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(i)
ABSTRACT

An industrial problem concerning a pesticide product,
C&inox, lead to the work described in this thesis, This included
the study of the chelating properties of six sulphur and oxygen
ligands and five phosphoryl sulphur and oxygen ligands with
nickel(II) and cobglt(II) halides, Thirty two complexes of
nickel(II) and cobalt(Il) halides were prepared and aﬂ;fEPoéfd o
this thesis,

The ligands used in the investigation are

1, 3-thiabutanol

2, l-mercapto~3-thiabutane
3. i-mercapto—2—methoxyethane
4, l-methoxy-3-thiabutane
5, Dim(2-methylthicethyl) disulphide
6. Di-(2-methoxyethyl) disulphide
7o 0,0-dimethyl methyl phosphoredithioate
8o 0,0-dimethyl (2-methylthioethyl) phosphoredithioate
9, 0,0~dimethyl 0-(2-methylthioethyl) phosphorothionate
10, 0,0-dimethyl S—(2-methylthioethyl) phosphorothiolate
11, 0,0-dimethyl (2-methylthioethyl) thiophosphonate
The complexes were investigated by magnetic, spectro-
photometric (infrared, ultraviolet) and conductiometric measure—
ments.
The stereochemistry of the complexes prepared depended
on the particular ligand used and examples of octahedral,
tetrahedral and square planar complexes of nickel (II) halides

and tetrahedral and square planar of cobalt halides complexes

were obtained,



(ii)

A comparison between t he co-ordinating properties of
sulphur and oxygen in their analogows forms i.e. thiol with
hydroxyl, thioether with ether and thiophosphate with phosphate
was made,

A preliminary study on the use of ferric salt in the
stablisation of()rinox was conducted, No conclusion could be
established at ﬁhis stage and further experimental work is

required for a proper evaluation on the potential use of the

ferric salt,
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INTRODUCTION



N

Tinox is an organophosphorus pesticide belonging to a larger
group of compounds, theGQSystox, which is derived by replacing
the basic choline nitrogen of the Tammalin eeters1 of the
general etructure as shown in (I) by a less basic atom such

as suleum

Tammelin RO\F/D R ROKP/Q
VAN 'O\ R
esters R x-cufcufu:: X~ CHy CH NS

(1a) (Ib)

X=oxygen or sulFbur R'=alkyl, alkoxy or fluorine

Though the Tammalin esters have excellent insecticidal
activities, they also exhibit high mammalian toxicity, The latter
property is attributed to the basicity of the nitrogen which
is considered to be the primayy factor in the interaction with
the active sites of the enzyme cholinesterase2’3. For practical
application as insecticides, active substances with such unfavourable
toxicological properties are out of the question, The toxicity
of these compounds may be reduced in two ways (i) by the reduction
of the basicity of the choline nitrogen by using alkoxycarbonyl4

or.'alkoxy-sulfonyl5 group as shown in structures II and III,

respectively; (ii) by replacing the basic choline nitrogen by

B 0(S) RO_ 0(S)
/P\ /P\ R
RO 0-CH,CH,NH-COOR RO" S-CHpCHpN{g) o
(s) (0)
(11) (II1)

less basic atoms such as sulphur. The second method results in

the larger of the(aéystox compounds,



®

Tinox is a commercial product which acts as a selective
systemic and contact insecticide especially against aphids
(Macrosiphon Solanifolii) and spider mites (Tetranychus Unticae)6.
It is essentially a mixture of 0,0-dimethyl O-(2-methylthioethyl)
phosphorothionate (IVa, Thiono-Tinox) and 0,0-dimethyl S—(2-methyl-
thioethyl) phosphoroihiolate (IVb, Thiolo-Tinox), Both isomers
of Tinox exhihit insecticidal activities, However, due to the
higher dissolution rate of the thiolo isomer in aqueous system,
which allows it to be absorbed into the plant system more quickly
than the thiono isomer, the former isomer has overéll activity

more than ten times greater~than that of the thiono form7 and

is largely responsible for the systemic activities of the produ:cts’3

3 CH,0 0
mbo\ /s 30
p
/P\ _ 7\
Cli;0 OCH,,CH,,SCIl, CHg 0 SCH,CH,SCH,
(Iva) (IVb)

The product is manufactured from the acyl chloride

(dimethyl chlorothiophosphonate) and 3-thiabutanol in chlorobenzenelo

CH,0 S CH30\ /S

+ OHCHzCﬂszHE]-—-——-b //E\

CH30 Cl CH30 OCH2CH2SCH3

=

g
7N

cH 0

30\\ y
P
yd

/

CH,0 SCH20H280H

3 3

Figure 1,1 lteaction Scheme of Tinox Production



The thiono form oé:%inox is first formed in this
reaction and this is subsequently converted to the thiole
form by heat treatment, The conversion to the thiolo form
does not go to completion and the final product consists of
a mixture of the two isomers in the ratio of thiolo:thiono
= 2:110. The product is concentrated by vacuum distillation
to the technical grade Tinox, which normally contains an average
of 70—80% of the active material,

The isomerisation process utilizes the self-alkylating
properties of the thiono~phosphoric esteri!™13, Even without
nucleophilic partners thiono-phosphoric acid esters themselves
can participate in alkylation reactions, In order to obt#in
intermolecular C-0 cleavage, vigorous reaction conditions
are required, but such conditions (prolonged reaction time high

temperature) are readily achieved in technical synthesis, In

the case of:%inox production the nucleophilic centve is the

thiono—-isomey ;:
CH. 0 '
30 4VS CHéO SCH2CHQSCH3 CH3 \\ //S
2 /P\()
CI130 0CH,, CH,SCH, [CH30 OCH,, CH,, SCH, CH30/ \
, CH30\ /SCH CHySCH,y
P
7N\
CH,4 0 0

Though severe conditions are normally needed for the self-
alkylation reaction, the process occurs at a very much lower

temperature and is thought to be responsible for the gradual

(1)



loss of the insecticidal activities of mostG§Systox compounds
on long storage due to the breakdown of the active substances
by formation of other unwanted products, This deterioration

is highlighted iﬂ:%inox by the formation of trimethyl phosp-

honate in the Tinox formulation represented by the following

reaction:
ClL,0 S CH, 0 0 Cll.0 0 ClL.0 0

3 \P/) J \P/ 3 \P/ 3 \P/ (2)
C / -o/\ 'M._CH_SCII, C ¥ “b/\‘ I
H30 0 ClI3 SLll2 112 Ll[3 1[30 &»CI_I3 bClI2Cl{2SC 13

Furthermore the thiolo~isomer is even stronger alkylating
agent and would alkylate the sulfur atom in the side chainl4"16.
Identification of all the chemical components found in
the formulation ofC)Tinox after long term storage lends further
support to the proposed breakdown méchanism. With the aid of

gas liquid chromatography Wold-Dieter Spiethoff17

has successf-
ully identified all the components in samples ofqgrinox after
a storage period of one year, The compounds found in these
samples are listed in Table 1,1, p. 6.

Apart from the compounds which are inherent to the
industrial process i.e, the Tinox isomers, chlorobenzene
from the residual solvent, and 3-thiabutanol from the starting
material,’ the origin of the various chemical substances may
be traced back to the isomerisation process of thiono-isomer
to thiolo~isomer. The following explanations were proposed by

Wold-Dieter Spiethoff to account for the chemical components,

0,0-Dimethyl S—methyl phosphorothioate (ng,6)

This has been dedlf with above in equation (2),
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Table 1.1

Thiolo-Tinox
(CH30)2P(0)(SCH2CH
Thiono-Tinox
(cuao)zp(s)(ocngcﬂ
Chlorobenzene
CgHyCL

Trimethyl thiophosphate

(01130) 3Fs

3-Thiabutanol

CH,SCH, CH, 0H

0,0~-Dimethyl S—methyl phosphorothioate
(cH30),P(0)(SCH,)

Di-(methylthioethyl) sulphide
(CH4SCH,CH, )5S

l-Mercapto~3-thiabutane

CHSCH,, CH,SH

Di~(methylthioethyl) disulphide
SCH380H2CH28)2

2,5~dithiahexane

CH,SCH, CH,SCH

2772773
Dimethyl sulphide

(cHy),S
Phosphoric acid

2scua)

5SCH, )

<

Polyphosphate -

Sulphonium salts |

Approx, %
61,7
12.1

6.6
5.2
0,3
1.9
1,3
0.5
1.0
0.6

0.5

803



Di—(wmethylthioethyl) sulphide (no.7)

This is probably caused by the splitting of the ion
product A from the reaction of thiolo-Tinox and the ion B
of the isomerisation process, In this reaction phosphoric acid

(no.12 in Table 1.1,p.6) is formed as well.

CH, 0 0 - CH CH,, 0 0
N7 + 2\§21)1 ’ N7
/ s 38 PARN (+)
LI, 0 SCIL,CIL,SCH,  CII, ClL,0 50l CI,SClly
SCHGCHCIL
B A
CH,, 0 B
3 \\P4? ‘ (3)
PN +  CligSCH,CH,SCIL,CH,SCH, 3
Cliz0 OH

1-Mercapto~3—thiabutane (no,8)

Thiolo~Tinox hydrolyses rapidly in alkaline medium
forming dimethyl phosphoric acid and l-mercapto-3-thiabutane,
The occurence of small quantities of these hydrolysis products

in Tinox formulation is therefore readily explicable.

0 0 CH,,0 0
P P + CH_SCIL CII_ SH

/N /N S ) (4)
CH, 0 SCH,,CIL,SCI, CH, 0 OH

CH3

Di-(methylthioethyl) disulphide (no., 9)

The ease of oxidation of thiols accounts for the pre-
sence of the disulfide which arises from the oxidation of

l-mercapto-3-thiabutane.

(0) .
CH4SCH, CH,,SH (CH380H20H28)2 (5)



2,5-Dithiahexane (no.10)

This compound is the product of methylation of l-mercapto

~methylthio~ethane by thiolo~Tinox,.

CH,0 0
m%o\ /0 20\
/

CH,SCH,CH_SH + P —— CH,SCH_CIISCH, + P
| 2 /s N@

N\ 3 2 3
CH30 SCH20H280H3 CHasﬂﬂzCst 0

(10)

Dimethyl sulphide (no.11), polyphosphate (no,13) and sul ph-
onium salts (no,14).

The acyl cleavage reaction of the 0,0-dimethyl S—methyl

phosphorothioate is responsible for the formation of dimethyl -

sulphides Sulphonium ions and readily hydrolysable polyphosphate

are formed in parallel with this reaction,

> S

ca,o0 0 : CH,0 0
8\ o~ 3"\ 7 3"\ /

P
N\ (+)cH
cio”  scH cL.0” \s/ca. 07 “scH
3 3 3 N—t 3
| 3

L

V///// (7)

P
CH,).S CH,0-P-0-P-SCH
(Cly)y ) |

3

CH30 OCH3

(11) (13)

3

A schematic representation encompassing all the suggested

reactions outlined above is shown in Figure 1,2, p.9.
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The instability of the active ingredients on long
storage presents a serious technical problem in the accurate
formulation of ©@'inox for commercial sale, Usually addiitional
C)T

amount of ~Tinox iis added to compensate for any decomposition

of the active ingredient. from the time of formmlation to the
actual field application of the insecticide, Apart from the
fact that this method may lead to inaccuracy in the dilution
process before spraying, it would impose additional cost

to the manufacturer, Hence, there is urgency to find a way
to stabilise the active ingredient after it has being formul-
ated to prevent wastage of the valuable material,

One of the possible approaches to the problem of
stabilisatign of the active ingredients may be by metal
chelation, As Tinox contains potential co-ordination sites,
the phosphoryl oxygen and sulphur and the thioether group

@®

the possibility of —Tinox forming metal complexes is high. It
is well known that an unstable compound may be stabilised by
chelate formation with the appropriate metal under the right

18-19

conditions . hence, it is hoped that with a thorough

®

understanding of the chelating properties of “Tinox, a method

may be developed to stabilise the compound through chelation
with metal., The final solution would of course involves invest-
igation of the thermodynamie proferties of the complex if
formed, However, the first stage of the investigation should
concern-mainly on whether metal complex could be formed with
the‘DTinox isomers and the conditions favourable for the
formation, A structural analysis on any complex formed by

spectroscopic means would also be of great value to the full



anderstanding of the chelatfion properties,

An additional problem in handling ®rinox formulation is
the cumbersome method of analysiszo. The method consists of
the determination of total active isomer content i.e, the
thiolo and thiono isomer content together and a separate deter-
mination of the thiolo isomer content. Subtraction of the two
results leads to the thiono isomer content,

The determination of total isomer content requires the
removal of phosphorus containing impurities (mainly trimethyl
thionophosphate) which are removed by azeotropic distillation
with chlorobenzene., To ensure complete removal of this type of
impurity,- it is necessary to repeat the distillation for ten
times of more, thus making the method tediously time consuming,
The residue which contains only thiolo and thiono-isomer is
gaponified with sodium hydroxide. The excess sodium hydroxide
is then determined using standard hydrochloric acid,

The thiolo isomer is determined iodometrically as
l-mercapto-3-thiabutane after saponification in the presence
of lead acetate solution,

The thiono isomer is given by the difference of the
total isomer content and thiolo isomer content,

Due to the large number of experimental steps involved
in the analysis, the accuracy of this method is poor with an
estimated percentage error of 4+ 15%,

It is hoped that the study of the chelating properties
of thecqrinox isomers may also lead to the development of a
more convenient method for the analysis, such as direct
photometric determination of the isomers of(jbinox replacing

the present inaccurate and time consuming method. For this

11.
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purpose, an understanding of the chelation properties and the
conditions for metal-complex formation of other chemical comp-
onents present in the formulation are essential, so that
any photometric methgszgzéht be developed would be guarded
against any possible interference from these compounds, To this
end, the Wold-Dieter Spiethoff analysis (p.4) may be used to
elucidate the nature of the remaining components in the form-
ulatién. However, it must be pointed out, that the method used
by Spiethoff for the identification of the chemical components
may lead to mis-interpretation of the actual contents in the
OITinox formulation, This is because of the high temperature
employed in the analysis, At the temperature used (D50°); it is
certain that furﬁher isomerisation would take place and also
other side reactions could not be ruled out entirely, Despite
this criticism, the analysis is useful as a guide for the
present investigation,

| In order to formulate the right approach to the solution
of the present problem, it is necessary to know about the work
done up to date concerning the chelating properties of sulphur
and phosphoryl sulphur and oxygen which are relevant to the
problem., In this, it is convenient to divide the compounds in
the formulation into two groﬁps,(i) compounds which contain
thioether group but no phosphorus and (ii) compounds which
contain phosphorus as well as the thioether group. The first

group provides a set of compounds for the study of sulfur as

co—~ordination centre in thiols and thioethers,

®

The remaining chemicals in the formulation of “Tinox
are the sulphonium salts, phosphoric acids, polyphosphates,

trimethyl thionophosphate, trimethyl.4hielophosphate, chloro-
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benzene and the two()Tinox isomers, The first three substances
are omitted in the study as these are insoluble in organic
solvents and can be taken out of the system easily by first
dissolving the formulation in ether and subsequently filterin}
off the insoluble materials, Chlorobenzene can be ignored in
the chelation study as it is an inert solvent and does not
interfere with the results obtained, Thus the second group
contains only the two isomers ofﬁaTinox.

| Due to the similarity between oxygen and sulphur as
co~ordinating centres in ligands, the properties of the latter
in complex behaviour is often compared with "those of analogous
oxygen complexes., The position of the sulphur in the electroneg-
ativity series does not reflect its true ability as a donor

atom°1?2?

mainly because its effective electronegativity will
be influenced by the presence of other atoms or groups attached
to the donor atom, From a consideration of an electrostatic
model, it can be said that, for a unidentate ligand the co-ord-

inating ability depends not only on the electronegativity but

on the total dipole moment (/) of the ligand:

ML = P+ p' = P+xXE

where P=the permanent dipole moment, p'=the induced dipole
moment, (X=the polarisability and E=the inducing electrostatie
fie1d>,

Thus, although the permanent dipole of NH3 is less than

that of H20, the total dipole moment of NH3 may be greater



in the presence of a cation with a high polarising power, The
larger size and smaller dipole moment of H28 reduces its
co—ordinating ability below that of water for ions of low field
strength, However, H2S is more polarisable than water and with
ions of high charge density H2S co-ordinates strongly and protons
are forced off to give insoluble sulphide,

On both the electrostatic and covalent models, for an
uncharged ligand, it is expected that the co-ordinating
tendency would follow the sequence of R20:>R28>>R28e;>R2Te.

