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Abstract

Rationally designed bipodal 3,3,3’,3’-tetraalkyl-1,1’-benzoylbis(thioureas) are used as
pre-programmed chelating ligands to form metallamacrocyclic square planar nickel(II)
complexes via self-assembly. Metal : ligand stoichiometries of either 2:2 or 3:3 can be
achieved by using mefa- or para- substituted ligands. The metallamacrocyclic
complexes are subsequently converted into octahedral adducts via the addition of
monodentate nitrogen donor ligands. Metallamacrocycles are further employed as
secondary building units in the self-assembly of 1-dimensional double- or triple-
connected coordination polymers. The synthesis of these polymers is achieved with the

use of exo-bidentate nitrogen donor ligands.

The synthesized compounds have been variously studied by techniques including
elemental analysis, IR and NMR spectroscopy and x-ray powder diffractometry. The
thermal behaviours of the octahedral adducts and coordination polymers have also
been studied. Crystal structures of two chelating ligands, one metallamacrocycle and
four octahedral adducts have been elucidated.

One of the octahedral adducts, cis-[Ni(I-EtOH-S,O)(Pyridine-N),], self-assembles into
a 3-dimensional infinite supramolecular framework via hydrogen bonding to water
guest molecules as well as aromatic interactions between pyridine ligands and guests.
Guest-filled channels run continuously through the structure.

One specific coordination polymer, {cis-[Ni(I-Et-S,O}DPE-N,N")}]:}., has been found
to act as a powerful sensor of chlorinated solvents by way of a mechanism in which a
reversible coordination of exo-bidentate ligand to the nickél centres is induced by the
sorption of solvent molecules into the crystal structure. This process is visibly

manifested as a reversible colour change.
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Cis-[Ni(I-Et-S, 0)]

Abbreviations and Symbols

Compounds

Solvents
Deuterated chloroform
N,N-dimethylformamide
Dimethylsulfoxide
Deuterated dimethylsulfoxide

Ligands
3,3,3",3’-Tetraethyl-1,1 -isophthaloylbis(thiourea)
3,3,3°,3 -Tetraethyl-1,1°-terephthaloylbis(thiourea)
3,3,3°,3’-Tetra(2-hydroxyethyl)-1, 1’ -isophthaloylbis(thiourea)
3,3,3°,3’-Tetra(2-hydroxyethyl)-1,1’-terephthaloylbis(thiourea)
Pyridine
4-Dimethylaminopyridine
4,4’-Bipyridine
1,2-Bis(4-pyridyl)ethane
1,2-Di(4-pyridyl)ethylene

Metallamacrocycles

Cis-[bis-u-(3,3,3’,3 -tetracthyl-1,1 ’-isophthaloylbis(t}ﬁbureato-& 0))-di-nickel(IN)]

Cis-[Ni(T-Et-S,0)}

Cis-[tris-u~(3,3,3’,3 -tetraethyl-1,1’-terephthaloylbis(thioureato-S,0))-tri-nickel(IT)]

Cis-[Ni(I-EtOH-S,0)].
Cis-[bis-u-(3,3,3°,3 -tetra(2-hydroxyethyl)-1, 1’-isophthaloylbis(thioureato-S, 0))-di-

nickel(ID)]
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Cis-[Ni(T-EtOH-S,0)}s
Cis-[tris-p-~(3,3,3’,3 -tetra(2-hydroxyethyl)-1,1’-terephthaloylbis(thioureato-S, 0))-tri-

nickel(Il)]

Octahedral Adducts of Metallamacrocycles

Cis-[Ni(I-Et-S, O)(pyridine-N),];
[Cis-(bis-u-(3,3,3’°,3 -tetracthyl-1,1’-isophthaloylbis(thioureato-S, 0))-di-nickel(IT))-

tetra(pyridine-N)]

Cis-[Ni(I-Et-S, O(DMAP-N)]>
[Cis-(bis-u-(3,3,3°,3’-tetraethyl-1,1’-isophthaloylbis(thioureato-S, O))-di-nickel(II))-
tetrakis(4-dimethylaminopyridine-N)]

Cis-[Ni(T-Et-S, O)(pyridine-N)]s
[Cis-(tris-pu~(3,3,3’,3 -tetraethyl-1,1’-terephthaloylbis(thioureato-S, O))-tri-nickel(II))-

hexa(pyridine-N)}

Cis-[Ni(I-EtOH-S, O)(pyridine-N)},
[Cis-(bis-u-(3,3,3°,3’-tetra(2-hydroxyethyl)-1, 1’-isophthaloylbis(thioureato-S$, 0))-di-
nickel(I))-tetra(pyridine-N)]

Cis-[Ni(T-EtOH-S, O)(pyridine-N),]3
[Cis-(tris-pu~(3,3,3’,3 -tetra(2-hydroxyethyl)- 1,1’ -terephthaloylbis(thioureato-S, O0))-tri-
nickel(Il))-hexa(pyridine-N)]

Coordination Polymers

{Cis-[Ni(I-Et-S, O)(pyrazine-N,N’)]2}u
Poly-[cis-(bis-u~(3,3,3’,3 -tetraethyl-1, 1’ -isophthaloylbis(thioureato-S, 0))-di-nickel(II))-
bis-p-(pyrazine-N,N )]
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{Cis-[Ni(I-Et-S, O)(bipy-N,N")l2}u
Poly-{cis-(bis-p~(3,3,3°,3-tetraethyl-1,1’-isophthaloylbis(thioureato-S, 0))-di-nickel(IL))-
bis-u-(4,4’-bipyridine-N, N)]

{Cis-[Ni(I-Et-S, O)(BPE-N.N")]3}x
Poly-{cis-(bis-u~(3,3,3’,3’~tetraethyl-1, 1 -isophthaloylbis(thioureato-S, O))-di-nickel(II))-

bis-p-(1,2-bis(4-pyridyl)ethane-N,N )]

{Cis-[Ni(I-Et-S,0)DPE-N,N")] 2}
Poly-[cis-(bis-p-(3,3,3’,3 -tetraethyl-1,1’-isophthaloylbis(thioureato-S, O))-di-nickel(Il))-
bis-p-(1,2-di(4-pyridyl)ethylene-N,N )]

{Cis-[Ni(T-E¢-S,O)pyrazine-N,N’)]2}u
Poly-[cis-(tris-p-(3,3,3’,3 -tetraethyl-1, 1’-terephthaloylbis(thioureato-S, 0))-tri-nickel(II))-

tris-p-(pyrazine-N,N )]

{Cis-[Ni(T-Et-S,0)(bipy-NN")sh
Poly-[cis-(tris-p-(3,3,3’,3 -tetraethyl-1,1 -terephthaloylbns(tluoureato—S 0))-tri-nickel(IL))-
tris-p-(4,4’-bipyridine-N,N )]

{Cis-[Ni(T-Et-S, ONDPE-N,N")]3}x
Poly-[cis-(tris-u~(3,3,3°,3 -tetraethyl-1,1’-terephthaloyibis(thioureato-S, O))-tri-nickel(I1))-
tris-p~(1,2-di(4-pyridylethylene-N,N )]

Techniques
HSM Hot stage microscopy
IR Infrared spectroscopy
MALDI-TOF MS Matrix-assisted laser desorption / ionisation — time of flight
mass spectroscopy
NMR Nuclear magnetic resonance spectroscopy
TGA Thermogravimetric analysis

XRD X-ray powder diffractometry



Other Abbreviations and Symbols

iD/2D/3D One, two, and three dimensional

A Hydrogen bond acceptor

A Angstrom (10™° metres)

D Hydrogen bond donor

e Electron

F Structure factor

F(000) Number of electrons in the unit cell
L.S. Least squares

B Absorption coefficient

Rms. Root mean square

y A Number of structural units in the unit cell
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Chapter 1

Introduction






1.1. Acyl- and- aroylthioureas: Synthesis, Coordination and Uses

1.1 Classification of 1-acyl-3,3-dialkylthiourea based compounds

The fundamental chemical unit of this project 1s the f-acyl-3, 3-dialkylibicurea
{sometimes shorlened to acyvithiourea) moiety, shown in Figure 1.1, 1{a). In essence,
the l-acyl-3,3-dialkylthiourea group consists of an amino unit bonded to a
thiocarbonyl group that is in tum linked through a ceniral secondary nitrogen atom to

an acyl moiety.

=T

o
Figure 1.1.1(a). General structure of a 1-acyl-3,3-dialkylihiourea

A large variety of different compounds of this class may be synthesised simply by
varying the terminal side chains (labelled R, R; and Ry). This project is based on one
specific vanation on the theme: the bipodal acylthiourea, more correctly termed the
3,3,37,3 tetraalkyl-1,1"-acylbisithicurea}. This is a compound contaiming two
acylthiourea moieties that are linked together by a central spacer unil. This spacer
could be any of a vast number of groups (see Figure 1.1.1(b).), but for the purposes of
this project, the spacer used in each case is a phenyl ring. The relative substitution of’
the phenyl ring can be either mefa- or para-, ¢lassed as isophthaloyl (1) and
terephithaloy! (T), as they are synthesised from isophthaloy] dichlonde and

terephthaleyl dichlonde respectively.
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Figure L.1.1{b). General structure of a 3,3,3".3"-tetraalkyl-1,1"-acylbis(thicurea)



Figure 1.1.1(c} below illustrates the two types of bipodal benzoylthioureas. The
difference in geomeiry of these two types of compound is vital — as it is the
exploitation of these geometries that leads to the “pre-programming’ of these
compaounds o self-assemble 1nte metallamacrocyclic square planar complexes with
the o' metal ions Pr(ID), PA(I1) and Ni{II).
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Figure 1.1.1{c). Structures of two types of bipodal benzoylthiourea:
33,3, 3 -tetraalkyl-1,F -isophthaloylbis(thiourea} (1) and 3.3,3°.3 -(etraalkyl-1,1-
tercphthaloylbis({thiourea) (T}

in the isophthaloylbis(thioureas}, the acylthiourea groups are cnented in the same
direction, while in the case of the terephthaloylbis(thicureas) the acylthicurea groups’
orientations are offset by 60°. This difference and its consequences will be discussed

belew in great detail.

1.1.2.  Synthesis of acylthiourea-based compounds

it is possible to synthesise a vast array of compounds based on the acylthiourea
moiety by a variety of methods. The simplest method is that of Douglass and Dains'.
This is a 2-step 1-pot reaction in which, firstly, one molar equivalent of an acid
chloride (possessing the desired acyl or areyl group) is added to one molar equivalent
of potassium thiocvanate and refluxed in dry solvent under a nitrogen atmosphere ic

avoid yndesired side reactions. The intermediate is an acyl isothiocyanate. Afler



cooling, one maolar equivalent ol an amine is added to the mixture, which is refluxed
under nitrogen again. The final product is the desired 1-acyl-3-alkylthiourea or 1-acyl-
3,3-dialkylthiourea (depending on whether a pnimary or secondary amine 18 used in
the second step). The mechanism of this reaction is relatively simple and 1s illustrated

below in Figure 1.1.2(a).

O 0
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O O S
% H Protem Eransfer
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Ry
Albylamine N-Acyi-N'-glkyIthiourea

Acvl Isothiocyvanate i o

Dialkylamine  N-Acyl-N' N-dialkylthiourea

Figure 1.1.2{a}). General reaction scheme of the Douglass and Dains reaction

The negatively charged thiocyanate ion attacks the acid chlonde at the electrophilic
carbonyl carbon wig the nucleophilic nitrogen displacing Lhe chloride ion to form an
isothiocyanate. This is in effect the same as the aminolysis of an acid chloride. This
type of reaction proceeds rapidly and usually results in good yields. Following the
formation ol the isothiocyanate, an alkyl or dialkylamine is added. The nucleophilic
aming nittogen can atlack either the carbonyl carbon (giving rise lo an amide moiety)
or the isothiocyanato carbon (resulting in the desired acylthiourea), both carbons

being electron deficient.

In praclice, the undesired amide formation does net eccur when reacting an aroyl
isathiocyanate with ap aonne containing an eihyl or longer alkyl chain. Tt is believed
that the alkyl chains sterically impede the path of the amme Lo the carbony! carbon,
which is itself in a sterically shielded position®. This regioselectivily, in which only
the isothiocyanato carbon is attacked by the amine, makes the arovlthiourea the sole

product — provided that all solvents and reagents are dry and (hat the reaction is



performed under an inert atmosphere. In the case of a bipodal aroylthiourea, the
starting material would be an aroyl dicarboxvlic chloride. Two molar equivalents each
of potassium thiocyanate and the desired amine would be used. Figure 1.1.2(h) gives

the reactions that result in the two types of bipodal benzoylthiourea.
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Figure 1.1.2(b). General reaction schemes to synthesise bipodal benzoylthioureas

with different relative substitutions

1.1.3, Modes of coordination of acylthioureas to metals

The acvlthiourea moiety contains at least three potential donor atoms (N, O and §).
Any of these nucleophilic centres may be tnvolved in eoordination to metal cations.

To date, enly certain coordination modes have been observed.

These trends are not rigid rules, but are well adhered to, allowing one to make fairly
accurate predictions about the products of acylthiourea to metals, In general, the
coordination of an acylthiourea to a metal through a nitrogen atom does not oceur, but
at least two examples are known; the ¥,5- chelate complex frans-bis(1-butanoy]-3-
propyithioureato} platinum(I1)* and the ¥, 8,O-coordination of 1-benzoyl-3-
phenylthiourea to two Rhodium(T) centres to form a bridged dinuclear complex,”

The majornity of cases of acylthiourea complexes fall into two categonies of

coordination: monodentate S-coordinated complexes or bidentate S, {2-coordinated



chelate complexes. Although there are only a relatively small number of papers in the
literature reporting the coordination of 1-acyl-3-alkylthioureas, they suggest that these
compounds preferentially underge monedentate S-coordination. This behaviour 15 due
to the ‘locking” of the carbonyl oxygen in 2 stable 6-membered ring by an
intramolecular hydrogen bond to the thicamido nitrogen as shovm in Figure 1.1.3(2)
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Figure 1.1.3(a). Representation of the preferential eoordination mode of 1-2ev)-3-
alkylthiourea to a2 metal centre due to ‘locking’ of carbony] oxygen im an

intramolecelar 1i-bond

The study of the coordination of this class of compound has been limited mainly to
reactions with Platinam Group Metals, although a reported attempt t¢ ceordinate one
such ligand to Ni(IT) did not vield any product.® In each of the reactions with PGMs,

both cis- and trams- square planar bis-thioureato complexes were observed.

There i3 much scope lor further research into the properties of the T-acyl-3-
alkylthioureas as they have not been studied to the same cxtent as the dialkyl-
substituted variants. This project however, only deals with dialkyl-substituted
acyithioureas, which — with their well-studied and predictable coordination behaviour

— are good candidates for components in self-assembly reactions.

The 1-acyl-3, 3-diaikylthioureas have been used as ligands in coordination compounds
with a variety of transition metals over the last three decades. Early work done by
Hover and Bever included acylthiourea complexes with such metal ions as Ni{Il) and
Pd(11), along with several others,”''*'*"* This research demonstrated that the -acyl-
3-3-dialkylthioureas most often acted as S (J-chelating ligands. This was later found
to also be the case in complexes of Ru{TI'* , RW(TTH* and PK(IT).**



Overall, it was shown that 1-acyl, 3 3-dialkylthioureas readily form §,0-chelate
complexes with a variety of metals, Moreover, when reacted with the & metals Ni(ll},
Pd(II) and Pi(IT), the result was almost invarniably a square planar bis-chelate complex
with cis-configuration around the metal centre. Such chelate complexes are greatly
stabilised by the high degree of electron delocalisation in the &-membered chelate
ring, which can be detected by the significant changes in bond lengths in the ligand
upon complexation ” '°, In most cases, a prerequisite for the formation of these
chelate complexes is the deprotonation of the central nitrogen atom (see Figure
1.1.3(b)}, and it has been shown at least for dialkyl-substituted aroylthioureas that the
chelate ring can be broken by reprotonating the mitrogen atom with a strong acid to

vield a complex in which the arovithiourea acts as a monodentate ligand '’

The predominant tendency of 1-aroyl-3,3-dialkylthicureas 1o form cis- square planar
complexes with ¢ metals is of huge importance to this project, as it is another
element of the “pre-programming’ of the system that allows self-assembly to occur. In

most cases, the exclusive product of the reaction 15 the cis- bis- chelate complex,
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Figure 1.1.3(b) Representation of the preferred coordination mode of 1-acyl-3,3-
dialkylthioureas with & M(1) ion to form a cis- bis- S, O-chelate complex with

electron delocalised chelate rings

It is very interesting to note that there is only one published example of a trans-
chelate complex of a dialkyl-substituted aroylthicurea: a platioum(Il} complex with 1-
naphthoyl-3,3-di(a-butyl)thiourea'®. Tn fact, a mixture of cis- and frans- complexes in
the ratio 85, 15 was obtained — indicating that even in this case the cis- product is the

preferred one,



As mentioned above, the bis- chelate products are thermodynamically very stable due
10 the electron delocalisation in the 6-membered chelate rings. This would apply to
bath ¢7s- and frens- chelale complexes. It is therefore believed that the effect that
inhibits the obtaining of the frans- isomer as a final product is a kinetic effect.
However the reaciion mechanism that gives rise to the phenomenon of predominant —

and ofien exclusive — ¢7s- chelation 1s not yet welt elucidated,

The mechanism of coordination is most likely associative — typically observed for
coordimatively unsaturated metal ions such as Ni{l[), Pd(II) and Pt(il) in 16 electren
square planar complexes. Therefore, the frams effect must be taken into account and

can be used to explain the outcome of such a reaction.

Tn terms of the Hard / Soft Acid / Base (HSAB) theory, '” one may consider the &° 2+
metals to be soft Lewis acids (Ni*", being a harder acid than Pd** and Pt*" due to its
smaller ionic radius, is censidered borderline between hardness and sofiness). The
potential electren donor atoms in an acylthourea differ in terms of their hardness,

with the thiocarbonyl sulfur atom considered to be a softer base than the carbonyl

OXyEen.

Since soft acids have a greater affinity for soft bases than for hard bases, it is thought
that the initial coordination of the acylthicurea to the metal ion is via the S atom. The
harder carbonyl oxyeen atom of the same ligand motecule is then able to coordinate in
a position cis- to the S atom, and, as a strong o-donor, is able to exert a considerable
trans- effect, kinetically enhancing substitution at the position frars- to the oxygen
atom with the § atom of the second acylthiourea ligand. Subsequently the second
chetate ring is closed by the coordination of the final O agtom - giving rise toa

thermodynamically stable cis- bis- chelate complex,

This proposed process is illustrated by the example of 1-benzovl-3, 3-diethvlthiourea
coordinating to [tetrachloroplatinum(I[)] * in Figure 1.1.3(c).
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Figure 1.1.3(c). lifustration of proposed process by which cis- bis- chelate
aroylthiourea complexes are preferentially formed wsing example of 1-benzoyl-
3,3-diethylthiourea coordinating to PY(Il).

The proposed process by which complexation ocecurs does not satisfactorily explain
why in most cascs the ¢is- complex is the exclusive product rather than merely the
preferentially formed one. However, if one considers the case of a ligand possessing a
large aromatic system, such as 1-naphthoyl-3_3-di{n-butyl)thiourea, it can be argued
that electron delocalisation from the carbonyl oxygen mto the aromatic system could
result in a weakening of the frans effect that would decrease the kinetic favourability
of the cis- product and allow the formation of the fravrs- complex — albeit as the minor
praduct, It must be stated however, that this argument is speculative. New research
indicatcs that the processes of formation of civ- and rams- complexcs and
transformation from one to the other are far more complicated than this, involving

photochemical reaction mechanisms,™
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The exacl mechanism for exclusive cis- complex formation is outside the scope of this
project (as will be discussed below}), although the phenomenen itself is exploited as a
key facet of the work reported herein,

.14 Potential uses of acylthioureas

In general terms, acylthioureas have demonstraied much utilily in increasing our
understanding of coordination chemistry, because of their versatile coordimahon
behaviour and virtually limitless variety. However, it must also be noted that such
compounds have also been studied for specific practical purposes. These poiential

uses are worth discussing briefly.

Since acylthioureas have a specific affinity for soft metals ike platnum and other
PGMSs, they have been of great interest as potentially useful compounds in various

aspects of the PGM mining industry. Since being identified as highly selective

complexing agents for the PGMs, - %

A, I3, 25,26

they have begen utilised in the sclvent

extraction of PGMs as well as the efficient chromatographic separation of

PGMSs **** % and in ulira trace determination of PGMs by pre-concentration 22
Related thiourea derivatives containing chromophoric and fluorescent groups have
been effectively synthesised and coordinated to Pr(11}*!, potentially providing another
means of highly sensitive analysis of precious metals — a concept that can easily be
extended from thioureas to acylthioureas Clearly, in the areas of PGM extraction,
separation and analysis, the acylthioureas are invaluable compounds with many

realised and potential applications.

There are olher areas in which these versatile compounds may be used. Mest
prominent are the potential medicinal applications of thiourea and acylthiourea

derivative complexes. There are references to such compounds exhibiting anticancer

properties >+

— a pathway thai was originally explored because these complexes
bear sotne similarity 1o the square planar Pi(IT) complex cisplatin — a proven

anticancer drug ** Similar complexes have been reported 1o possess antifungal,*™ *

antimalarial > and antibiotic properties.™
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1.1.5. Bipodal arovithioureas and their complexes

The use of bipodal aroylthioureas as chelating hgands immediately allows the
possibility of polymeric or oligoneric multinuciear complexes, as one ligand
molecule is able to coordinate simulianeously to two metal centres. The first reported
complex of this type was the Ni(1I) complex with 3,3,3°,3 -tetracthyl-1 1°-
terephthaloylbis(thiourea) by Hoyer et al. in 1986.% The crystal structure of this
complex clearty showed that it was a rimeric metallamacrocyclic complex with a
metal: hgand ratio of 3:3. OMher complexes of Cu(ll), Za{ll), Hg(ll) and Pd{11) were
also synthesised but were not characterised as well as the Ni(IT) compiex. The latter

three were reported to be polymeric.

A vear later, a paper by Komig ef af. reported the use ot 3,337, 3 -tetraalkyl-1,1"-
alkanedicarbonyl-bis(thiourea) ligands in complexation reactions with Ni(Il}, Cu(II}),
Pd(11) and Pt{LE}* This paper did not report any structural details, but did report that
in the case of 3,3,3°,3 -tetraethyl-1, 1 'adipoytbisthioures, a Pd(Il) complex possessed a

metal; higand ratio of 3:3, while a Pu(IT) complex did not appear to do so.

A decade later, PHIT) complexes of the two ligand types (isophthaloy! and
terephthaloyl) were first characterised by x-ray diffractometry *' The difference in
relative substitution between 3,3 3.3 -tetraalkyl-1_1 -isopthatoythis{thioureas) and
3.3,37, 3 -tetraalkyi-1,1"-terephihaloylbis(ioureas) was found to be the key in
synthesising metallamacrocyelic complexes of Pt{ll) with two different
stoichiometries: the isophthaloyl ligands gave rise to 2:2 metallamacrocycles, while
the terephthaloyt ligands formed 3:3 metallamacrocycles. Crysial structures of
complexes of each type were reporled. 1t was stated that the strong tendency of
arovlthoureas to form cis- chelates with Pt(TI) coupled with the geometry of the
acyhthiourea moielies” alignments (due to the relative substitution around the phenyl
ring), imposes very specific outcomes on the various reactions — hence resulting in the
exclusive formation of metallamacrocycles of specific stoichiometry. These outcomes
can be predicted by using simple molecular models or molecular drawings. Figure
1.1.5(a) below illustrates this principle, showing how 3,3,3°,3 -tetraethyl-1,1"-
terephthaloylbis(thiourea) is directed to form a 3:3 metallamacrocycle while 3,3,3°,3'-
tetraethyt-1,1"-isophthatoylbis(thiourea) is directed to form eithera 2:2 or 2 6:6
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metallamacrocycle - depending on the conformation of the ligand molecules, In
practice, isophthaloyl-based ligands appear to give rise 1o 2:2 metallamacrocycles

exclusively and, to date ne 6.6 metallamacrocyclic complex has been isolated.

(@

(i)

Figure 1,1.5(a). Molecular model sketches indicating how terephthaloyk-based
bipodal aroylthioureas are directed to form 3:3 metallamacrocyeles, while
isophthaloyl-based bipodal aroylthioureas are directed to form cither 2:2 or 6:6

metallamacrocycles.



14

Smee it was conclusively shown by these papers that the outcome of bipodal
benzoylthiourea complexation with & metals is predetermined by the preferred cis-
S.¢} mode of coordination and the relative substitution of the pheny! ring, it follows
that one can regard the individual components as being “pre-programmed’ to form
specific preducts, according to the definition of J.-M. Lehn. * This type of reaction is

thus considered to be an example of self-assembly,
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1.2. Aspects of Supramolecular Chemistry

The field of supramolecular chemistry is vast and is growing even more so at a rapid
rate. Certain aspects of this field of chemistry are applicable to this project. A review
of all the work done in the applicable areas is clearly not possible. An attempt is made
to give many representative examples of the work that has been done and is ongoing
in these areas. For a detailed review of the subject, the series Comprehensive
Supramolecular Chemistry is highly recommended.*

1.2.1. Examples of self-assembled metallamacrocyclic complexes

Several groups have reported self-assembled metallamacrocyclic systems. The
tetranuclear molecular squares synthesised by Stang ef al.* are essentially 4:4
metallamacrocycles, since their structures are dependent on 4 metal centres linked by
4 bridging ligands. This system has become more sophisticated by different routes,
e.g. having two different metals (Pt and Pd) in the same complex ** or creating
metallamacrocyclic arrays using porphyrins,* calixarenes or crown ethers.*” Other
geometries have been exploited to form other planar shapes e.g. hexagons*® and
triangles,* but the metallamacrocyclic motif is central to each such example, as is the
mode of synthesis: self-assembly controlled by pre-designed ligands and carefully

selected coordination behaviour around metal centres.

The self-assembly research of Fujita, Biradha and Aoyagi includes similar complexes
with PA(II) and Pt(I1)*. Matthews et al. have reported non-planar molecular square
tetranuclear diazine complexes with Cu(II) and Ni(II),”' while a paper by Rojo et al.
discusses the synthesis of another system of non-planar tetranuclear Co(II) and Zn(II)
metallamacrocycles by self-assembly based upon variation of ligand substituents and
utilising specific coordination geometry around the metal centres.** Some other
examples of self-assembled metallamacrocyclic systems include hexanuclear
manganese metallamacrocycles,”* a dodecanuclear hexameric Zn metallamacrocycle™*
and a trinuclear ruthenium metallamacrocycle that can extract LiCl from H,0.>* One
other recent example that ought to be mentioned is the 3:3 metallamacrocyclic

complexes of 1,4-bis(3-phenyl-1,3-propandion)benzene™, which are remarkably
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similar in structure to the 3:3 complexes of bipodal aroylthioureas. However, 1,4-
bis(3-phenyl-1,3-propandion)benzene can also form polymeric complexes with
certain metal cations. This contrast with the aroylthiourea system is at least partly due
to the fact that all the coordinating atoms are oxygens, and thus the imposed mode of
cis-chelation that ensures aroylthiourea metallamacrocycle formation is absent in this

system.

Certainly, there are more examples of self-assembled metallamacrocyclic complexes
in the literature, but the examples given here are ample to demonstrate the
commonality in the synthesis of these complexes: ligand geometry coupled with mode
of coordination around a metal centre are exploited to pre-program the components of
a system to self-assemble into multinuclear metallamacrocyclic coordination

complexes.

1.2.2. ncepts in supramolecular chemistry related to self-assembly

The chemistry of the category into which metallamacrocycle synthesis falls, i.e.
utilising coordination chemistry to create inorganic self-assembled systems, has been
termed metallosupramolecular chemistry by Lehn®’. It is a subset of the much broader
field of supramolecular chemistry — ‘chemistry beyond the molecule’ which deals
with all manner of non-covalent interactions between components.”® The importance
of the self-assembly concept within supramolecular chemistry cannot be overstated.
The understanding that higher order structures beyond the molecule can be tailor-
made by use of coordination, hydrogen bonding, %-x interactions and other non-
covalent interactions has opened many avenues in chemistry over a relatively short
period of time. One of the major appeals of self-assembly is that this approach allows
one to envisage a highly complex system by reducing the problem to the rational
design of supramolecular synthons: “structural units within supermolecules, which
can be formed and/or assembled by known or conceivable synthetic operations
involving intermolecular interactions”* — in other words the building blocks of
supramolecular architectures, which may be existing or conceptualised molecules,
molecular fragments, ions or pre-assembled supramolecular units that can be
incorporated into higher order supramolecular structures. The literature also contains
many papers that prefer the term fectons * for the basic building blocks of self-
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assembled systems. The main difference between the terms fecton and synthon is that
the former refers to actually existing molecules whereas the latter may also refer to
conceptualised molecules or fragments \

Self-Organisation

Beyond self-assembly is the concept of self-organisation, which has been defined in
one paper as “the spontaneous formation of a well-defined supramolecular structure
from simple molecular building blocks.”" The authors (Machado, Baxter and Lehn)
go on to say: “In these (self-organised) systems, each complementary block contains
precise information to generate, via self-assembly (each step of the self-organized
process),* the correct final structure within all possible structures.” The implication is
that systems of specifically designed synthons can undergo multiple self-assemblies in
a particular order to produce highly ordered supramolecular architectures
reproducibly — or, as stated elsewhere by Lehn: “Multilevel hierarchical self-
organization enables the progressive buildup of more and more complex systems in a
sequential temporally ordered fashion.”

What is so fascinating about such processes is that the information to produce these
supramolecular architectures by self-assembly is contained within the components of
the system themselves. Merely by placing simple yet carefully programmed synthons
together, the spontaneous assembly of the supramolecular structure is brought about.
In the case of metallosupramolecular assemblies: “the important information leading
to an expected supramolecular structure may be ‘sculptured’ in the ligand, and the
reading is carried out by a metal ion containing a suitable coordination algorithm ™'
This type of process is the key to the evolution of complex biological systems. If we
are to mimic Nature’s complexity, it will be by fully understanding and exploiting
self-assembly. Again, to quote Lehn: “Understanding, inducing, and directing such
self processes are key to unraveling the progressive emergence of complex matter,
Self-organization is the driving force that led to the evolution of the biological world

from inanimate matter.”*
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Discrete and infinite supramolecular assemblies

One can consider self-assemblies as falling into two broad categories *. In the case of
large solution-based assemblies, one may think of each supramolecular unit as being
discrete. There are many examples of this type. The metallamacrocyclic complexes
discussed in Section 1.2.1 above would fall into this category — with coordination
bonds being the mode of non-covalent interaction ®* that maintains the structure. Such
polygonal assemblies can be considered to be 2-dimensional closed structures.
Examples of a more complex order are the polyhedral discrete metallosupramolecular
architectures. Such structures are often composed of polygons that are linked by their
edges to assemble into 3-dimensional units with diameters in the multiple nanometer
range. Nano-architectures of this type have been reported by the research groups of
Fujita®, Saalfrank®’, Stang®, Yaghi®® Zaworotko™, and others.

The second category of self-assembly comprises systems of infinite polymers and
networks. In such cases, intermolecular forces direct building blocks to assemble into
infinite repeating patterns in one, two or three dimensions. The resulting products are
often highly crystalline as a result of the symmetry that the systems assume. The
rational design and synthesis of such systems constitute a very important part of the
relatively new field of crystal engineering. The term crystal engineering was
originally applied only to the synthesis of organic solids, but has now broadened to
include non-covalent frameworks of all kinds. In the words of Desiraju, crystal
engineering is: “the understanding of intermolecular interactions in the context of
crystal packing and in the utilisation of such understanding in the design of new solids
with desired physical and chemical properties.”” Clearly, self-assembly is a necessary
and powerful tool for crystal engineers, as it is the means of creation of tailor-made
crystalline materials (which can essentially be considered as supramolecular
structures). An extremely thorough review on advances in crystal engineering — citing
hundreds of publications — by Moulton and Zaworotko™ is particularly enlightening
and informative.

The potential fruits of crystal engineering are new materials with a considerable range
of macroscopic physical and chemical properties. New materials created by crystal
engineering are set to revolutionise many areas of technology that will impact on the
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everyday world e.g. electronics, catalysis, medicine and separation science " to name

a few.

When the intermolecular interaction that holds the building blocks of an infinite
repeating system is a coordination bond, the product is termed a coordination polymer
A related term is metal-organic framework, which James describes in a clear and
useful review as a “class of porous polymeric material, consisting of metal ions linked

»™_Other types of infinite supramolecular

together by organic bridging ligands
structures include organic hydrogen-bonded and, aromatic n-n stacked networks. A
review by Zaworotko discusses crystal engineering utilising both coordination
polymerisation and organic non-covalent networks.” Of course, hybrid frameworks
that are held together by any combination of metal-organic ligand coordination, H-

bonding or n-x interactions are also possible.”®

A recent review by Roesky and Andruh discusses the way these types of coordination
and non-covalent interactions are used in infinite supramolecular architecture ”. The
ways in which the interactions of components give rise to the overall structures of
such architectures are well known. A system derived by Wells " for describing the
various topologies of ‘chemical nets’ is of great use and has been applied by Batten
and Robson in their authoritative description of interpenetrating supramolecular
networks of varying dimensionality ™ as well as by Decurtins ef a/. in their excellent
review: Multifunctional coordination compounds: design and properties.*®

One can consider each repeating unit in an infinite structure as a node or group of
connected nodes in a network *> ™. By looking at the number of connections that a
node or collection of nodes has available for connection to other nodes, one can
determine what type of supramolecular architecture will be built up.

Nodes with two connections will only give rise to one-dimensional chains and
depending on the relative geometry between connections in successive nodes, linear,
zigzag or helical chains may arise. Linear chains arise if the nodes are aligned so that
all connections are directed in a collinear manner; zigzag chains are formed by
connections that are coplanar but not collinear and helical chains are based upon

successive nodes being aligned so that their connections are neither collinear nor
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coplanar, thus inducing a 3-dimensional ‘twist’ into the built structure while
maintaining overall growth in only one dimension.

In the case of p-connected nodes with p > 2, the components will be able to assemble
into networks in 2 or 3 dimensions. The Wells (n, p) notation is applied to these
networks. The variable p indicates how many connections to neighbouring nodes can
be made, while the variable n indicates the number of nodes there are in the shortest
cyclical path within the net (i.e. the shortest path that will take one back to the node at
which one originated).

A common approach in coordination polymer assembly is to use exo-bidentate ligands
(i.e. ligands with divergent directionality of donor atoms) as connectors between
metal centres. The metals are thus considered the nodes of the chain or net and the
value of p can be manipulated by choosing metals with different coordination modes
and using monodentate or endo-multidentate ligands to block connectivity in certain
directions. A recently reported and demonstrative example of this is a paper by Choi
et al® In this example, the potentially 6-connected Ni(Il) cation is bound by square
planar coordination to a tetraaza macrocyclic ligand, thus allowing connection to
neighbouring nodes only by the two remaining octahedral coordination sites. The
resulting 2-connected node is bound by exo-bidentate 2,6-pyridinedicarboxylate

anions to neighbouring nodes in a linear fashion.

Pyridine-based compounds are well known and commonly used exo-bidentate ligands
in coordination polymer assemblies. The number of publications that report the use of
such ligands is exceedingly large. The most common N-donor connector molecule is
probably 4,4’-bipyridine®, which the review by Roesky and Andruh 7" refers to as the
“the classical molecular rod in constructing supramolecular polymetallic
architectures”. Pyrazine is also used as a connector in infinite supramolecular
architectures.>® Where pyrazine and 4,4’-bipyridine are rigid bidentate bridging
ligands, flexible analogues may be of use as well. 1,2-bis(4-pyridyl)ethane is well
used for this purpose®.

There is much more detail that can be given about the types of infinite supramolecular
architectures that have been created particularly with respect to their design and
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topologies (including network interpenetration). The various types of coordination
polymers and networks in 1,2,0or 3-dimensions are well known. They include linear,
zigzag and helical 1D chains, honeycomb, brick wall and square grid 2D nets and
cubic, diamondoid and prismatic 3D frameworks of various sizes and with various
metals and ligands. The reader is directed to the excellent reviews mentioned in this
section for further reading "> 7477780

One other detail in the section on discrete and infinite supramolecular architectures
that should be mentioned is the ability to combine the two. It may seem fairly obvious
that discrete nano-architectures can be designed in such a way that they are able to
assemble further into infinite networks that give rise to interesting crystalline
materials. However, this development is fairly recent and references to it are all
within the last few years®*. The approach essentially utilises discrete self-assemblies
as secondary building units (SBUs) in infinite frameworks. Yaghi ef al. name this
approach reticular synthesis®® and have designed several systems in this manner *’
including a framework of adjustable pore size that is up to 91.1% of the total volume
of the crystal and is capable of storing large amounts of methane ™. Zaworotko et
al. have reported square shaped dicarboxylate metal clusters that assemble in groups
of four into curved molecular bowls. These discrete architectures act as nanoscale
secondary building units (nSBUs) that in turn self-assemble into an infinite undulating
sheet structure, with guest molecules included in the bowl-like indentations of the
nSBUs and trapped there by the bottom of the nSBU located directly above.®® The
Zaworotko group has also reported infinite assemblies using polyhedral ‘nanoballs’ as
nodes in the network®™. Others employing similar strategies include Brammer ef al.,
who have employed Ag(I) carboxylate dimers as secondary building units,>® and Lah
et al.”! who have used their hexanuclear manganese metallamacrocycles® as
secondary building units.

Although not so closely related to this project, the work of Stoddart ef al. should also
be mentioned, as their large output of publications features many examples of self-
assembly of rotaxanes and catenanes and other structures as well as their use as
secondary building units in higher order assemblies.”* The goal of Stoddart e al. to
produce working molecular machines with useful applications such as switches in

molecular computers clearly shows how achievements in supramolecular chemistry
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are set to provide technologies that may have a huge impact on the life of the common

person in the near future.
Host-guest chemistry in supramolecular assemblies

One other fundamental aspect of supramolecular chemistry that must be discussed in
relation to self-assembled architectures is guest inclusion. It has already been alluded
to in the preceding portion of this introduction and warrants some more detailed
explanation. The inclusion, within a crystal structure, of some compound (the guest)
other than the main constituent of the structure (the host) is very common and well
studied and is a fundamental concept within supramolecular chemistry — often playing
a role in the various sub-fields of supramolecular chemistry mentioned above.*
Included guests are in many cases solvent molecules trapped in cavities within the
main crystal structure and often, strong intermolecular attractions are responsible for
holding guests in place within a structure.

The term clathrate is used to describe a system in which guest molecules are encaged
in cavities within the host framework.”® The Werner clathrates (of the form MX,A4 —
where M is a divalent metal ion, X is an anionic ligand and A is a neutral coordinating
ligand derived from pyridine or related compounds), particularly the Ni(NCS), A4 type
are of interest with respect to this project, as they bear some structural and
behavioural similarity to the octahedral pyridine adducts of Ni(II) metallamacrocycles
discussed in Section 3.3. Self-assembled polymeric complexes similar to the Werner
clathrates and their formation of cavities and channels that can accommodate guests

have been reported 75 8¢} 8()

An important ability that many host compounds display is guest sorption and
desorption and the observation of these processes by thermal analytical methods is
ubiquitous in supramolecular chemistry. Desorptive processes can result in
disturbances of the host structure, often-irreversible phase transitions and possibly
even complete collapse of the host structure to a different phase. The reversible
diffusion of guests into and out of a host crystal structure is a desired property,
particularly if crystal structures of both states can be obtained. Crystal to crystal guest

desorption transformations in metal organic frameworks are rare, but have been



23

observed ™ and it is increasingly clear that guests play a vital role in determining the

crystal structures of inclusion complexes.

Application of supramolecular concepts to aroylthiourea metallamacrocycles

By looking at the work done by others with similar systems, it is immediately evident
that the system of self-assembled 2:2 and 3:3 square planar metallamacrocyclic units
could be extended further into the realm of supramolecular architecture in several
different directions. That is — in essence — the aim of this project. A detailed
discussion of the project’s aims is given below in Section 1.3. Briefly, the different
directions explored involve linking discrete metallamacrocycles by H-bonding and
exo-bidentate coordination into infinite arrays. Related issues that have been
discussed arise in the execution of this exploration. Host-guest interactions and their
importance in determining crystal structures are one of the focuses of this project — as
will be shown in several cases in Chapter 3. Different types of host framework
including a layered/channel-type system have been created and studied. Remarkable
guest sorption and molecular recognition properties are observed in one particular
case. Overall, it will be shown that the 2:2 and 3:3 aroylthiourea metallamacrocycles
offer areas of exploration in various exciting directions, touching on many different

facets of supramolecular chemistry.
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1.3. Scope, Aims and Motivation

1.3.1. Potential directions for development of aroylthiourea metallamacrocycles

In Section 1.1.5 above, the self-assembly of 2:2 and 3:3 metallamacrocyclic
complexes of 3,3,3’,3 -tetraalkyl-1,1’-aroylbisthicureas was introduced and
recognition of the potential for exploration of chemistry utilising these units was
mentioned. In this section, some possible paths of exploration are considered.

Spacer modification

By varying the chemical group that comprises the central spacer of the bipodal
acyl/aroylthiourea, other types of metallamacrocycle might be synthesised. All that is
required is a rational consideration of the geometry and coordination behaviour of the
ligands. Higher order than 2:2 and 3:3 metallamacrocycles might be possible.

A simple route would be to use naphthoyl-spaced thioureas with various relative
substitutions. Figure 1.3.1(a) shows the possible metallamacrocyclic products that
may be produced. These possible products include three types of 2:2
metallamacrocycle, three types of 3:3 metallamacrocycle and one 6:6
metallamacrocycle. Note that the 1,3-substituted and 1,4-substituted varieties are
essentially the same as 1,3- (isophthaloyl) and 1,4- (terephthaloyl) substituted
benzoylthioureas respectively. Also note that each of the proposed products would
arise from exclusively cis-coordination around the metal centres, but it has been
shown that frans-coordination can occur with a naphthoylthiourea '®. Thus there is the
possibility that bipodal naphthoylbis(thioureas) could also give rise to 1-dimensional

polymeric chains.

Similar geometries could be achieved with other fused benzene ring aromatic spacers.
The appeal of this route for further exploration is the possibility of large
metallamacrocycles with cavitation abilities in the manner of crown ethers and
cyclodextrins. This idea could then be further advanced by the addition of intra-cavity
directed functional groups in the ligand design, allowing precise manipulation of
cavity size, shape and internal chemical environment. The potential applications of
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compounds containing rationally designed cavities runs from guest-specific hosts for
highly efficient separations through to nano-chambers for catalysis and

enantioselective chemical reactions.
Alkyl chain customisation

Variation of the side chains of the aroylthiourea ligands is another possible route to
synthesising metallamacrocyclic complexes with different properties. As shown
above in Section 1.1.3, ligands synthesised from primary amines do not undergo
chelate complexation. Thus one restriction on the alky! chain variation is that the
ligands must be derived from dialkylamines. The alkyl chains could be of
considerable length, giving rise to hydrophobic interactions between neighbouring
molecules. Molecules composed of a flat rigid core and long alkyl chains are well
known for their use as discotic mesogens in liquid crystal formation®® A recent paper
by Choi and Suh reports a nickel macrocyclic complex with a hexadecyl pendant
chain, which possesses hydrophobic, electrically insulative and anion exchange
properties.”® The authors draw attention to work done in the area of organic
compounds with long alkyl chains and the properties of such compounds. The
utilisation of hydrophobic properties in self-organisation of supramolecular
architectures * is of particular interest.

An alternative design feature added to the side branches of a metallamacrocycle is
achieved by using di(hydroxyalkyl)amines in the bipodal ligand synthesis. This
imparts hydrogen-bonding abilities to the metallamacrocycle. As discussed above, H-
bonding ability is one of the most powerful tools in directing self-assembly reactions.
H-bonding side branches should allow discrete metallamacrocyclic units to link into
1- or 2-dimensional networks. The synthesis of a monopodal aroylthiourea with
hydroxyethyl side chains has been reported, as have bis-chelate complexes of this
ligand with Pt(II), Pd(I) and Ni(II)*® - although crystal structures of the complexes
were not reported. At the outset of this project, the H-bonding side chain route was
one of the most appealing options for exploration, as it offers the simplest method of
using metallamacrocyclic complexes as secondary building units in higher order

supramolecular assemblies.
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Coordinarion polvmerisation of metallamacrocyclic uniis

There are, generally speaking, two modes of coordination polymerisaiion available for
aroylthiourea metallamacrocyclic complexes: polymerisation directed parallel to the
metallamacrocyclic plane and polymerisation directed perpendicular to the plane. A
simple method to achieve the former is to use tripodal or tetrapodal areylthiourea
ligands. The metallamacroeyclic structure could form normally by engaging two
chelating moieties of each ligand molecule in complexation to two meial atoms, as
ohserved in metallamacrocycle formation, while the remaining chelaiing groups could
participate in complexation to other metal centres in such a manner that an infinite
chain or network would result. Figure 1.3, 1(b) illustrates two possible examples,
Molecutar modelling indicates that an anthracenoy! spacer would be ideal for a
letrapodal aroylthiourea to be synthesised with two pairs of | 3-substiluted thiourea
groups. These ligands should self-assemble with & metal ions into a 1D coordination
pulymer of 2.2 metallamacrocyclic units. The use of a pentacenoyl spacer to form a
tetrapodal aroylthiourea with two pairs of 1,4-substituted thiourea groups is also
feasible in principal This ligand is expected to assemble inte a 2D planar
coordination network with «f metals. Note thai this neiwerk consisis of 3:3
metallamacroeyelic subumis, and also 6:6 metallamacrocyclic ammangements. Also
note that the alkyl side chain thal is cis- to the sulfur atom across the C — N bond
protrudes into the 6:6 metallamacrocyclic cavity, Tt has been shown conclusively that
this C — N bond possesses a degree of double-bond character thai restricts rotation and
allows configurational isomerism when unsymmetnically substituted dialkyl
acylthioureas are synthesised ” This suggests that unsymmeiricalty substituted ligands
may be used to alter the envirenment within the 6,6 metallamacrocyclic cavity while
avoiding the large cost in steric interference in the more crowded region around the

central fused rings of the pentacene spacer.

Other fused ring aromatic spacers may also be employed to produce multipodal
aroylthiourea ligands, which should in tum be able 1o assemble into ptanar polymeric
complexes. The molecular modelling approach to ligand design 18 a poweriul and

proven tool for this purpose.*!
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Figure 1.3.1{b). Proposed arrangement of {i) 1,3.5,7-
anthracenoylteirakis(thiourea) ligands giving rise to a 11} polymeric array of 2:2
metallamacrocyclic subunits and (ii) 1,4,8,11-pentacenoyltetrakis(thiourea)
ligands giving vise to a2 2I) polymeric array containing 3:3 and 6:6

metallamacrocycies.
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T'o achieve polymerisation directed orthogonally to the melallamacrocyclic plane,
axial bridging ligands can be employed, Since Ni(1T) readily undergoes octahedral
coordination, the NI(IT) metallamacrocyeles are ideal candidates for use in this type of
polymerisation. Part of this project involves the study of the axial coordination of
pyridine to the Ni(IT) centres of a 2:2 metallamacrocycle ** This was done en route 1o
using exo-bidemale pyridine-based ligands to achieve coordination polymerisation.
An analysis of the possible outcomes ol such polymerisation is discussed in some

detail in Section 3 4 of this thesis.
Hybrid supramalecular architectures based on metallamuacrocyclic units

Any of the variable design features discussed above ¢an be used in combination, For
example, a 31 supramolecular framework consisiing of coordination linkages
orthogonal to the metaliamacrocycle planes and H-bonded linkages roughly parallel to
the planes is feasible, as is a 2D coordination polymer synthesised from tetrapodal
aroylthiourea ligands and bidentate pyridine based ligands. Polymers based on axial
coordination of exo-bidentate ligands could be fashioned from metallamacrocycles
(possibly with taillored nanoscale cavity sizes) resulling in nanotube siructures, H-
bonding could link such tubes laierally as could muliipodal planar coordination,

giving nse to new melal organic frameworks (see Figure 1.3 1{c).)

e

Metallamacrocycle

Bridging

I Axial
Ligand

V-

[ateral
Linkzage

Figure 1.3.1(c) Schematic representation of a laterally linked array of nanotubes
based on stacked metallamacrocyclic subunits held in place by axially

coordinated bidentate hridging ligands
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The bipodal aroylthiourea metallamacrocycle system appears to be highly versatile,
possessing features that can be fine-tuned — either individually or in combination — to

yield a range of supramolecular architectures.

132  Aims of this research project

The aims of this project were divided inte four stages based on the initially envisaged
process of building up from simple components into successively more complex

architectures.

First stage aims: ligand synthesis and characterisation

The synthesis and characterisation of isomeric 1sophthaloyl and terephthaloyl ligand
pairs was the [irst step of this project. The 3,3.3°, 3 -tetracthyl-
1,1"berzevibisithioureas) were selected as the archetypat ligands. The bulk synthesis
of 2:2 and 3:3 metallamacrocycles for later use required large stocks of both the
1sophthaloyl and terephthaloyl isomers. Since no crystal structure of an
isophthaloylbis{thiourea) had been reported before this project began, the full
determination of the crystal and melecular structure of 33,37, 3 -tetraethyl-1,1"-

1sophthaloylbis{thiourea) was a major initial aim.

