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Abstract 

A new family of Schiff-base ligands using meta-hydroxybenzaldehyde and a variety of 

di- and triamines as precursors were prepared and fully characterised. These ligands 

were reacted with various MX2 salts (M = Cu, Ni and Zn and X = perchlorate, acetate 

and chloride). In every case except one (where a coordination polymer was formed), 

hydrolysis of the ligand occurred to give the liberated amine and aldehyde. The amine 

bound to the metal ion to give the appropriate metal-amine complex. In two cases these 

by-products were characterised by X-ray crystallography. One showed the entrapment 

of a two-coordinate copper(II)chloride molecule within the lattice, along with the 

inclusion of a monochloro-bridged dinuclear copper species. 

A novel class of benzazines were prepared, some of them macromolecular derivatives, 

using a tetra tert-butylcalix[4]arene difunctionalised at the lower rim as a molecular 

scaffold. X-ray crystal structures for these calix[4]arene derivatives were obtained in 

four cases. Zn(II) complexes of this family of compounds were prepared in several 

cases. Both the ligands and their Zn(II) complexes were examined for fluorescent 

character. An increase in emission upon complexation of the Zn(II) ion was obtained. 

A new benzamide derivative was synthesised and characterised by X-ray 

crystallography. The HCl salt of the ligand was also prepared and its X-ray structure 

obtained. The free ligand displayed ambidentate character and complexes with the 

various metal salts mentioned above, were prepared. In the case of its reaction with 

Cu(II) perchlorate, two complexes, one with an octahedral geometry and the other with 

a square planar geometry were obtained, both of whom were solved by X-ray 

crystallography. 

The above ligand was also bound to the calix[4]arene. Two derivatives were prepared, 

one with a methyl protecting group on the terminal phenol (X-ray crystal structure 

solved), the other possessed the free phenol. Both were examined for metal binding 

traits using Na(I), Ag(I) and Zn(II) salts. Only the deprotected ligand was found to 

bind metals and was selective for acetate salts. An explanation for its selectivity was 

given using pKa values. 
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1.1 Schiff-bases and metal complexation 

1.1.1 Overview 

The rich vein of literature publications regarding Schiff-base ligands reveals the scope 

of using these ligand molecules to complex metal ions. Schiff-base ligand formation 

requires conditions that are not very stringent, necessitating only a dry solvent or a 

method of removing the water produced in the condensation reaction between an 

aldehyde/ketone and an amine. The lone pair on the nitrogen atom of the imine moiety 

provides a suitable donor atom for metal ion complexation. These ligands are 

particularly adept at binding transition metal ions, with the range of uses for these 

complexes varying from catalysts to biological mimics.
1,2

 The work described in this 

thesis attempts to extend the range of novel Schiff-base ligands and also to prepare 

their copper(II), nickel(II) and zinc(II) metal complexes. 

1.1.2 Syntheses of Schiff-base ligands 

Named after Hugo Schiff, a Schiff-base is a molecule that contains an imine moiety 

with an alkyl or aryl substituent attached to the imine nitrogen atom. The Schiff-base 

reaction is a reversible acid-catalysed condensation between a primary amine (not 

ammonia) and either an aldehyde or a ketone. Typical conditions for imine formation 

require a protic solvent that is sufficiently dry to prevent subsequent hydrolysis of the 

newly formed imine bond. Generally these condensation reactions proceed smoothly, 

although some reactants (usually as a result of electronic effects) can require forcing 

conditions such as heating to reflux in a high boiling solvent and may include the use 

of a Dean-Stark apparatus or molecular sieves to remove the by-product, water.
3
 The 

general consensus of the mechanism of formation of the imine, as shown in Scheme 

1.1, is that it requires protonation, or the use of a Lewis acid on the carbonyl oxygen 

atom to enhance the electrophilicity of the carbonyl carbon. This protonation step 

precedes (and facilitates) nucleophilic attack of the primary amine on the carbonyl 

carbon. A 1,3-H shift follows, which facilitates the elimination of water to give the 

protonated imine, with subsequent disassociation of this species to give the imine 

product. 
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Scheme 1.1: Mechanism of imine formation. 

The geometry of the imine double bond generally adopts a trans orientation, which 

limits the steric interactions of the bulkier R groups, with R being either aryl or alkyl 

substituents. 

The synthesis of tripodal Schiff-base ligands such as that in Figure 1.1, is generally 

difficult, mainly due to the problematic task of purifying the ligand as the molecule can 

undergo hydrolysis when exposed to chromatographic methods. Ways to obviate these 

problems involve the use of zinc(II) perchlorate to form a template with the reactant 

triamine. 

 

Figure 1.1: Tripodal ligand (where R = various aromatic moieties) synthesised using a zinc 

template method.
4
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According to the proposed mechanism by Hundal et al., coordination of the zinc(II) 

ion to the aldehyde results in an enhancement in the electrophilicity of the aldehyde.
4
 

The zinc(II) ion is also suggested to localise the electron density of the aromatic amine 

on the nitrogen, thereby making it a stronger nucleophile and allowing the Schiff-base 

reaction to occur. Finally, the zinc(II) ion is labile enough to liberate the newly formed 

tripodal ligand (whose structure is shown in Figure 1.1) in high yield and purity, 

something which does not occur in the absence of the zinc salt.  

1.1.3 Schiff-base derivatives 

Schiff-base compounds prepared using salicylaldehyde (sal) or its derivatives, are 

extremely common in the literature. Their successful use in the preparation of mono-, 

di- and multinuclear complexes along with the sheer scope of ligands prepared is 

emphasised by several extensive reviews.
5
 

Salicylaldehyde or 2-hydroxybenzaldehyde or sal is an important framework around 

which some well known reagents have been based. Salicylaldehyde is a suitable 

building block due to the substitution pattern of the ring. Once the imine forms a 

situation arises where the imine is ortho to the hydroxyl functional group. This 

orientation means that if complexation takes place at this N2O2 binding site, it forms a 

six-member chelate ring with the bound metal ion, thus increasing the stability of the 

complex. This strategy has proved to be broad in scope, with various d- and f-block 

metals being bound at this site.
6,7

 Jacobsen’s catalyst (shown in Figure 1.2), which has 

tert-butyl substituents ortho and para to the phenolic oxygen is one such example. 

This manganese(III) coordination complex stereoselectively converts unfunctionalised 

alkenes to epoxides, with the largest enantiomeric excess (e.e.) reported at 97 %.
8
 

 

Figure 1.2: Jacobsen’s catalyst. 
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The central diamine is the key to the wide variation of binding characteristics of these 

compounds. The linkage bridging the two nitrogens may be aliphatic or aromatic with 

the limitations of the functional groups attached only kept in check by their chemical 

compatibility with the amines. 

The most commonly used diamine is 1,2-diaminoethane or ethylene diamine (en). This 

diamine provides a two carbon chain between the two imine nitrogens, and upon 

complexation with a metal through the imine nitrogens it participates in forming a 

relatively stable five-member ring, as shown in the N-Mn-N fraction of Jacobsen’s 

catalyst. The carbon chain itself may be functionalised to prepare asymmetric centres 

on the chain. Groups such as naphthyl, phenyl or isooctyl moieties have been added to 

the chain to prepare a wide range of derivatives. These ligands have been employed in 

the synthesis of catalysts,
9
 spin crossover complexes

6
 and fluorescence sensors.

10
 

Increasing the length of the aliphatic chain does not seem to diminish the ability of the 

imine nitrogen to bind, as can be seen from complexes bearing a ligand with a three- or 

four-carbon chain, but it can however promote the formation of dimers when the chain 

is four or five carbons in length.
11

 The flexible behaviour of the unfunctionalised alkyl 

chain, and consequently, the formation of a dimer, may be curtailed by the use of 

cyclic diamines, with both saturated and unsaturated ring derivatives having been 

employed to this effect. Indeed, it is the saturated ring diamines, with their inherently 

chiral nature, which are employed to prepare optically pure ligand precursors for such 

catalysts as those mentioned previously. Generally the ligands do not function as an 

organocatalyst and require a metal to be present to effect the transformation. 

More recent literature work has seen a simple method developed to provide access to 

asymmetric varieties of the sal (ligands based on the use salicylaldehyde and an alkyl 

or aryl primary diamine) Schiff-base derivative. It involves monoprotection of the 

diamine with hydrochloric acid to give the ammonium intermediate with a single free 

amine group, as outlined in Scheme 1.2. This allows formation of the imine on only 

one end of the diamine molecule. Deprotection is easily accomplished with 

triethylamine to give the free amine which can subsequently react with a different 

aldehyde to give the asymmetric derivative.
12
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Besides increasing the length of the alkyl chain, it is possible to introduce one or more 

additional S-
13

, N-
14

 or O-donor
15

 atoms into the imine-imine bridge. This would have 

the effect of providing additional potential binding modes to the metal ion. 

 

Scheme 1.2: Synthesis of asymmetric Schiff-base using mono-protected diamine. 

The benzaldehyde moiety can be functionalised on the aromatic ring with the usual 

candidates e.g. alkyl groups, halides, nitro groups, methoxy and hydroxy groups to 

alter the electronics of the aromatic ring. Their effect is seen in the varying degree of 

activities in respective catalysts. In addition to functionalising the benzaldehyde ring, 

the ring itself can be substituted for a heterocyclic analogue, preferably with donor 

atoms in proximity to the imine nitrogen to facilitate metal ion complexation. 

Examples of these used include pyridine, furan and thiophene moieties.
16,17

 The 

possibility of dimerisation is more likely to occur in these heterocyclic derivatives as 

both the bound and the free ligand are charge neutral. 

Schiff-base derivatives are, by and large, very hydrophobic but this feature can be 

overcome by the addition of sulfonate functional groups to the corresponding aldehyde 

precursor.
18

 

1.1.4 Schiff-base metal complexation 

1.1.4.1 Overview 

Schiff-bases are generally regarded as good ligands. The orientation of the lone pair on 

the nitrogen atom means that it can participate in donation into the appropriate metal 

ion. This donation, in conjunction with the adjacent oxygen atom that is present in sal 

Schiff-base derivatives or the heteroatom in pyridine and thiophene derivatives means 

that a large array of transition metal coordination complexes can be prepared. Their 

excellent metal binding characteristics have resulted in the preparation of a vast 

number of complexes of which a large amount have found use as transition metal 

catalysts, as outlined in a recent review by Gupta et al.
9
 For the purposes of the 
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material in this thesis, an overview will be provided on only the copper(II), nickel(II) 

and zinc(II) coordination chemistry of these ligands. 

1.1.4.2 Copper Schiff-base complexes 

Copper is a late first row transition metal with an electronic configuration of 

[Ar]3d
10

4s
1
. Copper coordination complexes generally have the copper ion in the +1 

or, more commonly, in +2 oxidation state, which is the most stable. Copper(III) and 

copper(IV) are also known but are rare in comparison.
19

 This introduction will 

concentrate on the coordination chemistry of the copper ion in the +2 oxidation state. 

The copper(II) ion has a d
9
 configuration and is paramagnetic due to its single unpaired 

electron, unlike the copper(I) ion which is always diamagnetic. This d
9
 configuration 

means that the coordination of the copper(II) ion is subject to Jahn-Teller distortion 

when in an octahedral or a tetrahedral geometry. This means that it ‘requires molecules 

to adopt geometries that do not lead to a degeneracy in valence level orbitals’
19

 i.e. 

distortion occurs from the true octahedral or tetrahedral geometry. Copper(II) 

coordination complexes are generally coloured blue or green and in some cases, 

brown, with the coordination sphere of the copper(II) ion influencing the resultant 

colour of the complex. 

Copper(II) coordination complexes using Schiff-bases modelled on the sal ligand are 

numerous in the literature. These compounds have found use as catalysts,
20

 

antimicrobial agents
21

 and metal chelate inhibitors
2
 amongst others. The ligand 

generally binds through the nitrogen and oxygen donors in an equatorial fashion to the 

metal with the axial sites occupied by the appropriate counterion or a donor solvent, as 

shown in Figure 1.3, as befitting of copper(II) complexes which generally adopt five- 

or six-coordinate environments. 

Outside of the sal template there is also an array of Schiff-base ligands that use 

heterocyclic functional groups to provide the donor atoms. Chief among these are the 

ligands using the heterocyclic pyridine moiety to effect complexation. These pyridine 

derivatives are a suitable substitute for the phenol, with the additional nitrogen atom in 

the same role as the ortho oxygen atom in the sal derivatives. 
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Figure 1.3: General N2O2 binding mode of salen Schiff-base derivatives with S denoting a 

donor molecule. 

1.1.4.3 Nickel Schiff-base complexes 

Nickel is a late first row transition metal with an electronic configuration of 

[Ar]3d
8
4s

2
. The most common oxidation state of the metal, and the only one that will 

be introduced here is the +2 oxidation state. 

Nickel(II) complexes can adopt a wide variety of coordination geometries and vary 

from octahedral to square planar, but may also include five-coordinate and tetrahedral 

coordination modes. The most common geometry is the six-coordinate octahedral 

orientation. Aqua and ammine nickel(II) complexes always adopt this geometry, with 

their colouring ranging from blue to bright green, which is a result of the 

spectrochemical series. The d
8
 configuration of octahedral complexes result in 

paramagnetic complexes formed. This can be explained by the splitting of the             

d-orbitals in crystal field theory. 

Five-coordinate nickel(II) complexes are reasonably common. They adopt either the 

square pyramidal or the trigonal bipyramidal geometry and both high- and low-spin 

derivatives are known. 

Four-coordinate nickel(II) complexes can be either tetrahedral or square planar. 

Enforcement of the tetrahedral geometry is achieved by the use of bulky substituents 

on the ligands which sterically hinder the formation of the square planar derivative. 

The term tetrahedral is used loosely as they are often highly distorted. They are, 

however, paramagnetic and this trait is useful in distinguishing them from square 

planar complexes, which are predominantly diamagnetic. This is because the 

configuration causes one of the d-orbitals (dx
2
− y

2
) to be high in energy, with the eight    

d-electrons occupying the four remaining d-orbitals.
19

 



Chapter 1. Introduction 

 

9 

 

The use of sal Schiff-base ligands in the preparation of nickel(II) complexes generally 

leads to the formation of square planar nickel(II) complexes.
22

 From these nickel(II) 

complexes tin(IV) adducts have been prepared.
23

 These have found uses as potential 

catalysts. There are several exceptions where the nickel(II) ion adopts an octahedral 

geometry. Its coordination sphere is completed by coordination of a donor solvent, in 

this case water.
24

 In the case of neutral ligands, if the metal occupies the octahedral 

geometry the axial groups may be either solvent or a coordinating counter anion. 

Complexes with coordinating anions such as azides and thiocyanates have been 

prepared.
25

 The difference in the counterion of the nickel(II) salt used influences the 

coordination sphere adopted by the metal.  

Nickel(II) Schiff-base complexes have found use in the asymmetric synthesis of         

α-amino acids
26,27

 and in alkylation reactions of these amino acids by alkyl halides as 

well as in Michael addition reactions.
28

 An example of some of the catalysts used is 

shown in Figure 1.4. These reactions have been reported to yield diastereomeric 

excesses (d.e.) greater than 98 % and e.e.s of up to 97 %. These nickel(II) complexes 

function by exploiting the coordination chemistry of the nickel(II) ion and its 

preference for adopting a square planar geometry and result in the stereoselectivity 

mentioned. 

 

Figure 1.4: Nickel(II) catalyst (left), used in synthesis of α-amino acids, where R = CH3, H 

and R’ = Ph, H.
27

 Enzyme mimic (right) developed by Brooker et al. with counterions either 

perchlorate, triflate or thiocyanate not shown. 

Another use for nickel(II) Schiff-base complexes is the preparation of enzyme models, 

specifically metalloenzymes. One example of this is the work carried out by Brooker et 

al., where the use of macrocyclic ligands are employed.
29

 These macrocyclic ligands 
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afford additional stability to the nickel(II) thiocyanate complexes, some of whom are 

problematic.
30

 

1.1.4.4 Zinc Schiff-base complexes 

Zinc is a late first row transition metal (Group 12) with an electronic configuration of 

[Ar]3d
10

4s
2
. It contrasts with other first row metals in that, whereas copper may lose 

one of its d-orbital electrons along with its s-orbital electron to give the copper(II) ion, 

this does not happen with zinc. Zinc forms the zinc(II) ion exclusively by the loss of 

the two s electrons. Its full d-orbitals mean that zinc(II) complexes are diamagnetic. It 

also means that there is no ligand field stabilisation effect in its coordination 

complexes. The stereochemistries of these species are determined by considerations of 

electrostatic forces, covalent bonding forces and the size of the metal ion.
19

 

Historically, organozinc compounds are important as they were the first organometallic 

species to be prepared in 1849 by Edward Frankland. His preparation of diethylzinc 

led to an explosion in the use of organometallic reagents, many of whom are still 

indispensible today, namely the organolithium and Grignard reagents. Organometallic 

zinc compounds can exist as organozinc halides or as diorganozinc and are 

synthetically important in strategies that require chemical compatibility with functional 

groups such as esters. Examples of the use of organozinc reagents include the 

Reformatsky
31

 and Simmons-Smith
32

 reactions. Further work on the addition of these 

organozinc compounds to aldehydes has given rise to asymmetric derivatives.
33

 

Zinc neurochemistry has enjoyed a lot of attention as it is the second most abundant   

d-block metal, after iron, in the brain. Work on determining the function of zinc in the 

brain has been carried out by Lippard and co-workers, using selective fluorescent 

sensors for the zinc(II) ion.
34

 It is now known to regulate a variety of ion channels, is 

involved in neurodegenerative disorders and may be vital to neurotransmission.
35

 

Zinc(II) Schiff-base coordination complexes are well known, although not in the same 

abundance as that reported for the copper and nickel derivatives. The zinc(II) ion is 

known to occupy either a four-, five- or six-coordinate geometry, with the four- and 

five-coordinate complexes being the most common.
19

 An exception to this trend is a 

communication by Ma et al. who have designed a pentadentate Schiff-base ligand, as 

shown in Figure 1.5, that yields a heptacoordinate zinc(II) complex when reacted with 
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zinc(II) chloride, with the two remaining coordination sites occupied by donor solvent 

molecules.
36

 

 

Figure 1.5: Pentadentate Schiff-base ligand by Ma et al.
36

 

On complexation to sal Schiff-base derivatives, the zinc(II) ion tends to occupy a   

four-coordinate square planar N2O2 coordination sphere. The planar binding of the 

ligand is not exclusive to the zinc(II) ion. This has also been observed for both the 

copper(II) and nickel(II) derivatives. For the zinc(II) salphen complex (where the 

diimines are linked via an ortho substituted benzene ring) a five-coordinate complex is 

prepared by the addition of various functionalised pyridine derivatives. These yield a 

distorted square pyramidal zinc(II) complex, shown in Figure 1.6, with the pyridine 

donor occupying the apex of the coordination sphere. A feature of note in the work by 

Kleij et al. is that when the pyridine donors have substituents at the ortho positions, 

their ability to coordinate to the zinc is sterically impeded. Even small methyl groups 

are enough to cause this effect.
37

 

 

Figure 1.6: Five-coordinate Zinc(II) salphen complex.
37

 

According to a wide ranging review on the properties of Schiff-base transition metal 

catalysts by Gupta et al., the catalytic activity of a zinc(II) Schiff-base complex on the 

decomposition of hydrogen peroxide has been explored and yielded unexceptional 

results.
9
 This is not surprising since the zinc(II) ion is not a redox metal. Interest in 
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these zinc complexes because of their luminescent characteristics has led to research in 

their use as potential organic light emitting diodes.
38

 

1.2 Calix[4]arene chemistry 

1.2.1 Overview 

Because of their ease of preparation and subsequent functionalisation, parent 

calix[4]arenes and their derivatives are very popular and versatile macromolecules in 

the realm of supramolecular chemistry. Uses for these derivatives have ranged from 

heavy metal extraction to capsules for drug delivery. The upper and lower rims have 

been subjected to a variety of transformations with metals bound at both. The aim of 

this Section is to give an overview of the synthesis of the parent macrocycles, the 

methods employed in functionalising them (material will concentrate solely on lower 

rim functionalisation) and a flavour of the wide scope of tasks these molecules have 

been employed in. 

1.2.2 Synthesis of calix[4]arenes 

The calixarene is a macrocycle that is formed via a base-catalysed condensation 

between a para-substituted phenol and formaldehyde. Depending on the base used, 

derivatives such as the calix[4]arene, calix[5]arene, calix[6]arene or calix[8]arene can 

be prepared. Calixarenes originated from work on phenol and formaldehyde chemistry, 

specifically from work reported by von Baeyer in 1872, although the analytical tools at 

the time resulted in incomplete characterisation of the macrocycles.
39

 Work by Zinke 

in 1942 reported the first crystalline product from a condensation reaction between     

4-tert-butyl phenol and formaldehyde. He determined its empirical formula to be 

C11H14O, and assigned it a tetrameric structure mainly because the substituted phenol 

could only have reacted at the ortho position.
39

 

Work by Cornforth in 1955 built on the previous studies by Zinke.
40

 He repeated 

Zinke’s work and was able to isolate two similar products that possessed different 

melting points. Cornforth, like Zinke, assigned tetrameric structures to both of his 

products. He proposed that the two compounds were due to the presence of two 
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isomers, isomers which are known to exist today as a result of the restriction in the 

rotation about the aromatic-methylene C-C single bond. These isomers, which were 

later comprehensively characterised, are the commonly known diastereoisomers: cone, 

partial cone, 1,2-alternate and 1,3-alternate conformers and are displayed in Figure 1.7. 

The cone conformation is the most stable conformer due to the participation of the 

hydroxyl functional groups in intramolecular hydrogen bonding and that this has the 

effect of stabilising the configuration. 

 

Figure 1.7: Four conformers of calix[4]arene. 

Definitive assignment of the calix[4]arene structure was provided in 1979 in a 

communication by Andreetti et al. who solved the X-ray crystal structure of the          

p-tert-butylcalix[4]arene.
41

 The group grew the calix[4]arene crystal from a toluene 

solution, which formed an inclusion complex with the solvent situated in the cavity of 

the macrocycle. This breakthrough followed the comprehensive keystone work carried 

out by C. David Gutsche. Gutsche’s group were exploring the possible use of these 

calixarenes as a source of cavities to mimic the active sites of enzymes. It was Gutsche 

that first suggested that this family of macrocycles be known as ‘calixarenes’ because 

of their resemblance to a chalice (calix is Latin for chalice). Meshing this word with 

another representing the presence of an aryl moiety- ‘arene’ gives the familiar term 

that is well used today. 
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Gutsche’s group used a method of preparing these macrocycles developed by Munch 

who used a slurry of p-tert-butyl phenol and paraformaldehyde in xylenes. This was 

heated to reflux in the presence of a catalytic amount of 50 % potassium hydroxide 

solution in an apparatus equipped with a Dean-Stark trap. Much of Gutsche’s work lay 

in determining the optimum conditions for Munch’s preparation and involved varying 

the catalyst, ratio of reactants and solvents used.
42

 They subjected the Munch product 

to examination by mass spectrometry, and with a trimethylsilyl derivative discovered 

that it was in fact an octameric structure: calix[8]arene, a derivative that is now known 

colloquially as octamer. Conclusive proof of the existence of the calix[8]arene came in 

1985 when Gutsche published its X-ray crystal structure.
43

 

Whilst the Munch method provides for a convenient route to the calix[8]arene 

precursor, previous to this a far more laborious route was taken. An example of this 

was the step-wise route published by Hayes and Hunter,
39

 of which is seen in Scheme 

1.3. This involved the protection of one of the reactive sites with bromine. After a base 

promoted hydroxymethylation to provide the necessary methyl linker, steps (i) and (ii) 

were repeated as necessary to give the appropriate number of repeat units for the linear 

oligomer. Finally, the bromine was removed by palladium hydrogenolysis and the 

linear oligomer self condensed under high dilution conditions in the presence of acid to 

give the final product. 

Munch’s method, while high yielding and convenient to carry out, only yields the 

calix[8]arene, hence requiring conversion to the smaller tetrameric form. Gutsche 

published a method that involved heating to reflux in diphenyl ether in the presence of 

a catalytic amount of sodium hydroxide. Precipitation of the product was achieved by 

the addition of ethyl acetate to the warm phenyl ether solution. The exact mechanism 

of conversion is unknown. It is thought to involve the calix[8]arene ‘pinching’ in the 

middle and this is swiftly followed by cleavage of the molecule to give two equivalents 

of calix[4]arene. Gutsche dubbed this ‘molecular mitosis’. His group published work 

on the mechanism of the tetramer formation and concluded that, although molecular 

mitosis is seen to occur, it is one of several different formation pathways that proceed 

concurrently.
44

 

Given that both the octamer and tetramer are highly symmetric it is surprisingly easy 

to distinguish between the two. As both are highly symmetric, they have relatively 
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simple NMR spectra. It is possible to distinguish between them by the shift of the 

signal of the phenolic proton in the 
1
H NMR spectra of the two compounds. Because 

of the size of the octamer, the lower rim has a larger circumference and so the phenolic 

groups have weaker hydrogen bonding interactions than the smaller calix[4]arene, who 

because of the smaller size of the lower rim, have stronger hydrogen bonding 

interactions occurring. As a result, the peak of the OH protons in the 
1
H NMR 

spectrum of the calix[8]arene is 9.63 ppm and the corresponding signal for the 

calix[4]arene resonates at 10.34 ppm. 

 

Scheme 1.3: Stepwise synthesis of cyclic macromolecule by Hayes and Hunter.
39
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1.2.3 Lower rim functionalisation of calix[4]arenes 

As mentioned in the previous Section, the calix[4]arene has four conformers with the 

cone orientation being the only one that will be covered in this thesis. In the cone 

conformation, the hydroxyl groups are aligned on the same side of the cavity. Similar 

to the way a vase stands on its narrow end, so does the convention in the way 

calix[4]arenes are drawn, the narrower rim with the hydroxyl groups drawn below the 

wider rim that possesses the tert-butyl groups. As a result, the wider rim is denoted the 

upper rim and the narrower rim is denoted the lower rim as outlined by the 

representation in Figure 1.8. 

 

Figure 1.8: Calix[4]arene showing locations of the upper and lower rim. 

Functionalisation of both the upper
45

 and lower rim
46,47

 has been achieved with great 

success and there are several reviews detailing the scope of modifications carried out. 

The calix[4]arene derivatives in this thesis are all achieved via the attachment of 

fragments to the lower rim of the macrocycle and as such, the material covered in this 

introduction will extend only to transformations on the lower rim of the calix[4]arene, 

specifically fragments containing Schiff-base or amide functional groups suitable for 

metal ion binding. 

Functionalisation of the lower rim is relatively easy to achieve by way of               

well-established acid-base and nucleophilic reactions. Modifications generally entail 

the use of base, typically potassium carbonate, to give the calix[4]arene alkali salt. 

This reacts in situ with the appropriate alkyl halide to give the phenoxy-ether product. 

Halide derivatives used are of the chloro, bromo, and iodo varieties.
48,49

                      

p-Toluenesulphonate containing electrophiles have also been employed to the same 

effect.
50

 Phosphorus(V) ligand-containing calix[4]arene derivatives one of which is 

shown in Figure 1.9, have also been prepared. This is achieved through the use of 
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various derivatives of phosphorus(III) halides. They have been mainly used as ligands 

for transition metal ions to prepare novel catalysts.
51

 All of the above have 

calix[4]arene-oxygen-substituent bonds. Prior to this, Georghiou et al.
52

 used 

Sonogashira coupling to effect the formation of an aryl-allyl carbon-carbon bond on 

the lower rim, as displayed in Figure 1.9, an impressive achievement considering that 

similar work had been done using Suzuki-Miyaura
53

 coupling to little or no effect. The 

hydroxyl group was converted to a triflate (in place of the usual halide) to provide a 

labile group to enable the palladium-catalysed reaction to proceed. 

 

Figure 1.9: Phosphorus(V) containing calix[4]arene (left) and Sonogashira coupled 

calix[4]arene dimer (right). 

Regioselectivity is an issue with difunctionalised calix[4]arenes. Products prepared can 

be either 1,2-proximal or 1,3-distal substituted, as shown in Figure 1.10. Hydrogen 

bonding interactions in the stability of the alkoxide intermediate dictate the formation 

of the 1,3-distal disubstituted regioisomer to be the major product. As the first 

equivalent of base proceeds to deprotonate the first phenoxy proton, the two proximal 

phenoxide moieties function as hydrogen bond donors to stabilise the intermediate, as 

shown in Figure 1.11. A nucleophilic substitution with the first equivalent of alkyl 

halide takes place to give the monosubstituted derivative. This can be isolated, 

however it usually requires purification by chromatography as it is often contaminated 

with unreacted calix[4]arene and some disubstituted product. The monosubstituted 

calix[4]arene is selectively deprotonated at the distal phenoxide as in this situation the 
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two proximal hydroxyl moieties are able to act as stabilising hydrogen bond donors. 

Contrast this with the case if deprotonation were to occur at a proximal hydroxy group. 

The alkoxide would be stabilised by only one hydrogen bond donor as the distance 

between two distal orientated phenolic oxygens on the macrocycle is in the range of 

3.1-3.6 Å, (range taken from the X-ray data of calix[4]arene structures presented in 

this thesis) a distance too great for hydrogen bonding to occur. As in the previous 

situation, nucleophilic substitution occurs with a second equivalent of the alkyl halide 

to give the 1,3-distal disubstituted product. 

 

Figure 1.10: Regioisomers of disubstituted calix[4]arenes.  

Evidence that hydrogen bonding interactions occur at the lower rim are when efforts 

are made to functionalise the remaining two phenoxy groups. The strength of the base 

required to deprotonate the residual alcohol groups is significantly greater than the 

relatively mild base (potassium carbonate) used for the initial phenoxy moieties. The 

use of sodium hydride or barium oxide has been employed for this purpose.
49,54

 This is 

because there are no longer any hydroxyl protons present that can participate in 

stabilising the alkoxide ion formed, which renders the deprotonated alcohol fairly 

reactive (more basic in nature). 

 

Figure 1.11: Deprotonation of lower rim hydroxyl showing H-bonding interactions. 
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1.2.4 Calix[4]arene Schiff-bases and amides 

Functionalised calix[4]arenes containing Schiff-base and amide moieties are abundant 

in the literature. They are used as easily prepared linkages to ionophoric and/or 

fluorophoric fragments. Schiff-base linkages are often introduced via reaction with the 

benzaldehyde moiety or as an amine appendage precursor on the calix[4]arene. As 

mentioned previously, the aldehyde moiety participates as a reactant in imine 

formation. Both upper
55

 and lower rim derivatives with Schiff-base moieties have been 

prepared. Calix[4]arene difunctionalised with the 2-aminoethyl moiety (whose 

structure, II, is shown in Scheme 1.4) provides a suitable point for imine formation to 

occur. One case of this is that by Liu et al. who attached ortho-vanillin to the diamine 

derivative, II, to prepare a lanthanoid ion binder that was selective for Eu(III) ions.
56

 

 

Scheme 1.4: Synthesis of calix[4]arene ‘tube’ by Murray et al.
57

 

Some of these lower rim functionalised macromolecules have been used to prepare 

calix[4]arene ‘tubes’, where two calix[4]arenes are joined by their lower rims (tail-to-

tail) via a Schiff-base linkage or in conjunction with another functional group, such as 
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a hydrazide. An example of this is the work of Murray and co-workers who prepared a 

calix[4]arene tube, as shown in Scheme 1.4, using an imine linkage to join the 

aldehyde and amine functionalised calix[4]arene precursors together.
57

 This tube was 

subjected to binding studies using silver(I) salts and found that it does indeed bind to 

the silver(I) ion. It is not known how selective the calix[4]arene tube is as competitive 

binding studies were not reported. 

Derivatives involving the use of the salicylaldehyde moiety as a linker have also been 

prepared. This involves the attachment of a linker to the o-hydroxy moiety of 

salicylaldehyde thus providing a tether to the macrocycle. Reaction of this 

calix[4]arene dialdehyde with a diamine (such as ethylene diamine) to prepare a 

bridged lower rim calix[4]arene derivative in the hope that binding to metal ions in a 

similar fashion to salen ligands would occur, i.e. through an N2O2 coordination sphere. 

Preliminary metal extraction studies by Vicens et al. resulted in a moderate affinity for 

copper(II) ions.
58

 Further work on this ligand by the same group and the preparation of 

derivatives, shown in Figure 1.12, improved the metal ion extraction properties 

slightly.
59

 

 

Figure 1.12: Selection of Schiff-base ligands prepared by Vicens et al.
58

 

Aside from functioning as a precursor in the preparation of metal ion sequesters, the 

dialdehyde calix[4]arene has been used to prepare a fluororeceptor for the detection of 

dicarboxylates,
60

 and involved the synthesis of a sodium borohydride-reduced    

Schiff-base derivative using an aminobenzimidazole moiety. The sensor showed good 
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selectivity toward pimelate (heptanedioic acid) over other dicarboxylates. An 

important point to note was that the calix[4]arene itself augmented the binding of the 

pendant arms as the phenolic hydroxyl groups participated in cooperative hydrogen 

bonding interactions with the carboxylate. 

Apart from Schiff-base linkages, one of the most common ways to attach various 

functional groups is through the use of an amide or ester linkage. This literature survey 

will deal only with amide derivatives. These are often prepared by the synthesis of a 

calix[4]arene diester precursor, published by McKervey et al. through the use of an    

α-halo ester electrophile to give the 1,3-distally disubstituted product.
48

 This group 

continued this work and extended the array of diamides prepared some of which are 

shown in Scheme 1.5. Some of the diamides were prepared by conversion of the ester 

to its more reactive acetyl chloride equivalent. The ester itself can, in some cases, be 

subsequently reacted with the appropriate amine to prepare a bridged diamide species 

on the lower rim. In fact, it is the overwhelmingly dominant product formed. 10-fold 

equivalent of the diamine still result in the capped structure with yields of up to 90 

%.
61

 Metal ion recognition studies have been carried out on the alkyl derivatives of 

these diamides.
62

 

The introduction of additional heteroatoms improved the binding properties of the 

above diamides, specifically nitrogen donor atoms. Copper(II) complexes of these 

azacrown calix[4]arenes have been prepared by McGinley et al., specifically a 

derivative synthesised using diethylenetriamine and the diester analogue shown in 

Scheme 1.5.
63

 Whereas the binding ability of the alkyl diamide was limited in neutral 

conditions, the addition of a third donor atom allowed the calix[4]arene to bind to the 

copper(II) ion through the central nitrogen donor and also through the oxygen of one 

of the amide moieties: an N,O ligand. Reaction temperature and time was deemed to 

be crucial when using copper(II) chloride in complexation reactions with the azacrown 

calix[4]arene. Prolonged heating of the mixture results in cleavage of the amide bond 

to give the liberated amine which subsequently forms a coordination complex with the 

copper salt. A sketch of the calix[4]arene ligand and isolated by-product is shown in 

Figure 1.13. 
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Scheme 1.5: Selection of diamide calix[4]arenes prepared using ester and acyl chloride 

derivatives by McKervey et al.
61

 

 

Figure 1.13: Calix[4]arene azacrown and amide cleavage by-product as a result of the addition 

of copper(II) chloride, isolated by McGinley et al.
63

 

Amide derivatives have also been used in the preparation of enantioselective catalysts. 

Through the use of optically active amino acids and a derivative containing an 

optically pure binaphthyl derivative, Gaeta et al. were only able to achieve moderate to 

poor e.e. results, up to a maximum of 28 % in a titanium(IV) catalysed aldol reaction.
64

 

Amides have also found use as linkers to introduce fluorophoric moieties but these will 

be introduced in Section 1.3.2 in this thesis. 
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1.3 Fluorescence 

1.3.1 Overview 

The material covered in this thesis details preliminary investigations of the fluorescent 

properties of molecules containing the azine moiety. Fluorescence spectroscopy, its 

uses and the techniques employed are a whole realm of chemistry onto itself and as 

such will only be covered here in fundamental detail. 

 

Figure 1.14: Effects of surrounding environment (solvent shell) showing how short range 

repulsive interactions of the molecule’s excited state shift the excited state’s potential causing 

a difference in energy between absorption and emission in solution. 

Fluorescence is a natural phenomenon whereby the emission of a photon from an 

electronic excited state of a molecule occurs at a lower energy (longer wavelength) 

than the wavelength at which the photon was absorbed.
65

 The difference in energy is 

known as the Stokes shift and can be explained by the Franck-Condon principle. The 

Frank-Condon principle states that ‘an electronic transition is most likely to occur 

without changes in the positions of the nuclei in the molecular entity and its 

environment (e.g. its solvation sphere)’.
66

 The transition is known as a vertical 

transition. As a result of the higher potential of the excited state, as seen in Figure 1.14, 

the vertical transition from the lowest vibrational energy level of the ground state, ν''0, 

intersects the excited state at the ν'n energy level. The excited electron loses energy 
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through non-radiative decay to the lowest vibrational energy level in the excited state: 

ν'0. The emitted photon originates from a transition, ν'0 to ν''n, a point where its vertical 

transition intersects the ground state potential energy curve. As before, non-radiative 

decay returns the electron to the lowest vibronic energy level: ν''0. The above 

transitions are summarised by the drawing in Figure 1.14, the difference in energy 

between absorption (ν''0 → ν'n) and emission (ν'0 → ν''n) is the reason why a Stokes 

shift occurs. 

Fluorescence has short lifetimes (the time between its excitation and its return to 

ground state), typically in the order of less than 10 nanoseconds. This differentiates it 

from the other luminescent phenomenon which is phosphorescence. Phosphorescence 

can have extended lifetimes in excess of one millisecond.
66

 

In the case of fluorescence, a photon (thermal energy is not enough to effect an 

electronic transition) is absorbed by the molecule. A single electron absorbs this 

energy and undergoes an electronic transition from the singlet ground state S0 to the 

singlet excited state, S1. This excited electron, arbitrarily denoted a, (Sa = +½) is spin 

paired with the corresponding electron, denoted a
*
, in the ground state orbital          

(Sa* = −½) and is known as a singlet-singlet transition which is spin allowed (ΔS = 0). 

The notation of the singlet state originating from the multiplicity formula M = 2S + 1, 

where M is the multiplicity of the state and S the number of unpaired electrons. The 

excited electron must lose energy to return to the more stable ground state and it does 

this by a number of possible pathways including emission of light (luminescence) and 

non-radiative transitions (where energy is transferred to the surrounding solvent, 

vibrations, rotations etc.). The excited electron must lose energy to return to the ground 

state and if it does this by emitting a photon then fluorescence occurs.
67

 

Phosphorescence, in comparison involves a spin forbidden transition (ΔS ≠ 0). 

Absorption occurs in the same manner as with the fluorescence absorption transition. 

In phosphorescence however the electron undergoes a change of spin (Sa = +½ to −½) 

to the T1 triplet state. This triplet state is slightly lower in energy than the 

corresponding S1 state (due to Hund’s Rule). Conversion from S1 state to the T1 state 

(intersystem crossing) becomes possible due to spin-orbit coupling. The result of this 

is that the wavefunction of the singlet state always contains a small but not negligible 

fraction of a triplet wavefunction. 
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Fluorescence is more common in fluid solutions, where many deactivation processes 

may take place that compete with emission such as non-radiative decay (energy loss 

through the solvent).
66

 A summary of the radiative and non-radiative processes are 

shown in the Jablonski diagram in Figure 1.15.
66

 

 

Figure 1.15: Jablonski diagram showing possible processes between electronic states with 

abbreviations denoting S-singlet state, T-triplet state, IC-internal conversion and ISC-

intersystem crossing.
66

 

1.3.2 Fluorescent ionophores 

Fluorescence is commonly observed in aromatic molecules. This is because of the 

extensive electron delocalisation of the π electrons. This extensive π system lowers the 

energy required for a π → π
*
 transition (the lowest energy transition) and as a result 

yields a larger wavelength emission band than the corresponding absorption band. In 

cases where a heteroatom is present, the lowest absorption may be the n → π
*

 

transition. 

Fluorophores (fluorescent sensors) can be separated into three classes, those that a) 

undergo quenching on collision with an analyte, b) reversibly bind to an analyte, and c) 

a fluorophoric moiety linked to a receptor (with the option of using a spacer). Class a) 

involves a fluorescence-on fluorophore that collides with an analyte and results in 

quenching of the fluorophore. Quenching by O2 is well known.
66

 

Class b) has the fluorophore acting as a ligand. In essence, the sensor has a dual role in 

that it binds the substrate and acts as an indicator with changes in its fluorescence 

intensity upon complexation or dissociation. This class of fluorophore can also 

function as a pH indicator. If a metal ion is bound the term fluorescent chelating agent 

can be used. If a proton is the analyte, the term fluorescent pH indicator is appropriate. 
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If fluorescent enhancement occurs upon analyte binding the compound is said to be 

fluorogenic. This class of sensor has two possible modes of action. It can be either a 

Chelation Enhancement of Fluorescence (CEF) or Chelation Enhancement of 

Quenching (CEQ) indicator.
66

 

Class c) contains two separate functioning moieties, a receptor for the analyte and a 

fluorophore as an indicator. This class is commonly used in supramolecular chemistry. 

These sensors are designed with selectivity and affinity in mind to function as selective 

ion sensors and are known as ionophores. The entire system with both the fluorophore 

and the ionophore is, appropriately enough, known as a fluorionophore. These can 

function either by CEF or CEQ. A schematic representing the three sensing modes is 

shown in Figure 1.16. 

 

Figure 1.16: Three classes of fluorophores with examples of each: a) quenching by collision; 

b) Chelation Enhancement of Quenching (CEQ) or Chelation Enhancement of Fluorescence 

(CEF) by ion complexation; c) CEQ or CEF fluorophores linked to receptor. 

Fluorophores such as coumarins and fluorescein have found use as pH indicators 

because of large variation in their fluorescence intensity versus pH and have been used 
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to determine intracellular pH.
68

 A derivative of fluorescein, BCECF (2’,7’-

bis(carboxyethyl)-5(or 6)-carboxyfluorescein (the structure of which is shown in 

Figure 1.17) has become the most widely used fluorescent pH indicator because it 

possesses a pKa of approximately 7.
69

 

 

Figure 1.17: Fluorophore BCECF. 

The properties of ionophores are dependent on several conditions. Considerations must 

be made about the nature of the cation and the environment (e.g. solvent employed and 

pH). To design a successful ionophore, the required properties of the ligand should 

complement the characteristics of the cation. Factors such as ionic size, coordination 

number and the hard or soft nature of the cation are considered. The number and nature 

of donor atoms involved in complexation should complement the nature of the cation. 

For example, oxygen donors generally prefer binding to hard metal cations such as 

sodium, potassium or magnesium ions. Soft donor atoms such as nitrogen, sulfur and 

phosphorus prefer softer metal cations such as transition metal ions. Solvent effects 

can have a bearing on whether complexation with the cation occurs or not. The 

solvating power of the ligand must exceed that of the solvent. 

One of the most common characteristics of fluorescent detectors is that they employ 

the use of Photoinduced Electron Transfer (PET). Most fluorescent PET molecular 

sensors consist of a fluorophore linked to an amine moiety (an electron donor) via a 

spacer. PET takes place from the amine groups to the aromatic hydrocarbon 

(fluorophore) causing fluorescence quenching of the latter. When the amine (donor) 

group binds to a cation, electron transfer is hindered and an enhancement of 

fluorescence is observed.
67

 The schematic in Figure 1.18 represents the processes 

involved.
66

 Upon excitation of the fluorophore, an electron is promoted from the 

Highest Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular 

Orbital (LUMO). This is followed by PET from the HOMO of the donor to the HOMO 
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of the fluorophore, causing quenching of fluorescence. Electron transfer is disrupted 

when the lone pair of the donor becomes unavailable because it is occupied in binding 

to the metal ion. This results in a rising of the redox potential of the donor and a 

consequential lowering of the HOMO energy of the donor which prohibits PET from 

occurring.
66

 

 

Figure 1.18: Representation of the PET process.
66

 

Fluorionophores are generally based on the PET mode of action with crown-ethers and 

cryptands forming the ionophoric moiety for a majority of designs. Their hard donor 

nature means they are designed for sensing Group I and II metal ions with potassium 

and sodium being the most common.
70

 Carboxylate groups are also good binders that 

are suitable for the binding of these hard cations, particularly divalent cations such as 

calcium(II) and magnesium(II).
67

 Ionophores with softer donor atoms (nitrogen, sulfur 

or phosphorus) show selectivity in binding softer metal ions such as zinc(II), nickel(II) 

or copper(II). One such family of compounds are the polyamines who possess multiple 

nitrogen donors for metal binding.
71

  

The PET phenomenon can also be applied to excimer- or exciplex-based sensors. 

Excimer is an abbreviation of ‘excited dimer’ where two identical fluorophores (one in 

the excited state) are brought in close proximity to each other whereas exciplexes are 

analogues of excimers (excited complex) where two different molecules are brought 

close to each other.
66

 The formation of both are generally diffusion controlled but, 

relating to excimers, if the two fluorophores are on the same molecule excimer 

formation can be induced by the presence of a metal cation which brings the 
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fluorophores nearer to each other, thus allowing excimer formation to occur.
66

 An 

example of an excimer-based sensor is shown in Figure 1.19.
72

 On addition of 

copper(II), the monomer-excimer ratio was seen to change. The binding site is 

described as having a pseudo-crown ether character. The copper(II) ion induces a 

conformational change in the chelator, thus bringing the two naphthyl moieties 

together to form the excimer complex, and consequent quenching of fluorescence. 

 

Figure 1.19: Sensor for copper(II) using excimer formation.
72

 

Transition metals, especially the ones with redox properties, can participate in electron 

transfer from the fluorophore to the bound metal ion, or vice versa.
66

 In some cases 

with the d-block metals, electron exchange takes place which results in quenching of 

the fluorophore by non-radiative energy transfer.
73

 One such case is the fluorescent 

sensor developed by De Santis et al.,
74

 which consists of a crown-thioether ionophore 

and an anthracene fluorophore, as shown in Figure 1.20. Quenching occurs on the 

copper(II) ion binding to the sulfur atoms. Quenching arises via a photoinduced 

electron transfer (PET) from the fluorophore to the metal centre and involves the 

copper(II)/copper(I) couple. Evidence for the presence of a PET effect is when the 

ligand binds silver(I) ions, a change in the fluorescence intensity is not observed 

because of the poor redox activity of the cation. This means it is unable to participate 

in any potential electron transfer process. The binding mode of this ionophore for the 

zinc(II) ion, and its lack of redox traits would most likely be unable to curb PET from 

occurring, similar to that observed of the silver(I) ion. 

Calix[4]arene fluorophores have also been developed because of the ionophoric 

properties of the macrocycle and there are several reviews in the literature covering 

this class of ion binder.
47,75

 Usually modification of the calix[4]arene takes place with 
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the addition of a known fluorophore such as pyrene or dansyl derivatives.
76,77

 Many of 

these sensors are difunctionalised calix[4]arenes and as such, are suited to form 

excimers upon metal ion binding. A recent example in the literature that goes against 

this trend is a novel sensor synthesised by Matthews et al., who incorporated triazoles 

into their design to facilitate metal binding.
76

 The fluorescence of the free ligand is 

restrained due to the formation of excimers with the pendant pyrene units. The triazole 

functional groups, as shown in Figure 1.21, can selectively bind cadmium(II) and 

zinc(II) ions, and results in an enhancement of fluorescence as excimer formation is 

discouraged by the presence of the bound metal ion. 

 

Figure 1.20: Copper(II) sensor resulting in quenching from PET.
74

 

 

 

Figure 1.21: Cadmium(II) and zinc(II) fluorionophore prepared by Matthews et al.
76

 

1.3.3 Zinc(II) fluorionophores 

As mentioned previously, the zinc(II) ion does not possess redox properties and so 

cannot participate in electron transfer, like other 3d metals.
19

 It is however, 
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biologically important and so there are abundant cases in the literature that report 

developments of biologically suitable fluorescent zinc(II) ionophores.
34,78

 

Zinc neurochemistry has enjoyed a lot of attention as it is the second most abundant   

d-block metal, after iron, in the brain. Much of the pioneering work on developing 

these biocompatible sensors has been carried out by Lippard and co-workers, using 

selective fluorescent sensors for the zinc(II) ion.
34

 Zinc is now known to regulate a 

variety of ion channels, is involved in neurodegenerative disorders and may be vital to 

neurotransmission.
35

 In addition to these processes it is known to be present in some 

metalloenzymes where it functions as a Lewis acid. The most well known of these 

enzymes, carboxy peptidase A and carbonic anhydrase, have been intensively studied 

and their modes of action are well known.
19

 

The main requirements of an effective zinc fluorophore are that it must provide enough 

donor atoms to fill the common coordination sphere of the zinc(II) ion with the metal 

ion having common coordination modes varying from numbers four to six. The 

zinc(II) ion is not a very hard cation and so the use of softer donor atoms would be 

prudent, nitrogen being the donor atom of choice, though oxygen donor atoms are also 

adequate for this function. If the sensor is to be used in a biological environment it 

should be excitable with visible light, as the use of UV light can result in cell damage 

and so should be avoided.
79

 

Using Schiff-bases to construct fluorionophores has become a convenient way of 

preparing novel zinc(II) sensors. One recent example of this is the sensor developed by 

Wu and co-workers, who have developed a water soluble ligand that selectively 

exhibits enhanced fluorescence upon binding to zinc(II) in competition with other 

metal ions (sodium(I), potassium(I), calcium(II), and magnesium(II)).
10

 The ligand 

(shown in Figure 1.22) contains a carboxylic acid functional group that facilitates its 

dissolution in water. 

Another class of fluorophores that are facile to synthesise are those based on the azine 

moiety. Azines have an integrated degree of conjugation from the two imine bonds 

which are separated by a single bond between the two imine nitrogen atoms so the 

addition of a fluorophore is unnecessary. The conjugation is extended to include the 

aromatic rings. Examples of benzazines are those prepared by Görner et al. (shown in 

Figure 1.23), who used standard Schiff-base reaction conditions to form the product 
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from the reactant hydrazine and aldehyde.
80

 These ligands were subsequently reacted 

with zinc(II) acetate to form the corresponding zinc azine coordination complex. The 

group studied the photochemistry of both the free ligands and the metal complexes. 

The hydroxyl group ortho to the imine participates in a photo-induced intramolecular 

proton transfer to the imine nitrogen, leading to the formation of several transient 

species that exist in a tautomeric keto-enol relationship. 

 

Figure 1.22: Water soluble zinc(II) selective fluorophore prepared by Wu and co-workers.
10

 

 

Figure 1.23: Azine ligands (where R = H or tert-butyl) prepared by Görner et al.80 

More recently, work has been carried out on expanding the array of benzazines that are 

subjected to examination of their photochemical characteristics. A study by Tong and 

co-workers suggested that fluorescence by the molecules can be enhanced by 

aggregation.
81

 This is unusual since most fluorescent molecules show quenching in 

their aggregate or solid states because of excimer formation which causes enhanced 

non-radiative emission of the excited state. The N-N single bond of the azine allows 

for free intramolecular rotation (known to be effective for fluorescence quenching) in 

the single molecule state but in an aggregate state this rotation is inhibited. Rotation 

exclusively about the N-N only is ensured by the formation of intramolecular hydrogen 

bonds between the ortho hydroxyl moiety and the imine nitrogen. The group explored 

the possibility of using the azines as hydrazine sensors.
81
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1.4 Benzamides and metal complexation 

1.4.1 Binding modes and synthesis of amides 

Benzamides, while not as straightforward to prepare as imines, are still one of the most 

common functional groups employed in the preparation of an aromatic ligand. The 

amide functional group by its nature can give rise to the formation of regioisomers 

when forming a metal complex as it is possible to coordinate through either the 

nitrogen or the oxygen atoms, i.e. it is a ligand with ambidentate character. An 

example of the anionic binding mode of the amide is the work by Fry et al. who used a 

diamide with adjacent S, O and P donors, whose structures are shown in Figure 1.24, 

to prepare a ruthenium coordination complex.
82

 The parent amide required 

deprotonation of the amide hydrogen by a strong base, in this case sodium hydride, to 

enable the ligand to bind to the ruthenium ion.  

 

Figure 1.24: Selection of benzamide ligands (where L = SH, OH, P(Ph)2) used by Fry et al.
82

 

Efforts have been made to prepare chiral ligands based on the diamide template for the 

preparation of asymmetric catalysts. Schafer et al. developed a chiral catalyst using 

amide functional groups to prepare the ligand.
83

 The group used resolved biphenyl 

diamines to induce chirality in the catalyst. This strategy was developed by Zi and    

co-workers, who developed a variety of titanium and zirconium coordination 

compounds for use as hydroamination/cyclisation catalysts.
84

 Chirality of the catalyst 

is ensured by the use of a binaphthyl diamine to prepare the ligand. This strategy has 

been reasonably effective with a maximum e.e. of 93 % reported. In this case the 

amide groups are binding through both the N and O atoms, as shown in Figure 1.25. 

This binding mode is similar to the behaviour of acetate anions. The X-ray crystal 
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structure of the complex was obtained, thus confirming the bidentate binding mode of 

the amide. 

 

Figure 1.25: Catalyst developed by Zi et al. showing amide N,O binding mode.
84

 

Another example of the variation of the binding modes of amides is donation 

exclusively through the carbonyl oxygen with the amide nitrogen playing no part in 

ligation of the metal. This is observed in two iron and manganese complexes prepared 

by Costes and co-workers.
85

 Donation by the carbonyl oxygen is facilitated by the 

presence of a hydroxyl moiety on the aromatic ring ortho to the amide. Deprotonation 

of this hydroxyl with an alkali hydroxide or alkoxide base facilitates binding of the 

metal ion and the carbonyl oxygen stabilises this interaction by its involvement in the 

formation of a six-member chelate ring, thus forming a relatively stable coordination 

compound. Evidence of the carbonyl binding was provided by the group obtaining    

X-ray crystal structures of the manganese(III) complex (shown in Figure 1.26) and its 

iron(III) complex analogue. 

Methods of preparing amides are broad in both scope and versatility,
86

 but only the 

main synthetic reactions will be discussed here. One of the main advantages of the 

amide functional group over the imine is that it is far less susceptible to hydrolysis. 

Whereas upon protonation of the imine nitrogen rendered the imine carbon susceptible 

to attack from water, the amide has a reduced tendency for this to happen because of 

the influence of the adjacent nitrogen atom. The nitrogen atom can donate its lone pair 
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to reduce the electrophilicity of the amide carbonyl carbon, thus rendering it less 

susceptible to nucleophilic attack.
87

 

 

Figure 1.26: Manganese(III) complex prepared by Costes and co-workers.
85

 

The formation of peptide (amide) bonds between amino acids requires a condensation 

reaction between a carboxylic acid group and either a primary or secondary amine.
87

 

The problem with this reaction however, is that the carboxylic acid and the basic amine 

will react in an acid-base titration to give an ammonium carboxylate salt. To 

circumnavigate this problem, the hydroxyl moiety of the carboxylic acid functional 

group, which is a poor leaving group, must be converted into a superior one. This is 

normally achieved through the use of carbodiimides, of which 

dicyclohexylcarbodiimide (DCC), shown in Figure 1.27, is the most well known. The 

mechanism of using these coupling reagents will not be discussed here as it is 

irrelevant to the work done in this thesis but results in the formation of a urea           

by-product and the resultant amide formed. 

Aside from the carbodiimide derivatives, another coupling reagent that is rapidly 

gaining popularity in its use is 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-

morpholinium chloride, or DMT-MM. This coupling reagent, whose structure is 

shown in Figure 1.27, is unlike the carbodiimides in that it does not require the use of 

an inert atmosphere or dry solvents for the reaction to proceed. Moreover, it also has 

the added advantage of an easy workup to isolate the coupled amide product, namely a 

straightforward filtration to remove the co-product formed.
88
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Figure 1.27: Coupling reagents DCC (top left) and DMT-MM (top right) with general 

representation of coupling reaction with DCC in the preparation of an amide (bottom). 

Another way of preparing amides is through the method of converting the acid to an 

ester, thereby providing a superior leaving group (i.e. swapping OH for OR). This 

method has been employed to prepare the bridged calix[4]arene diamides previously 

mentioned. An example of this is the procedure by McGinley et al.
63

 The diamine is 

heated to reflux in a toluene-methanol solvent mix with the diethyl ester calix[4]arene 

precursor. A transesterification reaction takes place that converts the ethyl ester to the 

methyl derivative which then reacts with the amine to give the amide. One 

disadvantage of this method is the length of time for the reaction to complete. Reaction 

times measured in days are not uncommon. To increase the rate of reaction, a more 

reactive variation of the ester is prepared. To this end, an acid chloride derivative is 

employed. 

Acid chlorides are highly reactive carbonyl derivatives that are prepared by conversion 

of the parent carboxylic acid by the use of a chlorinating agent. The most commonly 

used reagents are phosphorus pentachloride, thionyl chloride and oxalyl chloride.
87

 

The phosphorus halide was the most commonly used until its use was superseded by 

the development of thionyl chloride. Usually catalysed by a drop of DMF, it is 

considered superior to the pentavalent phosphorus reagent as the by-products of the 

chlorination reaction are gaseous sulfur dioxide and hydrogen chloride. In addition, 

excess thionyl chloride is easily removed under reduced pressure to give the isolated 

product. 

The acid chloride derivatives are more reactive and their reasons are twofold.
87

 The 

chlorine withdraws electron density, the result of its electronegative nature, thus 

rendering the adjacent carbonyl with reduced electron density and as a consequence a 
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higher partial positive charge (δ
+
). This situation is augmented by the ability of the 

chlorine to function as a decent leaving group, which facilitates the nucleophilic 

substitution attempted. A drawback of the use of acid chlorides is that, by their very 

reactive nature, they can hydrolyse under ambient conditions to give the carboxylic 

acid reactant, unless protected by a guard tube. As a consequence, the use of acid 

chlorides must include the use of dry aprotic solvents. Usually an amine base, such as 

triethylamine or pyridine, is added to neutralise the acid produced upon formation of 

the amide.
89

 

1.4.2 Copper(II), nickel(II) and zinc(II) amide complexes 

As mentioned previously, amides are very robust and versatile ambidentate donor 

ligands for the preparation of coordination complexes. Their resistance to hydrolysis 

means that by-products resulting from ligand cleavage are less likely to occur. That 

does not mean that ligand break up does not occur, as mentioned vide supra. 

As well as symmetric diamides, a significant amount of asymmetric amide derivatives 

have been developed. A considerable number of these have included the Schiff-base 

moiety.
90

 They are most commonly used in the preparation of compartmental 

ligands.
91

 Outside of these criteria the number of benzamide complexes drops 

enormously. Asymmetric benzamides without an imine moiety attached are relatively 

uncommon but they do exist and copper(II) and nickel(II) complexes of these ligands 

have been prepared. 

The copper(II) complexes of these ligands have formed heterometal multinuclear 

adducts with sodium and magnesium salts.
92

 These copper amide complexes have been 

the subject of study into their magnetic properties. They are often used in conjunction 

with lanthanide salts to prepare these magnetic materials. One recent example of this 

strategy are the compounds prepared by Costes and co-workers, who prepared the 

copper(II) benzamide complex shown in Figure 1.28, and then exposed the complex to 

either gadolinium(III) or terbium(III) chloride with tetramethylheptanedione added as a 

ligand, to prepare the heterometal dinuclear derivative.
93

 

Asymmetric nickel(II) Schiff-base amide complexes have been developed and studied 

in electron transfer and radical forming investigations and in the process form the 



Chapter 1. Introduction 

 

38 

 

nickel(III) derivative. The choice of solvent is influential in whether electron transfer 

takes place from the metal to the ligand. An example of one of the complexes prepared 

by Jarjayes et al.
94

 is shown in Figure 1.29. One point of note is the influence of the 

amido moiety when compared to the imine functional group. The more powerful effect 

of the amido results in the metal ion adopting a square planar geometry. This is 

because the deprotonated amide is a stronger donor than the corresponding imine, and 

donor ligands such as pyridine are less likely to bind in the axial position to give a 

square pyramidal geometry.  

 

Figure 1.28: Copper(II) benzamide precursor prepared by Costes and co-workers.
93

 

 

Figure 1.29: Nickel asymmetric amide complex prepared by Jarjayes et al.
94

 

As outlined in a previous Section, amide bonds feature extensively in nature, otherwise 

known as peptide bonds when linking amino acid residues. With this knowledge, 

amide functional groups were employed to construct a model of an active site of a 

bifunctional metalloenzyme, an acetyl synthase/carbon monoxide dehydrogenase 

which was prepared by Olmstead et al.
95

 Using the nickel(II) amido thiol precursor, 

shown in Figure 1.30, they prepared a variety of trinuclear bimetallic complexes (using 

copper(I) phenanthroline derivatives) and examined their redox and carbon monoxide 

binding properties. 

Copper(II) and nickel(II) complexes have found themselves as subjects in studies 

varying from catalysis to biological mimics to molecular magnets, as has been 
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previously mentioned in this Section because of their redox properties. It is to the 

dearth of zinc that it does not possess any of these properties, and, as a result, 

incidences in the literature regarding the use of zinc amide complexes are restricted. 

Where zinc is used, it is in conjunction with other metals. It is employed, for example, 

as a control in the work of Matsumoto et al. who developed heterometal cyclic 

tetranuclear complexes.
96

 Using an asymmetric Schiff-base amide to prepare a 

copper(II) coordination compound, this was reacted with zinc(II) 

hexafluoroacetylacetone to prepare the dimeric structure shown in Figure 1.31. 

Evidence supporting the proposed structure is from X-ray crystal structures obtained 

from the cobalt(II), copper(II) and manganese(II) analogues of the structure shown in 

Figure 1.31. 

 

Figure 1.30: Enzyme precursor prepared by Olmstead et al.
95

 

Zinc(II) amide complexes have also been used in antimicrobial testing. Nishat and    

co-workers have prepared a variety of dinuclear metal complexes with a ligand 

possessing a potential hexadentate N4O2 coordination site.
97

 The compound prepared, 

shown in Figure 1.32, exhibited reasonable antibacterial (Pseudomonas aeruginosa 

and Bacillus subtilis) and antifungal (Mucor sp., Trichophyton sp. and Fusarium sp.) 

activity. The complexes in all cases showed enhanced activities when compared to the 

free ligand. 

Overall, metal amide complexes offer some advantages over their Schiff-base 

equivalents. Chief among these is the superior stability of the ligands under aqueous 

conditions. When the amide proton is removed the anionic character of the ligand 

affords strong binding to the appropriate metal ion, notwithstanding the usual metal 

ion and ligand required characteristics (nature of both ions: hard, soft etc.). Changing 

reaction conditions can also afford complexes that are regioisomers because of the 
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ambidentate nature of the amide functional group. Using the trends observed in the 

literature, it should be possible to synthesise a ligand with the desired binding 

properties to selectively bind one metal ion over another. 

 

Figure 1.31: Tetranuclear zinc(II)-copper(II) complex prepared by Matsumoto et al.
96

 

 

Figure 1.32: Zinc(II) amide complex prepared by Nishat and co-workers.
97
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1.5 Aims of thesis 

Overall, the project was to expand the amide and Schiff-base ligand and coordination 

complex libraries in a three-pronged approach. In the first part the object was to 

explore the binding characteristics of two novel 3-hydroxy Schiff-base derivatives with 

copper(II), nickel(II) and zinc(II) salts and to compare and contrast these novel 

complexes with the more abundant 2-hydroxy Schiff-base metal analogues. 

To continue this theme, but as an independent investigation running in tandem with the 

above, a new family of potential fluorophores, using the calix[4]arene macrocycle as a 

scaffold were proposed to be based on the azine moiety. These novel compounds 

would be subjected to preliminary fluorescence studies and also examined for their 

metal binding properties. Any metal complexes prepared were to be subsequently 

subjected to scrutiny for any potential fluorescent activity. 