Ahrland, Chatt and Davies24 made an extensive study on
the relative affinities of ligand atoms for metal ions, They
divided metal into two classes:(a) those which form the most
gtable complexes with the first ligand atom of each group in
the Periodic Table; (b) those which form the most stable
complexes with the second or subsequent ligand atom, This is
quite often used as a guide in deciding the metal ions used
for studying éomplex behaviour of ligand, Another method éf
classification of metal ions and ligands has been suggested
by Pearsonzag He has classified metal ions and ligands into
"hard" and "soft" Lewis acids and bases and has suggested
as a general rule that hard acids bind strongly to hard bases
and soft acids to soft bases,

Sulphur ligands are generally soft bhases. MMowever, it
is possible for a soft basc e.g. the highly polarisable 82-
and RS~ fons, to be strongly bonded to the proton which is
itself a hard acid. |

The ligand field strensth of sulphur ligands may be
compared with other ligands using the spectrochemical serie326

(]

This is arranged according to the spectroscopic splitting

14



15
parameter /A, as given by the frequencies of ligand field
absorption bands in transition metal complexes, The position
of sulphur ligand in the series is still not very clear, as
sulphur has vacant d orbitals which can be used for dyj - dp
bonding, The extent to which such fi-bonding occurs is difficult
to assess but available evidence suggests that, in favourable
circumstances, it does occur with ligands containing snl@nn27.
As the parameter A is dependent on the overall electrostatiec
state of the bonding, it varies according to the degree of
71-bonding.,

The series of sulphur ligands to be studied may be
divided into the thiols (RSH) and the thioether (nSR),

The behaviour of the thiols as a donor in transition
metal complexes has not been subjected to such detailed study
a8 a number of other donor groups. The thiol group often gives
metal ions derivatives that are extremely insoluble, bridged,
or ewen polymeric., Also thiols are good reducing agents., These
properties greatly complicate the characterization of thiol
complexes,

One of the most important propertieg associated with
the thiol donor is its ability to form complexes containing
sulphur bridges. This tendency is illustrated by the nickel(II)
complex of ethyl mercaptan, which has been found to be diamag-
netic, polymeric complex and the structure in Figure 1.3,p.16
was snggestedzs, If other strong ligands are introduced €9l
tri-n-butylphosphine polymeric products can often be avioded
and sulphur bridging is confined to the dimeric structure shown -
in Figure 1,4, p.16. Thus, Chatt and Mann’’ preparcd the cis

and trany forms of dichlorobis(tri-n-butylphOSphine)7u-ethy1-
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Figure 1.3

Figure l.4

b1igure 1 PY B

E

e
- s e

Cl

\Pt -

f
S

RyP

Ef

Figure 1,6
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thiolodiplatinum (II) (structures in Figures 1,5 and 6, p.18,
respectively) and other similar complexes, The linear structure
can be terminated by the use of bidentate ligands containing
the thiol and another donor e.g. nitrogen,

Several bidentate thiol ligands have been studied by

Jicha, Busch and co-workers® 0~33

o« They found that with nickel
and cobalt divalent ions, a number of complexes with different
gstoichiometric formula could be obtained depending on the
experimental conditions, Thus,}3-mercaptoethy1amine forms

two distinct types of compounds with nickel and cobalt divalent
ions, In strong basic solution the well defined monomeric
complex: bis—( /B-mercaptoethyl) amine nickel(II), ML, is
obtained, The complex is diamagnetic and has a square stereo-
chemistry, The high stability of this complex is illustrated
by the reaction with pyridine. Four co-ordinated square complex
of nickel usually expands its co-ordination number to six

when treated with pyridine (i.e. a change from the square
planar system to the octahedral by the attachment of two
pyridine molecules on the 2z axis). This is not observed with
the bis-(/g—mercaptoethylamine) nickel(II) complex indicating
the strength of the complex in resisting a change to its ster-
eochemistry,

The tendency for sulphur ligands to form square planar
diamagnetic complexes might seem surprising in that it is
generally believed that square planar co-ordination is favoured
by the high field ligand such as nitrbgen. Such complexes
probably occur because the nephelauxetic effect of sulphur
greatly reduces the pairing energy (the interelectronic repulsion

within the @ shell) of the d electrons, allowing pairing to
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occur at a lower crystal field splitting energy, This results

in the formation of a diamagnetic low 8pin complex., This behaviour
is confined to thiol ligand and not to sulphur ligand ‘as-a

whole e.g. thioether metal complexes are usually high spin

and octahedral in stereochemistry34. This reflects on the

different bonding behaviourof the sulphur ligand when present
in different electronic state, William335 has suggested that
the principal difference between thiols and thioethers as
ligands is that the former are more highly polarisable but mot
ag effective & electron acceptors as the latter,

In neutral or slightly acidic solution a nickel complex
formulated as M(ML2)2012 is formed> >, The complex is diamagnetie
indicating that all three nickel atoms are contained in planar
co—ordination polygons, A structure for this compound involving
& third nickel utilizing to full advantage the strong donor
properties of the co-ordinated sulphur atoms of two uncharged

ciBLbis-(%B-mercaﬁtoethylamine) nickel(II) molecules as shown

in TFigure 1,7, below, has been proposed.

Figure 1,7

[ CH, —CH, CH,— CH,
o,N N 4 N\
2 S 8 N,
N, N N
Cc1
N\ 2
HzN/ N S / S <N NII,
AN / S
CIl,—CII, CI ,— CHy



Despite the uncertainty associated with the actual
geometric form for the uncharged species, the configurational
stability of the cis-isomer receives some theoretical justif-
ication from the premise that two 7fi~bonding sulphur atoms would
not be expected to enter into competition for the 4y electrons
of the nickel(II)36 as would be required for the trans-isomer,

A change in the nature of the sccond donor atom may
affect the chelating properties of the thiol chelates, This
is reflected in the ligand 2-(2-mercaptoethyl) pyridine, This
ligand is similar to B-mercaptoethyl amine in its donor atoms
but differs in stereochemistry and type of nitrogen atom and
in the size of the chelate ring it may form,

With ‘this ligand, in addition to the two types of
complexes ML,, M(ML2)2012 formed by the‘p-mercaptoethyl amine
described above, another type of complex with stoichiometrie
formula of M2L201 lis formed with nickel chloride when the
preparation is‘done in ethanol, The complex is dimeric and
as the structure involved sulfur bridgingal, two possible
structures in Figure 1,8 and 9 illustrated below are proposed,
No definite assignment of one of these structureas was then
possible,

@LH - CH | O CH,= CH

S‘\‘ M///,Cl N(:;\» )//, \\E‘M
N

N
/N

M

\/
VA

N
)
Q\

Hz—-CH
)

%

FTigure 1. 8 Rigure 1. ©



Unlike the mercaptide ion (RS™), complexes of sulphur as

. | . . 27,37,38
thioether (11SR) have been studied less extensively .
Most of the work done are with typical class 'b' metals such

39—41. It is of

as Pt(11), Pd(1I), Rh(I1I), Ir(III) and Hg(II)
interest to note that, though thioether proves to have spectro-
chemical field strength that is 'fairly strong'42 or almost

as strong as ammonia, the thioether chela&tes of typical class
ta! metals e.g, Co(II) and Ni(II) are quite unstable towards

43

displacement by water =, This makes it necessary to prepare

the esomplexes under non-aqueous conditions,

Bidentate ligands with sulphur atoms at both of the
co~ordination sites e,g. 2,5-dithiahexane, have been studied
in some detai144. There are indications that the nature of the
alkyl group attached to the sulphur affects the general stability
and ease of formation of complexes, With bulkier terminal alkyl
group complexes of lower stability are obtained., With 2,5-dithia-
hexane, complexes of nickel and cobalt divalent halides, thio-
cyanates and perchlorates were obtained; with 1,2-di(isepropyl-
thio)ethane complexes were formed with cobalt and nickel halides
and thiocyanates but no complexes could be obtained from the
perchlorates; with 1,2-di(t-butylthio)ethane, no solid complexes
were obtained in pure states, though there were colour changes
indicating some complex formation. No evidence of complex
formation was obtained with 1,2-di(phenylthio)ethane,

The usdal stoichiometry of the complexes with Ni(II)
and Co(II) salts of the bidentate sulphur ligands mentioned
above is ML,X, (M=Ni, Co; L=bidentate ligand; X=anion e.g.

Cl, Br, I), though other metal to ligand ratio may sometimes

be obtained. The stereochemistry of these complexes 1is generally

20
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tetragonal with the anions co-ordinated in the axial positioms,

With the exception of the disulphide ligands, the series
of sulphur ligands under study are all bidentate with one
co-ordination site occupied by a thioether and the other either by
oxygen as hydroxyl or ether, and by sulfur as thiol. It would
be interesting to compare the co-ordinating behaviour of the
dithia-~ligands with thewe substituted thia-ligands and to see
whether the substitution of the sulphur by other co~ordinating
ligands would affect the co~ordination behaviour of the sulphur
atom,

The di-(methylthioethyl) disulphide, one of the compounds
under investigation is of great interest, Unlike other ligands
which are bidentate, this compound has four possible co-ordination
centres, During the last decade there has been & great deal of
interest in the synthesis and complex formatiom of multi-dentate
ligands containing heavy atoms45. These have mainly been of
the tripod quadridentate type e.g. the 2,3-butanedionebis (2-di-
phenylphosphinoethylimine) and trigonal symmetry of these
ligands most frequently gives rise to trigonal bipyramidal
complexes with Co(II) and Ni(II) metal ions, Comparatively few
complexes of tetradentate thioether have been reported. The
cyclic tetradentate ligand 1,4,8,11-tetrathiacyclotetradecane
forms paramagnetic tetragonal complexes with nickel(II) halides48
and the open chain which also forms tetragonal paramagnetic
complexes have been reported47° A comparison of the quy values
(1070 em~l for the tetracyclic and 1020 em™! for the open chain)
showed that the open chain ligand is lower in the spectrochemical

series than the cyclic ligand,

The 1ist of compounds containing phosphorus and thioether
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may be divided into the phosphoryl R3P=0 and thiophosphoryl
R3P=S groups,

Ligands co-ordinating by the phosphoryl oxygen, such
as phosphine oxide, phosphonate and phosphinate esters48-52,
have been studied quite extensively and with the use of infrared
spectroscopy (the shift of the P=0 band) it is proved that
co-ordination of these type of compounds is via the phosphoryl
Oxygensao

The position of absorption band attributed to the J/(P=0)
stretching frequency limits varies within 1100-1300 cm)
depending on the substituents on the phosphorus atom54. There
is an increase in the frequency of }/(P=0) with increasing
electronegativity of the substituents, This is said to be
caused by the increase of partial charge on phosphorus which
would result an increase in pry - dry back bondihg from the
phosphoryl oxygen to phosphorus (i.e., an increase in bond
strength) which is reflected by the shift of the )/(P=0) to
higher frequencyas’58

On co-ordination to the metal the oxygen loses part of
its negative charge which would result a decrease in the

availability of the oxygen electrons for back-bonding to the

phosphorus. This is reflected by a shift of the absorption

band to lower frequency by about 20-70 mn"1

The number of phosphorus monodentate ligands which would

co~ordinate to a given metal is not very clear57;68. The
evidence suggests that, in general, the co-ordination number
of thé metal varies with the chemical nature of the phosphorus
atom and to a small extent the size of the substituent groups,

For a given metal, the co~ordination number increases



with the number of the methoxy substituentssﬁ. Thus, trimethyl

57,58
phosphinic oxide forms complexes of the type (MX4Z+) '

59,60

and
[ML,(0C10,)]* (M<Ni, Co and Fe; L=(CH,),P=0) , while for
dimethyl methyl phosphonate complexes of the types [FeL5]2+,
PML4]2+ (M=Ni or Cu) and [I}IL4(H20)2:]2+ (M=Co or Zn; L=ligand)

58

have been isolated™ . With trimethyl phosphate the divalent

3@ metal ions easily form complexes of the type [@Ls(Hzoi]2+
and trivalent metal ions form complexes of the type [ﬁLé]3+.

