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Abstract

In Chapter One, an introduction to- the field of metal-mediated olefin polymerisation has been 

undertaken. The major focus in this section has been on non-metallocene systems and, in 

particular, NN-, NNN-, NNNN-, NO-, NNO-, NNOO-, PO-chelates as supports for early-to-late 

transition metal catalysts.

In Chapter Two, the synthesis and coordination behaviour of the aryl-substituted N- 

picolyethylenediamines and jV-bis(picolyl)ethylenediamines along with bis(2-picolyl)amine, 

tris(2-picolyl)amine in manganese(II), iron(II) and cobalt(II) complexes are reported. The notable 

influence of steric effects upon the nuclearity and the binding mode is described. The flexibility of 

the jV-picolyl-en systems when coordinated to iron or cobalt is observed by single crystal X-ray 

diffraction studies, paramagnetic ]H NMR spectroscopy and DFT calculations.

In Chapter Three, the reactions of the sterically variable aryl-substituted diethylenetriamines with 

C0 CI2 to afford JVTVTV-chelated complexes are reported. Notably, the analogous iron(II) complexes 

are not produced. The introduction of a picolyl donor affords the ligand set, N- 

picolyldiethylenetriamine, which is capable of coordinating to iron and cobalt in a pseudo- 

tetradentate fashion.

In Chapter Four, the 7V-aryl substituted A/7V7V-iron(II) and -cobalt(II) complexes are activated by 

the addition of excess methylaluminoxane for the oligomerisation of ethylene. The activities are 

low-to-moderate at 1 bar ethylene pressure and the selectivity of the catalysts is dependent on the 

metal centre with the iron systems forming linear a-olefins while the cobalt systems give a 

mixture of linear and branched oligomers.

In Chapter Five, the versatile preparation of the novel AWO-ligand sets anisole-pyidine-imine, 

phenol-pyridine-imine and phenol-pyridine-amine and their coordination behaviour in 

aluminium(III), iron(II) and cobalt(II) complexes is described. Preliminary catalytic evaluation 

studies reveal moderate-to-high activities for the polymerisation of ethylene into moderate-to-high 

molecular weight polyethylene.

In Chapter Six, full details of the experimental procedures along with the spectroscopic, analytical 

and X-ray data are reported.
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Abbreviations

Polyethylene 

Polypropylene 

Low density polyethylene 

Ultra low density polyethylene 

High density polyethylene

PE

PP

LDPE

ULDPE

HDPE

Linear low, medium density polyethylene LLDPE

Isotactic polypropylene 

Methylaluminoxane 

Atactic polypropylene 

Syndiotactic polypropylene 

Isotactic polypropylene 

Weakly coordinated anion 

Perfluoro-tetraphenylborate 

Perfluoro-triphenylborane 

Cyclopentadienyl 

Constrained geometry catalysts 

Transition metal

/PP

MAO

<iPP

sPP

iTP

WCA

B(Arf)4'

B(C6Fs)3 or “Marks reagent’

Cp

CGC

TM

Shell Higher Olefin Process SHOP

Ultra high molecular weight polyethylene UHMPE

Associative displacement 

Methyl acrylate

a.d.

MA

1,4,7-Trimethyl-1,4,7-triazacyclononane Cn

T riazacyclohexane 

Actelyacetonate 

Room temperature

Ch

acac

rt

iv



Ring opening metathesis polymerisation ROMP 

Methyl methacrylate MMA

2-vinyl-1,3,-dioxolane VDO

Terpyridine terpy

bis(2-picolyl)amine dpa

tris(2-picolyl)amine tpa

High-spin HS

Low-spin LS

Relaxation times T\

Atom transfer radical polymerisation ATRP



Complexes

[{dpa}FeCl(p-Cl)]2 1

[(dpa)2Fe]Ci2 2

[{dpa}CoCl(p-Cl)]2 3

[(dpa)2Co]Cl2 4

[{tpa}MnCl2] 5

[{tpa}FeCl2] 6

[{tpa}CoCl2] 7

[{tpa}CoCl][Cl] 8

[{tpa}CoCl]2[CoCl4] 9

[{LIa}FeCl2] 10a

[{LIb}FeCl2] 10b

[{LIc}FeCl(p-Cl)]2 10c

[{LIa}CoCl2] 11a

[{LIb}CoCl2] l ib

[{LIc}CoC12] 1 1 c

[{LId}CoCl2] l id

[{Ln}CoCl2] 12

[{ L iu jc o c y 13

[ { LIV a } MnCl(jn-Cl)]2 14a

[{LIVb}MnCl2] 14b

[{LIVc}MnCl(p-Cl)]2 14c

[{LIVa}FeCl2] 15a

[{LIVb}FeCl2] 15b

[{LIVc}FeCl2] 15c

[{LVa}CoCl2] 16a
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Chapter One

Introduction: The Evolution of Olefin Polymerisation Catalysis



1.1. Overview
tKThe development of polyolefins over the course of the 20 century was a significant factor in 

the consumer revolution of the latter half of the century. The global consumption of 

polyethylene (PE) amounted to approximately 55 billion metric tons (5.49 x 1010 Kg) in 2002 

and is predicted to increase to 87 million (8.69x 1010 Kg) by 2010. 1 Over the same time scale 

the demand for polypropylene (PP) is expected to increase from 35 million metric tons (3.5 x 

1010 Kg) to 60 million (5.99 x 1010 Kg) per annum.1 Increased consumption will require the 

development of 100 or more new polyolefin plants with a geographical shift towards Asia, the 

Middle East and developing countries such as those located in Eastern Europe or Latin 

America. 1

The three major microstructures of PE are low density polyethylene (LDPE), linear low 

density polyethylene (LLDPE) and high density polyethylene (HDPE). The free-radical 

pojymerisation of ethylene to form LDPE was discovered in 1933 at ICI. The process 

employs high pressures, 1000-3000 bar, high temperatures, 100-250 °C and an initiator such 

as benzoyl peroxide.2 The LDPE contains short- or long-chain branches with densities in the 

region of 0.915-0.930 g cm'3.2 Short chain branches control the crystallinity and melting 

points (7m = 105-115 °C) of the polymer whilst long-chain branches broaden the molecular 

weight distributions resulting in enhanced processing capability of LDPE.2 Co-polymerisation 

with functionalised monomers such as vinyl acetate increases the adhesion properties of 

LDPE. The applications of LDPE include adhesives, consumer packaging, shrink film, heavy- 

duty sacks, extrusion coating and electrical wire and cables.

LLDPE is a copolymer of ethylene and a-olefins (1-butene, 1-hexene or 1-octene) with 

a density in the range of 0.915-0.940 g cm'3 and a melt temperature of 122-127 °C.2 It is 

produced commercially employing the Ziegler type catalysts, constrained geometry catalysts 

or the Philips catalyst (0.938-0.940 g cm'3) 2 LLDPE is employed in packaging, stretch film, 

extrusion coating, and electrical wire and cable.
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HDPE is a linear, semi-crystalline, ethylene homo-polymer with a density in the range 

of 0.960-0.970 g cm'3 and a melt temperature of 128-135 °C or it is a hetero-polymer (1- 

butene or 1-hexene as the co-polymers) with a density in the range of 0.940-0.958 g cm'3 and 

a melt temperature of approximately 125-132 °C.2 The latter was discovered fifty years ago 

by Ziegler-Natta and consists of a mixture o f TiCU and AlEt2Cl, to generate the active 

species, “TiCk”.3,4’ In addition, the low insertion barrier for a-olefins led to the development 

of a new polymer, isotactic polypropylene (/PP) .5 ,6 The former type of HDPE was developed 

at Phillips and comprises of C1O 3 impregnated silica followed by calcinations in oxygen.7 ,8 

The applications of HDPE consist of rotational, injection and blow moulding and food, litter 

and carry out packaging. \

The interest in homogeneous catalysis originates from the inadvertent discovery of 

methylaluminoxane (MAO) by Sinn and Kaminsky, which led to the “metallocene 

revolution” of the 1980’s.9 Sinn and Kaminsky found that in the presence of water, Cp2ZrMe2 

and AlMe3 would catalyse the polymerisation of ethylene with a 1 0 ,0 0 0 -fold increase in 

activity via a Cossee-Arlman type mechanism.9 ' 13 The polymerisation of propylene was also 

possible, albeit with a lack of stereoselectivity (atactic polypropylene, aPP).

The ligand framework of a metallocene can be fine-tuned to develop several 

multipurpose precatalysts (Figure l ) . 14,15 The rates of ethylene and propylene polymerisation 

are dependent upon the stabilisation of the electron deficient metal centre, which is controlled 

by the electronic properties of the ligand framework. The tacticity of polypropylene is 

controlled by the symmetry of the ligand architecture with a C2V symmetric metallocene 1 

producing aPP, Cs symmetric metallocenes 8  and 9 yield syndiotactic polypropylene (sPP), 

whilst a C2 symmetrical framework, 2-7 gives /PP via enantiomorphic site control.10,14,15 The 

precatalyst, 5 upon activation with MAO is, the most active catalyst (111,900 g/mmol/h/bar) 

attributed to the electron donating groups and the delocalisation of the electron density.
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^  _  N
1 Y - T H  4 X =  C2H4 , R 1 *= R2  = R3 = Me 8  X * M ^ C ,R  =  H
3 X - S S &  5 X  = Me2S i , R ' = R 2 - R 3 = Me 7  9 X =  Ph2C , R = H

6  X * MejSi,R1* M e , R 2  = Ph,R 3 = H 1 0 X « M e 2C , R - B u

Figure 1 Fine-tuning o f the metallocene architecture

j
Despite the discovery of MAO a quarter of a century ago, there is still uncertainty with 

regards to its precise structure. It is postulated from spectroscopic evidence to have a 

molecular weight of 900-1200 with the composition (MeA10)n, and a structure consisting of 

linear, cyclic or cross-linked polymers where n is in the range of 4-20.14 The c/s-halo 

precatalyst is widely accepted to be converted into a 14 electron alkylated cationic species 

upon activation with MAO (Scheme l).15' 17 Throughout the course of the polymerisation 

MAO acts as a weakly coordinated anion (WCA) to the cationic species and a scavenger to 

the a-olefin feed preventing poisoning of the catalyst.

MAO _ MAO _ . © ^ M e  .  ©
LM _x  -----------►  L M C ^ X L M C ^ ^  +  MAO-X

Scheme 1 Activation of the precatalyst with MAO

Alternative WCA’s to MAO utilise four essential features: (i) low overall charge, (ii) 

high degree of charge delocalisation, (iii) very weakly basic sites on the periphery of the

1 Xanion and (iv) thermodynamic stability. An example of such a WCA is the Turner and 

Marks anion perfluorotetraphenylborate, B ^ F s V  or B(ArfV anion as it is otherwise 

known.19,20 The ^-coordination ability of the anion is reduced by fluoride groups resulting in 

an increase in the polymerisation rate due to lowering in the barrier to insertion of a a-olefin. 

Marks and co-workers also discovered that the powerful Lewis acid perfluorotriphenylborane, 

B(C6Fs)3 or “Marks reagent” also generates a highly active well-defined catalyst without the 

additional feature of requiring an alkyl acceptor or a H donor to remove a Me group.21
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The replacement o f  a cyclopentadienyl (Cp) donor with a neutral or mono^anionic 

donor ligand led to the discovery of a novel family of catalysts known as the constrained 

geometry catalysts (CGC) .22,23 The trend in activity for the homo-polymerisation of ethylene 

into linear high molecular weight PE is as follows; 11 (2500 g/mmol/h/bar)24 ~ 12 (2050 

g/mmol/h/bar)25 < 13 (4200 g/mmol/h/bar)25 < 14 (14,800 g/mmol/h/bar) . 26,27 The complexes 

12-14 polymerise propylene into sPP28 (12) or aPP (13 and 14) 2 5 " 27 In addition, the co­

polymerisation of ethylene with a-olefins, norbomenes, a,co-dienes and functionalised 

protected a,co-olefins has been reported.25 “ 27,29' 31

/ \  J a

u

' aa

*Bu

12 13

Figure 2 Constrained geometiy catalysts

14* x  = Cl 
14b X = Me

Although homogeneous metallocene-based systems generate lower polydispersities and 

a more uniform incorporation of a-olefins than their heterogeneous counterparts. Their 

commercial impact has been less than originally anticipated.

The high oxophilic nature and low functional group tolerance of early transition metals 

(TMs) prevents the incorporation of polar co-monomers without initial protection of the 

functional group. The search for novel polymer microstructures led scientists to consider 

employing late TMs with their low oxophilic nature and high functional group tolerance as 

alternative active metal centres. The discovery by Keim et al. in 1978, showed the capability 

of non-Cp based ligand supports coordinated to late TMs to polymerise or oligomerise 

ethylene with or without the incorporation of polar co-monomers and it is utilised to-date in 

the Shell Higher Olefin Process (SHOP) .32 “ 34 Late TM research remained dormant until the 

mid 90’s when Brookhart and co-workers demonstrated how fine-tuning of a non-Cp based 

ligand architecture can control the molecular weight, the degree of linearity and the

4



incorporation of polar co-monomers.35 As a consequence, a chain reaction of both industrial 

and academic research into late TM olefin polymerisation was bom.

The purpose of this introduction is to detail the significant developments of the past ten 

years, which have fine-tuned several non:Cp ligand architectures in particular, NN-, NNN-, 

NNNN-, .NO-, NNO-, NNOO-, POchelates as supports for early-to-late TM olefin 

polymerisation/oligomerisation catalysts. Notably, this review is only intended to cover areas 

related to the forthcoming Results and Discussion (Chapters 2 - 5). For a more extensive 

insight into olefin polymerisation by Cp and non-Cp based catalysts see reviews by 

Mecking,36 Gibson37, 38 and Brookhart.39 In addition, we attempt to demonstrate how the 

activity is dependent upon the cumulative electronic effects of both the ligand and the metal 

centre via showing trends between a specific ligand family and the various metal centres 

employed.

The activities are expressed in g/mmol/h/bar for gaseous monomers, such as ethylene 

and g/mmol/h for reactions carried out in liquid a-olefins such as 1-hexene. They are 

classified in a similar fashion to the Gibson reviews: very high (>1,000), high (500-1,000), 

moderate (100-500), low (1-100) and very low (<1). The classification can only be viewed 

qualitatively, due to the variants of several polymerisation parameters. For example, catalyst 

lifetimes, run times, temperature, pressure, vessel size, scavengers, stirring rate, nature of 

solvent and monomer solubility.

Table 1 provides a summary of the types of catalysts discussed within the introduction. 

It details the activities for the polymerisation of ethylene, polydispersities, microstructure of 

the PE, the functional group tolerance and co-monomer incorporation.
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Table 1 Summary of the types of homogeneous catalysts employed in ethylene polymerisation from 1970’s to 2004.
Year Catalyst type Activity

g/mmol/h/bar

Mv MJM n PE

microstructure

Functional group tolerance and co­

monomer incorporation

1970’s Neutral Ni(II) PO complexes 50-100 a-olefin oligomers Schulz-Flory linear oligomers Two-phase process in butandiol

Cationic metallocene activation with MAO 60,900 6.2 x 10s ~ 2 HDPE Co-polymerisation of a-olefins

1980’s fine-tuning of metallocene ligand framework 111,900 2.5 x 105 ~ 2 HDPE Co-polymerisation of a-olefins

Optimisation of the conditions for neutral 

Ni(II) PO complexes

100-500 1 xl03to 4 x l0 3 2 to 25 Essentially linear Stable in several polar organic 

media, copolymerisatiom of 

fimctionalised monomers

1995 Cationic a-diimine Ni(ll) and Pd (11) 

Complexes

11,000 (Ni) 

2 7 (Pd)

3 x ioho 1 xlO6 1.5 to 3 Highly branched to 

linear, Me, Et, Pr, Bu and 

longer. Hyperbranched 

structures (Pd)

Coploymerisation of simple polar 

monomers, such as acrylates (Pd), 

stable in esters, acetone or water

(Pd)

1998 Cationic pyridine-diimine Fe(II) and Co(II) 

complexes

20,600 (F tket) 

555 (Feald) 

1700 (CoKet)

1.6 xl0j to 6x10s 2.3 to 105 Highly linear

sat vs. unsat aid  groups

Stable in several polar media. 

No copolymerisation.

Neutral Ni(II) NO complexes 529 5x10s 1.5 to 3 Moderately branched to 

linear, predominantly Me 

also Et, Pr, Bu

Stable to added amounts o f polar 

organic solvents and water, co­

polymerisation of fimctionalised 

a-olefins and norbomenes.

Cationic phenoxy-imine Zr(IV) complexes 4,320,000 1.5 xlO5 1.88 HDPE Co-polymerisation of a-olefins

2000 Cationic pyrrolide-imine Ti(IV) complexes 14,100 > 1 xlO ^M ) 2 HDPE Not applicable

Cationic Ch Cr(III) complexes 717 1 x 104 and trimers of 

the respective a-olefin

2 to 4 LLDPE trimerisation of a-olefins

2001 Cationic perfluorinated Phenoxy-imine Ti(IV) 

complex

33,960 M„: 412,000 ~ 1 HDPE Block co-polymers

2003 Cationic pyridine-diimine Cr(Ill) 41,400 1 x 103 to 1 x 104 1.3 to 2.17 HDPE Co-polymerisation of a-olefins

6



1.2. ATV-ligand libraries

1.2.1. a-diimine ligand family and derivatives thereof

The capability of the a-diimine ligand set to act as a bidentate donor in organometallic 

compounds was first described in the early 1980’s.40 However, it was Brookhart and co­

workers whom developed nickel(II) and palladium(II) a-diimine compounds for the” 

polymerisation of ethylene.35 The ligand has been coordinated to both early-to-late TMs 

(Figure 3) with die activity of the catalyst and the microstructure of the PE being dependent
20 A1

upon the metal centre. ’ The following trend in activity with respect to the active 

metal centre is observed: Fe (21: 0.01 g/mmol/h/bar)41 < Sc (15)41 ~ Zr (17)41 ~ Cr(II) (19a)41 

*  Cr(III) (19b)41 ~ Cu (24: 1-10 g/mmol/h/bar) 43 < Ti (16: 30 g/mmol/h/bar)41 ~ Pd (23a: 27 

g/mmol/h/bar)35 < V/Et2AlCl (18: 40 g/mmol/h/bar)41, 44 < Co (20: Oligomers 345 

g/mmol/h/bar)41,42 < < Ni (22a: 11,000 g /mmol/h/bar, R = /-Pr, R 1 = H) .35

15 M = Sc, L = thf, R = Me 19a L=thf, R.I = Me 
19b L= CL R1 = Me16 M =Ti, L = Cl, R = Me

17 M =Zr, L = Cl,R  = Me

20 M = Co, X= Br, R= /-Pr, R1 = H or Me
21 M = Fe, X = Br, R= /-Pr, R1 = Me 
22a M= Ni, R = H or alkyl, R1 = H or Me 
24 M = Cu, X = Cl, R=Ph, R1 = Me

B(Arf)4 B(Arf)4

23a 23b

Figure 3 a-diimine compounds
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The microstructure obtained for scandium; titanium, zirconium, chromium and iron is 

that of HDPE,41 whilst cobalt forms branched oligomers.42 Vanadium exhibits a dependence 

on the type of activator employed. With Et2AlCl utilised as the cO-catalyst a relatively stable 

active species is formed whilst in the presence of MAO facile decomposition of 18 is 

observed.44 Medium-tO-HDPE is formed with nickel acting as the metal centre. In addition, 

the microstructure is a function of temperature, ethylene pressure, and the ligand architecture 

(controls the extent of chain branching and molecular weight of the PE).35, 39,45,46 Palladium 

gives an amorphous highly branched microstructure (ULDPE, density: 0.85 gem’3), with the 

extent of branching being independent of temperature, pressure and fine-tuning of the ligand 

architecture. However, reduction in steric bulk about the orf/zo-positions of the aryl ring 

results in a reduction in molecular weight (c f nickel) .39 At moderate-to-high laboratory 

pressures (5-30 bar) and temperatures (70 °C) ultrahigh molecular weight polyethylene 

(UHMPE Mw: > 5 x 106) is formed with copper employed as the metal centre.43

The high dn configuration of late TM complexes leads to facile p-H elimination and the 

subsequent formation of dimers and oligomers.32, 47, 48 The a-diimine ligand framework 

inhibits p-H elimination via two possible mechanisms. Firstly, associative displacement (a.d.) 

is hindered via steric bulk about the orf/zo-position of the aryl ring preventing the incoming 

monomer from coordinating to the metal centre at the vacant axial coordination sites (Figure 

4) .49

Figure 4 Prevention of a.d. about the vacant axial coordination sites

8



Secondly, calculations by Ziegler et al. have indicated that the barrier for p-H transfer to 

monomer in the alkyl olefin resting state increases with enhancement of the steric bulk at the

orf/io-position (Scheme 2).49

P

R

R

Scheme 2 chain transfer to monomer

The formation of branched PE when utilising 22a, 22b and 23a is attributed to a chain 

walking mechanism (Scheme 3), which consists of a P-H elimination followed by reinsertion 

at the opposite carbon atom (1,2 migration) .49,50 The catalyst resting state is the alkyl ethylene 

complex, upon insertion a highly dynamic p-agostic alkyl species is formed, which can chain 

walk to form a 1° or 2 ° alkyl agostic species, with the latter being more stable.

methyl branch
C2=

insertion >Y

\  ,©  
M

7 >
\

m ;
/

elongated branching
C2=

extensive
insertion chain walking 

Scheme 3 Proposed mechanism for propagation and chain walking

Despite the high energy insertion barriers for a-olefins, both hetero-block- and homo­

polymerisation occurs for 22a and 22b (84 g/mmol/h) .51 PP normally contains 333 Me 

branches per 1000 C atoms, the resultant PP from the a-diimine catalytic system contains



150-250 branches per 1000 C atoms. This is attributed to a possible 1,3-insertion mechanism, 

which leads to a resultant straightening of the polypropylene chain (Scheme 4) .39

1,2-insertion . .  . . —n CHachain migration |

(CH2)n

1
2 .co-enchainment

2,1-insertion _ _ dam  migration _ oo 1
(CHaJrt— CH3 t  yM— vHa—  (CHaJn+f— CH*— P

1 'P
1,co-enchainment

Scheme 4 Chain walking attributable to straightening o f the polymer chain

An interesting feature of a-olefin polymerisation is that at low temperature (-10 °C) it is 

possible to achieve living polymerisation of a-olefins (PDI *1) . 51 Reducing the temperature 

even further to -78 °C yields sPP attributed to a chain-end control mechanism.52, 53 The 

synthesis of C2 symmetric nickel complexes (unsymmetrical aryl substituents) results in a 

reduced syndiotacticity attributed to a dual stereodifferentiation mechanism (partly 

enantiomorphic site control and partly chain-end control) .54

At low pressure and temperatures 23b was found to randomly copolymerise ethylene 

with vinyl acrylates to give high molecular weight, amorphous, highly branched material (7g 

-67 to -77 °C), with only end group incorporation of the comonomer.55 The Pd-O six- 

membered chelate (23b), is also the catalyst resting state.55,56 Further evidence for functional 

group tolerance arises from the polymerisation of ethylene in water.57 Nickel r|3-allyl/-benzyl 

complexes in combination with a WCA have been reported to homo-polymerise ethylene, 

albeit with lower activities than 2 2 a and 2 2 b, they are also known to hetero-polymerise 

ethylene with acrylates.38,58,59

The notable absence of any steric control in complexes 25, 26 and 27 (Figure 5)

produces moderate (25: 124g/mmol/h/bar) to very highly (26: 24,320 g/mmol/h/bar) active

catalysts with a 90 % selectivity for the dimerisation of ethylene upon activation with Et2AlCl

10



(25) and oligomerisation of ethylene with EtsAfeCla as the co-catalysts (26).60 ‘62 Utilising the 

above characteristic with bipy and its derivatives as the bidentate ligand (28a), leads to the 

oligomerisation of ethylene, with less selectivity for a-olefins than the a-diimine nickel 

system at 1-bar ethylene pressure.45 Increasing the pressure to 5-bar and employing 

derivatives of bipy yields HDPE with moderate to high activities.63 In addition, 28b and 29 

oligomerise butadiene in the presence (28b) or absence (29) of oxygen.64,65

Coordination of the pyridinyl-imine ligand to cobalt, nickel and palladium (Figure 5) 

leads to the following trend in activity for the polymerisation of ethylene: Pd (33a) inactive61 ’ 

70 < Co (30a and 30b) trace activity;67,68 < Pd (34: oligomers 17.5 g/mmol/h/bar) 71 ~ Pd (33b: 

15.4 g/mmol/h/bar) 70 < Ni (31b: 137 g/mmol/h/bar) 72 < Ni (31a: 1326 g/mmol/h/bar) 72 < Co 

(32: oligomers ca. 3000 g/mmol/h/bar) . 66,69

,Ph

Ph3p—tN P* N = P P h 3

Ni
\ Cl

25

28a X = Br
28b X = Et

Co

R—N'

Cl p\ Cl

33a R = 2,6-i-Pr2t 6H3 
33b R = n-C5H]i

Figure 5 a-diimine derivatives

30a M = Co, R = H 
30b M = Co, R = Me 
31a M =Ni, R = H 
31bM = Ni, R = Me

PC\
NCMe

34

B(Arf)4

The introduction of a pendant donor atom in 32 reduces the molecular weight and 

enhances the activity in relation to 30a and 30b.67' 69 The c/s-chloro Pd complex is activated 

for ethylene polymerisation (HDPE) upon replacing the A/-aryl ring with an vV-(n-alkyl) chain



(33a vs. 33b) albeit with low activity.70 The synthesis of a discrete cationic species (34) yields 

a catalyst capable of oligomerising ethylene, propylene and 1-hexene at low activities.71 

Increasing the steric bulk in the ortho-position of the pyridinyl ring (31b) is deleterious to the 

catalyst activity. The absence of steric control about the pyridinyl ring for the nickel systems 

is attributed to the low molecular weight PE produced (cf a-diimine nickel) .72

1.2.2. Pyrrolide-imine ligand family and derivatives thereof

The utilisation of the pyrrolide-imine ligand set has lead to the design of several compounds, 

with the intended employment as ethylene polymerisation catalysts (Figure 6 ). The trend in 

activity is as follows: Fe (39)77 ~ Pd (41)81 inactive < Cr/MAO (38: 5 g/mmol/h/bar) 78 ~ Zr 

(36a: 12 g/mmol/h/bar) 75 < Zr (36b)75 ~ Zr (36c)75 ~ Zr (37) (30-50 g/mmol/h/bar) 78 ~ Co 

(40: oligomers 36 g/mmol/h/bar)70 ,73 ~ Cr/Et2AlCl (38: 70 g/mmol/h/bar) 78 < Ti (35a: 6000

g/mmol/h/bar) 74 < Ti (35b: 14,100 g/mmol/h/bar) 74

35a M =Ti, R = Ph 
35b M = Ti, R = cycHex 
36a M= Zr, R =/>-MeOC(')H4 
36b M= Zr. R = p-MeC6H4

38b Ar = 2,6,-/-Pr2C6H3

Li(OEt),

36c Ar = 2,6,-(-Pr2C6H3
37 Ar = 2,6,-/-Pr2C6H3

Cl -

38a Ar = 2,6,-/-Pr2C6H3

Li(thf)2

Li(thf)4

41a Ar = 2,6,-/-Pr2C6H3. L =PPh3 
41b Ar = 2,6,-/-Pr2C6H3, L =PMe3 
41c Ar = 2,6,-/-Pr2C6H3, L =Pyridine

39 Ar = 2,6,-/-Pr2C6H3 40 Ar = 2,6,-/-Pr2C6H3

Figure 6 Pyrrolide-imine complexes

It is apparent from diffractometric studies that the dichloro moieties of the 6 /s-ligated 

complexes are bound in a c/s-configuration.74 ' 78 The cfr-environment in the cationic species 

is a prerequisite for propagation and is evident by the observed polymerisations of ethylene.



Further evidence arises from the DFT calculations on a methyl(ethylene) cationic species of 

35a indicating that the cz's-configuration is present in the active species.74, 76 The ligand 

environment is dependent upon the steric bulk at the imino carbon atom, decreasing the steric 

bulk gives a /rom-configuration of the pyrrolide donor atoms (36a-b), whereas a increase 

yields a ds-pyrrolide relationship (36c). When titanium replaces zirconium as the metal centre 

(35 vs. 36), there is a dramatic increase in catalytic activity (NOTE: titanium employs short 

run times). UHMPE is formed albeit with a decline in activity when 36/Ph3CB(Arf)4//-Bu3Al 

replaces 36/MAO as the pre-catalyst/co-catalyst mixture.74,76

The introduction of an additional imine donor gives a mono-ligated complex, 37 with 

comparable activity to 36c.77 The activity of 38 is dependent upon the nature of the co­

catalyst, with Et2AlCl enhancing the activity in comparison to MAO.78 Notably, 38b is 

inactive for the polymerisation of ethylene in the absence of an activator. Coordination to iron 

forms a bis-ligated species with no cw-chloro ligands bound thereby rendering the catalyst 

inactive (39) .77 In contrast, cobalt (40) forms an active catalyst for the oligomerisation of

77ethylene albeit with low activity and poor selectivity for a-olefins.

The highly active living hetero-polymerisation of ethylene and norbornene, is possible 

with 35 producing high molecular weight polymer and approximately 1:1 incorporation ratio 

of ethylene:norbomene.79 Complex 41 is inactive for the polymerisation of ethylene and 1- 

hexene even when polymerisation is carried out in the presence of phosphine scavengers. 

However, the palladium complex may acts as an initiator in the radical polymerisation of 

methyl acrylate (MA) .80

The reduced pyrrolide-amino zirconium complex 42 (Figure 7) exhibits low activity for 

the polymerisation of ethylene into HDPE, as also observed for the pyrrolide-imine zirconium
o i

complexes 36. Easily accessible related five-membered chelate rings bound to zirconium 

have been reported in the patent literature and recently reviewed by Gibson (43 and 44).38,82, 

83 The activity of 43 is determined by the steric enhancement at the aryl group, in the 

following order: 2,6-i-Pr2CeH3 »  2 ,4 ,6 -f-Bu3C6H2 or Ph. Complex 44 upon activation with

13



MMAO can give activities of up to 6100 g/mmol/h/bar for the polymerisation of ethylene (cf 

36).

Utilising the indolide-imine ligand as a six-membered chelate ring when bound to 

titanium (45) produces highly active catalysts (short run times) for the polymerisation of
oa o;

ethylene into HDPE, with saturated chain end groups. ’ Increasing the number of fluorine 

substituents enhances the electrophilicity of the metal centre thereby increasing the activity 

(45a: 480 vs. 45b: 1902 g/mmol/h/bar). In addition, the PE goes from moderate to high 

molecular weight, with a proportional increase in the polydispersity at room temperature 

(45a: 1.11 vs. 45b: 1.93). 45a can incorporate 20 mol% propylene in a PE-/>-poly(ethylene-
Of

co-propylene) block co-polymer. Alternative six-membered p-diketiminate type chelates, 

are complexes 46 and 47, which respectively produce moderate and low activities for the
->o

polymerisation of ethylene.

42

Ar

^CH2Ph 
Zr—-  

/  CH2Ph

CH2Ph

43a Ar = 2,6-/-Pr-,C6H3 
43b Ar = 2,4.6-/-Bu3C6H2 
43c Ar = Ph

Cl
Zr Cl 

/  Cl►=N‘Cl

45a Ar = 2.4.6-F3C6H,
45b Ar = C6F5

CPh

46

Figure 7 Pyrrolide-imine derivatives

Ar
/-N̂  ^CH2Ph 

Zr— - C H 2Ph 

N CH2Ph

Âr

44

N— SiM e3

47
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1.3. /VATV-ligand libraries

1.3.1. Neutral tridentate amines

The ligand 1,4,7-trimethyl-1,4,7-triazacyclononane (Cn) may act as a support for scandium 

alkyls (Figure 8: 48a-c).86, 87 Upon reaction with B(C6Fs)3 a cationic species is generated 

which is active for the polymerisation of ethylene. The cationic species originating from 48b 

is moderately active (220 g/mmol/h/bar) and forms PE with a temperature dependent bimodal
07

molecular weight distribution. Reducing the bite size of the triamine to that of 

triazacyclohexane (Ch) renders a support suitable for chromium that is active for the
00

polymerisation and trimerisation of ethylene (49). Enhanced activity is achieved by 

introducing long alkyl chains (49b) thereby increasing the solubility of the catalyst system 

(49a: 455; 49b: 717 g/mmol/h/bar). Lower activities are achieved for 49b when a 

combination of [HN(CH3)2Ph][B(Arf)] and (z-Bu)3Al are employed as co-catalysts, whilst the 

molecular weight and molecular weight distribution remain constant (Mw: ca. 40,000; PDI 2- 

4). Trimerisation is the dominant propagating mechanism when a-olefins act as the monomer 

or when branched susbstituents such as 3-propyl-heptyl are employed.38,89

R
48a M = Sc, R = Me

49a R = Me 
49b R = w-dodecvl

48b M = Sc, R = CHjSiMe-;
48c M = Y, R = CH2SiMe3

Figure 8 Neutral tridentate amine complexes

The mechanism is postulated to proceed in a analogous fashion to the Phillips type 

trimerisation catalyst (Scheme 5).90 Upon activation with MAO and insertion of the a-olefin, 

the chromium(I) complex is generated via P-H and reductive alkane elimination. Oxidative 

addition of three a-olefins forms a metallacycloheptane, which undergoes facile p-H and

15



reductive elimination to yield the trimerisation isomeric products and to regenerate the 

chromium® catalytic species.

1. M AO Bu R. R.R.

BuBuBu

/  i 7
Cr-v. Bu

/ ------------ N

, Cr, \  ,B u

  Tv / " Bu Pr' A

Scheme 5 Postulated trimerisation mechanism and the isomers formed

1.3.2. Pyridine diimine ligand family and derivatives thereof

The pyridine-diimine ligand set has been bound to first and second row early-to-late TMs 

exclusively in a meridional-fashion (Figure 9). The trend in activity for the polymerisation of

L . V"M
/\

2 Cl Cl

50 M= V, R 1 = R- = /-Pr, R- = H 
51a M= Cr, R 1 = R2 = R, = Me 
51b M= Cr. R 1 = R2 = /-Pr. R_, = H 
52 M= Mo, R 1 = R2 = /-Pr, R_, = H

53 M= Cr, R 1 = R- = R ’ = Me
54 M= Mn, R 1 = R2 = /-Pr. R3 = H 
55a M = Fe, R 1 = R2 = R ’ = Me
55b M = Fe. R1 = R2 = Me. R ' = H. X = Br 
55c M = Fe, R1 = R2 = /-Pr. R ’ = H 
55d M = Fe, R 1 = R ’ = Me, R:= H 
56a M= Co, R 1 = R2 = R3 = Me 
56b M= Co. R 1 = R2 = /-Pr. R ' = H

Fe

58a X 1 = X2 = Br
58b X 1 = X ' = CI 
58c X 1 = X2 = F 
58d X 1 = Cl, X2 = H

59

2BF, SbFc

Figure 9 Pyridine-diimine complexes
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ethylene is as follows: Mn (54)109 ~ Ru (59)110 ~ Rh (60)110 inactive < Mo (52: 50 

g/mmol/h)91 < V (50: 205 g/mmol/h/bar) 111 < Fe aldimine (57: 550 g/mmol/h/bar)95 < Co 

(56a: 1700 g/mmol/h/bar)95 < Cr(II) (53: 17,000 g/mmol/h/bar) 112 < Fe ketimine (55a: 20, 600 

g/mmol/h/bar)95 < Cr(III) (51a: 41,400 g/mmol/h/bar) . 113

Highly active iron and cobalt pyridine-diimine catalysts for the polymerisation of 

ethylene into HDPE were discovered independently by Gibson, Brookhart and DuPont in 

1998.92' 94 The overall general trend in activity is that ketimine-based systems are more active 

than aldimine-based systems (55 vs. 57) and iron is an order of magnitude higher in activity 

than cobalt. The productivities, modality (bimodal vs. unimodal) and molecular weight are 

dependent upon the reaction time, pressure, temperature, aluminium concentration or source 

of aluminium and fine-tuning of the ligand framework. The generally broad molecular weight 

distribution is attributed to two competing chain termination processes: P-H transfer to 

monomer or metal (first order dependence on ethylene concentration) and chain transfer to 

aluminium (Scheme 6 ) .95

V -©

p-H tra n s fe r to m o n o m er

p-H tra n sfe r to metal

chain  tra n s fe r  to  alum inium  

Scheme 6 Possible Chain transfer pathways
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The addition of 500 equivalents of ZnEt2 generates a very fast and reversible chain 

transfer to zinc (Scheme 7) .96 The chain transfer pathway to zinc may involve the formation 

of an alkyl bridged iron-zinc species, which enables the low molecular weight PE to be 

exchanged for an ethyl group. The iron-ethyl species is now capable of undergoing 

propagation (insertion of ethylene into a metal-alkyl bond) followed by chain transfer to zinc. 

Hydrolysis results in the formation of saturated linear alkanes with a very narrow molecular 

weight distribution. Alternatively, Ni(acac)2, (actelyacetonate, acac) can be added to catalyse 

an olefin exchange reaction to give linear a-olefins, with a Poisson distribution.

55c MAO ZnEU ' j :-F e  '  n ZnEt 

/

'N 
\©

T Et

'N
\©

•Fe

/
♦ B Z n 'fS '0 — .    C ^ Z n E ,

CJ ' E t C J ' Et

Et

h7 h2o

- I N :
Et

Et

Ni(acac)2
Et ZnEU

Scheme 7 Chain transfer to zinc

Removal of steric bulk at least one of the o/Y/zo-positions renders the catalyst highly

active for the oligomerisation of ethylene (55d: 1040 g/mmol/h/bar), with a > 95% selectivity

for a-olefins and a Schulz-Flory distribution of oligomers.97, 98 The introduction of dihalo

substituents (58a or 58b) leads to a catalytic system that exhibits a higher activity than 55c at

0 °C and 1 atmosphere of ethylene, with an analogous PE microstructure.99 The increase in

activity is possibly attributed to the electron withdrawing effect enhancing the electrophilicity

about the iron centre.99 Employing difluoro (58c) and mono halo (58d) substituted systems

results in the oligomerisation of ethylene with high activities (c f  55d) .99 ,100 Replacing one of

the aryl rings with a fluorenyl or an alkyl substituent reduces the steric bulk about one of the
18



imino groups thereby favouring a-olefin formation.101,102 The mono- or di-reduced form of 

the pyridine-diimine ligand set exhibits low activities for the polymerisation of ethylene when
1 AT

coordinated to iron.

Experimental studies have revealed a cobalt(I) intermediate species in the activation 

mechanism with MAO as the activator (Scheme 8).104,105 The reduction of 56b is achieved 

with methyl grignard reagents or alkylating agents (RLi, ZnEt2, Scheme 8). The resulting 

LCoR species is inactive for the polymerisation of ethylene unless excess MAO is added, 

whereby activities and microstructures are comparable to that of 56b. The addition of 

B(C6Fs)3 under a nitrogen atmosphere forms the dinitrogen cobalt(I) complex which exhibits 

a low activity for the polymerisation and yields the ethylene adduct upon consumption of the 

excess ethylene.

Co'

56b

2 MAO
Co— Cl

2 MAO
—  Co— Me

Co'

56b

RMgX or 
Zn/RLi _ B(C6F5)3 

for R = Me ©
MeB(C6F5)3

l  = n 2
L = C2H4

Scheme 8 Generation of intermediate activation species

The similar activities for iron(II) and iron(III) analogous complexes, suggests that the 

same oxidation state is present in the active species formed from both precatalysts.95 

Activation studies with TMA have been performed by Talzi et al. and indicate the formation 

of a neutral iron(II) complex with TMA in the coordination sphere (Scheme 9a).106 Upon the 

addition of B(C6F5)3 or CPh3.B(C6F5)4 a cationic species is formed indicative of the WCA 

role of MAO.106 EPR and NMR studies with iron(II) and iron(III) analogous complexes 

activated with MAO compliment these findings and suggest that a iron(II) species is indeed
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the active species.107 Gibson and co-workers have shown that modification of the pyridine-

10Sdiimine backbone is possible via nucleophilic attack at the pyridine nitrogen (Scheme 9b).

This reaction yields a monoanionic /VAW-ligand, which upon coordination to FeCl3 and 

activation with MAO affords an ethylene polymerisation catalyst with similar activities to the

1 Oftpyridine-diimine iron systems. The reduction of the iron(III) into iron(II) may be attributed 

to a one-electron reduction process induced by the monoanionic ligand architecture {cf. 50 

and 54).

AIMe3

56b

\ / M e
F ^ - M e s  Me ____

Me'

Me

CPh3.B(C6F5)4
Me''AÎ Me

Me

MeB(C6F5)3
or

B(C6F5)4

Scheme 9a Activation study with TMA

MeLi
Et20

FeCI3
MAO C2= HDPE

Scheme 9b Nucleophilic attack at pyridine nitrogen atom

Coordination of the pyridine-diimine ligand to manganese (54) and the second row 

TMs, ruthenium and rhodium (59 and 60) renders the complexes inactive for the 

polymerisation of ethylene upon the addition of MAO.109, 110 When vanadium (50) is 

employed as the metal centre, moderate activities for the polymerisation of ethylene are 

observed, with no ligand abstraction by aluminium {cf a-diimine system vanadium, 18).111 

Conflicting results are obtained for chromium(II) (53) or chromium(III) (51a). When the 

conditions employed are room temperature (rt) and 1 atmosphere of ethylene, with 70-1000  

equivalents of MAO, zero to low activities are observed (chromium(II) inactive, 

chromium(III): 2.6 g/mmol/h/bar).112 Conversely, at 4 bar ethylene pressure, 70 °C and 

prolonged MAO activation periods (400 -  2000 equivalents; 30-60 min), the highest activities 

to date for the pyridine-diimine system are afforded.113’114

2 0



Interestingly, with manganese, vanadium or chromium being utilised as the metal 

centres, a reduction at the metal centre analogous to the cobalt system and in certain cases 

modification of the ligand architecture are observed (Scheme 10).109, m ’ 1,2 Alkylation of the 

pyridine ring at the ortho position in 50 forms a monoanionic ligand bound to vanadium(III), 

which affords comparable activities to 50. Further addition of Mel yields two products 

attributed to a ligand mediated two electron reduction process at the vanadium atom, both 

vanadium(I) species are inactive for the polymerisation of ethylene. Alkylation of the pyridine 

ring at the para position in the case of chromium initiated rearrangement and dimerisation. By 

varying the alkylating agent it is possible to isolate two types of reduced manganese(I) 

complexes. The dinuclear species is formed via deprotonation of the ketimine methyl group 

followed by a C-C coupling reaction.

50

MeLi

i Me
TMEDA

Li(Et20 )3

[Li(TMEDA)(thf)2]

Mn'

54

MeLi

Me3SiCH2Li

Mn— Me

Me3Si

SiMe3

Scheme 10 Metal centre reduction by alkylating agents

With molybdenum as the metal centre HDPE is formed albeit with low activities

(52).115 In contrast to the a-diimine system utilising a second row TM does not render the

system active for the co-polymerisation of ethylene with norbomene, despite the complexes
21



high c/s-selectivity and high yielding ring opening metathesis polymerisation (ROMP) of 

norbomene.115 Attempts to co-polymerise ethylene/polar co-monomers with the pyridine- 

diimine iron system have proven unsuccessful.116 Even cationic complexes containing a 

bidentate monoanionic acac ligand (61), with their reduced reliance upon an aluminium 

activator are ineffective for polar co-monomer insertion. However, the homo-polymerisation 

of ethylene117 is achieved in the presence of the polar co-monomers MA, Methyl methacrylate 

(MMA), styrene and 2-vinyl-l,3,-dioxolane (VDO), whilst vinyl acetate, acrolein and 

acrylonitrile result in deactivation. Co-polymerisation of ethylene/1-hexene has been achieved

when the chromium(III) precatalyst 51a was employed, to give LDPE (Tm =105 °C) with high

112
productivity.

The precatalyst 62a is highly active for the polymerisation of ethylene at 0 °C (Figure
i io

10). The activity is enhanced by increasing the chain length (n = 1-3, activity = 24,000- 

107,000 g/mmol/h/bar) and reduced with an increase in temperature. Self-immobilisation of 

62a is deleterious to the activity attributed to the instability of the activated iron species in the 

absence of ethylene. Immobilisation onto silica at position SI or S2 in 62b produces highly 

active systems albeit with lower activities than their homogeneous counterparts.118, 119 The 

introduction of silica core, polystyrene coated supports at the para-position of the aryl ring

(S3) also produces an active system for the polymerisation of ethylene.120 Chain growth is 

inhibited when employing iron catalysts encapsulated by cyclodextrin and gives activities that 

are 1000 times lower than the homogeneous iron aldimine system for the polymerisation of 

ethylene.121

Fe
S3S3

62b62a

Figure 10 Heterogenised pyridine-diimine iron system
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In contrast to the a-diimine nickel system, the pyridine-diimine iron family are capable 

of polymerising propylene with high activities at -20 °C into highly regioregular /PP (50-70 

%), albeit with low molecular weight (Mw xlO3).122 The tacticity is independent of the 

catalysts symmetry, due to the dominance of a chain-end control mechanism. The system 

produces /PP via initially inserting propylene in a 1,2 fashion, followed by successive 2,1 

insertions, with the exclusive formation of a-olefin end groups, by p-H elimination (Scheme

11). Removal of steric bulk at least one of the orf/zo-positions renders the catalyst highly
p i

active for the linear, head-to-head dimerisation of a-olefins. Replacing iron with cobalt 

leads to a higher selectivity for the linear dimerisation of a-olefins and a greater tendency 

towards isomerising the a-olefin feed.124

Fe— Cl I— Fe-

Scheme 11 Mechanism for the generation o f  /PP with a-olefin end groups

Modification of the central pyridine ring with a pyrimidine donor (63) results in a 

reduction in polymerisation activity and an increased proportion of unsaturated end groups 

upon comparison with the related pyridine-diimine system (Figure l l ) .125 Employing triazine 

(64) or a five-membered heterocyclic core, carbazolide donor (65) respectively prevents 

coordination to FeCb or affords an inactive system for the polymerisation of ethylene at 1 -bar

195 1 9 f\pressure. ’ Replacing one of the imine donors with a pyridine donor (66) reduces the 

steric hindrance at the metal centre thereby producing a catalyst system with high selectivity

• 197for the formation of 1-butene and 1-hexene. The steric bulk is not only present to reduce
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chain transfer but also as a prerequisite for preventing the formation of the inactive 6/s-ligated
p o

cationic complex, 67.

The pyridine-diiminophosphorane complexes of vanadium, iron and cobalt show a trend

i90 iinin activity for ethylene polymerisation as follows: Fe (68b inactive) < Fe ~ Co (68b or 

68c: 5-30 g/mmol/h/bar) < V (68a: 140 g/mmol/h/bar).131 In contrast to the pyridine-diimine 

system UHMPE is formed with a relatively broad unimodal molecular weight distribution 

when vanadium is acting as the nletal centre. Pyridine-diimine iron complexes with the aryl 

ring replaced by a pyrrolyl (69) or a hydrazone (70) group exhibit lower activities, lower 

molecular weight formation and shorter lifetimes than 55 for the polymerisation of

1 T9ethylene. The molecular weight is dependent upon pressure, at 0.75 bar of ethylene a 

Schulz-Flory distribution of oligomers and low molecular weight PE is obtained, whilst 

increasing the pressure to 10-bar yields low molecular weight PE only.132

Ph
Ph-

Fe

63 64

66

65a x = 1 
65b x = 2

67

68a M = V, X = Cl, n = 2 
68b M = Fe, X = Cl, n = 1 
68c M = Co, X = Cl, n = 1

Fe

69

Ph Cl

70

Figure 11 Pyridine-diimine derivatives
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1.3.3. Tridentate /VATV-chelating diamides

Figure 12 depicts the pyridine-diamide ligand family bound in a meridional-configuration 

about the zirconium metal centre (71). Activation with MAO yields a highly active (71a: 

1500 g/mmol/h/bar) and a low activity (71b: 2 g/mmol/h/bar) system for the polymerisation 

of ethylene, which is indicative of the electronic contribution of the substituted aryl ring. ’ 

134 Adaptation of the pyridine-diamide donor by employing a tripodal ligand environment 

centred around a quaternary carbon atom, affords the living polymerisation of 1-hexene at

-n

7-Bu

/-Bu

Me

71a Ar = 2,6-i-Pr2C6H3, X = Cl 
71b Ar = C6F5, X = B z

72a M = Zr 
72b M= Hf

Figure 12 Tridentate chelating diamides

Me

M e

73

temperatures below 10 °C when the zirconium and hafnium complexes 72a and 72b are
nc i oz t t

activated with [PhC3][B(Arf)4]. ’ The non-living polymerisation of 1-hexene is achieved

by the amino-diamido Zr complex 73 when activated with [PhNHMe2][B(Arf)4].137' 139 This 

is attributed to ligand rearrangement about the metal centre {meridional vs. facial), followed 

by catalyst decomposition via CH activation of the ortho-methyl group and the release of the

1 2 Qgrowing alkyl chain (Scheme 12). Catalyst decomposition can be avoided by utilising

1 20chloro-substituents about the 2,6 position of the aryl group.