The third approach was to use the findings of the two previous investigations to design 

a novel calix[4]arene metal ionophore employing the amide functional group in its 

synthesis. As a prequel to this work, a ligand with an amide moiety (a benzamide) with 

the potential to be coupled to the calix[4]arene would be developed. This precursor 

would be screened for any metal binding characteristics, and if so, would be used to 

prepare an array of novel copper(II), nickel(II) and zinc(II) complexes. This benzamide 

ligand, with ambidentate potential, would be attached to the calix[4]arene and then the 

two families of compounds compared and contrasted for their metal ion binding 

properties.  
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2.1  Instrumentation 

Reagents and reactants were supplied by either Alfa Aesar, Fluorochem or          

Sigma-Aldrich and were used as received without further purification. Solvents were 

distilled before use and purified according to standard procedures. Products were 

characterised by NMR and IR spectroscopy unless otherwise indicated.
 1

H and 
13

C 

NMR (δ ppm; J Hz) spectra were recorded on a Bruker Avance 300 MHz spectrometer 

at a probe temperature of 25 °C using saturated CDCl3 solutions with Me4Si reference, 

and resolutions of 0.18 Hz and 0.01 ppm respectively unless otherwise indicated. 
1
H 

NMR and 
13

C NMR spectra were run at 300 MHz and 75 MHz respectively. Infrared 

spectra (cm
−1

) were recorded as KBr discs or liquid films between NaCl plates using a 

Perkin Elmer system 2000 FT-IR spectrophotometer. UV-vis spectra were recorded 

using a Unicam UV 540 spectrometer. Excitation and emission spectra were recorded 

on a JASCO FP-6300 spectrofluorometer. Melting point analyses were carried out 

using a Stewart Scientific SMP 1 melting point apparatus and are uncorrected. Mass 

spectrometry was carried out on an Agilent LC/TOF-MS model 6210 Time-Of-Flight 

LC/MS with an electrospray source positive and negative (ESI+/−), capillary 3500 V, 

nebuliser spray 30 psig, drying gas 5 L/min and source temperature 325 °C. The 

fragmentor was used at 175 V. The LC was run on an Agilent 1200 series model and 

injection volumes were typically 10 μL. Column used was an Agilent Eclipse XBD-

C18 with a diameter of 4.6 mm and length of 150 mm. A particle size of 5-micron was 

employed. The mobile phase constituted A (acetonitrile with 0.1 % formic acid) and B 

(0.1 % aqueous formic acid) with a gradient of 5 % A to 100 % at a flow rate of 0.5 

mL/min over 15 minutes. Microanalyses were carried out at either the Microanalytical 

Laboratory of University College, Dublin, the National University of Ireland, Cork or 

the National University of Ireland, Maynooth. 
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2.2 Synthesis of m-hydroxybenzaldehyde Schiff-bases and their 

metal complexations 

2.2.1 Synthesis of 3,3'-((1E,1'E)-(ethane-1,2-diylbis(azanylylidene))- 

bis(methanylylidene))diphenol (3-hydroxysal): (1) 

 

A solution of 3-hydroxybenzaldehyde (2.0 g, 16.4 mmol) in acetonitrile (25 mL) and 

ethylene diamine (0.49 g, 8.1 mmol) in acetonitrile (50 mL) were placed in a round-

bottomed flask, and the resulting yellow solution stirred at room temperature. After 5 

minutes, a white solid started to precipitate and stirring was continued for a further 45 

minutes. The suspension was filtered, washed with acetonitrile and the resulting white 

solid was dried in an oven at 75 °C overnight. 

Yield: 93 % (2.03 g, 7.6 mmol). m.p.: 186-190 °C (lit: 189-191
 
°C).

16
 δH (d6-DMSO): 

3.84 (4H, s, NCH2), 6.83 (2H, m, ArH), 7.16 (6H, m, ArH), 8.24 (2H, s, HC=N), 9.03 

(2H, br s, OH). δC (d6-DMSO): 60.8, 113.6, 117.8, 119.3, 129.6, 137.4, 157.5, 161.9. 

νmax (KBr): 3051, 2929, 1647, 1595, 1456, 1275, 1082, 779, 685 cm
−1

. 

2.2.2 Synthesis of 3,3'-((1E,1'E)-(propane-1,3-diylbis(azanylylidene))- 

bis(methanylylidene))diphenol (3-hydroxysalpropane): (2) 

 

A solution of 3-hydroxybenzaldehyde (4.0 g, 32.7 mmol) in acetonitrile (25 mL) and 

1,3-diaminopropane (1.21 g, 16.3 mmol) in acetonitrile (25 mL) were placed in a 

round-bottomed flask, and the resulting yellow solution stirred at room temperature. 

After 5 minutes, a white solid started to precipitate and stirring was continued for a 
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further 45 minutes. The suspension was filtered, washed with acetonitrile and the 

resulting white solid was dried in an oven at 75 °C overnight. 

Yield: 93 % (4.29 g, 15.2 mmol). m.p.: 146-148 °C. Anal. Calc. for 

(C17H18N2O2)4·H2O: C, 71.18; H, 6.50; N, 9.77 %; found: C, 71.53; H, 6.36; N, 9.83 

%. δH (d6-DMSO): 2.01 (2H, m, NCH2CH2), 3.68 (4H, t, NCH2CH2, J = 7.0 Hz), 6.92 

(2H, m, ArH), 7.24 (6H, m, ArH), 8.33 (2H, s, HC=N), 9.64 (2H, br s, OH). δC (d6-

DMSO): 32.3, 58.6, 114.0, 118.1, 119.6, 130.0, 137.9, 159.9, 161.3. νmax (KBr): 3056, 

2852, 1650, 1596, 1456, 1395, 1275, 1096, 785, 690 cm
−1

. 

2.2.3 Synthesis of 3,3'-((1E,1'E)-(((methylazanediyl)bis(propane-3,1-

diyl))bis(azanylylidene))bis(methanylylidene))diphenol (3-hydroxysalpropyl 

methylamine): (3) 

 

A solution of 3-hydroxybenzaldehyde (5.0 g, 40.9 mmol) in methanol (100 mL) and 

3,3’-diamino-N-methyldipropylamine (2.97 g, 20.4 mmol) in methanol (50 mL) were 

placed in a round-bottomed flask. The yellow solution was stirred for 3 h at room 

temperature. The solvent was removed under reduced pressure to leave a yellow 

viscous oil. 

Yield: 95 % (6.89 g, 19.5 mmol). Anal. Calc. for (C21H27N3O2)2·CH3OH: C, 69.89; H, 

7.91; N, 11.37 %; found: C, 69.99; H, 7.55; N, 11.33 %. δH (d6-DMSO): 1.71 (4H, m, 

CH2CH2CH2), 2.13 (3H, s, NCH3), 2.32 (4H, t, CH3NCH2CH2, J = 7.0 Hz), 3.53 (4H, 

t, NCH2CH2CH2, J = 7.0 Hz), 6.83 (2H, m, ArH), 7.16 (6H, m, ArH), 8.21 (2H, s, 

HC=N), 9.55 (2H, br s, OH). δC (d6-DMSO): 28.2, 41.5, 54.9, 58.5, 117.6, 113.5, 

119.2, 129.6, 137.5, 157.6, 160.6. νmax (KBr): 2946, 1645, 1582, 1456, 1375, 1274, 

1031, 785, 690 cm
−1

. 
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2.2.4 General procedure for the metal complexation reactions of Schiff-base 

ligands 1, 2 and 3 

The ligand (1.0 mmol) was dissolved in the appropriate solvent (10 mL) in an 

Erlenmeyer flask. To this was added the metal salt (1.0 mmol) in the same solvent (10 

mL). The resulting solution was stirred for 45 minutes at room temperature. The 

solution was allowed to stand and the solvent was allowed to evaporate. On almost 

complete reduction, acetonitrile (10 mL) was added and a brown solid precipitated 

from the mixture. The brown suspension was filtered and the filtrate allowed to 

evaporate slowly. After a few days crystals started to form. The crystals were removed 

by filtration, washed with cold acetonitrile and dried in a vacuum oven at 56 °C. The 

reactions are summarised in Table 2.1. 

Table 2.1 Summary of complexation reactions. 

Entry No. Ligand Metal salt Solvent Result 

4 1 CuCl2·2H2O MeOH Metal-amine complex 

5 1 Cu(ClO4)2·6H2O EtOH Metal-amine complex 

6 1 Cu(O2CCH3)2·H2O EtOH Ligand hydrolysis 

7 1 NiCl2·6H2O MeOH Ligand hydrolysis 

8 1 Ni(ClO4)2·6H2O MeOH Ligand hydrolysis 

9 1 Ni(O2CCH3)2·4H2O EtOH Metal-amine complex 

10 1 ZnCl2 MeOH Metal complex formation 

11 1 Zn(O2CCH3)2·2H2O MeOH Ligand hydrolysis 

12 1 Cu(O2CCH3)2·py Pyridine Ligand hydrolysis 

13 2 CuCl2·2H2O MeOH Metal-amine complex 

14 2 Cu(ClO4)2·6H2O MeOH Ligand hydrolysis 

15 2 Cu(O2CCH3)2·H2O MeOH Metal-amine complex 

16 2 NiCl2·6H2O MeOH Ligand hydrolysis 

17 2 Ni(ClO4)2·6H2O EtOH Metal-amine complex 

18 2 Ni(O2CCH3)2·4H2O EtOH Metal-amine complex 

19 2 ZnCl2 MeOH Complex decomposed 

20 2 Zn(O2CCH3)2·2H2O MeOH Ligand hydrolysis 

21 3 CuCl2·2H2O MeOH Metal-amine complex 

22 3 Cu(ClO4)2·6H2O MeOH Ligand hydrolysis 

23 3 Cu(O2CCH3)2·H2O MeOH Ligand hydrolysis 

24 3 NiCl2·6H2O MeOH Ligand hydrolysis 

25 3 Ni(ClO4)2·6H2O EtOH Ligand hydrolysis 

26 3 Ni(O2CCH3)2·4H2O EtOH Ligand hydrolysis 
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27 3 ZnCl2 MeOH Complex decomposed 

28 3 Zn(O2CCH3)2·2H2O MeOH Ligand hydrolysis 

 

Successful complexation reaction products were analysed by IR. For failed reactions, 

recovery of starting material was confirmed by 
1
H NMR spectroscopy. The summary 

of IR absorption bands are given in Table 2.2. 

Table 2.2 Infrared spectral data for metal-amine complexes. 

Table 1 

no. 
Complex colour νmax (KBr)/ cm

−1
 Ref. 

4 Light blue 3446, 3299, 2968, 1570, 1270, 1043, 681. 98 

5 Purple 
3348, 2906, 1583, 1470, 1145, 1087, 1042, 

626. 
98 

9 Light green 
3358, 2924, 1759, 1740, 1551, 1428, 1222, 

1024, 680. 
99 

13 Dark green 
3435, 3275, 2874, 1572, 1402, 1275, 1164, 

1027, 664. 
100 

15 Blue/purple 
3410, 3259, 2971, 1613, 1571, 1420, 1331, 

1188, 1041, 674. 
100 

17 Light green 3423, 2923, 1682, 1282, 1080, 625. 101 

18 Light green 3345, 2942, 1558, 1420, 1141, 912, 671. 99 

21 Dark blue 3288, 3200, 2256, 1592, 1585, 1155, 767.  

 

2.2.5 Synthesis of a complex from the reaction of 1 and zinc(II) chloride: (10) 

 

To a solution of 1 (0.15 g, 0.59 mmol) in ethanol (5 mL) was added with stirring a 

solution of zinc(II) chloride (0.08 g, 0.59 mmol) in ethanol (5 mL) in an Erlenmeyer 
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flask which resulted in the immediate formation of a white precipitate. Stirring was 

continued for a further 30 minutes whereupon the white solid was isolated by suction 

filtration, washed with cold ethanol and dried in a vacuum oven at 56 °C. 

Yield: 74 % (0.17 g, 0.43 mmol). Anal. Calc. for C16H14N2Cl2O2Zn: C, 47.71; H, 3.51; 

N, 6.96 %; found: C, 47.22; H, 4.03; N, 6.82 %. δH (d6-DMSO): 3.83 (4H, s, NCH2), 

6.82 (2H, m, ArH), 7.24-7.08 (6H, m, ArH), 8.24 (2H, s, HC=N), 9.55 (2H, br s, OH). 

νmax (KBr): 3336, 2949, 1641, 1584, 1475, 924, 795 cm
−1

. 

2.2.6 Synthesis of a complex from the reaction of 2 and copper(II) acetate 

monohydrate: (15) 

 

Copper(II) acetate monohydrate (0.34 g, 1.7 mmol) was dissolved in methanol (10 

mL) and added to a solution of 2 (0.48 g, 1.7 mmol) dissolved in methanol (10 mL). 

The solvent was reduced and replenished with acetonitrile which resulted in a dark 

green/blue solution. The solvent was allowed to reduce over several days resulting in 

the formation of blue/purple crystals. The crystals were removed by filtration, washed 

with acetonitrile and dried in a vacuum oven. Single crystals suitable for X-ray 

crystallographic analysis were grown by slow evaporation from acetonitrile. 
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Yield: 0.21 g. Anal. Calc. for C21H50N6Cu3O13: C, 32.12; H, 6.42; N, 10.70 %; found: 

C, 32.37; H, 6.15; N, 10.70 %. νmax (KBr): 3410, 3259, 2971, 1613, 1571, 1420, 1331, 

1188, 1041, 674 cm
−1

. μeff: 1.88 B.M. 

2.2.7 Synthesis of a complex from the reaction of 3 and copper(II) chloride 

dihydrate: (21) 

 

Copper(II) chloride dihydrate (0.28 g, 1.62 mmol) was dissolved in methanol (10 mL) 

and added to a solution of 3 (0.57 g, 1.62 mmol) dissolved in methanol (10 mL). The 

blue solution was allowed to reduce slowly over several days. Acetonitrile was added 

to the flask which resulted in a green suspension. The suspension was filtered and 

resulted in the removal of a brown solid. The filtrate was allowed to reduce slowly and 

after several days resulted in the formation of dark green crystals. The crystals were 

removed by filtration, washed with cold acetonitrile and dried in a vacuum oven at 56 

°C. Single crystals suitable for X-ray crystallographic analysis were grown by slow 

evaporation from acetonitrile. 

Yield: 0.086 g. Anal. Calc. for C29H79N12Cl9Cu5O2: C, 27.54; H, 6.30; N, 13.29 %; 

found: C, 27.34; H, 5.98; N, 12.85 %. νmax (KBr): 3288, 3200, 2256, 1592, 1585, 1155, 

767 cm
−1

. μeff: 1.67 B.M. 
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2.3 Syntheses of calix[4]arene derivatives for fluorescence studies 

2.3.1 Synthesis of 5,11,17,23,29,35,41,47-octa-tert-butyl-49,50,51,52,53,54,55,56-

octa-hydroxycalix[8]arene (octamer): (26)
102

 

 

A slurry of p-tert-butylphenol (112 g, 720 mmol), paraformaldehyde (36 g, 1200 

mmol) and 10 M potassium hydroxide (1.7 mL) in xylenes (600 mL) was heated with 

stirring to reflux for 4 h in a flask equipped with a Dean-Stark trap. After cooling the 

precipitate was filtered and the solid washed in succession with toluene, diethyl ether, 

acetone and water (4* 200 mL) and dried in an oven at 75 °C overnight to give a white 

solid. 

Yield: 72 % (84.00 g, 64.7 mmol). m.p.: >300 °C (lit: 411-412 °C).
102

 δH (CDCl3): 

1.28 (72H, s, t-Bu), 3.48 (8H, br d, CH2, J = 13.0 Hz), 4.39 (8H, br d, CH2,                  

J = 13.0 Hz), 7.17 (16H, s, ArH), 9.63 ppm(8H, s, OH). δC (CDCl3): 31.4, 32.3, 34.0, 

125.5, 128.7, 144.7, 146.6. νmax (KBr): 3409, 3235, 2956, 1487, 1451, 1393, 1362, 

1291, 1249, 1204, 1117, 875, 816, 784, 728 cm
−1

. 

2.3.2 Synthesis of 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrahydroxy- 

calix[4]arene (tetramer): (27)
102

 

 

A slurry containing 26 (44 g, 30 mmol) and 10 M sodium hydroxide (1.5 mL) in 

diphenyl ether (400 mL) was heated to reflux with vigorous stirring for 1.5 h in a 2000 
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mL flask equipped with a Dean-Stark trap. The reaction was allowed to cool (~100 °C) 

and then treated with ethyl acetate (400 mL). The precipitate was washed in succession 

with toluene, diethyl ether, acetone and water (4* 200 mL) and then dried in an oven at 

75 °C overnight to give a white solid. 

Yield: 48 % (21 g, 14.4 mmol). m.p.: >300 °C (lit: 344-346
 
°C).

102
 δH (CDCl3): 1.21 

(36H, s, t-Bu), 3.50 (4H, br d, CH2, J = 12.4 Hz), 4.26 (4H, br d, CH2, J = 12.4 Hz), 

7.04 (8H, s, ArH), 10.34 ppm(8H, s, OH). δC (CDCl3): 31.4, 32.6, 34.0, 125.9, 127.7, 

144.4, 146.7. νmax (KBr): 3167, 2960, 2905, 2868, 1482, 1392, 1362, 1201, 871, 818, 

782, 710, 675, 592 cm
−1

. 

2.3.3 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27–dihydroxy-26,28-bis(2-

bromoethoxy)calix[4]arene (bromoethoxy calixarene): (28)
103

 

 

A mixture of 27 (5 g, 7.7 mmol), potassium carbonate (2.12 g, 15.4 mmol) and        

1,2-dibromoethane (30 g, 154 mmol) were heated to reflux in acetonitrile (200 mL) 

under N2 for 48 h. The mixture was cooled, filtered and the filtrate concentrated under 

reduced pressure. This was added with vigorous stirring to ice cold water (250 mL). 

The yellow viscous ‘gum’ was filtered off and dried in an oven at 75 °C for 48 h to 

give an off-white solid. 

Yield: 81 % (5.37 g, 6.22 mmol). m.p.: 290-294 °C (lit: 278-280 °C).
103

 δH (CDCl3): 

0.95 (18H, s, t-Bu), 1.29 (18H, s, t-Bu), 3.33 (4H, d, ArCH2Ar, J = 13.0 Hz), 3.84 (4H, 

t, OCH2CH2Br, J = 6.5 Hz), 4.30 (4H, d, ArCH2Ar, J = 13.0 Hz), 4.31 (4H, t, OCH2-

CH2Br, J = 6.5 Hz), 6.78 (4H, s, ArH), 6.92 (2H, s, OH), 7.06 (4H, s, ArH). δC 

(CDCl3): 29.3, 31.0, 31.7, 33.8, 33.9, 75.4, 77.2, 125.2, 125.7, 127.7, 132.4, 141.6, 
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147.2, 149.4, 150.5. νmax (KBr): 3447, 2959, 2905, 2865, 1485, 1459, 1362, 1270, 

1239, 1195, 1176, 1124, 1101, 1068, 1007, 759, 565 cm
−1

. 

2.3.4 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-dihydroxy-26,28-[bis(2-

formylphenoxyethoxy)]calix[4]arene (o-ethoxybenzaldehyde calixarene): 

(29)
58

 

 

A mixture of 28 (5.0 g, 5.8 mmol), salicylaldehyde (1.46 g, 12.0 mmol) and potassium 

carbonate (1.65 g, 11.7 mmol) was heated to reflux in acetonitrile (400 mL) under N2 

for 18 h. The suspension was cooled, filtered and the solvent removed under reduced 

pressure. The residue was taken up in chloroform and the solution was gravity filtered. 

The filtrate was taken and the solvent removed under reduced pressure. The residue 

was taken up in diethyl ether (20 mL) and the white precipitate was filtered, washed 

with diethyl ether and dried in an oven at 75 °C overnight. 

Yield: 31 % (1.69 g, 1.78 mmol). m.p.: 188-192 °C (lit: 201-202
 
°C).

58
 δH (CDCl3): 

1.02 (18H, s, t-Bu), 1.25 (18H, s, t-Bu), 3.31 (4H, d, ArCH2Ar, J = 12.9 Hz), 4.30 (4H, 

d, ArCH2Ar, J = 12.9 Hz), 4.43-4.37 (8H, m, OCH2CH2O), 6.88 (4H, s, ArH), 7.02 

(4H, s, ArH), 6.96-7.04 (4H, m, ArH), 7.49 (2H, s, OH), 7.47-7.53 (2H, m, ArH), 7.83 

(2H, dd, ArH, J = 1.8 Hz), 10.50 (2H, s, CHO). δC (CDCl3): 31.1, 31.7, 31.8, 33.8, 

34.0, 67.5, 73.7, 112.4, 121.0, 125.2, 125.8, 127.8, 128.3, 132.7, 135.8, 141.8, 147.4, 

149.8, 150.3, 160.8, 190.2. νmax (KBr): 3366, 2961, 2904, 2868, 1682, 1599, 1485, 

1459, 1394, 1363, 1290, 1247, 1193, 1162, 1056, 923, 871, 833, 756 cm
−1

. 
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2.3.5 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-dihydroxy-26,28-[bis[o-(E)-

(2-oxyethoxy)benzylidene)hydrazine]]calix[4]arene (calix hydrazone): (30) 

 

A solution of 29 (0.5 g, 0.5 mmol) in acetonitrile (50 mL) was added dropwise, over 

20 minutes, to hydrazine hydrate (0.53 g, 10.6 mmol). The resulting yellow solution 

was stirred for 12 h. The solvent was removed under reduced pressure and the residue 

was treated with ethanol (20 mL) to yield a white precipitate. The white solid was 

filtered, washed with ethanol and dried in an oven at 75 °C overnight. 

Yield: 76 % (0.40 g, 0.41 mmol). m.p.: 218-220
 
°C. Anal. Calc. for C62H76N4O6: C, 

76.50; H, 7.88; N, 5.76 %; found: C, 76.52; H, 7.87; N, 5.94 %. δH (CDCl3): 1.00 

(18H, s, t-Bu), 1.27 (18H, s, t-Bu), 3.33 (4H, d, ArCH2Ar, J = 13.0 Hz), 4.24 (8H, m, 

OCH2CH2O), 4.39 (4H, d, ArCH2Ar, J = 13.0 Hz), 4.95 (4H, br s, NH2), 6.72 (2H, m, 

ArH), 6.85 (4H, s, ArH), 6.93 (2H, m, ArH), 7.06 (4H, s, ArH), 7.17 (2H, m, ArH), 

7.75 (2H, d, ArH), 7.77 (2H, s, OH), 8.21 (2H, s, HC=N). δC (CDCl3): 31.1, 31.7, 33.9, 

34.0, 66.8, 74.2, 111.7, 121.1, 124.2, 125.3, 125.6, 125.7, 127.6, 129.6, 132.6, 139.7, 

141.7, 147.2, 149.6, 150.7, 155.8. νmax (KBr): 3534, 3378, 2961, 1687, 1600, 1485, 

1289, 1058, 924, 756 cm
−1

. 
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2.3.6 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-dihydroxy-26,28-(1E,2E)-1,2-

bis(2-(2-oxyethoxy)benzylidene)hydrazinecalix[4]arene (calixazine intra 

clip): (31) 

 

Salicylaldehyde hydrazone (0.6 g, 4.43 mmol) and 29 (1.0 g, 1.06 mmol) were heated 

to reflux in ethanol (60 mL) for 3 h. During the reflux, a yellow precipitate formed 

and, on cooling, was removed by filtration. The yellow solid was washed with ethanol 

and dried in a vacuum oven at 56 °C. 

Yield: 46 % (0.45 g, 0.49 mmol). m.p.: 210-212 °C. Anal. Calc. for C62H72N2O6·H2O: 

C, 77.63; H, 7.78; N, 2.92 %; found: C, 77.67; H, 7.59; N, 2.69 %. δH (CDCl3): 0.92 

(18H, s, t-Bu), 1.23 (18H, s, t-Bu), 3.11 (4H, d, ArCH2Ar, J = 12.9 Hz), 4.31 (4H, d, 

ArCH2Ar, J = 12.9 Hz), 4.45 (8H, m, OCH2CH2O), 6.78 (4H, s, ArH), 6.88 (2H, m, 

ArH), 6.94 (4H, s, ArH), 7.01 (2H, m, ArH), 7.28 (2H, s, OH), 7.36 (2H, m, ArH), 

7.82 (2H, m, ArH), 9.02 (2H, s, HC=N). δC (CDCl3): 31.0, 31.1, 31.7, 33.7, 33.9, 65.7, 

73.6, 111.6, 120.9, 123.7, 124.8, 125.5, 127.7, 130.9, 131.5, 133.0, 141.0, 146.9, 

149.0, 150.6, 157.2, 157.3. νmax (KBr): 3435, 2960, 2905, 1621, 1601, 1485, 1458, 

1392, 1253, 1052, 924, 872, 751, 553 cm
−1

. 
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2.3.7 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-dihydroxy-26,28-[bis[2-((E)-

((E)-(2-(2-oxyethoxy)benzylidene)hydrazono)methyl)phenol]]calix[4]arene 

(calix[4]arene salazine): (32) 

 

 

A suspension of 29 (2.0 g, 2.1 mmol), salicylaldehyde hydrazone (0.69 g, 5.1 mmol) 

and acetic acid (2 mL) were stirred in absolute ethanol (150 mL) for 24 h. The yellow 

solid was filtered, washed with ethanol and dried in an oven at 75 °C overnight. 

Yield: 87 % (2.2 g, 1.84 mmol). m.p.: 166-168 °C. Anal. Calc. for (C76H84N4O8)2·H2O 

(2381.08): C, 76.67; H, 7.20; N, 4.71 %; found: C, 76.80; H, 6.94; N, 4.66 %. δH 

(CDCl3): 1.11 (18H, s, t-Bu), 1.17 (18H, s, t-Bu), 3.27 (4H, d, ArCH2Ar, J = 13.0 Hz), 

4.33 (4H, d, ArCH2Ar, J = 13.0 Hz), 4.40 (8H, m, OCH2CH2O), 6.85 (4H, s, ArH), 

6.91 (2H, t, ArH), 6.96 (4H, s, ArH), 7.02 (6H, m, ArH), 7.27 (2H, m, ArH), 7.33 (2H, 

t, ArH), 7.42 (2H, t, ArH), 7.46 (2H, s, OH), 8.08 (2H, d, ArH), 8.64 (2H, s, HC=N), 

9.12 (2H, s, HC=N), 11.71 (2H, s, OH). δC (CDCl3): 31.0, 31.6, 31.7, 33.7, 34.0, 67.2, 

73.6, 112.0, 116.9, 117.8, 119.2, 121.1, 122.6, 125.1, 125.7, 127.5, 127.7, 132.2, 

132.6, 132.8, 132.9, 141.5, 147.2, 149.6, 150.3, 158.2, 158.4, 159.9, 164.1. νmax (KBr): 

3457, 2958, 1624, 1603, 1486, 1275, 1249, 1194, 924, 870, 750 cm
−1

. 

2.3.8 Synthesis of 3-methoxysalicylaldehyde hydrazone: (33)
104
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33 was prepared using a variation on a literature method.
104

 To a stirring solution of 

hydrazine hydrate (1.64 g, 32.86 mmol) in ethanol (10 mL) was added dropwise, over 

20 minutes, a solution of 3-methoxysalicylaldehyde (1.0 g, 6.57 mmol) in ethanol (40 

mL). The yellow solution was stirred for 1 h, after which time the solvent was 

removed under reduced pressure to leave a yellow oil which on standing, crystallised 

to yield a yellow solid. 

Yield: 88 % (1.07 g, 6.45 mmol). m.p.: 168-170 °C. δH (CDCl3): 3.90 (3H, s, OCH3), 

5.46 (2H, s, NH2), 6.87–6.72 (3H, m, ArH), 7.86 (1H, s, HC=N), 11.20 (1H, s, OH). δC 

(CDCl3): 56.1, 112.3, 118.6, 118.8, 121.2, 146.6, 147.3, 148.1. νmax (KBr): 3380, 1620, 

1576, 1468, 1320, 1246, 1090, 964, 838, 776, 625 cm
−1

.  

2.3.9 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-dihydroxy-26,28-[bis[2-((E)-

((E)-(2-(2-oxyethoxy)benzylidene)hydrazono)methyl)3-methoxy- 

phenol]]calix[4]arene (calix o-vanillin azine): (34) 

 

A solution of 29 (0.36 g, 0.38 mmol) and 3-methoxysalicylaldehyde hydrazone (33, 

0.18 g, 0.98 mmol) in ethanol (20 mL) was heated to reflux under N2 for 1 h. On 

cooling, a yellow precipitate formed which was removed by filtration. The pale yellow 

solid was washed with ethanol and dried in an oven at 75 °C. 

Yield: 64 % (0.31 g, 0.24 mmol). m.p.: 226-228 °C. Anal. Calc. for 

C78H88N4O10·2H2O: C, 73.32; H, 7.26; N, 4.39 %; found: C, 73.45; H, 7.03; N, 4.71 %. 

δH (CDCl3): 0.93 (18H, s, t-Bu), 1.23 (18H, s, t-Bu), 3.12 (4H, d, ArCH2Ar, J = 12.8 

Hz), 3.94 (6H, s, OCH3), 4.31 (4H, d, ArCH2Ar, J = 12.8 Hz), 4.44 (8H, m, 
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OCH2CH2O), 6.78 (4H, s, ArH), 6.91 (4H, m, ArH), 6.93 (4H, s, ArH), 7.03 (4H, m, 

ArH), 7.35 (2H, s, OH), 7.37 (2H, m, ArH), 7.83 (2H, m, ArH), 8.71 (2H, s, HC=N), 

9.03 (2H, s, HC=N), 11.57 (2H, s, OH). δC (CDCl3): 31.0, 31.1, 31.7, 33.7, 33.9, 56.2, 

65.7, 73.6, 111.6, 115.1, 117.3, 119.4, 120.9, 123.7, 124.0, 124.8, 125.5, 127.6, 131.0, 

131.5, 133.0, 140.9, 146.9, 148.3, 149.0, 150.6, 157.2, 157.3, 164.8. νmax (KBr): 3376, 

2961, 1682, 1560, 1459, 1394, 1248, 1075, 923, 756 cm
−1

. 

2.3.10 Synthesis of 2-pyridinecarboxaldehyde hydrazone: (35)
105

 

 

To a stirring solution of hydrazine hydrate (0.7 g, 14.0 mmol) in ethanol (10 mL) was 

added dropwise, over 20 minutes, a solution of 2-pyridinecarboxaldehyde (0.5 g, 4.67 

mmol) in ethanol (30 mL). The yellow solution was stirred for 12 h after which the 

solvent was removed under reduced pressure to leave a yellow/brown oil. 

Yield: 91 % (0.58 g, 4.78 mmol). δH (CDCl3): 5.83 (2H, br s, NH2), 7.17 (1H, m, 

ArH), 7.65 (1H, m, ArH), 7.77 (1H, m, ArH), 7.83 (1H, s, HC=N), 8.54 (1H, m, Ar–

H). δC (CDCl3): 119.7, 122.8, 136.3, 142.6, 149.2, 154.3. νmax (neat): 3368, 3181, 

1583, 1565, 1473, 1389, 1150, 993, 776, 622 cm
−1

.
105

 

2.3.11 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-dihydroxy-26,28-[bis[2-((E)-

((E)-(2-(2-oxyethoxy)benzylidene)hydrazono)methyl)pyridine]]- 

calix[4]arene (calix 2-pyridine azine): (36) 
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A suspension of 29 (0.5 g, 0.53 mmol) and 2-pyridinecarboxaldehyde hydrazone (35, 

0.74 g, 5.29 mmol) in acetonitrile (40 mL) was stirred at room temperature for 24 h. 

The yellow suspension was filtered and the pale yellow solid was washed with 

acetonitrile and dried in an oven at 75 °C. 

Yield: 72 % (0.44 g, 0.38 mmol). m.p.: 166-168 °C. Anal. Calc. for C74H82N6O6: C, 

77.17; H, 7.18; N, 7.30 %; found: C, 76.78; H, 7.09; N, 6.99 %. δH (CDCl3): 1.01 

(18H, s, t-Bu), 1.21 (18H, s, t-Bu), 3.28 (4H, d, ArCH2Ar, J = 12.9 Hz), 4.36 (4H, d, 

ArCH2Ar, J = 12.9 Hz), 4.37 (8H, m, OCH2CH2O), 6.87 (4H, s, ArH), 6.92 (2H, m, 

ArH), 6.97 (4H, s, ArH), 7.03 (2H, m, ArH), 7.29 (2H, m, ArH), 7.29 (2H, dt, ArH,     

J = 7.7 & 1.7 Hz), 7.66 (2H, m, ArH), 7.67 (2H, s, OH), 7.93 (2H, m, ArH), 8.14 (2H, 

dd, ArH, J = 7.7 & 1.7 Hz), 8.62 (2H, s, HC=N), 8.66 (2H, m, ArH), 9.24 (2H, s, 

HC=N). δC (CDCl3): 31.1, 31.6, 32.0, 33.8, 34.0, 67.2, 73.7, 112.1, 121.2, 122.0, 

124.6, 125.1, 125.7, 127.7, 127.8, 132.8, 132.9, 136.3, 141.4, 149.7, 149.8, 150.5, 

153.5, 158.2, 159.0, 160.9. νmax (KBr): 3348, 2959, 2868, 1690, 1619, 1602, 1485, 

1450, 1250, 1058, 752 cm
−1

. 

2.3.12 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-dihydroxy-26,28-[bis[2-

amino-3-((E)-(2-(2-oxyethoxy)benzylidene)amino)maleonitrile]]- 

calix[4]arene (calix[4]arenesalmaleonitrile): (37) 

 

A solution of 29 (1.0 g, 1.05 mmol), diaminomaleonitrile (0.27 g, 2.55 mmol) and 

acetic acid (1 mL) were stirred together in absolute ethanol (80 mL) for 24 h. The 

resulting pale yellow precipitate was removed by filtration, washed with ethanol and 

dried in an oven at 75 °C. A second crop of the product was obtained by concentrating 
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the filtrate under reduced pressure and taking up the residue in methanol. The insoluble 

yellow material was removed by filtration. 

Yield: 97 % (1.15 g, 1.01 mmol). m.p.: 290-292 °C (decomp). Anal. Calc. for 

C70H76N8O6·1.5(CH3CO2H): C, 72.13; H, 6.80; N, 9.22 %; found: C, 71.88; H, 6.49; 

N, 9.43 %. δH (d6-DMSO): 1.15 (18H, s, t-Bu), 1.22 (18H, s, t-Bu), 3.38 (4H, d, 

ArCH2Ar, J = 12.7 Hz), 4.25 (4H, d, ArCH2Ar, J = 12.7 Hz), 4.36 (8H, m, 

OCH2CH2O), 7.08 (4H, s, ArH), 7.12 (2H, m, ArH), 7.13 (4H, s, ArH), 7.20 (2H, m, 

ArH), 7.61 (2H, m, ArH), 7.74 (4H, s, NH2), 8.30 (2H, m, ArH), 8.33 (2H, s, OH), 

8.76 (2H, s, HC=N). δC (d6-DMSO): 30.8, 31.3, 31.5, 33.5, 33.9, 67.2, 73.4, 103.7, 

112.4, 113.5, 114.4, 120.8, 123.9, 125.0, 125.6, 126.2, 127.3, 128.0, 133.1, 133.2, 

140.9, 146.9, 149.4, 150.0, 150.8, 158.0. νmax (KBr): 3455, 3337, 2956, 2233, 2205, 

1603, 1485, 1364, 1162, 924, 755 cm
−1

. 

2.3.13 Synthesis of 2-((E)-((E)-(2-methoxybenzylidene)hydrazono)methyl)phenol: 

(38) 

 

A solution of salicylaldehyde hydrazone (1.0 g, 7.34 mmol) dissolved in absolute 

ethanol (15 mL) was added to a solution of 2-methoxybenzaldehyde (1.0 g, 7.34 

mmol) in absolute ethanol (15 mL) in a round-bottomed flask. A yellow precipitate 

formed within 5 minutes. Stirring was continued for a further 10 minutes and the 

suspension was filtered. The light yellow solid was removed by filtration, washed with 

ethanol and dried in an oven at 75 °C. 

Yield: 73 % (1.36 g, 5.36 mmol). m.p.: 138-140 °C. Anal. Calc. for C15H14N2O2: C, 

70.84; H, 5.55; N, 11.02 %; found: C, 70.77; H, 5.53; N, 10.93 %. δH (CDCl3): 3.91 

(3H, s, OCH3), 7.05-6.92 (4H, m, ArH), 7.36 (2H, m, ArH, J = 7.9 Hz), 7.44 (1H, t, 

ArH, J = 7.9 Hz), 8.09 (1H, m, ArH), 8.76 (1H, s, HC=N), 9.05 (1H, s, HC=N), 11.87 

(1H, s, OH). δC (CDCl3): 55.6, 111.2, 117.0, 117.8, 119.4, 120.9, 122.1, 127.4, 132.3, 
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132.7, 133.1, 158.5, 159.3, 159.9, 164.4. νmax (KBr): 3454, 1622, 1488, 1463, 1273, 

1251, 1022, 958, 753, 676 cm
−1

. 

2.3.14 Synthesis of 2-methoxysalicylaldehyde hydrazone: (39)
106

 

 

39 was prepared using a similar method published previously.
106

 A solution of 2-

methoxybenzaldehyde (2.0 g, 14.7 mmol) in ethanol (60 mL) was added dropwise over 

1 h to a stirring solution of neat hydrazine hydrate (2.2 g, 44.1 mmol) in a round-

bottom flask. The yellow solution was stirred for a further hour before the volatiles 

were removed under reduced pressure to leave a yellow oil. 

Yield: quantitative. δH (CDCl3): 3.83 (3H, s, OCH3), 5.22 (2H, br s, NH2), 6.87 (1H, d, 

ArH, J = 8.3 Hz), 6.94 (1H, t, ArH, J = 7.3 Hz), 7.30-7.21 (1H, m, ArH,                       

J = 7.3 & 8.3 Hz), 7.77 (1H, m, ArH), 8.15 (1H, s, HC=N). δC (CDCl3): 55.5, 110.9, 

120.9, 123.7, 125.8, 129.6, 139.2, 156.9. νmax (neat): 3390, 2936, 1601, 1574, 1489, 

1464, 1437, 1249, 1048, 1026, 755 cm
−1

. 

2.3.15 Synthesis of 2-methoxy-6-((E)-((E)-(2-methoxybenzylidene)hydrazono) 

methyl)phenol: (40) 

 

A solution of o-vanillin (0.51 g, 3.33 mmol) in ethanol (10 mL) was added to a round-

bottom flask containing a stirring solution of 39 (0.50 g, 3.33 mmol). Formation of a 

yellow precipitate occurred within 5 minutes. Stirring of the suspension was continued 

overnight after which the yellow solid was removed by filtration, washed with ethanol 

and dried in an oven at 75 °C. 

Yield: 76 % (0.72 g, 2.53 mmol). m.p.: 152-154 °C. Anal. Calc. for C16H16N2O3: C, 

67.58; H, 5.68; N, 9.86 %; found: C, 67.40; H, 5.56; N, 9.83 %. δH (CDCl3): 3.90 (3H, 
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s, OCH3), 3.93 (3H, s, OCH3), 7.05-6.86 (5H, m, ArH, J = 7.7 Hz), 7.47-7.41 (1H, m, 

ArH, J = 1.7 Hz), 8.08 (1H, dd, ArH, J = 7.7 & 1.7 Hz), 8.75 (1H, s, HC=N), 9.02 (1H, 

s, HC=N), 12.08 (1H, s, OH). δC (CDCl3): 55.6, 56.3, 111.2, 114.7, 117.9, 119.1, 

120.9, 122.1, 123.9, 127.4, 133.1, 148.3, 149.8, 158.4, 159.3, 164.4. νmax (KBr): 3439, 

3071, 3004, 1621, 1601, 1466, 1319, 1298, 1257, 959, 759, 736 cm
−1

. 

2.3.16 Synthesis of a complex from the reaction of 32 and zinc(II) perchlorate 

hexahydrate: (41) 

 

A round-bottom flask was charged with 32 (0.1 g, 0.08 mmol) and absolute ethanol 

(10 mL). To this yellow suspension was added 1 M sodium hydroxide solution (0.2 

mL), giving a yellow solution. Zinc(II) perchlorate hexahydrate (0.13 g, 0.34 mmol) 

dissolved in absolute ethanol (10 mL) was added to the flask and the mixture stirred 

for 16 h after which a yellow precipitate had formed. This was filtered off and the neon 

yellow solid washed with ethanol and dried in a vacuum oven at 56 °C. 

Yield: 17 % (0.020 g, 0.01 mmol). Anal. Calc. for C76H88N4O12Zn2: C, 66.11; H, 6.43; 

N, 4.06 %; found: C, 66.99; H, 6.11; N, 3.91 %. δH (d6-DMSO): 1.06 (18H, s, t-Bu), 

1.17 (18H, s, t-Bu), 3.03 (4H, d, ArCH2Ar, J = 12.9 Hz), 4.05 (4H, d, ArCH2Ar,          

J = 12.9 Hz), 4.26-4.04 (8H, m, OCH2CH2O), 6.53 (2H, t, ArH, J = 7.6 Hz), 6.63 (2H, 

d, ArH, J = 8.4 Hz), 6.96 (4H, s, ArH), 6.97 (4H, s, ArH), 7.11-7.00 (6H, m, ArH), 

7.23 (2H, d, ArH, J = 8.4 Hz), 7.50 (2H, m, ArH, J = 7.6, 7.3 & 1.5 Hz), 7.79 (2H, dd, 

ArH, J = 7.3 & 1.5 Hz), 7.98 (2H, s, OH), 8.11 (2H, s, HC=N), 9.03 (2H, s, HC=N). 

νmax (KBr): 3432, 2960, 1618, 1603, 1530, 1485, 1463, 1190, 754 cm
−1

. 
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2.3.17 Synthesis of a complex from the reaction of 32 and zinc(II) chloride: (42) 

 

A round-bottom flask was charged with 32 (0.1 g, 0.08 mmol) and absolute ethanol 

(10 mL). To this yellow suspension was added 1 M sodium hydroxide solution (0.3 

mL), giving a yellow solution. Zinc(II) chloride (0.03 g, 0.19 mmol) dissolved in 

absolute ethanol (5 mL) was added to the flask and the mixture stirred for 75 minutes 

after which a yellow precipitate had formed. The neon yellow solid was removed by 

filtration, washed with ethanol and dried in a vacuum oven at 56 °C. 

Yield: quantitative (0.094 g, 0.06 mmol). Anal. Calc. for C76H88N4O12Cl2Zn3: C, 

60.17; H, 5.85; N, 3.70 %; found: C, 60.85; H, 5.78; N, 3.57 %. δH (d6-DMSO): 1.09 

(18H, s, t-Bu), 1.20 (18H, s, t-Bu), 3.31 (4H, d, ArCH2Ar, J = 12.5 Hz), 4.16 (4H, m, 

OCH2CH2Ocalix), 4.25 (4H, d, ArCH2Ar, J = 12.5 Hz), 4.50 (4H, m, 

OCH2CH2Ocalix), 6.46 (2H, t, ArH, J = 7.4 Hz), 6.68 (2H, d, ArH, J = 8.4 Hz), 6.98 

(4H, m, ArH, J = 7.6 & 7.4 Hz), 7.06 (4H, s, ArH), 7.10 (4H, s, ArH), 7.18 (2H, m, 

ArH), 7.40 (4H, m, ArH, J = 8.4 Hz), 8.82 (2H, d, ArH, J = 7.6 Hz), 8.21 (2H, s, 

HC=N), 8.79 (2H, s, OH), 9.30 (2H, s, HC=N). νmax (KBr): 3426, 2959, 1619, 1531, 

1485, 1463, 1190, 754 cm
−1

. 
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2.3.18 Synthesis of a complex from the reaction of 38 and zinc(II) chloride: (43) 

 

A suspension of 38 (0.2 g, 0.78 mmol) in ethanol (8 mL) was treated with 1 M sodium 

hydroxide (0.8 mL) to give a yellow solution. To this mixture was added a solution of 

zinc(II) chloride (0.12 g, 0.79 mmol) in ethanol (8 mL). A yellow precipitate formed 

within 2 minutes. Stirring was continued for a further 10 minutes at which point the 

yellow precipitate was removed by filtration, washed with ethanol and dried. 

Yield: 63 % (0.145 g, 0.24 mmol) Anal. Calc. for C30H28N4O5Zn∙1.5H2O: C, 58.40; H, 

5.06; N, 9.08 %; found: C, 58.32; H, 4.38; N, 9.32 %. δH (d6-DMSO): 3.50 (6H, s, 

OCH3), 6.61 (2H, m, ArH), 6.76 (2H, m, ArH), 7.04-6.97 (4H, m, ArH, J = 7.6 & 7.2 

Hz), 7.30 (2H, m, ArH), 7.52-7.43 (4H, m, ArH, J = 7.6 Hz), 8.87 (2H, d, ArH,            

J = 7.2 Hz), 8.96 (2H, s, HC=N), 9.04 (2H, s, HC=N). νmax (KBr): 3433, 1615, 1602, 

1582, 1528, 1464, 1441, 1342, 1150, 1024, 752 cm
−1

. 

2.3.19 Synthesis of a complex from the reaction of 40 and zinc(II) acetate: (44) 

 

To a stirring suspension of 40 (0.1 g, 0.35 mmol) in ethanol (5 mL) was added a 

solution of zinc(II) acetate dihydrate (0.085 g, 0.39 mmol) in ethanol (10 mL). Stirring 
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of the suspension was continued for 72 h, after which the yellow precipitate was 

removed by filtration, washed with ethanol and dried in a vacuum oven at 56 °C. 

Yield: 35 % (0.040 g, 0.06 mmol). Anal. Calc. for C32H32N4O7Zn: C, 59.13; H, 4.96; 

N, 8.62 %; found: C, 59.31; H, 4.77; N, 8.33 %. δH (d6-DMSO): 3.46 (6H, s, OCH3), 

3.74 (6H, s, OCH3), 6.58 (2H, t, ArH J = 7.7 Hz), 7.02-6.98 (6H, m, ArH), 7.16 (2H, d, 

ArH, J = 7.7 Hz), 7.46 (2H, t, ArH, J = 7.1 Hz), 7.85 (2H, d, ArH, J = 7.1 Hz), 8.60 

(2H, s, HC=N), 9.04 (2H, s, HC=N). νmax (KBr): 3460, 1615, 1602, 1583, 1542, 1464, 

1445, 1345, 1247, 1209, 1028, 756 cm
−1

. 

2.3.20 In situ synthesis of 2-((E)-((E)-(2-methoxybenzylidene)hydrazono) 

methyl)pyridine and subsequent complexation with zinc(II) chloride: (45) 

 

35 (0.1 g, 0.73 mmol) was added dropwise to neat 2-methoxybenzaldehyde (0.1 g, 

0.73 mmol). The yellow oil was stirred for 5 minutes after which a solution of zinc(II) 

chloride (0.2 g, 14.7 mmol) in absolute ethanol (5 mL) was added to the oil. Immediate 

precipitation of an orange/yellow solid occurred. The suspension was stirred for 2 

minutes after which the yellow solid was removed by filtration, washed with several 

drops of absolute ethanol and dried in a vacuum oven at 56 °C. 

Yield: 72 % (0.20 g, 0.53 mmol). Anal. Calc. for C14H13N3Cl2OZn: C, 44.75; H, 3.49; 

N, 11.19 %; found: C, 44.39; H, 3.56; N, 11.61 %. δH (d6-DMSO): 3.90 (3H, s, OCH3), 

7.07 (1H, t, ArH J = 7.5 Hz), 7.17 (1H, d, ArH, J = 8.2 Hz), 7.57-7.51 (2H, m, ArH), 

8.01-7.94 (2H, m, ArH), 8.11 (1H, m, ArH, J = 7.9 Hz), 8.60 (1H, s, HC=N), 8.73 (1H, 

m, ArH, J = 4.1 Hz), 8.97 (1H, s, HC=N). νmax (KBr): 3430, 1623, 1594, 1543, 1488, 

1474, 1251, 1161, 1151, 1019, 758 cm
−1

. 
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2.4 Fluorescence spectroscopy of calix[4]arene azine derivatives in 

Section 2.3 

2.4.1 Overview and parameters 

Samples of the azine derivatives and their zinc complexes were prepared as DMSO 

solutions. Solubility issues resulted in the exclusive use of DMSO to prepare solutions. 

Samples were run at room temperature as 10 μM solutions based on their proposed 

structures. UV-vis spectra were obtained to determine absorption maxima. 

Calix[4]arene has an absorption max at 280 nm.
39

 

2.4.2 Fluorescence data 

Table 2.3: Absorption maximum of UV absorption spectrum (λabs) was used as an 

excitation parameter to generate emission spectrum with maximum (λf
em

). Emission 

maximum was used as an emission parameter to generate excitation spectrum with 

maximum (λf
ex

). Data were obtained for calix[4]arene azine derivatives and their 

zinc(II) complexes, along with free benzazine derived ligands and their corresponding 

zinc(II) complexes. In a single case, No Fluorescence was Observed (NFO). 

Sample No. λabs (nm) λf
em

 (nm) λf
ex

 (nm) 

32 352 544 351, 289 

34 324 415 301 

36  NFO  

38 356 433 293, 340 

40 340 437 340, 274 

41 365 505 470 

42 418 504 411 

43 409 493 409 

44 336 431 317 

45 366 418 358 
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2.5 Synthesis of 5-nitrobenzamide derivatives and their metal 

complexes 

2.5.1 Synthesis of N-(2-aminoethyl)-2-hydroxy-5-nitrobenzamide: (46) 

 

Methyl 2-hydroxy-5-nitrobenzoate (2 g, 10.14 mmol) and ethylene diamine (1.82 g, 

30.42 mmol) were heated to reflux in a toluene and methanol mixture (1:1, 80 mL) for 

4 h. A yellow precipitate formed upon reaching reflux. The suspension was allowed to 

cool to room temperature. The yellow precipitate was removed by filtration and dried 

in an oven at 75 °C overnight. 

Yield: 91 % (2.06 g, 9.22 mmol). m.p.: 230-234 °C (decomp). Anal. Calc. for 

C9H11N3O4: C, 47.98; H, 4.93; N, 18.66 %; found: C, 47.89; H, 4.93; N, 18.53 %.      

δH (d6-DMSO): 2.96 (2H, t, CH2NH2, J = 7.5 Hz), 3.50 (2H, m, NHCH2), 6.27 (1H, d, 

ArH, J = 9.5 Hz), 7.71 (2H, br s, NH2), 7.80 (1H, dd, ArH, J = 9.5 & 3.3 Hz), 8.65 

(1H, d, ArH, J = 3.3 Hz), 11.43 (1H, t, CONH, J = 5.7 Hz). δC (d6-DMSO): 36.5, 39.5, 

117.5, 122.6, 127.3, 128.4, 129.8, 167.8, 178.2. νmax (KBr): 3441, 3193, 2914, 1626, 

1590, 1557, 1430, 1341, 1298, 1201, 1151, 1131, 842, 755, 678 cm
−1

. 

2.5.2 Synthesis of N-(2-aminoethyl)-2-hydroxy-5-nitrobenzamide hydrochloride: 

(47) 

 

A stirred suspension of 46 (0.15 g, 0.67 mmol) in water (5 mL) was treated with the 

dropwise addition of 1 M hydrochloric acid (7 mL) until the yellow solid dissolved and 

the solution turned clear. Stirring was continued for 1 h. The solvent was reduced until 

a white solid precipitated. The white solid was removed by filtration, washed with cold 

water and dried in the air. 
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Yield: 82 % (0.14 g, 0.55 mmol). m.p.: 268-270 °C (decomp). Anal. Calc. for 

C9H12N3ClO4: C, 41.29; H, 4.62; N, 16.06 %; found: C, 41.19; H, 4.61; N, 15.79 %.  

δH (d6-DMSO): 3.02 (2H, m, NHCH2), 3.61 (2H, m, CH2NH3), 7.22 (1H, d, ArH,             

J = 9.2 Hz), 8.17 (3H, br s, NH3), 8.27 (1H, dd, ArH, J = 9.2 & 2.7 Hz), 8.86 (1H, d, 

ArH, J = 2.9 Hz), 9.28 (1H, t, CONH, J = 4.8 Hz) 13.45 (1H, br s, OH).                      

δC (d6-DMSO): 37.0, 38.2, 116.6, 118.2, 125.5, 128.5, 139.1, 164.6, 166.9. νmax (KBr): 

3383, 2969, 1641, 1605, 1557, 1497, 1329, 1207, 1172, 1159, 844, 749 cm
−1

. 

2.5.3 Synthesis of bis-O,O’-(N-(2-aminoethyl)-2-hydroxy-5-nitrobenzamide)- 

copper(II) perchlorate dihydrate: (48) 

 

Copper(II) perchlorate hexahydrate (0.34 g, 0.88 mmol) was dissolved in water (5 mL) 

and added to an Erlenmeyer flask containing a stirring solution of 46 (0.1 g, 0.44 

mmol) in water (10 mL). This solution was stirred for 5 minutes and then allowed to 

stand for several days after which dark green crystals had formed. The crystals were 

removed by filtration, washed sparingly with water and dried in a vacuum oven at     

56 °C. 

Yield: 59 % (0.08 g, 0.13 mmol) Anal. Calc. for C18H24N6Cl2CuO17: C, 29.58; H, 3.31; 

N, 11.50 %; found: C, 29.40; H, 3.01; N, 11.20 %. νmax (KBr): 3391, 3083, 1608, 1545, 

1483, 1471, 1436, 1307, 1141, 1120, 1110, 1086, 834, 749 cm
−1

. 
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2.5.4 Synthesis of N-(2-aminoethyl)-2-oxo-5-nitro-benzamidatocopper(II) 

hydrate: (49) 

 

Copper(II) perchlorate hexahydrate (0.08 g, 0.22 mmol) was dissolved in water (5 mL) 

and added to an Erlenmeyer flask containing a solution of 46 (0.1 g, 0.44 mmol) in 

water (20 mL). This solution was stirred for 5 minutes and then allowed to stand. 

Some of the amide starting material crystallised within the first hour. The solution was 

decanted off the crystals and allowed to stand. The solution reduced over several days 

to yield a mixture of brown crystals and amide starting material. The crystals were 

removed by filtration, washed sparingly with water and dried in a vacuum oven at     

56 °C. 

Yield: 31 % (0.02 g 0.07 mmol). Anal. Calc. for C9H11N3CuO5: C, 35.47; H, 3.64; N, 

13.79 %; found: C, 35.45; H, 3.58; N, 13.45 %. νmax (KBr): 3438, 3225, 1611, 1569, 

1525, 1435, 1317, 1283, 1231, 1142, 1131, 834, 696 cm
−1

. 

2.5.5 Reaction of 46 with copper(II) perchlorate hexahydrate in acetonitrile 

To 46 (0.1 g, 0.44 mmol) in acetonitrile (5 mL) was added a solution of copper (II) 

perchlorate hexahydrate (0.18 g, 0.45 mmol) in acetonitrile (15 mL) and the resulting 

moss green solution was stirred for 10 h. No precipitate resulted and the solvent was 

allowed to reduce in the fumehood. The green precipitate was removed by filtration 

and dried in air. Product gave similar analytical results to 48. 

Yield: 78 % (0.08 g, 0.17 mmol); Anal. Calc. for C18H24N6Cl2CuO17: C, 29.57; H, 

3.31; N, 11.50 %; found: C, 29.29; H, 3.29; N, 11.95 %. νmax (KBr): 3398, 1610, 1550, 

1467, 1439, 1308, 1231, 1141, 1122, 834, 783, 755, 696 cm
−1

. 
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2.5.6 Synthesis of bis-O,O’-(N-(2-aminoethyl)-2-hydroxy-5-nitrobenzamide) 

copper(II) chloride: (50) 

 

To a solution of 46 (0.1 g, 0.44 mmol) in water (15 mL) was added a solution of 

copper(II) chloride dihydrate (0.15 g, 0.88 mmol) in water (5 mL) and the resulting 

green solution was stirred for 1 h. A green solid precipitated from solution. The solid 

was removed by filtration and dried in air. 

Yield: 51 % (0.07 g, 0.11 mmol). Anal. Calc. for C18H22N6Cl2CuO8: C, 36.96; H, 3.79; 

N, 14.37 %; found: C, 36.95; H, 3.79; N, 14.24 %. νmax (KBr): 3378, 3006, 1604, 1579, 

1558, 1466, 1307, 1271, 1161, 839, 750 cm
−1

.  

2.5.7 Reaction of copper(II) chloride dihydrate and 46 in acetonitrile 

To a suspension of 46 (0.1 g, 0.44 mmol) in acetonitrile (5 mL) was added copper(II) 

chloride dihydrate (0.08 g, 0.48 mmol) in acetonitrile (15 mL) and the resulting orange 

solution was stirred for 10 h. After 5 h, a yellow/green solid precipitated from solution. 

The solid was removed by filtration and dried in air. The product gave similar 

analytical results to 50. 

Yield: 84 % (0.11 g, 0.18 mmol). Anal. Calc. for C18H22N6Cl2CuO8: C, 37.04; H, 4.15; 

N, 14.41 %; found: C, 36.38; H, 4.21; N, 14.45 %. νmax (KBr): 3375, 1610, 1556, 1465, 

1358, 1321, 1273, 1163, 839, 777, 752 cm
−1

. 

2.5.8 Reaction of copper(II) acetate and 46 in water 

To a solution of 46 (0.1 g, 0.44 mmol) in water (15 mL) was added a solution of 

copper(II) acetate monohydrate (0.18 g, 0.89 mmol) in water (5 mL) and the resulting 

purple/brown solution was stirred for 1 h. A pale purple solid precipitated from 
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solution within 2 minutes. The purple solid was removed by filtration and dried in air. 

Similar results to 49. 

Yield: 79 % (0.11 g, 0.35 mmol). Anal. Calc. for C9H11N3CuO5: C, 35.47; H, 3.64; N, 

13.79 %; found: C, 35.45; H, 3.58; N, 13.45 %. νmax (KBr): 3515, 3227, 3147, 1609, 

1570, 1528, 1449, 1435, 1315, 1232, 1142, 1131, 834, 706 cm
−1

. 

2.5.9 Synthesis of a complex from the reaction of 46 and copper(II) acetate in 

acetonitrile: (51) 

 

To 46 (0.1 g, 0.44 mmol) in acetonitrile (5 mL) was added copper(II) acetate 

monohydrate (0.1 g, 0.49 mmol) in acetonitrile (15 mL) and the resulting green 

suspension was stirred for 10 h. The green solid was removed by filtration and dried in 

air. 

Yield: 78 % (0.12 g, 17 mmol). Anal. Calc. for C26H34N8Cu2O12 ·2H2O: C, 38.38; H, 

4.71; N, 13.77 %; found: C, 38.24; H, 4.03; N, 13.48 %. νmax (KBr): 3433, 3324, 3260, 

1600, 1574, 1533, 1471, 1427, 1310, 1146, 1131, 1084, 859, 755, 706, 678 cm
−1

. 

2.5.10 Synthesis of a complex from the reaction of 46 and nickel(II) perchlorate 

in water: (52) 
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A 1 M sodium hydroxide solution (0.49 mL) was added to a suspension of 46 (0.1 g, 

0.44 mmol) in water (5 mL). To this yellow suspension was added a solution of 

nickel(II) perchlorate hexahydrate (0.325 g, 0.89 mmol) in water (10 mL) which 

resulted in the immediate precipitation of a light green solid. The suspension was 

stirred at room temperature overnight. The solid was removed by filtration, washed 

with water and dried in an oven at 75 °C. 

Yield: 96 % (0.128 g, 0.21 mmol). Anal. Calc. for C18H22N6Ni2O10: C, 36.04; H, 3.70; 

N, 14.01 %; found: C, 36.08; H, 3.68; N, 13.59 %. νmax (KBr): 3400, 3317, 3153, 1611, 

1546, 1468, 1318, 1275, 1152, 836, 587 cm
−1

. μeff: 2.79 B.M. 

2.5.11 Synthesis of a complex from the reaction of 46 and nickel(II) chloride in 

water: (53) 

 

A 1 M sodium hydroxide solution (0.49 mL) was added to a suspension of 46 (0.1 g, 

0.44 mmol) in water (5 mL). To this yellow suspension was added a solution of 

nickel(II) chloride hexahydrate (0.211 g, 0.89 mmol) in water (5 mL) which resulted in 

the immediate precipitation of a yellow/brown solid. The suspension was stirred at 

room temperature for thirty minutes. The solid was removed by filtration, washed with 

water and dried in an oven at 75 °C. 

Yield: 42 % (0.062 g, 0.09 mmol). Anal. Calc. for C18H24N6Cl2Ni2O10: C, 33.02; H, 

3.39; N, 12.84 %; found: C, 32.95; H, 3.57; N, 12.19 %. νmax (KBr): 3414, 1615, 1545, 

1475, 1435, 1311, 1147, 1080, 838, 639 cm
−1

. μeff: 3.45 B.M. 
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2.5.12 Synthesis of a complex from the reaction of 46 and nickel(II) acetate in 

water: (54) 

 

To a hot solution of 46 (0.1 g, 0.44 mmol) in water (10 mL) was added a solution of 

nickel(II) acetate tetrahydrate (0.22 g, 0.89 mmol) in water (5 mL) and the mixture was 

stirred for 10 minutes. Within 2 minutes a yellow/green precipitate had formed. The 

mixture was allowed to cool and the yellow/green solid was removed by filtration and 

dried in air. 

Yield: 75 % (0.084 g, 0.17 mmol). Anal. Calc. for C18H20N6NiO8: C, 42.63; H, 3.98; 

N, 16.57 %; found: C, 42.56; H, 4.23; N, 15.95 %. νmax (KBr): 3399, 3155, 1614, 1547, 

1467, 1440, 1423, 1320, 1275, 1152, 1010, 1002, 838, 589 cm
−1

. μeff: 3.03 B.M. 

2.5.13 Synthesis of N-(2-aminoethyl)-2-oxo-5-nitro-benzamidatozinc(II) hydrate: 

(55) 

 

A solution of zinc(II) perchlorate hexahydrate (0.17 g, 0.44 mmol) in water (5 mL) 

was added dropwise to a solution of 46 (0.1 g, 0.44 mmol) and sodium hydroxide 

(0.018 g, 0.44 mmol) in water (5 mL). An immediate yellow precipitate resulted and 

the resulting suspension was stirred for 1 h. The yellow solid was removed by 

filtration, washed with water and dried in air. 

Yield: 78 % (0.11 g, 0.34 mmol). Anal. Calc. for C9H11N3ZnO5: C, 35.26; H, 3.62; N, 

13.71 %; found: C, 35.45; H, 3.58; N, 13.45 %. δH (d6-DMSO): 2.83 (2H, br s, 

CH2NH2),3.43 (2H, br s, NHCH2), 6.56 (1H, d, ArH, J = 9.3 Hz), 7.88 (1H, dd, ArH,  
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J = 9.3 & 2.9 Hz), 8.65 ppm(1H, d, ArH, J = 2.9 Hz). νmax (KBr): 3443, 2915, 1613, 

1590, 1448, 1431, 1341, 1301, 1131, 843, 678 cm
−1

.  

2.5.14 Reaction of 46 with zinc(II) acetate dihydrate in water 

Similar procedure to that of zinc complex 55, except that zinc(II) acetate dihydrate 

(0.096 g, 0.44 mmol) was used, resulting in the formation of a yellow solid that 

analysed as for 55. 

Yield: 85 % (0.12 g, 0.37 mmol). Anal. Calc. for C9H11N3ZnO5: C, 35.26; H, 3.62; N, 

13.71 %; found: C, 35.54; H, 3.84; N, 13.95 %. νmax (KBr): 3515, 3227, 3147, 1609, 

1570, 1528, 1449, 1435, 1315, 1232, 1142, 1131, 834, 706 cm
−1

. 

2.5.15 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-diethoxycarbonylmethoxy- 

calix[4]arene (Diester): (56)
107

 

 

A stirred suspension of 27 (10.00 g, 15.4 mmol), potassium carbonate (2.34 g, 16.94 

mmol) and ethyl bromoacetate (5.2 g, 31.0 mmol) was heated to reflux in acetonitrile 

(160 mL) for 18 h under a flow of nitrogen. After cooling, the mixture was filtered and 

the volatiles removed under reduced pressure. The residue was dissolved in hot ethanol 

and the insolubles were removed by hot filtration. The filtrate was allowed to cool after 

which time a while solid had precipitated. The solid was removed by filtration, washed 

with ethanol and dried in an oven at 75 °C. 