Steric hindrance as a factor limiting the co-ordination
number of the metal ion, is reflected by the tendency for the
divalent metal complexes of di-isopropyl methyl phOSphonate
(DIMP) not to exceed a co-ordination number of four even in
the presence of excess ligand. The steric effect is manifested
by the fact that the tetra-co-ordinated ion does not have
tetrahedral cationic configuration58. Magnetic moments and
electronic spectra of the transition metal complexes indicate
a 1igand field symuetry = intermediate between distorted T
and D,y o

Phosphoryl ligands with more than one co-ordination
centre have not been studied in such detail as the monodentate

61 1% bas been recently reported61 that bifunctional

ligands
1igands such as thP(O)(CHz)nP(O)Ph2 reacting with nickel(II)
and cobalt(II) halides differ in their co-ordination properties
dépending on the length of the aliphatic chain apd on the nature
of the metal ion, The ligand 1,2~bis(dipbenylphosphine oxide)
ethane (DPEO) with nickel(II) and cobalt(II) perchlorate forms
octahedral cationic complexes with the formula M(DPEO)é(ClO4)

2
(M=Ni or Co), Similar complexes are obtained with ligands

(03H70)2P(0)CH2P(0)(003H7)261 and (MeZN)zp(o)N(CHs)P(O)(NM92)262.
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However with the halides of cobalt(II) and nickel(II) mixed
octahedral-tetrahedral complexes are obtained having the
formula [%(DPEO);]2+[EMX4E]2- (X=C1, Br and I). The electronic
spectra of the [bo(DPEO);]2+ (MX4)2~ complexes show character-
istic absorptio;_banda f;; both the tetrahedral and octahedral

. cobalt(II) ions. However, in the analogous nickel(II) complexes
the high intensity and complexity of the (N1X4)2- spectrum
obscures the low intensity bands of the octahedral nickel(II)
cation, but the magnetic moments of the complex after subtracting
the contribution due to the tetrahedral (NiX,)?~ anion is

3,22 B.M, which agrees with other octahedral nickel(II)
complexes,

In contrast to the numberous metal complexes of phosphine
oxideg, very few phesphine sulphide complexes have been reported63-67.
Under favourable conditions phosphine sulphides form: stable
complexes with metals that normally bond with easily polarized
donor atoms i.e., class 'b' metal ioms.

The co~ordination site is readily determined in the
phosphoryl sulphide complexes by consideration of the AV(P=S)

stretching frequency (500~700 cm’l) in cases where this weak

to medium strength band is observed, A shift of about 30 om™L

in the )/ (P=S) band to lower energy is indicative of the bonding
through the su.LP"lU-f a’rom‘a'z;

| Although some workers66 reported unsuccessful attempts
in preparing alkyl phosphine sulphide metal compléxes, D, Meek
andV¢E.Suﬂwm§8 have reported the synbhesis of several different

metal co—ordination complexes with a series of tertiary phosphine

gulphides. Trimethylphosphine sulphide (CH_ ) P=S forms white cry-

3)3
stalline complexes with Cu(I), Cd(II), Hg(II) and Zn(II) salts
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by the direct reaction of the appropriate metal salt with
the ligand in absolute ethanol,

Attempts to prepare complexes of the typical class 'a!
metals such as Co(II), Ni(II) and Fe(II) with R,P=S ligands
have not been successfules. Complex formation obviously
depends on the polarisability and basic character of the P=S
group. This could be altered by replacing the alkyl group with
more basic substituents., W.E. Slinkard68 isolated complexes
of Co(II) and Ni(II) using [(CH3)2§]3P=S tris(dimethylamino)
phosphine sulfide, as ligand. The possible co-ordination through
nitrogen atom of the molecule is ruled out on the evidence that
the y (P=S) stretching frequency (565 em™)) in the free ligand
is shifted to lower energy by 16-20 em™! in the compiex gpectra
indicating that co-ordination has occured through the sulfur
- atom in the ligand. Co-ordination through the nitrogen atom

would have raised the |/(P=S) stretching frequency,

The favoured stereochemistry of divalent transition

metal complexes with phosphine sulphide is tetrahedral, With

tris(dimethylamino) phosphine sulphide (TDPS) cobalt(I1) salis
form paramagnetic complexes of the type [EO(TPDS):](CIO )y
and c«('rnps)2 0 (X=C1, Br, I). Nickel(II) salts have similar

stereochemistry and nickel perchlorate complex of TDPS

[@i(TDPS);](CIO4)2 is one of the.few known cationic tetrahedral

nickel complex

In the case of bidentate ligand containing phosphine
sulfide as one of the co-ordination sites, 0jima and co-workers69
reported the complex properties of a series of new thiourea .
derivative, 3-dipheny1-phosphinothioyl-l-phenylthioﬁra (PTTU-A),

3~diphenyl-phosphinothioyl-1,1—~diethylthiourea (PTTU-B),



3-diphenylphosphinothioyl-1-dimethylthiourea (PITU~C) with
transition; such as Ni(II), Pd(II), Co(II) and Cu(II). The
authors suggested that the thiourea derivatives could act as
sulphur doner chelating reagents because their structures

include both enolizable P=S and C=S bonds

\w/
{

I

wn
/UJ_"U

n

wnn

|

H ; il

Figure 1,10
All the ligands are found to be bidentate and the type

of structures of the complexes formed with the metal ions

are shown in Figure 1,11, below, With Ni(II) and P&(II) the
complexes are square planar and with Co(II), although the
co-ordination sites are the same, they are tetrahedral., As

in the case of the bhosPhine sulphide, the lowering of the
stretching frequency of the {(P=S) band in the complexes by
28=~70 cxn-1 when compafed to the free ligand vibration of this
band, is indicative of the ' (P=S) co-ordination, However,
no comments havé been noted om the C=S stretching frequency70
thus making it difficult to compare the chelating properties

of this ligand with these of the thiocarbamic acids, but the
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P=S data allow the comparison of these types of ligand with
those formed by the 0'0-dialkyl phosphorodithioic acids71-75.

The dithioic acids form complexes of square planar stereochemistry
with a number of metals, With the divalent metals such &s Co(II),
Ni(II), Cu(II) and‘Zn(II) the complexes are bis—chelate structure

as shown in the Figure 1.12, below.

RO S OR
\\\\P'/// \\\\M /// \\\\P’///
RO//, \\\ S//// \\\"S /// \\\\OR

Figure 1,12

Althéugh as indicated in the figure, the phosphoryl
sulphur is involved in the co-ordination, there is no ohservable
shift of the }/(P=S) absorption in the spectra of the complexes
when compared to the }}(P=S) frequency found in the free ligand
spectrum, Furthermore, with strongly electropositive metal
like potassium or sodium, the salt formed showed a )/ (P=S)
absorption band 30 cm~! higher than the observed in the free
acid. It appears that the resonance structures of the dithioic
acid group (Figure 1.13, below) remains unchanged in the complexes

which is reflected by the unaltered y'(P=S) vibration bands.

RO\ /S RO\ /S //S
Rk () >p

RO \\s RO S \\
acid 'covalent salt' potassium salt

Figure 1,13
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In potassium salt the highly ionic nature of the metal breaks
down the resonance.structure which results a rise in the
energy of the system, which is in turn reflected by the higher
vibration freqency of the P=S band,
sSulphar

In the unchargediligands, the addition of a ligand
atom obviously enhancesthe co-ordinating properties of the
phosphoryl sulphide ligand. Wncharged bidentate ligands with
two P=S groups behave differently from their oxygen analog s

1, with Ni(II) and

of the general formula R2P(0)CH2P(O)PR26
Co(II) ions tetrahedral paramagnetic complexes are generally
obtained with the sulfur ligands, The ligand methylenebis~
(diphenylphosphine) sulfide (sps) forms stable tetrahedral
and pseudotetrahedral cobalt(II) and nickel(II) complexes,
The presence of other ligands such as halide ions leads to
the formation of complexes of the type Ni(sps)X2 and CO(SpS)Xz,
which are essentially non-electrolytes in nitromethane and
therefore formulated as the monomeric moieties [%(sps)Xé];
With weak ligands such as perchlorate ions, cobalt(II) and
nickel(II) ion form complexes [@(apei]2+(0104)2{

The above survey strongly supports the feasibility
of the project, the aims of which are as follows:
1. The study of the possibility of complex formation ofqgrinox
with the appropriate metals and the identification of the
chelation sites of thqurinox isomers if complexation occurs,
2, To investigate the conditions under which the breakdown
products ofCDTinox in the formulation may complex with the
chosen metals and together with the results obtained from the

isomer study to evaluate the possibility of the development

of a photometric method of analysis of the(gﬁinox isomers directly,
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To accomplish these aims, the metal salts of Ni(I1),
Co(II) and Fe(II¥) are selected for the mmplexation study; in
‘addition, certain organic compounds are introduced into the
experiment, some to facilitate the identification of he
éo-—ordination sites of the®Tinox isomers, others for the
comparison of the co-ordinating properties of the breakdown
products,

The ultimate aim of the()Tinox isomers study will be
the practical application of the metal to a@Tinox formulation
so as to stabilise the‘:%inox isomers via complex formation,
However, the complex must be able to hydrolyse instantly to
yield the free isomers when mixed with water before field
application of ‘the insecticide. For this recason and for
ecological and economic reasons, heavy metals such as -
palladium and mercury are not included in the study although
they are known to form stable complexes with the thioether
groupe. Furthermore the phytotoxicity of these elements also
rules out their possible use in field application., In fact,
the phytotoxicity problem rules out the use of most metals with
possible potential, The most suitable metal under this condition
ts obviously iron in its oxidation state of three (Fe°')

because of its low phytotoxicity and non-toxic ﬁatu;e to
mammals. Ilowever, due to the complexity of the spectra of
Fe(III) compounds and the eaéy reduction of Fe(III) to Fe(II),
interprctation of the results may be difficult, thus, other
metals were used for the initfal chelation study and Fe3+ was
deferred to a later stage,

The metal ions chosen for the study are the cobalt(II)

and nickel(II), The reasons for their choice are as follows.



Firstly, the co~ordinating proéerties of these two metals have
been well studied and results obtained here may be compared
with those reported in literature, Secondly, the electronic
gspectra of cobalt(II) and nickel(II) are well documented, which
makes the interpretation of electronic spectra of the complexes
prepared relatively easier and thirdly, there is no complication
from oxidation or reduction of the metal ions on chelation as
both nickel(II) and cobalt(II) ions are not subjected to
oxidation and reduction under the e»perimental conditions

in the present study,

As for the second aim of the project, the choice of metal
is not governed by the Pﬁykmoxicity issue, but by the selectivity
of the metal in complex formation with the different ligands
(chemical compounds) im the formulation, This again makes
the use of heavy metals non-feasible as metals like palladium
and mercury would form complexes with all the components
present  in thé formulation., In this case, nickel(II) and
cobalt(II) are again chosen partly for reasons outlined above
and also for their different affinities towards complex
formation with thioether, thiophosphate, phOSphate and thiols,

TheCDTinox isomers have more than one possible site
of co-ordination, thus, to conduct a study on their chelating
properties, it is necessary to pre-determine the chelating
centre(s) in the molecules. To do this, a series of model
compounds is to be prepared and their co-ordination properties
looked into,s80 that the chelating cenfre(s) in the()Tinox
jsomers may be identified., Together with thequinox isomers

the 1ist of phoesphoryl compounds prepared for the investigation

$s as follows:

30



methyl thiophosphate (CH30)3P=S
ethyl thiophosphate (02H50)3P=S
0,0-dimethyl (methylthioethyl) phosphorodithioate
(CH30)2P(S)SCH2CH280H3
®rinox-thiole isomer (CH,0),P(0)SCH,CH,SCH,
®Tinox-thiono isomer (CH,0),P(S)0CH,CI,SCH
3772 2- g
0, 0-dimethyl(methylthioethyl) thiophosphonate
(CH30)2P(S)CH2CHQSCH3
Among the sulphur compounds found in the formulation
ofqarinox listed on page 4, two of the compounds have been
studied, These are the dimethyl sulphide (Cﬂé)zs and 2,5~dithia~
hexane CHsSCHéCHQSCH344. The former only forms complexes with

the typical-class 'b' metal ions and no significant class 'a'

metal complexes have been reported, The latter has been

31

studied by M., Goodgame and co—worker44 and no further experimental

work is designed for this ligand,

The remaining sulphur ligands are the 3-thiabutanol
[§ﬁ3SCH20H20§], ]l-mercapto-3—thiabutane [§H3SCH20H28H:]and
di-(methylthioethyl) disulphide [KCH3SCH20H28);}. Three other
sulphur ligands were added in the study for the purpose of
comparison, These are the 1~mercapto-2-me£hoxy—ethane
[§H3OCH20H28§], l-methoxy~3-thiabutane [E?3OCH20HZSCﬁ§ and
di-(2-methoxyethyl) disulphide E?H3ocnzcngs)é].

Thus, apart from the technical interest, the two groups
of compounds provide an opportunity to investigate the chelating
behaviour of the sulphur and oxygen in three different forms,
sul phur as thiol, thioether and thiophosphate and oxygzen as

hydroxyl, ether and phosphate. Also a convenient comparison

between the co-ordinating properties of sulphur and oxygen



in their analogous forms i,e., thiol with hydroxyl, thioether

with ether and thiophosphate with phosphate may be made,

32
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2.(1) Crystal Field Splitting of 3d orbitals

In a free ion the d orbitals are degenerate, When the ion
is placed into a molecular environment, this degeneracy will be
lifted at least partially. The relative energies of the d orbitals
and therefore the electronic spectrum, will depend upon the
stereochemistry concerned,

The simplest method to determine these orbital enmergies is
by the Crystal Field Theory (C.F.T.)77-80,

In an octahedral system, the theory predicts the splitting
of d orbitals into two sets t2g and eg. It can be shown in terms
of the geometry of an octahedral system that the energy of the
t2g orbitals is 4Dq (Dq is an inseparate parameter determined
empirically) less than that of the five degenerate d orbitals and
the energy of the eg orbital is 6Dq higher than the degenerate
orbitals,

'In an octahedral complex that contains one d electron that
electron will reside in the d orbital of lowest energy. Thus
the complex will be 4Dq more stable than the complex with five
hypothetical d degenerate orbitals., Hence, placement of the d
electron into the tzg orbital, the complex is stabilimed by 4Dq
relative to the spherically perturbed situation. The 4Dq is called
the crystal field stabilisation energy for the complex,

Extending the Crystal Field Theory to other type of
stereochemistry the splitting of the d orbitals in these different
geometries can be qualitatively evaluated, Figure 2,1 shows.
the crystal splittings of the d orbitals of a central iomn in

complexes having different geometries,
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2,(41) Nickel(II) ion in an octahedral field

The nickel(II) 28 ion is characterized, within the

approximation of Russel-Saundersg1 coupling, by a 3F ground term

followed at higher emergy, by a 3P term, The energy separating
these terms is 15B where B is a parameter of interelectronic
repulsion, introduced by Racah82'.

In an octahedral environment, the 3F ion is split into
3A2g, 3ng, and 3T1g(F) in order of increasing energy, whereas

3P changes over into 3Tlg. Thus resulting three spin-allowed

(parity-forbidden) transitions designated by:

3T2g L 3A2g y,
Y1, (F)— ay Y2
12— Pag, V3

The energies of these transitions can be predicted from the .C.F.T.

