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ABSTRACT 

 

The research reported in this thesis was carried out in Brisbane, Australia and Calgary, 

Canada. The aim of the research conducted in Brisbane was to prepare a series of 

copper(I) and ruthenium(II) based complexes incorporating a hemilabile phosphine 

ligand and to determine whether or not these compounds possessed catalytic activity.  

 

The history, uses, properties and recent work incorporating hemilabile phosphine ligands 

is discussed in detail as well as the application of hemilabile ligands to atom transfer 

radical polymerization (ATRP) and the usefulness of the ‘windscreen wiper’ action of 

these ligands in polymerization. 

 

The literature synthesis and characterization of four hemilabile phosphine ligands is 

reported with modifications. The (2-chlorophenyl)diphenylphosphine ligand was 

prepared via a Grignard reaction giving a 11 % yield. The (2-bromophenyl) 

diphenylphosphine ligand was prepared by reaction of 2-bromoiodobenzene with 

Ph2PSiMe3 in the presence of a palladium catalyst (MeCN)2PdCl2 which yielded 50 % 

product. The 1-chloro-2-diphenylphosphinoethane ligand was prepared following the 

generation of a lithium diphenylphosphide which was added to 1,2-dichloroethane to 

give a 43 % yield of product. The (2-benzoic-acid)diphenylphosphine ligand was 

prepared by hydrolysis of (2-methyl-ester-phenyl)diphenylphosphine. Following 

acidification of the methyl ester phosphine with HCl, the desired product was isolated in 

88 % yield.  
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The synthesis and characterization of a series of copper(I) based complexes 

incorporating the prepared phosphine ligands involved reaction in CH3CN of the 

appropriate ligand with copper halides as starting material. Solution state 31P NMR and 

mass spectrometry were used to study many of these complexes in the solution state, 

whilst microanalysis, 31P CP MAS NMR and single crystal X-ray diffraction studies 

were used to study their solid state properties. The complexes of the type bis(2-

halophenyl)diphenylphosphine copper halide were found to be three coordinate with 

non-chelating ligands and to be isostructural with the previously studied bis(2-

methylphenyl)diphenylphosphine copper halide complexes. 

 

The synthesis and characterization of ruthenium(II) based complexes incorporating 

hemilabile phosphine ligands involved reaction of the appropriate ligands in MeOH with 

RuCl3.3H2O or RuCl2(DMSO)4 as the ruthenium source. Modes of characterization 

included solution state 31P NMR, mass spectrometry, microanalysis and single crystal X-

ray diffraction studies. All ruthenium(II) based complexes were found to incorporate the 

hemilabile ligands in a chelating mode resulting in 6 coordinate structures.  

 

The preliminary polymerization testing of MMA in the presence of the copper(I) and 

ruthenium(II) based complexes has been reported. All complexes successfully 

polymerized the monomer and the resulting polyMMA showed polydispersity values 

ranging from moderate (3.1) to very high (6.7).  

 

Chapter 7 discusses research conducted over a 6 month period at the University of 

Calgary, Canada under an International Resident Fellowship award. This work involved 
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the synthesis and characterization of scandium(III) and yttrium(III) based complexes 

incorporating a chelating amido-imine ligand, as potential olefin polymerization 

catalysts.  
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1.0 CHAPTER ONE: HEMILABILE LIGANDS IN TRANSITION METAL 

BASED CATALYSTS 

 

Transition metal organic and organometallic chemistry lie at the interface between 

classical organic and inorganic chemistry because they look at the interaction 

between inorganic metal ions and organic molecules. Transition metal ions act as 

Lewis acids and can bind to Lewis bases known as ligands (L) to give a coordination 

compound, or complex MLn. The ligands bind in the first coordination sphere of the 

metal, while the second coordination sphere may accommodate such compounds as 

uncoordinated solvent molecules which act to stabilize the complex. The most 

common type of coordination complex is ML6, which adopts an octahedral 

coordination geometry.1 The ligands occupy the six vertices of the octahedron, which 

allows them to minimize their M-L bonding distances, while maximizing their L….L 

non-bonding distances.2 Obviously, the geometry is named after the number of faces, 

rather than the number of vertices present in the complex. After ML6, ML4 and ML5 

are the next most common types of complexes.2  

 

With the broad range of metal ions and ligands available to form coordination 

compounds in limitless numbers, the question remains - what makes certain ligands 

coordinate to certain metal ions? This can be explained by the hard and soft acid-

base (HSAB) principle whereby hard (Lewis) acids tend to combine with hard 

(Lewis) bases, whilst soft acids prefer soft bases (Table 1).3  
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Table 13: The classification of Lewis acids and bases. 

 Hard 

 

Borderline Soft 

Acids H+, Li+, Na+, K+ Fe2+, Co2+, Ni2+ Cu+, Ag+, Au+, Tl+, Hg+

 Be2+, Mg2+, Ca2+ Cu2+, Ru2+, Zn2+, Pb2+ Pd2+, Cd2+, Pt2+, Hg2+

 Cr2+, Cr3+, Al3+ SO2, BBr3 BH3

 SO3, BF3   

    

Bases F-, OH-, H2O, NH3 NO2-, SO3
2-, Br- H-, R-, CN-, CO, I-

 CO3
2-, NO3

-, O2- N3-, N2 SCN-, R3P, C6H6

 So4
2-, PO4

3-, ClO4
- C6H5N, SCN- R2S 

∗The underlined element is the site of attachment to which the classification refers. 

 

Most metal ions in high oxidation states tend to bind saturated ligands where 

examples of these include NH3, H2O, or F- which are known as hard ligands.1 The 

hard metal ions such as Cr3+ and Al3+ are low in electron density and require good σ-

donor ligands. Low oxidation state metals such as Ag+, Hg2+, which are soft metals, 

tend to form strong complexes with unsaturated or polarizable ligands, including I-, 

PPh3 or C2H4 which are all soft ligands.1 The soft metals bind soft ligands because 

these metals have excess electron density by virtue of their reduced state. They avoid 

strong donor ligands and prefer ligands with which they can form covalent bonds, 

and that have available empty orbitals into which they can donate, also known as 

backbonding, some of their excess electron density.1 Ligands are generally 

nucleophilic because they have available electron lone pairs and the metal ion is 

electrophilic because it has available empty d orbitals to accept those lone pairs.  
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The chemical character of many ligands can be profoundly altered on binding to the 

metal. For example in the case of molecular nitrogen N2, σ-donation to the metal 

comes from a lone pair on the nitrogen directly bonded to the metal. The back 

bonding from the metal goes into a π∗ orbital that is delocalised over both nitrogens.1  

This means that the nitrogen directly bound to the metal tends to become positively 

charged and the terminal nitrogen negatively charged on binding:  

M N N
δ+ δ-

 

This polarization activates the coordinated N2 toward chemical reactions, such as 

protonation at the terminal nitrogen and nucleophilic attack at the vicinal nitrogen.1 

The free ligand, N2, is of course, notably unreactive.  

 

The properties of the metal ions can also be altered on complex formation. For 

example, Co(III) is very strongly oxidizing in a simple compound such as the 

acetate, which will even oxidize hydrocarbons.1 All this oxidizing power can be 

quenched by binding six ammonia ligands to give the [Co(NH3)6]3+ ion which lacks 

the severe electron deficiency of the acetate because of the presence of six strong σ-

donor ligands.1 These cobalt complexes represent examples of coordination 

compounds incorporating monodentate ligands. Monodentate ligands have only one 

donor atom attached to the metal. Chelated ligands have more than one donor atom 

attached to the metal, based upon their denticity. Bidentate chelating ligands will be 

attached by two donor atoms, tridentate by three, and so on.  

 

H2N

Co

H2N

N
H2

NH2

NH2

H2
N

3+
Chelated ligands have always played important roles in 

the fields of medicine, catalysis, chemical analysis and 
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geology. These ligands will donate lone pairs of electrons from the donor atoms to 

the same metal to give a ring compound, referred to as a chelate – from the Greek 

word for ‘claw’. This concept can be illustrated by the ethylenediamine ligand 

(NH2CH2CH2NH2, abbreviated “en”) in a typical Co(III) complex. The properties of 

chelating ligands arise from the ability of the ligand to 

sequester various metals, dictated by the soft or hard nature 

of the two (or more) donor atoms. More discerning ligands 

utilise the hard or soft properties of the metal, and such 

drugs as British Anti-Lewisite (BAL) selectively chelates 

soft acids in the body with its deprotonated –SH groups.4 It was originally developed 

during World War I as an antidote for the gas Lewisite ClCH=CH2AsCl and is now 

used for the treatment of poisoning by other soft acids including mercury and 

thallium.4 

CH2SH
CHSH
CH2OH

BAL

 

The term “chelate effect” refers to the generalization that chelate ligands form more 

stable complexes than analogous monodentate ligands.4 Relating this to ring 

structure, it is the enhanced stability of a complex system containing chelate rings as 

compared to the stability of a system that is similar but contains none or fewer rings.5 

The thermodynamic relationship of the entropically driven effect is as follows- 

 

∆G°

∆G°

-RT lnβ

∆H° - T∆S°
 

Thus β (stability constant) increases as ∆G˚ becomes more negative, whereby a 

negative ∆G˚ value can also result from making ∆H˚ more negative or ∆S˚ more 
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positive.5 Two reactions illustrating a purely entropy based chelate effect are given in 

Table 25: 

 

Table 25: Thermodynamic data for comparison of two reactions showing the entropy 
based chelate effect. 

 

Cd2+(aq) + 4 CH3NH2(aq)           [Cd(NH 2CH3)4]2+(aq)        log β = 6.52

Cd2+(aq) + 2 H2NCH2CH2NH2(aq)           [Cd(en) 2]
2+(aq)    log β = 10.6  

Ligands ∆H˚ 
(kJ mol-1) 

∆S˚ 
(J mol-1 deg-1) 

−Τ∆S˚ 
(kJ mol-1) 

∆G˚ 
(kJ mol-1) 

4CH3NH2 -57.3 -67.3 +20.1 -37.2 

2 en -56.5 +14.1 -4.2 -60.7 

 

In this very simple example, the enthalpy difference is within experimental error 

indicating the chelate effect can be traced entirely to the entropy difference between 

the change of ligand numbers.5 The main cause of the large entropy increase is 

related to the net number of unbound molecules or ligands, which can be observed 

between the two Cd2+ products. It takes 4 CH3NH2  to displace 4 monodentate 

ligands such as NH3 but only 2 ens to displace the same 4 initial ligands.5 The major 

change here is the increase in degrees of freedom or disorder among the products on 

the right side of the arrow as compared with the starting materials at left- 

 

Cd2+(NH3)4(aq) + 4 CH3NH2(aq)           [Cd(NH 2CH3)4]2+(aq) + 4 NH3(aq)   (eq1) 

Cd2+(NH3)4(aq) + 2 en (aq)               [Cd(en) 2]
2+(aq)  + 4 NH3(aq)                  (eq2)  

 

Eq 1 replaces monodentate ligands with other monodentate ligands and begins with 5 

mol of solute particles on the left and finishes with 5 on the right. Eq 2 with the 
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chelating bidentate ligands increases the disorder and thus, the entropy change, by 

starting with 3 mol and finishing with 5 on the right.4 With respect to ring sizes, the 

chelate effect observes a decreasing magnitude with increasing ring size.5 Chelated 

ligands have the potential to place donor bases with very different electronic 

properties close to the metal atom. 

 

A new class of chelated ligands has recently become a popular topic of research due 

to their ability to place two or more donor atoms with very different electronic 

properties close to the metal atom. Such ligands possess different types of bonding 

groups (X & Y) where the substitutionally labile group (Y) can be displaced from the 

metal center, although remain available for recoordination.6 A thermodynamically 

stable metal complex will have the substitutionally inert ligand group (X) binding to 

soft metals if X is a soft base, such as the case with phosphorus based hemilabile 

ligands, or to hard metals if X is a hard base such as oxygen or fluorine.  

X
MLn

Y X
MLn

Z

Y+Z

-Z

X = substitutionally inert group
Y = substitutionally labile group
Z = ligand or solvent

 

The effect of the changing oxidation state of the metal in a complex must be taken 

into account when considering the binding properties of the inert donor atom (Y) in 

hemilabile ligands. For example, a Cu(I) based catalyst will bind quite strongly to a 

soft donor atom, but during a catalytic process will be oxidised to Cu(II), changing 

its binding properties significantly. The slight increase in hardness of the Cu(II) 
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relative to Cu(I) may either weaken or break the M-Y bond completely, leaving an 

available site on the complex for external substrates to bind. It is this reversible 

cleavage of the M-Y bond which is referred to as the ‘windscreen wiper’ action7  and 

is the reason that these ligands are ideal for inducing changes in the properties of the 

metal centre. These ligands were first described in a kinetic context as “hemilabile 

ligands” in 1979 by Jeffrey and Rauchfuss.8  

 

The first type of ligand to be termed hemilabile was o-(diphenylphosphino)anisole, 

which is an ether-phosphine ligand. Phosphines are one of the most versatile ligands 

that can bind to late transition metals, since they produce stable metal-phosphorus 

bonds.9 Hemilabile phosphines have potentially important industrial applications 

through the ability to tune the properties of the formed complex by binding different 

functional groups to the phosphorus atom.9,10,11 Such complexes have been used in a 

range of catalytic reactions due to the hemilabile ligand being able to furnish open 

coordination sites and stabilize reactive transition metal centers during the course of 

a reaction.12 This reversible protection of one or more coordination sites is the most 

important property of hemilabile ligands.6 Tertiary phosphines, PR3 (R=alkyl, aryl), 

are important because they constitute a series of ligands in which electronic and 

steric properties can be altered in a predictable way over a very wide range by 

varying R.13 Tolman has reported the predictable electronic and steric effects of 

phosphorus ligands in organometallic and inorganic chemistry with heavy discussion 

on the ligand cone angle.13 Garrou has reported on the predictable 31P NMR data of 

compounds incorporating chelating phosphorus based ligands.14 The predictions are 

based upon common features in the phosphorus ligands and the ring size of the 

chelate formed.  
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As mentioned previously, the first ligand to be termed hemilabile was an ether-

phosphine ligand, o-(diphenylphosphino)anisole, investigated by Jeffrey and 

Rauchfuss in 1979.8

PPh2

OCH3

Cl

Ru

Cl

O

P

O

P

CH3
CH3

Ph2 Ph2

1 2
 

 

The structure and reactivity of a ruthenium(II) derivative (2) incorporating o-

(diphenylphosphino)anisole (1) was reported. It was found that complex 2 was 

highly reactive toward a number of ligands and yet, remarkably, remained stable in 

the presence of oxygen and heat. The crystal structure revealed that the Ru-O bond 

distances of 2.299(3) and 2.257(3) Å were much longer than the sum of the covalent 

radii (1.99 Å), indicating that the oxygen atoms were only weakly bound.15 This was 

supported by the experimental observation via IR spectroscopy which showed that 

the oxygen could be easily displaced from the metal coordination sphere by other 

ligands in solution such as CO giving rise to potential catalytic activity (Scheme 1)8.  
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Cl
Ru
Cl

P P
OO

Cl
Ru
Cl

P CO
PO

Cl
Ru
CO

P Cl
PCO

Cl
Ru
Cl

P CO
PCO

Cl
Ru

Cl

P P
OOO

Cl
Ru

Cl

CO
P

P
O

O
O

O
O

O
O

O = 1

2

CO

3 3

-CO +COCO
COheat

hv

heat

4 5

P

'

Scheme 18

 

It was shown that a reaction of a solution of 2 purged with CO resulted in rapid 

conversion to a mixture of three carbonylated products (3,4 and 5). Complex 4 was 

reported to be thermodynamically more stable than the all trans adduct 5, and 

conversion of 4 to 5 could only be accomplished photochemically. Solutions of 5 

with an inert gas purge converted to the expected monocarbonyl 3. The 1H NMR 

data of 3 was shown to be consistent with two equivalent structures (3 and 3’) in 

equilibrium involving a five-coordinate intermediate (Scheme 1). This reversible 

protection of coordination sites is the most important property of hemilabile ligands 

like ether-phosphines, which often leads to an improvement in both catalytic and 

organometallic model reactions.6 The capacity of the weakly coordinated ether 

function to afford empty coordination sites is also dictated by steric and 

conformational factors of the ligand backbone.6  

 

Complex 3 was proposed to have trans phosphines since it was a precursor to other 

complexes incorporating trans phosphines such as 5. The mechanism by which the 
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initially cis phosphines in 2 rearranged to mutually trans positions for 5 was 

proposed by Jeffrey and Rauchfuss to involve a trigonal bypyramidal intermediate 

with a strained equatorial bidentate chelate.8 It was concluded that the 

stereoselectivity of these catalyst systems was partly derived from the chelating 

nature of the P-O ligands which renders the phosphine more rigid and thus more 

stereochemically discriminating than their freely rotating counterparts.8 Since that 

initial discovery, many hemilabile ligands have been reported. A number of these are 

summarized below.   

 

 

1.1 Complexes containing P-O ligands  
P O

 

1.1a  Complexes containing ether-phosphine ligands   
R2P OR

 

Complexes containing hemilabile ether-phosphine ligands can be regarded as species 

containing an intramolecular coordinated solvent. Thus, complexes of these ligands 

have been investigated as models for very reactive intermediates of catalytic 

reactions where coordinated solvents are believed to be involved.16

 

Various metals have been reacted with ether-phosphines including ruthenium11,12, 

rhodium17,18,19, iridium19 and palladium20,21. In the case of palladium, complexes with 

a series of ether diphosphine ligands were found to successfully copolymerize carbon 

monoxide with ethene and propene to form polyketones.20  
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P
Pd

OR

OR

P

RO

RO

2+

6a-d

R groups

a   Et
b   n-Bu
c   t-Bu
d   Cy

2 BF4
-

 

The complexes revealed exceptional catalytic activities and polyketones with high 

molecular weights were obtained as indicated via GPC. Upon copolymerization of 

ethene with carbon monoxide at 25˚C in the presence of either CH2Cl2 or CH3OH as 

activators, the highest activities were obtained with 6b and 6c followed by 6d and 

6a.20  A rise in temperature led to overall increased activity. Studies of the dynamic 

behaviour of the complexes indicated that the ether oxygen atoms do not compete 

with the substrate molecules for the empty coordination sites at the metal center.20 It 

was deduced by Lindner and coworkers that the catalytic activity of complexes 6a-d 

was influenced by steric effects since 6b-d with the bulkiest ligands were superior to 

6a.  

 

Improved understanding of the functioning of the rhodium based Wilkinsons catalyst 

RhCl(PPh3)3 has occurred since it was first discovered and used in the rapid 

homogeneous hydrogenation of olefins.22 Rhodium and iridium based complexes 

derived from Wilkinsons catalyst where ether-phosphines replace the tertiary 

phosphines have been prepared. These complexes have been used as a model for 

RhClH2(PPh3)2(S) (S= solvent molecule) to investigate the properties and the ether-

phosphine assisted dynamic behaviour by reaction with dihydrogen.19 It was shown 

that the complexes 7a, b (Scheme 2) show the same behaviour as is suggested for the 
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coordinatively unsaturated species RhClH2(PPh3)2(S) which is generally postulated 

to be an active intermediate in the catalytic hydrogenation of olefins.19  

 

P

M

P

O

Cl

H

H

O
7a,b, 8a

P

M

P

H

H

O

Cl

O
P

M

P

Cl

O

H

H

O

a PO = Cy2PCH2CH2OCH3;  b PO = Cy2P-CH2-
7 M = Rh;  8 M= Ir O

 

 

Scheme 219  

 

Complexes 7a, b were subjected to dynamic NMR studies and shown to exhibit a 

fast fluxional behaviour at both of the two ether oxygen donors and at the two cis 

hydrides at room temperature.19 It was found that in all three complexes, the hydrides 

exchange as quickly as the O-donor atoms of the phosphine ligands, leading to the 

assumption that the hydrides exchange only when the ether oxygen atoms dissociate 

from the central atom and that the intermediate must have trigonal bypyramidal 

geometry.19

 

Hemilabile ether-phosphine ligands are not limited to coordinating in a bidentate 

manner presented in the examples above. Complexation studies with ruthenium(II) 

have been performed following isolation of a product exhibiting the unusual 

tridentate (O, O, P) coordination mode (Scheme 3).9
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Complex 9 was afforded from reaction of the tridentate ligand, OOP, with 

RuCl2(PPh3)3. The most remarkable features of this structure are the unprecedented 

η3 (O, O, P) coordination ligand and the long Ru-O distance (2.436(7) Å) between 

the metal and the oxygen atom in trans position to the ligand phosphorus atom.9 On 

reaction of 9 with CO, the coordination mode of the ligand moves successively from 

η3 (O, O, P) to η1 (P) in [RuCl2(CO)2(O,O,P)(PPh3)] and to η2 (O, P) in 

[RuCl2(CO)(O,O,P)(PPh3)] revealing its versatility (Scheme 3). Surprisingly, on 

reaction of 9 with PBu3 the unanticipated replacement of PPh3 occurred instead of 

the expected addition of PBu3 by displacement of the most labile oxygen atom.9 The 

31P NMR spectrum at room temperature indicated that the resulting complexes were 
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fluxional but at 233K two groups of resonances were observed and consistent with 

the two products shown above (Scheme 3).9  

 

A tetradentate ether-phosphine ligand (10) has also been reported and shown to react 

with RuCl2(PPh3)3 to form the η4 (O, O, P, P) chelated complex 11 .11
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Complex 12 was produced when [RuCl2(CO)2]n was treated with 10 in DCM, since a 

reaction of CO with 11 does not form 12.11 Attempts to eliminate CO from 12 to give 

11 failed and 12 does not react with further CO to form a bidentate chelated 

complex.11  

 

Extremely long M-O bond lengths in these complexes are a common observation and 

aid in the stabilization of catalytic reactive intermediates. The reversible protection 

of one or more coordination sites by an intramolecular solvent is the most important 

property of hemilabile ligands like ether-phosphines and the resulting chemistry has 

a wide scope.11  
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1.1b  Complexes containing carbonyl- R2P C R
Ophosphine ligands 

 

Along with the ester-phosphine ligands, those with weakly bonding ketone carbonyl 

moieties are the second most common type of hemilabile phosphorus-oxygen ligand, 

next to the ether-phosphines.6 They are also capable of undergoing conversion to enolate 

moieties upon deprotonation, which usually form substitutionally inert chelates.6  
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Examples include the cationic complex 13 and the enolate-phosphine complexes 14, 15 

and 16 which can catalyze the hydrogenation of 1-hexene, as well as catalyze the 

isomerization of 1-hexene.23 The reactivity of the neutral enolate-phosphine complexes 

14, 15 and 16 toward 1-hexene at atmospheric pressure was examined and found to 

decrease in the order 14 > 15 > 16, which is also the order of weakly to strongly 
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coordinating ligands.23 Braunstein and coworkers proposed that ligand dissociation (of 

the THF, PPh3, CO ligands) in complexes 14, 15 and 16 leads to the active catalytic 

species having vacant coordination sites. Since isomerization generally involves 

monohydride complexes, the isomerization activity of 13, 14, 15 and 16 suggests an 

equilibrium between a cationic Rh(III) phosphino dihydride and a neutral Rh(I) keto-

phosphine monohydride complex.  

 

 

1.1c Complexes containing phosphine-oxide ligands 
PR3

O

 

Ligands incorporating a phosphine-oxide moiety, are yet another important class of 

hemilabile ligands. They have already proven remarkable usefulness in a number of 

fields including inorganic/ organometallic synthesis24,25,26 and metal complex 

catalysis27,28.   

 

Ether-phosphine ligands containing a metal coordinating phospine-oxide group have 

attracted attention as potentially hemilabile P,O chelating ligands and as precursors to 

water-soluble phosphines for two-phase catalysis.29 The synthesis of platinum(II), 

palladium(II) and rhodium(I) based complexes containing a bulky ortho-phosphonated 

triphenylphosphine (o-17) has been reported and the hydroformylation catalytic activity 

of the platinum(II) complexes of isomeric ligands o-, m- and p-17.29  
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31P NMR studies indicated that reaction of [Rh2Cl2(CO)4] with two equivalents of o-17 

formed the mononuclear chelate species 18. 

Ph2P
P(OEt)2

O
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+ o-17 OC
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(OEt)2P

O

P(OEt)2
O

18 19
 

31P NMR studies also indicated that addition of one equivalent of o-17 to a solution of 

complex 18 gave rise to three species including the two starting materials, 18 and o-17, 

as well as a rhodium containing product 19.29 The solution state behaviour of complex 

19 was complicated and the 31P NMR spectrum at –60˚C indicated the presence of cis-

19 with the fluxionality attributed to the interchange of the coordinated P=O groups.29
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 A minor species (trans-19) was also detected at –60˚C. The signals of this minor 

species remained sharp when warmed to –40˚C, but decreased in intensity and were 

undetectable by +20˚C.29 Ellis and coworkers assigned this minor species to trans-19 

which is in equilibrium with cis-19 and at low temperatures this equilibrium is shifted to 

the right. The platinum(II) complex (20) was synthesized from a reaction of 

[PtCl2(COD)] with one equivalent of o-17 and gave the trans complex 20. 
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Treatment of complex 20 with AgSbF4 gave a new species assigned the bis chelate 

structure 21 on the basis of the 31P NMR spectrum which showed two triplets for the 

PPh2 and PO(OEt)2 with 1JPtP of 4170 Hz, typical of a phosphine trans to an O-donor 

atoms.30 The conversion of 20 to 21 involves a trans to cis configuration change which 

is a probably a result of antisymbiosis and is thermodynamically driven.31 The products 

produced from the reaction of [PtCl2(COD)] with m- and p-17 both gave the cis complex 

suggesting that the trans coordination of 20 is likely to be due to steric effects.29 The 

hydroformylation activity of the phosphonated phosphine platinum complexes was 

found for both 1-butene and cis-butene to be p-17 > PPh3≈ m-17 > o-17 when compared 

with results from PPh3 under the same conditions.29 Ellis and coworkers attributed the 

low activity of the catalyst with o-17 to be due to its bulkiness and inhibition by P=O 

coordination, whilst the greater efficiency of the catalyst with p-17 may be a function of 

the electron withdrawing nature of the phosphonate group in the para position. 

 

The phosphonate O of phosphine oxides, as well as the carbonyl O atoms in ketone-

phosphine and ester-phosphine ligands generally bond more strongly to late transition 

metal centers compared to the ether groups in ether-phosphines. Thus, the properties of 

the metal complex may be tuned as required by exploiting the broad range of O bonding 

strengths ranging from the weaker ether group O coordination to the stronger carbonyl O 

donor atoms from ketone, ester and enolate substituents along with the phosphine oxide 

phosphonate O atoms. 
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1.2  Complexes containing P-N ligands 

P N 

1.2a Complexes containing amine-phosphine ligands 

R2P N 2R 

There are many hemilabile ligands consisting of strongly bonding phosphine groups and 

weakly coordinating nitrogen moieties.6 In general, the percentage of nitrogen-modified 

phosphorus ligands studied that exhibit hemilability is not large when compared with 

analogous phosphorus-oxygen based ligands.6 In the case of amine-phosphine ligands, 

examples of both reversible and irreversible displacement of the amine moiety have 

been reported. 

 

Qadir and coworkers32 examined the ligand effects of palladium based catalysts using 

tuneable P-N-P ligands (22) in the Heck arylation reaction between aryl halides with 

methyl acrylate (Scheme 4).  
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Reactions were carried out in pressure tubes with the required stoichiometric quantities 

of reagents (Scheme 4; 0.01 mol % catalyst, 3 equiv. of Et3N with respect to the aryl 

bromide and 3 equiv. of methylacrylate). It was found that the reaction of methyl 

acrylate with iodobenzene is not ligand accelerated but the reaction with 

bromoacetophenone is.32 These results indicate that different rate-limiting steps operate 

for Heck arylation reactions involving aryl iodides and bromides.32 The palladium 

complexes of the PNP ligands were examined and the nature of the hemilabile nitrogen 

donor was found to have a large effect on the turnover of the catalytic reaction.32  

 

Table 332: Reaction using PNP phosphine ligands. (Reagents: 0.01 mol% catalyst, 3 eq. 
Et3N with respect to aryl bromide and 3 eq. methyl acrylate) 

 

Entry Ligand Reaction 
time/h 

Catalyst 
loading/mol
% 

% 
Conversion 

TON TOF/h-1

1 22a 15 0.01 100 10 000 667 

2 22b 11 0.01 100 10 000 909 

3 22c 8 0.01 100 10 000 1250 

4 22d 9 0.01 100 10 000 1111 

5 22e 10 0.01 100 10 000 1000 

 

The results show that the catalytic activity induced by the PNP ligands is better than 

monodentate and bidentate phosphine ligands and the rate reaction is dependent on the 

nature of the nitrogen substituent increasing in the order: tert-butyl (22c) > n-butyl (22d) 

> benzyl (22e) > p-anisole (22b) > phenyl (22a).32 Qadir and coworkers state that the 

trend fits the electronic nature of the substituents with the most electron-donating group 
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imparting twice the turn over frequency (TOF) compared with the most electron-

withdrawing group (Table 3). 

 

 

1.2b  Complexes containing pyridyl- 

N
R'R2P

phosphine ligands 

 

Both substitutionally inert and hemilabile pyridine-phosphine ligands have been 

investigated. Complexes of these ligands in various stoichiometric and catalytic 

transformations in which the pyridyl group is not substitutionally labile have been 

reviewed by Newkome.33 Pyridyl-modified phosphorus ligands that do exhibit 

hemilability upon reaction of their complexes are discussed below. In order for a metal 

complex to have hemilabile pyridyl phosphine ligands via the phosphorus and the 

nitrogen, the phosphine group should be ortho to the N enabling both donor atoms to 

bind sufficiently to the metal.  