The synthesis of isophthaloyl and terephthaleyl ligands with appended hydrogen-
bonding groups was also set as an aim. This pair of 1somenc ligands shouid be as
close to the archetypes as possible. Hydroxyethy! side chains were selected as the
simplest modification. Full crystal and molecular structures were aimed at, with the
expectation that the customised H-bonding ability should give rise to interesting
crystal structures for the Tigands as well as for any metallamacrocycles synthesised

from these ligands,

These four ligands were considered sufficient for the purposes of diversity at tiis

stage of the project.
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Second stage; meicdlamacrocyclic Nifll) complexes

Tnn general, a major aim of this project was the extension of what is known about Pi([1)
and Pd(11) arovlthiourea metallamacrocycles to Ni{ll). Furthermore, Ni(Il} is
considered ideal for the purposes of progressive building, as it can be converted from
a square planar to an octahedral coordination mode without the complication of a
change in oxidation state. The formation of Ni(II) metallamacrocycles from each of
the ligands synthesised in the first stage was reguired, as was the characterisation of
these complexes. Since, only a 3.3 Ni(TT) metallamacrocycle had been reported prior
to this research,” the structural elucidation by single crystal x-ray diffractometry of at
Jeast one 2:2 Ni metallamacrocycle — constituting definitive proof of the existence of
this species — was set as a goal Crystal and molecular structures of at least one of the
(hypothetically) H-bond capable metallamacrocycles was another major aim of this
stage. It was expected that cryvstal structures of the H-bonding complexes would
reveal 2D supramolecular arrays of metallamacrocyclic units. A thorough comparison

of H-bond active complexes with their H-bond inactive analogues was also desired.

third stage: octahedral adducts of metatlmmacrocyeles

Following the synthesis of metallamacrocycles, a logical next step is the synthesis of
octahedral adducts of 2:2 and 3.3 metallamacrocycles using pynidine and its
derivatives. The extension of the square planar metallamacrocycles into octahedral
adducts was considered to be a major goal, as it would fit into the progression of
building more complex supramolecular architectures from the metallamacrocyclic
motif, The thorough study and comparison of any synthesised adducts was of course a
high priority aim, particularly the host-guest interactions and thermal stability of these
complexes, which were to be studied by thermal analytical techniques — in particular
thermogravimetric analysis. The obtaining of good quality single crystals and the
subsequent crystallographic analysis was also required. A comparison of 2:2 and 3:3
adducts — if both were obtained — was particularly desirable, as was the comparison of
adducts using different axial ligands, The ligands that were selected for this purpose
are pyridine and some of its derivatives. The comparison of H-bond capable pyridine
adducts with their H-bond inactive analogues was another vital aim, as this would

serve to further demonstrate the dramatic ditferences in supramolecular structure that
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were cxpected to arnse from the implementation of hydrogen-bonding capability, In
general, the expected and desired outcome for this portion of the project was the self-
assembly of new porous or channel-type products. This expectation was not
considered to be unrealistic, particularly in view of the many previous reports of

channel-type H-bonded supramolecular architectures

Fourth stage: polymerisation of metallamacrocycles using bidentate bridging ligands

The successive phase in the progressive design project was the use of bidentate
bridging ligands to axially link metallamacrocyclic units. The compounds chosen for
this purpose were ones that are well known as either ngid or flexible exo-bidentate
ligands: pyrazine, 4,4'-bipyridine and other di{4-pyndyl) compounds. Two parailel
sernes of coordination polymers were envisaged based on 2.2 and 3:3
metallamacrocycles. Full characterisation was required with an emphasis on thermal
analysis and any other techniques allowing insight into any host-guest interactions, as
was a thorough comparison of the structures and properties of the various products.
An important goal set for this phase of the project was the elucidation of the crystal

structures of at least two coordination polymers: one 2:2- and one 3:3-based product.

The wide spectrum of interesting physical properties reported for various coordination
polymers could lead one to anticipate that some of the products proposed here could
exhibit such properties. Any evidence of such behaviour was to be investigated

further as this might lead to the development of useful new materials,

Beyond this point, a further aim for this project was the synthesis of axial
coordination pelymers of metallamacrocycles, linked laterally by H-bonding, Such
products would constitute new 3D infinite hybrid supramolecular architectures
derived from secondary building units. Following this, attempts to synthesise larger
metallamacrocycles and employ them in the formation of 31D architectures were alsc
aimed for. However, these last two aims were deemed inessential for the purposes of
this project, and were set aside for a later research project. The potential for the
development of new materials in that phase of research is even greater, and even
though this project did not pursue such aims, it is highly recommended that such

routes be investigated,
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133 Motivation for this project

These aims, if achieved, would place the work done on metallamacrocyclic
arovithiourea complexes close to the frontiers of current supramolecular research. As
the number and coraplexity of supramolecular systems investigated increases, it is
highly desirable to study systems composed of simple, easily obtained components
that interact and self-assemble in predictable fashions. Furthermore, a system with
components that possess multiple, easily tuned chemical features is even more
attractive for exploitation, because these allow the supramolecular chemist to engineer
a variety of new materials while working in the same general framework. The
aroylthioureas and their complexes constilute such a system. The versatility of the
aroylthioureas ensures that the scope for new chemistry utilising this motif is virtually
limitless. Even if no direct technological application were to arise eventually from the
plethora of potential products, which 1s unlikely, the contribution of knowledge
obtained from their study has its place in the rapidly advancing progression of seli-

assembly, crystal engineering and supramelecular chemistry in general.

The first step in realising the value of the aroylthioureas m supramolecular chemistry
was recognising that the exclusive formation of metallamacrocycles is indeed self-
assembly. The next steps into this realm are those undertaken by this project. The
work done 1n this project — by creating and studying a number of new conpounds and
supramolecular architectures with complex and intriguing crystal structures and host-
guest interactions — provides a solid platform for further research that can advance

this system right into the forefront of current supramolecular chemistry.

Furthermore, the use of acylthiourea complexes as antifungal, anticancer and
antibiotic agents and the acylthioureas themselves as selective PGM complexing
ligands has been demonstrated — as discussed above. These previous findings are all
compelling reasons to study acylthiourea-based chemmstry, as they offer the prormise
of potential application in the pharmaceutical and miming industries. The analytical,
waste-recovery and environmental benefits in the latter may prove to be considerable
in the very near future, and even though the synthesis of new Ni(ll} complexes does
not directly benefit the PGM minming industry, 1t is thought that such complexes may

be useful models for improving our understanding of PGM complexation to
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acylthioureas and may lead to the eventual development of supramolecular

architectures with technological application in the precious metal industry.,

This concludes the introduction, which it is hoped has given the reader some idea of
the nature of this project, where it fits in the context of contemporary chemical
research and ultimately, sufficient motivation for its effectuation. From here, this
dissertation progresses to discussing the experimental work carried out during this
project, the results that were obtained from these experiments, and finally, the

conclusions that can be drawn from these results,



Chapter 2

Experimental Section






2.1. Ligand Synthesis

These compounds were synthesized according to the Douglass and Dains method.’
Throughout the symhesis, care was taken to expose all reagents and solvents o air for
as short a period as possible. The solvent used (acetone) was freshly dried and
distilled.

2.1.1.  3.3.3°.3 -tetraethyl-1, I"-isophthalovlbis(thiourea) {I-Ei}

Acalone

cl Gl +2KSCN — = SCN NCS 12k
\l'r Eelux A% s
0 O O
Avetone
SCN MCS + 2 (CH;CH.),NH N M
(CH3CH;z), Tl 45 mnb“\-.,‘/ T 7‘/@\’( \“/ e

Figure 2.1.1{a). Reaction scheme [or synthesis of 3,3,3" .3’ -tetraethyl-1,1"-
isophihaloylbis(thiourea)

5.15g (25 4mmol. ) 1sophmhaloy] dichloride, disselved in 200 ml acetone, was placed in
a pressure-compensated dropping funnel and added drop-wise wih stirring to 4.96g
(51.0 mmeol.) dry potassium thiocyanate dissolved in 200 ml acetone, under an inerl
almosphere (N3), in a three-necked round bottom flask. During addition, a pale yellow
precipitate tormed in the reaction vessel, The mixture was heated to reflux for 45
minutes and then allowed 10 cool. 3.74g (531 1 mmol ) of dry, distilled diethylamine
was dissolved in 100ml acetone and added drop-wise from a pressure-compensated
dropping funnel t¢ the reaction mixture under N; atmosphere. The mixture was heated
to reflux tor another 45 minutes, after which 1t was allowed to coel. A pale orange
solution with an ofl’ white precipitate was observed. The mixture was transferred to a
large beaker containing 500 m! water. The precipitate wags obzerved to dissolve in the
water. The mixture was lefl to stand in a fume cupboard 1o aliow the evaporation of

acetone. After 48 hours, off white crystals of the product had formed in the beaker.
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The product was recrystallised from a chloroform / acetone solution by slow

evaporation.

Yield: 850g, 21.5 mmol 85%. M.p. 141 — 143 °C. Found: 54.74% C, 6.77% 1L
1406% N, 1601% 8. CigHsNsO:5; requires 54.78% C, 6.65%H. 14.20% N,
16.25%S. 8'H/ppm (200 MHz, CDCls): 1.28 (t, 6H), 1.32 (t, 6H), 3.58 (g, 4H), 4.00
(g, 4H), 7.50 {t, 1H), 7.96 (d, 2H), 825 (s, 1H), 9.38 (s, 2H); "' C/ppm (50 MHz,
CDC13): 11.4 (-CHa), 13.3(-CH5), 47.5 (-NCH,-), 47.8(-NCHz-), 126.6, 1294, 132.6,
132.8, 1633(-C{0)-), 179.2(-C(8)-). The crystals thus obtained were found to be
suitable for single crystal x-ray diffractometry.

212 33,3 3 -tetracthyi-1 1 -terephthaloylbisi{thiourea) (T-Et}

Cl SCN NCS
Acefon
>_®_<c| +2 KSCN M—:p )—Q—Q +2KQ1
o o) effnx 45 mimns & )

SCN NCS N f "\N-'-'
Acetone ' \
: +2{CH ——— }— —<
{ SCHZ}ZNH Refiux 45 mins HH HN
) (8] ';t,—{: H
8] (o]

Figure 2.1.2(a). Reaction scheme for synthesis of 3,3.3°,3’-tetraethyl-1,1"-
terephthaloylbis{thiourca)

5,09¢ (25,1 mmol.) terephthaloyt dichloride, dissolved in 200 m] aceione, was placed
in a pressure-compensated dropping funnel and added drop-wise with stirring to 4.96g
(51.0 mmol.) dry potassium thiocyanate dissolved in 200 ml acetone, under an inert
atmosphere {Nz), in a three-necked round bottom flask. During addition, 2 pale vellow
precipitate formed in the reaction vessel The mixture was heated to reflux for 45
minutes and then aillowed 1o coel. 3.73g (51.0 mmol.) of dry, distilled diethylamine
was dissolved in 100ml acetone and added drop-wise from a pressure-compensated
dropping funnel to the reaction mixture under N; atmosphere. The mixture was heated
to reflux for another 45 minutes, after which it was allowed to cool An orange

solution with an off white precipitate was observed. The mixture was transferred to a
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large beaker containing 500 ml water. The precipilate was observed to dissolve in the
water. The mixture was left to stand in a fume cupboard Lo allow the evaporation of
acetone. After 48 hours, orange ¢rystals ol the product had formed in the beaker, The
product was recrystallised from a chloroform / acelone solution by slow evaporation

to yield pale vellow crystals.

Yield: 8.71g 221 mmel 87%. Mp 154 - 156 "C. Found: 54.90% C, 6.71% H,
14.04% N, 1612% S. C1sHzN40:S; requires 54.78% C, 6.65%l11 14.20% N,
16.25%8. 5'H/ppm (200 MHz, CDCL): 1.29 (1, 6H), 1.33 (t, 6H), 3.57 (g, 4H), 3.98
(g, 4H), 7.87 (s, 4H) 8.88 (s, 2H); 3" C/ppm (50 MHz, CDCI3): 114 (-CH;), 13.3(-
CHa), 47.7 (-NCH;-), 47.9(-NCH,-), 128.3, 136.1, 162.9(-C(0)-), 178.9 (-((S)).

2.1.3.  3,3.37.3"etra{2-hydroxyethvl}-1,1’-isophthaloylbis(thiourea)  (I-EtOH)

1 +2 KSCN -—-ﬁﬂh SCN“/OW/NCS +2K(l
Eeflux 43 mins

(] O O O

NCS +2 [‘CH;UHCH}};NH Ac—ﬂ;"' \,”/OW \|
T MINE

Figure 2.1.3(a) Reaction scheme for synthesis of 3,3,3° 3 -tetra(2-hydroxyethyl)-

1,1’-ispphthaloylbis{thiourea)

5.12g (252 mmol ) isophthaloyl dichlonide, dissolved i 200 mi acetone, was placed
in a pressure-compensated dropping tunnel and added drop-wise with stirring 1o 4.86g
(50.0 mmol.) dry potassium thiocyanate dissolved in 200 ml acetone, under an inert
atmosphere (Nz), in a three-necked round bottom flask. During addition, a white
precipitate formed in the reaction vessel. The mixture was heated to reflux for 45
minutes and then allowed to cool. 5.40g (51.4 mmol } of dry, distilled diethanolamine
was dissolved in 100ml acetone and added drep-wise from a pressure-compensated

dropping funnel Lo the reaction mixture under Ny atmosphere. The mixture was heated
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to reflux for another 45 minutes, after which 1t was allowed to cool. A pale vellow
solutton with an off winite precipitate was observed The mixture was transferred to a
large beaker containmg 500 m) water, The precipitate was observed to dissolve in the
water. The mixture was left to stand in a fume cupboard to allow the evaporation of
acetone, After 48 hours the product had precipitated as a pale yellow powder, The
product was found to be far less seluble than 1-Et and T-Et in chlerinated solvents,
alcohols, water and acetone. A selvent system of dimethylformamide (DMF) / water
was used 1o recrystallise the compound as a fine white powder.,

Yield: 6.83g, 149 mmol 59% M.p. 151 — 155 °C. Found: 47.35% C, 578 % H,
12.34% N, 13.73% S. C1sH2sNO4S: requires 47.15% C, 5.71% H, 12.22% N, 13.98%
S. 5'H/ppm (200 MHz, DMSO-d): 3.72 (s, 16H), 4.01 (s, 4H), 4.85 (s, 2H), 7.63 (t,
1H), 8.05(d, 2H), 836 (s, 1H), 5"°C/ppm (50 Mz, DMSO-ds): 39.08 (-NCH;-),
39.92 {-NCHz-), 59.10 (-CH,OH), 57.46 (-CH,OH), 127.59, 128 72, 131.19, 133.84,
163 84 {-((0)-), 181.08 (-((8)-).

Crystals suitable for single crystal x-ray diffractometry were obtained from a sohition

of the product in dimethylsulfoxide {DMSO) / water by slow evaporation of solvent

over several weeks.

214 3,33 3 -tetra(2-hydroxvethyl)-1.1"-terephthaloylbis(thiourea) (T-EtOH)
Gl Cl Y SCN NCS
H H +2 KSCN — H H +2 KOl
3 5 Reflux 45 mins o o)

n(_DH HO—,
SCHN NCS N—,
Avetone p i

2]

Figure 2.1,.4(a). Reaction scheme for synthesis of
3.3,3°,3"-tetra{2-hydrexyethyi)}-1,1'-terephthalo¥lbis({thiourea}
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5.11g 252 mmeol.} terephthaloy! dichloride, dissolved in 200 ml acetone, was placed
in a pressure-compensated dropping funnel and added drop-wise with stirring to 4.86g
(50.0 mmol.} potassium thiocyvanate, dissolved tn 200 ml acetone, under an inerl
atmosphere (N3}, in a three-necked round bottom flask. During addition, a pale yellow
precipitate formed in the reaction vessel. The mixture was heated to reflux for 45
minutes and then allowed to cool, 5.40g (5.14 mmol.) of dry, distilled diethanolamine
was dissolved in 100ml acetone and added drop-wise from a pressure-compensated
dropping funnel to the reaction mixture under Nz atmosphere. The mixture was heated
to reflux for another 45 mwmutes, after which it was allowed to cool. A pale vellow
solution and precipitate was observed. The mixture was transferred to a large beaker
containing 500 ml water. The precipitate was observed to dissolve in the water, The
mixture was lefl to stand in a fume cupboard to allow the evaporation of acetone,
After 48 hours the product had precipitated as a yellow powder, which was found to
be soluble in DMF or DMSO, The product was recrystallised from DMF / water to
vield a fine, pale vellow powder. The obtained vield was quite low (38%) but was not

optimised.

Yield: 4.40g, 9.60 mmol, 38%. m.p. 159 — 162 "C. Found: 47 48% C, 558% IL
12.31% N, 13.76%S. C15H2¢NsOeSq requires 47.15% C, 5.71% H, 12.22% N, 13.98%
S §'LL/ppm (200 MHz, DMSO-dq); 3.73 (s, 16H), 4,00 (s, 4H), 433 (s, 2H), 7.93 (s,
4H), 5YClppm (50 MHz, DMSO-dg): 39.07 (-NCHy-), 39.91 (-NCEL-), 57.49 (-
("HzO11), 39.15 (-CH,OH), 127.89, 136.56, 164.02 (-C(O)}-), 180.09 (-C(S)-).

Crystals suitable for single crystal x-ray diffractometry could not be obtained, despite
many allempts using solvent mixtures of DMF or DMSO with acetone, water,

alcohols or chlorinated solvents.
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2.2. Synthesis of Metallamacrocyclic Complexes

2.2.1. Cis-[s-p-(3,3,3" 3 “tetraethyl- 1 1 <asophthaloylbis{thioureato-8, O) }-di-nickel(I1)]
{(cis-[Ni (1-Et-5.3}]» )

™ (
i H H . Add dropeise in DI 7 waser
“x/”\n/u NY”*\J" 2 [(CH;COO0RNL . 4 H,0] Stir for 3 s ha
o L4

] N ’/
@) OY“*”

”)”)\%OAUA&

Figure 2.2.1(a). Reaction scheme for synthesis of cis-[Ni(I-Et-%, )]z

0.39462 {1.00 mmeol.) of I-Et was dissolved in DMF to which Ni{CH>:CO(); 4H>0
(0.2489¢, 1,00 mmol.), dissolved in 20 cm® Hz0 and 15 cm® DMF, was added drop-
wise while stirring vigorously, at room temperature. The rmxture was stirred for a
further 3 h, followed by addition of 100 em’ of H:O. On cooling to 4°C in a
refrigerater for 24 heurs, the dark solid preduct was collected by centrifugation and
washed several times with small portions of water, The product, ¢is-[Ni(I-Et-S8,()];

was recrystallised from chloreform / acetone to give a deep purple powder.

Yield; 0.394g, 0.436 mmol., 87%, m.p. 310—313 °C. Found: 48.29% C, 5.47% H,
12.18% N, 13.94% S. CasHaNxO,S4Niz requires 47.91% C, 5.36% H, 12.42% N,
14.21% S; 8H (200 MHz, CDCI3): 1.24 (m, 24H), 3.78 (m 16H), 8.26 (m, 6H), 8.78
(s, 2L, 3VC (50 MHz, CDCLY: 12.6 (-C113), 13.1 {-ClJz}, 45.3 (-NCl13-}, 45.9 (-
NCLI-), 1268, 130.0, 132.5, 136.9, 170.0(=C{S}-), 172.3(-C(D)-). IR {KBr, 1000 —
300 em™): 043, 920, 896, 822, 779, 755, 730, 698, 679, 661, 566, 520, 487. The

complex was recrystallised from a variety of solvent mixtures in an attempt to grow
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crystals suitable for x-ray analysis. Eventually, such crystals were grown from a

solvent mixture of DMF / H,O.

2.2.2, Cis-[tris-p-(3.3.3". 3 tetracthvl-1. 1 -terephthalovlbis(t hicureato-S, (N -ri-nickel{TF}]
{cis-[Ni{ T-Et-5.( ]z}

3/ } s Hu—‘g_\ +3 [(CH3CO0)Ni . 4 HyO] o o
IaUat
R T
A
HC\}‘ H"
C ﬁ 1)
M H ] hl
e
g
L

,J

-
‘e
{ _@é
:>_=

Figure 2.2.2(a). Reaction scheme for synthesis of ¢iv-[Ni (T-Et-S5,0)];

00,3946¢ (1.00 mmol.} of T-Et was dissolved in DMF to which Ni{CH:COO» 4140
(0.2489g, 1.00 mmol.), dissolved in 20 em’® Hz0 and 15 em’ DMF, was added drop-
wise while stiring vigorously, at room temperature. The mixture was stirred for a
further 3 h, followed by addition of 100 cm® of Hz0. On cooling 10 4°C in 2
refrigerator for 24 hours, the dark brown solid product was collected by centrifugation
and washed several times with small portions of water. The product, cis-| Ni{ T-Et-
8.5, was recrystallised from chioroform / acetone to give a fine dark brown

powder.

Yield; 0.413g, 0.305 mmol.. 92%. m.p, 285 — 289 °C. Found; 47.47% €, 547% H,
12.36% N, 13.97% 8. CsaH7aN120sSsNis requires 47.91% C. 5.36% H, 12.42% N,
14.21% §; 8H (200 MHz, CDCI3): 1.24 {m, 36L1), 3.78 (m 24H), 8.10 (s, 12H), 8"°C
(50 Miiz, CDCL): 12.6(-CHj), 13.2(-CHa), 45.4(-NCHy-), 46.0(-NCHy), 128.7,
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1393, 172.1{-C10)-), 172.2{-C(S}). IR (KBr, 1000 -- 300 cm™"): 938, 898, 872, 836,
824, 790, 730, 684, 656, 625, 558, 530, 487, 432. The complex was recrystallised
from a variety of solvent mixtures in an attempt to grow crystals suitable for x-ray

analysis. These varous attempts were unsuccesstul.

223 Cis-[bis-p-(3.3 3" 3 "-ietra(2-hydroxyethyi)-1. 1 -isophthalovibis{thiourcato-$, €))-
di-nickelITy]  {eis-[Ni{I-EtOH-5. (h];)

HO. H
2 T H (0 +2 [(CH3COORN: . 4 H,0 "“"“'d“"’m““_ 2‘“ﬂ"“’“‘p
HO\‘\'/NTN H\H/NVDH i fr
a 2

HO‘\_/N H N W OH
1008 00
\Mi/cr ﬂ\m/

Figure 2.2.3{a). Reaction scheme for synthesis of cis-|Ni(}-E1OH-S5,}|:

0,500g (1.09 mmol.) of T-EtOH was dissolved in DMF to which 0.275g {1.10 mmol.)
of Ni{CH;COQ. 4H,0, dissolved i 20 ml water and 15 ml DMF, was added drop-
wise while stirring vigorously, at room temperature, The mixture was stirred for a
further 3 h, followed by addition of 100 cm® of H;Q. On cooling to 4 °C in a
refrigerator for 24 hours, the dark purple solid preduct was collected by centrifugation
and washed several times with small portions of water. The product, cis-[Ni{[-EtOH-

8, (0)2], was recrystallised from DMF / water to give a fine purple powder.

Yield: 0.522g, 0.506 mmel, 93%. m.p. 213 - 215 °C. Found; 41.79% C, 4.85% H,
10.81% N, 12.15% S CagtlizNeOhz2 S4Niz requires 41.96% C, 4.70% H, 10.87% N,
12.45% S. NME. was not performed because of the low solubility of the product.
Crystals suitable for single crystal x-ray diflractometry could not be obtained, despite
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many atlempts using solveni mixtures of DMF or DMSO with acetone, water,

alcohols or chlerinated solvents.

224, Cistris-pA3.3.3° 3 -tetra(2-hydroxyethy})-1 | terephthal oy Ihis{thiourgato~5, ()} -
tri-nickel(I)]  (cis-[Ni(T-EtOH-8,.0)]5)

;',_OH I-I()—\.III
N—\u-' Ackd drnpwise im DAY ! wealer
HN——~< +3 |[(CH3C00)Ni . 4 Ha0) i

,.‘(_N
3 v }_:;_Q—Qc Str for 3 s

HO N oM
i
v TR
r & O
M N oH
2
OH \m/"

Figure 2.2.4(a) Reaction scheme for synthesis of cis-[Ni(T-EtOH-S5,0)],

0.4586g (1.00 mmol.) of T-EtOH was dissolved in DMF to which 0.248%g (1 00
mmeol.} of Ni{CH;CO0):.4H,0, dissolved in 20 ml waler and 15 ml DMF, was added
drop-wise while stircing vigorously, at room temperature, The mixture was stirred for
a further 3 h, followed by addition of 100 cm® of i1;0. On cooling to 4 °C in a
refrigerator for 24 hours, the dark brown sohd product was collected by centrifugation
and washed several times with small portions of water. The product, ¢is-[Ni{T-EtOH-

S, ()]s, was recrystallised from DMTF / water to give a fine dark brown powder.

Yield: 0.474g, 0.307 mmol, 92%. Found: 42.19% C, 4.83% H, 10.77% N, 12.08% S
Cs4H72N 201284 Nis requires 41.96% C, 4.70% H, 10 87% N, 12,45% S, NMR was not
performed because of the low solubility of the product. Crystals suitable for single
¢rystal x-ray diffractometry could not be obtained, despite many attempts using
salvent mixtures of DMF or DMSO with acetone, water, alcohols or chlorinated

solvents.
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2.3. Synthesis of Octahedral Adducts

In general, the octahedral adducts of metallamacrocycles were synthesised by
dissolving the metallamacrocyclic complex in a suitable solvent and then adding the
desired N-donor ligand in solution in excess. However, the compound chosen as the
archetypal donor ligand was pyridine, which is liquid and also a powertul solvent.
Thus in most cases, pyridine acted a dual role as the solvent of the reaction mixture
and as coordinating ligand. This has important implications for the crystal struclures
that were obtained for these adducts. It should also be noted that, generally speaking,
these adducts were found Lo be unstable upon removal from the mother liquor. This
prevented further analysis by certain technigues, e.g elemental gnalysis. Furthermore,
it was found that the paramagneiic nature of the octahedral Ni{ll) prevented the use of
NMR technigues to analyse the products. In cases where crystalline material was
obtained, appropriate measures were taken to prevent decompasition of single crystals

during x-ray diffraction analysis.

231 CisAbisp-(3.3.3" 3 —tetracthyl-1_ 1 '-isophthalovibis{thicureato-S. ())-di-nickel{ 1T~
tetra{pyridine-N)|  (cis-[Ni(T-Et-S, () pyridine-N)»15)

\"i/ G\NI/ i Dissohve in exeess pyridine -
i \Cr N Leave fir 48 brs in desiccator with acelone
¥
)u N NN

Figure 2.3.1(a). Reaction scheme for synthesis of cis-[Ni(T-Et-S, O){(pyridine-N); |2
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0,50 g of the purple complex cis-[Ni(I-Et-$,0}}: was dissolved in an excess {20 ml) of
pyridine to give a bright green solution. This solution was filtered through a 0. 45-
mi¢ren nylon filter and teft to crystallise by slow evaporation. After several days,
although the velume of the selution had decreased, the formation of crystalline
material was not observed. This solution was placed in a desiccator together with a
beaker containing 50 cm” of acetone, after which the desiccator was partially
evacuated to encourage the slow diffusion of acetone into the green pyridine solution.
After 48 hours green crystals suitable for the purpose of x-ray diffraction analvsis had
formed. These crystals were found te be very friable, disintegrating rapidly into a
purple powder on removal from the pyridine mother liquor, making characterisation
by conventicnal means very difficult. The disintegration of a svitable crystal could
however be arrested by immediately covering a green crystal with a drop of silicone
oil prior to x-ray diffraction analysis. A small quantity of dry crystalline product,
immediately after removal from the mother liquor, was subjected to

thermogravimetric analysis

2.3.2 [Cis-(bisg-u43.3.3",3 tetracthvl- 1, 1 '-isophthalovibis{thipureato-S, O -di-nickel(1E})-
tetrakis(4-dimethylaminopyridine-Ay]  (eis-[NI{I-Et-5, O} DMAP-NY15)

Ym DOY IS / DH=solve in dichloromethane | acetondidle

b T b T Q 14 M N i
Mi Mi :
AT f \ ,-"Jr M I.cave fur 24 hrs In refrigerator

i /&N )n DQM )/]\ = (DMAT)
¥

)y (

) YQO @
—Q"" ..... ,_mmp; {nMAi’:,.,?/m\-—. N@—N‘(
J -

Figure 2.3.2(a). Reaction scheme for synthesis of cis-[Ni(I-Et-5, O DMAP-N) |
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0.15g of purple complex cis-[NiI-Et-5,(})]: was dissolved together with an excess
(0.10g) of 4-dimethylaminopyridine in a dichloromethane / acetonitrite mixture on
gentle heating to give a brown-green sohution. This solution was filtered through
glass-fibre wool to remove any un-dissolved ¢is-[Ni{I-Et-8,()];. Attempts to grow
crystals of the product by siow evaporation of solvent at room temperature were
unsuccessful, A sample of the solution was placed in a refrigerator at ~ 4 °C to
encourage crystatlisation. Shortly after cooling (= 90 minutes), the sohition was found
to have changed colour to a pale green. After 24 hours, green ¢rystals suitable for x-
ray diffraction analysis had formed from the solution. These crystals proved to be
relatively stable once removed from their mether liquor, unlike those of cis-[Ni(1-Et-
S Nipyridine-N):]z. A small quantity of dry crystatline product was subjected to

thermogravimetric analysis.

2335, |Cois-{tmis-p43.3 3" 3 tetragthyl- 1, | "terephthalovibis(thicurcato-% ()] -tri-nickei(111)-
hexa{pyrdine-&)]  {eis-{Ni{T-Et-S.0 idine-N}z 11}

/HI\D N o Brissodve in exoess pyridine
+ 6 L.
Lu,liﬁ))@\r % / Laarve 1o stagad fir seversl days

2 *QY "
[

Figure 2.3.3(a) Reaction scheme for synthesis of cis-[Ni(T-Et-S, D) pyridine-N); |3
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(.50 g of the brown complex cis-[Ni(T-Et-5,(0)]s was dissotved in an excess (20 mi)
of pyridine to give a dark vellow - brown sotution, This solution was filtered through
a 0.45-micron nylon filter and left to crystallise by slow evaporation. After several
days, dark brown crystals suitable for x-ray diffraction analysis had formed.
Observation under a microscope indicated that these crystals disintegrated over time
when removed from their mother liqguor Thus characterisation by conwventipnal
methods was found to be difficult. The disintegration of a suitable crystal could be
arrested by immersing in a drop of silicone oil prior to x-ray diffraction analysis. A
small quantity of dry crystalline product, immediately after removal from the mother

liguor, was subjected to thermogravimetne analysis.

234 TCis-{his-u-(3.3.3".3 -etral2-hvdroxvethyl)-1. 1 -isophthalovibisithioureato-5, €))-
di-nickel(1N))tetra(pyriding-¥)|  {cis-[NI(I-EtOH-5. O pyridine-N): J2)

HO H

W | N N GH
Ym @it

THesolve I exeess pyridioe

Wi +4 M T
/ \O VR \1'»}‘.,_ Lewve tu stz for severul duys, sded ethspnd Lewye for 38 by
SPNe "
Ho™ ™ H/]\ N J\O/LN/J\. ™ OH
HO) LOI-I
HO oH

Figure 2.3.4(a) Reaction scheme lor synihesis of
cis-|Ni(1- EtOH-5, O){pyridine-N)z]»

0.20 g of the purple complex cis-[Ni{I-EtOH-5,())]; was dissolved in an excess {10
ml) of pyridine to give a bright lime green solution. This solution was filtered through

a 0.45-micron nylon filter and left to crystallise by slow evaporation. ARer several
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days the volume of solution was found to have decreased considerably, but the
presence of crystalline material was not observed. 10 ml of ethanol was added to the
solution, which was filtered a second time, as described above, The solution was
again left to crystallise. After 48 hours, green crystals suitable for single crystal x-ray
diffraction had formed. These crystals were found to decompose slowly into a purple
powder on removal from the pyridine / ethanol mother liquor at room temperature.,
Thus, as with cis<[Ni(1-Et-5,O)(pyridine-N)z}:, characterisation of this product by
conventional means was complicated, The disintegration of a suitable crystal could be
arrested by immersing in a drop of silicone oil prior to x-ray diffraction analysis. A
small quantity of the crystalline product, immediately after removal from the mother

liquor, was subjected to thermogravimetric analysis.

235, (Cis{tns-puA{3.3,3° 3 tetra(2-hydroxyethyl)-1.1" terephthaloylbistthioureato-S. ()))-
tri-nickel(TE))-hexafpyridine- {cis-{Ni{ T-EtOH-5.0)pyridine-N), 15)

?H QH
3 on
HG NC i~ f[_,,-ﬂH
Ny g HT'¥
MNTN

. IMxsndve n excess preiding

< '\{:.l +6 N ) =

X Leave tostand Tor several dava, no solid product obtained
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Figure 2.3.5(a) Reaction scheme for synthesis of
cis-|Ni{ T-E¢OH-S, )} pyridine-N):]5; no solid product obtained
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0.50 g of the brown complex cis-[Ni(T-EtOH-S,0)}; was dissolved in an excess (20
ml) of pyridine to give a dark yellow ~ brown solution. This solution was filtered
through a 0.45-micron nylon filter and left to crystallise by slow evaporation. No
crystalline material and indeed no solid material of any kind was found to have
formed. Afier several weeks, the solution was found have reduced to a dark brown
paste owing to the gradual evaporation of pyridine. Several attempts to crystallise the
product at lower temperatures and from mixtures of pyridine and other solvents
(ethanol, chloroform, N, N-dimethylformamide) were also unsuccessful -yielding
similar results. This unexpected outcome has given rise to complications in the

determination of the nature of this product.
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2.4. Synthesis of Co-ordination Polymers

2.4.1. Poly-[cis-(bis-u(3.3.3’,3 -tetracthyl-1, I’-isophthaloylbis(thioureato-S, O))-di-
nickel(ID)-bis-u~(pyrazine-N.N )] cis-INi(I-Et-S, azine-N.N°

0.20 g (0.22 mmol.) of the purple complex cis-[Ni(I-Et-S,0)], was dissolved in 50 ml
of dichloromethane. The resultant solution was filtered through a 0.45-micron nylon
filter to remove traces of solid particles. A quantity of pyrazine (0.16 g; 2.0 mmol.)
was similarly dissolved in dichloromethane and subsequently filtered. The two
solutions were heated gently, and then mixed together in a beaker. The reaction
mixture was left to stand. After a few minutes it was noted that the initially clear
purple mixture had developed a murky quality. After a further time (ca. 30 minutes)
an orange-green suspension was observed. Following a further half hour, it was found
that the suspension had thickened and separated from the mother liquor, which
retained a slight tinge of purple. After another 2 hours, the mother liquor was found to
be clear and colourless, while the suspension was observed to be lime green. The
product was centrifuged, resulting in the packing of the suspended particles into a
thick disc that, after centrifugation, was found to be resting on the upper surface of the
mother liquor. The latter was decanted after which the glass centrifuge tube, still
containing the lime green solid, was placed in an oven at 60 °C to evaporate residual
solvent. The product was removed from the oven and collected as a flaking light
green layer from the walls of the centrifuge tube. The product was pulverised and then
washed briefly with suction in a8 Buchner funnel with small amounts of ethanol /
water, after which it was dried and stored as a green powder. The product, predicted
to be a co-ordination polymer, [cis-[Ni(I-Et-S, O)}o-(pyrazine-N,N ), Jn(pyrazine),, was
not recfystéllised, as attempts to dissolve the compound in dichloromethane resulted
in the formation of a clear purple solution. This seems to indicate dissociation into the
product’s original components. Subsequent attempts to resynthesise the product with
a slower mixing of the starting materials in order to encourage the formation of

crystalline material were met with no success.

Yield 0.198 g; 84.6 % - assuming a cis-[Ni(I-Et-S,0)}; : pyrazine stoichiometry of
approximately 1:2. The thermal decomposition of the product was investigated using
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hot-stage microscopy — decomp. > 90 °C. Found: 49.10% C, 5.28% H, 15.49% N,
11.77% S. IR (KBr, 1000 — 300 cm'l): 957, 945, 917, 885, 848, 831, 804, 783, 755,
726, 673, 655, 532, 486, 450, 415, 381, 302. A small quantity of the product was
subjected to thermogravimetric analysis. The product was also analysed by x-ray
powder diffraction (XRD).

nickel(ID)-bis-u-~(4.4’-bipyridine-N.N)  ({cis-[Ni(I-Et-S.O)bipy-N.N")l2}5)

0.20 g (0.22 mmol.) of the purple complex cis-[Ni(I-Et-S,0)], was dissolved in 50 ml
of dichloromethane. The resultant solution was filtered through a 0.45-micron nylon
filter. 0.31 g (2.0 mmol.) of 4,4’-bipyridine was similarly dissolved in
dichloromethane and then filtered. The two solutions were heated gently, and then
mixed together in a beaker. The reaction mixture was left to stand. As was the case
with {cis-[Ni(I-Et-S,0)(pyrazine-N,N )]}, above, the formation of a green suspension
was noted after a certain amount of time (in this case ca. 1 hour). Following the same
procedure as with {cis-[Ni(I-Et-S,0)pyrazine-N,N ")}z }», this product was separated
from the mother liquor by centrifugation, dried in an oven, collected as solid green
flakes, pulverised, then washed with ethanol/ water in a Buchner funnel, dried and
finally stored as a green powder. Attempts to recrystallise the product were met with
dissociation to the starting compounds as indicated by the transformation of the green
solid to a clear purple solution. Subsequent attempts to resynthesise the product with a
slower mixing of the starting materials in order to encourage the formation of

crystalline material were unsuccessful.

Yield: 0.215 g; 80% - assuming a cis-[Ni(I-Et-S,0)]; : 4,4’ - bipyridine stoichiometry
of 1:2. The thermal decomposition of the product was investigated using HSM —
decomp. > 160 °C. Found: 54.76% C, 5.34% H, 13.77% N, 9.86% S. IR (KBr, 1000 —
300 cm™) 956, 942, 915, 887, 847, 810, 781, 754, 723, 695, 674, 654, 627, 605, 570,
528, 493, 446, 302. A small quantity of the product was subjected to
thermogravimetric analysis. The product was also analysed by means of x-ray powder
diffraction (XRD) as well as MALDI-TOF mass spectrometry.
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2.4.3. Poly-[cis-{bis-p~(3.3.3’.3"tetracthyl-1.1"-isophthaloylbis(thioureato-S. O))-di-

pickel(I1)-bis-p~(1.2-bis(4-pyridvilethane-N.N ]
cis-INi(1-Et-S, PE-NN

0.20 g (0.22 mmol.) of the purple complex cis-[Ni(I-Et-S,0)}, was dissolved in 50 ml
of dichloromethane. The resultant solution was filtered through a 0.45-micron nylon
filter. 0.37 g (2.0 mmol.) of 1,2-bis(4-pyridyl)ethane (BPE) was similarly dissolved in
dichloromethane and subsequently filtered. The two solutions were heated gently, and
then mixed together in a beaker. The reaction mixture was left to stand. After
approximately 1 hour, the formation of a green suspension was observed. Following
the same procedure as with {cis-[Ni(I-Et-S, O)pyrazine-N,N )2 }n, this product was
separated from the mother liquor by centrifugation, dried in an oven at 60 °C,
collected as solid green flakes, pulverised, then washed with ethanol / waterin a
Buchner funnel, dried and finally stored as a green powder. Attempts to recrystallise
the product were met with dissociation to the starting compounds as indicated by the
transformation of the green solid to a clear purple solution. Subsequent attempts to
resynthesise the product with a slower mixing of the starting materials in order to

encourage the formation of crystalline material were not successful.

Yield: 0.212 g; 76% - assuming a (cis-[Ni(I-Et-S,O)}x: 1,2-bis{4-pyridyl)ethane)
stoichiometry of 1:2. The thermal decomposition of the product was investigated
using HSM — decomp. > 100 °C. Found: 56.75% C, 5.97% H, 12.84% N, 9.13% S. IR
(KBr, 1000 - 300 cm™): 951, 918, 893, 867, 845, 827, 780, 755, 723, 693, 673, 652,
529, 486, 440, 387. A small quantity of the product was subjected to
thermogravimetric analysis. The product was also analysed by means of x-ray powder
diffraction (XRD)

2.4.4. Poly-[cis-{bis-u~(3,3,3’ .3 -tetracthvl-1.1’-isophthaloylbis(thioureato-S, O))-tri-
nickel(ID)-bis-u-{1.2~di{4-pyridvl lene-N.N
{{cis-[Ni(I-Et-S. OXDPE-N.N .} .)

0.20 g (0.22 mmol.) of the purple complex cis-[Ni(I-Et-S,0)}; was dissolved in 50 ml
of dichloromethane. The resultant solution was filtered through a 0.45-micron nylon
filter. 0.36 g (2.0 mmol.) of 1,2-di(4-pyridyl)ethylene (DPE) was similarly dissolved
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in dichloromethane and subsequently filtered. The two solutions were heated gently,
and then mixed together in a beaker. The reaction mixture was left to stand. After
approximately 1 hour, a green suspension was observed to have formed. Following
the same procedure as with {cis-[Ni(I-Et-S,O)pyrazine-N,N )]}, above, this product
was separated from the mother liquor by centrifugation and dried in an oven at 60 ° C.
The dry, flakes of solid product were found to be a dull orange — pink in colour as
opposed to the green colour of the product when suspended in the mother liquor. The
product was pulverised and washed with suction in a Buchner funnel with ethanol /
water. Attempts to recrystallise the compound from dichloromethane yielded a very
interesting result. On exposure of the product to fumes of dichloromethane, the
powdered substance was observed to change colour to a bright green. On removal of
the source of solvent fumes, the green powder reverted to the orange — pink colour
within a few seconds. This colour change was found to be reproducible on re-
exposure to fumes of dichloromethane. This phenomenon was replicated with the use
of chloroform, although a longer period of exposure to the fumes was required. It was
seen that this product possesses the remarkable property of vapochromism with
especially high sensitivity to chlorinated solvents. The process has been seen to be
highly reversible. The product, when dissolved in a quantity of liquid
dichloromethane or chloroform, initially transformed in colour to green, but then
quickly dissociated to its starting materials — indicated by the clear purple colour of
the resultant solution. Subsequent attempts to resynthesise the product with a slower
mixing of the starting materials in order to encourage the formation of crystalline

material were met with no success

Yield: 0.254 g; 91% - assuming a (cis-[Ni(I-Et-S,0)};: 1,2-di(4-pyridyl)ethylene)
stoichiometry of 1:2. The thermal decomposition of the product was investigated
using HSM — decomp. ca. > 110 °C. Found: 56.89% C, 5.50% H, 13.29% N, 9.84% S.
IR, (KBr, 1000 cm™ — 300 cm™): 966, 951, 920, 891, 849, 821, 785, 751, 724, 695,
671, 553, 487, 446, 323. IR (KBr with DMF, 1000 — 300 cm™): 983, 949, 918, 889,
865, 831, 783, 752, 725, 660, 556, 446, 408, 354, 323. A small quantity of the
product was subjected to thermogravimetric analysis. The product was also analysed
by means of x-ray powder diffraction (XRD) as well as MALDI-TOF mass
spectrometry. An experiment to determine the rate and extent of solvent inclusion
associated with the colour change was conducted using a levitating balance.



nickel(ID)-tris-u-(pyrazine-N.N)]  ({cis-[Ni(T-Et-S,OXpyrazine-NN)>}»)

0.30 g (0.22 mmol.) of the brown complex cis-[Ni(T-Et-S,0)}; was dissolved in 50 ml
of chloroform and then filtered through a 0.45-micron nylon filter to remove traces of
solid particles. 0.25 g (3.1 mmol) of pyrazine was similarly dissolved in chloroform
and filtered. The two solutions were heated gently and then mixed together in a
beaker. The mixture was left to stand. After 1 hour a gel-like orange — brown
suspension had formed. The product was centrifuged, resulting in the packing of the
suspended particles into a thick disc resting on the upper surface of the mother liquor.
The latter was decanted after which the glass centrifuge tube, still containing the
brown solid, was placed in an oven at 60 °C to evaporate residual solvent. The
product was removed from the oven and collected as a flaking brown layer from the
walls of the centrifuge tube. The product was pulverised and then washed briefly with
suction in 8 Buchner funnel with small amounts of ethanol / water, after which it was
dried and stored as an orange-brown powder. Attempts to recrystallise the product
were unsuccessful as were any attempts to produce crystalline material by re-

synthesising the product with a slower mixing of the starting materials.

Yield: 0.271 g; 77% - assuming a cis-[Ni(T-Et-S,0)}s: pyrazine stoichiometry of 1:3.
The thermal decomposition of the product was investigated using HSM — decomp. >
90 °C. Found: 49.66% C 5.34% H 15.33% N 12.57% S. IR (KBr, 1000 - 300 cm™):
939, 899, 875, 837, 822, 792, 731, 689, 658, 625, 533, 483. A small quantity of the
product was subjected to thermogravimetric analysis. The product was also analysed
by means of XRD.

2.4.6. Poly-[cis-(tris-u~(3.3.3",3 -tetracthyl-1. 1 -isophthaloylbis(thioureato-S. O))-
tri-nickel(ID)-tris-p~(4.4’-bipyridine- NN}  ({cis-[Ni(T-Et-S, O)bipy-N.N")]3}5)

0.30 g (0.22 mmol.) of the brown complex cis-[Ni(T-Et-S,0)}; was dissolved in 50 ml
of chloroform. The resultant dark brown solution was then filtered through a 0.45-
micron nylon filter. 0.40 g (2.6 mmol.) of 4,4’-bipyridine was similarly dissolved in
chloroform and subsequently filtered. The two solutions were gently heated and then
mixed together in a beaker. The reaction mixture was allowed to stand. After ca. 2
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hours a dark brown gel-like suspension had formed. Following the same procedure as
with {cis-[Ni(T-Et-S,O)Xpyrazine-N,N )] }a, this product was separated from the
mother liquor by centrifugation, dried in an oven at 60 °C, collected as solid brown
flakes, pulverised, then washed with ethanol / water in a Buchner funnel, dried and
finally stored as a fine dark brown powder. Attempts to recrystallise the product and
to produce crystalline material by re-synthesising the product with a slower mixing of
the starting materials were unsuccessful.

Yield: 0.316 g, 79% - assuming a cis-[Ni(T-Et-S,0)]s: 4,4’-bipyridine stoichiometry
of 1:3. The thermal decomposition of the product was investigated using HSM -
decomp. > 100 °C. Found: 53.98% C, 5.18% H, 13.20% N, 9.66% S. IR (KBr, 1000 -
300 cm™): 896, 875, 835, 805, 730, 628, 617, 606, 575, 531, 432. A small quantity of
the product was subjected to thermogravimetric analysis. The product was also
analysed by means of XRD, as well as MALDI-TOF mass spectrometry.

2.47. Poly-[cis-(tris-p~(3,3.3°,3 tetracthyl-1,1’-isophthaloylbis(thiour Q))-tri-
nickel(ID)-tris-p~(1.2-di{4-pyridyl lene-N.N
({cis-[Ni(T-Et-S, OXDPE-N.N")l3},)

0.30 g (0.22 mmol.) of the brown complex cis-[Ni(T-Et-S,0)}; was dissolved in 50 ml
of chloroform. The dark brown solution was then filtered through a 0.45-micron nylon
filter. 0.45 g (2.5 mmol.) of 1,2-di(4-pyridyl)ethylene was similarly dissolved in
chloroform and subsequently filtered. The two solutions were gently heated and then
mixed together in a beaker. The reaction mixture was allowed to stand. After
approximately 1 hour, the formation of an orange suspension was noted. Following
the same procedure as with {cis-[Ni(T-Et-S,OXpyrazine-N,N )]z}, this product was
separated from the mother liquor by centrifugation, dried in an oven at 60 °C,
collected as solid orange - brown flakes, pulverised, then washed with ethanol / water
in a Buchner funnel, dried and finally stored as an orange powder. Attempts to
recrystallise the product were unsuccessful as were any attempts to produce
crystalline material by re-synthesising the product with a slower mixing of the starting

materials.
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Yield: 0.361 g; 86 % - assuming a cis-[Ni(T-Et-S,0)}: 1,2-di(4-pyridyl)ethylene
stoichiometry of 1:3. The thermal decomposition of the product was investigated
using HSM — decomp. > 180 °C. Found: 56.74% C, 5.60% H, 13.05% N, 9.62% S. IR
(KBr, 1000 — 300 cm™): 969, 896, 875, 821, 792, 729, 552, 480, 385 A small quantity
of the product was subjected to thermogravimetric analysis. The product was also
analysed by means of x-ray powder diffraction (XRD), as well as MALDI-TOF mass
spectrometry.
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2.5. Instrumental and Computational Methods

2.5.1. Elemental analysis

All synthesised compounds that could survive removal from the mother liquor were
analysed by elemental analysis. All elemental analyses were performed on a Carlo
Erba elemental analyzer Model 1106.

2.5.2. Nuclear magnetic resonance (NMR) spectroscopy

All synthesised ligands and some metallamacrocyclic compounds were analysed by
NMR spectroscopy. The initial analysis of cis-[Ni(I-Et-S, O)Xpyridine-N),], by NMR
gave rise to a spectrum that was distorted by a very high paramagnetic shift. Since all
octahedral Ni(Il) complexes are paramagnetic, similar distortions were expected for
all octahedral adducts and coordination polymers. As a result, these compounds were
not subjected to NMR

All 'H and C NMR spectra were recorded on a Varian VXR-200 spectrometer. The
deuterated solvents used were chloroform and dimethylsulfoxide (DMSO-d¢). ‘H
spectra were measured at a frequency of 200 MHz in the range.0 — 12 ppm. *C
spectra were measured at a frequency of 50 MHz in the range 0 — 200 ppm.

2.5.3. Infrared (IR) spectroscopy

All coordination polymers were analysed by IR spectroscopy. Samples were prepared
as KBr pellets and analysed on a Perkin-Elmer 983 IR spectrometer in the 1000 cm™
—300 cm™ range. The compound {cis-[Ni(I-Et-S,O¥DPE-N,N )}, }., which undergoes
a colour change in the presence of solvents was subjected to an additional IR analysis,
mixed with N, N-dimethylformamide (DMF) and prepared as a KBr pellet. The lists of
absorption peaks for both analyses are reported above.
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2.5.4. Melting point determination and hot stage microscopy (HSM)

Visual observation of the behaviour of ligands and metallamacrocyclic compounds on
heating was conducted on a Reichert-Jung Thermovar hot stage microscope. All
coordination polymers were heated on a Linkam THMS 600 hot stage, which was
controlled by a Linkam TP92 central processor. Digital photographs were taken
through a Nikon SMZ-10 binocular microscope using a Sony Hyper HAD digital

video camera.

2.5.5. Thermogravimetric analysis (TGA)

All octahedral adducts and coordination polymers were subjected to TGA with a
heating rate of 20 °C min™ under an atmosphere of dry N, (flow rate 30 cm® min™)
using a Mettler Toleda TGA/sDTA 851°. Raw data from these analyses were plotted
graphically using Microsoft Excel.

2.56. X-ray powder diffraction (XRD)

All coordination polymers were subjected to XRD analysis using a HUBER-Guinier
670 Imaging Plate x-ray powder diffractometer using Cu Ko, x-rays (1.5405 A).
Graphs of x-ray reflection intensity vs. angle (20) were plotted from the raw data

using Microsoft Excel.