Yield: 57 % (7.10 g, 8.78 mmol). m.p.: 178-180 °C (lit: 182-184 °C).
107

 δH (CDCl3): 

0.97 (18H, s, t-Bu), 1.26 (18H, s, t-Bu), 1.32 (6H, t, OCH2CH3, J = 7.1 Hz), 3.31 (4H, 
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d, ArCH2Ar, J = 13.1 Hz), 4.29 (4H, q, OCH2CH3, J = 7.1 Hz), 4.44 (4H, d, ArCH2Ar, 

J = 13.1 Hz), 4.72 (4H, s, OCH2CO), 6.81 (4H, s, ArH), 7.02 (4H, s, ArH) 7.05 (2H, s, 

OH). δC (CDCl3): 14.2, 31.0, 31.7, 31.9, 33.8, 33.9, 61.3, 72.4, 125.1, 125.8, 128.0, 

132.5, 141.5, 147.1, 150.3, 150.7, 169.3. νmax (KBr): 3421, 2962, 1759, 1485, 1394, 

1382, 1362, 1298, 1209, 1189, 1128, 870, 750, 555 cm
−1

. 

2.5.16 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-dihydroxycarbonylmethoxy- 

calix[4]arene (Diacid): (57)
48

 

 

A suspension of 56 (2.0 g, 2.42 mmol) in ethanol (100 mL) was treated with a 10 M 

sodium hydroxide solution (5 mL) and the solution was heated to reflux for 24 h. The 

solution was cooled and the solvent was removed under reduced pressure. The residue 

was poured into a 6 M hydrochloric acid solution (200 mL) which produced a white 

precipitate. The white solid was removed by filtration, washed with water and dried in 

an oven at 75 °C. 

Yield: 89 % (1.64 g, 2.15 mmol). m.p.: 220-240 °C (decomp) (lit: >200 °C 

(decomp)).
48

 δH (CDCl3): 1.07 (18H, s, t-Bu), 1.26 (18H, s, t-Bu), 3.44 (4H, d, 

ArCH2Ar, J = 13.4 Hz), 4.44 (4H, d, ArCH2Ar, J = 13.4 Hz), 4.69 (4H, s, OCH2CO), 

6.96 (4H, s, ArH), 7.06 (4H, s, ArH). δC (CDCl3): 31.0, 31.6, 32.4, 33.9, 34.2, 72.3, 

125.7, 126.3, 127.3, 132.5, 143.2, 148.5, 149.0, 149.1, 170.1. νmax (KBr): 3435, 2961, 

1747, 1484, 1362, 1195, 1125, 1058, 979, 948, 908, 872, 817 cm
−1

. 
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2.5.17 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-dichlorocarbonylmethoxy- 

calix[4]arene: (58)
48

 

 

58 was prepared similar to literature methods.
48

 57 (1.0 g, 1.30 mmol) was heated to 

reflux in thionyl chloride (15 mL) under a guard tube for 3 h. The solution was 

allowed to cool and the volatiles were removed under reduced pressure to leave an  

off-white solid. The analysis of the off-white solid corresponds to literature data. 

Yield: quantitative. δH (CDCl3): 0.90 (18H, s, t-Bu), 1.31 (18H, s, t-Bu), 3.31 (4H, d, 

ArCH2Ar, J = 13.8 Hz), 4.29 (4H, d, ArCH2Ar, J = 13.8 Hz), 4.97 (4H, s, OCH2CO), 

6.70 (4H, s, ArH), 7.01 (4H, s, ArH), 7.16 (2H, s, OH). νmax (KBr): 3419, 2964, 1813, 

1481, 1364, 1230, 1119, 837 cm
−1

. 

2.5.18 Synthesis of N-Boc(2-aminoethyl)amine: (59)
108

 

 

The protected amine was prepared according to literature method.
108

 A solution of Boc 

anhydride (2.0 g, 9.16 mmol) in chloroform (100 mL) was added dropwise over 3 h to 

a solution of ethylene diamine (5.49 g, 91.6 mmol) at 0 °C. Upon addition the solution 

was allowed to warm to room temperature. Stirring was continued overnight after 

which a white precipitate had formed. The suspension was washed with a saturated 

brine solution (4*50 mL) and water (50 mL). The clear solution was dried over 

magnesium sulphate, gravity filtered and the solvent removed under reduced pressure 

to yield a yellow/green oil. Spectral analysis of the yellow/green viscous oil 

corresponds to literature data. 
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Yield: quantitative. δH (CDCl3): 1.21 (2H, br s, NH2), 1.45 (9H, s, t-Bu), 2.79 (2H, m, 

CH2CH2NH2, J = 5.8 Hz), 3.16 (2H, m, CH2CH2NH2, J = 5.8 Hz), 5.13 (1H, s, br s, 

NH). δC (CDCl3): 28.4, 41.9, 43.5, 79.2, 156.2. νmax (neat): 3362, 2976, 1707, 1687, 

1520, 1365, 1245, 1162 cm
−1

. 

2.5.19 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-di(N-Boc(2-aminoethyl))-

carbonylmethoxycalix[4]arene: (60)
89

 

 

60 was prepared using a literature method.
89

 A solution of 58 (1.05 g, 1.31 mmol) in 

dry dichloromethane (15 mL) was added dropwise to a solution of 59 (0.84 g, 5.24 

mmol) and triethylamine (3 mL) in dry dichloromethane (30 mL) at 0 °C. The solution 

was allowed to stir at room temperature for 13 h. The volatiles were removed under 

reduced pressure and the residue was taken up in methanol to precipitate a white solid. 

Spectral analysis of the off-white solid corresponds to literature values. 

Yield: 60 % (0.82 g, 0.79 mmol). m.p.: 180-186 
o
C (lit: 184-186 °C).

89
 δH (CDCl3): 

1.07 (18H, s, t-Bu), 1.25 (18H, s, t-Bu), 1.34 (18H, s, Ot-Bu), 3.34 (4H, m, 

NHCH2CH2NHBoc), 3.44 (4H, d, ArCH2Ar, J = 13.3 Hz), 3.53 (4H, m, 

NHCH2CH2NHBoc), 4.16 (4H, d, ArCH2Ar, J = 13.3 Hz), 4.61 (4H, s, OCH2CO), 

5.09 (2H, m, NHCH2CH2NHBoc), 6.97 (4H, s, ArH), 7.07 (4H, s, ArH), 8.03 (2H, s, 

OH), 8.98 (2H, m, NHCH2CH2NHBoc). δC (CDCl3): 28.3, 31.0, 31.6, 32.2, 33.9, 34.2, 

39.3, 40.8, 74.8, 79.2, 125.8, 126.4, 127.3, 132.6, 143.5, 148.7, 148.8, 149.1, 155.9, 

168.7. νmax (KBr): 3346, 2962, 1708, 1694, 1667, 1551, 1485, 1439, 1364, 1299, 1249, 

1193, 1175, 1035, 590, 575 cm
−1

. 
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2.5.20 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-di((2-aminoethyl))carbonyl- 

methoxycalix[4]arene trifluoroacetic acid salt: (61)
89

 

 

The deprotected amine was prepared according to a literature procedure.
89

 

Trifluoroacetic acid was added dropwise to a solution of 60 (1.0 g, 0.95 mmol) in 

dichloromethane (30 mL) at 0 °C. The mixture was stirred for 2 h and the volatiles 

were removed under reduced pressure to leave an off-white solid. 

Yield: quantitative. m.p.: 192-196 °C (lit: 197-198 °C).
89

 δH (CDCl3): 0.96 (18H, s,     

t-Bu), 1.26 (18H, s, t-Bu), 3.26 (4H, m, NHCH2CH2NH3), 3.35 (4H, d, ArCH2Ar,        

J = 12.3 Hz), 3.73 (4H, m, NH CH2CH2NH3), 4.07 (4H, d, ArCH2Ar, J = 12.3 Hz), 

4.53 (4H, s, OCH2CO), 6.81 (4H, s, ArH), 7.05 (4H, s, ArH), 7.34 (2H, s, OH), 7.34 

(6H, m, NHCH2CH2NH3), 9.11 (2H, m, NHCH2CH2NH3). δC (CDCl3): 28.7, 29.9, 

30.0, 30.5, 32.9, 33.0, 36.2, 38.9, 73.0, 124.6, 125.1, 126.6, 131.1, 142.3, 147.3, 147.7, 

148.1, 169.0. δF (CDCl3): −75.5 (3F, s, CF3). νmax (KBr): 3432, 2963, 1677, 1546, 

1485, 1445, 1364, 1204, 1138, 1047, 800, 723 cm
−1

. 

2.5.21 Synthesis of 2-methoxy-5-nitrobenzoic acid: (62)
109

 

 

Methyl-2-methoxy-5-nitrobenzoate (2.0 g, 9.48 mmol) was heated to reflux in 

methanol (100 mL) and 10 M sodium hydroxide solution (1 mL) for 5 h. The solution 



Chapter 2. Experimental 

 

78 

 

was allowed to cool to room temperature and the solvent was removed under reduced 

pressure. The residue was taken up in water (70 mL) and added to a 6 M hydrochloric 

acid solution (200 mL) to afford a white crystalline precipitate. The suspension was 

filtered and the white solid washed with water and dried in an oven at 75 °C. 

Yield: 70 % (1.30 g, 1.31 mmol). m.p.: 144-146 °C (lit: 163-164 °C).
109

                      

δH (d6-DMSO): 3.97 (3H, s, OCH3), 7.36 (1H, d, ArH, J = 9.2 Hz), 8.39 (1H, dd, ArH, 

J = 9.2 & 2.9 Hz), 8.45 (1H, d, ArH, J = 2.9 Hz), 13.30 (1H, s, COOH).                      

δC (d6-DMSO): 56.9, 113.3, 121.6, 126.3, 128.5, 139.9, 163.0, 165.3. νmax (KBr): 2847, 

1705, 1670, 1615, 1489, 1342, 1294, 1271, 1151, 1013, 928, 532 cm
−1

. 

2.5.22 Synthesis of 2-methoxy-5-nitrobenzoyl chloride: (63)
109

 

 

62 (1.0 g, 5.1 mmol) was heated to reflux under a guard tube in thionyl chloride (16 

mL) for 4 h. The solution was allowed to cool and the volatiles were removed under 

reduced pressure to leave an off-white solid. 

Yield: quantitative. m.p.: 84-88 °C (lit: 82-83 °C).
109

 δH (CDCl3): 4.07 (3H, s, OCH3), 

7.14 (1H, d, ArH, J = 9.2 Hz), 8.47 (1H, dd, ArH, J = 9.2 & 2.6 Hz), 9.56 (1H, d, ArH, 

J = 2.6 Hz). δC (CDCl3): 57.2, 112.5, 123.1, 129.9, 130.9, 140.6, 162.7, 163.4. νmax 

(KBr): 3115, 3076, 1776, 1755, 1609, 1490, 1287, 1261, 1103, 1002, 750 cm
−1

. 
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2.5.23 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-di((2-amido(2’-methoxy-5’-

nitrobenzyl)ethyl))amidomethoxycalix[4]arene: (64) 

 

A suspension of 61 (0.84 g, 0.78 mmol) and dry triethylamine (4 mL) in dry 

dichloromethane (30 mL) were cooled to 0 °C under an argon atmosphere. A solution 

of 63 (0.84 g, 3.90 mmol) in dry dichloromethane (10 mL) was added dropwise 

through the septum whilst maintaining cooling. After addition the solution was 

allowed to rise to room temperature and the stirring was continued for 11 h. The 

volatiles were removed under reduced pressure. The residue was taken up in methanol 

(30 mL) and the insolubles were isolated by filtration. The off-white solid was 

dissolved in chloroform (80 mL) and washed with 1 M sodium hydroxide solution 

(2*40 mL), 1 M hydrochloric acid solution (2*40 mL) and saturated brine solution 

(3*40 mL). The organic layer was dried over magnesium sulphate, the inorganic salts 

removed by filtration and the solvent removed under reduced pressure. The residue 

was treated with acetone (15 mL) to precipitate a white solid. The solid was removed 

by filtration, washed with acetone and dried in an oven at 75 °C. A second crop was 

obtained from the mother liquor by cooling in a freezer at −20 °C overnight. 

Yield: 46 % (0.43 g, 0.36 mmol). m.p.: 160-164 °C. Anal. Calc. for C68H82N6O14: C, 

67.63; H, 6.85; N, 6.96 %; found: C, 67.81; H, 6.64; N, 6.83 %. δH (CDCl3): 1.03 

(18H, s, t-Bu), 1.20 (18H, s, t-Bu), 3.24 (4H, d, ArCH2Ar, J = 13.2 Hz), 3.70 (4H, m, 

NHCH2CH2NHOCPh), 3.78 (4H, m, NHCH2CH2NHOCPh), 3.98 (6H, s, OCH3) 4.05 
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(4H, d, ArCH2Ar, J = 13.2 Hz), 4.66 (4H, s, OCH2CO), 6.78 (2H, d, ArH, J = 9.1 Hz), 

6.85 (4H, s, ArH), 6.88 (4H, s, ArH), 7.92 (2H, s, OH), 8.08 (2H, m, 

NHCH2CH2NHOCPh), 8.14 (2H, dd, ArH, J = 9.1 & 2.8 Hz), 9.00 (2H, d, ArH,          

J = 2.8 Hz), 9.12 (2H, m, NHCH2CH2NHOCPh). δC (CDCl3): 29.9, 30.5, 30.9, 32.8, 

33.1, 37.0, 39.8, 55.6, 73.7, 110.4, 120.9, 124.3, 125.2, 125.9, 126.8, 127.0, 131.4, 

140.5, 141.9, 147.6, 147.7, 148.0, 160.5, 162.4, 168.3. νmax (KBr): 2958, 1655, 1615, 

1522, 1485, 1343, 1282, 1192, 1125, 1088, 1016, 874, 823, 749 cm
−1

. 

2.5.23.1 Metal complexation studies for 64 using NMR 

Metal complexation reactions were performed in either d6-DMSO or a d6-DMSO/H2O 

mixture using stoichiometric equivalents of metal salt solutions. In all cases no shift of 

the ligand peaks were observed. The reactions performed are summarised in Table 2.4. 

Table 2.4: Summary of metal complexation reactions of 64. 

Metal Salt Metal Equivalents Solvent 

NaClO4·6H2O 5.0 d6-DMSO 

NaO2CCH3·3H2O 5.0 d6-DMSO 

Zn(O2CCH3)2·2H2O 5.0 d6-DMSO 

ZnCl2 5.0 d6-DMSO 

Zn(ClO4)2·H2O 6.0 d6-DMSO 

AgClO4 6.0 d6-DMSO 

Ag O2CCH3 2.0 d6-DMSO/H2O 
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2.5.24 Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-di((2-amido(2’-hydroxy-5’-

nitrobenzyl)ethyl))amidomethoxycalix[4]arene: (65) 

 

64 (0.050 g, 0.041 mmol) was dissolved in dry dichloromethane (10 mL) and the 

solution was cooled to 0 °C under a flow of nitrogen. A 1 M solution of boron 

tribromide in dichloromethane (0.065 mL) was added dropwise to the cooled flask. 

The solution was allowed to rise to room temperature and stirring was continued for a 

further 12 h. The solution was cooled to 0 °C and water (2 mL) was added dropwise. 

The solution was stirred for a further 30 minutes after which the biphasic solution was 

transferred to a separating funnel. The aqueous layer was removed and the organic 

layer was washed with 1M hydrochloric acid solution (2 mL) and saturated brine 

solution (2 mL). The organic layer was dried over sodium sulphate, filtered and the 

solvent removed under reduced pressure. The residue was dissolved in methanol (3 

mL) and resulted in the immediate precipitation of a white solid. The solid was 

removed by filtration, washed with methanol and dried in an oven at 75 °C. 

Yield: 33 % (0.016 g, 0.013 mmol). m.p.: >250 °C. LC/TCOF-MS: (M + Na)
+
 

requires: 1201.5468 g, found: 1201.5526 g, difference 4.82 ppm. δH (CDCl3): 1.08 

(18H, s, t-Bu), 1.14 (18H, s, t-Bu), 3.36 (4H, d, ArCH2Ar, J = 13.2 Hz), 3.78 (8H, m, 

NHCH2CH2NH), 4.09 (4H, d, ArCH2Ar, J = 13.2 Hz), 4.65 (4H, s, OCH2CO), 6.79 

(2H, d, ArH, J = 9.3 Hz), 6.84 (4H, s, ArH), 6.94 (4H, s, ArH), 8.02 (2H, dd, ArH,      

J = 9.3 & 2.3 Hz), 8.22 (2H, s, OH), 8.55 (2H, br s, NHOCPh), 8.64 (2H, d, ArH,        
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J = 2.3 Hz), 9.61 (2H, br s, NHOCCH2), 13.48 (2H, s, OH). δC (CDCl3): 30.0, 30.5, 

31.0, 32.8, 33.2, 37.6, 38.2, 73.5, 112.3, 117.7, 122.4, 124.5, 125.4, 125.8, 128.0, 

131.7, 137.7, 142.1, 147.5, 147.5, 147.9, 166.0, 168.2, 169.0. νmax (KBr): 3362, 2960, 

1667, 1651, 1607, 1524, 1484, 1341, 1300, 1205, 1126, 1039, 872, 839 cm
−1

. 

2.5.24.1 Metal complexation studies for 65 using NMR 

Metal complexation titrations were performed in d6-DMSO (except in the case of 

silver(I) acetate which was performed in a d6-DMSO/H2O solvent mixture because of 

solubility issues) using stoichiometric equivalents of metal salt solutions. The reactions 

performed are summarised in Table 2.5. 

Table 2.5: Summary of metal complexation reactions of 65. 

Metal Salt Metal Equivalents (up to) Solvent 

NaClO4·6H2O 5.0 d6-DMSO 

NaO2CCH3·3H2O 5.0 d6-DMSO 

Zn(O2CCH3)2·2H2O 5.0 d6-DMSO 

ZnCl2 5.0 d6-DMSO 

Zn(ClO4)2·H2O 5.0 d6-DMSO 

AgClO4 5.0 d6-DMSO 

AgO2CCH3 1.6 d6-DMSO/H2O 

 

From the metal titrations carried out it was found that the only case where interaction 

(or possible metal complexation) occurs with the ligand is when metal acetate salts are 

used. The 
1
H NMR spectra suggest that the sodium(I) acetate interacts with 65 in a 2:1 

metal-to-ligand ratio. The zinc(II) and silver(I) acetate salts both appear to interact in a 

1:1 metal-to-ligand ratio. A summary of the 
1
H NMR spectral data of the metal acetate 

titrations is presented in Table 2.6. 

Table 2.6: Summary of 
1
H NMR spectral data of ligand 65 in d6-DMSO

a
 or d6-DMSO/H2O

b
 

and corresponding chemical shift of the ligand’s signals on addition of various equivalents of 

metal acetates. 

65 
65 & 2 eq. 

NaO2CCH3
a 

65 & 1 eq. 

Zn(O2CCH3)2
a 

65 & 1 eq. 

AgO2CCH3
b 

13.94 (2H, s, ArOH) ― ― ― 

9.38 (2H, br s, NHOCCH2) 11.27 10.29 10.89 

9.02 (2H, br s, NHOCPh) 8.79 8.76 8.92 
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8.67 (2H, d, ArH, J = 2.5 Hz) 8.58 8.61 8.51 

8.33 (2H, s, OH) 8.47 8.38 8.28 

7.97 (2H, dd, ArH, J = 9.2 & 2.5 Hz) 7.72 7.85 7.69 

7.10 (4H, s, ArH) 7.13 7.12 7.03 

6.87 (2H, d, ArH, J = 9.2 Hz) 6.19 6.58 6.28 

6.79 (4H, s, ArH) 7.08 7.04 6.88 

 

2.6 Crystallographic Parameters 

2.6.1 Overview 

X-ray crystallographic work was carried out at either (a) Department of Chemistry, 

University of Bath by Dr. Mary Mahon with data collected using a Bruker SMART 

diffractometer, structures solved using SHELXS-97 and refined using full-matrix least 

squares in HELXL-97,
110

 or (b) Department of Chemistry, Loughborough University 

by Prof. Vickie McKee using a Bruker APEXII CCD diffractometer and solved by 

direct methods and refined on F
2
 using all the reflections.

110
 

2.6.2 Crystallographic data for 15 

Table 2.7: Crystal data and structure refinement for 15. 

Empirical formula C14H40Cu2N4O12 

Formula weight 583.58 

Temperature 150(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions a = 16.8610(3) Å; α = 90° 

       b =   9.2650(2) Å; β = 108.354(1)° 

       c = 16.8760(3) Å; γ = 90° 

Volume 2502.21(8) Å
3
 

Z 4 

Density (calculated) 1.549 Mg/m
3
 

Absorption coefficient 1.761 mm
−1

 

F(000) 1224 

Crystal size 0.13 x 0.13 x 0.10 mm 

Theta range for data collection 4.13 to 27.52
o
 

Index ranges −21<=h<=21; −12<=k<=12; −21<=l<=21 

Reflections collected 34719 
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Independent reflections 34728 [R(int) = 0.0000] 

Reflections observed (>2σ) 28188 

Data Completeness 0.988 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.21 and 0.18 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 34728 / 8 / 327 

Goodness-of-fit on F
2
 1.046 

Final R indices [I>2σ(I)] R1 = 0.0462  wR2 = 0.1035 

R indices (all data) R1 = 0.0643  wR2 = 0.1149 

Largest diff. peak and hole 0.463 and −0.485 eÅ
−3

 

Successful refinement was only achieved after accounting for a small amount of     

non-merohedral twinning about the (1,0,0) reciprocal axis. 

2.6.3 Crystallographic data for 21 

Table 2.8: Crystal data and structure refinement for 21. 

Empirical formula C15H41Cl4.50Cu2.50N6.50O 

Formula weight 646.92 

Temperature 150(2) K 

Wavelength 0.71073 Å 

Crystal system Orthorhombic 

Space group Pbcm 

Unit cell dimensions a = 11.4150(1) Å; α = 90° 

       b = 18.1840(2) Å; β = 90° 

       c = 25.8210(2) Å; γ = 90° 

Volume 5359.67(9) Å
3
 

Z 8 

Density (calculated) 1.603 Mg/m
3
 

Absorption coefficient 2.442 mm
−1

 

F(000) 2668 

Crystal size 0.50 x 0.40 x 0.40 mm 

Theta range for data collection 3.57 to 29.99° 

Index ranges −16<=h<=16; −25<=k<=25; −36<=l<=36 

Reflections collected 81648 

Independent reflections 7926 [R(int) = 0.0789] 

Reflections observed (>2σ) 5823 

Data Completeness 0.994 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.62 and 0.58 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 7926 / 2 / 288 

Goodness-of-fit on F
2
 1.025 

Final R indices [I>2σ(I)] R1 = 0.0312  wR2 = 0.0618 

R indices (all data) R1 = 0.0570  wR2 = 0.0692 

Largest diff. peak and hole 0.455 and −0.531 eÅ
−3
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2.6.4 Crystallographic data for 31 

Table 2.9: Crystal data and structure refinement for 31. 

 Empirical formula C65H79N3O7 

 Formula weight 1014.31 

 Temperature 150(2) K 

 Wavelength 0.71073 Å 

 Crystal system Monoclinic 

 Space group P21/c 

 Unit cell dimensions a = 12.6560(1)Å;  α = 90° 

       b = 35.8240(3)Å;  β = 95.486(1)° 

       c = 13.2220(1)Å;  γ = 90° 

 Volume 5967.25(8) Å
3
 

 Z 4 

 Density (calculated) 1.129 Mg/m
3
 

 Absorption coefficient 0.073 mm
−1

 

 F(000) 2184 

 Crystal size 0.35 x 0.20 x 0.10 mm 

 Theta range for data collection 3.53 to 27.44° 

 Index ranges −16<=h<=16; −46<=k<=46; −17<=l<=17 

 Reflections collected 82356 

 Independent reflections 13578 [R(int) = 0.0853] 

 Reflections observed (>2σ) 8449 

 Data Completeness 0.994 

 Absorption correction None 

 Refinement method Full-matrix least-squares on F
2
 

 Data / restraints / parameters 13578 / 0 / 692 

 Goodness-of-fit on F
2
 1.017 

 Final R indices [I>2σ(I)] R1 = 0.0554  wR2 = 0.1134 

 R indices (all data) R1 = 0.1104  wR2 = 0.1355 

 Largest diff. peak and hole 0.400 and −0.331 eÅ
−3

 

 

2.6.5 Crystallographic data for 32 (xylene inclusion complex) 

Table 2.10: Crystal data and structure refinement for 32 (xylene inclusion complex). 

 Empirical formula C84H94N4O8  

 Formula weight 1287.63  

 Temperature 150(2) K  

 Wavelength 0.71073 Å  

 Crystal system Triclinic  

 Space group P-1  

 Unit cell dimensions a = 10.8820(1) Å; α = 101.083(1)° 

       b = 15.1550(1) Å; β = 91.568(1)° 

       c = 22.8020(2) Å; γ = 91.306(1)° 
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 Volume 3687.41(5) Å
3
  

 Z 2  

 Density (calculated) 1.160 Mg/m
3
  

 Absorption coefficient 0.074 mm
−1

 

 F(000) 1380  

 Crystal size 0.60 x 0.50 x 0.50 mm  

 Theta range for data collection 3.51 to 27.65° 

 Index ranges −14<=h<=14; −19<=k<=19; −28<=l<=29  

 Reflections collected 56708  

 Independent reflections 16861 [R(int) = 0.0392]  

 Reflections observed (>2σ) 12748  

 Data Completeness 0.980  

 Absorption correction Semi-empirical from equivalents  

 Max. and min. transmission 0.97 and 0.91  

 Refinement method Full-matrix least-squares on F
2
  

 Data / restraints / parameters 16861 / 0 / 863  

 Goodness-of-fit on F
2
 1.026  

 Final R indices [I>2σ(I)] R1 = 0.0639   wR2 = 0.1668  

 R indices (all data) R1 = 0.0860   wR2 = 0.1864  

 Largest diff. peak and hole 1.093 and −0.562 eÅ
−3

  

 

2.6.6 Crystallographic data for 32 (DMF inclusion complex) 

Table 2.11: Crystal data and structure refinement for 32 (DMF inclusion complex). 

 Empirical formula C79H91N5O9  

 Formula weight 1254.57  

 Temperature 150(2) K  

 Wavelength 0.71073 Å  

 Crystal system Monoclinic  

 Space group P21/c  

 Unit cell dimensions a = 17.1160(2)Å;  α = 90° 

       b = 13.4260(1)Å;  β = 94.738(1)°  

       c = 30.6690(4)Å;  γ = 90° 

 Volume 7023.63(13) Å
3
  

 Z 4  

 Density (calculated) 1.186 Mg/m
3
  

 Absorption coefficient 0.077 mm
−1

  

 F(000) 2688  

 Crystal size 0.25 x 0.20 x 0.10 mm  

 Theta range for data collection 3.56 to 27.49° 

 Index ranges −22<=h<=22; −17<=k<=17; −39<=l<=39  

 Reflections collected 101843  

 Independent reflections 16068 [R(int) = 0.0878]  

 Reflections observed (>2σ) 8887  

 Data Completeness 0.996  
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 Absorption correction Semi-empirical from equivalents  

 Max. and min. transmission 1.00 and 0.96  

 Refinement method Full-matrix least-squares on F
2
  

 Data / restraints / parameters 16068 / 12 / 863  

 Goodness-of-fit on F
2
 1.013  

 Final R indices [I>2σ(I)] R1 = 0.0646  wR2 = 0.1336  

 R indices (all data) R1 = 0.1375  wR2 = 0.1630  

 Largest diff. peak and hole 0.343 and −0.376 eÅ
−3

  

 

2.6.7 Crystallographic data for 37 

Table 2.12: Crystal data and structure refinement for 37. 

 Empirical formula C152H174N16O18 

 Formula weight 2513.07 

 Temperature 150(2) K 

 Wavelength 0.71073 Å 

 Crystal system Triclinic 

 Space group P-1 

 Unit cell dimensions a = 17.8530(1)Å;  α = 100.136(1)° 

       b = 20.9960(2)Å;  β = 103.846(1)° 

       c = 21.7370(2)Å;  γ = 109.330(1)° 

 Volume 7169.76(10) Å
3
 

 Z 2 

 Density (calculated) 1.164 Mg/m
3
 

 Absorption coefficient 0.077 mm
−1

 

 F(000) 2684 

 Crystal size 0.30 x 0.30 x 0.25 mm 

 Theta range for data collection 3.86 to 27.48
o
 

 Index ranges −22<=h<=23; −27<=k<=27; −28<=l<=28 

 Reflections collected 136944 

 Independent reflections 32677 [R(int) = 0.0592] 

 Reflections observed (>2σ) 20477 

 Data Completeness 0.994 

 Absorption correction None 

 Refinement method Full-matrix least-squares on F
2
 

 Data / restraints / parameters 32677 / 3 / 1731 

 Goodness-of-fit on F
2
 1.016 

 Final R indices [I>2σ(I)] R1 = 0.0715  wR2 = 0.1760 

 R indices (all data) R1 = 0.1207  wR2 = 0.2085 

 Largest diff. peak and hole 1.031 and −0.476 eÅ
−3
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2.6.8 Crystallographic data for 46 

Table 2.13: Crystal data and structure refinement for 46. 

 Empirical formula C9H11N3O4 

 Formula weight 225.21 

 Temperature 150(2) K 

 Wavelength 0.71073 Å 

 Crystal system monoclinic 

 Space group C2/c 

 Unit cell dimensions a = 15.5904(13) Å;  α = 90° 

       b =  9.6611(8) Å;     β = 112.550(1)° 

       c = 13.7196(11) Å;  γ = 90° 

 Volume 1908.5(3) Å
3
 

 Z 8 

 Density (calculated) 1.568 Mg/m
3
 

 Absorption coefficient 0.125 mm
−1

 

 F(000) 944 

 Crystal size 0.31 x 0.23 x 0.10 mm 

 Crystal description yellow block 

 Theta range for data collection 2.54 to 30.56° 

 Index ranges −22<=h<=22; −13<=k<=13; −19<=l<=19 

 Reflections collected 11025 

 Independent reflections 2907 [R(int) = 0.0359] 

 Data Completeness 0.999 

 Absorption correction multi-scan 

 Refinement method full-matrix least-squares on F
2
 

 Data / restraints / parameters 2907 / 0 / 148 

 Goodness-of-fit on F
2
 1.030 

 Final R indices [I>2σ(I)] R1 = 0.0445  wR2 = 0.1204 

 R indices (all data) R1 = 0.0585  wR2 = 0.1307 

 Largest diff. peak and hole 0.387 and −0.456 eÅ
−3

 

 

2.6.9 Crystallographic data for 47 

Table 2.14: Crystal data and structure refinement for 47. 

Empirical formula  C9H12ClN3O4 

Formula weight  261.67 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a =  5.8346(5) Å;     α= 105.3490(10)° 

 b =  8.1575(8) Å;     β= 92.1640(10)° 

 c = 11.8171(11) Å;  γ = 91.2740(10)° 
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Volume 541.69(9) Å
3
 

Z 2 

Density (calculated) 1.604 Mg/m
3
 

Absorption coefficient 0.361 mm
−1

 

F(000) 272 

Crystal size .35 x .21 x .02 mm
3
 

Crystal description colourless lath 

Theta range for data collection 1.79 to 28.99° 

Index ranges −7<=h<=7, −11<=k<=11, −16<=l<=16 

Reflections collected 5798 

Independent reflections 2834 [R(int) = 0.0247] 

Completeness to theta = 28.99° 98.5 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8622 and 0.7575 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 2834 / 0 / 160 

Goodness-of-fit on F
2
 1.047 

Final R indices [I>2σ(I)] R1 = 0.0374 wR2 = 0.0915 

R indices (all data) R1 = 0.0504 wR2 = 0.0976 

Largest diff. peak and hole 0.428 and −0.270 eÅ
−3

 

 

2.6.10 Crystallographic data for 48 

Table 2.15: Crystal data and structure refinement for 48. 

Empirical formula  C18H24Cl2CuN6O17 

Formula weight  730.87 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 10.2850(5) Å;  α = 90° 

 b = 14.9501(7) Å;  β = 92.915(1)° 

 c = 18.1501(9) Å;  γ = 90° 

Volume 2787.2(2) Å
3
 

Z 4 

Density (calculated) 1.742 Mg/m
3
 

Absorption coefficient 1.066 mm
−1

 

F(000) 1492 

Crystal size 0.19 x 0.13 x 0.10 mm
3
 

Crystal description green block 

Theta range for data collection 2.25 to 28.32° 

Index ranges −13<=h<=13,−19<=k<=19,−24<=l<=24 

Reflections collected 14156 

Independent reflections 3472 [R(int) = 0.0268] 

Completeness to theta = 27.50° 100.0 %  
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Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9009 and 0.8231 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 3472 / 68 / 245 

Goodness-of-fit on F
2
 1.073 

Final R indices [I>2σ(I)] R1 = 0.0327 wR2 = 0.0914 

R indices (all data) R1 = 0.0384 wR2 = 0.0951 

Largest diff. peak and hole 0.421 and −0.434 eÅ
−3

 

 

2.6.11 Crystallographic data for 49 

Table 2.16: Crystal data and structure refinement for 49. 

Empirical formula  C9H11CuN3O5 

Formula weight  304.75 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 13.5511(6) Å; α= 90° 

 b = 10.4268(4) Å; β= 90° 

 c = 14.7843(6) Å; γ = 90° 

Volume 2088.94(15) Å
3
 

Z 8 

Density (calculated) 1.938 Mg/m
3
 

Absorption coefficient 2.111 mm
−1

 

F(000) 1240 

Crystal size 0.22 x 0.19 x 0.10 mm
3
 

Crystal description orange/brown plate  

Theta range for data collection 2.76 to 30.57° 

Index ranges −19<=h<=19, −14<=k<=14, −21<=l<=21 

Reflections collected 23011 

Independent reflections 3203 [R(int) = 0.0428] 

Completeness to theta = 30.57° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8167 and 0.6538 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 3203 / 3 / 169 

Goodness-of-fit on F
2
 1.034 

Final R indices [I>2σ(I)] R1 = 0.0332 wR2 = 0.0962 

R indices (all data) R1 = 0.0439 wR2 = 0.1027 

Largest diff. peak and hole 0.490 and −0.762 eÅ
−3
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2.6.12 Crystallographic data for 64 

Table 2.17: Crystal data and structure refinement for 64. 

Empirical formula  C69H84Cl2N6O18 

Formula weight  1356.32 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 25.8174(18) Å; α= 90° 

 b = 12.9239(9) Å;   β= 109.574(1)° 

 c = 23.2764(16) Å; γ = 90° 

Volume 7317.6(9) Å
3
 

Z 4 

Density (calculated) 1.231 Mg/m
3
 

Absorption coefficient 0.159 mm
−1

 

F(000) 2872 

Crystal size 0.47 x 0.25 x 0.18 mm
3
 

Crystal description colourless block 

Theta range for data collection 1.67 to 26.00° 

Index ranges −31<=h<=31, −15<=k<=15, −28<=l<=28 

Reflections collected 62134 

Independent reflections 14360 [R(int) = 0.0452] 

Completeness to theta = 26.00° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9720 and 0.9291 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 14360 / 30 / 955 

Goodness-of-fit on F
2
 1.026 

Final R indices [I>2σ(I)] R1 = 0.0726 wR2 = 0.2109 

R indices (all data) R1 = 0.1085 wR2 = 0.2426 

Largest diff. peak and hole 0.824 and −0.673 eÅ
−3
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3.1 Introduction 

This thesis presents the results of an investigation into the development of novel metal 

ion binders using the tert-butyl-calix[4]arene as a macrocyclic scaffold with scope for 

providing indicative properties to show that complexation of metal ions takes place. 

Using standard Schiff-base and amide formation techniques, novel ligands were 

prepared. A summary of the work completed and presented in this thesis is displayed 

in Scheme 3.1 and Scheme 3.2. 

 

Scheme 3.1: Overview of work carried out in this thesis using Schiff-base containing 

molecules. 

Initial work focused on the preparation of a novel class of Schiff-base ligands based on 

the m-hydroxybenzaldehyde moiety. Using various diamines, compartmental ligands 
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were prepared and used in the preparation of their corresponding copper(II), nickel(II) 

and zinc(II) coordination complexes. 

In extending this theme, another benzaldehyde (salicylaldehyde) was used in the 

preparation of a novel macromolecular Schiff-base family of compounds. The majority 

of these contained the azine functional group, thus providing donor atoms for metal ion 

complexation. This family of calix[4]arene azines and their benzazine analogues were 

both screened for any potential fluorescence characteristics. In addition to the free 

ligands, several zinc(II) complexes of the previously described ligands were also 

prepared and subsequently screened for any fluorescence activity. 

 

Scheme 3.2: Overview of work carried out in this thesis using benzamide containing 

molecules. 

As an aside to the above approach using Schiff-base ligands, a second synthetic 

scheme was laid out using amides as points of construction. Potential problems with 

facile hydrolysis of the ligand (which was the case with some of the Schiff-base 
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ligands) were eliminated. The new benzamide ligand contained a potential ambidentate 

binding site and this feature was exploited with several copper(II) nickel(II) and 

zinc(II) coordination complexes successfully prepared. 

The final approach involved the use of the novel amide ligand outlined above and its 

attachment to the calix[4]arene macrocycle to prepare novel calix[4]arene amide metal 

ion binders. The novel amide ligand was screened against a family of sodium(I), 

silver(I) and zinc(II) metal salts to determine if the new ligand could successfully 

interact with the metal ion. 

3.2 Synthesis and characterisation of m-hydroxysal ligands 

Initially it was decided to design model compounds with imine functional groups. 

Salicylaldehyde is a common building block for use in the synthesis of Schiff-base 

ligands. A quick search through the literature reveals an extensive range of compounds 

that are based on this simple molecule. This extended family of compounds have found 

use in transition metal catalysis and model systems, among others.
2,8

 However the use 

of its meta substituted analogue is far less prevalent in coordination chemistry. It was 

therefore decided to base the design of these metal ion binders on meta-

hydroxybenzaldehyde.  

Three aliphatic diamines, ethylene diamine (en) (1,2-diaminoethane),                       

1,3-diaminopropane (dap) and 3,3’-diamino-N-methyldipropylamine (dmda) were 

chosen for this study. It was postulated that the binding characteristics of the salen 

(formed from salicylaldehyde and an alkyl or aryl diamine) ligand could be compared 

to its lesser used analogue, the meta-hydroxy derivative. Standard Schiff-base 

preparations were used in the synthesis of ligands 1, 2 and 3, with two equivalents of 

the aldehyde reacting with one equivalent of the diamine in a condensation reaction, as 

shown in Scheme 3.3. In all cases the reaction progression/completion was monitored 

by 
1
H NMR spectroscopy. 

The 
1
H NMR spectrum of meta-hydroxybenzaldehyde reactant exhibited an aldehydic 

proton signal at 9.93 ppm. This aldehydic proton signal was not present in the 
1
H 

NMR spectrum of 1 shown in Figure 3.1. Instead, a singlet at 8.24 ppm representing 

the signal for the imine hydrogen was present and this was considered indicative of 
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ligand formation. The IR spectrum of ligand 1 confirms this hypothesis with the 

replacement of the carbonyl stretch of the aldehyde functional group of the reactant at 

1668 cm
−1

 with an imine stretch at 1647 cm
−1

. 1 was isolated as a white solid, was a 

symmetrical molecule and its 
13

C NMR spectrum showed 8 resonance peaks which 

indicated that the molecule contained a plane of symmetry. 

 

Scheme 3.3: Synthesis of m-hydroxysal ligands 1, 2 and 3 using various diamines. 

It was hoped that by increasing the length of the aliphatic chain linking the two 

iminophenol moieties, enough flexibility would be introduced into the backbone of the 

ligand to enable donation into the metal from the nitrogen and oxygen donor atoms, 

without excessive strain on the ligand. It was for this reason that 1,3-diaminopropane 

was used in the preparation of 2. Similar analysis was carried out on the formation and 

characterisation of ligand 2, with an imine proton resonance at 8.33 ppm replacing the 

aforementioned aldehydic proton at 9.93 ppm in the 
1
H NMR spectrum. The IR 

spectrum showed the characteristic C=N imine stretch at 1650 cm
−1

. The 
13

C NMR 

spectrum showed 9 resonance peaks which demonstrated that a plane of symmetry 

existed within the molecule. Spectral analysis of the white precipitate was corroborated 

by microanalysis which revealed that the white solid consisted of four molecules of 

ligand to one molecule of water. 
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Figure 3.1: 
1
H NMR spectrum of 1 run in d6-DMSO showing imine resonance at 8.24 ppm 

with a residual acetone peak at approx. 2ppm. 

Ligand 3 proved to be slightly more problematic to synthesise than either 1 or 2 as it 

was formed as a yellow viscous oil, which proved difficult to both handle and purify. It 

was synthesised, like 1 and 2, in a protic solvent, but where these ligands afforded 

white solids, no precipitate was forthcoming with 3. The solvent and volatiles were 

removed under reduced pressure and the flask dried to a constant weight. As before, 

the appearance of the imine proton at 8.21 ppm in the 
1
H NMR spectrum confirmed 

the formation of the ligand with the IR spectrum confirming its synthesis with the 

imine C=N stretch at 1645 cm
−1

. Microanalysis confirmed the constitution of the oil 

with half a molecule of solvent (methanol) present per molecule of product. 

3.3 Reactions of ligands 1, 2 and 3 

3.3.1 Overview 

Metal complexation reactions were carried out between ligands 1, 2 and 3 and the 

metal acetate, chloride and perchlorate derivatives of the copper(II), nickel(II) and 

zinc(II) ions. These reactions were carried out in solvents such as methanol, ethanol, 

acetonitrile or pyridine. Each of these reactions gave one of the following possible 

results: (a) hydrolysis of the ligand and no metal ion complexation with the subsequent 

diamine, (b) ligand hydrolysis and complexation of the metal ion to the cleaved 

diamine, or (c) metal complex formation with the Schiff-base ligands. The reactions 

are summarised in Table 3.1. In the cases of the nickel and copper complexation 

reactions, vibrant colour changes were observed, changing from the initial light yellow 
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or colourless solution of the starting ligand to a deep blue or blue/green colour. An 

immediate change in the colour of the solution resulted in all these cases. In the case of 

the zinc reactions no colour change was observed but upon complexation a light 

yellow or colourless solid precipitated from the reaction solution.  

Table 3.1 Summary of metal complexation reactions of ligands 1, 2 and 3. 

Entry No. Ligand Metal salt Solvent Result 

4 1 CuCl2·2H2O MeOH Metal-amine complex 

5 1 Cu(ClO4)2·6H2O EtOH Metal-amine complex 

6 1 Cu(O2CCH3)2·H2O EtOH Ligand hydrolysis 

7 1 NiCl2·6H2O MeOH Ligand hydrolysis 

8 1 Ni(ClO4)2·6H2O MeOH Ligand hydrolysis 

9 1 Ni(O2CCH3)2·4H2O EtOH Metal-amine complex 

10 1 ZnCl2 MeOH Metal complex formation 

11 1 Zn(O2CCH3)2·2H2O MeOH Ligand hydrolysis 

12 1 Cu(O2CCH3)2·py Pyridine Ligand hydrolysis 

13 2 CuCl2·2H2O MeOH Metal-amine complex 

14 2 Cu(ClO4)2·6H2O MeOH Ligand hydrolysis 

15 2 Cu(O2CCH3)2·H2O MeOH Metal-amine complex 

16 2 NiCl2·6H2O MeOH Ligand hydrolysis 

17 2 Ni(ClO4)2·6H2O EtOH Metal-amine complex 

18 2 Ni(O2CCH3)2·4H2O EtOH Metal-amine complex 

19 2 ZnCl2 MeOH Complex decomposed 

20 2 Zn(O2CCH3)2·2H2O MeOH Ligand hydrolysis 

21 3 CuCl2·2H2O MeOH Metal-amine complex 

22 3 Cu(ClO4)2·6H2O MeOH Ligand hydrolysis 

23 3 Cu(O2CCH3)2·H2O MeOH Ligand hydrolysis 

24 3 NiCl2·6H2O MeOH Ligand hydrolysis 

25 3 Ni(ClO4)2·6H2O EtOH Ligand hydrolysis 

26 3 Ni(O2CCH3)2·4H2O EtOH Ligand hydrolysis 

27 3 ZnCl2 MeOH Complex decomposed 

28 3 Zn(O2CCH3)2·2H2O MeOH Ligand hydrolysis 

 

3.3.2 Ligand hydrolysis and cleavage 

Hydrolysis of the Schiff-base ligands proved highly problematic with cleavage of the 

imine bond occurring under mild conditions. Although anhydrous solvents were used 

throughout, the commercially obtained metal salts, as their hydrated forms, supplied 
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enough water into the system for hydrolysis of the imine bond to occur. The problem 

was exacerbated by the presence of the metal cations which have Lewis acid properties 

and can accelerate this bond cleavage. The mechanism for imine formation (acid 

catalyst and dehydration) and its reversible reaction (aqueous acid) are shown in 

Scheme 3.4. 

In the cases where no metal complexation took place, hydrolysis of the ligand was 

determined by extraction of the reaction solution with dichloromethane and subsequent 

evaporation of the extractant to yield a yellow solid or oil which corresponded to the 

starting material, m-hydroxybenzaldehyde. This was identified by the aldehydic proton 

at 9.93 ppm in the 
1
H NMR spectrum.  

 

Scheme 3.4 Mechanism of imine formation. 

Although imine hydrolysis occurred in the majority of cases for the copper(II) and 

nickel(II) complexation reactions, the free diamine did not always complex to the 

metal ion. This was the case for compounds 6-8, 12, 14, 16, 20 and from 22-26. 

3.3.3 Copper(II) and nickel(II) amine complexes 

Highly coloured solutions were observed in all cases involving the copper(II) and 

nickel(II) salts, with several reactions furnishing blue or purple crystalline solids upon 

reduction of the reaction solution after several days. In all cases described in this 

Section, unless otherwise stated, complexation of the metal ion occurred as a result of 
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hydrolysis of the imine bond in the Schiff-bases which made the diamine available for 

reaction. 

Reaction of 1 with copper(II) chloride dihydrate in methanol yielded a light blue solid, 

which was analysed using IR spectroscopy and found to be the copper(II) chloride 

complex of ethylene diamine (en): [Cu(en)]Cl2: 4. The spectrum compared well with 

data previously reported in the literature.
98

 A similar case occurred with the 

complexation of 1 and copper(II) perchlorate hexahydrate in ethanol. The liberated 

diamine formed a complex with the copper(II) salt to give [Cu(en)](ClO4)2: 5, as a 

purple solid. IR spectral data matched those previously published.
98

 No complexation 

was observed when copper(II)acetate monohydrate and 1 were stirred together in 

ethanol. 

The complexation reactions of the nickel(II) salts with ligand 1 were to prove equally 

fruitless. No complexation occurred when nickel(II) chloride and nickel(II) perchlorate 

were added to 1 in reactions 7 and 8 respectively. A reaction did occur when nickel(II) 

acetate was added to 1 giving a light green solid which analysed as the nickel amine 

complex [Ni(en)](O2CCH3)2: 9. An IR spectrum of the complex obtained was in good 

agreement with previously published values.
99

 

Complexation reactions of 2 were carried out with the same metal salts used in the 

complexation reactions with 1. The copper(II) complexation reactions were carried out 

in methanol but the issue of ligand hydrolysis and cleavage did not improve, affording 

the free diamine 1,3-diaminopropane (dap) the opportunity to bind to the metal ions. In 

the case of the reactions of 2 with copper(II) chloride dihydrate and copper(II) acetate 

monohydrate, metal amine complexes 13 and 15 were formed respectively, being 

isolated as a dark green solid for the former and as a blue/purple crystalline solid for 

the latter. Blue crystals of 15, grown from acetonitrile proved to be suitable for X-ray 

crystal structure determination, and their structure will be discussed later in Section 

3.3.5. The magnetic susceptibility of 15 was determined and found to be 1.88 B.M. and 

is in good agreement with the spin only formula calculation for a copper(II) ion of 1.73 

B.M. Zeleňák and co-workers have previously prepared [Cu(dap)]Cl2, 13, and the 

prepared solid matched the IR data published.
100

 No reaction was observed in the 

attempted preparation of the coordination complex of 2 with copper(II) perchlorate 

hexahydrate in methanol. 
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The reactions of the nickel(II) salts with 2 produced a similar story, with hydrolysis of 

the ligand and subsequent complexation of the freed amine occurring in cases of 

nickel(II) perchlorate and nickel(II) acetate, and no reaction was observed when 2 was 

mixed with a methanolic solution of nickel(II) chloride hexahydrate. The nickel(II) 

amine complexes formed were identified as 17 and 18 by IR spectral data. The IR data 

compares favourably with those previously published: complex 17 was previously 

prepared by Magee et al.
101

 while 18 has been reported by Mitra et al.
99

 

After the disappointing results of the complexation reactions of 2 with the various 

copper(II) and nickel(II) salts, save for the crystal structure obtained of 15, the 

approach was taken to prepare a 3-hydroxy Schiff-base analogue of 1 and 2 with three 

nitrogen donors instead of the previous attempt of using only two, thereby providing a 

potential tridentate bridge between the phenol rings. From this new plan, ligand 3 was 

prepared and attempts made to prepare its copper(II) and nickel(II) derivatives, as 

previously described for ligands 1 and 2. Unfortunately, it seems that the extra 

nitrogen present only decreased the binding ability of the ligand as in the majority of 

cases the starting materials were recovered. In the rare case where reaction with a 

metal salt actually took place, hydrolysis of the imine bond occurred to give              

m-hydroxybenzaldehyde and 3,3’-diamino-N-methyldipropylamine, (dmda) mirroring 

the previous problems of ligand stability observed with 1 and 2. 

The only redeeming factor of the copper(II) and nickel(II) reactions carried out with 3 

was the complex prepared from the reaction of 3 with copper(II) chloride dihydrate. 

The complexation was done in methanol and when no precipitate was forthcoming the 

solvent was allowed to evaporate, after which acetonitrile was added to the residue 

resulting in an immediate precipitation of a brown solid that analysed as                     

m-hydroxybenzaldehyde. The filtrate (a blue green solution) was allowed to reduce 

over several days. This resulted in the formation of dark blue/green crystals which 

were suitable for X-ray crystallographic analysis. The X-ray structure of 21, a    

copper-amine complex, will be discussed in due course. IR and microanalytical data 

corroborated the X-ray structural results. A peak at 2256 cm
−1

 was identified as the CN 

nitrile stretch of the acetonitrile trapped in the matrix. The magnetic susceptibility of 

the solid was determined to be 1.67 B.M. and was in good agreement with the 

calculated theoretical value of 1.73 B.M.  
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The failure of the copper and nickel complexation reactions led to a different approach. 

Since all the metal salts used thus far had been hydrated derivatives, and water was 

required for hydrolysis of the ligands, it was decided to prepare a metal salt that did not 

have any water molecules present. To this end the pyridine derivative of copper(II) 

acetate monohydrate was prepared. Testing the hypothesis, this pyridine copper 

derivative was stirred with 1 in anhydrous pyridine. No identifiable product was 

forthcoming on reduction of the solvent over several days.  

3.3.4 Zinc(II) reactions of 1, 2 and 3 

The results previously mentioned in Section 3.3.3 led to the use of various zinc salts 

which could be obtained commercially in an anhydrous state. The reactions of ligands 

1, 2 and 3 with either zinc(II) chloride or zinc(II) acetate dihydrate generally resulted 

in the formation of a complex with the appropriate ligand. In only one case did the zinc 

ion fail to bind. This occurred with zinc(II) acetate in the presence of 3, however most 

of the complexes were unstable in either air or water and resulted in decomposition of 

the complex. This would suggest that the water in the reaction flask coordinating to the 

metal complex is responsible for the break-up of the ligands rather than the water 

present in the solvent. The one exception to this observation was the reaction of 1 with 

zinc(II) chloride which formed a complex which was sufficiently air and water stable 

for analysis to be carried out. The complex formed had a metal-to-ligand ratio of 1:1. 

The 
1
H NMR spectrum of 10 showed that the phenolic proton was still present in the 

complex but had altered from a broad signal at 9.03 ppm in the 
1
H NMR spectrum of 1 

to a sharp singlet at 9.55 ppm. This would suggest that the zinc was binding to the 

ligand through the phenolic OH rather than through the imine nitrogen. The 
1
H NMR 

spectrum of the product also ruled out that the precipitate formed was not a mixture of 

the starting materials. The IR spectrum of 10 supported this binding mode as the imine 

C=N stretch at 1641 cm
−1

 had not shifted significantly from its original value of 1647 

cm
−1

 in the IR spectrum of 1. The product 10, a 1:1 complex has two plausible 

structures, as shown in Figure 3.2. 

It could exist as a dimer, with two ligands face to face and two zinc(II) chloride 

molecules bridging the ligands through the phenolic OHs. The other possible structure 

is a polymeric orientation, where the ligands are linked together by coordinating to 
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zinc(II) chloride via the phenolic oxygen. This creates a ‘chain-like’ polymeric 

structure and due to the poor solubility of 10 was therefore proposed as the most likely 

structure. 

 

Figure 3.2: Possible structures for 10. 

3.3.5 X-Ray crystal structure of 15 

Ligand 2 was reacted with copper(II) acetate monohydrate in methanol which resulted 

in the hydrolysis of the imine bond to give 1,3-diaminopropane (dap) and                   

m-hydroxybenzaldehyde. The result of this hydrolysis was that the free diamine 

complexed with the copper(II) salt to give 15, a blue green solid. Crystals suitable for 

X-ray crystallographic analysis were grown by slow evaporation of an acetonitrile 

solution of the product. The X-ray structure revealed that the product consisted of two 

metal complexes, one of which was a monomer and the other a dimeric species, along 

with two molecules of water trapped in the lattice. There is extensive hydrogen 

bonding in the lattice. 

The monomeric unit, as shown in Figure 3.3, contains a five-coordinate copper(II) 

centre: Cu(2), with the diamine binding in a bidentate fashion, one water molecule and 

two monodentate acetate counterions occupying the five sites. The geometry of      

five-coordinate compounds can be described by the Addison parameter τ, which is an 

index of distortion from the square pyramidal to trigonal bypyramidal geometry. The 

value τ can be calculated from the following: τ = (β − α)/60, where β and α are the two 

largest coordination angles, τ = 0 for square pyramidal and τ = 1 for trigonal 
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bipyramidal.
111

 The copper(II) centre occupies a slightly distorted square pyramidal 

orientation denoted by a value of τ = 0.05. 

 

Figure 3.3: X-ray crystal structure of 15. 

The synthesis of the complex [Cu(dap)](O2CCH3)2 has been reported previously by 

Zeleňák et al.
100

 but their four-coordinate copper(II) complex was highly sensitive to 

humidity and necessitated a desiccator for storage. Attempts by the group to grow 

crystals of the acetate complex from diffusion of carbon tetrachloride into a methanolic 

solution of the acetate complex resulted in the formation of [Cu(dap)]Cl2, with the 

chloride counterions being supplied by the carbon tetrachloride. 

The other copper(II) complex in the crystal lattice was a dimer. As depicted in Figure 

3.3, each copper occupies a slightly distorted square pyramidal geometry (denoted by  

τ = 0.16) by binding to the bidentate 1,3-diamino propane, one monodentate acetate 

and two bridging monodentate acetate groups. The acetate oxygen bridging the two 

copper(II) ions results in bond lengths for the Cu(1)-O(3) and O(3)-Cu(1)’ moieties of 

2.0153(9) and 2.2873(9) Å respectively. Acetate-bridged copper(II) dimer units are 

well known and the bond lengths mentioned above are within the range reported  

(1.96-2.37 Å) for this acetate-copper(II) binding mode.
112

 Elemental analysis of a 

sample dried in the oven revealed the loss of three molecules of water: the two lattice 

water molecules along with the copper-bound water. 
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3.3.6 X-ray crystal structure of 21 

Ligand 3 was reacted with copper(II) chloride dihydrate in methanol. This formed a 

blue solution which was allowed to reduce over several days. The solution was 

replenished with acetonitrile and allowed to stand. Small blue/green crystals appeared 

in the reaction vessel within two hours, formed as a result of the hydrolysis of the 

ligand to give m-hydroxybenzaldehyde and dmda. The blue crystals were determined 

to be [[Cu(dmda)(μ-Cl)]Cl2]·[CuCl2]·2[Cu(dmda)]Cl2·2H2O·CH3CN, 21, with its 

formation resulting from hydrolysis of the ligand and binding of the free triamine to 

the copper(II) chloride. 

 

Figure 3.4: X-ray crystal structure of 21 showing the asymmetric unit. 

Figure 3.4 illustrates that the crystal lattice consists of two Cu(dmda)Cl2 molecules, 

one chloro-bridged [Cu(dmda)(μ-Cl)Cl2]
+
 cation, one unusual CuCl2 species, and three 

solvent molecules, two of which are water and one of which is acetonitrile. The water 

molecule was assigned by the clear identification of the water hydrogens in the case of 

O(1). In the case of O(2), only one hydrogen was identified, as seen in Figure 3.4, 

suggesting the presence of a hydroxide anion required to balance the cationic     

chloro-bridged species. The other option for an anionic counterion is the CuCl2 unit 

which could possess an anionic charge whilst leaving the second solvent species O(2) 

neutral. Efforts to determine the anionic species will be discussed at the end of this 

Section. 
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The monochloro-bridged structure containing Cu(1), shown in Figure 3.4, is an 

unusual arrangement as examples of the dichloro-bridged species are much more 

abundant in the literature.
113

 The mono-chloro bridged orientation is rare by 

comparison, with only a few being reported.
114

 The coordination geometry about the 

Cu(1) centre contains the tridentate 3,3’-diamino-N-methyldipropylamine (dmda), two 

chlorine atoms, one bridged, one unbridged, and lies between trigonal bipyramidal and 

square pyramidal, as denoted by the Attison parameter τ = 0.45. The Cu(1)-Cl(1) bond 

length is 2.482(4) Å and is comparable to monochloro-bridged Cu-Cl-Cu species 

previously reported.
114

 The Cu(1)-Cl(1) bond length is also significantly shorter than 

the typical Cu(II)-Cl bond length for dichloro-bridged species, which are generally in 

the region of 2.7-3.0 Å.
113

 The angle of the Cu(1)-Cl(1)-Cu(1)’ moiety is 111.11(2)
o
 

and is significantly narrower than bond angle range of 142-149
o
 described 

previously.
114

 This may be a result of the non-bridging chlorides participating in 

hydrogen bonding with the adjoining water O(1)H(1C)∙∙∙Cl(2) with the chlorine atoms 

functioning as molecular tweezers. 

The second complex is a Cu(dmda)Cl2 species with no bridging chlorines. The       

five-coordinate Cu(2) centre lies between a trigonal bipyramidal and square pyramidal 

geometry, as denoted by its Attison parameter, τ = 0.57. This complex has been 

prepared previously and characterised by X-ray crystallography.
115

 An important point 

to note is that, although very similar to 21, the method by McCasland et al.
115

 resulted 

in the copper(II) ion occupying a slightly distorted square pyramidal geometry            

(τ = 0.09) with a MeN-Cu-Cl angle of 158.23° whereas the coordination geometry in 

our case about the Cu(2) atom suggests that it lies approximately midway between 

square pyramidal and trigonal bipyramidal with a significantly narrower MeN(5)-

Cu(2)-Cl(3) angle of 135.79(4)°. This may be as a result of hydrogen bonding 

interactions between the water molecule O(1) and the terminal amine groups 

N(4)H(4C)∙∙∙O(1). These bonding interactions bring two of the copper complexes in 

close proximity to each other resulting in steric hindrance which may force the 

copper(II) centre out of the square pyramidal geometry into the hybrid geometry 

shown. 

In the preparation of the Cu(dmda)Cl2 species, McCasland et al.
115

 did not show any 

evidence of a chloro-bridged dimer. This would suggest that the                                  

m-hydroxybenzaldehyde from the hydrolysed ligand has some role in the formation of 
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the chloro-bridged complex. This theory is reinforced when attempts to prepare 21 

from 3,3’-diamino-N-methyldipropylamine and copper(II) chloride in methanol and 

acetonitrile resulted in the formation of a blue solution from which a blue crystalline 

solid precipitated and was identified to be the Cu(dmda)Cl2 species, with no evidence 

of the chloro-bridged species formed.  

Analysis of the crystal packing of 21, illustrated in Figure 3.4, shows that the water 

molecule O(1) has a dual role. Firstly, and as mentioned previously, the hydrogen 

atoms are involved in hydrogen bonding to a pair of chlorine atoms, Cl(2) and Cl(2)’, 

in the chloro-bridged cation. The lone pairs of the oxygen O(1) form a bridge between 

the two neutral Cu(2) copper complexes by way of hydrogen bonding to the amine 

hydrogen atoms (H(4C)). The second water molecule O(2), also participates in 

hydrogen bonding with the Cl(5) of the linear copper chloride species Cl(5)-Cu(3)-

Cl(6), whilst the lone pair of the oxygen atom O(2) is involved in an interaction with 

the nitrogen atom of the adjoining acetonitrile molecule. 

 

Figure 3.5: Partial packing diagram of 21 with black arrows showing location of Cu(3). 

The linear copper chloride entity (highlighted in Figure 3.5 with a black arrow) proved 

to be difficult to acertain whether it was neutral or possessed a negative charge. The 

two copper Cu(3)-Cl(5) and Cu(3)-Cl(6) bond lengths are at 2.111(12) and     

2.118(12) Å respectively and the Cl(5)-Cu(3)-Cl(6) bond angle of 178.84(4)° 

suggested an almost linear metal coordination geometry. There are quite a few 

examples of the [Cu(I)Cl2]
−
 in the literature,

116
 but only one X-ray structure of a     



Chapter 3. Results and Discussion 

 

108 

 

two-coordinate Cu(II)Cl2 species, determined by Chen and co-workers.
117

 In their case 

weak interactions between the copper(II) atom and the donor oxygen atoms of the 

formadine derivative (interatomic distance of 3.157 Å) suggest that, in this case, the 

copper occupies a highly distorted three-coordinate geometry. In regard to the Cu(3) in 

21, by examining the crystal packing in Figure 3.5 it was determined there are no 

interactions of note (>4 Å) between it and any other atom, aside from the 

aforementioned chlorine atoms. A space fill view of the packing diagram reveals that 

there is no available space around the Cu(3) centre for interaction with another atom 

and that it is quite isolated. Attempts to determine the magnetic susceptibility of the 

complex using the Evans method would almost certainly expand the coordination 

sphere of the Cu(3) centre. 

Microanalysis of an oven-dried sample of 21 revealed the loss of a molecule of 

acetonitrile in the drying process. 

3.4 Synthesis of the calix[4]arene azines 

3.4.1 Synthesis of calix[4]arene precursors 

The calix[4]arene (tetramer), 27, was synthesised using a well known procedure by 

Gutsche et al.
102

 by first preparing the precursor calix[8]arene, 26, (octamer) via a base 

catalysed condensation of paraformaldehyde and p-tert-butylphenol, outlined in 

Scheme 3.5. Analysis of the octamer by 
1
H NMR spectroscopy showed that the 

macrocycle is highly symmetrical, with a single uncoupled peak representing the    

tert-butyl groups at 1.28 ppm. The aromatic protons, by virtue of the positioning of the 

tert-butyl groups, are equivalent and so resonate as singlets at 7.17 ppm. The bridging 

methylene groups resonate as two doublets at 3.48 and 4.39 ppm due to their 

diastereotopic nature, the result one proton pointing into the macrocyclic cavity, thus 

giving rise to two different environments for the geminal protons. The signal for the 

phenolic protons resonates at 9.63 ppm, as a result of the close proximity to each other, 

its low field position explained by extensive hydrogen bonding. Conversion of the 

octamer, 26 to the calix[4]arene starting material, 27, shown in Scheme 3.5, was 

achieved by heating to reflux in diphenyl ether in the presence of a catalytic amount of 

base. The product was isolated as a white glistening solid. Symmetry was conserved in 
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the tetramer with the 
1
H NMR spectrum, shown in Figure 3.6, exhibiting singlets for 

the tert-butyl groups, the aromatic protons and the phenolic protons at 1.21, 7.04 and 

10.34 ppm respectively, with the phenolic proton resonance at a lower field position as 

a result of the OH groups’ closer proximity to each other because of the reduced size 

of the macrocycle. The methylene protons, as in the case of the octamer, retain their 

diastereotopic nature, resonating as two doublets at 3.50 and 4.26 ppm. 

 

Scheme 3.5: Synthesis of calix[8]arene, 26, and calix[4]arene, 27 showing conditions used. 