6 2
’ eg )
configuration ( according to the weak field appreach ) is simply

3 ‘ .
The energy of the A2g term which derived from the (t2g

6.(-4) + 2.(8) = =12 Dq

The energy of 3T2g which also occurs once is derived from the

5

configuration of (t2g ,

3
is
€y )
5.(-4) + 3.(6) = =2 Dq
The energy of the 3’1‘1g term is derived by noting that in the

limit of the weak field, the centre of gravity ( barricentre )

of the various terms obtained from a common spherically perturbed
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atomic term lies at zero relative to that term, In evaluating
this the orbital dereneracy of each term must be taken into account,

hence if 'x' is the energy of the term 3’1‘1g then

3x + 3.(-2) + (<12) = 0
x = 6 Dg

Thus, the energies for the three transitions are as follows

Y, E = 10 Dq
N = 18Dq
Y3 = 12Dq + 15B

On the energy correlation diagram these transitions are illustrated
on the extreme left as shown in figure 2,2, (p.39 ). As the field

becomes stronger, termsof the same symmetry ( and spin ) can mix

3

together ( configurational interaction ), The Tlg(F) term mixes

with the 3T1g(P) term so that their energies are functionsof both
Dq and B. Thus, if the weak-field coupling scheme is applied, the

)

energies of these states follow ffém:

B, (Ay,) = -12Dg (1)
B, (°Ty,) = -2 | (2)
3 e®) P (@)
T, (F)| 6Dq - E 4D
1g q q - o (3)

3
Tlg(P) 4Dq 15B - E
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Figure 2,2. Energy correlation diagram of Ni(II) ion in an

octahedral field

with interaction



where equation (3) is equivalent to
3, 2 2 3
E( Trg) a 78B + 3Dq + 4(225B° + 100Dq” - 180DgB) (4)
The energy of each transition is represented as

h = 10Dq
Yp=  3(15B + 300q) - %[}153 - 1009)* + 12B.10Dé]% (5)
Y5 = #(15B + 30Dq) + 4 (158 - 100q)2 + lgn.lopi]é

2,(iii) Nickel(II) ion in a tetragonal distorted environment

The splitting of the energy level in & tetragonal field is
best considered by the withdrawing of the charges along the z axis.
As the distance of the charges on the z axis increases the repulsion
felt by the dzland dxz de orbitals will lessen and lead to a
decrease of their energies, with the former decreases more rapidly
than the latter, The moving away of the charges on the z axis allows
the charges on the xy plane to approach the central iom more closely

thus dxy and dx2_ y2 orbitals experiemce a grecater repulsion from

the ligands than they do in an octahedral .structure and resulting
an increase in their energy. Additional radial parameters Ds and Dt
;;e required to describe the splitting terms,

The splitting of the 3F ion (ds) term in a tetragonal field
as illustrated in the Figure 2,3. This diagram may be used as a basis
for predicting the spin-allowed transitiﬁns expected, Although all
the three energy levels in the Oh symmetry are expected to be split

under the D4h system, usually only the splitting of the lowest band
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is observed, This is explained by the fact that the two energy levels
3T1g(F) and 3T1g(P) split in a reverse senSe:83, thus when
configurational interaction occurs, the splittings tend to cancel

4,85
out ( it must be noted that Rowley and Drago 84,8 reported separation

of the other energy states on their spectral analysis at liquid
1

nitrozen temperature ), They have only to be reduced to about 500 cm ,

or less and they would not be resolved in the spectrum,

The two near infrared transitions observed in the spectra of
the nickel(II) ion in tetragonal environment are assigned to the
transition arising from the splitting of the 3T2g in octahedral
symmetry on going to D4h symmetry, to 3Eg and 3B2g , and
have energies of 10DqE and 10DqE - 35Dt/4 reSpectively83 « Which
transition is which may be adduced on the basis of the sign of Dt83 .

The sign of Dt follows theoretically from a consideration
of relative field structure of the different ligands, In the D4h
system it is shown to be

pg® - 1/6 O(i

where Dqg and DqA are the in-plane and out-of-plane strengths
L 4
respectively and O(E and 6(2 are the equatorial and axial fourth

power radial integralsrespectively, It is shown that
pt(D,) = 4/7(pq” - pq™)

The determination of Dt can lead to the derivation of the in-plane

and out—of-plane fiéld strengths in tetragonal molecules, If the



in-plane field strength is greater than the out-of-plane

field strength then the Dt will be positive and 3Eg level

will lie lower than 3B2g° In the abhsence of steric hindrance,
the sign of Dt may generally be ascertained by consideration

of the relative positions of the in-and out-of-plane ligands

in the spectrochemical series, In the system where the in-plane

ligand is stronger than the axial plane, the transitions are

3

depicted in Figure 2,3, p.43 as ) and ), assignable to 3Elg a— Blg

3 3 . 83
and BZg‘"' Blg’ respectively

The energies in the_(_l.8 system (neglecting configurational

interaction) of the tetragonal field relative to the octahedral

terms are zero are:

3A2 - 3B = +7Dt
3 g 1g
_—~B + Dt
3T2 , 8 separation (~35/4)Dt
g\\\~Eg -~ (1/4)pt
3
_ - 4Ds + 2Dt
3TlF 3A2g separation 6Ds - (5/4)Dt
& By, o+ Ds o+ (3/4)Dt
3
2 +  2Ds - 8Dt
STIF’ 3A2g separation ~3Ds + 5Dt
& g - Ds - 3Dt

When coqfigurational interaction between the two Tlg levels is
taken into account the splitting in these is 4,9Ds - 0,5Dt
and ~1,9Ds + 4,35Dt for the F and P terms, respectively,

The above treatment applies to trans complexes of the
type ML X, (Figure 2.4, p.43). In the cis complexes of ML, X,
the splitting of the octahedral terms is half of that of the
trans complex and - the level order will be inverted, Thus

the ng term in the cis complex seldom split§ whereas the
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splitting of the T term is often observed,

lg
In the high spin nickel(II) complexes a splitting of

the 4/ absorption band can usually be regarded as indicative

of a trans configuration, although the absence of 4/ splitting,

does not necessarily indicate a cis configuration,

2.(iv) Nickel(II) ion in a square planar stereochemistry

Square planar systemsmay be regarded as the extreme case
of tetragonal distortion with very weak or no charge along the

z axis, resulting the lowering of the z orbital as illustrated

86

in the energy correlation diagram in Figure 2,1,p. 36 ,

In the case of nickel(II) diamagnetic square planar

complexes, the energy level diagram is shown in Figure 2.5,

below,

Figure 2,5

As V) is a singlet-triplet transition, which is spin-forbidden,

this is normally not observed in the electronic spectra, Thus the
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diagram predicts that the diamagnetic square planar Ni(II) complexes
to show one ( J4) crystal field band (€ > 102). This is what
generally observed'except in the case of the complexes with sulphur
ligands which generally exhibit an additional well defined band
to lower energies than 34 , this is referred to as ), ,

The lowest energy band ( if the assumption in the assignment

‘s . 1 1 .
of the transition is correct ) A2g L Alg , arises  ag a
consequence of & transition from the d orbital to the diz 2,
xy -Y

orbital, whose one electron separation is IODQE, can be used

for crystal field strength comparison.

2,(v) Nickel(II) ion in a tetrahedral environment

The C.F.T. predicts that in tetrahedral environment the d
orbitals are split in the reverse sense to the octahedral environment
with tz at higher energy than the e orbitals as shown in

Figure 2,1, If the energy separation is designated by 10Dq' then

E(e) = EBE(4 _,,d4:) = -6Dg'

E(t) n E (dxz, dxy, dyz) = +4DQ'

For nickel(II) ion in tetrahedral environment, the C,F,T,
stabilisation energy is 8Dq', which is relatively 1low,

The 3F ion in tetrahedral field is split inverse of
the octahedral field, with 3T1 a8 the ground state, The expected

transitions in increasing energy are

r, (7))« Py - 4
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P 1) — P10 - v (8)
3T1 (P) — 3T1ﬂF) - V3

the energies of the three transitions taking configuration

interaction into consideration are given as

Y = #(100q - 158) + #[(10Dq + 158)2 - 123.101){]‘}
vy = [(100q + 158)2 - 12B.10Dq]% (7)
Y4 =« 4(30Dq -~ 15B) + ‘}BIODq + 1513)2 - 1213.101){]%

The J) transition may occur at higher emergy than the 24, if
the crystal field strength is sufficiently large (12Dq' > 15B).
This rarely occurs with tetrahedral nickel as Dq' is normally very

low,

2,(vi) Cobalt(II) ion in tetrahedral field

In a tetrahedral system, the frec ion term 4F and 4P

4 4 4
of the cobalt(II) iom split into le. ﬁTzh, and A2' and Tl.(p)

states, reSpeétively. Due to the inversion of terms between

octahedral and tetrahedral systems and the relationship between

B ang @o*m ligand field system, if one ignores multiplicity,

7

d
the energy expreasions of a8 octahedral system (p.38) and 4
tetrahedral system become identical., Therefore, equation 8 (p.40)
is valid for the energy calculation for the electronic transitions
of d7, high spin tetrahedral system, The energy diagram of this

system is shown in Figure 2,8,p.48,



2,(vii) Cobalt(II) ion in square planar field

The elecBronic spectra of the cobalt(Il) low spin square

planar complexes have only being clucidated by several detailed

analyses recently using esr technique.87—89

o Although there is
8till doubts on the exact energy levels of the orbitals, it is
_generally assumed that the ground state of cobalt(II) is

ijz)2(yz)2(yx)2(z2){1 ( with the assumption that the da_ 72

orbital which is directed at the ligand donor atoms is energetically

!

unfavourable for electron occupation ). The energy levels of the

four occupied orbitals depend both on the symmnetry of the complex

and the nature of the donor atoms of the ligands., Generally the

dzz is highest in energy and remains unpaired in the ground state

as shown in Figure 2,7, The observed absorptions may be interpreted

in terms of the transitions between electronic states shown in

Figure 2,8, p. 49.
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2.(viii) The Racah Parameter B and the Nephelauxetic Series.

It is generally observed that the interelectronic
parameter B ( and to a lesser extent C) obtained for the metal
ion in%compbex is lower than the free ion value, The observa-

O. In the free

tion is explained as the nephelauxetic effect9
3d metal ion, the interelectronic repulsion integrals are
approximately proportional to the average reciprocal radius

[?h{]3d of the partly filled 3d shellgo. The decrease in B

is therefore attributed to an expanded radial distribution of

d electrons in the complex i.e,

- complex ~1 free electron
l:r ]3d < E’ ]3d

Two different origins of the nephelauxetic effects have been
advanced (i) the cemtral-field covalency is due to screening
the nuclear charge of the central ion by electrons of the
ligands; (ii) the symmetry restricted covalency is caused by
delocalization of metal d electrons onto the ligand (the
delocalization is symmetry dependent on e, electrons for v,
tzg for j~bonding). However, no quantum mechanical theory has
yet been developed which would provide a quantitative basis
for the nephelauxetic effect,

If indeed the assumptions are correct them the lowering
of the B value in the metal ion on complexation would reflect
on the covalency of the co-ordination bond, One may reasonably

argue that the greater the reduction in B, as represented by

the ratio:
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B in complex B

X - = — =B,

B in free ion Bo

the greater the covalency in the metal ligand bond, and the smaller
the effective charge experienced by the ¢ electrons,

The numerical value: of the interelectronic repulsion
parameter may be determined from the spectrum of an actual
tram sition metal compound, using the energy transition equation
expressions appropriate to the calculation.

In the octahedral and tetrahedral system, all the electronic
parameters may be evaluated employing the equation from the
crystal field approximation, To solve for the Racah parameter
in a tetragonal nickel complex, it is necessary to know the Dt
and Ds values ( the additional parameters for the splitting of
the electronic states ). Ds is related to the splitting of the
aTlg(F) band wﬁich is normally not observed in weakly tetragonally
distorted system, such as those studied in the present work, Thus
all the calculation on the tetragonal system are treated as the
octahedral system,

This approximation is always bome in mind in the
interpretation of the results obtained which are only used as
supplementary data and no direct conclusion is drawn from these data,

The validity on the conclusion drawn, how«ver does not rely
heavidy on the exact value of the results, This is because the
conclusions are normally arrived by comparison with chelation

systeméwhich are analogous to the one studied e,g, the tetragonal

complexes obtained by the ligand 3-thiabutansl with nickel (II) halides
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are only compared with complexes which arec hnown to have the
same structure with the same type of halide ion as in the case
of Ni(Lﬂ'EL)ZCIZ’f with Ni(2,5—dithiahexane)2012 where the cc-ocdingtion of

the halide ions i5 the came.

2,(vx) Magnetic Behaviour.

Diamagnetism and paramagnetism are properties of individual
atoms or molecules, These properties are quite different to the
ferromagnetism which ts of force much greater ( perhaps 10° times )
than paramagnetism., The prescnt discussion will be limited to
diamagnetic and paramagnetic behaviour of transitional complexes,

The presence of the incomplete d shell in the transitional
metals means that in accordance to Hund's rule, there will be
unpaired electrons e.g, with nickel(II), there will be three paired
and two unpaired electrons. Materials that contain unpaired
electrons are attracted to a magnet and are said to be paramagnetic,
In instances where Hund's rule is not obeyed and the unpaired
electrons in the free ion become paired in the complex, a low spin
complex is obtained as opposedto the high spin or paramagnetic
complexes,

The magnetic properties of transition metal complexes may
be explained by C.F.T...-To cause electrons to pair)sufficient energy
is required to overcome the repulsion interaction qf two electtons
occupying the same orbital, In the presence of crystal field
splitting, the d electrons will tend to occupy the lowest energy
orbitals, so as to avoid as much as possible interaction with the
ligands., If the energy thus gained is large enough to overcome the

loss in stahility due to electron pairing the electrons couple and

+
MTEL = 3-Thigbutanol
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the result is a low spin complex, Thus, complexvs with large crystal field

splitting energy will generally be low spin,

2.(x) Far Infrared

Far infrared spectroscopy (450 ~ 80 cm'l) becomesincreasingly
important as a technique for studying metal-ligand bonding in
inorganic and co~ordination compounds., Improvement in instrumentation
and simple cells have made direct observation of stretching vibrations
down to the low frequency region of SOcmfl possible, In the
present study, the region of most interest is between 500 to 100 t:m"'1
because absorption bands associated with metal-ligand bonding
gstretching vibrations are generally in this range.

The stretching frequency of a particular metal-ligand mode
is dependent on the stereochemistry of the complex?tDue to the
fact that a variety of stereochemistresis feasible, the stretching
frequency observed can varies considerable from one compound to
another e.g, ¢/Ni-C1) is 190 - 230 cm™), 260 - 330 em~! and
340 - 400 em™  for octahedral, tetrahedral and square planar
stereochemistries, respectively.

The procedure used for analysing far-infrared spectra in

the presence study is by comparison of ligand and complex spectra,

The interaction of vibration modes makes it unrealistic to
regapd any band in the spectrum as derived from a particular
type of vibration such as metal-sulphur or metal-oxygen, Thus,,
in the statement of 4/(M-C1), it should be infered to the band
arises mainly, but not necessarily totally from such a normal

co-ordinate,

To analyse the bands observed in the spectra of the complexes
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a number of vibration modes reported in the literature concern-

- - 99 =104 91,105
ing metal-halogen92 8, metal-sulphur99 10 and metal-~oxygen ™’

have been collected and most of the conclusionsdrawn for the
results of the complexes studied are derived by comparison
with these reported data.

