temperature. Platinacyclopentane 

complexes, [Pt(C4H8)(P^N)] (5.1 – 5.6), were obtained as solids while the larger ring 

platinacycloheptanes [Pt(C6H12)(P^N)] (5.7 – 5.12) were obtained as oils.  

 
Thermal decomposition behaviour of the platinacyclopentanes was studied at different 

temperatures and under both solvent free conditions and in solution. The results obtained 

show that: 1) Platinacyclopentanes are markedly more stable than analogous 

platinacycloheptanes. 2) The platinacycloalkanes decompose to give α-olefins as the 

primary, and major products, indicating that formation of a metalhydride intermediate species 

is an important step in the reaction. 3) Reaction temperature and duration have a significant 

effect on the organic product distribution. 4) The decomposition reaction follows first order 

kinetics over the first half life of the decomposition reaction, with deviation from first order 

behaviour thereafter. 

 
To gain further insight into the mechanism of the decomposition reaction, DFT analysis of 

the β-hydride elimination/reductive elimination reaction sequence was carried out using a 

model platinacyclopentane complex 5.13B. Results from this study show that while transition 

state structures and intermediates were located for this reaction sequence, energy barriers 

for β-elimination are extremely high. The high energy barriers are a result of 1) The 

energetically unfavourable conformational changes that need to occur in the carbocyclic ring 

of the platinacyclopentane in order to bring β-hydrogen atoms in close proximity to the metal 

centre. 2) Repulsive interactions between the transferring hydrogen and electrons in the dz
2 

orbital of platinum. Although reductive elimination of 1-butene from hydridoalkenyl platinum 

complexes 5.14 and 5.15 is endothermic, the energy barrier for this process was found to be 

relatively low (26.20 kcal·mol-1). This process could therefore be possible under 

experimental conditions. The most stable product from the reductive elimination reaction was 

found to be a LPt(0) fragment coordinated to 1-butene through one of the methyl C-H bonds 

in a two-electron, three centre agostic interaction.  

 
Formation of α-olefins as major products in the decomposition reactions of 

platinacycloalkanes discussed herein and in previous studies by other researchers suggests 

that formation of a metal hydride intermediate is necessary. However, results from the DFT 

calculations presented in this study show that platinacyclopentane complexes do not 
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decompose via intramolecular β-hydride elimination from the carbocyclic ring of the 

platinacyclopentane complex. Other processes, such as ligand C-H activation , which were 

not explored as part of the current study, could be involved in the generation of this metal 

hydride species. In addition to the very high energy barrier for the intramolecular β-hydride 

elimination (>64 kcal·mol-1), reductive elimination from the resultant hydridoalkenyl platinum 

intermediates, 5.14 and 5.15, is an endothermic process. These results show that the widely 

accepted reaction sequence, which involves β-hydride elimination from the carbocyclic ring 

of the metallacycloalkane, followed by reductive elimination, usually offered to explain the 

formation of α-olefins from metallacycloalkanes is unlikely to occur in the decomposition of 

platinacyclopentanes. 
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CHAPTER 6 
 

CONCLUSIONS 
 

 series of iminophosphine ligands were synthesized and fully characterized using 

spectroscopic and analytical techniques. These ligands were reacted with suitable 

palladium and platinum precursors to prepare desired palladium(II) and platinum(II) 

complexes.  

 
All compounds in this dissertation were characterized by 1H and 31P NMR spectroscopy, 

infrared spectroscopy, mass spectrometry and elemental analysis. In addition, all ligands, 

chloromethyl palladium complexes, bromoalkyl platinum complexes as well as 

platinacycloalkanes, were further characterized by 13C NMR spectroscopy. Due to their low 

solubility in common laboratory solvents, palladium and platinum dichloride complexes were 

not characterized by 13C NMR spectroscopy. X-ray crystal structures of the chloromethyl 

palladium complex, 3.26, bromoalkyl platinum complex, 3.14, and platinacyclopentane, 5.1, 

were determined. These complexes display a distorted square planar geometry around the 

metal centre. 

 
The palladium complexes were prepared by reaction of [Pd(COD)Cl2] or [Pd(COD)(Me)Cl] 

with appropriate iminophosphine ligands. A selected number of these complexes were 

tested for activity in Suzuki-Miyaura coupling reactions and were found to be highly active. 

The complexes were found to be tolerant of a wide variety of reaction conditions as well as 

functional groups on both phenylboronic acids as well as aryl halide substrates. Low catalyst 

loadings were required while maintaining high conversions and short reaction times. Finally, 

it was observed that having a pendant group bearing a donor atom on the imine moiety of 

the iminophosphine ligand enhanced catalytic activity. 

 
Platinum dichloride complexes were prepared by the reaction of [Pt(COD)Cl2] with 

appropriate iminphosphine ligands. These complexes were intended to be precursors for the 

preparation of platinacycloalkanes. However, reaction of [Pt(P^N)Cl2] with di-Grignard 

reagents led to formation of bromoalkyl platinum complexes instead. The unexpected result 

was attributed to monoalkylation of precursor platinum dichloride complexes, followed by 

halide metathesis.  

 
Platinacycloalkane complexes were successfully synthesized by reacting [Pt(COD)Cl2] with 

BrMg(CH2)nMgBr (n = 4, 6); followed by ligand displacement with appropriate 

iminophosphine ligands. Platinacycloalkanes were obtained in moderate to good yields. 

Thermal decomposition behaviour of the complexes was investigated. The results revealed 
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that: 1) The decomposition reaction follows first order reaction kinetics over the first 30% of 

the decomposition reaction. Beyond this point, significant deviation from first order behaviour 

is observed, indicating the increasing involvement of reaction products, most likely the metal 

containing fragment. 2) α-olefins are the major products of the decomposition reaction. 3) 

Reaction temperature and duration have a significant effect on the organic distribution.  

 
DTF studies were carried out on the β-elimination/reductive elimination reaction of a model 

platinacyclopentane complex, 5.13B. Results from these calculations revealed that the 

energy barrier for the β-hydride elimination reaction is extremely high, in agreement with the 

experimentally observed stability of platinacyclopentane complexes toward thermal 

decomposition. This indicates that the β-elimination/reductive elimination sequence for the 

decomposition of platinacyclopentane complexes is not likely to occur under laboratory 

conditions, as has been previously proposed by other researchers. The energy barrier for 

the reductive elimination step was found to be relatively low, indicating that this step would 

be likely to occur under the experimental conditions described in Chapter 5. Moreover, 

Ligand hemilability was found to play a role only in the reductive elimination of 1-butene from 

the hydridoalkenyl platinum complexes. Imine dissociation was calculated to stabilize the 

product thereof. In contrast, ligand dissociation was calculated to be energetically 

disfavoured for β-hydride elimination reactions. In this reaction, the ligand was found to 

interact more strongly with the metal centre in the transition state structures than in the 

starting material and the products. Since the formation of α-olefins from the thermal 

decomposition of platinacycloalkanes suggests that formation of a metal hydride 

intermediate is an important step in this reaction, alternative mechanisms for the generation 

of metal hydride species need to be explored.   

 
 

 

 

 

 

 

 

 

 

 

 



Univ
ers

ity
 of

 C
ap

e T
ow

n

CHAPTER 7: Experimental Details 

 

UCT CHEMISTRY  155 

CHAPTER 7 
 

EXPERIMENTAL PROCEDURES 
 

7.1 CHEMICALS AND PURIFICATION OF SOLVENTS 
 

ll reactions were carried out under nitrogen or argon atmosphere using a dual 

vacuum/nitrogen line and standard Schlenk techniques unless otherwise stated. 

Solvents were dried and purified by refluxing under argon in the presence of a suitable 

drying agent. After purification, the solvents were transferred under vacuum into a Teflon-

valve storage vessel. 

 
All commercially available chemicals were purchased from either Sigma-Aldrich or Merck 

and used without further purification. K2PtCl4 and PdCl2 were obtained from Johnson 

Matthey. 2-Diphenylphosphinobenzaldehyde,1 Pd(COD)Cl2,2 Pd(COD)MeCl,3 Pt(COD)Cl24 

were all prepared using literature procedures.  

 
7.2 PHYSICAL AND SPECTROSCOPIC INFORMATION (CHAPTERS 3 & 5) 
 
NMR spectra were recorded on a Varian Mercury-300 MHz (1H: 300 MHz; 13C: 75.5 MHz; 
31P: 121 MHz) or Varian Unity-400 MHz (1H: 400 MHz; 13C: 100.6 MHz; 31P: 161.9 MHz) 

spectrometer. 1H NMR spectra were referenced internally using the residual protons in 

deuterated solvents (CDCl3: δ 7.27; DMSO: δ 2.50) and values reported relative to the 

internal standard tetramethylsilane (δ 0.00). 13C NMR spectra were referenced internally to 

the deuterated solvent resonance (CDCl3: δ 77.0; DMSO: δ 39.4) and the values are 

reported relative to tetramethylsilane (δ 0.00). All chemical shifts are quoted in δ (ppm) and 

coupling constants, J, in Hertz (Hz). 

 
Melting points were determined on a Reichert-Jung Thermovar hotstage microscope and are 

uncorrected. Infrared spectra were recorded on a Thermo Nicolete FT-IR instrument in the 

4000–300 cm-1 range using KBr discs or CH2Cl2 solutions. Microanalyses were determined 

using a Fisons EA 1108 CHNO-S instrument. Mass spectra were recorded on a Waters API 

Quatro Micro triple quadruple mass spectrometer (ESI, 70 eV), University of Stellenbosch. 

GC analyses were performed using a Varian 3900 gas chromatograph equipped with an FID 

and a 50 m x 0.20 mm HP-PONA column (0.50 μm film thickness). The carrier gas was 

helium at 40 psi. The oven was programmed to hold the temperature at 32 °C for 4 min and 

then to ramp to 200 °C at 10 deg/min and hold for 5 min and then ramp to 250 °C at 10 

deg/min and hold for 5 min. 
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7.3 CATALYTIC SUZUKI-MIYAURA COUPLING REACTIONS (CHAPTER 4) 
 
A 100 ml round bottom flask was fitted with a reflux condenser and a magnetic stirring bar. 

The flask was charged with toluene (15 ml) and the appropriate amount of catalyst reagents 

and the internal standard (n-decane: 2.59 mmol). The contents were thoroughly mixed and 

an initial sample (t0) was then taken. The reaction flask was placed in an oil bath at the 

desired temperature and the reaction mixture allowed to heat or reflux with stirring. A sample 

was taken and analyzed every 10 min for the first hour and every 30 min thereafter until t3h. 

In cases where conversion was not complete after 3 h, the reaction mixture was then 

allowed to stir for a total of 24 h then the final sample was analyzed. The reaction at 140 °C 

was performed in a sealed tube. All catalytic reactions were done under aerobic conditions.5 

The products were characterized by 1H and 13C NMR spectroscopy, mass spectrometry, and 

elemental analysis. Retention times were measured by gas chromatography.  GC analyses 

were performed using a Varian 3900 gas chromatography equipped with an FID and a 30 m 

x 0.32 mm CP-Wax 52 CB column (0.25μm film thickness). The carrier gas was helium at 

5.0 psi. The oven was programmed to hold at 30 oC for 4 min and then to ramp to 200 oC at 

10 deg/min and hold for 5 min.  

 
7.4 THERMAL DECOMPOSITION REACTIONS (CHAPTER 5) 
 
Thermolysis reactions were carried out in clean, dry, sealed evacuated vertical Schlenk 

tubes of 1-cm o.d. and 10-cm lengths. Decomposition was accomplished by immersion of 

the tube in stirred oil bath set at the desired temperature. Before use, the tubes were 

washed with acetone and distilled water, and dried in an oven at 120 oC for at least 24 h, 

then cooled under dry nitrogen.  

 
Two procedures were used when the thermal decomposition experiments were carried out 

under solvent free conditions. For solid complexes, a 20 mg-sample was added to the tube 

directly, dried under vacuum for at least 3 h before the tube was sealed for themolysis. For 

the oils, a 20-mg sample was dissolved in dichloromethane and transferred into the tube.  

Solvent was removed under vacuum, and the sample was dried for at least 3 h before 

sealing the tube for themolysis. In the case of thermal decomposition in solvent, the sample 

solutions (0.02 M) were prepared in toluene. The solution to be thermolyzed (0.5 ml) was 

added to the tube by syringe. The tubes were connected to a vacuum line and degassed 

through three freeze-thaw cycles. The sample was refrozen and the tube sealed under 

vacuum. The samples were then immersed in a heated oil bath held constant at the desired 

temperature. After the appropriate reaction time, the reaction was quenched by immersion in 

liquid nitrogen. For the thermolysis under solvent free conditions, the decomposition 

products were extracted by adding cold toluene (0.5 ml) containing n-decane (20 μl) as the 
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internal standard.  For the thermolysis in solvent, the decomposition solutions were 

transferred to a liquid nitrogen-cooled sample vial containing n-decane (20 μl) and marked at 

0.5 ml. 

 
Decomposition products were analyzed by GC or GC-MS. Products were identified by 

comparison of retention times to those of authentic commercial samples. Yields were 

determined by response relative to an internal standard (n-decane). Response factors were 

obtained from authentic samples. GC analyses were performed using a Varian 3800 gas 

chromatography equipped with an FID and a 30 m x 0.32 mm CP-Wax 52 CB column 

(0.25μm film thickness). The carrier gas was helium at 5.0 psi. The oven was programmed 

to hold at 32 oC for 4 min and then to ramp to 200 oC at 10 deg/min and hold 5 min. GC-MS 

analyses for peak identification were performed using an Agilent 5973 gas chromatograph 

equipped with MSD and a 60m x 0.25 mm Rtx-1 column (0.5 μm film thicknesses). The 

carrier gas was helium at 0.9 ml/min. The oven was programmed to hold at 50 oC for 2 min 

and then ramp to 250 oC at 10 deg/min and hold for 8 min. 

 
Solutions for the NMR study were prepared as follows: 0.02 M solution of complex 5.1 in 

toluene-d8 was prepared. 0.85 ml aliquots of the solution were transferred to NMR tubes 

fitted with J. Young valves and degassed using three freeze-thaw cycles. The tubes were 

sealed under vacuum and allowed to warm to room temperature. The NMR tubes were then 

transferred to oil baths set at the required temperature for each reaction. At appropriate 

intervals the reaction was quenched by immersion in liquid nitrogen and 31P NMR spectra 

were measured. 