 

Figure 3.6: 
1
H NMR spectrum of calix[4]arene 27 run in CDCl3 with x-axis in ppm. Peak at 

5.3 ppm is residual DCM from crystallisation. 
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Functionalisation of the tetramer at the phenolic oxygens was readily achieved using 

potassium carbonate as a base and the appropriate electrophile. In the synthesis of the 

bromoethoxy functionalised derivative, 28, outlined in Scheme 3.6, 27 was heated to 

reflux in acetonitrile with the aforementioned base and a tenfold excess of                

1,2-dibromoethane, for two days under nitrogen. This furnished the 1,3-distal 

substituted calixarene with its synthesis confirmed by analysis of its 
1
H NMR 

spectrum. 

 

Scheme 3.6: Synthesis of calix[4]arene derivatives 28 and 29 from 27 using conditions:                     

(a) 1,2-dibromoethane, K2CO3, CH3CN, N2, Δ; (b) salicylaldehyde, K2CO3, CH3CN, N2, Δ. 

A plane of symmetry is conserved in the molecule with two singlets representing the 

tert-butyl groups at 0.95 and 1.29 ppm, one representing the unsubstituted phenol and 

the other representing the tert-butyl group attached to the phenolic ether moiety. The 

same applies for the aromatic protons, with singlets representing them at 6.78 and 7.06 

ppm. A point of note is the large upfield shift of the phenolic hydrogen to 6.92 ppm. 

This is as a result of the substitution at two of the phenol groups and results in a 

significant reduction in the degree of hydrogen bonding in which the remaining 

phenolic protons can participate. From the data analysed in this project, all distal 

disubstituted calix[4]arene derivatives exhibited this characteristic. The ethyl fragment 

of the molecule is represented by the presence of two triplets at 3.84 and 4.31 ppm in 

the 
1
H NMR spectrum with each of the signals situated downfield, due to their 

proximity to electronegative atoms, in this case O and Br. The bridging methylene 

protons of 28 appear as a set of doublets due to their diastereotopic nature which was 

explained previously. They resonate at 3.33 and 4.30 ppm and have a coupling 

constant of J = 13.0 Hz, a value within the range expected for coupled geminal 

protons.
87

 The diastereotopic nature of these methylene protons is exhibited in all of 
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the functionalised calix[4]arene derivatives described in this thesis, with their chemical 

shift and coupling constant values broadly similar to those previously mentioned. 

Conversion of 28 to the o-benzaldehyde derivative 29 was achieved by heating to 

reflux a mixture of 28, potassium carbonate and salicylaldehyde in acetonitrile for 24 

hours, shown in Scheme 3.6. After work up, the dialdehyde calix[4]arene was isolated 

as a white solid. Analysis of its 
1
H NMR spectrum (shown in Figure 3.7) confirmed its 

formation, as its spectral data had previously been published.
58

 The addition of the new 

aromatic ring resulted in three new peaks in the 
1
H NMR spectrum, with resonances at 

7.00, 7.50 and 7.83 ppm and collectively integrating for eight hydrogens. A 

characteristic signal of 29 is the aldehydic proton signal which resonates at 10.50 ppm. 

The presence of an aldehydic carbonyl is also observed in the 
13

C NMR spectrum of 

29, resonating at 190.2 ppm and also in the IR spectrum, where the aldehydic CO 

stretch is observed as a strong absorption band at 1682 cm
−1

. 

 

Figure 3.7: 
1
H NMR spectrum of 29 in CDCl3 showing characteristic aldehydic proton signal 

at 10.50 ppm along with additional aromatic proton resonances. 
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3.4.2 Syntheses and characterisation of calix[4]arene hydrazones and azines 

The calix[4]arene aldehyde derivative 29 was used as the main building block in the 

preparation of the calix[4]arene azine derivatives. The synthesis of these derivatives is 

shown in Scheme 3.7, along with conditions required. 

 

Scheme 3.7: Synthesis of calix[4]arenes 30-32, 34, 36 and 37 and conditions used.  

The first imine formation reaction carried out was the dropwise addition of 29 to an 

excess of hydrazine hydrate in acetonitrile. This produced a light yellow solution 
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which was concentrated under reduced pressure. Ethanol was added to the concentrate 

to precipitate a white solid, a dihydrazone functionalised calix[4]arene 30. 

Confirmation that the hydrazone was formed was by spectroscopic and analytical 

techniques. Microanalysis confirmed the constitution of the sample. The 
1
H NMR 

spectrum of 30, when compared to 29 reveals that the signal for the aldehydic proton is 

not present. It is replaced by a singlet resonating at 8.21 ppm which represents the 

signal for the imine proton. The appearance of a broad singlet at 4.95 ppm representing 

the terminal NH2 protons of the hydrazone confirms that calix[4]arene 30 was formed. 

Confirmation that the aldehyde had reacted is provided in the 
13

C NMR spectrum 

where an aldehydic carbonyl resonance, previously observed at 190.2 ppm, is not 

present. 

 

Figure 3.8: Two proposed structures for 31. 

An interesting point of note was the change in the 
1
H NMR spectrum of 30 when it 

was heated to reflux in ethanol. The white solid dissolved and after an hour of heating 

a yellow precipitate formed. Analysis of this light yellow solid, 31, revealed that the 

imine proton resonance, present in the starting molecule at 8.21 ppm, shifted 

downfield to 9.02 ppm and the signal for the terminal amine protons was not present. 
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The molecule still exhibited a plane of symmetry as indicated by the the number of 

peaks in the 
1
H NMR and 

13
C NMR spectrum. Condensing the information, two 

possible structures were proposed, as shown in Figure 3.8. In the end, the structure of 

31 was confirmed by X-ray crystallography to be the intramolecular cyclisation 

product, the results of which will be discussed in Section 3.4.3. 

Another amine derivative that was reacted with 29 was the commercially available 

salicylaldehyde hydrazone. An ethanolic solution of the hydrazone was stirred with the 

calix[4]arene aldehyde 29 with a catalytic amount of acetic acid. From the yellow 

solution a light yellow solid precipitated, which analysed as the calix[4]arene azine 

derivative, 32, shown in Figure 3.9. Microanalysis confirmed the solid to be the   

hemi-hydrated species. The aldehyde signal, present in the 
1
H NMR spectrum of 29 at 

10.50 ppm, was no longer present. The 
1
H NMR spectrum of 32, shown in Figure 3.10, 

contains peaks representing the additional aromatic protons and also two singlet 

resonances for the two imine hydrogens at 8.64 and 9.12 ppm. The additional phenolic 

proton on the terminal aromatic ring is visible as a sharp singlet at 11.71 ppm. The low 

field chemical shift of this signal results from intramolecular hydrogen bonding with 

the annular imine nitrogen. Characterisation of the ligand was extended to the use of 

X-ray crystallography, the results of which will be discussed in due course. 

 

 

Figure 3.9: Structures of calix[4]arene azine derivatives 32 and 34. 

The range of calix[4]arene azine compounds prepared was extended through the 

preparation of various non-commercially available hydrazones. One of these 

hydrazones was o-vanillin hydrazone, 33. This compound was prepared using a 

variation of a method in the literature to yield a yellow oil which crystallised upon 



Chapter 3. Results and Discussion 

 

115 

 

standing to give a yellow solid.
104

 Formation of the hydrazone moiety was confirmed 

by 
1
H NMR spectroscopy. A singlet at 7.86 ppm represented the imine proton, and a 

broad peak at 5.46 ppm, integrating for two hydrogens and exchanging after a D2O 

shake revealed the presence of the hydrazone NH2 protons.  

 

Figure 3.10: 
1
H NMR spectrum of 32 in CDCl3 showing terminal phenolic proton signal at 

11.71 ppm. Note that the aldehydic proton signal at 10.50 is no longer present and has been 

replaced by two singlets representing the imine protons at 8.64 and 9.12 ppm. 

Hydrazone 33 was then reacted in excess with the calix[4]arene aldehyde scaffold 29 

under reflux conditions in ethanol for one hour. On cooling a yellow precipitate 

formed which was isolated to give the o-vanillin azine calix[4]arene derivative, 34, 

(whose structure is shown in Figure 3.9) which analysed as the dihydrate. As 

previously mentioned for derivatives 30-32, formation of the hydrazone was monitored 

by the aldehydic peak’s replacement with additional imine proton resonances. For 34, 

these imine protons resonated at 8.71 and 9.03 ppm. The presence of the methyl proton 

signal of the aryl-methoxy ether which integrates for six hydrogens and resonates at 

3.94 ppm, is a distinguishing feature when compared to previously mentioned 

calix[4]arene azine derivatives. The o-vanillin phenolic proton’s signal was also 

visible, in a similar case to 32, it being hydrogen bound to the imine nitrogen and 

consequently occupying a low field position at 11.57 ppm. 

Previous calix[4]arene azine derivatives mentioned relied on the use of oxygen donors 

on the terminal azine aromatic ring to provide ligating properties for metal binding. It 

was also decided to employ the use of nitrogen donors on the aforementioned annulus 

to provide these binding characteristics. One approach was through the synthesis of 

pyridyl-azine calix[4]arenes. These were prepared by first synthesising the 2-pyridine 
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hydrazone precursor 35, using a modified literature preparation.
105

 2-Pyridine 

carboxaldehyde was reacted with hydrazine hydrate in ethanol and subsequent removal 

of the volatiles yielded a yellow/brown oil. Characteristic peaks in the 
1
H NMR 

spectrum, such as the protons of the newly formed imine and the hydrazone NH2 were 

identified, resonating at 7.83 and 5.83 ppm respectively and revealed the oil to be of 

sufficient purity to be used in the synthesis of the 2-pyridine azine calix[4]arene 

derivative, 36 as seen in Figure 3.11. 

 

Figure 3.11: Structures of calix[4]arene azine derivatives 36 and 37. 

Using the prepared hydrazone 35, 2-pyridine azine calix[4]arene derivative 36 was 

synthesised by stirring the aldehyde 29 in an acetonitrile solution of an excess amount 

of 35. This generated a yellow precipitate which analysed as the 2-pyridine 

calix[4]arene azine 36. Spectroscopic analysis followed a broadly similar approach 

mentioned previously, with the appearance of imine proton resonances at 8.66 and 9.24 

ppm considered indicative of ligand formation. The 
1
H NMR spectrum also exhibited a 

series of aromatic doublets and triplets, making identification of the presence of the 

pyridyl groups a rudimentary task. 

A final calix[4]arene Schiff-base was prepared using diaminomaleonitrile. Using the 

same calix[4]arene aldehyde precursor as before, 29, a yellow precipitate was formed 

from its reaction with diaminomaleonitrile and a catalytic amount of acid in ethanol. 

Analysis of the oven dried product was carried out and was found to contain 1.5 

equivalents of acetic acid. This compound, 37, shown in Figure 3.11, was unique in 

that it was the only derivative insoluble in CDCl3 and so a 
1
H NMR spectrum was 

obtained by running the sample in d6-DMSO. The characteristic peak in the formation 

of 37 was the new imine proton peak at 8.76 ppm. The signal of the terminal amine 
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protons was also visible, resonating at 7.74 ppm. Its low field position resulted from a 

combination of the close proximity of the amine protons to the electron withdrawing 

nitrile groups and also from being situated on the periphery of the double bond’s 

induced magnetic field. The IR spectrum also confirmed the presence of the nitrile 

groups, with two bands present at 2232 and 2205 cm
−1

. The structure of 37 was 

ultimately defined by X-ray crystallographic analysis, the crystals for which were 

grown by the method of slow evaporation from a solution of ethyl acetate. The data 

obtained will be discussed in Section 3.4.6. 

3.4.3 X-ray crystal structure of 31 

Crystals of calix[4]arene azine 31 were grown by the method of slow evaporation from 

a dimethylformamide (DMF) solution. This yielded a crop of yellow block crystals 

which were subjected to X-ray crystallographic analysis. The structure determined is 

shown in Figure 3.12. The calix[4]arene is in a cone conformation, corroborating the 

NMR data previously obtained. The cone is stabilised by two intramolecular hydrogen 

bonds between the hydroxyl groups and the substituted oxygens: O(3)H(3)∙∙∙O(1) and 

O(6)H(6)∙∙∙O(4) exhibiting values of 2.673 and 2.740 Å respectively. These values are 

within the range of previously published hydrogen bonding interactions for the lower 

rim hydroxyl groups on a calix[4]arene.
118

 

The calix[4]arene formed an inclusion complex with the DMF, with one molecule 

(highlighted in orange) of the solvent trapped in the macrocyclic cavity. DMF trapped 

in a calix[4]arene cavity has been reported previously for several different derivatives 

of the macrocycle.
119,120

 In this case the DMF was situated within the cavity in such a 

manner that one of the methyl groups attached to the nitrogen pointed directly into the 

cavity whereas the carbonyl group was pointing away from the cavity as observed by 

Takemura et al.
120

 A CH∙∙∙π interaction was observed between the NMe carbon C(65) 

of the DMF and its hydrogens and the aromatic ring of the calix[4]arene cavity wall. 

The contacts between C(65) and the benzene ring C(1)-C(2)-C(3)-C(4)-C(5)-C(6) 

(plane 1) are 3.84 and 3.92 Å; the contacts between C(65) and the benzene ring C(34)-

C(35)-C(36)-C(37)-C(38)-C(39) (plane 2) are 3.92 and 4.10 Å. The methyl protons 

H(65C) and H(65A) have distances of approximately 2.88 and 2.86 Å to planes 1 and 

2 respectively. 
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Figure 3.12: X-ray structure of 31 showing an inclusion molecule of DMF (coloured in 

orange) in the calix[4]arene cavity. 

3.4.4 X-ray structure of 32 (xylene inclusion complex) 

Compound 32, a yellow solid, was recrystallised from xylenes by the method of slow 

evaporation to give yellow blocks. X-ray crystallographic analysis was performed on 

these crystals and the structure of 32 was determined, as shown in Figure 3.13. The 

calix[4]arene is in the cone conformation with the two pendant arms folded back 

against the wall of the macrocycle. The cone is stabilised by two intramolecular 

hydrogen bonds between the two hydroxyl groups on the calix[4]arene scaffold and the 

ether oxygens: O(1)H(1)∙∙∙O(3) and O(2)H(2)∙∙∙O(5) showing values of 2.809 and 

2.796 Å respectively. There are additional hydrogen bond interactions between the 

terminal hydroxyl proton of the azine arm and the imine nitrogen. The interactions, 

O(7)H(7)∙∙∙N(1) and O(8)H(8)∙∙∙N(3), of distance 2.641 and 2.642 Å respectively, form 

a pseudo six-member ring which is exhibited in most o-hydroxy substituted        

Schiff-base derivatives.
121
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Figure 3.13: X-ray crystal structure of 32 (crystallised from xylenes) showing an inclusion 

molecule of m-xylene (disordered) in orange situated between the benzene rings of the pendant 

arms. 

The molecule formed an inclusion complex with a molecule of m-xylene situated 

between the two aromatic rings of the azine moieties. The average distance between 

the centroid of the two calix[4]arene benzene rings and the centroid of the m-xylene is 

4.9 Å. This aromatic ‘sandwich’, clearly seen in Figure 3.14, could lead to the 

orientation of the planar azine arms to be folded back up against the wall of the 

macrocycle. This lower rim orientation where the arms are folded back has been 

previously observed, but in these previous cases the pendant arms were attached to the 

calix[4]arene via amide bonds.
122

 The amide proton was able to form a hydrogen 

bonding interaction with the phenolic oxygen atom on the calix[4]arene lower rim 

which held the arm in the described orientation. 

Curious about the origin of this folded conformation, and to test the hypothesis that the 

inclusion molecule of m-xylene was responsible for its folded back form, 32 was 

crystallised from a non-aromatic solvent: DMF. 
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Figure 3.14: Space-fill view of 32 (crystallised from xylenes) from the bottom showing the 

position of the inclusion molecule m-xylene (in orange) between the pendant arms. 

3.4.5 X-ray crystal structure of 32 (DMF inclusion complex) 

Crystals of calix[4]arene azine 32 were grown by the method of slow evaporation from 

a dimethylformamide (DMF) solution. This yielded a crop of yellow block crystals 

which were subjected to X-ray crystallographic analysis. The structure determined is 

shown in Figure 3.15. The calix[4]arene is in the cone conformation, its structure 

corroborating the NMR data discussed previously. The macrocyclic orientation is 

stabilised by two intramolecular hydrogen bonds at the lower rim between the 

substituted oxygens and the unsubstituted hydroxyl groups. These two interactions, 

O(2)H(2)∙∙∙O(1) and O(4)H(4)∙∙∙O(3), have distances of 2.706 and 2.747 Å 

respectively. 

Hydrogen bonding also exists at the terminal ring of the azine arms with an interaction 

detected between the hydroxyl group and the imine nitrogen, with O(7)H(7)∙∙∙N(2) and 

O(8A)H(8A)∙∙∙N(4) having respective values of 2.678 and 2.650 Å, which are similar 

to the values mentioned previously with the xylene inclusion derivative of 32. 

The calix[4]arene was crystallised from a DMF solution and formed an inclusion 

complex with the solvent. The DMF sat in the calix[4]arene macrocyclic cavity 

(highlighted in orange), in a manner that was identical to the inclusion complex it 

formed with 31, i.e. one of the methyl groups attached to the nitrogen pointed directly 

into the cavity whereas the carbonyl group was pointing away from the cavity. A 

CH∙∙∙π interaction was observed between the NMe carbon C(79) of the DMF and its 
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hydrogens and the aromatic ring of the calix[4]arene cavity wall. The contacts between 

C(79) and the benzene ring C(1)-C(2)-C(3)-C(4)-C(5)-C(6) (plane 1) are 3.73 and   

3.91 Å; the distances between C(79) and the benzene ring C(34)-C(35)-C(36)-C(37)-

C(38)-C(39) (plane 2) are 3.91 and 4.05 Å. The methyl protons H(79C) and H(79A) 

have distances of approximately 2.76 and 2.78 Å to planes 1 and 2 respectively. 

 

Figure 3.15: X-ray crystal structure of 32 (crystallised from DMF) showing inclusion 

molecule of DMF (in orange) situated in the calix[4]arene cavity. 

The original objective of crystallising 32 in solvent that did not contain any aromatic 

ring was to determine the reason for the orientation of the pendant arms at the lower 

rim. When 32 was crystallised from xylenes, an inclusion complex was formed with 

m-xylene situated between the aromatic rings of the azine arms, as seen in Figure 3.13 

and to determine if the solvent at the lower rim was responsible for their orientation. 

As can be seen in Figure 3.15, the azine arms adopt a configuration that is very similar 

to the xylene derivative, thus ruling out solvent effects as the reason for their 

configuration. As mentioned vide supra, the azine groups are attached to the 

macrocycle via an ethoxy ether linkage which does not provide ample opportunity for 

configuration-coaxing hydrogen bonding, as in the cases previously mentioned with 

amide bonds.
122

 The reasons may be due to the simple explanation of steric clashing 
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between the two arms and that by adopting this folded-back style such interactions can 

be minimised. 

One other explanation for the folded back azine groups lies in an observation of the 

space fill model of the xylene inclusion complex (Figure 3.14) which is viewed from 

beneath. The view of O(5) and O(6), which are both connected to methylene units, are 

in close proximity to each other with a distance of 2.91 Å between them and may lend 

to the possibility that an interaction is holding them in this position. The crystal 

packing revealed no obvious π-π interactions between the molecules. The azine arms 

however, if the ethoxy linkers are ignored, are almost planar. This suggested that there 

is π-conjugation extending throughout the azine arm. This type of conjugation has 

been previously reported.
123

 

3.4.6 X-ray crystal structure of 37 

Crystals of the calix[4]arene maleonitrile derivative, 37 were grown from an ethyl 

acetate solution using the method of slow evaporation to yield yellow crystals suitable 

for crystallographic analysis. The structure determined as seen in Figure 3.16 

supported the spectral data previously obtained. The crystal also contained three 

molecules of ethyl acetate (not shown) trapped in the matrix. 

The orientation of 37 is different to the structures of the calix[4]arene azines 

previously discussed. The calix[4]arene macrocycle is in a distorted cone conformation 

compared to the true cone conformer shown for azines 31 and 32. This distorted cone, 

like previous examples, is stabilised by the intramolecular hydrogen bonding between 

the phenolic groups on the lower rim. These interactions, O(1)H(1)∙∙∙O(2) and 

O(3)H(3)∙∙∙O(4), have values of 2.798 and 2.991 Å respectively. The crystal structure 

of 37 is the only example in the class of calix[4]arene azines studied where the 

macrocycle does not form an inclusion complex with the solvent. A feature similar to 

the azine derivatives is the planar nature of the arms, with the exception of the ethoxy 

chains. Again, this can be explained by the conjugation that is present throughout the 

arm.  
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Figure 3.16: X-ray crystal structure of 37 with three molecules of ethyl acetate solvent omitted 

for clarity. 

3.5 Benzazine model complexes 

3.5.1 Overview 

While the calix[4]arene azine derivatives were being prepared it was decided to 

determine whether the calix[4]arene scaffold had any effect on the properties, both 

binding and luminescent, of the azine pendant arms. To this end the following 

selection of benzazines were prepared using similar procedures to their calix[4]arene 

analogues described in Section 3.4. These model complexes were reacted with the 

same zinc(II) salts, namely the chloride, acetate and perchlorate salts. 

3.5.2 Synthesis of hydrazone precursors 33, 35 and 39 

The preparation of the hydrazone precursors has already been discussed earlier in this 

chapter. Aside from the commercially available salicylaldehyde hydrazone, 33, 35 and 

39 were prepared in a similar manner, i.e. the appropriate aldehyde was added 
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dropwise to an excess of hydrazine hydrate, and after the appropriate reaction time, 

evacuation of the flask was carried out to remove the volatiles. The hydrazones were 

usually isolated as brown or yellow oils, the exception being 33, which crystallised to 

give a yellow solid. 

3.5.3 Synthesis and characterisation of benzazines 38 and 40 and attempted 

synthesis of 2-pyridine azine derivative 

The first benzazine model complex to be prepared was the salicylazine derivative 38, 

whose structure is shown in Figure 3.17. Using a methyl group to ‘tie up’ one of the 

hydroxy groups, o-methoxybenzaldehyde was employed, the methoxy group acting as 

mimic of the ethoxy linker in the calix[4]arene derivatives. The commercially 

available salicylaldehyde hydrazone was stirred in an ethanolic solution with              

o-methoxybenzaldehyde to yield a yellow crystalline precipitate, which was removed 

by filtration. o-Methoxybenzaldehyde had a peak in its 
1
H NMR spectrum at 10.44 

ppm, which represented the aldehydic proton resonance. This signal was not present in 

the 
1
H NMR spectrum of 38. Instead, a resonance signal appearing as a singlet was 

present at 9.05 ppm, which was assigned to an imine proton signal. This, along with 

another resonance peak at 8.76 ppm which represented the other chemically 

inequivalent imine, confirmed the formation of 38. 

 

Figure 3.17: Structure of benzazine derivatives 38 and 40. 

The 
1
H NMR spectrum (shown in Figure 3.18) also exhibited a broad singlet resonance 

at 11.89 ppm which represented the phenolic proton. Its low field resonance was 

explained by its ability to participate in hydrogen bonding with the imine nitrogen to 

form a pseudo six-member ring. The 
13

C NMR spectrum confirmed that no plane of 

symmetry existed within the molecule, with 15 signals representing the different 

carbons. The presence of the aliphatic methyl group was observed via its resonance 

peak at 55.6 ppm. This corroborated the signal in the 
1
H NMR spectrum for the methyl 
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protons, in which a signal integrating to three hydrogens was observed at 3.91 ppm. 

Microanalysis confirmed the constitution of the yellow solid. 

 

Figure 3.18: 
1
H NMR spectrum of 38 run in CDCl3 with x-axis in ppm showing phenolic 

proton signal at 11.89 ppm. Also present is the methoxy protons resonance at 3.91 ppm. 

Compound 38 was prepared using a commercially available hydrazone. However, this 

luxury was not afforded for the o-vanillin derivative 40, whose structure is shown in 

Figure 3.17. This was prepared using the 2-methoxybenzaldehyde hydrazone, 39 and 

an ethanolic solution of o-vanillin which formed a yellow solid within 5 minutes. 

Analysis of this yellow solid was performed using NMR and IR spectroscopy. 

Composition of the sample by microanalysis corroborated the spectroscopic data. The 

1
H NMR spectrum of the o-vanillin reactant showed an aldehydic proton resonance at 

9.91 ppm. Monitoring the azine formation by 
1
H NMR spectroscopy showed the 

aldehyde being consumed via the disappearance of aldehyde proton peak and the 

concurrent appearance of a singlet at 8.75 ppm which represented the proton on the 

newly formed imine functional group. 

The formation of an imine was also displayed in the IR spectrum of 40. In the IR 

spectrum of o-vanillin a strong absorption band was observed for the C=O aldehydic 

stretch at 1666 cm
−1

. This band was not present in the IR spectrum of 40. However, a 

strong absorbance band was observed at 1621 cm
−1

 to represent the C=N imine 

stretching mode. Distinguishing between the two inequivalent imine absorption bands 

proved difficult to assign with any certainty. Like 38, 40 does not have a plane of 

symmetry and this was shown by the presence of sixteen signals in the 
13

C NMR 
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spectrum. Microanalysis corroborated the spectral data in ascertaining the composition 

of the yellow solid. 

Attempts to synthesise and isolate an asymmetric 2-pyridine azine derivative (shown 

in Figure 3.19) using 2-pyridinecarboxaldehyde hydrazone, 35, and                             

2-methoxybenzaldehyde resulted in failure. On each occasion no precipitate was 

forthcoming and analysis of the oily residue which remained after removal of the 

volatiles revealed a mixture of products, most probably formed as a result of 

hydrolysis of the reactant hydrazone to give the free hydrazine followed by 

consecutive imine formation of one of the two possible symmetrical azines, i.e. the    

2-methoxybenzazine or the 2-pyridine azine, whose structures are shown in Figure 

3.19. 

 

Figure 3.19: Structure of desired asymmetric azine (top) and products formed: 2-pyridine 

azine (left) and 2-methoxybenzazine (right). 

3.6 Metal complexes of calix[4]arene azines and benzazine model 

complexes 

3.6.1 Overview 

The model azine complexes and their calix[4]arene derivatives were prepared to 

determine their effectiveness as zinc(II) ionophores and their subsequent fluorescent 

properties in binding the metal ion. Exhaustive zinc(II) complexation reactions were 

carried out using the ligands mentioned in Sections 3.4.2 and 3.5.3. In most cases 

interaction between the ligand and the metal ion was observed using 
1
H NMR 

spectroscopy. Unfortunately, the complexation products isolated were also 

characterised as having impurities, as seen in the 
1
H NMR spectra and in some cases 

by microanalysis. 
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The lack of pure complexes made the comprehensive evaluation of the influence of the 

calix[4]arene macrocycle impossible. Using the examples that have been prepared, it is 

possible to gauge whether the calix[4]arene scaffold is having an effect on the 

luminescent properties of the benzazine moieties. 

In the few cases where pure metal complexes were obtained, as presented below, 

spectroscopic examination of their fluorescent properties was carried out. 

3.6.2 Zinc(II) calix[4]arene complex 41 

In an ethanolic suspension of 32, sodium hydroxide was used to deprotonate the 

phenoxide which was situated on the pendant arms. The yellow solid quickly dissolved 

upon addition of the base. To this sodium analogue was added an ethanolic solution of 

zinc(II) perchlorate. After stirring overnight a neon yellow solid had formed. This 

analysed as the zinc complex of 32, with two zinc ions being complexed by each 

pendant arm, as shown in Figure 3.20. Compound 41 consisted of the zinc ion bound 

to the terminal imine moiety, in a classic bidentate fashion. The remaining two 

coordination sites on the metal were occupied by a water molecule and a hydroxide 

ion, which along with the deprotonated phenol balanced the charge on the zinc(II) 

cation.  

 

Figure 3.20: Proposed structure of calix[4]arene zinc complex 41. 

The structure was proposed using the information available, namely elemental analysis 

and spectroscopic data, both 
1
H NMR and IR spectroscopy. The IR spectrum of 41 

revealed that the perchlorate counterion was no longer present, by virtue of the absence 

of an absorption band at 1089 cm
−1

. The HOH bending mode of the coordinated water, 



Chapter 3. Results and Discussion 

 

128 

 

which was present in the IR spectrum of the starting material (zinc(II) perchlorate 

hexahydrate) at 1616 cm
−1

, was not identified in the IR spectrum of 41 due to 

overlapping bands from the C=N stretches of the azine moiety. Metal hydroxo 

complexes exhibit MOH bending modes below 1200 cm
−1

,
124

 however assignment of 

this band in the calix[4]arene product proved difficult due to the overlapping 

absorption bands of the ligand itself. The imine stretch, present in the IR spectrum of 

32 at 1624 cm
−1

 has now shifted to the slightly lower wavenumber of 1618 cm
−1

.  

The 
1
H NMR spectrum of 41 exhibited several notable differences when compared to 

the 
1
H NMR spectrum of the calix[4]arene starting material 32, both of which are 

shown in Figure 3.21. The signal for the terminal phenolic proton, which was present 

at 11.17 ppm in the d6-DMSO 
1
H NMR spectrum of 32 is no longer observed. This 

would suggest that the zinc(II) ion was bound at this site. This hypothesis was 

supported by the observed chemical shift of the imine proton signals. These singlet 

signals, present in the d6-DMSO 
1
H NMR spectrum of the starting material at 8.86 and 

9.16 ppm, had now shifted upfield to 8.11 and 9.03 ppm respectively. Whereas the 

consensus for the coordination complex might be for the imine peaks to occupy a 

lower field position than the free ligand, this unusual trend had been observed in the 

literature with very similar azine derivatives.
80

 

 

Figure 3.21: Partial 
1
H NMR spectra of 32 (blue trace) and its zinc(II) perchlorate complex 41 

(red trace) run in d6-DMSO with x-axis scale in ppm 
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A point of note would be the exceptionally poor solubility of 41. NMR spectra 

required solvation of 41 in hot d6-DMSO to run successfully. Several deuterated 

solvents were tried, with the aforementioned dimethyl sulphoxide the only one that 

was successful. A possible explanation is that 41 may be a coordination polymer, with 

the free imine nitrogen occupying a fifth coordination site on the zinc ion, by virtue of 

the geometry about the imine bond which occupies a trans-orientation (as seen from 

the obtained X-ray crystal structures of 32) and results in the protrusion of the lone pair 

outwards. This results in a sterically unhindered nitrogen and is as a consequence 

available to donate into the metal coordination sphere via its lone pair. This would 

most likely result in a polymeric network (a section of which is shown in Figure 3.22) 

of five-coordinate zinc complexes linked by the calix[4]arene scaffold. This is 

reasonable, as five-coordinate zinc(II) complexes are common in the literature.
125

 

 

Figure 3.22: Proposed polymeric structure of 41 showing interactions between adjacent 

complexes to give 5-coordinate zinc(II) centres. 

3.6.3 Zinc(II) calix[4]arene complex 42 

Using the same ligand 32, a different zinc salt was used, to determine whether the 

perchlorate ion had any influence on the coordination geometry adopted by the metal. 

To this end, zinc(II) chloride was chosen. As was the case with the formation of 41, 42 

was formed from an ethanolic suspension of 32 to which sodium hydroxide solution 

was added to deprotonate the terminal phenolic proton which was situated on the 

pendant arms. This formed the soluble sodium analogue to which was added an 
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ethanolic solution of zinc(II) chloride. Stirring the mixture for 75 minutes resulted in 

formation of a yellow precipitate. This neon yellow solid was analysed by NMR and 

IR spectroscopy and also its composition was determined by elemental analysis. 

Microanalysis of the yellow solid revealed that it consisted of the ligand with three 

zinc ions incorporated into the structure, as shown in Figure 3.23, forming a trinuclear 

species. Two of the metal ions could be assigned to the azine binding site, whilst the 

final zinc ion is most likely bound by the ethereal oxygens on the ethoxy linker. 

Metathesis of the counterion has occurred in a similar fashion to 41, with a hydroxide 

anion replacing the chloride in this case. The IR spectrum of 42 displayed the same 

characteristics as that of 41, with a shift in the imine stretch migrating toward a lower 

wavenumber. Whilst the reference value for the imine stretch in the IR spectrum of 32 

at 1624 cm
−1

, a value of 1619 cm
−1

 was recorded for the imine vibration in the zinc 

complex. 

 

Figure 3.23: Proposed structure of 42 showing positions of zinc(II) ions at the pendant arms 

and at the lower oxygens of the ethoxy linker. 

Analysis of the 
1
H NMR spectrum of 42 revealed several noticeable differences when 

compared to the corresponding spectrum of 41. Firstly, the ethyl linker, observed in all 

previous cases as a single multiplet signal, has now resolved into two separate signals: 

one at 4.16 ppm and the other at 4.50 ppm, both signals integrating for four protons. 

This substantial difference in chemical shift would suggest that the zinc ion is bound 

through one of the ethereal oxygen pairs, with the lower oxygen pair being the most 

likely donor atoms due to potential steric crowding if the calix[4]arene oxygens were 

employed. This binding resulted in chemically inequivalent ether oxygens, with one 

pair of oxygens binding to the metal ion, which resulted in a partial positive charge on 
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the oxygen atom due to the Lewis acid nature of the zinc(II) chloride. As a 

consequence, this resulted in a more deshielded environment for the adjoining CH2 

protons. The second pair of oxygens, which provided the link to the calix[4]arene, 

were not involved in complexation and so occupied a higher field position. As before, 

the terminal phenolic proton signal was not observed, so it was postulated that this was 

the site where the zinc ions were bound. The imine proton signals, resonating at 8.86 

and 9.16 ppm in the d6-DMSO 
1
H NMR spectrum of 32, have shifted as a result of the 

imine nitrogen binding to the zinc ion, with two resonances observed at 8.21 and 9.30 

ppm, mirroring the trend reported in the literature.
80

  

3.6.4 Zinc(II) benzazine complex 43 

Using the azine model complex 38 in a suspension with ethanol and some sodium 

hydroxide to deprotonate the phenol hydrogen, 43 was prepared by adding a solution 

of zinc(II) chloride to the sodium azine derivative. This resulted in formation of a 

yellow solid within two minutes. This yellow solid was isolated and its composition 

determined by NMR and IR spectroscopy along with microanalysis. The yellow solid 

consisted of two ligands of 38 surrounding a zinc core, with coordination to the metal 

through the bidentate site (i.e. through the phenoxide oxygen and the imine nitrogen) 

in a similar fashion to that observed with the calix[4]arene derivatives. Unlike the 

calix[4]arene derivatives however, a second equivalent of 38 was employed by the zinc 

ion to occupy its coordination sphere. This suggested that the calix[4]arene had an 

influence on the binding mode of the pendant arm. It maybe just a simple matter of 

steric interaction that a similar coordination sphere was not observed in the cases of 41 

and 42 simply because the sheer bulk of the macrocycle prevents the type of close 

arrangement that was observed for the less hindered model azine derivative 43. 

Microanalysis revealed that the yellow solid consisted of two equivalents of metal 

complex (1:2 metal-to-ligand ratio) with three equivalents of water. From the IR 

spectral data and elemental analysis, it is probable that 43 is either the four- or the  

five-coordinate species shown in Figure 3.24. The water molecules may be bound to 

the zinc or they may be in the lattice, without a definitive X-ray crystal structure it is 

impossible to be certain. 
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The IR spectral data of 43 suggested that the five-coordinate species was the most 

likely structure. The imine C=N stretch, present in the free ligand as a strong 

absorption band at 1622 cm
−1

, now exhibited a lower wavenumber, as expected, in the 

IR spectrum of the product at 1615 cm
−1

 indicating that the imine was involved in 

metal coordination. The HOH bending mode of the bound water was most likely 

represented by the new absorption band observed at 1582 cm
−1

. 

 

Figure 3.24: Proposed structures of 43 showing four- (left) and five-coordinate species (right). 

The 
1
H NMR spectrum of 43 reveals that a plane of symmetry was present throughout 

the molecule, as displayed by the number of inequivalent proton resonances observed. 

The most telling signal was the peak representing the aryl-methoxy protons. This 

signal integrated to six hydrogens and was unsplit (i.e. a singlet), so showing that the 

two ligands bind in a symmetrical fashion. The binding site was determined by the 

absence of the phenolic proton signal in the metal complex 43 but which was present at 

11.29 ppm in the d6-DMSO 
1
H NMR spectrum of the starting material: 38. The signal 

for the imine protons had also shifted, from exhibiting resonances at 8.97 and 8.94 

ppm in the d6-DMSO 
1
H NMR spectrum of 38 to the slightly lower field shift of 9.04 

and 8.96 ppm. 

3.6.5 Zinc(II) benzazine complex 44 

Ligand 40 was initially synthesised to function as a model complex for calix[4]arene 

derivative 34. Unfortunately no zinc coordination compounds were isolated from 

complexation reactions involving the calix[4]arene. Since 40 was a novel compound, it 

was decided to determine whether the additional methoxy group, present as a result of 

the use of o-vanillin as a precursor, would have any effect on the complexation 

properties of the imine/phenoxy binding site and also to determine its fluorescent 
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properties. To this end, complex 44 was prepared as a yellow solid by using a similar 

preparation to the zinc azine model complexes previously described. Treating a 

suspension of 40 in ethanol with sodium hydroxide to deprotonate the phenol moiety 

and generate the sodium salt analogue, an ethanolic solution of zinc(II) acetate was 

added to the yellow solution. After three days stirring at room temperature, the 

resultant yellow precipitate was isolated and characterised by microanalysis along with 

spectral characterisation using NMR and IR spectroscopy. 

The yellow solid was determined using elemental analysis to have a metal-to-ligand 

ratio of 1:2, resulting in a broadly similar complex to the example described in the 

previous Section. Similarly to the case of 43 it is difficult to determine without the aid 

of a X-ray crystal structure whether the water is bound to the metal (giving a          

five-coordinate complex) or if it is free in the lattice (yielding a four-coordinate 

species). Based on general trends for the coordination sphere of zinc ions it most likely 

exists as the five-coordinate species.
19

 It consists, as shown in Figure 3.25, of a 

symmetrical coordination complex with two molecules of ligand 40 wrapped around a 

zinc ion core, with coordination to the metal provided through the imine nitrogen and 

phenolic oxygen donor atoms. The coordination sphere about the zinc ion is completed 

by the binding of a single molecule of water to give a five-coordinate metal centre. 

 

Figure 3.25: Proposed structures of 44 showing four- (left) and five-coordinate species (right). 

The 
1
H NMR spectrum of 40 was carried out in d6-DMSO for comparative purposes 

with the zinc complexation product. The ligand exhibited a resonance at 11.08 ppm 

which integrated for one hydrogen and represented the phenol proton. This signal was 

not observed in the 
1
H NMR spectrum of 44. This would suggest that the phenolic 

oxygen is involved in binding the zinc ion. The imine nitrogens are involved in 

ligation of the metal and, as a consequence, are responsible of the shift observed in the 
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imine proton resonances. The ligand 40 exhibited these signals at 8.96 and 8.94 ppm in 

its 
1
H NMR spectrum. After metal complexation these peaks shifted to resonances of 

8.60 and 9.04 ppm. 

The IR spectrum also revealed that the imine nitrogen is implicated in the metal 

binding. The IR spectrum of 44 showed a strong absorption band at 1615 cm
−1

 which 

represented the C=N stretch of the imine involved in complexation. This value is in 

contrast to the free ligand, which exhibited a value of 1621 cm
−1

 for the imine 

absorption. The IR spectrum also showed an additional absorption band at 1583 cm
−1

 

which has a similar value to the absorption band observed for the bound water HOH 

bending mode in the IR spectrum of 43. Since there was no lattice water present in the 

sample, unlike 43, it would seem reasonable to assign this band to the vibrational mode 

of the coordinated water. 

3.6.6 Zinc(II) benzazine complex 45 

On preparation of calix[4]arene 36, a 2-pyridine benzazine derivative, it was decided 

to prepare the corresponding model complex for comparative purposes, as in the 

previous cases. This involved synthesising a ligand containing, like 38 and 40, a 

benzene ring with a hydrazone appendage and a methoxy group in the ortho position. 

Attempts to prepare this compound involved adding 2-pyridinecarboxaldehyde to       

2-methoxysalicylaldehyde hydrazone, 39, in typical reaction conditions (dry ethanol) 

for Schiff-base formation. After approximately 30 minutes a yellow solid precipitated 

from the amber solution. After isolation, the yellow solid was analysed by 
1
H NMR 

spectroscopy. This revealed the yellow solid to be the dipyridyl azine derivative, most 

probably formed as a result of residual water in the system which caused hydrolysis of 

the imine bond of 39 to produce the free hydrazine which subsequently condensed with 

two equivalents of 2-pyridinecarboxaldehyde to give the azine. This structure has been 

previously reported and characterised in the literature.
126

 Reduction of the filtrate 

revealed that the liberated 2-methoxybenzaldehyde had performed a similar action to 

the 2-pyridinecarboxaldehyde. A yellow solid, lighter in colour than the pyridine azine, 

was isolated and found to be the dimethoxy benzazine derivative. Like the 

corresponding pyridine hydrazone, this compound has been previously reported and 

has found use as a fluorescent sensor,
81

 and has also been characterised by Fu using  
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X-ray crystallography.
127

 Additional attempts were made to prepare the asymmetric 

azine starting from 2-pyridinecarboxaldehyde hydrazone, 35 and                                 

2-methoxybenzaldehyde, but these too proved fruitless, yielding the same symmetric 

undesirables. The reaction time was curtailed, with the aim of stopping the reaction 

when the desired product was formed before hydrolysis of the ligand could occur. No 

precipitation had occurred when the reaction flask was evacuated to remove the 

volatiles. Analysis of this brown viscous oil by 
1
H NMR spectroscopy revealed that the 

reaction had not proceeded cleanly and that formation of the symmetric undesirables 

had already commenced. The summary of the reactions attempted are shown in 

Scheme 3.8. 

 

Scheme 3.8: Attempted reactions and products of preparation of model azine of 36. 

From initial unsuccessful attempts to prepare the ligand, it was decided to make the 

ligand in situ without isolating it and react it immediately with the metal salt so that the 

complexed metal would add some much needed stability to the ligand. It was decided 

to prepare the ligand using neat 2-pyridinecarboxaldehyde hydrazone 35 and neat       

2-methoxybenzaldehyde, thereby bypassing the possibility of introducing water to the 

system via a solvent carrier. This mixture turned pale yellow and after five minutes a 

solution of zinc(II) chloride was added, which resulted in the immediate formation of a 

yellow/orange precipitate. This solid analysed using NMR and IR spectroscopy along 
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with microanalysis as the required product 45, shown in Figure 3.26, to be an 

asymmetric Schiff-base complexed to the zinc(II) ion. It was difficult to assign the 

appropriate aromatic proton peaks and the imine peaks in the 
1
H NMR spectrum as the 

corresponding spectrum for the free ligand was not available. To ensure that the solid 

obtained was not simply a mixture of the symmetrical azines, seen in Scheme 3.3, that 

formed their respective zinc coordination complexes, complexation reactions were also 

carried out with zinc(II) chloride and the corresponding symmetric azine. It was 

surprising to note that from the 
1
H NMR data obtained, it appeared that in each case, 

no metal binding had occurred. This was unusual, particularly in the case of the 

pyridine azine, since several metal coordination complexes of the symmetrical pyridine 

azine ligand have been reported.
128

 

 

Figure 3.26: Proposed structure of 45. 

The IR spectrum of 45 had a strong absorption band present at 1623 cm
−1

 and 1594 

cm
−1

, which corresponded to the C=N stretching modes of the imines and the C=N 

vibration mode of the pyridine ring. These are within the ranges observed for the azine 

complexes previously prepared. It is difficult to assign the relevant absorption bands as 

there is no spectral data for the free ligand, so basing these values on similar 

complexes, it would seem reasonable to propose the assignments mentioned above for 

these vibration modes. 

A similar dilemma existed for assignment of the resonance peaks in the 
1
H NMR 

spectrum of 45. Based on the spectral data obtained for the two symmetric azines, the 

chemical shift of these proton resonances could be estimated. Since both imine protons 

were the only low field protons that were not affected by spin-spin coupling, their 

signals could be assigned as singlets at 8.60 and 8.97 ppm. Due to steric constraints it 

is reasonable to say that the imine nitrogen involved in coordination to the metal was 

the one nearest the 2-methoxybenzene derivative. This resulted in the formation of two 

six-member rings in the complex, which is preferable to the case that would arise if the 

metal was bound through the imine nitrogen closest to the pyridine ring. This would 
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result in the formation of a five- and an eight-member ring in the molecule. The 

methoxy protons were assigned as a singlet appearing at 3.90 ppm. 

3.7 Fluorescent properties of azines and their metal complexes 

3.7.1 Overview 

Although not all zinc(II) azine complexes prepared were of sufficient purity by NMR 

and IR spectroscopy as well as elemental analysis, those that were pure were screened 

for potential fluorescent characteristics. Some of the calix[4]arene azines that were 

prepared were not subjected to examination because the azine moiety is not contained 

in these, namely the calix[4]arene hydrazone, 30 and the calix[4]arene Schiff-base 

amine prepared from diaminomaleonitrile, 37. The selection of fluorophores presented 

in this thesis focus on those derivatives that bound the zinc(II) ion. To compare and 

contrast whether the calix[4]arene macrocycle had any diminishing or enhancing effect 

on the emission characteristics, a family of benzazines were prepared as model 

complexes, along with their subsequent zinc(II) coordination complexes. Successfully 

prepared azines and zinc(II) coordination complexes and their corresponding 

fluorescent properties are summarised in Table 3.2. 

Table 3.2: Absorption maximum of UV absorption spectrum (λabs) was used as an excitation 

parameter to generate emission spectrum with maximum (λf
em

). Emission maximum was used 

as an emission parameter to generate excitation spectrum with maximum (λf
ex

). Data were 

obtained for calix[4]arene azine derivatives and their zinc(II) complexes, along with free 

benzazine derived ligands and their corresponding zinc(II) complexes. In a single case, No 

Fluorescence was Observed (NFO). 

Sample No. λabs (nm) λf
em

 (nm) λf
ex

 (nm) 

32 352 544 351, 289 

34 324 415 301 

36  NFO  

38 356 433 293, 340 

40 340 437 340, 274 

41 365 505 470 

42 418 504 411 

43 409 493 409 

44 336 431 317 

45 366 418 358 
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3.7.2 Fluorescence of calix[4]arene azine ligands 32, 34 and 36 

Calix[4]arene azines 32, 34 and 36 (structures shown in Figure 3.27) contain potential 

fluorophoric moieties. Benzazine derivatives resembling the pendant arms have been 

subjected to spectroscopic analysis using time resolved fluorescence spectroscopy.
80

 

The presence of the calix[4]arene macrocycle caused the observation of an additional 

absorption band with a λmax at 280 nm. The value corresponded favourably to values 

previously published.
39

 This absorption band may overlap with some of the absorption 

bands of the azine moiety. 

 

Figure 3.27: Calix[4]arene azine derivatives 32, 34 and 36 used in fluorescence studies 

Calix[4]arene azine derivative 32 was the first ligand to be examined, and yielded 

encouraging results. Excitation of the sample at 352 nm yielded an emission spectrum 

with broad bands at 442, 544 and 574 nm, with a fluorescence maximum at 544 nm. 

The emission maximum was chosen as the emission parameter for the excitation 

spectrum. The excitation spectrum of 32 revealed two excitation bands, one at 351 nm 

and a second, stronger band at 289 nm. To eliminate the possibility that the band at 

289 nm was a contribution from the calix[4]arene macrocycle, a corresponding 

excitation spectrum was obtained of the unfunctionalised calix[4]arene (tetramer), 27, 

and was subtracted from the excitation spectrum of 32. The new compound spectrum 

showed a reduction in the two original observed excitation bands, showing that the 

calix[4]arene itself was contributing to the strength of the excitation bands. The UV 

absorption spectrum of 32 also contained the longer wavelength absorption band at 

352 nm. The excitation and emission spectra of 32 are displayed in Figure 3.28. 
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Figure 3.28: Excitation spectra of 32 (black trace with λem = 544 nm), 32 minus 

unfunctionalised tetramer (green trace with λem = 544 nm) and an emission spectrum obtained 

for 32 (red trace with λex = 352 nm). All samples were run as 10 μM solutions in DMSO. 

Calix[4]arene azine, 34, did not display a similar emission spectrum to 32, even though 

the only difference between them is a methoxy group situated ortho to the hydroxyl 

moiety on the pendant arms. A single emission band at 415 nm was observed after 

excitation at 324 nm. The excitation spectrum displayed a very intense band at 301 nm 

with a shoulder at 307 nm. Subtraction of the excitation spectrum of the tetramer at the 

same emission wavelength (415 nm) resulted in a large reduction in the intensity of the 

excitation bands, as displayed in Figure 3.29. Given that no further emission was 

observed above 550 nm it could be argued that the methoxy group is facilitating     

non-radiative relaxation. The UV absorption spectrum of 34 exhibited an absorption 

maximum at 324 nm. 

For the third calix[4]arene azine examined, a 2-pyridine azine was used to give the 

calix[4]arene azine 36. Its UV absorption spectrum showed two strong absorption 

bands at 296 and 334 nm. Using these to obtain an emission spectrum, it was found 

that no emission took place. The reasons for this are probably the pyridine nitrogen, 

whose lone pair most likely participates in an n → π
*
 transition. n → π

*
 transitions are 

slow, due to their low molar absorption coefficients. As a result of this slow uptake, 

the radiative lifetime of n → π
*
 transitions is up to 100 times longer than that of the 

lowest energy π → π
*
 transition. Because the lifetime is so long it cannot compete with 

non-radiative processes which are generally 100 times faster.
66
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Figure 3.29: Excitation spectra of 34 (black trace with λem = 415 nm), 34 minus 

unfunctionalised tetramer (green trace with λem = 415 nm) and an emission spectrum of 34 (red 

trace with λex = 324 nm). All samples were run as 10 μM solutions in DMSO.  

3.7.3 Fluorescence of benzazine ligands 38 and 40 

Taking the two novel prepared ligands 38 and 40, it was decided to examine their 

fluorescent properties and if the calix[4]arene macrocycle had any effect on their 

emission or excitation. Using a methyl ether to simulate the ethoxy linker to the lower 

rim of the calix[4]arene, 38 and 40 were easily prepared. The structures of 38 and 40 

are displayed in Figure 3.30. 

 

Figure 3.30: Compounds 38 and 40 used as model ligands for calix[4]arene azine derivatives 

32 and 34 respectively. 

Azine 38, a model of calix[4]arene azine 32, was the first benzazine to be scrutinised. 

Its emission spectrum (excited at 356 nm) displayed a strong but broad band with a 

plateau from 412 to 433 nm, the latter value being the peak with the greatest intensity. 

A noticeable difference in the emission spectrum is the absence of a strong band at 544 

nm, a band that was present in the emission spectrum of 32. In addition to the band at 

412 nm, a shoulder is also observed at 390 nm. The excitation spectrum of 38 shows 
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two intense bands, one at 340 nm and another, more intense band at 293 nm. The 

excitation and emission spectra of 38 are displayed in Figure 3.31. The UV absorption 

spectrum of 38 exhibited several broad bands, with an absorption maximum at 356 nm. 

 

Figure 3.31: Excitation (black trace with λem = 415 nm) and emission (red trace with λex = 356 

nm) spectra of 38. Sample was run as a 10 μM solution in DMSO. 

 

Figure 3.32: Excitation (black trace with λem = 398 nm) and emission (red trace with λex = 340 

nm) spectra of 40. Sample was run as a 10 μM solution in DMSO. 

In the case of comparing 40 with its calix[4]arene azine counterpart 34, the emission 

spectrum of 40, shown in Figure 3.32, is not markedly different to that shown by the 

other model azine 38, although the bands observed are far less intense. The emission 

spectrum of 40 showed a very broad emission band with three discernible shoulders 
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present at 398, 422 and the most intense at 437 nm. The most distinguishable peak was 

at 398 nm and was used as the chosen wavelength to determine the excitation spectrum 

of 40. It yielded an excitation spectrum with a single intense band at 274 nm with 

numerous less intense, broad side bands. One of these was distinguishable with an 

absorption maximum at 340 nm. A band at 340 nm was also the absorption maximum 

in the UV spectrum of benzazine 40. 

A direct comparison to the calix[4]arene derivative, 36 could not be made as the 

successful preparation of its benzazine analogue was not achieved. 

3.7.4 Fluorescence of zinc(II) calix[4]arene and zinc(II) benzazine complexes 41, 

42, 43, 44 and 45 

After preparing and determining the fluorescent properties of both the calix[4]arene 

azines and their model benzazine counterparts, the focus moved to preparing the 

zinc(II) coordination complexes of these ligands. Successful isolation of the 

coordination complexes was partial, with only five complexes, 41, 42, 43, 44 and 45 

prepared, the proposed structures of which are displayed in Figure 3.33. 

 

Figure 3.33: Proposed structures of zinc(II) azine complexes 41, 42, 43, 44 and 45 used in 

fluorescence studies. 

The zinc(II) coordination complexes proved to be much less soluble in a variety of 

solvents and it was for this reason that DMSO was chosen as the solvent in which to 
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conduct fluorescence studies. It also allowed direct comparison with the free ligands as 

solvent effects could be ignored. 

Using the NMR and IR spectroscopic data as well as microanalysis, it was postulated 

that 41 had two zinc(II) ions present with one each distributed per pendant arm. The 

emission spectrum of 41 displayed a single band at 505 nm with excitation at 365 nm 

and showed an increase in emission intensity from the corresponding band in the free 

ligand 32. The excitation spectrum was similarly uncomplicated with a single 

excitation band at 470 nm, but was far less intense, the intensity was scaled up by a 

factor of 100 to give the display shown in Figure 3.34. An indicator of the difference in 

fluorescence intensity between the free ligand and the ligand with the zinc(II) ion 

bound is the image in Figure 3.34 that shows ligand 32 and its zinc complex 41 under a 

UV lamp with a wavelength at 365 nm. The image shows the very noticeable 

difference in intensity upon binding the zinc(II) ion, something that could be of use if 

the calix[4]arene azine were to be developed as a selective fluorionophore. 

 

Figure 3.34: Excitation (black trace with λem = 505 nm) and emission (red trace with λex = 365 

nm) spectra of 41. Sample was run as a 10 μM solution of its proposed structure in DMSO. 

The excitation spectrum was scaled up in intensity by a factor of 100. Also is physical 

appearance of DMSO solution of ligand 32 and its zinc(II) complex 41 under a UV lamp. 

The trinuclear complex 42 was similar in that only one emission band was observed, at 

almost exactly the same emission wavelength as for 41: at 504 nm. Similarly, the 

intensity of the emission was greater than that of the free ligand 32. The emission band 

also had no observable side bands or shoulders. The excitation spectrum of 42, 

however, was more complicated than the corresponding spectrum for 41 in that, in 
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addition to a broad, intense excitation band at 411 nm, also present was another broad 

and strong excitation band with a maximum intensity at 285 nm along with a weaker 

but discernible shoulder at approximately 316 nm. Both the excitation and emission 

spectra are displayed in Figure 3.35. From comparing the emission spectra of 41 and 

42 it suggests that the third zinc atom situated between the pendant arms is not 

influencing fluorescent properties of the ligand. The UV absorption spectrum showed 

several strong absorption bands at 404, 344 and the most intense band at 292 nm. 

 

Figure 3.35: Excitation (black trace with λem = 504 nm) and emission (red trace with λex = 418 

nm) spectra of 42. Sample was run as a 10 μM solution of its proposed structure in DMSO. 

Given that the calix[4]arene azine zinc(II) complexes exhibited decent fluorophoric 

activity it could be assumed that the excitation and emission characteristics of the 

model benzazine zinc(II) coordination complexes would be somewhat similar. This 

proved to be the case for 43, with a single broad, intense emission band detected at 493 

nm when excited at 409 nm. A disappointing feature of the emission of the zinc(II) 

complex was that the intensity of the emission band was not augmented on zinc(II) 

complexation. The corresponding excitation spectrum of 43 similarly showed a strong, 

broad excitation band that dominated the spectrum at 409 nm. In addition to this, there 

are several weaker broader emission bands, two of whom may be identified at 300 and 

328 nm. The excitation and emission spectra for 43 are shown in Figure 3.36. The UV 

absorption spectrum of 43 shows little absorption above 360 nm, with absorption 

maxima at 284 nm and 332 nm. 
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Figure 3.36: Excitation (black trace with λem = 500 nm) and emission (red trace with λex = 409 

nm) spectra of 43. Sample was run as a 10 μM solution of its proposed structure in DMSO. 

Encouraged by the fluorescence spectra obtained for 43, it was hoped that the reaction 

of zinc(II) acetate with benzazine ligand 40 would yield another fluorescent 

coordination complex, that of 44. Preparation of complex 44 was achieved in low to 

moderate yield. The emission spectrum of 44 shows a single broad emission band with 

a maximum intensity at 431 nm after excitation of the sample at 336 nm. There are 

some poorly defined shoulders on the emission band and assigning wavelengths to 

these proved difficult because of their weak intensities. One differing feature from the 

case of 44 when compared to 43 is that the intensity of the emission on complexation 

of the zinc(II) increases. This is in contrast to 43, where no increase in the intensity of 

the emission is observed. Obtaining an excitation spectrum of 44 using 431 nm as an 

emission parameter yielded a single strong excitation band with a maximum intensity 

at 317 nm. The excitation and emission spectra of 44 are shown in Figure 3.37. 

Examining the UV absorption spectrum shows several weak bands with a maximum 

absorption at 336 nm. 

 

The final zinc(II) complex to be examined was the compound prepared by the in situ 

formation of the 2-pyridine-2’-methoxybenzazine derivative, shown in Figure 3.38, 

followed by a solution of zinc(II) chloride to give the zinc(II) adduct, 45 as an orange 

solid. This yielded an emission peak with a maximum intensity at 418 nm, as can be 

seen in Figure 3.39. From this emission maximum the corresponding excitation 

spectrum was obtained. The excitation spectrum of 45 displayed two bands, one at 358 
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nm and another, stronger band at 286 nm, both of which are shown in Figure 3.39. The 

UV absorption spectrum of 45 exhibited several broad bands with the most intense 

band at 336 nm. A second, much weaker band was observed at 418 nm. 

 

Figure 3.37: Excitation (black trace with λem = 429 nm) and emission (red trace with λex = 336 

nm) spectra of 44. Sample was run as a 10 μM solution of its proposed structure in DMSO. 

 

Figure 3.38: Azine derivative prepared in situ prior to addition of a solution of zinc(II) 

chloride to form the adduct complex 45. 

 

Figure 3.39: Excitation (black trace with λem = 414 nm) and emission (red trace with λex = 366 

nm) spectra of 45. Sample was run as a 10 μM solution of its proposed structure in DMSO. 
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It would seem that when the lone pair on the pyridine nitrogen is occupied in binding 

to the metal, some fluorescence is observed. From these observations it can be 

proposed that the n → π
*
 transition is no longer the lowest energy transition. It has 

swapped with the lowest π → π
*
 transition meaning that radiative decay processes 

(emission) can now compete with the previously dominant non-radiative processes 

thus switching ‘on’ the fluorescence. 

3.8 Synthesis and properties of 2-hydroxy-5-nitrobenzamide ligands 

and their metal complexes 

3.8.1 Overview 

The low solubility of the azines and their metal complexes, even in polar solvents like 

DMSO, led to the development of a metal binding site based on the amide moiety. 

This functional group provides, like the imine, a nitrogen donor atom. In conjunction 

with an adjacent oxygen, its binding possibilities extend to it acting as an ambidentate 

ligand, as shown in Figure 3.40, donating through either the amide nitrogen or the 

carbonyl oxygen. The amide functional group also has the added attraction of being far 

less susceptible to hydrolysis than the imine. Amides will hydrolyse, but require far 

more stringent conditions to do so. The presence of a donor atom at the ortho position 

is retained, by virtue of the oxygen atom of the hydroxy group. The nitro group, being 

of a polar nature, was expected to provide some much needed hydrophilic property to 

the ligand, as was the terminal amine which has hydrophilic character. 

 

Figure 3.40: Possible bidentate binding modes of amide moiety with an adjacent oxygen atom. 

The ligands prepared were N-(2-aminoethyl)-2-hydroxy-5-nitrobenzamide: 46, and its 

hydrochloride salt: 47, from commercially available starting materials and were 

characterised by NMR and IR spectroscopy and X-ray crystallography. 
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Metal complexation reactions were carried out using 46 in either a metal-to-ligand 

ratio of 1:2 or 2:1 with the following metal salts: copper(II) perchlorate hexahydrate, 

copper(II) chloride dihydrate, copper(II) acetate monohydrate, zinc(II) perchlorate 

hexahydrate, zinc(II) chloride and zinc(II) acetate dihydrate. Other complexation 

reactions were performed, but these gave less encouraging results and involved the use 

of the following: nickel(II) perchlorate hexahydrate, nickel(II) chloride hexahydrate, 

nickel(II) acetate tetrahydrate, manganese(II) perchlorate hexahydrate, manganese(II) 

chloride hexahydrate, manganese(II) acetate tetrahydrate, iron(III) perchlorate 

hexahydrate, iron(III) chloride hexahydrate and silver(I) perchlorate. The full range of 

complexation reactions carried out is summarised in Scheme 3.9. 

 

Scheme 3.9: Summary of complexation reactions carried out using ligand 46 (left) with metal 

ions being either Cu
+2

, Ni
+2

, Zn
+2

, Mn
+2

, Fe
+3

 or Ag
+
 and the counterion being either AcO

−
, Cl

−
 

or ClO4
−
. Reaction solvents were either H2O or CH3CN. 

Reactions were performed in two solvents: water or acetonitrile, to determine whether 

solvent effects were responsible for the orientation of the metal’s coordination mode. 

A stoichiometric amount of base (supplied in the form of sodium hydroxide) was 

required for certain complexation reactions, namely the reactions with nickel(II) 

perchlorate and chloride, and the zinc(II) and silver(I) metal salts mentioned above. 

The complexation reactions involving the manganese(II) salts resulted in no reaction 

occurring. Iron(III) salts gave a dark red/orange solution when carried out in water. 

Several attempts were made to initiate precipitation of the benzamide complex, 

including anion metathesis, but all attempts were unsuccessful. 

X-ray crystal structures of copper benzamide complexes were determined in two cases, 

a six-coordinate octahedral complex and a four-coordinate square planar complex, both 

of which will be discussed in detail later in Sections 3.8.12 and 3.8.13. 
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3.8.2 Synthesis and characterisation of N-(2-aminoethyl)-2-hydroxy-5-

nitrobenzamide, 46, and its hydrochloride salt, 47 

Ligand 46 was synthesised from the commercially available starting materials, methyl-

2-hydroxy-5-nitrobenzoate and ethylene diamine. These were heated to reflux for four 

hours in a 1:1 toluene:methanol solvent mixture, as outlined in Scheme 3.10. On 

reaching reflux temperature a yellow precipitate formed. After cooling the yellow 

suspension was filtered to isolate the yellow solid. The mono benzamide product was 

formed exclusively, with no di-benzamide by-product formation taking place, the 

reasons for which will be explained at a later stage. The dried powder was analysed 

using NMR spectroscopy and found to be the required product. 

 

Scheme 3.10: Synthesis of ligands 46 and 47 showing reactants and conditions used. 

The 
1
H NMR spectrum of the benzoate starting material showed a signal representing 

the methyl protons of the ester group at 3.91 ppm. This peak was not present in the 
1
H 

NMR spectrum of the product (shown in Figure 3.41). Instead it was replaced by a 

triplet at 11.43 ppm, which represents the hydrogen of the newly formed amide. Also 

present were two additional signals in the spectrum which were a multiplet at 3.50 

ppm and a triplet at 2.96 ppm, both representing the protons of the CH2 groups. The 

triplet represents the CH2 bonded to the terminal amine, but coupling to the NH2 

protons is not exhibited in the splitting pattern. The aromatic region shows three 

signals that represent the aromatic protons. The splitting pattern corresponds well with 

the substitution pattern of the ring. The chemical shifts of these protons, which are 

labelled Ha, Hb and Hc, as shown in Figure 3.42, are in good agreement with the 

electronic effects of the amide, nitro and hydroxyl functional groups. Ha resonates at 
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8.65 ppm and its signal appears as a doublet with a coupling constant Jab = 3.3 Hz, 

which is within the range for meta coupled protons. The signal for Hb appears as a 

doublet of doublets at 7.80 ppm courtesy of it coupling to both Ha and Hc. The 

magnitude of the coupling constants for Hb are the reciprocal coupling constant Jba = 

3.3 Hz and the ortho coupling value of Jbc = 9.5 Hz, both of which are within expected 

ranges. Hc resonates at 6.27 ppm and its signal is observed as a doublet with a coupling 

constant of Jcb = 9.5 Hz. The phenolic proton is not observed in the spectrum, but 

because the sample was run in d6-DMSO, it is assumed that it is hidden by the water 

peak. 