Much more is known about metal-halogen frequencies
than other metal-ligand vibrations, because of the high intensity
of these bands and they may also be identified as such by the
waielength shift that occurs when one halogen is substituted
for another in complexes of similar structure., Moreover these
shifts have been found with ratio ‘M-Cl/M-Br~Oo7797 and
M~C1/M-I~ 0,65 in most compounds, This general trend is also

observed in the present study,
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3.A Preparation of Compounds

The ligands employed in the present study were prepared
in this laboratory using published procedures for known compounds
and modified methods for the new compounds, Carefully purified
specimens of commerciaily available materials were also used in
some cases,

Literature survey indicated that most of the required
compounds which could not be obtained commercially, have been
synthesised before and various preparative methods were noted,
Most of these were tried in the laboratory in a small scale;
the method used for the preparation of the compounds in larger
quantities were selected on the basis of (1) simplicity of the
reaction scheme, thus reducing impurities formed by side reaction;
(29 purity of the final product, even on the expense of the yield;

(3) ease of extraction and purification of the final product.

All the products have been characterised by spectroscopic
means e,g. infrared spectra, nuclear magnetic resonance and mass
spectra, The purity of the compounds was ascertained by GLC,

The identity of a kmown compound was confirmed by comparing
its physical constantswith values given in the literature and

also, whenever possible by comparing infrared spectra,

3.A1 3-Thiabutanol cnascn2cnzo€]

Methyl sulphate (94.56 ml) was added to a stirred solution
of 2-mercapto-ethanol (78g; 1 mol) in aqueous sodium hydroxide
(300 m1 2M solution). During the addition the temperature of
the reaction mixture was not allowed to rise above 30°. Addition

wads complete in two hours. After standing overnight, the reaction

63
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mixture was extracted with chloroform (2 x 50 ml.) and the
extract was washed with water, dried over magnesium sulphate
and the solvent was removed. The residue was distilled and

the fraction boiling at 66-700/20mm. was collected, On re-dis-
tillation, this fraction gave 3-thiabutanol (5lgj 55% yield),
b.p. 69-71°/20mm. (E. Booth, V. Burnop and JoneleG, bepe

68-70°/20mm, ) (IR 1).

3,42 1-Chloro-3-thiabutane [Eﬁsscnzcn2c{]

A solution of 3-thiabutanel (46.5g; 0.5 mole) in dried
chloroform (150g.) was placed in a 500 ml, Claisen flask fitted
with a thermometer set for distillation and dropping funnel,

A calcium chloride guard tube was attached to the side arm of

the flask., A solution of thionyl chloride (83.,3g; 0.7 mole) in
dried chloroform (200g.) was then introduced dropwise with
stirring, Addition was complete in an hour, Hydrogen chloride and
sulfur dioxide were liberated, The reaction vigour was moderated
by cooling (ice bath) as necessary. After the addition, the
reaction mixture separated into two layers and it was allowed

to stand at room temperature for a further oneand a half hours,

The solvent was then distilled off and the residue fractionated

at reduced pressure, The product l-chloro-3-thiabutane (51.2g;
61.5% yield) boiled over at 55-56°/30mm. (W.R. Kirner!®7

b.p. 55-500/30mm.). The purity of the product was checked with

GLC and mg radistillation was required,

3,A3 1-Mercapto-3-~thiabutane [§H3SCH2CH28HZ]

Thiourea (38g; 0.5 mole) was added in four portions to a
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solution of l1-chloro-3-thiabutane (55g; 0.5 mole) in ethyl

alcohol (100 ml,); the resulting mixture was stirred at reflux

for three hours., The reaction mixture was cooled to room tem-
perature, The air in the reaction vessel was subsequently

replaced by nitrogen and aqueous sodium hydroxide (2M solution;

150 ml.) was added and the reaction mixture was refluxed for

two hours. On cooling, the thiol formed a separate layer and

was removed, The aqueous layer was extracted with ether (4 x 50 ml,)
and the combined ethereal extracts and the thiol layer were

together washed successively with dilute hydrochloric acid

and with water, The organic layer was then dried over magnesium
sulphate and the solvent was distilled off, The residue was
distilled and the fraction boiling in the range 77-82°/32mm,

was collected and was refractionated yielding 35g. (54% yield)

of l-mercapto-3-thiabutane b.p, 78-80°/32mm. (Miroslav!®®
b.p. 79-80°/30-35mm,). The purity of the product was checked

with GLC. (IR 2).

3,A4 l-Mercapto-2-methoxy-ethane_[§H300H2CH28§]

This was prepared by the alkaline decomposition of the
appropriate isothiouronium salt using the method as described
for l-mercapto~3-thiabutane. The foilowing quantities of
reactants were used: l-chloro-2-methoxy-ethane (47g; 0.5 mole),
thiourea (38g; 0.5 mole), and sodium hydroxide (2M solution;
150 ml. ).

The product was distilled and the fraction boiling in
the range 78-92°/40mm. was collected and was fractionated
yielding 15g. (14.5% yield), b.p. 80-82°/40mm, of the product

which was identified as the right compound by mass spectroscopy
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and proton magnetic resonance spectroscopy. Analysis gave

C 38.7%, H 9%; C,H,0S requires C 39%, H 8.,7% (Ir 3, PMRl 1),

8

3. ADB 1-Methoxy~3-thiabutane [5#30CH20H280§£]

Sodium metal (5g.) was dissolved in methyl alcohol
(100 ml,). To this solution, a solution of l-chloro-3-thiabutane
(23.0g; 0.25 mole) in methyl alcohol (50 ml,) was added dropwise.
The reaction mixture was refluxed for four hours and it was
then cooled and poured into water (300 ml,) in a conical flask,
The resulting organic layer was separated and aqueous layer
was extracted with ether (3 x 50 ml.), The combined ethereal
extracts and the 0il were together washed successively with
dilute sulphuric acid and with water., After drying over anhydrous
magnesium sulphate, the solvent was distilled off and the residue
was fractionated. The fraction which boiled over the range
76-800/30mm. was collected and re-distilled. The product 8g,
(35% yield) boiled at 78°/30mm. was identified as the right
compound by its mass spe€trummd p.m.r, spectrum, Analysis
gave C 47.2%, H 9.9%; C,H0S requires C 48.0%, H 10.0% (IR 4,

P 2),

3. A6 Di-(2-methylthioethyl) disulphide E?HQSCHQCst)é]
To a satirred and cooled solution of l-mercapto~3-thia-

butane (27g; 0.26 mole) in water (60 ml,), 3% H,0,,

dropwise., The reaction was tested for completion at intervals

was added

and it was shown to be complete when one drop of the reaction
mixture acidified with hydrochloric acid did not decolourise
aqueous potassium tri-iodide., The reaction mixture was then

treated with dilute hydrochloric acid till it was acid to
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methyl orange and the solvent was subsequently removed completely
leaving the erude dihydrochloric crystal of the disulphide which
was recrystallised from alcohol, The purified material was
dissolved in water and this solution was neutralized with sodium
bicarbonate and the disulfide separated as an oil, The aqueous
layer was extracted with ether (2 x 50 ml,). The ethereal solution
was combined with the disulphide and was dried over magnesium
sulphate. The solvent was removed and the residue which was

an 0il boiled at 125°/30mm., (K. Christopherl®® b.p. 124-125/30mm.)

(IR B).

3. A7 Di-(2-methyxyethyl) disulphide [EFH300H20H23)é]

This was prepared by the oxidation of the compound
l-mercapto-2-methoxyethane by H,0, as described in the preparation
of di-(2-methylthioethyl) disulphide. The following quantities
of reactants were used: l-mercapto-2-methoxyethane (23g; 0.25 mole),
H,0, (50 ml. of 3% solution).

The product was identified by mass spectroscopy and
proton magnetic resonance spectroscopy. The compound boiled
at 112°/25mm, and analysis gave C 39,7%, H 7,7%; CgH,; 0,8

1422
requires C 39,5%, H 7.69% (I 6, PMR 3),

3,A8 0, 0-Dimethyl phosphorodithioic acid E?H30)2PS2§]

Methyl alcohol (64g; 2 mole) was stirred vigorously at
room temperature and phosphorus pentasulfide (11lg; 0.5 mole)
was added as rapidly as the concomitant foaming and exothermic
reaction permitted, After addition was complete, the reaction
mixture was heated on the steam bath for ninety minutes, It

was cooled and treated with charcoal (25g.) and filter aid (25g.)
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and filtered, The crude product (150g; 94% yield) was purified
by the following method,

Crude 0,0-dimethyl phosphorodithioic acid (150g; 0.85 mole)
was added dropwise to a solution of sodium carbonate (63g;
0.6 mole) in water (600 ml.) under nitrogen. After addition was
complete, the product was agitated for thirty minutes and then
it was extracted by ether (2 x 50 ml,) to remove neutral material,
The aqueous layer containing sodium 0,0-dimethyl phosphorodith-
ioate was made strongly acidic with concentrated hydrochloric
acid and the mixture was extracted with ether (4 x 100 ml.).
The ethereal layer was dried over magnesium sulphate, and the
solvent was distilled off, Fractionation of the residual liquid
gave one main fraction (117gs 78% yield), b.p. 65~67°/0, 8mm.

110

(¥.E. Bacon " b,ps 65-67°/0.8m.), (IR 7).

3.A9 0,0-Dimethyl methyl phosphorodithioate

[ECH30)2P(S)SCHé}

0,0-Dimethyl phosphorodithioic acid (39g; 025 mole) was

dissolved in benzene (150 ml.) and the acid was neutralized by
pyridine (27g; 0.25 mole) added stowly under cooling, Iodomethane
(35g; 0.25 mole) was then added dropwise. Addition was complete
in half an hour. The feaction mixture was refluxed for two hours,
On coolins a yellow precipitate deposited, which was filtered
off. The benzene solution was washed with water (2 x 50 ml,)

and was dried over magnesium sulphate, The benzene was distilled
off and the residue was fractionated and the main portion
boiling at 110°/lmm. (11g; 33% yield), (G.M. Kosolapots'll

b.pe. 110°/1mm,) (IR 8).



3.A10 0,0-Dimethyl (methylthioethyl) phosphorodithioate

[E?Hao)zp(s)scnzcn2scné]

This compound was prepared by the same method as the

methyl ester of the dithiophosphoric acid, The following
quantities of reactants were used: 0'O-dimethyl phosphoro-
dithioic acid (39g; 0.25 mole), l-chloro-3-thiabutane (27g;
0.25 mole) and pyridine (15g; 0.25 mole), The product was
fractionated and the fraction (20g; 38% yield) boiling at
121-122°/1,0mm. was collected and identified by its infrared

112

spectrum (G, Schrader b.pe 121-1220/1.0mm.), (IR 9).

3.Al11 Dimethyl chlorothiophosphonate l?bHéO)zP(S)Ci]

A solution of 12,3 ml, of thionyl chloride (0.15 mole)
in 50 ml, of dry carbon tetrachloride was added gradually
with good stirring at appromatgly'oo to a suspension of
potassium 0,0-dimethyl dithiophosphate (19.6g; 0,1 mole) in
50 ml. of dry éarbon tetrachloride. After stirring overnight
the mixture was poured into a 2N aqueous sodium carbonate
solution, The carbon tetrachleride layer was separatedj washed
with with aqueous sodium bicarbonate solution, twice with
water and dried over anhydrous sodium sulphate and the carbon
tetrachloride removed in vacuo., The residue was substantially
pure dimethyl chlorothiophosphonate and on distillation, gave
10,8¢g. of pure material b,p. 38-390/2mm° The yield was 67.5%;
(6. Schrader b.p. 38-39°/2mm.).
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3,A12 0,0-Dimethyl 0-(2-methylthioethyl) phosphorothionate

E?H30)2P(S)OCH20HESCH;J
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Finely pulverized metallic sodium (12g.) were suspended
in 50 ml. of dry benzene, Into this suspension 3-thiabutanol
(50g; 0,54 mole) was dropped and the temperature was maintained
at 40° to 50° for half an hour. After this, period the sodium
was dissolved, The mixture was then cooled to 20° and dimethyl
chlorothiophosphonate (87g; 0.54 mole) was added drop by drop
at temperature 10° to 20°, This temperature was kept with
stirring for further two hours, Water (50 ml,) were added to
dissolve the salt and the aqueous layer was subsequently
removed and the benzene layer was fractionated, The product
0*0-dimethyl 0-(2-methylthioethyl) phosPhorothionaté (50g3
45,7% yield) distilled over at 115°/2mm. (G. Schrader® bepo

1150/2m.)

3.,A13 Preparation of Pure Thiolo-Tinox

(CH,40),P( o)scn2cnzscngl

Technibaf:%inox (6 m1,) was added to a 500 ml, beaker and

treated with 60 ml, of diethyl ether, Any precipitate formed

was filtered off using a sintered glass filter porosity 4, The
filtrate was collected in a distinatioﬁ"fé;d the ether was removed
on a rotary evaporator, The residue was treated with 100 ml.

of chlorobenzene in 5 x 20 ml, portions, Each 20 ml. portion

was removed by evaporation under vacuum. This evaporation was

done quantitatively using a vacuum of 4-6 mm. and a water bath
temperature of 80°, When the distillation was complete the

residue was dissolved in n-hexane (300 ml,) and the solution

was transfered to a separating funnel, The solution was extracted
with 15 x 30 ml, portions of water, Each extraction was thoroughly

shaken for two minutes before separating. The aqueous extract
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was collected in another separation funnel and was extracted
with 3 x 40 ml., of n-hexane., The hexane solution was discarded,
The aqueous layer was extracted with 10 x 40 ml. portions
of chloroform, which was collected togebther in a becaker and
dried by sodium sulphate, The chloroform was removed by distill-

ation and the product was the purified thiolo-Tinox.