 

Optically active ligands incorporating phosphorus and nitrogen donor atoms are a class 

of ligands of increasing interest for application to enantioselective catalysis. The effect 

of the steric crowding around the phosphorus and nitrogen on the coordination 

behaviour of these ligands (23, 24) in rhodium complexes, has been reported.34  

N

P

R'

R

Ph
R = o-anisyl, R' = Me23
R = Ph, R' = Me 24
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The 31P{1H}NMR of reaction mixture of 24 with [Rh(COD)(THF)2][BF4] showed the 

formation of two products whereby one of these experiences reversible opening of the 

Rh-N bond in solution (Scheme 5).34 Variable temperature 1H NMR presented two 

signals characteristic of the olefinic protons in a trans position to the phosphorus atom 

and in a trans position to the nitrogen atom.34 These protons barely appear as a broad 

signal in the spectrum recorded at room temperature. The NMR data is consistent with a 

reversible opening of the Rh-N bond, leading to an averaging of the olefinic 

environment (Scheme 5).34  
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Scheme 534  

 

The behaviour of ligand also 23 was examined, since it possesses similar steric crowding 

around the phosphorus as 24 but has another potential bonding site in the methoxy 

group.34 The reaction of 23 with [Rh(COD)(THF)2][BF4] resulted in the formation of 

complex 26. Considering the behaviour of complex 25, and taking into account the 

additional O donating site of the ligand used here, the solution NMR data also indicates 

the presence of an equilibrium between two isomers (Scheme 6).34  
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Variable temperature NMR studies indicate that the η2-P,O bound product is the major 

isomer with the corresponding methoxy and phosphorus resonances remaining broad at 

183K.34 These linkage isomers constitute an example of a dynamic competition between 

two different hemilabile donating centres around the same metallic center.34

 

 

1.3 Complexes containing halide-phosphines 
P X

 

Complexes containing hemilabile phosphorus ligands with a labile halide are not as 

common as their P-oxygen counterparts. The chemistry of a number of halide containing 

phosphine ligands and their metal complexes is discussed below.  
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1.3a  Complexes containing P-F ligands 

 

The effects of a pentafluorophenyl group on the stereoselective reactions of a chiral iron 

acyl complex have been reported.35 Chiral iron acyls (CHIRACs) demonstrate various 

uses in organic synthesis such as stereoselective aldol and imine condensations and 

Michael type additions.35 A novel CHIRAC incorporating a pentafluorophenyl 

diphenylphosphine ligand (PFCHIRAC) showed unique properties in stereoselective 

reactions.  

Fe
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Ph2P
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CH3
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F F

F F

F

CHIRAC PFCHIRAC  

 

Comparisons between the stereoselective aldol (27) condensation of CHIRAC and 

PFCHIRAC with benzaldehyde showed a lithium enolate with PFCHIRAC gave 

excellent stereoselectivity of 80/1 (R*,S*)/(R*,R*), whereas CHIRAC gave only a 1:1 

mixture of the two diastereomers.35 Tin, aluminium and copper enolates were also 

generated and compared between the CHIRAC and PFCHIRAC systems.  
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The direction of asymmetric induction in the PFCHIRAC system is independent of the 

metal species used giving the (R*,S*) isomer selectively.35 In contrast, the CHIRAC 

system showed the tin and copper enolates to give the (R*,S*) isomer as the major 

product while the aluminium enolate gives the (S*,S*) isomer selectively.35 The 

stereoselective imine condensation of PFCHIRAC with benzylideneaniline showed 

stereoselectivity four to five times higher than that of the CHIRAC system.35 The 

PFCHIRAC systems give (R*,S*)-28 regardless of the metal used, while the CHIRAC 

systems afford the (R*,R*) isomer predominantly.35 These observed differences are best 

rationalised by the PFCHIRAC system favouring the endo-enolate (syn) product because 

of electron donor-acceptor type attractive interaction between the enolate oxygen 

(donor) and the pentafluorophenyl group (acceptor).35
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The structure incorporating the fluorine substituted halophenyl ligand (PFCHIRAC) 

does not exhibit halide to metal hemilabile coordination. It is the steric and electronic 

factors between the fluorinated derivative (PFCHIRAC), and the initial CHIRAC 

product which alter the stereoselectivity of the complexes. However, the results obtained 

will aid in the rational design of a new series of chiral ligands for asymmetric synthesis 

and catalysis. This is due to the ability to introduce the electron donor-acceptor type 

attractive interaction to the chiral recognition in the coordination sites of metal 

complexes by using the pentafluorophenyl group or its derivatives in addition to the well 

established steric interactions.35  

 

 

1.3b  Complexes containing P-Cl ligands  

 

Hemilabile phosphorus based ligands with a labile Cl [Ph2P(Ph-o-Cl)] 

are most commonly found coordinated to rhodium36-42 and platinum43. 

Neutral and cationic rhodium(III) metallated compounds containing a 

four-membered ring were prepared by different synthetic methods including ligand 

substitution (Figure 1) and from metallated dirhodium(II) compounds.41  

Cl

PPh2

 

 

 

 

 

 



 29

 
Rh

Cl

P
Ph2

Cl

P
Ph2

Cl P P
Rh

P

P

Cl

P
Ph2

Cl

P P = dppm (30)
   dppe (31)

29

 

 

 

 

Figure 141

 

The neutral complexes 30 and 31 undergo thermal oxidative-addition with cleavage of 

the C-Cl bond of the phosphine to give compounds 32 and 33 in high yields.41

 

P P =  dppm (32)

    dppe (33)
Rh P

Cl
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Reaction of RhCl2(η2-PPh3)(η2-Ph2P(Ph-o-Cl) (34) with one mole of AgSbF6 in 

CH2Cl2/CH3CN at room temperature gave a yellow solution.41 The 31P NMR spectrum 

of the solution showed two doublets of doublets with a coupling constant of 24 Hz 

indicating the P atoms of PPh3 and Ph2P(Ph-o-Cl) ligands remain bonded to the rhodium 

atom in a mutual cis configuration (Scheme 7).41
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The cationic complex 35 reacts with bipy or phen to give products 36 and 37 which both 

show two consecutive monoelectronic reduction processes via cyclic voltammetry in 

THF.41 For complex 36, the first redox couple is very close to 0.060 V, corresponding to 

a reversible system, whereas the second reduction process gives a higher ∆Ep value.41 

Lahuerta and coworkers41 tentatively interpreted this as being due to the dissociation of 

one chloride ion being coupled to the electrochemical reduction for the second process. 

The reversibility of the first reduction process is attributed to the π-delocalising ability of 

bipyridine and phenanthroline ligands. The electrochemical behaviour of the cationic 

solvated species 35, which reduces in an irreversible manner supports the above 

interpretation of the Rh(III)/Rh(II) and Rh(II)/Rh(I) couples.41
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1.3c  Complexes containing P-Br ligands 

 

Br

PPh2

Hemilabile phosphorus based ligands with a labile Br [Ph2P(Ph-o-Br)] 

are most commonly found coordinated to iridium44,45, rhodium46 and 

gold47.  
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Burke and coworkers reported the reaction of iridium with the Ph2P(Ph-o-Br) ligand to 

form complexes 38 and 39 (Scheme 8).45 To the best of our knowledge, these complexes 

were the first reported structures to include metal based compounds incorporating a 

Ph2P(Ph-o-X) type ligand exhibiting hemilabile bonding to the metal via the ligand 

halide. The complexes discussed in previous sections incorporate this class of ligand, but 

the ligands do not show hemilability by coordinating to the metal.     
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Complex 39 was subjected to further reactions with CH3CN (Scheme 9) and NaCl. The 

addition of NaCl displaced the bound halocarbon, as expected giving the starting 

complex 38. More interesting results were obtained with reaction of complex 39 with 

CH3CN (Scheme 9). Complexes 40a and 40b were identified by both 31P and 1H NMR 

spectra. Complex 40a was observed at -80°C via VT NMR. The predictable chemical 

shifts of tertiary phosphine ligands as a key to determining their chelation mode has 

been extensively reviewed by Garrou.14 In chelating systems incorporating Ph2P(Ph-o-

Br) or Ph2P(Ph-o-Cl) ligands, the 31P NMR resonance lies in the range δ 45 to 60 ppm 

and in unchelated systems at 15 to 30 ppm. Burke and coworkers reported a second 

spectroscopic criterion for determining chelation modes via the 1H NMR spectrum.45 If 

all proton signals are observed above 7.2 ppm, the complex will have chelated Ph2P(Ph-

o-Br) or Ph2P(Ph-o-Cl) ligands present. The presence of a signal at 6.8-7.2 ppm, further 

upfield from all other aromatic proton signals is only observed in spectra of unchelated 

metal complexes. This is attributed to the proton ortho to the halogen on the substituted 

ring.45 Burke and coworkers state that the diamagnetic shift is reduced when the ligand 

binds to the metal, presumably because these electrons are perturbed on binding.45 These 

predictable chemical shift changes, were used to identify the presence of complexes 40a 

and 40b in solution. Attempted crystallization of the products resulted in precipitation of 

the original complex 39.45  

 

The complexes discussed in previous sections (1.3a, 1.3b) which incorporate a Ph2P(Ph-

o-X) type ligand have been used as catalysts in various types of reactions. These 
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complexes do not exploit the hemilability of the incorporated ligands. Two of the 

complexes discussed in this section, 39, 40a, have ligands which do exhibit hemilability 

making these compounds ideal as potential catalysts.  

 

 

1.4 Summary 

 

Hemilabile ligands are a class of chelated ligands which may possess two different types 

of bonding groups whereby one is a substitutionally labile donor atom and the other a 

substitutionally inert donor atom which remains anchored to the metal. Thus, a 

thermodynamically stable metal based complex will comply to the hard and soft acids 

and bases principle with the anchored donor atom being the complimentary base to the 

hard or soft acid metal. Changes to the metal oxidation state, and thus its initial hardness 

or softness, may weaken or even break the bond to the labile donor atom producing a 

vacant coordination site on the metal. During the catalytic process, a metal based 

catalyst will see a change in the metal oxidation state altering its original binding 

properties. It is for this reason that hemilabile ligands are valuable components in 

catalysis.    
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2.0 CHAPTER TWO: APPLICATION OF HEMILABILE 

LIGANDS TO ATOM TRANSFER RADICAL POLYMERIZATION 

(ATRP)      

Radical polymerization is most widely employed in industrial and laboratory scale 

processes for polymer synthesis, because of the high tolerance of the process to the 

presence of water and other protic compounds, high reaction rate and high 

polymerization temperature.1 It is, potentially, a precise method of polymerization 

due to its repetitive propagation step, triggered by the radicals, to produce high 

molecular weight polymers of linear carbon chains.2 This propagation step proceeds 

hundreds or thousands of times with an almost perfect regio- and chemoselectivity.2 

However, despite its precision, radical polymerization has one intrinsic disadvantage. 

The growing radicals are electrically neutral and tend to react with each other 

causing termination of two radical centers.2 This bimolecular termination occurs 

either via radical recombination or disproportionation and results in a range of 

polymer lengths and broad molecular weight distributions (MWDs) (Scheme 1).2

R R

H2C C
R1

R2
R C

H2
C
R1

R2
C
H2

C
R1

R2

H2C C
R1

R2

C
H2

C
R1

R2

C
H2

C
R1

R2

C
H2

C
R1

R2

C
H

C
R1

R2

C
R1

R2
C
H2

C
H

C
R1

R2

Initiation
R  +  R

R +
Propagation

+

Combination

Disproportionation
 

Scheme 12



 39

Bimolecular termination stops the growth of the polymers, resulting in a range of 

polymer lengths and thus, a broad molecular weight distribution. These properties 

are the exact opposite of those desired in a polymer and so, due to these factors, 

radical polymerization is considered unsuitable for precision polymer synthesis. If 

bimolecular termination can be eliminated from radical polymerization, it will 

consist only of initiation and propagation and remain free from undesirable side 

reactions.2 This manner of chain growth is referred to as living radical 

polymerization also known as atom transfer radical polymerization (ATRP).  

 

ATRP may be mediated by a number of systems with nitroxide3,4 and metal 

catalyzed 5,2 systems being the most extensively studied. Transition metal mediated 

ATRP is one of the most successful and important methods used to polymerize a 

variety of monomers because it does so in a controlled fashion.5 This control is based 

both on fast initiation and the persistent radical effect, which observes a dynamic 

equilibrium between dormant species and growing radicals, thus suppressing 

termination.5 Generally, ATRP proceeds by a reversible redox process between an 

alkyl halide (R-X), as an initiator, and a transition metal complex capable of 

expanding its coordination sphere by one and with the appropriate redox activity.6 

Scheme 2 shows the reversible equilibrium between the growing radicals and 

dormant species established by such a catalyst. 
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In ATRP, the concentration of growing radicals, which propagate with the rate 

constant of propagation kp, is sufficiently low to significantly reduce the contribution 

of radical-radical termination (with a rate constant kt) and provide well-defined 

polymers with low polydispersities.7 A fast equilibrium between the active (Pm•) and 

dormant (Pm-X) polymer chains is a necessary condition to observe low 

polydispersities.7 The polydispersity value should be close to 1 indicating polymer 

chain lengths of similar sizes. To achieve low polydispersity values, the metal 

catalyst (Mt
n/L) will interact with the halogen at the dormant end (Pm-X) to induce its 

homolytic dissociation into a growing radical. The resulting halogen metal complex 

(X-Mt
n+1/L) sooner or later donates the halogen back to the growing radical to 

regenerate the dormant species to attain a dynamic and reversible dormant-active 

species equilibrium.2 An example is shown below in Scheme 3 using a 

Cu(I)/bipyridyl system with benzhydryl chloride as initiator in the polymerization of 

styrene. The radical and halogen-catalyst can be considered to be an intermediate, 

with the radical staying in close proximity to the halogen catalyst to stabilize it and 

prevent coupling of radical pairs.  
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Interestingly, one ligand of the bis-bipyridyl copper(I) catalyst can be considered to 

behave in the same type of hemilabile windscreen wiper action by virtue of the steric 

hinderance of the bulky bidentate ligand around the small copper(I) site. To allow the 

halogen from the initiator to coordinate to the metal, one N atom is displaced. 

Clearly, the four donor atoms are identical, the ligands symmetrical, and their 

relative donor strengths expected to be equal, and so the bipy ligand is not hemilabile 

in the classic sense of having two donor atoms of differing hardness or softness. One 

Cu-N bond breaks mimicking a hemilabile bonding situation and allowing the 
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copper(I) metal to take up the halide from the initiator, and to oxidize to the required 

copper(II) oxidation state.8 It should be noted that for this oxidation/reduction cycle 

to occur successfully, the metal of the catalyst should have at least two valence or 

oxidation states in which the lower one is more stable. The higher state should not be 

so stable that it cannot undergo the reverse reaction to release the accepted halogen.2 

The importance of the metal chosen for an ATRP catalyst is equaled by the choice of 

initiator.  

 

Suitable initiators for metal-mediated living radical polymerizations are mostly alkyl 

halide and related compounds that have carbon-halogen bonds to be homolytically 

cleaved via the assistance of transition metal complexes.9 Often, the structure of the 

initiator is analogous to the structure of the polymer end group.5 Esters of 

halogenated carboxylic acids are suited for (meth)acrylates and haloalkylbenzenes 

are preferentially used for styrene and its derivatives.9 Haloketones are particularly 

suited for methyl methacrylate (MMA) and related methacrylates to give polymers of 

controlled molecular weights and very narrow MWDs.9 Appropriate initiators also 

require an apparent initiation rate constant greater than (or at least equal to) the 

apparent propagation rate constant and they should not induce side reactions.5  

 

The copper(I/II) based initiating system shown in Scheme 3, exhibiting hemilabile 

windscreen wiper action with 3-4 coordination, has been studied extensively. 

However, the variable oxidation state effect is not limited to copper(I) based 

complexes. Ruthenium(II) based complexes also have the ideal redox properties for 

metal mediated ATRP. Ruthenium complexes show the desired potential oxidation 
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state change from +2 to +3 with a corresponding coordination number change. 

Ruthenium catalysts are frequently used to study the polymerization of MMA.  

 

The Ru(II) based dichloride, RuCl2(PPh3)3, was the first complex employed for the 

metal catalyzed living radical polymerization of MMA in conjunction with CCl4 as 

initiator in the presence of a metal alkoxide such as MeAl(ODBP)2 (ODBP=2,6-di-

tert-butlyphenoxy) as an additive.10 The polydispersity value of 1.3-1.4 is fairly 

narrow indicating successful living polymerization. The ruthenium catalyzed 

polymerization of MMA has been further improved with the emergence of a wide 

variety of suitable ruthenium based complexes including Grubbs catalyst and its 

derivatives.11  

 

A particular Ru(II) based alkylidene catalyst has the versatility of acting as both 

catalyst and initiator in the polymerization process. The complex is a derivative of 

the well known Grubbs catalyst family.11 The derivative carries a bromoisobutyrate 

group which provides the halogen for initiation. 

 

PR3

Ru

PR3

Cl

Cl
CHPh

Grubbs catalyst

PR3

Ru

PR3

Cl

Cl

Derivative

O
Br

O

R = Cy
       Ph
       C5H9

Grubbs catalysts can mediate living radical polymerization of MMA and styrene to 

afford polymers with narrow MWDs (MW/MN ≈ 1.2).11 The derivative can also 

catalyze the polymerization of MMA but without an initiator, and was reported to be 

the first of its kind.11 As was discussed in Chapter 1, the choice of the phosphine 
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ligand in a large range of catalysts is due to the stable metal-phosphorus bond 

created. The soft phosphorus atom is an ideal choice as the inert anchored donor 

atom when dealing with late transition metals in low oxidation states, due to the 

complimentary softness of these metals. The ligands of choice for this research are 

shown below.  
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2.1 Summary 

 

It is for the reasons discussed that the research we conducted involved the reaction of 

hemilabile phosphine ligands to form Ru(II) and Cu(I) based complexes as potential 

catalysts for the polymerization of methyl methacrylate. Our choice of ligands 

Ph2P(Ph-o-X) (where X = Cl, Br, COOH) and Ph2PCH2CH2Cl, stems from the 

known versatility of hemilabile phosphine ligands. The roles of the ligands of metal 

complexes are very important in modifying the electric and steric nature of the 

complex as a whole.2 It was hoped that the halogen substituent on the ligands 

employed in this research would act as internal initiators of the metal complex in the 

polymerization process, much like the Grubbs catalyst derivative discussed above. 

However, preliminary tests indicated the requirement for an external initiator such as 

CCl4. The metals Ru(II) and Cu(I) were chosen for this research due to their suitable 

redox properties for catalysis, whereby the metal should have at least two oxidation 
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states in which the lower one is more stable [Ru(II), Cu(I)]. The higher states 

[Ru(III), Cu(II)] are not so stable that the complex cannot undergo the reverse redox 

reaction to release the halogen abstracted from the initiator. MMA was the monomer 

of choice due to the high level of solubility of polyMMA in a variety of solvents, 

facilitating characterization.  
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3.1 General Experimental Procedures and Techniques 

 

General procedures: Reactions requiring the exclusion of moisture and oxygen were 

conducted under an inert atmosphere of dry nitrogen or argon. All Schlenk glassware 

was flame dried prior to use. THF and diethyl ether were distilled under a nitrogen 

atmosphere over sodium with benzophenone as indicator and stored in Schlenk 

glassware. All other solvents were supplied by Aldrich and used without further 

purification unless otherwise stated. All deuterated solvents were supplied by 

Cambridge Isotope Laboratories (CIL) and were used without further purification. 

PPh3, Ph2PSiMe3, Ph2PCl, Mg turnings, Li pellets and all dihalobenzenes used were 

provided by Aldrich. Both (MeCN)2PdCl2 and Ph2P(Ph-o-COOCH3) were provided 

by coworkers after preparation by literature1,2 methods.   

 

Instrumentation: 1H, 13C and 31P solution state NMR spectra were obtained on a 

Gemini 200 spectrometer, at 200 MHz (1H), 50.3 MHz (13C) and 80.96 MHz (31P) in 

CDCl3 unless otherwise noted. Chemical shifts (δ) are cited relative to (CH3)4Si (1H 

and 13C) and 85 % H3PO4 (31P) and were recorded in parts per million (ppm). Solid 

state CP MAS 31P NMR spectra were obtained by Dr. Sue Boyd on a Varian Unity 

400 spectrometer at 161.92 MHz and chemical shifts (δ) are cited relative to PPh3. 

Melting points were determined on a Gallenkamp Electrothermal digital melting 

point apparatus and are uncorrected. Mass Spectrometry was performed at Griffith 

University by Mr Ross Stevens on a Fisons VG PLATFORM2 Quadrupole mass 

specrometer using Electrospray Ionisation (ESI) positive and negative modes. 

Microanalyses were performed by the Microanalytical Unit of the University of 

Queensland. Infrared (IR) spectra were obtained from a Perkin-Elmer FTIR 1725X 
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spectrometer as a KBr disc. Cyclic voltammetries were carried out at room 

temperature in freshly distilled DCM containing 0.1 mol/L Bu4N+ ClO4
- (TBAP), 

using an EG&G/PARC electrochemical system consisting of a 273A potentiostat. A 

three-electrode system with resistance compensation was used throughout. The 

working and auxiliary electrodes were a stationary platinum foil and a wire, 

respectively. The reference electrode was Ag/AgCl in a Luggin capillary, 0.1 mol/L 

TBAP in CH2Cl2, a medium in which ferrocene is oxidised at 0.43 V (Fc+/Fc); all 

potentials are referred to this electrode. All cyclic voltammetries were conducted 

with the assistance of Prof. Alzir Batista and Dr Salete Lueiroz. 

Polymethylmethacrylate molecular weights were obtained via on a GPC Waters 

(410) using an Ultrastyragel column of nominal pore size 104 Å. HPLC grade THF 

was used as eluent. The molecular weight calibration was achieved with polystyrene 

standards. Sample concentrations were 1 mg/ml with a flow rate of 0.6 ml/min. All 

GPC data was collected with the help of Dr. Sov Atkinson.  

 

Crystal Data: Unique data sets were measured by Assoc. Prof Peter Healy at 295K 

using a Rigaku AFC-7R four circle diffractometer (ω-2θ scan mode, monochromated 

Mo-Kα radiation λ = 0.71069 Å) yielding N independent reflections, No with I > 

2σ(I) being considered ‘observed’. The structures were solved by direct methods, 

expanded using Fourier techniques and refined by full matrix least squares 

refinement after application of empirical absorption corrections based on ψ–scans. 

Anisotropic thermal parameters were refined for non-hydrogen atoms; (x, y, z, Uiso)H 

were included and constrained at estimated values. Conventional residuals R, Rw on 

⏐F⏐ at convergence are quoted; statistical weights were employed. Neutral atom 

complex scattering factors were employed, computation used the teXsan 
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crystallographic software package, version 1.8 of the Molecular Structure 

Corporation. 

 

 

3.2 Experimental 

 

3.2a Synthesis of (2-Chlorophenyl)diphenylphosphine4[L1] 

 

To magnesium turnings (1.40 g, 57.6 mmol) in dry distilled diethyl 

ether (4 ml) was added 2-bromochlorobenzene (6.11 ml, 52.2 mmol) 

dropwise over 20 min. Further diethyl ether (10 ml) was added as well as 2 drops of 

dibromoethane and the mixture was refluxed gently overnight by which time most of 

the magnesium had reacted. Extra diethyl ether was added to liquify the thick brown 

mixture before decanting the solution from the remaining unreacted magnesium and 

reducing the solution temperature to 0˚C. Ph2PCl in diethyl ether (9.37 ml, 45.1 

mmol, in 10 ml) was added dropwise over 45 min to the ice cold solution. After 

approx 1 h at room temperature a white solid had formed in the brown solution 

which was hydrolysed with a saturated NH4Cl solution (5 ml). The white solid 

discarded and the filtrate washed and extracted from saturated NH4Cl solution (20 

ml). The ethereal layer was dried under high vacuum to leave an oily yellow solid 

from which a white powder was obtained by filtration after dissolving the crude 

product in cold ethanol. Crystals suitable for X-ray diffraction studies were obtained 

by recrystallization from benzene. Mass 1.66 g, yield 10.7 %; mpt 106-109˚C (lit4 

107-108˚C); 1H NMR (CDCl3): 7.12-7.80 (br m, 13H, aromatic), 6.80-6.89 (m, 1H, 

aromatic) (ppm); 31P NMR (CDCl3): -9.78 (s) ppm; crystal data: [C18H14ClP], Mr = 

Cl

PPh2
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296.71 triclinic, P1, a = 10.646(8), b = 10.702(6), c = 8.530(6) Å, β = 99.88(6)°, V = 

762.1(11)Å3, Z = 2, µ = 0.34 mm-1. N = 4248, No(I > 2σ(I)) = 2452; R = 0.021, Rw = 

0.039. 

 

 

3.2b Synthesis of (2-Bromophenyl)diphenylphosphine5 [L2] 

 

To degassed toluene (10 ml) was added 2-bromoiodobenzene (2.27 

ml, 17.67 mmol), Ph2PSiMe3 (4.43 ml, 17.14 mmol) and 

(MeCN)2PdCl2 (114.6 mg, 0.442 mmol) to give a deep red solution which was 

heated under Ar for 100 h at 95˚C. DCM (10 ml) was added to the mixture and the 

organic layer washed with saturated NaHCO3 (2 x 10 ml), saturated aqueous NaCl (2 

x 10 ml) and then dried with MgSO4. The solvents were removed by high vacuum to 

give a brown oil which was subjected to column chromatography. Colourless crystals 

of product were obtained upon evaporation of column fractions. Mass 2.99 g, yield 

49.6 %; mpt 113-115˚C (lit4 112-114˚C); 1H NMR (CDCl3); 7.20-7.61 (br m, 13H, 

aromatic) 6.75-6.81 (m, 1H, aromatic) ppm; 31P NMR (CDCl3); -4.52 (s) ppm; 31P 

CP MAS NMR; -4.4 (s) ppm; crystal data: [C18H14BrP], Mr = 341.16 monoclinic, 

P21/c, a = 10.371(5), b = 8.9735(19), c = 16.556(6) Å, β = 92.33(4)°, V = 1539.5(10) 

Å3, Z = 4, µ = 2.76 mm-1. N = 4223, No(I > 2σ(I)) = 1823; R = 0.033, Rw = 0.043. 

Br

PPh2
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3.2c Synthesis of 1-Chloro-2-diphenylphosphinoethane6[L3] 

 

A solution of lithium diphenylphosphide (10.9 g, 56.7 mmol) 

[prepared by sonication overnight of lithium metal (0.91 g, 131 

mmol) to triphenylphosphine (15.7 g, 59.9 mmol) in THF (50 ml)] in THF (250 ml) 

was added dropwise over 45 min to 1,2-dichloroethane (400 ml) with vigorous 

stirring at -10˚C (acetone/ice bath). The solvent and excess 1,2-dichloroethane was 

removed by rotary evaporation to afford an army green solid. The solid was purified 

by column chromatography (20 % DCM in hexane) and gave a waxy white 

compound after storing the combined fractions at -15°C for 24 h. The white solid 

was recrystallized from petroleum ether 40˚C-50˚C bpt and collected by filtration. 

Mass 6.01 g, yield 42.6 %; mpt 42-43˚C (lit6 41-42˚C); 1H NMR (CDCl3): 7.35-7.62 

(m, 10H, aromatic), 3.57-3.68 (m, 2H, PCH2), 2.52-2.63 (m, 2H, CH2Cl) ppm; 31P 

NMR (CDCl3): -19.6 (s) ppm. 

Ph2P
Cl

 

 

3.2d Hydrolysis of (2-Methyl-ester-phenyl)diphenylphosphine to 2-Benzoic 

acid)diphenylphosphine2,7[L4] 

 

Ph2P(Ph-o-COOCH3) (3.04 g, 9.49 mmol) 

was dissolved in aqueous NaOH (0.2 M, 

100 ml) and acidification (pH 2) with concentrated HCl (~ 4 ml, dropwise addition) 

resulted in the formation of a white solid. The solid was washed with deionised water 

(100 ml) before being collected by filtration and dried under high vacuum. Mass 2.56 

g, yield 88.1 %; mpt 159-161˚C (lit2 175-176˚C); 1H NMR (CDCl3): 7.24-7.92 (br m, 

C

PPh2

OCH3

O
C

PPh2

OH
O
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aromatic) ppm; 31P NMR (CDCl3): -3.15 ppm; IR 3049.1 cm-1 (OH), 1686.6 cm-1  

(C=O), 1273.0 cm-1  (C-O). 

 

 

3.3 Results and Discussion 

 

The preparation of a number of known phosphine ligands was carried out with 

modifications to the literature methods. Observations and modifications of the 

syntheses are reported within the following sections. After noting the 31P NMR 

chemical shift of the free ligand, all products were oxidised with hydrogen peroxide 

and the oxidised ligand chemical shift (Table 1) observed for future reference. The 

13C NMR data for most of the ligands, and all of the metal complexes prepared were 

second order and very complex due to coupling between the P and C nuclei. The 

NMR probes used to aquire all 13C NMR spectra did not have the capability to 

decouple phosphorus from carbon and thus, the complex 13C NMR data from 

experimental sections in chapters 3,4 and 5 has been omitted.   

 

 
Table 1: Experimental Ligand 31P NMR data  

 
31P NMR data (ppm) L Ligand formula 

Free ligand Ligand oxide 

L1 Ph2P(Ph-o-Cl) -10.4 29.5 

L2 Ph2P(Ph-o-Br) -4.5 31.4 

L3 PPh2(CH2CH2Cl) -19.6 29.2 

L4 Ph2P(Ph-o-COOH) -3.2 37.1 
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Table 2: Experimental and Literature Ligand melting point data 

L Exp. mpt (°C) Lit. mpt (°C) 

L1 106 - 109 107 -1084

L2 113 - 115 112 - 1145

L3 42 - 43 41 - 426

L4 159 - 161 175-1762

 

 

 

3.3a Synthesis of (2-Chlorophenyl)diphenylphosphine4 [L1] 

 

(2-Chlorophenyl)diphenylphosphine (L1) was isolated by filtration as a white 

powder via the literature4 Grignard method without requiring recrystallization 

(Scheme 1).  

 

Cl

Br diethyl ether

Mg Cl

MgBr

ClPPh2
Cl

PPh2

+ MgBr
+ MgCl

 

 

Scheme 1 

 

The literature4 yield of L1 was reported to be 52 % with a melting point of 107-

108˚C. In our hands, numerous attempts to prepare L1 achieved only a maximum 11 

% yield. The solution state 31P NMR indicated pure product represented by a singlet 

at -10.4 ppm (lit8 -10.6 ppm). For referencing purposes, the ligand was oxidised with 

hydrogen peroxide and the solution state 31P NMR spectrum taken which gave a 

singlet at 29.5 ppm.  
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In an attempt to increase the yield of L1 obtained from the Grignard synthesis, other 

methods were employed. These methods are presented below in Scheme 2. 
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PPh2SiMe3, (MeCN)2PdCl2

Cl

Br toluene

PPh2SiMe3, (MeCN)2PdCl2 Cl
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Scheme 2 

 

The first and second alternate methods (1, 2, Scheme 2) were based upon a palladium 

catalyzed literature5 method. The third method (3, Scheme 2) was based upon a 

nickel catalyzed literature9 method. For each attempt, the modifications on the 

literature syntheses took into account the desired halide which was to remain bound 

to the substituted aromatic ring. For example in the case of preparing L1 with a 

chloro substituent ortho to the diphenylphosphine group, the starting dihalide of 

choice would be 2-chlorobromobenzene or 2-chloroiodobenzene. These dihalides 

both offer better leaving groups than the chloride in the forms of bromine and iodine 

respectively. Thus, the chloride will remain bound to the ring whilst the sacrificial 

leaving group makes way for the PPh2
- group.  
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Preparation of the first alternate method (1, Scheme 2) gave a crude product 31P 

NMR spectrum showing a mixture of signals including the low intensity signal 

representing the product, and a signal at 29.8 ppm suggesting a phosphine oxide, 

possibly the ligand oxide or the hydrolysis/oxidation product of the Ph2PSiMe3, 

amongst a number of unidentified peaks. Due to the apparent low percentage of 

product formed compared to that of the oxide, the crude product was not subjected to 

column chromatography.  