[PhNHM e2]
[B(C6F5)4| [B(C6F5)4]

Scheme 12 Catalyst Decomposition of 73
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1.4. Tetradentate TVMV/V-chelating ligand libraries

Complex 74 with the Cn-amido ligand as the support may form a cationic species upon 

reaction with [PhNHMe2][B(Arf)4] (Figure 13).140 The absence of the additional amido donor 

affords a cationic species with low activity for the polymerisation of ethylene (48c: 10 

g/mmol/h/bar).87 In sharp contrast, the inclusion of the amido donor leads to the production of 

a highly active system (1790 g/mmol/h/bar), albeit with shorter run times employed. The 

coordination of the Cn-imido ligand to titanium (75) produces an ethylene polymerisation 

catalyst albeit with low activity.141,142 The attempt to isolate the cationic analogue of 76 leads 

to CH activation of the silicon methyl group thereby deactivating the potential catalytic 

species {cf. 73).143

/

\
N------- \ \

/  \  CH2SiMe3
CH2SiMe3Bu Cl

74 75

Me

76

Figure 13 Tetradentate VA7V7V-chelating ligands as supports for group 4 TMs

1.5. /VO-Iigand libraries

1.5.1. Phenoxy-imine ligand set and derivatives thereof

Floriani and co-workers first described the polymerisation of ethylene by the 

salicylaldiminato-based ligands (phenoxy-imine) with zirconium as the metal centre albeit 

with very low activities.144 This concept has been developed to give moderate-to-exceedingly 

high activities for the polymerisation of ethylene, with group 4, 6 and 10 active metal centres 

(Figure 14). The following trend in activity with respect to the active metal centre is observed: 

Cr/MAO (82a: < 1 g/mmol/h/bar)154 < Ti (81: 30 g/mmol/h/bar)153 < Cr/Et2AlCl (82a: 80-96 

g/mmol/h/bar)154 < Ni (84a: 537 g/mmol/h/bar)157 < Cr (83: 1760 g/mmol/h/bar)155 < Ti (77b: 

33,960 g/mmol/h/bar)149 < Zr (78c: 4,320,000 g/mmol/h/bar).147
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77a M = Ti, R1 = /-Bu, R2 = H, R3 = Ph 
78a M = Zr, R1 = /-Bu, R2 = H, R3 = Ph 
78b M= Zr, R1 = /-Bu, R2 = H, R3 = Ar 
78c M= Zr, R1 = cumyl, R2 = Me, R3 = Cy

77b

79 M = Hf, R1 = /-Bu, Rz = H, RJ = Ph2 _ ij  d 3 _

>S= N . *==N ,
P h

P h

80a R = CF3 
80b R = CH3

(thf),

83

Ph' PPh-

84a

77c R = Me

r===N.

77d R = Et 
77e R = Ph

82a X = Cl
82b X = Et

84b X= OMe 
84c X= N02

Figure 14 Phenoxy-imine complexes

Fujita and co-workers determined that for group 4 TMs, the activity decreases in the 

order Zr 78 »  Hf 79 > Ti 77a for the polymerisation of ethylene into HDPE. 145' 146 As for the 

pyrrolide-imine complexes (36) the dichloro moieties adopt a cA-configuration in the solid 

state and DFT calculations indicate that the cA-environment is translated into the cationic 

methyl(ethylene) species. 147 High molecular weight PE can be achieved by employing 

[PhC3][B(Arf)4]//-Bu3Al as the co-catalyst even at moderate temperatures (78a). However, 

with MAO as the co-catalyst exceptionally higher activities are achieved which are even 

greater than with Cp2ZrCl2 under the same conditions. Despite the short run times employed 

the catalyst lifetime was determined to be at least 30 min long.
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Fine-tuning of the ligand architecture can alter the steric and electronic attributes of the 

metal centre resulting in a deleterious or beneficial effect upon the activity and the 

microstructure. The introduction of steric bulk at the ortho-position of the phenyl substituent 

adjacent to the imino nitrogen donor leads to a dramatic increase in molecular weight in the 

following order H «  Ph «  2-Me-C6H4 < 2-z-Pr-C6Fl4 < 2 -/-BU-C6H4.147, 148 This trend is 

achieved via reducing the rate of chain transfer. Furthermore, the rate of propagation is 

reduced thereby diminishing the activities in the reverse order. 78c is to date the most active 

phenoxy-imine system. The enhancement in catalytic activity is attributed to the increased 

steric hindrance ortho to the phenoxy donor, which may reduce the interaction of the cationic 

species and the anionic co-catalyst in addition to protecting the phenoxy donor from 

electrophilic attack by AlMe3.145,147

The living polymerisation of ethylene with titanium as the metal centre is accomplished 

even at elevated temperatures by substituting the phenyl group (77a) with a pentafluoro aryl 

ring (77b) or by transformation of the imine donor (77c-e).149,150 Variants of the fluorinated 

aryl ring and DFT calculations indicate that fluoro-substituents at the ortho positions are a 

necessity for living polymerisation, whilst fluoro-substituents at the meta and para positions 

enhance the catalyst activity. 151 The introduction of an electron-withdrawing group at the R 

position enhances the activity of complex 80 (80a: 1320 vs. 80b: 120  g/mmol/h/bar), albeit an 

order of magnitude less than 77b.152 Sterically hindered phenoxy-imines can yield a mono­

ligated complex of titanium (81) albeit with low activity (30 g/mmol/h/bar), indicative of the 

importance of 6 zs-ligation for the generation of a highly active system. 153

Complexes 82a and 82b show analogous activities and dependence upon the A1 co­

catalyst as for the pyrrolide-imine Cr complexes (38).154 The addition of an anthracenyl group 

ortho to the phenoxy donor and the replacement of the aryl ring with a small alkyl chain leads 

to a very highly active in-situ generated catalytic system for the polymerisation of ethylene 

into UHMPE (83), even in the presence MAO. 155
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Sterically enhanced phenoxy-imine-based ligands may be employed as supports for 

nickel to give a mono-ligated neutral catalyst with no requirement for a co-catalyst (84a) for 

the polymerisation of ethylene into medium-to-HDPE.156, 157 The steric bulk ortho to the 

phenoxy donor not only aids phosphine dissociation and prevents re-coordination, it also 

hinders ligand disproportionation.158, 159 The diminishing electrophilicity across a TM series is 

a contributory factor in the comparatively lower activity observed for 84a than the optimised 

chromium and titanium systems 83 and 77b. Furthermore, the electrophilicity and the activity 

are also reduced with respect to the cationic a-diimine nickel system 22a. Both temperature 

and pressure are capable of controlling the molecular weight of the PE produced {cf. 22a and 

106).156, 157 Interestingly and in contrast to the DFT calculations the nature of the para 

substituent plays a pivotal role in the activities of complexes 84b and 84c. When an electron 

withdrawing group is present (84c) the activity is enhanced despite a prolonged induction 

period and vice-versa for 84b.156,158

Scheme 13 depicts the phosphine complex as the resting state as determined by 

experimental and modelling experiments.157, 158 Chain propagation is assumed to follow a
1 1  1 *S I T

typical Cossee-Arlman mechanism. ’ ’ The stabilised alkyl species orientates the growing 

polymer chain trans to the phenoxy donor. 158 Upon ^-coordination of the ethylene molecule

isom erisation

Scheme 13 Postulated propagation pathway



the complex undergoes isomerisation to re-orientate the growing polymer chain trans to the
t fa

imine donor, followed by insertion of the ethylene molecule. The process is repeated until

chain transfer occurs via (3-H transfer to monomer (see Scheme 2 or 6 ) . 158

Complex 77a with [PhC3][B(Arf)4]//-Bu3Al as the co-catalyst polymerises 1-hexene into 

high molecular weight atactic poly( 1-hexene) with high activity. 160 The ethylene-propylene 

co-polymerisation by 78a with MAO or [PhC3] [B(Arf)4]/i'-Bu3 A1 as the co-catalyst is attained 

with analogous trends to the homo-polymerisation of ethylene.147 The living polymerisation 

of propylene at rt into highly stereoregular sPP via a chain-end control mechanism is achieved 

by 77b, albeit with significantly lower activities than the polymerisation of ethylene. 161 " 163 

Chain propagation is dominated via an initial 1,2 insertion followed by consecutive 2,1 

insertions as indicated by chain-end analysis {cf. pyridine-diimine iron system, Scheme 12) . 162 

The sequential addition of ethylene and propylene can lead to the formation of di- (PE-b-PP 

or PE-b-PE-co-PP) and tri-(PE-b-PE-co-PP-b-PP or PE-b-PE-co-PP-b-PE) block copolymers 

previously unavailable with the Ziegler-Natta system.149, 162 In addition, an 

ethylene/norbomene block copolymer is produced when 80a is employed as the catalyst. 152

The self-immobilisation of complex 85 during the polymerisation of ethylene enhances 

the catalyst activity whilst exhibiting similar functional group tolerance to the homogeneous

+ 164,165system.

Ph" P P h -

85

Figure 15 Self immobilised Ni Phenoxy-imine system

The reduced oxophilic nature of the neutral late TM complex 84 leads to a greater 

functional group tolerance than early TM complexes and the cationic a-diimine nickel 

system. The polymerisation of ethylene in the presence of polar additives such as ethers, 

ketones and esters produces high molecular weight PE. 157 The tolerance towards water
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enables high molecular weight PE to be obtained, albeit at very low activities via an emulsion 

type process.157, 166 The percentage of incorporation of functionalised a-olefins or 

norbomenes and non-functionalised a-olefins can be controlled by varying their concentration 

to produce several functionalised polyolefins ranging from HDPE to LLDPE.167,168

The exocyclic phenoxy-imine derivative with titanium as the metal centre yields a 

highly active catalyst for the polymerisation of ethylene into high molecular weight PE upon 

activation with MAO or [PhC3] [B(Arf)4]//-Bu3A1 (86: Figure 16).169 In contrast, replacing the 

imine donor with a pyridine donor yields only a moderately active system (87).170 DFT 

calculations show that the cA-orientated growing polymer chain and ethylene molecule are 

trans to the phenoxy donors {cf 77) thereby rendering the steric hindrance ortho to the

1 70phenoxy donor non-influential on the activity. Upon comparison of complex 88 with 82, 

employing the reduced phenoxy-amine-based ligand set does not alter the trend in activity or

molecular weight 171

R, NMez

i

Ph'

90a R = H 
90b R = Ph 
90c R = Napth

91

a
MeCN-. I  ^

MeCN

88

Me

Ph' PPh:Naph'

 N\
Ni

o-tolyl ^ p p h .

89a X = N 0 2 
89b X = OMe

Ph'
Ph'

92

96

Figure 16 Phenoxy-imine derivatives
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Keim and co-workers observe comparative electronic effects to 84 when employing the 

single-component systems 89a and 89b for the polymerisation of ethylene at high ethylene 

pressure (40-bar).172 The electron-deficient 89a produces HDPE with 80-100 % selectivity, 

whilst the electron-enhanced 89b gives oligomers as the major product, with 56 % selectivity 

for linear a-olefins. The five-membered chelate complexes 90 and 91 exhibit similar activities 

and temperature and pressure dependence upon the microstructure of the PE produced in the
i______ __ i  ne

absence of a phosphine scavenger as for 84. However, the catalyst lifetime is

appreciably reduced. In contrast to 84, steric bulk ortho to the oxygen donor does not 

significantly enhance the catalysts activity and it leads to quasi-living polymerisation at rt.174 

Complex 90 is capable of polymerising ethylene in the presence of ethyl acetate, water, 

triethylamine and neat thf with comparable activities to those obtained with complex 84.173,174 

The six-membered chelating, amido-aldehyde nickel system 92 reported by Novak et al.

• IQ • ♦ ♦ Tyields similar activities to 84. The precursor to the a-dnmine nickel r| -benzyl system is 

active for the quasi-living polymerisation of ethylene and the co-polymerisation of ethylene

with functionalised norbomenes only in the presence of Ni(COD)2, which acts as a phosphine

11(\scavenger. The novel binuclear single-component system 93 exhibits comparable low 

activity for the polymerisation of ethylene as for 84 in the absence of steric bulk ortho to the
I cn i nn

phenoxy donor. ' The molecular weight distribution is notably broader than that observed 

for 84. Complex 94 is capable of oligomerising ethylene albeit with low activities in the

178presence of B(C6Fs)3. The six-membered chelate complexes 95 and 96 upon activation with

MAO or the utilisation of a phosphine scavenger yield short oligomeric chains.179' 180 The bis- 

imine-phenol ligand may act as a support for cobalt and nickel with one of the imine donors 

pendant and in a cisoid relationship with the other imine donor.181 The cobalt complexes 

exhibit 100 % selectivity for the production of butenes albeit with very low activities. In 

contrast, the nickel complexes are moderately active for the production of butenes and 

hexenes.
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1.6. ATVO-ligand libraries

In contrast to complex 73, the cationic species formed from the reaction of 97 with 

[PhNHMe2][B(Arf)4] is stable and acts as a catalyst for the living polymerisation of 1-hexene 

at 0 °C (Figure 17).182 ’ 184 Compound 97 is also a highly active catalyst (810 g/mmol/h/bar) 

for the polymerisation of ethylene.182 Replacing the /-butyl groups on the amido nitrogen 

atoms with 2,6-dimethylphenyl, cyclohexyl or /-propyl substituents or the employment o f the 

alternative catalyst precursor 98 affords facile chain transfer and the formation of oligomers 

or low molecular weight poly( 1-hexene).185 ' 188 Imposing restrictions upon a ‘Berry-type’ 

conformational interconversion in complex 99 is beneficial to the formation of high molecular 

weight poly( 1-hexene) {cf. 98).189

Z r Me

Me

97

Me P

Me

99

Me

= N

101

Bz

I / BZ.
M— O,

102

Figure 17 AWO-Ligand sets

The titanium complex 100a exhibits poor activity for the homo-polymerisation of 1- 

hexene upon activation with B(C6Fs)3, whilst the zirconium analogue oligomerises 1-hexene 

with low activity.190’ 191 The additional pyridine donor present in 101 enhances the 

polymerisation activity of ethylene and is deleterious to the molecular weight upon 

comparison with the phenoxy-imine chromium system 83.155 Complex 102 is highly active 

for the polymerisation of ethylene. Contradictory results are obtained for the microstructure
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with Gomes and co-workers concluding branched PE is formed whilst, Gibson and co-

109 1 Q9workers observe a mixture of linear a-olefins and linear paraffins. ’

1.7. ATVOO-ligand libraries

Low activities for ethylene polymerisation are observed with the tetradentate 6zs-phenoxy-&/,s- 

imine donor upon coordination to both titanium and zirconium (103).194,195 The combination 

of 104 with a borane activator polymerises propylene with high regio- and stereo-selectivity 

into /PP.196 The postulated mechanism is that of enantiomorphic site control with facile chain 

transfer to monomer and aluminium. The living polymerisation of 1-hexene is accomplished 

at 25-40 °C by 105a/ B(C6Fs)3 albeit with low activity, whilst the combination of 105b and 

B(C6Fs)3 produces a highly active system for the homo-polymerisation of 1-hexene.190,191,197" 

199 Upon comparison with 100 it is evident that the forth donor is a prerequisite for enhanced 

activity and for polymerising 1-hexene in a living fashion when zirconium or titanium are 

acting as the active metal centre.

Bz

103a M = Ti, R 1 = R2 R3 = H
103b M = Zr. R 1 = /Bu. R2 = H, R3 = Me

104

Figure 18 AWOO-Ligand sets

Bz

\ - n

105a M = Ti
105b M = Zr

1.8. PO-ligand libraries

As stated in the overview Keim and co-workers in 1978 discovered the oligomerisation 

of ethylene at 50 bar-ethylene pressure and 50 °C into linear a-olefins by employing the 

phosphorane-phenolate bidentate nickel complex 106a (Figure 19).32 Employing ^-hexane as
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opposed to toluene as the solvent leads to the formation of high molecular weight HDPE.32 

The addition of phosphine scavengers to 106a leads to the formation of low molecular weight 

PE at moderate ethylene pressure (3.5 - 5 bar).33,34 The optimised ligand architecture was 

found to be that present in 106c and 106d.33,34 Further enhancement of activity and the non­

requirement of a phosphine scavenger can be achieved via replacing the strongly co-ordinated 

phosphine donor with the labile pyridine donor (106d) or the readily cleaved p-oxo dimer 

(107).33, 34 Functional group tolerance is evident by the polymerisation of ethylene in 

functionalised organic and aqueous media.33,34,200

The formation of the inactive bis-ligated species can be prevented by enhancing the 

steric bulk ortho to the oxygen donor {cf. 84), which in turn leads to an increase in ethylene 

polymerisation activity (106b: 80 vs. 108a: 1730 g/mmol/h/bar).201 The co-polymerisation of 

MM A with ethylene by 108a and 108b forms chain-end functionalised PE, which is 

consistent with MMA insertion into the growing PE chain followed by immediate chain 

termination {cf. 23b). In addition, high activities are obtained for the oligomerisation of 

propylene (1350 g/mmol/h) and low activities for the oligomerisation of 1-hexene (15 

g/mmol/h) by 108.201’202

P h

Ph
Ni

/  \
L' Ph

106a X = H. L' = PPh3 
106b X = Ph, L' = PPh3 
106c X = S 0 3Na, L '=  PPh3 
106d X = S 0 3Na, L' = C5H5N

Ph Ph Ph

Ph Ph

Ph

107

108a X = Me
108b X = C(0)CH(Ph)PPh3. Barf4

P h

/O/ — v > k

Ni

109

B(Arf)4

P h

O
A r

\
Ni

Ar B(Arf)4

110a Ar = 2,4,6-M e3C6H2 
110b Ar = C6H5

F ig u re  19 PO-ligand sets as supports fo rN i complexes
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Converting the PO-ligand set into a neutral donor enables the formation of the r\ -allyl 

cationic Ni system 109, which is highly active for the polymerisation of ethylene (698 

g/mmol/h/bar) into moderate molecular weight linear PE.203 The employment of 

phenacyldiarylphosphine ligands (110a) increases the activity (2473 g/mmol/h/bar) even at 

low ethylene pressures despite the slower rate of initiation 204 Reducing the steric bulk of the 

aryl substituents yields a highly active system (110b) for the dimerisation of ethylene to 

predominantly 1-butene. Complex 109 remains active in the presence of ethyl acetate and is 

capable of copolymerising ethylene and methyl 10-undecenoate with polar co-monomer 

incorporation up to ca. 5 mol%.

1.9. Summary

The introduction has provided a valuable insight into olefin polymerisation by non-Cp based 

ligands (NN-, NNN-, NNNN-, NO-, NNO-, NNOO- and PO-chelates) acting as supports for 

early-to-late TM catalysts. It is apparent that the microstructure of PE is dependent on the 

type of metal centre employed in the catalysis. In general, highly linear PE is produced with 

groups 4-8, group 9 is intermittent and group 10 affords moderate-to-highly branched PE 

attributed to a chain-walking mechanism. The a-diimine and pyridine-diimine systems 

emphasise the importance of the cumulative effects of both the ligand and the metal centre via 

showing high activities for specific metal centres. The initial discoveries by Brookhart, 

Schrock, McConville and Gibson highlighted the necessity for steric control by employing 

aryl rings with steric hindrance in the or/Tzo-position thereby hindering chain transfer. Further 

investigation with alternative ligand families has continued to develop the concept of steric 

control. For example, fine-tuning of the phenoxy-imine ligand architecture enables the system 

to be moderate-to-highly active for early-to-late TMs. Increasing the steric bulk at the ortho­

position of the aryl ring adjacent to the imine nitrogen donor and ortho to the phenoxy donor 

leads to an active mid-to-late TM system (83 and 84). This is attributed to a reduction in chain 

transfer, facile dissociation and hindered re-coordination of the labile ligand and hindered
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ligand disproportionation. In contrast, a reduction in steric bulk orientated around the imine 

and phenoxy donors favours Ms-ligation, which is deleterious to mid-to-late TMs but 

advantageous to early TMs bound to a bidentate ligand (77 and 78 also 35 and 45).

1.10. Aims and Objectives

Within the proceeding chapters 2 - 6, we are concerned with the synthesis of a range of novel 

sterically variable NNN-, NNNN- and AWO-ligand sets (LI - LXI, Figure 20) and their 

coordination chemistry with mid-late TM divalent metal halides and, in particular, with 

manganese, iron and cobalt halide precursors. In addition, we probe the ability of some of the 

resultant complexes, as catalysts for the oligomerisation/polymerisation of ethylene upon 

activation with MAO.

H
N—Ar

LI R = H 
LII R = Me 
LIII R= Styryl

,N—Ar

LIV

.NH
Ar

HNL ^NH
Ar Ar

LV R = H 
LVI R = Me

LVII

•Me

LVIII

'Ar
N— Ar

LIX

F igure  20 NNN-, NNNN-, AWO-ligand sets

LX R = Me 
LXI R = H

The propensity for ATVW-systems to form active ethylene polymerisation systems is

aided by enhancing the steric bulk around the ligand architecture (section 1.3). For example,

modification of the terpyridine (terpy) ligand architecture by replacing one or both of the

terminal pyridine donors with A-aryl substituted imine moieties yields respectively, a highly

selective catalyst for the formation of 1-butene and 1-hexene or a ethylene polymerisation

catalyst when coordinated to iron (section 1.3.2). A similar rational can be applied to bis(2-
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picolyl)amine (dpa) affording mono- or di- V-aryl substituted ethylamine(s) termed N- 

picolyethylenediamines (LI and LII) and diethylenetriamines (LV and LVI). Furthermore, 

the nucleophilicity of the central amine in LI and LV can be exploited to furnish the novel 

ligand sets LII -  LIV and LVII, which may potentially act as polymer incorporated ligand 

supports (LIII) or as tetradentate ligands (LIV and LVII).

The pyridine-diimine ligand set may be modified via replacing an V-aryl-imine 

substituent with a phenol group to form the novel ligand family LIX. The inclusion of the 

pyridine donor atom may lead to a suitable tridentate phenoxy-imine-based iron catalyst for 

the polymerisation of ethylene (cf. a-diimine- vs. pyridine-diimine- iron systems; sections 1.2 

and 1.3). In addition, the versatility of this AWO-ligand set can be exploited to afford suitable 

tridentate donors for early-to-late TMs (LVIII - LXI) with the intended application as 

ethylene polymerisation catalysts.

An overview of the proceeding findings in chapters 2 - 6, are discussed below:

In Chapter Two, the synthesis of V-aryl substituted multidentate nitrogen donor ligand sets, 

(ArNHCH2CH2){(2-C5H4N)CH2}NH (LI), {(2,4,6-Me3C6H2)NHCH2CH2} {(2-

C5H4N)CH2}NMe (LII), {(2,6-Me2C6H3)NHCH2CH2}{(2-

C5H4N)CH2}N(CH2C6H4CH=CH2) (LIII) and (ArNHCH2CH2){(2-C5H4N)CH2}2N (LIV), is 

reported as are the reactions of LI-LIV with divalent iron- and cobalt- halides. The notable 

influence of steric effects upon the nuclearity and the binding mode is described. The 

flexibility of the LI systems when coordinated to iron or cobalt is observed by single crystal 

X-ray diffraction studies, paramagnetic !H NMR spectroscopy and DFT calculations. In 

addition, a study of the reactivity of the well known ligands, dpa and tpa, with divalent 

manganese-, iron- and cobalt- halides, is described.

In Chapter Three, a series of V-aryl substituted multidentate nitrogen donor ligand sets, 

(ArNHCH2CH2)2NH (LV), (ArNHCH2CH2)2NMe (LVI) and (ArNHCH2CH2)2{(2- 

CsH4N)CH2}N (LVII) are reported. The reaction of LV and LVI with C0 CI2 affords NNN- 

chelated complexes. Notably, the analogous iron(II) complexes are not produced. Conversely,
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LVII is capable of coordinating to iron and cobalt in a pseudo tetradentate fashion, this is 

attributable to the pyridyl moiety.

In Chapter Four, the V-aryl substituted AWV-iron(II) and -cobalt(II) complexes are activated 

by the addition of excess MAO for the oligomerisation of ethylene. The activities are low-to- 

moderate at 1 bar ethylene pressure and the selectivity of the catalysts is dependent on the 

metal centre with the iron systems forming linear a-olefins while the cobalt systems give a 

mixture of linear and branched oligomers.

In Chapter Five, the versatile preparation of the novel AWO-ligand sets, 2-{(2’-OMe-3’-R1-5’- 

R2)C6H2}6-{CR3N(2,6-/-Pr2C6H3)}C5H3N (LVIII), 2-{(2,-OH-3’-R1-5’-R2)C6H2}6- 

{CR3N(2 ,6 -/-Pr2C6H3)}C5H3N (LIX), 2 -{(2 '-OH)C6H4}-6 -{CMe2NH(2 ,6 ri-Pr2C6H3)}C5H3N 

(LX) and 2 -{(2 ’-OH)C6H4 }-6 - {CHMeNH(2 ,6 -/-Pr2C6H3)} C5H3N (LXI) is described and 

their coordination behaviour in aluminium(III), iron(II) and cobalt(II) complexes is reported. 

Preliminary catalytic evaluation studies reveal moderate-to-high activities for the 

polymerisation of ethylene into moderate-to-high molecular weight polyethylene.

In Chapter Six, full details of the experimental procedures along with the spectroscopic, 

analytical and X-ray data are reported.
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Chapter Two

The Origin of the Flexible 7V-picolyl-en Ligand Family; 

Functionalisation of the Central Amine, Coordination Behaviour 

in Manganese, Iron and Cobalt complexes



Abstract

The reaction of dpa with an equimolar amount of MCI2 in 72-BuOH at 90 °C afforded 

[{dpa}MCl(p-Cl)]2 (M = Fe 1, Co 3) as the sole product. Alternatively, 2 equivalents of dpa, 

alters the product selection to favour the sole formation of the bis-ligated complexes 

[{dpa}2M][Cl]2 (M = Fe 2, Co 4). The reaction of tpa with one equivalent of MCI2 in h-BuOH 

at elevated temperatures affords the six-coordinate complexes [{tpaJMCy (M = Mn 5, Fe 6, 

Co 7) and, in the case of C0 CI2, the five-coordinate chloride salt [{tpa}CoCl][Cl] (8). The 

addition of an excess of C0 CI2 in the latter reaction leads to [{tpaJCoClMCoCLJ (9) as the 

only product. Single crystal X-ray diffraction studies are reported for 1, 2, 4, 5, 6, 7, 8 and 9. 

Substitution of one of the picolyl groups in dpa with A-aryl substituted ethylamines, to give 

(ArNHCH2CH2){(2 -C5H4N)CH2}NH (Lla: Ar = 2,6-Me2C6H3, Lib: 2,4-Me2C6H3, Lie:

2.4.6-Me3C6H2, Lid: 2,4,6-/-Pr3C6H2), is reported. Functionalisation of the central amine in 

LI has been achieved to give, {(2,4,6-Me3C6H2)NHCH2CH2}{(2-C5H4N)CH2}NMe (LII), 

{(2,6-Me2C6H3)NHCH2CH2} {(2-C5H4N)CH2}N(CH2C6H4CH=CH2) (LIII) and 

(ArNHCH2CH2){(2-C5H4N)CH2}2N (LIVa: Ar = 2,6-Me2C6H3, LIVb: 2,4-Me2C6H3, LIVc:

2.4.6-Me3C6H2). Treatment of MC12 with LI, LII, LIII and LIV affords [{LI}FeCl2]n (Lla: n 

= 1 10a, Lib: n = 1 10b, Lie: n =2 10c), [{LI}CoC12] (Lla: l la ,  Lib: l ib , Lie: 11c, Lid: 

lid ) , [{LII}CoC12] (12), [{LIII}CoC12] (13), [{LIV}MnCl2]n (LIVa: n = 2 14a, LIVb: n = 

l 14b, LIVc: n =2 14c) and [{LIV}FeCl2] (LVa: 15a, LVb: 15b, LVc: 15c). The single 

crystal X-ray structure determination of 10a, 10c, l la ,  11c and 12 reveal, the AWA-chelate in 

10a to adopt a meridional configuration with a distorted square pyramidal geometry at the 

iron centre, while the bis(p-chloro) dimeric complex 10b contains the AWA-chelate bound in 

facial fashion. A facial coordination mode of the AAW-chelate is also observed for the 

complexes l la ,  11c and 12, with a distorted trigonal bipyramidal environment at the cobalt 

centre. Solution state studies are indicative of a facile mer-fac isomerisation process at room 

temperature. DFT calculations performed on 10a and l la  reveal low AG° values indicative of 

the co-existence of the meridional and facial configurations for 10a and l la . The solid state



structural analysis of 14a, 14b, 15a and 15b reveals the nuclearity and the binding mode to be 

dependant upon the steric bulk at the or^o-position of the TV-aryl substituent. Solution state 

studies may be indicative of the solid state coordination modes existing in the solution state.



2.1. Introduction

The ligands dpa, tpa and their substituted pyridine analogues, have been shown to act as

suitable polydentate supports for mid-late TM compounds (Figure 1). Such compounds have

1—2been employed extensively as models for biologically important systems or as candidates 

for exhibiting high-spin (HS) low-spin (LS) crossover phenomena.4 ' 9

M p a  (R = hydrocarbyl, Rntpa (R  = halide,
n * " 3) hydrocarbyl, n = 1 - 3)

Figure 1 dpa and tpa ligands and their derivatives

Despite the importance of these tri- and tetra-dentate ligand architectures, 

crystallographically characterised examples of metal(II) halide complexes remain scarce. For 

example, the czs-dichloro-iron(II) tpa complex and the cw-dichloro-manganese(II)- and 

-iron(II)- hydrocarbyl substituted tpa complexes of the formula LMCI2 have only recently 

been described, 10,11 whilst for cobalt reports are limited to cationic [LCoCl]+ species. 11 ,12 In 

the case of dpa, the neutral complexes LMCI2 (M = Fe, Co) have only been reported for the

19 12more sterically hindered derivatives (e.g. 6 -Me2DPA), ’ whereas the well-studied [L2Fe]Cl2 

system has not been structurally characterised.4

As already discussed in Chapter 1 (section 1.3), the propensity for NNN-systems to form 

active ethylene polymerisation systems is aided by enhancing the steric bulk around the ligand 

architecture. For example, modification of the terpy ligand architecture by replacing one or 

both of the terminal pyridine donors with TV-aryl substituted imine moieties yields 

respectively, a highly selective catalyst for the formation of 1-butene and 1-hexene14 or a
1 C 1*7

ethylene polymerisation catalyst ' when coordinated to iron (Figure 2). A similar rational 

can be applied to dpa affording mono- or di- A-aryl substituted ethylamine(s) termed N- 

picolyethylenediamines (LI) and diethylenetriamines (LV).
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terpy dipyridine-imine pyridine-diimine

N HN>
"Ar

iV-picolylethylenediamine

L I

Figure 2 AWN-ligand design

NH HN>
Ar Ar

diethylenetriam ine 

LV

Within this chapter we will be focussing on the new sterically variable LI ligand family. 

As is observed in group IV WV-systems (see Chapter 1; section 1.3.3), the flexibility of the 

V-aryl-substituted ethylamine should lend complexes containing LI to either adopt the facial 

or the meridional geometrical isomers (Figure 3) . 18’ 19

<3 r \ \  e f
yac-RR/SS /ac-RS/SR mer-RS/SR

Figure 3 Possible isomeric structures of complexes containing LI

mer-RR/SS

In addition, the stereochemistry about the central and terminal amines may increase the 

number of possible isomeric structures. The nucleophilicity of the central amine in LI can be 

exploited to furnish novel ligand sets (Figure 4), which may potentially act as polymer 

incorporated ligand supports (LIII) or as tetradentate ligands (LIV).

M e

LII

H
N—Ar

L III

.  N - A r

LIV

Figure 4 Functionalisation o f  the central amine in LI

In this study, we are concerned with the solid state properties of manganese(II), iron(II)

and cobalt(II) halide complexes containing the well-known dpa and tpa ligands and, the novel
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NNN- (LI-LIII) or NNNN- (LIV) ligand sets and the importance of steric control upon the 

nuclearity and the binding mode. In addition, the nature of the solution state is investigated 

via !H NMR spectroscopy and with the exception of manganese the systematic assignment of 

the spectra can be achieved despite the paramagnetic nature of the complexes.

2.2. Reactions of MCI2 (M = Fe, Co) with dpa

The absence of steric bulk about the dpa ligand architecture enables the formation of a mono- 

and a bis-ligated complex. Addition of 1 equivalent of dpa to a solution of MCI2 at 90 °C gave 

the bis(p-chloro) dimeric complexes [{dpa}MCl(p-Cl)]2 (M = Fe 1 , Co 3) in high yield as the 

sole product. Indeed, under milder reaction conditions a complex of the composition

1 9[{dpaJCoCy has also been reported, which has also not been characterised by single crystal 

X-ray diffraction studies. In contrast, the presence of 1.5 equivalents of dpa afforded the 

quantitative formation of the complexes [{dpa}FeCl(p-Cl)]2 (1) and [{dpa}2Fe][Cl]2 (2 ). Upon 

addition of 2  equivalents of dpa, the product selection favours the sole formation of the bis- 

ligated complexes (2 or 4) in high yield.

MCI2

2 eq. dpa

1 -

1.5 eq . d p a

t- 2

1 eq . dpa

2 M =Fe
4 M = Co

Cl;

1 M = Fea 
3 M = Co

Scheme 1 Reagents and conditions'. «-BuOH, MCI2, heat 
a Isolated from single crystal X-ray diffraction studies

With the exception of complex 3, all products have been characterised by FAB mass 

spectrometry, magnetic susceptibility, solid state IR spectroscopy and by elemental analysis.
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In addition, crystals of 1, 2 and 4 were grown from slow cooling of a hot acetonitrile solution 

or dichloromethane at rt and subject to single crystal X-ray diffraction studies. The molecular 

structures of 1 , 2 and 4 are represented in Figures 5 and 6  and selected bond distances and 

bond angles are listed in Tables 1 and 2. Crystal data and data collection refinement

parameters are presented within Chapter 6 ; section 6 .8 .

Table 1 Selected bond distances (A )  and angles (°) for l.PACFbCh

Fe(l)-N(l) 2.174(3) Fe(2)-N(4) 2.143(3)
Fe(l)-N(2) 2.181(3) Fe(2)-N(5) 2.167(3)
Fe(l)-N(3) 2.185(2) Fe(2)-N(6) 2.175(3)
Fe(l)-Cl(l) 2.499(1) Fe(2)-Cl(l) 2.500(1)
Fe(l)-Cl(2) 2.501(1) Fe(2)-Cl(2) 2.490(1)
Fe(l)-Cl(3) 2.306(1) Fe(2)-Cl(4) 2.315(1)

Fe(l)...Fe(2) 3.713(1)

N(l)-Fe(l)-N(2) 89.28(9) N(4)-Fe(2)-N(5) 85.06(9)
N(l)-Fe(l)-Cl(l) 89.38(7) N(4)-Fe(2)-Cl(l) 90.25(7)
N(l)-Fe(l)-Cl(3) 96.23(8) N (4)-F e(2)-Cl(4) 98.06(8)
N(l)-Fe(l)-N(3) 76.77(10) N(4)-Fe(2)-N(6) 76.99(10)
N(l)-Fe(l)-Cl(2) 163.96(8) N(4)-Fe(2)-Cl(2) 160.98(8)
N(2)-Fe(l)-Cl(l) 163.28(7) N(5)-Fe(2)-Cl(l) 166.05(7)
N(2)-Fe(l)-Cl(3) 93.79(7) N(5)-Fe(2)-Cl(4) 95.31(7)
N(2)-Fe(l)-N(3) 76.22(9) N(5)-Fe(2)-N(6) 77.20(10)
N(2)-Fe(l)-Cl(2) 93.14(7) N(5)-Fe(2)-Cl(2) 96.28(7)
N(3)-Fe(l)-Cl(l) 87.26(7) N(6)-Fe(2)-Cl(l) 88.95(7)
N(3)-Fe(l)-Cl(2) 88.40(7) N(6)-Fe(2)-Cl(2) 84.79(7)
N(3)-Fe(l)-Cl(3) 167.71(7) N(6)-Fe(2)-Cl(4) . 171.26(7)
Cl(l)-Fe(l)-Cl(2) 83.76(3) Cl(l)-Fe(2)-Cl(2) 83.96(3)
Cl(l)-Fe(l)-Cl(3) 102.92(3) Cl(l)-Fe(2)-Cl(4) 98.35(3)
Fe(l)-Cl(l)-Fe(2) 93.87(3) Fe(2)-Cl(2)-Fe(l) 94.07(3)

The molecular structure of 1 consists of a dimeric unit in which the iron(II) centres are 

bridged by two chloride ligands (Figure 5). Each iron atom is also bound to a terminal 

chloride and a dpa ligand in a facial configuration to give a distorted octahedral geometry 

with an N3C13 donor set at each metal centre. The facial coordination mode of the dpa ligand 

imposes geometry restraints such that the central secondary amines are trans to a terminal 

chloride and the pyridyl groups are trans to the bridging chlorides. The Fe-p-Cl bond 

distances are similar [2.501(1), 2.499(1), 2.500(1), 2.490(1) A ] and fall at the top end of the 

range found for related complexes; [{Etdpa}FeCl(p-Cl) ] 2, 13 [{2 , 2 ’-dithiazolyl-
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disulphide} FeCl(p-Cl)]2,20 [ {diamine} FeCl(p-Cl)]2,21 [{2 -(2 ’-pyridyl)quinoxaline}FeCl(p- 

Cl)]222 and [{pyridine-imine}FeCl(p-Cl)]2.23 The bond distances of the terminal Fe-Cl [Fe(l)- 

Cl(3) 2.306(1), Fe(2)-Cl(4) 2.315(1 )A ] are expectedly shorter than the Fe-p-Cl bonds in 1 but 

at the top end of the scale observed in structurally related complexes. ’ The Fe...Fe 

distance is 3.713(1) A  and is amongst the longest for previously characterised diferrous

1 ^ 9ft   99
complexes with Fe2Cl2 cores. ’ Notably, the Fe-Namine/pyndyi bond lengths are

19 9ft 99characteristic of a iron(II) complex exhibiting HS behaviour. ’ ' Interestingly, the

nuclearity of the complex can be altered to favour the formation of a mononuclear species by

•  19introducing steric bulk in the 6 -position of the pyridyl ring.

Table 2 Selected bond distances (A )  and angles (°) for 2.3MeCN and 4.3MeCN

M = Fe (2.3MeCN) M = Co (4.3MeCN)
M(l)-N(3) 1.986(2) 2.140(1)
M(l)-N(2) 2.020(3) 2.149(1)
M (l)-N(l) 1.981(2) 2.124(1)

N(l)-M(l)-N(2) 83.3(1) 80.0(1)
N(2)-M(l)-N(3) 83.2(1) 79.9(1)
N(l)-M(l)-N(3)____________ 86.0(1)_______________ 85.7(1)________

The molecular structures of 2 and 4 are similar and will be discussed together (Figure 

6 ). The metal(II) centres exhibit pseudo-octahedral geometry with the two tridentate dpa 

ligands coordinated in a facial configuration. The dpa ligands are facially coordinated such 

that the two central amines are mutually trans in each complex (trans-facially coordinated). 

This is in contrast to previously reported complexes [{dpa}2Fe][BF4]2,24 

[{Medpa}2Fe][C104]2,25 and divalent [{dpa}2M][C104]2 (M = Mn, Zn, Cd, Ni) ,26 

[{Medpa}2Ni][C1 0 4]227 and [{dpa}2Cd][Cl]226 which all exhibit a cis-facial coordination 

mode. The two chloride anions are weakly coordinated to the [{dpa} 2M]2+ units via hydrogen- 

bonding with the secondary amine donors of the dpa ligands [H(2 )—Cl(l) 2.313 A (2 ), 2.269 

A  (4) or N(2 )—Cl(l) 3.184 A  (2 ), 3.174 A  (4)]. The differences in the Fe-N bond distances 

are associated with the two types of nitrogen donors present. In both cases the M-Namine bond 

distances [M(l)-N(2 ) 2.020(3) (2 ), 2.149(1) A  (4)] are longer than the M -N pyridyi bond
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Figure 5 Molecular structure of [{dpa}FeCl(p-Cl)]2 (l) (All the hydrogen atoms apart from H3 and H6 have been omitted for clarity)
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'CM

Figure 6 Molecular structure of [{dpa}2Fe][Cl]2 (2) (All the hydrogen atoms apart from H2 and H2A have been omitted for clarity). Molecular structure of

[ {dpa}2Co][Cl]2 (4) reveals a similar coordination geometry
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distances [Fe(l)-N(l) 1.981(2), Fe(l)-N(3) 1.986 (2) (2); Co(l)-N(l) 2.140(1), Co(l)-N(3) 

2.124(1) A (4)]. This may be attributable to the sp2 hybridisation of the latter, which enables 

dn-pn  overlap between the metals and the pyridyl nitrogen atoms to occur. In addition, the 

Fe-Namine/pyridyi bond lengths in 2 are characteristic of a LS iron(II) complex,24 whilst in 4 the 

Fe-Npyridyl distances are indicative of a HS cobalt(II) complex.28,29

Magnetic susceptibility studies were performed using an Evans Balance (Johnson 

Matthey) at rt and variable temperature measurements were recorded using a SQUID 

magnetometer in the region of 2 - 300 K in an applied field of 100 G ((0.01 T) see appendices 

for calculations). The variable temperature magnetochemical data for 1 exhibits a rt magnetic 

moment at 7.4 BM consistent with two non-interacting HS iron (II) centres 5T2 (5D, S = 2), 

which essentially remains constant down to ca. 75 K (Figure 7). The temperature-dependent 

decrease of the susceptibility in the low temperature region (75 - 2 K) indicates the presence 

of zero-field splitting of the HS iron(II) ground state or antiferromagnetic coupling. The rt 

magnetic moment of 3 is at 5.73 BM and is characteristic of two non-interacting HS cobalt(II) 

centres 4T, (4F,S=3/2).
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F ig u re  7 Variable temperature magnetochemical data for 1

As previously reported by Nelson and Rodgers complex 2 adopts a LS configuration

]A\ (]S, S  = 0) and the non-zero value for the magnetic moment can be attributed to

paramagnetic impurities of which iron(III) are the most important (Figure 8 ) .4 Above 50 K

and up to 275 K the susceptibility is essentially independent of temperature (ca. 0.98 BM). At
52



275 K the susceptibility begins to increase attributable to the LS-HS crossover transition 

5T2). In contrast, the high value for the rt magnetic moment (4.44 BM) in 4 suggests a 

HS configuration 4Ti (4F, S = 3/2). As already stated, the Fe-N bond distances provide 

valuable insight into the spin configuration at the iron(II) metal centre. For example, the 

average Fe-N distance in 1 is ca. 0.2 A longer than in 2, characteristic of 1 being HS and 2 

being LS.
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F ig u re  8  Variable temperature magnetochemical data for 2

Further insight into the magnetic properties of the complexes 1 - 4  originates from the 

]H NMR spectra in CD3CN at rt. The ’H NMR spectra for complexes 2 and 4 are unassignable 

due in part to the HS-LS spin transitions and the characteristic paramagnetic shifts and peak 

broadening (Appendices: Figures 1 and 2). Complete assignment of the ]H NMR spectra of 1 

and 3 is possible on comparison with previously reported HS polypyridyl iron(II) and

f \  7 10 17cobalt(II) compounds (Figure 9). ’ ’ ' Indeed, the spectrum of 3 is similar to the spectrum

12reported by Gal and co-workers. Therefore, only the spectrum of 1 will be described in 

detail. The PyCHa of the coordinated pyridyl arms are found at 5 = 116.5 and the secondary 

amine N //a t 5 = 107.0, with a T\ (relaxation time) value of 1.3 ms. The methylene protons are 

present at 8  = 70.8, with a T\ value of 1.1 ms. The PyCZ/p/p- of the coordinated pyridyl donors 

are found at 8  = 54.7 and 51.8 (T\ = 10.1 and 9.1 ms) and the PyC//Y at 8  = 7.8.
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F igure  9 'H  NMR spectra o f  complexes 1 and 3 in CD3CN at rt

2.3. Reactions of MCI2 (M = Mn, Fe, Co) with tpa

Treatment of anhydrous MCI2 with 1 equivalent of tpa in ra-BuOH at 90 °C afforded 

[{tpaJM Cy (M = Mn 5, Fe 6 , Co 7) in good yield (Scheme 2), as previously reported by

• • "X1Canary and co-workers albeit under different reaction conditions. In addition, with cobalt as 

the metal centre [{tpa}CoCl][Cl] (8 ) was also isolated; while employing 1.5 equivalents of 

C0 CI2 yields the discrete dicationic unit [{tpa}CoCl]22+ and the anion [CoCl4]2'as complex 9. 

In contrast to the above, the formation of 9 as the sole product has also been achieved via the 

reaction of C0 CI2 with 1 - 1.2  equivalents of tpa in methanol or ethanol at rt. 10,11
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w

5  M  =  M na
6  M  =  Fe
7 M  =  C oa

Scheme 2 Reagents and conditions: (i) MC12, «-BuOH, heat; (ii) CoCl2 (1.5 equiv.), w-BuOH, heat 
a Isolated from single crystal X-ray diffraction studies

All products have been characterised by FAB mass spectrometry, magnetic 

susceptibility, solid state IR spectroscopy and by elemental analysis. Furthermore, crystals of 

5 - 9  were grown from slow cooling of a hot acetonitrile solution and subject to single crystal 

X-ray diffraction studies. The molecular structures of 5 - 8  are represented in Figures 10 and 

11 and selected bond distances and bond angles are listed in Tables 3 and 4. Crystal data and 

data collection refinement parameters are presented within Chapter 6 ; section 6 .8 .

Mandon and co-workers10 have previously reported the molecular structure of 6  with the 

notable absence of solvated molecules in the crystalline lattice. The molecular structures of 5 - 

7 are similar and will be discussed together. The metal(II) centre in each complex is in a 

distorted octahedral environment ligated by three pyridyl nitrogens and one tertiary amine of 

the tripodal ligand and two chlorides, affording a N4C12 coordination sphere. The geometry 

constraints applied by the tripodal ligand impose a cz's-disposition on the bound chloride 

ligands, with Cl(l) trans to the tertiary amine [N(l)] and Cl(2) trans to one of the pyridyl 

moieties [N(4)]. Such constraints leave the pyridyl donor atoms N(2) and N(3) in a trans 

arrangement. The distortion from a ideal octahedron geometry arises from the tripodal ligand, 

for example the average Namme-M-Npyridyi [72.65° (Mn), 75.22° (Fe), 77.76° (Co)] and the N(2)-
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M-N(3) [144.45(5)° (Mn), 149.29(6)° (Fe), 154.74(6)° (Co)] angles are lower than 90 and 180° 

respectively. Furthermore, the angles between Cl(l) and its czs-neighbours are significantly 

larger than 90° [Cl(l)-M(l)-N(2) 107.38(4)° (Mn), 107.20(5)° (Fe), 101.86(4)° (Co); Cl(l)- 

M(l)-N(3) 105.02(4)° (Mn), 102.18(5)° (Fe), 102.65(4)° (Co); Cl(l)-M(l)-N(4) 91.16(4)° 

(Mn), 93.80(5)° (Fe), 93.86(4)° (Co); C1(1)-M(1)-C1(2) 101.58(3)° (Mn), 97.86(3)° (Fe), 

96.579(17)° (Co)].

Table 3 Selected bond distances (A ) and angles (°) for 5 - 7

M = Mn (5) M = Fe (6 .MeCN) M = Co (7)
M(l)-N(l) 2.407(2) 2.284(2) 2.219(1)
M(l)-N(2) 2.297(2) 2.189(2) 2.136(1)
M(l)-N(3) 2.289(2) 2.191(2) 2 .1 2 0 (2 )
M(l)-N(4) 2.349(2) 2.216(2) 2.169(2)
M(1)-C1(1) 2.438(1) 2.343(1) 2.355(1)
M(1)-C1(2) 2.463(1) 2.457(1) 2.450(1)

N(l)-M(l)-N(2) 72.65(6) 74.97(7) 78.57(5)
N(l)-M(l)-N(3) 72.18(6) 74.53(6) 76.31(6)
N(l)-M(l)-N(4) 73.13(6) 76.17(6) 78.39(6)
N(2)-M(l)-N(3) 144.45(5) 149.29(6) 154.74(6)
N(2)-M(l)-N(4) 81.51(6) 83.29(6) 82.74(5)
N(3)-M(l)-N(4) 83.60(7) 8 6 .1 0 (6 ) 89.59(6)
N(1)-M(1)-C1(1) 164.20(4) 169.54(5) 172.15(4)
N(2)-M(1)-C1(1) 107.38(4) 107.20(5) 101.86(4)
N(3)-M(1)-C1(1) 105.02(4) 102.18(5) 102.65(4)
N(4)-M(1)-C1(1) 91.16(4) 93.80(5) 93.86(4)
N(1)-M(1)-C1(2) 94.14(5) 92.32(5) 91.24(4)
N(2)-M(1)-C1(2) 94.24(5) 90.38(5) 91.70(4)
N(3)-M(1)-C1(2) 93.26(5) 94.33(4) 91.50(5)
N(4)-M(1)-C1(2) 167.25(4) 167.96(4) 169.00(4)
C1(1)-M(1)-C1(2) 101.58(3) 97.86(3) 96.579(17)

The M-N bond distances (>2.0 A ) are characteristic of a metal(II) centre with a HS

configuration ranging from 2.297(2)-2.407(2) A  (Mn), 2.189(2)-2.284(2) A  (Fe) and

2.120(2)-2.219(1) A  (Co) .6' 7’ ,0' 11 The M -N amine bond distance [M(l)-N(2 ) 2.407(2) A  (Mn),

2.284(2) A  (Fe), 2.219(1) A  (Co)] is the most elongated in each case, attributable to the

tertiary amine being the weakest donor atom of tpa. Amongst the three M -N pyrjdyi bond

distances, the pyridyl group trans to Cl(2) has the longest bond distance [M(l)-N(4) 2.349(2)

A  (Mn), 2.216(2) A  (Fe), 2.169(2) A  (Co)]. The difference in the trans arrangement of the

chloride ligands results in the M-Cl bond distances being asymmetric with M(1)-C1(2) bond
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distance being the longest in each case [2.463(1) A  (Mn), 2.457(1) A  (Fe), 2.450(1) A  (Co)]. 

Notably, in the non-solvated form of 6 ,10 the pyridyl moiety in a trans arrangement with a 

chloride ligand possesses a marginally longer Fe-N bond distance than the tertiary amine 

distance.

Table 4 Selected bond distances (A )  and angles (°) for 8

M = Co (8 )
Co(l)-N(l) 2 .2 1 2 (2 )
Co(l)-N(2) 2.065(1)

Co(l)-N(2A) 2.065(1)
Co(l)-N(2B) 2.065(1)
Co(l)-Cl(l) 2.276(1)

N(l)-M(l)-N(2) 77.19(3)
N(2)-M( 1 )-N(2 A) 115.23(2)
N(1)-M(1)-C1(1) 180.00(7)
N(2)-M(1)-C1(1) 102.81(3)

The molecular structure of 8  reveals a discrete cationic unit along with a chloride 

counteranion. The cobalt(II) centre in the cationic unit is in a C3V symmetric pseudo-trigonal 

bipyramidal coordination environment, with the three symmetrical pyridyl donors in the 

equatorial plane and the tertiary amine [N(2)-Co(l)-N(2A) 115.23(2)°] and the chloride 

ligands in the axial positions [N(l)-Co(l)-Cl(l) 180.00(7)°]. As for complexes 5 - 7  the Co- 

Namine bond distance [Co(l)-N(l) 2.212(2) A ] is longer than the Co-Npyrjdyi bond distances 

[Co(l)-N(2 ) 2.065(1) A ] , which are all identical as a consequence of the high symmetry.