2.5.7. Single crystal Ax«ray diffractometry

All data for crystal and molecular structures determination were measured on a
Nonius KappaCCD diffractometer using graphite-monochromated Mo Ko radiation
(0.7107 A) at decreased temperatures (either 173K or 193K). In each case, a series of
frames were recorded, each of width 1° in ¢ or in ® (with x # 0) to ensure
completeness of the data collected to 6>28°. The unit cell was indexed from the first
ten frames and positional data were refined along with diffractometer constants to
give the final cell parameters. Integration and scaling (DENZO, Scalepack'®)
resulted in unique data sets corrected for Lorentz-polarization effects and for the
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effects of crystal decay and absorpuion by a combinaiion of averaging of equivalent
reflections and an overall volume and scaling correction. The structures were solved
using SHELXS-97 ' and refined using full-matrix least squares methods (with the
exceplion of cis-|Ni(T-Et-S,0)(pyridine-N)]:) in SHELXL-97 "', with the aid of the
program XSEED. "™ Additional information pertaining to individual structure
determinations is gven in the appropriate places in Chapter 3. If not olherwise
specified, all non-hydrogen atoms were modelled anisotropically, while all hydrogen
atoms were assigned an isotropic thermal parameter 1.2 fimes that of their parent atom
and refined using 2 ‘nding” model. All images of crystal and molecular struciures
were rendered using the program POV-Ray. Addilional modifications to these images,

such as labelling atoms, were performed using Microsoft PowerPoint.

25 %  Levitation balance sorption studies

The product {eis-|Ni(1-Et-5, (N DPE-NN ]z }s, which displays vapochromic
behaviour, was subjected to levitation balance analysis. A sample of the product was
placed n a chamber, which was subsequently evacuated. Vapours of dichloromethane
were then admitted into the chamber. A computer-controlled valve maintained
constant CHLCl: pressure, Ganns in sample mass due to vapour sorption were
measured by a sensihive system, in winch a sample pan is attached to a permanent
magnet which is coupled across the chamber boundary to an external eleclromagnet
suspended from an analytical balance. This coupling is effected by maintaining the
equilibrium beiween the upward electromagnetic and downward gravilational forces
acting on the permanent magnet. Electronic feedback of the position of the permanent
magnet is used Lo control the current through the eleciromagnet in order to balance the
forces. Position feedback is achieved by means of optical sensing, Mass gains at
various constant pressures of CHyCly were measured over time {at room temperature).

The raw daia were plotted graphically using Microsoft Excel.

2.59  Matrix-assisied laser desorption / ionisation time of flight mass spectroscopy
{(MALDI-TOF MS)

Selected coordination polymers were submitted for MALDI-TOF MS analysis, a

technique Lhat accuralely measurcs molecular masses of large molecules such as
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BALANCE

Thermostatted cabinot

Figure 2.5.8(a) Schematic diagram of levitation balance used in sorption studies

of coordination polymer {¢cis-|[Ni{I-Et-S, O DPE-N, V)] 2},

proteins. The instrument used was a Perseptive Biesystems Voyager DE-PRO
Biospectrometry Workstahion possessing Delayed Extraction Technology. The mainx
used was a saturated solution of dithranol (DIT) in CHCLs. 2p! of the matrix/sample
mixture was applied to a MALDI P100 gold sample plate and allowed to completely
dry under a gentle stream of air. The drying process allowed crystallisation of the
matrix and the sample was trapped in the crystals. After confirming crystal formahon
by light microscopy, the plate was inserted into the instrument. The sample was then
analysed using the preset method HCD1005 1n the positive ion mode, which has an
accelerating voltage of 20kV, grid voltage of 94%, Guide Wire Voltage of 0.05%,
delayed extraction at 1500ns and laser intensity of ~2000-2500, Spectra were captured
using Perseptive Grams/32(R) v.4 14

The analysis was done to determine the number of repeating umits 10 the coordination
polymers. In each case, the only mass peaks observed were those corresponding with
singie metallamacrocyclic units. Tt is believed that the solvent used in the technique
caused the polymers to dissociate into their separate components, as there is other
compelling evidence 1o suggest that the products are indeed polymenc. As a result of
this phenomenon, MALDI-TOF MS proved not to be useful in analysing these
products.
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Chapter 3

Results and Discussion
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3.1, Chelating Ligands

The bipodal benzoylthioureas, synthesised by the Douglass and Dains method were
all recrystallised and characterised by elemental analysis, NMR spectroscopy and
melting point determination. The ethyl-branched compounds were found to possess
markedly different solubility properties from those of the hydroxyethyl-branched
ligands.

The hydrogen-bonding ability of the acylthioureas via the N-H group is predictable.
However, the abstraction of the N-H proton during co-ordination of the ligand to a
metal centre precludes this mode of H-bonding from occurring in complexes of
acylthioureas. The synthesis of hydroxyethyl-branched ligands gives rise to the
possibility of new and interesting modes of H-bonding in the ligand crystal structure.
Furthermore, this H-bonding ability should be carried over into co-ordination
complexes based on these ligands.

While only structural data for isophthaloyl ligands have been determined
crystallographically in this study, certain general speculations about their
terephthaloyl analogues (based upon results from this and other studies) will be
discussed.

The structural similarities and differences of the two isophthaloyl ligands I-Et and I-
EtOH will be discussed in some detail. Certain values (i.e. bond lengths and angles)
for these compounds require direct numerical comparison. For convenience in this
regard, these are tabulated together and reported prior to the subsections (3.1.1. and
3.1.2.) devoted specifically to each of the compounds. References are made back to
these tables throughout the two subsections.
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Table 3.1(a). Selected bond lengths in synthesized bipodal isophthaloyl chelating
ligands compared with published data for analogous compounds.

Bond Type Average Bond Lengths (A)
1-(2-chlorobenzoyl)- 1-naphthoyl-
I-Et I-EtOH  3,3-diethyl 3,3-di(n-butyl)
thiourea '® thiourea *
C=0 1218(4)  1.213(2) 1.218(2) 1.215(3)
(OXC-N 1381(4)  1.370(2) 1.360(2) 1.376(4)
(OC)N-C(S)  1428(4)  1.404(2) 1.428(2) 1.420(6)
C=S§ 1671(4)  1.676(1) 1.658(2) 1.676(2)
C(S) - NR; 1.318(4) 1.334(2) 1.327(2) 1.320(3)

Table 3.1(b). Comparison of bond angles in acylthiourea moieties of

I-Et and I-EtOH.
Bonds Bond Angles (°)

I-Et I-EtOH
C-C(0)=0 122.3(3) 121.8(1)
C-C(0)-N 115.1(3) 124.9(1)
0=C(0)-N 122.5(3) 113.2(1)
C(0)-N-C(S) 119.8(3) 126.7(1)
N-C@S)=$ 118.6(3) 121.7(1)
N - C(S)~ NR2 115.0(3) 113.6(1)
S = C(S) - NR2 126.4(3) 124.6(1)




No. Reflections Collected
No. Unique Reflections
Completeness
Refinement Method

Data / Restraints / Parameters

31.1.  3.3.3.3-tetraethyl-1 "-isophthaloylbis{thiourea) (I-Et)

Table 3.1.1(a). Crystal Data and Refinement® Parameters for I-Ex
Molecular Formula CixHzaN4O282
Formula Weight (g.mol™) 394.55
Temperature (K) 293
Wavelength (A) 0.71070
Crystal System Orthorhombic
Space Group Pna2,

a(A) 20.435(71)

b {A) 6.979(1)

c(A) 29.324(2)

a=p=70) 90

Volume (A*) 4182.9(7)

Z 8

Calculated Density (g.cm™) 1.253

i (mm'} 0.274

F(000) 1680

Crystal Size 030x 040 x0.20 mm
& Range Scanned () 3.08-2535

Index Range -23<h=24_ -B=k=7 -5<1=35

156352

7311 [Riint) = 0.0398]

97 .4 %
Full-matrix L.S. on F*

7311/ 17494

Goodness-of-fil on F* 1019

Final R Indices [I>2a(1}] R;=0.0455, wR, = 0.0992
R Indices (all data) Ry =00742, wR;=0.1103
Largest Diff. Peak and Hole 0.852 and -0,200 ¢, A

* Flack paramcter (.43 indicates o meemic twin (see CITF file in appendin By Stnwciuee was refined as soch
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Single crystal diffractometry

Figure 3.1.1{a) shows the molecular structure of 1-Et. Inspection of the melecular
structure indicates that the two acyithiourea moieties assume non-planar
conformations with respect to the phenvlene ring and are in an ‘am#” orientation
relative fo each other, similar to that observed in the related structures on 1,1"-di{n-
butyl}»3-naphthoylthiourea * and 1, -diethyl-3-(2-chlorobenzoyl)thiourea '**. The
important bond lengths within T-Et are very similar to the corresponding values
observed for the compound 1, I-diethyl-3-(2-chlorobenzoyl)-thiourea and 1.1°-di{n-
butyl}-3-naphthoylthiourea as well as for I-EtOH. (Table 3.1(a)). The bond lengths,
C4A — N4A (1.318(4) Ay CZA — N3A (1.381(4) A) and C4A — N3A {1.428(4) A), are
significantly shorter than the average length of a C(@j] - N(&pj] bond (1.472 £ 0.016
A reflecting a degree of double bond character in these C — N bonds and

following a trend typical for this class of compound ™ '* ' " ¢

is interesting to note
the effects of electron delocalisation on these bond lengths upon complexation,
Specifically, it will be shown (see Section 3.2 below) that the C=0and C=8§
lengthen, indicating a decrease in bond order, while the C — N bonds that torm part of

the chelate ring shorten, indicating a shift towards greater double bond character.

C84A

C83A

CISA

Fig. 3.1.1(a). Molecular Structure of [-Et (Molecule A). Thermal ellipsoids drawn
al 50% probabhility
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At first, it appears that the molecule possesses a 2-fold rotation axis through C12A
and C15A However, on closer inspection, it is seen that one half of the molecule
differs slightly from the other (compare bond angles O1A — CZA— C11A 12232 and
O5A —C6A —C13A 122,127 as well as angles N3A - C4A  N4A 115.00° and N7A -
CBA — NBA 116.45°) In theory, it would be possible for the asymmetric unit for thig
crystal structure to consist of one half of this symmetrical molecule. The cxperimental

evidence proves otherwise.

Furthermore, figure 3.1.1(b) shows that there are two molecules of 1-Et in the
asymmetric unit {A and B), which are not related by symmetry and which assume
somewhat different conformations. This can be seen by comparing torsion angles
involving the ethy] branches in molecule A C(4A) — N{4A) - C(41A) — C{42A)
69.1(4)" C(4A) — N(4A) - C{43A) - C(44A) -97.6(4)°, C(BA) — N(8A) - C{81A) —
C(82A) 139.9(5)" C(8A) — N(BA) - C(83A) C(84A) -87.0(5)° with the
corresponding angles in molecule B: C(4B) — N(4B} - C(41B) - C{42B) 86.9(4)":;
C(4B) — N{4B) — C(43B) — C(44B) -110.1(4)°, C(8B) N(8B)- C(81B) - C(82B)
590.9(5)", C(8B) — N(8B) — C{83B) — C{84B) 86.9(4)".

Molecule A Molecule B

Fig. 3.L1{b}). Asymmetric Unit of [-Et Crystal Structure Thermal ellipsoids
drawn at 50% probability
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The crystal packing of I-Et molecules consists of chains of symmetry related
molecules (A linked to A and B linked to B) interconnected by hydrogen bonds
between N-H and S moieties (Table 3.1.1(k)). Thus each melecular link in the chain is
doubly H-bonded to the next. These chains run parallel to the b-axis of the unit cell

{1.¢. in the [010] direction) as indicated in figure 3,1.1(¢). By companng torsion
angles O1A — C2A - N3A - C4A (-9.957) and C2A — N3A — C4A — S4A (-106,05%),
it can be seen that the carbonyl (C2A-O14A) and thiocarbonyl {C4A-54A) moieties

arc virtually orthogonal to one another, held in that position by a hydrogen bond to a

nitrogen atom in an adjacent molecule,

Table 3.1.1{b). List of Hydrogen bonds in crystal structure of [-Et

Atoms in Hydrogen
Bond {D-H—A)

Donor — Acceptor
Distance (A)

H-Bond Angle
)

Svymmetry Opcerator

N3A - H3A - SBASI
NTA -—H7A - S4A%2
N3B H3B --- §8B§1
N7B - 1i7B --- S4B%2

3410
3405
3305
3.428

1598
170.9
1327
163.0

Fl(x;v+1;2)
$2 (i y- 1. 2)
BB el e
2. (x;v-1:7)

Fig. 3.1.1(¢). Crystal Structure of 1-Et: H-bonded Chains of I-Et Molecules
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The fisll crystal packing of [-Et is illustrated by sterec diagrams viewed along the
[100], [010] and [001] directions {figure 3.1.1(d}}.

(i)

(ii)

(i)

Fig. 3.1.1{d). Stereo crystal packing diagrams of I-Et viewed down principle
divections [100] (i), [010] (i) and [001] ().
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By viewing the ¢rystal packing in the [010] direction the H-bonded chains of
molecules are clearly seen to run parallel and to be separate from one another. When
viewing along the other principle directions in the crystal, one can see that the
molecules within a particular chain are in identical orientations, while malecules in
neighbouring chains differ in orientation. The angle made between the phenylene ring
planes of two molecules 15 a good indicator of relative orientation. In the asymmetric
unit, the phenylene ring planes of molecules A and B make an angle of 84 51 ° with
one another, Despite having phenylene rings almost perpendicular to each other, both
of these molecules are links in chains that run parallel with one another, The distance
between phenylene rings in successive molecules is b= 6.979A. This is far greater
than the accepted distance for strong #-n interactions (3.3 — 3.8 A) '*. Thus the H-
bonds are the dominant factor in determining the mode of crystal packing.

1t is interesting to note that there is an apparent relationship between type A molecules
in one asymmetric unit and type B molecules in a different asymmetric unit {e.g.
generated by symmetry operator (M +x, Y2 -, 2)). They appear to have identical
orientations, with one molecule able to be generated from the other by pseudo 2-fold

screw axis symmetry, as shown in figure 3.1, 1{e).

Maolecute B Mole¢nle B

[% + X, La =¥, Z] [x'r Y. Z}
Molecule A
{1, ¥, %)
Molecube A

‘2 +x,%-v,2)

Fig. 3.1.1{¢). Relative orientation of [-Et molecules in 2 asymmetric uniis

The phenyl ring planes of two such melecules appear at first glance to be paraliel.

However, the angle between these planes is calculated to be 3.95 °. Furthermore, the
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smail, yet significant, differences in conformation of molecules A and B menticned
above strengthen the argument that there is no symmetry-based relationship between
type A and type B molecules.
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312 3333 -tetra(2-hydroxyethyl)-1.1°-isophthalovibis(thiourea) (I-EtOH)

Table 3.1.2{a). Crystal Data and Refinement Parameters for [-EtOH

Molecular Formula C 26Ny 068

Formula Weight {g mol™) 458 56

Temperature (K} 193

Wavelength (A} 0.71073

Crystal System Tetragonal

Space Group Pda2,2

a=b(A) 9.289(1)

¢ (A) 25, 028(5)

a=p=7() 90

Volume (A %) 2159.6(6)

Z 4

Calculated Density (2.cm™) 1.410

f (mm™) 0,289

F{G00) GoR

Crystal Size 0.60x 040 x 040 mm

& Range Scanned (") 3932828

Index Range -12<h=12, -B<k=12, -31<1<33
No. Reflections Collected 12620

No. Unigue Reflections 2660 [Riint) = 0.0266]
Completeness G8.2 %

Refinement Method Full-matrix LS. on F*
Data f Restraints / Parameters 2660 /0/ 149
Goodness-of-fit on F* 1.074

Final R Indices [[=2a(I)] Ry =0.0264, wR; = 0.0708
R Indices (all data) R, = 00285 wR;=0.0723
Absolute Structure Parameter 0.01{e)

Largest Diff, Peak and Hole 0.169 and -0.186 ¢, A~
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Single Crystal Liffraciometry

Figure 3.1.2(a) shows the molecalar structure of the I-EtOIl melecule. The
asymmetnc unit comprises one half of (he 1-EtOH molecule. The other half of the
molecule is gencrated by a 2-fold rotational symmetry operation that transforms the
coordinate (x, v, z) into { -y, 1-x, ¥%-z). Other axes of this type exist at intervals of ¥
alomy the [001 | direction. The atoms C12, H12, C14 and H14 lic on the 2-fold rotation
axis at special positions (x, 1-x, ¥4). In other words, the rotation axis is a diagonal of

the square made by taking a transverse scction of the tetragenal unit cell at z =14,

01

| P

s
8
’»."044 C13
Cl4

H440 © -

C44

Figure 3.1.2(a), Molecular structure of 1-E(OH with N-H and O-H hydrogen
atoms and intramolecular H-bonds indicated. Thermal ellipsoids drawa at 50%

probability.

Il 15 immediately evident that the structurc is analegous to that of I-Et. However, nat
unexpectedly, there are diflerences between the structural details of the two
compounds, These differences are of varying degree. The I-ELOH acvlthiourea bond
lengths differ only slightly trom the corresponding bond lengihs in 1-El (see Table
3 1{a)). while the bond angles wathin the acvlthiourea moleties of the two compounds
(see Table 3.1(b)) difTer by up to 10° (C11 —C2 — 01 124.9° in 1-EtOH and C11A -
C2A -01A 115.1°%).

As is the case for I-Et, the acylthicurea moieties of I-EtOH do not lie coplanar with

the phenylene ning. However, the conformation of this functional group is greaily
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different from is counterpart in [-Et. For 1-Et, the carbonyl and thiocarbonyl moieties
were shown ta be almost perpendicular; for I-EtOH, the torsion angles O1 — C2 — N3
— 4 (-5.4°) and C2 — N3 — C4 — 84 {-46.0") show that the C - O and C - § groups are

in an oblique orientation with respect to each other,

This conlprmational difference is a result of the difference in hydrogen-bonding
modes beiween 1-Et and 1-EtOH. For the former, the N-H groups were shown fo act as
donor groups for intermolecular H-bonds to carbonyl oxygens. In the case of [-EtOH,
the N-H group is engaged in an intramwlecular interaction with the hydroxyl oxygen
atom 044. This hydroxyl group in tum acts as a denor in an intermolecular hydrogen
bond to sulphur atom 54 of a neighbouring asymmetric unit generated by the
symmetry operator (2 +x, Y2 -y, ¥ -z). The atom O] acts as a hydrogen bond
acceptor in an intermolecular interaction with the hydroxyl group 042 — H420 of the
asymmetnc unit in svmmetry-generated position (12 + x, 3/2 - y, Y4 -z). Table 3.1.2(b)
lists the unigue hydrogen bonds present in the crystal structure of 1-EtOH

Table 3.1.2{b). List of Hydrogen bonds in crystal structure of I-EtOH

Atoms in Hydrogen Donor — Acceptor  H-Bond Angle Symmetry Operator

Bond (D-H-—A) Distance (A) ("
N3 - H3 - 044 2.706 162 4
044 — HAO --- $431 3 164 1578 §1: (% + x, Yo -y, Vi -2)
042 — H420 — 01852 2,791 141.0 $2: (Yo +x, 3/2 -y, Y -2)

The modes of hvdrogen bonding exhibited by T-EtOH in the crystal structure differ
somewhat from these observed for the monopedal analogue 1-benzoyl-3,3-di(2-
hydroxyethylithiourea *® In both cases, a N — H — O(H) intramolecular hydragen
bond, as well as an O — H --- O{C) intermelecular interaction are chserved. However,
where an O — H - O(H) intermolecular hydrogen bond is vbserved for the
monopodal compeound, 1-benzeyl-3,3-di(2-hydroxyethyl thourea, an O — H --- 5{C)

intermulecular interaction is chserved in the case of [-EtOH.
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In the crystal structure of 1-benzoyl-3_3-di(2-hydroxyethylthiourea, the molecules
were described as packing “in stacks of alternating orientation and (the molecules) are
hydrogen bonded in & ribbon-like fashion approximately parailel to the z-axis. This is
a consequence of the symmetry of the space group {P2,2,2,) in which this compound
crystallises. Note that this description of linear H-bondcd chains is to some extent
remimscen! of what is observed for the bipodal ethyl-branched compound [-Et

{section 3.1 .| above).

It will now be shown that the higher order symmelry of the bipodal, hydroxyethyl-
branched [-EtOH crystal structure gives rise to a wholly different mode of packing
that is far more complicated than what was observed for the monopodal hydroxyethyl-
branched compound, 1-benzoyl-3,3-di(2-hydroxyethybithiourea, or the bipodal ethyl-
branched compound, I-Et,

The P4:2,2 space group possesses muftiple symmeetry elements, the most
characteristic of which is the 4-fold screw axis. Three symmetry operators will
generate asymmetric units that are connected to the original {either half of the same
molecule or joined by intermolecular H-bond), meaning that the crystal structure is in
fact a nctwork of hydrogen-bonded molecules of 1-EtOH. The crystal packing
diagrams {Fig 3.1.2(b)) indicate these two characteristic features of this crystal
structure.

The complex hydrogen-bonded network and 4-fold screw axis symmetry are cvident
i1 the crysial packing when viewing in the [001] direction. However some closer
examination is worthwhile, as the high order of symmetry of the tetragonal space
group suggcsts that interesting symmetry-generated patterns of molecules can be
found. To view these, we must start with a single asymmetnic unit and grow each
pattern singly, for if all possible symmetry generated paiterns are viewed
simuttaneously, we observe the full packing of the system, while much of the beauty

of the crystal’s symmetry is mdden.
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(D)

(i) 0 Va

(iii)

Fig. 3.1.2(b). Stereo crystal packing diagrams of I-EtOH viewed down principle
directions [100] (i), |016] (i) and [001] (iii).
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Fig 3.1.2{c) illustrates the growth of the asymmetric unit into a symmetrical pattern.
Take a single asymmetric unit. 1t 1 half a melecule of I-EtOH. By 2-fold rotation
symmetry, the other half of the melecule is grown. Let the onginal asymmetric umt be
arbitrarily named A and the other B, (Of course, as these umits are indistinguishable,
these labels are meaningless and are only used here for the sake of convenience in

description.) This is Step 1,

5 AW R . i R 4 N
(‘ 4, 1 % j ;_ll{ e £ 'F:'-.__I E:?F g
1] v ¥ P
f
d’" L\r" ’

.................................

f{nl_!.:? ,?f’?
Raa's S,

Figure 3.1.2{¢). Growing (¢ — H -— O hydrogen-bonded helical chain of I-E{OH

by 4-fold screw-axis symmetry operation.

The asymmetnc unit whose atom 042 is H-bonded to atom O1 of unit B is now
grown by 4-fold screw axis symmetry. This newly grown unit is labelled as A. This s
Step 2.

Tt therefore follows that this unit will be attached to another unit B to give a second

complete molecule of 1-EtOH (repeating Step 1},

If the process is repeated of continuously growing unit A H-bonded to the last grown
unit B as in Step 2 (042A - H42A ---- OLB}, followed by growing the other half (B}
of this new molecule (i.e. repeating step 1) it ¢an be seen that the molecules of 1-EtOH
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are being grown by way of a 4-fold screw aas. The result is 2 helical H-bonded chain
of molecules whose axis runs parallel to the c-axis of the unit cell. Fig. 3.1.2(d) shows
this helix as viewed down each of the unit cell axes. This helix 15 ctiral; winding anti-

clockwise in the +z direction,

(i)

’-;rt ,::! wd y
2% ';'1 ot SR S Lr:r 1 ‘1"-".':1 .
b "'5' " . l{; *r'i ¢ 1tt i
- i i -
' ‘.}‘ T::?J. L T . & s i":f-. -
:‘E_.,"‘f ' {‘,""}. ?‘l 1h_';.ﬂ‘

bl el a-
F.* o ﬁf_:

L 7 4N

Figure 3.1.2(d). Single 4-fold helical O — H -—- O hydrogen-bonded chain viewed
down principle unit ecll directions: [106] (i), [010], GGii) and [001] (iii). Hydrogen

atoms omitted; H-bonds shown as D -— A connections.

Clearly, one could instead follow a similar process by growing the unit B whose atom
042 is H-bonded to O1 of unit A as Step 2. Then the produced result would be an
identical 4-fold hebix of the same chirahity parallel to the c-axis, but one that is not a
comtinuation of the helix described above. In fact, each melecule of [-EtOH 15 the
junction of two separate, vet identical helices. This 1z clearly illustrated in Fig. 3. 2{e),
which shows two views of a molecule of I-E1OH with all four O — H --- O hydrogen
bonded neighbours. These neighbours are shown in different colours. The green
malecules are part of one helical chain. The blue melecules are part of another. The

central molecule is part of both helices.
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Figure 3.1.2(e). Two views of I-Et-OH molecule shown as intersection of two
helical O — H -~ O hydrogen-honded chains. Hydrogen atoms omitted; H-bonds

shown as ) -— A connections,

By further growth of both helices, we arrive at the pattern illustrated in Fig 3 2(f).
Two helical chains share an intersecting molecule. At an interval of 4 I-EtOH
maolecules further along both chains, there is another junction molecule. This pattern
of intersecting double helices continues parallel to the c-axis throughout the crystal.
The figure 15 colour-coded: green and blue for molecules in separate helices, crange

for molecules that are junctions of the helices.
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Figure 3.1.2(f). Views of intersecting O-H — O hydrogen-bonded helical chains
of J-EtOH molecules. Hydrogen atoms omitted; H-bonds shown as D — A

connections,

Even though in Fig. 3.2(f) the green and blue molecules are shown as being part of
only one chain, each of these molecules is also a link in another chain net shown. The
crystal structure is thus made up of a network of H-bonded molecules running in 4-
fold helical chains parallel 1o the ¢-axis. These chains are all interconnected and thus
the crystal structure of I-EtOH is in fact a 3D H-bonded network. Compare this with
the H-bonded molecular chains in the crystal structure of I-Er, where mdividual
chains of molecules are not interconnected and thus the crystal structure is a 1D
network. Furthermore, the H-bonding capability of I-Et is lost on deprotonation of the
N-H hydrogens prior to complexation. Any chelate complexes of I-Et will be
incapable of hydrogen bonding [n the case of I-EtOH, the hydroxyl groups will
remain intact after complexation to a metal cation. The H-bending capability

demonstrated by the uncoordinated ligand therefore mirrors the H-bonding ability that
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should be avallable to metallamacrocvcles based on I-EtOH, This wall be illustrated in
the crystal structure of cis-[NI{I-EtOH-5, () pyridine-Nz 1§z (subsection 3.3.3 below).
Another way Lo view the crystal structure is by a similar process centred on the 044 -
H44() -—- S4%1 hydrogen bonds. Figure 3.1 2(g} demonstrates this process. Starting
from asymmetric unil A, the other half of the [-EtOH molecule is generated (labelled
unit B}. The second siep i3 to generate the asymmetoc umt whose atom 044 is H-
bonded to S4 of unit B. This new unil is labelled A. By repetition of steps 1 and 2, a
H-bonded 4-fold helical structure is grown,

Figure 3.1.2{g). Growing O — H — S hydrogen-honded helical chain of I-EtOH

by 4-fold screw-axis symmetry operation.

The resulting helical chain is represented in Figure 3.1.2(h). The 4-fold screw axis
symmetry can clcarly be seen n this diagram. The O — H --- § hydrogen bonds are
found quile close to the screw-axis, thus the central ‘well” around which the helix is
wound 15 much narrawer than that of the analogous O - H --- O helical paitern as

shown in Figure 3.1 2(d}, giving the patterns markedly different appearances.
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Figure 3.1.2(h). Single 4-fold helical () — H -— S hydrogen-bonded chain viewed
down principle unil cell directions: |100] (i) (ball and stick), [010] (ii) (ball and
stick), and |001] (iii} (stick). Hydrogen atoms omitted; H-bonds shown as I} — A

conneclions,

As is the case for the O — H --- O helical pattern, an alternative mode of growing
asymmetric units gives rise to an identical pattern, hut one that is not a continuation of
the same helical structure. This is done simply by growing the asymmetric unit whose
54 15 H-bonded to O44 ofunit B as step 2. Each molecule of I-EtOH ¢an be seen as
the junction of two O — H --- § helical structures. Figure 3.1.2(i) shows a central I-
EtOH molecule and the 4 neighbouring molecules connected to it via the 044 — H440
—- 54 intermolecular hydrogen bonds. The green-coloured molecules are part of one
helical pattern, while the blue-coloured molecules are part of the other. Compare this

figure with Figure 3.1.2{e} sbove.

By further growth of both H-bonded chains, the intersecting double-helical pattern
illustrated in Figure 3.1,2()) is generated, The figure is colour-coded as in Figure
3.1.2(f) ahove. The junctions between the two helices occur every four molecules in

either chain.
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Figure 3.1.2(i). I-EtOH molecule shown as intersection of two helical O - H -— §
hydrogen-bonded chaims. Hydrogen atoms omitted; H-bonds shown as D — A

conseclions,

Figure 3.1.2(j). Views of intersecting O — H — S hydrogen-bonded helical chaing
of I-EtOH molecutes. Hydrogen atoms omitted; H-bonds shown as D — A

cannections.

The packing of the [-EtOH crystal structure can be described as the superposition of
the helical H-bonded chains described above. Clearly, this is a crystal structure of
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great complexity, which arises from the high order of symmetry of the space group in
which the compound crystailises, as well as the muitiple modes of connection
between asymmetric units. This contrasts with the crystal structure of the compound
1-Et, in which only one mode of hydregen bonding exists, and far fewer symmetry
elements are present. The 1-EtOH crystal packing also contrasis with the crystal
structure of the monopodal hydrexyethyl-branched 1-benzoyl-3.3-di(2-
hydroxyethylithicurea **, which exhibits H-bonded ‘ribbons’ rather than an intricate
interconoechon of helices. Tt seems that a ligand possessing a combination of features
{hvdrogen bond-capable hydroxyethyl groups and a bipodal molecule} gives riseto a
far more complicated type of crystal packing than the compounds that possess either

one of these features alone,

The comparison between the two isophthaloy! bipodal hgands must continue as one
examines the products of their complexation with nickel and the subsequent formation
of octahedral adducts by the addition of pyridine. Whereas the supramolecular
interactions of the complexes based on 1-Et will be seen to be relatively simple, the
3D hydrogen bonded network of molecuies described here for 1-EtOH adumbrates the
intricate supramolecular sirueture of the oclahedral mckel complex eis-[Ni(I-EtOH-

S, (Npyridine-N)z]: that is synthesised from this compound.
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3.2. Metallamacrocyclic Complexes

Although a total of four metallamacrocyclic complexes were synthesised, the crystal
structure of only one such compound was obtained. As a result, this section deals
mainly with that particular compound - cés-[Ni{1-Et-8, () ..

The other three metallamacrocyelic compounds were characterised by techniques
such as elemnental analysis or NMR spectroscopy. The results of these techniques have
been reported in the Experimental Section above and confirm to a certan extent that
these compounds are indeed 2:2 or 3:3 metallamacrocycles. More conclusive
evidence indicating the metallamacrocyclic nature of these complexes will be given
by the crystal structures of the various octahedral adducts of these complexes in
Section 3.3 below.

The need to grow crystals of the metallamacrocyclic complexes in order to
conclusively prove their existence is obviated 1f crystals of their octahedral adducts
can be obtained. Because of this, and since it has proven far stmpler to grow crystals
of the adducts rather than the metallamacrocyclic complexes themselves, it furns out

that Section 3.2 i3 short, where Section 3.3 is far longer and more detailed.

However, the single square planar metallamacrocyclic crystal structure described
this section is exceedingly important. Much information about the metallamacrocyclic
complexes can be inferred from the crystal structures of their adducts, assuming that
the metallamacrocyclic structures are not altered greatly after undergeing octahedral
coordination by N-donor ligands. The hypothesis that the metallamacrocyclic
structure does not vary greatly upon octahedral coordination will be employed when
considering the possible outcomes of polymerisation of metallamacrocycles in

Section 3.4 below

This hypothesis is confirmed by the comnpartson of the square planar 2:2
metallamacrocyele cis-[Ni(I-Et-S.(0)]:, with its octahedral adducts eis[Ni(I-Et-
S Nipyridine)}s and cis-[Ni{1-Et-§, N{DMAP); 15, as will be clearly shown below.



3.2.1. Cis-[bis-p~(3.3 3" 3 -tetracthyl-1.1"-isophthaloyibis(thioureatg-S,O))-di-nickel(IT)]

(cis-[Mi(I-Et-8.O1]:)

Table 3.2.1(a). Crystal Data and Refinement Parameters for cis-[Ni(I-Et-5,0)}z

Molecular Formula
Formula Weight (g mol™)
Temperature (K}
Wavelength (A)

Crystal Systemn

Space Group

a(A)

b (A)

c(A)

a()

B

Y ()

Volume (A7)

Z

Calculated Density (g.cm™)
1l {mm‘l}

F(000)

Crystal Size

8 Range Scanned (*)

Index Range

No. Reflections Collected
Mo. Unigue Reflections
Completeness

Refinement Method

Data / Restraints / Parameters
Goodness-of-fit on F*

Final R Indices [[>20(T)]

R. Indices {all data)

Eargest Diff Peak and Hole

C3eHagNxQs84Nn

902.51

173

0.71070

Triclinic

P-1

8.3237(1)

0,6149(1)

12.8717(1)

81.080(1)

82.799(1)

84.601(1)

1006,75(2)

1

1.489

1,192

472
GI0x018x0G15mm
1.61 2749

-10=h=10, -12<k<12, -15<1<16
648

4625 [R{int) = 0.0147]
99,8 %

Full-matrix LS. on F*
4625 /0 /248

1.048

R, =0.0232, wR, = 0.0593
R, =0.0283, wRy=00617
0.342 and -0272e A"
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Single crystal diffractometry

The elucidation of the melecular structure of cis-[Ni(I-Et-S,(}}]: confirms that the
complex is a 2:2 metallamacrocycle (Figure 3.2 1(a)}. The asymmetric umit consists of
one haif of a cis-[Ni(1-Et-5,(7}]; molecule. The other half of the molecule is generated
by & cenirosymmetric operation. The complex exhibiis the characteristic square planar
cis-5,C2 chelate coordination of the acylthiourea moicties to the nickel(II} centres,
although there is some deviation from ideal square planar behaviour: the ¢#s- bond
angles around the nickel centre all deviate from 90°(0O1A — Nil - O1B 85.80°, O1A -
Nil — S4A 96.15%, $4A — Nil — S4B 83.60° and O1B — Nil — S4B 94.68°) and the
irans-bond angles across the nickel centre both deviate from 180° (Q1A —Nil — S4B
175.47° and O1B — Nil — 54A 176.527).

Furthermore, these atoms are not coplanar. The root mean square (rms) deviation of
these atoms from (heir least squares plane is 0.0586 A, which is significant, being an
order of magnitude greater than the rms deviation of the benzoyl atoms of the same
molecule from their Ls. plane (0.0651A), The two unique 6-membered chelate rings in
the compound namely O1A - C2A -N3A-C4A - S54A Nil -0OlA and Q1B —
C2B — N3B — C4B — 84B — N1l — Q1B, should in theory be planar rings. In fact,
neither ring is truly planar, but it is evident that the atoms of the former chelate ring
are far closer to being coplanar than those of the latter (rms deviations of 0.0433 A
and 0.1635 A respectively). In the case of the latter, it is the atom S4B that deviates

most greatly from the theoretical plane, giving this ring a "buckled” appearance,

The eniire molecule {with the exception of the ethyl branches) could also, in theory,
be planar, bul inspection of the atoms of the asymmetric unit (excluding hydrogen
atoms and alky! carbon atoms) for planarity reveals that these atoms have a rms
deviation from the L.s. plane of 0.2201 A. This value is reduced to 0.1419 A by
emitling the single atom S4B from the planarity caleulalion. Even with this omission,
the calculation shows that the metallamacrocyclic ring is not completely planar.
Nonetheless, the structure of cis-[Ni{I-Et-5, )]z 18 quasi-planar as shown 1n figure
3.2 1(afii}).
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Fig. 3.2.1{a) Molecutar Structure of cis-[Ni(I-Et-8,{)]: viewed from perspectives
(i) normal and (ii) paratlel to the benzoyl ring planes. Thermal ellipsoids drawn
at 50% probahility.

The important bond lengths of cis-[Ni{1-Et-S,()]: are listed in Table 3.2.1{(b). They
are compared with the corresponding bond lengths of the ligand 1-Et {where
applicable) as well as with those of an analogous Pd{IT} metallamacrocycle,” the
monenuclear complex bis(1-benzoyl-3, 3-di(n-butyl}-thioureato) PH(TE) '*and the
mononuclear complex bis{ 1-benzoyl-3,3-diethylthioureate) Ni(II) *. The data in the
1able reveal that there is a significant lengthenmg of the carbonyl and thiocarbonyl
bonds of I-Et upon complexation with a concomitant shortening of hoth types of C —
N bond within the newly formed chelate ring. This points to a certain degree of
electron defocalisation within the chelate rings. Although the table refers to the
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carbonyl and thiocarbony] bonds as C — O and C = S bonds respectively, il is
important to note thal these bonds have lost a significant degree of the double bond
character with which they are characterised in the crystal structure of [-Et. On the
other hand, the carben — nitrogen (partially) single bonds that existed in the free
ligand have now gained an even greater amount of double bond characler, as
evidenced by their shortening in length (with the exception of the C(S) - NRz bond,
which lies outside of the chelatc ring and has lengthened. ) A prerequisite for the
establishment of electron resonance within the chelate rings 15 the deprotonation of
the N-11 hvdrogen atoms of 1-El, effected by the acetate ions present during the
reaction. Although hydrogen atoms are not indicaled in Figure 3.2.1(a), the
deprotonation is confirmed by the absence of the N-11 signal from the "H NMR
spectrum of ¢cis-[NI([-Et-8.(7)]; (see Lhe section on the charactenisation of cis-[Ni([-Et-
8,04z in Chapter 2)

Table 3.2.1{b) Comparison of important bond lengths of cis-fNi(I-E1-5,0)|z with
corresponding bond lengths of free ligand 1-Et and analogows Pd(TT)

metallamacrocyclic and mononuclear Ni{TT) complexes

Bond Avcrapge Bond Lengths (A)
Gis-INII-Et=-SO) - FEt (cis-[PAL2-S,O0])®  Bis(1-benzoyl-  Bis(1-benzoyl-
3,3-di(n-butyl) 3,3-diethyl
thioureato) Py(Il) thioureata) Ni(1l}
13 9

CmO 1.274(1) 1.218(4) 1.267(4) 1.261(7) 1.252(4)
C{0)- N 1.320(2) 1.381(4) 1.323(4) 1.305(6) 1 327(6)
C{S)=N(CO) 1.344(1) 1.428(4) 1.3358(4) 1.343(%) 1 339(6)
C=S 1 730(6) 1.671(4) 1 740(3) 1.717(13) 1.731(4)
C(5)-NR2 1.340(1) 1.318{4) 1.346(4) 1.350(11) 1.332(7)
O - Metal 1.880(1) = 2 028(2) 2.022(6) | 863(3)
5 — Metal 2.147(12) - 2.433(9) 2.232(3) 2.123(2)

L= 3.3,3, 3 detra{n-butyl-1, 1 -isophthaloylbis(thiourea)
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Table 3.2.1({b} also shows thal the intra-ligand bond lengths are all similar to those of
analogous complexes, both mononuclear and metallamacrocyclic — although it should
be noted thal some of the bonds in the Pt{[[) complex {namely the thiocarbonyl bond
and the C(0Q) — N bond} are significantly shorter than the analogous bonds 1n the other
complexes. The O — Ni and 8 — Ni bonds of ¢is-[Ni(T-Et-§,()|; are shorter than the
corresponding bonds of the palladium{IT metallamacrocycle and the platimim{II)
mononuclear complex {which is of course to be expected owing to the greater alormc
radii of palladium and platinum}, and are comparable in length to the corresponding

bonds in the mononuclear complex bis(3,3-diethyl-1-benzoylthioureato) Ni{II).

The molecular structure shown in Figure 3 2 1(a} possesses a central cavity. This
fealure of the structure could be of interest in that il suggests (he possibility that cis-
[Ni{[-Et-5,{"]: is a porous or channel-type malerial However this representation 15
misleading, The inlernuclear distances between identical atoms across the centre of
symmetry (and thus across the cavity) of the complex are as follows; Nil — Nil
76734 C16A — C16A 5.153A, O1A—01A 5.603A and O1B -- O1B 5 500A,
However if cne takes into account the van der Waals radii of each tvpe of atom, it can
be shown that the central cavity is far too small to admit any atoms or ions, Figure
3.2.1(b) i3 a space-filling depiction of the complex ¢is-[Ni(I-Et-5,(J)]z, In this figure,
it is clear that there is no possibilily of pores or channels of sufficient size to permif

the trapping or transportation of pariictes.

Fig. 3.2.1(b). Space fill representations of the 2:2 metallamacrocycle cis-]Ni(J-Et-

5,0z viewed (i) normal to the face of the molecule and viewed (ii), (ili) edge-on.
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(i)

Fig. 3.2.1{¢). Stereo crystal packing diagrams of cis-[Ni(I-E(-S5,0)]; viewed down
principle directions [100] (i), [010] (i) and |001] (iii).
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The crystal packing of ¢is-[Ni(T-E1-8,(%)]; is depicted in Figure 3.2 1{c). The centres
of symmetry in the umi cell transform each haif of a molecule into the other half The
low symmetry of the P-1 space group is evidenced by the fact that each molecule of
cis-[NH{T-Et-5,09)]z m the ¢rystal is generated by translation operations only, The
repetition of a molecule occurs at intervals of one unit cell length in each of the axial
directions. As a result, the molecules are all in paraliel orientations. The packing
diagrams reveal one important feature of the crystal structure: the presence of an
intermolecular m-m interaction. A better perspective for iewing this feature is given in

Figure 3.2.1(d).

One benzoyl ring of a ¢is-[Ni{T-E1-8, (J)]; melecule associates with the six-membered
chelate ring: Nil3 — O1B - CZB — N3B ~ C4B - 54B of the adjacent molecule
generated by a translation of one unit ceil length in the [100] direction (ie. x + 1, ¥,
2)), while the specified chelate ring of the former molecule, associates with a benzoyl
ring of the latter. This interaction causes the complex molecules to form offset stacks
running in the [100] direction, This finding is conststent with the prediction of the
theoretical study by Hunter and Sanders'™ that an offset cofacial interaction will be
more stable than a fully superimposed interaction,

The distance between the centroids of associated rings is found to be 3. 8044, This
value, as well as the effser parallel erientation agree with the trend observed by Janiak
for x-n interactions ', A similar type of interaction was found for the previously
reported Pi(11) metallamacrocycle synthesised with the same ligand (1-Et),*' although

in that publication it was not explicitly described as a n-m interaction.

The 2:2 metallamacrocyclic complex cis-[Ni{1-Et-S, ()] displays marked similarity to

# 4 in terms of their molecular

its previously reported Pd{11) and Pt{II) analogues
structural features such as bond iengths and deviations from ideal square planar
configuration about the metal centre, It shouid perhaps be mentioned that this finding
ts not as straightforward as it would seem. No prior reports of the successful synthesis
of such a 2:2 Ni{TT) complex were 1o be found 1n the hiterature and it is believed that
this project is the {irst to demonstrae that the pre-programmed conditions for self-

assembly of the 2:2 Ni(Il) metallamacrocycle are present 1o this system, hence the
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trend observed from the synthesis of 2;2 Pd and Pt metallamacrocycles is now

confirmed by the characterisation of the corresponding Ni complex.

(i) (i1)
i\
: o
s a
é
(ii) (iv)

Fig 3.2.1(d). n-n stacking interactions of cis-[Ni(T-Et-.5,]3: (i) edge-on view, (ii)

obligue view, (iii) face-on view and (iv) view of parallel molecular stacks. Dashed

lines join centroids of associated ring moieties.

The similarities between the crystal packing modes of the nickel(il), palladium(ll) and

platinum{I1) metallamacrocycles are also worthy of nole. The main difference
between cis-[Ni{1-Et-5,{))]z and the preceding PGM analogues is its ability to be
transformed from a squarc planar complex into an octahedral complex via the simple
addition of electron donor ligands. The platinum(IT) metallamacrocycle has been

shown to undergo a similar transformation, alihough this requires the additional

complication of oxidising the platinum(1i} to platinum(T¥) ™"

107

The ease with which the mickel-based metallamacrocycle accepts ligands wnto the

nickel atoms’ axial coordination sites makes this complex ideal as an intermediate in

the assembly of new supramolecular archileclures.
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3.3 Octahedral Adducts of Metallamacrocycles

On addition of pyridine or some of its derivatives, the metallamacrocycle cis-[Ni(1-Et-
8.0V} undergees a rapid and visually striking colour change from purple to bright
green. This 18 an ndication that the pyridines act as donor ligands. Attempts to co-
ordinate 2,6-dimethylpyridine to the complex ¢is-[Ni(1-Et-5, ())]; produced no colour
change, indicating that no octahedral co-ordination takes place. This effect is certainly
due to the steric crowding of the methyl moieties around the nitrogen atom,
preventing the denation of the nitrogen’s lone pair of electrons to the nickel metal
centre, T the cases of sterically unhindered pyridines, the resultant green colour of the
solution strongly suggests that octahedral co-ordination via the nitrogen atom is

gocurmng,

There are certain broad predictions that can be made regarding the crystal structures
of these adducts, It is expected that solvent molecules may be included in the unit
cells of such complexes by virtue of weak van der Waals interactions. Hydrogen
bonding ability incorporated into the design of an octahedral adduct could allow a
honing of this prediction inasmuch as one might expect a H-bond accepting solvent
molecule to be located arcund an H-bond donor moiety within the accepted linnts of
D - H — A radii. Experimental techmiques must be utilised to confirm (or contradict)
these suggestions. The most powerful tool at our disposal is single-crystal x-ray
diffractometry, The obtaining of high-quality single crystals 1s often quite challenging
and various technigues to do so were emploved for these adducts. They were not
always successful In the case of ¢is-[N{T-EtOH-S, ()X pyridine-N)k s, even the
obtaiming of a solid powder was not achieved, thus excluding the use, in that case, of
the other powerful characterising techmque at our disposal — thermal analysis. TGA
was utilised to determine the contents of the crystal structures of the other octahedral
adducts.

The data obtained from the structural elucidation of ¢is-[Ni{[-Et-§, (){pyridine-N)]s,
cis-[Ni(1-Et-S, ) DMAP-Nk]; and cis-| Ni(1-EtOH-S, (N(pyridine-N)2 ], require direct
nuraerical comparison. For convenience in this regard, the bond lengths, bond angles

and regional planarities of these complexes are tabulated together and reported prior
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to the subsections (3.3,1 - 3.3 3) devoted to each of the compounds individually.
References are made back to these tables throughout the two subsections, These tables
also contain data pertaining to cis-[Ni(I-Et-5, (J}];, the parent complex of cis-[Ni{I-Et-
S N(pyridine-N):]» and ¢is-[Ni{[-Et-5, O} DMAP-N)2 2.

Table 3.3(a) Comparison of important bond lengths of octahedral adducts
cis-[Ni(I-Et-S, O)(pyridine-N)z |, cis-INi(I-E-S, O DMAP-N)|; and
cis-[NI{T-EtOH-S, O) pyridine-N);|; and of parent 2:2 metallamacrocycle
cis-|Ni(I-Et-5.0)); (where applicable)

Bond Type Average Bond Lengths (A)

civ=fNI(I-El=% (7 cis-fMi{l-El=5¢7)  civ-]Ni(-EYOH-5.00
cis=[NUT-Et=5, £31]

{pyriding-A)-|» (DMAP-¥):] (pyniding-Vaf
C==0p 1,274(1) 1.265(2) 1.252(9) 1.250(4)
ClOy=—- N 1.320(2) 1.338(8) 1.336(9) 1.335(5)
C(S)-==- N(CO) 1.344(1} 1.34(1) 1.344(6) 1.346(4)
e 1.730(6} 1.727(8) 1.727(8) 1.723(2)
C($)2"" NR2 1.340(1) 1.353(1) 1.35(1) 1.352(2)
0 - Ni 1.880(1} 2.06(1) 2.043(2) 2.030(2)
S —Ni 2.15(1) 2.38(2) 2.40(2) 2.40(2)

N - Ni . 2.14(1) 2.118(7) 2.132(1)
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Table 3.3(b) List of NiH) bond angles of cis-[Ni(T-Et-S, )], and 2:2 octahedral

adducts
Bonds Bond Angles (%)
cis- Angles (7)
OlA - Nil -0OIB §5.80 93,09 85 50 88.15
O1A - Nil — S4A 06.15 20.91 a1 64 8941
Q1B - Nit - §4B 94 68 8908 88.69 80.97
54A — Nil — S4B 23,60 B7.01 90.03 G2 48
N5SA —Nil - 01A - 34.00 38 54 8583
N5SA -~ Nil - 0OlB - 8520 8579 86,93
MNSB - M1l —01A - E7.40 727 3689
M5B — Nit - O1B - B5 85 3570 3082
N3A - Nil — S4A - 06.97 95 68 0318
NSA — Nit — §4B - 93 20 63 08 0272
NSB —Nil - §4A - 84 .00 0292 0277
N5B - Nil - S4B - 9376 D36 0435
Trans- Angles (7)
Q1A -~ Nit — §4B 17547 176.29 177.55 177.68
O1B - Nil — 84A 176.52 17563 178,10 177.55
MN5A —Nil — N3B - 16722 170.54 170 55

Table 3.3(c) List of regional planariiies for cis-[Ni(1-E¢-S, ()], and 2:2 adducts

Afoms in Plane Root Mean Square Deviation from Planarity (A)

i [(NH(I-E1-5. 0 js-[NifI-Et-S, is-[NI(I-EfOH-S, 0
s NUES O [N ) cis-[NUTEES0)  eis-[Ni( )

(pyridine-¥):]: {DMAP-A]; (pyrdine-Nila
OLA C2A N3A Cda 544 Nil 0.0432 01454 .08a66 0.2413
O1B. (7B, N3B, C48, S4B, Nil 0.1632 0.2208 0.2587 0.2233
Nil, O1A OiB, 54A S4B 0.0581 {0.0423 00127 0.0143

Benzoyl Ring Carbous .0055 0.0069 0.0046 a.0152
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331, [Cis-(bis-u-(3,3,3",3 -tetraethyl-1,1"-isophthaloylbis{thioureato-S.()}-di-
nickel(11})-tetra{pyridine-%)]  {cix-[Ni(1-Et-S. O¥pyndine-N}:]2)

Thermal Analysis

Fairly large green crystals grown from a solution of cis-[Ni{1-Et-8,()}]; in pyridine /
acetone (by solvent cross-diffusion in an evacuated desiccator) were subjected to
TGA. Figure 3.3.1{a) shows the results of this experniment, A mass loss of 25,49 % is
indicated in the temperature range 54 - 139 °C. A further loss of 9.50 % 1s recorded,
ending at 162 °C, after which no further significant mass loss is observed. Since this
compound has been shown to revert back to the metallamacrocyele cés-[Nif1-Et-5,() ]z
at room temperature (see Experimental Section 2.3.1.}, it is logical to take this as the
end product of the thermal decomposition of cis- [ Ni(I-Et-8 O)pyridine-¥)z]; at
higher temperatures. The melting point of ¢is-{Ni(I-Et-5,¢1]: (310 — 313 °C) 18 much
higher than 139 °C. Thus the remaining 6496 % mass is attributed to this compound,
since other possible components of the green erystals {namely pyridine and acetone)
are too volatile to be retained in the residue at this temperature. Table 3.3 1(a) shows

the results derived from this TGA

100.00 &
(54 °C ; 99.95%)

90.00

80.00

70.00 - (139°C ; 73.94%

60.00

50.00 . . : - .

