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Abstract
Schiff bases and azo dyes with the potential to behave as dinegative tridentate

ligands were used to investigate the formation of stable chelate complexes

with post-transition metals. These ligands which are capable of forming five-

and six-membered chelate rings using ONO donor atoms formed SnLz and/or

GeLZ complexes, containing the metal in the high oxidation state (IV).

However, attempts to form SiLZ, P$LZ, [SbLZ]-, [SbLZ]+, SeLZ andT1LZ

complexes with these ligands were unsuccessful. For comparison pu{poses'

N-salicylidene-o-hydroxybenzylamine, a variant of the Schiff base

salicylideneamino-o -hydroxy-benzene capable of forming two six-membered

chelate rings, was also used. Products were characterised by elemental and

spectral analyses. As well as using synthetic techniques, electrochemical

methods were employed to explore the stability of oxidation state (IV) in the

SnL2 and GeL2 complexes. M(IV)/M(III) and M(III)/M(II) couples were

observed and their reduction potentials were found to be dependant on the

electronic properties of the ligand.

The complexing ability of the ligands mentioned above was also investigated

with diphenylgermanium(IV), -tin(IV) and -lead(IV) and

triphenylantimony(V). The stability of the maximum oxidation state for the

group (IV) metals and for antimony, was studied electrochemically.

M(IVyM(III) and Sb(V)iSb(IV) couples were observed, respectively, and

were found to be dependant on the type of ligand. For each dinegative

tridenrate ligand, a series of dimethyltin(IV) and n-dibutyltin(IV) complexes

was also prepared and the stability of oxidation state (IV) investigated.

Crystal structures of the Schiff base salicylideneamino-o-hydroxybenzene

complexed to diphenylgermanium(IV), diphenyltin(IV), diphenyllead(IV)

and triphenylantimony(V) were determined and the coordination geometry

compared with that in analogous complexes. A trigonal bipyramidal

arrangement was observed for the five donor atoms in the tin and germanium

coordination sphere. In the case of lead, there was a distorted octahedral

arrangement as a result of dimerisation. A distorted octahedral arrangement

was observed for the six donor atoms in the antimony complex.

Using amides containing ONO donor atoms and the potential to function as

trinegative tridentate ligands, a series of transition metal amide compounds of

tlìe type Kzl}/rLzl were prcpared. Similar ligands of varying electron

donating ability were used as well as some naphthol homologues.
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Complexation to manganese, titanium, vanadium and iron was investigated.

The attainment of oxidation state (IV) was investigated in the solid state by

spectroscopic and elemental analysis, and in solution by electrochemistry,

electronic spectroscopy, conductance and magnetic moment measurements.

Finally, attempts were made to develop new dinegative tridentate ligands and

investigate their ability to complex transition metals in a high oxidation state.

The Schiff base salicylideneamino-o-hydroxybenzene was chosen as a

general formula for the type of compounds we aimed to prepare, modifying it
by replacing the azomethine (-CH=N-) group with -CHzO-, -COz- and -

CH=CH- in order to obtain an ether, ester and alkene, respectively.
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D ine gativ e tríde ntat e lig ands

Abbreviations for the Schiff base ligands are derived from the component

carbonyl and amine starting materials. For example, the Schiff base 4-phenyl-

butane-2,4-dionebenzoylhydrazone, formed by the condensation of

benzoylacetone(B zacH) and benzoylhydrazine (BhH) is abbreviated

BzacBhH2, with HZ indicating the protonated form of the ligand' The azo
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salsalhHz salicylaldehydesalicyloylhydrazone
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H¡L5 N-(2-hydroxyphenyl)-3-methylsalicylamide
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HtÚ N-(2-naPhthol)salicYlamide
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HlLg N-(2-naphthol)-3-methylsalicylamide

¡



Chapter 1 Introduction

Chapter 1

INTRODUCTION

1.1- General Introduction

The pronounced biological activity of metal complexes has resulted in a

significant interest in coordination chemistry' The vital roles which many

-ãtulloproteins and metalloenzymes perform in natural systems are

associated with catalytic activity'1-5 Metal ions in unusual high oxidation

states possess electron transfer properties and provide the major source of

metallooxidants.

Highly electronegative ligands such as oxide, fluoride or chloride are most

effective in givin! rise to a high oxidation state in the metal,6a-f ¿s shown in

Table 1.1 which includes metars used in this study. The stabilisation of high

oxidation states in transition metal ions is depicted in Figure 1'1 for transition

metah.6g The ligands possess filled rc orbitals which are lower in energy than

rhe rransition metar t2[bonding orbitals. By inreracting with ligand orbitals of

the same symmetry tÃ" Dg orbitals become destabilised relative to the metal

antibonding (eg*) orbitals. Hence, it becomes easier to lose an electron from

from this raised level, or harder to add an electron to this level, known aS the

highest occupied molecular orbital (HOMO). Thus, reduction of the complex

becomes more difficult.

The range of metal complexes arising from these monodentate inorganic

ligands, however, is very restricted. This challenged chemists to develop new

chemical enviroments, or ligand complements, compatible with oxidising

metal centres. Of the highly electronegative ligands mentioned above' only

oxygen is able to coordinate from within a chelating system' Consequently'

the idea of incorporating such centres into polydentate ligands originated'

Resultant .o-pounds of such electron rich polyanion chelates would possess

even greater inertness and thermodynamic stability, and at the same time

stabilise the high oxidation states in accordance with the scheme shown in

Figure 1.1. Knowledge of the chemical behaviour of such molecules can serve

to increase the understanding of the function and design of catalysts and

electron transfer reagents
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Table L.1: Ligands Stabilising High Oxidation State Metal Centres.

Oxidation
State

Examplea

ri(rv)
V(V)

V(IV)
Cr(V)

Cr(VI)

Mn(V)

Mn(IV)

Fe(III)

Fe(VI)

Ge(IV)

Sn(IV)

Pb

Ti ( ac ac) 2C 12, T rF 62-, K2Ti2O5

VOCI3, VF5, V2O5, VF6-

VCla, VO2

CrOOI-, CrF5, CrOCI+-

CtC.oz-

MnO¿3-

MnO2, MnCl62-

FeCl4-, Fe2O3

FeO42-

GeO2, GeCla(py)2

SnF4, SnO2, SnC62-

PbCl62-, PbqO¿

4 Reference 6a-f.
acac = acetylacetonate anion; py = pyridine.

The amount of research on synthetic models which can mimic biological

compounds is enormous.3,7-11 Ligand structural features can enhance the

knowledge on the way in which the metal functions.l Modifications of the

ligand structure have an effect on the redox potential of the metal ion. The

introduction of substituents on the ligands and the effect of ring size in a

chelate ring have been thoroughly investigated.l Through suitable ligand

design it is possible to discover factors which alter the coordination sphere

and electronic properties of the central metal atom. These features can then be

compared with the activity of natural products.

2
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L.2 Biometals

L.2.1 Manganese

Present in trace amounts, manganese seems to be vital to nearly all forms of

life. Associated with the redox function of manganese in biological systems is

the metal's ability to adopt a wide range of oxidation states. The very stable

Mn(II) cation QaS¡ dominates the coordination chemistry of this element.

Less is known about the metal in higher oxidation states Mn(IV) - Mn(VID.

Manganese(Vll) is shown only in compounds containing oxide ligands such

as MnZOZ, MnO3X (X = F, Cl) and KMnO4.I2 These compounds are strongly

oxidising and unstable.l2 Manganese(Vl) and -(V) compounds are stable only

in basic solution (e.g. MnO ZCIZ and MnOCI¡), with disproportionation a

common reaction in neutral or acidic media.12 Reduction potential data

reveals that in basic conditions the oxidation potential of the lower oxidation

states is strengthened.l3 Except for MnO2, because of its insolubility,

manganese(IV) compounds are not particularly stable. Many are known to be

readily hydrolysed and reduced.l2

Manganese plays an important role in the photosynthetic evolution of

molecular oxygen.1,14-16 Here, in higher oxidation state, manganese acts as a

catalyst in the oxidation of water. Manganese is also known to be an active

catalytic centre in mitochondrial and various bacterial superoxide

dismutases.l6 These discoveries and the recognition of manganese as a vital

component in numerous other biological systems, has resulted in much work

committed to the preparation and study of the redox behaviour and reactivity

of new manganese complexes. Stable complexes of manganese(Il! and (IV)

can be considered as effective mimics for the function of manganese in

biological processes. Thus, an increasing interest has developed in

coordination compounds with manganese in oxidation states (III) and (IV).

L.2.2 Vanadium

Vanadium is an important biometal which is able to participate in biological

processes in both anionic and cationic forms.17 Its biological importance was

discovered around 1904 where significant concentrations of the metal were

found in certain marine animals. Initially, the function of vanadium was

4
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thought to involve oxygen transport, but no agreement on the actual role of

the element in these animals exists even today. However, since then, many

other possible biochemical roles for vanadium have unfolded, including its

requirement in chlorophyll synthesis.lT A lot of interest has generated from

the discovery of the element's presence at the active site of many enzymes'

including the nitrogenases in the Azotobactor nitrogen-fixing bacterium and

the haloperoxidases in sea algae.IT The diagonal relationship between

molybdenum and vanadium in the periodic table, resulting in a strong

resemblance between them, has seen the development of model compounds

for vanadium nitrogenass. 17, 1 8

Vanadium can exist in several oxidation states, but only the higher oxidation

states are involved in physiological systems, with V(IV) and V(V) the most

common, associated with VO2+ and VOz+, respectively. Oxidation states

below (III) are reducing and commonly do not survive in aqueous media.l1

The biological activity of vanadium has challenged many chemists to prepare

model compounds, as the coordination chemistry can elucidate the role played

by vanadium in biological systems. A vast range of polydentate ligands have

been used in different studies .II,I7,19-28 Numerous complexes of vanadium

have been proven active in therapeutic applications.lT For example, a

hydrazine complex has shown high activity against tuberculosis

mycobacteria, and peroxovanadate(V) complexes have shown insulin-like

action in diabetic rats as well as antitumor activity in particular forms of

leukemia. The coordination of the histidine (imidazolylalanine) constituent of

proteins to biometals such as Fe(II)/(III) and Mn(II)/(ID/GV) has prompted

an interest in similar interactions with vanadium.lT

1.2.3 Iron

Iron participates in a vast range of biological processes, too many to be

reviewed here. However, some references to higher oxidation states are

highlighted. Iron occurs at the active centre of molecules which are involved

in oxygen and electron transport, as well aS being present in

metalloenzymes.6h Common oxidation states for iron are (II) and (I[) and the

coordination chemistry of higher oxidation states is limited. The complexes in

high oxidation states are important reactive intermediates in enzymatic

oxidations.4,5,29 Indication that porphyriniron(IV) is contained in oxidised

forms of horseradish peroxidase and catalase has led to an interest in the

5
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biological chemistry of iron(Iv)'5'30 Fe(v) has also been reported in

biological systems, but much less frequently'31

Iron(IV) complexes are rare. Stable compounds do exist in this oxidation

state, such as trans-dichlorobis(o-pheny_lenebis(dimethylarsine))iron(IV)
terrafluoroborate, lFe(diars)zclz]GF q)2.5 Fe(IV) is also contained in some

bis(dithiolene) chelates but the oxidation state remains ambiguous because the

redox reaction could be centred on the ligand (Section l'3't)}2 An iron(IV)

porphyrin has also been prepared, as have dithiocarbamate complexes'33

Studies on the latter as model compounds for iron-sulphur complexes' like the

ferredoxins, have also been carried out.5 In another report, a Seven-coordinate

Fe(IV) complex is suggested in an oxidative addition model for the binding of

dioxygen to haemogtoUin.,t Interest in the physicochemical properties of

high valent iron is increasing .34'35
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1..3 ChemicalEnviroments

Atoms in biological molecules that can act as donors are sulphur (sulphide'

thiolate), nitrogen (amide, amine) and oxygen (oxide, hydroxide, water,

carboxylate, alcoholate and phenolate). Numerous examples of ligands

containing such donor atoms, complexed to transition metals, exist' Many

have been found to have the same effect as oxo or halide ligands in stabilising

the high oxidation states of transition metals'

1.3.L Ligands that stabilise High oxidation states

As depicted in Figure 1.1, the higher oxidation states of transition metals are

attained with ligands containing æ-donor atoms. The majority of this class of

compounds contain oxygen donor atoms, such as enolates (including

diþdroxy phenols36), ß - diketonate s and carboxylates.

polyhydroxy complexes have been found to be able to stabilise high oxidation

states in transition metals. Catechol (1,2-dihydroxybenzene) and its

substituted derivatives are effective bidentate chelates' Examples include

the non-vanadyl complexes bi s (triethylammonium)tris(catecholato)vana-

dium(IV),37 bis(catecholato)vanadium(Iv)38 and the disodium salt of

dichlorobis(3,5-di- tert-búyl-catecholato)vanadium(IV).38 Similar compounds

of titanium are also known ([Et¡NH12tri(OzCoH¿)¡]).39 The catecholates

have also been used to prepare tris(bidentate) complex.es of the form

Tlz[V(RCeH¡Oz)3] @=H, 3-CH3, 4-CH¡ and 3-OCH3),40 mixed ligand

complexes such as (catecholato)bis(B-diketonato)vanadium(IV)'41
V(UpVXC eCL+Oz)z (bpy = 2,2' -b\pyridine)21 and [V(dtbc)z(phen)]'CHzClz

(dtbc = 3,5-di- tert-btfylcatecholate; phen - phenanthroline), 2 as well as

bis(catecholato)iron(Il!.43Stablemanganesecatecholcomplexeshavebeen
prepared to mimic the manganese cofactor of photosystem II and manganese

,up.ro*ide dismutases.l6 The high affinity for catecholate oxygen donor

atoms has also been demonstrated by main group elements' as illustrated by

the tellurium(IV) complex Te(COH +O2)2,44,45 the five coordinate

bis(catecholato) complexes of silicon(IV) of the type [RSiLz]- ß = Ph' Me'

Et or n-pr;L = dianion of catechol or its derivatives),46 ,¡. arsenic complex

KlAs(Oz Ce1+)zl6i and the phosphorus compound CH¡P(O zCe¡g.ùz-6i

7
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Although metal B-diketones were discovered around 1887, it was not until

Ig45 that aromaticity within the ß-diketonate ring was put forward.4T As well

as coordinating to a metal as a bidentate chelate, B-diketones can be

monodentate and bridge metal atoms. Complex formation with these ligands

has been thoroughly studied with transition metals. Hexachloroantimonate(V)

salts of tris(acetylacetonato)vanadium(IV) and tris(1-phenyl-1,3-butane-
dionato)vanadium(Iv),48 as well as tris(B-diketonato)Ru(Ill)a9 complexes

with acetylacetonate and 4,4,4-trifluoro-1-phenyl-l,3-butanedionate,49 and

the dihalobis-ß-diketonates, Ti(ß-dik)Xz (X - Cl, F, Br; ß-dik = anion of

acetylacetone, dibenzoylmethane and benzoylacetone)5O ut some examples.

Numerous examples also exist with non-transition elements such as

diorganotellurium(Iv) bis(ß-diketonato) with acetylacetonate,5l 2,2,6,6-tefta-

methylheptane-3,5-dionate5l and benzoylacetonate,52 as well as complexes

with the group(IV) elements53,54 such as [Si(acac)¡]CL55'56

Oxygen-containing functional groups found in proteins, such as the

carboxylate of glutamic and aspartic acids and the alkoxo group of serine, has

led to the preparation of model compounds containing these types of
coordination.ll Numerous vanadium-oxygen coordination complexes of
ligands containing carboxylates have been developed which may have some

significance to biological processes.ll Carboxylate bridged complexes of

V(III) and V(IV) as well as mononuclear carboxylato complexes of V(V) are

known. The latter are believed to be models for the binding of vanadium to

bromoperoxidases. Peroxo complexes of vanadium have become important

models for haloperoxidase enzymes, vanadium transferrin complexes have

been prepared, and vanadium-alkoxo complexation has recently been

investigated.ll These electron rich oxygen donor ligands are also capable of
attaining high oxidation states with main group elements. This area of work

has received much attention since such compounds have important

technological applications. Organotin(IV) carboxylate compoun¿s57-59 have

industrial (catalysts and PVC stabilisers¡,60,61 agricultural (biocides)60'62 un¿

biological (anti-tumor activity;60 applications. Dicarboxylic acids,61,63

nicotinic acid and nicotinic acid N-oxide,64 picolinic acid and picolinic acid

N-oxide,65 pyridine-Z-carboxylic acid,62 pyrazine carboxylic acids62 and

maleanic acids5S are examples of some of the compounds studied.

Diorganotin benzoates have shown antitumor activity, with doses for
prevention of tumor growth considerably lower than that required for cis-

platin compounds.66 In addition to these studies, Gielen et aL synthesised

diethyl- and dibutyltin(IV) complexes of methylthio-o-substituted aza

8
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derivatives of the benzoates, which were also found to inhibit tumor

growth.66 Much interest exists in amino acid and peptide systems.59 Other

main group elements 67 ,68 and transition metals69,70 have also been

investigated with such ligands.

Sulphur atoms are also very good rc-donors. Because thiolates occur

extensively in metalloproteins and their is evidence for vanadium-sulphur

coordination in vanadium-nitrogenase, much interest now lies in the

preparation of vanadium-sulphur complexes.ll 1,2-Dithiolene complexes

ru.t as VISzC z(CeHùz]3 and tV(SzCz t CN lùzl[(CH¡)¿Nl2 have been

reported.Tl It should be mentioned that l,2-dithiolenes are among the

category of ligands which produce a range of compounds with the metal'

apparently, in many different oxidation states. There is ambiguity in the

assign*ent of the metal oxidation states because the extended ligand æ

systems allow delocalisation of electrons onto the ligands, resulting in

oxidation-reduction processes between essentially similar structures which

differ only in their electron populations.6k This is represented below in

Equation 1.1.

tNi( s2c2pht 2l -g t N i ( s2c2P hz) zl- 4 tNi ( s2c2P hù zl2- (1.1)

The neutral complex can be considered as a Ni(O) complex of two

dithioketones, a Ni(ID complex of one dithioketone and one dithiolate anion,

or as a Ni(IV) complex of two dithiolate anions. The ambiguity here is over

the extent to which electrons are in the metal d orbitals or delocalised over the

ligand.

1.3.2 Schiff Base Ligands

An abundance of information exists on metal complexes of Schiff base

ligands. The great flexibility in their formation has produced many ligands of

diverse structural type. Condensation of B-diketones or o-hydroxy carbonyls

with monodentate amines and condensation of aldehydes or ketones with

semicarb azide hydrochloride both yield bidentate ON donor Schiff bases,
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with N-substituted salicylideneimines (o-HOACR=NR') and semicarbazones

(RR'C=NNHCONH2) among well known examples of these types of

compounds widely used for coordination to transition metalsT2-75 and main

group elements.T6-80 Alternatively, the condensation of B-diketones or

o-hydroxy carbonyls with chelating amines can yield tridentate ONO donor

Schiff base ligands.

Sulphur containing compounds have also attracted interest because of their

biological importance and, as a result, a great number of Schiff base

compounds comprising sulphur have been similarly developed. Bidentate SN

donor compounds can be derived from the condensation of thiol carbonyls

with monodentate amines, of carbonyls with a chelating amine

(e.g. thiosemicarbazide). The latter group of ligands are known as the

thiosemicarbazones. Examples include thiosemicarbazones of furfuraldehyde,

o-hydroxyacetophenone, 2-methoxybenzaldehyde, salicylaldehyde, benzil,

benzylmethylketone and o-hydroxynaphthaldehyde, all studied by Nath er

a1.,78,81 and Schiff bases derived from S-benzyldithiocarbazateS2 and

2-hydroxy - 3 -methoxybenzaldehy de, 8 2 z-hy droxy - 1 -naphthaldehyde 82 or

pyridine-2-carboxaldehyde.S3 Tridentate SNO Schiff bases are derived from

the condensation of hydroxy carbonyls with a chelating amine

(e.g. dithiosemicarbazates). With many of these sulphur drugs, increased

biological activity is observed when they are supplied as metal

complexes.78,84,85 This area has been thoroughly investigated and interest

still exists in this work due to the increasing potential of these

comPlexes.S6-88

Many vanadium(IV) complexes contain, in their coordination sphere, oxo,

thiolato or halide ions to achieve this high oxidation state, such as VO(acac)2,

vo(acac)zpy, v(SzCMe)+, Y(acac)zclz and vcl¿(diars)z (diars =

o-phenylenebis(dimethylarsine)).6b Dinegative tridentate ligands have been

able to replace these electron rich functions to form stable vanadium(IV)

products, suggesting that the æ-donor ability of these dinegative tridentate

ligands is comparable to that of the replaced ligands. In L976, Diamantis

prepared the bis(tridentate) non-vanadyl complex, bis(pentane-

2,4-dionebenzoylhydrazonato)vanadium(IV) complex, abbreviated

V(AcacBh)2.89 The ligand is a dinegative, tridentate Schiff base of ONO

donor type, as shown below, and forms five- and six-membered chelate rings

with the metal atom.
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-o o

V(BcacBh)2gO and V(Sa1Bh)291 were later prepared in the same laboratory. A

wide range of Schiff bases have since been prepared from the appropriate

bidentate carbonyl and amine components, which has resulted in the

formation of many VLz complexes.92 Vanadium complexes of dinegative

tridentate ONO donor azo dye ligands then followed. Analogous MLZ

complexes with other transition metals have also been investigated with

dinegative tridentate Schiff base ligands. For example, the ruthenium(IV)

complexes Ru(BzacBh)Z and Ru(BzacSalh)Z from RuCl¡.3H2O, prepared by

Moritz,93 and numerous titanium(IV) complexes.92 Currently, similar studies

are being carried out with the metals manganese, chromium and iron to

achieve oxidation state (IV) with the same ligands developed by Salam.94

Much attention over the last two decades has been the use of amino acids in

providing the amino group for Schiff base formation. Nath et aI. have

prepared transition metal complexes of pyridoxal (vitamin B6 aldehyde)-

amino acid Schiff bases.lO It is thought that these Schiff bases are

intermediates in biologically important amination processes.

Thiosemicarbazones, which have been formed by condensation of the

aldehyde -CHO and thiosemicarbazide -NHZ functions, have shown

antifungalandantibacterialactivity.9sTheseincludethiosemicarbazones
derived from the condensation of 2-pyridine-carboxaldehyde with

thio semic arbazide o r 4 -phenyl-thio sem icarbaz\de, and p - ani saldehyde with

thiosemic arbazide.Increased biological activity was produced when these

Schiff bases were complexed to organotin(IV).95 Anti-cancer activity has

been observed with NS and ONS donor dithiocarbazates. In particular,

S-methyl and S-benzyldithi ocarbazate Schiff bases complexed to non-

transition metals have been the topic of many studies over the past decade

because of evident biological activity. This has resulted in numerous

Sn(IV),82 Pb(IV),S2 Si(1y)s7 and organosilicon(Iv)87 complexes'

N
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t.4 Research Aims

The aims in our research were (i) to extend the studies fruitfully explored by

salamg2 by expanding the range of metals to include main group metals for

which dinegative ONO donor type ligands (Schiff base and azo dye) can

attain a high oxidation state, (ii) to develop ONO donor type ligands which

are potentially trinegative, in the hope of attaining oxidation state (IV) with

titanium, vanadium, manganese and iron, and (iii) to develop new tridentate

ligands and investigate their ability to complex transition and main group

elements. The work is divided into four sections'

1.4.L Bis(Tridentate) ComPlexes

Using dinegative tridentate Schiff base and azo dye ligands of varying

election donating ability we sought to investigate the formation of ML2 type

compounds with elements of main groups (IV), (V) and (VI)' The stability of

the higtr oxidation state was explored using synthetic and electrochemical

techniques. Products of reactions were characterised by elemental and

spectral analysis. For one of the Schiff base ligands (5,6-chelating),

comple*ation of its 6,6-chelating derivative was also carried out in order to

make comparisons in stabilitY.

o o o N o

5,6-chelating S chiff base 6,6 - chelatíng S chiff base

1.4.2 Organometal ComPlexes

From extensive studies carried out on biometals, considerable interest has

been with the transition metals. Since nowhere near aS many accounts on

non-transition and organometal complexes with such important ligands exist,

it was of great interest to also investigate this area'

N
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As some of the main group elements studied did not show the coordination of

two tridentate ligands, diorgano (for elements germanium' tin and lead) and

triorgano (for anlimony) derivatives, in which one dinegative tridentate ligand

was complexed, were synthesised using the same variety of ligands employed

in Secrion l.4.L The stability of oxidation state (IV) was studied

electrochemically. Furthermore, for each dinegative tridentate ligand, a series

of diorganotin(IV) compounds in which the organo substituent was varied

were prepared and the stability of their oxidation state (IV) was investigated'

The geometry of the coordination in these complexes was also of interest'

Crystal structures were determined for Schiff base salicylideneamino-o-

hydroxyb eîzene complexed to diphenylgermanium(IV), diphenyltin(IV)'

diphenyllead(IV) and triphenylantimony(V)'

L.4.3 Amide ComPlexes

The aim in this section was to further studies made by Koikawa et aI'96 wlth

trinegative ONO donor amide ligands used to prepare KZ[ML2] type

compounds. Similar ligands of varying electron donating ability' as well as

naphthol homologues were prepared and used. Complexation to manganese'

titanium, vanadium and iron was investigated' Formation of the aimed

oxidation state (IV) was investigated in the solid state, by spectroscopic and

elemental analysis, as well as in solution, by electrochemistry' electronic

Spectroscopy, conductance and magnetic moment measurements'

1.4.4 Other Ligands

Attempts were made to synthesise tridentate ligands, analogous to the Schiff

base salicylideneamino-o-hydroxybenzene, in which the two aromatic

hydroxy functions were bridged by an ether (-cHzo-), ester (-coz-) or

alkene (-CH=CH-) function instead of an azomethine (-CH=N-) group'

Studies would then be carried out to determine if such compounds are also

able to form complexes containing the metal in a high oxidation state'
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Chapter 2

SCHIFF BASE AND AZO DYE
COMPLEXES

2.1 Introduction

Chelating ligands which have the same effect as highly electronegative halide

or oxide ions in stabilising the high oxidation state of various transition

metals have been developed in this laboratory. Dinegative tridentate oNo

donor Schiff base and azo dye ligands have proved most successful in

producing a wide range of VLZ complexes.g2 Since then, their use has been

extended to include the formation of ML2 complexes' where M = titanium'92

ruthenium,g3 group (IV) elements,gT and more recently' manganese'

chromium and iron.94

MLZcomplexes of the group (IV) elements germanium and tin with Schiff

base and azo dye ligands were investigated in 1987 '97 Their formation was

not surprising, as oxygen donor chelates are known to achieve high oxidation

states with many main group (IV) elements and the heavier elements in

groups (V) and (VI). The catecholates are a prime example among others

included in Table 2.1. Although with the non-metals phosphorus and arsenic

it is customary to describe the oxygen bonded compounds as esters' it is

noteworthy that the analogous catecholates have been reported'6ij

It was considered worthwhile to extend the work on gefrnanium and tin with

azo dyeligands and to also prepare ML2 type complexes of silicon and lead'

as well as antimony from group (V) and selenium and tellurium from group

(VD. Heavier post-transition metals have group number oxidation states

corresponding ìo d10 configurations, such as Sn(IV), Pb(IV), In(III) and

Sb(V). However, these metals have a tendency to use only their p electrons

and as a result exhibit oxidation states two less than their group n¡¡¡þs¡.98a

This is termed the "inert 52 pair effect" (the energy of the s orbital is lowered

due to relativistic effectsgg). It is worth mentioning that in previous work

attempts ro prepare MIIL or (Bu4N)2lMIIL2l complexes of germanium and

tin always resulted in the formation of the MIVLZ complex'97 Common

oxidation states for group (IV) elements are (II) and (IV), with the stability of

t4
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Table 2.1: Examples of Compounds in which Chelating Ligands have been

used to Achieve High Metal Oxidation States'

Element Example

Silicon

Germanium

Tin

Antimony

Tellurium

Phosphorus

Arsenic

Si(OzCoII¿)za, I Si(ac ac)3f+ a

G e ( ac ac) zCt zb, I G e (o zC arf ¿)t]z-c, [Ge (o+ C ù ù2- d

Sn(ac ac)zBt2b, S n1B, acBh)2e

KzlS bz(tart )zl. 3HzOf , (acac) S bCl¿8

Te(OzCeH¿)zh

CH¡P(OzC e1¿)zi

KlAs(Oz

15

4 Referenc e 6f;b Reference 53; c ¡.¡".ence 100; d Reference 101 ; ¿ Reference9T;

/R;f;r";; el'g n"i"t"n se 54;'h Reference 44; i p"tttence6j; J Reference 6i'

u"i" = acetylacetonate anion; tart = tartrate tetraanion'

M(II) relarive ro M(IV) increasing down the group. This is attributed to the

inert pair effect. A notable exception is the organometallic chemistry of tin

and lead which is almost confined to oxidation state (IV). In contrast, the

majority of inorganic lead compounds are halides and oxides containing

pb(II). Inorganic Pb(IV) compounds are either very reactive, unstable short-

lived materials, or have not been reported. For example, lead tetraacetate is a

powerful oxidising agent. Organolead compounds, R¿Pb (R = alkyl or aryl),

are stable compared with the divalent RzPb compounds. The contrast between

the two types of compounds is best seen in the mixed ligand compounds

RnpbX¿_n (X = electronegative donor) in which stability decreases as n

increases.102 yç¿upp and Schleyer accounted for this by population analysis

of molecular wave functions.103 They concluded that the metal charge is

enhanced by the electronegative donor, increasing the difference in size of the

6s and 6p orbitals. As a result, the participation of the 6p orbitals to

covalently bond to Pb(IV) is lessened as the number of electronegative

groups increases. While these effects weaken the bonds, the increasing

s-character essentially produces shorter bond lengths. The inert-pair effect

suggests that the metal s orbitals do not take part in bonding because they are

too low in energy, whereas the explanation above by Kaupp and Schleyer

suggests spn hybridisation becomes less favourable as the difference in radial
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extensions of the s and p orbitals increases, resulting in weaker covalent

bonds.

In group (IV), although GeL2 and SnLZ could be obtained readily, PbL2

could not be achieved inspite of the various forcing conditions used. These

are described in the sections to follow. Similarly with groups (V) and (VI)'
we were unable to prepare six coordinate complexes of the type [ML Z]+/- or

}y'rL2, respectively. Thus, it seemed that our tridentate ligands behaved more

like the halide/oxide ligands with the metals germanium and tin. Inspite the

extra advantage of a six coordinate complex, the tridentate ligands employed

were unable to stabilise lead, group (V) and (VI) elements in their highest

oxidation states. We were able, however, to prepare organo derivatives of
these elements with the dinegative tridentate ligands, achieving high valent

compounds (PhzPbL and PhgSbL complexes were attempted only). Similar

RzML type (R = Me, r¿-Bu or Ph) compounds of germanium and tin were also

prepared.

The research on organometal complexes of non-transition elements with

ligands capable of attaining the elements in high oxidation states has become

increasingly popular. Most work is committed to the development of tin
compounds, however interest has also spread to germanium,104 lead105-112

and antimony.l13-127 ftsssarch in this area has been stimulated by the

recognition of the pharmacological potential of tin compounds.

Initial studies investigating antitumor activity of organotin compounds were

carried out in 1929.128 By 1982 around 1500 organotin compounds had been

examined for antitumor propsl¡iss.129 Although only a small percentage of
the compounds were active in certain types of leukaemia, pronounced activity

was found to occur with the diorganotin compounds. Their great potential as

antitumor agents is strengthened because of their low toxicity. Over the last

decade much interest has been in this atea, with most work limited to P388

Lymphocyte leukaemia in mice.9,85,128,I29,130

Cunently, organotin compounds have an industrial economic impo6¿nçs.131

Industrially they are used as wood preservatives, active elements for
antifouling paints, biocides in agriculture and as stabilisers for PVC polymers

affording protection against degradation by exposure to air, light e¡ þs¿¡.132

Seven Schiff bases (six 5,6-chelating and one 6,6-chelating) and three azo

dyes (5,6-chelating) of varying electron donating ability were used as ligands

T6
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to produce complexes. Two of the azo dyes and all Schiff bases were chosen

to investigate the formation of ML2 complexes of group (IV), group (V) and

group (vI) elements. Four of these Schiff bases and two azo dyes, all

5,6-chelating, were chosen to prepare diorganometal(chelate) complexes with

group (IV) elements and triorganometal(chelate) complexes with antimony'

All complexes successfully prepared were characterised by spectroscopic and

elemental anaryses and the stability of the high oxidation state investigated by

electrochemical technique s.

Of special interest was the coordination geometry of the organometal

,ornporrnds, in particular any differences in stereochemistry down group (IV)'

In discussing the structural types of organometal compounds of groups (IV)

and (V) it is customary to differentiate between the number of organic

substituents by the prefix tetra-, tri-, and di- and the total coordination number

which can be increased by the attachment of anionic ligands. The crystal

structure for each metal comprex of deprotonated salicylideneamino-o-

hydroxybenzene was determined.
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2.2 Ligands

2.2.1 Schiff Bases

The Schiff bases were formed by the condensation of benzoylacetone

(BzacH), salicylaldehyde (salH) or o-hydroxyacetophenone (HapH) with

benzoylhy drazine (BhH), o-aminophenol (ApH), salicylic hydrazide (salhH)

or o-hydroxybenzylamine (HbaH). Nucleophilic addition to the carbonyf in

which the nucleopt it, carries an acidic proton, followed by elimination of

water, yields the Schiff base. In this study seven Schiff base ligands were

used, all dinegative tridentate ONO donors forming five- and six-membered

rings, and in one case two six-membered rings, on coordination to a metal'

Their names, structures, and abbreviations derived from the component

carbonyl and amine starting materials, are presented in Table 2'2'

crystallographic studies have revealed that Schiff base ligands retain their

planar form upon coordination, and in MLZ type complexes of these ligands'

geometries range from trigonal prismatic to merídional octahg¿¡¿1'133

2.2.2 Azo DYes

These compounds were formed by the coupling of the diazonium salt of the

aminophenol (pMe-ApH or ApH) to B-naphthol (B-NapH) or pCl-phenol

(pcl-pirenolH). For thå preparation of Ap-pCI-PhenolHZ, direct coupling of

the diazonium salt of o-aminophenor with pcl-phenol was not possible9Z.T\e

hydroxyl group in pcl-phenol had to be protected re

coupling to o-aminophenol could take place' Alumi en

used to remove the protecting group' The names' stru ns

for these ligands are also shown in Table 2.2.T1te diazo -N=N- group in these

compounds is isosteric with the azomethine >C=N group in Schiff bases'92

During an attempt to purify the SnL2 complex of the azo dye Ap-B-Nap'

crystals of the protonated ligand suitable for X-ray analysis were obtained

instead. The structure is depicted in Figure 2.1' Intta- and intermolecular

hydrogen bonding was observs6.134 A surprising feature of the structure was

that the azo dye was found to exist in the hydrazone form as represented in

Figure 2.2. Similar observations have previously been m¿¿s'135'136

18
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Table 2.2: Names, Abbreviations and Structufes of the Protonated Schiff

Base and Azo Dye Ligands used in this Study'

t9

Structure

brevia
Name

4-phenylbutane-2,4- dione-

benzoylhydrazone

(BzacBhH2)

CH¡

I

-CHz-Ç:¡-Ntt-Ç il
o

Schíff Bases:

c

lt
o

4-phenylbutane-2,4-dione-

salicyloylhydrazone

(BzacSalhH2)

CH¡

I

C- CHr-C:N-NH-
il
o

HO

il
o

2-hydroxyacetoPhenone-

benzoylhydrazoîe

(HapBhH2)

CH¡

il
o

OH

CH :N-NH-c

salicylideneamino-o-hydroxyben zene

(SalApH2)

CH:N

OH

salicylaldehydebenzoylhydrazone

(SalBhHz) il
o

CH :N-NH- c
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Table 2.2: continued...

20

N-S alicylidene-o-hydroxybenzylamine

(SalHbaHz)

CH: N-

HH

salicylaldehydesalicyloylhydrazone

(SalSalhHz)
cH:N-NH-c

HO

o
OH

Azo Dyes:

N:N
o-hydroxyb eîzeîeazo -f3 -naphthol

(Ap-P-NapH2)

p-methyl-o-hydroxybe nzeneazo -þ-n aph thol

(pM"-ep-ß-NapH2)

CHs

N:N

HOOH

o-hydroxyb enzeneazo-p -c hloroph en ol

(AP-Pcl-P¡enolH2)
:N

CI

OH HO
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molecule b c4b

czb b c6b

ozb c7bc1b
c10b c8b

N2b N1b c9b

otzb

b

C16a

C15a

Clla

zt

CI4a

CI3a

CTzb cllb
c16b

c15b

CIza,

OlZa
c13b

C8a

C6a

C9a
Nla

C3a

N2a

OZa

molecule a

r4b 0a

C7

C1a

C2a

C4a

Figure 2.1: The mole cular strLtctLtre of the azo dye Ap-fi_Napll2
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N
/
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N

N
<+

N

zH/

Azo form Hydrazo form

Figure 2.22 Azo-hydrazo lautornerismfor the azo dye Ap-B-NapH2

\"n* o
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2.3 Preparation of ComPlexes

2.3.1 Bis(Dinegative Tridentate) Complexes

Attempts were made to synthesise MLZ complexes with elements of group

(IV) (silicon, germanium, tin and lead) and group (VI) (selenium and

tellurium), as well as IMLZ]A complexes of antimony from group (V), where

A = alkali metal or halide. The general procedure for the preparation of these

complexes was the same as that employed for GeLz and SnLZ complexes in

previous work.97 The metal-containing starting material was added to an

ethanolic solution of two mole equivalent ligand and at least four mole

equivalent base.

2.3.1 .1 Sílicon Complexes

Attempts were made to prepare SiL2 complexes, where L = BzacBh, SalAp

and Ap-p-Nap, using silicon tetrachloride as the source of metal. Experiments

involving the BzacBhHZ ligand, carried out at room temperature or under

refluxing conditions and using lithium acetate or sodium ethoxide as the base,

yielded identical products. The products obtained were either white or pale

yellow in colour and examined by infrared (Section 2.5) and mass

spectroscopy (Sectlon 2.4).In addition, one product was also examined by

IH-NMR spectroscopy. It was obvious from the spectral analyses that the

products were not the expected SiLZ compounds, and it was clear that the

acidic protons of BzacBhHZ had not been replaced under the conditions used.

In an attempt to minimise the solvolysis of silicon tetrachloride, the reaction

with BzacBhHZ was also carried out in dichloromethane at low temperatures.

Although a different product was formed, and elimination of the acidic

protons was suggested by spectral analysis, the product again was not the

expected SiL2 comPlex.

Varying the metal to ligand ratio from 2:t to 1:1 yielded identical products

with the Schiff base SalApH2. Whereas, recrystallisation of the product

obtained with the azo dye Ap-B-NapH2 resulted in decomposition.

No further attempts were made to synthesise complexes of the type SiL2

because clearly, the reaction did not proceed in the anticipated way.This may
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be due to the strong reactivity of the silicon tetrachloride or steric hinderance

which may result from the small size of silicon'

2.3 .1 .2 Germanium and Tin Com\Iexes

GeLzcomplexes,whereL=theazodyeligandsAp-B_Napand
Ap-pcl-phenol, and SnLz complexe p-B-Nap and

Schiff base SalHba, were successfu z Schiff base

was of interest because it is the 6,6- SalAp' i'e' a

methylene group is situated between the aromatic ring and NH group in the

aminophenol moiety. The starting materials for the synthesis of the GeLZ and

SnLZ complexes were germanium tetrachloride and tin dichloride'

respectively, and lithium acetate as the base. As germanium tetrachloride is

susceptible to hydrolysis, reactions were carried out under an atmosphere of

dinitrogen. Tin dichloride, instead of tin tetrachloride, was used as the starting

material for convenience. The tin reactions were protected from moisture, due

to the starting material's susceptibility to hydrolysis, with a silica-gel drying

tube. It has been shown that this tin starting material also produces SnIVLz

complexes even under an atmosphere of dinitrogen.97

The complexes of the azo dyes were equally strongly coloured as the

protonated ligand, while that of the schiff base salHba was pale yellow' All

compounds were high melting, and MLz formation was supported by

spectroscopic and elemental analyses'

2.3.1 .3 Lead Comqlexes

Two moles of the protonated ligands BzacBhH2, BzacSalhH2' HapBhH2'

SalApH2, SalBhHz, SalSalhHZ andpcl-Ap-ß-NapH2 were each reacted with

one mole of lead nitrate using lithium acetate as the base (four mole

equivalent). Reactions were performed open to the atmosphere to facilitate

the oxidation of Pb(II). Except for the orange or brown product obtained with

SalApH2, all other ligands produced yellow compounds which decomposed

or melted at high temperatures. Complexation of each ligand was confirmed

by infrared spectroscopy, however mass spectroscopy and elemental analysis

revealed only a 1:1 metal to ligand complex was formed in all cases' This

stoichiometric ratio was further supportéO Uy the fact that BzacBhHZ and
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SalApH2 produced identical products to those described above when the

reactions were carried out with a 1:1 lead nitrate to ligand mole ratio.

Several variations to the experimental procedure described above were made

in order to try and synthesise the PbLz complexes. Replacing lithium acetate

with a stronger base, such as sodium ethoxide, in the reaction of lead nitrate

with SalSalhH2 yielded the 1:1 product again. Attempts were also made to

synthesise the PILZ complex of SalAp by using lead tetraacetate as the

starting material instead of lead nitrate. The reaction was carried out at room

temperature (i) in dichloromethane using sodium ethoxide as the base, (ii) in

dichloromethane using triethylamine as the base, and (iii) in

dimethylsulphoxide using sodium ethoxide as the base. The lead tetraacetate

was usually added dropwise to ensure that the ligand was always in

excess.137 Based on infrared spectroscopy and elemental analysis identical

products to those obtained with lead nitrate were produced.

As the products from the reactions with SalApH2 and SalSalH2 were the

divalent PbIIL compounds, an attempt in each case was made to obtain the

pbIVLz compounã using the PbL compound as the starting material.

pb(SalAp) and Pb(SalSalh) were each reacted with one mole equivalent of

the appropriate tigand and two mole equivalent of sodium ethoxide, in

dimethylsulphoxide. Oxidising conditions were enhanced by bubbling oxygen

through the solution. The reaction with Pb(SalAp) seemed to produce a

decomposition product, whereas elemental analysis on the product from

Pb(SalSalh) supported the PbL formulation.

2.3 .I .4 Antimonlt Com7ounds

Attempts to prepare the bis(dinegative tridentate) antimony(V) complexes of

the type tSUvf-ilX, where X = Br- or Cl- depending on the reaction mixture,

were made with the Schiff bases BzacBhH2 and SalApH2. With the former,

antimony tribromide was used as the source of metal and sodium ethoxide as

the base. The reaction was performed in ethanol under atmospheric

conditions using varying refluxing times (4 hrs and24 hrs). Products obtained

were yellow or orange in colour. The infrared spectra of some products

indicated the presence of unsubstituted acidic protons suggesting that the

BzacBhH2 ligand did not coordinate as a dinegative anion. Inorganic

materials were among the products isolated from this series of reactions. One
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reaction with SalApH2 was carried out using antimony pentachloride as the

metal source and sodium ethoxide as the base, under an atmosphere of

dinitrogen and refluxing. Although the mass spectrum showed a weak peak at

uppror,-i*ately the formula weight of [Sb(SalAp)2]Cl, more intense peaks at

higher m/e were also observed. Elemental analysis of this product did not

support the [Sb(SalAp)z]Cl formulation'

The existence of anionic complexes of antimony(Ill) such as potassium

pyroantimonate and potassium antimonyl tartrate led to attempts to replace

these ligands with the dinegative tridentate Schiff base ligands' we

endeavoured ro prepare the KtSbIII(BzacBh)Zl complex and the Na[SbrIIy21

complex of SalAp and BzacBh. Since potassium pyroantimonate is insoluble

in ethanol, an aqueous solution of this material was added to a cloudy

ethanolic solution of BzacBhHz and the solution heated under reflux' No base

would be required if the desired reaction shown by E'quation2'l took place'

KSb(oH)o0.5Hzo+ZBzacBhH2-K[Sb(BzacBh)2]+4.5Hzo
(2.L)+ zoH-

Attempts to prepare K[SUIIII3 zacBh)2] were also carried out using potasstum

antimonyl tartrate hydrate as the source of metal. This also was dissolved in

water before it was added to an ethanolic solution of two mole equivalent

BzacBhH 2 and four mole equivalent base. A range of temperatures' reflux

times, bases and solvents were employed. In one case' no base was added in

case deprotonation of the Schiff base by the tartrate tetraanion occurred' No

product, using either antimony stafting material, from this series of reactions

produced an infrared spectrum supportive of the desired coordination' The

spectra indicated the prlsence of unsubstituted acidic protons suggesting that

the BzacBhHz ligand did not coordinate as a dinegative anion. The products

obtained were either white, off-white, or yellow in colour' Inorganic materials

and unreacted ligand were among these products'

In the series of reactions which attempt to form the antimony(Il! complexes

of the type Na[S6III¡'1, antimony(Ill) trihalide starting materials were used

and reactions were performed under an atmosphere of dinitrogen to avoid any

oxidation to antimtnyry). An orange solid was obtained when antimony

tribromide was reacted with two ^ol. 
equivalent BzacBhH2 and four mole



Chapter2SchiffBaseandAzoDyeComplexes2T

equivalent sodium ethoxide in ethanol. The infrared spectrum of this material

did not support the desired coordination. Antimony trichloride was then used

as the starting material for two reactions with SaIAPHZ' Reactions in ethanol'

using sodium ethoxide as the base, were carried out (i) at room temperature

under an atmosphere of dinitrogen (dry box), and (ii) under an atmosphere of

dinitrogen with refluxing. Orange solids were yielded in both cases'

coordination of SalAp was supported by infrared spectroscopy but not by

mass spectroscopy or elemental analysis. For both ligands, although mass

spectra gave peaks with m/e values well below that of the desired complex'

there was evidence from the fragmentation pattem that the products may have

contained the SbL fragment .

2.3.1 .5 Selenium and Tellurium Compounds

preliminary work was also carried out in an effort to obtain SeLz andTeLz

complexes with schiff base ligands. Apart from the unreacted ligands which

were detected in the products obtained from this series of experiments, the

selenium and tellurium containing products obtained here remain

uncharacterised.

Selenium tetrachloride was reacted with two mole equivalent of BzacBhHz

and excess base (triethylamine). Perfoming the experiment in

dichloromethane or ethanol produced a material which could not be

uncomplexed BzacBhHz or complexed BzacBh since it contained no peaks in

the v(C=N) region of the infrared spectrum. A control experiment revealed

this product to be identical to that produced from the reaction between only

the tetrahalide and triethylamine.

Attempts were made to prepareMLzcomplexes of tellurium with BzacBhHz,

SalApH2 and Ap-pCt-p¡gns1H2 from the starting materials tellurium

tetrachroride or telrurium oxide. Reactions of tellurium tetrachloride with

BzacBhH2 produced a material showing strong carbonyl stretching in its

infrared spectrum, and in another case' the infrared spectrum of the product

suggested that an inorganic material was obtained. Tellurium oxide was then

used for reactiorrs *ith SalApH2 and Ap-pCl-PhenolHZ' Products here were

unreacted ligand, and in the case of salApflz, a product showing a c=N

stretch at a frequency higher than that observed in the protonated Schiff base
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was obtained. This infrared data is unsupportive of the expected coordination

from the azomethine nitrogen atom.

It should be mentioned that organometal(IV) complexes with these two

elements have been successfully prepa¡sd.51,52'67'138-l4O Studies have also

been carried out to test whether these types of compounds exhibit any

biological activity. 1 4 1

2.3.2 Di- and Triorganometat(Dinegative Tridentate) Complexes

The Schiff base ligands BzacBhH2, BzacSalhH2, SalApH2 and SalBhHz,and

the azo dye ligands Ap-B-NaPHZandpMe-Ap-B-NapH2werc used to prepare

complexes of the type R2ML, where M = Ge, Sn and Pb, and R¡SbL. Phenyl

derivatives (R = Ph) of all these elements were prepared with each dinegative

tridentate tigand. In the case of tin, the methyl and n-butyl derivatives were

also prepared.

A general procedure was followed for the preparation of all complexes. The

di/tri-organometal dichloride starting material was added to one mole

equivalent disodium salt of the Schiff base or azo dye, in benzene. The

mixture was heated under reflux in an atmosphere of dinitrogen to protect the

moisture-sensitive di/tri-organometal dichloride. The product was recovered

after the sodium chloride, formed during the reaction, was filtered off. The

Schiff bases produced yellow to orange coloured compounds and the azo

dyes produced brown, purple-brown or burgundy coloured compounds.

Some methyl and phenyl derivatives were purified by recrystallisation from

dichloromethane/hexane. However, for the remaining derivatives, the

dichloromethane (or chloroform or benzene) solutions of the complexes

remained cloudy even after heating. These cloudy solutions were therefore

filtered through cotton wool, evaporated to dryness, and the product washed

thoroughly with hexane. The RzML or R¡ML formulation for all the

complexes was supported by spectroscopic and elemental analyses except for

some azo dye complexes.

The n-butyltin(IV) complexes of the Schiff bases BzacBh, BzacSalh and

SalBh were all yellow viscous oils. The SalAp ligand and all the azo dye

ligands produced orange-brown and purple low melting solids, respectively.
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The infrared and mass spectra supported the RZML formulation' Due to the

nature of these complexes, electronic spectra were not recorded.

During the course of this work we became aware that the preparation of some

of these complexes had been reported by other.workers' More specifically'

rhese were, pt zpùisuiÀp), 1 0s úezSn(s utRp¡, t oz- 1 4s Ph2sn(s alAp),r42'r43

and ph¡sb(salAp).123 Hswever, our interest included a comprehensive

structural and electrochemical study of a range of complexes, and for these

reasons these compounds were prepared and included in our study'
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2.4 Mass Spectra

2.4.L Introduction

Mass spectroscopy is a convenient and quick method for establishing the

presence of a desired product amongst isolated materials. It is useful for

establishing the reproducibility of a preparative method, stability of
compounds on purifying, and the presence of product in various fractions.

The spectral peaks of charged fragments resulting from the breakdown of the

initial material can be related to the structure of the complete molecule.

Ionisation techniques used were the standard electron impact (EI) process

and, in particular for high melting compounds, fast atom bombardment

(FAB). In almost all cases, the expected molecular ion peak was observed

protonated.

2.4.2 Bis(Dinegative Tridentate) Complexes

Products from all reactions performed were studied by mass spectroscopy and

the data is summarised in Table 2.3. ln the case of some unsuccessful

syntheses, the Table includes results from various methods of preparation. An
intense molecular ion peak characteristic of }i4Lz was observed for the azo

dye and Schiff base complexes of germanium and tin. Germanium has five

isotopes with relative abundances: 76 (7'87o),74 (36'5Vo),73 (7'8Vo),72

(27.4Vo) and 70 (20.5Vo). Tin has ten isotopes, with the three highest relative

abundances: 120 (32.4Vo), lI8 (24.3Vo) and 116 (14'7Vo).The presence of the

isotopic pattern for these elements in almost all compounds further supported

the formulation. In these cases, only the highest isotopic peak is reported. In a

few cases where the spectra were recorded over a wider m/e range, peaks

corresponding to ML fragments were also observed for these elements.

No spectral peak due to PbLz was observed in the mass spectra of the

products obtained from the attempted syntheses of PbLZ complexes.

However, there was in each case an intense peak characteristic of PbL. Lead

has four isotopes with relative abundances: 208 (52.47o), 207 (22'L7o),206
(24.l%o) and 204 (1.47o). The isotopic pattern for lead was observed in the

mass spectrum of all the products. Often there were few much weaker peaks

in the region between the observed PbL peak and the expected PbLz peak,

which were not included in Table 2.3. Since the microanalytical data

30
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supported the PbL formulation, and since the same product was obtained

from PbClz in the absence of oxidising conditions, these lead compounds are

undoubtedly lead(Il) complexes. A large number of different Schiff base

ligands produced the same 1:1 lead to ligand composition. From

microanalysis, there was no indication that solvent or any other ligands were

present to give a stable coordination number of six. Since all the ligands are

flat planar molecules, one possibility is that a polymerisation involving the

primary coordination sphere, such as stacking the planar units, may be taking

place.l37 Their insolubility in common organic solvents, which also lends

support to these lead complexes being polymeric' prevented us from

obtaining crystals suitable for crystal structure determination.

Mass spectroscopy showed attempts to prepare SiL2 complexes to be

unsuccessful. No product showed a characteristic formula weight peak or SiL

fragment in its mass spectrum. The same lack of success was met in the

attempted preparations of SeLZ and TeLZ complexes. Excluding unreacted

ligand, products from these reactions remain uncharacterised. Since the

infrared spectra of the products obtained from the attempted SeLz andTeLZ

preparations indicated that the desired MLZ complex was not obtained, only

two samples were examined by mass spectroscopy. Results for these can be

found in the Experimental Chapter of this study. From the attempts to prepare

[SbIII¡21-, some of the products obtained showed a peak characteristic of the

SbL fragment. In the attempted synthesis of [Sb(SalAp)Z]Cl, a peak which

may correspond to [SbLz]Cl (m/e - 582) was observed in the mass spectrum

of the product obtained. However, more intense peaks at higher m/e values

were also observed. Except for the products obtained from trying to prepare

K[Sb(BzacBh)2] and the product obtained from one of the attempted

syntheses of Na[Sb(SalAp)2] (method (í)), all other samples examined by

mass spectroscopy showed, approximately, the isotopic pattern of antimony

[121Sb (57.3Vo) utr¿ 1235b (42.7Vo)]. Only a few chosen examples of the

antimony compounds are included in Table 2.3, with the results obtained

from other attempts listed in the Experimental Chapter.

3L
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Table 2.3: Mass Spectral Data for the Attempted Syntheses of ML2 and

[Ml-21+/ 
- Type Complexes.

Complex
F.W. Calc.