3.414 Dimethyl thiophosphonate K§H30)2P8é]

Di-methyl phosphonate (19g; 0,18 mole) and phosphorus
pentasulfide (7.5g; 0,035 mole) was refluxed for 20 minutes
at the temperature of 90 to 100°, The reaction was continued
gently and phosphorus pentasulfide was dissolved to pale
yellow solution, Before the end of reaction, it was necessary
to heat the mixture for 20 minutes additionally and to keep
the reaction témperature at 100 to 1100. When nearly all the
phosphorus pentasulfide was dissolved, the mixture turned
turbid rapidly. Heating was stopped immediately and the mi#ture
was allowed to cool, The unreacted materials were filtered off
and the filtrate was washed with water and dried over sodium
sulphate., The product was fractionated and the fraction boiling
at 60-64°/7Tmm, was collected. This was re-distilled and the

final product di-methyl thiophosphonate (4.5g; 20% yield) boiled

113

at 60-61°/Tmm, (T, Yamaski~ ° b.p. 60-61/7mm.,),

3,A15 0,0-Dimethyl (methylthioethyl) thiophosphonate
liénao)zp(s)cngcuzscné]
Finely pulverized metallic sodium (1.4g;) was suspended
in 20 ml. of dry benzene, Into this solution dimethyl' thiophos-

phonate (6.3g; 045 mole) was. dropped and the temperature was
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maintained at 40° to 50° for halfan hour After this period the
sodium was dissolved, To this mixture l-chloro-~3-thiabutane
(5.5g; 0.5 mole) was added dropwise, The resultin solution

was refluxed for 2 hours; This was cooled and 25 ml, of water
was added to the mixture., The reaction mixture was extracted
with 2 x 25 ml, of diethyl ether, The ethereal extract was

washed with water and subsequently dried over magnesium sulphate,
The solvent was then distilled off and the residue fractionated,
The fraction boiling at 91-92°/4mm, was collected and identified
as the required product (i2g; 12% yield), Analysis gave C 29.6%,

H 6,8%; C 0,PS, requires C 30%., H 6,5% (IR 10).

5013

3A.16 Butanol

Butanol was dried according to the wethod of Jones and

Christianll?

Butanol (2 1,) was refluxed overnight over freshly ignited
12-20 mesh calcium oxide (50 g.) and then filtered, Magnesium
turnings (15 g.)were added to the filtered butanol. This was
brought ts-thé hol and a little iodine was added. The mixture was
refluxed overnight,

The resultant butanol was distilled through a fractionat-

ing column (length 75 cm., packed with porcelain Lessing rings),

The main fraction boiling at 117—1180 was collected,

3.A17 Dichloromethane

The dichloromethane employed for the preparation of the
phosphate complexes was Jlopkin and William's spectroscopic grade,

It was used without further treatment,
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3.A18 242-Dimethoxypropane'

This material was obtained from Koch-Light Laboratory
Ltd., and was used as a dehydrating agent by a modification of
the procedure described by Starkel15

, without further

treatment,

3.A19 Nickel(II) Halides

The following hydrated nickel(II) halides were used in

the‘preparation of the complexes. These are supplied by Hopkin

and Williams (Analar Grade)

Nickel (II) chloride hexahydrate NiCl,.6H,0

2
Nickel (II) bromide hexahydrate NiBr,.6H,0
Nickel {(II) iodide hexahydrate NiI,.6H,0

3,A20 Cobalt(II) lalides

The following hydrated cobalt(II) halides were used in

the preparation'of the complexes, These are supplied by Hopkin

and Williams (Analar Grade):

Cobalt (II) chloride hexahydrate CoCl,.6H,0
Cohalt (II) bromide (hydrated) CoBrg.(Hzo)
Cobalt (II) iodide dihydrate CoI,.21_.0

2°72
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3,.B (1) Preparation of Complexes

The compounds reported in this thesis were prepared by
the general methods outlined below. Three methods o, b and c were used,
Method a is applicable ta all the sulphur-ligands except for _the
mercapto-sulphur ligand complexes which were prepared by method
b. Due to the weak co~ordinating strength of the phosphoryl-oxo
and phosphoryl-thioxo ligands, aleoholic solvents could not be
wsed for the preparation and a modified method using dichloromethane
as solvent was employed for the preparation of these complexes

as detailed in method C

Method Q.

The metal salt (0.01 mol.) was refluxed with 2,2dimethoxypropane
(30m1) on an oil bath for thirty minutes, The product was
evaporated to dryness under reduced pressure, The resulting
anhydrous metal salt was dissolved in butanol ( 50 ml) and the
solution was refluxed. The ligand (0.03 mol.) was added dropwise
to the refluxing solution of metal salt; usually a colour change
is observed during the addition of the ligand. When the addition
was completé the solution was refluxed for a further fifteen
minutes and was then reduced to about half of its volume under
reduced pressure. Crystallisation of the required product usually
occurred during the distillation, The resulting mixture was allowed

to stand for twelve hours and the crystals were filtered and dried

in wvacuo.

Method b

Hydrated metal salt (0.01 mol) was dissolved in ethanol (50 ml)
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and the ligand (0.03 mol.) was added dropwise., The brown ( or deep
coloured ) compound which precipitated was filtered off, washed

with ethanol and dried in vacuo.

Method (¢)

The anhydrous metal salt (0,01 mol.) pfepared as described
in method & was dissolved in minimum volume of dichloromethane
and was heated to 50° on the 0il bath, Excess ligand (0,06 mol)
was then added with stirring for 2-3 hours at 50°, and was allowed
to cool slowly to room temperature under stirring. The mixture,
in general, became very viscous. Precipitation was effected bythe
addition of a small amount (ca,25 ml) of dried pet. ether. The
amoungf;recipitate increased considerably when the mixture was
left in the freezer overnight., The separated solid complex was
filtered in a dry box in an atmosphére of nitrogen. The crystals
were washed with dried pet, ether to get rid off excess solvent.
No suitable solvent could be found for the recrystallisation of

the complex and the product was used for analysis without any

purification,
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3. B (2) Analytical Results

The complexes were analysed for the metal and for the
halides according to published methods referred to in the
following section., Samples of the complexes were submitted for
the determination of the carbon, hydrogen and when appropriate

for phosphorus as well.

3.B (3) Analytical Methods

(i) G.L.C.

Analytical gas liquid chromatography was carried using
a Pye 104 gas chromatograph with a hydrogen flame ionisation
detector., The column used was :

5 ft.; 10% S.E. 30 on Chromosorb W

(ii) T.L.C.

Thin layer chromatography was carried out using silica

gel (GF,.,) for layer 0.26mm thick.

254

(iii) Analysis for halides

Before analysis of the inorganic elements, an accurately
weighed sample ( about 0.1 g) of the complex was treated with a
mixture of concentrated sulphuric (8 ml.,), nitric acid (6 ml.) and
perchloric acid (1 ml.) to destroy all orgzanic materials present.
The resultant mixture was evaporated cantiously to a very small
volume on a hot plate. This usually resulted in the complete
destruction of all organic material,

The residue was dissolved in water and chloride and

bromide were determined volumetrically by complete precipitation



83

of the halide ions with excess silver nitrate solution. The
excess silver nitrate solution was titrated by standard potassium
thiocyante solutioﬂusa.

Due to the €asily oxidised nature of iodide the above method
could not be used and the iodide was determined gravimetrically
by precipitation of its silver salt: from a solution of the

complex acidified with nitric acid 118%

(iv) Analysis for metals cobalt and nickel

The cobalt and nickel contents were determined using the

same method. The metal ion was precipitated as a complex of pyridine
and ammonium thiocyanate, The excess thiocyanate used was

determined by standard silver nitrate solutionlmc .

(v) Microanalysis for carbon and hydrogen

The microanalysis of these elements was carried out
at the analytical laboratory of the School of Chemistry eof

Thames Polytechnie,
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Compounds

zHAmemavam

Co (LTZL) NB

Co (LITEL) ,3r

ooﬂmqmevam

Ni(MTEL) »C1,

Ni(LIPEL) 55T,

2

2

Table

Colour

Green
Green

Brown

Purple
Purple

Dark brown

3.1

Colours and Analyses of Ni(II) and Co(TII) halide

complexes with 3-thiabutanol (MI'EL)

M
17.8(18.7)
14.0(14.5)

12,0(11,6)

18,0(18.0)

13.9(14.5)
12,2(11,6)

Mo s . . X .
For tnis and suvsequent tables -~ calculated values in brackets

R

Analysis Result .2

c
22,0(23.0)
17.8(17.9)
14.3(14.5)

22,9(23.0)
17.8(17.8)
14.2(14.5)

H
4.95(5.14)
4.03(4.0 )
3.20(3.2 )

5.0 (5.14)
4,12(4.,0 )
3.1 (3.27)

X
22,0(22.,7)
40,0(39.9)

52.0(51.1)

23.0(22.7)
41.0(39.0)
52,0(51.0)
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3.C Physical Measurements

(1) Electronic Spectra

The electronie spectra of the solution of the compounds
were measured in the range 300-2500nm (33,3-4.0kK) on a Unicam
SP700 Spectrophotometer,

The diffuse reflectance spectra of the solid compounds
were measured on the same apparatus using a Unicam SP735 Diffuse
Reflectance Attachment; magnesium carbonate was used as the
reference material,

(2 ) Spectral Calculations

Calculation of the crystal field parameters is confined to
octahedral and tetrahedral comple#es, where the relationship of the
energy levels and the observed transitions are empirically
established. No such calculation was possible with the square
planar complexes,

rhe data obtained from the eleéctrénic specira of the
complexes are used to ealculate the crystal field parameters
according to the expressions obtained from the C.F;T, analysis,

In complexes where threve transitions are observed in their spectra,
the calculation is simply substitution of the appropriate spectral
results into the equations concerned. In cases where only two bands
are observed, with the highest energy transition obscured by the
ligand absorption in the UV region or the lowest band covered

by the overtone vibration of the ligand in the near infrared region
one of the numerical procedures for estimation reviewed by E.Konigqo
was employed, A few worked examples are shown and attached to the

appropriate spectral results,
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(2a) Octahedral Nickel Complexes where three bands

are observed e,g. Ni(MTEL)2CI2

Table 3.7, p. 93

Band observed: 24000, 14000, 8650 em™1

( the value of the last band is taken on the Centre

of gravity of e band ignoring splitting )

Equation (5),p. 40 has the consequence that an
extremely simple relation may be obtained from

thesumof1'2+1)

3 o Thus the equation

10 Dg = ¥
B o= (% +)% -3 ) /15
B = (14000+24000-3,8650) / 15
B = 803.4 B, = 1041
Bys = 803.4/1041

- 0,77
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(2b) Tetrahedral Cobalt Complex where last band is
not observed, e.g. Co(MTEL)2012.
Table 3.7, p. 93
Bands observed 15500, 6750 em
As ! is not observed, it is necessary to
calculate -the parameters using only these
two bands. The equations resulting from %
and zg of equation (5), p. 40 are

10Dq = (1/34)[9(‘)'z +Y3 ) i{sl(y,f- 5 )~ 178y, 35}5]

= (7, +Y; -30Dq)/15

-
10Dq = (1/34) 9(22250) i{?OS,Bl(.45 +2.4) - (1.04x178)10§§%]

i (1/34)[200200 x {107(230.85) - (185.12)1o§}%]
= (1/34)%(132750) or (1/34)=(267750)

= 3904 or 7875

It is obvious that 737% cm—1 can not be

the correct ligand field splitting energy, thus

= (22250 -~ 11820)/15

10430/15 = 695

= 0,71

836" o
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Hn
(2¢) Tetrahedral Nickel whergziast band is not observed

e.g. Ni(DSPD)C1,.

Table 3.12, p. 99

Band observed 14500, 7300 em™ !,

Fitting the second and third bands, employing
the expressions of 4, and 2§ in equation (7),

p. 46, one obtains

100 = (1/3)(2} - V3 ) + 5B
L ey :
5. /SO0, - o) £ 3 - 6, - %)
B o 182
10Dqg = 4020

= 782/1041

= 0,75
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(3) Infrared Spectra

The infrared spectra in the range 4000-400 em™ ! were
measured on a Perkin Elmer P.E, 337 Grating Spectrophotometer,
For solid state spectra nujol or bromoform mulls were used
between potassium bromide discs,

Spectra in the region 450-80 cm L were recorded on nujol
rmalls held between 'Rigidex' plates or pressed discs in polythene
on & llesearch and Industrial Instrument Company I.S. 720
Interferometer; the requiéite calculations were carried out

on an Elliot 4100 Computer,

Tables and Figures

The following tables and figures record the infrared
and far infrared spectra of the complexes prepared in this
work.

For the tables, the small letters after the wavenumber
of the band refer to the intensity of the peak, i.e, v=very,

m=mecdium, w=weak, s=strong, sh=shoulder and b=broad,
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(4) Conductance Measurement

Conductance experiment provides useful information
about the number of ions present in solutions of different
complexes“ﬁ . The greater the number of ions in a solution,
the higher is the.electrical conductivity of the solution,
Therefore, a comparison of the conductivities of solutions
containing the same concentrations of co-ordination compounds
permits an estimate of the number of ions in each complex
compound,

To obtain accurate information, the solvent used must

not interact with the complex. In the present work nitromethane
was nobtmally employed for the experiment. The nitromethane
used has been dried by molecular sieve and distilled, the
fration boiling between 102-3% was collected, The purified
solvent had a specific conductance of 4,0x10~°% mhos. Solutions
used for the experiment had a concentration of complex about
1072,

The measurements were made using Mullard Conductivity
Bridge (E 7556/3) and a conductance cell having dip-type
platinum electrodes. The cell constant was determined with a
standard solution of potassium chloride.

