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Abstract 

A range of mononuclear metal alkoxide complexes have been prepared as catalysts 
for transesterification reactions. Cobalt (II) and zinc (II) complexes of the type 
[M(TCT)(OR)]BAr4 were prepared (where M= Co: R= Ph, Et; Ar = Ph, 3,5-(CF3)2-C6H3; 

and where M= Zn, R= Ph; Ar = Ph, 3,5-(CF3)2-C6113 (or ArF); TCT = NXN"-cis, cis- 
1,3,5-tris(cinnamylidenearnino)cyclohexane). Tluee neutral titanium complexes of the type 
Ti(L)(O'Pr) have been prepared, where L is either tris(2-phenoxyl)arnine (TPA), tris([2- 

oxy-3,5-dimethyl)benzyl)atnine (TDMA) or tris((2-oxy-3,5-di-tert-butyl)benzyl)amine 
(TDBA); the ligands vary in the amount of steric shielding that they provide around the 

titanium centre. 

The complexes were tested as catalysts for transesterification, using the conversion 
of 2-phenyl acetic acid ethyl ester to 2-phenyl acetic acid benzyl ester, in the presence of 
an excess of benzyl alcohol, as a standard test reaction. The most active catalyst under the 

standard conditions was the complex [Co(TCT)(OPh)]BArF4, with a turnover frequency 

(TOF) of 65 [±3] h-1 at 373 K. However, additional experiments showed that the titanium 

complex Ti(TDBA)(O'Pr) had increased TOF values (55 [±l] h7l) at lower concentration 
(0.05 mol%), suggesting that aggregation of the catalyst occurs at the higher 

concentrations. 
Mechanistic studies have suggested that the transesterification reaction is catalysed 

by a concerted reaction between ester and alcohol at the metal centre; the metal acts as a 
Lewis acid, activating the carbonyl group of the ester, whilst the alkoxide ligand acts as a 
base, deprotonating the alcohol, allowing it to attack the carbonyl function by nucleophilic 

attack. Testing the mononuclear complexes as catalysts for an intercstcrification reaction 
showed no catalytic effect. Addition of small amounts of alcohol to the reaction resulted in 

slow conversion via successive transesterification reactions. This lack of activity suggests 
that binuclear metal complexes are necessary to catalyse the interesterification reaction. 

Investigation of the reactivity of the cobalt complexes towards C02 has shown that 
the arylcarbonAte absorptions in the infra-red region are shifted substantially in different 

solvents, providing direct spectroscopic evidence for the presence of a bound solvent 
molecule in the arylcarbonate complexes formed by insertion Of C02 into the Co - OR 
bond. 
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Figure A3.2: An ORTEP representation (30% probability ellipsoids) of 

[Co(TCT)(OEt)]BPh4 - Y2 EtOH, H atoms omitted for clarity. 

Figure A4.1: An ORTEP representation (30% probability ellipsoids) of 

[Co(TCT)(OPh)]BArF4, cation only, H atoms omitted for clarity. 

Figure A4.2: An ORTEP representation (30% probability ellipsoids) of 

[Co(TCT)(OPh)]BArF 4, H atoms omitted for clarity. 
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Chapter 1: Introduction 

1.1 Aims 

The aim of this project was to develop a new metal-based industrial catalyst for 

the interesterification of triglycerides, to be used by Synetix (Johnson-Matthey PLC). 
Currently, sodium methoxide is the most commonly used metal-based catalyst in 

industry. Whilst cheap and effective, sodium methoxide gives undesirable side 

products, which must be removed prior to consumption, adding to production costs. The 

new catalyst would need to be more selective and, ideally, recoverable. It was also 

envisaged that such a catalyst might have applications in general transesterification 

processes, and that mechanistic information might be obtained from the study, thereby 
increasing understanding of transesterification processes, and aiding in the design of 
future catalysts. Synetix's expertise in titanium chemistry suggested that titanium 

alkoxides would be a particularly suitable basis for the new technology. A secondary 

aim was to engineer the catalyst(s) to give selectivity for exchange at the I- and 3- 

positions of triglycerides. This feature would allow the catalyst to compete effectively 
with lipase enzymes, which must normally be used when selectivity is required. ' 

1.2 Metal alkoxides 

Metal alkoxide complexes have been used exclusively for the catalytic 
investigations described in this thesis. Metal alkoxides are species containing the M-0 

-C moiety, where C is part of an alkyl or aryl group, and are known for almost all of 

the transition metals. 2 Many examples of homoleptic metal alkoxides and aryloxides 
have been prepared; due to the tendency of the alkoxide figand to form bridges between 

metal centres, these are frequently polynuclear species, especially in low-valent metals 

(see Section 1.2.1). For instance, the homoleptic manganese and iron alkoxides 

[M(0(2,4,6-'BU3-C6H2))212 are dirners despite the significant steric bulk of the 

aryloxide ligands, 3 as are the cobalt alkoxides discussed below. Increasing the steric 

bulk around metals of higher valency can enforce a monomeric species, since the metal 

is more coordinatively congested; for example, [Ti(OR)41 (where R= Me, Et) is found 

to be tetrameric in the solid state, whereas the behaviour of Ti(OiPr)4 depends strongly 
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upon the solvation conditions; an early study concluded that it is monomeric, 4 whereas a 

more recent study using IR spectroscopy concluded that it exists as an equilibrium 

between monomer, dimer and trimer, 5 with association being strongest in the neat 

material. Bradley proposed a series of rules to predict the molecular association of metal 

alkoxides, 6 which are summarised in Table I. I. Heterometallic alkoxides, containing 

two or more different metals held together by alkoxide bridges, have been recognised 

since 1924,7 but it is only quite recently that concerted efforts have been made to 

investigate their properties and explore their potential as catalysts and structural 

material precursors. 8 

Metal alkoxide 
M(OR). 

Coordination 

number of M 

Stereochemistry 

of M 

Minimum degree 

of association 

MOR 2 OMO = 180' 2 

2 OMO = 120" 3 

3 Pyramidal 4 

M(OR)2 3 Planar One OMO = 90' 2 

3 Planar, OMO = 120' 3 

4 Tetrahedral 3 

4 Square planar 4 

6 Octahedral Infinite 3-D polymer 

M(OR)3 4 Tetrahedral 2 

4 Square planar 2 

4 and 6 Tetrahedral & Octahedral 4 

6 Octahedral 8 

M(OR)4 5 Trigonal bipyramidal 2 

6 Octahedral 3 

8 Cubic 4 

M(OR)5 6 Octahedral 2 

8 Cubic 4 

M(OR)6 8 Cubic 2 

Table 1.1: Predicted molecular association of metal alkoxides (adapted from 

Bradley et al., J Chem. Soc., 1953,2025). 
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1.2.1 Bonding in metal alkoxide species 

The alkoxide ligand, and the related aryloxide ligand, both bear a fon-nal 

negative charge. The bonding between the alkoxide ligand and the metal centre can be 

described as somewhere between the extreme cases of ionic bonding and covalent 
bonding, depending on the formal oxidation state and electropositivity of the metal 

cent re (Figure I. I). 

öe 80 
M--0--0 M -*-- 0m0 

(D (D 
10 lip 

Covalent Polarised Ionic 
M-0 bond M-0 bond M-0 bond 

Figure 1.1: Schematic of diffierent bonding characters possible for metal alkoxides 
(terminal alkoxide ligand). 

For instance, titanium tetra-alkoxides, Ti(OR)4, can be considered to have 

appreciable covalent character in their Ti -0 bonds, due to the highly polarising nature 

of-l'i'v. All metal alkoxides, without exception, have polarised M-0 bonds, and this is 

the basis oftheir reactivity and many of their applications (Section 1.2.4). Despite the 

pokirity of' the M-0 bond, most metal alkoxides are relatively soluble in nonpolar 

organic solvents and show a degree of volatility, which is consistent with covalent 

compounds. 

The alkoxide ligand donates two electrons to the metal centre via a cr- 
interaction, but is also capable of acting as a 7r-donor, 9 contributing additional electron 

density to the metal centre through one, or even two, lone pair(s) of electrons in vacant 

p-orbitals, into vacant metal d-orbitals ol'appropriate symmetry and energy (Figure 1.2). 

It should be noted that, in the case of aryloxide ligands, this contribution is limited by 

the competing effiect of the aromatic ring pulling electron density towards it, although 

electron deficient metals are still capable of inducing strong 7T-donor character (for 

instance, Ti -0-C bond angles in TiJOAr)4 can approach 165'). 10 Increase of bond 

angles toward linear, coupled with a shortening of the M-0 bond, are the key 

indicators of' 7r-donor character; where a metal alkoxide species can be characterised 

crystallographically, these data can be compared easily with other metal alkoxides. 

I lowever. this model ol'bonding has been disputed by Kaltsoyannis el al., ' 1 particularly 
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in the case of lanthanide alkoxides; they argue that the bonding is predominantly ionic 

in nature. 
cr- or 7r-bondina? 

b di l cr- on ng on y 
M-0 1091, 

0ý" 
uGk--6 

Ix 7i-bond 
M:; j---=o 120') 

CXJý=: O 
2x 7r-bond 

M : EDO -R -1801, 

M-0- Ar bonding 
competition 

M-0 with aryl ring 
-. * -------- for 7t-donation 

Figure 1.2: Bonding modes observed for metal alkoxides. 

Note that the above examples describe the bonding of a lerminal alkoxide 
ligand. The alkoxide ligand can also act as a bridging ligand between two or even three 

metal centres (Figure 1.3). In addition to donating electrons to metal atoms through a- 
bonding, an alkoxide ligand bridging between two metal centres can also contribute 

additional electron density from their filled p-orbitals into available d-orbitals of other 

metal atoms; these interactions can be localised, giving distinct differences in bond 

strengths and discernible it-bonding interactions, or the bonding can be delocalised, 

giving a symmetrical arrangement. 
RR RR R R 

MMMM 

0U 

MMMM 
U 

--, 
ý 

MM M M 

P2 alkoxide: 
M 

P2 alkoxide: ý12 alkoxide: localised ýt3 alkoxide 
cr-bonds only delocalised 7r-bond Tc-bond 

Figure 1.3: Bridging modes for alkoxide ligands. 

1vFsT 
(J 'iRK I 



Chapter I Introduction 26 

For example, [CO(OC ý GH II 13)(92-OC I GH IIý 3)12 displays very little difference 

in the bond angles between the oxygen and cobalt atoms, suggesting delocalised 

bonding; the C0202 core adopts a butterfly conformation, bent along the axis of the two 

bridging oxygens. The titanium alkoxides, Ti(OR)4 (where R= Me, Et, "Pr) adopt 

tetramcric structures of the form [T4(Vt3-0R)2(pt-0R)4(0R)jo] in the solid state, which 

display terminal, Vt2-bridging and ýL3-bridging alkoxide bonding modes within the same 

aggregate (Figure 1.4). Delocalised bonding also gives the possibility Of ý14-bridging, 

although such a species has not yet been characterised. 

R C(C-CrH, 1)3 

11-10 --C Co R 
7 ä"- 

1540 R 

OMeMe OMe 

Il\ 
Me0. �, / T 

0. �, // 
OMe 

ýT , l\ 
MeOlýI 01 . **0 Me 

Me0. �, -0. �// 
oMe 

Ti Mi 
Me0*0' 1 "**OMe 

Offle Me 

Figure 1.41: Schematic diagram showing the structure of a dimeric cobalt (11) 

alkoxide and titanium tetra-alkoxides. 

1.2.2 Synthesis of metal alkoxides 

A variety of methods are known for the synthesis of homoleptic metal alkoxides, 

some of' which are used only for research purposes, whilst others are sufficiently 

practical and economical tbr large-scale commercial production. Titanium alkoxides, 

lbr instance, can be synthesised on a large scale by the direct reaction between titanium 

tetrachloride and ethanol, with ammonia bubbled through the reaction mixture to 

neutralise the liberated FICI; the ammonium chloride byproduct precipitates out of 

solution, and the volatile titanium alkoxide is purified by distillation. It should be noted 

that it is only the addition ofa base (in this case an-imonia) that allows the reaction to 

proceed to completion. Many metal chloride species will react with alcohols, but the 

reaction oflen forms mixed halide-alkoxide species. Silicon alkoxides can be formed 

directly firom the reaction of alcohols with silicon tetrachloride, whereas group 2 metals 

react to give alcohol adducts. Titanium tetrachloride reacts with alcohols to produce 

mixed species such as PIC IALIO'Pr)(ýt-C 1) 12, [TiC]2(0'Pr)(HO'Pr)(lLL-Cl)12 

and 1'1'i('12(0'Pr)(I 10'Pr)(ýt-O'Pr)I2, depending on the molar ratio of iso-propanol 
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added. 12 The reverse reaction, adding HCI to titanium tetra-alkoxides, also produces 

mixed chloride alkoxide species. Alkali metals will react directly with alcohols to 

produce metal alkoxide and hydrogen gas. The reaction is more rapid for the heavier 

alkali metals, and for the more acidic alcohols. Other metals, such as group 2 and 3 

metals, will react with alcohols in the presence of a catalyst; iodine is typically used for 

the synthesis of group 2 metal alkoxides, while group 3 metal alkoxides are usually 

synthesised with mercuric chloride as catalyst. 
Electrochemical synthesis, first demonstrated by Szilard, 13 has emerged as a 

reliable-and relatively non-polluting-method, with only hydrogen as a by-product 

(equations 1.1 a- d). This method has been successfully applied to the synthesis of 

metal alkoxides of less electropositive metals, allowing their direct synthesis. The use of 

metal atom vapour technique for the synthesis of metal alkoxides has not been 

extensively explored, although there have been reports of alkaline earth metal aryloxide 

compounds synthesised by this method. 

M Mn@ +ne- (anode) (eq. LI a) 

n ROH + ncýD n ROQ+ n H* (eq. 1.1 b) 

nH* 0- n12 H2 (cathode) (eq. 1.1 c) 

Mn(D +n ROE) o M(OR), (eq. LI d) 

Where there is sufficient driving force, alcoholysis reactions can convert one 

alkoxide species to another; the alkoxide to be displaced must be less basic than the 

alkoxide ligand to replace it, or the alcohol produced can be distilled out of the mixture 
if it has a lower boiling point than the alcohol being added. Transesterification reactions 

with organic esters can also be used to exchange the alkoxide ligand; this is particularly 

useful for the synthesis of alkoxides that are sterically hindered (such as tert-butoxides), 

or where the corresponding alcohol (e. g.: silyloxides) is unstable. Reaction of alcohols 

with the metal dialkylarnides can be a successful synthetic route, particularly when the 

metal is more electropositive (and "oxophilic"). This method is assisted by the tendency 

of the arnines produced to be more volatile than the alcohol, so that they are readily 

removed from the equilibrium. 
Heterometallic alkoxides can be synthesised by a variety of different methods. 14 

Simple mixing of the component metal alkoxides is most often used for alkali 

alkoxometallates, in conjunction with many of the less basic metals. This procedure can 
be used for many other mixed metal alkoxides, although their formation is often limited 

by the establishment of an equilibrium with the free components. Although group 2 
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metal halides do not normally react with alcohols to form metal alkoxide species, the 

reaction is týcile in the presence of another metal alkoxide, producing mixed metal 
alkoxides (these have also been reported for Al, Ga, Zr, Hf, Nb and Ta). Furthermore, 
halides and nitrates of other metals will also react with alkali alkoxides and 

alkoxometal late species to produce mixed metal alkoxides. 

1.2.3 General aspects of metal alkoxide chemistry 

Metal alkoxides are inherently reactive species. They readily undergo 
11LICleophilic attack, due to the polarity of the metal-oxYgen bond and the availability of 

vacant orbitals at the metal centre. The oxygen atoms are also susceptible to 

clectrophilic attack (i. e.: act as nucleophiles). Hydrolysis of the metal-oxygen bond in 

metal alkoxides (eq. 1.2) occurs readily via initial coordination of the water molecule to 

the metal ccntre, and is generally thermodynamically favoured, especially when the 

resulting hydroxide species then react to form oxo-bridged species (eq. 1.3). 
M-()" + 112() 

--M- OH + ROH (eq. 1.2) 

M-011 + M-OR 
-M-0-M+ Rol I (eq. 1.3) 

This tendency to hydrolyse to metal oxides necessitates careful handling 

procedures for homoleptic metal alkoxides, but is also the basis of the sol-gel 

application (Section 1.2.4 g). Controlling the environment around the alkoxide ligand, 

through use of bulky supporting ligands, can strongly affect the reactivity and stability 

of' the alkoxide ligand. For example, the complex LTi(O'Bu) (where L-H3 ý trisj(2- 
liy(iroxy-3,5-di-leri-butyl)betizyl, lamine) is extremely resistant to hydrolysis, only 
Ibrining the hydoxide species indirectly, by sequential reaction with trifluoroacetic acid 

and sodium hydroxide; 15 the alkoxide species is reformed by the addition of traces of 

alcohol. The p-oxo dirner can be Ibrmed by evaporation of solutions of the hydroxide 

complex, but is readily cleaved by traces ofwater. 

Another route lbr the decomposition of metal alkoxides is through P-hydride 

elimination to forin aldchydes or ketones - an important example of this reaction is in 

the enzyme liver alcohol dehydrogenase (Section 1.2.4 e), although in this particular 

case the reaction is advantageous. 
Metal alkoxides show a range of insertion chemistry with unsaturated 

molecules. In addition to CO-, (discussed in Chapter 4), a number of species tend to 
insert, often reversibly, into the metal-oxygen bond. These include species isoelectronic 

Mod 
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with C02 such as alkyl and aryl isocyanates (RNCO), isothiocyanates (RNCS) and 

carbodiimides (RNCNR) (Figure 1.5). The insertion of isocyanates is the basis of 

polyurethane synthesis - see Section 1.2.4 d. Other species that will insert include 

alkenes, ketenes, carbon monoxide, carbon disulphide and sulphur dioxide. As Lewis 

acids, they also show a tendency to react with carbonyl functions, 16 which forms the 
basis of a wide range of specialised catalytic applications. 

MRR 
\- Ix 
cc mR /I m IR O-R 

0\c _Ph 
00 \\, r // - -, Ph c RR 

Ph INI R O=C=cd 

m 
mIm 

0/\00 O=C=O R R-N=C=N -N\ N-R 

0 
INI S=C= 

0 

yy 

R (O=C=N-R R llýl (S=C=N-R 
R 

/m\Zm\ 
0 N-R s N-R 

yy 

olýI 
R 

01-1 
R 

Figure 1.5: Range of insertion reactions displayed by metal alkoxides. 

An interesting class of metal alkoxides is the dinuclear, metal-metal bonded 

species W2(OR)6- 17 These compounds contain aW-W triple bond, and are members of' 

the family of d3 -d 
3 ethane-like dimers. The normal geometry lior M2X6 dimers involves 

ligand bridging; due to the electron deficiency of the metal ccntres in this case, the 

formation of metal-metal bonds gives a more favourable bonding arrangement, although 

they require bulky R groups to avoid the formation of tetranuclear species. Their 

reactivity has been explored in some depth, 'x and is still under investigation. They are 

known to react with a variety of unsaturated substrates (Figure 1.6), adding either one'9 

or two 20 equivalents of carbon monoxide, depending on the nature of the R groups, and 

cleaving the C=0 bonds of aldehydes 21 and ketones, 22 for instance. Carbon dioxide 

will also insert into the W-0 bond - see Chapter 4. Note that some of these reactions 
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are not common to other metal alkoxides, but occur due to the particular (electron- 

deficient) nature ol'the dimers. 

RQ OR 
RO, %ýý 

ý/ W-W 

RO OFPR 

Co 0 Co 

Co 

/MeXMe 

Me Me 0 

RO 0R0, 
I 

/Il, ' . OR 0Ab. "'/w //K" 
//- 

ýýW_Wý4 
w ý-Iapy R00R 

RO 
00R0R 
RRRt 

R= Bu 

OR 
CO 

CO 
OR 

loop RO 0 
0 OR 

R= tBuMe2Si, (CF3)Me2C 

Figure 1.6: F'xamples of'reactivity exhibited by W2(OR)6 species. 

1.2.4 Applications of metal alkoxides 

Note: Esterification reactions are dealt with separately (see Section 1.3). 

1.2.4 a Sharpless asymmetric epoxidation 

Fhe award of' a hall' share in the Nobel Prize for Cherrýistry 2001 to K. B. 

Sharpless for his development of enantioselective catalysts for the asymmetric 

epoxidation of allylic alcohols, makes this one of the most important current 

applications of' metal alkoxides in catalysis. This reaction uses titanium alkoxides in 

conlunction with the chiral ligand diethyl tartrate (DET, Figure 1.7) with tert-butyl 

hydroperoxide as the stoichiometric oxidant. 
Et02C4. OH 

Et02C \ OH 

HO )10"'o', 
C02Et 

HO C02Et 

S, S-I)Icthyl tartrate R, R-Diethyl tartrate 
1, -(+)-I)ET 

Figure 1.7: Chiral ligand used Im Sharpless asymmetric epoxidation. 
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In their initial report, 23 Sharpless and Katsuki detailed the stoichiometric process for a 
variety of allylic alcohols with different substitution patterns, each substrate being 

converted to the corresponding epoxide in good yield (70 - 90%) with enantiorneric 

excesses of 90 - 95%, the choice of enantiorner produced being controlled by the 

appropriate enantiorner of DET (Figure 1.8). 
goofy 

@voll 

D-(-)-DET 

Ti(O'Pr)4, t BuOOH, 

CH2CI2, -20*C 

4A mol. sieves 
No. L-(+)-DET 

R 

HO I 

0 
R 

R3 R2 

Figure 1.8: Enantiofacial selectivity of Sharpless epoxidation catalyst. 

The process was eventually made catalytic by the addition of molecular sieves 
(to prevent hydrolysis of the titanate species). 24 Careful choice of DET: Ti(O'Pr)4 molar 

ratio was essential for good perfon-nance in the catalytic process (the range 1.2 - 1.5 eq. 

was found to give best results), presumably a slight excess of the ligand minimises any 
loss of stereoselectivity due to ligand dissociation. Kinetic investigations, in conjuction 

with structural information about the catalyst, gave a great deal of insight into the 

mechanism of this process. 25 For instance, a dimeric species has been proposed as the 

active catalyst, 26 with dissociation of a carbonyl group providing a free coordination site 

to enable exchange of the iso-propoxide ligands; allylic alcohols readily exchange with 
iso-propoxide to form the corresponding alkoxide and iso-propanol, and lerl-butyl 

hydro-peroxide exchanges to form a coordinated peroxide ligand, which then uses the 

vacant coordination site to transfer the oxygen atom to the alkene function. The catalyst 

can also be used to great effect in the kinetic resolution of raccmic allylic alcohols, with 

relative rates of enantioselective cpoxidation of 100 : 1.27 This process has allowed the 

efficient production of a wide range of' important synthetic targets by use of readily 

available and relatively cheap reagents. Note that the process only works for allylic 

alcohols, as it is the alcohol function that enables coordination to the titanium centre; 
however, this does give the advantage of specificity for allylic alkene functions only 
(Figure 1.9). 
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OH 
geraniol 

Figure 1.9: Fxample ol'specificity lbr allylic alkene functions. 

1.2.4 b Lactide polymerisation 

Ring-opening polymerisation of cyclic esters, such as dilactide (LA) and r- 

caprolactone (Figure 1.10), is attracting commercial and academic interest because of 

the potential of polylactidcs (PLAs) as structural materials that are available from 

renewable sources. Polylactides benefit from being biodegradable 28 and since the 

pmducl of decomposition is lactic acid, toxicity issues are much reduced. Polylactides 

have been used as dissolvable sutures, and are being investigated for use as medical 
implants that can be broken down in the body over time. The starting material, dilactide, 

is a cyclic diestcr of' lactic acid. Since dilactide units have two chiral centres, there is 

interest in the diflýrent properties of polymers composed of the different forms. The 

polymcrisation of'r-caprolactone and 6-valerolactone are of related interest, due to their 

structural similarities. Existing catalysts used by industry are often insoluble solids; it 

has been speculated that the bulk catalysts are inactive themselves, with hydrolysis 

products being the active species. Additionally, whilst the catalysts are effective, they 

do not yield much insight into the mechanism, and the lack of structural knowledge 

inhibits any systematic attempts at development. 

000 

1-ýO 
ýYo 

0, 0Y jtý 
0nn 

0 
Dilactide Poly(dilactide) t. -Caprolactone Poly(c-caprolactone) 

Figure 1.10: Common lactide monomers and their associated polymers. 

Metal speeies with a terminal alkoxide ligand are under investigation as 

precatalysts Ibr the lactide polymerisation reaction. High activities are desirable for a 

useful catalyst, but the relative rates of initiation and propagation are also important; 

initiation should be Ilister than propogation to reduce the polydispersity index. The 

maximum chain length attainable is determined by the rate of the back reaction as the 
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maximum chain length attainable is determined by the rate of the back reaction as the 

polymerisation approaches completion and monomer becomes less available. The rate 

of transesterification, or "back-biting", where the catalyst breaks a growing polymer 

chain instead of reacting with free dilactide, can increase the polydispersity index, and 

also compromise the structural integrity of copolymers. It should be noted that lactide 

polymerisation is in fact a sort of transesterification reaction. Several of the catalysts 
developed are known to act as "living" polymerisation catalysts. The development of 

metal catalysts that would give stereoselective polymerisation, and avoid racemisation 

of the chiral centres, is a particularly attractive goal for coordination chemists. Although 

isotactic PLA can be produced by the use of enantiomerically pure LA, researchers aim 

to produce catalysts that would exclusively polymerise only one enantiomer of a 

mixture of D and L LA, to produce isotactic PLA. Likewise, a catalyst that would 

stereoselectively polymerise meso-LA, to give syndiotactic PLA, would be highly 

desirable. Recently Gibson el al. have reported a series of aluminium catalysts 

supported by tetradentate aminophenoxide ligands, which give a high degree of 

stereocontrol in the polymerisation of racemic lactide. 28 

t Bu t Bu 

AN-N, H-B N-N-Mg-OEt 
%*" 0 

Bu 

AN-N, /OEt 
H-B--N-N-Mg 

'"-o o 
Bu :ý )ý 

tBu 

0 
o Bu O 

t Bu e')ý 
0 

AN-N, AN-N, H-B N-N-Mg-O-ýYo-ýAOEt H-B--N-N-M 
N), % 

0 
Bu 

0 
1ý0 

nl-qýo 
t Bu ký9 

olr)zq 
e"Illý 

0 
N-N 0 0 H-B'ýN-N-'Mg-O OEI 

4. 
ý44ý, 

t 0 
Bu 

Bu 

'Bu 

Figure 1.11: Lactide polymerisation catalyst, and proposed mechanism. from M. 11. 

Chisholm & N. W. Ei lerts. Chem. Commun., 1996,853. 
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Zinc and magnesium arc particularly attractive candidates for catalysts as they 

arc biologically benign, thus reducing the impact of catalyst remaining in the end 

product, they are also cheap, and give low colour. Chisholm el aL have developed 

several highly active catalysts, 29 and have suggested a catalytic mechanism (Figure 

LI I )..; () I I'hey proposed that a molecule of dilactide coordinates to the metal centre 

through the acyl oxygen atom, followed by nucleophilic attack by the alkoxide figand 

(the growing polymer chain) at the acyl carbon atom. The authors suggest a four- 

membered cyclic transition state, which ring-opens to regenerate the alkoxide chain, 

with an ester end-group. Evidence fior this mechanism was provided by III NMR 

spectroscopy, which revealed the presence of ester end groups, as opposed to ether end 

groups, which would have been observed if a different mechanism were operating. 
More recently, Verkade and co-workers have tested titanium alkoxide 

complexes as catalysts lor polymerisation of lactides. 31 They reported high activities for 

complexes bearing the triethanolamine ligand. Iron alkoxides have shown some promise 

as catalysts, the initial reports of' ferric alkoxides (FeýOFtW prompted investigation 

into better-defined species, and iron alkoxides bearing a variety of supporting ligands 

have also been reported as active catalysts. 32 Researchers are also interested in 

lanthanides, yttrium and tin alkoxides, tin, whilst giving a number of active catalysts, 
does have the potential drawback oftoxicity, limiting the range of products for which it 

could be used. 

1.2.4 c C02 / epoxide copolymerisation 

The interest in copolyrnerisation OfC02 and epoxides, to form polycarbonates, 

is akin to the interest in polylactides, namely the use ol'a renewable feedstock (C02) to 

gencratc a commercially useful product, which is known to be biodegradable under 

appropriate conditions. Industrial applications have previously relied on the use of 

poorly defined species generated From the hydrolysis of zinc compounds; the first report 

described catalysis of' the polymerisation by a compound prepared from the selective 

hydrolysis of' diethyl zinc. ' 3A variety of insoluble catalysts based on zinc have been 

prepared, the most active of'which are prepared by the addition of carboxylic acids to 

zinc hydroxides or oxides. . 14 Soluble catalysts based on the reaction of zinc oxides with 

acid anhydrides in alcohol solvents are somewhat more attractive due to the ease of 

separating catalyst from the product. Catalysts based on double metal cyanide units, 
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35 
such as [CpFe(p-CN)2Zn(X)(THF)J(p-dppp), where X=I or phenolate and dppp 

bis-1,3-diphenylphosphinopropane, have also shown activity for the polymerisation, but 

these present some environmental hazards. Whilst these groups of catalysts are 

sufficiently active for commercial use, the lack of information regarding the catalyst 

structure or the mechanism of action makes future development an uncertain process. 
Researchers interested in understanding the mechanism of polymerisation, and 

probing the relationships between structure and activity of catalysts are studying well- 
defined mononuclear metal complexes because they allow the fine control over the 

active site that is necessary for such investigations. Mononuclear metal species 

containing a terminal alkoxide or aryloxide ligand have been proposed as suitable 

precatalysts for this application, and indeed a number of active catalysts have been 

generated accordingly. The research groups of Darensbourg 36 and Coates 37 have 

synthesised and tested successful catalysts for this reaction. They havc also proposed a 

mechanism for the process; the epoxide coordinates to the metal centre, and one of the 

strained ring carbons undergoes nucleophilic attack by the alkoxide ligand, opening the 

ring and forming a new alkoxide group, whilst C02 can insert into metal alkoxide bonds 

(Figure 1.12). Note that the reaction often produces ether linkages in addition to 

carbonate linkages, since the epoxide can insert into either a carbonate or an ether 
linkage. 
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Figure 1.12: C02 / epoxide copolymerisation mechanism proposed by Darensbourg. 

1.2.4 d Polyurethane synthesis 

The ability of metal alkoxides to insert unsaturated molecules into the M-0 

bond is the basis of some catalytic applications. For instance, the fiormation of 

polyurethanes by the condensation of polyols and poly-i. vo-cyanates (Figure 1.13) can 
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be catalysed by metal alkoxide species such as Ti(OR)4. The nature of the linker group 

and the polyol will determine the properties of the end polymer. Aromatic di-iso- 

cyanates are more oficii used than aliphatic di-i. vo-cyanates. Cross-linking of the 

polymer, to produce a more rigid substance, can be achieved by the use of tri- or tetra- 
iso-cyanates and / or tri- or tetra-ols, although it is more often the polyol that is used as 

a branching site. An alternative synthesis uses carbamic esters and diols in a 

transestcrification reaction to produce the polyurethane. This synthesis depends on the 

ready availability ofthc carbamic ester, which can be synthesised by the reaction of the 

appropriate nitroberizene with CO and alcohol. Currently, it is used only on relatively 

sinal I scales. 

O=C=N--E:: ýN=C=O 

n HO--[: ýýOH 
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00 
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Figure 1.13: Formation ol'generic polyurethane. 

POIYUrethanes are used in a wide variety of structural applications, including 

flexible I*oams for furniture, binders lor the production of fibre boards and surfaces for 

sport tracks, insulation materials and structural plastics. Previous industrial syntheses of 

polyurethanes often used mercury-based catalysts, which were toxic, but new- 

generation catalysts based on titanium are emerging that give equally good performance 

tinder comparable conditions without the risk of toxic metal being incorporated into the 

end product. 

1.2.4 e Liver alcohol dehydrogenase (metal alkoxides in nature) 

Fhe enzyme liver alcohol dehydrogenase (LADII) catalyses the conversion of 

ethanol to ethanal (Figure 1.14). Structural and mechanistic infiormation show that a 

zinc alkoxide species is involved in the catalytic cycle. 38 The active site incorporates a 
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zinc ion, which is bound to two cysteine sulfur atoms and one histidine nitrogen atom, 

with a proximal serine residue. It has been proposed that the sulfur atoms of cysteine 

play a vital role in stabilising the binding of the alcohol substrate relative to water 

molecules. 

NADO NADH +41ý9 
H H 

H 

-00 - C=O 
H3C / H3C 

Figure 1.14: Conversion of ethanol to ethanal, catalysed by LADH. 

The bound alcohol is deprotonated with assistance from the proximal serine 

residue, which forms a hydrogen bond to the alkoxide ligand. Binding of the coenzyme, 

NAD', places the C4 atom of the nicotinamide ring and a hydrogen from the ethoxide 

methylene group in such an orientation that dynamic fluctuations in the enzyme 

structure can bring the two atoms close enough to allow P-hydride abstraction to occur 

via a hydrogen-tunnel ling mechanism (Figure 1.15). 
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Figure 1.15: Active site of LADH, showing the preorganisation of NAD' lbr hydride 

abstraction from ethoxide ligand. 

Several effective structural mimics have been synthesised. The research group 

of Berreau have synthesised a cationic zinc aryloxide bearing a mixed N2,, Y2 ligand. 40 

The aryloxide is involved in hydrogen bonding thus mimicking one of the active 
intermediates in the liver alcohol dehydrogenase catalytic cycle (Figure 1.16). The 
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limitations of this inimic are that the sull'ur atoms are thioethers as opposed to thiolate 

proups (as in LADI 1), and the coordination ofan additional nitrogen atom. 
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Figure 1.16: Coordination sphere ol'Zn at the active site ol'LADI I A. and a structural 

model by Berreau el al. B. 

Vahrenkamp el id. have synthesised a number of close structural mimics, 

perhaps the best being a /n complex bearing a pyrazolyl-biv(thioimidazolyl)borate 

ligand and a coordinated ethanol molecule, which forms a hydrogen bond to an 

additional ethanol in the solid state (Figure 1.17). 41 The complex recreates the NS2 

coordination sphere at the zinc centre, and the thioamide groups provide a closer 

analogy to thiol groups than the thioethers of' Berreau's complex. Related complexes 

have been synthesised by the group of' Parkin, bearing S3 ligands and a coordinated 

methanol . 
42 Several rnimics based on 1ris(pyrazolyl)borate ligands have produced zinc 

alkoxide species. 43 - Me studies ofthese small molecule mimics have led the authors to 

suggest that sulfur figands are essential in stabilising the bound alcohol relative to 

bound water. and also in eril'orcing a tetrahedral coordination environment on the zinc 

ccntre. 
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Figure 1.17: Structural mimics ol'I, ADI I by Parkin (A) and Vahrenkamp (B). 
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1.2.4 f Metal oxide films 

Metal alkoxides have been used for many years in the preparation of thin films 

of metal oxides through chemical vapour deposition, for use as semi-conductor 
devices. 44 Application of a thin layer of metal oxide to a surface can be achieved by 

vapourising a suitable chemical precursor compound and condensing this vapour onto 
the surface to be coated, followed by thermal decomposition. Metal alkoxides are 

suitable precursors for this application because they decompose by thermolysis to yield 

pure metal oxides; they can also be prepared in high purity, and can be handled with 

relative ease. The species to be used must be relatively volatile and stable as a vapour 

under low pressure. For example, titanium tetra-alkoxides can be used to provide a thin 

film of titanium dioxide on a glass surface, giving superior scratch resistance and 
improved hydrophilicity; the glass is much more easily cleaned. Fluorinated alkoxides 

are often used because of their increased volatility. More complex alkoxides of other 

metals have been synthesised for this purpose. This process can be extended to other 

materials; metal amides are also synthesised for use as metal nitride precursors, and 

metal thiolates can be decomposed to form metal sulfides. 
Sometimes the MOCVD technique is not a viable option for the preparation of a 

particular metal oxide. For instance, where the only corresponding metal alkoxide 

species is oligomeric, and insufficiently volatile, the compound can be modified by use 

of appropriately bulky R groups to be soluble in volatile organic solvents. The use of 

appropriate concentrations of the metal alkoxide species and controlled evaporation 
leaves an even layer of metal alkoxides on the surface to be coated. Evaporation of the 

solvent is followed by thermolysis to produce the metal oxide as a thin layer. This 

technique is referred to as "flash evaporation". Multicomponent metal oxides are readily 

prepared using this technique; adjustment of the relative concentrations of the 

component metal alkoxides allows for fine control over the stoichiometry of the product 

metal oxide, and also ensures homogeneity. 

1.2.4 g Sol-gel preparation of ceramics and glasses 

Preparation of speciality glasses and ceramics based on metal oxides has 

traditionally relied on the "grind and bake" method, where particles of metal oxides are 

ground together in the desired compositions and subjected to high temperatures, 
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resulting in fusing ofthc particles and a limited diffusion of the individual compounds. 

This process has the disadvantages of requiring high temperatures to fuse effectively 

together the particles ofinctal oxides, as the reaction of surfaces is relatively slow, and 

the homogeneity of' the end product is, therefore, not guaranteed. The use of metal 

alkoxidcs as precursors lbr this process has attracted interest because it offers a low 

temperature mechanism fior the production of metal oxides. 45 By dissolving the 

appropriate metal alkoxides in a water miscible organic solvent and hydrolysing them 

Linder controlled conditions, extremely fine particles of mixed metal oxides can be 

formed, these are then compacted and heated together as for the traditional method, but 

the smaller particle size and the improved mixing enables the use of lower temperatures, 

and provides a more homogeneous compound. 

1.3 Esterification processes and the use of metal alkoxides 

F'sterification processes can be divided into several classes; the direct 

esterification reaction, transesterification, interesterification and polyesterification. All 

of' these reactions arc used in industrial processes in one capacity or another. There have 

been a number of' reports in the literature of metal alkoxides catalysing esterification 

reactions. 

1.3.1 Transesterification 

Transesteri I ication 46 (Figure 1.18) involves the conversion of a starting ester 

into a new ester by exchange ofthe alkoxy group; the new alkoxy group derives from 

an alcohol. This reaction is sometimes refierred to as acylation of the alcohol . 
47 

00 
+ Q? OH + RlOH 

R OR' R 'lý ce? 

Figure 1.18: General transesterification reaction. 

Trans-esterilication finds use in the synthetic laboratory for the preparation of 

target esters from commercially available starting materials. For synthetic applications, 

the equilibrium is florced to the right-hand side by use of'excess alcohol (R 2 OH) and / or 

removal of' the product alcohol by distillation. Another well-established method for 
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forcing complete conversion is to start with a vinylic ester, such as isopropenyl 

acetate. 48 The liberated vinylic alcohol tautomerises to the aldehyde or ketone, and is 

easily removed from the reaction mixture (Figure 1.19). 
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Figure 1.19: Transesterification reaction driven by tautomerisation of' liberated vinyl 

alcohol. 

An example of a large scale commercial use of transesterification is the 

preparation of bis(hydroxyethyl)terephtalate monomers for the production of 

poly(ethylene terephthalate) from dimethyl terephthalate and ethylene glycol (Figure 

1.20), although industrial preparations are making increased use of the direct 

esterification of terephthalic acid with ethylene glycol. Methyl methacrylate is often 
transesterified to provide new methacrylates for commodity uses. Speciality uses of' 
transesterification include the production of perfumes and insect pheromones. 
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Figurc 1.20: Transesterification of dimethyl terephthalate with ethylene glycol. 

Aluminium alkoxides were shown to undergo transesterification reactions by 

Baker in 1938 ; 49 this reaction was originally used simply to synthesise new aluminium 

alkoxide derivatives. Divalent metal cations have long been known to catalYse 

transesteri fi cation at temperatures of 150-200'C, and their catalytic activity was 

ascribed to Lewis acid behaviour. () Seebach el at reported the activity of titanium tetra- 

alkoxides for the transesterification 51 reaction, although the titanium alkoxides were 

present in high concentrations (10 mol% relative to ester); their study focussed on the 

range of substrates rather than activity values. Yamamoto et aL have reported examples 

of copper complexes that are catalytically active in the transesterification reaction. 52 

Complexes of the type Cu(PPh3), (OR) where n=I or 2 were prepared. Yamamoto's 
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group have also prepared nickel (11) and palladium (11) alkoxides bearing phosphine 
ligands (Figure 1.21). They lound that these complexes readily coordinated one 

cqujvalcnt of'phenol by hydrogen bonding to the aryloxide ligand. 53 Both the nickel and 

palladium complexes were reported to be catalytically active in the transesterification 

reaction. Alkali metal alkoxides have also been shown to be active for the 

transcstcrification reaction. "4 

Me Me 
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R3P-Ni-PR3 R3P-Ni-PR3 
A1B1 0u0,10-, 

14zý H, o', ', cr ' 
Figure 1.21: Nickel aryloxide complexes, one including hydrogen-bonded phenol (B). 

Mechanisms fiv transesterification proposed in the literature will be discussed in 

Chapter 3 along with the mechanism proposed from the work in this thesis. 

1.3.2 Interesterification 

Interesterilication. also referred to as the ester interchange reaction, involves the 

exchange of' alkoxy groups between two esters (Figure 1.22), with no free alcohol 
involved, although two successive transesterification reactions could be regarded as 
interesterification catalysed by alcohol. 
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Figure 1.22: Oeneral interesterilication reaction. 

I nter-esteri ficat ion can be used to produce mixed polymers, for example 

polyesters and polycarbonates can be mixed" to produce polymers of intermediate 

propertics. ý" Fats can be intercstcrified in order to modify their physical properties and 

nutritional value (Section 1.6). Gagn6 el aL have reported that alkali metal alkoxides 
have extremely high activity 1*()r the interesterification reaction, with the heavier alkali 

me(als giving the highest activity. 57 They also presented the view that catalysis was due 

to tetraineric and hcxanieric species. 58 During their work on transesterification, Seebach 

et al. noted that methyl esters could not be produced by use of methanol, due to the 

insolubility of' titanium tetramethoxide. With methyl propiolate as the source of the 
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methoxy group the interesterification 59 reaction proceeded, although Seebach refierred to 

it as transesterification. Homoleptic lanthanide alkoxides have been shown to have good 

activity for the interesterification reaction, even at low temperature, under dry 

conditions. 60 The activity of the titanium and lanthanide alkoxides may be due to cluster 

species; this will be discussed in detail in Chapter 3. 

1.3.3 Polyesterification 

Polyesterification 61 is simply a transesteri fij cation reaction utilising di-esters. 

with the alkoxy groups derived from diols. The transesterification produces a diol and 

two linked diester units; continued reaction, assisted by removal of liberated diol. 

results in chain growth (Figure 1.23). 
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Figure 1.23: Formation of poly(ethylene terephthalate). 

Perhaps the largest scale production of polyester is the synthesis of 

poly(ethylene)terephthalate (PET), which is used widely in packaging materials and in 

production of artificial fibres for clothing. 62 PET is composed of terephthalate and 

ethylene diolate groups; the monomer units typically used are 

bis(hydroxyethyl)terephthalate. The reaction must be run under low pressure and high 

temperature to ensure continuous removal of ethylene glycol from the reaction mixture. 

There are a wide variety of known catalysts for the polyesterification reaction. 

Simple acid and base catalysts are known to etfect the reaction. A number of metal 
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compounds are known to catalyse the reaction, including: tin, antimony (as Sb203), 

titanium (as 'ri(OR)4)- Many industrial plants currently utilise Sb203 as the catalyst for 

PFT synthesis due to its reliability in catalysing the polyesterification reaction without 

causing the fionnation of side products such as acetaldehyde and dehydration products 

of ethylene glycol. It is tolerant of the presence of carboxylic acid groups, but is 

sensitive to hydroxyl groups, necessitating fast removal of ethylene glycol from the 

reaction mixture. Antimony oxide is also believed to catalyse mass transfer by the 

6ormation offine particles. However, the incorporation of these small grains of Sb203 in 

the end products causes problems when polyesters are being spun into fibres for use in 

clothing, these grains cause the fibres to weaken and break. Replacements are emerging 

which do not have the disadvantages of the antimony catalyst, including the inherent 

toxicity of antimony (particularly important when the product is to be used for food 

packaging). Additional considerations to be taken into account when choosing a catalyst 
include simple customer-defined requirements such as colouration; for example, whilst 

the titanium tctra-alkoxides are non-toxic and effective for the polyrnerisation of PET, 

they are lound to cause a yellow colour in the finished polymer, which is unacceptable 

to many customers. New generation catalysts include the titanium citrate catalyst 
63 developed by SynetiX, which possesses high moisture resistance by virtue of the 

hydroxy acid ligands. 

1.4 Lactamase enzymes 

Recently, concern has been growing about the emergence of so-called "super- 

bugs" bactcria that have evolved resistance to the commonly used P-lactarn family of 

antibiotics, including the carbapenem derivatives, which have been used extensively as 

broad-spectrum antibiotics. The serine P-lactamase enzymes, 64 which were evolved by 

bacteria to hydrolysc lactarn antibiotics, have been countered in the past by the 

development of' cllýctive inhibitors, but a new class of enzymes, known as zinc-P- 

lactamases, `5 has been identified; these enzymes not only hydrolyse a broader range of 

lactam derivatives, but they are also capable of hydrolysing the inhibitors which were 

developed to counter the scrinc P-lactamases. 66 
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Figure 1.24: Schematic diagram of the active site of zinc-p-lactamase from Bacillus 

cereus. Adapted from N. Diaz el aL, J Am. Chem. Soc., 2001,123,9867. 

An example of a zinc-p-lactamase, in this case from the bacterium Bacillus 

cereus, is shown in Figure 1.24. The active site consists of a zinc atom, with its primary 

coordination sphere occupied by three histidine residues and a hydroxide group or water 

molecule. An assembly of residues facilitates proton transfer from the zinc-bound water 

to a nearby histidine (HiS210) residue, forming the hydroxide ion. The mechanism tor 

hydrolysis involves nucleophilic attack by the hydroxide ion at the acyl carbon atom 
(Figure 1.25). These enzymes are of related interest to this project as they utilize a 

similar coordination sphere around the zinc centre as the zinc alkoxides to be discussed. 
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Figure 1.25: Proposed global catalytic cycle for zinc-p-lactamase from Bacillus 

cereus. Adapted from N. Diaz el al., J Am. Chem. Soc., 2001,123,9867. 