{162°C ; 64.56%)

30 45 €0 75 a0 105 120 135 150 165
Termperature {"C)

Figure 3.3.1(a) Graph of TGA results for cis-[Ni(I-F1-5, () (pyridine-V)|s.

180
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Tabie 3.3.1{a) TGA Calculations of Mass Losses for
cis-|Ni{I-Et-8, ) pyridine-N)]»

Temp. Experimental Calculated
Reaclion
Range ("C) Mass Loss (%) Mass Loxs (%)
cis [NHL-EL-S,0)

(pyridine-N)zla.2Py
l 54~ 139 25.49 22,98 (4 Py)
139 162 9.50 11,49 (2 Py)
cis NIEt-SO):  Total (30 — 180) 34.99 34.47 (6 Py)

The first thermal event represents more than 4 pyridines, wiile the second represents
fewer than 2. From this we may conclude that there are 2 pyridine guest molecules per
complex molecule within the crystal. However, the decomposition of the crystal does
not proceed — as might be expected — with the loss of the two guest molecules,
followed by the loss of the co-ordinated (and thus more strongly bound) pyridines.

Rather, it seems that the decomposition follows some other process.

TGA has given us some insight into the nahire of the compound. It seems that the
crystal structure consists of ¢is-[NKI-Et-5 (){pyridine-N)z]: with 2 pyridine guests i.e.
it 1s of the torm cis-[NUI-ES5, O)Pyridine)z ]z 2(Pyriding).



Single crystad diffractometry

Table 3.3.1(b). Crystal Data and Refinement Parameters for
cis-[NI(I-Et-8, O) pyridine-N) |z 2(pyridine)

Molccular Formula
Formula Weight (g mol ™)
Temperature (K}
Wavelength (A)

Crystal System

Space Group

a (A}

b (A)

¢ (A)

a=7()

B

Volume (A5

£

Calculated Density (g.cm™)
u (rm™)

F((00)

Crystal Size

B Range Scanned {”)

Index Range

No. Reflections Collected
No. Unique Reflections
Completeness

Refinement Method

Data / Restraints / Rarametors
Goodness-of-fit on F?

Final R Indices [[>26(1)]

R Indices (aii data)

Largest Inff, Peak and Hole

C o, HesN 1204815 . 2(CsHN)
1377.08

173

0. 71070

Monoclinic

P2/

9.51{1)

18.18(2)

19.74(2)

90

04.269(5)

3402(6)

2

1.344

0.734

1448

027x035%x022 mm
245-27.43

-0<h<10, -235k<23, -15=1<25
12929

6214 [R(inl) = 0.0453]
83.1 %

Full-matrix L.S. on F?
6214 /0/ 391

1.038

R, = 0.0548, wR, = 0.1404
R; — 0.0831, wR, = 01567
0951 and -0.567 ¢. A~
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The molecular structure of the octahedral metallamacrocyclic complex cis-[Ni{I-Et-
S Nipynidine-N); ]2 15 shown in Figure 3.3 1(b). The complex crystallises in the
centrosymmetric space group P2y/n. Consequently, the asymmetric unit consists of
one half of the complex molecule, with an associated guest molecule. The complex is
easily seen to be an adduct of the 2:2 metallamacrocycle cis-[NI([-Et-5,{]2; the one
major chemical change undergone by the complex is the addition of pyridine
molecules Lo each of the oclahedral coordinaiion sites of the nickel{1I) centres. The
presence of two pyridine guest molecules associated with each cis-[NyT-Et-

5. Oipyridine-N);]; molecule confirms the stoichiometric calculations that were made
based upon thermogravimetric analysis data. The complex is indeed of the form e7s-
[NI(T-Et-8, O¥pyridine); |2 pyridine.

The axial addition of pyridine alters the nature of the compound drastically: at the
molecular level and consequently at the macroscomc level. The change n electronic
configuration ar the Ni{1l) centres from the 16-electron diamagnetic square planar
system to a 20-electron paramagretic octahedral system is manifested by a traosition
in the UV-yisible absorption spectrum of the complex (qualitatively observed in the
characteristic purple to green colour change) and a change in the magnelic properties
of the complex. Although no magnetic susceptibility studies were conducted, the
onsel of paramagnetism is qualitatively confirmed by very large shifts in the NMR

spectrum of the octahedral complex,

Another prominent feature in the molecular structure is the disorder of the terminal
("H; group of one of the ethyl moieties. The disordered carbon is modelled as C44A
and C45 A with site occupancies of 53% and 47% respectively,

The unbound pyridine melecule in the asymmetric unit is shown with the nitrogen
alom occupying a specific position in the ring. However, the refinement parameters
obtained when the structure is refined with this particular site occupancy in the guest
are only marginally better than those obtained for other possible eccupancies, which
is perhaps to be expected in view of the similar electron densities of C and N aloms.
The possibility of slight disorder for the unbound pyridines in this structure could
result from varying positions ot the mitrogen alom in the ring from one asymmetric

unit to the next. The true locations of the pyridinyl hydrogens would signal the
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location of the nitrogen, but these cannot be deternined owing to the very large
thermal parameters of the guest molecule’s atoms, which translate as a fine positional
disorder or "blurring’ of the atoms in the guest molecule, regardless of whether the
gross positions of individual atoms are disordered or not. This increased uncertainty
in the positions of the guest atoms renders anisotropic modelling of these atoms

meaningless, hence their isotropic thermal ellipsoids.

Figure 3.3.1{b} Molecular Structure of cis-[Ni(I-Et-5, 0K pyridine-N);], with

isotropically modelled unbound pyridine guest molecules indicated. Thermal

ellipsoids shown at 50% probability,

The ¢oordination around the nickel(11) centres is of great interest. For important bond
lengths and coordination bond angles refer back to Tables 3 3(a) and 3.3(b) (pp. 97-
98). The axial coordination of the pyridine molecules causes a substantial lengtheming
of the S — Ni bonds (> 0.24) and O - Ni bonds (> 0.17A). This is consistent with a
decrease in tetragonal distortion (i.e shortening z-axis metal — ligand distance from
infinity with concomitant lengthening of metal -- ligand distances along the x- and y-

axes) to form an octzhedral adduct from a square planar complex. Some of the other
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average bond lengths within the chelate rings also ¢hange significantly upon addition
of pyridine: the carbonyl bonds become shorier, while the C{O) — N bonds lengthen,
as do the C(5) — NR; bonds. The thiocarbonyl bonds and the C({8) — N(CO} bends do
not change significantly in length. 1t is evident that some rearrangement occurs and
the bond angles within the chelate rings are perhaps better indicators of this change
than are the bond lengths. The distortion in the square planar configuration of cis-
[Ni{T-Et-5%¢2)]; has already been noted (Section 3.2.1). Table 3.3(b) shows that the
coordination of pyridine decreases this distortion by shifting the cis- bond angles of
the square plane closer to 90°. The calculated root mean square deviations from
planarity for certain regions of the molecule are also useful indicators of distortion
{refer to Table 3 3(c}. abeve}. The root mean square deviation from planarity for
atoms that make up the theoretical square plane of the complex (namely O1 A, O1B,
S4A, S4B and NilA) is 0.0423A — a small but significant shift towards planarity
when compared with the corresponding value for the atoms of the ¢is-[Ni{(1-Et-5,()]:
square plane: 0.0581A. Thus it can be seen that distortions from square planar
coordination of the thiourea ligands have diminished in cis-[Ni{I-Et-§, 0¥ pyridine-
N)z}z as compared to cis-{Ni{1-Et-8,()]2.

However, this does not imply that eis-[ Ni{I-Et-S, (){pyridine-N);]; appreximates ideal
octahedral behaviour. The co-ordinated pyridines in these complexes are not
perpendicular to the plane of the cis-[Ni(I-Et-$.0}]; cores, but are tilted inwards
toward the cavity with an N{(5B)— Ni(1) — N(5A) angle of 167.2° Note that the
planes of the axially bound pyndine molecules are not parallel {compare for example
the torsion angles O(1A) — Ni(1} — N{5A)— C(6A): 53.1(3)" and O(1A) —Ni(1}—
N{5A) — C(10A): -127.9(3)° with O{1A) — Ni(1) - N(5B) — C(6B); -38.0(3)" and
O{1A) — Ni(1}— N{5B) - C{10B); 142.7(3)".

Another interesting observatien is the deviation from planarity of the chelate nngs.
The root meat square deviations of the two chelate rings are: 0. 14544 for O1A -
C2A - N3A - C4A — S4A — Nil and 0.2208A for Q1B — C2B - N3B - (4B - S4B -
Wil. Compare these values for those found for the commesponding rings in cis-[Ni(1-Et-
S,0¥: 0.0433A and 0.1635A respectively. Both rings are substantially more distorted
from planarity in the octahedral adduct than in the square planar cis-[Ni{1-Et-S, (]2
The square plane around the nickel(I1} centre makes an angle of 27.33 ° with the
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benzovl ring planes thus detracting from the overall planarity of the entire molecule.
Figure 3.3 1(c) shows the cis-[Ni(I-Et-5, ) pyridine-N)z]2 molecule from two side-on
views. These perspectives allow one ta observe the increased “buckled cffect’ in the
chelate rings as well as the skewing of the Ni{Il) squarc planes out of plane with the
benzovl rings and also the tilting of the pyridines towards the centre of the

metallamacrocycte.

(i)

(i)

Fignre 3.3.1{c). Two side-on perspectives of cis-|Ni(l-Et-5.0)(pyridine-N}; |,
illustrating distortion from wdeal octahedral behaviour, Thermal ellipsoids shown

at 50% probahility.

The crystal packing of ciy-| Ni(T-Et-8,0)pyridine-¥): ]z is shown in the stereo
diagrams below (Figure 3.3 1(d).) Therc ts little to say about the packing of this
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adduct; there is no hydrogen bonding or n-x stacking interactions between
neighbouning complex molecules. The absence of n-x interactions similar to those
observed in the crystal structure of ¢is-[Ni(1-Et-5,¢2)]z is due to the axial pyridine
rings. They prevent metailamacrocycles from approaching each other closely enough
to undergo anv such non-bonded interactions. However these pyridines do take part in
an edge-to-face interaction with the benzovl rings of a neighbouring complex
molecule: the distance between HBA and the centroid of the benzoyl ring of the
asymmetric unit generated by symmetry operator {-x, -y, -z) is 2 698A, The
coordinated pyridine rings do not appear to have any face-to-face overlap with those

of neighbouring complex molecules and do not lie closer to each other than 4. 7A,

The pyridine guest melecules are not aligned face-to-face or edge-to-face with anv n-
delocalised moteties of the cis-[Ni(I-Et-8, Q)X pyridine-¥)z]> molecules and are thus
only very weakiy held in place in the crystal. This 1s most probably the cause of the
friable nature of the crystals once remaved from the maother ligquor. Figure 3.3.1{d)
shows the crystal packing of cis-[Ni{I-Et-5, 0¥ pyridine-N); ]2 with the guest molecules
in space-fill representation, From the three different views down the principal cell
axes, it can be seen that there are sizeable gaps between cix-[Ni(I-Ft-S, () pyridine-
N)z2|: molecules, which are filled by guest molecules. These gaps can be seen to form
parallel continuous channels that run in the [100] direction. In the [010] and [001]
directions. the rows of guest molecules are not continuous, being interrupted by cis-
[Ni(T-Et-8. O} pyridine-N)a]> molecules, Cis-[Ni(I-Ft-8.(0){pyridine-N):]» can thus be
said to possess a channel structure that is held intact by weak intermolecular

interactions.

The complex cis-[Ni(1-Et-S,¢()(pyridine-N); ]z is the archetype of a new class of
compounds. The results and discussions of the analogous adducts cis-[Ni(1-Et-
S.ONDMAP-N)z]z, cis-[Ni(I-EtOH-S, ) (pynidine-A) ]z and cis-[Ni(T-E1-

S Nipyridine-¥)z|s are related in the following sections of this chapter. In each case,

comparisons are made with efis-[Ni(I-Et-S O} pyridine-N]a.
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Fig. 3.3.1{d). Stereo crystal packing diagrams of cis-[Ni{[-Et-S, O} pyridine-N)]»
viewed down principle directions [100] (i), [010} (ii) and [001} (iii).




Figure 3.3.1(e). Crystal packing diagrams of cis-[Ni(I-Et-S, Q) pyridine-N)z |z
showing guesis in space-fill representation revealing continuous guest-filled
channels running in the [100] divection. Views given are along principal axes:
(i) 1100}, (i) [101] and (iii) [001].
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332 |Cis-(bis-pu-(3,3,3° 3 -tetracthyl- 1.1 -isophthalovibs(thioureato-S. () -di-

nicke {ITH-tetrakis{4-dimethylanmpnopyridine-Ny]
(cis-[NI(I-Et-5, O DMAP-N}z13)

Thermal Analvsis

Suitable crystals were grown from a solution of eis-[Ni(I-Et-§,() |z with 4-
dimethylamino-pyridine (DMAP) in a mixture of dichloromethane and acetomtrile at
~ 4 °C. Figure 3.3 2(a) shows the results of TGA for this product. A loss of 6.25 % of
the total mass is indicated between 74 “C and 99 "C. This is quickiy followed by a
second mass loss of 32,42 % ending at 152 “C. Following this, the mass remains
stable. As with cis-[Ni(1-Et-8, (¥ pyridine-N)z]z, this final mass is taken to represent
the stable metaliamacrocycle ofs-[Ni{1-Et-5,()}]z, hence we may determine the nature
of the volatilised components of the crystal. Table 3.3.2(a) shows the results of these
calculations, while a graphical representation of the T(GA data 1s given in Figure
3.3.2(a).

100.00

90.00

80.00 -

7000

60.00

{152°C ; 61.30%)

.00 r - - - - r
30 40 80 80 T an 20 100 110 120 130 140 150

Temperature (°C)

Figure 3.3.2(a) Results of TGA for cis-|Ni{1-Et-S, ) DMAP-N); ]2

160
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The first thermal cvent corresponds fairly well with the mass loss calculated for one
molecule of dichloromethane, while ihe second event indicates the loss of four 4-
dimethylamino-pyridine molecules. Thus TGA indicaies that this compound is an
octahedral adduct of ¢7s-[Ni(I-Et-8,0)]z, with one CH,Cl; guest molecule per
metallamacrocycle — i.e. cis-[Ni{TI-Ei-8.())(DMAP-N}; ]2 (dichloromethane). This was
confirmed by crystal siructure analysis. Furthermore, it is evident that the process of
thermal decomposition of the crystal is more straightforward than that of cis-[Ni(1-Et-
S.O)(pyridine-N):]». In this case, it 1s clear that the weakly bound guest is the firsi
component (o be removed from the crysial, followed by the axially co-ordinated
ligands in two well-resolved steps.

Table 3.3.2(a) TGA Calculations of Mass Losses for
cis-|Ni(1-Et-S, ) DMAP-N):):

Temp. Experimenial Calculated
Reaction
Range ("C) Mass Loss ("a) Mass Loss (%)
Cis-[NI(I-Et=5,€)
(DMAP-N)2]2.
CHxCl;
7499 6.25 5.77 (CH,Cly)
l 99 152 3242 35.19 (4 DMAP)
cis-[Ni(I-Et-5,()}: - Total (30 - 160) 38.67 38 96

A comparison of the TGA graphs for cis-[Ni([-Et-5, ){pyridine-N) ]z and ¢iv-[Ni(1-
Et-8,0)(DMAP-N);]: shows that the onset temperature of initial mass loss is higher
for the latter, but the initial thermal event is more gradual for the former. It is difficult
to ascertain when the axially coordinated hgands of cis-[NHI-Et-8, O} pyridine-N): |»
begin to be removed during heating (as mentioned above) but it appears that the axial
ligands of either compound are removed over comparable température ranges.
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Table 3.3.2(b). Crystal Data and Refincment Parameters for
cis-|Ni(1-E¢t-S,NMDMAP-N)|;. (CH;Cl)

Molecular Formula
Formula Weight (g mol™}
Temperature (K)
Wavelength (A)

Crystal System

space Group

a(Ay

b {A)

c(A)

a=7{")

B()

Volume (A%

Z

Calculated Density {g_cm'j)
p{mm™)

F(000)

Crystal Size

8 Range Scanned ("}

Index Range

No. Reflections Collected
Mo. Unique Reflections
Completeness

Refinement Method

Data / Restraints / Rarameters
Goodness-of-fit on F*

Final R Indices [[=2a(1)]

R Tndices {all data)
Extinction Coefficient
Largest Diff. Peak and Hole

CoaHzgN1043:Niz. {CH:Clz)
1476.02

173

071070

Monoclinic

P2,/n

16.3426(5})

11 1685(3)

21.4148(7)

O

99352 (1)

3856.7(2)

2

1.271

0719

15356

030x020x 018 mm
1.46 - 2751

20<h<2], -14<k<14, -27<1<27
20785

8734 [R{int) = 0.0389]
083 %

Full-matrix L.§. on F?
8743 f0 /438

1.028

R, =00592 wR;=01703
Ry = 00884, wR.= (1857
0.0009(3)

2224 and-0322¢ A
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The molecular structure of cis-fNI(I-Et-8 W DMAP-N): ]z is given in Figure 3.3 .2(b).
The space group in which the complex crystallises is 22,0 {as lor cis-[Ni(J-Et-
S.N(pyridine-N)z]2.) Thus. like cis-[Ni{T-Et-S, (D)(pyridine-N); |, the asymmetrie unit
containg only one half of the metallamacrocyelic adduct. Furthermaore, a solvent guest
molecule is also contained in the asymmetric unit —in this case, the solvent used was
dichloromethane, The TGA results indicate that there is one dichloromethane guest
molecule in Lhe erystal for each metallamacrocycle, thus the crystal structure was
modelled in this way. Aside from the fact that there is only one guest melecule for
every ¢is-[Ni{I-Et-S.{){DMAP-¥); ]; molecule (1.2, two asymmetric umts), there is a
further comphication in the form of positional disorder. The dichloromethane guest
was modelled in two similar positions cach with site occupancy of 25%. Residual
electron density in this region suggests that the disorder is even mare complicated,

however, attempts to further model the disorder proved unsuccessful.

The cis-[N{1-Et-§,{ ) DMAP-N): ]: molecule is practically identical to cis-[Ni(1-Et-

S Npyridine-NV)z]2. Indeed, the only considerable structural difference between the
two is the presence of the dimethylamino groups in c7s-[Ni(I-Lt-5, OXDMAP-V); |-
The coordinating ability of DMAI is similar to that of pyridine, although DMAP s a
stronger base than pyridine (comparec DMAP’s pX,, (in water) of 10 [ to that of
pyridine: 3.25). """ The dimethylamino group, though bulky, offers no steric hindrance
of the nucleophilic nitrogen’s approach to the Ni(TT) metal ion.

The bond lengths listed for the two complexces in Table 3.53(z) (p. 97) do not differ
greatly. The carbonyl bonds of ¢is-[NKI-Et-S, X DMAP-A);]; arc, on average.
slightly shorter than those of cis-[NW(T-Et-8, ) pyridine-V |z, as are the C(S) —N(R3)
bond and the O Ni bonds, while the § - Ni bonds are somewhat longer. The axial N
— Ni bonds of civ-[Ni{I-Et-5 (H{DMAP-N): ) are shorter, a fact attributable to the

more basic nature of DM AP mentioned above.

A comparison of the central bond angles (Table 3 3(b).) of the two adducts shows that
some of the cis- bond angles around the nickel metal centre arc essentially identical,
while others, namely: O1A — Nit — O1B; S4A — Nil — S4B; NSA—Nil —O14A; N5B
—Nil — 84A and N5B — Nil — 841 differ by as much as 8 9° Interestingly, al! these

significant shifts in cis- bond angle result in values that are closer to 90",



113

C42B

CHBE C4B Clol

Figure 3.3.2(b), Molecular structure of cis-[Ni(l-Et-S, O} DMAP-¥);]; with
inciuded dichloromethane guest indicated. Guesi modelled as disordered in two
positions each with site occupancy 25% - giving a total of one dichloromethane
guest per ¢is-[Ni(1-Et-3, ) DMAP-N}):]> molecule. Thermal ellipsoids shown at

50% probability.

The three trans- angles of ¢fs-|NK1-Et-S, ()X DMAP-V): |2 are all slightly nearer 180°
than their cis-[Ni{I-Et-S, O X pyridine-N):]: countcrparts. Overall, the differences in
bond angles point to a lesscr deviation from ideal octahedral behaviour in cés-| Ni(l-
Et-8. (Y DMAP-N)z]):. This can be seen more clearly by comparing calculated root
mean square deviations from planarity in various regions of the adducts’ molecular
structures (reter to Table 3 3{c). above). The root mean square deviation from
planarity of thc atoms in the theoretical sguare plane (O1A, O1B, S4A, S4B, Nit)is
0.0127. This valuc is substantialiy lower than the comresponding valuc for efs-| Ni(I-
Et-§ O pynidine-N):]2. The root mean sguare deviation of the chelate ring O1A —
C2ZA —N3A - C4A — S4A — Nil 15 caleulated to be 0.0866: significantly lower than
the same value for cis-[NUT-Et-S,(N(pyridine-N);]2, but not as low as that of cis-[Ni{I-
Et-5.00)):. However the atoms of the other chelate ring (O1B — C2B - N3B - C4B -
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548 — Nil ) are shown to have a root mean square deviation from the least squares
plane of 0.2587 — an increase when compared with cis-[NI[-Et-S, O)(pyridine-A)q 2. [t
seems that distortion from planarity is “ironed oul” in one ring, only Lo manifest itself
as greater distortion within the other. A consequence of this buckling of the B-chelate
ring is that the ethyl group C43B - C44B is siluated quite close to the aromatic ring of
one of the DMAP ligands, [Further more, the conformation of this ethyl branch is such
that C44B partially eclipses the aromalic ring. In cfs-[ Ni{l-Et-5, O)pyridine-N); |5, this
eclipsing is avoided by the conformation of the ethyl branch, which orients the
terrminal methyl group away from the pyridine ring.

Another feature of this complex worth comparing with the matching feature of cis-
[NI{T-Et-5. ONipyridine-N)z|: 1s the angle belween the original square plane around the
Ni{11) centre and the benzoyl ring plane. in this compound, that angle is 20.57°, while
for cis-[NI([-Et-5, Q) pyridine-A): |3, the value was reported to be 27.23°. This angle
between two of the major planar features indicates a deviation from planarity of the
entire molecule, theugh not as preat a deviation as for cis-[Ni(I-Et-8 (N{pyridine-
N)z]2. Ume other feature worth menlioning is ihat the planes of the two coordinated
DMAP ligands are approximately parallel. The torsion angles O1A — Nil —N3A -
C6A: 134.7° and OTA —Nil — N5A — C10A: 48, 5° match well with the
corresponding torsion angles O1A — Nil — N5SB - C6B: <136.8° and Q1A — Nil —
NS5B - C10B: 48.2°. This same comparison for the coordinated pyridine ligands of
cis-[NI(F-Et-S Q¥ pyridine-N):]» showed that they did not adopt parallel alignments,

(verall, there 15 a less strained appearance o cis-[Ni{1-El-5, O DMAP-N); |2. The
complex possesses much lower distortion from planarity and ideal octahedral
coordination behaviour than does cis-[Ni(l-Et-5, (N pyridine-N): ;. Why this should
be the case is not immediately evident, and an important 1ssue is now raiged. Is there
some trend that can be identified so Lhat one could prediet how closely a complex will
approximate ideal behaviour? This question of cryslal engineering meriis

investigation in a further study.

A visual comparison between cis-[Ni(1-EL-S,()pyridine-Vz |z and cis-| Ni{I-Ei-
S ONDMAP-N): )5 is given in Figure 3.3.2(c) below. Many of the differences

described above can be seen quite clearly.
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Figure 3.3.2(c). Visual comparison of the molecular structures of (i) cis-[Ni(I-Et-
S, OWDMAP-N)]; and (i) cis-|Ni(I-Et-5, )(pyridine-V);];. Thermal ellipsoids
shown at 50% probability.

Since cis-[Ni(T-Et-5, OWDMAP-N); |; shares the same space group symmetry as cis-
[NA(T-Et-% N(pyridine-N)z ]2, it is not surprising thal its mode of packing is very
similar to that of cis-[Ni(1-Et-S, ) (pyridine-N)z]z. The adduct does not possess any
hydrogen bonding capability and like cis-[Ni(L-Et-8, Q) pyridine-N):];, the axially

coordinated ligands prevent any n-n stacking between moieties within neighbouring
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metallamacrocycles such as that identified in the crystal structure of cis-[Ni(I-E1-
S$.(N]z. However, it seems that certain neighbouring adduct molecules do have some
type of n-x mteraction between 4-dimethylaminopyndine ligands. There ts 3 great
degree of overlap between the N9A dimethylamino moiety and the N3B aromatic ring
generated by symmetry operator (x, 1+, z), and the atoms C8A and C8B(x, | +v¥,
z) are only 3.818 A apart. If one considers that the amino nitrogen atom of DMAP is
an extenston of the n-delocalised system, then it is logical that such an interaction
could occur. Tt is interesting that this mteraction occurs on the face of the N3A hgand
that is opposite to the eclipsing ethy] branch C43B — C44B mentioned above This
ethyl branch blocks any such n-n interactions on its side of the DMAP ligand. Figure
3.3.2(d) illustrates this effect quite cleacly.

r}/Y

Figure 3.3.2(d). Two views of the n-x interaction of neighbouring cis-[Ni(I-Et-
5, O} DMAP-N)z|; molecules and blocking of similar interactions by ethyl branch
C43B — C44B (Guest molecules omitted for clarity).

Tt this blocking effect were not present, neighbouring melecules on both sides of the
DMAP molecule could engage in this m-x interacticn. The result would be a
gonnection of all adduct molecules in the crvstal through a network of such
interactions, This would be reflected in the space group of such a crystal, which

would certainly differ from what is observed here. Instead, what is cbserved is crystal
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packing made up of discrete, non-parallel. one-dimensional chains of adduct
molecules (Figure 3.3 2{¢).).

Figure 3.3.2(e). Two separate 1D chains of m-n associated cis-[Ni(I-Et-
8, N DMAP-V))z molecules. Tnter-chain interactions are blocked by C43B —
C44B ethvl branches.

Overall views of the crysial packing are given in Figure 3.3 2(1). The dichloromethane
guest molecules are shown to be trapped between neighbouring adduct molecules.
They do not seem to be held by any strong intermolecular forces. This explains why
they emerge from the crystal separately from the DMAP ligands on heating and may
also explain why there is not 100% site occupancy by the guest in the crystal
structure. An alternate representation of the crystal packing, m which guest molecules
are shown in space-fill representation, is given in Figure 3.3 2(g). The guest
molecules are contained in gaps between the metallamacrocyclic adduct molecules.
The representation in Figure 3 2.2(f} allows one to see that these gaps form
continuous parallel channels running in the [010] direction, In other directions
through the structure, the rows of guest molecules are not continuous, being

interrupted by cis-[NI{T-E1-S,(HDMAP-A);|; molecules, Thus, the crystal structure
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could be said to be a channel-type structure held intact by x-n interaciions and weak

intermolecular interactions.

The ¢rystal structure of cis-[Ni(I-Et-§, OX DMAP-N): |; has been shown to be
remarkably similar to its analogue cis-[Ni{I-Et-S (Y} pyridine-N),)z. The following
crystal structure, cis-[ Ny 1-EtOH-S, (D pyridine-N); |z, demonstrates how differently

analogous molecules can crystallise simply by altering one functional group.
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Figure 3.3.2(f). Stereo packing diagrams for cis-[Ni(I-Et-8, O)}(DMAP-N)z},
viewed down (i} [100] (ii) [010] and (iii} [001} directions. (7-a stacking

interactions not shown and only one guest position indicated for clarity).




(i)

Figure 3.3.2(g). Crystal packing diagrams of cis-[Ni{I-Et-5, O} (DM A P-N):|»
showing CH;C); guests in space-fill representation. Guest-filled channels run in
the [010] direction. Views given are along principal cell axes: (i) [100], (it} [101]
and (iii) f001]. (m-m stacking interactions not shown and only one guest position

indicated for clarity).
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333, [Cis=(bis-p-(3.3.3".3" -tetra(2-hydroxyethyl)- 1. | "-isophthaloylbisithiourcato-5 ())-di-
mckel(ITN-tetra{pyridine-N)] A3 idine-

Thermal Analysis

The purple complex cis-[Ni(I-EtOH-S,{)]; was dissolved in pyridine, rapidly forming
a green adduct in solution. The green crystals that were grown from this solution were
subjected to TGA. As with the previous adducts, all TGA calculations are based on
the notion that, after heating, the remaining mass is solely attributable to the parent
square planar metallamacrocycle — in thos case cis-[N{I-EtOH-S, OXpyridine-N):]2.
This premise is strongly supported by the fact that cis-[Ni(1-EtOH-S, () pyridine-N):
has been observed to revert to ¢is-[Ni(I-EtOH-S, ()} upon removal from the pyridine
based mother liquor {see Experimental Section 2.3 .3} A graphical representation of
these results 1s given 1n Figure 3.3.3(a), winle the results of TGA are summarised in
Table 3.3 3(a).

(56°C; 1005005

(UFC: 8203%

(166°C ; 59.20%%

00 10 120 130 140 150 160 170 180
Termperature (°C)
Figure 3.3.3(a) Graph of TGA results for cis-[Ni{(I-EtOH-5,O)(pyridine-N);];

These results give the indication that the green crystals of the adduct cis-[Ni{I-EtOH-
8, OXpyridine-Ak ]z contain 5 included molecules of pyridine per adduct molecule.



122

This number of included molecules is quite different from the one or two guests
mncluded in the crystals of cis-[Ni(I-Et-5 ONDMAP-N)2]z and eis-[Ni(I-Et-
8,0)(pyridine-N);];. This difference can be explained by the fact that the hydroxyl
groups present m ¢is-[Ni{I-EtOH-S,0)( pyridine-N),]; possess strong H-bond donor
capability. These groups would be expected to have a great affinity for H-bond
acceptors such as pyndine. The crystal structure is thus expected to reveal the
positioning of some pyridine guests in proximity to the hydroxyl groups of the

metallamacrocycle.

Table 3.3.3{a) TGA Calculations of Mass Losses for
cis-|Ni(I-EtOH-S, ?)(pyridine-N);]»

! Temp. Experimental Calculated
Reaction
Range (°C) Mass Loss (%) Mass Loss (%)
cis-[Ni(I-EtOH-8,(3)
(pyridine-N)>]z. 5Py
l 56118 18.47 18.18 {4 Py)
118 — 166 22.83 22,72 {5 Py)
cis-[N{I-EtOH-5,(3)];  Total (30 ~ 180) 41.30 4090 {9 Py)

Tt is interesting that the first thermal event corresponds with the loss of 4 pyridine
molecules, while the second event corresponds with the loss of 5. As was the case for
cis-INi(I-Et-8, OXpyridine-AN)]», the individual mass losses do not conform to
expected behaviour — i e. removal of guests in the first event, followed by the loss of
coordinated pyridine molecules, However, since dative covalent bonds are stronger
than other non-covalent interactions (even ones as streng as hydrogen bonds), it is
likely that the first event is not due to the removal of the coordinated axial ligands of
the adduct, with the second event then arising from the removal of the included
guests. Rather, one should conclude that the first event correspends with the loss of 4
included pyridine guests and the second with the loss of one other pyridine guest
molecule along with the 4 axially coordinated pyridine ligands,

However, the interpretation of the TGA data is not so clear-cut, There is no

gravimetrically stable point in the temperature range from 100°C - 135°C, seit is
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ditficult 1o pinpoint exactly where the first thermal event ends and the second begins.
Furthermore, even though the total mass lost corresponds well with the mass of 9
pyridines, there is a large enough margin for error in TGA to allow the possibility that
the loss ot some included guest of relatively low mass, such as waier, 1s ocourring
within this range. As will be shown by the elucidation of the crystal siructure of cis-
[Ni{1-ErOH-S, ¢ Dhipyridine-N); |5, this is indeed the case.

At this point, TGA gives some indication thai the crysials of eis-[Nif I-EtOH-

S, ) pyridine-N); ]z are of the form cis-[NI(I-EtOH-8, 0)(Pyridine): .. 5(Pyridine). The
crystallographic results below confirm that this is, in part, the case. The presence of
an addiiional guest molecule, though not immediately evident from the TGA results is

shown to be of great importance in the erystal structure,
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Table 3.3.3(b). Crystal Data and Refinement Parameters for
cis-[Ni(I-EtOH-S, (){pyridine-N):]2. S(pyridine). 2(H;O)

Molecular Formula
Formula Weight (g mol™}
Temperature {K)
Wavelength {A)

Crystal System

Space Group

a (A)

b {A)

c (A}

a ()

BOY

1)

Volme (A7)

7

Calculated Density (g.cm™)
p (mm’)

E(000)

Crystal Size

0 Range Scanned (*)

Index Range

No. Reflections Collected
No. Unique Reflections
Completeness

Refinement Method

Data / Restraints / Parameters
Goodness-of-fit on F*
Final R Indices [1=2a(1}]

R Indices {all data)

Largest Diff. Peak and Hole

CaetlssNy 200 284Ni12. 5{CsHsN). 2(H,0)
1778 .42

173

0.71073

Trichnic

P-1

9.481(1)

12.993(3)

18.474(4)

97.30(3)

100.30(3)

100 52(3)

2171.1{8)

1

1.360

0.601

934

050x050x050 mm
2292868

0<h=<12, -17=kx17, -24<1<24
11143

11143 [R(int) — 0.0000]
00 5 %

Full-matrix LS. on F?
11143 /3 /538

1.035

By, =0.0507, wR;=01177
R; =0.0889, wR, =0,1338
1.004 and -0.829e A™
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Figure 3.3.3(b) depicts the melecular structure of cis-[Ni(1-EtOH-S, ) pyridine-¥)a]a.
No guest molecules are indicated in this figure, for the sake of clarity. The
asymmetric unit of the crysial contains one ha!f of 2 cis-[Ni([-EtOH-5, () pyridine-
N):]z adduct molecule The other half of the molecule is generated through a centre of
symmetry at (1, 1, 14).

C41A C15A

Figure 3.3.3(b). Molecular strucinre of cis-fNi(1-E¢ON-S, O pyridine-V);|,.
Thermal ellipsoids drawn at 50% probahility.

The structural similarity of this complex to cis-[Ni(T-Ft-8, O)(pyridine-A)z]; is ¢clear.
Aside from the hydroxyl groups, the two adducts are identically composed. Table
3.3(a) above gives the comparison of some average bond lengths of ¢7s-[Ni(1-LtO11-
5. 0) pyridine-N}; ]2 with corresponding values for the two other 2:2
metatlamacrocyclic adducts. The average lengths of the intra-ligand bonds within the
chelate rings do not vary significantly from those of cis-[Ni{[-Et-5, (){DMAP-N);]..
The O — Ni bonds are of intermediate length compared with those of the other two
adducts. The average N — Ni bond lengths of cis-[Ni([-EtOH-S, ) (pyridine-N):];

{2 13213«) are very close to those of ¢is-[Ni([-Er-5, OYpyridine-N)aJ2 (2. 144A). In



126

general, the octabedral bond angles of crs-[Ni([-EtOH-S, O} pyridine-N):]: (see Table
3.3(b), p. 98.) are much the same as those of ¢is-[Ni(I-Et-S, O} DMAP-N), |, differing
by less than 2.5", the only exceptions being N5A — Nil — 1A, N5A - Nil — 844 and
N3B —Nil — 84B. The planarities of various regions of the molecule are listed in
Table 3.3(c). It is interesting to note that both of the chelate rings of cis-[Ni(I-EtOH-
S.0Kpyndine-N);]; have very high root mean square deviations from planarity —
giving the molecule a greater buckled appearance, while the atoms that make up the
onginal square plane around the nickel centre (1A, O1B, S4A, S4B and Nil)
approach true coplanarity more closely than the atoms of the benzoy| rings. The angle
between these two defined planes is calculated to be 22 74" This is closer to the
corresponding value for ¢is-[Ni1-Et1-S, (O DMAP-N):]: (20.57°) than to that of ¢is-
[NI{I-Et=S, O} pynidine-N): ]z (27.33%). Most importantly though, these results show
that in this case — as with both of the other 2.2 adducts — there is a distinct tilting of

the equatorial Ni(1l} square planes with respect to the benzoyl ring planes.

One other similarity between this adduct and cis<[Ni(1-Et-5, ) DMAP-N): ]z worth
mentionmg is the fashion in which the side chains of the acylthiourea ligands seem to
interact with the axial pyridine ligands. In this case, the effect is more pronounced in
two ways. Firstly, two of the hydroxyethylamine side chains (N4A to (42A and N4B
to O42B} on opposite faces of the N5B pyridine ligand run virtually parallel with each
other {the root mean square deviation trom planarity of the atorus in these two side
chains is 0 0282A) and are held in a quasi-axial conformation with respect to the
Nif11} square plane (the angle between the least squares piane of these side chains and
the Ni{1[} square plane is 53 167). Secondly, because the side chains are longer than
the ethyl chains of cis-[ N 1-Et-S, (0N DMAP-N); ]2, there is a greater degree of
eclipsing of the face of the pyridine ligand. The extent of this eclipsing is best noted
by the angle O42A - C8B — 04213 172.82°, This shows that there exists an almost
straight line between the two hydroxyethyl oxygens through the atom in the para-
position of the pyridine ligand (i.e. the atom of the pyridine ligand that is *highest
above’ the metallamacrocyciic platform.)

Omne other hydroxyethyl group is conspicuous due to the disorder that it exhibits. The
atoms C44B and (044B are found to occupy more than one site. These alternative sites
are jabelled C45B and 0458 in the molecular structure diagrams. The site
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occupancies of the positions C44B and 044B are refined to 69%. There is some
residual electron density around this side chain, suggesting thai there exists further
disorder in the atomic coordinates, but further refinement was not possible. The atoms
C44B/C45B and O44B/045B are modelled 1sotropically with no affixed hydrogen

aloms.

The salient differences between cis-[Ni(I-EtOH-S, (){pyridine-N}:]; and the previous
two adducts, cis-[Ni(I-Et-5, () pyridine-N)z |z and cis-[Ni(l-Et-8, )Y DMAP-N)2 |2, can
be seen in Figure 3.3.3(c). This is a rendering of the molecular structure from the

same perspective as in Figure 3.3 3(b), but with guest molecules included.

Disordered pyridine: e
NI13G - CI18G/

O1W 0444 53 NI%G - C24G

sz‘? H42H
R 1w

ry 428
M’_EI .
1 A
L |
"i:,'
0443" 0458 ’
ClG .'

O1W_%1 gy4

HIW_S1
. §
01W 52
Figure 3.3.3(c). Molecular structure of cis-[Ni{I-EtOH-S, O)(pyridine-N):]: with

associated pyridine and water guest molecules indicated. Hydrogens invelved in

& TOHA C12G
"HIW $1

HIW_52

C11G

H-bonding also shown. Thermal eilipsoids drawn at 50% probability.
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From this diagram it is clear that the hydroxyl groups of this complex fundamentaliy
affect the crystal structure. Each hydroxyl group is involved in intermolecular
hydrogen bonding with one or more guest molecules. A list of all unique H-bonds
with D -~ H — A lengths is given in Table 3.3 3(c).

The OB group of the disordered side chain (C44B — 044B / C45B — 045B) is
engaged in a hydrogen bond with a pyridine guest molecule (with N1G being the H-
bond acceptor). 1t is mferesting to note that despite the disorder, this interaction exists
for both of the possible positions of the group. Furthermore, the possible donor -
acceptor distances (044B --- N1G 2.889A and O45B --- N1G 2.971A) listed in Table
3.3 .3{¢) show that in the O44B position, the OH group has a slightly closer interaction
with the guest than in the Q45B position. This finding corresponds with the relative
site occupancies (O44B: 045B 69%: 31%), showing that the preferentially occupied

site is the one that has a closer intermolecular interaction with the guest,

Table 3.3.3(c) List of hydrogen bonds in crystal structure of
¢is-INi(I-EtOH-S, O){pyridine-N);].

Atoms in Hydrogen Bond  Donor - Acceptor  H-Bond Angle
Symmetry Operator Notes

(D-H---A) Distance (A) ()

042A — H42A - N7G 2.831 163.32

042B - H42B — N13G 2.793 16345

042B — H42B - N19G 2635 152.04

044B - H44B* - N1G 2.889 N/A * Hydrogen
atom not )

045B — H45B* - N1G 2.971 N/A e

044A — HMA - O1IW 2,746 172.36 $1 (x, v~ 1,2)

O1W —HIW --- 042B 2.745 165.18

O1W — H2W —— Q44A 2 800 158.04 $2(2-%2-v.2-2)

This phenomenon of a disordered hydroxyl group bound to a pyridine guest in a fixed

position is mirrored by the inverse phenomenon in which a hydroxyl group in a fixed
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pasition (042B — H42B) is H-bonded to the nitrogen of a pyridine guest that 1s
disordered in two positions (N13G and N19G). 1n this case, the site accupancy ratio
(N13G: N19G 53%: 47%) indicates a more even distribution than n the case of the
disordered hydroxyl groups. One might suppose that, as for the 044B/043B - N1G
interaction described above, there would be a comelation between distance of H-bond
interaction and relative site occupancy and thus expect these distances te be roughly
equal. In fact they are not. The 042B —- N'13G distance is some 0. 16A longer than
the 042B --- N19G distance yet, despite a longer H-bond length, the N13G position
enjoys slightly more occupancy than its counterpart. This suggests that the relative
closeness of H-bonding interactions in different disordered positions is not the
predominant factor in determining relative site occupancies of those disordered

positions.

Yet another interesting variation on the theme of H-bonding coupled with positional
disorder is found in this crystal structure, although as witl be shown, this particular
¢ase is not so straightforward. The 042A — H42A group interacts with a pyridine
molecule through the H-bong accepting N7G. This pyridine guest is modelted with
site occupancy of 30%. The molecute’s alternative position (nof shown in the figure
abave) is generated by symmetry operator (3 —x, 1 -y, 1 —z). This is only a slight
displacement in space, but through a centre of symmetry at coordinates {13, ¥, ),
thus the molecule’s crientation is inverted and in its alternative position it mteracts

with the corrgsponding 042 A atom generated by operator {3 —x, 1 -y, 1 —z).

In other words, a pyridine guest is always present between the 042A atoms of two
neighbouring asymmetric units, with an equal probability of finding the ortentation of
this guest controlled by either O42A atom through hydrogen bonding with the
pyridiny) nitrogen N7G. (Note, within the criginal unit cell the centre of symmetry
would have coordinates (%%, 14, ¥) and the two asymmetric wmts related to each other
through this centre would be generated from the original asymmetric unit (x, v, z) via
symmetry operators (x — 1, v, Z) and {2 —x, 1 — ¥, 1 — z) respectively.)

Since the centroid of the two possible positions occupied by the pyridine guest is
located in a special position one may regard the disordered pyridine system {in both

pasitions) as existing in two neighbouring asymmetric units simultaneously by virtue
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of its location (i.e. the location of its centroid on a special position). This situation is

shown more clearly in Figure 3.3 3(d),

Figure 3.3.3(d) Stereo diagram of two cis-|Ni(I-EtOH-S, O)(pyridine-N);];
molecules (with associated guests) related through a centre of symmetry at
coordinates (¥4, 14, 12). The centroid of the disordered pyridine guest system is

located on this centre of symmetry.

The tinal hydrogen bonded guest in this erystal structure is the water molecule. In
many ways, the presence of the H:O guest 15 an extremely surprising resuit. The
complex was not synthesised in aqueous solution nor was any quantity of water added
intentionally during the synthesis. Therefore the water is quite literally an uninvited
guest. This is not the surprise; the H-bonding capability of the side chains naturally
imparts the compound with a certain degree of hygroscopicity. Although ne clear
indication of water was noticed in the TGA results for this complex, the gradual mass
loss from the sample in the temperature range 100°C — 135°C is likely to involve the
removal of the water guest molecules. The presence of water might have been
overlooked, however, in this case, the water actually governs the packing of the
crystal. As a guest it is paramount, despite its low molecular mass relative to the other
components in the crystal structure. This is what 18 most surprising about the water
molecule’s presence, and it is precisely what makes this crystal structure so

remarkable.
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The water molecule is involved in three hydrogen bonds {see Figure 3.3.3{c).). Firstly,
it 1s bound to 042B of the original asymmetne umt through HIW. Note that O42B
thus plays a dual role: as H-bond acceptor to the water and as H-bond donor to the
disordered N13G / N19G pyndine. Secondly, the water molecule i3 bound through
HZW to O44A of a neighbouring asymmetric unit generated by symmetry operator (2
— % 2 -y, 2 - 2). The third H-bond involving the water molecule is one in which 1t
acts as an acceptor 1o the O44A — H44A eroup of another neighbouring asymmetric
unit (generated by symmetry operator {x, y + 1. z)}. 1t must be mentioned that this H-
bond is listed in Table 3.3.3(¢) as O44A — HA44A -— O1W §1

L other words, each O1W atom 15 H-bonded to one 042 A atom as well as two 044A
atoms of two neighbouring asymmetric units (once as a donor, once as an acceptor),
Thus, each 044A atom 1s H-bonded o two O1W atoms of two neighbouring
asymmetric untts {once as a donor and once as an acceptor). Since one of these H-
bonds links asyminetric units related by a centre of symmetry, i.e. O1W — H2ZW ---
044A 32 (2 —x, 2 -, 2—2), areciprocal H-bond OLW $2 — H2W $2 - 044A also
exists. This means that pairs of asymmetric units are doubly H-bonded to each other,
with each being H-bonded to other asymmetric units as well. The overall result s a
2D Hydrogen bonded network extending throughout the crystal structure. Thus cis-
[N I-EtOH-S, O pyridine-N):]; is in fact a layered solid, with each layer of water-
linked metallamacrocyclic adduct units coinciding with the [100] planes of the crystal.
Figure 3.3 3(g) illustrates the joining of two neighbouring metallamacrocycles
through a centrosymmetric pair of H-bond sets, with O1W and O44 A atoms of other

hvdrogen bonded asymmetric units also shown

Notice how these other O1W and 044 atoms are H-bonded to each other. A beautitul
effect that results from this mode of hvdrogen bonding 15 an almost perfect square
formed by two O44A atoms and two O1W atoms of four different asymmetric units.
The stdes of the square are prescribed by H-bonds that are either 2,800A or 2,745 in
length, while the internal angles are either 90.37° or the supplementary 89.63°. By
virtue of their centrosvmmetric refationship, these atoms O44A and O1'W atoms must
form a parallelogram, bul it is by no means dictated that the two different H-bond
drstances should be so similar, or that the angles between atoms should be 50 close to
90"
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Figure 3.3.3(e). Two cis-[Ni{l-E+tOH-5, O0Xpyridine-N):]: molecules joined by a
centrosymmeiric pair of H-bond sets that form almost perfect squares. H-

bonded atoms from other neighbouring asymmetric units also shown,

This square, being the meeting point of four asymmetric units is contimiously
reproduced throughout the two-dimensional network, ¢ach square 1s positioned with
its centroid lying halfway along the b-axis of a unit cell, 1.e. special position (0, 12, 0).
However, the H-bonds that join neighbouring cis-[Ni(1-EtOH-5, O){pyridine-N): ]2
molecules in the network are not paratlel with the plane of such a square, but are
aligned aimost orthogenally with this plane (angle 042B — O1W — 0444 §2:
111.62°%). Thus, throughout the network, the planes of these squares are not parallel to
the planes of the 2D network tayers (the [100] planes}. Figure 3.3.3(f) shows a portion

of a single layer, viewed along the principal axial directions of the umt cell,

View (ii) of Figure 3.3.3(f) shows that channels of H-bonded squares exist throughout
the layer. However these channels have a far smatler internal cross-sectional area than
that of the central cavity within a metatlamacrocyche unit, and thus cannot be

considered in terms of molecular containment or transport systems.

If one considers the H-bonded pyridine guests as being distinct from the water-linked
layers of cis-[Ni(1-EtOH-S, ({(pyridine-N)z]: melecules, then an interesting picture
emerges. Two successive cis-[ Ni(l-EtOH-S, (XX pyridine-A):]; layers could be
considered to have a layer of pyridine guests sandwiched between them.
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Figure 3.3.3(f). Fragment of the 2-dimensional H-bonded network of cis-|Ni(l-
EtOH-S, N{pyridine-V}:]: viewed along the (ij f160], (it} |[010] and (iii} [001]

directions

Figure 3.3 3(g) shows twoe such H-bonded layers, omitting the pyridine guests tound
between Lhe layers. View (ii) of this figure shows that there 1 some interaction
between metailamacrocyclic adducts of different layers. The interaction 1s a n-7
stacking interaction between NS A pyricine ligands of asymmetric units related by
symmetry operator {1 —x, 2 —y, 1 —z), The distance between the centroids of these
ligands is found to be 4.330A This is out of the accepted range of 3.3 — 3 8A for nn
interactions, but as one can see in the figure, the degree of eclipsing of the planes is
quite low and only small regions of each of the pyridine rings (namely the C8A —
C9A bonds) seem 10 be interacting, The distance between the centroids of the C8A -
C9A regions of neighbouring asymmetric units is 3.627A. Thus, despite only a small
region of overlap, these two pyridine rings are certainly engaged in a n-r interaction.
This type of interaction is blocked for the other pyridine ligands of the adduct because
of the eclipsing of the pyridine rings by hydroxyethyl side branches as described
above On the oppesite faces, these interacting pyridines seem to also be engaged in

weak mteractions with N7G pyridine guest molecules (both molecules of the
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disordered pair). The shortest distance between atoms in the guest and the ligand is
3.60A (C10A — C8G (x — 1, y, z)), which suggests that some interaction is oceurring,
although this interzction is considered very weak, because the planes of the N7G
guests are nat parallel to the planes of the pyridine ligands. The n-r interactions
described here are illustrated in Figure 3.3 3(h) below.