 
7.5 COMPUTATIONAL DETAILS (CHAPTER 5) 
 

All calculations were carried out with the Gaussian 09 program. The calculations were 

carried out with the B3LYP density functional level of theory combined with two different 

basis sets: the LANL2DZ basis set for Pt and 6-31+G (d,p) basis set was used for all other 

atoms. Full geometry optimizations were carried out for the starting structure, all 

intermediates and products. All transition structures possessed only one imaginary 

frequency, and they were further characterized by following the corresponding normal mode 

toward each product and reactant.6 
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7.6 EXPERIMENTAL DETAILS FOR CHAPTERS 3 & 5 
 
7.6.1 General Procedure for the Synthesis of Primary imine ligands 3.1 – 3.6 

(Chapter 3)  
 
In a round-bottom flask, 2-(diphenylphosphino)benzaldehyde (1.16 g, 4.0 mmol) was 

dissolved in dry DCM (60 ml) followed by addition of excess anhydrous magnesium sulphate 

and a molar equivalent of the appropriate amine. The reaction mixture was stirred at room 

temperature for 24 h, after which magnesium sulphate was filtered off and the solution 

concentrated under vacuum. The resulting solution was treated with hot hexane, filtered and 

cooled to -16 °C overnight. During this time either a precipitate (for ligands 3.1, 3.3 – 3.5) or 

an oily residue (for ligands 3.4 and 3.6) formed. The supernatant was removed and the 

residue washed with cold hexane, and then dried in vacuo. The products were obtained as 

either off-white solids or yellow-orange oils.7-10 

 
Preparation of Benzyl-(2-diphenylphosphanyl-benzylidene)-amine (3.1) 

Compound 3.1 was prepared as described in the general 

procedure using 2-(diphenylphospino)benzaldehyde (0.59 

g, 2.04 mmol) and benzylamine (0.22 g, 0.22 ml, 2.0 

mmol), and was obtained as an off-white crystalline solid 

(0.74 g, 96 %). M.p. 96 – 97 °C. IR (KBr): 1636 cm-1 (νC=N, imine). 1H NMR (400 MHz, 

CDCl3): 4.65 (s, 2H; H1), 6.86 (dd, 1H, 3JHH = 5.4 Hz, 7.0 Hz; Ar-H), 7.02 (d, 2H, 3JHH = 6.8 

Hz; Ar-H), 7.18 (t, 3H, 3JHH = 7.5 Hz; Ar-H), 7.25 (m, 6H; Ar-H), 7.32 (t, 6H, 3JHH = 5.6 Hz; Ar-

H), 8.02 (dd, 1H, 3JHH = 3.9 Hz, 7.6 Hz; Ar-H), 8.99 (d, 1H, 4JHH = 5.0 Hz; H2). 13C NMR 

(100.6 MHz, CDCl3): 65.2 (s; C1), 126.6 (s; Ar-C), 127.5 (d, 3JCP = 4.0 Hz; Ar-C), 128.0 (s; 

Ar-C), 128.4 (s; Ar-C), 128.6 (d, 2JCP = 7.2 Hz; Ar-C), 129.0 (s; Ar-C), 130.4 (s; Ar-C), 133.1 

(s; Ar-C), 134.2 (d, 1JCP = 19.9 Hz; Ar-C), 136.1 (d, 2JCP = 10.0 Hz; Ar-C), 137.5 (d, 1JCP = 

19.6 Hz; Ar-C), 139.5 (d, 1JCP = 17.3 Hz; Ar-C), 139.0 (s; Ar-C), 160.6 (d, 3JCP = 22.3 Hz; 

C2). 31P NMR (161.9 MHz, CDCl3): -13.8 (s). ESI-MS: m/z 379.18 [M]+. Anal. Calc. for 

C26H22NP (379.43): C, 82.33; H, 5.90; N, 3.91. Found: C, 82.56; H, 6.11; N, 3.82. 

 
Preparation of (2-Diphenylphosphanyl-benzylidene)-(4-methyl-benzyl)-amine (3.2) 

Compound 3.2 was prepared as described in the 

general procedure using 2-

(diphenylphosphino)benzaldehyde (1.16 g, 4.0 

mmol) and 4-Methyl-benzylamine (0.49 g, 0.51 ml, 

4.0 mmol), and was obtained as an orange oil (1.28 g, 81%). IR (CH2Cl2): 1635 cm-1 (νC=N, 

imine). 1H NMR (400 MHz, CDCl3): 1.46 (s, 3H; H1), 4.55 (s, 2H; H2), 6.05 (d, 1H, 3JHH = 5.8 

Hz; Ar-H), 6.78 – 7.32 (m, 15H, Ar-H), 7.68 (ddd, 1H, 3JHH = 0.9 Hz, 3.9 Hz, 7.7 Hz; Ar-H), 
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7.97 (ddd, 1H, 3JHH = 1.0 Hz, 4.0 Hz, 7.7 Hz; Ar-H), 8.92 (d, 1H, 4JHH = 5.1 Hz; H3). 13C NMR 

(100.6 MHz, CDCl3): 21.1 (s; C1), 64.8 (s; C2), 127.0 (s; Ar-C), 127.5 (d, 3JCP = 4.3 Hz; Ar-

C), 127.9 (s, Ar-C), 128.6 (d, 2JCP = 7.2 Hz; Ar-C), 128.8 (d, 3JCP = 1.9 Hz; Ar-C), 129.0 (s; 

Ar-C), 129.1 (s; Ar-C), 131.9 (d, 2JCP = 10.0 Hz; Ar-C), 133.1 (s; Ar-C), 134.0 (d, 1JCP = 20.0 

Hz; Ar-C), 136.2 (d, 3JCP = 2.5 Hz; Ar-C), 137.4 (d, 1JCP = 19.0 Hz; Ar-C), 139.3 (d, 2JCP = 

17.2 Hz; Ar-C), 160.2 (d, 3JCP = 22.6 Hz; C3). 31P NMR (161.9 MHz, CDCl3): -13.9. ESI-MS: 

m/z 394.17 [M+H]+. Anal. Calc. for C27H24NP (393.46): C, 82.42; H, 6.15; N, 3.56. Found: C, 

81.97; H, 6.61; N, 3.35. 

 
Preparation of (2-Diphenylphosphanyl-benzylidene)-furan-2-ylmethyl-amine (3.3) 

Compound 3.3 was prepared as described in the general 

procedure using 2-(diphenylphosphino)benzaldehyde 

(1.16 g, 4.0 mmol) and furfurylamine (0.39 g, 0.37 ml, 4.0 

mmol), and was obtained as an off-white powder (1.02 g, 

69%). M.p. 75 – 77 °C. IR (KBr): 1635 cm-1 (νC=N, imine). 1H NMR (300 MHz, CDCl3): 4.64 (s, 

2H; H5), 6.03 (dd, 1H, 4JHH = 0.8 Hz, 3JHH = 3.2 Hz; H3), 6.27 (dd, 1H, 4JHH = 1.2 Hz, 3JHH = 

3.2 Hz; H2), 6.89 (dd, 1H, 4JHH = 1.2 Hz, 3JHH = 4.8 Hz; H1), 7.32 (m, 13H; Ar-H), 8.07 (dd, 

1H, 5JHH(m) = 1.2 Hz, 4JHH = 4.0 Hz, 3JHH(o) = 7.7 Hz; Ar-H), 8.98 (d, 1H, 4JHH = 5.2; H6). 13C 

NMR (75 MHz, CDCl3): 57.1 (s; C5), 107.4 (s; C3), 110.4 (s; C2), 127.6 (d, 3JCP= 4.2 Hz; Ar-

C), 128.5 (d, 2JCP= 7.2 Hz; Ar-C), 128.9 (s; Ar-C), 129.1 (s; Ar-C), 130.5 (s; Ar-C), 133.3 (s; 

Ar-C), 134.2 (d, 1JCP= 19.9 Hz; Ar-C), 136.3 (d, 2JCP= 9.8 Hz; Ar-C), 137.6 (d, 1JCP= 19.8 Hz; 

Ar-C), 139.3 (d, 1JCP= 17.4 Hz; Ar-C), 142.2 (s; C1), 152.1 (s; C4), 161.4 (d, 3JCP= 23.1 Hz; 

C6), 31P NMR (121 MHz, CDCl3): -14.5 (s). ESI-MS: m/z 369.81 [M+H]+. Anal. Calc. for 

C24H20NOP (369.40): C, 78.03; H, 5.46; N, 3.79. Found: C, 77.81; H, 5.56; N, 3.59.  

 
Preparation of (2-Diphenylphosphanyl-benzylidene)-thiophen-2-ylmethyl-amine (3.4) 

Compound 3.4 was prepared as described in the general 

procedure using 2-(diphenylphosphino)benzaldehyde 

(1.16 g, 4.0 mmol) and 2-thiophenemethylamine (0.45 g, 

0.41 ml, 1.6 mmol), and was obtained as a pale-brown 

solid (0.99 g, 64%). M.p. 70 – 73 °C. IR (KBr): 1634 cm-1 (νC=N, imine). 1H NMR (400 MHz, 

CDCl3): 4.87 (s, 2H; H5), 6.78 (d, 1H, 3JHH = 2.8 Hz; H3), 6.93 (dd, 2H, 4JHH = 4.5 Hz, 3JHH = 

8.1 Hz; H2), 7.17 (dd, 1H, 4JHH = 1.2 Hz, 3JHH = 5.1 Hz; H1), 7.28 – 7.43 (m, 12H; Ar-H), 8.07 

(ddd, 1H, 5JHH(p) = 1.5 Hz, 4JHH(m) = 4.0 Hz, 3JHH(o) = 7.7 Hz; Ar-H), 9.01 (d, 1H, 4JHH = 5.1 Hz; 

H6). 13C NMR (100.6 MHz, CDCl3): 60.0 (s; C5), 124.5 (s; C3), 125.3 (s; C2), 126.8 (s; C1), 

127.9 (d, 3JCP = 4.2 Hz; Ar-C), 128.8 (d, 2JCP = 7.2 Hz; Ar-C), 129.3 (s; Ar-C), 130.0 (s; Ar-C), 

130.6 (s; Ar-C), 133.4 (s; Ar-C), 134.0 (d, 1JCP = 20.7 Hz; Ar-C), 136.5 (d, 2JCP = 9.8 Hz; Ar-
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C), 137.8 (d, 1JCP = 19.4 Hz; Ar-C), 139.2 (d, 1JCP = 17.2 Hz; Ar-C), 141.8 (s; C4), 160.8 (d, 
3JCP = 23.4 Hz; C6), 31P NMR (161.9 MHz, CDCl3): -14.5 (s). ESI-MS: m/z 386.11 [M+H]+. 

Anal. Calc. for C24H20NPS (385.46): C, 74.78; H, 5.23; N, 3.63; S, 8.32. Found: C, 74.21; H, 

5.30; N, 3.35; S, 8.28. 

 
Preparation of (2-Diphenylphosphanyl-benzylidene)-pyridin-3-ylmethyl-amine (3.5) 

Compound 3.5 was prepared as described in the 

general procedure using 2-

(diphenylphosphino)benzaldehyde (1.20 g, 4.1 mmol) 

and 3-aminomethylpyridine (0.45 g, 0.42 ml, 4.1 mmol), 

and was obtained as an off-white powder (1.14 g, 74%). M.p. 78 – 81 °C. IR (KBr): 1634 cm-

1 (νC=N, imine). 1H NMR (400 MHz, CDCl3): 4.63 (s, 2H; H6), 6.86 (dd, 1H, 3JHH = 4.8 Hz, 7.6 

Hz; Ar-H), 7.08 (dd, 1H, 3JHH = 4.8 Hz, 7.8 Hz; Ar-H), 7.23 (dd, 6H, 3JHH = 5.6 Hz, 7.2 Hz; Ar-

H), 7.30 (m, 6H; Ar-H), 7.36 (t, 1H, 3JHH = 7.5 Hz; H3), 7.97 (dd, 1H, 3JHH = 3.9 Hz, 7.6 Hz; 

H4), 8.38 (s, 1H; H1) 8.41 (d, 1H, 3JHH = 4.7 Hz; H2), 8.98 (d, 1H, 4JHH = 5.7 Hz; H7). 13C 

NMR (100.6 MHz, CDCl3): 62.4 (s; C6), 122.5 (s; C3), 123.7 (s; Ar-C), 128.0 (d, 3JCP = 4.0 

Hz; Ar-C), 128.6 (d, 2JCP = 7.0 Hz; Ar-C), 129.1 (s; Ar-C), 130.3 (s; Ar-C), 133.4 (s; Ar-C), 

134.4 (d, 1JCP = 20.2 Hz; Ar-C), 134.6 (s; C5), 135.8 (s; C4), 136.5 (d, 2JCP = 9.2 Hz; Ar-C), 

137.1 (d, 1JCP =16.9 Hz; Ar-C), 137.7 (d, 2JCP = 19.8 Hz; Ar-C), 148.1 (C2), 149.6 (s; C1), 

161.3 (d, 3JCP = 21.1 Hz, C7). 31 P NMR (161.9 MHz, CDCl3): -13.4 (s). ESI-MS: m/z 381.15 

[M+H]+. Anal. Calc. For C25H21N2P (380.42): C, 78.93; H, 5.56; N, 7.36. Found: C, 78.95; H, 

5.49; N, 7.25. 