M'Lz ML
4 Found
e

SiLz øttempts:

Si(BzacBh)2 method.s (i)-(iiÐ*

Si(SalAp)z

Si(Ap-13-Nap)z crude

GeL2 complexes:

Ge(Ap-ß-Nap)z

Ge(Ap-pcl-Phenol)z

SnL2 complexes:

Sn(SalHba)z

Sn(Ap-Ê-Nap)z

PbL Complexes:

Pb(BzacBh)

Pb(BzacSalh)

Pb(HapBh)

Pb(SalAp) method (ii)x

Pb(SalBh)

Pb(SalSalh) method (i)*

Sb(III) øttempts:

K[Sb(BzacBh)z] method (íii)*

NaISb(BzacBh)z]

Na[Sb(SalAp)z] method (i)*

method (ii)*

Sb(V) attempts:

lSb(SalAp)zlCl

584

450

552

597

565

569

643

763

795

7Ll
629

683

7t5

306

239

290

334

319

343

380

485

501

459

418

445

461

495,481,469,423,333

342,264,250

541, 507, 483, 47 L, 449, 391

s98T

s66T

5691,345

644r,3gl

4867

s03t

46rl
4201

4471

4621

567,287,280 Ç-Hz),262
551T, 460,446,399

482,460,329

4241,412,332

6301, 615,5g2

A[MLz] ML

7r7

701

567

579 332

400

400

332

* Details of the methods used are found in the Experimental Chapter.
T ttre expected isotopic pattern for the element was observed, only the highest peaks are

reported.
A = alkali metal or halide ion, where appropriate.
L = Schiff base or azo dye ligand.
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2.4.3 organometat(Dinegative Tridentate) complexes

All products obtained from the syntheses of organometallic compounds

containing one dinegative tridentate ligand gave good mass spectra

confirming tfr"ir proposed structures, except MeZSnL and PhZPbL, where L =

Ap-B-Nap. Furthermore, in cases where the expected molecular ion was

observed, the isotopic patterns for Ge, Sn, Pb and Sb, as discussed above in

Section 2.4.2,were also observed in the appropriate complex spectra. Most of

the compounds prepared were diorgano compounds of the type RZML, where

M - Ge, Sn or Pb, and R = Me, r¿-Bu or Ph. In these compounds, the

progressive loss of an R group gave rise to peaks characteristic of the

fragments RML and ML. In the case of Sb, where compounds of the type

R¡SbL were prepared, peaks characteristic of the fragment RZSbL were also

observed. Spectral data for all these complexes is given in Table 2.4.In some

cases, where the spectra were recorded over a sufficiently large m/e range, a

formula weight peak characteristic for RzM (for the group (IV) metals) and

R¡M (for antimony) was also observed. However, these peaks were less

intense than the R2ML, RML and ML fragments.
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Table 2.4: Mass Spectral Data for the Organometal Complexes'

34

RzGeL complexes:

Ph2Ge(BzacBh)

Ph2Ge(BzacSalh)

PhzGe(SalAp)

PhzGe(SalBh)

Ph2Ge(Ap-13-NaP)

PhzGe(PMe-AP-ß-NaP)

R2SnL complexes:

Me2Sn(BzacBh)

Me2Sn(BzacSalh)

Me2Sn(SalAP)

Me2Sn(SalBh)

Me2Sn(Ap-Ê-NaP)

Me2Sn(pMe-Ap-ß-Nap)

Bu2Sn(BzacBh)

Bu2Sn(BzacSalh)

Bu2Sn(SalAp)

Bu2Sn(SalBh)

Bu2Sn(Ap-ß-NaP)

Bu2Sn(pMe-Ap-f3-Nap)

Ph2Sn(BzacBh)

Ph2Sn(BzacSalh)

Ph2Sn(SalAP)

Ph2Sn(SalBh)

Ph2Sn(Ap-ß-Nap)

Ph2Sn(pMe-Ap-P-Nap)

505

52r

438

465

489

503

350

366

283

310

334

348

506

522

439

466

492

505

429

444

362

389

285

307

428 350

427

443

359

387

4tl
425

511

527

444

47r

495

509

551

567

484

511

535

549

397

413

329

356

380

394

391

413

329

356

380

394

397

4t3

329

356

380

394

428

444

360

388

413

429

345

373

397

414

330

358

397

398

414

329

357

329

426

512

528

445

472

496

510

552

568

485

512

s36

s50

410

455

471

387

414

439

453

474

491

408

434

460

473

396

397

4t5

330

381

396

382

4 Found
e

RZMLT RMLT MLT

F.\ry. Calc.

R2ML ML
Complex
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RzPbL complexes:

Ph2Pb(BzacBh)

Ph2Pb(BzacSalh)

PhzPb(SalAp)

PhzPb(SalBh)

Ph2Pb(Ap-ß-Nap)

639

655

572

s99

623

485

501

418

445

469

640

657

573

601

563

s83

496

523

486

s03

419

447

617,613
528,516

Ph2Pb@Me-AP-B-NaP) 637 483 643,638 561 484

RjSbL Complexes:

Ph3Sb(BzacBh)

Ph3Sb(BzacSalh)

Ph:Sb(SalAp)

Ph3Sb(SalBh)

Ph3Sb(Ap-ß-Nap)

Ph b -N

T Isotopic pattern was observed for the metal, but only the most intense peak is reported.
R = Organo substituent Me, n-Bu or Ph.
L = Schiff base or azo dye ligands.

ML ML R3MLï R2MLT RMLt MLT

400

416

332

359

384

398

631

647

564

593

608

628

553

569

486

5t2
533

551

476

491

409

436

460

475

399

415

332

359

387

399

631

647

564

591

615

629
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2.5 Infrared Spectra

2.5.L Introduction

The products of all attempted preparations were examined by infrared

spectroscopy. Indication of the desired reaction having taken place was

provided by comparing the spectra of the products with the spectra of the

appropriate protonated ligands. The possibility of keto-enol tautomerism

exists in some of the protonated ligands. Evidence of complexation were (i)

the conversion of ketonic >C=O to enolic >C-O on complexation of Schiff
base ligands derived from a B-diketone and/or aroyl hydrazine, (ii) the

elimination of the acidic proton from the >N-H function in complexes of the

hydrazone Schiff base ligands, (iii) the elimination of the acidic hydroxyl
proton in ligands containing -O-H functional groups, and (iv) changes in the

vibrational frequencies, upon complexation, of the bonds containing a donor

atom (e.g. >C=N-, -N=N- and >C-O).

In the protonated ligands, the stretching frequency of a free >N-H group

occurs in the range 3460 - 3420 cm-1.146 4sssciation of this group with a

carbonyl group (>N-H.....O=C<) is reported to result in a lower stretching

frequency (3320 - 3240 cm-l), whilst association with an adjacent N atom

results in an absorption in the range 3300 - 3150 cm-1.92 This latter

association is seen in the benzoylhydrazone and salicyloylhydrazone ligands

used in this study. Absorptions due to free O-H groups occur in the range

3650 - 3590 cm-1 .r47a Shifts to a lower frequency (3200 - 2500 ç¡¡-1)147a e¡

broadening of these peaks arc dne to hydrogen bondin 9.92,747a The lower the

frequency the stronger the hydrogen bond.

Changes in the vibrational frequencies of the multiple bonds containing a
donor atom are well documented. Pickard and Polly in their studies on

ketamines, observed two peaks in the region 1720 - 1590 cm-l.148 fþsy
assigned the higher frequency peak (1120 - 1660 cm-1) to v(C=O) and the

lower frequency peak (1680 - 1590 cm-1) to v(C=N). A large number of
>C=N containing compounds have been used in the complexation of various

metals. Saraswat et al. assigned peaks in the range 1616 - 1645 cm-1 to

v(C=N) in their study of N-substituted salicylideneimines.T6lntheir study on

Schiff bases derived from S-methyl- and S-benzyldithiocarbazates, Nath et al.

reported frequency ranges of 1610 - 1600 cm-1 and 1620 - 1600 cm-l for

36
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v(C=N).s6,87 1n similar studies by Saxenaet al., a frequency of 1605 cm-1

was reported for v(C=N).1a9

Numerous infrared studies of aromatic Schiff base complexes have shown

absorptions due to aromatic v(C=C) to overlap with absorptions due to

v(C=N), with the result being a very strong band.92,142 ß-Diketonato
complexes of tin(IV) have been studied by Sharma et al. and peaks in the

region 1535 - 1525 cm-1 have been assigned to v(C=C).150 Teyssie and

Charette reporred that the aromatic v(C=C) at 1585 cm-l in salicylidene-

alkylamine ligands shifts to 1540 cm-l on complexation and remains

independent of the nature of the metal.9Z A number of absorptions due to the

phenyl groups, in a variety of phenyltin compounds, can be observed over a

wide range (1475 -670 cm-1¡.151 In a complex of the type PhZSnL, where

L = the dianion of the Schiff base N,N'-(2-hydroxytrimethylene)bis(salicyl-

aldimine), a phenyl ring absorption had been assigned at 1497 cm-l-142

In his study of VLZ complexes of azo dyes, Salam observed that the N=N

stretching frequency between 1630 and 1600 cm-l for the protonated

uncomplexed ligand shifted to a lower frequency in the range 1620 '
l5g7 cm-1 on coordination of one of these nitrogen atoms.92

Absorptions due to phenolic v(C-O) have been reported to occur in the 1280 -

\ZTO c--r region, with shifts to a higher frequency (1300 - 1290 cm-l)

occurring upon complexa¡isn.76' 1 52-154

The stretching frequencies produced by the complexes obtained in this work

were tentatively assigned by considering the absorption bands mentioned

above.

2.5.2 Ligands

The infrared spectra of products isolated from the preparation of MLZ and

organometal complexes were compared with those of the appropriate

protonated ligand. A summary of the ligand infrared data is shown in Table

2.5. Ligands BzacBhHZ, BzacSalhH2, HapBhHz, SalBhHZ and SalSalhHZ

contain the acyl hydrazone group =N-NH-CO-. Peaks observed in the 3355 -

3Z0O cm-1 region were assigned to v(N-H). Absence of these absorptions

would indicate coordination of the deprotonated >N-H group.
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The absence of v(O-H) in the spectra of BzacBhH2, HapBhH2 and SalBhHz

suggests that the keto tautomer predominates in the sotid state of these Schiff

bases. Ligands BzacSalhHz, SalAPHz, SalHbaHZ and SalSalhH2 showed

weak absorptions in the region 2715 - 2552 cm-l due to intramolecular

hydrogen bonding of the O-H function with the azomethine nitrogen

atom.147a [s a result, the N-H stretching frequency of BzacSalhHz at3265

cm-l was quite weak, as was the v(N-H) of SalHbalHz at3430 cm-l. Absence

of these absorptions in the metal complexes would suggest coordinatíon via

enolic/phenolic oxygen atoms. Weak absorptions appearing in the 3406 -

3226 cm-l and 2787 - 2691 cm-l regions of the azo dye spectra were

attributed to -O...H-N- and -O-H...N- interactions, respectively. Absence of

these absorptions would indicate coordination of the phenolic oxygen atoms

to the metal.

Two peaks were observed between 1674 and 1615 cm-l in the infrared

spectra of the protonated Schiff base ligands BzacBh}Jz, HapBhH2, SalBhH2

and SalS alhH2. The higher frequency band was assigned to v(C=O) and the

lower frequency band to v(C=N). Ligands BzacSalhHz and SalApH2 showed

only one peak in this region, around 1630 cm-l, which was assigned to

v(C=N). The absence of a v(C=O) indicates that BzacSalhHz favours the enol

tautomer. SalHbaHz has two absorptions in this region, at 1660 and 1611

cm-l. Since no carbonyl group exists in the structure of this Schiff base, both

peaks can only be attributed to r,(C=N). Absorptions in the range 1618 - 1606

cm-l were assigned to v(C-C) in the Schiff base ligands. These are tentative

assignments as some of these absorptions may in fact be due to v(C=N).

Shifts in the r{C=N) region and the absence of an v(C=O), where appropriate,

would support the coordination of the ligands via the azomethine nitrogen

and enolic oxygen atoms.

In the azo dye ligands, absorptions between 1630 and 1596 cm-l were

assigned to v(N=N) consistent with assignments made by Salam for the

conventional structure of this type of ligand.92Inview of the X-ray structure

of Ap-B-NapHZ and other q¿s¡lç,134-136 s¡s'wing these ligands to exist in the

hydrazone form, it would be more corect to assign absorptions in this region

to v(C=O) or to coupling between v(C=O) and v(C=N) which is also

possible.137 Evidence of coupling having taken place, giving a more complex

pattern in the 1630 - 1596 cm-l region of the infrared spectrum, was seen in

some of the spectra.
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Table 2.5: Infrared Spectral Data for Schiff Base and Azo Dye Ligands.

*Thir may be due to coupling between v(C=O) and v(C=N)
s = strongl m = mediuûti w = weak.

39

Ligand

(LHz)

Tentative Assignments (cm'l)

v(N-H) y(O-H"'N) v(C=O) v(C=N) v(C=C) v(C-O)

3355 s

3228 s

3265 w

3230 s

1663 s 1625 s 1618 s

1581 s

1607 m

1587 m

1615 s

1594 s

1606 s

1580 s

1600 s

1287 s

2715 w 1630 s

1615 s

1632 s

1238 s

1290 s

1277 s

1657 s

2100 w

2575 w

3270 s 1674 s 1622 s 1274 s

3430 w 2683 m

2598 w

2552 m

2670 m

2570 m

1660 s

1611 s

1282 s

3200 m 1662s 1620 s 1563 s 1229 s

v(N-H"'O) v(O-H"'N) v(N=N)* v(C=C) t(C-O)

3406w 2697 w 1619 m

1596 m

1630 m

1617 s

1602 m

1622 s

1549 m

1549 s

1558 s

1308 s

l29l s

1268 s

2691 w

3226w 2787 w
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2.5.3 Bis(Dinegative Tridentate) Complexes

The infrared spectra of all the products obtained from the attempted

preparations of complexes that contain two dinegative tridentate ligands per

metal were recorded. The results for the germanium, tin and lead compounds

are summarised in Table 2.6, and the results for the silicon and antimony

compounds are summarised in Table 2.7 .

2.5.3.1 Sltnthetic Studies with Germanium, Tin and Lead

Evidence of successful coordination of the dinegative tridentate ligands to

these elements was observed by infrared spectroscopy. In the products

obtained from reactions with tin and lead, the Schiff base ligands containing

the hydrazide moiety is deprotonated since no v(N-H) and hydrogen bonded

v(O-H) are seen. Products in which the ligands were derived from

benzoylhydrazine or salicylichy&azide did not exhibit a v(C=O) but they did

exhibit a v(C-O). This indicated that these ligands were coordinated in the

enolic form. For the protonated uncomplexed Schiff base ligands the v(C=N)

were observed in the 1660 - 1611 cm-l region. A downward shift in the

v(C=N) frequency on complexation (1627 - 1510 cm-l) indicated that

coordination from the azomethine nitrogen atom had occurred. In all the

spectra of these group (IV) metal complexes peaks in the region 1553 - 1530

cm-l were assigned to v(C=C) and peaks in the region l32l - 1298 cm-l were

assigned to t{C-O).

Inspite of the difference in coordination number and oxidation state of the

metal, the infrared spectra of the PbIIL complexes are comparable to the

analogous GeIVLZ and SnIVL2 complexes, where L = BzacBh, BzacSalh,

SalAp and SalBh,97 and VL2 complexes, where L = Salsalh and HapBh.92

For example, the v(C=N) for the protonated SalApH2 ligand appeared at

1632 cm-l. Upon complexation to germanium and tin, this absorption shifted

by 19 cm-l and22 cm-l, respectively, to a lower frequency. Similarly,

complexation to lead produced an absorption 20 cm-1 lower in frequency than

the protonated SalAPH2 ligand.

The spectra of the germanium and tin }y'rLz complexes with Ap-B-Nap and/or

Ap-pcl-phenol compare well with the analogous VL2 complexes prepared by

Sahm.92 Upon complexation, the downward shift in frequency of the v(N=N)

(1615 - 1563 cm-1) in comparison to that of the protonated uncomplexed dye
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(1630 - L5g6 cm-1) implied that coordination from an azo nitrogen atom had

occurred. A noteworthy observation was that the spectrum of Sn(SalHba)z

was very similar to that of sn(sal Ap)2.97 This was not that surprising since

the structure of the two ligands is very similar.

2.5.3.2 $,nthetic Studies with Sílicon

Of the three ligands we tried to complex with silicon, only the product

obtained from the attempted synthesis of Si(Ap-ß-Nap)Z showed some

promise. Peaks in the v(N=N) region of the infrared spectrum had shifted to

lower frequencies indicating coordination of an azo nitrogen and the v(O-H)

had disappeared indicating deprotonation of the ligand. These absorptions and

that due to v(C-O) compare well with the analogous complexes of germanium

and tin (see Table2.6). However, this material was unstable as its infrared

spectrum changed upon recrystallisation. An extra peak in the v(N=N) region

appeared.

Spectra of the products obtained from the attempted preparations of
Si(BzacBh)z did not agree with the expected product. Different preparations

gave slightly different results (see Experimental Chapter). Some typical

results are shown in Table 2.7. Although the r,(C=O) was absent, the products

gave strong absorptions in the v(N-H) region which implied that

deprotonation at the hydrazide nitrogen had not occurred. Thus, the

BzacBhH2 ligand did not coordinate in the anticipated tridentate way. In one

attempt, both the v(C=N) and v(C=C) were absent indicating that the ligand

was completely altered by the reaction.

The v(C=N) for the product obtained from the attempted synthesis of
Si(SalAp)2 was observed at a slightly higher frequency than that for the free

ligand, suggesting that the expected coordination at the azomethine nitrogen

atom had not taken Place.

2.5.3 .3 S),nthetic Studies with Antímoryt

Only Schiff bases BzacBhH2 and SalApH2 were used in the attempts to

synthesise [SbVL2]+ and [SbIII¡21- type complexes. Some typical results are

recorded in Table 2.7 and details of individual attempts are given in the

Experimental Chapter. Inorganic materials and unreacted ligand were among

the products afforded in these syntheses. Reactions with SalApH2 showed

4l
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Table 2.62lnfrared Spectral Data for ML2 Complexes of Germanium(IV) and

Tin(W), and ML Complexes of Lead(II)'

L = BzacBh:

Ge(BzacBh)24 1611 s

1598 s

1588 s

1590 s

I576m
1595 s

1570 m

L = BzøcSølH:

Ge(BzacSalh)24 1623 s

1593 s

1578 sh

1622 s

1589 s

1570 m

1607 s

1582 s

Sn(BzacSalh)za

L = HapBh:

Pb(HapBh)2

Sn(BzacBh)za

Pb(BzacBh)

Pb(BzacSalh)

V(HapBh)2b

L = SølAp:

Ge(SalAp)24

1534m 1310 s

1529 s 1303 s

1530 s 1305 m

1515 s 1310 s

1503 1301 s

1552 s

1538 s

1315 s

1553 s 1310 m

1543 s 1320 s

1544 s 1300 s

1600 s

1592 s

1586 s

1600 s

1590 msh

1565 s

1613 s

1593 s

1610 s

1588 s

Tentative Assignments (cm'l)

v(C=C) v(C-O)v(C=N)

Complex

Sn(SalAp)2d 1543 s 1299 s
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Pb(SalAp) 1612 s

1587 m

L542s 1305 m

L = SølBh:

Ge(SalBh)2ø

43

1627 s

1603 s

1587 m

1618 s

1595 s

1604 s

1552 s 1305 m

1547 s 1305 m

1550 m 1305 w

1546 s I298m

1542s l3l2s

I542s t3l2m

Sn(SalBh)za

Pb(SalBh)

L = SqlHba:

Sn(SalHba)2

L = SalSalh:

Pb(SalSalh)

V(SalSalh)2b

1627 s

1600 m

1612 s

1589 s

1625 s

1600 s

1587 s

L = Ap-þ-Nap:

Ge(Ap-ß-Nap)z

Sn(Ap-ß-Nap)z

V(Ap-f3-Nap)2å

L = Ap-pCl-Phenol:

Ge(Ap-pcl-Phenol)2

V(AP-Pcl-Phenol)2b

4 Referenc e 97; b Reference 92.
S = strOngl m = mediuÍti w = weak; ms = medium Strong; mw = mediumweak;
msh = medium shoulder.

v(N=N) v(C=C) v(C-O)

1615 m

1594 s

1573 m

1612m

1591 s

1568 s

1617 sh

1597 msh

1584 sh

1547 s 1314 s

1537 m l32lw

1540 mw 1325 w

1551 s 1318 s

1550 m 1325 s

1602 s

1563 m

1605 ms

1592 ms
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some evidence of coordination as the v(C=N) in some of the products

obtained was observed to be in the 1605 - 1559 cm-l region (lower than that

for the free ligand) and the v(O-H) of the phenolic group was absent

suggesting deprotonation must have occurred.

Products from the reactions with BzacBhHzwefe irreproducible and showed

that the ligand was not attached in the expected way. A typical result for the

attempted synthesis of Na[Sb(BzacBh)z] recorded in Table 2.7 showed the

absence of the carbonyl function. The v(C=N) in this product occurred at a

higher frequency (-1637 cm-l) than that in the uncomplexed ligand

(1625 cm-l). This does not support the coordination of the azomethine

nitrogen. Absorptions were also observed in the v(O-H) and v(N-H) regions

suggesting that replacement of the acidic protons on the hydrazide function

had not taken place. The product obtained in the attempt to synthesise

[Sb(BzacBh)Z]Br gave an infrared spectrum containing several peak in the

v(O-H) and v(N-H) region. Recrystallisation of this material resulted in

decomposition as a strong carbonyl stretching was introduced at 1662 cm-l

and most of the v(C=N) stretching frequencies disappeared.

2.5.3 .4 Synthetic Studies wíth Selenium and Tellurium

Since no evidence of the desired reaction having taken place was gained from

the infrared spectra of the products obtained from the attempts to synthesise

SeL2 and TeLZ compounds, the infrared data was not listed in Table 2.l.Tttis

data can be found in the Experimental Chapter.

44
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Tabte 2.72Infrared Spectral Data for the Attempted Preparations of SiLZ and

[Sbt21+/- ComPlexes.

* This absorption appeared upon lecrystallisation and is probably due to {C=O)'
w = weak; ttt = -"diiûìl s = ôttong; mbr = medium and broad; mw = medium to weak;

rnsh = medium shoulder.

Tentative Assignments (cm-l¡
(O-Hy v(C=N) v(C=C) v(C'O)

(N.H)

Complex

1536 m

1316 s

1583 s

1548 s

1538 s 1303 m

1537 s 1315 s

1294 s

1268 s

1615 s

1596 s

3130 m

3100 m

2618 s

1637 m

1617 m

1590 s

3549 m

3455 m

3411 s

2727 w

3584 w

3401 mbr

3225 s

2728 w

1662 s*

1602 s

1581 s

1556 s

1535 s

1284 s

I23l s

1302 m

1645 s

1610 s

1605 s

1592 msh

1603 s

1579 m

1559 m

v(O-H)/ v(N=N)

v(N-H)

v(C=C) v(C-O)

1611 m

1590 w

1568 m

1322 w

L = BzpcBh:

Si(BzacBh)2

NaISb(BzacBh)2]

KlSb(BzacBh)zl

ISb(SalAp)z]Cl

NalSb(SalAp)zl

L = Ap-þ-Nap:

Si(Ap-13-Nap)z

L= SalAp:

Si(SalAp)2
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2.5.4 Organometat(Dinegative Tridentate) Complexes

Before examining the coordination of each ligand individually, some general

points should be noted. For the uncomplexed ligands, peaks in the 1618 -

1580 cm-1 region were assigned to aromatic v(C=C). However, the peak at

the higher frequency end of this range may possibly be associated with

v(C=N), since upon complexation it shifted to a lower frequency in the range

t566 - 1500 cm-l. Distinguishing between the aromatic v(C-C) of the ligands

and the phenyl substituents directly attached to the metal proved difficult,

even when comparing spectra of PhZSnL with the analogous Me2SnL or

n-Bu2SnL. The v(C-O) stretching frequency, observed between 1308 and

1238 cm-1 for the protonated ligands, shifted to a higher frequency between

L32g and 1300 cm-1 after coordination of the oxygen atom to the metal. This

assignment is consistent with assignments made in other infrared

studies.58,'76,142,155 The spectral data for the organometal complexes is given

in Table 2.8.

2.5.4.1 Coordínation of BzacBhH^

In the uncomplexed state, this ligand seemed to exist in the keto form since it

showed no v(O-H) absorptions and a strong absorption at 1663 cm-l due to

v(C=O). Strong peaks at 3355 and3228 cm-l were assigned to r(N-H). In the

complexes of this ligand, the absence of absorptions due to the N-H bond, as

well as the absence of carbonyl stretching, indicated coordination of the enol

tautomer of this Schiff base had occurred. Coordination of the ligand in the

enol form was confirmed by the appearance of a v(C-O) in all the

organometal compounds of BzacBhÉz Q327 - I30l cm-l). The v(C=N)

observed at 1625 cm-l for uncomplexed BzacBhH2 showed a downward shift

of l7 - 36 cm-l in the complexes. This indicated that coordination at the

azomethine nitrogen atom had taken place. Bands around 1600 cm-1 are

characteristic of the conjugate >C=N-N=C<, and they further supported

coordination by enolic oxygens.

2.5 .4.2 Coordination of BzacSalhH"

This ligand exists in the enol form in the uncomplexed state. When

complexed, the disappearance of the absorptions due to intramolecularly

hydrogen bonded N-H and o-H groups, V(N-H...O) and v(o-H"'N),
respectively, appearing at 3265 and 2715 cm-l, respectively, indicated that

46
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coordination of the ligand in the enol form was successful. The two or three

absorptions seen in the 1624 - 1565 cm-1 region of the complex infrared

spectra were assigned to v(C=N). These frequencies were lower than the

corresponding absorptions in the uncomplexed ligand spectrum (1630 cm-l)

indicating coordination occurred at the nitrogen of the azomethine group.

2.5.4.3 Coordination of SalAPH"

Absorptions at 2700 and 2575 cm-l in the infrared spectrum of uncomplexed

SalApH2, attributed to intramolecularly hydrogen bonded v(O-H)' were

absent in all the complexes. This is indicative of deprotonation of the

phenolic groups. Two peaks, and in one case three peaks, were observed in

the L6l2 - 1586 cm-l region of the SalApH2 complex infrared spectra. These

were assigned to v(C=N). Furthermore, they occurred at lower frequencies

than the assigned v(C=N) in the uncomplexed ligand spectrum (1632 and

1615 cm-1). However, the lower frequency absorption may be associated with

v(C=C).

2.5.4.4 Coordination of SalBhH"

The protonated uncomplexed ligand showed a strong absorptionat32T0 cm-1

due to the N-H group and a strong carbonyl stretch at 1674 cm-l. Both the

v(N-H) and v(C=O) were absent in the spectra of the complexes obtained

with this Schiff base, suggesting coordination of the deprotonated enol

tautomer. Except for PhZGe(Sa1Bh), two peaks were observed in the 1613 '
1568 cm-1 region, assigned to v(C=N). As observed with other Schiff base

ligands, these absorptions were of lower frequency than the v(C=N) in the

uncomplexed ligan d (1622 cm-l).

2.5 .4.5 Coordinatíon of Azo Dles

The absorptions due to the hydrogen bonded N-H (3406 cm-l in Ap-B-NaPHZ

only) and O-H (2697 cm-1 in both) groups in the spectra of the uncomplexed

azo dye ligands Ap-B-NapH2 and pMe-Ap-B-NapH2 were absent in the

spectra of the complexes indicating deprotonation of the phenolic groups.

Two or three absorptions were seen in the 1618 - 1564 cm-l region of the azo

dye complex spectra which were attributed to v(N=N). In addition, two

v(N=N) were observed in the uncomplexed Ap-B-NapH2 spectrum and three

in the spectrum of uncomplexed pMe-Ap-ß-NapH2.
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Table 2.8: Infrared Spectral Data for the Organometal Complexes of

Germanium(IV), Tin(IV), Lead(IV) and Antimony(V)'

L= BzpcBh:

PhzGe(BzacBh)

Me2Sn(BzacBh)

Bu2Sn(BzacBh)

Ph2Sn(BzacBh)

Ph2Pb(BzacBh)

Ph¡Sb(BzacBh)

L = BzpcSalh:

PhzGe(BzacSalh)

MezSn(BzacSalh)

Bu2Sn(BzacSalh)

PhzSn(BzacSalh)

Ph2Pb(BzacSalh)

Ph¡Sb(BzacSalh)

L'- SalAp:

Ph2Ge(SalAp)

1591 s

1592 s

1591 s

1593 s

1589 s

1608 s

1623 s

1596 s

1570 s

1600 s

1587 s

1565 s

1624 s

1598 s

1590 s

1622 s

1592 s

1572 s

1598 s

1587 s

L624 s

1605 s

1589 s

1537 s

1532 s

1529 s

1535 s

1520 s

1522

1301 m

1304 s

1303 s

l3O2 m

1327 w

1302 m

l32I m1541 s

1517 s

1612 s

1595 m

1608 s

1588 s

1529 s 1308 s

1566 s 1305 s

1528 s 1302 s

1564 s 1302 s

1513 s 1300m

1541 s 1323 s

Tentative Assignments (cm-l)

v(C=C) (C-O)v(C=N)

Complex

Me2Sn(SalAp) 1532 s 1324m
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BuzSn(SalAp)

PhzSn(SalAp)

PhzPb(SalAp)

Ph3Sb(SalAp)

L = SalBh:

PhzGe(SalBh)

Me2Sn(SalBh)

BuzSn(SalBh)

PhzSn(SalBh)

PhzPb(SalBh)

Ph¡Sb(SalBh)

L = Ap-þ-Nøp:

Ph2Ge(Ap-ß-Nap)

Me2Sn(Ap-ß-Nap)

Bu2Sn(Ap-ß-Nap)

1535 s 1320 s

1540 s 1315 s

1527 s 1329 s

1543 s 1300 s

1607 s

1589 s

1605 s

1587 s

1600 s

1586 s

1610 s

1601 s

1589 s

1613 s

1606 s

1599 s

1610 s

1600 sh

1609 s

1597 s

1597 s

1568 s

l6L2 s

1598 s

1568 s

1614 s

1595 s

1571 m

1615 s

1599 s

1568 s

1614 m

1594 s

1567 s

1550 s

1544 s

1309 s

1309 s

1611 s

1591 s

1543 s 1308 s

1545 s 1307 s

1547 s 1302 s

1549 s 1303 m

1548 sh 1327w

1548 s 1327 w

1548 s 1313 s

1546 s

1500 s

v(N=N) y(C=C) (C-O)

Ph2Sn(Ap-ß-Nap) 1320 s
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Table 2.8: continued..

50

PhzPb(Ap-ß-NaP)

Ph:Sb(Ap-ß-NaP)

L = {e-Ap-B-Nap:
PhzGe(pMe-Ap-13-NaP)

Me2Sn(pMe-Ap-ß-Nap)

Bu2Sn(pMe-Ap-ß-NaP)

Ph2Sn@Mo-AP-t3-NaP)

PhzPb(¡lMe-AP-13-NaP)

Ph3Sb(PMe-AP-B-NaP)

1549 s 1314 msh

1548 s 1317 s

1550 s 1314m

1546 s

1501 s

l32l w

1547 s

1506 s

1500 s

1546 s

1322w

1314 wsh

1566 s

1544 s

1508 s

1546 s

1324 m

1612 s

1596 s

1615 m

1594 s

1564 s

1618 s

1594 s

1613 m

1603 m

1595 s

1616 m

1597 s

1607 m

1594 m

1612 s

1599 s

1611 s

1592 s

1305 s

s = strongi m = mediuÍll w = weak; msh = medium shoulder; wsh = weak shoulder
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2.6 Electronic SPectra

2.6.1 Introduction

Interpretation of the electronic spectra can reveal information on the

interaction between the electronic levels of the ligand and metal' The ligands

used in this study contain æ systems and atoms with lone pairs of electrons.

The ligand rc systems consist of delocalised rc molecular orbitals associated

with the whole of the conjugated chelate system and a secondary rc system

due to the aromatic ring components of the ligands. V/ith the Schiff base and

azo dye ligands employed in this study the possibility, therefore, of n+fi*
and r¡+rc* transitions exists. The former is an electronic transition from a

non-bonding orbital (lone pair) to an antibonding fr orbital, and is of lower

energy than the latter transition in which electron transfer occurs from a

bonding æ orbital to an antibondiîgn orbital. Furthermore, the intensity of

the n->nx transitions is usually low beause they are symmetry forbidden and,

thus, they are often ns¡ 5ssn.147b

The possibility of intraligand transitions as well as charge transfer from the

ligand to the metal exists in the Schiff base and azo dye complexes prepared

in this study.92 Since the metals in the complexes prepared exist in a high

oxidation state and because of the æ-donating nature of the Schiff base and

azo dyeligands, the likelihood of charge transfer taking place from the ligand

orbitals to the metal orbitals exists. This transition, known as ligand-to-metal

charge transfer (LMCT), is quite common.6m,156a As the metal d orbitals

below the valence shells are full, charge transfer is likely to take place from

the lower energy, filled bonding molecular orbitals (having mostly ligand

character) to a higher energy, empty antibonding molecular orbital (having

mostly metal s and p orbital character).

Kutal recently published a review on the spectroscopic and photochemical

properties of d10 metal complexes.ls7 In this review, he used the energy level

diagram shown in Figure 2.3 to illustrate some of the electronic transitions

possible in an octahedral compound. An intraligand transition is represented

ty ut and a ligand-to-metal charge transfer transition is represented by lz2.
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Figure 2.3t f ne molecular orbital diagram resulting from the mixing of the valence

orbitals of a transition metal with orbitals of the same symmetry of six ligands at the

vertices of an octahedron (Reference 157).

2.6.2 Ligands

The electronic spectra of all the protonated ligands were recorded in

dichloromethane, except S alHbaHZ which was recorded in

dimethylsulphoxide due to insufficient solubility in dichloromethane. Results

for these are summarised with their complexes in Tables 2.9 and 2.10. In each

case, the spectra of the protonated Schiff base ligands contained two or three

absorption bands in the 248 - 354 nm region. These were attributed to n+ß*
transitions and were labelted as superscripts T(1), T(2) and T(3) in order of

increasing wavelength. The protonated azo dye ligands showed two or three

absorption bands in the 325 - 416 nm region and were labelled as superscripts

T(1), T(2) and T(3) in order of increasing wavelength. Lone pair of electrons

on the nitrogen atoms can give rise to n+rc* transitions. As mentioned

earlier, these are generally weak because they are symmetry forbidden

transitions.l4Tb However, it is possible, in conjugated systems, for the

V1
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intensity of these transitions to be enhanced through vibrational borrowing

from allowed rl+fi* transitions.l5S The absorption appearing at the longest

wavelength (at the extreme blue end of the visible region) in each azo dye

spectrum was assigned to this kind of transition (superscript T(3)).

2.6.3 Complexes

2.6.3.1 Bís(Dinegatíve Tridentate) Complexes

For the bis(dinegative tridentate) complexes, electronic spectra were only

recorded for the four successful GeLz and SnL2 preparations. Three of these

were azo dye complexes and one was a Schiff base complex. The spectra of

all the azo dye complexes of this type were recorded in dichloromethane.

Owing ro the insolubility of the Schiff base SalHbaHZ in this solvent, the

spectrum of this ligand and its tin complex, Sn(S alHba)2, were studied in

dimethylsulphoxide. The lead(Il) complexes were not sufficiently soluble to

be studied in solution.

The complex spectra aÍe shown in Figures 2.4 and2.5,in some cases with the

appropriate ligand spectrum. Two or three absorption bands were observed in

the spectra of the MLZ complexes, where M = Ge and Sn, and assignments

for these are listed in Table 2.9. The fi)tÍ* transitions labelled superscripts

T(1) and T(2) in the protonated ligand spectra appeared at longer wavelengths

upon complexation in agreement with coordination having taken place.159 ¡
Table 2.9 these are labelled ILT(1) and ILT(Z), respectively. An intense

absorption appeared in the visible region of each complex spectrum and was

assigned to LMCT (labelled CT(z) in Table 2.9). This appeared at362 nm in

the spectrum of the Schiff base complex Sn(SalHba)2,, and in the 556 -

576 nm region in the azo dye complex spectra. Molar absorptivities for these

absorptions were 5.4 x 103 dm3 mol-1 cm-1 for Sn(SalHba)2, and between

2.7 x 104 and 5.21x 104 dm3 mol-1 cm-l for the azo dye complexes.

In Table 2.9 the electronic spectral data for the azo dye ML2 complexes of

germanium and tin are compared with the analogous vanadium complexes

studied by Salam.92 Charge transfer bands in the germanium and tin

complexes occurred at shorter wavelengths in comparison to those of the

analogous vanadium complexes. This suggests that the vacant orbitals of

ge¡¡anium and tin are higher in energy than those of vanadium, as expected,
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since vanadium contains empty 3d orbitals whereas gernanium and tin

contain the configuration 3d10 and 4d\0, respectively'

The electronic spectra of the GeLZ and the SnL2 complexes of Ap-B-NapH2

and p -merhyl- o -hy drox yben zene azo -B -naphthol þMe - 6p -B -N apH z)97 w ete

very similar indicating that the same interactions were occurring between the

two ligands and the two metals. On comparing the GeLZ and SnLZ complexes

of Ap-B-N ap1zand pMe-Ap-B-NapHz, it can be seen that the absorptions in

the GeLZ spectra occur at higher wavelengths than those in the SnL2 spectra

suggesting that the energy of the germanium orbitals are lower than those of

tin.

For the SnLZ complexes, where L = the 6,6-chelate SalHba and the

5,6-chelate SalAp, the 7¡+fi* intraligand transitions appeared at shorter

wavelengths in the Sn(SalHba)z complex.
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Table 2.92 Electronic Spectral Dara for MLz Complexes in Dichloromethane or Dimethylsulphoxide
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2.6.3.2 Organometal Comqlexes

All organometal complexes were examined by electronic spectroscopy in

dichloromethane and assignments of the observed transitions were made by

comparison with the spectra of the appropriate ligand. Overlays of spectra for

each ligand complexed to germanium, tin, lead and antimony are shown in

Figures 2.6 - 2.I1. Results for these complexes are summarised in Table 2.10.

Ttr. ,p..tra of the organometal complexes were little affected by the nature of

the organo substituent (Me, r¿-Bu or Ph). Due to the solvent used, there was

little information available from the spectra below 250 nm.

The æ+fi* transitions labelled superscripts T(1), T(2) and T(3) in the

protonated Schiff base ligand spectra and superscripts T(1) and T(2) in the

protonate d azo dye ligand spectra, generally appeared at lower energies

(i.e. longer wavelengths) upon complexation. The corresponding transitions

in the spectra of the complexes are labelled ILT(I), ILT(2) and ILT(3)' Sutton

makes the generalisation that ligand absorption bands become shifted to a

longer wavelength on complexation.l5g F'or some complexes, the longer

wavelength ILT overlapped with the charge transfer band of the complex

(CT(l)) and resulted in this transition appearing as a shoulder' This is

illustrated well in the spectra of the complexes of SalApHZ Gigure 2'8)' In

the complex spectra, ILT(I) and ILT(2) were assigned to bands detected in

the 246 - 400 nm region, approximately, and were attributed to æ+lt*

transitions in the chelate ring and the aromatic rings in the ligands' The

phenyl groups of the organometal moiety, able to give rise to additional

n-)ß* transitions, appear to make little difference to the organometal

complex spectra. For example, the spectrum of PhZSn(SalAp) was very

similar to that of MezSn(SalAP).

The most dominant feature of the organometal complex spectra were the

strong absorptions due to LMCT. These appeared at the longer wavelength

end of the spectra. Two bands, labelled CT(1) and cT(2), were usually seen.

Furthermore, CT(2) commonly appeared as a shoulder in many of the

complex spectra. These transitions are consistent with the proposed

coordination of the ligands to the post-transition metals germanium, tin, lead

and antimony.

As discussed in Section 2.6.2, in the electronic spectra of the azo dye ligands

there are present intense n+fi* ffansitions as a result of vibrational borrowing

from ß+rÍ* transitions (labelled superscript T(3)). For the organometal
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complexes, the absorptions labelled CT(l) in the azo dye complexes are

either purely ILT(3) or a result of these intraligand transitions which have

overlapped with new charge transfer. These bands appeared at around the

same wavelength or at a slightly longer wavelength than the T(3) band in the

spectra of the protonateded azo dyes. The T(3) band in the protonated azo dye

spectra were ususally somewhat less intense in the respective complex spectra

(CT(l) < T(3)) because the possibility of vibrational borrowing from the

n+Tc* transitions may be reduced in these complexes.

With each of the Schiff base ligands used, there seems to be a general trend

between the energy of the CT transitions and the central metal. The energy of

these transitions decreases in the order: Ph¡SbL > Ph2SnL > PhZPbL >

PhzGeL. No particular trend was observed with the azo dye complexes. In the

case of the group(IV) metal complexes of Schiff base ligands, the reason that

the charge transfer bands in the diphenyllead complexes usually occurred at

lower energy than the coresponding bands in the diphenyltin complexes was

attributed to the greater optical electronegativity (X) of lead(IV) (X = 1'9)

relative to tin(IV) (X = 1'5).1s7

In comparing our results with that of other workers, allowances have to be

made for the different solvents used. An abundance of organometal complex

systems were found in the literature. The main conclusions in those studies

are summarised below.

Nath et al. prepared and studied some S-benzyldithiocarbazate Schiff bases

complexes of dimethyl- and diphenyltin(IV).87 Abso¡ptions in the 2I8 -

Z2Z nm, 240 - 300 nm and 323 - 350 nm regions of the protonated ligand

spectra were assigned to ru+æ* transitions due to the phenyl ring, the >C=N

chromophore and the secondary band of the benzene ring, respectively. Upon

complexation, these absorptions were observed in the 222 - 230 nn,300 -

320 nrnand 350 - 355 nm regions of the electronic spectra. Hence, the fi+'tÍ*
transitions in the protonated ligand spectra appeared at longer wavelengths in

the spectra of the complexes. Similar observations have been made with

dichloro diphenyltin(IV) complexes of neutral bidentate Schiff bases

containing NS donor systems,S6 trimethyl- and triphenyltin(IV) complexes of

mononegative tridentate Schiff bases containing ONS donor systems,S6

dibutyltin(IV) complexes of Schiff bases derived from amino acids,10

organotin(IV) complexes of tridentate dithio carbazate Schiff bases containing

ONS donor atoms,85,149 dimethyl- and dibutyltin(IV) derivatives of
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ketamines,160 organolead(Iv) complexes of the type R2PbL, where R = Me

or Ph and L = the dianion of planar tridentate ligands with ONO or ONS

donor systems,lO5 and di- and triphenyltin(IV) complexes of semi- and

thiosemicarbazones.TS,Sl Some Schiff bases containing ONN donor systems

have shown intense absorption maxima at 335 and 380 nm which have been

attributed to æ+ru* and n->n* transitions, respectively, of the >C=N

chromophore.ll0 On complexation to diphenyllead(IV), to give the complex

PhZPb(ONN), the former transition appeared at 365 nm due to polarisation of

the >C=N bond resulting from æ-electron interaction between the lead and the

ligand.

Charge transfer bands and secondary absorptions for the benzene ring in di-

and triphenyltin(IV) complexes of semi- and thiosemicarbazones have been

assigned to bands in the 344 - 397 nm region.78,81 Organotin(IV) and

organolead(IV) complexes of Schiff bases derived from S-benzyldithio-

carbazate prepared by Degaonkar et al. exhibited a new band at 450 nm

which was attributed to ligand-to-metal charge transfer.82 Another new band

at 426 nm was also observed in their continuing studies on other RZML

complexes, where R = Cl, Me, Et, n-OBu, i-OPr or Ph, M = Pb, Ti or Sn and

L = new dibasic tridentate ONS donor Schiff base dithiocarbazate ligands.108

This was also attributed to LMCT.

A number of workers have observed sharp absorptions in the 240 - 273 nm

region of the electronic spectra of organotin(Iv) complexes of various ligand

types.10,86,87,160,149 These have been assigned to charge transfer due to the

formation of o bonds and dn-p¡ ( or p-->d) bonds as a result of the interaction

between the p orbitals of the O and S ligand donor atoms and the vacant 5d

orbitals of tin. Although this bonding model for organometal complexes has

been employed by the workers mentioned above we believe that the

molecular orbital diagram represented in Figure 2.3 is more suitable in

representing the possible electronic transitions in these types of complexes.
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2.7 Nuclear Magnetic Resonance spectra

2.7.L Introduction

The IH-NMR spectra of several organogermanium(IV), organotin(Iv)'

anolead(IV) and organoantimonY (V) complexes of Schiff base and azo
org
dye ligands were recorded in CDCI¡ using TMS as the internal standard' In

addition, ttre IH-NMR spectra of the MLz complexes of germanium and tin

were recorded in CDCI¡ÆMS' Due to insufficient solubility of SalHbaHz in

chloroform the IH-NMR spectrum of this ligand and its tin complex were

recorèded in (CD:)zSOÆMS. Comparisons were made with the ltt-NMR

spectra of the protonated ligands in the same solvent/reference system'

Although the schiff base salBhHz was also insufficiently soluble in cDcl¡,

for comparison purposes complexes of this ligand were studied in CDCI¡'

Particular interest was paid to the signals due to the hyroxyl protons and the

signals due to the -CH=N- or >C=CH- protons, as the disappearance of the

former and the shift in the latter of these signals upon complexation of the

schiff base or azo dye ligands would provide an indication as to whether

coordination of the iigands had taken place. The IH-NMR spectra of the

schiff bases can be complicated due to keto-enol tautomerism' often

resonances due to protons of hydroxyl groups are so broad that they are not

observed. Results are summarised in Table 2.11. Literature data for some

identical and some related SalAp and salBh organometal complexes prepared

and studied by other workers are also given in Table 2jL (in bold and

italic;.9,t23,161

2.7.2 Results

Signals for the hydroxyl protons in the Schiff base SalHbaH2 were observed

at õ13.69 an¿ õ9.65 ppm. The intensity of these signals was lower than in the

ligand and their poritìotr shifted downfield slightly (ô13'71 and õ9'70 ppm,

respectively) upon complexation to tin. However, absence of these signals is

expected as an indication of deprotonation and coordination of the Schiff

base. This could be attributed to the tridentate ligand coordinating through the

protonated form. The remaining chemical shift signals characteristic for

Ar_H, _CH.=N_ and =N-CHZ- wãre all observed at the same positions after

complexation of SalHbaHz.



chapter 2 schiff Base and Azo Dye complexes 70

Signals for the hydroxyl protons in the azo dye Ap-p-NapH2 were observed at

Af +.SE and õ12.45 ppm and those in the azo dye pMe-Ap-ß-NapHZ were

observed at õ14.59 and õt2.26 ppm. The absence of these resonances in the

spectra of their complexes (Rntvtt- and MLZ) is indicative of deprotonation

andcomplexationofthephenolicoxygenatomstothemetal.

Ligands BzacBhH 2 and BzacSalhH2 would both exhibit a signal due to

hydroxyl protons if they exist in the enol tautomer. Indeed the IH-NMR

spectra of these ligands showed them to favour the enol tautomer in

deuterated chlorofoffn as no signal due to an -NH- proton was observed in the

spectrum of either. However, only BzacSalhHZ showed a signal due to a

hydroxyl proton, at ô11.26 ppm. Three hydroxyl protons are present in the

enol tautomer of this ligand, each in a different enviroment. Integration of this

spectrum showed that the singlet in the ô(OH) region was due to one proton

only. This hydroxyl proton resonance was assigned to the phenolic hydroxyl

function (the other two are enolic hydroxyls) which did not take part in

coordination since it appeared in the spectra of its complexes (except that of

phzpb(BzacSalh)). A downward shifi for this signal (õ12'35 - 11'51 ppm)

upon complexation lends support to the coordination of BzacsalhH2 through

the diketone and hydrazide functions of the ligand.

The methyne proron (-cH=c<) signals of the schiff bases BzacBhHz and

BzacSalhH2 were observed at ô5'44 and õ5'29 ppm, respectively' The

presence of these signals is further evidence that these ligands favoured the

enol tautomer. In the conesponding complexes, these signals appeared in the

ranges õ5.88 - 5.56 ppm and õ5'94 - 5'59 ppm, respectively, showing that the

enolic form was also adopted when the ligand complexed' The shift observed

for these signals was greatest in the germanium complexes and least in the

lead complexes. Similar results have been reported by other workers' For

example,signalsdueto-CH.=C<protonsinSchiffbaseandB.diketonate
complexes of tin, lead and antimony have been observed in the õ6'56 -

5.40 ppm,58,161 g5.67 - 5.05 ppmios and ô6.40 - 5.01 ppml16,119,124

regions, resPectivelY.

A singlet was observed for the methyl protons CH3C=N - inBzacBhHZ and

BzacSalh:Hz atpositions õ2'08 ppm and ô2'15 ppm, respectively' These

singlets were shifted downfield (õ2.58 - 2.21 ppm) upon complexation

suggesting coordination through the azomethine nitrogen atom' Similar

observations have been made innumerous other studies on tin,85'153'161-163
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1.¿¿105 and antim onyr24,r25 complexes of schiff base ligands of the donor

type ON, ONO, NS, ONS and tetraaza (N¿) macrocycles'

The free Schiff base SalApH2 contains no diketone or hydrazide moieties'

The oxygen donor atoms in this ligand are phenolic oxygens' The azomethine

proton (-CH=N-) resonance appeared at õ8'69 ppm. In the IH-NMR spectra

ãr tn. nzM(SaiAp) complexes, where R = Me, n-Bu or Ph and M =
germanium, tin or lead, and the Ph¡Sb(SalAp) complex this azomethine

proton resonance was observed in the õ3'69 - 8'16 ppm region' This

resonance in rhe PhzGe(SalAp) and RzSn(SalAp) (R = Me, n-Bu or Ph)

complexes appeared at the higher chemical shift end of this range. A greater

shiff upfield in the azomethine proton signal was observed in the lead and

antimony complexes. The general shift upfield for this signal is indicative of

coordination by the azomethine nitrogen ¿1srn.126,140 1n the dimethyl- and

diphenyltin complexes of salApHz the chemical shift of the azomethine

proton resonance agrees well with lite

Owing to the insufficient solubility of

this ligand was not recorded. Organom

the azomethine proton resonance in the õ8'83 - 8'08 ppm region.

The organo groups, especially the aliphatic ones' further supported the RnML

formulation (n = 2 or 3). Resonances due to the Sn-CH3 protons were

observed as a sharp singlet in the õ0.g5 - 0.78 ppm region consistent with

data reported in the litera¡u¡e.9,59,87,164-166 g¡ the sides of this singlet

double satellite resonances appeared which were approximately 6 - 87o the

intensity of the central resonance. This is due to coupling of the methyl

protons with the 117$n and 119Sn isotopes'82'r08'164

Resonances due to methyl (CH¡-) and methylene (-CHZ-) protons of the

n-butyl groups attached to tin were assigned to resonances in the ô0'92 -

0.84 ppm and õ1 .82 - 1.25 ppm regions, respectively, consistent with that

found in di-r¿-butyltin andtri-n-butyltin complexes of carboxylate ligands.167

As in these reports, the methylene resonances of the n-butyl groups could not

be individually located. Muralidhafa et a/. could not resolve them at even at

2OO MHz.167 Çþ¿¡ dler et al., on the other hand, have assigned resonances at

õ(0'79 ppm; t), ô(1'30 ppm; m), õ(1'43 ppm; m) and ô(3'75 ppm; t)'

õ(3.49 pp-t t) to cH¡ , y-c82,þ-cÚZand o-cHz protons respectively, where

t = triplet and m = multiPls¡.168
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In the IH-NMR spectra of the diphenyl metal complexes, the multiplet

observed in the aromatic region was quite complicated, hence it was difficult

to differentiate between the resonances due to the aromatic protons of the

Schiff base or azo dye ligands and those due to the protons of the phenyl

organo groups directly attached to the metal atoms' Some workers have

attempted to distinguish between the two enviroments'8l For example' Nath

et al.assigned the resonances in the ranges õ7'67 - 6'90 ppm and ô7'98 - 7'20

ppm to the aromatic protons in the ligands and the protons on the phenyl

!ro.rp, directly attached to tin, respectively, in di- and triphenyltin(IV)

.o*pl.*., of semi- and thiosemicarbazones.Sl 1U-Ntt¡R studies on

.o*p].^"s in which the only aromatic protons present are those due to phenyl

groups directly attached to antimony report a range of ô8'40 - 7'10 ppm'169



Table 2.11: IH-NMR Spectral Data for the ML2 and the Organometal Complexes.

LH2 = 3¿¿"5t1¡¡¡,

Ph2GeL

Me2SnL

n-Bu2SnL

Ph2SnL

Ph2PbL

Ph¡SbL

LH2=37 
"9¡11,

PhzGeL

Me2SnL

z-Bu2SnL

Ph2SnL

Ph2PbL

Ph35bL

LH2 = S¿¡n¡1,
PhzGeL

Me2SnL

Mc23nLa

a-Bu2SnL

PhzSnL

PhzSnLa

Ph2PbL

Ph2PbLb

MczPbLb

Ph3SbL

M¿sSbLc

11.26 (s; lH)
11.51 (s; 1H)

12.22 (s;lH)
12.35 (s; lH)
12.07 (s; 1H)

7.95 -7.26 (m; 10Ð
8.18 - 7.03 (m; 20Ð
8.07 -7.37 (m; 10tf
8.21-7.37 (m; 8H)

8-25 -'1.38 (q 20H)

8-25 -7.36 (m;20Ð
8.14 - 7.18 (m; 25Ð

8.44 - 6.89 (m; l0Ð
8.10 - 6.96 (m; 19Ð
7.89 - 6.86 (m; 10Ð

8.10 - 6.90 (m; 9H)

8-22-6.98 (m;19Ð

8.r9 - 6-97 (m; 19Ð
8.29 - 6.94 (m; 24Ð

5'44 (s; lH)
5.88 (s; lH)
5.63 (s; lH) .

5-62 (s; lH)
5.80 (s; lH)
5.56 (s; lH)
5.57 (s; lH)

5.29 (s; lH)
5.94 (s; 1H)

5.67 (s; lH)
5.66 (s; 1H)

5.84 (s; lH)
5.59 (s; lH)
5.61 (s; lH)

lH)
lH)
1H)

1H)

1H)

1H)

lÐ

2.08 (s;3Ð
2.58 (s;2Ð
2.55 (s; 3Ð
2.54 (s???)

2.55 (s;3Ð
2.49 (s; 3H)

2.30 (s;3Ð

2.15 (s; 3H)

2'50 (s; 3H)

2.46 (s; 3H)

2'45 (s; 3H)

2.a6 G;31Ð
2.31(s;3H)

2.21(s;3H)

0.78 (s; 5H)

1.78 - 1.25 (m; 12Ð,0.92 (q ótÐ

0.83 (s;6H)

l-82 - 1.25 (m; 13Ð, 0.88 (q 7Ð

0.78 (s; 6H)

0.7 5

1.68 - 1.26 (m; l2H), 0.84 (q 6Ð
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ñ
(\

N)

q

s
w
V)(\

Þ
No

v(\
o
\à
È
$(\
4

12'00 (s; lH)

-- 7.45 - 6.97 (m; 18H) 8.69 (s;

-- 8.03 - 6.73 (m; 18Ð 8.69 (s;

-- 7.43 - 6.69 (m; 8H) 8.68 (s;

- 7.60 - 6.50 8.60
-- 7'41 - 6-66 (m; 8H) 8.66 (s;

-- 8.05 - 6.71 (m; 18Ð 8.69 (s;

-- 8'20 - 6-40 8-60
-- 7.92 - 6.57 (m; 181Ð 8.42 (s;

-- 8.0 - 6.2 8.25
-- 7.3 - 6.3 8.20

- 7.6t - 6.71(m; 23Ð 8'16 (s;

Remaining dara not given for this complex in the literature

2.05

1.15

LH2 = 5¿13¡¡¡,

Ph2GeL

Not recorded due to insufficient solubility

E.20 - 6.81 (m; 19Ð 8.83 (s; lH)

\¡(,

Chemical Shift in ppm

Ar-H >C=CH-/
-CH=N-

(Integration)

-C-CHg Sn-R @ = Me or n-Bu)-N-rv-o-H

Ligand/
Complex



4.'71 28.630.513.'t1 9.'700.