(5) Molecular Weight Determinations by Ebullioscopic

Method
The ebullinscopic constant kb of a solvent is the amount
by which the boiling point of a molal solution would be raised.
The property is used in deterﬁination of the molecular
weight of an unknown compound, In the experiment, it is not

necessary to work directly with a molal solution of the particular
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compound. The dissolution of a non-volatile solute in a solvent

reduces the vapour pressure., If the solution behaves in an

ideal mainer, obeying Raagult's law
P oxypy = (exp)p
or x = (py -9 )/ p° = p/p°
where the subscripts 1 and 2 refer to the solvent and the solute
respectively i,e., the relative lowering of the vapour pressure
is directly proportional to the mole fraction of the solute,

In the experiment, a known amount (w) of the compound is
dissolved in an organic solvent (W) which does not interactien
with the compound. The boiling elevation in the resulting solution
was measured by a Beckmann thermometer which is sensitive to
a differenc&of 0.002°,

Calculation: Mg (the molecular weight of the compound)
of solute would raise the boiling point of 1000g of the organic
solvent by K° (ebullioscopic constant). Ilence, from the measured
elevation T ﬁhen w go of the compound have been dissolved in
W go of the solvent, the molecular weight M of the solute may
be evaluated

M= (k/ T)x(w/w)x1000

Due to the low kb constant of most organic solvents,
for an adcurate determination of the molecular weight of the
compound, it is necessary for the Eompound t6 have a relatively
high solubility (concentration of 0.1 M, is usually required
for reliable result), Furthermore, it is uﬁlikely that there is
absolutely no interaction between the solute and solvent molecules,
thus the experiment seldom yields the exact formula weight
Howeveri, it is the indication of the result obtained which is

important, The result would indicate whether the compound is dimeric

or monomeric or polymeriec,
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(6) Magnetic Susceptibility Measurements

Magnetic susceptibilities of the solid complexes were
determined on a Newport Instruments Single Tempcrature Guoy
Balance employing a water-cooled 'Newport' 14 inch electromagnet.,
A current of 1,1 amps per coil gave a field strength of ca,

5000 oersteds,

The gram susceptibility of the complex (Xg.) was calculate

using the relationship

X Kv + Bw

g W
where k = volume of specimen
w = force exerted on specimen by field (corrected for
the diamagnetism of the glass tube)
W = weight of specimen
B = a constant which depend on the dimensions of the
specimen and on the magnetic field strength,

The cqnstant B was determined by calibration of the
apparatus using mercury tetrathiocyamocobaltate e The value
of X obtained is the gram susceptibility of the substance, from
which the molar susceptibility X, is obtained by multiplying
this by the molecular weight, Allowance is' made for the
diamagnetism of the ligands,

IO . A

vhere X, is the susceptibility of the metal ion, XL is the

X

susceptibility of the ligands,
If the metal ion is paramagnetic XA will be positive
and the effective magnetic moment is given by

1
//iléff = 2.84(XAT)2 Bohr magnetons

where T is the temperature in degree absolute,
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4,1 Niclkel(II) chlorides complexes of 3-thiabutanol

CHBSCH20H20H MI'EL

Iigh spin Ni(MTEL),X, complexes are obtained by the

reaction of nickel(II) halides with the ligand in ethanol

under anhydrous condition, The complexes obtained are hygroscopic
and decompose on prolonged exposure to the atmosphere. Elemental
analysis (Table 3.1, p.84) gives a stoichiometric formula of
Ni(MTEL)2X2 and molecular weight determination in chloroform
indicates that the complexes are in monomeric form with molecular
weight corresponding to the stoichiometric formula, Magnetic
susceptibilities measured at room temperature using a Guoy
balance (/“bff’ 3.1-3.3 B.M,) listed in Table 3,1, p.84 are
typical for nickel(II) ion in an octahedral environment. Cond-

uctance measurement ohtained for 10"3M solution in nitromethane

117

showed that the complexes are essentially non-electrolytes R

which is indicative of the absence of ionic halides,

Electronic Spectra: The diffuse reflectance spectra of

the complexes (Table 3.6, p.94; Figure 4,1, p,134) are typical

of nickel ion in co-ordination number six with three well

defined electronic transitions between the triplet states of

“the 0h system (p.37). Since the ligand fieids in these compounds
are not regular octahedron, the expected splitting of the orbital
triplet levels is observed (p.40). As the complexes retain the
same Stercochemistry in nitromethane, the discussion of the
electronic transitions will be based on the more detailed spectra
in solution (Figure 4.2, p.134). The I;tter are very similar to
the 80lid diffuse reflectance spectra, The three ahsorption
maxima are found in the range 8300-8800, 13000-14500 and 21000

~25500 — corresponding to the three spin allowed transitions
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due to 3Tz*g—-——-aA2g ()ﬂ), 3T1g‘_—3A2g (7&) and 3T2g(P)4——3A2g (73):
respectively,

The tetragonal distortion is reflected in the splitting
of the y band into two components at about 8700 and 7800 cm-l.
This splitting is clearly resolved in the solution spectra but
not so in the reflectance spectra of the solid, The relationship
between the free-ion octahedral and tetragonal field splitting
of the d orbital is discussed in the Theory Section (p.40) and
schematically illustrated in the diagram in Figure 2.3, p. 40,
The two necar infrared transitions are assigned to the transitions
arising from the splitting of the 3ng(F) in octahedral symmetry
on going to D, symmetry (strictly speaking the symmetry should
be D2h as the in-plane ligands consists of two oxygens and two

sulphurs) and have energies of IODqE and IODqE

- 35Dt/4, In the
case of Ni(MTEL)2X2, Dt is positive as the halides are lower down
in the spectrochemical series26 than the oxygen and sulphur, the
bands are assigned as 10DqE (ca. 8700 em~!) and 100q 35Dt/4
for the transitions 3B2g/———-3Blg and SEg"—?Blg’ respectively,

The calculation is tabulated in Table 4,1, p.134, The in-plane
field strength of about 870 em~! is found to be between that of
Ni(o 4)x2 and that of Ni(S 4)x2 which are in thé range of ©30-860 cr'and

- 2
920~1020 - cm 1, reSpective1y45’46’81’8

(vhere (04) and (s4)
indicated the in-plane ligands are four oxygen and four sulphur
atoms, rcspectively)., The result is as expected becguse the
co-ordination is probably through the oxygen of the hydroxyl
group and sulphur of the thioether group of the molecule and

this would involve two oxygen and two Sulpur atoms for the tn_plane

fieldo

The axial field strengths calculated at about 690-720 cm-1
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3. 3 3. 3 c A
Compound sz— B 19 L-y‘- 19 Dq Dq_' 1535-
cm! Cm-l Cm_' cm
Ni(MTEL),Cl, 8750 7975 875 720 0.77
Ni(MTEL)znr2 8700 7875 870 705 0,75
Ni(MTEL)212 8710 7800 870 690 0.75
E- . A
Table 4,1 Low energy bands, Dq , Dq and ﬁ“ parameters
for Ni(MTEL),X, .
3. 3 3 3 E A
Compound /329‘— 81_9 z:9- 8,9 Dq Dq /gg 5
cm=! em-! cm! cm™!
Ni(MIOE),Cl, 8800 7950 860 740 0,78
Ni(MIOE),Br, ~ 8606 7900 861 728 0.77
Ni(MTOE),I, 8500 7750 859 717 0,76

et

Table 4.2 Low energy bands, DqE,

for Ni(MTOE)2X2.

DqA and ,835 parameters
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are similar to those expected for a MX, compound (x=C1, Br, I).
These results (Table 4,1, p. 136) are in accordance with the
stereochemistry of the compounds as the in-plane ligands MIEL
is non-bulky and should not interfere with the axial positions,

Furthermore the axial field strength decreases as the halogen

1

changes from chloride to bromide to iodide (720; 705 and 694 cm
respectively), which strongly support the suggestion that the
halogensare co—ordinated in the axial position -,

As pointed out in the Theory Section (p.42), the splitting
of'th higher energy transition bands are not likely to be
resolved at room temperature spectra, However, it is observed
that the bands are asymmetric, showing pronounced shoulders on
the lower energy side (Figufe 4,1 and 2, p.134) which are due
to singlet-tr%plet transitions., The asymmetric appearance of the
bands also indicates tetragonal distortion of the structure ,

Further evidence for the terminal metal halogen bond is
the intense charge fransfer band which moveé from the chloride to
the iodide to lower energy so that the bands of the Ni(MTEL)212
dre not well defined,

Infrared Spectra (4000-450 cmfl): The infrared spectra

of the complexes are similar in appearance But all differ
considerably from that of the ligand itself, Shift Yo lower
frequencies and broadening of the. (0H) stretching frequency is
observed in all the spectra of com?(exe?;\vlliCh strongly supports
the assumption that the hydroxyl group acts as a bo-ordination

119
e

sit o It is difficult to assigned a "structurally altered"

band to indicate the thiol-ether co-ordination, This is due to
the fact that thiol-ether has very weak vibrational ahsorption

bands120 in this region and these are normally hidden by other
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stronger modes of vibration exhibited by the ligand., However,
the observed change in the spectra in the region 1300-450 em™
strongly suggcests that a deformation of the vibration modes of
the ligand occurson chelation, In addition to this change, there
is also an overall shift of the absorption bands in this region
to lower frequencies (Figure IR 11, p.102) which may be caused
by a slight resonance effect resulting from ring formation on
chelation, The sulphur and oxygen atoms in the ligand are well

positioned for a five membered metal-chelate ring.

Far Infrared Spectra (450-80 cm_l): The spectrum of the

1

ligand showed four weak absorptions at 446, 402, 384 and 332 cm
all the complex spectra are very similar in appearance (Figure
fir 1, p.115) and six to eight absorption bands are found of
which none could be related to the free ligand vibration, Due to
the complexity of the complex spectra in this region, it is not
possible to assign individual bands o their vibrational origin

It is tentatively assumed that the bands between 450-350 cin~ !
are mainly due to }/(Ni-O) stretching frequencie8101—5 and ligand
internal vibration modes and those al 280-350 cm™' are the ¥ (Ni-S)

absorption bandgg-loo. In contrast to the metal-ligand situation,

very strong halogen sensitive bands are obsérved at 246 cm"1
for chloride, 198 ¢m™1 for the bromide and 150 em™ ' for the
iodide, The band positions and their relative energies are con-
sistent with their assignment as stretching vibrations for
terminal )f(Ni-X) band in an octahedral nickel complexgs.

Thus the spectral evidence strongly supports the assumption
that the ligand MIEL is bidentate and the co-ordinating centres

are sulphur and oxygen atoms, With nickel halides the ligand

forms high spin octahedral complexes and all the halides are
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co-~ordinated to the metal ion as shown in Figure 4,3, below,

No definite assignment as to which of the cis and trans structure

i8 the correct one for the complex could be made.

H3C, >1< Sct—*g R T SQHg
H,C~ \ H,0~ \
HZC/ /\M/ /C Ho HZC} \M CH,
\ {\O/CFh }S///w\i},dhz
FQ >< ﬁ% ;~EC}’ X Fz

cis (a) Trans (b)

Figure 4.3 Proposed structures for Ni(MITL),X,

(M=Ni, X=C1, Br, I; R=0OH, cn3)
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4,2 Nickel(II) halides complexes of l-methoxy-3-thiabutane

| @35@20H2OCHQLM OE

The complexes prepared by reacting nickel halides and

the ligand MI'OE under anhydrous conditions are very similar to
corresponding MTEL (3~thiabutanol) nickel(II) halides complexes.
This is in some ways expected since the MIEL differs from the
MI'OE only by the presence‘of a hydroxyl group instead of a
methoxy group and complexation reaction of MI'EL does not involve
the loss of hydrogen proton from the hydroxyl group.

All the complexes are soluble in nitromethane and acetone,
although solvolysis does occur in the latter, which is indicated
by the high conductance of the complexes in acétone, In nitromethane
at concentration 10-3M, the nickel complexes are essentially
non-electrolytes with A at ca., 15 em®ohm ™ ‘mole™! (Table 3.8, p.95).
Molecular weight determination in chloroform indicated that the
complexes are monomeric with molecular weight corresponding to
their stoichidmétric formula obtained from the elemental analysis
(Table 3.2, p. 85), which is Ni(MI'0E),X, (X=C1, Br, I). The
magnetic susceptibilities (/1‘eff = 3,4-3.5 B.M.) are characteristic
of nickel in high spin octahedral stereochemistry,

Electronic Spectra: The reflectance spectra of the

complexes (Table 3.8, p.95) showed mbsorption bands at 23900~22800,
15000-13000 and 9000~7000 em™ which are charncteristic of Ni(II)
ioﬁ with a co~ordination sphere of approximately octahedral
stereochemistry, The tetragonal distortion (as with the case

of MIEL complexes) is reflected by the splitting of the lowest
energj electronic transition at about 9000 and 7800 cm-l. Similar
to the MTEL complexes the axial co~ordination of the halides is

indicated by the decrease in the axial field strength from chloride



to bromide to iodide. The solution spectra of these complexes
in nitromethane at concentration 10-3M are very similar to
their reflectance suggesting that the complexes retain the same
stereochemistry in solution (Table 3.8b, p.96). The cocfficient
of extinction obtained from the solution spectra listed in
Table 3,8b are in the low range values expected of nickel(II)
ion in octahedral environment,

The DqE, DqA and A, values calculated from the spectra
are compared with those obtained for the MIEL compiexes (Table

4,2, p.136), The similarities between the corresponding sets
1 A

of crystal field parameters (MTOE: DqE = 860 cm , Dg = 760 cm

A _ 720 cm-l.for

for C1 and A = 0.77; MIEL: Dq" = 870 cu ', Dq
Cl and /%s= 0.78), indicated strongly that the ligand MTOE and
MTEL have the same chelation reaction, chelating through oxygen

of the ether and sulphur of the thio-ether groups,

Far Infrared Spectra (450-80 cm-l): Table 3,14, p.110

listed the results of the far infrared spectra of the ligand

and the nickel halides complexes, The ligand MTOE has three

1

broad and weak bands observed at 450, 420 and 310 cm ~, and

the lower region is,like MTELAtranSparent. These bands for the
ligand are not observed in the complex spectra. This may be due
to their weak absorption or more likely the deformation of the
ligand on chelate formation yields different absorption bands,
The spectra of the complexcs have general similarities in
their appearances and are all complicated with a ﬁumber of
ahsorption bands, Excopt for_the halogen to metal bands which
are eagily identified because of their high intensity and their

sensitivity to the change of the halide ions, the rest of the

spectra could not be analysed effectively,

141
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The halogen sensitive bands are observed at 280 em !
for chloride, 220 cm'"1 for bromide and 155 cm-1 for iodide, It
is interesting to note that these halogen sensitive bands for
the MTOE complexes are found at higher frequencies than those
of MTEL complexes which showed absorptions at 246 em™ ! for
chloride, 198 em™! for bromide and 150 cm™) for iodide. This
suggests that the halogen co-ordinates more strongly to the
metal in MTOE complexes than those of MIEL complexes. A possible
explanation for this obsecrvatun is that MTOE is a weaker ligand,

This is also reflected on t he crystal field parameters of both
ligands, The MTUL has a higher Dq" value (MTEL = 875, MIOE = 860
em™!) and a lower Dq™ value (MIEL = 720, MTOE = 740 cm™© for

the chloride complexes), which may be interpreted as the MI'OE
co-~ordination to nickel ion is stronger than that of MTEL and
vice versa with the halide ions in the corresponding sets of
complexes,

The infrared spectra of the complexes inthe middle infrared
ranze (4000-450 cm-l) are very similar to each other but different”
fomthe free spectrum, as illustrated by the spectra of Ni(MTOE)2012
and MTOE in Figure IR 12,p.103. The diffecrence in the spectra of
COMPkmsduggests that there is a deformation of the vibration
modes of the free ligand on chelation. Though, it is difficult
to assign any individual change onh the sectra to its oripgin, the
overall shift of the hands to the lower frequency recgion is
indicative of ring formation (p.138)., As with the ligand MTEL
the oxygen and sulphur atoms in the 1igand MT O, are favourable
positioned for the formation of a stahle five-memhered ring121.