 
Preparation of (2-Diphenylphosphanyl-benzylidene)-(2,4,6-trimethyl-benzyl)-amine 

(3.6) 

Compound 3.6 was prepared as described in the 

general procedure using 2-

(diphenylphosphino)benzaldehyde (1.16 g, 4.0 mmol) 

and 2,4,6-Trimethyl-benzylamine (0.72 g, 0.47 ml, 

4.8 mmol), and was obtained as a yellow-orange oil 

(1.30 g, 77%). IR (CH2Cl2): 1635 cm-1 (νC=N, imine). 1H NMR (300 MHz, CDCl3): 2.25 (s, 6H; 

H2+H2’), 2.41 (s, 3H; H1), 4.90 (s, 2H; H3), 6.95 (br s, 1H; Ar-H), 7.00 – 7.02 (m, 1H; Ar-H), 

7.33 – 7.50 (m, 13H; Ar-H), 8.21 (dd, 1H, 3JHH = 3.9 Hz, 6.7 Hz; Ar-H), 8.98 (d, 1H, 4JHH = 5.1 

Hz; H4). 13C NMR (75.5 MHz, CDCl3): 19.5 (s; C2+C2’), 21.0 (s; C1), 57.6 (s; C3), 127.3 (d, 
3JCP = 4.2 Hz; Ar-C), 128.5 (d, 2JCP = 7.1 Hz; Ar-C), 128.7 (d, 2JCP = 6.2 Hz; Ar-C), 128.9 (s; 

Ar-C), 130.1 (s; Ar-C), 131.1 (s; Ar-C), 131.4 (s; Ar-C), 132.9 (s; Ar-C), 134.0 (d, 1JCP = 20.0 

Hz; Ar-C), 136.3 (d, 2JCP = 9.9 Hz; Ar-C), 136.6 (s; Ar-C), 137.4 (s; Ar-C), 137.6 (s; Ar-C), 
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139.3 (d, 2JCP = 16.9 Hz; Ar-C), 158.9 (d, 3JCP = 23.0 Hz; C4). 31P NMR (161 MHz, CDCl3): -

13.5. ESI-MS: m/z 422.20 [M]+. Anal. Calc. for C29H28NP (422.36): C, 82.63; H, 6.70; N, 3.32. 

Found: C, 82.57; H, 6.65; N, 3.29. 

 
7.6.2 General Procedure for the Synthesis of Palladium Dichloride Complexes 3.7 – 

3.12 (Chapter 3) 
 
A solution of [Pd(COD)Cl2] in DCM (15 ml) was added to a solution of an appropriate imine 

ligand (0.50 mmol) in DCM (15 mmol) at ambient temperature. A pale yellow precipitate 

formed immediately and the reaction was stirred at room temperature for 15 h. The 

precipitate was filtered, washed with aliquots of DCM and Et2O and then dried. The products 

were obtained as pale yellow solids in moderate to good yields.9,11,12 

 
Preparation of [Pd(C26H22NP)Cl2] (3.7) 

Complex 3.7 was prepared from the reaction of 3.1 (0.28 

g, 0.74 mmol) and [Pd(COD)Cl2] (0.21 g, 0.74 mmol). The 

product was obtained as a yellow powder (0.31 g, 75%). 

M.p. 199 – 202 °C (decomp.). IR (KBr): 1628 cm-1 (νC=N, 

imine). 1H NMR (400 MHz, DMSO-d6): 5.49 (s, 2H; H1), 

6.98 – 7.00 (m, 1H; Ar-H), 7.12 – 7.13 (m, 5H; Ar-H), 7.25 (dd, 4H, 3JHH = 1.8, 7.9 Hz; Ar-H), 

7.40 (dt, 4H, 3JHH = 2.7 Hz, 7.7 Hz; Ar-H), 7.55 – 7.56 (m, 2H; Ar-H), 7.73 – 7.75 (m, 1H; Ar-

H), 7.89 – 7.91 (m, 1H; Ar-H), 8.01 – 8.02 (m, 1H; Ar-H), 8.84 (s, 1H; H2). 31P NMR (161.9 

MHz, DMSO-d6): 34.1 (s). ESI-MS: m/z 521.01 [M-Cl]+. Anal. Calc. for C26H22Cl2NPPd 

(556.76): C, 56.09; H, 3.98; N, 2.54. Found: C, 55.90; H, 3.78; N, 2.50. 

 
Preparation of [Pd(C27H24NP)Cl2] (3.8)  

Complex 3.8 was prepared by reacting 

[Pd(COD)Cl2] (0.21 g, 0.74 mmol) with 3.2 (0.29 g, 

0.74 mmol). The product was obtained as a yellow 

powder (0.21 g, 50%). M.p. 173 – 175 °C (decomp.). 

IR (KBr): 1628 cm-1 (νC=N, imine). 1H NMR (400 

MHz, DMSO-d6): 2.26 (s, 3H; H1), 5.47 (s, 2H; H2), 7.11 – 7.12 (m, 1H; Ar-H), 7.19 – 7.20 

(m, 4H; Ar-H), 7.30 – 7.32 (m, 6H; Ar-H), 7.41 - 42 (m, 2H; Ar-H), 7.60 – 7.61 (m, 2H; Ar-H), 

7.69 7.70 (m, 1H; Ar-H), 7.92 – 7.93 (m, 1H; Ar-H), 8.17 – 8.19 (m, 1H; Ar-H), 8.84 (s, 1H; 

H3). 31P NMR (161 MHz, DMSO-d6): 30.7 (s). ESI-MS: m/z 535.27 [M-Cl]+. Anal. Calc. for 

C27H24Cl2NPPd (570.79): C, 56.81; H, 4.24; N, 2.45. Found: C, 55.90; H, 4.31; N, 2.53.  
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Preparation of [Pd(C24H20NOP)Cl2] (3.9) 

Complex 3.9 was prepared by reacting of [Pd(COD)Cl2] 

(0.96 g, 3.36 mmol) with ligand 3.3 (1.24 g, 3.36 mmol). 

The product was obtained as a yellow powder (1.32 g, 

72%). M.p. 198 – 200 °C (decomp.). IR (KBr): 1626 cm-1 

(νC=N, imine). 1H NMR (400 MHz, DMSO-d6): 5.55 (s, 2H; 

H5), 6.44 (m, 1H; H3), 6.61 (d, 1H, 3JHH = 2.7 Hz; H2), 7.08 – 7.09 (m, 1H, H1), 7.19 (s, 1H; 

Ar-H), 7.24 (dd, 4H, 4JHH = 2.9 Hz, 5.0 Hz; Ar-H), 7.48 (dt, 4H, 3JHH = 1.9 Hz, 7.9 Hz; Ar-H), 

7.62 (t, 2H, 3JHH = 7.5 Hz; Ar-H), 7.79 (t, 1H, 3JHH = 8.0 Hz; Ar-H), 7.93 (t, 1H, 3JHH = 7.4 Hz; 

Ar-H), 8.03 (dd, 1H, 3JHH = 4.0 Hz, 7.1 Hz; H7), 8.79 (s, 1H, H6). 31P NMR (162 MHz, DMSO-

d6): 31.3 (s). ESI-MS: m/z 511.44 [M-Cl]+. Anal. Calc. for C24H20Cl2NOPPd (546.72): C, 

52.72; H, 3.69; N, 2.56. Found: C, 52.42; H, 3.56; N, 2.59. 

 
Preparation of [Pd(C24H20NPS)Cl2] (3.10) 

Complex 3.10 was prepared by reacting [Pd(COD)Cl2] 

(0.96 g, 3.36 mmol) with ligand 3.4 (1.29 g, 3.36 mmol). 

The product was obtained as a yellow powder (1.23 g, 

65%). M.p. 232 – 234 °C (decomp.). IR (KBr): 1627 cm-1 

(νC=N, imine). 1H NMR (300 MHz, DMSO-d6): 5.69 (s, 2H; 

H5), 6.53 (dd, 1H, 3JHH = 0.8 Hz, 3.3 Hz; H3), 6.79 (dd, 1H, 3JHH = 3.4 Hz, 5.1 Hz; H2), 6.99 

(dd, 1H, 3JHH = 8.0 Hz, 10.0 Hz; H1), 7.23 (dd, 1H, 3JHH = 1.2 Hz, 5.1 Hz; Ar-H), 7.44 (ddd, 

4H, 3JHH = 1.2 Hz, 8.3 Hz, 12.8 Hz; Ar-H), 7.56 (dt, 4H, 3JHH = 3.0 Hz, 7.4 Hz; Ar-H), 7.66 – 

7.68 (m, 2H; Ar-H), 7.74 – 7.75 (m, 1H; Ar-H), 7.90 – 7.92 (m, 2H; Ar-H), 8.52 (s, 1H; H6). 
31P NMR (121 MHz, DMSO-d6): 35.2 (s). ESI-MS: m/z 525.99 [M-Cl]+. Anal. Calc. for 

C24H20Cl2NPPdS (562.79): C, 51.22; H, 3.58; N, 2.49; S, 5.70. Found: C, 50.98; H, 3.47; N, 

2.68; S, 6.00. 

 
Preparation of [Pd(C25H21N2P)Cl2] (3.11) 

Complex 3.11 was prepared from a reaction of 3.5 (0.28 

g, 0.74 mmol) and [Pd(COD)Cl2] (0.21 g, 0.74 mmol) 

and the product was obtained as a yellow powder (0.26 

g, 63 %). M.p. 209 – 212 °C (decomp.). IR (KBr): 1624 

cm-1 (νC=N, imine). 1H NMR (400 MHz, DMSO-d6): 5.58 

(s, 2H; H6), 6.97 – 6.98 (m, 1H; Ar-H), 7.15 (dd, 5H, 3JHH = 8.0 Hz, 13.0 Hz; Ar-H), 7.41 (t, 

4H, 3JHH = 6.8 Hz; Ar-H), 7.60 (dd, 3H, 3JHH = 7.8 Hz, 14.7 Hz; Ar-H), 7.77 (t, 1H, 3JHH = 7.8 

Hz; Ar-H), 7.94 (dd, 1H, 3JHH = 4.1 Hz, 7.8 Hz; H3), 8.06 (t, 1H, 3JHH = 7.4 Hz; H4), 8.49 (d, 

1H, 3JHH = 4.6 Hz; H2), 8.61 (s, 1H; H7), 8.89 (s,1H; H1). 31P NMR (161.9 MHz, DMSO-d6): 
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30.8 (s). ESI-MS: m/z 522.12 [M-Cl]+. Anal. Calc. for C25H21Cl2N2PPd (557.75): C, 53.84; H, 

3.80; N, 5.02. Found: C, 54.01; H, 3.96; N, 4.96. 

 
Preparation of [Pd(C29H28NP)Cl2] (3.12)  

Complex 3.12 was prepared by a reaction of 

[Pd(COD)Cl2] (0.21 g, 0.74 mmol) with 3.6 (0.31 g, 

0.74 mmol). The product was obtained as a yellow 

powder (0.30 g, 67%). M.p. 186 - 189 °C (decomp.). 

IR (KBr): 1630 cm-1 (νC=N, imine). 1H NMR (400 MHz, 

DMSO-d6): 2.23 (s, 6H; H2+H2’), 2.45 (s, 3H; H1), 

5.50 (s, 2H; H3), 7.20 – 7.22 (m, 2H; Ar-H), 7.26 – 7.28 (m, 4H; Ar-H), 7.34 – 7.35 (m, 4H; 

Ar-H), 7.39 – 7.40 (m, 1H; Ar-H), 7.64 – 7.65 (m, 2H; Ar-H), 7.71 – 7.72 (m, 1H; Ar-H), 7.92 

– 7.95 (m, 1H; Ar-H), 8.15 – 8.16 (m, 1H; Ar-H), 8.71 (s, 1H; H4). 31P NMR (161 MHz, 

DMSO-d6): 31.9 (s). ESI-MS: m/z 564.26 [M-Cl]+. Anal. Calc. for C29H28Cl2NPPd (598.84): C, 

58.16; H, 4.17; N, 2.34. Found: C, 57.97; H, 4.33; N, 2.43.  

 
7.6.3 General Procedure for the Synthesis of Methyl Chloride Palladium Complexes 

3.13 – 3.18 (Chapter 3)  
 
To a solution of the appropriate ligand in DCM (15 ml) was added equimolar amount of 

[Pd(COD)(CH3)Cl] solution in DCM (15 ml). The reaction was stirred at room temperature for 

15 h, after which the solvent was reduced in vacuo and hexane was added to the solution to 

precipitate out the product. The resultant solid was washed with hexane and diethyl ether 

then dried. The desired products were obtained as pale yellow or off-white solids in 

moderate to good yields.11,13 

 
Preparation of [Pd(C26H22NP)(Me)Cl] (3.13) 

Complex 3.13 was prepared by a reaction of 

[Pd(COD)(CH3)Cl] (0.30 g, 1.13 mmol) with 3.1 (0.42 g, 

1.13 mmol) and the product was obtained as a pale 

yellow powder (0.39 g, 65%). M.p. 169 – 171 °C. IR 

(KBr): 1638 cm-1 (νC=N, imine). 1H NMR (400 MHz, 

CDCl3): 0.21 (d, 3H, 3JHP = 3.2 Hz; Pd-CH3), 5.09 (s, 2H; H1), 7.13 (dd, 1H, 3JHH = 7.7, 10.5 

Hz; Ar-H), 7.18 – 7.23 (m, 8H; Ar-H), 7.34 (m, 1H; Ar-H), 7.46 (dt, 4H, 3JHH = 2.3, 7.6 Hz; Ar-

H), 7.53 – 7.54 (m, 2H; Ar-H), 7.71 (br t, 1H, 3JHH = 7.5 Hz; Ar-H), 7.82 (br t, 1H, 3JHH = 7.5 

Hz; Ar-H), 7.94 (dd, 1H, 3JHH = 4.3, 6.3 Hz; Ar-H), 8.80 (s, 1H; H2). 13C NMR (100.6 MHz, 

CDCl3): 0.62 (s; Pd-CH3), 62.5 (s; C1), 124.4 (s; Ar-C), 124.7 (d, 2JCP = 7.6 Hz; Ar-C), 127.8 

(s; Ar-C), 128.3 (s; Ar-C), 129.5 (d, 2JCP = 8.8 Hz; Ar-C), 130.1 (d, 1JCP = 11.9 Hz; Ar-C), 

132.4 (s; Ar-C), 134.3 (s; Ar-C), 134.8 (d, 1JCP = 12.1 Hz; Ar-C), 135.5 (s; Ar-C), 136.0 (d, 
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1JCP = 13.6 Hz; Ar-C), 137.4 (s; Ar-C), 138.0 (s; Ar-C), 138.5 (d, 2JCP = 8.3 Hz; Ar-C), 164.7 

(d, 3JCP = 5.0 Hz; C2). 31P NMR (161.9 MHz, CDCl3): 38.3 (s). ESI-MS: m/z 501.10 [M-Cl]+. 