1.5 Fats and lipids 

Since fats are often reflerred to as lipids, a definition of lipids and a summary of 

the various types are included here. Biological molecules that are soluble in organic 

solvents, and not water, are classified as lipidS. 67 There are several major classes of 

lipids, each having a particular role to play within the body. This section focuses on 

flatty acids and triglycerides, as they have relevance to the original aims of this project, 

with other classes given a brief mention to distinguish them from fatty acids and 

triglycerides. See Appendix 2 (Supplementary Data) for a complete set of diagrams. 
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1.5.1 Fatty acids 

Fatty acids are long-chain carboxylic acids, typically containing between 12 and 
20 carbon atoms. They may be completely saturated (purely alkyl) or unsaturated. 

containing one or more double bonds. Fatty acids are components of triglycerides. 

phospholipids and sphingolipids. Two fatty acids are considered to be essential fatty 

acids: linoleic and (x-linolenic, often referred to as omega-3 fatty acids, because the 

body is incapable of introducing unsaturation beyond carbon atom 9 in fatty acids. 
Other fatty acids can be interconverted within the body by the addition or removal of 

two carbon atoms, and removal or addition of double bonds, if sufficient energy is 

available to do so, although highly unsaturated tatty acids (particularly arachidonic) in 

the diet are considered beneficial to health. 

The physical properties of fatty acids, and the triglycerides derived from them. 

are dependent on the length and saturation of the hydrocarbon chain. A number of 

common fatty acids are shown in Appendix 1. Most naturally occurring unsaturated 
fatty acids have the cis configuration at the double bond; the majority of Irans fatty 

acids found in the diet occur as a side product of hydrogenation processes used in 

industry, where the double bond becomes isomerised at the metal centre of the 

hydrogenation catalyst without being hydrogenated. The melting point of a fatty acid 

increases with the number of carbon atoms in the chain. and decreases with the number 

of double bonds. 
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Figure 1.26: Saturated / unsaturated fiatty acids, cis vs. irans confonnation. 
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Note that this is due to the geometry of the double bond; the cis configuration 
introduces a "kink" in the molecule, so that the compound packs less efficiently in the 

solid state, and the melting point decreases relative to the saturated compound. The 

Irtins fatty acids have melting points comparable to the equivalent saturated fatty acids, 
as they adopt more linear conformations (Figure 1.26). 

1.5.2 Triglycerides 

Triglycerides, more commonly known as fats, or oils if liquid, are tri-esters 
lormed between glycerol and three equivalents of fatty acid (Figure 1.27). Triglycerides 

are used by living creatures as a long-term energy store because they yield more than 

twice the amount ofenergy per unit mass than carbohydrates or proteins. Triglycerides 

are more completely reduced than carbohydrates and proteins and consequently more 

energy is released firom their complete oxidation. Additionally, they are stored in 

anhydrous fiorm - large quantities of water are associated with proteins and 

carbohydrates in the body - hence they are even more efficient as energy stores, storing 

six times more energy per unit mass than hydrated glycogen. 

o0 

Figure 1.27: 'I'ripaimitylglycerolate as an example of a triacylglycerolate. 

1.5.3 Other classes of lipids 

The other classes of' lipids are: glycerophospholipids, found in the lipid bilayer 

in cell membranes, sphingophospholipids, common in the myelin sheaths of nerve cells; 

sphingoglycolipids. commonly associated with brain cells and cell-cell recognition; and 

cholesterol, which moderates the fluidity of the lipid bilayer in cell membranes. Sample 

structures are given in Appendix 1. 
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1.5.4 Fats and human health 

Fats, as with all other nutrients, have an optimal level in the diet. Too little, and 

growth suffers; too much and the body's metabolism is hindered or even poisoned. 
Storage of excessive body fat leads to the condition of obesity, increasingly common in 

the more affluent areas of the world, where an excessive calorific intake is common. 
The precise nature of the fatty acids present in the diet is known to be of importance in 

health. Certain fatty acids are particularly important for the growth and maintenance of 
body tissue in humans and other mammals. These include linoleic, linolenic and 

arachidonic, although as noted above, only linoleic and (x-linolenic need be supplied in 

the diet. The proportion of completely saturated fatty acids in the diet is of concern with 

regards to circulation, as an excessive intake of saturated fat is implicated in the 

clogging of blood vessels over a long period of time. frans-Fatty acids are generally 

considered to have a similar effect to saturated fatty acids, and there is currently debate 

about adding these to the list of nutritional information given with foods. Omega-3 flatty 

acids (such as (x-linolenic) are believed to have a role in prevention of cardiovascular 
diseases, and some current nutritional guidelines include a recommended daily intake 

(for instance, the U. S. Dietary Reference Intake is 1.6 g for men, 1.1 g for women). 

1.6 Commercial uses of triglyceride interesterification 

The most abundant (and least costly) fats available are those derived from plant 

material, most of which are liquids under ambient conditions since they typically 

contain a larger proportion of unsaturated fatty acids than animal flat. Modifying the 

melting properties of the fat increases the range of commercial applications fior which it 

can be used. I lydrogenation allows for modification of the melting properties ofthe fat 

(hardening), and is used to produce margarines and shortenings. Where intermediate 

melting points are desired - for improved "spreadability" and / or taste (i. e.: "melt-in- 

the-mouth" feel) - the degree of hydrogenation can be modulated. However, it is under 

these [incomplete] hydrogenation conditions that Irans-fatty acids are produced, 

because of isomerisation of the double bonds at the metal centres of the catalyst. 

An alternative method for modifying the melting properties of fats is to use 
interesterification. This process can be catalysed either by chemical species, or by lipase 

enzymes. Chemical interesteri fi cation is exploited on a large scale to produce fats for a 
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variety of' end uses. Commercial interesterification involves heating appropriate 

proportions ofthe fieedstock triglycerides to 373 K in the presence of sodium methoxide 
for one hour. The resulting product is a mixture of triglycerides resulting from random 

exchange ot'latty acids (Figure 1.28), along with sodium carboxylates and methyl esters 

offiatty acids. 

ER 

---* --4 

+ 

Figure 1.28: Resulting mixture of triglycerides from random interesterification. 

Fhe sodium carboxylates and methyl esters must be removed by extensive 

washing procedures beflore the product is suitable for human consumption. 
Fractionation of' the resulting blend yields a product with the desired melting point 

range. A number of'companies now exploit lipases to accomplish this process, since it is 

possible to achieve 1,3-selectivity, thus exerting more control over the melting 

properties (see also Section 1.5). The lipase enzymes are expensive, although certain 
lipases can, Whandled correctly, be immobilised onto a solid support, allowing them to 

be re-used a number ol'times. 
An example ol'a specific application for interesterification is in the production 

of' cocoa butter equivalents. Cocoa butter is primarily composed of triglycerides with 

oleic acid in the 2-position and stearic or palmitic acids in the I- and 3-positions 

(abbreviated to SOS and SOP). Using a base triglyceride containing mainly oleic acids 

(000), or ofeic acid with palmitic acids (POP) and interesterifying with glycerol 

tristearate (SSS) or stearic acid, the desired triglycerides can be produced from non- 

cocoa sources. 68 Currently, lipase enzmes enzymes appear to be used exclusively for 

this process because of the need fior 1,3-selectivity in producing the correct 

triglycerides. Unicherna use a packed-bed reactor containing lipase from Rhizomucor 

miehei to transesterifý sunflower oil (with high oleic acid content) with stearic acid. 69 

Chemical intercsterification is used to produce so-called highly digestive 

triglycerides, which contain one long chain fatty acid and two shorter fatty acids; the 

shorter chains are preferentially hydrolysed by pancreatic lipase. The resulting 

. Mml" 
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monoglycerides are absorbed readily in the lower intestine. Enzymatic 

i nteresteri fi cation can be used for this process, but is usually competitive only when the 

specificity of the enzyme is required, or when highly unsaturated fatty acids (which 

would undergo side reactions) are being used. 69 Because these triglycerides are readily 
digested, they are often used in infant food supplements. 

1.7 Lipase enzymes 

Enzymes that break down triglycerides into glycerol and I'atty acids are 

generally referred to as lipases, and are classified as serine hydrolases. 70 The active site 

of these enzymes varies slightly depending on the organism, but almost invariably 

contains a catalytic triad consisting of serine, histidine and either aspartate or glutamate 

residues. 71 This active site is located within a hydrophobic cavity of the enzyme, which 
is covered by a "lid" that opens (Figure 1.29) to expose the active site when the enzyme 

encounters a lipid micelle - the enzymes show little or no activity in aqueous solution. 72 

Lid 
open 

Figure 1.29: Schematic views of lipase enzyme from Mucor miehei, showing lid 

closed (A) and open (B). Adapted from original. 72 

Lipases generally do not show activity for the hydrolysis of related substrates 

that are targeted by other serine hydrolases (such as peptide and phospholipid cleavage). 

One exception to this is guinea pig (phospho)lipase, which does not have a lid domain, 

and is equally capable of hydrolysing both triglycerides and phosphoglycerides. 73 

Although all lipases contain effectively the same catalytic triad, the three residues are 

oriented differently from one enzyme to another; the enzyme (and associated catalytic 
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CýCIC) Illustrated in Figure 1.30 is the lipasc Iound in the organism Rhizopus oiývzue. 74 

Fhe scrinc residue is activated by a hydrogen bond relay with histidinc and aspartate; 

the activatcd serinc acts as a nucleophile, attacking the acyl carbon atom of a 

triglyccridc. The tetrahedral intermediate is stabilised by hydrogen bonding between the 

oxy-anion and 11cal-by anlinc and hydroxyl sidc-chains. This reaction sequence florms an 

acylated enzyme, the catalytic cycle is completed by hydrolysis to release the fatty acid 

and rcgeneratc (lie scrine residue in (lie enzyme. 
Th ý82 Thr82 B Asp9j I A Asp9j I\ 

IUU NHVaI145 
NH VaI145 // 8// 

AsP203 H, H NH ASP203 HH NH 

0R0H/ -0 
RH 

(E) 0,0 09 \0-! ý IR H . -H-0 HH. 0 
-N N 

Ser, 44 
(D Ser, 44 

Hi Hi S257 S257 

Thr82 Tetrahedral Asp9j 1\ 

//intermediate 

0 NH VaI145 

C ASP203 HH NH 
0 

0R \0 "H/ 
09 Acylated 

H-N-'ýN HR serine 
ý--j Ser144 

HiS257 

74 
Figure 1.30: Steps in (fie catalytic cycle oflipase From Rhizolms oryzae . 

hpase enzymes are not restricted purely to reaction with triglyccrides. - they are 

quite capable of' transcsterilying and hydrolysing unnatural esters. Indeed, a number of' 

bacteria have been flound which are capable of' living on the surflace ot' hydrocarbons 

and can inctabollse the hydrocarbon. and their enzymes have developed a measure of 

tolerance for these conditions. Sitc-directed mutagenesis has been investigated as a 

route to engineering enzymes with high cherno- or stcreoselctivity flor a particular 

reaction, and can be extremely successfUl, giving high enantioselectivities after several 

1*01111LIS 01' 11111WbOll, ZlithOlIgh tile product must be of' suillicient value to justily such 

time-consuming rescarch. 
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1.8 Approach 

Two distinct lines of research were pursued during the course of this project. 
The first was the synthesis and catalytic testing of cationic cobalt (11) and zinc (11) 

alkoxides. These complexes used a face-capping chelating ligand with an associated 

cavity to stabilise the terminal alkoxide ligand. Previous research projects have 

established the synthetic procedures for complexes of this type, and explored the 

remarkable range of chemistry that is made possible by the controlled environment 

within the coordination sphere of the metal centre. 76,77 It was suggested that, if the 

complexes proved to be catalytically competent, the ligand could be modified to 

provide (or enhance) 1,3-selectivity in the interested fi cation of triglycerides. 

OR 
Titanium alkoxide species with tetradentatc. 

x 400, 
Ti- 

trianionic ligand. Vacant coordination site fD 
shown (F-1). X=0, NR 

Figure 1.31: Titanium alkoxide complexes using tetradentate ligands; vacant 

coordination site indicated. 

The second area of research was the synthesis and catalytic testing of titanium 

(IV) alkoxides. Tetradentate, trianionic (LX3) ligands were utilised to produce a single 

site catalyst with a vacant coordination site (Figure 1.3 1 ). A number of potential ligands 

were considered. Triphenolamines were considered particularly suitable because of their 

straightforward synthesis and the stability of titanium - phenolate bonds. 78 lsoelectronic 

triamidoamines were also considered '79 although the stability of such complexes 
towards water would be much lower than the phenolate complexes. These ligands 

would allow the formation of a five-coordinate titanium complex with a labile alkoxide 
ligand and a vacant coordination site, allowing temporary binding of the ester substrate 

and nucleophilic attack by the alkoxide ligand. It was envisaged that the chelating 
ligands would impart a degree of moisture stability upon the complexes, preventing 
hydrolysis to titanium dioxide. The triphenolamines also have potential, through 

substituent variation on the aromatic ring, to be tuned for enhanced activity. Ligand 

modification also has the potential to provide a supported catalyst. 80 

Initial work began with the catalytic testing of titanium tetra-a] kox ides, 

following the work of Seebach el al., to gain experience in the procedures necessary for 
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successful handling of these materials and develop appropriate methods for catalytic 
testing. 
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Chapter 2: Synthesis and characterisation of metal complexes 

This chapter presents the techniques used to synthesise the complexes prepared 
I. or testing as catalysts in transesteri fi cation reactions, and their associated ligands. 

Some ofthe complexes have been described previously in the literature, although their 

use as transcsterification catalysts has not-to the best of our knowledge-been 

investigated bellore. 

, Me section on the synthesis and characterisation of cobalt complexes also 
includes the assignment of their paramagnetically shifted 1H NMR spectra. Despite the 

common perception that paramagnetic complexes are unsuitable for study by NMR 

spectroscopy, there is a large body of information regarding the principles required for 

successfully collecting and interpreting such spectra; Bertini and Luchinat have been 

particularly active in this area. ' Appendix 3 (Supplementary Data) gives a summary of 

the important principles for the collection and assignment of spectra of complexes 

containing a paramagnetic centre. Freeman's assignment of paramagnetically shifted 

NMR spectra fior his cobalt alkoxide complexes 2 has formed the basis for all of the 

assignments in this thesis. The assignments will be discussed individually for each 

complex. 

2.1 Ligand preparation 

This section details the methods used to synthesise the ligands and their 

precursors flor the synthesis of the metal catalyst species described in Sections 2.2,2.3 

and 2.4. Full experimental details are presented in Chapter 6. 

2.1.1 Amino -tris -phenol ligands 

Three amino-tris-phenol compounds were prepared for use as ligands: fris(2- 

hydroxyphenyl)amine (HIA-113), triv(2-hydroxy-3,5-dimethylbenzyl)amine (TDMA- 

I 11) and tris(2-hydroxy-3,5-di-feri-butylbenzyl)amine (TDBA-H3). The ligand precursor 

for TPA-111, iri. v(2-methoxyphenyl)amine, was also prepared in the laboratory. These 

ligands were prepared according to published procedures-as noted in the 

descriptions-- -and were used as chelating ligands for titanium. Note the distinction 
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between the protonated (free ligand) and deprotonated (coordinated) forms in the 

abbreviations. 

2.1.1 a Tris(2 - methoxyphenyl)a mine 

This ligand precursor was synthesised using a copper-promoted coupling 

reaction 
3 between (1-amino-2-methoxy)benzene and 2 equivalents of (1-methoxy-2- 

4 iodo)benzene (Figure 2.1). The method followed Bushby el al., although it was found 

that the product was more easily purified by recrystallisation from acetone and hexane. 

rather than hexane-ethanol. The light brown product gave 1H NMR and mass spectra in 

accordance with those described for the authentic compound. 

NH2 I 
Cu, 18-crown-6, OMe 

OMe OMe 
K2CO3 N 

+2 eq. 1,2-C6H4CI2 
MIN 

Figure 2.1: Synthesis of iris(2-methoxyphenyl)amine. 

2.1.1 b Tris (2 - hydroxyphenyl)a mine (TPA-H3) 

Reaction of 1ri. Y(2-methoxyphenyl)amine with boron tribromide and water 

results in conversion of the methoxy groups to hydroxy groups to give the Iris-hydroxy 

compound (Figure 2.2), following the method described by Busliby el al. 

Recrystallisation from acetone and hexane gives the pure compound as a while solid. 

The ligand was characterised by 111 and 13 C NMR spectroscopy, and mass spectrometry. 

all of which match the data for the authentic compound. The ligand was dessicated 

thoroughly before complexation to titanium (Section 2.2.1 ). 

ome 1.3 eq. BBr3 OH 

N 2.3 eq. H20 N 
)3 

CH2CI2 

)3 

Figure 2.2: Synthesis of tri. v(2-hydroxyphenyl)amine (TPA-113)- 
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2.1.1 c Tris((2 - hydroxy-3,5 -dimethyl)benzyl)a mine (TDMA-H3) 

I'wo differcnt research groups have previously described the preparation of this 

ligand. 11olnics el al. 5 described the synthesis of the compound using a Mannich 

reaction between hexamethylene tetra-amine (IIMTA) and 2,4-dimethylphenol. 

catalyscd by Inira-tol LICIIC-SUI phonic acid. The method of Dargaville el al .6 was found 

to be more convenient to use and gave a purer product. This preparation varied in the 

addition of formaldehyde to the Mannich reaction, and the lack of acid (Figure 2.3). The 

pure compound was isolated as a white solid by recrystallisation from acetone and 
licxane, and was dessicated thoroughly bel'ore reaction with titanium tetra-alkoxides 

(Section 2.2.2) in order to exclude any traces of water. 

OH 
RN 

OH 

12 eq. 
11 eq- 

CEý 

reflux 
R 

/, N-j N 
0 

recrystallise Rt4 eq. 
R= Me, 'Bu HH3 

Figure 2.3: Synthesis offris 0, (2-liydroxy-3,5-dialkyl)benzyl I amine 

I alkyl - Me (TDMA-1 1.1), 'Bu ('I'DBA-1 13) 1- 

The compound was charactcriscd by III & 13 C NMR spectroscopy and mass 

spectrometry, giving data that matched the authentic compound. 

2.1.1 d Tris((2 - hydroxy-3,5 - di -tert- butyl) benzyl)a mine (TDBA-H3) 

TDBA was prepared flor use as a chelating ligand fior titanium. The substitution 

of' rnethyl groups with lerf-butyl groups gives a figand that provides a more sterically 

hindered environment around the titanium ccntre, preventing dimerisation. Kol el aL 

gave details for the preparation of' this ligand as a modification of' the synthesis of 
7 TDMA-l h. replacing 2.4-di mcthyl phenol with 2,4-d i -ieri-butyl phenol. The compound 

was obtained in good yield, and was recrystallised Crom acetone / hexane to give a white 

solid, which was thoroughly dessicated before further use (Section 2.2.3). 

Characterisation by 'if & "C NMR spectroscopy and mass spectrometry gave data 

consismit with thc autlicntic compound. 
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2.1.2 Synthesis of alternative ligands for titanium complexes 

In addition to the amino-tris-phenol ligands, two other ligand types were 

considered: triamido-amines and amino-iris-thiols. The triamido amines have been used 

extensively in early transition metal chemistryg and reviews of the range ofchemistry 

and potential applications have been published. 9 There do not appear to be any reports 

of amino-tris-thiols being used in the literature, but trimercapto-phosphine ligands have 

been used as ligands for early transition metals, 10 although much less frequently than 

triamido-amines. 

2.1.2 a Synthesis of trisf(2 - benzylamino)ethylene)a mine (H3-BZ3TREN) 

H3-BZ3TREN was synthesised as a triamidoamine ligand flor titanium. Verkade 

el aL considered this ligand for use in the preparation of titanium complexes, although 

they reported that the ligand decomposed upon reaction with Ti(NMe2)4, Condensation 

reaction between three equivalents of benzaidehyde and TREN produced fris(2- 

benzylideneamino-ethylene)amine in silu, which was reduced to the triamino-amine 

with sodium borohydride (Figure 2.4). '' The product was obtained as a pale yellow oil, 

which was degassed and then stored in a dessicator under argon. The product was 

characterised by 1H NMR spectroscopy and mass spectrometry. 

-q. 

N 
ýýNH4 

3e 
0"ý"-, 10 

*ý 
N '-, Nýz. ý0)3 

ZNaBH4 

H 
N 

Figure 2.4: Synthesis ol'H3-BZ3TREN. 
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2.1.3 Ligands utillsing cis, cis-1,3,5-triaminocyclohexane (TACH) as a 
backbone 

1.3,5-triaiiiinocyclohexane (TACI I) was first synthesised by Hassel and Lunde 
in 1950, by reduction of' 1,3,5-cyclohexane-trione-trioxime with sodium in liquid 

ammonia and alcohol. 12 The issue ot'isomeric purity was addressed by Wentworth, who 

noted a procedure flor isolating the free ligand in an isomerically pure form, 13 and 

shortly afierwards by Turner, who published a more efficient procedure for separation 

and isolation of' cis and Irans isomers. 14 cis-TACH has been shown to coordinate to 

most first-row transition metals, and functionalised TACH derivatives have been used 

as trianudo ligands for zirconium. 15 The compound can also be functionalised by 

condensation with aldchydes to give tris-imine figands; this method of functional isation 
16 

was first reported in 1957, with the aldchyde incorporating additional donor functions 

to produce hexadcntate complexes of' iron and cobalt. Condensation with hydrophobic 

aidehydes produces ligands that can potentially bind transition metal ions in a 
hydrophobic pocket. I lydrolysis ofthe imine bond can occur if the side chains have too 

much bulk directly around the metal centre. 17 

TACI I is prepared as its 1113r or triflic acid salt From the starting material cisxis- 
1,3,5-cyclolicxanc tricarboxylic acid (available commercially) in a three-step synthesis 

(Figure 2.5). Addition ot'diphenyl phosphoryl azide results in nucleophilic substitution 

oftlic hydroxyl group with azide. The subsequent Curtius rearrangement reaction yields 

the fris-isocyanate intermediate, which is converted to the fris-benzyl carbarnate by 

addition of' benzyl alcohol. Hydrolysis of' the carbarnate with HBr or HOTf provides 
TACI 1.31 IX in good yield. Preparation of' the triflate salt avoids potential bromide 

contamination ol'subscquent metal complexes. 
TACI I can be obtained as the free base by removal of the acid using an ion- 

exchange column, followed by sublimation. However, this process is time-consuming, 

the yield is only moderate, and subsequent condensation reactions of' the TACH 

produced display I'ar lower yields than when the free base is produced in silu. 

Comparable exclusion ofhalidc ions can be achieved by use ofTACH. 3HOTf as the 

intermediate, or by simply extracting (with water) any residual HBr from samples of the 

TCT ligiind (Section 2.1.3 a). 

('i. v. t-i. v-1,3,5-trianiinocyclohexane was characterised by 1H NMR spectroscopy and 

mass spectrometry. 
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Figure 2.5: Synthesis of TACH. 3HOTf. 

2.1.3 a cis, cis - 1,3,5 -tris(cinnamylideneamino)cyclohexa ne (TCT) 

Reaction of TACH. 3HOTf with three equivalents of cinnamaldehyde produces 
2 

the iris-imine ligand via an aldol condensation reaction . 
The reaction uses a biphasic 

reaction: the TACH salt is dissolved in water, with three equivalents of NaOII added to 

liberate the free amine, which is stirred vigorously with an ether solution of 

cinnamaldehyde to produce TCT in 80% Yield (Figure 2.6). This allows for facile 

separation of TCT from the starting materials, as it is insoluble in water and only 

sparingly soluble in ether. 
Ph 

XýPh H31NIZýýýNF! 31 
3@ 3 eq. NaOH 

N 
_: 

ý' N 
0 H3N 3 eq. Ph 

-N 
3XO H20 / Et20 

P h/= 

Figure 2.6: Synthesis of TCT. 

Recently, a review of solventless reactions described the frequent success of 

aldol condensation reactions using mechanochernical techniques. lx Encouraged by the 
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high yields observed lor many ofthese reactions, we decided to investigate the potential 

ofa solventless procedure flor TCT synthesis. It was found that TCT could be prepared 
in the absence of solvent by simply grinding together triaminocyclohexane (as the free 

base) and cinnamaldehyde. I lowever, isolated yields of the pure compound are only 

moderate (-, 45%). 

2.1.3 b cis, cis - 1,3, -diamino-5-((4-tert-butyl)benzylamino) 
cyclohexane (BzTACH) 

BzTACl I has been prepared previously as an unsymmetrical ligand backbone. 19 

The condensation reaction between 'FACII and three equivalents of 4-fert- 

bUtylbenzaldehyde yields the Iris-imine compound in an analogous reaction to the 

synthesis ol''I'CT. The resulting compound, upon addition to a metal centre (nickel is 

used in this synthetic procedure), undergoes selective hydrolysis of two imine groups; 

the Iris-imine ligand is too bulky to bind to the nickel centre. This reaction yields a 

nickel complex bcaring the figand civ, civ-1,3, -diamino-5-1(4-tert- 
butyl)benzylidenearnino) cyclohexane. 20 Reduction of the benzyl-imine to benzyl- 

amine, l'ollowed by demetallation with cyanide aff'ords the target compound, isolated as 

a sticky, colourless oil (Figure 2.7). 

H3NZýZ: ý7'NH31 
3@ 

H3N 
3 eq. 

3 eq. NaOH 
3X E) H20 / Et20 

H2N N ZýZ7ý-H 
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\I Ni 'NI H2N'/ 
NH? I 

N 

[Ni(H20)61 
(N03)2 

NaBH4 03N N03 
\II 
Ni 

H2N'/ ýN 
NH 

Figure 2.7: Synthesis ol'llz'I'A('l 1. 
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The mono-substituted amine compound acts as a precursor to ligands with lower 

symmetry than TACK A derivative of this compound, cis, civ-1,3, -diamino-5-f(3,5- 
dimethoxy)benzylamino)cyclohexane, and its metal complexes, have also been 

prepared previously. 21 

2.1.3 c cis, cis- 1,3-bis-{(2-hydroxy-3,5-di-tert-butyl)benzylidene 

amino)-5-{(4-tert-butyl)benzylamino)cyclohexane (fBU2Sal- 

H)2BzTACH) 

The synthesis of ligands formed from condensation of salicylaldehyde with 
TACH was reported by Lions and Martin, who successfully formed the cobalt (111) 

complex of the N303 ligand cis, cis- 1,3,5-Iris(sal icy I ideneami no)cyc lohexane. 

Substituted salicylaldehydes can also be used, as demonstrated by Bollinger el aL 22 for 

the preparation of potential in vivo metal transfer agents, and further explored by 

Walton el aL in the preparation of mimics of superoxide dismutase 23 and galactose 

oxidase 24 enzymes. Condensation of BzTACH with two equivalents of 3.5-di-lerl- 

butylsalicylaldehyde yields the N302 ligand (Figure 2.8); 22 Nairn el aL described the 

preparation of the related ligand based on (3,5-dimethoxy)benzylTACH. 20 This ligand 

was used to prepare a cobalt complex (Section 2.3.6), and also a cationic titanium 

complex (Section 2.2.4). 

2 eq. tBu But OH 

I 
1-12N-ZýN r14Bu But N -2ýý N 

H2N H0 OH 
HO -N H 

MeOH, 3A 
molecular Bu 

sieves, reflux Bu 

Figure 2.8: Synthesis of alternate N302 ligand using BzTACH as a backbone. 

2.2 Titanium complexes 

The titanium complexes described below have been described previously in the 

literature. They were chosen as single site, Lewis acid complexes with a basic alkoxide 

ligand, making them suitable candidates for transesterification catalysts. They also have 
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tile potential to be modified by the addition of substituents onto the aromatic ring, 

allowing I'M tuning of' catalytic activity or, by adding polymerisable groups such as 

vinyi, cross-linking to a solid support to give a reusable catalyst. 

2.2.1 TI(TPA)(O'Pr) - synthesis and characterisation 

Verkade el al. made refierenee to the preparation of this complex in a recent 
25 

publication, althOLIgh Full experimental details were not given (reference was made to 

a French patent firom 1968) 2". Adding one equivalent of titanium tetra-i. vo-propoxide to 

a dichloromethane / iso-propanol solution of fris(2-hydroxyphenyl)amine results in the 

substitution of' three iso-propoxide ligands with the phenolate groups of the chelating 
ligand (Figure 2.9). This reaction proceeds rapidly at ambient temperature, and is 

presumably driven by both the lormation of strong titan i urn-phenolate bonds and the 

chelate cillect. Removal of solvent yields the desired complex, although it invariably 

contains several equivalents of' iso-propanol, even after recrystallisation and extended 

periods ofevactiation. The complex has been characterised by 111 NMR spectroscopy. 

YHý Ti(O'Pr)4 )3 

CH2CI21 'PrOH 

Figure 2.9: Synthesis 

2.2.2 Ti(TDMA)(O/Pr) - synthesis and characterisation 

was prepared fior use as a potential transesteri fi cation catalyst. 

The complex has a single terminal alkoxide ligand, suggesting that it may act as a single 

site catalyst. The presence ofthe amino-tris-Phenolate ligand should also provide some 

degree ofmoisture stability relative to the parent titanium compound, I'i(O'Pr)4. 

'I'i('I'I)MA)(()'I)r) was prepared in the manner described by Kol el al. 7 (Figure 

2.10), who also reported that the complex can decompose by hydrolysis to form what 

was assigned as the oxo-bridged dimer jTi(TDMA)J2(pt-0). Davidson el aL have 

determined the crystal structure ol'the monomeric complex. 27 - Mey reported a ri -o- 
C bond angle of' 179.7 and a ri 0 bond length of 1.774(2) A for the iso-propoxide 
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ligand. The bridgehead nitrogen of the amino-tris-phenolate ligand is weakly bound. 

with a Ti -N bond length of 2.305(2) A. The essentially linear Ti -0-C bond 

suggests that the iso-propoxide ligand is donating additional electron density to the 

titanium centre through two 7c-donor interactions (Section 1.2.1). This suggests that the 

titanium centre is extremely electron-deficient. 

OH 

N 

R 

Ti(O'Pr)4 

IN 
Et20 

(R = Me, t BU) 

Figure 2.10: Synthesis of Ti(TDMA)(O'Pr) [R = Me] and Ti(TDBA)(O'Pr) [R ='Bul. 

Tri. v(2-hydroxy-3,5-dimethylbenzyl)amine readily displaces three iso-propoxide 

ligands from the titanium tetra-alkoxide in the same manner as TPA-H3. A yellow 

complex is afforded in 94% yield by removal of the solvent; purification can be 

achieved by recrystallisation from cold ether. 
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Figure2.11: 111 NMR spectrum ofTi('FDMA)(O'Pr) in C(, D6(300 Mliz. 298 K). 
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The complex has been characterised by 1H (Figure 2.11) and 13 C NMR 

spectroscopy. The complex shows the peaks described in the literature characterisation; 7 

note that the complex is fluxional on the NMR timescale (Figure 2.12), with the 

bridgehead nitrogen donor temporarily dissociating, allowing the phenolate "arms" to 

change conformation, hence the methylene protons give very broad resonances at room 

temperature - this effect was noted by Kol el al. in their original report. Note the 

presence of' impurities in the spectrum; this particular spectrum showed the main 

features ol'the compound with particular clarity. 
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UV/vis spectroscopy (Figure 2.13) shows a band at 260 nm, with a shoulder at 

-270 nm, and a broad band centred at -326 nm; the tail of this absorption band extends 
into the blue region, giving the complex its yellow colour. The large extinction 

coefficients (> 104 dM3 Mol-I cm-1) suggest that these are ligand-to-metal charge 

transfer (LMCT) bands. Electrospray mass spectrometry has also been used 

successftilly to identify the complex. 

2.2.3 Ti(TDBA)(O/Pr) - synthesis and characterisation 

Kol el al. described the preparation of this complex along with 
Ti(TDMA)(O'Pr). They noted that this complex, unlike the TDMA derivative, was 

stable to moisture, suggesting that the complex would be a much more robust catalyst. 
The complex was prepared in the manner described by Kol el al. The lerl-butyl 

substituted triphenolamine chelates to titanium in the same manner as the methyl 

substituted derivative. although the resulting complex is stable to air and moisture. 
Recent work using this ligand has shown that it is possible to form the (stable) 

hydroxide species Ti(TDBA)(OH) by an indirect route, and that the P-oxo dinler 

[Ti(TIDBA)IJýL-0) can be forined, but this is cleaved by traces of moisture to reform the 

hydroxide complex, and the alkoxide species are more stable than the hydroxide. 28 

Kol el al. also determined the crystal structure of this complex. They reported 

that the complex has an extremely large Ti -0-C bond angle of 164.6', suggesting 

strong n-donor character in the iso-propoxide ligand. This shows that, in spite of' the 

additional nitrogen donor, the titanium centre is still extremely electron deficient, and 
hence a strong Lewis acid, making this species suitable as a potential transesterification 

catalyst. 
The complex has been characterised by 1H & 13 C NMR spectroscopy and mass 

spectrometry. UV/vis spectroscopy (Figure 2.13) shows bands almost identical in both 

position and extinction coefficients to those seen for Ti(TDMA)(O'Pr). 

2.2.4 [Ti(CBU2Sal)2BzTACH)(O'Pr)]BPh4 - synthesis & characterisation 

Encouraged by the success of the cationic cobalt complexes (Section 2.3), we 
decided to investigate the possibility of forming a cationic titanium alkoxide complex. 
However, it should be noted that the target complex would not coordinatively 
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unsaturated. Addition of a solution of 'Fi(O'Pr)3CI in CH2Cl2 to one equivalent of 

ý"BU2, Sal-10211/1'ACII, rollowed by one equivalent of NaBPh4 (Figure 2.14), gave a 

yellow solution, which was filtered and evacuated to give an orange solid. 11-1 NMR and 
mass spectrometry suggested that the desired product had been formed. 

t Bu 
OH 

Ti(O'Pr)3C1 

tBuiý5 ý NaBPh4 
N 

H. 0 -N H 
CH2C12 

t Bu- 

tBu 

Figure2.14: Synthesis ol'I'I'i(Sal2l3z'I'ACII)(O'Pr)lBllh4- 

2.2.5 TI(BZ3TREN)(OnBu) - synthesis & characterisation 

BPh4 

Fhe synthesis of triamidoarnine titanium alkoxide complexes was attempted to 

complement the work on the iso-electronic amine Iris-phenolate complexes. Several 

problems were envisaged, firstly that the complexes might not have sufficient moisture 

stability, and secondly that the high oxophilicity of titanium might hamper the 

formation ol'stable mononuclear complexes, via the formation of Ti -0- Ti moieties. 
In order to assist in the synthesis of' this complex, reaction was attempted from the 

triclorotitanium alkoxide precursor, using addition of base to remove the HCI produced 
in the reaction. 'if NMR suggested that the desired product had been formed. but 

signals were broad and the complex was prone to decomposition by hydrolysis. 

2.3 Cobalt complexes 

There have been relatively Im reports of cobalt alkoxides, although the 

preparation of' some homoleptic cobalt alkoxides has been reported; [Co(OMe)21 29 was 

reported to be a polymeric compound based on infinite CoO6 octahedra, whilst the use 

ofthe bulky Iris(cyclohcxyl)rnethoxide ligand has allowed the isolation of the dimeric 

species 1('()2(ýt2-()('('Y3)2(()('('Y3)21- (Cy = cyclohexyl, c-CJ111) and a mononuclear 

species. Co(()(-'Ph3)2(TllF)2, has been isolated by the addition of TI-IF ligands. 30 

Flcctrochernical synthesis has allowed the preparation of[Co(OR)2jx where R= Me, Et, 
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decompose by P-hydride elimination. 33 Berreau el aL have very recently reported the 

preparation and characterisation of two mononuclear nitrogen-sulfur ligated cobalt (11) 

methoxide complexes. 34 They have used paramagnetic 1H NMR spectroscopy as part of 
their characterisation methods, and have been able to make assignments for all of the 

protons in the compounds. 
Walton ef aL have utilised the TCT ligand, and a number of related ligand 

systems, to produce small molecule mimics of a number of enzymes. Complexation of' 
the TCT ligand to a metal centre induces a conformational rearrangement of the 

cinnamyl arms, from all-equatorial to all-axial arrangement (Figure 2.15). 

N cis, cis-1,3,5-tris(cinnamy I idene 
Ph amino)cyclohexane (TCT) 

[Co(H20)61(X)2, 
X= Cl- , N03- hlýMA- 

/ 

4 

Ph (D 

x 

Ph Ph G BAr4 Ph Ph 
- (D 

Ph BAr(D 4 

NaOR 
-N\'---N' 

Ar = Ph, (3,5qCF3)2-C6H31 

X= N03, Cl 

Figure 2.15: Synthesis of cobalt-TCT complexes. 

R= Ph, Et, Bz 

The hydrophobic cavity created by related complexes has allowed the isolation 

ofmetal complexes containing chains of hydrogen-bonded solvent molec UICS. 3 5 It is this 

hydrophobic cavity that enables steric control over the environment around the cobalt 

centre. Complexing TCT to zinc and cobalt has yielded model complexes for HCA 11.30 

Freeman has produced a number of alkoxide and aryloxide derivatives as part of' an 

investigation into the reactivity of these complexes with C02 (Hgure 2.16. see Chapter 

4 for discussion). 
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Figure 2.16: Cobalt-TCT-alkoxide complexes, as prepared by Freeman. 

The complex J('o(T('T)(OE0jBPh4 was reported as an intermediate in the 

catalytic decomposition ot'dialkyl pyrocarbonates. The unusual chemistry displayed by 

these complexes (Figure 2.17) led us to explore further the chemistry of the alkoxide 

complexes by testing for activity in the transesteri fi cation reaction, forming the basis for 

a large part ofthe synthetic and catalytic work. 
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Figure 2.17: Rcactivity displaycd by jCo(TCT)(OFt)jBPh4- 
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2.3.1 a [Co(TCT)(N03)]BAr4 - synthesis and characterisation 

Nitrato complexes were prepared as precursors to [Co(TCT)(OEt)]BAr4. 

[Co(TCT)(N03)]BPh4 was prepared following the methods described by Greener 37 and 
Freeman, 38 and [Co(TCT)(N03)]BAr F4 was prepared by simply exchanging NaBPh4 

with NaBAr F 4. Both of the complexes can be prepared in good yield (- 80%). As with 
the chloride complex described below, the UV/vis spectra for the two salts are identical 

(the nitrate compounds both have a broad absorption centred at 547 nm) despite 

apparent differences in the solid state. Electro-spray ionisation mass spectrometry 

shows a peak at m1z = 592 corresponding to [Co(TCT)(N03)1+- 

Note: during the course of this project, the BArF4_ species has been found to 

contaminate subsequent mass spectrometry samples. It is probable that the species is 

absorbed into the polymeric linings of the injection system due to its lipophilic 

character. As a consequence, only two compounds bearing this counter-ion 
([Co(TCT)(X)]BArF4, where X= N03, CI) were characterised by mass spectrometry; 

subsequent compounds relied upon a combination of other techniques to compensate for 

the lack of mass spectrometry data. 

2.3.1 b [Co(TCT)(N03)]BArf4 - crystallography 

Diffusion of cyclohexane into a concentrated solution of [Co('FC'F)(N03)IBAri4 

in dichloromethane resulted in the formation of purple crystals of the complex; these 

were of suitable quality for X-ray diffraction. The complex forms monoclinic crystals, 

of P21/n space group. The asymmetric unit consists of the complex, along with] '/2 

molecules of cyclohexane and a disordered dichloromethane. The cobalt centre adopts a 

distorted trigonal bipyramidal geometry, with 0(1) and N(3) atoms forming the apices 

(Figure 2.18, also see Table 2.1). There is a noticeable interaction between the cations: 

pairs of cation units face one another, with the cinnamyl "arms" actually positioned 

such that there are 7r-stacking interactions between phenyl rings (referred to as 

"interdigitation"). Note that previous crystal structures of metal -TCT-n i trate species 

were grown from coordinating solvents and were octahedrally coordinated. so it is not 

possible to make meaningful comparisons between their structures and that of 
[Co(TCT)(N03)jBArI`4- 
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Figure 2.18: An ORTFp3ll representation (30% probability ellipsoids) of' 
1: jCo('l'CT)(N03)jBAr 4* 1/ I 2C61112 * C11202, eation only, 11 atoms 
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Co(l) N(l) 

Co(l) N(2) 

Co(l) N(3) 
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N(4) ()(1) 

N (4) 0(2) 

N(4) ()(3) 

CO(I) ()(1) 

Co(l) ()(2) 

N(l) Co(l) ()(1) 

N(2) Co(l) ()(1) 

N(3) Co(l) ()(1) 

2.035(3) 0(l)-N(4)-0(2) 115.7(3) 

2.040(3) 0(3) N(4)-0(2) 120.6(3) 

2.043(3) 0(3)-N(4)-O(I) 123.6(3) 

2.039(3) N(4) -0(1)-('o(l) 85.48(17) 

1.252(3) N(4)-0(2)-Co(l) 99.73(18) 

1.288(3) 0(2)-('o(l)-N(l) 112.12(10) 

1.223(4) ()(2) Co(l) N(2) 138.69(10) 

2.000(2) 0(2) Co(l) N(3) 109.72(10) 

2.328(2) N(l)-('o(l)-N(2) 98.6](10) 

()1.98(9) N(2) Co(l) N(3) 94.12(10) 

94.35(9) N(l) Co(l) N(3) 94.33(10) 

168.63(9) 0(2)-('o(l)-O(I) 59.02(9) 

Ta ble 2.1: Selected bond lengths (/ A) and angles (/ ') for jCo(TCT)(N03)1' in 

I ('o(T("l')(NO.; ) I BAr 1: 
4'11 

/2('61112 * CI I-IC12- 
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2.3.2 a [Co(TCT)CI]BAr4 - synthesis and characterisation 

[Co(TCT)CI]BPh4 was prepared according to the methods described by Greener 

and Freeman, and [Co(TCT)CI]BAr F4 was prepared by exchanging NaBPh4 with 
NaBArF4. These complexes were prepared solely for use as precursors to 
[Co(TCT)(OPh)]BAr4. 

Reaction of [Co(H20)61CI2, TCT and NaBAr4 gives the target complexes in 

good yield (- 80%). Although the BAr F4 derivative is apparently deeper in colour than 
its tetraphenylborate analogue, the UV/vis spectrum of the compound in 

dichloromethane shows an identical absorption band (centred at 593 nm). The 

complexes have also been characterised by electro-spray mass spectrometry, showing 

the expected peaks at nz1z = 565 and 567 (35CI / 37CI 
,3: 

I relative intensity). 

2.3.2 b [Co(TCT)CI]BArF4 - crystallography 

Crystals of [Co(TCT)CI]BAr F4 suitable for X-ray diffraction were obtained by 

allowing cyclohexane to diffuse into a concentrated solution of the complex in 

dichloromethane. The complex fonns triclinic crystals, Pif space group. 

Bond length / angle [Co(TCT)CIIBArv4 jCo(TCT)CljBPh4 

CI(l)-Co(l) 2.2208(8) 2.203(2) 

Co(l)-N(I) 2.000(2) 1.998(4) 

Co(l)-N(2) 2.018(2) 2.00](4) 

Co(l)-N(3) 2.010(2) 2.014(4) 

N(l)-Co(l)-N(2) 97.95(9) 99.7(2) 

N(3)-Co(l)-N(2) 93.66(9) 95.3(2) 

N(l)-Co(l)-N(3) 97.4](9) 93.2(2) 

N(l "o(l)-CI(l) 119.93(7) 119.63(13) 

N(2)-Co(l)-CI(l) 120.67(6) 121.09(12) 

N(3)-Co(l)-CI(l) 121.31(7) 121.77(13) 

Table 2.2: Selected bond lengths V A) and angles (/ ') for [Co(TCT)Cll' species. 
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The asymmetric unit consists solely of the comPlex, with no solvent molecules 
present. The cobalt centre adopts distorted tetrahedral geometry (Figure 2.19) with wide 
CI Co N angles (- 120') and compressed N- Co -N angles (941 - 981) (Table 2.2). 
The crystal packing shows cation units facing one another but without the cinnamyl 
arms interdigitating. 

C31 

Figure 2.19: An ORTEP representation (30% probability ellipsoids) of 

1('o('I'("l')CIIBAr 1: 4, cation only, 11 atoms omitted for clarity. 

2.3.3 a [Co(TCT)(OEt)]BAr4 - synthesis and characterlsation 

jCo(TC'l')(()Ft)jBl'h4 was first reported by Greener and Walton as an 

intermediate in the catalytic decomposition of dialkyl pyrocarbonates, 40 and was 
isolated by Freeman. The complex has also been shown to react reversibly with C02.41 

The unusual reactivity ol'this complex provided the motivation to test its potential as a 

transesterification catalyst (Chapter 3), in addition, further studies of its reactivity 
towards ('02 were undertaken (Chapter 4). The synthesis has been refined to give a 

more reliable and convenient reaction. Previous syntheses used the displacement of a 



Chapter 2 Synthesis and characterisation of metal complexes 77 

nitrate ligand with hydroxide, followed by reaction with ethanol. Direct substitution of a 

nitrate ligand with ethoxide can be achieved by addition of a slight excess ofsodium 

ethoxide, as a concentrated solution in ethanol, to a solution of the nitrate precursor in 

dichloromethane under an argon atmosphere. This method was found to be more 

reliable, and avoided the formation of the hydroxide complex and associated 
decomposition products. Attempts to synthesise the complex from the chloride 

precursor invariably resulted in either failure or heavy contamination (>10%) with 

starting compound. Note that the complex is stable to air once isolated as a dry solid. 
It was envisaged that substituting the tetraphenyl-borate counter-ion with the 

more bulky and less coordinating letrakis(bis-3,5-trifluoromethyl-phenyl)borate would 

give a more active catalyst due to less interference from the counter-ion . 
42 The 

43 
preparation of this anion was first reported by Kobayashi el aL, and its potential as a 

non-coordinating counter-ion has been exploited most notably by Brookhart el aL, who 
have used it in the preparation of extremely active catalysts for olefin polymerisation 44 

and carbon monoxide / olefin copolymerisation . 
45 Schrock and Yandulov have also 

recently used this counter-ion to great effect in the catalytic reduction of dinitrogen to 

ammonia at a molybdenum center, 46 where its bulk and lack of coordination are key to 

the catalytic action of the metal complex. Synthesis of [Co(TCT)(OEt)]BArl: 4 was 

achieved using the method described for the synthesis of [Co(TCT)(OEt)]BPh4, 

replacing NaBPh4 with NaBAr F 4- 
Both complexes have been characterised by UV/vis spectroscopy, showing 

identical absorption bands for the [Co(TCT)(OEt)]' unit, in good agreement with the 

values reported by Freeman. The absorption bands are very close in energy to those of 

[Co(TCT)(OBz)]BPh4 (Section 2.3.5), whilst showing noticeable differences to the 

spectrum of [Co(TCT)(OPh)]BAr4 (Figure 2.20). Electro-spray ionisation mass 

spectrometry showed a peak at m1z = 575, consistent with the mass expected for the 

cation. 
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Figure 2.20: ( IV/vis spectra of' the complexes jCo(TCT)(OR)jBPh4. (a) R= Et, 

solvent CI ICk /I -'tOl 1 (9: 1, vlv). (b) R= Ph, solvent = CH202- (c) R 

liz, solvent ('ll-, Cl-, /BzOll(9: l, v/v). 