 

The second alternate attempt (2, Scheme 2) to produce L1 involved stirring 2-

bromochlorobenzene with Ph2PSiMe3 and (MeCN)2PdCl2 for 100h in toluene. The 

reaction produced a brown solution which was subjected to column chromatography 

before a 31P NMR was taken of the resulting colourless liquid. The liquid was shown 

to be a mixture of products including a large percentage of a phosphine oxide as 

shown by a singlet at 29.7 ppm with about twice the intensity of the product signal at 

-10.5 ppm. Various attempts were made to isolate a solid out of the liquid but none 

were successful. 

 

The third attempt (3, Scheme 2) to produce L1 involved a literature9,10 method of 

generating a lithium diphenylphosphide, by sonicating Li metal with 

triphenylphosphine in THF for 15 h. The lithium diphenylphosphide was then 

reacted with 2-bromochlorobenzene in the presence of a NiBr2 coupling catalyst. A 

mixture of products was indicated by numerous signals in the solution state 31P NMR 

spectrum including a phosphine oxide signal at 30.1 ppm, a low intensity peak at 

-10.5 ppm representing the attempted ligand with the major product being the 

analagous (2-bromophenyl)diphenylphosphine ligand (L2) indicated by a signal at 
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-4.6 ppm. Thus, the most successful attempt to prepare L1 remained to be the 

original literature4 Grignard method which gave only a 10 % yield at most. 

 

 

3.3b Synthesis of (2-Bromophenyl)diphenylphosphine5 [L2] 

 

The preparation of (2-bromophenyl)diphenylphosphine (L2) involved only one 

modification on the literature5 procedure with a change of solvent from benzene to 

toluene (Scheme 3). The synthesis entailed 2-bromoiodobenzene being added to a 

solution of PPh2SiMe3 and (MeCN)2PdCl2 catalyst in toluene. The reaction mixture 

was stirred at 95°C for 100 h. Following chromatography of the crude brown oil, 

white crystals of product were obtained via evaporation of column fractions in a 49.7 

% yield (lit5 82 %). 

 

Br

I toluene, stir 100 h

PPh2SiMe3, (MeCN)2PdCl2 Br

PPh2  

 

Scheme 3 

 

The solution state 31P NMR gave a singlet at -4.5 ppm which corresponds to the 

literature5 chemical shift of -4.4 ppm. For referencing purposes, the ligand was 

oxidised with hydrogen peroxide and the solution state 31P NMR taken and shown to 

give a singlet at 31.4 ppm which is in the typical range for phosphine oxides.  
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a) 

b) 

 
Figure 1: Solid state 31P CP MAS NMR spectrum of a) L2 showing a singlet at -4.4 
ppm and b) the triphenylphosphine signal at -9.9 ppm. The four extra peaks either 

side of the major signal are spinning side bands. 
 

 

After performing 31P NMR solution state studies, we decided to compare the solid 

state 31P NMR CP MAS data. The spectrum corresponded closely to the solution 

state signal with a singlet at -4.4 ppm (Figure 1). Spinning side bands can be seen on 

either side of the signal with a coupling constant of approximately 1960 Hz, 

indicating the speed at which the sample is spinning. The asymmetry of the spinning 

side bands is due to the static line shape. The spectrum of L2 may be compared to 
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that of the parent structure triphenylphosphine (Figure 1) which has a signal at -9.9 

ppm and similar spinning side bands.  

 

 

3.3c Structural studies of L1 and L2 

 

Crystals of L1 suitable for X-ray diffraction studies were obtained by 

recrystallization from benzene. The solid state structure of L1 (Figure 2) is similar to 

that found for L211, and (2-methylphenyl)diphenylphosphine12. The L1 structure 

consists of discrete molecular species linked in the crystal lattice through edge-to-

face C-H…Cl intermolecular interactions, with the shortest H…Cl distances > 3.0 Å. 

Within each molecule, the chlorine is located cis to the phosphorus lone pair. The 

molecule assumes a propeller-shaped conformation with the phenyl rings twisted 

away from the pseudo-threefold axis through the P atom. The P-C bond lengths 

(mean value 1.835(5) Å) and C-P-C bond angles (mean value 102.0(2)°) are similar 

to those recorded for the ‘parent’ triphenylphosphine ligand (1.831(2) Å and 101.9 

(8)º).13 Introduction of the chloro substituent results in a small increase in the P-C11-

C12 angle to 118.7(2)º, compared to 118.0(2) and 117.1(2)º for P-C21-C22 and P-

C31-P32, respectively. 
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Crystal Data [L1]: [C18H14ClP], Mr = 296.71 triclinic, P1, a = 10.646(8), b = 

10.702(6), c = 8.530(6) Å, β = 99.88(6)°, V = 762.1(11) Å3, Z = 2, µ = 0.34 mm-1. N 

= 4248, No (I > 2σ(I)) = 2452; R = 0.021, Rw = 0.039. 

 

 
 
 

 
 
 
 

 

 

 

Figure 2: View of the molecular structure of L1. P-C11 1.840(2), P-C21 1.834(3), P-

C31 1.830(3), Cl-C12 1.760(3)Å; C11-P-C21 100.23(11), C11-P-C31 102.47(10), 

C21-P-31 103.26(12), Cl-C12-C13 117.0(2)°. 
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Crystals of L2 suitable for X-ray crystallography were grown from evaporation of a 

DCM/hexane solution of the ligand. The solid-state structure of L2 (Figure 3) is 

isomorphous with the structure reported for (2-methylphenyl)diphenylphosphine.12 

The structure consists of discrete molecular species which adopt a propeller-shaped 

conformation. The bromide is located cis to the phosphorus lone pair and the P-C 

bond lengths (mean value 1.836(6) Å) are similar to those recorded for 

triphenylphosphine (mean value 1.831(2) Å).13 Introduction of the bromo substituent 

on ring 1 in L2 results in a small increase in the P-C11-C12 angle to 119.8(3)° 

compared to 117.1(3) and 116(3) for P-C21-C22 and P-C31-C32. The corresponding 

angles in triphenylphosphine are 116.6(1), 116.8(1) and 117.5(1)°. The molecules of 

L2 are linked in the crystal lattice though edge-to-face C-H…π interactions between 

the phenyl groups.14 As with previous studies demonstrating the poor hydrogen-bond 

acceptor properties of C-X bonds15, there is no evidence of significant C-H…Br 

intermolecular interactions in L2, with the shortest distances being greater than 3.1 

Å.  
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Crystal Data [L2]: [C18H14BrP], Mr = 341.16 monoclinic, P21/c, a = 10.371(5), b = 

8.9735(19), c = 16.556(6) Å, β = 92.33(4)°, V = 1539.5(10) Å3, Z = 4, µ = 2.76 mm-

1. N = 4223, No(I > 2σ(I)) = 1823; R = 0.033, Rw = 0.043. 

 

 

 

 

 

 

 
Figure 3: View of the molecular structure of L2. P-C11 1.844(4), P-C21 1.833(4), P-

C31 1.832(4), Br-C12 1.905(5)Å; C11-P-C21 101.51(18), C11-P-C31 101.32(18), 

C21-P-31 102.83(16), Br-C12-C13 117.7(3)°. 
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3.3d Attempted synthesis of (2-iodophenyl)diphenylphosphine ligand 

 

In an effort to complete the halide series of ligands with L1 and L2, a literature 

method5 was employed to attempt to prepare (2-iodophenyl)diphenylphosphine.  

 

I

I toluene

PPh2SiMe3, (MeCN)2PdCl2 I

PPh2  

 

Scheme 4 

 

The synthesis of (2-iodophenyl)diphenylphosphine has been reported5 by the 

reaction of 1,2-diiodobenzene with PPh2SiMe3 in the presence of the palladium 

catalyst (Ph3P)2PdCl2 in toluene at 60°C. This procedure yielded 20 % product but in 

our hands, we have been unable to repeat these results using the reported catalyst or 

an alternative catalyst (MeCN)2PdCl2 (Scheme 4).   

 

We decided to employ a new synthetic strategy taken from a second literature16 

method. 

  

PPh2

O
PhLi

THF, -40°C, 3 h

PPh2

OLi

I2
PPh2

OIH

 

Scheme 5 

 

The general procedure for the initial synthesis involved adding triphenylphosphine 

oxide to a solution of phenyllithium-lithium bromide in dry THF at -40°C, stirring 
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briefly (Scheme 5). The inductive effect of the phosphine oxide moiety increases the 

acidity of the ortho proton allowing lithiation to occur (Scheme 5). Iodine was added 

and the reaction stirred for 10 min before the solvent was removed in vacuo and 

DCM was added. The product was extracted from DCM and washed with brine and 

10 % NaS2O3 to give a 48 % yield of the ligand oxide. The solution state 31P NMR 

spectrum of the ligand oxide gave a singlet at 33.7 ppm which is in the general range 

for phosphine oxides. The (2-iodophenyl)diphenylphosphine oxide product was then 

available for reduction from a literature method3 using HSiCl3.  

 

PPh2

OI
HSiCl3, NEt3

xylene

PPh2

I

 

Scheme 6 

 

The reported3 method of reducing (2-iodophenyl)diphenylphosphine oxide entailed a 

solution of the phosphine oxide and NEt3 in xylene being treated with HSiCl3 and 

refluxed for 24 hours (Scheme 6). In our hands, this reduction produced a low yield 

with the crude 31P NMR indicating < 40 % reduced product present. The 31P NMR of 

the crude product product showed a singlet at 9.2 ppm representing the desired 

product (lit5 9.1 ppm) and a large quantity of the initial ligand oxide represented by a 

singlet at 33.7 ppm. Following extraction from diethyl ether and column 

chromatography, a white powder was expected to be isolated. However, 

experimentally, an insufficient yield was recovered from the extraction process and 

no further reactions could be pursued.  
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We have demonstrated that the above synthesis of (2-iodophenyl)diphenylphosphine 

is feasible from the phosphine oxide. The oxide product is easily prepared and 

isolated in a moderate yield and further improvements on the reduction of the oxide 

to isolate the (2-iodophenyl)diphenylphosphine ligand warrants further investigation. 

There are a number of methods available to reduce phosphine oxides3,17-19 and these 

methods could be investigated in an effort to isolate the (2-

iodophenyl)diphenylphosphine ligand.   

 

 

3.3e Synthesis of 1-Chloro-2-diphenylphosphinoethane6[L3] 

 

The ligand, 1-chloro-2-diphenylphosphinoethane (L3), was prepared via literature6 

methods with a solution of lithium diphenylphosphide10 added dropwise over 45 min 

to 1,2-dichloroethane at -10˚C (Scheme 7).  

 

Li + PPh3
THF

sonicate 15 h
Li+ PPh2

- Cl Cl

THF, -10ÞC
Ph2P Cl

 

 

Scheme 7 

 

The white product was isolated in a 42 % yield following column chromatography 

and recrystallization from petroleum ether (bpt 40-50˚C). For referencing purposes 

the product was oxidised with hydrogen peroxide and the 31P NMR chemical shift of 

the oxide shown to come at 29.2 ppm as compared with the free unoxidised ligand at 

-19.6 ppm.  
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3.3f Hydrolysis of (2-Methyl-ester-phenyl)diphenylphosphine to 2-Benzoic-

acid)diphenylphosphine7 [L4] 

 

A sample of (2-methyl-ester-phenyl)diphenylphosphine was supplied by a fellow 

coworker (Martin Goddard) and reduced to the acid analogue via literature7methods 

(Scheme 8).  

 

C

PPh2

O

OCH3 1. aq NaOH

2. HCl

C

PPh2

O

OH

 

 

Scheme 8 

 

Hydrolysis of the ester ligand, via literature methods7, involved dissolving Ph2P(Ph-

o-COOCH3) in aqueous NaOH to initially produce a deprotonated carboxylate salt 

and methanol. Acidification with concentrated HCl to pH 2 obtained the protonated 

carboxylate. The resulting pure L4 product was collected by filtration and washed 

well with water. A high conversion was obtained with 88 % yield whereby L4 did 

not require recrystallization. 

 

The solution state 31P NMR of L4 gave a singlet chemical shift of -3.2 ppm (lit1 -9.6 

ppm. For referencing purposes, the ligand was oxidised with hydrogen peroxide and 

the ligand oxide 31P NMR chemical shift was observed at 37.1 ppm.  

 



 
 
 

Figure 4: FT-IR spectrum of L4 showing the C=O stretch at 1687 cm-1. Comparison 
of the free ligand IR to metal complex IRs will show a shift to a lower wavenumber 

upon coordination of the C=O oxygen to the metal. 
 

 

The IR spectrum of L4 (Figure 4) gave the expected stretches for a carboxylic acid 

group with peaks at 3049 cm-1 (OH), 1687 cm-1  (C=O) and 1273 cm-1  (C-O). The 

C=O stretch became valuable in recognizing coordination of the O to the metal in the 

complexes incorporating L4. 
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CHAPTER FOUR: SYNTHESIS AND CHARACTERIZATION OF COPPER(I) 

COMPLEXES 

 

4.1 Introduction 

 

The preparation of hemilabile ligands discussed in Chapter 3, allowed us to undertake 

the synthesis and structural studies of metal complexes incorporating those ligands. 

These complexes were then available for testing as catalysts in the polymerization of 

methyl methacrylate.  

 

Transition metal based complexes prepared for the role of catalyst in ATRP can be tuned 

and functionalized by a number of components in the system. The choice of ligand can 

tune the properties of the complex through electronic and steric factors, and the metal of 

choice can also determine certain qualities. Generally, it is suggested that catalytic 

activity increases with increasing electron density of the metal centre.1 In copper(I) 

complexes, the metal has a filled 3d shell and cuprous compounds are therefore usually 

colourless and diamagnetic.2 The most common coordination number adopted by 

copper(I) is four, with tetrahedral geometry.2 A coordination number of three can also be 

found in some copper(I) complexes.3-6 In the oxidation state of +1, the metal is a soft 

acid and is stabilized by soft bases such as S and P containing ligands.7 Copper is 

extensively employed in the preparation of transition metal based catalysts due to its 

suitable properties.8-19
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Copper mediated ATRP has been well studied in such polymerizations as styrene, 

8,9,13,14,16,17,19-21 vinyl ether based macromonomers,22  acrylates,8,9,10,13,16,18,19 and 

specifically methyl methacrylate.9,11-13,15,16,19 Matyjaszweski8 and coworkers reported the 

use of copper triflate complexes as catalysts for ATRP of styrene and methyl acrylate. It 

was reported that in the presence of stabilizing ligands, copper(II) complexes could be 

reduced by copper(0) powder to generate copper(I) complexes which then forms in situ, 

an active catalyst for ATRP allowing for a simple experimental setup without catalyst 

oxidation.8 The stabilizing N-based ligands used in the study included N, N, N’, N”, N”, 

-pentamethyldiethylenetriamine (PMDETA) which was the most effective of the linear 

amine ligands studied. When reacted in a ratio of Cu(OTf)2/PMDETA/Cu0 (1/2/0.5) 

(Tf=CF3SO2) well controlled polymerization was observed with a low contribution of 

termination reactions.8

  

When preparing potential ATRP metal based catalysts, the choice of metal used will 

obviously play a key role in the catalytic activity of that complex. Generally, it is 

suggested that catalytic activity increases with increasing electron density of the metal 

centre.1  Copper is an ideal metal for the synthesis of ATRP catalysts due to its ability to 

easily change from oxidation state +1 to +2 and to also change its coordination number, 

leaving a vacant site in its coordination sphere. It is these properties which are highly 

desired when choosing an ideal metal for the preparation of potential ATRP catalysts.  
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4.2 General Experimental Procedures  

 

General procedures involving solvent purification and instrumentation techniques are as 

per section 3.1. Cu2O, CuCl, CuBr and CuI were supplied by Aldrich. The general 

method employed for solution state 31P NMR experiments of CuI with 2 or 3 molar 

equivalents of L1 or L3 entailed weighing the appropriate mass of ligand into an NMR 

tube with 40 mg of CuI. Approximately 0.8 ml of CDCl3 was then pipetted into the tube 

and the mixture sonicated until a colourless solution was formed and the NMR was then 

acquired.  

 

 

4.3 Experimental 

 

4.3a Synthesis of Bis[(2-chlorophenyl)diphenylphosphino] copper chloride [Cu-1] 

  

To a degassed solution of CuCl (50.0 mg, 0.505 

mmol) in CH3CN (5 ml) was added L1 (300 mg, 

1.01 mmol) which caused the initially green mixture 

to turn off white over 30 sec. The reaction was stirred under Ar for 2 h before removing 

the solvent in vacuo to leave Cu-1 as an off white powder. The solid was recrystallized 

from CH3CN to produce clear colourless cubic crystals which were suitable for X-ray 

diffraction studies and collected by filtration. Mass 240 mg, yield 68 %; mpt 188-189˚C; 

1H NMR (CDCl3): 7.17-7.80 (br m, 13H, aromatic), 6.80-6.84 (m, 1H, aromatic) ppm; 

31P NMR (CDCl3): -5.9 (br s) ppm; 31P CP MAS NMR: -7.1 (br q), -13.5 ( br q) ppm; 

Cl

Cu
P
Ph2

P
Ph2

Cl Cl
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mass spectrum [m/z, I(%)]: +ve ion ES, 657.4 ([M-Cl]+, 100 %); % Anal. Calcd for 

C37H29.5Cl3CuN0.5P2: C, 62.41; H, 4.17; N, 0.98. Found C, 61.34; H, 4.13; N, 1.35; 

crystal data: [CuCl(PPh2PhCl)2].1/2CH3CN. C37H29.5Cl3CuN0.5P2, Mr = 713.0, 

monoclinic, P21/n, a = 17.886(5), b = 19.36(1), c = 10.508(4) Å, β = 92.59(2)°, V = 

3634 Å3, Z = 4, µ = 9.3 cm-1, N = 8619, No(I > 2σ(I)) = 4385; R = 0.057, Rw = 0.068.

  

4.3b Synthesis of Bis[(2-chlorophenyl)diphenylphosphine] copper bromide [Cu-2] 

 

To a degassed solution of CuBr (72.4 mg, 0.505 

mmol) in CH3CN (5 ml) was added L1 (300 mg, 

1.01 mmol) which produced an off white mixture. 

The reaction was stirred under Ar for 2 h before removing in vacuo to leave Cu-2 as an 

off white powder. The solid was recrystallized from CH3CN to produce large clear 

colourless cubic crystals which were suitable for X-ray diffraction studies and collected 

by filtration. Mass 292 mg, yield 78 %; mpt 195-196˚C; 1H NMR (CDCl3): 7.28-7.88 (br 

m, 13H, aromatic), 6.80-6.85 (m, 1H, aromatic),ppm; 31P NMR (CDCl3): -6.8 (br s) 

ppm; 31P CP MAS NMR: -7.8 (br q), -15.0 ( br q) ppm; mass spectrum [m/z, I(%)]: +ve 

ion ES, 657.0 ([M-Br]+, 100 %); % Anal. Calcd for C37H29.5BrCl2CuN0.5P2: C, 58.67; H, 

3.93; N, 0.92. Found C, 58.07; H, 3.89; N, 1.08 %; crystal data: [CuBr(PPh2PhCl)2]. 

1/2CH3CN. C37H29.5BrCl2CuN0.5P2, Mr = 757.43 monoclinic, P21/n, a = 17.706(2), b = 

19.622(3), c = 10.626(2) Å, β = 92.45(1)°, V = 3688 Å3, Z = 4, µ = 19.3 cm-1, N = 8733, 

No(I > 2σ(I)) = 4306; R = 0.061, Rw = 0.076. 

Br

Cu
P
Ph2

P
Ph2

Cl Cl
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4.3c Synthesis of Bis[(2-chlorophenyl)diphenylphosphine] copper iodide [Cu-3] 

 

To degassed methanol (8 ml) was added CuI (64.2 

mg, 0.337 mmol) and L1 (200 mg, 0.674 mmol). 

The white solution was stirred under Ar for 2 h. The 

solvent was removed in vacuo to leave Cu-3 as a white powder. Colourless crystals 

suitable for X-ray diffraction studies were grown from DCM/ether using liquid/vapour 

diffusion method and collected by filtration. Mass 201 mg, yield 76 %; mpt 182-183˚C; 

1H NMR (CDCl3): 7.28-7.80 (br m, 13H, aromatic), 6.81-6.85 (m, 1H, aromatic) ppm; 

31P NMR (CDCl3): -6.3 (br s) ppm; 31P CP MAS NMR: -12.5 (br q) ppm; mass spectrum 

[m/z, I(%)]: +ve ion ES, 657.1 ([M-I]+, 20%); % Anal. Calcd for C36H28P2Cl2CuI: C, 

55.16; H, 3.60. Found C, 56.02; H, 3.61; crystal data: [CuI(PPh2PhCl)2]. 

C36H28Cl2CuIP2, Mr = 783.92, monoclinic, C2/c, a = 22.413(7), b = 16.042(7), c = 

20.040(8) Å, β = 109.65(3)°, V = 6785 Å3, Z = 8, µ = 18.2 cm-1, N =6230, No(I > 2σ(I)) 

= 2550; R = 0.068, Rw = 0.069.  

I

Cu
P
Ph2

P
Ph2

Cl Cl

 

4.3d Synthesis of Bis[(2-bromophenyl)diphenylphosphine] copper chloride [Cu-4] 

 

To degassed methanol (5 ml) was added CuCl (14.6 

mg, 0.147 mmol) and L2 (100 mg, 0.293 mmol). 

The colourless solution was stirred under Ar for 2 h 

by which time a white precipitate had formed. The solvent was removed in vacuo to 

yield Cu-4 as a white powder. Clear colourless crystals suitable for X-ray diffraction 

Cl

Cu
P
Ph2

P
Ph2

Br Br
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 studies were grown from hot acetonitrile and collected by filtration. Mass 76 mg, yield 

66 %; mpt 217-219°C; 1H NMR (CDCl3): 7.25-7.74 (br m, 13H, aromatic), 6.85-6.88  

(m, 1H, aromatic) ppm; 31P NMR (CDCl3): -2.1 (br s) ppm; 31P CP MAS NMR: 0.9 (br 

q), -8.3 ( br q) ppm; mass spectrum [m/z, I(%)]: +ve ion ES, 744.8, 746.3 ([M-Cl]+, 

100%); % Anal. Calcd for C36H28P2Br2ClCu: C, 55.34; H, 3.61. Found C, 56.19; H, 

3.64; crystal data: [CuCl(PPh2PhBr)2]. C36H28Br2ClCuP2, Mr = 781.37, monoclinic, 

C2/c, a = 22.48(1), b = 15.998(6), c = 19.041(9) Å, β = 106.71(4)°, V = 6558 Å3, Z = 8, 

µ = 33.1cm-1, N = 7797, No(I > 2σ(I)) = 3969; R = 0.048, Rw = 0.040. 

 

 

4.3e Synthesis of Bis[(2-bromophenyl)diphenylphosphine] copper bromide [Cu-5] 

 

To degassed methanol (5 ml) was added CuBr (21.1 

mg, 0.147 mmol) and L2 (100 mg, 0.293 mmol). 

The colourless solution was stirred under Ar for 2 h 

by which time a white precipitate had formed. The solvent was removed in vacuo to 

yield Cu-5 as a white powder. Clear colourless crystals suitable for X-ray diffraction 

studies were grown from hot acetonitrile and collected by filtration. Mass 98 mg, yield 

81 %; mpt 232-233°C; 1H NMR (CDCl3): 7.29-7.77 (br m, 13H, aromatic), 6.83-6.88 

(m, 1H, aromatic) ppm; 31P NMR (CDCl3): -2.0 (br s) ppm; 31P CP MAS NMR: 0.8 (br 

q), -7.5 ( br q) ppm; mass spectrum [m/z, I(%)]: +ve ion ES, 744.7, 746.3 ([M-Br]+, 

100%); % Anal. Calcd for C36H28P2Br3Cu: C, 52.36; H, 3.42. Found C, 52.53; H, 3.38; 

crystal data: [CuBr(PPh2PhBr)2]. C36H28Br3CuP2, Mr = 825.82, monoclinic, C2/c, a = 

Br

Cu
P
Ph2

P
Ph2

Br Br
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22.45(2), b = 15.990(9), c = 19.48(1) Å, β = 108.20(6)°, V = 6644 Å3, Z = 8, µ = 44.0 

cm-1, N = 7893, No(I > 2σ(I)) = 3578; R = 0.050, Rw = 0.037. 

 

 

4.3f Synthesis of Bis[(2-bromophenyl)diphenylphosphine] copper iodide [Cu-6] 

 

To degassed acetonitrile (5 ml) was added CuI (28.0 

mg, 0.147 mmol) and L2 (100 mg, 0.293 mmol). The 

colourless solution was stirred under Ar for 2 h 

producing a white precipitate. The solvent was removed in vacuo leaving Cu-6 as a 

white crystalline powder. Clear colourless crystals suitable for X-ray diffraction studies 

were grown from hot acetonitrile and collected by filtration. Mass 117 mg, yield 91 %; 

mpt 229-230˚C; 1H NMR (CDCl3): 7.23-7.61 (br m, 13H, aromatic) 6.82-6.89 (m, 1H, 

aromatic) ppm; 31P NMR (CDCl3): -1.6 (br s) ppm; 31P CP MAS NMR: 0.4 (br q), -7.3 

(br q) ppm; mass spectrum [m/z, I(%)]: +ve ion ES, 744.6, 747.3 ([M-I]+, 100; % Anal. 

Calcd for C36H28P2Br2CuI: C, 49.53; H, 3.23. Found C, 49.47; H, 3.16; crystal data: 

[CuI(PPh2PhBr)2]. C36H28Br2CuIP2, Mr = 872.82, monoclinic, C2/c, a = 22.477(4), b = 

16.063(4), c = 20.050(4) Å, β = 109.71(1)°, V = 6816 Å3, Z = 8, µ = 40.2 cm-1, N = 

6256, No(I > 2σ(I)) = 2133; R = 0.056, Rw = 0.047. 
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4.3g Synthesis of Tris[(1-chloro-2-diphenyl)phosphinoethane] copper chloride  

 [Cu-7] 

 

To degassed methanol (10 ml) was added Cu2O (38.4 

mg, 0.268 mmol) and L3 (400 mg, 1.61 mmol) 

followed by 3 drops of concentrated HCl. The red 

suspension immediately turned colourless before a white precipitate formed. After 

stirring for 10 min the solvent was removed in vacuo and the white solid recrystallized 

from DCM. Clear colourless crystals of Cu-7 suitable for X-ray diffraction studies were 

grown from DCM/ether using the liquid/vapour diffusion method and collected by 

filtration. Mass 140 mg, yield 62 %; mpt 146-147°C; 7.09-7.35 (br m, 30H, aromatic), 

3.37-3.46 (m, 6H, CH2Cl), 2.45-2.52 (m, 6H, PCH2) ppm; 31P NMR (CDCl3): -15.0 (br 

s) ppm; mass spectrum [m/z, I(%)]: +ve ion ES, 560.0 ([M-Cl-L3]+, 100%); % Anal. 

Calcd for C42H42P3Cl4Cu: C, 59.69; H, 5.01. Found C, 59.50; H, 5.25; crystal data: 

[CuCl(PPh2CH2CH2Cl)2]. C42H42Cl4P3Cu Mr = 845.07, monoclinic, P21/n, a = 

20.507(5), b = 19.078(8), c = 21.263(2) Å, β = 92.22(2)°, V = 8313 Å3, Z = 8, µ = 9.26 

cm-1, N = 15181, No(I > 2σ(I)) = 6462; R = 0.074, Rw = 0.076. 
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4.3h Synthesis of Tris[(1-chloro-2-diphenyl)phosphinoethane] copper bromide  

 [Cu-8] 

 

To a warm (40°C) mixture of CuBr (38.4 mg, 0.268 

mmol) in degassed CH3CN (10 ml) was added a 

warm (40°C) solution of L3 (200 mg, 0.804 mmol) 

dissolved in degassed CH3CN (2 ml). The mixture required sonicating to dissolve the 

CuBr, which resulted in a white precipitate forming in an orange solution. After stirring 

for 1 h the solvent was removed in vacuo and the off white solid was recrystallized from 

hot CH3CN to give clear colourless cubic crystals of Cu-8 which were suitable for X-ray 

diffraction studies and collected by filtration. Mass 170 mg, yield 71 %; mpt 153-156°C; 

1H NMR (CDCl3): 7.20-7.80 (m, 30H, aromatic), 3.42-3.50 (m, 6H, CH2Cl), 2.55-2.62 

(m, 6H, PCH2) ppm; 31P NMR (CDCl3): -14.5 (br s) ppm; mass spectrum [m/z, I(%)]: 

+ve ion ES, 560.4 ([M-Br-L3]+, 100%); % Anal. Calcd for C42H42P3Cl3CuI: C, 56.70; H, 

4.77. Found C, 56.83; H, 4.76. 
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4.3i Synthesis of Tris[(1-chloro-2-diphenyl)phosphinoethane] copper iodide  

 [Cu-9] 

 

To a warm (40°C) mixture of CuI (51.0 mg, 0.268 

mmol) in degassed CH3CN was added a warm (40°C) 

solution of L3 (200 mg, 0.804 mmol) dissolved in 
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degassed CH3CN (2 ml) and the colourless solution was stirred for 1 h. Clear colourless 

cubic crystals of Cu-9 suitable for X-ray diffraction studies were formed following slow 

evaporation of solvent and collected by filtration. Mass 188 mg, yield 75 %; mpt 134-

135°C; 1H NMR (CDCl3): 7.40-7.75 (m, 30H, aromatic), 3.39-3.50 (m, 6H, CH2Cl), 

2.63-2.70 (m, 6H, PCH2) ppm; 31P NMR (CDCl3): -16.4 (br s) ppm; mass spectrum 

[m/z, I(%)]: +ve ion ES, 560.7 ([M-I-L3]+, 100%); % Anal. Calcd for C42H42P3Cl3CuI: 

C, 53.86; H, 4.53. Found C, 53.86; H, 4.53. 

 

 

4.4 RESULTS AND DISCUSSION 

 

The syntheses and structural characteristics of all isolated copper(I) complexes (Cu-

1→Cu-9) from our research involving the reactions of copper(I) halides (CuCl, CuBr, 

CuI) with selected tertiary phosphine ligands (L1→L4) are discussed below. All 

complexes reported produced microanalyses consistent with calculated C, H and N 

percentage values. All complexes gave broad signals in the solution state 31P NMR 

spectra due to the quadrupolar nature of the 63, 65Cu nuclei which both have I=3/2.  