The existence of x-m interactions between successive layers extends the 2D H-bonded
network into a 3D supramolecular retwork. This ¢7s-[Ni(I-EtOH-S, O} pytidine-N)z] /
H,O system can be seen as g framewark within which the pyridine guests are trapped,
and further held in place by hydrogen honding interactions with the respective
hydroxyl groups. This conception of the crystal structure of cis-[Ni(I-EtOH-

S O¥pvridine-N) ] is therefore one in which the pyridine molecules can be said to
occupy channels in the framework. ‘These channels tun continuously in the [010] and

[001] directions throughout the entire crystal. (views (i1) and {iii) of Figure 3.3.3(g).)

Figure 3.3.3(g). Two successive layers of water-linked H-bonded cis-[Ni(1-EtOH-
S, M{pyridine-N);|; units viewed along the (i) [100], (ii) ]010] and (iii) [001]
directions. Pyridine guests omitted to show channels through framework.

Hydrogen atoms omitted; H-bonds shown as D — A interactions.
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Figure 3.3.3(k). (i} 7-n interactions between pyridine ligands of
metallamacrocyclic units in different layers and (ii) between these ligands and
nearby pyridine guests, forming channel walls in the supramolecular framework.

Hydrogen atoms omitted; H-bonds shown as D — A interactions.

Figure 3.3.3(i) below shows the supramolecular framework in stick representation
with the pyridine guest molecules in space filling representation. This figure gives a
clear perspective of the manner in which the pyridine guests occupy the channels
within the supramolecular framework. Tt ¢can be seen that the channels permeate
continuously throughout the crystal structure in the {010] and [001) directions. The
channels in beth directions are wide enough to accommodate two pyridine molecules
abreast, but the guests fill the channel in a staggered maoner, This can be seen most
clearly in the ‘top down’ view normal to the [100] plane (i). Note that the N7G
pyridines (the disordered pairs shown with no hydrogens) are considered part of the

[010] channel walls due to their n-n interaction with the pyridine ligands.

An interesting feature revealed by the perspective in view (1) ig that there are channels
running diagenally through the crystal, wide enough to accommodate one pyridine
molecule, but interrupted after every five pyridine guests by the pynidine ligands of a
metallamacrocyclic umt, Thus the crystal siructure could also be considered 1o contain

paraliel tube-like cavities filled with pyridine guests.

The final depictions of the crystal siructure of cfs-[Ni(1-E1OH-5, O¥ pyridine-N): }» are
the stereo packing diagrams shown in Figure 3.3.5(}), below. 1n this figure, the

pyridine guests are colour coded in green and the hydrogen bonds between hydroxyl




136

groups and pyridine guests are not indicated, for the sake of clarity. The three views
given in Figure 3.3.3(j) clearly show the channels in the supramolecular framework,
occupied by the pyridine guests.

Figure 3.3.3(i). Pyridine guest molecules (space fill) held within a supramolecular
framework of cis-[Ni(l-EtOH-S, O)(pyridine-N):}; and H; O units (stick).

Hydrogen atoms omitted; H-bonds shown as D — A interactions,

The erystal structure of cis-[Ni(I-EtOH-8,(N(pyridine-N); )» can be considered to be a
supramolecular framework containing intersecting channels occupied with included
pyridine guests. However, it must be remembered that the guests are held to the
metailamacrocyclic units by forces that are as strong as those that form the 2-
dimensional network layers. Furthermore, these hydrogen bonds are stronger than the
R-1 interactions that bind successive lavers to each other, This structure can therefore

be considered to be a lavered solid.

However one wishes to construe this crystal structure, it is clear that it does comprise
a supramolecutar system of complexity belied by the low order of symmetry
possessed by the structure. In many ways, this structure is far more complex than that
of its parent ligand 1-EtOH, but both ligand and adduet owe their complexities in part
to the hydrogen bonding capability imparted to them by their hydroxyl groups.
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Overall, the most fascinating aspect of the cis-[Ni([-EtOH-5,()(pyridine-N): ]z crystal
structure 15 that its manifestation as a true supramolecular network arises from the
unintended presence of that small, initially undetected, and highly versatile water

molecule.

Figure 3.3.3{j). Sterec Packing Diagrams of the crystal structure of
cis-[Ni(T-EtOH-S, O} pyridine-V):]: viewed along the principle directions: |100]
(i), [010}, (ii) and [001] (iii). (Pyridine guest molecules coloured green. H-bonds

between OH groups and pyridine guests omitted for clarity.)
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334, [Cis{ms-u=<3.33" 3 -wtracthyl-1.1 4terephthalovlbisthiourzato-5.N)-tn-
nickelH)-hexa(pyridine- {cis-[Ni( T-Et-SN(pyridine-Nh]:)

The compound ¢is-{Ni{ T-Et-S, (M} pyridine-N)z]; is the only octahedral adduct of a 3.3
Ni metallamacrocycle. Thus far, it has been shown that there is much similanty
between the 2:2 octahedral adducts ¢is-[Ni{T-Et-8,(D(pyndine-A); ]z, cis-|Ni(I-Et-
S.NADMAP-N},1; and ciy-[Ni(I-EtOH-S, £ pyridine-N) ]2 In this section it is
shown that there are many substantial differences between the archetypal 2:2
octahedral adduet (cis-[Ni(1-Et-S,(H)(pyridine-N}:]2) and its 3.3 analogue cis-{Ni(T-Et-
S, ONipyridine-N)1s.

Thermed Analysis

The dark brown complex cis-[Ni(T-Et-5,{))]; was dissolved in pyridine, forming a
vellow adduct in solution. Crystals grown from this solution were dark brown in
colovr. These cis-[Ni(T-Et-§, Q) (pyridine-N)z}x crystals were subjected to
thermogravimetric analysis. The results of the TGA are represented graphically in
Figure 3 3 4(a) below. The first thermal event is consistent with the loss of pyridine
from the crystal,

Note that the graph indicates that mass loss is not arrested entirely at any point. This
prevents the accurate calculation of the composition of the crystals, The three points
shown at 195°C, 237 °C and 270 °C correspond with the loss of 8, 8.5 or 9 pyridine
molecules per metallamacrocycle respectively. There are only 6 sites available for the
axial coordination of pyridine to the Ni{II) centres of the 3.3 metallamacrocycle. Thus
there must also be 2 — 3 pyridine guest molecules per metallamacrocyclic unit in the
crystal structure. Calculations are based on the remaining mass percentage following
the first thermal event, which is attributed to the square ptanar metaltamacrocycle to
which the adduct gradually reverts upen removal from the mother liquor (see
Experimental Section 2.3 4), The second thermal event, which has onset temperature
of 286 °C, is consistent with the melting of the 3.3 metallamacrocycte cfs-[Ni T-Et-
85,0 ): (Experimental Section 2.2.3).
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As with the other metallamacrocyelic adduct crystals that were grown in pyridine {ciy-
INKI-Ft-8,(N(pyridine-A}: ] and cis-JNWI-EtOH-§, ) pyridine-N): |z), there is
difficulty in reselving the mass loss into twoe events, the first attributed to the toss of
the guests and the second atiributed to the loss of ligands. 1n this case, the total mass
loss — which must occur by way of at least two separate processes — appears as a

single thermal event.

The mass loss of pyridine from this adduct continues to higher temperatures than
those observed for the 2:2 metallamacrocyclic adducts. This could indicate a stronger
binding of the cocrdinated pyridines to the nickel(Il) centres in this complex, or

possibly a different diffusivity of the pynidine out ot the lattice

100

on (5270 100.02%

{237 °C; 66827

(195°C ; G8.14%%)
(I70°C  65.54%

i
20 + T T 7 T T T 7 T T T T T
30 5 70 9 10 130 150 170 199 210 230 250 Z 200 M0 330 340

Temperature {°C)

Figure 3.3.4(a) Graph of TGA resulis for cis-|Ni(T-Et-S, {pyridine-N)|s

The crystal structure of cis-]Ni{T-Et-§, O pyridine-N): |z was elucidated by single
erystal dilfractometry. The results correspond well with the TGA results, but reveal
far more than the chemical composition of the civ-[Ni(T-Fi-$, (){pyridine-N)z ]»
crystal, including the fact that this compound is of the torm cis-[Ni( T-Fi-

8, () Pyridine)s|s. 2. 5(Pyridine). 1n other words a total of 8.5 pyridines per

metallamacrocycle are to be found in the crystal structure,



Single Crystal Diffractometry

Table 3.3.4(b). Crystal Data and Refinement Parameters for
cis-|Ni(T-Et-S, ) pyridine-N)|;. 2.5(pyridine)

Molecular Formula
Formuia Weight (2.mol™)
Temperature (K)
Wavelength (A)

Crystal System

Space Group

a(A)

b (A)

c(A)

a=v(")

B

Volume ()3\ 3']

7

Calculated Density (g.cm™)
u (mm™)

F(000)

Crystal Size

B Range Scanned (V)
Index Range

No. Reflections Collected
No. Unigue Reflections
{’ompleteness

Refinement Method

Data / Restraints / Parameters

Goodness-of-fit on F*

Final R Indices [[>2a(1)]

R Indices (all data)

Largest Diff Peak and Hole

£

CraH02N12068: Ny, 2V4(CgHs)
2023.60

173

0.71070

Monoclini¢

Pn

16.4822(2)

27.7131(3)

22.9061(3)

90

95 793 (1)

10409 5(2)

4

1.291

0.717

4260

025x0.15%0.07 mm

1.63 2598

-20=h=19, -33<k<3|, -26<1<28
48083

30810 [R(int) = 0.0379]
98.5 %

Full-matrix-block L.§. on F*
30810/2/2354

0.952

R, =0.0533, wR; = 01119
R; = 0.0863, wR, = 0.1263
0.941 and -0.595e¢. A~

" The pyridine gnests were imodelled as CoH,. as the locations of the mitrogens conld not be delermined.
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Cis-[Ni( T-Et-S, O¥(pyridine-N}z ]+ crystallises in the space group Pa, Unlike the space
groups of the 2:2 melallamacrocycle and adducts P# 15 non-cenlrosymmetric. This
reflects a fundamental difference in the point group symmetries of the 2:2 and 3:3
metallamacrocyelic molecules — 2:2 complexes possess a centre of symmetry, while
3:3 complexes do nol. In the case of the 2:2 complexes, the asymmetric units
invariably consisted of half a metallamacrocycle, with the other half generated via a
centre of symmetry. It is evident that the point group symmetries of these complexes
play a major rele in determining the space group symmetries of their ¢crystal
structures. The asymmetric unit of this 3.3 structure consists of two
metallamacrocyelic adduct molecules and 5 included pyridine guests. The Pr space
group resulls in a lotal of 4 metallamacrocyclic adduct molecules per unit cell. Since
the cis-[Ni(T-Et-8, (i pyridine-V): ] molecule 15 quite large, the unit cell containing
four such molecules accompanied by 10 pyridine guests must accordingly be large;
the volume of the unit cell is greater than 10 000 A, whereas none of the 2:2 adducts’
unit cells exceed 4000 A, Figure 3.3 4(b) shows the atom labelling of the asymmetric
unit in two pictures: one omitting all coordinated and included pynidines, and the
other with all pyridines shown and labelled. Table 3.3.4{c} hists the average bond
lengths around the nickel(1[) centres and within the chelate nings of the two

metallamacrocyclic adducts (which are referred to as ABC and DEF respeclively).

Table 3.3.4(¢) Comparisen of important bond lengths of ABC and DEF adduct
molecules in ciy-[Ni{ T-Et-5,)(pyridine-¥);]; erystal siructure

Bond Type Average Bond Lengths (A)

ABC DEF
c=0 1.26¢1) 1.26(1)
COY=Z=N 1.3%(1) 1.32(1)
C(8) === N(CO) 1.35(1) 1.35(1)
sty 1.72(1) 1.7%1)
C{S) " NR2 1.35(1) 1.35(2)
O - Ni 2.03(1) 2.03(4)

S —Ni 2.39(3) 2.38(2)

N — Ni 2.14(2) 2.15(3)
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Figure 3.3.4{b). Asymmetric unit contents of cis-[Ni(T-Et-S, O)pyridine-N):]s: (i)
Pyridine ligands and guests omitted with metallamacrocyclic atom labels
indicated, (ii) Pyridinc ligands and guests shown and Iabelled. Ln each pyridine
guest molecule a nitrogen atom is indicated in an arbitrary position ~ despite

being modelled as a carbon, Thermal ellipsoids shown at 50% probability.
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The important bond lengths in the two adduct molecules, listed in Table 3.3 4{c), are
almost identical. These values are also similar to the bond lengths found for the 2:2 Ni
adducts, yet it appears that the two cis-[Ni{ T-Et-5, O H pyridine-N); ]s molecules
assume very different conformations. This is best observed by comparing bond
angles, and plane angles. Table 3,3.4(d) lists the bond angles around the Ni(Il)
centres. While there are far more unigue angles in the cis-[Ni(T-Et-5, OX pyridine-
N)]s crystal structure than there are in any of the structures of the 2:2 adducts, a
perusal of Table 3.3.4(d) vields the following general results,

The ¢is- angles within the 5, square planes around the nickel centres are close to 90°
{t¢ss than 2° deviation) with the exception of the angles O1B — NiiB —06B, §5 — Nil
— S10 and O1E ~ NilE — O6E, which each deviate by more than 3° from
orthogonality. The frans- angles within the 5,0 square planes deviate from linearity
by as little as 0.6° and as much as 5°. The pyridine ligands are axially coordinated to
the micket atoms in such a way that the N — Ni — O and W — Ni — § bond angles are in
some cases close to 90" and in other cases deviate by as much as 5.5°. The N50 — Nil
— NS55 bond angles are in most cases close to 170%, indicating that the pyridine ligands
are filied in towards the centre of the metallamacrocyclic eavity. Overall these results

do not differ greatly from the bond angles that were observed for the 2:2 Ni adducts,

The main difference in appearance between the 2:2 and 3:3 complexes actually arises
from the difference in plane angles. More specifically, in each of the 2:2 adducts, the
planes of the two benzoyl rings were found to be parallel, and the two benzoyl planes
were found to be virtually coplanar. These results are a conseguence of the
centrosymmetric nature of the 2:2 metaltamacrocyclic complexes. Since the cis-
[Ni{T-Et-8,) pyridine-¥)z ]z meolecule lacks this symmetry, it is not surprising that
the benzoyl ring planes deviate from coplanarity or even parallelism. Figure 3.3 4(c)
shows a stick representation of the two adduct molecules, ABC and DEF, of the cis-
[Ni{ T-EL-5, O} pyridine-N):]s asymmetric unit. The deviation from coplanarity of the
benzoyl rings in the molecule can clearly be seen. Table 3.3.4(e) lists the angles
between the benzoyl ring planes in each of the cis-[Ni( T-Et-8, Q) pyridine-N):]s
asymmetric ynit molecules. Note that the root mean square deviation from planarity is
no greater than 0.018A in any of these benzoyl rings and in most cases is significantly

Tower than this.
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Table 3.3.4{d). Comparison of bond angles around the six Ni(Il) centres of the
two asymmetric unit molecules of cis-|Ni{ T-Ei-5, (N pyridine-N);|;

Bond Type cix-[Ni{ T-Et-5,(1{pyridine-N):|s Molecule
ABC DEF
Molecule Segment
A B C II D B E
Cis- Angles ()
01 -Nil - 06 8838 86.04 91,22 38 84 87.18 85,59
01 -Nil — 85 ap.56 G091 8879 a0 42 ap.39 91.46
06 - Nil — §10 9025 88 54 90 64 92 84 912 9.5
85 —Nil —810 90.85 03 8% 8938 8818 91.24 88 45
N30 -Nil - 01 B8 34 B7.08 B5 34 35 88 86.69 36.67
N50 - Nil - 06 B4 35 87.95 86 8 90 54 84 43 84 54
N35 —Nil - 01 86.5 90,68 §9.5 87.79 87.21 8820
NS5 — Nil — 06 699 87 95 25 09 32 68 803 3319
N5Q— Nil — 85 93.06 91.06 91.86 94,44 92.37 95.43
N3O —Nil - 810 9261 a1.11 96,41 a0 .94 93 45 9r.72
M55 - Nil — 85 Q55 Q296 2184 92256 9325 94 93

N5 —Nil - 810 9237 9. 78 93.28 95,55 92 49 9243

Trans- Angles (")

01 - Nil - 810 17826 17491 17751 176.42 17835 179.37
06 — Nil — 85 17723 177.4 178 67 17491 17639 17895
NSO —Nil —N35 170,03 175.43 1697 1708 5 168,54
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Figure 3.3.4{c). Stick representation of the two cis-[Ni{T-Et-8, ) { pyridine-N)]s

molecules in the asymmetric unit {with sections of melecules labelled),

This titting of the benzovl rings makes the overall conformations of the
metallamacrocvelic rings far from planar. The metallamacrocycles could even be said

to be shightly reminiscent of the bowl-shaped calixarenes.

The 8, ()- square planes around the Ni (II) centres are also tilted with respect to each
other. Table 3.3.4(f) lists the angles between the 5,(}- nickel square planes. In both
cis-[NI{T-Et-8, (Y pyridie-A}]s molecules, two of the three Ni square planes are
approximately parallel — having an angle of less than 10° between them — while the
third square plane ties in an oblique orientation with respect to the other two. In
molecule ABC, square plane C makes angles of roughly 20° with the A and B square
planes, while in molecule DEF, square plane D makes angles larger than 30° with
each of the other square planes. This causes the D pyndine ligands to have very

pronounced tilts (one toward the central cavity and the other outward )

It is ¢lear therefore, that the conformations of the cis-[Ni( T-Ei-5, OXpyridine-Nh |x
molecules are very different from those of their 2:2 analogues, with the larger
metallamacrocycte apparently allowed greater conformational deviatien from

planarity.
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Table 3.3.4(e). List of angles between benzoyl ring planes within
cis-[Ni(T-Et-8, Nipyridine-N)|; molecules of asymmetric unit

Benzoyl Ring Planes  Plane Angles (")

Molecule ABC
A-B 3524
A-C 26,12
B-C 42 99
Molecule DEF
D-E 34.52
D-F 47 70
E-F 16,73

Table 3.3.4(f). List of angles hetween S,()- Ni square pianes within
cis-[Ni{T-Et-5, ) pyridine-N);]; molecules of asymmetric unit

S,0- Ni square planes  Plane Angles (")

Molecule ABC
A-B F12
A-C 22.29
B-C 19.34
Muolecule DEF
D-E 3l.6l
D-F 3341

E-F 8.46
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Two pyridine guests are situated in close proximity to each of the cis-[Ni(T-Et-

8. Oh{pyridine-Nz]: molecules, while a fifth guest molecule lies approximately
halfway between them 1t must be emphasised that for each of these guests, 1t is not
possible to determine in which atomic position the nitrogen atom lies, thus the atoms
arbitrarily indicated as nitrogen in figure 3.3 4(b{t1}} are actually modelled as carbons
in the crystal structure, It must also be mentioned that the C25G pyridine proved
difficult to refine anisotropically. The other guest molecules could be retined

anisotropically with very little trouble.

The guest molecules appear to be scattered rather haphazardly around the cis-]Ni(T-
Et-S, (N pyridine-¥), ]z molecules, but closer inspection shows that the guest sites have
something in commen — with one exception. That is the C7G pyridine, which is
situated too far from either cfs-| NI T-Et-5, (h{pynidine-X):jz molecule to engage in
van der Waals interactions with the hosts, The other four guests are much closer to the
various aromaiic rings of either host molecule, allowing ;-x interactions to occur, The
C25G pyridine appears to be involved in edge-to-face type interactions with the C11A
— C16A benzoyl ring as well as the N35A and N55B pyridine ligands. The other three
pyridine guests are located directly above or below the central cavities of the ois-

I Ni(T-Et-8. Q) pyridine-N); ]z metallamacrocycles, surrounded on three sides by
pyridine ligands. One could consider these three guests (C1G, C13G and C19G) as
being contained within the host molecules. This is a shift from the type of host-guest
interactions abserved in the 2:2 metallamacro¢yclic adducts’ crystal structures. In
each previous case, no guest molecules were held within the cavity of the host
molecule. This difference in host-guest behaviour between 2:2 and 3.3 complexes can

be attributed to the increased size of the 3:3 complex.

Figure 3.3 4(d) shows the two ¢is-[Ni(T-Et-5, Q) pyridine-¥)2]: molecules in space-
filled representation. Two perspectives are shown, one viewing down onte the N30
pyridine ligands and the other down onto the N335 pyridines —i.e. views from “above’
atd *below’ the metallamacrogyvelic rings. One picture showing the guests and one
omitting the guests is shown from cach perspective, These views clearly indicate a
central cavity running through the molecutes, This cavity consists of two different
zones — the cuter zone between the three-pyridine ligands of each face, and the inner

zone passing through the centre of the metallamacrocycle. 1t can be seen that in both
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Figure 3.3.4(d). Spacefill representztions of cis-|Ni( T-Et-8. ) (pyridine-N)z|;
metallamacrocycles viewed down onto N5 faces (i) and N55 Faces (i) with

pyridine puests omitted (a) and shown in (spacefilly colour coded in green (b).
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molecules, there is space in the outer zones of the cavity to admit a guest molecule of
small size such as pyridine. However, it can also be seen that the inner zone of the
cavity is too small to allow the admission of a pyridine molecule. Furthermore, it
shoutd be noted that since the pyridine ligands do not form a continuous ring, larger
guest molecules can be admitted into the outer cavity zones with part of the guest
protruding through a gap betiveen the pyridine ligands, if oriented correctly, This
would not be possible for the inner cavity zone. Thus, the inner cavity zone is much

less inclusive than the outer zones.

An indication of the size of the outer zones of the cavity can be given by the distances
between the mickel atoms in each molecule. In each case this distance is greater than
10.5 A. For the purposes of a rough calculation, one may consider the area of the
outer cavity portions of the metallamacrocycle to be a ¢ircle that touches each of the
three nickel atoms — i e. the circumscrbed circle of an equilateral triangle with sides
10.5A. Some guick trigonometric manipulation reveals that the radius of such a circle
must equal 10,54 / (3) = 6.0A. Thus, one can state that the outer portions of the
cavity might be able to admit molecules with & diameter of around 12A or less.
Similarly, the distances between centroids of the benzoyl hydrogen atoms H15 and
H16 of each T-Et ligand give an indication of the size of the inner cavity zone. The
average distance is approximately 4.9 A If we consider the area of the inner caviiy
zone to be & circle that touches each of the three H15 — Hi6 bond centroids — ie. the
circumscribed circle of an equilateral triangle with sides 4.9A, it can be shown that
the radius of such a circle will be 4.9 / (¥3) = 2.8A. Thus, the inner zone of the

cavity might admit molecules with a diameter of about 5.6A or less.

The distances between diametrically opposed hydrogen atoms in each of the pyridine
guests are found in this crystal structure to be in the range 4 4 — 4 7A. If one adds the
van der Waals radii of the atoms te this distance {the accepted value for the van der
Waals radius of hydrogen is 1.2A "), one obtains a value that roughly represents the
diameter of & pyridine molecule. This value is 6.8 — 7.1 A - small enough to fit into the
outer cavity zone, but targer than the inner cavity diameter. Thus pyridine guests are
admitted into the outer zones, but not the inner zones of each metallamacrocyclic
adduct melecule. This “hack-of-the-envelope’ calculation based on the crystal

structure data ig illustrated in figure 3.3 4(¢).
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Distance Between Ni

Atoms :
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N | HL3 — H16 Centroids
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Figure 3.4.4(¢). Geometric analysis of size of inner and outer zones of the central

cavity within cis-]Ni( T-Et-5, ) (pyridine-N); |5 molecnles.
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The packing of the unit cell has a scattered appearance that is due to the fact that the
asymmetric umt consists of bwo adduct molecules and five guest molecules that are all
symmetrically unrelated. Were the asymmetric unit to consist of only one molecule
(or, as is the case for the 2.2 complexes, half a molecule), there would be a greater
semblance of order in the packing diagrams. The very large size of the adduct
malecules alse obscures the ordered nature of the crystal packing. In the crystal
structure of [-Et, which had an asymmetnic unit consisting of two molecules, one can
make out the order in the packing diagrams. Figure 3.3 4(f) illustrates the packing of
the crystal structure with stereo diagrams viewed down the three principle directions

of the monoclinic unit cell,

The diagrams do not show much more than has already been discussed. Essentially,
the cis-[Ni( T-Et-8,N(pyridine-Nk Js crystal structure consists of a large umit cell {16 x
28 x 23 A"), containing two very large molecules and five smaller guests. The size of
the molecule and the low order of symmetry give nse to this situation, which

complicated the elucidation of this structure.

Overall, the crystal and molecular structure of cis-[NT-Et-§, (Nipyridine-N)z s
resembles that of its 2:2 analogue in many ways, but with two major differences.
Firstly, there is a lack of inversion symmetry in the molecule, which in turn resulis in
the lack of inversion symmetry in the crystal structure of cfs-[Ni T-Et-8, D) pyridine-
N)2)a. Secandly, the cis-[Ni(T-Et-8, O} pyridine-A):]s 15 able to include guests within
the centre of the molecule due to the increased molecular size in going from 2:2 to
3:3_ This gives rise to a greater number of guest molecules being included in the cis-
[NKT-Et-8 OWpyridine-¥)z]s crystal structure, This mode of guest inclusion also
sugeests that a larger metallamacrocycle (e.g 4.4 or 6:6) should be able to admit even
larger guests internally and possibly allow molecules to pass right through the central

cavity.

These properties, used in combination with the coordinative polymerisation of
metallamacrocycles could give rise to new supramolecular materials with many

mteresting properties and applications.
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Figure 3.3.4(f). Stereo packing diagrams of cis-[Ni(T-Et-8, (N)(pyridine-N),]s
crystal structure viewed down [100] (i), [010] (ii) and |R01} {iii) directions.
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3.4 Coordination Polymers

Having shown that the 2:2 and 3:3 Ni(II) metallamacrocycles readily undergo the
axial addition of various monodentate pyridines, the next step in a synthetic scheme is
the use of bidentate bridging ligands to link metallamacrocyclic units together, and

thus give rise to coordination polymers.

The compounds selected for this purpose were: 4.4-bipyridine, pyrazine, 1,2-bis(4-
pyridvl)ethane and 1,2-di{4-pyridyl{}ethylene. In Section 1.2.2 above, the merits of
such compounds as exo-bidentate ligands were discussed and several references to
their use given. The structures of these four compounds are represented in Figure
3.4¢a).

M|
=
N e
il
2
M
e N/ o
N M|
4,4*-Bipyridine Pyrazine 1,2-Bis(4-pyridsliethane 1,2-Di{d-pyridylethyiene

Figure 3.4(a). Structures of compounds nsed as exo-bidentate ligands to link

metallamacrocycles into coordination polymers

As long as the axially coordinated ligand is bidentate, it is expected that the product
should be polymeric, but various orientations of the metallamacrocycelic units can
conceivably give rise to a number of different types of polymeric structure ranging
from a simple linear 1D polymer to a complex 2D array. Three diagrams of possible
pelymeric structures based on the metallamacrocycle cis-[Ni(1-Et-5,{)}: are given in
Figure 3.4b).
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(@

(iii)

Figure 3.4(b). Schematic diagram of possible polymeric structures based on cis-
[Ni(I-Et-$,0)]:: a simple D ‘ladder’ structure (i), 2 more complex 1D polymer

{ii) a 2D polymeric array (iii) and a more complex 2D polymer (iv).

In the first figure (i), the metallamacrocycles are shown stacking directly above each
other, with their major planes in parallel alignments, linked together with two
bridging ligands, In the second figure (i1}, each layer consists of two
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metallamacrocycles, aligned lateralty in parallel orientations, with each successive
laver stacked one upon the next, with the metallamacrocycles™ major planes rotated
through 90°. This allows each metallamacrocycle to be connected to 2
metallamacrocycles on either face. The result is a 1D polymeric chain with a greater
volume enclosed between ¢ach laver, which would possibly give the structure the

ability to incorporate a number of guest molecules between layers.

In the third Higure (i1i}, the metallamacrocyveles are aligned in parallel orientations but
it & staggered arrangement, so that each is connected to two others on either face. The
result is an array in which each layer can extend laterally while successive layers

stack upon each other,

The final Hgure {iv) shows a more complex 2D polymeric array. Each layer consists
of lateraily aligned metallamacrocycles with their major planes set at right angles 1o
create a “zigzag’ line. Successive layers are aligned in a staggered manner with
respect to each other so that each merallamacrocycle is connected to two different
metallamacrocycles on either face. The resulting structure resembles a zigzagping
wall made of parallel ledges in which, going upwards, every second ledge overhangs

the one beneath it.

Note that with an arrangement such as in (i}, if there are # metallamacrocycles in the
polymeric chain — with each coordination site occupied — there will be 27 + 2 axially
coordinated tigands, Thus, the longer the polyimer {ie. the preater the value of ), the
more the metallamacrocycle lgand ratic #: {2+ 2) approaches a value of n: 2n -ie
1:2. In (i), it can be seen that the metallamacrocycie to ligand ratio will be n: (2n + 4)
— 50 a large value of # will cause this ratio to also tend to 1: 2. In facy, in any
polymeric arrangement in which all coordination sites are occupied by bidentate
bridging ligands, each non-terminal ligand will naturally occupy two coordination
sites. Thus the coordination site: bridging ligand ratio witl be 2;1. Since each cis-
[Ni(E-Et=5,(2)]; molecule possesses 4 coordination sites, it follows that the ¢/s-[Ni(1-
Et-5.00]2: ligand ratio will tend to 1. 2 as the number of metaliamacrocycles increases
— provided the number of terminal ligands does not increase. In the case of the 2D
polymers ({iii) and (iv}}, it can be seen that axial prowth of the polymer does not

increase the number of terminal ligands, while lateral growth of the polymer will do
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so —therefore, a 2D polymenic array should possess a different sicichiometry from

that of'a 1D polymer.

When considering possible polymeric preducts, one must take into account the steric
restrictions involved in aligning metallamacrocycles laterally (as required in
arrangements (it} - {iv).} Figure 3 4(c} shows a spatial analysis of the cis-[Ni(I-Et-
8.(3)]z molecular structure (i). An “overhead’ view and two lateral views (a “head-on’
view and a ‘side-on’ view) of the molecule are given, along with measurements of the
length and breadih of ihe melecule. The values given are based on inter-nuclear
distances obtained from the crystal structure of efs-[Ni(I-Et-5. O]z (Section 3.2.1),
Figure 3 4{c) also includes a represemation of the two types of lateral alignment of

metallamacrecycles described above (ii).

It is clear that a large amount of spatial superposition of the molecules is required to
allow another metallamacrocyele to coordinate to both molecules simultaneously. The
possible modes of alignment are “head-to-head’ with the greatest amount of overlap
required (ca. 7 A), *head to side’ — requiring ca. 5 A of overlap, and ‘side-to-side’ —
requiring ca. 1.5 A of overlap. The values given for the required amount of overlap
are only estimates, as there might be conformational differences between cfs-[Ni{I-Et-
8]z 1n s free and polymerised forms. The mimmal overlap involved in ‘side-to-
side’ alignment (ca. 1.5 A) might be small enough to be avoided by conformational
changes, bui even in a polymeric siructure requiring this type of onentation (Le. a 2D
pelymer of the type shown in Figure 3 4(b)(iii}}, there would be a significant amount
of steric strain. One must conclude that the enly viable type of coordination polymer
based on cis-{Ni{I-Et-5,(]z is the 1D ‘“ladder’ type shown m Figure 3.4(b)1) which
does not require any lateral alignment of metallamacrocycles. It is perhaps worth
mentioning that the use of long flexible bidentate bridging ligands could obviate these

steric limitations.

A similar examination of the possible pelymerisation products based on the 3.3
metallamacrocycle, cis-[Ni(T-Et-5,0)]s, is also presented. Figure 3. 4(d) depicts
schematic diagrams of potential cis-[Ni{T-Ei-S,(%)];-based polymer types. Diagram (1)
represents the simplest 1D polymer. 1t consists of a chain of 3.3 metallamacrocycles

with each aligned directly above the last and linked by 3 axially coordinated bidentate
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(ii)

(iii)

Figure 3.4(d). Sehematic diagram of possible polymeric struciures based on cis-
[Ni(T-Et-S,())]s: a simple 1D *ladder’ structure (i) a 2I) array (ii) and a complex
3D polymer (iii).

bridging ligands. This is analogous to the 2.2 ‘ladder” structure shown in Figure
3.4(b)(i). The 2D polymeric array (i1) is made up of layers of metallamacrocycles
aligned “head-to- tail’, with successive layvers in anti-parallel orientations, one upon
the next in a staggered fashion so that each metallamacrocycle is doubly connected to
onc metallamacrocycle and singly connected to another on either face. The final
diagram (iii) shows a 3D coordination polymer in which cach metallamacrocycle is
positioned in a staggered orientation with respect to the metallamacrocyeles in
neighbouring layers. In this way, each metallamacrocycle will be bound to 3 different
metallamacrocycles on either face. Such a structure will allow layers of laterally
aligned metallamacrocycles to extend in 2 dimensions, while axial building of layer

upon layer will extend the polymer in the third dimension,

The stoichiometries of these two polymer types will differ in the same way that the
proposed civ-[NHT-Et-S )]z coordination polymers would. The 1D polymer would
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tend to a metallamacrocycle: bridging ligand ratio of 1:3 as the polymer length
increases, while the number of terminal ligands remains constant. The 3D polymer
would have an increasing number of terminal ligands as the size of each layer grows,
but the number of terminal ligands would not increase with a growth in polymer chain

length.

Again, the proposal of possible structures other than a simple “ladder” appears to be
moot, as any such structure requires the lateral alignment of multiple
metallamacrocycles in close enough proximity for a metallamacrocycle in a
successive tayer to connect to them all simulianecusly and the steric hindrance owing
to the ethyl side branches of the metallamacrocycles would prevent this. Once again,
it ought to be mentioned that this difficulty may be circumvented if the bridging
ligands used are of a long flexible iype.

To be certain that this steric hindrance wil! occur, a spatial analysis of the cis-[NiT-
Ft-5, ()]s metaliamacrocycle has been undertaken. All measurements of the ¢is-[Ni{T-
Ei-5.0})y molecule are based on the ¢rystallographic results for the 3:3 octahedral
adduct ¢is-[Ni{ T-Et-S, X pyridine-N):]1. Figure 3 4{e) shows the results of this
analysis. Measurements of the dimensions of the metallamacrocycle are given (i). The
inter-nuclear distances between nickel centres is approximately 10.5 A, while the
fengths of each major side of the roughly triangular melecule are about 15,5 A The
next diagram (i) gives an iflusteated estimate of the amount of spatial overlap
required for lateral alignment. Four types of alignment are shown: “head-io-head’ -
requiring about 1 A of spatial overlap fo position the molecules correctly; ‘side-to-
side’ — requiring roughly 2.5 A overlap; ‘head-to-side” requiring around 1 A overlap,
and *head-to-tail’ — with some 4 A of spatial overlap needed As with the spatial
analysis for ¢iy-[NI{T-Et-5,()]s, there i3 some uncertainty in these values due to
possible conformational changes. This means that where the degree of overlap is
small (7.e. in "head-to-head’ or ‘head-to-side’ alignment), there is some possibility that
twe metallamacrocycles can be aligned laterally to obtain the required Ni — Ni inter-
nuclear distance of 10.5 A without encountering insurmountable steric hindrance.
Since ‘head-to tail” alignment requires a large degree of overlap, the formation of the
2D array shown in Figure 3 4{d)Xii), which requires this type of alignment, is
prectuded. The formation of a 3D array could conceivably be possible, if the type of
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Head-to-head alignment Head-to-tail alignment

Figure 3.4{¢). Spatial analysis of size of cis-|Ni{T-Et-5,{)]a, (i} and amount of lateral overlap needed for 2 cis-[Ni(T-Et-5,]s.
molecules to simultanecusly be linked to a third ¢ix-{Ni{'T-Et-5, ()]s, (ii) and for three molecules (o do so (iil) —a requirement for the
formation of complex coordination polymers
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alignment were either’ head-to-head’ or ‘head-to-side’. However the final diagram
(iti) of Figure 3 4{e) shows that the correct positioning of a third metallamacrocycle
(to form an equilateral triangle of length 10.5 A between Ni atoms of three different
molecules) would require a spatial overlap of about 4 A between the third molecule
and both of the first two.

As with the 2:2 polymeric structures a high degree of spatial superpostion seems to
be necessary in the ¢ase of any 3.3 polymer that requires a lateral ortentation of
metallamacrocycles. As a result, #t would appear to be almost certain that no such
structure could be formed. The conclusion that one must draw therefore, isthat a
polymeric product based on cis-|[Ni{T-Et-S, ()]s or any other 3:3 metallamacrocycle
must be of the simple 1D *ladder” type {with the possible exception of polymers using
long flexible bridging ligands).

The results of various analvtical techniques for a number of products of reactions
between metallamacrocycles (both 2:2 and 3:3) and the bidentate bridging ligands,
4 4-bipyridine, pyrazine, 1,2-bis{4-pyridyl)ethane and !,2-di{4-pyridyl}ethylene are
reported,

The various reactions performed, as described in the Experimental Section, gave rise
to products with a range of different physical properties, Preliminary analyses indicate
that colour, composition {metallamacrocycle: ligand ratio) and decomposition
temperature all appear to vary from one compound to another. One compound even

possesses striking molecular recognition properties.

However, one property all of these compounds do have in common: msolubility in a
wide range of solvents. Upon mixing a solution of metallamacrocycle with a solution
of bidentate ligand, a powdery precipitate rapidly forms. In each case, this precipitate
is found te be either insoluble or to revert to the original separate components in
solution. This property makes the analysis of these compounds much mere difficult.
NMR in solution is not an ophon and sce atterapts to grow crystals of acceptable
size and quality were unsuccessful the use of our most powertul analytical tool -
single crystal x-ray diffraction — is thus precluded. The structures of these compounds

are therefore not elucidated to the same degree as those of the earlier compounds upon



162

which they are based. Inferences are drawn from the results of various analytical
techniques o obtain an idea of the nature of these compounds. Schematic drawings —
as opposed to accurately rendered high-resolution images — will be the mode of
illustration in this section. The techniques used to further characterise the compounds
were IR spectroscopy, hot stage microscopy (HSM), TGA, MALDI-TOF mass
spectrometry {which proved unsuccessful) and x-ray powder diffraction (XRD). The

results of this characterisation are presented and discussed compound by compound in

this chapter.
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34.1. Poly-[eis-(bis-u~(3.3.3".3 -tetracthy]- | | -isophthalovlbis{thiourcato-S. ())-di-
nickel(IN)-bis-p-{pyrazine-N.NY]  ({cis-[NKL-Et-S.{N(pyrazine-N.N Mz 1)

The reaction of purple cis-[Ni(I-Et-S,()}]> with pyrazine yielded a dull green powder.
The difference in colour between reagents and product immediately suggests that new
coordination bonds have formed, altering the etectronic configuration around the
Ni{11} centres. This inference is based on the results of the synthesis of octahedral
adducts (Section 3 3) in which the colour change from purple to green is invariably
observed upon axial coordination of pyndines to 2:2 metallamacrocycles. Since the
axially coordinated pyrazine is bidentate, it is expected that the product should be
polymeric, and thus of the ‘ladder” type described above. Figure 3 4. 1(a) represents
the proposed structure for {ers-[NKI-Et-S, O)(pyrazine-¥,N )]z} based on this
deduction,

Figure 3.4.1(a). Schematic diagram of proposed polymeric structure of
{ois-[Ni(1-Et-5,){pyrazine-N,N "1},

If the product is & long chain pelymer of this type, then it follows that the ¢is-[Ni(T-Et-
5¢N)z: coordinated pyrazine ratio should be 1: 2 — as described abave The results of
varicus analytical techniques are reported below to help confirm or refute this

proposal and allow a better conception of the product’s nature.
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Thermogravimetric Analvsiy

Figure 3.4, 1(b) below represents the TGA results for {cis-[Ni{1-Et-S, Q) pyrazine-
N.N":}n Both the mass percentage vs, time function and its first derivative curve are
indicated and temperatures of minimum mass loss rate are reported — to atlow better

indication of poorly resolved, yet separate, thermal events.
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Figure 3.4.1(b). TGA trace for [cis-[Ni(I-Et-S,()(pyrazine-N,N )|z} with 17

derivative curve indicated.

The graph reveals that the onset of mass loss begins at the starting temperature of the
thermal analysis {ca. 30°C). A series of three distinct mass loss events is recorded,
ending in a flat line at 197 °C. This *plateau’ continues with very little loss of mass
until about 306 °C, after which a sharp mass loss occurs. The TGA seems to indicate
that on heating, {cis-INi(I-Et-S, ){pyrazine-N,N ")}z | reverts to the
metallamacracycle cis-[Ni{I-Et-5 ()]s, which then proceeds to decompose beyond
300 °C. Thus the value of 58,51 % 15 taken to represent the fraction of the total mass
made up by the metallamacrocycle. Table 3.4.1{a) shows the results of molar mass
calculations based on this deduction and mdicates the components to which each mass
loss is attnbuted. These results correspond well with the loss of an mtegral nomber of

pyrazine molecules (molar mass = 80.09 gmol ™). Overall, they suggest a cis-[Ni(-Et-
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8.0)}2: pyrazine ratio of 1 8 Furthermore, the individual mass losses are also close to
the molar masses of integral numbers of pyrazine molecules. The first event would

thus indicate the loss of 6 pyrazines per cis-[Ni(1-Et-S,()}; unit.

However, the solvent used — dichloromethane — has a molar mass close to that of
pyrazine {84.93 g mol™). It is thercfore also possible that the first mass loss
corresponds with the removal of 6 included solvent molecules — although this mass
loss would then be expected to be noticeably larger (ca. 1%) The second event
indicates a single pyrazine and the third another single pyrazine. One may infer from
this is that there are 2 axially co-ordinated pyrazine molecules per metallamacroceyclic
unit and & guest molecules (either pyrazine or dichloromethane) beld in the structure
by weak intermolecular forces.

Table 3.4.1(a). TGA Calculations of Mass Losses for
{cis-[Ni(I-Et-N, OW pyrazine-N,N")2}

. Temp, Range Component Molar Mass Component
Feature on Graph .
("C) Mass %a (g.mol™) Ldentification
Stable Range 197 — 306 58.51 % 902,51 cis-[Ni(1-Et-5,4];
: 6 Pyrazines /
First Mass Loss 29-114 31.37% 484 )
6 CH:Cl:
Second Mass Loss I14-162 4.87 % 75 | Pyrazine
Third Mass Loss 162 - 197 5.26% 8l 1 Pyrazine
Combined Mass Loss 20-197 41.50 % 640

Hor Stage Microscopy

Figure 3 4.1(¢) 1s a series of digital photographs of a sample of {cis-[Ni(I-Et-

8.0 pyrazine-N, N "))z | o, under silicone oil, on a hot stage microscope. The sample
was heated rapidly (40 °C_min™} from room temperature. At ca. 90 °C, the sample
begins changing colour from green Lo orange. This colour change continues —

accompanied by the formation of bubbles in the oil — until at ca. 160°C, the sample
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Figure 3.4.1(c). HSM photographs of [cis-[Ni(I-Et-5,0)(pyrazine-N,N') |2}, heated under silicone oil. Temperatures reported in
degrees Celsius.
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can definitely be seen to be orange and no longer green, However, the colour
fransition is not arrested at this point. The sample continues to darken and gradually
change to a deep purple — with bubbling still observed. By 240°C the sample has
completed this celour change and remains purple until about 290 °C, where it begins
to rapidly blacken and decompose. By 340 °C the sample is completely black.

This behaviour seems to confirm that {cis-[Ni(I-Et-S, (){pyrazine-N, N )]z}, gradually
reverts to the purple meiallamacrocycle cis-[Ni(J-Ei-5,(2)]z — which then proceeds to
decompose beyond 300°C. Tn this regard, {cis-[Ni(l-Et-S, O)pyrazine-N,N Y]z }a
behaves similarly to the octahedral adducts such as cis-[Ni(1-Et-S, Q¥ pyridine-N)z)2.
What is especially interesting is the intermedhate orange colour of the sample. It 1s
possible that this colour is due to the presence of Ni (1) centres in two different
electronic configurations: the high-spin paramagnetic configuration of octahedrally
coordinated nickel and the low-spin diamagnetic configuration of square planar
nickel. Tn other words, at first, all nicke! centres have pyrazine ligands axially
coordinated, thus the compound’s colour is green. As coordinated pyvrazine ligands
are gradually removed from the nickel centres, more and more nickel centres change
from octahedral to square planar until eventually all pyrazine ligands have been
removed and all nickel cenires are square planar. During this transition, the presence
of nickel atoms in both states gives rise to visible light absorption in the wavelength
ranges associated with each electronic state, The result is a distinct orange colour. The
various shades of orange are construed as a qualitative indication of the proporiion of
nickel centres in either electronic state. The bubbles evolved during this transition can

be aitributed to the expulsion of pyrazine from the sample,

The HSM photographs indicate that from 30 - 100 °C there is some colour change in
the sample. However, the most stoking colour change occurs in the range 100 — 240
’C. This suggests that the majority of ligand remaval from the metal centres occurs in
this temperature range. This roughly corresponds with the second and third events
observed in the TGA trace, although sample behaviours during HSM and TGA do
vary, insomuch as the mass loss during TGA 1s arrested at 197 °C, whereas the celour

change during HSM is only completed by 240°C.



[68

Elemental analysis results {Section 2.4.1 and Table 3.4 1(b) below) correspond well
with elemental mass percentages calculated for a cis-[Ni{I-Et-5, 0}, pyrazine ratio of
1: 2 — as shown in the schematic drawing of 2 2:2 metallamacrocyelic coordination
polymer (Figure 3 4{a} above}. This data does not match the data found frem TGA,
but the discrepancy can be attributed io the preparative techniques used before
elemental analysis, which included subjecting the compound to vacuum, possibly
removing weakly held pyrazine or dichloromethane melecules from the compound,
thus rendering it into a guest-free structure. Note that a cis-[Ni{l-Et-S,(J}]z; pyrazine
ratio of 1:4 {i.e, the stoichiometry expected for a monomeric octahedral adduct) does

not match the experimental results.

Table 3.4.1(b). Comparison of fcis-[Ni(I-E¢-S, O} pyrazine-N,N")]:}, elemental
analysis results with values calculated for 2 menomeric octahedral adduct, 2

guest-free polymer and a structure containing guest molecules.

Element Found % Czlculated %6

Metallamacrocycle: Pyrazine Ratio

1:2 1.4 1'8
C 49.10 40 73 S51.07 52.92

H 5728 5.31 5728 523

N 15.49 1582 18.33 21.78

S 11.77 12.07 10.49 B3t

IR Spectroscopy

Infrared analyses were performed on the compounds pyrazine, cis-[Ni{I-Et-5,()]; and
{eis-[Ni(I-Ft-S, O)pyrazine-N,N )2} in the range 1000 — 300 em™. There are two
important observations for the purpose of this characterisaiion. Firstly, there is a
significant increase in absorption at 486 em™ for {cis-[Ni(I-Et-S,O){pyrazine-

NN "Yala as compared to cis-[ Ni{l-Et-5,()]a. Secondly, there is an additional peak at
415 cm’ in the {cis-[Ni{(T-Et-S, )(pyrazine-N, N ]2}, spectrum. The shifiing of a peak
in the free pyrazine 1R spectrum at ca. 417 cm™ to 472 — 486 cm™ in the spectrum of a
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pyrazine complex is characteristic of pyrazine acting as a bidentate bridging ligand. e
111 The increased absorption at 486 em™ for {cis-[Ni(1-Et-S, OX pyrazine-N, N Yz, is
strong confirmation that pyrazine has coordinated to 2 separate Ni(Il) centres. The
remaining presence of a peak at 415 em™ for {cis-[Ni(1-Ft-S, () (pyrazine-N, N Yz}«
suggests that uncoordinated pyrazine is also present in the sample. A comparison of
the spectrum of cis-[Ni{[-Et-8,(}}]2 with that of {cis-[Ni(I-Et-S H{pyrazine-N, N ]2}
in the C — CI stretching range {850 — 550 cm™)*1?
observed for {¢is-{Ni(I-Et-S, O pyrazine-N, N )2}, This sugpgests that

dichloromethane 15 not present as a guest in the sample.

shows that no new peaks are

X-ray Powder Diffraction

Figure 3.4.1{d) below shows the x-ray powder diffraction pattern of {c¢is-[Ni(1-Et-

S, (Nipyrazine-N.N ]2}, along with those of eis-[Ni(T-Et-S,(M];, pyrazine and a
pattern generated by superimposing the patterns of cis-[Ni{([-Et-5,{)}]; and pyrazine
(pyrazine reflections weighted by a factor of 0.25 to prevent loss of detail from the
cis-[Ni(I-Et-5, ()Y}, pattern.) It is immediately evident that the {cis-[Ni{I-Et-

S, (N(pyrazine-N, N )]z}, powder pattern is not merely the superposition of the eis-
[Ni(1-Et-8,¢}}]» and pyrazine powder patterns. In other words, the green powder {cis-
[NI{(I-Et-8, O pyrazine-N, N )]z }n is not simply a mixture of cis-[Ni([-Et-S,(}]: and
pyrazine erystals — although this is already strongly suggested by the difference in the
colours of cis-[Ni(1-Et-5.(2)]: and {cis-{Ni(1-Et-S,O X pyrazine-N.N )]z }a.