The paraniagnetically shifted 111 NMR spectra of these complexes showed 

similar resonances for the TUT ligand, but assignment ofthe ethoxide protons has not 

been possible, due to the extreme shifts and broadening. Exchanging the counter-ion 

gave rise to slight changes in the chemical shills (Table 2.3, Figures 2.21 - 2.23). 

Synthesis and characterisation of metal complexes 

- (a) [Co(TCT)(OEt)]BPh 
4 

- (b) [Co(TCT)(OPh)]BPh 
4 

- (c) [Co(TCT)(OBz)]BPh 
4 

78 

[Co(TCT)(OEt)]+ 

Fixurc2.21: llro(otilatv-lsf*orl('o('['C'I')(Ol-t)l'(BPh4&BAr 1: 4 analogues). 
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Proton 

6/ ppm 
[Co(TCT)(OEt)IBPh4 

61ppm 

jCo(TCT)(OEt)jBArý4 

a --18 --20 
b 1.80 1.79 

c 430/374 423/371 

d 374/430 371 /423 

e 16.14 15.85 

f/j 9.72 9.77 

g/i 7.32 7.15 

h 9.41 9.38 

k --9 --4 

Table 2.3: Assignment of peaks for [Co(TCT)(OEt)]+. 

C,,: ý -tcmwn r-: 0! 11 r CR 

-16 -17 -18 - 19 
öippm 

r-= 1-T--T- ý7 
la 16 14 12 10 8 0 

6/ppm 

-10 -11 -'7 
81 ppm 

2 -4 -6 -8 10 -12 14 -16 18 

Figure2.22: 111 NMR spectrum of ICo(TC'F)(OEt)]BPh4 in CD2CI2 / d6-FtOll 

recorded at 295 K and 300 MHz (20 - -20 ppm). 

The protons closest to the cobalt centre (11'/d) undergo the most extreme shills. 

with the effect reduced with increasing distance and number of bonds from the 

paramagnetic centre. Note that 11' and Hk (hardly observable due to broadening) 

undergo negative shifts, because they are separated from the cobalt centrc by an even 
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number ol'bonds. Further, 11. and I Ir are not observable at all because d6 -EtOH has been 

added to the sample, which exchanges with the ethoxide ligand. 

2.3.3 b Co(TCT)(OEt)]BAr4 - crystallography 

Slow evaporation of' a solution of' jCo(TCT)(OEt)jl3Ph4 in dichloromethane / 

ethanol under an argon atmosphere resulted in the formation of small crystals; despite 

being of'poor quality, a satisilactory diffraction pattern was obtained from them. This is 

the first example of* a monomeric, cationic cobalt(II) alkoxide that has been 

characterised by single-crystal X-ray diffraction. The structure shows that the cobalt 

centre adopts the expected pseudo-tetrahedral geometry (Figure 2.24). 

The structural parameters (Table 2.4) show that the complex has a slightly 

shorter Co 0 bond than jCoCFCT)(OlIh)JBPh4 (1.22 A versus 1.31 A) and a 

significantly larger Co 0-C angle (137' versus 129'). The increased bond angle 

suggests that the ethoxide ligand is acting as a n-donor ligand, donating additional 

electron density through a lone pair of'electrons on the oxygen atom. This interaction 

helps to stabilise the complex. 

440 438 430 425 420 415 410 405 400 395 390 385 380 375 370 

8/ PPM 

Figure 2.23: 'if NMR spectrum of' 1('o(TCT)(OEt)]BPh4 in 
CD2CI2 / d6-EtOH 

recorded at 295 K and 300 MI lz (445 - 370 ppm). 
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Figure2.24: An ORTEP representation (30% probability ellipsoids) of [Co(TCT) 

(OEt)]BPh4 - ! /2EtOH, cation only, H atoms omitted for clarity. 

Bond length / angle [Co(TCT)(OEt)IBPh4 iCo(TCT)(OPh)IBPh4 

Co-N(l) 2.014(4) 2.013(9) 

Co-N(2) 2.027(4) 1.99800) 

Co-N(3) 2.019(4) 2.01](9) 

CO-0(1) 1.867(4) 1.87](8) 

0(l)-C(34) 1.224(10) 1.321(13) 

N(l)-Co-0(1) 115.1](19) 124.8(4) 

N(2)-Co-0(1) 125.82(19) 114.8(4) 

N(3)-Co-0(1) 122.96(18) 122.4(4) 

-- - Co-O(l Y-C(34) 5) 13 :: 1 
28.7(7) 1 

Table 2.4: Selected bond lengths (/ A) and angles (/ ') for [Co(TCI')(()Et)]BPh4, 

values for [Co(TCT)(OPh)]BPh4 are included for comparison. 
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2.3.4 [Co(TCT)(OPh)]BAr4 - synthesis and characterisation 

Ar Ph: This compound has been synthesised as reported by Freeman et aL, for 

use in catalytic testing and additional investigation of its reactivity towards carbon 
dioxide (Chapter 4). Although the complex can be stored as an air-stable solid, all 

catalytic investigations were performed under rigorously anhydrous, inert atmosphere 

conditions. Initial experiments-without the exclusion of air and water-showed that 

the complex decomposes at the temperatures typically used for catalysis. The identity of 

the complex was confirmed by mass spectrometry, UV/vis spectroscopy and 1H NMR 

srwctroscopy (see below). 

Ar 3,5-(('1"3)2-('611.1 (Ar 1: ): Synthesis of this compound was achieved using the 

same method as for the 131% analogue, simply by replacing NaBPh4 with NaBAri4. The 

complex has been characterised by IJV/vis spectroscopy, showing identical absorption 
bands to the letraphenyl-borate analogue. 111 NMR spectroscopic characterisation has 

been performed on the complex to compare it with the tetraphenyl-borate analogue 

(Figures 2.26 2.27). Elemental analysis gave a satisfactory comparison with the 

calculated values. 

111 NMR characterisation: 
Systematic labelling was used for the cobalt complex, as shown below: 

Figure2.25: Proton labels lor [Co('I'('T)(OPh)]' (BPh4 & BAr F4 analogues). 

040 aft 
I. 

It- 7.1 . w. 

[Co(TCT)(OPh)]+ 
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Figure2.26: lH NMR spectrum of [Co(TCT)(OPh)113Arl*'4 recorded in CD2CI2 at295 

K and 300 MHz (40 - -45 pp, m). 

(n 
Co 

2 

389 3ä8 3ä7 3ä6 3ä5 3ä4 3ä3 3ä2 3ä1 3ä0 3i9 ÜO 3i7 üß 375 374 373 372 371 

(PPM) 

Figure 2.27: 1H NMR spectrum of [Co(TCT)(OPh)]BAr 1.4 recorded in CD202 at 295 

K and 300 MHz (390 - 370 ppm). 

These chemical shifts can be compared to the equivalent peaks in the 

corresponding zinc complexes (section 2.4) in order to evaluate the effect of the cobalt 
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ccntre (Table 2.5). As fior the ethoxide complex, slight changes in the chemical shifts 

are observed upon exchanging the counter-ion. These changes may be representative of 

diflerent interactions between cation and anion in solution. 

ppm 
Proton lZn(T("l')(Oillh)lllllh4 

a 2.27/2.03 

It 2.03/2.27 

c 3.99 

(1 7.99 

7.25 

fj 7.39 

i 7.2 

It 7.39 

k 7.44 

6.87 

111/o 7.39 

1) 6.8 

6/ ppm 
iCo(TCT)(OPh)IBPh4 

8/ppm 

iCo(TCT)(OPh)IBAr F4 

-9.75 -8.95 
1.42 1.41 

367/366 383/381 

366/367 381 /383 

18.65 19.05 

9.39 9.48 

- 7.1 7.08 

9.13 9.23 

- -6 (br) - -6 (br) 

-39.5 - -40.5 (br) 

37.35 38.0 

-31.41 -32.4 

Table 2.5: Assignment of' 111 NMR spectra for [Co(TCT)(OPh)]BAr4, recorded at 

295 K and 300 MI lz in CD2CI2- [*: I lidden under BPh4 signal] 

2.3.4 b [Co(TCT)(OPh)]BArF4 - crystallography 

Allowing cyclohexane to dill'use into a concentrated solution 0ý 

jCo(TCT)(()Ph)jlIAr 14 in dichloromethane resulted in the growth of small purpit 

needle-shaped crystals. X-ray crystallography has revealed the solid-state structure 01 

the complex. The unit cell contains a single [Co(TCT)(OPh)]BAr F4 unit (no solveni 

molecules present). with no significant interaction between the cobalt centre and the 

anion, although there are several close contacts between the ligand and the fluorinc 

atonis ofthe anion. Inspection ofthe structure (Figure 2.28) clearly shows the expected 

pseudo-letrahedral coordination environment of the cobalt centre. 

yr 
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Figure 2.28: An ORTEP representation (30% probability ellipsoids) of 

[Co(TCT)(OPh)]BArF4, cation only, H atoms omitted for clarity. 

The structural parameters for the cobalt centre are comparable to those observed 
by Freeman for the tetraphenyl-borate analogue (Table 2.6). It is worth noting that the 

Co -0-C angle of 129.0' (Table 2.6) shows that the phenoxide ligand is acting as a 7r- 

donor ligand, i. e.: donating electrons to the metal centre through a lone pair of electrons. 
This interaction helps to stabilise the complex, which is fon-nally a 15-electron complex. 
The structural parameters for [Co(TCT)(OPh)]BPh4 (obtained by Freeman) are 

presented here for comparison; there are only minor variations between the two 

structures. 
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Bond length / angle [Co(TCT)(OPh)]BAr'-4 [Co(TCT)(OPh)]BPh4 

Co(l)-N(l) 2.000(3) 2.013(9) 

Co(l)-N(2) 2.017(3) 1.998(10) 

Co(l)-N(3) 2.007(3) 2.011(9) 

nican Co. -N 2.008(3) 2.007(9) 

CO(t)-O(I) 1.875(2) 1.871(8) 

0(l)-C(34) 1.329(4) 1.321(13) 

N(l)-Co(l)-N(2) 97.56(11) 94.05(4) 

N(l)-Co(l)-N(3) 95.06(11) 98.05(4) 

N(2)-Co(l)-N(3) 94.19(11) 95.9(4) 

0(l)-Co(t)-N(l) 123.61(10) 124.8(4) 

0(l)-Co(l)-N(2) 124.43(11) 114.8(4) 

0(l)-Co(l)-N(3) 114.88(11) 122.4(4) 

C(34)-O(I)-Co(l) 129.0(2) 128.7(7) 

Table 2.6: Selected bond lengths V A) and angles *) for [Co(TCT)(OPh)]+. 

*: All bond lengths and angles are averaged over the two 

[Co(TCI)(OPh)]+ units. 

2.3.5 (Co(TCT)(OBz)]BPh4 - synthesis and characterlsation 

1"hus far, it has not been possible to assign the ethoxide protons for 

[Co(TCT)(OEt)]BI)h4 because of their proximity to the paramagnetic cobalt ccntre. It 

was anticipated that the complex would allow for more convenient characterisation of a 

cobalt alkoxidc complex by 111 NMR spectroscopy; the aromatic protons of the 

tvnzy1oxidc ligand might be observable in a 'if NMR experiment. Synthesis of this 

complex was also undertaken in order to investigate the possible exchange mechanisms 

taking place in the catalytic reactions; it seemed probable that alcohol / alkoxide 

cxchangc mechanisms were taking place during catalysis, and isolation of the 

benzyloxide complex would provide support for its existence in the catalytic cycle. 
Addition of a solution of sodium bcnzyloxidc in bcnzyl alcohol to a solution of 

[Co(TCT)(NOj))BI'h4 in C11202 followed by filtration, removal of solvent and washing 

with toluene, gave the dcsircd product as a purple microcrystallinc solid in 87% yield. 
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UV/vis spcctroscopy shows absorption bands similar to thosc obscrvcd for the cthoxide 
complex (Figure 2.20 and Table 2.7). 

Complex R=Ph R=Et R=Bz 

nm 645 633 639 

nm 564 553 556 

nm 522 485 488 

Table 2.7: UV/vis peaks for [Co(TCI)(OR)]BPh4. 

1H NMR spectroscopy: 

The spectrum obtained for the complex was run in CD202 with minimal BzOl I 

added to stabilise the complex - this prevents assignment of Hg and Ili. The remaining 
TCT-based peaks can be assigned with confidence, but the assignments for the 
benzyloxide ligand are only tentative (Table 2.8). 

Proton 

S/ppm 

[Co(TCT)(OBz)]BPh4 

8/ ppm 

[Co(TCT)(OPh)]BPh4 

a -8.8 -8.95 
b 2.33 1.41 

c 375/363 383/381 

d 363/375 381/383 

e 20.3 19.05 

f/j 10.05 9.48 

g/i Hidden under BzOH 7.08 

h 8.68 9.23 

k -4 --6 

Up [14.53] --40.5 

M/o 38.0 

n [13.46] -32.4 

q Not observed - 

Table 2.8: Assignment of peaks for [Co(TCI)(OBz)]'; assignments for 

[Co(TCT)(OPh)]+ included for comparison. 
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2.3.6 [Co(f BU2Sal)2BzTACH)] 

Hils complex was syntlicsised in order to explore the possibility of using 

different ligands for cobalt. Addition of' cobalt nitrate to a solution of the ligand 

produced a dark green / brown compound, which was purified by flash alumina 

chromatography. Mass spectrometry evidence indicates that the desired compound was 

formed. Attempts to crystallise the compound for X-ray analysis have been 

unsuccess I'll 1. 

2.4 Zinc complexes 

The synthesis of' zinc alkoxide complexes was attempted in order to test their 

potential as transesterification catalysts. It was hoped that the Lewis acid character ot' 

the zinc ccn1rc would give increased activity relative to the cobalt derivatives, as is 

11CXa aClua SaltS, 47 observed fior (lie and the lower toxicity of zinc would be a distinct 

advantage for commercial use. A number ol'zinc complexes have been reported which 

have activity for the hydrolysis of carboxy"8 and phospho-esters. 49 Parkin and 

Vahrenkanip have produced zinc alkoxidc complexes as small molecule mimics of liver 

alcohol dchydrogenasc. 5() Chisholm el al. have reported high activity in the 

polynierisation of' lactides fior the complex TpZn(OFt), 51 which suggests that the Zn- 

1'('*I'coiiiplcxcs are potential lactide polymerisation catalysts. 

2.4.1 a [Zn(TCT)(N03)]BAr4 - synthesis and characterisation 

A method for the synthesis and characterisation of' jZn(TCT)(NO-; )jBPh4 was 

rcporIcd by Greener in his DlIhIl thesis, but yields were too low (21%) for practical use; 

the synthesis has been retitled to give a higher yield by adapting the method reported by 

Lusby for preparation of" I Zn(4-styrene-proTACI 1)(N03 )I j3ph4,52 replacing (4-styrene- 

pro I ACI 1) %vith TCT. Addition ol'NaBPh4 in Meol I to a solution of jZn(l 120)6](N03)2 

and I( 'T if) Me( )I I/ CI 12('1,, l'ollowed by filtration and removal of' solvent gave the 

target complex in 80')/, ) yield. The identity ol'the complex was confirmed by 'if NMR 

spectroscopy and mass spectrometry. 
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Reaction of [Zn(H20)61(NO3)2, TCT and NaBAr F4 in dichloromethane 

methanol gives [Zn(TCT)(N03)]BArl"4 in 60% yield after recrystallisation firorn 

dichloromethane / cyclohexane. The complex has been characterised by 'if NMR 

spectroscopy. No mass spectrum - see section 2.5.1. 

2.4.1 b [Zn(TCT)(N03)]BAr4 - crystallography 

Crystals of [Zn(TCT)(N03)BAr 1: 
4 suitable for X-ray crystallography were 

obtained by allowing cyclohexane to diffuse into a concentrated solution of the complex 

in dichloromethane. The zinc centre displays approximately trigonal bipyramidal 

symmetry, with 0(l) and N(3) atoms forming the apices (Figure 2.29). Thc structural 

parameters (Table 2.9) are comparable to those observed for [Co(TCT)(N03)]BAr 1: 
4 

I V2 C61-112 * CH2CI2 (Section 2.3.1 b), with bond lengths and angles differing slightly. 
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Figure 2.29: ORTEP representation (30% probability ellipsoids) of 
[Zn(TCT)(N03)]BArl*'4 * C11202. cation only, H atoms omitted fior 

clarity. 
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Zn(l) N(l) 

Zn(l) N(2) 

Zn(l) N(3) 

mean Zn-N 

N(4) ()(1) 

N (4) ()(2) 

N(4) ()(3) 

Zn(l) ()(1) 

Zn(l) ()(2) 

N(l) Zn(l) ()(1) 

N(2) Zn(l) ()(1) 

N(3) Zn(l) ()(1) 

1.995(5) 0(f)-N(4)-0(2) 119.0(5) 

2.022(5) 0(3)-N(4)-0(2) 121.9(6) 

2.035(5) 0(3)-N(4)-O(I) 118.8(7) 

2.017(5) N(4)-O(I)-Zn(l) 78.65* 

1.285(8) N(4)-0(2)-Zn(l) 106.9(4) 

1.202(9) 0(2)-Zn(l)-N(l) 129.8(2) 

1.241(g) 0(2)-Zn(l)-N(2) 119.6(2) 

2.520* 0(2)-Zn(l)-N(3) 111.8(2) 

1.974(5) N(l)- Zn(l)-- N(2) 100.5(2) 

96.10* N(2)-Zn(l)- N(3) 91.8(2) 

93.63 N(l)-Zn(l)-N(3) 94.5(2) 

167.04* 0(2)-Zn(l)-O(I) 55.37* 

Table 2.9: Selected bond lengths (/ A) and angles (/ ') for [Zn(TCT)(N03)]BAr F 4- 
*: calculated in ORTFP program. Note that the structure presented here 

is only preliminary. and the occupation of gaps in the unit cells seems to 

be uneven. producing electron density artefacts. 

2.4.2 a [Zn(TCT)(OPh)]BAr4 - synthesis and characterisation 

Freeman reported mass spectrometry evidence for [Zn('I'CT)(OI)h)]BPh4. 

Synthesis was achieved by ligand displacement of nitrate from [Zn(, I, CT)(No3)]BPh4 

with NaOllh in 89% yield. Recrystallisation from dichloromethane and cycl ohexanc 

gave a white solid. which was characterised by clectro-spray mass spectrometry and 'll 

NMR Npectroscopy. J/. n(TCT)(()Ph)jBAr 1: 4 was synthesised using the same method as 

for but starting 1rom jZn(TcT)(N03)jBAr 1: 4. The complex was 

obtained as a white powder by addition ofcyclohexane to a solution of the complex in 

dichloroniethanc. and could he handled on the bench, i. e.: it was stable to hydrolyýiý in 

the solid state. Characterisation was achieved by 'if NMR spectroscopy (Figure 2.30, 

I able 2.10). Assignments were based on those of similar complexes cliaracterised by 

Orecncr. and by using proton-proton couplings Ilor confirmation of connectivity. 13C 

NMR spectroscopy has been performed, although assignment of peaks is incomplete 

(Chapter 6). 
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Figure2.30: 111 NMR spectrum of [Zn(TCT)(OPh)jBArl: 4 (aromatic region). 

Proton 

6/ ppm 

[Zn(TCT)(OPh)IBPh4 

6/ ppm 

[Zn(TCT)(Ol'h)lltArl'4 

a 2.27 / 2.03 2.4/2.2 

b 2.03/2.27 2.2/2.4 

3.99 4.17 

d 7.99 8.15 

e 7.25 7.4 

f/j 7.39 7.27 

g/i 7.2 7.16 

h 7.39 7.28 

k 7.44 7.47 

I/p 6.87 6.97 

M/0 7.4 7.3 

n 6.8 6.77 

Table 2.10: 114 NMR assignmcnts for [Zn(TCT)(OPh)jBAr4- 

8.2 8.0 7.8 7-6 7.4 7.2 7.0 6.8 6.6 
(Ppm) 
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2.4.2 b [Zn(TCT)(OPh)]BAr4 - crystallography 

Crystals of'jZn(TCT)(OPh)jBPh4 and [Zn(TCT)(OPh)jBAr1`4 suitable for X-ray 

diffraction were obtained by allowing cyclohexane to diffuse into a concentrated 

solution of' the complex in dichloromethane. The structures both show the expected 

psetido-tetrahedral coordination geometry at the zinc centre, with the BPh4 (Figure 

2.31 ) MILI IlArlý. s (Figure 2.32) compounds having almost identical structures, with only 

minor variations in bond lengths and angles. The compounds have very similar 

structure to that of' the cobalt phenoxide complex, the Zn -0-C bond angle is 

approximately 2' smaller than the angle for the equivalent cobalt complex (Table 2.10). 

C22 C13 

12 

C2 

Figure 2.31: An ORTFP representation (30% probability ellipsoids) of [Zn('FCI') 
MI)II)IIII)II-I *1 12 C-('61112, cation only, H atoms omitted for clarity. 
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Bond length 

/ angle 

iCo(TCT)(OPh)] 

BPh4 

lZn(TCT)(OPh)l 

BPh4 

jZn(TCT)(Ol'h)j 

BAr F4 

M(l)-0(3) 1.871(8) 1.885(3) 1.8669(15) 

0(3)-C(*) 1.32](13) 1.340(5) 1.341 

M(l)-N(2) 2.013(9) 2.028(4) 2.0279(18) 

M(l)-N(l) 1.998(10) 2.036(4) 2.0417(19) 

M(l)-N(3) 2.011(9) 2.037(4) 2.0383(18) 

C(*)-0(3)-M(I) 128.7(7) 126.7(3) 127.63(14) 

0(3)-M(l)-N(2) 114.8(4) 116.08(15) 126.19(7) 

0(3)-M(l)-N(l) 124.8(4) 122.83(14) 124.12(7) 

0(3)-M(l)-N(3) 122.4(4) 125.70(16) 115.30(7) 

Table 2.11: Selected bond lengths (/ A) and angles (/ ') for [Zn(TCI')(OPh)113Ar4. 

with data for [Co(TCT)(OPh)]BPh4 presented for comparison. 1*: in all 

cases the carbon atom is the ipso-carbon of the phenoxide ligand. ] 

C31 

C12 

C2 
C6 

C30 

C29 

Figure 2.32: An ORTEP representation (30% probability ellipsoids) of [Zn('FCT) 

(OPh)]BArF4 ' C-C6HI2, cation only, H atoms omitted for clarity. 
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Fach asymmetric unit of' lZn(TC'F)(OPh)]BPh4 contains half a molecule of 

cyclohexanc, whilst the BAr 1: 4 analogue contains a complete (disordered) cyclohexane 

moicculc in each unit cell. The extended crystal structure reveals a layered packing 

arrangcment, with cations and anions stacked together in alternating layers. The cations 

pack in a hilayer with alternating up and down orientations. with phenyl rings in close 

proximity to onc another (Figure 2.33). 

Figure 2.33: View oftlic crystal lattice I'M lZn('I'C]')(Ollh)]BPh4 ' 1/22 C-C61112- 

Fhe crystal packing of the BAr 1: 
4 salt also shows similarities, with cations 

s(acked together in a bilayer with phenyl groups showing some close contacts between 

phcnyl rings. an(] (he anions stacked into layers between sheets of cations. The main 

difference is that the BAr'. 1 counter-lon enforces a much more symmetrical arrangement 

by virtue ofbeing of'sinular size to the cation, it is possible to view the crystal lattice at 

such in angle its to see the anions clearly arranged in rows (Figure 2.34). 

Carbon Oxygen Zinc 
Nitrogen Boron 
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Figure2.34: View of the crystal lattice of lZn('FCI')(OPh)]BAr 1: 
4' C-C61112- 

2.5 Conclusions 

Titanium complexes previously described in the literature have been prepared in the 

laboratory for testing as transesterification catalysts. The complexes 
Ti(Bz3'FREN)(O"Bu) and [Ti(I'BU2Salý2BzTACII)(O'Pr)]13Ph4 have also been 

prepared. 
The syntheses of complexes of the type [Co(TC'F)(OR)IBPh4 originally explored by 

Freeman have been continued, and expanded to include R= Bz, and the counter-ion 

BAr 1: 4- has been used in place of BPh4 , to investigate the effect ofthe counter-ion 

on catalysis (Chapter 3). The synthetic methodology has been improved to allow lor 

the isolation of [Co(]'CT)(OEt)]BPh4 in a pure form, and the complex has been 

characterised by X-ray crystallography; this is the first time that a monomeric, 

cationic cobalt (11) alkoxide has been crystal lographical ly characterised. 

Carbon *= Nitrogen Boron 
Fluorine 4o = oxygen Zinc 
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The protocols for 'if NMR characterisation of the cobalt alkoxides presented by 

Frccman have bccn successfully applied and built upon (COSY spectra have been 

run for several of the complexes). 

Synthcscs of zinc (11) phenoxides has been achieved by combining the 

mcthodologics developed by Greener, Lusby and Freeman, and the complexes have 

bccn fully charactcriscd. These complexes were prepared for testing in catalysis, 

and also provide a diamagnetic equivalent for the 1H NMR characterisation of the 

cobalt complexes. 
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Chapter 3: Catalytic experiments 

This chapter discusses the experimental methods used to investigate the catalytic 
activity of the metal complexes synthesised in this project. Catalytic activities for trans- 

and interesterification are reported, and the differences in observed activities are 

considered. A discussion of the possible mechanisms involved in this reaction is 

presented, along with evidence to support the proposed mechanism for 

transesterification. 

3.1 Transesterification 

Transesterification (eq. 3.1) is widely used in research and industry for the 

preparation of esters from more readily available starting materials. ' 

RC02R" + R'()H -- RC02R' + R"()H (eq. 3.1) 

A number of metal alkoxide species are known to have activity for the 

transesteri fi cation reaction, as discussed below. An account of the activity of titanium 

tetra-alkoxides for transesteri fi cation was published by Seebach el al, in 1982,2 who 

also noted that the titanium alkoxides were compatible with a wide variety of functional 

groups. This was one of the earlier puhlished uses of titanium alkoxides for an organic 

synthesis reaction, coming just two years after the initial report of asymmetric 

epoxidation by Sharpless. Seebach noted that titanium alkoxides had been known by 

industrial chemists to be useful reagents for a variety of organic reactions (including 

transesterification) since the 1960's, but their use had remained hidden amongst patent 

literature. 

Lanthanide alkoxides (Ln(OR)3) were also reported to be active for 

transesterification by Okano el a[, 4 who investigated their use in the synthesis of a 

variety of different esters and found that they were useful for the synthesis of a wide 

variety of esters, with only ter/-butyl esters being difficult to synthesise. They also 

noted that the activity of the catalysts tested decreased in the order La > Nd > Gd > Yb 

(relative activities of 27 -. 8: 2: 1, based on conversions quoted in paper). The larger 

metal ions give higher reactivity, showing that the nucleophilicity of the alkoxide 

ligands, as opposed to the Lewis acidity of the metal, is the major influence on the 

transesterification activity. Alkali metal alkoxides are known to be catalytically active 
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for transesterification, 5 and they also show a dependency on metal ion size, with 

caesium alkoxides being the most active. However, this study did not include 

investigation of lanthanide or alkali metal species. 
Tin (IV) alkoxides have been investigated for catalytic activity in 

transesterification also. 6 Initial studies focussed on a range of different tin-containing 

species, from which the active tin alkoxides were formed in situ. An activity order was 

observed: R2Sn(OAC)2 > R2SnO > R2SnC12 > R2SnS > R4Sn, corresponding to the 

relative difficulty of forming the active tin alkoxide species. The study compared the tin 

alkoxides with other catalysts, and concluded that tin alkoxides were not as elfiective as 

titanium alkoxides. However, this view was changed by the discovery of distannoxane 

catalysts, prepared from R2SnO and R2SnCI2- 7 These compounds were found to be air- 

stable and far less toxic than other tin compounds because of their high melting points. 

Despite the presence of a large metalloxane core, the eight alkyl groups effectively 

provide an organic "mask", making the compounds soluble in organic solvents. It is the 

metalloxane core which provides the unique reactivity of the compounds, with the 

proximity of the tin atoms allowing direct interaction between groups bonded to them, 

giving high catalytic activity for transesteri fi cation (up to 2000 turnovers in 20 h. 

equivalent to - 100 T. O. h 1, at 353 K). 8 

R-, SnO + RSnX-, I'm XRSnoSnRX (Eq. 3.2) 

3 R-, SnO + RSnX-, + H, 0 0,21 XR,, SnoSnR, ()Ii (Fq. 3.3) 

(X = ()I I, NCS) 

Initially, the compounds formed are thiocyanates or hydroxides (eq. 3.2 & 3), 

and these are converted to the alkoxides in silu. 
XRR1 

4 11ý +2xR OH R,, // I 1< Sn-O-Sn-Y -2x HY R=Bu 
R'r IIII 

\\\, R -- X= NCS, C1 
Y-Sn-O-Sn "I RY= NCS, OH 

4--" 1 
RRXXRR 

R, / 14 '-ý Sn-O-ýýn-OR' 
21 Rý, IIIIR 

R C02R R O-Sn-O-Sný\' 23 
34 '-ý iR R C02R 

+R OH RRR 

RI R2 
RR VIr 

R OH Izi 0- -C- r sný / OR3 
1 1,10 

O-Sn4R 
IR 

X 

Figure 3.1: Proposed transesteri fi cation mechanism for distannoxane catalysts. 
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The authors of the report proposed that the reaction involved coordination of a 

molecule ofester to a tin atom as the initial step (with bulky esters failing to react) and 

alcoholysis then taking place to form the new ester and regenerate the alkoxydistannane 
(Figure 3.1 ). it is important to note that the reaction is not slowed by steric bulk in the 

alcohol component. Although these compounds are relatively low in toxicity for 

handling, they are homogeneous catalysts and would therefore be hard to exclude from 

the final product, so their toxicity would still be an issue for certain applications. Otera 

et al. have recently published an account of their research into the use of fluorous 

distannoxanes as more effective and reusable catalysts for transesterification. 9 

Transesterification catalysed by late transition metals has been reported for a 

nuinbcr of' systems. Yamamoto el al. reported the catalytic activity of 

ýilkoxo(tripheiiylphosphine)copper (1) complexes. These were of the general formula 

0j(0R)(PPhj), where n=I for R= "Pr, 'Pr, and n=2 for R= Me, Et, allyl. Bz, Ph. It 

should be noted that these complexes were not characterised crystallographically. 
Drawing on the knowledge of metal alkoxide behaviour summarised in Chapter 1, it is 

likely that these complexes are present in dimeric form, at least in the solid state. The 

complexes were shown to be catalytically active for transesterification, performing 

approximately 50 turnovers in 12 h at -5 'C. The fact that the complexes show catalytic 

activity at such low temperature is remarkable, although the complexes were not stable 

at clevated temperatures. Later work by Yamamoto ei al. detailed the synthesis and 

charactcrisation of a series of' nickel (11) and palladium (11) alkoxides of the general 
formula Pd00(OW)(I 10R')(I, )2,1() where R is an alkyl group, OR' is either a fluorinated 

alkoxide or a /wra-substituted phenol, and 1, is a tri-alkyl phosphine. The complexes 

contain a molecule ol'alcoliol which forms a hydrogen-bond to the alkoxide ligand (see 

Section 3.1.5). The complexes were capable of catalysing transesteri fi cation at room 

Icnipcraturc. alheit quite slowly (12.6 turnovers in 12 hours). 

The cobalt alkoxidcs (jCo(TCT)(OR)jl3Ph4) were chosen for testing because of 

their observed reactivity towards species containing a carbonyl group, i. e.: catalytic 
decomposition ofdialkyl pyrocarbonates, '' and reversible fixation OfCO2-1 2 Following 

this work. the analogous zinc alkoxides were tested for transesterification activity. it 

was hoped that their Lewis acid character would make them superior catalysts. Without 

exception. the inctal alkoxide species reported as having activity flor transesterification 

ýjj-c susccptible to decomposition by hydrolysis, limiting their practical applications. 

Initial experiments were performed to quantify the reactivity and moisture sensitivity of 

the titanium species. Coordination catalysts based on titanium alkoxides were then 
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synthesised and tested to find derivatives that would be more resistant to hydrolysis; 

this was achieved by using bulky ligands which could prevent inactivation of the 

catalysts by the formation of oxo-bridged dimers. 

3.1.1 Standard test reaction for transesterification 

After initial experiments to reproduce the results of Seebach el al., the trans- 

esterification of 2-phenylacetic acid ethyl ester with benzyl alcohol to produce 2- 

phenylacetic acid benzyl ester (Figure 3.2) was chosen as the test reaction. 

0 
10 eq. 0 

+ HO HO'ýý 

Figure 3.2: Trans-esterification test reaction. 

The use of P-keto esters was attempted, but was discontinued due to the 

11ormation of stable titanium complexes with these species - the acetoacetate species 
deprotonates to form a stable ligand. Dried 2-phenylacetic acid ethyl ester, ten 

equivalents of dried benzyl alcohol (with respect to ester) and the catalyst were mixed 

together in an argon-filled glove-box. The reaction vessels were sealed and removed 

1'rom the glove-box, and the mixture was heated to 100 'C under reflux conditions with 

a continuous flow of argon over the apparatus; identical conditions were used for all 

catalysts, regardless of the expected stability or instability towards moisture and air. A 

carousel reactor was used for direct comparison of the catalyst activities, ensuring 

identical conditions. Samples were withdrawn using a syringe at regular intervals and 

analysed by 'H NMR spectroscopy. Conversion was calculated using distinctive 

resonances for the starting and product esters, as shown in Figure 3.3. 

6 4.17, q 
65.21, s 

0 (J = 7.1 Hz) 0 OjO 

Figure 3.3: Proton signals used for monitoring transesterification reaction. 

An excess of alcohol for transesterification was used to encourage complete 

conversion, and to maintain a relatively constant rate of transesterification (pseudo-first 
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order conditions), thus facilitating kinetic analysis. The reactions were performed in the 

absence of' any solvent, with the catalysts being sufficiently soluble in the reaction 

medium. Initial experiments also included isolation of the ester produced to confirm 

purity and calculate yields, but later experiments used lH NMR spectroscopy to give in 

sim yields. Control experiments using [Co(H20)61(NO3)2 and [Zn(H20)61(NO3)2 were 

perf'ormed. as Coll and Zn1l salts are known to catalyse transesterification at high 

temperatures (> 150 'C), but neither compound showed any activity at 373 K. 

3.1.2 Activities of catalysts for test reaction 

Yields of' benzyl ester were calculated for each sample, and the data was 

converted to a graph showing moles of product against time; linear regression analysis 

was performed to give a rate of conversion, which was then converted to turnover 

Frequency. The activity values obtained for the different catalysts are listed in Table I I. 

along with the temperature and relative catalyst concentration used. Note that catalyst 

concentrations arc quoted in mol% (relative to ester) and activities (or turnover 

firequencics, T. O. F. ) are given as turnovers per hour, i. e.: the average number of ester 

molecules converted per hour per molecule of catalyst. 

CatalYst specie 

I('O(TCT)(()Ft)jB 

I CO(TC, l)(OP11) III 

I('()(TCT)(()Pll)IB 

1(, 0(:, 13 Ll., Sa 1: 2 11/ F/ 

I VC, F)(() 1) 11) 111 

I Pr) 

h(H)MMOTi 

4 Conditions T. O. F. /h 

Ph4 373 K, 0.25 mol% 47 2.7) 
P114 373 K, 0.25 mol% 45 

F 
I\r 373 K, 0.25 mol% 65 3.1) 

, ('Il)l 373 K, 0.25 mol% no activity 
Ph., 373 K, 0.25 mol% 29 (± 0.6) 

373 K, 0.5 rnol% 4(+0.6) 

373 K, 0.5 mol% 6 0-3) 

373 K, 0.5 mol% 17 0.3) 

373K. 0.5 mol%, "wet" 6 0.2) 

393 K. 0.5 mol%. "wet" 

. 

23(+ 1-0) 

Table 3.1: Observed transesterification activities lor the standard test reaction. 
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The cobalt catalysts show the highest activities, especially when the BArI: 4- 

counter-ion is used. There is very little difference in activity between 

[Co(TCT)(OEt)]BPh4 and [Co(TCT)(OPh)]BPh4. The zinc catalyst gives a slightly 
lower activity than the cobalt alkoxides, but has higher activity than the titanium tetra- 

alkoxides. The titanium complexes give lower activities, with Ti('FDBA)(O'Pr) being 

the most effective, and actually having higher activity than the titanium tetra-al kox ides, 

although the titanium tetra alkoxides quite likely suffered from decomposition. Further 

experiments were performed to test the moisture stability of the titanium coordination 

catalysts (Section 3.1.3 c). The catalytic activities were calculated by performing linear 

regression on the reaction profiles shown in Figure 3.4; the rate of appearance of' 

product can be approximated as linear up to - 60% conversion. 
0.001 

0.007 

0.006 

0 0.005 
E 

+ -[Co(TCT)(OEt)]BPh4,0.25mol% 
>, -[Co(TCT)(OPh)]BPh4,0.25mol% 
0 -[Co(TCT)(OPh)]BArF4,0.25mol% 
A -[Zn(TCT)(OPh)]BPh4,0.25mol% 
1: 1 - Ti(TDBA)(O'Pr), 0.5 mol% 

0.004 

0.003 

M 
0.002 

0.001 

0.000 

0 2000 4000 6000 8000 10000 
time /s 

Figure 3.4: Reaction profiles for tran s-esteri fi cation reaction. 

3.1.3 Additional catalytic experiments 

In addition to the standard test reaction. a number ofother catalytic experiments 

were run. adjusting the conditions of the experiment to acquire more insight into the 

catalytic mechanism, and to evaluate further the performance of the catalysts. 
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3.1.3 a Adjusting catalyst concentration 

A set of' experiments was performed, under identical conditions, to test the 

efficiency of' the catalysts at different concentrations. [Co(TCT)(OEt)]BPh4 and 
I l'i(TDBA)(()'Pr) were used flor these experiments, to give a sample of each of the two 

types of' catalyst. The standard test reaction was used, and conversion of ethyl ester to 

henzyl ester was measured by 1 11 NMR spectroscopy. Table 3.2 summarises the results 
for the two catalysts. 

( 'a 

C 0(' R, F)( 

kvsI mol'Yo catalyst T. O. F. / h- I 

()F't)jBPh4 1 20.2 2.65) 
)FO 1111114 0.5 30.7 1.63) 

0.3 25.1 1.08) 
)1 "0 1131114 0.2 18.1 0.64) 
)1" 0 1111114 0.05 27 4.47) 

1 3.3 0.09) 

0.5 5.9 0.26) 

0.4 6.3 0.33) 

P1. 0.3 7.7 0.21) 

ý)(()'Pr) 0.2 14.7 0.51) 

ýw(A-'-o 0.05 

I 

55.2 1.15)_ 

Table 3.2: Activities 1'()r dill'crent catalyst concentrations at 353 K. 

These results show that changing the concentration of the catalyst has a clear 

C11 . ect on with the catalyst becoming more active at lower 

concentrations (Figure 3.5). The efl'ect upon [Co(TCT)(OEt)]BPh4 is uncertain. the 

erratic results Suggest that varying amounts of decomposition have taken place, perhaps 

due to differences in the reaction vessel conditions. 

Increasing activity with decreasing concentration is a strong indication that a 

catalyst is being hindered by aggregation at high concentration, perhaps forming dimers 

in solution. This is supported by the flact that Ti(TDMA)(O'Pr) and (Ti(TPA)(O'II'r) 

show extremely low activity, Ti(TD13A)(O'Pr) has a large hydrophobic component. 
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which would assist its dissolution in the substrates, whereas the other two catalysts have 

their titanium centres more exposed, favouring aggregation. 
&n Ulu 

50 

40 

30 

LL 
0 
ý- 20 

10 
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0.0 0.2 0.4 0.6 0.8 1.0 
[CAT] / mol % 

Figure 3.5: Dependence of catalyst activity on concentration. 

3.1.3 b Adjusting the ester / alcohol ratio 

Whilst the test reaction used ten equivalents ofalcohol to impose pseudo-first 

order conditions, enabling facile kinetic analysis, It is likely that this ratio does not 

maximise the rate of conversion, since the transesteri fi cation reaction will be in 

competition with the alcohol / alkoxide exchange (Section 3.1.4 b). In order to establish 

the optimum ester / alcohol ratio for transesteri fication, a series of' catalytic experiments 

was carried out, using a range of different ester / alcohol ratios, with the catalyst activity 

evaluated for each experiment. Ti(TDBA)(O'Pr) was used for these experiments due to 
its robust nature, and reactions were run at 353 K to ensure moderate--and hence easily 

measured-reaction rates. The activity values (Table 3.3) were calculated by 

performing linear regression on the conversion data provided by 111 NMR spectroscopy. 

+ [Co(TCT)(OEt)]BPh 
4 

Ti(TDBA)(O'Pr) 
Reactions run at 353 K 
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Ti(TDBA 

/ ml 

IxI 

)(()'I'r) 

A 

I'h('HC02Et 

mol 

BzOH 

mol 

Ester / alcohol 

ratio 

T. O. F. 

h-- 

Ix 10 1x 10" 1: 10 3 0.08) 

)4 1x 10-1 5x 10-2 15 4.4 0.1) 

)4 1x 10-2 2x 10-2 12 3.4 0.09) 

)4 1x 10-2 1x 10-2 2.6 (± 0.17) 

Ix 10-2 5x 10-3 2: 1 2.2 (± 0.07) 

IX 10-2 2x 10 3 5: 1 1.9 (± 0.26) 

Table 3.3: F. 11"ect ofaltering ester / alcohol ratio on catalytic activity. 

A polynomial fit ofthe data (Figure 3.6) suggests that the optimum alcohol to 

ester ratio is approximately 6: 1. A possible explanation for this is that coordination of 

ester to tile titanium centre occurs rapidly compared to a later step in the 

transesterification reaction, i. e.: the rate limiting step in the catalytic cycle could be the 

reaction ofalcohol with a complex of'l'i('I'DBA)(O'Pr) and coordinated ester. 
5. U 

4.5 

4.0 

3.5 

03.0 

2.5 

U- 2.0 

01.5 
E 
1- 1.0 

0.5 

0.0 

x 

> Activity of Ti(TDBA)(0 Pr) 
Polynomial fit of data (R = 0.9977) 

02468 lu 
ratio (alcohol : ester) 

Figiore 3.6: 1-, IlCc( ofalcohol: cstcr ratio on catalyst activity. 
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Increasing the alcohol : ester ratio too far simply increases the rate of the 

competing alcohol / alkoxide interchange reaction. Alternatively, this could be 

representative of the optimum solvation for the titanium species, with the catalyst 

working best in alcohol solvent, but as the alcohol : ester ratio increases, the decreasing 

relative concentration of ester results in a decrease in the reaction rate. 

3.1.3 c Moisture stability test 

The activities of the complexes Ti(TDMA)(O'Pr) and Ti(TDBA)(O'Pr) were 

compared for their catalytic activities using dried and undried esters. Using reagents as 

supplied, the standard test reaction was run for each complex; care was taken to weigh 

out the catalyst samples quickly and immediately add them to the alcohol to minimise 

contact with moisture. Reactions were run at 373 K and under ambient atmosphere. 
Ti(TDBA)(O'Pr) gave 14 T. O. h-1, and Ti(TDMA)(O'Pr) gave an activity of 10 T. O. 

h- 1. 

Ti(TDBA)(O'Pr) shows very similar activity under dry and under moist 

conditions, showing that the complex is indeed stable to moisture. Ti(TDMA)(O'Pr) 

seems to show slightly higher activity under moist conditions. The increase in activity 

may result from some formation of the hydroxide complex. Ti(TDMA)(OH), which 

may be more active than the alkoxide. 
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3.1.4 Mechanistic investigations 

3.1.4 a Interaction between metal centre and carbonyl group 

Interaction between carbonyl groups and Lewis acid centres has been 

extensively documented, 13 and Lappert showed (as early as 1961) that the carbonyl 
Function of esters can bind to a metal centre. 14 There are several possible modes of 

interaction between a metal centre and a carbonyl group, or between a bimetallic centre 

and a carbonyl group (Figure 3.7). Metals which act as simple Lewis acids favour a a- 

interaction with the carbonyl oxygen (modes A- C), whether this constitutes simple 

electrostatic attraction, or donation of electron density to the metal centre (occasionally, 

steric bulk may dictatc the orientation of the carbonyl group), whereas transition metals 

lavour the 7r-intcraction with the electrons of the C=0 bond (modes D, E); ' 5 the C=0 

bond donates electrons to the metal. and can also act as a 7r-acceptor ligand. Examples 

ofthe binuclear complexes have been isolated. 16 

AYI BI 
YI 

CYD 0ý M 0ý '0.. M" M0 'M 
E -M 

'M M, MM 
Mononuclcar Binucicar - with metal Mononuclear Binuclear 

cy-bonding cy-boncling centres linked 7r-bonding n4cy-boncling 

Figure 3.7: Possible coordination modes between metal centres and carbonyl 
functions (including bimetallic interactions). 