Notably, the M -N amine bond distance is ca. 0.04 A  longer than that reported in the dicationic
2+

complex [{tpa)Co(MeCN)] attributed to the larger trans effect of a chloride vs. an

9̂acetonitrile. The cationic unit in 8  resembles closely the five coordinate geometries found in 

the independent cations in [{tpa}CoCl]2[CoCl4] (9) and indeed, the Co-ligand bond distances

• • 19are identical within experimental error. The molecular structure of 9 is discussed in detail by
i j

Gal and co-workers.
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Figure 10 Molecular structure of [{tpajCoCy (7) (All the hydrogen atoms have been omitted for clarity). Molecular structures of

[{tpajM Cy (M = Mn 5, Fe 6) reveal a similar coordination geometry



Figure 11 Molecular structure of the cationic unit in [{tpa}CoCl][Cl] (8 ) (All the hydrogen atoms have been omitted for clarity)
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The solid state IR spectra of complexes 5 - 9  exhibit characteristic pyridyl ring 

deformation bands at ca. 1600 cm’1, 11,33 indicative of the coordination modes determined by 

single crystal X-ray diffraction studies. The rt magnetic moments were determined using a 

Evans Balance (Johnson Matthey) and are characteristic of a metal(II) HS configuration, in 

accordance with the crystal structure analysis. For example, the manganese(II) complex (5) 

affords a magnetic moment of 5.52 BM, consistent with five unpaired electrons (S = 5/2), the 

iron(II) complex (6 ) affords a magnetic moment of 4.82 BM, consistent with four unpaired 

electrons (S = 2) and the cobalt(II) complexes (7 - 9) afford magnetic moments in the range of 

3.70 - 4.39 BM, consistent with three unpaired electrons (S = 3/2).

The rt paramagnetic behaviour of 5 - 9 in the solid state is also observed in solution 

(CD3CN) with characteristically broad paramagnetically shifted peaks in the ’HNMR spectra 

of 6  - 9 as depicted in Figure 12. As a consequence of the five unpaired electrons present in 5 

the spectrum is very broad thereby deleterious to peak assignment (Appendices: Figure 3). 

The spectrum of 6  is essentially identical to that described by Mandon et al.i0 Equally, the

1 9spectrum for 9 is in agreement with that previously reported and, interestingly, it is 

essentially identical to that for the six-coordinate 7 and five-coordinate 8 . It would seem 

possible that 7 in solution can readily undergo chloride dissociation to form 8 .

2.4. Synthesis of Ligands LI - LIV

The new A-aryl substituted A-picolyethylenediamines ligands Lla - d were prepared in high 

yield by a palladium catalysed N-C(aryl) coupling reaction of A-picolyethylenediamine 

(prepared by treating 2 -chloroethylamine with excess 2 -(aminomethyl)pyridine) with one 

equivalent of the corresponding aryl bromide using experimental procedures established by 

Hartwig and Buchwald (Scheme 3) .34 Notably, increasing the steric bulk in the ortho-position 

of the aryl ring is detrimental to the reaction. For example, when 2,4,6-tri-/-butylphenyl 

bromide is utilised in the reaction no conversion is observed. This may be attributable to the 

steric hindrance preventing either oxidative addition of the aryl bromide to the Pd(0) metal
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Figure 12 ’H NMR spectra of complexes 6 - 9 in CD3CN at rt
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centre or reductive elimination of the (amido)(aryl)Pd(II) complex.34,35 Lla - d have been 

characterised by IR, and 13C NMR spectroscopy and ES mass spectrometry (see Chapter 6 ; 

section 6 .2 .2 ).

(ii)

(ia)

N
H

H
N -A r

e x ’" 1
(ib)

nh2

Lla Ar = 2,6-Me2 C6 H3  

Lib Ar = 2,4-Me2 C6 H3  

Lie Ar = 2,4,6-Me2 C6 H2  

Lid Ar = 2,4,6-/-Pr3 C6 H2

(ii)X N

Scheme 3 Reagents and conditions: (i) NaOH, H2 NCH2 CH2 CI.HCI, EtOH, heat; (ii) Ar-Br, NaOlBu, Pd2 (dba)3 , rac-BINAP, 
toluene, heat

The nucleophilicity of the central secondary amine in LI can be exploited to yield the 

new ligand sets LII - LIV via the treatment of LI with the respective electrophile and excess 

K2CO3 (Scheme 4). The products LII - LIV were purified by column chromatography in 

order to remove the ammonium salts. Alternatively, LIV was prepared analogously to LI by

Cl
N -A r

N

/ V
Me

L III Ar = 2,6-Me2C6H3

H
N -A r

,N—Ar

+

H
N -A r

LII Ar = 2,4,6-M e3C6H 2 

+

I©

H
/ N_Ar |sj N /  ____

H

LIVa Ar = 2,6-Me2C6H3 
LIVb A r=  2,4-Me2C 6H3

Ar = 2,4,6-M e3C6H2

H
N -A r LI

Ar = 2,6-Me2C6H3 or Ar = 2,4-Me2C6H

Scheme 4 Reagents and conditions: (i) xs K2 CO3 , Mel, MeCN; (ii) xs K2 CO3 , CgHgCl, MeCN, heat; (iii) xs K2 CO3 , 
C6 H7 NC1.HC1, MeCN, heat
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the palladium catalysed N-C(aryl) coupling reaction of dpea (prepared by reacting dpa with 

vV-tosylaziridine; followed by treating (Ar-tosyl-2-aminoethyl)bis(2-picolyl)amine with conc. 

H2SO4) with one equivalent of the corresponding aryl bromide (Scheme 5). The ligand sets 

LII - LIV have been characterised by IR, !H and 13C NMR spectroscopy and ES mass 

spectrometry (see Chapter 6 ; sections 6.2.3 - 6.2.7).

The treatment of anhydrous MCI2 with 1 equivalent of L la - d in w-BuOH at 90 °C afforded 

the complexes [{LlaJM Cy (M = Fe 10a, Co lla ) , [{LIbJM Cy (M = Fe 10b, Co lib ) , 

[{LIc}FeCl(p-Cl) ]2 (1 0 c), [{LIc}CoC12] (1 1 c) and [{LId}CoCl2] (lid ), in high yield

H
^ n h 2

LIVa Ar = 2,6-Me2 C6 H3  

LI Vb At = 2,4-Me2 C6 H3  

LIVc Ar = 2,4,6-Me3 C6 H2

Scheme 5 Reagents and conditions: (i) /V-tosylaziridine, CH3 CN, heat, followed by conc. H2 SO4 , heat; (ii) Ar-Br, 
NaOlBu, Pd2 (dba)3 , rac-BINAP, toluene, heat

2.5. Reaction of MCI2 (M = Fe, Co) with LI

(Scheme 6 ).

mci2

10a M = Fe, R = R = Me, R = H (mer, R/R and S/S)! 
10b M = Fe. R 1 = R3 = Me, R2 = H 
1 la  M = Co, R 1 = R2 = Me, R3 = H (fac, R/R and S/S)a 
l i b  M = Co, R 1 = R3 = Me, R2 = H 
11c M = Co, R 1 = R2 = R3 = Me {fac. R/R and S/S)a 
l i d  M = Co. R 1 = R 2 =R3 = /-Pr

10c M = Fe (fac, R/S and S/R)a

Scheme 6  Reagents and conditions: (i) LI, «-BuOH, 90 °C; (ii) L ie, «-BuOH, 90 °C. 
a Isolated from single crystal X-ray diffraction studies
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In contrast to the reaction of dpa with MCI2 the presence of excess ligand (2 equivalents) does 

not yield a 6 /s-ligated species, this is attributable to the presence of steric hindrance around 

the substituted aryl amine. All the compounds have been characterised by FAB mass 

spectrometry, magnetic susceptibility measurements, solid state IR spectroscopy and 

elemental analysis (except for lid ). Insight into the coordination geometry around the metal 

centre and the propensity to form isomeric structures was provided by single crystal X-ray 

diffraction studies performed on complexes 10a, 10c, l la  and 11c.

The crystal growth of 10a, 10c, l la  and 11c was achieved from the layering of an 

acetonitrile solution with hexane at rt to give golden crystals for 10 and dark blue crystals for 

11. The molecular structures of 10a, 10c, l la  and 11c are represented in Figures 13 - 15 and 

selected bond distances and bond angles are listed in Tables 5 and 6 . Crystal data and data 

collection refinement parameters are presented within Chapter 6 ; section 6 .8 .

Table 5 Selected bond distances (A ) and angles (°) for 10a, l la  and llc.MeCN

M = Fe (10a) M = Co ( lla ) M = Co (llc.MeCN)
M(l)-N(l) 2.178(2) 2.082(1) 2.088(2)
M(l)-N(2) 2.185(2) 2.188(1) 2.189(2)
M(l)-N(3) 2.296(2) 2.168(1) 2.214(2)
M(1)-C1(1) 2.398(1) 2.347(1) 2.361(1)
M(1)-C1(2) 2.285(1) 2.296(1) 2.283(1)

N(l)-M(l)-N(2) 75.56(6) 76.64(5) 77.96(8)
N(l)-M(l)-N(3) 153.28(6) 105.72(5) 109.37(7)
N(2)-M(l)-N(3) 77.75(5) 79.14(5) 78.80(7)
N(1)-M(1)-C1(1) 101.16(4) 105.79(4) 108.00(6)
N(2)-M(1)-C1(1) 99.92(4) 87.42(3) 85.39(5)
N(3)-M(1)-C1(1) 84.72(4) 141.63(4) 135.00(5)
N(1)-M(1)-C1(2) 98.19(4) 98.71(4) 98.65(6)
N(2)-M(1)-C1(2) 150.84(4) 168.22(4) 171.49(6)
N(3)-M(1)-C1(2) 104.46(4) 91.95(3) 95.19(5)
C1(1)-M(1)-C1(2) 109.24(2) 104.30(2) 103.11(3)

The geometry at the iron(II) centre in complex 10a may be regarded as being distorted

square pyramidal with a N3C12 coordination sphere. The square basal plane consists of the

AATV-chelate [N(l), N(2) and N(3)] and the chloride ligand Cl(2), with Fe(l) deviating from

this plane by 0.018 A  and leaving Cl(l) as the apical atom. The AWA-chelate is bound in a

meridional configuration as indicated by the N(l)-Fe(l)-N(3) angle being 153.28(6)° and as
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two five-membered chelate rings [N(l)-Fe(l)-N(2) 75.56(6)°; N(2)-Fe(l)-N(3) 77.75(5)°]. 

The A -̂aryl group is oriented such that the ortho-methyl groups [C(15) and C(16)] are 

positioned above and below the square basal plane [tors: C(10)-C(9)-N(3)-Fe(l) 57.6(2)°] 

with one ortho-methyl [C(15)] notably pointing in a similar direction to Cl(l). The sp3 

hybridisation of N3 results in an inclination of the aryl substituent at an angle of 69.18° to the 

plane as observed in the pyridine-diamine and pyridine-imine-amine iron(II) complexes.36 

This deviation from orthogonallity may affect the steric control imposed on the metal centre 

by the ligand architecture (see Chapter 4). The Fe-N bond distances are inequivalent with the 

distance to the pyridyl donor being the shortest [Fe-N(l) 2.178(2) A ] and to the /V-aryl amine 

the most elongated [Fe-N(l) 2.296(2) A ]. Furthermore, the Fe-N bond lengths are 

characteristic of a HS iron(II) configuration.36 The Fe-Cl bond distances differ by ca. 0.1 A  

with Fe-Cl(l) being the longest [2.398(1) A ]. The Cl-Fe-Cl angle at 109.24(2)° falls in the 

lower-range for the corresponding angle in related complexes. ' Due to the centric nature 

of the space group, both R/R and S/S forms are present for the two chiral centres at N(2) and 

N(3) in the crystal of 10a.

The cobalt(II) complexes l l a  and 11c also possess a N3C12 coordination sphere but in a 

distorted trigonal bipyramidal environment, the lack of rigidity within the ligand architecture 

appears to facilitate the formation of an isomeric structure to 10a. The structures of l l a  and 

1 1 c are essentially identical and will be discussed together. The axial sites consist of N(2) and 

Cl(2) [N(2)-Co( 1 )-Cl(2) 168.22(4)° (lla ), 171.49(6)° (11c)] and the equatorial plane is 

defined as N(l), N(3), Cl(l) [N(l)-Co(l)-N(3) 105.72(5)° (lla ), 109.37(7)° (11c); N(l)- 

Co(l)-Cl(l) 105.79(4)° (lla ), 108.00(6)° (11c); N(3)-Co(l)-Cl(l) 141.63(4)° ( lla ) , 

135.00(5)° (11c)]. The /VAW-ligand is bound in a facial configuration and as two five- 

membered chelate rings as indicated by the bond angles N(l)-Co(l)-N(2) [76.64(5)° ( lla ) , 

77.96(8)° (11c)] and N(2)-Co(l)-N(3) [79.14(5)°(lla), 78.80(7)° (11c)]. The /V-aryl group is 

oriented such that the ortho-methyl groups [C(15) and C(16)] are positioned above and below 

the plane defined by N(3)-N(2)-Co(l) [tors.: C(10)-C(9)-N(3)-Co(l) 50.0(2)° (lla ), 45.5(3)°
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(11c)] with one ortho-methyl [C(15)] notably pointing in a similar direction to Cl(l). In 

addition, the aryl substituent is inclined at an angle of 73.89(5)° ( lla )  and 69.02(7)° (11c) to 

the N(3)-N(2)-Co(l) plane. As expected, the average Co-Namine bond distance [2.178(1) A  

(lla ), 2.202(1) A  (11c)] is longer than the Co-Npyridine bond distance [2.082(1) A  (lla ), 

2.088(2) A  (1 1 c)]. Similarly, the Co-Cl bond lengths differ, with the equatorial chloride 

[2.347(1) A  (lla), 2.361(1) A  (11c)] being longer than the axial chloride [2.296(1) A  (lla ), 

2.283(1) A  (11c)]. The Cl-Co-Cl angle at 103.11(3)° lies below the range found in pyridine- 

diimine cobalt(II) halide complexes, ’ but compares well with the less rigid vVAW-chelated 

five-coordinate cobalt dichloride complexes.39"43 As with 10a, both R/R and S/S forms of the 

complexes are present within the crystal of l la  and 11c due to the centric nature of the space 

group.

Table 6  Selected bond distances (A )  and angles (°) for 1 0 c

Fe(l)-N(l) 2.168(2) Fe(l)-Cl(2) 2.310(1)
Fe(l)-N(2) 2.218(2) Fe(l)-C1(1A) 2.546(1)
Fe(l)-N(3) 2.334(2) Fe(l)...Fe(lA) 3.600(1)
Fe(l)-Cl(l) 2.509(1)

Cl(l)-Fe(l)-N(3) 81.06(6) Cl(2)-Fe( 1 )-Cl( 1 A) 96.56(3)
Cl(l)-Fe(l)-Cl(2) 94.41(2) N'(3)-Fe(l)-N(l) 103.43(7)
Cl(l)-Fe(l)-N(l) 162.93(6) N(3)-Fe(l)-N(2) 77.24(7)

Cl(l)-Fe(l)-C1(1A) 89.19(2) N(3)-Fe( 1 )-Cl( 1 A) 162.33(5)
Cl(l)-Fe(l)-N(2) 87.88(5) N(l)-Fe(l)-N(2) 77.27(7)
Cl(2)-Fe(l)-N(l) 101.05(6) N(l)-Fe(l)-C1(1A) 81.94(5)
Cl(2)-Fe(l)-N(3) 98.84(5) N(2)-Fe( 1 )-Cl( 1 A) 87.76(6)
Cl(2)-Fe(l)-N(2) 175.13(6) Fe(l)-Cl(l)-Fe(lA) 90.81(2)

The molecular structure of 10c differs from 10a, l la  and 11c thereby forming another 

isomeric structure. Complex 10c is binuclear with a C2 symmetry passing through the centre 

of the Fe2Cl2 bridging core, which enables the R/S and S/R configurations to be adopted 

within the crystal structure. Each iron(II) atom is bound by a AAW-chelate in a facial bonding 

mode [N(3)-Fe(l)-N(l) 103.43(7)°], two bridging chlorides and one terminal chloride 

yielding a distorted octahedron geometry. The facial configuration of the ATVTV-chelate 

imposes geometry restraints such that the central amine is trans to a terminal chloride and the 

pyridyl donor and the A-aryl amine are trans to bridging chlorides. The two Fe-p-Cl bond



CI1

Figure 13 Molecular structure of [{LIa}FeCl2] (10a) (All the hydrogen atoms apart from H2 and H3 have been omitted for clarity)
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Figure 14 Molecular structure of [{LIbJCoCb] (11c) (All the hydrogen atoms apart from H2 and H3 have been omitted for clarity). Molecular structure of

[{LlaJCoCy (lla )  reveals a similar coordination geometry
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Figure 15 Molecular structure of [{LIb}FeCl(p-Cl) ]2 (10c) (All the hydrogen atoms apart from H2  and H3 have been omitted for clarity)
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distances are slightly different [Fe-Cl(l) 2.509(1) A , Fe(l)-C1(1A) 2.546(1) A ] and as 

expected they are longer than the terminal Fe-Cl bond distances [Fe(l)-Cl(2) 2.310(1) A ] (cf 

[{dpa}FeCl(p-Cl)]2 (1)). The Fe...Fe separation is 3.600(1) A  and is in the mid-range for

1T 1 ( \  I'Xpreviously characterised diferrous complexes with Fe2Cl2 cores. ’ ' In comparison to 10a

the Fe-N bond distances are inequivalent with the aryl amine distance [Fe(l)-N(3) 2.334(2) 

A ] being the longest and the pyridyl nitrogen [Fe(l)-N(l) 2.168(2) A ] the shortest. In 

addition, the Fe-Namine/pyndyi bond lengths are characteristic of a iron(II) complex exhibiting a 

HS configuration.13,20' 23

The FAB mass spectrometric data for complexes 10 and 11 show characteristic mass 

and isotope distribution patterns consistent with a monomeric species and in each case minor 

peaks attributable to a dimeric species. In accordance with the crystal structure analysis, the 

solid state IR spectra reflect the ligand coordination modes within the complexes by 

exhibiting characteristic pyridyl ring deformation bands at ca. 1600 cm'1,11’ 33 and N-H 

stretching frequencies at ca. 3200 cm'1.44 The rt magnetic susceptibility measurements are 

characteristic of HS behaviour, which agrees with the M-N bond lengths obtained from the 

diffractometric studies. For example, 10a and 10b reveal a magnetic moment of ca. 4.9 BM, 

consistent with a mononuclear iron(II) HS configuration (S = 2), whilst the dimeric species 

10c shows a magnetic moment of 7.76 BM, characteristic of two non-interacting HS iron(II) 

centres. Furthermore, variable temperature magnetochemical studies performed on 10c reveal 

the magnetic susceptibility to be essentially independent of temperature down to ca. 50 K 

(Figure 16). The increase in magnetic susceptibility at ca. 50K indicates possible

81

8.0

7 9

7.80 
£1 7-7CD

7 6

7.5

7 4

0 50 150100 200 250 300

8.2

8 0

7.8

7.6

7.4

7.2

7.0

6.8
1500 50 100 200 250 300

T (K) T (K)

F ig u re  16 V ariable tem perature m agnetochem ical data for 10c

70



ferromagnetic coupling between the two HS iron (II) centres.45 The magnetic moments of 

l la -d  (ca. 3.87 BM) are consistent with a mononuclear cobalt(II) centre containing three 

unpaired electrons.

Solution state studies performed on complexes 10 and 11 reveal broad paramagnetically 

shifted ]H NMR spectra in the range of 5 = -40 to 140 (Figures 17 and 18). Interpretation of 

the paramagnetic *H NMR spectra can be achieved by comparison with related metal(II) 

complexes 1, 3 and 6 - 9  where the pyridyl (PyCHa, PyCZ/p/p’ and PyCHy) and methylene 

protons have characteristic chemical shifts (Tables 7 and 8 ). Assignment has also been 

achieved on the basis of T\ and via direct comparison with related spectra (10a vs. 10c and 

l l a  vs. 1 1 c).

For complexes 10a and 10c the PyCHa of the coordinated pyridyl arm is shifted 

downfleld the most at 8  = 130.4 for 10a and 8  = 129.6 (T\ = 0.9 ms) for 10c. The PyC//p/p’ 

appear as sharp signals at 8  = 58.8 and 57.4 (T\ = 16.4, 14.6 ms) for 10a, whilst for 10c they 

are found at 8  = 58.6 and 56.6 (7) = 13.2 and 11.2 ms). PyC//y is the most upfield at 8  = 15.8 

(T\ — 37.1 ms) for 10a and 8  = 16.8 (T\ = 90.3 ms) for 10c. The methylene protons are broad 

and shifted downfield at 8  = 104.9, 80.9 and 62.9 (T\ = 0.96, 0.73 and 0.9 ms 10a) and 8  = 

108.1, 82.4 and 63.9 (T\ = 1.7, 1.1 and 0.7 ms 10c). The aromatic region can be assigned by 

direct comparison of the two spectra to give ArMe0 at 8  = 6.6 (T\ = 2.0 ms) and ArCHm at 8  = 

12.3 (7, = 34.2 ms) for 10a and ArMe0 at 8  = 7.39 (Tx = 2.5 ms), and ArCHm at 8  = 11.6 (Tx =

27.8 ms) for 10c. Notably, the para-substituent can be informative with the ArCHP in 10a 

appearing at 8  = -5.4, whilst in 10c this signal is absent but replaced by ArMep at 8 = 15.7 (T\ 

= 29.1 ms).

Complexes l l a  and 11c have been assigned in a similar fashion affording PyCHa at 8  =

113.8 (T\ = 4.1 ms) for l l a  and 116.7 (T\ = 9.3 ms) for 11c. PyC/7p/p’ resonate at 8 = 45.7 and

42.5, (7i = 15.9, 25.9 ms) for l la , whilst for 11c they appear at 8  = 46.6 and 44.0 (T\ = 15.0 

and 23.2 ms). The PyCHy are found at 8  = -3.6 for l l a  and -3.0 (Tx = 52.6 ms) for 11c, whilst

71



HyH
N*

Me,

Me,

10a (solid state: mer. R7S and S/R)

Me,

ArMe.
'Cl H,[Me,

Me, ArMe,

10c (solid state: fac , R/R and S/S)

C H: C H- CH:

140 120 100 80 60

(ppm)

40 20

Figure 17 H NMR spectra of complexes 10a and 10c in CD3CN at rt
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Figure 18 *H NMR spectra of complexes l l a  and 11c in CD3CN at rt
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Table 7 *H NMR chemical shifts (8 ) and relaxation times (T\) for complexes 10a and 10c in CD3CN at rta

8  / (Ti ms)
Complex PyC Ha PyCflb/B’ PyC Hy C h 2 ArC H ArMe N H

54.7

1 116.5 (1 0 .1),
51.8
(9.1)

7.8 70.8
(1.1) NA NA 107.0

(1.3)

50.5

6 127.8 (9.8),
45.8
(8 .1)

24.5
(25.0)

-1 0  to 10  
(very broad) NA NA NA

104.9
58.8 (0.96), 12.3 124.1

10a 130.4 (16.4),
57.4

(14.6)

15.8
(37.1)

80.9 
(0.73),
62.9 
(0.9)

(34.2, ArCHm\  
-5.4 

(ArCi/p)

6 .6
(2.0, AiMe0),

(3.8, NH), 
-15.01 

(15.3, NH)

108.1
58.6 (1-7), 15.7 1 2 0 .0

10c 129.6
(0.9)

(13.2), 
56.6

(11 .2 )

16.8
(90.3),

82.4
(1 .1),
63.9
(0.7)

11.6  
(27.8, ArCHm)

(29.1, ArM?p), 
7.39 

(2.5, ArM?0)

(1.9),
-12.74
(4.0)

a Complexes 1 and 6 included for comparison
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Table 8  lH NMR chemical shifts (8 ) and relaxation times (T\) for complexes l l a  and 11c in CD3CN at rta

87 or, ms)
Complex PyCtfa PyCtfe/B’ PyC Hy C h 2 ArC// ArMe N H

54.5

3 122.8
(1.3)

(30.4),
43.1

(19.7)

-0.9 110 .6  
(2 .0  ms)

NA NA 118.0
(1.9),

58.3

7 130.8 (17.9)
46.2

(10 .0 )

-2.7
(29.3)

105.3
(1.1) NA NA NA

97.0

l la 113.8
(4.1)

45.7
(15.9), 
42.5

(25.9),

-3.6

(0 .8),
87.3
(1.1),
13.5

(2.9),

11.8  
(43.2, ArC//m), 

-9.1 
(ArCtfp)

-14.1
(ArMe0)

110.1
(1.0 ),
-40

46.6 -9 0 12.5 
(45.3, ArCHm)

16.4

1 1c 116.7
(9.3)

(15.0),
44.0

(23.2)

-3.0
(52.6)

(very broad), 
86.9 
(0.9)

(ArM?p), 
-11.8  

(2.2, ArMe0)

104.6
(1-5)

3 Complexes 3 and 7 included for comparison
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the methylene protons are present at 8  = 97.0, 87.3 and 13.5 (T\ = 0.8, 1.1 and 2.9 ms) for l l a  

and 8  ~ 90 (very broad) and 86.9 (T\ = 0.9 ms) for 11c. The aromatic region can be assigned 

to give ArMe0 at 8  = -14.1 and ArCHm at 8  = 11.8 (7T = 43.2 ms) for l l a  and ArMe0 at -11.8 

(T\ = 2.2 ms) and ArCHm at 8  = 12.5 (T\ = 45.3 ms) for 11c. In analogous manner to 10a and 

10c the ArCT/p signal at 8  = -9.1 in l l a  is replaced by a ArMep signal at 8  = 16.4 in 11c.

From the crystallographic studies we have observed both meridional and facial 

configurations with differing stereochemical relationships with either a iron(II) or cobalt(II) 

centre. In addition, despite the differences in the solid state structures of 10a and 10c both 

behave similarly in solution. Scheme 7 shows a series of equilibria that may explain the 

apparent dynamic behaviour of 1 0  and 11 in particularly, that of 1 0 a and 1 0 c.

Isolated for l l a  and l ie  ,/ac-RR/SS

Isolated for 10a mer-RR/SS

Cl
,N*C7'_ N-

Cl

H H 
inversion \  \

Not isolated mer-RS/SR

© s  H ci Cl

f v "
D'

Isolated for 10c^ac-RS/SR

Scheme 7 Isomeric interconversion pathway

Dissociation of the Â -aryl amine arm of the ligand in species A could generate a four

coordinate iron complex containing a pendant A-aryl amine group. Reorganisation of the

coordinated ligand around the metal centre followed by recoordination could afford the facial
16



TVATV-chelated species B. The stereoisomers may be interconverted via inverting the 

stereochemistry at the pendant N-aryl amine followed by recoordination and in the particular 

case of species A yielding species C or D. The bulky aryl group in species D is now remote 

from the chloride ligands, dimerisation can therefore occur to give a facially AWA-chelated 

bis(p-chloro) dimeric complex. Some experimental evidence for the postulated lability of the 

TV-aryl amine arm is given on inspection of the M-N bond distances in particular for 10a and 

10c, in which the corresponding Fe-N bond distances are ca. 0.1 A longer than the other Fe-N 

bond distances. Alternatively a Berry psewdo-rotational type process may account for the 

interconversion of species A into species B or species C into D. Further evidence for a ‘Berry- 

type’ or a dissociation-inversion process arises from the employment of a NNN-, NON- or 

XNX- (X = S, 0)-chelate in a five-coordinate group 4 or 14 system.46' 48

In order to investigate the relative stabilities of the possible meridional and facial 

isomers for 10 and 11, DFT (B3LYP) calculations have been performed. The geometries of 

the mer-RR andyhc-RR configurations of both 10a and l l a  have been optimised taking into 

account the HS state of the metal(II) centre [S = 2 (Fe), 3/2 (Co)]. Different electronic 

configurations of the metals d-orbitals have been considered for both 1 0 a and l la  and the 

lowest energetic ones were selected for geometry optimisation. Optimised structures of the 

meridional and facial complexes for 10a and l l a  are depicted in Figure 19 and the 

geometrical parameters are listed in Table 9.

Meridional Facial

10a

l l a

F igure 19 B3LYP optimised structures of mer and fac  isomers of 10a and l l a
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Table 9 Selected bond distances (A) and angles (°) for mer-RR and/ac-RR complexes of 10a and l l a

meridional-RR configurations facial-RR configurations

Diffractometric Calculated Calculated Diffractometric Calculated Calculated

M = Fe (10a) M = Fe (10a) M = Co (lla ) M = Co (lla ) M = Fe (10a) M = Co (lla )

M(l)-N(l) 2.1782(15) 2.24 2.18 2.082(1) 2.23 2.19

M(l)-N(2) 2.1849(15) 2.23 2.23 2.188(1) 2.30 2.25

M(l)-N(3) 2.2956(15) 2.37 2.27 2.168(1) 2.35 2.26

M(1)-C1(1) 2.2851(5) 2.29 2.30 2.347(1) 2.35 2.34

M(1)-C1(2) 2.3983(5) 2.41 2.37 2.296(1) 2.34 2.33

N(l)-M(l)-N(2) 75.56(6) 75.0 73.7 76.64(5) 73.5 74.7

N(l)-M(l)-N(3) 153.28(6) 152.2 146.9 105.72(5) 108.8 114.4

N(2)-M(l)-N(3) 77.75(5) 77.2 76.7 79.14(5) 74.8 76.4

N(1)-M(1)-C1(1) 98.19(4) 95.4 96.3 105.79(4) 106.9 108.8

N(2)-M(1)-C1(1) 150.84(4) 137.1 150.8 87.42(3) 84.3 84.1

N(3)-M(1)-C1(1) 104.46(4) 106.0 102.5 141.63(4) 130.9 125.4

N(1)-M(1)-C1(2) 101.16(4) 95.0 104.1 98.71(4) 95.7 95.0

N(2)-M(1)-C1(2) 99.92(4) 92.6 90.0 168.22(4) 153.8 157.3

N(3)-M(1)-C1(2) 84.72(4) 84.6 90.3 91.95(3) 86 .8 90.1

C1(1)-M(1)-C1(2) 109.24(2) 130.2 119.2 104.30(2) 121 .8 118.3
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As indicated in Table 9 the gas-phase calculated bond parameters and the 

diffractometric data are generally in good agreement for both mer- 10a and fac-lla . Notably, 

the optimised M-N bond distances are slightly elongated on comparison to the diffractometric 

values; typical of high spin systems studied by B3LYP.49 The most significant anomaly 

between the calculated and diffractometric data is the C1(1)-M(1)-C1(2) angle with 

discrepancies of 14° in fac - l la  (computed 118.3° vs. diffractometric 104.3°) to 21° in mer-lOn 

(computed 130.2° vs. diffractometric 109.3°). Interestingly, the optimised values of the Cl(l)- 

M(1)-C1(2) angle are closer to the diffractometric values exhibited by 16a and 16b (see 

Chapter 3; 114.4° and 113.3° respectively). The apparent deviation from the diffractometric 

C1(1)-M(1)-C1(2) angle may be related to the rotational behaviour of the aryl ring (and to a 

lesser extent the pyridine ring) about its N-C bond. Despite the fac- 10a and mer- l la  

complexes not being isolated by single crystal X-ray diffraction studies, qualitative analysis of 

their optimised structures with those of mer- 1 0 a and fac-Wa indicate the stability of both 

configurations when the AWTV-chelate is coordinated to either iron or cobalt.

Determining the difference in Gibbs free energy between the meridional and the facial 

configurations of the AWA-chelate in both 10a and l l a  enables the relative stabilities of the 

two optimised geometries at each metal centre to be determined [AG° = G °mer -  G°fac] • For 

10a, AG°= -2.41 kcal/mol and for cobalt(II) complex l la ,  AG° = +1.04 kcal/mol. Indeed, the 

low AG° values for both 10a and l l a  indicate that both the meridional and facial 

configurations are very close in energy. However, for 10a the meridional configuration is ca. 

2.5 kcal/mol more stable than the facial, whilst for l la ,  the facial configuration is ca. 1 

kcal/mol more stable than the meridional.

In summary, the AG° values for the optimised geometries in the gas phase reflect the 

geometrical environments that have been isolated from single crystal X-ray diffraction 

studies. Furthermore, the low energy difference between facial and meridional structures for 

both iron and cobalt would suggest an equilibrium to be likely in solution, as confirmed by the
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paramagnetic *H NMR studies of 10. However, these calculations do not take into account the 

possible mechanistic pathway involved in the transition from one configuration to the other.

2.6. Reaction of C0CI2 with LII and LIII

The reaction studies performed with LII and LIII are indicative of the formation of the

tridentate AAW-cobalt systems 12 and 13 (Scheme 8 ). The FAB mass spectrometric data

exhibits characteristic mass and isotope distribution patterns for a monomeric dichloro

complex and minor peaks for a dimeric species. The solid state IR spectra exhibit

1 1 1  1 1characteristic pyridyl ring deformation bands at ca. 1600 cm* , ’ and N-H stretching 

frequencies at ca. 3200 cm' 1 indicative of coordination of the ligand sets to the metal centre.44 

In addition, complex 13 exhibits a C=C stretching frequency at 1629 cm'1, which is 

comparative to that observed in the free ligand (1628 cm'1). The rt magnetic moments are

characteristic of a cobalt(II) HS configuration, consistent with three unpaired electrons (S = 

3/2).

12 (fac, R/R and S/S/

(ii)

13

Schem e 8 Reagents and conditions: (i) LII, thf, rt; (ii) L III, thf, rt 
a Isolated from single crystal X-ray diffraction studies

In addition, purple crystals of 12 were grown from slow cooling of a hot acetonitrile

solution and subject to a single crystal X-ray diffraction study. The molecular structure of 12

is depicted in Figure 20 and selected bond distances and bond angles are listed in Table 10.
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Crystal data and data collection refinement parameters are presented within Chapter 6 ; section 

6 .8.

Table 1 0  Selected bond distances (A ) and angles (°) for 12

Co(l)-N(l) 2.093(4)
Co(l)-N(2) 2.254(4)
Co(l)-N(3) 2.170(4)
Co(l)-Cl(l) 2.316(2)
Co(l)-Cl(2) 2.311(2)

N(l)-Co(l)-N(2) 76.42(17)
N(l)-Co(l)-N(3) 104.82(16)
N(2)-Co(l)-N(3) 79.45(16)
N(l)-Co(l)-Cl(l) 110.09(13)
N(2)-Co(l)-Cl(l) 89.59(12)
N(3)-Co(l)-Cl(l) 139.68(12)
N(l)-Co(l)-Cl(2) 97.73(13)
N(2)-Co(l)-Cl(2) 166.88(12)
N(3)-Co(l)-Cl(2) 90.95(12)
C1(1)-M(1)-C1(2) 103.48(6)

In a similar fashion to l la  and 11c the molecular structure of 12 adopts a distorted 

trigonal bipyramidal geometry with the AAW-chelate bound in facial configuration. The 

equatorial plane is defined as N(l), N(3), Cl(l) [N(l)-Co(l)-N(3) 104.82(16)°, N(l)-Co(l)- 

Cl(l) 110.09(13)°, N(3)-Co(l)-Cl(l) 139.68(12)°] and the axial sites consist of N(2) and 0 (2 ) 

[N(2)-Co(l)-Cl(2) 166.88(12)°]. The TV-aryl group is oriented such that the ortho-methyl 

groups [C(16) and C(18)] are positioned above and below the plane defined by N(3)-N(2)- 

Co(l) \tors.\ C(10-C(9)-N(3)-Co(l) 57.1(6)°] with one ortho-methyl group [C(18)] pointing 

in a similar direction to 0(1). In addition, the aryl substituent is inclined at an angle of 

82.6(2)° to the N(3)-N(2)-Co(l) plane. The Co-N(2) bond distance of 2.254(4) A , is longer 

than the Co-N(3) bond distance of 2.170(4) A , which is in contrast to 1 1 c and more 

appreciable than that observed in l la . Notably, the Co-Npyrjdyi bond distance [2.093(4) A ]  

remains the shortest and unlike in l l a  and 11c the Co-Cl bond lengths are almost identical 

[Co(l)-Cl(l) 2.316(2) A , Co(l)-Cl(2 ) 2.311(2) A ]. The Cl-Co-Cl angle at 103.48(6)° lies 

below the range found in pyridine-diimine cobalt(II) halide complexes,37’38 but compares well 

with the less rigid ATVTV-chelated five-coordinate cobalt dichloride complexes.39 ' 43 As with



Cb1icia

CIO

ce
C17

Figure 20 Molecular structure of [{LUJCoCy (1 2) (All the hydrogen atoms apart from H3 have been omitted for clarity)
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l la  and 11c, both R/R and S/S forms are present attributable to the centric nature of the space

group.

2.7. Reaction of MCI2 (M = Mn, Fe) with LIV

As illustrated in Scheme 9 the reaction of anhydrous MCI2 with 1 equivalent of LIVa - c at

elevated temperatures gives the complexes [{LIV}MnCl(p-Cl)]2 (14a and 14c), and

[{LIVJM Cy (M = Mn 14b and Fe 15a - c) in good yield. All the compounds have been

,NH

HN

14a M = Mn, R 1 = Ha 
14c M = Mn, R 1 = Me

mci2

15a M = Fe, R 1 = Ha 
15c M = Fe, R 1 = Me

14b M = Mna 
15b M = Fea

Scheme 9 Reagents and conditions: LIV, w-BuOH , heat 
a Isolated from single crystal X-ray diffraction studies
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characterised by FAB mass spectrometry, magnetic susceptibility measurements, solid state 

IR spectroscopy and elemental analysis (except for 14c and 15c). Insight into the coordination 

geometry around the metal centre was provided by single crystal X-ray diffraction studies 

performed on complexes 14a, 14b, 15a and 15b.

The layering of an acetontrile solution of 14a, 14b and 15a with hexane gave clear 

crystals for 14a and 14b and golden crystals for 15a suitable for single crystal X-ray 

diffraction studies. In addition, the slow cooling of a hot acetonitrile solution afforded golden 

crystals of 15b, which were also analysed by single crystal X-ray diffraction. The molecular 

structures of 14a, 14b, 15a and 15b are represented in Figures 2 1 - 2 3  and selected bond 

distances and bond angles are listed in Tables 11 and 12. Crystal data and data collection 

refinement parameters are presented within Chapter 6 ; section 6 .8 .

Table 11 Selected bond distances (A) and angles (°) for 14a

Mn(l)-N(l) 2.286(1) Mn(l)-Cl(2) 2.531(1)
Mn(l)-N(2) 2.391(1) Mn(l)-C1(2A) 2.568(1)
Mn(l)-N(3) 2 .2 2 2 (1) Mn(l)...Mn(lA) 3.800(1)
Mn(l)-Cl(l) 2.427(1)

N(l)-Mn(l)-N(3) 97.13(4) N(3)-Mn(l)-Cl(2) 160.64(3)
N(l)-Mn(l)-N(2) 70.35(4) N( 1 )-Mn( 1 )-Cl(2 A) 168.10(3)
N(2)-Mn(l)-N(3) 72.62(4) N(2)-Mn(l)-C1(2A) 100.89(3)
N(l)-Mn(l)-Cl(l) 93.71(3) N(3)-Mn(l)-C1(2A) 87.51(3)
N(2)-Mn(l)-Cl(l) 157.91(3) Cl(l)-Mn(l)-Cl(2) 103.06(1)
N(3)-Mn(l)-Cl(l) 95.16(3) Cl( 1 )-Mn( 1 )-Cl(2 A) 96.783(14)
N(l)-Mn(l)-Cl(2) 88.26(3) Cl(2)-Mn( 1 )-Cl(2 A) 83.931(13)
N(2)-Mn( 1 )-Cl(2) 91.97(3) Mn( 1 )-Cl(2)-Mn( 1 A) 96.07(1)

The molecular structure of 14a contains two equivalent manganese atoms bridged by a

pair of chloride donors to give a M ^Ch diamond core, with a C2 symmetry passing through

the centre. In addition, each manganese atom is bound by a facially coordinated AAW-chelate

[N(l)-Mn(l)-N(3) 97.13(4)°] with a pendant A-aryl ethylamine arm and a terminal chloride to

give a distorted octahedral geometry. In an analogous fashion to [{Etdpa}MnCl(p-Cl)]2,50 the

central tertiary amines are trans to a terminal chloride and the pyridyl groups are trans to the

bridging chlorides. As expected the Mn-Namine bond distance [Mn(l)-N(2 ) 2.391(1) A] is

elongated in comparison to the Mn-Npyridyi bond distances [Mn(l)-N(l) 2.286(1), Mn(l)-N(3)
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2.222(1) A ]. The two Mn-p-O bond distances are slightly different [Mn-Cl(2) 2.531(1), 

Mn(l)-C1(2A) 2.568(1) A ] and longer than the terminal Mn-Cl bond distances [Mn(l)-Cl(l) 

2.427(1) A ]. The Mn...Mn separation is 3.800(1) A , which together with the rt magnetic 

moment (S = 5/2 per Mn) precludes the existence of a strong Mn-Mn interaction. Finally, 

these structural features are similar to other structurally characterised bis(jn-chloro) 

dimanganese(II) complexes.50' 52

Table 12 Selected bond distances (A ) and angles (°) for 14b.MeCN, 15a.MeCN and 

15b.MeCN

M = Mn M = Fe M = Fe
(14b.MeCN) (15a.MeCN) (15b.MeCN)

M (l)-N(l) 2.272(7) 2.171(2) 2.191(7)
M(l)-N(2) 2.343(7) 2.264(2) 2.249(6)
M(l)-N(3) 2.278(7) 2.188(2) 2.169(7)
M(l)-N(4) 2.403(7) NAa 2.303(6)
M (l)-0(1) 2.400(2) 2.320(1) 2.337(2)
M(1)-C1(2) 2.472(2) 2.463(1) 2.468(2)

N(l)-M(l)-N(2) 71.7(2) 74.91(6) 74.2(2)
N(l)-M(l)-N(3) 93.8(2) 91.02(6) 95.0(2)
N(l)-M(l)-N(4) 146.8(2) NA 150.9(2)
N(2)-M(l)-N(3) 74.4(2) 77.81(6) 76.7(2)
N(2)-M(l)-N(4) 75.4(2) NA 77.2(2)
N(3)-M(l)-N(4) 81.5(2) NA 83.6(2)
N(1)-M(1)-C1(1) 101.37(18) 103.12(5) 100.28(18)
N(2)-M(1)-C1(1) 163.85(17) 171.15(4) 167.69(19)
N(3)-M(1)-C1(1) 91.94(18) 93.68(5) 93.02(18)
N(4)-M(l)-0(1) 111.62(16) NA 108.82(16)
N(1)-M(1)-C1(2) 91.97(18) 92.72(4) 90.55(18)
N(2)-M(1)-C1(2) 93.16(17) 91.53(4) 91.99(17)
N(3)-M(1)-C1(2) 163.80(18) 167.38(5) 165.55(18)
N(4)-M(1)-C1(2) 85.37(17) NA 85.08(16)
C1(1)-M(1)-C1(2) 101.77(8) 97.20(2) 99.15(8)

aM(l)...N(4) 2.558 A

When iron is acting as the metal centre a monomeric complex is isolated by single 

crystal X-ray diffraction (15a). The iron(II) centre may be regarded as being in a pseudo- 

octahedral environment bound to two pyridyl nitrogen donors, and one central amine donor 

atom of the tripodal ligand and two chlorides. In addition, the A-aryl substituted donor atom 

of LIVa is loosely bound [Fe(l)...N(4) 2.558 A ] to give a pseudo-'HACXl coordination 

sphere, this is attributable to the hydrogen-bonding interaction between H(4) and Cl(2) [2.358



A]. Notably, the Fe...N(4) separation is ca. 0.3 A greater than the iron iV-aryl amine bond 

distances in complexes 10a, 10c and 15b. But comparable to the iron Af-aryl amine bond 

separation present in the pseudo-ooXaSasdtdX structure of complex 18a [Fe...N(4) 2.597 A: 

Chapter 3; section 3.4]. Evidently, the steric bulk in the two or/7zo-positions of the aryl 

substituent, are preventing the ligand from acting as a genuine AWAW-chelate (cf 15b). The 

two chlorides are coordinated in a ds-disposition [Cl(l)-Fe(l)-Cl(2) 97.20(2)°] with Cl(l) 

trans to the central amine [N(2)-Fe(l)-Cl(l) 171.15(4)°] and Cl(2) trans to the pyridyl moiety 

N(3) [N(3)-Fe(l)-0(2) 167.38(5)°]. Such geometry constraints leave the loosely bound JV-aryl 

substituted donor atom N(4) in a trans arrangement with the pyridyl donor atom N(l).

The Fe-N bond distances (>2.0 A) are characteristic of a HS configuration ranging from 

2.171(2) -  2.264(2) A.6,7’ 10,11 The Fe(l)-N(2 ) distance of 2.264(2) A is the most elongated, 

attributable to the tertiary amine being the weakest donor atom. The differing trans effect 

imposed on the two chloride ligands leads to inequivalent Fe-Cl bond distances, with Fe(l)- 

Cl(2 ) being the most elongated at 2.463(1) A.

The structures of 14b and 15b are essentially identical and will be discussed together. 

Notably, the unit cells contain two independent molecules. The selected bond distances (A) 

and angles (°) in Table 12 are representative of one of the unique molecules. The metal(II) 

centre in each complex is in a distorted octahedral environment ligated by two pyridyl 

nitrogens, one tertiary amine and one N-aryl substituted donor atom of the tripodal ligand and 

two chlorides, affording a N4C12 coordination sphere. The geometry constraints applied by 

the AWAW-chelate impose a c/s-disposition on the bound chloride ligands, with Cl(l) trans to 

the tertiary amine [N(2)] and Cl(2) trans to one of the pyridyl moieties [N(3)]. Such 

constraints leave the 7V-aryl substituted donor atom N(4) in a trans arrangement with the 

pyridyl moiety N(l).

The distortion from an ideal octahedral geometry arises from the AWAW-chelate, for 

example the angles N(l)-M(l)-N(2) [71.7(2)° (Mn), 74.2(2)° (Fe)] and N(l)-M(l)-N(4) 

[146.8(2)° (Mn), 150.9(2)° (Fe)] are lower than 90 and 180° respectively. Furthermore, the
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angles between Cl(l) and its czs-neighbours are greater than 90° [Cl(l)-M(l)-N(l) 

101.37(18)° (Mn), 100.28(18)° (Fe); Cl(l)-M(l)-N(3) 91.94(18)° (Mn), 93.02(16)° (Fe); 

Cl(l)-M(l)-N(4) 111.62(16)° (Mn), 108.82(16)° (Fe); C1(1)-M(1)-C1(2) 101.77(8)° (Mn), 

99.15(8)° (Fe)]. In the case of 15b the c/s-arrangement of the pyridyl donors is in contrast to
c i

the /ra«s-configuration observed for [{dpea}Fe(NCS)2]. The A-aryl amine-metal bond 

length [M-N(4) 2.403(7) (Mn); 2.303(6) (Fe) A] is predictably the most elongated and the M- 

Npyridyi the shortest [M -N pyrjdyi ave. 2.275 (Mn); 2.180 (Fe) A]. The M-Cl bond distances are 

inequivalent due to the differing trans effect imposed on each chloride atom with M(1)-C1(2) 

bond distance being the longest in each case [2.472(2) (Mn), 2.468(2) A (Fe)].

The solid state IR spectra reflect the ligand coordination modes within the complexes by 

exhibiting characteristic pyridyl ring deformation bands at ca. 1600 cm'1,11’ 33 and N-H 

stretching frequencies in the region of 3312 -  3238 cm'1. Interestingly, for 14a -  c two N-H 

stretching frequencies are observed, in 14a they appear at 3312 and 3261 cm"1 with an 

approximate ratio of 3:1, whilst in 14b they appear at 3311 and 3261 cm' 1 with an 

approximate ratio of 1:4. The lower frequency is typical of a coordinated amine atom44 and 

the higher frequency may reflect the pendant nature of the A-aryl ethylamine substituent. 

Notably, for 14a and 14b the approximate ratio of the two N-H bands, are in favour of the 

species isolated by single crystal X-ray diffraction studies. Conversely, 15a -  c exhibit a 

single N-H stretching frequency, which is ca. 100 cm' 1 lower in frequency than the free- 

ligand. The rt magnetic susceptibility measurements are characteristic of HS behaviour with 

five-unpaired electrons per manganese atom and four-unpaired electrons per iron atom.

The *H NMR spectra were recorded for complexes 14 and 15 at rt in CD3CN. 

Unsurprisingly (cf. complex 5), the *H NMR spectra obtained for complexes 14a and 14b are 

very broad thereby preventing comprehensive peak assignment (Appendices: Figures 5 and 

6 ). In contrast, the !H NMR spectra of complexes 15a and 15b are assignable by comparison 

with related metal(II) complexes 1, 6 and 10a (Figure 24 and Table 13). Assignment has also
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Figure 2 1  Molecular structure of [{LIVa}MnCl(p-Cl)]2 (14a) (All the hydrogen atoms 

apart from H4 have been omitted for clarity)
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Figure 22 Molecular structure of [{LIVaJFeCy (15a) (All the hydrogen atoms apart from H4 have been omitted for clarity)
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CI2

F«1

Figure 23 Molecular structure of one of the two unique molecules [{LIVbJFeCb] (15b) (All the hydrogen atoms apart from H4 have been omitted for

clarity). Molecular structure of [{LIVbjMnCb] (14b) reveals a similar coordination geometry
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been achieved on the basis of T\ and via direct comparison with one another.

The PyCHa of the coordinated pyridyl arms are characteristically the furthest downfield 

at 8  = 120.2 and 139.1 for complexes 15a and 15b respectively. The PyC/fp/p* and PyCHy 

appear at 8 = 51.9, 51.1 and 19.3 (T\ = 11.4, 9.3 and 26.3 ms) for 15a, whilst for 15b they are 

found at 8  = 53.0 (T\ = 11.7 ms), 45.5 and 27.6 (T\ = 37.9 ms). All four methylene protons are 

assigned for 15a at 8  = 73.5 (T\ = 1.3 ms), ca. 72 (shoulder of 8  = 73.5), 28.7 (T\ =  1.0 ms) and 

12.2 {T\ = 1.7 ms). In contrast, for 15b only one very broad methylene peak is assigned at ca. 

8  = 46. In each case the aromatic peaks are shifted further downfield than their free ligand 

diamagnetic counterparts (LIVa and LIVb) and in 15b they are shifted more than in 15a. 