 

Figure 3.41: 
1
H NMR spectrum of 46 run in d6-DMSO with x-axis in ppm. 

 

Figure 3.42: Numbering key for protons on aromatic ring of 46. 

The 
13

C NMR spectrum supports the data provided by the 
1
H NMR spectrum, with 9 

peaks present thereby confirming that asymmetry exists within the molecule. The 
13

C 

NMR spectrum also exhibits a peak at 178.2 ppm, which represents the amide 

carbonyl carbon. This peak was observed instead of the ester carbonyl peak at 166.2 

ppm, which is present in the 
13

C NMR spectrum of the benzoate starting material. 
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The IR spectrum of the starting material contains a strong absorption band at 1679 

cm
−1

 which is indicative of the carbonyl C=O stretch of the ester. In the IR spectrum of 

46, the ester carbonyl stretch has been replaced by a strong absorption band at 1626 

cm
−1

 which represented the C=O stretch of the amide. One of the NO stretches of the 

nitro was also assigned as a strong absorption band that was present at 1298 cm
−1

, 

however due to overlapping bands it proved difficult to assign the second stretch of the 

nitro group with any confidence. Recrystallisation of 46 from water yielded crystals 

suitable for X-ray diffraction. The results of this will be discussed in Section 3.8.3. 

Elemental analysis confirmed the constitution of the yellow solid to be consistent with 

those calculated.  

The hydrochloride salt of 46 was prepared by adding a hydrochloric acid solution to an 

aqueous suspension of 46, as shown in Scheme 3.10. This addition resulted in the 

dissolution of the yellow reactant and disappearance of the yellow colour. The 

colourless solution was allowed to reduce and this resulted in the precipitation of a 

white solid, which analysed as the hydrochloride salt, 47. The NMR and IR spectral 

data of the white solid confirmed its constitution. 

The 
1
H NMR spectrum differed from 46 in that the signal representing the phenolic 

proton was now visible, occupying a downfield position at 13.45 ppm. The amide 

proton’s resonance had shifted to a more upfield position and resonated at 9.28 ppm. 

The ethyl fragment’s CH2 protons were also visible as two multiplets at 3.61 and 3.02 

ppm, their splitting altered by virtue of the newly protonated amine NH2, which is now 

existing as an ammonium R-NH3
+
. The R-NH3

+
 protons themselves were exhibited by 

the broad signal visible at 8.17 ppm whose downfield position confirmed the 

deshielding effect of the full positive charge situated on the nitrogen atom. The 

aromatic region retained the three signals for the aromatic protons, as mentioned in the 

discussion of 46. 

The 
13

C NMR spectrum of 47 was broadly similar to its parent compound 46. The 

amide carbon signal now occupied an upfield position, moving from 178.2 to 166.9 

ppm, the reasons for which will be revealed later in Sections 3.8.3 and 3.8.4 when the 

X-ray structures of 46 and 47 will be discussed. The spectrum contained nine signals, 

representing the nine inequivalent carbons and confirming the existence of asymmetry 

within the ligand. 
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The IR spectrum showed a strong absorption band at 1641 cm
−1

 which corresponded to 

the C=O stretch of the amide. The microanalytical results confirmed the white solid to 

be 47, which is consistent with calculated values. 

3.8.3 X-ray crystal structure of 46 

Ligand 46 was isolated as a yellow solid. The solid was soluble in hot water and a hot 

saturated solution was prepared. Crystals suitable for X-ray crystallographic analysis 

were grown from a cooled solution by the method of slow evaporation. The structure, 

shown in Figure 3.43, exists as a zwitterion, with the hydroxyl proton migrating to the 

terminal amine nitrogen N(3) to form the cationic ammonium ion. This also explains 

why the signal for the hydroxyl proton is not observed in the 
1
H NMR spectrum. The 

proton migration also explains why the asymmetric monoamide derivative was 

preferentially formed and not the symmetrical diamide. The first amide bond is formed 

and the proton is transferred to the terminal amine. This confers a full positive charge 

on the nitrogen, which renders it non-nucleophilic and prevents the diamide derivative 

from forming. 

 

Figure 3.43: X-ray crystal structure of 46. 

There is a hydrogen bond interaction between the oxygen anion and the amide 

hydrogen, N(2)H(2)∙∙∙O(1) with a value of 2.7047(15) Å. The proton is shown by a 

difference map to be localised on the amide nitrogen, revealing that the oxygen O(1) 

possesses a negative charge. The phenoxy bond (O(1)C(1) is very short at 1.3003(16) 

Å when compared to the typical C-O bond length of a phenol moiety, which is      

1.362 Å.
129
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There is extensive hydrogen bonding in the crystal lattice forming either six-, eight-, or 

fourteen-member ring systems. The terminal ammonium group is involved in three 

hydrogen bonds, as can be seen in Figure 3.44. Two of the protons form interactions 

with the phenoxy oxygen of adjacent benzamide molecules, while the third interaction 

is with a neighbouring amide carbonyl oxygen. The benzamide molecules form a 

layered structure, with the amide, nitro group and aromatic ring all lying in the same 

plane. The aliphatic chain with the ammonium nitrogen lies outside this plane. The 

aromatic rings overlap each other, forming layers held together by π-stacking 

interactions with an average centroid to centroid distance of 3.427 Å. The aplanar 

ammonium group link these layers together by their hydrogen bonding, which was 

described previously. 

 

Figure 3.44: Partial packing diagram for 46 showing hydrogen bonding interactions. 

3.8.4 X-ray crystal structure of 47 

The hydrochloride salt, 47, was prepared by adding 1 M hydrochloric acid solution to 

an aqueous suspension of 46. Initially, the acid was added until the solid disappeared 

and was then followed by the disappearance of the yellow colour from solution. The 

solvent from this colourless solution was allowed to reduce after which a white solid 
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precipitated. Crystals suitable for X-ray crystallographic analysis were grown from an 

aqueous solution of 47 by the method of slow evaporation 

The structure, shown in Figure 3.45 is a charged species and contrasts to the 

zwitterionic nature of 46. The proton, previously absent in 46, has been restored to the 

phenoxy oxygen and now participates in a hydrogen bond (O(1)H(1)∙∙∙O(4)) with the 

amide oxygen. This bond has a value of 2.547(2) Å. The hydrogen H(1) which is 

localised on the oxygen O(1), results in the lengthening of the O(1)C(1) bond to 

1.339(2) Å, and compares favourably with the average phenoxy C-O bond length of 

1.362 Å.
129

 

 

Figure 3.45: X-ray crystal structure of 47. 

A point of note is the orientation of the amide arm. The carbonyl has rotated inward 

toward the phenolic oxygen to form a hydrogen bond. This is in contrast with the 

conformation adopted by the amide moiety in the X-ray crystal structure of 46. In this 

case the carbonyl group is pointing outward and away from the phenolic oxygen. This 

would suggest that the amide, along with the adjacent phenoxy oxygen, provides a 

potential ambidentate metal binding site simply by varying the pH of the reaction 

system which can coordinate to a metal ion through the phenolic oxygen and through 

either the nitrogen or the oxygen atom of the amide. 

The crystal packing, shown in Figure 3.46 consists of sheets of the molecule held 

together by hydrogen bonding and runs diagonally across the unit cell. The chloride 

anion functions as a hydrogen bond acceptor, with interactions between it and three 

symmetry-related R-NH3
+
 groups at an average distance of 3.175 Å. The cations are 
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paired by two symmetry-related hydrogen bonds: N(2)H(2)∙∙∙O(3) with a distance of 

2.999 Å. 

 

Figure 3.46: Partial crystal packing diagram for 47 showing hydrogen bonding interactions. 

3.8.5 Reactions of copper(II) perchlorate hexahydrate and benzamide 46 

Copper(II) complexes of 46 were prepared from aqueous solutions of the copper(II) 

salts and the benzamide ligand in either a 1:2 or 2:1 metal-to-ligand ratio. 

A copper(II) perchlorate solution was added to an aqueous solution of 46 in a 2:1 

metal-to-ligand ratio to form a green solution. Upon reduction of the solvent a green 

crystalline solid, 48, precipitated as shown in Figure 3.47.  

 

Figure 3.47: Structures of two isolated products from the reaction of 46 with copper(II) 

perchlorate hexahydrate: a green solid 48 and a brown solid, 49. 

IR spectroscopy revealed that the C=O stretch of the amide shifted from 1626 cm
−1

 in 

the starting material to a lower wavenumber (1610 cm
−1

) in the copper(II) complex. 
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This indicates a weakening of the amide bond, suggesting it forms a coordination bond 

to the metal ion. The starting copper(II) perchlorate has a strong absorption band at 

1081 cm
−1

 due to the perchlorate anion. A strong absorption band was also present at 

1075 cm
−1

 in the IR spectrum of 48 which suggests that the perchlorate anion is 

present in the complexation product. Microanalysis of the green solid suggests a 

complex with a metal-to-ligand ratio of 1:2. Crystals suitable for X-ray 

crystallographic analysis were grown using the slow evaporation technique from an 

aqueous solution of 48. This analysed as the bis(O,O’-2-hydroxy-5-nitro(N-2-

aminoethyl)benzamide) copper(II) perchlorate complex 48, shown in Figure 3.47 and 

whose structure will be discussed in Section 3.8.12. 

A similar reaction was also carried out to form 49 with the only alteration being a 1:2 

metal-to-ligand ratio. This resulted in the formation of a brown solid along with the 

precipitation of surplus starting material. The brown solid was isolated and 

characterised to be 49, whose structure is shown in Figure 3.47. Its IR spectrum 

revealed several noticeable differences to the IR spectrum of 48. The strong absorption 

band at 1075 cm
−1

, characteristic of the perchlorate anion is now absent in the new 

product 49. In addition, the C=O amide stretch is present as a medium absorption band 

at 1609 cm
−1

, having shifted from 1626 cm
−1

, the corresponding position of the C=O 

absorption band in the starting material. The weak absorption suggests that the amide 

is involved in extensive hydrogen bonding. Microanalysis of the brown solid showed 

that the perchlorate was not present and suggested that the benzamide ligand possessed 

a formal charge of −2 to form a complex with the copper(II) ion. This hypothesis was 

proven correct when the X-ray crystal structure of the brown solid 49 was solved. The 

X-ray data will be discussed in Section 3.8.13. 

Metal complexation reactions were also carried out in acetonitrile. This gave a green 

precipitate that analysed very similar to 48 with an acetonitrile molecule included in 

the matrix. 

3.8.6 Reactions of copper(II) chloride dihydrate and benzamide 46 

Copper(II) chloride dihydrate was reacted with 46 in a 2:1 metal-to-ligand ratio in 

water. This resulted in a green solution, followed by the formation of a green 

precipitate. The green solid was removed by filtration and dried to give 50. The IR 
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spectrum of the complex was very similar to 48, apart from the obvious differences in 

the anions. This would suggest that the copper(II) ion is occupying a coordination 

mode very similar to the copper(II) perchlorate analogue, i.e. an octahedral geometry, 

with the two chloride ions occupying the axial positions. 

The reaction was repeated in acetonitrile giving a light green solid. Using IR 

spectroscopy, the solid analysed was very similar to the green solid formed in the 

aqueous preparation: 50. Microanalysis confirmed the composition of the sample to be 

identical to 50. 

3.8.7 Reactions of copper(II) acetate monohydrate and benzamide 46 

Copper(II) acetate was dissolved in water and added to the suspension of 46 in a 

similar manner to the copper(II) perchlorate and copper(II) chloride benzamide 

complexes. This resulted in the immediate precipitation of a purple/brown solid with a 

near identical IR spectrum to 49. Microanalysis confirmed that the brownish solid was 

the square planar copper(II) complex of N-(2-aminoethyl)-5-nitro-2-

hydroxybenzamide. At no point was the formation of a six-coordinate copper(II) 

species detected. 

This copper(II) acetate complexation reaction was also performed in acetonitrile, and 

yielded a green solid: 51 illustrated in Figure 3.48. The IR spectrum reveals that the 

solid is not the square planar copper(II) complex 49. There are strong absorption bands 

at 1600 cm
−1

 which is a similar absorption band for the amide C=O stretch observed in 

the metal complexes prepared above, and also a band at 1573 cm
−1

 which may or may 

not overlap with the acetate anion. Based on literature wavenumber values for the 

acetate O-C=O stretching modes, it is most likely that the acetate anion occupies a 

bridging role.
124

 This results in the formation of an acetate bridged symmetrical 

dinuclear copper(II) complex, shown in Figure 3.48. This is a plausible structure as 

bridging acetate ions are well known.
130

 Microanalysis of the solid supports the 

proposed structure with the N-(2-aminoethyl)-5-nitro-2-hydroxybenzamide molecule 

functioning as a tridentate ligand. A molecule of solvent (acetonitrile) completes the 

coordination sphere, giving the copper(II) cation an octahedral environment. Attempts 

were made to grow crystals of 51 from other solvent systems, but proved fruitless. 
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Figure 3.48: Proposed structure of 51 from the reaction of 46 and copper(II) acetate in an 

acetonitrile solvent showing both the bridging acetate anions and coordinated solvent. 

3.8.8 Reaction of nickel(II) perchlorate hexahydrate and benzamide 46 

The nickel(II) perchlorate reaction required the use of sodium hydroxide to enable 

complexation to occur. Trial reactions showed that the nickel(II) ion did not complex 

to the benzamide ligand without the presence of the base. Successful complexation of 

the metal produced a light green solid: 52 whose proposed structure is shown in Figure 

3.49. 

 

Figure 3.49: Proposed structure of 52. 

The IR spectrum confirmed the loss of the perchlorate counterion by the absence of the 

strong absorption band in the region around 1100 cm
−1

. The C=O amide absorption 

band, present at 1626 cm
−1

 in the IR spectrum of 46 has been replaced by a strong 

absorption band at 1611 cm
−1

 in the IR spectrum of 52. Its shift to a lower 

wavenumber results from the amide nitrogen’s donation into the nickel(II) ion and 

results in the weakening of the C=O bond. Microanalysis of the green solid supported 

the spectroscopic evidence of the absence of the perchlorate ion. The bridging water 

ligands mean that each nickel(II) centre most likely exhibits a highly distorted trigonal 

bipyramidal geometry, owing to the conformational constraints imposed by the 

tridentate benzamide ligand. Bridging water molecules between metal centres have 
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been observed previously.
131

 The proposed complex (a dinuclear coordination 

compound) is supported by the magnetic susceptibility data obtained which gives a 

value of 2.79 B.M. and compares favourably with the ideal value for a nickel(II) ion 

centre (using the spin only formula) of 2.83 B.M.  

3.8.9 Reaction of nickel(II) chloride hexahydrate and benzamide 46 

A similar procedure to that for the nickel(II) perchlorate reaction with the benzamide 

ligand was used in the preparation of 53. Immediately after the addition of the 

nickel(II) chloride solution a yellow/brown solid formed. This solid was dried and was 

analysed using IR spectroscopy, microanalysis and magnetic susceptibility. The IR 

spectrum revealed that the amide moiety is involved in metal ligation, the result of 

which saw the amide carbonyl stretch shifting to a lower wavenumber: 1615 cm
−1

. 

Microanalysis reveals the presence of a coordinated water molecule, and a 1:1     

metal-to-ligand ratio. Based on trends in the literature, the proposed structure of the 

complex, shown in Figure 3.50, is most likely a dinuclear chloride bridged dimeric 

species, where the metal ion is in an octahedral geometry.
132

 

 

Figure 3.50: Proposed structure of 53. 

The magnetic susceptibility measurements confirm the presence of the nickel(II) ion 

with a magnetic moment of 3.45 B.M. 

3.8.10 Reaction of nickel(II) acetate tetrahydrate and benzamide 46 

The nickel(II) acetate complexation reaction was the only nickel derivative that did not 

require sodium hydroxide in the system for complexation to occur. The reaction 

proceeded readily using solutions of the benzamide and nickel(II) acetate. A 

precipitate started to form from the solution within two minutes and was removed by 

filtration within ten minutes. This yellow/green solid, 54, was shown using 
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microanalysis to be the only mononuclear complex in this series of reactions, with a 

metal-to-ligand ratio of 1:2. The proposed structure is shown in Figure 3.51. 

 

Figure 3.51: Proposed structure of 54. 

The IR spectrum of the green solid revealed that, as with the case of the previous 

nickel(II) complexes, the amide is involved in binding to the metal, shown by its lower 

wavenumber of 1614 cm
−1

. The two benzamide ligands function in a tridentate 

fashion, with the amide and phenoxy functional groups situated opposite each other 

thus forming the asymmetric skeleton of the complex of the proposed structure. The 

octahedral coordination sphere is completed by the terminal amine groups occupying 

the two axial positions. Magnetic susceptibility measurements confirmed the presence 

of only one nickel(II) ion, with a magnetic moment reading of 3.03 B.M. which, 

similar to the nickel(II) derivatives previously discussed, compares favourably to the 

calculated value of 2.83 B.M. 

3.8.11 Reaction of zinc(II) perchlorate hexahydrate and zinc(II) acetate 

dihydrate with benzamide 46 

Preparation of the zinc coordination compounds required the use of sodium hydroxide, 

as no complexation was observed in the absence of the base. The aqueous zinc 

perchlorate solution was added to the alkaline benzamide solution (prepared by adding 

a stoichiometric equivalent of base to the ligand) and resulted in the immediate 

precipitation of a yellow solid. After an hour the solid, 55, shown in Figure 3.52, was 

isolated and dried. The diamagnetic nature of zinc(II) compounds allowed the use of 

1
H NMR spectroscopy to study the complex in solution. Poor solubility necessitated 

the use of d6-DMSO to dissolve the sample. 

The 
1
H NMR spectrum of 55 showed several differences from the corresponding 

spectrum of 46. The most obvious change is the signal representing the amide proton 
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resonance, present in the proton spectrum of the starting material at 11.43 ppm ,is not 

observed in the 
1
H NMR spectrum of 55. Its absence is corroborated by the splitting 

pattern of the proton signals that represent the ethyl chain. These CH2 groups are 

observed as multiplets and triplets in the 
1
H NMR spectrum of the benzamide, but are 

now represented by broad signals in the corresponding spectrum of 55. Also, the three 

aromatic proton resonances are still visible. The coordination of the metal to the 

benzamide ligand resulted in all the proton resonances exhibiting a lower field 

chemical shift. 

 

Figure 3.52: Proposed structure of 55. 

The IR spectrum of 55 reveals the absence of the perchlorate anion, shown by the lack 

of strong absorbance bands around 1100 cm
−1

, demonstrates that the ligand is 

functioning as a dianion, with the loss of protons from the hydroxy and amide 

functional groups providing the necessary charge. The spectrum is quite similar in 

appearance to the IR spectrum of 49, whose X-ray crystal structure has been 

determined. The copper(II) ion is situated in a square planar environment with the 

benzamide taking the role as an anionic tridentate ligand. A single molecule of water 

completes the coordination sphere. Using this information, along with corroborating 

microanalytical results, the proposed structure of 55 places the zinc(II)ion in a square 

planar environment as seen in Figure 3.52, with the ligand playing an identical role to 

the copper(II) complex derivative. A single molecule of water, as before, occupies the 

fourth coordination site. 

A similar result was obtained with zinc(II) acetate dihydrate. Using the same 

conditions, apart from the metal salt used, the reaction of 46 with zinc(II) acetate 

dihydrate in the presence of sodium hydroxide yielded the same metal complex as seen 

when zinc(II) perchlorate was used, i.e. complex 55 was formed. IR spectroscopic data 

and microanalysis of the yellow solid was used to confirm this. 
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3.8.12 X-ray crystal structure of 48 

Complex 48 was prepared using a 2:1 metal-to-ligand ratio of copper(II) perchlorate 

hexahydrate and ligand 46 in water to give a green solution. Slow evaporation of the 

solvent yielded green crystals suitable for crystallographic analysis, and subsequent 

structural characterisation of 48. 

The asymmetric unit, as seen in Figure 3.53, shows the copper(II) ion in an octahedral 

environment with two perchlorate ions occupying the axial positions with the two 

ligands forming an equatorial plane. The charge of the complex is balanced by virtue 

of protonation of the amine group, forming the R-NH3
+
 ammonium and the copper(II) 

cation, which are counter balanced by the two phenoxy moieties and the perchlorate 

anions. The perchlorate anions are disordered and were modelled with a 60:40 

occupancy over two overlapping sites. The benzamide ligands are orientated such that 

the aliphatic arms lie on the same side. In effect they are cis to each other, but point in 

opposite directions to each other. It could be expected that having the ligands bind in 

such a way would result in the pendant arms occupying space on opposite sides, or 

trans to each other and would consequently reduce the likelihood of steric clashing of 

the pendant arms. The fact that this does not occur suggests that the hydrogen bonding 

interaction between the ammonium group N(3) and the water molecule O(1W) is in 

some way responsible for its orientation. 

 

Figure 3.53: X-ray crystal structure of 48. 

Analysis of the crystal packing diagram reveals an intricate web of hydrogen bonding 

interactions, with the molecules linked into hydrogen bonded chains by the water 

solvate molecule, as shown in Figure 3.54. Intermolecular interactions also occur 
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between the ammonium groups and adjacent amide carbonyl and phenoxy atoms, as 

well as between the amide nitrogen and an adjoining perchlorate oxygen and these are 

not displayed for clarity purposes. 

 

Figure 3.54: Partial crystal packing diagram of 48 showing hydrogen bonding interactions. 

3.8.13 X-ray crystal structure of 49 

Whereas 48 was prepared using 46 and copper(II) perchlorate hexahydrate in a 2:1 

metal-to-ligand ratio, 49 was similarly prepared using the same reactants but in a 

metal-to-ligand ratio of 1:2. This yielded a brown solid: the copper(II) complex, shown 

in Figure 3.55, along with the precipitation of excess ligand. The brown solid was 

isolated and crystals of it that were suitable for X-ray crystallographic analysis were 

grown from an aqueous solution using the slow evaporation method. 

 

Figure 3.55: X-ray crystal structure of 49. 
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The asymmetric unit, shown in Figure 3.55, revealed that the copper(II) ion is situated 

in a square planar geometry, with the ligand also supplying the counter anionic charges 

via its deprotonated phenol and amide moieties. These two charged atoms provide two 

coordination sites with the remaining two filled by the terminal amine and a solvent 

water molecule. Deprotonation of compartmental ligands, and as a consequence the 

demonstration of similar binding modes, are frequently observed in the literature, 

although in some cases the proton is lost through the introduction of a base, such as 

piperidine or triethylamine.
94,133

 This mode of coordination through the deprotonated 

amide has also been observed before in hydroxamic acids, although in their case 

deprotonation more commonly occurs at the terminal hydroxide, with subsequent 

ligation of the metal occurring via the oxygens of the amide and the terminal 

hydroxide. As a result of this, the hydroxamate forms stable five-member chelate 

rings.
134

 This type of coordination (through the amide carbonyl oxygen) mode would 

be unsuitable in the case of 49, as it would form comparatively unstable six- and 

seven-member chelate rings, as opposed to the five- and six-member rings observed. 

 

Figure 3.56: Partial crystal packing diagrams of 49 showing hydrogen bonding interactions. 

Analysis of the crystal packing, as seen from two different angles in Figure 3.56, 

reveals that the overall structure consists of double layers composed of hydrogen 

bonding interactions between the bound water molecule and adjacent nitro and amide 

functional group of neighbouring molecules. The amine group is also implicated in 

hydrogen bonding interactions with the carbonyl oxygen of adjoining molecules. The 

amine group forms an additional hydrogen bond to an adjoining phenoxide oxygen, 

thereby forming the double layer sandwich. As a result of these aforementioned 
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interactions, there is no possible interaction between the copper ion and any other 

atom, which supports the fact that it lies in a 4-coordinate square planar geometry. 

3.9 Synthesis and properties of calix[4]arene benzamide ligands and 

their metal complexations 

3.9.1 Overview 

From the complexation reactions performed using 46 and the various metal salts the 

next logical step with the ligand was to attach it to the calix[4]arene scaffold. This 

however would create a crucial difference when compared with the free ligand. From 

the crystal structure of 49 it can be seen that the terminal amine is involved in ligation 

of the metal ion. From this data it was decided to proceed regardless. The bidentate site 

between the phenolic oxygen and the amide nitrogen would seem to be sufficient to 

bind metals without the requirement of having a free terminal amine. Indeed, it has 

already been shown in this thesis that it is not compulsory to have a free amine for 

metal binding to occur. From the X-ray crystal structure, 48, the free amine is 

protonated, rendering it unable to function as a ligand, but the ligand is able to bind 

through the previously described bidentate site regardless. The only unknown was the 

possible effect that the calix[4]arene itself could exert on the binding character of the 

benzamide moiety through either its steric bulk or by competitive binding through the 

phenolic oxygens. 

The original synthetic strategy was to use the original calix[4]arene aldehyde, 29, to 

synthesise the calix[4]arene imine derivative of 46 by linking the terminal amine by 

formation of an imine with the aldehyde moiety, as outlined in Scheme 3.11. This 

would ensure that the ‘adjusted’ amine would still have metal binding properties 

through its lone pair. Furthermore, with the amide attached, the linker imine could be 

selectively reduced in the presence of the amide to form a secondary amine which 

would still be able to bind metal ions, like the well known ligand N,N,N’,N’-

tetramethylethylenediamine (TMEDA).
135

 

No reaction was observed between the amine and the aldehyde in ethanol, even at 

reflux temperature. The use of pyridine was employed to raise the pH of the system, 
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thereby liberating the terminal amine from the ammonium ion. Again, no reaction was 

observed. Consensus of opinion about imine formation is that it involves the use of an 

acid catalyst for the reaction to proceed.
87

 Since the imine did not form using the 

pyridine with the free amine nor was its formation observed with the zwitterionic 

species it was decided to design a new synthetic route toward the macromolecular 

version of 46. 

 

Scheme 3.11: Failed synthesis of calix[4]arene amide/imine derivative using calix[4]arene 

dialdehyde 29 and benzamide 46 along with conditions used:                                                    

(i) = ethanol, Δ. or ethanol, pyridine, Δ. 

The reasons to change the macromolecular derivative to attach 46 were twofold: 

previous issues with imine bond stability, mainly because of hydrolysis, as discussed 

previously in Section 3.3.2 and also the problems highlighted in preparing the imine 

derivative in the previous paragraph. It was decided to employ the use of an amide 

linker to attach 46 to the calix[4]arene. This would satisfy one of the problems of using 

imines, i.e. it would ensure that the ligand was robust enough to withstand mild 

aqueous conditions. It was also hoped that the newly formed amide moiety itself would 

participate in ligation of any metal ions it was exposed to. 

The initial amide building strategy, shown in Scheme 3.12, was to use the well-known 

‘scaffold building block’ calix[4]arene diethyl ester 56 to attach the benzamide to the 

calix[4]arene. This would form the diamide calix[4]arene 65, from which metal 

complexation reactions could be carried out. This synthetic strategy did not provide the 

desired product. Because of the zwitterionic nature of 46, it was not able to participate 

in nucleophilic attack toward the ester carbonyl, and so prevented amide formation 

from occurring. It was then decided to prepare a more electrophilic carbonyl derivative 

of 56 by converting the ester group to an acid chloride which gave 58. This more 

reactive calix[4]arene, along with the use of dried pyridine as a solvent was expected 
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to make the terminal amine available to function as a nucleophile toward the 

electrophilic carbonyl. This also proved unsuccessful. 

 

Scheme 3.12: Failed synthetic strategy for preparation of 65 with conditions used:                 

(i) = benzamide 46, pyridine. 

The failure to couple 46 to the calix[4]arene directly via an amide linkage resulted in 

the implementation of a new synthetic strategy, shown in Scheme 3.13. The approach 

involved protecting the problematic phenol on the nitrobenzamide ring with a durable 

aryl-methyl ether. The synthesis called for the building of the end product sequentially, 

firstly by attaching an N-Boc-mono-protected ethylene diamine derivative, 59, to the 

macrocycle. This yielded the N-Boc ethylamide calix[4]arene 60, which was then 

deprotected using trifluoroacetic acid (TFA) to give the free amine, 61. Subsequent 

reaction of 61 with 2-methoxy-5-nitrobenzoyl chloride, 63, gave the desired product, 

albeit in a protected form. Complexation reactions were performed on this ligand to 

determine its metal binding properties. Deprotection of the aryl-methyl ether with 
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boron tribromide afforded the desired product, 65, and its metal binding characteristics 

were determined. 

 

Scheme 3.13: Alternate synthetic strategy for synthesis of 65 showing intermediates and 

conditions to be used. 

3.9.2 Synthesis of calix[4]arene diester 56, diacid 57, and diacid chloride 58 

Starting from the parent calix[4]arene (tetramer), 27, the difunctionalised calix[4]arene 

diethyl ester, 56, was prepared using a literature method involving the use of 

potassium carbonate, ethyl bromoacetate and acetonitrile under reflux conditions under 

a blanket of nitrogen.
48

 This yielded a white solid in a 57 % yield. 

Analysis of the 
1
H NMR spectrum in CDCl3, which is displayed in Figure 3.57, 

revealed it to be the desired product. The ethyl ester produces a characteristic splitting 

pattern as a result of the CH2 and CH3 protons coupling to each other. These signals, 

which resonate at 1.32 and 4.39 ppm are observed as a triplet (for the terminal methyl) 

and a quartet (for the CH2) with their relative field positions a result of their proximity 



Chapter 3. Results and Discussion 

 

169 

 

to the ester oxygen and carbonyl. The reaction produces the 1,3-distal substituted 

product, and a plane of symmetry throughout the molecule is displayed by the two 

resonances for the tert-butyl protons, seen in the 
1
H NMR spectrum at 0.97 and 1.26 

ppm, as well as the two signals observed for the aromatic protons of the calix[4]arene. 

Similar to previous cases, these singlets resonate at 6.81 and 7.02 ppm, which are 

appropriate chemical shifts for aromatic hydrogens. The methylene groups also exhibit 

their diastereotopic nature (which has already been previously observed), splitting to 

form a set of doublets resonating at 3.31 and 4.44 ppm with a coupling constant of J = 

13.1 Hz, a value within the range expected for a saturated carbon with coupling 

geminal protons. The methylene group linking the aryl oxygen on the lower rim with 

the ester moiety is observed as a singlet at 4.72 ppm, its low field position resulting 

from deshielding effects of the carbonyl group and the adjoining phenolic oxygen. 

 

Figure 3.57: 
1
H NMR spectrum of 56 run in CDCl3 with x-axis in ppm. 

The 
13

C NMR spectrum also shows that a plane of symmetry is exhibited throughout 

the molecule, with 17 resonances observed. The ester carbonyl is resonating at 169.3 

ppm, appropriate for this type of carbon. The IR spectrum of 56 also displays the 

presence of the ester group with a strong absorption band present at 1759 cm
−1

, which 

is representative of the C=O stretching mode. The OH stretch of the hydroxyl group on 

the lower rim of the calix[4]arene is observed at 3421 cm
−1

. 

10 9 8 7 6 5 4 3 2 1 0 ppm

JW 572 27-9-07 diester
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Using the prepared diester, attempts were made to couple the benzamide ligand to the 

calix[4]arene. By adding pyridine it was hoped that it could remove the proton from 

the ammonium ion to generate the free amine and so present the nucleophile to yield 

the amide product. Unfortunately, the same result persisted with the ester as with the 

aldehyde, that is, no reaction between the two substrates occurred. 

It was postulated that the ester carbonyl carbon (like the aldehyde) was simply not 

electrophilic enough for the amine to attack. To rectify this, the acid chloride analogue 

of the ester derivative was prepared, thus supplying a much more reactive species than 

the ester. To carry out this transformation, the carboxylic acid derivative was prepared 

by heating 56 to reflux temperature in the presence of an excess amount of sodium 

hydroxide in ethanol for 24 hours, using a variation of a procedure published by 

Collins et al.
48

 This mixture was treated with hydrochloric acid to liberate the free acid 

from its sodium salt equivalent. The calix[4]arene diacid 57, was isolated as a white 

solid. 

Its spectral data is in good agreement with literature values.
48

 The main difference in 

the 
1
H NMR spectrum is that the peaks representing the ethyl fragment of the ester, 

present in the 
1
H NMR spectrum of 56 as a triplet and a quartet, are no longer observed 

in the 
1
H NMR spectrum of 57. There are still two signals representing the tert-butyl 

protons at 1.07 and 1.26 ppm, as well as the two resonances for the aromatic protons at 

6.96 and 7.06 ppm. In the 
13

C NMR spectrum the newly formed carboxylic acid 

carbon is exhibited at 170.1 ppm. 

The IR spectrum supports the NMR data which suggests formation of the carboxylic 

acid. There is a strong absorption band shown at 1747 cm
−1

, which represents the C=O 

stretching mode of the carboxyl group. The shift to a lower wavenumber is expected 

upon hydrolysis of the ester group, where the C=O stretch was present at 1759 cm
−1

. 

The calix[4]arene carboxylic acid derivative 57 was prepared as an intermediate to the 

calix[4]arene acid chloride. The acid chloride 58 was prepared using a modification of 

a preparation by Collins et al. by heating to reflux a solution of 57 in neat thionyl 

chloride under a calcium chloride guard tube.
48

 After cooling the volatiles were 

removed under reduced pressure to yield an off-white solid. This analysed as the 

required product by 
1
H NMR and IR spectroscopy. 
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The 
1
H NMR spectrum of 58 was similar to that previously published. The sensitivity 

of the molecule to hydrolysis meant that a suitable 
13

C NMR spectrum could not be 

obtained. The IR spectrum confirmed the formation of the acid chloride functional 

group, with its C=O stretch shown as a strong absorption band at 1813 cm
−1

. 

All of the above calix[4]arene derivatives were previously reported in the literature and 

did not require further characterisation. 

Using the acid chloride 58 as a ‘terminus’ the benzamide ligand was built out from the 

calix[4]arene starting with the ethyl chain.  

3.9.3 Synthesis of N-Boc(2-aminoethyl)amine 59, and calix[4]arene derivatives 

N-Boc ethylamine 60, and TFA salt amine 61 

The reaction of ethylene diamine with 58 to form the 1,3-distal disubstituted amine 

was initially attempted using an excess of the diamine to force the formation of the 

desired product: the N-(2-aminoethyl)amide. This reaction was unsuccessful because 

formation of the intramolecular diamide dominates over the intermolecular derivative 

as outlined in Scheme 3.14. This diamide has been prepared previously in the literature 

using the calix[4]arene diester derivative 56.
61

 

Taking the previous results into account it was decided to protect one of the amine 

groups. The protecting group used was the tert-butylcarbamate (Boc) moiety. It is 

cleavable under mild acid conditions and thus provided a suitable route toward the 

desired calix[4]arene amide. Using Boc anhydride as a reactant, ethylene diamine was 

mono protected in good yield using a procedure by Eisenführ et al. to yield a yellow 

oil.
108

 

The 
1
H NMR spectrum of the mono Boc-protected diamine 59 contained a peak 

integrating for nine protons at 1.45 ppm which represented the protons of the tert-butyl 

groups. The proton of the carbamate NH appeared as a broad signal at 5.13 ppm, its 

low field position a result of its proximity to the carbonyl moiety. The ethyl group’s 

inequivalent CH2 fragments were observed as two multiplets, both integrating for two 

hydrogens and resonated at 2.79 and 3.16 ppm. A coupling constant of J = 5.8 Hz was 

observed between these two CH2 groups. 
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Scheme 3.14: Attempted synthesis of calix[4]arene N-2-aminoethylamide. 

The 
13

C NMR spectrum exhibits five peaks, as expected. The carbamate’s carbonyl 

carbon has a chemical shift of 156.2 ppm, making its identification trivial as the other 

four resonance peaks appear below 80 ppm. 

The C=O stretching mode of the carbamate is visible in the IR spectrum of 59. It is 

shown as a strong absorption band at 1707 cm
−1

. 

Coupling the mono Boc-protected diamine 59 to the acid chloride calix[4]arene 58 

proved straightforward as outlined in Scheme 3.15. A preparation by Chen et al. was 

used to effect this transformation.
89

 This was carried out in dry DCM at 0 °C followed 

by the addition of methanol after an overnight stir to precipitate a white solid: 60. 

Analysis of the white solid by NMR and IR spectroscopy reveals that the data 

compares well with the previously published data. The 
1
H NMR spectrum of 60 

reveals the presence of three tert-butyl group signals: two representing the butyl 

groups’ protons on the upper rim of the macrocycle and the third (at 1.34 ppm) 

representing the tert-butyl protons of the Boc group. Evidence of the newly formed 

amide is present in the 
1
H NMR spectrum, with its NH proton resonating as a multiplet 

at 8.98 ppm. The signal of the NH proton of the carbamate moiety, which was present 

in the 
1
H NMR spectrum of 59 at 5.13 ppm, is now observed as a multiplet at 5.09 

ppm. Both NH signals integrate for two protons. The aliphatic ethyl group is 
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represented as two broad signals at 3.53 and 3.34 ppm, with both signals integrating 

for four hydrogens. The calix[4]arene itself has all its usual representative signals: the 

aforementioned tert-butyl groups at 1.07 and 1.25 ppm and the aromatic protons are 

observed at 6.97 and 7.07 ppm. These are all observed as singlets. The methylene 

bridge proton resonances are also present, resonating at 3.44 and 4.16 ppm as doublets 

due to their diastereotopic nature. The coupling constant is measured to be J = 13.3 Hz. 

 

Scheme 3.15: Synthesis of N-Boc calix[4]arene 60. 

The 
13

C NMR spectrum also reveals the presence of the newly formed amide. Its 

carbonyl carbon resonates at 168.7 ppm, with the carbamate carbonyl’s signal visible 

at 155.9 ppm. The IR spectrum of 60 also exhibits a band representing the C=O 

stretching mode at 1694 cm
−1

. The carbamate C=O stretch is still visible at 1708 cm
−1

. 

The presence of the calix[4]arene means that assignment of other vibrational bands is 

difficult. 

Removal of the Boc group was carried out in DCM with the use of trifloroacetic acid 

(TFA) according to a method previously published by Chen et al.
89

 This furnished the 

trifluoroacetate salt of the deprotected amine 61, in quantitative yield. The off-white 

solid was analysed by NMR and IR spectroscopy. The 
1
H NMR spectrum of 61 is 

shown in Figure 3.58. 

1
H NMR spectral data compared favourably to the published data. The signal for the 

protons of the tert-butyl carbamate group, which was in the 
1
H NMR spectrum of 60 as 

a singlet at 1.34 ppm, is now no longer present. In addition, the broad signal 

representing the NH proton of the protected amine is also not observed. Instead there is 

a broad signal at 7.34 ppm and integrates to six protons and is probably representative 
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of the unprotected amine which has been protonated by the TFA (shown in Figure 

3.59), thus forming the ionic product. The presence of the counterion is exhibited in 

the 
19

F NMR spectrum of 61, with a signal for the fluorine atoms of the trifluoroacetate 

CF3 observed at –75.5 ppm. 

 

Figure 3.58: 
1
H NMR spectrum of 61 run in CDCl3 with x-axis in ppm. 

The IR spectrum of 61 no longer contains the carbamate carbonyl C=O stretch at 1708 

cm
−1

, indicating that successful deprotection of the amine had occurred. Successful 

completion of the transformation was also supported by the 
13

C NMR spectrum of 61, 

which no longer had the carbamate carbonyl signal present at 155.9 ppm. 

 

Figure 3.59: Deprotected ethyl amine calix[4]arene 61. 

10 9 8 7 6 5 4 3 2 1 0 ppm

JW 933 Deprotected N-(2-aminoethyl) benzamide calix
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3.9.4 Synthesis of 5-nitro-2-methoxybenzoic acid 62, and 5-nitro-2-

methoxybenzoyl chloride 63 

The synthesis of these two derivatives has been completed previously by de Paulis et 

al.
109

 The commercially available methyl-2-methoxy-5-nitrobenzoate was used as 

starting material. An excess of sodium hydroxide solution was added to a methanolic 

solution of the ester. The mixture was heated to reflux for five hours after which the 

solution was cooled, concentrated on a rotary evaporator and the residue treated with 6 

M hydrochloric acid to liberate the acid from its sodium analogue. The white solid was 

isolated by filtration. As an aside, when attempts were made to prepare the carboxylic 

acid, ethanol was used as a solvent. It was found that, even with a stoichiometric 

equivalent of base, formation of a by-product occurred. Its structure was determined 

using NMR and IR spectroscopy.  

The starting ester had two methyl groups present and their protons were represented in 

its 
1
H NMR spectrum by two singlets, each integrating to three protons. These 

resonated at approximately 3.93 and 4.04 ppm. On reaction with sodium hydroxide in 

ethanol, the expected hydrolysis of the ester occurs, along with a side reaction to give 

an alternate product. The 
1
H NMR spectrum of this alternate derivative showed that 

the methyl ester had been hydrolysed, as judged by the absence of the methyl proton 

signal. The methoxy signal of the methyl-aryl ether was also absent. Instead of the 

methoxy protons’ singlet resonance, a quartet at 4.43 ppm and a triplet at 1.62 ppm 

were observed with these new signals integrated for two and three hydrogens 

respectively. This side product, 2-ethoxy-5-nitrobenzoic acid, resulted from the action 

of sodium ethoxide (formed in situ) on the starting material. Using the electron 

withdrawing ability of the nitro group to stabilise the intermediate, as outlined in 

Scheme 3.16, the ethoxide ion functioned as a nucleophile, attacking the aromatic 

carbon attached to the methoxy moiety. This aromatic carbon is deshielded (the result 

of the nitro group’s meta-directing effects) by the ring’s electronic effects which 

enhanced its electrophilicity. The ethoxide ion attacked this carbon and the resultant 

intermediate was stabilised by the nitro group. Expulsion of the methoxy anion 

occurred as a result of it being a weaker base than the ethoxide. Of course, all of this 

was avoided by using methanol as a solvent, giving exclusive formation of the desired 

product: 5-nitro-2-methoxybenzoic acid, 62, whose structure is shown in Figure 3.60. 
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Scheme 3.16: Proposed mechanism for formation of 2-ethoxy-5-nitrobenzoic acid. 

Once the carboxylic acid derivative 62 was prepared, it was a trivial task to convert it 

to its acyl chloride derivative, using a variation of a literature preparation.
136

 Using 

thionyl chloride, 5-nitro-2-methoxybenzoyl chloride, 63, was prepared in quantitative 

yield. The off-white solid was characterised by NMR and IR spectroscopy. 

The 
1
H NMR spectrum of 63, whose structure is shown in Figure 3.60, did not exhibit 

the broad resonance for the carboxyl proton that was present at 13.30 ppm in the 
1
H 

NMR spectrum of 62. The proton signals for the aromatic hydrogens are more 

deshielded, resonating at lower field positions at 7.14, 8.47 and 9.56 ppm, when 

compared to the aromatic proton signals of 62, which resonated at 7.36, 8.39 and 8.45 

ppm. This difference could be due to the electronic effects of a more electron 

withdrawing substituent in the shape of the acid chloride moiety, when compared to 

the carboxylic acid functional group. 

 

Figure 3.60: Structures of 2-methoxy-5-nitrobenzoic acid, 62 and 2-methoxy-5-nitrobenzoyl 

chloride, 63. 

It was a surprise when postulating these effects that, in the 
13

C NMR spectrum of 63 

the carbonyl signal of the acid chloride resonated at 163 ppm. This was unexpected 

considering that the chemical shift of the carboxylic acid carbon signal was at 165 
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ppm, it would be expected for the acid chloride carbonyl to have a larger chemical 

shift than this because of its more deshielded nature. One possible explanation may be 

that hydrolysis of the acid chloride took place in the NMR sample tube from the 

residual water in the deuterated solvent. This would yield the carboxylic acid 

derivative, a possibility that supports the small chemical shift observed of the carbonyl 

carbon peak. 

The IR spectrum of 63 made for easy confirmation that the acid chloride moiety had 

formed. The C=O stretch of the carboxylic acid was present in the IR spectrum of 62 at 

1705 cm
−1

. This band was not present in the IR spectrum of 63. Instead, a band 

representing the C=O stretching mode of the acid chloride moiety was present at 1776 

cm
−1

. 

Using the acid chloride 63 as a reactive intermediate, the benzamide calix[4]arene 

derivatives 64 and 65 were prepared. 

3.9.5 Synthesis and characterisation of 2-methoxy-5-nitrobenzamide 

calix[4]arene 64 

The novel calix[4]arene derivative, 64, was prepared from a coupling reaction between 

2-methoxy-5-nitrobenzoyl chloride, 63, and the TFA salt of 2-aminoethylbenzamide 

calix[4]arene, 61. This reaction was carried out in dry dichloromethane with the 

addition of dry triethylamine (performing a dual role) to liberate the terminal amine 

from its trifluoroacetic acid salt and to neutralise the hydrogen chloride formed during 

the coupling reaction. Compound 64, whose structure is displayed in Figure 3.61, was 

isolated as a white solid after precipitation with acetone. The solid was characterised 

by NMR and IR spectroscopy as well as elemental analysis. 

The 
1
H NMR spectrum of 64 revealed that coupling of the benzoyl chloride to the 

calix[4]arene was successful, as characterised by the appearance of an amide hydrogen 

resonance: a multiplet at 8.08 ppm. The original amide signal that was present in the 

1
H NMR spectrum of 61 at 9.11 ppm was still present in the product and had barely 

moved, with a chemical shift of 9.12 ppm. The aromatic region was more complicated 

as a result of the addition of the 2-methoxy-5-nitrobenzamide moiety, with three 

additional signals representing the aromatic protons resonating at 6.78, 8.14 and 9.00 
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ppm. The substitution orientation of the aromatic ring was confirmed by measuring the 

coupling J values of the protons signals, as discussed in Section 3.8.2. The signals for 

the aromatic protons of the calix[4]arene were present and resonated as singlets at 6.85 

and 6.88 ppm. The calix[4]arene itself, aside from the aforementioned aromatic peaks, 

were represented by signals for the phenolic proton (at 7.92 ppm), the protons of the 

two tert-butyl groups (at 1.03 and 1.20 ppm) and the diastereotopic protons of the 

bridging methylene group (doublets at 3.24 and 4.05 ppm with a coupling constant 

value of J = 13.2 Hz). The ethyl linkage between the two amides was represented in 

the 
1
H NMR spectrum by two multiplets, each one for each of the inequivalent CH2 

fragments and they resonated at 3.70 and 3.78 ppm. The signal for the methoxy 

group’s protons was present at 3.98 ppm and was unsplit. 

 

Figure 3.61: Calix[4]arene derivatives 64 and 65. 

Elemental analysis confirms the constitution of the white solid. Crystals of 64 were 

grown from a dichloromethane methanol solution, some of which were of sufficient 

quality to subject to X-ray crystallographic analysis, the results of which will be 

discussed in Section 3.9.7. 



Chapter 3. Results and Discussion 

 

179 

 

 

Figure 3.62: 
1
H NMR spectrum of 64 run in CDCl3 with x-axis in ppm. 

3.9.6 Synthesis and characterisation of 2-hydroxy-5-nitrobenzamide 

calix[4]arene 65 

Deprotection of the methoxy-aryl ether was achieved using a Lewis acid: boron 

tribromide, in a dichloromethane solution. The reaction was completed after an 

overnight stir that followed an addition of a commercially prepared solution of boron 

tribromide in dichloromethane (1 M) to a solution of 64 in dichloromethane. The 

addition of methanol gave 65, whose structure is shown in Figure 3.61, as a white solid 

in 33 % yield after workup. The white solid was characterised by NMR and IR 

spectroscopy, as well as obtaining its mass spectrum. 

The 
1
H NMR spectrum of 65 (displayed in Figure 3.63) revealed that successful 

cleavage of the methyl ether had occurred, as denoted by the presence of a singlet 

resonance peak at 13.48 ppm. The large chemical shift of this signal was probably as a 

result of the proximity of the amide moiety on the aromatic ring, which would allow 

for hydrogen bonding to occur between the amide carbonyl oxygen and the phenoxy 

hydrogen, as outlined in Figure 3.64. The methyl protons’ peak that was present at 

3.98 ppm in the 
1
H NMR spectrum of 64 was now not observed in the product. Further 

evidence of the presence of the phenoxy derivative was the upfield shift of the 

aromatic proton signals which resonated at 9.00, 8.14 and 6.78 ppm in the 
1
H NMR 

spectrum of 64, to a slightly more shielded position at 8.64, 8.02 and 6.79 ppm. This 

10 9 8 7 6 5 4 3 2 1 0 ppm

JW 950 MeOH insolubles
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response was expected of their chemical shift when substituting a slightly weaker 

donating ring substituent for a stronger donating one, i.e. exchangeing OCH3 for OH. 

 

Figure 3.63: 
1
H NMR spectrum of 65 run in CDCl3with x-axis in ppm. 

Confirmation that the methyl group was removed was also provided in the 
13

C NMR 

spectrum of 65. The methyl carbon resonance, which was present in the 
13

C NMR 

spectrum of 64 at 55.6 ppm was not present in the 
13

C NMR spectrum of the product, 

thus confirming cleavage of the ether moiety. 

 

Figure 3.64: Benzamide moiety of 65 showing H-bonding interactions. 

The ether CO vibration modes could not be assigned with any confidence in the IR 

spectrum of 64 so the absence of these bands in the deprotected ether did not result in 

any noticeable difference in the spectrum of 65 as the CO stretching region contained 

overlapping bands that represented the calix[4]arene and ligand vibration modes, both 

moieties of which contain CO fragments. 

13 12 11 10 9 8 7 6 5 4 3 2 1 0 ppm

JW 965 1-3-10 75 mgs off white solid
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The mass spectrum of 65 contained a major peak at 1201.5526, which corresponded to 

the (M + Na)
+
 ion. The protonated species (M + H)

+
 ion was also detected at 

1179.5704. 

3.9.7 X-ray crystal structure of 64 

Calix[4]arene 64 was isolated as a white solid. Colourless crystals of 64 were grown 

from a dichloromethane and methanol solution by the method of slow evaporation and 

proved suitable for X-ray crystallographic analysis. The structure determined is shown 

in Figure 3.65. The calix[4]arene is in a cone conformation, which follows the trend of 

the calix[4]arene derivatives’ orientations previously exhibited in this thesis. The cone 

is stabilised by two intramolecular hydrogen bonds between the hydroxyl groups and 

the substituted oxygens: O(1B)H(1B)∙∙∙O(1C) and O(1D)H(1D)∙∙∙O(1A) exhibiting 

values of 2.739(3) and 2.710(3) Å respectively. These values are within the range of 

previously published hydrogen bonding interactions for the lower rim hydroxyl groups 

on a calix[4]arene.
118

 

 

Figure 3.65: X-ray crystal structure of 64. 

Hydrogen bonding occurs at several additional sites. The amide moieties nearest the 

calix[4]arene macrocycle participate in hydrogen bonding with the lower rim oxygens. 

These interactions, N(1C)H(1C)∙∙∙O(1C) and N(1C)H(1C)∙∙∙O(1D) (of magnitude 



Chapter 3. Results and Discussion 

 

182 

 

2.605(3) and 2.967(3) Å respectively) are partially responsible for the orientation of 

the pendant arms, with one pointing upwards and the other downwards. Additional 

hydrogen bonding is observed at the aromatic ring containing the nitro functional 

group, with interactions between the aryl-methyl ether’s oxygen and the adjacent 

amide proton on the two pendant arms: N(2A)H(2A)∙∙∙O(6A) and N(2C)H(2C)∙∙∙O(6C) 

exhibiting distances of 2.664(4) and 2.978(3) Å respectively. All of the above 

hydrogen bond distances are within the accepted range for these types of 

interactions.
137

 

The orientation of the pendant arms also facilitates π-stacking interactions in the 

crystal packing. The calix[4]arenes lie in double layers facing each other with the   

tert-butyl groups pointing outwards. The pendant arm that has swung upwards forms a 

short chain by way of π-stacking interactions with one of the aromatic rings of the 

calix[4]arene cavity wall and one of the pendant arms of an adjacent molecule. This 

bimolecular species interacts, by π-stacking, with a second bimolecular species to form 

a short six-member π-π stack, thereby linking the two layers together. These resulting 

interactions are displayed in Figure 3.66. The π-π interactions between each of the six 

rings are 3.544, 3.705, 3.603, 3.705 and 3.544 Å respectively. As a result, each 

calix[4]arene molecule interacts with three adjacent units. 

The calix[4]arene itself crystallised as an inclusion complex, as shown in Figure 3.65, 

with a molecule of dichloromethane (DCM) situated within the macrocyclic cavity. 

The hydrogens of the DCM are situated in such a way as to interact with the π systems 

of two of the aromatic rings that make up part of the calix[4]arene‘s wall. The 

hydrogen-bonding distances to the centre of the two aromatic rings are 2.548 and 2.616 

Å respectively. DCM-calix[4]arene inclusion complexes have been reported in the 

literature previously, with the calix[4]arene binding in a similar fashion to that 

observed in the above case.
138

 

Using the crystallographic data obtained, it was postulated that with this calix[4]arene 

derivative it would be possible to sequester metal ions from solution, ideally with some 

selectivity. To this end, metal complexation studies were carried out with metal-ligand 

complex formation detected using 
1
H NMR spectroscopy. 
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Figure 3.66: Partial packing diagram of 64 showing π-stacking interactions within the double 

layer with centroid (orange) to centroid distances displayed. 

3.9.8 Metal complexation reactions of 64 

Due to the relatively poor solubility of metal salts in CDCl3, metal complexation 

reactions were performed in d6-DMSO. The 
1
H NMR spectrum of calix[4]arene 

derivative 64 was first obtained in the deuterated solvent, then an excess of the 

appropriate metal salt solution (also in d6-DMSO) was added to the ligand. In the case 

of silver(I) acetate, the metal salt was added as an aqueous solution because of the very 

limited solubility of the silver(I) salt in d6-DMSO although this resulted in inaccurate 

comparisons between the silver titration and its sodium and zinc equivalent titrations. 

The 
1
H NMR spectrum of the mixture was obtained and then compared with the 

corresponding spectrum of the starting material. A summary of the metal complexation 

reactions carried out is shown in Table 3.3. 

Table 3.3: Summary of metal complexation reactions of 64. 

Metal Salt Metal Equivalents Solvent 

NaClO4·6H2O 5.0 d6-DMSO 

NaO2CCH3·3H2O 5.0 d6-DMSO 

Zn(O2CCH3)2·2H2O 5.0 d6-DMSO 



Chapter 3. Results and Discussion 

 

184 

 

ZnCl2 5.0 d6-DMSO 

Zn(ClO4)2·H2O 6.0 d6-DMSO 

AgClO4 6.0 d6-DMSO 

AgO2CCH3 2.0 d6-DMSO/H2O 

 

In all of the cases listed in Table 3.3 no shift of the calix[4]arene peaks was detected. 

Considering the number of potential binding sites on the ligand, this is a surprising 

result. The tetra functionalised ester derivative by McKervey et al. is a good example 

of a metal ion binder with a particular affinity for alkali metal ions.
139

 This ester 

derivative binds by using the lone pairs of the carbonyl oxygens to bind the appropriate 

metal ion. As a result, it was hoped that by using this calix[4]arene ester derivative as a 

template it would be expected that the tetra-amide calix[4]arene derivative 64 would 

display some kind of binding action toward the metals mentioned in Table 3.3, which 

were introduced as their corresponding salt. In addition to the amides’ oxygens, the 

amide nitrogen (if deprotonated) also has the potential to bind metal ions, as examples 

in the literature are a testament to.
83,84

 To ensure that the solvent was not responsible 

for a cage effect around the metal cation, deuterated acetonitrile was used as an 

alternative solvent in a test case. In this instance no shift in the ligand’s peaks were 

observed in its 
1
H NMR spectrum. 

To determine whether the binding ability of the benzamide moiety was affected by the 

protected phenol group, the methyl ether was cleaved and the deprotected benzamide 

calix[4]arene was subjected to complexation studies with the same array of metal salts 

used for 64. Thus, the ability of calix[4]arene 65 to bind metal ions was determined 

3.9.9 Metal complexation reactions of 65 

3.9.9.1 Overview 

The failure of 64 to show any evidence of complexation properties led to the 

deprotection of the methyl ether. The hydroxy derivative, 65, which possesses a labile 

proton, has upon deprotonation the potential to function as an anionic ligand. To this 

end, metal salt titrations, using a similar method to that for 64, were performed. A 

known amount of the starting ligand was dissolved in d6-DMSO (for reasons 

mentioned in 3.9.8). The parent solution was titrated against a known concentration of 
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the metal salt in the same solvent (except in the case of silver(I) acetate, for reasons of 

poor solubility). The use of an NMR spectrometer limited the range of metal salts that 

could be used to those with exclusively diamagnetic character. To determine the scope 

of binding character of 65, some sodium(I) and silver(I) salts were employed in 

addition to the main metal of focus which was zinc(II). To determine whether the 

anion had any influence on whether the metal ion would bind or not, a selection of 

anions was used, namely acetate, chloride and perchlorate ions, to counter the metal 

cations. A summary of metal salts employed and their amounts used are shown in 

Table 3.4. 

Table 3.4: Summary of metal salts, solvents and stoichiometric equivalents used for 

determining binding properties of 65. 

Metal Salt Metal Equivalents (up to) Solvent 

NaClO4·6H2O 5.0 d6-DMSO 

NaO2CCH3·3H2O 5.0 d6-DMSO 

Zn(O2CCH3)2·2H2O 5.0 d6-DMSO 

ZnCl2 5.0 d6-DMSO 

Zn(ClO4)2·H2O 5.0 d6-DMSO 

AgClO4 5.0 d6-DMSO 

AgO2CCH3 1.6 d6-DMSO/H2O 

 

The experimental results presented previously in this thesis show that, when chloride 

and perchlorate metal salts are used, no shift of the ligand’s peaks in the 
1
H NMR 

spectra were observed. This is surprising since it was postulated that the removal of the 

methyl moiety would afford favourable binding characteristics similar to that shown 

by 46, where both chloride and perchlorate metal salts bind with ease. 

3.9.9.2 Complexation studies of zinc(II) acetate with 65 

Additional metal salt titrations were carried out using a solution of zinc(II) acetate and 

this yielded a change in the 
1
H NMR spectrum of 65. A suggestion that the acetate was 

effecting an alteration of 65 in solution was the observed change in colour of the 

solution. The original ligand, whose solution exhibited a very pale yellow colour, 

altered on contact with the acetate solution to give a much stronger yellow colour. This 

colour change was very noticeable, even in the presence of substoichiometric amounts 

of the metal salt. Aliquots of the metal salt solution were continually added, with each 
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sequential addition monitored for alterations in the 
1
H NMR spectrum up to one 

equivalent of metal. On addition of excess equivalents of zinc(II) acetate, additional 

changes in the 
1
H NMR spectrum were not observed. This suggests that the zinc(II) 

ion was binding in a 1:1 metal-to-ligand ratio, with the pendant arms working in 

tandem to provide an O,O,O,O-tetradentate coordination site. This type of coordination 

mode with ortho-hydroxy benzamides and zinc(II) salts has been reported 

previously.
140

 A proposed structure of the zinc(II) calix[4]arene complex is displayed 

in Figure 3.67. 

 

Figure 3.67: Proposed structure of 65 with one equivalent of zinc(II) acetate. Excess amounts 

of zinc(II) acetate do not alter chemical shifts in 1H NMR spectrum. 

A comparison of the 
1
H NMR spectrum of 65 and that of the same ligand with one full 

equivalent of zinc(II) acetate added is shown in Figure 3.68. The most noticeable 

change between the two spectra was the signal that was present in the 
1
H NMR 

spectrum of the ligand at 13.94 ppm was not present after the addition of the zinc(II) 

solution. This suggested that the zinc may have bound to the ortho-hydroxy benzamide 

moiety in an O,O- bidentate fashion, analogous to that displayed in the X-ray crystal 

structure of 48. Evidence that the calix[4]arene’s pendant arm was functioning with 

only one site of deprotonation was the continued presence of the amide protons, whose 

representative signals were observed at 9.38 and 9.02 ppm in the 
1
H NMR spectrum of 

the starting material and who diverged in the corresponding 
1
H NMR spectrum on 

addition of the zinc(II) solution to 10.29 and 8.76 ppm respectively. The increased 
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difference in their resonance positions would suggest that only one of the amide 

functional groups was participating in binding the zinc(II) ion. 

 

Figure 3.68: Partial 
1
H NMR spectra of 65 (shown in blue trace) and of 65 with the addition of 

one equivalent of zinc(II) acetate (shown in red trace) in d6-DMSO with x-axis scale in ppm. 

3.9.9.3 Complexation studies of sodium(I) acetate with 65 

To ascertain whether ligand 65 binds selectively to zinc(II) acetate, sodium(I) acetate 

was used in the same manner as its zinc(II) analogue. Suggestive complexation of the 

ligand was provided by a similar colour change to that observed on addition of zinc(II) 

acetate, i.e. alteration of the colour from a light yellow hue to a much stronger yellow 

colour. Titrations were carried out in an identical manner to that for the zinc(II) acetate 

complexation and it was found that the sodium(I) ion complexes to 65 in a metal-to-

ligand ratio of 2:1, suggesting that each pendant arm binds one sodium ion apiece, as 

displayed by the proposed structure in Figure 3.69. 

Similar to the binding studies on zinc(II) acetate, the phenolic proton signal at 13.94 

ppm present in the 
1
H NMR spectrum of the ligand was not observed, suggesting that 

the metal may be binding at this site. Again, similar to the zinc(II) acetate case, the two 

signals for the amide protons were still present in the 
1
H NMR spectrum of the 2:1 

metal salt-to-ligand solution. They shifted in a similar manner to that observed for the 

zinc(II) complex with the amide protons’ signals diverging from 9.38 and 9.02 ppm to 
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11.27 and 8.80 ppm respectively, as shown in Figure 3.70. In an identical manner to 

that postulated for the complexed zinc(II) ion, it is proposed that the sodium(I) ion was 

bound in a bidentate O,O- coordination mode, with additional solvent molecules filling 

the metal ion’s coordination sphere as outlined in Figure 3.69. Sodium(I) generally 

occupies a maximum coordination number of six,
19

 a consequence of its small size and 

thus resulting in the postulate that the final four coordination sites were occupied by 

either water or d6-DMSO donors. 

 

Figure 3.69: Proposed structure of sodium coordination complex of 65 with 2 eq. sodium(I) 

acetate added, with S denoting donor solvent molecules. 

 

Figure 3.70: Partial 
1
H NMR spectra of 65 (shown in blue trace), 65 and the addition of 1 

equivalent of sodium(I) acetate (shown in red trace) and 65 and the addition of 2 equivalents of 

sodium(I) acetate (shown in green trace) in d6-DMSO with x-axis scale in ppm. 
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3.9.9.4 Complexation studies of silver(I) acetate with 65 

The successful binding of 65 to both the zinc(II) and sodium(I) salts encouraged the 

expansion of the investigation to ascertain whether another transition metal, silver(I) 

would interact with the ligand. Following the same trend as both the zinc(II) and 

sodium(I) analogues, the only silver(I) salt to show any type of interaction with the 

ligand was silver(I) acetate. Prior to the silver(I) acetate reaction, a similar reaction 

using silver(I) perchlorate showed no effect on the chemical shift of the ligand upon 

addition of excess amounts. 

Solubility issues with the silver(I) acetate salt in d6-DMSO meant that an aqueous 

solution of silver(I) acetate was used in the metal salt titrations with 65. This alteration 

resulted in inaccurate comparisons of the spectral data because of the different solvent 

environments. However it was decided to monitor the alteration of the ligand’s peaks 

on addition of the metal salt. It was postulated that when no further shift in the peaks 

occurred it implies that the ligand was unable to bind to any additional metal ions 

added in its presence. From the experimental set up (identical to the zinc(II) and 

sodium(I) titrations except for the solvent) and chemical shifts of the ligand’s signals 

in the 
1
H NMR spectrum it is suggested that the ligand interacted with the silver(I) ion. 