Anal. Calc. for C27H25ClNOPPd (536.34): C, 60.46; H, 4.70; N, 2.61. Found: C, 60.91; H, 

4.43; N, 2.87. 

 
Preparation of [Pd(C27H24NP)(Me)Cl] (3.14)  

Complex 3.14 was prepared by the reaction of 3.2 

(0.42 g, 1.07 mmol) and [Pd(COD)(CH3)Cl] (0.28 

g, 1.07 mmol) and the product was obtained as a 

pale yellow solid (0.47 g, 79%). M.p. 122 - 124 °C 

(decomp.). IR (KBr): 1638 cm-1 (νC=N, imne). 1H NMR (400 MHz, CDCl3): 0.56 (d, 3H, 3JHP = 

2.9 Hz; Pd-CH3), 2.36 (s, 3H; H1), 5.40 (s, 2H; H2), 6.91 (d, 2H, 3JHH = 7.7 Hz; Ar-H), 7.02 

(m, 1H; Ar-H), 7.08 (br s, 1H; Ar-H), 7.10 (d, 2H, 4JHH = 5.9 Hz; Ar-H), 7.14 (d, 3H, 4JHH = 5.1 

Hz; Ar-H), 7.26 (t, 4H, 3JHH = 7.2 Hz; Ar-H), 7.40 (t, 3H, 3JHH = 7.2 Hz; Ar-H), 7.47 (dd, 1H, 
3JHH = 4.1 Hz; 7.5 Hz, Ar-H), 7.55 (t, 1H, 3JHH = 7.4 Hz; Ar-H), 8.16 (s, 1H; H3). 13C NMR 

(100.6 MHz, CDCl3): 2.3 (s; Pd-CH3), 21.2 (s; C1), 66.6 (s; C2), 126.8 (s; Ar-C), 127.2 (s; Ar-

C), 127.3 (s; Ar-C), 127.5 (s; Ar-C), 127.8 (d, 2JCP = 5.9 Hz; Ar-C), 128.0 (s; Ar-C), 128.1 (s; 

Ar-C), 128.2 (s; Ar-C), 128.6 (d, 1JCP = 11.1, Ar-C), 128.8 (s; Ar-C), 129.4 (d, 1JCP = 13.6 Hz; 

Ar-C), 129.7 (s; Ar-C), 129.9 (s; Ar-C), 130.7 (s; Ar-C), 130.8 (d, 3JCP = 2.0 Hz; Ar-C), 131.3 

(d, 3JCP = 1.3 Hz; Ar-C), 131.8 (s; Ar-C), 131.9 (d, 2JCP = 6.8 Hz; Ar-C), 132.2 (s; Ar-C), 132.3 

(s; Ar-C), 133.6 (d, 2JCP = 5.5 Hz; Ar-C), 133.9 (d, 1JCP = 12.4 Hz; Ar-C), 137.0 (s; Ar-C), 

137.4 (d, 2JCP = 14.3 Hz; Ar-C), 162.4 (d, 3JCP = 5.0 Hz; C3). 31P NMR (161.9 MHz, CDCl3): 

37.4 (s). ESI-MS: m/z 514.10 [M-Cl]+. Anal. Calc. for C28H27ClNPPd (550.37): C, 61.10; H, 

4.94; N, 2.54. Found: C, 61.54; H, 4.61; N, 2.49. 

 
Preparation of [Pd(C24H20NOP)(Me)Cl] (3.15)  

Complex 3.15 was prepared by the reaction of 3.3 (0.39 

g, 1.07 mmol) and [Pd(COD)(CH3)Cl] (0.28 g, 1.07 

mmol) and the product was obtained as a pale yellow 

solid (0.40 g, 71%). M.p. 193 – 195 °C. IR (KBr): 1637 

cm-1 (νC=N, imine). 1H NMR (400 MHz, CDCl3): 0.56 (d, 

3H, 3JHP = 2.4 Hz; Pd-CH3), 5.47 (s, 2H; H5), 6.35 (m, 1H; H3), 6.72 (d, 1H, 3JHH = 2.6 Hz; 

H2), 7.06 (m, 1H; H1), 7.15 (t, 1H, 3JHH = 8.7 Hz; Ar-H), 7.26 – 7.29 (m, 4H; Ar-H), 7.38 (t, 

4H, 3JHH = 7.3 Hz; Ar-H), 7.48 (t, 3H, 3JHH = 7.5 Hz; Ar-H), 7.56 – 7.58 (m, 1H; Ar-H), 7.62 (t, 

1H, 3JHH = 7.3 Hz; Ar-H), 8.24 (br s, 1H; H-imine). 13C NMR (100.6 MHz, CDCl3): 2.9 (s; Pd-

CH3), 59.1 (s; C5), 110.6 (s; C3), 111.3 (s; C2), 126.9 (d, 2JCP = 7.5 Hz; Ar-C), 128.2 (s; Ar-

C), 128.7 (d, 1JCP = 11.2 Hz; Ar-C), 130.9 (d, 3JCP = 2.0 Hz; Ar-C), 131.4 (d, 3JCP = 1.7 Hz; 

Ar-C), 132.2 (d, 2JCP = 6.8 Hz; Ar-C), 133.5 (s; Ar-C), 134.1 (d, 1JCP = 12.6 Hz; Ar-C), 135.9 
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(d, 2JCP = 8.7 Hz; Ar-C), 136.0 (s; Ar-C), 142.8 (s; C1), 149.5 (s; C4), 163.7 (d, 3JCP = 5.1 Hz; 

C6). 31P NMR (161.9 MHz, CDCl3): 37.4 (s). ESI-MS: m/z 490.21 [M-Cl]+. Anal. Calc. For 

C25H23ClNOPPd (526.30): C, 57.05; H, 4.40; N, 2.66. Found: C, 57.56; H, 4.39; N, 2.98. 

 
Preparation of [Pd(C24H20NPS)(Me)Cl] (3.16) 

Complex 3.16 was prepared by the reaction of 3.4 (0.41 

g, 1.07 mmol) and [Pd(COD)(CH3Cl] (0.28 g, 1.07 mmol) 

and the product was obtained as a pale yellow solid (0.42 

g, 73%). M.p. 188 – 190 °C. IR (KBr): 1637 cm-1 (νC=N, 

imine). 1H NMR (400 MHz, CDCl3): 0.56 (d, 3H, 3JHP = 2.9 

Hz; Pd-CH3), 5.48 (s, 2H; H5), 6.36 (m, 1H; H3), 6.73 (d, 1H, 3JHH = 2.6 Hz; H2), 7.10 (m, 

1H; H1), 7.16 (t, 1H, 3JHH = 8.8 Hz; Ar-H), 7.29 (t, 4H, 4JHH = 5.8 Hz; Ar-H), 7.39 (t, 4H, 3JHH = 

7.6 Hz; Ar-H), 7.48 (t, 3H, 3JHH = 7.5 Hz; Ar-H), 7.54 – 7.55 (m, 1H; Ar-H), 7.64 (t, 1H, 3JHH = 

7.3 Hz; Ar-H), 8.24 (br s, 1H; H6). 13C NMR ( 100.6 MHz, CDCl3): 2.3 (s; Pd-CH3), 61.5 (s; 

C5), 123.9 (C3), 127.0 (C2), 127.7 (d, 1JCP = 12.0 Hz; Ar-C), 128.3 (s; Ar-C), 128.8 (s; Ar-C), 

130.0 (d, 1JCP = 11.3 Hz; Ar-C), 130.9 (d, 3JCP = 2.1 Hz; Ar-C), 131.2 (d, 3JCP = 1.5 Hz; Ar-C), 

132.4 (d, 2JCP = 6.8 Hz; Ar-C), 133.7 (s; C1), 134.2 (d, 1JCP = 12.4 Hz; Ar-C), 135.9 (d, 2JCP = 

8.5 Hz; Ar-C), 137.3 (d, 2JCP = 14.4 Hz; Ar-C), 138.6 (s; C4), 163.4 (d, 3JCP = 5.1 Hz; C6). 31P 

NMR (161.9 MHz, CDCl3): 37.5 (s). ESI-MS: m/z 506.83 [M-Cl]+. Anal. Calc. For 

C25H23ClNPPdS (542.37): C, 55.36; H, 4.27; N, 2.58; S, 5.91. Found: C, 55.42; H, 4.25; N, 

2.31; S, 5.87.  

 
Preparation of [Pd(C25H21N2P)(Me)Cl] (3.17) 

Compound 3.17 was prepared by the reaction of 

[Pd(COD)(CH3)Cl] (0.13 g, 0.50 mmol) and 3.5 (0.19 g, 

0.5 mmol) and the product was obtained as a pale 

yellow powder (0.19 g, 72%). M.p. 180 – 182 °C. IR 

(KBr): 1635 cm-1 (νC=N, imine). 1H NMR (400 MHz, 

CDCl3): 0.61 (d, 3H, 3JHP = 3.0 Hz; Pd-CH3), 5.49 (s, 2H; H6), 7.09 (dd, 1H, 3JHH = 7.4 Hz, 

9.8 Hz; Ar-H), 7.14 – 7.17 (m, 4H; Ar-H), 7.39 – 7.41 (m, 4H; Ar-H), 7.46 – 7.49 (m, 3H; Ar-

H), 7.60 – 7.62 (m, 1H; Ar-H), 7.65 – 7.66 (m, 1H; H3), 8.00 (td, 1H, 3JHH = 1.8 Hz; 7.8 Hz, 

Ar-H), 8.28 (1H, s; H4) 8.32 (d, 1H, 4JHH = 2.2, Hz; H1), 8.40 (s, 1H; H7), 8.51 (dd, 1H, 3JHH = 

1.6 Hz, 4.8 Hz; H2). 13C NMR (100.6 MHz, CDCl3): 2.6 (s; Pd-CH3), 64.4 (s; C6), 123.3 (s; 

Ar-C), 126.5 (s; Ar-C), 128.7 (d, 1JCP = 11.2 Hz; Ar-C), 130.4 (d, 3JCP = 1.7 Hz; Ar-C), 131.1 

(d, 3JCP = 2.3 Hz; Ar-C), 132.3 (d, 2JCP = 6.7 Hz; Ar-C), 132.5 (s; Ar-C), 133.1 (d, 1JCP = 12.4 

Hz; Ar-C), 133.8 (s; Ar-C), 133.9 (s; Ar-C), 134.1 (s; C3), 136.1 (d, 1JCP = 8.7 Hz; Ar-C), 

137.4 (s; C4), 138.1 (s; C-pyridyl), 149.0 (s; C2), 150.4 (s; C1), 163.6 (d, 3JCP = 4.8 Hz; C7). 
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31P NMR (161.9 MHz, CDCl3): 37.6 (s). ESI-MS: m/z 501.11 [M-Cl]+. Anal. Calc. for 

C26H24ClN2PPd (537.33): C, 58.12; H, 4.50; N, 5.21. Found: C, 58.52; H, 4.56; N, 5.13. 

Preparation of [Pd(C29H28NP)(Me)Cl] (3.18)  
Complex 3.18 was prepared by the reaction of 3.6 

(0.50 g, 1.18 mmol) and [Pd(COD)(CH3)C]l (0.31 g, 

1.18 mmol) and the product was obtained as a pale 

yellow solid (0.54 g, 79%). M.p. 135 - 138 °C 

(decomp). IR (KBr): 1638 cm-1 (νC=N, imine). 1H NMR 

(400 MHz, CDCl3): 0.51 (d, 3H, 3JHP = 3.1 Hz; Pd-

CH3), 2.27 (s, 6H; H2+H2’) 2.33 (s, 3H; H1), 5.32 (s, 2H; H3), 6.95 (d, 2H, 3JHH = 7.1 Hz; Ar-

H), 7.06 – 7.07 (m, 1H; Ar-H), 7.11 (d, 2H, 3JHH = 7.6 Hz; Ar-H), 7.21 (d, 3H, 3JHH = 7.1 Hz; 

Ar-H), 7.31 (m, 3H; Ar-H), 7.49 (t, 4H, 3JHH = 7.8 Hz; Ar-H), 7.81 (t, 1H, 3JHH = 7.1 Hz; Ar-H), 

8.36 (s, 1H; H4). 13C NMR (100.6 MHz, CDCl3): 2.1 (s; Pd-CH3), 21.5 (s; C2+C2’), 23.7 (s; 

C1) 64.7 (s; C3), 126.1 (s; Ar-C), 127.2 (s; Ar-C), 127.4 (s; Ar-C), 127.5 (s; Ar-C), 127.9 (d, 
2JCP = 6.0 Hz; Ar-C), 128.0 (s; Ar-C), 128.1 (s; Ar-C), 128.3 (s; Ar-C), 128.7 (d, 1JCP = 10.2, 

Ar-C), 129.0 (s; Ar-C), 129.6 (d, 1JCP = 13.1 Hz; Ar-C), 129.7 (s; Ar-C), 130.0 (s; Ar-C), 130.4 

(s; Ar-C), 130.8 (s; Ar-C), 131.5 (d, 3JCP = 2.0 Hz; Ar-C), 131.8 (d, 1JCP = 11.9 Hz; Ar-C), 

132.0 (d, 2JCP = 7.1 Hz; Ar-C), 132.2 (s; Ar-C), 132.3 (s; Ar-C), 133.6 (d, 2JCP = 6.4 Hz; Ar-C), 

134.1 (s; Ar-C), 138.1 (s; Ar-C), 142.3 (d, 2JCP = 14.1 Hz; Ar-C), 162.8 (d, 3JCP = 5.0 Hz; C4). 
31P NMR (161.9 MHz, CDCl3): 38.1 (s). ESI-MS: m/z 543.69 [M-Cl]+. Anal. Calc. for 

C30H31ClNPPd (578.42): C, 62.29; H, 5.40; N, 2.42. Found: C, 62.33; H, 5.42; N, 2.39. 