This may be indicative of the solid state coordination modes existing in the solution state for 

15a and 15b.
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Figure 24 'H NMR spectra for complexes 15a and 15b in CD3CN at rt
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Table 13 *H NMR chemical shifts (5) and relaxation times (T\) for complexes 15a and 15b in CD3CN at rta

5 / (T\ ms)
Complex Py CHa PyCZ/B/B’ PyC Hy c h 2 Ar CH ArMe N H

54.7

1 116.5 (1 0 .1),
51.8
(9.1)

7.8 70.8
(1.1) NA NA 107.0

(1.3)

50.5

6 127.8 (9.8),
45.8
(8 .1)

24.5
(25.0)

-1 0  to 10  
(very broad) NA NA NA

104.9

1 0a 130.4

58.8
(16.4),
57.4

(14.6)

15.8
(37.1)

(0.96),
80.9 

(0.73),
62.9 
(0.9)

12.3 
(34.2, ArC//m), 

-5.4 
(ArC//p)

6 .6
(2.0, AiMe0),

124.1 
(3.8, NH), 

-15.01 
(15.3, NH)

73.5
51.9 (1-3), 14.5

15a 120.2
(11.4),
51.1
(9.3),

19.3
(26.3)

28.7
(1.0 ),
12.2
(1.7)

(31.9, ArC//m), 
0.62 

(ArC/fp)

9.7
(3.1, ArMe0) -42.5

53.0 21.9 19.1

15b 139.1
(0.5)

(11.7),
45.5

27.6
(37.9) ca. 46 (ArC Hm% 

15.1 
(29.6, Ai CHq)

(2.0, AiMep), 
16.1 

(ArMe0)

-3.4

a Complexes 1, 6 and 10a included for comparison
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2.8. Conclusions

In summary, we have characterised several new high yielding metal(II) dichloride complexes 

coordinated to the well known dpa and tpa ligands and the novel ligand sets LI-LIV. When 

dpa is acting as the VAW-chelate the absence of steric control enables the formation of a 

mono- and a bis-ligated species with the former present as dimeric species. Variation in the 

molar quantity of dpa in the reaction mixture is found to alter the product distribution. In the 

case of tpa the ligand is found to bind to the metal centres in a tetradentate fashion and the 

tendency to form chloride salts is evident with cobalt as the metal centre.

The new ligand sets LI-LIV have been synthesised via utilising established 

experimental protocols and exploiting the nucleophilicity of the central amine in LI. The 

flexibility of the VW-chelate LI when coordinated to iron or cobalt is observed by X-ray 

crystallography, paramagnetic ]H NMR spectroscopy and DFT calculations. Indeed, the 

apparent dynamic behaviour in solution may be accountable for, via a ‘Berry-type’ or a 

dissociation-inversion process. The single crystal X-ray diffraction study performed on LII 

when coordinated to cobalt exhibits analogous geometrical arrangement to the LI cobalt 

dichloride complexes. The V-aryl amine coordination mode in LIV when bound to 

manganese or iron is dependent upon the steric bulk in the or/Zzo-positions of the TV-aryl 

substituent as is observed by X-ray crystallography and paramagnetic ]H NMR spectroscopy.
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Universitv

Chapter Three

The Synthesis of the AW-diaryl diethylenetriamine Ligand Family, 

Functionalisation of the Central Amine and Coordination 

Behaviour of Iron and Cobalt Complexes



Abstract

The substitution of two of the picolyl groups in dpa with A-aryl substituted ethylamines, to 

give (ArNHCH2CH2)2NH (LVa: Ar = 2,6-Me2C6H3, LVb: 2,4,6-Me3C6H2, LVc: 2,4- 

Me2C6H3,) and the functionalisation of the central amine to afford (ArNHCH2CH2)2NMe 

(LVIa: 2,6-Me2C6H3, LVIb: 2,4,6-Me3C6H2) and (ArNHCH2CH2)2{(2-C5H4N)CH2}N 

(LVIIa: Ar = 2,4,6-Me3C6H2, LVIIb: Ar = 2,4-Me2C6H3) has been performed. The 

complexation of LV or LVI with CoCl2 in h-BuOH at elevated temperatures yields the 

complexes [{LV}CoC12] (LVa: 16a and LVb: 16b) and [{LVI}CoC12] (LVIa: 17a and 

LVIb: 17b). Notably, no reaction occurred with FeCl2. The treatment of LVII with MC12 

affords the iron species [{LVII}FeCl2] (LVIIa: 17a, LVIIb: 17b) and the cobalt complexes 

[{LVII}CoC12] (LVIIa: 18a, LVIIb: 18b). The single crystal X-ray structure determination 

of 16a, 16b and 17a, reveal five-coordinate complexes with the AWA-chelate adopting a 

meridional configuration. Single crystal X-ray diffraction studies performed on 18a and 19a 

show LVIIa to be bound in a pseudo-tetradentate coordination mode with the A-aryl 

substituted amines being inequivalent. Paramagnetic 'H NMR studies reveal that the 

inequivalence of the A-aryl substituted amines observed in the solid state for 18a and 19a 

does not exist in the solution state.



3.1. Introduction

Within this chapter we are concerned with the modification of the dpa ligand architecture via 

the replacement of the two pyridyl moieties with TV-aryl-substituted ethylamines to form the 

AW-diaryl diethylenetriamine ligand sets LV and LVI (Figure 1). Notably, the inclusion of 

steric bulk may enhance the NNN-systems ability to form an active ethylene polymerisation 

catalyst when coordinated to a metal(II) centre (see Chapter 2; section 2.1). Furthermore, the 

coordination behaviour of the VA7V-c/.y-dichloro-cobalt(II) complexes will be investigated, 

with LV and LVI acting as a neutral donors. In an analogous manner to LI (Chapter 2; 

section 2.4) the nucleophilicity of the central amine in LV can be exploited to furnish the 

novel ligand set LVII, which possesses a suitable ligand environment for coordination to both 

iron(II) and cobalt(II).

LV R = H 
LVI R = Me

Figure 1 Ligand design

LVII

Indeed, the vVAW-chelating capabilities of LV and derivatives thereof (Figure 2) have 

been exploited in TMs and main group chemistry in which the ligand support is acting as a 

diamido donor (Chapter 1; section 1.3.3). For example, scandium(III) , 1 titanium (III/IV) ,2 , 3 

zirconium(IV) ,4 - 8 vanadium(III) ,9 ' 12 molybdenum(IV) , 13 ‘ 15 zinc(II) 16 and aluminium(III) 17' 18 

have been utilised as the central atom. The diversified functionalisation of the unsubstituted 

diethylenetriamine has led to a range of ligand supports in which R = alkyl, silyl aryl or a 

combination thereof. In many cases, ligand synthesis involves firstly the introduction of two 

R groups to the two terminal nitrogen atoms followed by the addition of a third R group at the 

central secondary amine.

97



Figure 2 LV and derivatives thereof ( R = alkyl, silyl, aryl or a combination thereof)

3.2. Ligand Synthesis

The modification of the literature procedure established by Hofmann et al.19 affords

aminediethylenediamine(methyl)amine without the requirement for further purification 

(Scheme 1). The AW-diaryl-substituted ligands LVa (Ar = 2,6-dimethylphenyl, R = H), LVb 

(Ar = 2,4,6-trimethylphenyl, R = H) ,5 LVc (Ar = 2,4-dimethylphenyl, R = H), LVIa (Ar = 

2,6-dimethylphenyl, R = Me) and LVIb (Ar = 2,4,6-trimethylphenyl, R = Me) were prepared 

in high yield by the palladium catalysed N-C(aryl) coupling reaction of diethylenetriamine or 

diethylenediamine(methyl)amine with two equivalents of the corresponding aryl bromide 

using an experimental protocol established by Hartwig and Buchwald.

LVIa Ar -  2 .6-Me2C6H3 
LVIb Ar = 2,4,6-Me3C6H2

Schem e 1 Reagents and conditions: (i) molten phthalimide (2 equiv.) and NaOH (aq); (ii) Ar-Br (2 
equiv.), NaO*Bu, Pd2(dba)3, rac-BINAP, toluene, heat

Schrock and co-workers have previously reported the preparation of LVIb by an 

alternative pathway, which involves treating LVb with methyl iodide in the presence of 

excess base and at rt (Scheme 2 c f  LII Chapter 2; section 2.4) .6 ,8 The product requires further 

purification in order to remove the ammonium salt, which is in contrast to the phthalimide 

procedure in Scheme 1. LVII was prepared via the nucleophilic substitution reaction between 

LVb or LVc and 2-picolyl chloride in the presence of excess base and at elevated temperature

■ " s / W " *N
H

H

LVa Ar = 2.6-Me2C6H3 
LVb Ar = 2.4,6-Me3C6H2 
LVc Ar = 2,4-Me2C6H3

M e
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(icf. LIV Chapter 2, section 2.4). As expected the product required purification in order to 

extract LVII from the ammonium salt.

Ar-

H H
Ar— N\ / \ N/ \ / N- Ar 

Me

LVIb Ar = 2,4,6-Me3C6H2 

+

H I 0  H
Ar Nv A © A y NHAr

Me2

i i l —  Ar—

H

(ii)

LVIIa Ar = 2,4,6-Me3C6H2 
LVIIb Ar=2,4-Me2C6H3

+

H CP  H 
Ar N—Ar

Schem e 2 Reagents and Conditions: (i) xs K2CO3, M el, M eCN, rt;^’ * (ii) xs K2CO3, CgHyNCl.HCl, MeCN, heat

An alternative reaction pathway for the synthesis of LVII was attempted, which

involved the reaction of 2-(aminomethyl)pyridine with two equivalents of TV-tosylaziridine,

21 22followed by deprotection with conc. H2SO4 (Scheme 3). ’ The resultant free-amine was

• • 90intended to undergo a palladium catalysed N-C(aryl) coupling reaction with two equivalents 

of the corresponding aryl bromide. However, we have been unsuccessful in reproducing the

91 99previously described procedure for the synthesis of the free-amine. ’ All the new ligands

1 13have been characterised by IR, H and C NMR spectroscopy and ES mass spectrometry (see

Chapter 6 ; sections 6.3.1 - 6.3.3).

 (0_
N

(ii)

LVII

Scheme 3 Reagents and conditions: (i) A-tosylaziridine (2 equiv.), CH3CN, heat, followed by conc. H2SO4, heat; 
(ii) Ar-Br (2 equiv.), NaOlBu, Pd2(dba)3, rac-BINAP, toluene, heat
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3.3. Reaction of C0CI2 with LV and LVI

The reaction of anhydrous C0 CI2 with 1 equivalent of LVa or LVb or LVIa or LVIb in n- 

BuOH at elevated temperature afforded the complexes [{LVa or LVbJCoCy (16a and 16b) 

and [{LVIa or LVIbJCoCb] (17a and 17b) in high yield (Scheme 4). All the compounds 

have been characterised by FAB mass spectrometry, magnetic susceptibility measurements, 

solid state IR spectroscopy and elemental analysis (except for 17b). Insight into the 

coordination geometry was provided by single crystal X-ray diffraction studies performed on 

complexes 16a, 16b and 17a. Notably, the reaction of FeCl2 with LV or LVI under mild or 

forcing conditions gave only the unreacted starting materials after workup.

Co

16a R = R2 = H, R1 = Mea 
16b R = H, R1 = R2 = Mea 
17a R = R1 = Me, R2 = Ha 
17b R = R1 = R2 = Me

Schem e 4 Reagents and Conditions: n-BuOH, LV or LV I, heat 
a Isolated from single crystal X-ray diffraction studies

The crystals of 16a, 16b and 17a were grown from a hexane layered acetonitrile 

solution at rt to give pale blue crystals. The molecular structures of 16a and 16b are 

represented in Figure 3, whilst the molecular structure of 17a is illustrated in Figure 4. 

Selected bond distances and bond angles are listed in Table 1 for 16a, 16b and 17a. Crystal 

data and data collection refinement parameters are presented within Chapter 6; section 6.8.

The molecular structures of 16a and 16b are essentially the same and only 16a will be 

discussed in detail. The geometry at the cobalt(II) centre may be regarded as square pyramidal 

with a N3C12 coordination sphere. The basal plane consists of the AWTV-chelate [N(l), N(2) 

and N(3)] and the chloride ligand Cl(l), with Co(l) deviating from this plane by 0.066 A . The 

apical position is occupied by the chloride ligand Cl(2). The AWA-chelate is bound in a 

meridional configuration with the N(l)-Co(l)-N(3) angle being 160.08(7)° and as two five- 

membered chelate rings [N(l)-Co(l)-N(2) 80.45(8)°, N(2)-Co(l)-N(3) 80.23(8)°]. The two N-
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aryl substituents are inclined at an angle of ca. 80° to the square basal plane. The ortho- 

methyl groups of the A-aryl substituents are positioned above and below the square basal 

plane [tors: C(2)-C(l)-N(l)-Co(l) 66.09°, C(12)-C(ll)-N(3)-Co(l) 66.81°] with C6 A and 

C16A pointing in a similar direction to the apical Cl(2) atom. The central amine-cobalt bond 

distance [Co(l)-N(2 ) 2.082(2) A] is shorter than the terminal amine-cobalt bond lengths 

[Co(l)-N(l) 2.219(3) A, Co(l)-N(3) 2.243(2) A]. The two Co-Cl bond distances are 

asymmetric with Co-Cl(2) being ca. 0.08 A longer than Co-Cl(l). The Cl(l)-Co(l)-Cl(2) 

bond angle of 114.91(4)° is in the mid-range for those found in pyridine-diimine cobalt(II) 

halide complexes.23,24 As is observed for complexes 11 (Chapter 2; section 2.5), both 16a and 

16b possess two stereogenic centres, in this case located on the two A-aryl substituents. In 

contrast to 11, both 16a and 16b are achiral by virtue of a symmetry plane through the Co(l)- 

N(2) bond.

Table 1 Selected bond distances (A) and angles (°) for 16a, 16b and 17a

(16a) (16b) (17a)
Co(l)-N(l) 2.219(3) 2.221(4) 2.274(4)
Co(l)-N(2) 2.082(2) 2.066(4) 2.088(3)
Co(l)-N(3) 2.243(2) 2.265(4) 2.289(4)
Co(l)-Cl(l) 2.269(1) 2.256(2) 2.247(2)
Co(l)-Cl(2) 2.350(1) 2.313(2) 2.314(2)

N(l)-Co(l)-N(2) 80.45(8) 80.96(17) 80.25(13)
N(l)-Co(l)-N(3) 160.08(7) 160.00(16) 156.93(12)
N(2)-Co(l)-N(3) 80.23(8) 79.07(17) 80.48(12)
N(l)-Co(l)-Cl(l) 98.82(7) 100.51(13) 100.49(10)
N(2)-Co(l)-Cl(l) 145.33(6) 144.40(14) 132.82(10)
N(3)-Co(l)-Cl(l) 99.79(7) 96.39(13) 101.88(9)
N(l)-Co(l)-Cl(2) 90.50(7) 93.79(12) 87.09(10)
N(2)-Co(l)-Cl(2) 99.76(7) 102.01(14) 108.45(10)
N(3)-Co(l)-Cl(2) 88.06(7) 89.26(13) 87.09(9)
Cl(l)-Co(l)-Cl(2) 114.91(4) 113.29(7) 118.72(6)

The geometry at the cobalt(II) centre in 17a may be regarded as distorted trigonal 

bipyramidal with a N3C12 coordination sphere. The equatorial plane consists of N(2), Cl(l) 

and Cl(2) [N(2)-Co(l)-Cl(l) 132.82(10)°, N(2)-Co(l)-Cl(2) 108.45(10)°] and the axial sites 

are defined as N (l) and N(3) [N(l)-Co(l)-N(3) 156.93(12)°]. The MVA-chelate is bound in a 

meridional configuration and as two five-membered chelate rings, which results in the bond



angles 80.25(13) and 80.48(12)°, respectively for N(l)-Co(l)-N(2) and N(2)-Co(l)-N(3). The 

ortho-mdhy\ groups of the N-aryl substituents are positioned above and below the plane 

defined by N(l)-Co(l)-N(3) [tors: C(6 )-C(l)-N(l)-Co(l) 65.78°, C(16)-C(l l)-N(3)-Co(l) 

73.57°] with C2A and C12A pointing in a similar direction to Cl(2). In addition, the aryl 

substituents are inclined at an angle of ca. 80° to the N(l)-Co(l)-N(3) plane. There is a 

difference in the Co-N bond lengths with the central Co-N being shorter than the terminal Co- 

N bond lengths [Co(l)-N(2) 2.088(3) A vs. Co(l)-N(l) 2.274(4) A, Co(l)-N(3) 2.289(4) A]. 

The two Co-Cl bond distances are asymmetric with Co-Cl(2) being ca. 0.07 A longer than 

Co-Cl(l). The Cl(l)-Co(l)-Cl(2) bond angle of 118.72(6)° is in the top range for those found

93 94in pyridine-diimine cobalt(II) complexes. ’ 17a possess two stereogenic centres located on

the two A-aryl substituents, with the relative configurations of the chiral centres being distinct 

as is observed for both 16a and 16b. Notably, the five-coordinate geometry may also be 

described as square pyramidal with N(l), N(2), N(3) and Cl(l) forming the basal plane, 

leaving Cl(2) to occupy the apical site.

The FAB mass spectrometric data for complexes 16a, 16b, 17a and 17b reveals 

characteristic mass and isotope distribution patterns for a monomeric species with a molecular 

ion and fragmentation peaks corresponding to the loss of a chloride ion. In contrast, to 

complexes 10 and 11 (Chapter 2; section 2.5) no minor peaks are observed for a dimeric 

species. In the solid state IR spectra the N-H stretching frequency is at ca. 3290 cm'1 and is ca. 

100 cm'1 lower in frequency than the free-ligand. The rt magnetic susceptibility measurements 

afforded magnetic moments of ca. 3.90 BM, characteristic of a HS cobalt(II) configuration (S 

= 3/2). Attempts to acquire assignable !H NMR spectra in CD3CN at rt proved unsuccessful.
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C16A

C6A

Co1

C12A
C2A

Figure 3 Molecular structure of [{LVa}CoCl2] (16a) (All the hydrogen atoms apart from HI, H2 and H3 have been omitted for clarity). Molecular structure

of [{LVbJCoCy (16b) reveals a similar coordination geometry
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Figure 4 Molecular structure of [{LVIaJCoCy (17a) (All the hydrogen atoms apart from HI and H3 have been omitted for clarity)
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3.4. Reaction of MCI2 (M = Fe and Co) with LVII

The reaction of FeChCthfh.s or C0 CI2.6 H2O with 1 equivalent of LVIIa under mild reaction 

conditions gave the complexes [{LVIIa}MCl2] where M = Fe (18a) or Co (19a), whilst the 

treatment of anhydrous MCI2 with 1 equivalent of LVIIb in «-BuOH at 90 °C afforded the 

complexes [{LVIIbJM Cy where M = Fe (18b) or Co (19b Scheme 5).

FeCI2(thf)15

CoCI2.6H20

(i)

(i)

18a M = Fea
19a M = Co

F e C b  SiiL

C oC f (ii)

18b M = Fe 
19b M = Co

Scheme 5 Reagents and conditions: (i) thf, LVIIa, rt; (ii) «-BuOH, LVIIb, Heat 
a Isolated from single crystal X-ray diffraction studies

Evidently, the introduction of the pyridyl nitrogen donor has enabled the formation of a 

iron(II) species (see section 3.3). Compounds 18 and 19 have been analysed by FAB mass 

spectrometry, magnetic susceptibility measurements, solid state IR spectroscopy and for 18a 

and 19a elemental analysis. In addition, golden crystals of 18a and pale blue crystals 19a 

suitable for X-ray diffraction studies were grown from the layering of an acetonitrile solution 

with hexane at rt (18a) or the layering of a dichloromethane solution with diethyl ether at rt 

(19a). The molecular structures of 18a and 19a are represented in Figure 5 and selected bond 

distances and bond angles are listed in Table 2. Crystal data and data collection refinement 

parameters are presented within Chapter 6 ; section 6 .8 .
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Table 2 Selected bond distances (A) and angles (°) for 18a.MeCN and 19a.CH2Cl2

M = Fe M = Co
(18a.MeCN) (19a.CH2Cl2)

M(l)-N(l) 2.248(4) 2.217(2)
M(l)-N(2) 2.165(5) 2.117(2)
M(l)-N(3) 2.319(4) 2 .2 0 2 (2 )

M(1)...N(4) 2.597(4) 2.795(2)
M(1)-C1(1) 2.322(2) 2.322(1)
M(1)-C1(2) 2.480(2) 2.424(1)

N(l)-M(l)-N(2) 77.89(18) 78.38(8)
N(l)-M(l)-N(3) 78.13(15) 80.45(8)

N(1)-M(1)...N(4) 74.45(14) 72.78(7)
N(2)-M(l)-N(3) 104.89(16) 109.98(8)

N(2)-M(1)...N(4) 91.57(16) 85.00(7)
N(3)-M(1)...N(4) 144.13(15) 146.02(7)
N(1)-M(1)-C1(1) 170.73(13) 172.95(6)
N(2)-M(1)-C1(1) 93.23(14) 94.59(6)
N(3)-M(1)-C1(1) 101.90(12) 101.65(6)

N(4)...M(1)-C1(1) 108.86(10) 107.48(5)
N(1)-M(1)-C1(2) . 92.44(13) 91.70(6)
N(2)-M(1)-C1(2) 166.94(14) 160.27(6)
N(3)-M(1)-C1(2) 81.31(12) 84.71(6)

N(4)...M(1)-C1(2) 77.25(11) 75.72(5)
C1(1)-M(1)-C1(2) 96.73(6) 95.19(3)

The molecular structures of 18a and 19a are essentially the same and only 18a will be 

discussed in detail. The iron(II) centre may be regarded as being in a /wewdo-octahedral 

environment surrounded by one pyridyl nitrogen, one tertiary amine and one terminal TV-aryl 

substituted donor of the tripodal ligand and two chloride donors. In addition, the second N- 

aryl substituted donor atom of LVIIa is loosely bound [Fe(l)...N(4) 2.597 A (18a) c f  

Co(l)...N(4) 2.795(2) A (19a)] to give a pseudo-N4C12 coordination sphere. Notably, the 

Fe...N(4) separation is ca. 0.3 A greater than the iron V-aryl amine bond distances in 

complexes 10a, 10c and 15b (Chapter 2; sections 2.5 and 2.7). But comparable to the iron N- 

aryl amine bond separation present in the pseudo-octahedral structure of complex 15a 

[Fe...N(4) 2.558 A: Chapter 2; section 2.7]. Evidently, the steric hindrance between one 

ortho-methyl group [C(17)] and the pyridyl moiety is preventing the ligand from acting as a 

genuine AWAW-chelate. The two chlorides are coordinated in a c/s-disposition [Cl(l)-Fe( 1 )- 

Cl(2) 96.73(6)°] with Cl(l) trans to the central amine [N(l)-Fe(l)-Cl(l) 170.73(13)°] and



Cl(2) trans to the pyridyl moiety N(2) [N(2)-Fe(l)-Cl(2) 166.94(14)°]. Such geometry 

constraints leave the loosely bound V-aryl substituted donor atom [N(4)] trans to the 

coordinated V-aryl substituted donor atom [N(3)].

The Fe-N bond distances (>2.0 A) are characteristic of a HS configuration ranging from 

2.165(5) -  2.319(4) A (if F e . . .N ( 4) is excluded).25 * 28 As expected the F e -N pyrjdyi bond 

distance is ca. 0.1 A shorter than the Fe-Nave. amine bond distance, with Fe-N(3) being the most 

elongated at 2.319(4) A. The Fe-Cl bond distances are asymmetric with Fe(l)-Cl(2) bond 

distance being the most elongated [2.480(2) A], which is attributable to the differing trans 

configurations of each chloride.

The elucidation of the coordination environment surrounding the metal(II) centres in 

18b and 19b can be achieved despite the unsuccessful attempts at growing crystals suitable 

for single crystal X-ray diffraction studies, by applying the knowledge obtained from 

previously determined molecular structures. Firstly, the assumption that 18b and 19b are 

essentially identical will be applied. The overall geometry surrounding the metal(II) centre 

may be pseudo-octahedral or octahedral with respectively, LVIIb acting as a AAW-chelate 

with a A-aryl substituted donor atom loosely bound (cf. 18a and 19a) or as a genuine NNNN- 

chelate (cf. 15b Chapter 2; section 2.7). The latter geometrical arrangement may be 

favourable upon assumption that the or/Zzomethyl group is pointing away from the pyridyl 

moiety enabling the ligand to be bound as a genuine AWAW-chelate.

The FAB mass spectrometric data for complexes 18 and 19 reveal characteristic mass 

and isotope distribution patterns for a monomeric species with a fragmentation peak 

corresponding to the loss of a chloride ion present in each case. The solid state IR spectra for 

18 and 19 reflect the coordination modes within the compounds by exhibiting characteristic

• 1 25 29pyridyl ring deformation bands at ca. 1600 cm' , ' and N-H stretching frequencies at ca. 

3200 cm’1.30 The rt magnetic susceptibility measurements exhibit magnetic moments 

characteristic of a HS mononuclear iron(II) (18: ca. 5.0 BM) and cobalt(II) (19: ca. 4.0 BM) 

configurations.
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C17
C28

F*1

C16

C27
015C26 CI2

Figure 5 Molecular structure of [{LVIIaJFeCh] (18a) (All the hydrogen atoms apart from H4 and H3 have been omitted for clarity). Molecular structure of

[{LVIIaJCoCy (19a) reveals a similar coordination geometry
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Solution state studies performed on complexes 18a and 19a in CD3CN at rt exhibit 

broad paramagnetically shifted *H NMR spectra in the range of -10 to 130 ppm (Figure 6 ). 

Interpretation of the paramagnetic ]H NMR spectra (Table 3) can be achieved by comparison 

of chemical shifts and relaxation times to related metal(II) complexes 10c and 11c and prior 

knowledge of polypyridyl metal(II) systems.26 _28,31

For 18a the PyCHa of the coordinated pyridyl arm is shifted downfield the most at 5 = 

128.3, whilst PyC//p/p’ appear as sharp signals at 8 = 53.6 and 52.1 (T\ = 13.1 and 11.1 ms) 

and PyCHy is the most upfield at 8 = 18.2 (T\ = 42.3 ms). The methylene protons are 

exceedingly broad and shifted downfield at 8 ~ 115 and 35. The aromatic region can be 

assigned to give: ArMe0 at 8 = 13.3 (T\ = 40.5 ms), ArCHm at 8 = 12.0 (T\ = 150 ms) and 

AiMep at 8 = 8.7 (T\ = 3.1 ms). For 19a the protons of the coordinated pyridyl arm display 

characteristic chemical shifts and relaxation times [PyC//a: 8 = 97.0; PyCTTpi 8 = 50.3 (T\ = 

10.14 ms); PyC//p-: 8 = 46.8 {T\ = 16.4 ms); PyCHy: 8 = 0.3 (T\ = 31.0 ms)]. The methylene 

protons are not observed and this may be accountable to the significant broadening of the 

spectrum. The aromatic region can be assigned to afford: ArCHm at 8 = 9.3 (T\ = 39.4 ms), 

ArMep at 8 = 11.5 (T\ = 135 ms) and ArMe0 at 8 = -4.8 (T\ = 2.8 ms).

Interestingly, for 18a and 19a the inequivalence of the A-aryl substituted amine arms 

observed in the solid state does not exist in the solution state. Scheme 6 shows an equilibrium 

that may explain the apparent solution state behaviour of 18a and 19a. The lability of the N- 

aryl amine group (cf. Chapter 2; section 2.5) enables the interconversion of species a and b 

via a ‘pendulum mechanism’. At rt the ]H NMR spectra of 18a and 19a are recording the 

time-average between species a and b due to their rapid interconversion.

Schem e 6 'Pendulum mechanism'
b a
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100
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Figure 6  H NMR spectra for complexes 18a and 19a in CD3CN at rt
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Table 3 *H NMR chemical shifts (8) and relaxation times (71,) for complexes 18a and 19a in CD3CN at rta

8 / (T\ ms)
Complex PyC//a Pycz/B/B5 Py CHy c h 2 Ar CH AiMe N H

108.1
58.6 (1.7), 15.7 120.0

10c 129.6
(0.9)

(13.2), 
56.6

(11.2)

16.8
(90.3)

82.4
(1-1),
63.9
(0.7)

11.6 
(27.8, ArC Hm)

(29.1, ArM?p), 
7.39 

(2.5, ArMe0)

(1-9),
-12.74
(4.0)

53.6 ~ 115 12.0 
(150, ArCHm)

13.3

18a 128.6 (13.1), 
52.1

(11.1)

18.2
(42.3)

(very broad), 
~35 

(very broad)

(40.5, ArM?p), 
8.7

(3.1, ArM?0)

46.6 -9 0 12.5 
(45.3, ArCHm)

16.4

11c 116.7
(9.3)

(15.0),
44.0

(23.2)

-3.0
(52.6)

(very broad), 
86.9 
(0.9)

(ArMcp),
-11.8

(2.2, AiMe0)

104.6
(1.5)

50.3 11.5

19a 97.0 (10.14),
46.8

(16.4)

0.31
(31.0)

9.3
(39.4, ArCHm)

(135, ArMep), 
-4.8 

(2.8, AiMe0)
a Complexes 10c and 11c included for comparison
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3.5. Conclusions

In summary, the synthesis and characterisation of the sterically variable tri- and pseudo-Xetra- 

dentate ligands LV, LVI and LVII have been reported. Single crystal X-ray diffraction 

studies reveal the propensity of LV and LVI to exhibit a meridional configuration when 

coordinated to cobalt(II). The introduction of the pyridyl moiety in LVII enables the pseudo- 

tetradentate chelation to iron(II) in addition to that of cobalt(II) in the solid state. Finally, the 

inequivalence of the jV-aryl substituted amines observed in the solid state for 18a and 19a 

does not exist in the solution state. This is attributable to the lability of both of the V-aryl 

substituted amines.
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Chapter Four

Ethylene Oligomerisation Utilising Flexible AW7V-Iron(II) and

-Cobalt(II) Cationic Catalysts



Abstract

The AAW-chelates 10, 11, 16 and 17 are activated by the addition of excess MAO for the 

oligomerisation of ethylene. The activities are low-to-moderate at 1 bar ethylene pressure and 

the selectivity of the catalysts is dependent on the metal centre with the iron systems (10) 

forming linear a-olefins, while the cobalt systems (11,16 and 17) give a mixture of linear and 

branched oligomers.



4.1. Introduction

Oligomers are a necessity of the modem world with linear a-olefins in the range of C6-C20 

being used extensively for the preparation of lubricants, detergents, plasticisers and as co­

monomers in the polymerisation of ethylene to give LLDPE. Industrial processes 

predominantly employ alkylaluminium compounds independently or early TM compounds 

combined with alkylaluminium compounds as co-catalysts or late TM complexes (SHOP 

process see Chapter 1; section 1.8).1 These catalytic systems control the chain length via 

altering the reaction temperature or the ethylene pressure.1,2 In contrast, the highly active a- 

diimine nickel(II) and pyridine-diimine iron(II)-based catalysts, are capable of controlling the 

molecular weight via modification of the ligand architecture (see Chapter 1; sections 1.2.1

T A, and 1.3.2). ' As a consequence, a program of academic and industrial research into olefin 

polymerisation/oligomerisation was initiated.

In addition to the catalyst systems reviewed in Chapter 1 both the hetero- and homo- 

functionalised tridentate systems depicted in Figure 1 have recently been reported.7" 10 The 

iWP-based, the SMS-based and the PPP-based chromium(III) complexes I-III exhibit high 

selectivity for the trimerisation of ethylene into 1-hexene.7"9 Whilst, the PNP-based complex 

IV with iron(II) or cobalt(II) as the metal centre affords high selectivity towards C4-C10 

oligomers.10

IR  = hydrocarbyl II R = hydrocarbyl III IV M = Fe or Co

Figure 1 Tridentate chelates
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Herein, we report the oligomerisation behaviour of the flexible AWA-based complexes 

10, 11, 16 and 17 (Chapters 2 and 3) upon activation with MAO under mild reaction 

conditions (Figure 2). The selectivity of the catalysts is dependent upon the metal centre with 

iron systems producing linear a-olefins (10) whilst the cobalt systems afford a mixture of 

linear and branched oligomeric products (11,16 and 17).

R’ \  Y  II ^

mer- 10a M = Fe, R1 = Me, R2 = Ha mer- 16a R = R2 = H, R1 = Mea
fa c -1 la M = Co, R = Me, R = Ha mer-Ub R = H, R1 = R2 = Mea
fac-  11c M = Co, R' = R 2 = Mea mer-\l& R = R1 = Me, R2 = Ha
l id  M = Co, R1 = R 2 = /-Pr

Figure 2 Precatalysts employed in the oligomerisation o f ethylene 
a Isolated from single crystal X-ray diffraction studies

4.2. Ethylene Oligomerisation Results

All the complexes were evaluated for oligomerisation activity by treating them with 

400 equivalents of MAO in toluene, 1 bar of ethylene pressure and ambient temperature 

(Scheme 1). The catalyst activities were calculated from the GC traces in the range of C6-C26

, „ ^ C I  MAO MAO © ___M e ,  0  ....................
LM —.— ---------- ►  L M --> ^ .£ | *r.. LM-— ^  +  MAO-CI  ►  o lig o m eric  c h a in s

Scheme 1 Postulated activation of the precatalysts 10, 11, 16 and 17 with MAO followed by oligomerisation of ethylene

with 1 -heptadecene utilised as an internal standard. The results of the evaluation are shown in 

Table 1. The most active systems contained cobalt as the metal centre (11, 16 and 17) with 

l id  displaying the highest activity (run 5: 76 g/mmol/h/bar). Thee activities are comparable 

with the pyridine-diimine supported cobalt complexes under similar experimental 

conditions.11 The iron systems 10a and 10c exhibit lower activities than the corresponding 

cobalt complexes and are three orders of magnitude lower in activity than the most active 

pyridine-diimine iron systems.11
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Table 1 Ethylene oligomerisation evaluation employing precatalysts 10,11,16 and 17 runs 1-8

Run8
Pre­

catalyst

Yield

(g)b

Activity

(g/mmol/h/bar)

Internal

olefin

(%)c

Terminal

olefin

(%)c

Branched

(%)c

Av.

chain

length0

c„

a P

1 10a 0.022 4 1 98.5 0.5 6.5 0.74 0.35
2 10c 0.026 5 0.7 99.3 negligible 6.87 0.74 0.35
3 11a 0.295 59 63.6 25.5 10.9 12.7 0.76 0.32
4 11c 0.131 26 59.7 29.9 10.4 11.7 0.76 0.32
5 l id 0.381 76 63.0 25.0 12.0 13.7 0.80 0.25
6 16a 0.206 41 61.5 27.3 11.2 11.3 0.74 0.35
7 16b 0.198 40 62.2 27.7 10.1 10.6 0.74 0.35
8 17a 0.168 34 60.5 30.2 9.3 11.2 0.76 0.32

a General conditions: 1 bar ethylene Schlenk test carried out in toluene (40 ml) at 20 °C, using 4.0 mmol MAO 

(A1:M = 400:1), 0.01 mmol precatalyst, over 0.5 h. Reactions terminated by addition of dilute HC1;b Determined 

from GC using 1-heptadecene as an internal standard;c Oligomerisation product percentages and average chain 

length, Cn calculated via integration of 'H NMR spectra.

The formation of oligomers for both the iron and cobalt systems is indicative of a 

mechanism where chain transfer is competitive with chain propagation. In all cases a Schulz-

19 ISFlory distribution " of oligomers prevails and can be described by a , where a  represents 

the probability of chain propagation (Equation (1)).

rate of propagation moles of Cn+2a =   =   (j)
rate of propagation + rate of chain transfer moles of Cn

The p value is classified as the ratio between the rate of chain transfer and chain propagation 

as expressed in Equation 2.

rate of chain transfer i . a
p =   = (2)

rate of propagation a

The a  values for complexes 10, 11, 16 and 17 are approximately 0.8 and are characteristic of 

a Schulz-Flory distribution. As is observed for the dipyridine-imine iron system, complexes 

10 and 11 form oligomers as opposed to polymer.16 This may be a consequence of inadequate
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steric bulk around the metal centre enabling facile a.d. of the oligomeric chain to occur.16 The 

presence of di-ortho aryl substituted rings on both ends of the AWAMigand architecture in 16 

and 17 suggests polymer to be the favoured product. However, the N donors are sp , not sp 

hybridised, which may prevent the aryl substituent from imparting steric control around the 

metal centre. In addition, the formation of oligomers by 16 and 17 is similar to that observed 

for the /WP-based complex IV.10

The oligomerisation products formed by 10 exhibit a high selectivity for linear a- 

olefins (> 98 %), which is comparable to the pyridine-diimine system.11 In contrast, the 

oligomerisation products arising from 11, 16 and 17 reveal extensive isomerisation to give a 

mixture of terminal, internal and branched olefins consisting of vinylidenes and trisubstituted 

alkenes (Scheme 2). The extensive isomerism arising from the cobalt systems may be 

attributable to three factors: (1) chain-walking mechanism, (2) isomerisation of a-olefins and 

(3) reincorporation of a-olefins into the oligomeric chain.

CH?

(a-olefin) (internal olefins)
11 or 16 or 17 / MAO ^

'iTVi,:c h 3 h 3c

rt
H,C>

W  U  ................ , {
i  ■ V A  I '  /h' C H 3

ny 1 ene) (trisubstituted)

Scheme 2 Mixture o f oligomeric product obtained using cobalt catalysts (11,16 and 17)

The oligomer composition was investigated over a time duration of 0.25-1 h for 

complexes 11a and 17a under analogous reaction conditions (Table 2). The relatively 

constant ratio of terminal to internal olefins is indicative of no significant isomerisation of the 

a-olefin products occurring over longer time durations. This data is supported by control 

experiments in which no observable isomerisation of 1-nonene and 1-tridecene occurs during 

the course of the oligomerisation. In addition, the relative percentage of branched oligomeric 

products remains constant over the course of 1 h, which is consistent with no reincorporation 

of a-olefins into the oligomeric chain.

117



Further assignment of the ’H NMR spectra reveals evidence for 2-alkenes and 

branching within the oligomeric chain (Appendices: Figures 7-14 and Table 1). In addition, 

supporting evidence is provided by the 13C and the *H - 13C COSY NMR spectra. The chain- 

walking mechanism depicted in Scheme 3 may indeed be accountable for all four 

classifications of olefin as well as the internal branching.

Table 2 Ethylene oligomerisation evaluation employing precatalysts 11a and 17a runs 9-14

Run3
Time

(h)

Pre-

catalyst

Internal 

olefin (%)b

Terminal

olefin

(%)b

Branched

(%)b
Av. chain 

length15, C„

9 0.25 11a 61.1 27.1 11.8 11.7

10 0.5 11a 63.6 25.5 10.9 12.7

11 1 11a 61.1 27.1 11.8 11.7

12 0.25 17a 61.4 27.3 11.3 11.0

13 0.5 17a 60.5 30.2 9.3 11.2

14 1 17a 60.9 27.0 12.1 10.9

a General conditions: 1 bar ethylene Schlenk test carried out in toluene (40 ml) at 20 °C, using 4.0 mmol MAO 

(A1:M = 400:1), 0.01 mmol precatalyst. Reactions terminated by addition of dilute HC1; b Oligomerisation 

product percentages and average chain length, Cn calculated via integration of 'H NMR spectra.

The chain propagation is assumed to follow a Cossee-Arlman type mechanism via 

species a and b.17' 19 P-H elimination results in the formation of species c, which can follow 

three alternative pathways: (1) chain transfer to afford regeneration of the catalytic cycle 

(species d) and linear a-olefin, (2) consecutive chain-walking followed by chain transfer to 

give species d and 2-alkene or (3) reinsertion at the opposite carbon atom to form the 

secondary alkyl species f. Insertion of ethylene into the oligomeric chain (species f) followed 

by p-H elimination and chain transfer yields species d and olefin with internal branching. 

Alternatively, species g may chain-walk and form species h. If the mechanism is assumed to 

be similar to the a-diimine system ethylene will not insert at a secondary alkyl species 

adjacent to a tertiary carbon atom or a tertiary alkyl species.20 Therefore species h may
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Scheme 3 Postulated oligomerisation mechanism
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undergo chain transfer to produce species d and trisubstituted olefin or chain-walk to a 

tertiary alkyl species i followed by P-H elimination and chain transfer to produce species d 

and vinylidene.

The absence of steric control may aid the formation of the sterically hindered 

secondary and tertiary alkyl complexes. Indeed, the bipy nickel system observes a diminished 

production of linear a-olefins compared to the a-diimine nickel system.4 However, the 

differing oligomeric products afforded when iron and cobalt systems are employed implies 

that electronic effects must also impose a significant role on the catalysis. In the case of iron 

the electropositivity of the metal centre may compensate for the lack of steric control to give a
Cj. c

metal-carbon bond with strong ionic character (M -C '). Primary alkyl complexes will now 

be favoured because of the inductive electron releasing effect of the alkyl group on the a-

9 1carbon atom, thereby affording a high selectivity for linear a-olefins. Equally, for the cobalt 

systems it is plausible that a cumulative effect between sterics and electronics is accountable 

for the mixture of oligomeric products.
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4.3. Conclusions

In summary, the N-picolylethylenediamine and the diethylenetriamine ligand sets have 

been shown to be compatible supports for iron and cobalt, which can be activated with MAO 

to produce ethylene oligomerisation catalysts under mild reaction conditions. The activity and 

the selectivity of the catalysts are found to be dependent upon the metal centre.
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Chapter Five

The Synthesis of the Adaptable TVMMJgand Sets Coordination 

Behaviour of Iron, Cobalt and Aluminium Complexes and the

Polymerisation of Ethylene



Abstract

The versatile preparation of the AWO-Iigand sets 2-{(2’-OMe-3’-Rl-5’-R2)C6H2}-6- 

{CR3N(2 ,6 -/-Pr2C6H3)}C5H3N (LVIIIa: R1 = R2 = H, R3 = Me; LVIIIb: R1 = Ph, R2 = H, R3 

= Me), 2 -{(2 ’-OH-3 ’-R1-5 ,-R2)C6H2}-6 -{CR3N(2 ,6 -i-Pr2C6H3)}C5H3N (LIXa: R1 = R2 = H, 

R3 = Me; LlXb: R 1 = Ph, R2 = H, R3 = Me; LIXc: R' = R2 = R3 = H; LIXd: R1 = R3 = H, R2 = 

, r-Bu), 2-{(2’-OHX^PLt}-6 -{CMe2NH(2,6-/-Pr2C6H3)}C5H3N (LX) and 2 -{(2 ’-OH)C6H4}-6 - 

{CHMeNH(2,6-/-Pr2C6H3)}C5H3N (LXI), is reported. The single crystal X-ray structure 

determination of LVIIIb and LIXa reveal a transoid arrangement between the pyridine and 

imine moieties of the AWO-ligand. The aluminium reaction intermediate formed during the 

synthesis of LX has been isolated by single crystal X-ray diffraction studies, [{LX' 

2H}AlMe(NCMe)] (20). The treatment of LVIIIa with MCI2 in «-BuOH at 90 °C affords the 

distorted tetrahedral complexes [{LVIIIa}MCI2] (M = Fe 21, Co 22), with LVIIIa acting as a 

AW-chelate, attributable to the pendant nature of the anisole donor, as determined by single 

crystal X-ray diffraction studies. The reaction of LIX with a MCI2 precursor in thf at room 

temperature affords the compounds [{LIXaJMCb] (M = Fe 23a and Co 24a) and 

[{LIXbJMCy (M = Fe 23b and Co 24b). The addition of NaH converts the phenol donor 

into a phenolate atom to afford the complexes [{LIXa'H}MCl]2 (M = Fe 25 and Co 26a). 

Employing elevated temperatures in «-BuOH yields the complexes [{LIX'H }CoCl]2 (LIXc: 

26b and LIXd: 26c) in the absence of a deprotonating reagent. Single crystal X-ray structure 

determination of 24a, 26a, 26b and 26c reveal a distorted square pyramidal environment at 

each central atom with LIX coordinated in a meridional configuration. Preliminary catalytic 

evaluation studies reveal moderate-to-high activities for the polymerisation of ethylene into 

moderate-to-high molecular weight polyethylene.



5.1. Introduction

Polydentate pyridine/imine phenol AWO-chelates have been used in the coordination 

chemistry of mid-to-late TMs and main group chemistry. For example, phenol-bipyridine an 

AWO-tridentate terpy analogue and derivatives thereof (Figure 1) have formed bis-ligated 

species with ruthenium(III),1 cobalt(III)2 and iron(III)3 and a mono-ligated species with

terpy phenol-bipyridine phenol-phenanthroline

Figurel terpy and the AWO-tridentate analogue phenol-bipyridine and derivatives thereof

palladium(II).4 In addition, the potentially tridentate Schiff base ligands (Figure 2) have been

e   ̂ f \  H 8 0employed as supports for chromium(III), iron(III) ’ and aluminium(III), ’ while the 

pyridine-imine-acetyl and the pyridine-imine-methylalcohol ligands afford czs-dichloro- 

iron(II) complexes.10, n ’ 12 Applications of these AWO-systems range from studying their
j ^ 5 8   n

redox potentials, " to acting as ethylene polymerisation/oligomerisation catalysts ’ or 

atom transfer radical polymerisation (ATRP) mediators.6

R pyridine-imine-phenol quinoline-imine-phenol pyridine-imine-acetyl pyridine-imine-methylalcohol

R = H or tryptycenyl

Figure 2 Alternative literature precedent AWCMigands

In a similar manner to the AWO-tridentate terpy analogue the pyridine-diimine ligand 

set may be modified via replacing an A-aryl-imine substituent with a phenol group to form the 

novel ligand family LIX (Figure 3). The steric hindrance present about the remaining A-aryl- 

imine substituent may enable LIX to act as a suitable support for an ethylene polymerisation 

catalyst.
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pyridine-diimine R1
L1A

Figure 3 pyridine-diimine AWO-tridentate analogue

The versatility of this AWO-ligand set can be exploited to afford suitable tridentate 

donors for early-to-late TMs and aluminium (Figure 4: LVIII - LXI) with the intended 

application as ethylene polymerisation catalysts, ROMP catalysts and ATRP mediators.

N— ArN— Ar

LIX LX

Figure 4 Adaptation of the novel AWO-ligand

Herein, we report the synthetic strategies employed for the preparation of the ligand sets 

LVIII - LXI. The coordination behaviour of LVIII and LIX when bound to m-dichloro- 

iron(II) and -cobalt(II) or mono-halo-iron(II) and -cobalt(II) and that of LX when supported 

by aluminium(III) are discussed. In addition, the propensity for the iron(II) and cobalt(II) 

systems to act as ethylene polymerisation catalysts is investigated.

5.2. The Versatile Preparation of the WO-Ligand Families

The new AWO-chelates LVIII and LIX were prepared in moderate overall yields via the 

procedures depicted in Scheme 1. Primarily, the anisole-pyridine-acyl precursor (a) was 

prepared in high yield by a palladium catalysed C(aryl)-C(aryl) cross-coupling reaction of 2- 

bromo-6-acyl-pyridine with 1.2 equivalents of the respective aryl boronic acid using 

experimental protocol established by Suzuki.13, 14 The condensation reaction between the 

respective precursor a and 2,6-diisopropylaniline afforded LVIIIa and LVIIIb without the 

requirement for further purification. Alternatively, the anisole functionality within a can be



removed to yield the phenol-pyridine-acyl precursor (b). This demethylation was 

accomplished via two different reaction protocols. Namely, the employment of molten 

pyridinium chloride under forcing reaction conditions or BBr3 under milder reaction 

conditions. Finally, the condensation reaction between the respective precursor b and 2,6- 

diisopropylaniline gave LIXa-d without the need for further purification. LVIII and LIX 

have been characterised by IR, ]H and 13C NMR spectroscopy and ES mass spectrometry (see 

Chapter 6; sections 6.5.1 -  6.5.3).

R1 B(OH)2

>Me

LVIIIa R1 = R2 = H: r ’ = Me: Ar = 2.6w-Pr2C6H ,Me:
LVIIIb R 1 = Ph; R2 = H: R' = Me: Ar = 2.6-/-Pr2Q H !

(iiia)

fiv)

(iiib)

LIXa R ^ R 2 -  H r '  = Me: A r=  2.<W-Pr,C6H, 
LIXb R 1 = Ph. R2 -  H: R ’ = Me; A r=  2.6-i-Pr,C(1H, 
LIXc R 1 = R2 = R? = H; Ar = 2.6-/-Pr2C6H,
LIXd R 1 = R? = H: R 2 -  r-Bu: Ar = 2.(w -Pr,C6H ,

Scheme 1 Reagents and Conditions: (i) Pd(PPh3)4, K2C 0 3 (2 M), toluene, 90 °C; (ii) 2,6-/-Pr2C6H3N H 2, H+; (iiia) PyH+Cl", 
300 °C; (iiib) BBr3, CH2C12, -78°C to rt; (iv) 2,6-/-Pr2C6H3N H 2, H+

Insight into the ligand environment in the solid state was provided by single crystal X- 

ray diffraction studies performed on ligands LVIIIb and LIXa. Single crystals suitable for the 

study were grown by layering a solution of dichloromethane with hexane at rt to give yellow 

crystals of LVIIIb and LIXa. The molecular structures LVIIIb and LIXa are depicted in 

Figures 5 and 6 and selected bond distances and bond angles are listed in Tables 1 and 2. 

Crystal data and data collection refinement parameters are presented within Chapter 6; section

6 .8 .
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Table 1 Selected bond distances (A) and angles (°) for LVIIIb

N(l)-C(3) 1.345(2)
N(l)-C(7) 1.347(2)
N(2)-C(l) 1.279(2)

N(2)-C(21) 1.418(2)
0(1)-C(13) 1.384(2)
0(1)-C(14) 1.430(2)
C(l)-C(3) 1.494(2)

C(3)-N(l)-C(7) 118.15(11)
C(l)-N(2)-C(21) 121.41(11)
N(2)-C(l)-C(3) 116.31(11)
N(2)-C(l)-C(2) 125.86(12)
C(3)-C(l)-C(2) 117.83(11)

C(13)-0(l)-C(14) 113.63(10)

A single crystal X-ray diffraction study of LVIIIb shows the molecule to possess a 

transoid arrangement between the pyridine and imine moieties of the ligand, a geometry 

which differs to the cisoid configuration of the group 8 and 9 complexes within this chapter. 