 

 

4.4a Synthesis of Bis[(2-chlorophenyl)diphenylphosphino] copper chloride [Cu-1] 

 

Complexes Cu-1→Cu-6 were all prepared in a similar fashion represented by Scheme 1 

below.  
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X' = Br:
            X = Cl  Cu-4
            X = Br  Cu-5
            X = I     Cu-6

 

 

Scheme 1 

 

The complex bis[(2-chlorophenyl)diphenylphosphino] copper chloride (Cu-1) was 

prepared by reaction of stoichiometric amounts of copper(I) chloride and (2-

chlorophenyl)diphenylphosphine (L1) in CH3CN (Scheme 1). The product appeared to 

form within minutes with the formation of an off-white precipitate being observed and 

after 2 h of stirring to ensure complete reaction, the solvent was removed in vacuo. 

Complex Cu-1 was isolated by recrystallization of the crude white product from hot 

CH3CN to give colourless crystals as CH3CN solvate.  

 

The positive ion electrospray mass spectrum of Cu-1 gave a peak at 658.5 representing 

the parent ion with loss of the chlorine atom from the metal. The solution state 31P NMR 

spectrum of Cu-1 showed a broad singlet at -5.9 ppm. The chemical shift of the complex 

is close to that of the free ligand L1 (exp δ: -10.4 ppm, lit23 -10.6 ppm) indicating the 

monodentate bonding mode of the ligands through the phosphorus atom only (see 

discussion below).   
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The solution state 1H NMR spectrum of Cu-1 showed a multiplet at 6.80-6.84 ppm  

integrating to one proton, as well as a broad multiplet between 7.17-7.80 representing 13 

aromatic protons. The multiplet at 6.80-6.84 ppm represents the proton ortho to the 

halide substituent on the substituted ring of the ligand and this signal is useful in 

determining the chelation mode of ligands of the (2-halophenyl)diphenylphosphine type 

(see discussion below).  

 

Burk and coworkers24 reported the appearance in the 1H NMR of a multiplet 

corresponding to one proton between δ 6.8 to 7.2 ppm, present only in spectra of non-

chelating Ir based complexes incorporating L1 or L2. This multiplet is also present in 

the 1H NMR of the free ligand. In spectra of metal complexes, it is always clear of the 

other aromatic protons which resonate as a multiplet downfield between 7.2 and 7.8 

ppm. Burke and coworkers state that the diamagnetic shift is reduced when the ligand 

binds to the metal, presumably because these electrons are perturbed on binding (Figure 

1).24
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1H NMR signal of H above 7.2 ppm1H NMR signal of H at 6.8 ppm

a) b)

 

 

Figure 1: General structures of metal based complexes incorporating L1 in a) 
monodentate chelating mode and b) bidentate chelating mode. M=metal, L=ligand other 

than L1 
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All copper complexes prepared in this research incorporating L1 or L2 (Cu-1→Cu-6) 

have this proton signal present in the 1H NMR spectra indicating the non-chelating mode 

of the ligands. This data is presented in both the previous experimental section (section 

4.3) as well as the discussion of each complex reported below.  

 

4.4b Synthesis of Bis[(2-chlorophenyl)diphenylphosphine] copper bromide [Cu-2] 

 

The complex bis[(2-chlorophenyl)diphenylphosphine] copper bromide (Cu-2) was 

prepared by reaction of stoichiometric amounts of copper(I) bromide and L1 in CH3CN 

(Scheme 1). As with Cu-1, the product appeared to form within minutes with the 

formation of a white precipitate observed. After stirring for 2 h to ensure complete 

reaction the solvent was removed in vacuo and the crude off white solid recrystallized 

from hot CH3CN to give colourless crystals of Cu-2 as CH3CN solvate.  

 

The positive ion electrospray mass spectrum of Cu-2 gave a peak at 658.6 representing 

the parent ion with loss of the bromine atom from the metal. The solution state 31P NMR 

spectrum of Cu-2 showed a broad singlet at -6.8 ppm. The chemical shift of the complex 

is close to that of the free ligand (-10.4 ppm) indicating the monodentate bonding mode 

of the ligands through the phosphorus atoms.  
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The solution state 1H NMR spectrum of Cu-2 showed a broad multiplet at 7.28-7.88 

ppm integrating to 13 protons, as well as a multiplet integrating to one proton between 

6.80-6.85 ppm indicating non-chelating ligands.   

4.4c Synthesis of Bis[(2-chlorophenyl)diphenylphosphine] copper iodide [Cu-3] 

 

The complex bis[(2-chlorophenyl)diphenylphosphine] copper iodide (Cu-3) was 

prepared by reaction of stoichiometric amounts of copper(I) iodide and L1 in CH3CN 

(Scheme 1). The product appeared to form within minutes with the formation of an off 

white precipitate being observed and after stirring for 2 h to ensure complete reaction, 

the solvent was removed in vacuo. Complex Cu-3 was isolated by recrystallization of 

the crude white product from hot CH3CN to give colourless crystals. 

 

The mass spectrum of Cu-3 gave a positive ion peak at 658.1 representing the parent 

molecular ion with loss of the iodine atom from the metal. The solution state 31P NMR 

spectrum showed a broad singlet at -6.3 ppm. The chemical shift of the complex is close 

to that of the free ligand (-10.4 ppm) indicating the monodentate bonding mode of the 

ligands.  

 

The solution state 1H NMR spectrum of Cu-3 showed a broad multiplet at 7.28-7.80 

ppm integrating to 13 protons, as well as a multiplet integrating to one proton between 

6.81-6.85 ppm indicating non-chelating ligands.  

 

4.4d Synthesis of Bis[(2-bromophenyl)diphenylphosphine] copper chloride [Cu-4] 
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The complex bis[(2-bromophenyl)diphenylphosphine] copper chloride (Cu-4) was 

prepared by reaction of stoichiometric amounts of copper(I) chloride and (2-

bromophenyl)diphenylphosphine (L2) in CH3CN (Scheme 1). The product appeared to 

have formed within minutes with a white precipitate observed but the reaction mixture 

was stirred for 2 h to ensure complete reaction, and the solvent was removed in vacuo to 

afford a white solid. Complex Cu-4 was isolated by recrystallization of the crude solid 

from hot CH3CN to give colourless crystals. 

 

The mass spectrum of Cu-4 gave a positive ion peaks at 746.3 and 744.6 due to a 

bromine isotope splitting pattern. The parent molecular ion with loss of the chlorine 

atom from the metal would be expected to come in the middle of these split peaks at 

745.9. The solution state 31P NMR spectrum of Cu-4 showed a broad singlet at -2.1 

ppm. The chemical shift of the complex is close to that of the free ligand (exp δ -4.5 

ppm, lit23 -4.4 ppm) indicating the monodentate bonding mode of the ligands.  

 

The solution state 1H NMR spectrum of Cu-4 showed a broad multiplet at 7.25-7.74 

ppm integrating to 13 protons, as well as a multiplet integrating to one proton between 

6.85-6.88 ppm indicating non-chelating ligands.  

 

 
 
 
 
 

4.4e Synthesis of Bis[(2-bromophenyl)diphenylphosphine] copper bromide [Cu-5] 



 84

 

The complex bis[(2-bromophenyl)diphenylphosphine] copper bromide (Cu-5) was 

prepared by reaction of stoichiometric amounts of copper(I) bromide and L2 stirred at 

room temperature for 2 h to ensure complete reaction (Scheme 1). As with all complexes 

in the series, a white precipitate could be seen forming within minutes of stirring the 

CH3CN solution. Complex Cu-5 was isolated by recrystallization of the crude solid from 

hot CH3CN to give colourless crystals. 

 

The mass spectrum of Cu-5 gave a positive ion peak at 744.8 and 746.3 representing a 

bromine isotope split parent molecular ion with loss of the bromide atom from the metal. 

The solution state 31P NMR spectrum of Cu-5 showed a broad singlet at -2.0 ppm. The 

chemical shift of the complex is close to that of the free ligand (-4.5 ppm) indicating the 

monodentate bonding mode of the ligands throught the phosphorus atoms.  

 

The solution state 1H NMR spectrum of Cu-5 showed a broad multiplet at 7.29-7.77 

ppm integrating to 13 protons, as well as a multiplet integrating to one proton between 

6.83-6.88 ppm indicating non-chelating ligands.  

 

 

4.4f Synthesis of Bis[(2-bromophenyl)diphenylphosphine] copper iodide [Cu-6] 

 

The complex bis[(2-bromophenyl)diphenylphosphine] copper iodide (Cu-6) was 

prepared by reaction of stoichiometric amounts of copper(I) iodide and L2 stirred at 
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 room temperature for 2 h to ensure complete reaction (Scheme 1). As with complexes 

Cu-4 and Cu-5, the colourless product could be seen forming after only minutes of 

refluxing the CH3CN solution. Complex Cu-6 was isolated by recrystallization of the 

crude solid from hot CH3CN to give colourless crystals. 

 

The mass spectrum of Cu-6 gave a positive ion peak at 744.6 and 747.3 representing the 

bromine isotope split parent molecular ion with loss of the iodine atom from the metal. 

The solution state 31P NMR spectrum of Cu-6 showed a broad singlet at -1.6 ppm. The 

chemical shift of the complex is close to that of the free ligand (-4.5 ppm) indicating the 

monodentate bonding mode of the ligands.  

 

The solution state 1H NMR spectrum of Cu-6 showed a broad multiplet at 7.23-7.61 

ppm integrating to 13 protons, as well as a multiplet integrating to one proton between 

6.82-6.89 ppm indicating non-chelating ligands.  

 

4.4g Solid State Structural studies of Cu-1→Cu-6 and comparisons to 

bis(triphenylphosphine) copper halides and bis[(2-methylphenyl) 

diphenylphosphino] copper halides 

 

 

 

The copper complexes incorporating hemilabile (2-chlorophenyl)diphenylphosphine or 

(2-bromophenyl)diphenylphosphine ligands prepared in this research, Cu-1→Cu-6, are 

examples of structures with ligands (L1-L4) exhibiting an unchelated coordination 
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mode. Single crystal X-ray diffraction studies and solid state 31P CP MAS NMR data of 

each complex is presented below. The solid state 31P CP MAS NMR spectra of the 

complexes recorded under high field (Bo ≥ 5 T) and slow 63,65Cu quadrupolar conditions 

yield signals for each crystallographically independent phosphine ligand. These signals 

are split into pairs of asymmetric quartets. This asymmetry results from the perturbation 

of the J spectrum by dipolar interactions between the phosphorus (31P, I = ½) and the 

quadrupolar copper nuclei (63,65Cu, I = 3/2). Three coordinate structures have a smaller 

line spacing (value given in Hz) between lines 1 and 2 (∆v1) of the quartet compared 

with the spacing between lines 3 and 4 (∆v3). The ratio (∆v3 / ∆v1) of these values can be 

used to help determine the coordination mode of copper(I) complexes. A moderate 

value, (in this research values ranging between 1.2-1.5), will be observed for three 

coordinate structures, whereas ideal tetrahedral geometry will have a value of 1.0.5,25 

Linear two coordinate structures give highly asymmetric spectra with large deviations in 

line spacing of lines 1 and 2 compared to lines 3 and 4 and as a result will have larger 

∆v3 / ∆v1 values.5,25 Line spacing values for complexes Cu-1→Cu-6 are presented below 

for each complex and are also summarized in Table 2 at the end of this section.  

 

 

[Cu-1] 

 

Colourless crystals of Cu-1 suitable for X-ray crystallography analysis were grown from 

hot CH3CN in 68 % yield. The crystal structure indicated that the discrete molecules of 

monomeric Cu-1 co-crystallized with acetonitrile located adjacent to the phenyl groups 
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of the phosphine ligands. The phenyl chloride atoms were located outside the primary 

coordination sphere of the copper atom (3.186 and 3.049 Å) such that the phosphine 

ligands were monodentate and the copper(I) site three coordinate (Figure 2). A detailed 

comparison of geometric parameters between complexes Cu-1→Cu-6 is reported in 

Table 1 at the end of this section.  

 

The solid state CP MAS 31P NMR spectrum of Cu-1 shows two quartets which are not 

fully resolved on this machine at 161.92 MHz. The chemical shifts of these quartets are 

approximately -7.1 and -13.5 ppm (average = -10.3 ppm) with line spacing values 

ranging between 820 and 1270 Hz. The average chemical shift value of -10.3 ppm is the 

average of the chemical shift values of both quartets. 
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Crystal Data [Cu-1]: [CuCl(PPh2PhCl)2].1/2CH3CN. C37H29.5Cl3CuN0.5P2, Mr = 713.0, 

monoclinic, P21/n, a = 17.886(5), b = 19.36(1), c = 10.508(4) Å, β = 92.59(2)°, V = 

3634 Å3, Z = 4, µ = 9.3 cm-1. N = 8619, No(I > 2σ(I)) = 4385; R = 0.057, Rw = 0.068. 

 
 
 
 
 

 
 
 
 
 

Figure 2: View of the molecular structure of Cu-1. The Cu…Cl1 and Cu…Cl2 

distances are 3.186 and 3.049 Å respectively indicating no significant coordination to 

the copper. The solvated acetonitrile can be seen occupying a position free of the copper 

coordination sphere. Copper coordination sphere: Cu-P1 2.231(3), Cu-P2 2.254(2), Cu-

Cl3 2.224(2) Å, P1-Cu-P2 121.78(8), P1-Cu-Cl3 122.80(9), P2-Cu-Cl3 115.33(9)°.  
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[Cu-2] 

 

Colourless crystals of Cu-2 suitable for X-ray crystallography analysis were grown from 

evaporation of Cu-2 dissolved in hot CH3CN in 78 % yield. The crystal structure 

indicated that the discrete molecules of monomeric Cu-2 co-crystallized with molecules 

of acetonitrile which is the reason for the presence of N in the microanalysis (Figure 3).  

 

The phenyl chloride atoms of Cu-2 were located outside the primary coordination 

sphere of the copper atom (3.161 and 3.053 Å) such that the phosphine ligands were 

monodentate and the copper(I) site three coordinate. The two solvated CuX [Ph2P(Ph-o-

Cl]2 X=Br, Cl  complexes (Cu-1, Cu-2) were found to be isomorphous with each other, 

crystallizing in space group P21/n. The results show that for the ortho substituted 

complexes, changing the halide anion, or the group from methyl to halide, or the 

conformational structure of the ligands does not have any systematic effect on the Cu-P 

bond lengths which lie within a narrow range between 2.231(3) and 2.265(2) Å. These 

distances are consistently of the order of 0.02 Å shorter than those recorded for the 

parent triphenylphosphine complexes. The P-Cu-P angles for the ortho substituted 

complexes similarly lie in a narrow range between 126.30(6)° and are very marginally 

greater than the angles reported for the triphenylphosphine complexes. 

 

The solid state CP MAS 31P NMR spectrum of Cu-2 shows two overlapping quartets. 

The chemical shifts of these quartets are approximately -7.8 and -15.0 ppm (average = 

-11.4 ppm) with line spacing values ranging between 950 and 1400 Hz. 
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Crystal Data [Cu-2]: [CuBr(PPh2PhCl)2].1/2CH3CN. C37H29.5BrCl2CuN0.5P2, Mr = 

757.43 monoclinic, P21/n, a = 17.706(2), b = 19.622(3), c = 10.626(2) Å, β = 92.45(1)°, 

V = 3688 Å3, Z = 4, µ = 19.3 cm-1. N = 8733, No(I > 2σ(I)) = 4306; R = 0.061, Rw = 

0.076. 

 

 

 

 
 

Figure 3: View of the molecular structure of Cu-2. The Cu…Cl1  and Cu…Cl2 

distances are 3.161 and 3.053 Å respectively indicating no significant coordination to 

the copper. Copper coordination sphere: Cu-P1 2.235(2), Cu-P2 2.260(2), Cu-Br 

2.355(1)Å, P1-Cu-P2 122.48(9), P1-Cu-Br 123.14(7), P2-Cu-Br 114.35(7)°. 
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 [Cu-3] 

 

Colourless crystals of Cu-3 suitable for X-ray crystallography analysis were grown 

following cooling by evaporation of Cu-3 dissolved in hot CH3CN in 76 % yield. The 

X-ray crystal structure of Cu-3 revealed a non-solvated complex which had crystallized 

with the phenyl halogens of both ligands being located above the plane of the copper 

atom (Figure 5). The Cu…Cl1  and Cu…Cl2 distances are 3.514 and 3.458 Å 

respectively indicating no significant coordination to the copper.  The P(1)-Cu-X and 

P(2)-Cu-X angles were found to be 117.9(1)° and 110.9(10)° respectively. 

 

 

Figure 4: Solid state CP MAS 31P NMR spectrum of Cu-3 showing two overlapping 

quartets resulting in 4 broad lines. 

 

The solid state CP MAS 31P NMR spectrum of Cu-3 shows 4 signals representing two 

closely overlapping quartets (Figure 4). The signals in the two overlapping quartets have 

a chemical shift of approximately -12.5 ppm with line spacing values ranging from 1300 

to 1370 Hz.  
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Crystal data [Cu-3]: [CuI(PPh2PhCl)2]. C36H28Cl2CuIP2, Mr = 783.92, monoclinic, 

C2/c, a = 22.413(7), b = 16.042(7), c = 20.040(8) Å, β = 109.65(3)°, V = 6785 Å3, Z = 8, 

µ = 18.2 cm-1, N =6230, No(I > 2σ(I)) = 2550; R = 0.068, Rw = 0.069. 

 

 

 

 

 

Figure 5: View of the molecular structure of Cu-3. The Cu…Cl1  and Cu…Cl2 

distances are 3.514 and 3.458 Å respectively indicating no significant coordination to 

the copper. Copper coordination sphere: Cu-P1 2.242(4), Cu-P2 2.265(4), Cu-I 2.509(2) 

Å, P1-Cu-P2 127(2.), P1-Cu-I 117.9(1), P2-Cu-I 110.9(1)°. 
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 [Cu-4] 

 

Colourless crystals of Cu-4 suitable for X-ray crystallography analysis were grown from 

a hot solution of Cu-4 in CH3CN in 66 % yield. The X-ray crystal structure of Cu-4 

revealed a non-solvated complex with the phenyl bromide atoms of the ligand located 

outside the primary coordination sphere of the copper atom (Figure 6). They are both 

positioned above the P2CuCl plane and the PCuP angle is 126.30(7)°. The copper atom 

deviates by 0.21Å out of the P2CuCl plane. 

 

The solid state CP MAS 31P NMR spectrum of Cu-4 shows two overlapping quartets. 

The chemical shifts of these quartets are approximately 0.9 and -8.3 ppm (average = -3.7 

ppm) with line spacing values ranging between 1130 Hz for the downfield signals 

increasing to around 1400 Hz for the signals furtherest upfield.  
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Crystal data [Cu-4]: [CuCl(PPh2PhBr)2]. C36H28Br2ClCuP2, Mr = 781.37, monoclinic, 

C2/c, a = 22.48(1), b = 15.998(6), c = 19.041(9) Å, β = 106.71(4)°, V = 6558 Å3, Z = 8, 

µ = 33.1cm-1, N = 7797, No(I > 2σ(I)) = 3969; R = 0.048, Rw = 0.040. 

 

 

 

 

 

Figure 6: View of the molecular structure of Cu-4. The Cu…Br1  and Cu…Br2 

distances are 3.545 and 3.549 Å respectively indicating no significant coordination to 

the copper. Copper coordination sphere: Cu-P1 2.244(2), Cu-P2 2.254(2), Cu-Cl 

2.222(2) Å, P1-Cu-P2 126.30(7), P1-Cu-Cl 118.04(7), P2-Cu-Cl 112.98(7)°. 
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[Cu-5] 

 

Colourless crystals of Cu-5 suitable for X-ray crystallography analysis were grown 

from a hot solution of Cu-5 in CH3CN in 81 % yield. The X-ray crystal structure of 

Cu-5 revealed a non-solvated complex with the Cu…Br1  and Cu…Br2 distances 

being 3.549 and 3.552 Å respectively indicating no significant coordination to the 

copper (Figure 8). They are both positioned above the P2CuBr plane and the PCuP 

angle is 127.20°. The copper atom deviates by 0.24 Å out of the P2CuBr plane. 

 

1

1 1 12
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Figure 7: Solid state CP MAS 31P NMR spectrum of Cu-5 showing two overlapping 
quartets labeled 1 and 2. The line spacing measurements (∆vn) for each quartet are 

also shown. 
 

The solid state CP MAS 31P NMR spectrum of Cu-5 shows two overlapping quartets 

(Figure 7). The chemical shifts of these quartets are approximately 0.8 and -7.5 ppm 

(average = -3.4 ppm) with line spacing values ranging between 1010 and 1520 Hz.  
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Crystal data [Cu-5]: [CuBr(PPh2PhBr)2]. C36H28Br3CuP2, Mr = 825.82, monoclinic, 

C2/c, a = 22.45(2), b = 15.990(9), c = 19.48(1) Å, β = 108.20(6)°, V = 6644 Å3, Z = 

8, µ = 44.0 cm-1, N = 7893, No(I > 2σ(I)) = 3578; R = 0.050, Rw = 0.037. 

 

 

 

 

 

 

 

Figure 8: View of the molecular structure of Cu-5. The Cu…Br1  and Cu…Br2 

distances are 3.549 and 3.552 Å respectively indicating no significant coordination to 

the copper. Copper coordination sphere: Cu-P1 2.244(2), Cu-P2 2.257(3), Cu-Br 

2.345(1) Å, P1-Cu-P2 127.20(9), P1-Cu-Br 117.75(8), P2-Cu-Br 111.63(7)°.  
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[Cu-6] 

 

Colourless crystals of Cu-6 suitable for X-ray crystallography analysis were grown 

from a hot solution of Cu-6 in CH3CN in 91 % yield. The X-ray crystal structure of 

Cu-6 revealed a non-solvated complex with the phenyl bromine atoms of the ligand 

located outside the primary coordination sphere of the copper atom (Figure 10). They 

are both positioned above the P2CuI plane and the PCuP angle is 127.8(2)°. The 

copper atom deviates by 0.27 Å out of the P2CuI plane which is the largest deviation 

of all the complexes reported in the Cu-1→Cu-6 series. It should be noted that the 

Cu in the parent structures of the formula (PPh3)2CuX remains in the P2CuX 

plane.3,26 

 

 

Figure 9: Solid state CP MAS 31P NMR spectrum of Cu-6 showing two overlapping 
quartets. 

 
 

The solid state CP MAS 31P NMR spectrum of Cu-6 shows two overlapping quartets 

(Figure 9). The chemical shifts of these quartets are approximately 0.4 and -7.3 ppm 

(average = -3.5 ppm) with coupling constants ranging between 1030 and 1430 Hz. 

The solid state CP MAS 31P NMR data of complex Cu-6 corresponds closely to 

spectra of complexes Cu-5 and Cu-4, both presented above. 
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Crystal data [Cu-6]: [CuI(PPh2PhBr)2]. C36H28Br2CuIP2, Mr = 872.82, monoclinic, 

C2/c, a = 22.477(4), b = 16.063(4), c = 20.050(4) Å, β = 109.71(1)°, V = 6816 Å3, Z 

= 8, µ = 40.2 cm-1, N = 6256, No(I > 2σ(I)) = 2133; R = 0.056, Rw = 0.047. 

 

 

 

 

 

 

 

Figure 10: View of the molecular structure of Cu-6. The Cu…Br1  and Cu…Br2 

distances are 3.569 and 3.541 Å respectively indicating no significant coordination to 

the copper. Copper coordination sphere: Cu-P1 2.241(2), Cu-P2 2.260(2), Cu-I 

2.516(1) Å, P1-Cu-P2 127.88(8), P1-Cu-I 118.04(6), P2-Cu-I 109.97(6)°. 
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 Tables of X-ray crystal data and solid state 31P CP MAS NMR data for 

complexes Cu-1→Cu-6, CuX(P(Ph-o-CH3)Ph2], and [CuX(PPh3)2]. 

 

Table 1 below reports the geometric parameters discussed in the above section of X-

ray crystal studies comparing [CuXL2] type complexes including Cu-1→Cu-6, 

CuX(Ph2P(Ph-o-CH3)2],3 and the ‘parent structures’  [CuX(PPh3)2]26. 

 
 
 
Table 1: Selected geometric parameters for monomeric [CuX(Ph2P(Ph-o-X’)2] 
complexes 
 
X’ 

 

Cu-P1 Cu-P2 Cu-X P-Cu-P P1-Cu-X P2-Cu-X ∑angles

X=Cl        

H26 2.260(2) 2.272(2) 2.208(2) 125.48(7) 120.74(6) 113.76(7) 360.0 

CH3
3 2.241(2) 2.257(2) 2.205(2) 126.96(7) 118.55(7) 113.61(7) 359.1 

Cl 2.231(3) 2.254(2) 2.224(2) 121.78(8) 122.80(9) 115.33(9) 359.9 

Br 2.244(2) 2.254(2) 2.222(2) 126.30(7) 118.03(7) 112.99(7) 357.3 

        

X=Br        

H26 2.263(2) 2.282(3) 2.346(2) 126.0(1) 121.0(1) 112.8(1) 359.8 

CH3
3 2.240(2) 2.255(2) 2.336(1) 127.89(7) 118.25(6) 112.52(6) 358.6 

Cl 2.235(2) 2.260(2) 2.355(1) 122.48(9) 123.14(7) 114.35(7) 360.0 

Br 2.244(2) 2.257(2) 2.345(1) 127.20(9) 117.75(8) 111.63(7) 356.6 

        

X=I        

H26 2.273(2) 2.273(2) 2.524(2) 126.36(7) 116.82(4) 116.84(4) 360.0 

CH3
3 2.255(1) 2.255(1) 2.507(1) 126.36(7) 116.82(4) 116.82(4) 360.0 

Cl 2.247(1) 2.265(2) 2.514(1) 128.53(6) 118.45(5) 111.27(5) 358.2 

Br 2.245(5) 2.260(4) 2.523(2) 127.8(2) 117.8(1) 110.1(1) 355.7 
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Table 2: Solid state 31P CP MAS NMR data for monomeric [CuX(Ph2P(Ph-o-X’)2] 
complexes.∗ 

 

Chemical shifts (ppm) 

 

Line spacing (103 Hz) 

X’ δ ∆ν1 ∆ν2 ∆ν3

X=Cl     

Cl  -7 0.82 1.20 1.24 

 -14 1.20 1.24 1.27 

Br  0.9 1.13 1.30 1.39 

 -8 1.25 1.34 1.40 

CH3 3 -8 0.90 1.25 1.40 

 -14 0.95 1.30 1.60 

X=Br     

Cl  -7 0.95 1.20 1.35 

 -15 1.20 1.35 1.40 

Br  0.8 1.01 1.37 1.38 

 -7.5 1.00 1.41 1.52 

CH3 3 -7 1.00 1.15 1.40 

 -14 1.05 1.30 1.55 

X=I     

Cl  -12.5 1.30 1.36 1.37 

     

Br  0.4 1.03 1.17 1.40 

 -7.3 1.17 1.40 1.43 

CH3 3 -15 1.10 1.40 1.40 

     

 

∗ δ is the average chemical shift for each quartet with respect to 85 % H3PO4 via 
PPh3 (-9.9 ppm). Where peaks overlap, the δ value quoted is an estimate only. ∆νn is 
the line spacing between each of the four peaks of each quartet.  
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4.4h Synthesis of Tris[(2-chloroethyl)diphenylphosphine] copper chloride [Cu-7] 

 

The complex tris[(2-chloroethyl)diphenylphosphine] copper chloride (Cu-7) was 

prepared by reaction of Cu2O with HCl in the presence of 6 eq of (2-

chloroethyl)diphenylphosphine (L3) in methanol (Scheme 2). The HCl is required to 

remove the O of the Cu2O material by forming H2O and in this case, also places a 

chloride on the copper atom. On acidification the red suspension turned transparent 

before a white precipitate formed and after stirring for 10 min was collected by 

filtration. After recrystallization from hot CH3CN clear colourless crystals of 

complex Cu-7 were collected by filtration in a 62 % yield.   

 

Cu2O   +  6 Ph2P
Cl

HCl, CH3CH Cl
Cu

Ph2
P

P
Ph2

P
Ph2

Cl

Cl Clstir 10 min
2 + 2O H

 

 

Scheme 2 

 

The solution state 31P NMR spectrum of Cu-7 showed a broad singlet at –15.0 ppm. 

The chemical shift of the complex is close to that of the free ligand (-19.6 ppm, 

section 3.3, Ligand Experimental) indicating the monodentate bonding mode of the 

ligands.  

 

Interestingly, when subjected to electrospray mass spectrometry, complex Cu-7 

ionizes with loss of the halide from the copper as well as an entire ligand. The 

complex shows a peak at 560.0 representing an ionized copper metal with only two 



 102

ligands attached. The solid state 1:3 Cu:L structure of complex Cu-7 is confirmed by 

X-ray diffraction studies and microanalysis, yet in solution this four coordinate 

complex appears to experience ligand dissociation. This phenomenon will be 

discussed further in section 4.5k Stoichiometric studies of L1 and L3 with copper 

iodide. 

 

Colourless crystals of Cu-7 suitable for X-ray crystallography analysis were grown 

from DCM/ether using the diffusion method in 62 %. Two molecules of Cu-7 are 

present in the unit cell (Figure 11). 
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Crystal data [Cu-7]: [CuCl(PPh2CH2CH2Cl)2]. C42H42Cl4P3Cu Mr = 845.07, 

monoclinic, P21/n, a = 20.507(5), b = 19.078(8), c = 21.263(2) Å, β = 92.22(2)°, V = 

8313 Å3, Z = 8, µ = 9.26 cm-1, N = 15181, No(I > 2σ(I)) = 6462; R = 0.074, Rw = 

0.076. 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 11: View of the molecular structure of Cu-7.  
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4.4i Synthesis of Tris[(2-chloroethyl)diphenylphosphino] copper bromide [Cu-8] 

 

The complex tris[(2-chloroethyl)diphenylphosphino] copper bromide (Cu-8) was 

prepared by reaction of stoichiometric amounts of copper(I) bromide and L3 in warm 

CH3CN (Scheme 3). Following sonication for 2 min and stirring for 1 h, a white 

precipitate formed in an orange solution. The solvent was removed in vacuo leaving 

a crude off white solid which was recrystallized from hot CH3CN to give colourless 

cubic crystals of Cu-8 in a 71 % yield.  

 

CuBr   +  3 Ph2P
Cl

CH3CH Br
Cu

Ph2
P

P
Ph2

P
Ph2

Cl

Cl Clstir 10 min  

 

Scheme 3 

 

 

The solution state 31P NMR spectrum of Cu-8 showed a broad singlet at -14.5 ppm. 

The chemical shift of the complex is close to that of the free ligand (-19.6 ppm) 

indicating the monodentate bonding mode of the ligands with no coordination of the 

ethyl chloro groups.  