This lends further support to the proposed chelation mode of the

ligand which was via the oxygen and sulphur atoms and the complexes
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formed are likely to have a structure illustrated in Figure 4.3,

p-139.
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4,3 Nickel(II) halides complexes of di-(2-methylthioethyl)

disulphide, |(CH,SCI cnzs)%_,MTD

2
The two bidentate thio-ether and ether ligand MTEL and

MIOE (p.133 and p.140, respectively) studied have bhoth shown
better co-ordinating properties towards nickel(II) than the
monodentate thio-ether licand, dimethyl sulfide27. It appears
that the additional chelating site enhances the co-ordinating
properties of the ligand., Thus, it would be interesting to
investigate the co-ordinating properties of ligands with more
than two potential sites for comparison,

The disulphide, di-(2-methylthioethyl) disulphide (MID)
found as a breakdown product in the Tinox formulation offers
an opportunity for this investigation, because there are four
thio-ether atoms present in this molecule, thus representing
four potential co-ordinating sites,

Under the same experimental conditions as those used
forihé preparation of nickel complexes with neutral ligandé
like MTEL and MTOE, complexes of nickel(II) halidcs with the
disulphide ligand (MID) of the type Ni(MTD)x2 (x=C1, Br, I)
were obtained, The complexes with bromide and iodide were
isolated pure and although the chloride complex was also
obtained, ,the analysis resulted (Table 3.3, p.86) showed that
there is a small excess of ligand. Once formed the complexes
are insoluble in most organic solvents hut dissolve with
decomﬁosition in polar solvents, Ilence, it was not possible to
measure tle conductance behaviour of the complexes and no
molecular weight determination was made. The complexes are
highly hygroscopic and decompose if exposecd to the atmosphere.

The magnetic moments reported in Table 3.9, p,97 are in
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the range of 3.3-3.4 B.M. indicating that the nickel ion is
prePent as high spin and the stereochemistry of the complexes is
likely to he octahedral, This is conf{irmed by the reflecctance
spectra of the complexes,

- Electronic Spectra: The specliral results for the three

complexes are given in Tahle 5.9, pe97,., The spectra showed
characteristic absorptions of Ni(II) ion with a co-ordination
sphere of approximately octahedral stecreochemistry. The tetrag-
onal distortion is reflected on the splittinng and the positions
of the lowest cnergy transition and also the presence of. a shoulder
at about 20000 cmm1 on the lower energy side of the highest
energy transition d-d band occuring at 24000 om™1 (rigure 4.4,
p.146). The splitting of the lowest energy transition is due to
the Splitéing of the 3ng(F) in octahedral symmetry on going to
D4h symmetry, A consideration on the ligand strength of the
halides and the thio-ether leads to the following band assign-
ments of the two baﬁds. The lowest energy transition occurring

1

at 8900 cm~ ~ is assigned to the 3Eg transition and the next

1

higher energy to the 3Bg transition at ca, 1100 cm

No splitting of the 3T1g(F) ahd °

T2g(P) transitions

were observed. The pronounced shoulder on tﬁe lower energy of

the transition at 24000 cm™  is probably due to the two spin
forbidden transitions 1Eg 1T2g(D) and lAlg lAlg(G') . The

large splitting of the 8T2g transition strongly suggests that

the complexes have trans octahedral structures with the halides
co-ordinated in the axial positions. This assumption is supported
by the value of the DqA calculated from the complex apectra
(Tahle 4.3, p.148) with chloride = 715, bromide = 694 and iodide

= 673 cm-l, which are very similar to those expected for MY6
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compounds which have Dq(NiClz) = 720, (NiBr,) = 700 and (Ni12)
- 680 cm 1 ¥, This agreement would be expected for the trans
stereochemistry with non-bulky in-plane ligands. Table 4.3,p.148,
lists a series of octahedral nickel complexes with in-plane su

sulphur ligand and axial halogen co-ordination aud other axial

halogen co-ordinated complexes with various non-bulky in-plane

E'and DqA

ligands. A comparison of the low energy band, Dt, Dq
parameters of these complexes leads to the supposition that the
complexes of nickel halides with MID are co-ordinated by four
sulphur atoms on the in-plane and two halide ions in the axial
positions., Significantly lower band energies would be expected
if the s tructure of the complexes were cis octahedral for DqE
and higher for DqA(po40)o

J The DqE value further substantiates the argument that
the in-plane environment of the nickel complexes is 4(s), as

the value (ca.11000 cm-l) is expected for such an arrangement,

Infrared Spectra (4000-450 cm-l): The spectra of the

complexes are almost identical to cach other and is illustrated
in Figure IR 13, p.104, by the spectrum of the chloride complex,
The difference of the spectra ot compleses from the free ligand spect-
rum is attributed to the restricted configuration of the ligand
on chelation,

I'ar Infrarcd Spectra (450-80 cm-l): Tahle 3.15, p.111

1ists the far irfrared spectra of lLhe lirand and various
complexes., Over this range the ligand is nsgontfnlly transparent
and only three weak bands are observed at 450, 410 and 380 cm-l.
Only one of these bands (150 cm-l) was observed in the complex

spectra, In spgctra of-complexes halogen sensitive bands are observed

at 235 and 260 cm'-1 for the chloride, at 183 and 200 cm-1 for
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the bromide and at 140 and 157 em . for the iodide. The band
positions are consistent with their assignment as Ni-X stretching
vibrations in an octahedral nickel complexesg3-95. In particular
the energies reflect the presence of terminal nickel-halogen
bands, rather than bridging bondsg5. A weak band at about

350 cm-l, which is observed in all the complexes may be associated
with the Ni-S stretching vibration o.

All the spectral evidence is consistentwith the proposition
that the complexes are oétahedral in 8 tructure with halide ions
co-ordinated terminally on the z axis, For the complexes to
attain an octahedral symmetry under these conditions, it would
be necessary,for all the four sulphur atoms in the ligand
molecules to be co-ordinated. The linearity of the ligand
molecule would prevent all the four sulphur atoms to be attached
to one metal ion, thus it would be reasonable to expect that

the structure of the complexes to be polymeric with each ligand

attached to two metal ions as shown in Figure 4,5, below,

X = C1, Br, I X

Figure 4.5
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4,4 Nickel(II) halides complexes of 1-mércapto-3-~thiabutane,

E{gscnzcnéiﬂ, MMTH

The replacement of the hydroxyl group of thc MIEL

(3-thiabutanol) by the thiol group to form the compound MMTH
(1-mercapto-3-thiabutane) gives a ligand of entirely different
co-ordinating properties, The ligand complexes with the loss of
the proton from the thiol group~and forms a variety of complexes
under different conditions. Under stringent anhydroﬁe conditions
the proton is not dissociated and no complex was isolated with
nickel(II) halides,-

Hydrated nickel(II) halides react with the ligand MMIWM

in alcohol to gives complexes of the formula Niz(MMsz X,

(X=Cl, Br, I). The complexes are diamagnetic and non-electrolytes,
j?heir molecular weight determinations in chloroform indicated
"Lhat thgy are - dimeric and the molecular formmla is the

same as their co.responding stoichiometric formula (analysis

results in Table 3.4, p.87).

Electronic Spectra: The reflectance spectra of the Nig(MMT), Xo

gre difficult to interpret because of the large charge transfer
bands which come well into the visible region. Dilution with
magnesium carbonate does not yield well resolved bands and as
the spectra of the complexes in nitromethane at concentration$
ca, 10-3M showed similar abhsorption but better resolved bands
(Figure 4.6, 'p.151), the solution spectra of the complexes are
used for the discussion,

Tahle 3,10, p.98 lists the absorption of the complexes
Niz(MMTJZ Xg. The spectra are very similar with a hich intensity
band ( € = 500 e 1M 11) found in tie region 17000-18000 cm™)

with a shoulder at 13000 cm-l. The lack of any transition

occurring below 10000 cm"1 is indicative of a large crystal field'
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separation characteristic of the square nickel (II) complexes

invariably exhibit a crystal field separation, between the lowest

d orbital and the next, greater than 10000-r¢m-l 83 .

The firast band observed as a shoulder on the larger band
is assigned to the transition lAzg - lAlg . The second band

is assigned to be the 1Blg - lAlg tranlitiop (pe 44 ).

The presence of a high intensity multiple band in the

region 28000-20000 cm~)

, 18 thought to be of charge transfer

in origin, The high € value of this band ( about 1200 em w11 )
plus the fact that similar absorption is observed in cobalt(II)
complexes of the same ligand, strongly support this idea,

However, the possibility of the absorption at ¢a,.25000 cm"'1
being a d-d transition can not be ruled out entirely, In the
absence of any orbital interaction between the metal and the ligand,

it is likely that the three 4 orbitals e and b  lie fairly

close together and thus resulting only one transition from this

1

group i.e, 1Blgd--lA18 at ca, 17000 cm ~, If orbital interaction

occurs, the eg orbital become dissimilar in energy from the b
83

g
e This situation could oeccur

and extra bands may be observed
with ligands of high nephelauxetic effect and sulphur being strongly
polarisable generally exhibits high nephalauiefic effect on
co—ordination; Figure 4.7, p.183 is a diagrammatic representation of

the ' d.. orbital splitting pattern in a square planar ligand field.

Infrared Spectra (4000-450 cm 1): The infrared spectra of

the complexes:  are very similar but distinctly different to the
ligand, indicating a deformation of the vibrational modes of
the 1igand molecule on chelation, The loss of the thiol absorption

1

band at 2500 cm = in the complex spectra showed that the

co-ordination involves the thiol group with the loss of the proton}
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however, comparison of the spectra of the ligand with the chloride
complex (IR 14, p. 108) does not show any significant overall
shift of the bands to lower frequencies, hence, no indication
of ring formation on chelation may be drawn, The change in the
vibration modes of the ligand suggests that the co-ordination is
likely to be affecb&ikymore than oné point i,e., not by the
thiol group alone, and the only other atom apart from the thiol
that is likely to co-ordinate is the thio-ether sulphur. From the
results obtained by the ligands 3-thiabutanol (p.131) and
1-methoxy-3-thiabutane (p.140), the thio-ether is likely to
take part in the chelation and may form a five-membered metal-ligand
ring.

Far Infrared Spectra (450-80 cm-l): The spectra of the

complexes are shown in Figure fir 4, p,118 and the assignment

of the bands are listed in Table 3.16, p.112, Due to the coupling
effects, most of the assignment of the bands' can only be tentative
and by comparison with reported data on stretching frequencies of

Y (ni-s)?7-100 0 y(n1-0)192% ana y(Ni-X)®?'%3, The metal-halogen
vibration gives rise to the most intense features of the spectrum
and together with the wavelength shift that occurs when one
halogen (s substituted for another, these bands are unambiguously
identified. The absence of bands which could be related to

halogen bridging modegs, rules oput the structure involving

halogen bridging (rigure 4.8a, p. 153), The structures of the complexes
are likely to be as shown in Figure 4.8 (b & ¢), p.153. Structure
shown in Figure 4.,8¢ is very similar to a ¢is square planar

system and would give rise to two absorptionsin the regions

325, 260 and 210 cm~ ! for chloride, bromide and iodide,

respectively, This is not observed in the spectra, Instead, a



broad band sensitive to halogen at V;ax 378 cm-1 for chloride,
Y . 342 cml for bromide and V. 270 em™! for iodide
complexes (5 observed. The frequencies and the relative
positions of the halogen sensitive bands indicated that they
are terminal in nature92’96, thus strongly supporting the trans
structure propesed in Figure 4.8b, p.183,

The planar structure is also in accord with the magnetic
behaviour of the complex, The complexes are diamagnetic which
showsthat all the d electrons are paired. The thiol ion is
thought to be responsible for the square planar symmetry as the
thio~ether group generally leads to high spin complex formation
(p.17). This .difference in behaviour is usually attributed to
the higher polarisability of the thiol sulphur when compared
with the thio-ether sulphur, thus allowing a greater t-bonding
between the metal ion and the ligand in the case of the
thiol sulphur ligand complexes. In the present study, the thio
-ether sulphur ligands 3-thiabutanol (p.131), l-methoxy-3—thia-
butane (p.140) and the di-(2-methylthioethyl) disulphide (p.144)
all give high spin nickel(II) complexes,

The mode of chelation of MMIH is similar to the ligand
?(2-mercapto¢-ethy1)p'yridine31 but differs from the ligand

o~mercapto-ethyl amin930 indicating that the nature of the

second co-ordination ligand atom (i{e. the thio~ether, the amino

and the pyridino) affects the co-ordination mode, leading to
different stereochemistﬁy of the complexes formed. Hence,
to complete the study of this effect, the thio-ether group is
replaced by an ether group and the result&g ligand l-mercapto

-2-methoxyethane, was studied,
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4,5 Nickel (II) halides complexes of l-metcapto-2-methoxy-

ethane, E{3°CH20H2SE]_ , MMEH

Like MMTH (1-mercapto-3-thiabutane) p.150, the complexes
of nickel(II) halides are readily prepared by mixing ethanolic
solutions of the hydrated salts and ligand. The resulting pre-
cipitate was washed with ether and dried ﬁnder vacunm. The purity
of the complexes prepared was checked by elemental analysis
(Table 3.3, p.88), which indicated a stoichiometric formula
Ni2(MME)2X2 (x=C1, Br, I).

Electronic Spectras The solution spectra (Table 3,11,p.99)

of the nickel complexes are essentially the same as the diffuse
spectra

reflectancef{except for a slight shift of the absorption peaks

maxima to higher energy (ca.50 cm—l). These spectra are similar

to those of the corresponding 2-mercapto-3-thiabutane nickel(II)

complexes Niz(MMT.’));\X2 and are characteriatic of a square planar

1 1 1 1 1., 1

structure (p.44). The A2§——— Alg' Blé——- Alg and Eg .Alg

trangsitions occurs in the region 12000-13000, 16000-19000 and
1 at 1

23000-24000 cm ~, respectively., The last band;23000-24000 cm~

although assigned as d-d transition is unlikely to be pure d-d
in nature because of its high intensity ( € = 15000 1 cm—IMfl).
Perhaps the d-d band is superimposed on the stronger charge

transfer band which also occurs (n this region. The evidence to
support this statement iQ found in the cobalt complexes of this |
ligand, which has a band of very high intensity ( ¢ = 1200 1 cm-lu-l)
occurting in the same region. As this band does not alter through

the series chloride, bromide and iodide; it can be concluded

that the charge transfer is probably caused by the sulphur ligand
and not by the halides®l. |

Conductivity measurement in nitromethane at concentration
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about 10~3M, shows that the above complexes are essentially
non-electrolytes, which is indicative of the halide ion
co-ordination, The diamagmetism of the complexes are in accord
with the square planar structure,

As in the case of Nig(MMT)Z Xy, the infrared spectra
(4000-450 cm-l) of the MME complexes showed there is a deform

ation of vibration modes of the ligand on chelation aad the

disappearance of the thiol (SH) absorption peak at.2500-cmf1

showed that the chelation involves the mercaptide group with

the loss of the proton. A comparison of the spectra of the free
ligand and the chloride complex (Figure IR 15,p.108) showed

that there is an overall change of the vibrational modes of the
ligand making identification of individual band shift impossible,
It is assumed (as in the case of MMTH complexes) that the
configurational hindrance on chelation is largely respohsible
for the change of the vibration modes of the ligand,

Far Infrared Spectra (450-80 cmfl): The spectra of the

complexes have a generally similar appea<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>