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Summary

Complexes of thiophene derivatives as potential metallomesogens

Candidate: Mary Solly Thomas
Supervisor: Prof Simon Lotz
Co-Supervisor: Dr. Marilé Landman
Department: Chemistry

Degree: Doctor of Philosophy

This study involves the synthesis and structural characterization of new metal
complexes of thiophene derivatives that have (potential) liquid crystalline properties.
Thiophene has been selected because of its stability and versatility in lending itself to
synthetic modification and hence forms links in chain structures for rod-like
metallomesogens. Thiophene, when compared with 1,4-disubstituted benzene units,
can change considerably the polarity, polarizability and also the geometry of the
compounds, altering the types of mesophases, phase transition temperatures,
dielectric constants and other properties of mesogens.

The reactions of a series of 5-alkyl-2-thiophenedithiocarboxylates with nickel(II)
chloride formed two types of complexes, blue mononuclear nickel(II) complexes with
two terminal dithiocarboxylate ligands, [Ni(S,CTR),] (T = 2,5-disubstituted
thiophene) and violet mononuclear nickel(Il) complexes with perthio- and
dithiocarboxylate ligands, [Ni(S;CTR)(S,CTR)] (R = alkyl groups). The blue
monomers are preferred for the shorter alkyl chains (C4 and Cg), and the violet
compounds for the longer chain lengths (Cg, Cj; and Ci¢) in the alkylthiophene
complexes. In addition to the above series, [Ni(S,CTCHs),], was prepared in a one-

pot reaction and it was possible to isolate both the blue and violet products. The
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thermal properties of the complexes were studied by using differential scanning
calorimetry (DSC) and polarizing optical microscopy (POM). Nickel complexes of
the violet type with longer alkyl chains showed liquid crystalline properties.

Zinc(II) complexes analogous to nickel(Il) complexes prepared similarly. A crystal
structure determination of one of those complexes revealed the fusion of two
monomers to give a dimeric structure with bridging sulfur atoms, [Zn(u-
S,CTR),»(S,CTR),;]. Although an irregular melting pattern was observed, the
complexes did not show any liquid crystalline properties.

In an attempt to extend the study towards organometallic compounds, complexes of
the type [Re(CO)4(S,CTR)] or [Re(CO)4(S2CTTR)] (T = 2,5-disubstituted thiophene,
TT = 2,5-disubstituted bithiophene; R = H, CHj3, C4Hy) were synthesized and
characterized by IR and NMR spectroscopy. Further characterization of
[Re(CO)4(S,CTTH)] by single crystal X-ray diffraction confirmed the molecular
structure of the complexes. These compounds showed sharp single melting points.
Fischer-type carbene complexes of manganese(I) with octahedral coordination of the
type [MnMeCp(CO),{C(OEtTR)}] or [MnMeCp(CO),{C(OEtTTR)}] (R = H, C¢H;3,
CioHys, CieHs3) were synthesized and characterized by IR, NMR and mass
spectrometry. Thermal properties of the complexes were studied by using
thermogravimetric analysis (TGA). All the organometallic rhenium(I) and Fischer-
type carbene complexes of manganese(I) showed weight loss upon heating due to
decomposition. Therefore it can be assumed that these complexes are not suitable as

liquid crystals.
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Chapter 1

General Introduction

1.1 Liquid Crystals

Liquid crystals represent a state of matter intermediate between the solid and
liquid phase. They have been defined as ‘“orientationally ordered” liquids or
“positionally disordered” crystals with combined properties of both the crystalline
and the liquid states'. Most solids when heated directly change into liquid state,
however certain solids do not change directly into liquid state on heating, but pass
through phases which have properties intermediate between solids and liquids.
Compounds that exhibit these phases are called liquid crystals. Schematic melting
behaviour of a liquid crystal2 is given in Figure 1.1.

Crystal Liquid crystal Liquid

Y
ik NN

Temperature

Figure 1.1 Schematic melting behaviour of a liquid crystal

A liquid crystal molecule is called a mesogen and the different phases it forms are
mesophases. Liquid crystal mesophases are fluids, which due to partial
orientational ordering of the constituent molecules, have material properties such
as permittivity, refractive index, elasticity and viscosity which are anisotropic

(i-e., their magnitude will differ from one direction to another).
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1.2 Classification

Liquid crystalline (mesogenic) compounds can be differentiated into thermotropic,
and lyotropic3 . Thermotropic liquid crystals change phase with temperature. The
transition from the crystalline solid to the mesophase is often termed as the
melting point, while that from the highest mesophase to the isotropic liquid is
called the clearing point. The mesophases often appear turbid while the isotropic
liquid is clear. Thermotropic liquid crystals change phase upon heating or cooling.
When the mesophase is obtained by heating the crystalline solid as well as by
cooling the isotropic liquid, the mesophase is said to be enantiotropic. Sometimes
however, it is only possible to obtain a mesophase by cooling the isotropic liquid.
Such a mesophase is said to be monotropic. Lyotropic phases are formed by
molecules in a solvent (generally water), and the concentration as well as the
temperature control the appearance of the mesophase. Soap is an everyday

example of a lyotropic liquid crystal.

Thermotropics can be further subdivided into two main groups, depending on
their structural features. Liquid-crystal mesophases may be classified on the basis
of the shape of the molecules, which give rise to the properties of the phase. The
rod-like molecules are calamitic and the disc-like molecules are discotic®.
Calamitic compounds have a structure in which the axial part is larger than the

radial part (Figure 1.2).
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Figure 1.2 Example of a calamitic (rod-like) liquid crystal

Discotic compounds are disc-like as the name implies. The radial parts are larger

than the axial part (Figure 1.3).

Figure 1.3 Example of a discotic liquid crystal

1.2.1 Calamitic phases

Rod-like molecules can form calamitic mesophases. There are two types of
calamitic mesophases; nematic mesophase and smectic mesophase’®. The less
ordered mesophase is the nematic mesophase (N). In this, the molecules align
with their long molecular axis more or less parallel to a preferred direction
indicated by the director, n (Figure 1.4). The molecules can move freely within

the nematic phase and are able to rotate around the long molecular axis.
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10N
thiih

Figure 1.4 Schematic representation of a nematic phase

The nematic liquid-crystalline phase is technologically the most important among
the many different mesophases. It is virtually used in all commercially available

liquid crystal displays (LCD).

Smectic mesophases (Sm) show a higher degree of order than the nematic phase.
There is orientational order as well as some positional order. The molecules are
not only oriented in one direction, but also positioned to one another in layers. A
number of smectic phases exist which differ in the degree of order present both

within and between the layers.

The simplest smectic phase is the smectic A (SmA) phase, in which the molecules
are aligned parallel to the normal without having positional order within the layer.
In smectic C (SmC) phase, the normal to the layers is tilted by an angle other than

90° (Figure 1.5).
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A

Wl
|-

SmA SmC

Figure 1.5 Schematic representation of smectic A and smectic C phases

1.2.2 Discotic mesophases

Materials that generate discotic mesophases have a disc-like molecular structure”.
There are two different classes of discotic mesophases, nematic and columnar.
The simplest one is the discotic nematic phase, which has orientational order but
no positional order. The discotic nematic phase is denoted by Np where the
subscript D is used to avoid confusion with the normal nematic phase. The
discotic nematic phase, like its analogue, is the least ordered liquid crystalline
phase. Most of the molecules in the columnar discotic phase tend to position
themselves in columns, the different columns constituting a two-dimensional
lattice. There are several types of columnar mesophases because of the different
symmetry classes of the two-dimensional lattice of columns and the order or the
disorder of the molecules stacking within the columns. Examples of nematic
columnar phase (N¢) and hexagonal columnar phase (Coly) are shown in Figure

1.6.
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"

Hexagonal (c)

Figure 1.6 Discotic nematic and hexagonal columnar phases10

1.3 Mesophase characterization

There are three main techniques to identify the liquid-crystalline properties of a
compound®’. The first technique is based on the birefringence of the mesophase
and is called Hot-stage Polarizing Optical Microscopy (POM). It is used to look at
the optical textures that are typical for a given mesophase. The second technique
that is used complimentary to POM is Differential Scanning Calorimetry (DSC).
DSC reveals the phase transition temperatures as well as transition enthalpies. A
third way to study mesogenic behaviour is by using X-ray Powder Diffraction
(XRD). When an X-ray beam interacts with the typical structure of the
mesophase, a characteristic diffraction pattern is observed, which allows

identification of the mesophase.
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1.3.1 Hot-stage Polarizing Optical Microscopy (POM)

This technique is based on the fact that the mesophase is anisotropic and
birefringent. This means that the mesophase has two different refractive indices,
parallel and perpendicular to the liquid crystal’s director. When the sample, in its
liquid-crystalline state, is struck by a polarized beam of light two refracted rays
are formed, which interact with each other to give a typical pattern under the
microscope. This pattern is called texture and is different for each mesophase. A
schematic representation of polarizing optical microscopy is depicted in Figure

1.7.

P
s “~

Sample on hot stage —— ® Crossed polarizers

U Light source

Figure 1.7 Schematic representation of Polarizing Optical Microscopy (POM)

A small amount, approximately 1-2 mg of the sample, is placed between two
microscope cover slips and is positioned on the hot stage. This hot stage is made
of silver, because of its high thermal conductivity, and can be heated or cooled by
means of a computer-driven temperature controller. The microscope is equipped
with two polarizers; one is placed between the light source and the hot stage and
the other is localized between the hot stage and the observer. The polarizers can

be rotated, but are typically placed in a crossed configuration. This means their
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polarization directions are perpendicular. In this way, only birefringent materials,
like most mesophases, can cause an image to appear. Isotropic materials, like the
isotropic molten phase, are not birefringent and therefore cannot cause an image

to occur.

The best textures are obtained when the sample is cooled from the isotropic liquid.
These are called natural textures. The sequence in which the different textures are
observed upon heating or cooling can also be diagnostic for the mesophase
transitions. The natural texture of a nematic phase (N) occurred when 4-

nonyloxybenzoic acid is cooled from the isotropic phase (Figure 1.8)".

Figure 1.8 Schlieren texture of a nematic phase'’

Typical characteristics for a nematic phase is the presence of dark brushes called

Schlieren, which seem to emerge from bright spots in the texture. These ‘spots’
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are called singularities and are formed when areas of differently oriented

molecules collide. A typical picture of smectic A is given (Figure 1.9).

Figure 1.9 Texture of a smectic A phase''

The fan-shaped texture occurs when cooling from the isotropic liquid. During the
cooling, rod-like features appear first and these are called batonnets. Gradually
these batonnets coalesce to form the fan-shaped texture. A typical texture of a

hexagonal phase is shown in Figure 1.10.

Figure 1.10 Texture of a hexagonal phase'’
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Hexagonal columnar phase is different from the textures of nematic phase and

smectic phase.

1.3.2 Differential Scanning Calorimetry (DSC)

Many physical or chemical transformations are associated with heat absorption
(endothermic) or heat evolution (exothermic). These events are easily detected by
a difference in temperature and heat flow between a sample and an inert reference
material. Since liquid crystals show physical and/or chemical transformations by
increasing the temperature, which involve a change in enthalpy or heat capacity,
DSC is a widely used technique in the investigation of the thermal behavior of

these compounds. A DSC thermogram of 4-nonyloxybenzoic acid® is given in

Figure 1.11.
35
Heating rata : 10°Clmin
-
. 83 "G
ssd | 25.18 kdimol [T
:"E.- o
E m- |l 111°C
E . 1.57 kJdimol
7 ] 141 °C
T " 180 kdimol
10 /
57 Cr sSmC M |
1 _J L J'\__—-—k—
-

r rJfi I -~~~ QD1 —7T°7r E
40 &0 a8l 100 120 140 TEd 180

Temperature ("C]

Figure 1.11 DSC thermogram of 4-nonyloxybenzoic acid®

10
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Typically enthalpy changes between successive liquid-crystalline phases or
between a liquid-crystalline phase and an isotropic liquid (clearing enthalpy) are
small and at around 1-10 kJ/mol, while transitions between a crystal and a liquid-
crystalline phase (melting enthalpy) are strongly first order and often in the range
20-50 kJ/mol. Typically heating rates are 10°C/min. DSC provides information on
enthalpy of phase transitions which cannot be obtained from POM. DSC cannot
be used to identify mesophases as POM is used. Thus the two methods, DSC and
POM are complimentary to each other for the characterization of liquid-crystalline

materials.

1.3.3 X-Ray Diffraction (XRD)

X-ray diffraction is a very useful method of identifying liquid crystal phases and
determining how the molecules pack together. X-rays interact with the electrons
in a material and pick out any periodically repeating features of a structure. The
X-ray technique is based on Bragg’s law, which relates the angle of incidence of
the X-ray beam 0 with the X-ray wavelength A and the distance d between two
planes.
n)\ = 2dsin6 (1.1)

The diffraction pattern of all the phases (mesophases) gives a very small number
of independent Bragg reflections plus considerable structured diffuse scattering
due to the large amount of disorder always present in these phases. For a true
crystal the diffraction pattern consists of infinitely sharp peaks. For an isotropic
phase only a diffuse peak is observed. For a liquid-crystalline phase the diffraction

pattern shows generally one peak that is broadened at the base. Thus the liquid
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crystalline phase shows X-ray characteristics that are intermediate between those

of a true crystal and of a true isotropic fluid.

1.4 Applications of Liquid Crystals

Liquid crystal technology has had a major effect in many areas of science and
engineering, as well as device technology. Applications for this special kind of
materials are still being discovered and continue to provide effective solutions to

many different problems.

1.4.1 Liquid crystal displays

By far the most important application of liquid crystals is in display devices.
Liquid crystal display devices (LCDs) are now used in a wide range of equipment
and apparatus such as watches, calculators, portable colour televisions, lap-top

computer screens, car, and ship and aircraft instrumentation.

Liquid crystal display devices offer excellent features that are not provided by
other types of display. LCDs are of a flat-panel design and are of low power
consumption (mW). They are small and compact and hence used in portable
displays. Another important feature of LCDs is the fast switching speed (ms-ms).
The most common LCD that is used for everyday items like watches and
calculators is called the twisted nematic (TN) display. A liquid crystal cell
consists of a layer of nematic mesophase liquid crystal material between two glass
plates with grooves. The glass plates have to be covered by a conductive layer.

The direction of the grooves of the two glass plates are at 90° to one another.

12
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When the liquid crystal material comes into contact with the grooved surface of
the glass plate, the molecules line up parallel along the grooves as shown in

Figure 1.12a.

T
-

() (b)

Figure 1.12 Molecules line up in (a) the grooved surface of the glass and (b)

shows liquid crystal molecules in a twisted structural arrangement'

When liquid crystal material is sandwiched between the two glass plates, the
molecules line-up with grooves pointing in directions ‘a’ and ‘b’ into a twisted
structural arrangement as shown in Figure 1.12b. When light passes through the
liquid crystal cells it follows the direction in which the molecules are arranged.
When the molecule arrangement is twisted 90°, the light also twists 90° as it

passes through the liquid crystals.

The molecules in liquid crystals are easily rearranged by applying voltage or
another external force. When voltage is applied, molecules rearrange themselves
vertically and light passes straight through along the arrangement of molecules.
When voltage is applied to a combination of two polarizing filters and twisted
liquid crystal, it becomes a liquid crystal display (LCD). The principle of twisted

nematic liquid crystal display is shown in Figure 1.13.
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Light Light
> | Polarizing -

-
.J'I' i
Filters i

i .
Y | Polarizing
oo Filters

Figure 1.13 Principle of twisted nematic Liquid crystal displays (LCDs)'?

When two polarizing filters are arranged along perpendicular polarizing axes,
light entering from above is redirected 90° along the helix arrangement of liquid
crystal molecules so that it passes through the lower filter. When voltage is
applied, the liquid crystal molecules straighten out of their helix pattern and stop
redirecting the angle of the light, thereby preventing light from passing through
the lower filter and the entire device appears dark. In this way, applying voltage
can be used to make a pixel switch between clear or dark on command. Colour
LCD systems use the same technique, with coloured filters used to generate red,

green, and blue pixels.

One of the advantages of liquid crystal displays is its ease of viewing. Flat panel
TV displays like LCDs and Plasmas are significantly brighter and feature higher
contrasts than traditional cathode-ray tube (CRT) sets. An LCD television will

perform exceedingly well under ambient light conditions. TV can be watched
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almost anywhere in a room since flat-screen LCD television displays can have up

to a 160° viewing angle.

1.4.2 Liquid crystal thermometers

Certain liquid crystals reflect light with a wavelength equal to the pitch (the
spacing between layers of similar orientation) and the reflected light will appear
coloured. As the temperature of the liquid crystal changes, the spacing between
layers also changes. The change in spacing changes the wavelength of the
reflected light and its observed colour. Thus liquid crystals make it possible to
accurately gauge temperature just by looking at the colour of the thermometer. By
mixing different compounds, a device for practically any temperature range can
be built. Special liquid crystal devices can be attached to the skin to show a “map”
of temperatures. This is useful in finding tumors, because it has a different
temperature than the surrounding tissue. Liquid crystal temperature sensors can be
used to find bad connections on a circuit board by detecting the characteristic

higher temperature.

1.4.3 Optical imaging

In this technology, a liquid crystal cell is placed between two layers of a
photoconductor. Light is applied to the photoconductor, which increases the
material’s conductivity. This causes an electric field to develop in the liquid
crystal corresponding to the intensity of the light. The electric pattern can be

transmitted by an electrode, which enables the image to be recorded. This
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technology is still being developed and is one of the most promising areas of

liquid crystal research.

1.4.4 Other Liquid crystal applications

Liquid crystals have a multitude of other uses'”. They are used for nondestructive
mechanical testing of materials under stress. This technique is also used for the
visualization of RF (radio frequency) waves in waveguides. They are used in
medical applications where, for example, transient pressure transmitted by a
walking foot on the ground is measured. Low molar mass (LMM) liquid crystals
have applications including erasable optical disks, full colour “electronic slides”
for computer-aided drawing (CAD), and light modulators for colour electronic

imaging.

1.5 Metallomesogens

Metallomesogens are transition metal complexes with ligands that exhibit liquid-
crystalline character'®. Metal containing compounds that exhibit mesomorphism
can be either organometallic or classical inorganic coordination complexesls.
Currently there is much interest in the synthesis and characterization of liquid-
crystalline materials containing metal atoms because of the potential to modify
many physical properties via the inclusion of a metal centre'’. The introduction of
an electron-dense metal centre should influence properties such as birefringence
and dielectric anisotropy. The scope for these metallomesogens is great, since
metals show a remarkable variety of geometries in addition to the linear, trigonal

or tetrahedral arrangements exhibited by carbon. Since every metal atom features
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large and polarizable electron density and many have unpaired electrons and are
deeply coloured, the inclusion of metals opens up possibilities of new physical
properties for the liquid crystals. Liquid-crystalline materials containing transition
metals are attracting special attention because of the ability of the transition metal

centre to impart unique optical, magnetic and electrical properties'’.

1.5.1 Early Work on Metallomesogens

Vorlander reported the first thermotropic metal-containing liquid crystal in
1910'®, He discovered that the alkali-metal carboxylates, R(CH,),C(O)ONa,
formed classical lamellar phases characteristic of soaps. Later, in 1923, he also
found that the diarylmercury Schiff bases (RCsH4CH=NC¢H4),Hg form smectic
phaseslg. Other alkali and alkaline earth salts of carboxylic acids with organized
mesophases were characterized by Skoulios and his collaboratorszo, while the
smectic ferrocenyl Schiff bases were synthesized by Malthete and Billard in
1976*". Giroud and Muller-Westerhoff reported the mesogenic nickel and
platinum dithiolenes™ in 1977 and were the first to seek advanced materials
(novel substances for electronic, optoelectronic and related applications) among
such compounds.

This work laid the foundations for the study of mesogens containing d-block
elements and marked the practical beginning of interest in the subject. Since then
many new types of metallomesogens have been synthesized by using different
varieties of ligands; monodentate (4-substituted pyridine:s21'25 s isonitr116526,
cyanobiphenyl derivatives®’),  bidentate (salicylaldimine derivatives, -

diketonates, dialdehydes, aminoketones, dithiobenzoates, glioxymates, alkanoates
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28-37 38-44 7 48,49

etc.) , or polydentate (phthalocyanines™ ™, porphylrins454 , triazine™",

triphenylene5 053y,

Since mesophase formation depends on the intermolecular forces and the space
around the metal occupied by the ligand, the properties of metallomesogens are
dominated by the ligands and their arrangement, in other words by the overall
shape of the molecule. Thus, for example, long monodentate ligands or bidentate
ones with small bite angles will tend to give rod-like nematics and smectics, while
flat space-filling polydentate ligands (for example macrocycles) will give discotic

materials.

Another type of metallomesogens is metal-containing ionic liquid crystals. Ionic
liquid crystals are ionic compounds, having liquid crystalline properties with low
melting points (below 100°C). The groups of Bruce™ and Seddon™ reported
results of metal-containing liquid crystals based on imidazolium salts which can
also be classified as organometallic liquid crystals because of the metal-carbon

bonds. A typical example of this type is given below.

C,H

CnHont CHons1 | niantl

I | Cl

N Cl N N\ | PN

|[ >—1:)d—</ j} H: > I|)d_N\§—/N_CnHZn+l

N

1o 0 b

CuHont C.Hopnig nt2n+l

Figure 1.14 Metal containing liquid crystals based on imidazolium salts
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The thermal stability of these compounds depends on the chain length; the longer
the chain, the more stable the compound. The ordered environment and the unique
structural properties possessed by metal-containing ionic liquid crystals can
benefit the formation of nanomaterials with specific structure.

2657 reported that the mesomorphism can change

Recently Bruce and co-workers
from the typical calamitic materials to discotic mesogens, simply by varying the

chain length. Tetracatenar mesogens of the type shown below were used.

CnHZn+ 1 0)

C,H,,: 10 spacer - OC Hopy1

OCnH2n+ 1

Figure 1.15 Tetracatenar mesogens

The compounds were constructed from long, rod-like cores that possessed four
terminal chains arranged symmetrically. For short chain lengths the compounds
displayed nematic and/or smectic C phases, while for longer chain lengths, they

showed columnar phases.

1.5.2 Structural design of calamitic metallomesogens

The rod-shaped calamitic metallomesogens contain rigid central cores, with metal
and the ligating atoms consist of ring structure phenyl or heterocycles, while
flexible n-alkyl or —alkyloxy tails extend out along the molecular axes. The
resulting rod-like polarizable core, together with the flexible end chains increase

the molecular anisotropy and facilitate liquid crystal features'”.
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The magnitudes of the weak dipole-dipole and disperson forces, which hold
thermotropics together are critical: when they are too weak or when they are too
strong, the liquid crystalline character is lost. Hence the molecular features, which

optimize thermotropic behaviour, are very important.

1.6 Thiophene as building block

Thiophenes are aromatic compounds that display properties close to those of
arenes. The thiophene molecule, C4H4S (Figure 1.16), is a five-membered,
electron excessive heterocycle with excellent charge transfer properties.
Thiophene has occupied an important position, firstly, because of its stability and
secondly because of the versatility of the thiophene moiety in lending itself to

synthetic modification.

1.380

Figure 1.16 Structural properties of phenylene58 \& thiophene5 ? units

When comparing 1,4-disubstituted benzene units in chain structures, thiophene
can change the polarity, polarizability and also the geometry of the compounds.
This will alter the types of mesophases, phase transition temperatures, dielectric
constants and other properties of mesogens. Thiophene systems generally have
lower melting points because of poorer efficient packing in the solid state. The

molecules have strong lateral dipoles with negative dielectric anisotropy and do
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not require additional substituents such as F, CN, etc. to enhance these features.
Additional substituents increase the breadth of the rod and can alter the viscosity
of the system. Whereas 1,4-phenylene units promote linear structures, thiophene
causes kinks or small bends in the chain. Because of these features thiophene-
containing organic liquid crystals have been investigated extensively,’®* but as
part of metallomesogens have greatly been neglected and we are not aware of any
examples. In addition, five-membered heterocycles such as thiophene and pyrrole
have widely been used as building blocks for the design of well-defined linear 7-
conjugated oligomers and polymersﬁs. Conducting polymers based on thiophene
and/or pyrrole have been reported to be soluble, and exhibit ordered crystalline or
side chain liquid crystal phases 6 Crystallinity or liquid crystallinity in these
materials can provide not only an insight into the electronic conductivity, but is
also expected to lead to new applications that exploit anisotropic behaviour
associated with the discrete, orthogonal conductivity mechanisms along the
conjugated strands of the polymer material and between adjacent strands. In
addition to this, the anisotropic properties associated with the liquid crystal phases
might be manipulated or switched through some external stimulus. Although
significant progress has been made in the synthesis of soluble/processible polymer
systems, very few examples of conducting polymer systems that exhibit liquid

crystal phases have been reported®.

1.7 Dithiocarboxylate ligands

The dithiocarboxylate ligand, RCS,, is a strong bidentate chelating ligand with

donor sulfur atoms. RCS, is considerably stable in complexes (all melt without
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decomposition) contrary to the low chemical stability of the free ligands67.
Reactions of dithiocarboxylates and derivatives were extensively studied in the
period 1967-1975 resulting in some fascinating chemistry and new structurally

- - 68-70
interesting complexes

. Many structural types with different modes of
coordination of dithiocarboxylate ligands with metals have been documented.
These include four-membered chelate rings, bridging dithiocarboxylate ligands
and sulfur inserted perthiocarboxylate ligands. Complexes with dithiocarboxylate
ligands displaying liquid crystalline properties have been reported for Ni, Zn, Pd

and Pt transition metals®>’",

1.8 Aim of study

The main objective of this study was to synthesize metal complexes with ligands
containing alkyl thiophene units in rod-like structures. The focus of the study was
to find out the effect of the structural features of the new complexes and also to
investigate their thermal properties. Dithiocarboxylate complexes of nickel(Il) and
zinc(Il) with alkyl or alkyloxy substituted phenyl ring are reported to be

. 22337277
mesomorphic™

whereas there are no known dithiocarboxylate complexes of
nickel(Il) or zinc(I) with alkyl or alkyloxy substituted thiophene. Figure 1.17
shows the alkylthiophene dithiocarboxylate complexes of Ni(Il) and Zn(II).

Another feature of interest is the electronic properties of thiophene adjacent to the

coordinating CS; and the length of the alkyl chain.
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Figure 1.17 Target complexes with thiophene-containing ligands

The first chapter gives an overview of liquid crystals, their applications, early
work on metallomesogens and structural design of calamitic metallomesogens. In
the first part of the study, the synthesis, characterization, structural features and
the liquid crystalline properties of the new complexes of nickel(I) with 5-alkyl-2-
thiophenedithiocarboxylate ligands are investigated. The synthesis of the alkyl
thiophene dithiocarboxylate ligands make use of known procedures adapted from
dithiobenzoate”" synthesis and is modified to accommodate thiophene chemistry.
Due to the diversity of the coordination modes recorded for dithiocarboxylate
ligands with nickel(Il), a careful assessment of the molecular structures was
required. It is anticipated that the thiophene could play a major role in determining

coordination modes as it is in direct mt-contact via the coordinating CS, moiety
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with the metal. The same ligands used for nickel were also used for zinc(II)
complexes (Figure 1.17A). The nickel(Il) complexes are d® systems whereas the
zinc(Il) complexes are d" and both could give tetrahedral complexes. A
comparison of coordination properties, the structural features and melting point
behaviour of the new complexes were studied. In the second part of the study
potential rod-like liquid crystalline properties of organometallic compounds were
investigated. Two different types of complexes of group VII transition metals
were selected, both containing carbonyl ligands. Firstly, the same
dithiocarboxylate ligands were reacted as before to give [Re(CO)4(S,CTR)]
(Figure 1.17B) and this work was extended to include bithiophene. Bithiophene
will lead to a greater polarization in the chain compared to thiophene. A weak
point in this design is the many labile carbonyl ligands present in the complexes.
However, luminescent rthenium(I) tricarbonyl complexes with long alkyl chains as
spacers and terminal cyanobiphenyl groups displayed various mesophases78.
Carbene ligands of the Fischer-type will also display strong polarization effects
because of the very electron positive carbene-carbon atom coordinated to the
metal. This effect is studied again by including bithiophene in the ligand. Until
now, no carbene complexes displaying mesophases have been studied. To prevent
mass loss by carbonyl elimination under thermal condition the very stable Mn(n5 -
CsH4Me)(CO), metal fragment was selected” (Figure 1.17C). The rod-like
structure is induced by attaching alkyl chains to the carbene ligand. The carbene
complexes are expected to have low melting points because of the substituted
cyclopentadienyl ([Mn(n’-CsH4Me)(CO)s] is an oil) ligand and are of interest to

study.
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Chapter 2

Nickel(II) complexes with thiophene-containing

ligands

2.1 Introduction

Many classical inorganic nickel(Il) complexes with rod-like structures and N
and/or O donor-atom ligands, such as bidentate B—enaminoketonesl’z,
tropolonates3 and salicylaldimine4 have been studied for their liquid crystalline
properties. Disc-shaped nickel(Il) mesogens have been reported with

phthalocyanines’6 and alkoxy hydrazine’ ligands.