4.71 (s; 2lI)8.63 (s; 1H)'l .47 - 6.7 4 (m; 8FI)

'7.47 - 6.'74

13.69 (s; lH), 9'ó5 (s; 1H)

Ar-H BSn-R=f''J-o-H

MezSnL

Me2SnLd

a-Bu2SnL

Ph2SnL

Ph2PbL

Ph3SbL

LH2 = Ap4-¡.n¡tt
Ph2GeL

Me2SnL

n-Bu2SnL

Ph25nL

Ph2PbL

Ph3SbL

GeL2

Snl-z

Lll2= pMe-¡o-B-NapH2

8.08 - 6.72 (m; 10Ð
8.07 - 6.75

8.09 - 6.70 (m; 8H)

8-26-6.'16 (m;19Ð

8.24 - 6.63 (m; 19tl)

8.15 - 6.77 (m; 24H)

8.25 - 7.08 (m; 10H)

8.'2ß - 7.06 (n)
8.60 - 6.80 (m; 10H)

8'60 - 6.75 (m; 10H)

8.60 - 6.81 (m)

8.56 - 6.67 (m)

8.63 - 6'79 (m)

8'80 - ó.73 (m)

8.81 - 6.91 (m)

8.26 - 6'99 (m;9H)

8.56 - 6.99 (m; l9H)

8.61 - 6.75 (m; IOFI)

8.62 - 6.76 (m; 9tl)
8.61 - 6.68 (m; 19tl)

8.57 - 6.90 (m; l9H)

8'64 - ó'98 (m; 24tt)

8 05 - 6.66 (m)

8.76 (s; lH)
E.76

8.75 (s; lH)
8.76 (s; lH)
8.47 (s; 1H)

8.08 (s; 1H)

0.84 (s; 6H)

0.8 4

1.69 - 1.25 (m; 12Ð,0.86 (q 6H)

0'85 (s; 6H)

1"10 - 1.25 (m; 12H),0.85 (t; 6H)

0.83 (s; 6FI)

1'6'7 - 1.29 (m; l2H), 0'84 (s; 6H)

o
s\
(\ì
N)

q
o

s
ùÀ
C4(\

È-
Þ
N
o
Þ
(\
o
o

È
(\
Þ<(\
V)

14.53 (s;1H), 12 45 (s; 1H)

14 59 (s; I H), 12 2ó (s; 1 H) 2.40 (s; 3FI)

2.36 (s: 3ll)
2.37 (s; 3Fl)

2'36 (s; 3H)

2.35 (s; 3H)

2.34 (s; 3U)

2.29 (s;3ll)

Ph2GeL

Me2SnL

n-Bu2SnL

Ph2SnL

Ph2PbL

Ph3SbL

LI'12 = 4O-Oct-PhenollI2

GeL2

LH2 = 5¡¡16"¡1t

-lÞs = singlet, t = triplet a¡d m = multipler
¿ Refe¡ence 1 6l; å Reference 105; c Refercnce I 23; d Refercnce 9.
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2.8 Crystal Structures of Some Organometal
Complexes

Crystal structures were determined for a series of representative complexes,

namely PhzGeL, PhzSnL, PhzPbL and Ph¡SbL, where L = SalAp' In these

structures, a distorted trigonal bipyramid geometry was found for the

germanium and tin complexes, and a distorted octahedral geometry was

found for the lead and antimony complexes. During the course of this

investigation we became aware that the crystal structures of
phzSn(5alAp),170 the analogous dimethyltin complex MezSn(SalAp)171 and

the trimethylantimony complex Me¡Sb(SalAp)123 ¡a6 been determined. The

two crystal structures of PhZSn(SalAp) are not isomorphous, however' aparÍ

from some small differences, the preexisiting structure of PhzSn(SalAp)l70

was essentially the same as that determined by us. Evidence for disorder in

the phZGeL, PhZSnL and Ph¡SbL structures was found in that there were two

sites for the C=N atoms (each site was assigned 50Vo occupancy). In the

diagrams the disorder is illustrated but in the relevant Tables only one set of

contacts is listed; in the Appendix all bond distances and angles are listed.

2.8.L Introduction

In discussing the coordination geometry of organotin complexes it is

convenient to consider the tin atom together with its organo substituents as a

coordination centre to which anionic or neutral donors can be attached. In this

way coordination numbers greater than the group valency of four are easily

achieved.LTZ yrlsny coordination geometries may be acquired by organotin

complexes, either as neutral or ionic species, in which the tin atom possesses

a coordination number of four, five, six, seven and, in Some cases' eight have

been found. Triorganotin derivatives which are pentacoordinate are well

known, but less well known are examples of hexacoordinate tin. On the other

hand, both penta- and hexacoordinate diorganotin complexes are known.l7z

The former include diorganotin halide oxinates and diorganotin halide

carboxylates, and the latter include diorganotin bis(chelates) (e.g. carboxylate

and acetylacetonate chelates). In most of the hexacoordinate diorganotin

complexes, the two alkyl organo groups are positioned approximately trans to

each s¡þs¡.172 Relatively little work has been carried out on monoorganotin

derivatives, however examples of hexacoordinate (e'g'

[(acac)XRSn(OCH l))2, where X = halide and R = Me, Et or ,-3rr173) and
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heptacoordinate (e.g. phenyltin tris(tropolonate)174¡ monoorganotin

derivatives are known.

The first pentacoordinate tin structure published \n L962 was that of the

pyridine complex of trimethyltin(IV) chloride, Me¡Sn(Cl)py.175 fþs methyl

groups were found to occupy the equatorial positions of a trigonal bipyramid

and the chlorine and nitrogen atoms occupied the axial positions. This

arrangement of atoms in the first coordination sphere of tin has been found to

be a common feature of pentacoordinated triorganotin complexes. A trigonal

bipyramidal geometry agrees well with the valence shell electron pair

repulsion theory according to which a trigonal bipyramidal geometry is

favoured for five valence electron pairs, with the bonding pairs from the more

electronegative ligands taking up the axial positions.lT2 Thus, in triorganotin

complexes, the carbon atoms through which the organo groups are attached

would be coplanar with the central metal atom, and the more electronegative

donors would occupy the axial positions. This is an example of Bent's

¡ufs.98b,1t7 ,16I and is illustrated in Figure 2.12.

A-M

X

A

\ A

Figure 2.122 Trigonal bipyramidal coordination around the metal M, where donor atom

X is more electronegative than donor atom A'

A trigonal bipyramidal arrangement which produces a non-linear C-Sn-C

moiety (C = carbon donor atoms from the organo groups) is also found in the

diorganotin complexes. Examples of di- and triorganotin complexes

exhibiting this alrangement include Ph2SnL, where L = ONO or ONS donor

ligands, 1 7 0,17 6 [ [Me2Sn(OzCC¿H¡S )] zC ¡ 160 f(cl cl o -C 6Hn )zNHzl [Bu¡ -

Sn(OzCCOH¿-2-SO3),117 RzSn(Cl)L, where R = Me or Ph and L = O, S or

OS donor ligands,178-131 R3SnL, where R = Ph and L - RCO2,182

X
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B-diketon¿1s183 or the anion of N-benzoyl-N-phenylhydroxylamins,l34 ¿nd

ÎBu¿Nl[MezSnCl(Dmit)],185 y¿þs¡e t mit = dianion of 4,5-dimercapto-1,3-

dithiole-2-thione.

Intermolecular bonding in organotin complexes, by ligands acting as bridging

groups, has resulted in the formation of dimeric structures'66'171 For

ã*ufnpl., t*o individual MezSn(SalAp) molecules which each form a

distorted trigonal bipyramid, form a weakly associated dimer containing

hexacoordinate tin atoms as depicted in Figure 2.13.171

C

N

oSn+

Figure 2.L3: Representation of the dimerisation of two molecules of Me2Sn(SalAp) via

an oxygen atom of each tridentate oNo rlonor ligand, gíving hexacoordinate tin' c = the

carbon atonx of a methYl grouq.

Bent's rule has also been observed in the pentacoordinate triorganoantimony

complexes, R¡SbXz, where R = Me or Ph and X = F' Cl' Br' NCS or

R'COZ. 122,186,187 In addition, hexacoordinate di- and triorganoantimony

complexes which display octahedral geometries have been found.116'122'123

ExaÀples include p^trzSu(u.ztc)Clz and Me¡SbL, where L = a dinegative

tridentate ligand.116,118,l23 In the diorganoantimony complex just

mentioned, the organo groups were trans to each other and this agreed with

the conclusions reached from NMR experiments. Similar conclusions on the

position of the organo groups, based on NMR and Mössbauer studies' have

o

o

C

o

/
C

\

N

C
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been made for other diorganoantimony complexes, such as RZSbX2L, where

R = Me or ph, X = Cl or Br and L = àcàet dpm (tert-BuCOCHCO-tert-Bu) or

pac(tert-BuCoCHCoMe),116-1118,122andMezSbL(Cl),whereL=the
dinegativetridentateligandsalAp.lssAfeatureofallthetriorganoantimony
.o-fl"^.s is a T-shaped C¡Sb moiety (C = carbon donor atoms of the organo

groups). From NMR and Mössbauer measurements, this structure was

reasonably assumed for other complexes such as Ph¡Sb(acac)Cll16 and

ph3Sbl, where L = a dinegative tridentate Schiff 6ass.l22 Dimerisation has

also been proposed in organoantimony complexes. For example, octahedral

coordination around antimony in RZSb(OMe)3, where R = alkyl, due to

dimerisation has been suggested. 122

Trigonal bipyramidal and octahedral geometries have been proposed by Dixit

et al. for the diorganolead(IV) complexes RZPb(L)CI and RzPbLZ'

respectively, where L = a bidentate thiosemicarbazone.l0g These conclusions

were reached from spectroscopic and X-ray powder diffraction studies. It was

suggested that the two phenyl groups occupied the axial positions in the

trigonal bipyramid geometry and trans positions in the octahedral geometry'

Cefalú et al. used structural aspects to discuss the bonding between tin and

rigid planar configurations such as Schiff bases.161 X-ray structures of

pentacoordinate organotin complexes of ONO and ONS donor Schiff bases'

R2SnL, where R = Me,Bu or Ph and L = the ONO or ONS donor Schiff base'

reveal that the carbon atoms of the organo groups and the nitrogen atom of

the Schiff base azomethine group are positioned in a trigonal plane. Thus, tin

can be considered to be nearly spz hybridised to a carbon in each of the

organo groups and to a nitrogen atom in the Schiff base'161 g-5n-O or

O-Sn-S bonds are formed between the remaining tin(IV) p orbital and the O

and/or S atoms orbitals of the appropriate symmetry' Quasi (trigonal)

bipyramidal structures are the result. This model is consistent with a review

by Muetterties and Schunn in 1966 who stated "there appear to be no

pentacoordinated species, whose structure is known with reasonable certainty,

in which the more electronegative ligands do not occupy the axial 5i¡s5."161
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2.8.2 Crystal structure of PhzGe(SalAp)

A single crystal of PhZGe(SalAp) suitable for crystal structure was obtained

from a benzene solution of the compound. The molecular structure is shown

in Figure 2.14 and selected bond lengths and bond angles, based on the

atomic numbering used in this Figure, are listed in Tables 2.12 and 2.13,

respectively. All of the crystallographic data for the crystal structure

determination of PhZGe(SalAp) are given in Tables 4.1 and 4.2 in the

Appendix.

The structure is molecular, there being no significant intermolecular contacts

in the lattice. Trigonal bipyramidal coordination about the germanium atom

was observed in this complex. The first coordination sphere of the germanium

atom was made up of two phenyl carbon atoms and a SalAp nitrogen donor

atom in the equatorial positions, and two SalAp oxygen donor atoms in the

axial positions of the trigonal bipyramid. The C(l2l)-Ge-C(111)'
c(121)-Ge-N(1) and c(l11)-Ge-N(1) bond angles were almost at the ideal

trigonal angle of 120". The Schiff base azomethine nitrogen atom, N(1), was

not quite coplanar with the Ge, C(l11) and C(121) atoms. It deviated from

the equatorial plane towards the Schiff base five-membered ring. Distonion

of the O(l)-Ge-O(2) bond from linearity is consistent with the bites of the

chelate rings which precludes a O(1)-Ge-O(2) bond angle of 180". The

C(7)-N(1) distance (1.31(4) Å) clearly indicated double bond character in this

bond. Furthermore, the Ge-O(l) and Ge-O(2) bond distances were virtually

identical and the Ge-N(1) distance was slightly longer than these consistent

with the formation of a Ge+N dative bond.
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CT12

c111

C1 o1

C6

N1

C7
02

C8 C9 clzr

c10
C1

cl22
C1 c11

80

C3

CZc4

c5

Figure 2.14: The molecular structure of Ph2Ge(SalAp)
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Table Z.IZ; Bond Distances (Å) in the Primary Coordination Sphere of

Germanium in PhzGe(SalAP).

81

'a

O(1) --- Ge

o(2) --- Ge

N(1) --- Ge

C(111) --- Ge

C(121) --- Ge

o(2) -Ge-o(1)
N(1) -Ge-o(1)
N(1) -Ge-o(2)
C(111)-Ge-o(1)
C(111) - Ge - O(2)

C(111)-Ge-N(1)
C(121)-Ge-o(1)
C(121)-Ge-o(2)
C(121)-Ge-N(1)
C(121)-Ge-C(111)

r.92r(4)

1.918(4)

2.O4(2)

r.94s(4)

1.946(s)

Table 2.L3: Bond Angles (Degrees) in the Primary coordination sphere of

Germanium in PhzGe(SalAP).

167.6(2)

72.6(7)

es.0(7)

e3.s(2)

er.1(2)

116.9(4)

e2.3(2)

94.6(2)

120.6(3)

r21.2(2)
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2.8.3 Crystal Structure of PhzSn(SalAp)

Orange crystals of PhZSn(SalAp) were obtained by the vapour diffusion of

hexane into a dichloromethane solution of the compound' The molecular

structure is depicted in Figure 2.L5 and selected bond lengths and bond

angles, based on the atomic numbering in this Figure, are listed in Table 2'14

and Table Z.l5,respectively. All of the crystallographic data for the crystal

srructure of phzSn(Sahp) is given in Tables 4.3 and 4.4 in the Appendix.

The crystal lattice is comprised of discrete molecules of PhZSn(SalAp)' The

first coordination sphere of the tin atom was made up of a SalAp nitrogen

donor atom and two phenyl carbon atoms, which define the equatorial plane

of a trigonal bipyramidal geometry, and the two SalAp oxygen donor atoms

in the axial positions. The c(l11)-sn-N(l) bond angle deviated from the ideal

rrigonal angle of 120" more than the c(l11)-Sn-C(121) and c(l21)-Sn-N(1)

bond angles. Furthermore, this bond angle deviated from 120" more than the

.orr"rpõnding bond angle in PhzGe(SalAp) t116'9(4)"1. The axial

O(1)-Sn-O(2) bond deviared from linearity more than the corresponding bond

in phzGe(SalAp) because the greater size of the tin atom did not allow it to fit

inside the chelate rings as well as the germanium atom. As a consequence the

Sn-N(l) bond (2.220(6) Å¡ was greater than the analogous bond (Ge-N(l) =

Z.O4(Z) Å) in PhzGe(SalAp). No intermolecular Sn-O bridges exists in

PhZSn(SalAp) unlike in the analogous dimethyl complex, Me2Sn(SalAp),

which exists as a dimer (Figure Z.t3¡.tlt

The Sn-O distances in rhe five- and six-membered chelate rings (2'081(3) and

2.06j(4).Å.) and rhe Sn-N disrance (2.220(6) Å¡ were similar to those quoted

by Preut et a1.170 for the same complex (2'103(8) and 2'085(8) ,& for Sn-O

uú Z.Zq(l) ,{ for Sn-N) and were comparable to the analogous bond

distances in rhe Mezsn(salAp) complex (z'ros(s) and2'118(9) A for Sn-O,

and 2.23(1) ,& for Sn-N).171 The C(7)-N(1) distance t1'23(1) Ål was

indicative of double bond character and it was comparable to the

corresponding bond distances in MeZSn(SalAp) and PhZSn(Sat),176 where

Sar = rhe dianion of 2-(o-hydroxyphenyl)benzothiazoline (l'26(2) and

1.287 (5) Å, respectively). A closer comparison of bond lengths and bond

angles is made in Section 2.8.6.
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Figure 2.L5: The molecular structure of Ph2Sn(SaIAp)
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Tabte 2.142 Bond
Ph2Sn(SalAp).

Distances (Å) in the Primary Coordination Sphere of Tin in

84

-a

Table 2.152 Bond Angles (Degrees) in the Primary Coordination Sphere of

Tin in PhzSn(SalAP).

O(1) --- Sn

O(2) --- Sn

N(1) --- Sn

C(l11) --- Sn

C(121) --- Sn

Sn

Sn

Sn

Sn

Sn

Sn

Sn

Sn

Sn

Sn

2.081(3)

2.067(4)

2-220(6)

2.118(s)

2.111(s)

o(2)
N(1)

N(1)

c(l11) -
c(111) -

c(111) -

c(121) -

c(121) -

c(121) -

c(121) -

- o(1)
- o(1)
- o(2)

- o(1)
- o(2)
- N(1)

- o(1)
- o(2)
- N(1)

- c(111)

1s9.8(2)

74.r(2)

86.1(2)

es.4(2)

e6.0(2)

rr3.2(2)

e3.0(2)

es.4(2)

t2s.3(2)

r20.9(2)



Chapter 2 Schiff Base and Azo DYe ComPlexes 85

2.8.4 Crystal Structure of PhzPb(SalAp)

A single crystal of this complex suitable for structure determination was

obtained by the vapour diffusion of hexane into a dichloromethane solution of

the compound. The molecular structure is depicted in Figure 2.16 and

selected bond lengths and bond angles, based on the atomic numbering in this

Figure, are listed in Tables 2.16 andz.lJ, respectively. Only one half of the

molecule was labelled as the data for the other half was identical. In the

Tables primed atoms refer to the atoms in the other half of the molecule. All

of the crystallographic data for this crystal structure is given in Tables 4.5

and 4.6 in the APPendix.

Unlike the previous two crystal structures, the coordination around the lead

arom was a distorted octahedron due to the bridging of two PhzPb(SalAp)

units via the O(1) oxygen atoms of the Schiff bases. The two halves of the

molecule are related to each other by a crystallographic centre a inversion.

The equatorial plane of this dimeric structure is represented in Figtre 2.I7

from which it can be seen that the equatorial plane was soley occupied by the

six Schiff base donor atoms. The two phenyl groups occupied the axial

positions. The corresponding M-O bonds in the germanium and tin

ÞnzU(SulAp) crystal structures were shorter than the Pb-O bonds in this

structure consistent with the increasing size of the central metal atom.

The first coordination sphere of the lead atom was comprised of two phenyl

carbon atoms, one nitrogen donor atom from the azomethine bridge in the

tridentate SalAp ligand, and three oxygen donor atoms from two tridentate

SalAp ligands. Two of the Pb-O bonds were intramolecular (Pb-O(l) =
2.246(4) Å and Pb-O(2) = 2.321(4) Ål and one was intermolecular

(pb-O(l') = 2.766(4) Ä1. The azomethine C(7)-N(1) bond distance

(1.300(8) Å) clearly indicated double bond character in this bond.

The phenyl groups which occupied the axial (or trans) positions in the dimer

were nor colinear with the lead atoms and produced a C(l11)-Pb-C(121) bond

angle of 153.5(2)'. From the crystal structure in Figurc 2.16 it can be seen

that the phenyl groups are orientated away from the tridentate SalAp ligand

such that they lie over the O(1)-Pb-O(2) angle. Furthermore, the

O(l)-pb-O(2) bond angle deviated even more from linearity than the

analogous O(1)-M -O(2) bond angles in the PhzGe(SalAp) and Ph2Sn(SalAp)

crystal structures due to lead being much larger in size than germanium and
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tin. The larger size of lead allowed dimerisation viabridging oxygen atoms'

A further consequence of the additional Pb...O(1') interaction is an increase in

steric pressure in the PbNO¡ basal plane which has the result of contracting

the O(1)-Pb-O(2) angle relative to the analogous angles in the germanium and

tin compounds.
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Figure 2.L6: The molecular structure of Ph2Pb(SalAp).
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Table 2.162 Bond Distances (Å) in the Primary coordination sphere of Lead

in PhzPb(SalAP).

88

o(1) --- Pb

o(2) --- Pb

N(1) --- Pb

c(111) --- Pb

c(121) --- Pb

o(1') --- Pb

2.246(4)

2.327(4)

2.337(s)

2.ls1(6)

2.166(6)

2.766(4)

Table 2.172 Bond Angles (Degrees) in the Primary Coordination Sphere of

Lead in PhzPb(SatAP).

o(1)
o(1)
o(1)
o(1)
o(1)
o(2)
o(2)

o(2)
o(2)
N(1)

c(l11)
c(111)

c(121)

c(121)

c(121)

- Pb - o(2)
- Pb - N(1)

- Pb - c(111)

- Pb - c(121)

- Pb - o(1')

- Pb - N(1)

- Pb - c(111)

- Pb - c(121)

1s0.s(2)

72.e(2)

9s.7(2)

r02.4(2)

6s.3(2)

79.0(2)

82.2(2)

e0.7(2)

142.7(2)

138.1(2)

103.6(2)

84.r(2)

100.0(2)

1s3.s(2)

86.4(2)

-Pb -

-Pb -

-Pb -

-Pb -

-Pb -

-Pb -

-Pb -

o(1')

o(1')

N(1)

o(1')

N(1)

c(l11)
o(1')
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2.8.5 Crystat Structure of Ph3Sb(SaIAp)

A single crysral of Ph¡Sb(SalAp) was obtained by the vapour diffusion of

hexane into a dichloromethane solution of the compound. The molecular

structure is shown in Figure 2.18 and the bond distances and bond angles in

the primary coordination sphere of antimony, based on the atomic numbering

in this Figure, are listed in Tables 2.18 and 2.I9, respectively. All of the

crystallogiaphic data for the crystal structure of Ph:Sb(SalAp) are given in

Tables 4.7 and 4.8 in the Appendix. The crystal structure analysis of
ph:Sb(SalAp) revealed that the complex crystallised with two independant

molecules in the cystallographic asymmetric unit. There were no significant

differences between the two independant molecules and only one molecule is

illustrated in Figure 2.18 and in the following discussion only details for

molecule 1 are quoted.

The coordination sphere around antimony consisted of three phenyl carbon

atoms, one nitrogen atom from the azomethine bridge in the tridentate SalAp

ligand, and two oxygen donor atoms also from this ligand. The six donor

atoms were in a distorted octahedral arrangement about the antimony atom in

which the planar tridentate ligand, and the three phenyl carbon atoms

occupied meridional positions. The structure is molecular with no significant

intermolecular contacts in the crystal lattice.

The trans phenyl groups were not colinear with the central antimony atom

such rhar rhe C(26)-Sb-C(14) bond angle was 168'6(5)". Since the size of

antimony is about the same as that of tin, the corresponding O(1)-M-O(2)

bond angles were about the same in the crystal structures of Ph¡Sb(SalAp)

and PhzSn(SalAp). A bond distance of 1.31(7) Å. for c(7)-N(1) indicated

double bond character for the azomethine group in SalAp'

The crystal structure of Ph¡Sb(SalAp) was found to be very similar to the

crystal structure of the analogous trimethyl complex, Me¡Sb(SalAp).123 The

bond angles O(1)-Sb-O (2), C(20)-Sb-N(1) and C(14)-Sb-C(26) were found to

be 161.6(3)' ,170.6(9)" and 168.6(5)", respectively, and the analogous bond

angles in the crystal structure of Me¡Sb(SalAp) were found to be 159'8",

164.7" and 165.3', respectively (E,stimated standard deviations for these

parameters were not quoted in the original literature citation).

89
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Figure 2.L82 The molecular structure of PhjSb(SalAp)



Chapter 2 Schiff Base and Azo Dye ComPlexes

Table 2.18-. Bond Distances (Å) in the Primary Coordination Sphere of
Antimony in Ph¡Sb(SalAp) (Details for molecule 1 only).

9T

o(1)
o(2)
N(1)

c(14)

c(20)

c(26)

--- sb

--- sb

--- sb

--- sb

--- sb

--- sb

2.06s(8)

2.033(e)

2.26(2)

2.11(1)

2.1s3(8)

2.1s(1)

Tabte 2.192 Bond Angles (Degrees) in the Primary Coordination Sphere of
Antimony in Ph¡Sb(SalAp) (Details for molecule 1 only).

(2)o

c(20)

c(20)

c(20)

c(20)

c(26)
c(26)
c(26)
c(26)
c(26)

o(1)
o(1)
o(2)
o(1)

o(2)
N(1)

o(1)
o(2)
N(1)

c(14)

o(1)
o(2)
N(1)

c(14)

c(20)

161.6(3)

72.6(9)

8e.1(e)

89.4(4)

8e.7(4)

83.0(6)

e8.1(s)

100.3(4)

170.6(9)

es.s(s)

88.4(4)

88.e(4)

8s.7(6)

168.6(s)

es.8(s)

Sb

Sb

Sb

Sb

Sb

Sb

Sb

Sb

Sb

Sb

Sb

Sb

Sb

Sb

Sb

N(1)

N(1)

c(14)

c(14)

c(14)
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2.8.6 Comparison

The phzGe(SalAp) and PhzSn(SalAp) complexes both exhibited trigonal

bipyramidal geometries, whereas the PhzPb(SalAp) and Ph3Sb(SalAp)

complexes both exhibited distorted octahedral geometries. Formation of a

dimeric structure was only observed in the crystal structure of PhzPb(SalAp).

The geometry of the complex changed from trigonal bipyramidal to distorted

octahedral since the larger size made dimerisation via a bridging oxygen atom

possible. Selected bond lengths and bond angles from these crystal structures

together with bond lengths and bond angles from related crystal structures

obtained from the literature are listed in Tables 2.20 and 2.21below. From

Tables 2.20 and Z.Zl it can be seen that as the size of the group (IV) metal

atom increased from germanium to lead the lengths of the M-O(l), M-O(2)

and M-N(l) bonds increased. This indicated that optimal bonding distances

between the ligand donor atoms and the central metal atom could not be

obtained as the size of the metal increased. In other words, the germanium

atom is coordinated more effectively than the tin and lead atoms'

Furthermore, as the size of the group (IV) metal increased from germanium to

lead the O(1)-M-O(2) bond angle increasingly deviated from linearity

emphasing this Point.



Table 2.20: Comparison of the Bond Lengths in the Determined Crystal Structures with Literature Data.
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1.918(4)
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2.08s
2.1 18 (9

2.036(15)

2.220(6)

2.24( 1)

) 2.23(1)
2.217(3)
2-337(s)

2.26(2)

2.34

1.333(s)

1.341(6)

1.3 0(2)
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r.32(1)
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r.28s(7)

1.34(1)
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Table 2.212 Comparison of the Bond Angles in the Determined Crystal Structures with Literature Data-

4 Reference 170; å Reference 171 ; c Reference 176; dReferenceI23.

t Data for molecule 1; 
* 

Dimer - data for the other half of the molecule is the same.

t Estimated standa¡d deviations for the various p¿rameters in this complex were not quoted in the original literature citation.
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Chapter 3

AMIDE COMPLEXES

3.1 Introduction

As mentioned in the introductory Chapter highly electronegative ions such as

fluoride ions and deprotonated phenoVenol oxygens are very effective donor

atoms capable of achieving high oxidation states with many metals. Pearson's

principle predicting the stability of complexes states that hard acids prefer to

bind to hard bases and soft acids prefer to bind to soft þ¿5s5.98c Transition

metal ions, especially in the high oxidation state, come under the category of

hard acids are coordinate to hard bases such as hydroxide and halide ions by

o- and æ-donation. An obvious extension to these type of ligands would be a

deprotonated amine nitrogen atom as depicted in Figure 3.1.

I :o: I:F:

Figure 3.1: Atoms capable of achieving high metal oxidation states.

This is not easily achieved due to the low acidity of the -NH proton. However,

if present as an amide function deprotonation is facilitated through resonance

and inductive effects as shown below in Equation 3.1.189a

(i
_C

o
il
C

o
I

C
+ ÇiGi--*

I

H
(l \,/ -N-

H+
(3.1)

H H+
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The presence of aromatic substituents on the amide group can enhance these

effects. Thus, the design of ligands involving both amide and phenolic

hydroxy groups and the examination of their ability to stabilise high metal

oxidation states was initiated. Recent studies have shown that the

deprotonated nitrogen of organic amides coordinates to metal ions þy o- and

æ-donation) stabilising high metal oxidation 5¡¿1s5.69,190-193 Examples from

these studies include the osmium(IV) complex of 1,2-bis(3,5-dichloro-2-

hydroxybenzamido)ethanel93 ¿nfl the cobalt(Iv) complex of 1,2-bis(3,5-

dichloro-2-hydroxybenzamido) -4,5-dichlorobenzene, 190 in which both of

these ligands coordinate in a tetradentate manner. N-(2-hydroxyphenyl)-

salicylamide and derivatives of it have been found to form stable

manganese(IV) and fairly stable manganese(V) complexes of the general

formulas ly1nLùz- and IMnLZ]-, respectively,96 as well as cobalt(IV)

complexes of the general formula K¡[CoL21.190 These amides function as

trinegative tridentate chelating agents, coordinating through a deprotonated

amide nitrogen atom and two deprotonated phenolic oxygen atoms as

depicted in Figure 3.2.

N

l
M
2

o
\

6-membered
chelate

5-membered
chelate

Figure 3.2 : Coordination of a metal (M) by the oxygen and nitrogen donor atoms of the

amide ligands resulting in the formation of five- and six-membered chelate rings'

The ligands used in this study to complex manganese, titanium, vanadium and

iron were secondary amides of the trinegative tridentate ONO donor type

shown above. More specifically, N-(2-hydroxyphenyl)salicylamide,

substitution derivatives of this parent amide, as well as some naphthol

homologues were employed in this study.
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3.2 Amide Ligands

An outline of the method used in the preparation of the amides is given in

Reaction Scheme 3.1. The phenolic hydroxyl group of salicylic acid and its

derivative s (I a) was protected by acetylation before being treated with thionyl

chloride to form rhe corresponding acid chloride (1c). Higher yields for the

acid chlorides were obtained when the reaction solution was heated to 70"C

rather than 30"C as suggested in the litera¡u¡s.194 This was then reacted at

room temperature with the o-hydroxy aromatic amine (1d) fotming the

acetylated amide (1e) with the elimination of hydrogen chloride. Acid

hydrolysis of this product gave the desired dihydroxy amide Qfl. For N-(2-

hydroxyphenyl)salicylamide, room temperature conditions were sufficient for

the removal of the acetyl protecting group. All other amide ligands required

heating of the dioxane/aqueous hydrochloric acid solutions close to reflux.

The names, abbreviations and structures of the amide ligands prepared are

presented in Table 3.1.



(i)_cx{ +
I

(ta)

Rl = H, 3-CH3 or 5-Cl
R2 = H, 5-Cl or 

O
(Ð acetic anhydride (100'C; 7 hrs)
(ii) SOCI2/urea (70'C; 5 hrs)
(iiÐ RT (1 hr) /H2O
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ooReaction Scheme 3.L: Method usedfor the preparation of the amíde ligands.
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Table 3.1: Names, Abbreviations and Structures of Amide Ligands.

Name
(Abbreviation)

Structure

N- (2- hydroxyphenyl) s alicylamide

(HgLl)

o

N- (2-hydroxyphenyl)- 5 -chloros alicylamide

Gr¡12)

o

cl

cl

N- (5 -chloro-2-hydroxyphenyl)salicylamide

(H¡L3) o

CI

N- (5-chloro-2-hydroxyphenyl)-5-chlorosalicylamide

(H¡L4) o

OH

N- (2-hydroxyphenyl)-3 -methylsalicylamide

(H¡L5)
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Table 3.1: continued...

100

cl

N- (5 -chloro-2-hydroxyphenyl)- 3-methylsalicylamide

(H:L6)

N- (2-naphthol) salicylamide

(H¡L7) o

OH

N- (2-naphthol) -5 -chlorosalicylamide

Gt:l-8) o

N- (2-naphthol) -3 -methylsalicylamide

(HsLe) o
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3.3 Preparation of Complexes

3.3.1 Complexes of Titanium and Manganese

3.3.1 .1 Procedure

The amide ligands used in this study were assumed to behave as trinegative
tridentate ligands capable of forming complexes with the formula KZIMLnZ],

containing the metal in oxidation state (IV) and coordination number six.

Reactions of manganese and titanium with a range of amide ligands were

performed at room temperature in methanol in the hope of obtaining
crystalline products which were easily isolable.

Titanium complexes with the amide ligands were desirable benchmark

compounds for oxidation state (IV). No higher oxidation state is possible for
this element and Ti(IID, because of its ease of oxidation, would be unlikely to

interfere. Mole equivalent ratios for their preparation were calculated
according to the Kz[TlLnz] formulation. Titanium tetrabutoxide was chosen

as the starting material for these complexes as it is a source of titanium(IV) as

well as supplying four out of the six mole equivalent of base required for
deprotonation of two mole equivalent of amide ligand. In addition, as a

starting material it had desirable solubility properties and produced only
butanol as a by-product. Two mole equivalent of base were supplied as

potassium hydroxide. This also provided the potassium counter cations
necessary for the formulation Kz[TiLnz]. The moisture sensitive nature of the

titanium tetrabutoxide called for the application of Schlenk techniques and

dry methanol.

Manganese complexes with the amide ligands were prepared using
manganese diacetate tetrahydrate as the starting material. As well as being the

source of manganese it supplied two mole equivalent of base in the form of
acetate ions. The remaining amount of base was supplied as potassium

hydroxide The reactions were performed under air to assist the oxidation of
Mn(II). Similar techniques had been used with manganese,94 ruthenium93 and

ún97 in this laboratory.

3 .3.1 .2 Isolatìon of Products

Despite the large number of different ligands that were used, none of the

titanium and manganese complex preparations produced solids even after



Chapter 3 Amide Complexes t02

cooling the reaction solutions for two days. All reactions were performed in
methanol. Concentrating the reaction solutions by removing some of the
solvent under vacuum gave solids only in the syntheses of K2[MnLn2], where

n = 1 ,2,4,5 and 6. This was an effective method when the availability of the

ligand made it possible to perform the complex syntheses on a large scale. In
many other instances it proved necessary to work with the crude materials

obtained after removing the solvent completely and relying on thorough
washing to purify the resultant product. Although this is an unsatisfactory
method for purifying the products, the spectroscopic and solution properties

of these were still measured to determine whether these materials contained
mainly the desired complex.

Microanalytical results for these products were poor and to a Large extent
because of water of hydration which probably accounts for the high solubility
of these complexes. Carbon, hydrogen and nitrogen analyses were carried out
for most crude samples, as well as potassium and manganese/titanium
analyses for the KzlTtLlzl and Kz[MnLa2] samples. In some cases, the C, H
and N analyses were in close agreement with the expected values after
assigning waters of hydration, and this is discussed later. However, results for
the metal analyses were poor. Calculation of the product formula weight from
the percentage of potassium or titanium/manganese found sometimes gave a

value lower than that for the dehydrated formula KzlMLnzl. These results are

explained in more detail in Section 3.7.

3.3.2 Complexes of Vanadium and Iron

3.3.2.1 Introduction

Salam successfully prepared six coordinate vanadium(IV) YL2 type
complexes with dinegative tridentate ONO Schiff base ligands.92 As an

extension to that work, the formation of vanadium(IV) complexes with
trinegative ligands containing the same donor atoms was investigated.
Attempts were made to synthesise amide complexes of vanadium,K2lYLn2],
as well as an ambitious attempt to synthesise the analogous complexes of iron
which would require the uncommon Fe(IV) centre.
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3.3.2.2 Procedure and Isolation

The only attempts to prepare V(IV) complexes were made using the ligand
H¡L1. Reactions were carried out using two different vanadium starting

materials, namely bis(acetylacetonato)oxovanadium(IV) (VO(acac)z) and

vanadyl chloride (YOClz.2HzO). Two mole equivalent of amide ligand was

reacted with each of these vanadium starting materials in the presence of
excess base, in methanol. For each vanadium starting material, a reaction was

performed at room temperature and one under refluxing conditions.
Furthermore, a reaction using VO(acac)2 was also carried out under an inert

dinitrogen atmosphere.

We endeavoured to prepare iron(IV) complexes of the type K2[FeLnz] with
the amide ligands H¡L1, H3L3 and H3L4. Tris(acetylacetonato)iron(Ill),
(Fe(acac)3), was reacted with two mole equivalent of amide ligand and three

mole equivalent of potassium hydroxide in methanol, the remaining base

being supplied by the acetylacetonate ions. These reactions were performed in
the presence of air to facilitate the oxidation of iron(III).

As in the case of the titanium and manganese complexes, isolation of the

products with the metals vanadium and iron was difficult. Since the products

were highly soluble, the solutions had to be evaporated to dryness to obtain a

solid. The spectroscopic and solution properties of the products obtained are

discussed in the sections to follow.

After carrying out preliminary experiments with iron in our endeavours,

studies by Koikawa et a1.35 on the synthesis and characterisation of iron(III)
and iron(IV) complexes of N-(2-hydroxyphenyl)salicylamide (H3L1) and

some of its derivatives was published. They reported the synthesis of the

complex (NPr¿)z[Fe(L1)z] .2HzO by oxidation of the iron(III) complex,
K¡[FeL1 z].SHzO, with cerium(IV). Using conditions similar to those

employed in this study, the iron(IV) complex Kz[Fe(L)ù.2-5H2O, where L =
Ll with a methyl substituent in the 5-position on the 2-hydroxyphenyl moiety,

was easily obtained. In addition, the Fe(III) complex (PBu¿)¡[Fe(L3)z] was

obtained. However, the Fc(IV) complex with H¡L3 could not be obtained,

even after chemical oxidation.
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3.4 Attempted PurifÏcation of Amide Complexes

Recrystallisation and column chromatography techniques were used to
remove impurities from the products obtained from the titanium and

manganese complex syntheses. Prior to the purification attempts,
spectroscopic analyses indicated that the desired complexes were present in
the crude products obtained. The solubility of all the products in methanol

was high, therefore a second solvent was employed to initiate precipitation of
the complexes. Column chromatography was performed on some of these

products using alumina and/or florisil columns. Before purification of any of
these products was attempted, freshly distilled methanol was added to all
samples and the resultant solutions were filtered through a cotton wool plug
before evaporating to dryness to regain the solids. This was done to ensure the
removal of any insoluble MnOz or TiOz. In almost all cases, the methanolic

solutions showed no suspended matter. Mass spectroscopy and infrared
spectroscopy were used to monitor the effectiveness of the purification
procedures.

3.4.1 Recrystallisation

In general, recrystallistion produced mixed results. The recrystallisation
attempt on Kz[MnL7z) from methanol/chloroforïn saw no reprecipitation
occurring. After the solvents were removed, infrared spectroscopy on the

recovered material revealed the presence of a new peak at 1640 cm-l. This
absorption also appears in the spectrum of the protonated uncomplexed ligand
(H¡L7) suggesting some decomposition of the complex had occurred. Apart

from some discrepancy around 880 cm-l, the brown solid obtained from the
recrystallisation (methanol/chloroform) of crude brown-black Kz[MnL8z]
yielded an infrared spectrum similar to that of the crude material. However,
unlike the crude material, the mass spectrum did not support the correct
formula weight. The Kz[MnLgz) complex, on the other hand, showed a

correct molecular ion peak in the mass spectrum of the crude material and a

supportive mass spectrum was also obtained after recrystallisation from
methanol/chloroform. Furtherrnore, a weak absorption at 1640 cm-l in the

infrared spectrum of the crude material due to some free amide had

disappeared after recrystallisation. Disappointingly, elemental analysis on this

complex was very poor.
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Because of the negative results obtained with the manganese compounds,
recrystallisation was only attempted on one titanium sample, KzlTiL3zl. No

solid could be precipitated out from methanol, not even after the dropwise

addition of ether.

3.4.2 Column Chromatography

Since recrystallisation did not improve the purity of the amide complexes,

column chromatography was then chosen as another method of purification of
these products. Thin layer chromatography on the products obtained from the

attempted preparation of manganese and titanium complexes showed one spot

at the origin along with one or two spots just below the solvent front. Products

KzlTiLlzl and KzlTiL3zl were passed through alumina/hexane columns and

eluted with methanol. One band was collected in each case and another

remained at the origin which was discarded. For both complexes, the product

recovered from the methanol eluent had an identical infrared spectrum to that

of the corresponding crude material. Microanalysis of the purified sample of
KzlTiL3zl produced C and N analyses in support of the formulation
KzlTiLz).l1H2O. The H analysis, however, was too low to support this
formulation.

The KzlTiLazl complex was passed through a column of florisil/
(95Vo CHCI¡.,57o li4eOH) and the polarity of this solvent mixture was

gradually increased to L007o MeOH when eluting. A pale yellow band was

first collected followed by an orange band. Beige and orange solids were

respectively obtained when these eluents were evaporated to dryness. The

infrared spectrum of the beige solid showed it to be protonated uncomplexed
amide ligand (H¡L4). Although the infrared spectrum of the orange solid

supported the complexation of the amide ligand, the mass spectrum contained
no molecular ion peak, or peak with m/e value corresponding to the complex

anion. However, a molecular ion peak was observed in the mass spectrum of
the crude material. These results suggested decomposition of the complex had

taken place with the release of some amide ligand.

Similar results were obtained for the KzlTiLzzl, Kz[TiL52] and KzlTiLTzl
complexes on a florisil column. A conductance measurement on the latter
sample after chromatography yielded a value of 85.1 ohm-l cm2 mol-l in
methanol suggesting a 1:1 electrolyte.lg5 Passing a sample of Kz[TiLaz)
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through an alumina/hexane column and eluting with methanol also produced

a decomposition product, as no molecular ion was observed in the mass

spectrum of this compound. A similar result was also obtained with the
Kz[MnL22] sample. When another sample of Kz[TiL7z] was passed through a

column of alumina/hexane, a material with an infrared spectrum similar to
that of the crude material was produced and microanalysis agreed with the

formulation after the assignment of 7HzO.

We wish to mention here that contradictory infrared and mass spectral

evidence as to the presence of the desired complexes may have been due to

the unreliability of the mass spectral service available. Nevertheless,
recrystallisation and column chromatography as methods of purification of
the amide compounds could not be used with confidence.
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3.5 Infrared Spectra

3.5.1 Introduction

Williams and Fleming report that N-H stretching absorptions for secondary

amides -CONH- appear in the regions 3460 - 3400 cm-l and 3100 - 3070

cm-l and are of medium and weak intensities, respectively.l47c 1¡¡ the former

region, two bands appear due to the presence of two forms of N-H as shown

below in Figure 3.3. In the amide carbonyl region, two bands are reported in

the 1680 - 1630 cm-1 and 1570 - 1515 cm-1 regions, with the former generally

more intense than the latter.

H C: O ""'H-N
tl
N-H ""' O: Ç

C-N

In their study on similar amides to those used in this study, Koikawa et a1.96

observed the amide vibrations at 1620 and 1560 cm-1 in the free ligand

spectra shift to 1590 and 1520 cm-1, respectively, in the corresponding

manganese(IV) and manganese(V) complex spectra. These complexes, as

well as the Co(III) and Co(IV) complexes of the same amide ligands, were all

hydrated and accordingly exhibited a broad absorption around 3400 cm-l due

to the presence of this lattice 'sv¿¡e¡.96,190

The assignments of the peaks in the infrared spectra of the amide ligands and

their complexes in this report were made by comparison of the infrared

spectral data obtained to the data mentioned above. All of the infrared spectral

data and assignments are summarised in Table 3.2.

(

Figure 3.3: fne two forms of N-H present in secondary amides (Reference 147c).



Table 3.2z,Infrared Spectral Data for Amide Ligands and their Complexes
o
s
(\
(^)

Þ

S.(\

oo

(\
k(\
q

H¡L1
KzlTiLlzl

Kz[MnLlz]

KzlYLtz)

KzlFeLlzl

HtL2
KzlTn-2zl

KzlWrú-zzl

H¡L3
KzÍTtL3z)

Kz[FeL3z]

H¡La
KzLTtLazl

KzIMnl-az]

KzlFel-azl

3370 w, br

3392 w, br

3353 w, br

3340 w, br

3370 w, br

3370 s, br

3370 s

3338 w, br

3368 w, br

3400 w, br

3338 w, br

326I s,3133 m 2695 w, 2564 w 1616 s, 1559 s

1596 s, 1524 s

1594s,1537s

ztzg* i!3!:ll;l;T '' 1540m

3276 s 2723 w, 2675 w 1640 s, 1615 s' 1564 s

1623 m,1593 m, 1518 s

1623 sh,1595 s, 1527 sh

3270 s 2723 w, 2675 w 1618 s, 1604 sh' 1558 s

1596 s, 1526 s

1629 shT, 1593 m, 7527 s

3287 s 2730 w, 2665 w L649 s, 1608 m, 1551 s

1635 sh, 1595 m, 1521 s

1636 w, 1592 m,1526 s

1630 sh, 1593 sh, 1526 s

1592 m

1576 s

1564 s

1558 m

1569 s

1593 s

1565 m

1559 s

1592 s

1575 s

1565 m

1589 m

1570 m

1574m

1573 m

oo

Tentative Assignments (cm'r¡

v(C=C)v(C=O)v(OH"'N)v(NH)v(HzO)

Ligand /

Complex



H¡Ls
KzlTtLszl

KzlMnLszl

H¡L6
KzlTtL6z)

KzlMnL6zl

HtLT
KzlTtLlz)

KzlMnLT zl

H¡L8
KzlTil-szl

KzIMnL8z]

H¡Le
KzlTtLez)

9

3369 w, br

3369 m, br

3392 w,br
3350 w, br

3368 w, br

3370 w,br

3369 w, br

3367 m,br

3367 m,br

3367 m,br

3397 s, 3202 s 2743 w, 2679 w 1628 s, 1616 s' 1556 s

1593 s, 1529 s

1589 m, 1524 s

3401 s, 3283 s 2728 w 1634 s, 1613 m' 1551 s

1592 m,1521 s

1590 m, 1524 s

3216 m 2728 w 1633 sh, 1602 s, 1551 s

1597 s, 1524 s

1595 m, 1525 s

3288 m 2705 w, 2654 w 1647 m, \622 s, 1566 s

1617 m,1594 m, 1522 m

1595 sh, 1562 s

3422 m, 3326 m 2726 w 1625 m, 1556 s

1596 s, 1527 s

1594 sh, 1529 s

1599 m

1554 s

1579 m

L602 m

1536 s

1564 w

1591 s

1575 s

1568 s

1592 s

1569 m

1537 sh

1597 m

1534 s

1577 s

o
À

ì
(A)

Þ
\è

È-(\
oo
È
f\X
eùq

w = weak; m = mediutrìi s = strong; br = broad; sh = shoulder.
t These absorptions were of highei frequency than the corresponding C=O absorptions in the protonated ligand. However, these were

only observed as shoulders and therefore may be due to protonated uncomplexed H3Ln.

\o
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3.5.2 Complexes of Titanium and Manganese

There is evidence of amide ligand coordination in all of the products obtained

from the manganese and titanium syntheses. The N-H stretching frequencies

which appeared in the 3422 - 3133 cm-l region of the free amide spectra were

absent in the spectra of all products. Two absorptions appearing in the L649 -

1616 cm-l and 1566 - 1551 cm-1 regions of the protonated ligand spectra

were assigned to the carbonyl group of the amide. On complexation, these

absorptions shifted to lower frequencies (1636 - 1589 cm-l and 1537 - 1518

cm-l, respectively). Shifts in the C=O stretching frequencies were not greater

for any particular metal, sometimes a greater shift was observed after

complexation to titanium while in other cases a greater shift was observed

after complexation to manganese. For the ligands H3Ln, where n = 2 '8,
another absorption appeared between these two carbonyl bands (1622 -

1602 cm-l) which were also assigned to v(C=O). In the case of Kz[TiLnz],
where n = 2 and 4 and Kz[MnLnzf, where n = 2 and 4, the highest frequency

absorption in the carbonyl region may suggest the presence of a small amount

of protonated uncomplexed ligand because of its low intensity.

A broad absorption due to lattice water was observed in the 3400 - 3350 cm-1

region of the manganese and titanium complex spectra. The medium or strong

absorption observed between 1602 cm-1 and 1589 cm-l in the free ligand

spectra was attributed to aromatic ring stretching. This absorption also

experienced a downward shift in frequency upon complex formation (1579 -

1534 cm-1).

3.5.3 Complexes of Vanadium and Iron

On the basis of infrared spectroscopy, similar products were obtained from
the reaction of H¡Ll with either vanadium starting material, VO(acac)z or

YOClz.2HzO.Absorptions observed in the carbonyl region of the spectra

were identical but those in the fingerprint region were slightly different. The

spectra were comparable to those of the analogous manganese and titanium

complexes. N-H stretching frequencies were absent and a shift to lower

frequencies was observed for the carbonyl stretchings of the amide function

(1587 and 1540 cm-1) in the spectra of the vanadium complexes. This

supported deprotonation and coordination of the amide ligand. The higher

frequency C=O absorption contained a shoulder at 1620 cm-l suggesting the

110
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presence of some protonated uncomplexed amide. Performing the reaction

under a dinitrogen atmosphere and using VO(acac)2, a similar product was

obtained on the basis of infrared spectroscopy. In all attempted complex

formation reactions, the strong absorption near 1000 cm-1 in the spectrum of

the vanadyl starting materials, due to v(V=O), was absent in the spectra of the

products indicating formation of non-oxo compounds and further lending

s,rpport to the formation of the desired complex, KZlYLlZl. The vanadium

products were hydrated since a broad absorption due to lattice water was

detected at3353 cm-l.

Products from the attempted preparations of KZ[FeLn2], where n = 1, 3 and 4,

produced infrared spectra similar to their analogous manganese, titanium and

vanadium compounds. Absorptions in the ranges 1630 - L593 cm-l and 1527 '
1525 cm-l were assigned to v(C=O) of the coordinated amide function. The

aromatic stretchings of the ligands appeared between 1573 and 1565 cm-l.

Both the C=O and aromatic C=C absorptions were lower in frequency in the

complex spectra than in the free ligand spectra. Like the products obtained

with the other metals, these products were also hydrated since an absorption

due to lattice water observed around 3338 cm-I.

Shifts in the amide C=O stretching frequencies upon complexation for the

vanadium and iron products obtained were compared with those for the

titanium and manganese products of the same ligand. These are shown in

Table 3.3. The iron products compared well with the analogous titanium

products, as did the vanadium products with the manganese products. These

comparisons strengthen the idea that complexation of the amide ligands to

vanadium and iron had occurred.
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Table 3.3: Shifts in Amide C=O Vibrations (cm-l¡ for Amide Compounds of
Titanium, Manganese, Iron and Vanadium.

Amide
Ligand

Amide Vibration
in Ligand

(cm'1¡

Shift in cm-l for the
Compound of:

TiMnVFe

HsLl

H¡L3

H:La

1616

1559

1618

t604

1558

7649

1608

1551

20

35

22

22

22

30f

29

19

¿
t

¿
I

T

T

T

23

34

25

3l

79

15

25

32

I4
13

30

40+

13

l6
25

t Reference 96
I Synthesis was not attempted.
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3.6 Mass Spectra

All products obtained from the reactions with the amide ligands were

examined by mass spectroscopy. The findings are suÍtmarised in Table 3.4.

With all the amide ligands used, the postulated Kz[MLz] formulation was

supported for M = titanium and manganese. A molecular ion peak

characteristic of the anhydrous formula was observed in the mass spectra of
these complexes, together with intense peaks characteristic of the fragments
KtMLzl- and [MLz]2-.By contrast, infrared spectra and microanalyses (see

Section 3.7) showed the complexes to be heavily hydrated. Manganese has

only one isotope (55Mn, 1007o) and titanium has one isotope which
predominates (481i,73.7Vo). Thus, in the mass spectra of the titanium and

manganese complexes of non-chlorine containing amide ligands (H¡Ll,
H3L5, HzLT and H3L9) the molecular ion peak was easily observed. Whereas

in the mass spectra of complexes of the chlorine containing amide ligands the
35CU37Cl isotopic pattem was seen as indicated in Table 3.4.In some amide

complexes of titanium and manganese, a peak at [Molecular ion + 39

(i.e. K)l+, less intense than the molecular ion peak, also appeared in the

spectra (Table 3.4). The presence of a K3[MLz] species would suggest a

lower oxidation state (M(III)) for the transition metals. However,
manganese(Ill) is inconsistent with conductance (Section 3.L0.2) and

magnetic moment (Section 3.10.1) measurements. Since peaks atmle values

corresponding to lMolecular ion + K]+ were obtained with the titanium
complexes and formation of titanium(Ill) complexes is highly unlikely, we

conclude that these spectral peaks are the result of a fortuitous ion association.

The various attempts to prepare the vanadium complex KZ[VLI2] gave

inconsistent mass spectra results as opposed to the infrared spectral data

which suggested that the products were similar. Vanadium has only two
isotopes, with the isotope slV (gg.l57o) being much more abundant. Thus,

mass spectra of vanadium complexes are relatively simple. No peak

characteristic of KzlYLrzl or [VLlz] was observed in the mass spectra of the

products obtained from the attempted preparations (i)-(iii) (Section 6.27.I).
Only the product obtained from the experiment labelled method (v) showed a

weak peak corresponding to lKzlYLlzl + 2Hl+. In addition, more intense

peaks were observed at [K[VLtz] + 3Hl* and [[VLrz] + 4Hl*.

113
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The mass spectra of the iron compounds exhibited a multiplet in the region

where the molecular ion peak was expected. As the 56Fe (91'87o) isotope

predominates for this metal, the molecular ion peak in the mass spectrum of
the complex with amide H¡Ll was expected to be relatively simple. For the

ligands H¡L1 ,H1'L3 and H3L4, the most intense peak in the multiplet was

observed at lH, lH and 2H higher than the expected formula weight,

respectively. A similar fragmentation pattern to that seen in the amide

complexes of titanium and manganese was produced with the same ligand.

That is, the successive loss of the two potassium ions was observed. In the

spectrum of the products obtained with amides H3L3 and H3L4 an extra peak

conesponding to [Molecular ion + K]+ also appeared.

Amide Complexes lt4
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Table 3.4: Mass Spectral Data for Amide Complexes.

r15

Complex

(anhydrous)

F.\ry. f, nouno

[Y + K] KzlMLzl KIMLz] [MLz]

KzlTlLtzl
KzlTiLzzl
Kz[riL3z]
Kz[TiLaz]

KzlTiLszl
KzÍTiL6zl
KzÍTiLTzl

Kz[TiL8z]

KzlTiLezl

K2[MnLl2]

KztMrnL?zl

Kz[l/rnLaz]

KzlMnl-sz]

KzlMnl6zl
Kzll/rnL7 zl

KzlMnLszl

K2[MnLe2]

K2lFeLL2) attempt

K2BeL32l attempt

K2[FeLa2] attempt

K2lYLr2l attempts:

(í)

(ii)
(iii)
(iv)
(v)

578

647

647

716

606

675

678

747

706

585

654

723

613

682

68s

754

713

s86

655

724

581

581

s81

581

581

I
+

,;;
7s6I

+.r

7t5
716

+

746

!
+

762

652

721

125
I
+

753

J
¡+

694w

764

579

6471

6461
T

717 |

607
I

677 |

677

7481

107

585

652

7nI
613

683t

687

7s6l
7t4

587

656w

1261

54t
6107

6071

67sl
s68

6407

640

710r

668

546

613

6847

575

6441

648

7r7l
675

551

618w

6887

498

s?3l

56ST

640Ï

528

s99T

601

67rI
629

510

575w

645w

537

60sT

609

678w

636

512

579w

6s 1T

4 Found
e

537 , 478, 460, 445,345

343,306,267,230, l9l, l3l, r2r,93
344, 305, 221, 207, l9r, 169, 131, I 13

Not Recorded

583, 545(-Y-K), 507(-Y-2K), 47 1, 398, 306

T Isotopic pattern ¡s¡35ç1¡37C1 was observed.
f Sp."t o- was not recorded up to these m/e values.
Y = molecular ion corresponding to the anhydrous formula weight. w = weak; M = the
appropriate transition metal; K = potassium
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3.7 Microanalysis

Because of the failure to find a satisfactory way of purifying the products, not

all the complexes were submitted for microanalysis. Those which were

submitted were crude samples that had been carefully washed and dried and

they were analysed for their C, N and H content, and in some cases, their
metal content. In all samples the carbon and nitrogen content was lower than

that for the anhydrous formula, and in all cases except the Kz[MnLSz]
sample, the content of hydrogen was higher than that for the anhydrous

formula. The results appeared to be consistent with the presence of water, as

detected by infrared spectroscopy and reported in the literature for similar
complexes.96 In addition, two complexes were analysed by atomic emission

methods for their potassium and titanium or manganese contents. In this

section the extent to which the titanium and manganese complexes were

hydrated was examined.