The transoid arrangement observed here is similar to that observed for related species in the 

solid state.15 The anisole substituent is orthogonal to the N(2)-C(l)-C(3)-N(l)-C(7) plane with 

the methoxy group pointing upwards out of the plane and the phenyl substituent in the 3’- 

position perpendicular to the anisole ring. The TV-aryl group is also orthogonal to the plane 

defined by N(2)-C(l)-C(3)-N(l)-C(7) such that the ortho-isopropyl groups are positioned 

above and below the plane. The double bond character of the C=N bonds is noted by the bond 

lengths of ca. 1.3 A and the bond angles of ca. 120°.15 

Table 2 Selected bond distances (A) and angles (°) for LIXa.2.2CH2Cl2

N(l)-C(7) 1.345(3)
N(l)-C(l 1) 1.347(3)
N(2)-C(12) 1.274(4)
N(2)-C(14) 1.421(3)
0(1)-C(1) 1.357(3)

C(11)-C(12) 1.497(3)
H(l)—N(l) 1.787

C(7)-N(l)-C(l 1) 119.8(2)
C(12)-N(2)-C(14) 120.9(2)
N(2)-C(12)-C(l 1) 116.4(2)
N(2)-C(12)-C(13) 125.8(2)
C(13)-C(12)-C(l 1) 117.9(2)
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C14

Figure 5 Molecular structure of LVIIIb (All the hydrogen atoms have been omitted for clarity)
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C11C12

C13

Figure 6 Molecular structure of LIXa (All the hydrogen atoms except H(l) have been omitted for clarity

128



The molecular, structure of LIXa also exhibits a transoid relationship between the 

pyridine [N(l)] and imine [N(2)] moieties of the ligand, which in turn differs to the cisoid 

configuration of the group 8, 9 and 13 complexes within this chapter. The intramolecular 

hydrogen-bonding interaction between the hydrogen atom H(l) and N(l) [H(l)—N (l) 1.787 

A] enforces a cisoid conformation between 0(1) and N(l) [0(1)—N(l) 2.536 A] and a 

transoid arrangement between 0(1) and N(2). The geometrical arrangements observed here 

are characteristic of those observed by similar species in the solid state.2, 15-17 The A-aryl 

group is orthogonal to the plane defined by N(2)-N(l)-0(1) such that the o/7/zo-isopropyl 

groups are positioned above and below the plane. As for LVIIIb the double bond character of 

the C=N bonds is noted by the bond lengths of ca. 1.3 A and the bond angles of ca. 120°.

The ligands LX and LXI are prepared by exploiting the well-known attack by 

nucleophilic reagents at imine carbon atoms (AlMe3/LiAlH4).18 ' 21 Indeed, in refluxing 

toluene the reaction of AlMe3 with LIXa results in the methylation of the imine carbon atom 

(Scheme 2). The reaction was quenched with water, followed by extraction with pentane and 

workup to give LX in quantitative yield. Notably, if the reaction was performed at rt no 

methylation of the imine carbon atom was observed. The reduction of LIXa by the reducing 

agent LiAlH4 affords LXI in high yield. Compounds LX and LXI have been characterised by 

IR, and 13C NMR spectroscopy and ES mass spectrometry (see Chapter 6; sections 6.5.4 

and 6.5.5).

N— Ar

LIXa
N— Ar

LXI

Scheme 2 Reagents and conditions: (i) AIMe3 toluene, heat and reaction quenched with H20 ; (ii) LiAlH4, 
-78 °C to rt and reaction quenched with H20
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Insight into the reaction between AlMe3 and LIXa in refluxing toluene was provided by 

the isolation of the AWO-aluminium(III) intermediate, [{LX'2H}AlMe(NCMe)] (20). Crystals 

of 20 were grown from an acetonitrile solution and subject to a single crystal X-ray 

diffraction study. The molecular structure of 20 is depicted in Figure 7 and selected bond 

distances and bond angles are listed in Table 3. Crystal data and data collection refinement 

parameters are presented within Chapter 6; section 6.8.

Table 3 Selected bond distances (A ) and angles (°) for 20

Al(l)-0(1) 1.800(4)
Al(l)-N(l) 1.995(5)
Al(l)-N(2) 1.829(5)
Al(l)-N(3) 2.083(6)
Al(l)-C(27) 1.966(7)
N(3)-C(28) 1.146(7)
C(28)-C(29) 1.450(8)
N(l)-C(ll) 1.347(7)

0(1)-A1(1)-N(1) 87.4(2)
0(1)-A1(1)-N(2) 129.5(2)
0(1)-A1(1)-N(3) 84.2(2)
0(1)-A1(1)-C(27) 97.2(3)
N(1)-A1(1)-N(2) 82.8(2)
N(1)-A1(1)-N(3) 162.3(2)
N(2)-A1(1)-N(3) 90.5(2)
N(1)-A1(1)-C(27) 100.4(2)
N(2)-A1(1)-C(27) 117.8(3)
N(3)-A1(1)-C(27) 97.2(3)
C(28)-N(3)-A1(1) 169.1(5)
N(3)-C(28)-C(29) 177.6(7)

The geometry at the aluminium(III) centre in complex 20 is best described as being 

distorted square pyramidal with a N30C coordination sphere. The square basal plane consists 

of the ATVO-chelate [N(l), N(2) and 0(1)] and the acetonitrile molecule N(3), with Al(l) 

deviating out of this plane by 0.543 A . The apical position is occupied by the methyl donor 

C(27). The AWO-chelate is coordinated in what may be regarded as a meridional 

configuration with a five-and a six-membered chelate. The phenolate ring is twisted by a 

torsional angle of 20.3° [tors.: C(5)-C(6)-C(7)-C(8)] in order to accommodate for the 

constraints imposed by the six-membered ring and the angular bonding mode of the phenolate
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C27

N2

Figure 7 Molecular structure of [{LX2H} AlMe(NCMe)] (20) (All the hydrogen atoms have been omitted for clarity)
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donor atom. The 2,6-diisopropylphenyl substituent is oriented such that the o/7/jo-substituents 

are pointing above and below the basal plane. The formal double bond character of the 

C=Npyridine bond is retained [N(l)-C(ll) 1.347(7) A] and is characteristic of related NNO- 

aluminium(III) compounds.8 As for related aluminium(III) compounds18 the Al-N bond 

lengths of the tridentate ligand are inequivalent with the distance to the pyridine donor being 

the longest [Al(l)-N(l) 1.995(5) A] and the amide donor the shortest [Al(l)-N(l) 1.829(5) A]. 

Furthermore, the Al-O distance of 1.800(4) A is typical of a phenolate donor in a six- 

membered chelate ring.8, 9’ 17’ 22 The bond length of 1.966(7) A for the aluminium-methyl 

distance is similar to that observed for related species in the solid state.8, 9’ 17, 22 The Lewis 

acidity of the aluminium(III) centre is exhibited by the coordination of the acetonitrile 

molecule [Al(l)-N(3) 2.083(6) A] in a trans configuration to the pyridine moiety. This strong 

affinity for Lewis bases may have a profound effect upon the catalytic nature of the 

aluminium(III) centre.22

The rt NMR spectrum arising from 20 dissolved in C6D6 reveals the solid state 

structure to be maintained in solution and is typical of the ]H NMR spectra of related

O Q  1 O

complexes (Figure 8 ). ’ ’ For example, the resonance at 8  = 0.51 is attributable to the 

coordinated acetonitrile molecule. Notably, a resonance for non-coordinated acetonitrile at 8 ~ 

2 is absent from the spectrum. The Al-Me resonance is found at 8  = -  0.24. The methyl 

groups of the isopropyl substituents are found at 8  = 1.31 - 1.43 and the methine protons at 8  

= 3.71 and 4.40. The two methyl groups of the amide carbon atom resonate at 8 = 1.55 and 

1.80 and the aromatic protons are found in the region 8  = 6 . 8  - 7.7.
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CHMe2 NC Me

ArCH/PyC H

A1Me

MeCN

Me

Me

(ppm )

Figure 8 H NMR spectrum of complex 20 in C6D6 at rt



5.3. Reactions of MCh (M = Fe and Co) with LVIII

The treatment of anhydrous MCI2 with 1 equivalent of LVIIIa in h-BuOH at 90 °C afforded 

the complexes [{LVIIIaJM Cy (M = Fe 21, Co 22) in moderate-to-high yield (Scheme 3). 

Both compounds have been characterised by FAB mass spectrometry, solid state IR 

spectroscopy, magnetic susceptibility measurements and elemental analysis. Insight into the 

coordination geometry around the metal centre and the pendant nature of the anisole donor 

was provided by single crystal X-ray diffraction studies.

M = Fe 21
M = Co 22a

Scheme 3 Reagents and conditions'. LVIIIa, h-BuOH, 90 °C 
a Isolated from single crystal X-ray diffraction studies

Red crystals of 21 and green crystals of 22 were grown from a chloroform solution at rt 

and subject to a single crystal X-ray diffraction study. The molecular structures of 21 and 22 

are depicted in Figure 9 and selected bond distances and bond angles are listed in Table 4. 

Crystal data and data collection refinement parameters are presented within Chapter 6; section

6 .8 .

The structures of 21 and 22 are essentially identical and will be discussed together. The 

metal(II) centre is coordinated to two chloride atoms, one pyridine (Nl) and one imine (N2) 

atom of the AWO-ligand to give a distorted tetrahedral environment around the metal(II) 

centre. Notably, the anisole donor is pendant and orthogonal to the N(2)-M(l)-N(l) plane, 

similar geometrical arrangements are observed in the pyridine-imine-thiophenyl cobalt(II) 

complexes.23 In contrast to the molecular structure of the related free ligand LVIIIb, N (l) and 

N(2) possess a cisoid configuration. The A-aryl substituent is oriented essentially orthogonal
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Table 4 Selected bond distances (A) and angles (°) for 2 I.CHCI3 and 2 2 .CHCI3

M = Fe (2 I.CHCI3) M = Co (2 2 .CHCI3)
M (l)-N(l) 2.118(3) 2.054(2)
M(l)-N(2) 2.112(3) 2.052(2)
M(1)-C1(1) 2.224(1) 2.210(1)
M(1)-C1(2) 2.249(1) 2.235(1)
N(l)-C(l 1) 1.354(4) 1.360(3)
N(2)-C(12) 1.289(4) 1.281(3)
C(11)-C(12) 1.484(5) 1.488(3)

N(l)-M(l)-N(2) 77.82(11) 81.02(7)
N(1)-M(1)-C1(1) 113.23(8) 115.32(5)
N(1)-M(1)-C1(2) 114.56(8) 116.67(5)
N(2)-M(1)-C1(1) 111.89(8) 112.42(5)
N(2)-M(1)-C1(2) 107.12(8) 107.99(5)
C1(1)-M(1)-C1(2) 122.87(4) 117.30(3)

to the N(2)-M(l)-N(l) plane with the ortho-isopropyl groups positioned above and below the 

plane. The acute N(l)-M(l)-N(2) angle [77.82(11)° (Fe), 81.02(7)° (Co)] is associated with the 

constraints imposed by the five-membered chelate ring, while the C1(1)-M(1)-C1(2) angle is 

obtuse [122.87(4)° (Fe), 117.30(3)° (Co)]. Comparative inter-bond angles are observed in 

single crystal X-ray structure determinations of a-diimine iron(II)24, 25 and cobalt(II)26 

complexes. The formal double bond character of the C=N linkages is retained upon 

coordination to both iron and cobalt as indicated by the C=N bond lengths [ca. 1.3 A] and the 

C(ll)-C(12) bond distance [ca. 1.5 A]. This is analogous to the a-diimine iron(II)24, 25 

complexes and in contrast to the partial delocalisation of the double bonds exhibited in the a-

7 Adiimine cobalt(II) compound. Furthermore, the M-N and M-Cl bond distances are similar to 

those observed in the pyridine-imine-thiophenyl cobalt(II) complexes23 and the a-diimine 

iron(II)24’25 and cobalt(II)26 complexes.

The FAB mass spectrometric data exhibits characteristic mass and isotope distribution

patterns for a monomeric dichloro complex. The solid state IR spectra reflect the coordination

of LVIIIa to the metal(II) centre via the notable absence of the free-ligand C=Njmjne stretching

frequency at 1646 cm'1 and the formation of three C=N stretching frequencies in the region of

1620 -  1590 cm'1. The rt magnetic susceptibility measurements are consistent with tetrahedral

HS iron(II) and cobalt(II) configurations. For example, 21 reveals a magnetic moment of 4.97
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Figure 9 Molecular structure of [{LVIIIa}FeCh] (21) (All the hydrogen atoms have been omitted for clarity). Molecular structure of

[{LVIIIaJCoCy (22) reveals a similar coordination geometry
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BM characteristic of a mononuclear iron(II) HS configuration (S = 2), while 22 shows a 

magnetic moment of 4.04 BM indicative of a mononuclear cobalt(II) HS configuration (S = 

3/2).

5.4. Reactions of MCh (M = Fe and Co) with LIX

The reaction of the MCI2 precursor with 1 equivalent of LIX in thf at rt afforded the 

complexes [{LIXa}MCl2] (M = Fe 23a, Co 24a) and [{LIXb}MCl2] (M = Fe 23b, Co 24b) 

in moderate-to-high yield (Scheme 4). The compounds have been characterised by FAB mass 

spectrometry, solid state IR spectroscopy and magnetic susceptibility measurements. Insight 

into the coordination geometry around the metal centre was provided by single crystal X-ray 

diffraction studies performed on complex 24a. The molecular structure of 24a is depicted in 

Figure 10 and selected bond distances and bond angles are listed in Table 5.

MCI

23a M = Fe; R = H
23b M = Fe; R = Ph 
24a M = Co; R = Ha 
24b M = Co; R = Ph

Scheme 4 Reagents and Conditions: LIX, FeCbOhf)] 5  or C0 CI2, ^ f ,  rt 
a Isolated from single crystal X-ray diffraction studies

Green crystals of 24a were grown from the slow cooling of a hot acetonitrile solution 

and subject to a single crystal X-ray diffraction study. Crystal data and data collection 

refinement parameters are presented within Chapter 6; section 6.8. The molecular structure of 

24a possesses a similar overall geometrical arrangement to the aluminium(III) complex 20 

and in contrast to the molecular structure of the free ligand LIXa, N(l) and N(2) possess a 

cisoid configuration. The cobalt(II) centre is bound to two terminal chlorides and a NNO- 

chelate in a meridional configuration with a five-and a six-membered chelate to give a 

distorted square pyramidal environment. The basal plane consists of the AWO-chelate [N(l), 

N(2) and 0(1)] and the chloride atom Cl(2), with Co(l) sitting out of this plane by 0.580 A.
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Table 5 Selected bond distances (A) and angles (°) for 24a

Co(l)-0(l) 2.080(2)
Co(l)-N(l) 2.133(2)
Co(l)-N(2) 2.072(2)
Co(l)-Cl(l) 2.269(1)
Co(l)-Cl(2) 2.321(1)
0(1)-C(1) 1.388(2)
N(l)-C(7) 1.351(3)

N(2)-C(12) 1.288(3)
C(ll)-C(12) 1.487(3)

0(l)-Co(l)-N(l) 78.53(6)
0(l)-Co(l)-N(2) 128.90(6)
0(l)-Co(l)-Cl(l) 112.68(4)
0(l)-Co(l)-Cl(2) 91.07(4)
N(l)-Co(l)-N(2) 76.86(7)
N(l)-Co(l)-Cl(l) 92.41(5)
N(l)-Co(l)-Cl(2) 162.58(5)
N(2)-A1(1)-C1(1) 112.44(5)
N(2)-A1(1)-C1(2) 99.72(5)
Cl(l)-Co(l)-Cl(2) 104.56(2)
C(l)-0(l)-Co(l) 119.81(13)

The apical position is occupied by the chloride ligand Cl(l). The phenol ring is twisted by a 

torsional angle of 23.0° [tors.: C(5)-C(6)-C(7)-C(8)]. The 2,6-diisopropylphenyl group is 

oriented such that the o/Y/zo-substituents are pointing above and below the basal plane. 

Notably, the formal double bond character of the C=N linkages is retained upon coordination 

as indicated by the C=N bond lengths [ca. 1.3 A ] and the C(11)-C(12) bond distance [ca. 1.5 

A ] . The Co-N bond lengths of the tridentate ligand are inequivalent with the distance to the 

pyridine donor being the longest [Co(l)-N(l) 2.133(2) A ] and the imine donor the shortest 

[Co(l)-N(2) 2.072(2) A ]. The Co-0 bond distance of 2.080(2) A  is typical of a phenol donor 

in a six-membered chelate ring.16 The Co-Cl distances differ by ca. 0.05 A  with Co-Cl(2) 

being the longest [2.321(1) A ]. The Cl-Co-Cl angle at 104.56(2)° lies below the range found

“77  78in the AAW-related pyridine-diimine cobalt(II) complexes, ’ but compares well with the 

TVTVTV-chelates 11a and 11c (see Chapter 2; section 2.5).

The FAB mass spectrometric data for complexes 23 and 24 show characteristic mass 

and isotope distribution patterns consistent with a monomeric species and in the case of 23a
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Figure 10 Molecular structure of [{LIXaJCoCy (24a) (All the hydrogen atoms except for H(l) have been omitted for clarity)
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and 24a minor peaks attributable to a dimeric species. The solid state IR spectra reflect the 

coordination of the AWO-chelate to the metal(II) centre via the notable absence of the free- 

ligand C=Njmine stretching frequency at ca. 1640 cm-1 and the formation of C=N stretching 

frequencies in the region of 1610 -  1590 cm-1. The rt magnetic susceptibility measurements 

gave magnetic moments of ca. 5.00 BM, characteristic of a HS iron (II) configuration (S = 2) 

and ca. 4.00 BM, characteristic of a HS cobalt(II) configuration (S = 3/2).

The treatment of LIXa with NaH results in the deprotonation of the AWO-ligand at the 

phenol atom (Scheme 5). The resultant sodium salt undergoes a metathesis reaction with a 

MCb precursor under mild reaction conditions to afford the dimeric complexes [{LIXa' 

h}MC1]2 (M = Fe 25, Co 26a). Interestingly, under forcing conditions LIXc and LIXd yield 

the bis(p-phenolate) dimeric complexes [{LIXc*h}CoC1]2 (26b) and [{LIXd'H}CoBr]2 (26c) 

in the notable absence of a deprotonating reagent. With the exception of complex 25, all 

products have been characterised by FAB mass spectrometry, solid state IR spectroscopy, 

magnetic susceptibility and by elemental analysis.

(ii)

(iii)

(i): 25 M = Fe; R 1 = R2 = H; R ’ = Me; X = Cl
(i): 26a M = Co; R 1 = R2 = H; R’ = Me; X = C!a
(ii); 26b M = Co; R1 = R2 = R ’ = H; X = Cla
(iii): 26c M = Co; R 1 = R ’ = H; R2 = /-Bu; X = Bra

Schem e 5 Reagents and Conditions: (ia) LIXa, NaH, thf, heat; (ib) FeC ^thf)) 5 or 
C0 CI2 , thf, rt; (ii) C0 CI2 , «-BuOH, LIXc, heat; (iii) CoBr2, n-BuOH, LIXd, heat 
a Isolated from single crystal X-ray diffraction studies

In addition, red crystals of 26a-c were grown from the slow cooling of a hot acetonitrile 

solution and subject to single crystal X-ray diffraction studies. The molecular structures of 

26a-c are represented in Figure 11 and selected bond distances and bond angles are listed in 

Tables 6 and 7. Crystal data and data collection refinement parameters are presented within 

Chapter 6; section 6.8. The molecular structure of 26a is generated via Cj symmetry passing

140



through the centre of the C02O2 bridging core, while 26b and 26c consist of two inequivalent 

cobalt(II) centres. However, the overall geometry and structural features at each metal centre 

in 26b and 26c are similar to one another and comparable to 26a. Therefore, only 26a will be 

discussed in detail.

Table 6 Selected bond distances (A) and angles (°) for 26a.MeCN

Co(l)-0(l) 2.009(1)
Co(l)-N(l) 2.102(2)
Co(l)-N(2) 2.119(2)
Co(l)-Cl(l) 2.299(1)

Co(l)-0(lA) 2.037(1)
0(1)-C(1) 1.350(2)
N(l)-C(7) 1.352(3)

N(2)-C(12) 1.290(3)
C(ll)-C(12) 1.485(3)

Co(l)...Co(lA) 3.146

0(l)-Co(l)-N(l) 85.12(6)
0(l)-Co(l)-N(2) 140.77(6)
0(l)-Co(l)-Cl(l) 109.41(4)
0(l)-C o(l)-0(lA ) 77.57(6)
0(lA)-Co(l)-N(l) 150.00(6)
0 ( 1 A)-Co( 1 )-N(2) 101.10(6)
0(lA)-Co(l)-Cl(l) 112.22(4) .
N(l)-Co(l)-N(2) 77.25(6)
N(l)-Co(l)-Cl(l) 96.52(4)
N(2)-Co(l)-Cl(l) 107.23(5)
C(l)-0(l)-Co(l) 121.55(12)

Co( 1 )-0( 1 )-Co( 1 A) 102.06(6) ...

The molecular structure of 26a consists of a dimeric unit in which the cobalt(II) centres 

are bridged by two phenolate donors, which originate from the meridionally coordinated 

AWO-chelates at each cobalt atom. In addition, each cobalt atom is bound to a terminal 

chloride to give a distorted square pyramidal geometry with an N202C1 coordination sphere. 

The basal plane comprises of the N(l), N(2), 0(1) and 0(1 A), with Co(l) deviating from this 

plane by 0.686 A. The apical position is occupied by the chloride donor Cl(l). Interestingly, 

the two apical chlorides are oriented in a ^^-arrangement with respect to one another, which 

is in contrast to literature precedent bis(p-phenolate) cobalt(II) complexes.29 ~ 31 The Co-O 

distances differ by ca. 0.03 A with Co(l)-0(l A) being the longest [2.037 (1) A]. Notably, the 

Co(l)-(01) distance in 26a is ca. 0.07 A shorter than that observed in 24a, this may be



attributable to the 7i-donor capability of a phenolate versus a phenol donor. The Co-N and Co- 

Cl distances are comparable to those found in the momomeric complex 24a. Likewise, the 

formal double bond character of the C=N linkages is retained upon coordination as indicated 

by the C=N bond lengths [ca. 1.3 A] and the C(11)-C(12) bond distance [ca. 1.5 A]. The Co- 

O-Co bond angle is 102.06(6)° and the Co...Co bond separation is 3.146 A, which are similar
  T 1

to those observed in related bis(p-phenolate) cobalt(II) complexes.

Table 7 Selected bond distances (A) and angles (°) for 26b.2MeCN and 26c.3MeCN

X = Cl (26b.2MeCN) X = Br (26c.3MeCN)
C o(l)-0(l) 1.995(2) 1.977(3)
Co(l)-N(l) 2.098(3) 2.094(3)
Co(l)-N(2) 2.115(3) 2.082(3)
Co(l)-X(l) 2.283(1) 2.439(1)
Co(l)-0(2) 2.037(2) 2.034(3)
0(1)-C(1) 1.347(4) 1.347(5)

Co(2)-0(2) 1.994(2) 1.979(3)
Co(2)-N(3) 2.105(3) 2.101(3)
Co(2)-N(4) 2.114(3) 2.111(3)
Co(2)-X(2) 2.305(1) 2.453(1)
Co(2)-0(l) 2.036(2) 2.034(3)
0(2)-C(25) 1.346(4) NA
0(2)-C(29) NA 1.348(5)

Co(l)...Co(2) 3.101 3.128

0(l)-Co(l)-N (l) 84.73(10) 84.41(12)
0(l)-Co(l)-N(2) 138.30(11) 137.88(13)
0(l)-Co(l)-X (l) 112.95(8) 119.55(8)

0(l)-C o(l)-0(lA ) 79.38(9) 77.43(11)
0(2)-Co(l)-N(l) 153.30(11) 151.60(12)
0(2)-Co(l)-N(2) 100.18(11) 100.52(12)
0(2)-Co(l)-X(l) 109.03(7) 116.12(8)
N(l)-Co(l)-N(2) 77.81(11) 78.62(13)
N(l)-Co(l)-X(l) 96.87(8) 91.79(9)
N(2)-Co(l)-X(l) 106.59(9) 99.40(10)
C(l)-0(l)-Co(l) 123.0(2) 124.3(2)
0(2)-Co(2)-N(3) 83.67(11) 85.84(12)
0(2)-Co(2)-N(4) 139.23(11) 143.68(12)
0(2)-Co(2)-X(2) 115.06(7) 111.97(8)

0 ( 1 )-Co(2)-0( 1 A) 79.42(9) 77.40(11)
0(l)-Co(2)-N(3) 149.86(10) 148.78(12)
0(l)-Co(2)-N(4) 99.68(10) 100.27(12)
0(l)-Co(2)-X(2) 112.92(7) 115.13(8)
N(3)-Co(2)-N(4) 77.43(12) 78.03(13)
N(3)-Co(l)-X(2) 96.81(8) 95.48(9)
N(4)-Co(l)-X(2) 102.91(8) 101.89(9)
C(25)-0(2)-Co(2) 121.5(2) NA
C(29)-0(2)-Co(2) NA 125.3(2)
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Figure 11 Molecular structure of [{LIXa'H}CoCl]2 (26a) (All the hydrogen atoms have been 

omitted for clarity). Molecular structure of [{LIXc'h}CoC1]2 (26b) and 

[{LIXd'H}CoBr]2 (26c) reveal a similar coordination geometry
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The FAB mass spectrometric data exhibits characteristic mass and isotope distribution 

patterns for a dimeric species. The solid state IR spectra reflect the coordination of the NNO- 

chelate to the metal(II) centre via the notable absence of the free-ligand C = N jmjne stretching 

frequency at 1650 - 1630 cm'1 and the formation of C = N  stretching frequencies in the region 

of 1630 - 1590 cm'1. The rt magnetic susceptibility measurements are consistent with two 

non-interacting HS iron(II) or cobalt(II) centres. For example, 25 possess a magnetic moment 

of 7.1 BM, while 26a-c show magnetic moments of ca. 6.0 BM. In addition, the complexes 25 

and 26 may act as suitable precursors for the preparation of a single-component a-olefin 

polymerisation catalyst. However, attempts to isolate such a species have so far proved 

unsuccessful.

5.5. Insight into the Polymerisation of Ethylene

Preliminary catalytic evaluation of the pre-catalysts 21, 23a, 23b and 24b treated with 100 

equivalents of MAO in toluene, 17.23 bar of ethylene32 and at 40 °C, showed moderately-to- 

highly active activities for the polymerisation of ethylene (Table 8).

Table 8 Ethylene polymerisation evaluation employing precatalysts 21, 23a, 23b and 24b 

runs 1 - 4

Runa Pre-catalyst
Yield

(g)b

Activity

(g/mmol/h/bar)
Mv Mn

M JM n

1 21 0.04 25 325866 120691 2.7

2 23a 0.46 975 35834 17917 2.0

3 23b 0.34 160 100968 42070 2.4

4 24b 0.30 104 105105 45698 2.3

a General conditions: 0.08 mmol of precatalyst, 80 mmol MAO, toluene, 17.23 bar ethylene, at 40 °C. Reaction 
quenched with 5 mol% Oxygen in Argon after total duration of 1 h or 1.38 bar of ethylene had been consumed.

The PE produced ranges from moderate-to-high molecular weight with polydispersities 

typical of a single-site catalytic system (M JM n ca. 2). In the pre-catalytic state the iron(II) 

centre in 21 is bound to a AW-chelate with a pendant anisole donor, while 23 contains a NNO-
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chelate and in a analogous fashion to the a-diimine33 and the pyridine-diimine iron27 systems 

the activity is enhanced upon employing the tridentate coordination mode. Indeed, the highest 

activity observed to date was with the pre-catalyst 23a (run 2: 975 g/mmol/h/bar), albeit an 

order of magnitude lower than the related pyridine-diimine iron system.27 In contrast, the 

cobalt system (24b) displays a comparable activity to the related pyridine-diimine cobalt 

system.27
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5.6. Conclusions

In summary, we have established several synthetic procedures for the novel AWO-ligand sets 

LVIII -  LXI. Single crystal X-ray diffraction studies have revealed that LVIII and LIX 

possess a transoid arrangement between the pyridine and imine moieties of the ligand, a 

geometry, which differs to the cisoid configuration of the complexes reported within this 

Chapter. The functionality of the oxygen donor has been found to have a profound effect upon 

the nuclearity, the binding mode and the catalytic activity. Finally, the iron systems display 

higher activities than the cobalt systems.
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Chapter Six

Experimental



6.1. General

All operations were carried out under an inert atmosphere of nitrogen using standard Schlenk 

and cannular techniques or in a nitrogen purged glove box. Solvents were distilled under 

nitrogen from appropriate drying agents and degassed prior to use.1 The infrared spectra were 

recorded as Nujol mulls between 0.5 mm NaCl plates on a Perkin Elmer 1600 series or in the 

solid state using a Perkin Elmer Spectrum one FT-IR spectrometer. The ES and the FAB mass 

spectra were recorded using a micromass Quattra LC mass spectrometer and a Kratos 

Concept spectrometer with methanol or NBA as the matrix respectively. GC mass 

spectrometry measurements were obtained using a Perkin Elmer Autosystem XL
1 n

chromatogram and a Perkin Elmer Turbo Mass Spectrometer. H and C NMR spectra were 

recorded on a Bruker ARX spectrometer 250 or 300 or 400 MHz; chemical shifts (ppm) are 

referred to the residual protic solvent peaks. GC mass spectrometry measurements were 

obtained using a Perkin Elmer Autosystem XL chromatogram and a Perkin Elmer Turbo 

Mass Spectrometer. Magnetic Susceptibility studies were performed using an Evans Balance 

(Johnson Matthey) at room temperature and variable temperature measurements were 

recorded at University of Edinburgh using a SQUID magnetometer in the region of 2-300 K 

in an applied field of 100 G (0.01 T). The magnetic moment was calculated following 

standard methods and corrections for underlying diamagnetism were applied to data.

Elemental analyses were performed at the Department of Chemistry, University of 

North London by Dr S. Boyer.

The reagents, 2-chloroethylamine monohydrochloride, 2-picolylamine, the aryl halides, 

methyl iodide, 4-(chloromethyl)styrene, 2-picolyl chloride hydrochloride, the metal 

dichlorides, diethylenetriamine, MAO (10%wt in toluene), 1-heptadecene, 1-nonene, 1- 

tridecene, 2,6- diisopropylaniline were purchased from Aldrich Chemical Co. and used 

without further purification (except for 2,6- diisopropylaniline1). rac-BINAP was purchased 

from Strem Chemical Co. Ethylene gas (Grade 3.5) was supplied from BOC. The compounds, 

Pd2(dba)3,4 2,4,6-triisopropylphenyl bromide,5 bis(2-picolyl)amine (dpa),6
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aminediethylenediamine(methyl)amine, 7 tris(2 -picolyl)amine (tpa) ,8 2 -(tosylamino)ethyl-p- 

toluenesulfonate,9 N-tosylaziridine,9 were prepared according to previously reported 

procedures. The reagents, Pd(PPh3)4,10 phenyl(2-methoxy)boronic acid, 11 phenyl(2- 

methoxy,3-phenyl)boronic acid,11, 12 pheny 1(2-methoxy,5-/-butyl)boronic acid, 11 2-bromo-6- 

acetyl-pyridine, 13 2-bromo-6-formyl-pyridine13 and FeCl2(thf)i.514 were prepared according to 

or based upon previously reported procedures. All other chemicals were obtained 

commercially and used without further purification.
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6.2. Experimental for Chapter 2

6.2.1. Synthesis of (2-aminoethyl)(2-picolyI)amine: This preparation was carried out based 

on a modification of the literature procedure. 2 -chloroethylamine monohydrochloride (1 2 .0  

g, 103 mmol) was added in portions to an ice-cooled solution of NaOH (2M, 51.5 ml, 103 

mmol). This was repeated and the contents of the two flasks (206 mmol) combined. The free 

2 -chloroethylamine was then added dropwise to a rapidly stirred solution of 2 -picolylamine, 

(44.0 g, 407 mmol) in absolute ethanol (50 ml) and refluxed for 2 h. The volatiles were 

removed by rotary evaporation, the residue poured onto crushed ice and excess KOH pellets 

added. The dark orange brown solution was extracted with chloroform (3 x 100 ml). The 

combined extracts were dried over MgSC>4, filtered and taken to dryness to give an oily 

residue. Distillation of the residue under reduced pressure (3.0 x 10' 1 mmHg) gave unreacted 

2-(aminomethyl)pyridine (44 °C) as the first fraction followed by (H2NCH2CH2){(2 - 

CsH4N)CH2}NH as a pale yellow liquid (84 °C). Yield: 26 % (9.10 g, 60.3 mmol). FAB mass 

spectrum: m/z 151 [M]+. *H NMR (CDCI3, 300 MHz): 6 1.55 (s, br, 3H, NH), 2.74 (m, 2H, 

CH2), 2.84 (m, 2H, CH2\  3.92 (s, 2H, PyCH2), 7.13-7.18 (m, 1H, PyCH), 7.32 (d, 1H, 3JH-h

7.6 Hz, PyC//), 7.64 (dt, 1H, 3JH-h 7.6 Hz, 4JH-h 1.8 Hz, PyCH), 8.56 (m, 2H, Py CH). 13C 

NMR (CDCI3, 75.5 MHz, ]H composite pulse decoupled): 6 41.7 (1C, CH2), 50.8 (1C, CH2), 

55.2 (1C, PyCH2), 121.9 (1C, PyCH), 122.2 (1C, PyCH), 136.2 (1C, PyCH), 149.0 (1C, 

PyCH), 159.8 (1C, PyC).

6.2.2. Syntheses of (ArNHCH2CH2){(2-C5H4N)CH2}NH (LI)

(i) (Ar = 2,6-Me2C6H3); (/V-2,6-dimethyIphenyl-2-aminoethyl)(2-picolyl)amine (Lla): An

oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled with 

nitrogen. The flask was charged with (H2NCH2CH2){(2 -CsH4N)CH2}NH (1.00 g, 6.62 

mmol), 2,6-dimethylphenyl bromide (0.95 ml, 1.47 g, 7.94 mmol), Pd2(dba)3 (30 mg, 0.033 

mmol), rac-BINAP (62 mg, 0.10 mmol), NaOlBu (1.91 g, 19.9 mmol) and toluene (40 ml). 

The reaction mixture was heated to 120 °C and stirred for a period of 4 days. After cooling to
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room temperature, the solvent was removed under reduced pressure to afford an oily residue. 

The residue was dissolved in diethyl ether (30 ml) and washed with water (3 x 30 ml) and 

NaCl solution (3 x 30 ml). The organic layer was separated and dried over MgSC>4. The 

volatiles were removed under reduced pressure and the residue left under vacuum at 50 °C for 

24 h to give {(2 ,6 -Me2C6H3)HNCH2CH2}{(2 -C5H4N)CH2}NH (Lla) as a viscous red oil. 

Yield: 79 % (1.333 g, 5.23 mmol). ES mass spectrum: m/z 256 [M+H]+. IR (nujol mull, cm'1): 

V 3350 (N-H, medium), 1590 ( C = N pyridj„ e). 'H  NMR (CDC13, 250 MHz): 8  2.20 (s, 6 H, Me0), 

2.77 (t, 2 H, 3Jh-h 5.7 Hz, CH2), 3.02 (t, 2H, 3Jh.h 5.7 Hz, CH2), 3.85 (s, 2 H, PyCtf2), 6.70 (m, 

1H, AiCH), 6 .8 8  (m, 2H, AiCH), 7.06 (m, 1H, PyCH), 7.20 (d, 1H, 3JH.H 7.8 Hz, PyCH), 7.52 

(dt, 1H, 3J H-h  7.8 Hz, PyCH), 8.50 (dd, 1H, 3JH.H 4.4 Hz, PyCH). 13C NMR (CDCI3, 75 MHz, 

'H composite pulse decoupled): 8  19.0 (2C, Mea), 48.4 (1C, CH2), 50.0 (1C, CH2), 55.4 (1C, 

PyCH2), 121.9 (1C, PyCH), 122.4 (1C, PyCH), 122.6 (1C, ArCH), 129.2 (2C, ArCH), 129.7 

(2C, ArC), 136.9 (1C, PyCH), 146.8 (1C, ArC), 149.7 (1C, PyCH), 160.3 (1C, PyC).

(ii) (Ar = 2,4-Me2C6H3); (/V-2,4-dimethylphenyl-2-ammoethyl)(2-picolyl)amine (Lib):

Using an analogous route to that outlined in 6.2.2(i) employing (H2NCH2CH2){(2 -

C5H4N)CH2}NH (1.00 g, 6.62 mmol), 2,4-dimethylphenyl bromide (1.1 ml, 1.47 g, 7.94

mmol), Pd2(dba)3 (30 mg, 0.033 mmol), rac-BINAP (62 mg, 0.10 mmol), NaC^Bu (1.91 g,

19.9 mmol) and toluene (40 ml) gave {(2,4 -M e2C6H3)HNCH2CH2}{(2 -C5H4N)CH2}NH

(Lib) as a viscous red oil. Yield: 77 % (1.30 g, 5.10 mmol). ES mass spectrum: m/z 256

[M+Hf. IR (neat, cm'1): v 3370 (N-H, medium), 1590 (C=Npyridine). 'H NMR (CDCI3, 250

MHz): 8  2.05 (s, 3H, Mep), 2.14 (s, 3H, Me0), 2.86 (t, 2H, 3JH.H 6.0 Hz, C/A), 2.86 (t, 2H, 3JH.

H 6.0 Hz, CHi), 3.17 (t, 2H, 3JH.H 6.0 Hz, CH2), 3.85 (s, 2H, PyCH2), 6.45 (d, 1H, 3JH.H 8.0 Hz,

AiCH), 6.82 (m, 2H, AiCH), 7.05 (dt, 1H, 3JH.H 6.0 Hz, PyCH), 7.20 (d, 1H, 3JH.H 7.6 Hz,

PyCH), 7.53 (dt, 1H, 3JH-H7.8 Hz, 4JH-h 1.8 Hz, PyCH), 8.46 (dd, 1H, 3JH-h4.6 Hz, PyCH). I3C

(CDCI3, 75 MHz, 'H composite pulse decoupled): 8  17.9 (1C, Me0), 20.7 (1C, Mep), 44.2 (1C,

CH2), 48.7 (1C, CH2), 55.2 (1C, PyCH2), 110.5 (1C, ArCH), 122.4 (1C, PyCH), 122.6 (1C,
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PyCH), 122.8 (1C, ArC), 126.4 (1C, ArC), 127.7 (1C, ArCH), 131.3 (1C, ArCH), 136.8 (1C, 

PyCH), 144.6 (1C, ArC), 149.7 (1C, PyCH), 160.3 (1C, PyC).

(iii) (Ar = 2,4,6-Me3C6H2); (/V-2,4,6-trimethylphenyl-2-aminoethyl)(2-picolyl)amine 

(Lie): Using an analogous route to that outlined in 6.2.2(i) employing (H2NCH2CH2){(2- 

C5H4N)CH2}NH (1.00 g, 6.62 mmol), 2,4,6-trimethylphenyl bromide (1.02 ml, 1.58 g, 7.94 

mmol), Pd2(dba)3 (30 mg, 0.033 mmol), rac-BINAP (62 mg, 0.10 mmol), NaOlBu (1.91 g,

19.9 mmol) and toluene (40 ml) gave {(2 ,4 ,6 -Me3C6H2)HNCH2CH2}{(2 -C5H4N)CH2}NH 

(Lie) as a viscous red oil. Yield: 75 % (1.34 g 4.97 mmol). ES mass spectrum: m/z 270 

[M+Hf. IR (neat, cm'1): v 3345 (N-H, medium), 1590 (C=Npyridine). JH NMR (CDC13, 250 

MHz): 6  2.21 (s, 3H, Mev), 2.29 (s, 6H, Me0), 2.89 (t, 2H, 3JH-h 6.2 Hz, CH2), 2.98 (t, 2H, 3JH- 

H 6.0 Hz, CH2), 3.86 (s, 2H, Py CH2), 6.72 (s, 2H, AiCH), 7.06 (m, 1H, Py CH), 7.25 (d, 1H, 

3JH-h 4.4 Hz, PyCH), 7.55 (dt, 1H, 3JH-h 7.6 Hz, V h  L9 Hz, PyCH), 8.47 (dd, 1H, 3JH-h 4.5 

Hz, PyCH). 13C NMR (CDC13, 75 MHz, *H composite pulse decoupled): 6  18.8 (2C, Me0),

20.9 (1C, Mev), 48.7 (1C, CH2), 50.0 (1C, CH2), 55.5 (1C, PyCH2), 122.4 (1C, PyCH), 122.6 

(1C, PyCH), 129.4 (2C, ArCH), 130.0 (2C, ArC), 131.4 (1C, ArC), 136.7 (1C, PyCH), 144.1 

(1C, ArC), 149.7 (1C, PyCH), 160.3 (1C, PyC).

(iv) (Ar = 2,4,6-i-Pr3C6H2); (7V-2,4,6-triisopropylphenyl-2-aminoethyI)(2-picolyl)amine 

(Lid): Using an analogous route to that outlined in 6.2.2(i) employing (H2NCH2CH2){(2- 

CsH4N)CH2}NH (1 .0 0  g, 6.62 mmol), 2,4,6-triisopropylphenyl bromide (2.25 g, 7.94 mmol), 

Pd2(dba)3 (3 0  mg, 0 .0 3 3  mmol), rac-BINAP (62 mg, 0 .1 0  mmol), NaC^Bu (1 .91  g, 1 9 .9  

mmol) and toluene (4 0  ml) gave {(2 ,4 ,6 -z-Pr3C6H2)HNCH2CH2}{(2 -C5H4N)CH2}NH (Lid) 

as a viscous red oil. Yield: 65  % (1 .5 0  g, 4 .2 5  mmol). ES mass spectrum: m/z 3 5 4  [M+H]+. IR  

(neat, cm'1): v 3 3 5 5  (N -H , medium), 1 5 9 0  ( C = N pyridi„e). 'H  N M R  (CDCh, 2 5 0  M H z ): 5 1 .1 5  

(dd, 1 8 H , 3J H-h  6 .9  H z , C H M e 2), 2 .6 9 -2 .9 7  (m, 5 H ), 3 .2 4  (septet, 2 H , 3J H.H 7 .0  H z , CHMe2), 

3 .8 9  (s, 2 H , PyCH2), 6 .8 5  (s, 2 H , ArC7/), 7 .0 3 -7 .0 7  (m, 1H , PyCH), 7 .2 5  (d, 2 H , 3JH.H 7 .5  H z ,
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Py CH), 7.54 (dt, 1H, 3JH-h 6.7 Hz, 4JH-h 1.8 Hz, PyC H), 8.46-8.48 (m, 1H, PyC H). 13C NMR 

(CDCI3, 75 MHz, *H composite pulse decoupled): 8  23.1 (2C, CHMe2), 24.1 (4C, CHM?2),

27.7 (2C, CHMe2), 34.0 (1C, CHMe2), 49.8 (1C, CH2), 51.4 (1C, CH2), 55.2 (1C, PyCH2),

121.4 (2C, ArCH), 121.9 (1C, PyCH), 122.1 (1C, PyCH), 136.4 (1C, PyCH), 141.1 (1C, 

ArC), 142.3 (2C, ArC), 143.6 (1C, ArC), 149.4 (1C, PyCH), 160.1 (1C, PyC).

6.2.3. Synthesis o f (.V-2,4,6-triinethylpheny!-2-aminoethyl)(2-picolyl)(rrH‘thyl)am ine 

(LII): An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and 

backfilled with nitrogen. The flask was charged with Lie (200 mg, 0.74 mmol), K2CC>3 (154 

mg, 1.12 mmol) in MeCN (40 ml) and cooled to -10 °C, followed by the addition of Mel (0.05 

ml, 0.82 mmol) in MeCN (40 ml) over the course of 1 h. The reaction mixture was warmed to 

rt and stirred for an additional 1 h. The reaction mixture was filtered and the solvent removed 

under reduced pressure to afford an oily residue. The residue was dissolved in 

dichloromethane (30 ml) and washed with water (3x30  ml). The organic layer was separated, 

dried over MgSC>4 and the volatiles were removed under reduced pressure to give a brown oil. 

The crude product was purified via alumina column chromatography employing ethyl acetate 

arid hexane as the eluting solvent mixture (1:3) to give {(2 ,4 ,6 -Me3C6H2)NHCH2CH2}{(2 - 

C5H4N)CH2}NMe (LII) as a yellow oil. Yield: 63 % (132 mg, 0.47 mmol). ES mass 

spectrum: m/z 284 [M+H]+. IR (neat, cm’1): v 3356 (N-H, medium), 1589 (C=Npyridine)- *H 

NMR (C D C I3 , 300 MHz): 8  2.13 (s, 3H, Mep), 2.18 (s, 6H, Me0\  2.20 (s, 3H, N-M?), 2.61 (t, 

2 H, 3JH-h 6 .0  Hz, CHi), 3.00 (t, 2 H, 3Jh.h 6 .0  Hz, CHi), 3.65 (s, 2 H, PyCtf2), 6.72 (s, 2 H, 

AiCH), 7.07 (m, 1H, PyCH). 7.39 (d, 1H, 3JH-h 7.6 Hz, PyCH), 7.67 (dt, 1H, 3JH-h 7.5 Hz, 4JH- 

H 1.6 Hz, Py CH), 8.46 (dd, 1H, Py CH). I3C NMR (CDC13, 75 MHz, 'H composite pulse 

decoupled): 8  17.5 (2C, Me0), 19.5 (1C, Mep), 40.94 (1C, N-Me), 44.9 (1C, CHi), 56.67 (1C, 

C Hi), 63.26 (1C, PyC772), 121 (1C, Py CH), 121.8 (1C, PyC H), 127.9 (2C, ArC H), 128.4 (2C, 

ArQ, 129.6 (1C, ArC), 135.4 (1C, Py CH), 143.0 (1C, ArC), 148.0 (1C, PyC H), 158.3 (1C, 

PyC).
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6.2.4. Synthesis of (7V-2,6-dimethyIphenyl-2-aminoethyl)(2-picolyl)((methyI)styrene) 

amine (LIII): An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated 

and backfilled with nitrogen. The flask was charged with Lla (0.667 g, 2.62 mmol), 4- 

(chloromethyl)styrene (0.600 g, 0.55 ml, 3.93 mmol), K2CO3 (1.08 g, 7.86 mmol) and 

acetonitrile (60 ml). The reaction mixture was heated to 80 °C and stirred for a period of 3 

days. After cooling to room temperature, the reaction mixture was filtered and the solvent 

removed under reduced pressure to afford an oily residue. The residue was dissolved in 

dichloromethane (40 ml) and washed with water (3 x 40 ml). The organic layer was separated, 

dried over MgSC>4 and the volatiles were removed under reduced pressure to give a brown oil. 

The crude product was purified via alumina column chromatography employing ethyl acetate 

and hexane as the eluting solvent mixture (1:4) to give {(2 ,6 -Me2C6H3)NHCH2CH2}{(2 - 

C5H4N)CH2}N(CH2C6H4CH=CH2) (LIII) as a yellow oil. Yield: 41 % (0. 401 g, 1.08 mmol). 

ES mass spectrum: m/z 372 [M+H]+. IR (neat, cm'1): v 3361 (NH, medium), 1628 (C=C), 

1590 (C—Npyridine)- 'H NMR (CDC13, 300 MHz): 5 2.15 (s. 6 H, Me,,), 2.70 (t, 2H, 3JH-h 6.2 Hz, 

CHi), 3.07 (t, 2H, 3Jh.h 6.0 Hz, CH2), 3.62 (s, 2H, PyCtf2), 3.73 (s, 2H, StyC772), 5.15 (d, 1H, 

3Jh-h 11 Hz, vinylC/7), 5.65 (d, 1H, 3JH-h 17 Hz, vinylC/Y), 6.6-6.7 (m, 2H, Ar-C/Y and 

vinylCiY), 6.87 (d, 2H, 3JH-h 7.6 Hz, ArCH), 7.07 (m, 1H, PyC/Y), 7.27 (m, 4H, ArC/7), 7.4 (d, 

1H,3Jh.h 7.9 Hz, Py-CYY), 7.57 (dt, 1H, 3JH.H 7.6 Hz, V h  1-8 Hz, PyCH), 8.45 (d, 1H, 3JH.H 5 

Hz, PyCH). I3C NMR (CDC13, 75 MHz, 'H composite pulse decoupled): 6  17.8 (2C, Me0),

44.7 (1C, CH2), 53.3 (1C, CH2), 57.4 (1C, CH2), 58.9 (1C, PyCH2), 112.5 (1C, vinylCH2),

120.0 (1C, PyCH), 121.0 (1C, PyCH), 122.0 (1C, ArCH), 125.2 (2C, ArCH), 127.3 (2C, 

ArC), 127.8 (2C, ArCH), 128.2 (2C, ArCH), 135.4 (1C, PyCH), 135.5 (1C, vinylCH) 137.3 

(1C, ArC), 145.5 (1C, ArC), 147.9 (1C, PyCH), 158.5 (1C, PyC).
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6.2.5. Synthesis of (ArNHCHiCHiKa-Cs^N^HihN (LIV)

(i) (Ar = 2,6-Me2C6H3); (Ar-2,6-dimethylphenyl-2-aminoethyl)bis(2-picolyI)amine (LIVa):

An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled 

with nitrogen. The flask was charged with Lla (1.0 g, 3.92 mmol), 2-picolyl chloride 

hydrochloride (0.965 g, 5.88 mmol), K2CO3 (1.628 g, 11.8 mmol) and acetonitrile (80 ml). 