 

 

4.4j Synthesis of Tris[(2-chloroethyl)diphenylphosphino] copper iodide [Cu-9] 

 

The complex tris[(2-chloroethyl)diphenylphosphino] copper iodide (Cu-9) was 

prepared by reaction of stochiometric amounts of copper(I) iodide and L3 in warm 
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CH3CN (Scheme 4). A solution of copper(I) iodide in warm solvent was combined 

with a solution of L3 in solvent and stirred for 1 h. The colourless solution was left 

to slowly evaporate affording colourless cubic crystals of Cu-9 in a 75 % yield.  

 

CuI    +  3 Ph2P
Cl

CH3CH I
Cu

Ph2
P

P
Ph2

P
Ph2

Cl

Cl Clstir 10 min  

 

Scheme 4 

 

The solution state 31P NMR spectrum of Cu-9 showed a broad singlet at -16.4 ppm. 

The chemical shift of the complex is close to that of the free ligand (-19.6 ppm) 

indicating the monodentate bonding mode of the ligands through the phosphorus 

atoms only. 

 

4.4k Stoichiometric studies of L1 and L3 with copper iodide 

 

Following the preparation and isolation of the 1:2 Cu:L complexes (Cu-1→Cu-6) 

and the 1:3 Cu:L complexes (Cu-7→Cu-8), 31P NMR experiments and electrospray 

mass spectrometry were carried out to determine if new stoichiometric complexes 

would form in solution. Previous attempts in our hands failed to isolate the L3CuX 

species incorporating L1. The conditions employed were similar to those used in the 

isolation of the L2CuX type complexes Cu-1→Cu-6, where warm (40°C) solutions 

of L1 and CuX in CH3CN were stirred for 2 h, the solvent removed in vacuo and the 

product afforded from recrystallization from CH3CN. Thus, the stoichiometric study 

of the L3CuX species incorporating L1 is in the solution state only. Copper iodide 
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was chosen as the starting material for these NMR tube scale experiments due to it 

wide availability, stability and its high molecular weight allows for accurately 

measured masses to be weighed out for small scale experiments. The results of the 

NMR tube experiments are best explained accompanied by the following explanation 

of ligand dissociation and solution equilibria.27  

 

L3CuCl
k

L2CuCl + L
L = PPh3, MePh2P
k = dissociation constant

 

Scheme 5 

 

The solution equilibria of tertiary phosphine complexes of copper(I) halides has been 

reported by Fife and coworkers.27 The study entailed mixing stoichiometric 

quantities of copper chloride with ligand (either PPh3 or Ph2PMe) in solution and 

isolating the product by filtration. The product {(PPh3)3CuCl or (Ph2PMe)3CuCl} 

was then dissolved in benzene to allow vapour pressure osmometry as well as UV 

spectrophotometry to be conducted. The study discusses the dissociation of a number 

of complexes including CuCl(PPh3)3 and CuCl(Ph2PMe)3 in benzene and concluded 

that these two L3CuX type complexes show extensive ligand dissociation in solution 

(Scheme 5). An equilibria system was proposed with equilibrium constants derived 

from the modelling of experimental data. The dissociation was found to be 

dependent on the temperature, concentration and solvent.27 The constants for the 

single ligand dissociation of (PPh3)3CuCl and (Ph2PMe)3CuCl were found to be 2 x 

10-2 and 2 x 10-4 respectively. With the much greater dissociation of the PPh3 

complex, the (PPh3)2CuCl species is the dominant form in a benzene solution made 

from the solid state (PPh3)3CuCl complex.27 The (Ph2PMe)3CuCl complex is 
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proposed to undergo halogen bridging to form a number of species in concentrated 

benzene solution {(Ph2PMe)3CuCl, (Ph2PMe)2CuCl, (Ph2PMe)4(CuCl)2, 

(Ph2PMe)3(CuCl)2}.27 The different stability (PPh3<<Ph2PMe) of the complexes 

towards ligand dissociation is attributed to the greater steric interactions of PPh3 in 

comparison to Ph2PMe.27

 

PPh2

Cl
CuI   +   3

I
Cu

P
Ph2

P
Ph2

Cl Cl

Cu-3

+
PPh2

Cl

L1  

Scheme 6 

 

Our stoichiometry investigation yielded solution state data which appeared to be 

similar to that observed in the Fife study (Scheme 6). The reaction of CuI with 3 mol 

eq of L1 in CDCl3 did not appear to result in the stoichiometric product with three 

coordinated ligands in solution. The 31P NMR spectrum of the product gave a broad 

singlet at -6.9 ppm which is similar to the spectrum of complex Cu-3 which has a 

broad singlet at -6.3 ppm. The preparation of Cu-3 involved reaction of 

stoichiometric quantities of starting material and resulted in an isolated 1:2 Cu:L 

product. X-ray diffraction crystal studies, microanalysis and mass spectrometry 

confirmed the structure of Cu-3. The solution state spectrum of the NMR tube 

experiment looks similar to that of complex Cu-3 but may be experiencing a 

fluxional process faster than the NMR time scale. Variable temperature 31P NMR 

would be an ideal tool to ascertain if rapid exchange is occurring between the 

dissociated ligand and the complex. 
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The positive ion electrospray mass spectrometry also supports the 1:2 Cu:L structure 

produced in the NMR tube reaction of CuI with 3 mol eq of L1. The ES-MS gave an 

identical spectrum to that of Cu-3 with a peak at 657.1 representing the parent ion 

with loss of iodine from the metal. It appears that for this bulky ligand L1 (and most 

probably for L2, as they are isostructural), the more stable copper halide structure in 

this family of complexes formed under mild conditions employs a 1:2 Cu:L 

formation regardless of the stoichiometry of starting materials.  

 

The series of complexes prepared incorporating copper halides with three L3 ligands, 

Cu-7→Cu-9, also appear to exhibit ligand dissociation in solution. These structures 

are discussed below along with the results of the second NMR tube experiment 

reacting CuI with just 2 mol eq of L3.  

 

CuI   +   2 Ph2P
Cl

I
Cu

P
Ph2

P
Ph2

ClCl

CuI   +   3 Ph2P
Cl I

Cu

Ph2
P

P
Ph2

P
Ph2

Cl

Cl Cl

solid state  (Cu-9)

I
Cu

Ph2
P

P
Ph2

P
Ph2

Cl

Cl Cl

solvent I
Cu

P
Ph2

P
Ph2

ClCl + Ph2P
Cl

solution stateCu-9

L3

L3

 

Scheme 7 
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Spectral data of the NMR tube experiment in which CuI was reacted with 2 mol eq 

of L3 indicated that the expected stoichiometric product had formed (Scheme 7).  

Interestingly the results were similar to those of complex Cu-9. Complex Cu-9 was 

prepared by reaction of CuI with 3 mol eq of L3 and yet the solution state 31P NMR 

and mass spectra are similar to that of the NMR tube reaction product. The solid state 

structure of complex Cu-9 has been confirmed by X-ray crystal studies and 

microanalysis, so the data similarities suggest that Cu-9 undergoes ligand 

dissociation in solution to produce a 1:2 Cu:L structure (Scheme 7).  

 

The mass spectrum of the NMR tube experiment reacting CuI with 2 mol eq of L3 

shows a peak at 561.0  representing a copper complex with 2 L3 ligands coordinated 

and loss of the iodide from the metal. The same mass spectrum is observed for 

complex Cu-9 and the other structures in the series (Cu-7 and Cu-8). This evidence 

suggests that the stable L3CuX structures in the solid state incorporating L3 appear to 

dissociate one ligand in solution to produce a L2CuX complex. 

 

 

 
4.4l Attempted Syntheses 

 

The preparation of a series of copper complexes incorporating two equivalents of (2-

benzoic acid)diphenylphosphine (L4) was also attempted. It was believed that the O 

atoms of the carbonyl group would coordinate well to the copper atom giving an 

example of copper complexes with at least one bidentate ligand, possibly two. When 

CuX (X=Cl, Br, I) was added to 2 mol eq of L4 and refluxed in CH3CN, the 31P 
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NMR of the resulting solid gave a mixture with a large proportion of ligand oxide 

present in all three reactions (Scheme 8).  

 

PPh2

CuX   +   2
PPh2
O

OH OH
O O

CH3CN (H2O)

reflux
 

Scheme 8 

 

This ligand (L4) is clearly more prone to oxidation than the other ligands used to 

prepare copper complexes (Figure 12). It is assumed that there was adventitious 

water present in the CH3CN which caused copper halide to draw the water into the 

reaction and cause the oxidation of the ligand. The conditions under which this 

reaction was conducted are identical to all other syntheses on the bench. None of the 

other ligands oxidised in the presence of the copper halides under these reaction 

conditions. Clearly this reaction incorporating L4 with copper halides should be 

repeated with dry, distilled CH3CN and with the exclusion of air and water.  
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Figure 12: The structure of L4-oxide which resulted from reaction of L4 with CuX 

(X=Cl, Br, I). 
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PPh2

Cu2O  +
OH

O

CH3CN

2  PPh3, HCl Ph3P
Cu

O

Ph3P P
Ph2

C
OH

Cu-10L4  

 

Scheme 9 

 

Recently in our laboratories a complex incorporating L4 coordinated in a bidentate 

hemilabile fashion by the P and O donor atoms to the copper metal was prepared 

(Scheme 9).28 The reaction of Cu2O with PPh3, L4 and HCl in CH3CN produced Cu-

10. A single crystal X-ray diffraction structure confirmed the coordinated O atom of 

one the ligand (Figure 13). 
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Figure 13: The structure of Cu-10 showing the coordinated O atom of L4.  
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4.5 Summary and Future Work 

 

All of the copper complexes isolated and reported (Cu-1→Cu-9) incorporate 

potentially hemilabile ligands which remain monodentate, reflected in the high field 

signals in the 31P NMR spectra and single crystal X-ray diffraction studies. 

 

The isolation of different stoichiometric complexes warrants further investigation. 

The reaction of copper halides with L1 or L2 form stable L2CuX complexes which 

are readily isolated. The complexes incorporating L3 appear to be highly stable in 

the L3CuX form in the solid state yet evidence suggests that they dissociate a ligand 

to form L2CuX complexes in the solution state. Isolation of these L2CuX complexes 

will be carried out in future work. Attempts to prepare copper complexes 

incorporating L4 will require the exclusion of air and moisture to avoid the oxidation 

of this ligand.  
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Chapter Five 

 

Synthesis and Characterization of Ruthenium(II) 

Complexes 
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CHAPTER FIVE: SYNTHESIS AND CHARACTERIZATION OF 

RUTHENIUM(II)  COMPLEXES 

 

5.1 Introduction 

 

When preparing potential ATRP metal based catalysts, the choice of metal used is one of 

the most important components and will obviously play a key role in the catalytic 

activity of that complex. Generally, it is suggested that catalytic activity increases with 

increasing electron density of the metal centre.1 Ruthenium is an ideal metal for the 

synthesis of ATRP catalysts due to its ability to easily change from oxidation state +2 to 

+3 and to also change its coordination number, leaving vacant sites in its coordination 

sphere. It is these properties that are highly desired when choosing an ideal metal for the 

preparation of potential ATRP catalysts.  

 

Ruthenium was one the first transition metals whose complexes such as RuCl2(PPh3)3 

were first demonstrated to induce living radical polymerization.1 The ruthenium based 

phosphine was employed in the polymerization of methyl methacrylate (MMA) in 

conjuction with CCl4 as initiatior in the presence of a metal alkoxide such as 

MeAl(ODBP)2 (ODBP=2,6-di-tert-butoylphenoxy) as an additive.2 The polymerization 

was conducted in toluene at 60°C and gave polymers with molecular weights that gave 

relatively narrow MWDs (MW/MN≈ 1.3). These results were further improved by using 

CHCl2COPh and Al(o-i-Pr)3 in place of CCl4 and MeAl(ODBP)2 respectively resulting 

in very narrow MWDs (MW/MN = 1.1) of polyMMA.3  
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Ruthenium-carborane 14-electron complexes were 

investigated as catalysts for the radical reactions, 

and among them, a hydride complex proved 

effective in giving narrow MWDs (MW/MN ≈ 1.2) 

and controlled molecular weights without additives 

in the MMA polymerizations.1 A binuclear azo-

bridged complex with nitrogen ligands can be 

employed for MMA polymerization with CCl4 as 

an initiator to give polymers with relatively narrow 

MWDs (MW/MN = 1.4-1.6).1  

H
PPh2

PPh2
Ru

H

PPh3
H

PPh3

H

Ru-carborane hydride

RuN N
Cl

Cl
N Ru N
Cl

NMe2

NMe2 NMe2

Me2N

Cl

Azo-bridged Ru complex

 

One of the most important components in ATRP is the choice of transition metal 

complex. Generally, it is suggested that catalytic activity increases with increasing 

electron density of the metal centre.1 Ruthenium is an ideal choice of metal as it has 

properties that are highly desired when preparing metal based complexes for use in 

polymerization studies.  

 

 

5.2 General Experimental Procedures 

 

General procedures involving solvent purification and instrumentation techniques are as 

per section 3.1. RuCl3.3H2O was supplied by Aldrich. RuCl2(DMSO)4 was prepared 

according to literature4 methods.  
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5.3 Experimental 

 

5.3a Synthesis of Bis[(2-chlorophenyl)diphenylphosphine] ruthenium(II) chloride 

[Ru-1] 

 

To degassed methanol (10 ml) was added 

RuCl3.3H2O (176 mg, 0.673 mmol) and L1 (600 

mg, 2.02 mmol). The dark brown solution was refluxed under Ar for 2h before an 

orange powder was collected by filtration and washed with acetone (20 ml). Dark red 

crystalline needles of Ru-1 were grown from DCM and collected by filtration. Mass 399 

mg, yield 77 %; mpt 256-258°C; 1H NMR (CDCl3): 7.13-7.40 (br m, aromatic) ppm; 31P 

NMR (CDCl3): 67.2 (s) ppm; mass spectrum [m/z, I(%)]: +ve ion ES, 730.3 ([M-Cl]+, 

100%); % Anal. Calcd for C36H28P2Cl4Ru: C, 56.49; H, 3.69. Found C, 55.87; H, 3.62; 

crystal data [RuCl2(PPh2PhCl)2]  C36H28Cl4P2Ru, M = 765.45, orthorhombic, Pca21. a = 

36.415(9), b = 10.528(3), c = 17.487(5) Å, U = 6704(3) Å3, Z = 8, Dc = 1.52 g cm-3, µ = 

9.07 cm-1, N = 6602, No = 4669; R = 0.046, Rw = 0.046. 

Cl

Ru

Cl

Cl

P
Ph2

P
Ph2

Cl

 

 

5.3b Synthesis of Bis[(2-bromophenyl)diphenylphosphine] ruthenium(II) chloride 

[Ru-2] 

 

To degassed methanol (5 ml) was added 

RuCl2(DMSO)4 (71.2 mg, 0.147 mmol) and L2 

(100 mg, 0.293 mmol) and the solution refluxed for 16 h. The solvent was removed in 

Cl

Ru

Cl

Br

P
Ph2

P
Ph2

Br
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vacuo and a pink powder was collected. Dark red crystalline needles of Ru-2 were 

grown from DCM and collected by filtration. Mass 116 mg, yield 92 %; mpt 259-261°C; 

1H NMR (CDCl3): 7.08-7.80 (br m, aromatic) ppm; 31P NMR (CDCl3): 71.6 (s) ppm; 

mass spectrum [m/z, I(%)]: +ve ion ES, 818.3 ([M-Br]+, 100%); % Anal. Calcd for 

C36H28P2Br2Cl2Ru: C, 50.61; H 3.30. Found C, 50.63; H, 3.25; crystal data 

[RuCl2(PPh2PhBr)2]  C36H28Br2Cl2P2Ru, M = 854.35, monoclinic, P21/n,  a = 17.148(5), 

b = 18.857(3), c = 21.082(3) Å, β = 90.63(2)o, U = 6817(2) Å3, Z = 8, Dc = 1.662 g 

cm-3, µ = 30.8 cm-1, N = 12058, No = 3526; R = 0.087, Rw = 0.089. 

 

 

5.3c Synthesis of Bis[(1-chloro-2-diphenyl)phosphinoethane] ruthenium(II) chloride 

[Ru-3] 

 

To degassed methanol (15 ml) was added RuCl3.3H2O (88.1 mg, 

0.337 mmol) and L3 (250 mg, 1.01 mmol). The solution was 

refluxed with rapid stirring under argon overnight. A brown solid was recovered after 

the solvent was removed in vacuo. Red crystals of Ru-3 were grown from DCM/ether 

using the direct diffusion method and the solvent decanted off to isolate the crystals. 

Mass 10.5 mg, yield 4.6 %; mpt 149-151˚C; 1H NMR (CDCl3): 7.53-7.83 (m, 20H, 

aromatic), 3.65-3.90 (m, 4H, CH2Cl), 2.79-2.98 (m, 4H, PCH2) ppm; 31P NMR (CDCl3): 

45.5 (s) ppm; mass spectrum [m/z, I(%)]: +ve ion ES, 633.6 ([M-Cl]+, 100.  
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P
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Cl
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5.3d Synthesis of Bis[(2-benzoic-acid)diphenylphosphino] ruthenium(II) chloride 

[Ru-4]  

 

To degassed methanol (15 ml) was added 

RuCl3.3H2O (109 mg, 0.417 mmol) and L4 (400 

mg, 1.25 mmol). The solution was refluxed for 2 

h before the solvent was removed in vacuo leaving a brown powder. Red crystals of Ru-

4 were grown from DCM/ether direct diffusion method and collected by filtration. Mass 

150 mg, yield 46 %; mpt 255-257˚C; 1H NMR (CDCl3): 7.09-7.51 (br m, aromatic) 

ppm; 31P NMR (CDCl3): 31.5 (s) ppm; mass spectrum [m/z, I(%)]: -ve ion ES,  783.4 

([M-H]-, 100%); 1626.7cm-1 (C=O); % Anal. Calcd for C38H30O4P2Cl2Ru: C, 58.17; H, 

3.85. Found C 55.98; H, 3.85; crystal data [RuCl2(PPh2Ph-o-COOH)2]. 

C36H30O4P2Cl4Ru.1/3C4H18O5 M = 833.35, monoclinic, P21/a, a = 18.8(4), b = 24.4(7), c 

28.2(5) Å, V = 12368 Å
3
, Z = 12, µ = 6.23 cm

-1
, N = 22373, No = 14509; R = 0.056, Rw 

= 0.092. 

Cl
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Cl

O O

P
Ph2

P
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C C
OHHO

 

5.4 Results and Discussion 

 

Studies of the coordination chemistry of complexes of ruthenium (II) complexes with 

phosphine ligands are of ongoing importance in the understanding of the catalytic 

activity of this class of compounds. As part of our exploration into ruthenium complexes 

that may be used as catalysts for atom transfer radical polymerization,3,5-9 we prepared 

the ruthenium (II) complexes [RuCl2(Ph2P(Ph-o-X))2] (where X = Cl, Br, COOH) and 

[RuCl2(Ph2P(CH2CH2Cl)2], by reaction of various phosphine ligands with RuCl3.3H2O 

or RuCl2(DMSO)4.  
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5.4a Synthesis of Bis[(2-chlorophenyl)diphenylphosphine] ruthenium(II) chloride 

[Ru-1] 

 

The complex bis[(2-chlorophenyl)diphenylphosphine] ruthenium(II) chloride (Ru-1) 

was prepared successfully by two different methods (Scheme 1). The first method 

involved refluxing RuCl3.3H2O and 2 molar equivalents of (2-

chlorophenyl)diphenylphosphine (L1) in MeOH for 2 h (eq 1, Scheme 1). This method 

gave a 77 % yield of the red product Ru-1. The second method involved refluxing 

RuCl2(DMSO)4 and 2 molar equivalents of L1 in methanol for 2 h (eq 2, Scheme 1). 

This method gave a 67 % yield of the red product. Both reactions undergo a rapid colour 

change within 2 min to give a red/orange mixture after 5 min of refluxing, however both 

reactions were refluxed for 2 h to ensure they went to completion. The method 

incorporating RuCl3.3H2O as the ruthenium source starts as a dark brown solution and 

the method using RuCl2(DMSO)4 starts as a bright yellow solution. Crystals of Ru-1 are 

easily grown from DCM. 
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(eq 2)

L1

L1  

Scheme 1 
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The positive ion electrospray mass spectrum of Ru-1 showed the distinct splitting of a 

ruthenium isotope pattern with the major peak at 730.3. The 100 % intensity peak 

represents the parent complex with loss of one chlorine from the metal.  

 

The 31P NMR spectrum of Ru-1 showed a sharp singlet at 67.2 ppm. Such a low field 

signal is evidence for ligands in a chelating mode via both the P and the Cl atoms. The 

1H NMR spectrum of Ru-1 also supports the chelating mode of the ligands. The 

spectrum has a multiplet from 7.13-7.40 ppm.10  

 

The redox properties of Ru-1 were investigated using cyclic voltammetric studies and 

showed a completely reversible oxidation/reduction cycle with a half wave potential of 

0.85 V (Figure 1). Pyridine was added dropwise to the Ru-1 DCM solution turning it 

from red to yellow, indicating the formation of a new product which also showed a 

reversible (RuII/RuIII) cycle with a half wave potential of 0.45 V (Figure 1).  

 



 125

 

 

Figure 1: Cyclic voltammograms of a)Ru-1, and following addition of pyridine to the 
complex b) Ru-1+py. CV figure a) depicts the characterization factors11- the cathodic 
(Epc) and anodic (Epa) peak potentials, the cathodic (ipc)and anodic (ipa) peak potentials 

and the half wave potential (E1/2). 
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The new yellow product resulting from the addition of excess pyridine to Ru-1 was 

initially assumed to have displaced chlorides from each of the two coordinated ligands, 

replaced by two coordinating pyridines (Scheme 2). This anticipated result was based 

upon the hemilabile nature of L1 and the behaviour of similar hemilabile ligands and 

their displacement by diamine ligands.12

 

Cl
Ru

Cl

Cl
P

Cl
P

excess pyridine

Ru-1

P Cl
N Cl

Ru
Cl

P

N

PCl Cl

proposed structure

= L1

 

Scheme 2 

 

Nachtigal and coworkers have reported the addition of a variety of diamine based 

ligands including 2,2’-dipyridyl (bipy) to a ruthenium based complex with two 

coordinated hemilabile ether-phosphine ligands (Scheme 3).12 Addition of the diamine 

resulted in the two weak Ru-O bonds breaking, allowing the addition of the diamine 

onto the metal with the two N atoms trans to the ether-phosphine ligand P atoms.  
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N     N =
N N
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Scheme 3 
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The ether-phosphine ligands in the reported12 ruthenium structure exhibit the expected 

windscreen wiper action, opening up two coordination sites by breaking the Ru-O 

bonds, allowing for diamine addition. The addition of pyridine to complex Ru-1 in our 

research was expected to produce a similar result with the opening of the labile Ru-Cl 

bonds.  

 

Surprisingly, solution state 31P NMR studies of the newly formed pyridine containing 

complex disagreed with this theory. The original starting complex Ru-1 has a 31P NMR 

chemical shift of 67.2 ppm, but when an excess of pyridine is added to a pure sample of 

Ru-1 in CDCl3, the red solution turns yellow, the peak at 67.2 ppm disappears 

completely and in its place a new product peak is observed at 53.3 ppm with similar 

intensity as a singlet at -10.4 ppm representing free ligand (Figure 2). 

 

 

Figure 2: The 31P NMR spectrum of Ru-1 and excess py. The singlet at 53ppm 
indicates formation of the new complex Ru-1-py and the peak at -10ppm represents free 

ligand.  
 

 

The 31P NMR spectrum of complex Ru-1 with excess pyridine suggests that one or more 

likely two pyridines has displaced an entire ligand from the complex, rather than just the 
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chlorine atoms of the hemilabile ligands (Scheme 4). Displacement of the ligand halide 

substituents would result in an upfield shift of the 31P NMR signal indicating the 

monodentate coordination mode of the ligands and there would be no signal representing 

free ligand in solution.13,14 Numerous attempts were made to grow crystals of the 

pyridine containing complex bis(pyridyl)[(2-chlorophenyl)diphenylphosphine] 

ruthenium(II) chloride, Ru-1-py, to confirm the solid state structure, but none were 

suitable for X-ray diffraction studies.  
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Scheme 4 

 

Using the example of the Nachtigal study it was thought that reacting complex Ru-1 

with bipy would help to confirm the assigned structure of the new pyridine containing 

derivative, Ru-1-py. One molar equivalent of bipy was reacted with complex Ru-1 in 

MeOH and refluxed for 16 h. A red powder was collected by filtration giving an 

interesting 31P NMR spectrum. The emergence of a new product signal at 45.2 ppm 

occurred and the free ligand signal at -10.4 ppm was observed. Some unreacted starting 

material was also present in solution.  

 

Numerous attempts to grow crystals of Ru-1-py large enough for X-ray diffraction 

studies failed. However, similar research recently conducted in our laboratories15 
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produced crystals of the bipy substituted product obtained from reaction of bis[(2-

bromophenyl)diphenylphosphine] ruthenium(II) chloride (Ru-2), the bromo ligand 

based analogue of Ru-1 with bipy. The solution state 31P NMR spectrum of the crude 

product gave the expected free ligand peak as well as a product peak at 49.4 ppm.15 The 

single crystal X-ray diffraction solid state structure confirmed the coordination of bipy 

by diplacement of one entire ligand to give [(2,2’-bypyridyl)(2-

chlorophenyl)diphenylphosphine] ruthenium(II) chloride (Ru-2-bipy) (Scheme 5).  
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Scheme 5 

 

Crystals of Ru-2-bipy suitable for X-ray diffracton studies were grown from a slow 

diffusion of methanol into a solution of Ru-2-bipy in CDCl3 and the structure confirms 

the bidentate coordination of the ligand (Figure 3). The coordination mode in this 

complex suggests that the proposed structure of Ru-1-py shown above in Scheme 3, is 

the most likely structure. X-ray diffraction studies of complex Ru-1-py should be 

carried out in an effort to confirm this.  
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Crystal data [Ru-2-bipy]: [RuCl2(PPh2PhBr)(bipy)]  C28H22BrCl2N2PRu, M = 669.35, 

monoclinic, space group P21/a,  a = 19.838(3), b = 10.863(2), c = 12.051(3) Å, β = 

94.98(2)o, U = 2587.3(7) Å3, Z = 4, Dc = 1.72 g cm-3, µ = 24.4 cm-1, N = 5954, No = 

4811; R = 0.063, Rw = 21.60. 

 

 
 
 

 

 

Figure 3: View of the molecular structure of Ru-2-bipy. The bipy ligand is positioned 
in the same plane as the halide substituted phenyl ring of the remaining ligand L2 which 

most likely accounts for the stability of Ru-2-bipy. Ru1-Br1 2.534(1), Ru1-Cl1 
2.402(2), Ru1-Cl2 2.414(2), Ru-P1 2.306(2), Ru1-N1 2.104(6), Ru1-N2 2.030(5) Å; 
Br1-Ru1-Cl1 88.93(6), Br1-Ru1-Cl2 89.73(6), Br1-Ru1-P1 83.29(5), Br1-Ru1-N1 

96.7(2), Br1-Ru1-N2 174.8(2), Cl1-Ru1-Cl2 170.12(7) °. 
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5.4b Synthesis of Bis[(2-bromophenyl)diphenylphosphine] ruthenium(II) chloride 

[Ru-2] 

 

The complex bis[(2-bromophenyl)diphenylphosphine] ruthenium(II) chloride (Ru-2) 

was initially prepared by refluxing RuCl3.3H2O and 3 molar equivalents of (2-

bromophenyl)diphenylphosphine (L2) in methanol. The excess ligand was used to 

ensure reduction of Ru(III) to Ru(II) of the RuCl3.3H2O (eq 1, Scheme 6). Subsequent 

attempts at this reaction showed that the MeOH is adequate for the reduction process 

and only 2 mol eq of ligand was able to be employed. During this reaction an 

unidentified green byproduct also formed, thus reducing the yield of the desired product. 

The byproduct was not identified but may be an air sensitive complex with the formula 

RuCl2L3. To try and prevent the formation of this byproduct a second method of 

synthesis was employed using RuCl2(DMSO)4 with L2 (eq 2, Scheme 6). This method 

was highly successful with complex Ru-2 being produced in a 92 % yield. Crystals of 

Ru-2 suitable for X-ray diffraction studies were grown from recrystallization from 

DCM. 
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The positive ion electrospray mass spectrum of 

Ru-2 gave the distinct splitting of a ruthenium 

isotope pattern with the major peak at 818.3, 

representing the parent ion with loss of the 

chlorine atom from the metal (Figure 4). 

 

 

 

 

 

 

 

 

Figure 4: The positive ion ES-MS of Ru-2 

showing the distinct isotope splitting pattern of 

ruthenium based complexes. 

 

 

 

The solution state 31P NMR spectrum of complex Ru-2 gave a singlet at 71.6 ppm 

representing the trans-chloro ruthenium structure A (Figure 5). However, on one 

occasion when complex Ru-2 was prepared, the 31P NMR spectrum showed the 

expected singlet at 71.6 ppm as well as two doublets of equal, but very low intensity at 

79.5  and 63.6 ppm with coupling constants of 38.4 Hz. These AX pattern doublets 

appear to represent a second isomer of complex Ru-2 with the geometry of structure B 

(Figure 5) They are indicative of magnetically inequivalent P atoms such as the axial 
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and equatorial P atoms shown in structure B. This structure was not isolated and 

appeared to be present in solution as a minor product.  

 

Cl
Ru

Cl

Br Br
Cl

Ru
P

P
Br

Cl
BrPP

A B  

 

Figure 5: The two proposed structures of complex Ru-2 assigned from the solution state 

31P NMR spectrum 

 

It is well known that the RuCl2(DMSO)4 starting material has two isomers with the two 

Cl atoms able to be positioned cis or trans to each other.16 The cis isomer is 

thermodynamically favoured as the trans isomer has all four DMSO molecules in the 

equatorial plane resulting in large steric interactions. The trans isomer can be obtained 

from the cis by photochemical isomerization in DMSO solution at room temperature and 

its presence can be identified by a singlet at 3.41 ppm in the 1H NMR spectrum. 

Interestingly, although cis-RuCl2(DMSO)4 was used as starting material, the products 

obtained from its reaction with various phosphine ligands always resulted in trans-

dichloride Ru(II) complexes, with the exception of the small amount of cis-dichloride 

Ru-2 isomer (B, Figure 5) observed via NMR spectroscopy.  
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5.4c  Structural studies of Ru-1 and Ru-2 

 

Complexes Ru-1 and Ru-2 both incorporate the hemilabile phosphine ligands L1 and 

L2 which exhibit a bidentate chelating mode. Confirmation by X-ray diffraction studies 

of the Ru structures is discussed below.  

 

Crystals of Ru-1 suitable for X-ray diffraction were grown from DCM as dark red 

needles. It crystallizes as discrete molecular species separated by normal van der Waals 

interactions with two independent molecules in the unit cell. The structure has a 

distorted octahedral geometry with trans chloride anions and two coplanar PCl chelates 

with cis chloride and phosphorus donors (Figure 6).  Both chloride ligands are bent away 

from the phosphorus atoms. The cis Ru-P bond lengths range between 2.256 - 2.268 Å, 

the shortness of the bonds in accord with the expected weakly coordinated trans Cl 

donors.  