An important class of nickel(Il) complexes are those with sulfur donor-atoms such
as thiols, dithiolene and dithiocarboxylate as ligands®”. The chemistry of
nickel(Il) thiolate complexes has attracted attention and has been studied widely
because of the identification of nickel in the active site of the enzyme hydrogenase
in biological systemslo. Since the colour remains an important issue in liquid
crystalline displays the role of nickel(I) in liquid crystalline materials must not be

underestimated for potential application'"'?

. The first mesogenic nickel(Il)
complexes were those with dithiolene ligands and were studied by Giroud and

Muller-Westerhoff, in 19771,

\\
R ‘M‘

Lf/

M =Ni, Pd, Pt
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The first example of a nematogenic nickel(Il) metallomesogen reported was a
complex substituted with terminal butyl chains" (above). For compounds with
longer alkyl chains, smectic mesomorphism was observed. The nickel(Il) and
platinum(II) complexes displayed enantiotropic mesophases, which were nematic
for the shorter chains and smectic for the longer alkyl chains while the
corresponding palladium complexes did not show any mesomorphic properties.
As intermolecular forces play an important role in the mesophase character, the

lack of mesomorphism may be due to the strong Pd-Pd bond.

In addition to the calamitic (rod-like) metallomesogens, Ohta et al. 14 reported
disc-shaped metallomesogens for nickel and dithiolenes. Nickel(Il) dithiolene
with four 3,4-bis(dodecyloxy)phenyl substituents was shown by X-ray diffraction

to give rise to a hexagonal disordered columnar (discotic) mesophase.

Of the piperazine dithiocarbamate complexes of palladium, nickel, copper and
zinc only the nickel and copper derivatives showed liquid-crystalline behaviour'”.

Both the nickel and copper complexes showed similar phase behaviour for the
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hexyloxy chain. On cooling from the isotropic liquid a highly birefringent,

schlieren texture of smectic C was observed.

ey Oy
\\/\

=Pd, Ni, Cu, Zn
The mesogenic properties of bis(p-alkylphenyldithiolate) complexes of nickel(Il)

and platinum(II) were reported by Mueller-Westerhoff in 1980'°.

\/\
O\/\

M = Ni, Pt; R = alkyl or alkyloxy substituents
In 1988 Adams et al." synthesized the mesomorphic 4-alkyloxydithiobenzoate
derivatives of Ni, Pd and Zn. The mesomorphism of nickel(II) and palladium(II)
complexes were similar, showing smectic C phases for longer alkyl chains (n = 8).
In general, the melting points of the palladium complexes were 20-30°C higher
than those of the nickel complexes, whereas clearing points were about 80°C

higher.

Adams et al.'® as well as Ohta and co-workers'® undertook detailed studies on the
liquid crystalline properties of 4-alkyloxydithiobenzoate derivatives. The 4-
alkyloxydithiobenzoates of Zn, Ni and Pd are highly dichroic and can be used in
liquid crystal displays. The strongly coloured mesomorphic dithiolates prepared
by Giroud and Muller-Westerhoff'® were investigated as potential dyes in guest-
host systems, by incorporation of the mesomorphic derivatives into nematic

hosts®. The linear dichroism of the 4-alkyloxydithiobenzoates of nickel(Il) was
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also measured by the Sheffield group21 in the nematic solvent and reported that

those complexes were not suitable as dyes for displays.

In 1988 Ohta et al. employed alkyldithiocarboxylate as ligands to form dimeric
nickel(Il) complexes that exhibited monotropic smectic phases”. They also
employed alkoxydithiocarboxylate to form monomeric nickel(Il) complexes that
exhibited double and triple melting behaviour. In nickel(Il) and platinum(II)
complexes the dispersion forces are more dominant and dissociation into the

monomer is possible at the temperature of the mesophase.

Earlier literature (1963-1975) have revealed nickel(I) complexes (d8 electron
configuration) displaying a variety of coordination numbers and many different
coordination modes for thiol, dithiocarboxylate, dithiocarbamate and
trithiocarboxylate ligandsg. Square-planar, tetrahedral, 5-coordinate, and
octahedral geometries are known for nickel(I) with dithiocarboxylate ligands. It
has been widely demonstrated that square-planar or square-pyramidal
coordination leads to the appearance of liquid crystalline properties, whereas
tetrahedral geometry usually inhibits mesophase formation. All the mesomorphic
complexes are diamagnetic, which has been interpreted to indicate a square-planar

coordination about the metal.

In this study the reactions of a series of 5-alkyl-2-thiophenedithiocarboxylates

with nickel(Il) chloride were investigated to see if the inclusion of thiophene in

the chain would affect the outcome of the reactions and play a role in determining
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the melting point behaviour and properties of mesophases. Reactions of
dithiocarboxylates and derivatives were extensively studied and resulted in some

fascinating chemistry and new structurally interesting complexesg.

2.2 Results and discussion

2.2.1 Synthesis and characterization

Five complexes of the type [Ni(S;CTR),] (where T = 2,5-disubstituted thiophene,
R = alkyl group; C4Hy (1), CeHiz (2), CsHi7 (3), CioHas (4), CigHss (5)) were

synthesized via a four-step reaction sequence as shown in Scheme 2.1.

The reactions with butyl lithium were carried out with nitrogen-saturated, dried
solvents and in an inert atmosphere. The procedure that was used is similar to the
one described by Brandsma® for the lithiation of thiophene. Step 1 involved the
lithiation of thiophene on position 2 followed by the subsequent addition of alkyl
bromide. In the second step 2-alkylthiophene was converted into 5-alkyl-2-
thiophenedithiocarboxylic acid. It involved the lithiation of alkyl thiophene on
position 5 followed by the addition of CS,, resulting in a deep red colour. On
further  acidification =~ with  dilute  hydrochloric  acid,  5-alkyl-2-
thiophenedithiocarboxylic acid was formed. Subsequently this acid was converted
into the sodium salt by reacting with sodium methoxide, again in an inert

atmosphere, in the third step. All the intermediates were isolated.
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{ >\ nBuLyRBr , | nBuLi¥CS,HCl @ P
stepl R step2 R C\

step3 lNa/MeOH

S
NiCl 7/
RU—C _@ step42 RQC\
S SNa
R

= alkyl group; C4Ho (1), CsH 3 (2), CsHi7(3), Ci2Has5 (4), CisH33 (S)

\

Scheme 2.1

The final step was similar to that of Adams ez al.'® who prepared complexes with
dithiobenzoate ligands. The addition of a pale green solution of nickel(IT) chloride
to a stirred solution of sodium 5-alkyl-2-thiophenedithiocarboxylate in water, lead
to a change in the colour of the reaction mixture from dark red to blue-violet. The
mixture was allowed to stir for 3 hours at room temperature to ensure completion
of reaction. The product was precipitated by adding excess methanol and
separated by filtration and dried. The colours of complexes 1 and 2 were blue
whereas the colours of 3-5 were violet. Further purification was done on a silica
gel column and the product was purified with hexane/CH,Cl, (4:1) as the eluent.

IR and NMR spectroscopy were used to characterize the complexes (1-5).

S S 7

MeULi%MeU/C\\SXNi S//C\U

Scheme 2.2

=)
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In a second method (one-pot reaction), 2-methylthiophene was lithiated by butyl
lithium at —20°C in THF. The colour of the solution immediately changed to
orange on addition of the BuLi, but changed gradually to yellow after stirring for
30 minutes. The mixture was cooled to -50°C and carbon disulfide was added.
The mixture became dark red in colour and was stirred for 30 minutes. Anhydrous
nickel(Il) chloride was added in small portions and the mixture was allowed to
reach room temperature. The yellow solid material gradually dissolved on reacting
and the solution changed first to green then to blue and thereafter to violet over a
period of three hours. The blue-violet product was purified by filtration of the
reaction mixture through a plug of silica gel, once the solvent was changed to
dichloromethane and afforded 6 in very high yield (the yield was more than 80%).
From this mixture it was possible to isolate both a blue and violet compound by
column chromatography with mixtures of hexane and dichloromethane. The blue
compound indicated by 6a was less soluble in organic solvents compared with the
violet compound indicated by 6b. Spectroscopic data revealed that two different
products or isomers were present in the reaction mixture.

In a third experiment, the blue complex 1a was dissolved in THF and stirred at
room temperature. A sample was taken after 1 hour and the 'H NMR spectrum
was recorded in deuterated chloroform. As stirring continued the colour of the
reaction mixture gradually changed from blue to violet. After 12 hours the
conversion was complete and only the violet complex (1b) could be isolated from
the reaction mixture. A similar result was achieved after stirring 2a for 10 hours.
The blue compound converted into the violet compound and after further analysis

of the products it was clear that the blue and violet complexes of 1 or 2 could be
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isomers (the blue isomers were indicated as 1a or 2a and the violet ones as 1b or

2b).

2400

7.

——7.4959
7.4830

6.7592
T—6.7462

H la

1b violet

1b 1b

T T T T T T T T T T T T T T T T T T T T T
7.80 7.70 7.60 7.50 7.40 7.30 7.20 7.10 7.00 6.90 6.80
(ppm)

Figure 2.1 'H NMR spectrum in the thiophene region of 1 (1a and 1b)

In the first method the conversion of the blue isomer into the violet isomer is very
slow. In the second method the conversion is much faster, indicating that the
solvent facilitates the conversion. THF is a reasonably strong coordinating solvent
to transition metals and will assist in stabilizing intermediates during ligand
displacement. Figure 2.1 represents the '"H NMR spectrum of compound 1 (1a and
1b) in the thiophene region after withdrawing a sample from the reaction mixture.
The sample was taken after 1 hour stirring at room temperature in THF according
to the third experiment above. The spectrum shows a mixture of two compounds

in different concentrations as indicated by the two sets of resonances. It is
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important to note the sharp signals of high resolution for the different protons in
the "H NMR spectrum. This is indicative of diamagnetic and not paramagnetic
complexes and implies that the nickel complexes could be square planar or maybe

octahedral, but not tetrahedral.

In the first set of resonances, two strong doublets at 7.73 and 6.83 ppm appear in
the thiophene region indicating two protons in different electronic environments.
This is as a result of the two different substituents in the 2- and 5-positions of the
thiophene ring. If 1 has two or more thiophene-containing ligands it means that
they are all coordinated to the nickel in a similar fashion. The structures proposed
in Figures 2.2 and 2.4 are possible structures that meet this requirement. Similar
two-signal resonances were observed for all the blue isomers in the thiophene

region of this study.

Figure 2.2 Proposed structure of the blue compound, 1a, with atom numbering

Examples of complexes with two bidentate dithiocarboxylate or dithiocarbamates
ligands surrounding one nickel(II) metal have been documented before and a
crystal structure determination of [Ni{S,CPh},] revealed a flat, square-planar

mononuclear nickel(II) complex24.
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Figure 2.3 Intermolecular interactions between the nickel and sulfur atoms in the

solid state of the mononuclear nickel(II) complexes24

Structural work confirmed some intermolecular sulfur-metal interaction between
chains of square planar complexes for mononuclear [Ni(dithiobenzoate),] and
[Pd(dithiobenzoate),] complexes in the solid state (Figure 2.3). This interaction
will affect the coordination numbers and geometry of the nickel centres in the
clusters of three mononuclear complexes. The carbon and the hydrogen attached
to the carbons are numbered as shown in Figure 2.2. The carbon in the CS; unit is
indicated as Cl1, this procedure of numbering atoms is in line with thiophene
numbering schemes where S takes the 1-position. The nickel(Il) complexes give

24,25

deep blue solutions Similar complexes have been reported for

diethyldithiocarbamates®®, xanthates>’ and dithiophosphates™.

Figure 2.4 Structure of dimeric nickel(II) complexes with bridging R-CS; ligands
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Another structural type to be considered for 1a is a dinickel(II) structure with only
bridging R-CS; ligands (Figure 2.4)®. Such a complex will also afford only two
doublets of different chemical shifts in the "H NMR spectrum. Complexes of this
kind are quite common and structural data were obtained from single crystal X-
ray determinations of [Ni{S;CCH3}4]* and [Niy{S,CCH,Ph}4]*"*%. These
complexes were reported to have a red-brown colour in the solid state and in

. 3032
solution™”

. Based on the above information, the colours of the reported
complexes and the spectral data, the blue isomers 1a, 2a and 6a were assigned to

be monomeric, square planar nickel(I) complexes with two terminal bidentate

dithiocarboxylate ligands (see Figures 2.2 and 2.10).

Also visible in the thiophene region of the spectrum of 1 (1a and 1b) in Figure 2.1
are four doublets of much weaker intensities. These resonances belong to the
spectrum of a second compound, described as the violet compound. The four
doublets indicate that there are two thiophene ligands in different electronic
environments. Two possible monomeric forms of the complex with composition
[Ni{S,C-thiophene-Bu},] can be considered, i.e. 1a and 1a' (Figure 2.5). It is
known in carbene chemistry that complexes with thienyl substituents may display
restricted rotation around the thienyl-carbene carbon bond, resulting in the
formation of two isomers with different positions for the sulfur atoms in the
thiophene rings™. This was ascribed to charge transfer from the thiophene ring via
the m-system to the electrophilic carbene carbon atom. A similar situation may
exist for an electrophilic carbon atom of a CS;-unit coordinated to a transition

metal and attached to the thiophene ring in 1. In a square planar complex this will
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result in the two sulfur atoms being on the same or on opposite sides of the

molecule (Figure 2.5), representing a mixture of geometric isomers.

\_/\
U\\ //U \Qﬂ\\/ \/,

la

Figure 2.5 Mixture of geometrical isomers resulting from restricted rotation

This is not a satisfactorily explanation for the composition of 1b for a number of
reasons. The large differences in chemical shift values would rather indicate either
different modes of co-ordination to the nickel(Il) by the 2,5-Bu-thiophene-CS,
ligand or two ligands of totally different composition. The intensities of the
resonances of the four protons in the 'H NMR spectrum of 1b are exactly the
same and that would indicate no preference for any one of the two isomers, which
is unlikely. Spectra of pure samples of the blue compound, 1a/2a, are without the
violet component, 1b/2b, and pure samples of the violet compound are without
the blue component. Other arguments of importance against the existence of two
isomers are different chemical shift values for the two sets of resonances, the large
colour difference of the two isomers and an irreversible conversion reaction of the

blue into the violet compound.

Many other possibilities exist for mono- and dimeric nickel(I) complexes with
RCS, ligands and some of the most likely will now be considered and examined.
If one of the coordinated sulfur atoms in the chelate ring would change from a
thiol and thione to a thiol and thiophene-sulfur, two different types of sulfur donor

ligands could be present in the complex (Figure 2.6).
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S \NI/ \C \
<./
S

S

Figure 2.6 Complex with thioether-thiol and thioketone-thiol ligands

These different coordination modes will most definitely result in larger changes in
the chemical shift values of the thiophene protons and could also explain the role
of THF in the conversion of 1la to 1b. Five-membered chelate rings are more
stable than four-membered chelate rings that could act as a driving force for the
conversion. Arguments against such isomerization processes are the known, poor
coordinating abilities of sulfur atoms in thiophene rings to transition metals®*.
This has been ascribed to the involvement of one of the sulfur lone pair electrons
in the m-delocalization of electron density over the thiophene ring™. Also, in
instances where coordination through the thiophene sulfur atom was observed, the
sulfur would flip out of the plane of the ring, become sp3 -hybridize and in the
process destroy the aromatic character of the thiophene ring34. This will result in
proton chemical shifts of dienes that are found upfield from the aromatic region.
This structural type was eliminated as a possible explanation of the spectral data

of 1b on the basis of the poor coordinating properties of a thiophene sulfur atom.

The conversion and spectroscopic results of 1b can also be explained by the

possibility of two mononuclear nickel(Il) complexes forming a dimer by sharing

dithiocarboxylate ligands, resulting in one bridging thiophene-containing ligand
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for each similar terminal ligand. Two important structures can exist, one with a
bridging dithiocarboxylate and the other with bridging sulfur ligands. Figures 2.7
and 2.8 present possible structures of the violet compounds 1b based on these
assumptions.

Structural properties of complexes containing bridging dithiobenzoate ligands in
dimetal complexes have been observed for tetrahedrally coordinated Zn(Il) and
with mononuclear dithiocarbamates tetrahedrally coordinated to Zn(II), Cu(Il) and
Cd(I) metal centers'"°,

Complexes of nickel(Il) with both terminal and bridging CS,-ligands and square
planar coordination will result in two five-membered chelate rings being
perpendicularly orientated if a nickel-nickel bond is assumed. The second isomer,
the trans isomer, will have a flat square arrangement of eight atoms. This complex
cannot exist because of the small bite angle required by the remaining terminal

dithiocarboxylate ligands when forming four membered chelate rings with the

nickel centres.

Figure 2.7 Proposed structure of the violet compound 1b, with bridging CS,-

ligands
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As far as we are aware no examples of such cis-nickel(Il) complexes have been
reported but a structure determination of a similar cis-[Pty(-dtc),(dtc),] (dtc =
dithiocumato) complex revealed the coordination modes shown in Figure 277,
This is a very interesting structural type as on the one side of the complex with the
terminal CS,-ligands, the ligands will form two parallel chains, whereas, they will
divert outwards from the metal-metal bond on the other side of the complex. The
preferred structures for nickel(Il) complexes with bidentate dithiocarboxylate
ligands are mononuclear nickel(Il) complexes with two terminal dithiocarboxylate
ligands when a heteroatom or aryl substituent forms part of the ligands (Figure
2.2)* and four bridged dithiocarboxylate ligands when alkyl substituents are part
of the ligands (Figure 2.4y The argument against this type of coordination of
RCS, for 1b is that it should generate very similar NMR data compared to 1a.

Bridging S-ligands, on the other hand, form three membered rings and are again
perpendicular in a square planar arrangement of S-ligands around the nickel (II)
centers in 1b (Figure 2.8)*®. Examples of bridging mercaptide ligands (RS of
Ni(Il) and terminal trithiocarboxylate ligands are found in literature®®. The
mercaptides form mostly as a result of CS; elimination from a trithiocarboxylate
ligand and are excellent bridging ligands. As a result of the spz—thione carbon in
1b, now part of the chain and free from being coordinated to the metal, a kink is
formed in the chain. This and the orientations caused by substituents in the 2- and
S-positions of the thiophene ring (zig-zag), allows the chains to divert towards the

other chains of the terminal CS,-ligands to still afford a rod-like appearance.
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Figure 2.8 Proposed structure of the violet compound 1b, with bridging S-ligands

Proposed mechanisms for the conversion of a monomer into a dimer for the two
classes are presented in Schemes 2.3 and 2.4. The dimer is formed when two
monomers interact in an intermolecular fashion. A lone pair of a coordinated
sulfur atom of a ligand of the first complex attacks the nickel atom of the second
complex and in the process detaches itself from the metal. The same process, but
in a reversed way, happens from the second to the first nickel complex. In the
process the sulfur atoms of both ligands will bridge two nickel-atoms and form
two five- membered rings with two nickel and two sulfur atoms. One ligand

remains coordinated to each nickel in the same way as found for the monomer.

R R
S /s L C/
2N/ \\ 7 XA
R—C Nil 4 SCc—R s7 87 N
\S/ \S/ |/ |/S
,s, S — /I\{l /I\il
R’ [N \\C_R s 8 s\\ S
S S / /
R R

Scheme 2.3 Proposed mechanism for the dimerization of nickel(Il) complexes

with bridging dithiocarboxylate ligands
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Even though it is well-known that trithiocarboxylates and dithiocarbamates would
readily eliminate carbon disulphide to afford mercaptides or amines (under acidic
conditions), we did not in the context of this project, found literature evidence of
the elimination of carbon monosulfide from dithiocarboxylates to yield
mercaptides. In this case (1b) it means that a sulfur atom will rather bridge and
not use the available thione sulfur to form a five-membered chelate ring. It is
worth mentioning that the coordinating properties of 2-aminocyclopentene-1-
dithiocarboxylate were studied and revealed that bonding with metal ions
occurred through the amino nitrogen and deprotonated thiol sulfur atoms leaving
the thione uncoordinated®. Previous arguments of the coordinating abilities of
thiophene sulfur atoms ruled out possible competition for a coordination site by
this atom (Figure 2.6) as such was the case with amino-dithiocarboxylates. On the
other hand, it was assumed that the nucleophilicity of a coordinated sulfur to
nickel(IT) was too low to compete with an available thione in the coordination to a

second nickel(II) center.

R
/
N Y Ne_q g
g Mg /S\ / \ / \\
5 s ’ TG N / N R
R—C/ \Ni/ \\C—R S
\\ SN \C:S
SY S _ /
R = alkylthiophene R

Scheme 2.4 Proposed mechanism for the dimerization of nickel(Il) complexes

with bridging thiol ligands
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A more likely explanation can be found by considering a change in the
coordination mode of one half of the RCS; ligands and thus affording 'H NMR
resonances of the same intensities. A very unexpected, but with well-characterized
complex in literature deals with the conversion of one or both of the
dithiocarboxylate ligands into a perthiocarboxylate ligand***'. These complexes
were originally incorrectly formulated as being disulphide bridged dinickel(IV)
complexes with four terminally coordinated dithiocarboxylate ligands and each of
the metals in an octahedral ligand environment™*. It was later shown that these
violet or dark red complexes, [Ni(S;CR),S], were in fact mononuclear nickel(II)
complexes (Figure 2.9), displaying a four-membered dithiocarboxylato and a five-
membered perthiocarboxylato chelate ring43. The formation of the sulfur inserted
perthiocarboxylato ligand is facilitated by a sulfur source such as Sg or anionic

43-46 -
. This process can be

polysulphides and/or thermal reaction conditions
reversed by abstracting a sulfur atom with PPh;**®. A further driving force for the

S-insertion is the expansion of a four to a thermodynamically favoured five

membered chelate ring.

The formation of violet vs blue compounds in this study was contributed not only
by the properties of the solvent, but also by the length of the alkyl chain. Using
the first method of synthesis the blue monomers are preferred for the shorter
chains (C4 and Cg) and the violet compounds for the longer chains (Cg, C;, and
Ci¢). By stirring 1a or 2a in THF for less than one day the conversion into 1b and
2b, respectively, is completed. It should be reasonably easy to eliminate or prove

that the mixed mononuclear perthiocarboxylate nickel(Il) complexes as being
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representative of 1b — 6b. This could be done on the basis of chemical analyses,

mass spectrometry, literature surveys and spectroscopic methods (NMR and IR).

The atom-numbering scheme adopted in this dissertation for bridging
dithiocarboxylate or perthiocarboxylate chelate rings differ from those of terminal
dithiocarboxylate ligands only by the addition of an apostrophe to the atom

number (Figure 2.9).

il 8

s’s\ 2 5§58 % .
Ratak
S—Ni=S 4 4

Figure 2.9 Proposed structure of a nickelIl) complex with mixed

dithiocarboxylate and perthiocarboxylate ligands

Efforts to obtain single crystals from a wide range of solvents of any of 1b — 6b,
were unsuccessful. Based on the physical and spectroscopic data and literature
results it was concluded that 1b-6b were the mononuclear nickel(I) complexes
with perthio and dithiocarboxylate ligands as shown in Figure 2.9. Further
confirmation of this structure for 1b — 6b was made by literature survey, the violet
colour, chemical analyses, and the mass spectral and spectroscopic data. The only
outstanding issue was the source of an additional sulfur for insertion. The

formation of perthiocarboxylate complexes of nickel(Il) have previously been
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achieved by thermal conditions and the addition of polysulfides, elemental sulfur

or by a photolytic procedure in dichloromethane or chloroform™®°.

Bu

S Bu . /S\C \ \ g .

#55c (Nl / > Bu / 0\ Bu
[N1] / N\ _> — C
[Ni] 3/‘@ i K4 ‘@
[Ni /‘g i A

/S
[Ni] = Ni\s>c \ \

Scheme 2.5 Proposed mechanism for the formation of the mononuclear

perthiocarboxylate complex

In this study it is unclear how the sulfur inserted ligand was formed under mild
conditions, and in the absence of an oxidant. Studies involving the mechanism of
the sulfur insertion process using labeled **S revealed that the sulfur atom is

4347 Based on this a

inserted between a C-S bond and not between a M-S bond
mechanism, insertion of a sulfur atom from one dithiocarboxylate molecule into a
second one, to form perthiocarboxylate is presented in Scheme 2.5. It was
previously noted that the temperature plays an important role for the
transformation of a dithiocarboxylate to a perthiocarboxylate ligand, and in this
study it can be assumed that the thiophene facilitated the sulfur inclusion under
the mild reaction conditions. This could be achieved by the stabilization of the
electrophilic CS,-carbon in the intermediate by electron charge transfer from the

thiophene ring. A further driving force is the greater stability of five-membered

chelate rings compared to four-membered chelate rings. In conclusion, the

50



University of Pretoria etd — Thomas, M S (2006)

structures of the deep blue compounds 1a, 2a and 6a and the violet compounds

1b-6b are as shown in Figure 2.10.

OO OO

1a,2a,6a  deep blue complexes 1b-6b  violet complexes

Figure 2.10 Structures of nickel(Il) dithiocarboxylate complexes

Characterization of complexes:

The mass peak at m/z-value of 632 (SSNi, 3%) corresponds to the mass of the
molecule 3b and represents the molecular ion, [Ni(S3CTR)(S,CTR)]" (R = CgH}7).
This can be seen as part of the isotope cluster indicated by a m/z-value of 633 in

Figure 2.11 and confirm the assignments of 1b-6b.
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Figure 2.11 Mass spectrum of [Ni(S;CTCgH,;7)(S,CTCsH17)]"(3b)

The stronger peaks in the 'H NMR spectrum of  bis(5-butyl-2-
thiophenedithiocarboxylato)nickel(II), 1 (Figure 2.1) are two doublets, at chemical
shift values of 7.73 and 6.83 ppm for the two protons H3 and H4 of the thiophene
ring. The doublet at 7.73 ppm was assigned to H3 that is closer to the
dithiocarboxylate (C1) substituent and affected more by the coordination of the
sulfur atoms to the nickel. The signal of H3 is expected to be downfield because
of the electron withdrawing nature of the dithiocarboxylate group compared to the

doublet at 6.83 ppm assigned to H4 because of the alkyl chain in the 5-position.
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Figure 2.12 'H and ">C NMR data (8, ppm) for thiophene48

The value for H3 is significantly downfield from the corresponding value of
thiophene. Figure 2.12 gives the 'H and "*C NMR chemical shifts for thiophene48.
The reason for this large downfield shift of almost 1 ppm is the result of the
electron-withdrawing CS,-substituent that is further enhanced as a result of its
coordination to the nickel(Il) centre. The transfer of electron density from the
thiophene ring to the nickel(Il) center and the resulting deshielding of H3 is
shown in Figure 2.13. The environment of H4 is less affected and this resonance

is only marginally upfield because of the inductive effect of the alkyl chain.

S
S //S\ S / \ -
R c 9 _Ni] R —C [Ni]
N\ 7 N\ 7
H H3 H H3

Figure 2.13 Charge delocalization from the thiophene ring to the nickel(Il) center

The 'H NMR spectrum of [Ni(S,CTCgH;3),] 2a showed similar peaks to that of

[Ni(S,CTC4Ho),] 1a and were assigned similarly.

Figure 2.1 shows the "H NMR spectrum in the thiophene region of 1 (1a and 1b),
pure samples of [Ni(S,CTR),] 1a and [Ni(S;CTR)(S,CTR)] 1b (T = 2,5-
disubstituted thiophene, R = C4Hg) confirmed that this spectrum represents a

mixture of the two compounds. The four doublets in the thiophene region of 1b
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support the structure of two different chemical environments for the thiophene-
containing ligands. The chemical shifts were assigned based on the resonances
observed for the monomer. Instead of the doublet at 7.73 ppm for the monomer
1a, two doublets were formed, one slightly downfield at 7.78 ppm and the other
one slightly upfield at 7.48 ppm. The latter was assigned to H3' of the
perthiocarboxylate chelate ring as the introduction of an additional sulfur atom
would weaken the effect of coordination to the metal. The other two doublets
were at 6.86 ppm slightly downfield, and at 6.75 ppm, slightly upfield from the
doublet of the monomer la at 6.83 ppm, and were assigned to H4 and H4',
respectively. The phenyl protons of the two types of ligands in
[Ni(S3CPh)(82CPh)]43 also gave different chemical shifts and support the

structural assignment of 1b.

The 'H NMR data of 1a, 1b, 2a, 2b, 3-5b, 6a and 6b are given in Table 2.1. The
'H NMR spectrum of 3b is shown in Figure 2.14. The four doublets are at 7.77,
7.49, 6.86 and 6.75 ppm, respectively. Interestingly, the triplet of the CH, group
attached to the thiophene of the octyl chain is also duplicated for the two types of
ligands emphasizing the large differences in the coordination modes of the

perthio- and dithio-carboxylato ligands.
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Figure 2.14 'H NMR spectrum of [Ni(S3CTCgH;7)(S,CTCgH;7)] 3b

The resonances in the C NMR spectra of 1-6b were assigned based on a 2D
HETCOR spectrum recorded for 3b. The BC NMR spectrum of 3b (Figure 2.15)
showed the reasonances of CS; as one peak for 1a, 2a and 6a and two peaks for 1-
6b. The lower chemical shift value was assigned to the CS, of the

perthiocarboxylato ligand.