By assigning 3.5 -4.5 |-a¡ waters of hydration to the general formula
Kz[MLz] .xHzO, in some cases, the microanalytical results obtained supported

the hydrated formulation. This is shown in Tables 3.5 and 3.6 for the titanium

and manganese complexes, respectively. In each case, the CA{ molar ratio

and, where appropriate, the KÆi and K/lVIn molar ratios were determined and

compared with the theoretical values. The greater than expected KÆi and

K/Mn molar ratios may suggest the presence of potassium containing

impurities.

After assigning 3.5 HzO to sample KzlTrLlzl, although the content of carbon

was high, good values were obtained for the hydrogen and nitrogen content.

Similarly for other complexes, analyses on crude samples suggested the

following formulations: KzlT iLz zl.4' 5H 20, KzlT iLa zl.4HzO,
KzlTiLT 21.4H2O, Kz I MnL 2 ù.3. 5HzO and Kz I M nLa z).3 . 5HzO . In these

formulas after taking into account the waters of hydration (xH2O) there was at

least one set of C, H and N microanalytical results for each sample where

almost every analysis was at worst within tbe 86Vo limit of the calculated
value. Results were so poor for the samples of Kz[MnL5z].xHzO and

Kz[MnL6z).x[zO that no water of hydration could be assigned within
reasonable error. Except for the sample Kzl'tiL7zl.4H2O, the CA{ molar

ratios found were reasonably close (within 77o error) to the corresponding

theoretical ratios.
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Table 3.5: Tabulation of Microanalytical Results for Crude Titanium

Compounds with Attempted Assignments of Water of Hydration.

KzlTil.nzl.xHzO

%oC %oH VoN %oK VoTi C/Nf I(/Ti+

n=7
calc. forx = 0

FOUND

calc.forx=3.5

n=2
calc. forx = 0

FOUND

calc.forx=4-5

n=4
calc. forx = 0

FOUND I
FOUND IIT
calc.forx=4

n=7
calc.forx=0
FOUND I
FOUND IIT

FOUND IIIT
calc.forx=4

53.98

51.90

48.67

2.79

3.64

3.61

4.84

4.36

4.37

13.52

tL.47

12.t9

8.28

5.89

7.47

13.0

L3.9

13.0

2.0

2.4

2.0

48.24

42.7I

42.87

2.18

3.01

3.18

4.33

3.71

3.85

13.0

13.4

13.0

43.60

38.82

38.89

39.6r

r.69

2.56

2.61

2.56

3.9r

3.29

3.29

3.55

13.0

13.8

13.8

13.0

60.17

51.01

56.98

s6.51

54.40

2.91

3.80

3'86

3.6s

3.16

4.13

3.03

3.36

3.22

3.73

t7-0

19.6

19.8

20.5

17.0

f Molar ratios.
I Duplicate analysis or sample from another preparation.
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Table 3.6: Tabulation of Microanalytical Results for Crude Manganese

Compounds with Attempted Assignments of Water of Hydration.

KzlMnLnzf.xEzO

VoC VoH %oN VoK VoMn C/Nf IlMnÍ

n=2
calc. forx = 0

FOUND

calc.forx=3'5

n=4
calc.forx=0
FOUND I
FOUND IIT

FOUND IIIT
FOUND IVI
FOUND VT

calc.forx=3.5

n=5
calc.forx=0
FOUND I
FOUND IIT

FOUND IIIT

n=6
calc.forx=0
FOUND I
FOUND IIT

FOUND IIII

47.72

43-37

43.52

2.16

2.33

2.95

4.28

3.61

3.90

13.0

14-0

13.0

2.O

43.17

36-29

36.70

36.68

35.97

39'63

39.71

54.81

43.48

43.51

46.20

49.28

39.67

37.95

4r.56

r-67

2.29

2.88

2.97

2.69

2.14

2.44

3.87

3.09

2.62

3.36

2-70

3.27

3.s6

L7-lt
17.lr
t2.42

L8.74

9.94

8.53

8.53

6.38

5.92

6.99

13.0

13.8

16.3

12.7

15.5

t4.l
13.0

2.0

2.8

2.8

2.7

4.4

2.O

10.81 7.6A

3.29 4-57 14.0

2.78 3.13 16.2

2.73 3.24 15.7

3.27 3.27 L6.4

Poor agreement for x = 0'5 - l0

2.66 4.10 14.0

3.32 2.63 L7.6

2.93 2.24 19'8

2.86 2.74 I7.7

Pooragreementr =0'5 - l0

2.0

2.0

f Molar ratios.
I Duplicate analysis or sample from another preparation.
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Taking into account the "best-fit" value for the water of hydration (.r) in some

samples (Tables 3.5 and 3.6), the formula weight of these compounds were

calculated based on the VoC, VoH and 7oN found in the microanalysis. These

are shown in Table 3.7 for the titanium compounds and in Table 3.8 for the

manganese compounds. For the two samples analysed by atomic emission,

formula weights based on %oK and ToTl or VoMn found were also calculated.

For all the titanium complexes, the formula weights calculated on the basis of

the carbon and nitrogen analy_ses were higher than the anhydrous formula

weight. For the sample KZIT|LLZInHZO its formula weight when x = 3'5 was

not supported by the metal analyses (%oK indicated 5'7HzO and %oTi indicated

l3HzO).

F'or the manganese complexes, the formula weights calculated on the basis of

the carbon and nitrogen analyses were higher than the anhydrous formula

weight. A value for x could only be assigned to the products obtained with
HlLz and H3La. The CA{ molar ratios found in these products had errors of

7.7Vo and 8.57o (for microanalysis FOUND V in Table 3.6)), respectively,

when x = 3.5 was assigned to both. The hydrogen analysis for the compound

KZ[MnL2Z].3.5H2O gave a formula weight which was much higher than

expected. Results obtained with the manganese compounds suggested that

there was present some impurity other than water.

All measurements or methods of analysis used to further characterise these

products obtained from these amide reactions were made on crude samples

only.
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Table 3.7: Formula V/eights Calculated for the Titanium Compounds on the

Basis of the Value of Water of Hydration (x) Determined from the

Microanalytical Data.

F.W. Calc.

Based on:

KzlTil.nzl.xHzO

n=1 n=2 n=4 n=7

VoC

V,HI

VoN

%oK

VoTi

602

637

643

682

813

73r
770

755

804, 8037

772,7881

851,8517

717 - 8017

73t -7ßI
834 - gzsf

Calculated for
KzlTil,nzl.xHzO 641'58 (r 3.5) 728'49 (x 4.s) 788.37 = 4) 750'71 (x = 4)

t Results of several analyses.
* Calculated including xtbC..

Table 3.8: Formula Weights Calculated for the Manganese Compounds on

the Basis of the Value of Water of Hydration (x) Determined from the

Microanalytical Data.

F.W. Calc.

Based on:

KzlMnl-nzf.xlJzol

n=2 n=4 n=5 n=6

VoC

%oH

VoN

VoK

ToMn

720

909

7769

788 - 861r

64s - 89sT

s34 -1069t

417

928

728 - 7ßI S09 - 8S6t
t *

8s7 - 896t 1022 - t25tt

Calculated for
Kr[MnLnz].¡HzO 717'50 (¡ - 3.5) 786'40 (x = 3'5) * {<

T Results of several analyses.
f Calculated including xH2O.
* Poo. agreement.
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3.8 Thermogravimetric Measurements

Microanalytical results confirmed that the amide complexes were hydrated.

This was not an unexpected result as similar hydrated complexes of
manganese and cobalt had been reported by other workers.96,190 Attempts

were therefore made to determine the number of waters of hydration

thermogravimetrically. A comparison of these results with the microanalytical

data of these compounds could then be made.

Crude samples of Kz[TiLnz), where n=l, 2 and 4, and Kz[MnL zf were

accurately weighed, dried under vacuum (35'C/-0'1 mmHg; over PZOS) and,

after cooling under a dinitrogen atmosphere, reweighed. This was repeated

until no further weight loss in these samples was produced. V/ith some

samples the experiment was performed in duplicate. The difference in weight

was assumed to be entirely due to the loss of water, which was then

calculated. Results are summarised in Table 3.9.

Table 3.9: Thermogravimetric versus Microanalytical Data for the

Determination of the Waters of Hydration (x) in the Amide Complexes.

Complex x (tea) x (microanalysis)

KzlTiLlzl.xHzO
Kzïtllzl.xHzO
KzlTlLaù.xH2O

K2llilnLa2l.xHzO

4

2,2.5*

3.5

3.5, 4*

3.5

4.5

4

-1.5

* 
These results are from duplicate measurements

tzr

The number of waters of hydration determined by the thermogravimetric

measurements compared well with the þydrated formulations proposed from

the microanalytical data, except KZlTiL2Zl.xHZO. The value for x determined
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by Koikawa et aI. runged from I - 4.5 for a series manganese(IV) amide

complexes,g6 4 - 5 for a series of cobalt(Ill) amide complexeslgO andl - 5 for

a series of Fe(I[) and Fe(IV) amide complexes.35

In summary, for the titanium compounds analysed in this study, the number

of waters assigned to the dehydrated formula, determined from
thermogravimetric measurements, was in the range 2 - 4 and for the

manganese compound it was 3.5 or 4.T\e value of x =-3'5 or 4 for the

manganese compound fell within the range of x determined by Koikawa et al.

for a series manganese(IV) amide complexes.96
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3.9 Electronic Spectra

3.9.1 Introduction

The solution properties of the amide complexes were studied by electronic

spectroscopy. Electronic spectra for the amide complexes of titanium and

manganese were recorded in dimethylformamide. In addition, the electronic

spectra of the protonated ligands were recorded in the same solvent for

comparison purposes. The solvent window in dimethylformamide had a lower

wavelength limit of 270 nm. This solvent was employed since Koikawa et aI.

observed no spectral change with time when using this solvent in their

studies.g6 They also found that the amide complex spectra were essentially

the same in dimethylformamide and in fresh aqueous solution.

The d3 manganese(IV) complexes would be expected to show absorptions

due to (i) intraligand, (ii) ligand-to-metal charge transfer, and (äi) d-d

transitions. Whereas the d0-titanium(IV) complexes may show absorptions

only due to intraligand and charge transfer transitions.

3.9.2 Types of Transitions

3.9.2.1 Intralígand Transítions

The amide ligands consist of amide functions with aromatic substituents on

both the N and C atoms. Such structures would be expected to produce

extensively delocalised n systems involving the amide bridge and both

aromatic rings. Thus, the transitions possible aÍe IE+rt* and n+fi*. These

characteristic absorptions are generally observed in the ultraviolet region of

the spectrum. Upon complex formation, the absorptions would be expected to

shift to longer wavelengths and have increased intensities.l59

3.9.2.2 d-d Transitions

Manganese(IV) has electronic configuration d3 and would be expected to

have three spin allowed transitions in octahedral coordination:
4 A2 r(F) +4T z s(F), 

a A2 r(F) -+4rl s G) and 4 A2 s(p) +4T,¡ r (P). 1 s6b' I e6
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3.9.2.3 Ligand-to-Metal Charge Transfer

This study aims to investigate high oxidation states in metals stabilised by the

formation of complexes with æ-donating ligands. These properties of the

metal and the ligand are the ones most likely to give rise to charge transfer

transitions. Since the metal atom and the ligands are in such a close

enviroment, a strong possibility of new transitions occurring exists. The high

oxidation srate of Ti(IV) and Mn(IV) and the nature of the amide ligands

allows the transfer of an electron from the tigand to the metal (i.e. a metal-

reduction charge transfer transition). Specifically, this would involve the high

oxidation metal centres and the electron rich oxygen and nitrogen donor

atoms in the chelate system, where promotion of electrons takes place from

essentially ligand orbitals into empty essentially metal antibonding orbitals.

Charge transfer (CT) processes are usually of higher energy than d-d

transitions, appearing at the extreme blue end of the visible spectrum or in the

ultraviolet region. Although, in the case where the metal is easily oxidised

and the ligand is easily reduced, the charge transfer bands can occur at lower

energies often extending into the visible region. The bands due to these

transitions are of high intensity, as they are usually fully allowed transitions

and possess molar extinction coefficient values of 103 - 104 dm3 mol-l cm-l

or more. Any forbidden CT transitions producing weak bands are rarely

observed as they are hidden by the stronger CT bands.6m If we consider the

coordination of an electron rich ligand such as a halide to a metal, then a

simplified diagram of the ligand to metal charge transfer transitions can be

illustrated by Figure 3.4.

3.9.3 Results

Diagrams which show the spectra of the free ligands overlayed with the

spectra of their respective manganese and titanium crude complexes are

shown in Figures 3.5 - 3.9 The wavelengths of the absorption maxima and

other main features of the spectra and their corresponding molar extinction

coefficients are given in Table 3.10.
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Figure 3.42 fhe main classes of ligand-to-metal charge transþr ffansitions (Reþrence

6m).

All of the amide ligands gave spectra containing an intense absorption in the

range 304 - 318 nm. This absorption was associated with a well defined

shoulder on the low energy side, which in some cases appeared as a distinct

absorption in the 362 - 380 nm region. The ligands containing naphthyl rings

(¡¡zL7 - HgLg) contained a further absorption in the 338 - 344 nm region

attributed to the presence of a second aromatic ring. The intense peak at304 -

318 nm and the absorption just mentioned were assigned to æ+æ* transitions

and were labelled Band(l) and Band(2), respectively, in Table 3.10. Whereas

the longer wavelength absorption in the 362 - 380 nm region , because of its

lower intensity, was consistent with an n+lr* ffansition and labelled Band(3).

The transition labelled Band(l), which was observed as a peak in all of the

protonated uncomplexed amide spectra, appeared at a longer wavelength in

the spectra of the respective manganese and titanium complexes as a result of

coordination having taken place.159 In the case of the titanium complex

spectra, the band was evident as a distinct peak (Ll and f6 - y9) or as a

V2 V3 V4
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shoulder (L2 - L5), and in the case of the manganese complex spectra, the

band always appeared as a distinct peak. Furthermore, the transition labelled

Band(2) also appeared at a longer wavelength in the spectra of the respective

manganese and titanium complexes.

In the 400 - 470 nn region of the titanium and manganese complex spectra a

tail appeared suggesting the presence of a weaker absorption at a longer

wavelength than the intraligand transitions. This band, which was less

prominent in the complexes containing naphthyl rings, l.e.Ú,L8 and L9, was

assigned to charge transfer (CT) from ligand to metal (Table 3.10).

In most of the manganese complex spectra two bands were observed in the

460 - 660 nm region, all of which had molar extinction coefficient values (e)

greater than 1 x 103 dm3 mol-l cm-1. In related studies by other workers,

absorptions in this region were attributed to ligand-to-metal charge transfer

because they possessed wavelengths greater than that expected from the

crystal field splitting of [MnFO]2- (Ao - 2L,750 cm-l or 460 nm) and thus,

could not be attributed to d - d transitions.14,96 In the manganese complex

spectra obtained in this study, although the absorptions in this wavelength

range appeared at wavelengths too high to be d - d transitions, their absence in

the analogous titanium complexes and their low energy suggested that they

may in fact be d - d transitions. Lower values would be consistent with the

destabilising effect of rc-donation on the t2g metaL electron. Thus, some of

these bands were recorded in Table 3.10 as such transitions. Although molar

extinction coefficient values greater than 103 dm3 mol-1 cm-1 are too high for

d-d transitions the values were obtained from very low absorbances which

were the tail end absorptions of dilute solutions and hence liable to a

considerable uncertainty in their values. Absorptions labelled as charge

transfer bands in the manganese complex spectra appeared at longer

wavelengths (460 - 505 nm) than those observed in the titanium complex

spectra (410 - 431 nm). This trend was expected for charge transfer bands as

the energy of the 3d orbitals decreases along the transition series. We believe

that the transfer is from the ligand phenolic oxygen orbitals to the metal. d

orbitals which would be the lowest unoccupied molecular orbitals (LUMO) in
this case.

In several of the KZiffiLnZ] complex spectra, where n = 1 - 6, and a couple of
the KZ[MnLnZ] complex spectra, where n = 8 and 9, an absorption which

sometimes coincided with Band(l) in the corresponding amide ligand was
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observed. This absorption, labelled Band(0) in Table 3.10, could be fortuitous

or it could mean that some decomposition of the complex had taken place in

the solvent to give some free ligand in solution. Altematively, it could imply

that some free ligand was present in the crude samples. However, the fact that

the absorption labelled Band(0) in the spectrum of KzlTlL6zl did not coincide

with any free ligand absorption band led us to believe that this was a genuine

intraligand band arising from a ß-+It* transition in the ligand with a

maximum beyond the wavelength range allowed by the solvent window.

Complexation would lower their energy as observed for Band(l) and Band(2).

Results obtained in this electronic spectral study were in good agreement with

findings made by Koikawa et a1.96 who observed intraligand transitions

around 313 nm for similar manganese complexes. The same intraligand

transition appeared around 286 nm in the free ligand spectra. Absorption

bands found between 500 and 625 nm were assigned to ligand-to-metal
charge transfer transitions.

The electronic spectra of some iron(III) and iron(IV) amide complexes,

prepared by Koikawa et a1.,35 were studied in methanol. The iron(III)
complexes showed an absorption band at 455 nm, with a value of -5 x 103

dm3 mol-1 cm-1 for the molar extinction coefficient, which was assigned to

charge transfer. Intense absorptions appearing at wavelengths higher than 333

nm were attributed to intraligand transitions. The iron(IV) complexes

exhibited similar spectra to the iron(Ilf complexes. An intense charge

transfer band occurred at 476 nm. d-d Transitions in the iron(IV) complex

spectra which were expected to be found at wavelengths lower than 400 nm

were hidden by the intense charge transfer and intraligand absorptions.

Cobatt(III) complexes of amide ligands have also been examined by

electronic spectroscopy in methanol.190 frys spin-allowed d-d transitions are

possible for cobalt(IlD in an octahedral enviroment, namely 1A7g+lT7t and
1A1n+lTzn. Koikawa et al. observed an intense intraligand transition at

342 rrn in the spectra of these complexes. Bands appearing between 435 and

592nrn were too intense to be assigned to d-d transitions and were therefore

believed to be due to charge transfer absorptions overlapping with d-d
transition absorptions.
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Figure 3.5: (a) Overlay of the electronic specta of N-(2-hydroryphenyl)salícylamíde

(HsLt), Kz[TiLlz] and Kz[MnL[2], and (b) overlay of the electronic spectra of
N-(2-hydroxyphenyl)-5-chlorosalícylamide (HsL2), K2[TiL22] and K2[MnL2z] in

dimethylformamide.
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Figure 3.7: (u) Overlay of the elecrronic spectra of N-(2-hydroryphenyl)-3-methyl-

salicylamide (H jLs ), Kz[TiLs z] and K2[MnL, 2], and (b) overlay of the electronic spectra
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i n dirne t hy lfor mami de .

02

0.8

0.6

0.4

0.2

0.0

300 500 600

Wavelength (nm)

K2[TiLszì

K2[Mnl-st

H¡L5

K2[MnL62]

H¡Lu

6
,)



Chapter 3 Amide Complexes 131

2.0

(a)

1.5

1.0

0.5

300 4@ 500 600 700 800

Wavelength (nm)

(b) 1.6

1.4

t.2

1.0

0.6

0.2

0.0
600 700400 500

Wavelength (nm)
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Table 3.10: Electronic Spectral Data for Amide Complexes of Titanium and Manganese.
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314 [3.89]

338 Í4.3e1

33214.281

2e614.39)

314 [3.98]

328 Í4.62)

316 [4.06]

33214.601

310 sh 14'361

216 sh 4

O

C\ì
(¡.)

s-(\
oo

kßq

368 sh l3's2l 338 sh t4'031 3r4l4'r7l
328l4.s8l

34814.29)

354 4.2K 9 s05 51

BANDS(¡, 1 and 2) in the metal complexes correspond to intraligand transitions.

fl sh = flat shoulder; sh = shoulder.
4 Reference 96.

(,
Þ
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3.10 Measurement of Solution Properties

In the case of the titanium and manganese amide compounds, it could be said

from the microanalytical data obtained, that at least -907o of the desired

KZ[MLnZ] material was present. The consistency of the electronic spectra

supported strongly the formulation and stability of these complexes at least in

dimethylformamide solution. In an attempt to further characterise these

compounds it was decided to perform magnetic moment and conductivity

measurements on them.

All measurements were performed on crude samples which, in most cases,

gave poor microanalyses. Compounds for which no microanalytical data was

obtained or compounds for which the waters of hydration could not be

assigned from the microanalytical data were all given a value of 3'5 for x and

the corresponding formula weight was used in the conductance and magnetic

moment calculations. To further confirm the conclusions reached about the

extent of hydration from microanalytical and thermogravimetric

measurements, and also because not all products had been examined by

microanalysis thermogravimetric experiment, as well as using formula

weights including 3.5HZO, magnetic moments and molar conductances

(Section 3.10.2) were also calculated for a range of formula weights covering

I - 5 waters of hydration (x). This demonstrates the dependance of the extent

of hydration on the properties of the complexes.

3.L0.1 Magnetic Moment Measurements

Mass spectral results mentioned earlier for the amide complexes suggested

the possibility of oxidation states lower than (IV) for titanium, manganese and

iron. Magnetic properties of transition metal atoms or ions which have

unfilled d orbitals can provide valuable information on the structure and

bonding of their complexes. The number of unpaired electrons is directly

related to the arrangement and extent of the splitting of the d orbitals and

decides the magnetic properties of a compound. The effective magnetic

moments (Bohr Magnetons, B.M.) were calculated using the equation:

135

(3.2)
Veff = 2'84 M(corr) X T
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where Xu(corr) = molar susceptibility corrected for any diamagnetic effects

(c.g.s.units) and T = temperature (K).

The mass susceptibility of the manganese complexes was determined by the

Evans -.1¡o¿.197 This method is convenient for determining the

susceptibility in solution. The frequency at which a proton signal for a

hydrogen containing solvent molecule resonates depends on the volume

magnetic susceptibility of the solvent. This proton resonance, in a solution

containing paramagnetic ions, is shifted from that in the pure solvent. The

shift in the resonance frequency of the solvent proton is related to the volume

susceptibility and can be used to calculate the mass susceptibility, X (c.g.s.

units), of the dissolved paramagnetic substance, using Equation 3.3.

(3.3)

where ôv = frequency shift (Hz),

m = mass (g) of sample per 1 ml of solution,

vo = 60 MHz, and

Xo = mass susceptibility of solvent.

The molar diamagnetic susceptibilities (Xrr,r) of the amide ligands in the

deprotonated form were calculated using Pascal's constants for the

diamagnetism of the constituent atoms.198a For the ligands containing

naphthyl rings the deviation from Pascals additivity rules was taken into

consideration when determining X¡4.198b Mass susceptibility measurements

on the amide ligands were also carried out using a magnetic susceptibility

balance to check for the absence of paramagnetic impurities (Section 6.32.3).

However, due to a couple of inconsistent results obtained using the balance,

the values calculated using Pascal's constants were used in all the magnetic

moment calculations.

* = #o^+ Xo
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The mass susceptibility of the manganese and iron ions in the amide

compounds were determined in methanolic solutions. Methanol has a mass

susceptibilityof-0.668X10-6cm3g-l.l3ThemolarSusceptibility
(= X x F.W.) was then calculated and corrected for the diamagnetism of

Mn(IV) (-8 x 10-6 c.g.s. units;199 and the appropriate amide ligand. A value

for the diamagnetic correction for Fe(IV) could not be found in the literature.

However, a diamagnetic correction value of -8 x 10-6 c.g.s. units per mole

was employed for the Fe(IV) ion in all calculations. This is because the

diamagnetic corrections for the Mn(II) and Mn(III) ions are very similar to

those for Fe(II) and Fe(III).199 Thus, the diamagnetic correction for Mn(IV)

was assumed to be similar to that for Fe(IV). As the potassium ions and the

water of hydration are not present in the primary coordination sphere, the

diamagnetic effect due to these can be neglected when using the Evans

method.

For comparison purposes, a me¿ìsurement was also carried out on the

manganese comple* of N-(2-hydroxyphenyl)salicylamide H¡L1 which other

workers have accurately characterised as KZIMnLlZ|-3'SHZO and have

quored a value of 4.06 B.M. for ¡rs¡¡.96 The sample of Kz[MnLrz].3.5H2O I
prepared gave a [reff value of 3.91 B.M. indicating the validity of our

experimental measurements.

In the manganese complexes, using the formula weight of KZIMLZ].3'5HZO

to calculate the corrected molar susceptibility, X¡4(corrected), gave magnetic

moments in the range 310 - 4'31 B.M. at T = 308'2 K (Table 3.11). These

values are closest to the spin-only value of 3'87 B.M. for three unpaired

electrons and thus, confirm the suggested formulation of these complexes as

Mn(IV). Performing the calculations with formula weights which include

I - 5 waters of hydration do not negate the agreement with the spin-only value

of 3.87 B.M. The manganese(IV) complexes prepared by Koikawa et al.

contained I - 4.5 waters of hydration gave ¡rs¡¡ values in the range 3'67 - 4'06

B.M..

Unlike the manganese complex with N-(2-hydroxyphenyl)salicylamide
(H¡Ll), the vanadium product was insufficiently soluble in methanol and

hence, its magnetic moment could not be measured by the Evans method.

As mentioned in Section 3.3.2, studies on complexes of iron with amide

ligands, by Koikawa et al.,have recently been reported.35 They found that

iron(Il! complexes of the amide ligands N-(2-hydroxyphenyl)salicylamide
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and N-(2-hydroxy-5-chlorophenyl)salicylamide gave lreff values of 5'80 and

5.82 B.M., respectively, at room temperature characteristic of high-spin

complexes (5 unpaired electrons). Iron(IV) complexes of the amide ligands

N-(2-hydroxyphenyl)salicytamide and N-(2-hydroxy-5-methylphenyl)salicyl-

amide gave ps¡¡ values of 4'99 and 2'84 B.M.' respectively, at room

temperature suggesting the former to be a high-spin complex (4 unpaired

electrons) and the latter a low-spin complex (2 unpaired electrons).
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Tabte 3.1L: Effective Magnetic Moments for the Amide Complexes

Determined at 308'2 K in Methanol.

Complex lteff @.M.)

KzlMnl.nzl.xHzO:
n= 1

n=2
n=4
n=5
n=6
n=7
n=8
n=9

KzlVLlzl.xHzO attempt :

Kz [FeLn z] .xHzO attempts :

n=1
n=3
n=4

x=3.5 x=7-5
3.e7 (4.061)

3.89

3.10

3.89

4.03

3.18

4.3r

4.15

3.78 - 3.96

3.60 - 3.76

3.76 - 3.96

3.9r - 4.lO

3.68 - 3.84

4.r9 - 4.37

4-04 - 4.22

Insoluble in methanol

4.57

4.59

4.54

4.42 - 4.67

4-45 - 4-68

4.4r - 4.6r

T Refe.ence 96 (using Evans method and Pascal's constants)
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Summarised below in Table 3.12 are the results obtained by Koikawa et a1.35

as well as some other iron complex magnetic moment measurements found in

the literature.200

Tabte 3.L22 Experimental Magnetic Moments for Complexes of Iron in

Different Oxidation States.

Oxidation
State

Electronic
ConfTguration

Iteff @.M.)

Fe(II)ø

Fe(III)d

Fe(IIfø
Fe(IV)b

Fe(IV)

d6, high spin

d5, high spin

d5,low spin

d4, high spin

d4,low spin

5.10 - 5.45

5.75 - s.98

2.34 - 2.45

4.99

2-84

4 Reference200; b Reference 35.

In this study, iron complexes of the amide ligands H¡Ll, H3L3 and H3L4

produced ps¡¡ values of 4.57, 4'59 and 4'54 B.M.,respectively, for the formula

Kz[FeLnz].3.5H2O. When comparing these values with the data in TabIe3.l2

the values agree best with their being compounds of Fe(IV). Although the

values lie between lrs (spin-only formula) values characteristic of three (3'87

B.M.) and four (4.90 B.M.) unpaired electrons, we are inclined to interpret the

magnetic measurements as evidence for a da high spin configuration which

would be expected to show no contribution from the orbital angular

momentum either in octahedral symmetry or the Jahn-Teller distorted

tetragonal symmetry consistent with this configuration. Besides, the only

alternatives for three unpaired electrons are the highly unlikely Fe(V) and

high-spin Fe(l).

In the case of four unpaired electrons, high-spin Fe(II) and high-spin Fe(IV)

complexes are possible, which suggests that the iron compounds obtained in

this study are either of the type K2[FeIIL2] with the amide ligands
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coordinating as dinegative bidentate ligands, or the proposed K2[FeIV¡2] type

in which the amide ligands coordinate as trinegative tridentate ligands. The

infrared spectra showed that the ligands were coordinated in the same way as

in the corresponding titanium(IV) and manganese(IV) complexes. Moreover,

the deviation in the magnetic moment for the d6 ochhedral configuration
(Fe(II)), from the spin-only value of 4.90 8.M., would be even more

pronounced due to the orbital angular momentum contribution. It should be

mentioned that the complexes were prepared from an iron(III) starting

material under oxidising conditions similar to those used by other workers

who yielded Fe(III) compounds.

In case complexes analogous to those proposed above for iron (i.e. amides

behaving as dinegative tridentate ligands) could be formed with titanium, a

magnetic moment measurement in methanol was carried out on one sample,

KzlTtLrzl. A Ti(II) complex would exhibit 2 unpaired d electrons as opposed

to Ti(IV) which would reveal no d electrons. This complex produced no

frequency shift in the methyl proton signal of methanol thus, suggesting the

presence of diamagnetic ions and confirming the formation of Ti(IV) amide

complexes.

3.10.2 Conductance Measurements

Conductivity measurements are a useful means for obtaining structural

information on a complex by determining its charge type. This technique

involves measuring the electrical resistance of a solution of the complex at a

particular constant temperature. The molar conductance (À*) at infinite

dilution, or at a stated concentration, can be used to determine the ionic
composition of electrolytes. A¡n is both temperature and solvent dependant.

Ranges of conductances for several different charge type electrolytes are

given in the review by Geary.195

The purpose of the conductance measurements in this study was to establish

the formulation Kz[MnL2]. Measurements were carried out at 25'C in
methanol at concentrations near 10-3 mol dm-3 and the idealised formula

KZIMLîzl.xHzO (x - 3.5) was used to calculate the molar conductance using

Equation 3.4

r4l
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(3.4)

where r = specific conductance (ohm-1 cm-l) and C = concentration

(mol dm-3).

The results are shown in Table 3.13. Also shown in Table 3.13 is a range of
values calculated for x =l to x = 5. Geary reported the range 160 -
220 ohm-l cm2 mol-1 for l:2 type electrolytes in *.¡¡utt61.195 These

measurements would not be able to determine the purity of the products

obtained but would show whether the products were consistent with the

proposed formulation.

The manganese complexes gave molar conductance values which were

characteristic of l:2 electrolytes. In all cases, the analogous titanium
complexes produced lower Âm values. The molar conductances for the

titanium complexes were lower than that reported by Geary but they were still
well above the range 80 - 115 ohm-I cm2 mol-l characteristic of a 1:1

electrolyte. The higher 
^m 

values for the manganese complexes in

comparison to those of the titanium complexes may suggest the presence of
greater amounts of some potassium contaminant. This is consistent with
findings from the elemental analyses where higher than expected values were

found for the K/I\4n ratio than the Kffi ratio.

The products afforded from the attempted preparation of the KZ[FeLnZ]

complexes, where n = 1,3 and 4, assuming 3.5 waters of hydration, also gave

r\m values characteristic of I:2 electrolytes. However, it is not possible to

differentiate between the [FeIV¡212- and lFerrL2lz- which was one possible

altemative suggested by the magnetic measurements.

The attempted preparation of the vanadium complex of N-(2-hydroxyphenyl)-

salicylamide (H¡Ll) resulted in a product which was only partially soluble in

methanol and hence, no conductance evidence could be obtained to confirm

or reject the Kz[VLz] formulation.
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Tabte 3.13: Conductance Measurements on Amide Complexes of
Manganese, Titanium and Iron at 25"C in Methanol.

Complex r\m
(ohm'r cm2 mol'l)

KzlMnl,nzl.xH2O:

n=1
n=2
n=4
n=5
n=6
n ='7

n=8
n=9

KzlTiLnzl.xH2O:

n=1
n=2
n=3
n=4
n=5
n=6
n=7
n=8
n=9

KzlFel,nzl .xHzO attempts:

n=1
n=3
n=4

¡=3.5
160 (lseï)

161

t7r
r82
t82
205

r92
191

1

1

1

I
1

1

1

1

1

51

50

60*

4T

72

39

67*

52

64

r69

2t0
t94

x=7-5

tsr - 167

16r - r77

170 - 189

t72 - t89

r93 - 213

181 - 198

180 - 198

140 -

t4t -
150 -

r33 -

161 -

130 -

157 -

t43 -

t54 -

t57

156

r66*

146

t79
144

174*

r57

t70

157 - 176

t97 -218

183 - 201

T Reference 96.
* Value or range recorded as the the mean of several measurements.
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3.L1 An Assessment of the Experimental Evidence
Presented in Chapter 3, Concerning the Structure of the
Amide Complexes

In investigating the coordination complexes of the trinegative tridentate amide

ligands a serious disadvantage has been the difficulty in obtaining materials of

the purity required to produce unambiguous microanalytical support for the

proposed formulations. The inability to obtain the materials either as

crystalline, or at least as solids separating from a reaction mixture, confined

us to working with crude products which undoubtedly contained impurities.

The best purification procedure used was thorough washing, as attempts to

purify by chromatography or recrystallisation of certain compounds were

either unsuccessful or led to decomposition.

The difficulty in obtaining well characterised solids was due to their high

solubility, which in itself was the result of the complexes being heavily

hydrated. Similar results have been observed by other workers and it is very

unfortunate that no suitable crystal structures exist for such complexes, as the

association of the amide ligand with water molecules is a characteristic

feature of the ligand and one that persists through a large number of structural

variants in the ligands and with all the different metals used by us. The

strategy of using many structural variants of the ligand in the hope of
obtaining crystalline products, a strategy that has been successful in previous

studies in this laboratory (e.g. Salam92), failed because of what we believe is

this very specific interaction between the amide and the waters of hydraion.

This interaction does not hold under the conditions of obtaining FAB mass

spectra.

Although in many cases the microanalytical results could be improved by

allowing for a number of water molecules in the Kz[MLnz] formulation,

many of the analytical results were still outside the limits of what is normally

the acceptable in synthetic chemistry. Nonetheless, there is sufficient

evidence from spectroscopic and other physical measurements to predicate

that the bulk of the materials isolated by us conform with the proposed

coordination of the amide ligand in trinegative tridentate form, giving rise to

Kz[MLn2] type complexes. Infrared studies showed the loss of protons

attached to O and N with consistent shifts in the vibrational frequencies of the

amide function. Electronic spectra and conductivities showed similarity

between the various compounds. Solution magnetic moments supported the
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high oxidation state (IV) in the manganese compounds and was a postive

alternative in the iron compounds. Electrochemical measurements showed

many of the compounds to be similar (Chapter 5) and were in agreement with

the few, well documented, cases reported by other workers. There is little
doubt in our mind that the crude materials prepared contained the complexes

of the suggested formulations in high percentages, but that unavoidable

impurities have interfered with the microanalytical results and put the outside

the nrmally accepted values. In hindsight, our strategy of structural variation

in the ligand in the hope of obtaining a crystalline product that could be used

as a benchmark to validate all the other proposed structures was unsuccessful.

An altemative strategy would have been to use large scale preparations,

hoping that precipitation conditions would have favoured the isolation of
crystalline materials. This alternative was considered less appropriate because

of the amount of work associated with the preparation of the ligands on a

large scale.
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Chapter 4

NEW CHELATING LIGANDS

4.1 Introduction

It was seen in Chapter 2 that the Schiff base ligands used were capable of
stabilising the high oxidation states in numerous metals. Our research

included a ligand of the type shown in Figure 4.I, capable of forming five-
and six-membered rings with the metal which are the optimum size for the

formation of stable chelate rings with transition metal isns.201 Shbilisation
was achieved through æ-donation from the aromatic oxo functions and the

delocalised rc orbitals of the conjugated ligand system.

Ezi
I
,
,
,
I
t

I
M

o
o

t
¿

6-membered
ring

5-membered
ring

Figure 4.L: f he sought after chelation by Schiff base ligands, where M represents a

metal.

As well as extending work in the Schiff base ligand area it was interesting to

consider what effect various modifications to the general structure of this

particular Schiff base ligand would have on its ability to form complexes and

on the properties of any complexes formed (structure, redox behaviour etc.).

In particular, we decided to retain the aromatic oxo functions and replace the

azomethine -CH=N- function with other bridges, such that the overall
structure was maintained and also an electron donating site in the bridging
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position was provided. The type of organic compounds we tried to prepare are

listed in Figure 4.2.

y/ Y

-o

Type of CompoundY

I

o-

x

I
_cH:N_

-N:N-
- CH: QI{-

-cHz -o-
o
il

-o-
o
tl

-c-N-

Schiff Base (Chapter 2)

Azo Dye (Chapter 2)

Alkene

Ether

Ester

Amide (Chapter 3)

Figure 4.2: General structure of the ligands of ifierest, along withthe functional groups

whichwere to be varied.
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In these bridges, the varied Y function can be considered as being

isoelectronic with the azomethine -N- in the Schiff bases. The azo

compounds and amide compounds together with their resultant complexes

have already been discussed, in Chapters 2 and 3 respectively, and were

observed to function in a way similar to the Schiff bases. Our aim now was to

investigate2,2'-dihydroxystilbene (-XY- = -CH=CH-),2,2'-dihydroxybenzyl-

phenyl ether (-XY- = -CHzO-) and 2-hydroxyphenyl salicylate (-XY- =
-COz-), and some of their derivatives, as possible ligands for stabilising

higher oxidation states of metal ions.
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4.2 2r}'-Dihydroxybenzylphenyl Ether

4.2.1 Introduction

The Williamson synthesis of ethers is commonly used because of its
versatility: it can be used to prepare unsymmetrical as well as symmetrical

ethers. It involves nucleophilic substitution of halide ion by an alkoxide ion.

R1X + M+ -OR2 + R1OR2 + MX (4.1)

In the preparation of an unsymmetrical ether, a choice in the starting materials

arises. The danger of elimination, resulting in the formation of an olefin,

competing with the desired substitution must also be considered. Tertiary and

aryl hatides are generally too unreactive, while secondary halides would result

in low yields.l89b,202a,203a Thus the first synthetic route tried for the

preparation of 2,2'-dihydroxybenzylphenyl ether was to treat2-hydroxybenzyl

bromide (1a) with the alkali salt of catechol (1b) as shown in Reaction

Scheme 4.1.

CH2Br + K+

OH

(1a) (1b)

-KBr

o
cHz

OH

(1c)

Reaction Scheme 4.1
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However, a synthesis for the required starting material Z-hydroxybenzyl

bromide could not be found in the literature. Attempts to prepare

2-hydroxybenzyl bromide via bromination of o-cresol with N-bromo-

succinimide produced an oil as the product, which thin layer chromatography

and NMR spectroscopy revealed the presence of a large amount (877o) of

unreacted o-cresol and no 2-hydroxybenzyl bromide. The inability to obtain

the bromide starting material may be due to its instability according to

Equation 4.2.

.....Ð. HBr
(4.2)

A strong absorption was observed in the carbonyl region of the infrared

spectrum of the oily product, lending support to this theory. The unstable

nature of the 2-hydroxybenzyl bromide led us to believe that it was essential

to modify the hydroxyl group.

When selecting a protecting group, requirements are that the group can be

easily attached and easily removed, under conditions that will not affect other

functional groups in the molecule. Furthermore, while attached to the

molecule, it must be resistant to the planned reaction pathway. A range of

ethers and esters can be used for the protection of the hydroxyl function,204 ¿

common choice being the tetrahydropyranyl ether (THP) protecting group. As

the compound of interest is also an ether (2,2'-dihydroxybenzylphenyl ether),

it was decided not to use an ether for protection in case its removal interfered

with the new benzyl-phenyl ether linkage. A literature search on the general

formula (2-OR)ArCHzBr yielded numerous alkyl- and aryloxybenzyl

bromides. The simplest, 2-bromomethylphenyl acetate (2a) was chosen as the

starting halide for the preparation of 2,2'-dihydroxybenzylphenyl ether, and an

outline of the synthesis is shown in Reaction Scheme 4.2.

cnr-Q,
+

cHz

o
)
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CH2Br

151

+
HO

Base/DMSO

o

(2a)

il
o

HO

(2b)

CH{
HO

ofrcH3

o
(2c)

-cH3cooH
(Ð oH-
(iÐ dil. HCr

o
CH/

HO
OH

(2d)

Reaction Scheme 4.2
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4.2.2 Synthesis of 2,2'-Dihydroxybenzylphenyl Ether using an Acetyl
Protecting Group

4.2.2.1 Procedure

Numerous experiments were performed in an attempt to prepare

2,2'-dihydroxybenzylphenyl ether from the reaction between
2-bromomethylphenyl acetate (2a) and catechol (2b) ln the presence of base

in solvent dimethylsulphoxide. Various reaction conditions were employed

and these are summarised in Table 4.1. They include the use of different
bases, temperatures, reaction times and mole ratios of the starting materials

and base.

Tabte 4.L: The Different Reaction Conditions Employed in the Attempted

Preparations of 2,2'-Dihydroxybenzylphenyl Ether using an Acetyl Protecting

Group.

Reaction Base ROH : BrR
MoIe Ratio

ROH : Base

Mole Ratio
Temp. ('C)

A

B

C

D
E
pI
cl

¿
Ht
fi

CH3O- Na+

KOH

KOH

KOH

KOH

KOH

KOH

KOH

KOH

1

I

1

1

1

1

1

I
1

1

1

1

1

2

1

I
1

1

1:1

1:(1+x)*

l:2
1:(1+1)x

l:4
1:1.5

1:(1+1)*

I:4
l:4

RT

RT

RT

60-70
RT

RT

85

30

80 - 100

RT implies room temperature conditions.
ROH = catechol; BrR = 2-bromomethylphenyl acetate.
* 

one mole equivalent was added initially and after reacting for some time another one
mole equivalent or an unknown amount, x, was added such that base was in excess
of catechol.

t Reaction mixtures which were acidified.



Chapter 4 New Chelating Ligands 153

Solid KOH in dimethylsulphoxide was used as the base in reactions B - 1.

This system has been used by many workers as an easy, fast and mild

procedure for the alkylation of phenols, amides, acids, alcohols and

ketones.2o5-207 The alþlating agent (2a) and substrate (2b) are simply added

to a mixture of powdered KOH in dimethylsulphoxide at room temperature.

The solubility of KOH in dimethylsulphoxide is poor allowing only surface

reactivity, which makes the mixture suitable as a base for nucleophilic

displacement reactions.206 In the case of reaction A, using sodium methoxide

as base, the monosodium salt of catechol was prepared and isolated before

reacting with the halide starting material.

In other studies on the synthesis of ethers using the KOH/dimethylsulphoxide

system, a substrate to KOH ratio of 1'4205 and 1'1'7207 have been used. A

catechol to base ratio of 1:1 was initially employed in our research for three

reasons:

(i) to avoid the formation of the dialkali salt of catechol,

(ii) to avoid competitive hydrolysis of the acetate group in
2-bromomethylphenyl acetate. More base could be added later if it
was required,2oS

(iii) to avoid premature hydrolysis so that the acetylated ether (Reaction

Scheme a.2 Qc)) could be isolated as an intermediate product. The

acetyl protecting group could then be removed by further hydrolysis in

a solvent such as ulto¡s1.208

The general procedure for the preparation of 2,2'-dihydroxybenzylphenyl

ether was to add the catechol to the KOH/dimethylsulphoxide or

CH:O-Na+/dimethylsulphoxide system, followed by 2-bromomethylphenyl

acetate after stirring at room temperature for two minutes. As a precaution, the

reactions were carried out under an atmosphere of dinitrogen. After allowing

the reaction to proceed at the desired temperature, attempts to isolate the

acetylated ether were made by water drownout and subsequent extraction

from the reaction mixture with diethyl ether (reaction A) or dichloromethane

(reactions B - 1). The extracts were then dried and the solvent removed under

vacuum. All products were isolated as oils. The products of the reaction were

examined for the presence of the desired ether by 1H-NMR spectroscopy and,

on occasions, mass spectroscopy and infrared spectroscopy. The relevant

regions examined in the lU-NtrrtR spectra were: ô(CH¡CO2-) as evidence of

the acetylated ether (Reaction Scheme 4.2 (2c)), ô(-CH2O-) as evidence of the
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sought after bond formation and unreacted starting materials. Replacement of
acidic protons by DZO was used to detect the presence of aromatic hydroxyl

groups. In some cases an attempt to purify the product was made.

4.2.2.2 Results

Inspite of the many variations in the conditions used we were unable to

maximise the formation of the desired product which probably was formed in

a small yield amongst other related products. Presented below is a summary

of the results obtained from attempts to prepare 2,2'-dihydroxybenzylphenyl

ether. The IH-NMR data is given in the Experimental Chapter.

Attempts to prepare the ether with an initial catechol to base ratio of 1:1 and

one mole equivalent of 2-bromomethylphenyl acetate always resulted in a

product whose IH-NMR spectrum contained peaks in the expected regions

(i.e. aromatic, -CHzO- and CH:COz-). In some cases starting materials were

detected by IU-NMR (reaction B) and by TLC (reaction D). In all cases,

multiple peaks were observed in the -CH2O- region (ô5'2 - 4'9 ppm) easily

distinguished from any peaks due to hydroxyl protons from unreacted

catechol, which also resonate in this area (ô5.05 ppm). This showed that a

mixture of compounds containin g a -CH2O- group were present. The presence

of more than one compounds was also confirmed by the presence of more

than one peak in the CH¡COz- region. Only reaction A gave a product which

contained a single peak in this region. Addition of excess base, at a later stage

in the synthesis, as expected saw the elimination of the peaks in the CH¡COz-

region and the appearance of aromatic hydroxyl groups (reaction B). In
another case, when treating the reaction mixture with excess base at elevated

temperatures (60 - 70'C), multiple peaks were still observed in both

õ(-CH2O-) and ô(CH¡CO2-) regions of the IU-NVIR spectrum (reaction D). It
was considered that one of the peaks in the õ(CH¡CO2-) region could be due

to the methyl protons of acetic acid, formed by the hydrolysis of the

acetylated ether and which is expected to resonate in this region (õ2'OS¡.t+20

Integration of the spectral peaks showed that even if one of the peaks was due

to the acetylated ether then this was only a minor product.

The multiple peaks observed in the õ(-CHzO-) region of the ltt-NtrrtR spectra

suggested that even at a l:1 catechol to base ratio some hydrolysis occurred

resulting in the production of some diol ether (Reaction Scheme 4.2 (2d)).
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This prompted the use of excess base from the beginning of the synthesis in

an attempt to ensure the complete hydrolysis of the acetylated intermediate,

and the recovery of only a single product, the diol ether. With a I:2 and I:4

catechol to base mole ratio, at or near room temperature, the results were no

different to those obtained with a 1:1 ratio.

In one case, at room temperature using excess base, a l:2 catechol to

2-bromomethylphenyl acetate mole ratio was used(reaction E). The IH-NMR

spectrum of the yellow precipitate obtained suggested the presence of some

acetylated ether as a minor product. However, the overall yield would be less

than 2Vo. The presence of this product was also confirmed by mass

spectroscopy. In addition, the mass spectrum contained a more intense peak

corresponding to the formula weight of the diol ether. However, this peak

may also have been due to a fragmentation product of the acetylated ether.

The IH-NMR spectrum of the product showed several -CHzO- containing

compounds suggesting that the product could not be a mixture of only

protected and diol ethers.

Variations in the procedure for isolating the product were also carried out.

The reaction mixture was acidified after the use of excess base to favour the

formation of the diol ether. Using a 1:1.5 mole ratio for catechol to base at

room temperature, and extracting the product in the usual manner before

acidification in ethanol yielded a product similar to that obtained in earlier

attempts. Although the IH-NMR spectrum contained resonances in the

expected regions, those in the ô(-CH2O-) and ô(CH¡CO2-) regions were

multiple peaks suggesting several CH¡O- and -CHzO- containing compounds

were present (e.g. reaction F). Similar observations were made even when the

amount of excess base was increased (crude material from reaction I and

second extract from reaction H), and when the reaction mixture was heated

and acidified before extraction of the product (G). In one case, no peaks at all

were observed in the õ(CH¡CO2-) region of the 1U-Ntt'tR spectrum (first

extract; reaction H) but the integrated spectrum did not support the formation

of diol ether. The third extract from this reaction showed no peaks in the

expected õ(-Ctt2O-) region, showing that no ether formation had taken place.

For two of the above reactions above (G and I), attempts were made to purify

their product by column chromatography. Not only did chromatography show

no improvement in the purity of the products, but it seemed to introduce

decomposition products. Integration of the IH-NMR spectra did not support a



Chapter 4 New Chelating Ligands 156

mixture of acetylated and diol ethers without much impurity. In the case of

reaction G , for example, the product obtained by elution with
dichloromethane exhibited multiple peaks in the õ(-CHzO-) and ô(CH¡COz-)

regions with additional peaks in between these regions and upfield from the

õ(CH¡CO2-) region.

The lack of success of the synthesis of 2,2'-dihydroxybenzylphenyl ether

following Reaction Scheme 4.2 suggested more than one type of ether

forming from side-reactions. The possibility that this was due to the two

hydroxyl groups present in catechol prompted the use of Z-acetyLoxyphenol

(Figure 4.3(i)) as a replacement for catechol in Reaction Scheme 4.2.Undet

these conditions the reaction between 2-bromomethylphenyl acetate and

2-acetyloxyphenol in dimethylsulphoxide, using NaH as the base and room

temperature conditions, yielded a cloudy yellow oil whose lU-Nl'tR spectrum

contained multiple peaks in the expected õ(CH¡CO2-) and ô(-CHzO-) regions.

The presence of 2,2'-dlacetyloxybenzylphenyl ether (Figure 4.3(ii)) was also

suggested but as a minor product. This was not investigated any further.

At this point it was decided to consider that our original choice of protecting

group was not stable enough in the KOH/dimethylsulphoxide system used,

and investigated whether ether protecting groups would provide better results.

HO CH/
AcO

OAc

(¡) (íÐ

Figure 4.3: (¡) 2-Aceryloxyphenol and (ii) 2,2'-diacetyloxybenzylphenyl ether (where

Ac = CHICO).

o
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4.2.3 Methyl Protecting GrouP

To determine if the problems encountered in Section 4.2.2 were due to the

acetyl protecting group, the synthesis shown by Reaction Scheme 4.3 was

designed. The reaction between equimolar amounts of 2-methoxybenzyl

bromide (3q), successfully prepared from 2-methylanisole, and readily

av ailable guaicol ( 3 b ) in K OH/dimethylsulphoxi de produ ced 2,2' -dlmethoxy-

benzylphenyl ether (3c) in 467o yield. IH-NMR and mass spectral data

supported this (see Experimental Chapter).

CH2Br + HO

(3a)

cH3o

(sb)

KOHIDMSO

o
CH/

CH¡
ocH3

(3c)

Reaction Scheme 4.3

The formation of this aryl ether in a reasonable yield confirmed that our initial

choice for protection of the hydroxyl group (i.e. the acetyl protecting group)

had led to complicating side-reactions.

There are numerous reagents which selectively remove methyl groups which

are protecting hydroxyl groups (demethylation) in the presence of various
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other functional groups within the molecvJs.203b,209-212 However, they also

split the benzyl-phenyl ether linkage.213 An attempt was made to try and

remove this protection following a similar method to that successfully used by

Salam used in the synthesis of the azo dye Ap-pcl-phenolHZ, where the

methyl protecting group was removed using AlCl¡/benzene (Chapter 2).92

However, this procedure used on 2,2'-dimethoxybenzylphenyl ether cleaved

the benzyl-phenyl ether linkage as there was no evidence of a peak in the

õ(-CH2O-) region.



Chapter 4 New Chelattng Ligands 159

4.2.4 2-Methoxypropane Protecting Group

2-Methoxypropene (4b) was considered as an altemative protecting group as

very mild conditions (207o aqueous acetic acid) would be required to remove

i¡.214 This synthesis would require the preparation of 2-methoxypropane-

benzyl bromide (4d) as a starting material, the outline of which is shown in

Reaction Scheme 4.4. Once synthesised, this product could then be reacted

with catechol or similarly-protected catechol.

OMe POC13+
CH¡

o

(4b) (4c)

NBS

CH2Br

o

(4d)

Reaction Scheme 4.4

The formation of the intermediate product (4c) was successful, however

attempts to form its bromide (4d),by NBS bromination, were less successful.

The IH-NMR spectrum of the final product showed that the protecting group

was too unstable under these conditions, as the signal for its >C(C}JùZ

protons, observed at õ1 .44 ppm in the starting material, had disappeared.

Thus, this was not pursued any further.

cHr

OH
+

Øs)
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4.2.5 Trimethylsilyl Protecting Group

As a, final attempt to prepare 2,2'-dihydroxybenzylphenyl ether, a

trimethylsilyl protecting group for the hydroxyl function was used as another

alternative.2l5 This synthesis would require the preparation of 2-(trimethyl-

silyloxy)benzyl bromide (5d) as a starting material. The pathway followed is

shown in Reaction Scheme 4.5. If successfully synthesised, this product could

then be reacted with catechol or similarly-protected catechol.

(cH3)3siNHSi(cH3)3

(sb) CH¡

OH CH¡)¡

(sø) (5c)

NBS

CH28r

osi(cH3)3

(sd)

Reaction Scheme 4.5

The intermediate product (5 c ) was successfully formed by heating

hexamethyldisilazane (5b) with two mole equivalent of o-cresol (5a). Several

bromination attempts with N-bromosuccinimide were carried out, giving a

product which contained 907o unreacted starting material (5c).Hence, this

synthetic route was not pursued any further.

CH¡
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4.2.6 Investigation of Complex Formation

As many of the preparations in Section 4.2.2 showed that some of the ether

(free or protected) could be present in the products, it was decided to

investigate complex formation of one of the products from these reactions.

Assuming that the product from reaction B contained some of the desired

2,2'-dihydroxybenzyl-phenyl ether in the product, we decided to attempt

complex formation with titanium(IV). Titanium tetrabutoxide was reacted

with a portion of the oil from reaction B and four mole equivalent of base

(lithium acetate) in ethanol, under refluxing conditions. The infrared spectrum

of the precipitate obtained from this reaction contained only a few absorptions

which were mostly broad and some of which were in the v(O-H) region

(3700 - 3000 cm-l). If complex formation had occurred, then no absorptions

were expected in the v(O-H) region since the ligand would be deprotonated.

Mass spectroscopy also did not support the sought after complex, TiLZ, where

L = the dianion of 2,2'-dihydroxybenzylphenyl ether. The m/e values 371 (EI

mass spectrum) and 258 (FAB mass spectrum) were lower than the desired

value of 476.

161
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4.3 2-Hydroxyphenyl SalicYlate

4.3.1 Introduction

The ester of the basic structure that would conform with the criteria in Figure

4.2, where -XY- = -COz-, was 2-hydroxyphenyl salicylate. Various methods

exist for the preparation of esters. A common pathway is from carboxylic

acids and alcohols. The esterification process is an acid catalysed reaction.

Sulphuric and hydrochloric acids are conìmon choices as catalysts because

they also possess water-binding properties, however phosphoric and

arenesulphonic acids have also been used. Because of its acidity, a carboxylic

acid must be able to catalyse its own esterification, such that an ester can be

produced merely by heating together the carboxylic acid and the alcohs1.202b

4.3.2 Strategy

The obvious first route to take in the synthesis of 2-hydroxyphenyl salicylate

was that shown below in Reaction Scheme 4.6.