 
7.6.4 General Procedure for the Synthesis of Platinum Dichloride Complexes 3.19 – 

3.24 (Chapter 3) 
 
To a solution of the appropriate ligand in DCM (15 ml) was added equimolar amount of 

[Pt(COD)Cl2] solution in DCM (15 ml). A pale yellow precipitate formed immediately and the 

reaction was further stirred at room temperature for 15 h, after which the solvent was 

reduced in vacuo and the precipitate filtered. The yellow solid obtained was washed with 

aliquots of DCM followed by Et2O and then dried. The desired products were obtained as 

pale yellow solids in moderate to good yields.14 

 
Preparation of [Pt(C26H22NP)Cl2] (3.19) 

Compound 3.19 was prepared by reacting [Pt(COD)Cl2] 

(0.22 g, 0.61 mmol) with 3.1 (0.23 g, 0.61 mmol) and the 

product was obtained as a pale yellow solid (0.27 g, 69%). 

M.p. 181 – 183 °C. IR (KBr): 1631 cm-1 (νC=N, imine). 1H 

NMR (400 MHz, DMSO-d6): 5.78 (s, 2H; H1), 7.06 (dd, 1H, 3JHH = 7.1 Hz, 10.7 Hz; Ar-H), 

7.14 (m, 4H; Ar-H), 7.26 (d, 2H, 3JHH = 7.7 Hz; Ar-H), 7.38 (dt, 4H, 3JHH = 2.8 Hz, 7.7 Hz; Ar-
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H), 7.54 (dt, 4H, 3JHH = 1.9 Hz, 7.4 Hz; Ar-H), 7.84 (td, 3H, 3JHH = 7.6 Hz, 3JHP = 23.0 Hz; Ar-

H), 8.00 (dd, 1H, 4JHH = 4.4 Hz, 5.1 Hz; Ar-H), 9.09 (s, 1H, 3JHPt = 108.8 Hz; H2). 31P NMR 

(161.9 MHz, DMSO-d6): 4.29 (s, JPPt = 3764 Hz). ESI-MS: m/z 609.43 [M-Cl]+. Anal. Calc. 

For C26H22Cl2NPPt (645.42): C, 48.38; H, 3.44; N, 2.17. Found: C, 48.01; H, 3.57; N, 2.41. 

 
Preparation of [Pt(C27H24NP)Cl2] (3.20)  

Compound 3.20 was prepared by the reaction of 

[Pt(COD)Cl2] (0.40 g, 1.08 mmol) with 3.2 (0.43 g, 

1.08 mmol). The product was obtained as a pale 

yellow solid (0.41 g, 58%). M.p. 275 – 280 °C 

(decomposes without melting). IR (KBr): 1632 cm-1 (νC=N, imine). 1H NMR (400 MHz, DMSO-

d6): 2.26 (s, 3H; H1), 5.67 (s, 2H; H2), 6.88 (m, 1H; Ar-H), 7.10 (m, 4H; Ar-H), 7.32 (d, 2H, 
3JHH = 7.7; Ar-H), 7.50 (d, 4H, 3JHH = 7.8 Hz; Ar-H), 7.73 (m, 4H; Ar-H), 7.82 (td, 2H, 3JHH = 

7.8 Hz, 3JHP = 21.2 Hz; Ar-H), 7.96 (m, 1H; Ar-H), 9.01 (s, 1H, 3JPtH = 109.1 Hz; H3). 31P 

NMR (161.9 MHz, DMSO-d6): 4.44 (s, JPPt = 3890 Hz). ESI-MS: m/z 624.13 [M-Cl]+. Anal. 

Calc. For C27H24Cl2NPPt (659.44): C, 49.18; H, 3.67; N, 2.12. Found: C, 48.93; H, 3.51; N, 

2.49.  

 
Preparation of [Pt(C24H20NOP)Cl2] (3.21) 

Compound 3.21 was prepared by the reaction of 

[Pt(COD)Cl2] (0.41 g, 1.10 mmol) with 3.3 (0.40 g, 1.10 

mmol). The product was obtained as a pale yellow solid 

(0.55 g, 79%). M.p. 198 – 200 °C. IR (KBr): 1633 cm-1 

(νC=N, imine). 1H NMR (400 MHz, DMSO-d6): 5.78 (2H, s; 

H5), 6.30 (1H, m; H3), 6.43 (1H, d, 4JHH = 2.5 Hz; H2), 7.03 (1H, dd, 3JHH = 8.3 Hz, 9.5 Hz; 

H1), 7.16 (4H, dd, 3JHH = 7.6 Hz, 12.7 Hz; Ar-H), 7.36 (4H, t, 3JHH = 7.3 Hz; Ar-H), 7.47 (2H, t, 
3JHH = 7.3 Hz; Ar-H), 7.74 (2H, td, 3JHH = 7.4 Hz,3JHP = 19.6 Hz; Ar-H), 7.90 (1H, dd, 3JHH = 

4.7 Hz, 6.3 Hz; Ar-H), 8.90 (s, 1H, 3JHPt = 106.2 Hz; H6). 31P NMR (161.9 MHz, DMSO-d6): 

5.87 (s, JPtP = 3760 Hz). ESI-MS: m/z 500.06 [M-Cl]+. Anal. Calc. For C24H20Cl2NOPPt 

(635.38): C, 45.37; H, 3.17; N, 2.20. Found: C, 45.83; H, 3.90; N, 2.17.  

 
Preparation of [Pt(C24H20NPS)Cl2] (3.22) 

Compound 3.22 was prepared by the reaction of 

PtCl2(COD) (0.25 g, 0.67 mmol) with 3.4 (0.26 g, 0.67 

mmol). The product was obtained as a pale yellow solid 

(0.38 g, 87%). M.p. 201 – 202 °C. IR (KBr): 1630 cm-1 

(νC=N, imine). 1H NMR (400 MHz, DMSO-d6): 5.89 (2H, s; 

H5), 6.85 (1H, d, 4JHH = 3.4 Hz; H3), 6.78 (1H, dd, 4JHH = 3.4 Hz, 5.1 Hz; H2), 7.06 (1H, dd, 
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3JHH = 7.2 Hz, 10.6 Hz; H1), 7.15 (4H, dd, 4JHH = 1.2 Hz, 5.1 Hz; Ar-H), 7.34 (4H; m, Ar-H), 

7.48 (2H, m; Ar-H), 7.76 (2H, m; Ar-H), 7.91 (1H, d, 4JHH = 5.2 Hz; Ar-H), 8.98 (1H, s, 3JHPt = 

100.0 Hz; H6). 31P NMR (161.9 MHz, DMSO-d6): 4.41 (s, JPPt = 3763 Hz). ESI-MS: m/z 

615.37 [M-Cl]+. Anal. Calc. For C24H20Cl2NPPtS (651.45): C, 44.25; H, 3.09; N, 2.15; S, 4.92. 

Found: C, 44.36; H, 3.10; N, 2.71; S, 5.14. 

 
Preparation of [Pt(C25H21N2P)Cl2] (3.23)  

Compound 3.23 was prepared by the reaction of 

[Pt(COD)Cl2] (0.51 g, 1.36 mmol) with 3.5 (0.52 g, 1.36 

mmol). The product was obtained as a pale yellow solid 

(0.61 g, 70%). M.p. 168 – 170 °C. IR (KBr): 1629 cm-1 

(νC=N, imine). 1H NMR (400 MHz, DMSO-d6): 5.81 (s, 2H; 

H6), 7.09 (m, 1H; Ar-H), 7.39 (m; 4H, Ar-H), 7.60 (m, 4H; Ar-H), 7.85 (m, 4H; Ar-H), 7.92 (m, 

2H; 1 x Ar-H + 1 x H3), 8.10 (dt, 1H, 3JHH = 2.0 Hz, 7.5 Hz; H4), 8.53 (dd, 1H, 4JHH = 1.6 Hz, 

3JHH = 4.4 Hz; H2), 8.63 (m, 1H; H1), 9.20 (s, 1H, 3JHPt = 107.6 Hz; H7). 31P NMR (161.9 

MHz, DMSO-d6): 4.72 (s, JPPt = 3726 Hz). ESI-MS: m/z 611.03 [M-Cl]+. Anal. Calc. For 

C25H21Cl2N2PPt (646.40): C, 46.45; H, 3.27; N, 4.33. Found: C, 46.13; H, 3.61; N, 4.41. 

 
Preparation of [Pt(C29H28NP)Cl2] (3.24)  

Compound 3.24 was prepared by the reaction of 

[Pt(COD)Cl2] (0.40 g, 1.07 mmol) with 3.6 (0.45 g, 

1.11 mmol). The product was obtained as a pale 

yellow solid (0.50 g, 68%). M.p. 265 – 267 °C 

(decomposes without melting). IR (KBr): 1631 cm-1 

(νC=N, imine). 1H NMR (400 MHz, DMSO-d6): 2.21 

(6H, s; H2+H2’), 2.35 (3H, s; H1), 5.74 (2H, s; H3), 7.00 (1H, m; Ar-H), 7.21 (3H, d, 3JHH = 

7.1; Ar-H), 7.36 (2H, m; Ar-H), 7.67 (4H, d, 3JHH = 8.0 Hz; Ar-H), 7.71 (4H, m; Ar-H), 7.79 

(2H, td, 3JHH = 7.5 Hz; 3JHP = 20.9 Hz, Ar-H), 9.17 (1H, s, 3JHPt = 105.8 Hz; H4). 31P NMR 

(161.9 MHz, DMSO-d6): 5.71 (s; JPPt = 3684 Hz). ESI-MS: m/z 652.96 [M-Cl]+. Anal. Calc. 

For C29H28Cl2NPPt (687.50): C, 50.66; H, 4.11; N, 2.04. Found: C, 50.79; H, 4.47; N, 2.00.  

 
7.6.5 General Procedure for the Synthesis of Platinum Alkyl Bromide Complexes 

3.25 – 3.26 (Chapter 3) 
 
A suspension of an appropriate [Pt(iminophos)Cl2] complex in dry THF (20 ml) under a 

nitrogen atmosphere was cooled to - 80 °C. Excess (1.5 – 2.0 molar equivalents) 

BrMg(C4H8)MgBr, was added dropwise and the resulting reaction mixture was allowed to 

warm to room temperature and stirred for 18 h.  During this time an orange solution was 

observed. After stirring for 18 h, the solution was cooled to 0 °C and a saturated ammonium 
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chloride solution (2 ml) and de-ionized water (5 ml) were added to hydrolyze the excess 

Grignard reagent. DCM (10 ml) was added to the mixture and the organic layer was then 

collected and dried over anhydrous MgSO4. After filtration and removal of excess solvent an 

orange oily residue was obtained. This residue was dissolved in DCM (1–2 ml) and upon 

addition of hexane the products precipitated out as yellow-orange solids. The solids were 

dried under vacuum and characterized.  

 
Preparation of [Pt(C26H22NP)(C4H9)Br] (3.25)  

Complex 3.25 was prepared by the reaction of complex 

3.19 (0.20 g, 0.31 mmol) with excess BrMg(CH2)4MgBr.  

After workup and recrystallization the product was 

obtained as a bright yellow crystallined solid (0.17 g, 

87%). M.p. 204 – 203 °C (with decomposition). IR 

(CH2Cl2): 1628 cm-1 (νC=N, imine). 1H NMR (400 MHz, 

CDCl3): 0.58, (t, 3H, 3JHH = 7.3 Hz; Hd), 0.95 (dd, 2H, 
3JHH = 7.2 Hz, 14.6 Hz; Ha), 1.22 (td, 2H, 3JHH = 7.8 Hz, 15.7 Hz; Hb), 1.37 (2H, m, Hc), 5.79 

(br s, 2H; H1), 7.20 – 7.25 (m, 8H, Ar-H), 7.28 – 7.32 (m, 2H; Ar-H), 7.33 – 7.35 (m, 3H; Ar-

H), 7.45 (dt, 2H, 3JHH = 1.7 Hz, 7.2; Ar-H), 7.51 (dd, 2H, 3JHH = 5.5 Hz, 7.1 Hz; Ar-H), 7.59 (t, 

1H, 3JHH = 7.4 Hz; Ar-H), 8.39 (s, 1H, JHPt = 34.8 Hz, H2). 13C NMR (100.6 MHz, CDCl3): 7.4 

(d, 2JCP = 3.5 Hz, Ca), 13.8 (s; Cd), 26.3 (s; Cb), 35.1 (s; Cc), 69.0 (s; C1), 127.0 (s; Ar-C), 

127.6 (s; Ar-C), 127.8 (s; Ar-C), 128.3 (d, 1JCP = 11.3 Hz; Ar-C), 128.5 (s; Ar-C), 128.6 (s; Ar-

C), 129.9 (s; Ar-C), 130.0 (s; Ar-C), 130.9 (d, 3JCP = 2.5 Hz; Ar-C), 131.2 (d, 3JCP = 4.2 Hz; 

Ar-C), 132.0 (d, 2JCP = 7.7 Hz; Ar-C), 132.7 (d, 3JCP = 3.3 Hz; Ar-C), 134.0 (d, 1JCP = 11.6 Hz; 

Ar-C), 135.4 (d, 2JCP = 12.9 Hz; Ar-C), 161.4 (d, 3JCP = 4.7 Hz; C2). 31P NMR (161 MHz, 

CDCl3): 16.1 (s, JPPt = 5000 Hz). ESI-MS; m/z 632.56 [M-Br]+, 575.48 [M-C4H9Br]+. Anal. 

Calc. For C30H31BrNPPt (711.53): C, 50.64; H, 4.39; N, 1.97. Found: C, 50.71; H, 4.41; N, 

1.96. 

 
Preparation of [Pt(C24H20NOP)(C4H9)Br] (3.26)  

Complex 3.26 was prepared by the reaction of complex 

3.21 (0.30 g, 0.47 mmol) with excess BrMg(CH2)4MgBr. 

After workup and recrystallization the product was 

obtained as an orange crystallined solid (0.26 g, 78%). 