The reaction mixture was heated to 55 °C and stirred for a period of 3 days. After cooling to 

room temperature, the reaction mixture was filtered and the solvent removed under reduced 

pressure to afford an oily residue. The residue was dissolved in dichloromethane (50 ml) and 

washed with water (3 x 50 ml). The organic layer was separated, dried over MgSC>4 and the 

volatiles were removed under reduced pressure to give a brown oil. The crude product was 

purified via alumina column chromatography employing ethyl acetate and hexane as the 

eluting solvent mixture (1:4) to give {(2 ,6 -Me2C6H3)NHCH2CH2}{(2 -C5H4N)CH2}2N (LIVa) 

as a yellow oil. Yield: 35 % (0.48 g, 1.4 mmol). ES mass spectrum: m/z 347 [M+H]+. IR 

(nujol mull, cm'1): v3354 (N-H, medium), 1591 (C=Npyridine). 'H NMR (CDCI3, 250 

MHz): 5 2.2 (s, 6H, Me0), 2.8 (t, 2H, 3JH-h 6  Hz, CH2), 3.1 (t, 2H, 3JH-h 6  Hz, CH2), 3.8 (s, 4H, 

PyCHi), 6 .6 8  (m, 1H, 3Jh_h 7.56, 7.12 Hz, AiCH), 6.87 (d, 1H, 3JH-h 7.37 Hz, ArCH), 7.07 (m, 

2H, 3JH-h4.8, 6  Hz, Py CH), 7.42 (d, 2H,3Jh.h 8.1 Hz, PyCH). 7.6 (dt, 2H,3Jh.h 6 , 7.8 Hz,4Jh.h

1.09 Hz, PyCH), 8.47 (dd, 2H, 3Jh.h 4.8 Hz, 4JH-h 1.6 Hz, PyCH). I3C NMR (CDClj, 75 MHz, 

'H composite pulse decoupled): 5 19.2 (2C, Mea), 46.2 (1C, CH2), 55.0 (1C, CH2), 60.8 (2C, 

PyCH2), 121.5 (1C, ArCH), 122.5 (2C, PyCH), 123.5 (2C, PyCH), 129.2 (2C, ArCH), 136.8 

(2C, PyCH), 138.9 (2C, ArC), 147.0 (1C, ArC), 149.6 (2C, PyCH), 159.7 (2C, PyC).

(ii) (Ar = 2,4-Me2C6H3); (/V-2,4-dimethylphenyl-2-aminoethyl)bis(2-picolyI)amine

(LIVb): Using an analogous route to that outlined in 6.2.5(i) employing Lib (1.0 g, 3.92 

mmol), 2-picolyl chloride hydrochloride (0.965 g, 5.88 mmol), K2CO3 (1.628 g, 11.8 mmol) 

and acetonitrile (80 ml) gave {(2 ,4 -Me2C6H3)NHCH2CH2}{(2 -CsH4N)CH2}2N (LIVb) as a 

yellow oil. Yield: 38 % (0.515 g, 1.49mmol). ES mass spectrum: m/z 347 [M+H]+. IR (nujol
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mull, cm'1): v3331 (N-H, medium), 1589 (C=Npyrid,„e). 'H NMR (CDC13, 250 

MHz): S 2.10 (s, 3H, Me„), 2.13 (s, 3H, Me0), 2.83 (t, 2H, 3JH.H 6  Hz, C.Hi), 3.12 (t, 2H, 3JH-h 

6  Hz, CH2), 3.79 (s, 4H, PyCH2), 6.35 (d, 1H, 3JH-h 8.47 Hz, AiCH), 6.79 (m, 2H, 3JH.H 6  Hz, 

ArCH), 7.05 (t, 2H, 3JH-h 7, 6 , 5 Hz, PyCH), 7.37 (d, 2H, 3JH.H 7.8 Hz, PyCH), 7.53 (dt, 2H, 

3JH-h 7.5 Hz, 3Jh.h 1.6 Hz, PyCH), 8.45 (d, 2H, 3JH-h 4.8 Hz, PyCH). I3C NMR (CDCI3, 75 

MHz, *H composite pulse decoupled): 5 17.9 (1C, Me0), 20.73 (1C, Mev), 41.7 (1C, CH2),

53.1 (1C, CH2), 60.6 (2C, PyCH2), 110.3 (1C, ArCH), 122.45 (1C, ArC), 122.5 (2C, PyCH),

123.4 (2C, PyCH), 126.1 (1C, ArC), 127.7 (1C, ArCH), 131.2 (1C, ArCH), 136.8 (2C, 

PyCH), 144.7 (1C, Ar-Q, 149.6 (2C, PyCH), 159.8 (2C, PyC).

6.2.6. Synthesis of bis(2-picolyl)(2-aminoethyl) amine (dpea)

Prepared via two-step procedure:

(a) (7V-tosyl-2-aminoethyl)bis(2-picolyl)amine. To a 3-necked round bottom flask 

equipped with a reflux condenser, dropping funnel and a magnetic stirrer was added dpa 

(19.900 g, 100 mmol) dissolved in acetonetrile (250 ml). The yellow solution was brought to 

reflux and N-tosylaziridine in acetonitrile (200 ml) was added dropwise over 1 h, to give a 

dark red solution, which was heated to reflux for an additional 5 h. The dark red solution was 

concentrated on a rotary evaporator and dried under reduced pressure overnight to give 

(TsNHCH2CH2){(2 -C5H4N)CH2}2N as a dark red oil. Yield: 99 % (39.204 g, 99.0 mmol). ES 

mass spectrum: m/z 397 [M+H]+. *H NMR (CDCI3, 250 MHz): 8 2.36 (s, 3H, Me), 2.77 (t, 

2H, 3Jh.h 5.25 Hz, CH2), 3.03 (q, 2H, 3JH-h 5.25 Hz, CHi), 3.76 (s, 4H, PyCH2), 7.16 (m, 6 H, 

CH), 7.57 (m, 2H, 3JH-h 6  Hz, PyCH), 7.71 (d, 2 H, 3JH.H 8 Hz, PyCH), 8.58 (d, 2H, 3JH-h 4.6 

Hz, PyCH).
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(b) ^/s(2-picolyl)(2-aminoethyl)amine (dpea). To (A-tosyl-2 -aminoethyl)bis(2 - 

picolyl)amine (39.204 g, 99.0 mmol) was added concentrated H2SO4 (300 ml). The dark red 

solution was heated at 130 °C. After 3 days the reaction mixture was cooled in an ice bath. 

The dropwise addition of diethyl ether (4000 ml) and absolute ethanol (3000 ml) gave a dark 

brown precipitate. Caution! The brown precipitate is hydroscopic. The brown precipitate was 

filtered and immediately dissolved in saturated NaOH. The organic layer was extracted by 

washing with chloroform, the resulting red organic phase was dried over MgSC>4 and 

concentrated on a rotary evaporator, to give {(2 -C5H4N)CH2}2(H2NCH2CH2)N as a red oil. 

Yield: 73 % (17.449 g, 72.0 mmol). ES mass spectrum: m/z 243, [M+H]+. IR (CH2C12, cm'1): 

v 3360 (N-H, medium), 1590 (C=Npyridine). ‘H NMR (CDC13, 250 MHz): 8  1.65 (s, 2H, N //2), 

2.67 (t, 2H, 3Jh.h 5.7 Hz, CH2), 2.80 (t, 2 H, 3JH.H 5.6 Hz, CH2\  3.85 (s, 4H, PyCH2), 7.14 (dt, 

2H, 3JH-h 7.5, 5 Hz, 4JH-h 1.4 Hz, PyCH), 7.49 (d, 2H,3Jh.h 7.75 Hz, PyCH), 7.65 (dt, 2H, 3JH. 

H 7.5 Hz, 4JH-h 1.6 Hz, PyCH), 8.53 (d, 2H, 3JH.H 5 Hz, 4JH.H 1.6 Hz, PyCH). 13C NMR 

(CDCI3, 63 MHz, 'H composite pulse decoupled): 8  39.9 (1C, CH2), 57.8 (1C, CH2), 61.1 

(2C, PyCH2), 122.4 (2C, PyCH), 123.4 (2C, PyCH), 136.8 (2C, PyCH), 149.4 (2C, PyCH),

160.0 (2C, PyC).

6.2.7. Alternative Synthesis of (ArNHCH2CH2){(2-C5H4N)CH2}2N (LIV)

(i) (Ar = 2,6-Me2C6Ha); (7V-2,6-dimethyIphenyl-2-aminoethyl)bis(2-picoIyl)amme (LIVa):

An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled 

with nitrogen. The flask was charged with dpea (4.00 g, 16.5 mmol), 2,6-dimethylphenyl 

bromide (2.42 ml, 3.36 g, 18.2 mmol), Pd2(dba)3 (32 mg, 0.034 mmol), rac-BINAP (64 mg, 

0.11 mmol), NaOlBu (1.982 g, 21.0 mmol) and toluene (30 ml). The reaction mixture was 

heated to 120 °C in an oil bath and stirred for 4 days. After cooling to room temperature the 

solvent was removed under reduced pressure to afford an oil residue. The residue was 

dissolved in diethyl ether, washed with water and saturated NaCl solution. The organic layer 

was separated and dried over MgS0 4 . The volatiles were removed under reduced pressure and
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the residue left under vacuum at 50 °C for 24 h to give {(2 ,6 -Me2C6H3)NHCH2CH2}{(2 - 

CsH4N)CH2}2N (LIVa) as a viscous oil. Yield: 85 % (4.864 g, 14.0 mmol). ES mass 

spectrum: m/z 347 [M+H]+. IR (nujol mull, cm'1): v 3354 (N-H, medium), 1591 (C = N pyrjdine)- 

'H NMR (CDC13, 250 MHz): 6  2.2 (s , 6H, Me0), 2.8 (t, 2H, 3J H-h 6  Hz, CHi), 3.1 ( t, 2H, 3J h .h  

6  Hz, CH2), 3.8 (s, 4H, PyCH2), 6 .6 8  (m, 1H, 3JH-h 7.56, 7.12 Hz, ArCH), 6.87 (d, 1H, 3Jh.h 

7.37 Hz, ArCH), 7.07 (ra, 2H, 3J H-h 4.8, 6  Hz, PyCH), 7.42 (d, 2H, 3JH.H 8.1 Hz, PyCH), 7.6 

(dt, 2H, 3J h.h 6 , 7.8 Hz, 4J H-h 1-09 Hz, PyCH), 8.47 (dd, 2H, 3JH.H 4.8 Hz, 4J H-h 1.6 Hz, 

PyCH). I3C NMR (CDCI3, 63 MHz, 'H composite pulse decoupled): 5 19.2 (2C, Me0), 46.2 

( 1C, CH2), 55.0 (1C, CH2), 60.8 (2C, PyCH2), 121.5 (1C, ArCH), 122.5 (2C, PyCH), 123.5 

(2C, PyCH), 129.2 (2C, ArCH), 136.8 (2C, PyCH), 138.9 (2C, ArC), 147.0 (1C, ArC), 149.6 

(2C, PyCH), 159.7 (2C, PyC).

(ii) (Ar = 2,4-Me2C6H3); (A-2,4-dimethylphenyl-2-aminoethyl)bis(2-picoI\i)amine

(LIVb): Using an analogous route to that outlined in 6.2.7(i) employing dpea (3.68 g, 15.2 

mmol), 2,4-dimethylphenyl bromide (2.5 ml, 3.36 g, 18.2 mmol), Pd2(dba)3 (28 mg, 0.030 

mmol), rac-BINAP (61 mg, 0.10 mmol), NaC^Bu (1.90 g, 20 mmol) and toluene (30 ml) gave 

{(2 ,4 -Me2C6H3)NHCH2CH2}{(2 -C5H4N)CH2}2N (LIVb) as a viscous brown oil. Yield: 74 % 

(4.237 g, 12.25 mmol). ES mass spectrum: m/z 347 [M+H]+. IR (nujol mull, cm'1): v 3331 (N- 

H, medium), 1589 (C=Npyridine). *H NMR (CDC13, 250 MHz): 8  2.10 (s, 3H, M?p), 2.13 (s, 3H, 

Me0), 2.83 (t, 2H, 3JH-h 6  Hz, CH2), 3.12 (t, 2H, 3JH-h 6  Hz, CH2\  3.79 (s, 4H, PyCH2\  6.35 

(d, 1H, 3JH-h 8.47 Hz, ArCH), 6.79 (m, 2H, 3J H -h  6  Hz, ArCH), 7.05 (t, 2H, 3J H -h  7, 6 , 5 Hz, 

PyC//), 7.37 (d, 2H ,3JH-h 7.8 Hz, Py CH), 7.53 (dt, 2H ,3Jh.h 7.5 Hz, 3JH-h 1.6 Hz, Py CH), 8.45 

(d, 2H, 3Jh-h 4.8 Hz, PyCH). 13C NMR (CDCI3, 63 MHz, ]H composite pulse 

decoupled): 5 17.9 (1C, Me0), 20.73 (1C, Mep), 41.7 (1C, CH2), 53.1 (1C, CH2), 60.6 (2C, 

PyCH2), 110.3 (1C, ArCH), 122.45 (1C, ArC), 122.5 (2C, PyCH), 123.4 (2C, PyCH), 126.1 

(1C, ArC), 127.7 (1C, ArCH), 131.2 (1C, ArCH), 136.8 (2C, PyCH), 144.7 (1C, ArC), 149.6 

(2C, PyCH), 159.8 (2C, PyC).
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(iii) (Ar = 2,4,6-Me3C6H2); (V-2,4,6-trimethylphenyl-2-aminoethyl)bis(2-picolyl)amine 

(LIVc): Using an analogous route to that outlined in 6.2.7(i) employing dpea (4.00 g, 16.5 

mmol), 2,4,6-trimethylphenyl bromide (3.0 ml, 3.94 g, 19.8 mmol), Pd2(dba)3 (32 mg, 0.034 

mmol), rac-BINAP (64 mg, 0.11 mmol), NaC^Bu (1.982 g, 21.0 mmol) and toluene (30 ml) 

gave {(2 ,4 ,6 -Me3C6H2)NHCH2CH2}{(2 -C5H4N)CH2}2N (LIVc) as a viscous brown oil. 

Yield: 47 % (2.831 g, 7.86 mmol). ES mass spectrum: m/z 383 [N+Na]+, 361 [M+H]+. IR 

(nujol, cm'1): v 3355 (N-H, medium), 1589 (C=Npyridine). 'H NMR (CDC13, 250 MHz): 8  2.12 

(s, 9H, Me), 2.76 (t, 2H, 3JH-h 6  Hz, CH2), 3.02 (t, 2H, 3JH.H 6  Hz, CHi), 3.81 (s, 4H, PyCH2), 

6.69 (s, 2H, ArCH), 7.06 (m, 2H, 3JH-h 7.5, 5 Hz, PyCH), 7.42 (d, 2H,3JH.H 8 Hz, PyCH), 7.56 

(dt, 2H, 3Jh.h 7.5 Hz, 4JH-h 1.8  Hz, PyCH), 8.46 (d, 2H, 3JH-h 5 Hz, PyCH). I3C NMR (CDCI3, 

63 MHz, 'H composite pulse decoupled): 8  17.6 (2C, Me„), 19.5 (1C, Mef), 45.1 (1C, CH2),

53.6 (1C, CH2), 59.3 (2C, PyCH2), 121.0 (2C, PyCH), 122.1 (2C, PyCH), 127.9 (2C, ArC),

128.4 (2C, ArCH), 129.5 (1C, ArC), 135.3 (2C, PyCH), 142.9 (1C, ArC), 148.1 (2C, PyCH),

158.3 (2C, PyC).

6.2.8. Syntheses of [{dpa}FeCl(p-Cl)]2 (1) and [{dpa}2Fe][Cl]2 (2):

(a) An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and 

backfilled with nitrogen. The flask was charged with FeCh (60 mg, 0.47 mmol) in /7-butanol 

(10 ml) at 90 °C and a solution of dpa (94 mg, 0.47 mmol) in //-butanol was introduced to 

form a yellow solution. After being stirred at 90 °C for 1 h, the reaction was allowed to cool 

to room temperature. The reaction mixture was concentrated and hexane was added to induce 

precipitation of [{dpa}FeCl(p-Cl)]2 (1) as a yellow solid. The suspension was stirred 

overnight, filtered, washed with hexane (2 x 30 ml) and dried under reduced pressure. 

Recrystallisation from slow cooling of a hot acetonitrile solution or dichloromethane at rt 

gave yellow crystals yellow crystals of 1 suitable for single crystal X-ray structure 

determination. Yield: 70 % (120 mg, 0.18 mmol).
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(b) An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and 

backfilled with nitrogen. The flask was charged with FeCh (60 mg, 0.47 mmol) in w-butanol 

(10 ml) at 90 °C and a solution of dpa (140 mg, 0.71 mmol) in w-butanol was introduced to 

form an orange solution. After being stirred at 90 °C for 1 h, the reaction was allowed to cool 

to room temperature. The reaction mixture was concentrated and hexane was added to induce 

precipitation of a mixture of [{dpa}FeCl(p-Cl)]2 (1) and [{dpa}2Fe][Cl]2 (2 ) as an orange 

solid. The suspension was stirred overnight, filtered, washed with hexane (2 x 30 ml) and 

dried under reduced pressure. Recrystallisation from slow cooling of a hot acetonitrile 

solution or dichloromethane at rt gave yellow crystals of 1 (40 %) and red crystals of 2 (30 %) 

suitable for single crystal X-ray structure determination.

(c) An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and 

backfilled with nitrogen. The flask was charged with FeCb (60 mg, 0.47 mmol) in «-butanol 

(10 ml) at 90 °C and a solution of dpa (187 mg, 0.94 mmol) in «-butanol was introduced to 

form a red solution. After being stirred at 90 °C for 1 h, the reaction was allowed to cool to 

room temperature. The reaction mixture was concentrated and hexane was added to induce 

precipitation of [{dpa}2Fe][Cl]2 (2) as a red solid. The suspension was stirred overnight, 

filtered, washed with hexane (2 x 30 ml) and dried under reduced pressure. Recrystallisation 

from slow cooling of a hot acetonitrile solution gave red crystals of 2  suitable for single 

crystal X-ray structure determination. Yield: 91 % (225 mg, 0.43 mmol).

6.2.9. Syntheses of [{dpa}CoCI(p-Cl)]2 (3) and [{dpa}2Co][Cl]2 (4):

(a) Using an analogous procedure and molar quantities of reagents as above in 6.2.8a 

employing dpa (1 0 0  mg, 0.5 mmol) and C0 CI2 (65 mg, 0.5 mmol) gave [{dpa}CoCl(p-Cl)]2

(3) as a purple solid. Yield: 75 % (125 mg, 0.19 mmol).
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(b) Using an analogous procedure and molar quantities of reagents as above in 6.2.8c 

employing dpa (242 mg, 1.56 mmol) and C0 CI2 (1 0 0  mg, 0.78 mmol) gave [{dpa}CoCl][Cl]2

(4) as a blue solid. Recrystallisation from a hot acetonitrile solution gave golden crystals of 4 

suitable for single crystal X-ray structure determination. Yield: 50 % (205 mg, 0.39 mmol).

6.2.10. Synthesis of [{tpaJMnCh] (5): An oven-dried Schlenk flask equipped with a 

magnetic stir bar was evacuated and backfilled with nitrogen. The flask was charged with 

MnCb (40 mg, 0.32 mmol) in w-butanol (10 ml) at 90 °C and tpa (87 mg, 0.30 mmol) was 

added to form a white solution. After being stirred at 90 °C for 1 h, the reaction was allowed 

to cool to room temperature. The reaction mixture was concentrated and hexane added to 

induce precipitation of [{tpaJMnCb] (5) as a white solid. The suspension was stirred 

overnight, filtered, washed with hexane (2 x 30 ml) and dried under reduced pressure. 

Layering of an acetonitrile solution of 5 with hexane gave clear crystals of 5 suitable for 

single crystal X-ray structure determination. Yield: 75 % (100 mg, 0.24 mmol).

6.2.11. Synthesis of [{tpaJFeCh] (6): Using an analogous procedure and molar ratios of 

reagents as above in 6 .2 .1 0  employing tpa (70 mg, 0.24 mmol) and FeCb (30 mg, 0.24 mmol), 

gave [{tpaJFeCy (6) as an orange powder. Recrystallisation from a hot acetonitrile gave 

orange crystals of 6 suitable for single crystal X-ray structure determination. Yield: 81% (91 

mg, 0.23 mmol).

6.2.12. Synthesis of [{tpaJCoCh] (7) and [{tpa}CoCI][Cl] (8): Using an analogous 

procedure and molar ratios of reagents as above in 6.2.10 employing tpa (79 mg, 0.27 mmol) 

and C0 CI2 (35 mg, 0.27 mmol), gave a mixture of [{tpaJCoCb] (7) and [{tpa}CoCl][Cl] (8) 

as a blue powder. Recrystallisation from a hot acetonitrile solution gave dark green crystals of 

7 and purple crystals of 8 suitable for single crystal X-ray structure determination. Yield 7: 

41% (46 mg, 0.11 mmol). Yield 8 : 34 % (38 mg, 0.09 mmol).
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6.2.13. Synthesis of [{tpaJCoClfclCoCLJ (9): An oven-dried Schlenk flask equipped with a 

magnetic stir bar was evacuated and backfilled with nitrogen. The flask was charged with 1.5 

equivalents of C0 CI2 (50 mg, 0.41 mmol) in H-butanol (10 ml) at 90 °C and tpa (79 mg, 0.27 

mmol) was introduced to form a blue solution. After being stirred at 90 °C for 1 h, the 

reaction was allowed to cool to room temperature. The reaction mixture was concentrated and 

hexane added to induce precipitation of [{tpa}CoCl]2[CoCU] (9) as a blue solid. The 

suspension was stirred overnight, filtered, washed with hexane (2 x 30 ml) and dried under 

reduced pressure. Recrystallisation from a hot acetontrile solution gave blue crystals of 9 

suitable for single crystal X-ray structure determination. Yield: 78 % (75 mg, 0.18 mmol).

6.2.14. Synthesis of [{(ArHNCH2CH2)((2-C5H4N)CH2)NH}FeCl2]n (10)

(i) (n = 1, Ar = 2,6-Me2C6H3); 10a: An oven-dried Schlenk flask equipped with a magnetic 

stir bar was evacuated and backfilled with nitrogen. The flask was charged with FeCl2 (36 

mg, 0.28 mmol) in w-butanol (5 ml) at 90 °C and a solution of Lla (71 mg, 0.28 mmol) in n- 

butanol was introduced to form a yellow solution. After being stirred at 90 °C for 1 h, the 

reaction was allowed to cool to room temperature. The reaction mixture was concentrated and 

hexane added to induce precipitation of [{LlajFeCy (10a) as a yellow powder. The 

suspension was stirred overnight, filtered, washed with hexane (2 x 30 ml) and dried under 

reduced pressure. Yield: 77 % (84 mg, 0.22 mmol). Recrystallisation from hot acetonitrile 

gave golden crystals of 10a suitable for single crystal X-ray structure determination.

(ii) (n = 1, Ar = 2,4-Me2C6H3); 10b: Using an analogous procedure and molar quantities of 

reagents as above in 6.2.14(i) employing L ib (64 mg, 0.28 mmol) and FeCb (32 mg, 0.25 

mmol), in ^-butanol gave [{LIbJFeCb] (1 0 b) as a yellow powder. Yield 75 % (72 mg, 0.19 

mmol).
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(iii) (n = 2, Ar = 2,4,6-Me3C6H2); 10c: Using an analogous procedure and molar quantities of 

reagents as above in 6.2.14(i) employing Lie (75 mg, 0.28 mmol) and FeCh (36 mg, 0.28 

mmol), gave [{LIc}FeCl(jLi-Cl)]2 (10c) as a yellow-brown powder. Layering of an acetonitrile 

solution of 10c with hexane gave golden crystals of 10c suitable for single crystal X-ray 

structure determination. Yield: 71 % (79 mg, 0.10 mmol).

6.2.15. Synthesis of [{(ArNHCH2CH2)((2-C5H4N)CH2)NH}CoCl2] (11)

(i) (Ar = 2 ,6 -Me2C6H3); 11a: Using an analogous procedure and molar quantities of reagents 

as above in 6.2.14(i) employing Lla (100 mg, 0.39 mmol) and C0 CI2 (51 mg, 0.39 mmol), 

gave [{LlaJCoCy ( l la )  as a green solid. The suspension was stirred overnight, filtered, 

washed with hexane (2 x 30 ml) and dried under reduced pressure. Layering of an acetonitrile 

solution of l l a  with hexane gave dark blue crystals of l l a  suitable for single crystal X-ray 

structure determination. Yield 80 % (119 mg, 0.31 mmol).

(ii) (Ar = 2,4-Me2C6H3); l ib :  Using an analogous procedure and molar quantities of reagents 

as above in 6.2.14(i) employing Lib (100 mg, 0.39 mmol) and C0 CI2 (51 mg, 0.39 mmol), 

gave [{LIb}CoCl2] ( l ib )  as a green powder. Yield 85 % (127 mg, 0.33 mmol).

(iii) (Ar = 2,4,6-Me3C6H2); 11c: Using an analogous procedure and molar quantities of 

reagents as above in 6.2.14(i) employing Lie (105 mg, 0.39 mmol) and C0 CI2 (51 mg, 0.39 

mmol), gave [{LlcjCoCy (11c) as a green powder. Layering of an acetonitrile solution of 

11c with hexane gave dark blue crystals of 11c suitable for single crystal X-ray structure 

determination. Yield 75 % (115 mg, 0.29 mmol).

(iv) (Ar = 2,4,6-i-Pr3C6H2); l id :  Using an analogous procedure and molar quantities of 

reagents as above in 6.2.14(i) employing Lid (150 mg, 0.39 mmol) and C0 CI2 (51 mg, 0.39 

mmol), gave [{LId}CoCl2] (lid ) as a pale green powder. Yield 60 % (118 mg, 0.23 mmol).
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6.2.16. Synthesis of [{((2,4,6-Me3C6H2)NHCH2CH2)((2-C5H4N)CH2)NMe}CoCl2] (12): An

oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled with 

nitrogen. The flask was charged with C0 CI2.6 H2O (6 6  mg, 0.28 mmol) in THF (5 ml) at rt and 

LII (80 mg, 0.28 mmol) was introduced to form a purple solution. After being stirred at rt for 

24 h, the reaction mixture was concentrated and hexane added to induce precipitation of 

[{LII}CoC12] (12) as a purple solid. The suspension was stirred overnight, filtered, washed 

with hexane (2 x 30 ml) and dried under reduced pressure. Yield: 72 % (87 mg, 0.21 mmol). 

Recrystallisation from hot acetonitrile gave purple crystals of 12 suitable for single crystal X- 

ray structure determination.

6.2.17. Synthesis of [{((2,6-Me2C6H3)NHCH2CH2)((2-

CsH4N)CH2)N(CH2C6H4CH=CH2)}CoCl2] (13): An oven-dried Schlenk flask equipped 

with a magnetic stir bar was evacuated and backfilled with nitrogen. The flask was charged 

with C0 CI2.6H2O (22 mg, 0.09 mmol) in THF (5 ml) at rt and LIII (33 mg, 0.09 mmol) was 

introduced to form a blue solution. After being stirred at rt for 24 h, the reaction mixture was 

concentrated and hexane added to induce precipitation of [{LIII}CoCl2] (13) as a blue solid. 

The suspension was stirred overnight, filtered, washed with hexane (2 x 30 ml) and dried 

under reduced pressure. Yield: 65 % (30 mg, 0.06 mmol). IR (neat, cm'1): v 1629 (C=C).

6.2.18. Synthesis of [{(ArNHCH2CH2){(2-C5H4N)CH2}2N}MnCl2]„ (14)

(i) (n = 2, Ar = 2,6-Me2C6H3); 14a: An oven-dried Schlenk flask equipped with a magnetic 

stir bar was evacuated and backfilled with nitrogen. The flask was charged with MnCl2 (76 

mg, 0.60 mmol) in ^-butanol (10 ml) at 90 °C and LIVa (208 mg, 0.60 mmol) was introduced 

to form a yellow solution. After being stirred at 90 °C for 1 h, the reaction was allowed to 

cool to room temperature. The reaction mixture was concentrated and hexane added to induce 

precipitation of [{LIVa}MnCl(p-Cl)]2 (14a) as a white solid. The suspension was stirred 

overnight, filtered, washed with hexane (2 x 30 ml) and dried under reduced pressure.
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Layering of an acetonitrile solution of 14a with hexane gave clear crystals of 14a suitable for 

single crystal X-ray structure determination. Yield: 71 % (198 mg, 0.21 mmol).

(ii) (n = 1, Ar = 2 ,4 -Me2C6H3); 14b: Using an analogous procedure and molar ratios of 

reagents as above in 6.2.18(i) employing LIVb (194 mg, 0.56 mmol) and MnCb (70 mg, 0.56 

mmol), gave [{LIVb}MnCl2] (14b) as a white powder. Layering of an acetonitrile solution of 

14b with hexane gave clear crystals of 14b suitable for single crystal X-ray structure 

determination. Yield: 65 % (170 mg, 0.36 mmol).

(iii) (n = 2, Ar = 2,4,6-Me3C6H2); 14c: Using an analogous procedure and molar ratios of 

reagents as above in 6.2.18(i) employing LIVc (100 mg, 0.28 mmol) and MnCb (35 mg, 0.28 

mmol), gave [{LIVc}MnCl(p-Cl)]2 (14c) as a white powder. Yield: 84 % (115 mg, 0 .1 2  

mmol).

6.2.19. Synthesis of [{(ArNHCH2CH2){(2-C5H4N)CH2}2N}FeCl2] (15)

(i) (Ar = 2,6-Me2C6H3); 15a: Using an analogous procedure and molar ratios of reagents as 

above in 6.2.18(i) employing LIVa (59 mg, 0.17 mmol) and FeCb (22 mg, 0.17 mmol), gave 

[{LIVajFeCy (15a) as a yellow powder. Layering of an acetonitrile solution of 15a with 

hexane gave yellow crystals of 15a on prolonged standing suitable for X-ray structure 

determination. Yield: 65% (57 mg, 0.11 mmol).

(ii) (Ar = 2 ,4 -Me2C6H3); 15b: Using an analogous procedure and molar ratios of reagents as 

above in 6.2.18(i) employing LIVb (138 mg, 0.40 mmol) and FeCb (50 mg, 0.40 mmol), 

gave [{LIVbjFeCh] (15b) as a yellow powder. Recrystallisation from a hot acetonitrile 

solution gave yellow crystals of 15b suitable for single crystal X-ray structure determination 

upon cooling to room temperature. Yield: 79 % (151 mg, 0.32 mmol).
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(iii) (Ar = 2,4,6-Me3C6H2); 15c: Using an analogous procedure and molar ratios of reagents 

as above in 6.2.18(i) employing LIVc (140 mg, 0.40 mmol) and FeCb (50 mg, 0.4 mmol), 

gave [{LIVcJFeCy (15c) as a yellow powder. Yield: 87 % (170 mg, 0.18 mmol).

Table 1 Elemental analysis results for complexes 1-15

Compound
Microanalysis (%)a 

C H N

C24H26N6Fe2Cl4(l)
44.15 3.95 12.87 

(44.21) (4.02) (12.89)

C24H26N6FeCl2(2)
54.88 4.99 16.00 

(54.95) (4.94) (15.90)

C24H26N6CoC12 (4)
54.34 4.96 15.81 

(54.56) (4.96) (15.91)

Cl8H18N4MnCl2(5)
52.35 4.35 13.48 

(51.94) (4.36) (13.46)

C18H18N4FeCl2(6)
51.97 4.39 13.3% 

(51.8) (4.32) (13.43)

C18H18N4CoC12(7)
51.31 4.25 13.27 

(51.45) (4.32) (13.33)

C]8H18N4CoC12 (8)
51.39 4.40 13.40 

(51.45) (4.32) (13.33)

C36U36NsCo3C\6(9)
44.48 3.82 11.51 

(44.57) (3.74) (11.55)

C16H21N3FeCl2(10a)
49.65 5.62 10.62 

(50.29) (5.53) (10.98)

C,6H2lN3FeCl2(10b)
49.97 5.41 10.79 

(50.29) (5.53) (10.98)

C34H44N6Fe2Cl4(10c)
51.59 5.51 10.77 

(5L68) (5.61) (10.63)

C,6H21N3CoCl2(lla )
50.01 5.61 10.80 

(49.89) (5.49) (10.91)

Cl6H21N3CoCl2(llb )
49.97 5.55 10.73 

(49.89) (5.49) (10.91)

C)7H23N3CoC12.CH3CN (11c)
51.84 5.97 12.61 

(51.83) (5.95) (12.73)

Q ^N gM nsC L ^H a)
55.81 5.37 1 1.88 

(55.95) (5.55) (11.86)

C22H26N4MnCl2 (14b)
55.73 5.67 11.67 

(55.95) (5.55) (11.86)
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C22H26N4FeCl2(15a)
.55.67

(55.84)

5.46

(5.54)

12.00

(11.84)

55.80 5.59 11.67
C22H26N4FeCl2 (15b)

(55.84) (5.54) (11.84)

a calculated values in parentheses.

Table 2 FAB MS, IR and rt magnetic moment data for complexes 1-15

Compound3
FAB mass spectrum v(N-H) v(C=Npyridine)

(m/z) (cm'')b (cm'1)b Feff(BM)

C24H26N6Fe2Cl4(l)
615 [M-C1]+,

3238w 1601 7.4
290 [M/2-C1]

C24H26N6FeCl2 (2)
489 [M-C1]+, 1.1 T

1604 H453[M-2C1-H] 0.98

C24H26N6Co2C14(3)
621 [M-C1]+,

3242w 1606 5.73
292 [M/2-Cl]

C24H26N6CoC12 (4)
492 [M]+,

1603 4.44c
456 [M-2C1-H]

C18H18N4MnCl2(5)
415 [M]+,

1601 5.52°
380 [M-Cl]

C18H18N4FeCl2(6)
417 [M]+, 4.82°

1602
381 [M-Cl] 5.07

C18H18N4CoC12(7) 384 [M-C1]+ - 1605 4.39c

C|8H i8N4CoC12 (8) 384 [M-C1]+ - 1608 4.10c

C36H36N8Co3C16(9) 384 [M-C1]+ - 1608 3.70c

C16H21N3FeCl2(10a)

729 [2M-C1]+,

381 [M]+ 3238w 1605 4.89c 

347 [M-C1]+

C16H21N3FeCl2(10b)

729 [2M-C1]+,

381 [M]+, 3234w 1605 4.95c 

346 [M-Cl]

C34H44N6Fe2Cl4 (10c)

755 [M-C1]+,

395 [M/2]+, 3188w 1605 7.76d 

360 [M/2-Cl]+

C16H21N3CoCl2( lla )

733 [2M-C1]+,

384 [M]+, 3227w 1607 3.80c 

349 [M-C1]+

C16H21N3CoC12 (11 b)

733 [2M-C1]+,

384 [M]+, 3218w 1609 4.40c 

349 [M-C1]+

Ci7H23N3CoC12.CH3CN (lie)
763 [2M-C1]+,

3223w 1608 3.70c
398 [M] ,
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363 [M-C1]+

C23H35N3CoCl2( lld )

931 [2M-C1]+,

483 [M f, 3218w 1610 3.82c 

447 [M-C1]+

C,8H25N3CoCl2(12)

789 [2M-C1]+,

412 [M]+, 3278w 1606 4.09c 

377 [M-C1]+

C25H29N3CoC12(13)
967 [2M-C1]+

3263w 1607 4.16c
465 [M-Cl]

C44H52N8Mn2Cl4(14a)
909 [M-C1]+, 3312w 8.04°

1603
436 [M/2-C1] 326 lw

C22H26N4MnCl2 (14b)
909 [2M-C1]+, 331 lw

1602 5.46c
436 [M-Cl] 326lw

C46H56N8Mn2Cl4 (14c)
937 [M-C1]+, 3343w

1604 8.50°
450 [M/2-C1] 3274w

C22H26N4FeCl2(15a)

909 [2M-C1]+

472 [M]+ 3238w 1604 6.2d 

437 [M-C1]+

C22H26N4FeCl2 (15b)

910 [2M-C1]+,

472 [M]+, 3279w 1603 5.22d 

437 [M-C1]+

C23H28N4FeCl2(15c)

939 [2M-C1]+,

487 [M]+, 3257w 1604 4.96c 

452 [M-C1]+

a Molecular Formula obtained from elemental analysis with the exception of 3, l id , 12, 13, 14c and 15c; b 

Recorded in the solid state;c Analysed using an Evans Balance; d Analysed using a SQUID.

Table 3 ’H NMR resonance assignments for complexes 1, 6-11 and 15 in CD3CN at rt

Compound 'H NMR chemical shifts (ppm), relaxation times (7’1) and assignment

1
116.5 (poor data set 0.4 ms, PyC H a), 107.0 (1.3 ms, N//), 70.8 (1.1 ms, C//2), 54.7 (10.1 ms, 

PyC//p), 51.8 (9.1 ms, PyC//p), 7.8 (PyC H y)

3
122.8 (1.3 ms, PyCHa), 118.0 (1.9 ms, NH),  110.6 (2.0 ms, C//2), 54.5 (30.4 ms, PyC//p), 

43.1 (19.7 ms, PyC//p), -0.9 (PyC H y)

6
127.8 (poor data set 0.5 ms, PyC//a), 50.5 (9.8 ms, PyC//p), 45.8 (8.1 ms, PyC//p), 24.5 (25.0 

ms, Py CHy),  -10 to 10 (very broad, C H 2)

7
130.8 (poor data set 0.6 ms, PyCH a), 105.3 (1.1 ms, C//2), 58.3 (17.9 ms, PyC//p), 

46.2 (10.0 ms, PyC//p ), -2.7 (29.3 ms, PyC H y)

8
130.8 (poor data set 0.6 ms, PyCH a), 105.2 (1.1 ms, C H 2), 58.3 (16.2 ms, PyC//p), 46.0 (10.6 

ms, PyC//p ), -2.6 (30.2 ms, PyC H y)

9 131.1 (poor data set 0.5 ms, PyCH a), 104.3 (1.0 ms, C H 2), 59.3 (16.6 ms, PyC//p), 45.4 (9.5
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ms, PyCHp), -3.2 (22.7 ms, PyCHy)

10a

130.4 (poor data set 65.6 ms, PyC H a), 124.1 (3.8 ms, NH),  104.9 (0.96 ms, C H 2), 80.9 (0.73 

ms, C H 2), 62.9 (0.9 ms, CH2), 58.8 (16.4 ms, PyC//p), 57.4 (14.6 ms, PyC//p0, 15. 8 (37.1 ms, 

Py CHy),  12.3 (34.2 ms, ArC H m), 6.6 (2.0 ms, ArMe0), -5.4 (poor data set 143 ms, ArC H P), - 

15.01 (15.3 ms,NH)

10c

129.6 (0.9 ms, PyCHa), 120.0 (1.9 ms, N//), 108.1 (1.7 ms, CH2), 82.4 (1.1 ms, CH2), 63.9 

(0.7 ms, CH2), 58.6 (13.2 ms, PyC//p), 56.6 (11.2 ms, PyC//p), 16.8 (90.3 ms, PyCHX), 15.7 

(29.1 ms, ArMep), 11.6 (27.8 ms, ArC//m), 7.39 (2.5 ms, ArMe0), -12.74 (4.0 ms, NH)

l la

113.8 (4.1 ms, PyCHa), 110.1 (1.0 ms, NH), 97.0 (0.8 ms, CH2), 87.3 (1.1 ms, C//2), 45.7 

(15.9 ms, PyCT/p), 42.5 (25.9 ms, PyCZ/p ), 13.5 (2.9 ms, C//2), 11.8 (43.2 ms, ArCHm), -3.6 

(poor data set 52.8 ms, PyCHX), -9.1 (poor data set 3588 s, ArCHP), -14.1 (poor data set 5.3 

ms, ArMe0), -40 (NH)

11c

116.7(9.3 ms, PyCHa\  104.6 (1.5 ms, NH), « 90 (CH2), 86.9 (0.9 ms, CH2), 46.6 (15.0 ms, 

PyC//p), 44.0 (ii 23.2 ms, PyC//p>), 16.4 (poor data set 135.4 ms, ArMep), 12.5 (45.3 ms, 

ArCHm), -3.0 (52.6 ms, PyCHX), -11.8 (2.2ms, ArMe0)

15a

120.2 (poor data set 32.6 ms, PyCHa), 73.5 (1.3 ms, CH2), 51.9 (11.4 ms, PyC//p), 51.1 (9.3 

ms, PyC//p ), 28.7 (1.0 ms, C//2), 19.3 (26.3 ms, PyCHy), 14.5 (31.9 ms, ArCHm), 12.2 (1.7 

ms, C//2), 9.7 (3.1 ms, ArMe0), 0.62 (ArCHp), -42.5 (poor data set 15.2 ms, NH)

15b

139.1 (0.5 ms, PyCHa), 53.0 (11.7 ms, PyC//p), 45.5 (poor data set 7.2 ms, PyC//p ), 27.6 

(37.9 ms, PyCHy), 21.9 (poor data set 117 ms, ArCHm), 19.1 (2.0 ms, ArMep), 16.1 (poor data 

set 52.3 ms, ArMe0), 15.1 (29.6 ms, ArCH0), -3.4 (poor data set 38.9 ms, NH)
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6.3. Experimental for Chapter 3

6.3.1. Syntheses of (ArNHCF^CKb^NH (LV)

(i) (Ar = 2,6-Me2C6H3); bis(A-7V-2,6-dimethylphenyl-2-aminoethyI)amine (LVa): An

oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled with 

nitrogen. The flask was charged with (TbNCI-hCf^NH (1.06 g, 10.3 mmol), 2,6- 

dimethylphenyl bromide (2.74 ml, 3.81 g, 20.6 mmol), Pd2(dba)3 (47 mg, 0.052 mmol), rac- 

BINAP (96 mg, 0.155 mmol), NaOBu* (2.97 g, 30.9 mmol) and toluene (40 ml). The reaction 

mixture was heated to 120 °C and stirred for a period of 4 days. After cooling to room 

temperature, the solvent was removed under reduced pressure to afford an oily residue. The 

residue was dissolved in diethyl ether (30 ml) and washed with water (3 x 30 ml) and 

saturated NaCl solution (3 x 30 ml). The organic layer was separated and dried over MgSC>4. 

The solvent was removed under reduced pressure and the residue left under vacuum at 50 °C 

for 24 h to give {(2,6-Me2C6H3)HNCH2CH2}2NH (LVa) as a viscous red oil. Yield: 75 % 

(2.40 g, 7.73 mmol). ES mass spectrum: m/z 312 [M+H]+. IR (nujol mull, cm'1): v 3358 (N-H, 

medium). !H NMR (CDC13, 300 MHz): 5 2.22 (s, 12H, Me0), 2.76 (t, 4H, 3JH-h 5.8 Hz, CH2\

3.00 (t, 4H, 3JH-h 6 Hz, CH2), 6.72 (t, 2H, 3JH-h 7.6 Hz, ArCHP), 6.89 (d, 4H, 3JH-h 7.3 Hz, 

ArCHm). 13C NMR (CDC13, 75 MHz, JH composite pulse decoupled): 6 18.7 (4C, Me0), 48.3 

(2C, CH2), 50.1 (2C, CH2), 121.8 (2C, ArCHp), 128.9 (4C, ArCHm), 129.4 (4C, ArC), 146.4 

(2C, ArC).

(ii) (Ar = 2,4,6-Me3C6H2); bis(Ar-V-2,4,6-trimethylphenyl-2-aminoethyl)amine (LVb):

Using an analogous route to that outlined in 6.3.l(i) employing (H2NCH2CH2)2NH (1.06 g,

10.3 mmol), 2,4,6-trimethylphenyl bromide (3.15 ml, 4.10 g, 20.6 mmol), Pd2(dba)3 (30 mg, 

0.033 mmol), raoBINAP (62 mg, 0.10 mmol), NaOlBu (1.91 g, 19.9 mmol) and toluene (40 

ml) gave {(2,4,6-Me3C6H2)HNCH2CH2}2NH (LVb) as a viscous red oil. Yield: 73 % (2.444 

g, 7.52 mmol). ES mass spectrum: m/z 340 [M+H]+. IR (neat, cm'1): v 3359 (N-H, medium). 

*H NMR (CDC13, 300 MHz): 6 2.13 (s, 6H, Mep), 2.18 (s, 12H, Me0), 2.67 (br s, 3H, NH),
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2.76 (t, 4H, V h  6  Hz, CH2), 2.95 (t, 4H, 3JH-h 6  Hz, C//2), 6.72 (s, 4H, ArCHm). 13C NMR 

(CDCI3, 75 MHz, 'H composite pulse decoupled): 5 18.5 (4C, Me0), 20.7 (2C, Mep), 48.5 (2C, 

CH2), 50.1 (2C, CH2), 129.5 (4C, ArCHm), 129.8 (4C, ArC), 131.0 (2C, ArC), 143.7 (2C, 

ArC).

(iii) (Ar = 2,4-Me2C6H3); bis(Ar-A^-2,4-dimethylphenyl-2-aminoethyI)amine (LVc): Using 

an analogous route to that outlined in 6.3.l(i) employing (H2NCH2CH2)2NH (1.06 g, 10.3 

mmol), 2,4-dimethylphenyl bromide (2.78 ml, 3.81 g, 20.6 mmol), Pd2(dba)3 (47 mg, 0.052 

mmol), rac-BINAP (96 mg, 0.155 mmol), NaC^Bu (2.97 g, 30.9 mmol) and toluene (40 ml) 

gave {(2,4-Me2C6H3)HNCH2CH2}2NH (LVc) as a viscous red oil. Yield: 6 8 % (2.27 g, 6.97 

mmol). ES mass spectrum, m/z 312 [M+H]+. IR (neat, cm'1): v 3347 (NH, medium). *H NMR 

(CDC13, 300 MHz): 6  2.10 (s, 6 H, M?p), 2.14 (s, 6 H, Me0\  2.71 (t, 4H, 3J h _h  6.0 Hz, CH2), 

3.20 (t, 4H, 3J H-h  6.0 Hz, C//2), 6.45 (d, 2H, 3JH.H 8.1 Hz, Ar-H), 6.82 (m, 4H, Ar-H). 13C 

NMR (CDCI3, 75 MHz, *H composite pulse decoupled): 8  17.9 (2C, Me0), 20.7 (2C, Mep),

44.2 (2C, CH2), 48.7 (2C, CH2), 110.5 (2C, ArCH0), 122.8 (2C, ArC), 126.4 (2C, ArCHm),

127.7 (2C, ArCHm), 131.3 (2C, ArC), 144.6 (2C, ArQ .

6.3.2. Syntheses of (ArNHCH2CH2)2NMe (LVI)

(i) (Ar = 2,6-Me2C6H3); bis(A-A-2,6-dimethylphenyl-2-aminoethyl)(methyl)amine

(LVIa): An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and 

backfilled with nitrogen. The flask was charged with (H2NCH2CH2)2NMe (1.20 g, 10.3 

mmol), 2,6-dimethylphenyl bromide (2.74 ml, 3.81 g, 20.6 mmol), Pd2(dba)3 (30 mg, 0.033 

mmol), rac-BINAP (62 mg, 0.10 mmol), NaOlBu (1.91 g, 19.9 mmol) and toluene (40 ml). 

The reaction mixture was heated to 120 °C and stirred for a period of 4 days. After cooling to 

room temperature, the solvent was removed under reduced pressure to afford an oily residue. 

The residue was dissolved in diethyl ether (30 ml) and washed with water (3 x 30 ml) and 

saturated NaCl solution (3 x 30 ml). The organic layer was separated and dried over MgSC>4.
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The solvent was removed under reduced pressure and the residue left under vacuum at 50 °C 

for 24 h to give {(2,6-Me2C6H3)HNCH2CH2}2NMe (LVIa) as a viscous red oil. Yield: 81 % 

(2.71 g, 8.34 mmol). ES mass spectrum: m/z 326 [M+H]+. IR (neat, cm'1): v 3364 (N-H, 

medium). NMR (CDC13, 300 MHz): 8  2.19 (s, 3H, N-Me), 2.20 (s, 12H, Me0), 2.53 (t, 4H, 

3JH-h 6  Hz, CH2\  3.02 (t, 4H, 3JH-h 6  Hz, CH2\  3.66 (br s, 2 H, NH), 6.69 (t, 2 H, 3JH-h 7.6 Hz, 

ArC/7p), 6 .8 8  (d, 4H, 3Jh-h 7.3 Hz, ArCHm). 13C NMR (CDCI3, 75 MHz, JH composite pulse 

decoupled): 8  18.8 (4C, Me0), 41.4 (1C, N-Me), 45.8 (2C, CH2), 58.4 (2C, CH2), 1 2 1 .6  (2C, 

ArCHp), 128.9 (4C, ArCHm), 129.0 (4C, ArQ, 146.6 (2C, ArC).

(ii) (Ar = 2,4,6-Me3C6H2); bis(A-Ar-2,4,6-trimethylphenyl-2-aminoethyl) (methyl)amine 

(LVIb): Using an analogous route to that outlined in 6.3.2(i) employing (H2NCH2CH2)2NMe 

(1.20 g, 10.3 mmol), 2,4,6-trimethylphenyl bromide (3.15 ml, 4.10 g, 20.6 mmol), Pd2(dba)3 

(30 mg, 0.033 mmol), rac-BINAP (62 mg, 0.10 mmol), NaC^Bu (1.91 g, 19.9 mmol) and 

toluene (40 ml) gave {(2 ,4 ,6 -Me3C6H2)HNCH2CH2}2NMe (LVIb) as a viscous red oil. Yield: 

79 % (2.88 g, 8.16 mmol). ES mass spectrum: m/z 354 [M+H]+. IR (nujol mull, cm-1): v 3362 

(N-H, medium); *H NMR (CDC13, 300 MHz): 8  2.14 (s, 6 H, Mep), 2.18 (s, 12H, Me0\  2.20 (s, 

3H, N-M?), 2.54 (t, 4H, 3JH-h 6 Hz, CH2\  2.98 (t, 4H, 3JH-h 6  Hz, CH2), 6.72 (s, 4H, Ar-CHm). 

,3C NMR (CDC13, 75 MHz, *H composite pulse decoupled): 8  18.5 (4C, Me0), 20.6 (2C, 

Mep), 41.4 (1C, N-Afe), 46.0 (2C, CH2), 58.4 (2C, CH2), 129.3 (4C, ArQ, 129.5 (4C, 

ArCHm), 130.9 (2C, ArQ, 143.9 (2C, ArQ.