The powder pattern of {cis-[Ni{I-Et-5, () pyrazine-N, ¥ )]: }, exhibits much broader
peaks than that of cis-[NKI-Et-5,(3)]; — possibly implying that {¢is-[Ni(I-Et-

S Nipyrazime-N. N ]z a 1s not wholly crystalline. A reduced degree of crystallinity is
an indication that the compound could be polymeric. It can be suggested that the rapid
coordination of the bidentate bridging ligands results in the formation of a highly
insoluble polymeric product that quickly precipitates as a partially amorphous
powder.
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Figure 3.4.1(d). X-ray powder diffraction patterns for {cis-[Ni(I-Et-5, ) (pyrazine-N,N ")z} and its unreacted components - separate
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Swummary

Prcliminary observations indicated that the addition of pyrazine to cis-[Ni(I-Et-5, O)]2
yiclds a new compound — probably possessing oclahedral coordination around the
nickel centres. TGA and elemental analysis show that {eis-[Ni(1-Et-5,0)(pyrazine-
NN Y|z} has a cis-[Ni(I-Et-S, () ]z: pyrazine ligand ratio of 1:2 with 6 guest molecules
{cither pyrazine or dichloromethane) per metallamacrocyele, TR analysis indicates thar
pyrazine is acting as a bidentate bridging ligand, and also seems to be present as an
uncoordinated guest, while there does not sgem to be any CH;Cl; present as a guest.
XRD indicates that {efs-[Ni(1-Et-§, ¢ pyrazine-N, N "))z}, Is at least partially
crystalline, and possesses a crystal structure that is markediy different from those of
pyrazine and cfs-[Ni(1-Et-5,{h]2.

{ Cis-[Ni(I-Et-8, O} pyrazine-N,N ]z 1s a new compound, The product was expected
te be a coordination polymer. 1ts physical propertics, stoichiometry and other
analvtical evidence bear this out. {cis-[Ni(1-Et-8, () {pyrazinc-N, N ]2} i almost
certainly a polvmer of the form illustrated in Figure 3 4.1(a), containing 6 pyrazine
gucst molccules, i.e. {cis-[NI(I-Et-5, Q) pyrazine-N. N ")]2.6(pyrazine) } n.
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3.42 Poly-[civ=(bis-u~3.3.3". 3" tetracthyl- 11 -isophthalovibis{thiourcata=5.£))-
di-nickel(IT))-bis-p-(4 4’-bipvridine-MN Y] ({cis-[Nif 1-Et-§, )(bipy-N.N V310l

The reaction of purple cis-[Ni{J-Et-S,(7}]; with 4,4 -bipyridine (bipy} yiclded a dull
green powder similar to {cis[Ni(I-Et-S, O} pyrazine-¥, N ]2}, This colour change
was again taken as signifying a change 1n the coordination around the Ni(Ll) centres
from square planar to octahedrai. Since bipy has the ability to act as bidentate
bridging ligand. the product of a coardination reaction of bipy with a metal complex
such as ¢is-[Ni(J-Et-5, ()], was expected to be polymeric (and therefore of the ladder
type similar to the proposed structure for {cis-[Ni(I-Et-5, Q) pyrazine-N. N ")]2},.). The
stoichiometry of such a polymer would give a metallamacrocycle, ligand ratio of 1:2.
The results of various analytical techniques for {cis-[Ni(I-Et-5, CWbipy-N N ") ]2}, are
reported below.

Thermogravimetric Analysis

Figure 3 4.2(a) below 1s a graphical representation of the TGA results for {cis-[Ni{1-
Et-§5, OYbipv-N N V]2 }a As with {cis-[Ni(i-Et-8,()pvrazine-N.N "}z }n, a first
derivative curve 1s included to allow better identification of poorly resolved thermatl
events. However, this does not help interpret what turns out to be a complex TGA
trace. The mass loss begins at 163 °C and continues past the decomposition point of
cis-[Ni{I-Et-5,0}]: and is engoing at the final temperature of the TGA run (350 °C).
The first derivative trace resolves what appears to be one continuous mass less nto a
few separate thermal events. The mass loss that begins at 163 °C appears to abate
somewhat at 220°C — with some 9 98 % mass having been lost. A second event is
already underway at this stage and increases the mass loss rate until another point of
inflection (or lacal maximum in the first derivative trace) at 239 °C (5.29% mass lost).
A large mass loss {29.20%) ensues from this temperature until 308 °C, beyend which
the mass loss rate increases again and then abates once more at 350 °C having lost
10.52%.

Clearly, the interpretation of this data is troublesome, as there is no temperature range
during which the sample is gravimetrically stable, and thus no clear mass percentage

upon which to base calculations. It is also difficult to determine accurately how much
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mass is lost in each thermal event as the points of inflection represent weakly resolved

borders between thermal ¢vents and the rate of mass loss at each of these pomts is still

guite hagh,

0.1

{163°C ; 100.61%)}
(220°C ; 90.63%) 0

239°C ; 85.34%)

1 -0.01

.02
: 56.14%)

- -0.03

-0.04
{350 °C : 45.62%]

-0.06

25

50 78 100 125 150 1¥5 200 225 250 275 300 325 360
Temperature {°C)

Figure 3.4.2(a). TGA trace for [cis-[Ni(I-Et-S, O){(bipy-N.N")]z}, with 1*

derivative curve indicated.

With these difficulties in mind, Table 3.4.2{a) below was devised based on two
assumptions. In the TGA of {eis-[Ni(l-Et-S, (N pyrazine-N N )]z }., it was seen that
soon past 306 °C, the metallamacrocyele cis-{ Ni(1-Et-S,(h]; begins to decompose.
Thus the assumption is made for {cis-[Ni(I-Ei-S, ) bipy-¥, N )]z}, that the remaining
mass at the point of inflection at 308 "C represents the metallamacrocycle eis-[Ni{l-
Et-5.()]2 and any mass loss bevond this temperature results from the degradation of
the metallamacrocycle itself, Another assumption made 15 that the masses lost

between the points of inflection represent discrete thermal events.

dY/dX (mg."C ™)
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Table 3.4.2(a). TGA Calculations of Mass Losses for
feis-[Ni(I-Et-S5, ) bipy-N.N ") |2} a

Temp. Range Component Molar Mass Component
Feature on Graph . ;
(") Mass % (g.mol ™) Tdentification
Point of inflection 308 56,14 % 902.51 el NI(I-Et-S,O ]
First Mass Loss 163 - 220 Q.08 o 160G 1 bipy / 2 CH,Cl;

Second Mass Loss 220 - 239 529% 35 1 CH:Cl; / 0.5 bipy

Third Mass Loss 239 - 308 2020 % 469 3 bipy
Combined Mass Loss 163 - 308 44 50 % 718

The first thermal event from 163 ~ 220 °C indicates a mass loss of 9.98%. This
represents a component with a molar mass of 160 g.mol” ~ which corresponds well
with the molar mass of 4.4 -bipyridine (156.19 g.mel ") or alternatively twice the
motar mass of dichloromethane {84.93 g mol™) —the solvent in which the reaction
was conducted. The second event from 220 — 239 °C represents a component with a
maolar mass of 85 g.mol ™. This corresponds well with the molar mass of
dichloromethane or alternatively, with half the molar mass of 4.4"-hipyridine. The
final event before decomposition of the metallamacrocycle involves the loss of 469
g.mul‘l. This corresponds very well with three times the molar mass of 4,4°-

bipyridine.

The data can thus be interpreted in the following way: the first mass loss correspends
with the loss of cne motecule of 4,4’ -bipyridine The second event could represent the
loss of one molecule of dichloromethane per metallamacrocycle — although intuitively
one might expect the loss of this molecule prior to the loss of 4.4’ -bipyridine. The
final mass loss matches well with the molar mass of 3 molecules of bipy per cis-[Ni(l-
Et-5,0)]; unit.

This data indicates a cfs-[Ni(F-Et-S.03}}: : 4.4"-bipyridine : dichloromethane
composition in the ratio: 1 - 4! 1 —i.e. 4 molecules of hipy and cne molecule of
CH:Cly per cis-[Ni(1-Et-S,(0)]; unit, This raises an interesting issue regarding the

nature of the preduct. A metallamacrocycle: ligand ratio of 1: 4 is characteristic of the
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monomeric octahedral adducts of cis-[Ni{I-Et-5,()]; such as cis-[Ni(1-Et-

S, O(pyridine-N) ]z, whereas a 1:2 ratio is expected for a ‘ladder’-type coordination
polymer. It is therefore possible that {cis-[Ni(I-Et-S, OXbipy-N.N 1]} 1s either a
coordination polymer with two bipy molecules and 1 CH;Clz melecule per
metallamacrocycle included in the structure or a menomeric octahedral adduct with

one CH;Cly guest per adduct molecule {as was found to be the case for cis-[Ni(1-Et-
5, 0)YDMAP-Nh 1)

The insolubility of {cis-[NH{[-Et-5, ) (bipy-N N "]z }a, combined with the fact that
bipy is a bidentate bridging ligand, suggests that the compound is polymeric, but this

1§ it no way conchisive.

Hot Stage Microscopy

Figure 3.4, 2(b) shows a series of photographs of {cis-[Ni(I-Et-5, O X bipy-N.N ]z ta
under silicone oil on a hot stage microscope. The sample was heated at 20 "C per
minnte from room temperature, The photographs 1ndicate that {cis-[Ni{[-Et-
S,.ON(bipy-N. & ) ]2 }n is thermally robust, remaining apparently unchanged until 160 "C
— at which point the sample begins to change colour from green to a dullish brown.
This colour change continues until about 180 °C, after which, the sample begins
changing colour to purple. At arcund 200 °C, bubbles evolve from the sample, as it
continues darkening in colour, By 225 "C, the sample has completed the colour
change to deep purple — which is how it remains until past 300 “C, where it rapidly

degrades to a black residue (not shown).

These observations seem to indicate something similar to that observed for {ofs-[Ni(I-
Ei-S, (N (pyrazine-N, N Y]z o The gradual disappearance of the green colour suggests
that the axially coordinated bipy ligands break their bonds with the Ni atoms. The
intermediate brown colour can be attributed to the presence of both square planar and
octzhedral nicke!l {IT) m the sample. As the temperature is further elevated, the colour
change continues until all bipy has decoordinated from the Ni(1I) centres. The
evolution of bubbles from the sample may be attributed to the loss of bipy from the
complex, although the fact that there is some delay between what 1s perceived to be



176

i —
Vgl rr. W 1:

Figure 3.4.2(b). HSM photographs of {eis-|Ni(1-Et-S, O)(bipy-N,N )2}, heated under silicone oil. Temperatures reporied in degrees
Celsius.
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the decoordination of the ligand and its removal could indicate that the bipy remains
present with the complex even after decoordination. Note that in {cis-[Ni(l-Ef-

8. O pyrazine-N.N ")z }n, the evolution of pyrazine was observed to be concomitant
with the colour change beginning at ca. 100 °C. This difference could be explained in
terms of the melting and boiling points of pyrazine and 4,4’-bipyridine. Pyrazine
{m.p. 55 °C and b.p.. 115 °C) would be expected 1o be removed at a much lower
temperature than bipy (m.p. 112 °C and b.p. 305 °C) - provided that the forces
holding them in their respective erystal structures are comparable, The colour change
from green to purple occurs over similar ranges for both {ecis-[Ni{1-Et-§. OY pyrazine-
NNzt and {cis-[NH{[-Et-5, OXbipv-N, N )]z}, and thus the dative covalent bond
strengths do not appear to differ greatty. Once the Ni — N coordination bonds are
broken, there 1s no other strong force {e.g. hydrogen bonding) holding the ligand

within the ¢rystal structure.

Once the colour change from green to purple 1s complete at ca. 223 °C, {cis-[Ni{I-Ei-
S EN(bipy-N, N V]2 1 appears to be thermally stable until around the decompesition
point of cie-[Ni{I-Et-5,()]2. Tt 13 therefore likely that {cis-[NKT-Et-S. )(bipy-
N.N)1}tn reverts to the metallamacrocycle ¢is-{Ni(1-Ei-S, ()] upon heating,

It is interesting to compare the TGA results with the observations obtained from
HSM. However it must be stressed that the TGA and HSM results will not
necessarily agree entirely because of the difference in experimental conditions.

The initial colour change during HSM begins at roughly the same temperature as the
initial onset of mass loss in the TGA —ca. 160 "C. The colour change is completed by
225 "C ~ well before the decomposition point of cis-[Ni(I-Et-8,(N]s. This is sintilar to
the observation made for {cis-[NI{I-Et-S, (N(pyrazine-N,N '}z }s, where complete
colour chanpe had occurred by 240 °C. The difference is that for {efs-[Ni{[-Et-

S, Chipyrazine-N, N ¥z}, the TGA showed ntass loss arrest at 197°C, whereas for
{cis-[NI{L-Et-S, O)bipy-N, N )1}, mass loss continued pasi 300 "C. This can be
explained in terms of the difference in melting and boiling points of pyrazine and

4,4’ -bipyridine as described above. The expulsion of coordinated bipy ligands of { cis-
[NHI-Et-5, (D(bipy-N,.N Y]z} could actually occur at temperatures higher than the
decoordination events, hence the continued mass loss well beyond the temperature of

the final colour change. This would also explain the poor resolution of the final
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thermal events, as the cis-[ Ni{I-Et-S,0}]: complexes begin decomposing while bipy
molecules stubbornly persist within the structure. The loss of dichloromethane at the
elevated temperature of 220 °C {as indicated by TGA) would cccur if this guest were
trapped within layers of the coordination polymer. It would cnly be able to escape
once decoordination of bipy from ¢is-[NI{I-Et-8, Nz had occurred. This fits with the
HSM indication that the decoordination process occurs from 160 — 225°C. The
possibility of the first two thermal events representing the loss of 1 bipy followed by 1
CHaCl; molecule per metallamacrecyele 18 now more appealing. The first mass loss —
attributed to a bipy guest — ocours before the decoordination of the two bipy ligands.
The second event represents the loss of one enclathrated CH:Cly per
metallamacrecvele, and occurs during decoordination {as the colour change is
occurring}, as these molecules should be able to escape immediately as the
coordination bonds are broken — i.¢, throughout the entire temperature range of
decoordination. This event is then followed by the loss of the remaining — possibly
enclathrated — bipy gnest and the 2 decoordinated bipy’s as one final event. These
results imply the possibility that {cis-[Ni(1-E1-S, O)Xbipy-N.N )]z} is a polymeric
clathrate complex with one dichloromethane guest and one bipy guest caged between
layers of metallamacrocyeles by the coordinated bipy ligands.

Elemental Anclysis

Table 3.4 2(b) below compares the values obtained from the elemental analysis of

{ cis-[NI{T-E1-5, Nbipy-N, ¥ ]2} with values calculated for a coordination polymer
{cis-[Ni{l-E1-S,0%]; - bipy ratio | 2) and a monomeric octahedral adduct {cis-fNi(1-
Et-85,(0];z - bipy ratio 1: 4) — assuming that all included guests are removed by
subjection of the sample to vacuum prior to analysis, as suggested for {c7s-[Ni(1-Et-
S, Opvrazine-N N )]2}a above. The composition that gives calculated values closest
to those found by elemental analysis is the 1: 2 ratio. It is most likely therefore, that
{cis-[Ni(1-Et-S, O)bipy-N,N Y]z}« 18 a coordination polymer, with all its guest
molecules removed on subjection to vacuum (giving a cis-[NI(I-Et-5 )]2: bipy:
CH,Cl; ratio of 1: 2: (). This gives no clear indication as to the original composition
of the product as enclathrated guests may have been present but were removed on

subjection to vacuum, or possibly no guests were enclathrated at any stage.
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Table 3.4.2¢b). Comparison of |cis-|Ni{l-Et-S,0)(bipy-N,N")|2}. elemental
analysis resalts with values calculated for a monomeric octahedral adduct and a

gucst-free polymer

Element Found % (alculated %a
cis-{NI(T-Et-5,(")s. bipy ratio
152 I-4
C 3476 5536 58.77
H 334 5351 528
N 13.77 13.84 14.67
S 980 1356 5.40
Xray Powder iffraction

Figure 3 .4.2(c) shows the x-ray powder diffraction pattern of [cis-INi{1-Et-5,()bipy-
NN V]z2)a as well as that of eis-[Ni{(1-Et-S,(3)]2, 4.4 -bipyridine and & pattern generated
by the addition of the reflection data for efs-[Ni(I-Et-5.(N]; and 4.4 -bipyridine, It is
evident that the prominent peak at 20 = 25 5" in the bipy pattern is absent from the
{cis-[NI(T-Et-S, (O {bipy-N. N V]a}n pattern, as is the peak at 28 = 10.6” in the ¢is-[Ni(1-
Et-8,(9)]: pattern. Furthermore. a new peak is present i the {¢is-[Ni(I-Et-S,0)(bipy-
N N2}, pattern at 28 = 8.6°, which is not present in any of the other patterns. Hence,
one can deduce that {cis-[Ni(I-Et-8, ONbipy-N.N )]z | possesses a new crystal
structure — it is not simply a mixture of cés-[Ni(I-Et-§,(2)]; and bipy.

Yurthermore, when one compares the powder diffraction patterns of {crs-[Ni(I-Et-
SO bipy-N,N V]2 with that of {cis-[NUT-Et-8, Q) (pyrazine-N N'}]: }.. one sees
remarkable similarity. Figure 3.4.2(d) below shows the powder patterns for these two

compeunds on the same set of axes.
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Figure 3.4.2(d) Comparison of x-ray powder diffraction patterns ol
Jeis-[N{I-E(-S, O bipy-N.N'): 1. and {cis-[Ni(l-E-8, O} pyrazine-N, N "]z},

At low values of 28 (0 - 20, the graphs possess the same number of peaks with the
same general shapes and similar heights {with the exception of the peaks at ¢ca. 11°,
which differ considerably in height). The peaks appear ar similar angles, with some
slight shifting observed. In two cases {at 28 = ca. 8° and ca. 15°), where a peak
shoulder is observed for {cis-{INiI(I-Et-8, Q) pyrazine-N, N N]: 15, 2 similar teature is
observed for {cis-{Ni(I-Et-5 () Kbipy-N. N )]s but with the shoulder amplified so
that it appears as a distinct peak {at 20 = 8.6" and 17.5" respectively), Clearly, the
XRIY patterns for §cis-[Ni(T-Et-5, Q) pyrazine-N, N 1]z} and | cis-[Ni(T-Et-5, ()}bipy-
N, N1z b bear more similarity to each other than they do to the patterns for each of
their respective components. This hints to a similarity in the crystal structures of the

two products, which might be expected from two analogous coordination polymers.
Swmmary

Initial observations suggest that the product {cix-{Ni(T-Et-8, O)(bipy-N, N Y2 ln is a
new compound possessing octahedral coordination of 4 4’bipvridine around the NKIT)
centres of 2:2 metallamacrocycles. TG A and elemental analysis agree with the
proposal that the product possesses a cis-[Ni{[-Et-5,{J)]:: bipy ratio of 1.4, wiath one
dichloromethane guest per metallamacrocycle present in the structure, Unuysual
thermal behaviour suggests that the compound may be a clathrate complex, The
similaritics in properties and XRD results to {cis-{NI(I-Et-8, (H{ pyrazine-A, N 1)1},
imply that the compound is a ladder-type coordination polymer. The proposed



182

composition for {cis-[Ni(I-Et=5,{N(bipy-N.N ]z 1, is thus given as {eis-[Ni{l-Et-
S, ON(bipy-N, N )] 2.2(bipy).(CH2Cl;z) } . A schematic diagram of this proposed
structure 1§ given in Fig 3.4 2(e).

Figure 3.4.2(¢). Schematic diagram of proposed structure for {cis-[Ni(I-Et-
S, O)(bipy-N,N")|:}, Hlustrating coordinated bipy ligands, external bipy guests
and enclathrated bipy and CH,Cl; guests.
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343 Polv-Toir-(bm-u~+3.3,3",3 detraethvl-1, | "-tsaphthalovibis{thioureato-S, ) p-di-
nickel{11})-bis-p-{1 2-bis(4-pyridyhethane-N, N 3|
({cts-[NiI-Et-5, QX BPE-N ¥ Y] 1)

The reaction of purple cfs-[Ni{I-Et-5.0)]: with 1,2-Bis(4-pyridyl}ethane (BPE}
yielded a bright green powder with the colour change considered to be a sign of a
change in the coordination around the Ni11) centres from square planar to octahedral.
The product of this reaction, {cis-[Ni(:-Et-§,O)}BPE-N.N )]z}, is imitially expected to
be a tadder type coordination polymer analogous to {cis-[NiI-Et-§, (){pyrazine-

NN N):2toand {eis-[NI(I-E-5, O)(bipy-N N ')]: 1. Again, an indicator of the polymeric
nature of this compound would be given by metallamacrocyele: ligand ratio of 1.2.
The results of the characterisation of {¢is-[NYI-Et-S, OWBPE-N, N }]x}, are reported
below.

Thermogravimetric Analysis

50 ?:5 100 1I25 1&3 1'.;5 200 s 250 I 300 325
Ternperatura (°C)
Figure 3.4.3(2). TGA trace for {cis-[Ni(}-Et-S, O BPE-N,N")|:}, with 1

derivative curve indicated.
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Figure 3.4 3(a) illustrates the results of TGA for the product {cis-[Ni(l-Et-S, (J)(BPE-
NN )]z }s. It is immediately clear that a complex process 18 occwrmng as the sample i8
heated. The onset of mass loss occurs at ca, 180 °C. The second derivative trace shows
that the mass loss rate decreases at 205 °C — by which time less than 3 % of the total
mass has been lost — but then increases greatly almost immediately until another point
of inflection at 237 °C. This second thermal event involves the loss of 8,26 % of the
total mass. After this, the mass loss rate increases again until 304 °C, at which point
another 29.27 % of the mass has been lost. Beyond this temperature, the sample
continues to lose mass as it decomposes. As a result of this behaviour, one cannoot
base any calculations on the assumption that the remaining mass at any point 1s solely
attributed to the metallamacrocvcle cis-[Ni(I-Et-S,()]z, which has been the strategy

utilised in previous characterisations.
Hot Stage Microscopy

Figure 3.4.3(b) shows a series of photographs of a sample of | cis-[Ni(F-Et-S. () BPE-
N, N2}, under silicone oil as it is heated from room temperature (heating rate 20 "C.
min'l,‘l. The sample appears to be stable with no observable change until 100 °C,
where the appearance of bubbles signifies the removal of some component from the
structure. This component removal increases considerably in rate so that by 130 °C
the formation of bubbles is extremely rapid. This continues until around 180 °C,
where the onset of a colour change suddenly occurs and by which time the bubbling
has abated. This change begins at the periphery of the sample and spreads inwards
towards the centre. The celour changes from green to purple through an orange
intermediate colour, By 205 °C, the samptle is completely purple. This is very much
the same type of behaviour that was observed for {cis-[Ni{l-Et-5 O pyrazine-
NNYato and {cis-[Ni(T-Et-8,N(bipy-N.N")]z}a — apparent confirmation that {cis-
[NI{T-E1-8, (O{BPE-N N )]; | is simply an analogue of those twe compounds. But then
at around 230 °C, something wholly unexpected begins to happen The sample
appears to become paler in colour, By 250 °C this is much more noticeable and by
280 - 290 °C, the sample has become completely white, Then, by 310 °C, the sample
darkens into a grev-green accompanied with the renewed onset of bubbling, which
appears to signify the onset of total thermal decomposition, as the sample bubbles
rapidly and gradually darkens further until finally, by 450 °C, only a black residue
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Celsius.

Figure 3.4.3(b). HSM photographs of {cis-]Ni{I-Et-S,O}BPE-N,N"')|2}. heated under silicone oil. Temperatures reported in
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remains. Up till 230 °C, it seems that {cis-[Ni([-Et-S, OYBPE-N,& }]:}» undergoes the
same transition as the first two coordination polymers: removal of guests and
decoordination of axial ligands to revert to the metallamacrocycle ¢is-[Ni(I-Et-5,0}]>.
However the unexpected celour change from purple to white seems 0 suggest some
major transition with respect to the Ni{IHl) cenires. A white or colourless appearance is
characteristic of Ni(0) complexes such as tetracarbonyl nickel. This would suggest
that the Ni(TI) centres have been reduced to Ni(0). However, such a consideration is
highly unlikely as no strong reducing agents were empleyed in this reaction. Another
alternative is presented by the reported existence of an interesting octahedral Ni{H)
complex, which is polymeric and colourless. Furthermere, this coordination polymer

U3 1t therefore seems likely

employs 4,4"-bipyridine as a bidentate bridging ligand.
that a thermaily induced rearrangement occurs within the sample to bring about this
colour change. This adds more weight to the supposition that {cis-[Ni(T-Et-S, O} BPE-
NNz }a (as well as its analogues) is indeed a coordination polymer. However, this
phenomenon reinforces the difficuliy in the characterisation of {cis-[Ni(I-Et-
S,(N(BPE-N, Nz}, by TGA. It is certain that at no time during the TGA is the
metallamacrocyele eis-[Ni{I-Ef-8,(3]]; the sole remaining component, Therefore, its
molar mass cannot be used as the basis on which the molar masses of other
components may be determined. However, it seems that the boundary temperatures of
the thermal events during TGA correspond very well with the temperatures of the
chromatiic transitions observed during HSM, and the conjunction of observations from

the two techniques altows certain deductions to be made.

The first thermal event begins at around 180 °C, This event seems to involve a colour
change from green through orange to purple as well as a mass loss of some 2,81 %,
The mass loss slows down to a local minimum at 205 °C, which is the temperature at
whtich the first colour change has compieted. The second mass loss beginning at this
temperature and contiming until 237 °C corresponds well with the range in which no
colour change is observed during HSM, The next mass 10ss range (237 -- 304 °C) is
the same range in which the sample loses its purple colour, Beyond 304 °C the mass
loss increases again, corresponding with the observed gradual blackening of the

sample.
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The colour change observed at 180 °C can be attributed to the decoordination of 1,2-
bis{4-pyridyllethane from the Ni(1T) centres. However, the mass loss is too small to
indicate the loss of these former ligands from the structure. 1t is more likely that —ina
similar manner to that proposed for {cis-[Ni(T-Et-S, ()(bipy-¥, N ]2 1. above — this
mass loss is due to the expulsion of an enclathrated dichloromethane guest, which was
trapped within the structure until such time as the axial coordination bonds were
broken, The purple colour to which the sample reverts from 180 — 205 °C could
indicate the presence of the unpolymensed metallamacrocycle cis-[Ni(L-Et-5, (1} ]z
However, it 1§ certain that there 1s also |,2-bis(4-pyndivl)ethane present above this
temperature, as the later transition would not occur if only cis-[NWI-Et-5, (]
remained. The following thermal event from 205 — 237 °C might then represent the
removal of BPE or more CH;Cl:. The Solver tool in Microsoft Excel was employed to
find any wiable solutions to the assignment of each percentage mass loss to integral
numbers of BPE or CH;Cl; (or combinations of both). This proved fruitless — even at
a low accepted level of precision. This confirms that the mass loss from one point of
inflection to another does not accurately represent the mass lost in each actual thermal
everl — a consequence of the fact that the mass loss rate at each point of inflection is
still quite high, This especially applies to the point of intlection at 304 "C where the
mass loss rate is 0.02 mg °C"". It is also at this temperature that the transition to the
unknown colourless compound appears complete {according to HSM results) and it is
therefore problematic that the mass loss 1s not more completely arrested at this

temperature, as such an arrest would allow more accurate calculations to be made,

In short, only qualitative information can be gleaned trom the TGA and HSM,
because there is no stable or near-stable range of low mass loss rate during the TGA.
The results of elemental analysis of {¢is-[Ni{I-Et-5, OWBPE-N N ]2, are reported

below.
FElemental Analysis

Table 3 4 3{a) gives the results of elemental analysis for {cis-[Ni(l-Et-8, OHBPE-
NN "]z together with the values calculated for several cis-[Ni(T-Et-5,¢)]: BPE:
CHaCls ratios. The stoichiometries which are of interest are those corresponding to a
monomeric octabedral adduct {cis-[Ni(T-Et-8,¢2)]»: BPE; CHoCl; ratio 1: 4. 0), a
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guest-free ladder-type polymeric structure {1: 2: 0} and then various other possibilities
tiat may result from either of these stoichiometries with guests included in the
structure. The results agree well with a ratio of either 1 2: 0 or 1: 3: 1. This indicates
that {cis-[Ni{[-Et-5,(NBPE-N N "]z} is a ladder-type coordination polymer that
possibly retains its enclathrated guests {one BPE and one CH:Clz guest per
metallamacrocycle), while any non-enciathrated guests are lost on subjection of the
sample to vacuum prior te elemental analysis. This means that no accurate

information 18 given as to the original compeosition of the sample.

Table 3.4.3(a). Comparison of {cis-{Ni(I-Et-S,0)(BPE-N,N"}];}, elemental
analysis results with values calculated for a monomeric octahedral adduct, a

guest-free polymer and various possible structures containing guest molecules.

Element Found % Calculated %5
cis-[Ni{I-Et-8,(2)]z- BPE: CH,Cls Ratio

1: 2: 0 1:3: 0 1:4: 0
C 5675 56.70 59 43 61.54
H 5.79 51 582 590
N 12.84 13.22 13.48 13.67
5 915 10.09 881 7.82

1:4:1 1:3: 1 ) P i
C 5920 5603 54.03
H 5.73 5.63 5.50
N 13 .00 12.73 12 40
5 744 B.33 Q.46

X-ray Powder Diffraction

Figure 3.4.3(¢) shows the x-ray powder diffraction pattern for {cis-[Ni(I-Et-
S ONBPE-NN "}]214 as well as the patterns for ¢fs-[Ni1-Et-S,0}];, 1,2-Bis(4-
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Figure 3.4.3(c). X-ray powder diffraction patterns for {cis-[Ni(I-Ei-S.0) (BPE-N,N")],}, and its unreacted components - separate and
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pyridyl)ethane and a pattern generated by the addition of the reflection data for the
latter two compounds. As was shown for {cis-[Ny{1-Et-S, O)pyrazine-NN ]z}, and

{ cis-INi(I-Et-S,(N{bipy-N, N "}]2}a, the XRD analysis of {cis-[Ni{I-Et-S,(’{BPE-
NNz }n confirms that this product possesses a crystal structure that differs markedly
trom that of either of its unreacted constituents. The prominent peaks at 20 = 19.9°
and 23 3" in the BPE trace are absent from the {cis-[Ni{I-Et-5, (ID(BPE-N.N Yz 1a
trace. Similarly absent from the {cis-[Ni(1-Et-5,O¥BPE-N.N '}]2 1, trace are the major
peaks of the cis-[Ni(T-Et-5,0)]; trace at 20=6.9°, 10.6" and 22.7°, At the same time,
there are large peaks at 26 = 8.6" and 11.6° in the {cis-[Ni{I-Et-S, O}BPE-N N )]z},
trace that were present in neither the cis-[NKI-Et-5,()]; nor the BPE powder
diffraction pattern.

Furthermore, the {cis-[Ni{1-Et-5, 0¥ BPE-N. N )]: |,y powder diffraction pattern bears
much resemblance to that of {cis-[Ni(I-Et-S, ) bipy-N, N ]2}« (which in turn was
noticeahly similar to that of {cis-[Ni{1-Et-5, O){pyrazine-N N ]; }» — as menticned
above). Figure 3.4.3(d) shows the powder diffraction pattern of {cis-{Ni(1-Et-
S.ONBPE-N.N)]z}n (in blue) together with that of {cis-[NKI-Et-8, ) bipy-N.N Tl }a
{in red) on the same set of axes.

400 1 s e
{ Cis-[Ni{I-E1-5, OXBPE-N,N V2 }a
3500

3000 | { Cis-[NKI-Et-5 OXbipy-M N 2o
2500 -

20 -

Reflection intensity

1500 -

100 A

Figure 3.4.3(d) Comparison of x-ray powder diffraction patterns of {cis-[Ni(I-Et-
S, ONBPE-N.N")3}n and {cis-|Ni(I-E£=S,()(bipy-N,N )]z} a
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square planar Ni(T9), but not enough to permanently alter the nature of the product.
But perhaps more importantly is the fact that a better understanding of this product
ang its behaviour can contribute to our ability to design and develop powerful new

molecular recognition materials
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345, Poly-[eis{tris-u-(3.3 3" 3'-tetracthyl-1. 1 -terephthalovibis(thicureato-S.())-
tri-nickel(I1))-tris-p-{pyrazine- NN} ({cis-[Ni(T-Et-S.()(pyrazine-N.N V] 1a)

The reaction of the 3:3 metallamacrocycle cis-[Ni( T-Et-S, ()]s with pyrazine in
chloroform yielded an orange suspension. On filtration, the product possessed a gel-
like consistency, but after some time, the product lost this appearance. The final
appearance of the preduct was found to be an orange powder similar in appearance to
{eis-[NUI-Et-8, (Y DPE-N. N )]z |, which was shown above to be a potential
coordination polymer, undergoing complete coordination on exposure t¢ various
solvents. In thns case, the product, {cfs=[Ni(T-Et-§, O)pyrazine-N, N ] ., did not
display any such vapochromism, The results of the series of analyses for {cis-[Ni{(T-
Et-5, ) pyrazine-N. N )]z . are reported below.

Thermogravimetric Analysis

Figure 3.4.5(a) is a graphical illustration of the results of TGA for the product {cis-
NI T-Et-S.N(pyrazine-N, N )]z} .. The sample loses some 10.0 % of the total mass by
174 °C. A pericd of near stability (in gravimetric terms) eccurs beyond this
temperature. At 236 °C with 87 % of the total mass remaining, the sample is at its
most stable — as shown by the first derivative trace, which indicates a local minimum
in mass loss rate at this peint. By 261 °C, with 85.0% of the total mass remaining, the

quasi-siable range has ended and the compound rapidly decomposes.

If the remaining mass just prior to the onset of final decomposition is taken as
representing only the 3:3 metallamacrocycle cis-[ Ni(T-Et-5, ()]s, then calculations
can be made regarding the composition and the nature of {cis-[Ni(T-Et-

5 Hipyrazine-N. A ]; b, This strategy is the same as that emploved in previous TGA
characterisations. Prior to the final decomposition of the product. two separate
thermal events take place, one much faster than the other, Table 3.4.5(a) gives the
results of these calculations and assigns the masses lost in each thermal event to

components of the compound
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Figure 3.4.5(a) Graph of TGA resnlts for {cis-]| N} T-E1-%, ) pyrazine-N,N')|zia
Table 3.4.4(a). TGA Calculations of Mass Losses for
{ais-|Ni{T-Et-S8, O)(pyrazine-N,N ")z} a
Peatase i Gragh Temp. Range Component Molar Mass Component
{0 Mass % (g.mol "} 1dentification
COinset of final decomp. 261 85.01 % 1353762 cis=-[Ni( T-Et-5,¢H s
First Mass Loss 86 -174 10.05 % 160 2 Pyrazines
Sccond Mass Loss 174 - 261 5.16% L H 1 Pyrazine
Combined Mass Loss &6 - 2ol 15,21 % 241 3 Pyrazings

The TGA results clearly point to the loss of three pyrazine molecules per 3.3
metallamacrocyelic unit, The first thermal event is due to the loss of two pyrazine
molecules, while the second eveni is due to the loss of another. There is no ambiguity
arising from the similar melar masses of pyrazine and CHCl; as there was for {cis-

| Ni{I-Et-8, £ pyrazine-M.NV )2 a, because the solvent used in this case was
chioroform (molar mass 119.38 g mol''). The metaltamacrocycle to bidentate ligand
ratio is 1;3, which is expected {or 2 linear 3.3 metallamacrocyclic coordination

polymer as described in the beginning of Section 3.4 above

d¥idX (mg.°C™)
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Hot Stage Mieroscopy

A sample of {cis-[Ni(T-Ei-5,()(pyrazine-N, ¥ )]z}, was heated under silicone oil from
reom temperature. A series of photographs taken during the heating process is given
in Figure 3.4.5(b). The photographs indicate that the dull orange powder is stable up
to ca. 90°C — as there 15 no change in the appearance of the sample, and no evidence
of gas evolution up to this point. These results agree well with the observations made
during TGA, despite the differences in physical environment during the two analyses.
During TGA, the onset of mass loss occurs at 86 "C — close to the 90°C observed as
the onset temperature during HSM. Above 90 °C, gas bubbles begin to form, but the
appearance of the sample remains unchanged until 160 °C. By this stage, the sample
has darkened in colour. At the same time, the rate of gas evolution has increased. The
colour change continues as the sample is heated further. By 180°C, the sample’s
colour 1% closer to purple than to orange, By 200 °C the sample is a dusty pink colour
and the bubbling has abated somewhat. This colour persists for a while, with some
slight darkening observed, but then, by 250 °C, the powder seems to be going paler,
This colour change continues rapidly, so that at 270°C, the sample is grey. The
sample then proceeds to darken in colour and at 300 °C the onset of rapid bubbling is
observed as the sample decomposes to a blackened residue. This behaviour shows that
{cis-[Ni{ T-Et-5, {0 pyrazine-N, N ]2} undergoes some transition beginning at around
90 °C — most probably the loss of coordinated pyrazine ligands. By ca. 200 "C, this
transition appears to be complete — as evidenced by the subsiding gas evolution. The
sample appears to be relatively stable until around 270 °C, an observation that is
mirrored by the relative stability in the mass of the sample from 180 °C — 250 °C — as
seen during TGA. Beyond 270°C, decomposition beging, as indicated by the colour
change to grey. The complete decomposition to a black residue continues beyond this
point, This agrees roughly with the temperature for the onset of total decomposition of
i cis-[Ni(T-Et-5,{)ipyvrazine-N, N ")]> 1, observed during TGA, This thermal behaviour
is similar to that of the 3:3 metallamacrocyclic adduct cis-[INi( T-Et-S, OXpyridine-
N)z]s. which was shown (by TGA) to lose its coordinated ligands and revert to a
square planar metallamacrocyele by 200 °C, and then rapndly decompose to a black
residue, The onset of this final decomposition was found to oceur at 286 °C. The
thermal behavicur of {cis-[Ni(T-Et-8, ()X pyrazine-N N )]z}, 15 also similar to that of
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{cis-|Ni(I-Et-8, OXpyrazine-N.N )]z {a, the 2-2 coordination polymer formed from the
same bidentate ligand.

Elemeniaf Anaivsis

Table 3.4 5(b) shows the results of clemental analysis found for {eis-|Ni(T-Ft-
3, Npvrazine-N.N V)24 ., and compares these results to values calculated for
metallamacrocycle: ligand ratios of 1.3 and 1:6, which are the ratios expected for a

3:3 coordination polymer and a 3:3 monomeric octahedral adduct respectively.

Table 3.4.5(b}. Comparison of {cis-|[Ni(T-Et-5,0)(pyrazine-V,N"}|;} ;, elemental
analysis results with values calculated for a monomeric octahedral adduct and a

guesi-free polymer

Elcment ¥ound % Calculated Ya

Metallamacrocycle: Pyrazine Ratio

1:3 1.6
{ 48 .66 4973 51.07
H 5.34 531 528
N 15,33 1582 18.33
5 12.57 12.07 10.49

The results correspond much more closely with the values calculated for a cis-[NI(T-
[:t-8,O)]z: pyrazine ratio of 1:3 than they do for a ratio of 1:6. This is further evidence
that {cis-[Ni(T-Et-S,{)pvrazine-N,N}]21, is a linear 3:3 metallamacrocyclic

coordination polymer.
IR Spectroscopy
As with the 2.2 coordination polymer, an increased absorption peak is observed in the

472 - 486 cm’ range {at 483 cm™ ) that is characteristic of bidentate coordinated

pyrazine ' ''f The absorption peak at 417 cm™ for free pyrazine is absent from the
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IR spectrum of {cis-[Ni(T-Et-S,(0)(pyrazine-N, N )]z}, This indicates that there is no
free pyrazine present as a guest in the structure. {cis-[Ni(T-Et-5,0)(pyrazine-
N.N')2}a contains only fully coordinated pyrazine ligands. In other werds, it can be
conclusively stated that {cis-[Ni( T-Et-S,O)(pyrazine-N, N’)]z}a is a true coordination

polvmer.

X-ray Powder Diffraction

Figure 3.4.5(¢) shows the x-ray powder diffraction pattern of {cis-[Ni(T-Et-

S, OxXpyrazine-N, N )]z}, as well as those of its individual components ¢7s-[NHT-Et-
8,05 and pyrazine, A pattern generated by the additien of the patterns of the
individual components was omitted, as it 1s immediately clear that {czs-{ Ni(T-Et-

S, Oipyrazine-N,N )]z}, possesses 2 powder diffraction pattern that is completely
different from those of its components or a combination thereof. {cis-[Ni(T-Et-

5, ONipyrazine-N, N )]z 4n produces a trace of broad low-miensity peaks at low-to-
medium vatues of 28, becoming almost tlat and fealureless at higher angles of
diffraction. The highest peak in the trace occurs at 20 = 5.0°. This broad-featured trace
i5 characteristic of a compound possessing a low degree of crystallinity. In fact, {cis-
[INH T-Et-5, O )(pyrazme-N, N )12 1. appears to be less crystatlne in nature than any of

the 2.2 coordination polymers,

1t is worth mentioning that the metallamacrocycle cis-[Ni(T-Et-5.7))z also does not
give rise to high-intensity peaks of x-ray diffraction — unlike its 2:2 analogue cis-

[ Ni{ [-Et-5, )]z { see XRID} sections for any 2;2 coordination polymer {Sections 3. 4.1 —
3.4 4) for the cfs-[Ni(1-Et-8,¢7)]; powder diffraction trace). The intensities of the cis-
[N T-Et-5, (M)} diffraction peaks are relatively low. It is uncertain, however, if there
is any significance to the fact that cis-[Ni{ T-Et-8, (/)]s gives rise to partially {or — as
will be shown below — entirely) amorphous ¢oordination polymers, while the more
powerfully diffracting cis-[Ni(T-Et-5,(7)]; gives rise to coordination polymers
possessed of higher degrees of crystatlinity.
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Summary

The product {¢is-[Ni{T-Et-S, O)pyrazine-¥, N}z }4 has been shown to be composed
of three pyrazine molecules per cis-[Ni( T-1:t-5, )} metallamacrocyelic unit, There 1s
evidence of fully coordinated pyrazine and ne indication of any free pyrazine n the
product. These results are consistent with a 1D triply connected coordination polymer,
with no included guests, The product 15 not highly crystalline and evidently possesses
a solid-state structure that differs greatly from the structures of s indrvidual
components. Figure 3 4,5{d)} below s a schematic dragram of such a polymeric
structure of {cis-[Ni(T-Lt-S, (X pyrazine-N N ]z o

Figure 3.4.5(d). Schematic diagram of the polymeric structure of the 3:3
coordination polymer [cis-|Ni{T-EL-8, ){pyrazine-N,N')]zta
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346 Polyv-[eis-(tris-n-(3.3.3°.3 4etracthyl-1. 1 -tercphrhal ovibis(thionreato-S. () )-

tri-nickel{(11))-tris-p-(4.4"-bipyridine-NNY {cis-[Ni{ T-Et-S.(bipy-N.N V31

The second attempt at synthesising a coordination polymer of cis-[Ni(T-Et-5,{))]z was
performed using 4,4"-ipyridime, As with previous reactions of metallamacrocycles
with hdentate bridging ligands, a solid product rapidly formed as a suspension in the
mother liquor, The colour ol this suspension was bright orange. Upon collection from
the mother hquor, the product was found to retain solvent and consequently to possess
a gelatinous consistency. Upon solvent removal, the product was found to be an

orange-brown powder The results of analysis of this substance are reporied below.

Thermogravimeiric Analysis

100

(44°C ; 100.15%3)
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Figure 3.4.6(a). Results of TGA for {cis-|Ni{T-Et-$, ) (bipy-NN")Ma}u

The results of TGA for {eis-[Ni{ T-Et-S.¢)(bipy-N, N )]s . are given graphically in
Figurre 3 4.6(a). The results are unusual. 1t seems that the sample begins to lose mass
almost immediately, but very gradually until 224 "C_ At this point the rate ol mass
loss increases dramatically. At 264 °C the mass loss rate decreases to alocal
minimum {as shown by the first derivative trace). However, this local minimum is in
fact still at quite a high rate of mass loss. Almost immediately after this temperature,

the rate of decomposition increases further. At 286 “C the mass loss rate stops
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increasing bricfly, but then mass loss accclerates even further. By 540 “C less than 40

% of the original mass remains.

The temperature of 224 "C just prior to the acceleration of mass (0ss seems 10
correspond with the end of the seemingly stable range during HSM (see below).
Bevond this iemperature, the mass loss is so rapid that no meaningful calculations can
be made. In short, the decomposition process of {eis-[Ni(T-Et-§,()ibipyv-N N}
does not appear to involve an intermediaic stage in which onty the 3:3
mctallamacrecyele cis-[Ni{ T-Et-5, ()]s is present, and in fact no gravimetrically stable
range ¢an be identified. For these reasons, it is not pessible io detcrmine the

composition or the nature of this product from TGA.

Hoef Stage Microscapy

Figure 3.4.6(h) 1s 2 series of photographs of {e#s-[Ni{T-Et-5, () (bipv-N.N ") ]; i under
silicone oil while being heated from room temperature. Up to, and beyvond, 100 °C,
the product appcars guiic stable. At 130 °C, the product is observed to darken slighily
and a slow bubbling can be seen. By 150 °C, the samplc has dackenced to a brown
colour. This colour remains until around 195 °C, where the sample begins to lighten in
colour, The slow bubbling is observed throughout this temperature range. By 210 °C,
the sample is clearly a much lighter brown than before, bui by 230 °C, the sample
appears to have acquired a purple tinge. By 240 °C, the sample has begun to take on a
pale green colour as the purple-brown celouring disappears. At this point, the rate of
2as evolution increascs dramaticatly. By 245 "C the transition in colour has progressed
turther, and by 250 °C, the entire samplc is palc green. Over ihe next 30 degrees, the
sample continues to change colour, 30 that at 280 °C, the colour is more blue than
green. The rapid bubbling is obscrved to abate at this poimt. The colour remains
unchanged for a short time, but by 340 “C, the product is seen to be undergoing
another chromatic transiiion e a mauve shade. Around 360 "C, the sample can
distinetly be seen to be a pale purple. A rapid bubbling has begun at this stage and
from 380 "C — 470 "C, this bubbling continues as the sample blackens and

deccomposes.
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Figure 3.4.6(b). HSM photographs of {cis-[Ni(T-Ft-3, ()(hipy-N,N') |3}, under sificone oil. Temperatures reported in degrees Celsius,
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The number of different colours observed is quite remarkable, and it seems very
difficult to identify any temperature range above 100 °C in which the sample 15 stable.
Possibly, the only stable range is from 150 °C — 195 °C, where the colour remains
unchanged and the rale of gas evolution appears to be very slow. The appearance of
the product during this range is tentatively assigned to monomeric ¢is-[Ni(T-Et-
S.(N]a, although it 15 hikely that there is still BIPY present that can recoordinate to the
metallamacrocycle to give rise to the green colour observed at higher temperatures.
Since the metallamacrocycle eis-[Ni('L-Et-5, ()]s is itself not stable at temperatures
above 270 °C, 1t seems that the colounng of the sample above this temperature 1s due

te decomposition products of the metallamacrocycle.

There is very little correlation between observations obtained from TGA and HSM,
and there is little information that can be inferred from the results of either technique.
At this stage, the thermal behaviour of { ¢is-[Ni( T-Et-8, O){bipy-V, N ‘Y3 i» has not been
satisfactorily elucidated.

Llemenial Analysis

The results of elemental analysis for feis-[Ni(T-Et-5, ()(bipy-N N )]s} are given in
Table 3.4 6{a) This table also gives the calculated values for various possible
compositions including a monomeric octahedral adduct and a 1D coordination

polymer,

The observed values are ¢losest to the values calcutated for a metaltamacrocycle:
bipy: CHCl; ratic of 2:6;1, This is the ratio that would result from a linear 3:3
coordination polymer with one chleroform moelecule for every two
metaltamacroeyelic units. So far, this is the only evidence that {ers-[Ni(T-Et-

S5, Q) bipy-Y,N ]z, 15 a coordination polymer. It should also be noted that in all
previous cases, elemental analysis did not indicate the presence of conventionally
included guests due to the subjection of the samples to vacuum prior to analysis.
When elemental analysis did indicate the presence of guest molecules, il was inferred

that these guests were enclathrated within the structure,
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Table 3.4.6(a). Comparison of {cis-[Ni(T-Et-S,0)(bipy-N,N "} s}, elemental
analysis results with values calculated for a monomeric octahedral adduct a

guest-free polymer, and twe compositions with included solvent guests.

Element Found % Calcylated %

Metallamacrocycle: Bipy: CHCL Ratio

1-:3:0 1:6:0 1:3:1 261
[ 53.93 5536 5977 5258 5343
H 518 531 528 5.04 517
N 13,20 1384 14.67 12.9% 13 40
5 9 B 10.56 340 g 9] 10,22

If this is the case for this compound, it is possible that the vacuum has removed any
other included guests and the remaining chloroform is strongly held within the central
cavity of a metallamacrocycle, or possibly ~ as the stoichiometry suggests — held
partially within the central cavities of two neighbouring metallamacrocycles with
inverse orientations. A schematic diagram of such a structure is given in Figure

3.4.6(c) below.
IR Spectroscopy

The infrared specirum of {cis-[Ni{ T-Et-S,()(bipy-M.N )] }n does not show a peak
around 487 cm™, which would indicate the presence of free cis-[Ni( T-Et-S )]s
Similarly, the characteristic absorption at 500 cm’ for uncoordinated 4,4°-bipyridine
is absent from this spectrum. This indicates that the two components of this product
are indeed coordinated to each other and therefore strengthens the argument that {cis-
[Ni{T-Et-5, 3% bipy-N. N )]s 1a 15 a coordination polymer.
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Figure 3.4.6(c) Schematic diagram of a possible polymeric structure of {eis-
[Ni{ T-Et-8, Oy bipy-N N[}, giving rise to a cis-[Ni(T-Et-8,0)]s: bipy: CHCl;
ratio of 2:6:1 as indicated by elemental analysis

X-rav Powder Diffraction

The x-rav powder diffraction pattern of {eis-[NU T-Et-S O)bipy-N A s b 15 given
below it Figure 3.4 6(d) along with the powder patterns generated from its individual
components, Clearly, {efs-[Ni{ T-Et-S, (X bipy-N.N )]}y is not a highly crystalline
material. The broad, almost featureless trace indicates x-ray diffraction of virlually
uniform intensity throughout the range 4” < 20 <10°. Beyond 10°, the reflection
intensity drops off until about 15°, where 1t is seen 1o increase and then gradually

decline as 28 increases further.