These resonances are typically at 228 ppm for identical dithiocarboxylate ligands
and at 214 and 227 ppm for the complexes with mixed dithio- and
perthiocarboxylate ligands. The thiophene resonances as well as the carbon atoms

of the alkyl chain are also duplicated for the two different ligands in 1b — 6b and
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are unique for both types of complexes. The 3C NMR data of 1-6 is indicated in

Table 2.1.
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Figure 2.15 °C NMR spectrum of [Ni(S3CTCsH,7)(S,CTCgH,7)] 3b

The infrared spectra of all the complexes showed similar peaks. The spectrum of
1a, [Ni(S,CTC4Ho);] showed prominent peaks at 2918, 1458, 1375, 1049, 977 and
721 cm™. The peak at 2918 cm™ was assigned for the CHy-groups of the alkyl
chain and the peak at 1458 cm™ was assigned for the arene-carbon (C-C
thiophene) stretching frequency. The peak at 1375 cm™ was assigned for the
terminal CH; group. The peaks at 1049 and 977 cm™ were assigned for C-S

stretching frequencies. Usually the stretching frequencies of the dithiocarboxylic
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acid are around 1100 and 900 cm” for the C=S and C-S stretching

49,50

frequencies™ ", respectively and the Ni-S vibrations are found in the far infrared

region around 350 cm™ in nickel complexesSl. The infrared spectral data for the

complexes 1-6 is indicated in Table 2.1 and UV spectra of 1a and 1b are given in

Figure 2.16.
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Figure 2.16 UV spectra of 1a (blue) and 1b (violet)

The d-d transition of nickel(I) in the blue complex is at 602 nm and the value is
similar to that reported by Furlani®* for monomeric dithiocarboxylate complexes
of nickel(Il). The d-d transition of nickel(Il) in the violet complex is at 551 nm

and is similar to that for a mixed dithiobenzoato and perthiobenzoato nickel(IT)

complexlg.

Chemical analysis of 3b Ni(S,CTCsH7)(S;CTCsH7) for molecular formula
NiC,6H38S7, showed that the calculated values correspond to the found values.

Theoretical values: C =49.28%, H = 6.05% and S = 35.42%, Analytical values: C

=49.67%, H=6.25% and S = 37.17%,
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Table 2.1 Spectroscopic data of the complexes 1-6

Complex '"H NMR (8/ppm in | °C NMR (3/ppm in [ IR (v/em' in
CDCly) CDCly) Nujol mol)

1a, R = C,;H, 7.73 (d, 2H, H3, J=3.9), | *S,C (Cl), 159.3 (C2), | 2918 (vs),
6.83 (d, 2H, H4, J=3.6), | 148.8 (C5), 129,8 (C3), | 1458 (vs),
2.79 (t, 4H, H6, J=7.2), | 127.0 (C4), 33.1, 30.8, | 1375 (s), 1049
1.66 (m, 4H, H7), 1.37 | 22.7, 13.6 (C6-C9) (m), 977 (m),
(m, 4H, HS8), 0.92 (t, 6H, 721 (s)
H9, 1=7.2)

1b 7.78 (d, 2H, H3, J=3.9), | 227.9, 2149 (CI and | 2921 (vs),
7.49 (d, 2H, H3’, J=4.1), | C1’), 160.1, 1582, | 1461 (vs),
6.87 (d, 2H, H4, J=3.9), | 149.4, 148.6, 131.3,| 1375 (s), 1049
6.75 (d, 2H, H4, J=3.9), | 129.8, 127.6, 127.2 (C2- | (m), 970 (m),
2.80 (t, 4H, H6, J=7.2), | C5 and C2’-C5"), 33.6, | 925 (w), 721
2.74 (t, 4H, HE’, J=7.2), | 31.4, 22.6, 13.9 (C6-C9 | (s)
1.67 (q, 4H, H7, J=7.5"), | and C6°-C9")
1.66 (q, 4H, H7’, J=7.5),
1.40 (m, 4H, HS, J=7.4),
1.39 (m, 4H, HS’, J=7.4),
0.93 (t, 6H, H9, J=7.2),
0.92 (t, 6H, HY’, J=7.2)

2a, R =C¢Hj; 7.72 (d, 2H, H3, J=4.1), | *S,C (Cl1), 159.4 (C2), | 2920 (s), 1461
6.82 (d, 2H, H4, J=3.9), | 148.8 (C5), 129.6 (C3), | (vs), 1375 (s),
2.78 (t, 4H, H6, J=7.7), | 127.0 (C4), 31.4, 31.2, | 1050 (m), 978
1.68 (m, 4H, H7), 1.30 | 29.7, 28.7, 22.5, 14.0 | (m), 721 (s)
(m, 12H, H8-H10), 0.87 | (C6-C11)
(t, 6H, H11, J=7.5)

2b 7.77 (d, 2H, H3, J=3.2), | 227.8, 214.8 (CI and | 2920 (vs),
7.48 (d, 2H, H3’, J=3.2), | CI’), 159.0,  156.2, | 1460 (vs),
6.86 (d, 2H, H4, J=3.1), | 147.4, 144.6, 139.3, | 1375 (s), 1097
6.75 (d, 2H, H4*, J=3.1), | 128.8, 127.1, 127.0 (C2- | (m), 1050 (m)
2.82 (dt, 8H, H6 and | C5 and C2°-C5), 30.8, | 978 (m), 720
H6’, J=7.2), 1.71 (m, 8H, | 29.9, 28.9, 27.9, 21.6, | (s)
H7 and H7’), 1.32 (m, | 13.1 (C6-C11 and C6’-
24H, H8-H10 and HS8’- | C11°)
H10%), 0.91 (t, 12H, HI1
and H11”, J=7.2)

3b, R = CgH}; 7.77 (d, 2H, H3, J=4,0), | 227.8, 214.8 (CI and | 2920 (vs),
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7.49 (d, 2H, H3’, J=3.7),

CIl), 159.0, 156.2 (C2

1461 (vs),

6.86 (d, 2H, H4, J=3.8), | and C2°), 148.4, 139.3 | 1375 (s), 1067
6.75 (d, 2H, H4’, J=3.8), | (C5 and C5), 129.8, | (w), 1048 (m),
2.79 (t, 4H, H6 , J=7.8), | 129.1 (C3 and C5°), [ 999 (m), 970
274 (t, 8H, HE', J=7.2), | 127.1, 127.0 (C4 and | (m), 721 (s)
1.67 (m, 8H, H7 and | C4’), 31.8, 31.1, 30.7,
H7"), 1.62 (m, 40H, H8- | 29.7, 29.2, 29.0, 22.6,
HI12 and H$-HI2"), | 14.1 (C6-C13 and C6’-
0.87 (t, 12H, HI13 and | C13°)
H13’,J=6.5/7.2")

4b, R = C,,Hs 7.78 (d, 2H, H3, J=4.0), | 227.8, 214.8 (Cl1 and | 2921 (vs),
748 (d, 2H, H3’, J=3.9), | CI'), 159.0, 1562, | 1460  (vs),
6.86 (d, 2H, H4, J=3.9), | 148.4, 1393, 129.8, | 1375 (s), 1049
6.75 (d, 2H, H4’, J=3.9), | 129.2, 127.1, 127.0 (C2- | (m), 994 (w),
2.79 (t, 4H, H6, J=7.6), | C5 and C2°-C5’), 31.9, | 980 (m), 720
273 (t, 4H, H6', J=7.5), | 31.8, 31.4, 31.1, 30.7, | (s)
1.67 (m, 8H, H7 and | 29.7, 29.6, 29.6, 29.5,
H7Y), 1.29 (m, 72H, H8- | 29.3, 29.1, 29.0, 22.7,
H16 and HS$’-H16%), | 14.1 (C6-C17 and C6’-
0.87 (t, 12H, H17 and | C17°)
H17’,1=7.2)

5b, R = C;Hs; 770 (d, 2H, H3, J=3.9), | 227.9, 2149 (C1 and | 2922 (vs),
748 (d, 2H, H3’, J=3.9), | CI'), 159.0, 1562, | 1458  (vs),
6.86 (d, 2H, H4, J=3.9), | 139.3, 129.8, 1292, | 1375 (s), 1049
6.75 (d, 2H, H4’, J=3.9), | 127.1, 127.0 (C2-C5 | (m) 977 (m),
276 (dt, 8H, H6 and | and C2-C5’), 319, | 925 (w), 720
H6’, J=7.8/7.5), 1.69 (m, | 31.1, 31.0, 30.7, 30.6, | (s)
8H, H7 and H7), 1.28 | 30.2, 29.9, 29.8, 29.7,
(m, 104H, H8-H20 and | 29.7, 29.7, 29.6, 29.5,
H8’-H20"), 0.86 (t, H21 | 29.4, 29.2, 29.2, 29.0,
and H21", J=6.5/7.0) 22.7, 14.1 (C6-C21 and

C6’-C21°%)

6a, R = CH, 772 (d, 2H, H3, J=4.0), | 2280 (Cl), 1590, | 2919  (vs),
6.82 (d, 2H, H4, J=3.9), | 139.3, 129.2, 127.1, | 1460  (vs),
2.43 (s, 3H, Me) (C2-C5), 14.1 (C6) 1375 (s), 1049

(m), 978 (m),
721 (s)
6b, R = CH; 776 (d, 2H, H3, J=3.8), | 227.9, 2149 (C1 and | 2920  (vs),
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747 (d, 2H, H3’, J=3.6), | CI'), 159.0, 1562, | 1458  (vs),
6.85 (d, 2H, H4, J=3.7), | 140.1, 139.3, 129.8, | 1375 (s) 1046
6.74 (d, 2H, H4’, J=3.6), | 129.2, 127.1, 127.0 (C2- | (m), 999 (w),
2.47 (s, 3H, Me), 2.43 (s, | C5 and C2°-C5’), 14.2, | 978 (m), 721
3H, Me’) 14.1 (C6 and C6") (s)

* not observed.

2.2.2 Thermal properties

Thermal properties of the complexes were investigated by using Differential
Scanning Calorimetry (DSC) and Hot-stage Polarising Optical microscopy

(POM).

All the complexes were subjected to thermal analysis by DSC. The scanning rate
was 10°C per minute. No double melting behaviour was observed for 1a, 1b, 2a,
2b and 5b whereas double melting behaviour was observed for 3b and 4b. Two
endothermic peaks could be observed at 77°C and 88°C for 3b (Figure 2.17). The
peak at 88°C is compatible with the melting point and the peak at 77°C is for
crystal-to-crystal transition. The clearing point was not observed in the DSC.
Complex 4b also showed two endothermic peaks at 102°C and 117°C. Ohta and
coworkers™ suggested that the double melting behaviour of long-chain substituted

compounds is a thermal behaviour close to mesomorphism.
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Figure 2.17 DSC thermogram of [Ni(S;CTCsH;7)(S,CTCgH,7)] 3b

Complexes 3b, 4b and Sb were also examined by Hot-stage Polarising Optical
Microscopy. The complex 3b (Figure 2.18) is an enantiotropic liquid crystal and it
exhibits a nematic phase. Enantiotropic liquid crystal shows mesomorphism upon
heating the solid as well as on cooling the isotropic liquid. The transition

temperature of 3b was between 92°C and 116°C.
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Figure 2.18 Nematic phase of [Ni(S;CTCgH;7)(SoCTCsH,7)] 3b at 105°C (200 x

magnification)

The optical texture of 3b is similar to the nematic phase of 4-nonyloxybenzoic
acid’®* described in chapter 1. Complex 4b was a mixture of dark highly viscous
liquid and opaque crystals. The liquid was not birefringent and therefore it was
not a liquid crystal. The opaque crystals however melted to a nematic phase, but it
was difficult to observe because of the presence of the other dark fluid phase.
Complex Sb directly melted to isotropic liquid without showing any mesophases.
Transition temperatures of the complexes 1-5 are given in Table 2.2, and the
dependence of the transition temperatures on the chain length is shown in Figure

2.19.
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Table 2.2 Transition temperatures of 1-5

Complex | Chain | Transition | Temperature

‘°C)

la C4Ho Cr—1 52

2a CeHis Cr—1 65

3b CsHiy Cr—> N 92
N—I 116
4b C12H25 Cr—> N 102
N—I 117

5b CicHss Cr—1 61

Cr = crystal, N = nematic phase, I = isotropic liquid

Complexes 1, 2 and Sb directly melted to the isotropic liquids without passing
through any mesophases. The transition temperature range for 3b was between
92°C-116°C (N—I) whereas for benzene analogue'®
[Ni(S3CBCgHy7)(S;CBCgHj7), the range was between 126°C-198°C (N—I). The
lower transition temperature observed for 3b may be due to thiophene in the
complex. It was reported55 that thiophene systems have generally lower melting
points than their benzene counter parts due to reduced packing efficiency in the

molecules.
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Figure 2.19 The dependence of the transition temperatures of the complexes on

the alkyl chain length (N = nematic , Cr = crystal)

Complexes 1a, 1b, 2a, 2b and 5b had no mesogenic behaviour whereas
complexes 3b and 4b showed nematic mesophases. The optimum chain length
suitable for mesomorphism for the alkyl thiophene dithiocarboxylate complexes

was Csg.
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2.3 Experimental Section

Materials and instrumentation

All commercially available chemicals were used as received. Solvents were dried
and distilled under nitrogen prior to use. Thiophene was purified as described by
Spies and Angelici®®. All reactions were performed in an inert atmosphere of
either nitrogen or argon by using Schlenk techniques and vacuum-line. Column

chromatography was carried out using silica gel.

Infrared spectra were recorded on a Perkin Elmer Spectrum 1000 FT-IR
spectrophotometer. All NMR spectra were recorded in deuterated chloroform
using the chloroform peak as standard on a Bruker ARX — 300 spectrometer.
High-resolution mass spectra were recorded on a Finnegan 8200 spectrometer.

UV- visible spectra were recorded on a Varian Cary 1E spectrometer.

Liquid-crystalline properties were examined on a Differential Scanning
Calorimeter (DSC) Q 100 V8.2 Build 268 and Hot-stage Polarising Optical
Microscope (POM) Olympus BX60 equipped with a Linkam THMS 600 hot stage

and a Linkam TMS 93 Programmable temperature controller.

2.3.1 Synthesis

All the complexes were synthesized via a four-step reaction in a similar manner.

A typical procedure for complex 1 is described.
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Preparation of 2-butyl thiophene

The reaction was done in an inert atmosphere. The procedure which was used is
similar to the one described by Brandsma®. n-Butyl lithium (15.6 ml, 25.0 mmol)
was added to a mixture of THF (50.0 ml) and hexane (30.0 ml), which was cooled
to -20°C. Thiophene (1.68 g, 20.0 mmol) was introduced over 10 minutes with
cooling between 0°C and 10°C. The cooling bath was removed and allowed to rise
to the room temperature. Butyl bromide (2.74 g, 20.0 mmol) was added in one
portion without external cooling. The temperature of the solution was raised to
50°C and kept at this temperature for a further 30 minutes and after which 100 ml
of ice water was added with vigorous stirring. Two separate layers were observed
and the separation was done in air. After separation of the layers, two extractions
with diethyl ether were carried out. The combined organic solutions were dried
over anhydrous MgSQO,4 and concentrated in a rotary evaporator and weighed.

Yield =2.38 g; 85%.

Preparation of 5-butyl-2-thiophenedithiocarboxylic acid (C4HoTCS;H)

In the second step 2-butyl thiophene was converted into 5-butyl-2-
thiophenedithiocarboxylic acid. The first part of the reaction was done in an inert
atmosphere. n-Butyl lithium ( 12.5 ml, 20.0 mmol) was added to a solution of
THF (50.0ml) and hexane (30.0 ml), which was cooled to -20°C. 2-butyl
thiophene (2.38 g, 17.0 mmol) was introduced over 10 minutes with cooling
between 0°C and 10°C. The cooling bath was removed and allowed to rise to
room temperature and stirred for a further 10 minutes. The solution was cooled to

0°C and copper(I) bromide (0.1 g) was added. Carbon disulfide (1.29 g, 17.0
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mmol) was added drop-wise to the stirred mixture. The colour of the reaction
mixture changed to a deep-red colour. The cooling bath was removed and allowed
to rise to the room temperature and stirring was continued for a further 1 hour. Ice
water (100.0 ml) was added followed by dilute hydrochloric acid (20.0 ml,
1mol/dm®). The next part was done in air. The organic layer was separated and
extracted into diethyl ether (70.0 ml) and washed with 2 x 50.0 ml of water. The
product was dried over MgSQO, and the solvent removed in vacuo. Yield = 3.30 g;

89.8%.

Preparation of sodium-5-butyl-2-thiophenedithocarboxylate (C4HoTCS>Na)

The reaction was done in an inert atmosphere. Sodium metal (0.35 g, 15.28 mmol)
was added over 10 minutes to vigorously stirred methanol (50.0 ml). When all the
sodium had dissolved, additional (20.0 ml) methanol was added. 5-Butyl-2-
thiophenedithiocarboxylic acid (3.30 g, 15.28 mmol) was added over 5 minutes to
the mixture and left stirring for 30 minutes. The solvent was removed in vacuo,
leaving the sodium 5-butyl-2-thiophenedithiocarboxylate as an orange-brown

solid. Yield = 3.09 g; 85%.

Synthesis of Bis(5-butyl-2-thiophenedithiocarboxylato) nickel(Il) [Ni(S;CTC4Ho)>]
(1a)

The procedure was similar to that of Adams ez al.'®, who prepared dithiobenzoate
complexes. The reaction was done in air. To a stirred solution of sodium 5-butyl-
2-thiophenedithiocarboxylate (1.55 g, 6.5 mmol) in water (25.0 ml) was added

drop-wise a pale green solution of NiCl,.6H,O (0.71 g, 3.0 mmol) in water (10.0
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ml) at room temperature. The colour of the solution turned blue-violet and the
mixture was left to stir for 3 hours. The mixture was concentrated to 25.0 ml on a
rotary evaporator and 20.0 ml of methanol was added. The precipitate was
separated by filtration and dried. The product was purified on a silica gel column
and the desired product was extracted with hexane: CH,Cl, (4:1) as the eluent. A
blue powder was obtained on evaporation of the solvent. Yield = 0.49 g; 66%.

The synthetic route for the other four complexes was similar. The experimental

data of the complexes 1-5 are summarized in Table 2.3.

Table 2.3 The experimental data of 1-5

Complex | Amount of nickel(Il) | Amount of | Colour of the | Yield (%)
chloride added (mmol) | sodium salt | product
(mmol)

la 3.0 6.5 Dark blue solid | 66
2a 2.0 5.0 Dark blue solid | 58
3b 2.5 5.8 Violet powder | 64
4b 2.2 5.0 Dark violet oily | 48

solid
5b 1.8 4.0 Dark violet oily | 52

solid

Second method (one-pot reaction) for 6a and 6b
In a second method (one-pot reaction), 2-methylthiophene (1.96 g, 20.0 mmol)

was lithiated by n-butyl lithium (13.8 ml, 22.0 mmol) at —20°C in THF. The
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colour of the solution immediately changed to orange on addition of the BuLi, but
changed gradually to yellow after stirring for 30 minutes. The mixture was cooled
to -50° and carbon disulfide (1.52 g, 20.0 mmol) was added. The mixture became
dark red in colour and was stirred for 30 minutes. Anhydrous nickel(Il) chloride
(1.30 g, 10.0 mmol) was added in small portions and the mixture was allowed to
reach room temperature. The yellow solid material gradually dissolved on reacting
and the solution changed first to green then to blue and thereafter to violet over a
period of three hours. The blue-violet product was purified by filtration of the
reaction mixture through a plug of silica gel once the solvent was changed to
dichloromethane and afforded 6 in very high yield (the yield was more than 80%).
From this mixture both blue and violet compounds were isolated by column
chromatography with mixtures of hexane and dichloromethane as eluents.

Yield of 6a (blue) = 1.22 g, 30%.

Yield of 6b (violet) = 1.63 g, 40%.

2.4 Conclusion

The reactions of a series of 5-alkyl-2-thiophenedithiocarboxylates with nickel(II)
chloride formed two types of complexes, mononuclear nickel(Il) complexes with
two terminal dithiocarboxylate ligands (blue) and mononuclear nickel(Il)
complexes with perthio- and dithiocarboxylate ligands (violet). The formation of
violet vs blue compounds in this study was contributed not only by the properties
of the solvent, but also by the length of the alkyl chain and the presence of
thiophene in the chain. Using the first method of synthesis the blue monomers are

preferred for the shorter chains (C4 and Cg) and violet compounds for the longer
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chains (Cs, Ci; and Cig). It was previously noted"’ that the temperature plays an
important role for the transformation of dithiocarboxylate to a perthiocarboxylate
ligand. In this study it can be assumed that the thiophene facilitated the sulfur
inclusion under the mild reaction conditions. The blue compounds are less soluble
than the violet compounds. Thermal studies with DSC and POM showed that the
complexes with Cg and C;, alkyl chains are liquid crystals (metallomesogens).
The mesomorphism of the two complexes was similar, as both complexes showed
nematic phases. The dark colour of the complexes has made phase
characterization very difficult. The transition temperatures of these complexes are
lower than the benzene analogues'® as predicted. Complexes 3b and 4b are the
first examples of metallomesogens of nickel(Il) complexes with 5-alkyl-2-
thiophenedithiocarboxylate as ligands. In future, further work will be done on the

optical and conducting properties of these complexes.
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Chapter 3

Zinc(IT) complexes with thiophene-containing ligands

3.1 Introduction

Complexes of zinc with sulfur ligands have been studied widely because of their
biological importance and their use as accelerators in the vulcanization of rubber’.

In addition, the model compound, [Zn(S,CPh),] and its derivatives are of interest

S S
2N, /N
S0

Figure 3.1 Tetrahedral [Zn(S,CPh),]

1n material science.

Bonamico’ suggested that, with the addition of p-alkyl or p-alkyloxy chains to the
phenyl rings of [Zn(S,CPh);], rod-like molecules should result. In 1988 Adams et
al’ synthesized the alkyloxy dithiobenzoate complexes of zinc, nickel and
palladium and reported on their mesomorphic properties. Octyloxy dithiobenzoate
complexes of zinc showed a nematic phase, while the nickel and the palladium
analogues showed both nematic and smectic phases. X-ray determinations of
single red crystals of octyloxy dithiobenzoate complexes of zinc showed that the
molecules were dimeric, containing 8-membered Zn,S4C, rings, formed by the
fusion of two ZnS,C rings, and in which the geometry about zinc approximated to
trigonal bipyramidal®. It was reported that EXAFS data for the octyloxy complex

of zinc clearly indicated that the same structures are in the nematic mesophase as
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in the red crystals. Thus the molecules are not tetrahedral about the metal, and the
dimeric structure persists into the mesophase. It has already been noted that
mesomorphism in metallomesogens seems to be incompatible with a tetrahedral

geometry about the central metal’.

Since 1985 many metallomesogens of zinc have been made with different ligands,
monodentate (4-substituted pyridines)5’6, bidentate (B-diketonates, dithiolenes,

carboxylates,  cyclometalated  aromatic amines)” >,  or polydentate

(phthalocyaninesg'lo, porphyrins“’12

) and the mesomorphism of these complexes
were examined. Some of the zinc complexes were not mesomorphic. Hoshino"?
ascribed the fact that the zinc analogues of the mesomorphic copper
salicylaldimines were not liquid crystalline to the complexes being tetrahedral. A
very important group of zinc complexes displaying liquid crystal properties is
those with nitrogen donor atoms. These contain flat, macrocyclic rings acting as
tetradentate ligands and two classes of importance are substituted porphyrins

(Figure 3.2) and phthalocyanines (Figure 3.3). Bruce'? reported calamitic liquid

crystal phases for zinc(II) complexes of 5,15-disubstituted porphyrins.

R=C,Hy,,.n=8, 10, 12, 14, 16 (A); R = OR, R' = S(0),C¢H4-p-NO,(B)
Figure 3.2 Zinc complexes with porphyrin (A) and with lateral substituted (B)

porphyrin ligands
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The complexes showed smectic C phases, whereas uncoordinated porphyrins with
their flat, disk-like geometries, normally display discotic phasess. In 1996 Wang
and Bruce'* showed that inherently disc-like porphyrins can be modified to be
rod-like crystals with low melting points. This is achieved by using lateral
substituents to prevent intermolecular 7-7 interactions. The thermal behaviour
was investigated and it formed a nematic phase. The lateral group used was ortho-

(para-nitrophenylsulphonyl)oxy group due to its strong electron-accepting ability.

g \OR

Cl/
N——Zn—N
C|' \
/
OR

B

Figure 3.3 Zinc complexes with phthalocyanine (A) and pyrazolyl ligands (B)

Severs and co-workers’ described the thermal behaviour of zinc phthalocyanines
with eight peripheral dodecyloxy chains. Binnemans'® reported the influence of
the nature of the central metal ion on the transition temperatures of metal
phthalocyanines with eight peripheral alkoxy chains. The melting points depended
on the identity of the central metal ion and followed the order Ni(Il) < (Cu(Il) =
Co(Il) < Zn(II) for increasing melting temperatures. Longer alkyloxy chains tend
to lower the transition temperatures of the compounds. The melting points of
these phthalocyanine complexes are in general higher than those of the

corresponding metal-free phthalocyanines.
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In the liquid crystalline zinc complexes described earlier, the geometry of the
metal centre is either planar or trigonal bipyramidal4'7. Recently mesomorphism
for zinc complexes have been reported regardless of the geometry (including
tetrahedral) around the metal ion, with bis[3,5-bis(p-
decyloxyphenyl)pyrazolyl]ethane'> and hexacatenar 4,4’-disubstituted 2,2’-
bipyridines'® as ligands. Gimenez and coworkers'” employed the idea of Date'’
that the controlled supramolecular assemblies possible with metal complexes can
be obtained from suitable ligand design. The zinc complexes displayed
enantiotropic smectic C and A phases. The molecular structure indicated that the
zinc atom was in a tetrahedral environment of ligands, but the planes containing
the pyrazole rings were arranged at angles of only 16°, resulting in a

macrostructure consisting of more or less planar layers.

In this study 5-alkyl-2-thiophenedithiocarboxylate complexes of zinc(Il),
analogues to the nickel(I) complexes described in chapter 2, were prepared and
studied. Again small differences in structural features and electronic properties of
the zinc complexes created by replacing a bridging phenyl by a thiophene unit
were the main focus point. It was found that the presence of thiophene units
helped to clear some of the confusion and irregularities in literature regarding the
composition of nickel dithiocarboxylate complexes. Zinc dithiocarboxylate
complexes were selected because of their close relationship with the metals Ni(II)
and Cu(Il) in their formation of stable complexes with S-donor 1igands3. Zn(1I)

belongs to the dlo—conﬁguration and affords, unlike Ni(II) (dg) complexes, no
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crystal field stabilization. The stability and the stereochemistry of a particular
compound depends on the size and polarizing power of the Zn(II) cation and the

steric requirements of the ligands.

3.2 Results and discussion

3.2.1 Synthesis and characterization

Five complexes of the type [Zn(S,CTR),] (where T =2,5-disubstituted thiophene
unit, R = alkyl group; C4Ho(7), C¢Hi3(8), CsHi7(9), Ci2Has,(10), Ci6H33(11)) were

synthesized via a four-step reaction as shown in Scheme 3.1

N
@ _ n-Buli/RBr _ D n-BuLi/CS,HCI /[?»c<

S
Na/MeOH
\\ //S// /S\ S R ZnCl \
7, 2
\ AN //CU <
S S ‘ S s
R
N A S ST
¢ zn C /
N
\ ¢ g \
R
Scheme 3.1

The first three steps are similar to those described in chapter 2 for nickel(Il)
complexes. The sodium 5-alkyl-2-thiophenedithiocarboxylate compounds were
synthesized according to literature procedures'® as shown in Scheme 3.1. The first
step involved the lithiation of thiophene at position 2 followed by the subsequent

addition of alkyl bromide. In the second step, 2-alkyl thiophene was converted
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into 5-alkyl-2-thiophenedithiocarboxylic acid. The first part of the reaction was
done under an inert atmosphere. It involved the lithiation of alkyl thiophene at
position 5 followed by the addition of CS,. A deep red colour was observed on
addition of CS,. On further acidification with dilute hydrochloric acid, 5-alkyl-2-
thiophenedithiocarboxylic acid was formed. Subsequently it was converted into

the sodium salt by reacting with sodium methoxide.

The final step was similar to that used by Adams et al.* for the preparation of the
corresponding dithiobenzoate complexes. On addition of a colourless solution of
zinc chloride in water to a stirred solution of sodium 5-alkyl-2-
thiophenedithiocarboxylate in water, the colour turned orange-brown and the
reaction was allowed to stir for 3 hours at room temperature to ensure a complete
reaction. The product was precipitated by adding excess methanol, separated by
filtration and dried. Further purification was done on a silica gel column and the
product was eluted with a mixture of hexane/dichloromethane (1:1) as eluent. IR
and NMR spectroscopy were used to characterize the complexes. A structure
determination (vide infra) revealed that two [Zn(S,CTR),] fused to afford a dizinc

complex [Zny(U-S2CTR)2(S,CTR),].