Infra-red spectroscopy studies of' the titanium and cobalt species showed no 

detectable changes in the spectra ofthe ester or metal alkoxide species in solution. at 

concentrations where meaningful spectra could be recorded. This result was interpreted 

to mean that there is no equilibrium interaction between metal centre and carbony, 

group at room temperature in dihile solution. NMR studies ofthe titanium species in the 

presence ol' esters in dilute solution showed no measurable changes in the proton 

chemical shifts ol'cither the metal alkoxides or the esters. These NMR studies provide 

additional evidence lor it lack of equilibrium interaction between metal centre and 

carbonyl group ill dilute Solution. However, it does not rule out the presence oftransient 

nitcractions. 
Figures 3.8 -- 3.10 show the IJV/vis spectra taken from 3 experiments designed 

to test for interaction between the cobalt centre and carbonyl Functions. 
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Figures 3.8 - 3.10 show the LJV/vis spectra taken from 3 experiments designed 

to test for interaction between the cobalt centre and carbonyl functions. 
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Figure 3.8: Overlaid IJV/vis spectra showing the addition of' 2-phenylacctic acid 

ethyl ester to a solution of [Co(TC'r)(OEt)IBPh4 in C11202 / Et0H (9: 1, 

V/V). 
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Figure 3.9; 

[Co(TCT)(OEt)]BPh4 
in CH, Cl, / EtOH 

+ 100 eq 2-pentanone 
+200 eq 2-pentanone 
+300 eq 2-pentanone 
+400 eq 2-pentanone 

bUU bbU (jUU b! )U IUU 
Wavelength / nm 

Overlaid IJV/vis spectra showing the addition of' 2-pentanonc to a 

solution of [Co(TCT)(OEI)IBPh4 in CH2Cl2I / ["toll (9: 1, V1V)- 
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Figure 3.8 shows the addition of 2-phenylacetic acid ethyl ester to a solution of 
[Co(TCT)(OEt)]BPh4 dissolved in CH2CI2 / EtOH (9: 1, vlv), and Figure 3.9 shows the 

addition of 2-pentanone, along with a small amount of additional solvent (to ensure that 

equal volumes of liquid were added for both experiments). The intensities of the bands 

diminish slightly with each addition but, as shown by the control experiment (Figure 

3.10), this is due entirely to dilution. 

0.9 

E 

0.7 

a 0.6 

0.5 

'o 0.4 

0.3 

0.2 

0.1+- 
450 500 550 600 650 700 

Wavelength / nm 
Figure3.10: Overlaid UV/vis spectra showing the addition of extra solvent to a 

solution of [Co(TCT)(OEt)]BPh4 in CH2Cl2 / EtOH (9-. 1, vlv) - Control 

experiment. 

This result suggests that there is no equilibrium interaction between the cobalt 

centre and the carbonyl function of either 2-pentanone or 2-phenylacetic acid ethyl ester 

under dilule condilions. However, when the UV/vis spectrum of [Co(TCT)(OEt)1BArF4 

was recorded in solvents containing a carbonyl function (with 10% v1v ethanol added to 

prevent hydrolysis), distinct changes in the absorption spectrum were noted (see Figure 

3.11 ). The change in the absorption spectra suggests that there is a significant 

interaction between the cobalt centre and the carbonyl function of 2-pentanone and 2- 

phenyl acetic acid ethyl ester under these conditions. The spectrum of 

[Co(TCT)(OEt)]BAr1`4 in acetone/ethanol (9: 1, vlv) and in CH202 / ethanol do not show 

any significant differences, suggesting no equilibrium interaction between acetone and 

the cobalt centre. It seems possible that the interaction is strongest when the carbonyl 

[Co(TCT)(OEt)]BPh4 
in CH2CI2 / EtOH 

+extra solvent 
" extra solvent 
" extra solvent 
" extra solvent 

species contains a significant hydrophobic component. 
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Figure 3.11: Overlaid IJV/vis spectra of' lCo(TCT)(OFt)lBAr 1: 4 dissolved in 9: 1, j, /j, 

mixtures of carbonyl species and ethanol. 
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Figure 3.12: Overlaid I JV spectra oJ'Ti(TDBA)(O'Pr) in CI I-, CI2. with the addition of' 

2-phenylacetic acid ethyl ester and the consequent changes in absorption. 
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UV/vis studies of Ti('I'DBA)(O'Pr) in dichloromethane solution suggested a 

weak interaction between the titanium centre and the carbonyl groups of 2-phenylacetic 

acid ethyl ester and 2-pentanone, due to a change in the intensities of the charge transfer 

bands ofthe complex (Figure 3.12 & 3.13). 

0.8 1-I 

0.7 

0.6- 

4) Ti(TDBA)(O'Pr) in H2Cl2 

00.5- C 
+ 10 nL 2-pentanone 
+ 20 nL 2-pentanone 

00.4- + 30 nL 2-pentanone U) - . 92 -+ 40 nL 2-pentanone 
"': ( 0.3 --+ 50 nL 2-pentanone 

- Reference cell for each 0.2- contains an equal concentration 

0.11 
of 2-pentanone in CH2C12 

250 260 2ýO 280 290 36o Wavelength / nm 
Figure 3.13: Overlaid I JV spectra oI'I'i(TDBA)(O'Pr) in CH-, CI,. with the addition of 

2-pentanone and the consequent changes in absorbance. 

It should be noted that the carbonyl group does absorb in this region also, but the 

reference cell contained an equal concentration of the relevant carbonyl compound in 

dichloronicthanc. which should compensate flor this absorption. 

3.1.4 b interaction between metal centre and alcohol 

Metal alkoxides are widely known to undergo facile alkoxo group exchange 

with alcohols (alcoholysis), a method that is often used to prepare new derivatives. 17 As 

shown by tile research of' Yamamoto el aL (vide supra), the oxygen atom of' the 

alkoxidc ligand can serve as a donor in a hydrogen bond to another molecule of alcohol. 

Dissolving TIODBA)(01'r) in dx-toluene along with a mixture of iso-propanol 

and benzyl alcohol allowed the determination of' the equilibrium constant for the 

exchange reaction between iso-propoxide / benzyl acohol and benzyloxide / iso- 

propanol as shown in equations 3.4 & 3.5: 
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Keq 

Ti(TDBA)(()'Pr) + BzOl-l -- Ti(TDBA)(()Bz) +'PrOl] (eq 3.4) 

Keq ý 
[Ti(TDBA)(()Bz)l. ['ProHI 

(eq. 3.5) 
[Ti(TDBA)(()'Pr)]. [BzoH] 

The relative concentrations of the four components were determined using 'I I 

NMR, by comparing the integrations of the methylene protons of benzyl alcohol and 
benzy1oxide ligand (divided by 2), and the methine proton of iso-propanol and iso- 

propoxide ligand. 

Alcohol ratio Kq after 1 hour Kq after 2 weeks K, q after 8 weeks 

6'PrOH :4 BzOH 0.67 0.07) 0.72 0.07) 0.75 (f 0.08) 

4'PrOH: 6 BzOH 0.58 0.06) 0.71 0.07) 0.72 0.07) 

10 BzOH * 0.53 0.11) 0.64 0.13) 

Table 3.41: Observed equilibrium constants for alcohol / alkoxide exchange. 

At this concentration ratio, the iso-propoxide and iso-propanol signals become 

swamped by those of benzyloxide and benzyl alcohol, making the integration 

values (and hence the calculated equilibrium constant) unreliable. 

This experiment shows that exchange between the alkoxide ligand and alcohol 

occurs readily in solution at room temperature for these complexes, although the 

reaction may take several weeks to reach a true equilibrium (Table 3.4). There is also a 

distinct diffierence in stability between the iso-propoxide and benzyloxide complexes, 

with the benzyloxide complex being more stable. This is in spite of' the benzyloxide 

ligand being less electron-donating than iso-propoxide, and the titanium centre being 

electron deficient, suggesting that the effective steric bulk of' the alkoxide ligand 

immediately around the titanium centre is a factor. Interestingly, a recent paper 
describes the lack of exchange between the alkoxide hgand and water for 

Ti(TDBA)(O'Pr), '8 showing that electronic factors do have a significant influence 

(hydroxide is significantly less electron-donating than iso-propoxide). Figure 3.14 

illustrates a possible mechanism of alcohol exchange, showing how the Ul-bond with the 

incoming alcohol can facilitate the process (see below). Nickel (11) and palladium (11) 

complexes containing a molecule of alcohol coordinated by H-bonding to an alkoxide 

ligand have been isolated by Yamamoto el aL 19 
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olý 
H, 

-(j -Olt" 
0 ýkTi 0ýýTi 

N 

Fi%,,, ure 3.14: Alkoxide / alcohol exchange for Ti complexes (two phenolate "arms" 

abbreviated fior simplicity). 

3.1.5 Proposed mechanism 

Several groups have proposed possible mechanisms for transesterification 

reactions. The most plausible mechanism involves reaction between one molecule of 

ester and one molecule of alcohol, taking place within the coordination sphere of the 

metal. Both species interact with the metal alkoxide in such a way as to activate them 

towards reaction. Coordination of the ester through the oxygen atom of the carbonyl 
I'Linction (the ester acting as a (7-donor ligand) results in electron density being drawn 

away froin the acyl carbon atom. This interaction activates the acyl carbon atom 

towards nucleophilic attack by the alcohol. Note that, in the case of cobalt complexm 

the carbonyl group could donate electron density through a 71-interaction, although the 

end result would be the same. namely an activation of the acyl carbon atom towards 

nucleophilic attack. The complete range ot'possible interactions between a metal centre 

and a carbonyl function is summarised in Figure 3.7 (vide supra). 
The hydrogen bonding between the alcohol and the alkoxide fiacilitates the 

nucleophilic attack by the alcohol, because the alkoxide can readily accept the proton, 

thus being convcrted to the corresponding alcohol (Figure 3.15). 

R 
Coordinallon to nictal centre R OR I 
pulls cleciron density away Oýl I lydrogcn-bond to alkoxidc 

from carbon atom. thus 
H increases nuclcophilicitY Of 

alcohol activating it towards attack (D 

Figure 3.15: Proposed intermediate for transesterification reaction as catalysed by 

inetal alkoxide complexes. 
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The nucleophilic attack yields a transient alkoxide ligand, where the carbon 
atom (originally of the carbonyl function) is now tetrahedral, with two alkoxy groups 
and one alkyl group attached. A complete catalytic cycle for transesterification is shown 
in Figure 3.16. 
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Figure 3.16: Proposed catalytic cycle for transesterification reaction as catalysed by 

metal alkoxide complexes. 

Proton transfer from the coordinated alcohol to one of the alkoxy groups 

regenerates the original alkoxide ligand along with ester and alcohol, note that the 

intermediate can react to reform the original complex, resulting in no overall reaction. 
I lydrogen-bonded solvent chains have been observed within the hydrophobic cavity of' 

a ligand similar to TCT, although the complex did not include an alkoxide ligand. 20 

The transesterification reaction is likely to compete with alkoxide / alcohol 

exchange when alcohol is present in excess, as this process is known to occur readily in 

solution flor the titanium alkoxide species even at room temperature. 

Recent work on zinc complexes containing polydentate arnine-alcohol / alkoxide 
ligands has shown that such complexes can catalyse the hydrolysis of' carboxylic 

esters. 21 Two possible mechanisms were proposed, which are surnmarised in Figure 

3.17. 
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Mechanism 1: //'OH IB 
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Figure 3.17: Possible mechanisms proposed for ester hydrolysis by Zn complex. 

Attack by hydroxide (Mechanism 1) and by alkoxide (Mechanism 2) 

3.2 Interesterification 

Several reports of direct interesterilication (equation 3.6) catalysed by metal 

alkoxidc species have appeared in the literature. 

R1 0), R' iR2 R10), R" IR 2(, ( ), R' (eq. 3.6) 

Oagný ef al. reported extremely high tumover frequencies lor alkali metal 

alkoxldcs, partiCUlarly Ru and Cs, which were believed to exhibit activity as tetramers 

-in(] / or hexmncrs. ý2 They proposed a mechanism based on the tetrameric form, with the 

ester mitia I ly coordinating through a cy-interaction (Figure 3.18). 
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Figure 3.18: Mechanism for alkali-metal alkoxide catalysed interesterification, 

proposed by Gagn6 el al . 
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Figure 3.19: Catalytic cycle fior interestcrification, intcrmediates not shown. 22 

The acyl carbon atom then undergoes nucleophilic attack firom the alkoxide 

ligand, and temporarily assumes a tetrahedral geometry; the intermediate then decays to 

release either the product ester or the starting ester. The full catalytic cycle is shown in 

II 
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Figure 3.19. Equilibrium is reached rapidly due to the high turnover frequency; use of 

, in excess ofone ester can force the equilibrium to one side. 
The authors do not appear to have considered the co-operativity effect proposed 

23 by Jackman ei al., where the ability of the cluster to provide multiple points of 

attachment (Figure 3.20)--thereby reducing build-up of negative charge during the 

reaction helps the reaction to proceed with lower activation barriers. Additionally, the 
l'orniation ofsix-membered rings in the catalytic cycle is more sterically favourable than 

rctaining the original cube structure. 
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Figure 3.20: filter-esterification mechanism proposed by Jackman el al . 
23 

Jacknian vi al. also investigated the effect of' changing the -R- group of the 

substrate ester. They lound that the presence of' a suitable donor Function in the ester 
incrcascs the rates of both transesterification and hydrolysis of the ester. By donating 

additional electron density to the lithium cation, the donor function is able to weaken 

[Ile bonding between lithium and a neighbouring phenolate, making the lone pairs of the 

plicnolatc more available 1'()r nucleophilic attack on the acyl carbon atom (complex- 

induced proximity clIcct). I lowever, it should be noted that the use of solvents with 

Lewis base character actually decreases the rate of' transesterification. because it 

becomes more difficult for the ester to displace coordinated solvent molecules. The 

authors used anhydrous conditions to avoid hydrolysis of the catalysts. 
Mano v/ al. reported the catalytic activity of lanthanide tri-alkoxide species for 

the intcrcsicrilication rcaction. 2.1 Although the authors did not propose a mechanism Ior 

the reaction, it is well known that lanthanoid alkoxides form aggregates, 
25 and the 

authors proposed that aggregates might play a role in the reaction. Polar (donor) 
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solvents were shown to inhibit the reaction, supporting initial coordination of ester to 
the metal alkoxide species as the first step in the reaction; donor solvents would also 
favour monomeric behaviour of the alkoxides, reducing their ability to activate the ester 
towards nucleophilic attack. Their experimental conditions were described as being 

rigorously anhydrous, so it is unlikely that hydrolysis products were present in solution. 
The trans-alkoxylation reaction between lanthanide alkoxides and organic esters had 

already been reported, 26 but was only used for the preparation of new lanthanide 

alkoxides. 

Mehrotra reported the reaction of titanium, zirconium and hafnium tetra- 

alkoxides with organic esters to produce new alkoxide derivatives, 27 noting that the 

method was particularly effective for the preparation of tetra-leri-butoxides when 

compared to existing methods. 28 This reaction was explored only as a means of' 

preparing the metal alkoxide derivatives; there was no mention of using the 
i nteresteri fi cation reaction for organic synthesis. Mehrotra also reported an analogous 

reaction between aluminium alkoxides and leri-butyl-esters to produce the aluminium 

feri-butoxide in good yield . 
29 Baker had reported the synthesis of new aluminium 

alkoxides by interesteri fi cation reaction with organic esters earlier than this. 30 Seebach 

el al. reported catalysis of the i nteresteri fi cation reaction by titanium tetra-al kox ides, 

although they referred to the reaction as transesterification. 31 Their aim was to 

synthesise methyl esters, since the use of methanol in the transesterification reaction 

gave rise to precipitation of the insoluble titanium tetra-methoxide tetramer. 

1'ri(OMe)414- Using methyl propiolate as the source of the methoxy group allowed for 

the synthesis of methyl esters. They did not propose a mechanism tor the reaction, and 
it seems likely that hydrolysis products, including 1ree alcohol. were present in the 

reaction mixture. 
All of these examples of catalysts are alkoxides of "hard", electropositive 

metals. which are known to lorm clusters in solution. so it is very likely that co- 

operativity between metal centres is important in allowing the direct interesterification 

reaction to proceed. 
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3.2.1 Standard test reaction for interesterification 

122 

The chosen test reaction was the interesterification of 2-phenyl acetic acid ethyl 

ester and benzyl acetate, to produce an equilibrium with ethyl acetate and 2- 

plienylacetic acid benzyl ester (Figure 3.21 ). 

Nzýý 

'ýýo 
Figure 3.2 1: Test reaction Im interested fication. 

After initial experiments to establish the activity of catalysts, kinetic 

experiments were performed to evaluate the reaction rate. Due to the high activity of the 

titanium tetra-alkox ides, samples were withdrawn at 30 s intervals and quenched by 

addition to a solution ofdilute hydrochloric acid, to allow the reaction to be monitored 

accuratcly. 111 NMR spectroscopy was used to evaluate the conversion, using distinctive 

peaks for each species, as shown in Figure 3.22. 

0 
65.13, s 

AO I()", 
AOO"-Io 

Figure 3.22: Proton signals used for monitoring interesterification reaction. 

Table 3.5 surnmarises the catalytic activity (or lack thereof) for the titanium 

tetra-al kox ides and three ol'the coordination catalysts. 

Catalyst species Conditions 

373 K. 'wet' 

'I'lm"Illo., 

h(0'110.1 

383 K, *wet" 

353 K, dry 

I'I)MA)(()'I)r) 353 K, dry 

lCo(T(l)(0110111111.1 

353 & 373 K. dry 

353 K. dry 

Activity /T. O. h 

137 9) 

338 

49 5) 

None 

None 

None 

Table 3.5: Camlytic activities tior intercsterilication. 
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Titanium tetra-n-butoxide catalysed this reaction, although significant quantities 

of free alcohol were certainly present in the reaction due to hydrolysis of the titanate, 

since the initial experiments were performed using un-dried reagents; a high ratio of 

titanate : ester was required for the reaction to proceed. An experiment using dried 

esters and Ti(O'Pr)4 in a glove-box under argon gave a catalytic activity that was 
lower-although the temperature was lower also-in spite of the dried conditions. This 

gives further support to the proposal that clusters are involved in the catalytic reaction. 

since the iso-propoxide ligand imposes more steric bulk around the titanium centre. 
inhibiting cluster formation. If the amount of hydrolysis for Ti(O"BU)4 could be 

accounted for, the true activity value for the actual catalytic species would be far higher 

than that reported above. 
None of the catalysts prepared in the laboratory catalysed this reaction without 

the addition of free alcohol. Attempting the reaction for iCo(TCT)(OPh)]13Ph4 with the 

addition of increasing amounts of alcohol showed a steady increase in the rate of 

reaction with mol% of added alcohol - there is an approximately linear relationship 

(Table 3.6, Figure 3.23). 

3.5 

3.0 

2.5 

r 2.0 

LL 
1.0 

0 

0.5 

X Activity of [Co(TCT)(OPh)]BPh 4 
based on conversion of BzAc to PhCH 

2 
CO 

2 
Bz 

Linear fit of data (R = 0.993) 
"1 

x 

0.0 

-0.5 
05 10 15 20 

mol% alcohol added 

Figure3.23: Effect of alcohol addition to interesterification reaction. 
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Catalyst 

Co(T('T)(()Ph) 1111% 
JCO( R" 1)(0 I'll) 1111111.1 

"I'M) I'll) 1111114 

CO(TCT)(0111) 1131111,1 

mol'Yo alcohol added Activity (T. 0. h 

00 

1 0.35 0.03)* 

2 0.47 0.05)* 

5 1.21 0.12)* 

10 1.89 (± 0.10) 

20 3.3 (± 0.17) 

Table 3.6: Effect ofaddition ol'alcohol to interesterification reaction. 
*- Values are approximate due to extremely low conversion. 

This suggests that interesterification, as catalysed by these coordination compounds, 

proceeds through two successive transesterification reactions, as shown in Figure 3.24. 

0 Et Bz 
1 Bz 0 

0 
H 

+ 

mR, HO"ý'o 

0---R oR 
11 

mm 
0 

HO"'ý Et Bz 

o+1 
Me 1 

00 + 
HH0 

m 

Figure 3.24: Proposed catalytic cycle to r alcohol -assi stcd inter-esterification 

(intermediate species not shown). 

In the case of' the cobalt complexes, the alcohol might be required simply to 

occupy a vacant coordination site, with the reaction proceeding through direct 

11LICleophilic attack at the acyl carbon atom by the alkoxide ligand. If this were true. 

then simply adding a donor solvent to the reaction might allow the direct 

intcrestcrification to proceed without the need for free alcohol. However, adding 



Chapter 3 Catalytic experiments 125 

acetonitrile to the reaction mixture did not allow the catalysis of interesterification, in 

fact the catalyst decomposed under these conditions, despite the use of rigorously dried 

reagents. This result gives further support to the proposal that the complexes catalyse 

the transesterification reaction by a concerted reaction with ester and alcohol. 

3.2.2 Additional reactions 

In addition to the standard test reaction, the interesterification of ethyl benzoate 

and 2-phenylacetic acid ethyl ester was attempted (eq. 3.7), in order to expand the range 

of esters tested. 

PhCH-, Co, Et + PhCo2Bz - PhCHCo2Bz + PhCoFt (eq. 3.7) 

A range of the metal complexes were tested for this reaction: 

[Co(TCT)(OEt)]BPh4; [Co(TCT)(OPh)]BPh4; [Zn(I'CT)(Ol'h)]13Ph4; and 

Ti(TDMA)(O'Pr). However, none of these complexes showed any activity fior this 

reaction. Initial experiments with phenyl esters were discontinued because the high 

stability of titanium phenolate compounds inhibited the reaction. 

3.3 Discussion 

3.3.1 Titanium complexes 

Titanium tetra-alkoxides can be modified by exchanging three of the alkoxide 
ligands with a multi-dentate ligand, producing a monomeric titanium complex with a 

single terminal alkoxide ligand and a vacant coordination site. This allows the titanium 

centre to retain its activity for the transesterification reaction, use ofthe ligand lris(12- 

hydroxy-3,5-di-tert-butyl)benzyl)amine (TI)BA-H3) gave a titanium species which not 

only retained most of the activity for transesterification, but was also resistant to 

hydrolysis by moisture in the reaction. This can be attributed to the steric protection 

officred by the leri-butyl groups on the ligand, which form a cavity around the alkoxide 

ligand (Figure 3.25); although it is possible to form both the hydroxide complex and the 

ýt-oxo dimer, 32 their formation is disfavoured because of the extreme steric crowding. 

For most other titanium alkoxide species, the hydrolysis reactions are energetically and 
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kinetically favourable. Complexes that are moisture resistant allow for a lower catalyst 
loading and the use ol'undried reagents. 

I 

Me 
Me 0 Me 0-ýý,. l 

ov.; -Ti 
Me 

I-M 
Me 

Figure3.25: Hydrophobic cavities provided byTi(TDMA)(O'Pr) & Ti(TDBA)(O'Pr). 

Despite the increased steric shielding around the titanium centre in 

Fi(TDBA)(0'Pr) Irelative to Tio, i)MA)(O'Pr) and Ti(TPA)(O'Pr)], this is actually the 

most active catalyst fi)r transesterification under the conditions used. It also shows 

increased turnover frequency at lower concentrations (although these experiments were 

not repeated 11or the other two catalysts). None of the complexes appeared to be 

insoluble in the reaction medium (no suspended material was observed in any of the 

reaction vessels), so this result suggests that the complexes form aggregates at higher 

concentrations. The substrates used all contain hydrophobic groups, with the result that 

the alkoxide rnoicty of' the catalysts would be relatively unstable in the reaction 

medium, aggregation would he favoured in order to stabilise the catalysts. This would 

cxplain why the more sterically encumbered species, Ti(TDBA)(O'Pr), is the most 

active catalyst it would favour the non-aggregated, active form because the ieri-butyl 

substituenis provide an organic mask (Scheme 3.1). 

11, i(TDBA)(0' 13r) 
-ý 

jTi(TDBA)(0 i 13r)]2 

Ti(TDMA)(() i Pr) - 1'1'i('I'I)MA)(()'Pr)12 

Active Inactive 

Scheme3.1: Suggested aggregation behaviour flor titanium species. 

None of' the titWliUm complexes are active for the direct interesterilication 

reaction, this suggests that poly-nucicar species are responsible lbr the 

interesterification catalysis by titanium tetra-alkoxides (Section 5.5). 

There is a notable diffiýrence in activity between the titanium complexes. 

Initially, it was expected that the less sterically hindered complexes would give higher 

activity, but experiments showed that Ti(TDl3A)(O'Pr) was the more effective catalyst 

under the condifions used. The activities ofTi(TPA)(O'Pr) and Ti(TDMA)(O'Pr) may 
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be inhibited by the formation of dimeric species in solution, or hydrolysis by trace 

amounts of water in the reagents; Ti(TDBA)(O'Pr) is catalytically robust under ambient 

atmosphere. To ensure that no dimerisation had occurred prior to the experiment, the 

samples of Ti(TPA)(O'Pr) and Ti(TDMA)(O'Pr) used for catalysis were analysed by Ill 

NMR spectroscopy. The samples of the catalysts were both found to be in the active 

monomeric form. An experiment investigating the effect of catalyst concentration on 

turnover frequency suggests that Ti(TDBA)(O'Pr) becomes far more active (55 T. O. h-I 

at 353 K) at lower concentrations, supporting the possibility that catalyst aggregation is 

taking place at higher concentrations. Another possibility is that the hydrophobic pocket 

created by the lerl-butyl groups helps to enhance the reactivity by providing 
hydrophobic interactions with the substrates (the cobalt and zinc complexes both have a 
hydrophobic pocket, provided by the cinnamyl arms of the TCT ligand). 

3.3.2 Cobalt complexes 

Complexes of the type [Co(TCT)(OR)IBAr4 (where R= Ph, Et. W. and Ar = 

Ph or 3,5-(CF3)2-C6H2) are suitable catalyst precursors for the transesterification 

reaction. The ethoxide and phenoxide complexes show almost identical activities (47 

and 45 turnovers per hour at 373 K, respectively, where Ar = Ph), suggesting that both 

compounds are converted into the same species in the reaction medium by alkoxide / 

alcohol exchange; successful synthesis of the benzyloxide complex proves that this 

species is stable both in solution and the solid state. The complexes are both stable to air 

in the solid state-at room temperature- -and the phenoxide complex is also stable in 

solution, although both complexes decompose at elevated temperatures unless 

rigorously dried solvents and inert atmospheres are used. 

Substituting the tetraphenyl-borate counter-ion for the fluorinated analogue, 

BAr 1ý 
4, afforded a more active catalyst (65 T. O. h1 for [Co(TC*l')(OPh)jl3Ar 1 

4), which 

is attributed to the reduced association between the cation and anion, allowing more 

rapid diffusion of the reactants to, and products from, the catalytic centre. The rate 

enhancement (approximately 50%) is highly significant, suggesting that the cationic 

nature ofthese complexes is a factor in their high activity relative to the neutral titanium 

complexes. The catalytic activity of the best catalyst is approximately 2/1 that of' the 

distannoxane catalysts reported by Otera el al. (- 100 T. O. h- The phenyl rings 

draw electron density away from the boron centre and also provide steric bulk. whilst 
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the trilluoromethyl groups act to pull the electron density further away from the centre 
by means of' their inductive effect. Combining these two effects results in an anion 

where the negative charge is delocalised throughout the entire molecule, thus there is 

less electrostatic attraction between the cation and any particular atom(s) of the anion, 
so the anion should be less associated with the cation in solution. As a result, there is 
less resistance to substrate molecules diffusing to and from the cavity around the 

catalyst ccntre, increasing catalytic activity. The BArlý4_ counter-ion also has the effect 

of making the complex more soluble in non-polar solvents, and has proved to be 

extremely useful in other areas of research for the use of highly electrophilic species 

without hindrance by anion association. 34 

None ofthe cobalt complexes show any activity for the direel interesterification 

reaction between two esters. I lowevcr, adding a small amount of alcohol to the reaction 

mixture allows flor an overall interesterification reaction to proceed slowly. This 

reaction shows an approximately linear dependence between rate and the alcohol 

concentration, supporting the assumption that interesterification occurs via two 

successive transesten 1-i cation reactions (Scheme 3.2). 
PllC II+ 13z()I I PhCHCo,, Bz + EtoH 

Acollz + Ftol I AcoEt + Bzofl 

IIIWI + AcoBz PhCliCo, )Bz + AcoEt 

Scheme 3.2: Overall interesterification via two successive transesteritication 

reactions. 

Fliese complexes do have significant drawbacks in terms of potential industrial 

applications. Their instability towards high temperature, except under rigorously dry 

conditions and inert atmospheres, coupled with the expense and synthetic challenge of' 

making the TCT ligand, would limit the catalysts to high value applications. Secondly, 

cobalt is toxic, which makes the catalysts unsuitable for use in flood applications. 

Succcssftil use as an industrial catalyst would require the use of a polymer-supported 

version (Section 5.2.2 a), and cobalt leaching would have to be considered. 

3.3.3 Zinc complexes 

Complexes ofthc type jZn('l'('T)(OP'h)jBAr4 (Ar = Ph, 3,5-(('I--3)2-C6,13) were 

made in in attempt to give catalysts with improved activity relative to the analogous 
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cobalt complexes. This plan was based on the increased Lewis acidity of zinc (11) 

relative to cobalt (11), and the observation that, for the free ions in solution. Zn" has a 
higher transesterification activity than Co". A number of Zn" complexes incorporating 

the TCT ligand have already been produced, and Walton el al. recently reported a zinc 
methoxide complex using a related ligand system. 35 

The complexes [Zn(TCT)(OPh)]BPh4 and [Zn(TCT)(OPh)]BAr f: 4 have been 

successfully prepared and characterised. Attempts to synthesise the ethoxide derivatives 
have all been unsuccessful, giving low yields of an unidentifiable product. A possible 

explanation for the failure of this synthesis is that the zinc ethoxide complex is unstable 
due to P-hydride abstraction (Figure 3.26), 36 which is perhaps not surprising in view of' 
the mode of action of liver alcohol dehydrogenase. If this is the case, then synthesis ofa 

zinc alkoxide complex without P-hydrogen atoms (such as teri-butoxide) might be more 

successful. [Zn(TCT)(013h)]BPh4 gave lower activity for the trans-esteri I ication 

reaction than [Co('FCT)(OPh)]BPh4; it was initially hoped that the zinc centre. with its 

Lewis acid character, would give higher activity than the cobalt derivatives. Under the 

standard reaction conditions, [Zn(TCT)(OPh)JB13h4 gave higher activity than 
Ti(TDBA)(O'Pr), although the activity of the titanium catalyst has been shown to 
increase substantially at lower concentrations. 

CH3 
r1l p-H .0 

IH L 
Zn 

:_ 

Acce 3tor N- N 

Figure 3.26: Possible route for clecomposition of'zInc ethoxidc conlplcx. 

2a 

Despite their lower activity, the zinc complexes do have a significant advantage 

over the cobalt catalysts: they are not inherently toxic, and are therefore suitable for use 

in food applications. Additionally, their lack of' colour would be an advantage for 

applications where colour of' the product is an issue. I lowever. the high cost of' the 
ligand would limit their use, and a modification oftlic figand to allow attachment to a 

solid support would be essential for practical use. 
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3.3.4 Mechanism 

During the course of this project, a certain amount of insight into the catalytic 
mechanism has been gained. Extensive consultation of the available literature, 

combined with our own laboratory investigations, has led to some new ideas about the 

processes taking place. Whilst our results agree with previous studies that the 

mechanism is first order with respect to ester and alcohol, we propose a different 

mechanism to that proposed by other groups. 37 Our suggested mechanism involves 

nucleophilic attack at the acyl carbon by a molecule of alcohol. Both of the substrates 
are activated by their interaction with the metal alkoxide species. The ester coordinates 
to the metal, either by a cy-interaction in the case of titanium and zinc, or possibly by a 

it-interaction in the case of cobalt; in both cases, the result is a decrease in the electron 
density at the acyl carbon, activating it towards nucleophilic attack (Otton el a,. 36(a) do 

not appear to consider coordination of the carbonyl function to the metal centre). We 

propose that the alcohol is activated as a nucleophile through hydrogen bonding to the 

alkoxide ligand. Yamamoto el al. did not consider this possibility during their original 

work on copper-catalysed transesterification, 36(b) although in their later work on nickel- 

and palladium-catalysed transesterifi cation they consider that the hydrogen-bonded 

alcohol adducts that they observed could represent a possible mode of interaction in the 

catalytic mechanism. "' 

There are several reasons that make this the most likely mechanism. Firstly, 

direct attack by the alkoxide ligand seems unlikely for the mononuclear complexes, as 

this would allow the direct interesterification reaction to proceed, and it is also 

energetically disfavoured because it involves a less stable four-membered cyclic 

transition state, as opposed to the six-membered transition state in our proposed 

mechanism. In the case of the titanium tetra-alkoxides, it is possible that double 

electrophilic activation by bridged titanium centres allows for direct attack by an 

alkoxide ligand. Secondly, hydrogen bonding between the alcohol and alkoxide ligand 

would help to make the alcohol more nucleophilic, further lowering the activation 
barrier - hydrogen-bonded solvent chains have been observed within hydrophobic 

cavities . 
3" The evidence from UV/vis spectroscopy (Section 3.1.4 a) supports the 

involvement of an interaction between the metal centre and the carbonyl bond. The 

linear dependence of catalyst activity upon alcohol concentration (Figure 3.23) confirms 

that the mechanism is first order with respect to alcohol. 
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The coordination complexes do not show activity for the direa 

interesterification reaction, with the presence of alcohol being essential for catalytic 

activity. Although initially a disappointment, this result has in itself given a useful 
insight into the mechanism, and highlighted that research into binuclear complexes is 

essential for improved interesterification catalysts. 
During the course of this research, it has become clear that the design of 

catalysts for transesteri fi cation and interesterification has obvious parallels with the 
design of catalysts for a number of other important reactions, including lactide 

polymerisation and C02 / epoxide copolymerisation. All of these reactions can be 

catalysed by a Lewis acid species that is capable of coordinating to the acyl oxygen 

atom, thus activating the carbonyl function towards nucleophilic attack. It has already 
been shown that species that have activity for lactide polymerisation 39 also have activity 
for transesterification. Therefore it is possible that a known catalyst for lactide 

polymerisation may also give activity for transesteri fi cation. The increased 

understanding of the mechanism will assist in the rational design of future catalysts. 

Evidence has been uncovered for aggregation behaviour in the titanium coordination 

complexes, with the more sterically shielded complex Ti(TDBA)(O'Pr) being the most 

active complex, and showing a relationship between concentration and turnover 

frequency that supports aggregation behaviour. This relationship has not been 

completely investigated for all of the complexes described in this thesis. 

Interesterification is catalysed by homoleptic titanium tetra-al kox ides, which can 
form clusters in solution, whilst the monomeric complexes do not show any activity for 

this reaction, except when alcohol is added to the reaction mixture. allowing 

interesterification to take place via two transesteri fi cation reactions (eq. 3.8). 

PhCH, Co2Et + Bzol I PhCH2Co2Bz + Etoll 
AcoBz + EtOH AcoEt + BzOH 

PhCH, Co2Et + AcoBz PhCI42Co2Bz + AcoEt (eq. 3.8) 

The lack of interesterification activity for the monomeric complexes is a strong 

indication that cooperativity between metal centres is essential for the strong 

electrophilic activation required for the direct interesteri fi cation reaction. 
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3.4 Conclusions 

Transesterification is catalysed by the metal alkoxide complexes prepared in this 

project. [Co 
' 
(TCT)(OPh)]BArF4 is the best catalyst (65 T. O. h7') under the 

standard conditions. Complexes of the type [Co(TCT)(OR)]BPh4 show activities 

of 47 (R = Et) and 45 T. O. h7l (R = Ph) and [Zn(TCT)(OPh)]BPh4 shows an 

activity of 27 T. O. h7l. Ti(TDBA)(O'Pr), Ti(TDMA)(0 I Pr) and Ti(T? A)(0 i Pr) 

show activities of 17,5 and 4 T. O. If", respectively. 
Ti(TDBA)(OlPr) increases its activity to 55 T. O. IC I at 353 K under dilute 

conditions (0.05 mol%), which is indicative of aggregation behaviour in the 

titanium catalysts. 
Direct interesterification is not catalysed by the mononuclear metal alkoxide 

complexes, but is catalysed by titanium tetra-alkoxides. 
The available evidence suggests that reaction takes place through a concerted 

mechanism between ester and alcohol at the metal centre. We propose that this 

mechanism involves hydrogen-bonding between alcohol and the alkoxide ligand. 
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Chapter 4: Reactivity of metal complexes towards C02 and CO 

4.1 Reactivity of metal alkoxides and related species with C02 

The insertion of carbon dioxide into the M-0 bonds of metal alkoxides (and 

the M-N bonds of metal amides) has been documented for a wide variety ol'metal 
alkoxide and amide species. One of the first examples Of C02 inserting into the M-0 
bond of a metal alkoxide (Cu(OMe)2 in pyridine solution) was reported by Tsuda and 
Saegusa in 1972; this reaction was noted to be reversible, and also required the presence 

of an auxiliary ligand for reaction with C02 to occur. ' Chisholm el al. made the first 

reports of insertion Of C02 into the M-N cr-bonds of group 4 and 5 metal amides, 2 

producing carbamato complexes, which were formally eight-coordinate (Figure 4.1). 

NMe2 
I 

C02 Me2N 'ýM'ý-NW2 
4 

Me2N 

M= Ti, Zr, V 

NMe2 
Me2N 

,I C02 M -NMe2 
Me2N*O' 

NMe2 

M= Nb, Ta 

NMe2 
A 

0 
Me2N-, % 

0-M-0. 
le I" o---ý'-NW2 00 
y 

Me2N 

Me2N 

IRA- Rl- C\ 00 NMe2 

M 

e2 

Figure 4.1: Insertion OF C02 into the M-N bonds ot'group 4&5 metal amides. 

They have continued their research to include insertion into the M-N and M- 

0 bonds of ditungsten amides and alkoxides (Figure 4.2). 3 The reactivity of' these 

species is discussed in more detail in Section 1.2.3, but also includes insertion of* CO 

into the M-0 bond (Section 4.4). 
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TI 2 -carbamate NMe2 T12,1L2-Carbamate 
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Figure 4.2: Insertion OIT02 into the M-N bonds of di-tungsten amides. 

Insertion reactions of'small molecules (such as C02, COS, CS2 and S02) with 

Oroup 2 metal alkoxides have been investigated by Mingos el al. 4 These species can 

readily insert into tile M-0 bonds to form a range of insertion products. depending on 

the reagents and conditions used (Scheme 4.1 ). 

M M-9-, 
'[Mg(02COMe)(OMe)(MeOH)1.51,, 

[M(OMe)2]n C02 

M [Ca(02COMe)(OMe)(MeOH)ln 

Scheme 4.1: Insertion ofCO, into the M-0 bonds ot'group 2 metal alkoxides. 

There has been a recent report of catalytic fixation Of C02 as alkyl carbonates by 

simple niobiuni penla-alkoxides, ý' Nb(OR)5- Whilst this required extremely forcing 

conditions, an(] turnover was low, it does represent an important step towards the goal 

offixing CO, catalytically using relatively simple reagents. 

Several other methods flor the catalytic fixation Of C02 have been reported in tile 

literature. Mori el al. have investigated the use of nickel (0) complexes for the 

carhoxylative cyclisation Of bis-1,3-dicnes, ` and recently reported the use of chiral 

phosplune ligands to make the process highly enantioselective (1ý, igure 4.3 ). 7 This 

reaction is proposed to involve a nickel allyl intermediate; although the initial 

coordination mode ofCO, at the nickel centre is unclear, the C02 molecule inserts into 

the Ni C bond. The research groups ofDarensbourg 8 and Coates 9 have made notable 

advanccs in the use of transition metal catalysts lor the co-polymerisation of' carbon 

dioxide and cpoxides to form polycarbonates. These catalysts have largely been based 

oil metal alkoxidcs. which can insert both ('02 and cpoxides into the M-0 bond. 
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Figure 4.3: Carboxylative cyclisation of dienes, racemic and enantioselective. 

The mechanism by which C02 inserts into the M-0 bond deserves some 
discussion. During their initial investigation, Chisholm el al. found that, for the case of 

insertion into M-N bonds, the presence of adventitious free amine in the samples was 

responsible for catalysing the reaction (Scheme 4.2). The small amount of carbamic 

acid present in the equilibrium reacts rapidly with the metal amide, pulling the 

equilibrium to completion. This finding may also have some relevance to the reaction 

with metal alkoxides; therefore in all systems that fiX C02, the presence of a similar 

mechanism should be considered. 

C02 + HNR2 + M(NR2)x 
1ý 

R2NC02H + M(NR2)x M(NR2)X-1(02CNR2) + HNR2 

Scheme 4.2: Amine-catalysed C02 fixation. 

The direa insertion Of C02 into the M-0 bond can be proposed to proceed 

through two possible mechanisms, varying in the initial coordination Of C02 at the 

metal centre. C02 can be regarded as a carbonyl function, so it can potentially bind 

through either a cr- or 7r-interaction in a similar manner to the carbonyl function of an 

ester (Chapter 3). Early transition metals in high oxidation states tend to act as simple 

Lewis acids, and would probably favour the cy-bonding mode, but late transition metals 

may favour a 7r-bonding mode (Figure 4.4). Both modes of coordination draw electron 

density away from the carbon atom, activating it towards nucleophilic attack by the 

alkoxide figand. 
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Figure 4.4: cy-bonding (A) and 7c-bonding (B) modes of coordination between C02 

and a metal centre. 

4.2 Reaction of cobalt alkoxides with C02 

4.2.1 Background - Human Carbonic Anhydrase 

Human Carbonic Anhydrase 11 (HCA 11) is the most active enzyme known for 

the hydration Of C02, with a second order rate constant of 1.5 x 108 dm 3 mol- I s- I 

(approaching the diffusion limit). This has led several groups to synthesise small 

molecule mimics of this enzyme, both for academic interest in confirming the 

mechanism of action for this protein, 'o and with a view to the potential commercial 

benefits of catalytically fixing an abundant C, feedstock. 

His64 

Hydrophobic 
region 

(Vall2l, VaII439 

Val2079TrP209) 

HiS96 

Figure 4.5: A schematic diagram of the active site of HCA 11. 
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The most active forms of carbonic anhydrase, including HCA 11, all contain a 
zinc atom at the active site. HCA 11 has the zinc atom coordinated by three histidine 

residues, and the fourth coordination site occupied by a water molecule (or a hydroxide 
ion at higher pH), as depicted schematically in Figure 4.5. 

The active site is located within a cleft in the enzyme. Several other features 

within the active site are essential to the catalytic action of the enzyme. 11 Thrigg is 

positioned to accept a proton from the water molecule, thus lowering the barrier to 
deprotonation, and Glu166 is positioned to form a hydrogen bond to Thrl, )g, holding it in 

the correct orientation to accept the proton. HiS64 enables the formation of a hydrogen- 

bonded water chain, thus increasing the rate of proton transfer to and from the bulk 

solution to the active site. Additionally, there is a hydrophobic pocket (formed by 

Val]21, Va1143, Va1207 and TrP209), which-it is believed-acts as store for C02 

molecules. There is also a "deep" water molecule, shown as weakly bound to both the 

zinc ion and the zinc-bound water molecule; the role of this water molecule is proposed 

to be in negating the entropic effects of free C02 becoming bound to the zinc atom (i. e.: 

the water and C02 molecules exchange places). There is still some debate about the 

precise mode of action of HCA 11, but a reasonable cycle is shown in Figure 4.6.12 

OH2 OH 
11 H8 

21 

(HiS. 4)N--' 
V'N(His, 19) + H(D (His94)N )ý, "N(Hislig) 

N(His96) N(HiS96) 

"Normal" 
+ H2() H20 

eG HC0 
irectIon 

f 
direction 

f f 
C02 + C02 

- HC03 + 3 o o o 

reaction reaction 0 

OC02H-1G) 
C -Is 

0 Az %_0 H 

Z ni, 
(HiS94)N -I )ý`N(Hisijq) 

Z nj/,, 
)ý '-N(Hisllg) 

(His94)N 
N(His96) N(HiS96) 

3 

Figure 4.6: Catalytic cycle for the hydration of carbon dioxide by HCA 11.12 

The deprotonation step (I - 2) is assisted by Thrigg and Glu106, as noted above. 

The next step proceeds by the addition Of C02, supplied either by diffusion into the 

cleft, or by transfer from the hydrophobic pocket. Nucleophilic attack on the carbon 

atom yields the bound bicarbonate ion, which is displaced by water to complete the 

cycle. Because of the design of the active site, the enzyme is able to catalyse the 
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hydration of carbon dioxide at close to the diffusion limit, and HCA II is often referred 
to as a "perfectly evolved" enzyme. 13 It is known that the zinc ion can be replaced by 

cobalt (11), giving an enzyme with about half the activity, whilst other metal atoms such 

as cadmium result in a deactivated enzyme. Substituting zinc with cobalt allows the 

active site to be studied by UV/vis spectroscopy (the zinc form has no electronic 

spectrum), and could potentially allow for solution state structure determination by 1H 

NMR spectroscopy. 14 

Several research groups have constructed small molecule mimics of the enzyme, 

which recreate several features of the enzyme's active site. The research groups of 
Vahrenkamp" and Parkin 16 have produced zinc hydroxide, alkoxide and aryloxide 

complexes containing Iris-pyrazolyl borate ligands to simulate the N3 coordination 

sphere of the enzyme, and adding large, hydrophobic groups to these ligands allows for 

simulation of the cavity of the enzyme. Use of functionalised calixarene ligands has 

allowed Kersting el al. to produce metal complexes effectively buried within a 
hydrophobic pocket, 17 whilst Reinaud el aL have further built upon these frameworks 

by adding imidazole groups, producing Coll, Nill, 18 Cul & Cull, '9 and Znll-containing 

complexeS20 which reproduce both the coordination sphere and the hydrophobic pocket 

of the enzyme (Figure 4.7). 

Hydrophobic '- 
cavity surrounding 
solvent molecule 

,, --N 
/ýn 

N N- 7 

oMe 

Figure 4.7: Funnel complexes prepared by Reinaud el al. 19 

Walton el at have constructed a series of small molecule mimics of this 

enzyme, yielding some close approximations of certain features of the active site. The 

use of iris-imine ligands based on cis, cis-1,3,5-triaminocyclohexane gives a close 

approximation to the N, face-capping arrangement of the three histidine residues in 

HCA 11. Use of rigid cinnamyl side chains also creates a hydrophobic pocket around the 

metal ion. This has allowed the observation of hydrogen-bonded solvent chains in the 

crystal structures of certain complexes. 21 
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Figure 4.8: Model complex for formation of hydrogen-bonded solvent molecules. 