The amorphous natere of the material could be a result of the rapidity of formation

during the reaction. Also, the fact that upon formation the solid suspension s
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saturated with solvent — giving it a gel-like nature — could play a role in this
phenomenon, As the suspension forms, the inclusion of & very large amount of
solvent could result in a high degree of disorder in the solid structure, Alternatively,
the suspension that forms could be of a highly ordered nature despite the inctusion of
such a large amount of solvent, but upon removal of the retained solvent, the crystal
structurc of the material s considerably disrupted, resulting in an amorphous residual

material,

This explanation would be consistent with what was observed in the case of {cis-
[Ni(1-Et-5, () DPE-N. N )]z }n. the presence of solvent molecules plays a vital role in
the formation of these coordination polvmers. The mam difference between this case
and that of {c7s-[Ni(I-Et-S, ()W DPE-N, N ]z 1 is that the crystal structure of {cis-[Ni(1-
Et-S.¢)(DPE-N N ]z }. remains largely intact upon removal of solvent guests. This is
almost certainly the result of channels in its ¢rystal structure that allow the solvent to
easily permeate the crystal structure — hence the lability of the transformation between
guest-included and guest-free states. In the case of {¢is-[Ni(T-Ft-8, O)(bipv-N Nz }n
the removal of solvent from the onginally formed structure 1s not so labile and
certainly is not reversible without completely dissolving the material, which seems to
involve the decoordination of the bidentate ligands from the metailamacrocycles. The
amorphous nature of this compound makes it very different from the other
coordination polvmers reported so far. In each case, the XRD data showed at least
partial crystallinity of the material studied. This raises the interesting questions of
whether {cis-[Ni{ T-Et-5, O)bipy-N, N )]z}, can be obtained in a crystalline form and
what reaction conditions determine the degrec of crystallinity of each of the

polymerisation products.

Summary

The product {¢is-[Ni{T-Et-8, (X bipy-N.N Vs }. bas proven difficult to charactenise. It
displays unusual thermal behaviour, as observed during hot stage microscopy and
thermogravimetric analyss. The TGA results do not allow any accurate calcutations
and it is only the results of elemental analysis that give any ndication of the
composition of the material. These results hint at a 33 linear coordination polymer

containing one strongly held chloroform guest for every two metallamacrocyclic units
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— although this is following subjection to vacuum that could have removed more

weakly held guests.

Infrared analysis provides further evidence that {cis-[Ni(T-Et-8,()(bipy-N.N")s}a s a
coordination polymer, but XRD reveals that the materiaj is highly amorphous This
could be the result of a disruption of the crystal structure by removal of included
guests during post-synthetic trealment of the product. If this is the case, it contrasts
greatly with {cis-[Ni(l-Et-S, X DPE-N.N}}: },., which is able to undergo repeated
inclusion and expulsion of solvent guests without any great disruption to its crystal

structure.
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3,47 Poly-[eis-(tris-p-(3,3.3".3 -tetraethyl-1.1°-terephthaloylbis(thiourcato-5, ()}-
tri-nickeli 1 ))-iris-ji-(1.2-di{ 4 -pyridvl ethylene-N N
{{cis-TNH T-Et-SANDPE-N.N 12 }a}

The reaction of the metallamacrocycle ¢is-[Ni{ T-Et-8,¢(N]; with the bxdentate ligand
|,2-di{4-pyridyDcthylenc in chloroform resulted in the formaton of an orange
suspension with a gel-like consistency similar to that observed during the synthesis of
{cis-[Ni{ [-Et-5, O} bipy-N. N Vs }n. Once eollected, with all solvent evaperated off,
the product appeared as an orange-brown pewder. The product, {eis-[Ni( T-Et-

§ N DPE-N, N )3}, was then subjected to the same series of analytical techniques as

were the coordination polymers reporied above.

{Tis-[NI(I-Et-S, OWDPE-N N )1 1o, the 2:2 coordination polymer formed with 1.2-
di{4-pyridyethylene exhibited vapochromism; there is no evidence of any such
behaviour for | cis-[Ni{ T-Et-S, ) DPE-N, & V1. Exposure to a vanety of solvent
vapours for considerable periods of time did not result in any visible transformation of

the product.

Thermogravimerric Anclysis

{180°C ; 100.30% (230°C : 99.01%
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Figure 3.4.7(a). Results of TGA for {cis-[Ni(T-Et-S, OHDPE-N,N"}]s}q
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The results of TGA for {cis-[Ni{T-Et-8,{ D{DPE-¥ N ) },, are given in Figure
3.4.7(a). The graph indicates one single mass loss of almost 60% of the total mass.
The first derivative trace reveals that at 292 °C, the mass loss rate stops increasing,
However, at this point the mass loss rate 15 very high, and no meamngful calculations

can be made based on the remaining mass at this temperature,

Note that the mass loss ¢nly begins at around 180°C, and even up to 250°C the rate of
mass loss is very low, with only about 2% of the total mass being lost over that 70-
degree range. This transition could be the result of a decoordination of ligands from
the Ni(TT} centres wathout their expulsion from the structure. Bevond 250 °C, the

sample begins to decompose, losing mass at an accelerating rate.

Whatever the case may be, the thermal decomposition of {eis-[NiI( T-Et-§, ¥ DPE-
N.N"}a}n does not appear to involve an intermediate phase in which the
metallamacrocyele ¢is-{ NI(T-Ei-8,()}]; 15 the sole remaining component; nor is there
any evidence of any gravimetnically stable stage in the decomposition process, As a
result, the determination of the composition of { cis-[Ni{T-Et-5, (Y DPE-N ¥ 1]}, by
TGA is not possible.

Hot Stage Micrascopy

A sample of §{cis-[NKT-Et-8, O)WDPE-N N "}]a}, was heated on a hot stage under
silicone oil from reom temperature. A sertes of photographs taken during the process
are presented in Figure 3 4.7(b). The sample appears to remain unchanged during
heating up til] ca. 180 °C, where a slight lightening in colour is observed. This process
continues till 250 “C, at which point the sample is a light yellow-orange colour. The
temperature range in which this gradual colour change occurs corresponds well with
the interval of initial gradual mass loss in the TGA trace, This appearance does not
persist for long, and from 260 "C, colouring of the sample begins to fade further so
that by 280°C, the sample is pale grey. The sample begins to darken very gradually
from 300 °C anward, so that by 400 °C, the sample is a much darker shade of grey;
evolution of gas can also be observed at this point. By 450 °C the sample has

decomposed to a black residue.



Figure 3.4.7(b). HSM photographs of {ciy-[Ni(T-Ei-S, O DPE-NN")]3}, under silicone oil. Temperatures reported in degrees Celsius,
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The behaviour of the sample suggests that it is stable up to a relatively high
temperature, Then, from 180 ° - 250 °C some transition occurs. In most of the cases
above, the first transition in colour is due to the decoordination of axial Hgands from
the metallamacroeycle. In this case, the inttial colour of the sample is that of the free
metallamacrocycle cis-| Ni(T-Et-5,(M]s, and the colour atter the transition is consistent
with an octahedral adduct of cis-[Ni(T-Et-5,¢.) |3 (the adduct cis-[Ni{T-Et-

SO pyridine-A)z]: was a yellow-orange colour in solution.) Tt is also interesting that
no bubbling of gas is observed during this transition. Although, countenntuitive, it
seems that the sample is undergoing & complexation, not a decoordination as the
temperatyre i3 raised. From 260 °C onward, the sample undergoes another transition —
possibly involving the decomposition of the cis-[Ni(T-E1-8, ¢} |y metallamacrocycle. A
very gradual decomposition takes place, and still ng bubbling is observed. The
absence of any visible gas evolution makes the thermal behavicur of this product very

ditferent from any of the coordination polymers reported above

Flemental Analysis

Table 3.4.7(a). Comparison of {cis-[Ni{T-Et-S, (N (DPE-N,N")}s}, elemental
analysis results with values calculated for 3 monomeric octahedral adduct a

guesi-free polymer, and two compositions with included solvent guests.

Element Found % Calculated %o

Metallamaerocycle: DPE: CHCl; Ratio

1:3:0 1:6:0 1:3:1 2:6:1
5 56.74 5088 61,84 5411 5546
H 5.60 541 544 5.14 527
N 1305 1327 13.74 12.48 12,86
S Q.62 10.12 786 352 o8&l

The results of the elemental analysis of {cis-[Ni(T-Et-S$,(){DPE-N,N )3}, are given

in Table 3.4 7(a), along with values calculated for @ monomeric octahedral adduct, a
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puest-free linear coordination pelymer and two possible compositions of 2

coordination polymer with included guests.

The results obtained correspond well with the values calculated for a
metallamacrocycle: ligand: chloroform ratio of 1:3:0, 1.e. a guest-free coordination
polvmer. Since the sample was subjected to vacuum prior to analysis, it is possible
that any included guests were removed and therefore not detected. There is no
evidence of any enclathrated guests, and in fact, a compound that contains no volatile
guests would be mare likely to display the thermal behaviour observed for this

compound — specifically the gravimetric stability up to relatively high temperatures.
IR Spectroscopy

The results of infrared analysis are of special interest for {cis-[Ni{T-Et-S,(J{DPE-
N, N )]s}, because of the possibility that the compound is pot a true coordination
polymer at room temperature and actually undergees complexation at elevated
temperatures. The Indication of free cis-[Ni{T-Et-8.(7)]; is the characteristic
absorption peak at or around 487 cm™ . A peak is observed at 480 cm™; this is
inconclusive. The peak at 670cm™ for free DPE was found to disappear in the
spectrum of {eis-{Ni(J-Et-S, O} DPE-N, X ]2 }a in its tully coordinated form, and the
absence of such a peak is taken as an indicator that no free DPE is present in a
sample. No such peak is observed for {cis-[Ni{T-Et-S, (0 DPE-NM N ']}, This
suggests that the compound i3 a tully coordinated form at room temperature.
Despite the unusual colour change and other thermal behaviour, it seems that {¢7s-
[Ni(T-Et-5.0)DPE-N, N ")]3}« 18 a true linear coordination polymer in its powdered

form at room temperature,

Despite the fact that its 2:2 analogue displays remarkable molecular recognition
properties, |cis-[Ni(T-Et-5 Q)W DPE-N N ")z}, appears te be deveid of any such
property. Even though it does not contain any included guests, {cis-[Ni{ T-Et-
SANDPE-N, N ]z}, apparently does not possess sites available or accessible for

occupation by guest molecules.
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A-ray Powder Diffraction

The XRD results for {cis-[Ni{ T-Et-5, QX DPE-N, N '} |3 o are illustrated graphically in
Figure 3 4 7(c), along with the powder diffraction patterns for its individual
components; ¢fs-[NI(T-Et-5,¢2}}s and DPE. The results show that {crs-[NI(T-Et-
S.O0KDPE-N, N3} 1s not crvstalline, Like {cis-[Ni{ T-Et-8, O bipy-N, N )]s }a, this
compound gives rise to a broad, practically featureless x-ray diffraction patiern.
Agan, the amorphous nature of the compound may come about from the rapidity of
formation of the solid praduct, or possibly from disruption to the crystal siructure
during removal of excess solvent during collection of the product. As mentioned for
ais-{NI(T-Et-5, ) bipy-N N t]s b this disruption of the crystal structure upon
expulsion of volatile included solvent molecutes contrasts with the ability of {cis-
[Ni(T-Et-S, G} DPE-N.N M1} to expel solvent molecules with no major disruption to

its structure — and readmit them with as much ease,

Whatever the reason, it is evident that 3:3 coordination polymers are more likely to
form amorphous solids than their 2:2 counterparts. Whether this is inherent in the
nature of the metallamacrocycle, or a result of the solvent used is unclear {chloroform
was chosen over dichloromethane for use in the synthesis of the 3:3 coordination

polymers as cfs-[Ni{ T-E1-8,()]s i3 far more solubie in chioroform).

Stemmmary

The compound {es-TMNI(T-Et-5, (O DPE-NN "} |a}q ts 2 3:3 linear coordination
polymer. Although it displays unusual thermal behaviour and o calculations based op
TGA can be made, the results of elemental analysis and infrared spectroscopy give
some insight into the pature of the compound. The possibility — introduced by the
upusual colour change observed during HSM — that the compound is not a
coordination polymer unti! heated has been considered and discarded as unlikely,
based on the results of TR analysis. X-ray powder diffraction analysis indicates that
this product is an amerphous solid. No included guests are indicated for this product
and it shows no sign of being able to admil any solvent melecules into its structure.
{cis-{Ni(T-Et-S,(){DPE-N.N 11} does not possess the molecuiar recognition
abilities of its 2:2 analogue {cis-[Ni{[-Et-S§ X DPE-N, N '}|z o, meaning that the latter
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remains unique among all the coordination polymers synthesised and studied in this

project.
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The graphs are not identical, There are some slight shifts in 26 values and differences
in peak height as well as some merging or splitting of peaks. But the overall similarity
is unmistakeable, All the features of one graph are present in the other with only
relatively small differences. Since their x-ray diffraction behaviours are so similar, it
is indeed possible that the compounds {cis-[Ni(I-Et-S, OXbipy-N ¥ ]2 1, and {cis-
[Ni(I-Et-8, )W BPE-N,N 112 35 arve structurally similar too — possessing the same space
group symmetry. If this is the case, then it 1s highly likely that the asymmetric unit

contents would be remarkably similar foo.

Summary

From nitial observations {cis-[Ni(I-Et-S, O} BPE-N.N]: |4 appears to be a ladder-
type coordination polymer, i.e. a homelogue of the compounds {cis-[Ni(I-Et-

S, N{pyrazine-N.N )] and {cis-[NKT-Et-5,0)(bipy-N,.¥N 2 3. This proposal is
strengthened by the elemental analysis results, which match data calcylated for a
coordination polymer of this type — and also match the data calculated for such a
coordination polymer with cne BPE and one CH:Cl: molecule enclathrated within the
struciure, TGA and HSM suppert the hypothesis that there is enclathrated
dichloromethane present. However TGA does not allow a complete characterisation
of the product in this case, because there is no gravimetrically stabie temperature
range. Added to this is the extra complication of some transformation of the complex
at high temperature frem a purple celoured sample — thought to be moromeric cis-
[Ni(1-Et-8, (03} together with uncoerdinated BPE —to a colourless material — possibly

a new polymeric form,

The original form of {cis-[Ni(I-Et-S (){BPE-N, N )]z }. is thought to be a coordination
polymer containing some enclathrated puests and possibly other associated guest
molecules as well. The polymer would thus be of the form {cis-[Ni[-Et-5, () BPE-
NN Y] 2.x(BPE).y(CH;Clz) ) where x and vy are unknown integers of value greater
than or equal to 1. XRD results suggest some structural similarity between {cis-[Ni(l-
Et-8, (OKBPE-N.N ]z}, and {cis-[Ni(I-Et-S, (3)(bipy-¥,N Y]z }n. A schematic
representation of {cis-[N[-Et-S5, ()} BPE-N. & ]z }» would thus be much the same as
that of | cis-[Ni(I-Et-8. N (bipy-N N}z }a as shown in Figure 3 4.2(e) above,
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3.4.4  Poly-leis-(bis-u~<3.3.3" 3V tetracthvl-1, | -isophthaloyibisithioureato=S,O0)-di-
pickel{IN}-kis-p-{ 1.2 -di{4-pyridyvlethylena-N N |
({cis-[N{I-Et-S, (NDPE-N.N"1]:1.)

The reaction of ¢is-[NKI-Et-8,(N]; with 1,2-di{4-pyndylethylene vielded a product
that differed markedly from the three 2:2 coordination polymers reported above. In
the mother liguor of dichloromethane, the product appeared as a green suspension.
However upon filtration, the green powder underwent a colour change to orange as
the residual dichloromethane was removed by evaporation. A small portion of
dichloromethane was to be used to wash the filtrate, but before the liquid solvent was
allowed info contact with the filtrate, it was noticed that the orange powder had
transformed in colour back to green It was quickly established that exposure to
vapours of dichloromethane rapidly induced this colour change, Furthermore this
vapochromism was found to be fully reversible once exposure to the solvent vapours
was halted. Preliminary tests showed that this phenomenon occurred with other
solvents, namely chloreform, acetone and dimethylformamide (although in the latter
case, the sample had to be immersed in liquid solvent for the colour change to occur).
It was also noted that this phenomenon did not occur on expesure of the sample to
water or ethano!l, Tn terms of rate of transition, an order of rapidity of colour change
on exposure 1o solvent was established. The order from most rapid to least is; CHzCly,
CHCLy; acetone; DMF. Figure 3.4.4(a) 1s a series of photographs illustrating this

transformation.

An explanation for this phenemenon is that the solvent-free product contains
nickel(TT} iens with both square planar and octahedral coordination — giving ris¢ to the
orange colour similar to that observed for each of the 2:2 coordination polymers at
intermediate stages of thermally induced decoordination. The structure can apparently
be permeated by solvent molecules, which cause some intermnal disruption that results
in square planar nicke! undergoing axial coordination to become octahedral — hence
the preen colouring that is characteristic of octahedral sickel(T1). The difference in
size and mobility of solvent molecules may give nise te varying rates of permeation

and thus the varying rates at which the colour change occurs.
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Figure 3.4.4(a). Digital photographs of a sample of {cis-[Ni{I-Et-S,OXDPE-

N, N"zka: (i) as a light orange powder prior initially, (ii) undergoing a colour

change immediately upon enclosure in a CHzCl; saturated chamber, (iii)

substantially further in the transitien in colour after ¢a. 5 seconds of exposure

and (iv) in the final chromatic state as a pale green powder after 1 minute of

exposure. Note: colours appear duller in these pictures than when actually

observed.

The same analytical procedures were employed for {ei-[NI(I-Et-5 ) DPE-N. N ]2 1.

as were used for the first three coordination polymers above. Anocther technique using

a levitating balance was used to further study the solvent absorption and

vapochromism of this compound. The results of these analyses are reported below.

Thermogravimeiric Analysis

Figure 3.4 4(b) is a graph obtained from TGA for {c¢is-[Ni(I-Et-5, OXDPE-N.N ]2} n
The initial mass loss begins at ca. 196 °C. By 263 “C this event has ended, with some

19.33 % of the total mass lost. The second thermal event begins soon after 263 °C and

contimies until 310 "C. The mass lost in this event is 10.40% of the original mass.

Bevond 310 °C, a very large and sharp mass loss is observed. By the end of the TGA

run at 350 °C, this thermal event is essentially complete, with some 36.20% of the

original mass having been lost. In fact, this sharp mass loss at 310°C shares much

similarity with observations made for the 2.2 octahedral adducts and for the

coordination polymer {cis-[Ni(I-Et-5, ¢ ){pyrazine-N, N ]2 ],. [n each of those cases,

the sharp mass loss at around 310 °C was attributed to the decomposition of the

metallamacrocycle cis-[NIT-Et-8,¢7)];, and the remaining mass just prior to this sharp

mass loss was attributed solely to cis-[Ni(E-Et-5,0)]=.
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Figure 3.4.4(b). TGA trace for {cis-[N{L-ES, )} DPE-N,N")z}, with 17

derivative curve indicated.

Tt would seem that {cis-[Ni{I-Et-S,O¥DPE-N.N |1} does revert to cis-[Ni([-Et-
SN}z during TGA and therefore mass calculations based on this premise can be
performed. Furthermore, the first derivative trace indicates that mass loss is
practically arrested between the first and second events, and also abates, albeit
momentarily, to a very slow rate at the boundary between the second and third
thermal events. Therefore, it should be easier to interpret the TGA results for this
compound than it was for {cis-[NUI-Et-5(NBPE-N.¥ 7]z }a. The results of the mass
caleulations for {crs-[Ni(l-Et-S, O) DPE-N N )]z | and their interpretation are
presented in Table 3.4 .4{a) below,

The molar mass calculations indicate that in the first two thermal events, a total of 378
g.m-::-l'l is lost. This corresponds fairly well with the molar mass of two 1,2-di{4-
pyridvlethylene molecules {molar mass 182.2 g.mol') per metallamacrocycle. The
observed mass loss does seem to be slightly high, but the recorded initial mass gain,
of some 0.5% could account for this. The fact that the two thermal events de not
individually correspond with the mass of one DPE molecule each is consistent with

the originally stated deduction that there are not ligands octahedrally coordinated to

d¥rdx (mg.°c™)
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all the nickel(11) cenires, yet there must be molecules present as potentially
coordinating ligands to allow the octahedral coordination that causes the calour

change on exposure to solvent.

Table 3.4.4(a). TGA Calculations of Mass Losses for
{cis-[Ni(I-Et-3,00DPE-N,N") |1}

Temp. Range Component Molar Mass Component
Feature on Graph g
("C) Masgs %o (g.mol ) Identification
Point of inflection 310 7077 % 902 51 cis-[Ni{I-Et-5,(1)]:
First Mass Loss 196 - 263 1933 % 246 -
Second Mass Loss 263 -310 10.40 % 133 -
Combined Mass Loss 163 - 308 2973 % 378 2 DPE

The TGA resulis suggest that there is in total enough DPE to octahedrally coordinate
to all Ni{1[) centres — giving rise to a coordination polymer, The required
metallamacrocycle to ligand ratio of 1:2 is indicated, yet the two unequal mass losses
suggest that there are two unequal groups of DPE melecules present in the structure

under different conditions.

The product {¢is-[NI{T-Et-5, O DPE-N, N )}2 ), therefore must consist of some cis-
[Ni(1-Et-$, (1)}; coordinated to DPE — as well as some free DPE present as guest, but
acting as a potential ligand, pending some structural disruption on the part of solvent
molecules. According to the ratio of the two mass {osses, some 65% of the DPE is
present as guest and only 35 % is coordinated 1o nickel (assuming that the first mass
loss is due to the removal of the more weakly held guest molecules.) The results of
elemental analysis are given below. As will be seen, they corroborate the findings

reported here,
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Figure 3.4.4(c). HSM photographs of {cis-[Ni(I-Et-S, ) DPE-N,N")]z}, heated under silicone oil. Temperatures reported in degrees
Celsius,
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Hor Stage Microscopy

Figure 3.4 4(c) shows a series of photographs of {cis-[Ni(I-Ft-S, O} DPE-NN Y2}
under silicone oil as it is heated. The photographs indicate that the orange sample s
stable from room temperature up to 110 “C where the evolution of gas is detected by
the formation of bubbles. This bubbling increases in rate up to 180°C, while the
colour remains the same, Bevond this temperature, the colour begins to darken while
bubbling continues. By 220°C, it can be clearly seen that the compound has begun to
take on a purple colour. This transition occurs rapidly, until 240 °C, at which point the
samplc has completed the colour change from orange to purple and gas evolution has
abated, This observation corresponds to some extent with the first thermal event on
the TGA trace, By 260 °C, the sample is already beginning to undergo another
chromatic transition: the purple colour can be secn to become paler. This loss of
colour contimues until &t around 290 °C, almost all of the purple colouring is gone,
replaced by a pale grey. The temperature range over which this event is observed
roughly matches the temperature range of the second mass loss event during TGA
Qver the next 10 degrees, the last vestiges of purple disappear and at the same time,
the pale grey colour darkens to a grey-green. Bevond 320 °C, this colour continues to
change slowly, becoming more and more grey. By 370 °C, the evelution of gas has
begun again and is occurring at a rapid pace. The sample continues to darken

accompanied by rapid gas evolution until it has changed to black by 470 °C.

The sharp mass toss event at 310°C dunng TGA does not correspond with the
observations at this temperature in the HSM, where no gas evolution and anly some
darkening of the sample are observed. The disagreement between what is observed
from: TGA and HSM can only be explained by the fact that the physical environments
during the two techniques arc markedly different. It is possible that the loss of colour
during H5M is the result of oxidation, which cannot occur in the nitrogen atmosphere
under which the sample is heated during TGA However, this then raises ihe issue of
why the HSM and TGA results for {cis-[NUT-Ft-S OHBPE-¥, N )]z }a ($ection 3.4.3
above) appear to agree so well, and why {cis-| Ni(1-Lt-5, OWBPE-N, N )2 }; does not
scem to revert to cis-[Ni(I-Ft-5, (] during TGA.
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The thermal behaviour of this compound is similar 1o that observed for {eis-[Ni(1-Et-
S NBPE-N, N ']}, where, beyond 230°C, the sample was observed 1o lose its
purple colouring and eventually blacken at temperatures above 400°C, Tt appears that
{cis-[NIU(I-E-S N DPE-N N ]2}, also uadergoes some transformation — at a
comparable temperature — that results in an almoest colourless product. As with the
product tormed from {cis-[Ni(I[-Et-S () BPE-N N ]z {n, this product seems to be

thermally robust.

tlemental Analysis

Table 3 .4.4(b) gives the ohserved percemages of C, H N and 8 for {ezs-[Ni(I-Et-
SANDPE-N N} |21, as well as the values calculated for various eis-[Ni{T-Ei-8, O)]a:
DPE: CHaCl: rarios.

Table 3.4.4(b). Comparison of {cis-|Ni{(}-Et-5, Q) DPE-N,N")]2}n elemental
analysis results with values calculated for a monomeric octahedral adduct. a

guest-free polymer and two possible structures coniaining guest molecules,

Element Found % Calculated %
cis-[Ni(1-Et-8,(N]z: DPE: CH:Cl: Ratio
Lodi | Eea 1:3: 1 140
. 56.89 56.88 54.20 57.15 61 84
H 5.50 341 5.22 526 5.44
N 13.29 13.27 12.43 12.78 13.74
S 084 1312 949 336 7.86

The agreemeni between the observed vatues and those calculated for a guesi-free
coordination polymer (cis-[NU(I-Et-S,{N]:: DPE: CH2Claratio of 1; 2: 0) 1s excellent.
It is almost certain that {eis-[Ni(I-Et-S, Y DPE-N N )]2 }a is 2 product of the torm

{ Cis-[NI(E-Et-5,{)WDPE-N, N )]z }». However this notation 1s misfeading, because it
implies that {czs-[Ni(I-Et-8OWDPE-N.N ]2}, is & guesi-free coordination polymer. In
tact, {cis-[Ni(J-Et-S, O} DPE-N,N ]2}, is a pofential coordination polymer in the
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suest-frec state, and only polymerises completely in the presence of solvent
molecules, The correct ratio of metallamacrocycle to bidentate bridging ligand is
ensured because the synthesis of the coordination polymer in a solvent medium
precedes the formation of the potential coordmation polymer upon removal from the

solvent.
IR Spectroscopy

Infrared analysis was performed on the compounds ¢is-[ Ni(1-Lt-S, )]s, 1,2-di{4-
pyridyDethylene and {cis-[NKI-Et-S, OKDPE-N.N Y]z}, In order o study the
difference between the two states of cis-| NWT-EL-S, () DPE-N N ]2 | a, two samples
were prepared - one without solvent and the other mixed with a small amoum of
dimethylformamide. DMF was used because of its low volatility, which allows 1t 10

remain in the sample long encugh for analysis to be performed.

There are certain features in the various TR specira that indicate significant diffcrences
in the two states of {eis-[Ni(1-Lt-S, OHDPLE-N N2 1, Primarily, the characteristic
absorption peak for free cis-fNKT-Et-5, ()], at 487 cm is also observed for feis-[Ni(E-
Et-5 OWDPE-N, N }]z1,, but is conspicuously absent in the spectrum of {cis-[Ni{[-Et-
5. O)DPE-N.N): ), with DMF. The absence of such a peak is also noled in the
spectra of the 2:2 coordination polymers {cis-|Ni(E-E1-8 Q) bipy-N. N2}, and {eis-
[NI{I-Et-5, (Y BPLE-N, N Y]z}, (although it is present in the spectrum of {cis-[Ni(L-Et-
S, (Nipyrazine-M N }]» }. in that casc it is attributed to pyrazine in the bridging mode).
From this it is inferred that there is some axially uncoordinated cis-[Ni(I-Lt-S, (]2
present in the {cis-[NH1-Lt-85, OHDPLE-N N )]z}, sample — giving risc to the absorption
at 487 em’l. The introduction of DMF. effecting vapochromism, causes the
disappearance of this peak, indicating that any free cis-[Ni(I-Et-8,{))]z is coordinated
to a ligand in the presence of the solvent. The abscnce of a peak in the spectrim of
{cis-[NI(I-F1-8, ()N DPE-N, N ]2} with DMF at ca 670 em™ also strengthens this
argument. This peak was observed for pure DPE and also for the solvent-free {cis-
[Ni{[-Et-5 () DPE-NY N }]: | and apparently arises from a vibrational mode available
to free DPE, but not to bidentate coordinated DPE.
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Figure 3.4.4(d). X-ray powder diffruction patterns for {cis-|Ni(1-Et-S,0) (DPE-NN')2}a
and its unreacted components - separate and superimposed
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X-ray powder diffraction

As with the previous coordination polymers, powder diftraction studies were
conducted for the product {ofs-[Ni(1-Et-S, (N DPL-N, X "]z 1a as well 1ts component
bideatate bridging ligand 1 2-di(4-pyridylethylene.. The x-ray powder diftraction
experiment was attempted for {cis-[Ni{I-Et-§, O} DPE-N,N )]z}, in the presence of
CH;Cl; vapour —1i.€. 10 the vapochromated state. The result of this experiment was a
broad featureless trace - suggesting that the crystal structure of the sample does not

remain intact when solvent-activated.

Figure 3.4 4{d) shows the powder patterns for DPE and {ecis-[Ni{I-Et-S, ) DPE-
N.N2ta as well as that of cis-[Ni(I-Ft-5,0)]; and a pattern generated by the addition
of the cis-] Ni(1-Et-§,(}}]; and DPE patterns. As with the 2:2 coordination poltymers
above, the {cis-[Ni(I-Et-§ OWDPE-N, N 1]; ), trace differs markedly from the powder
patterns of either of its components and also differs from the pattern generated by the
addition of the cis-[Ni(I-Et-§,(J}]; and DPE traces. The peaks at 26 = 10.6° and 22 6°
in the cis-[Ni{1-Et-§,()]: trace as well as those at 22.0" and 23.0° in the DPE trace are
not present in the {cis-[Ni(1-Bt-S, (¢ DPE-N A Y2}, trace. This indicates that the
product {ois-[Ni{I-Et-S.(W{DPE-N. N "}z 1n, although not a coordination polymer, is
not merely a solid-solid mixture of eis-[Ni(I-Et-8.{N]; and DPE. The very broad peaks
hint at a low degree of crystallinity in this product. Tigure 3 4 4(e) is a comparison of
the powder patterns of {eis-[Ni(I-Et-5, ()W DPE-NN Y]z }a and {cis-[NiI[-LEt-S, (O BPE-
N.N"}z2}q which is a coordination polymer with a powder diffraction pattern similar
to those of the other coordination potymers {eis-[Ni{1-Et-8 (ON{pyrazine-N,N }}z ! and
{cis=[NI(1-Et-S, (N{bipy-N.N V2o

Interestingly, the two powder patterns are virtually identical, They are much more
similar than any other pair of diffraction patterns for the 2:2 coordmation polymers.
Almost every peak in the {¢is-[Ni(I-Et-S,OWBPE-N, N )];}, trace is found in that of
{cis-[Ni(1-Et-S (X DPE-N,N )]z | . Only some variation in the peak intensities and
some minor shifts distinguish one pattern from the other. This is all the more
interesting because the compounds seem to have such different properties and
compositions. {cis-[Ni(I-Et-5 (Y BPE-N,N ]z }4 is a coordination polymer, while
solvent-free {cis-[Ni{}-Et-5, O} DPE-NN"}|2 !} 15 not. {(Vis-[Ni(T-Et-S, () BPE-
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NN )2} was shown to have included guests, while {cis-[Ni(I-Ft-5, (JKDPE-ANYhia

has nane,

4000 -

{Ci5-| NI(I-Et-5, W BPE-N.N )= 1
3500 -

e — {Cis-[NUL-Et-S,ONDPE-N.N Y }a
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Figure 3.4.4(¢) Comparison of x-ray powder diffraction patterns ol {cis-[Ni{I-Et-
S, ONDPE-N Nz} and {eis-|Ni{I-Lt-S, ) BPE-NN"}a )y

It is possible that the crystal structures of the two compounds are analogous, with sites
available for accupation by guests. Tn {cis-[NUT-Et-5, OWBPE-N. N ]: 1., these sites
are occupied, while in {eis-NIT-Et-5, (I)(DPE-N N }]. 1, these sites are empty. Then
upon exposure to potential guest molecules, these sites are filled in the {cis-[Ni(I-Et-
SN DPE-N.N )21, structure, resulting in some subtle structural change that allows a

true coordmation polymer 10 form.

The latnlity of {cis-fNi(I-Et-S, (O} DPE-N, N '}]2 }, in terms of the incorporation and
removal of guest molecules (and formation and breaking of coordination bends} is
remarkable. The rapidity with which the transformation occurs sugeests that the
solvent molecules are not enclathrated or otherwise strongly held in the structure. This
would be a major difference between the solvent-containing form {efs-fNi(1-Er-

S OWDPE-N.N Yz} and {cis-[Ni(T-Ei-8, O)MBPE-N, N ]2}, which 1s thought to

contain some enclathrated guests,
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In the case of {cis-[Ni{L-Et-§, OWDPE-N,N Y2}, it can be concluded that the
polymerisation occurs by some solvent-mediated mechanism, Upon removal of the
praduct from the mother liquor, any solvent molecules present as guests in the
structure are expelled, with a resultant decoordination of some of the axial ligands.
These ligands remain in place in the structure as guests, available te recoordinate to
the nickel{11} centres upon re-eniry of solvent molecules into the system. The
similarity between the powder diftraction patterns of solvent-free {cis-[Ni(I-Et-
S.OWDPE-N.N )]z }a and the solvent-containing coordination polymer [cis-[Ni(1-Et-
SANBPE-N, N ts suggests that the crystal structure of {eis-[Ni(I-Et-§, () DPE-
M. N )]2}n remains largely the same upon expulsion of the included guests and
decoordination of some of the DPE ligands. The interference that prevents one from
obtaining a powder diffraction pattern for {cis-[Ni(T-Et-S, OYDPE-N. )]z}, in the
presence of a potential guest is frustrating, The cause of this interference is possibly
due to partial dissolution of the product by the solvent/guest molecules — in this case

an undesired side-effect.

Levitating balance measurements

The uptake of solvent melecules by {eis-[ Ni(T-Et-S,(H{DPE-N, N ]2 |2 was observed
gravimetrically by use of a sensitive levitating balance in a closed system. The sample
was weighed (155 mg) and then placed in an evacuated chamber, dichloromethane
was then allowed 1o enter the chamber to a fixed pressure {typically attained within
the first few minutes of the experiment) and isobaric measurements of sample mass
gain over time were taken. The experiment was repeated at different pressures from
200 — 300 mmHg, The results of these experiments are plotted on the same set of axes
— as shown in Figure 3.4.4(f). A slight error is incurred by plotting all three graphs on
the same time axis, as the increments in time measurements during each run were not
exactly identical. Nevertheless, the amount of mass gained is not affected, nor 1s the

averall pattern of mass gain in each case.

The results indicate that the pressure of the solvent in the chamber affects the ameount
of solvent sorbed by the sample, so that at 200 mmHg, the sample sorbs a maxmmum
aof 53 mg of CH:Cl,, at 250 mmHg, the sample sorbs a maximum of 67 mg and at 300
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mmHg, the sample sorbs a maximum of 69 mg. The mass of sorbed solvent is not

expected to greatly exceed 69 mg at higher pressures.

— 200 mmHg

— 250 mmHg
— 300 mmHg

0 10 20 30 40 50
Time {(minutes)

Figure 3.4 4(f). Resnlts of gravimetric study of isobaric sorption of CH;Cl; by
{cis-|Ni(1-Et-S, ) DPE-N, N}, performed on a levitating balance

These results reveal that {cis-[Ni(T-Et-5, ) DPE-N. N ']z . is a strong solvent sorbing
agent, able to take up almost hall its mass n dichloromethane at the highest pressure.
This effect certainly involves the penetration of the {crs-[Ni(I-Et-5, X DPE-N, N}z }a
structure and is not merely the result of  adsorption onto the surtace of the sample.
This 18 a strong indication that {cis-[Ni(1-Et-5, (J){DPE-N, N )]z}, has a porous
structure through which solvent molecules can travel with relative ease. The dilferent
ameunts of solvent sorbed at different pressures seem to suggest that the
dichloromethane molecules do not enly occupy fixed sites within the structure, but
can fill the structure with varying stoichiometries — passibly even to the point where

the product is partially dissolved — as evidenced by XRD.

Table 3.4 4(c) shows a caleulation of the number of CHzCl; molecules sorbed per
repeating umt in the {cis-[Ni(T-Et-S, ()}(DPE-N N )]; }a structure.

80
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Table 3.4.4(c). Calculation of the ratio of sorbed solvent molecules to repeating
units of {cis-[Ni(I-Et-S, OWDPE-NN"}|;}, at various pressures,

Molar mass of eis-[Ni{I-Et-5,({ )]z (g mol-1) 902 508
Moelar mass of DPE {g.mol-1) 182226
Molar inass of 1 repeating unit of {cis-[Ni(I-Et-5 OKDPE-
NN Vb0 (gmol-1) 266 96
Mass of sample (g) 0,153
No. of moles of repeating units 1.22x 107
Melar mass of CH:CL (z.mol-1) 84933
Pressure of CH2Cl; (mmHg) 200 250 300
Mass of sorbed CHCH; (g) 0.053 0.067 0.069
No. of moles of C11;Cl; sorbed 624x 10 789x107% 812x107
No, of CHzCls molecules sorbed per repeating unit 5,10 &.45 {6

These values are clearly non-stoichiomelric, suggesting that while there are possibly
specific sites within the structure which — when occupied by solvent molecules — are
responsible for the coordinatian of DPE te Ni{ll), it seems that these siies arc not the
only positions within the structure available for solvent molecules. The higher the
pressure of the solvent vapour, the more solvent molecules penetrate and disrupt the
structyre. However, upon removal of the vapour, the sorbed solvent molecules exit the

structure — leaving it intact — just as easily as they entered.

Swmmary

The results of analysis of {cis-[Ni{I-Et-S, (W DPE-N A ]z}, have revealed that in a
solvent-rich emvironment, the product is a ladder-type coordination polviner similar to
{ cis-[Ni{1-Et-8, O} pyrazine-N N Y]}, {cis-[Ni(1-Et-5, () bipy-N.N ]2 }a and {cis-
[NEI-Et-5 (O BPE-M, N ]z}, However, in the absence of solvent, the product
undergoes partial decoordination of DPE from the Ni(Il) centres, resulling mn a

mixture of square-planar and octahedral nickel(IT), This transition gives rise to a
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striking change in colour. In this solvent-free state, {eis-|Ni(I-Et-S. () DPL-N.N "Mz 1,
still contains all the previously coordinated DPE molecules as guests and potential
ligands within its structure. The x-ray powder diffraction pattern shows that the
crystal structure of this solvent-free state is possibly analogous to that of the true
coordination polymer {cis-[Ni{[-Et-5,()BPE-N, N )]z }a. In this state there are pores

or channels through which solvent molecules may permeate the structure.

Furthermore, there are specific sites within the structure, which -- upon occupation by
suests such as dichloromethane — result in some subtle shift that allows the DPE
poteitial ligands to recoordinate to the Ni(TI) centres and reform a true coordination
polymer. The concomitant colour change makes this product a powerful melecular

sensor — particularly sensitive to dichloromethane and chloreform.

Figure 3 4 4(g) represents this process schematically. The positions of the
dichleromethane guests in the polymeric structure {diagrams (i1} and (vi)} are shown
to be clase to the DPE bridgmg ligands, as it is logical to assume that the CHzCl,
glests might occupy such positions and thus somehow influence the DPE ligands by
virtue of their proximity. Alse note that the guest-free product 15 represented in
diagram (iv) as consisting of square planar metallamacrocycles alternating with
octahedral adducts of metallamacrocycles. This is not necessarily the case, as 7t is also
posstble that the product consists of oligomeric chains of bonded metallamacrocycles
as well as sections of aligned, but uncommected eis-[N1(T-Lit-5,(7)]; and DPL
molecules, Either case would agree with the results of the vanous analyses perlormed.
One feature that is not indicated is the presence of excess solvent molecules. The
results of the levitating balance experiments and the fatled attempt at obtaining an
XRD powder pattern for {cis-fNi(I-Lt=S,O¥DPE-N, N )]z | 10 the presence of CHyCls
indicate that excess solvent molecules are present and cause the partial dissolution of

the polymer,

The inability to obtain {eis-[Ni(I-Et-8,(WDPE-N, N )1}, crystals suitable for single
crystal diffractometry is g setback. The crystal structure must possess many
interesting features, such as channels for the solvent guests to pass through and
accupy. The exact mechanism of the vapochromism is also of great interest, as it

involves the disruption of the structure: enough to induce coordination of DPE to
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Chapter 4

Conclusion
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Having reported the findings of this project, it now remains to summarise these results
and consider their overall implications, particularly with respect to the broad context
of self-assembly and other aspects of supramolecular chemistry. It is also necessary to
consider the aims of the project and whether they have been achieved. It is certainly
worthwhile to point out where more work may be done in the area covered by this

project and to speculate on where future work could lead.

4.1. Summary of Results

4.1.1. Chelating Ligands

A total of four bipodal 3,3,3’,3’-tetraalkyl-1,1’-aroylbis(thiourea) ligands were
synthesised by the Douglass and Dains method. These ligands represent the four
possible permutations that arise by varying two characteristics (relative substitution
and side chain composition) each in two different ways (meta- vs. para- substitution
and ethyl vs. 2-hydroxyethy! side chains). The characteristics chosen to be varied
were those that had been found to significantly affect the behaviour of the resultant
ligands. It was expected that relative substitution would control the outcome of
complexation of the ligands, while side chain composition would be paramount in
determining the mode of supramolecular interaction of the complexes. The four
ligands were synthesised and crystal structures of the two isophthaloyl ligands I-Et
and I-EtOH were solved. The difference between these two structures was
remarkable, all the more so because it resulted only from the side chain composition.
The presence of terminal hydroxyl groups in I-EtOH gave rise to the possibility of
new modes of hydrogen bonding, which in turn gave rise to a crystal structure
composed of a network of intersecting helical chains of molecules. The crystal
structure of I-Et exhibited a much more straightforward mode of hydrogen bonding
that gave rise to parallel rectilinear chains of molecules running through the structure.

The difference in ethyl and hydroxyethyl branched aroylbis(thioureas) H-bonding was
expected to be of great significance in metal complexes of the ligands, since
abstraction of the N — H protons as a prerequisite to chelation would eliminate a
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potential donor — hydrogen system in the resulting complexes, rendering complexes of

ethyl branched ligands incapable of H-bonding.
4.12 Metallamacrocyclic complexes

The four synthesised ligands were each reacted with Ni(Il) in an attempt to give rise
to metallamacrocyclic complexes via self-assembly. It was expected that the two
isophthaloylbis(thioureas) would give rise to 2:2 metallamacrocycles while the
terephthaloylbis(thioureas) would form 3:3 metallamacrocycles. General
characterisation confirmed the metal: ligand ratio of 1:1 in each case. The 3:3
metallamacrocycle cis-[Ni(T-Et-S,0)}; had been synthesised previously by Hoyer et
al,® and crystals of cis-[Ni(I-Et-S,0)}, were obtained and its crystal structure
determined by single crystal diffractometry — revealing packing in offset stacks of -1
associated 2:2 metallamacrocycles. However, it was not certain that the ligands I-
EtOH and T-EtOH had given rise to a 2:2 and a 3:3 metallamacrocycle respectively.

As a result of the failure to obtain good quality single crystals of most of the
complexes, this section of the results chapter is brief. However, this failure did not
prevent the use of these products as secondary building units (SBUs) in the next step
of the building-up process.

4.13. Octahedral adducts

The Ni(II) aroylbis(thiourea) complexes were all reacted with pyridine. Attempts to
grow crystals of the products of these reactions were successful except in the case of
cis-[Ni(T-EtOH-S, O)(pyridine-N),]3, which did not even yield a solid product. Cis-
[Ni(I-Et-§,0)], was also reacted with 4-dimethylaminopyridine, and crystals obtained
of the product. The four crystal structures of octahedral adducts constitute a major
portion of the results, and a comparison of these structures clearly shows that the
initial ligand variations have significant effects on the supramolecular structures of
these products.

The two cis-[Ni(I-Et-S,0)); adducts, cis-[Ni(I-Et-S, O)(pyridine-N);}; and cis-[Ni(I-Et-
S, OXDMAP-N),]; are shown to be remarkably similar. The space group of their
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crystal structures are identical. Each structure includes solvent guests in very similar
positions. Hence, the crystal packing modes of the two structures both give rise to
continuous parallel guest-filled channels.

In contrast to this similarity, the crystal structure of cis-[Ni(I-EtOH-S, O)(pyridine-
N):}, differs quite remarkably from those of the cis-[Ni(I-Et-S,0)}, adducts. The large
amount of included solvent and the inclusion of water in the cis-[Ni(I-EtOH-

S, O)(pyridine-N); ], structure are a direct result of the H-bond capability that arises
from the hydroxyethyl side chains. This structure is the result of a self-assembly into
two-dimensional H-bonded layers of metallamacrocyclic adduct molecules, that are in
turn held together by n-n interactions between pyridine ligands of successive layers.
Thus cis-[Ni(I-EtOH-S, O)pyridine-N),]» self-assembles into a 3-dimensional infinite
supramolecular architecture, through which parallel guest-filled channels run. The
structure is all the more fascinating, because the water guest molecules, which were

absorbed from the atmosphere, govern the mode of assembly of the H-bonded layers.

A wholly different crystal structure is observed for the pyridine adduct of the 3.3
metallamacrocycle cis-[Ni(T-Et-S,O)h. In this case, the unit cell is found to consist of
two adduct molecules and several associated pyridine guests. The higher order crystal
symmetry of the 2:2 adducts is absent in the cis-[Ni(T-Et-S, O)(pyridine-N)}5
structure as a result of the non-centrosymmetric nature of the 3:3 metallamacrocycle
itself. However, this crystal structure possesses a feature that the 2:2 adducts lack. The
3:3 metallamacrocyclic adduct has an internal cavity that is large enough to admit
pyridine and thus the structure that arises exhibits intramolecular guest inclusion
reminiscent of the manner of guest inclusion in cyclodextrin and calixarene
compounds. At the same time, extramolecular inclusion of pyridine is also observed.
Thus cis-[Ni(T-Et-S, O)(pyridine-N), |3 demonstrates modes of inclusion that are
characteristic of both cavitates and clathrates.”®

4.1.4 Coordination polymers
A series of reactions coordinating exo-bidentate nitrogen donor ligands to the ethyl

branched 2:2 and 3:3 metallamacrocycles cis-[Ni(I-Et-S,0)], and cis-{Ni(T-Et-S,0)]s
was carried out. Although no single crystals of any of the products could be obtained
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due to the tendency of these compounds either to insolubility or to disintegration upon
dissolution, a number of other techniques of characterisation were performed. The
results of these analyses indicated that the products were coordination polymers —
with one notable exception. There were also indications of guests present in most of
the products, and proposals were made as to the location of these guests in the
coordination polymer structures. In essence, it was proposed that guests could be held
weakly in spaces between polymeric chains and more strongly in the spaces between

monomeric units within the polymeric chains.

The interaction between host and guest is of much interest and importance in one
particular case. The product {cis-[Ni(I-Et-S, OXDPE-N,N "))z}, was shown to have the
metallamacrocycle: bidentate ligand stoichiometry expected for a coordination
polymer, but differed in appearance and behaviour from the other cis-[Ni(I-Et-S,0)]; /
bidentate ligand reaction products. Specifically, {cis-[Ni(I-Et-S,OXDPE-NN )} }a
showed no indication of containing any guests and furthermore exhibited the property
of vapochromism, noticeably changing colour in the presence of solvent vapours.
Levitation balance experiments showed that {cis-[Ni(I-Et-S, OXDPE~N,N )}2}x could
absorb a relatively large amount of chlorinated solvent. Ultimately, it was concluded
that {cis-[Ni(I-Et-S,OXDPE-N,N )|}, in the guest-free state is not a true coordination
polymer, but on exposure of the product to certain solvents readily includes the
solvent as a guest with a concomitant subtle structural alteration that transforms the
product {cis-[Ni(I-Et-S,O}DPE-N,N )}, }. into a true coordination polymer.

No other coordination polymer exhibited this phenomenon. The fact that the
corresponding 3:3 polymer {cis-[Ni(T-Et-S,OXDPE-N,N )]s}, did not behave in a
similar fashion was taken as further indication that 2:2 and 3:3 metallamacrocycles,
although analogous, are in many ways fundamentally different. The inherent
symmetry difference between 2:2 and 3:3 metallamacrocycles gives rise to channels
within the crystal structures of adducts of the former, but not the latter. This could
also apply to 2:2 and 3:3 coordination polymers, and would explain why a 2:2
polymer can act as a solvent sorbing compound, while no 3:3 polymer can do the
same. The fact that the 3:3 coordination polymers might be amorphous or of a limited
degree of crystallinity — as suggested by XRD — while the 2:2 polymers are clearly
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crystalline, is another manifestation of the differences between 2:2 and 3:3

metallamacrocycles.

There still remain certain aspects of the coordination polymers that remain unclear,
particularly their thermal behaviour. Hot stage microscopy revealed that some of the
products undergo a series of unexpected changes upon heating and thermogravimetric
analysis in some cases gave results that are very difficult to interpret. Overall,
however, the evidence obtained in this portion of the project strongly indicates that
metallamacrocyclic complexes readily assemble with exo-bidentate ligands into linear

1D coordination polymers.
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4.2. Project Evaluation

42.1  First stage aims; ligand synthesis and characterisation

The most important aim of the project’s first stage was the synthesis of the four
bipodal ligands I-Et, I-EtOH, T-Et and T-EtOH. This was achieved, as general
characterisation indicates. The crystal structure solution of I-Et and I-EtOH were also
achieved and the comparison of their structures proved to be of great interest. The
crystal structure of T-EtOH could not be obtained and this failure is considered a
disappointing setback, because a comparison of this crystal structure with those of the
other ligands would have increased our understanding of the effects of variation on
ligand structure and behaviour.

422  Second stage: metallamacrocyclic Ni(Il) complexes

Again, the most important aim in this stage was achieved: synthesising Ni(Il)
metallamacrocycles from the four ligands synthesised in the first stage. The crystal
structure of cis-[Ni(I-Et-S,0)}, was obtained, successfully demonstrating that 2:2
nickel metallamacrocycles can be synthesised, and thus filling in a gap in the pattern
of the d® metals to form 2:2 and 3:3 metallamacrocycles with isophthaloyl-and
terephthaloyl- bis(thioureas) respectively.

4.2.3. Third stage: octahedral adducts of metallamacrocycles

The extension of square planar metallamacrocycles into octahedral adducts using
pyridine was successful in all cases except that of cis-[Ni(T-EtOH-S, O)(pyridine-
N)}s. The various adducts that were obtained in solid form were well characterised
allowing a thorough comparison of the influence of the aroylthiourea ligand variations
at this level in the progression of assembly. The assembly of the highly organised
hybrid 3D open framework of cis-[Ni(I-EtOH-S, O)(pyridine-N),], is an excellent
example of the dramatic effect that hydrogen bond capability can have on a system
and clearly fulfilled the expectation that the metallamacrocyclic motif could give rise
to some type of porous or channel-containing structure.