Additional changes (including the intensification of the yellow colour in the sample) 

were also noted. The signal of the phenolic hydrogen on the pendant arm observed in 

the 
1
H NMR spectrum of the ligand at 13.94 ppm had, like all previous cases in the 

presence of a metal acetate salt, disappeared. Given that the silver ion possesses a +1 

charge, this would suggest that the silver ion was shared between the ligands, thus 

forming a long chain polymer, with a possible repeat unit which is shown in Figure 

3.71. Formation of coordination polymers have been observed before with ligands 

binding silver(I) ions.
141

 Support for this theory also came in the physical appearance 

of the NMR sample. As the acetate solution was added upon completion of the 

addition of one full equivalent of silver(I) acetate, a yellow solid was formed in the 

sample tube. Attempts were made to redissolve this solid, but to no avail. Prior to the 

formation of this precipitate, the 
1
H NMR spectrum of the metal-to-ligand mixture 

showed that many of the signals representing the protons on the pendant arms had 

altered to give a very broad appearance, again supporting the theory that polymer 

formation had occurred. 
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The rest of the signals in the 
1
H NMR spectrum of the metal and ligand mixture 

suggested an analogous binding mode was used by the ligand in this case also. The 

amide protons that were present in the 
1
H NMR spectrum of 65 at 9.38 and 9.02 ppm 

had diverged to 10.89 and 8.92 ppm respectively, as can be seen in Figure 3.72, upon 

addition of one metal salt equivalent. This conveyed that the metal, as in the two 

previous cases, sat in an O,O- bidentate coordination sphere. The silver ion may be 

encapsulated by an additional donor from an adjacent molecule of 65. A representation 

of this binding mode is shown in Figure 3.71. 

 

Figure 3.71: Possible repeat unit of proposed polymeric structure for complex formed from 65 

and the addition of silver(I) acetate. Poor solubility of complex also supports a proposed 

polymeric structure. 
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Figure 3.72: Partial 
1
H NMR spectra of 65 (shown in blue trace), 65 and the addition of 1 

equivalent of silver(I) acetate (shown in red trace) and 65 in a d6-DMSO/H2O mixture with x-

axis scale in ppm. 

3.9.9.5 Explanation for selectivity of 65 for metal acetates 

Examining the results of the metal complex titrations with 65, it becomes clear that the 

ligand binds exclusively to metal acetates. An explanation for this trend can be found 

by the relative basicity of the metal cations’ counterions, namely the acetate, 

perchlorate and chloride anions. By using known pKa values determined in DMSO for 

analogous compounds, it is possible to show why the acetate salts are the only ones to 

bind to 65. Ligand 65 has a para-nitrophenol moiety on its pendant arm and has an 

approximate pKa of 10.8 in DMSO.
142

 In reality the pKa of 65 is probably even lower, 

as the presence of the amide ortho to the hydroxyl would also contribute toward the 

stability of the conjugate base (i.e. the phenoxide), thus enhancing the acidity of the 

phenol and lowering the pKa even further.  

Acetic acid, whose conjugate base is the acetate anion, has a pKa of 12.3 in DMSO.
142

 

This would suggest that the acetate anion is more basic than the ligand (65), 

specifically the nitrophenol moiety. From this information it can be proposed that the 

acetate anion, a sufficiently strong base, is able to deprotonate the nitrophenol moiety 

to give the corresponding phenoxide. The charged species, being a much stronger 

donor, is now able to bind to the metal cation, in a way that the neutral ligand could 

not. Evidence of the crucial role of the counterion in facilitating metal binding arises 

when the acetate salts are compared with their chloride and perchlorate counterparts. 



Chapter 3. Results and Discussion 

 

192 

 

Hydrochloric acid (pKa of 1.8 in DMSO (−8.0 in H2O))
142

 and perchloric acid (pKa of 

−10 in H2O)
142

 are both stronger acids than acetic acid, meaning that both the chloride 

and perchlorate anions would be weaker bases than the acetate anion. This suggests 

that the chloride anion is not sufficiently strong to remove the proton from the 

nitrophenol moiety. Failure to deprotonate the phenol means that the neutral ligand is 

not a strong enough ligand to bind to the metal cation. The same case occurs for the 

perchlorate anion, which is an even weaker base than the chloride. 

 

Figure 3.73: Partial 
1
H NMR spectra of 65 with zinc(II) acetate (blue trace), sodium(I) acetate 

(red trace) and silver(I) acetate (green trace) with x-axis scale in ppm. 

Using the three separate metals also rules out the possibility that the acetate anion is 

functioning as a ‘naked anion’ and that no complexation of the metal cation is 

occurring. By comparing the three 
1
H NMR spectra of the metal titrations it can be 

seen that obvious variations occur in the spectra. This suggests that the metal ion is 

forming a coordination complex with the charged ligand. Partial 
1
H NMR spectra of 

the three acetate titrations are shown in Figure 3.73 displaying how emphatic the 

differences between the metals are though the different solvent environment used in 

the silver(I) titration means that accurate comparisons between the NMR data cannot 

be made. 
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The goal of the work carried out in this thesis was to prepare an array of novel ligands 

based on either a Schiff-base or amide design. Some of these ligands were attached to 

the calix[4]arene macrocycle to prepare macromolecular derivatives. Several of these 

ligands were examined for potential fluorescent character. All were subjected to 

complexation studies resulting in the formation and characterisation of novel 

coordination complexes. Sodium(I), nickel(II), copper(II), zinc(II) and silver(I) metal 

salts were employed in these complexation reactions. 

Using meta-hydroxybenzaldehyde, three (two novel) Schiff-base ligands were 

prepared in good yield with isolation of the products a straightforward task. The 

isolated ligands were stable for an extended period. Complexation reactions were 

carried out using nickel(II), copper(II) and zinc(II) metal ion salts, with the counterions 

being acetate, chloride and perchlorate. In every case except one, hydrolysis of the 

Schiff-base ligands occurred. Precautions were taken to exclude moisture but the use 

of hydrated metal salts defeated these measures. The single case where complexation 

was determined to be successful was with the use of an anhydrous metal salt: zinc(II) 

chloride. The zinc(II) salt formed a coordination polymer with two phenol ether 

oxygens on adjacent ligand molecules, thus bridging two Schiff-base molecules. Aside 

from this success, only metal-amine complexes were isolated. The use of effective 

drying agents or the wider availability of anhydrous metal salts may prove to bear 

more fruitful results if used with these ligands, along with extending the range of metal 

salts used. 

In two cases, complexation between a Schiff-base ligand derivative and a metal salt 

yielded metal-amine complexes whose X-ray crystal structures were obtained. One 

contained a dinuclear copper(II) dimer bound to 1,3-diaminopropane (dap) with two 

bridging acetate ions. In the crystal was also a mononuclear copper(II) complex bound 

to dap with two monodentate acetate ions and a coordinated water. The mononuclear 

complex adopted a distorted square pyramidal geometry. The second X-ray crystal 

structure isolated contained a pentanuclear copper(II) matrix, the result of the reaction 

of copper(II) chloride and a hydrolysed Schiff-base that produced 3,3’-diamino-N-

methyldipropylamine (dmda). The unit cell contained a dinuclear chloride bridged 

metal amine species, two mononuclear metal amine species and an unusual             

two-coordinate copper centre. It is not clear if the copper ion is copper(II) or copper(I) 

but based on literature trends for copper(I) species this was deemed to be the likely 
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oxidation state of the copper centre, with a counter ion hydroxide balancing the 

charges. 

The very limited success of the meta-hydroxy Schiff-base family resulted in the        

re-evaluation of progressing to synthesis a macrocyclic derivative. To this end     

ortho-hydroxybenzaldehyde was used as a substitute. Using an ethyl linker to the 

lower rim of the calix[4]arene, 29 was prepared in moderate yield. Using this as a 

template, a family of compounds were prepared from the macromolecular aldehyde. 

Some of them were found to be unstable under reflux conditions and conversion of 

these from a hydrazone and an acyclic azine (in separate cases) to a communal product 

that was characterised by X-ray crystallography to be a cyclic azine. Binding studies 

on this macromolecular bicycle revealed it to be poor at the complexation of metal 

ions. 

The family of azines produced three additional X-ray crystal structures. One of these 

azines, 32 was crystallised initially from xylenes with the pendant arms folded 

upwards against the wall of the calix[4]arene. It was found to have formed an inclusion 

complex with a molecule of xylene sandwiched between the pendant arms, the result it 

was thought of π-π stacking interactions. Crystallisation also took place of the same 

molecule from a non-aromatic solvent: N,N-dimethylformamide (DMF). The folded 

upwards orientation of the pendant arms persisted in this environment leading to the 

theory that an interaction exists between the hydroxyl group on the azine and the wall 

of the calix[4]arene. Molecular modelling may cast some light on the reasons for the 

calix[4]arene azine adopting this orientation 

The family of acyclic calix[4]arene azines fared better than the cyclic derivative when 

subjected to complexation reactions. Two zinc(II) calix[4]arene azine complexes (a 

dinuclear and a trinuclear) were prepared and were both found to exhibit fluorescent 

properties. The free ligands and the zinc(II) complexes were both found to have some 

degree of fluorescent activity and in all cases an enhancement of emission occurred on 

complexation of the zinc(II) ion. The range of azines could be expanded to determine 

the scope of the fluorescent properties of this class of macrocyclic compound. 

Model complexes (benzazines) of the pendant arms were also prepared to determine 

whether the calix[4]arene had any effect on the fluorescent properties of the pendant 

arms. Complexation of the zinc(II) salts was successful yielding several novel zinc(II) 
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azine complexes. Fluorescent studies on these azines aligned itself to the trend 

exhibited by the zinc(II) calix[4]arene azine complexes in that there is an increase in 

the emission intensity on complexation of the zinc(II) ion when compared to the 

emission strength of the free ligands. It would seem that the calix[4]arene 

macromolecule has little effect on the fluorescent characteristics of the azine moiety, 

although the substituents on the benzazine aromatic rings do. 

Aside from imine donor ligands, a set of metal complexes using a benzamide ligand 

were also prepared. The synthesis of N-(2-aminoethyl)-2-hydroxy-5-nitrobenzamide 

46 was accomplished using unprotected ethylene diamine (en) and methyl-2-hydroxy-

5-nitrobenzoate in good yield. The amide was found to function as a zwitterionic 

species. The hydrochloride salt of 46 was also prepared using a facile procedure. The 

zwitterion and its hydrochloride salt differed in the orientation of the amide group, thus 

possessing potential ambidentate character. Both species were found to be soluble in 

water and were also characterised by X-ray crystallography. As a result of its 

solubility, subsequent metal complexation reactions of 46 were carried out in water. 

Copper(II), nickel(II) and zinc(II) complexes were prepared of the benzamide ligand 

46. Two of these yielded X-ray grade crystals and their structures subsequently solved. 

Both products were produced from a reaction of 46 with copper(II) perchlorate. An 

octahedral mononuclear complex with two equivalents of 46 occupying the equatorial 

positions as neutral donors with coordinated perchlorate anions situated in the axial 

coordination sites when the metal salt-to-ligand ratio is 2:1, formed. The second 

copper(II) complex was a square planar complex with 46 functioning as a charged 

ligand with deprotonation occurring at both the phenol and at the amide proton. 

Experimental conditions required the use of a metal salt-to-ligand ratio of 1:2. 

Copper(II) acetate exclusively produced the four-coordinate square planar complex 

whilst reaction of 46 with copper(II) chloride produced the six-coordinate analogue of 

the octahedral copper(II) perchlorate complex. Reaction of copper(II) acetate with the 

ligand in acetonitrile yielded a proposed dinuclear acetate bridged species with the 

ligand. Formation of the zinc(II) complexes of 46 required the use of a base to effect 

complexation. In all cases regarding the zinc(II) complexes exclusive formation of the 

zinc(II) derivative of the square planar copper(II) complex occurred. Further work is 

required to determine the scope of the metal binding abilities of 46 and also the reason 

behind the production of two separate copper(II) complexes. 
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To prepare the macromolecular version of 46, a point of attachment had to be provided 

on the lower rim of the calix[4]arene. Calix[4]arene diester derivative 56 was prepared 

to allow attachment to occur. No reaction occurred. The use of base was tried to 

produce the free amine from the zwitterion, but to no avail. Converting 56 to a diacid 

chloride provided a more reactive substrate but this yielded similar results when 

attempting to join 46 to it. From here it was decided to build the ligand sequentially 

out from the acid chloride terminus. Mono-Boc-protected ethylene diamine 

successfully coupled to 56. Facile deprotection with trifluoroacetic acid furnished the 

free amine. This coupled successfully to 63 in reasonable yield to give 64. Liberating 

the phenol from its methyl ether protecting group was achieved through the use of 

boron tribromide to give the macromolecular analogue of 46: calix[4]arene derivative 

65. Improved synthetic methods for the efficient production of 65 are needed to 

produce appropriate quantities for exhaustive metal complexation studies. 

Preliminary metal complexation studies were carried out on both 64 and 65. Binding 

studies based on peak shifts in 
1
H NMR spectra were carried out and yielded 

approximate information about the ratio of metal ion take up per ligand. 64, with its  

aryl-methyl ether ortho to the benzamide failed to display any sort of interaction with 

any of the metal ions present in solution, judging by the absence of changes in its 
1
H 

NMR spectrum. The metal salts used were sodium(I), silver(I) and zinc(II) metal salts 

with either acetate, chloride or perchlorate counterions. Deprotected of the methyl 

ether was by the method mentioned in the previous paragraph to yield 65, whose 

complexation studies yielded much more encouraging results. Using the same array of 

metal salts as with 64, it was found that the ligand only interacts with the metal cation 

when the counterion of the metal was the acetate. The use of relative pKa values help 

explain this selectivity. Future work could vary the substituents on the aromatic ring to 

tune the acidity of the phenolic proton. This could further enhance the selectivity of 65 

in the preparation and development of a highly selective ion binder. 
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 Crystallographic data recorded for 15 

Table 0.1: Atomic coordinates (*10
4
) and equivalent isotropic displacement parameters (Å

2
 * 

10
3
) for 15. U(eq) is defined as one third of the trace of the orthogonalised Uij tensor. 

Atom x y z U(eq) 
Cu(1) −84(1) 1737(1) −240(1) 20(1) 

Cu(2) 5008(1) 4264(1) 2301(1) 21(1) 

O(1) −878(1) 1821(1) 389(1) 25(1) 

O(2) −734(1) 4162(1) 715(1) 27(1) 

O(3) 633(1) 487(1) 688(1) 23(1) 

O(4) 1517(1) 99(1) 1952(1) 34(1) 

O(6) 3731(1) 2917(1) 3084(1) 34(1) 

O(7) 5945(1) 5028(1) 3243(1) 27(1) 

O(8) 6500(1) 2883(1) 3703(1) 40(1) 

O(9) 4892(1) 6251(1) 1544(1) 33(1) 

O(10) 7594(1) 521(1) 3890(1) 37(1) 

O(11) 2758(1) 754(1) 3395(1) 38(1) 

O(12) 1987(1) 1194(1) 4602(1) 31(1) 

N(1) −583(1) 3433(1) −959(1) 23(1) 

N(2) 753(1) 1391(1) −838(1) 23(1) 

N(3) 4051(1) 3263(1) 1449(1) 25(1) 

N(4) 5836(1) 3349(1) 1814(1) 27(1) 

C(1) −741(1) 3257(2) −1870(1) 25(1) 

C(2) 58(1) 2940(2) −2075(1) 24(1) 

C(3) 441(1) 1469(2) −1763(1) 27(1) 

C(4) −1076(1) 2968(2) 702(1) 22(1) 

C(5) −1790(1) 2801(2) 1056(1) 30(1) 

C(6) 1171(1) 924(2) 1366(1) 23(1) 

C(7) 1374(1) 2516(2) 1428(1) 30(1) 

C(8) 4049(1) 3269(2) 570(1) 29(1) 

C(9) 4822(1) 2543(2) 472(1) 33(1) 

C(10) 5625(1) 3361(2) 888(1) 32(1) 

C(11) 3704(1) 4264(2) 3072(1) 25(1) 

C(12) 3022(1) 5028(2) 3306(1) 37(1) 

C(13) 6510(1) 4223(2) 3724(1) 26(1) 

C(14) 7224(1) 4984(2) 4358(1) 34(1) 

O(5) 4216(1) 5058(1) 2857(1) 27(1) 

 
 

Table 0.2: Bond lengths (Å) and angles (°) for 15. 

Cu(1)-O(1) 1.9550(10) Cu(1)-N(2) 2.0013(12) 

Cu(1)-N(1) 2.0022(12) Cu(1)-O(3) 2.0153(9) 

Cu(1)-O(3)#1 2.2873(9) Cu(2)-O(7) 1.9854(10) 

Cu(2)-O(5) 1.9984(10) Cu(2)-N(4) 2.0167(13) 

Cu(2)-N(3) 2.0172(12) Cu(2)-O(9) 2.2140(11) 

O(1)-C(4) 1.2772(17) O(2)-C(4) 1.2445(17) 

O(3)-C(6) 1.2820(16) O(3)-Cu(1)#1 2.2873(9) 

O(4)-C(6) 1.2400(17) O(6)-C(11) 1.2482(18) 

O(7)-C(13) 1.2792(17) O(8)-C(13) 1.2416(19) 

N(1)-C(1) 1.4840(18) N(2)-C(3) 1.4841(18) 

N(3)-C(8) 1.4815(19) N(4)-C(10) 1.488(2) 

C(1)-C(2) 1.521(2) C(2)-C(3) 1.530(2) 

C(4)-C(5) 1.511(2) C(6)-C(7) 1.511(2) 

C(8)-C(9) 1.523(2) C(9)-C(10) 1.518(2) 

C(11)-O(5) 1.2718(18) C(11)-C(12) 1.505(2) 

C(13)-C(14) 1.510(2)   
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O(1)-Cu(1)-N(2) 172.80(4) O(1)-Cu(1)-N(1) 93.89(5) 

N(2)-Cu(1)-N(1) 92.81(5) O(1)-Cu(1)-O(3) 86.95(4) 

N(2)-Cu(1)-O(3) 87.40(4) N(1)-Cu(1)-O(3) 163.11(4) 

O(1)-Cu(1)-O(3)#1 86.57(4) N(2)-Cu(1)-O(3)#1 88.02(4) 

N(1)-Cu(1)-O(3)#1 117.23(4) O(3)-Cu(1)-O(3)#1 79.66(4) 

O(7)-Cu(2)-O(5) 88.45(4) O(7)-Cu(2)-N(4) 89.90(5) 

O(5)-Cu(2)-N(4) 175.48(5) O(7)-Cu(2)-N(3) 172.16(5) 

O(5)-Cu(2)-N(3) 90.06(5) N(4)-Cu(2)-N(3) 91.01(5) 

O(7)-Cu(2)-O(9) 93.97(4) O(5)-Cu(2)-O(9) 90.81(4) 

N(4)-Cu(2)-O(9) 93.50(5) N(3)-Cu(2)-O(9) 93.74(5) 

C(4)-O(1)-Cu(1) 124.82(9) C(6)-O(3)-Cu(1) 126.50(9) 

C(6)-O(3)-Cu(1)#1 132.74(9) Cu(1)-O(3)-Cu(1)#1 100.34(4) 

C(13)-O(7)-Cu(2) 123.10(9) C(1)-N(1)-Cu(1) 116.41(9) 

C(3)-N(2)-Cu(1) 116.78(9) C(8)-N(3)-Cu(2) 117.45(9) 

C(10)-N(4)-Cu(2) 117.20(9) N(1)-C(1)-C(2) 112.04(11) 

C(1)-C(2)-C(3) 113.72(12) N(2)-C(3)-C(2) 112.11(11) 

O(2)-C(4)-O(1) 124.50(13) O(2)-C(4)-C(5) 120.46(13) 

O(1)-C(4)-C(5) 115.03(13) O(4)-C(6)-O(3) 122.68(13) 

O(4)-C(6)-C(7) 120.48(12) O(3)-C(6)-C(7) 116.85(12) 

N(3)-C(8)-C(9) 112.06(12) C(10)-C(9)-C(8) 113.47(13) 

N(4)-C(10)-C(9) 111.47(13) O(6)-C(11)-O(5) 123.92(14) 

O(6)-C(11)-C(12) 119.53(14) O(5)-C(11)-C(12) 116.54(13) 

O(8)-C(13)-O(7) 124.35(13) O(8)-C(13)-C(14) 119.16(13) 

O(7)-C(13)-C(14) 116.49(13) C(11)-O(5)-Cu(2) 122.40(9) 

Symmetry transformations used to generate equivalent atoms: #1 −x,−y,−z                                                                                 

Table 0.3: Anisotropic displacement parameters (Å
2
 x 10

3
) for 15. The anisotropic 

displacement factor exponent takes the form: −2 gπ
2
 [ h

2
 a*

2
 U11 + ... + 2 h k a* b* U12]. 

Atom U11 U22 U33 U23 U13 U12 
Cu(1) 23(1) 17(1) 21(1) 1(1) 9(1) 1(1) 

Cu(2) 20(1) 18(1) 26(1) 0(1) 7(1) 0(1) 

O(1) 30(1) 18(1) 29(1) 1(1) 14(1) 2(1) 

O(2) 27(1) 23(1) 33(1) −4(1) 11(1) −4(1) 

O(3) 24(1) 20(1) 22(1) −2(1) 4(1) −1(1) 

O(4) 38(1) 30(1) 28(1) 6(1) 0(1) −7(1) 

O(6) 33(1) 23(1) 51(1) 3(1) 21(1) −1(1) 

O(7) 24(1) 23(1) 32(1) −1(1) 4(1) 1(1) 

O(8) 29(1) 24(1) 58(1) 5(1) 2(1) 1(1) 

O(9) 30(1) 22(1) 46(1) 6(1) 13(1) 1(1) 

O(10) 38(1) 38(1) 34(1) 4(1) 10(1) 12(1) 

O(11) 34(1) 47(1) 29(1) 7(1) 3(1) −14(1) 

O(12) 28(1) 26(1) 39(1) 0(1) 9(1) −2(1) 

N(1) 24(1) 21(1) 25(1) 1(1) 9(1) 0(1) 

N(2) 25(1) 18(1) 27(1) 1(1) 11(1) 0(1) 

N(3) 25(1) 22(1) 27(1) 2(1) 8(1) −1(1) 

N(4) 25(1) 24(1) 31(1) −1(1) 8(1) 2(1) 

C(1) 27(1) 26(1) 21(1) 3(1) 5(1) 0(1) 

C(2) 28(1) 26(1) 18(1) 0(1) 8(1) −2(1) 

C(3) 34(1) 25(1) 24(1) −4(1) 14(1) −2(1) 

C(4) 20(1) 25(1) 18(1) 1(1) 5(1) 3(1) 

C(5) 32(1) 29(1) 33(1) 3(1) 18(1) 2(1) 

C(6) 22(1) 24(1) 22(1) −1(1) 8(1) −2(1) 

C(7) 35(1) 24(1) 28(1) −4(1) 7(1) −6(1) 

C(8) 31(1) 32(1) 24(1) 4(1) 7(1) −2(1) 

C(9) 38(1) 36(1) 24(1) 0(1) 11(1) 1(1) 

C(10) 32(1) 33(1) 34(1) 5(1) 16(1) 3(1) 

C(11) 23(1) 27(1) 26(1) −1(1) 8(1) −1(1) 
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C(12) 35(1) 34(1) 50(1) −3(1) 24(1) 0(1) 

C(13) 22(1) 25(1) 31(1) 2(1) 8(1) 0(1) 

C(14) 26(1) 34(1) 35(1) 0(1) 1(1) −1(1) 

O(5) 27(1) 22(1) 34(1) −4(1) 13(1) −3(1) 

 

Table 0.4: Hydrogen coordinates (*10
4
) and isotropic displacement parameters (Å

2
 * 10

3
) for 

15. 

Atom x y z U(eq) 
H(1A) −1082 3655 −874 27 

H(1B) −233 4211 −780 27 

H(2A) 1176 2056 −649 27 

H(2B) 983 492 −689 27 

H(3A) 4043 2318 1612 30 

H(3B) 3562 3683 1465 30 

H(4A) 6341 3810 2036 32 

H(4B) 5910 2405 1989 32 

H(1C) −998 4150 −2160 30 

H(1D) −1141 2457 −2077 30 

H(2C) 473 3701 −1824 29 

H(2D) −65 2984 −2688 29 

H(3C) 15 708 −1979 32 

H(3D) 910 1280 −1985 32 

H(5A) −1730 3510 1502 44 

H(5B) −1781 1825 1283 44 

H(5C) −2321 2960 614 44 

H(7A) 1817 2711 1954 44 

H(7B) 874 3069 1411 44 

H(7C) 1565 2802 959 44 

H(8A) 4022 4279 371 35 

H(8B) 3544 2761 219 35 

H(9A) 4870 1560 713 39 

H(9B) 4752 2443 −131 39 

H(10A) 6088 2917 730 38 

H(10B) 5563 4372 687 38 

H(12A) 2680 4317 3481 56 

H(12B) 2670 5566 2823 56 

H(12C) 3271 5698 3766 56 

H(14A) 7105 5055 4889 51 

H(14B) 7289 5954 4156 51 

H(14C) 7740 4435 4441 51 

H(9D) 4475(11) 6760(20) 1509(13) 43(6) 

H(10D) 7297(13) 1270(20) 3888(15) 62(7) 

H(11A) 3016(15) 1510(20) 3286(16) 73(8) 

H(12D) 2235(14) 1120(30) 4225(13) 73(8) 

H(9C) 5296(11) 6860(20) 1698(12) 47(6) 

H(10C) 7643(13) 80(20) 4355(11) 53(6) 

H(11B) 2389(11) 580(20) 2929(10) 43(5) 

H(12E) 1590(12) 590(20) 4444(13) 51(6) 
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 Crystallographic data recorded for 21 

Table 0.5: Atomic coordinates (*10
4
) and equivalent isotropic displacement parameters (Å

2
 * 

10
3
) for 21. U(eq) is defined as one third of the trace of the orthogonalised Uij tensor. 

Atom x y z U(eq) 
Cu(1) 10115(1) 1825(1) 4365(1) 18(1) 

Cu(2) 3749(1) 4067(1) 4265(1) 17(1) 

Cu(3) 2926(1) 619(1) 2500 43(1) 

Cl(1) 11345(1) 2500 5000 18(1) 

Cl(2) 8277(1) 1420(1) 4763(1) 23(1) 

Cl(3) 3832(1) 4108(1) 5206(1) 24(1) 

Cl(4) 1743(1) 3978(1) 3911(1) 27(1) 

Cl(5) 3721(1) 1672(1) 2500 47(1) 

Cl(6) 2099(1) −419(1) 2500 53(1) 

O(1) 6063(2) 2500 5000 32(1) 

O(2) 6672(2) 1849(2) 2500 57(1) 

N(1) 10960(1) 952(1) 4635(1) 23(1) 

N(2) 10149(1) 1492(1) 3592(1) 21(1) 

N(3) 9531(1) 2822(1) 4194(1) 20(1) 

N(4) 3877(1) 2988(1) 4357(1) 21(1) 

N(5) 4993(1) 4092(1) 3651(1) 19(1) 

N(6) 3669(1) 5155(1) 4306(1) 20(1) 

N(7) 7743(3) 365(2) 2500 42(1) 

C(1) 10724(2) 223(1) 4403(1) 29(1) 

C(2) 10986(2) 228(1) 3833(1) 32(1) 

C(3) 10121(2) 677(1) 3517(1) 27(1) 

C(4) 9123(2) 1778(1) 3293(1) 28(1) 

C(5) 8958(2) 2609(1) 3284(1) 31(1) 

C(6) 8602(2) 2921(1) 3803(1) 27(1) 

C(7) 11245(2) 1795(1) 3373(1) 36(1) 

C(8) 4015(2) 2503(1) 3901(1) 26(1) 

C(9) 5135(2) 2688(1) 3615(1) 28(1) 

C(10) 5061(2) 3414(1) 3327(1) 28(1) 

C(11) 4775(2) 4703(1) 3275(1) 25(1) 

C(12) 4694(2) 5472(1) 3496(1) 27(1) 

C(13) 3619(2) 5597(1) 3828(1) 25(1) 

C(14) 6137(2) 4207(1) 3913(1) 25(1) 

C(15) 8225(3) −184(2) 2500 35(1) 

C(16) 8842(3) −881(2) 2500 50(1) 

 

Table 0.6: Bond lengths (Å) and angles (°) for 21. 

Cu(1)-N(3) 1.9808(15) Cu(1)-N(1) 1.9835(15) 

Cu(1)-N(2) 2.0865(16) Cu(1)-Cl(2) 2.4503(5) 

Cu(1)-Cl(1) 2.4822(4) Cu(2)-N(4) 1.9825(16) 

Cu(2)-N(6) 1.9831(16) Cu(2)-N(5) 2.1274(15) 

Cu(2)-Cl(3) 2.4338(5) Cu(2)-Cl(4) 2.4702(5) 

Cu(3)-Cl(6) 2.1105(12) Cu(3)-Cl(5) 2.1184(12) 

Cl(1)-Cu(1)#1 2.4822(4) N(1)-C(1) 1.480(2) 

N(2)-C(7) 1.480(2) N(2)-C(3) 1.495(2) 

N(2)-C(4) 1.496(2) N(3)-C(6) 1.475(2) 

N(4)-C(8) 1.479(2) N(5)-C(14) 1.485(2) 

N(5)-C(10) 1.493(2) N(5)-C(11) 1.497(2) 

N(6)-C(13) 1.475(2) N(7)-C(15) 1.139(4) 

C(1)-C(2) 1.501(3) C(2)-C(3) 1.519(3) 

C(4)-C(5) 1.522(3) C(5)-C(6) 1.514(3) 

C(8)-C(9) 1.514(3) C(9)-C(10) 1.518(3) 
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C(11)-C(12) 1.513(3) C(12)-C(13) 1.513(3) 

C(15)-C(16) 1.451(5)   

     

N(3)-Cu(1)-N(1) 166.99(7) N(3)-Cu(1)-N(2) 93.32(6) 

N(1)-Cu(1)-N(2) 95.38(7) N(3)-Cu(1)-Cl(2) 94.62(5) 

N(1)-Cu(1)-Cl(2) 91.63(5) N(2)-Cu(1)-Cl(2) 109.22(4) 

N(3)-Cu(1)-Cl(1) 83.44(5) N(1)-Cu(1)-Cl(1) 83.68(5) 

N(2)-Cu(1)-Cl(1) 139.89(4) Cl(2)-Cu(1)-Cl(1) 110.896(17) 

N(4)-Cu(2)-N(6) 169.81(7) N(4)-Cu(2)-N(5) 93.55(6) 

N(6)-Cu(2)-N(5) 92.85(6) N(4)-Cu(2)-Cl(3) 84.64(5) 

N(6)-Cu(2)-Cl(3) 85.24(5) N(5)-Cu(2)-Cl(3) 135.79(4) 

N(4)-Cu(2)-Cl(4) 92.78(5) N(6)-Cu(2)-Cl(4) 92.44(5) 

N(5)-Cu(2)-Cl(4) 110.19(4) Cl(3)-Cu(2)-Cl(4) 114.014(18) 

Cl(6)-Cu(3)-Cl(5) 178.84(4) Cu(1)-Cl(1)-Cu(1)#1 111.11(2) 

C(1)-N(1)-Cu(1) 119.17(12) C(7)-N(2)-C(3) 109.68(16) 

C(7)-N(2)-C(4) 109.50(17) C(3)-N(2)-C(4) 105.13(14) 

C(7)-N(2)-Cu(1) 105.93(12) C(3)-N(2)-Cu(1) 114.32(12) 

C(4)-N(2)-Cu(1) 112.27(12) C(6)-N(3)-Cu(1) 120.48(12) 

C(8)-N(4)-Cu(2) 120.12(12) C(14)-N(5)-C(10) 108.99(15) 

C(14)-N(5)-C(11) 109.64(15) C(10)-N(5)-C(11) 104.98(15) 

C(14)-N(5)-Cu(2) 104.59(11) C(10)-N(5)-Cu(2) 115.78(12) 

C(11)-N(5)-Cu(2) 112.82(11) C(13)-N(6)-Cu(2) 120.01(12) 

N(1)-C(1)-C(2) 110.77(17) C(1)-C(2)-C(3) 113.58(17) 

N(2)-C(3)-C(2) 116.68(16) N(2)-C(4)-C(5) 116.78(16) 

C(6)-C(5)-C(4) 113.04(17) N(3)-C(6)-C(5) 111.56(16) 

N(4)-C(8)-C(9) 110.23(16) C(8)-C(9)-C(10) 112.69(17) 

N(5)-C(10)-C(9) 116.50(17) N(5)-C(11)-C(12) 116.84(16) 

C(13)-C(12)-C(11) 113.65(17) N(6)-C(13)-C(12) 111.13(16) 

N(7)-C(15)-C(16) 179.8(4)   

  

Symmetry transformations used to generate equivalent atoms: #1 x,−y+1/2,−z+1 

                                                                                 

Table 0.7: Anisotropic displacement parameters (Å
2
 * 10

3
) for 21. The anisotropic 

displacement factor exponent takes the form: −2 gπ
2
 [ h

2
 a*

2
 U11 + ... + 2 h k a* b* U12] 

Atom U11 U22 U33 U23 U13 U12 
Cu(1) 18(1) 18(1) 19(1) −2(1) −2(1) 4(1) 

Cu(2) 15(1) 18(1) 20(1) 1(1) 2(1) 0(1) 

Cu(3) 27(1) 76(1) 28(1) 0 0 18(1) 

Cl(1) 14(1) 21(1) 20(1) −2(1) 0 0 

Cl(2) 16(1) 22(1) 30(1) −2(1) 0(1) −2(1) 

Cl(3) 25(1) 28(1) 20(1) 1(1) −1(1) −5(1) 

Cl(4) 17(1) 27(1) 36(1) 5(1) −5(1) −2(1) 

Cl(5) 27(1) 81(1) 32(1) 0 0 11(1) 

Cl(6) 37(1) 79(1) 42(1) 0 0 10(1) 

O(1) 18(1) 32(1) 47(1) −3(1) 0 0 

O(2) 42(2) 63(2) 67(2) 0 0 −4(1) 

N(1) 23(1) 19(1) 27(1) −2(1) −5(1) 3(1) 

N(2) 16(1) 24(1) 22(1) −3(1) 1(1) −2(1) 

N(3) 18(1) 19(1) 24(1) −2(1) −3(1) 3(1) 

N(4) 18(1) 21(1) 25(1) 2(1) 3(1) −1(1) 

N(5) 16(1) 20(1) 21(1) 0(1) 2(1) 0(1) 

N(6) 17(1) 21(1) 23(1) 0(1) 2(1) 2(1) 

N(7) 35(2) 49(2) 40(2) 0 0 −4(1) 

C(1) 29(1) 18(1) 39(1) −2(1) −6(1) 3(1) 

C(2) 29(1) 26(1) 41(1) −12(1) −3(1) 7(1) 

C(3) 26(1) 26(1) 28(1) −11(1) −2(1) 1(1) 

C(4) 31(1) 32(1) 21(1) −1(1) −8(1) −3(1) 

C(5) 36(1) 30(1) 27(1) 6(1) −10(1) −2(1) 
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C(6) 19(1) 26(1) 35(1) 4(1) −7(1) 3(1) 

C(7) 26(1) 45(1) 39(1) −6(1) 14(1) −8(1) 

C(8) 28(1) 19(1) 31(1) −2(1) −2(1) −5(1) 

C(9) 30(1) 20(1) 32(1) −6(1) 4(1) 2(1) 

C(10) 36(1) 26(1) 24(1) −7(1) 8(1) −2(1) 

C(11) 28(1) 28(1) 21(1) 5(1) 5(1) 1(1) 

C(12) 27(1) 24(1) 30(1) 9(1) 5(1) 2(1) 

C(13) 25(1) 22(1) 28(1) 7(1) 1(1) 2(1) 

C(14) 14(1) 27(1) 35(1) −1(1) 1(1) 1(1) 

C(15) 26(2) 52(2) 26(2) 0 0 −6(2) 

C(16) 53(2) 55(2) 40(2) 0 0 13(2) 

     

Table 0.8: Hydrogen coordinates (*10
4
) and isotropic displacement parameters (Å

2
 * 10

3
) for 

21. 

Atom x y z U(eq) 
H(1A) 11749 1042 4602 27 

H(1B) 10802 918 4983 27 

H(3C) 9267 3029 4497 24 

H(3D) 10165 3095 4088 24 

H(4C) 4505 2903 4572 25 

H(4D) 3218 2835 4532 25 

H(6A) 3019 5272 4500 24 

H(6B) 4312 5310 4491 24 

H(1) 9892 90 4458 35 

H(2) 11214 −154 4575 35 

H(2A) 10983 −285 3704 38 

H(2B) 11783 429 3779 38 

H(3A) 10262 573 3146 32 

H(3B) 9321 502 3599 32 

H(4A) 8404 1555 3438 33 

H(4B) 9197 1605 2931 33 

H(5A) 9700 2843 3173 37 

H(5B) 8351 2733 3024 37 

H(3) 8430 3452 3765 32 

H(4) 7878 2674 3923 32 

H(7A) 11265 1701 2999 55 

H(7B) 11919 1557 3538 55 

H(7C) 11276 2326 3436 55 

H(8A) 3337 2565 3667 31 

H(8B) 4037 1983 4015 31 

H(9A) 5310 2290 3365 33 

H(9B) 5789 2710 3866 33 

H(10A) 5757 3455 3100 34 

H(10B) 4363 3399 3100 34 

H(11A) 4034 4597 3090 30 

H(11B) 5411 4698 3015 30 

H(12A) 5401 5569 3708 32 

H(12B) 4689 5830 3207 32 

H(13A) 3563 6125 3919 30 

H(13B) 2910 5463 3629 30 

H(14A) 6756 4253 3652 38 

H(14B) 6306 3787 4138 38 

H(14C) 6105 4658 4120 38 

H(16A) 8768 −1113 2841 75 

H(16B) 9672 −797 2423 75 

H(16C) 8504 −1205 2236 75 

H(1C) 6550(20) 2119(11) 4964(13) 80(11) 

H(2C) 5882(10) 1790(20) 2500 81(16) 



 Appendix 

 

VII 

 

 Crystallographic data recorded for 31 

Table 0.9: Atomic coordinates (*10
4
) and equivalent isotropic displacement parameters (Å

2
 * 

10
3
) for 31.U(eq) is defined as one third of the trace of the orthogonalised Uij tensor. 

Atom x y z U(eq) 
O(1) −818(1) 2948(1) 5326(1) 25(1) 

O(2) 344(1) 2329(1) 6128(1) 27(1) 

O(3) −144(1) 3647(1) 5099(1) 33(1) 

O(4) 993(1) 3847(1) 7032(1) 24(1) 

O(5) 2581(1) 3686(1) 8730(1) 30(1) 

O(6) −165(1) 3222(1) 7386(1) 28(1) 

O(7) −5084(2) 4236(1) 7324(2) 126(1) 

N(1) −3644(1) 4123(1) 6488(1) 42(1) 

N(2) 1823(1) 2565(1) 8853(1) 28(1) 

N(3) 2105(1) 2946(1) 8962(1) 30(1) 

C(1) −1917(1) 2985(1) 5286(1) 26(1) 

C(2) −2446(1) 2873(1) 6105(1) 27(1) 

C(3) −3551(2) 2911(1) 6019(2) 35(1) 

C(4) −4118(2) 3062(1) 5165(2) 40(1) 

C(5) −3541(2) 3195(1) 4400(2) 38(1) 

C(6) −2444(2) 3165(1) 4439(1) 30(1) 

C(7) −5340(2) 3080(1) 5030(2) 53(1) 

C(8) −5838(2) 2900(1) 5907(3) 88(1) 

C(9) −5724(2) 2875(1) 4037(2) 74(1) 

C(10) −5695(2) 3490(1) 4945(2) 62(1) 

C(11) −1847(2) 3347(1) 3629(1) 33(1) 

C(12) −1635(2) 3760(1) 3826(1) 29(1) 

C(13) −801(1) 3880(1) 4518(1) 26(1) 

C(14) −575(1) 4260(1) 4636(1) 26(1) 

C(15) −1214(2) 4516(1) 4079(1) 29(1) 

C(16) −2088(2) 4410(1) 3414(1) 31(1) 

C(17) −2265(2) 4029(1) 3298(1) 32(1) 

C(18) −2771(2) 4704(1) 2807(2) 40(1) 

C(19) −3869(2) 4553(1) 2437(2) 59(1) 

C(20) −2196(2) 4828(1) 1900(2) 77(1) 

C(21) −2943(2) 5046(1) 3466(2) 65(1) 

C(22) 356(1) 4380(1) 5378(1) 25(1) 

C(23) 51(1) 4412(1) 6460(1) 23(1) 

C(24) 328(1) 4146(1) 7211(1) 23(1) 

C(25) −105(1) 4156(1) 8143(1) 24(1) 

C(26) −735(1) 4460(1) 8347(1) 28(1) 

C(27) −970(1) 4748(1) 7654(1) 29(1) 

C(28) −587(1) 4710(1) 6710(1) 27(1) 

C(29) −1628(2) 5084(1) 7946(2) 36(1) 

C(30) −2693(2) 4949(1) 8260(2) 58(1) 

C(31) −1819(2) 5365(1) 7083(2) 56(1) 

C(32) −1018(2) 5286(1) 8854(2) 59(1) 

C(33) 19(1) 3833(1) 8889(1) 25(1) 

C(34) −914(1) 3564(1) 8739(1) 23(1) 

C(35) −947(1) 3280(1) 8009(1) 22(1) 

C(36) −1800(1) 3029(1) 7904(1) 23(1) 

C(37) −2612(1) 3070(1) 8533(1) 27(1) 

C(38) −2630(1) 3356(1) 9246(1) 28(1) 

C(39) −1765(1) 3598(1) 9327(1) 26(1) 

C(40) −3529(2) 3386(1) 9938(2) 36(1) 

C(41) −4568(2) 3265(1) 9419(3) 99(1) 

C(42) −3670(3) 3780(1) 10295(3) 113(2) 

C(43) −3252(3) 3146(1) 10860(2) 127(2) 
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C(44) −1859(1) 2729(1) 7088(1) 25(1) 

C(45) −435(2) 2655(1) 4708(1) 28(1) 

C(46) −379(2) 2284(1) 5239(1) 28(1) 

C(47) 540(1) 2026(1) 6748(1) 24(1) 

C(48) 203(2) 1666(1) 6495(2) 30(1) 

C(49) 464(2) 1377(1) 7165(2) 34(1) 

C(50) 1050(2) 1441(1) 8085(2) 33(1) 

C(51) 1367(1) 1801(1) 8340(2) 29(1) 

C(52) 1123(1) 2101(1) 7681(1) 24(1) 

C(53) 1451(1) 2485(1) 7943(1) 27(1) 

C(54) 2424(1) 3016(1) 9894(1) 28(1) 

C(55) 2811(1) 3373(1) 10304(1) 27(1) 

C(56) 3148(2) 3382(1) 11342(2) 34(1) 

C(57) 3568(2) 3700(1) 11816(2) 40(1) 

C(58) 3661(2) 4018(1) 11251(2) 40(1) 

C(59) 3330(2) 4023(1) 10217(2) 34(1) 

C(60) 2905(1) 3704(1) 9740(1) 28(1) 

C(61) 2598(2) 4021(1) 8142(2) 31(1) 

C(62) 2112(1) 3931(1) 7092(2) 30(1) 

C(63) −4249(2) 4077(1) 7228(2) 72(1) 

C(64) −3939(3) 4377(1) 5676(2) 87(1) 

C(65) −2658(2) 3920(1) 6462(2) 56(1) 

 

Table 0.10: Bond lengths (Å) and angles (°) for 31. 

O(1)-C(1) 1.393(2) O(1)-C(45) 1.442(2) 

O(2)-C(47) 1.366(2) O(2)-C(46) 1.429(2) 

O(3)-C(13) 1.363(2) O(4)-C(24) 1.398(2) 

O(4)-C(62) 1.443(2) O(5)-C(60) 1.360(2) 

O(5)-C(61) 1.433(2) O(6)-C(35) 1.363(2) 

O(7)-C(63) 1.217(3) N(1)-C(63) 1.309(3) 

N(1)-C(64) 1.429(3) N(1)-C(65) 1.449(3) 

N(2)-C(53) 1.282(2) N(2)-N(3) 1.416(2) 

N(3)-C(54) 1.285(2) C(1)-C(2) 1.387(3) 

C(1)-C(6) 1.404(2) C(2)-C(3) 1.399(3) 

C(2)-C(44) 1.523(2) C(3)-C(4) 1.388(3) 

C(4)-C(5) 1.388(3) C(4)-C(7) 1.540(3) 

C(5)-C(6) 1.388(3) C(6)-C(11) 1.517(3) 

C(7)-C(8) 1.516(4) C(7)-C(10) 1.536(3) 

C(7)-C(9) 1.540(4) C(11)-C(12) 1.520(2) 

C(12)-C(17) 1.396(3) C(12)-C(13) 1.398(2) 

C(13)-C(14) 1.394(2) C(14)-C(15) 1.388(2) 

C(14)-C(22) 1.521(2) C(15)-C(16) 1.397(3) 

C(16)-C(17) 1.389(3) C(16)-C(18) 1.539(3) 

C(18)-C(20) 1.526(3) C(18)-C(19) 1.528(3) 

C(18)-C(21) 1.531(3) C(22)-C(23) 1.522(2) 

C(23)-C(28) 1.395(2) C(23)-C(24) 1.397(2) 

C(24)-C(25) 1.396(2) C(25)-C(26) 1.390(2) 

C(25)-C(33) 1.519(2) C(26)-C(27) 1.393(3) 

C(27)-C(28) 1.389(3) C(27)-C(29) 1.534(3) 

C(29)-C(31) 1.521(3) C(29)-C(30) 1.527(3) 

C(29)-C(32) 1.544(3) C(33)-C(34) 1.524(2) 

C(34)-C(39) 1.392(2) C(34)-C(35) 1.401(2) 

C(35)-C(36) 1.402(2) C(36)-C(37) 1.390(2) 

C(36)-C(44) 1.518(2) C(37)-C(38) 1.396(3) 

C(38)-C(39) 1.391(3) C(38)-C(40) 1.531(3) 

C(40)-C(41) 1.489(3) C(40)-C(42) 1.503(3) 

C(40)-C(43) 1.506(3) C(45)-C(46) 1.499(2) 

C(47)-C(48) 1.389(2) C(47)-C(52) 1.402(2) 

C(48)-C(49) 1.382(3) C(49)-C(50) 1.382(3) 
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C(50)-C(51) 1.382(3) C(51)-C(52) 1.398(2) 

C(52)-C(53) 1.469(2) C(54)-C(55) 1.455(2) 

C(55)-C(56) 1.398(3) C(55)-C(60) 1.411(3) 

C(56)-C(57) 1.382(3) C(57)-C(58) 1.373(3) 

C(58)-C(59) 1.391(3) C(59)-C(60) 1.390(3) 

C(61)-C(62) 1.498(3)   

     

C(1)-O(1)-C(45) 115.82(13) C(47)-O(2)-C(46) 118.09(13) 

C(24)-O(4)-C(62) 115.68(13) C(60)-O(5)-C(61) 118.30(14) 

C(63)-N(1)-C(64) 120.8(2) C(63)-N(1)-C(65) 121.4(2) 

C(64)-N(1)-C(65) 117.8(2) C(53)-N(2)-N(3) 112.18(15) 

C(54)-N(3)-N(2) 109.82(15) C(2)-C(1)-O(1) 119.80(15) 

C(2)-C(1)-C(6) 121.87(17) O(1)-C(1)-C(6) 118.13(16) 

C(1)-C(2)-C(3) 117.48(17) C(1)-C(2)-C(44) 122.17(16) 

C(3)-C(2)-C(44) 120.29(17) C(4)-C(3)-C(2) 122.7(2) 

C(3)-C(4)-C(5) 117.36(18) C(3)-C(4)-C(7) 123.1(2) 

C(5)-C(4)-C(7) 119.49(19) C(6)-C(5)-C(4) 122.65(18) 

C(5)-C(6)-C(1) 117.61(18) C(5)-C(6)-C(11) 120.26(17) 

C(1)-C(6)-C(11) 121.97(17) C(8)-C(7)-C(10) 108.7(2) 

C(8)-C(7)-C(9) 109.2(2) C(10)-C(7)-C(9) 109.1(2) 

C(8)-C(7)-C(4) 112.2(2) C(10)-C(7)-C(4) 109.43(18) 

C(9)-C(7)-C(4) 108.1(2) C(6)-C(11)-C(12) 112.93(16) 

C(17)-C(12)-C(13) 118.17(17) C(17)-C(12)-C(11) 120.28(16) 

C(13)-C(12)-C(11) 121.54(16) O(3)-C(13)-C(14) 115.24(15) 

O(3)-C(13)-C(12) 124.13(16) C(14)-C(13)-C(12) 120.61(16) 

C(15)-C(14)-C(13) 118.81(16) C(15)-C(14)-C(22) 122.11(16) 

C(13)-C(14)-C(22) 119.07(15) C(14)-C(15)-C(16) 122.73(17) 

C(17)-C(16)-C(15) 116.46(17) C(17)-C(16)-C(18) 122.50(17) 

C(15)-C(16)-C(18) 120.96(16) C(16)-C(17)-C(12) 123.10(17) 

C(20)-C(18)-C(19) 109.9(2) C(20)-C(18)-C(21) 108.6(2) 

C(19)-C(18)-C(21) 107.0(2) C(20)-C(18)-C(16) 108.82(18) 

C(19)-C(18)-C(16) 111.89(16) C(21)-C(18)-C(16) 110.67(17) 

C(14)-C(22)-C(23) 112.15(14) C(28)-C(23)-C(24) 117.66(16) 

C(28)-C(23)-C(22) 119.06(15) C(24)-C(23)-C(22) 123.17(16) 

C(25)-C(24)-C(23) 121.12(16) C(25)-C(24)-O(4) 117.60(15) 

C(23)-C(24)-O(4) 121.14(16) C(26)-C(25)-C(24) 118.16(16) 

C(26)-C(25)-C(33) 119.75(16) C(24)-C(25)-C(33) 121.90(16) 

C(25)-C(26)-C(27) 122.87(17) C(28)-C(27)-C(26) 116.54(16) 

C(28)-C(27)-C(29) 123.25(17) C(26)-C(27)-C(29) 120.21(17) 

C(27)-C(28)-C(23) 123.24(17) C(31)-C(29)-C(30) 109.39(18) 

C(31)-C(29)-C(27) 112.41(17) C(30)-C(29)-C(27) 109.50(16) 

C(31)-C(29)-C(32) 107.82(19) C(30)-C(29)-C(32) 109.00(19) 

C(27)-C(29)-C(32) 108.66(17) C(25)-C(33)-C(34) 111.55(14) 

C(39)-C(34)-C(35) 118.35(16) C(39)-C(34)-C(33) 120.22(16) 

C(35)-C(34)-C(33) 121.42(16) O(6)-C(35)-C(34) 123.49(15) 

O(6)-C(35)-C(36) 116.14(15) C(34)-C(35)-C(36) 120.35(16) 

C(37)-C(36)-C(35) 118.72(16) C(37)-C(36)-C(44) 120.70(16) 

C(35)-C(36)-C(44) 120.53(15) C(36)-C(37)-C(38) 122.81(17) 

C(39)-C(38)-C(37) 116.51(16) C(39)-C(38)-C(40) 122.31(17) 

C(37)-C(38)-C(40) 121.10(17) C(38)-C(39)-C(34) 123.20(17) 

C(41)-C(40)-C(42) 106.9(2) C(41)-C(40)-C(43) 109.5(3) 

C(42)-C(40)-C(43) 107.9(3) C(41)-C(40)-C(38) 112.24(18) 

C(42)-C(40)-C(38) 111.82(18) C(43)-C(40)-C(38) 108.40(17) 

C(36)-C(44)-C(2) 110.80(14) O(1)-C(45)-C(46) 112.51(14) 

O(2)-C(46)-C(45) 106.54(14) O(2)-C(47)-C(48) 123.89(16) 

O(2)-C(47)-C(52) 115.28(15) C(48)-C(47)-C(52) 120.83(16) 

C(49)-C(48)-C(47) 119.49(17) C(50)-C(49)-C(48) 120.95(17) 

C(51)-C(50)-C(49) 119.27(18) C(50)-C(51)-C(52) 121.49(18) 

C(51)-C(52)-C(47) 117.95(16) C(51)-C(52)-C(53) 122.14(16) 

C(47)-C(52)-C(53) 119.91(16) N(2)-C(53)-C(52) 119.99(17) 

N(3)-C(54)-C(55) 126.28(17) C(56)-C(55)-C(60) 117.74(17) 
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C(56)-C(55)-C(54) 116.51(17) C(60)-C(55)-C(54) 125.72(17) 

C(57)-C(56)-C(55) 122.22(19) C(58)-C(57)-C(56) 119.10(19) 

C(57)-C(58)-C(59) 120.73(19) C(60)-C(59)-C(58) 120.24(19) 

O(5)-C(60)-C(59) 123.52(17) O(5)-C(60)-C(55) 116.50(15) 

C(59)-C(60)-C(55) 119.97(18) O(5)-C(61)-C(62) 107.25(14) 

O(4)-C(62)-C(61) 114.23(15) O(7)-C(63)-N(1) 126.5(3) 

 

Table 0.11: Anisotropic displacement parameters (Å
2 

* 10
3
) for 31. The anisotropic 

displacement factor exponent takes the form: −2 gπ
2
 [h

2
 a*

2
 U11 + ... + 2 h k a* b* U12] 

Atom U11 U22 U33 U23 U13 U12 
O(1) 27(1) 23(1) 25(1) −4(1) 1(1) 0(1) 

O(2) 34(1) 21(1) 26(1) 0(1) −3(1) −2(1) 

O(3) 42(1) 20(1) 33(1) 2(1) −9(1) −2(1) 

O(4) 22(1) 22(1) 29(1) 0(1) 2(1) 1(1) 

O(5) 30(1) 23(1) 34(1) 1(1) −6(1) 0(1) 

O(6) 26(1) 27(1) 34(1) −5(1) 10(1) −5(1) 

O(7) 70(2) 149(2) 170(3) 35(2) 71(2) 35(2) 

N(1) 36(1) 43(1) 49(1) 13(1) 8(1) 3(1) 

N(2) 30(1) 24(1) 31(1) −1(1) −1(1) −4(1) 

N(3) 31(1) 25(1) 33(1) −2(1) −1(1) −4(1) 

C(1) 26(1) 19(1) 31(1) −3(1) −3(1) −2(1) 

C(2) 26(1) 20(1) 33(1) −2(1) −2(1) −2(1) 

C(3) 27(1) 29(1) 48(1) 1(1) 0(1) −4(1) 

C(4) 30(1) 30(1) 55(1) 3(1) −10(1) −3(1) 

C(5) 37(1) 28(1) 46(1) 5(1) −16(1) −4(1) 

C(6) 37(1) 21(1) 30(1) −2(1) −8(1) −5(1) 

C(7) 26(1) 43(1) 86(2) 7(1) −11(1) −2(1) 

C(8) 26(1) 101(2) 136(3) 37(2) 3(2) −3(1) 

C(9) 35(1) 57(2) 122(3) −18(2) −29(2) −2(1) 

C(10) 38(1) 53(2) 91(2) −6(1) −14(1) 9(1) 

C(11) 45(1) 26(1) 26(1) −1(1) −11(1) −3(1) 

C(12) 36(1) 24(1) 26(1) 1(1) 1(1) −3(1) 

C(13) 31(1) 25(1) 22(1) 3(1) 1(1) 1(1) 

C(14) 27(1) 26(1) 24(1) 2(1) 4(1) −2(1) 

C(15) 33(1) 22(1) 33(1) 3(1) 1(1) −3(1) 

C(16) 33(1) 27(1) 33(1) 6(1) −1(1) −1(1) 

C(17) 35(1) 32(1) 28(1) 3(1) −6(1) −4(1) 

C(18) 39(1) 31(1) 47(1) 11(1) −11(1) −2(1) 

C(19) 47(1) 38(1) 86(2) 11(1) −28(1) −1(1) 

C(20) 66(2) 90(2) 72(2) 51(2) −2(2) 14(2) 

C(21) 66(2) 32(1) 91(2) 1(1) −29(2) 12(1) 

C(22) 27(1) 20(1) 28(1) 4(1) 2(1) −3(1) 

C(23) 22(1) 21(1) 27(1) 2(1) 0(1) −4(1) 

C(24) 22(1) 17(1) 28(1) −1(1) 0(1) −2(1) 

C(25) 26(1) 23(1) 24(1) 0(1) −2(1) −2(1) 

C(26) 32(1) 25(1) 28(1) −1(1) 6(1) −1(1) 

C(27) 29(1) 22(1) 36(1) −1(1) 3(1) 1(1) 

C(28) 28(1) 22(1) 31(1) 5(1) 1(1) 0(1) 

C(29) 39(1) 26(1) 45(1) 1(1) 11(1) 7(1) 

C(30) 46(1) 38(1) 94(2) 4(1) 27(1) 12(1) 

C(31) 69(2) 36(1) 65(2) 9(1) 20(1) 24(1) 

C(32) 69(2) 38(1) 71(2) −17(1) 5(1) 12(1) 

C(33) 28(1) 24(1) 21(1) 1(1) 0(1) 1(1) 

C(34) 26(1) 22(1) 22(1) 4(1) 0(1) 3(1) 

C(35) 23(1) 22(1) 22(1) 3(1) 4(1) 5(1) 

C(36) 24(1) 20(1) 26(1) 3(1) 1(1) 2(1) 

C(37) 25(1) 25(1) 33(1) 4(1) 5(1) −1(1) 

C(38) 28(1) 29(1) 27(1) 6(1) 6(1) 6(1) 
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C(39) 32(1) 23(1) 22(1) 2(1) 3(1) 6(1) 

C(40) 32(1) 40(1) 37(1) 4(1) 14(1) 7(1) 

C(41) 37(2) 164(3) 103(2) −55(2) 38(2) −21(2) 

C(42) 106(3) 70(2) 180(4) −38(2) 109(3) −4(2) 

C(43) 100(3) 213(4) 79(2) 89(3) 69(2) 91(3) 

C(44) 26(1) 21(1) 29(1) 2(1) 3(1) −2(1) 

C(45) 38(1) 25(1) 23(1) −4(1) 4(1) 3(1) 

C(46) 32(1) 23(1) 27(1) −4(1) −3(1) 0(1) 

C(47) 24(1) 21(1) 29(1) 1(1) 7(1) 3(1) 

C(48) 33(1) 24(1) 33(1) −4(1) 1(1) 0(1) 

C(49) 40(1) 21(1) 40(1) −4(1) 4(1) −2(1) 

C(50) 38(1) 25(1) 37(1) 5(1) 4(1) 4(1) 

C(51) 29(1) 28(1) 31(1) 1(1) 2(1) 3(1) 

C(52) 24(1) 22(1) 28(1) −2(1) 5(1) 1(1) 

C(53) 24(1) 24(1) 32(1) 2(1) 2(1) 1(1) 

C(54) 24(1) 30(1) 29(1) 1(1) 1(1) −2(1) 

C(55) 19(1) 31(1) 30(1) −6(1) 3(1) 0(1) 

C(56) 29(1) 43(1) 32(1) −4(1) 3(1) −3(1) 

C(57) 35(1) 49(1) 34(1) −13(1) 0(1) 0(1) 

C(58) 30(1) 37(1) 50(1) −19(1) −5(1) 2(1) 

C(59) 27(1) 27(1) 48(1) −7(1) −5(1) 3(1) 

C(60) 16(1) 30(1) 35(1) −7(1) −3(1) 3(1) 

C(61) 24(1) 21(1) 46(1) 3(1) −3(1) −1(1) 

C(62) 22(1) 28(1) 39(1) 7(1) 4(1) 1(1) 

C(63) 57(2) 83(2) 81(2) 30(2) 27(2) 10(2) 

C(64) 103(3) 79(2) 79(2) 39(2) −1(2) 6(2) 

C(65) 38(1) 51(2) 78(2) −15(1) 6(1) −1(1) 

 

Table 0.12: Hydrogen coordinates (*10
4
) and isotropic displacement parameters (Å

2
 * 10

3
) for 

31. 

Atom x y z U(eq) 
H(3) −403 3431 5082 39 

H(6) 239 3409 7407 34 

H(3A) −3928 2830 6567 42 

H(5) −3912 3311 3825 46 

H(8A) −5624 3037 6535 131 

H(8B) −5599 2641 5982 131 

H(8C) −6613 2906 5773 131 

H(9A) −5498 2614 4086 110 

H(9B) −5418 2995 3466 110 

H(9C) −6500 2887 3930 110 

H(10A) −6469 3501 4815 93 

H(10B) −5370 3610 4385 93 

H(10C) −5471 3620 5582 93 

H(11A) −2264 3318 2961 40 

H(11B) −1161 3217 3596 40 

H(15) −1050 4774 4152 35 

H(17) −2841 3948 2837 39 

H(19A) −3798 4352 1944 88 

H(19B) −4304 4754 2115 88 

H(19C) −4211 4454 3016 88 

H(20A) −1495 4926 2142 115 

H(20B) −2611 5023 1524 115 

H(20C) −2114 4614 1452 115 

H(21A) −3267 4968 4076 98 

H(21B) −3413 5223 3079 98 

H(21C) −2258 5166 3665 98 

H(22A) 624 4624 5161 30 
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H(22B) 938 4196 5361 30 

H(26) −1017 4472 8987 34 

H(28) −767 4895 6209 32 

H(30A) −3108 5164 8457 87 

H(30B) −2571 4778 8836 87 

H(30C) −3083 4820 7687 87 

H(31A) −2224 5246 6502 83 

H(31B) −1135 5452 6881 83 

H(31C) −2220 5578 7311 83 

H(32A) −319 5363 8668 89 

H(32B) −928 5116 9437 89 

H(32C) −1419 5506 9033 89 

H(33A) 72 3932 9591 30 

H(33B) 684 3697 8797 30 

H(37) −3180 2895 8474 33 

H(39) −1754 3795 9807 31 

H(41A) −4548 2997 9282 149 

H(41B) −4709 3401 8777 149 

H(41C) −5133 3318 9857 149 

H(42A) −3800 3945 9706 169 

H(42B) −3027 3860 10710 169 

H(42C) −4277 3791 10703 169 

H(43A) −3811 3167 11321 190 

H(43B) −2575 3229 11210 190 

H(43C) −3190 2885 10650 190 

H(44A) −2231 2508 7326 30 

H(44B) −1132 2653 6961 30 

H(45A) 281 2722 4524 34 

H(45B) −911 2633 4072 34 

H(46A) −1089 2211 5426 33 

H(46B) −123 2089 4792 33 

H(48) −204 1619 5866 36 

H(49) 238 1131 6990 40 

H(50) 1233 1241 8537 40 

H(51) 1759 1846 8978 35 

H(53) 1387 2674 7437 32 

H(54) 2406 2815 10362 33 

H(56) 3087 3163 11734 41 

H(57) 3789 3699 12523 47 

H(58) 3955 4237 11570 48 

H(59) 3394 4245 9836 41 

H(61A) 3337 4109 8120 37 

H(61B) 2187 4220 8447 37 

H(62A) 2220 4146 6644 36 

H(62B) 2490 3715 6833 36 

H(63) −4011 3903 7742 87 

H(64A) −4003 4241 5030 131 

H(64B) −3395 4571 5660 131 

H(64C) −4621 4493 5781 131 

H(65A) −2545 3760 7065 83 

H(65B) −2068 4097 6455 83 

H(65C) −2694 3765 5850 83 
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 Crystallographic data recorded for 32 (xylene inclusion complex)   

Table 0.13: Atomic coordinates (* 10
4
) and equivalent isotropic displacement parameters (Å

2
 

* 10
3
) for 32 (xylene inclusion complex). U(eq) is defined as one third of the trace of the 

orthogonalised Uij tensor. 