Crystallisation of the complex cobalt (11) (cis, cis- 1,3,5 -Iris [(4-tert-butyl- 

phenyl) propenylideneamino] cyclohexane) nitrate tetraphenylborate (Figure 4.8) from 

different mixtures of methanol and dichloromethane resulted in different structures. Use 

of a more methanol-rich mixture (9: 1, vlv) gave a complex where three methanol 

molecules were directly bound to the cobalt centre, and the nitrate ion was held at the 

top of the cavity by hydrogen bonds to two of the methanol molecules (Figure 4.9). 

Recrystallisation of the complex from a less methanol-rich mixture (7: 3, vlv) gave a 

structure with the nitrate ion and one methanol molecule directly bound to the cobalt 

centre, and two additional methanol molecules associated through hydrogen bonding. In 

both cases, the hydrogen-bonding network extends to an adjacent unit cell, resulting in 

the formation of pseudo-dimers. 

H--O 
0/ N 

I\ Me Me 0 
I Me. -O-H' H \/ C. H 

0`I/ /\ A0, Me 
N"A O'ýN Me 

2N ij 

1 [Co(L)(MeOH)31 
(N03)(mOOH)2(Bph4) 

0 

N Me 
Me 

Co 
NJ ýN 

N H, 
_ 

2 [Co(L)(N03)(MeOH)] 
(MeOH)3(Cl 12('-12)(13ph4) 

Figure 4.9: Schematic representations of different modes of nitrate binding to cobalt 

centre, along with hydrogen-bonded solvent chains. 

In his thesis, 22 Lusby described the use of zinc complexes immobilised in a 

polymer matrix as effective mimics of HCA 11. Freeman reported the synthesis, and 
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reversible reaction Of C02 with, complexes of the form [Co(TCT)(OR)]BPh4 in his 

thesis (Figure 4.10). 23 The "R" group was a variety of substituted phenoxides and 

alkoxides (some of which were halogenated), allowing for a study of the factors 

affecting C02 binding to the cobalt centre. Evidence for the binding of carbon dioxide 

was provided by UV/vis, IR and 1H NMR spectroscopic methods. He concluded that 

C02 inserted to form a Co(, t, 2 
-arylcarbononate) or CO(112 -alkylcarbonate) in which a 

solvent molecule was also bound making cobalt 6-coordinate. Notably, a coordinating 

solvent was essential to reaction. The reaction could be reversed by purging the solution 

with argon or nitrogen. These studies have been continued during the course of this 

project to provide additional evidence for the assignment of the carbonated species and 

the presence of a bound solvent molecule. 24 
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R= ABc CF3 D CC13 
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FGJ:: 

ýr 

z OMe 
Figure 4.10: Cobalt alkoxide complexes prepared by Freeman, and their reactivity 

with C02. 

4.2.2 UV/vis spectroscopic study 

Freeman performed extensive UV/vis studies as part of his investigation of the 

reactivity of cobalt alkoxides with C02. The isolation of the complex 

[Co(TCT)(OEt)]BPh4 in a pure form encouraged us to perform an additional study to 

show that its reaction with C02 is reversible, as for similar complexes. The complex 

was dissolved in a 9: 1 mixture of dichloromethane and ethanol (at a concentration of 

2.6 x 10-' mol d M-3) under an argon atmosphere, and the visible spectrum was 

recorded, showing absorption bands at 635 (& = 239 d M3 Mol-I cm-'), 554 (6 = 362 dM3 
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mol-1 cm-1) and 486 nm (F, = 291 dM3 mol-I Cm 1) nm. Bubbling dry C02 through the 

solution for 60 s caused a distinctive change in the visible spectrum of the complex 

(Figure 4.10), with the absorption bands shifting to 550 (c = 177 drn 3 mol-lcm-1), 520 (c 

= 173 dM3MOI-ICM-1 ) and 492 nm (sh) (E; = 158 drn 3 
mol 

1cm 1); the extinction 

coefficients (estimated by comparison with those of the starting complex) are reduced 

substantially, suggesting a transition from four- to six-coordinate at the cobalt centre. 

This corresponds with the observations recorded by Freeman. Bubbling N2 or Ar 

through the solution for prolonged periods causes the complex to lose C02, reverting to 

the ethoxide complex (Figure 4.11); note that the reverse reaction is slower than flor 

[Co(TCT)(OPh)]BPh4, and that a small amount of [Co(TCT)CIIBPh4 is formed, as can 

be seen from the slight shoulder around 593 nm on the spectra of' the regenerated 

complex. Note that spectra of [Co(TCT)(OEt)]BPh4 must be run in a dichloromethane / 

ethanol mixture, as the complex decomposes by hydrolysis in MeCN without FtOfl 

present. 
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Figure 4.11: Visible spectra showing reversible reaction with 

CO, in C H)C12/EtOt 1 (9: 1, v/v). 
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Although the UV/vis study does not in itself prove the identity of the carbonated 

product, it does provide strong evidence that the complex is six-coordinate, and 

confirms the reversibility of the reaction. 

4.2.3 Solution FTIR spectroscopic study 

FTIR spectroscopy ot'[Co(TCT)(OPh)]BPh4 before and after reaction with C02, 

shows the emergence of absorption bands that can be assigned to an arylcarbonate 
ligand. The FTIR spectrum, run by Freeman, of the carbonated complex in CH202 / 

MeOl 1 (9: 1, vlv) shows bands at 1593,1327 and 1093 cm-1, which are assigned as 

arylcarbonate vibration modes. Freeman also acquired FTIR spectra monitoring the 

reaction of' the complex with 180-labelled C02; the resulting shifts in the absorption 
[rcquencies of' these hands relative to C 16 02 were consistent with an arylcarbonate 
ligand. Furthermore, the positions of' the bands allow us to assign the arylcarbonate 
binding mode as bidentate (Figure 4.12 shows the possible coordination modes of an 

arylcarbonate ligand). 

0 OR OR OR OR 

0 
J, 

0RO, -'kO O, 
"ýO -- 0, ýýk 00 "Iko 

mmmmmm 

Monodcntate Anisobidentate Bidentate Bridging bidentate 

- localiscd - localised - delocalised - delocalised 

Figure 4.12: Coordination modes of alkyl / aryl-carbonate ligand to metal centres. 23 

Bldentate alkylcarbonate ligands typically show absorbances at -1560 cm I (vl). 

1460 cin I (VA -. 1360 crn I (V3) and - 1085 cm I (V4)- 25 Monodentate alky1carbonates 

show three absorbances, at -1660 cm ' (vl), -1290 cm 1 (v_3) and 1050 cm-1 (*'4)- 26 

These l1requcncies are fairly consistent over a wide range of complexes, metals and 

oxidation states. The positions of' the absorbances, and particularly the difference 

between v, and vj (Av), allows assignment of the denticity of an alkylcarbonate ligand: 

ill alkylcarbonate ligands typically have Av >- 345 cm 1,71 2 alkylcarbonate ligands have 

Av - 227 cin 1, and u2-a I ky I carbonate ligands have Av 294 - 325 cm -1 - 
24(b, c) The Av 

value ol'265 cin 1 for the carbonated cobalt complexes under investigation here is much 

too low for a monodentate ligand, and below the range for p2 -alkylcarbonate. 
Although 
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Av is above the range typical of bidentate alkylcarbonates, the positions of the bands 

make this the most likely coordination mode. 
Since a coordinating solvent is crucial to the reaction (and the UV/vis study 

suggests the presence of a six-coordinate cobalt species), it is proposed that a molecule 
of solvent is directly bound to the cobalt centre, completing the coordination sphere. 
Although these experiments have provided strong support for the presence of a 
coordinated solvent molecule in the carbonated compound, direct spectroscopic 
evidence for the bound solvent is still lacking. 

1.2- 
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[Co(TCT)(OPh)]BPh4 +M in CD3CN 
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Figure 4.13: Solution FTIR spectrum of [Co(TCT)(OPh)]BPh4 in CD3CN, before and 

after addition Of C02. 

In order to acquire direct evidence for the presence of a bound solvent molecule, 
it was decided to repeat the experiment using CD3CN as solvent (CH. 3CN absorbs 

strongly between 1550 - 1350 cm-1, obscuring two of the arylcarbonate bands). Figure 

4.13 shows the FTIR spectrum of [Co(TCT)(OPh)]BPh4 in CD3CN before and after the 

addition OfCO2; note the emergence of new bands upon adding C02. 

Subtracting the starting spectrum shows which absorption bands are due to the 

carbonated species (Figure 4.14). Very weak absorption bands assignable to 

arylcarbonate in [Co(TCT)(p 2 -02COPh)(NCCD3)]BPh4 are seen at 1503,1363 and 

1224 cm-1, the fourth expected band (-1100 cm-1) is not seen due to strong solvent 



Chapter 4 Reactivity studies 146 

interference. The changes in two of the absorption frequencies of the arylcarbonate 
bands (1327 - 1363 cm-1 and 1593 - 1503 cm-') are of too great a magnitude to be 

caused by solvation effects alone, supporting the assumption that the complex contains 
a coordinated solvent molecule. 
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Figure 4.14: Solution FTIR spectrum of [Co(TCT)(OPh)]BPh4 + C02 in CD3CN - 
difference spectrum. 

4.2.4 Attempts to Isolate the carbonated species 

Freeman made extensive efforts to isolate the carbonated species, which were all 

unsuccessful, resulting in isolation of the starting material. During the course of the 

FTIR study, it was noted that when C02 was bubbled through a concentrated solution of 

[Co(TCT)(OPh)]BPh4 in CH3CN, a purple precipitate formed, which re-dissolved upon 

bubbling argon through the solution, reversing the reaction. It was thought that the 

precipitate might be the carbonated species [Co(TCT)(ýL2_02COPh)(CH3CN)]BPh4 in 

the solid state, with the lower solubility of the compound allowing its isolation. In order 

to investigate this possibility, a concentrated solution of [Co(TCT)(OPh)]BPh4 in 

CH. 3CN was left under an atmosphere Of C02-the C02 was not bubbled through the 

solution -in a sealed, undisturbed vessel. After I week, small purple crystals had 

formed, and one of these was analysed by X-ray crystallography, with special care 
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taken to minimise exposure of the crystal to the atmosphere. It was found that the 

species formed was the previously identified ý12 -carbonate species, ([Co(TCT)12(4 2_ 

C03))(BPh4)2-presumably formed through hydrolysis by trace amounts of water-co- 

crystallised with a molecule of acetonitrile (Supplementary data, S7). 

4.3 Attempted reaction of titanium alkoxides with C02 

Titanium tetra-alkoxides were shown to react reversibly with one molar 

equivalent of carbon dioxide in benzene solutions in 1972,27 although the products were 

not isolated. Titanium tetra-iso-propoxide has recently been shown to react with carbon 
dioxide in the presence of trace amounts of water to produce a tetranuclear ivo-propoxo- 

carbonate specieS, 28 which has been isolated and crystal lographi cal Iy characterised. We 

decided to investigate the possibility that the titanium coordination complexes might 

also react with C02. The complexes have charge transfer bands in the UV region, and 

these bands were monitored for any changes during the reaction. 

Ti(TDBA)(O'Pr) was dissolved in the mixed solvent dichloromethane / i. vo- 

propanol (9: 1, vlv) under an argon atmosphere, and the UV/vis spectrum was recorded. 

C02 was bubbled through the solution for 2 minutes at room temperature, and the 

UV/vis spectrum was recorded. No change in the positions or intensities of the bands 

was observed, suggesting that no reaction had occurred between C02 and the titanium 

complex. 

4.4 Attempted reaction of cobalt alkoxides with CO 

Reaction between metal alkoxides and carbon monoxide has been observed in 

several systems, leading to the formation of the metallo-ester insertion product (Figure 

4.15 ). 29 If a metal alkoxide complex has a vacant coordination site, then there is a 

possibility that this insertion reaction might take place. 

R 
Co 0 0, oy, u 

1ý- R- ' 

mmm 

Figure 4.15: Insertion of CO into the M-0 bond. 
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[CO(TCT)(OPh)]BPh4 was dissolved in dichloromethane under an argon 

atmosphere, and the UV/vis spectrum was recorded. The solution was degassed and 
then placed under an atmosphere of CO; the solution was shaken and left overnight at 

room temperature, in the absence of light. The UV/vis spectrum showed no change, 

suggesting that there was no reaction with CO at room temperature. An additional 

experiment, using the mixed solvent dichloromethane / ethanol (9: 1, vlv), also showed 

no evidence of reaction between CO and the cobalt complex. 

4.5 Conclusions 

Freeman's original study of the reaction between cobalt alkoxides and C02 has been 

continued. Conclusive evidence for the presence of a bound solvent molecule in the 

carbonated product has been provided by FTIR spectra. 
The reaction between [Co(TCI)(OEt)]BPh4 and C02 has been studied in more 
detail in light of the preparation of the ethoxide complex in a purer form, and the 

reversibility of the reaction has been demonstrated. 
Further attempts to isolate the carbonated products in the solid state have been 

unsuccessful. 
The cobalt alkoxides did not show any reactivity towards CO under the 

experimental conditions used. 
The complex Ti(TDBA)(O'Pr), as an example of a neutral titanium complex, did not 

show reactivity towards C02 under the conditions used, although it is possible that 

altering the reaction conditions might influence the reactivity. 
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Chapter 5: Future work 

5.1 Titanium catalysts 

R= Me, tBu 

The titanium catalysts produced during the course of this proJect have shown 

promising activity for transesterification processes, although they are somewhat slower 

than the stannoxane catalysts reported by Otera el al. ' (55 T. O. h1 compared to 100 

T. O. h-1 for the stannoxanes at the same temperature). Use of the sterically hindered 

TDBA ligand gave a complex that could retain its activity even when less rigorously 

dried solvents were used. Limitations of the catalysts include their general susceptibility 

to hydrolysis [with the exception of Ti(TDBA)(O'Pr)] and the fact that they would 

remain in the final product. Modification of the ligands to include polymerisable 

functions such as vinyl groups may be possible, allowing the catalysts to be fixed to a 

solid support (Figure 5.1). 

--ý 
R 

R0R O'l 
0;; -T i0 

N 
AIBN 

IND. 

Figure 5.1: Modification of titanium coordination catalysts to enable immobilisation 

on a solid support. 

An alternative approach to producing polymer-supported catalysts would be to 

abandon the drive toward well-defined homogeneous systems and flocus on a simpler 

and direct attachment of titanium centres to a polymer. Reacting '1'1(()R)4 with a 

polymer containing phenol groups (such resins are commercially available) could 

potentially fix titanium centres to the polymer by phenolate bonds. Reaction of Ti(OR)4 

with one or more equivalents of 4-vinylphenol followed by polymerisation could also 

yield a polymer-fixed titanate species (Figure 5.2). This would give a less well-defined 

catalyst species, but would be much more simple to produce. The activity of such a 

catalyst would depend upon the accessibility of the titanium centres to the reactants. 
Attaching the titanium to a preformed polymer would allow for selection ofthe polymer 
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based on porosity, giving easy control over the macroscopic properties of the polymer 
(such as the difilusion rate within the polymer, which is dependent on the presence of 

appropriately-sized cavities), but at the expense of relatively little control over the 

precise coordination sphere of the titanate. Preforming a titanate species containing 4- 

vinylphenolate groups, fiollowed by radical polymerisation, would allow some control 
over the degree of substitution at the titanium centre, but might not allow for good 
control over the macroscopic properties ofthe polymer. 

0, Pr 

OH 11 i\w0, pr 
0 le - O'Pr 

1 Ti(O'Pr)4 
w- 

0, . Pr 1 AIBN 1 \\v0, pr 
0, 

Ti, 
*oipr 

OH 

n 

n 
Figure 5.2: Possible approaches to the preparation of polymers containing titanium 

alkoxide flunctional i ties. 

5.2 Cobalt catalysts 

Catalytic testing of the cobalt (11) alkoxide complexes has given the most 

satisfactory results in terms of raw activity flor the transesterification reaction, though 

they are still slower than the stannoxane catalysts. ' There are, however. a number of 

drawbacks associated with these catalysts, including their instability at high 

temperature, and the high cost ofproducing the ligand system. These problems could be 

overcome by modifying the TCT ligand to enable immobilisation of' the complexes 

within a solid support, which would reduce the incorporation of cobalt into the product. 

and could improve the stability of the catalyst at high temperatures by imposing 

additional conl'ormational rigidity upon the ligand. Lusby el al. successfully covalently 

incorporated cobalt and zinc complexes bearing a modified ligand into a polymer 

matrix, by the addition of vinyl groups in the para position of' the cinnamyl groups 

(Figure 5.3). 2 A limitation to this strategy is that the macroscopic properties of the 

polymer must be suitable flor diffusion of the substrates to occur rapidly; the polymer in 
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this case only needed to transport the small substrates C02 and H20, whereas large 

esters would be more difficult to transport efficiently, because of the steric crowding 

around the cobalt centre. This strategy would also be applicable to zinc (11) complexes. 

+ radical 
initiator 

2. NaOR 

Figure 5.3: Proposed method for immobilising metal-TCT alkoxide complexes 

within a polystyrene support; method developed by Lusby el al. 

5.3 Ligand design 

Almost all of the complexes produced for this study Suffer the drawback of 
being highly sensitive towards moisture at the catalyst operating temperature, hence it 

would be desirable to design a catalyst which could be more stable towards hydrolysis. 

Use of hydroxy acid ligands (Figure 5.4) has allowed the formation of' titanium 

complexes that display a degree of moisture stability. Aldrich sell titanium 

bis(ammonium lactato)dihydroxide as a solution in water, 3 and Synctix use a 

po lyesteri fi cation catalyst based on titanium with three citrate ligands. 4, Fhe precise 

reason for the stability of these complexes is not fully established, but having groups 

which can donate additional electron density to the metal centre (without permanently 

blocking coordination sites) and / or groups which can stabilise the alkoxide ligand 

through hydrogen bonding, seem to be essential to their success as catalysts. It seems 
likely that exploration of ligand architectures that could provide these features would 

yield a new generation of moisture tolerant catalysts. 

HO C02Et 

A 

HO: 

ýC02Et 
NHP 09 

B 
r--1--- 0 

OH 

C02Na 

C HO \""'--'-Co2Na 
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Figure 5.4: 1 lydroxy-acid derivatives used successf'ully in titanium chemistry; 

A: diethyl tartrate, B: ammonium lactate, C: sodium citrate. 
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5.4 Binuclear complexes 

154 

During the course of this project, little work has been carried out on the direct 

interesterification reaction. Homoleptic titanium (IV) alkoxides show promising activity 
fior this reaction, with activities well in excess of 100 turnovers per hour for Ti(O"1311)4, 

and slightly lower activity fior Ti(O'Pr)4. These activities are extremely promising, and 

the higher activity ofTi(O"Bu)4 is suggestive of the involvement of polynuclear species 
in the catalytic reaction (Figure 5.5). However, the reaction is highly susceptible to 

moisture, and the mode of' action is not entirely understood. The titanium complexes 

studied in this project show no activity for the direct i nter-esteri fil cation reaction. 

suggesting that morionuclear species are not responsible for the catalysis. It is possible 

that the active species is a transient, alkoxide-bridged, binuclear titanium compound, 

with two Lewis acid centres cooperating to enhance the reactivity, i. e.: double 

clectrophilic activation. 

Bz. OEt 

, 0, 
(ipro)3Ti i(O'Pr)3 

0 
'Pr'Pr 

Bz ��, OEt 

' 0, 
('Pr0)3Ti Ti(O'Pr)4 ýl-ý 

0 
#r 

'pr 

Figure 5.5: Possible intermediates in the transesterification and interesterification 

reactions. as catalysed by titanium tetra-alkox ides. 

I laving two clectrophilic metal centres pre-arranged to activate the carbonyl 

cen(re should, in principle, give enhanced reactivity. This presents the challenge ot'how 

to go about rationally designing a binuclear complex. What ligands are suitable'? flow 

can the architecture of' the end product be controlled, if at all? A large number of 

bimetallic alkoxide species are known, but most of these derive from simply mixing two 

dillcrent metal alkoxidcs in the appropriate ratio, and do not contain ligands other than 

alkoxides. they also sul'I'er the same drawback (i. e.: moisture sensitivity) as any other 

nicuil alkoxide. 
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5.5 Lactide polymerisation 

The use of metal alkoxides as lactide polymerisation catalysts is an active ficld 
5 

of research due to the benefits of poly-lactides over conventional polymers. Recently, a 
family of titanium compounds has been tested for lactide polymerisation activity. 6 two 

of which are used as transesteri fi cation catalysts in this thesis, and a third which is 

structurally almost identical to Ti(TDBA)(O'Pr). This suggests that titanium alkoxides 
that are active for transesterification may also show activity for lactide polymerisation. 
Additionally, several catalysts developed by Chisholm ei al. use ligands based on Iris- 

pyrazolyl-borate '7 which has the same NA", Af" face-capping coordination niode as the 

TCT ligand. They reported that the magnesium catalysts were the most active. with the 

less active zinc catalysts being more robust towards moisture. It is possible that the 

cobalt and zinc alkoxides may also have potential for lactide polymerisation, where 

their cationic nature - and, therefore, increased Lewis acid character - could he an 

advantage in activating the carbonyl group. 
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Chapter 6: Experimental 

6.1 General considerations 

Reagents were purchased from Aldrich, Fluka and Lancaster, and were generally 

used without further purification. TREN was purified by drying over sodium, distilled 

under vacuum and stored under argon. o-Anisidine was distilled under vacuum prior to 

use. Where dry, degassed solvents were required they were dried in the laboratory and 

stored under argon. ' Dichloromethane and acetonitrile were dried by refluxing over 

calcium hydride for at least 24 h, and then distilled, under an argon atmosphere. Ethanol 

and methanol were dried by refluxing over magnesium and iodine and collected by 

distillation under an argon atmosphere. ! so-Propanol and benzyl alcohol were dried over 

sodium and collected by distillation, under reduced pressure in the case of benzyl 

alcohol. Toluene, hexane and diethyl ether were refluxed over sodium-benzophenonc 
ketyl and distilled under argon. Benzyl acetate, ethyl benzoate and ethyl phenyl acetate 

were rcfluxed over calcium hydride and distilled under vacuum. Other solvents were 

used as purchased from Fisher Scientific. Deuterated solvents for NMR spectroscopy 

were purchased from Aldrich and Goss Scientific Instruments Ltd. Dry gases (N2, Ar, 

C029- CO) were supplied by BOC Gases PLC. Elemental analyses were performed by 

Elemental Microanalysis Ltd. 

The syntheses of the titanium alkoxide and-where noted-cobalt alkoxide 

complexes were performed under rigorously anhydrous conditions in the absence of 

oxygen; Schlenk line techniques (using oven-dried glassware) and glove-boxes 

(Barrett's and MBraun) were used exclusively. The carousel reactor used in the 

catalytic investigations was supplied by Radleys Discovery Technologies; equipped 

vvith reflux head and gas inlet, using glass reaction tubes fitted with Teflon seals. 

6.2 Instrumentation 

Instruments for acquisition of data were as follows: 

UV/vis spectroscopy: Perkin-Elmer Lambda 7 spectrophotometer. 

FTIR sPectroscopy: Unicarn RS I 0000-E spectrophotometer. 
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NMR spectroscopy: JEOL 270 MHz ('H and 13C) 
, 

Bruker AM. X 300 MHz 

(1H and 13 Q, Bruker AMX 500 MHz (1H, 13C and 19F) 

spectrometers as noted. 
Gas chromatography: Varian gas chromatograph with flame ionisation detector 

(FID). 
Mass spectrometry: MICROMASS Autospec - Double Focussing Magnetic 

Sector Instrument with EBE geometry, and Finnigan- 

MAT (Thermo Systems Inc. ) LCQ - Atmospheric 

Pressure lonisation Ion Trap Instrument. 

X-ray crystallography: Bruker Smart Apex diffractometer (see Appendix 3 for 

full details of diffraction and refinement methods). 

6.3 Synthesis of ligand precursors 

6.3.1 Tris(2-methoxyphenyl)amine 

2-Methoxyaniline (3.69 g, 30 mmol), 2-iodoanisole (16.3g, 70 mmol), K2CO3 

(20.9 g, 151 mmol), 18-crown-6 (1.0 g, 4 mmol) and Cu powder (6.6 g, 100 mmol) 

were combined and dissolved / suspended in 1,2-dichlorobenzene (100 mQ and heated 

to 170"C under reflux conditions. After 48 h the mixture was cooled and the solids were 
separated by filtration. The solids were washed with CH202 (4 X 200 ML) and all 
filtrates were combined (dark brown solution). The solution was washed with dilute 

aqueous ammonia solution (3 x 100 mQ, and equal an amount of water. The dark 
brown organic phase was dried over MgS04. The solids were removed by filtration, the 
solution was reduced in volume to 10 mL and hexane (50 mQ was added to precipitate 

a brown solid. The solid was separated and washed with hexane (50 mL). The filtrates 

were combined, reduced in volume to 10 mL, and hexane (50 mQ was added; the 

solution was decanted off and cooled to precipitate a second batch of product. All the 

solids were combined and recrystallised from ethanol / hexane (2: 1). Yield: 7.55 g (22.5 

mmol, 75%). 

- 1H NMR (CDC13,300 MHz): 8 7.0 (m, 311, arom), 86.78 (m, 911, arom), 83.54 (s, 

911, OCH3). 
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- Mass spectrum: [ESI] nvi+ = 336 (M + 1). 

6.3.2 Cis,, cis-1,3,5-cyclohexone-tris(benzyI carbamate)3 

Cis, cis- 1,3,5-tricarboxylic acid cyclohexane (10 g, 46.3 mmol) was suspended in 

300 mL benzene (previously dried over MgSO4, then filtered) in aIL round-bottomed 
flask. To this was added, dropwise, 20 mL (14 g, 139 mmol) triethylamine with 

vigorous stirring, followed by 31 mL (38.3 g, 139 mmol) diphenyl phosphoryl azide. 
The mixture was stirred for 30 minutes at room temperature, then heated to reflux 
(65"C) and stirred for two hours (until all solid had dissolved), during which time the 

evolution of gas was observed. 16 mL (16.7 g, 154 mmol) benzyl alcohol was added 

slowly, and the mixture was stirred at reflux for 16 h, during which time a white 

precipitate formed. The solid was filtered off and washed with minimal chilled benzene 

and dried under vacuum. Yield: 8.90g (16.7 mmol, 36.2%). 

- 'if NMR (d6-DMSO, 300 Mllz): 8 7.34 (m, 15H, arom), 5.0 (s, 6H, OCH2Ph), 3.06 

(q, 311, J=7.1 liz), 1.88 (br d, 311, J=8.2 Hz), 1.16 (q, 3H, J=II Hz). 

6.3.3 Cis, cis - 1,3,5-triaminocyclohexa ne. 3H Br (TACH. 3HBr) 

cis, cis- 1,3,5-cyclohexane-tris(benzyl carbamate) (8.9 g, 16.7 mmol) was placed 
in a 250 mL round-bottomed flask with a magnetic stirrer bar. To this was added loo 

mL of a 30 wt% solution of 1113r in acetic acid. The mixture was stirred at room 
temperature for two hours to give a fine powder, which was filtered over sintered glass 

(porosity 4) and then dried, under vacuum. The solid was then suspended in 300 mL 

diethyl ether and left stirring overnight. The ether was filtered off to leave a white 

powder, yield: 3.95g (10 .6 mmol, 63.4%). 

- 'IINMR(D20,30OMliz): 83.49(tt, 311, J=12.211z, 3.8Hz, HCNI12)o2.46(dt, 

311, J=7.6 11z, 3.8 IIZq Cllcq), 1.62 (q, 311, J= 12.2 11z, CH,,, ). 
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6.3.4 Cis, cis - 1,3,5-triaminocyclohexane. 3CF3SO3H (TACH. 3HOTf) 
. 

ý60, I ";, - cis- 1,3,5-cyclohexane-tris(benzyl carbamate) (18.9 g, 16.7 mmol) was 
dissolved in 100 mL trifluoroacetic acid in aIL round-bottomed flask, which was 
clamped securely in an ice bath. To this was added, slowly, with stirring, 25 mL 
trifluoromethanesulphonic acid via a pressure-equalised dropping funnel over 30 

minutes. 350 mL Et20 was added, and the mixture was stirred for I hour. The solid was 
separated by filtration, washed with chilled ether and dried in a dessicator overnight. 
The off-white solid was dissolved in 200 mL 1120 and filtered to remove insoluble 

material. Solvent was removed carefully on a rotary evaporator, and the solid was dried 

under reduced pressure. The solid Was ground up, stirred with Et2O to remove residual 
HOTf, filtered and dried first under vacuum and then in a dessicator. Yield: 9.72 g (16.8 

mmol, 60% yield; 36 % overall yield from the starting acid). 

- 1H NMR (D20,300 MHz): 8 3.49 (tt, 311, J= 12.2 11z, 3.8 llz, HCN112), 2.46 (dt, 

3H, J=7.6 Hz, 3.8 Hz, CHcq)p 1.62 (q, 3H, J= 12.2 Hz, CII. ). 

6.3.5 Synthesis of benzyl-TACH ligand precursor4,5 

Note that this ligand backbone contains a tert-butyl substituent on the benzyl 

group; this is to lower the solubility in water, allowing for more facile isolation of the 
free amine. 

6.3.5a Cis, cis - 1,3,5-tris ((4-tert- butyl)benzyliden ea mino) 

cyclohexane (TBT) 

TACII. 3HOTf (4.64 g, 8 mmol) and NaOll (0.96 g, 24 mmol) were dissolved in 

5 mL H20 and 10 mL MeOll. To this was added a solution of 4-teri-butylbcnzaldehyde 

(3.89 g, 24 mmol) in 15 mL MeOll, and the mixture was stirred vigorously overnight. 
Separation of the dense white precipitate, followed by rccrystallisation from minimal 
hot ethanol, gave the desired product as white, ncedle-shaped crystals. Yield: 2.82 g 
(5.03 mmol, 63%). 
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- 'IINMR(CDC139'30OMliz): 88.3(s, 311, N=CH-Ar)9.7.65(d, 6H, CHarom), 7.4 
(dq 611, CII arom), 3.5 (t, 311, N-Cllig),, 2.0 (q, 3H, CH.., ), 1.85 (d, 3H, CHeq),, 1.3 

2711, C(CI13)3). 

. Mass spectrum: [ESI] nVz* = 562. 

6.3.5 b (r-1 -[(Z)-(4'-tert-butyl)benzylideneaminol-3,5-diamino 
cyclohexane) Nill(NO3)2 [NI(MBT)(NO3)21 

TBT (2.94 g, 5.24 mmol) was dissolved in 15 mL MeOH and 15 mL CH202. 

[Ni(1120)61(NO3)2 (1.52 g, 5.24 mmol) was dissolved in 15 mL MeOH and 15 mL 
C11202. The two solutions were mixed together and stirred overnight, resulting in a 
turquoise solution. The solvent volume was reduced to 15 mL, and Et2O (60 mL) was 

added to precipitate the product as a pale blue solid. The product was washed with 2x 

20 ml, Et20 and dried in a dessicator. Yield: 1.81 g (4.52 mmol, 86%). 

6.3.5 c (1 -((4'-tert-butyl)benzylamino)-3,5-diaminocyclohexane) 
NIII(N03)2 [NI(BZTACH)(NO3)21 

Ni(MBI)(NO3)2 (1.81 g, 4.52 mmol) was dissolved in 400 mL McOll and 

clampcd in a salt water ice bath. NaBI14 (0.86 g, 22.6 mmol) was added in portions, 

with stirring, over 30 min, during which time the solution became black. The solution 

was refluxcd for I h, then the solvent volume was reduced to 120 mL and 300 mL water 
was added to quench the reaction. The complex was not isolated, and the resulting grey 

suspension was used directly in the dernetallation step below. 

6.3.5 d Cls, cls-I -((4'-tert-butyl)benzylamino)-3,5-diamino 
cyclohexane (BzTACH) 

Ni(BzTACI 1)(NO3)2 (4.52 mmol, assuming 100% yield from previous step) as a 

suspension in MeOll / 1120, was treated with KCN (1.47 g, 22.6 mmol, 5 eq. ) in 

portions over 30 min with continuous stirring. The reaction mixture was heated to reflux: 
for 2 hours. 
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1H NMR (CD2CI2,300 MHz): 8 7.4 (m, 4H, arom), 3.72 (s, 2H, N-CH, -Ar), 2.6 

(m, 3H), 2.1 (m, 3H), 1.24 (s, 9H, C(CH3)3)9 0-9 (q, 3H). 

- Mass spectnan: [ESI] nzlz'=276 [M + 1]. 

6.4 Synthesis of ligands 

6.4.1 Tris((2 - hydroxy)phenyl)a mine (TPA-H3)5 

Tris(2-methoxyphenyl)amine (6.44 g, 5.8 nimol) was dissolved in dry C112CI2 

(150 mL) and cooled to -78*C. To this was added a solution of boron tribromide (14.94 

9,19.2 mmol) in 40 mL dry CH202 (40 mL) over 30 min. Evolution of white gas (1113r) 

was observed. The solution was stirred for Ih and warmed to room temperature, then 
left stirring overnight. 200 mL H20 was then added (evolution of gas) and the mixture 
was stirred for 30 min. The organic layer was separated, and the aqueous layer was 

washed with 3x 50 mL Et2O. All the organic residues were combined and dried over 
Na2S04. Removal of solvent gave a brown solid which was recrystallised from acetone / 
hexane to give colourless crystals which were ground to a white solid and dried 

thoroughly under vacuum. Yield: 1.43 g (4.88 mmol, 84%). 

- lH NMR (CDC13,300 Mllz): 8 7.07 (t, 311, aryl), 6.9 (m, 911, aryl), 5.26 (s, 311, 

hydroxyl). 

. 13 C NMR (CDC13,300 MHz): 8 151.0,134.5,127.4,126.5,122.0,117.7. 

Mass spectnun: [ESIJ nW = 294 (M + 1). 

6.4.2 Tris((2-hydroxy-3,5-dimethyl)benzyl)amine (TDMA-H3) 

Method 1: 

Hexamethylenetetra-amine (3.80 g, 27.1 mmol), 2,4-dimcthylphenol (15.0 mL, 
124 mmol) and para-toluenesulphonic acid (0.10 g) were reacted togcthcr using the 

method described by Holmes et al. 6 Yield: 15.4 g (36.7 mmol, 67%). The product was 
further purified by recrystallisation from acetone / hexane to give colouricss crystals 

which were ground to a white solid and dried in a dessicator. 
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'IINMR. (CDC13,30OMlIz): 86.84(3H, s, aryl-H), 6.72(3H, s, aryl-H), 3.57(6H, 

s, N-CI12-Ar), 2.17 (911, s, CH3), 2.14 (9H, s, CH3). 

Mass spectrum: [ESI] nzlz* = 420 (M). 

Method 2: 

Ilexamehy1criddra-aminc (0.94 g, 6.6 mmol), 2,4-dimethylphenol (10.0 g, 80 

mmol) and 37% aqueous formaldehyde (2.3 mL, 28.4 mmol) were reacted together 

using the method described by Dargaville et al. 7 Ile product was recrystallised from 

acetone / hexane to give a white solid. Yield: 5.13 g (12.2 mmol, 45%). 

6.4.3 TrIs((2 - hydroxy-3,5 - di -tert- butyl) benzyl)a mine (TDBA-H3) 

Ilexamethylenetetra-amine (0.47 g, 3.3 mmol), 2,4-di-tert-butylphenol (8.25 9, 
40 mmol) and 3 7% aqueous formaldehyde (1.15 mL, 14.2 mmol) were reacted together 

using the method described by Kol et al. 8 (Note that their method was based on that of 
Dargaville et al. 7)The product was recrystallised from Et2O / MeOH, resulting in a 

whitc solid. Yicld: 6.36 g (9.5 mmol, 71%). 

'IINMR(CDC13,27OMliz): 87.19(s, 311, CHarom), 7.16(s, 3H, CHarom), 4.78 

(s, 311, C111 1), 3.98 (s, 311, Cl 111), 1.31 (s, 27H, C(CI13)3). 1.20 (s, 27H, C(CI13)3)- 

Mass spectrum: [ESI] nVz* = 672 (M). 

6.4.4 TrIs((2 - benzyla mino)efhyle ne)a mine (H3-Bz3TREN) 

Tris-(2-aminoethylene)-aminc (TREN, 3.66 g, 25 mmol), benzaldehyde (7.96 g, 

75 mmol) and NaB114 (3.6 g, 95 mmol) were reacted together using the method 

described by Vcrkade el aL9 Yield: 6.88 g (16.5 mmol, 66%). 

- 'IINMR(CDC13,30OMliz): 87.2(m, 1511, Cllarom), 3.71(s, 611, NCH2Ph), 2.64 

(t, 611, CI12), 2.55 (t, 611, C112), 1.96 (br, 311, NIJ). 
13C NMR (CDC13,300 Mllz): 8 140.4 (Cip,,,, arom), 128.31 arom), 128.02 

(C, th,,, arom), 126.78 (Cp,,,,,, arom), 54.37 (C benzyl), 53.99 (C2 ethylene), 47.13 

(Cl cthylcnc). 



Chapter 6 Experimental 163 

Mass spectrum: [ESI] nzlz* = 417.2 (M + 1). 

6.4.5 Attempted synthesis of tris((2-mercapfo-3,5-dimethyl)benzyl) 

amine (TDMMA-H3) 

Berreau et al. have recently reported the preparation of a zinc hydroxide 

complex with an N2S2 ligand, which was active as a transesterification catalyst. 10 The 
formation of a stable, monomeric zinc complex with the seemingly unsuitable sulfur 
ligands, combined with the high transesterification activity, led us to investigate the 

possibility of synthesising a titanium complex bearing thiolate donors in the supporting 
ligand. Replacing the hydroxy functions of TDMA with thiol groups would give a 

potential chelating ligand. Although the thiolate function is seemingly an unsuitable 
donor for titanium according to hard / soft donor rules, Bradley et aL reported the 

synthesis of titanium thiolates as early as 1967,11 and the preparation and isolation of 
homoleptic titanium (IV) thiolates has been reported, 12 which suggests that carefully 

controlled reaction conditions should allow formation of the desired complex. 
Reaction was attempted using 2,4-dimethylbenzcnethiol with IIMTA and 

formaldehyde under the same conditions as for the synthesis of TDMA-113 (i. e.: 48 h 

reflux at 400 K). The viscous yellow oil obtained was purifled using the samc, work-up 

procedure as for TDMA-113. Charactcrisation was performed by mass spectrometry and 
'if NMR spectroscopy. Although mass spectrometry indicated the correct mass, '11 

NMR spectroscopy clearly showed that all of the original aromatic protons were still 

present. The product was assigned as a mixture of thiocthcrs; attack had apparcntly 
taken place at the thiol function, not on the aromatic ring. T'his reaction was not pursucd 
further, due to time constraints. 

6.4.6 Cis, cis - 1,3,5-tris(EE-cinnomylideneamino)cyclohexane (TCT) 

Method 1: 3 

TACII. 3llBr (1.41 g, 3.8 mmol) and NaOll (459 mg, 11.4 mmol) in 1110 (15 

mL) were stirred vigorously overnight with cinnamaidehyde (1.50 g, 11.4 mmol) in 

Et2O (15 mL). The white precipitate was separated by filtration and washed with chilled 
Et2O (3 x 20 mL). Removal of residual IlBr was achieved by dissolving the TCT in 
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C112CI2 and washing 3 times with equal volume of deionised water. The solvent was 
removed on a rotary evaporator and the product was dried in a dessicator for 24 h. 
Yield: 1.49 g (3.15 mmol, 83%). 

- 111 NMR (CDC13,270 MHz): 5 8.12 (t, 3H, iminc), 87.46 (m, 6H, aryl), 87.34 (m, 

911, aryl), 86.95 (s, 311, alkene), 86.4 (s, 3H, alkene), 83.41 (m, 3H, CH ring), 
81.93 (m, 611, CH2, ring). 

- Mass spectrum: [ESI] nzlz* = 472.3. 

Method 2 (solventless): 13 

TACH (0.23 g, 1.78 mmol) and cinnamaldehyde (0.71 g, 5.35 mmol) were 

ground together intermittently over Ih using a mortar and pestle, during which time the 

mixture changed from a pale yellow solution to a sticky off-white solid. The reaction 
mixture was left overnight, then washed with chilled Et2O (3 x 20 mL) and dried in a 
dessicator for I day. The white powder was washed with ether again and returned to the 
dcssicator. Yield: 0.35 g (0.75 mmol, 42%). 

6.4.7 Synthesis of cis, cis - 1,3-bis -cinna mylideneamino-5-((4-tert- butyl) 

benzylamino)cyclohexane (Cln2BzTACH) 14 

BzTACI I (112 mg, 407 ýunol) and cinnamaldehyde (108 mg, 813 gmol) were 

dissolved in McOll with a catalytic quantity of formic acid and heated to reflux with 

stiffing for 18 h, with the solvent passing over activated 3A molecular sieves in a 
Soxhlet apparatus to remove water. The product was isolated as a brown, sticky oil. 1H 

NMR suggested that the product had been formed, albeit with impurities, although mass 

spectral evidence did not support this. 

6.4.8 Cis, cis - 1,3-bls((2- hydroxy-3,5-di-tert- butyl)benzylidenea mino)-5- 

((4-tert-butyl)benzylamino)cyclohexone (CBU2Sal-H)2BzTACH)' 

- Ligand sample supplied by Oliver Nicmcicr. 
Ligand prepared by rcfluxing BzTACII with 2 eq. of the salicylaldehyde in MeOH 

in a Soxhlct apparatus with activated 3A molecular sieves in thimble. 
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6.5 Synthesis of titanium complexes 

6.5.1 TICTPA)(OiPr) 

Tris(2-hydroxyphenyl)amine (TPA-H3,147 mg, 0.5 rnmol) was dissolved in 10 

ml CH2Cl2 and 2 mL "PrOH in a Schlenk tube. Ti(O' . Pr)4 (142 mg, 0.5 mmol) was 
dissolved in 10 ml C11202 and 2 mL 'PrOH in a separate Schlenk tube and added 

slowly by cannula to the solution of T? A-H3, with stirring. The yellow solution that 
formed was left to stir for 2 h, then transferred to a clean Schlenk tube by cannula filter, 

and the solvent was removed under vacuum. The product was isolated as a yellow 

powder that contained -3 equivalents of 'PrOH even after extended drying under 

vacuum. 

- 'HNMR(C6D6,300 MHz): 87.44 (d, 311, CHarom), 6.90 (t, 311, CHarom), 6.62 

(d, 6H, CHarom), 4.86 (br, 1H, OCHMe2), 1.41 (br, 611, CII(CH3)2)- 

- Mass spectrum: [EI] YWz* = 397 ([Ti(TPA)(O'Pr)]'), 355 ([Ti(TPA)(011)]ý, 338 

([Ti(TPA)n. 

6.5.2 TI(TDMA)(OlPr) 

Ti(O'. Pr)4 (220 mg, 0.76 rnmol) was dissolved in 15 mL Et20. To this was added 

a solution of TDMA-H3 (330 mg, 0.76 mmol) in 15 mL Et20, and the resulting yellow 

solution was stiffed overnight and the volatiles were removed to give an orange solid, 

which was precipitated from cold Et2O to give a yellow solid. Yield: 373 mg (0.71 

nunol, 94%). 

- 'HNMR(C6D6,50OMlIz): 86.75(s, 3H, arom), 6.45(s, 311, arom), 5.31(hept, 111, 

CH(CH3)2), 3.9 (br, methylene), 2.31 (br, methylene), 2.31 (Sp 9119 CIIA 2.13 (s, 

9H, CH3), 1.5 8 (d, 6H, CHA 

. 13 C NMR (C6D6,125.76 MHz): 8 160.5 (CO arom), 13 1.1 (C..., arom), 129.3 (Cqm 

arom), 124.6 (CII arom), 124.1 (Cil arom), 80 (CII alkoxide), 58.8 (012), 25.6 

(CH3 alkoxidc), 20.9 (CII3 arom), 16.7 (CII3 arom). 
IWMS (CH2C12 / 'PrOll, 9: 1 v/v): 1, ný� / run 326 (c / dm 3 

mol-' cm-' 1.02 x 104), 

266 (2.51 x 104), 260 (2.6 x 104). 
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- Mass spectnim: [ESI] ntle = 523 [Ti(TDMA)(O'Pr)]'g 505 [Ti(TDMA)(MeCN)]+g, 

464 [Ti(TDMA)]'. 

(MeCN added to mass spectrometry sample for conductance. ) 

6.5.3 TI(TDBA)(O'Pr) 

Ti(O'Pr)4 (200 mg, 0.7 mmol) was dissolved in 10 mL Et2O. To this was added a 
solution of TDBA-113 (472 mg, 0.7 mmol) in 10 mL Et2O, and the resulting yellow 
solution was stiffed for 2 h. Removal of solvent afforded a yellow powder, and the 

product was obtained by recrystallisation from cold Et2O. Yield: 500 mg (0-64 mmol, 
92%). 

'I I NMR (C6136.500 M11z): 8 7.43 (d, J=2.4 Hz, 3H, arom), 6.8 (d, J=2.3 Hz, 

311, arom), 5.45 (hept, 111, J=6.1 11z, CH(CH3)2), 4.02 (d, 311, J= 13.4 11z, 

CIII 1), 2.6 (d, 3 11, J= 13.5 1 Iz, CHH), 1.7 (d, 6H, J=6.1 Hz, CII(CH3)2), 1.64 

(s, 2711, C(CI13)3)9 1.33 (s, 2711, C(CH3)3)- 
13 C NMR (C6D6.125.76 MlIz): 8 161.1 (CO arom), 142.6 (Cqu,, t arom), 135.6 
(Cquat arOM), 124.5 (CII arom), 123.1 (CH arom), 79.8 (CH alkoxide), 59.3 
(CI 12), 35.4 (Cqu, j), 34.5 (Cqut), 31.9 (CH3), 29.9 (CH3), 26.9 (CH3). 

UV/ViS (CI12CI2 /PrOll, 9: 1 v/v): ý,. / nin 327 (c / dM3 Mol-I CM-1 1.05 x 104), 

266 (2.3 x 104), 260 (2.41 x1 ()4). 

Mass spectrum: [EST] nzlz+ = 776 [Ti(TDBA)(O'Pr)]+, 717 [Ti(TDBA)]+. 