 

Complex Ru-1 crystallized with two fragments in the crystal lattice which are hydrogen 

bonded to each other via a metal bound chlorine to the proton of the other fragment 

found ortho to the ligand chlorine.  
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Crystal data [Ru-1]: [RuCl2(PPh2PhCl)2]  C36H28Cl4P2Ru, M = 765.45, orthorhombic, 

Pca21. a = 36.415(9), b = 10.528(3), c = 17.487(5) Å, U = 6704(3) Å3, Z = 8, Dc = 1.52 

g cm-3, µ = 9.07 cm-1, N = 6602, No = 4669; R = 0.046, Rw = 0.046. 

 
 
 
 
 
 
 
 

 
 
 
 

 

 

 

Figure 6: View of the molecular structure of Ru-1. The two fragments in the crystal 

lattice exhibit weak C-H…Cl bonding to one another. Ru1-Cl1 2.392(3), Ru1-Cl2 

2.413(3), Ru1-Cl3 2.516(3), Ru1-Cl4 2.507(3), Ru1-P1 2.256(3), Ru1-P2 2.268(3).
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Crystals of Ru-2 were grown from DCM and formed dark red needles. A single sharp 

peak in the 31P NMR spectrum with δ 71.6 ppm for this complex is consistent with 

chelation of both PPh2PhBr ligands in solution for this complex.  This was confirmed 

qualtitatively by the single crystal X-ray structure determination of the complex. 

However, attempts to obtain a convergent single crystal X-ray structure determination 

for this complex were not successful. The unit cell determination of crystals of the 

complex indicated crystallization in space group P21/n with a = 17.148(5), b = 

18.857(3), c = 21.082(3) Å, β = 90.63(2)o, with structure solution yielding two discrete 

molecules of the complex in the asymmetric unit with the same overall molecular 

structures as Ru-1. However, this model of the structure exhibited a number of serious 

problems with significant distortion from planar symmetry apparent for the carbon 

atoms in a number of the phenyl groups. Several attempts to improve crystal quality and 

the quality of the data were unsuccessful. 

 

 

5.4d Synthesis of Bis[(1-chloro-2-diphenyl)phosphinoethane] ruthenium(II) chloride 

[Ru-3] 

 

Complex Ru-3 was initially prepared by refluxing RuCl3.3H2O and 3 molar equivalents 

of ligand L3 in methanol for 16 h, whereby the excess ligand was used to reduce the 

Ru(III) of the RuCl3.3H2O to Ru(II) (eq 1, Scheme 7). Less than 5 % of pure red crystals 

were obtained from recrystallization of the crude brown product mixture from DCM and 

hexane. A second method of synthesis was attempted using RuCl2(DMSO)4 with two 

equivalents of L3 whereby a mixture was obtained yet again (eq 2, Scheme 7). A green 
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byproduct repeatedly seems to form in the presence of Ru-3 and may be an air sensitive 

structure of the RuCl2L3 type.  
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Scheme 7 

 

Again, numerous attempts to crystallize the product out of the crude mixture in 

DCM/hexane resulted in less than 5 % yield. The ligand L3 may not be as readily 

chelating as L1 and L2 when coordinating to Ru and so, Ru-3 appears to be much less 

stable and more difficult to isolate than Ru-1 and Ru-2.  

 

The positive ion electrospray mass spectrum showed the distinct splitting of a ruthenium 

isotope pattern with the major peak at 633.6. The 100 % intensity peak represents the 

proposed complex with the loss of one chlorine from the metal, which commonly occurs 

in the metal based complexes upon ionization. The product shows the presence of a 

singlet in the 31P NMR spectrum at 45.5 ppm.  

 

Although a solid state structure of Ru-3 was not able to be deduced by X-ray diffraction, 

the structure is believed to have the trans-dichloride geometry with cis-phosphorus 

atoms of the ligands in the equatorial plane (Figure 7). The mass spectrum supports the 
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proposed structure. The downfield singlet at 45.5 ppm in the 31P NMR spectrum 

indicates magnetically equivalent ligands in a chelating mode and can be compared to a 

platinum based structure incorporating L3 reported by Gomes-Carneiro and 

coworkers.17  

Cl
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ClCl

P
Ph2

Ru-3  

Figure 7: Proposed molecular structure of Ru-3. 

 

The platinum based structure incorporating L3 in two different chelating modes gives an 

indication of the chemical shift changes experienced by this ligand upon coordination to 

a metal (Figure 8). The P signal in the chelated ligand of the Pt complex gives a 

downfield signal (doublet due to Pt-P coupling) at 55.2 ppm whilst the unchelated ligand 

gives a high field signal (doublet) at 9.3 ppm.17 This data supports the proposed structure 

of complex Ru-3 incorporating two chelating L3 ligands resulting in a downfield 31P 

NMR singlet at 45.5 ppm representing the two magnetically equivalent P atoms.  
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Figure 8 
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5.4e Synthesis of Bis[(2-benzoic-acid)diphenylphosphine] ruthenium(II) 

 chloride [Ru-4] 

 

Complex Ru-4 was initially prepared by refluxing RuCl3.3H2O and 3 molar equivalents 

of ligand L4 in methanol, whereby the excess ligand was used to reduce the Ru(III) of 

the RuCl3.3H2O to Ru(II) (eq 1, Scheme 8). The preparation of this red product 

repeatedly resulted in the formation of an as yet unidentified green byproduct in about 

50 % yield. A second method of synthesis was attempted using RuCl2(DMSO)4 with two 

equivalents of L4 whereby a mixture of red and green products was obtained yet again 

(eq 2, Scheme 8). The green byproduct has a sweet smell indicative of an ester, and its 

elemental analysis is very similar to that of the red product. However, the green 

byproduct has very different solubility properties to the red complex Ru-4 and is highly 

insoluble in most solvents which hindered characterization.  

 

Cl
Ru

Cl

O O
P
Ph2

P
Ph2

C C
OHHO

Cl
Ru

Cl

O O
P
Ph2

P
Ph2

C C
OHHO

Ru-4 (47 %)

RuCl3.3H2O  +  3

RuCl2(DMSO)4  +  2

MeOH

reflux, 2 h

MeOH

reflux, 2 h

(eq 1)

(eq 2)

L4

L4

PPh2

OH
O

PPh2

OH
O

Ru-4 (40%)

+  L4
+  byproduct

+ byproduct

 

 

Scheme 8 

 



 140

Complex Ru-4 was isolated in only a 47 % yield as a red powder following 

recrystallization from a DCM/hexane direct liquid/liquid diffusion. The solution state 31P 

NMR spectrum of Ru-4 gave a singlet at 31.5 ppm. This is quite a high field signal for a 

complex containing chelating ligands, and when also compared to the chemical shifts of 

the other Ru based complexes. This may be due to many factors including steric effects 

such as the P ligand cone angle, ring size formed by the chelating ligand and electronic 

effects caused by the presence of electron withdrawing or donating groups. All of these 

factors have been extensively covered by Tolman,13 who has documented the 

electronegativity of substituents and the angles between them as variables determining 

31P NMR chemical shifts and coupling constants. It may be partially rationalized by the 

coordination chemical shift (∆ = δcomplex - δfree) and the level of shielding experienced by 

the P from the ligand. A table of coordination chemical shifts (∆) is shown below where 

∆ is in ppm, calculated by subtracting the chemical shifts of the free ligands from the 

corresponding Ru based complexes incorporating them (Table 1).  

 

Table 1: Coordination chemical shift data for complexes Ru-1→Ru-4 

 

Ligand Free ligand 31P NMR 

δ (ppm) 

Ru 

Complex 

Ru-complex 31P NMR 

δ (ppm) 

∆ (ppm) 

L1 -10.4 Ru-1 67.2  77 

L2 -4.5 Ru-2 71.6 76 

L3 -19.6 Ru-3 45.5 65 

L4 -3.2 Ru-4 31.5 35 
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The ∆ values are similar ranging between 65-77 ppm for complexes Ru-1→Ru-3 but 

much less for complex Ru-4 at 35 ppm. This is due to the ring size of the chelating 

ligands in each complex. Ru-1→Ru-3 all have 5 membered rings present, formed by the 

hemilabile ligands. Ru-4 has 6 membered rings present in which the ligands are 

shielded, causing a relatively high field chemical shift (31.5 ppm) to be observed, when 

compared to complexes with deshielded 5 membered rings. An example is shown above 

giving the chemical shifts of two reported rhodium based structures (Figure 9).14  
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Figure 9: The structures of Ru-1 and Ru-4 showing the different P containing chelate 
ring sizes formed by the coordinated ligands. The two reported14 Rh based complexes 

shown also follow the chemical shift trend for 5 and 6 membered chelate rings.  
 

 



 142

This predictable trend is based on the work of Garrou,14 whose research is on ring 

contributions to 31P NMR parameters of transition metal phosphorus chelate complexes. 

Our 31P NMR chemical shift results are consistent with many examples given in the 

review by Garrou.14 He found that 4 membered rings were more shielded than 6, but that 

5 membered rings are deshielded and thus, will have a higher chemical shift value than 4 

or 6 membered rings (Figure 9). It should also be noted that non-chelating P ligands will 

have chemical shifts close to that of the free ligand, as shown by all the copper 

complexes Cu-1→Cu-9 reported in previous sections in this research.  

 

The negative ion electrospray mass spectrum of Ru-4 gave a typical Ru isotope splitting 

pattern with the lead peak at 783.4 representing the parent ion with loss of H from one 

ligand OH. The IR shows the expected C=O stretch at a lower wavenumber (1626 cm-1) 

than that of free ligand (1686 cm-1) indicating coordination of the carbonyl O to the 

metal (Figure 10).  

 

Crystals of Ru-4 suitable for X-ray diffraction studies were isolated by recrystallization 

from a DCM/hexane solution. The single crystal X-ray diffraction structure showed a 

monoclinic unit cell containing 3 molecules of Ru-4 co-crystallized with 4 water and 3 

diethyl ether molecules. The water molecules are clustered around the O atoms of one 

fragment, whilst the ether molecules are positioned adjacent to the phenyl rings of the 

two remaining fragments (Figure 11).  

 

 

 



 143

a) 

 
b) 

 
 

Figure 10: FT-IR spectra of a) free ligand L4 showing the C=O stretch at 1686 cm-1 and 
b) complex Ru-4 showing the C=O stretch at 1626 cm-1 indicating Ru-O coordination 

 



 144

 
 
Figure 11: The crystal structure of Ru-4 showing the diethyl ether molecules clustered 

around the phenyl region of fragments 1 and 2, and the water molecule O atoms 
positioned in close proximity to the O atoms of fragment 3. Ru atoms are also labeled, 

and H atoms have been omitted for clarity.  
 
 
The O atoms of fragments 1 and 2 are also positioned adjacent to each other, creating a 

hydrophobic channel which can be observed in the unit cell diagram (Figure 12).  

 

Figure 12: The unit cell diagram of Ru-4. The hydrophobic channel created by the 
closely clustered O atoms of fragments 1 and 2 has been traced with a dotted line.  
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The solvated complex crystallized in space group P21/a (Figure 13). The Ru-P bond 

distances range between 2.234(3) and 2.254(3) Å long. The Ru-O bond distances are 

between 2.142(6) and 2.183(6) Å long indicating a significant measure of coordination. 

The Ru-O bonds distances are 2.155(7) and 2.178(7) Å consistent with strong 

coordination of the Ru metal to the carbonyl O atoms.18 The carbonyl C=O bond 

distances of 1.223(1) – 1.251(2) Å are in accord with carbonyl O coordination.18 The C-

O bond distances of the C-OH groups are 1.312(3) and 1.278(2) Å consistent with C-OH 

bond lengths in complexes with Csp2-O bonds.18 The carboxyl groups are highly 

reactive substituents making this complex an ideal candidate for catalyst testing.  

 

Recrystallizing Ru-4 in a different, dry solvent would result in an unsolvated solid 

structure. The large number of O atoms present as well as the halides on the metal, 

would be dragging water molecules into the crystal due to H-bonding. Drier synthesis 

conditions should resolve this problem of cocrystallized solvent and water molecules.  
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Crystal Data [Ru-4]: [RuCl2(PPh2PhCOOH)2]. C36H30O4P2Cl4Ru.1/3C4H18O5 M = 
833.35, monoclinic, P21/a, a = 18.8(4), b = 24.4(7), c 28.2(5) Å, V = 12368 Å

3
, Z = 12, µ 

= 6.23 cm
-1

, N = 22373, No = 14509; R = 0.056, Rw = 0.092 
 
 
 
 
 

 
 

 
 
 

Figure 12: View of the molecular structure of Ru-4, fragment 3. Ru3-Cl31 2.413(3), 

Ru3-Cl32 2.418(3), Ru3-P31 2.253(3), Ru3-P32 2.236(3), Ru3-O9 2.178(7), O9-C83  

1.252(2), Ru3-O11 2.155(7), O11-C102 1.223(1), C102-O12 1.312(3) Å; Cl31-Ru3-

Cl32 164.7(1), P31-Ru3-P32 100.9(1), O9-Ru3-O11 89.3(3), P31-Ru3-O9 86.7(2), P31-

(2), C83-O10 Ru3-O1(3)1 169.5(2), P32-Ru3-O9 170.4(2), P32-Ru3-O11 88.9(2)°. 

 5.5 Summary and Future Work  
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The synthesis and characterization of four Ru based complexes incorporating four 

different ligands has been reported. When Ru-1 was reacted with excess pyridine, ligand 

displacement was observed, rather than the expected ligand windscreen wiper action. 

This suprising result warrants further investigation as to the reason the entire ligand was 

displaced so readily to give the new product Ru-1+py. Ru-2 was further explored 

structurally by a fellow coworker,15 by the reaction of this complex with bipyridine. 

Future work will consist of experiments to deduce the reason for total displacement of 

an entire ligand from both Ru-1 and Ru-2 when reacted with monodentate and bidentate 

N based ligands. Such experiments may include 31P NMR concentration studies, and 

varying the size and electronic properties of the introduced N based ligand. Ru-3 and 

Ru-4 both require improvements in their syntheses to increase their yields. 
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Preliminary Polymerization Testing of Copper(I) and 

Ruthenium(II) Based Complexes 
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6.0 PRELIMINARY POLYMERIZATION TESTING OF Cu(I) AND Ru(II) 
BASED COMPLEXES 

 

6.1 Introduction 

 

A polymer is a large molecule constructed from many smaller structural units called 

monomers, covalently bonded together in any conceivable pattern.1 The most 

distinguishing feature of these polymers, as compared with a simple molecule, is the 

inability to assign an exact molecular weight to the polymer. This is a consequence of 

the length of the chain formed being determined entirely by random events in a 

polymerization reaction.1 As was mentioned in Chapter 2, the method of 

polymerization utilised in this research, ATRP, suppresses bimolecular termination 

between radical centers, thus showing excellent control of the forming polymer chain 

lengths.2 This control is based both on fast initiation and the persistent radical effect, 

which observes a dynamic equilibrium between dormant species and growing radicals, 

thus suppressing termination.2   

 

Methyl methacrylate (MMA) was the monomer of choice for the 

preliminary polymerization studies undertaken in this research. The 

major reason for this choice was the high solubility of the resulting 

polymer, polymethyl methacrylate (polyMMA - inset), in a number of solvents allowing 

for easy characterization and analysis. Its solubility in CDCl3 allowed solution state 

NMR studies to be conducted to determine tacticity percentages, and its solubility in 

THF allowed for preliminary molecular weight measurements to be taken by gel 

permeation chromatography (GPC). 

(C
CH3

COOCH3

CH2)n
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The copper(I) and ruthenium(II) based complexes prepared during this research were 

reacted with the monomer MMA to determine whether they showed catalytic activity as 

was theoretically proposed. The results of 1H NMR and GPC studies on polyMMA 

formed in the presence of complexes Cu-1→Cu-9 and Ru-1 and Ru-2 are reported 

below.  

 

 

6.2 General Experimental Procedures and Techniques  

 

Toluene was fractionally distilled over P2O5. Methyl methacrylate (MMA) was supplied 

by Aldrich and columned over Al2O3 prior to use to remove any stabilizers. Catalysts 

Cu-1→Cu-9, Ru-1 and Ru-2 were used in the form of crushed crystals and dried under 

vacuum to ensure their purity. Instrumentation techniques and all other solvent 

purification measures taken are as per section 3.1. 

 

All polymerization procedures used for both Cu(I) based complexes and Ru(II) based 

complexes followed identical protocols based upon literature3 methods. The initiator 

used is carbon tetrachloride (CCl4). An activator additive in the form of aluminium 

isopropoxide is required to activate the polymerisation process. This role of this additive 

is discussed in more detail below. Control experiments were carried out and are also 

reported below.  
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6.3 Experimental 

 

General procedure for all polymerization reactions performed under Ar: To a solution of 

catalyst (0.23 mmol, mass (mg) – see Table 1 for masses) and Al(isopropoxide) (191 

mg, 0.93 mmol) in dry distilled toluene (5 ml), was added MMA (5 ml, 46.7 mmol). The 

solution was brought to 95°C and CCl4 was added (3 drops) to initiate the reaction.  

 

The solution was then refluxed for time (T) (T=15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 24 h) 

before 1 ml was removed and added to MeOH (2 ml) to precipitate polyMMA. The 

polyMMA was then collected by filtration, washed well with MeOH (10 ml) and dried 

in vacuo.  

 

Table 1: Catalyst quantities required for general polymerization reactions incorporating 
Cu(I) or Ru(II) based complexes (0.5 mol %, 0.23 mmol catalyst). 

 

Catalyst MW (g/mol) Mass 

required (mg) 

Cu-1 692.48 161.7 

Cu-2 736.93 172.07 

Cu-3 783.93 183.04 

Cu-4 781.37 182.84 

Cu-5 825.77 192.82 

Cu-6 872.77 203.79 

Cu-7 845.11 197.33 

Cu-8 889.55 207.7 

Cu-9 936.56 218.69 
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Ru-1 765.42 176.05 

Ru-2 854.38 196.51 

Control experiments: All control experiments used the volumes and masses stated in 

the ‘general procedure’ for all polymerization reactions shown above. Each reaction 

solution was refluxed in toluene for 24 hours before MeOH was added to precipitate any 

polyMMA that may have formed. No formation of polyMMA is indicated by NR (No 

Reaction).  

 

Reaction set 1: Tests to eliminate Al(isopropoxide) as having catalyst activity 

 

MMA + Al(isopropoxide) → NR 

MMA + Al(isopropoxide) + CCl4 → NR 

 

Reaction set 2: Tests to eliminate free ligand as having catalyst activity 

 

MMA + L1 + Al(isopropoxide) + CCl4 → NR 

MMA + L2 + Al(isopropoxide) + CCl4 → NR 

 

Reaction set 3: Test to determine if external initiator (CCl4) required 

 

MMA + Ru-2 + Al(isopropoxide) → NR 

MMA + Ru-2 + Al(isopropoxide)  + CCl4 → polyMMA formation 
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The tacticity percentages from our research using a variety of Cu(I) based catalysts are 

shown below (Table Set 1) as well as Ru(II) based catalysts (Table Set 2).  

 

6.3a 1H NMR data tacticity percentages of complexes Cu-1→Cu-9 and Ru-1, Ru-2 

 

Table Set 1: PolyMMA tacticity percentages using solution state 1H NMR data for 
complexes Cu-1→Cu-9 based upon integration of peaks at 1.26 (mm), 1.00 (rm, mr) 

and 0.83 (rr) ppm. 
 

Cu-1 

Time refluxed mm % rm, mr % rr % 

15 m NR NR NR 

30 m NR NR NR 

1 h 13.01 32.66 54.33 

2 h 9.39 37.29 53.32 

4 h 7.89 35.31 56.80 

8 h 6.61 36.63 56.76 

24 h 8.43 36.52 55.05 

 

Cu-2 

Time refluxed mm % rm, mr % rr % 

15 m 5.73 39.29 54.98 

30 m 5.74 38.26 56.00 

1 h 5.60 38.07 56.33 

2 h 6.72 39.44 53.84 

4 h 6.52 38.20 55.28 

8 h 6.53 36.38 57.09 

24 h 6.70 39.80 53.50 
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Cu-3 

Time refluxed mm % rm, mr % rr % 

15 m 5.79 38.63 55.58 

30 m 5.30 34.45 60.25 

1 h 5.73 38.76 55.51 

2 h 5.91 39.10 54.99 

4 h 6.00 38.63 55.37 

8 h 5.70 38.2 56.11 

24 h 6.25 37.33 56.42 

 

Cu-4 

Time refluxed mm % rm, mr % rr % 

15 m NR NR NR 

30 m NR NR NR 

1 h 7.88 38.46 53.66 

2 h 8.08 38.13 53.79 

4 h 8.13 35.18 56.7 

8 h 7.38 38.96 53.66 

24 h 6.89 37.07 56.04 

 

Cu-5 

Time refluxed mm % rm, mr % rr % 

15 m 6.34 38.5 55.15 

30 m 7.42 36.04 56.54 

1 h 6.81 38.91 54.27 

2 h 6.08 40.95 52.97 

4 h 7.37 37.55 55.08 

8 h 8.30 37.87 53.82 

24 h 7.67 37.15 55.18 
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Cu-6 

Time refluxed mm % rm, mr % rr % 

15 m 7.28 37.85 54.87 

30 m 6.46 37.78 55.76 

1 h 6.03 38.44 55.53 

2 h 7.35 38.86 53.78 

4 h 8.05 38.46 53.49 

8 h 8.84 39.13 52.03 

24 h 9.54 38.07 52.39 

 

Cu-7 

Time refluxed mm % rm, mr % rr % 

15 m NR NR NR 

30 m 11.94 35.93 52.13 

1 h 6.68 39.05 54.28 

2 h 6.70 39.18 54.12 

4 h 8.99 36.52 54.49 

8 h 7.32 36.73 55.95 

24 h 9.20 38.61 52.19 

 

Cu-8 

Time refluxed mm % rm, mr % rr % 

15 m NR NR NR 

30 m 9.65 37.99 52.36 

1 h 6.57 41.41 52.02 

2 h 5.91 35.90 58.20 

4 h 6.42 36.47 57.10 

8 h 6.73 37.60 55.67 

24 h 7.32 36.91 55.77 
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Cu-9 

Time refluxed mm % rm, mr % rr % 

15 m 5.29 38.57 56.14 

30 m 5.67 37.67 56.66 

1 h 5.00 38.11 56.90 

2 h 4.78 38.32 56.90 

4 h 4.79 38.02 57.19 

8 h 4.13 37.16 58.71 

24 h 5.29 39.86 54.84 

 

 

 

Table Set 2: PolyMMA tacticity percentages using solution state 1H NMR data for 
complexes Ru-1 and Ru-2 based upon integration of peaks at 1.26 (mm), 1.00 (rm, mr) 
and 0.83 (rr) ppm. 
 

Ru-1 
Time refluxed mm % rm, mr % rr % 

15 m 6.15 37.62 56.22 

30 m 5.83 36.07 58.09 

1 h 6.09 39.01 54.90 

2 h 6.17 38.73 55.10 

4 h 6.78 37.93 55.29 

8 h 6.14 38.24 55.62 

24 h 7.39 37.68 54.93 

 

Ru-2   

Time refluxed mm % rm, mr % rr % 

15 m 6.11 37.57 56.32 

30 m 6.11 39.23 54.65 

1 h 6.21 39.08 54.71 
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2 h 5.71 38.97 55.32 

4 h 6.98 38.34 54.68 

8 h 7.35 38.98 53.66 

24 h 8.08 37.61 54.31 

 

 

 

6.3b GPC data of complexes Cu-1→Cu-9 and Ru-1, Ru-2  
  

 

Table Set 3 shows the data collected on polyMMA samples isolated from the reaction of 

MMA with Cu-1→Cu-9 from T= 15 min, 2 h and 24 h for most available complexes to 

note any general trends. Reactions utilising Cu-6 and Cu-9 had all samples (T= 15 min, 

30 min, 1 h, 2 h, 4 h, 8 h, 24 h) subjected to GPC studies to look closely for specific 

trends. Table set 4 gives similar data for polyMMA samples collected from the reaction 

of MMA with Ru-1 or Ru-2.  

 

 

Table Set 3: Polydispersities and average molar masses of polyMMA chains of 
available Cu-1→Cu-9 samples at chosen reaction times. 

 

Cu-1 

Time refluxed Mn Mw Polydispersity 

(Mw/Mn) 

15 min - - - 

2 h - - - 

24 h 99058 326799 3.30 
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Cu-3 

Time refluxed 

 

 

 

Mn Mw Polydispersity 

(Mw/Mn) 

15 min - - - 

2 h - - - 

24 h 169873 679982 4.00 

 

Cu-4 

Time refluxed Mn Mw Polydispersity 

(Mw/Mn) 

15 min - - - 

2 h 74932 301808 4.03 

24 h 62652 326827 5.22 

 

Cu-5 

Time refluxed Mn Mw Polydispersity 

(Mw/Mn) 

15 min 190200 862782 4.54 

2 h 173853 821194 4.72 

24 h 168577 712918 4.23 

 

Cu-6 

Time refluxed Mn Mw Polydispersity 

(Mw/Mn) 

15 m 198529 922487 4.64 

30 m 199054 674567 3.39 

1 h 187862 647939 3.45 
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2 h 123873 618771 4.99 

4 h 106326 751561 7.07 

8 h 195417 708171 3.62 

24 h 122125 501167 4.10 

 

Cu-7 

Time refluxed Mn Mw Polydispersity 

(Mw/Mn) 

15 min - - - 

2 h 213263 535963 2.51 

24 h 139425 515883 3.70 

 

Cu-9 

Time refluxed Mn Mw Polydispersity 

(Mw/Mn) 

15 m 64716 530831 8.20 

30 m 92721 567720 6.12 

1 h 58063 360797 6.21 

2 h 44523 359624 8.07 

4 h 57335 356667 6.22 

8 h 32259 225402 6.99 

24 h 155007 780930 5.04 

 

 

Table Set 4: Polydispersities and average molar masses of polyMMA chains of 
available Ru-1 and Ru-2 samples at chosen reaction times. 

 

Ru-1 
 
Time refluxed Mn Mw Polydispersity 

(Mw/Mn) 
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15 min 82522 391774 4.75 

2 h 24796 103174 4.16 

24 h 12871 56796 4.41 

 

Ru-2 
 
Time refluxed Mn Mw Polydispersity 

(Mw/Mn) 

15 min 50547 338118 6.69 

2 h 25074 129748 5.17 

24 h 16701 100809 6.04 

 

 

 

6.4 Results and Discussion 

 

The control experiments which were conducted indicated that there were no components 

in the polymerization reactions that showed catalytic activity (with the exception of the 

catalyst being tested). Initially it was hoped that the halide component of ligands 

L1→L3 in the metal complexes would act as internal initiators, however control 

experiments indicated that an external initiator (CCl4) was required.  

 

The aluminium based complex used in the polymerization reactions is a required 

additive. The bulky Lewis acid complex (in our research Al(isopropoxide) was used, in 

the literature3 research MeAl(ODBP)2 – methylaluminium bis(2,6-di-tert-

butylphenoxide, was used) coordinates to the ester carbonyl of the CCl4-MMA adduct, 

activating the carbon-chlorine bond. The complex is then available for repetitive 
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additions of MMA at the C-Cl terminal end to create the polymer chain as shown in the 

partial literature3 scheme (Scheme 1). 

 

Cl3C C
H2

C
CH3

C
OCH3

O
Cl MeAl(ODBP)2

CCl4-MMA adduct

Cl3C C
H2

C
CH3

C
OCH3

O
Cl

MeAl(ODBP)2

MMA

RuII cat

 

 

Scheme 1: A portion of the polymerization pathway of MMA with 
CCl4/RuCl2(PPh3)/MeAl(ODBP)2 illustrating the role of the bulky aluminium based 

Lewis acid complex. 
 

Following completion of all control experiments, complexes Cu-1→Cu-9 and Ru-1 and 

Ru-2 were reacted in the general procedure (section 6.3) for all polymerization reactions 

with MMA, and 1 ml aliquots were removed at T=15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 24 

h and precipitated from MeOH. Each of these precipitated polyMMA samples were 

subjected to solution state 1H NMR studies to determine the tacticity percentages (Table 

Set 1) based upon integration of peaks at 1.26 (mm), 1.00 (rm, mr) and 0.83 (rr) ppm. 

The stereochemical structures of each form of tacticity can be seen below with a 

description of substituent order (Figure 1).1  
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Figure 11: The different stereochemical structures of polyMMA in isotactic, atactic and 
syndiotactic states.  

 

Many of the polyMMA samples from reactions with Cu1→Cu-9 and Ru-1, Ru-2 which 

had tacticity percentages measured were also subjected to GPC analysis to determine 

preliminary polymer chain number average molar masses (Mn), weight average molar 

masses  (Mw) and polydispersities (Mw/Mn). Ideal polydispersities are close to a value of 

1. The number average molar mass is a value giving the number of molecules present, 

whilst the weight average molar mass value gives the average molecular weight of those 

molecules. All of these properties are discussed below.  
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Bis[(2-chlorophenyl)diphenylphosphino] copper chloride [Cu-1] 

 

The preliminary polymerization results showed that Cu-1 took between 30 min and 1 h 

to polymerize MMA. This could be due to a number of factors including steric, polar or 

redox properties of the initiator and catalyst. One possible reason for the time taken to 

begin the polymerization process, could be due to the strength of the Cu-Cl bond created 

following abstraction of the halide from the initiator by the catalyst, Cu-1 (Figure 2). 

The CCl3 initiator radical which remains following abstraction of the initiator chlorine 

by the catalyst would remain close to the metal complex, possibly in the 2nd coordination 

sphere of the metal. Remaining in close proximity to the metal would help stabilize the 

radical and prevent coupling. The abstracted Cl-, which eventually is released to cap the 

polymer chain, is also stabilized by the metal complex and probably exchanges with the 

chlorine bound to the copper atom in the catalyst (Figure 2).   

 

Cl3C-Cl

initiator

catalyst

Cl
Cu

P
Ph2

P
Ph2

Cl Cl

Cl3C

Cu

Ph2
P

Cl
P
Ph2

Cl

Cl-

Cl

2+

radical initiator halide

catalyst

monomer

 

Figure 2: A portion of the ATRP reaction showing the proposed intermediate state of 
the radical, initiator halide and catalyst Cu-1 remaining in close proximity to each other 
to stabilize the radicals and prevent coupling. The bold arrows indicate the halide (Cl) 

atoms which probably exchange in solution.  
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Due to the change in metal-halide bond strength where Cu-Cl > Cu-Br > Cu-I, the 

halogen exchange may result in the copper metal retaining the initiator Cl- more strongly 

than catalysts with Cu-Br and Cu-I bonds.  