M.p. 193 – 194 °C (melts with decomposition). IR 

(CH2Cl2): 1630 cm-1 (νC=N, imine). 1H NMR (300 MHz, 

CDCl3): 0.44, (t, 3H, 3JHH = 7.3 Hz; Hd), 0.80 (dd, 2H, 
3JHH = 7.6 Hz, 14.5 Hz; Ha), 1.07, (dd, 2H, 3JHH = 7.7 Hz, 15.1 Hz; Hb), 1.33 (m, 2H; Hc), 
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5.67 (br s, 2H, H5), 6.27 (dd, 1H, 3JHH = 1.9 Hz, 3.2 Hz; H3), 6.65 (dd, 1H, 3JHH = 0.4 Hz, 3.2 

Hz;H2), 6.98 (dd, 1H, 3JHH = 0.8 Hz, 1.8 Hz; H1), 7.17 - 7.23 (m, 8H; Ar-H), 7.34 (t, 2H, 3JHH 

= Ar-H), 7.41 (d, 3H, 3JHH = 6.7 Hz; Ar-H), 7.46 (d, 1H, 3JHH = 7.2 Hz; Ar-H), 8.27 (s, 1H, 3JHPt 

= 33.1 Hz, H6). 13C NMR (100.6 MHz, CDCl3): 7.6 (d, 2JCP = 3.7 Hz, Ca), 13.7 (s; Cd), 29.7 

(s; Cb), 34.9 (s; Cc), 61.3 (s; C5), 110.6 (s; C3), 111.7 (s; C2), 128.4 (d, 1JCP = 11.4 Hz; Ar-

C), 130.9 (s; Ar-C), 131.2 (s; Ar-C), 132.1 (d, JCP = 7.7 Hz; Ar-C), 132.5 (d, JCP = 3.1 Hz; Ar-

C), 134.2 (d, 1JCP = 13.3 Hz; Ar-C), 135.5 (d, 2JC-P = 8.7 Hz; Ar-C), 142.8 (s; C1), 149.9 (s; 

C4), 162.2 (d, 3JCP = 4.6 Hz; C6). 31P NMR (121 MHz, CDCl3): 16.2 (s, JPt-P = 5018 Hz). ESI-

MS; m/z 622.32 [M-Br]+, 565.19 [M-C4H9Br]+. Anal. Calc. For C28H29BrNOPPt (701.49): C, 

47.94; H, 4.17; N, 2.00. Found: C, 47.99; H, 4.20; N, 1.98. 

 
7.6.6 General Procedure for the Synthesis of Platinacycloalkanes 5.1 – 5.12 (Chapter 

5)  
 
The metallacycloalkanes were prepare from the reaction of [Pt(COD)Cl2] with appropriate di-

Grignard reagents to give [Pt(COD)(CH2)n], where n = 4 or 6. After work-up, the 1,5-

cyclooctadienyl ligand was displaced by the P^N ligands previously described.      

 
Preparation of [Pt(COD)(C4H8)]

15 

A suspension of [Pt(COD)Cl2] (2.0 g, 5.34 mmol) in dry THF (20 ml) 

under a nitrogen atmosphere was cooled to - 80 °C. Excess (1.5 – 

2.0 molar equivalents) BrMg(C4H8)MgBr was added dropwise and 

the resulting reaction mixture allowed to stir until dissolution of [Pt(COD)Cl2] was observed 

and a clear solution was obtained. The solution was then cooled to 0 °C and a saturated 

ammonium chloride solution (2 ml) and de-ionized water (5 ml) were added to hydrolyze the 

excess Grignard reagent. DCM (10 ml) was added to the mixture and the organic layer was 

collected and dried over anhydrous MgSO4. After filtration and removal of excess solvent a 

pale yellow solid was obtained and this solid was dried under vacuum then characterized. 

The product was obtained as a pale yellow solid (1.81 g, 94%).  1H NMR (400 MHz, CDCl3): 

1.28 – 1.63 (m, 4H; Pt-CH2-), 1.84 – 2.26 (m, 4H; Pt-CH2-CH2-), 2.27 (m, 8H; -CH2- (COD)), 

4.84 (s, 4H, JH-Pt = 40.4 Hz, =CH- (COD)). 

 
7.6.6.1 Preparation of Platinacyclopentanes (5.1 – 5.12) (Chapter 5) 

 
To a solution of [Pt(COD)(C4H8)] (0.29 g, 0.75 mmol) in THF (20 ml) was added a solution of 

an equimolar amount of the appropriate ligand in THF. The resulting orange solution was 

stirred at room temperature overnight. Removal of solvent gave an orange oily residue which 

was then dissolved in minimal DCM (1 – 2 ml). Addition of hexane to this solution resulted in 

precipitation of an orange soild. The supernatant was decanted and the solid was 
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extensively washed with hexane then dried under vacuum. The products were obtained as 

orange solids in good yields.15  

 
Preparation of [Pt(C26H22NP)(C4H8)] (5.1) 

Complex 5.1 was prepared by the reaction of 

[Pt(COD)(C4H8)] (0.18 g, 0.50 mmol) and 3.1 (0.19 g, 

0.50 mmol), and the product was obtained as an orange 

solid (0.26 g, 83%). M.p. 164 – 167 °C (decomp). IR 

(KBr): 1631 cm-1 (νC=N, imine). 1H NMR (400 MHz, 

CDCl3): 0.79 – 0.84 (m, 4H; Ha+Hd), 1.76 – 1.79 (m, 4H; Hb+Hc), 5.50 (s, 2H, 3JH-Pt = 16.4 

Hz; H1), 6.88 (d, 2H, 3JHH = 7.8 Hz; Ar-H), 7.00 (d, 2H, 3JHH = 7.1 Hz; Ar-H), 7.11 – 7.35 (m, 

15H; Ar-H), 8.18 (s, 1H, 3JHPt = 35.1 Hz; H2). 13C NMR (100.6 MHz, CDCl3): 15.8 (d, 2JCP = 

2.9 Hz; Cd), 28.0 (s; Cc), 29.7 (s; Cb), 33.9 (d; 2JCP = 5.7 Hz; Ca), 68.8 (s; C1), 127.3 (s; Ar-

C), 128.1 (d, 1JCP = 9.0 Hz; Ar-C), 128.4 (s; Ar-C), 128.7 (s; Ar-C), 129.4 (s; Ar-C), 129.8 (s; 

Ar-C), 130.3 (s; Ar-C), 131.5 (s; Ar-C), 131.8 (s; Ar-C), 131.9 (d, 3JCP = 4.9 Hz; Ar-C), 133.6 

(s; Ar-C), 133.9 (d, 1JCP = 12.6 Hz; Ar-C), 135.3 (d, 1JCP = 8.3 Hz; Ar-C), 137.7 (s; Ar-C), 

138.9 (d, 2JCP = 16.7 Hz; Ar-C), 162.0 (d, 3JCP = 5.5 Hz; C2). 31P NMR (161.9 MHz, CDCl3): 

25.0 (s, JPPt = 1894 Hz). ESI-MS: m/z 631.18 [M+H]+, 575.12 [M-C4H8]+. Anal. Calc. For 

C30H30NPPt (630.62): C, 57.14; H, 4.80; N, 2.22. Found: C, 56.91; H, 4.83; N, 2.12. 

 
Preparation of [Pt(C27H24NP)(C4H8)] (5.2) 

Complex 5.2 was prepared by the reaction of 

[Pt(COD)(C4H8)] (0.18 g, 0.50 mmol) and 3.2 (0.20 g, 

0.50 mmol), and the product was obtained as an 

orange solid (0.24 g, 76%). M.p. 142 – 143 °C 

(decomp). IR (KBr): 1634 cm-1 (νC=N, imine). 1H NMR 

(400 MHz, CDCl3): 0.87 – 1.01 (m, 4H; Ha+Hd), 1.74 – 1.79 (m, 4H; Hb+Hc), 2.31 (s, 3H; 

H1), 5.25 (s, 2H, 3JHPt = 15.8 Hz; H2), 6.99 (d, 2H, 3JHH = 7.1 Hz; Ar-H), 7.05 (d, 2H, 3JHH = 

6.8 Hz; Ar-H), 7.17 – 7.34 (m, 14H; Ar-H), 8.17 (s, 1H, 3JHPt = 34.8 Hz; H3). 13C NMR (100.6 

MHz, CDCl3): 16.1 (d, 2JCP = 3.1 Hz; Cd), 22.1 (s; C1), 28.0 (s; Cc), 30.3 (s; Cd), 33.1 (d; 
2JCP = 6.0 Hz; Ca), 67.9 (s; C2), 125.5 (s; Ar-C), 127.2 (s; Ar-C), 128.0 (d, 1JCP = 8.8 Hz; Ar-

C), 128.5 (s; Ar-C), 128.9 (d, 1JCP = 9.3 Hz; Ar-C), 129.4 (s; Ar-C), 129.6 (s; Ar-C), 129.7 (d, 
3JCP = 1.7 Hz; Ar-C), 130.3 (d, 3JCP = 1.2 Hz; Ar-C), 131.5 (s; Ar-C), 131.8 (s; Ar-C), 131.9 (d, 
2JCP = 5.1 Hz; Ar-C), 132.2 (d, 3JCP = 2.6 Hz; Ar-C), 133.6 (d, 2JCP = 5.0 Hz; Ar-C), 134.1 (d, 
2JCP = 7.9 Hz; Ar-C), 135.0 (d, 1JCP = 11.9 Hz; Ar-C), 138.1 (s; Ar-C), 140.1 (d, 2JCP = 16.9 

Hz; Ar-C), 162.2 (d, 3JCP = 5.1 Hz; C3). 31P NMR (161.9 MHz, CDCl3): 26.2 (s, JPPt = 1920 
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Hz). ESI-MS: m/z 645.20 [M+H]+, 589.44 [M-C4H8]+. Anal. Calc. For C31H32NPPt (644.64): C, 

57.76; H, 5.00; N, 2.17. Found: C, 57.79; H, 5.03; N, 2.15. 

 
Preparation of [Pt(C24H20NOP)(C4H8)] (5.3) 

Complex 5.3 was prepared by the reaction of 

[Pt(COD)(C4H8)] (0.14 g, 0.40 mmol) and 3.3 (0.15 g, 

0.40 mmol). The product was obtained as an orange 

solid. (0.22 g, 87%). M.p. 146 – 148 °C (decomp). IR 

(KBr): 1630 cm-1 (νC=N, imine). 1H NMR (400 MHz, 

CDCl3): 0.86 – 0.88 (m, 4H; Ha+Hd), 1.45 - 148 (m, 4H; Hb+Hc), 5.49 (s, 2H, 3JH-Pt = 15.1 

Hz; H5), 6.22 (dd,1H, 3JHH = 1.9 Hz, 3.2 Hz; H3), 6.27 (d, 1H, 3JHH = 3.2 Hz; H2), 7.08 (dd, 

1H, 3JHH = 0.8 Hz, 1.8 Hz; H1), 7.24 – 7.41 (m, 14H; Ar-H), 8.15 (s, 1H, JH-Pt = 35.0 Hz; H6). 
13C NMR (100.6 MHz, CDCl3): 15.8 (d, 2JCP = 2.8 Hz; Cd), 26.3 (s; Cc), 28.0 (s; Cb), 33.9 (d, 
2JCP = 5.8 Hz; Ca), 60.9 (s; C5), 110.2 (s; C3), 111.7 (s; C2), 128.1 (d, 1JC-P = 9.7 Hz; Ar-C), 

128.3 (d, 1JCP = 11.0 Hz; Ar-C), 128.6 (d, 2JCP = 5.4 Hz; Ar-C),  129.7 (d, 3JCP = 1.8 Hz; Ar-

C), 130.2 (d, 3JCP = 1.4 Hz; Ar-C), 131.4 (s; Ar-C), 131.7 (s; Ar-C), 131.9 (d, 3JCP = 4.9 Hz; 

Ar-C), 132.0 (s; Ar-C), 132.3 (d, 3JCP = 2.7 Hz, Ar-C), 133.9 (d, 1JCP = 12.6 Hz; Ar-C), 134.1 

(s; Ar-C), 135.2 (d, 2JCP = 8.3 Hz; Ar-C), 138.7 (d, 2JCP = 16.4 Hz, Ar-C), 142.7 (s; C1), 150.4 

(s; C4), 161.6 (d, 3JCP = 5.2 Hz; C6). 31P NMR (121 MHz, CDCl3): 25.3 (s, JPPt = 1904 Hz). 

ESI-MS: m/z 621.17 [M+H]+, 564.50 [M-C4H8]+. Anal. Calc. For C28H28NOPPt (620.58): C, 

54.19; H, 4.55; N, 2.26. Found: C, 54.41; H, 4.82; N, 2.36.  

 
Preparation of [Pt(C24H20NPS)(C4H8)] (5.4) 

Complex 5.4 was prepared by the reaction of 

[Pt(COD)(C4H8)] (0.13 g, 0.36 mmol) and 3.4 (0.14 g, 

0.36 mmol). The product was obtained as an orange 

solid (0.19 g, 81%). M.p. 127 – 129 °C (decomp). IR 

(KBr): 1630 cm-1 (νC=N, imine). 1H NMR (400 MHz, 

CDCl3): 0.80 – 0.83 (m, 4H; Ha+Hd), 1.69 – 1.72 (m, 4H; Hb+Hc), 5.70 (s, 2H, 3JHPt = 16.4 

Hz; H5), 6.38 (dd, 1H, 3JHH = 1.8 Hz, 3.0 Hz; H3), 6.45 (d, 1H, 3JHH = 3.2 Hz; H2), 7.14 (dd, 

1H, 3JHH = 1.0 Hz, 1.8 Hz; H1), 7.28 – 7.47 (m, 14H; Ar-H), 8.21 (s, 1H, 3JHPt = 36.4 Hz; H6). 
13C NMR (100.6 MHz, CDCl3): 15.9 (d, 2JCP = 3.0 Hz; Cd), 25.9 (s; Cc), 27.8 (s; Cb), 36.1 (d, 
2JCP = 5.9 Hz; Ca), 61.4 (s; C5), 123.5 (s; C3), 125.0 (s; C2), 128.0 (d, 1JCP = 10.1 Hz; Ar-C), 

128.5 (d, 1JCP = 11.4 Hz; Ar-C), 128.9 (d, 2JCP = 4.8 Hz; Ar-C),  129.5 (d, 3JCP = 2.0 Hz; Ar-

C), 130.9 (d, 3JCP = 1.8 Hz; Ar-C), 131.5 (s; Ar-C), 131.6 (s; Ar-C), 131.8 (d, 3JCP = 5.1 Hz; 

Ar-C), 132.1 (s; Ar-C), 132.5 (d, 3JCP = 2.9 Hz, Ar-C), 134.2 (d, 1JCP = 11.6 Hz; Ar-C), 134.4 

(s; Ar-C), 135.5 (d, 2JCP = 8.8 Hz; Ar-C), 137.9 (d, 2JCP = 16.0 Hz, Ar-C), 143.3 (s; C1), 151.6 
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(s; C4), 162.4 (d, 3JCP = 4.3 Hz; C6). 31P NMR (161.9 MHz, CDCl3): 25.7 (s, JPPt = 2066 Hz). 