6.5.4 [TI(CBU2Sal)2BzTACH)(O'Pr)]BPh4 

TiC](O/Pr)3 (18.4 mg, 70.6 [Lmol as aIM solution in hexanes) in C11202 (30 

mL) was added to a solution Of QI BU2Sal-H)2BzTACII) (50 mg, 70.6 ILmol) and 
NaBPh4 (24.2 mg, 70.6 gmol) in C11202 (30 mL) and EtOH (5 mL). The resulting 

yellow solution was stirred for I h, then transferred by cannula filter to remove solids. 
The solvent was removed to give an orange solid, which was extracted with C11202 

(Icaving a small quantity of white solid behind). 
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1H NMR (CD202,300 MHz): 8 8.4 (m, imine), 7.44 (d, CH arorn), 7.35 (m, CII 

arorn), 7.29 (m, BPh4), 7.00 (t, BPh4), 6.84 (t, BPh4), 3.4 (q, CH ring), 2.18 (m, CH 

ring), 1.95 (m, CH ring, 1.40 (CH3Pr), 1.28 (Bu). 

- Mass spect=: [ESI] tWz* = 812 ([Ti({ I BU2Sal)2BZTACII)(0 i POM 

6.5.5 TIC13(onBu) 

Bradley et aL described the preparation of mixed titanium chloride / alkoxide 

compounds by simply mixing TiC14 and Ti(OR)4 in the correct ratios. 's Due to the 

strongly exothermic nature of the reaction, this procedure was performed in solution to 

allow for moderation of the heat produced. 
TiC14 (5.7 g, 30 mmol) was added slowly to a stirred solution of Ti(OnBU)4 (3.4 

g, 10 mmol) in toluene (30 mL). The solution was allowed to stir for 30 minutes and the 

solvent was removed under vacuum to give an off-white solid, which was pumped dry 

under vacuum. Yield: 8.9 g (39.1 mmol, 98%). 
The product was used immediatelY in Reaction 6.5.6, below. 

6.5.6 Ti(Bz3TREN)(OnBu) 

H3-Bz3TREN (1.04 g, 2.5 mmol) was dissolved in 30 mL dry TIIF and cooled to 

-78*C using a dry ice / acetone bath. A 1.6 M solution of "BuLi in hexanes (4.7 mL, 7.5 

nu-nol) was added slowly with stirring to give a deep purple solution. TiCIAO"Bu) (568 

mg, 2.5 mmol), dissolved in 30 mL dry TIM, was added slowly to this solution, with 

stirring. 'Me solution gradually changed through yellow to olive in colour, and was lcft 

stirring for 48 h. After this time, the solution was filtered by cannula, and the solvent 

was removed under vacuum to give an olive-grecn microcrystallinc solid. The solid 
became waxy after several days, and was redissolved in toluene and filtered by cannula; 

removing the solvent under vacuum gave a grey solid. Yield: 577 mg (1.08 mmol, 
43%). 

- 111 NMR (ds-TIIF, 300 Mllz): 8 7.37 (m, 611, CII,,, t. arom), 7.2 (m, 911, Cl". pm 
arom), 3.8 (s, 611, NC112Ph), 3.46 (t, 211, OCI12), 2.56 (2 xý 1211, NC2114N), 1.4 (m, 

4fl, C2114 alkoxide) 0.9 (t, 311, C113). 

Mass spectrum: Inconclusive. 
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6.6 Synthesis of cobalt complexes 

6.6.1 [Co(TCT)(N03)]BPh4 16 

To a stirred solution of [Co(H20)61(NO3)2 (466 mg, 16 mmol) and TCT (755 

mg, 16 mmol) in 150 mL EtOH was added a solution of NaBPh4 (548 mg, 16 mmol) in 

EtOl I (40ml-). The reaction mixture was stirred for 16 h, after which time a purple 

precipitate had formed. The purple solid was recovered by filtration and dried in a 
dessicator. Yield: 1.23 g (1.35 mmol, 81%). 

'I I NMR (CD2CI2,300 MHz): 8 367.8 (br, Hd/A 328.2 (br, H, /d), 11 . 81 (br, H, ), 

8.01 (1 fi/j), 7.79 (1710,7.61 (BPh4- meta), 7.35 (BPh4- para), 7.23 (BPh4- ortho + 

Ilg1j), 1.25 (11h), -12(br, H0- See Figure 6.1 for labelling scheme. Notes on 

acquisition: 2048 scans run, 0.2 s time delay between pulses. 

Hh 
H' Hg 

Hj Hf 
k 

xHe 

CI 0_ -Ocd N'/ H 

Hc 

a 

Figure 6.1: 

Proton labels for [Co(TCT)(X)]+. 

X= Cl, N03 

UV/vis: / nm (CH2CI2) 547. 

IR / cm-1: IFTIR, KBr pressed disc] 3054,3031,3000,2985,2919,1626,1607, 

1592,1523,1480,1454,1423,1385,1266,1181,1116,1001,751,732,705,690, 

609,560,514. 

Mass spectrum: [ESIJ m1z' = 592 [Co(TCT)(N03)1+- 

6.6.2 [Co(TCT)CI]BPh4 

To a stirred solution Of [CO(H20)61(CI)2 (95 mg, 4 mmol), TCT (200 mg, 4 

mmol) and NaBPh4 (140 mg, 4 mmol) were reacted together using the method 

described by Freeman3 and Greener. 16 Yield: 280 mg (3.2 mmol, 79%). 
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IH NMR (CD2CI2,300 MHz): 8 430 (br, Hd/A 393 (br, H, /d), 20.9 (s, 11J. 8.4 (1Wj). 

7.9 (Hh), 7.7 (BPh4 - Hm,, ), 7.2 (BPh4 - Horlho), 7.0 (sh, 131"h4 - Hl,,, ), 6.95 (lig/j), 

1.5 (Hb), -3.2 (br. HO. -24.5 (br, H,, ). See Figure 6.1 for labelling scheme. Notes on 

acquisition: 2048 scans run, 0.2 s time delay between pulses. 

IJV/vis: ý,, / nm (CH202) 593. 

IR / cm-1: [FTIR, KBr pressed disc] 3056,3031.2999,2985,2920,1630,1607, 

1594.1482,1451,1426,1404,1271,1175,1125,1000.844,749,734,706,689. 

614.601,561,511. 

Mass spectrum: [ESIJ m1z' = 565,567 (3: 1 relative intensity. 35(, l / 37(, 1) 

[Co(TCT)Cl]'. 

6.6.3 [Co(TCT)(OEt)]BPh4 

[Co(TCT)(N03)]BPh4 (250 mg, 0.27 mmol) was dissolved in CI 1202 (20 nil. ) in 

a Schlenk tube, and 1.9 mL of a solution of NaOEt in EtOl I (19 mg NaOEt. 0.3 mmol. 

1.1 eq. ) was added with stirring. A colour change from dark-purple to 111id-purple was 

noted. After 15 min the solution was filtered by cannula and the solvent was removed to 

produce a purple powder. Yield: 206 mg (0.23 mmol, 84%). Crystals suitable I'M X-ray 

diffraction were grown by slow evaporation of a concentrated solution of' the complex 

in Cl 1202 / EtOH in a glovebox under Ar. 

111 NMR (CD202 /d6-EtOH, 300 Mllz): 6430 (br, I Id/A 374 (br. I I, /d). 16.14 (11, ). 

9.72 (HýJ), 9.41 (HO, 7.32 (Hg/j), 1.8 Olb), -7 (Ilk). -19 (11J. See Figure 6.2 flor 

labelling scheme. Notes on acquisition: 1024 scans run, 0.2 s delay between pulses. 

Hh 
H 

Hr 3C f I Hjl H 
H 2C\ k 

0 HE 

CO- Hd N'/ N 

a 

Figure 6.2: 

Proton labels lor jCo(TCT)(()F0j'. 

I JV/vis: / nm (9 Cl 1202 :I FtOl 1) 635 (1. / din" mol 1 cni 1 239), 554 (362). 

486(291). 
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IR / cm-1: [FTIR, KBr pressed disc] v(CN) = 1628, v(CC, aromatic) = 1604, V(CC, 

alkenic) = 1593. 

Mass spectrum: [ESIJ m1z' = 575 (M-'). High resolution FAB-MS was attempted for 

additional proof of structure, but the compound decomposed under these conditions. 

6.6.4 [Co(TCT)(OPh)]BPh4 

jCo(TCT)CIjBPh4 (100 mg, 110 ýimol) and NaOPh (40 mg, >1 eq. ) were 

reacted together using the method described by Freeman. 3 Yield: 74 mg (78 urnol, 
69%). 

'I I NMR (CD2CI2,300 MHz): 8 367 (br, Hd/A 366 (br, H,. /d), 37.35 (H. /,, ), 19.05 

(I 1j, 9.39 0 11/j), 9.13 (Hh), 7.7 (BPh4 - H.,, ), 7.1 (BPh4 - Hortho + Hg/j), 6.8 (BPh4 - 

1.42 (1 1h), -6 (HO, -9.75 (H,, ), -31.4 (H,, ), -39.5 (HI/p). See Figure 6.3 for 

labelling scheme. Notes on acquisition: 1024 scans run, 0.2 s delay between pulses. 

Hh 

Hm H Hg 

Hn Hl .I Hj Hf 

Ho Hke 0H 
HP I 

Co_ 

ý-'CLd 

j 

NNH 

H -ta HAi 
c 

Figure 6.3: 

Proton labels for [Co('I'CT)(OPh)]+. 

I JV/vis: / nm (Cl 1202) 645,561,507. 

IR / cm 1: IFTIR, KBr pressed disc] 3056,3034,3002,2984,2924,2849,1628, 

1605,1592,1480,1451,1426,1401,1281,1265,1176,1119,994,851,751,733, 

708,690,613,558,513. S 

Mass spectrum: I FS II m1z' = 623 (M'). 

6.6.5 [Co(TCT)(OBz)]BPh4 

IC'o(TCT)(No3)]BPh4 (500 mg, 0.55 mmol) was dissolved in CH202 (20 ml, ) in 

a Schlenk tube. and NaOl3z (0.57 mol, >1 eq., as aIM solution in BzOH) was added 
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with stirring. A slight colour change from dark-purple to mid-purple was noted. After 2 
h the solution was filtered by carmula and the solvent was removed to produce an oily 

purple solid. Toluene was added, briefly producing a purple solution-, after 15 rnin a 

purple solid settled out. The liquids were removed by cannula and the solid was dried 

under vacuum. Yield: 458 mg (0.48 mmol, 87%). 

11-1 NMR (CD2CI2 / BzOH, 300 MHz): 6 375 (br. HdO, 363 (br. IUA 20.3 (11, ). 

[ 14.53 (HI/p), 13.46 (H,, )], 10.05 (Hf/j), 8.68 (HO, 2.33 (Ht, ), -4.12 (ilk). -8.8 (br, 

H,, ), [-9.5 (H,, /())]. See Figure 6.4 for labelling scheme. Notes on acquisition: 2048 

scans run, 0.2 s delay between pulses. 

H 
Hm H, Hg Ho I 

H 

ýPl 

FO H 

I 

Hq20HkHe 

I 
!:,; 

rLjd 

Co H 
N'/ -N 

Hc 
Hb 

Ha 

Figure 6.4: 

Proton labels I'M jCo(TCT)(()Bz)j'. 

I JV/vis: / nm (Cl 1202) 639,556,488. 

IR / cm-1: [FTIR, KBr pressed disc] 3058.3031,3002,2983,2923,2793.1953. 

1882,1819,1700,1629,1603,1595,1480,1454,1427.1383.1360.1267.1204. 

1177.1122,1002,998,961,920,896,838,748,734,707,689.614.558.513. 

Mass spectrum: I ESIJ m1z' = 637 (M). 

6.6.6 [Co(TCT)(N03)]BArF4 

[C0(ll2())61(NO3)2 (466 mg, 1.6 mmol) and TCT (755 mg. 1.6 mniol) V%cre 

dissolved in CH20, (35 mi. ). To this was added a solution of'NaMr 1: 
4 (1.42 g, 1.6 

mmol) in CH2Cl2 (15 ml-) and the mixture was stirred flor I h. The resulting purple 

solution was filtered to remove solids, and the solvent was removed to yield the product 

as a purple microcrystal line solid. Yield: 2.07 g (1.42 mmol. 99%). 

IH NMR (CDC'I-,, 300 Mllz): 6 365.5 Oldd), 20.83 (11, ). 11.75 Off/, ). 8.00 (111, ). 

7.78 (s, BAr'ý4-), 7.65 (s, BAr 1: 
4 ), 7.34,7.22,7.14,1.25 (11h), -12.14 (ilk). -24.5 
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(11. ). See Figure 6.1 for labelling scheme. Notes on acquisition: 1024 scans run, 0.2 

s delay between pulses. 
UV/vis: X.. / run (CH2C12) 547 (br). 

IR / cm-1: [FTIR, KBr pressed disc] 2965,2927,2854,1630,1596,1385,1358, 

1281,1172 (sh), 1162 (sh), 1124,1001,959,886,840,805,751,713,686,671,560, 

514. 

Mass spectrum: [ESI] nVz* = 592.1 (M); 862.5,863.3 (M-, 1013 / 1113). 

6.6.7 [Co(TCT)CI]BArF4 

[CO(1120)61(CI)2 (381 mg, 1.6 mmol) and TCT (755 mg, 1.6 mmol) were 

dissolved in C11202 (50 mL). To this was added a solution of NaBArF 4 (1.42 g, 1.6 

mmol) in C11202 (25 mL) and the mixture was stirred for I h. The resulting deep blue 

solution was filtered to remove solids, and the solvent was removed to give the product 

as a deep blue microcrystalline solid. Yield: 1.89 g (1.32 mmol, 89%). 

- 'IINMR(CD2CI2,30OMlIz): 8429.7(brHd/, ), 390.4(brH, /d), 21.35(H, ), 8.43 

(I Wj), 7.95 (1 Ih), 7.70 (s, BArF4-), 7.55 (s, BArF4-), 6.93 (Hg/i), 1.41 (Hb)% -3.16 (br, 

If, ), -23.85 (br, l1k)- See Figure 6.1 for labelling scheme. Notes on acquisition: 

1024 scans run, 0.2 s delay between pulses. 
UV/vis: X..,, / nrn (01202) 593. 

IR / cm-1: [FTIR, KBr pressed disc] 3049,2965,2931,1630,1607,1596,1358, 

1277,1177 (sh), 1124,1001,959,890,844,805,751,717,686,671,560,514. 

Mass spectrum: [ESI] nVz* = 565,567 (3: 1 relative intensity, "Cl / "Cl) 

[Co(TCI)Cl]+. 

6.6.8 [Co(TCT)(OEt)]BArF4 

[Co(TCT)(N03)]BAr F4 (0.5 g, 0.34 mmol) was dissolved in C112C12 (30 mQ in 

a Schlenk tube, and 2.5 mL of a solution of NaOEt in EtOll (25 mg NaOEt, 0.35 mmol, 

1.1 eq. ) was added with stirring. A slight change in colour was noted as for the 

corresponding BPh4 compound. After 10 min the solution was filtered by cannula and 

the solvent was removed to give a red / purple microcrystalline solid, with a small 
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amount of brown impurity on the side of the Schlenk tube; the product was readily 

separated using a spatula. Yield: 385 mg (0.27 mmol, 78%). 

'H NMR (CD2CI2 / d6-EtOH, 300 MHz): 8 423 (br, Hd/, ), 371 (br, H,, /d), 15.85 (11j, 
9.77 (Hij), 9.38 (Hh), 7.15 (Hg/i), 1.8 (Hb)9 -9 (Hk), -20 (H. ). See Figure 6.2 for 

labelling scheme. Notes on acquisition: 2048 scans run, 0.2 s delay between pulses. 
UV/vis: ý,,,, /mn(9CH2CI2: lEtOH): 638,558,491. 

Mass spectrum: not acquired (Section 6.8). 

6.6.9 [Co(TCT)(OPh)]BArF4 

[Co(TC'f)(CI)IBArF4 (161 mg, 0.113 nimol) was dissolved in C112CI2 (30 mL), 

and NaOPh (30 mg, > leq. ) was added and the mixture was protected from light and 
stirred for 16 h. Ile resulting purple solution was filtered to remove solids and the 
filtrate was reduced in volume to 10 mL. Diffusion of cyclohexane (100 mL) into the 

solution yielded the product as purple ncedle-shaped crystals. Yield: 87 mg (0.59 mmol, 
52%). 

- 111 NMR (CD2C12,300 MHz): 5 383 (br, lid /11j, 381 (br, lid lid), 38 (s, lid,, ), 

19.05 (s, H. rF4-), 7.56 (s, BArF4-), 7.1 (s, 9.48 (s, HVj), 9.23 (br, HO, 7.75 (s, BA 

Hg/j), 1.25 (St Hb)9 -6 (br, 110, -8.95 (s, 11. ), -32.4 (s, 11. ), -40.5 (br, lfýp). See 

Figure 6.3 for labelling scheme. Notes on acquisition: 2048 scans run,, 0.2 s delay 

between pulses. 

. IR / cm-1: [FnP, KBr pressed disc] 3064,3029,2963,2930,2903,1627,1606, 

1594,1491,1479,1451,1355,1278,1163,1125,998,890,841,803,750,714,682, 

672,557,513. 

Mass spectrum: not acquired (Section 6.8). 

Elemental analysis; found% (calculatedO/o) for C7,115oN3OF24BCo: C, 57.51 (57.35), 

11,3.57 (3.39), N, 2.56 (2.83). 
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6.6.10 [Co(f BU2Sal)2BzTACH)] 

To a stirred solution of [Co(H20)61(NO3)2 (29.1 mg, 100 ýtmol) in 25 mL MeOH 

was added a solution of f'BU2Sal-H)2BzTACH in 25 mL MeOH. The solution was 

stirred and became a dark green / brown colour in < 30 s. The mixture was stirred 

overnight to ensure complete reaction. Filtration to remove solids followed by removal 

of'solvent gave the product as a dark brown solid. Crude yield: 69 mg (89 jAmol, 89%). 

The compound was purified by flash column chromatography (15 x2 cm column, grade 
III neutral alumina, solvent: dry, degassed MeOH, column run under pressure of Ar). 

Nole: yield based on Co(ý11u2Sal/2&TACH), may have allached solveni molecule. 

'11 NMR (CD2CI2,300 MHz): 8 7.36 (m, N=CH), 7.23 (m, aromatic), 7.1 (m, 

aromatic), 2.0 (m, CH ring) 1.93 (CH ring), 1.3 (m, tBu). 

Mass spectrum: [ESI] m1z' = 764.4 (M+). 

6.7 Synthesis of zinc complexes 

6.7.1 [Zn(TCT)(N03)]BPh4 

Previously synthesised by Greener, method of Lusby adapted. 17 

[Zn(1120)61(No3)2 (0.27 g, 0.89 mmol) in MeOH (25 mL) was added via 

cannula to a solution of TCT (0.42 g, 0.89 mmol) in CH2Cl2 (50 mL) under Ar. The 

pale yellow solution was stirred for I h, then filtered by carmula to a solution of NaBPh4 

(306 mg, 0.89 mmol) in MeOH (25 mL). The solution was filtered by cannula and the 

solvent was removed to give a white powder. Yield: 0.65 g (0.71 mmol, 80%). 

Note: the synthesis was previously carried out under normal atmosphere, but 

l'ormation of insoluble white solid (presumed to be the carbonate-bridged dimer, 

jZn(TCT)J2(ýL 2_Co3)(BPh4)2) has been observed on occasion. 

111 NMR (CD202,270 MHz): 8 7.95 (3H, d, Jill, = 10 flz, Hd), 7.59(6H, M, flg/i), 

7.49 (811, m, BPh4 7.33 (1111, m, 8 BPh4- + f1k), 7.07 - 6.86 (16H, rn, Wj + Hh + 

11, +4 131"h4 ). See Figure 6.5 for labelling scheme. 
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IR / cm-1: [FTIR, KBr pressed disc] 3057,3031,3000,2985,2923,1952,1887, 

1822,1630,1607,1596,1480,1454,1431,1404,1365,1273,1177,1123,1078, 

1032,1001,962,920,901,847,751,736,709,690,613,602,560,514 

Mass spectrum [ESI]: m1z' = 597 ([Zn(TCT)(N03)1+)- 

6.7.2 [Zn(TCT)(OPh)]BPh4 

Mass spectral evidence previously reported by Freeman. 

[Zn(TCT)(N03)]BPh4 (50 mg, 54.5 pmol) dissolved in CH2CI2 (50 mi. ) was 

stirred for 4h with NaOPh. 3H20 (30 mg, an excess) in the absence oflight. Solids were 

removed by filtration, the solvent volume reduced to 10 mi, and cyclohexane (50 mi. ) 

added to precipitate the product as an off-white solid. Yield: 46.2 mg (48.7 pmol, 89%). 

1H NMR (CD2C]2,270 MHz): 6 7.99 (3 H, d, J, 111 =51 lz, I ld), 7.44 (311. dd, J, 111 = 
8.5 Hz, 5 Hz, HO, 7.39 (m, I 111, Hýj + Hh +H/,, ), 7.31 (8H, q, Jill, =41 Iz. 131'h4-), 

7.25 (31-1, d, JH11 = 8.5 Hz, H, ), 7.2 (61-1, d, JHII =4 liz. fig/, ), 7.08 (8H. t. Jill, - 411z, 

BPh4-), 6.93 (41-1, t, Jill, =4 Hz, BPh4-), 6.87 (21-1, d, J1111 =4 liz, 111/, ). 6.8 (111. t' 

JHH =4 Hz, H, ), 3.99 (3H, s, Hj, 2.27 (31-1. d. Jill, =8 Hz, If,, / Ht, ), 2.03 (31-1, d' Jill, 

=8 Hz. Hh / Ha). See Figure 6.6 for labelling scheme. 

IR / cm-1: [FTIR, KBr pressed discl 3053,3038,3006,2984,2921,2849,1638. 

1628,1607,1595,1483,1450,1424,1401,1290,1267,1175,1127,1008,749,736, 

705,685,614,558,512. 

Mass spectrum: [ESIJ mlz+ = 628 / 630 / 632 (M+, correct Zn isotope ratio). 

-r 

.I 
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6.7.3 [Zn(TCT)(N03)]BArF4 

Figure 6.6: 

Proton labels fior [Zn('FCT)(OPh)]'. 

I Z110 ll())6 J(NOý; )2 (735 mg, 2.46 mmol) in MeOl 1 (50 mL) was added dropwise 

to a solution of-R-I'(1.16 g, 2.46 mmol) in Cl 1202 (50 mL). The pale yellow solution 
was stirred lor I h, then a solution ol'NaBArl"4 (2.18 g, 2.46 mmol) in MeOFI (50 mL) 

was added dropwise with stirring. The solvent was removed to give an oily solid, which 

was washed with hexane and recrystallised from CH202 / cyclohexane. The product 

was isolated as an oil-white solid. Yield: 4.48 g (3.06 mmol, 62.3%). 

111 NMR (CDC12,300 Mllz): 6 8.2 (311, d, J, III= 10.5 Hz, Hd), 7.7(814, s, BAr 1: 4- 

... ), 7.6 (611, in, I Ig1j), 7.5 7 (4f 1, s, BAr 1.4-H,,,, ), 7.5 (914, m, HI/j + Hh), 7.4 (314, 

d, J, I,, - 17.2 1 Iz, Ilk), 7.05 (311, dd, 14j, 4.2 (311, s, Hj, 2.4 (311, d, H, / Hb), 2.2 

(311, (1,1 lb /I Ij. See Figure 6.5 fior labelling scheme. 

Mass spectrum: not acquired (Section 6.8). 

6.7.4 [Zn(TCT)(OPh)]BArF 4 

jZn(T("l')(NO0jlIArI4 (400 mg, 0.27 mniol) dissolved in CH2Cl2 (50 ml, ) was 

stirred overnight with NaoPh. 31120 (60 mg, an excess) in the absence of light. Solids 

were removed by filtration, the solvent volurne reduced to 5 mL. and cyclohexane (50 

ml. ) added to precipitate the product as an oil-white solid. Yield: 360 mg (0.24 mmol. 
89%). 
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1H NMR (CD2CI2,300 MHz): 6 8.15 (3H, d, Hd), 7.73 (814, br s, BArl"4-11,,, h,, ), 7.56 

(4H, s, BArfý4-Hp,, ), 7.47 (3H, dd, HO, 7.4 (3H, m, H, ), 7.27 (11 H, m, Hj/, I + Hh +2 
H /0), 7.16 (6H, m, Hg/i), 6.87 (2H, d. HI/p), 6.77 (1 H, t, HJ, 4.17 (311, s, Hj, 2.4 

(3H, d, Ha / Hb), 2.2 (3H, d, Hb / Ha). See Figure 6.6 for labelling scheme. 
13 C NMR (CD2CI2,300 MHz): 6 170,163 (m, BAr 1ý 

4-C'pso), 152.5,135.7 (BArl: 4- 
Cortho), 134.8,132.3,131.2,129.9 (BArl: 4-Cmela), 129.6,127 3,124.7 ((T3), 123.7. 
120.8,118.4 (BAr F 

4-Cp,,, ), 65.4 (CN-cyclohexyl), 38.1 (C-cyclohexyl). 

IR / cm-1: [FTIR, KBr pressed disc] 3069,3028,2938,2905,1636,1629,1610. 

1595,1495,1483,1454,1401,1357,1289 (sh), 1281,1163,1133,1121 (sh), 1005, 

961,935,920,890,842,748,711,685,674,562,513. 

Mass spectrum: not acquired (Section 6.8). 

6.8 Preparation of NaBAr F4 18 

1.2-dibromoethane (1.5 ml, ) was added to Mg (5 g) in dry Ft-, () (75 ml. ) under 
Ar. (Note: exothermic reaction). The mixture was cooled in an ice bath and I-bromo- 

3,5-(trifluoromethyl)benzene (50 mi., 129.6 mmol) in dry Ft-, O (150 mi. ) added slo", 11, 

via a pressure-equalised dropping funnel (note: exothermic reaction). Nal3F4 (3.4 g. 

32.4 mmol) was added to the dark brown solution, which was left stirring f'()r I h. then 

heated to 313 K overnight. The mixture was washed by slow addition to a solution of' 

Na2CO3 (74 g) in H20 (note: vigorous reaction). then filtered through celite. The 

aqueous layer was separated and washed with Ft20 (3 x 25 nil. ). The ether fractions 

were combined, dried over Na2SO4 for 2h and filtered through activated charcoal 3 

times. Solvent was removed under reduced pressure, producing a yellow / brown solid. 

which was finely ground and washed with minimal cold ('17120-2 to give a yellow 

powder. Yield: 20-03 g (22.6 mmol, 70%). 

Note: The anion has been observed to contarninate subsequent mass spectrum samples 
for extended periods. Consequently, only the first two compounds submitted flor 

analysis ([Co('I'C'F)X]BArl: 4, where X= CI, NO, ) were characterised by this 

method. 
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6.9 Catalytic experiments 

6.9.1 Sample procedure for titanium-catalysed Interesterification 

2-Phenyl acetic acid ethyl ester (32.84 g, 0.02 mol) and benzyl acetate (30.04 g, 
0.02 mol) were heated to 383 K, with stirring, in a 2-necked round-bottomed flask with 

condenser attached. Ti(O'BU)4 (3.4 g, 0.01 mol, 5 mol%) was added to the esters 
(yellow colour observed) and samples (- 1.5 mL) were withdrawn from the reaction 

mixture at 30 s intervals over the course of 10 min. The samples were immediately 

placed in sample tubes with IM HCl (0.5 mL) in an ice bath to prevent further reaction. 
111 NMR spectroscopy provided initial confirmation of production of 2-phenyl acetic 

acid benzyl ester and ethyl acetate, with kinetic analysis performed by gas 

chromatography (200 pL sample, + 100 pl, ethyl benzoate internal standard in 10 mL 

acetone). The GC integrals were evaluated, and a linear regression program was used to 

calculate reaction rate. 

6.9.2 Sample procedure for cobalt-catalysed transesterification 

Ethyl benzoate (3.0 g, 20 mmol), benzyl alcohol (21.63 g, 200 mmol) and 
[Co(TCT)(OPh)]BPh4 were sealed under Ar with a condenser. The vessel was removed 
from the glovebox and immediately attached to an argon supply. The reactants were 
heated to 353 K in the absence of light with stirring under a steady flow of argon. 
Samples were withdrawn by syringe at 30 min intervals over 6 h. Analysis was 

performed by gas chromatography (samples prepared as for titanium-catalysed reaction, 
but with ethyl phenyl acetate as internal standard). 
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6.10 C02 sequestration experiments'9 

6.10.1 Reversible reaction Of C02 with [Co(TCT)(OEt)]BPh4 

A solution of [Co(TCf)(OEt)]BPh4 (10 mg, II pmol) in the mixed solvent [9 
CH202 :I EtOH] v1v (5 mL) was placed in a UV/vis cell under argon (sealed with a 
Young's tap), and the visible spectrum was recorded. A stream of C02 was passed 
though the solution for 60 s, and the new visible spectrum recorded. Nitrogen was 
bubbled through the solution and visible spectra were recorded at intervals of 1,5,7,11 

and 25 min. Absorption bands of the carbonated reaction product X/ nm: 492(sh), 520, 

550. 

6.10.2 Reaction Of C02 with [Co(TCT)(OPh)]BPh4 In CD3CN 

A solution of [Co(TCT)(OPh)]BPh4 (25 mg, 27 pmol) in CD3CN (2 mL) was 

placed in a Schlenk tube under argon, and the FrIR spectrum recorded. A stream of 
C02 was passed through the solution for 60 s, and the new FrIR spectrum recorded. 
Ilie difference spectrum was calculated showing bands at 1503,1363 and 1224 cm-1, 

with a possible band at 1472 cm7l (solvent cut-off is <II 10 cm-1). Note: precipitation 

of solid was observed upon addition of C02; the solid redissolved afier conversion to 

starting material. 

6.11 References 

I D. D. Perrin, W. L. F. Armarego, Purification of Laboratory Chemicals, Pcrgamon 

Press, 1988. 

2 R. J. Bushby, D. R. McGill, K. M. Ng and N. Taylor, J Afater. Chem., 1997,7, 

2343. 

3 J. D. Freeman, DPhil Thesis, University of York, 2001. 

4 E. A. Lewis, DPhil Thesis, University of York, 2002. 

5 A. K. Nairn, DPhil Thesis, University of York, 2001. 

6 A. Chandrasekeran, Roberta 0. Day and Robert R. Holmes, J Am. Chem. Soc., 
2000,122,1066. 



Chapter 6 Experimental 180 

7 T. R. Dargaville. P. J. De Bruyn, A. S. C. Lim, M. G. Looney, A. C. Potter, D. H. 

Solomon and X. Zhang, J Polym. Sci., PartA: Polym. Chem., 1997,35,13 89. 

8 M. Kol, M. Shamis, I. Goldberg, Z. Goldschmidt, S. AM, E. flayut-Salant, Inorg. 

Chem. Commun., 2001,4,177. 
9 A. A. Naiini, W. M. P. B. Menge and J. G. Verkade, Inorg. Chem., 1991,30,5009. 

10 L. M. Berreau et al., Chem. Commun., not yet in press 
IID. C. Bradley and P. A. Harnmersley, J Chem. Soc. A, 1967,1894. 

12 (a) M. Bochmann, 1. Hawkins and L. M. Wilson, J Chem. Soc., Chem. Commun., 

1988,344. (b) C. J. Carmalt, C. W. Dinnage, I. P. Parkin, A. J. P. White and D. J. 

Williams, J Chem. Soc., Dalton Trans., 2001,2554. (c) For a review, see: D. W. 

Stephan and T. T. Nadasdi, Coord. Chem. Rev., 1996,147,147. 

13 For a recent review of solventless reactions, see: G. W. V. Cave, C. L. Raston and J. 

L. Scott, Chem. Commun., 2001,2159. 

14 Walton, Archibald et aL, unpublished results. 
15 D. C. Bradley, D. C. Hancock and W. Wardlaw, J Chem. Soc., 1952,2773. 

16 B. Greener, DPhil Thesis, University of York, 1997. 

17 P. J. Lusby, DPhil Thesis, University of York, 2000. 

18 (a) M. Brookhart, B. Grant and A. F. Volpe Jr., Organometallics, 1992,11,3920; 

(b) 11. Nishida, N. Takada, M. Yoshimura, T. Sonoda and H. Kobayashi, Bull. 

Chem. Soc. Jpn., 1984,57,2600. 

19 S, J. Archibald, S. P. Foxon, J. D. Freeman, J. E. Hobson, R. N. Pcrutz and P. If. 

Walton, J. Chem. Soc., Dalton Trans., 2002,2797. 



Appendix Selected crystallographic data , 181 

Appendix - Selected crystallographic data 

Experimental details for the collection of crystal structure data are listed 
individually for each compound. Diffraction data were collected at 115 K on a Bruker 
Smart Apex diffractometer with Mo-K,, radiation (, k = 0.71073 A) using a SMART 
CCD camera. An Oxford Cryosystems Cryostream probe was used to maintain the 
required sample temperature. Diffractometer control, data collection and initial unit cell 
determination was performed using SMART. ' Frame integration and unit-cell 
refinement software was carried out with the SAINT+2 software. Absorption correction 
was applied using SADABS3 (v2.03, Shcldrick). Structures were solved by direct 

methods using SHELXS-97 4 and refined by full-matrix least squares using SIIELXL- 
97.5 All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 
placed using a "riding model" and included in the refinement at calculated positions. 
Solvent systems used for growing crystals are noted in Chapter 2 and Chapter 6, under 
the descriptions for each compound. 
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The crystal structures of [Co(TCT)(OEt)]BPh4 , Y2 EtOll and [Co(TCT)(OPh)]BArF4 

were solved by Dr. Stephen J. Archibald of the University of Hull. The structures of 

[Co(TCT)(N03)]BArF4 ' CH202 * IV2 C-C6HI2. [Co(TCT)CI]BArF4, ([Co(TC7)]2(P- 

C03))(BPh4)2 * C113CN, [Zn(TCT)(N03)]BAr F4* C11202, [Zn(TCT)(OPh)]BPh4 - Y, c- 
C6H, 2 and [Zn(TCT)(OPh)]BArF4 ' C-C61112 were solved by Dr. Adrian Whitwood of the 

University of York. 
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Al Crystal data and structure 
CH2CI2 " 1% c-C6H12 

refinement for [Co(TCT)(N03)]BArF4 

Identification code phw0325m 
Empirical formula C75H65BC12COF24N403 

Formula weight 1666.95 
Temperature 115(2) K 
Wavelength 0.71073 A 

Crystal system Monoclinic 
Space group P211. 
Unit cell dimensions a= 13.3 665(5) A cc = 90* 

b= 16.1561(6) AP= 96.6100(10)' 

c= 35.1452(13) A 90* 
Volume 7539.2(5) A3 

z 4 

Density (calculated) 1.469 Mg /m 

Absorption coefficient 0.408 mm-1 
F(OOO) 3396 

Crystal size 0.26 x 0.18 x 0.09 mm 
3 

Theta range for data collection 1.17 to 25.06* 

Index ranges - 12: 5 h :5 15, -19: 5 k: 5 19, -41: 5 1: 5 37 

Reflections collected 42509 

Independent reflections 13315 [R(int) = 0.0395] 

Completeness to theta = 25.06" 99.7% 

Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.960 and 0.828 

Ref i nement method Full-matrix least-squares on 
? 

Data / restraints / parameters 13315 /0/ 1072 

Goodness-of-fit on F2 1.021 

Final R indices [1> 2 sigma (1)] RI=0.0533, wR2 = 0.1405 

R indices (all data) RI=0.0889, wR2 = 0.1659 

Largest diff. peak and hole 0.889 and -0.609 e. A-3 
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Table AM: Bond lengths (/ A) and angles (/ ") for [Co(TCT)(N03)]BArF4 - C11202 - 
1 V2 C-C6HI2- 

B(i)-C(19) 1.636(4) B(l)-c(1) 1.637(4) 

B(l)-C(l3) 1.638(4) B(l)-C(7) 1.640(4) 

C(l)-C(6) 1.394(4) C(l)-C(2) 1.400(4) 

C(2)-C(3) 1.387(4) C(2)-1l(2) 0.9500 

C(3)-C(4) 1.374(5) C(3)-C(25) 1.502(5) 

C(4)-C(5) 1.383(5) C(4)-1l(4) 0.9500 

C(5)-C(6) 1.395(4) C(5)-C(26) 1.495(5) 

C(6)-H(6) 0.9500 C(7)-C(l2) 1.395(4) 

C(7)-C(S) 1.397(4) C(8)-C(9) 1.389(4) 

C(8)-H(8) 0.9500 C(9)-C(10) 1.385(4) 

C(9)-C(27) 1.492(4) C(I 0)-C(l 1) 1.385(4) 

C(I0)-H(l0) 0.9500 Ql 1)-C(l 2) 1.392(4) 

C(l1)-C(28) 1.493(5) C(l2)-1f(12) 0.9500 

C(l3)-C(l4) 1.393(4) C(l3)-C(I8) 1.402(4) 

C(14)-C(I5) 1.388(4) C(14)-1l(14) 0.9500 

C(l5)-C(I6) 1.385(4) C(15)-C(29) 1.506(5) 

C(l6)-C(l7) 1.387(4) C(l6)-Ii(16) 0.9500 

C(I7)-C(l8) 1.385(4) C(17)-C(30) 1.493(4) 

C(I8)-H(I8) 0.9500 C(19)-C(20) 1.394(4) 

C(l9)-C(24) 1.405(4) C(20)-C(21) 1.395(4) 

C(20)-H(20) 0.9500 C(21)-C(22) 1.385(5) 

C(21)-C(31) 1.487(4) C(22)-C(23) 1.390(5) 

C(22)-H(22) 0.9500 C(23)-C(24) 1.390(4) 

C(23)-C(32) 1.492(5) C(24)-1l(24) 0.9500 

C(25)-F(l) 1.330(4) C(25)-F(2) 1.330(4) 

C(25)-F(3) 1.345(5) C(26)-F(4) 1.192(7) 

C(26)-F(5A) 1.219(8) C(26)-F(6) 1.317(8) 

C(26)-F(5) 1.324(8) C(26)-F(4A) 1.362(8) 

C(26)-F(6A) 1.363(9) C(27)-F(8) 1.334(4) 

C(27)-F(7) 1.335(4) C(27)-F(9) 1.350(4) 
1 C(28)-F(I 1) 1 1.298(4) 1 C(28)-F(I 0) 1 1.316(4) _] 
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C(28)-F(12) 1.356(4) C(29)-F(15A) 1.224(13) 
C(29)-F(14) 1.263(10) C(29)-F(13A) 1.288(10) 
C(29)-F(15) 1.308(8) C(29)-F(14A) 1.325(10) 
C(29)-F(13) 1.343(10) C(30)-F(17) 1.307(4) 
C(30)-F(16) 1.323(4) C(30)-F(18) 1.331(4) 
C(3l)-F(21) 1.309(4) C(3l)-F(20) 1.311(4) 
C(3l)-F(19) 1.320(4) C(32)-F(24) 1.282(4) 
C(32)-F(23) 1.299(4) C(32)-F(22) 1.338(5) 
C(33)-N(l) 1.283(4) C(33)-C(34) 1.443(4) 

C(33)-11(33) 0.9500 C(34)-C(35) 1.341(4) 
C(34)-11(34) 0.9500 C(35ýý(36) 1.471(5) 
C(35)-11(35) 0.9500 C(36)-C(37) 1.380(5) 
C(36)-C(41) 1.395(5) C(37)-C(38) 1.380(5) 
C(37)-11(37) 0.9500 C(38)-C(39) 1.376(7) 
C(38)-11(38) 0.9500 C(39)-C(40) 1.365(7) 

C(39)-11(39) 0.9500 C(40)-C(41) 1.386(6) 

C(40)-11(40) 0.9500 C(4l)-H(41) 0.9500 

C(42)-N(2) 1.285(4) C(42)-C(43) 1.437(4) 

C(42)-11(42) 0.9500 C(43)-C(44) 1.339(4) 

C(43)-11(43) 0.9500 C(44)-C(45) 1.455(4) 

C(44)-11(44) 0.9500 C(45)-C(50) 1.388(5) 

C(45)-C(46) 1.394(5) C(46)-C(47) 1.389(5) 

C(46)-11(46) 0.9500 C(47)-C(48) 1.365(6) 

C(47)-11(47) 0.9500 C(48)-C(49) 1.390(6) 

C(48)-II(48) 0.9500 C(49)-C(50) 1.373(5) 

C(49)-11(49) 0.9500 C(50)-11(50) 0.9500 

C(5l)-C(52) 1.334(5) C(5l)-C(71) 1.435(4) 

C(5l)-11(51) 0.9500 C(52)-C(53) 1.464(5) 

C(52)-11(52) 0.9500 C(53)-C(54) 1.389(5) 

C(53)-C(58) 1.390(5) C(54)-C(55) 1.393(5) 

C(54)-11(54) 0.9500 C(55)-C(56) 1.373(6) 

C(55)-11(55) 0.9500 C(56)-C(57) 1.375(6) 

C(56)-11(56) 0.9500 C(57Y-C(58) 1.377(5) 

C(57ý41(57) 0.9500 C(58)-11(58) 0.9500 
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C(59)-N(l) 1.483(4) C(59)-C(60) 1.525(5) 

C(59)-C(64) 1.532(5) C(59)-H(59) 1.0000 

C(60)-C(61) 1.532(4) C(60)-H(60A) 0.9900 

C(60)-H(60B) 0.9900 C(6l)-N(2) 1.490(4) 

C(6l)-C(62) 1.524(4) C(6l)-H(61) 1.0000 

C(62)-C(63) 1.530(4) C(62)-11(62A) 0.9900 

C(62)-H(62B) 0.9900 C(63ý-N(3) 1.484(4) 

C(63)-C(64) 1.529(4) C(63)-11(63) 1.0000 

C(64)-H(64A) 0.9900 C(64)-H(64B) 0.9900 

C(65)-C(68) 1.514(6) C(65)-C(66) 1.522(6) 

C(65)-H(65A) 0.9900 C(65)-11(65B) 0.9900 

C(66)-C(70) 1.526(6) C(66)-11(66A) 0.9900 

C(66)-H(66B) 0.9900 C(67)-C(70) 1.509(6) 

C(67)-C(69) 1.532(6) C(67)-II(67A) 0.9900 

C(67)-H(67B) 0.9900 C(68)-C(69) 1.522(6) 

C(68)-H(68A) 0.9900 C(68)-11(68B) 0.9900 

C(69)-H(69A) 0.9900 C(69)-II(69B) 0.9900 

C(70)-H(70A) 0.9900 C(70)-11(70B) 0.9900 

C(7l)-N(3) 1.279(4) C(7l)-11(71) 0.9500 

C(74)-C(76)#l 1.504(6) C(74)-C(75) 1,518(6) 

C(74)-H(74A) 0.9900 C(74)-11(74B) 0.9900 

C(75)-C(76) 1.509(6) C(75)-11(75A) 0.9900 

C(75)-11(75B) 0.9900 C(76)-C(74)#l 1.504(6) 

C(76)-H(76A) 0.9900 C(76)-11(76B) 0.9900 

C(77)-CI(l) 1.729(10) C(77)-CI(2) 1.829(12) 

C(77)-II(77A) 0.9900 C(77)-11(77B) 0.9900 

C(78)-CI(3) 1.717(10) C(78)-CI(4) 1.727(13) 

C(78)-11(78A) 0.9900 C(78)-11(78B) 0.9900 

Co(l)-0(2) 2.000(2) Co(l)-N(l) 2.035(3) 

Co(l)-N(2) 2.040(3) Co(l)-N(3) 2.043(3) 

CO(l)-O(I) 2.328(2) N(4)-0(3) 1.223(4) 

N(4)-O(I) 1.252(3) N(4Y-0(2) 1.288(3) 

C(19)-B(l)-C(l) 112.6(2) C(19)-11(1)-C(13) 102.1(2) 



Appendix Selected crystallographic data 186 

C(l)-B(l)-C(13) 112.8(2) C(19)-B(l)-C(7) 112.6(2) 

C(l)-B(l)-C(7) 103.7(2) C(13)-B(l)-C(7) 113.4(2) 

C(6ýý(l)-C(2) 115.9(3) C(6)-C(l)-B(l) 122.2(3) 

C(2)-C(l)-B(l) 121.7(3) C(3)-C(2)-C(l) 121.9(3) 

C(3)-C(2)-H(2) 119.1 C(l)-C(2)-H(2) 119.1 

C(4)-C(3)-C(2) 121.2(3) C(4)-C(3)-C(25) 119.9(3) 

C(2)-C(3)-C(25) 118.8(3) C(3)-C(4)-C(5) 118.4(3) 

C(3)-C(4)-11(4) 120.8 C(5ýý(4)-H(4) 120.8 

C(4)-C(5)-C(6) 120.4(3) C(4)-C(5)-C(26) 119.9(3) 

C(6)-C(5)-C(26) 119.8(3) C(l)-C(6)-C(5) 122.2(3) 

C(l)-C(6)-H(6) 118.9 C(5)-C(6)-H(6) 118.9 

C(12)-C(7)-C(8) 116.0(3) C(12)-C(7)-B(l) 121.8(3) 

C(8)-C(7)-B(l) 121.8(3) C(9)-C(8)-C(7) 122.3(3) 

C(9)-C(8)-11(8) 118.8 C(7)-C(8)-H(8) 118.8 

C(10)-C(9)-C(8) 120.7(3) C(10)-C(9)-C(27) 120.1(3) 

C(8)-C(9)-C(27) 119.2(3) C(ii)-C(10)-C(9) 118.1(3) 

c(ii)-c(lo)-11(lo) 120.9 C(9)-C(10)-H(10) 120.9 

C(10)-C(Il)-C(12) 120.9(3) C(10)-C(11)-C(28) 118.3(3) 

C(12)-C(il)-C(28) 120.8(3) C(11)-C(12)-C(7) 122.0(3) 

C(I I)-C(I 2)-11(12) 119.0 C(7)-C(12)-H(12) 119.0 

C(14)-C(13)-C(18) 115.7(3) C(14)-C(13)-B(l) 122.3(3) 

C(18)-C(13)-B(l) 121.2(3) C(15)-C(14)-C(13) 121.9(3) 

C(15)-C(14)-11(14) 119.0 C(13)-C(14)-H(14) 119.0 

C(16)-C(15)-C(14) 121.7(3) C(16)-C(15)-C(29) 119.2(3) 

C(14)-C(15)-C(29) 119.1(3) C(15)-C(16)-C(17) 117.2(3) 

C(15)-C(16)-11(16) 121.4 C(17)-C(16)-H(16) 121.4 

C(18)-C(17)-C(16) 121.1(3) C(18)-C(17)-C(30) 118.9(3) 

C(16)-C(17)-C(30) 120.0(3) C(17)-C(18)-C(13) 122.4(3) 