Simply mixing solutions of salicylic acid (6a) with excess catechol (6b) in

chloroform for several hours saw no reaction take place. Only starting

materials were detected by thin layer chromatography. The addition of

concentrated sulphuric acid and refluxing of the mixture yielded the same

result. The infrared spectrum of the product obtained was identical to that of a

mixture of the acid and alcohol starting materials.
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co2H + Ho

(6a) (6b)

o
o

C

(6c)

Reaction Scheme 4.6

The lack of success of the procedure just mentioned was put down to the

structures of the salicylic acid and the alcohol which determine the rate of
esterification. Firstly, it is known that primary alcohols are esterified faster

than secondary or tertiary alcohols. Secondly, in the aromatic series, the rate

of esterification can be reduced by steric effects. For example, ortho-
substituted carboxylic acids are known to react with diffioúty.2ïzu Kanaoka

et al. reported that aryl esters were not attained by the common process of
esterification of carboxylic acids.216 In other studies, Kanaoka et al. reported

that phenols were usually not acylated with carboxylic acids in the presence

of an acidic catalyst, because of the rather low nucleophilicity of the

Phenoh.217

Another problem with the procedure shown in Reaction Scheme 4.6, for the

preparation of the ester directly from the acid, is that the reaction is reversible

and generally reaches equilibrium when there are significant quantities of
both reactants and products present. However, preparation of esters from acid
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chlorides are essentially reactions which are irreversible and therefore go to

completion. Consequently, many aryl esters are prepared by reacting activated

derivatives of carboxylic acids, such as acid halides, with alco¡s15.216 Ths

preparation of 2-hydroxyphenyl salicylate (Reaction Scheme 4.7, (7d)) would

therefore require 2-hydroxybenzoyl chloride as starting material. We know,

from the syntheses of the amide ligands (Chapter 3), that this acid chloride of

salicylic acid could not be prepared without first protecting the hydroxyl

group. As described in Chapter 3, the starting material used in those syntheses

was Z-acetykoxybenzoyl chloride (7a) (i.e. an acetyl protecting group).

However, the use of this as a starting material for the preparation of

2-hydroxyphenyl salicylate (7d), following pathway 1 in Reaction Scheme

4.7, would not be suitable because on removal of the acetyl protecting group,

cleavage could occur in the wrong position, as shown by pathway 2, yielding

products (7e) and (7f).
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(7a)

cocl + HO

o

c

(7c)

New Chelating Ligands

(7b)

+ AcOH

Reaction Scheme 4.7

co2H + HO

(7e) (7f)
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2...-..-+

1

o
o
il
C

(7d)
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4.3.3 Atternpted Reactions

Alternative synthetic routes to acid catalysed esterification were sought for

the preparation of 2-hydroxyphenyl salicylate. A thorough study by Kanaoka

et al., on the functions of polyphosphate ester (PPE), showed it to be an

efficient agent for various condensation reactions.ZlT l¡ was demonstrated that

aryl esters could be prepared from carboxylic acids and phenols under mild

conditions using PPE as a condensing agent. Upon mixing excess PPE with

equimolar amounts of benzoic acid and phenol in chloroform, then either

refluxing the mixture for 30 minutes or allowing it to stand at room

temperature for 24 hours, yielded phenyl benzoate in 83 or 907o yield,

respectiv ely.216 Under the refluxing conditions just mentioned, these workers

obtained phenyl salicylate in 637o yield from salicylic acid and phenol-

Following the procedure described by Kanaoka et a\.,217 ¡3ing PPE as a

condensing agent for the reaction between salicylic acid and catechol in

chloroform, proved unsuccessful in the synthesis of 2-hydroxyphenyl

salicylate. Although a product was observed by thin layer chromatography,

the formula weight peak for 2-hydroxyphenyl salicylate, which was observed

in the mass spectrum (231; Molecular ion + H), was very weak with more

intense peaks appearing at higher m/e values.

Whilst carrying out a literature search on the desired ester, a citation by

Patolia and Trivedi on the synthesis of xanthone derivatives was ¡oun¿.218

These workers discovered that when ethyl salicylate was refluxed with

various phenol derivatives in diphenyl ether, the corresponding phenyl

salicylate derivatives were obtained. This system did not require the use of a

condensing agent. In one case, they found that heating catechol with ethyl

salicylate in diphenyl ether for 12 hours gave 2-hydroxyphenyl salicylate

(m.p.80 - 81"C), while prolonged refluxing (19 - 21 hours) gave 4-hydroxy-

xanthone in low yield. However, no mention was made on the pressure

conditions used to bring diphenyl ether to its boiling point (259'C;1 atm).

Attempts to prepare the ester from the brief experimental outline described by

these workers proved most frustrating. Refluxing diphenyl ether was achieved

under vacuum (oil bath) as well as at atmospheric pressure (heating mantle).

Yet, in both cases, catechol starting material precipitated out of solution upon

cooling. The reaction in which the ether was refluxed under atmospheric

conditions was repeated several tirnes. However, the result was the same, with

the recovery of catechol ranging from 20 to 73Vo.In all cases, the filtrate was
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brown-black in colour. The infrared spectrum recorded of the neat filtrate

revealed the presence of predominantly ethyl salicylate and obviously

diphenyl ether. Although, a second carbonyl stretching absorption (I715

cm-l) of medium intensity was observed at a higher frequency than that for

ethyl salicylate (1611 cm-l), which was possibly due to the desired ester.

Removal of almost all the diphenyl ether by distillation under vacuum, and

cooling of the remaining residue stilt did not yield any expected solid.
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4.4 2r}'-Dihydroxystilbene

4.4.1 Introduction

Although the alkene functional group is found as a ligand mainly in
organometallic compounds and other low oxidation metals it was thought that

the stabilising effect of two chelate rings on both sides of alkene functional

group may act as a suitabte ligand for the formation of complexes analogous

to those of Schiff base ligands. The alkene compound of interest was

2,2'-dihydroxystilbene, or 1,2-bis(2-hydroxyphenyl)ethene. A literature search

on this compound revealed that the well known use of metals in reductive

coupling reactions for carbon-carbon bond formation could be employed in its

synthesis. Whilst studying the syntheses and structures of stilbene cycles,

Tirador-Rives ¿t a/. isolated 2,2'-dihydroxystilbene (Reaction Scheme 4.8,

(8e)) in747o yleld.2r9 More precisely, they isolated 2,2'-dihydroxystilbene

while attempting the ring closure of the aromatic bis(carbonyl) ether (8c).

CHO CH2Br CHO OCH
(8b)

cH2o

(8a) (8c)

Tnr 'IiCla/Zn

CH: CH

Br

OH

Cla/Zn

I
I

lri
I
I
I

r

THF

CH
/ - xylyl group

CH cH2o

OH

(8e)

Reaction Scheme 4.8

(8d)
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The synthetic route carried out by these workers is indicated by the broken

affows in Reaction Scheme 4.8. Salicylaldehyde (8a) was reacted with the

electrophile cx,cr'-dibromo-o-xylene (Sb). After the reductive coupling reaction

with TiCl¿,lZn, and subsequent cyclisation steps, the xylyl moiety was lost

giving the trans dihydroxyalkene (8e,). As our interest was in the formation of

the alkene and not the cyclised compound (8d), we decided to treat

salicylaldehyde directly with TiCl,¿,lZn in tetrahydrofuran, followed by the

extraction using the same experimental procedure as Tirador-Rives t¡ o¡.219

The desired material was isolated, but in a lower yield (9Vo) than that obtained

by the above mentioned workers. However, this was sufficient quantity to

perform some exploratory complex formation experiments

4.4.2 Investigation of Complex Formation

Preliminary work was carried out with2,2'-dihydroxystilbene to test its ability

to stabilise high oxidation states in transition metals. Complexation attempts

were only made with titanium(IV). The titanium starting material, titanium

tetrabutoxide or titanium tetrachloride, was reacted with approximately two

moles equivalent of 2,2'-dihydroxystilbene and four mole equivalent of base.

The products from the reactions were analysed by infrared and mass

spectroscopy.

Both of the titanium starting materials produced no reaction with the alkene in

ethanol using lithium acetate as the base. In tetrahydrofuran, using sodium

ethoxide as the base, the reaction between the titanium tetrachloride and the

alkene produced a product whose infrared spectrum showed some evidence of

complexation. A strong absorption at 1593 cm-1 with a shoulder of medium

intensity at 1610 cm-l was exhibited by this product. This was unlike the

alkene itself which absorbs strongly at both 1610 and 1593 cm-l due to the

-C=C- and aromatic ring, respectively. Also, the strong absorption at 3340

cm-1, characteristic for the protonated alkene, appeared very weak in the

spectrum of the product. The rest of the spectrum, however, contained

relatively few peaks dissimilar to those of 2,2'-dihydroxystilbene. The mass

spectrum of the product exhibited a molecular ion peak atmle 504 which was

higher than that expected for the desired Ti(OCOH4CH=CHCeH+O)z

compound (m/e 468). A possibility here is the formation of TiL(LH)CI, where

L = the dianion of 2,2'-dthydroxystilbene, OCoH+CH=CHC6H¿O.
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Chapter 5

ELECTROCHEMISTRY

5.1 Introduction

The stability of the high oxidation states achieved by the metals can be

explored electrochemically. Electron transfer (oxidation-reduction) reactions

between stable metal oxidation states can occur and such processes can be

reversible, quasi-reversible or irreversible. The electrochemistry of several

group (IV) and group (V) metal complexes of Schiff base and azo dye ligands

and amide complexes of manganese and titanium were studied to determine

their electron transfer characteristics.

Cyclic voltammograms of MLz complexes of Schiff base and azo dye ligands

revealed two quasi-reversible steps attributed to M(IV)/M(III) and

M(III)/M(II). The organometal(IV) and organoantimony(V) complexes of

Schiff base and azo dye ligands revealed a large wave assigned to the

M(IV)/M(III) and M(VyM(IV) couples, respectively. Results for the amide

complexes of manganese were consistent with those reported in the literature

for similar complexes.g6 Three waves due to the couples Mn(VI)/Mn(V)'
Mn(V)/Mn(IV) and Mn(IV)/Mn(III) were exhibited by these complexes.

Analogous titanium complexes showed a wave due to the Ti(IV)/Ti(I[) redox

couple at a more negative potential.



Chapter 5 Electrochemistry

5.2 Application of Electrochemical Techniques

Electrochemistry experiments can provide useful information about redox

reactions. The energy which is needed to add an electron to, or subtract an

electron from, an electrode surface can be represented in terms of the

potential of the electron transfer. In voltammetry, a three-electrode system is

employed where a potentiat is applied between the reference and working

electrodes, and the current flow between the working and counter electrodes

is measured. A supporting electrolyte is present to repress the migration of the

charged reactants and products. The current flowing at an electrode is

measured as a function of the potential applied to the electrode. Application

of different voltage waveforms to the electrode produces different

voltammograms (current-potential curves), each of which has its
usefulnes s.220

Cyclic voltammetry is an easy and direct method used to characterise a redox

system.22l,222In this technique, the potential of the working electrode is

changed linearly with time between two potential limits. More than one

electrode reaction may take place as many electrochemical processes produce

an intermediate which then undergoes further chemical reaction. These

processes can also be studied. The peak resulting from the reduction of a

species is called the cathodic peak and that resulting from the oxidation of a

species is called the anodic peak. These two peaks are characterised by

sãveral parameters: the cathodic (Epc) and anodic (Epa) peak potentials and

the cathodic (ipc) and anodic (ipa) peak currents. One of the various tests for

checking the reversibility of a redox process is the ratio of peak currents,

ipa/ipc. If the ratio is equal to 1.00 then the process can be said to be

reversible. When both the oxidised and reduced species are stable and rapidly

exchange electrons with the working electrode in the time scale of the

experiment the process is said to be reversible and cyclic voltammetry can

then be used to calculate the reduction or half-wave potential of the half

reaction using Equation 5.1.221,222 Tys reduction potential (Fatù is exactly

midway between Epa and Epc.

t7L

Etlz - (s.1)
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The number of electrons (¡¿) transferred during a reversible electrode reaction

can be determined from the difference between the cathodic and anodic peak

potentials as shown by Equatistl J2.222

AEp = Epu-Ep, = ry (s.z)

Often however, electrode reactions are irreversible and the number of
electrons transferred cannot be determined from Equation 5.2. Bulk
electrolysis, also known as controlled potential electrolysis, can be employed

to determlne n in this case. In this technique, a fixed potential is applied to a

working electrode of large surface area to minimise electrolysis time. The

number of electrons transferred is then calculated from the charge transferred

and the number of moles of sample under investigation.

Electrochemical pulse techniques such as differential pulse voltammetry

(DPV), normal pulse voltammetry (NPV) and Osteryoung square wave

voltammetry (OSWV) are commonly used for quantitative analysis.222

Depending on the technique, detection limits in the range 10-6 - 10-9

mol dm-3 are possible for many heavy metals and organic compounds. In

DPV, the potential waveform is made up of small amplitude pulses which are

superimposed on a staircase wave¡strn.222,223 ^[\s current is measured before

and after each pulse and the output observed is the current difference versus

the base potential. In NPV, the waveform consists of increasing potential

pulses. The output produced is the current sampled at the end of each pulse

yersLts the base potential. Faradaic current, which is a direct measure of the

rate of the electrochemical reaction taking place, flows when the potential at

the electrode is close to the reduction potential (Ettù of the reaction. Thus,

this method is useful for measuring the reduction potential, EU% of a reaction.

Sampled direct current polarography is another technique which can be used

to obtain this information.222 OSWV produces a similar output to that

obtained from DPV. The potential waveform consists of a pulse train of
square waves superimposed on a staircase waveform.222-224 The potential is

initially set at a value, say Eg, and then stepped directly (pulsed) to a second

value, say E1. Current samples are taken before and after each pulse. The time

of sampling is such that any background current arising, because the electrode
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is a capacitor,223 is minimised and the current detected is due mostly to the

electrochemical reaction taking place. The output is the current difference

versus the base potential. The peak potential is related to the half-wave

potential as shown by Equation 5.3. Since OSV/V and DPV measure current

differences, any background current which is unrelated to the reaction of the

material under investigation, makes a negligible contribution to the current

measure 6.223 Thus, these techniques are more sensitive than cyclic

voltammetry which measures the total current.

Ep=E,z-**ätti.* (s.3)

The electrochemical techniques mentioned above are useful in correlating the

effect of the ligand on the reduction potential of a metal. Salam observed that

for different VL2 complexes with Schiff bases of varying amino and constant

ketonic groups, -Etlz for the V(IV)^/(III) couple was observed in the order:

K-Salh < K-Bh < K-Ap, where K = the ketonic part of the Schiff base.92

Thus, the K-Ap ligands were found to be more electron-releasing. For the

pX-substiruted ligand pX-Ap-ß-Nap, -Et/z for the V(IV)^/(III) couple in VLz

complexes was observed in the order: X = Cl 4 { = H < X ='lt/[s.92
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5.3 Previous Related Work

5.3.1 Schiff Base and Azo Dye Complexes

Electrochemical studies on VLZ type non-oxo vanadium(IV) complexes with

the same Schiff base and azo dye ligands used in this research have been

carried out by Salam.92 Cyclic voltammograms obtained in
dimetþlsulphox ide w ith tetraethylammonium tetraflu oroborate (EI¿NB F¿) as

the supporting electrolyte on a platinum working electrode showed

V(IV)A/(III) and V([D/V(II) redox couples in the regions -0'05 to -0'40 volts

and -1.50 to -1.80 volts, respectively, versus a saturated calomel electrode

(SCE). In some cases, the V(III)/V(II) couple was not observed as it occurred

at a potential more negative than the cathodic reduction limit of the medium.

The one-electron transfer of the V(IV)^/([I) couple was confirmed by bulk

electrolysis.

Similar neutral bis(tridentate) titanium(IV) complexes (TiLz), also prepared

by Salam, were studied in the same medium as the VL2 complexes mentioned

above.92 The Ti(IV)Æi(m) redox couple was observed in the region -O'47 to

-0.98 volrs and the Ti(III)/Ti(II) couple in the region -1'63 to -1'79 volts,

versus a SCE. The TiLz complexes were found to be more difficult to reduce

than the corresponding VL2 complexes, as expected from their positions in

the first row transition series (the energy of the 3d orbital which is accepting

the electron decreases along the first transition series).

GeL2 and SnLz complexes with Schiff base ligands have been studied

electrochemically on a platinum working electrode in dimethylsulphoxide

using tetrabutylammonium tetrafluoroborate (Bu+NBF4) as the supporting

electrolyte.gT Each showed two redox couples attributed to M(IV)MGII) and

M(III)/M(II). The M(IV)/M(III) redox couples appeared in the regions -L'46

to -I.76 volts and -1.41 to -I.70 volts for the germanium and tin complexes,

respectively, and the corresponding M(III)/M(II) couples appeared in the

regions -1.83 to -2.17 volts and -1.83 to -1.98 volts. These potentials were

relative to a Ag/Ag+ (dimethylsulphoxide) reference electrode. The reduction

potentials for the GeLZ complexes were more negative than the reduction

potentials for the analogous SnLz complexes.
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5.3.2 Amide ComPlexes

Koikawa et al. have carried out electrochemical measurements on manganese

complexes of amide ligands in dichloromethane using 1,4,7,10,13,16-hexa-

cyclooctadecane (18-crown-6) to dissolve the amide complexes.96 Cyclic

voltammetry and differential pulse voltammetry were used to determine the

redox potentials. Three redox couples were observed and considered

irreversible based on the separation between the cathodic and anodic peaks.

TheywereassignedtoMn(VI)/lvIn(V),Mn(V)/Mn(IV)andMn(IV)/Mn(III)
as shown below.

Lzl IMtttub]'- lMtrtttb]'- (s.4)

Redox porenrials for the Mn(vI)Mn(V), Mn(V)/Mn(IV) and Mn(IV)Mn(III)

couples were observed in the regions 1.09 to 0'59 volts,0'75 to 0'09 volts and

-0.65 to -0.89 volts versus a SCE, respectively, and were dependent on the

substituents on the ligands. Substituents on the 2-hydroxyphenyl moiety of

the amide ligands exercised an electronic effect on the metal complexes by

modifying the electron-releasing/withdrawing behaviour of the ligand donor

atoms. The higher oxidation states of manganese were stabilised when an

electron-releasing substituent was present. The same observation was made

by õku*u et aI. from their electrochemical study of manganese(IV)

complexes prepared by the oxidation of binuclear manganese(Il) complexes

of salicylideneamino-o-hydroxybenzene derivatives.14 Two redox couples

were observed and assigned to the processes shown below.

¡MnvlI-rlo + [M.tv
-e

Mn(IV) Mn(III) Mn(II) (s.s)

The first process appeared in the range 0.21 to -0'10 volts and the second in

the range -0.4g to - O.i9 volts versus a hygrogen electrode. These results

showed that the oxidation state Mn(IV) was more stable with the trinegative
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tridentate amide ligands than the dinegative tridentate Schiff base ligands

since the reduction potential of the Mn(IV)Mn(IID redox couple in the amide

complexes was more negative than that of the Schiff base complexes.

Koikawa et al. have also extended their studies with the complexation of the

amide ligands to cobalt, forming Co(III) products of the general formula

K¡[CoL21.190 Two redox potentials were observed between 0'6 and -0'4 volts

versus a SCE, and were assigned to co(v)/co(IV) and co(IV)/co(III) after

confirmation by bulk electrolysis measurements. These cobalt (III) complexes

were easily oxidised to cobalt(IV) by chemical or electrochemical means.
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5.4 Electrochemical ExPeriments

Complexes of Schiff base and azo dye ligands were studied in dimethyl-

sulphoxide using 0.10 mol dm-3 Effaethylammonium perchlorate (EI¿NCIO¿)

as the supporting electrolyte. Complexes of amide ligands were studied in

dichloromethane solution using 0.05 mol dm-3 EøNCIO4 as the supporting

electrolyte since it was less soluble in this solvent. This electrolyte was

chosen for its electrochemical inertness over a wide potential range. The

amide complexes were solubilised with the crown ether 1,4,7,10,13-pentaoxa-

cyclopentadecane ( 1 5 -crown-s ).

The electrochemical properties of the compounds prepared were examined by

cyclic voltammetry and Osteryoung square wave voltammetry at room

temperature on a glassy-carbon working electrode and using an aqueous

saturated calomel electrode (SCE) as the reference electrode. For comparison

pu{poses, electrochemical analysis of some samples was also carried out on a

platinum working electrode using a AglAg+ (dimethylsulphoxide) reference

electrode and tetrabutylammonium tetrafluoroborate as the supporting

electrolyte. In all the electrochemical experiments carried out, except for

those on the amide complexes, a small amount of ferrocene was added to the

solutions to check for any potential drift by the reference electrode. The

oxidation/reduction of ferrocene is a model system of an essentially reversible

process which has been recommended as a standard for use in
electroanalytical voltammeffy.225 Tt'rc81¡2 of the ferrocene couple could also

be used as a reference for the potential of the SCE in this medium which,

because of the junction between the different solvents used in the electrode

and the medium containing the complex, would have a large contribution

from the junction potential.

Normal pulse voltammetry was performed on a solution containing known

concentrations of V(BzacBh)Z and Sn(Ap-ß-Nap) 2 and on a solution

containing known concentrations of V(BzacBh)z and PhzGe(BzacSalh) on a

glassy-carbon working electrode. These experiments were carried out in an

attempt to determine the number of electrons transferred in the reductive steps

of the MLz and organometal complexes prepared in this study. As mentioned

earlier, in this electrochemical technique no faradaic current flows until the

potential at the electrode is close to the reduction potential for the process

occurring. The current is proportional to the concentration of the species in

solution and the number of electrons transferred using the same s¡sç¡¡sfls.Z23
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Therefore, for a solution containing more than one electrochemically active

species at equal concentration, the ratio of the currents produced in the

different processes is therefore proportional to the number of electrons

transferred in each process. If the number of electrons transferred for one

process is known then the number of electrons transferred in other processes

can be determined.
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5.5 Results

5.5.1 Bis(Dinegative Tridentate) Complexes

All GeLZ and SnLz complexes produced two quasi-reversible waves when

studied by cyclic voltammetry. To determine the number of electrons

transferred in each wave, normal pulse voltammetry was performed on a

solution containing 1.04 x 10-3 mol dm-3 Sn(Ap-B-Nup)z and 1'06 x 10-3

mol dm-3 V(BzacBh)2. Scanning towards negative potential, two reduction

steps were observed for the Sn(Ap-B-Nap)Z complex, at -0'54 volts and -0'84

volts versus a SCE, corresponding to the two waves observed in its cyclic

voltammogram. The V(BzacBh)2 complex showed one reduction process in

the electrochemical window available in these experiments which was due to

the V(IV)^/(U) couple, that is, a one electron transfer took place.92 The

reduction potential for the V(IV)^/(III) couple was observed at -0'30 volts

versus a SCE and this compared well with that determined by Salam (-0'35

volts yersus a SCE) in cyclic voltammetry experiments.9z T\e ratio of the

currents produced by this couple and the two processes observed in the SnLZ

complex was approximately 1:1 :1. Thus, the two waves observed in the cyclic

voltammogram of Sn(Ap-ß-Nap)z were both one electron processes. This

result was assumed to occur also with the Ge(Ap-B-Nap)2,
Ge(Ap-pCl-Phenol)2 and Sn(SalHba)2 complexes. Scanning towards the

negative potential, the first wave in the cyclic voltammogram for these Ill4.LZ

complexes was assigned to the M(IV)/M(III) couple and the second wave to

the M(III)/M(II) couple. The cyclic voltammograms together with the

corresponding Osteryoung square wave voltammograms showing the half-

wave potentials for the processes in some of these complexes are shown in

Figures 5.1 and 5.2. Anodic and cathodic reduction potentials for these

complexes and data for complexes with similar ligands complexed to other

metals are suÍunarised in Table 5.1.

Reduction potentials for the MLz complexes of azo dye ligands were more

positive than those found for the MLz complexes of Schiff base ligands with

rhese metals.97 Reduction potentials for the M(IV)M(IID and M(III)/M(II)
couples in the azo dye complexes appeared in the ranges -0'33 to -0'52 volts

and -0.74 to -0.88 volts, respectively, versus a SCE. The Schiff base complex

Sn(SalHba)2 showed these couples at -1.58 volts and -1'91 volts, respectively,

yers¿s a SCE,. A similar observation was made by Salam upon comparing the

reduction potentials of Schiff base and azo dye ML2 complexes,92 uttd
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suggested that the azo dye ligands were more electron-withdrawing and the

to*ãst unoccupied molecular orbital in the complexes, into which the electron

is being placed upon reduction of the complex, was at lower energy'
'a
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Tabte 5.L: Electrochemical Data for the }r/.Lz Complexes on a Glassy-Carbon

Working Electrode in Dimethylsulphoxide using 0'10 mol dm-3 EI¿NCIO¿ as

the Supporting Electrolyte.

Complex EpaT EpcT Ettz| aEp
(Volts)

ipa/ipc

Ge(Ap-fJ-Nap)z

Sn(Ap-ß-Nap)z

V(Ap-B-Nap)2*

Ge(AP-Pcl-Phenol)2

Sn(SalAp)z#

Sn(SalHba)z

-0.46

-0.87

-o.47

-o.79

+0.06

-0.54

-0.96

-0.s6

-0.90

0.00

-0.51

-0.88

-0.52

-0.85

+0.03

0.08

0.09

0.09

0.11

0.06

-0.28

-0.68

-0.36

-0.78

-0.33

-0.74

-1.20

-r.64

- 1.58

-1.91

0'08

0.10

-1

-1

-1

-1

24

-1.60 76

.65

.95

r.07

0.86

0.84

0.96

t.t7

1.06

0.92

0.85

All potentials measuredversus a SCE.
T nãtu from cyclic voltammetry using a scan rate of 100 mV s-1.

f Data from (isteryoung square wave voltammetry using a scan rate of 60 mV s-1.
* Reference 92.
# Refere.tcegT- corrected for SCE as the reference.
In the electrochemical system used ferrocene has Epu = +0'53 volts,
Ep" = +0.36 volts and F-tlz= +0'41volts.
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From OSWV measurements, reduction potentials for the Sn(IV)/Sn(III) and

Sn(IID/Sn(II) couples in Sn(SalHba)2 were more negative than those

observed for Sn(SalAp)2. Sn(SalHba)2 was therefore found to be more stable,

or harder to reduce, than Sn(SalAp)2. This was expected as the introduction

of a methylene group between the aromatic ring and the azomethine nitrogen

atom would make the ligand more electron donating due to the positive

inductive effects of the methylene group. Also, SalFIba is a less conjugated

system than SalAp and the donation of electrons from the nitrogen atom of
SalHba to the metal would be greater than that from the nitrogen atom of
SalAp to the metal.

Manganese(IV) complexes with other Schiff bases and azo dyes are currently

being studied by electrochemical methods in this laboratory.94
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5.5.2 Organometal(Dinegative Tridentate) complexes

Electrochemistry was performed only on the methyl and/or phenyl derivatives

of germanium, tin, lead and antimony. The cyclic voltammograms obtained

for the RZML (R = Me and/or Ph and M = Gs, Sn and Pb) and the

triphenylantimony(V) complexes of Schiff base ligands were dominated by

one large wave (Table 5.2). For most complexes, this wave was irreversible as

shownin Figures 5.3 - 5.5 for the complexes PhzGe(SalAp), PhzGe(SalBh)'

MezSn(SalBh), PhzSn(SalBh), PhzPb(BzacBh) and Ph3Sb(SalBh), however

in a few cases it did appear quasi-reversible as shown in Figures 5.6 - 5.8 for

the complexes PhZGe(BzacBh), PhZGe(BzacSalh), Me2Sn(BzacBh),

MezSn(BzacSalh), PhzSn(BzacSalh) and Ph3Sb(BzacBh). In most cyclic

voltammograms, one or two less prominent peaks were observed at a more

positive potential relative to the dominant wave. These extraneous peaks

ãppeared anodic (e.g. Figures 5.3 and 5.4) or cathodic (e.g. Figures 5.1 and

5.8a). Some complexes produced a cathodic peak in their cyclic

voltammogram, at a more negative potential relative to the large wave.

Usually this was very near the cathodic limit of the medium and was therefore

not tabulated as breakdown of the medium could be producing this peak.

To determine the number of electrons transferred in the dominant wave

observed in the cyclic voltammograms, normal pulse voltammetry on a

glassy-carbon working electrode was performed on a solution containing

í.ll-, 10-3 mol dni-3 Phzce(BzacSalh) and l'75 x 10-3 mol dm-3

V(BzacBh)2. This organogermanium(IV) complex was chosen because it

produced no extraneous peaks which could contribute to the faradaic current

due to the redox reaction in V(BzacBh)2. One reduction step was observed for

the phZGe(BzacSalh) complex at -0.94 volts versL,ts a SCE, corresponding to

the large reversible wave observed in its cyclic voltammogram. The reduction

porential for the V(IV)^/(III) couple in V(BzacBh)2 was observed at -0'32

volts versus a SCE. The ratio of the currents produced by this couple and the

processes observed in the PhzGe(BzacSalh) complex was approximately 1:1.

Thus, the large wave observed in the cyclic voltammogram for the

phZGe(BzacSalh) complex was a one electron process. This result was

assumed for all the organometal complexes. The large wave in the cyclic

voltammograms was attributed to the processes M(IV) + e- : M(III)

and M(V) + e- * M(IV) for the organometal(IV) complexes and

organoantimony(V) complexes, respectively. The reduction potentials
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corresponding to these processes, determined by Osteryoung square wave

voltammetry, appeared in the range -1.17 to -1'78 volts for the Schiff base

complexes and in the range -0.16 to -1.06 volts for the azo dye complexes,

versus a SCE. Results are surrìmarised in Table 5.2.

As observed with the MLz complexes, the azo dye organometal complexes

generally produced waves at less negative potentials compared to the Schiff

base organometal complexes. Thus, two one electron processes (M(IV)/I\4(III)

and M(III)/M(II) for the group (IV) metals and M(V)/M(IV) and

M(IV)M(III) for the organoantimony complexes) were also observed in these

complexes. In some of the voltammograms of the azo dye complexes, the

presence of extraneous peaks made assignment of the couples difficult
(Figure 5.9 and 5.10). The data for these complexes is also summarised in

Table 5.2.

For the Schiff base organogroup (IV) metal complexes, the organogermanium

complexes were easier to reduce and the organolead complexes were harder

to reduce. The triphenylantimony complexes were sometimes easier (for the

ligand BzacSalh) and other times harder (for the ligands BzacBh, SalAp and

SalBh) to reduce than the analogous diphenyltin complexes. With every metal

except lead, the Schiff base SalApH2 produced organometal complexes which

were the easiest to reduce and the Schiff base BzacBhHz produced

organometal complexes which were the hardest to reduce.

The extraneous cathodic and anodic peaks which appeared in the regions

-0.19 to -0.60 volts and -0.05 to -0-74 volts, respectively, probably arise from

the slow disproportionation reactions. These peaks were not tabulated as in

some cases their redox potential was not detected by OSV/V.

Disproportionation of an intermediate oxidation state is thermodynamically

possible if the reduction potential of the intermediate and lower oxidation

srare couple (e.g. M(III)/Ir4GI) in the group (IV) metals) is more positive than

the reduction potential of the intermediate and higher oxidation state couple

(e.g. M(IV)/M(III) in the group (IV) metals).226 when beginning cyclic

voltammetry experiments, the group (IV) metals are present in oxidation state

(IV) and as the potential becomes more negative reduction of the species

begins. One electron is transferred from the electrode to give the M(III)
species, which is unstable for group (IV) metals. Upon sweeping the potential

in the anodic direction, if the rate of disproportionation of M(III) to M(II) and

M(IV) was slower than the rate of electron transfer at the electrode surface,
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then the extraneous anodic peaks could be due to some oxidation of M(II) to
M(III) at a more positive potential. In cases where a second extraneous anodic

peak was observed, this could be due to the subsequent oxidation of M(III) to
M(IV). Any M(III) surviving long enough could be reduced to M(II) at a

more positive potential than M(IV)MGID when sweeping the potential in the

cathodic direction again. Similar disproportionation processes could also be

occurring to Sb(V) in the voltammograms of the triphenylantimony(V)
complexes.
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Table 5.2: Electrochemical Data for Organometal Complexes on a Glassy-

Carbon \ù/orking Electrode in Dimethylsulphoxide using 0.10 mol dm-3

Et4NClO4 as the Supporting Electrolyte.

PhzGe(BzacBh)

Me2Sn(BzacBh)

Ph2Sn(BzacBh)

Ph2Pb(BzacBh)

Ph3Sb(BzacBh)

Ph2Ge(BzacSalh)

MezSn(BzacSalh)

PhzSn(BzacSalh)

Ph2Pb(BzacSalh)

Ph3Sb(BzacSalh)

PhzGe(SaLAp)

Me2Sn(SalAp)

Ph2Sn(SalAp)

Ph2Pb(SalAp)

Ph¡Sb(SalAp)

PhzGe(SalBh)

MezSn(SalBh)

Ph2Sn(SalBh)

PhzPb(SalBh)

Ph¡Sb(SalBh)

-1.56

-7.79

54 63

-1

-1

-1

-1.55

-r.42

-1,.33

-1.48

-1.52

-1.68

-1.58

- 1.86

-r.52

.45

.62

.53

.78

.49

0.11

0.15

0.09

0.19

0.15

0.13

0.90

0.97

o-82

0.98

0.9s

0.95

.45

.64

-1

-1

-t
-1

-1

1

73

59

1l

5

75

-1

-1

-1

-1

-1

-1

-1

-1 .63 .60 0.08 0.48

-1

-1

-1

33

.53

.45

-1.19

-r.43

-r.37

-1.61

-r.42

-r.17

-r.39

-r.34

- 1.58

-r.39

0.10 0.13

0.09 0.32

-1

-1

-1

-1

-1

.41

.64

88

58

- 1.38

-1.61

56 -1

-1

-1

52

s4 0.10 0.77

78

ipa/ipcEpaT EpcI F,uzi aEp
(Volts)

Complex
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PhzGe(Ap-f3-Nap)

Me2Sn(Ap-ß-Nap) -0.81

Ph2Sn(Ap-ß-Nap) -0.72

PhzPb(Ap-ß-Nap)

-r.57

-0.12

Ph2Ge(pMe-Ap-Ê-Nap)

MezSn(pMe-Ap-ß-Nap)

Ph3Sb(Ap-ß-Nap)

PhzSn(pMe-Ap-Ê-Nap)

Ph2Pb(pMe-Ap-P-Nap)

Ph3Sb(PMe-AP-f3-NaP)

-0.84

-0.76

-1.55

-1.60

-0.74

-1.01

-r.39

-0.92

-1.70

-0.86

-1.66

-1.07

-r.67

-0.80

-1.68

-1.01

- 1.51

-0.91

-r.64

-0.89

-1.7r

-1.08

-1.69

-0.83

-r-67

-0.99

-1.31

-0.88

-1.67

-0.81

-r.62

-1.05

-1.63

-0.76

-1.65

-0.97

-t.40

-0.88

-1.61

-0.84

-t.67

-1.06

-r.66

-0.78

-1.65

0.10

0.08

0.13

0.16

0.09

0.09

0.83

0.45

0.45

o.23

0.70

0.51

0.11 o-34

0-14 0.46

0.07 o.77

All potentials measuredversus a SCE.
T oãta from cyclic voltammetry using a scan rate of 100 mV s-1.

f Duta from Osteryoung square wave voltammetry using a scan rate of 60 mV s-1.

In this electrochemical iysiem ferrocene has Epa = +0'53 volts, Ep" = +0'36 volts
andBl¡2= +0'41 volts.
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For the ligand SalApH2 (LHz), the diphenylgroup(IV) complexes were also

studied on a platinum working electrode versus a Ag/Ag+ (dimethyl-

sulphoxide) reference electrode so that a comparison could be made with the

corresponding ML2 complexes.97 These results are summarised in Table 5.3.

Electrochemical data reveals that oxidation state (IV) becomes more stable

down group (IV) for diphenyl complexes. The GeLZ and PhZGeL complexes

produced similar data, while PhZSnL appeared more stable than SnL2. T\e

unsuccessful synthesis of PbLz is in agreement with the greater stability of

PhzPbL. Our of inrerest, Pb(SalAp), the product obtained trying to synthesise

Pb(SalAp)2, was similarly electrochemically examined and one irreversible

wave with a reduction potential -1.60 volts versus the Ag/Ag+ electrode was

observed.

Table 5.3: Comparison of Electrochemical Data for M(SalAp)2 and

PhZM(SalAp) Complexes of Germanium, Tin and Lead on a Platinum

Working Electrode in Dimethylsulphoxide using 0'10 mot dm-3 Bu+NBF¿ as

the Supporting Electrolyte.

Complex EpaT EpcT EuzI

(volts)

Ge(SalAp)24

PhzGe(SalAp)

Sn(SalAp)24

PhzSn(SalAp)

Pb(SalAp)z

Pb(SalAp)

PhzPb(SalAp)

-1.95

-r.79

-r.49

-2.09

-r.41

-1.43

-1.95

-r.46

-2.0r
.44

.4t

.86

-1

-1

-1

-1.60 -1.57

Could not be synthesised

-1.65 -1.60

-r.15 -1.69

All potentials versus a Ag/Ag+ (DMSO) reference electrode.
T oãtu from cyclic voltammetry using a scan rate of 100 mV s-1.

t Data from (isteryoung square wave voltammetry using a scan rate of 60 mV s-l
4 Reference 97.
In this system ferrocene has Epa = +0'22 volts, Ep. = +0'13 volts
andBl¡2 = +0'17 volts.
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5.5.3 Amide ComPlexes

All amide complexes of manganese and titanium prepared were studied

electrochemically to examine the effect of the ligand and metal on the redox

properties. Koikawa et al. had earlier reported these types of amide

complexes to be unstable on platinum or glassy-carbon working electrode

surfaces in dimethylformamide.g6 For this reason the compounds were

solubilised in dichloromethane by addition of a crown ether. Various attempts

were made by us to use a solvent in which these compounds were readily

soluble. However, in acetonitrile no activity was observed on a platinum

working electrode using a Ag/Ag+ (acetonitrile) reference electrode, and in

methanol the cathodic reduction limit of the medium only allowed

measurement up to -0.40 volts. Voltammograms on freshly prepared

dimethylsulphoxide solutions gave results similar to those on

dichloromethane/crown ether solutions. The dichloromethane/crown ether

system was found to be the best system to use since the dimethylsulphoxide

solutions gave irreproducible results on standing. The macrocyclic polyether

15-crown-5 was found to be capable of solubilising all of the amide

complexes of manganese and titanium in dichloromethane. No ferrocene was

added to the solutions in these experiments as its redox couple coincided and

interfered with one of those for the manganese complexes.

Results obtained for the manganese compounds were similar to that

reported.by Koikawa et al. for similar compounds.96 Jypicat outputs are

shown in Figures 5.11 and 5. 12 for compounds Kz[Mn|-st1-and KZ[MnL6Z],

respectively. In most cases, three waves were observed in the cyclic

voltammograms which were assigned to Mn(VI)/lvIn(V), Mn(V)/Mn(IV) and

Mn(IV)/Mn(III) couples. Half-wave potentials for these waves were observed

in the regions 0.84 to 0.71 volts, 0.57 to 0.40 volts and -0'60 to -0'82 volts,

respectively, versøs a SCE. Complexes of the amide ligands containing

naphthyl rings (i.e. L7 , L8 and L9) gave clear results only for the

M(IV)/M(III) couple. Electrochemical information on the manganese

compounds is given in Table 5.4.
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Table 5.4: Electrochemical Data for the Amide Complexes of Manganese on

a Glassy-Carbon Working Electrode in Dichloromethane using 0'05 mol dm-3

Et4NClO4 as the Supporting Electrolyte.

Complex EpaT EpcT F.uztr

(Volts)

aEp ipa/ipcY

KzlMnLlzl

Kzll/rnL?zl

KzlMnLazl

KzlMnL5zl

KzIMnL6z]

KzlMnLTzl

K2[MnL82]

9

+1.26

+0.78

*
*

-1.06 -1.01

+0.96

+0.68

+0.75

+0.29

-0.17

+0.80

+0.51

-0.65

o.2r

0.39

+0.91

+0.65

+0.75

+0.51

-0.65

+0.84

+0.57

-0.60

0.16

0.14

+0'82

+0.49

+0.60

+0.29

-0.93

+0.71

+0.40

-0.78

0.22

o.20

+0.84

+0.55

+0'68

+0.41

-0.79

+0-77

+0.48

-0.72

0.16

o.t4

-0.80 -0.82

-0.60 -0.61

-0.79 -0.80

1.18

0.98

t.27

All potentials versus a SCE.
T Uãta from cyclic voltammetry using a scan rate of 80 mV s-1.

t Data from osteryoung square wave voltammetry using a scan rate of 60 mv s-1.
* 

Peaks in OSWV were not well resolved.
Y Current ratios calculated for few samples only.
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The titanium complexes exhibited one wave in their cyclic voltammograms

with a half-wave potential in the region -1.60 to -2'04 volts versus a SCE

which was assigned to the Ti(IV)Æi(m) couple. Examples are shown in

Figures 5.13 and 5.14 for the compounds Kz[IiLTzi and Kz[TiL8z],

respectively. As there is no difficulty in achieving the oxidation state (IV)

with titanium, and because the energy of the lowest unoccupied orbital at

which reduction is taking place is higher than that in manganese' these

complexes were expected to be harder to reduce than the corresponding

1¡ungurr.se(IV) compounds. Therefore, more negative half-wave potentials

*.r, expected for the Ti(IÐÆiQII) couple compared to the Mn(IV)ÆI¿In(III)

couple. This in fact was observed for all of the titanium and manganese

complexes of all the amide ligands. The Ti(IV)ffiGII) was the one of greatest

interest because it permitted comparisons with the half-wave potentials of

related Mn(IV) complexes. Also, potentials more negative than those for the

TiLZSchiff base complexes studied by Salam92 were expected because it was

observed that amide complexes of manganese gave more negative reduction

potentials than Schiff base complexes of manganese.14 Such considerations

led us to assign half-wave potentials to the couple Ti(IV)Æi([I). The

Ti(IDÆi(II) couple was not observed before the cathodic reduction limit of

the medium. This was not surprising as similar findings were reported by

Salam for Schiff base complexes of titanium.92 Potential data for these

complexes are summarised in Table 5.5.

In the case of the manganese complexes, as the electron-releasing character of

the amide ligand increased so did -Etlz of the complex. Apart from some

discrepancies, this trend was also shown in the titanium complexes. This is

represented in Table 5.6 for the manganese complexes and in Table 5.7 for

the titanium comPlexes.
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Table 5.5: Electrochemical Data for the Amide Complexes of Titanium on a

Glassy-Carbon Working Electrode in Dichloromethane using 0'05 mol dm-3

EøNC1O4 as the Supporting Electrolyte.

Complex EpaT EpcT F,uzi aEp
(Volts)

ipa/ipcY

KzlTiLlzl

KzlTiL2zl

KzlTiL3zl

KzlTiLaz)

KzlTil-szl

Kz[TiL6z)

KzlTiLTzl

KzlTil-szl

KilTiLezl

-1.81

-t.72

-r-70

-1.68

-2.04

-r.92

-2.08

-1.90

-1.94

-1.83

-t-92

-1.83

-1.60

-2.04

-1.86

-1.86

-t-82

0.23

0-20

0.38

0.22

-1.85

-r.74

-1.65

-1.80

-2-t3

-1.93

-1.91

-1.98

0.28

0.19

0.26

0.18

0.75

t.52

All potentials versus a SCE.
T Data from cyclic voltammetry using a scan rate of 80 mV s-1.

f Dutu from osteryoung square wave voltammetry using a scan rate of 60 mv s-1.
Y Cu.rent ratios calculated for two samples only.



Table 5.6: Reducrion potential Data for the Mn(IV)Mn(Itr) Couple in the Kz[MnLnz] Complexes'

* Amide ligand derived from naphthol.

Table 5.7: Reducrion potential Dara for the Ti(Iv)/Mn(III) Couple in the KzlrlLnzl complexes'

o
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frl
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ì
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-J
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Substituent on salicylamide moiety
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3-Me

ne

* 5-Cl

forReduction

3-Me

5-Cl
5-Cl 5-Cl
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Chapter 6

EXPERIMENTAL

6.1. Solvents

6.1.1 For synthetic work

Solvents ethanol and methanol were dried and purified according to the

methods detailed by Vogel.227a,b

Dry tetrahydrofuran was obtained by distilling the LR grade solvent over

sodium/benzophenone and under dinitrogen before uss'228a

Dry chloroform was obtained by distilling the AR grade solvent over calcium

chloride under an atmosphere of dinitro gen.228b For the preparation of the

polyphosphate ester the distilled chloroform was shaken with PZO5, filtered

through glass wool and then used immediately.2lt

Dry benzene was obtained by storing the AR grade solvent over calcium

chloride overnight before distilling under an atmosphere of dinitrogen and

storing over 4Å. molecular sieves.

AR dimethylsulphoxide, HPLC grade dimethylsulphoxide, AR carbon

tetrachloride, AR diethyl ether and AR dioxane were stored over 4Å

molecular sieves before use in any synthesis requiring dry solvent.

All other solvents used were LR grade

6.L.2 For purification and some physical measurements

LR grade solvents were used for chromatography, recrystallisations, magnetic

moment measurements, conductance measurements and recording of

electronic spectra. LR grade solvents were used for washing the solid

products, except in the case of hexane where AR grade was used.

Deuterated chloroform, dimethylsulphoxide, methanol and deuterium oxide

were obtained from Cambridge Isotope Laboratories. Trimethylsilane was

obtained from Aldrich Chemical Co. Inc.
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6.1.3 For electrochemistrY

A similar procedure to that described by Perrin ,¡ 6¡.228c was followed to

prepare dry dichloromethane

LR dichloromethane was washed twice with conc. sulphuric acid (U4 x

volume), allowing the solvent-acid mixture to stir overnight each time. The

solvent was then washed once with aqueous 57o potassium hydroxide (Il4 x

volume) followed by water. After filtering through an alumina pad and

stirring ovemight over calcium hydride the solvent was fractionally distilled

under an atmosphere of dinitrogen and stored over 4Å. molecular sieves.

HpLC grade dimethylsulphoxide was stored over 4Å molecular sieves before

use.

6.2 Gases

High purity dinitrogen, dioxygen and argon were obtained from

Commonwealth Industrial Gases Ltd.

6.3 Starting Materials

6.3.1 Purchased starting materials

Benzoylacetone, 2-aminob enzyl alcohol, guaiacol, 3-amino-2-naphthol,

3-methylsalicylic acid, 5-chlorosalicylic acid, 5-chloro-2-hydroxyanaline,

silicon tetrachloride, lead tetraacetate, 2-am\no-p-cresol, pCl-phenol,

2-methoxypropene, hexamethyldisilazane, potassium antimonyl tartrate

hydrate, titanium tetrabutoxide, 15-crown-6 and N-bromosuccinimide were

obtained from Aldrich Chemical Co Inc. Catechol was also obtained from

Aldrich Chemical Co. Inc., but purified by sublimation before use'

o-Aminophenol, acetylacetone, vanadyl chloride solution, urea, lead nitrate,

B-naphthol, potassium hydroxide, anhydrous sodium sulphate, anhydrous

magnesium sulphate, calcium chloride (8 - 16 mesh) and pyridine were

obtained from British Drug House Chemicals Pty Ltd.

Diphenylgermanium dichloride, dimethyltin dichloride, n-dibutyltin

dichloride, diphenyltin dichloride, triphenyllead chloride and triphenyl-
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antimony dichloride were obtained from Johnson Matthey GMBH Alfa

Products.

Antimony tribromide and salicylaldehyde were obtained from Hopkins and

Williams Ltd.. The former was dried under vacuum over P2O5 before use.

Thionyl chloride, dimethylsulphate, hydrochloric acid, sodium hydroxide and

salicylic acid were obtained from Ajax Chemicals Ltd.

Triethylamine, chromatographic alumina (100 - 125 mesh) and germanium

tetrachloride were obtained from Fluka AG.

Anhydrous aluminium chloride was obtained from Merck-Schuchardt.

Sodium and sulphuric acid were obtained from the Analytical and Research

Chemical Company.

6.3.2 Diphenyllead dichloride

Hydrochloric acid (1 mol dm-3; 4'7 ml 4'7 x 10-3 mol) was added to a
mixrure of Ph¡PbCl (2.00 g; 4.22 x 10-3 mol) in dry ethanol (75 ml). The

mixture was heated under reflux for 5 hours during which time a colourless

solution formed followed by precipitation of a white solid. The mixture was

allowed to stand overnight. The white solid was collected and washed with

cold ethanol (3 x 5 ml). Yield l'21 g (2'80 x 10-3 mol;66Vo). F.W.: calc. for

C tzH toCLzPb, 432'31 ; found ( mas s sp ectrum), 433.

6.3.3 Bis(acetylacetonato)oxovanadium(IV), VO(acac)z

This compound was prepared following the procedure described in the

li¡s¡v¡ws.229

6.3.4 o-Cresyl acetate

This compound was prepared following the literature metho6.230 A solution

of o-cresol (30.0 mI;0.29 mmol) in acetic anhydride:pyridine (84'0 ml; 1:1)

was allowed to stir at room temperature for 24 hours. The solvents were

removed by vacuum distillation followed by vacuum distillation of the

residue to obtain the colourless ester. Yield 36'2 g (O'24 mmol; 837o),

b.p. 101 .5'Cll8 mm Hg (Lit.230 105"C/20 mm Hg).
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6.3.5 2-Methoxypropanetoluene

The compound was prepared following a similar procedure to that used by

Kluge et al. for the protection of a hydroxyl group of an alcohol with

2-methoxypropene .2r4 2-¡ylsthoxyprop ene (7'97 ml; 83'2 mmol) was added to

o-cresol (2.03 m|; 19.7 mmol) forming a yellow solution. A trace of

phosphorus oxychloride, in a capillary tube, was introduced into the reaction

flask. The flask was stoppered and allowed to stand at room temperature for

2.5 hours before adding triethylamine (2 drops). The course of the reaction

was followed by TLC (907o dichloromethane;|Ù%o hexane). Excess

2-methoxypropene was removed by vacuum distillation leaving behind a

yelow oii. yiðt¿ 2.85 g (15.S mmol; 807o). In-NMn GDCIsITMS): õ7'10 -

6.53 (m;4H, ArH),3.32 (s; 3H, CH3o),2.13 (s; 3H, CH3Ar) and |.44ppm

(s; 6H, >C(CH¡)2).The material was used as such'

6.3.6 2-Methylanisole

The experimental procedure described in Vogel for the preparation of anisole

from pheno1227d was followed to prepare this compound using o-cresol (27'0

g; 0.25 mol), NaOH (10.5 g; 0'26 mol) in water (100 ml) and dimethyl

sulphate (23.5 ml;0.25 mol). Yield 18'4 g (0'15 mol;607o), b.p. 170 - 172"C

G-iì.t¡ I7t-t7Z.C). 1U-¡VU7 GDCtstTMS): ô7.02 - 6.42 (m; 4H, Arþ, 3.58

(s; 3H, OCH:) and 2.12 ppm (s; 3H, ArCH¡). Material was used as such.

6.3.7 2-(Trimethytsilyloxy)toluene

a-Cresol (2.g0 ml; 28.1 mmol) and hexamethyldisilazane (3'00 ml; l4'2

mmol) were refluxed under an atmosphere of dinitrogen for 2'5 hours forming

an orange solution. After standing overnight, the solution was distilled under

vacuum collecting a colourless distillate (78'C l-7 mm Hg). Yield 4'23 g

(23.5 mmol; 83Vo). F.W.: calc. for croH r6OSi, 180'32; found (mass

spectrum),154. |H-NUT QDC|jITMS); ô7.11 - 6.53 (m;4H, ArH,),2'14 (s;

3H, ArCH¡) and 0.24 ppm (s; 9H, Si(CH¡)¡). Material was used as such.

6.3.8 2-AcetyloxYPhenol

This compound was prepared using a modification of the procedure given in

the literature for o-cresyl acetate.23O A solution of catechol (2'00 g; l8'2
mmol) in pyridine:acetic anhydride (2.0 ml; 1:1) solvent mixture was stirred

under dinitrogen at room temperature for 4 hours. Excess solvent was

removed by vacuum distillation (60"C115-20 mm Hg) leaving behind a dark

2tr
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yellow oil. Yield L.97 g (12'g mmol; TlVo). F.W.: calc. for C3H3Oz,I52'L5:'

found (mass spectrum) 153. ltl-Nutn GDC|sITMS): õ7'21 - 6'56 (m; 4H,

ArH); 6.34 (s; lH, ArOH; disappeared upon addition of DzO) and 2'22 ppm

(s; 3H, OzCCH:). Lit. (cDclÐ: õ7.2 (broad s; 4H) and 2'l ppm (s; 3H)23t

Infrared spectrum:3431 s, 1766 s, 1598 s and 1510 s cm-l.6¡'GOCIS):

3560, 1760,1605 and 1500 cm-t.23r

6.3.9 PolyPhosPhate ester (PPE)

This viscous, slightly brown syrup was prepared by the literatut" -"¡ts¿ 217

6.3.10 Tin dichloride

Tin dichloride diþdrate, SnClz.2H2O, was dehydrated with acetic anhydride'

as described by þ¡a¡s¡.232

6.3.11 Tris(acetylacetonato)iron(III), Fe(acac)s

A solution of acetylacetone (2.0 ml; 19 mmol) in ethanol (10 ml) was added

ro a solurion of FeCl3.óH2O (1 .4 g; 5.2 mmol) in water (30 ml). The resultant

red-black solution was heated on a steam bath before adding a walÏn solution

sodium acetare (3.0 g, 22 mmol) in warer (20 ml). A brick red precipitate

formed which was collected, recrystallised from ethanol/water and dried.

Yield t.6 e(4'4 mmol;87Vo). M.p. 183 - 184"C (Lit't¡ 184"C)'

Derivatives of Benzyl Bromide

6.3.12 Attempted preparation of 2-hydroxybenzyl bromide

N-Bromosuccinimide (1 .13 gt 9.72 mmol) was added, in portions, to a cold

solution of o-cresol (1.0 ml; 9.7 mmol) in carbon tetrachloride. The pale

yellow solution was heated under reflux till succinimide appeared on the

surface of the solution (-10 minutes).233'ç¡s mixture was allowed to cool

and the succinimide was filtered off. The orange filtrate was evaporated to

dryness affording an orange oil. TLC (90Vo ethanol: lOVo hexane) showed

strong presence of starting material along with a very faint spot. lll-Nløn

eDCíj1TMS): õ7.t8-6.28 (m; 48H), 5.47 (s; 10'5H, disappeared upon

addition of DzO), 2'54 (s;4'5H) and2'77 PPm (s; 34H)'
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6.3.L3 2-Bromomethylphenyl acetate

This compound was prepared by the literatut" -sths¿.230
o-Cresyl acetate (20.0 g;0.13 mmol) in carbon tetrachloride (AR; 65 ml) was

heated under reflux for t hour with NBS (23'8 g; 0'13 mmol) and dibenzoyl

peroxide (0.34 g). The mixture was allowed to stand for t hour before cooling

in an ice-bath and removing the succinimide by vacuum filtration. The filtrate

was evaporated to dryness affording a pale yellow oil which was distilled

under vacuum yielding a very pale yellow oil. Yield 18'0 g (78'6 mmol;

Sgvo), b.p. 72'Cl0.05 mm Hg (Lit. 82"C 10.02 mm Hg,230 83'C/0.1 mm

IJg23a¡. F.W.: calc.229.08; found (mass spectrum),230 and228.

6.3.14 Attempted preparation of 2-methoxypropanebenzyl bromide

Using 2-methoxypropanetoluene (2.83 g; l5'7 mmol) and NBS (2'80 g; l5'7
mmol) in carbon tetrachloride (AR; 15 ml), and following the experimental

procedure described in 6.3.12, a black viscous material was obtained. Yield

3.07 g. 1n-N¡,tn GDCtstTMS): õ7.23 - 6.40 (m;45H),5.12 (m; 13H),3.14

and 3.11 (d; 9H) and 2'15 (s; 40H).