ESI-MS: m/z 637.13 [M+H]+, 581.08 [M-C4H8]+. Anal. Calc. For C28H28NPSPt (636.65): C, 

52.82; H, 4.43; N, 2.20; S, 5.04. Found: C, 53.01; H, 4.31; N, 2.17; S, 5.00.  

 
Preparation of [Pt(C25H21N2P)(C4H8)] (5.5)  

Complex 5.5 was prepared by reacting 

[Pt(COD)(C4H8)] (0.13 g, 0.36 mmol) and 3.5 (0.14 g, 

0.36 mmol). The product was obtained as an orange 

solid. (0.17 g, 76%). M.p. 139 - 142 °C (decomp). IR 

(KBr): 1630 cm-1 (νC=N, imine). 1H NMR (400 MHz, 

CDCl3): 0.89 – 0.93 (m, 4H; Ha+Hd), 1.41 - 146 (m, 4H; Hb+Hc), 5.69 (s, 2H, 3JH-Pt = 16.0 

Hz; H6), 7.12 (1H, d, 3JHH = 7.3 Hz; Ar-H), 7.18 – 7.21 (5H, m; Ar-H), 7.39 – 7.41 (4H, m; Ar-

H), 7.51 – 7.53 (2H, m; Ar-H), 7.60 – 7.62 (1H, m; Ar-H), 7.65 – 7.66 (1H, m; H3), 8.03 (1H, 

td, 3JHH = 2.0 Hz; 7.4 Hz, Ar-H), 8.30 (s, 1H; H4) 8.35 (1H, d, 4JHH = 2.1, Hz; H2), 8.43 (1H, s, 
3JHPt = 35.7 Hz; H7), 8.56 (1H, dd, 3JHH = 1.4 Hz, 5.0 Hz; H1). 13C NMR (100.6 MHz, CDCl3): 

16.0 (d, 2JCP = 2.8 Hz; Cd), 26.3 (s; Cc), 28.5 (s; Cb), 34.1 (d, 2JCP = 5.7 Hz; Ca),  64.4 (s; 

C6), 125.9 (s; C3), 126.5 (s; C), 129.1 (d, 1JCP = 12.3 Hz; Ar-C), 130.4 (d, 3JCP = 1.6 Hz; Ar-

C), 131.6 (d, 3JCP = 1.6 Hz; Ar-C), 132.0 (d, 2JCP = 6.7 Hz; Ar-C), 132.8 (s; C5), 133.1 (d, 1JCP 

= 12.4 Hz; Ar-C), 134.0 (s; Ar-C), 134.1 (s; Ar-C), 134.3 (s; C4), 136.9 (d, 2JCP = 17.4 Hz; Ar-

C), 137.2 (s; Ar-C), 139.4 (s; Ar-C), 149.7 (s; C2), 151.0 (s; C1), 162.1 (d, 3JCP = 5.3 Hz; C7). 
31P NMR (161.9 MHz, CDCl3): 25.7 (s, JPPt = 1886). ESI-MS: m/z 632.27 [M+H]+, 575.36 [M-

C4H8]. Anal. Calc. for C29H29N2PPd (631.61): C, 55.15; H, 4.63; N, 4.44. Found: C, 55.20; H, 

4.77; N, 4.39. 

 
Preparation of [Pt(C29H28NP)(C4H8)] (5.6) 

Complex 5.6 was prepared using [Pt(COD)(C4H8)] 

(0.17 g, 0.48 mmol) and 3.6 (0.17 g, 0.40 mmol). 

The product was obtained as an orange solid 

(0.27 g, 85%). M.p. 172 – 175 °C (decomp). IR 

(KBr): 1635 cm-1 (νC=N, imine). 1H NMR (400 MHz, 

CDCl3): 0.81 – 0.92 (m, 4H, Ha+Hd), 1.76 – 1.80 

(m, 4H, Hb+Hc), 2.21 (s, 6H; H2+H2’), 2.40 (s, 3H; 

H1), 5.27 (2H, s, 3JH-Pt = 17.0 Hz; H3), 7.01 (d, 2H, 3JHH = 7.6 Hz; Ar-H), 7.10 (d, 2H, 3JHH = 

7.0 Hz; Ar-H), 7.21 – 7.30 (m, 12H, Ar-H), 8.20 (s, 1H, 3JH-Pt = 35.4 Hz; H4). 13C NMR (126 

MHz, CDCl3): 15.8 (d, 2JCP = 3.0 Hz; Cd), 22.1 (s; C2+C2’), 24.0 (s; C1), 27.6 (s; Cc), 29.9 

(s; Cb), 32.7 (d; 2JCP = 5.9 Hz; Ca), 66.7 (s; C3), 126.3 (s; Ar-C), 128.0 (s; Ar-C), 128.8 (d, 
1JCP = 9.0 Hz; Ar-C), 129.0 (s; Ar-C), 129.5 (d, 1JCP = 9.1 Hz; Ar-C), 129.6 (s; Ar-C), 129.9 (s; 
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Ar-C), 130.0 (d, 3JCP = 1.4 Hz; Ar-C), 130.3 (d, 3JCP = 1.5 Hz; Ar-C), 131.7 (s; Ar-C), 131.8 (s; 

Ar-C), 132.0 (d, 2JCP = 5.3 Hz; Ar-C), 132.9 (d, 3JCP = 2.4 Hz; Ar-C), 133.8 (d, 2JCP = 5.4 Hz; 

Ar-C), 134.4 (d, 2JCP = 9.3 Hz; Ar-C), 134.8 (d, 1JCP = 12.1 Hz; Ar-C), 137.9 (s; Ar-C), 139.4 

(s, Ar-C), 142.2 (d, 2JCP = 16.5 Hz; Ar-C), 161.9 (d, 3JCP = 5.3 Hz; C4). 31P NMR (161.9 MHz, 

CDCl3): 26.7 (s, JPPt = 1843 Hz). ESI-MS: m/z 672.23 [M+H]+, 617.16 [M-C4H8]+. Anal. Calc. 

For C31H32NPPt (672.70): C, 58.92; H, 5.39; N, 2.08. Found: C, 58.97; H, 5.00; N, 2.01. 

 
Preparation of [Pt(COD)(C6H12)]

15a 

A suspension of [Pt(COD)Cl2] (3.0 g, 8.0 mmol) in dry THF (20 

ml) under a nitrogen atmosphere was cooled to -80 °C. Excess 

(1.5 – 2.0 molar equivalents) BrMg(C6H12)MgBr was added 

dropwise and the resulting reaction mixture was allowed to stir 

until dissolution of [Pt(COD)Cl2] was observed and the solution started turning brown. The 

solution was then cooled to 0 °C and a saturated ammonium chloride solution (2 ml) and de-

ionized water (5 ml) were added to hydrolyze the excess Grignard reagent. DCM (10 ml) 

was added to the mixture and the organic layer was collected and dried over anhydrous 

MgSO4. After filtration and removal of excess solvent a brown oil was obtained and dried 

under vacuum. The product was obtained as a brown oil (1.74 g, 56%). 1H NMR (400 MHz, 

CDCl3): 1.30 – 1.60 (m, 4H; Pt-CH2-), 1.87 – 2.22 (m, 8H; Pt-CH2-CH2-), 2.27 (m, 8H; -CH2- 

(COD)), 4.87 (s, 4H, JHPt = 40.6 Hz, =CH- (COD)). 

 
7.6.6.2 Preparation of Platinacycloheptanes 5.7 – 5.12 (Chapter 5) 
 
To a solution of [Pt(COD)(C6H12)] (0.25 g, 0.64 mmol) in THF (20 ml) was added a solution 

of an equimolar amount of the appropriate ligand in THF. The resulting orange solution was 

stirred at room temperature overnight. The solution was concentrated and hexane was 

added. An orange oily residue separated from the solution and the supernatant was 

decanted. The oily residue was washed with hexane then dried under vacuum. The products 

were obtained as sticky orange oils in good yields.18a  

 
Preparation of [Pt(C26H22NP)(C6H12)] (5.7) 

Complex 5.7 was prepared by the reaction of 

[Pt(COD)(C6H12)] (0.25 g, 0.64 mmol) with ligand 3.1 (0.24 

g, 0.64 mmol). The product was obtained as a brown oil. 

(0.32 g, 73%). IR (KBr): 1635 cm-1 (νC=N, imine).  1H NMR 

(300 MHz, CDCl3): 0.74 – 0.76 (m, 4H; Ha+Hf), 1.42 – 

1.45 (8H, m; (Hb-He), 5.38 (2H, s, 3JHPt= 16.8 Hz; H1), 

7.08 (dd, 1H, 3JHH = 1.2 H, 8.3 Hz; Ar-H), 7.11 (d, 1H, 4JHH = 1.8 Hz; Ar-H), 7.13 (dd, 2H, 5JHH 
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= 1.6 Hz, 3JHH = 7.8 Hz; Ar-H), 7.21 (m, 1H; Ar-H), 7.39 – 7.51 (m, 14H; Ar-H), 8.33 (s, 1H, 
3JHPt= 34.7 Hz; H2). 13C NMR (75.5 MHz, CDCl3): 14.9 (d, 2JCP = 3.0 Hz; Cf), 26.2 (s; Ce), 

28.1 (s; Cb), 32.3 (s; Cd), 32.4 (s; Cc), 34.2 (d; 2JCP = 5.0 Hz; Ca), 65.4 (s; C1), 125.9 (s; Ar-

C), 127.6 (d, 1JCP = 9.3 Hz; Ar-C), 127.9 (s; Ar-C), 128.4 (s; Ar-C), 128.6 (s; Ar-C), 129.0 (s; 

Ar-C), 129.4 (s; Ar-C), 129.9 (s; Ar-C), 130.7 (s; Ar-C), 131.3 (s; Ar-C), 132.0 (d, 2JCP = 5.1 

Hz; Ar-C), 133.6 (s; Ar-C), 134.6 (d, 1JCP = 12.2 Hz; Ar-C), 135.5 (d, 1JCP = 9.1 Hz; Ar-C), 

137.9 (s; Ar-C), 138.6 (d, 2JCP = 17.0 Hz; Ar-C), 162.7 (d, 3JCP = 5.5 Hz; C2). 31P NMR (121 

MHz, CDCl3): 26.8 (s, JPPt = 1802 Hz). ESI-MS: m/z 659.34 [M+H]+, 575.20 [M-C4H8]+.  

 
Preparation of [Pt(C27H24NP)(C6H12)] (5.8) 

Complex 5.8 was prepared by the reaction of 

[Pt(COD)(C6H12)] (0.25 g, 0.64 mmol) with ligand 

3.2. The product was obtained as a brown oil (0.29 

g, 68%). IR (KBr): 1635 cm-1 (νC=N, imine). 1H NMR 

(300 MHz, CDCl3): 0.76 – 0.89 (m, 4H; Ha+Hf), 

0.95 – 1.37 (m, 8H; Hb-He), 2.30 (s, 3H; H1), 5.45 

(s, 2H, 3JHPt = 16.0 Hz; H2), 7.01 (dd, 1H, 3JHH = 1.2 H, 8.3 Hz; Ar-H), 7.11 (d, 1H; 4JHH = 1.7 

Hz, Ar-H), 7.14 (dd, 2H, 3JHH = 1.4 Hz, 7.2 Hz; Ar-H), 7.18 (m, 2H; Ar-H), 7.30 – 7.44 (m, 

12H; Ar-H), 8.13 (s, 1H, 3JPtH = 33.0 Hz; H3). 13C NMR (75.5 MHz, CDCl3): 17.3 (d, 2JCP = 3.1 

Hz; Cf), 21.7 (s; C1), 25.3, (s; Ce), 27.2 (s; Cb), 31.9 (s; Cd), 32.0 (s; Cc) 34.7 (d, 2JCP = 6.0 

Hz; Ca), 64.9 (s; C2), 125.5 (s; Ar-C), 127.2 (s; Ar-C), 128.0 (d, 1JCP = 8.8 Hz; Ar-C), 128.5 

(s; Ar-C), 128.9 (d, 1JCP = 9.3 Hz; Ar-C), 129.4 (s; Ar-C), 129.6 (s; Ar-C), 129.7 (d, 3JCP = 1.7 

Hz; Ar-C), 130.3 (d, 3JCP = 1.2 Hz; Ar-C), 131.5 (s; Ar-C), 131.8 (s; Ar-C), 131.9 (d, 2JCP = 5.1 

Hz; Ar-C), 132.2 (d, 3JCP = 2.6 Hz; Ar-C), 133.6 (d, 2JCP = 5.0 Hz; Ar-C), 134.1 (d, 2JCP = 7.9 

Hz; Ar-C), 135.0 (d, 1JCP = 11.9 Hz; Ar-C), 138.1 (s; Ar-C), 140.1 (d, 2JCP = 15.9 Hz; Ar-C), 

162.2 (d, 3JCP = 5.1 Hz; C3). 31P NMR (121 MHz, CDCl3): 25.9 (s, JPPt = 1954 Hz). ESI-MS: 

m/z 671.63 [M+H]+, 589.50 [M-C4H8]. 