241

However, it should be mentioned that throughout every stage of the project, the ligand
T-EtOH, its metallamacrocyclic complex cis-[Ni(T-EtOH-S,0)}; and now its pyridine
adduct cis-[Ni(T-EtOH-S, O)(pyridine-N);}s have proved difficult. In fact no
crystallographic evidence exists to indicate that any of these products do possess the
expected molecular structures. This situation is disappointing, because the 3:3
metallamacrocycle cis-[Ni(T-EtOH-S,0)}; and its adducts represent a combined
variation that must be explored: hydrogen bonding capability in a non-
centrosymmetric complex — not to mention the possible combination of both intra-
and extramolecular guest inclusion, as seen in the cis-[Ni(T-Et-S,O)(pyridine-N),]5
crystal structure.

42.4. Fourth stage: polymerisation of metallamacrocycles using bridging ligands

This stage of the project can be said to be generally successful, even though the
investigation of the different products was hampered by the nature of the compounds,
tending either toward insolubility or disintegration upon dissolution. As a result,
single crystal x-ray diffractometry could not be employed to determine the solid state
structures of these polymers, nor could MALDI-TOF mass spectrometry be used to
determine their sizes. Despite these setbacks, it must be remembered that the main
aim of this stage was to synthesise coordination polymers of metallamacrocyclic
complexes, and that was achieved — as evidenced by the various other methods of
characterisation that were available, namely TGA, elemental analysis, HSM, IR
spectroscopy and x-ray powder diffraction.

The inability to elucidate the structures of these products and to determine the
polymeric chain lengths is seen as a deficit that must still be addressed by some
means. However, the unexpected discovery of the vapochromism of {cis-[Ni(I-Et-
S,O)XDPE-N,N )2} and its subsequent investigation add some weight to the work
done in this stage of the project.
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Overall, the majority of the aims of this project have been achieved. A progression
from ligand through to coordination polymer has been rationally designed and
successfully implemented. The various products obtained along the way have been
thoroughly scrutinised and several complex molecular and supramolecular structures
have been revealed. Most importantly, some of the potential merits of the

aroylthioureas as supramolecular building blocks have clearly been realised.

It has clearly been shown that the isophthaloyl- or terephthaloylbis(thioureas) in
conjunction with the Ni(I) ion constitute a system that is pre-programmed to form
2:2 or 3:3 metallamacrocyclic complexes via self-assembly according to the definition
by J.-M. Lehn.** Similar metallamacrocycles based on bipodal acyl- and aroyl-
thioureas had already been synthesised by others using Ni(Il) as well as other metals
(see Section 1.1.5.) This project has added to those findings; it can now certainly be
stated that the aroylthiourea-based metallamacrocyclic motif can be classified with
other series of self-assembled metallamacrocyclic complexes (see Section 1.2.1.) Just
as many of these other metallamacrocyclic complexes have been employed as
secondary building units in further self-assemblies (see Section 1.2.2), so have the
aroylthiourea-based metallamacrocycles. By exploiting the coordination modes
available to Ni(Il), a series of 1D coordination polymers as well as a hybrid 3D
supramolecular framework have been synthesised. Furthermore, these new

supramolecular architectures display a wide variety of host-guest interactions.

Clearly, this system of compounds involves a whole range of different aspects of
supramolecular chemistry including host-guest interactions, hydrogen bonded
networks, crystal engineering, self-assembly, metal-organic frameworks, coordination
polymers, and reticular synthesis. There is the hint of possible technological
application, particularly in light of the molecular sensing property of {cis-[Ni(I-Et-

S, O)DPE-N,N )]z }u.

With the knowledge gained from this project, it is hoped and certainly foreseeable that
the aroylthiourea motif will become a well-studied and exploited tool in the field of
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supramolecular architecture. With this in mind, it is seen as fitting that the final words

of this dissertation are given over to discussing the potential for future research.
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4.3. The Future

Even within the clearly defined boundaries outlined in the aims of this project, there
are spaces that remain to be filled. The most important of these must be the study of
the ligand T-EtOH and its products. Despite the difficulty in working with these
compounds, it is vital that a clear picture be obtained of the nature of these
compounds and the similarities and contrasts that they bear with respect to their
already well-characterised analogues. The other gap that must be filled is the
elucidation of the coordination polymers’ structures. This is particularly important in
the case of {cis-[Ni(I-Ft-S,O}DPE-N,N )} }», where the vapochromic phenomenon
clearly relies on the ability of the product to readily admit and expel solvent guests
with little or no disruption of the crystal structure.

Beyond the scope of the project lies the rich potential for new supramolecular
architectures that depend mainly on creative customisation of the aroylthiourea
ligands. Only a few such possibilities were discussed in the introduction and then only
in general terms. A creative mind can surely come up with a whole host of other
possibilities in a short space of time. So long as future research is directed in this area,
it is likely that the following advances will be reported in the future:

1) 1-dimensional coordination polymers of cis-[Ni(I-EtOH-S, )}, and cis-[Ni(T-
EtOH-S§,0)}5, constituting multi-dimensional frameworks as a result of the
additional H-bond capability.

2) 1-dimensional coordination polymers based on trans- bis chelation of acyl- or
aroylthioureas will be possible, once the rules dictating the formation of cis-

and frans- aroylthiourea isomers are properly deduced.

3) 2-dimensional coordination polymers composed of trans- acyl- or
aroylthiourea chelate chains linked by axially coordinated bidentate bridging
ligands such as 4,4’-bipyridine
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3)

6)

7

8)

9
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1-and 2-dimensional coordination polymers based on tri-and tetrapodal acyl-
and aroylthioureas such as those shown in Figure 1.3.1(b), followed by 2- and
3-dimensional coordination polymers formed by linking these chains and
layers together using bidentate bridging ligands

More coordination polymers with vapochromic capability. These could be
tailor made by adjusting characteristics such as the size and polarity of pores.
Ultimately, a series of structures, each exclusively admitting only certain
guests might emerge, leading to new chemical sensor technology. Additional
functionality might be factored into the design so that lnminescence or
electronic signalling is achieved.

Metallamacrocyclic complexes with nanoscale cavity size. These could also be
linked as coordination polymers, giving rise to 1-dimensional nanotube
structures, which could in turn be linked laterally by coordination or H-

bonding to give new 3-dimensional frameworks.

Metallamacrocycles with specifically shaped cavities — possibly with chiral

designs. These could conceivably have catalytic applications

Metallamacrocyclic complexes with long pendant alkyl chains that act as

discotic mesogens in liquid crystal formation.

Metallamacrocycles that self-assemble into 3-dimensional discrete polyhedral
architectures. These can be designed using molecular models. If successfully
synthesised, they can then be used as nanoscale secondary building units in the
assembly of infinite networks.

10) Multipodal acyl- and aroylthiourea metal complexes with modes of

coordination other than square planar and octahedral. Tetrahedrally
coordinated products — for example — might give rise to helical chains. The
ends of these chains might possibly link up to form large flexible nanocyclic
structures. |
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These are only a few of the options available. The fact is that the acylthiourea motif is
so versatile that it could lend itself to almost any desired supramolecular architecture.
And of course, these concepts of design have so far ignored the reported use of
acylthioureas in chemistry with potential technological application ranging from
mining to medicine. It is therefore considered highly likely that supramolecular

acylthiourea architectures will spawn new chemical technologies.

It is hoped that this project will make some contribution to achieving that ultimate
goal.
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Table A2. Atomic coordinates ( x 10"4) and equivalent isotropic displacement
parameters (A2 x 10°3) for I-EtOH. U(eq) is defined as one third of the trace

of the orthogonalized Uij tensor.
Atom X y z Uleq)
0(1) 7757 (1} 3900(1) 1579(1) 40(1)
c{2) 8877(1) 3315(1) 1702 (1) 28(1)
N(3) 10207(1) 3681(1) 1508 (1) 31(1)
5(4) 9568 (1) 4758 (1) 538(1) 39(1)
N{4) 11643(1) 5529 (1) 1218(1) 29(1)
C(4) 10508(1) 4700(1) 1109(1) 29(1)
C(11) 8927(1) 2130(1) 2108 (1) 25(1)
c(12) 7868 (1) 2132(1) 2500 25(1)
C{13) 9990 (1) 1069(1) 2106(1) 27{1)
C(14) 9991(1) 10(1) 2500 28(1)
C(41) 12221 (2} 6517(1) 811(1) 32(1)
0(42) 11439(2) 8614(1) 1313(1) 55(1)
C(42) 11422 (2) 7938 (2) 805(1) 41(1)
C{43) 12322 (2) 5623(2) 1752 (1) 36(1)
0(44) 12822(1) 3167(1) 1945(1) 44 (1)
C(44) 13496(2) 4514(2) 1844 (1) 40(1)

Table A3. Atomic coordinates ( x 10°4) and equivalent isotropic displacement
parameters (A”2 x 10"3) for Cis-[Ni(I-Et-8,0)}.. U(eq) is defined as one third
of the trace of the orthogonalized Uij tensor.

Atom X y Z Uleq)
Ni(l) 7015(1) 7647 (1) 6816(1) 16(1)
C{la) 8786(1) 8635 (1) 6987 (1) 21(1)
C{2a) 9580(2) 8581 (1) 7778 (1) 17(1)
N(3a) 9239(1) 8023(1) 8775(1) 21(1)
S(4a) 6560 (1) 6738 (1) 8440(1) 24 (1)
N(4a) 7740(1) 6916(1) 10207 (1) 22(1)
C(4a) 7947(2) 7281(1) 9154 (1) 19(1)
C(lla) 11163 (2) 9261(1) 7559(1) 17(1)
C(l2a) 12187(2) 8120(2) 8361 (1) 20(1)
C(13a) 13678(2) 2691 (2) 8162 (1) 22(1)
C(lé6a) 11651(2) 9993 (1) 6566 (1) 17(1)
C{4la) 8848 (2) 7347(2) 10886(1) 25(1)
C{42a) 10271(2) 6257(2) 11041 (1) 37(1)
C(43a) 6441 (2) 6048 (2) 10755 (1) 25(1)
C(44a) 4883(2) 6935(2) 11032(1) 36(1)
0{1b) 7284 (1) 8494 (1) 5393(1) 19(1)
C{(2b) 6286(2) 8643 (1) 4702 (1) 16(1)
N{(3b) 4805(1) 8223(1) 4772 (1) 17(1)
S{4b) 5119(1) 6372 (1) 6604 (1) 23(1)
N{4b}) 2606(1) 7047 (1) 5513 (1) 17(1})
C{4b) 4145(2) 7301(1) 5567 (1) 16(1)
C(1l1b) 6842 (2) 9431 (1) 3638 (1) 16(1)
C{12b) 5828 (2) 29602 (1) 2832(1) 19(1)
C{41b) 1719(2) 7801(2) 4640(1) 22(1)
C{42b) 2014(2) 7086(2) 3650(1) 35(1)
C(43b} 1743(2) 6003 (2) 6289 (1) 21(1)

C{44b) 2143(2) 4492(2) 6071 (1) 33(1)




Table A4. Atomic coordinates ( x 10"4) and equivalent isotropic

displacement parameters (A2 x 10"3) for Cis-[Ni(I-E¢-S, O)(Pyridine-N),);.
U(eq)is defined as one third of the trace of the orthogonalized Uij tensor.

Atom X N4 z Uleq)
Ni(l) 4732 (1) 852 (1) 1735(1) 26(1)
o{1a) 4482 (2) 1356 (1) 787(1) 28{(1L)
C(2a) 3494 (4) 1789 (2) 604 (2) 25(1)
N{3Aa) 2867 (3) 2312(2) 946(2) 33(1)
S(4A) 3720(1) 1875(1) 2254 (1) 35(1)
N (4A) 2691 (4) 3142 (2) 1793 (2) 45(1)
C(4A) 3105(4) 2462 (2) 1615(2) 30(1)
N(5A) 2787 (3) 311¢2) 1409 (2) 33(1)
C(6a) 2706(4) ~-41(2) 808(2) 38(1)
C(7A) 1523(5) ~411(2) 540(2) 46 (1)
C(8A) 359(5) ~425(3) 810(3) 55(1)
C({3%A) 404 (5) ~74(3) 1528 (3} 51(1)
C(10A) 1655(5) 291(2) 1768(2) 42(1)
Cc(11a) 2953 (4) 1748(2) -138(2) 26(1)
C(12A) 3477 (4) 1189(2) ~-552(2) 25(1)
C(15Aa) 1517 (4) 2201(2) -1113(2) 38(1)
C(16A) 1958 (4) 2241(2) ~426(2) 34(1)
C(41A) 2887 (5) 3432(2) 2490(2) 48 (1)
C(42A) 1659 (5) 3313(3}) 2910(2) 59(1)
C(43A) 2062 (9) 3656 (3) 1281(3) 91(2)
C(44A) 2727(14) 4131(7) 1013(6) 90 (5)
C(45n) 740(11) 3580(6) 1034 (5) 47(3)
O (1B) 5685(3) -55(1) 1356(1) 29(1)
C(2B) 6449 (4) -535(2) 1667 (2) 24 (1)
N(3B) 6933 (3) -575(2) 2323(2) 30(1)
5(48) 4861 (1) 2774{1) 2830{(1) 37(1)
N(4B) 7233(4) ~267(2) 3432 (2) 47(1)
C(4B) 6438 (4) -203(2) 2838(2) 31(1)
N{5B) 6788 (3) 1317(2) 1841(2) 32(1)
C({6B) 7543 (4) 1355(2) 1300(2) 40(1)
C({7B) 8885 (5) 1638 (3) 1323 (3) 51(1)
C(8B) 9491 (5) 1889 (3) 1933(3) 59(1)
C(9B) 8740(5) 1860 (3) 2497(3) 60 (1)
C{10B) 7392 (5) 1575 (2) 2432 (2) 45(1)
C(11B) 6982 (4) -1150(2) 1242 (2) 25(1)
C{16B) 7957(4) -1666(2) 1520(2) 32(1)
C{(41B) 8541(5) -711(3) 3480(2) 621{2)
C{42B) 8264 (7) ~15181(3) 3591(3) 83(2)
C{43B) 6794 (6) 24 (4) 4090(2) 78(2)
C{44B) 7438(11) 723(5) 4259 (4) 146(4)
N(1G) 3481(7) T406(4) 328(3) 105(2)
C(2G) 4369(9) 6864 (5) 499 (4) 108(2)
C(3G) 3993(10) 6222 (6) 829 (5) 129(3)
C(4G) 2633(9) 6200(5) 952 (4) 121(3)
C(5G) 1708 (9) 6647 (4) T77{4) 104 (2}
C{6G) 2032(9) 7282 (5) 456 (4) 109(2)




Table AS. Atomic coordinates ( x 10°4) and equivalent isotropic displacement
parameters (A2 x 10"3) for Cis-[Ni(I-Et-S,ODMAP-N)|.. U(eq) is defined
as one third of the trace of the orthogonalized Uij tensor.

Atom X Y z U{eq)
Ni(l) 7724 (1) 964 (1) 9825(1) 22(1)
O(1Aa) 8616(1) 1245(2) 9270(1) 26(1)
C{2A) 8530(2) 1310(3) 8679(2) 23(1)
N{34A) 7893(2) 1657 (3) 8252 (1) 26(1)
5{(4A) 6651(1) 1537(1) 8990 (1) 28 (1)
N{4A) 6648(2) 2410(3) 7839(1) 32(1)
C{4A) 7107 (2) 1880(3) 8343(2) 25(1)
N{5A) 7962 (2) 2716 (3) 10194 (1) 28(1)
C(6A) 7380(2) 3524 (3) 10282(2) 30(1)
C{7A) 7542 (2) 4635(3) 10541 (2) 34(1)
C(8A) 8369(3) 4996(3) 10742 (2) 34(1)
N{9A) 8569(2) 6088 (3) 11005(2) 48(1)
C{9A) 8978(2) 4140(3) 10664 (2) 36(1)
C(10A) 8747 (2) 3045(3) 10396(2) 32(1)
c{11a) 9274 (2) 993(3) 8377(2) 22{1)
C{12a) 10030(2) ~-456(3) 11264 (2) 23(1)
C{15A) 9964 (2) 904 (3) 7465(2) 31(1)
c(16a) 9283(2) 1223(3) 7738(2) 27(1)
C{41hn) 5773(2) 2717 (4) 7805(2) 44 (1)
C{428) 5214 (3) 1772 (6) 7461 (3) 87(2)
C{43a) 7005(3) 2684 (4) T7265(2) 43(1)
C({44A) 7530(3) 3794 (4) 7314 (2) 55(1)
C(91Aa) 7937(3) F000(4) 11021 (2) 52(1)
C{92A) 9417 (3) 6422 (5) 11216(3) 69(2)
O{1B) 8622(1) 423(2) 10545(1) 26(1)
C{2B) 8598 (2) 390(3) 11127(2) 26(1)
N({3B) 8024(2) 808 (3) 11450(2) 32(1)
5 (4B) 6702 (1) 552(1) 10493(1) 33(1)
N(4B) 6836(2) 1752 (3) 11570(2) 38(1)
C(4B) 7241 (2) 1080(3) 11203(2) 31(1)
N{5B) 7694 (2) -~-841 (2) 9527 (1) 27(1)
C(6B) 6985 (2) ~1438(3) 9358(2) 31(1)
C(7B) 6943 (3) -2631(3) 9195(2) 35(1)
C(8B) 7672 (2) -3297(3) 9202 (2) 31(1)
N(9B) 7658 (2) ~-4475(3) 9037 (2) 41 (1)
C({9B) 8420(2) -2656(3) 9382(2) 33(1)
C(10B) 8396(2) ~1468(3) 9537 (2) 30(1)
C(11B) 9344 (2) -~142(3) 11535(2) 23(1)
C({16B} 9355 (2) -360(3) 12177(2) 29(1)
C({41B) 5972(2) 2109 (5) 11396(2) 49 (1)
C({42B) 5384 (3) 1268 (6) 11644 (3) T2(2)
C(438B) T256(3) 2181 (5) 12197(2) 49 (1)
C(44B) 7671 (3) 3381 (5) 12156 (2) 61(1)
C(91B) 6871(3) -5085(4) 8866 (2) 51(1)
C(92B) 8409 (3) -~5113(4) 8990 (2) 51(1)
Cl(1G) 4751 (5) 3383(8) 9899(4) 64 (3)
C(1G}) 4521(10) 2523 (16) 8299(8) 32(4)
Cl({2G) 4123(3) 3411 (5) 8621 (2) 57(1)
Cl1 (1H) 4805(5) 3660(8) 9889 (4) 56(2)
C(1H) 4585(9) 2205(14) 9467 (7) 22(3)

Cl(2H) 4099 (4) 2477 (6) 8662 (3} 70(1)




Table A6. Atomic coordinates ( x 10"4) and equivalent isotropic displacement
parameters (A2 x 10"3) for Cis-[Ni(I-EtOH-S, O} Pyridine-N),].. U(eq) is
defined as one third of the trace of the orthogonalized Uij tensor.

Atom X Y z Uleq)
Ni(l} 9069 (1) 9212 (1) 6792 (1) 23(1)
O(1Aa) 9842 (2) 8523(1) 5939(1) 27(1)
C(2A) 10182(2) 7645(2) 5835(1) 23(1)
N(3A) 10474 (2) 69989 (2) 6327(1) 29(1)
S(4A) 8602 (1) 7524 (1) 7215(1) 29(1)
N (4A) 109801 (2) 6625 (2) 7502 (1) 32(1)
C(4A) 10089(3) 7061(2) 6994 (1) 26(1)
N (5A) 7011(2) 8875 (2) 6027 (1) 30(1)
C(6A) 6963(3) 9040(3) 5328 (2) 46(1)
C{7A) 5670(4) 8811(4) 4800(2) 73(1)
C(8A) 4380 (4) 8383 (4) 5001(2) T71{1)
C(9Aa) 4417 (3) 8216(3) 5715(2) 54(1)
Cc(10a) 5746 (3) 8471(2) 6213(2) 40(1)
C(1l1Aa) 10402 (2) 7282 (2) 5062 (1) 23(L)
C(15A) 10794 (3) 5962 (2) 4119¢2) 39(1)
C(1l6A) 10688 (3) 6289 (2) 4851(1) 32(1)
C(41A) 12126(3) 6165 (2) 7321(2) 39(1)
0{423) 14671(2) 6555 (2) 7263(1) 63(1)
C(424) 13504(3) 70605(3) 7439 (2) 48 (1)
C(43A) 10677(3) 6635 (2) 8267(1) 35(1)
O(44A) 9518(3) 5635(2) 9100(1) 53(1)
C(44n) 9663 (4) 5628(2) 8343(2) 45(1)
C{1B) 9505 (2) 10605 (1) 6402 (1) 30(1)
C(2B) 89522 (3) 11530 (2) 6699 (1) 24 (1)
N(3B) 9560(2) 11908(2) 7408 (1) 29(1)
S{4B) 8122(1) 10065(1) 7760(1) 30(1)
N (4B) 9756 (2) 11805(2) 8638 (1) 31(1)
C(4B) 9239(3) 11308(2) 7926 (1) 25(1)
N (5B) 11281 (2) 9614 (2) 7404 (1) 30(1)
c{6B) 12348(3) 9953(2) T048(2) 43(1)
C(7B) 13808(3) 10146 (3) 7371(2) 57(1)
C{8B) 14216 (4) 9997 (3) 8089 (2) 64 (1)
C(9RB) 13141(4) 9659(3) 8470 (2) 54(1)
C(10B) 11691 (3) 9483(2) 8109 (2) 36(1)
C(11B) 9548 (3) 12337(2) 6183(1) 24(1)
c({12B) 9692 (2) 12032(2) 5456 (1) 23{(1)
C{16B) 9341(3) 13358(2) 6398 (1) 33(1)
C{41B) 10570(3) 12916 (2) 87399(1) 36(1)
C(42B) 12879 (3) 14068(2) 8960 (1) 64 (1)
C(42B) 12148 (3) 12975 (3) 8783(2) 53(1)
C(43B) 9586(3) 11285(2) 9285(1) 42(1)
0O(44B) 7976 (4} 10946 (3) 10136 (2) 64 (1)
C(44B) 8134(7} 11544 (4) 9536 (3) 50(1)
O{458B) 7174(10) 11097 (7) 89418 (5) 62 (3)
C(45B) 8659 (11} 11509 (7) 9736 (5) 28(2)
N(1G) 6534 (3} 8788 (2) 9478(2) 65(1)
C(2G) 7107 (4) 8135(3) 8068(2) 56(1)
C{3G) 6684 (4) 7070 (3) 8951(2) 64 (1)
C{4G) 5540 (4) 6618 (3) 9252 (2} 68(1)
C({5G) 4871 (4) 72981 (3) 9658 (2) 58(1)
c(6G) 5409 (4) 8348(3) 9759 (2) 58(1)
N(7G) 14512(7) 5458 (5) 5814 (4) 55(2)
C(8G) 15780 (9} 5741(5) 5572 (4) 41(2)
C(9G) 16063(10) 5268(7) 4906 (5) 65(2)
C({10G} 14918(14) 4480(8) 4445(5) 70(2}

c(11G} 13632(10) 4203(7) 4717 (6) 66(2)



Table A6. continued.

C({126G)
N({13G)
C({14G)
C{15G)
C{16G)
C{17G)
C(18G)
N({19G)
C{20G)
c{216G)
C(226G)
C{236G)
c{246)
o (1w}

13448(9)
15073(11)
15064 (11)
15646(10)
16320(8)
16372 (8)
15759 (9)
14473(10)
13986(13)
14616 (13)
15850(15)
16511 (12)
15728(12)
12078(3)

4666(7)
13945 (6)
14152 (8)
13567 (8)
12797 (6)
12613(6)
13181 (8)
13876 (6)
13658(9)
13153 (8)
12899 (11)
13086(10)
13615(10)
15446(2)

5387 (5)
8145 (4)
7468 (5)
6932 (5)
7190 (5)
7893 (4)
8336(5)
7939 (5}
7222 (6)
6720 (6)
6949(8)
7702(7)
8221 (6)
9988 (1)

65(2)
62(2)
86(3)
76(3)
49(2)
58(2)
66 (2)
60(2)
86(3)
84 (3)
90 (4)
86(3)
72(3)
48 (1)




Table A7. Atomic coordinates ( x 10”*4) and equivalent isotropic displacement

parameters (A2 x 103) for T-Et-Ni-Py. U(eq) is defined as one third of the
trace of the orthogonalized Uij tensor.

Atom X y z U(eq)
Ni (1A) 8914 (1) ~1310(1) 9108 (1) 32
0(1a) 8004 (2) ~867(2) 9297(2) 41
C(2A) 7906 (3) ~608 (2) 9736(3) 32
N (3A) 8407 (3) -488(2) 10197(2) 43
N (4A) 9531(3) -472(2) 10844 (3) 64
C(4A) 9155 (4) -681(2) 10354 (3) 42
S (5A) 9666 (1) -1117(1) 10013 (1) 42
O(6A) 8228 (2) -1492(1) 8352 (2) 32
C(7A) 8432(3) -1737(2) 7926 (2) 26
N(8A) 9176 (3) -1799(2) 7759 (2) 33
N(9A) 10527 (3) -1610(2) 7814 (2) 37
C(9A) 9879(3) -1727(2) 8107 (3) 31
S(10A) 9997 (1) ~1833(1) 8851 (1) 36
C(11A) 7084 (3) -364(2) 9714 (3) 30
C(12A) 6811 (4) -136(2) 10202 (3) 36
C(13A) 6058 (4) 57(2) 10190(3) 38
C(14A) 5529 (3) 46(2) 9666 (2) 26
C(15A) 5799 (3) ~161(2) 9173(3) 29
C(16A) 6565 (3) ~363(2) 9198 (3) 30
C(41A) 10391 (6) ~585 (3) 11105 (4) 75
C(42A) 10291(7) ~942(3) 11520(6) 103
C(43A) 9150(5) -73(4) 11146(4) 97
C(44A) 9318(8) 415 (4) 10905 (6) 127
N (50A) 8281 (3) ~1893 (2) 9482 (2) 36
C(50A) 7485 (4) ~1934(3) 9354 (3) 45
N (55A) 9354 (3) -717(2) 8636 (2) 42
C(55A) 8842 (4) ~462 (3) 8267 (4) 58
C(60A) 7040 (4) ~2324(3) 9525 (3) 51
C(65A) 9073 (6) -75(3) 7941(5) 86
C(70A) 7420 (5) -2675(3) 9845 (4) 60
C(75A) 9889 (6) 59(3) 8005 (5) 92
C(80A) 8267 (5) ~2638(3) 9999 (4) 62
C(85A) 10431(5) -198(3) 8369 (4) 72
C(90A) 8669 (4) ~2241(2) 9807 (3) 45
C(91A) 11338(4) ~1539(3) 8111(3) 49
C(922) 11882(5) ~1984 (3) 8124 (5) 77
C(93A) 10439(4) -1528(3) 7175 (3) 50
C (94A) 10177(5) -1018(3) 7026 (4) 67
C(95A) 10140(4) -578 (2) 8671 (4) 55
Ni (1B) 3217 (1) 562 (1) 8831 (1) 25
0(1B) 3209(2) 114(1) 8132 (2) 34
C(2B) 2714 (3) 95(2) 7674 (3) 28
N (3B) 2222 (3) 437(2) 7439(2) 40
N (4B) 1861 (4) 1228(2) 7340(2) 44
C(4B) 2029 (4) 843(2) 7716 (3) 36
S (5B) 1914 (1) 896 (1) 8452 (1) 34
0(6B) 4299(2) 255(1) 9126 (2) 27
C(7B) 4671(3) 246(2) 9635 (2) 24
N (8B) 4399 (3) 355(2) 10140 (2) 30
N (9B) 3394 (3) 554 (2) 10704 (2) 37
C(9B) 3727(3) 618 (2) 10196(3) 27
S (10B) 3314/(1) 1046(1) 9704 (1) 31
C(11B) 2716(3) -354(2) 7318 (3) 27
C(12B) 2202 (4) ~416(2) 6803 (3) 33
C(13B) 2234 (4) -830(2) 6468 (3) 33

C{14B) 2782 (3) -1193(2) 6627 (3) 27




Table A7. continued (iii).

C (60E)
C (65E)
C(70E)
C(75E)
C(80E)
C (85E)
C (90E)
C(91E)
C(92E)
C(93E)
C (94E)
C(95E)
Ni (1F)
0 (1F)
C(2F)
N (3F)
N (4F)
C (4F)
S (5F)
O({6F)
C(7F)
N(8F)
N (9F)
C(9F)
S (10F)
C(11F)
C({12F)
C(13F)
C(14F)
C(15F)
C (16F)
C(41F)
C(42F)
C(43F)
C (44F)
N (50F)
C(50F)
N (55F)
C(55F)
C(60F)
C (65F)
C(70F)
C{75F)
C (80F)
C(85F)
C (90F)
C(91F)
C(92F)
C(93F)
C(94F)
C(95F)
N(1G)
C(26G)
C(3G)
C (4G)
C(5G)
C{6G)
N (7G)
C(8G)
C(9G)
C(10G)
C(11G)
C(12G)
N (136G)

6912 (4)
9342(5)
7310(4)
9090 (5)
7892 (5)
8564 (6)
8055 (4)
5658 (6)
6090 (7)
6215 (7)
5517 (6)
8262 (5)
13722 (1)
13004 (2)
13135(3)
13826(3)
15180 (3)
14581 (4)
14850(1)
12766 (2)
12788 (4)
13414(3)
14726 (3)
14207 (4)
14563 (1)
12387(3)
12454 (3)
11765(3)
10996 (3)
10923 (3)
11618 (4)
16048 (4)
16430 (6)
14999 (4)
14880 (5)
13225(3)
12443 (4)
13970 (3)
13333(5)
12049 (4)
13430(5)
12482 (5)
14224 (6)
13291 (5)
14872(5)
13634 (4)
15619 (4)
15994 (5)
14425(4)
14280(6)
14721 (4)
6292(7)
5571 (6)
5432 (6)
6002 (6)
6744 (6)
6908 (6)
5119 (12)
4494(6)
4758 (3)
5389 (3)
5999 (8)
5920 (3)
10035(9)

3879 (2)
6424 (3)
3661 (2)
6867 (3)
3913 (2)
6877(3)
4377(2)
6399 (3)
6821 (3)
6210 (3)
5923 (3)
6450 (2)
3609 (1)
3438 (1)
3155(2)
2996 (2)
2950(2)
3059(2)
3208 (1)
3956 (1)
4301 (2)
4512 (2)
4729(2)
4377(2)
3801 (1)
2961 (2)
2639(2)
2465(2)
2615 (2)
2938 (2)
3104 (2)
2955 (3)
3430(5)
2791(3)
2248(3)
2979 (2)
2861(2)
4288 (2)
4559 (2)
2488 (2)
5014 (2)
2223(2)
51886 (3)
2336(2)
4911(3)
2713(2)
4676(2)
4580(3)
5224(2)
5494 (3)
4469 (3)
-737(3)
-643(3)
-241(3)
104 (3)
3(4)
~380(4)
3181 (3)
3044 (4)
2867(2)
2809 (2)
2873 (4)
3041(2)
5612 (5)

18817 (4)
17909 (4)
19305 (4)
18110 (4)
19648 (4)
18515 (4)
19504 (3)
17953 (4)
18198 (5)
16978 (4)
16618 (4)
18723 (3)
18471 (1)
17721(2)
17313(3)
17136(2)
17075 (2)
17408 (3)
18136 (1)
18774 (2)
19134 (3)
19436 (3)
19628 (3)
19460 (3)
19356 (1)
16950 (3)
16494 (3)
16160 (3)
16262 (3)
16723 (3)
17062 (3)
17291 (4)
17175(5)
16466 (3)
16421 (4)
18853 (2)
18711(3)
18077(2)
17845 (3)
18968 (3)
17612 (4)
19396 (4)
17607 (4)
19546 (4)
17831 (4)
19263 (3)
19656 (3)
20281 (4)
19733(4)
19153 (5)
18065 (3)
7079 (5)
7274 (4)
7567 (3)
7669 (4)
7471 (4)
7208 (5)
10785 (4)
11232 (7)
11697(2)
11826(2)
11583 (8)
11088 (2)
16660(7)

54
64
55
63
55
66
48
67
95
79
84
51
30
34
31
34
43
33
38
37
34
42
45
36
39
29
31
28
28
35
36
70
133
53
68
37
43
39
49
48
67
59
77
62
69
49
46
70
63
99
50
121
80
72
14
85
85
192
120
90
121
150
116
171



Table A7. continued (iv).

C(14G)
C({15G)
c{16G)
C{17G)
C{186G)
N{19G)
C(20G)
C{21G)
C(22G)
C(23G)
C(24G)
N(25G)
C{26G)
C{27G)
C(28G)
C{29G)
C{30G)

9712 (10)
10208(9)
11034(12)
11360(8)
10889(10)

8441(7)

8926(7)

9029 (8)

8619(7)

8147(9)

8029 (3)

8400(13)

8440(16)

7777(3)

7087(3)

7003(12)

7628(3)

5178 (6)
4885(6)
5020(6)
5406 (4)
5691 (5)
2216(5)
2591 (5)
3001 (4)
3088(5)
2749 (5)
2329(2)
879(7)
977(9)
978(2)
891(2)
941(6)

11025(2)

168259(8)
17107(7)
17249(7)
17078(5)
16792 (7)
17526 (6)
17383 (5)
17678 (5)
18122 (6)
18302 (6)
17994 (2)
9443(11)
8822 (12)
8435(2)
8657(2)
9165(8)
9588(2)

175
151
177
108
140
148
111
105
116
137
152
250
249
141
126
184
155




Table A7. Atomic coordinates ( x 10"4) and equivalent isotropic displacement
parameters (A2 x 10"3) for T-Et-Ni-Py. U(eq) is defined as one third of the
trace of the orthogonalized Uij tensor.

Atom b4 v Z U{eq)
Ni{1la) 8914 (1) -1310(1) 9108(1) 32
O(1a) 8004 (2) -867(2) 9297(2) 41
C{2A) 7906 (3) -608(2) 9736(3) 32
N(3Aa) 8407 (3) -488(2) 10197(2) 43
N(4A) 9531 (3) -472(2) 10844 (3) 64
C{4A) 9155(4) -681(2) 10354 (3) 42
3(5A) 9666(1) -1117{1) 10013(1) 42
O (6A) 8228(2) -1492 (1) 8352(2) 32
C({7A) 8432 (3) ~1737({2) 7926(2) 26
N (BA) 9176 (3) ~17998(2) 7759(2) 33
N{SA) 10527(3) -1610(2) 7814 (2) 37
C{9A) 9879 (3) -1727(2) 8107 (3} 31
S{10a) 9997(1) -1833(1) 8851 (1) 36
C{11n) 7084 (3) -364(2) 9714 (3) 30
C{12a) 6811(4) -136(2) 10202 (3) 36
C{13A) 6058 (4) 57(2) 10180(3) 38
C{14A) 5529(3) 46(2) 9666 (2) 26
C{15A) 5799(3) -161(2) 9173(3) 29
C(1l6A) 6565 (3) -363(2) 9198 (3) 30
C{41a) 10391 (6) -585(3) 11105(4) 75
C(42A) 10291(7) -942(3) 11520(6) 103
C{43A) 9150(5) -73(4) 11146 (4) 97
C{44A) 9318 (8) 415(4) 10905(6) 127
N(50A) 8281(3) -1893(2) 9482 (2) 36
C{50A) 7485 (4) ~1934(3) 9354 (3) 45
N(55A) 9354 (3) -717(2) 8636(2) 42
C(55a) 8842 (4) -462(3) 8267 (4) 58
C{60A) T040(4) ~-2324(3) 9525(3) 51
C(65A) 9073 (6) ~75(3) 7941 (5) 86
C(70A) 7420(5) -2675(3) 9845 (4) 60
C{75A) 9889 (6) 59(3) 8005 (5) 92
C(80A) 8267(5) -2638(3) 9999 (4) 62
C({85a) 10431 (5) -198(3) 8369(4) 72
C{90A) 8669 (4) ~-2241(2) 9807 (3) 45
c{91n) 113381(4) -1539(3) 8111(3) 49
C{92A) 11882 (5) -1984(3) 8124(5) 77
C({93A) 10439(4) -1528(3) T7175(3) 50
C{94A) 10177(5) -1018(3) 7026(4) 67
C{95Aa) 10140(4) -578(2) 8671(4) 55
Ni(1lB) 3217{L) 5621(1) 8831(1) 25
O(1B) 3209(2) 114(1) 8132(2) 34
C{2B} 2714(3) 95({2) 7674 (3) 28
N(3B) 2222 (3) 437(2) 7439(2) 40
N{4B) 1861 (4) 1228 (2) 7340(2) 44
C{4B) 2029(4) 843(2) 7716(3) 36
S{58B) 1914 (1) 896 (1) 8452 (1) 34
O ({6B) 4299(2) 255(1) 9126(2) 27
C{7B) 4671 (3) 246(2) 9635(2) 24
N({8B) 4399 (3) 355(2) 10140¢(2) 30
N(9B) 3394 (3) 554(2) 10704 ({2) 37
c{98B) 3727 (3) 618(2) 10196 (3) 27
S(10B) 3314(1) 1046 (1) 9704 (1) 31
Cc(11B) 2716 (3) -354(2) 7318(3) 27
C(12B) 2202 (4) -4161{2) 6803 (3} 33
C(13B) 2234 {4) ~-830(2) 6468 (3} 33

C({14B) 2792 (3) -1193(2) 6627(3) 27



Table A7. continued (i).

C({15B)
C(16B)
C(41B)
C{42B)
C(43B)
C(44B)
N {50B)
C{50B)
N (55B)
C(558B)
C(60B)
C({65B)
C(708B)
C{75B)
c(80B)
C(85B)
C(90B)
C(91B)
C(928)
C(93B)
C(94B)
C(95B)
Ni(1C)
o(lc)

ci2c)

N (3C)

N(4C)

c4c)

S ({5¢C)

o{6C)

c(7c)

N (8C)

N(9C)

c{ec)

s(10C)
c(1lic)
c({1zcy
Cc(13¢C)
c(14c)
C{15C)
C{16C)
c{41c)
c({42¢)
C(43C)
C(44C)
N (50C)
c{50C)
N({55C)
C{55C)
C{60C)
C({65C)
c(70c¢)
c{75¢C)
c{80C)
C{85C)
c{90C)
c({s1c)
c{92¢C)
c{93C)
C{94C)
c{95¢C)
Ni{1Dp)
0(1D)

3302(4)
3262(4)
1547 (4)
647 (5)
1980(5)
2879 (6)
2628 (3)
2886 (4)
3879(3)
4582 (5)
2518(4)
5085(5)
1850 (5)
4848 (5)
1577 (4)
4120(5)
1984 (4)
2678 (4)
2806 (5)
3723 (4)
3275 (5)
3656(4)
3980(1)
5072(2)
5758 (3)
5988 (3)
5865(3)
5480(3)
4451 (1)
3566(2)
2890 (3)
2220(3)
1407 (3)
2108(4)
2745 (1)
6462 (3)
7275(3)
7903 (3)
7760 (3)
6953 (3)
6318 (3)
5448 (4)
5164 (6)
6773(4)
7258 (5)
3585(3)
3791 (4)
4538 (3)
5019(4)
3627 (5)
5484 (5}
3278 (6)
5455(7)
3051(5)
4955(7)
3224 (4)
1145(4)
1418(6)
830(5)
245(6)
4492 (3)
8863 (1)
8367(2)

-1137(2)
-726(2)
1692(2)
1695 (3)
1186(3)
1288 (3)

-2(2)
-451(2)
1084 (2)

977(2)
-834(2)
1317(3)
~-735(3)
1784 (3)
-270(2)
1905(2)

85(2)
826(3)
1282(3)
206(2)
~275(3)
1544 (2)

-2448(1)

-2373 (1)

-2523(2)

-2822(2)

~-3357(2)

-3096(2)

-3179(1)

~1831(1)

-1626(2)

-1708 (2)

-2030(2)

-2064 (2)

-2546(1)

~2328(2)

~-2451(2)
~2264(2)

-1954(2)

-1855(2)

-2041(2)

-3713(2)

-3485(3)

~3315(3)

~3657 (3)

-2802(2)

-2611(3)

-2035(2)

-1657(2)

-2833 (4)

~1431(4)

-3265(4)

~-1583(5)

~-3480(4)

-1949(4)

~3237(3)

~-2394 (3)

-2267(4)

-1618(3)

~1745(5)

-2176(3)
2948 (1)
3386(1)

7139(3)
7487 (3)
7543 (3)
7498 (4)
6715(3)
6598 (4)
9263(2)
9235(3)
8399(2)
8205(3)
9506(4)
7982 (4)
9792 (4)
7945(3)
9820 (4)
8127(4)
9555 (3)
10847 (3)
11170(4)
11139(3)
11096(4)
8351(3)
5971 (1)
6463(2)
6365(3)
59863 (2)
5217(2)
5603 (3)
5608 (1)
6297 (2)
6237(2)
5873(2)
5118(3)
5472(3)
5367 (1)
6774 (2)
6704 (3)
7078(3)
7531(2)
7617 (3)
7246(3)
4810(3)
4223(4)
5166(3)
5577 (4)
6737(2)
7261(3)
5318 (3)
5481 (4)
7776 (4)
5072(6)
7751 (5)
4497(7)
7209 (5)
4354 (5)
6721(4)
4664 (4)
4088 (4)
5161 (4)
5580(5)
4753(4)
15241 (1)
15820(2)

34
33
46
80
58
81
31
42
32
51
53
66
61
60
53
55
42
45
65
47
63
42
28
36
27
29
40
30
42
39
29
38
55
40
36
23
34
33
27
33
32
48
80
53
74
43
54
41
65
75
108
91
118
82
102
54
59
88
67
112
67
33
33
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Table A7. continued (ii).

c{2p)
N(3D)
N{4D)
C({4D)
5(5D)
0(6D)
c{7D)
N(8D)
N({9D)
C{9D)
5{(10D)
C(11D)
c{12D}
C{13D)
C(14D)
C{15D)
C{16D)
C(41D)
C(42D)
C{43D)
C(44D)
N (50D}
C(50D)
N({55D)
C{55D)
C(60D)
C(65D)
C{70D)
C{75D)
c(80D)
C{85D)
C{90D)
C(91D)
C{92D)
C{93D)
C{94D)
C{95D)
Ni{1E)
O(1E)
C{2E)
N{3E)
N{4E)
C{4E)
S{35E)
O(6E)
C{7E)}
N(8E)
N({9E)
C{9E)
S{10E})
C(11E)
C{12E)
C({13E)
C(14E)
C{15E)
C{16E)
C({41E)
C{42E)
C{43E)
C{44E)
N{50E)
C(50E)
N({55E)
C{55E)

7806 (3)
7233(3)
6543 (3)
7277(4)
8140(1)
9575(2)
10271 (4)
10426 (3)
106070 (3)
9967 (4)
9366(1)
7736 (3)
7260 (4)
7208({4)
7624 (3)
8117(4)
8176 (4)
6490 (5)
6527 (6)
5789 (4)
5372 (%)
7890(3)
7754 (4)
9859 (3)
10062 (4)
7112 {5}
10717 (4)
6575 (5)
11200(4)
6696 (4)
11014 (4)
7359 (4)
9656 (5)
10168 (5}
10547 (4)
10060(6)
10337 (4)
8007(1)
9155(2)
9674 (4)
9619(3)
9055(4)
8946 (4)
79684 (1)
8059(2)
7545 (3)
6953 (3)
6209(4)
6643 (4)
6631 (1)
10490 (3)
11137(4)
11887 (4)
11992 (4)
11337(4)
10602 (4)
8394 (6)
8028 (8)
9906 (8)
9931(7)
7667 (3)
7122 (4)
8477 (3)
9006(4)

3688(2)
3723(2)
3514(2)
3538(2)
3368(1)
2628(1)
2456 (2)
2140(2)
1562(2)
2015(2)
2410(1)
4062 (2)
4467 (2)
4813(2)
4760(2)
4352 (2)
4009(2)
3382(3)
3827 (4)
3654 (2)
3235(3)
2472(2)
2351 (3)
3433(2)
3702(2)
2069(3)
4001 (3)
1802(3)
4041 (3)
2028(2)
3781 (3)
2312(2)
1376 (3)
1468(3)
1212(2)

989 (3)
3482(2)
5343(1)
5134 (2)
5180(2)
5382(2)
5818 ({4)
5581 (3)
5611 (1)
5075(1)
5113(2)
5435(2)
6102 (2}
5716 (2)
5590(1)
4966 (2)
5012(2)
4806 (2)
4529(2)
4482 (2)
4704 (2)
6097 (4)
5762 (6)
5843 (4)
5360(4)
4610(2)
4359(2)
6020(2)
6008 (3)

15722 (3)
15273 (2)
14397(2)
14740(3)
14439(1)
15948 (2)
15862 (3)
15469 (2)
14786 (2)
149870(3)
14541(1)
16197 (3)
16092 (3}
16520(3)
17067 (3)
17172(3)
16738(3)
13765(3)
13388(4)
14620(3)
14878 (4)
15360(2)
15892 (3)
15270 (2)
15750(3)
16026(4)
15824 (3)
15572(4)
15378 (4)
15019 (4)
14875 (4)
14918 (4)
14232 (3)
13718 (4)
15171(3)
15609 (4)
14841 (3)
18816(1)
18991 (2)
19427 (3)
15944 (3)
20651 (4)
20131(3)
19788 (1)
18001(2)
17552(3)
17442(2)
17612 (3)
17844 (3)
18577(1)
19349(3)
19788 (3)
19704 (3)
19205 (3)
18790(3)
18851 (3)
20921(5)
21288 (6)
21026 (7)
21255(6)
19040(2)
18703(3)
18528(2)
18134 (3)

29
33
37
34
45
34
33
33
42
40
50
31
40
42
29
33
34
52
82
44
75
40
56
39
46
12
53
64
6l
59
56
53
58
66
49
78
47
31
38
32
45
114
51
47
34
28
32
52
34
33
33
44
48
34
36
34
89
141
129
119
40
39
36
50



Table A7. continued (iii).

C{60E)
C(65E)
C{70E)
C{75E)
C(80E)
C{85E)
C{S0E)
C(91E)
C{92E)
C(93E)
C{94E)
C(95E)
Ni (1F)
C(1F)
C(2F)
N(3F)
N (4F)
C{4F)
S{5F)
O(6F)
C{TF}
N(8F)
N(9F)
C({9F)
5(10F)
C({11F)
C{12F)
C({13F)
C{14F)
C{15F)
C{16F}
C({41F)
C{42F)
C{43F)
C(44F)
N(50F)
C{50F)
N ({55F)
C(55F)
C{60F)
C({65F)
C{70F}
C(75F)
C(80F)
C(85F)
C{90F)
C{91F)
C(92F)
C(93F)
C{94F)
C(95F)
N(1G)
C{26}
C{3G)
C{46)
C{56)
C{6G)
N(7G)
c{86G)
C{9G)
C{106G}
c{llG)
c{l126G)
N({13G)

6912 (4)
9342 (5)
7310(4)
9090 (5)
7892 (5)
8564 (6)
8055 (4)
5658 (6)
6090(7)
6215(7)
5517(6)
8262 (5)
13722 (1)
13004 (2)
13135(3)
13826 (3)
15180(3)
14581 (4)
14850(1)
12766(2)
12768 (4)
13414(3)
14726 (3)
14207 (4)
14563(1)
12387(3)
12454 (3)
11765(3)
10996(3)
10023(3)
11618 (4)
16048 (4)
16430(6)
14999(4)
14880(5)
13225(3)
12443 (4)
13570(3)
13333(5)
12049(4)
13430(5)
12482(5)
14224 (6)
13291(5)
14872 (5)
13634(4)
15619(4)
15994 (5)
14425(4)
14280(s6)
14721 (4)
6292(7)
5571 (6)
5432(6)
6002 (6)
6744 (6)
6908 (6)
51198(12)
4494 (6)
4758 (3}
5389 (3)
5999 (8)
5820(3)
10035(9}

3879(2)
6424 (3)
3661(2)
6867 (3)
3913(2)
6877 (3)
4377(2)
6399(3)
6821 (3)
6210(3)
5923(3)
6450(2)
3609 (1)
3438(1)
3155(2)
2996(2)
2950(2)
3059(2)
3208(1)
3956(1)
4301(2)
4512 (2)
4729 (2)
4377(2)
3801(1)
2961(2)
2639(2)
2465 (2)
2615(2)
2938 (2)
3104(2)
2955 (3)
3430(5)
2791(3)
2248 (3)
2979(2)
2861 (2)
4288(2)
4559(2)
2488(2)
5014 (2)
2223(2)
5188(3)
2336(2)
4911(3)
2713(2)
4676(2)
4580 (3)
5224 (2)
5494 (3)
4469 (3)
-737(3)
-643(3)
~-241 (3}
104(3)
3 (4}
~380(4)
3181(3)
3044 (4)
2867 (2)
2809(2)
2873(4)
3041(2)
5612 (5)

18817 (4)
17909 (4)
19305(4)
18110(4)
19648 (4)
18515(4)
19504 (3)
17953 (4)
18198 (5)
16978 (4)
16616 (4)
18723 (3)
18471(1)
17721 (2)
17313(3)
17136(2)
17075(2)
17408 (3)
18136(1)
18774 (2)
19134 (3)
19436(3)
19628 (3)
19460(3)
19356(1)
16950 (3)
16494 (3)
16160(3)
16262 (3)
16723(3)
17062 (3)
17291 (4)
17175(5)
16466 (3)
16421 (4)
18853(2)
18711(3)
18077(2)
17845(3)
18968 (3)
17612 (4)
19396 (4)
17607 (4)
19546(4)
17831 (4)
19263 (3)
19656 (3)
20281 (4)
19733 (4)
19153(5)
18065 (3)
7079(5}
7274 (4)
7567 (3)
7669(4)
7471 (4)
7208 (5)
10785(4)
11232(7)
11697(2)
11826(2}
11583(8)
11088 (2)
16660(7)

54
64
535
63
55
66
48
67
95
79
84
51
30
34
31
34
43
33
38
37
34
42
45
36
39
29
31
28
28
35
36
70
133
33
68
37
43
39
49
48
67
59
77
62
69
49
46
70
63
99
50
121
80
72
74
85
89
192
120
90
121
150
116
171