6.3.3. Syntheses of (ArNHCHzC^M a-C^NJCILlN (LVII)

(i) (Ar = 2,4,6-Me3C6H2); bis(/V-V-2,4,6-trimethylphenyl-2-aminoethyI)(2-picolyl)amine 

(LVIIa): An oven dried Schlenk flask was charged with LVb (0.50 g, 1.54 mmol), 2-picolyl 

chloride hydrochloride (0.380 g, 2.31 mmol), K2C03 (0.457 g, 4.62 mmol) and acetonitrile 

(40 ml). The reaction mixture was heated to 55 °C and stirred for a period of three days. After 

cooling to room temperature, the solution was filtered and the solvent removed under reduced
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pressure to afford an oily residue. The residue was dissolved in diethyl ether (30 ml) and 

washed with water (3 x 30 ml). The organic phases were combined and concentrated on a 

rotary evaporator to give a brown oil. The crude product was purified via alumina column 

chromatography employing ethyl acetate and hexane as the eluting solvents (1:4) to give 

{(2 ,4 ,6 -Me3C6H2)NHCH2CH2} 2 {(2 -C5H4N)CH2}N (LVIIa) as a yellow oil. Yield: 31 % 

(0.202 g, 0.48 mmol). ES mass spectrum: m/z 431 [M+H]+. IR (neat, cm'1): v 3356 (N-H, 

medium), 1590 ( C = N pyn d in e). 'H NMR ( C D C 13 , 300 MHz): 5 2.13 (s, 18H, Me), 2.74 (t, 4H, 

3JH-h 6  Hz, CH2), 3.0 (t, 4H, V h  6  Hz, CHi), 3.22 (br s, 2 H, N-H), 3.8 (s, 2H, PyCH2), 6.7 (s, 

4H, ArCHm), 7.07 (m, 1H, PyCH), 7.39 (d, 1H, 3JH-h 7.9 Hz, PyCH), 7.55 (dt, 1H, 3JH.H 7 Hz, 

4Jh-h 1.8 Hz, PyCH), 8.45 (dd, 1H, 3JH-h 5 Hz, V h  1 Hz, PyCH). ,3C NMR (CDCI3, 75 MHz, 

*H composite pulse decoupled): 8  18.5 (4C, Me0), 20.6 (2C, Mep), 46.1 (2C, CH2), 55.1 (2C, 

CH2), 60.5 (1C, PyCH2), 122.1 (1C, PyCH), 123 (1C, PyCH), 129.3 (4C, ArC), 129.4 (4C, 

ArCHm), 130.9 (2C, ArC), 136.4 (1C, PyCH), 143.7 (2C, ArC), 149.2 (1C, PyCH), 159.4 (1C, 

PyC).

(ii) (Ar = 2 ,4 -Me2C6H3); bis(A-A-2,4-dimethyIphenyI-2-aminoethyl)(2-picolyl)amine 

(LVIIb): Using the same procedure and molar quantities of reagents as above in 6.3.3(i) 

using LVc (0.49 g, 1.54 mmol), 2-picolyl chloride hydrochloride (0.380 g, 2.31 mmol), 

K2C 0 3 (0.457 g, 4.62 mmol) gave {(2 ,4 -Me2C6H3)NHCH2CH2}2{(2 -C5H4N)CH2}N (LVIIb) 

as a yellow oil. Yield: 29% (0.184 g, 0.47 mmol). ES mass spectrum: m/z 403 [M+H]+. IR 

(neat, cm'1): v 3371 (N-H, medium). ]H NMR ( C D C I 3 ,  300 MHz): 8 2.00 (s, 6 H, Mep), 2.12 

(s, 6 H, Me„), 3.20 (t, 4H, 3JH.H 6  Hz, CHi), 3.55 (t, 4H, 3JH.H 6  Hz, CHi), 3.86 (s, 2H, PyCH2), 

6.45 (d, 2H, 3Jh.h 8.1 Hz, ArCH0), 6.90 (m, 4H, ArCHm), 7.05 (m, 1H, PyCH), 7.46 (d, 1H, 

3Jh-h 7.9 Hz, PyCH), 7.51 (dt, 1H, 3JH.H 7.0, V h  1.8 Hz, PyCH), 8.61 (dd, 1H, 3JH.H 5 .8 , V h

1.1 Hz, PyCH). 13C NMR (CDCI3, 75 MHz, 'H composite pulse decoupled): 8  17.9 (1C, 

Me„), 20.7 (1C, Mep), 44.2 (2C, CH2), 48.7 (2C, CH2), 59.9 (1C, PyCH2), 110.5 (2C, ArCH),

122.5 (1C, PyCH), 122.8 (1C, PyCH), 126.4 (2C, ArC), 127.7 (2C, ArCH), 131.3 (2C,

173



ArCH), 136.4 (1C, PyCH), 143.9 (2C, ArQ, 144.6 (2C, ArQ, 149.5 (1C, PyCH), 160.2 (1C, 

PyQ.

6.3.4. Synthesis of [{(ArNHCH2CH2)2NH}CoCl2] (16)

(1) (Ar = 2,6-Me2C6H3>; 16a: An oven-dried Schlenk flask equipped with a magnetic stir bar 

was evacuated and backfilled with nitrogen. The flask was charged with CoCl2 (42 mg, 0.32 

mmol) in «-butanol (5 ml) at 90 °C and a solution of LVa (100 mg, 0.32 mmol) in «-butanol 

was introduced to form a green solution. After being stirred at 90 °C for 1 h, the reaction was 

allowed to cool to room temperature. The reaction mixture was concentrated and hexane 

added to induce precipitation of [{LVa}CoCl2] (16a) as a pale blue solid. The suspension was 

stirred overnight, filtered, washed with hexane (2 x 30 ml) and dried under reduced pressure. 

Layering of an acetonitrile solution of 16a with hexane gave 16a as pale blue crystals suitable 

for single crystal X-ray structure determination. Yield: 80 % (114 mg, 0.26 mmol).

(ii) (Ar = 2,4,6-Me3C6H2); 16b: Using an analogous route to that outlined in 6.3.4(i) 

employing LVb (105 mg, 0.32 mmol) and CoCl2 (40 mg, 0.32 mmol), gave [{LVb}CoCl2] 

(16b) as a pale blue solid. Layering of an acetonitrile solution of 16b with hexane gave 16b as 

pale blue crystals suitable for single crystal X-ray structure determination. Yield: 85 % (124 

mg, 0.27 mmol).

6.3.5. Synthesis of [{(ArNHCH2CH2)2NMe}CoCl2] (17)

(i) (Ar = 2,6-Me2C6H3); 17a: An oven-dried Schlenk flask equipped with a magnetic stir bar 

was evacuated and backfilled with nitrogen. The flask was charged with CoCl2 (40 mg, 0.32 

mmol) in w-butanol (5 ml) at 90 °C and a solution of LVIa (105 mg, 0.32 mmol) in «-butanol 

was introduced to form a green solution. After being stirred at 90 °C for 1 h, the reaction was 

allowed to cool to room temperature. The reaction mixture was concentrated and hexane added 

to induce precipitation of [{LVIa}CoCl2] (17a) as a pale blue solid. The suspension was stirred
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overnight, filtered, washed with hexane (2 x 30 ml) and dried under reduced pressure. Layering 

of an acetonitrile solution of 17a with hexane gave 17a as pale blue crystals suitable for single 

crystal X-ray structure determination. Yield: 75 % (110 mg, 0.24 mmol).

(ii) (Ar = 2,4,6-Me3C6H2); 17b: Using the same procedure and molar quantities of reagents as 

above in 6.3.5(i) using LVIb (113 mg, 0.32 mmol) and C0CI2 (40 mg, 0.32 mmol), gave 

[{LVTbJCoCy (17b) as a pale blue solid. Yield: 71% (110 mg, 0.23 mmol).

6.3.6. Synthesis of [{(ArNHCH2CH2)2((2-C5H4N)CH2)N}FeCl2] (18)

(i) (Ar = 2,4,6-Me3C6H2); 18a: An oven-dried Schlenk flask equipped with a magnetic stir 

bar was evacuated and backfilled with nitrogen. The flask was charged with FeCl2(thf)i.5 (108 

mg, 0.47 mmol) in thf (10 ml) and a solution of LVIIa (200 mg, 0.47 mmol) in thf (5 ml) was 

introduced to form a yellow solution. After being stirred at rt for 24 h, the reaction mixture 

was concentrated and hexane added to induce precipitation of [{LVIIa}FeCb] (18a) as a 

yellow solid. The suspension was stirred overnight, filtered, washed with hexane (2 x 30 ml) 

and dried under reduced pressure. Layering of an acetonitrile solution of 18a with hexane 

gave 18a as golden crystals suitable for single crystal X-ray structure determination. Yield: 80 

% (212 mg, 0.38 mmol).

(ii) (Ar = 2,4-Me2C6H3); 18b: An oven-dried Schlenk flask equipped with a magnetic stir bar 

was evacuated and backfilled with nitrogen. The flask was charged with FeCh (19 mg, 0.15 

mmol) in «-BuOH (5 ml) and the reaction stirred at 90 °C and LVIIb (63 mg, 0.15 mmol) in 

w-BuOH (2 ml) was introduced to form a yellow solution. After being stirred at 90 °C for and 

20 min, the reaction mixture was allowed to cool to rt. The reaction mixture was concentrated 

and hexane added to induce precipitation of [{LVIIb}FeCh] (18b) as a yellow solid. The 

suspension was stirred overnight, filtered, washed with hexane (2 x 30 ml) and dried under 

reduced pressure. Yield: 65 % (0.053 g, 0.10 mmol).
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6.3.7. Synthesis of [{(ArNHCHiC^M^-Cs^^CHzJNJCoCh] (19)

(i) (Ar = 2,4,6-Me3C6H2); 19a: Using the same procedure and molar quantities of reagents as 

above in 6.3.6 (i) using LVIIa (50 mg, 0.12 mmol) and C0 CI2.6 H2O (30 mg, 0.12 mmol), 

gave [{LVIIaJCoCL] (19a) as a pale blue solid. Layering of a dichloromethane solution of 

19a with diethyl ether gave pale blue crystals suitable for a single crystal X-ray diffraction 

study. Yield: 71 % (0.13 g, 0.23 mmol).

(ii) Ar = 2,4-Me2C6H3; 19b: Using the same procedure and molar quantities of reagents as 

above in 6.3.6(ii) using LVIIb (61 mg, 0.15 mmol) and C0 CI2 (20 mg, 0.15 mmol), gave 

[{LVIIb}C0 CI2] (19b) as a pale blue solid. Yield: 65% (0.052 g, 0.10 mmol).

Table 4 Elemental analysis results for complexes 16-19

Compound
Microanalysis (%)a 

C H N

C2oH29N3CoCl2(16a)
54.07

(54.43)

6.53

(6.62)

9.15

(9.52)

C22H33N3CoCl2(16b)
56.11

(56.29)

6.99

(7.09)

8 . 8 8

(8.95)

C21H31N3CoCl2(17a)
55.65

(55.39)

7.02

(6 .8 6 )

9.11

(9.23)

C28H38N4FeCl2(18a)
57.57

(60.34)

6.32

(6.87)

9.51

(10.05)

C28H38N4CoCl2(19a)
60.13

(60.00)

6.94

(6.76)

10.14

( 1 0 .0 0 )

a calculated values in parentheses.
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Table 5 FAB MS, IR spectra and rt magnetic moments for complexes 16-19

Compound8
FAB mass 

spectrum (m/z)
v(N-H) (cm‘1)b

V (C  Npyridine)

(cm'1)b
P e ff

(BM)C

C20H29N3C0 CI2 (16a)
440 [M]\ 

405 [M-C1]+
3292w - 3.90

C22H33N3CoCl2(16b)
468 [M]+, 

433 [M-C1]+
3290w - 3.90

C2,H3,N3CoCl2(17a)
454 [M]+, 

419 [M-C1]+
3286w - 4.00

C23H35N3C0Cl2(17b)
483 [M]+, 

447 [M-C1]+
3294w - 3.80

C28H38N4FeCl2(18a)
556 [M]+, 

521 [M-C1]+
3209w 1605 4.88

C26H34N4FeCl2(18b) 493 [M-C1]+ 3233w 1603 5.11

C28H38N4 CoC12 (19a) 524 [M-C1]+ 3245w 1608 3.8

C26H34N4CoCl2(19b) 496 [M-C1]+ 3190w 1608 4.10

a Molecular Formula obtained from elemental analysis except for 17b, 18b and 19b; b Recorded in the sold state; 

c Analysed using an Evans Balance

Table 6  ]H NMR resonance assignments for complexes 18a and 19a in CD3CN at rt

Compound 'H NMR chemical shifts (ppm), relaxation times (t() and assignment

18a
128.6 (poor data set 6.0 ms, PyC H a), 53.6 (13.1 ms, PyC//p), 52.1 (11.1 ms, PyC//p), 18.2 

(42.3 ms, PyCHy),  13.3 (40.5 ms, ArMep), 12.0 (150 ms, ArCH m), 8.7 (3.1 ms, ArMe0)

19a
97.0 (poor data set 0.5 ms, PyC H a), 50.3 (10.14 ms, PyC//p), 46.8 (16.4 ms, PyC//p ),

11.5 (135 ms, ArMep), 9.3 (39.4 ms, ArCH m), 0.3 (31.0 ms, PyC H y), -4.8 (2.8 ms, ArMe0)
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6.4. Experimental fpr Chapter 4

6.4.1. Schlenk test: An oven-dried Schlenk flask equipped with a magnetic stir bar was 

evacuated and backfilled with nitrogen. The flask was charged with the precatalyst (0.01 

mmol) dissolved in toluene (40 ml) and MAO (10%wt in toluene) was introduced. Upon the 

addition of MAO the colour of the solution intensified. The Schlenk tube was purged with 

ethylene and magnetically stirred at a constant rate under one bar of ethylene at 25 °C. After 

0 .5  h the polymerisation/oligomerisation was terminated by the addition of aqueous hydrogen 

chloride. The toluene layer was dried over MgS0 4 , transferred to a volumetric flask with 1- 

heptadecene present as an internal standard and analysed by GC mass spectrometry. The 

catalysts were validated with the literature precedent [ ^ - ^ ’-MeCeHilSrhCsHsNJFeCy 

complex and MAO as activator.

6.4.2.1-Nonene and 1-Tridecene isomerisation control experiment

(i) An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and 

backfilled with nitrogen. The flask was charged with the precatalyst (0.01 mmol) dissolved in 

toluene (40 ml) and MAO (10%wt in toluene, 4.0 mmol, 2.65 ml) followed by the 

introduction of 1-nonene (50 pi) and 1-tridecene (50 pi). Upon the addition of MAO the 

colour of the solution intensified. The Schlenk tube was purged with ethylene and 

magnetically stirred at a constant rate under one bar of ethylene at 25 °C. After 0.5 h the 

oligomerisation was terminated by the addition of aqueous hydrogen chloride. The oligomers 

were extracted by 2 x 25 ml of toluene dried over MgS0 4  and diluted to 100 ml in a 

volumetric flask with 1-heptadecene (50 pi) present as an internal standard and analysed by 

GC mass spectrometry.

(ii) An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and 

backfilled with nitrogen. The flask was charged with the precatalyst (0.01 mmol) dissolved in 

toluene (40 ml) and MAO (10%wt in toluene, 4.0 mmol, 2.65 ml) followed by the



introduction of 1-nonene (50 pi) and 1-tridecene (50 jul). Upon the addition of MAO the 

colour of the solution intensified. The Schlenk tube was magnetically stirred at a constant rate 

at 25 °C. After 0.5 h the control experiment was terminated by the addition of aqueous 

hydrogen chloride. The organic phase was extracted with 2 x 25 ml of toluene dried over 

MgS0 4  and diluted to 100 ml in a volumetric flask with 1-heptadecene (50 pi) present as an 

internal standard and analysed by GC mass spectrometry.

(iii) 1 -nonene (50 pi), 1-tridecene (50 pi), 1-heptadecene (50 pi) were diluted with toluene to 

100 ml in a volumetric flask. The resulting solution was analysed by GC mass spectrometry 

and the relative areas of each respective a-olefin were compared to those present in examples 

6.4.2(i) and 6.4.2(H).
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6.5. Experimental for Chapter 5

6.5.1. Synthesis of 2-{(2,-OMe-3’-R1-5’-R2)C(iH3}-6-(COR3)C5H3N

(i) (R1 = R = H, R = Me); 2-phenyl(2’-methoxy)-6-acetyl-pyridine: An oven-dried 

Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled with nitrogen. 

The flask was charged with Pd(PPh3)4 (361 mg, 0.31 mmol), 2-bromo-6-acetyl-pyridine 

(2.072 g, 10.4 mmol), toluene (22 ml) and an aqueous solution of K2CO3 (2M, 10.4 ml, 20.8 

mmol). The solution was stirred for 15 min followed by the addition of (2- 

methoxyphenyl)boronic acid (1.889 g, 12.4 mmol) in ethanol (11 ml). After heating the 

reaction mixture at 90 °C in an oil bath for 24 h, the residual 2-methoxyphenylboronic acid 

was oxidized by 30%-H2C>2 at room temperature for 1 h. The product was extracted with 

diethyl ether, washed with saturated NaCl solution and water. The aqueous layer was washed 

repeatedly with chloroform to ensure extraction of organic phase was complete. The organic 

extracts were combined, dried over MgSC>4 and the volatiles removed under reduced pressure 

to form a yellow solid. The crude product was purified via column chromatography 

employing dichloromethane and hexane as the eluting solvent mixture (1 :1) to give 2 -{(2 ’- 

OMe)C6H4}-6 -(COMe)C5H3N as a yellow solid. Yield: 78 % (1.841 g, 8.1 mmol). Mp: 62-64 

°C. ES mass spectrum: m/z 228 [M+H]+. IR (nujol mull, cm*1): v 1692 (CMe=0), 1578 

(C=Npyridi„e). 'H NMR (CDCI3, 250 MHz): 5 2.72 (s, 3H, CMe=0), 3.81 (s, 3H, OMe), 6.95 

(d, 1H, 3JH-h 8.3 Hz, ArCH), 7.05 (dt, 1H, 3JH-h 7.6 Hz,4Jh.h 0.9 Hz, ArCH), 7.35 (dt, 1H, 3JH. 

H 8.3 Hz, 4JH-h 1-9 Hz, ArCH), 7.75 (t, 1H, 3Jh.h 7.8 Hz, ArCH), 7.86-7.91 (m, 2H, PyCH),

8.02 (dd, 1H, 3JH-h 7.8 Hz, 4JH-h 0.9 Hz, PyCH). I3C NMR (CDC13, 63 MHz, 'H composite 

pulse decoupled): 5 26.2 (1C, CMe=0), 56.0 (1C, OMe), 112.0 (1C, ArCH), 119.8 (1C, 

ArCH), 121.5 (1C, PyCH), 128.6 (1C, ArC), 128.9 (1C, PyCH), 130.8 (1C, PyCH), 131.7(1C, 

ArCH), 136.8 (1C, ArCH), 153.7 (1C, PyC), 155.5 (1C, ArC), 157.7 (1C, PyC), 201.2 (1C, 

CMe=Q).
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(ii) (R1 = Ph, R2 = H, R3 = Me); 2-phenyl(2’-methoxy-3’-phenyl)-6-acetyI-pyridine: Using 

an analogous procedure and molar ratios of reagents as above in 6.5. l(i) employing Pd(PPh3)4 

(231 mg, 0.20 mmol), 2 -bromo-6 -acetyl-pyridine (1.320 g, 6 .6  mmol), K2CO3 (2M, 6 .6  ml,

13.2 mmol), phenyl(2-methoxy-3-phenyl) boronic acid (1.81 g, 7.92 mmol). After refluxing 

for 3 days followed by purification via column chromatography (eluting solvents: 

dichloromethane and hexane, 1 :1) formed 2 -{(2 ’OMe-3 ’-Ph)C6H3}-6 -(COMe)C5H3N as a 

white solid. Yield: 89 % (1.763 g, 5.81 mmol). Mp: 62-64 °C. ES mass spectrum: m/z 304 

[M+H]+. IR (nujol mull, cm'1): v 1692 (CMe=0 ), 1578 (C=Npyridine). NMR (CDCI3 , 300 

MHz): 6  2.70 (s, 3H, CM?=0), 3.17 (s, 3H, OM>), 7.2-7.38 (m, 5H, AiCH), 7.50-7.53 (m, 

2H, ArCH), 7.75-7.82 (m, 2H, PyCH), 7.93 (dd, 1H, 3JH-h 7 Hz, 4JH.H 0.9 Hz, ArCH), 8.06 

(dd, 1H, 3JH-h 7.8 Hz, 4JH-h 0.9 Hz, PyCH). 13C NMR (CDC13, 75 MHz, lU composite pulse 

decoupled): 6  24.8 (1C, CMe=0), 59.9 (1C, OMe), 118.7 (1C, ArCH), 123.5 (1C, PyCH),

126.3 (1C, ArCH), 127.2 (1C, ArCH), 127.3 (2C, ArCH), 128.2 (2C, ArCH), 129.6 (1C, 

ArCH), 131.1 (1C, PyCH), 132.4 (1C, ArC), 134.9 (1C, ArC), 135.8 (1C, PyCH), 137.3 (1C, 

PyC), 152.4 (1C, ArC), 154.5 (1C, PyC), 154.6 (1C, ArC), 199.5 (1C, CMe=0).

1 “J “X(iii) (R = R = R = H); 2-phenyl(2,-methoxy)-6-formyl-pyridine: An oven-dried Schlenk 

flask equipped with a magnetic stir bar was evacuated and backfilled with nitrogen. The flask 

was charged with Pd(PPh3)4 (295 mg, 0.22 mmol), 2-bromo-6-formyl-pyridine (2.08 g, 11.2 

mmol), toluene (20 ml) and an aqueous solution of K2CO3 (2M, 11.2 ml, 22.4 mmol). The 

solution was stirred for 15 min followed by the addition of (2-methoxyphenyl)boronic acid 

(1.889 g, 12.4 mmol) in ethanol (11 ml). After heating the reaction mixture at 90 °C in an oil 

bath for 42 h, the residual 2-methoxyphenylboronic acid was oxidized by 30%-H2C>2 at room 

temperature for 1 h. The product was extracted with diethyl ether, washed with saturated 

NaCl solution and water. The aqueous layer was washed repeatedly with chloroform to ensure 

extraction of organic phase was complete. The organic extracts were combined, dried over 

MgSC>4 and the volatiles removed under reduced pressure to form a yellow solid. The crude
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product was purified via column chromatography employing dichloromethane and hexane 

(4:1) as the eluting solvent mixture to give 2 -{(2 ’-OMe)C6H4}-6 -(CHO)C5H3N as a yellow 

solid. Yield: 84 % (2.01 g, 9.4 mmol). ES mass spectrum: m/z 214 [M+H]+. IR (neat, cm'1):

V 1703 (CH=0), 1597 (C = N p>Tldi„e). ‘H NMR (C D C 13, 300 MHz): 8  3.79 (s, 3H, OMe), 6.95 

(d, 1H, 3JH-h 8.5 Hz, ArCH), 7.04 (dt, 1H, 3JH-h 7.6 H z , 4J H-h  1.2 Hz, ArC//), 7.34 (dt, 1H, 3J H.  

H 7.7 H z , 4J h -h  1.7 Hz, ArC//), 7.75-7.84 (m, 3H, ArC/Z/PyC//), 8.01 (dd, 1H, 3J H-h  6.4 Hz, 

4Jh-h 2.6 Hz, PyCH), 10.07 (s, 1H, C//=0). 13C NMR (CDClj, 75 MHz, 'H composite pulse 

decoupled): 8 54.6 (1C, OMe), 110.5 (1C, ArCH), 118.4 (1C, PyCH), 120.2 (1C, ArCH),

126.8 (1C, PyC), 128.4 (1C, PyCH), 129.6 (1C, PyCH), 130.1 (1C, ArCH), 138.3 (1C, 

ArCH), 151.6 (1C, PyC), 155.6 (1C, ArC), 156.1 (1C, ArC), 193.1 (1C, CH=0).

(iv) (R1 = R3 = H; R2 = t-Bu); 2-phenyl(2’-hydroxy-5’-/-butyl)-6-acetyl-pyridine: Using an 

analogous procedure and molar ratios of reagents as above in 6.5. l(iii) employing Pd(PPh3)4 

(130 mg, 0.11 mmol), 2-bromo-6-formyl-pyridine (1.04 g, 5.6 mmol), K2CO3 (2M, 5.6 ml,

11.2 mmol), phenyl(2-methoxy-5-/-butyl) boronic acid (1.39 g, 6.7 mmol). After refluxing for 

42 h followed by purification via column chromatography (eluting solvents: dichloromethane 

and hexane, 1 :1) formed 2 -{(2 ,OMe-5 ,-r-Bu)C6H3}-6 -(CHO)C5H3N as a pale yellow solid. 

Yield: 74 % (1.12 g, 4.14 mmol). ES mass spectrum: m/z 270 [M+H]+. IR (nujol mull, cm'1):

V 1710 (CH=0), 1584 (C=Npyridine). 'H NMR (CDCI3, 300 MHz): 8  1.29 (s, 9H, CMe3), 3.77 

(s, 3 H, OMe), 6.89 (d, 1H, 3JH.H 8.8  Hz, ArC//), 7.36 (dd, 1H, 3JH-h 8 .8  Hz, 4JH-h 2.6 Hz, 

ArCH), 7.77-7.82 (m, 3H, ArC///PyC//), 7.75-7.84 (m, 3H, ArC///PyC//), 8.00 (dd, 1H, 3JH-h 

6.4 Hz,4Jh-h 2.6 Hz, PyCH), 10.09 (s, 1H, C//=0). I3C NMR (CDC13, 75 MHz, 'H composite 

pulse decoupled): 5 30.5 (9C, CMe3), 33.2 (1C, CMe3), 54.7 (1C, OMe), 110.2 (1C, ArCH),

118.3 (1C, PyCH), 126.1 (1C, PyC), 126.5 (1C, PyCH), 127.1 (1C, PyCH), 128.5 (1C, 

ArCH), 135.4 (1C, ArCH), 142.8 (1C, ArC), 151.6 (1C, PyC), 153.93 (1C, ArC), 156.1 (1C, 

ArC), 193.2 (1C, CH=0).
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6.5.2. Synthesis of 2-{(2’-OMe-3’-R,-5,-R2)C4H2}6-{CR3N(2,6-i-Pr2C6H3)}C5H3N (LVIII)

(i) (R1 = R2 = H, R3 = Me); 2-phenyl(2’-methoxy)-6-acetyl(2,6-diisopropylanil)-pyridine 

(LV illa): To a solution of 2-phenyl(2’-methoxy)-6 -acetyl-pyridine (500 mg, 2.2 mmol) in 

the minimum volume of absolute ethanol was added 1.5 equivalents of 2,6-diisopropylaniline 

(0.62 ml, 3.3 mmol). After the addition of a few drops of formic acid, the solution was 

refluxed overnight. Upon cooling to room temperature the product recrystallised from the 

ethanol. After filtration the yellow solid was washed with cold ethanol to give 2-{(2’- 

OMe)C6H4}6 -{CMeN(2 ,6 -z-Pr2C6H3)}C5H3N (L V illa) as a yellow solid. Yield: 6 6  % (565 

mg, 1.46 mmol). ES mass spectrum: m/z 387 [M+H]+. IR (neat, cm'1): v 1646 (C = N imi„e), 

1575 (C=Npyndine). 'H NMR (CDCI3, 250 MHz): 8  1.44 (dd, 1 2 H ,3Jh.h 6 .8  Hz, 2JH-h 1 .9  Hz, 

CHMe2), 2.55 (s, 3H, CMe=N), 3.05 (septet, 2H, 3Jh-h 7 Hz, C//Me2), 4.15 (s, 3H, OMe), 

7.25-7.5 (m, 5H, ArCH), 7.65 (dt, 1H, 3JH-h 7.6 Hz, 4JH-h 1.8 Hz, ArCH), 8.07 (t, 1H, 3JH-h 7.8 

Hz, ArCH), 8.27 (m, 2H, PyCH), 8.55 (dd, 1H, 3JH-h 7.8 Hz, 4JH-h 0.8 Hz, PyC//). I3C NMR 

(CDCI3, 63 MHz, 'H composite pulse decoupled): 8  17.8 (1C, CMe=N), 23.3 (2C, CHMe2),

23.7 (2C, CHMe2), 28.7, (2C, CHMe2), 56.1 (1C, OMe), 112.0 (1C, ArCH), 119.6 (1C, 

ArCH), 121.5 (1C, PyCH), 123.4 (2C, ArCH), 123.9 (1C, ArCH), 126.6 (1C, ArCH), 129.3 

(1C, ArC), 130.5 (1C, PyCH), 131.8 (1C, PyCH), 136.3 (1C, ArCH), 136.5 (2C, ArC), 147.1 

(1C, PyC), 154.9 (1C, PyC), 156.4 (1C, ArC), 157.7 (1C, ArC) 168.0 (1C, CMe=N).

(ii) (R1 = Ph, R2 = H, R3 = Me); 2-phenyl(2’-methoxy-3’-phenyl)-6-acetyl(2,6- 

diisopropylanil)-pyridine (LVIIIb): Using an analogous procedure and molar ratios of 

reagents as 6.5.2(i) employing 2-phenyl(2’-methoxy-3,-phenyl)-6-acetyl-pyridine (115 mg, 

0.38 mmol) and 1.5 equivalents of 2,6-diisopropylaniline (0.10 ml, 0.57 mmol) to give 2-{(2’-

OMe-3 ’-Ph)C6H3}6 -{CMeN(2 ,6 -/-Pr2C6H3)}C5H3N (LVIIIb) as a brown solid. Layering of a 

dichloromethane solution of LVIIIb with hexane gave yellow crystals of LVIIIb suitable for 

a single crystal X-ray diffraction study. Yield: 82 % (145 mg, 0.31 mmol). ES mass spectrum: 

m/z 463 [M+Hf. IR (nujol mull, cm'1): v 1631 (C = N imine) , 1590 (C = N pyridine). *H N M R
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(CDC13, 250 MHz): 8 1.38 (dd, 12H, 3JH-h 6.9 Hz, 2JH-h 1.8 Hz, CHMe2\  2.51 (s, 3H, 

CMHSQ, 2.99 (septet, 2H, 3JH-h 7 Hz, C/7Me2), 3M  (s, 3H, OMe), 1.29-7.11 (m, 8 H, ArCH), 

7.83 (dd, 2H, ArCH), 8.10 (m, 2H, CH), 8.3 (dd, 1H, PyCH), 8.55 (dd, 1H, PyCH). 13C NMR 

(CDCI3, 63 MHz, *H composite pulse decoupled): 8  16.4 (1C, CMe=N), 21.9 (2C, CHMe{),

22.3 (2C, CHMe2), 27.2 (2C, C M e 2), 60.0 (1C, OMe), 118.4 (1C, ArCH), 122.0 (2C, 

ArCH), 122.5 (1C, ArCH), 123.5 (1C, PyCH), 124.8 (1C, ArCH), 126.2 (1C, ArCH), 127.3 

(2C, ArCH), 128.3 (2C, ArCH), 129.7 (1C, ArCH), 130.8 (1C, PyCH), 133.0 (1C, ArC),

134.8 (1C, ArC), 134.9 (2C, ArC), 135.5 (1C, PyCH), 137.6 (1C, PyC), 145.6 (1C, ArC),

153.9 (1C, ArC), 154.7 (1C, PyC), 155.1 (1C, ArC), 166.4 (1C, CMe=N).

6.5.3. Synthesis of 2-{(2,-OH-3’-R1-5,-R2)C6H2}6-{CR3N(2,6-i-Pr2C6H3)}C5H3N (LIX)

(i) (R1 = R2 -  H, R3 = Me); 2-phenyl(2’-hydroxy)-6-acetyl(2,6-diisopropylanil)-pyridine 

(LIXa):

Prepared via a two-step procedure:

(a) To a 25 ml round bottom flask equipped with a stir bar and distillation apparatus, 

concentrated HC1 (9.7 ml, 308 mmol) was added to technical grade pyridine (9 ml, 110 

mmol). Water was distilled from the mixture at 300 °C for 3 h to give molten pyridinium 

chloride upon cooling to 140 °C. To the round bottom flask was added 2-phenyl(2,-methoxy)- 

6 -acetyl-pyridine (1.00 g, 4.4 mmol) and the reaction mixture was heated at 300 °C for 4 h. 

After cooling to room temperature, the solution was diluted with an equal volume of water 

and the pH adjusted to 7 with aqueous NaOH. The aqueous phase was extracted by washing 

with chloroform (3 x 50 ml) and dried over MgS0 4 . The volatiles were removed under 

reduced pressure to give 2 -{(2 ’-OH)C6H4}6 -(COMe)C5H3N as a red solid. Yield: 90 % (42 

mg, 1.98 mmol). ES mass spectrum: m/z 214 [M+H]+. IR (nujol mull, cm'1): v3330 (O-H), 

1692 (CMe=0), 1586 (C=Npyridine). ]H NMR (CDC13, 300 MHz): 8  2.66 (s, 3H, CMe= O), 

6.84-6.98 (m, 1H, ArCH), 6.96 (dd, 1H, 3JH-h 8.1 Hz, V h 1.2 Hz, ArCH), 7.24-7.29 (m, 1H, 

ArCH), 7.73(dd, 1H, 3JH-h 8.1 Hz, V h 1.1 Hz, ArCH), 7.88-7.90 (m, 1H, PyCH), 8 .0  (dd,
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1H, 3JH-h 6.4 Hz, 4Jh.h 2.6 Hz, PyCH). 13C NMR (CDC13, 75 MHz, 'H composite pulse 

decoupled): 825.1 (1C, CMe=0), 117.2 (1C, ArC), 117.5 (1C, ArC//), 118.3 (1C, ArCH),

118.8 (1C, ArCH), 121.8 (1C, PyCH), 125.5 (1C, ArCH), 131.1 (1C, PyCH), 137.7 (1C, 

PyCH), 148.9 (1C, PyC), 156.2 (1C, PyC), 158.5 (1C, ArC), 196.5 (1C, CMe=0).

(b) To a solution of 2-phenyl(2’-hydroxy)-6-acety 1-pyridine (1.874 g, 8.8 mmol) in the

minimum volume of absolute ethanol was added 1.5 equivalents of 2,6-diisopropylaniline (2.5

ml, 13.0 mmol). After the addition of a few drops of formic acid, the solution was refluxed for

48 h. Upon cooling to room temperature the product crystallized from the ethanol. After

filtration the yellow solid was washed with cold ethanol to give 2 -{(2 ’-OH)C6H4}-6 -

{CMeN(2,6-z‘-Pr2C6H3)} C5H3N (LIXa). Layering of a dichloromethane solution of LIXa with

hexane gave yellow crystals of LIXa suitable for a single crystal X-ray diffraction study.

Yield: 80 % (2.6 g, 7.0 mmol). Mp: 190-192 °C. ES mass spectrum: m/z 373 [M+H]+. IR

(neat, cm'1): v 3381 (O-H), 1644 (C=Nimine), 1588 (C=Npyridine). 'H NMR (CDCI3, 250 MHz):

8  1.08 (dd, 12H, 3Jh-h 6.9 Hz, 2JH.H 1.7 Hz, CHMe2), 2.18 (s, 3H, CAfo=N), 1.54 (broad s, 1H,

OH), 2.65 (septet, 2H, 3JH-h 6.9Hz, C//Me2), 6 .8 8  (dt, 1H, 3JH.H 6.3 Hz, 4JH.H 0.73 Hz, ArCH),

6.97 (dd, 3H, 3JH-h 6.5 Hz, 4JH.H 0.75 Hz, ArC//), 7.11-7.15 (m, 3H, ArCH), 7.28 (dt, 1H, 3JH-

H 6 .6  Hz, 4Jh.h 0.98 Hz, ArCH), 7.79 (dd, 1H, 3J H-h  6.9 Hz, 4JH-h 1.4 Hz, ArC//), 7.85-8.00

(m, 2 H, PyCH), 8.23 (dd, 3JH.H 7.1 Hz, 4JH.H 1.2 Hz, PyCH). 'H NMR (CDC13:D20 , 250

MHz): 8  1.08 (dd, 12H, 3JH-h 6.9 Hz, CHMe2), 2.18 (s, 3 H, CMe=N), 2.65 (septet, 2 H, 3JH-h

6.9Hz, C//Me2), 6 .8 8  (dt, 1H, 3JH.H 6.3 Hz, 4JH.H 0.73 Hz, ArCH), 6.97 (dd, 3H, 3Jh.h 6.5 Hz,

4JH-h 0.75 Hz, ArC//), 7.11-7.15 (m, 3H, ArCH), 7.28 (dt, 1H, 3JH-h 6 .6  Hz, 4JH.H 0.98 Hz,

ArCH), 7.79 (dd, 1H, 3JH-h 6.9 Hz, 4JH-h 1.4 Hz, ArCH), 7.85-8.00 (m, 2H, PyCH), 8.23 (dd,

3Jh-h 7.1 Hz, 4Jh-h 1.2 Hz, PyCH). 13C NMR (CDCI3, 75 MHz, 'H composite pulse

decoupled): 8  16.2 (1C, CMe=N), 21.7 (2C, CHM>2), 22.0 (2C, CHMe2), 27.2 (2C, CHMe2),

117.3 (1C, ArCH), 117.6 (1C, ArC), 118.0 (1C, ArCH), 118.2 (1C, ArCH), 119.2 (1C,

PyCH), 121.9 (2C, ArCH), 122.8 (1C, ArCH), 125.3 (1C, ArCH), 130.6 (1C, PyCH), 134.5
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(•2C, ArC), 137.3 (1C, PyCH), 144.8 (1C, PyC), 151.9 (1C, ArC), 155.6(1C, PyC), 158.4 (1C, 

ArC), 163.6 (1C, CMe=N).

(ii) (R1 = Ph, R2 = H, R3 = Me); 2-phenyl(2’-hydroxy-3’-phenyl)-6-acetyl(2,6- 

diisopropylanil)-pyridine (LIXb):

Prepared via a two-step procedure:

(a) Using an analogous procedure and molar ratios of reagents as 6.5.3(ia) employing 

concentrated HC1 (3.6 ml, 116 mmol), pyridine (3.3 ml, 41 mmol) and 2-phenyl(2’-methoxy- 

3’-phenyl)6-acetyl-pyridine (500 mg, 1.65 mmol) to form 2 -{(2 ’-OH-3 ’-Ph)C6H3}6 - 

(COMe)CsH3N as a brown oil after heating at 210 °C for 6  h. Yield: 75 % (358 mg, 1.24 

mmol). ES mass spectrum: m/z 290 [M+H]+. !H NMR (CDCI3, 300 MHz): 6 2.65 (s, 3H, 

CMe=0), 6.93 (t, 1H, ArC77), 7.25-7.40 (m, 5H, ArCH), 7.58 (d, 2H, 3JH-h 7.3 Hz, ArCH), 

7.72-7.75 (m, 1H, PyCH), 7.88-7.90 (m, 1H, PyCH), 8.03-8.07 (m, 1H, PyCH). ,3C NMR 

(CDCI3, 75 MHz, JH composite pulse decoupled): 6  25.3 (1C, CMe=0), 117.6 (1C, ArC),

118.1 (1C, ArCH), 118.8 (1C, ArCH), 122.3 (1C, PyCH), 125.1 (1C, ArCH), 126.2 (1C, 

ArCH), 127.1 (2C, ArCH), 128.5 (2C, ArCH), 130.3 (1C, ArC), 132.3 (1C, PyCH), 137.2 

(1C, PyC), 137.8 (1C, PyCH), 148.9 (1C, ArC), 155.8 (1C, ArC), 156.5 (1C, PyC), 196.6 (1C, 

CMe=0).

(b) Using an analogous procedure and molar ratios of reagents as 6.5.3(ib) employing 2- 

phenyl(2’-hydroxy-3’-phenyl)-6-acetyl(2,6-diisopropylanil)-pyridine (358 mg, 1.24 mmol) 

and 1.5 equivalents of 2,6-diisopropylaniline (0.35 ml, 1.86 mmol) to give 2-{(2’-OH-3’- 

Ph)C6H3}6 -{CMeN(2,6-/-Pr2C6H3)}C5H3N (LIXb) as a brown solid. Yield: 61 % (339 mg, 

0.76 mmol). Mp: 197-199 °C. ES mass spectrum: m/z 449 [M+H]+. IR (nujol mull, cm'1): 

v 3387 (O-H), 1632 (C = N imine), 1588 (C = N pyridine). *H NMR (CDC13, 300 MHz): 6  1.06 (dd, 

12H, 3J H-h 6.9 Hz, CHM?2), 2.16 (s, 3H, CMe=N), 2.63 (septet, 2 H, 3J H-H 7.0 Hz, CHMq2),

6.94 (t, 1H, 3J H-h 7.9 Hz, ArCH), 6.97-7.11 (m, 3H, ArCH), 7.23-7.38 (m, 4H, ArCH), 7.59
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(dd, 2H, 3JH-h 7.1 Hz, Ar CH), 7.79 (dd, 1H, 3Jh-h 8.2 Hz, ArCH), 7.90 (t, 1H 3JH-h 7.9 Hz, 

PyCH), 8.00 (d, 1H, 3JH-h 7.6 Hz, PyCtf), 8.28 (dd, 1H, 3JH-h 7.3 Hz, PyCH). 13C NMR 

(CDCI3, 75 MHz, *H composite pulse decoupled): 5 17.6 (1C, CMe=N), 22.9 (2C, CHMei),

23.2 (2C, CHMe2\  28.4 (2C, CHMe2), 118.9 (1C, ArCH), 119.1 (1C, ArC), 119.5 (1C, 

ArCH), 120.9 (1C, PyCH), 123.1 (2C, ArCH), 123.9 (1C, ArCH), 126.1 (1C, ArCH), 127.1 

(1C, ArCH), 128.1 (2C, ArCH), 129.6 (2C, ArCH), 131.2 (1C, ArC), 132.9 (1C, PyCH),

135.7 (2C, ArC), 138.5 (1C, PyCH), 146.0 (1C, PyC), 153.1 (1C, ArC), 156.9 (1C, ArC),

157.1 (1C, PyC), 164.9 (1C, CMe=N).

(iii) (R1 = R2 = R3 = H); 2-phenyl(2’-hydroxy)-6-formyl(2,6-diisopropylanil)-pyridine 

(LIXc):

Prepared via a two-step procedure:

(a) 2-phenyl(2,-methoxy)-6-formyl-pyridine (200 mg, 0.939 mmol) was dissolved in 

dry dichloromethane (10 ml) in an oven-dried Schlenk. Boron tribromide (1.0 M in CH2CI2,

1.98 ml, 1.98 mmol) was added to the solution at -78 °C to afford a dark brown solution. The 

solution was allowed to warm to room temperature and left to stir for 4 h. Water (10 ml) was 

carefully added to the solution and the mixture neutralised (with 2M K2CO3) and then stirred 

overnight. The organic phase was separated and the aqueous layer washed with chloroform 

several times until the extracts became colourless. The combined organic layers were dried 

over MgSCU and the solvent removed under reduced pressure to give 2 -{(2 ’-OH)C6H4}-6 - 

(CH=0 )C5H3N as an orange/brown solid. Yield: 63 % (117 mg  ̂ 0.588 mmol). ES mass 

spectrum: m/z 200 [M+H]+. 'H NMR (CDC13, 300 MHz): 8  1.51 (s, br, 1H, OH), 6.89 (t, 1H, 

3JH-h 7.3 Hz, ArCH), 6.99 (d, 1H, 3JH.H 7.9 Hz, ArCH), 7.29 (t, 1H, 3JH-h 7.0 Hz, ArCH). 7.72 

(d, 1H, 3JH-h 7.3 Hz, ArCH), 7.80 (d, 1H, 3JH-h 7.3 Hz, PyC//), 7.91 (t, 1H, 3JH-h 7.6 Hz, 

PyC.H), 8.05 (d, 1H, 3Jh.h 7.0 Hz, PyCH), 10.02 (s, 1H, CH=0).
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(b) Using an analogous procedure and molar ratios of reagents as in 6.5.3(ib) but with 

2-phenyl(2’-methoxy)-6-formyl-pyridine (100 mg, 0.50 mmol) and 1.2 equivalents of 2,6- 

diisopropylaniline (106 mg, 0.60 mmol), to give 2 -{(2 ’-OH)C6H4}-6 -{CHN(2 ,6 -/- 

Pr2C6H3)}CsH3N (LIXc) as a pale yellow solid. Yield: 67 % (120 mg, 0.34 mmol). ES mass 

spectrum: m/z 359 [M+H]+. IR (neat, cm’1): v 1647 (C = N jmjne) , 1592 (C = N pyrjdine). ]H NMR 

(CDC13, 300 MHz): 5 1.08 (d, 12H, 3J H-h 6.7 Hz, Me), 2.89 (septet, 2H, 3J H-h 6.7 Hz, CH), 

6.87 (t, 1H, 3J H-h 7.3 Hz, ArC//), 6.96 (d, 1 H ,3J H-h 7.9 Hz, ArC//), 7.04-7.16 (m, 3H, ArC//), 

7.25 (t, 1H, 3J H-h 7.0 Hz, ArC//), 7.76 (d, 1H, 3J H-h 7.3 Hz, ArC//), 7.89-7.97 (m, 2H, PyC//),

8.07 (d, 1H, 3J H-h 7.0 Hz, PyC//), 8.26 (s, 1H, CH=N ). 13C  NMR (CDC13, 75 MHz, ]H 

composite pulse decoupled): 8 23.5 (4C, CH(Me)2), 28.1 (2C, CH), 118.6 (1C, ArC), 118.7 

(1C, ArCH), 119.2 (1C, ArCH), 119.4 (1C, ArCH), 121.0 (1C, PyCH), 123.2 (2C, ArCH),

124.8 (1C, ArCH), 126.5 (1C, ArCH), 131.9 (1C, PyCH), 137.2 (2C, ArC), 138.6 (1C, 

PyCH), 148.3 (1C, ArC), 151.0 (1C, PyC), 158.1 (1C, ArC), 159.8 (1C, PyC), 161.1 (1C, 

CH=N).

(iv) (R1 =R3 = H, R2 = /-Bu); 2-phenyl(2’-hydroxy-5’-/-butyl)-6-formyl(2,6- 

diisopropyIanil)-pyridine (LIXd):

Prepared via a two-step procedure:

(a) Using an analogous procedure as in 6.5.3(iiia) but with 2-phenyl(2’-methoxy-5’-/1-

butyl)-6 -formyl-pyridine (410 mg, 1.53 mmol) and boron tribromide (1.0 M in CH2CI2, 3.10

ml, 3.10 mmol,). After stirring for 4 h the reaction mixture was worked up to give 2-{(2’-OH-

5 '-r-Bu)C6H3}-6 -(CH=0 )C5H3N as an orange/brown solid. Yield: 59 % (230 mg, 0.902

mmol). ES mass spectrum: m/z 256 [M+H]+. ]H NMR (CDCI3, 300 MHz): 8 1.29 (s, 9H,

C(Afe)3), 6.91 (d, 1H, 3Jh.h 8.5 Hz, ArC//), 7.35 (dd, 1H, 3JH-h 8 .8  Hz,4Jh.h 2.3 Hz, Ar CH),

7.71 (d, 1H, 4JH-h 2.3 Hz, ArCH), 7.80 (d, 1H, 3Jh.h 7.3 Hz, PyCH), 7.92 (t, 1H, 3JH.H 7.6 Hz,

PyCH), 8.10 (d, 1H, 3JH-h 7.3 Hz, PyCH), 10.01 (s, 1H, CHO). 13C NMR (CDC13, 75 MHz,

'H composite pulse decoupled): 8  30.5 (3C, C'(A/e)3), 33.2 (1C, C(Me3)3), 116.3 (1C, ArC),
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117.4 (1C, ArCH), H8.6 (1C, ArCH), 121.8 (1C, PyCH), 122.6 (1C, ArCH), 128.8 (1C, 

PyCH), 137.7 (1C, PyCH), 140.9 (1C, PyC), 148.4 (1C, ArC), 156.3 (1C, PyC), 158.0 (1C, 

ArC), 190.1 (C, CH=0).

(b) Using an analogous procedure and molar ratios of reagents as in 5.5.3(ib) employing 

2-phenyl(2’-hydroxy-5’-/l-butyl)-6-formyl-pyridine (100 mg, 0.39 mmol) and 1.2 equivalents 

of 2,6-diisopropylaniline (83 mg, 0.47 mmol) to give 2-{(2’-OH-5’-/-Bu)C6H3}-6-{CHN(2,6- 

/-Pr2C6H3)}C5H3N (LIXd) as pale yellow solid Yield: 67 % (101 mg, 0.26 mmol). ES mass 

spectrum: m/z 415 [M+H]+. IR (neat, cm'1): v 1648 (C=Nimine), 1592 (C=Npyridme). 'H NMR 

(CDCI3, 300 MHz): 5 1.11 (d, 12H,3JH-h 7.0 Hz, Mei), 1.28 (s, 9H, C(Me)i), 2.88 (septet, 2H, 

3Jh-h 7.0 Hz, CH), 6.90 (d, 1H, 3JH-h 8.5 Hz, ArCH), 7.02-7.15 (m, 3H, ArCH), 7.30 (dd, 1H, 

3Jh.h 8.8 Hz, 4Jh.h 2.3 Hz, ArCH), 7.73 (d, 1H, 4Jh.h 2.3 Hz, ArC//), 7.88-7.98 (m, 2H, 

PyCH), 8.06 (d, 1H, 3JH.H 7.3 Hz, PyCH), 8.25 (s, 1H, CH=N). 13C NMR (CDCI3, 75 MHz, 'H 

composite pulse decoupled): 8  23.5 (4C, CH(Me)2), 28.1 (2C, CH), 31.6 (3C, C(Meh), 34.2 

(1C, C(Me)3), 117.8 (1C, ArC), 118.2 (1C, ArCH), 119.1 (1C, ArCH), 120.9 (1C, PyCH),

122.9 (1C, ArCH), 123.2 (2C, ArCH), 124.8 (1C, ArCH), 129.3 (1C, PyCH), 137.2 (2C, 

ArC), 138.5 (1C, PyCH), 141.7 (1C, PyC), 148.3 (1C, ArC), 151.1 (1C, ArC), 157.4 (1C, 

PyC), 158.1 (1C, ArC), 161.2 (1C, CH=N).