 

A second possible reason for slow polymerization in copper based catalyst systems is the 

radical-radical termination of the initiator radicals following abstraction of the halide 

onto the copper catalyst. This termination of the CCl3 radical fragments would 

irreversibly generate an excess of the Cu(II)Cl2 species.4 This results in much slower 

polymerisation.4 This type of reaction is usually accompanied by a colour change 

indicating the presence of the green Cu(II) species. Such a colour change was not 

observed in this research with the polymerization reactions remaining colourless, but it 

should not be ruled out as a reason for slow polymerization by certain catalysts relative 

to others in this study.  

 

The polymerization of MMA by Cu-1 gave tacticity percentages of around rr:rm:mm = 

55:36:9. The number average molar mass (Mn) of a polyMMA sample isolated after 24 h 

refluxing, was determined by GPC (Figure 3) to be 99058, the weight average molar 

mass (Mw) was found to be 326799 and the polydispersity value is moderately high at 

3.30. The desired polydispersity value for polymers is as close to 1 as possible.  
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Figure 3: Examples of GPC traces. Weight and number average molar masses are 

determined by calculating the area under the peak, as well as comparing the sample peak 
elution time to standard samples with predetermined molar masses.  

 

 

 

Bis[(2-chlorophenyl)diphenylphosphino] copper bromide [Cu-2] 

 

Polymerization of MMA with Cu-2 occurred quickly within 15 min of refluxing. The 

polyMMA samples isolated after various times gave tacticity percentages of around 
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rr:rm:mm = 56:38:6. Samples analyzed by GPC gave poor data with no integration of 

peaks possible.   

 

 

Bis[(2-chlorophenyl)diphenylphosphine] copper iodide [Cu-3] 

 

Polymerization of MMA with Cu-3 occurred quickly within 15 min of refluxing. The 

polyMMA samples of Cu- 3 isolated after various times gave tacticity percentages via 

the 1H NMR spectrum (Figure 4) of around rr:rm:mm = 56:38:6. The Mn of a polyMMA 

sample isolated after 24 h refluxing, was determined by GPC to be 169873, the Mw was 

found to be 679982 and the polydispersity value is moderately high at 4.0.  
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Figure 4: 1H NMR of polyMMA. The –CH3 region is enlarged to show typical 
integration percentages for each mode of tacticity. S=Solvent (toluene) 

 

 

Comparison of Cu-3 and bis[(2-methylphenyl)diphenylphosphine] copper iodide 

 

The bis(2-methylphenyl)diphenylphosphino copper halide complexes are isostructural 

with the reported complexes above (Cu-1→Cu-6). Polymerization studies on the bis[(2-

methylphenyl)diphenylphosphino] copper iodide was carried out for comparison with 

Cu-1→Cu-6 activities. The copper iodide complex with the ligand methyl substituent 

failed to polymerize MMA even after 24 hours, yet many of complexes with ligand 

halide substituents succeeded in just 15 min. This indicates that the methyl substituent 
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on the ligand blocks the binding site of the halide abstracted from the initiator, rendering 

the complex unable to produce an open coordination site upon the metal. Since this 

complex is isostructural with complexes Cu-1→Cu-6, the steric reasons alone do not 

explain why the ligand methyl substituent copper iodide complex failed to trigger 

polymerization.  

 

This may be due to a very weak attraction between the δ+ methyl group on the ligand 

and the δ- halide on the copper (Figure 5). Such an interaction may be enough to block 

the vacant metal coordination site completely. In the case of the complexes 

incorporating the halide substituent on the ligand (L1, L2), the opposite effect takes 

place with a repulsion between the ligand halides and the copper halide (Figure 5). This 

very weak repulsion appears to be enough to open the coordination site adequately to 

allow the steps of polymerization to proceed by allowing the metal to accept a halide 

from the initiator into the metal coordination sphere. 

 

Cu
P

I
P

Cl

Cl

δ−

δ−

Cu
P

I
P

Me

Me

δ−
δ+

 

 

Figure 5: The structures of Cu-3 and bis[(2-methylphenyl)diphenylphosphine] copper 
iodide showing the possible steric and polar reasons for the successful polymerization 
activity of Cu-1-Cu-6 compared to the complete lack of activity exhibited by bis[(2-

methylphenyl)diphenylphosphine] copper iodide. 
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Bis[(2-bromophenyl)diphenylphosphine] copper chloride [Cu-4] 
 

Polymerization of MMA with Cu-4 took between 30 min and 1 h to begin 

polymerization. This is probably due to the same reason that Cu-1 took longer to trigger 

polymerization than the other structures in its ligand family - the higher strength of the 

Cu-Cl bond as compared with the Cu-Br and Cu-I bonds of the other family members. 

The polyMMA samples of Cu-4 isolated after various times gave tacticity percentages 

of around rr:rm:mm = 54:38:8. The averaged Mn value of polyMMA samples isolated 

after 2 and 24 h  refluxing, was determined by GPC to be 69000, the averaged Mw value 

was found to be 314300 and the averaged polydispersity value is high at 4.63. 

 

 

Bis[(2-bromophenyl)diphenylphosphine] copper bromide [Cu-5] 

 

Polymerization of MMA with Cu-5 occurred quickly within 15 min of refluxing. The 

polyMMA samples isolated after various times gave tacticity percentages of around 

rr:rm:mm = 54:38:8. The averaged Mn value of polyMMA samples isolated after 15 

min, 2 h and 24 h refluxing, was determined by GPC to be 17750, the averaged Mw 

value was found to be 800000 and the averaged polydispersity value is high at 4.50. 

 

 
Bis[(2-bromophenyl)diphenylphosphine] copper iodide [Cu-6] 
 
 
Polymerization of MMA with Cu-6 occurred quickly within 15 min of refluxing. The 

polyMMA samples isolated after various times gave tacticity percentages of around 

rr:rm:mm = 54:38:8. The averaged Mn value of polyMMA samples isolated after 15 
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min, 30 min, 1 h, 2 h, 4 h, 8 h and 24 h refluxing, was determined by GPC to be 162000, 

the averaged Mw value was found to be 690000 and the averaged polydispersity value is 

high at 4.50. 

 
 
 
 
Tris[(2-chloroethyl)diphenylphosphino] copper chloride [Cu-7] 
 
 
Polymerization of MMA with Cu-7 occurred within 30 min of refluxing. The polyMMA 

samples isolated after various times gave tacticity percentages of around rr:rm:mm = 

54:38:8. The averaged Mn value of polyMMA samples isolated after 2 h and 24 h  

refluxing, was determined by GPC to be 176000, the averaged Mw value was found to be 

52600 and the averaged polydispersity value is moderately high at 3.10. 

 
 
 
 
Tris[(2-chloroethyl)diphenylphosphino] copper bromide [Cu-8] 

 
Polymerization of MMA with Cu-8 occurred within 30 min of refluxing. The polyMMA 

samples isolated after various times gave tacticity percentages of around rr:rm:mm = 

54:38:8. Samples analyzed by GPC gave poor data with no integration of peaks possible. 

 
 
 
Tris[(2-chloroethyl)diphenylphosphino] copper iodide [Cu-9] 

 

Polymerization of MMA with Cu-9 occurred quickly within 15 min of refluxing. The 

polyMMA samples isolated after various times gave tacticity percentages of around 

rr:rm:mm = 57:38:5. The averaged Mn value of polyMMA samples isolated after 15 
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min, 30 min, 1 h, 2 h, 4 h, 8 h and 24 h  refluxing, was determined by GPC to be quite 

low at 72000, the averaged Mw value was found to be 343000 and the averaged 

polydispersity value is extremely high at 6.7. 

 

 

Bis[(2-chlorophenyl)diphenylphosphine] ruthenium(II) chloride [Ru-1] 

 

Polymerization of MMA with Ru-1 occurred quickly within 15 min of refluxing. The 

polyMMA samples isolated after various times gave tacticity percentages of around 

rr:rm:mm = 56:38:6. The averaged Mn value of polyMMA samples isolated after 15 

min, 2 h and 24 h  refluxing, was determined by GPC to be 40000, the averaged Mw 

value was found to be 184000 and the averaged polydispersity value is high at 4.44. 

 

 

Bis[(2-bromophenyl)diphenylphosphine] ruthenium(II) chloride [Ru-2] 

 

Polymerization of MMA with Ru-2 occurred quickly within 15 min of refluxing. The 

polyMMA samples isolated after various times gave tacticity percentages of around 

rr:rm:mm = 55:38:7. The averaged Mn value of polyMMA samples isolated after 15min, 

2h and 24h  refluxing, was determined by GPC to be 31000, the averaged Mw value was 

found to be 190000and the averaged polydispersity value is extremely high at 6.0. 
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6.5 Summary and Future Work 

 

Complexes Cu-1→Cu-6 are a series of potential catalysts which successfully 

polymerized MMA. They were prepared in a similar manner to give L2CuX affording 

high yields, and future work will include the preparation and incorporation of the iodo 

ligand derivative in the series. Complexes Cu-7→Cu-9 with the formula L3CuX also 

showed promise as polymerization catalysts. A trend was discovered whereby the 3 

complexes with Cu-Cl bonds (Cu-1, Cu-4, Cu-7) took longer than all other complexes 

to trigger the polymerization process.  

 

Further tests need to be carried out to confirm the reason as to why the Cu-Cl bond 

containing complexes (Cu-1, Cu-4, Cu-7) took slightly longer to begin the 

polymerization process, compared to their Cu-Br and Cu-I bond containing counterparts 

(Cu-2, Cu-3, Cu-5, Cu-6, Cu-8, Cu-9). One possible reason could be the bond strength 

of the Cu-Cl bond created following abstraction of the halide from the initiator by the 

catalyst. This abstracted halide possibly experiences halide exchange with the halide 

coordinated to the copper metal. Due to the change in metal-halide bond strength in the 

order of Cu-Cl > Cu-Br > Cu-I (based upon the HSAB principle), the halogen exchange 

may result in the copper metal retaining the initiator Cl- more strongly than catalysts 

with Cu-Br and Cu-I bonds. 

 

Required tests and analyses include conversion percentages; repeating the experiments 

and varying the concentrations of initiator and catalyst; altering addition order of  
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reagents and monomer, and the speed with which they are added to minimize formation 

of unwanted Cu(II) species; changing the initiator of choice; monitoring the speed that 

initiator radicals add to the polymer chain. These variables affect such properties as 

polydispersities and chain molecular weights.  

 

Two Ru based complexes, Ru-1 and Ru-2, were subjected to preliminary 

polymerization experiments with MMA. Both of these complexes showed catalytic 

activity and successfully polymerized the monomer. 

 

Further work is warranted in an effort to explore ways of improving the molar masses 

and polydispersities of the polymers prepared during testing of all catalysts. However, 

the fact that all of the novel metal based complexes tested polymerized monomer, is not 

to be minimized and is considered a great success.  
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CHAPTER SEVEN: SYNTHESIS AND CHARACTERIZATION OF 

SCANDIUM(III) AND YTTRIUM(III) ORGANOCOMPLEXES 

 

7.1 Introduction 

 

Due to their ability to take part in various catalytic processes involving C-H bond 

activation, the organo complexes of the early transition metals and lanthanides have 

been actively investigated in recent years.1-6 The emergence of modern preparative and 

analytical techniques in the late 1970s and early 1980s allowed the air and water 

sensitive organocomplexes of the group 3 metals to be studied and developed.7 Methods 

such as single crystal X-ray diffraction and NMR spectroscopy allowed these extremely 

sensitive compounds to be analyzed and their structural features better understood. 

Much of the reported research of the Sc, Y and lanthanide complexes has dealt with 

cyclopentadienyl (Cp) ligands.7 Substituted and unsubstituted Cp sandwich complexes 

of the lanthanides display relatively high stability against air and moisture, making them 

a popular research topic amongst early transition metal chemists.7 Recent years have 

brought a strong tendency to develop the nonmetallocene chemistry of the group 3 triad. 

These novel non-Cp based Sc and Y complexes are being explored for use as olefin 

polymerization catalysts.  

 

These developments entail replacing at least one of the Cp groups with ligands of similar 

steric and electronic demand.1 Advances in the organometallic chemistry of Sc, Y and 

the lanthanides supported by non-Cp ligand environments have recently been 

reviewed.7,8 Since these metals are invariable in the 3+ oxidation state, ligand sets of 
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formal charge –2 or –1 are the most desirable in the context of organometallic 

chemistry.8 Due to the hard, Lewis acidic nature of the M3+ ions, ligands based on the 

hard donor elements oxygen and nitrogen have tended to dominate. Such examples 

include bidentate N,N donor amidinates9 and β-diketiminates10, tridentate N,N,N tris-

pyrazolylborates11 and tetradentate N,N,N,N bis-amidopyridines12.   

 

In the case of scandium based complexes, the 

difficulty in synthesizing well defined compounds 

of general formula LScR2, where L is a 

monoanionic ancillary ligand such as a β-

diketiminate10 (inset), stems from the tendency of these types of compounds to undergo 

redistribution reactions, to dimerize, or to retain donor ligand molecules such as THF in 

the metal coordination sphere.10 This is also a long standing set of problems for 

organoyttrium and organolanthanide chemistry.13 Addressing these challenges of the 

highly Lewis acidic metals is mainly a matter of providing the right steric environment 

about the metal center.  

N

N
Li

R

R Ar

Ar

R= CH3, tBu
Ar=2,6-iPrC6H3

β−diketiminate ligand (Li salt)

 

With few exceptions, organometallic compounds of the scandium triad are prepared by 

three general methods: salt, amine and alkane eliminations (Scheme 1).8  
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Scheme 18

 

The first method is the most long-standing and involves the reaction of alkali metal salts 

of the ligand with metal halide precursors, usually the metal chloride THF adducts such 

as SCl3.THF3 and YCl3.THF3.5. LaCl3 dissolved in THF is a typical starting material for 

salt eliminations involving this metal.8 Amine elimination is a more recent method of 

ligand substitution. The amido THF adduct M[N(SiHMe2)2]3 has been employed as 

starting material and is particularly useful when more bulky ligands are involved.8 The 

last method, alkane elimination, prepares organometallic derivatives directly. Most 

protocols utilize M(CH2SiMe3)3.THF2 which are either generated in situ or isolated, but 

these compounds are thermally unstable.8 For amine substitution reactions that require 

heating, the more stable, crystalline compounds M(CH2SiMe2Ph)3.THF2 (M=Sc, Y) are 
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employed whereby the reaction tends to proceed more cleanly.8 However, the major 

drawback of these protocols is that the organometallic derivatives prepared are limited to 

containing the alkyl group CH2SiMe2R (R=CH3 or C6H5).8

 

NMR spectroscopy is an important tool for solution structure determination in 

organogroup 3 metal chemistry and each metal has NMR active isotopes.8 The 89Y 

nucleus has a spin of 1/2 (100%) and the coupling information is extremely useful. 2JY-H 

amd 1JY-Csp3 values in hydrocarbyl groups range from 1.8 to 2.8 and 30 to 46 Hz, 

respectively.8 For scandium and lanthanum, atoms bonded directly to the metal are 

sometimes difficult to detect due to the quadrupolar nature of 45Sc and the 139La nuclei 

which both have spin 7/2 (100%).8 Carbon atoms directly bonded to these two metal are 

best detected using 2D-HMQC experiments.  

 

It has been known for some time that neutral group 3 alkyl complexes are much less 

active catalysts than their group 4 alkyl cation analogues which play a crucial role in 

olefin polymerization.14 It is the cationic nature of these species that is critical to their 

productivity in this process.14 There have been a few recently reported systems for 

which cationic alkyl scandium15 and yttrium16,17 complexes have been characterized 

spectroscopically and their catalytic properties studied.14 For example, the first structural 

characterization of a scandium methyl cation has been reported, and the complex 

showed ethylene polymerization activities comparable to those of group 4 based 

metallocenes under borane activation.14 Scheme 2 shows the reaction of the dimethyl 

scandium complex (1) supported with a β-diketiminato ligand reacted with a full 
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equivalent of the activator B(C6F5)3. Complex 2 was isolated as a yellow crystalline 

solid stable for long periods at –30°C. 
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Compound 1 was found to be an effective catalyst for ethylene polymerization under 

B(C6F5)3 or trityl borate ([PH3C][B(C6F5)4]) activation giving polymers with 

polydispersities of 1.7 and 2.48 respectively.14  

 

Thus, the chemistry of Sc, Y and the lanthanides continues to be further explored and the 

search for group 3 based catalysts continues with increasing success beginning to rival 

the well known group 4 based olefin catalysts. The objective of our chemistry, reported 

in the following sections, was to extend the research previously outlined. Ligand design 

for such reactive metals as the group 3 triad involves providing the right steric 

environment about the metal center. Ideally, a ligand system must provide enough steric 

bulk to prevent THF ligation, dimerization and ligand distribution, but not so much as to 

shut down the organometallic reactivity that is the goal of the chemistry.8 The research 

presented within has tried to address these challenges and presents the preparation and 

characterization of potential olefin polymerization catalysts and precursors, 

incorporating Sc and Y metals supported by a bidentate N,N amido-imine ligand.  
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7.2 General Experimental Procedures and Techniques 

 

With the exception of the ligand synthesis, all operations were performed under a 

purified argon atmosphere using glovebox or vacuum-line techniques. Toluene, hexane 

and THF solvents were dried and purified by passing through activated alumina and Q5 

columns. Hexamethyl disiloxane was dried over sodium with benzophenone as 

indicator. NMR spectra were recorded in dry, oxygen free C6D6 unless otherwise 

specified. 1H, 13C{1H}, DEPT and HMQC NMR experiments were performed on Bruker 

AC-200, AMX-300 and WH-400 spectrometers with assistance from Mrs Dorothy Fox 

and Mrs Qiao Wu. Data are given in ppm relative to solvent signals for 1H and 13C 

spectra. Elemental analyses were performed by Mrs Dorothy Fox and Ms Roxanne 

Simank. All other materials were obtained from Sigma-Aldrich.  

 

X-ray Crystallography: Crystals of complexes 2 and 6 were grown from hexamethyl 

disiloxane at -35°C. Suitable crystals were covered in Paratone oil, mounted on a glass 

fiber and immediately placed in a cold stream on the diffractometer before the structure 

was solved by Dr Masood Parvez. Measurements were made using a Nonius Kappa 

CCD diffractometer with a graphite monochromated MoKα radiation (λ=0.71073 Å) 

source at -103°C. The structures were solved by direct methods and expanded using 

Fourier techniques. The non-hydrogen atoms were refined anisotropically; hydrogen 

atoms were included at geometrically idealized positions and were not refined. Programs 

used were SHELXL97 for structure solution and refinement, and figures were plotted 

with ORTEPII. 
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7.3 Experimental  

 

7.3a Synthesis of C6H4F{CH(NAr)} (Ar=2,6-diisopropylphenyl) 

 

To a flask was added 2-fluorobenzaldehyde (18.1 g, 19.25 ml, 102 

mmol), 2,6-diisopropylaniline (11.5 g, 9.76 ml, 92.8 mmol) and n-

hexane (40 ml) and the solution stirred for 1 h. The solution was 

dried over magnesium sulphate (2 g) before being reduced in 

volume in vacuo and placed at -10°C overnight. A brown filtrate was decanted off 

before yellow crystals were collected by filtration and washed well with cold n-hexane. 

Mass 19.02 g. Yield 72 %. 1H NMR (CD2Cl2): 8.63 {s, 1H, CH(NAr)}, 8.34 (dt, 1H, J 

7Hz, Ph), 7.19-6.66 (m, 5H, Ph), 3.08 (septet, 2H, J 7Hz, CHMe2), 1.28 (d, 12H, J 7Hz, 

CHMe2). 13C NMR (CD2Cl2): 163.65 (d, JC,F 253Hz, CF), 156.36 {d, JC,F 5Hz, 

CH(NAr)}, 150.24 (s, quaternary aromatic), 138.28 (s, quaternary aromatic), 133.77 (d, 

JC,F 9Hz, Ph), 128.48 (d, JC,F 2Hz, Ph), 125.29 (d, JC,F 3Hz, Ph), 125.06 (s, Ph), 124.60 

(d, JC,F 9Hz, quaternary aromatic), 123.77 (s, Ph), 116.63 (d, JC,F 21Hz, Ph), 28.72 (s, 

CHMe2), 23.98 (s, CHMe2); % Anal. Calcd for C19H22NF: C, 80.53; H, 7.83; N, 4.94. 

Found: C, 81.02: H, 8.41; N, 5.14. 

F N

 

7.3b Synthesis of [C6H4(NAr)CH(NAr)] (HL) 

 

NNH
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A 1.6 M solution of nBuLi (24.3 ml, 38.5 mmol) was added to a solution of 2,6-

diisopropylaniline (7.19 g, 7.65 ml, 40.6 mmol) in THF (40 ml) at -78°C. The solution 

was allowed to slowly warm to room temperature and left to stir for 1 h. The lithiated 

amine in THF was canula transferred onto a room temperature solution of 

C6H4F{CHNAr)} (18 g, 63.5 mmol) in THF (30 ml) and stirred for 1 h before being 

quenched with water (30 ml). The product was extracted into n-hexane and evaporated 

in vacuo to leave a yellow oil. The oil was recrystallized from hot methanol (600 ml) 

and small yellow crystals were collected by filtration. Mass 11.09 g. Yield 39.6 %. 1H 

NMR (CD2Cl2): 10.52 (s, 1H, NH), 8.36 {s, 1H, CH(NAr)}, 7.39-7.08 (m, 8H, Ph) 6.69 

(dt, 1H, J 7Hz, Ph), 6.25 (d, 1H, J 7Hz Ph), 3.21 (septet, 2H, J 7Hz, CHMe2), 3.11 

(septet, 2H, J 7Hz, CHMe2), 1.17 (d, 12H, J 7Hz, CHMe2), 1.14 (d, 6H, J 7Hz, 

CHMe21.14 (d, 6H, J 7Hz, CHMe2). 13C NMR (CD2Cl2): 166.64 {s, CH(NAr)}, 150.66 

(s, quaternary aromatic), 149.55 (s, quaternary aromatic), 148.23 (s, quaternary 

aromatic), 138.95 (s, quaternary aromatic), 135.20 (s, Ph), 132.81 (s, Ph), 128.18 (s, Ph), 

124.98 (s, quaternary aromatic), 124.45 (s, Ph), 123.64 (s, Ph), 117.04 (s, quaternary 

aromatic), 115.83 (s, Ph), 112.51 (s, Ph), 29.28 (s, CHMe2), 28.74 (s, CHMe2), 25.06 (s, 

CHMe2), 24.00 (s, CHMe2), 23.48 (s, CHMe2); % Anal. Calcd for C31H40N2: C, 84.49; 

H, 9.15; N, 6.35. Found: C, 84.97: H, 9.21; N, 6.39. 
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7.3c Synthesis of Li[C6H4(NAr)CH(NAr)] (LiL) 

 

Toluene (150 ml) was condensed into a flask containing 

HL (10 g, 22.7 mmol) and placed in a -78°C bath before 

a 1.6 M solution of nBuLi (21.3 ml, 34.0 mmol) was 

added slowly via syringe. The solution was allowed to 

warm to room temperature and was stirred overnight before being filtered, the solvent 

removed in vacuo and n-hexane (100ml) was condensed into the flask at -78°C. The 

mixture was sonicated for 20 min before the yellow solid was collected by filtration. 

Mass 7.28 g. Yield 72 %. 1H NMR (C6D6): 7.90 {s, 1H, CH(NAr)}, 7.34-7.12 (m, 6H, 

Ph), 7.05 (dd, 1H, J 8Hz, Ph), 6.93 (ddd, 1H, J 7Hz, Ph), 6.36 (d, 1H, J 9Hz, Ph), 6.26 

(ddd, 1H, J 7Hz, Ph), 3.21 (septet, 2H, J 7Hz, CHMe2), ), 2.82 (septet, 2H, J 7Hz, 

CHMe2), 1.22 (d, 6H, J 7Hz, CHMe2), 1.19 (d, 6H, J 7Hz, CHMe2), 1.17 (d, 6H, J 7Hz, 

CHMe2), 1.02 (d, 6H, J 7Hz, CHMe2). 13C NMR (C6D6): 169.42 {s, CH(NAr)}, 159.15 

(s, quaternary aromatic), 150.85 (s, quaternary aromatic), 149.77 (s, quaternary 

aromatic), 143.14 (s, quaternary aromatic), 140.46 (s, quaternary aromatic), 139.00 (s, 

Ph), 133.47 (s, Ph), 128.78 (d, J 29Hz, Ph), 128.27 (d, J 29Hz, Ph), 125.40 (s, Ph), 

124.24 (s, Ph), 123.83 (s, Ph), 123.56 (s, Ph), 117.60 (s, Ph), 116.41 (s, quaternary 

aromatic), 110.03 (s, Ph), 28.92 (s, CHMe2), 28.71 (s, CHMe2), 25.65 (s, CHMe2), 25.54 

(s, CHMe2), 24.45 (s, CHMe2), 23.07 (s, CHMe2); % Anal. Calcd for C31H39N2Li: C, 

83.7; H, 8.9; N, 6.1. Found: C, 83.4: H, 8.8; N, 6.3. 

NN
Li
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7.3d Synthesis of LScCl2.THF (1) 

 

To thick walled reactor bomb equipped with a Kontes valve was 

added ScCl3.3THF (1.00 g, 2.72 mmol) and LiL (1.15 g, 2.58 

mmol). Toluene (70 ml) was condensed into the flask and the 

orange solution was heated at 105°C for 4 days.  The solution 

was canula transferred into a swivel frit apparatus and the LiCl filtered off. The solvent 

was removed in vacuo and n-hexane (40 ml) was condensed into the flask. After the 

mixture was sonicated for 20 min the white product was collected by filtration. Mass 

1.35 g. Yield 86 %. 1H NMR (THF-d8): 8.16 {s, 1H, CH(NAr)}, 7.18-7.04 (m, 7H, Ph), 

6.90 (ddd, 1H, J 7Hz, Ph), 6.34 (t, 1H, J 8Hz, Ph), 5.88 (d, 1H, J 9Hz, Ph), 3.95 (septet, 

2H, J 7Hz, CHMe2), 3.61 (septet, 2H, J 7Hz, CHMe2), 3.54 (m, 4H, THF), 1.63 (m, 4H, 

THF), 1.25 (d, 6H, J 7Hz, CHMe2), 1.20 (d, 6H, J 7Hz, CHMe2), 0.97 (d, 6H, J 7Hz, 

CHMe2), 0.82 (d, 6H, J 7Hz, CHMe2). 13C NMR (THF-d8): 174.06 {s, CH(NAr)}, 

157.68 (s, quaternary aromatic), 148.51 (s, quaternary aromatic), 143.96 (s, quaternary 

aromatic), 139.16 (s, Ph), 134.50 (s, Ph), 129.77 (s, quaternary aromatic), 129.01 (s, 

quaternary aromatic), 127.54 (s, Ph), 126.99 (s, Ph), 125.38 s, Ph), 124.63 (s, Ph), 

119.62 (s, Ph), 118.23 (s, quaternary aromatic), 115.09 (s, Ph), 28.93 (d, CHMe2), 26.91 

(s, CHMe2), 25.12 (s, CHMe2), 23.39 (s, CHMe2); % Anal. Calcd for C35H43ON2Cl2Sc: 

C, 67.41; H, 6.95; N, 4.49. Found: C, 67.31: H, 6.95; N, 4.49. 

Sc
N

N

Cl
Cl

Ar

H

THF
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7.3e Synthesis of LSc(CH2TMS)2  (2) 

 

To a swivel frit apparatus was added 1 (358 mg, 0.655 mmol) 

and LiCH2TMS (123 mg, 1.31 mmol) and n-hexane (20 ml) 

was condensed into the flask at -78°C. The mixture was stirred 

for 3 h at room temperature before the LiCl was filtered off. 

The solvent was removed in vacuo before hexamethyl 

disiloxane (20 ml) was condensed in and the mixture, sonicated and cooled to –45°C 

before the yellow product was collected by filtration. Mass 429 mg. Yield 53 %. 1H 

NMR (toluene-d8): 8.04 {s, 1H, CH(NAr)}, 7.23 (s, 3H, Ph), 7.15(s, 3H, Ph), 6.93 (d, 

1H, J 8Hz, Ph), 6.80 (t, 1H, J 7Hz, Ph), 6.35 (t, 1H, J 7Hz, Ph), 6.25 (d, 1H, J 8Hz, Ph), 

3.35 (septet, 4H, J 7Hz, CHMe2), 1.43 (d, 6H, J 7Hz, CHMe2), 1.40 (d, 6H, J 7Hz, 

CHMe2), 1.09 (d, 6H, J 7Hz, CHMe2), 1.07 (d, 6H, J 7Hz, CHMe2), 0.17 (d, 2H, 2JHH 

12Hz, ScCH2), 0.04  (d, 2H, 2JHH 12Hz, ScCH2), -0.08 (s, 18H, SiMe3). 13C NMR 

(toluene-d8): 171.82 {s, CH(NAr)}, 157.26 (s, quaternary aromatic), 145.21 (s, 

quaternary aromatic), 144.21 (s, quaternary aromatic), 142.25 (s, quaternary aromatic), 

141.20 (s, quaternary aromatic), 137.96 (s, Ph), 136.04 (s, Ph), 128.37 (s, Ph), 127.10 (s, 

Ph), 125.37 (s, Ph), 124.90 (s, Ph), 119.19 (s, Ph), 117.31 (s, quaternary aromatic), 

116.85 (s, Ph), 46.30 ( br s, ScCH2), 29.05 (d, J 4Hz, CHMe2), 26.02 (s, CHMe2), 25.73 

(s, CHMe2), 25.62 (s, CHMe2), 23.23 (s, CHMe2); % Anal. Calcd for C39H61N2Si2Sc: C, 

71.07; H, 9.33; N, 4.25. Found: C, 66.64: H, 8.35; N, 4.27. crystal data: 

[LSc(CH2TMS)2]. C39H61N2ScSi2, Mr = 659.04, triclinic, P1, a =10.90(2), b = 11.03(2), 

Sc
N

N Si

Si

Ar

H
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c = 17.46(3) Å, β = 96.01(9)°, V = 2036 Å3, Z = 2, µ = 2.70 cm-1. N = 17291, 

No(I>2σ(I)) = 6929; R = 0.063, Rw = 0.117. 

 

7.3f Synthesis In Situ of LScCH2TMS---NMe2Ph (4) 

 

To an NMR tube was added 2 (20 mg, 0.035 

mmol) and dimethylanilinium 

tetrakis(pentafluorophenyl) borate (26.6 mg, 

0.033 mmol) followed by C6D5Br (0.6 ml). 