C(17)-C(18)-11(18) 118.8 C(13)-C(18)-H(18) 118.8 

C(20)-C(19)-C(24) 115.7(3) C(20)-C(19)-B(l) 122.3(3) 

C(24)-C(19)-li(l) 121.1(3) C(19)-C(20)-C(21) 122.5(3) 

C(19)-C(20)-11(20) 118.7 C(2l)-C(20)-H(20) 118.7 

C(22)-C(2l)-C(20) 120.5(3) C(22)-C(2l)-C(31) 120.9(3) 

C(20)-C(2l)-C(31) 118.6(3) C(2l)-C(22)-C(23) 118.3(3) 
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C(2l)-C(22)-H(22) 120.8 C(23)-C(22)-11(22) 120.8 

C(24)-C(23)-C(22) 120.7(3) C(24)-C(23)-C(32) 118.5(3) 

C(22)-C(23)-C(32) 120.8(3) C(23)-C(24)-C(19) 122.2(3) 

C(23)-C(24)-H(24) 118.9 C(19)-C(24)-11(24) 118.9 

F(l)-C(25)-F(2) 106.8(3) F(l)-C(25)-F(3) 106.4(3) 

F(2)-C(25)-F(3) 105.4(3) F(l)-C(25)-C(3). 112.9(3) 

F(2)-C(25)-C(3) 112.5(3) F(3)-C(25)-C(3) 112.4(3) 

F(4)-C(26)-F(5A) 127.2(6) F(4)-C(26)-F(6) 111.6(11) 

F(5A)-C(26)-F(6) 57.0(12) F(4)-C(26)-F(5) 110.5(10) 

F(5AK(26)-F(5) 42.4(12) F(6)-C(26)-F(5) 99.2(6) 

F(4)-C(26)-F(4A) 45.6(12) F(5A)-C(26)-F(4A) 105.1(10) 

F(6)-C(26)-F(4A) 138.5(6) F(5)-C(26)-F(4A) 69.8(6) 

F(4)-C(26)-F(6A) 51.4(11) F(5A)-C(26)-F(6A) 109.9(10) 

F(6)-C(26)-F(6A) 63.7(5) F(5)-C(26)-F(6A) 134.8(6) 

F(4A)-C(26)-F(6A) 95.1(5) F(4)-C(26)-C(5) 113.8(5) 

F(5A)-C(26)-C(5) 118.3(5) F(6y-C(26)-C(5) 109.9(4) 

F(5)-C(26)-C(5) 110.9(5) F(4A)-C(26Y-C(5) 111.4(5) 

F(6A)-C(26)-C(5) 114.2(4) F(SY-C(27)-F(7) 106.4(3) 

F(8)-C(27)-F(9) 104.9(3) F(7)-C(27)-F(9) 106.3(3) 

F(8)-C(27Y-C(9) 112.6(3) F(7)-C(27Y-C(9) 113.6(3) 

F(9)-C(27)-C(9) 112.5(3) F(I l)-C(28)-F(I 0) 
, 

111.6(4) 

F(11)-C(28)-F(12) 103.4(3) F(10)-C(28)-F(12) 102.1(3) 

F(I I)-C(28)-C(l 1) 114.6(3) F(I 0)-C(28)-C(I 1) 112.9(3) 

F(12)-C(28)-C(11) 111.2(3) F(15A)-C(29)-F(14) 126.4(10) 

F(15A)-C(29)-F(13A) 108.1(12) F(14)-C(29)-F(13A) 28.0(9) 

F(15A)-C(29)-F(15) 70.2(11) F(14)-C(29)-F(15) 111.0(8) 

F(13A)-C(29)-F(15) 129.3(6) F(15A)-C(29)-F(14A) 110.6(10) 

F(14)-C(29)-F(14A) 72.8(8) F(13A)-C(29)-F(14A) 99.1(7) 

F(15)-C(29)-F(14A) 44.4(6) F(15A)-C(29)-F(13) 32.1(13) 

F(14)-C(29)-F(13) 105.1(9) F(13A)-C(29)-F(13) 80.4(8) 

F(15)-C(29)-F(13) 100.0(7) F(14A)-C(29)-F(13) 132.3(8) 

F(15A)-C(29)-C(15) 113.1(7) F(14)-C(29)-C(15) 114.1(6) 

F(13A)-C(29Y-C(15) 112.9(6) F(15)-C(29)-C(15) 113.6(5) 

F(14A)-C(29)-C(15) 112.0(6) F(13)-C(29)-C(15) 111.8(5) 
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F(17)-C(30)-F(16) 106.7(3) F(17)-C(30)-F(18) 105.6(3) 

F(I 6)-C(30)-F(l 8) 104.9(3) F(17)-C(30)-C(17) 113.0(3) 

F(16)-C(30)-C(17) 113.9(3) F(18)-C(30)-C(17) 111.9(3) 

F(2l)-C(3l)-F(20) 107.8(3) F(2l)-C(3l)-F(19) 104.1(3) 

F(20)-C(3l)-F(19) 105.0(3) F(2l)-C(3l)-C(21) 113.2(3) 

F(20)-C(3l)-C(21) 113.7(3) F(19)-C(3l)-C(21) 112.2(3) 

F(24)-C(32)-F(23) 110.0(3) F(24)-C(32)-F(22) 104.4(4) 

F(23)-C(32)-F(22) 101.8(3) F(24)-C(32)-C(23) 113.9(3) 

F(23)-C(32)-C(23) 114.2(3) F(22K(32)-C(23) 111.6(3) 

N(l)-C(33)-C(34) 125.4(3) N(l)-C(33)-H(33) 117.3 

C(34)-C(33)-11(33) 117.3 C(35)-C(34K(33) 119.8(3) 

C(35)-C(34)-11(34) 120.1 C(33)-C(34)-H(34) 120.1 

C(34)-C(35)-C(36) 125.5(3) C(34)-C(35)-H(35) 117.2 

C(36)-C(35)-11(35) 117.2 C(37)-C(36)-C(41) 118.7(3) 

C(37)-C(36)-C(35) 122.7(3) C(4l)-C(36ý-C(35) 118.6(3) 

C(36)-C(37)-C(38) 120.6(4) C(36)-C(37)-H(37) 119.7 

C(38)-C(37)-11(37) 119.7 C(39)-C(38)-C(37) 120.3(4) 

C(39)-C(38)-11(38) 119.9 C(37)-C(38ý-H(38) 119.9 

C(40)-C(39)-C(38) 120.0(4) C(40)-C(39)-H(39) 120.0 

C(38)-C(39)-11(39) 120.0 C(39)-C(40)-C(41) 120.2(4) 

C(39)-C(40)-11(40) 119.9 C(4l)-C(40)-H(40) 119.9 

C(40)-C(4 I)-C(36) 120.2(4) C(40)-C(41)41(41) 119.9 

C(36)-C(4l)-11(4 1) 119.9 N(2K(42)-C(43) 127.3(3) 

N(2)-C(42)-11(42) 116.3 C(43)-C(42)-H(42) 116.3 

C(44)-C(43)-C(42) 118.2(3) C(44)-C(43)-11(43) 120.9 

C(42)-C(43)-11(43) 120.9 C(43)-C(44)-C(45) 129.0(3) 

C(43)-C(44)-11(44) 115.5 C(45)-C(44)-H(44) 115.5 

C(50)-C(45)-C(46) 118.5(3) C(50)-C(45)-C(44) 122.7(3) 

C(46)-C(45)-C(44) 118.8(3) C(47)-C(46)-C(45) 120.2(4) 

C(47)-C(46)-11(46) 119.9 C(45)-C(46)-11(46) 119.9 

C(48)-C(47)-C(46) 120.3(4) C(48)-C(47)-11(47) 119.8 

C(46)-C(47)-11(47) 119.8 C(47)-C(48)-C(49) 120.1(4) 

C(47)-C(48)-11(48) 120.0 C(49)-C(48)-H(48) 120.0 

C(50)-C(49)-C(48) 119.8(4) C(50)-C(49)-11(49) 120.1 
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C(48)-C(49)-H(49) 120.1 C(49)-C(50)-C(45) 121.1(4) 

C(49)-C(50)-H(50) 119.5 C(45)-C(50)-H(50) 119.5 

C(52)-C(5l)-C(71) 118.4(3) C(52)-C(5l)-H(51) 120.8 

C(7l)-C(5l)-H(51) 120.8 C(5l)-C(52)-C(53) 128.4(3) 

C(5l)-C(52)-H(52) 115.8 C(53)-C(52)-H(52) 115.8 

C(54)-C(53)-C(58) 118.8(3) C(54)-C(53)-C(52) 118.3(3) 

C(58)-C(53)-C(52) 122.9(3) C(53)-C(54)-C(55) 
.. 

120.8(4) 

C(53)-C(54)-H(54) 119.6 C(55)-C(54)-11(54) 119.6 

C(56)-C(55)-C(54) 119.1(4) C(56)-C(55)-H(55) 120.4 

C(54)-C(55)-H(55) 120.4 C(55)-C(56)-C(57) 120.7(4) 

C(55)-C(56)-H(56) 119.6 C(57)-C(56)-11(56) 119.6 

C(56)-C(57)-C(58) 120.2(4) C(56)-C(57)41(57) 119.9 

C(58Y-C(57)-H(57) 119.9 C(57)-C(58)-C(53) 120.3(4) 

C(57)-C(58)-H(58) 119.8 C(53)-C(58)-11(58) 119.8 

N(lY-C(59)-C(60) 112.5(3) N(l)-C(59)-C(64) 109.1(3) 

C(60)-C(59)-C(64) 110.6(3) N(ly-C(59)-11(59) 108.2 

C(60Y-C(59)-H(59) 108.2 C(64Y-C(59)-11(59) 108.2 

C(59Y-C(60)-C(61) 115.4(3) C(59Y-C(60)-11(60A) 108.4 

C(6l)-C(60)-H(60A) 108.4 C(59)-C(60)-11(60B) 108.4 

C(6ly-C(60)-H(60B) 108.4 11(60AY-C(60)-11(60B) 107.5 

N(2y-C(6ly-C(62) 111.0(2) N(2)-C(6l)-C(60) '110.2(2) 

C(62)-C(6ly-C(60) 111.8(3) N(2)-C(6l)-11(61) 107.9 

C(62)-C(6l)-11(61) 107.9 C(60Y-C(6l)-11(61) 107.9 

C(6ly-C(62)-C(63) 114.2(3) C(6ly-C(62)-11(62A) 108.7 

C(63Y-C(62)-11(62A) 108.7 C(6l)-C(62)-11(6211) 108.7, 

C(63Y-C(62)-H(62B) 108.7 11(62AY-C(62)-11(62B) 107.6 

N(3)-C(63)-C(64) 111.6(3) N(3)-C(63)-C(62) 109.6(2) 

C(64)-C(63)-C(62) 111.0(3) N(3)-C(63)-11(63) 198.2 

C(64)-C(63)-11(63) 108.2 C(62)-C(63)-11(63) 108.2 

C(63Y-C(64Y-C(59) 114.9(3) C(63)-C(64)-11(64A) 108.6 

C(59)-C(64)-II(64A) 108.6 C(63)-C(64)-11(6413) 108.6 

C(59)-C(64)-11(64B) - 1ý8.6 11(64A)-C(64)-11(64B) 107.5 

C(68)-C(65ýý(66) 112.3(4) C(68)-C(65)-11(65A) 109.1 

C(66Y-C(65)-11(65A) 109.1 C(68)-C(65)-11(6511) 109.1 
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C(66)-C(6 

C(65)-C(i 

C(70ý47(61 

C(70)-C(6i 

('(70)-('(( 

C(69)-C(6' 

C(69)-C(6' 

C(65ý-('(( 

C(69)-C(61 

('(69)-('(61 

C(68)-C(6 

('(67)-('(6(J 

('(67)-('(6'J 

C(67)-C(7 

C(66)-C(70 

C(66)-C(70 

N(3)-C(71 

C(5 1 )-C(7 

('(76)# 1 -C(7 
('(76)# 1 -C(7 
11(74A)-('(7. 

C(76)-C(75 

C(76)-C(75 

11(75A)-('(7! 

('(74)# 1 -('(71 
('(74)# 1 -('(71 
li(76A)-('(7( 

CI(] "'(77) 

CI(])-C(77) 

11(77A)-('(7') 

(1(3)-C(78ý 

(1(3)-C(78ý 

11(78Aý-C(7H 

()(2"'f)(I 

5)-l 1(6513) 109.1 H(65A)-C(65)-H(65B) 107.9 

o6y-('(70) 111.6(4) C(65)-C(66)-H(66A) 109.3 

i)-H(66A) 109.3 C(65)-C(66)-H(66B) 109.3 

11(6613) 109.3 H(66A)-C(66)-H(66B) 108.0 

, 7)-C(69) 111.0(4) C(70)-C(67)-H(67A) 109.4 

r)-11(67A) 109.4 C(70)-C(67)-H(67B) 109.4 

r)-11(6711) 109.4 H(67A)-C(67)-H(67B) 108.0 

8Y-C(69) 111.0(4) C(65)-C(68)-H(68A) 109.4 

: )-11(68A) 109.4 C(65Y-C(68)-H(68B) 109.4 

: )-11(6813) 109.4 H(68A)-C(68)-H(68B) 108.0 

9)-C(67) 111.7(4) C(68Y-C(69)-H(69A) 109.3 

)-11(69A) 10). 3 C(68)-C(69)-H(69B) 109.3 

I 1(69B) 109.3 14(69A)-C(69)-H(69B) 107.9 

l)-C(66) 111.0(4) C(67)-C(70)-H(70A) 109.4 

)-li(70A) 109.4 C(67)-C(70)-H(70B) 109.4 

)-11(7013) 109.4 H(70A)-C(70)-H(70B) 108.0 

)-('(51) 127.1(3) N(3Y-C(7l)-H(71) 116.5 

Y-H(71) 116.5 C(76)#I-C(74)-C(75) 110.8(4) 

$)-I 1(74A) 109.5 C(75)-C(74)-H(74A) 109.5 

1)-11(7413) 109.5 C(75)-C(74)-H(74B) 109.5 

I)-li(7413) 108.1 C(76)-C(75)-C(74) 111.4(4) 

A 1(75A) 109.4 C(74)-C(75)-H(75A) 109.4 

, 11(7513) 109.4 C(74)-C(75)-H(75B) 109.4 

; )-11(751J) 108.0 C(74)#I-C(76)-C(75) 111.5(4) 

11(76 A) 109.3 C(75)-C(76)-H(76A) 109.3 

))-11(7613) 109.3 C(75)-C(76)-H(76B) 109.3 

1)-11(7613) 108.0 CI(l)-C(77)-CI(2) 105.4(5) 

-1 1(77A) 

- 

110.7 CI(2)-C(77)-H(77A) 110.7 

-11(7713) 110.7 CI(2)-C(77)-H(77B) TIO. 7 

)-11(7711) 108.8 ('1(3)-C(78)-CI(4) 116.1(7) 

-1 1(78A) 108.3 CI(4)-C(78Y-H(78A) 108.3 

-11(7813) 108.3 CI(4)-C(78)-H(78B) 108.3 

)-11(7811) 107.4 0(2)-('o(l)-N(l) 112.12(10) 

)-N(2) 138.69(10) N(l)--('o(l)-N(2) 98.6100) 
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0(2ýýo(l)-N(3) 109.72(10) N(l)-Co(l)-N(3) 94.33(10) 

N(2ýýo(l)-N(3) 94.12(10) 0(2ýýo(l)-O(I) 59.02(9) 

N(l)-Co(l)-O(I) 91.88(9) N(2)-Co(l)-O(I) 94.35(9) 

N(3)-Co(l)-0(1) 168.63(9) C(33)-N(l)-C(59) 116.5(3) 

C(33)-N(l)-Co(l) 132.7(2) C(59)-N(Iýýo(l) 110.80(19) 

C(42)-N(2)-C(61) 114.8(3) C(42ý-N(2ýýo(l) 134.7(2) 

C(61)-N(2ýýo(l) 110.45(18) C(7l)-N(3)-C(63) 115.5(3) 

C(71)-N(3ýýo(l) 132.6(2) C(63)-N(3ýýo(l) 111.85(19) 

0(3)-N(4)-0(1) 123.6(3) 0(3)-N(4)-0(2) 120.6(3) 

0(l)-N(4)-0(2) 115.7(3) N(4")(1 ýýo(l) 85.48(17) 

N(4)-0(2)-Co(l) 99.73(18) 

Symmetry transformations used to generate equivalent atoms: 

#I -X, -Y+ 1, -Z+ I 

C39 

C48 C49 

C 

: 

C4 7) 

50 

C45 

C46 

C441ý" 

C38 
03 C57 

C56 
C37 C40 

N4 C55 C58 
C36 C41 

01 02 C53 

C43 C54 C52 C35 

Col C91 C34 

C42 N2 
N3 

C71 
C33 

Nl 

C61 &1%. C62 
7w 

C60 

Figure Al. 1: An OR'rEp6 representation (30% probability ellipsoids) ol' 

jCo(TCT)(N03)jBAr'ý4 ' Cl f-'('12 'I V2 C-C61112, cation only. II atoms 

omitted fior clarity. 
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Figure A 1.2: An ORTEP representation (30% probability ellipsoids) of 

jCo(TC'l')(N03)jBArI; 4 , CH202 ' 11/2 C-C6HI2, H atoms omitted for 

clarity. 

C48 C49 C39 
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A2 Crystal data and structure refinement for [Co(TCT)CI]BAr 4 

Identification code 
Empirical fon-nula 

Formula weight 
Temperature 

Wavelength 

Crystal system 
Space group 

Unit cell dimensions 

Volume 

z 

Density (calculated) 

Absorption coefficient 
F(OOO) 

Crystal size 
Theta range for data collection 

Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 25-06' 

Absorption correction 

Refinement method 
Data / restraints / parameters 

Goodness-of-fit on El 

Final R indices [I> 2 sigma (/)I 

R indices (all data) 

Largest diff. peak and hole 

phw0328m 
C65H45BCICoF24N3 

1429.23 

115(2) K 

0.71073 A 

Triclinic 

Pl 

a= 10.063(2) A 

b= 13.421(3) A 

c= 24.709(5) A 

3188.6(l 1A3 

2 

(x = 97.365(5)' 

ß 95.966(5)' 

y 103.401(4)' 

3 
1.489 Mg / 

1 0.424 mm 

1442 

193 

3 
0.18 x 0.14 x 0.10mm 

0.84 to 25.06' 

-11 -< 
h< 11. -15 <k< 15, -29 -< 

I 
-< 

19 

18277 

11192 1 R(Int) = 0.02671 

99.2% 

None 

Full-matrix least-squares on h 

11192 /0/ 910 

1.045 

R1=0.0428, wR2 = 0.1034 

R1=0.0652, wR2 = 0.1178 

0.529 and -0.365 c. A ' 
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TableA2.1: Bond lengths (/A) and angles(P) for [Co(TCT)CI]BAr F 4- 

B(l)-C(42) 1.636(4) B(l)-C(50) 1.641(4) 

B(l)-C(58) 1.643(4) B(l)-C(34) 1.649(4) 
C(l)-N(l) 1.490(3) C(l)-C(6) 1.526(4) 
C(l)-C(2) 1.536(4) C(l)-H(l) 1.0000 
C(2)-C(3) 1.529(4) C(2)-H(2A) 0.9900 

C(2)-11(2B) 0.9900 C(3)-N(2) 1.486(3) 
C(3)-C(4) 1.0000 C(4ýý(5) 1.530(4) 

C(4)-11(4A) 0.9900 C(4)-H(4B) 0.9900 

C(5)-N(3) 1.489(3) C(5ýý(6) 1.530(4) 

C(5)-11(5) 1.0000 C(6)-H(6A) 0.9900 

C(6)-11(6B) 0.9900 C(7)-N(l) 1.289(3) 

C(7)-C(8) 1.437(4) C(7)-H(7) 0.9500 

C(8)-C(9) 1.332(4) C(8)-H(8) 0.9500 

C(9)-C(10) 1.455(4) C(9)-H(9) 0.9500 

C(10)-C(15) 1.392(4) C(10)-C(11) 1.393(4) 

C(11)-C(12) 1.391(4) C(l l)-H(l 1) 0.9500 

C(12)-C(13) 1.373(4) C(12)-H(12) 0.9500 

C(13)-C(14) 1.385(4) C(13)-H(13) 0.9500 

C(14)-C(15) 1.376(4) C(14)-H(14) 0.9500 

C(15)-11(15) 0.9500 C(16)-N(2) 1.287(3) 

C(16)-C(17) 0.9500 C(17)-C(18) 1.339(4) 

C(17)-11(17) 0.9500 C(18)-C(19) 1.465(4) 

C(18)-11(18) 0.9500 C(19)-C(20) 1.386(4) 

C(19)-C(24) 1.397(4) C(20)-C(21) 1.387(4) 

C(20)-11(20) 0.9500 C(2l)-C(22) 1.378(4) 

C(2l)-11(21) 0.9500 C(22)-C(23) 1.380(4) 

C(22)-11(22) 0.9500 C(23)-C(24) 1.385(4) 

C(23)-11(23) 0.9500 C(24)-H(24) 0.9500 

C(25)-N(3) 1.286(3) C(25)-C(26) 1.436(4) 

C(25)-11(25) 0.9500 C(26)-C(27) 1.341(4) 

C(26)-11(26) 0.9500 C(27)-C(28) 1.460(4) 

C(27)-11(27) 0.9500 C(28)-C(29) 1.385(4) 
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C(28)-C(33) 1.389(4) C(29)-C(30) 1.383(5) 

C(29)-H(29) 0.9500 C(30)-C(31) 1.357(5) 

C(30)-H(30) 0.9500 C(3l)-C(32) 1.380(4) 

C(3l)-H(31) 0.9500 C(32ý-C(33) 1.386(4) 

C(32)-H(32) 0.9500 C(33)-H(33) 0.9500 

C(34)-C(35) 1.398(3) C(34ýý(39) 1.402(3) 

C(35)-C(36) 1.393(3) C(35)-11(35) 0.9500 

C(36)-C(37) 1.390(4) C(36)-C(40) 1.496(4) 

C(37)-C(38) 1.386(4) C(37)-H(37) 0.9500 

C(38)-C(39) 1.397(3) C(38)-C(41) 1.485(4) 

C(39)-H(39) 0.9500 C(40)-F(l) 1.337(3) 

C(40)-F(3) 1.341(3) C(40)-F(2) . 
1.351(3) 

C(4l)-F(4) 1.326(3) C(4l)-F(6) 1.334(3) 

C(4l)-F(5) 1.341(3) C(42)-C(47) 1.392(4) 

C(42)-C(43) 1.397(4) C(43)-C(44) 
. 
1.390(4) 

C(43)-H(43) 0.9500 C(44)-C(45) 1.389(4) 

C(44)-C(48) 1.497(4) C(45)-C(46) 1.383(4) 

C(45)-H(45) 0.9500 C(46)-C(47) 1.393(4) 

C(46)-C(49) 1.501(4) C(47)-II(47) 0.9500 

C(48)-F(7) 1.330(3) C(48)-F(8) 1.3ý7(3) 

C(48)-F(9) 1.346(3) C(49)-F(11A) 1.203(10) 

C(49)-F(12A) 1.235(6) C(49)-F(IO) 1.272(5) 

C(49)-F(l 1) 1.333(10) C(49)-F(IOA) 1.404(7) 

C(49)-F(12) 1.422(6) C(50)-C(55) 1.3ý98(4) 

C(50)-C(51) 1.399(3) C(5l)-C(52) Lý90(4) 

C(5l)-11(51) 0.9500 C(52)-C(53) 1.383(4) 

C(52)-C(56) 1.498(4) C(53)-C(54) 1.385(4) 

C(53)-II(53) 0.9500 C(54)-C(55) 1.394(4) 

C(54)-C(57) 1.490(4) C(55)-11(55) 0.9500 

C(56)-F(15) 1.331(3) C(56)-F(13) 1.335(3) 

C(56)-F(14) 1.345(3) C(57)-F(18) 1.259(6) 

C(57)-F(17A) 1.261(9) C(57)-F(16A) 1.261(6) 

C(57)-F(17) 1.281(10) C(57)-F(16) 1.401(6) 

C(57)-F(18A) 1.405(7)-[ - C(58)-C(63) 1.396(4) 
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C(58)-C(59) 1.402(3) C(59)-C(60) 1.398(4) 

C(59)-H(59) 0.9500 C(60)-C(61) 1.384(4) 

C(60)-C(64) 1.487(4) C(6l)-C(62) 1.373(4) 

C(6l)-11(61) 0.9500 C(62)-C(63) 1.394(4) 

C(62)-C(65) 1.498(4) C(63)-H(63) 0.9500 

C(64)-F(21) 1.319(3) C(64)-F(20) 1.338(3) 

C(64)-F(19) 1.344(3) C(65)-F(22) 1.321(4) 

C(65)-F(24) 1.322(3) C(65)-F(23) 1.342(4) 

CI(l)-Co(l) 2.2208(8) Co(l)-N(l) 2.000(2) 

Co(l)-N(3) 2.010(2) Co(l)-N(2) 2.018(2) 

C(42)-B(l)-C(50) 109.6(2) C(42)-B(l)-C(58) 111.3(2) 

C(50)-B(l)-C(58) 109.1(2) C(42)-B(l)-C(34) 107.3(2) 

C(50)-B(l)-C(34) 109.4(2) C(58)-B(l)-C(34) 110.1(2) 

N(l)-C(l)-C(6) 109.8(2) N(l)-C(l)-C(2) 110.4(2) 

C(6)-C(l)-C(2) 112.0(2) N(l)-C(l)-H(l) 108.2 

C(6)-C(l)-11(1) 108.2 C(2)-C(l)-H(l) 108.2 

C(3)-C(2)-C(l) 114.7(2) C(3)-C(2)-H(2A) 108.6 

C(l)-C(2)-11(2A) 108.6 C(3)-C(2)-H(2B) 1086 

C(l)-C(2)-11(2B) 108.6 H(2A)-C(2)-H(2B) 107.6 

N(2)-C(3)-C(4) 110.1(2) N(2)-C(3Y-C(2) 110.4(2) 

C(4)-C(3)-C(2) 111.2(2) N(2)-C(3)-H(3) 108.3 

C(4)-C(3)-11(3) 108.3 C(2)-C(3)-H(3) 108.3 

C(3y-C(4)-C(5) 114.2(2) C(3y-C(4)-H(4A) 108.7 

C(5)-C(4)-11(4A) 108.7 C(3)-C(4)-H(4B) 108.7 

C(5)-C(4)-11(4B) 108.7 11(4A)-C(4)-H(4B) 107.6 

N(3)-C(5)-C(4) 110.5(2) N(3)-C(5)-C(6) 110.6(2) 

C(4)-C(5)-C(6) 110.9(2) N(3)-C(5)-H(5) 108.3 

C(4)-C(5)-11(5) 108.3 C(6)-C(5)-H(5) 108.3 

C(l)-C(6)-C(5) 114.8(2) C(l)-C(6)-H(6A) 108.6 

C(5)-C(6)-11(6A) 108.6 C(l)-C(6)-H(6B). 108.6 

C(5)-C(6)-11(6B) 108.6 H(6A)-C(6)-H(6B) 107.5 

N(l)-C(7)-C(8) 125.1(3) N(l)-C(7)-H(7) 117.5 

C(8)-C(7)-11(7) 117.5 C(9)-C(8)-C(7) 120.8(3) 



Appendix Selected crystallographic data 197 

C(9)-C(8)-H(8) 119.6 C(7)-C(8)-11(8) 119.6 

C(8)-C(9)-C(10) 127.1(3) C(8)-C(9)-H(9) 116.4 

C(10)-C(9)-H(9) 116.4 C(15)-C(10)-C(Il) 118.4(3) 

C(15)-C(10)-C(9) 122.3(3) C(i 1)-C(l 0)-C(9) 119.3(3) 

C(12)-C(Il)-C(10) 120.4(3) C(12)-C(Il)-11(11) 119.8 

C(10)-C(Il)-H(11) 119.8 C(13)-C(12)-C(11) 120.1(3) 

C(13)-C(12)-11(12) 119.9 C(11)-C(12)-11(12) 119.9 

C(12)-C(13)-C(14) 120.2(3) C(12)-C(13)-H(13) 119.9 

C(14)-C(13)-H(13) 119.9 C(15)-C(14)-C(13) 119.8(3) 

C(15)-C(14)-H(14) 120.1 C(13)-C(14)-11(14) 120.1 

C(14)-C(15)-C(IO) 121.2(3) C(14)-C(15)-11(15) 119.4 

C(10)-C(15)-H(15) 119.4 N(2)-C(16)-C(17) 124.2(3) 

N(2)-C(16)-H(16) 117.9 C(17)-C(16)-11(16) 117.9 

C(18)-C(17)-C(16) 121.1(3) C(18)-C(17)-11(17) 119.4 

C(16)-C(17)-H(17) 119.4 C(17)-C(18)-C(19) 127.5(3) 

C(17)-C(18)-H(18) 116.3 C(19)-C(18)-11(18) 116.3 

C(20)-C(19)-C(24) 118.5(3) C(20)-C(19)-C(18) 119.2(3) 

C(24)-C(19)-C(18) 122.3(3) C(19)-C(20)-C(21) 120.8(3) 

C(19)-C(20)-H(20) 119.6 C(2l)-C(20)41(20) 119.6 

C(22)-C(2l)-C(20) 120.1(3) C(22)-C(2l)-11(21) 120.9 

C(20)-C(2l)-H(21) 120.0 C(2l)-C(22)-C(23) 120.1(3) 

C(2l)-C(22)-H(22) 120.0 C(23)-C(22)-11(22) 120.0 

C(22)-C(23)-C(24) 120.0(3) C(22)-C(23)41(23) 120.0 

C(24)-C(23)-H(23) 120.0 C(23)-C(24Y-C(19) 
. 
1ý0.6(3) 

C(23)-C(24)-H(24) 119.7 C(19)-C(24)-11(24) 1.19.7 

N(3Y-C(25Y-C(26) 123.0(3) N(3)-C(25)-11(25) 118.5ý 

C(26)-C(25)-H(25) 118.5 C(27)-C(26)-C(25) 122.9(3) 

C(27K(26)-H(26) 118.6 C(25)-C(26)-11(26) 118.6 

C(26)-C(27)-C(28) 126.1(3) C(26)-C(27)-11(27) 117.0 

C(28)-C(27)-H(27) 117.0 C(29)-C(28)-C(33) 1ý 17.5 (3) 

C(29)-C(28ýý(27) 120.5(3) C(33Y-C(28)-C(27) 121.9(3) 

C(30)-C(29)-C(28) 121.3(3) C(30)-C(29)-11(29) 119.4 

C(28)-C(29)-H(29) 119.4 C(3l)-C(30)-C(29) 120.6(3) 

C(3t)-C(30)-11(30) 119.7 C(29)-C(30)-11(30) 119.7 
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C(30)-C(3l)-C(32) 119.4(3) C(30)-C(3l)-H(31) 120.3 

C(32)-C(3l)-11(31) 120.3 C(3l)-C(32)-C(33) 120.2(3) 

C(3l)-C(32)-tl(32) 119.9 C(33)-C(32)-H(32) 119.9 

C(32)-C(33)-C(28) 120.9(3) C(32)-C(33)-H(33) 119.6 

C(28)-C(33)-11(33) 119.6 C(35)-C(34)-C(39) 115.8(2) 
C(35)-C(34)-B(l) 120.3(2) C(39)-C(34)-B(l) 123.8(2) 

C(36)-C(35)-C(34) 122.8(2) C(36)-C(35)-H(35) 118.6 

C(34)-C(35)-11(35) 118.6 C(37)-C(36)-C(35) 120.5(2) 

C(37)-C(36)-C(40) 119.8(2) C(35)-C(36ýý(40) 119.6(2) 

C(38)-C(37)-C(36) 117.8(2) C(38)-C(37)-H(37) 121.1 

C(36)-C(37)-11(37) 121.1 C(37)-C(38)-C(39) 121.5(2) 

C(37)-C(38)-C(41) 119.4(2) C(39)-C(38)-C(41) 119.1(2) 

C(38)-C(39)-C(34) 121.6(2) C(38)-C(39)-H(39) 119.2 

C(34)-C(39)-11(39) 119.2 F(l)-C(40)-F(3) 106. i(2) 

F(l)-C(40)-F(2) 105.8(2) F(3)-C(40)-F(2) 105.2(2) 

F(l)-C(40)-C(36) 113.1(2) F(3)-C(40)-C(36) 112.9(2) 

F(2)-C(40)-C(36) 112.5(2) F(4)-C(4l)-F(6) 105.9(2) 

F(4)-C(4l)-F(5) 105.3(2) F(6)-C(41ý-F(5) 104.7(2) 

F(4)-C(4l)-C(38) 113.3(2) F(6)-C(4l)-C(38) 113.7(2) 

F(5)-C(4l)-C(38) 113.2(2) C(47)-C(42)-C(43) 116.0(2) 

C(47)-C(42)-B(l) 124.2(2) C(43Y-C(42)-B(l) 119.8(2) 

C(44)-C(43)-C(42) 122.6(3) C(44)-C(43)-H(43) 118.7 

C(42)-C(43)-11(43) 118.7 C(45)-C(44)-C(43) 120.0(3) 

C(45)-C(44ýý(48) 121.1(2) C(43)-C(44)-C(48) 119.0(3) 

C(46)-C(45)-C(44) 118.7(3) C(46)-C(45)-H(45) 120.6 

C(44ý-C(45)-11(45) 120.6 C(45)-C(46)-C(47) 120.5(3) 

C(45)-C(46)-C(49) 119.6(3) C(47)-C(46)-C(49) 119.9(3) 

C(42)-C(47)-C(46) 122.2(3) C(42)-C(47)-H(47) 118.9 

C(46)-C(47)-11(47) 118.9 F(7)-C(48)-F(8) 106.5(2) 

F(7)-C(48)-F(9) 105.5(3) F(8)-C(48)-F(9) 106.3(2) 

F(7)-C(48Y-C(44) 112.7(2) F(8)-C(48)-C(44) 112.9(3) 

F(9)-C(48)-C(44) 112.3(2) F(I 1A)-C(49)-F(12A) 115.3(8) 

F(I I A)-C(49Y-F(I 0) 61.1(4) F(12A)-C(49)-F(IO) 125.7(7) 

F(I I A)-C(49)-F(I 1) 31.0(9) F(12A)-C(49)-F(11) 132.5(7) 
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F(10)-C(49)-F(11) 107.0(7) F(11A)-C(49)-F(IOA) 105.6(7), 

F(12A)-C(49)-F(10A) 102.6(6) F(10)-C(49)-F(10A) 41.7(4) 

F(11)-C(49)-F(10A) 76.3(7) F(11A)-C(49)-F(12) 72.7(7) 

F(12A)-C(49)-F(12) 47.1(4) F(10)-C(49)-F(12) 101.6(5) 

F(11)-C(49-F(12) 100.4(6) F(IOA)-C(49)-F(12) 135.2(4) 

F(11A)-C(49)-C(46) 112.8(6) F(12A)-C(49)-C(46) 111.7(3) 

F(10)-C(49)-C(46) 118.1(3) F(I l)-C(49)-C(46) 113.7(6) 

F(IOA)-C(49)-C(46) 107.7(4) F(12)-C(49)-C(46) 114.1(3) 

C(55)-C(50)-C(51) 115.1(2) C(55)-C(50)-B(l) 121.2(2) 

C(5l)-C(50)-B(l) 123.5(2) C(52)-C(5l)-C(50) 122.6(2) 

C(52)-C(5l)-H(51) 118.7 C(50)-C(5l)-11(51) 118.7 

C(53)-C(52)-C(51) 120.9(2) C(53)-C(52)-C(56) 120.5(2) 

C(5l)-C(52)-C(56) 118.6(2) C(52)-C(53)-C(54) 118.1(2) 

C(52)-C(53)-H(53) 120.9 C(54)-C(53)-11(53) 120.9 

C(53)-C(54)-C(55) 120.4(2) C(53)-C(54Y-C(57) ý20.0(2) 

C(55)-C(54)-C(57) 119.5(2) C(54)-C(55)-C(50) 122.8(2) 

C(54)-C(55)-11(55) 118.6 C(50)-C(55)-II(55) 118.6 

F(15)-C(56)-F(13) 106.9(2) F(15)-C(56)-F(14) 106.5(2) 

F(13)-C(56)-F(14) 105.9(2) F(15)-C(56)-C(52) 112.5(2) 

F(13)-C(56)-C(52) 113.1(2) F(14)-C(56)-C(52) 111.5(2) 

F(18)-C(57)-F(17A) 129.3(6) F(18)-C(57)-F(16A) 57.5(5) 

F(17A)-C(57)-F(16A) 113.0(7) F(18)-C(57)-F(17) 110.7(6) 

F(17A)-C(57)-F(17) 28.5(8) F(16A)-C(57)-F(17) 125.5(5) 

F(18)-C(57)-F(16) 102.4(5) F(17A)-C(57)-F(16) 74.0(6) 

F(16A)-C(57)-F(16) 47.2(5) F(17)-C(57)-F(16) 98.9(6) 

F(18)-C(57)-F(18A) 49.5(4) F(17AY-C(57)-F(18A) 98.9(6) 

F(16AK(57)-F(18A) 104.4(6) F(17)-C(57)-F(18A) 71.2(6) 

F(16)-C(57)-F(18A) 137.5(4) F(18)-C(57)-C(54) 115.4(3) 

F(17A)-C(57)-C(54) 112.6(5) F(16A)-C(57Y-C(54) 115.8(4) 

F(17)-C(57)-C(54) 116.2(5) F(16Y-C(57)-C(54) 111.0(3) 

F(18AK(57)-C(54) 110.3(3) C(63)-C(58)-C(59) 115.9(2) 

C(63)-C(58)-B(l) 120.3(2) C(59)-C(58)-11(1) 123.7(2) 

C(60)-C(59)-C(58) 121 . 7(3) C(60)-C(59)-11(59) 119.2 

C(58)-C(59)-11(59) 119.2 C(6l)-C(60)-C(59) 120.6(2) 
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C(6 1 )- 

C(62)- 

C(60)- 

C(6 1 )- 

C(62)- 

c(58)-, 

F(2 1 

F(2 1 

F(19)-ý 

F(22)-, 

F(22)-1 

F(23)-9 

N(I 

N(f)-( 

N (2 

('(7)-ý 

C( 16)- 

('(3)-M 

C(25)- 

('(60)-C(64) 118.8(2) C(59ýý(60)-C(64) 120.6(2) 

C(6 1 )-C(60) 118.9(2) C(62)-C(6l)-H(61) 120.6 

('(61)-11(6 1 120.6 C(6l)-C(62)-C(63) 120.3(3) 

C(62)-C(65) 120.0(2) C(63)-C(62)-C(65) 119.6(3) 

('(63)-C(58) 122.6(2) C(62)-C(63)-H(63) 118.7 

('(63)-11(63) 118.7 F(21 ýý(64)-F(20) 106.8(2) 

(64)-F(19) 106.2(2) F(20)-C(64)-F(I 9) 104.1(2) 

"(64)-('(60) 114.1(2) F(20)-C(64)-C(60) 112.4(2) 

"(64)-('(60) L 112.6(2) F(22ýý(65)-F(24) 108.0(3) 

['(65)-F(23) 104.5(3) F(24)-C(65)-F(23) 104.8(3) 

"(65)-('(62) 113.5(2) F(24)-C(65)-C(62) 113.0(3) 

"(65)-C(62) 112.3(3) N(l)-Co(l)-N(3) 97.41(9) 

"o(l)-N(2) 97.95(9) N(3ýýo(l)-N(2) 93.66(9) 

119.93(7) N(3)-Co(I ý-Cl(l) 121.3](7) 

o(I Y-Cl(I) 120.67(6) C(7)-N(l)-C(l) 117.5(2) 

131.88(19) C(l)-N(l)-Co(l) 110.60(16) 

118.2(2) C(I 6)-N(2)-Co(l) 129.82(19) 

111.62(16) C(25)-N(3)-C(5) 118.2(2) 

130.35( 1c 5)-N(3)-Co(f) ý11ý. 45(1 6) 
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Figure A2.1: An ORTEP representation (30% probability ellipsoids) of' 

[Co(TCT)CI]BArl: 4, cation only, 11 atoms omitted fior clarity. 



Appendix Selected crystallographic data 202 

f1ý 
Fl j 

C4E 
r (S cIlýN 

C22 C23 

C21 C24 
C13 C14 

C20 
ý19 C12 C15 

1 1 213 Cil cli 
ý14 C18 clo 

C9 C17 8 ' 62 65 Col 

C7 i3 cs F'18JC1ý2 Nl Fl 8a 
C3 cl 

4 
53 Po C3 C41 C2 C4 

C38 
C5ý C34 CSJ 6 F14 

C37 C35 

C36 
F13 

C40 
13 

C32 
C31 

C30 

C33 

C26 

, ool? -9 C25 
N3 

Figure A2.2: An ORT1,11 representation (30% probability ellipsoids) of 

jCo(T('T)CIjI3Ar14, If atoms omitted for clarity. 
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A3 Crystal data and structure 
EtOH 

I refinement for [Co(TCT)(OEt)]BPh4 /2 

Identification code sja60_Ol 
Empirical formula C6oH6iBCON301.5 

Formula weight 917.86 

Temperature 150(2) K 

Wavelength 0.71073 A 

Crystal system Triclinic 

Space group IN 
Unit cell dimensions a= 11.053(2) A cc = 65.866(12)' 

b= 15.812(3) A= 86.349(14)' 

c= 16.503(3) A 72.640(14)' 

Volume 2506.6(8) A3 

Z 2 

Density (calculated) 1.216 Mg /m3 

Absorption coefficient 0.387 mm-1 

F(OOO) 972 

Crystal size 0.18 x 0.12 x 0.07 mm 3 

Theta range for data collection 2.50 to 30.00' 

Index ranges -15 <h< 15. -22 <k< 22, -23 <I< 23 

Reflections collected 47525 

Independent reflections 14596 [R(int) = 0.16981 

Completeness to theta = 30.00' 99.8% 

Refinement method Full-matrix least-squares on P" 

Data / restraints / parameters 14596 /2/ 600 

Goodness-of-fit on F2 0.972 

Final R indices [I> 2 sigma (1)] RI=0.090 1, wR2 = 0.2216 

R indices (all data) RI=0.2087. wR2 - 0.25 10 

Extinction coefficient 0.0146(14) 

Largest diff. peak and hole 0.676 and -0.541 c. A 



Appendix Selected crystallographic data 204 

Table AM: Bond lengths (/ A) and angles (/ ') for [Co(TCT)(OEt)]BPh4 - V2 EtOH. 