6.5.4. Synthesis of 2-phenyl(2’-hydroxy)-6-(2,6-

diisopropylphenyl)amino(dimethyl)methyl-pyridine (LX):

Prepared via a two-step procedure:

(a) An oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and 

backfilled with nitrogen. To the flask charged with LIXa (150 mg, 0.40 mmol) dissolved in 

toluene (15 ml) were introduced 2 equivalents of AlMe3 (2M, 0.4 ml, 0.81 mmol). The 

reaction mixture was stirred at reflux for 12 h. After removal of the volatiles acetonitrile (18 

ml) was added and refluxed until dissolution. Upon filtration and cooling to room temperature
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clear crystals of [{LX'2H}AlMe(NCMe)] (20) were formed, which were suitable for single 

crystal X-ray structure determination. !H NMR (C6D6, 400 MHz): 8  -0.24 (s, 3H, A1Me), 0.51 

(s, 3H, NCM?), 1.31-1.43 (m, 12H, CHMei), 1.55 (s, 3H, Me), 1.80 (s, 3H, Me), 3.71 (s, 1H, 

C//Me2), 4.40 (s, 1H, CHMq2), 6.84 (dd, 1H, 3J H-h 7.6 Hz, V h 1.0 Hz, ArCH), 6.9 (dt, 1H, 

3J H-h 7.6 Hz, V h 1.4 Hz, ArCH), 7.10-7.19 (m, 4H, ArCH), 7.41 (dt, 1H, V h 7.7 Hz, V h

1.8  Hz, PyCH), 7.53 (dd, 1H, V h 8 Hz, V h 1-2 Hz, PyCH), 7.67 (dd, 1H, V h 8 Hz, V h

1.8 Hz, PyCH).

(b) Pentane (10 ml) was added to 20 followed by the dropwise addition of an equal 

volume of water. After stirring for a further three hours, the aqueous phase was extracted into 

chloroform (3 x 20 ml) and dried over MgSC>4. The volatiles were removed under reduced 

pressure to give 2 -{(2 ’-OH)C6H4}-6 -{CMe2NH(2 ,6 -z-Pr2C6H3)}C5H3N (LX) as a brown oil. 

Yield: 80 % (125 mg, 0.32 mmol). ES mass spectrum: m/z 389 [M+H]+. IR (nujol mull, cm' 

'): V 1596 (C=NPyridine)- 'H NMR (CDC13, 300 MHz): 5 0.98 (d, 12H, 3JH.H 7.0 Hz, CHMe2), 

1.48 (s, 6H, NCMei), 2.94 (septet, 2H, 3JH.H 7.0 Hz, CHMe2), 3.35 (broad s, 1H, OH), 6.85 

(dt, 1H, 3JH-h 7.6 Hz, 4Jh.h 1.2 Hz, CH), 6.92-6.98 (m, 4H, CH), 7.22 (dt, 1H, 3JH-h 7.7 Hz, 

4Jh-h 1.7 Hz, CH), 7.59 (dd, 1H, 3JH.H 7.3 Hz, 4JH-h 1.4 Hz, CH), 7.70-7.76 (m, 3H, CH). 'H 

NMR (CDC13:D20 , 250 MHz): 8 0.98 (d, 12H, 3JH-h 7.0 Hz, CHAfo), 1.48 (s, 6 H, NCMe2),

2.94 (septet, 2H, 3JH-h 7.0 Hz, C//Me2), 6.85 (dt, 1H, 3JH.H 7.6 Hz, 4JH.H 1.2 Hz, CH), 6.92-

6.98 (m, 4H, CH), 7 .2 2  (dt, 1H, 3JH.H 7.7 Hz, 4JH-h 1.7 Hz, CH), 7.59 (dd, 1H, 3JH-h 7.3 Hz, 

4Jh-h 1.4 Hz, CH), 7.70-7.76 (m, 3H, CH). I3C NMR (CDC13, 75 MHz, 'H composite pulse 

decoupled): 8  22.8 (4C, CHM>2), 27.4 (2C, CHMe2), 28.2 (2C, NCA&2), 58.1 (1C, NCMe2),

115.7 (1C, ArCH), 117.2 (1C, ArCH), 117.4 (1C, ArCH), 117.7 (1C, ArCH), 118.1 (1C, 

ArC), 122.1 (2C, ArCH), 123.5, (1C, PyCH), 125.3 (1C, ArCH), 130.3 (1C, PyCH), 137.0 

(1C, PyCH), 138.7 (1C, PyC), 144.3 (2C, ArC), 155.5 (1C, PyC), 159.0 (1C, ArC), 165.1 (1C, 

ArC).
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6.5.5. Synthesis of 2-phenyl(2’-hydroxy)-6-(2,6-diisopropylphenyl)amino(methyl)methyl- 

pyridine (LXI): An oven dried Schlenk flask equipped with a magnetic stir bar was 

evacuated and backfilled with nitrogen. The flask was charged with lithium aluminium 

hydride (4.05 ml, 4.05 mmol) and diethyl ether (10 ml) at -78 °C. A suspension of LIXa (50 

mg, 1.35  mmol) in diethyl ether (15 ml) was added dropwise, followed by warming to rt. 

After 30 min. the reaction was quenched at 0 °C with 5 ml of water and the pH adjusted to 7 

with aqueous NaOH. The aqueous phase was extracted into dichloromethane (3 x 50 ml) and 

dried over MgSC>4. The volatiles were removed under reduced pressure to give 2-{(2’- 

OH)C6H4} -6 - {CHMeNH(2,6-/-Pr2C6H3)} C5H3N (LXI) as a yellow solid. Yield 84 % (421 

mg, 1.13 mmol). ES mass spectrum: m/z 375 [M+H]+. IR (nujol mull, cm'1): v3363 (N-H, 

medium), 1591 (C = N p yridine). *H NMR (CDCI3, 300 MHz): 8  0.93 (d, 6 H, 3J H-h 7.0 Hz, 

CHM?2), 1.13 (d, 6 H , 3J h .h 7.0 Hz,CHM?2), 1.59 (d, 3H, 3J H-h 7.0 Hz,NCHM>), 3.01 (septet, 

2H, 3J H-h 6 .8  Hz, C//Me2), 4.16 (q, 1H, 3J H-h 6 .8  Hz, NC//Me), 6.85-6.89 (m, 2H, CH), 6.93 

(m, 4H, CH), 7.22-7.28 (m, 1H, CH), 7.61 (m, 1H, CH), 7.70-7.78 (m, 2H, CH). 13C NMR 

(CDCI3, 75 MHz, ]H composite pulse decoupled): 19.6 (1C, NCHMe), 23.0 (2C, CHMei),

23.2 (2C, CHMe2), 26.7 (2C, C M e 2), 59.5 (1C, NCHMe), 116.6 (1C, ArCH), 117.4 (1C, 

ArCH), 117.8 (1C, ArCH), 117.9 (1C, ArC), 118.8 (1C, PyCH), 122.5 (2C, ArCH), 122.6 

(1C, ArCH), 125.3 (1C, ArCH), 130.5 (1C, PyCH), 137.0 (1C, PyCH), 139.9 (1C, PyC),

141.2 (2C, ArC), 156.7 (1C, PyC), 158.9 (1C, ArC), 159.0 (1C, ArC).

6.5.6. Synthesis of [{2-((2’-OMe)C6H4)-6-(CMeN(2,6-/-Pr2C6H3))C5H3N}FeCl2] (21): An

oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled with 

nitrogen. The flask was charged with FeCl2 (221 mg, 1.74 mmol) in rc-butanol (20 ml) at 90 

°C and LVIIIa (673 mg, 1.74 mmol) was introduced to form a red solution. After being 

stirred at 90 °C for 1 h, the reaction was allowed to cool to room temperature. The reaction 

mixture was concentrated and hexane added to induce precipitation of [{LVIIIa}FeCl2] (2 1 ) 

as a red solid. The suspension was stirred overnight, filtered, washed with hexane (2 x 30 ml)
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and dried under reduced pressure. Crystals of 21 suitable for single crystal X-ray diffraction 

study were obtained from a chloroform solution. Yield: 78 % (700 mg, 1.40 mmol).

6.5.7. Synthesis of [{6 -((T -O M e )C 6H 4)-2< C M eN (2 ,6 -i-P r2C 6H 3))C 5H 3N }C o C h ]  (22):

Using an analogous procedure and molar quantities of reagents as in 6.5.6 employing LVIIIa 

(92 mg, 0.23 mmol) and C0 CI2 (30 mg, 0.23 mmol), gave [{LVIIIa}CoCl2] (22) as a green 

powder. Crystals of 22 suitable for single crystal X-ray diffraction study were obtained from a 

chloroform solution. Yield: 64 % (77 mg, 0.15 mmol).

6.5.8. Synthesis of [{2-((2,-OH-3,-R1-5’-R2)C6H2)-6-(CR3N(2,6-/-Pr2C6H3))C5H3N}FeCh] 

(23)
1 ‘J  1

(i) (R = R -  H, R = Me); 23a: An oven-dned Schlenk flask equipped with a magnetic stir 

bar was evacuated and backfilled with nitrogen. The flask was charged with FeCl2(thf)i 5 (92 

mg, 0.40 mmol) in thf (10 ml) at rt and LIXa (149 mg, 0.40 mmol) was added to form a dark 

red solution. After being stirred at rt for 24 h, the reaction was concentrated and hexane added 

to induce precipitation of [{LIXajFeCb] (23a) as a red/brown solid. The suspension was 

stirred overnight, filtered, washed with hexane (2 x 30 ml) and dried under reduced pressure. 

Yield: 6 6 % (132 mg, 0.26 mmol).

(ii) (R1 = Ph, R2 = H, R3 = Me); 23b: Using an analogous procedure and molar quantities of 

reagents as in 6.5.8(i) employing LIXb (99 mg, 0.22 mmol) and FeCl2(thf)i 5 (55 mg, 0.22 

mmol), gave [{LIXbjFeCb] (23b) as a dark red powder. Yield: 83 % (105 mg, 0.18 mmol).
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6.5.9. Synthesis of |{2-((2’-OH-3’-R1-5’-R2)C6H2)-6-(CR3N(2,6-i-Pr2C6H3))C5H3N}CoCl2l 

(24)

(i) (R* = R2 = H, R3 = Me); 24a: Using an analogous procedure and molar quantities of 

reagents as in 6.5.8(i) using LIXa (149 mg, 0.40 mmol) and CoCl2 (52 mg, 0.40 mmol), gave 

[{LIXaJCoCy (24a) as a green powder. Recrystallisation from a hot acetonitrile gave green 

crystals of 24a suitable for single crystal X-ray structure determination. Yield: 83 % (112 mg, 

0 .2 2  mmol).

(ii) (R1 = Ph, R2 = H, R3 = Me); 24b: Using an analogous procedure and molar quantities of 

reagents as in 6.5.8 (i) using LIXb (99 mg, 0.22 mmol) and C0 CI2 (29 mg, 0.22 mmol), gave 

[{LIXbJFeCy (24b) as a green powder. Yield: 85 % (108 mg, 0.19 mmol).

6.5.10. Synthesis of [{2-((2’-0)C6H4)-6-(CMeN(2,6-i-Pr2C6H3))C5H3N}FeCl]„ (25): An

oven-dried Schlenk flask equipped with a magnetic stir bar was evacuated and backfilled with 

nitrogen. The flask was charged with LIXa (100 mg, 0.27 mmol) and sodium hydride (13 mg, 

0.54 mmol) in thf (10 ml). The resulting suspension was refluxed for 48 h, followed by 

cannular filtration into a Schlenk flask containing FeCl2(thf)i.5 (75 mg, 0.32 mmol) and stirred 

at rt for 24 h. The reaction mixture was concentrated and hexane added to induce precipitation 

of [{LIXa'H}FeCl]2 (25) as a dark red solid. The suspension was stirred overnight, filtered, 

washed with hexane (2 x 30 ml) and dried under reduced pressure. Yield: 68  % (83 mg, 0.18 

mmol).
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6.5.11. Synthesis of [!2-((2,-0-3'-Rl-5,-R2)C6H2)-6-(CR3N(2,6-/-Pr2C6H3))CsH3N}CoX]2 

(26)

(i) (R1 = R2 = H, R3 = Me, X = Cl); 26a: Using the same procedure and molar quantities of 

reagents as in 6.5.10 using LIXa (100 mg, 0.27 mmol), sodium hydride (13 mg, 0.54 mmol), 

C0CI2 (3 5  mg, 0.27 mmol) and thf as the solvent, gave [{LIXa"H}CoCl]2 (26a) as a green 

solid. The suspension was stirred overnight, filtered, washed with hexane (2 x 30 ml) and 

dried under reduced pressure. Recrystallisation from a hot acetonitrile gave red crystals of 26a 

suitable for single crystal X-ray structure determination. Yield: 79 % (98 mg, 0.21 mmol).

(ii) (R1 = R2 = R3 = H, X = Cl); 26b: An oven-dried Schlenk flask equipped with a magnetic 

stir bar was evacuated and backfilled with nitrogen. The flask was charged with C0 CI2 (36 

mg, 0.28 mmol) and dissolved in w-butanol (10 ml) at 90 °C. LIXc (90 mg, 0.25 mmol) was 

introduced and the reaction mixture stirred at 90 °C for 30 min. The reaction mixture was 

concentrated and hexane added to induce precipitation of [{LIXc'h}CoC1]2 (26b) as a green 

powder. The green suspension was stirred overnight, filtered, washed with hexane (2 x 30 ml) 

and dried under reduced pressure. Red crystals of 26b suitable for a single crystal X-ray 

diffraction study were obtained from the slow cooling of a hot acetonitrile solution. Yield: 80 

% (98 mg, 0.11 mmol).

(Hi) (R1 = R3 = H; R2 = /-Bu; X = Br); 26c: An oven-dried Schlenk flask equipped with a 

magnetic stir bar was evacuated and backfilled with nitrogen. The flask was charged with 

CoBr2 (94 mg, 0.43 mmol) and dissolved in «-butanol (10 ml) at 90 °C. LIXd (150 mg, 0.35 

mmol) was introduced and the reaction mixture stirred at 90 °C for 30 min. The reaction 

mixture was concentrated and hexane added to induce precipitation of [{LIXd’H}CoBr]2 (26c) 

as a green solid. The green suspension was stirred overnight, filtered, washed with hexane (2 

x 30 ml) and dried under reduced pressure. Red crystals of 26c suitable for a single crystal X-
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ray diffraction study were obtained from the slow cooling of a hot acetonitrile solution. Yield: 

75 % (145 mg, 0.13 mmol).

6.5.12. Ethylene Polymerisation Screening

Polymerisations were performed in glass-lined 23.5 ml reactors equipped with disposable 

PEEK mechanical stirrers, an external heater for temperature control, septum inlet regulated 

supply of nitrogen and ethylene, in a nitrogen purged glove box. The complexes 21, 23a, 23b 

and 24b were employed. The reactor was dried and degassed at 115°C for 5 h and then purged 

with nitrogen at room temperature for another 5 h. It was finally purged with ethylene. A 

mixture of toluene and MAO (100 eq, source Albamarle 10% wt in toluene, % wt altered 

when necessary) was added at rt, followed by heating the reactor to process temperature (40 

°C) while stirring at 800 rpm. The pre-catalyst dissolved in chlorobenzene (0.1 ml, 0.2 mM), 

was injected at process conditions. Ethylene was fed to the reactor on demand to keep 

pressure constant at 17.23 bar. 15 The reaction was quenched with 5 mol% Oxygen in Argon 

after the total duration of 1 h or a predetermined amount of ethylene had been consumed (1.38 

bar). The reactor was then cooled, vented and the polymer recovered by vacuum 

centrifugation of the reaction mixture. The catalysts were validated with the literature 

precedent [{2 ,6 -/-Pr2C6H3N=C(Me)-C(Me)=N2 ,6 -i-Pr2C6H3}NiBr2] and [{2 ,6 -(2 ’,6 ,,-z- 

Pr2C6H3N)2C5H3N}FeCl2] complexes and MAO as activator.

Table 7 Elemental analysis results for complexes 21, 22, 24a and 26

Compound
Microanalysis (%)a 

C H N

C26H3oN2OFeCl2(21)
60.94

(60.83)

5.69

(5.90)

5.35

(5.46)

C26H3oN 2OC oC12.3/4CHC13(22)
53.07

(53.03)

4.69

(5.12)

4.09

(4.62)

C25H28N 2OC oC12 (24a)
59.72

(59.77)

5.60

(5.62)

5.72

(5.58)

C50H54N4O2Co2C\2 (26a) 64.52 5.83 6.01
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(64.45) (5.83) (6.01)

63.40 5.85 6.26
C48H5oN40 2Co2Cl2(26b)

(63.8) (5.58) (6.20)

56.42 5.27 5.56
C56H66N40 2Co2Br2 (26c)

(60.88) (6.02) (5.07)

“calculated values in parentheses.

Table 8 FAB MS, IR and rt magnetic moments for complexes 21-26

Compound8
FAB mass v(C=N)

i k Ueff (BM) 
spectrum (m/z) (cm )

C26H30N2OFeCl2(21)

1614,
512 [M]+,

1602, 4.97
477 [M-Cl]

1588

C26H30N2OCoC12.3/4CHC13(22)

1618,

480 [M-C1]+ 1606, 4.04b 

1592

C25H28N2OFeCl2(23a)

893[2M-3C1]+,
1604,

497 [M] , 5.00 
1592

462 [M-C1]+

C3iH32N2OFeCl2 (23b)
538 [M-C1]+,

5.20
503 [M-2CI] ,

C25H28N2OCoC12 (24a)

895 [2M-3C1]+
1609,

465 [M-C1]+ 3.98 
1590

430 [M-2C1]

C3iH32N2OCoC12 (24b) 544 [M-C1]+ 1589 3.99b

C5oH54N40 2Fe2Cl2 (25)

889 [M-C1]+,
1613,

462 [M/2]+ 7.1 
1586

427 [M/2-Cl]+

C5oH54N40 2Co2C12 (26a)
895 [M-C1]+ 1619,

6.36c
430 [M/2-Cl] 1591

C4sH50N4O2Co2C12 (26b)
867 [M-Clf 1628,

5.97
416 [M/2-C1] 1591

C5 6H66N40 2Co2Br2 (26c)
1627,

1036 [M-Br] 5.80b 
1591

a Molecular Formula obtained from elemental analysis except for 23a, 23b, 24b and 25; b Analysed using an 

Evans Balance;0 Analysed using a SQUID.

196



6.6. Density Functional Calculations

Quantum mechanical calculations have been carried out using the Gaussian 98 package of 

programs. 23 The density functional theory (DFT) was applied, in particular the functional 

Becke's three-parameter hybrid exchange method combined with LYP correlation functional 

(B3LYP).24 The method was used in its unrestricted implementation.

The quasi-relativistic effective core potential (ECP) LANL2DZ was used for the metal 

atoms (iron and cobalt).25 The basis set for both atoms is the valence double-^ contraction 

associated to this ECP. 23,25 The valence double-^ with polarisation 6-31G(d)26,27 basis was 

used for nitrogen and chlorine and the valence double-^ 6-31G for carbon and hydrogen. In 

all cases, the spin contamination, evaluated from the computed value of S , was found to be 

small.

6.7. Variable temperature magnetochemical studies (SQUID)The variable temperature 

magnetic susceptibility data recorded for 1, 2, 6, 10a, 15a, 15b and 26a were measured in the 

temperature range 2 - 300 K with a Quantum Design MPMS2 SQUID magnetometer at the 

University of Edinburgh, operating at 100 G (0.01 T). Data were corrected for magnetisation 

of the sample holder and for diamagnetic contributions, which were estimated from Pascal 

constants.3

6.8. Crystallography

Data for 1, 2, 4, 5, 6, 7, 8, 9, 10c, 11a, 11c, 12, 14a, 14b, 15a, 15b, 17a, 19a, LVIIIb, LIXa,

20, 21, 22, 24a, 26b and 26c were collected on a Bruker APEX 2000 CCD diffractometer,

data for 16a and 16b were collected on a Bruker/Siemens P4 diffractometer and data for 10a,

18a and 26a were collected on a Bruker-NoniasKappa CCD diffractometer. Details of data

collection, refinement and crystal data are listed in Tables 9-16. The diffractometers used a

graphite-monochromated molybdenum Ka radiation; X = 0.7107 A. The data were corrected

for Lorenz-polarisation effects and empirical absorption corrections were based on \|/ scans.
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Structure solution by Patterson methods and structure refinement on F 2 employed SHELXTL 

version 6.10.16, 17 Hydrogen atoms were included in calculated positions (C-H = 0.96 A) 

riding on the bonded atom with isotropic displacement parameters set to 1.5 Ueq(C) for methyl 

hydrogen atoms and 1.2 Ueq(C) for all other hydrogen atoms. All non-hydrogen atoms were 

refined with anisotropic displacement parameters.
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Table 9 Crystallographic and data processing parameters for complexes 1, 2, 4 and 5

Data 1 2 4 5
Empirical formula C38.5H44CI nFe3N9 CsoHssCkFeNg C30H35CI2C0N9 Ci8H|8Cl2MnN4

Formula weight 1190.34 648.42 651.50 416.20
Temperature (K) 160(2) 150(2) 150(2) 160(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2/c C2/c C2/c P2(l)/n

Unit cell dimensions
a (A) 40.645(6) 20.425(5) 20.4934(11) 9.017(3)
b (A) 10.5792(15) 9.535(2) 9.5181(5) 15.865(6)
c (A) 22.098(3) 16.656(4) 16.8644(9) 13.257(5)
<x(°) 90 90 90 90
P(°) 100.410(4) 107.384(4) 105.7270(10) 98.723(5)
y(°) 90 90 90 90

Volume (A3) 9346(2) 3095.8(13) 3166.4(3) 1874.7(11)
Z 8 4 4 4

Density (calculated) 
(Mg/m3) 1.692 1.391 1.367 1.475

Absorption coefficient 
(mm-1)
F(000)

1.590 0.696 0.746 0.997

4824 1352 1356 852
Crystal size (mm3) 0.28 x 0.24 x 0.07 0.17x0.16x0.03 0.24 x 0.24 x 0.07 0.33 x 0.24x0.19

Theta range for data 
collection (°) 1.87 to 27.00 2.09 to 25.00 2.06 to 26.00 2.02 to 26.50

Index ranges -51 <=h<=51 -24<=h<=24 -25<=h<=25 - 1 1  <=h<= 1 1

-13<=k<=13 1 l<=k<=l1 1 1 <=k< = 1 1 -19<=k<=19

-28<—1<=27 19<=1<=19 -2 0 <=1 < = 2 0 -16<=1<=16

Reflections collected 38649 10766 12058 14112

Independent reflections 10196 [R(int) = 
0.0422]

2729 [R(int) = 
0.0471]

3108 [R(int) = 
0.0192]

3868 [R(int) = 
0.1658]

Completeness to max 
theta (%) 1 0 0 . 0 99.8 99.9 99.5

Absorption correction Empirical Empirical Empirical Empirical
Max. and min. 
transmission 0.928 and 0.767 0.93 and 0.85 0.928 and 0.685 0.831 and 0.364

Refinement method Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Data / restraints / 
parameters 10196/0/555 2729 / 0 / 229 3108/0 /229 3868 /0 /2 2 6

Goodness-of-fit on F2 0.944 1.067 1.083 1 . 0 2 2

Final R indices R1 = 0.0423 R1 = 0.0485 R1 = 0.0294 R1 =0.0419
[I>2 sigma(I)] wR2 = 0.1027 wR2 =0.1304 wR2 = 0.0884 wR2 = 0.0990

R indices (all data) R1 = 0.0611 R1 =0.0584 R1 =0.0325 R1 =0.0484
wR2 = 0.1064 wR2 = 0.1356 wR2 = 0.0898 wR2 = 0.1013

Largest diff. peak and 
hole (e.A-3) 1.016 and-1.030 0.780 and -0.339 0.404 and -0.305 0.898 and -0.610
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Table 10 Crystallographic and data processing parameters for complexes 6, 7, 8 and 9

Data 6 7 8 9
Empirical formula C2oH21Cl2FeN5 Ci8H]8C12CoN4 C18H18C12CoN4 C2oH2iCl3Coi.5N5
Formula weight 458.17 420.19 420.19 526.16
Temperature (K) 160(2) 150(2) 150(2) 160(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
Crystal system Orthorhombic Monoclinic Cubic Monoclinic

Space group Pnn2 P2(l)/c P2(l)3 Cc
Unit cell dimensions

a (A) 14.984(3) 13.1037(8) 12.3978(3) 12.0204(6)
b (A) 15.312(3) 9.1929(5) 12.3978(3) 7.3573(15)
c (A) 9.1634(17) 15.7386(9) 12.3978(3) 14.0893(7)
a  (°) 90 90 90 90
P O 90 92.5490(10) 90 94.0500(10)
Y(°) 90 90 90 90

Volume(A3) 2102.3(7) 1894.01(19) 1905.61(8) 4621.6(4)
Z 4 4 4 8

Density (calculated) 
(Mg/m3) 1.448 1.474 1.465 1.512

Absorption coefficient 
(mm-1) 0.987 1.196 1.189 1.452

F(000) 944 860 860 2140
Crystal size (mmJ) 0.08x0.12x0.16 0.14x0.15x0.05 0.29 x 0.34 x 0.37 0.24 x 0.24 x 0.06

Theta range for data 
collection (°) 1.90 to 27.00 1.56 to 26.99 2.32 to 26.95 1.49 to 27.00

Index ranges -19<=h<=19 -16<=h<—16 -15<=h<=15 -15<=h<=15
-19<=k<=19 - 1 1  <=k<= 1 1 -15<=k<=l5 -34<=k<=34
- 1 1 <=1 < = 1 1 -2 0 <=1 < = 2 0 -15<=1<= 15 -17<=1<=17

Reflections collected 16933 15544 16095 19165

Independent reflections 4578 [R(int) = 
0.0320]

4130 [R(int) = 
0.0336]

1400 [R(int) = 
0.0299]

9575 [R(int) = 
0.0325]

Completeness to max 
theta (%) 1 0 0 . 0 99.9 1 0 0 . 0 99.9

Absorption correction Empirical Empirical Empirical Empirical
Max. and min. 
transmission 0.91 and 0.83 0.862 and 0.223 0.862 and 0.506 0.928 and 0.714

Refinement method Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F“

Data / restraints / 
parameters 4578/ 1 / 254 413 0 /0 /2 2 6 1400/0 /76 9575 /2  /534

Goodness-of-fit on F2 0.911 0.947 1.095 0.899
Final R indices R1 =0.0247 R1 = 0.0290 R1 =0.0166 R1 =0.0296
[I>2sigma(I)] wR2 = 0.0507 wR2 = 0.0744 wR2 = 0.0448 wR2 = 0.0602

R indices (all data) R1 =0.0288 R1 =0.0351 R1 =0.0167 R1 =0.0341
wR2 = 0.0512 wR2 = 0.0757 wR2 = 0.0448 wR2 = 0.0609

Largest diff. peak and 
hole (e.A“3) 0.380 and -0.225 0.449 and -0.212 0.172 and -0.174 0.557 and -0.346
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Table 11 Crystallographic and data processing parameters for complexes 10a, 10c, 11a and

11c

Data 10a 10c 11a He
Empirical formula C 16H21Cl2FeN3 C34H56Cl4Fe2N6 C 16H2 1C12CoN3 Ci9H26Cl2CoN4

Formula weight 382.11 792.26 385.19 440.27
Temperature (K) 1 2 0 (2 ) 150(2) 150(2) 150(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
Crystal system Orthorhombic Monoclinic Monoclinic Triclinic

Space group Pbca C2/c P2(l)/c P-l
Unit cell dimensions

a (A) 16.1515(2) 28.7059(19) 14.5732(7) 8.6478(8)
b (A) 12.92940(10) 9.5482(6) 7.5761(4) 10.6957(10)
c (A) 16.3990(2) 14.2018(10) 16.3162(8) 11.9131(11)
a(°) 90 90 90 82.715(2)
P O 90 112.2260(10) 108.4810(10) 68.821(2)
Y(°) 90 100.35(3) 90 85.749(2)

Volume(A3) 3424.59(7) 3603.3(4) 1708.54(15) 1018.70(16)
Z 8 4 4 2

Density (calculated) 
(Mg/m3) 1.482 1.460 1.497 1.435

Absorption coefficient 
(mm-1)
F(000)

1.192 1.136 1.316 1.115

1584 1648 796 458
Crystal size (mm3) 0.66 x 0.32 x 0.28 0.34x0.11 x 0.04 0.28x0.24x0.21 0.24x0.15 x 0.07

Theta range for data 
collection (°) 2.97 to 25.00 1.53 to 25.00 1.47 to 27.00 1.84 to 27.00

Index ranges -19<=h<=16 -34<=h<=34 -18<=h<=18 - 1 0 <=h<=l 1

-15<=k<=12 - 1 1  <=k<= 1 1 -9<=k<=9 -13 <=k<=13
-19<=I<= 17 -16<=1<= 16 -2 0 <=1 < = 2 0 -15<=1<=15

Reflections collected 21314 12725 13898 8606

Independent reflections 3013 [R(int) = 
0.0473]

3170 [R(int) = 
0.0393]

3716 [R(int) = 
0.0206]

4357 [R(int) = 
0.0342]

Completeness to max 
theta (%) 99.8 99.9 99.7 98.3

Absorption correction Empirical Empirical Empirical Empirical
Max. and min. 
transmission 0.640 and 0.557 0.93 and 0.80 0.862 and 0.767 0.928 and 0.783

Refinement method Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Data / restraints / 
parameters 3013 /0/201 3170/0 /211 3716/0/201 4357 /0 /239

Goodness-of-fit on F2 1.146 0.990 1.039 0.862
Final R indices R1 -  0.0255 R1 =0.0331 R1 =0.0257 R1 = 0.0329
[I>2 sigma(I)] wR2 = 0.0689 wR2 = 0.0711 wR2 = 0.0681 wR2 = 0.0651

R indices (all data) R1 =0.0281 
wR2 = 0.0701

R1 = 0.0427 
wR2 = 0.0741

R1 =0.0291 
wR2 = 0.0689

R1 = 0.0476 
wR2 = 0.0671

Largest diff. peak and 
hole (e.A-3) 0.388 and -0.362 0.363 and -0.243 0.477 and -0.204 0.544 and -0.233
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Table 12 Crystallographic and data processing parameters for complexes 12, 14a, 14b and 

15a

Data 12 14a 14b 15a
Empirical formula C18H2 5CI2C0 N3 C44H52Cl4Mn2N8 C24H28Cl2MnN5 C24H29Cl2FeN5

Formula weight 413.24 944.62 512.35 514.27
Temperature (K) 150(2) 160(2) 150(2) 150(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Triclinic

Space group P2(l)/c P2(l)/n P2(l)/c P-l
Unit cell dimensions

a (A) 15.410(3) 12.0717(6) 19.337(3) 7.5084(13)
b (A) 7.4772(14) 14.9732(8) 14.843(2) 12.873(2)
c(A) 16.863(3) 13.6389(7) 17.351(3) 12.978(2)
a(°) 90 90 90 82.257(3)
P O 94.761(3) 116.121(1) 99.618(3) 86.705(3)
yO 90 90 90 83.201(3)

Volume(A3) 1936.2(6) 2213.5(2) 4910.0(13) 1233.1(4)
Z 4 2 8 2

Density (calculated) 
(Mg/m3) 1.418 1.417 1.386 1.385

Absorption coefficient 
(mm"1) 1.167 0.854 0.777 0.850

F(000) 860 980 2128 536
Crystal size (mm3) 0.30x0.19x0.06 0.26x0.21 x 0.04 0.34 x 0.30 x 0.04 0.32 x 0.25 x 0.08

Theta range for data 
collection (°) 1.33 to 26.00 1.88 to 26.50 1.07 to 25.00 1.58 to 26.00

Index ranges -18<=h<=19 -15<=h<=15 -2 2 <=h< = 2 2 -9<=h<=9
-9<=k<=9 -18<=k<=18 -17<=k<=17 -15<=k<= 15

-2 0 <=1 < = 2 0 -17<=1<=17 -2 0 <=1 < = 2 0 -15<=1<=15
Reflections collected 13964 17770 34315 9702

Independent reflections 3785 [R(int) = 
0.0809]

4587 [R(int) = 
0.0384]

8554 [R(int) = 
0.0788

4770 [R(int) = 
0.0231]

Completeness to max 
theta (%) 99.4 % 1 0 0 .0 % 99.0 % 98.7 %

Absorption correction Empirical Empirical Empirical Empirical
Max. and min. 
transmission 0.86 and 0.57 0.974 and 0.847 0.86 and 0.74 0.928 and 0.710

Refinement method Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Data / restraints / 
parameters 3785/0/221 4587 /0 /2 6 8 8554 /0  /583 4770 / 0 /292

Goodness-of-fit on F2 1.039 1.054 1.096 1.031
Final R indices R1 = 0.0689 R1 =0.0273 wR2 R1 =0.1028 R1 =0.0349, wR2
[I>2sigma(I)] wR2 = 0.1574 = 0.0735 wR2 = 0.2577 = 0.0849

R indices (all data) R1 = 0.1024 
wR2 = 0.1751

R1 =0.0311 wR2 
= 0.0749

R1 =0.1265 
wR2 = 0.2695

R1 = 0.0407, wR2 
= 0.0883

Largest diff. peak and 
hole (e.A"J) 0.867 and -0.746 0.431 and -0.240 1.875 and -0.877 0.366 and -0.219
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Table 13 Crystallographic and data processing parameters for complexes 15b, 16a, 16b and

17a

Data 15b 16a 16b 17a
Empirical formula C24H29Cl2FeN5 C20H29C12CoN3 C22H33C12CoN3 C21H31C12CoN3

Formula weight 514.27 441.29 469.34 455.32
Temperature (K) 150(2) 2 0 0 (2 ) K 200(2) K 200(2) K
Wavelength (A) 0.71073 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Triclinic monoclinic monoclinic

Space group P2(l)/c P-l P2(l)/c P2(l)/n
Unit cell dimensions

a (A) 19.206(4) 6.484(3) 13.143(5) 12.727(8)
b(A) 14.800(3) 10.962(6) 15.618(6) 13.796(8)
c (A) 17.270(4) 15.778(5) 11.783(8) 13.816(8)
a(°) 90 103.21(5) 90 90.00
P O 99.752(4) 96.16(4) 102.07(5) 112.66(4)
Y(°) 90 100.35(3) 90 90.00

Volume(A3) 4838.1(18) 1061.1(8) 2365(2) 2239(2)
Z 8 2 4 4

Density (calculated) 
(Mg/m3) 1.412 1.381 1.318 1.351

Absorption coefficient 
(mm-1)
F(000)

0 . 8 6 6 1.069 0.964 1.016

2144 462 988 956
Crystal size (mm3) 0.47x0.21 x 0.04 0.56 x 0.32 x 0.14 0.52x0.12x0.09 0.52x0.33 x0.14

Theta range for data 
collection (°) 1.75 to 25.00 1.95 to 25.48 2.05 to 25.01 2.18 to 26.01

Index ranges -2 2 <=h< = 2 2 -7<=h<=l -15<=h<=l 5 0  <=h<= 15
-13 <=k<=17 - 1 2 <=k< = 1 2 -1<—k<=18 -1<=h<=17
-2 0 <=1 < = 2 0 -18<=1<=19 0 <=1 < = 1 2 -17<=h<=15

Reflections collected 26576 4388 4674 4377

Independent reflections 8503 [R(int) = 
0.1551]

3859 [R(int) = 
0.0252]

4083 [R(int) = 
0.0480]

4814 [R(int) = 
0.0489]

Completeness to max 
theta (%) 99.8 97.9 97.7 99.6

Absorption correction Empirical Psi-scan Analytical Empirical
Max. and min. 
transmission 0.93 and 0.59 0.667 and 0.507 0.908 and 0.836 0.897 and 0.74

Refinement method Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Data / restraints / 
parameters 8503 /0 /584 3859 /0 /235 4083 /0 /2 5 3 4377/0/249

Goodness-of-fit on F2 0.882 1.061 0.966 1.019
Final R indices R1 =0.0787 R1 = 0.0329 R1 =0.0610 R1 =0.0555
[I>2 sigma(I)] wR2 = 0.1608 wR2 = 0.0774 wR2 = 0.1165 wR2 = 0.1220

R indices (all data) R1 =0.1670 R1 =0.0421 R1 =0.1312 R1 =0.0906
wR2 = 0.1970 wR2 = 0.0824 wR2 = 0.1405 wR2 = 0.1399

Largest diff. peak and 
hole (e.A-3) 0.995 and -0.857 0.319 and -0.293 0.413 and -0.368 0.622 and -0.372
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Table 14 Crystallographic and data processing parameters for complexes 18a, 19a and

ligands LVIIIb and LIXa

Data 18a 19a LVIIIb LIXa
Empirical formula C3oH4 iCl2FeN5 C29H4oC14CoN4 c 3 2h 34n 2 0 C27H3oC14 .5oN20

Formula weight 598.43 645.38 462.61 558.05
Temperature (K) 1 2 0 (2 ) 150(2) 150(2) K 150(2) K
Wavelength (A) 0.71073 0.71073 0.71073 A 0.71073 A
Crystal system Triclinic Triclinic Triclinic Monoclinic
Space group P-l P-l P-l C2/c

Unit cell dimensions
a (A) 7.4106(15) 7.3225(12) 9.8646(12) 16.7938(10)
b (A) 15.244(3) 15.150(3) 11.3359(14) 20.9298(10)
c(A) 15.311(3) 15.669(3) 12.2859(15) 16.4977(8)
a(°) 115.74(3) 114.669(3) 102.516(2) 90
P O 97.86(3) 99.627(3) 91.539(2) 110.7790(10)
Y(°) 99.89(3) 97.162(3) 100.520(2) 90

Volume(A3) 1490.7(5) 1520.2(4) 1315.5(3) 5421.6(5)
Z 2 2 2 8

Density (calculated) 
(Mg/m3) 1.333 1.410 1.168 1.367

Absorption coefficient 
(mm’1)
F(000)

0.713 0.942 0.07 0.509

632 674 496 2324

Crystal size (mm3) 0.15 x 0.03 x 0.03 0.11 x 0.18x0.32 0.403 x 0.228 x 
0.107 0.42 x 0.29 x 0.20

Theta range for data 
collection (°) 2.91 to 26.00 1.47 to 23.29 1.70 to 27.00 1.62 to 27.00

Index ranges -8<=h<=9 -8 <=h< = 8 - 1 2 <=h< = 1 2 - 2 1  <=h< = 2 1

-18<=k<=18 -16<=k<=16 -14<=k<=14 -26<=k<=26
-18<=1<=18 -17<=1<= 16 -15<=1<=15 - 2 1  <=1 < = 2 0

Reflections collected 10326 9555 11208 22590

Independent reflections 5606 [R(int) = 
0.1691]

4362 [R(int) = 
0.0241]

5661 [R(int) = 
0.0226]

5903 [R(int) = 
0.0236]

Completeness to max 
theta (%) 95.9 99.5 98.4 99.9

Absorption correction Empirical Empirical Empirical Empirical
Max. and min. 
transmission 0.911 and 0.887 0.93 and 0.80 0.928 and 0.780 0.93 and 0.12

Refinement method Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Data / restraints / 
parameters 5606 / 0 / 343 4 3 6 2 /0 /349 5661 / 0/322 5903 /0 /3 1 8

Goodness-of-fit on F2 0.870 0.961 0.830 1 . 1 0 2

Final R indices R, = 0.0607 R, =0.0318 R1 = 0.0394 R1 =0.0824
[I>2sigma(I)] wR2 = 0.0945 wR2 = 0.0746 wR2 = 0.0807 wR2 = 0.2487

R indices (all data) R, = 0.2275, 
wR2 = 0.1298

R, = 0.0463 
wR2 - 0.0789

R1 = 0.0650 
wR2 = 0.0849

R1 = 0.0984 
wR2 = 0.2621

Largest diff. peak and 
hole (e.A-3) 0.410 and -0.536 0.253 and -0.226 0.199 and -0.172 1.284 and-1.308
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Table 15 Crystallographic and data processing parameters for complexes 20, 21, 22 and 24a

Data 20 21 22 24a
Empirical formula c 2 9h 36a in 3o C27H3 ,Cl5FeN2 0 C27H3 1C15CoN20 C25H2 8C12CoN20

Formula weight 469.59 632.64 635.72 502.32
Temperature (K) 150(2) K 150(2) K 150(2) K 150(2) K
Wavelength (A) 0.71073 A 0.71073 A 0.71073 A 0.71073 A
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic
Space group Pbca P2( 1 )/n P2(l)/n P2(l)/n

Unit cell dimensions
a (A) 15.399(14) 8.9967(11) 9.0275(7) 10.0852(7)
b (A) 16.370(15) 23.154(3) 23.0743(18) 15.7138(11)
c(A) 20.187(18) 13.8554(17) 13.7964(11) 15.3532(11)
a  (°) 90 90 90 90
P O 90 94.077(2) 93.9820(10) 102.5540(10)
Y(°) 90 90 90 90

Volume(A3) 5089(8) 2878.9(6) 2866.9(4) 2375.0(3)
Z 8 4 4 4

Density (calculated) 
(Mg/m3) 1.226 1.460 1.473 1.405

Absorption coefficient 
(mm'1) 0.106 1 . 0 1 2 1.089 0.967

F(000) 2016 1304 1308 1044
Crystal size (mm3) 0.39x0.12x0.11 0.29x0.12 x 0 . 1 2 0.47 x 0.09 x 0.04 0.36x0.16x0.10

Theta range for data 
collection (°) 2.02 to 25.00 1.72 to 26.00 1.72 to 27.00 1 . 8 8  to 26.00

Index ranges -18<=h<=18 - 1 1 <=h< = 1 0 - 1 1  <=h<= 1 1 - 1  l<=h< = 1 2

-19<=k<=19 -28<=k<=28 -29<=k<=29 -19<=k<=19
-24<=1<=24 -17<=1<= 16 -17<=1<=17 -18<=1<=18

Reflections collected 28652 20173 23938 18281

Independent reflections 4470 [R(int) = 
0.2247]

5641 [R(int) = 
0.0794]

6258 [R(int) = 
0.0611]

4631 [R(int) = 
0.0331]

Completeness to max 
theta (%) 99.8 99.9 99.9 99.3

Absorption correction Empirical Empirical Empirical Empirical
Max. and min. 
transmission 0.962 and 0.688 0.928 and 0.803 0.802 and 0.611 0.89 and 0.74

Refinement method Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Data / restraints / 
parameters 4470/0/316 5641 / 0/331 6258 /0  /331 4631 / 0 / 285

Goodness-of-fit on F2 0.951 0.904 0.904 1 . 0 1 1

Final R indices R1 = 0.0947 R1 =0.0535 R1 =0.0380 R1 =0.0365
[I>2sigma(I)] wR2 = 0.1935 wR2 = 0.1232 wR2 = 0.0805 wR2 = 0.0865

R indices (all data) R1 =0.1935 R1 =0.0779 R1 =0.0518 R1 =0.0451
wR2 = 0.2431 wR2 = 0.1309 wR2 = 0.0826 wR2= 0.0905

Largest diff. peak and 
hole (e.A"J) 0.460 and -0.389 1.137 and -0.709 0.840 and -0.438 0.474 and -0.254
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Table 16 Crystallographic and data processing parameters for complexes 26a, 26b and 26c

Data 26a 26b 26c
Empirical formula C52H57CI2C0 2 N5O2 C5 2H56CI2C0 2 N6O2 C6 2H7 5Br2C0 2 N 7O2

Formula weight 972.78 985.78 1227.96
Temperature (K) 1 2 0 (2 ) 150(2) 150(2)
Wavelength (A) 0.71073 0.71073 0.71073
Crystal system Monoclinic Triclinic Triclinic
Space group C2/c P-l P-l

Unit cell dimensions
a (A) 16.0804(3) 16.053(2) 10.8999(6)
b(A) 16.4777(3) 16.379(2) 14.9607(8)
c (A) 19.2336(3) 19.884(3) 18.8201(10)
<x(°) 90 76.074(3) 83.3610(10)
P O 109.5070(10) 79.267(2) 86.4200(10)
Y(°) 90 82.758(3) 88.1550(10)

Volume(A3) 4803.76(15) 4967.6(12) 3041.5(3)
Z 4 4 2

Density (calculated) 
(Mg/m3) 1.345 1.318 1.341

Absorption coefficient 
(mm"1) 0.847 0.821 1.906

F(000) 2032 2056 1272
Crystal size (mm3) 0.40x0.38x0.10 0.19x0.18x0.06 0.25x0.20x0.15

Theta range for data 
collection (°) 3.23 to 25.00 1.29 to 26.00 1.37 to 26.00

Index ranges -19<=h<=19 -19<=h<=19 -13<=h<=l 3
-19<=k<=19 -2 0 <=k< = 2 0 -18<=k<=18
-2 2 <=1 < = 2 2 -24<=1<=24 -23<=1<=23

Reflections collected 31909 39368 23389

Independent reflections 4190 [R(int) = 
0.0523]

19313 [R(int) = 
0.0554]

11620 [R(int) = 
0.0361]

Completeness to max 
theta (%) 98.8 98.9 97.0

Absorption correction Empirical Empirical Empirical
Max. and min. 
transmission 0.709 and 0.663 0.89 and 0.63 0.89 and 0.74

Refinement method Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Full-matrix least- 
squares on F2

Data / restraints / 
parameters 4190/0/299 19313/0/  1167 11620/0/679

Goodness-of-fit on F2 1.026 0.901 0.957
Final R indices R1 = 0.0309 R1 =0.0538 R1 =0.0481
[I>2 sigma(I)] wR2 = 0.0763 wR2 = 0.1088 wR2 = 0.1200

R indices (all data) R1 =0.0355 
wR2 = 0.0789

R1 =0.0852 
wR2 = 0.1185

R1 = 0.0687 
wR2 = 0.1267

Largest diff. peak and 
hole (e.A"J) 0.629 and -0.346 1.115 and -0.474 1.638 and -0.632
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7. Appendices

Calculations 1 Interpretation of rt Evans Balance Magnetochemical Data

1. Xg = cl/109-m-(R-Ro)

Where:

Xg = magnetic susceptibility

c = constant 1.030

1 = length of Evans tube (cm)

m = mass of sample (g)

R = final Evans balance reading

Ro = initial Evans balance reading

2 . Xm- =  (Xg/M W )+X a

Where:

Xm’ = molar magnetic susceptibility plus diamagnetic corrections (xa)

MW = molecular weight of sample

Diamagnetic corrections (x 1 O’6 mol'1) = pyridine (-49)

= NH3 (-18)

= OH '(-12)

= First Row TM (-12.8)

= Cf (-23)

= Br' (-34)

3. peff = 2.828V(xO

Where:

peff = effective magnetic moment (BM)



Calculations 2 Interpretation of Variable Temperature Magnetochemical Data

1. Xm- = (0.5-M/H)-1000-(MW/m) + Xa

Where:

Xm’ = molar magnetic susceptibility plus diamagnetic corrections (xa)

M = magnetisation

H = magnetic field (G)

MW = molecular weight of sample

m = mass of sample (mg)

Diamagnetic corrections (x 1 O’6 mol'1) = pyridine (-49)

= NH3 (-18)

= OH'(-12)

= First Row TM (-12.8)

= C l'(-23)

= Capsule (-2 )

2. 1/Xr

Xnv'T

Where:

T = Temperature (K)

4. jneff = V(8 -Xm'T)

Where:

peff = effective magnetic moment (BM)



Calculations 3 Ideal Effective Magnetic Moments (peff) for manganese(II), iron(II) and 

cobalt(II) centres

peff = V(n(n+2 )

= 2.828V(Xm'T) 

and x„,.T = g2/8 'N-S(S+l)

Where:

g = gyromagnetic ratio

N = the number of metal centres

S  = the spin state

n = number of unpaired electrons

(ia) manganese(II) mononuclear complex [g = 2, S  = 5/2]

neff = 2.828V[4/8-l -(2.5(2.5+l))]

= 5.92 BM

(ib) manganese(II) dimer in which the metal centres are non-interacting

neff = 2.828V[4/8-2-(2.5(2.5+l»]

= 8.36 BM

(ic) manganese(II) dimer in which the metal centres are ferromagnetically coupled [St = 5]

neff = 2.828V[4/8-1 (5(5+1))]

= 10.95 BM

(id) manganese(II) dimer in which the metal centres are antiferromagnetically coupled [ S t  =  

0 ]

peff = 0 BM

(iia) iron(II) mononuclear complex [g = 2, S  = 2]

neff = 2.828V[4/8-l -(2(2+1))]

= 4.90 BM

X



iron(II) mononuclear complex [g = 2, S  = 0]

peff = 0 BM

(iib) iron(II) dimer in which the metal centres are non-interacting

Heff = 2.828V[4/8-2-(2(2+l))]

= 6.93 BM

(iic) iron(II) dimer in which the metal centres are ferromagnetically coupled [Sj = 4]

neff = 2.828V[4/8 • 1 (4(4+1))]

= 8.94 BM

(iid) iron(II) dimer in which the metal centres are antiferromagnetically coupled [Sj = 0]

peff = 0 BM

(iiia) cobalt(II) mononuclear complex [g = 2, S = 3/2]

neff = 2.828V [4/8-1 •( 1.5(1.5+1))]

= 3.87 BM

(iiib) cobalt(II) dimer in which the metal centres are non-interacting

neff = 2.828V[4/8-2-(l .5(1.5+1))]

= 5.48 BM

(iiic) cobalt(II) dimer in which the metal centres are ferromagnetically coupled [SY = 3]

neff = 2.828V[4/8-l-(3(3+1))]

= 6.93 BM

(iiid) cobalt(II) dimer in which the metal centres are antiferromagnetically coupled [Sj = 0]

jLieff =  0 B M
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Figure 2 !H NMR spectrum of [(dpa)2Co]Cl2 (4) in CD3CN at rt
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xiv



Me,

Co

12

120 100 80 60 40

(ppm)

20 20
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Figure 5 'H NMR spectrum of [{LIVaJMnChXh (14a) in CD3CN at rt
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Figure 6 'H NMR spectrum of [{LIVbJMnCbXh (14b) in CD3CN at rt
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Figure 7 'H NMR spectrum of oligomers in CDCI3 at rt: lOa/MAO, 1 bar ethylene pressure, 20 °C, integration per H
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Figure 8 'H NMR spectrum of oligomers in CDCI3 at rt: lOa/MAO, 1 bar ethylene pressure, 20 °C, integration per H
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Table 1 Ratio of Meiolefinic H

Precatalyst8
Time

(h)
Ratioexp of Meiolefinic Hb Ratiocaic of Meiolefinic Hc

10a 0.5 1:1 1:1
10c 0.5 1:1 1:1
11a 0.25 -2:1 2.7:1
11a 0.5 -2:1 2.93:1
11a 1 -2:1 3:1
11c 0.5 -2:1 3:1
lid 0.5 -2:1 3:1
16a 0.5 -2:1 2.69:1
16b 0.5 -2:1 2.6:1
17a 0.25 -2:1 2.64:1
17a 0.5 -2:1 2.67:1
17a 1 -2:1 2.66:1

a General conditions: 1 bar ethylene Schlenk test carried out in toluene (40 ml) at 20 °C, using 4.0 mmol MAO 
(A1:M = 400:1), 0.01 mmol precatalyst. Reactions terminated by addition of dilute HC1; b Ratio of Meiolefinic H 
i f  no internal branching was present.
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