The solution was sonicated at room 

temperature for 30 min to allow the reaction to go to completion. 1H NMR (C6D5Br): 

8.18 {s, 1H, CH(NAr)}, 7.31-7.11 (m, 6H, Ph), 7.11 (dd, 1H, J 8Hz, Ph), 6.58 (dd, 1H, J 

7Hz, Ph), 6.38 (dd, 1H, J 8Hz, Ph), 6.22 (dd, 1H, J 8Hz, Ph), 6.08 (dd, 1H, J 9Hz, Ph), 

6.03 (dd, 1H, J 7Hz, Ph), 2.99 (septet, 2H, J 7Hz, CHMe2),  2.93 (septet, 2H, J 7Hz, 

CHMe2), 2.50 (m, 3H, NMe2Ph), 2.39 (m, 3H, NMe2Ph), 1.23 (d, 6H, J 7Hz, CHMe2), 

1.20 (d, 3H, J 7Hz, CHMe2), 1.11 (d, 6H, J 7Hz, CHMe2), 1.05 (d, 3H, J 7Hz, CHMe2), 

0.71 (d, 3H, J 7Hz, CHMe2), 0.49 (d, 6H, J 7Hz, CHMe2), 0.05 (s, 12H, SiMe4), -0.37 (s, 

9H, SiMe3), -0.45 (d, 1H, 2JHH 12Hz, ScCH2), -0.56 (d, 1H, 2JHH 12Hz, ScCH2). 13C 

NMR (C6D5Br): 173.20 {s, CH(NAr)}, 155.46 (s, quaternary aromatic), 151.50 (s, 

quaternary aromatic), 149.69 (br s, CF), 147.22 (br s, CF), 145.80 (s, quaternary 

aromatic), 144.92 (s, quaternary aromatic), 143.05 (s, quaternary aromatic), 141.27 (s, 

quaternary aromatic), 140.30 (s, quaternary aromatic), 140.06 (br s, CF), 138.25 (s, Ph), 

137.62 (br s, CF), 137.22 (s, Ph), 137.05 (br s, CF), 135.05 (br s, CF), 133.23 (s, Ph), 

Sc
N

N
Ar

H SiMe3

N
Me

Me
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129.40 (s, Ph), 125.73 (s, Ph), 125.48 (s, Ph), 124.96 (s, Ph), 124.57 (s, Ph), 119.41 (s, 

Ph), 118.31 (s, Ph), 116.51 (s, quaternary aromatic), 113.76 (s, Ph), 113.09 (s, Ph), 54.79 

(s, ScCH2), 39.39 (s, NMe2Ph), 33.90 (s, CHMe2), 28.50 (s, CHMe2), 27.91 (s, CHMe2), 

27.75 (s, CHMe2), 26.78 (s, CHMe2), 26.03 (s, CHMe2), 25.32 (s, CHMe2), 25.27 (s, 

CHMe2), 24.79 (s, CHMe2), 23.45 (s, CHMe2), 23.00 (s, CHMe2), 21.77 (s, CHMe2), 

2.72 (s, SiMe3), -0.02 (s, SiMe4) 

 

7.3g Synthesis of LYCl2.THF (5) 

 

To an evacuated flask attached to a swivel frit apparatus was 

added YCl3(thf)3.5 (2.30 g, 2.57 mmol) and LiL (2.18 g, 2.44 

mmol). Toluene (70 ml) was condensed into the flask and the 

mixture was heated at 105°C for 5 days. After cooling to room 

temperature the LiCl was filtered off and the solvent removed under vacuum. n-Hexane 

(40 ml) was condensed into the flask and the mixture was sonicated and cooled to -78°C 

before the white solid was collected by filtration. Mass 2.32 g, yield 70 %. 1H NMR 

(THF-d8): 8.19 {s, 1H, CH(NAr)}, 7.25-7.06 (m, 7H, Ph), 6.97 (dd, 1H, J 7Hz, Ph), 6.35 

(dd, 1H, J 7Hz, Ph), 5.98 (d, 1H, J 9Hz, Ph), 3.90 (m, 2H, CHMe2), unseen (m, 2H, 

CHMe2), 3.62 (m, 4H, THF), 1.78 (m, 4H, THF), 1.34 (d, 6H, J 7Hz, CHMe2), 1.31 (d, 

6H, J 7Hz, CHMe2), 1.08 (d, 6H, J 7Hz, CHMe2), 0.90 (d, 6H, J 7Hz, CHMe2). 13C 

NMR (THF-d8): 174.77 {s, CH(NAr)}, 158.63 (s, quaternary aromatic), 150.09 (s, 

quaternary aromatic), 149.72 (s, quaternary aromatic), 144.33 (s, quaternary aromatic), 

143.02 (s, quaternary aromatic), 140.24 (s, Ph), 135.05 (s, Ph), 127.98 (s, Ph), 127.51 (s, 

Y
N

N

Cl
Cl

Ar

H

THF
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Ph), 126.05 (s, Ph), 125.25 (s, Ph), 120.52 (s, Ph), 118.83 (s, quaternary aromatic), 

114.62 (s, Ph), 29.57 (s, CHMe2), 27.63 (s, CHMe2), 27.22 (s, CHMe2), 25.68 (s, 

CHMe2), 23.83 (s, CHMe2).  

 

7.3h Synthesis of LY(CH2TMS)2.THF (6) 

 

n-Hexane (40 ml) was condensed at -78°C into an 

evacuated flask containing 5 (500 mg, 0.75 mmol) and 

LiCH2TMS (140 mg, 1.50 mmol). The mixture was stirred 

for 3 hours at room temperature before being filtered to 

remove LiCl and the n-hexane removed in vacuo. Hexamethyl disiloxane (20 ml) was 

condensed into the flask and the mixture was sonicated and cooled to -45°C before the 

yellow product was collected by filtration. Mass 181 mg, 31.3 %. 1H NMR (toluene-d8): 

8.17 {s, 1H, CH(NAr)}, 7.19 (s, 3H, Ph), 6.97 (s, 3H, Ph), 6.78 (ddd, 1H, J 7Hz, Ph), 

6.28 (t, 1H, J 7Hz, Ph), 6.06 (d, 1H, J 9Hz, Ph), 3.46 (septet, 2H, J 7Hz, CHMe2), 3.37 

(m, 6H, CHMe2 + THF), 1.49 (d, 6H, J 7Hz, CHMe2), 1.32 (d, 6H, J 7Hz, CHMe2), 1.21 

(dd, 4H, J 6Hz, THF)1.10 (d, 6H, J 7Hz, CHMe2), 1.09 (d, 6H, J 7Hz, CHMe2), 0.013 

(s, 18H, SiMe3),  0.60 (s, 4H, YCH2). 13C NMR (toluene-d8) 173.19 {s, CH(NAr)}, 

158.07 (s, quaternary aromatic), 150.01 (s, quaternary aromatic), 146.85 (s, quaternary 

aromatic), 144.60 (s, quaternary aromatic), 142.34 (s, quaternary aromatic), 139.39 (s, 

Ph), 134.54 (s, Ph), 127.54 (s, Ph), 126.68 (s, Ph), 125.49 (s, Ph), 124.99 (s, Ph), 119.25 

(s, Ph), 114.93 (s, Ph), 71.03 (s, THF), 37.50 (d, JY,C 40Hz, YCH2), 29.61 (s, CHMe2), 

29.44 (s, CHMe2), 26.76 (s, CHMe2), 26.32 (s, CHMe2), 25.51 (s, THF), 25.17 (s, 

Y

N

N Si

Si THF

H

Ar
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CHMe2), 23.54 (s, CHMe2), 4.68 (s, SiMe3); % Anal. Calcd for C43H65ON2Si2Y: C, 

66.98; H, 8.50; N, 3.63. Found: C, 63.64: H, 8.60; N, 3.53. crystal data: 

[LY(CH2TMS)2.THF]. C43H69N2OSi2Y, Mr = 775.09, triclinic, P1, a =11.87(3), b = 

12.25(3), c = 16.93(6) Å, β = 85.54(11)°, V = 2244 Å3, Z = 2, µ = 13.8 cm-1. N = 14571, 

No(I > 2σ(I)) = 6308; R = 0.061, Rw = 0.098. 

 

 

7.4 RESULTS AND DISCUSSION     

 

Ligand design for the group 3 metals is an ongoing process with many challenges to 

overcome. Such challenges include the fact that these metals are extremely Lewis acidic 

making the larger metals of the group prone to ligation by weak Lewis bases such as 

THF. Other problems to be dealt with require a ligand system which provides enough 

steric bulk to prevent THF ligation, as well as dimerization and ligand redistribution, but 

maintaining the reactivity of the complex.8 Throughout this research, these problems 

were taken into consideration.  

 

 

7.4a Synthesis of Ligand18(L) 

 

The synthesis of the chelating amido-imine ligand [L]18 initially entailed an imine 

synthesis to attach the first of two aryl groups which are both 2,6-diisopropyl phenyls 

(Scheme 3). This type of sterically bulky aryl group helps the ligand to stabilize the 
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organometallic compounds of Lewis acid metals such as Sc.10 This reaction was stirred 

at room temperature for one hour before the solution was reduced in volume and placed 

at -10°C for 16 h. Yellow crystals of product were collected by filtration in a 72 % yield. 

 

F

H

O NH2

+
hexane

stir RT, 1h

F N Ar

+ H2O

Ar = 2,6-diisopropylphenyl

 

Scheme 3 

 

A second equivalent of 2,6-diisopropyl aniline was then lithiated with nBuLi and added 

to a solution of the imine to give the protonated ligand (HL) (Scheme 4). Incorporation 

of the second aryl group proceeds via an addition/elimination  reaction. 

NF Ar

NH
Li

NF Ar
NH Li

NNAr Ar

+ LiF

 

LiF was removed by filtration and the product was isolated by extracting the reaction 

solution into hexane, removing the solvent and recrystallizing the resulting yellow oil in 

a large quantity of methanol (0.04 M). This pale yellow product was stable to air for 



 192

approximately 5 days before the crystals turned brown. The HL was then lithiated (LiL) 

with nBuLi for further reactions with tris-THF adducts of scandium and yttrium 

trichlorides (Scheme 5). LiL was isolated from hexane at -78° and collected by filtration 

under Ar. The air sensitive yellow solid was afforded in 72 % yield.  

 

NH2

NN

NH
+ nBuLi THF, add -78deg

stir RT, 1h

Li

NF
Ar

THF
stir RT, 1h

NN
Ar Ar

+ LiF

HL

toluene, add nBuLi -78deg

stir RT, 12h

Ar ArLi

LiL
 

 
Scheme 5 
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7.4b Synthesis of Group 3 Metal Based Complexes 

 

Complexes prepared from the group 3 metals are most often prepared by three general 

methods: salt, amine and alkane eliminations.8 Salt elimination was the chosen method 

in this research as the lithiated ligands and alkyl lithium salts were available and the 

reactions proceed under mild conditions. Preparation of the scandium based starting 

material involved the reaction of LiL with a scandium chloride THF adduct ScCl3.THF3. 

This THF adduct was available from the oxide Sc2O3.19  

 

Ultimately, the aim of the research was to prepare base free complexes which could be 

activated to form alkyl metal cations for olefin polymerization catalysis. Activation of 

these complexes with salts such as dimethylanilinium tetrakis(pentafluorophenyl) borate 

([HNMe2Ph]+ [B(C6F5)4]-) are required to generate an ion pair. The cationic nature of the 

activated species is critical to its role as a catalyst in the polymerization process.14 The 

synthesis of dialkylscandium and –yttrium complexes are reported, as well as their 

attempted activation.  

 

7.4c Scandium based complexes 

 

45Sc is one hundred percent abundant and in the  

Sc(III) form is diamagnetic. The ionic radius of Sc3+ is 0.83 Å is relatively small 

compared to Y3+ at 1.06 Å making scandium less prone to retain molecules of donor 

ligand in the metals coordination sphere.20 Atoms bonded directly to the scandium are 

often difficult to detect via NMR spectroscopy due to the quadrupolar nature of the 45Sc 
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nucleus (I=7/2, 100 %) and the signals for α-protons in scandium hydrocarbyl groups are 

commonly observed using 2D-HMQC experiments.8 On the other hand, atoms bonded to 

89Y, I= 1/2 , have valuable coupling information. 

 

Synthesis of LScCl2.THF (1) 

 

The white ScCl3.THF3 was refluxed in toluene with LiL for 4 days to give LScCl2.THF 

(1) as a tacky, orange solid which was sonicated in hexane for 20 min to give a yellow 

precipitate (Scheme 6).  

 

ScCl3.THF3  +
N N

N N =    L

Li

toluene

reflux, 4 days

N
Sc

N

THF
Cl

Cl
+ LiCl

1

 
 

Scheme 6 

 

Complex 1 was isolated by filtration in a swivel frit apparatus as a bright yellow powder 

in 86 % yield. The room temperature 1H NMR spectrum in toluene-d8 has broad signals 

as well as two signals between 7.7 and 8.3 ppm indicating more than one isomer is 

present in solution. These peaks are representative of the aldimine proton of the ligand, 

and so more than one signal indicates more than one isomer. In toluene, the complex 

may exist in monomeric and dimeric forms producing a number of possible geometric 

structures. In THF-d8, there appears to be only one structure with a sharp, fully 
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assignable spectrum down to -80ºC. The appearance of a single structure would be due 

to the excess THF mediating the rapid exchange of isomers present in solution. The 

addition of such a donor solvent would eliminate the formation of complex dimeric 

structures.  

 

Removal of THF from complex 1 was partially successful when less than 100 mg of the 

solid was heated under vacuum. This amount could be placed in a preheated oil bath at 

110˚C for ~ 10 min, whereby the bright yellow product turned slightly orange. 1H NMR 

integration indicated that the THF had been removed successfully. This technique also 

worked when heated at 160˚ C for less than a minute. For quantities larger than around 

100 mg, prolonged periods under vacuum seemed to be required which caused 1 to 

decompose. However, it was found that the removal of the THF from the scandium 

starting material was not necessary to due to its exclusion during subsequent alkylation 

reactions.  

 

 

Synthesis of LSc(CH2TMS)2 (2) 

 

Although the scandium dichloride precursor (1) had one THF coordinated, the product 

formed from reaction with two equivalents of the LiCH2TMS salt in hexamethyl 

disiloxane was a base free complex (2) (Scheme 7).  
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Scheme 7 

 

Complex 2 was isolated by filtration after removal of the LiCl byproduct. The yellow 

product was collected by filtration at -45° from hexamethyl disiloxane (Me3SiOSiMe3). 

The extreme solubility of the product results in some loss of product during the filtration 

process with the largest yield being 53 %. This complex is highly soluble in most 

solvents, but is insoluble enough in Me3SiOSiMe3 to be isolated. Crystals suitable for X-

ray diffraction studies were grown from the same solvent at -30°C. 

 

The loss of THF from the metal in complex 2 is due to the lack of room surrounding the 

substituted scandium metal owing to its small size and the bulkiness of the ligand and 

alkyl groups. Supporting this theory is the yttrium based analogue LY(CH2TMS)2.THF 

(6) discussed in section 7.4d where the THF remains coordinated due to the relatively 

larger ionic radius of Y (Sc3+ 0.83 Å, Y3+ 1.06 Å) in which steric interactions 

contributed by the ligand and alkyl groups are diminished.  

 

A family of scandium complexes incorporating the symmetric β-diketiminato ligand are 

useful in explaining the solution state behaviour of complex 2. The general structure is 
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shown below (Figure 1) as well as the substituents incorporated by complex 3 which 

possesses identical alkyl groups to complex 3, and similar NMR data.  

 

N

N
Sc

R

R
Ar

Ar

R'

R'

R             R'

tBu     CH2Si(CH3)3     (3)
Ar   =

 

 

Figure 1: The general structure of a family of complexes incorporating the β-
diketiminato ligand. Complex 3 features the R and R’ groups shown.  

 

 

Single crystal X-ray diffraction studies of 3 have determined the scandium atom is 

situated out of the NCCN ligand plane by 1.146 Å rendering the alkyl substituents 

inequivalent.10  The out-of-plane bonding mode allows the ligand to accommodate the 

Sc3+ ion. As the metal dips below the ligand plane, the N-aryl groups tilt upward. This 

position alleviates steric interactions by permitting the isopropyl groups on the side of 

the ligand plane opposite the metal to rotate inward toward the metal, above the exo R 

group.10 The substituent which occupies the site underneath the β-diketiminato ligand is 

referred to as the endo group, while the other is defined as the exo group. The isopropyl 

groups on the same side of the metal center rotate away from the endo substituent.10  

 

The solution state 1H NMR spectrum for complex 3 would be expected to reflect the low 

symmetry of the structure due to the out-of-plane bonding mode. The rotation of the N-

aryl groups is precluded due to the steric properties of the substituted β-diketiminato 
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ligand. Due to this lack of rotation, the isopropyl groups pointing inward at the metal are 

in different chemical environments than those directed away from the molecular core, 

and two signals would be expected for an in-plane structure. As the metal deviates from 

the ligand plane, “top-bottom” asymmetry is introduced and four separate doublets for 

the isopropyl methyl groups would be predicted.10 Different resonances would also be 

expected for the two different alkyl substituents resulting from the endo and exo 

structures.10
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Scheme 8 

 

The 1H NMR spectrum of complex 3 at room temperature is broad and featureless due to 

dynamic behaviour. Variable temperature (VT) NMR studies revealed coalescence 

behaviour consistent with equilibration of two equivalent out-of-plane structures via a 

C2v symmetric, in-plane transition state (Scheme 8).10 The VT NMR spectrum of a 

similar structure to 3 (R= ethyl) showed that in the fast-exchange regime, the R groups 

are equivalent, and only one and two resonances are observed for the isopropyl methane 

and methyl groups respectively.10 As the sample is cooled, signals for the now 
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inequivalent R groups emerge and the pattern for the ligand isopropyl moeties show the 

expected signals for that of the solid state structure discussed above. 

 

 

N2
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C1 SiMe3
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Ar = 2,6-diisopropylphenyl

 

 

Figure 2: Structures of complex 2 incorporating the asymmetric amido-imine ligand and 
complex 3 which has the symmetrical β-diketiminato ligand present. 
 

 

It was observed in the 1H NMR spectrum of complex 2 (Figure 2) that the eighteen 

trimethylsilyl protons exhibited faster exchange than the NMR timescale down to -90°C. 

This was signified by only one signal at 0.08 ppm at all temperatures. Initially this 

highly fluxional behaviour suggested that the metal may lie in the NCCCN ligand plane. 

However, X-ray diffraction studies revealed that the Sc(CH2TMS)2 fragment deviated 

out of the ligand plane by 0.8627 Å. (Table 1).  
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Table 1: Internal distances and angles 
for complexes 2 and 3. 

 
Bond distances (Å) 

 Complex 2 Complex 3 

Sc-N(1) 2.1861(13) 2.091(5) 

Sc-N(2) 2.0881(13) 2.144(5) 

Sc-C(1) 2.1964(17) 2.229(7) 

Sc-C(5) 2.2092(17) 2.202(7) 

N(1)-N(2) 2.889 - 

N2C3 plane-Sc 0.8627 1.146(6) 

Bond angles (deg) 

N(1)-Sc-N(2) 85.03(5) 93.5(2) 

N(2)-Sc-C(1) 112.99(6) 120.2(2) 

N(1)-Sc-C(1) 113.38(6) 119.3(2) 

N(2)-Sc-C(5) 119.19(6) 105.3(3) 

N(1)-Sc-C(5) 107.36(6) 107.3(2) 

C(1)-Sc-C(5) 114.90(7) 109.4(3) 

 

 

 

Table 2: 1H NMR data for LSc(CH2TMS)2 complexes in C6D6 at RT (ppm) 
 

Complex ArH CH iPr CH3 iPr Sc-CH2 -SiMe3

2 8.04 3.35  1.43, 1.09 0.17, 0.04 -0.08 

310 7.07 2.70, 3.95 1.20, 1.75 0.00 0.13 
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The room temperature 1H NMR solution state behaviour of 

complex 2 (Figure 3) is somewhat comparable to that of 

complex 3 with broad signals, however there were two signals of 

an AB system with a coupling constant of 12 Hz for the 

diastereotopic Sc-CH2 (2, inset) protons in complex 2 and only one signal in the 

spectrum of complex 3. This is most likely caused by the asymmetrical amido-imine 

ligand (L) incorporated in complex 2 which causes restricted rotation about the Sc-C 

bonds. This would make CH2 group diastereotopic as two protons point toward the 

amido side of the ligand and two point toward the imine side.    

2

Sc

Me3Si

SiMe3

Ha
Hb

Ha
Hb

N
N

 

Figure 3: Room temperature 1H NMR of LSc(CH2TMS)2 (2) in toluene-d8. Note the AB 
pattern (inset) representing the Sc-CH2 protons. The four methine protons give only one 
septet signal at 3.35 ppm most likely due to the overlap of at least two septets with 
slightly different chemical shifts unresolved on this machine. (S= SiMe4)  
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As mentioned previously, variable temperature spectroscopy on complex 3 revealed four 

signals representing the inequivalent methyl proton environments.10 The different 

environments are a result of the lack of rotation about the N-aryl bonds due to the great 

steric bulk imposed by the tBu groups on the β-diketiminato ligand backbone. The 

absence of such bulky ligand substituents on both sides of the amido-imine ligand in 

complex 2 in this research, appears to result in the free rotation of the aryl group on the 

imine side of the ligand. For the different methine environments three signals would be 

expected, due to the N-aryl bond rotation of one aryl group, but only one resonance is 

observed from room temperature down to -90°C. However, the septet is broad which is 

most likely due to different unresolved septets representing the methine protons with 

slightly different chemical shifts.  

 

In the slow exchange regime of complex 2 eight isopropyl methyl signals would be 

expected due to asymmetry. In the room temperature spectrum of complex 2, only two 

resonances are observed and as the sample is cooled, a total of three signals is observed 

emerging at -20°C with a 2:1:1 ratio. This data supports the theory that one aryl group in 

complex 2 experiences free rotation about the N-aryl bond. The peak integrating to 2 

represents the 12 methyl protons of the freely rotating aryl group on the imine side of the 

ligand. The other two peaks integrating to 1 represent 6 methyl protons from each of the 

two isopropyl groups on the restricted aryl group. 
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Synthesis of LScCH2TMS---NMe2Ph (4) 

 

The reaction of complex 2 with dimethylanilinium tetrakis(pentafluorophenyl) borate 

was conducted in an NMR tube (which was sonicated due to the insolubility of the 

borate salt in both toluene-d8 and C6D5Br in the presence of 2). Many attempts were 

made to isolate the ion pair in the solid form rather than the oil that formed. Initial VT 

1H and 19F NMR studies were conducted in toluene-d8 and resulted in poor spectra due 

to the product forming an oil and coating the bottom of the NMR tube. Spectra in 

toluene-d8 could only be obtained after removing the tube from the instrument and 

shaking before immediately acquiring. Only seconds after obtaining the spectrum, the 

NMR tube was again coated with the oily product and no reasonable spectra could be 

obtained.  

 

These problems were circumvented by a more successful attempt to characterize the 

formation of the ion pair in C6D5Br. This solvent allowed the product and byproducts of 

the reaction to remain in solution for the duration of the NMR studies. 1H along with 

2D-HMQC NMR data confirmed the unexpected coordination of the dimethyl aniline 

amine to the scandium cation had occurred following loss of one alkyl group from the 

metal (Scheme 9). 
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The 1H NMR spectrum gave new signals in the phenyl region as well as a singlet at 0.05 

ppm integrating to 12 consistent with the formation of tetramethylsilane – the expected 

byproduct following protonolyis of one of the alkyl ligands. Two peaks both integrating 

to 3 arose at 2.50 and 2.30 ppm representing the now magnetically inequivalent methyl 

protons of the coordinated dimethylaniline to the scandium cation, as well as an AB 

pattern for the two magnetically inequivalent protons on the remaining -CH2SiMe3 

group (Figure 4, inset). The 2D-HMQC data agreed with these assignments. This result 

was not anticipated since dimethylaniline is generally weakly coordinating, and a C6F5 

ring from the borate anion was the expected mode of coordination.  
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Figure 4: Room temperature 1H NMR of complex 4 generated in situ in C6D5Br. The 
two doublets forming an AB pattern (inset) are a result of the inequivalent remaining 
SiCH2 protons following loss of SiMe4. The formation of tetramethylsilane (s, 0.05 ppm) 
is an indicator that coordination has taken place. The integration of the peaks at 2.50 and 
2.39 ppm suggest that coordination via the dimethylaniline has occurred.  
 

The 19F NMR spectra remained unchanged from -80°C up to room temperature as would 

be expected from this mode of coordination.  

 

Although C6D5Br allowed the product mixture to remain in solution long enough to 

obtain reasonable spectra, numerous attempts to grow crystals from C6H5Br/hexane 

resulted in an oil after a couple of days at -30˚C. 
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7.4d Yttrium based complexes 

 

The 89Y nucleus is 100% abundant and with a spin of 1/2 the NMR spectroscopy 

coupling information available is informative. For the yttrium trichloride, the octahedral 

analog of the scandium trichloride is not conveniently available and the most common 

yttrium reagent exists as the ion pair [YCl2.THF5]+[YCl4.THF2]-, often depicted as 

YCl3.THF3.5.19

 

 

Synthesis of LYCl2.THF (5) 

 

The white yttrium trichloride YCl3.THF3.5 is refluxed in toluene with LiL for 4 days to 

give LYCl2.THF (5) (Scheme 10).  

 

YCl3.THF3.5 N N
Li

toluene

reflux, 4 days

N
Y

N

THF
Cl

Cl
+ LiCl

5

+

 

Scheme 10 

 

Following refluxing, the solvent was removed to give a crude solid which was sonicated 

in hexane for 20 min to give a yellow precipitate. Complex 5 was isolated by filtration as 

a bright yellow powder in 70 % yield. The room temperature 1H NMR spectrum of 5 in 

toluene-d8 shows broad signals as well as multiple signals between 7.6 and 8.4 ppm 

indicating a number of isomers present in solution. The signals at around 8ppm represent 
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the imine proton of the ligand in each isomer. The complexity in toluene arises from the 

formation of various isomers of monomers and dimmers. In THF-d8, the spectrum shows 

sharp signals with a singlet at 8.2 ppm indicating only one isomer in solution in this 

solvent. This is probably an indication that excess THF mediates the rapid exchange of 

the isomers present. 

 

Although thermal removal of THF from the scandium derivative was partially 

successful, similar attempts with the yttrium dichloride (5) repeatedly resulted in the 

formation of protonated ligand. Whereas 100 mg of the scandium dichloride required 

only seconds under vacuum at 160˚C to remove THF, the yttrium dichloride retained the 

THF under the same conditions. Harsher conditions and prolonged periods under 

vacuum resulted in its decomposition.  

 

Synthesis of LY(CH2TMS)2.THF (6) 

 

Synthesis of LY(CH2TMS)2.THF (6) entailed reaction of the yttrium dichloride (5) with 

two equivalents of the LiCH2TMS salt stirring at room temperature for 2 hours (Scheme 

11).  

Y

N

N Si

Si THF

H

Ar

+  LiCl

N
Y

N

THF
Cl

Cl
+  2  LiCH2TMS

5

Me3SiOSiMe3

stir RT, 2 h

6  

Scheme 11 
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Complex 6 was isolated by filtration after removal of the LiCl byproduct. The yellow 

product was collected by filtration at -45° from hexamethyl disiloxane. Although the 

scandium analogue (2) was synthesized base free, one THF remained coordinated in 

complex 6 due to the larger ionic radius of Y as compared with Sc. As with the 

scandium derivative, the high solubility of the complex contributed to the low yield of 

31 %. Crystals suitable for X-ray diffraction studies were grown from hexamethyl 

disiloxane at -30°C. 

 

It was observed in the 1H NMR spectrum of complex 6 that the eighteen trimethylsilyl 

protons exhibited faster exchange than the NMR timescale down to -80°C. This was 

signified by one singlet integrating to eighteen at 0.013 ppm. There also appeared to be 

highly fluxional behaviour exhibited by the -YCH2 protons whereby only one singlet 

represented all four protons at room temperature, despite the asymmetry of the complex 

imposed by both the asymmetric ligand and the THF coordination. However, at 0°C this 

signal broadened and by -50°C had become two distinct doublets of an AB system with 

a coupling constant of 11 Hz (Figure 5). Since yttrium has I=1/2, these two doublets 

would be expected to split again with the typical 2JY-H of 1.8 to 2.8 Hz8, however the 

resolution of the machine did not allow for this observation. The 13C NMR spectrum 

showed a doublet at 37.5 ppm with 1JY-C value of 40Hz which is in the general range for 

yttrium bound hydrocarbyl group values.8 Crystals of 6 were grown from hexamethyl 

disiloxane at -35°C and the solid state structure revealed that the THF is coordinated to 

the Y in a trans position to the imine N with a NYO angle of 170.85°. 
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Figure 5: 1H NMR spectra of LY(CH2TMS)2 (6) at both room temperature (main) and  
VT spectra (inset) of the -YCH2 protons down to -80°C showing the emergence of two 
doublets at around -40°C. At higher resolution it would be expected that the doublets 
would be split again due to Y (I= 1/2). The THF is coordinated almost trans to the imine 
N with a NYO angle of around 171°. 
 

Attempts to activate complex 6 with dimethylphenyl anilinium 

tetrakis(pentafluorophenyl) borate in C6D5Br resulted in only partial reaction indicated 
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by the emergence of two split doublets at -0.50 ppm representing the protons of the 

single alkyl group remaining on the metal. However the majority of the spectrum 

remained broad and the intensity of the two split doublets indicated only partial reaction 

had taken place. The appearance of a singlet at 0.06 ppm representing the formation of 

SiMe4 also indicated coordination had occurred, however only a small percentage of 

complex 6 appeared to have been activated due to the insolubility of the borate salt in 

the presence of complex 6. Attempts to dissolve the salt by sonicating at room 

temperature for over 2 hours still resulted in only partial reaction. This may be a result of 

the presence of THF on the metal producing both steric crowding and electronic 

contributions. Efforts to occlude THF from complexes 5 and 6 are ongoing. 

 

 

7.5 Summary and Future Work 

 

The synthesis of a base free dialkylscandium complex supported by a chelating amido-

imine ligand was successfully achieved (2). X-ray diffraction studies revealed a four 

coordinate scandium complex with tetrahedral geometry. Ongoing research includes 

coordination of different alkyl groups to the metal. Attempts to activate complex 2 

resulted in a surprising mode of coordination by dimethyl aniline rather than the 

expected [B(C6F5)4]- ion of the [HNMe2Ph]+ [B(C6F5)4]- salt. The activated complex 

was not isolated and was assigned by NMR studies only. Work is also being continued 

in this area to isolate the activated species. 
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The dialkylyttrium complex (6) with one coordinated THF molecule was unable to be 

activated. However, it was successfully isolated and X-ray diffraction studies confirmed 

its five coordinate geometry. Work is continuing to eliminate the THF from the yttrium 

dichloride starting material (5) or to synthesize the yttrium dichloride as a base free 

compound. As with the scandium dialkyl complexes, different alkyl groups are being 

explored for the yttrium analogues.  
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