Figure 3.4
The carbon atoms are numbered starting with the carbon of CS, being C1 and

numbering the hydrogen atoms with the same number as the carbons to which
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they are attached. The bridging dithiocarboxylate ligands are numbered similarly

but the atoms are indicated by adding apostrophes to the numbers.

The 'H NMR spectrum of [Zny(S;CTC4Hyg)4], 7 (Figure 3.5) displayed two
doublets, at 7.87 ppm and 6.83 ppm in the arene region of the spectrum. The
doublet signal at 7.87 ppm is assigned to H3 because it is closer to the
dithiocarboxylate carbon (C1). The doublet signal at 6.83 ppm was assigned to H4
which is closer to the side of the alkyl (butyl) chain. The two doublets, which
integrated for four hydrogen atoms, are indicative of two thiophene rings in a
similar electronic environment. Hence, the terminal and bridging resonances in

the "H NMR spectra coincides.

InC6TCS2

ag @2 2232
e e e \
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Figure 3.5 The "H NMR spectrum of [Zn,(S,CTC4Hyg)4] 7
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The signal at 2.82 ppm is assigned to the four protons of the two CH,-groups
attached to the two symmetrical thiophene rings. The multiplets at 1.66 and 1.42
ppm integrated for eight protons and represent the two middle CH,-groups of the
two butyl chains. The signal at 0.92 ppm integrated for six protons and was
assigned to the two CH;-groups at the end of the chains. The '"H NMR spectra of
all the complexes showed only two doublets in the arene region. The spontaneous
insertion of a sulfur atom into the RCS,-ligand in THF to give perthiocarboxylate
ligands for the nickel(Il) complexes was absent in the analogous zinc(I)
complexes. However, similar insertions have been observed for zinc(Il)
benzenedithiocarboxylate complexes. The presence of the perthiocarboxylate
ligands for nickel(II) complexes and absence thereof for zinc(Il) complexes are

ascribed to the electronic effects of the thiophene rings.

= w o O v \O v
[\ D nNooS oW XTSI
= ol wn S8 oS - LTINS T
S ®x X n&inS -3~ CoANE AR
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L L APREE
‘ ‘ %‘ ﬁ\‘ \1 % rr
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Figure 3.6 The °C NMR spectrum of [Zny(S;CTC4Ho)4] 7
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The *C NMR spectrum of [Zny(S,CTC4Hyg)4], 7 (Figure 3.6) showed all the
carbons of the thiophene rings, the butyl chains as well as that of the CS, chelate
(C1). Again, no duplication of signals was observed, supporting the 'H NMR data.
None of the FAB mass spectra of any of the complexes gave a molecular ion peak
or m/z-values assignable to fragment ions. The infrared spectra of all the
complexes showed similar peaks. The infrared spectrum of [Zny(S;CTC4Ho)4], 7
showed prominent peaks at 2921, 1461, 1375, 1046, 980 and 721 cm’’. The signal
at 2921 cm™ was assigned for the CH,-groups of the alkyl chain and the peak at
1461 cm™ was assigned for the arene-carbon (C-C thiophene) stretching
frequency. The peak at 1375 cm™ was assigned for the terminal CH; group. The
peaks at 1046 and 980 cm™ were assigned for C-S stretching frequencies of the
dithiocarboxylate group. Usually the stretching frequencies of dithiocarboxylate

1920 are observed between 900 and 1100 cm™. The peak at 721 cm’

complexes
was assigned for the arene C-H (thiophene). The infrared spectral values of 7-11

are given in Table 3.1.

Table 3.1 Spectral data of complexes 7-11

Complex 'H NMR (8/ppm in CDCl;) | C NMR (8/ppm in | IR (v/em" in
CDCly) Nujol)
[Zny(S,CTC4Ho),] 7.87 (d, 2H, H3, J=3.9), | 231.0 (C1), 161.8 (C2), | 2921 (vs), 1461
7 6.83 (d, 2H, H4, J=3.6), | 153.9 (C5), 134.6 (C3), | (vs), 1375 (s),
2.82 (t, 4H, H6, J=7.5), 1.66 | 127.5 (C4), 33.2, 29.8, | 1046 (m), 980
(m, 4H, H7), 1.42 (m, 4H, | 22.1, 13.7 (C6-C9) (m), 721 (s)
H8), 0.92 (t, 6H, H9,
1=7.2/7.5)
[Zny(S,CTCH 3)s] | 7.87 (d, 2H, H3, J=3.9), | 207.0 (C1), 162.5 (C2), | 2921 (vs), 1458
8 6.83 (d, 2H, H4, J=3.9), | 148.7 (C5), 135.2 (C3), | (vs), 1375 (s),
2.81 (t, 4H, H6, J=7.5), 1.69 | 128.0 (C4), 31.8, 31.5, | 1050 (m), 978
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(m, 4H, H7), 1.30 (m, 12H,
H8-H10), 0.87 (t, 6H, H11,
J=6.7)

31.4, 29.0,
(C6-Cl11)

22.9,

14.4

(m), 722 (s)

[Zn,(S,CTCgH 7)4]
9

787 (d, 2H, H3, J=3.9),
6.82 (d, 2H, H4, J=3.9),
2.80 (t, 4H, H6, J=7.5/7.8),
1.69 (m, 4H, H7), 1.26 (m,
20H, H8-H12), 0.87 (t, 6H,
H13, 1=6.7/7.0)

207.5 (C1), 162.1 (C2),
148.3 (C5), 134.8 (C3),

127.6 (C4), 31.8,

30.6, 29.2, 29.1,

31.1,
29.0,

22.6, 14.0 (C6-C13)

2920 (vs), 1461
(vs), 1375 (s),
1048 (m), 970
(m), 721 (s)

[Zn,(S,CTC,Hys)4]
10

7.85 (d, 2H, H3, J=3.9),
6.81 (d, 2H, H4, J=3.9),
2.79 (t, 4H, H6, J=7.5), 1.68
(m, 4H, H7), 1.23 (m, 36H,
H8-H16), 0.85 (t, 6H, H17,
J=6.2/7.0)

206.8 (C1), 161.6 (C2),
134.3 (C5), 128.8 (C3),

127.5 (C4), 35.7,

31.1, 30.9, 29.7,
29.4, 29.2, 29.0,

31.9,
29.6,
26.4,

22.7,14.1 (C6-C17)

2921 (vs), 1460
(vs), 1375 (s),
1046 (m), 981
(m), 720 (s)

[Zn,(S,CTC 6H33)4]
11

786 (d, 2H, H3, J=3.9),
6.82 (d, 2H, H4, J=4.1),
2.80 (t, 4H, H6, J=7.5),
1.67 (m, 4H, H7), 1.24 (m,
52H, H8-H20), 0.86 (t, 6H,
H21, J=6.5/6.7)

207.4 (C1), 161.5 (C2),
153.9 (C5), 134.2 (C3),

127.5 (C4), 31.9,

31.1, 30.8, 30.7,
29.8, 29.7, 29.6,
29.3, 29.2, 29.0,

31.3,
30.5,
29.5,
26.4,

22.7,14.1 (C6-C21)

2921 (vs), 1461
(vs), 1375 (s),
1049 (m), 977
(m), 721 (s)

The "H and "*C NMR data of the complexes suggest that the complexes are either

monomers or the chemical shifts of the terminal and bridging dithiocarboxylate

ligands are the same in solution.
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3.2.2 Molecular structure of [Zn,(S,CTCgH 3)4] (8)

Symmetry transformations:
#1: x, -y+1, -z

Figure 3.7 An ORTEP*'+ POV—Ray22 plot of the geometry of 8

The molecular structure of 8 was determined by single crystal X-ray
crystallography. Single crystals suitable for crystal structural determination were
obtained by slow diffusion of hexane into a CH,Cl, solution of 8 at room
temperature. An ORTEP + POV-Ray plot of the geometry of 8 in Figure 3.7 and a
computer generated model of 8 in figure 3.8 are given. Selected bond lengths are

given in Table 3.2 and selected bond angles in Table 3.3.
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Figure 3.8 A computer generated model of 8

Figure 3.9 View of molecule showing the distorted trigonal bipyramidal
arrangement of sulfur atoms around the zinc atoms

Figure 3.10 Side-on view showing the step-rod assembly of atoms as a result of

the five-member thiophene rings

The structure of 8 can be compared to an analogous structure described for

[Zny(S,CBCgHj7)4] by Adams et al.*. Both structures display a dimeric assembly
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with significant interaction between a sulfur of each monomer with the zinc metal
of the other monomer in the solid state. As a result an eight-membered ring is
formed with a chair conformation consisting of two zinc and two carbon atoms
and four sulfur atoms. In the monomeric structure of [ZH(SQCPh)2]4 or the
dithiocarbamate [ZH(SQCNEt2)2]4 the zinc has a tetrahedral arrangement of
ligands.

The molecular structure of 8 in the solid state is illustrated in Figure 3.7. Each
molecule exists as a centrosymmetric dimer with the zinc atom in a five
coordinated ligand environment with geometry that more closely resembles
trigonal bipyramid (Figure 3.9). The dithiocarboxylate chelate ligands each bridge
between an axial and an equatorial site with subtended angles of 67 or 75°. The
remaining equatorial site is occupied by a sulfur already occupying an axial site of
an adjacent, centrosymmetrically related, zinc co-ordination polyhedron. Four of
the five zinc-sulfur bonds, excluding that to the axial bridging sulfur, S(4)#1, are
short.

The distance between the zinc and axial bridging sulfur, S(4)#1, in structure 8 is
2.88A, which is longer than the one reported for dithiobenzoate complexes,
2.83A. The main difference between the overall shape of 8 compared to the linear
structure of [Zn,(8-odtb)4] is the step-rod pattern that emerges for 8 in one plane
whereas the p-benzene substituted octyloxy is linearly rod-shaped. This is a
consequence of the five-member thiophene rings that cause a kink in the chains
and can be seen in Figure 3.10. Figure 3.11 shows the packing of the lamellar rods

and calamitic features.
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Figure 3.11 Shows the packing of the lamellar rods and calamitic features

Table 3.2 Selected bond lengths for 8

Atoms Bond length (A) | Atoms Bond length (A)
Zn(1)-S(4)#1 2.884(8) S(3)-C(2) 1.727(3)
Zn(1)-S(5) 2.354(8) S(6)-C(16) 1.715(3)
Zn(1)-S(2) 2.454(8) C(1)-C(2) 1.444(3)
Zn(1)-S(1) 2.369(7) C(2)-C(3) 1.371(4)
Zn(1)-S(4) 2.392(8) C(3)-C(4) 1.388(4)
S(1)-C(1) 1.701(3) C(4)-C(5) 1.362(4)
S(2)-C(1) 1.690(3) C(12)-C(13) 1.435(4)
S(4)-C(12) 1.723(3) C(13)-C(14) 1.379(4)
S(5)-C(12)#1 1.683(3) C(14)-C(15) 1.391(4)
S(3)-C(2) 1.727(3) C(15)-C(16) 1.366(4)
S(6)-C(13) 1.729(3) C(12)-S(5)#1 1.683(3)

* The corresponding bond lengths in thiophene are C(2)-S 1.714(1) A, C(2)-C(3)

1.370(2) A, C(3)-C(4) 1.423(2) A®
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Table 3.3 Selected bond angles for 8

Atoms Bond angle (°) Atoms Bond angle (°)
S(5)-Zn(1)-S(A)#1 | 67.62(2) S(5)-Zn(1)-S(2) 111.59(3)
S(1)-Zn(1)-S(A)#1 | 96.96(3) S(1)-Zn(1)-S(4) 117.86(3)
S(4)-Zn(1)-S(4)#1 | 82.43(3) S(1)-Zn(1)-S(2) 74.74(3)
S(2)-Zn(1)-S(A#1 | 167.72(3) C(5)-S(3)-C(2) 92.31(13)
S@-Zn(1)-S2) | 109.35(3) C(1)-S(1)-Zn(1) 83.99(9)
S(5)-Zn(1)-S(1) | 134.47(3) C(12)-S(4)-Zn(1) 98.94(9)
S(5)-Zn(1)-S(4) | 102.78(3) C(12#1-S(5)-Zn(1) | 93.72(9)

The bond lengths and bond angles of free thiophene™ are compared with bond
distances and angles of coordinated thiophene in 8. The bond length of C-S
increases slightly during coordination whereas the bond angle C(2)-S-C(5)
remains the same. The bond length between carbon atoms on one side of the
coordinated thiophene is smaller. In free thiophene the delocalization is within the
ring whereas for 8 it is outwards towards the CS; ligand. This is manifested in the
significantly shorter C(3)-C(4) bond distance in 8. The distance of 1.44A for C(1)-
C(2) is shorter than the averaged distance for C-C (1.54A) single bonds but longer
than the averaged distance for C-C (1.34A) double bonds. This may be due to the
charge delocalization present in the thiophene ring in pi-contact with CS, and

metal.
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3.2.3 Thermal properties

The thermal properties of the complexes were preliminarily examined by
Differential Scanning Calorimetry (DSC). The DSC thermogram reveals the
presence of mesophases and liquid crystal phases by detecting the enthalpy
change that is associated with a phase transition. Complexes 7, 8 and 11 showed
single sharp endothermic peaks whereas 9 and 10 showed two broad peaks, one
small and one medium endothermic peak during melting. Ohta and coworkers™*
suggested that the double melting behaviour (two endothermic peaks) of long
chain substituted compounds is a thermal behaviour close to mesomorphism.

Figure 3.12 shows the DSC thermogram for [Zn(S,CTCsH;7),] 9.

WAE TR LSL IR W e T T

Hawl Flaw iy

. Temzeraiusa () [TTSSIEE B ERFSE

Figure 3.12DSC thermogram of 9

Complex 9 showed two endothermic peaks, at 69°C and 102°C. The first peak at
69°C during the heating cycle is regarded as a crystal-crystal transition. The peak
at 102°C is regarded as the melting point of the complex. Sometimes multiple

endothermic events might represent transitions from one crystalline state to
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another crystalline state, which occur when the substance exist in different

molecular packing in the solid state at different temperatures25 . Complex 10 also

showed two endothermic peaks. The melting point peaks of 9 and 10 are broad

whereas the melting point peaks of 7, 8 and 11 are very sharp. The sharpness of

the melting point gives an indication of the purity of the complex. Low molecular

weight compounds with liquid crystalline properties are expected to have sharp

melting points. The melting points of 7-11 from DSC are given in Table 3.4.

Table 3.4 Melting points of 7-11 complexes

Complex Chain length | Melting point ( °C )
7 C4Ho 132

8 CeHiz 119

9 CsHyy 102

10 Ci2Hys 84

11 Ci6Hs3 52

The dependence of melting points of the complexes 7-11 on the chain length is

depicted in Figure 3.13.
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Figure 3.13 Dependence of the melting points of 7-11 on the chain length
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The trend in the melting points is a steady decrease as the alkyl chain length of
complexes increased (Figure 3.13). This trend was observed earlier for a
homologous series of complexes that differ only in chain length26. The highest
temperature 132°C for the shortest chain (Cy4) and the lowest temperature 52°C for
the longest chain (C;¢) were observed. It is of interest to note that there is a linear
decrease of melting points with increase in chain length. This has been ascribed to

greater disorder caused by longer alkyl chains in the complexes.

Two complexes, one with sharp endothermic peak 11 and the other one 10 with
two broad endothermic peaks were also examined by Hot-stage Polarising Optical
microscopy. The complex 11 directly melted to the isotropic liquid without
showing any mesophases. Complex 10, when looking at the sample between
crossed polarizers gave an impression that there is a mesophase present above
80°C. However, careful examination revealed that the birefringence observed was
not due to a mesophase but due to tiny crystals floating in an isotropic melt.
Cooling of the samples resulted in simple crystallization without forming any

mesophases. Therefore complex 10 is not liquid crystalline.

3.3 Experimental

3.3.1 General

All commercially available chemicals were used as received. Solvents were dried
and distilled under nitrogen prior to use. Thiophene was purified as described by

Spies and Angelici27. All reactions were performed in an inert atmosphere of
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either nitrogen or argon by using Schlenk techniques and vacuum-line. Column
chromatography was carried out using silica gel.

Infrared spectra were recorded on a Perkin Elmer Spectrum 1000 FT-IR
spectrophotometer. All NMR spectra were recorded in deuterated chloroform
using the chloroform peak as standard on a Bruker ARX — 300 spectrometer.
Liquid-crystalline properties were examined on a Differential Scanning
Calorimeter (DSC) Q 100 V8.2 Build 268 and Hot-stage Polarising Optical
Microscope (POM) Olympus BX60 equipped with a Linkam THMS600 hot stage

and a Linkam TMS93 Programmable temperature controller.

3.3.2 Structure determination of 8

A crystal of size 0.34 x 0.14 x 0.05 mm® was mounted in a sealed capillary tube
for data collection. All geometric and intensity data were collected on a Siemens

SMART diffractometer with a CCD detector.

3.3.3 Synthesis

All the complexes were synthesized via a four-step reaction in a similar manner.

A typical procedure for complex 7 is described.

Preparation of 2-butyl thiophene

The procedure used is similar to the one described by Brandsma'® The reaction
was done in an inert atmosphere. n-Butyl lithium (15.6 ml, 25.0 mmol) was added
to a mixture of THF (50.0 ml) and hexane (30.0 ml), which was cooled to -20°C.

Thiophene (1.68 g, 20.0 mmol) was introduced over 10 minutes with cooling
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between 0°C and 10°C. The cooling bath was removed and allowed to rise to the
room temperature. Butyl bromide (2.74 g, 20.0 mmol) was added in one portion
without external cooling. The temperature of the solution was raised to 50°C and
kept at this temperature for a further 30 minutes after which 100 ml of ice water
was added with vigorous stirring. Two separate layers were observed and the
separation was done in air. After separation of the layers, two extractions with
diethyl ether were carried out. The combined organic solutions were dried over
anhydrous MgSO, and concentrated in a rotary evaporator and weighed. Yield =

2.38 g; 85%.

Preparation of 5-butyl-2-thiophenedithiocarboxylic acid (C4HoTCS,H)

In the second step 2-butyl thiophene was converted into 5-butyl-2-
thiophenedithiocarboxylic acid. The first part of the reaction was done in an inert
atmosphere. n-Butyl lithium ( 12.5 ml, 20.0 mmol) was added to a solution of
THF (50.0ml) and hexane (30.0 ml), which was cooled to -20°C. 2-Butyl
thiophene (2.38 g, 17.0 mmol) was introduced over 10 minutes with cooling
between 0°C and 10°C. The cooling bath was removed and allowed to rise to
room temperature and stirred for a further 10 minutes. The solution was cooled to
0°C and copper(I) bromide (0.1 g) was added. Carbon disufide (1.29 g, 17.0
mmol) was added drop-wise to the stirred mixture. The colour of the reaction
mixture changed to a deep-red colour. The cooling bath was removed and allowed
to rise to the room temperature and stirring was continued for a further 1 hour. Ice
water (100.0ml) was added followed by dilute hydrochloric acid (20.0 ml,

1mol/dm®). The next part was done in air. The organic layer was separated and

94



University of Pretoria etd — Thomas, M S (2006)

extracted into diethyl ether (70.0 ml) and washed with 2 x 50.0 ml of water. The
product was dried over MgSO, and the solvent removed in vacuo. Yield = 3.30 g;

89.8%.

Preparation of sodium-5-butyl-2-thiophenedithiocarboxylate (C4HoTCS>Na)

The reaction was done in an inert atmosphere. Sodium metal (0.35 g, 15.28 mmol)
was added over 10 minutes to vigorously stirred methanol (50.0 ml). When all the
sodium had dissolved, additional (20.0 ml) methanol was added. 5-Butyl-2-
thiophenedithiocarboxylic acid (3.30 g, 15.28 mmol) was added over 5 minutes to
the mixture and left stirring for 30 minutes. The solvent was removed in vacuo,
leaving the sodium 5-butyl-2-thiophenedithiocarboxylate as an orange-brown

solid. Yield = 3.09 g; 85%.

Synthesis of bis(5-butyl-2-thiophenedithiocarboxylato)zinc(Il) [Zny(S:CTC4Hog)4]

The procedure was similar to that of Adams et al*, who prepared dithiobenzoate
complexes. The reaction was done in air. To a stirred solution of sodium 5-butyl-
2-thiophenedithiocarboxylate (1.55 g, 6.5 mmol) in water (25.0 ml) was added
drop-wise a colourless solution of ZnCl, (0.41 g, 3.0 mmol) in water (10.0 ml) at
room temperature. The colour of the solution turned orange-brown and the
mixture was left to stir for 3 hours. The mixture was concentrated to 25.0 ml on a
rotary evaporator and 20.0 ml of methanol was added. The precipitate was
separated by filtration and dried. The product was an oily solid. The product was
purified on a silica gel column with hexane as the initial eluent and the first and

second fraction on evaporations obtained as an oily red liquid. The desired
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product was eluted from the column with hexane:CH,Cl, (1:1). An orange powder

was obtained on evaporation of the solvent. Yield = 0.49 g, 33%.

Five complexes of the type bis(5-alkyl-2-thiophenedithiocarboxylato)zinc(Il)
were synthesized by varying the alkyl chain, C4Hy, C¢H;3, CsH;7, C12Hzs and
Ci6Hs3. All the complexes were isolated as solids. The experimental results of

complexes 7-11 are given in Table 3.5.

Table 3.5 Experimental results of 7-11 complexes

Complex Colour Mass (g) Yield (%)
7 Orange 0.49 33
8 Orange 0.76 46
9 Reddish-orange 0.79 52
10 Dark orange 0.82 38
11 Dark orange 0.79 32

3.4 Conclusion

The reactions of a series of 5-alkyl-2-thiophenedithiocarboxylates with zinc(Il)
chloride formed zinc(II) complexes with terminal dithiocarboxylate ligands. The
colour of the products is orange or dark orange. The zinc complexes are less
soluble than the nickel analogues. A X-ray structure determination of complex 8
showed it to be dimeric, containing 8-membered Zn,S4C, rings, formed by the
fusion of two ZnS,C rings, and in which the geometry of sulfur about zinc

approximated to trigonal bipyramidal with Zn-S intermolecular bond distance of

96




University of Pretoria etd — Thomas, M S (2006)

2.39 A, being of the same order as Zn-S intramolecular bond distance of 2.33 —
277 A. The X-ray structure is similar to the one for zinc bis[4-
alkyloxy)dithiobenzoates described by Adams et al*. Zinc alkyloxydithiobenzoate
complexes are rod-shaped whereas the zinc thiophenedithiocarboxylate complex,
8 displays a step in its rod shape. Complexes 7-11 did not show any mesomorphic
properties whereas zinc bis alkyloxy dithiobenzoates are reported to be
mesomorphic’. It was reported that the dimeric structure persisted into the
mesophase for the alkyloxydithiobenzoate complexes. The X-ray crystal structure
of 8 showed that the distance between the zinc and the axial bridging sulfur,
S(4)#1, is greater than in the zinc bis alkyloxy dithiobenzoates. Only EXAFS
studies can confirm whether the dimeric structure retained during the melting
process of 9 and 10. It was reported that if the molecular forces are too strong, or
if they are too weak, no mesophases will appear even if the molecular geometry is
favourable for liquid crystalline properties3 . Complexes 9 and 10 did not have

liquid crystalline properties.
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Chapter 4

Rhenium(I) complexes with thiophene-containing

ligands

4.1 Introduction

Organometallic liquid crystals have only recently come to the foreground and

9’10, Pt“, Pd“’lz, etc. have been studied and

various metals such as Fe'”, Rh®, Mn
displayed liquid crystalline properties. Problems associated with organic ligands
are often the lability and instability of the metal carbon bond under thermal
conditions. Planar or linear complexes are favoured as they could be used to

mimic anisotropic rods or discs. In some instances the chains will be attached to a

n-bonded arene ligand and in other examples to metal carbon bonds (Figure 4.1).
{RO@OOCOOOC}@COO@*COO—@*OR
* Fe
y

x=1Ly=0;x=0,y=1 A
e
ROOCEC—Pt—CEC@OR
b,
B

Figure 4.1 Calamitic organometallic liquid crystals

In the previous chapters' synthesis of nickel and zinc complexes, classical

examples of inorganic compounds were discussed. In this section examples of
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organometallic compounds of rhenium(I) with the same type of ligands were
investigated. The coordination environment of ligands at the metal centre for
nickel and zinc complexes is either square-planar or tetrahedral/trigonal
bipyramidal. For many years, the mesomorphic properties of calamitic metal-
containing liquid crystals"> have mostly been associated with square planar or
linear coordination at the metal centre. Thermotropic, calamitic mesophases of
manganese(l) and rhenium(I) complexes of orthometalated imines were observed
for the first time in 1994 by Bruce and co-workers'®. The coordination geometry
at the metal centre of these complexes was octahedral. It was reported that at least
four aromatic rings in the organic backbone were necessary to preserve the overall
molecular anisotropy to obtain the calamitic mesophases. Other orthometallated
9,10,15,16

complexes of Mn(I) and Re(I) reported recently are with diazabutadiene

and 2,2’—bipyridine14’17. The carbonyl ligands have been omitted in Figure 4.2.
O
J \
o O D Orog O
o) Re—
7] °

Figure 4.2 Orthometallated imine complexes of rhenium

Liquid crystals rely on the presence of anisotropic dispersion forces to stabilize
their mesophases, and these arise from a shape anisotropy of the molecules,
generally coupled with a significant anisotropy of polarisability. The addition of
two extra ligands to the highly anisotropic coordinated planar, four-coordinate
metal centre may generate octahedral coordination with reduced overall

anisotropylg. In these complexes the rhenium is anchored in the centre of the
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molecule by two nitrogen donor ligands and with the chain structure extending on
both sides. The carbonyl ligands are omitted in Figure 4.3.
B
g oo g o
Re
o) AR o)

Figure 4.3 Diazabutadiene and bipyridine complexes of rhenium

Halotricarbonyl(a-diimine)rhenium complexes have been reported as efficient
photosensitizers for energy and electron transfer'”. Luminescence properties have
been detected in fac-[ReX(a-diimine)(CO);] complexes where X can be varied
from the simple halo and cyano group to organic ligands such as pyridine and
acetylide'”*°. Complexes of diazabutadienes with ReBr(CO); have been reported
as luminescent organometallic liquid crysta1521. Binnemans and his co-workers
synthesized the bromotricarbonyl rhenium(I) complexes by coupling mesogenic
4-cyanobiphenyl groups with a long alkyl spacer to a substituted imidazo[4,5-f]-
1,10- phenanthroline, which acts as the coordinating groupzz. The mesophases of
the complexes were nematic, smectic or lamello-columnar phases, depending on

the position and number of 4-cyanobiphenyl groups.

B N o
r G N
He I o OCN
/| \N AN N
| H
Z

Figure 4.4 Luminescent rhenium(I) liquid crystals
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The rhenium(I)-containing metallomesogens showed moderate transition
temperatures and they were strongly luminescent, both in the solid state and in

solution. In these complexes the rhenium is on one side of the chain structure.

In this study, 5-alkyl-2-thiophene- or bithiophenedithiocarboxylate complexes of
rhenium(I) tetracarbonyl were synthesized and their structural features and
potential liquid-crystalline properties investigated. Instead of arene rings
thiophene rings are incorporated with the idea of modifying the structural features

slightly and facilitating charge transfer processes and polarization effects.

4.2 Results and discussion

4.2.1 Synthesis and characterization

Complexes of the type [Re(CO)4(S,CTR)] (where R = H, T = thiophene (12), R =
CH; , T = bithiophene (13), R = Cj4Hy9, T = thiophene (14a), R = Cj4Hyg, T =
bithiophene (14b)) were synthesized via a three-step reaction sequence.

During the first-step bromopentacarbonylrhenium, [ReBr(CO)s] was prepared by
the reaction of dirheniumdecacarbonyl, [Re;(CO);¢] with bromine under a stream

of nitrogen at room temperature (equation (1)~

[Rey(CO)yo] + Br, fexane 2[ReBr(CO)s] (1)

In the second step pentacarbonyl(trifluoromethanesulfonato)rhenium(l),
[Re(CO)s(0O3SCF;3)] was prepared from [ReBr(CO)s] (equation (2))24.

CH,ClL,

[ReBr(CO)s] + AgO3SCF; [Re(CO)s(03SCF3)] + AgBr  (2)
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Silver(I) trifluoromethanesulfonate, Ag(O3;SCF;) was added to a dichloromethane
solution containing [ReBr(CO)s] and stirring continued for 2 hours at room
temperature. The fluffy AgBr precipitate was removed by filtration through a fine
Schlenk frit to yield a clear solution. The volume of the solution was reduced
under vacuum, allowed to warm to room temperature and freshly distilled hexane
was added and the solvents were removed slowly in vacuum to precipitate
[Re(CO)s(0O3SCF3)] as a white powder.