Atom x y z U(eq) 
O(1) 14217(1) 1780(1) 6915(1) 33(1) 

O(2) 15705(1) 3074(1) 8194(1) 33(1) 

O(3) 12785(1) 2723(1) 7822(1) 28(1) 

O(4) 11293(1) 1095(1) 7657(1) 34(1) 

O(5) 17021(1) 1823(1) 7407(1) 29(1) 

O(6) 18195(1) 1367(1) 8468(1) 37(1) 

O(7) 9734(1) 1794(1) 5195(1) 41(1) 

O(8) 20545(1) 5115(1) 8901(1) 46(1) 

N(1) 9334(1) 439(1) 5746(1) 30(1) 

N(2) 9420(2) −110(1) 6177(1) 32(1) 

N(3) 20528(2) 3829(1) 9536(1) 34(1) 

N(4) 20196(2) 3023(1) 9719(1) 37(1) 

C(1) 13979(2) 1904(1) 6346(1) 27(1) 

C(2) 14907(2) 1659(1) 5938(1) 28(1) 

C(3) 14708(2) 1743(1) 5346(1) 31(1) 

C(4) 13621(2) 2084(1) 5145(1) 32(1) 

C(5) 12726(2) 2331(1) 5567(1) 30(1) 

C(6) 12878(2) 2249(1) 6163(1) 28(1) 

C(7) 13497(2) 2248(2) 4502(1) 39(1) 

C(8) 12203(2) 2521(2) 4349(1) 44(1) 

C(9) 13801(2) 1408(2) 4045(1) 54(1) 

C(10) 14415(3) 3012(2) 4446(1) 67(1) 

C(11) 16147(2) 3945(1) 8299(1) 28(1) 

C(12) 17366(2) 4183(1) 8213(1) 29(1) 

C(13) 17722(2) 5095(1) 8335(1) 33(1) 

C(14) 16915(2) 5772(1) 8544(1) 34(1) 

C(15) 15704(2) 5504(1) 8628(1) 34(1) 

C(16) 15302(2) 4607(1) 8503(1) 29(1) 

C(17) 17284(2) 6776(1) 8622(1) 45(1) 

C(18) 16740(3) 7129(2) 8085(2) 76(1) 

C(19) 18672(2) 6939(2) 8645(1) 48(1) 

C(20) 16788(3) 7312(2) 9206(2) 67(1) 

C(21) 12798(2) 3516(1) 7591(1) 27(1) 

C(22) 13304(2) 4311(1) 7931(1) 29(1) 

C(23) 13264(2) 5080(1) 7680(1) 33(1) 

C(24) 12782(2) 5076(1) 7108(1) 35(1) 

C(25) 12335(2) 4258(1) 6777(1) 34(1) 

C(26) 12329(2) 3472(1) 7009(1) 29(1) 

C(27) 12752(2) 5950(1) 6860(1) 45(1) 

C(28) 13995(3) 6445(2) 6967(2) 85(1) 

C(29) 12517(4) 5783(2) 6185(2) 87(1) 

C(30) 11764(4) 6533(2) 7163(2) 95(1) 

C(31) 17328(2) 2408(1) 7024(1) 28(1) 

C(32) 17974(2) 3206(1) 7267(1) 30(1) 

C(33) 18246(2) 3807(1) 6898(1) 34(1) 

C(34) 17875(2) 3647(1) 6297(1) 35(1) 

C(35) 17229(2) 2841(1) 6071(1) 34(1) 

C(36) 16935(2) 2214(1) 6423(1) 29(1) 

C(37) 18138(2) 4339(2) 5904(1) 44(1) 

C(38) 19441(8) 4155(7) 5675(4) 97(3) 

C(39) 17951(9) 5246(4) 6244(3) 92(2) 

C(40) 17269(8) 4175(5) 5347(3) 84(2) 
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C(41) 16143(2) 1385(1) 6159(1) 30(1) 

C(42) 18261(2) 3481(1) 7934(1) 31(1) 

C(43) 13955(2) 4349(1) 8534(1) 30(1) 

C(44) 11909(2) 2585(1) 6613(1) 30(1) 

C(45) 11673(2) 2611(1) 8127(1) 34(1) 

C(46) 11562(2) 1664(1) 8225(1) 34(1) 

C(47) 10888(2) 232(1) 7653(1) 31(1) 

C(48) 10984(2) −177(2) 8150(1) 42(1) 

C(49) 10497(2) −1043(2) 8111(1) 48(1) 

C(50) 9931(2) −1504(2) 7590(1) 46(1) 

C(51) 9855(2) −1102(1) 7097(1) 38(1) 

C(52) 10330(2) −231(1) 7118(1) 31(1) 

C(53) 10183(2) 213(1) 6606(1) 31(1) 

C(54) 8565(2) 109(1) 5316(1) 31(1) 

C(55) 8278(2) 576(1) 4834(1) 29(1) 

C(56) 7402(2) 192(1) 4394(1) 37(1) 

C(57) 7099(2) 608(2) 3924(1) 44(1) 

C(58) 7673(2) 1424(2) 3893(1) 46(1) 

C(59) 8546(2) 1818(1) 4317(1) 41(1) 

C(60) 8860(2) 1399(1) 4792(1) 33(1) 

C(61) 17911(2) 1138(1) 7415(1) 31(1) 

C(62) 17751(2) 724(1) 7954(1) 31(1) 

C(63) 18297(2) 1090(1) 9001(1) 33(1) 

C(64) 17842(2) 264(1) 9097(1) 42(1) 

C(65) 18027(3) 36(2) 9652(1) 54(1) 

C(66) 18650(3) 614(2) 10110(1) 58(1) 

C(67) 19094(2) 1434(2) 10019(1) 45(1) 

C(68) 18922(2) 1690(1) 9466(1) 35(1) 

C(69) 19385(2) 2560(1) 9367(1) 33(1) 

C(70) 21352(2) 4296(1) 9885(1) 35(1) 

C(71) 21860(2) 5134(1) 9770(1) 35(1) 

C(72) 22811(2) 5576(2) 10149(1) 48(1) 

C(73) 23346(2) 6362(2) 10051(1) 58(1) 

C(74) 22933(2) 6723(2) 9570(1) 54(1) 

C(75) 21994(2) 6311(2) 9189(1) 45(1) 

C(76) 21455(2) 5512(1) 9286(1) 36(1) 

C(101) 14205(3) −63(2) 8950(1) 57(1) 

C(102) 14481(3) 782(2) 8828(1) 69(1) 

C(103) 14553(3) 897(2) 8240(1) 61(1) 

C(104) 14349(3) 166(2) 7773(1) 73(1) 

C(105) 14073(3) −679(2) 7894(1) 74(1) 

C(106) 14000(3) −794(2) 8483(1) 57(1) 

C(107) 14644(6) 1675(2) 9261(2) 280(11) 

C(108) 13565(4) −1636(2) 8580(2) 95(2) 

C(201) 14582(3) 540(2) 8405(2) 90(3) 

C(202) 14572(4) 815(2) 9022(2) 61(2) 

C(203) 14366(4) 188(3) 9383(2) 85(2) 

C(204) 14169(4) −715(3) 9126(2) 128(4) 

C(205) 14180(5) −990(2) 8508(2) 134(5) 

C(206) 14386(4) −362(2) 8148(2) 72(2) 

C(207) 14367(6) −722(3) 7488(2) 152(5) 

C(208) 14767(5) 1668(3) 9276(2) 71(2) 

C(38A) 19006(6) 4001(4) 5416(2) 66(3) 

C(39A) 18781(5) 5247(3) 6267(2) 50(2) 

C(40A) 16941(7) 4626(5) 5639(4) 65(2) 
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Table 0.14: Bond lengths (Å) and angles (°) for 32 (xylene inclusion complex). 

O(1)-C(1) 1.366(2) C(33)-C(34) 1.391(3) 

O(2)-C(11) 1.369(2) C(34)-C(35) 1.396(3) 

O(3)-C(21) 1.401(2) C(34)-C(37) 1.531(3) 

O(3)-C(45) 1.435(2) C(35)-C(36) 1.394(3) 

O(4)-C(47) 1.369(2) C(36)-C(41) 1.521(3) 

O(4)-C(46) 1.430(2) C(37)-C(39) 1.464(7) 

O(5)-C(31) 1.401(2) C(37)-C(38A) 1.500(6) 

O(5)-C(61) 1.438(2) C(37)-C(40A) 1.528(7) 

O(6)-C(63) 1.363(2) C(37)-C(38) 1.537(9) 

O(6)-C(62) 1.438(2) C(37)-C(40) 1.541(7) 

O(7)-C(60) 1.350(2) C(37)-C(39A) 1.599(5) 

O(8)-C(76) 1.354(2) C(45)-C(46) 1.498(3) 

N(1)-C(54) 1.288(2) C(47)-C(48) 1.394(3) 

N(1)-N(2) 1.407(2) C(47)-C(52) 1.399(3) 

N(2)-C(53) 1.279(2) C(48)-C(49) 1.390(3) 

N(3)-C(70) 1.286(3) C(49)-C(50) 1.379(3) 

N(3)-N(4) 1.407(2) C(50)-C(51) 1.379(3) 

N(4)-C(69) 1.277(3) C(51)-C(52) 1.399(3) 

C(1)-C(2) 1.399(3) C(52)-C(53) 1.463(3) 

C(1)-C(6) 1.402(3) C(54)-C(55) 1.448(3) 

C(2)-C(3) 1.391(3) C(55)-C(56) 1.398(3) 

C(2)-C(41) 1.518(2) C(55)-C(60) 1.407(3) 

C(3)-C(4) 1.403(3) C(56)-C(57) 1.378(3) 

C(4)-C(5) 1.394(3) C(57)-C(58) 1.389(3) 

C(4)-C(7) 1.535(3) C(58)-C(59) 1.377(3) 

C(5)-C(6) 1.395(3) C(59)-C(60) 1.395(3) 

C(6)-C(44) 1.518(2) C(61)-C(62) 1.496(3) 

C(7)-C(8) 1.526(3) C(63)-C(64) 1.394(3) 

C(7)-C(9) 1.532(3) C(63)-C(68) 1.405(3) 

C(7)-C(10) 1.539(3) C(64)-C(65) 1.384(3) 

C(11)-C(12) 1.396(3) C(65)-C(66) 1.379(3) 

C(11)-C(16) 1.397(3) C(66)-C(67) 1.379(3) 

C(12)-C(13) 1.399(3) C(67)-C(68) 1.398(3) 

C(12)-C(42) 1.518(3) C(68)-C(69) 1.460(3) 

C(13)-C(14) 1.389(3) C(70)-C(71) 1.446(3) 

C(14)-C(15) 1.399(3) C(71)-C(76) 1.402(3) 

C(14)-C(17) 1.540(3) C(71)-C(72) 1.402(3) 

C(15)-C(16) 1.393(3) C(72)-C(73) 1.374(4) 

C(16)-C(43) 1.516(3) C(73)-C(74) 1.384(4) 

C(17)-C(19) 1.523(3) C(74)-C(75) 1.379(3) 

C(17)-C(18) 1.538(4) C(75)-C(76) 1.392(3) 

C(17)-C(20) 1.538(4) C(101)-C(102) 1.3900 

C(21)-C(22) 1.394(2) C(101)-C(106) 1.3900 

C(21)-C(26) 1.396(3) C(102)-C(103) 1.3900 

C(22)-C(23) 1.394(3) C(102)-C(107) 1.5174 

C(22)-C(43) 1.521(3) C(103)-C(104) 1.3900 

C(23)-C(24) 1.392(3) C(104)-C(105) 1.3900 

C(24)-C(25) 1.390(3) C(105)-C(106) 1.3900 

C(24)-C(27) 1.538(3) C(106)-C(108) 1.4101 

C(25)-C(26) 1.394(3) C(201)-C(202) 1.3900 

C(26)-C(44) 1.521(2) C(201)-C(206) 1.3900 

C(27)-C(30) 1.504(4) C(202)-C(208) 1.3209 

C(27)-C(28) 1.522(4) C(202)-C(203) 1.3900 

C(27)-C(29) 1.526(4) C(203)-C(204) 1.3900 

C(31)-C(32) 1.396(3) C(204)-C(205) 1.3900 

C(31)-C(36) 1.397(3) C(205)-C(206) 1.3900 

C(32)-C(33) 1.386(3) C(206)-C(207) 1.4978 

C(32)-C(42) 1.520(3)   
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C(21)-O(3)-C(45) 111.92(13) C(39)-C(37)-C(38) 115.7(6) 

C(47)-O(4)-C(46) 117.64(14) C(38A)-C(37)-C(38) 28.3(4) 

C(31)-O(5)-C(61) 112.73(13) C(40A)-C(37)-C(38) 134.9(5) 

C(63)-O(6)-C(62) 117.93(14) C(34)-C(37)-C(38) 105.9(3) 

C(54)-N(1)-N(2) 112.04(16) C(39)-C(37)-C(40) 108.6(5) 

C(53)-N(2)-N(1) 112.38(16) C(38A)-C(37)-C(40) 78.3(4) 

C(70)-N(3)-N(4) 112.72(17) C(40A)-C(37)-C(40) 35.7(4) 

C(69)-N(4)-N(3) 112.27(17) C(34)-C(37)-C(40) 110.6(3) 

O(1)-C(1)-C(2) 116.06(16) C(38)-C(37)-C(40) 106.3(5) 

O(1)-C(1)-C(6) 123.46(16) C(39)-C(37)-C(39A) 34.0(4) 

C(2)-C(1)-C(6) 120.47(16) C(38A)-C(37)-C(39A) 104.8(3) 

C(3)-C(2)-C(1) 118.94(16) C(40A)-C(37)-C(39A) 105.4(4) 

C(3)-C(2)-C(41) 121.29(16) C(34)-C(37)-C(39A) 113.0(2) 

C(1)-C(2)-C(41) 119.56(16) C(38)-C(37)-C(39A) 83.1(5) 

C(2)-C(3)-C(4) 122.43(17) C(40)-C(37)-C(39A) 130.5(4) 

C(5)-C(4)-C(3) 116.78(17) C(2)-C(41)-C(36) 110.38(15) 

C(5)-C(4)-C(7) 122.69(17) C(12)-C(42)-C(32) 109.73(15) 

C(3)-C(4)-C(7) 120.32(17) C(16)-C(43)-C(22) 110.24(15) 

C(4)-C(5)-C(6) 122.84(17) C(6)-C(44)-C(26) 110.74(14) 

C(5)-C(6)-C(1) 118.52(16) O(3)-C(45)-C(46) 109.46(15) 

C(5)-C(6)-C(44) 120.57(16) O(4)-C(46)-C(45) 107.55(15) 

C(1)-C(6)-C(44) 120.78(16) O(4)-C(47)-C(48) 123.31(17) 

C(8)-C(7)-C(9) 107.74(18) O(4)-C(47)-C(52) 116.30(16) 

C(8)-C(7)-C(4) 112.28(17) C(48)-C(47)-C(52) 120.38(18) 

C(9)-C(7)-C(4) 111.54(18) C(49)-C(48)-C(47) 119.22(19) 

C(8)-C(7)-C(10) 109.0(2) C(50)-C(49)-C(48) 121.1(2) 

C(9)-C(7)-C(10) 108.7(2) C(49)-C(50)-C(51) 119.4(2) 

C(4)-C(7)-C(10) 107.51(17) C(50)-C(51)-C(52) 121.15(19) 

O(2)-C(11)-C(12) 123.37(16) C(51)-C(52)-C(47) 118.66(17) 

O(2)-C(11)-C(16) 116.18(16) C(51)-C(52)-C(53) 120.95(17) 

C(12)-C(11)-C(16) 120.45(16) C(47)-C(52)-C(53) 120.28(17) 

C(11)-C(12)-C(13) 118.67(17) N(2)-C(53)-C(52) 120.22(17) 

C(11)-C(12)-C(42) 120.93(16) N(1)-C(54)-C(55) 122.08(17) 

C(13)-C(12)-C(42) 120.13(17) C(56)-C(55)-C(60) 118.92(18) 

C(14)-C(13)-C(12) 122.72(18) C(56)-C(55)-C(54) 118.89(18) 

C(13)-C(14)-C(15) 116.78(17) C(60)-C(55)-C(54) 122.18(17) 

C(13)-C(14)-C(17) 122.18(18) C(57)-C(56)-C(55) 121.2(2) 

C(15)-C(14)-C(17) 120.76(18) C(56)-C(57)-C(58) 119.1(2) 

C(16)-C(15)-C(14) 122.53(18) C(59)-C(58)-C(57) 121.2(2) 

C(15)-C(16)-C(11) 118.83(17) C(58)-C(59)-C(60) 119.9(2) 

C(15)-C(16)-C(43) 121.02(16) O(7)-C(60)-C(59) 118.56(18) 

C(11)-C(16)-C(43) 119.95(16) O(7)-C(60)-C(55) 121.81(17) 

C(19)-C(17)-C(18) 108.3(2) C(59)-C(60)-C(55) 119.63(18) 

C(19)-C(17)-C(20) 107.4(2) O(5)-C(61)-C(62) 109.83(15) 

C(18)-C(17)-C(20) 109.8(2) O(6)-C(62)-C(61) 107.70(15) 

C(19)-C(17)-C(14) 112.70(18) O(6)-C(63)-C(64) 123.97(18) 

C(18)-C(17)-C(14) 107.92(18) O(6)-C(63)-C(68) 115.74(17) 

C(20)-C(17)-C(14) 110.7(2) C(64)-C(63)-C(68) 120.28(18) 

C(22)-C(21)-C(26) 121.80(17) C(65)-C(64)-C(63) 119.4(2) 

C(22)-C(21)-O(3) 120.15(16) C(66)-C(65)-C(64) 121.0(2) 

C(26)-C(21)-O(3) 118.01(15) C(67)-C(66)-C(65) 119.8(2) 

C(21)-C(22)-C(23) 117.33(17) C(66)-C(67)-C(68) 120.9(2) 

C(21)-C(22)-C(43) 122.62(17) C(67)-C(68)-C(63) 118.62(19) 

C(23)-C(22)-C(43) 119.93(16) C(67)-C(68)-C(69) 121.13(18) 

C(24)-C(23)-C(22) 123.00(18) C(63)-C(68)-C(69) 120.25(18) 

C(25)-C(24)-C(23) 117.44(18) N(4)-C(69)-C(68) 121.56(18) 

C(25)-C(24)-C(27) 122.16(19) N(3)-C(70)-C(71) 122.05(19) 

C(23)-C(24)-C(27) 120.40(18) C(76)-C(71)-C(72) 118.8(2) 

C(24)-C(25)-C(26) 122.03(18) C(76)-C(71)-C(70) 122.52(18) 

C(25)-C(26)-C(21) 118.31(17) C(72)-C(71)-C(70) 118.7(2) 

C(25)-C(26)-C(44) 119.66(17) C(73)-C(72)-C(71) 121.0(2) 
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C(21)-C(26)-C(44) 121.87(16) C(72)-C(73)-C(74) 119.3(2) 

C(30)-C(27)-C(28) 110.3(3) C(75)-C(74)-C(73) 121.4(2) 

C(30)-C(27)-C(29) 109.3(3) C(74)-C(75)-C(76) 119.4(2) 

C(28)-C(27)-C(29) 105.1(3) O(8)-C(76)-C(75) 118.3(2) 

C(30)-C(27)-C(24) 109.0(2) O(8)-C(76)-C(71) 121.65(18) 

C(28)-C(27)-C(24) 110.3(2) C(75)-C(76)-C(71) 120.1(2) 

C(29)-C(27)-C(24) 112.8(2) C(102)-C(101)-C(106) 120.0 

C(32)-C(31)-C(36) 121.41(17) C(103)-C(102)-C(101) 120.0 

C(32)-C(31)-O(5) 118.06(16) C(103)-C(102)-C(107) 111.1 

C(36)-C(31)-O(5) 120.44(16) C(101)-C(102)-C(107) 128.7 

C(33)-C(32)-C(31) 118.73(17) C(102)-C(103)-C(104) 120.0 

C(33)-C(32)-C(42) 119.03(17) C(105)-C(104)-C(103) 120.0 

C(31)-C(32)-C(42) 121.89(17) C(104)-C(105)-C(106) 120.0 

C(32)-C(33)-C(34) 122.15(18) C(105)-C(106)-C(101) 120.0 

C(33)-C(34)-C(35) 117.29(18) C(105)-C(106)-C(108) 117.6 

C(33)-C(34)-C(37) 121.19(18) C(101)-C(106)-C(108) 121.9 

C(35)-C(34)-C(37) 121.50(18) C(202)-C(201)-C(206) 120.0 

C(36)-C(35)-C(34) 122.80(18) C(208)-C(202)-C(201) 121.0 

C(35)-C(36)-C(31) 117.60(17) C(208)-C(202)-C(203) 119.0 

C(35)-C(36)-C(41) 119.80(16) C(201)-C(202)-C(203) 120.0 

C(31)-C(36)-C(41) 122.48(17) C(204)-C(203)-C(202) 120.0 

C(39)-C(37)-C(38A) 131.2(4) C(205)-C(204)-C(203) 120.0 

C(39)-C(37)-C(40A) 75.6(5) C(204)-C(205)-C(206) 120.0 

C(38A)-C(37)-C(40A) 110.3(5) C(205)-C(206)-C(201) 120.0 

C(39)-C(37)-C(34) 109.7(3) C(205)-C(206)-C(207) 116.0 

C(38A)-C(37)-C(34) 112.5(2) C(201)-C(206)-C(207) 124.0 

C(40A)-C(37)-C(34) 110.5(3)   

 

Table 0.15: Anisotropic displacement parameters (Å
2 

* 10
3
) for 32 (xylene inclusion 

complex). The anisotropic displacement factor exponent takes the form: −2 gπ
2
 [ h

2
 a*

2
 U11 + 

... + 2 h k a* b* U12] 

Atom U11 U22 U33 U23 U13 U12 
O(1) 35(1) 39(1) 24(1) 5(1) 2(1) 9(1) 

O(2) 33(1) 24(1) 39(1) 0(1) 6(1) −2(1) 

O(3) 26(1) 27(1) 31(1) 4(1) 6(1) −2(1) 

O(4) 42(1) 33(1) 27(1) 6(1) −1(1) −8(1) 

O(5) 29(1) 29(1) 28(1) 5(1) 1(1) 6(1) 

O(6) 49(1) 30(1) 30(1) 5(1) −7(1) −6(1) 

O(7) 43(1) 39(1) 43(1) 13(1) −9(1) −8(1) 

O(8) 43(1) 47(1) 47(1) 12(1) −9(1) −5(1) 

N(1) 33(1) 30(1) 28(1) 6(1) 2(1) 4(1) 

N(2) 37(1) 32(1) 28(1) 6(1) 2(1) 1(1) 

N(3) 35(1) 34(1) 31(1) 1(1) 3(1) −3(1) 

N(4) 41(1) 37(1) 31(1) 5(1) 1(1) −4(1) 

C(1) 31(1) 25(1) 25(1) 2(1) −1(1) 0(1) 

C(2) 29(1) 27(1) 27(1) 1(1) −2(1) 1(1) 

C(3) 31(1) 35(1) 26(1) 4(1) 3(1) 0(1) 

C(4) 35(1) 34(1) 27(1) 7(1) −2(1) −4(1) 

C(5) 28(1) 29(1) 31(1) 5(1) −4(1) −1(1) 

C(6) 28(1) 25(1) 28(1) 2(1) 0(1) −3(1) 

C(7) 39(1) 50(1) 31(1) 16(1) −3(1) −4(1) 

C(8) 49(1) 51(1) 35(1) 14(1) −9(1) 3(1) 

C(9) 54(1) 80(2) 27(1) 9(1) 4(1) 13(1) 

C(10) 66(2) 89(2) 55(2) 44(2) −14(1) −32(2) 

C(11) 33(1) 25(1) 24(1) 2(1) −2(1) −2(1) 

C(12) 29(1) 30(1) 26(1) 4(1) −4(1) −1(1) 

C(13) 30(1) 33(1) 34(1) 5(1) −4(1) −4(1) 
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C(14) 36(1) 28(1) 38(1) 2(1) −5(1) −4(1) 

C(15) 33(1) 28(1) 37(1) 0(1) 0(1) 2(1) 

C(16) 30(1) 29(1) 26(1) 2(1) −1(1) −2(1) 

C(17) 43(1) 28(1) 63(2) 8(1) −9(1) −5(1) 

C(18) 81(2) 44(1) 107(3) 34(2) −41(2) −17(1) 

C(19) 49(1) 36(1) 60(1) 12(1) −5(1) −14(1) 

C(20) 60(2) 32(1) 99(2) −14(1) 6(2) −5(1) 

C(21) 23(1) 27(1) 31(1) 3(1) 5(1) 1(1) 

C(22) 25(1) 28(1) 31(1) 1(1) 5(1) 1(1) 

C(23) 32(1) 27(1) 39(1) 1(1) 0(1) −1(1) 

C(24) 34(1) 31(1) 41(1) 8(1) −1(1) 2(1) 

C(25) 32(1) 35(1) 35(1) 6(1) −1(1) 3(1) 

C(26) 24(1) 30(1) 32(1) 2(1) 3(1) 2(1) 

C(27) 53(1) 33(1) 50(1) 13(1) −7(1) 0(1) 

C(28) 84(2) 76(2) 107(3) 55(2) −19(2) −23(2) 

C(29) 146(3) 53(2) 65(2) 28(2) −10(2) −4(2) 

C(30) 113(3) 63(2) 125(3) 47(2) 43(2) 42(2) 

C(31) 24(1) 31(1) 29(1) 4(1) 2(1) 6(1) 

C(32) 23(1) 33(1) 32(1) 4(1) 0(1) 5(1) 

C(33) 29(1) 35(1) 37(1) 6(1) 0(1) 0(1) 

C(34) 33(1) 37(1) 36(1) 9(1) 2(1) 5(1) 

C(35) 34(1) 38(1) 28(1) 4(1) 1(1) 6(1) 

C(36) 25(1) 31(1) 29(1) 2(1) 1(1) 7(1) 

C(37) 53(1) 38(1) 42(1) 15(1) −4(1) −4(1) 

C(38) 73(5) 107(7) 136(8) 89(7) 30(5) 0(4) 

C(39) 170(8) 44(3) 67(4) 25(3) −5(5) 10(4) 

C(40) 111(6) 84(5) 70(4) 53(4) −27(4) −28(4) 

C(41) 31(1) 30(1) 27(1) 0(1) 0(1) 5(1) 

C(42) 28(1) 33(1) 32(1) 3(1) −4(1) 1(1) 

C(43) 31(1) 28(1) 28(1) 0(1) 4(1) 0(1) 

C(44) 26(1) 31(1) 32(1) 2(1) 0(1) −2(1) 

C(45) 32(1) 34(1) 34(1) 0(1) 12(1) −3(1) 

C(46) 34(1) 39(1) 27(1) 3(1) 5(1) −7(1) 

C(47) 32(1) 32(1) 31(1) 9(1) 3(1) −3(1) 

C(48) 50(1) 43(1) 34(1) 13(1) −6(1) −11(1) 

C(49) 66(2) 44(1) 39(1) 22(1) −4(1) −10(1) 

C(50) 63(2) 34(1) 43(1) 12(1) 2(1) −10(1) 

C(51) 49(1) 32(1) 33(1) 5(1) 2(1) −4(1) 

C(52) 35(1) 29(1) 29(1) 6(1) 4(1) 1(1) 

C(53) 35(1) 28(1) 28(1) 3(1) 4(1) 0(1) 

C(54) 31(1) 29(1) 31(1) 4(1) 4(1) 3(1) 

C(55) 28(1) 31(1) 29(1) 3(1) 2(1) 5(1) 

C(56) 34(1) 37(1) 38(1) 2(1) −1(1) 2(1) 

C(57) 39(1) 50(1) 40(1) 6(1) −9(1) 6(1) 

C(58) 49(1) 49(1) 42(1) 15(1) −5(1) 14(1) 

C(59) 45(1) 37(1) 44(1) 14(1) −1(1) 6(1) 

C(60) 32(1) 33(1) 33(1) 5(1) 0(1) 5(1) 

C(61) 28(1) 30(1) 32(1) 2(1) −2(1) 7(1) 

C(62) 33(1) 27(1) 32(1) 2(1) −5(1) 0(1) 

C(63) 35(1) 32(1) 31(1) 6(1) 0(1) 1(1) 

C(64) 53(1) 35(1) 37(1) 6(1) −3(1) −8(1) 

C(65) 83(2) 39(1) 42(1) 14(1) 1(1) −14(1) 

C(66) 94(2) 47(1) 35(1) 14(1) −6(1) −10(1) 

C(67) 64(2) 42(1) 29(1) 5(1) −4(1) −5(1) 

C(68) 38(1) 34(1) 30(1) 3(1) 2(1) 1(1) 

C(69) 37(1) 33(1) 27(1) 3(1) 2(1) 1(1) 

C(70) 34(1) 43(1) 27(1) 2(1) 4(1) −1(1) 

C(71) 30(1) 40(1) 31(1) −2(1) 7(1) −3(1) 

C(72) 44(1) 58(1) 39(1) −1(1) −1(1) −12(1) 

C(73) 48(1) 61(2) 58(2) −1(1) −2(1) −21(1) 

C(74) 47(1) 43(1) 69(2) 3(1) 15(1) −12(1) 
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C(75) 42(1) 41(1) 54(1) 10(1) 12(1) 3(1) 

C(76) 28(1) 39(1) 39(1) 1(1) 6(1) 1(1) 

C(38A) 98(7) 52(4) 57(4) 28(3) 30(4) 9(4) 

C(39A) 70(4) 36(3) 45(3) 13(2) −10(3) −18(3) 

C(40A) 67(4) 46(4) 88(6) 29(3) −29(4) −3(3) 

   

Table 0.16: Hydrogen coordinates (*10
4
) and isotropic displacement parameters (Å

2
 * 10

3
) for 

32 (xylene inclusion complex).  

Atom x y z U(eq) 
H(1) 13642 1987 7135 39 

H(2) 16235 2734 8018 39 

H(7) 9807 1497 5468 50 

H(8) 20306 4635 9001 55 

H(3) 15331 1562 5068 37 

H(5) 11981 2565 5443 35 

H(8A) 11609 2046 4397 66 

H(8B) 12163 2609 3935 66 

H(8C) 12007 3083 4618 66 

H(9A) 13193 927 4061 81 

H(9B) 14623 1210 4138 81 

H(9C) 13782 1550 3643 81 

H(10A) 14332 3151 4045 100 

H(10B) 15255 2823 4512 100 

H(10C) 14244 3548 4745 100 

H(13) 18550 5257 8273 39 

H(15) 15133 5952 8777 40 

H(18A) 16964 7768 8124 114 

H(18B) 15842 7053 8074 114 

H(18C) 17066 6790 7715 114 

H(19A) 19013 6635 8268 73 

H(19B) 19039 6699 8977 73 

H(19C) 18859 7586 8704 73 

H(20A) 17149 7093 9547 101 

H(20B) 15891 7234 9202 101 

H(20C) 17007 7952 9240 101 

H(23) 13581 5632 7910 40 

H(25) 12024 4235 6381 41 

H(28A) 13991 6967 6771 127 

H(28B) 14641 6039 6801 127 

H(28C) 14154 6648 7398 127 

H(29A) 11702 5495 6086 130 

H(29B) 13145 5388 5987 130 

H(29C) 12552 6357 6048 130 

H(30A) 11942 6674 7595 143 

H(30B) 10966 6212 7084 143 

H(30C) 11739 7092 7008 143 

H(33) 18700 4345 7060 41 

H(35) 16978 2715 5661 40 

H(38A) 19487 3522 5478 145 

H(38B) 20038 4283 6012 145 

H(38C) 19629 4541 5388 145 

H(39A) 18557 5383 6577 138 

H(39B) 17120 5280 6400 138 

H(39C) 18051 5683 5981 138 

H(40A) 17415 4646 5114 126 

H(40B) 16413 4190 5471 126 

H(40C) 17424 3587 5100 126 

H(41A) 16569 1018 5822 36 
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H(41B) 16017 1014 6466 36 

H(42A) 18195 2948 8124 37 

H(42B) 19113 3731 8002 37 

H(43A) 13562 4797 8841 36 

H(43B) 13879 3755 8651 36 

H(44A) 11753 2132 6864 36 

H(44B) 11131 2669 6398 36 

H(45A) 10956 2743 7885 41 

H(45B) 11685 3034 8516 41 

H(46A) 12341 1489 8400 41 

H(46B) 10895 1608 8504 41 

H(48) 11377 133 8510 50 

H(49) 10555 −1322 8449 58 

H(50) 9596 −2094 7571 55 

H(51) 9472 −1422 6737 46 

H(53) 10655 743 6591 37 

H(54) 8174 −458 5315 37 

H(56) 7007 −365 4418 44 

H(57) 6506 339 3626 52 

H(58) 7460 1717 3573 55 

H(59) 8935 2374 4286 50 

H(61A) 18752 1406 7424 37 

H(61B) 17805 670 7049 37 

H(62A) 16872 571 7995 38 

H(62B) 18222 165 7916 38 

H(64) 17410 −139 8785 50 

H(65) 17719 −527 9718 65 

H(66) 18773 447 10488 70 

H(67) 19522 1830 10336 55 

H(69) 19077 2786 9033 39 

H(70) 21636 4084 10229 43 

H(72) 23090 5328 10479 58 

H(73) 23992 6655 10310 69 

H(74) 23305 7265 9501 65 

H(75) 21717 6571 8864 54 

H(101) 14155 −142 9352 69 

H(103) 14742 1475 8157 74 

H(104) 14398 245 7370 87 

H(105) 13933 −1178 7575 88 

H(10D) 13837 1933 9351 420 

H(10E) 15150 2088 9081 420 

H(10F) 15050 1579 9632 420 

H(10G) 13274 −2007 8199 143 

H(10H) 12887 −1548 8857 143 

H(10I) 14233 −1939 8751 143 

H(201) 14723 969 8158 108 

H(203) 14359 375 9805 102 

H(204) 14028 −1144 9372 154 

H(205) 14045 −1607 8333 161 

H(20D) 15176 −618 7331 228 

H(20E) 13743 −415 7290 228 

H(20F) 14171 −1369 7411 228 

H(20G) 14029 2007 9224 107 

H(20H) 15461 1917 9090 107 

H(20I) 14956 1714 9704 107 

H(38D) 19099 4448 5161 99 

H(38E) 18675 3435 5176 99 

H(38F) 19808 3900 5593 99 

H(39D) 19588 5115 6426 75 

H(39E) 18266 5508 6599 75 

H(39F) 18884 5676 6000 75 
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H(40D) 17128 5051 5378 98 

H(40E) 16426 4914 5963 98 

H(40F) 16502 4095 5407 98 

 

 

 Crystallographic data recorded for 32 (DMF inclusion complex) 

Table 0.17: Atomic coordinates (*10
4
) and equivalent isotropic displacement parameters (Å

2
 * 

10
3
) for 32 (DMF inclusion complex). U(eq) is defined as one third of the trace of the 

orthogonalised Uij tensor. 

Atom x y z U(eq) 
O(1) 8022(1) 566(1) 2337(1) 35(1) 

O(2) 9169(1) 1900(1) 2217(1) 38(1) 

O(3) 8346(1) 3884(1) 2273(1) 36(1) 

O(4) 7133(1) 2540(1) 2249(1) 44(1) 

O(5) 8831(1) 878(1) 3147(1) 43(1) 

O(6) 7408(1) 4550(1) 2934(1) 44(1) 

O(7) 11813(1) 2056(1) 2086(1) 55(1) 

O(8A) 5406(3) 6257(4) 1431(2) 64(2) 

O(9) 7225(1) 2388(2) −56(1) 81(1) 

O(8) 5167(3) 6312(4) 1482(2) 66(2) 

N(1) 10927(1) 2273(1) 3262(1) 43(1) 

N(2) 11391(1) 2192(1) 2906(1) 43(1) 

N(3) 5170(1) 4685(2) 2550(1) 52(1) 

N(4) 5046(1) 5139(2) 2133(1) 55(1) 

N(5) 7866(1) 1982(1) 594(1) 36(1) 

C(1) 7804(1) 168(2) 1922(1) 31(1) 

C(2) 8384(1) −203(2) 1679(1) 31(1) 

C(3) 8155(1) −620(2) 1272(1) 33(1) 

C(4) 7371(1) −673(2) 1108(1) 33(1) 

C(5) 6819(1) −239(2) 1360(1) 35(1) 

C(6) 7016(1) 204(2) 1764(1) 33(1) 

C(7) 7098(1) −1182(2) 673(1) 38(1) 

C(8) 7788(2) −1608(2) 447(1) 54(1) 

C(9) 6671(2) −422(2) 365(1) 58(1) 

C(10) 6541(2) −2038(2) 759(1) 53(1) 

C(11) 9250(1) −126(2) 1838(1) 34(1) 

C(12) 9586(1) 1726(2) 1864(1) 32(1) 

C(13) 9655(1) 793(2) 1671(1) 31(1) 

C(14) 10108(1) 714(2) 1313(1) 33(1) 

C(15) 10500(1) 1519(2) 1147(1) 35(1) 

C(16) 10422(1) 2429(2) 1356(1) 35(1) 

C(17) 9969(1) 2560(2) 1705(1) 32(1) 

C(18) 11018(1) 1434(2) 763(1) 41(1) 

C(19) 10945(2) 397(2) 544(1) 58(1) 

C(20) 10771(2) 2201(2) 416(1) 53(1) 

C(21) 11871(2) 1587(3) 928(1) 54(1) 

C(22) 9842(1) 3585(2) 1894(1) 35(1) 

C(23) 8408(1) 4155(2) 1838(1) 34(1) 

C(24) 9124(1) 4072(2) 1655(1) 34(1) 

C(25) 9158(1) 4377(2) 1223(1) 38(1) 

C(26) 8508(1) 4726(2) 965(1) 39(1) 

C(27) 7797(1) 4743(2) 1156(1) 40(1) 

C(28) 7731(1) 4459(2) 1588(1) 37(1) 

C(29) 8599(2) 5072(2) 496(1) 45(1) 
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C(30) 9184(2) 5938(2) 515(1) 59(1) 

C(31) 8921(2) 4222(2) 228(1) 62(1) 

C(32) 7825(2) 5425(2) 262(1) 64(1) 

C(33) 6933(1) 4441(2) 1769(1) 42(1) 

C(34) 6474(1) 3491(2) 1653(1) 38(1) 

C(35) 5926(1) 3482(2) 1286(1) 43(1) 

C(36) 5510(1) 2623(2) 1151(1) 43(1) 

C(37) 5655(1) 1774(2) 1404(1) 42(1) 

C(38) 6200(1) 1735(2) 1765(1) 35(1) 

C(39) 6608(1) 2615(2) 1890(1) 38(1) 

C(40) 4918(2) 2590(2) 744(1) 52(1) 

C(41) 5143(2) 1753(2) 433(1) 66(1) 

C(42) 4103(2) 2357(2) 885(1) 68(1) 

C(43) 4898(2) 3564(2) 486(1) 65(1) 

C(44) 6401(1) 765(2) 1997(1) 38(1) 

C(45) 8008(1) −157(2) 2682(1) 41(1) 

C(46) 8085(1) 397(2) 3104(1) 45(1) 

C(47) 8973(1) 1507(2) 3500(1) 38(1) 

C(48) 8456(1) 1610(2) 3825(1) 44(1) 

C(49) 8646(2) 2236(2) 4176(1) 47(1) 

C(50) 9331(2) 2764(2) 4205(1) 46(1) 

C(51) 9841(2) 2671(2) 3883(1) 45(1) 

C(52) 9677(1) 2036(2) 3522(1) 38(1) 

C(53) 10230(1) 1947(2) 3186(1) 39(1) 

C(54) 12124(1) 2343(2) 3022(1) 42(1) 

C(55) 12725(1) 2326(2) 2717(1) 41(1) 

C(56) 13512(2) 2483(2) 2874(1) 52(1) 

C(57) 14100(2) 2479(2) 2596(1) 58(1) 

C(58) 13924(2) 2320(2) 2155(1) 58(1) 

C(59) 13156(2) 2180(2) 1990(1) 54(1) 

C(60) 12556(1) 2183(2) 2267(1) 44(1) 

C(61) 8563(1) 4665(2) 2581(1) 41(1) 

C(62) 8238(1) 4424(2) 3005(1) 41(1) 

C(63) 6941(1) 4323(2) 3259(1) 41(1) 

C(64) 7216(2) 3974(2) 3670(1) 50(1) 

C(65) 6687(2) 3747(2) 3973(1) 66(1) 

C(66) 5893(2) 3857(2) 3867(1) 71(1) 

C(67) 5620(2) 4187(2) 3460(1) 60(1) 

C(68) 6134(1) 4442(2) 3149(1) 44(1) 

C(69) 5866(2) 4831(2) 2719(1) 46(1) 

C(70) 4362(4) 4751(6) 1948(3) 48(2) 

C(71) 4225(3) 5330(4) 1465(2) 40(1) 

C(72) 3530(3) 5026(4) 1237(2) 53(2) 

C(73) 3300(3) 5365(5) 817(2) 55(1) 

C(74) 3797(3) 6018(4) 622(2) 62(2) 

C(75) 4516(4) 6313(5) 825(2) 67(2) 

C(76) 4701(3) 5976(4) 1250(2) 40(1) 

C(77) 7295(2) 2402(2) 345(1) 51(1) 

C(78) 8484(2) 1451(2) 402(1) 67(1) 

C(79) 7920(2) 2077(2) 1063(1) 52(1) 

C(19A) 10533(11) 1239(15) 354(6) 57(5) 

C(20A) 11502(11) 2514(13) 708(6) 55(5) 

C(21A) 11658(9) 692(12) 870(5) 41(4) 

C(70A) 4442(5) 4970(6) 1901(3) 46(2) 

C(71A) 4099(3) 5088(4) 1521(2) 48(2) 

C(72A) 3423(3) 4679(4) 1309(2) 49(2) 

C(73A) 3139(3) 5006(4) 896(2) 55(2) 

C(74A) 3526(3) 5774(4) 698(2) 50(1) 

C(75A) 4212(3) 6197(4) 890(2) 53(2) 

C(76A) 4469(4) 5841(4) 1304(2) 56(2) 
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Table 0.18: Bond lengths (Å) and angles (°) for 32 (DMF inclusion complex). 

O(1)-C(1) 1.402(2) C(26)-C(27) 1.394(3) 

O(1)-C(45) 1.439(3) C(26)-C(29) 1.532(3) 

O(2)-C(12) 1.364(2) C(27)-C(28) 1.392(3) 

O(3)-C(23) 1.397(3) C(28)-C(33) 1.517(3) 

O(3)-C(61) 1.439(3) C(29)-C(32) 1.529(4) 

O(4)-C(39) 1.366(3) C(29)-C(30) 1.533(3) 

O(5)-C(47) 1.376(3) C(29)-C(31) 1.534(4) 

O(5)-C(46) 1.428(3) C(33)-C(34) 1.525(3) 

O(6)-C(63) 1.363(3) C(34)-C(39) 1.392(3) 

O(6)-C(62) 1.430(3) C(34)-C(35) 1.403(3) 

O(7)-C(60) 1.355(3) C(35)-C(36) 1.400(3) 

O(8A)-C(76) 1.340(8) C(36)-C(37) 1.388(3) 

O(9)-C(77) 1.225(3) C(36)-C(40) 1.542(3) 

O(8)-C(76A) 1.420(8) C(37)-C(38) 1.391(3) 

N(1)-C(53) 1.275(3) C(38)-C(39) 1.409(3) 

N(1)-N(2) 1.407(3) C(38)-C(44) 1.510(3) 

N(2)-C(54) 1.292(3) C(40)-C(42) 1.527(4) 

N(3)-C(69) 1.273(3) C(40)-C(43) 1.529(4) 

N(3)-N(4) 1.418(3) C(40)-C(41) 1.543(4) 

N(4)-C(70A) 1.226(8) C(45)-C(46) 1.488(3) 

N(4)-C(70) 1.360(8) C(47)-C(48) 1.394(3) 

N(5)-C(77) 1.316(3) C(47)-C(52) 1.396(3) 

N(5)-C(79) 1.441(3) C(48)-C(49) 1.383(3) 

N(5)-C(78) 1.442(3) C(49)-C(50) 1.368(4) 

C(1)-C(2) 1.383(3) C(50)-C(51) 1.376(3) 

C(1)-C(6) 1.396(3) C(51)-C(52) 1.407(3) 

C(2)-C(3) 1.396(3) C(52)-C(53) 1.460(3) 

C(2)-C(11) 1.524(3) C(54)-C(55) 1.445(3) 

C(3)-C(4) 1.394(3) C(55)-C(60) 1.402(3) 

C(4)-C(5) 1.397(3) C(55)-C(56) 1.408(3) 

C(4)-C(7) 1.535(3) C(56)-C(57) 1.372(4) 

C(5)-C(6) 1.389(3) C(57)-C(58) 1.380(4) 

C(6)-C(44) 1.522(3) C(58)-C(59) 1.381(4) 

C(7)-C(8) 1.530(3) C(59)-C(60) 1.385(3) 

C(7)-C(10) 1.530(3) C(61)-C(62) 1.491(3) 

C(7)-C(9) 1.534(3) C(63)-C(64) 1.390(3) 

C(11)-C(13) 1.524(3) C(63)-C(68) 1.403(3) 

C(12)-C(13) 1.394(3) C(64)-C(65) 1.384(4) 

C(12)-C(17) 1.405(3) C(65)-C(66) 1.380(4) 

C(13)-C(14) 1.398(3) C(66)-C(67) 1.370(4) 

C(14)-C(15) 1.392(3) C(67)-C(68) 1.391(4) 

C(15)-C(16) 1.390(3) C(68)-C(69) 1.459(3) 

C(15)-C(18) 1.537(3) C(70)-C(71A) 1.426(10) 

C(16)-C(17) 1.386(3) C(71)-C(76) 1.3910(10) 

C(17)-C(22) 1.515(3) C(71)-C(72) 1.3913(10) 

C(18)-C(19A) 1.468(18) C(71)-C(70A) 1.442(9) 

C(18)-C(21A) 1.498(15) C(72)-C(73) 1.3912(10) 

C(18)-C(20) 1.515(4) C(73)-C(74) 1.3913(10) 

C(18)-C(21) 1.520(4) C(74)-C(75) 1.3907(10) 

C(18)-C(19) 1.547(4) C(75)-C(76) 1.3909(10) 

C(18)-C(20A) 1.686(17) C(71A)-C(72A) 1.3910(10) 

C(22)-C(24) 1.525(3) C(71A)-C(76A) 1.3914(10) 

C(23)-C(24) 1.394(3) C(72A)-C(73A) 1.3907(10) 

C(23)-C(28) 1.395(3) C(73A)-C(74A) 1.3917(10) 

C(24)-C(25) 1.393(3) C(74A)-C(75A) 1.3911(10) 

C(25)-C(26) 1.391(3) C(75A)-C(76A) 1.3917(10) 

    

C(1)-O(1)-C(45) 113.03(16) C(26)-C(29)-C(30) 108.1(2) 

C(23)-O(3)-C(61) 113.71(16) C(32)-C(29)-C(31) 108.4(2) 
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C(47)-O(5)-C(46) 116.67(17) C(26)-C(29)-C(31) 110.20(19) 

C(63)-O(6)-C(62) 119.93(18) C(30)-C(29)-C(31) 108.8(2) 

C(53)-N(1)-N(2) 114.3(2) C(28)-C(33)-C(34) 112.97(18) 

C(54)-N(2)-N(1) 111.9(2) C(39)-C(34)-C(35) 118.8(2) 

C(69)-N(3)-N(4) 111.5(2) C(39)-C(34)-C(33) 121.7(2) 

C(70A)-N(4)-C(70) 14.9(5) C(35)-C(34)-C(33) 119.5(2) 

C(70A)-N(4)-N(3) 120.0(4) C(36)-C(35)-C(34) 122.3(2) 

C(70)-N(4)-N(3) 105.7(4) C(37)-C(36)-C(35) 116.6(2) 

C(77)-N(5)-C(79) 121.8(2) C(37)-C(36)-C(40) 120.2(2) 

C(77)-N(5)-C(78) 120.6(2) C(35)-C(36)-C(40) 123.2(2) 

C(79)-N(5)-C(78) 117.6(2) C(36)-C(37)-C(38) 123.6(2) 

C(2)-C(1)-C(6) 122.7(2) C(37)-C(38)-C(39) 118.0(2) 

C(2)-C(1)-O(1) 118.56(19) C(37)-C(38)-C(44) 121.3(2) 

C(6)-C(1)-O(1) 118.65(19) C(39)-C(38)-C(44) 120.5(2) 

C(1)-C(2)-C(3) 117.7(2) O(4)-C(39)-C(34) 123.6(2) 

C(1)-C(2)-C(11) 121.66(19) O(4)-C(39)-C(38) 115.8(2) 

C(3)-C(2)-C(11) 120.57(19) C(34)-C(39)-C(38) 120.6(2) 

C(4)-C(3)-C(2) 122.3(2) C(42)-C(40)-C(43) 109.9(2) 

C(3)-C(4)-C(5) 116.9(2) C(42)-C(40)-C(36) 109.4(2) 

C(3)-C(4)-C(7) 123.39(19) C(43)-C(40)-C(36) 112.4(2) 

C(5)-C(4)-C(7) 119.67(19) C(42)-C(40)-C(41) 107.8(2) 

C(6)-C(5)-C(4) 123.2(2) C(43)-C(40)-C(41) 107.4(2) 

C(5)-C(6)-C(1) 116.9(2) C(36)-C(40)-C(41) 109.9(2) 

C(5)-C(6)-C(44) 120.3(2) C(38)-C(44)-C(6) 110.09(18) 

C(1)-C(6)-C(44) 122.68(19) O(1)-C(45)-C(46) 107.29(19) 

C(8)-C(7)-C(10) 108.2(2) O(5)-C(46)-C(45) 108.71(18) 

C(8)-C(7)-C(9) 108.4(2) O(5)-C(47)-C(48) 122.9(2) 

C(10)-C(7)-C(9) 109.4(2) O(5)-C(47)-C(52) 116.5(2) 

C(8)-C(7)-C(4) 111.65(19) C(48)-C(47)-C(52) 120.7(2) 

C(10)-C(7)-C(4) 109.57(19) C(49)-C(48)-C(47) 119.8(2) 

C(9)-C(7)-C(4) 109.57(18) C(50)-C(49)-C(48) 120.6(2) 

C(13)-C(11)-C(2) 113.83(17) C(49)-C(50)-C(51) 119.9(2) 

O(2)-C(12)-C(13) 123.98(19) C(50)-C(51)-C(52) 121.5(2) 

O(2)-C(12)-C(17) 115.27(19) C(47)-C(52)-C(51) 117.5(2) 

C(13)-C(12)-C(17) 120.73(19) C(47)-C(52)-C(53) 122.1(2) 

C(12)-C(13)-C(14) 118.24(19) C(51)-C(52)-C(53) 120.4(2) 

C(12)-C(13)-C(11) 121.83(19) N(1)-C(53)-C(52) 119.6(2) 

C(14)-C(13)-C(11) 119.93(19) N(2)-C(54)-C(55) 123.2(2) 

C(15)-C(14)-C(13) 122.9(2) C(60)-C(55)-C(56) 118.1(2) 

C(16)-C(15)-C(14) 116.6(2) C(60)-C(55)-C(54) 122.6(2) 

C(16)-C(15)-C(18) 120.10(19) C(56)-C(55)-C(54) 119.3(2) 

C(14)-C(15)-C(18) 123.3(2) C(57)-C(56)-C(55) 121.2(3) 

C(17)-C(16)-C(15) 123.3(2) C(56)-C(57)-C(58) 119.9(3) 

C(16)-C(17)-C(12) 118.26(19) C(57)-C(58)-C(59) 120.3(3) 

C(16)-C(17)-C(22) 121.21(19) C(58)-C(59)-C(60) 120.4(3) 

C(12)-C(17)-C(22) 120.41(19) O(7)-C(60)-C(59) 117.9(2) 

C(19A)-C(18)-C(21A) 114.9(10) O(7)-C(60)-C(55) 122.0(2) 

C(19A)-C(18)-C(20) 54.3(8) C(59)-C(60)-C(55) 120.1(2) 

C(21A)-C(18)-C(20) 139.8(6) O(3)-C(61)-C(62) 108.62(18) 

C(19A)-C(18)-C(21) 140.2(8) O(6)-C(62)-C(61) 106.25(19) 

C(21A)-C(18)-C(21) 49.5(6) O(6)-C(63)-C(64) 124.2(2) 

C(20)-C(18)-C(21) 110.3(2) O(6)-C(63)-C(68) 115.1(2) 

C(19A)-C(18)-C(15) 110.3(7) C(64)-C(63)-C(68) 120.7(2) 

C(21A)-C(18)-C(15) 109.8(6) C(65)-C(64)-C(63) 119.4(3) 

C(20)-C(18)-C(15) 110.1(2) C(66)-C(65)-C(64) 120.3(3) 

C(21)-C(18)-C(15) 109.5(2) C(67)-C(66)-C(65) 120.3(3) 

C(19A)-C(18)-C(19) 56.6(8) C(66)-C(67)-C(68) 121.1(3) 

C(21A)-C(18)-C(19) 61.8(7) C(67)-C(68)-C(63) 118.2(2) 

C(20)-C(18)-C(19) 107.4(2) C(67)-C(68)-C(69) 122.6(2) 

C(21)-C(18)-C(19) 107.9(2) C(63)-C(68)-C(69) 119.2(2) 

C(15)-C(18)-C(19) 111.7(2) N(3)-C(69)-C(68) 121.8(2) 
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C(19A)-C(18)-C(20A) 108.5(10) N(4)-C(70)-C(71A) 117.2(6) 

C(21A)-C(18)-C(20A) 103.8(9) C(76)-C(71)-C(72) 117.1(5) 

C(20)-C(18)-C(20A) 57.1(7) C(76)-C(71)-C(70A) 122.1(5) 

C(21)-C(18)-C(20A) 56.6(7) C(72)-C(71)-C(70A) 120.8(5) 

C(15)-C(18)-C(20A) 109.3(6) C(73)-C(72)-C(71) 122.3(5) 

C(19)-C(18)-C(20A) 139.0(7) C(72)-C(73)-C(74) 117.9(5) 

C(17)-C(22)-C(24) 109.94(17) C(75)-C(74)-C(73) 122.4(5) 

C(24)-C(23)-C(28) 121.4(2) C(74)-C(75)-C(76) 116.9(5) 

C(24)-C(23)-O(3) 120.1(2) O(8A)-C(76)-C(75) 115.1(5) 

C(28)-C(23)-O(3) 118.48(19) O(8A)-C(76)-C(71) 121.5(4) 

C(25)-C(24)-C(23) 117.7(2) C(75)-C(76)-C(71) 123.3(5) 

C(25)-C(24)-C(22) 119.2(2) O(9)-C(77)-N(5) 125.6(3) 

C(23)-C(24)-C(22) 122.9(2) N(4)-C(70A)-C(71) 128.0(6) 

C(26)-C(25)-C(24) 123.2(2) C(72A)-C(71A)-C(76A) 117.2(5) 

C(25)-C(26)-C(27) 116.8(2) C(72A)-C(71A)-C(70) 119.4(5) 

C(25)-C(26)-C(29) 119.9(2) C(76A)-C(71A)-C(70) 123.3(5) 

C(27)-C(26)-C(29) 123.3(2) C(73A)-C(72A)-C(71A) 121.0(5) 

C(28)-C(27)-C(26) 122.5(2) C(72A)-C(73A)-C(74A) 119.2(5) 

C(27)-C(28)-C(23) 118.3(2) C(75A)-C(74A)-C(73A) 122.2(5) 

C(27)-C(28)-C(33) 119.9(2) C(74A)-C(75A)-C(76A) 116.0(5) 

C(23)-C(28)-C(33) 121.7(2) C(71A)-C(76A)-C(75A) 124.3(6) 

C(32)-C(29)-C(26) 112.5(2) C(71A)-C(76A)-O(8) 122.8(4) 

C(32)-C(29)-C(30) 108.7(2) C(75A)-C(76A)-O(8) 113.0(5) 

 

Table 0.19: Anisotropic displacement parameters (Å
2
 * 10

3
) for 32 (DMF inclusion 

complex). The anisotropic displacement  factor exponent takes the form: −2 gπ
2
 [ h

2
 a*

2
 U11 + 

... + 2 h k a* b* U12] 

Atom U11 U22 U33 U23 U13 U12 
O(1) 37(1) 42(1) 26(1) 1(1) 2(1) −6(1) 

O(2) 41(1) 41(1) 33(1) −2(1) 10(1) −8(1) 

O(3) 40(1) 39(1) 30(1) −9(1) 3(1) −5(1) 

O(4) 43(1) 50(1) 39(1) −6(1) −6(1) −10(1) 

O(5) 38(1) 60(1) 31(1) −4(1) 3(1) −12(1) 

O(6) 39(1) 58(1) 36(1) 3(1) 1(1) 4(1) 

O(7) 44(1) 72(1) 47(1) 6(1) −3(1) −3(1) 

O(9) 96(2) 98(2) 44(1) 6(1) −15(1) −1(1) 

N(1) 39(1) 43(1) 49(1) −5(1) 8(1) −2(1) 

N(2) 44(1) 39(1) 47(1) −2(1) 5(1) −2(1) 

N(3) 46(1) 63(1) 46(1) 4(1) 1(1) 10(1) 

N(4) 52(1) 68(2) 45(1) −2(1) 1(1) 15(1) 

N(5) 41(1) 38(1) 30(1) 1(1) 2(1) 3(1) 

C(1) 35(1) 33(1) 24(1) 2(1) 1(1) −5(1) 

C(2) 32(1) 30(1) 32(1) 6(1) 2(1) −1(1) 

C(3) 35(1) 31(1) 34(1) 3(1) 4(1) 3(1) 

C(4) 35(1) 33(1) 32(1) −1(1) 3(1) −3(1) 

C(5) 29(1) 41(1) 34(1) −1(1) 0(1) −4(1) 

C(6) 32(1) 36(1) 31(1) 1(1) 4(1) −5(1) 

C(7) 40(1) 39(1) 35(1) −7(1) 2(1) 0(1) 

C(8) 54(2) 64(2) 46(2) −20(1) 6(1) 1(1) 

C(9) 75(2) 56(2) 39(2) −10(1) −14(1) 6(1) 

C(10) 57(2) 57(2) 46(2) −14(1) 2(1) −12(1) 

C(11) 33(1) 34(1) 34(1) 3(1) 1(1) 0(1) 

C(12) 25(1) 44(1) 27(1) 3(1) 0(1) 1(1) 

C(13) 25(1) 36(1) 32(1) 3(1) −3(1) 1(1) 

C(14) 30(1) 35(1) 33(1) −1(1) −1(1) 4(1) 

C(15) 31(1) 43(1) 32(1) 3(1) 2(1) 4(1) 

C(16) 29(1) 41(1) 35(1) 7(1) 1(1) −5(1) 
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C(17) 28(1) 38(1) 28(1) 0(1) −3(1) −3(1) 

C(18) 40(1) 46(1) 39(1) 2(1) 12(1) 3(1) 

C(19) 73(2) 51(2) 53(2) −10(2) 27(2) −4(2) 

C(20) 56(2) 67(2) 40(2) 11(2) 19(2) 13(2) 

C(21) 44(2) 68(2) 50(2) 1(2) 15(2) 3(2) 

C(22) 33(1) 39(1) 33(1) −1(1) 3(1) −7(1) 

C(23) 42(1) 29(1) 30(1) −6(1) 0(1) −3(1) 

C(24) 37(1) 31(1) 34(1) −7(1) 2(1) −6(1) 

C(25) 44(1) 34(1) 35(1) −5(1) 5(1) −4(1) 

C(26) 53(2) 29(1) 34(1) −6(1) 0(1) −2(1) 

C(27) 45(2) 32(1) 40(2) −6(1) −6(1) 3(1) 

C(28) 41(1) 31(1) 38(1) −10(1) 1(1) 1(1) 

C(29) 64(2) 35(1) 36(1) 1(1) −1(1) −7(1) 

C(30) 78(2) 45(2) 52(2) 8(1) −3(2) −13(1) 

C(31) 97(2) 50(2) 40(2) −2(1) 16(2) −7(2) 

C(32) 80(2) 63(2) 47(2) 9(1) −13(2) −7(2) 

C(33) 42(1) 39(1) 44(2) −12(1) −1(1) 8(1) 

C(34) 30(1) 47(1) 39(1) −15(1) 1(1) 5(1) 

C(35) 40(1) 44(1) 45(2) −9(1) 1(1) 10(1) 

C(36) 32(1) 53(2) 42(2) −13(1) −3(1) 7(1) 

C(37) 30(1) 49(2) 48(2) −14(1) 4(1) −2(1) 

C(38) 25(1) 48(1) 34(1) −12(1) 6(1) 1(1) 

C(39) 29(1) 50(2) 35(1) −11(1) 4(1) 4(1) 

C(40) 41(2) 58(2) 54(2) −12(1) −10(1) 8(1) 

C(41) 56(2) 83(2) 56(2) −25(2) −14(1) 9(2) 

C(42) 38(2) 96(2) 66(2) −10(2) −9(1) 5(2) 

C(43) 62(2) 78(2) 51(2) −7(2) −13(2) 8(2) 

C(44) 31(1) 50(1) 34(1) −7(1) 7(1) −10(1) 

C(45) 42(1) 48(1) 32(1) 6(1) 3(1) −11(1) 

C(46) 44(2) 61(2) 31(1) 3(1) 7(1) −14(1) 

C(47) 44(1) 43(1) 28(1) 3(1) −2(1) −1(1) 

C(48) 44(2) 54(2) 33(1) 2(1) 2(1) −1(1) 

C(49) 52(2) 54(2) 35(1) 3(1) 5(1) 11(1) 

C(50) 58(2) 42(1) 39(2) −3(1) 2(1) 7(1) 

C(51) 49(2) 38(1) 46(2) 4(1) −4(1) 0(1) 

C(52) 42(1) 36(1) 35(1) 6(1) −2(1) 1(1) 

C(53) 44(2) 38(1) 36(1) 2(1) 0(1) −3(1) 

C(54) 44(2) 39(1) 43(2) −6(1) −1(1) −1(1) 

C(55) 42(1) 35(1) 45(2) −4(1) 2(1) 0(1) 

C(56) 45(2) 55(2) 55(2) −8(1) −3(1) −4(1) 

C(57) 40(2) 70(2) 64(2) −1(2) 3(1) −7(1) 

C(58) 48(2) 71(2) 56(2) 4(2) 10(1) −5(1) 

C(59) 52(2) 66(2) 45(2) 4(1) 5(1) −7(1) 

C(60) 38(1) 44(1) 49(2) 3(1) 1(1) −2(1) 

C(61) 38(1) 48(1) 38(1) −16(1) 3(1) −8(1) 

C(62) 34(1) 53(2) 36(1) −10(1) −4(1) 3(1) 

C(63) 43(1) 41(1) 38(1) −1(1) 4(1) 3(1) 

C(64) 51(2) 56(2) 44(2) 5(1) 3(1) 6(1) 

C(65) 67(2) 83(2) 48(2) 27(2) 9(2) 10(2) 

C(66) 64(2) 90(2) 62(2) 33(2) 18(2) 9(2) 

C(67) 45(2) 76(2) 59(2) 15(2) 8(1) 9(1) 

C(68) 41(1) 48(2) 44(2) 4(1) 6(1) 8(1) 

C(69) 42(2) 52(2) 43(2) 2(1) 5(1) 10(1) 

C(77) 53(2) 55(2) 43(2) −1(1) −2(1) 1(1) 

C(78) 67(2) 59(2) 78(2) 10(2) 33(2) 12(2) 

C(79) 77(2) 42(2) 35(1) 2(1) −3(1) 1(1) 
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Table 0.20: Hydrogen coordinates (*10
4
) and isotropic displacement parameters (Å

2
 * 10

3
) for 

32 (DMF inclusion complex).  