6.3.15 2-MethoxybenzYl bromide

This bromide was prepared following a similar procedure to that in the

li¡s¡¿¡u¡s.235

2-Methylanisole (10.2 ml; 82.2 mmol), NBS (7.32 g;4L.1 mmol), and

dibenzoylperoxide (0.2I g; initiator) in carbon tetrachloride (AR; 50 ml) were

refluxed under dinitrogen. After t hour, more initiator (0'2I g) was added and

refluxing continued till succinimide appeared on the surface of the solution

(-1 hour). The succinimide was filtered off and the solvent removed with a

rotary evaporator leaving behind an orange liquid. The product was

fractionally distilled under vacuum yielding unreacted 2-methylanisole

(6.71 g; 67Vo recovery) at 69-72'Cll5 mm Hg and a fraction at l28"Cl
15 mm He Q.O6 Ð. IH-^lUn GDCIs1TMS); õ7'50 - 6'47 (m; 4H, AtH)' 4'49

(s; 0.1H, ArCHzBr),3'70 (s; 3H, ArOCH¡) and 2'15 ppm (s; 3H, ArCH¡).

The weak peak at õ4.49 ppm indicated that only a small amount of bromide

had formed. The remaining peaks were characteristic of the starting material.

Repeating the above experiment using 2-methylanisole (5'00 ml; 40'3 mmol),

NBS (3.59 g;20.2 mmol) and dibenzoyl peroxide (two portions of 0'11 g) in

carbon tetrachloride (40 ml; AR) and longer refluxing (7 hours; N2) produced
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an orange-red liquid. 2-Methylanisole (0'S8 g; lSVo) was recovered by

disrillation (70"C/15 mm Hg). The residue was then distilled and collected in

two fracrions (0.94 g+ 1.5a g). On cooling, each of these solidified into a

white solid. IH-NMR showed both fractions to be mixtures of the starting

material and the desired product with the first fraction containing -64Vo

bromide and the second -83Vo bromide. Ln-N¡øn GDCIsITMS); õ7'36 - 6'46

(m; ArH., contains starting material) , 4.47 (s; ACFIZBT),3'79 (s; ATOCH3),

3.70 (s; ArOCH¡)* and 3'13 ppm (s; ArCH3)*.
*Indicates starting material.

The first fraction above was passed through a column (florisil/hexane) eluting

initially with dichloromethane/hexane (1:1) and gradually increasing the

polarity to 1007o dichloromethane. One long yellow band was observed

which was collected as 5 x 10 ml samples. These samples were shown to be

identical by TLC (1007o dichloromethane) and were combined. Removal of

the solvent by rotary evaporation yielded an off-white solid. ltl-NUn
(CDCI3ITMS): õ7.38 - 6.50 (m; ArH., contains starting material) 4'53 (s;

ATCFIzBT), 3.84 (s; ArOCHù,3.75 (s; ArOCH¡)* and2.16 ppm (s; ArIL)*.

The sample was found to be a mixture of the starting material and the desired

product (23 and77Vo, respectively, from the integrated IH-NMR spectrum).
*Indicates starting material.

The fraction from column chromatography (containingTTVo bromide) and the

earlier portion collected from the distillation (containing 837o bromide) were

used as such, making allowances for the presence of starting material.

6.3.L6 Attempted preparation of 2-(trimethylsilyloxy)benzyl bromide

2-(Trimethylsilyloxy)toluene (2.45 e; 13.6 mmol), NBS (2'4I g; 13'5 mmol),

dibenzoyl peroxide (70 mg), carbon tetrachloride (AR; 20 ml), and following

the same experimental procedure described in 6.3.13 refluxing under

dinitrogen for 2 hours, yielded a red-brown oil. IH-NttttR (CDCISITMS):

õ7.63 - 6.80 (m; 4H, Ar-H),4'80 (s;0'1H; CHzBr),2'60 (s;3H, Ar-CH3) and

0.80 ppm (s; 8H; Si(CH:)¡). This was shown to be mostly unreacted starting

material (-90Vo), with some evidence of the desired product. F.V/.: calc. for
C r oH I sOBrSi, 259'22; found ( mas s sp e c trum), 213 [BrCHzArOSi].

Repeating the reaction several times with varying conditions such as longer

reflux, more dibenzoyl peroxide initiator, azoisobutyronitrile as initiator, or

inadiating with a250 watt Hg tampz3e while refluxing, gâve similar results.
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Derivatives of Salicylic Acid

6.3.L7 2-Acetyloxysalicylic acid

This compound was prepared by the literature method.194 Salicylic acid

(20.0 g; t45 mmol) in acetic anhydride (35 ml; 0.37 mol) was heated at 100"C

for 7 hours, with stining. The resultant pale yellow solution was allowed to

cool to room temperature before cooling ovemight (8"C). A white crystalline

solid was collected and washed with petroleum spirit (5 x 20 ml). Yield

18.0 g (100 mmol;697o),m.p. L26 - 130"C (Lit.t¡ 135"C). Infrared spectrum:

identical to that of authentic sample.

6.3.18 2-Acetyloxy-5-chlorosalicylic acid

Using 5-chlorosalicylic acid (10.0 g; 57.9 mmol) in acetic anhydride (19 ml;

0.20 mol), and following the experimental procedure described in 6.3.17, a

white solid was obtained. Yield 8'90 g (4L'5 mmol; 727o), m.p. 139 - 141"C.

F.W.: calc for CgHZO+CI,214'60; found (mass spectrum),217 and 215 (for

37Cl and 35C1, respectively).

6.3.19 2-Acetyloxy-3-methylsalicylic acid

Using 3-methylsalicylic acid (10.0 g; 65.7 mmol) in acetic anhydride

(15.5 ml; 164 mmol), and following the same experimental procedure

described in 6.3.17, a white solid was obtained. Yield 3'46 g (17'8 mmol;

277o), m.p. 105 - 108'C. F.W: calc. for croH1004, 194.19; found (mass

spectrum),194.

Derivatives of Benzoyl Chloride

6.3.20 2-Acetyloxybenzoyl chloride

This compound was prepared following a slightly modified procedure to that

described in the li¡s¡¿1u¡s.194

2-Acetyl,oxysalicylic acid (10'0 g, 55'5 mmol) was reacted with thionyl

chloride (6.0 ml; 82 mmol) and urea (0'11 g; t'8 mmol) for 5 hours at70"C,

using a HCI gas absorption trap.227c T¡s resultant yellow-orange liquid was

distilled under vacuum to yield a colourless liquid which quickly crystallised.
yield 9.81 g (49.4 mmol; 897o), m.p. 46 - 49'C (Lit.ls¿ 49 - 50"C), b.p.
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76"C1-O.Z mm Hg (Lit.194 86'C/0.01 mm Hg). F.W.: calc. for C9H7O¡CI,

198.61; found (mass spectrum),163 (Molecular ion tess 35cl).

6.3.21 2-Acetyloxy-5-chlorobenzoyl chloride

Using 2-acety\oxy-5-chlorosalicylic acid (10'0 g;46'6 mmol), and following

the experimental procedure described in 6.3.20, yielded a white solid. Yield
g.04 g(38.S mmol; 837o),m.p. 80 - 95"C, b.p.92"Cl-0'2 mm Hg. F.W.: calc.

for ClHe OzClz,233.05: found (mass spectrum), 197 (Molecular ion less

3scl).

6.3.22 2-Acetyloxy'3-methylbenzoyl chloride

Using Z-acetyloxy-3-methylsalicylic acid (9.04 g;46'6 mmol), and following

the experimental procedure described in 6.3.20, yielded a white solid. Yield
g.39 g (39.5 mmol; 85Vo),m.p.34 -36'C,b.p.82"C10'L2mmHg. F.W.: calc.

for CTOHgO¡CI, 212.63; found (mass spectrum),214 and2l2 (for 37Cl and

35C1, respectively).

6.4 Dinegative Tridentate Ligands

6.4.1, Schiff Bases

protonated ligands 4-phenylbutane-2,4-dionebenzoylhydrazoîe (BzacBhH2)'

4 -phenylbutane-2,4 - dionesalicyloylhydrazone (B zacS alhHZ), 2-hydroxy-

acetophenonebenzoylhydra zoîe (HapBhH2), salicylideneamino-o-hydroxy-

benzene (SalApHz), salicylaldehydebenzoylhydrazone (SalBhHZ) and

salicylaldehydesalicylloylhydrazone (SalSalhH2) were prepared by methods

de scribed by S alam.92 N -S alicylidene-o -hydrox ybenzylamine (S alHbaHZ)

was prepared by Jones.94

6.4.2 Azo Dyes

Protonated ligands o-hydroxybenzeneazo-B-naphthol (Ap-ß-N apHZ),

p-merhyl-o-hydroxybenz eneazo-B-naphthol (pM.-Ap-B-NapH 2) and

o -hydroxybenzene azo -p -chlorophenol (Ap -pct -PhenolH2) were prepared by

methods described bY Salar¡.92
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6.5 Trinegative Tridentate Ligands

The infrared spectral data for all the amide lignds is given in Section 3.5

(Table 3.2).

6.5.1 N-(2-Hydroxyphenyl)salicylamide, HsLl

The amide was prepared following a similar experimental procedure to that in

the literature.96

o-Acetyloxybenzoyl chloride (3.00 g; 15.1 mmol) was dissolved by heating in

dioxane (AR; 5 ml). This solution was added, dropwise and under stirring, to

a mixture of o-aminophenol (1'65 g; 15'1 mmol) in dioxane (AR; 8 ml). The

o-aminophenol slowly dissolved forming a red-brown solution. Stirring was

continued at room temperature for t hour before adding water (16'5 ml) to

dissolve any o-aminophenol hydrochloride. The red-black solution which

formed was stirred at room temperature for 6 hours and then cooled ovemight

(8"C). A light pink precipitate was collected and washed with petroleum spirit

(5 x 5ml), and the filtrate concentrated affording a second crop of

N-(2-hydroxyphen yl) -2-acetvloxybenzamide. Yield 3' 1 3 g.

To a portion (1.24 g; 4.57 mmol) of the crude product obtained above a

mixture of dioxane (LR; 10 ml) and aqueous HCI (357o;10 ml) was added.

The resultant deep red solution was stirred for 24 hours at room temperature.

The solution was evaporated to dryness leaving behind a flesh coloured solid

which was recrystallised from methanol:water (80:20). Yield 0'94 g (4'10

mmol; 90Vo),m.p. 163 - 166"C (Lit.s6 165 - 166"C).

6.5.2 N-(2-Hydroxyphenyl)-5-chlorosalicylamide, IJsLz

The N-(2-hydroxyphenyl)-2-acetyloxy-5-chlorobenzamide was prepared

following a slightly modified experimental procedure to that described in

6.5.1, using 2-acetyloxy-5-chlorobenzoyl chloride (9'04 g; 38'8 mmol) and

o-aminophenol (4.23 g; 38.8 mmol). During the hydrolysis of the acetyloxy

derivative the mixture was heated at -90"C to dissolve this amide. The

solution was then heated close to reflux for t hour and allowed to cool to

room temperature. A small amount of beige coloured solid appeared. The

mixture was concentrated to -30 ml, on a rotary evaporator, producing more

solid. A brown-grey solid was collected and washed with water (5 x 10ml).

Methanol:water (80:20; 80 ml) was added and the mixture heated at 60"C for

t hour. Any insoluble material was removed by filtration and the brown



Chapter 6 Experimental 2r8

filtrate concentrated till the amide began to precipitate. A beige solid was

obtained. Yield 4.37 g (16.6 mmol; 43Vo), m.p. 184 - 185"C. Analysis

required for cr¡HroNO¡Cl: C,59.22;H,3.82; N, 5.3l7o.Found: c, 58.35; H,

3.96; N, 5.187o. F.'W.: calc., 263.68; found (mass spectrum),265 and 263 (for
37Cl and 35C1, respectively).

6.5.3 N-(5-Chloro-2-hydroxyphenyl)saticylamide, H¡L3

Using 2-acetyloxybenzoyl chloride (2'60 g; 13'1 mmol) and 5-chloro-2-

hydroxyanaline (1.88 g; 13.1 mmol), and following the experimental

procedure described in 6.5.2, a light pink solid was obtained. Yield l'22 g

(4.63 mmol; 357o), m.p. 187 - 189"C (Lit.qe 189 - 191"C). F.W.: calc. for

Ct¡HtONO¡Cl, 263.68; found (mass spectrum),265 and 263 (for 37Cl and

35C1, respectively).

6.5.4 N-(5-Chloro-2-hydroxyphenyl)-5-chlorosalicylamide, H¡La

Using 2-acetyloxy-5-chlorobenzoyl chloride (3'02 g; 13'0 mmol) and

5-chloro-2-hydroxyanaline (1.86 g; 13'0 mmol), and following the

experimental procedure described in 6.5.2, an almost colourless solid was

obtained. Yield l-63 g (5.47 mmol; 427o), m.p. 226 - 228'C. Analysis calc.

for Cr¡HqNOgClz: C,52'38; H, 3'04; N,4'107o. Found: C,52'2L; H, 3'03; H,

4.657o.F.W.: calc., 298.13: found (mass spectrum), 300 and298 (for 37Cl and

35C1, respectively).

6.5.5 N-(2-Hydroxyphenyt)-3-methylsaticylamide, H¡Ls

Using 2-acetyloxy-3-methylbenzoyl chloride (4'00 g; 18'8 mmol) and

a-aminophenol (2.05 g; 18.8 mmol), and following the experimental

procedure described in 6.5.2, a light beige solid was obtained. During the

hydrolysis of the N- (2-hydroxyphenyl)-2-acetyloxy-3 -methylbenzamide a

dark brown oil formed. Under vigorous stirring a beige solid was produced.

Yield 1.42 g (5.84 mmol; 3IVo), m.p. 149 - I52'C. Analysis calc. for
Cr¿Ht¡NO:: C, 69'!2; H, 5'39; N, 5'16Vo. Found: C, 68'64; H, 5'42; N,

5.65Vo. F.W.: calc.243'26; found (mass spectrum),243.

6.5.6 N-(5-Chtoro-2-hydroxyphenyl)-3-methylsalicylamide, HsL6

Using 2-acetyloxy-3-methylbenzoyl chloride (4'31 g; 20'3 mmol) and

5-chloro-2-hydroxyanaline (2.91 g; 20'3 mmol), and following the

experimental procedure described in 6.5.2, a beige solid was obtained. Yield

'a
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1.87 g (6.73 mmol; 33Vo), m.p. t93 - 195"C. Analysis calc. for

Cr¿HrzNO¡Ct: C, 60'55;H,4'36; N, 5'047o' Found: C, 60'53; H' 4'44; N'

5.057o.F.W.: calc., 277 .11; found (mass spectrum),279 and277 (for 37Cl and

35C1, respectively).

6.5.7 N-(2-Naphthol)salicylamide, H3L7

Using 2-acetyloxybenzoyl chloride (l'25 g; 6'28 mmol) and 3-amlno-2-

naphthol (1.00 g; 6.28 mmol), and following the experimental procedure

described in 6.5.2, a yellow-brown solid was obtained. Yield 0'36 g (L'29

mmol; 2l7o), dec. -164'C. Analysis calc. for ctzHt¡NO¡: C,73'11; H, 4'69;

N, 5.027o. Found: c, 71.29; H, 4.79; N, 4.817o. F.W.: calc, 279'30; found

(mass spectrum),280.

6.5.8 N-(2-Naphthol)-5-chlorosalicylarnide, H¡L8

Using 2-acetyloxy-5-chlorobenzoyl chloride (1'01 g; 4'33 mmol) and

3-amino-2-naphthol (0.68 g; 4.27 mmol), and following the experimental

procedure described in 6.5.2, a beige solid was obtained. Yield 0'45 g (1'43

mmol; 347o), m.p.224 - 226'C. Analysis calc. for ctzHrzNO¡Cl: c, 65'08;

H, 3.86;N , 4'467o. Found: C, 64'39; H,3'93; N, 4'37Vo' F''W': calc" 313'74;

found (mass spectrum),316 and3l4 (for 37Cl and 35C1, respectively)'

6.5.9 N-(2-Naphthol)-3'methylsalicylamide, H3L9

Using 2-acetyloxy-3-methylbenzoyl chloride (1'34 g; 6'30 mmol) and

3-amino-2-naphthol (1.00 g; 6.28 mmol), and following the experimental

procedure described in 6.5.2 with 3 hours refluxing during the hydrolysis, a

beige solid was obtained. Yield 0'42 g (1'4 mmol;23Vo),mp' L49 - 152"C'

F.W.: calc. for ctgHtsNOy293.32; found (mass spectrum),293.
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6.6 Attempted Preparations of 2r2'-Dihydroxybenzyl'
phenyl Bther

Glassware was flame-dried and cooled under dinitrogen. All manipulations

were carried out under dinitrogen.

6.6.1 Reaction A

Sodium meral (78 mg; 3.4 mmol) was dissolved in dry methanol (15 ml).

Catechol (0.37 g;3.4 mmol) was added forming a blue solution which soon

turned green then green-brown. The solvent was removed under vacuum and

2-bromomethylphenyl acetate (0.77 g; 3.4 mmol) in dimethylsulphoxide

(HPLC grade; 5 ml) was added. The brown-black mixture was allowed to stir

overnight at room temperature, becoming red in colour. The mixture was

poured into icy water (100 ml) and the resultant brown mixture extracted with

diethyl ether (3 x 100 ml). The organic extracts were combined and the

yellow solution washed with water (3 x 50 ml), dried over MgSO4, the

solvent removed, and the orange-brown oil dried under vacuum. 1H-NMR

(CDCIs|TMS): ô7.13 - 6.40 (m; 8H), 4.95 - 4'87 (3 singlets; ZIJ) and 2'12

ppm (s; 0.5H). Assuming that the peak observed in the CH3COz- region is

due to the acetylated ether this product could contain the desired diol ether

with approximately lSVo acetylated ether (calculated from the integration

spectrum).

6.6.2 Reaction B

Carechol (0.50 E;4.5 mmol) and 2-bromomethylphenyl acetate (1'04 g;4'5
mmol) were added to powdered KOH (0'26 g; 4'6 mmol) in dry

dimethylsulphoxide (9 ml). The pale yellow solution was stined overnight at

room temperature, during which time the solution became darker. The

solution was poured into water (100 ml) forming a pale yellow mixture and

extracted with dichloromethane (3 x 90 ml). The combined organic extracts

were washed with water (5 x 50 m1), dried over MgSO4, and the solvent

removed affording a yellow oil. Attempts to crystallise using diethyl ether and

dichloromethane/hexane failed. Yield I'25 g. Infrared: 3440 s, 1765 s,

1745 s, 1600 s, 1500 s cm-1. In-¡vun GDClsl TMS): ô7'33 - 6'67 (m; 8H),

5.14 - 4.93 (4 singlets; 1.9H), 4.32 (s;0'5H) and2'29 -2'20 ppm (3 singlets;

3H). z-Bromomethylphenyl acetate was detected at õ4'32 (ArCFIzBr) and

2-29 ppm (CH¡COz-).
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The oil was dissolved in methanol and excess KOH added till a colour change

was observed. A red solution was formed. After cooling (8"C) overnight, a

red-brown precipitate was collected and the filtrate evaporated to dryness

giving a red oil.
Red-brown ppt.: yield 75 mg, mp >300'C. Mass spectrum: no evidence of the

diol ether or the acetylated ether. An intense peak atmle 110 was present,

characteristic of the starting material catechol which is also however, a

fragment of the expected product. Infrared spectrum: showed it not to be

catechol but in fact mostly inorganic material.

In case this product contained some dipotassium salt of the ether, dilute HCl

was added and the mixture extracted with dichloromethane. This only yielded

the same material.
Red oil: yield 0.83 g. 1n-Nutn GDCIs1TMS): õ7'35 - 6'52 (m; 8H)' 5'17 (s;

0.8H) and 5.03 (s; 1.2H). Catechol was detected at ô6'80 (ArH) and 5'17 ppm

(OH; disappears on addition of DzO).

6.6.3 Reaction C

In a two-arm tube (inverted "LJ" tube) fitted with a gas tap was placed KOH

(0.52 E;9.3 mmol) in dimethylsulphoxide (HPLC grade; 8 ml, degassed under

vacuum) in one arm and catechol (0'51 g;4'6 mmol) in the other. The arms

were wrapped with aluminium foil protecting the catechol from light and the

tube was evacuated before being filled with dinitrogen gas. The tube was then

tilred so that the KOH/dimethylsulphoxide mixed with the catechol. A blue

solution formed. 2-Bromomethylphenyl acetate (1'06 g; 4'63 mmol) in

dimethylsulphoxide (HPLC grade; 1 ml) was then added forming an orange-

brown solution which was stirred ovemight, protected from light and air. The

solution was then poured into an ice-water mixture (80 ml) forming a white

mixture which later turned pale yellow. Extracted with dichloromethane (3 x
80 ml). The organic extracts were combined and the yellow solution washed

with water (5 x 45 ml), dried over MgSO4, and the solvent removed. The

resultant orange oil was dried under vacuum. IH-NU? GDCISITMS): õ7'38 -

6.42 (m;8H), 5.02 - 4'95 (2 singlets; 1'7H), 3'33 (s; 0'3H) and2'20 - 2'17

ppm (2 singlets; 1H). Integration of the peaks in the aromatic, -CHZO- and

CH¡COz- regions almost supports a 40:60 mixture of acetylated:diol ethers

together with some acetic acid. Because of the extraneous peak appearing at

õ3.33 ppm the product was not further analysed.
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6.6.4 Reaction D

Catechol (0.50 Ei 4.5 mmol) was added to a solution of KOH (0'26 e;

4.6 mmol) in dry dimethylsulphoxide (9 ml). 2-Bromomethylphenyl acetate

(1.05 g:4.6 mmol) was then added and the pale yellow solution was stirred

under dinitrogen for 2 hours, becoming darker in colour. TLC (1007o

dichloromethane) showed presence of starting materials so stirring was

continued overnight. The reaction stilt had not gone to completion so the

solution was heated for t hour at 60 - 70"C. Once again TLC indicated strong

presence of starting material. More KOH (0'15 g;2'7 mmol) was added

tuming the yellow solution orange-brown. LaterKOH (0'10 g; 1'8 mmol) was

added. This produced no further change to the solution which was then stined

overnight. The pH of the solution was recorded (-7) before pouring it into

water (100 ml). The pale yellow mixture was extracted with dichloromethane

(3 x 100 ml). The organic layer was washed with water (5 x 50 ml), dried

over MgSO4, and evaporated to dryness affording an orange oil. Yield l'20 g.

Infrared: L77O s cm-1 . Mass spectrum: mle found weak peak at mle 258,

characteristic of the acetylated ether, along with more intense peaks at mle

2I4 and216, characrerisric of the desired diol ether. 1n-Nun GDCIsITMS):

õ7.26 - 6'56 (m; 8H),5'08 (s; 1'1H),4'98 (s; 1'1H), 2'23 (m;0'6H),2'10 (s;

0.3H) and2.O2 pPm (s; 0.2H). The peak at õ2'02 ppm could be due to the

methyl group in acetic acid as this is the product expected from the hydrolysis

to remove the protecting group. Although peaks were observed in the correct

regions, the integrated spectrum was not consistent with the presence of the

desired product or of a mixture of the product with its acetylated form.

6.6.5 Reaction E

To a mixture of KOH (I.OZ g; 18.2 mmol) in dry dimethysulphoxide (9 ml)

was added catechol (0.50 g; 4.5 mmol) and 2-bromomethylphenyl acetate

(2.L g;9.2 mmol). The mixture was stirred at room temperature for t hour,

changing from yellow-brown to brown during this time, and then poured into

water (90 ml) forming a pale yellow mixture. Extracted with dichloromethane

(4 x 90 ml). The organic extracts were combined, washed with water (4 x

60 ml), dried over MgSO4, and the solvent removed affording an orange oil.

The product was dissolved in a minimum amount of dichloromethane.

Precipitation with hexane yielded a small amount of yellow solid which was

collected. The filtrate when evaporated to dryness afforded a red oil.

Trituration in methanol gave a pink-brown precipitate which was collected.
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Yellow ppt.: yield 25 mg,m.p. 155"C. Infrared spectrum: 3440 w,1770 m,

L745 m,1612 s, 1595 s, 1502 s cm-1. Mass spectrum; a weak formula weight

peak at m6 258 ln the mass spectrum of this crop supports the acetylated

ether. A more intense peak observed at mle 214 fot this compound, supports

the diol ether, arising possibly from fragmentation of the acetylated ether.

|n-Nun GDCIs|TMS); õ7.40 - 6.53 (m; 8H), 5'12 (m; 2'7H) and2'21ppm

(m; 0.7H). The integrarion of the peaks in the aromatic and -CIIzO- regions

for the yellow precipitate was almost correct for the desired ether, however

the peak at õ5.12 ppm was broad with a few shoulders. The peak was shown

by DZO not to contain any unreacted catechol. The weak peak at ô2'21 was

attributed to the presence of a small amount of acetylated ether. This was

supported by a medium absorption in the carbonyl region of the infrared

spectrum. Disappointingly, the yield from this reaction, for the intermediate

product, would only be less than27o.

Pink-brown ppt.: yield 20 mg. Infrared spectrum: 3393 m, 1737 m, 1607 s,

1590 s, 1499 s cm-1. 1H-NUn GDCISITMS): õ7'43 - 6'-60 (m; 8H),5'15 (m;

2.5H),2.23 (s;0.9H) and 1 .27 ppm (s; 2'8H). The peak observed at õI'21

ppm is too low to be attributed to CH¡COz-, when compared to acetic acid or

the starting material 2-bromomethylphenyl acetate, even though a medium

absolption was observed in the carbonyl region of the infrared spectrum.

Althoìgh integration of peaks in the aromatic and expected -CHZO- regions

was almost correct the multiplet at ô5.15 ppm showed the presence of at least

five separate products.

6.6.6 Reaction F

A mixrure of KOH (0.17 g; 3.0 mmol) in DMSO (2ml; AR) was stired for

5 minutes at room temperature. Catechol (0'22 g; 2'0 mmol) was added

forming a blue-green mixture. After further stirring for another 5 mins a

solution of 2-bromomethylphenyl acetate (0'54 g; 2'4 mmol) in dry

dimethylsulphoxide (a d) was added forming a brown solution immediately.

Stirring, at room temperature was continued ovemight. The solution was then

poured into an ice-water mixture (40 ml) forming an off-white mixture with a

small amount of yellow oil. Extracted with dichloromethane (3 x 60 ml). The

organic extracts were combined, washed with water (5 x 10 ml), dried over

MgSO4, and evaporated to dryness affording a brown oil.

Dilure HCI (0.1 mol dm-3; 1 ml) was added, followed by ethanol till the oil

had dissloved. After stirring for t hour at room temperature, the solvents were
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removed leaving behind an orange-brown oil. Dichloromethane (LR; 25 ml)

was added and the yellow solution washed with water (5 x 10 ml), dried over

MgSO4, and evaporated to dryness affording an orange-brown oil with a very

small amount of white solid. TLC (907o chloroform:IÙ%o hexane) on the oil

showed presence of starting material and several products.

Orange-brown oil: Infrared spectrum: 3170 s, 1770 s, 1603 s cm-1. In-NMn

(cDCIstTMS); õ6.98 - 6.58 (m;8H),5.03 (m; 1.7H) and2.25 -2.18 ppm (3

singlets; 2.2H). Peaks were observed in the expected regions for the

acetylated ether. However the multiple peaks in the -CHZO- and CH¡COZ-

regions and their integration is not consistent with the presence of the desired

product as the major component. Attempts were made to similarly analyse the

white solid yielded from this reaction, but the available material produced a

very weak non-informative spectrum.

6.6.7 Reaction G

Catechol (0.35 Ei 3.2 mmol) and 2-bromomethylphenyl acetate (0'73 E;3'Z
mmol) were added to KOH (0.18 g;3'2 mmol) in dry dimethylsulphoxide

(6 ml). The yellow solution was heated at 85"C for 7'5 hours with stirring. No

visible change was observed whilst heating. More KOH (0'18 g;3'2 mmol)

was added, the yellow solution turning yellow-brown immediately. Heating

and stirring was continued for another 5.5 hours, during which time the

solution turned orange-red. When poured into water (50 ml) a yellow cloudy

solution, of pH 6.7, formed. Upon acidification to pH 5 (1 mol dm-3 HCI) a

pale yellow solution and a brown oil were formed. Extracted with

dichloromethane(2 x 60 ml). The organic extracts were combined and the

yellow solution washed with water (5 x 25 ml), dried over MgSO4, and the

solvent removed affording an orange oil. Yield 0'47 g. In-NUtR
(CDCIsITMS): õ7'20 - 6'53 (m; 8H),5'20 (s; 1'3H),5'05 (s; 1'lH) and2'15 -

2.08 ppm (2 singlets; 1.0H). If the peaks at õ2'08 and 2'I5 ppm are due to the

methyl in acetic acid and the methyl in the acetylated ether respectively, then

integration of peaks was consistent with the presence of a mixture of the

protected and diol ethers.

The oil was passed through a column (silica/hexane) eluting with

dichloromethane. A yellow-orange band was collected. A stationary red band

was removed eluting with methanol. The dichloromethane and methanol

eluents were evaporated to dryness giving orange and red oils respectively.



Chapter 6 Experimental 225

orange oil: yield 0.18 g. 1n-Nutn GDCIsITMS): ô9.57 (s;0.1H),7.27 - 6.33

(m; 8H), 5.05 (s; 0'8H), 4'92 (s;0'9H), 3'71 - 3'58 (2 singlets; 0'5H)' 2'42 (s;

0.1H), L.93 - 1.83 (2 singlets; 0.6H) and 1.15 ppm (s; 0'6H). If the peak at

ô9.57 ppm is due to hydroxyl protons of the diol ether, the integration

spectrum suggests this product to be present in very low yield (-3'57o). The

two peaks in the expected -CHZO- region were shown not to be due to

hydroxyl protons of unreacted catechol. Again, integration of these peaks and

the multiple peaks in the aromatic region are not consistent with a mixture of

the desired product and the acetylated ether as the main products.

Red oil: yield 0.21 g. ln-¡VUtn GDsOD1TMS): õ7.07 - 6.40 (m; 8H) and 4.84

ppm (br.s; 7H). The peak at õ4'84 ppm was shown by D2O not to contain any

hydroxyl protons (from either catechol or wet CD¡OD). Úrtegration of peaks

in the spectrum indicates a 1:1 ratio of aromatic:-CHZO- protons.

6.6.8 Reaction ÃI

Catechol (0.47 E; 4.3 mmol) and 2-bromomethylphenyl acetate (0'97 g; 4'2

mmol) were added to KOH (0'95 g; l7 mmol) in dry dimethylsulphoxide (8

ml). The reaction was exothermic. The green mixture was stirred at room

temperature, under dinitrogen, tuming pale brown and then pink-brown. After

stirring overnight the mixture developed a red tinge. TLC (l00%o

dichloromethane) showed the presence of starting material, so the mixture

was stirred for a further 24 hours at room temperature. Water (80 ml) was

added to the mixture forming a red solution with a basic pH. Upon

acidification to pH 4 (1 mol dm-3 HCI) the mixture turned yellow-orange, and

was extracted with dichloromethane (3 x 80 ml) keeping the extracts separate.

Each extract was washed with water (5 x 15 ml), dried over MgSO4, and

evaporated to dryness affording a red, yellow and yellow oil from extracts

one, two and three respectively.
Firsr exrracr: IH-NMR (CDCIsITMS); õ7.30 - 6.60 (m; 8H),5.20 (s;0'6H)

and 5.07 ppm (s; 0.9H). No peaks were observed in the CH¡COz- region. The

singlets were shown by DZO not to be due to hydroxyl protons. One may

therefore be due to -CIIZO- of the diol ether. Integration of peaks does not

support the desired product as a major component.

second exrracr:1H-NMR (CDCIsITMS); ô7.20 - 6.58 (m; 8H), 5'22(s;0'6H),

5.07 (s; l.4H),2'92 (s;0'3H), 2'58 (m; 0'3H) and 1'26 ppm (s; 0'2H). The

yellow oil from the second extraction in this experiment showed a similar

proton spectrum to that above with the addition of small peaks appearing in

the CH¡CO2- region.
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Third extract:1H-NMR (CDC|jITMS); ô7'I7 - 6'57 (m), 2'90 (s) and 2'57

ppm (s). This oil was discarded, as no peak at all was observed in the

expected -CHzO- region.

6.6.9 Reaction /

Carechol (0.49 g; 4.5 mmol) and 2-bromomethylphenyl acetate (I'02 E; 4'5

mmol) were added to a mixture of KOH (1'00 g;7'8 mmol) in dry

dimethylsulphoxide (S ml). The brown mixture was heated at 80-100"C, with

stirring, for t hour, becoming yellow-black. Aqueous KOH (saturated

solution; 10 ml) was added and the mixture heated again at 80 - 90"C for

t hour. After cooling to room temperature the mixture was acidified to p}J2

(1 mol dm-3 HCI) forming a yellow-brown precipitate. After cooling (8"C)

ovemight, a black rubbery material had formed in a red solution. The solution

was decanted and extracted with dichloromethane (3 x 50 ml). The organic

extracts were kept separate and each was washed with water (4 x 15ml), the

aqueous layer being strongly coloured in each case. After drying over

MgSO4, the solvent was removed from each extract affording an orange,

yellow and pale yellow oil from extracts one, two and three, respectively. R¡

values (907o dichloromethane; I}Vohexane) showed these oils to be identical

and so rhey were combined. Yield not recorded. IH-NMR (CDCIsITMS):

õ9.60 (s;0'lH),7'40 - 6'17 (m; 8H),5'07 (s;0'3H); 3'73 (s;0'9H),2'70 (s;

0.2H), 2.33 (s;0.2H) and2.05 PPm (s;0'2H). The peak at ô5'07 ppm was

shown not to contain hydroxyl protons of unreacted catechol. Integration of

this peak and the aromatic multiplet showed that only approximately 167o diol

ether and/or acetylated ether could be present.

Purification of this product was attempted by column chromatography

(silica/hexane), eluting initially with 100o/o dichloromethane and increasing

the polarity to L0O7o methanol. 5 x 10 m1 fractions were collected- After TLC

(907o dichloromethane:107o methanol), fractions 1 and 2 werc combined as

were fractions 3,4 and 5. The former combination produced a yellow oil when

evaporated to dryness and the latter an orange-red oil. Yields were not

recorded.
yellow oil: IH-NMR (CDC|sITMS); weak spectrum with resonance only in

aromatic region.
Orange-red oil: IH-NMR (CDC\sITMS): õ7.23 - 6.35 (m; 8H), 5'58 (br.s;

2.8H) and2.l2ppm (s; z.3[).The peak at ô5.58 ppm was so broad that it was

only detected by the integration curve. The ratio of protons in the different
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enviroments does not support the presence of the acetylated ether, or the diol

ether

The black rubbery material obtained in the preparation was dissolved in a

minimum amount of dimethylsulphoxide (LR; L - 2 ml). Water (-20 ml) was

then added and the mixture extracted with dichloromethane (2 x 50 ml). The

combined extracts were treated as in previous attempts, producing a red oil.

Yield nor recorded. 1H-NMn GDC|sITMS); ô7'40 - 6'33 (m; 8H) and 5'20

ppm (s; 1H). The integration curve revealed a 8:1 proton ratio for the

aromatic and -cFIzO- enviroments respectively, inconsistent with the

presence of the diol ether.

6.6.L0 From 2,2''Dimethoxybenzylphenyl ether

AlCl¡ (0.17 g;1.3 mmol) was added to a pale orange solution of

2,2'-dimethoxybenzylphenyl ether (0'16 g; 0'65 mmol) in dry benzene

(20 mt). The solution turned pale yellow and cloudy. Refluxed under an

atmosphere of dinitrogen for 5 hours and allowed to cool under dinitrogen.

Removal of the solvent afforded an off-white solid to which dilute HCI

(1 mol dm-3; 20 ml) was added. The mixture was stirred at room temperature

for 15 minutes before extracting with diethyl ether (3 x 40 ml). The combined

ether extracts were washed with water (3 x 30 ml), dried over MgSO4, and

the solvent removed affording a light brown solid, which infrared showed to

be starting material. Yield 0.14 g (0.57 mmol; 887o recovery).

Repeating the above experiment using AlCl¡ (0'69 E; J.2 mmol) and

2,2'-dlmethoxybenzylphenyl ether (0'15 g; 0'61 mmol) afforded a yellow-

brownoil.Yield0.10g.ln-NMnGDCIsITMS):ô7'18-6'52(m;63H)and
3.72ppm (m; 43H).

6.7 2r}'-Dimethoxybenzylphenyl Ether

Guaiacol (0.70 m|; 6.4 mmol) was added to a mixture of powdered KOH

(0.31 g;6.6 mmol) in dry dimethylsulphoxide (7 mt). The blue-green mixture

was stirred at room temperature for 15 minutes becoming very dark green.

2-Methoxybenzyl bromide (1.28 g; 6.37 mmol) was then added and the

mixture stirred overnight at room temperature, becoming orange-brown in

colour. The mixture was poured into water (70 ml) forming a white emulsion

and an orange oil which was then extracted with dichloromethane (3 x 70 ml).

227
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The combined organic extracts were washed with water (6 x 30 ml), dried

over NaZSO+, and the solvent removed affording an orange oil which, on

standing, began to solidify. Petroleum spirit (LR; 20 ml) was added and the

mixture stirred vigorously for -1 minute. A pale orange solid was collected.

Concentration of the filtrate gave a second crop of the same material. Yield

0.72 g(2.9 mmol;467o),m.p. 91 - 93"C. F.V/.: calc. for ctsHtooz:244'29;
found (mass spectrum),244.1n-NUn QDCþITMS): ô6'81 (m; 8H),5'14 (s;

2H), 3.81 (s; 3H) and 3.78 PPm (s; 3H). Infrared spectrum: 1589 s, 1506 s,

L4g5 s, 1255 s,1226 s, 1128 s, 1112 s, 1041 s,1027 s,763 s and738 s cm-1.

6.8 2,2'-Diacetyloxybenzylphenyl Ether

2-Acetyloxyphenol (0.40 g;2'6 mmol) was added to sodium hydride (51 mg;

2.1 mmol) in dry dimethylsulphoxide (1.0 ml), with stining under dinitrogen,

immediately forming a red-brown solution. 2-Bromomethylphenyl acefate

(0.50 g;2.2 mmol) was added and stiring was continued under dinitrogen.

The reaction was slightly exothermic. The solution faded, becoming yellow-

orange. As the presence of starting material was found to be present by TLC

(lO1Vo chloroform) after stirring overnight the solution was stirred for a

further 24 hours at room temperature. The resulting yellow-brown solution

was poured into water (40 ml) forming a white mixture. It was extracted with

dichloromethane (3 x 40 ml) and the combined extracts were washed with

water (6 x 17 ml), dried over Na2SO4, and the solvent removed affording a

cloudy yellow oil. Yield 0.56 g. 1H-NMR (CDCI¡ÆMS): õ7'52 - 6'68 (m;

6H), 5.63 (br s; LH) 5.23 - 4.95 (3 singlets; 1H), 2.42 - 2'02 (4 singlets; 4H).

6.9 Attempted Preparation of 2-Hydroxyphenyl'
salicylate

6.9.1 From Carboxytic Acid and Alcohol

Salicylic acid (0.50 g; 3'6 mmol) and catechol (0'80 E;7'3 mmol) were

dissolved in dry chloroform (30 ml) and the solution stirred ovemight at room

temperature. As TLC (907o dichloromethane:l\Vo ethanol) showed only the

presence of starting materials, concentrated HZSO+ (3 drops) was added and

the mixture heated under reflux for 6 hours. After allowing to stand ovemight,

the chloroform layer had developed a pink tinge. Water (15 ml) was added
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and the chloroform layer separated from the aqueous layer, dried over

MgSO4, and the solvenr removed affording a white solid (0'68 g). It was

shown by its infrared spectrum to be a mixture of the two starting materials.

6.9.2 From ethYl salicYlate

Method (i,l

A number of attempts were made to prepare the ester with reference to the

lirerarure method.218 Catechol (2.00 g;18.2 mmol) and ethyl salicylate (2'80

ml; 19.1 mmol) were refluxed under dinitrogen, at atmospheric pressure, for

12 hours in diphenyl ether (AR; 2.5 ml). The solution was then allowed to

stand overnight, during which time a white-grey solid precipitated. The

product was collected, washed thoroughly with hexane and analysed by

infrared spectroscopy. Yield 1'00 g (9'08 mmol; 50Vo recovery of catechol)'

Repeating the above procedure gave lSVo recovery of catechol.

Method (íil

Carechol (0.83 g;1.7}mmol), ethyl salicylate (1'10 ml:7'49 mmol), diphenyl

ether (AR; 4.0 ml) were refluxed under vacuum (-0'18 mm Hg). Yield 0'61 g

(5.54 mmol; 737o recovery of catechol). Infrared (filtrate): Mostly diphenyl

ether with the presence of ethyl salicylate, however a carbonyl absorption at

higher frequency (1715 cm-1) than that observed for the ethyl salicylate

starting material (1677 cm-l) also appeared suggesting the presence of a new

compound. The filtrate was distilled under vacuum to remove some of the

diphenyl ether. No solid was afforded after cooling the residue.

6.9.3 From polyphosphate ester (PPE)

The experimental procedure described in the literature216 '¿v¿5 followed in an

attempt to prepare the ester, using salicylic acid (0'86 8;6'2 mmol), catechol

(0.68 g;6.2mmo1) and PPE, (10.0 e;92.6 mmol) in dry chloroform (13 ml). A

cloudy yellow oil was afforded which began crystallising on standing. The

precipitate was difficult to collect, as much viscous material was still present.

Recrystallisation from ethanol/water gave a white waxy solid. TLC (l00%o

chloroform) on this material showed absence of starting materials. Yield 0'40

g. F.W.: calc. for Ct¡H10O4, 230.22; found (mass spectrum) 291,263,231

[Molecular ion + H]. Infrared spectrum: 3224 s, 1688 s, 1585 s cm-1'
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6.10 2,2'-Dihydroxystilbene

All glassware was flame-dried and cooled under dinitrogen before use. All
manipulations were carried out under dinitrogen.

A modified procedure to that in the literature was used to prepare this

¿1¡sns.219
TiCl¿ (2.35 m7; 21.4 mmol) was added to a suspension of Zn (2'77 g;

42.4 mmol) in dry THF (20 ml). The thick green mixture was refluxed under

an atmosphere of dinitrogen for 2.5 hours turning brown-black in colour.

Salicylaldehyde (1.50 ml; l4'l mmol) in dry THF (19 ml) was added,

dropwise. The mixture was refluxed under an atmosphere of dinitrogen for

3 hours and allowed to stand overnight.

Aqueous KzCO¡ (lOVo w/v; 110 ml) was added to the mixture which was

then stirred, open to the atmosphere, till oxidation of titanium was complete

(formarion of yellow mixture). The TiO2 was filtered off (celite pad).

Exhaustive extraction on the filtrate and residue was carried out with diethyl

ether. The ether extracts were combined, washed with brine (1 x 50 ml) and

dried over MgSO¿. The solvent was removed giving a yellow oil. Trituration

in chloroform yielded a white crystalline solid. Yield 0't4 g,m.p. L94 - 196'C

(Lft.ztg 194.5 - 195.5'C for trans isomer). Infrared spectrum: 3340 s, 3290 s,

1610 s, 1590 s cm-1 .1n-Nlttn (cDÐzSOITMS): õ7.47 - 6.34 (m; 10H, ArÐ
and9.29 ppm (s; 2H, ArOH). UV-VIS (MeOH, l, (log e)); 331 (4.30),280

(4.15), 232 (4'16) and 210 nm (4'43).
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Bis(Dinegative Tridentate) Complexes

6.Ll Attempted Preparations of Silicon(IV) Complexes

6.11.1 Si(BzacBh)z

Method ft.I

SiCl4 (0.10 ml; 0.87 mmol) was added to a dark yellow solution of BzacBhHz

(0.49 Ei 1.7 mmol) and LiOAc.2HzO (0'42 gi 4'1 mmol) in dry ethanol

(25m1). The solution became almost colourless on addition of the tetrahalide.

After heating under reflux for 4 hours the solution was allowed to stand

overnight. The solution was concentrated, on a rotary evaporator till
precipitation began, and the resultant mixture was cooled overnight (8"C). A

white precipitate was collected. Yield 0.299,m.p.221 -223"C. F.V/.: calc. for

c¡¿HzgN+O+Si, 584.71; found (mass spectrum), 495, 481, 469, 423,333.

Infrared. spectrum;3130m,3100m,2618 s, 1615 s, 1596 s, 1536 m,1294s,
1268 s cm-1. IA-XUtn GDCIs:TMS); ô7.93 -7.27 (m;5H);6'39 (s; 1H) and

2.55 ppm (s; 3H).

Method (ií,1

The experiment was repeated using SiCl+ (0'S7 mmol), BzacBhHZ

(1.7 mmol) and sodium ethoxide (3.4 mmol) as the base and refluxing for

only t hour. NaCl, formed during the reaction, was filtered off and the filtrate

concentrated affording a pale yellow solid. Yield 0'15 g, m.p.22l - 223"C.

Infrared spectrum: identical to that above. F.W.: found (mass spectrum),495,

48r, 469 , 423, 333.

Method (üi.l

An identical product to that from method (ii), based on infrared, was obtained

under stringent conditions to exclude moisture, with overnight stirring at

room temperature instead of refluxing.

Method (ivl

BzacBhHz (0.50 B; 1.S mmol) was added to dichloromethane (25 ml; AR)

cooled to 0'C (ice-bath), forming a yellow solution. SiCl¿ (0'10 ml;

0.87 mmol), also cooled (ice-bath), was added. The solution became slightly

darker and was allowed to warm up to room temperature under stining. A pH
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measurement on the solution showed it to be acidic. Triethylamine was added,

dropwise, till the solution recorded pH -7. During this procedure white fumes

appeared and a lemon yellow precipitate formed which was collected and

washed with diethyl ether (3 x 4 ml). Yield 0'49 g. Infrared spectrum:

3380 w,2604 s,2496 s,2359 m, no peaks in the region 2000 - 1470 cm-l.

6.10.2 Si(SatAp)z

SiCl+ (0.10 ml; 0.87 mmol) was added, with stining and under dinitrogen, to

a solution of sodium metal (83 mg; 3.6 mmol) in dry ethanol (20 ml), forming

a white mixture due to the formation of NaCl. SalApH2 (0'37 E; l'7 mmol)

was added turning the mixture yellow in colour. The mixture was stirred

under dinitrogen for 6 hours at 40 - 50"C. A yellow precipitate was collected

and washed with diethyl ether (3 x 5 ml). YieldO'49 g, dec. 213"C without

melting. F.W.: calc. for CZOHTSNZO+Si,450'53; found (mass spectrum),342,

264,250. Infrared spectrum: L645 s, 1610 s, 1583 s, L284 s,1231 s cm-1.

Using a metal to ligand mole ratio of 1:1 an identical product to that above,

based on infrared, was obtained .

6.1L.3 Si(Ap-ß-Nap)z

All glassware was flame-dried and cooled under dinitrogen before use.

Ap-B-NapH2 Q.23 g; 0.87 mmol) was added to a solution of sodium metal

(37 mg;1.6 mmol) in dry ethanol (25 ml) forming a red-black solution. Upon

addition of SiCl+ (0.050 ml; 0.44 mmol) a red-burgundy mixture resulted.

After stirring for 30 minutes at room temperature, and cooling overnight

(8"C), a brown ppt. was collected. A portion was recrystallised from

dichloromethane/hexane. Yield 0'31 g (crude), m.p.: 176 - 180"C (crude), 180

- 182'C (recrystallised). Infrared spectrum (crude):3338 w,1597 s, 1571 w,

1537 w, 1314 s cm-l.Infrared spectrum (recrystallised): 16ll m, 1590 w,

1568 m, !322 w cm-1. F.W.: calc. for C¡zHzON¿O+Si: 643'23; found (mass

spectrum; crude), 54I, 50J, 483, 471. The recrystallised material only

produced peaks due to the background medium used to dissolve the product.
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6.12 Germanium(IV) ComPlexes

The infrared and IH-NMR spectral data for the products obtained from these

reactions are given in Section 2.5.3 (Table 2.6) and Section 2.7 (Table 2.Ll),

respectively.

6.12.1 Ge(Ap-ß-Nap)z

Germanium tetrachloride (0.050 ml; 0.44 mmol) was added, under dinitrogen,

to a solution of Ap-B-NapHz Q.23 g; 0'87 mmol) and LiOAc.2HzO (0'18 g;

1.8 mmol) in dry ethanol (25 ml). The brown solution was refluxed under an

atmosphere of dinitrogen for 30 minutes and allowed to stand overnight. A

brown crystalline solid was collected, washed with petroleum spirit (3 x 3 ml)

and recrystallised from dichloromethane/hexane. Yield 80 mg (0'13 mmol;

3!Vo),m.p. >300'C. Analysis calc. for C¡zHzoN+O¿Ge: C, 64'37; H, 3'38; N,

9.38Vo. Found: C, 64'34: H, 3'51 ; N, 8'607o. F.W.: calc., 597 '13; found (mass

spectrum),598.

6.12.2 Ge(AP-PCl-Phenol)z

Using Ap-pcl-phenolHz Q.22 g; 0'88 mmol), GeCl+ (0'050 mI;0'44 mmol)

and LiOAc.2HzO (0.18 g; 1'8 mmol), the experimental procedure described

in6.12.1 gave a purple solid. Yield 80 mg (0.14 mmol; 32Vo), m.p. >300"C.

Analysis calc. for Cz¿Ht¿N +OqClzGe: C, 50'94; H,2'49; N,9'907o. Found:

C; 54.76; H, 3'15; N, 8'587o. F.W.: calc., 565'90; found (mass spectrum),

566.

6.13 Tin(IV) Complexes

The infrared and IH-NVIR spectral data for the products obtained from these

reactions are given in Section 2.5.3 (Table 2.6) and Section 2.7 (Table 2.ll),
respectively.

6.13.1 Sn(Ap-B-Nap)z

Stannous chloride dihydrate (8ó mg; 0.38 mmol) was added to a solution of
Ap-B-NapHz Q'20 g; 0'76 mmol) and LiOAc.2HzO (0'16 g; L'57 mmol) in

dry ethanol (30 ml). The red-brown solution was heated under reflux for

t hour and allowed to cool to room temperature. Crystals formed and the
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mixture was cooled ovemight (8"C). A purple-brown solid was collected and

recrystallised from dichloromethane/hexane to give a brown crystalline solid'

Yield O.l2 g (0.19 mmol; 49Vo), m.p. >300'C. Analysis calc' for

C¡zHzoN¿O¿Sn: C,59'75; H, 3'13; N, 8'7lVo' Found: C,5l'70; H' 3'18; N'

8.617o.F.W.: calc., 643'23; found (mass spectrum),644'

Further purification of this material was attempted by passing it through a

column of alumina/hexane and eluting with 1007o chloroform. However, the

complex adhered strongly to the alumina. The polarity of the eluting solvent

was increased to 807o chloroform:20 7o methanol, then 5OVo chloroform:5O7o

methanol and eventually I0O7o methanol, but this was to no avail. In an

attempt to recover the azo dye ligand, the column was eluted with 1007o

acetic acid. Slow evaporation of the acidic solution yielded burgundy

coloured crystals suitable for X-ray analysis'

6.13.2 Sn(SalHba)z

SnClz (71 mg; 0.37 mmol) was added to a mixture of SalHbaHz(0'I7 g;0'11

mmol) and LiOA c.2HzO (0'27 g; 2'6 mmol) in dry ethanol (25 ml)' The

yellow cloudy solution was heated under reflux for 4.5 hours with a silica-gel

drying tube fitted to the condenser. After cooling overnight (8"C) the solution

was evaporated to dryness leaving behind a yellow solid. Water (25 ml) was

added to the solid and the mixture stirred at room temperature for 15 minutes

to dissolve the excess LiOAc.2H2O. A pale yellow solid was then collected

and dried under a lamp. Yield 83 mg (0'15 mmol; 4t7o), m'p' -140"C'

Analysis calc. for czsHzzNzO+Sn: C, 59'09; H, 3'90; N,4'927o. Found: c,

60.05; H,4.35;N,4.J9o/o. F.W.: calc., 569'18; found (mass spectrum) ,569'

6.!4 Attempted Preparations of Lead(IV) Complexes

The infrared spectral data for the products obtained from these reactions is

given in Section 2.5.3 (Table 2.6).

6.L4.1 Pb(BzacBh)z

A solution of lead nitrate (0'30 g; 0'91 mmol), BzacBhHz (0'50 g; 1'8 mmol)

and LiOA c.2HzO (0.7g g;7.1 mmol) in dry ethanol (aOd) was heated under

reflux for 5 hours and allowed to cool overnight. A yellow precipitate formed

which was collected, washed with petroleum spirit (2 x 3 ml) and
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recrystallised from dimethylsulphoxide/ethanol. Yield 0'18 g, dec. 288'C

without melting. Analysis calc. for Cg+HzSN+O¿Pb: C,53'47; H,3'70; N'

7.347o. Found: c,42.65;H,2.99;N, 5.827o. F.W.: calc., 763'81; found (mass

spectrum),486.

An identical product was obtained when repeating this reaction with

metal:ligand ratio 1:1. Yield 0'17 g (0'35 mmol; 39Vo), dec. -265'C. Analysis

calc. for c rzH r+N z}zPb: C, 42.06; H, 2.90; N, 5.1 7 Vo. Found: c, 4l'48; 2'98;

N, 5.587o. F.W.: calc.,485'50; found (mass spectrum),481 .

6.14.2 Pb(SalAP)z

Method (íl

Using SalApH2 (0.50 E; 2.3 mmol), Pb(NO¡)z Q€9 g; l'2 mmol) and

LiOAc.2HZO (0.80 g; 7.9 mmol), and following the experimental procedure

described in 6.14.1, gave an orange precipitate. Yield 0'42 g, m.p. >300"C.

Analysis calc. for czoHrsNzO+Pb: C.49.60; H, 2.88; N,4.45Vo. Found: C,

37 .33: H, 2.21; N, 3.287o fFits formulation Pb(SalAp): C, 37'32; H, 2' 17; N'

3.357o1. F.W.: calc., 418'41; found (mass spectrum),4I2.

The reaction was repeated using sodium ethoxide as base and a metal:ligand

mole ratio of 1:1. Yield 0.60 g. Infrared spectrum; similar to that of the

material above. F.W.: calc, 418'41; found (mass spectrum),420.

Method (ií,1

A solution of sodium metal (58 mg; 2'5 mmol) in dry ethanol (10 ml) was

added to a solution of SalApHz Q'25 g; l'2 mmol) in dry ethanol (10 ml).

The resultant red-orange solution was stirred for 5 minutes at room

temperature and then evaporated to dryness leaving the orange-brown sodium

salt of SalApH2. The solid was dried under vacuum, to ensure all traces of

ethanol were removed, and then placed under dinitrogen. The reaction flask

was then transferred into a dry box, previously flushed with dinitrogen gas,

where dry dichloromethane (20 mt) was added. A yellow solution of

Pb(OAc) + (0.26 g; 0.59 mmol) in dry dichloromethane (10 ml) was added,

with stirring. to the above salt forming a brown mixture. Stirring was

continued ovemight at room temperature. A brown precipitate was collected

and recrystallised from dimethylsulphoxide/ethanol. Yield 0'40 g, m.p.