In the third step, the 5-alkyl-2-thiophenedithiocarboxylate ion was prepared in
situ, as described® in the previous chapter, and [Re(CO)s(O3;SCF;)] added
(equation (3)).

S ) S GO

S S | CO
= THF IO~ 3)
R Cl. + [Re(CO)s(O3SCF3)] R C Re (
@ S -30°C @ \S/éo\ 0

The colour of the mixture turned red, solvents were removed and the purification
was done on a silica gel column. The complexes were characterized by NMR and

IR spectroscopy and the data confirmed the assigned structures of the complexes.

The '"H NMR spectrum of [Re(CO)4(S,CC4H,SCH3), 13 (Figure 4.5) showed two
signals in the arene region of the spectrum, a doublet at 7.63 ppm and a multiplet
at 6.82 ppm. Both integrated for one proton (the signal at 5.27 ppm should be

discarded as it represents some dichloromethane in the sample).
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Figure 4.5 '"H NMR spectrum of [Re(CO)4(S,CTCH3)] (13)

These protons, H3 and H4, are assigned to the protons of the thiophene ring. The
resonances at 6.82 ppm is broadened because of the J4 coupling with the protons
of the methyl group. A singlet at 2.50 ppm, integrating for three protons, was
assigned to the methyl group attached to the thiophene ring. Assignments of the

protons in 12 were not unambiguous because of signals overlapping.

s %Oco

\|/

Figure 4.6 Structure of complexes with atomic numbering scheme used

The *C NMR of 14b showed signals for all the carbon atoms in the structure and

is depicted in Figure 4.7. The peak at 242.6 ppm in 13 was assigned to the carbons
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of the carbonyl ligands, but was not observed in the spectra of 14a and 14b. The
signal at 185.5 ppm is assigned to the CS, carbon, C1 and is close to the value
reported for CS, carbon at 192.3 ppm in the solvent CS,*. The thiophene carbons
are readily assigned both from signal intensity and their chemical shift values at
152.7, 151.7, 128.6 and 127.5 ppm, repectively. Whereas the methyl carbon C6 in
13 is at 16.2 ppm, eleven chemical shift values of the total of fourteen carbons in
the chain of 14b were resolved. It is clear from the spectrum that overlapping of
signals occurred in the 29.7 ppm region. The spectral data of 12, 13, 14a and 14b

are summarized in Table 4.1.
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1238361
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774282
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76,5718
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a »
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Figure 4.7 °C NMR spectrum of [Re(CO)4(S,CTTC 4Ha0)] (14b)
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Table 4.1 NMR and IR data of complexes 12-14

Complex 'H NMR (3/ppm and J/Hz in | ®C NMR (8/ppm in CDCl3) | IR* (v/em™ in
CDCly) hexane)
12 7.16 (d, 2H, H3 and H4, J = 4.0), | 240.0 (CO), 185.6 (CS,), | 2099 (m), 2007
7.14 (d, 2H, H3’ and H4’, J = | 141.1, 137.9 (C2, C5), | (s), 1995 (s),
4.0),6.97 (d, IH,H5’, J=44) 128.2 (C2’ and C5’), 124.8 | 1961 (s).
(C3 and C4), 124.2 (C3’ and
C4).
13 7.63 (d, 1H, H3, J = 3.9), 6.82 | 242.6 (CO), 185.5 (CS,), | 2104 (m), 2010
(m, 1H, H4), 2.5 (s, 3H, H6). 152.7 (C2), 151.7 (C5), | (s), 1996 (s),
128.6 (C3), 127.5 (C4), 16.2 | 1959 (s).
(Co)
14a 7.1 (d, 1H, H3 J = 4.0), 6.79 (m, | CO*, 185.4 (CS,), 145.8 | 2101 (m), 2007
1H, H4), 2.84 (t, 2H, CH,, H6, J | (C2), 126.6, 123.8 and | (s), 1995 (s),
=7.5), 1.73 (m, 2H, H7), 1.32 | 122.6 (C3-C5), 31.9 (C6), | 1961 (s).
(m, 22H, H8-H18), 0.92 (t, 3H, | 21.8, 29.9, 29.7, 29.6, 29.5,
H19,7=17.2). 294, 29.2 and 22.7 (C7-
C18), 14.1 (C19)
14b 7.71 (d, 1H, H3, J = 4.1), 7.36 | CO*, 185.6 (CS,, C5), | 2101 (m), 2007
(d, 1H,H4,J1=44),7.19(d, 1H, | 156.5 (C2), 153.4 (C5), | (s), 1996 (s),
H3’,J=4.1),7.06 (t, 1H, H4’, J | 146.9 (C2’), 129.0 (C5’), | 1960 (s).
=4.4),),2.84 (t, 2H, CH,, H6, J | 128.5, 127.6, 126.4, 124.7

= 17.5), 1.73 (m, 2H, H7), 1.32
(m, 22H, H8-H18), 0.92 (t, 3H,
H19,J="1.2).

(C3. C4, C3°, C4), 414
(Ce6), 31.9, 31.8, 29.9, 29.7,
29.6, 29.6, 29.4, 29.2, 22.7
(C7-C18), 14.1 (C19).

* not observed

The infrared spectra of the complexes have the typical pattern of four carbonyl

ligands displaying C,, symmetry and are representative of cis-[M(CO)4L;]

complexes. The spectrum of 13 (Figure 4.8) showed peaks at 2104 A", 2010

(Al(z)), 1996 (B;) and 1959 B,) cm’! of similar intensities.
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Figure 4.8 IR spectrum of [Re(CO)4(S,CTCHj3)] (13)

4.2.3 Molecular Structure

The molecular structure of 12 was determined by single crystal X-ray
crystallography and confirmed to have a cis-[Re(S,CTR)(CO)4] arrangement of
ligands. Single crystals suitable for crystal structural determination were obtained
by slow diffusion of hexane into a dichloromethane solution of 12 at room
temperature. The structure of 12 supported the spectroscopic data. The molecular

structure of 12 is shown in Figure 4.9.

Figure 4.9 An ORTEP*’+ POV- Ray™® plot of the geometry of 12
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The Re-S distances are almost the same. Re(1)-S(1) is 2.512 A whereas Re(1)-
S(2) is 2.497 A. This is also true for the C-S bond lengths of the carbon disulfide
moiety, indicating delocalization of electron density over the chelate ring. The Re-
C bond distances of the carbonyl ligands frans to the sulfur donor atoms are the
same and significantly shorter than the other Re-C (carbonyl) distances. This is
indicative of the poorer m-acceptor properties of the sulfur ligands compared to the
carbonyl ligands. Selected bond lengths and angles are given in Table 4.2 and 4.3
respectively. The sulfur atoms in the thiophene rings of bithiophene are on
opposite sides with respect to one another in the dithiocarboxylate ligand.
Compared to bond distances of free thiophene (see chapter 3) the C-S distances
are longer and represent less m-delocalization in the thiophene ring. Delocalization
towards the coordinating CS, moiety on the outside of the ring is also important.
Interestingly, the formal single bond in the thiophene rings in 12 is shorter than

normal C-C single bonds or the corresponding distance in the free thiophene.

Table 4.2 Selected bond lengths for 12

Atoms Bond length (A) | Atoms Bond length (A)
Re(1)-C(1) 1.942(6) Re(1)-C(2) 1.943(6)
Re(1)-C(3) 1.993(6) Re(1)-C(4) 1.998(6)
Re(1)-S(1) 2.512(1) Re(1)-S(2) 2.497(1)
S(1)-C(5) 1.701(4) S(2)-C(5) 1.692(5)
C(5)-C(6) 1.435(6) C(9)-C(10) 1.437(7)
C(6)-S(3) 1.733(4) C(10)-S(4) 1.721(5)
C(9)-S(3) 1.729(5) C(13)-S(4) 1.693(6)
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C(6)-C(7) 1.368(6) C(10)-C(11) 1.398(7)
C(7)-C(8) 1.409(7) C(11)-C(12) 1.429(8)
C(8)-C(9) 1.374(6) C(12)-C(13) 1.348(8)
Table 4.3 Selected bond angles for 12

Atoms Bond angle (°) Atoms Bond angle (°)
C(1)-Re(1)-C(2) 91.5(2) C(1)-Re(1)-C(3) 89.6(2)
C(1)-Re(1)-C(4) | 91.9(2) C(2)-Re(1)-C(3) | 91.2(2)
C(2)-Re(1)-C(4) | 89.9(2) C(3)-Re(1)-C(4) | 178.1(2)
O(1)-C(1)-Re(1) | 178.5(6) 0(2)-C(2)-Re(1) | 178.4(6)
0(3)-C(3)-Re(1) | 178.2(5) O4)-C(4)-Re(1) | 177.4(6)
4.2.2 Thermal properties

Thermal properties of the complexes were studied by using thermo-gravimetric
analysis, TGA. All the complexes 12, 13, 14a and 14b decomposed before
melting. The TGA spectrum of 12 (Figure 4.10) showed some decomposition
between 155-160°C, that is ascribed to the elimination of carbonyl ligands. As a

result no mesophases were present in any of the compounds.
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Figure 4.10 TGA spectrum of 12

4.3 Experimental Section

General

Hexane and tetrahydrofuran were distilled over sodium and benzophenone prior to
use, and dichloromethane was stored over calcium chloride. All chemicals were
used as received unless otherwise specified. All reactions were performed in an
inert atmosphere of either nitrogen or argon by using Schlenk techniques and

vacuum-line. Column chromatography was carried out using silica gel.

Infrared spectra were recorded on a Perkin Elmer Spectrum 1000 FT-IR
spectrometer. All NMR spectra were recorded in deuterated chloroform using the
chloroform peak as standard on a Bruker ARX-300 spectrometer.

Thermal properties were studied on thermogravimetric analysis instrument TGA.
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A crystal of size 0.34 x 0.10 x 0.06 mm® of 12 was mounted in a sealed capillary
tube for data collection. All geometric and intensity data were collected on a

Siemens SMART diffractometer with a CCD detector.

4.3.1 Synthesis

All the complexes were synthesized via a three-step reaction in a similar manner.

A typical procedure for complex 13 is described.

Preparation of bromopentacarbonylrhenium, [ReBr(CO)s]

Hexane (30.0 ml freshly distilled) was transferred to a 50.0 ml Schlenk flask
equipped with a Teflon-coated stir bar. Dirheniumdeccacarbonyl, [Re2(CO)jo]
(6.50 g, 10.0 mmol) was added under a stream of N, and bromine (1.70 g, 11.0
mmol) was added to the solution by means of a syringe and immediately a
precipitate was formed in the flask. Stirring was continued for 30 min, and almost
all of the orange colour disappeared. Volatiles were removed under continuous
vacuum at room temperature and a white powder was obtained. The white powder

was transferred to a sublimator and sublimed at 85-90°C. Yield = 3.65 g (90.0%).

Preparation of pentacarbonyl(trifluoromethanesulfonato)-rhenium(l),
[Re(CO)s(O5SCF3)]

Freshly sublimed bromopentacarbonylrhenium (3.25 g, 8.0 mmol) was placed in a
50.0 ml Schlenk flask along with a Teflon-coated stirring bar under an atmosphere
of nitrogen. Dichloromethane (40.0 ml freshly distilled from P4O;9 under

nitrogen) was added through a septum by syringe, and the solution was stirred
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until all the Re(CO)sBr was dissolved. From a Schlenk addition tube 2.31 g (9.0
mmol) of Ag(O3SCF;) was added under a purge of N», and stirring was continued
for 2 hours at room temperature. The Ag(O3;SCF3) was weighed under subdued
light and the reaction flask was wrapped with foil to exclude room light just
before the addition of silver triflate. The fluffy AgBr precipitate was formed and
removed by filtration through a fine Schlenk frit to yield a clear solution. The
volume of the solution was reduced under vacuum, allowed to warm to room
temperature and freshly distilled hexane was added and the solvents were
removed slowly in vacuum to precipitate [Re(CO)s(O3SCF3)] as a white powder.

Yield =3.17 g (78%).

Preparation of tetracarbonyl-5-methyl-2-thiophenedithiocarboxylatorhenium(l)
[(CO)4Re(S,CC4H>SCH;3)]

In the third step the 5-methyl-2-thiophenedithiocarboxylate ion was prepared in
situ as described by Brandsma® in the previous chapter. A hexane solution which
contained 0.32 g (2.0 mmol) of the 5-methyl-2-thiophenedithiocarboxylate ion
was cooled to -30°C and 0.95 g (2.0 mmol) of [Re(CO)s(0;SCF3)] was added.
The cold bath was removed and the mixture was left stirring for 2 hours. The
colour of the mixture turned red. Solvents were removed and the purification was
done on a silica gel column and the product was extracted with
hexane/dichloromethane 4:1 as the eluent. Yield = 0.52 g (55%). The complexes

12, 14a and 14b were prepared similarly. See Table 4.4.
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Table 4.4 Experimental results of 12-14 complexes

Complex Colour Mass (g) Yield (%)

12 Red 0.67 62
13 Orange 0.52 55
14a Orange 0.56 43
14b Red 0.68 46

4.4 Conclusion

The complexes are not suitable as liquid crystals since the complexes decomposed
before melting. From the TGA studies, it is clear that the carbonyl ligands are

eliminated at lower temperatures.
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Chapter 5

Carbene complexes of Manganese(I) with
thiophene-containing ligands

5.1 Introduction

Complexes containing metal-carbon double bonds are generally referred to as metal-
carbene or metal-alkylidene complexes'™. Applications of carbene complexes in
organic syntheses have been widely employed and recognized for their usefulness*'’,
but very few studies directed towards material properties of carbene complexes have
been recorded. The reason for this is that carbene complexes were traditionally seen
as very unstable compounds and researchers rather looked at them as reaction
intermediates. Today we know that many carbene complexes in transition metal
chemistry are as stable as their counterparts displaying phosphine or other classical
inorganic ligands. They have an additional advantage as they possess the capability of
bringing in electronic contact the transition metal with a conjugated fragment that
forms part of a substituent on the carbene carbon atom. Binuclear organometallic
complexes in which the metal centres are connected by a conjugated bridge have
attracted a lot of interest as potential molecular wires'""'>. The only drawback to this
approach is that connecting chains of carbon tend to be unstable at the sites of bond
unsaturation. Thiophene and polythiophenes or their derivatives, on the other hand,
have been identified as molecules with potential electro-optical properties and form
part of some of the most stable molecular switching devices discovered to date". For
many years we have pursued the chemistry of mono- or binuclear transition metal

carbene complexes where one of the substituents would contain a thiophene or
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thiophene derivative'*"’

. One of the obvious possible applications for carbene
complexes with thiophene derivatives is constructing materials with non-linear optical

and liquid crystalline properties'®.

Among the stable and isolable organometallic compounds containing transition
metals, Fischer-type carbene complexes have recently become very popularlg. In
Fischer carbene complexes at least one of the organic substituents will have a
heteroatom with lone pair electrons. The carbene carbon atom is strongly electrophilic

and will use the transition metal and/or the heteroatom to stabilize this center.

Figure 5.1 Electron distribution and bonding in Fischer carbene complexes

Fischer carbene ligands have empty p-orbitals perpendicular to the plane of the sz_
orbitals and as a result, can act as a connector of T-electron conjugation from the
metal to a conjugated chain or unit via the carbene carbon. Charge transfer is possible
in a large segment of the complex and can be fine-tuned by carefully selecting the
transition metal and the conjugated substituent on the carbene carbon. Molecules with
large 7 systems and, in particular, organometallic complexes have been extensively
used in attempts to obtain materials with non-linear optical (NLO) properties. It has
been shown that organometallic complexes that contain thiophene moieties contribute
to the enhancement of such properties20'27. Attention in this field has more recently

been directed to “push-pull” molecules because transition metals introduce new
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variables such as their different oxidation states, differences in the nature and number
of the ligands that allow the modulation of their electron-withdrawing or releasing
properties and optimization of their interaction with the m-spacer in order to create the

best non-linear response28.

A <——{ T-spacer |4_ D

Figure 5.2 Push-Pull structures

Non centro-symmetric molecules are good candidates for second order non-linear
activity and, in particular, large first  hyperpolarisabilty can be observed in
conjugated poly-unsaturated organic molecules in which a 7-system connects
electron-donating D to accepting A groups. Fischer-type carbene complexes have
recently become serious contenders as compounds exhibiting NLO-properties (Figure
5.2). Licandro and coworkers® reported and exploited the push-pull nature of
pentacarbonyl(metal) carbene complexes. The M(CO)s(carbene-carbon) moiety
behaved as a strong electron-withdrawing group that is similar to a Lewis acid leading

to polarization in the carbene substituent.

The aim was to synthesize carbene complexes of manganese(I) with thiophene or
bithiophene containing-ligands and to test their liquid crystalline properties. We chose
[Mn(n5—C5H5)(CO)2(carbene)] as our model compound as it is known to give very
stable carbene complexes30. Important is the limiting of the number of carbonyl
ligands as they could affect the melting behaviour of the compound adversely. We
selected to use methylcyclopentadienyl instead of cyclopentadienyl as ligand that will

lower and affect the temperature range of the melting process. The geometry around
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the metal centre is pseudo tetrahedral, but diamagnetic which could also be of interest.
Incorporation of a polarizable component is achieved by using 2-alkyl substituted
thiophene carbene substituents. In 1994 Bruce®' reported the liquid crystalline
complexes of octahedral manganese(I). The complexes described were the first
examples of calamitic (rod-like) liquid crystalline metal complexes containing

manganese with octahedral coordination.

5.2 Results and discussion

5.2.1 Synthesis and characterization
Carbene complexes of manganese(I), of the type [MnMeCp(CO),{C(OEt)TR}]
(where T = 2,5-disubstituted thiophene, C4H,S (a) or bithiophene, CsH4S;, (b) and R

=H (15), C6H13 (16),C12H25 (17), C16H33(18)) have been prepared.

e
oc™
o \Co
Me Me
‘/‘\ R + éj\ R
M S Et M S
oc\“/r\\ \ -— oc\‘lr\\ \
¢ PN ¢ PN
EtO n *LiO n

=1:R=H 15a; C6H13 16a; C12H25 17a; C16H33 18a.
=2: R = H 15b; C¢H,; 16b; C1,H,s 17b; C¢Hs; 18b.

Scheme 5.1

Alkyl thiophene or bithiophene derivatives were dissolved in THF and reacted in the

cold under argon-atmosphere with BuLi dissolved in hexane. After the reaction
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mixture was cooled to -40°C, [MnMeCp(CO)3] was added. The mixture was first
stirred in the cold and then for a further period at room temperature. The solvent was
removed from the dark-red solution and the residue was re-dissolved in
dichloromethane and alkylated in the cold with a solution of EtOBF,. The reaction
mixture was filtered through a plug of silica gel and thereafter chromatographed on
silica gel by using hexane/dichloromethane (4:1) solution. The first yellow band was
unreacted alkyl thiophene followed by a red-brown band, the desired product. The
product was recovered from the solvent in high yield (about 70%). The complexes
15a-17a were oils, whereas complex 18a was a solid with melting point 31-32°C. The
complexes 15b-17b were solids, but 18b was an oil. Once purified, NMR and IR
spectroscopy and mass spectrometry were used to characterize the complexes 15a-18a

and 15b-18b.

OCH,CH

Figure 5.3 Atomic numbering of 16a/b

In this chapter Figure 5.3 shows how the different atoms are numbered in the text for
the different compounds. The cyclopentadienyl carbons are indicated by a, b and c,
the second thiophene ring in the bithiophene complexes takes the same numbering
sequence than the thiophene complexes but with primed numbers and the alkyl chains
are numbered starting with carbon 6 and following the numerical order.

The '"H NMR spectra of the thiophene (T) complexes 15a-18a displayed resonances

of much poorer resolution compared to the bithiophene (TT) analogues 15b-18b and
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it was not possible to get good coupling data for the thiophene complexes. The
complex [MnMeCp(CO),{C(OEt)TC¢H;3}] (T = thiophene, C4H,S) (16a) showed
two broad singlets at 7.70 and 6.73 ppm for the two protons H3 and H4 of the
thiophene ring. By contrast the spectrum of 17b shown in Figure 5.4 displayed four
well-resolved doublets (7.81, 7.12, 6.94 and 6.69 ppm) in the arene region. These
patterns of chemical shifts for 16a-18a and 16b-18b are expected for 2,5-disubstituted
thiophene and 2,5’-disubstituted bithiophene complexes, respectively. The carbene
carbon in the 2-position is a strong electron-withdrawing substituent and H3/H3’ will
be shifted downfield compared to an alkyl chain, which is electron-donating on the
other side of the thiophene ring, and H4/H4  will appear upfield. Compared to
uncoordinated thiophene where H3 and H4 are found at chemical shift values of 6.96
ppm (chapter 2), H3 in the carbene complexes is downfield by ca 0.7 ppm and H4

upfield by ca 0.2 ppm.
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— .
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Figure 5.4 'H NMR spectrum of 17b opm)
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The NMR data of the complexes are summarized in Tables 5.1 and 5.2. The chemical
shifts of the methylene resonances of the ethoxy substituents of the carbene ligands
afford characteristic quartets at 5.0 ppm, which compare well with values reported in
the literature'®. The resonances of the cyclopentadienyl protons a and b appear as two
singlets around 4.4 ppm in the spectra and the alkyl chains start downfield for H6 as a
triplet at ca 2.8 ppm (H6), then shows a broadened quintet at ca 1.65 ppm (H7, not
always resolved) slightly upfield from the Cp methyl substituent at ca 1.75 ppm. The
methyl group of the ethoxy substituent is next around 1.6 ppm followed by a strong
multiplet at 1.5-1.2 ppm representing the rest of the alkyl chain which ends with a

triplet for the last carbon of the chain at ca 0.85 ppm.

3159972
231.0548

——102.9394

—82.1260
—73.5866

/833035
212

g
|

2785

152.6537

——125.2395
——124.8946
—123.5506

147.5990
143.8169

—137.8584
134..

T ; : ; ! i ;i i T
152 150 148 146 144 142 140 138 136 134 132 130 128 126 124 122
(ppm)

320 300 280 260 240 220 200 180 160 140 120 100 80 60 40 20
(ppm)

Figure 5.5 °C NMR spectrum of 17b with an expanded view of the bithiophene

region
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The *C NMR spectrum of 17b (Figure 5.6) clearly indicated the carbene carbon, the
carbonyl ligands, the carbons of the bithiophene ring and also accounts for all the
other carbon atoms in the structure. The spectrum depicted the carbene carbon C1 at
316.0 ppm and Mn-(CO), at 231.1 ppm, respectively. In the bithiophene region all
eight signals were resolved and from peak intensities it is possible to divide the
chemical shifts in four quartenary and four CH resonances (see expansion in Figure
5.6). Moving further upfield, one could readily assign the ¢ and a chemical shifts
(figure 5.3) of the cyclopentadienyl ring and the carbene methylene carbon of the

ethoxy substituent moved slightly upfield from the deuterated solvent resonances.

MEUPILU)ZIVINUUEDILIIOPRENEU 1 22D

—31.9003
—31.5079

—30.2828
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34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13
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Figure 5.6 BC NMR spectrum of 17b in the alkyl region

The alkyl chain is represented by 8 signals for the 12 carbon atoms with some

overlapping at 29.0 ppm. The sequence for the methyl chemical shifts (ppm) is: EtO

of carbene > Alkyl chain end > Cp substituent, based on the results of the C NMR
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spectra of [Mn(MeCp)(CO);], ethoxy carbene complexes32 and the alkylthiophene

substrates.

Table 5.1 Spectral data for the thiophene complexes, 15a-18a

Complex

'"H NMR (8/ppm and J/Hz in
CDCl;)

C NMR (8/ppm in CDCls)

IR* (v/em in

hexane) M(CO),

15a

8.03 (s, 1H, H3), 7.26 (s, 2H, H4
and H5), 5.22 (s, 2H, OCH,),
4.63 (s, 2H, Hb (Cp)), 4.56 (s,
2H, Ha (Cp)), 1.98 (t, 3H, Cp-
CH; J = 7.0), 1.78 (t, 3H, CH;,
(OEY), J =17.2).

319.2 (Cl1, carbene), 231
(CO-Mn), 156.0 (C2), 135.9
(CS5), 1325 (C3), 128.0
(C4), 103.3 (Cc (Cp)), 84.0,
82.8 (Cb and Ca (Cp)), 75.2,
15.8 (OCH,CH3) 13.5 (Cp-
CHa).

1947 (vs), 1889
(vs)

16a

7.78 (s, 1H, H3), 6.81 (s, 1H,
H4), 5.02 (s, 2H, OCH,), 4.48(s,
2H, Hb of Cp) 4.35 (s, 2H, Ha of
Cp) 2.78 (t, 2H, H6, J = 7.0),
1.60 (s, 6H, Cp-CH; and CH;
(OEt)), 1.33 (m, 10H, H7-H10),
0.90 (t, 3H, H11, J =7.2).

317.4 (Cl1, carbene), 231.2
(CO-Mn), 153.4 (C2), 137.3
(CS5), 125.6 (C3), 125.0
(C4), 102.6 (Cc (Cp)), 83.2,
82.8 (Cb and Ca (Cp)), 73.5,
15.3 (OCH,CH;), 13.5 (Cp-
CHj3), 31.5, 31.2, 30.6, 28.8,
22.5, 14.2 (C6-Cl11).

1943 (vs), 1886
(vs)

17a

7.7 (s, 1H, H3), 6.81 (s, 1H,
H4), 5.03 (s, 2H, OCH,), 4.48 (s,
2H, Hb (Cp)), 4.36 (s, 2H, Ha
(Cp)), 2.80 (t, 2H, H6, J = 7.0),
2.20 (s, 3H, Cp-CHj), 1.62 (t,
3H, CH; (OEt) J = 7.0), 1.32 (m,
20H, H7-H16), 0.97 (t, 3H, H17,
J=12).

317.4 (C1, carbene), 231.4
(CO-Mn), 1539 (C2),
137.73 (C5), 126.1 (C3),
125.7 (C4), 102.8 (Cc (Cp)),
83.6, 82.4 (Cb and Ca (Cp)),
73.9, 15.7 (OCH,CH3,), 14.1
(Cp-CHj), 32.3, 31.7, 30.9,
30.0 (vs), 23.1, 144 (Co-
C17).