 
Preparation of [Pt(C24H20NOP)(C6H12)] (5.9) 

Complex 5.9 was prepared by the reaction of 

[Pt(COD)(C6H12)] (0.25 g, 0.64 mmol) with ligand 3.3 

(0.24 g, 0.64 mmol). The product was obtained as a 

dark-orange oil (0.31 g, 77%). IR (KBr): 1632 cm-1 (νC=N, 

imine). 1H NMR (300 MHz, CDCl3): 0.72 – 0.75 (m, 4H; 

Ha+Hf), 1.31 – 1.39 (m, 8H; Hb-He), 5.77 (s, 2H, 3JHPt = 

15.7 Hz; C5), 6.29 (dd, 1H, 3JHH = 2.0 Hz, 3.1 Hz; H3), 6.34 (1H, d, 3JHH = 3.2 Hz; H2), 7.06 

(1H, dd, 3JHH = 0.9 Hz, 2.0 Hz; H1), 7.24 – 7.42 (m,14H; Ar-H), 8.16 (s, 2H, 3JHPt = 31.8 Hz; 
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H6). 13C NMR (75.5 MHz, CDCl3): 15.1 (d, 2JCP = 2.8 Hz; Cf), 24.3 (s; Ce), 24.9 (s; Cb), 31.4 

(s; Cd), 31.5 (s; Cc), 33.7 (d, 2JCP = 4.9 Hz; Ca),    63.5 (s; C5), 109.6 (s; C3), 110.3 (s; C2), 

127.7 (d, 1JCP = 10.0 Hz; Ar-C), 127.9 (d, 1JCP = 11.6 Hz; Ar-C), 128.8 (d, 2JCP = 5.0 Hz; Ar-

C), 129.5 (d, 3JCP = 1.4 Hz; Ar-C), 130.7 (d, 3JCP = 1.8 Hz; Ar-C), 131.1 (s; Ar-C), 131.5 (s; 

Ar-C), 131.7 (s; Ar-C), 131.9 (d, 3JCP = 5.1 Hz; Ar-C), 132.0 (s; Ar-C), 132.8 (d, 3JCP = 2.4 Hz, 

Ar-C), 134.0 (d, 1JCP = 12.3 Hz; Ar-C), 134.7 (s; Ar-C), 135.6 (d, 2JCP = 8.1 Hz; Ar-C), 138.3 

(d, 2JCP = 17.1 Hz, Ar-C), 143.1 (s; C1), 149.7 (s; C4), 162.6 (d, 3JCP = 5.4 Hz; C6). 31P NMR 

(121 MHz, CDCl3): 26.4 (s, JPPt = 1860 Hz). ESI-MS: m/z 649.69 [M+H]+, 565.41 [M-C4H8]. 

 
Preparation of [Pt(C24H20NPS)(C6H12)] (5.10)  

Complex 5.10 was prepared by the reaction of 

[Pt(COD)(C6H12)] (0.25 g, 0.64 mmol) with ligand 3.4 

(0.25 g, 0.64 mmol). The product was obtained as a 

dark-orange oil (0.30 g, 71%). IR (KBr): 1631 cm-1 (νC=N, 

imine). 1H NMR (300 MHz, CDCl3): 0.76 – 0.80 (m, 4H; 

Ha+Hf), 1.26 – 1.43 (8H, m; Hb-He), 5.50 (2H, s, 3JHPt = 

16.1 Hz; C5), 6.17 (1H, dd, 4JHH= 2.0 Hz, 3JHH 3.2 Hz, H3), 6.23 (1H, d, 3JHH = 3.0 Hz, H2), 

7.11 (1H, dd, 4JHH = 0.8 Hz, 3JHH = 1.8 Hz; H1), 7.30 – 7.39 (m, 14H; Ar-H), 8.17 (1H, s, 
3JHPt= 33.8 Hz; H6). 13C NMR (75.5 MHz, CDCl3): 17.1 (d, 2JCP = 2.9 Hz; Cf), 22.9 (s; Ce), 

23.3 (s; Cb), 30.4 (s; Cd), 30.7 (Cc), 34.1 (d, 2JCP = 6.0 Hz; Ca), 63.9 (s; C5), 122.7 (s; C3), 

124.0 (s; C2), 128.3 (d, 1JCP = 10.7 Hz; Ar-C), 128.6 (d, 1JCP = 11.7 Hz; Ar-C), 129.1 (d, 2JCP 

= 4.8 Hz; Ar-C), 129.5 (d, 3JCP = 1.8 Hz; Ar-C), 130.7 (d, 3JCP = 1.8 Hz; Ar-C), 131.3 (s; Ar-C), 

131.6 (s; Ar-C), 131.8 (d, 3JCP = 5.4 Hz; Ar-C), 132.3 (s; Ar-C), 132.9 (d, 3JCP = 3.1 Hz, Ar-C), 

134.2 (d, 1JCP = 12.1 Hz; Ar-C), 134.1 (s; Ar-C), 135.5 (d, 2JCP = 9.7 Hz; Ar-C), 137.9 (d, 2JCP 

= 15.8 Hz, Ar-C), 142.3 (s; C1), 151.1 (s; C4), 163.0 (d, 3JCP = 5.1 Hz; C6). 31P NMR (121 

MHz, CDCl3): 27.1 (s, JPPt = 1830 Hz). ESI-MS: m/z 665.59 [M+H]+, 581.45 [M-C4H8]. 

 
Preparation of [Pt(C25H21N2P)(C6H12)] (5.11) 

Complex 5.11 was prepared by the reaction of 

[Pt(COD)(C6H12)] (0.25 g, 0.64 mmol) with ligand 3.5 

(0.24 g, 0.64 mmol). The product was obtained as a 

brown oil (0.27 g, 65%). IR (KBr): 1634 cm-1 (νC=N, 

imine). 1H NMR (300 MHz, CDCl3): 0.76 – 0.81 (m, 4H; 

Ha+Hf), 1.37 – 1.63 (m, 8H; Hb-He), 5.38 (s, 2H, 3JHPt = 

15.9 Hz; H6), 7.09 (1H, dd, 3JHH = 7.8 Hz, 9.3 Hz; Ar-H), 7.15 – 7.24 (4H, m; Ar-H), 7.36 – 

7.40 (4H, m; Ar-H), 7.53 – 7.57 (3H, m; Ar-H), 7.64 – 7.64 (1H, m; Ar-H), 7.70 – 7.72 (1H, m; 

H3), 8.09 (1H, td, 3JHH = 2.3 Hz; 7.8 Hz, Ar-H), 8.32 – 8.33 (m, 1H; H-4), 8.36 (1H, 4JHH = 1.6 
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Hz, 5.4 Hz; H2), 8.41 (1H, s, 3JHPt = 37.1 Hz; H7), 8.60 (1H, dd, d, 4JHH = 2.0, Hz; H1). 13C 

NMR (100.6 MHz, CDCl3): 16.8 (d, 2JCP = 3.3 Hz; Cf), 24.7 (s; Ce), 25.4 (s; Cb), 31.4 (s; Cd), 

31.7 (Cc), 33.5 (d, 2JCP = 5.6 Hz; Ca), 67.2 (s; C6), 126.1 (s; C3), 126.4 (s; Ar-C), 129.7 (d, 
1JCP = 12.2 Hz; Ar-C), 130.9 (d, 3JCP = 1.8 Hz; Ar-C), 131.6 (d, 3JCP = 1.6 Hz; Ar-C), 132.3 (d, 
2JCP = 7.0 Hz; Ar-C), 132.6 (s; Ar-C), 133.5 (d, 1JCP = 12.4 Hz; Ar-C), 133.9 (s; C4), 134.1 (s; 

Ar-C), 134.8 (s; C5), 136.7 (d, 2JCP = 16.9 Hz; Ar-C), 137.5 (s; Ar-C), 140.1 (s; Ar-C), 148.9 

(s; C2), 150.8 (s; C1), 161.9 (d, 3JCP = 6.0 Hz; C7). 31P NMR (121 MHz, CDCl3): 26.6 (s, JPPt 

= 1835 Hz). ESI-MS: m/z 660.61 [M+H]+, 576.47 [M-C4H8]. 

 
Preparation of [Pt(C29H28NP)(C6H12)] (5.12) 

Complex 5.12 was prepared using 

[Pt(COD)(C6H12)] (0.21 g, 0.54 mmol) and 3.6 

(0.23 g, 0.54 mmol). The product was obtained 

as a brown oil (0.23 g, 60%). IR (KBr): 1634 cm-

1 (νC=N, imine). 1H NMR (400 MHz, CDCl3): 0.79 

– 0.93 (m, 4H; Ha+Hf), 1.80 – 1.91 (m, 8H; Hb-

He), 2.26 (s, 6H; H2+H2’), 2.43 (s, 3H; H1), 

5.53 (2H, s, 3JHPt = 16.4 Hz; H3), 7.07 (d, 2H, 
3JHH = 7.8 Hz; Ar-H), 7.13 (d, 2H, 3JHH = 7.3 Hz; Ar-H), 7.33 – 7.42 (m, 12H; Ar-H), 8.17 (s, 

1H, 3JHPt = 35.0 Hz; H4). 13C NMR (100.6 MHz, CDCl3): 16.7 (d, 2JCP = 2.6 Hz; Cf), 24.3 (s; 

C2+C2’), 24.9 (s; C1), 26.2 (s; Ce), 26.9 (s; Cb), 29.1 (s; Cd), 29.4 (s; Cc), 33.3 (d, 2JCP = 

6.2 Hz; Ca), 65.9 (s; C3), 127.3 (s; Ar-C), 128.2 (s; Ar-C), 128.4 (d, 1JCP = 9.3 Hz; Ar-C), 

129.2 (s; Ar-C), 129.5 (d, 1JCP = 9.1 Hz; Ar-C), 129.7 (s; Ar-C), 129.9 (s; Ar-C), 130.1 (d, 3JCP 

= 1.8 Hz; Ar-C), 130.5 (d, 3JCP = 1.8 Hz; Ar-C), 131.7 (s; Ar-C), 131.8 (s; Ar-C), 131.9 (d, 2JCP 

= 5.0 Hz; Ar-C), 133.1 (d, 3JCP = 2.6 Hz; Ar-C), 134.0 (d, 2JCP = 5.1 Hz; Ar-C), 134.3 (d, 2JCP 

= 10.0 Hz; Ar-C), 134.6 (d, 1JCP = 11.9 Hz; Ar-C), 138.3 (s; Ar-C), 139.6 (s, Ar-C), 141.9 (d, 
2JCP = 17.7 Hz; Ar-C), 163.4 (d, 3JCP = 5.1 Hz; C4). 31P NMR (121 MHz, CDCl3): 26.7 (s, JPPt 

= 1863 Hz). ESI-MS: m/z 701.53 [M+H]+, 617.49 [M-C4H8]. 

 
7.7 CRYSTALLOGRAPHIC DATA FOR 3.14, 3.25 and 5.1 
 
Single-crystal X-ray diffraction data for cmplexes 3.14, 3.25 and 5.1 were collected on a 

Bruker KAPPA APEX II DUO diffractometer using graphite-monochromated Mo-K radiation 

( = 0.71073 Å). Data collection was carried out at 173(2) K. Temperature was controlled by 

an Oxford Cryostream cooling system (Oxford Cryostat). Cell refinement and data reduction 

were performed using the program SAINT.16 The data were scaled and absorption 

corrections were performed using SADABS.17 The structure was solved by direct methods 

using SHELXS-9717 and refined by full-matrix least-squares methods based on F2 using 
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SHELXL-9717 and using the graphics interface program X-Seed.18 The programs X-Seed 

and POV-Ray19 were both used to prepare molecular graphic images. All non-hydrogen 

atoms were refined anisotropically. All hydrogen atoms were positioned geometrically with 

C-H distances ranging from 0.95 Å to 0.98 Å and refined as riding on their parent atoms, with 

Uiso (H) = 1.2 - 1.5 Ueq (C). The structure was successfully refined to the R factor 0.0238. 

The parameters for crystal data collection and structure refinements are in Table 6.1.  
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Table 7.1: Crystal and Refinement Data for 3.14, 3.25 and 5.1 

 3.14 3.25 5.1 

Empirical formula                  C28H27ClNPPd C28H29BrNOPPt C30H30NPPt 

Formula weight                     550.33 701.49 630.61 

T, K 173(2) 173(2) 173(2) 

λ, Å 0.71073 0.71073 0.71073 

Crystal system  Monoclinic Monoclinic Triclinic  

Space group P21/n P2(1)/c P-1 

a, Å    10.0673(8) 15.7405(6)  9.7744(13)  

b, Å   21.8872(18) 13.8347(6) 11.3517(15) 

c, Å    11.0593(9) 11.7993(5) 12.6780(16) 

α, deg 90 90 72.898(3 

β, deg                                            92.3710(10) 95.4740(10)  67.960(3) 

γ, deg 90 90 82.749(3) 

V, Å3 2434.8(3) 2557.76(18) 1246.0(3) 

Z 4 4 2 

Densitycalc, mg/mL 1.501 1.822 1.681 

Absorption coefficient, mm-1  0.954 7.132 5.713 

F(000)                         1120 1360 620 

Crystal size, mm 0.24 x 0.23 x 0.12 0.20 x 0.18 x 0.14 0.09 x 0.07 x 0.06 

θ range for data collection, deg 1.86 to 27.14 1.96 to 30.56 1.80 to 28.34 

Limiting indices                   -12≤h≤12, -28≤k≤28, -14≤l≤14 -22≤h≤22, -19≤k≤19, -16≤l≤16 -13≤h≤13, -15≤k≤15, -16≤l≤16 

Reflections collected / unique     38460 / 5380 [R(int) = 0.0444] 53170 / 7844 [R(int) = 0.0465] 27034 / 6180 [R(int) = 0.0549] 

Completeness to θ 27.14 (99.9%) 30.56 (99.9 %) 28.34 (99.4 %) 

Max. and min. transmission         0.8941 and 0.8034 0.7461 and 0.6162 0.7980 and 0.6776 
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Refinement method                  Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Data / restraints / parameters     5380 / 0 / 291 7844 / 0 / 298 6180 / 0 / 298 

Goodness-of-fit on F2             1.025 1.023  1.043 

Final R indices [I>2σ(I)]      R1 = 0.0238, wR2 = 0.0546 R1 = 0.0216, wR2 = 0.0533 R1 = 0.0350, wR2 = 0.0746 

R indices (all data)               R1 = 0.0321, wR2 = 0.0584 R1 = 0.0292, wR2 = 0.0562  R1 = 0.0448, wR2 = 0.0786 

Largest diff. peak and hole        0.370 and -0.405 e.A-3 1.680 and -0.872 e.A-3 2.829 and -1.044 e.A-3 
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