>300"c. Analysis found: c,37.09; H,2.38; N,3.327o [in agreement with

PbLl. F.V/.: found (mass spectrum),420 [PbL + H].
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Method (íül

An orange precipitate was obtained when a solution of Pb(OAc)+ (0'18 gt

0.41 mmol) in dry dichloromethane (7 ml) was added dropwise, over 2 hours

to ensure the ligand was always in excess, to a mixture of SalApH2 (0'18 g;

0.84 mmol) and triethylamine (0.25 ml; 1.8 mmol) in dry dichloromethane

(10 ml). Recrystallised from dimethylsulphoxide/ethanol. Yield 44 mg, m.p.

>300"C. Analysis found: C,37.33 H,2'25; N,3'22Vo fin agreement with

PbLl. F.W.: found (mass spectrum),420 [PbL + H].

Method (ív.l

The reaction in method (ii) was repeated using dimethylsulphoxide instead of

dichloromethane. Dimethylsulphoxide (AR; 2 ml) was added to the dry

sodium salt of SalApH2 forming a brown solution. The Pb(OAc)a in

dimethylsulphoxide (AR; 2 ml) formed an orange solution which was added

dropwise, over t hour, to the ligand solution. After stirring overnight, dry

ethanol was added dropwise till the solution remained cloudy. A brown

precipitate formed on cooling overnight (8"C). Yield 28 mg. Analysis found:

C,37.63;H,2'41; N,3'387o [in agreement with PbL].

Method 0.1 - from Pb(SalAp)

SalApH2 (0.50 g;0.23 mmol) was added to a solution of sodium metal

(11 mg; 0.48 mmol) in dry ethanol (5 ml) forming a red solution, which later

turned red-black. After stirring for 10 minutes at room temperature the

solution was evaporated to dryness under vacuum. Pb(SalAp) (95 mg;0'23

mmol) dissolved in hot dimethylsulphoxide (AR; minimum amount) was

added to the disodium salt of the ligand. The resultant black solution was

stirred for 30 minutes at room temperature and allowed to stand overnight. No

precipitate formed. Oxygen gas was then bubbled through the solution, for

3 hours, which was then allowed to stand overnight again. No change to the

solution took place. Ethanol was then added, dropwise, till the solution

remained cloudy, and the mixture cooled overnight (8"C). A dark brown solid

was collected and dried under vacuum. Yield 10 mg, m.p. >300"C. Mass

spectrum: mle found 48I,459.

6.14.3 Pb(BzacSath)2

using Pb(No¡) z Q.28 g; 0.85 mmol), BzacsalhHz (0.50 g; 1.7 mmol) and

LiOAg.2HZO (0.40 g; 0.39 mmol), and following the experimental procedure
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described in 6.14.1, a yellow precipitate was obtained. The crude material was

recrystallised from dimethylsulphoxide/ethanol' Yield 0'39 g, dec' -260"C

without melting. Analysis calc. for C¡+HzSN¿OePb: C, 50'81; H,3'51; N,

6.97Vo. Found: C, 40.11; H, 2'91; N, 5'537o [correct for Pb(BzacSalh),

requiring: C,40.71, H, 2.81; N, 5.597o1. F.W.: calc., 803'78; found (mass

spectrum),503 [PbL = 501'50].

6.14.4 Pb(SalSath)z

Method (i.l

using Pb(No¡) z Q.32 g; 0.97 mmol), SalSalhHz (0'50 E; 2'O mmol) and

LioAc.2HzO (0.55 g; 5.4 mmol), and following the experimental procedure

described in 6.14.!, yielded a yellow precipitate. The crude material was

recrystallised from dimethylsulphoxide/ethanol. Yield 0'42 g, m.p. >300"C'

Analysis calc. for czgHzoN¿OoPb: c,46'99; H, 2'82; N, 7'837o. Found: c,

36.23; H,2.46; N, 5.847o [correct for Pb(SalSalh), requiring: C,36'44; H,

2.18; N, 6.07Vo1. F.W.: calc., 715.68; found (mass spectrum),462 [PbL =

46t.44).

Method (ií,1

Repeating the above experiment using sodium ethoxide as base gave an

identical product. Analysis found: C,36'23;H,2'4L; N, 5'867o'

Method (iíi.l - fro* Pb(SalSalh)

The procedure described in 6.14.2 (method (v)) was followed using sodium

metaì (17 mg; 0.74 mmol) dissolved in ethanol (8 ml), SalSalhHz (0'10 g;

0.39 mmol) in ethanol (8 ml) and Pb(SalSalh) (0'18 g;0'39 mmol) dissolved

in hot dimethylsulphoxide. A yellow precipitate was collected and dried under

vacuum. Yield 95 mg, m.p. >300"c. Analysis found: c, 35'93; H, 2'35; N,

5.85Vo [correct for PbL]. F.W.: found (mass spectrum),460 [PbL].

6.L4.5 Pb(HaPBh)z

using Pb(No¡)z Q.33 e;1.0 mmol), HapBhHz (0'50 g;2'0 mmol) and

LiOAc.2H zO (0.41 E; 4.6 mmol), and following the experimental procedure

described in 6.14.1, yielded a lemon yellow precipitate. Yield 0'22 g, m'p'

>300"C. Analysis .ui.. for C¡oHz+N+O+Pb: C, 50'63; H, 3'40; N,7'877o-

Found: C,39.l7;H,2.1I; N,6.037o [correct for Pb(HapBh), requiring: C,
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39.2L; H,2.63; N, 6.lo7ol. F.W.: calc., 7lI'74; found (mass spectrum), 461

[PbL = 459'46].

6.14.6 Pb(SalBh)z

Using Pb(NO¡)z Q.35 e;1.1 mmol), SalBhHz (0'50 E;2'I mmol) and

LiOAc.2H ZO (0.46 E; 4.5 mmol), and following the experimental procedure

described in 6.14.1, yielded a yellow precipitate. The crude material was

recrystallised from dimethylsulphoxide/ethanol. Yield 0'17 g, m.p. >300"C'

Analysis calc. for czsHzoN¿O+Pb: C, 49.19;H,2.95; N, 8.207o. Found: c,

37 .84; H, 2.50; N, 6.25 Vo [correct for Pb(SalBh), requiring : C, 37'7 5; H, 2'26;

N,6.297o1. F.W.: calc.,683.68; found (mass spectrum),447 [PbL =445'44].

6.15 Attempted Preparations of Antimony(V)
Complexes

6.15.1 [Sb(SaIAp)z]Cl

Sodium meral (54 mg; 2.3 mmol) was dissolved in dry ethanol (20 ml) and

the solution added, under dinitrogen, to SalApH2 (0'17 g; 0'80 mmol)

forming an orange-red solution. SbCls (0.050 ml; 0'39 mmol) was then added

tuming the solution red-brown in colour. Refluxed under an atmosphere of

dinitrogen for t hour and allowed to cool overnight. A brown precipitate was

collected and washed with cold ethanol (3 x 3 ml). The filtrate was

concentrated affording a second crop of brown solid.

First crop: yield 0.13 g. Infrared spectrum: showed it to be inorganic material.

Second crop: yield 24 mg, dec. -180"C. Infrared spectrum: 1605 s, 1592 sh,

1548 s, 1302 m cm-1. Analysis calc. for CzOHtgNzO¿ClSb: C,53'87; H, 3'13;

N, 4.837o. Found: c,33.45; H,2.26; N,3.33Vo. F.'W.: calc., 579.64; found

(mass spectrum), 630, 615, 582.

6.15.2 Sb(BzacBh)zlBr

Method (il

BzacBhH Z Q.25 g; 0.89 mmol) was added to a solution of sodium metal

(34 mg; 1.5 mmol) in dry ethanol (25 ml) forming a yellow solution. SbBr3

(0.16 g;0.44 mmol) turning the solution orange immediately. The solution

was heated under reflux for 4 hours and allowed to stand overnight.
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Concentration of the solution afforded an orange precipitate. Purification of

the crude material was attempted: chloroform (AR; 25 ml) was added and

after stining for 10 minutes at room temperature an off-white insoluble solid

was removed by filtering. The filtrate was evaporated to dryness affording a

dark yellow solid.

Orange solid: yield 0'31 g. Infrared spectrum: 3548 m,3470 m, 3402 s,

3231m,2J27 w,l63J s, 1616 s, 1590 s, 1537 s, 1305 s cm-1'

White solid: yield not recorded.lnfrared spectrum : showed it to be inorganic

material.
Yellow solid: yield O'25 g. Infrared' spectrum: 1662 s, 1589 s, 1537 s, 130 7s,

3225 w cm-l.

Method (íi\

Repeating method (i) with longer refluxing (24 hours) gave a yellow

precipitate (first crop) and a dull orange solid (second crop).

yellow solid: yield 25 mg. Infrared spectrum: showed it to be inorganic

material.
Orange solid: yield 0'14 g. Infrared spectrum: 3392 s,2728 w, 1636 m,

1616 m, 1590 m, 1559 m, 1539 s, 1306 m cm-l'

6.!6 Attempted Preparations of Antimony(Ill)
Complexes

6.L6.L KlSb(BzacBh)zl

Method (il

Potassium pyroantimonate (7 4 mg; O'21 mmol) was dissolved in warm water

(10 ml) anà added to a cloudy yellow solution of BzacBhHz (0'15 g; 0'54

mmol) in ethanol (15 ml). The resulting dark yellow solution was heated

under reflux for 16 hours. A white precipitate was collected and washed with

cold ethanol (3 x 3 m1). The filtrate was concentrated, on a rotary evaporator'

forming an off-white precipitate.

First crop: yield 0.31 g. Infrared spectrum; showed it to be inorganic material.

Second crop: yield 94 mg. Infrared spectrum; showed it to be unreacted

BzacBhHz.
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Method (ü.1

Sodium metal (28 mg; 1.2 mmol) was added to BzacBhHz (0'18 g;0'64

mmol) in dry ethanol (20 ml). The bright yellow solution was evaporated to

dryness and the yellow salt afforded dried under vacuum' Dry benzene

(20 ml) and potassium antimonyl tartrate hydrate (0'10 g; 0'31 mmol) were

added and the yellow mixture heated under reflux for 4 hours. After standing

overnight, a dark yellow precipitate was collected and washed with cold

benzene (3 x 5 ml) follwed by petroleum spirit (3 x 5 ml). Yield 0'24 g'

Infrared spectrum: 3195 w,1673 sh,l622m,1594 m, 1536 s cm-l.

Method (üil

The reaction in method (li) was repeated, this time by dissolving the

potassium antimonyl tartrate hydrate (0'15 g; 0'46 mmol) in a minimum

amount of water bLfore adding to a solution of BzacBhHz Q'25 g; 0'89

mmol) and LiOAc.2HzO (0'18 g; 1'8 mmol) in ethanol' The yellow mixture

was stirred at room temperature overnight. A bright yellow precipitate was

collected and washed with cold ethanol (3 x 3 ml). The filtrate was

concentrated to give a second crop of very pale yellow precipitate'

First crop: yield 0.15 g. Infrared spectrum:3584 w,3401 mbr,3225 s,

2728w,1662s, 1602 s, 1581 s, 1556 s, 1535 s, 1316 s cm-l. F.W.: calc' for

C¡+HzgN+o+KSb,717.4];found(massSpectrum),567,287,280,262.
Second crop: yield 98 mg. Infrared spectrum: 3354 s, 1620 s,l5l4 s, 1493 m'

L3l9 s cm- 1.

Method (iv,l

Potassium antimonyl tartrate hydrate (0'15 g;0'46 mmol) was dissolved in

water (minimum amount). BzacBhH Z Q'25 g; 0'89 mmol) was dissolved in

ethanol (LR; minimum amount) and added to the aqueous solution above' The

resultant yellow mixture was heated under reflux for 3 hours and allowed to

cool to room temperature. A white precipitate was collected and the yellow

filtrate concentrated producin g an off-white precipitate.

First crop: yield 0.10 g.Infrared spectrum: 3584 m,3544 m,3493 m, 3410 m,

1673 s,1625 s, 1310 m cm-1.

Second crop: yield 0'17 g InJrared spectrum; showed it to be unreacted

BzacBhHz.
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6.16.2 NalSb(SatAp)zl

Method (i.l

To a solution of sodium metal (36 mg; 1.6 mmol) in dry ethanol (20 ml) was

added SalApH2 (0.15 g; 0.70 mmol) followed by SbCl3 (80 mg; 0'35 mmol).

The solution was stirred under dinitrogen (drybox) overnight at room

temperature. An orange-brown precipitate was collected under dinitrogen

using Schlenk techniques. The filtrate was concentrated yielding a second

crop of orange-brown precipitate.

First crop: yield 0.11 g. Infrared spectrum: 3370 w, 1610 s, 1590 sh, 1540 m,

1300 m cm-1. F.W.: calc. for CzeHtSNzO¿NaSb, 567'18; found (mass

spectrum), 482, 460, 329.

Second crop: yield 43 mg. Infrared spectrum; showed it to be unreacted

SalApH2.

Method (ü.1

The above procedure was repeated using SalApH2 (0'19 g; 0'89 mmol),

sodium metal (44 mg;1.9 mmol), SbCl¡ (0'10 g;O'44 mmol) and refluxing

the solution under dinitrogen for I hour. After allowing to stand overnight, an

orange precipitate was collected, washed free of any NaCl with water (3 x
3 ml), formed during the reaction, followed by ethanol (5 x 3 ml). The

product was then dried under vacuum. Yield 97 mg, m.p.272 - 273'C.

Analysis calc.: C, 55'06; H,3'20; N,4'94Vo. Found: C, 56'23; H, 3'84; N,

4.617o. Infrared spectrum; 1603 s, 1579 m, 1559 m, 1537 s, 1315 s cm-l.
F.V/.: found (mass spectrum), 424, 412, 332.

6.L6.3 NalSb(B zacBh)zl

Using BzacBhHz Q'25 g; 0'89 mmol), Na (43 mg; 1'9 mmol) and SbBr3

(0.17 g; 0.47 mmol), the procedure in Section 6.16.2 (method (i)) was

followed with refluxing under dinitrogen for 4.5 hours. Bright yellow (first

crop) and orange (second crop) solids were obtained.

First crop: yield 52mg,m.p.257 -259"C. Infrared spectrum:3468 w, 1589 s,

1559 s, 1537 s, 1307 s cm-1. F.V/.: calc. for C¡+HzsN+O¿NaSb, 701'36;

found (mass spectrum), 551 460 446,399 [SbL].
Second crop: yield O'42 g. Infrared spectrum: 3549 m,3455 m,3411 s,

2727 w,1637 m,1617 m, 1590 s, 1538 s, 1303 m cm-l (similar to that of the

orange-brown solid yielded by method (i) in Section 6.16.2).
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6.L7 Attempted Preparations of selenium(Iv)

Triethylamine (0.60 m|; 4'3 mmol) was added to a yellow solution of

BzacBhHzQ.25 g;0.89 mmol) in dry dichloromethane (25 ml). The solution

became darker yellow in colour and, after being flushed with dinitrogen' was

transferred to a dry box previously flushed with dinitrogen gas' Selenium

tetrachloride (0.11 g;0.50 mmol) was added, the solution immediately turning

red-brown. After refluxing under dinitrogen for t hour and cooling to room

temperature, the solution was evaporated to dryness' on a rotary evaporator

yielãing a red-brown solid. This material was dissolved in a minimum amount

of dichloromethane and reprecipitated with hexane. Yield 0'22 g, m.p. 263 -

265'C.F.W.: calc. for C¡¿HZSN4O4Se, 635'58; found (mass spectrum), 240'

Infrared. spectrum:2750m,2620 s,250J s, 1490 s, 1403 s, 1372 s, 1337 m'

1178 s, 1911 s, 1042 s,856 s and 812 s cm-l. No peaks were found in the

v(C=N) region.

Method (ül

The procedure above was repeated, this time in ethanol, obtaining a pale

brown solid. Yield 97 mg, m.p.267 - 269'C. F.W. found (mass spectrum)'

239. Infrared spectrLtm: identical to that for the product yielded above'

Control exqeríment

SeCl¿ (0.11 g;0.49 mmol) was added to a solution of triethylamine (0'60 ml;

4.3 mmol) in dry dichloromethane (20 mt). The resultant red-brown solution

was stirred at room temperature for 10 minutes and then heated under reflux

for t hour. After cooling to room temperature the solution was concentrated

under vacuum and a pink-brown precipitate produced on addition of hexane'

Yield 0.24 g. Infrared spectrum; identical to that of the product obtained in

method (i) above.
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6.18 Attempted Preparations of Tellurium(Iv)
Complexes

6.L8.1 Te(BzacBh)z

Method (i\

Triethylamine (0.30 m7; 2.2 mmol) was added to a solution of BzacBhHz

(0.20 g;0.72 mmol) in dry ethanol (15 ml) forming a yellow solution. After

transferring the solution to a dry box tellurium tetrachloride (0'10 g; 0'37

mmol) was added, producing a yellow precipitate. Yield 0'38 g, dec' -115"C'

Infrared. spectrum:3244 s,2615 s,2507 s, 1668 s, 1607 s, 1588 s cm-l'

Method fií,|

A blue-grey solid was obtained when the above reaction was repeated using

sodium ethoxide as base and heating the solution under reflux. Yield 0'11 g'

m.p. >300'C.Infrared spectrum: showed it to be inorganic material'

6.L8.2 Te(SatAP)z

Method Ql
Tellurium oxide (0.10 g; 0.63 mmol) was dissolved in HCl (conc.; 5 ml) and

then diluted with water (10 ml). The clear solution was then added to a

solution of SalApH z Q'27 E; l'Z mmol) and LiOA c.2HzO (0'26 g; 2'5 mmol)

in ethanol (20 ml; distilled). After extracting with dichloromethane (2x30
ml), the organic layer was washed with water (2x 15 ml), dried over MgSO4,

and the solvent removed yielding a marone coloured solid. Yield 44 m9

Infrared spectrum:3392m,31-.9 m,2559 m, 1645 s, 1611 s and 1583 s cm-l'

Method (ül

An experiment was also carried out where a solution of Te(IV) in HCI was

prepared, as described above in method (í), andthen attempts at neutralising it

with an aqueous solution of NaOH (lO7o) were made. Precipitation occurred

as rhe pH approached 7. After adding HCI (1 mol dm-3) till the precipitate

dissolved, the solution recorded a pH of 1 - 2. This solution was then added it

to an ethanolic solution of SalApHz Q'27 g; t'3 mmol) and sodium (68 mg;

3.0 mmol). After extracting with chloroform (3 x 50 ml), the organic layer

was washed with water (2 x 25 ml), dried over MgSO4, and evaporated to

dryness yielding an orange solid. Yield 0'14 g (52Vo unreacted SalApH2).
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6.18.3 Te(AP'PCt'Phenol)z

TeOz (50 mg; 0.31 mmol) was dissolved in a minimum amount of conc. HCI.

Aqueous NaOH (2 mol dm-3) was added till the solution recorded pH 7 . A

white precipitate had formed. To this was added a solution of
Ap-pct-phenolHz (0.16 g; 0'64 mmol) and KOH (70 mg; 1'2 mmol) in

methanol (LR; 4 ml). After extracting with chloroform (3 x 60 ml) the

combined organic extracts were washed with water (2 x 25 ml), dried over

MgSOa, and evaporated to dryness yielding a brown solid. Yield 0'15 g (947o

unreacted Ap-pcl-PhenolHz).

QlganometallDinegative Tridentate) Complexes

The infrared and IU-NMR spectral data for the diorganogermanium(IV),
-tin(IV), -lead(IV) and triphenylantimony(V) complexes of Schiff base and

azo dye ligands obtained from these reactions are given in Section 2.5.4

(Table 2.8) and Section 2.7 (Table2.l1), respectively.

6.19 Diphenylgermanium(IV) Complexes

6.19.1 PhzGe(BzacBh)

Sodium metal (15 mg;0.65 mmol) was dissolved in dry ethanol (25 ml).

BzacBhHz QI mg; 0.33 mmol) was then added forming a yellow solution.

After stirring for 10 minutes at room temperature, the solvent was removed

under vacuum leaving behind the yellow sodium salt of the ligand. A solution

of PhzGeCIz Q7 mg; 0.33 mmol) in benzene (AR; 50 ml) was added to the

salt under dinitrogen. The yellow mixture was refluxed under an atmosphere

of dinitrogen for 4 hours, and allowed to cool to room temperature before

further cooling ovemight (8"C). NaCl formed during the reaction and

unreacted ligand were removed by filtration. The filtrate was evaporated to

dryness yielding a yellow solid.

The product was purified by adding dichloromethane (LR; 10 ml), removing

any insoluble material by filtering the solution through a cotton wool plug,

and evaporating the solution to dryness. A bright yellow solid was obtained

which was washed thoroughly with hexane and dried under vacuum. Yield 86

244
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mg (0.17 mmol; 527o),m.p. 170 - L75"C. Analysis calc. for czqHz¿NzOZGe:

C, 68.96; H, 4'7 9; N, 5'55 7o. Found: C, 69'95; H, 5'21; N, 6'27 Vo' F'W' : calc',

505.11; found (mass spectrum), 506.

6.19.2 PhzGe(BzacSalh)

Using BzacSalhHz Q.22 g;0.74 mmol), PhzGeClz Q22 g;0'74 mmol) and

Na metal (38 mg; 1.7 mmol), and following the experimental procedure

described in section 6.19.1, a dark yellow solid was obtained. Yield 0'23 g

(0.44 mmol; 60Vo), m.p. 178 - 180"C. Analysis calc. for czgHz¿NzO3Ge: C,

66.84;H,4'64; N, 5'387o. Found: C,66'43; H, 4'58; N, 5'617o' F'W': calc',

52I.11; found (mass spectrum), 522.

6.19.3 PhzGe(SalAP)

using SalApH2 (0.21 g; 0.98 mmol), PhzGeclzQ.32 8; 1.t mmol) and Na

metal (46 mg; 2.0 mmol), and following the experimental procedure

described in section 6.19.1, an orange solid was obtained. Crystals suitable for

X-ray analysis were obtained after cooling the reaction mixture.

Recrystallised from dichloromethaneihexane and dried under vacuum. Yield

0.19 g (0.43 mmol; 44Vo), m.p. 161 - 163'C. Analysis calc. for

CzsHtgNOzGe: C, 68'55; H, 4'37; N,3'20Vo. Found: C, 68'73; H, 4'44; N,

3.217o. F.V/.: calc., 438.02; found (mass spectrum),439. Crystals suitable for

structure determination were obtained from benzene I hexane'

6.19.4 PhzGe(SalBh)

Using SalBhHz (0.10 g;0.42 mmol), PhzGeCl2 (0'13 e;0'44 mmol) and Na

metal (19 mg; 0.83 mmol), and following the experimental procedure

described in section 6.19.1, a yellow solid was obtained. Yield 80 mg (0'17

mmol;  lfto), m.p. 156 - 160"C. Better analytical figures were obtained after

the product was passed through a column (florisil/hexane) eluting with

dichloromethane. A broad yellow band was collected and evaporated to

dryness yielding a yellow solid which was washed with hexane and dried

under vacuum. The thin faint yellow-brown band which remained stationary

on the column was discarded. Analysis calc. for CZOHZONZOZGe: C,67'15;

H,4.34;N,6'O2Vo. Found: C,67'10; H, 4'46; N, 5'807o. F.W': calc', 465'05;

found (mass spectrum), 466.
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6.L9.5 PhzGe(Ap-ß-Nap)

Experímental 246

using Ap-B-NapHz Q4 mg; 0.36 mmol), PhzGecl2 (0.1I g;0.37 mmol) and

Na metal (16 mg; 0.70 mmol), and following the experimental procedure

described in section 6.19.1, an orange-brown solid was obtained. Yield 75 mg

(0.15 mmol; 43%o),dec. -110"C. Analysis calc. for CzgHZzNzOZGe: C' 68'48;

H,4.52;N,5]07¿ Found: C,6l'89; H, 4'50; N, 6'907o. F.W.: calc., 491'09;

found (mass spectrum), 492.

6.L9.6 PhzGe(PMe-AP-ß-NaP)

Using pMe-Ap-B-NapH2 (0.13 e;0'41 mmol), PhzGeClz Q'La g;0'47 mmol)

and Na metal (22 mg;0.96 mmol), and following the experimental procedure

described in section 6.19.1, a burgundy solid was obtained. YieldTT mg (0'15

mmol; 33Vo), dec. -178"C. Analysis calc. for C2gHzzNzOGe: C,69'23;H,
4.41; N, 5'57Vo. Found: C, 69'50; H, 4'82; N, 6'887o. F.V/.: calc., 503'10;

found (mass spectrum), 505.

6.20 Dimethyltin(IV) Complexes

6.20.1 MezSn(BzacBh)

using BzacBhHz (0.10 g; 0.36 mmol), MezSnClz Q8 mg; 0.36 mmol) and Na

metal (18 mg; 0.78 mmol),.and following the experimental procedure

described in 6.19.1, a bright yellow solid was obtained. Yield 0'13 g (0'30

mmol; 867o), m.p. 125 - 130"C. Analysis calc. for CtgHzoNzOzSn: C,53'44;

H,4.72; N, 6'567o. Found: C, 54'68; H,4'78;N,6'517o. F.W.: calc. 427'07;

found (mass spectrum), 428.

6.20.2 MezSn(BzacSalh)

using BzacsalhHz (0.14 g;0.47 mmol), MezSnClz (0.10 g;0.46 mmol) and

Na metal (24 mg; 1.0 mmol), and following the experimental procedure

described in 6.19.1, a bright yellow solid was obtained. Yield 0'13 g (0'29

mmol; 647o), m.p. 166 - 167"C. Analysis calc. for CtqHzoN2O3Sn: C, 51'51;

H, 4.55; N,6.32 7o. Found: C, 5I'54;H,4'51; N, 6'32Vo. F.'W.: calc.443'07;

found (mass spectrum), 444.
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6.20.3 MezSn(SalAP)

using SalApH2 (0.10 g;0.47 mmol), MezSnClz (0.10 g;0.46 mmol) and Na

metal (25 mg; 1.1 mmol), and following the experimental procedure

described in 6.19.1, a brown solid was obtained. Yield 0'L2 g (0'33 mmol;

73Vo), m.p. l5l - 160"C (Lit.1a¡ nl - 173"C). Analysis calc. for
CrsHtsNOzSn: C, 50'05; H,4'20; N, 3'897o. Found: C,49'18; H,4'39; N'

3.637o. F.W.: calc. 359'98; found (mass spectrum),360.

6.20.4 MezSn(SalBh)

using salBhHz (0.10 e;0.42 mmol), MezsnclzQI mg;0.41 mmol) and Na

metal (19 mg; 0.83 mmol), and following the experimental procedure

described in 6.19.1, a fluorescent yellow solid was obtained. The product was

purified by adding chloroform (LR; 10 ml), removing any insoluble material

by filtering the solution through a cotton wool plug, and evaporating the

solution to dryness. The solid was washed with hexane and dried under

vacuum. Yield 96 mg (O'25 mmol; 6O7o), m.p. 140 - 142'C. Analysis calc. for

CroHreNzOzSn: C,49'66;H,4'17; N, 7'247o. Found: C, 51'10; H, 4'20; N,

7.437o. F.W.: calc. 387'01; found (mass spectrum), 388.

6.20.5 MezSn(Ap-ß-NaP)

Using Ap-B-NapHz (0.15 g;0.51 mmol), MezSnClz Q'13 g; 0'59 mmol) and

Na metal (26 mg; 1.1 mmol), and following the experimental procedure

described in 6.lgJ, a brown solid was obtained. Yield O'12 g (0'29 mmol;

Slvo), m.p. 238 - 240'C. Analysis calc. for crgHrsNzOzSn: C, 52.34; H,

4.39; N, 6'18Vo. Found: C, 53'73; H, 4'16; N, 6'407o. F.W.: calc. 413'04;

found (mass spectrum), 329.

6'20'6 MezSn(PMe-AP-fJ-NaP)

UsingpMe-Ap-B-NapH2 (82 mg; 0'29 mmol), Me2SnClz (65 mg; 0'30 mmol)

and Na metal (14 mg; 0.61 mmol), and following the experimental procedure

described in 6.19.1, a brown solid was obtained. Yield 72mg (0'17 mmol;

577o), m.p. 214 - 216'C. Analysis calc. for crgHrsNzOzSn: C, 53-69; H,

4.27; N, 6'59Vo. Found: C, 53'10; H, 4'45; N, 6'357o. F.V/.: calc' 425'06;

found (mass spectrum), 426.
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6.21 Dibutyltin(IV) ComPlexes

6.2L.1 n-BuzSn(BzacBh)

A similar experimental procedure to that described in section 6.19.1 was

followed using BzacBhHz (0.15 g; 0.54 mmol), n-Bu2SnClZ (0'16 g; 0'53

mmol) and Na metal (25 mg;1.1 mmol). However after filtering the reaction

mixture and evaporating the filtrate to dryness a cloudy orange oil was

obtained. Hexane (AR; 10 ml) was added and any insoluble material removed

by filtering through a cotton wool plug. This filtrate was evaporated to

dryness affording an orange waxy solid which was dried under vacuum. Yield

O.iS g (29 mmol; 56To). Analysis calc. for CzsH¡zNzOzSn: C,58'74; H, 6'31;

N, 5.487o. Found: c, 56.12; H, 6.24; N, 5.3l%o. F.W.: calc., 5ll'23; found

(mass spectrum),5L2.

6.21.2 n-BuzSn(BzacSalh)

Using BzacSalhHz (0.10 g;0'34 mmol), ru-Bu2SnClz(0'10 g; 0'33 mmol) and

Na metal (16 mg; 0.70 mmol), and following the experimental procedure

described in section 6.21.1, a yellow-orange solid was obtained. Yield 0'17

gq.32mmo1; 98Vo). Analysis calc. for czsH¡zNZO:Sn: C, 56'95; H, 6'12; N,

5.3tVo. Found: c,55.21;H,6.24; N, 5.13o/o. F.W.: calc., 527'23; found (mass

spectrum),528.

6.21.3 n -BuzSn(SalAP)

using SalApH2 (0.10 g;0.47 mmol), r¿-BuzSnClz (0'15 g; 0'49 mmol) and Na

metal (27 mg; 1.8 mmol), and following the experimental procedure

described in section 6.21.1, a brown oil was obtained. On standing for several

weeks the oil solidified and the orange-brown solid was easily scraped off the

sides of the flask. Yield 0'16 g (0'36 mmol; 77Vo), m.p. 58 - 60'C' Analysis

calc. for cztHzzNOzSn: C,56.79; H, 6.13; N, 3.l5/o. Found: c, 55'00; H,

5.99;N,2'97Vo. F.W.: calc., 444'12; found (mass specyum),445'

6.21.4 n-BuzSn(SalBh)

using salBhHz (0. 10 g; 0.42 mmol), r¿-BuzSnClz (0'1 3 g; 0'43 mmol) and Na

metal (20 mg; 0.87 mmol), and following the experimental procedure

described in section 6.2I.1, a yellow oil was obtained. Yield 0'19 g (0'40

mmol; 917o).Analysis ca1c. for czzHzsNzOzSn: C, 56'08; H,5'99; N, 5'957o.
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Found: c, 53.38; H, 6.03; N, 5.32o/o. F.W.: calc., 471'17; found (mass

spectrum),412.

6.2L.5 n-BuzSn(AP-ß-NaP)

using Ap-B-NapHz (0.10 g; 0.38 mmol), r¿-Buzsnclz (0'12 g;0'39 mmol and

Na metal (19 mg; 0.83 mmol)), and following the experimental procedure

described in section 6.21.1, a brown solid was obtained. Yield 92mg (0'19

mmol; 49Vo),m.p. 88 - 90"c. Analysis calc. for cz+HzgNzOzSn: C,58'21;H,

5.70; N, 5.667o. Found: c, 58.59; H, 5.96; N, 5',577o. F.W. calc.: 495'19;

found (mass spectrum), 496.

6.21.6 rz-BuzSn(pMeAP-ß'NuP)

Using pMe-Ap-B-NapH2 (O'10 g; 0'36 mmol), n-Bu2SnClz (0'11 g; 0'36

mmol) and Na metal (20 mg; 0.87 mmol), and following the experimental

procedure described in section 6.21.1, a purple-brown solid was obtained'

yield 0.15 g (0.2g mmol; 827o), m.p. 96 - 99'C. Analysis calc' for

CzsHgoNzozSn: C,58.97;H,5.94; N, 5.507o. Found: C,22.98; H, 2.66; N,

1.087o.F.W.: calc., 509'22; found (mass spectrum),510'

6.22 DiphenYltin(IV) ComPlexes

6.22.1 PhzSn(BzacBh)

using BzacBhH 2 G3 mg; 0.30 mmol), PhzSnClz (0'10 e; 0'29 mmol) and Na

metal (15 mg; 0.65 mmol), and following the same experimental procedure

described in 6.lg.l, a yellow solid was obtained. Yield 0'13 g (0'24 mmol;

SLVo), m.p. 1 59 - rcZ;C. Analysis calc. for CzgHz¿NzOzSn: C, 63'19; H,

4.43; N, 5.087o. Found: c, 63.86; H, 4.68; N, 5',737o. F.'W.: calc., 551'21;

found (mass spectrum), 552.

6.22.2 PhzSn(BzacSalh)

Using BzacsalhHz (0.10 g;0'34 mmol), PhzSnClz Q'Iz g; 0'35 mmol) and

Na metal (17 mg; 0'74 mmol), and following the experimental procedure

described in 6.té.t, a dark yellow solid was obtained. Yield 0'15 g (0'26

mmol; 787o),m.p. 200 - 202"C. Analysis calc. for czqHz¿NzO¡Sn: C,6l'41;

H,4.27;N,4.94Vo. Found: c, 60.55; H,4,26;N,4,867o. F.W.: calc., 561'21;

found (mass spectrum), 568.
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6.22.3 PhzSn(SatAP)

using salApH2 Q.lz g; 0.56 mmol), PhzsnclZ (0'20 g; 0'58 mmol) and Na

metal (13 mg; 0.57 mmol), and following the experimental procedure

described in 6.19.1, an orange solid was obtained' The crude material was

recrystallised from dichloromethane/hexane and dried under vacuum' Yield

0.12 g (0.25 mmol; 447o), m.p. 208 - zlo'c (Lit.t4z 215 - 216"c)- Analysis

calc. ior CzsHrgNOzSn: C, 62.02; H,3'96; N,2'89Vo. Found: C, 61'36; H'

3.78;N,2.9IVo. F.W.: calc., 484.12; found (mass spectrum),485.

6.22.4 PhzSn(SalBh)

Using SalBhH2 (0.15 g; 0'62 mmol), PhzSnClz Q'22 g;0'64 mmol) and Na

metal (31 mg; 1.3 mmol), and following the experimental procedure

described in 6.19.1, a fluorescenr yellow solid was obtained. Yield o'20 g

(0.39 mmol; 63Vo),m.p. 153 - 155"C. Analysis calc. for czoHZONZOZSn: C,

61.10; H,3.94; N, 5.487o. Found: c, 60.17; H, 3'96; N, 5'42Vo. F.W.: calc.,

511.15; found (mass s7ectrum), 512.

6.22.5 PhzSn(AP-ß-NaP)

using Ap-B-NapHz Q.20 g;0.76 mmol), PhzSnClZ Q'25 e;0í3 mmol) and

Na metal (34 mg; 1.5 mmol), and following the experimental procedure

described in 6.19.1, a dark brown solid was obtained. Yield 0'37 g (0'69

mmol; 95Vo),m.p. >300"c. Analysis calc. for czgHzoNzOzSn: C, 62'84;H,

3.77; N, 5.237o. Found: c, 61.58; H, 3.78; N, 5'237o. F.V/.: calc., 535'17;

found (mass spectrum), 536.

6.22.6 Ph2SnþMe-AP-ß-NaP)

UsingpMe-Ap-ß-NapHz (0.10 g; 0'36 mmol), PhzSnClz Q'IZ e; 0'35 mmol)

and Na metal (19 mg; 0.83 mmol), and following the experimental procedure

described in 6.19.1, a purple-brown solid was obtained. The product was

purified by adding benzene (LR; 10 ml), removing any insoluble material by

iiltering the solution through a cotton wool plug, and evaporating the solution

to dryness. After washing thoroughly with hexane, the solid was dried under

vacuum. Yield 0.12 g (0.22 mmol; 63Vo), dec. -150'C. Analysis calc. for

CzqHzzNzOzSn: C,63'+Z;H,4'04; N, 5'107o' Found: C' 59'95; H' 3'93; N'

4.87Vo.F.W.: calc., 549'20; found (mass spectrum),550'
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6.23 DiphenYtlead(IV) Complexes

6.23.1 PhzPb(BzacBh)

using BzacBhH z 65 mg;0.23 mmol), PhzPbclZ (0'10 g;0'23 mmol) and Na

metal (12 mg; 0.52 mmol), and following the experimental procedure

described in section 6.19.1, a yellow solid was obtained. The crude material

was recrystallised from dichloromethaneihexane and dried under vacuum'

Yield 0.10 g (0.16 mmol; 68%o), m.p. 147 - 150"c. Analysis calc' for

czgHz+N zO)pa: c, 54.45; H, 3.7g; N, 4.387o. Found: c, 54.05; H, 3.60; N,

4.387o.F.W.:calc.,639'11;found(massspectrum)'640'

6.23.2 PhzPb(BzacSalh)

Using BzacSalh[z Q.20 g;0'67 mmol), PhzPbClz Q'29 e; 0'67 mmol) and

Na metal (30 mg; 1.3 mmol), and following the experimental procedure

described in section 6.20.4, a bright yellow solid was obtained' Yield 0'39 g

(0.59 mmol; 897o),m.p. 138 - t+O"c. Analysis calc. for czqHz¿NzO¡Pb: c'

53.12; H,3.69; N, 4.277o. Found: c, 53.33; H, 3'86; N, 4'-247o. F.W.: calc"

655-7l; found (mass sPectrum),657 '

6.23.3 PhzPb(SatAP)

using SalApH2 (50 mg; 0.23 mmol), PhzPbclz (0'10 gt 0'23 mmol) and Na

metal (11 mg; 0.48 mmol), and following the experimental procedure

descibed in section 6.19.1, a yellow-orange solid was obtained. The crude

material was recrystallised from dichloromethane/hexane) and dried under

vacuum. Yield 0.12 g (0.21mmol; 9l%o), m.p. 230 - 232'C (Lit'tos 232 -

235.C). Analysis calc. for czsHtgNOzPb: c, 52'44; H, 3'34; N, 2'447o'

Found: c, 54.22; H,3.42; N, 2.487o. F.W.: calc., 572'62; found (mass

spectrum), 573. Crystals suitable for X-ray analysis were obtained from

dichlorometh an e/hex ane .

6.23.4 PhzPb(SatBh)

using salBhHz (0.10 g;0.42 mmol), PhzPbclz (0'18 g;0'42 mmol) and Na

metal (18 mg; 0.78 mmol), and following the experimental procedure

described in secrion 6.19.1, a yellow solid was obtained. Yield 0'18 g (0'30

mmol; TZVo),m.p. 178 - 180'c. Analysis calc. for GZOHZONZOZPb: c, 52'08;

H,3.36;N,4.61vo. Found: C,52,05; H, 3.40; N,4.677o. F.W.: calc., 599,65;

found (mass sPectrum), 601.
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6.23.5 PhzPb(Ap-ß-Nap)

Experimental 252

Using Ap-B-NapHz (0'10 g;0'38 mmol), PhzPbClz (0'16 g;0'37 mmol) and

Na metal (17 mg; 0.74 mmol), and following the experimental procedure

descibed in section 6.19.1, a purple-brown solid was obtained. The product

was purified by column chromatography as in 6.19.4, this time eluting with
chlorofom. Yield 0.I7 g (0.27 mmol; 747o), m.p. >300"C. Analysis calc. for
CzsHzoNzOzPb: C, 53'92; H, 3'23; N, 4'497o. Found: C, 53'94: H, 3'54; N,

3-087o.F.W.: calc., 623'67; found (mass spectrum),617-

6.23.6 PhzPb(PMe-AP-Ê-N"P)

UsingpMe-Ap-ß-NapHz (99 mg; 0'36 mmol), PhzPbClz (0'16 g; 0'37 mmol)

and Na metal (19 mg; 0.83 mmol), and following the experimental procedure

descibed in section 6.22.5, a purple-brown solid was obtained. Yield 0'18 g

(0.28 mmol; 79Vo), m.p. >300'c. F.w.: calc., 631.70; found (mass spectrum),

643, 638.

6.24 Triphenylantimony(V) Complexes

6.24.L Ph¡Sb(BzacBh)

Using BzacBhHz (0-10 g; 0.36 mmol), Ph¡SbClz (0'15 g; 0'35 mmol) and Na

metal (16 mg; 0.70 mmol), the experimental procedure described in section

6.19.1 gave a yellow solid. Yield 0.18 g (0-29 mmol; 8I7o), m.p. 189 - 191"C.

Analysis calc. for C35HzgNzOzSb: C, 66'58; H, 4'63; N, 4'44Vo. Found: C,

65-44: H, 4.56; N, 4'25Vo. F.W.: calc., 63 I'38; found (mas s spec trum), 631 -

6.24.2 Ph¡Sb(BzacSalh)

Using BzacsalhFz G2 mg; 0.28 mmol), Ph¡SbClz (0'12 g; 0'28 mmol) and

Na metal (14 mg; 0.61 mmol), the experimental procedure described in

section 6.I9.1 gave a bright yellow solid. Yield 0'15 g (0'23 mmol; 847o),

m.p. 187 - 189"C. Analysis calc. for C:sHzqNzO¡Sb: C, 64'94; H, 4'52; N,

4.337o. Found: C, 63'95; H,4'51; N, 3'92Vo. F.W.: calc., 641'38:' found (mass

spectrum),647 .
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6.24.3 PhsSb(SatAP)

using salApH2 (51 mg; 0.24 mmol), Ph3Sbclz (98 mg;0.23 mmol) and Na

metal (15 mg; 0.65 mmol), the experimental procedure described in section

6.19.l gave a mustard yellow solid. The crude material was recrystallised

from dichloromethane/hexane and dried under vacuum. Yield 0'11 g (0'19

mmol; 847o), m.p.252 - 253'C (Lit.tz3 249 - 250"C). Analysis calc. for

C¡rHz¿NOzSb: C, 65'98; H, 4'29; N,2'48Vo. Found: C, 65'47; H, 4'26; N,

2.46Vo.F.W.: calc., 564.29; found (mass spectrum),564. Crystals suitable for

X-ray analysis were obtained from dichloromethane/hexane.

6.24.4 Ph¡Sb(SaIBh)

Using SalBhHz (0.10 g;0.42 mmol), Ph¡SbClz (0'18 g;0'42 mmol) and Na

metal (19 mg; 0.83 mmol), the experimental procedure described in section

6.19.1 gave a pale yellow solid. Yield 0.22 g(0.37 mmol; 897o), m.p.96 -

98"C. Analysis calc. for c¡zHzsNzOzSb: C, 65.00; H,4.26;N,4.397o. Found:

C, 64,L6; H, 4'29; N, 4'1 47o. F.W.: calc., 591'31; found (mass spectrum), 593'

6.24.5 Ph¡Sb(Ap-ß-NaP)

using Ap-B-NapHz (0.10 g; 0.38 mmol), Phssbclz (0.16 g; 0.38 mmol) and

Na metal (19 mg; 0.83 mmol), the experimental procedure described in

section 6.22.6 gave a bugundy solid. Yield 0'20 g (0'33 mmol; 867o), dec.

-115"C. Analysis calc. for c¡+HzsNzOzSb: C,66.37; H, 4.lO; N, 4.557o.

Found: C, 66'36; H, 4'13; N, 4'287o. F.W.: calc., 615'34: found (mass

spectrum),608.

6.24.6 Ph3Sb(PMe-AP-ß-NaP)

UsingpMe-Ap-B-NapH2 (0.10 g; 0'36 mmol), Ph¡SbClz (0'15 g; 0'35 mmol)

and Na metal (18 mg; 0.78 mmol), the experimental procedure described in

section 6.19.t gave a dark burgundy crystalline solid. The product was

purified by column chromatography as in Section 6.19.4. Yield 0'L7 g (0'27

mmol; 767o), m.p.2I4 - 215'C. Analysis calc. for c¡sHzzNzOzSb: C, 66.80;

H, 4.32; N, 4'45Vo. Found: C, 66'91; H, 4'22; N, 4'39Vo. F.V/.: calc., 629'36;

found (mass spectrum), 628.

Experimental 253
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6.25 Amide ComPlexes of Manganese

In all cases below, crude samples or the amide complexes were analysed by

infrared and electronic spectroscopy, magnetic moment, electrochemistry, and

conductivity measurement. Details of these are in the relevant sections in

Chapter 3. Results from attempts made to purify the manganese compounds

are discussed in Section 3.4. Unless otherwise stated, formula weights, yields

and microanalytical calculations below are based on the anhydrous formula

for the complexes.

6.25.1 KztMn(2-OCcHqC ONCcH¿ O -2) zl.3'SHzO
-KzIMnLrz].xHlzO

This complex was prepared by the literature method.96

To a solution of N-(2-hydroxyphenyl)salicylamide (0'10 g;0'44 mmol) and

powdered KOH (65 mg; 1.2 mmol) in dry methanol (5 ml) was added

manganese(Il) acetate tetrahydrate (54 mg; 0'22 mmol) forming a brown-

black solution. While stirring at room temperature the solution tumed green-

black. Stirring was continued overnight and the solution was then cooled

(8"C) for 3 days. The solution was then concentrated on a rotary evaporator to

-2.5 mlThe green-black solid which formed was collected and recrystallised

from methanol. Yield 50 mg (0.011 mmol, 35o/o based on hydrated form),

m.p. >300"C (not reported in Lit.96). F.W.: calc. (hydrated),648'62; found

(mass spectrum.), 585 (anhydrous formula).

6.25 .2 Kz t Mn (2 -O C oH¡ ( 5 -C l) C ON C e}JqO -2) zl.xHzO
-KzlMnl.zzl.xldrzO

using N-(2-hydroxyphenyl)-5-chlorosalicylamide (0'5 1 g; l'9 mmol), KoH
(0.2g g; 5.2 mmol) and Mn(oAc)z.4HzO (0.24 g; 0'98 mmol), the

experimental procedure described in 6.25.1 yielded a green-black crystalline

solid. Yield 0.34 g (0.52 mmol, 537o), dec. -150"C. F.W.: calc. for

CZOH t+N ZO eClZK2Mn, 654' 45: found ( mas s spectrum), 652. Analysis calc. :

C, 47.12; H, 2'16; N, 4'287o.Found: C, 43'31 ; H, 2'33; N, 3'6lVo'

An attempt was made to purify the crude material obtained above by

chromatography on an alumina/hexane column eluting with methanol.
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6.25.3 Kz tMn (2-O C cHs ( 5' C l) C O NC aHs ( 5' C r)O -Z)z}xHzO

-KzlMnLazl.xHrzD

Using N-(5-chloro-2-hydroxyphenyl)-5-chlorosalicylamide (0'36 g; l'2
..,rnoi¡, KOH (0.18 g;3.2 mmol) and Mn(O Ac)z.4HzO (0'15 g; 0'61 mmol),

the experimental procedure described in 6.25.1 yielded a green-black solid.

yield 0.11 g (0.24 mmol, 387o), m.p. 258 - 260'C. F.W.: calc. for

CZOH 1ZNZOOCI+K2Mn, 7 23.34; found ( mas s spectrum), 7 23. Analysis calc. :

C, 43.17; H, l'67; N, 3'87Vo. Found: C, 36'29, 36'70,36'68, 35'97 and

39.63Vo; H, 2'29,2'88, 2'97 , 2'69 and 2'l4Vo; N, 3'09, 2'62, 3'36,2'10 and

3.277o for several samples, respectively.

6.25 .4 Kz tMn ( 2 -O C aH¡ (3 -M e) C ONC aH¿O -2) zl.x}IzO
-KzlMnL5zl.xlJ.z}

Using N-(2-hydroxyphenyl)-3 -methylsalicylamide (0'30 g; l'2 mmol), KOH

(0.19 E; 3.4 mmol) and Mn(oAc)z.4HzO (0.15 g; 0.61 mmol), the

experimental procedure described \n 6.25.1 yielded a green-black crystalline

solid. Yield 0.23 g (0.37 mmol, 617o), dec 267'C. F.W.: calc. for

CZSHZON ZO1KZMn, 613.62; found (mass spectrum),613. Analysis calc.: C,

54.81 ; H,3.29; N, 4.577o. Found (duplicate analysis): C, 43'48 (43'51); H,

2.78 (2'73); N, 3'13 (3'24)7o.

Analysis on a sample from a different preparation but following the same

procedure described above gave: C, 46'20; H, 3'27 ; N, 3'27 7o'

6.2 5.5 Kz t Mn (2 -O C oH¡ (3 -Me) C ONC oH: (5 -Cr)O -Z)zl.xHzO

-KzlMnL6zl.xHzO

Using N-(2-hydroxy-5-chlorophenyl)-3-methylsalicylamide (0'52 g; I'9
mmol), KOH (0.2S B; 5.0 mmol) and Mn(O Ac)z.4HzO (0'23 g;0'94 mmol),

the experimental procedure described in 6.25.1 yielded a green-grey solid.

Yietd 0.27 g (0.40 mmol, 42o/o), dec. 250"C. F.W.: calc. for czsHtsNzOeClz-

K2Mn, 682.51; found (mass spectrum),683. Analysis calc.: C,49'28;H,2'66;

N, 4. l\Vo. Found (duplicate analysis): C, 39'67 (37'95); H, 3'32 (2'93); N'

2'63 (2'24)7o.

Analysis on a sample from a different preparation but following the same

procedure described above gave: C,4l'56; H, 2'86;N,2'747o'
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6.25.6 KztMn(2-OCoHaCONC roH eO -2)zl.xHzO

-KzlMnLT zl.xÉzD

No solid was obtained when treating N-(2-naphthol)salicylamide (0'10 g;

0.36 mmol), KOH (40 mg; 0.71 mmot) and Mn(oAc)z.4HzO (45 mg; 0'18

mmol) as in procedure 6.25.1, even after concentrating and cooling the

solution repeatedly. The solution was evaporated to dryness giving a brown-

black solid. Yield 0.17 g (0.25 mmol; 1357o), dec. -200"C. F.W.: calc. for

C¡¿HzoNzOoKzMn, 685'68; found (mass spectrum), 687 .

An attempt was made to purify the crude material obtained above by

recrystallisation from methanol/chloroform.

6.25.7 Kz tMn (2-O C oH¡ (5 -Cl)C ONC roHaO - 2)zl.xHzO
-KzlMnLszl.xHzO

Using N-(2-naphthol)-5-chlorosalicylamide (80 mg; 0'25 mmol), KOH
(29 mg;0.52 mmol) and Mn(OAc)z.4HzO (31 mg; 0'13 mmol), the procedure

described in6.25.6 yielded a brown-black sotid. Yield 0'11 g (0'15 mmol;

ll17o), m.p. >300'C. A portion of this product was recrystallised from

methanol/chloroform giving a brown-black solid. F.V/.: calc. for
C¡+HtSNZO6CIZKZMn (anhydrous), 754.57; found (mass spectrum), 756

(crude) and 651 (recrystallised).

An attempt was made to purify the crude material obtained above by

recrystalli s ation from methanol/chlo rofo rm.

6.25.8 Kz I Mn (2 -O C aHs (3 - M e) C ONC roHaO'2)z].xHzO
-KzlMnLez]l.xHzO

Using N-(2-naphthol)-3-methyl-salicylamide (0'10 g' 0'34 mmol), KOH
(38 mg; 0.68 mmol) and Mn(oAc)z.4HzO (43 mg;0.18 mmol) in dry

methanol (6 ml), the procedure described in 6.25.6 yielded a brown-black

solid. Yield 0.19 g (0.27 mmol, I52o/o), dec. -270 -215"C. F'.W.: calc. for

C¡oHz+N zO aKzMn,''l 13'74 ; found ( ma s s sp e c trum ), I I 4 .

An attempt was made to purify the crude material obtained above by

recrystallisation from methanol/chloroform. F-.W. found after recrystallisation

(mass spectrum),714. Analysis calc.: C, 60.58; H,3'39; N,3'927o. Found

(dupticate analysis): C,44'48 Øa3Ð;H,3'32 (3'36); N, 2'15 (2'22)7o.
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6.26 Amide ComPtexes of Titanium

Glassware was flame-dried and cooled under Nz. All manipulations were

carried out under an atmosphere of dinitrogen using Schlenk techniques. In all

cases, the amide complexes were analysed by infrared and electronic

spectroscopy, electrochemistry and conductivity measurement. Details of

these are in the relevant sections in Chapter 3. Results from attempts made to

purify the titanium compounds are discussed in Section 3.4. Unless otherwise

stated, fonnula weights, yields and microanalytical calculations below are

based on the anhydrous formula for the complexes'

6.26.1 Kz tTi (2-OC oH¿C ONCaH¿O -2)zl.xHzO

-KztTiLl zl.xWzO

To a pale yellow solution of N-(2-hydroxyphenyl)salicylamide (0'13 g;

0.57 mmol) and powdered KOH (35 mg; 0'62 mmol) in dry methanol (6 ml)

was added titanium tetrabutoxide (0.10 ml; 0'29 mmol) with stirring. The

solution turned orange-red irnmediately. Stirring was continued ovemight at

room temperature during which time a yellow precipitate formed. After

cooling the mixture for 6 days (8"C) the yellow precipitate (10 mg) was

removed by filtration. The orange-red filtrate was concentrated and cooled,

repeatedly, trying to obtain crystals. Eventually it was evaporated to dryness

affording an orange transparent solid. Yield 0'14 g (0'24 mmol, 84Vo), dec'

-265"C. Analysis calc. for czoHreNzOOK 2Ti" c,53'98; H,2'79; N, 4'84Vo.

Found: c, 51.90; H,3.64; N,4.35Vo. F.W.: calc., 578'53; found (mass

spectrum),579.

An attempt was made to purify the crude material obtained above by

chromatography on an alumina/hexane column eluting with methanol.

6.26.2 Kz t Ti (2 - O C eH ¡ (5' C l) C ON C a H qO -2)zl'xHzO

-ts,lzÍTiL2z]l.xHzO

using N-(2-hydroxyphenyl)-5-chlorosalicylamide (0'15 g; 0'57 mmol),

powdered KOH (32mg;0.57 mmol) and Ti(OBu)+ (0'10 mI 0'29 mmol), the

experimental procedure described in 6.26.1 yielded an orange-brown solid.

Yield 0.17 g (0.26 mmol, glVo), dec. -250'C. Purification by column

chromatog.upfty was attempted. Analysis calc. for CZOHT+NZOeClZK2Ti: C,

48.24;H,2.18; N, 4.33o/o. Found: c,42.11; H, 3.01; N, 3.7lVo.F.W.: calc.,

647.42; found (mass sPectrum),647 .

a
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An attempt was made to purify the crude material obtained above by

chromatography on a flori siU(95o/o chloroform:5o/o methanol) column eluting

with methanol. F.V/. found after chromatography (mass spectrum)'mle>647 '

6.26.3 IKz$ i(2'OC aH¿ C O N C aH¡ (5 - C l) O - 2)zl'xH zO

-KzlTiL3 zl.xEzO

using N-(5-chloro-2-hydroxyphenyl)salicylamide (0'15 g; 0'57 mmol),

powdered KOH (32 meiO.57 mmol) and Ti(OBu)+ (0'10 ml;0'29 mmol), the

experimental procedure described in 6.26.1yielded an orange-red solid' Yield

0,2|g(o.32mmol,|127o),dec.-250"C.F.w.calc.for
CzeHr+N zOsClzKzTi: 647'42; found (mass spectrum)' 646'

An attempt was made to purify the crude material obtained above by

recrystallisation from methanol and chromatography on an alumina/hexane

column eluting with methanol. Analysis calc. for CzoHt¿NzOoCl2Ti: C,

48.24;H,2.18; N, 4.337o. Found (after column chromatography): c,36'92;

H,2'89; N,3'097o.