1943 (vs), 1886
(vs)

18a

7.79 (s, 1H, H3), 6.80 (s, 1H,
H4), 5.02 (s, 2H, OCH,), 4.45 (s,
2H, Hb (Cp)), 4.33 (s, 2H, Ha
(Cp)), 2.77 (s, 2H, H6), 1.79 (s,
3H, Cp-CH3), 1.67 (s, 2H, H7),
1.57 (t, 3H, CH; (OEt),1.27 (m,
26H, H8-H20), 0.89 (t, 3H, H21,

317.6 (C1, carbene), 231.2
(CO-Mn), 153.5 (C2), 137.3
(C5), 1262 (C4), 125.6
(C3), 102.7 (Cc (Cp)), 83.2,
82.0 (Cb and Ca (Cp)), 73.5,
15.5 (OCH,CHj;), 13.5 (Cp-
CHj), 31.9, 31.2, 30.5, 29.6

1943 (vs), 1886
(vs)
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J=172)

(vs), 22.6, 14.4 (C6-C21). I

* carbonyl region

Table 5.2 Spectral data for the bithiophene complexes, 15b-18b

Complex | 'H NMR (8/ppm and J/Hz in C NMR (8/ppm in CDCly) | IR* (v/em™ in
CDCl3) hexane)
15b 7.81(d, 1H, H3,J=4.3),7.29(d, | 319.4 (Cl, carbene), 230.7 | 1945 (vs), 1888
1H, H4, J = 3.6), 7.14 (s, 2H, H3’ | (CO-Mn), 157.3 (C2), 137.5 | (vs)
and H4’), 7.02 (d, 1H, H5’, J = (C3), 145.8 (C5), 143.3
3.6),5.02 (s, 2H, OCH,), 4.46 (s, | (C2), 128.2 (C5"), 126.1
2H, Hb (Cp)), 4.33 (s, 2H, Ha (C3), 125.0 (C4), 124.3
(Cp)), 1.78 (s, 3H, Cp-CH3), 1.57 | (C4’), 97.5 (Cc (Cp)), 83.4
(s, 3H, CH; (OE)). (Cb (Cp)), 82.3 (Ca (Cp),
73.7 (OCH,), 15.3 (CH;
(OEY), 13.5 (Cp-CH;)
16b 7.81(d, 1H, H3,J=4.2),7.12(d, | 317.1 (C1, carbene), 231.0 | 1944 (vs), 1887
1H, H4, J = 3.6), 6.94 (d, 1H, H3’, | (CO-Mn), 143.8 (C2), 137.9 | (vs).
J=42),6.69 (d, IH, H4’, J = 3.6), | (C5), 124.9 (C4), 129.9
5.02,d, 2H, OCH,, J=7.2),446 | (C2"),128.9 (C5), 126.0
(s, 2H, Hb (Cp)), 4.33 (s,2H, Ha | (C3’), 125.3 (C5°), 123.6
(Cp)), 2.78 (t, 2H,H6, J = 7.0), (C4), 103.0 (Cc (Cp)), 83.7
2.29 (t, 3H, Cp-CH3, J = 7.0), 1.67 | (Cb (Cp)), 82.5 (Ca (Cp)),
(t, 3H, CH; (OEY), J = 7.0), 1.25 73.9 (OCH,), 15.6 (CH;
(m, 8H, H7-H10), 0.87 (t, 3H, H11, | (OEt), 13.4 (Cp-CH3), 31.9,
1=6.7). 31.5,30.3,28.7,22.6, 14.5
(C6-C11).
17b 7.81(d, 1H, H3,J=4.4),7.11(d, | 316.0 (Cl, carbene), 231.1 | 1944 (vs), 1887
1H, H4, J = 3.6), 7.07 (d, 1H, H3’, | (CO-Mn), 152.7 (C2), 147.6 | (vs).
J=42),6.68(d, 1H,H4’, J =3.6), | (C5),143.8 (C2"), 137.9
5.02 (s, 2H, OCH,, J=7.0), 4.45 (s, | (C3), 134.3 (C5°), 125.2
2H, Hb (Cp)), 4.32 (s, 2H, Ha (C4), 124.9 (C3’), 123.9
(Cp)), 2.77 (t, 2H, H6, J = 7.0), (C4’), 102.9 (Cc (Cp)),
1.77 (s, 3H, Cp-CHs), 1.56 (t, 3H, | 83.3, (Cb (Cp)), 82.1 (Ca
CH; (OEt), J = 7.0), 1.24 (m, 20H, | (Cp)), 73.5 (OCH,), 15.3
H7-H16), 0.85 (t, 3H, H17, J = (CH; (OE)), 13.5 (Cp-CHs),
6.7). 31.9, 31.5,30.3,29.7, 29.3,
29.0,22.7, 14.1 (C6-C17).
18b 7.81(d, 1H, H3,J=3.9),7.12(d, | 317.7 (Cl, carbene), 231.7 | 1943 (vs), 1887
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1H, H4, J = 3.6), 7.07 (d, 1H, H3’, | (CO-Mn), 153.2 (C2), 152.9 | (vs).
J=4.0),6.69 (d, 1H, H4", J=3.6), | (C5), 144.8 (C2’), 137.6
5.02 (s, 2H, OCH,, J = 7.7),4.46 | (C3), 135.3 (C5°), 125.1

(s, 2H, Hb (Cp)), 4.32 (s, 2H, Ha | (C4), 124.7 (C3"), 123.6
(Cp)), 2.78 (t, 2H, H6, J = 7.0), (C4%), 102.5 (Cc (Cp)), 83.3
1.77 (s, 3H, Cp-CHs), 1.65 (t, 3H, | (Cb (Cp)), 82.1 (Ca (Cp)),
CH; (OEt), J=7.7) 1.28 (m, 28H, | 76.6 (OCH,), 15.4 (CHj;
H7- H20), 0.86 (t, 3H, H21, J = (OEt)), 13.7 (Cp-CHs),
6.7). 31.9,31.6,31.5,30.3,
30.1,29.7, 29.6, 29.5,29.4,
28.7,22.7,22.6, 14.1 (C6-
c21).

* carbonyl region

The IR spectrum of 16a showed two very strong bands at 1943 and 1886 cm™ for the
terminal CO ligands. This corresponds to the two infrared vibrations, Vsym and Vagym of
the M(CO), class of carbonyl complexes. The BC NMR chemical shifts for the
carbons of the carbonyl ligands are typical for cyclopentadienylmanganese complexes

with two carbonyl ligands33 .

The complexes were also studied by fast atom bombardment (FAB) mass
spectrometry. All the spectra of the complexes showed a peak corresponding to the
m/z-value of the molecular ion (M"). The parent peak in FAB-MS of 18a was m/z =
554 (7.5%). The m/z = 498 (100%) peak corresponding to M*-2CO is the principal
ion peak in the spectra. Fragment ions with m/z-values corresponding to [M(MeCp)]*
and [M(MeCp)(carbene)]” are present in most spectra whereas [M(carbene)]” and
[M(CO),]" are not represented. The fragmentation of parts of the carbene ligand was
also observed. Based on these observations it is possible to assign a general

fragmentation route for the complexes.
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Figure 5.7 Mass spectrum of 18a

All the other complexes fragmented in a similar manner. The mass spectral data of the

complexes 15a-18a are given in Table 5.3.

Table 5.3 Mass spectral data of 15a-18a and 15b-18b

Complex Molecular formula Parent peak Principal peak [MnMeCp]*
Mh) M*=2C0O) fragment (134)

15a MnC;sH;50,;S 330 (30%) 274 (100%) 134 (13%)

16a MnC,,H,;0,S 414 (18%) 358 (100%) 134 (9%)

17a MnC,;H3905S 498 (12%) 442 (100%) 134 (8%)

18a MnC;,Hy;,0;S 554 (7.5%) 498 (100%) 134 (13%)
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15b MnC,4H;05S, 412 (20%) 356 (100%) 134 (12%)
16b MHC25H2903S2 n.o.* 440 (4%) 134 (9%)
17b MnC5,H,;05S, 580 (13%) 524 (100%) 134 (7%)
18b MnC;5H4905S, 636 (8%) 580 (100%) 134 (8%)
n.0. not observed.
Me Me +
< < ye
\ R R
M s | s — @
Oc\\ l r\\ \ Mn\\ \ —»_» Mn
oC ¢ N\ CTIN
/ /
EtO n EtO n

Figure 5.8 important fragmentations of ions in mass spectra

5.2.2 Thermal properties

The TGA measurements showed a decrease (weight loss) at about 50°C, indicating

the loss of CO groups from the complex. Therefore the complexes are not stable at

moderate temperatures and are not suitable for testing the liquid-crystalline properties.
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Figure 5.9 TGA spectrum of 18a
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5.3 Experimental Section

Thiophene and bithiophene were lithiated according to the procedure reported by

33
Brandsma™.

Synthesis

A general procedure for all the reactions in a general format is given.

2.0 mmol of the thiophene, alkylthiophene, bithiophene or alkylbithiophene was
dissolved in THF (30.0 ml) and cooled to -15°C under Argon atmosphere. 1.60 M
solution of butyl lithium (1.25 ml, 2.0 mmol) in hexane was added and the mixture
stirred for 40 minutes. The reaction was cooled to -40°C and [MnMeCp(CO);] (0.44
g, 2.0 mmol) was added. The mixture was stirred in the cold for 30 minutes and for a
further 1 hour at room temperature during which the colour of the solution changed
from light orange to dark red. The solvent was removed under reduced pressure. The
residue was re-dissolved in dichloromethane (30.0 ml), cooled to -30°C and alkylated
with a dichloromethane solution of Et;OBF, (0.38 g, 2.0 mmol). The solution was
stirred for 30 minutes in the cold and for a further 1 hour at room temperature. The
reaction mixture was filtered through a plug of silica gel and the solvent was removed
under reduced pressure. The residue was chromatographed on silica gel by using
hexane/dichloromethane (4:1) solution. The first yellow band was unreacted
thiophene, alkylthiophene, bithiophene or alkylbithiophene, followed by the brown
band, which contained the major product. On evaporation of the solvent, the product
was obtained and for the solids, recrystalization from dichloromethane-hexane

mixtures, pure complexes could be obtained.
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Table 5.4 Experimental results of 15a-18a and 15b-18b

Complex | Mass of 2 mmol | State of the | Melting point | Mass Yield (%)
substrate (g) product °C) product(g)
15a 0.17 ol | e 0.51 78
16a 0.34 ol | e 0.56 68
17a 0.50 ol | - 0.54 55
18a 0.62 Solid 31-32 0.72 65
15b 0.33 Solid 63-65 0.53 65
16b 0.50 Solid 57-59 0.39 40
17b 0.67 Solid 48-49 0.56 48
18b 0.78 ol ] e 0.58 46

5.4 Conclusion

The complexes showed a weight loss before reaching their melting points. Therefore

the complexes are not suitable for testing their liquid crystalline properties.
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Appendix 1

Crystal data and structure refinement for 8

Table 1. Crystal data and structure refinement for Zntiof.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

zntiof _abs

Cas Hoo S12 Zn,

1104.54

293(2) K

0.71073 A

Monoclinic

C2/c

a=29.1118(19) A a=90°

b=64571(4) A b= 112.5790(10)°.

c=28.8391(19) A g =90°.
5005.6(6) A3

4

1.465 Mg/m?

1.490 mm'!
2304

0.34 x 0.14 x 0.05 mm?

2.53 to 26.50°.

-36<=h<=14, -7<=k<=7, -35<=1<=35
12744

4712 [R(int) = 0.0354]

99.5 %

Semi-empirical from equivalents

0.928 and 0.734

Full-matrix least-squares on F?

4712/0/382

1.082

R1=0.0324, wR2 =0.0718
R1=0.0582, wR2 = 0.0838
0

0.272 and -0.401 e.A3
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103) for Zntiof.

U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

x y 2 Uleq)
Zn(1) 491(1) 2776(1) 329(1) 47(1)
S(1) 1116(1) 3935(1) 1089(1) 43(1)
S(2) 794(1) -360(1) 836(1) 48(1)
S(3) 1786(1) 2517(1) 2214(1) 43(1)
S(4) -359(1) 3361(1) 209(1) 41(1)
S(5) 446(1) 2323(1) -498(1) 44(1)
S(6) 220(1) 6496(1) 1646(1) 43(1)
c() 1141(1) 1401(4) 1259(1) 35(1)
@) 1451(1) 749(4) 1761(1) 35(1)
C@3) 1528(1) -1214(5) 1957(1) 42(1)
C4) 1847(1) -1275(5) 2459(1) 42(1)
C(5) 2022(1) 612(4) 2660(1) 38(1)
C(6) 2374(1) 1098(5) 3184(1) 45(1)
C(7) 2367(1) 3315(5) 3355(1) 43(1)
C(8) 2712(1) 3652(5) 3899(1) 47(1)
C(9) 2726(1) 5858(5) 4075(1) 51(1)
C(10) 3058(2) 6189(6) 4618(1) 62(1)
c(11) 3080(2) 8401(8) 4791(2) 83(1)
C(12) 270(1) 5216(4) 665(1) 36(1)
C(13) -37(1) 4650(4) 1185(1) 36(1)
C(14) 45(1) 2690(5) 1390(1) 45(1)
C(15) 310(1) 2714(5) 1907(1) 49(1)
C(16) 438(1) 4649(5) 2107(1) 42(1)
c(17) 743(2) 5185(5) 2642(1) 55(1)
C(18) 774(1) 7455(5) 2782(1) 45(1)
C(19) 1104(1) 7831(5) 3329(1) 50(1)
C(20) 1140(1) 10073(5) 3483(1) 53(1)
c2l) 1466(2) 10440(6) 4028(1) 66(1)
C(22) 1486(2) 12655(8) 4195(2) 86(1)
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Table 3. Bond lengths [A] and angles [°] for Zntiof.

Zn(1)-S(5) 2.3543(8) C(10)-H(10B) 0.95(4)
Zn(1)-S(1) 2.3697(7) C(11)-H(11A) 0.93(5)
Zn(1)-S(4) 2.3924(8) C(11)-H(11B) 0.97(4)
Zn(1)-S(2) 2.4540(8) C(11)-H(11C) 0.96(4)
Zn(1)-S(4)#1 2.8840(8) C(12)-C(13) 1.435(4)
S(1)-C(1) 1.701(3) C(12)-S(5)#1 1.683(3)
S(2)-C(1) 1.690(3) C(13)-C(14) 1.379(4)
S(3)-C(5) 1.721(3) C(14)-C(15) 1.391(4)
S(3)-C(2) 1.727(3) C(14)-H(14) 0.98(3)
S(4)-C(12) 1.723(3) C(15)-C(16) 1.366(4)
S(5)-C(12)#1 1.683(3) C(15)-H(15) 0.88(3)
S(6)-C(16) 1.715(3) C(16)-C(17) 1.497(4)
S(6)-C(13) 1.729(3) C(17)-C(18) 1.513(4)
C(1)-C(2) 1.444(3) C(17)-H(17A) 0.98(4)
C(2)-C(3) 1.371(4) C(17)-H(17B) 0.98(4)
C(3)-C(4) 1.388(4) C(18)-C(19) 1.519(4)
C(3)-H@3) 0.89(3) C(18)-H(18A) 0.98(3)
C(4)-C(5) 1.362(4) C(18)-H(18B) 0.98(3)
C(4)-H(4) 0.90(3) C(19)-C(20) 1.507(5)
C(5)-C(6) 1.498(4) C(19)-H(19A) 1.00(3)
C(6)-C(7) 1.517(4) C(19)-H(19B) 0.94(4)
C(6)-H(6A) 0.95(3) C(20)-C(21) 1.511(4)
C(6)-H(6B) 0.94(3) C(20)-H(20A) 0.93(3)
C(7)-C(8) 1.519(4) C(20)-H(20B) 0.99(4)
C(7)-H(7A) 0.96(3) C(21)-C(22) 1.503(6)
C(7)-H(7B) 1.00(3) C(21)-H(21A) 1.10(4)
C(8)-C(9) 1.507(4) C(21)-H(21B) 0.92(5)
C(8)-H(8A) 1.05(3) C(22)-H(22A) 0.91(5)
C(8)-H(8B) 0.97(3) C(22)-H(22B) 0.98(5)
C(9)-C(10) 1.505(4) C(22)-H(220) 0.87(5)
C(9)-H(9A) 1.02(3)

C(9)-H(9B) 0.97(3) S(5)-Zn(1)-S(1) 134.47(3)
C(10)-C(11) 1.507(6) S(5)-Zn(1)-S(4) 102.78(3)
C(10)-H(10A) 0.99(4) S(1)-Zn(1)-S(4) 117.86(3)
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S(5)-Zn(1)-S(2)
S(1)-Zn(1)-S(2)
S(4)-Zn(1)-S(2)
S(5)-Zn(1)-S(4)#1
S(1)-Zn(1)-S(4)#1
S(4)-Zn(1)-S(4)#1
S(2)-Zn(1)-S(4)#1
C(1)-S(1)-Zn(1)
C(1)-S(2)-Zn(1)
C(5)-S(3)-C(2)
C(12)-S(4)-Zn(1)
C(12)#1-S(5)-Zn(1)
C(16)-S(6)-C(13)
C(2)-C(1)-S(2)
C(2)-C(1)-S(1)
S(2)-C(1)-S(1)
C(3)-C(2)-C(1)
C(3)-C(2)-S(3)
C(1)-C(2)-S(3)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H4)
C(4)-C(5)-C(6)
C4)-C(5)-S(3)
C(6)-C(5)-S(3)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6A)
C(7)-C(6)-H(6A)
C(5)-C(6)-H(6B)
C(7)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7A)
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111.59(3)
74.74(3)
109.35(3)
67.62(2)
96.96(3)
82.43(3)
167.72(3)
83.99(9)
81.59(9)
92.31(13)
98.94(9)
93.72(9)
92.21(13)
119.9(2)
120.67(19)
119.44(15)
128.6(2)
110.1(2)
121.3(2)
113.2(3)
122(2)
124(2)
114.2(3)
124(2)
122(2)
128.1(3)
110.2(2)
121.8(2)
115.9(2)
106.7(17)
109.2(18)
107(2)
110(2)
108(3)
112.6(3)
109.5(18)

C(8)-C(7)-H(7A)
C(6)-C(7)-H(7B)
C(8)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10B)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(10)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(13)-C(12)-S(5)#1
C(13)-C(12)-S(4)
S(5)#1-C(12)-S(4)
C(14)-C(13)-C(12)
C(14)-C(13)-S(6)
C(12)-C(13)-S(6)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)

110.1(17)
108.4(17)
111.9(17)
104(2)
113.93)
109.9(17)
107.5(17)
113.6(18)
105.6(19)
106(2)
114.13)
108.4(18)
110.5(18)
106.9(18)
112.8(18)
104(2)
114.2(4)
104(2)
117(2)
108(2)
110(2)
104(3)
116(3)
107(3)
107(4)
113(2)
101(4)
113(4)
120.6(2)
119.5(2)
119.84(15)
128.13)
110.4(2)
121.3(2)
112.6(3)
122.0(19)
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C(15)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(17)
C(15)-C(16)-S(6)
C(17)-C(16)-S(6)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17A)
C(18)-C(17)-H(17A)
C(16)-C(17)-H(17B)
C(18)-C(17)-H(17B)

H(17A)-C(17)-H(17B)

C(17)-C(18)-C(19)

C(17)-C(18)-H(18A)
C(19)-C(18)-H(18A)
C(17)-C(18)-H(18B)
C(19)-C(18)-H(18B)

H(18A)-C(18)-H(18B)

C(20)-C(19)-C(18)
C(20)-C(19)-H(19A)
C(18)-C(19)-H(19A)
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125.3(19)
114.3(3)
124.6(19)
121.1(19)
127.1(3)
110.5(2)
122.3(2)
116.73)
102(2)
108(2)
103(2)
112(2)
116(3)
112.3(3)
105.2(16)
111.5(16)
109.1(17)
108.5(17)
110(2)
113.93)
108.8(17)
108.2(18)

C(20)-C(19)-H(19B)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20A)
C(21)-C(20)-H(20A)
C(19)-C(20)-H(20B)
C(21)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21A)
C(20)-C(21)-H(21A)
C(22)-C(21)-H(21B)
C(20)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(21)-C(22)-H(22A)
C(21)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(21)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)

Symmetry transformations used to generate equivalent atoms:

#1 -x,-y+1,-z

112(2)
109(2)
105(3)
113.8(3)
107(2)
109(2)
111(2)
107(2)
109(3)
114.4(4)
110(2)
107(2)
112(3)
107(3)
106(4)
105(3)
111(3)
112(5)
110(3)
107(4)
112(4)
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Table 4. Anisotropic displacement parameters ([J2x 103)for Zntiof. The anisotropic displacement
factor exponent takes the form: -2p?[ h2a*?U!! + ... + 2 h k a* b* U!? ]

Ull U22 U33 U23 U13 U12
Zn(1) 45(1) 57(1) 28(1) -4(1) 3(1) 6(1)
S(1) 48(1) 35(1) 34(1) -1(1) 1(1) 2(1)
S(2) 55(1) 38(1) 34(1) 7(1) -1(1) 3(1)
S(3) 51(1) 33(1) 31(1) 2(1) -1(1) 3(1)
S(4) 44(1) 40(1) 31(1) -8(1) 6(1) 3(1)
S(5) 55(1) 40(1) 32(1) 2(1) 11(1) 9(1)
S(6) 54(1) 37(1) 29(1) 2(1) 7(1) 1(1)
c() 35(1) 34(2) 32(1) -4(1) 9(1) 0(1)
CQ) 34(1) 36(2) 29(1) 3(1) 5(1) 0(1)
¢&)) 43(2) 36(2) 37(2) -5(1) 5(1) -5(1)
C4) 51(2) 34(2) 36(2) 4(1) 9(1) 0(1)
C(5) 41(1) 39(2) 27(1) 0(1) 5(1) 0(1)
C(6) 48(2) 45(2) 31(2) -1(1) 2(1) 1(1)
C(7) 44(2) 47(2) 32(2) 2(1) 6(1) 4(1)
C(8) 51(2) 49(2) 32(2) -4(1) 6(1) -1(2)
C©9) 55(2) 51(2) 38(2) -5(2) 8(2) 02)
C(10) 74(2) 58(2) 43(2) -13(2) 9(2) 12)
c(1) 99(4) 69(3) 68(3) -30(2) 193) -6(3)
C(12) 35(1) 39(2) 32(1) 7(1) 10(1) -5(1)
C(13) 38(1) 38(2) 30(1) -4(1) 10(1) 2(1)
C(14) 56(2) 40(2) 36(2) 2(1) 14(1) -6(1)
C(15) 65(2) 39(2) 38(2) 9(2) 16(2) 2(2)
C(16) 47(2) 45(2) 29(2) 1(1) 9(1) 2(1)
c(17) 66(2) 55(2) 33(2) 2(2) 8(2) 2(2)
C(18) 45(2) 52(2) 33(2) 2(1) 10(1) 2(1)
C(19) 57(2) 53(2) 32(2) 3(2) 72) -1(2)
C(20) 56(2) 54(2) 43(2) 4(2) 12(2) 42)
c21) 86(3) 60(2) 40(2) -10(2) 13(2) -10(2)
C(22)  100(4) 75(3) 73(3) 31(3) 24(3) -9(3)
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Table 5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10%) for Zntiof.

X y z U(eq)
H(3) 1387(11) -2320(50) 1775(12) 5009)
H4) 1922(11) -2470(50) 2632(11) 53(9)
H(6A) 2699(11) 780(40) 3200(10) 52(9)
H(6B) 2299(12) 190(50) 3400(12) 67(11)
H(7A) 2032(11) 3700(40) 3307(10) 50(8)
H(7B) 2450(10) 4250(50) 3123(11) 55(9)
H(8A) 3068(12) 3180(50) 3936(11) 61(9)
H(8B) 2606(11) 2670(50) 4091(12) 55(10)
H@OA) 2376(12) 6360(50) 4022(12) 64(10)
H(9B) 2833(11) 6820(50) 3880(12) 52(9)
H(10A) 3377(14) 5540(60) 4651(13) 80(12)
H(10B) 2939(12) 5320(60) 4816(13) 74(12)
H(11A) 3295(16) 8650(70) 5122(18) 114(16)
H(11B) 2747(16) 8770(70) 4764(16) 105(16)
H(11C) 3209(14) 9320(60) 4611(14) 79(14)
H(14) -90(11) 1450(50) 1187(12) 69(10)
H(15) 382(10) 1560(50) 2082(11) 45(8)
H(17A) 1078(14) 4730(60) 2680(13) 86(12)
H(17B) 584(13) 4360(60) 2827(14) 89(13)
H(18A) 429(10) 7880(40) 2708(10) 42(8)
H(18B) 910(10) 8230(40) 2571(11) 4909)
H(19A) 1445(12) 7310(40) 3387(12) 56(9)
H(19B) 994(13) 7000(50) 3532(14) 75(12)
H(20A) 819(13) 10520(50) 3424(12) 65(10)
H(20B) 1277(12) 10930(60) 3279(13) 77(12)
H(21A) 1841(16) 9910(60) 4082(14) 104(14)
H(21B) 1355(17) 9560(70) 4217(17) 120(18)
H(22A) 1610(18) 13370(80) 3998(18) 120(20)
H(22B) 1160(20) 13150(80) 4160(20) 150(20)
H(22C) 1698(18) 12780(70) 4502(19) 111(18)
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Table 6. Torsion angles [°] for Zntiof.

S(5)-Zn(1)-S(1)-C(1) -108.43(10) C(3)-C(4)-C(5)-S(3) -0.3(3)
S(4)-Zn(1)-S(1)-C(1) 101.16(9) C(2)-S(3)-C(5)-C(4) 0.4(2)
S(2)-Zn(1)-S(1)-C(1) -2.98(9) C(2)-S(3)-C(5)-C(6) 179.3(3)
S(4)#1-Zn(1)-S(1)-C(1) -173.75(9) C(4)-C(5)-C(6)-C(7) -159.7(3)
S(5)-Zn(1)-S(2)-C(1) 135.31(9) S(3)-C(5)-C(6)-C(7) 21.5(4)
S(1)-Zn(1)-S(2)-C(1) 3.01(9) C(5)-C(6)-C(7)-C(8) 176.6(3)
S(4)-Zn(1)-S(2)-C(1) -111.67(9) C(6)-C(7)-C(8)-C(9) 178.0(3)
S(4)#1-Zn(1)-S(2)-C(1) 51.47(16) C(7)-C(8)-C(9)-C(10) 178.5(3)
S(5)-Zn(1)-S(4)-C(12) -141.90(10) C(8)-C(9)-C(10)-C(11) 179.0(4)
S(1)-Zn(1)-S(4)-C(12) 16.91(10) Zn(1)-S(4)-C(12)-C(13) -68.6(2)
S(2)-Zn(1)-S(4)-C(12) 99.44(10) Zn(1)-S(4)-C(12)-S(5)#1 110.40(14)
S(4)#1-Zn(1)-S(4)-C(12) -76.99(10) S(5)#1-C(12)-C(13)-C(14) 166.7(2)
S(1)-Zn(1)-S(5)-C(12)#1 -87.05(9) S(4)-C(12)-C(13)-C(14) -14.3(4)
S(4)-Zn(1)-S(5)-C(12)#1 66.35(9) S(5)#1-C(12)-C(13)-S(6) -17.6(3)
S(2)-Zn(1)-S(5)-C(12)#1 -176.57(9) S(4)-C(12)-C(13)-S(6) 161.40(15)
S(4)#1-Zn(1)-S(5)-C(12)#1 -9.80(9) C(16)-S(6)-C(13)-C(14) 0.4(2)
Zn(1)-S(2)-C(1)-C(2) 174.7(2) C(16)-S(6)-C(13)-C(12) -176.0(2)
Zn(1)-S(2)-C(1)-S(1) -4.65(14) C(12)-C(13)-C(14)-C(15) 175.9(3)
Zn(1)-S(1)-C(1)-C(2) -174.5(2) S(6)-C(13)-C(14)-C(15) -0.1(3)
Zn(1)-S(1)-C(1)-S(2) 4.79(15) C(13)-C(14)-C(15)-C(16) -0.3(4)
S(2)-C(1)-C(2)-C(3) 2.9(4) C(14)-C(15)-C(16)-C(17) -176.9(3)
S(1)-C(1)-C(2)-C(3) -177.8(2) C(14)-C(15)-C(16)-S(6) 0.6(4)
S(2)-C(1)-C(2)-S(3) -176.61(15) C(13)-S(6)-C(16)-C(15) -0.6(2)
S(1)-C(1)-C(2)-S(3) 2.7(3) C(13)-S(6)-C(16)-C(17) 177.03)
C(5)-S(3)-C(2)-C(3) -0.3(2) C(15)-C(16)-C(17)-C(18) -172.1(3)
C(5)-S(3)-C(2)-C(1) 179.2(2) S(6)-C(16)-C(17)-C(18) 10.7(5)
C(1)-C(2)-C(3)-C(4) -179.3(3) C(16)-C(17)-C(18)-C(19) -178.3(3)
S(3)-C(2)-C(3)-C(4) 0.2(3) C(17)-C(18)-C(19)-C(20) -179.3(3)
C(2)-C(3)-C(4)-C(5) 0.0(4) C(18)-C(19)-C(20)-C(21) 179.7(3)
C(3)-C(4)-C(5)-C(6) -179.2(3) C(19)-C(20)-C(21)-C(22) -177.1(4)

Symmetry transformations used to generate equivalent atoms:

#1 -X,-y+1,-z
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Appendix 2

Crystal data and structure refinement for 12

Table 1. Crystal data and structure refinement for MTSLReBT.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

mtslrebm

C13 H5 O4 Re S4

539.61

293(2) K

0.71073 A

monoclinic

P2,/n

a=59892(4) A o= 90°.

b =7.4933(5) A B=93.8530(10)°.

c=35.2473) A v=90°.
1578.27(19) A3

4

2.271 Mg/m3

8.240 mm'!

1016

0.34 x 0.10 x 0.06 mm?

2.78 to 26.52°.

-T<=h<=3, -8<=k<=7, -42<=1<=43
8226

2996 [R(int) = 0.0305]

99.6 %

Full-matrix least-squares on F2
2996/0/199

1.242

R1=0.0286, wR2 = 0.0726
R1=0.0318, wR2 = 0.0745

0.489 and -1.296 e.A-3
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2 103) for MTSLReBT.
U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
Re(1) 7478(1) 2762(1) 647(1) 42(1)
S(1) 10667(2) 4037(2) 1061(1) 48(1)
S(2) 6573(2) 2737(2) 1329(1) 47(1)
S(3) 8383(2) 3220(2) 2197(1) 44(1)
S4) 12189(2) 4199(2) 3276(1) 56(1)
c(1) 4805(9) 1596(9) 425(2) 57(1)
o(1) 3271(7) 882(7) 297(1) 80(1)
C2) 8732(10) 2934(8) 154(2) 54(1)
0(2) 9482(9) 3069(7) -129(1) 78(1)
C@3) 8889(9) 380(8) 740(2) 52(1)
0(3) 9672(8) -977(7) 802(1) 75(1)
C(4) 6109(9) 5177(9) 570(2) 54(1)
0(4) 5397(8) 6543(7) 518(1) 80(1)
C(5) 9162(7) 3564(6) 1441(1) 37(1)
C(6) 9994(7) 3829(6) 1828(1) 37(1)
c(7) 12010(8) 4512(7) 1964(1) 43(1)
C(8) 12250(8) 4578(7) 2364(2) 46(1)
C(9) 10420(7) 3927(6) 2535(1) 39(1)
C(10) 10113(8) 3683(6) 2932(1) 40(1)
c11) 8261(9) 2927(6) 3093(2) 44(1)
C(12) 8636(10) 2784(7) 3496(2) 51(1)
C(13) 10655(10) 3410(9) 3626(2) 57(1)
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o

Table 3. Bond lengths [A] and angles [°] for MTSLReBT.