C(l)-N(l) 1.506(6) C(l)-C(6) 1.521(7) 

C(l)-C(2) 1.522(8) C(2)-C(3) 1.531(8) 

C(3)-N(2) 1.477(6) C(3)-C(4) 1.541(7) 

C(4)-C(5) 1.509(8) C(5)-N(3) 1.482(6) 

C(5)-C(6) 1.531(8) C(7)-N(l) 1.295(7) 

C(7)-C(8) 1.444(7) C(8)-C(9) 1.349(8) 

C(9)-C(10) 1.465(7) C(10)-C(11) 1.377(8) 

C(10)-C(15) 1.397(8) C(11)-C(12) 1.391(8) 

C(12)-C(13) 1.338(9) C(13)-C(14) 1.368(9) 

C(14)-C(15) 1.392(7) C(16)-N(2) 1.291(7) 

C(I 6)-C(I 7) 1.440(7) C(17)-C(18) 1.328(8) 

C(18)-C(19) 1.472(7) C(19)-C(20) 1.378(9) 

C(19)-C(24) 1.395(9) C(20-C(21) 1.388(8) 

C(2l)-C(22) 1.388(10) C(22)-C(23) 1.388(10) 

C(23)-C(24) 1.378(8) C(25)-N(3) 1.281(7) 

C(25)-C(26) 1.444(8) C(26)-C(27) 1.314(8) 

C(27)-C(28) 1.489(9) C(28)-C(29) 1.380(10) 

C(28)-C(33) 1.399(10) C(29)-C(30) 1.402(10) 

C(30)-C(3 1) 1.348(14) C(3l)-C(32) 1.341(14) 

C(32)-C(33) 1.398(11) C(34)-0(1) 1.224(10) 

C(34)-C(35) 1.518(11) C(36)-C(37) 1.402(8) 

C(36)-C(41) 1.410(7) C(36)-B(l) 1.646(8) 

C(37)-C(38) 1.387(9) C(38)-C(39) 1.382(9) 

C(39)-C(40) 1.379(9) C(40)-C(41) 1.365(8) 

C(42)-C(43) 1.403(7) C(42)-C(47) 1.423(8) 

C(42)-B(l) 1.634(9) C(43)-C(44) 1.376(8) 

C(44)-C(45) 1.387(9) C(45)-C(46) 1.378(8) 

C(46)-C(47) 1.382(8) C(48)-C(49) 1.372(8) 

C(48)-C(53) 1.393(8) C(48)-B(l) 1.661(7) 

C(49)-C(50) 1.422(8) C(50)-C(51) 1.359(10) 

C(5l)-C(52) 1.367(10) C(52)-C(53) 1.394(8) 

C(54)-C(59) 1.391(8) C(54)-C(55) 1.420(8) 
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C(54)-B(l) 1.644(8) C(55)-C(56) 1.381(8) 

C(56)-C(57) 1.402(9) C(57)-C(58) 1.371(8) 

C(58)-C(59) 1.401(8) CO(l)-0(1) 1.867(4) 

Co(l)-N(l) 2.014(4) Co(l)-N(3) 2.019(4) 

Co(l)-N(2) 2.027(4) O(lS)-C(lS) 1.484(16) 

C(lS)-C(2S) 1.526(16) 

N(l)-C(l)-C(6) 110.3(4) N(l)-C(ly-C(2) 109.0(4) 

C(6)-C(l)-C(2) 111.7(4) C(l)-C(2)-C(3) 114.0(4) 

N(2)-C(3)-C(2) 110.8(4) N(2)-C(3)-C(4) 109.8(4) 

C(2)-C(3)-C(4) 111.1(4) C(5)-C(4)-C(3) 114.3(4) 

N(3)-C(5)-C(4) 111.2(4) N(3)-C(5)-C(6) 109.0(4) 

C(4)-C(5)-C(6) 113.0(5) C(l)-C(6)-C(5) 114.9(4) 

N(l)-C(7)-C(8) 121.8(5) C(9)-C(8)-C(7) 122.4(5) 

C(8)-C(9)-C(10) 123.6(5) C(Il)-C(10)-C(15) 118.3(5) 

C(ii)-C(10)-C(9) 121.7(5) C(15)-C(10)-C(9) 120.0(5) 

C(10)-C(11)-C(12) 119.9(6) C(I 3)-C(I 2)-C(I 1) 121.2(6) 

C(12)-C(13)-C(14) 120.6(5) C(13)-C(14)-C(15) 119.4(5) 

C(14)-C(15)-C(10) 120.5(5) N(2)-C(16)-C(17) 123.4(5) 

C(18)-C(17ýý(16) 122.1(6) C(17)-C(18)-C(19) 126.8(6) 

C(20)-C(19)-C(24) 118.6(5) C(20)-C(19)-C(18) 122.6(5) 

C(24)-C(19)-C(18) 118.7(5) C(19)-C(20)-C(21) 121.3(6) 

C(22)-C(2l)-C(20) 119.9(7) C(21)-C(22)-C(23) 118.9(6) 

C(24)-C(23)-C(22) 121.0(6) C(23)-C(24)-C(19) 120.3(6) 

N(3)-C(25)-C(26) 124.5(5) C(27)-C(26)-C(25) 121.1(5) 

C(26)-C(27)-C(28) 124.9(6) C(29)-C(28)-C(33) 120.4(7) 

C(29)-C(28)-C(27) 121.9(6) C(33)-C(28)-C(27) 117.6(7) 

C(28)-C(29)-C(30) 118.4(8) C(3l)-C(30)-C(29) 120.5(10) 

C(32Y-C(3l)-C(30) 121.9(9) C(3l)-C(32)-C(33) 120.2(9) 

C(32)-C(33)-C(28) 118.6(9) 0(l)-C(34)-C(35) 116.1(7) 

C(37)-C(36)-C(41) 113.8(5) C(37)-C(36)-B(l) 126.9(5) 

C(4ly-C(36)-B(l) 119.2(5) C(38)-C(37)-C(36) 122.8(5) 

C(39)-C(38)-C(37) 120.7(6) C(40)-C(39)-C(38) 118.3(5) 

C(4l)-C(40Y-C(39) 120.4(5) C(40)-C(4ly-C(36) 124.0(6) 
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C(43)-C(42)-C(47) 113.7(5) C(43)-C(42)-B(l) 126.2(5) 

('(47)-C(42)-B(l) 120.1(5) C(44)-C(43)-C(42) 123.5(5) 

('(43)-C(44)-C(45) 120.9(6) C(46)-C(45)-C(44) 117.9(6) 

C(45)-C(46)-C(47) 120.9(6) C(46)-C(47)-C(42) 122.9(5) 

('(49)-C(48)-C(53) 115.5(5) C(49)-C(48)-B(l) 125.6(5) 

C(53)-C(48)-B(l) 118.7(5) C(48)-C(49)-C(50) 121.5(6) 

C(5l)-('(50)-C(49) 121.0(6) C(50)-C(5l)-C(52) 118.8(5) 

C(5 I)-('(52)-C(53) 119.8(6) C(48)-C(53ý-C(52) 123.3(6) 

('(59)-C(54)-C(55) 114.6(5) C(59)-C(54)-B(l) 125.2(5) 

C(55)-C(54)-B(l) 120.1(5) C(56)-C(55ýý(54) 122.7(6) 

C(55)-C(56)-C(57) 120.6(6) C(58)-C(57)-C(56) 118.1(5) 

('(57)-('(58)-C(59) 120.7(6) C(54)-C(59)-C(58) 123.2(5) 

('(42)-13(l ýý(54) 112.4(4) C(42)-B(I ýý(36) 111.2(4) 

C, (54)-B(l)-C(36) 105.9(4) C(42)-B(l ýý(48) 107.4(4) 

C(54)-B(l)-C(48) 108.6(4) C(36)-B(l)-C(48) 111.3(4) 

0(l)-Co(l)-N(l) 115.11(19) 0(l)-Co(l)-N(3) 122.96(18) 

N(l)-('o(l)-N(3) 97.4](17) 0(1 ýýo(l)-N(2) 125.82(19) 

N(l)-('o(l)-N(2) 91.76(18) N(3ýýo(l)-N(2) 96.51(17) 

C(7)-N(l)-f'(1) 117.6(4) C(7)-N(l)-Co(l) 129.2(4) 

C(l)-N(l)-Co(l) 112.5(3) C(l 6)-N(2)-C(3) 117.8(4) 

C(I 6)-N(2)-Co(l) 129.2(4) C(3)-N(2)-Co(l) 112.8(3) 

('(25)-N(3)-C(5) 119.1(4) C(25)-N(3)-Co(l) 130.1(3) 

('(5)-N(3)-('o(l) 110.9(3) C(34)-O(I)-Co(l) 136.8(5) 

0(1 S)-('(1 S)-C(2S) 125.4(16) 
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Figure AII: An ORTEP representation (30% probability ellipsoids) of' 
[Co(TCT)(OEt)]', 11 atoms omitted for clarity. 
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A3 a Personal communication from Dr. Stephen J. Archibald - 

concerning the structure of the [disordered) solvent 

molecule. 
This is the model ofthe disordered ethanol. The first 

thing is: the max shift is not due to the solvent but the cobalt. 
Ols- 

C2s 
Ols-2 

A very large number ofcycles (as in hundreds) were run at 

the time to get the structure to converge-which it does-but 

Cls C1 s-2 after that the first cycle always gives a shi I't of-0.0 13. There 

does not seem to be any way to change this (the overall shift 
C2s 2 is 0.00) but any other suggestions are welcome. 

01S The main problem with this data set is the poor and 

weak nature ofthe data. The very high R,,,, value reflects this. 

The problems flagged by the checking software relate to this. The shift is not flagged by 

the checking software which has a larger threshold fior these (max shifit / esd less than 

±0.05 is permitted). 
Another version of the data file with the additional restraint (solvent) suggested 

for the solvent has been prepared. More changes can be made fior the final version It' 

required (see below). 

One thing to be said is that data has been collected on a number ofthese crystals 

and the sample given were all of low quality and weak diff'ractors. To obtain the 

solution / refinement and to satisfactorily model the disordered solvent was gratifying. 

Problems flagged by checkcif and platon data check 

Potentially serious: The Ri,,, value exceeds the limit of 0.20 (but only. just). 

Ratio ofobserved to unique reflections is low (24%). 

One way to solve these problems would be to exclude some ofthe high angle 

data and cut it back from the 20 = 70' initially collected out to. This would increase the 

percentage of observed reflections (for example the data beyond 65 or 60' could be- 

removed). 

Stephen Archibald. 
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A4 Crystal data and structure refinement for [Co(TCT)(OPh)]BArF4 

Identi f ication code 
Empirical formula 

Formula weight 
Temperature 

Wavelength 

Crystal system 
Space group 
Unit cell dimensions 

Volume 

z 

Density (calculated) 

Absorption coeflicient 
F(OOO) 

Crystal size 
Tbeta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 30.000 

Ref"inement method 
Data / restraints / parameters 

1; Goodness-of-f it on , 
Final R indices [1> 2 sigma (1)] 

R indices (all data) 

Largest diff. peak and hole 

sja3_02 
C7lH5oBCoF24N30 

1486.88 

150(2) K 

0.71073 A 

triclinic 

Fl- 

a= 10.105 9(14) A 

b= 13.7856(18) A 

c= 26.066(4) A 

3359.2(8) A3 

2 

a= 74.071 (10)" 

p= 78.478(l 1)' 

,y= 76.473(l I)o 

1.470 Mg / 

0.369 mm-' 
1506 

0.1 x 0.2 x 0.2 mm 
3 

2.27 to 30.00' 

-13: 5h: 5 14, -I9: 5k: 5 19, -36: 51: 536 

56852 

19540 [R(int) = 0.1154] 

99.6% 

Full-matrix least-squares onb' 
19540 /0/ 910 

0.708 

RI=0.0563, wR2 = 0.1214 

RI = 0.1745, wR2 = 0.1504 

0.685 and -0.675 e. Aý3 
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Table A4.1: Bond lengths (/ A) and angles (/ *) for [Co(TCT)(OPh)]BArF4. 

Co(1)-0(1) 1.875(2) Co(1)-N(I) 2.000(3) 

Co(1)-N(3) 2.007(3) Co(1)-N(2) 2.017(3) 

0(1>-C(34) 1.329(4) N(2>-C(I6) 1.290(4) 

N(2)-C(3) 1.486(4) N(3)-C(25) 1.294(4) 

N(3)-C(5) 1.473(4) C(4)-C(3) 1.528(5) 

C(4)-C(5) 1.540(5) C(5)-C(6) 1.533(4) 

C(2y-C(3) 1.523(4) C(2)-C(I) 1.525(5) 

C(9>-C(8) 1.339(4) C(9)-C(10) 1.464(5) 

N(ly-C(7) 1.283(4) N(l)-C(I) 1.473(4) 

C(25)-C(26) 1.423(5) C(16)-C(I7) 1.421(5) 

C(8)-C(7) 1.424(5) C(I7)-C(I8) 1.340(5) 

C(l)-C(6) 1.530(5) C(I8)-C(19) 1.464(6) 

C(34)-C(35) 1.394(5) C(34)-C(39) 1.397(5) 

F(4)-C(47) 1.336(4) F(3)-C(46) 1.336(4) 

C(41>-C(40) 1.395(4) C(41)-C(42) 1.398(4) 

F(l)-C(46) 1.354(4) C(45)-C(44) 1.397(4) 

C(45)-C(40) 1.406(4) C(40)-B(l) 1.653(5) 

C(43)-C(44) 1.379(5) C(43)-C(42) 1.393(5) 

F(5)-C(47) 1.311(4) C(47)-F(6) 1.336(4) 

C(47)-C(44) 1.486(5) C(39)-C(38) 1.381(5) 

C(37>-C(36) 1.369(7) C(37)-C(38) 1.377(6) 

C(42)-C(46) 1.473(5) C(35)-C(36) 1.384(6) 

if C(I 1)-C(12) 1.402(6) C(I 1)-C(l 0) 1.409(5) 

C(46)-F(2) 1.346(4) C(IOY-C(15) 1.383(5) 

C(l2)-C(l3) 1.351(7) C(26)-C(27) 1.336(5) 

C(56)-C(57) 1.402(4) C(56)-C(61) 1.413(4) 

C(56)-B(l) 1.640(5) C(64)-C(69) 1.398(4) 

C(64)-C(65) 1.400(4) C(64)-B(I) 1.649(5) 

C(l3)-C(l4) 1.391(6) C(27>-C(28) 1.451(5) 

C(48)-C(49) 1.394(5) C(48)-C(53) 1.400(4) 

C(48)-B(l) 1.643(5) C(14)-C(I5) 1.384(5) 

C(28)-C(33) -T -1- 373(5) i C(28)-C(29) 1.386(5) 
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C(33)-C(32) 1.394(6) C(29)-C(30) 1.378(6) 

C(24)-C(I9) 1.392(7) C(24)-C(23) 1.394(7) 

C(20)-C(l9) 1.371(7) C(20)-C(21) 1.388(9) 

C(23)-C(22) 1.398(10) F(22)-C(71) 1.291(4) 

C(58)-C(59) 1.383(4) C(58)-C(57) 1.393(4) 

C(58)-C(62) 1.483(5) C(61)-C(60) 1.385(4) 

C(67)-C(68) 1.371(4) C(67)-C(66) 1.398(5) 

C(69)-C(68) 1.396(4) C(59)-C(60) 1.388(5) 

C(66)-C(65) 1.385(4) C(66)-C(70) 1.482(5) 

C(68)-C(71) 1.481(5) C(60)-C(63) 1.498(4) 

C(71)-F(23) 1.333(4) C(71)-F(24) 1.356(4) 

F(l7)-C(63) 1.335(4) F(l8)-C(63) 1.333(4) 

F(16)-C(63) 1.341(4) C(49)-C(50) 1.396(5) 

F(l4)-C(62) 1.293(4) F(l3)-C(62) 1.302(4) 

F(20)-C(70) 1.323(4) C(52)-C(51) 1.381(5) 

C(52)-C(53) 1.399(5) C(52)-C(55) 1.488(5) 

F(19)-C(70) 1.284(4) F(15)-C(62) 1.324(5) 

C(70)-F(21) 1.274(4) C(55)-F(12) 1.306(5) 

C(55)-F(I0) 1.335(5) C(55)-F(ll) 1.343(5) 

C(51)-C(50) 1.382(5) C(50>-C(54) 1.484(6) 

C(31)-C(30) 1.358(6) C(31>-C(32) 1.361(6) 

C(54)-F(7) 1.297(5) C(54)-F(9) 1.306(5) 

C(S4)-F(8) 1.325(5) C(22)-C(21) 1.360(11) 

O(l)-Co(1)-N(l) 123.6l(10) O(l)-Co(1)-N(3) 114.88(11) 

N(l)-Co(»-N(3) 95.06(11) O(l)-Co(1)-N(2) 124.43(11) 

N(l)-Co(1)-N(2) 97.56(11) N(3>-Co(1)-N(2) 94.19(11) 

C(34)-0(1)-Co(1) 129.0(2) C(16)-N(2)-C(3) 119.0(3) 

C(I 6)-N(2)-Co(1) 129.5(2) C(3)-N(2)-Co(1) 111.3(2) 

C(25>-N(3)-C(5) 119.5(3) C(25)-N(3y-Co(1) 127.5(2) 

C(5)-N(3)-Co(1) 113.0(2) C(3)-C(4)-C(5) 114.3(3) 

N(3)-C(5)-C(6) 110.7(2) N(3)-C(5)-C(4) 110.5(3) 

C(6)-C(5)-C(4) 110.0(3) C(3)-C(2)-C(l) 115.0(3) 

C(8)-C(9)-C(10) 125.8(4) C(7)-N(l)-C(I) 120.2(3) 
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C(7)-N(1>-Co(1) 127.5(2) Q»-N(l)-Co(1) 112.20(18) 

N(3)-C(25)-C(26) 122.5(3) N(2)-C(16)-C(I7) 123.6(3) 

C(9)-C(8)-C(7) 122.0(3) C(l8)-C(l7)-C(l6) 122.0(4) 

N(l)-C(l)-C(2) 111.3(3) N(l)-C(l)-C(6) 109.4(3) 

C(2)-C(l)-C(6) 111.2(3) C(l7)-C(l8)-C(I9) 127.6(5) 

C(1>-C(6)-C(5) 114.4(3) N(2)-C(3)-C(2) 111.4(2) 

N(2)-C(3)-C(4) 110.7(3) C(2y-C(3)-C(4) 110.3(3) 

N(l)-C(7-)C(8) 122.2(3) O(l)-C(34)-C(35) 119. ýQ) 

O(l)-C(34)-C(39) 122.4(3) C(35>-C(34)-C(39) 118. l(3) 

C(40)-C(41)-C(42) 122.5(3) C(44>-C(45)-C(40) 122.8(3) 

C(41)-C(40)-C(45) 115.5(3) C(41)-C(40)-B(I) 123.4(3) 

C(45)-C(40)-B(l) 121.0(3) C(44)-C(43)-C(42) 118.7(3) 

F(5y-C(47)-F(6) 105.7(3) F(5)-C(47)-F(4) 106.6(3) 

F(6)-C(47)-F(4) 104.9(3) F(5)-C(47)-C(44) 114.5(3) 

F(6)-C(47)-C(44) 111.9(3) F(4)-C(47)-C(44) 112.4(3) 

C(43)-C(44)-C(45) 120.2(3) C(43>-C(44)-C(47) 119. l(3) 

C(45)-C(44)-C(47) 120.7(3) C(38>-C(39)-C(34) 120.6(4) 

C(36)-C(37)-C(38) 119.2(4) C(43)-C(42)-C(41) 120.4(3) 

C(43)-C(42)-C(46) 118.0(3) C(41)-C(42)-C(46) 121.6(3) 

C(36)-C(35)-C(34) 120.2(4) C(I 2)-C(I 1)-C(I 0) 
,j 

19. l(4) 

F(3)-C(46)-F(2) 105.5(3) F(3)-C(46)-F(I) 105.2(3) 

F(2>-C(46)-F(I) 105.6(3) F(3)-C(46)-C(42) 114. l(3) 

F(2)-C(46)-C(42) 112.4(3) F(l)-C(46)-C(42) 113. l(3) 

C(i5)-C(10)-C(11) 118-. 8(4) C(I5)-C(10)-C(9) 122.7(3) 

C(ii)-C(10)-C(9) 118.4(4) C(37)-C(38)-C(39) 120.6(4) 

C(l3)-C(I2)-C(I1) 120.8(4) C(27)-C(26)-C(25) 122.8(3) 

C(57)-C(56)-C(61) 113.6(3) C(57)-C(56)-B(I) 122.0(3) 

C(61)-C(56)-B(l) 124.2(3) C(69>-C(64)-C(65) 115.4(3) 

C(69)-C(64)-B(I) 124.5(3) C(65)-C(64)-B(I) 120.0(3) 

C(l2)-C(l3)-C(l4) 120.8(4) C(26)-C(27)- C(28) 126.9(3) 

C(49)-C(48)-C(53) 115.6(3)- C(49)-C(48)-1l(1) 124.4(3) 

C(53)-C(48)-B(l) 120.0(3) C(I5)-C(I4)-C(113) 1191.2(5) 

C(33)-C(28)-C(29) 117.3(4) C(33)-C(28)-C(27) 122.7(3) 

C(29)-C(28)-C(27) 120.0(3) C(56)-B(l)-C(48) 109.8(2) 
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C(56)-B(l)-C(64) 110.4(3) C(48)-B(l)-C(64) 107.3(3) 

C(56)-l3(l)-C(40) 111.8(3) C(48)-B(l)-C(40) 109.3(3) 

C(64)-B(l)-C(40) 108.1(2) C(28)-C(33)-C(32) 120.8(4) 

(I 0)-C(I 5)-C(I 4) 121.3(4) C(30)-C(29)-C(28) 121.9(4) 

C(I 9)-('(24)-C(23) 121.3(6) C(37)-C(36)-C(35) 121.2(4) 

C(19)-C(20) C(21) 121.1(8) C(20)-C(I 9)-C(24) 118.8(5) 

C(20ý-C(l 9)-C(l 8) 119.4(6) C(24)-C(I 9)-C(l 8) 121.8(5) 

C(24)-C(23)-C(22) 117.6(7) C(59)-C(58)-C(57) 120.6(3) 

('(59)-('(58)-('(62) 118.9(3) C(57)-C(58)-C(62) 120.4(3) 

C(60)-C(6 I)-C(56) 123.4(3) C(68)-C(67)-C(66) 118.1(3) 

('(68)-('(69)--C(64) 121.8(3) C(58)-C(59)-C(60) 117.8(3) 

C(65)-C(66)-C(67) 120.0(3) C(65)-C(66)-C(70) 120.4(3) 

C(67)-C(66)-('(70) 119.6(3) C(67)-C(68)-C(69) 121.5(3) 

C(67)-C(68)-C(71) 119.3(3) C(69)-C(68)-C(71) 119.1(3) 

('(58)-('(57)-(, (56) 123.7(3) C(6 I)-C(60Y-C(59) 120.9(3) 

C(6 1 )-C(60)-C(63) 121.6(3) C(59Y-C(60Y-C(63) 117.5(3) 

F(22)-('(7l)-F(23) 108.3(3) F(22)-C(7l)-F(24) 104.6(3) 

F(23)-('(7l)-F(24) 101.2(3) F(22)-C(7i)-C(68) 115.0(3) 

F(23)-('(7l)-C(68) 113.9(3) F(24)-C(7l)-C(68) 112.5(3) 

C(66)-C(65)-C(64) 123.2(3) C(48)-C(49)-C(50) 122.7(3) 

F(I 8)-C(63)-F(I 7) 106.7(3) F(I 8)-C(63)-F(l 6) 105.6(3) 

F(17)-('(63)-F(16) 105.2(3) F(I 8)-C(63)-C(60) 113.9(3) 

F(I 7)-('(63)-C(60) 112.6(3) F(16)-C(63)-C(60) 112.2(3) 

C(5 1 )-C(52)-C(53) 119.9(3) C(5l)-C(52)-C(55) 122.3(3) 

('(53)-('(52)-C(55) 117.8(4) C(52)-C(53)-C(48) 122.5(3) 

F(2l)-(, (70)-F(I 9) 108.4(4) F(2l)-('(70)-F(20) 103.2(4) 

F(19y-('(70) F(20) 101.0(4) F(2 I)-C(70)-C(66) 114.2(3) 

F(I 9)-C(70)-C(66) 114.9(3) F(20)-C(70)-C(66) 113.8(3) 

F(I 4)-C(62)-F(l 3) 108.9(4) F(I 4)-C(62)-F(I 5) 102.0(3) 

F(13)-('(62) F(15) 102.4(4) F(I 4)-C(62)-C(58) 115.7(3) 

F( 13 -)- C((6-2-)ý-iU(C-55 8) 114.3(3) F(15)-C(62)-C(58) 112.1(4) 

F(I 2)-('(55)-F(I 0) 107.3(4) F(I 2)-C(55)-F(I 1) 105.9(4) 

F(I 0)-('(55)-F(I 1) 105.1(3) F(I 2)-C(55)-C(52) 114.2(3) 

F(I 4))-('(55)-C(52) -T --l -12.0(4) ---ý ) -F(11)ýý(55ý ý(52 IIIJ 

_: 

(: 3) = 
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C(52)-C(5l)-C(50) 119.2(3) C(5l)-C(50)-C(49) 120.1(3) 

C(5l)-C(50)-C(54) 120.0(3) C(49)-C(50)-C(54) 119.9(4) 

C(30)-C(3l)-C(32) 120.3(4) F(7)-C(54)-F(9) 108.4(5) 

F(7)-C(54)-F(8) 103.8(4) F(9ýý(54)-F(8) 104.0(4) 

F(7)-C(54)-C(50) 114.7(3) F(9)-C(54)-C(50) 112.4(3) 

F(8)-C(54)-C(50) 112.8(4) C(3 I)-C(30)-C(29) 119.5(4) 

C(3l)-C(32)-C(33) 120.1(4) C(2l)-C(22)-C(23) 121.6(7) 

C(22)-C(2l)-C(20) 119.4(8) 
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Figure A4.1: An ORTFP representation (30% probability ellipsoids) of' 

(Co(TCT)(OPh)]BAr 1 
4, If atoms omitted fior clarity. 
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Figure A4.2: An ORTEP representation (30% probability ellipsoids) of 
[Co(TCT)(OPh)]BAr F 4, cation only, H atoms omitted for clarity. 
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The complexes [Co(rCD(OR)IBPh4 (R = Et, Ph; TCT = 
cis, cis-1,3,5-tris(cinnamylideneamino)cyclohexane) have 
been prepared and characterlsed by X-ray diffraction; in 
coordinating solvents both complexes react reversibly with 
carbon dioxide to form organocarbonate complexes. 

Metal alkoxide complexes find use in a variety of reactions, 
including ring-opening polymerisation of lactides, ' transesteri- 
fication, ' and copolymerisation of carbon dioxide and 
epoxides. ' In addition, recent work on modelling the active site 
of horse liver alcohol dehydrogenase has involved the synthesis 
of monomeric zinc alkoxides. ' Monomeric, cationic metal 
alkoxide complexes are difficult to isolate due to potential 
hydride abstraction, ' formation of bridged alkoxy metal 
species, and the tendency of other anions to coordinate to the 
metal ion to give neutral complexes. We have previously 
reported evidence that the monomeric complex [Co"(TCT)- 
(OEt)]Bph4 catalyses the decomposition of dialkylpyroýarbon- 
ates. ' Here we report the analogous cobalt(u) phenoxide 
complex, and show that both complexes react reversibly with 
CO,. We also report the isolation and structure of the cobalt 
cthoxide - the first structure of a monomeric, cationic 
cobalt(u) alkoxide. 

[Co(TCTXOPh)]BPh4 (1) and [Co(TCT)(OEt)]BPh4 (2) were 
prepared in good yield by stirring a dichloromethane solution 
of [Co(TCI)Cl]BPh4 with solid NaOPh-3H20, and [Co(TCT)- 
(N03)]BPh4 with a solution of NaOEt in ethanol, respectively 
(cqns. (1) and (2), Scheme 1). The complexes could also be 

[CO(TCT)CýBPh4 NaOPh (Co(TCT)(OPh)]BPh4 (1) 
CHP2 I 

(Co(TCT)(NO3)]BPh4 NaOEVEtOH [CO(TCT)(OEt)]SPh4 (2) 
CH2CI2 2 

ph 

TCT 
- 
ýN 

F. h 
Schemel SynthesisofC(>-TCTcomplcxc& 

prepared by addition of phenol or ethanol to a solution of 
[Co(TCT)(OH)JBPh4. Both complexes are stable to air in the 
solid state. t 

The crystal structure of 2 is shown in Fig. 1. t In both, the 
cobalt adopts a C, coordination geometry, with the three 
nitrogen atoms of the TCT ligand capping one face of 
the metal. The fourth coordination site is occupied by the 
aryloxidelaikoxide group, which is bound via the oxygen atom. 
The C-0 vector of the ethoxide group is directed between two 
of the cinnamyl arms, and "trans" to the third. The cinnamyl 
arms of the TCT ligand create a hydrophobic pocket that 
encapsulates the aryloxide/alkoxide group. There are no con- 
tacts less than 4.4 A between the aromatic rings of the TCT and 
phenoxide ligands in 1, nor are there any contacts less than 
DOI: 10.1039/b2O4560e 

Fig. 1 ORTEP" (W/o probability ellipsoids) views of2. Selected bond 
Icngths/A: Co-O 1.867(4), Co-NI 2.014(4), Co-N2 2.027(4), Co-N3 
2.019(4); Bond angles/: O-Co-NI 115.1(2), O-Co-N2 125.8(2), 
0-4Co-N3 123.0(2), Co--O--CI 136.8(5). BPh4- and H atoms deleted for 

clarity. 

4.7 A between the cations, indicating that there are no n-n 
interactions. 

The visible spectrum of 1 in dichloromethane (Fig. 2a) shows 

absorptions at 507,523 (sh), 561 and 641 nm. The bands arc 

shifted by less than I nm upon changing the solvent to 

[9CH, C1, :I MeOH] v/v or [9CH2C'2: I EtOHI v/v. On dissolv- 

ing 1 in CH3CN, the band previously at A= 507 nm shifts to 

A= 517 run, but the remaining bands are hardly affected. Ile 

insensitivity of the spectrum to solvent, and the absorption 

coefficients (450-600 dM3 Mol-I CM-1), suggest that the absorp- 

tions are predominantly due to d-d transitions. 
A dichloromethane solution of 1 showed no colour change 

or alteration in its visible spectrum after passing a stream of 

carbon dioxide through it for extended periods. When a stream 

of carbon dioxide (99.995%) was passed through a solution of 
1 dissolved in the mixed solvent [9CH2C'2 :I MeOHI v/v, an 
immediate colour change from reddish-purple to orange 
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Fig. 2 UV/vis spectra showing (a) 1 under N2 initially, (b) C02 
bubbled for 60 s, (cý4g) N3 bubbled for 30,45,60,90 and 120 & 
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occurred, which could be monitored by visible spectroscopy 
(Fig. 2). The structure of the visible spectrum changes dramat- 
ically, and the intensities of the absorptions decrease substan- 
tially after reaction with carbon dioxide (Fig. 2b). The new 
spectrum exhibits absorptions at 471 nm (sh), 501 nm, 556 nm 
(sh) and 644 nm. Reaction is still observed on stirring with a 
partial pressure of only 10 Torr CO.. Upon passing a stream of 
inert gas (N2 or Ar) through the carbonated solution, the colour 
reverted to reddish-purple, and the original visible spectrum for 
I was obtained (Figs. 2c-g). The carbonated species 3, when 
protected from light, does not decolourise in solution over 
extended periods. 

IR spectra show the appearance of bands at 1327 and 1093 
cra 1 upon reaction with carbon dioxide. Other bands shift 
slightly (Fig. 3bd) and a further new band may be present at 

(4) 

(b) 

(CO 

« (CO 

01 - 
17 

-- . 
w iwo 

- .. 
1500 

,, 
1400 

- 
uýO 1 12i0 liýO 

Wýbwlw*4 

Flg. 3 Solution ([9CH, C]2 :IM cOH) v/v) Fri R spectra of I (a) before 
C02. (b) after C"02, (c) after C`ý02, (d) b-a. The regions 1250-1280 
and 1390-1440 cm-'an: noisy due to strong solvent absorption. 

1593 cm-', but is masked by a precursor band. Ile IR spectrum 
after C"02 exposure (Fig. 3c) shows that the absorption at 1327 
cm 1 shifts to 1305 cm-, and the absorption at 1093 cm-1 shifts 
to 1085 cm-1. 

The IR spectrum of 3 correlates very well with three of the 
four bands characteristic of bidcntate organocarbonate com- 
plexes (mIS60 cm-1, ftl460 cm-1, m1360 cm-1 and %1085 CM-1). 7 
The solvent "cut-off" region observed between 1440-1390 cm-1 
could have obscured a fourth band. An analogous experiment 
in CD3CN instead of CH, C'2-McOH gave bands at 1503,1363 
and 1224 cm-1, and a possible band at 1472 cm-'. (Solvent cut- 
off is <I 110 cm-'. ) FDr both solvents the IR data arc consistent 
with a bidcntate organocarbonate complex, but a monodcntatc 

complex cannot be excluded. There is already extensive 
documentation for the conversion of alkyl/aryloxides and their 
precursors to alkyVarylcarbonate complexes, but the facile 
reversible reaction with C02 at room temperature is remark- 
able. ', ' A very recent paper describes the reaction Of C02 and 
cobalt(n) perchlorate with a dinucleating ligand in MeOll- 
CH, CN to form a dicobalt methylearbonato complex. A 
methoxide complex is a presumed intermediate. 1 

Evidence which shows that CO, inserts reversibly into the 
Co-O bond of complex 2 as well as 1 is provided by visible 
spectroscopy. § A solution of 2 in the mixed solvent [9CII, C-I,: 
lEt0II] v/v shows a change in the visible spectrum after a 
stream of carbon dioxide is passed through it for 60 L The 
solution progressively regains its original spectrum as a stream 
of Ar is passed through it. 

The requirement for a coordinating solvent (S = MeOll/ 
EtOWCII, CN) and the change in the IR spectrum from 
CH, Cl, -MeOH to CD, CN indicate that solvent is coordinated 
in the product. A coordinating solvent may facilitate the bidcn- 
tate coordination of phenylcarbonate to form a six-coordinate 
cobalt(n) complex from a pseudo-tetrahedral one The reduced 
absorption coefficient of 3 compared to I is consistent with 
an octahedral geometry for 3. We therefore assign the orange 
carbonated product 3 as jCo(TCT)(S)(q'-0jC0Ph)jBPh4 
(Scheme 2). Attempts to isolate 3 were unsuccessful. All 

OPh 

' Co C 
RN'i 'NRZ: 

NR 2ý 

Scheme 2 

OM7 - 

. \, -, O ,, 02tMeOH 
, 

Co NRu 

RNI 
N2 NR 

Reycrsible maction of I with C02. 

attempts at crystallization yielded 1. Evaporating the solvent 
with a stream of carbon dioxide also led to formation of 1. 

These studies demonstrate that monomeric cationic 
alkoxides and aryloxides of cobalt(n) may be isolated with the 
aid of suitable co-ligands that offer stcric protection and a 
hydrophobic environment. The revcrsibility of the reaction with 
CO, offers potential for the development of a carbon dioxide 
sequestration catalyst. Studies by others of metal alkoxide 
complexes reacting with carbon dioxide show similarities to 
the work described here. The importance of an auxiliary ligand 
for coordination sphere expansion has been demonstrated by 
Saegusa's work on copper complexes. " Furthermore complexes 
1 and 3 resemble Vahrenkamp's Zn(Tp) complexes most closely 
in structure although the two systems differ in their activity 
towards carbon dioxide. ' 

We wish to acknowledge EPSRCý BO Technology and 
Synetix for their financial support. We also wish to thank 
P. Elliot and N. Jasim for experimental assistance, and 
T. Dransficld for mass spectrometry. 

Notes and references 
t Complex I- [Co(TCT)a]BPh4 (0.100 91 0-11 mmol) was dissolved 
in CH2Cl2 (20 mQ. NaOPh (0.050 S. 0.43 mmol) was added. and the 
mixture was stirred. Within 10 minutes the solution had turned purple. 
The mixture was left stirring overnight to ensure complete reaction. The 
solids were fdtcrcd off, the solution volume reduced to wlO mL, and 
cyclohcxane (20 mQ added to give a rcddish-purple precipitate- The 
liquid was filtered oK, and the solid dried in vacuo. Yield: 74 mg (0.078 
mmol, 691%). Crystals suitable for X-ray diffraction were formed as 
cyclohcxane diffused into a solution of I in Cl I, Clj. Elemental analysis: 
C. 79.71; If: 6.49. N: 4.191/9 (calculated for CJI. N, CoOH: Q 90.24. 
If: 6.21; N: 4.460/6). UV/vis: A_Jnm (Clf, Cl, ) 641 (ddml mol-I cm-1 
600), 561 (530). 523 (sh), 507 (450). IR/cm-1: [DRIFIJ 8200 (br), 6250 
(br), 4000 (br), d-d transitions; [FTIRI KCN) - 1625, oo(CC, aromatic) - 
1602; KCCý alkenic) - 1590. Mass spectrum: [ESMS1 mW - 623 (W). 
[I IRFABMSJ mlz* - 623.2345 (calculated for C,, I 1, NsCoo: 623.2347. 
difference - 0.2 m Da). 

Complex 2- [Co(TCTXNO, )IBPh4 (0.50 S. 0.53 mmol) was dis- 
solved in Cl f2Clj (30 mL) in a Schlcnk tube under argon. To this was 
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added 3.75 mL of a solution of NaOEt in EtOH (37.5 mg, 0.55 mmol 
NaOEt); the resulting mixture was shaken for 15 minutes during which 
time a slight colour change was noted (dark purple to mid-purple). The 
solution was transferred through a cannula filter to a clean Schlenk 
tube, and the volatilcs removed in vacuo to give a purple powder. Yield: 
365 mg (0.41 mmol, 74%). Crystals suitable for X-ray diffraction were 
grown by slow evaporation of a concentrated solution of the complex 
in C112CI2[EtOll in a flovcbox. UV/vis: ý.. /nnt (9CH, CI2 : lEtOH) 
635 (ddm' mol' cm- 239), 554 (362), 486 (291). JR/cm-': [FTIRI 
v(CN) - 1628, Y(CC, aromatic) - 1604, v(CC, alkenic) = 1593. Mass 
spectrum: [ESM S] m1z' - 575 (M 1). 
: Crystal structure determination Of Complex (1)2(CXI2)2(CH2Cl2)j- 
Cj4, llj. B2Cl6CO2N. 02, M= 2308.2, triclinic, space group PI, 
a- 18.310), b= 22.022(11), c- 17.219(6) A. a- 98.97(4), fi - 92.61(7), 
y- 67.78(5)*, V= 6348 A', T= 150 K. Z-2, D, - 1.208 Mg m-', 
p(Mo-Ka) = 0.71069 mm-', 11000) - 2432,12510 rcflcctions measured, 
11978 unique (R,. - 0.10152) which were used in all calculations. RI 
0.0642 on F> 4ar(F), wR2 = 0.2534 (all data). 

Crystal structure determination of complex 2-0.5(EtOH). C6. H6, Nr 
Co0j., B, M- 917.86, triclinic, space group PI, a= 11.053(2), b- 
15.812(3), c- 16.503(3) A, a= 65.866(12), fl = 86.349(14), y- 
72.64004r, V- 2506.6(8) A, T- 150(2) K, Z=2, D. = 1.216 Mg m-. 
p(Mo-Ka) - 0.387 mm-', FK000) - 972,47525 reflections measured, 
14596 unique (P,, = 0.1698) which were used in all calculations. RI = 
0.0901 on F> 2a(F), wR2- 0.2510 on all data. CCDC reference num- 
hers 185609 and 185610. See http: //www. rsc. orgtsuppdata/dt/b2/ 
b204560c/ for crystallographic data in CIF or other electronic format. 
§ Reaction of2 with C02: A solution of2 (10 mg, 11 pmol) in 5 mL of 
the mixed solvent [9CH2C'2 :I EtOH] v/v was placed in a UV/vis cell 
under argon, and the visible spectrum recorded. A stream of CO, was 
passed through the solution for 60 a. and the new visible spectrum 
recorded. Nitrogen was bubbled through the solution and visible spcc- 
tra were recorded at intervals of 1,5.7,11 and 25 min. Absorption 
bands ofreaction product of2 with C02; /nm: 492(sh), 520,550. 

I B. I O'Keefe, M. A. Hillmyer and W, B. Tolman, J Chem. Soc, 
Dalton Trans., 2001,2215. 

21 Otera, Chem. Rev., 1993,93,1447. 
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Definitions 

List of abbreviations: 

Symbol: 

A 

A" 
AP' 

A 
Ac 

AIBN 

allyl 
Ar 
ArF 

arom 
Asp., 

B 

BINOL 

br 

"Bu 

'Bu 

Bz 

Bze 

BzTACH 

0 

C- 

cl 

crn-l 
COSY 
18-crown-6 

Cy 

cys" 

Derinition: 

Absorbance (dimensionless) 

contact coupling constant 

pseudo-contact coupling constant 
Angstrom(s) (I x 10-10 M) 

acetyl (-C(O)CI13) 

Azo-bis-Iso-ButyroNitrile 

(-CH2-CH=CH2) 

[generic] aryl 
3,5-bis(trifluoromethyl)phenyl 

aromatic 
Aspartate / aspartic acid residue (position in subscript) 

magnetic field 

BINaphthOL 

broad [peak] 

n-butyl (n-C4119) 

tert-butyl (-C(CI13)3) 

benzyl (-CH2Ph) 

benzoate (-OC(O)Ph) 

cis, cis- 1,3-diamino-5-1(4-tert-butyl)benzylainino) 

cyclohexane 

2 nd atom in hydrocarbon chain 

cyclo- 
Chemical lonisation 

wavenumbers 

COrrelation SpectroscopY 

1,4,7,10,13,16-hexa-oxo-cyclooctadecane, C-[C2114016 

cyclohexyl (C-C6111 1) 

cysteine residue (position in subscript) 

Context: 

(where appropriate) 
UV / vis 
NMR 

NMR 

NMR 

NMR 

NMR, IR 

ms 

NMR 



Definitions 222 

d 

dn 

dn 

D 

dcm 

dd 

dt 

DET 

DMSO 

8 

or 
or 

öcon 

8pc 

EI 

ESI 

Et 

EtOll 

or 

et al 
FAB 

FID 

or 
FTIR 

9 

ge 

911 

91 

9 

71 

YS 

GC 

Glu,, 

11 

doublet NMR 
d-clectron configuration 

number of deuterium atoms incorporated [in solvent] NMR 

dextra-rotatory 

dichloromethane (CH2Cl2) 

doublet of doublets NMR 
doublet of triplets NMR 

Di-Ethyl Tartrate 

DiMethyl SulfOxide (CH3S(O)CH3) 

chemical shift / parts per million NMR 

slight positive / negative charge 
4th atom in hydrocarbon chain 

contact contribution to chemical shift 

pseudo-contact contribution to chemical shift 
Electron Impact ionisation MS 

Electro-Spray Ionisation MS 

ethyl (-C2H5) 

ethanol (C21-15011) 

extinction coefficient UV vis 
5th atom in hydrocarbon chain 

and co-workers / others 
Fast Atom Bombardment FAB 

Flame Ionisation Detector GC 

Free Induction Decay NMR 

Fourier-Transforin Infra-Red [spectroscopy) 

gram(s) 
free electron "g" value NMR 

component of "g" parallel to a given axis NMR 

component of "g" perpendicular to a given axis NMR 

66g" averaged over all orientations NMR 

nuclear magnetogyric ratio NMR 

electronic magnetogyric ratio NMR 

Gas Chromatography 

glutamate / glutamic acid residue (position in subscript) 
hapticity / denticity ligands 
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h hour(s) 

h Planck constant 
h hl2n 

HCA Human Carbonic Anhydrase 

His,, histidine residue (position in subscript) 
HMTA Hexa-Methylene-Tetra-Amine (C6Hj2N4, atropine) 
HS high spin [electron configuration] 
Hz Hertz (S-) 

in situ in reaction vessel / without isolation 

IR Infra-Red [spectroscopy] 

i proton-proton coupling (Hz) 

k Boltzmann constant 
K Kelvin 
Keq equilibrium constant 
7. wavelength 
X, a, absorption maximum 
L litre(s) 

or levo-rotatory 

LA diLActide 

LADH Liver Alcohol DeHydrogenase [enzyme] 

Ln generic lanthanide (La - Lu) 

LS low spin [electron configuration] 

M [complex] multiplet 

M moles per litre (mol L-1) 

j, X number of metal centres bridged 

PLO permeability of a vacuum 
JIB magnetic field stmgth 

MBT Mono-(4-tert-butyl)Benzylidene-Tach 

Me methyl ("CI13) 

MeOll methanol (013011) 

Mes mesityl (2,4,6-(CI13)3-C6H2) 

meso RS [dilactidel 

min minute(s) 
MOCVD Metal Oxide Chemical Vapour Deposition 

mol mole(s) 

NMR 

UV / vis 

NMR 

ligands 

NMR 
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Ms Mass Spectrometry 

M/Z mass-to-charge ratio 

NAD Nicotinamide Adenine Dinucleotide 

nm nanometre(s) 
NMR Nuclear Magnetic Resonance [spectroscopy] 

nOeSY nuclear Overhauser effect SpectroscopY 

v stretching mode 
OTf triflate (CF3SOA 

CO position of double bond in fatty acid chain 

(00 spectral density 

PET Poly(Ethylene Terephthalate) 

Ph phenyl 

pK. -loglo[association constant] 

PLA Poly(diLActide) 
'Pr iso-propyl (-CH(CH3)2) 

proTACH TCT 

11-1 generic symbol for an electronic wavefunction 

R alkyl or aryl. 

P spin density [at nucleus] 

s second(s) 

or singlet 
S [total] spin quantum number 
Sal generic salicyl group, as component of imine 

Ser,, serine residue (position in subscript) 

sh shoulder 

t triplet 

T temperature 

TACH cis, cis- 1,3,5-triaminocyclohexane 

TBT cis, cis- 1,3,5-tris(benzylidenemnino)cyclohexane 

TCT cis, cis- 1,3,5-tris(EE-cinnwnylideneamino)cyclohexane 

TDBA-H3 tris(2-hydroxy-3,5-di-tert-butyl-benzyl)amine 

TDBA deprotonated. form of TDBA-H3 (coordinated to titanium) 

TDMA-H3 tris(2-hydroxy-3,5-dimethyl-benzyl)amine 

TDMA deprotonated form of TDMA-H3 (coordinated to titanium) 

tert /' tertiary 

224 

ms 

NMR 

IR 

NMR 

NMR 

NMR 

Liv / vis 
NMR 
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TPA-H3 tris(2-hydroxy-phenyl)wnine 

TPA deprotonated form of TPA-H3 (coordinated to titanium) 

Thrý thrconine residue (position in subscript) 

T. O. F. turnover frequency 

Trp. tryptophan residue (position in subscript) 

TREN tris(2-aminoethyl)amine 

TC correlation time NMR 

UV/vis ultra-violet /visual [spectroscopy] 

Val,, valine residue (position in subscript) 

VT Variable Temperature NMR 

V/V volume by volume 

X(-) generic negative ion, usually a halide 

0 degrees 
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Journal abbreviations: 

-A cc. Chem. Res. Accounts of Chemical Research 

-, 4ngew. Chem., Int. Ed. Eng. Angewandte Chemie, International Edition 

in English 

- Angew. Makromol. Chem. Die Angewandte Makromolekulare Chernie 

-, 4nn. Annalen(? ) 

Ann. Chem. Annalen der Chemie - Justus Liebig 

Aust. J Chem. Australian Journal of Chemistry 

Biochemistry Biochemistry 

Bull. Chem. Soc. Jpn. Bulletin of the Chemical Society of Japan 

Chem. . 4bstr. Chemical Abstracts 

- Chem. Ber. -Recl. Chernische Berichte-Recueil 

Chem. Br. Chemistry in Britain 

Chem. Commun. Chemical Communications 

Chem. Eur. J Chemistry: a European Journal 

Chem. Lett. Chemistry Letters 

Chem. Lett. Japan. Chemistry Letters, Japanese 

Chem. Rev. Chemical Reviews 

Coord. Chem. Rev. Coordination Chemistry Reviews 

Faraday Discuss. Faraday Discussions 

FEBS Lett. Federation of European Biochemical Societies 

Letters 

- Helv. Chim. Acta Helvetica Chimica Acta 

Ind Eng. Chem. Industrial and Engineering Chemistry 

Inorg. Chem. Inorganic Chemistry 

Inorg. Chem. Commun. Inorganic Chemistry Communications 

- Inorg. Chim. Acta Inorganica. Chimica Acta 

J Am. Chem. Soc. Journal of the American Chemical Society 

J Chem. Soc. Journal of the Chemical Society 

J Chem. Soc., Chem. Comm. Journal of the Chemical Society, 

Chemical Communications 

J Chem. Soc., Dalton Trans. Journal of the Chemical Society, 

Dalton Transactions 

J Ind Chem. Soc. Journal of the Indian Chemical Society 
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J Inorg. Biochem. Journal of Inorganic Biochemistry 
J Mag. Res. Journal of Magnetic Resonance 
J Mater. Chem. Journal of Materials Chemistry 

J Org. Chem. Journal of Organic Chemistry 

J Organomet. Chem. Journal of Organometallic Chemistry 
J Phys. Chem. B Journal of Physical Chemistry B 
J Polym. Sci., Part A: Journal of Polymer Science Part A: 

Polym. Chem. Polymer Chemistry 

Nature Nature (London) 

New J Chem. New Journal of Chemistry 

Organometallics Organometallics 

Polyhedron Polyhedron 

Polymer Polymer 

Polym. Bull. Polymer Bulletin 

Polym. J Polymer Journal 

Research (London) Research (London) 

Russ. J Inorg. Chem. Russian Journal of Inorganic Chemistry 

Science Science 

Synth. React. Inorg. Synthesis and Reactivity in Inorganic 

Met. -Org. Chem. and Metal-Organic Chemistry 

Synthesis Synthesis 

Tetrahedron Tetrahedron 

Tetrahedron Lett. Tetrahedron Letters 