6.26.4 K2 tTi (2-O C aH¡ ( 5 - C l) C ONC aHs (5 -C r) O'2) zl'xHz O

-KztTiLa zl.xl/rzO

using N-(5-chloro-2-hydroxyphenyl)-5-chlorosalicylamide (0'17 g; 0'57

--oi;, powdered KOH (32 mg;0.57 mmol) and Ti(OBu)+ (0'10 ml;0'29

mmol), the experimental procedure described \n 6'26'l yielded an orange-red

solid. Yield 0.22 g (0.31 mmol, I06vo), dec. -200"c. Analysis calc. for

czeTrzNzOoCl¿KzTi: c, 43.60; H, I.69; N, 3'917o. Found (duplicate

analysis): c, 38.82 (38.89); H, 2.56 (2'61); N, 3'29 (3'29)7o. F.W.: calc"

7 16.31; found (mass sPectrum), 7 17'

Attempts were made to purify the crude material obtained above by

chromatography on a flori sill(95o/o chloroform:57o methanol) column eluting

with methanol, and on an alumina/hexane column eluting with methanol'

6.26.5 Kz tTi (2 -O C aH¡ (3' M e) C O N C eH qO -2) zl' xHzO

-KztTiLs ù.xHzO

using N-(2-hydroxyphenyl)-3-methylsalicylamide (0'14 g; 0'58 mmol),

powdered KoH (32me;0.57 mmol) and Ti(oBu)+ (0'10 mI;0'29 mmol), the

experimental procedure described in 6.26j yielded an orange-red crystalline
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solid. Yield 0.10 g (0.16 mmol, 57o/o), m.p. >300"c. F.w.: calc. for

CzsHzoN zOøKzTi,606'58; found (mass spectrum),607 '

An attempt was made to purify the crude material obtained above by

chromatography on a floristU(957o chloroform:5Vo methanol) column eluting

with methanol.

6 .2 6 .6 KzlT i(2 -O C aH ¡ ( 3 - M e ) C O N C o H ¡ ( 5 - C r) O -2) zl' xHzO

-KztTiL6 zl.xH¡zO

Using N-(5 -chloro-2-hydroxyphenyl)-3 -methyl-salicylamide (0' 1 6 g; 0'58

,n-ol¡, powdered KoH (32 mg;0.57 mmol) and Ti(oBu)+ (0'10 mI; 0'29

mmol), the experimental procedure described in 6.26.1 yielded an orange-red

crystalline solid. Yield 0'17 g (0'25 mmol, 877o), m.p. >300'C. F.W.: calc. for

CzAHrgN zOeClzKzT\:,67 5'47; found (mass spectrum),677 .

6.26.7 KzlTi(Z -OC aH¿C ONC loH eO -Z)zl.xHzO

-KzlTiLT zl.xHrzO

Using N-(2-naphthol)salicylamide (0'16 g; 0'51 mmol), powdered KOH
(32 mg;0.57 mmol) and Ti(OBu)+ (0'10 ml;0'29 mmol), the experimental

procedure described in 6.26.1 yielded an orange-brown solid. Yield 0'21 g

io.:r mmol, l07vo), dec. -250"C. Analysis calc. for C¡¿HzoNzooK2Tl; C,

60.17;H,2.91; N,4.l3o/o. Found (duplicate analysis): C,56'98 (56'51); H'

3.86 (3.65); N, 3.36 (3.22)7o. F.W.: calc., 618.65: found (mass spectrum),

677.

Attempts were made to purify the crude material obtained above by

chromatography on a flori siU(95o/o chloroform:S%o methanol) column eluting

with methanol, and on an alumina/hexane column eluting with methanol.

Analysis found after chromatography (alumina): C, 51'01; H, 3'80; N, 3'037o

6.26.8 KztT i(Z'O C a H ¡ ( 5 - C l) C O N C t oH a O' 2) zl.xflzO
-KzlTiLs zl.xWzO

Using N-(2-naphthol)-5-chlorosalicylamide (0'18 g; 0'51 mmol), powdered

KOH (32 mg; 0.51 n-rrnol) and Ti(OBu)+ (0'10 ml; 0'29 mmol), the

experimental procedure described in 6.26.1 yielded a brown crystalline

material. Yield 0.24 g (0.32 mmol, Illo/o), m.p. >300"C. F.W.: calc. for

C¡¿H t SN zO eClzKzT i,, 7 4l' 54 ; found ( ma s s sp e c trum ), 7 48.
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6 .26 .g Kzl"l i(2 -O C a H ¡ ( 3' M e ) C O N C t o H a O - 2) ù. xHzO

-KzlTiLe zl.xEzO

Using N-(2-naphthol)-3-methylsalicylamide (0'1 1 g; 0'38 mmol), powdered

KOH (32 mg;0.57 mmol) and Ti(oBu)+ (-0.065 ml; 0'19 mmol), the

experimental procedure described in 6.26.1 yielded a brown solid. Yield 0'18

g Q.ZS mmol, 1357o), m.p. >300'C. F.W.: calc. for C¡eHz¿NzOoKzTi'

7 06.70; found (mass s7ectrum), 7 07 .

6.27 Amide ComPlex of Vanadium

6.27 .l Attempted preparation of Kz t v ( 2-o c elJqc oNcoH qo'2)zl.xHzO

-KztVLl zl.xEzO

Method (il

VO(acac)z (58 mg; 0.22 mmol) was added to a pale yellow solution of

N-(2-hydroxyphenyl)salicylamide (0'10 g; 0'44 mmol) and KOH (75 mg;

1.3 mmol) in dry methanol (5 ml). The resultant dark brown solution was

stirred overnight at room temperature before cooling (8"C) for 2 days. Most of

the solvent was removed, under vacuum, affording a brown sticky solid.

Attempts to recrystallise with dropwise addition of ether were unsuccessful.

The solvents were removed and a small amount of methanol added. The red-

brown solution was filtered removing a small amount of white solid (infrared

showed this to be inorganic material). The brown filtrate was evaporated to

dryness on a steam bath (70"C) yielding a brown solid. Yield 81 mg. F.W':

calc. for CzeHtoNzOlKzY,581'57; found (mass spectrum),537 '

Method (iíl

The reaction above was repeated in refluxing methanol affording a light

brown solid. F.W.: found (mass spectrum),343.

Method (iíí.)

The experimental procedure described in method (i) using YOCIZ.2HZO

(39 mg; O.22mmol), amide(O.10 g; 0.44 mrnol) and KoH (74m9;1'3 mmol),

yielded.a grey-brown solid. Yietd 0'17 g. F.W.: found (mass spectrum),344'
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Method (iv,\

The same product was obtained by repeating the above preparation in

refluxing methanol

Method (vl

Following the same experimental procedure in method (i) using distilled and

deoxygenated methanol, and stirring the solution for 2 days afforded a brown

solid. Yield 0.13 g, dec. -200"C. F.W.: found (mass spectrum),583'

6.28 Amide ComPlexes of Iron

In all cases below, crude sarnples or the amide compounds were investigated

by infrared spectroscopy, magnetic moment and conductivity measurement'

Details of these are in the relevant sections in Chapter 3. Unless otherwise

stated, formula weight and microanalytical calculations below are based on

the anhydrous formula for the complex'

Attempted PreParations of:

6.28.1 KzlFe(2-O C oH¿C O NC aH¿ O'2)zl'xHzO
-KzlFeLl zi.xÚzO

using Fe(acac)¡ (77 mg; 0.22 mmol), N-(2-hydroxyphenyl)salicylamide

(0.10 g; 0.45 mmol) and KoH (38 mg; 0'68 mmol) in dry methanol (6 ml),

the same experimental procedure described \n 6.25.1was followed' No solid

precipitated by repeatedly concentrating and cooling the solution' The

solution was then evaporated to dryness yielding a dark brown solid. Yield

0.15 g, dec. -1 20"c. Analysis calc. for czs[teNzOoK2Fe: c, 53'24;H,2'15;

N, 4.78Vo. Found (duplicate analysis): C, 49'08 (a8'91); H,2'52 (2'42); N'

2.73 (2]0)7o.F.W.: calc., 586.47; found (mass spectrum),587.

6.28.2 Kz tFe(2'O CaH¿C O NCaH¡(s -C l) O'2) z}xHzo-
-KzlFeL3 zl.xlJrzO

using Fe(acac)¡ (67 mg; 0.l9 mmol) N-(5-chloro-2-hydroxyphenyl)salicyl-

amide (0.10 g; 0.38 mmol) and KOH (34 mg; 0'61 mmol) in dry methanol

(6 ml), the experimental procedure describe d in 6,25.1 yielded a brown-black
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solid. Yield 0.17 g. F.W.: calc. for czoHt+NzOoCIzKzFe,655'36; found

(mass spectrum),656.

6.28.3 Kz tFe(2-O C oH¡(5 -Cl)C ONC oH¡ (5 -Cl)O -2)zl'xHzO

-KzlFeLa zl.x[zO

using Fe(acac)3 (59 mg; 0.17 mmol), N-(5-chloro-2-hydroxyphenyl)-5-

chlorosalicylamide (0.10 g;0'34 mmol) and KOH (38 mg; 0'68 mmol) in dry

methanol (9 ml), the experimental procedure described in 6.25.1 yielded a

dark brown solid. Yield O.f S g. F.W.: calc. for CzoHtzNzOoCl+KzFe,l24'25;

found (mass spectrum), 7 26.

6.29 AttemPted Preparation of
Ti(oC;HqCHzoCoH+o)z

Assuming the orange oil, yielded in Section 6.6.2, to contain some

2,2'-dihydroxybenzylphenyl ether, a portion (0'41 g) was dissolved in dry

erhanol (25 m1). liônc.zHzO (0.40 g; 3-9 mmol) was added forming a red-

brown solution. After stirring for 5 minutes at room temperature, Ti(OBu)¿

(0.32 ml; 0.93 mmol) was added. The slightly darker solution was heated

under reflux for 1.5 hours and allowed to cool ovemight. No precipitate was

obtained after cooling (8'C) the solution for several days. Removal of most of

the solvent afforded a red-brown solid which was collected. After washing

with hexane the solid appeared a clay-brown colour. The filtrate was

evaporated to dryness affording a red-brown residue which was recrystallised

from chloroform/hex ane.

First crop: yield 0.16 g. Infrared spectrum.' very broad absorptions at 3700 -

3000 s, 2380 m, 1730 m, 1610 s, 1 257 m,1100 m, 1060 s and 875 s cm-1.

Second crop: yield 0.36 g, rn.p. g4"C.lnfrarecl spectrum; broad absorptions at

3700 -3100 m, l-110 w, 1610 s, 1255 s, 1105 m, 1025 m,873 m,810mand

745 mcm-1. F.W. calc. for CzoHzoO6Ti,476.34; found (EI mass spectrum)

37l,329,265,213,191, and fou¡d (FAB mass spectrum),258.
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6.30 Attempted Preparation of
Ti(OCcH+CH=CHCcH +O)z

The following experiments were carried out under an atmosphere of

dinitrogen:

Method (íl

Ti(oBu)+ (0.10 ml;0.29 mmol) was added to a solution of 2,2'.-dihydroxy-

stilbene (92 mg;0.43 mmol) and LiOAc.2HzO (0'11 g; 1'1 mmol) in dry

ethanol (20 ml). A yellow solution was produced which soon became cloudy.

The mixture was heated under reflux for 30 minutes and allowed to cool to

room temperature. A yellow solid was collected. The filtrate was concentrated

yielding a second crop of white solid.

Yellow ppt.: yield 44 mg. Infrared spectrum: showed it to be inorganic

material.
White ppt.: yield not recorded. Infrared spectrum: showed it to be a mixture

of unreac ted 2,2' - dihydroxystilbene and lithium acetate.

Method (ü,1

The procedure above was repeated using TiCla (0'01 ml; 9'1 x 10-5 mol),

Z,Z'-dihydroxysrilbene (27 mg; 0.13 mmol) and lithium acetate (34 mg;0'33

mmol). No precipitate formed. The yellow solution was evaporated to dryness

under vacuum affording a red oil. Attempts to crystallise with ethanol/hexane

failed. Removal of these solvents however gave a brown solid. Yield 65 mg.

Infrared, spectrum; showed to be unreacted 2,2'-dihydroxystilbene with some

lithium acetate.

Method (üi\

2,2'-Dihydroxystilbene (0.10 g; 0.47 mmol) was added to a solution of

sodium meral (27 mg;1.2 mmol) in dry ethanol (10 ml) forming a cloudy

yellow solution. After stirring for 5 minutes at room temperature the solution

was evaporated to dryness yielding a yellow powder. Dry THF (5 ml) was

added and the solution transferred to a dry box, flushed with dinitrogen,

where TiCl+ (0.026 ml; 0.24 mmol) was added. On addition of the

tetrachloride, a cloudy orange-brown solution formed which faded to orange-

yellow after sirring overnight. Removal of solvent gave an orange solid.

Infrared spectrum; 3600 - 3200 w, 1590 s, 1500 w cm-l'
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Dry THF (7 ml) was added to the orange solid from above' Some yellow

undissolved material was filtered off under dinitrogen (Schlenk filtration).

The orange filtrate was evaporated to dryness, under vacuum, giving an

orange solid.
Yellãw ppt.: yield 44 mg. Infrared spectrum: 3350 m, 1610 w, 1593 w,

1505 * .--r (a very weak spectrum of unreacted2,2',-dihydroxystilbene).

Orange ppt.: yield 0.18 g. F.W.: calc. for CzsHzoOzTi,463'36; found (mass

spectrum) 504,210 (most intense). Infrared spectrum: 3340 w, 1610 sh,

1593 s, 1505 w cm-l. UV-WS (MeOH) for a concentration of 3'57 x 1g-3 g in

250 ml: bands were observed at l, = 230 sh, 271 and 326 tmt.

6.31 MicroanalYsis

Microanalyses were performed by the Canadian Microanalytical Service Ltd.,

Delta, 8.C., or the Chemical and Micro Analytical Microanalytical Services

Pty. Ltd., Belmont, Australia.

Titanium, manganese and potassium contents were performed on the amide

complexes Kz[TiLlz] and Kz[MnLaz] by Mr. Nick Robinson et al. at the

V/aite Institute, Adelaide, South Australia. The complexes were analysed by

atomic emission methods based on inductively coupled plasma (ICP) sources

to determine the potassium, titanium and manganese contents. The accurately

weighed samples were dissolved in aqueou s 5Vo nitric acid. Solutions were

prepared such that the concentration of potassium was near 50 ppm

6.32 Physical Measurements

6.32.I Spectral measurements

6.32.1 .1 lúrared sPectra

All infrared spectra were recorded on a Perkin-Elmer 1700 X Series Fourier

Transform Infrared Spectrometer. Samples were prepared as nujol mulls

using sodium chloride Plates.
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6.32.L2 Electronic s?ectra

All spectra in the ultraviolet-visible region wefe recorded on a Hewlett-

Packard 8452^Diode Array Spectrometer. Spectra for the compounds were

determined at a concentration near 10-5 mol dm-3'

6.32.1 .3 Mass sqectra

Mass spectra were recorded by Mr. Tom Blumenthal in the Department of

Chemistry, University of Adelaide, South Australia. Standard electron impact

(EI) and, for high melting compounds, fast atom bombardment (FAB)

techniques were used.

contradictory mass spectral evidence as to the presence of the desired

material may have been due to the unreliability of the mass spectral service

available.

6.32.1.4 Nuclear magnetic resonance spectra

Spectra for all Schiff bases and azo dyes, as well as their complexes' were

recorded on a Bruker AC-p 300 spectrometer by the service available in the

Department of Chemistry. A1l other spectra were recorded on a Jeol JNM-

pMX 60 NMR spectrometer, including spectra for determination of effective

magnetic moments using the Evans rnt¡¡o¿'197

6.32.2 Conductance measurements

conductivity experiments were carried out in methanol at 298'2 K using a

Philips Pw 9527 Digital conductivity Meter. This technique involves

measuring the electrical resistance of a solution at a particular constant

temperature. Using a conductivity cell consisting of two parallel platinum

electrodes of area A (cm2; and distance d (cm) apart. The resistance, R (ohm)'

of a solution is then given bY:

R = p* (6.1)

where p (ohm cm) is the specific resistance'

The reciprocal of p is known as the specific conductance, K (ohm-l cm-l), so

that the conductance of a one centimetre cube of solution is defined as:
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1dK=RXÃ (6.2)

euantities d and A are not readily measured. Instead, the resistance of a

solution of KCI with accurately known specific conductance is measured, and

the cell constant d/A (cm-1) for a particular conductivity cell, calculated.

Knowing the cell constant, r for any other electrolyte solution may be

determined. rc is dependant on the molar concentration and on the ionic

composition or charge type of the electrolyte.

To compare the conductances of the different compounds and hence to

ascertain charge types, the molar conductance (ohm-I cm} -o1-1) is

determined, defined by:

Am = tty (6.3)

where C is the molar concentration (mol 6rn-3) and r is the specific

conductance (ohm-l cm-l).

The conductivity cell was calibrated using a solution of KCI

(0.0100moldm-3;K=|.4|3x10-3ohm.1cmJl)z3Tandmolarconductivities
for the complexes were determined at a concentration near 10-3 mol dm-3 in

methanol, assuming the general formula K2[MLn2].3'SHZO for complexes.

6.32.3 Magnetic moment measurements

The molar diamagnetic susceptibilities (Xvr) of the amide ligands in the

deprotonated form were calculated using Pascal's constants for the

diamagnetism of the constituent atoms, taking into account the deviation from

Pascals additivity rules for the ligands containing naphthyl rings.l98a,b ahg

values for the molar diamagnetic susceptibilities of all the ligands prepared

are listed below in Table 6.1.
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Tabte 6.1: Molar Diamagnetic Susceptibilities of the Deprotonated Amide

Ligands by Pascal's constants.

Lieand Xu x 106

L1

L2

L3

L4

Ls

L6

L7

L8

Le

-1 13

-127

-r27

-r4l
-r25

-r39

-221

-235

-233

The mass susceptibility of the amide ligands were also determined on a

Johnson Matthey magnetic susceptibility balance, using the equation:

(6.4)

where C = calibration constant for the balance (l'024),1 = length of sample in

tube (cm), R0 = reading for empty tube, R = reading for tube with sample, and

m = mass of sample in tube (g).

Using Evans method, magnetic moment measurements on the amide

complexes of manganese and iron were carried out using a Jeol JNM-PMX 60

NMR spectrometer. Methanol was sealed in a fine capillary tube,

approximately 4 cm in length, which was then placed in the NMR tube

(507 PP). A solution of the complex under investigation, at a concentration

near 10-3 M in methanol, was added to the NMR tube to a level

approximately 3 mm from the top of the capillary tube. The solution was

allowed to equilibrate to 308.2 K, in the spectrometer, before recording its
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spectrum. The mass susceptibility, X, of the metal ions was calculated using

Equation 6.5

-. - 3õv -¡- X^ (6.5)x=ffi*Xo
where õv is the frequency shift (Hz), ve is the frequency at which the proton

resonance is being studied (60 MHz for the JNM-PMX 60), m is the mass (g)

of sample contained in I ml of solution and Xs is the mass susceptibility of

the solvent (0'668 x 10-6 .-3 g-1 for methanoll3)'

The effective magnetic moments (8.M.) were calculated using Equation 6'6

þerf = 2'84 X¡41çs¡¡; X T (6.6)

where XM(corr) = molar susceptibility (c.g.s. units) corrected for any

diamagnetic effects and T = temperature (K)'

6.32.4 ElectrochemistrY

A Bioanalytical Systems (BAS) 100 electrochemical analyser was used for all

cyclic voltammetry, normal pulse voltammetry and Osteryoung Square wave

voltammetry measurements. The BAS 100 was connected to an Impact EN-

P1091 dor marrix printer, a HIPLOT DMP-40 Drum plotter and an IBM

personal computer XT.

6.33 Electrochemical Equipment

6.33.1 Cell

Voltammetry experiments were carried out in a single cell equipped with a

teflon cap containing holes of appropriate size to accomodate the three

electrodes and tubing for purging the system'
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6.33.2 Solvents

HpLC grade dimethylsulphoxide and dry dichloromethane (Section 6.1.3)

were used to study the bis(binegative tridentate) and the bis(trinegative

tridentate) complexes, respectively.

6.33.3 Reagents

Et¿NClO4 was prepared and supplied by T. Rodopoulos, Dept' of Chemistry,

University of Adelaide, South Australia. Bu+NBF4, 15-Crown-5 and silver

nitrate were obtained from Aldrich chemical co. Inc.

6.33.4 Electrodes

Glassy-carbon and platinum electrodes were commercially prepared

(Bioanalytical Systems) and consisted of a glassy-carbon/platinum disc

mounted on a Kel-F sheath. Both electrodes were polished with 0'05 pm

alumina on a high speed polishing wheel and washed with high purity water

in an ultrasonic bath.

The Ag/Ag+ reference electrode was prepared by enclosing a silver wire in a

slender glass tube, containing a solution of 0'10 mol dm-3 electrolyte and

0.01 moi dm-3 silver nitrate, which was connected to a porous vycor plug

with heat-shrink tubing.

6.33.5 Electrochernical Bx¡rerirnents

Dimethylsulphoxide containing 0'10 Tol dm-3 tetraethylammonium

perchloiat., ol. in some cases 0'10 mol drn-3 Bu+NBF+' was the medium used

to study Schiff base and azo dye complexes. Dichloromethane containing

0.05 mol dm-3 tetraethylammoniurn perchlorate was used to study the amide

complexes. Approximately 6 ml of the background solution was

deoxygenated by bubbling high purity argon gas through the solution for

10 minutes. A cyclic voltammogram on the background medium was

recorded before adding 10 - 20 mg of the compound under investigation' The

solution was further degassed (3 minutes) before the voltammogram

experiment was performed o¡ the solution, which was protected by an argon

"blanket".

In all the electrochemical experiments carried out, except for those on the

amide complexes, a small amount of ferrocene was added to the solutions.
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The essentially reversible oxidation/reduction process of ferrocene was used

as a reference. This was not possible in the cases with the amide complexes of

manganese due to interference of the redox couple of ferrocene with the

Mn(V)iM(IV) couple in the complexes.

6.34 Computing

A Lasaer Turbo XT personal computer connected to the Hewlett-Packard

g452A Diode Array Spectrophotometer was used to save the ultraviolet-

visible spectral data. The spectral data was then converted from MS-DOS

format to Macintosh format and transferred to a Macintosh Classic

microcomputer using the data transfer and conversion program APPLE FILE

EXCHANGE.238 The specrra were printed using the graphing and data

analysis program 169P.239

Electrochemical data was transferred between the Bioanalytical Systems 100

electrochemical analyser and an IBM compatible personal computer using

BASIC programmes. The program BASIBM24O ry¿s used to convert the BAS

100 files in to hexadecirnal files on the computer. Then the program

HEXCON24O ry¿s employed to convert the hexadecimal files into text files.

Finally, the file for each voltammogram was converted from MS-DOS format

to Macintosh format and transferred to a Macintosh Classic microcomputer

using the data transfer and conversion program APPLE FILE

EXCHANç8.238 Printouts of all the voltammograms were obtained using the

graphing and data analysis program 169p.239
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Appendix AI

Appendix

Table 4.1: Bond Distances (Å.) in PhzGe(salAp). Primed atoms refer to

disorder in the atomic Positions.

o(1) --- Ge

N(1) --- Ge

C(111) --- Ge

c(1) --- o(1)

c(6)
c(7')
c(8)
c(6)

r.e2r(4)

2.04(2)

r.94s(4)

1.333(s)

1.49(2)

r.27(s)

1.s4(3)

r.404(7)

r.374(e)

1.374(8)

1.386(7)

1.403(6)

1.34e(8)

1.380(6)

1.383(7)

1.364(7)

1.386(7)

1.38e(8)

r.3s7 (7)

--- N(1)

--- N(1')

--- N(1')

--- c(1)

O(2) --- Ge

N(1') --- Ge

C(121) --- Ge

c(e) --- o(2)

c(7) --- N(1)

c(8) --- c(7)

c(2) --- c(1)

c(3) --- c(2)

c(s) --- c(4)

c(7') --- c(6)

c(13) --- c(8)

c(l1) --- c(10)

c(13) --- c(12)

c(116) --- C(l11)

c(l14) --- c(l13)
c(l16) --- C(11s)

c(126) --- C(121)

c(r24) --- c(r23)

c(r26) --- C(12s)

1.918(4)

2.Or(2)

1.e46(s)

1.310(s)

1.31(4)

1.46(3)

r.37t(7)

1.38e(8)

r.334(e)

1.4s(3)

1.3es(8)

r.377(7)

1.3s3(8)

1.37s(6)

1.3s0(8)

1.380(8)

1.38e(6)

1.366(8)

1.382(6)

c(3)

c(s)

c(8)
c(e)

c(11)

c(111)

c(L12)

c(114)

c(121)

c(r2z)
c(r24)
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Table 4.2: Bond Angles (degrees) in Ph2Ge(SalAp). Primed atoms refer to

disorder in the atomic Positions.

o(2) -Ge -o(1)
N(1) -Ge -o(2)
N(1') -Ge -O(2)
C(111)-Ge -o(1)
C(111)-Ge -N(1)
C(121)-Ge -o(1)
C(121)-Ge -N(1)
C(121)-Ge -C(111)

C(e) -o(2) -Ge
C(7) -N(1) -Ge
C(7') -N(1') -Ge
c(s) -N(1') -c(7')
c(6) -c(1) -o(1)
c(3) -c(2) -c(1)
c(s) -c(4) -C(3)
c(1) -c(6) -N(1)
c(s) -c(6) -c(1)
c(7') -c(6) -C(1)

c(6) -c(7') -N(1')
c(e) -c(8) -c(7)
c(13) -c(8) -c(7)
c(s) -c(e) -o(2)
c(10) -c(e) -c(8)
c(12) -C(11) -C(10)

c(12) -c(13) -c(8)
C(116)-C(111)-Ge
c(l13)-C(112)-C(111)
c(11s)-c(114)-C(113)
c(l1s)-c(116)-C(111)
C(t26) - C(121) - Ge

c(r23)-c(r22)-c(121)
c(12s)-c(r24)-C(r23)
c(12s)-c(r26)-c(121)

167.6(2)

es.o(7)

71.s(8)

e3.s(2)

116.e(4)

e2.3(2)

120.6(3)

r2r.2(2)

123.2(3)

t24(2)

t24(3)

113(2)

118.4(4)

11e.0(6)

11e.4(6)

101.1(8)

119.9(s)

136(1)

1 18(2)

134.6(8)

104.7(8)

12r.3(s)

rr7.e(4)

121.0(s)

11e.8(6)

tzo.6(4)

120.9(s)

118.8(s)

120.8(s)

t20.s(4)

121.1(s)

120.8(s)

121.1(s)
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Table 4.2: continued..

AM

c(l11)
c(111)

N(1)

N(1',)

c( o(1)
N(1)

N(1)

N(1')

c(1)

c(1)

c(3)

1)

c(6)

Ge - O(1)

Ge - O(1)

Ge - O(2)

Ge - N(1')

Ge - O(2)

Ge - N(1')

72.6(7)

e6.3(8)

er.1(2)

122.9(3)

94.6(2)

r14.4(4)

r22.0(3)

121(1)

11s(2)

r23(r)

t22.6(s)

11e.0(s)

r2r.3(s)

r21.4(6)

13e.0(e)

rr7(2)
104(1)

e7.1(8)

142.3(9)

120.s(s)

120.8(s)

11e.9(s)

120.8(6)

rzt.9(3)

tr7.s(4)

121.0(6)

121.0(s)

r2r.e(4)

117.s(s)

11e.s(6)

120.0(5)

c(121)

c(121)

c(7)

c(8)

c(2)

c(6)
c(4)

c(6)

c(s)
c(8)
c(7')

c(e)

-Ge
-Ge
- c(6)

-Ge
- o(1)

- c(2)
- c(2)
- c(4)

- N(1)

- N(1)

- c(s)
- N(1')

- c(s)
- c(6)
- c(7)

- c(6)

- c(8)

c(13) -C(8) -N(1')

c(13) -c(8) -c(e)
c(10) -c(e) -o(2)
c(11) -c(10) -c(e)
c(13) -C(12) -C(11)

C(112)-C(111)-Ge
c(l16)-C(111)-C(l12)
c(l14)-C(l13)-C(l12)
c(l16)-C(11s)-C(114)
C(r22) -C(121) - Ge

c(r26) -c(121) -C(r22)

c(r24) -C(r23) - c(r22)

c(r26) -C(12s) -c(t24)
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Table A.3: Bond Distances (Å) in Phzsn(salAp). Primed atoms refer to

disorder in the atomic Positions.

o(1) --- Sn(l)

N(1) --- Sn(1)

C(111) --- Sn(1)

c(1) --- o(1)

c(7) --- N(1)

c(7') --- N(1')

c(8) --- N(1')

c(6) --- c(1)

c(4) --- c(3)

c(6) --- c(s)

c(e) --- c(8)

c(10) --- c(e)

c(rz) --- c(11)

c(l12) --- C(l11)

c(l13) --- c(l12)
c(l15) --- c(l14)
c(122) --- C(121)

c(r23) --- c(r22)

c(12s) --- c(124)

o(2) --- Sn(l)

N(1') --- Sn(l)

C(121) --- Sn(l)

c(e) --- o(2)

c(6) --- N(1)

c(8) --- c(7)

c(2> --- c(1)

c(3) --- c(2>

c(s) --- c(4)

c(7') --- c(6)

c(13) --- c(8)

c(l1) --- c(10)

c(13) --- c(12)

c(l16) --- C(111)

c(l14) --- C(l13)

c(l16) --- C(1ls)

c(126) --- C(121)

c(r24) --- C(t23)

c(126) --- C(12s)

2.081(3)

2.220(6)

2.1 18(s)

1.341(6)

1.23(t)

1.s2(s)

1.s3(2)

r.3e2(7)

r.373Q)

r.366(7)

1.393(8)

r.402(7)

1.36s(8)

1.380(6)

1.386(8)

1.373(8)

r.392(7)

1.380(8)

1.392(7)

2.067(4)

2.12(2\

2.111(s)

1.331(6)

1.482(8)

r.478(e)

r.387(7)

1.361(7)

r.372(7)

1.51(3)

1.3e0(8)

1.362(8)

1.3s3(e)

1.376(7)

1.376(8)

1.382(8)

r.374(7)

1.362(8)

1.3e4(7)
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Table 4.4: Bond Angles (degrees) in PhzSn(SalAp). Primed atoms refer to

disorder in the atomic Positions.

o
N

N

(2) -Sn(l) -o(1)
(1) -sn(1) -o(2)

Sn(1) - o(2)

Sn(l) - o(1)

Sn(l) - N(1)

Sn(l) - o(1)

Sn(1) - N(1)

Sn(l) - C(l11)

15e.8(2)

86.1(2)

60.1(7)

es.4(2)

r13.2(2)

93.0(2)

r2s.3(2)

r20.e(2)

r27.2(4)

126.6(6)

tre(2)
103(2)

121.1(s)

t20.2(s)

11e.1(5)

10e.s(s)

r21.6(4)

r47(r)
110(2)

128.e(6)

111.s(6)

r22.6(s)

118.3(s)

r2r.7(s)

rzl.r(6)
120.8(4)

120.3(s)

120.1(s)

121.1(s)

11e.s(3)

t20.6(6)

120.e(5)

121.6(s)

c(l11
c(l11
c(r21
c(121

c(12r

)-
)-
)-
)-
)-

C(e) -o(2) -Sn(1)

C(7) -N(1) -Sn(l)
C(7') -N(1') -Sn(1)

c(8) -N(1') -C(7')

c(6) -c(1) -o(1)
c(3) =c(2) -c(1)
c(s) -c(4) -c(3)
c(1) -c(6) -N(1)
c(s) -c(6) -c(1)
c(7') -c(6) -C(1)

c(6) -c(7') -N(1')
c(e) -c(8) -c(7)
c(13) -c(8) -o(7)
c(s) -c(e) -o(2)
c(10) -c(e) -c(8)
c(12) -c(11) -c(10)
c(12) -C(13) -c(8)
C(116)-C(111)-Sn(l)
c(113)-C(112)-C(1
c(113)-C(114)-C(1
c(11s)-c(116)-C(l
c(126) - C(l

c(r23) - C(l

c(12s) - c(l
c(12s) - c(l

22) - C(rzr)
24) - c(r23)
26) - c(tzr)

21) - Sn(

11)

13)

11)

1)
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Table 4.4: continued...

74.t(2)

ee.8(7)

e6.0(2)

117.s(s)

es.4(2)

118.3(s)

118.1(3)

113.8(4)

r19.4(7)

r37(2)

r21.2(s>

rr7.7(s)

121.6(s)

11e.8(s)

128.e(s)

e2(r)

r23.4(8)

88(1)

1s2(1)

11e.6(s)

1le.1(6)

119.8(6)

11e.4(6)

12O.2(4)

11e.0(s)

120.0(s)

119.6(6)

121.9(4)

118.s(s)

120.1(6)

118.2(s)

N(1) -Sn(1) -o(1)
N(1) -Sn(1) -O(1)

C(111)-sn(1) -o(2)
C(111)-Sn(1) -N(1')
C(121)-Sn(l) -o(2)

C(6) -N(1) -Sn(l)
c(7) -N(1) -c(6)
C(8) -N(1) -Sn(l)
c(2) -c(1) -o(1)
c(6) -c(1) -c(2)
c(4) -c(3) -c(2)
c(6) -c(s) -c(4)
c(s) -c(6) -N(1)
c(7') -c(6) -c(s)
c(s) -c(7) -N(1)
c(9) -c(8) -N(1')
c(13) -C(8) -N(1')
c(13) -c(8) -c(e)
c(10) -c(e) -o(2)
c(11) -c(10) -c(e)
c(13) -c(12) -c(11)
C(112)-C(l11)-Sn(l)
c(l16)-C(l11)-C(l12)
c(114)-C(113)-C(112)
c(116)-C(115)-C(114)
C(t22)-C(rzL)-Sn(l)
c(r26) - C(121) - C(r22)

C(121)-Sn(l) -N(1')
C(1) -o(1) -Sn(l)

c(r24)-C(123)-C(r22)
c(r26) - C(12s) - C(r24)



Appendix AVII

Table 4.5: Bond Distances in PhZPb(SalAp). Primed atoms refer to the

atoms in the other half of the molecule in the dimer'

1)

o(1)
o(1')
c(l1
c(1)
c(6)

--- Pb

--- Pb

--- Pb

--- o(1

--- N(1

2.246(4)

2.766(4)

2.1s1(6)

1.327(7)

1.43e(8)

1.39e(9)

1.38(1)

1.36(1)

1.42s(9)

r.422(9)

1.380(e)

1.36(1)

1.3e(1)

1.38(1)

1.40(1)

1.38s(e)

1.36(1)

1.38(1)

2.337(s)

2.327(4)

2,166(6)

1.285(7)

1.300(8)

1.400(9)

1.38(1)

1.40(1)

r.427(9)

r.407(9)

1.37(1)

r.373(9)

1.38(1)

1.38(1)

1.403(e)

1.40(1)

1.3e(1)

)

)

)

N(1) --- Pb

o(2) --- Pb

c(121) --- Pb

c(e) --- o(2)

c(7) --- N(1)

c(6) --- c(1)

c(4) --- c(3)

c(6) --- c(s)

c(e) --- c(8)

c(10) --- c(e)

c(rz) --- c(11)

c(l12) --- C(l11)

c(l13) --- C(112)

c(1ls) --- c(114)

c(122) --- C(121)

c(123) --- c(t22)
c(12s) --- c(124)

c(1

c(2)

c(4)

c(7)
c(8)
c(10)

c(12)

c(l11)
c(113)

c(11s)

c(121)

c(123)

c(12s)
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Table 4.6: Bond Angles (Degrees) in PhzPb(SalAp). Primed atoms refer to

the atoms in the other half of the molecule in the dimer.

N(1)

c(l1
c(12

138.1(2)

103.6(2)

100.0(2)

1s0.s(2)

es.7(2)

6s.3(2)

82.2(2)

142.7(2)

116.8(4)

128.s(4)

112.9(4)

120.s(5)

r2r.4(7)

r2r.4(7)

11s.3(6)

120.6(6)

126.s(6)

118.s(6)

r22.6(6)

11e.8(6)

121.6(s)

120.7(6)

120.6(8)

118.e(e)

118.8(s)

121.1(6)

tzt.s(7)
r2r.4(7)

1)

1)

o(1')

N(1)

N(1)

Pb

Pb

Pb

Pb

Pb

Pb

Pb

Pb

o(1)
o(1)
o(1)
o(2)
o(2)
Pb - o(1)

Pb' - o(1)

c(6) - N(1)

c(7) - N(1)

c(3) - c(2)

c(s) - c(4)

c(1) - c(6)

c(s) - c(6)

c(e) - c(8)

c(13) - c(8)

c(l1) - C(10)

c(13) - C(rz)

c(l12) - C(l11)

c(116) - c(111)

c(114) - C(113)

c(116) - C(1ls)

c(r22) - c(121)

c(t26) - c(121)

c(r24) - C(r23)

c(r26) - C(12s)

- o(2)
- c(l11)
- o(1')

- c(111)

- o(1')

- c(1)

- c(1)
-Pb
- c(6)
- c(1)

- c(3)
- N(1)
_ c(1)
- c(7)
- c(e)
- c(e)
- c(11)

-Pb
c(112)

c(l12)
c(114)

-Pb
- c(r22)
- c(122)
- c(r24)
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Table 4.6: continued...

-Pb
-Pb
-Pb
-Pb
-Pb
- o(1)
- o(2)

- o(1')

- o(1')

- c(l11)
- N(1)

- c(121)

- N(1)

- c(121)

- Pb'

- c(e)

c(7) -N(1) -Pb
c(6) -c(1) -c(2)
c(4) -c(3) -c(2)
c(6) -c(s) -c(4)
c(5) -c(6) -N(1)
c(8) -c(7) -N(1)
c(13) -c(8) -c(7)
c(10) -c(e) -c(8)
c(12) -C(11) -c(10)
c(12) -c(13) -c(8)
c(116)-C(111)-Pb
c(113)-C(l12)-C(111)
c(11s)-c(114)-c(113)
c(11s)-c(116)-C(l11)
c(126) - C(121) - Pb

c(r23)-C(r22)-C(121)
c(12s)-C(r24)-C(123)
c(12s) - c(r26) - C(121)

AIX

-Pb
-Pb

c(111)

c(121)

c(121)

o(1)
o(1)
o(2)
o(2)
Pb

Pb

84.r(2)

86.4(2)

1s3.s(2)

72.e(2)

r02.4(2)

7e.0(2)

e0.7(2)

tt4.7(2)
t32.7(4)

126.4(4)

rr7.7 (6)

1t9.3(7)

119.5(7)

r24.0(6)

t2e.7(6)

11s.0(6)

116.8(6)

120.1(6)

r22.t(6)

r17.7 (s)

119.3(8)

120.7(8)

r19.9(7)

120.1(s)

rr7'9(7)

rt9.4(7)

118.8(7)
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Table A.7: Bond Distances (Å,) in Ph:sb(SalAp). Primed atoms refer to

disorder in the atomic positions and atoms followed by an "a" refer to

molecule 2.

o(1)
N(1)

c(14)

c(26)
c(13)

c(6)
c(7')

c(7')

c(2)
c(3)
c(5)
c(7')

c(8)
c(13)

c(11)

c(13)

c(1e)

c(17)

c(1e)

c(2s)
c(23>

c(2s)
c(31)

c(ze>

--- sb

--- sb

--- sb

--- sb

--- o(2)

2.06s(8)

2.26(2)

2.1 1(1)

2.1s(1)

1.34(1)

1.ss(3)

0.87(3)

o(2)
N(1')

c(20)

c(1)
N(1')

c(7)
c(7)
c(8)
c(6)
c(4)

c(6)

c(7')

c(e)

c(10)

c(12)

c(1s)

c(16)

c(18)

c(21)

c(22)
c(24)
c(27)

c(28)

c(30)

--- sb

--- sb

--- sb

2.033(e)

2.2e(2)

2.1s3(8)

1.3s(1)

0.84(2)

1.31(7)

0.91(2)

r.s2(3)

r.4r(2)

1.38(2)

r.37(2)

0.e8(4)

r.3e(2)

r.3s(2\

1.38(1)

r.46(2)

1.38(2)

r.37(2)

1.40(2)

1.37(1)

r.43(2)

r.39(2\

1,.39(2)

1.36(1)

--- N(1)

--- N(1)

--- o
--- N
--- N
--- N
--- N

(1)

(1)

(1)

( 1')

( 1')--- N(1')

--- c(1)
--- c(2\
--- c(4)
--- c(6)
--- c(7)
--- c(8)
--- c(10)

--- c(12)

--- c(14)

--- c(16)

--- c(18)

--- c(20)

--- c(22)
--- c(24)

--- c(26)
--- c(28)

.23(e)

.44(2)

.48(s)

.42(3)

--- c(1)
--- c(3)
--- c(s)
--- c(7)

--- c(8)

--- c(e)

--- c(11)

--- c(14)

--- c(1s)

--- c(17)
--- c(20)
--- c(21)

--- c(23)
--- c(26)

--- c(27)
--- c(ze)

1

1

1

1

1

1

38(2

34(2

)

)

r.4r(2)

r.3e(2)

r.40(2)

r-37(2)

r.37(2)

r.4r(2)

r.38(2)

r.3r(2)

1.40(1)

r.39(2)

r.4r(2)
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AXI

c(31) --- c(30)

O(za) --- Sb(a)

N(1a) --- Sb(a)

C(26a) --- Sb(a)

C(la) --- o(1a)

N(la) --- N(la')

C(7a) --- N(la')

C(6a) --- N(la)

C(7a) --- N(1a)

C(6a) --- C(1a)

C(aa) --- C(3a)

C(6a) --- C(5a)

C(7a) --- C(7a')

C(9a) --- C(8a)

C(10a) --- C(9a)

C(r2a) --- C(11a)

C(15a) --- C(14a)

C(16a) --- C(15a)

C(18a) --- C(17a)

C(27a) -- C(26a)

C(30a) -- C(29a)

C(2ra) --- C(20a)

C(22a) -- C(2La)

C(24a) --- C(23a)

o(la) --- Sb(a)

N(1a') --- Sb(a)

C(14a) --- Sb(a)

C(20a) --- Sb(a)

C(13a) --- O(2a)

C(7a') --- N(1a')

C(8a) --- N(1a')

C(7a') --- N(1a)

C(2a) --- C(1a)

C(3a) -- C(za)

C(5a) --- C(aa)

C(7a') --- C(6a)

C(8a) --- C(7a)

C(13a) --- C(8a)

C(1la) --- C(10a)

C(13a) --- C(12a)

C(19a) --- C(14a)

C(17a) --- C(16a)

C(19a) --- C(l8a)

C(31a) --- C(26a)

C(31a) --- C(30a)

C(25a) --- C(20a)

C(23a) --- C(22a)

C(25a) -- C(24a)

1.38(2)

2.080(8)

2.3r(2)

2.16(r)

1.36(1)

0.87(2)

0.ee(3)

1.s0(3)

r.27(8)

r.4r(2)

1.3s(1)

r.4r(2)

0.8e(4)

1.38(1)

r.37(2)

1.38(1)

r.3e(2)

1.38(2)

r.40(2)

1.3e(1)

r.32(2)

r.40(2)

1.39(1)

1.32(2)

2.047(8)

2.28(2)

2.r2(r)
2.1s5(8)

r.32(L)

1.31(7)

r.4e(3)

0.e0(2)

r.40(2)

r.39(2)

r.3s(2)

r.47(3)

r.s2(4)

r.40(2>

r.40(2)

1.41(1)

r.42(2)

r.36(2\

r.40(2)

1.38(2)

1.40(2)

1.40(2)

1.43(2)

r.40(2)
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Table 4.8: Bond Angles (Degrees) in Ph¡Sb(SalAp). Primed atoms refer to

disorder in the atomic positions and atoms followed by an "a" refer to

molecule 2.

o(2)
N(1)

N(1')

c(14)

c(14)

c(20)

c(20)

c(20)

c(26)
c(26)
c(26)
c(13)

c(6)

c(7)

c(7)

c(7')

c(7')

c(7)

c(7')

c(7')

c(8)

c(8)

c(6)

c(3)

c(s)
c(1)

c(s)

-sb
-sb
-sb
-sb
-sb
-sb
-sb
-sb
-sb
-sb
-sb
- o(2)

- o(1)
- o(2)

161.6(3)

8e.1(e)

68.6(e)

8e.4(4)

83.0(6)

e8.1(s)

170.6(9)

es.s(5)

88.e(4)

80.1(7)

e5.8(s)

122.8(8)

r17(2)

rzs(2)

1 18(2)

e2(8)

4e(5)

t74(4)

122(3)

s2(3)

163(4)

118(3)

124(r)

I 18(1)

r22(t)
103(2)

121(1)

- o(2)
- o(1)

- o(1)
- N(1)

- N(1)

- N(1)

- N(1)

- N(1)

- N(1)

- N(1)

- N(1')

- N(1')

- N(1')

- N(1')

- N(1)
- c(1)

- c(2)

- c(4)

- c(6)

- c(6)

- c(14)

- o(2)
- N(1')

- c(20)

-sb
-sb
-sb
- c(6)

- N(1')

- c(7)

-sb
-sb
- c(7)

- N(1)

- c(7')
- o(1)
- c(1)

- c(3)

- N(1)

- c(1)
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AXIII

N(1)

N(1')

N(1')

-sb
-sb
-sb
-sb
-sb
-sb
-sb
-sb
-sb
-sb
- o(1)

- o(2)
- N(l')
- o(1)
- N(1)

- c(14)

- c(6)

-sb
-N(
-N(
-sb

72.6(e)

e3.0(e)

2r.2(6)

8e.7(4)

88.e(7)

100.3(4)

168.1(9)

88.4(4)

8s.7(6)

168.6(s)

11e.4(8)

82(3)

161(4)

44(3)

174(6)

6e(s)

77(3)

e7(6)

4s(4)

120(2)

o(1)
o(1)
N(1)

o(2)
N(1')

-sb
-sb
- N(1')

- N(1')

-sb

c(14)

c(14)

c(20)

c(20)

c(26)
c(26)
c(26)
c(1)

N(1')

c(6)

c(7)
c(7')

c(7')

N(1)

c(7)

c(7')

c(8)

c(8)

c(2)
c(6)

c(4)
c(6)

c(s)
c(7')

- N(1)

- N(1)

- N(1)

- N(1)

- N(1)

- N(1)

- N(1)
- N(1)

- N(1')

- N(1)

- c(1)

- c(1)

- c(3)

- c(s)
- c(6)
_ c(6)

1)

1)

- c(7)

- o(1)
- c(2)
- c(2)
- c(4)
- N(1)

- N(1)

66(3)

1 18(1)

1 18(1)

121(1)

120(1)

136(2)

33(1)
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AXIV

c(7') - c(6)

N(1') - c(7)

c(7') - c(7)

c(8) - c(7)

N(1') - c(7')

c(6) - c(7')

c(7) - c(7')

c(7) - c(8)

c(e) - c(8)

c(13) - C(8)

c(10) - c(e)

c(tz) - c(11)

c(8) - c(13)

c(12) - c(13)

c(le) - c(14)

c(16) - C(1s)

c(18) - c(17)

c(18) - C(le)

c(25) - C(20)

c(22\ - C(21)

c(24) - c(23)

c(24) - C(2s)

c(31) - C(26)

c(28) - c(27)

c(30) - c(2e)

c(30) - c(31)

N(1a') - Sb(a)

- c(1)
- N(1)

- N(1')

- N(1')

- N(1)

- N(1')

- N(1')

- N(1')

- c(7)
- c(7)
- c(8)
- c(10)

- o(2)
- c(8)
-sb
- c(14)

- c(16)

- c(14)

-sb
- c(20)

- c(22)
- c(20)

-sb
- c(26)
- c(28)

- c(26)
- O(la)

136(2)

40(3)

81(7)

78(3)

43(s)

rzt(3)
4t(4)

3s.8(e)

106(2)

t34(2)

t22(1)

122(t)

124(r)

1 18(1)

r24.r(e)

1 1e(1)

120(1)

t22(r)
r20.2(9)

r2r(r)
121(1)

121(1)

t23.2(e)

r22(r)
r2r(r)
r2r(r)
e2(r)
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Table 4.8: continued...

AXV

c(6)

(1)Nc(6)

c(7')

c(7')

c(8)
c(8)

c(7)
c(7)
c(e)
c(13)

- c(7)
- c(7)
- c(7)
- c(7')

- c(7')

- c(7')
- c(8)

- c(8)

- c(8)
- c(10)

- c(rz)
- c(13)

- c(14)

- c(14)

- c(16)

- c(18)

- c(s)
- N(1)

- N(1)

- c(7')

- N(1)

- c(6)

- N(1')

- N(1')

- c(e)

- c(e)

- c(l1)
- o(2)
-sb
- c(15)

- c(ls)
- c(17)
-sb
- c(21)

- c(21)

- c(23)
-sb
- c(27)
- c(27)
- c(ze)
- O(1a)

- O(2a)

103(2)

42(4)

118(2)

lse(s)
78(4)

eo(e)

167(6)

r4r(2)
ee(1)

120(1)

1 18(1)

120(1)

1 18(1)

118.2(e)

1 18(1)

r2r(1)
120(1)

121.8(9)

117.e(8)

r2r(r)
1 18(1)

11e.1(9)

1 18(1)

1 18(1)

120(1)

161.8(3)

70(1)

c(13)

c(11)

c(t2)
c(1s)

c(13)

c(1e)

c(17)

c(1e)

c(21)

c(2s)

c(23)

c(2s)

c(27)
c(31)

c(2e)

c(20)

c(20)

c(22)

c(24)
c(26)

c(26)
c(28)

c(30)

Sb(a)

Sb(a)

c(31)

o(2a)
N(1a')
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Table 4.8: continued...

AXVI

N(1a)

N(1a)

C(14a)

C(l4a)

C(26a)

C(26a)

C(20a)

C(20a)

C(20a)

C(1a)

N(1a)

C(7a')

C(7a)

C(8a)

C(8a)

N(1a')

C(6a)

C(7a')

C(7a)

C(7a)

C(2a)

C(6a)

C(4a)

C(6a)

C(5a)

C(7a')

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- o(la)
- N(la')

- N(1a')

- N(1a')

- N(la')

- O(la)
- N(la')
- o(za)
- N(1a)

- o(2a)

- N(1a)

- o(1a)

- N(la')
- C(14a)

- Sb(a)

- Sb(a)

- N(1a)

- N(1a)

- Sb(a)

- C(7a')

- Sb(a)

- N(la')
- N(la')
- Sb(a)

- C(6a)

- o(la)
- C(za)

- C(2a)

- C(4a)

- N(1a)

- N(la)

70.e(e)

2r.7(6)

88.0(4)

87.7(7)

8e.6(4)

80.6(6)

100.3(4)

168(1)

e6.7(s)

120.s(8)

82(2)

43(3)

86(6)

r20(2)

115(2)

77(2)

166(4)

es(6)

128(3)

r16(2)

1 18(l)

1 19(1)

tzr(1)
122(r>

138(1)

3s.4(e)

- N(la')
- N(la)
- N(la)
- N(la)
- N(la)
- N(la)
- C(la)

- C(la)

- C(3a)

- C(5a)

- C(6a)

- C(6a)
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Table 4.8: continued...

AXVII

N(1a)

C(1aa)

C(14a)

C(26a)

C(26a)

C(26a)

C(20a)

C(20a)

C(20a)

C(13a)

C(7a')

C(7a)

C(7a)

C(8a)

C(8a)

C(6a)

C(7a')

C(7a')

C(7a)

C(7a)

C(6a)

C(3a)

C(5a)

C(1a)

C(5a)

C(7a')

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- Sb(a)

- O(2a)

- N(la')
- N(la')
- N(la)
- N(la')
- N(la')
- N(la)
- N(la)
- N(la)
- N(la)
- N(la)
- C(1a)

- C(za)

- C(4a)

- C(6a)

- C(6a)

- C(6a)

- o(2a)

- O(la)

- N(la')
- O(la)

- N(la)
- C(14a)

- O(2a)

- N(la)
- C(26a)

- Sb(a)

- Sb(a)

- Sb(a)

- C(7a')

- N(la)
- C(7a)

- Sb(a)

- Sb(a)

- C(6a)

- N(1a')

- C(7a')

- O(1a)

- C(la)

- C(3a)

- N(la)
- C(1a)

- C(la)

e0.9(e)

8e.6(4)

82.0(6)

8e.0(4)

86.1(6)

168.0(s)

e7.e(4)

170.3(e)

e5.3(4)

120.e(8)

rzs(2)

168(s)

43(4)

1s9(4)

73(4)

rt1(2>

172(s)

7 r(3)

s1(3)

4s(3)

r23(r)

120(1)

120(1)

104(1)

1 18(1)

t3e(2)
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Table 4.8 : continued...

C(7a') -C(6a) -C(5a)

C(6a) -C(7a') -N(la')
C(7a) -C(7a') -N(la')
C(7a) -C(7a') -C(6a)

C(7a') -C(7a) -N(la)
C(8a) -C(7a) -N(la')
C(8a) -C(7a) -C(7a')

C(9a) -C(8a) -N(la')
C(13a)-C(8a) -N(la')
C(13a)-C(8a) -C(9a)

C(11a)-C(10a)-C(9a)
C(13a)-C(12a)-C(11a)
C(r2a) -C(13a) -O(Za)

C(15a)-C(laa)-Sb(a)
C(19a)-C(14a)-C(lsa)
C(17a)-C(16a)-C(15a)
C(19a)-C(18a)-C(17a)
C(21a)-C(26a)-Sb(a)
C(31a)-C(26a)-C(27a)
C(29a) -C(28a) -C(27a)

C(31a)-C(30a) -C(29a)

C(2ta) - C(20a) - Sb(a)

C(25a)-C(20a)-C(2la)
C(23a)-C(22a)-C(Zra)
C(25a)-CQaù-C(23a)

AXVIII

103(2)

tts(2)
4e(4)

164(s)

88(7)

6e(3)

1s6(s)

t3e(2)

103(1)

1 18(1)

1 18(1)

1 19(1)

1 16(1)

1 19(1)

1 18(1)

r2r(2)

1 l8(1)

118.s(9)

1 19(1)

r 19(1)

tzr(r)
119.1(9)

r20.6(e)

1 18(1)

121(1)
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Table 4.8: continued...

N(la) -C)7a') -N(la')
C(6a) -C(7a') -N(la)
C(7a) -C(7a') -N(1a)

N(la) -C(7a) -N(la')
C(7a') -C(7a) -N(la)
C(8a) -C(7a) -N(la)
C(7a) -C(8a) -N(la')
C(9a) -C(8a) -C(7a)

C(13a)-C(8a) -C(7a)

C(10a)-C(9a) -C(8a)

C(Iza) - C(11a) - C(10a)

C(8a) -C(13a)-O(za)
C(I2a) - C(13a) - C(8a)

C(19a)-C(14a)-Sb(a)
C(16a)-C(15a)-C(14a)
C(18a)-C(17a)-C(16a)
C(18a)-C(19a)-C(14a)
C(31a)-C(26a)-Sb(a)
C(28a)-C(27a)-C(26a)
C(30a)-C(29a)-C(28a)
C(30a)-C(31a) -C(26a)

C(25a)-C(20a)-Sb(a)
C(22a) - C(21a) - C(20a)

CQaù-C(23a)-C(22a)
C(24a)-C(25a)-C(20a)

AXIX

41(3)

74(3)

e0(7)

43(3)

4s(4)

rr2(3)

38(1)

101(2)

r4r(2)

r23(

12r(
r24(

1,20(

122(

r20(
r21(
r2r(

122.9(9

rzt(
tzr(
120(

1

I

1)

1)

1)

1)

1)

1)

1)

1)

1)

1)

1)

8)

1)

1)

1)

)

1(

20(

22(

e(11

20.1