Re(1)-C(1) 1.942(6) C(3)-Re(1)-S(2)
Re(1)-C(2) 1.943(6) C(4)-Re(1)-S(2)
Re(1)-C(3) 1.993(6) C(1)-Re(1)-S(1)
Re(1)-C(4) 1.998(6) C(2)-Re(1)-S(1)
Re(1)-S(2) 2.4974(14) C(3)-Re(1)-S(1)
Re(1)-S(1) 2.5124(12) C(4)-Re(1)-S(1)
S(1)-C(5) 1.701(4) S(2)-Re(1)-S(1)
S(2)-C(5) 1.692(5) C(5)-S(1)-Re(1)
S(3)-C(9) 1.729(5) C(5)-S(2)-Re(1)
S(3)-C(6) 1.733(4) C(9)-S(3)-C(6)
S(4)-C(13) 1.693(6) C(13)-S(4)-C(10)
S(4)-C(10) 1.721(5) O(1)-C(1)-Re(1)
C(1)-0(1) 1131(7) 0(2)-C(2)-Re(1)
C(2)-0(2) 1.128(7) 0(3)-C(3)-Re(1)
C(3)-0(3) 1.134(7) O(4)-C(4)-Re(1)
C(4)-0(4) 1.120(7) C(6)-C(5)-S(2)
C(5)-C(6) 1.435(6) C(6)-C(5)-S(1)
C(6)-C(7) 1.368(6) S(2)-C(5)-S(1)
C(7)-C(8) 1.409(7) C(7)-C(6)-C(5)
C(8)-C(9) 1.374(6) C(7)-C(6)-S(3)
C(9)-C(10) 1.437(7) C(5)-C(6)-S(3)
C(10)-C(11) 1.398(7) C(6)-C(7)-C(8)
C(1D)-C(12) 1.429(8) C(9)-C(8)-C(7)
C(12)-C(13) 1.348(8) C(8)-C(9)-C(10)

C(8)-C(9)-5(3)
C(1)-Re(1)-C(2) 91.5(2) C(10)-C(9)-S(3)
C(1)-Re(1)-C(3) 89.6(2) C(11)-C(10)-C(9)
C(2)-Re(1)-C(3) 91.2(2) C(11)-C(10)-S(4)
C(1)-Re(1)-C(4) 91.9(2) C(9)-C(10)-S(4)
C(2)-Re(1)-C(4) 89.9(2) C(10)-C(11)-C(12)
C(3)-Re(1)-C(4) 178.1(2) C(13)-C(12)-C(11)
C(1)-Re(1)-S(2) 99.09(17) C(12)-C(13)-S(4)
C(2)-Re(1)-S(2) 169.24(18)

87.29(15)
91.33(15)
168.26(18)
99.75(18)
87.01(16)
91.33(16)
69.54(4)
87.42(16)
88.12(16)
91.9(2)
91.9(3)
178.5(6)
178.4(6)
178.2(5)
177.4(6)
121.8(3)
123.4(3)
114.7(3)
128.9(4)
110.93)
120.2(3)
113.1(4)
113.2(4)
129.0(4)
110.7(4)
120.1(4)
127.1(4)
111.2(4)
121.6(4)
110.9(5)
112.9(5)
113.1(4)

Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters (A% 103)for MTSLReBT. The anisotropic displacement factor
exponent takes the form: -27%[ h2a*2U! + ... + 2 hk a* b* Ul? ]

Ull U22 U33 U23 U13 U12
Re(1) 37(1) 52(1) 37(1) 3(1) 4(1) -1(1)
S(1) 38(1) 63(1) 39(1) o(1) 7(1) -10(1)
S(2) 38(1) 61(1) 40(1) -4(1) 7(1) 9(1)
S(3) 37(1) 57(1) 39(1) 3(1) 4(1) -6(1)
S(4) 53(1) 71(1) 45(1) -3(1) o(1) -8(1)
c(1) 48(3) 63(4) 55(3) -8(3) 11(3) 4(3)
o(1) 50(2) 103(4) 85(3) 27(3) -1(2) -18(2)
C) 51(3) 58(4) 52(4) -13) 9(3) -5(2)
0(2) 93(4) 95(4) 47(3) 7(2) 26(2) -12(3)
C®3) 50(3) 64(4) 43(3) -5(3) 142) -6(3)
0@3) 86(3) 67(3) 73(3) 8(2) 19(2) 21(2)
C(4) 53(3) 72(4) 35(3) -4(3) -4(2) 2(3)
o) 95(3) 69(3) 73(3) 33) -3(3) 26(3)
C(5) 38(2) 37(2) 38(2) 0(2) 9(2) 2(2)
C(6) 39(2) 39(3) 35(2) 12) 9(2) 3(2)
C(7) 41(2) 44(3) 45(3) 3(2) 8(2) 7(2)
C(8) 44(3) 46(3) 49(3) -4(2) 3(2) -8(2)
C(9) 41(2) 35(2) 40(3) 2(2) 12) 2(2)
C(10) 43(2) 35(3) 42(3) -3(2) -1(2) 4(2)
C(11) 55(3) 40(3) 36(3) -1(2) 72) -3(2)
C(12) 57(3) 50(3) 49(3) 0(2) 16(3) 2(2)
C(13) 71(4) 64(4) 36(3) 03) 33) 0(3)
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Table 5. Torsion angles [°] for MTSLReBT.

C(1)-Re(1)-S(1)-C(5) ~12.49) S(1)-Re(1)-C(4)-0(4)
C(2)-Re(1)-S(1)-C(5) -176.3(2) Re(1)-S(2)-C(5)-C(6)
C(3)-Re(1)-S(1)-C(5) -85.6(2) Re(1)-S(2)-C(5)-S(1)
C(4)-Re(1)-S(1)-C(5) 93.6(2) Re(1)-S(1)-C(5)-C(6)
S(2)-Re(1)-S(1)-C(5) 2.63(16) Re(1)-S(1)-C(5)-S(2)
C(1)-Re(1)-S(2)-C(5) 174.3(3) S(2)-C(5)-C(6)-C(7)
C(2)-Re(1)-S(2)-C(5) 3.0(10) S(1)-C(5)-C(6)-C(7)
C(3)-Re(1)-S(2)-C(5) 85.2(2) S(2)-C(5)-C(6)-S(3)
C(4)-Re(1)-S(2)-C(5) -93.6(2) S(1)-C(5)-C(6)-S(3)
S(1)-Re(1)-S(2)-C(5) 2.65(17) C(9)-S(3)-C(6)-C(7)
C(2)-Re(1)-C(1)-0(1) 87(21) C(9)-S(3)-C(6)-C(5)
C(3)-Re(1)-C(1)-O(1) -4(21) C(5)-C(6)-C(7)-C(8)
C(4)-Re(1)-C(1)-O(1) 177(100) S(3)-C(6)-C(7)-C(8)
S(2)-Re(1)-C(1)-0(1) 91(21) C(6)-C(7)-C(8)-C(9)
S(1)-Re(1)-C(1)-O(1) 77(21) C(7)-C(8)-C(9)-C(10)
C(1)-Re(1)-C(2)-0(2) 147(22) C(7)-C(8)-C(9)-S(3)
C(3)-Re(1)-C(2)-0(2) -124(22) C(6)-S(3)-C(9)-C(8)
C(4)-Re(1)-C(2)-0(2) 55(22) C(6)-S(3)-C(9)-C(10)
S(2)-Re(1)-C(2)-0(2) -42(23) C(8)-C(9)-C(10)-C(11)
S(1)-Re(1)-C(2)-0(2) -36(22) S(3)-C(9)-C(10)-C(11)
C(1)-Re(1)-C(3)-0(3) 92(18) C(8)-C(9)-C(10)-S(4)
C(2)-Re(1)-C(3)-0(3) 176(100) S(3)-C(9)-C(10)-S(4)
C(4)-Re(1)-C(3)-0(3) 49(21) C(13)-S(4)-C(10)-C(11)
S(2)-Re(1)-C(3)-0(3) 7(18) C(13)-S(4)-C(10)-C(9)
S(1)-Re(1)-C(3)-0(3) 76(18) C(9)-C(10)-C(11)-C(12)
C(1)-Re(1)-C(4)-0(4) -112(12) S(4)-C(10)-C(11)-C(12)
C(2)-Re(1)-C(4)-0(4) -20(12) C(10)-C(11)-C(12)-C(13)
C(3)-Re(1)-C(4)-O(4) 107(13) C(11)-C(12)-C(13)-S(4)
S(2)-Re(1)-C(4)-0(4) 149(12) C(10)-S(4)-C(13)-C(12)

79(12)

-175.8(4)

4.0(3)
175.8(4)
4.0(3)

-178.5(4)

1.7(8)
2.5(6)

-177.3(3)

1.0(4)

-179.9(4)

179.9(5)
-1.1(6)
0.6(7)
175.9(5)
0.2(6)
0.7(4)

-176.8(4)
-176.3(5)

-1.0(7)
-0.7(7)
174.6(3)
0.6(4)

175.7(4)

175.4(5)
-0.6(5)
0.3(7)
0.2(7)
-0.5(5)

Symmetry transformations used to generate equivalent atoms:
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Appendix 1

Crystal data and structure refinement for 8

Table 1. Crystal data and structure refinement for Zntiof.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

zntiof abs

Cas Hoo S12 Zn,

1104.54

293(2) K

0.71073 A

Monoclinic

C2/c

a=29.1118(19) A a=90°

b=6.4571(4) A b= 112.5790(10)°.

c=28.8391(19) A g =90°.
5005.6(6) A3

4

1.465 Mg/m?

1.490 mm'!
2304

0.34 x 0.14 x 0.05 mm?

2.53 to 26.50°.

-36<=h<=14, -7<=k<=7, -35<=1<=35
12744

4712 [R(int) = 0.0354]

99.5 %

Semi-empirical from equivalents

0.928 and 0.734

Full-matrix least-squares on F?

4712/0/382

1.082

R1=0.0324, wR2 =0.0718
R1=0.0582, wR2 = 0.0838
0

0.272 and -0.401 e.A3
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103) for Zntiof.

U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

x y 2 Uleq)
Zn(1) 491(1) 2776(1) 329(1) 47(1)
S(1) 1116(1) 3935(1) 1089(1) 43(1)
S(2) 794(1) -360(1) 836(1) 48(1)
S(3) 1786(1) 2517(1) 2214(1) 43(1)
S(4) -359(1) 3361(1) 209(1) 41(1)
S(5) 446(1) 2323(1) -498(1) 44(1)
S(6) 220(1) 6496(1) 1646(1) 43(1)
c() 1141(1) 1401(4) 1259(1) 35(1)
Cc) 1451(1) 749(4) 1761(1) 35(1)
C(3) 1528(1) -1214(5) 1957(1) 42(1)
C4) 1847(1) -1275(5) 2459(1) 42(1)
C(5) 2022(1) 612(4) 2660(1) 38(1)
C(6) 2374(1) 1098(5) 3184(1) 45(1)
C(7) 2367(1) 3315(5) 3355(1) 43(1)
C(8) 2712(1) 3652(5) 3899(1) 47(1)
C(9) 2726(1) 5858(5) 4075(1) 51(1)
C(10) 3058(2) 6189(6) 4618(1) 62(1)
c(11) 3080(2) 8401(8) 4791(2) 83(1)
C(12) 270(1) 5216(4) 665(1) 36(1)
C(13) -37(1) 4650(4) 1185(1) 36(1)
C(14) 45(1) 2690(5) 1390(1) 45(1)
C(15) 310(1) 2714(5) 1907(1) 49(1)
C(16) 438(1) 4649(5) 2107(1) 42(1)
c(17) 743(2) 5185(5) 2642(1) 55(1)
C(18) 774(1) 7455(5) 2782(1) 45(1)
C(19) 1104(1) 7831(5) 3329(1) 50(1)
C(20) 1140(1) 10073(5) 3483(1) 53(1)
c@2l) 1466(2) 10440(6) 4028(1) 66(1)
C(22) 1486(2) 12655(8) 4195(2) 86(1)
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Table 3. Bond lengths [A] and angles [°] for Zntiof.

Zn(1)-S(5)
Zn(1)-S(1)
Zn(1)-S(4)
Zn(1)-S(2)
Zn(1)-S(4)#1
S(1)-C(1)
S(2)-C(1)
S(3)-C(5)
S(3)-C(2)
S(4)-C(12)
S(5)-C(12)#1
S(6)-C(16)
S(6)-C(13)
C(1)-C(2)
C(2)-C(3)
C(3)-C4)
C(3)-H@3)
C4)-C(5)
C(4)-H4)
C(5)-C(6)
C(6)-C(7)
C(6)-H(6A)
C(6)-H(6B)
C(7)-C(8)
C(7)-H(7A)
C(7)-H(7B)
C(8)-C(9)
C(8)-H(8A)
C(8)-H(8B)
C(9)-C(10)
C(9)-H(9A)
C(9)-H(9B)
C(10)-C(11)
C(10)-H(10A)

2.3543(8)
2.3697(7)
2.3924(8)
2.4540(8)
2.8840(8)
1.701(3)
1.690(3)
1.721(3)
1.727(3)
1.723(3)
1.683(3)
1.715(3)
1.729(3)
1.444(3)
1.371(4)
1.388(4)
0.89(3)
1.362(4)
0.90(3)
1.498(4)
1.517(4)
0.95(3)
0.94(3)
1.519(4)
0.96(3)
1.00(3)
1.507(4)
1.05(3)
0.97(3)
1.505(4)
1.02(3)
0.97(3)
1.507(6)
0.99(4)

C(10)-H(10B)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-C(13)
C(12)-S(5)#1
C(13)-C(14)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(17)-C(18)
C(17)-H(17A)
C(17)-H(17B)
C(18)-C(19)
C(18)-H(18A)
C(18)-H(18B)
C(19)-C(20)
C(19)-H(19A)
C(19)-H(19B)
C(20)-C(21)
C(20)-H(20A)
C(20)-H(20B)
C(21)-C(22)
C(21)-H(21A)
C(21)-H(21B)
C(22)-H(22A)
C(22)-H(22B)
C(22)-H(220)

S(5)-Zn(1)-S(1)
S(5)-Zn(1)-S(4)
S(1)-Zn(1)-S(4)

0.95(4)
0.93(5)
0.97(4)
0.96(4)
1.435(4)
1.683(3)
1.379(4)
1.391(4)
0.98(3)
1.366(4)
0.88(3)
1.497(4)
1.513(4)
0.98(4)
0.98(4)
1.519(4)
0.98(3)
0.98(3)
1.507(5)
1.00(3)
0.94(4)
1.511(4)
0.93(3)
0.99(4)
1.503(6)
1.10(4)
0.92(5)
0.91(5)
0.98(5)
0.87(5)

134.47(3)
102.78(3)
117.86(3)
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S(5)-Zn(1)-S(2)
S(1)-Zn(1)-S(2)
S(4)-Zn(1)-S(2)
S(5)-Zn(1)-S(4)#1
S(1)-Zn(1)-S(4)#1
S(4)-Zn(1)-S(4)#1
S(2)-Zn(1)-S(4)#1
C(1)-S(1)-Zn(1)
C(1)-S(2)-Zn(1)
C(5)-S(3)-C(2)
C(12)-S(4)-Zn(1)
C(12)#1-S(5)-Zn(1)
C(16)-S(6)-C(13)
C(2)-C(1)-S(2)
C(2)-C(1)-S(1)
S(2)-C(1)-S(1)
C(3)-C(2)-C(1)
C(3)-C(2)-S(3)
C(1)-C(2)-S(3)
C(2)-C(3)-C4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H4)
C(3)-C(4)-H4)
C(4)-C(5)-C(6)
C4)-C(5)-S(3)
C(6)-C(5)-S(3)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6A)
C(7)-C(6)-H(6A)
C(5)-C(6)-H(6B)
C(7)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7A)

111.59(3)
74.74(3)
109.35(3)
67.62(2)
96.96(3)
82.43(3)
167.72(3)
83.99(9)
81.59(9)
92.31(13)
98.94(9)
93.72(9)
92.21(13)
119.9(2)
120.67(19)
119.44(15)
128.6(2)
110.1(2)
121.3(2)
113.2(3)
122(2)
124(2)
114.2(3)
124(2)
122(2)
128.1(3)
110.2(2)
121.8(2)
115.9(2)
106.7(17)
109.2(18)
107(2)
110(2)
108(3)
112.6(3)
109.5(18)

C(8)-C(7)-H(7A)
C(6)-C(7)-H(7B)
C(8)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10B)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(10)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(13)-C(12)-S(5)#1
C(13)-C(12)-S(4)
S(5)#1-C(12)-S(4)
C(14)-C(13)-C(12)
C(14)-C(13)-S(6)
C(12)-C(13)-S(6)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)

110.1(17)
108.4(17)
111.9(17)
104(2)
113.9(3)
109.9(17)
107.5(17)
113.6(18)
105.6(19)
106(2)
114.1(3)
108.4(18)
110.5(18)
106.9(18)
112.8(18)
104(2)
114.2(4)
104(2)
117(2)
108(2)
110(2)
104(3)
116(3)
107(3)
107(4)
113(2)
101(4)
113(4)
120.6(2)
119.5(2)
119.84(15)
128.1(3)
110.4(2)
121.3(2)
112.6(3)
122.0(19)
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C(15)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(17)
C(15)-C(16)-S(6)
C(17)-C(16)-S(6)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17A)
C(18)-C(17)-H(17A)
C(16)-C(17)-H(17B)
C(18)-C(17)-H(17B)

H(17A)-C(17)-H(17B)

C(17)-C(18)-C(19)

C(17)-C(18)-H(18A)
C(19)-C(18)-H(18A)
C(17)-C(18)-H(18B)
C(19)-C(18)-H(18B)

H(18A)-C(18)-H(18B)

C(20)-C(19)-C(18)
C(20)-C(19)-H(19A)
C(18)-C(19)-H(19A)

125.3(19)
114.3(3)
124.6(19)
121.1(19)
127.1(3)
110.5(2)
122.3(2)
116.73)
102(2)
108(2)
103(2)
112(2)
116(3)
112.3(3)
105.2(16)
111.5(16)
109.1(17)
108.5(17)
110(2)
113.93)
108.8(17)
108.2(18)

C(20)-C(19)-H(19B)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20A)
C(21)-C(20)-H(20A)
C(19)-C(20)-H(20B)
C(21)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21A)
C(20)-C(21)-H(21A)
C(22)-C(21)-H(21B)
C(20)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(21)-C(22)-H(22A)
C(21)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(21)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)

Symmetry transformations used to generate equivalent atoms:

#1 -x,-y+1,-z

112(2)
109(2)
105(3)
113.8(3)
107(2)
109(2)
111(2)
107(2)
109(3)
114.4(4)
110(2)
107(2)
112(3)
107(3)
106(4)
105(3)
111(3)
112(5)
110(3)
107(4)
112(4)
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Table 4. Anisotropic displacement parameters ([J2x 103)for Zntiof. The anisotropic displacement

factor exponent takes the form: -2p?[ h2a*?U!! + ... + 2 h k a* b* U!? ]

Ull U22 U33 U23 U13 U12
Zn(1) 45(1) 57(1) 28(1) -4(1) 3(1) 6(1)
S(1) 48(1) 35(1) 34(1) -1(1) 1(1) 2(1)
S(2) 55(1) 38(1) 34(1) 7(1) -1(1) 3(1)
S(3) 51(1) 33(1) 31(1) 2(1) -1(1) 3(1)
S(4) 44(1) 40(1) 31(1) -8(1) 6(1) 3(1)
S(5) 55(1) 40(1) 32(1) 2(1) 11(1) 9(1)
S(6) 54(1) 37(1) 29(1) 2(1) 7(1) 1(1)
c(1) 35(1) 34(2) 32(1) -4(1) 9(1) 0(1)
CQ) 34(1) 36(2) 29(1) 3(1) 5(1) 0(1)
¢&)) 43(2) 36(2) 37(2) -5(1) 5(1) -5(1)
C4) 51(2) 34(2) 36(2) 4(1) 9(1) 0(1)
C(5) 41(1) 39(2) 27(1) 0(1) 5(1) 0(1)
C(6) 48(2) 45(2) 31(2) -1(1) 2(1) 1(1)
c() 44(2) 47(2) 32(2) 2(1) 6(1) 4(1)
C(8) 51(2) 49(2) 32(2) -4(1) 6(1) -1(2)
C9) 55(2) 51(2) 38(2) -5(2) 8(2) 0(2)
C(10) 74(2) 58(2) 43(2) -13(2) 9(2) 12)
c(1) 99(4) 69(3) 63(3) -30(2) 19(3) -6(3)
C(12) 35(1) 39(2) 32(1) 7(1) 10(1) 5(1)
C(13) 38(1) 38(2) 30(1) -4(1) 10(1) 2(1)
C(14) 56(2) 40(2) 36(2) 2(1) 14(1) -6(1)
C(15) 65(2) 39(2) 38(2) 9(2) 16(2) 2(2)
C(16) 47(2) 45(2) 29(2) 1(1) 9(1) 2(1)
c(17) 66(2) 55(2) 33(2) 2(2) 8(2) 2(2)
C(18) 45(2) 52(2) 33(2) 2(1) 10(1) 2(1)
C(19) 57(2) 53(2) 32(2) 3(2) 72) -1(2)
C(20) 56(2) 54(2) 43(2) 4(2) 12(2) 42)
c2l) 86(3) 60(2) 40(2) -10(2) 13(2) -10(2)
C(22)  100(4) 75(3) 73(3) 31(3) 24(3) -9(3)
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Table 5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10%) for Zntiof.

X y z U(eq)
H@3) 1387(11) -2320(50) 1775(12) 50(9)
H(4) 1922(11) -2470(50) 2632(11) 53(9)
H(6A) 2699(11) 780(40) 3200(10) 52(9)
H(6B) 2299(12) 190(50) 3400(12) 67(11)
H(7A) 2032(11) 3700(40) 3307(10) 50(8)
H(7B) 2450(10) 4250(50) 3123(11) 55(9)
H(8A) 3068(12) 3180(50) 3936(11) 61(9)
H(8B) 2606(11) 2670(50) 4091(12) 55(10)
H(9A) 2376(12) 6360(50) 4022(12) 64(10)
H(9B) 2833(11) 6820(50) 3880(12) 52(9)
H(10A) 3377(14) 5540(60) 4651(13) 80(12)
H(10B) 2939(12) 5320(60) 4816(13) 74(12)
H(11A) 3295(16) 8650(70) 5122(18) 114(16)
H(11B) 2747(16) 8770(70) 4764(16) 105(16)
H(11C) 3209(14) 9320(60) 4611(14) 79(14)
H(14) -90(11) 1450(50) 1187(12) 69(10)
H(15) 382(10) 1560(50) 2082(11) 45(8)
H(17A) 1078(14) 4730(60) 2680(13) 86(12)
H(17B) 584(13) 4360(60) 2827(14) 89(13)
H(18A) 429(10) 7880(40) 2708(10) 42(8)
H(18B) 910(10) 8230(40) 2571(11) 49(9)
H(19A) 1445(12) 7310(40) 3387(12) 56(9)
H(19B) 994(13) 7000(50) 3532(14) 75(12)
H(20A) 819(13) 10520(50) 3424(12) 65(10)
H(20B) 1277(12) 10930(60) 3279(13) 77(12)
H(21A) 1841(16) 9910(60) 4082(14) 104(14)
H(21B) 1355(17) 9560(70) 4217(17) 120(18)
H(22A) 1610(18) 13370(80) 3998(18) 120(20)
H(22B) 1160(20) 13150(80) 4160(20) 150(20)
H(22C) 1698(18) 12780(70) 4502(19) 111(18)
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Table 6. Torsion angles [°] for Zntiof.

S(5)-Zn(1)-S(1)-C(1) -108.43(10) C(3)-C(4)-C(5)-S(3) -0.3(3)
S(4)-Zn(1)-S(1)-C(1) 101.16(9) C(2)-S(3)-C(5)-C(4) 0.42)
S(2)-Zn(1)-S(1)-C(1) -2.98(9) C(2)-S(3)-C(5)-C(6) 179.3(3)
S(4)#1-Zn(1)-S(1)-C(1) -173.75(9) C(4)-C(5)-C(6)-C(7) -159.7(3)
S(5)-Zn(1)-S(2)-C(1) 135.31(9) S(3)-C(5)-C(6)-C(7) 21.5(4)
S(1)-Zn(1)-S(2)-C(1) 3.01(9) C(5)-C(6)-C(7)-C(8) 176.6(3)
S(4)-Zn(1)-S(2)-C(1) -111.67(9) C(6)-C(7)-C(8)-C(9) 178.0(3)
S(4)#1-Zn(1)-S(2)-C(1) 51.47(16) C(7)-C(8)-C(9)-C(10) 178.5(3)
S(5)-Zn(1)-S(4)-C(12) -141.90(10) C(8)-C(9)-C(10)-C(11) 179.0(4)
S(1)-Zn(1)-S(4)-C(12) 16.91(10) Zn(1)-S(4)-C(12)-C(13) -68.6(2)
S(2)-Zn(1)-S(4)-C(12) 99.44(10) Zn(1)-S(4)-C(12)-S(5)#1 110.40(14)
S(4)#1-Zn(1)-S(4)-C(12) -76.99(10) S(5)#1-C(12)-C(13)-C(14) 166.7(2)
S(1)-Zn(1)-S(5)-C(12)#1 -87.05(9) S(4)-C(12)-C(13)-C(14) -14.3(4)
S(4)-Zn(1)-S(5)-C(12)#1 66.35(9) S(5)#1-C(12)-C(13)-S(6) -17.6(3)
S(2)-Zn(1)-S(5)-C(12)#1 -176.57(9) S(4)-C(12)-C(13)-S(6) 161.40(15)
S(4)#1-Zn(1)-S(5)-C(12)#1 -9.80(9) C(16)-S(6)-C(13)-C(14) 0.42)
Zn(1)-S(2)-C(1)-C(2) 174.7(2) C(16)-S(6)-C(13)-C(12) -176.0(2)
Zn(1)-S(2)-C(1)-S(1) -4.65(14) C(12)-C(13)-C(14)-C(15) 175.9(3)
Zn(1)-S(1)-C(1)-C(2) -174.5(2) S(6)-C(13)-C(14)-C(15) -0.1(3)
Zn(1)-S(1)-C(1)-S(2) 4.79(15) C(13)-C(14)-C(15)-C(16) -0.3(4)
S(2)-C(1)-C(2)-C(3) 2.9(4) C(14)-C(15)-C(16)-C(17) -176.9(3)
S(1)-C(1)-C(2)-C(3) -177.8(2) C(14)-C(15)-C(16)-S(6) 0.6(4)
S(2)-C(1)-C(2)-S(3) -176.61(15) C(13)-S(6)-C(16)-C(15) -0.6(2)
S(1)-C(1)-C(2)-S(3) 2.7(3) C(13)-S(6)-C(16)-C(17) 177.03)
C(5)-S(3)-C(2)-C(3) 0.3(2) C(15)-C(16)-C(17)-C(18) -172.1(3)
C(5)-S(3)-C(2)-C(1) 179.2(2) S(6)-C(16)-C(17)-C(18) 10.7(5)
C(1)-C(2)-C(3)-C(4) -179.3(3) C(16)-C(17)-C(18)-C(19) -178.3(3)
S(3)-C(2)-C(3)-C(4) 0.2(3) C(17)-C(18)-C(19)-C(20) -179.3(3)
C(2)-C(3)-C(4)-C(5) 0.0(4) C(18)-C(19)-C(20)-C(21) 179.7(3)
C(3)-C(4)-C(5)-C(6) -179.2(3) C(19)-C(20)-C(21)-C(22) -177.1(4)

Symmetry transformations used to generate equivalent atoms:

#1 -X,-y+1,-z
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Appendix 1

Crystal data and structure refinement for 8

Table 1. Crystal data and structure refinement for Zntiof.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

zntiof _abs

Cas Hoo S12 Zn,

1104.54

293(2) K

0.71073 A

Monoclinic

C2/c

a=29.1118(19) A a=90°

b=64571(4) A b= 112.5790(10)°.

c=28.8391(19) A g =90°.
5005.6(6) A3

4

1.465 Mg/m?

1.490 mm'!
2304

0.34 x 0.14 x 0.05 mm?

2.53 to 26.50°.

-36<=h<=14, -7<=k<=7, -35<=1<=35
12744

4712 [R(int) = 0.0354]

99.5 %

Semi-empirical from equivalents

0.928 and 0.734

Full-matrix least-squares on F?

4712/0/382

1.082

R1=0.0324, wR2 =0.0718
R1=0.0582, wR2 = 0.0838
0

0.272 and -0.401 e.A3
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103) for Zntiof.

U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

x y 2 Uleq)
Zn(1) 491(1) 2776(1) 329(1) 47(1)
S(1) 1116(1) 3935(1) 1089(1) 43(1)
S(2) 794(1) -360(1) 836(1) 48(1)
S(3) 1786(1) 2517(1) 2214(1) 43(1)
S(4) -359(1) 3361(1) 209(1) 41(1)
S(5) 446(1) 2323(1) -498(1) 44(1)
S(6) 220(1) 6496(1) 1646(1) 43(1)
c() 1141(1) 1401(4) 1259(1) 35(1)
@) 1451(1) 749(4) 1761(1) 35(1)
C@3) 1528(1) -1214(5) 1957(1) 42(1)
C4) 1847(1) -1275(5) 2459(1) 42(1)
C(5) 2022(1) 612(4) 2660(1) 38(1)
C(6) 2374(1) 1098(5) 3184(1) 45(1)
C(7) 2367(1) 3315(5) 3355(1) 43(1)
C(8) 2712(1) 3652(5) 3899(1) 47(1)
C(9) 2726(1) 5858(5) 4075(1) 51(1)
C(10) 3058(2) 6189(6) 4618(1) 62(1)
c(11) 3080(2) 8401(8) 4791(2) 83(1)
C(12) 270(1) 5216(4) 665(1) 36(1)
C(13) -37(1) 4650(4) 1185(1) 36(1)
C(14) 45(1) 2690(5) 1390(1) 45(1)
C(15) 310(1) 2714(5) 1907(1) 49(1)
C(16) 438(1) 4649(5) 2107(1) 42(1)
c(17) 743(2) 5185(5) 2642(1) 55(1)
C(18) 774(1) 7455(5) 2782(1) 45(1)
C(19) 1104(1) 7831(5) 3329(1) 50(1)
C(20) 1140(1) 10073(5) 3483(1) 53(1)
c2l) 1466(2) 10440(6) 4028(1) 66(1)
C(22) 1486(2) 12655(8) 4195(2) 86(1)
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Table 3. Bond lengths [A] and angles [°] for Zntiof.

Zn(1)-S(5) 2.3543(8) C(10)-H(10B) 0.95(4)
Zn(1)-S(1) 2.3697(7) C(11)-H(11A) 0.93(5)
Zn(1)-S(4) 2.3924(8) C(11)-H(11B) 0.97(4)
Zn(1)-S(2) 2.4540(8) C(11)-H(11C) 0.96(4)
Zn(1)-S(4)#1 2.8840(8) C(12)-C(13) 1.435(4)
S(1)-C(1) 1.701(3) C(12)-S(5)#1 1.683(3)
S(2)-C(1) 1.690(3) C(13)-C(14) 1.379(4)
S(3)-C(5) 1.721(3) C(14)-C(15) 1.391(4)
S(3)-C(2) 1.727(3) C(14)-H(14) 0.98(3)
S(4)-C(12) 1.723(3) C(15)-C(16) 1.366(4)
S(5)-C(12)#1 1.683(3) C(15)-H(15) 0.88(3)
S(6)-C(16) 1.715(3) C(16)-C(17) 1.497(4)
S(6)-C(13) 1.729(3) C(17)-C(18) 1.513(4)
C(1)-C(2) 1.444(3) C(17)-H(17A) 0.98(4)
C(2)-C(3) 1.371(4) C(17)-H(17B) 0.98(4)
C(3)-C(4) 1.388(4) C(18)-C(19) 1.519(4)
C(3)-H@3) 0.89(3) C(18)-H(18A) 0.98(3)
C(4)-C(5) 1.362(4) C(18)-H(18B) 0.98(3)
C(4)-H(4) 0.90(3) C(19)-C(20) 1.507(5)
C(5)-C(6) 1.498(4) C(19)-H(19A) 1.00(3)
C(6)-C(7) 1.517(4) C(19)-H(19B) 0.94(4)
C(6)-H(6A) 0.95(3) C(20)-C(21) 1.511(4)
C(6)-H(6B) 0.94(3) C(20)-H(20A) 0.93(3)
C(7)-C(8) 1.519(4) C(20)-H(20B) 0.99(4)
C(7)-H(7A) 0.96(3) C(21)-C(22) 1.503(6)
C(7)-H(7B) 1.00(3) C(21)-H(21A) 1.10(4)
C(8)-C(9) 1.507(4) C(21)-H(21B) 0.92(5)
C(8)-H(8A) 1.05(3) C(22)-H(22A) 0.91(5)
C(8)-H(8B) 0.97(3) C(22)-H(22B) 0.98(5)
C(9)-C(10) 1.505(4) C(22)-H(220) 0.87(5)
C(9)-H(9A) 1.02(3)

C(9)-H(9B) 0.97(3) S(5)-Zn(1)-S(1) 134.47(3)
C(10)-C(11) 1.507(6) S(5)-Zn(1)-S(4) 102.78(3)
C(10)-H(10A) 0.99(4) S(1)-Zn(1)-S(4) 117.86(3)
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S(5)-Zn(1)-S(2)
S(1)-Zn(1)-S(2)
S(4)-Zn(1)-S(2)
S(5)-Zn(1)-S(4)#1
S(1)-Zn(1)-S(4)#1
S(4)-Zn(1)-S(4)#1
S(2)-Zn(1)-S(4)#1
C(1)-S(1)-Zn(1)
C(1)-S(2)-Zn(1)
C(5)-S(3)-C(2)
C(12)-S(4)-Zn(1)
C(12)#1-S(5)-Zn(1)
C(16)-S(6)-C(13)
C(2)-C(1)-S(2)
C(2)-C(1)-S(1)
S(2)-C(1)-S(1)
C(3)-C(2)-C(1)
C(3)-C(2)-S(3)
C(1)-C(2)-S(3)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H4)
C(4)-C(5)-C(6)
C4)-C(5)-S(3)
C(6)-C(5)-S(3)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6A)
C(7)-C(6)-H(6A)
C(5)-C(6)-H(6B)
C(7)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7A)
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111.59(3)
74.74(3)
109.35(3)
67.62(2)
96.96(3)
82.43(3)
167.72(3)
83.99(9)
81.59(9)
92.31(13)
98.94(9)
93.72(9)
92.21(13)
119.9(2)
120.67(19)
119.44(15)
128.6(2)
110.1(2)
121.3(2)
113.2(3)
122(2)
124(2)
114.2(3)
124(2)
122(2)
128.1(3)
110.2(2)
121.8(2)
115.9(2)
106.7(17)
109.2(18)
107(2)
110(2)
108(3)
112.6(3)
109.5(18)

C(8)-C(7)-H(7A)
C(6)-C(7)-H(7B)
C(8)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10B)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(10)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(13)-C(12)-S(5)#1
C(13)-C(12)-S(4)
S(5)#1-C(12)-S(4)
C(14)-C(13)-C(12)
C(14)-C(13)-S(6)
C(12)-C(13)-S(6)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)

110.1(17)
108.4(17)
111.9(17)
104(2)
113.93)
109.9(17)
107.5(17)
113.6(18)
105.6(19)
106(2)
114.13)
108.4(18)
110.5(18)
106.9(18)
112.8(18)
104(2)
114.2(4)
104(2)
117(2)
108(2)
110(2)
104(3)
116(3)
107(3)
107(4)
113(2)
101(4)
113(4)
120.6(2)
119.5(2)
119.84(15)
128.13)
110.4(2)
121.3(2)
112.6(3)
122.0(19)
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C(15)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(17)
C(15)-C(16)-S(6)
C(17)-C(16)-S(6)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17A)
C(18)-C(17)-H(17A)
C(16)-C(17)-H(17B)
C(18)-C(17)-H(17B)

H(17A)-C(17)-H(17B)

C(17)-C(18)-C(19)

C(17)-C(18)-H(18A)
C(19)-C(18)-H(18A)
C(17)-C(18)-H(18B)
C(19)-C(18)-H(18B)

H(18A)-C(18)-H(18B)

C(20)-C(19)-C(18)
C(20)-C(19)-H(19A)
C(18)-C(19)-H(19A)
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125.3(19)
114.3(3)
124.6(19)
121.1(19)
127.1(3)
110.5(2)
122.3(2)
116.73)
102(2)
108(2)
103(2)
112(2)
116(3)
112.3(3)
105.2(16)
111.5(16)
109.1(17)
108.5(17)
110(2)
113.93)
108.8(17)
108.2(18)

C(20)-C(19)-H(19B)
C(18)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20A)
C(21)-C(20)-H(20A)
C(19)-C(20)-H(20B)
C(21)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21A)
C(20)-C(21)-H(21A)
C(22)-C(21)-H(21B)
C(20)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(21)-C(22)-H(22A)
C(21)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(21)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)

Symmetry transformations used to generate equivalent atoms:

#1 -x,-y+1,-z

112(2)
109(2)
105(3)
113.8(3)
107(2)
109(2)
111(2)
107(2)
109(3)
114.4(4)
110(2)
107(2)
112(3)
107(3)
106(4)
105(3)
111(3)
112(5)
110(3)
107(4)
112(4)
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Table 4. Anisotropic displacement parameters ([J2x 103)for Zntiof. The anisotropic displacement
factor exponent takes the form: -2p?[ h2a*?U!! + ... + 2 h k a* b* U!? ]

Ull U22 U33 U23 U13 U12
Zn(1) 45(1) 57(1) 28(1) -4(1) 3(1) 6(1)
S(1) 48(1) 35(1) 34(1) -1(1) 1(1) 2(1)
S(2) 55(1) 38(1) 34(1) 7(1) -1(1) 3(1)
S(3) 51(1) 33(1) 31(1) 2(1) -1(1) 3(1)
S(4) 44(1) 40(1) 31(1) -8(1) 6(1) 3(1)
S(5) 55(1) 40(1) 32(1) 2(1) 11(1) 9(1)
S(6) 54(1) 37(1) 29(1) 2(1) 7(1) 1(1)
c() 35(1) 34(2) 32(1) -4(1) 9(1) 0(1)
CQ) 34(1) 36(2) 29(1) 3(1) 5(1) 0(1)
¢&)) 43(2) 36(2) 37(2) -5(1) 5(1) -5(1)
C4) 51(2) 34(2) 36(2) 4(1) 9(1) 0(1)
C(5) 41(1) 39(2) 27(1) 0(1) 5(1) 0(1)
C(6) 48(2) 45(2) 31(2) -1(1) 2(1) 1(1)
C(7) 44(2) 47(2) 32(2) 2(1) 6(1) 4(1)
C(8) 51(2) 49(2) 32(2) -4(1) 6(1) -1(2)
C©9) 55(2) 51(2) 38(2) -5(2) 8(2) 02)
C(10) 74(2) 58(2) 43(2) -13(2) 9(2) 12)
c(1) 99(4) 69(3) 68(3) -30(2) 193) -6(3)
C(12) 35(1) 39(2) 32(1) 7(1) 10(1) -5(1)
C(13) 38(1) 38(2) 30(1) -4(1) 10(1) 2(1)
C(14) 56(2) 40(2) 36(2) 2(1) 14(1) -6(1)
C(15) 65(2) 39(2) 38(2) 9(2) 16(2) 2(2)
C(16) 47(2) 45(2) 29(2) 1(1) 9(1) 2(1)
c(17) 66(2) 55(2) 33(2) 2(2) 8(2) 2(2)
C(18) 45(2) 52(2) 33(2) 2(1) 10(1) 2(1)
C(19) 57(2) 53(2) 32(2) 3(2) 72) -1(2)
C(20) 56(2) 54(2) 43(2) 4(2) 12(2) 42)
c21) 86(3) 60(2) 40(2) -10(2) 13(2) -10(2)
C(22)  100(4) 75(3) 73(3) 31(3) 24(3) -9(3)
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Table 5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10%) for Zntiof.

X y z U(eq)
H(3) 1387(11) -2320(50) 1775(12) 5009)
H4) 1922(11) -2470(50) 2632(11) 53(9)
H(6A) 2699(11) 780(40) 3200(10) 52(9)
H(6B) 2299(12) 190(50) 3400(12) 67(11)
H(7A) 2032(11) 3700(40) 3307(10) 50(8)
H(7B) 2450(10) 4250(50) 3123(11) 55(9)
H(8A) 3068(12) 3180(50) 3936(11) 61(9)
H(8B) 2606(11) 2670(50) 4091(12) 55(10)
H@OA) 2376(12) 6360(50) 4022(12) 64(10)
H(9B) 2833(11) 6820(50) 3880(12) 52(9)
H(10A) 3377(14) 5540(60) 4651(13) 80(12)
H(10B) 2939(12) 5320(60) 4816(13) 74(12)
H(11A) 3295(16) 8650(70) 5122(18) 114(16)
H(11B) 2747(16) 8770(70) 4764(16) 105(16)
H(11C) 3209(14) 9320(60) 4611(14) 79(14)
H(14) -90(11) 1450(50) 1187(12) 69(10)
H(15) 382(10) 1560(50) 2082(11) 45(8)
H(17A) 1078(14) 4730(60) 2680(13) 86(12)
H(17B) 584(13) 4360(60) 2827(14) 89(13)
H(18A) 429(10) 7880(40) 2708(10) 42(8)
H(18B) 910(10) 8230(40) 2571(11) 4909)
H(19A) 1445(12) 7310(40) 3387(12) 56(9)
H(19B) 994(13) 7000(50) 3532(14) 75(12)
H(20A) 819(13) 10520(50) 3424(12) 65(10)
H(20B) 1277(12) 10930(60) 3279(13) 77(12)
H(21A) 1841(16) 9910(60) 4082(14) 104(14)
H(21B) 1355(17) 9560(70) 4217(17) 120(18)
H(22A) 1610(18) 13370(80) 3998(18) 120(20)
H(22B) 1160(20) 13150(80) 4160(20) 150(20)
H(22C) 1698(18) 12780(70) 4502(19) 111(18)

142



University of Pretoria etd — Thomas, M S (2006)

Table 6. Torsion angles [°] for Zntiof.

S(5)-Zn(1)-S(1)-C(1) -108.43(10) C(3)-C(4)-C(5)-S(3) -0.3(3)
S(4)-Zn(1)-S(1)-C(1) 101.16(9) C(2)-S(3)-C(5)-C(4) 0.4(2)
S(2)-Zn(1)-S(1)-C(1) -2.98(9) C(2)-S(3)-C(5)-C(6) 179.3(3)
S(4)#1-Zn(1)-S(1)-C(1) -173.75(9) C(4)-C(5)-C(6)-C(7) -159.7(3)
S(5)-Zn(1)-S(2)-C(1) 135.31(9) S(3)-C(5)-C(6)-C(7) 21.5(4)
S(1)-Zn(1)-S(2)-C(1) 3.01(9) C(5)-C(6)-C(7)-C(8) 176.6(3)
S(4)-Zn(1)-S(2)-C(1) -111.67(9) C(6)-C(7)-C(8)-C(9) 178.0(3)
S(4)#1-Zn(1)-S(2)-C(1) 51.47(16) C(7)-C(8)-C(9)-C(10) 178.5(3)
S(5)-Zn(1)-S(4)-C(12) -141.90(10) C(8)-C(9)-C(10)-C(11) 179.0(4)
S(1)-Zn(1)-S(4)-C(12) 16.91(10) Zn(1)-S(4)-C(12)-C(13) -68.6(2)
S(2)-Zn(1)-S(4)-C(12) 99.44(10) Zn(1)-S(4)-C(12)-S(5)#1 110.40(14)
S(4)#1-Zn(1)-S(4)-C(12) -76.99(10) S(5)#1-C(12)-C(13)-C(14) 166.7(2)
S(1)-Zn(1)-S(5)-C(12)#1 -87.05(9) S(4)-C(12)-C(13)-C(14) -14.3(4)
S(4)-Zn(1)-S(5)-C(12)#1 66.35(9) S(5)#1-C(12)-C(13)-S(6) -17.6(3)
S(2)-Zn(1)-S(5)-C(12)#1 -176.57(9) S(4)-C(12)-C(13)-S(6) 161.40(15)
S(4)#1-Zn(1)-S(5)-C(12)#1 -9.80(9) C(16)-S(6)-C(13)-C(14) 0.4(2)
Zn(1)-S(2)-C(1)-C(2) 174.7(2) C(16)-S(6)-C(13)-C(12) -176.0(2)
Zn(1)-S(2)-C(1)-S(1) -4.65(14) C(12)-C(13)-C(14)-C(15) 175.9(3)
Zn(1)-S(1)-C(1)-C(2) -174.5(2) S(6)-C(13)-C(14)-C(15) -0.1(3)
Zn(1)-S(1)-C(1)-S(2) 4.79(15) C(13)-C(14)-C(15)-C(16) -0.3(4)
S(2)-C(1)-C(2)-C(3) 2.9(4) C(14)-C(15)-C(16)-C(17) -176.9(3)
S(1)-C(1)-C(2)-C(3) -177.8(2) C(14)-C(15)-C(16)-S(6) 0.6(4)
S(2)-C(1)-C(2)-S(3) -176.61(15) C(13)-S(6)-C(16)-C(15) -0.6(2)
S(1)-C(1)-C(2)-S(3) 2.7(3) C(13)-S(6)-C(16)-C(17) 177.03)
C(5)-S(3)-C(2)-C(3) -0.3(2) C(15)-C(16)-C(17)-C(18) -172.1(3)
C(5)-S(3)-C(2)-C(1) 179.2(2) S(6)-C(16)-C(17)-C(18) 10.7(5)
C(1)-C(2)-C(3)-C(4) -179.3(3) C(16)-C(17)-C(18)-C(19) -178.3(3)
S(3)-C(2)-C(3)-C(4) 0.2(3) C(17)-C(18)-C(19)-C(20) -179.3(3)
C(2)-C(3)-C(4)-C(5) 0.0(4) C(18)-C(19)-C(20)-C(21) 179.7(3)
C(3)-C(4)-C(5)-C(6) -179.2(3) C(19)-C(20)-C(21)-C(22) -177.1(4)

Symmetry transformations used to generate equivalent atoms:

#1 -X,-y+1,-z
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Appendix 2

Crystal data and structure refinement for 12

Table 1. Crystal data and structure refinement for MTSLReBT.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

mtslrebm

C13 H5 O4 Re S4

539.61

293(2) K

0.71073 A

monoclinic

P2,/n

a=59892(4) A o= 90°.

b =7.4933(5) A B=93.8530(10)°.

c=35.2473) A v=90°.
1578.27(19) A3

4

2.271 Mg/m3

8.240 mm'!

1016

0.34 x 0.10 x 0.06 mm?

2.78 to 26.52°.

-T<=h<=3, -8<=k<=7, -42<=1<=43
8226

2996 [R(int) = 0.0305]

99.6 %

Full-matrix least-squares on F2
2996/0/199

1.242

R1=0.0286, wR2 = 0.0726
R1=0.0318, wR2 = 0.0745

0.489 and -1.296 e.A-3
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2 103) for MTSLReBT.
U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
Re(1) 7478(1) 2762(1) 647(1) 42(1)
S(1) 10667(2) 4037(2) 1061(1) 48(1)
S(2) 6573(2) 2737(2) 1329(1) 47(1)
S(3) 8383(2) 3220(2) 2197(1) 44(1)
S4) 12189(2) 4199(2) 3276(1) 56(1)
c(1) 4805(9) 1596(9) 425(2) 57(1)
o(1) 3271(7) 882(7) 297(1) 80(1)
C2) 8732(10) 2934(8) 154(2) 54(1)
0(2) 9482(9) 3069(7) -129(1) 78(1)
C@3) 8889(9) 380(8) 740(2) 52(1)
0(3) 9672(8) -977(7) 802(1) 75(1)
C(4) 6109(9) 5177(9) 570(2) 54(1)
0(4) 5397(8) 6543(7) 518(1) 80(1)
C(5) 9162(7) 3564(6) 1441(1) 37(1)
C(6) 9994(7) 3829(6) 1828(1) 37(1)
c(7) 12010(8) 4512(7) 1964(1) 43(1)
C(8) 12250(8) 4578(7) 2364(2) 46(1)
C(9) 10420(7) 3927(6) 2535(1) 39(1)
C(10) 10113(8) 3683(6) 2932(1) 40(1)
c11) 8261(9) 2927(6) 3093(2) 44(1)
C(12) 8636(10) 2784(7) 3496(2) 51(1)
C(13) 10655(10) 3410(9) 3626(2) 57(1)
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o

Table 3. Bond lengths [A] and angles [°] for MTSLReBT.

Re(1)-C(1) 1.942(6) C(3)-Re(1)-S(2)
Re(1)-C(2) 1.943(6) C(4)-Re(1)-S(2)
Re(1)-C(3) 1.993(6) C(1)-Re(1)-S(1)
Re(1)-C(4) 1.998(6) C(2)-Re(1)-S(1)
Re(1)-S(2) 2.4974(14) C(3)-Re(1)-S(1)
Re(1)-S(1) 2.5124(12) C(4)-Re(1)-S(1)
S(1)-C(5) 1.701(4) S(2)-Re(1)-S(1)
S(2)-C(5) 1.692(5) C(5)-S(1)-Re(1)
S(3)-C(9) 1.729(5) C(5)-S(2)-Re(1)
S(3)-C(6) 1.733(4) C(9)-S(3)-C(6)
S(4)-C(13) 1.693(6) C(13)-S(4)-C(10)
S(4)-C(10) 1.721(5) O(1)-C(1)-Re(1)
C(1)-0(1) 1131(7) 0(2)-C(2)-Re(1)
C(2)-0(2) 1.128(7) 0(3)-C(3)-Re(1)
C(3)-0(3) 1.134(7) O(4)-C(4)-Re(1)
C(4)-0(4) 1.120(7) C(6)-C(5)-S(2)
C(5)-C(6) 1.435(6) C(6)-C(5)-S(1)
C(6)-C(7) 1.368(6) S(2)-C(5)-S(1)
C(7)-C(8) 1.409(7) C(7)-C(6)-C(5)
C(8)-C(9) 1.374(6) C(7)-C(6)-S(3)
C(9)-C(10) 1.437(7) C(5)-C(6)-S(3)
C(10)-C(11) 1.398(7) C(6)-C(7)-C(8)
C(1D)-C(12) 1.429(8) C(9)-C(8)-C(7)
C(12)-C(13) 1.348(8) C(8)-C(9)-C(10)

C(8)-C(9)-5(3)
C(1)-Re(1)-C(2) 91.5(2) C(10)-C(9)-S(3)
C(1)-Re(1)-C(3) 89.6(2) C(11)-C(10)-C(9)
C(2)-Re(1)-C(3) 91.2(2) C(11)-C(10)-S(4)
C(1)-Re(1)-C(4) 91.9(2) C(9)-C(10)-S(4)
C(2)-Re(1)-C(4) 89.9(2) C(10)-C(11)-C(12)
C(3)-Re(1)-C(4) 178.1(2) C(13)-C(12)-C(11)
C(1)-Re(1)-S(2) 99.09(17) C(12)-C(13)-S(4)
C(2)-Re(1)-S(2) 169.24(18)

87.29(15)
91.33(15)
168.26(18)
99.75(18)
87.01(16)
91.33(16)
69.54(4)
87.42(16)
88.12(16)
91.9(2)
91.9(3)
178.5(6)
178.4(6)
178.2(5)
177.4(6)
121.8(3)
123.4(3)
114.7(3)
128.9(4)
110.93)
120.2(3)
113.1(4)
113.2(4)
129.0(4)
110.7(4)
120.1(4)
127.1(4)
111.2(4)
121.6(4)
110.9(5)
112.9(5)
113.1(4)

Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters (A% 103)for MTSLReBT. The anisotropic displacement factor
exponent takes the form: -27%[ h2a*2U! + ... + 2 hk a* b* Ul? ]

Ull U22 U33 U23 U13 U12
Re(1) 37(1) 52(1) 37(1) 3(1) 4(1) -1(1)
S(1) 38(1) 63(1) 39(1) o(1) 7(1) -10(1)
S(2) 38(1) 61(1) 40(1) -4(1) 7(1) 9(1)
S(3) 37(1) 57(1) 39(1) 3(1) 4(1) -6(1)
S(4) 53(1) 71(1) 45(1) -3(1) o(1) -8(1)
c(1) 48(3) 63(4) 55(3) -8(3) 11(3) 4(3)
o(1) 50(2) 103(4) 85(3) 27(3) -1(2) -18(2)
C) 51(3) 58(4) 52(4) -13) 9(3) -5(2)
0(2) 93(4) 95(4) 47(3) 7(2) 26(2) -12(3)
C®3) 50(3) 64(4) 43(3) -5(3) 142) -6(3)
0@3) 86(3) 67(3) 73(3) 8(2) 19(2) 21(2)
C(4) 53(3) 72(4) 35(3) -4(3) -4(2) 2(3)
o) 95(3) 69(3) 73(3) 33) -3(3) 26(3)
C(5) 38(2) 37(2) 38(2) 0(2) 9(2) 2(2)
C(6) 39(2) 39(3) 35(2) 12) 9(2) 3(2)
C(7) 41(2) 44(3) 45(3) 3(2) 8(2) 7(2)
C(8) 44(3) 46(3) 49(3) -4(2) 3(2) -8(2)
C(9) 41(2) 35(2) 40(3) 2(2) 12) 2(2)
C(10) 43(2) 35(3) 42(3) -3(2) -1(2) 4(2)
C(11) 55(3) 40(3) 36(3) -1(2) 72) -3(2)
C(12) 57(3) 50(3) 49(3) 0(2) 16(3) 2(2)
C(13) 71(4) 64(4) 36(3) 03) 33) 0(3)
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Table 5. Torsion angles [°] for MTSLReBT.

C(1)-Re(1)-S(1)-C(5) ~12.49) S(1)-Re(1)-C(4)-0(4)
C(2)-Re(1)-S(1)-C(5) -176.3(2) Re(1)-S(2)-C(5)-C(6)
C(3)-Re(1)-S(1)-C(5) -85.6(2) Re(1)-S(2)-C(5)-S(1)
C(4)-Re(1)-S(1)-C(5) 93.6(2) Re(1)-S(1)-C(5)-C(6)
S(2)-Re(1)-S(1)-C(5) 2.63(16) Re(1)-S(1)-C(5)-S(2)
C(1)-Re(1)-S(2)-C(5) 174.3(3) S(2)-C(5)-C(6)-C(7)
C(2)-Re(1)-S(2)-C(5) 3.0(10) S(1)-C(5)-C(6)-C(7)
C(3)-Re(1)-S(2)-C(5) 85.2(2) S(2)-C(5)-C(6)-S(3)
C(4)-Re(1)-S(2)-C(5) -93.6(2) S(1)-C(5)-C(6)-S(3)
S(1)-Re(1)-S(2)-C(5) 2.65(17) C(9)-S(3)-C(6)-C(7)
C(2)-Re(1)-C(1)-0(1) 87(21) C(9)-S(3)-C(6)-C(5)
C(3)-Re(1)-C(1)-O(1) -4(21) C(5)-C(6)-C(7)-C(8)
C(4)-Re(1)-C(1)-O(1) 177(100) S(3)-C(6)-C(7)-C(8)
S(2)-Re(1)-C(1)-0(1) 91(21) C(6)-C(7)-C(8)-C(9)
S(1)-Re(1)-C(1)-O(1) 77(21) C(7)-C(8)-C(9)-C(10)
C(1)-Re(1)-C(2)-0(2) 147(22) C(7)-C(8)-C(9)-S(3)
C(3)-Re(1)-C(2)-0(2) -124(22) C(6)-S(3)-C(9)-C(8)
C(4)-Re(1)-C(2)-0(2) 55(22) C(6)-S(3)-C(9)-C(10)
S(2)-Re(1)-C(2)-0(2) -42(23) C(8)-C(9)-C(10)-C(11)
S(1)-Re(1)-C(2)-0(2) -36(22) S(3)-C(9)-C(10)-C(11)
C(1)-Re(1)-C(3)-0(3) 92(18) C(8)-C(9)-C(10)-S(4)
C(2)-Re(1)-C(3)-0(3) 176(100) S(3)-C(9)-C(10)-S(4)
C(4)-Re(1)-C(3)-0(3) 49(21) C(13)-S(4)-C(10)-C(11)
S(2)-Re(1)-C(3)-0(3) 7(18) C(13)-S(4)-C(10)-C(9)
S(1)-Re(1)-C(3)-0(3) 76(18) C(9)-C(10)-C(11)-C(12)
C(1)-Re(1)-C(4)-0(4) -112(12) S(4)-C(10)-C(11)-C(12)
C(2)-Re(1)-C(4)-0(4) -20(12) C(10)-C(11)-C(12)-C(13)
C(3)-Re(1)-C(4)-O(4) 107(13) C(11)-C(12)-C(13)-S(4)
S(2)-Re(1)-C(4)-0(4) 149(12) C(10)-S(4)-C(13)-C(12)

79(12)

-175.8(4)

4.0(3)
175.8(4)
4.0(3)

-178.5(4)

1.7(8)
2.5(6)

-177.3(3)

1.0(4)

-179.9(4)

179.9(5)
-1.1(6)
0.6(7)
175.9(5)
0.2(6)
0.7(4)

-176.8(4)
-176.3(5)

-1.0(7)
-0.7(7)
174.6(3)
0.6(4)

175.7(4)

175.4(5)
-0.6(5)
0.3(7)
0.2(7)
-0.5(5)

Symmetry transformations used to generate equivalent atoms:
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