Atom x y z U(eq) 
H(2) 8842 1440 2239 45 

H(4) 7441 3027 2256 53 

H(7) 11499 2097 2282 65 

H(8) 5471 6037 1688 77 

H(8A) 5303 6065 1728 79 

H(3) 8546 −877 1100 40 

H(5) 6284 −247 1250 42 

H(8D) 8138 −1066 374 81 

H(8B) 7591 −1952 178 81 

H(8C) 8078 −2080 644 81 

H(9A) 6204 −177 496 87 

H(9B) 6514 −742 84 87 

H(9C) 7022 137 318 87 

H(10A) 6816 −2528 952 80 

H(10B) 6361 −2356 481 80 

H(10C) 6088 −1778 898 80 

H(11A) 9299 −115 2162 41 

H(11B) 9524 −728 1743 41 

H(14) 10149 82 1178 39 

H(16) 10693 2989 1253 42 

H(19A) 10398 280 434 87 

H(19B) 11111 −117 759 87 

H(19C) 11279 370 299 87 

H(20A) 11112 2151 175 80 

H(20B) 10814 2869 544 80 

H(20C) 10227 2077 304 80 

H(21A) 12202 1525 683 80 

H(21B) 12025 1083 1150 80 

H(21C) 11937 2252 1057 80 

H(22A) 10310 4004 1863 42 

H(22B) 9766 3527 2210 42 

H(25) 9647 4346 1099 45 

H(27) 7339 4956 985 48 

H(30A) 9252 6170 217 88 

H(30B) 9690 5713 653 88 

H(30C) 8985 6485 686 88 

H(31A) 8539 3677 202 93 

H(31B) 9414 3980 376 93 

H(31C) 9015 4467 −64 93 

H(32A) 7451 4870 239 96 

H(32B) 7916 5663 −31 96 

H(32C) 7610 5968 429 96 

H(33A) 6625 5021 1653 50 

H(33B) 7003 4507 2091 50 

H(35) 5834 4079 1124 52 

H(37) 5365 1189 1325 51 

H(41A) 5673 1872 346 98 

H(41B) 4771 1745 172 98 

H(41C) 5128 1110 583 98 

H(42A) 4113 1716 1038 102 

H(42B) 3727 2325 626 102 

H(42C) 3944 2882 1081 102 

H(43A) 4739 4110 671 97 

H(43B) 4522 3505 228 97 

H(43C) 5421 3703 391 97 

H(44A) 5922 351 2003 46 
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H(44B) 6602 901 2303 46 

H(45A) 8447 −633 2669 49 

H(45B) 7509 −534 2654 49 

H(46A) 7661 898 3109 54 

H(46B) 8039 −70 3351 54 

H(48) 7976 1252 3806 53 

H(49) 8296 2299 4400 56 

H(50) 9455 3194 4447 56 

H(51) 10314 3044 3905 54 

H(53) 10070 1647 2912 47 

H(54) 12276 2472 3321 50 

H(56) 13637 2593 3178 62 

H(57) 14628 2586 2708 70 

H(58) 14332 2307 1963 70 

H(59) 13038 2082 1685 65 

H(61A) 8352 5310 2469 50 

H(61B) 9141 4719 2624 50 

H(62A) 8368 3729 3093 50 

H(62B) 8458 4877 3238 50 

H(64) 7763 3891 3742 60 

H(65) 6872 3515 4256 79 

H(66) 5533 3703 4077 85 

H(67) 5071 4243 3389 72 

H(69) 6219 5203 2560 55 

H(70) 4073 4274 2098 57 

H(72) 3200 4571 1372 63 

H(73) 2818 5157 668 66 

H(74) 3640 6272 339 74 

H(75) 4864 6726 681 81 

H(77) 6904 2745 488 61 

H(78A) 8360 1402 85 100 

H(78B) 8533 781 528 100 

H(78C) 8980 1811 462 100 

H(79A) 7465 2445 1152 77 

H(79B) 8401 2437 1161 77 

H(79C) 7932 1413 1197 77 

H(19D) 10872 1135 116 85 

H(19E) 10188 1809 285 85 

H(19F) 10215 641 389 85 

H(20D) 11876 2438 486 82 

H(20E) 11784 2692 989 82 

H(20F) 11126 3042 619 82 

H(21D) 11428 35 914 61 

H(21E) 11967 896 1139 61 

H(21F) 11999 659 629 61 

H(70A) 4071 4549 2024 56 

H(72A) 3152 4169 1449 59 

H(73A) 2686 4709 751 65 

H(74A) 3315 6017 422 60 

H(75A) 4489 6698 748 64 
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 Crystallographic data recorded for 37   

Table 0.21: Atomic coordinates (*10
4
) and equivalent isotropic displacement parameters (Å

2
 * 

10
3
) for 37. U(eq) is defined as one third of the trace of the orthogonalised Uij tensor. 

Atom x y z U(eq) 
O(1) 148(1) 9125(1) −1975(1) 33(1) 

O(2) 1690(1) 9997(1) −2027(1) 33(1) 

O(3) 1532(1) 8506(1) −2000(1) 36(1) 

O(4) 157(1) 7705(1) −1533(1) 32(1) 

O(5) 3062(1) 10567(1) −764(1) 35(1) 

O(6) 5(1) 8113(1) −236(1) 37(1) 

O(7) 3808(1) 6336(1) 1965(1) 41(1) 

O(8) 2815(1) 4701(1) 1851(1) 36(1) 

O(9) 2771(1) 3924(1) 548(1) 38(1) 

O(10) 2018(1) 5773(1) 2007(1) 34(1) 

O(11) 2813(1) 7143(1) 1626(1) 33(1) 

O(12) 1599(1) 6769(1) 329(1) 34(1) 

O(1S) 8445(1) 7266(1) 1982(1) 63(1) 

O(2S) 9677(1) 8026(1) 2003(1) 56(1) 

O(3S) 4683(3) 9697(3) −3751(2) 147(2) 

O(4S) 4626(2) 10271(2) −2831(2) 86(1) 

O(5S) 5141(3) 3068(2) 2128(2) 86(1) 

O(6S) 4818(3) 3903(2) 2680(2) 75(1) 

O(5T) 5833(7) 4552(6) 2833(5) 113(3) 

O(6T) 4238(5) 2316(4) 2042(4) 77(2) 

N(1) 4120(1) 9161(1) −998(1) 39(1) 

N(2) 4736(2) 8189(2) −1423(2) 69(1) 

N(3) 3208(2) 6664(2) −1472(2) 72(1) 

N(4) 2357(1) 8138(1) −714(1) 44(1) 

N(5) −915(1) 9592(1) 230(1) 37(1) 

N(6) −1477(2) 10651(1) 558(1) 45(1) 

N(7) −3288(2) 10066(3) −739(2) 107(2) 

N(8) −2477(2) 8566(2) −1249(2) 63(1) 

N(9) 5143(1) 5221(1) 868(1) 40(1) 

N(10) 6809(2) 6136(1) 1443(1) 57(1) 

N(11) 6682(2) 7713(2) 1523(1) 59(1) 

N(12) 4237(2) 6447(1) 668(1) 47(1) 

N(13) −808(1) 5435(1) −192(1) 33(1) 

N(14) −2424(1) 4460(1) −576(1) 41(1) 

N(15) −2981(2) 4863(1) 794(1) 52(1) 

N(16) −605(2) 6350(1) 1379(1) 53(1) 

C(1) −567(1) 9083(1) −2423(1) 29(1) 

C(2) −1312(1) 8556(1) −2456(1) 31(1) 

C(3) −2068(2) 8518(1) −2862(1) 36(1) 

C(4) −2107(2) 8963(1) −3264(1) 37(1) 

C(5) −1347(2) 9456(1) −3241(1) 34(1) 

C(6) −576(2) 9534(1) −2826(1) 31(1) 

C(7) −2955(2) 8917(2) −3692(2) 47(1) 

C(8) −2857(3) 9312(3) −4230(3) 55(1) 

C(9) −3394(5) 9169(4) −3266(4) 86(2) 

C(10) −3495(4) 8146(3) −4099(3) 65(1) 

C(11) 225(2) 10100(1) −2815(1) 35(1) 

C(12) 773(2) 9804(1) −3112(1) 32(1) 

C(13) 1475(1) 9751(1) −2711(1) 31(1) 

C(14) 1932(1) 9418(1) −2975(1) 32(1) 

C(15) 1697(2) 9174(1) −3657(1) 33(1) 

C(16) 1025(2) 9246(1) −4083(1) 33(1) 

C(17) 569(2) 9557(1) −3790(1) 34(1) 
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C(18) 828(2) 9023(1) −4834(1) 39(1) 

C(19) 1301(3) 9647(2) −5040(2) 82(1) 

C(20) 1087(4) 8421(3) −5048(2) 98(2) 

C(21) −98(2) 8787(3) −5192(2) 79(1) 

C(22) 2642(2) 9296(1) −2531(1) 37(1) 

C(23) 2434(2) 8517(1) −2634(1) 36(1) 

C(24) 1842(2) 8129(1) −2380(1) 33(1) 

C(25) 1583(2) 7401(1) −2517(1) 35(1) 

C(26) 1953(2) 7075(2) −2892(1) 40(1) 

C(27) 2558(2) 7438(2) −3143(1) 45(1) 

C(28) 2785(2) 8163(2) −3005(1) 42(1) 

C(29) 2920(2) 7056(2) −3588(2) 59(1) 

C(30) 2860(5) 6358(3) −3460(4) 144(3) 

C(31) 3812(3) 7508(3) −3512(2) 98(2) 

C(32) 2377(3) 6890(3) −4298(2) 101(2) 

C(33) 898(2) 6972(1) −2278(1) 36(1) 

C(34) 68(2) 7025(1) −2582(1) 32(1) 

C(35) −272(1) 7393(1) −2209(1) 30(1) 

C(36) −988(2) 7498(1) −2496(1) 31(1) 

C(37) −1388(2) 7194(1) −3171(1) 35(1) 

C(38) −1084(2) 6810(1) −3568(1) 36(1) 

C(39) −346(2) 6745(1) −3257(1) 35(1) 

C(40) −1497(2) 6537(2) −4320(1) 47(1) 

C(41) −1046(3) 7090(2) −4619(2) 90(1) 

C(42) −1423(2) 5848(2) −4598(2) 65(1) 

C(43) −2429(2) 6400(2) −4520(2) 79(1) 

C(44) −1287(2) 7991(1) −2112(1) 33(1) 

C(45) 2271(2) 10724(1) −1767(1) 34(1) 

C(46) 2528(2) 10903(1) −1028(1) 33(1) 

C(47) 3891(1) 10837(1) −731(1) 33(1) 

C(48) 4345(2) 11540(1) −660(1) 42(1) 

C(49) 5189(2) 11770(2) −605(2) 47(1) 

C(50) 5581(2) 11302(2) −621(1) 45(1) 

C(51) 5138(2) 10606(2) −696(1) 39(1) 

C(52) 4282(2) 10358(1) −754(1) 34(1) 

C(53) 3819(2) 9622(1) −845(1) 35(1) 

C(54) 3679(2) 8456(1) −1073(1) 38(1) 

C(55) 2930(2) 8238(1) −895(1) 37(1) 

C(56) 4003(2) 7990(2) −1295(2) 47(1) 

C(57) 3555(2) 7248(2) −1397(2) 52(1) 

C(58) −103(2) 7235(1) −1148(1) 35(1) 

C(59) 353(2) 7614(1) −432(1) 36(1) 

C(60) 422(2) 8590(1) 370(1) 35(1) 

C(61) 1120(2) 8585(2) 816(1) 49(1) 

C(62) 1526(2) 9104(2) 1411(1) 54(1) 

C(63) 1241(2) 9629(2) 1575(1) 51(1) 

C(64) 548(2) 9629(2) 1137(1) 40(1) 

C(65) 126(2) 9118(1) 530(1) 34(1) 

C(66) −627(2) 9121(1) 74(1) 36(1) 

C(67) −1634(2) 9590(2) −189(1) 37(1) 

C(68) −2119(2) 9034(2) −787(2) 45(1) 

C(69) −1892(2) 10114(2) 6(1) 42(1) 

C(70) −2668(2) 10095(2) −409(2) 63(1) 

C(71) 4643(1) 6691(1) 2328(1) 37(1) 

C(72) 5081(2) 6277(2) 2508(1) 40(1) 

C(73) 5928(2) 6606(2) 2868(1) 43(1) 

C(74) 6354(2) 7332(2) 3063(1) 42(1) 

C(75) 5892(2) 7726(2) 2878(1) 40(1) 

C(76) 5040(2) 7423(1) 2512(1) 37(1) 

C(77) 7281(2) 7699(2) 3501(1) 50(1) 

C(78) 7753(2) 8316(2) 3273(2) 87(1) 
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C(79) 7301(2) 7947(3) 4203(2) 102(2) 

C(80) 7738(2) 7203(2) 3476(2) 80(1) 

C(81) 4567(2) 7876(2) 2321(1) 39(1) 

C(82) 3896(1) 7842(1) 2651(1) 33(1) 

C(83) 4117(2) 8171(1) 3320(1) 35(1) 

C(84) 3523(2) 8137(1) 3641(1) 34(1) 

C(85) 2686(2) 7726(1) 3273(1) 33(1) 

C(86) 2433(1) 7378(1) 2607(1) 32(1) 

C(87) 3047(1) 7463(1) 2300(1) 31(1) 

C(88) 3763(2) 8561(1) 4360(1) 41(1) 

C(89) 3252(2) 8143(2) 4732(2) 68(1) 

C(90) 3575(3) 9219(2) 4352(2) 76(1) 

C(91) 4686(2) 8777(2) 4739(2) 72(1) 

C(92) 1522(1) 6887(1) 2239(1) 33(1) 

C(93) 1270(1) 6286(1) 2543(1) 31(1) 

C(94) 1568(1) 5755(1) 2443(1) 30(1) 

C(95) 1393(1) 5221(1) 2756(1) 30(1) 

C(96) 906(2) 5234(1) 3170(1) 34(1) 

C(97) 578(2) 5744(1) 3270(1) 36(1) 

C(98) 775(2) 6266(1) 2951(1) 35(1) 

C(99) −4(2) 5726(2) 3693(2) 48(1) 

C(100) −8(4) 5224(3) 4112(3) 65(1) 

C(101) −900(4) 5484(3) 3223(3) 70(2) 

C(102) 235(4) 6456(3) 4137(3) 64(1) 

C(103) 1730(2) 4652(1) 2647(1) 35(1) 

C(104) 2679(2) 4951(1) 2934(1) 34(1) 

C(105) 3192(2) 4985(1) 2535(1) 33(1) 

C(106) 4054(2) 5350(1) 2793(1) 37(1) 

C(107) 4414(2) 5655(1) 3473(1) 41(1) 

C(108) 3927(2) 5623(1) 3893(1) 40(1) 

C(109) 3058(2) 5271(1) 3611(1) 39(1) 

C(110) 4330(2) 6032(2) 4624(2) 55(1) 

C(111) 4208(5) 6732(3) 4691(3) 140(3) 

C(112) 3895(3) 5667(3) 5056(2) 124(2) 

C(113) 5251(3) 6195(4) 4880(2) 126(2) 

C(114) 4606(2) 5492(2) 2356(1) 45(1) 

C(115) 2687(2) 7617(1) 1249(1) 36(1) 

C(116) 2452(2) 7256(1) 533(1) 35(1) 

C(117) 1279(1) 6315(1) −291(1) 30(1) 

C(118) 1733(2) 6305(1) −729(1) 34(1) 

C(119) 1363(2) 5814(1) −1341(1) 37(1) 

C(120) 540(2) 5332(1) −1526(1) 38(1) 

C(121) 87(2) 5351(1) −1096(1) 34(1) 

C(122) 444(1) 5837(1) −472(1) 30(1) 

C(123) −32(1) 5842(1) −12(1) 31(1) 

C(124) −1270(1) 5427(1) 240(1) 32(1) 

C(125) −927(2) 5925(1) 882(1) 39(1) 

C(126) −2074(2) 4929(1) 20(1) 34(1) 

C(127) −2577(2) 4895(1) 454(1) 40(1) 

C(128) 2619(2) 3960(1) 1637(1) 35(1) 

C(129) 2196(2) 3711(1) 902(1) 35(1) 

C(130) 3345(2) 3614(1) 561(1) 34(1) 

C(131) 3147(2) 2907(1) 530(1) 42(1) 

C(132) 3751(2) 2629(2) 516(2) 47(1) 

C(133) 4540(2) 3045(2) 529(1) 45(1) 

C(134) 4743(2) 3748(2) 571(1) 41(1) 

C(135) 4149(2) 4047(1) 590(1) 35(1) 

C(136) 4372(2) 4798(1) 669(1) 36(1) 

C(137) 5367(2) 5941(1) 977(1) 39(1) 

C(138) 4755(2) 6242(1) 816(1) 39(1) 

C(139) 6197(2) 6365(1) 1266(1) 42(1) 
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C(140) 6451(2) 7114(2) 1405(1) 43(1) 

C(200) −689(9) 5008(7) 3529(7) 91(4) 

C(201) −396(9) 6264(7) 3689(7) 87(3) 

C(202) 553(11) 5851(9) 4434(8) 114(5) 

C(8A) −3013(12) 8837(11) −4368(9) 121(5) 

C(9A) −3110(6) 9573(5) −3312(5) 52(2) 

C(10A) −3725(7) 8321(6) −3648(6) 68(3) 

C(1S) 8584(2) 7593(2) 998(2) 81(1) 

C(2S) 8874(2) 7606(2) 1706(2) 54(1) 

C(3S) 10028(2) 8032(2) 2679(2) 58(1) 

C(4S) 10934(2) 8507(2) 2901(2) 69(1) 

C(5S) 3673(2) 10243(2) −3783(2) 85(1) 

C(6S) 4351(3) 10023(2) −3459(2) 80(1) 

C(7S) 5543(6) 10256(4) −2410(3) 152(3) 

C(8S) 5168(4) 9579(5) −2360(3) 168(4) 

C(9S) 5948(4) 4378(3) 2269(3) 65(2) 

C(10S) 5227(4) 3690(4) 2336(3) 77(2) 

C(11S) 4171(4) 3310(3) 2799(3) 64(1) 

C(12S) 3764(4) 3608(3) 3236(3) 62(1) 

C(9T) 4596(7) 3760(6) 2172(6) 70(3) 

C(10T) 6959(13) 5054(11) 2598(10) 140(6) 

C(11T) 4727(12) 4048(11) 3270(10) 130(6) 

C(12T) 3910(20) 2659(18) 2694(16) 209(12) 

  

Table 0.22: Bond lengths (Å) and angles (°) for 37. 

O(1)-C(1) 1.373(3) O(2)-C(13) 1.396(3) 

O(2)-C(45) 1.446(3) O(3)-C(24) 1.375(3) 

O(4)-C(35) 1.401(3) O(4)-C(58) 1.438(3) 

O(5)-C(47) 1.378(3) O(5)-C(46) 1.435(3) 

O(6)-C(60) 1.365(3) O(6)-C(59) 1.437(3) 

O(7)-C(71) 1.377(3) O(8)-C(105) 1.403(3) 

O(8)-C(128) 1.436(3) O(9)-C(130) 1.382(3) 

O(9)-C(129) 1.428(3) O(10)-C(94) 1.379(3) 

O(11)-C(87) 1.396(3) O(11)-C(115) 1.435(3) 

O(12)-C(117) 1.368(3) O(12)-C(116) 1.431(3) 

O(1S)-C(2S) 1.211(4) O(2S)-C(2S) 1.330(4) 

O(2S)-C(3S) 1.448(4) O(3S)-C(6S) 1.232(5) 

O(4S)-C(6S) 1.279(5) O(4S)-C(7S) 1.687(8) 

O(5S)-C(10S) 1.248(7) O(6S)-C(10S) 1.286(7) 

O(6S)-C(11S) 1.501(7) O(6T)-C(12T) 1.79(3) 

N(1)-C(53) 1.286(3) N(1)-C(54) 1.385(4) 

N(2)-C(56) 1.348(4) N(3)-C(57) 1.137(4) 

N(4)-C(55) 1.151(3) N(5)-C(66) 1.289(3) 

N(5)-C(67) 1.383(3) N(6)-C(69) 1.344(4) 

N(7)-C(70) 1.142(4) N(8)-C(68) 1.145(4) 

N(9)-C(136) 1.281(3) N(9)-C(137) 1.388(3) 

N(10)-C(139) 1.336(4) N(11)-C(140) 1.145(4) 

N(12)-C(138) 1.146(4) N(13)-C(123) 1.281(3) 

N(13)-C(124) 1.389(3) N(14)-C(126) 1.339(3) 

N(15)-C(127) 1.144(3) N(16)-C(125) 1.148(3) 

C(1)-C(2) 1.397(3) C(1)-C(6) 1.399(3) 

C(2)-C(3) 1.392(3) C(2)-C(44) 1.517(3) 

C(3)-C(4) 1.394(4) C(4)-C(5) 1.391(4) 

C(4)-C(7) 1.538(3) C(5)-C(6) 1.393(3) 

C(6)-C(11) 1.518(3) C(7)-C(8A) 1.424(18) 

C(7)-C(9) 1.484(7) C(7)-C(10) 1.544(6) 

C(7)-C(8) 1.557(6) C(7)-C(10A) 1.560(11) 

C(7)-C(9A) 1.618(10) C(11)-C(12) 1.524(3) 
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C(12)-C(17) 1.388(4) C(12)-C(13) 1.395(3) 

C(13)-C(14) 1.394(3) C(14)-C(15) 1.390(3) 

C(14)-C(22) 1.523(3) C(15)-C(16) 1.397(3) 

C(16)-C(17) 1.396(4) C(16)-C(18) 1.535(3) 

C(18)-C(19) 1.512(4) C(18)-C(21) 1.513(4) 

C(18)-C(20) 1.520(4) C(22)-C(23) 1.514(4) 

C(23)-C(28) 1.393(4) C(23)-C(24) 1.398(3) 

C(24)-C(25) 1.395(4) C(25)-C(26) 1.387(4) 

C(25)-C(33) 1.523(3) C(26)-C(27) 1.388(4) 

C(27)-C(28) 1.393(4) C(27)-C(29) 1.541(4) 

C(29)-C(31) 1.510(6) C(29)-C(30) 1.513(6) 

C(29)-C(32) 1.520(6) C(33)-C(34) 1.521(3) 

C(34)-C(39) 1.390(4) C(34)-C(35) 1.396(3) 

C(35)-C(36) 1.389(3) C(36)-C(37) 1.393(3) 

C(36)-C(44) 1.526(3) C(37)-C(38) 1.398(4) 

C(38)-C(39) 1.392(4) C(38)-C(40) 1.536(4) 

C(40)-C(41) 1.522(5) C(40)-C(43) 1.527(5) 

C(40)-C(42) 1.527(4) C(45)-C(46) 1.500(3) 

C(47)-C(48) 1.389(4) C(47)-C(52) 1.402(3) 

C(48)-C(49) 1.388(4) C(49)-C(50) 1.383(4) 

C(50)-C(51) 1.370(4) C(51)-C(52) 1.408(3) 

C(52)-C(53) 1.441(4) C(54)-C(56) 1.367(4) 

C(54)-C(55) 1.432(4) C(56)-C(57) 1.444(5) 

C(58)-C(59) 1.497(4) C(60)-C(61) 1.389(4) 

C(60)-C(65) 1.404(3) C(61)-C(62) 1.385(4) 

C(62)-C(63) 1.385(4) C(63)-C(64) 1.369(4) 

C(64)-C(65) 1.397(4) C(65)-C(66) 1.469(3) 

C(67)-C(69) 1.366(4) C(67)-C(68) 1.436(4) 

C(69)-C(70) 1.445(4) C(71)-C(72) 1.395(4) 

C(71)-C(76) 1.397(4) C(72)-C(73) 1.388(4) 

C(72)-C(114) 1.515(4) C(73)-C(74) 1.391(4) 

C(74)-C(75) 1.391(4) C(74)-C(77) 1.543(4) 

C(75)-C(76) 1.397(3) C(76)-C(81) 1.513(4) 

C(77)-C(79) 1.513(5) C(77)-C(80) 1.522(5) 

C(77)-C(78) 1.529(5) C(81)-C(82) 1.526(3) 

C(82)-C(83) 1.392(3) C(82)-C(87) 1.396(3) 

C(83)-C(84) 1.393(4) C(84)-C(85) 1.395(3) 

C(84)-C(88) 1.533(4) C(85)-C(86) 1.389(3) 

C(86)-C(87) 1.392(3) C(86)-C(92) 1.525(3) 

C(88)-C(89) 1.526(4) C(88)-C(91) 1.525(4) 

C(88)-C(90) 1.529(4) C(92)-C(93) 1.513(3) 

C(93)-C(98) 1.391(3) C(93)-C(94) 1.393(3) 

C(94)-C(95) 1.399(3) C(95)-C(96) 1.395(3) 

C(95)-C(103) 1.512(3) C(96)-C(97) 1.390(4) 

C(97)-C(98) 1.392(4) C(97)-C(99) 1.539(4) 

C(99)-C(100) 1.510(6) C(99)-C(200) 1.510(14) 

C(99)-C(201) 1.513(13) C(99)-C(102) 1.521(6) 

C(99)-C(101) 1.535(7) C(99)-C(202) 1.603(17) 

C(103)-C(104) 1.520(3) C(104)-C(109) 1.396(4) 

C(104)-C(105) 1.397(4) C(105)-C(106) 1.387(3) 

C(106)-C(107) 1.395(4) C(106)-C(114) 1.521(4) 

C(107)-C(108) 1.399(4) C(108)-C(109) 1.398(4) 

C(108)-C(110) 1.530(4) C(110)-C(113) 1.500(5) 

C(110)-C(112) 1.512(6) C(110)-C(111) 1.544(6) 

C(115)-C(116) 1.495(3) C(117)-C(118) 1.390(3) 

C(117)-C(122) 1.406(3) C(118)-C(119) 1.385(4) 

C(119)-C(120) 1.390(4) C(120)-C(121) 1.377(4) 

C(121)-C(122) 1.399(3) C(122)-C(123) 1.459(3) 

C(124)-C(126) 1.373(3) C(124)-C(125) 1.438(4) 

C(126)-C(127) 1.446(4) C(128)-C(129) 1.505(4) 

C(130)-C(131) 1.393(4) C(130)-C(135) 1.401(3) 
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C(131)-C(132) 1.387(4) C(132)-C(133) 1.381(4) 

C(133)-C(134) 1.378(4) C(134)-C(135) 1.406(4) 

C(135)-C(136) 1.459(4) C(137)-C(139) 1.366(4) 

C(137)-C(138) 1.439(4) C(139)-C(140) 1.437(4) 

C(1S)-C(2S) 1.494(5) C(3S)-C(4S) 1.494(4) 

C(5S)-C(6S) 1.500(6) C(7S)-C(8S) 1.393(8) 

C(9S)-C(10S) 1.642(9) C(11S)-C(12S) 1.498(7) 

                                                

C(13)-O(2)-C(45) 112.91(17) C(35)-O(4)-C(58) 111.76(18) 

C(47)-O(5)-C(46) 118.67(18) C(60)-O(6)-C(59) 117.27(18) 

C(105)-O(8)-C(128) 112.93(18) C(130)-O(9)-C(129) 117.17(19) 

C(87)-O(11)-C(115) 110.88(18) C(117)-O(12)-C(116) 117.30(18) 

C(2S)-O(2S)-C(3S) 115.9(3) C(6S)-O(4S)-C(7S) 118.8(3) 

C(10S)-O(6S)-C(11S) 112.7(5) C(53)-N(1)-C(54) 121.0(2) 

C(66)-N(5)-C(67) 121.0(2) C(136)-N(9)-C(137) 121.1(2) 

C(123)-N(13)-C(124) 121.3(2) O(1)-C(1)-C(2) 115.9(2) 

O(1)-C(1)-C(6) 123.7(2) C(2)-C(1)-C(6) 120.4(2) 

C(3)-C(2)-C(1) 119.0(2) C(3)-C(2)-C(44) 120.6(2) 

C(1)-C(2)-C(44) 120.1(2) C(2)-C(3)-C(4) 122.4(2) 

C(5)-C(4)-C(3) 116.6(2) C(5)-C(4)-C(7) 122.4(2) 

C(3)-C(4)-C(7) 120.9(2) C(4)-C(5)-C(6) 123.3(2) 

C(5)-C(6)-C(1) 118.2(2) C(5)-C(6)-C(11) 120.1(2) 

C(1)-C(6)-C(11) 121.8(2) C(8A)-C(7)-C(9) 134.7(8) 

C(8A)-C(7)-C(4) 112.7(8) C(9)-C(7)-C(4) 109.8(4) 

C(8A)-C(7)-C(10) 69.9(8) C(9)-C(7)-C(10) 109.8(4) 

C(4)-C(7)-C(10) 109.2(3) C(8A)-C(7)-C(8) 35.3(8) 

C(9)-C(7)-C(8) 112.4(4) C(4)-C(7)-C(8) 112.0(3) 

C(10)-C(7)-C(8) 103.4(3) C(8A)-C(7)-C(10A) 108.7(9) 

C(9)-C(7)-C(10A) 66.0(5) C(4)-C(7)-C(10A) 113.7(5) 

C(10)-C(7)-C(10A) 45.3(4) C(8)-C(7)-C(10A) 131.3(5) 

C(8A)-C(7)-C(9A) 118.1(9) C(9)-C(7)-C(9A) 32.2(4) 

C(4)-C(7)-C(9A) 105.7(4) C(10)-C(7)-C(9A) 136.7(5) 

C(8)-C(7)-C(9A) 86.1(4) C(10A)-C(7)-C(9A) 97.2(6) 

C(6)-C(11)-C(12) 113.1(2) C(17)-C(12)-C(13) 118.2(2) 

C(17)-C(12)-C(11) 120.7(2) C(13)-C(12)-C(11) 121.2(2) 

C(14)-C(13)-O(2) 119.4(2) C(14)-C(13)-C(12) 121.5(2) 

O(2)-C(13)-C(12) 118.9(2) C(15)-C(14)-C(13) 117.9(2) 

C(15)-C(14)-C(22) 120.8(2) C(13)-C(14)-C(22) 121.2(2) 

C(14)-C(15)-C(16) 122.8(2) C(17)-C(16)-C(15) 116.8(2) 

C(17)-C(16)-C(18) 121.8(2) C(15)-C(16)-C(18) 121.3(2) 

C(12)-C(17)-C(16) 122.6(2) C(19)-C(18)-C(21) 108.4(3) 

C(19)-C(18)-C(20) 109.0(3) C(21)-C(18)-C(20) 107.8(3) 

C(19)-C(18)-C(16) 108.5(2) C(21)-C(18)-C(16) 111.6(2) 

C(20)-C(18)-C(16) 111.5(2) C(23)-C(22)-C(14) 110.5(2) 

C(28)-C(23)-C(24) 118.3(2) C(28)-C(23)-C(22) 121.9(2) 

C(24)-C(23)-C(22) 119.7(2) O(3)-C(24)-C(25) 123.1(2) 

O(3)-C(24)-C(23) 116.1(2) C(25)-C(24)-C(23) 120.8(2) 

C(26)-C(25)-C(24) 118.3(2) C(26)-C(25)-C(33) 120.9(2) 

C(24)-C(25)-C(33) 120.8(2) C(25)-C(26)-C(27) 123.1(3) 

C(26)-C(27)-C(28) 116.8(2) C(26)-C(27)-C(29) 121.7(3) 

C(28)-C(27)-C(29) 121.4(3) C(27)-C(28)-C(23) 122.6(2) 

C(31)-C(29)-C(30) 111.0(4) C(31)-C(29)-C(32) 109.0(3) 

C(30)-C(29)-C(32) 106.5(5) C(31)-C(29)-C(27) 111.6(3) 

C(30)-C(29)-C(27) 111.2(3) C(32)-C(29)-C(27) 107.3(3) 

C(34)-C(33)-C(25) 111.4(2) C(39)-C(34)-C(35) 118.0(2) 

C(39)-C(34)-C(33) 120.2(2) C(35)-C(34)-C(33) 121.6(2) 

C(36)-C(35)-C(34) 121.8(2) C(36)-C(35)-O(4) 119.2(2) 

C(34)-C(35)-O(4) 118.8(2) C(35)-C(36)-C(37) 117.8(2) 

C(35)-C(36)-C(44) 122.1(2) C(37)-C(36)-C(44) 119.9(2) 

C(36)-C(37)-C(38) 122.8(2) C(39)-C(38)-C(37) 116.8(2) 

C(39)-C(38)-C(40) 121.5(2) C(37)-C(38)-C(40) 121.4(2) 
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C(34)-C(39)-C(38) 122.6(2) C(41)-C(40)-C(43) 110.0(3) 

C(41)-C(40)-C(42) 108.8(3) C(43)-C(40)-C(42) 107.2(3) 

C(41)-C(40)-C(38) 107.6(3) C(43)-C(40)-C(38) 111.6(2) 

C(42)-C(40)-C(38) 111.5(2) C(2)-C(44)-C(36) 108.40(19) 

O(2)-C(45)-C(46) 107.92(19) O(5)-C(46)-C(45) 112.3(2) 

O(5)-C(47)-C(48) 124.0(2) O(5)-C(47)-C(52) 115.9(2) 

C(48)-C(47)-C(52) 120.1(2) C(49)-C(48)-C(47) 119.9(3) 

C(50)-C(49)-C(48) 120.4(3) C(51)-C(50)-C(49) 120.2(2) 

C(50)-C(51)-C(52) 120.7(2) C(47)-C(52)-C(51) 118.7(2) 

C(47)-C(52)-C(53) 121.1(2) C(51)-C(52)-C(53) 120.2(2) 

N(1)-C(53)-C(52) 121.3(2) C(56)-C(54)-N(1) 117.6(2) 

C(56)-C(54)-C(55) 122.0(3) N(1)-C(54)-C(55) 120.4(2) 

N(4)-C(55)-C(54) 172.5(3) N(2)-C(56)-C(54) 123.1(3) 

N(2)-C(56)-C(57) 117.3(3) C(54)-C(56)-C(57) 119.6(3) 

N(3)-C(57)-C(56) 179.2(4) O(4)-C(58)-C(59) 108.8(2) 

O(6)-C(59)-C(58) 108.25(19) O(6)-C(60)-C(61) 123.6(2) 

O(6)-C(60)-C(65) 116.8(2) C(61)-C(60)-C(65) 119.6(2) 

C(62)-C(61)-C(60) 120.0(3) C(63)-C(62)-C(61) 121.0(3) 

C(64)-C(63)-C(62) 118.9(3) C(63)-C(64)-C(65) 121.8(2) 

C(64)-C(65)-C(60) 118.7(2) C(64)-C(65)-C(66) 120.8(2) 

C(60)-C(65)-C(66) 120.5(2) N(5)-C(66)-C(65) 120.5(2) 

C(69)-C(67)-N(5) 117.6(2) C(69)-C(67)-C(68) 121.2(2) 

N(5)-C(67)-C(68) 121.1(2) N(8)-C(68)-C(67) 175.6(3) 

N(6)-C(69)-C(67) 124.8(2) N(6)-C(69)-C(70) 117.0(3) 

C(67)-C(69)-C(70) 118.1(3) N(7)-C(70)-C(69) 178.6(5) 

O(7)-C(71)-C(72) 116.1(2) O(7)-C(71)-C(76) 122.8(2) 

C(72)-C(71)-C(76) 121.1(2) C(73)-C(72)-C(71) 118.6(3) 

C(73)-C(72)-C(114) 122.0(3) C(71)-C(72)-C(114) 119.1(2) 

C(72)-C(73)-C(74) 122.6(3) C(75)-C(74)-C(73) 116.8(2) 

C(75)-C(74)-C(77) 120.5(3) C(73)-C(74)-C(77) 122.5(3) 

C(74)-C(75)-C(76) 123.1(3) C(71)-C(76)-C(75) 117.7(2) 

C(71)-C(76)-C(81) 121.3(2) C(75)-C(76)-C(81) 120.9(2) 

C(79)-C(77)-C(80) 108.7(3) C(79)-C(77)-C(78) 110.8(4) 

C(80)-C(77)-C(78) 106.6(3) C(79)-C(77)-C(74) 107.7(2) 

C(80)-C(77)-C(74) 111.9(3) C(78)-C(77)-C(74) 111.2(3) 

C(76)-C(81)-C(82) 113.0(2) C(83)-C(82)-C(87) 117.9(2) 

C(83)-C(82)-C(81) 120.7(2) C(87)-C(82)-C(81) 121.4(2) 

C(82)-C(83)-C(84) 122.4(2) C(83)-C(84)-C(85) 117.2(2) 

C(83)-C(84)-C(88) 122.0(2) C(85)-C(84)-C(88) 120.8(2) 

C(86)-C(85)-C(84) 122.8(2) C(85)-C(86)-C(87) 117.6(2) 

C(85)-C(86)-C(92) 120.8(2) C(87)-C(86)-C(92) 121.5(2) 

C(86)-C(87)-O(11) 119.3(2) C(86)-C(87)-C(82) 122.0(2) 

O(11)-C(87)-C(82) 118.7(2) C(89)-C(88)-C(91) 107.4(3) 

C(89)-C(88)-C(90) 108.4(3) C(91)-C(88)-C(90) 109.2(3) 

C(89)-C(88)-C(84) 111.5(2) C(91)-C(88)-C(84) 112.5(2) 

C(90)-C(88)-C(84) 107.7(2) C(93)-C(92)-C(86) 109.88(19) 

C(98)-C(93)-C(94) 118.4(2) C(98)-C(93)-C(92) 121.4(2) 

C(94)-C(93)-C(92) 120.1(2) O(10)-C(94)-C(93) 116.5(2) 

O(10)-C(94)-C(95) 122.3(2) C(93)-C(94)-C(95) 121.1(2) 

C(96)-C(95)-C(94) 118.0(2) C(96)-C(95)-C(103) 121.6(2) 

C(94)-C(95)-C(103) 120.3(2) C(97)-C(96)-C(95) 122.7(2) 

C(96)-C(97)-C(98) 117.1(2) C(96)-C(97)-C(99) 122.2(2) 

C(98)-C(97)-C(99) 120.7(2) C(93)-C(98)-C(97) 122.6(2) 

C(100)-C(99)-C(200) 55.6(6) C(100)-C(99)-C(201) 129.9(6) 

C(200)-C(99)-C(201) 108.6(8) C(100)-C(99)-C(102) 108.9(4) 

C(200)-C(99)-C(102) 136.7(6) C(201)-C(99)-C(102) 46.2(5) 

C(100)-C(99)-C(101) 107.6(4) C(200)-C(99)-C(101) 54.5(6) 

C(201)-C(99)-C(101) 62.8(6) C(102)-C(99)-C(101) 108.2(4) 

C(100)-C(99)-C(97) 113.5(3) C(200)-C(99)-C(97) 112.5(6) 

C(201)-C(99)-C(97) 116.2(6) C(102)-C(99)-C(97) 110.6(3) 

C(101)-C(99)-C(97) 107.8(3) C(100)-C(99)-C(202) 49.3(6) 
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C(200)-C(99)-C(202) 103.9(9) C(201)-C(99)-C(202) 108.6(8) 

C(102)-C(99)-C(202) 66.7(7) C(101)-C(99)-C(202) 144.9(7) 

C(97)-C(99)-C(202) 106.2(6) C(95)-C(103)-C(104) 111.1(2) 

C(109)-C(104)-C(105) 118.3(2) C(109)-C(104)-C(103) 119.2(2) 

C(105)-C(104)-C(103) 122.1(2) C(106)-C(105)-C(104) 121.6(2) 

C(106)-C(105)-O(8) 119.4(2) C(104)-C(105)-O(8) 118.8(2) 

C(105)-C(106)-C(107) 118.6(2) C(105)-C(106)-C(114) 122.3(2) 

C(107)-C(106)-C(114) 118.9(2) C(106)-C(107)-C(108) 121.8(2) 

C(109)-C(108)-C(107) 117.8(2) C(109)-C(108)-C(110) 121.3(2) 

C(107)-C(108)-C(110) 120.5(2) C(104)-C(109)-C(108) 121.8(2) 

C(113)-C(110)-C(112) 109.6(4) C(113)-C(110)-C(108) 113.4(3) 

C(112)-C(110)-C(108) 112.5(3) C(113)-C(110)-C(111) 108.4(5) 

C(112)-C(110)-C(111) 106.1(4) C(108)-C(110)-C(111) 106.5(3) 

C(72)-C(114)-C(106) 109.4(2) O(11)-C(115)-C(116) 108.9(2) 

O(12)-C(116)-C(115) 107.1(2) O(12)-C(117)-C(118) 123.8(2) 

O(12)-C(117)-C(122) 115.8(2) C(118)-C(117)-C(122) 120.4(2) 

C(119)-C(118)-C(117) 119.7(2) C(118)-C(119)-C(120) 120.7(2) 

C(121)-C(120)-C(119) 119.5(2) C(120)-C(121)-C(122) 121.3(2) 

C(121)-C(122)-C(117) 118.4(2) C(121)-C(122)-C(123) 121.0(2) 

C(117)-C(122)-C(123) 120.5(2) N(13)-C(123)-C(122) 120.4(2) 

C(126)-C(124)-N(13) 116.7(2) C(126)-C(124)-C(125) 121.7(2) 

N(13)-C(124)-C(125) 121.5(2) N(16)-C(125)-C(124) 174.8(3) 

N(14)-C(126)-C(124) 123.9(2) N(14)-C(126)-C(127) 117.3(2) 

C(124)-C(126)-C(127) 118.8(2) N(15)-C(127)-C(126) 179.3(3) 

O(8)-C(128)-C(129) 108.1(2) O(9)-C(129)-C(128) 112.3(2) 

O(9)-C(130)-C(131) 123.1(2) O(9)-C(130)-C(135) 116.2(2) 

C(131)-C(130)-C(135) 120.6(2) C(132)-C(131)-C(130) 119.4(2) 

C(133)-C(132)-C(131) 120.7(3) C(134)-C(133)-C(132) 120.1(3) 

C(133)-C(134)-C(135) 120.6(2) C(130)-C(135)-C(134) 118.5(2) 

C(130)-C(135)-C(136) 120.6(2) C(134)-C(135)-C(136) 120.9(2) 

N(9)-C(136)-C(135) 120.4(2) C(139)-C(137)-N(9) 117.6(2) 

C(139)-C(137)-C(138) 120.3(2) N(9)-C(137)-C(138) 122.0(2) 

N(12)-C(138)-C(137) 176.4(3) N(10)-C(139)-C(137) 124.6(3) 

N(10)-C(139)-C(140) 116.1(2) C(137)-C(139)-C(140) 119.3(2) 

N(11)-C(140)-C(139) 177.5(3) O(1S)-C(2S)-O(2S) 122.9(3) 

O(1S)-C(2S)-C(1S) 124.9(3) O(2S)-C(2S)-C(1S) 112.1(3) 

O(2S)-C(3S)-C(4S) 106.7(3) O(3S)-C(6S)-O(4S) 121.4(5) 

O(3S)-C(6S)-C(5S) 125.3(4) O(4S)-C(6S)-C(5S) 113.0(4) 

C(8S)-C(7S)-O(4S) 93.6(7) O(5S)-C(10S)-O(6S) 126.1(7) 

O(5S)-C(10S)-C(9S) 124.9(5) O(6S)-C(10S)-C(9S) 108.7(5) 

C(12S)-C(11S)-O(6S) 109.1(4)   

 

Table 0.23: Anisotropic displacement parameters (Å
2
 * 10

3
) for 37. The anisotropic 

displacement factor exponent takes the form: −2 gπ
2
 [ h

2
 a*

2
 U11 + ... + 2 h k a* b* U12]. 

Atom U11 U22 U33 U23 U13 U12 
O(1) 26(1) 37(1) 37(1) 14(1) 7(1) 12(1) 

O(2) 30(1) 29(1) 34(1) 9(1) 8(1) 4(1) 

O(3) 33(1) 35(1) 45(1) 14(1) 18(1) 16(1) 

O(4) 32(1) 31(1) 34(1) 13(1) 10(1) 12(1) 

O(5) 25(1) 38(1) 45(1) 17(1) 12(1) 12(1) 

O(6) 39(1) 43(1) 35(1) 10(1) 11(1) 27(1) 

O(7) 25(1) 43(1) 44(1) 1(1) 5(1) 8(1) 

O(8) 37(1) 29(1) 39(1) 7(1) 8(1) 13(1) 

O(9) 33(1) 40(1) 46(1) 16(1) 17(1) 14(1) 

O(10) 31(1) 39(1) 40(1) 14(1) 15(1) 17(1) 

O(11) 31(1) 33(1) 29(1) 10(1) 4(1) 10(1) 

O(12) 25(1) 35(1) 32(1) 5(1) 4(1) 4(1) 

O(1S) 42(1) 65(2) 73(2) 12(1) 21(1) 13(1) 
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O(2S) 42(1) 49(1) 68(1) 18(1) 11(1) 11(1) 

O(3S) 216(5) 177(4) 71(2) 10(2) 29(3) 130(4) 

O(4S) 84(2) 96(2) 79(2) 13(2) 29(2) 42(2) 

O(5S) 118(4) 79(3) 91(3) 18(2) 43(3) 69(3) 

O(6S) 111(3) 88(3) 69(3) 33(2) 43(2) 79(3) 

N(1) 35(1) 47(1) 44(1) 19(1) 15(1) 22(1) 

N(2) 65(2) 66(2) 112(3) 39(2) 56(2) 42(2) 

N(3) 74(2) 58(2) 110(3) 35(2) 49(2) 37(2) 

N(4) 40(1) 51(1) 48(1) 22(1) 17(1) 22(1) 

N(5) 35(1) 44(1) 42(1) 17(1) 17(1) 21(1) 

N(6) 47(1) 53(2) 50(1) 18(1) 21(1) 34(1) 

N(7) 83(2) 212(5) 65(2) 32(2) 23(2) 110(3) 

N(8) 47(2) 72(2) 59(2) 9(2) 16(1) 16(1) 

N(9) 35(1) 39(1) 43(1) 8(1) 17(1) 10(1) 

N(10) 34(1) 41(1) 84(2) 7(1) 13(1) 10(1) 

N(11) 52(2) 44(2) 65(2) 18(1) 7(1) 6(1) 

N(12) 37(1) 44(1) 56(2) 15(1) 16(1) 9(1) 

N(13) 27(1) 33(1) 37(1) 11(1) 7(1) 12(1) 

N(14) 27(1) 41(1) 42(1) 4(1) 8(1) 5(1) 

N(15) 42(1) 54(2) 64(2) 11(1) 26(1) 20(1) 

N(16) 44(1) 52(2) 53(2) −4(1) 9(1) 18(1) 

C(1) 28(1) 30(1) 30(1) 6(1) 7(1) 15(1) 

C(2) 31(1) 31(1) 34(1) 7(1) 11(1) 16(1) 

C(3) 29(1) 32(1) 41(1) 5(1) 7(1) 12(1) 

C(4) 34(1) 32(1) 40(1) 3(1) 2(1) 17(1) 

C(5) 39(1) 31(1) 33(1) 8(1) 7(1) 18(1) 

C(6) 32(1) 27(1) 34(1) 5(1) 9(1) 15(1) 

C(7) 33(1) 48(2) 51(2) 13(1) −2(1) 16(1) 

C(11) 35(1) 30(1) 39(1) 11(1) 10(1) 15(1) 

C(12) 30(1) 26(1) 39(1) 12(1) 9(1) 10(1) 

C(13) 28(1) 26(1) 33(1) 10(1) 8(1) 6(1) 

C(14) 25(1) 31(1) 40(1) 15(1) 9(1) 9(1) 

C(15) 29(1) 32(1) 40(1) 13(1) 12(1) 12(1) 

C(16) 32(1) 28(1) 35(1) 12(1) 9(1) 8(1) 

C(17) 31(1) 33(1) 38(1) 15(1) 6(1) 13(1) 

C(18) 39(1) 40(1) 34(1) 10(1) 9(1) 14(1) 

C(19) 100(3) 72(3) 43(2) 21(2) 17(2) −5(2) 

C(20) 164(5) 119(4) 41(2) 9(2) 22(2) 107(4) 

C(21) 47(2) 118(3) 40(2) −2(2) 2(1) 13(2) 

C(22) 26(1) 43(2) 42(1) 18(1) 9(1) 12(1) 

C(23) 30(1) 47(2) 38(1) 20(1) 11(1) 20(1) 

C(24) 29(1) 42(1) 34(1) 15(1) 11(1) 20(1) 

C(25) 36(1) 41(1) 37(1) 17(1) 13(1) 23(1) 

C(26) 45(2) 47(2) 41(1) 17(1) 17(1) 28(1) 

C(27) 50(2) 61(2) 47(2) 26(1) 26(1) 36(1) 

C(28) 38(1) 60(2) 46(2) 29(1) 22(1) 29(1) 

C(29) 78(2) 72(2) 66(2) 32(2) 48(2) 51(2) 

C(30) 247(7) 130(5) 208(6) 105(5) 190(6) 150(5) 

C(31) 69(3) 135(4) 104(3) 9(3) 46(2) 58(3) 

C(32) 106(4) 133(4) 69(3) 1(3) 43(3) 55(3) 

C(33) 38(1) 36(1) 42(1) 16(1) 16(1) 21(1) 

C(34) 34(1) 28(1) 39(1) 16(1) 15(1) 14(1) 

C(35) 32(1) 27(1) 33(1) 13(1) 11(1) 10(1) 

C(36) 31(1) 27(1) 36(1) 12(1) 12(1) 11(1) 

C(37) 31(1) 36(1) 38(1) 13(1) 9(1) 14(1) 

C(38) 40(1) 31(1) 36(1) 13(1) 12(1) 13(1) 

C(39) 44(1) 33(1) 38(1) 14(1) 20(1) 19(1) 

C(40) 57(2) 48(2) 34(1) 11(1) 10(1) 23(1) 

C(41) 126(4) 85(3) 46(2) 32(2) 22(2) 22(3) 

C(42) 80(2) 71(2) 40(2) 1(2) 10(2) 37(2) 

C(43) 68(2) 106(3) 47(2) −8(2) −4(2) 45(2) 
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C(44) 29(1) 34(1) 38(1) 11(1) 13(1) 15(1) 

C(45) 29(1) 27(1) 39(1) 9(1) 8(1) 5(1) 

C(46) 27(1) 34(1) 38(1) 10(1) 11(1) 13(1) 

C(47) 26(1) 41(1) 29(1) 8(1) 7(1) 11(1) 

C(48) 33(1) 38(2) 48(2) 7(1) 11(1) 11(1) 

C(49) 36(1) 41(2) 52(2) 10(1) 10(1) 3(1) 

C(50) 26(1) 55(2) 46(2) 13(1) 10(1) 10(1) 

C(51) 29(1) 51(2) 40(1) 14(1) 11(1) 17(1) 

C(52) 28(1) 41(1) 31(1) 10(1) 8(1) 12(1) 

C(53) 30(1) 45(2) 37(1) 16(1) 13(1) 18(1) 

C(54) 38(1) 45(2) 43(1) 20(1) 17(1) 24(1) 

C(55) 39(1) 39(1) 39(1) 18(1) 11(1) 21(1) 

C(56) 47(2) 53(2) 57(2) 25(1) 23(1) 30(1) 

C(57) 54(2) 56(2) 68(2) 28(2) 30(2) 36(2) 

C(58) 40(1) 35(1) 39(1) 18(1) 17(1) 18(1) 

C(59) 45(1) 39(1) 37(1) 15(1) 17(1) 27(1) 

C(60) 36(1) 44(2) 32(1) 13(1) 14(1) 20(1) 

C(61) 59(2) 67(2) 37(2) 15(1) 13(1) 46(2) 

C(62) 55(2) 79(2) 36(2) 11(2) 6(1) 44(2) 

C(63) 51(2) 68(2) 34(1) 5(1) 10(1) 32(2) 

C(64) 43(2) 47(2) 38(1) 11(1) 18(1) 25(1) 

C(65) 36(1) 42(1) 34(1) 16(1) 16(1) 22(1) 

C(66) 33(1) 40(1) 41(1) 15(1) 16(1) 18(1) 

C(67) 33(1) 50(2) 39(1) 19(1) 17(1) 22(1) 

C(68) 35(1) 61(2) 47(2) 20(2) 18(1) 22(1) 

C(69) 38(1) 62(2) 45(2) 26(1) 23(1) 31(1) 

C(70) 57(2) 106(3) 52(2) 22(2) 24(2) 58(2) 

C(71) 22(1) 49(2) 33(1) 2(1) 10(1) 9(1) 

C(72) 29(1) 47(2) 38(1) 0(1) 13(1) 13(1) 

C(73) 32(1) 58(2) 39(1) 9(1) 13(1) 19(1) 

C(74) 29(1) 58(2) 33(1) 9(1) 9(1) 12(1) 

C(75) 28(1) 49(2) 34(1) 9(1) 8(1) 7(1) 

C(76) 26(1) 48(2) 31(1) 9(1) 10(1) 9(1) 

C(77) 27(1) 64(2) 43(2) 10(1) 3(1) 8(1) 

C(78) 31(2) 94(3) 104(3) 43(3) −6(2) −1(2) 

C(79) 43(2) 175(5) 45(2) −5(2) −2(2) 20(2) 

C(80) 33(2) 91(3) 91(3) 7(2) −5(2) 21(2) 

C(81) 28(1) 47(2) 35(1) 13(1) 7(1) 5(1) 

C(82) 27(1) 35(1) 33(1) 12(1) 5(1) 7(1) 

C(83) 25(1) 34(1) 36(1) 10(1) 2(1) 4(1) 

C(84) 32(1) 30(1) 35(1) 9(1) 5(1) 10(1) 

C(85) 31(1) 31(1) 37(1) 10(1) 9(1) 12(1) 

C(86) 26(1) 26(1) 39(1) 11(1) 4(1) 8(1) 

C(87) 29(1) 27(1) 29(1) 8(1) 3(1) 9(1) 

C(88) 42(1) 39(2) 33(1) 8(1) 6(1) 12(1) 

C(89) 73(2) 77(2) 43(2) 10(2) 22(2) 16(2) 

C(90) 111(3) 52(2) 57(2) 2(2) 11(2) 39(2) 

C(91) 59(2) 99(3) 35(2) −4(2) −2(1) 25(2) 

C(92) 26(1) 30(1) 39(1) 9(1) 5(1) 10(1) 

C(93) 22(1) 30(1) 33(1) 5(1) 3(1) 8(1) 

C(94) 22(1) 32(1) 29(1) 4(1) 5(1) 7(1) 

C(95) 25(1) 29(1) 32(1) 5(1) 5(1) 9(1) 

C(96) 31(1) 35(1) 34(1) 10(1) 10(1) 10(1) 

C(97) 34(1) 35(1) 34(1) 3(1) 13(1) 9(1) 

C(98) 29(1) 29(1) 41(1) 2(1) 8(1) 11(1) 

C(99) 49(2) 50(2) 50(2) 7(1) 27(1) 19(1) 

C(103) 34(1) 29(1) 42(1) 8(1) 13(1) 11(1) 

C(104) 34(1) 27(1) 43(1) 9(1) 11(1) 15(1) 

C(105) 33(1) 27(1) 40(1) 6(1) 9(1) 16(1) 

C(106) 33(1) 32(1) 46(2) 3(1) 11(1) 17(1) 

C(107) 38(1) 40(2) 45(2) 3(1) 11(1) 19(1) 
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C(108) 39(1) 37(1) 40(1) 1(1) 8(1) 18(1) 

C(109) 41(1) 35(1) 44(2) 9(1) 13(1) 19(1) 

C(110) 50(2) 59(2) 41(2) −4(1) 8(1) 16(2) 

C(111) 220(7) 78(3) 83(3) −25(3) 5(4) 65(4) 

C(112) 110(4) 142(5) 44(2) −11(3) 24(2) −23(3) 

C(113) 74(3) 223(7) 48(2) −6(3) 1(2) 54(4) 

C(114) 34(1) 49(2) 49(2) −2(1) 14(1) 20(1) 

C(115) 33(1) 30(1) 35(1) 12(1) 1(1) 5(1) 

C(116) 27(1) 32(1) 35(1) 11(1) 3(1) 2(1) 

C(117) 29(1) 28(1) 28(1) 7(1) 2(1) 10(1) 

C(118) 28(1) 34(1) 35(1) 11(1) 6(1) 8(1) 

C(119) 37(1) 40(1) 33(1) 12(1) 11(1) 14(1) 

C(120) 38(1) 36(1) 32(1) 5(1) 3(1) 13(1) 

C(121) 28(1) 31(1) 35(1) 7(1) 4(1) 8(1) 

C(122) 27(1) 27(1) 34(1) 10(1) 5(1) 10(1) 

C(123) 28(1) 26(1) 34(1) 7(1) 4(1) 11(1) 

C(124) 27(1) 31(1) 36(1) 8(1) 7(1) 12(1) 

C(125) 29(1) 40(2) 48(2) 11(1) 13(1) 17(1) 

C(126) 28(1) 35(1) 39(1) 10(1) 8(1) 15(1) 

C(127) 29(1) 35(1) 50(2) 6(1) 9(1) 12(1) 

C(128) 35(1) 29(1) 41(1) 7(1) 13(1) 12(1) 

C(129) 28(1) 36(1) 39(1) 8(1) 13(1) 10(1) 

C(130) 32(1) 37(1) 33(1) 9(1) 11(1) 13(1) 

C(131) 38(1) 36(1) 49(2) 10(1) 18(1) 11(1) 

C(132) 49(2) 37(2) 54(2) 8(1) 17(1) 18(1) 

C(133) 42(2) 45(2) 47(2) 6(1) 15(1) 21(1) 

C(134) 34(1) 45(2) 40(1) 5(1) 13(1) 13(1) 

C(135) 35(1) 38(1) 31(1) 7(1) 12(1) 12(1) 

C(136) 32(1) 38(1) 38(1) 11(1) 14(1) 10(1) 

C(137) 34(1) 38(1) 40(1) 8(1) 15(1) 9(1) 

C(138) 37(1) 36(1) 40(1) 11(1) 17(1) 5(1) 

C(139) 36(1) 39(2) 47(2) 9(1) 17(1) 10(1) 

C(140) 32(1) 44(2) 47(2) 13(1) 11(1) 9(1) 

C(1S) 61(2) 96(3) 74(3) 35(2) 7(2) 18(2) 

C(2S) 39(2) 52(2) 65(2) 13(2) 12(1) 15(1) 

C(3S) 50(2) 54(2) 59(2) 6(2) 8(2) 20(2) 

C(4S) 51(2) 57(2) 81(2) −1(2) 4(2) 21(2) 

C(5S) 56(2) 85(3) 80(3) 13(2) 21(2) −7(2) 

C(6S) 114(4) 74(3) 67(3) 25(2) 49(3) 40(3) 

C(7S) 318(11) 119(5) 113(4) 69(4) 122(6) 144(7) 

C(8S) 104(5) 216(9) 119(5) −4(6) 40(4) 6(5) 

C(9S) 85(4) 96(4) 59(3) 34(3) 38(3) 75(4) 

C(10S) 87(4) 93(5) 66(4) 19(3) 22(3) 55(4) 

C(11S) 67(3) 46(3) 89(4) 32(3) 31(3) 25(3) 

C(12S) 70(3) 65(3) 61(3) 26(3) 22(3) 32(3) 

 

Table 0.24: Hydrogen coordinates (*10
4
) and isotropic displacement parameters (Å

2
 * 10

3
) for 

37. 

Atom x y z U(eq) 
H(1) 569 9409 −2030 40 

H(3) 1178 8231 −1874 43 

H(7) 3600 6625 1870 50 

H(10) 2255 5489 2039 41 

H(2A) 5029 8636 −1364 83 

H(2B) 4922 7870 −1564 83 

H(6A) −1001 10683 824 54 

H(6B) −1680 10971 653 54 

H(10D) 6689 5683 1374 68 



 Appendix 

 

XL 

 

H(10E) 7332 6438 1628 68 

H(14A) −2135 4460 −852 49 

H(14B) −2943 4152 −692 49 

H(31) −2576 8175 −2865 43 

H(5) −1354 9753 −3523 41 

H(8C) −2519 9160 −4471 82 

H(8B) −2579 9819 −4019 82 

H(8A) −3411 9205 −4537 82 

H(9A) −3044 9655 −3002 129 

H(9B) −3500 8870 −2972 129 

H(9C) −3928 9149 −3542 129 

H(10A) −4028 8117 −4384 97 

H(10B) −3604 7854 −3799 97 

H(10C) −3196 7978 −4370 97 

H(11A) 549 10382 −2353 41 

H(11B) 77 10417 −3064 41 

H(15) 2006 8948 −3842 40 

H(17) 101 9603 −4067 41 

H(19A) 1903 9808 −4810 123 

H(19B) 1113 10027 −4926 123 

H(19C) 1195 9508 −5517 123 

H(20A) 871 8241 −5531 147 

H(20B) 856 8045 −4854 147 

H(20C) 1699 8591 −4900 147 

H(21A) −274 9176 −5084 119 

H(21B) −416 8390 −5055 119 

H(21C) −204 8641 −5669 119 

H(22A) 3165 9515 −2632 44 

H(22B) 2735 9520 −2064 44 

H(26) 1785 6580 −2980 48 

H(28) 3196 8425 −3172 50 

H(30A) 3127 6140 −3729 215 

H(30B) 2269 6047 −3577 215 

H(30C) 3144 6433 −2992 215 

H(31A) 4168 7611 −3058 146 

H(31B) 3832 7948 −3614 146 

H(31C) 4014 7257 −3816 146 

H(32A) 2569 6619 −4594 152 

H(32B) 2419 7330 −4411 152 

H(32C) 1792 6615 −4346 152 

H(33A) 828 6473 −2394 43 

H(33B) 1067 7144 −1791 43 

H(37) −1889 7250 −3371 42 

H(39) −116 6499 −3517 42 

H(41A) −1278 6919 −5101 135 

H(41B) −447 7182 −4481 135 

H(41C) −1123 7525 −4467 135 

H(42A) −1728 5671 −5072 98 

H(42B) −1663 5502 −4376 98 

H(42C) −832 5930 −4524 98 

H(43A) −2498 6844 −4399 119 

H(43B) −2705 6078 −4291 119 

H(43C) −2683 6188 −4997 119 

H(44A) −1852 7726 −2097 39 

H(44B) −899 8208 −1654 39 

H(45A) 1999 11032 −1926 41 

H(45B) 2768 10793 −1915 41 

H(46A) 2827 11418 −843 39 

H(46B) 2021 10757 −892 39 

H(48) 4079 11864 −650 50 

H(49) 5499 12251 −555 57 
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H(50) 6160 11463 −579 53 

H(51) 5411 10287 −710 47 

H(53) 3281 9475 −790 43 

H(58A) 27 6816 −1270 42 

H(58B) −715 7077 −1233 42 

H(59A) 288 7274 −165 43 

H(59B) 958 7859 −362 43 

H(61) 1319 8225 714 58 

H(62) 2007 9100 1712 65 

H(63) 1522 9983 1985 61 

H(64) 349 9987 1249 48 

H(66) −904 8772 −339 43 

H(73) 6228 6323 2986 52 

H(75) 6168 8223 3006 48 

H(78A) 7686 8153 2804 130 

H(78B) 8350 8511 3531 130 

H(78C) 7528 8681 3337 130 

H(79A) 7014 8272 4227 153 

H(79B) 7884 8189 4492 153 

H(79C) 7017 7542 4346 153 

H(80A) 7484 6817 3653 120 

H(80B) 8330 7461 3741 120 

H(80C) 7696 7013 3018 120 

H(81A) 4299 7722 1836 47 

H(81B) 4970 8370 2444 47 

H(83) 4693 8428 3565 42 

H(85) 2273 7683 3486 40 

H(89A) 2663 8070 4549 102 

H(89B) 3465 8405 5200 102 

H(89C) 3301 7687 4687 102 

H(90A) 3910 9500 4124 114 

H(90B) 3718 9498 4806 114 

H(90C) 2978 9082 4121 114 

H(91A) 4816 8358 4725 108 

H(91B) 4804 9028 5198 108 

H(91C) 5033 9086 4536 108 

H(92A) 1156 7150 2262 40 

H(92B) 1452 6699 1769 40 

H(96) 794 4879 3393 41 

H(98) 561 6623 3013 42 

H(10X) −386 5239 4370 98 

H(10Z) 560 5360 4412 98 

H(10Y) −200 4746 3827 98 

H(10G) −1064 5015 2930 105 

H(10H) −922 5814 2959 105 

H(10I) −1284 5468 3481 105 

H(10J) 188 6777 3865 97 

H(10K) 813 6628 4431 97 

H(10L) −143 6435 4400 97 

H(10M) 1559 4426 2168 42 

H(10N) 1486 4287 2857 42 

H(11C) 4532 7015 4459 211 

H(11D) 4401 6990 5158 211 

H(11E) 3612 6636 4498 211 

H(11F) 3318 5641 4943 186 

H(11G) 4196 5931 5520 186 

H(11H) 3887 5190 4987 186 

H(11I) 5345 5759 4790 189 

H(11J) 5461 6417 5356 189 

H(11K) 5548 6516 4660 189 

H(11L) 5006 5259 2437 54 
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H(11M) 4255 5297 1886 54 

H(11N) 3207 8044 1382 44 

H(11O) 2236 7759 1331 44 

H(11P) 2511 7603 274 42 

H(11Q) 2820 7005 464 42 

H(118) 2294 6635 −608 41 

H(119) 1675 5805 −1638 44 

H(120) 292 4994 −1945 45 

H(121) −478 5026 −1226 41 

H(123) 235 6149 423 37 

H(12A) 2243 3705 1859 42 

H(12B) 3139 3870 1749 42 

H(12C) 1917 3192 763 42 

H(12D) 1758 3902 788 42 

H(131) 2605 2617 518 50 

H(132) 3620 2148 498 56 

H(133) 4944 2847 510 54 

H(134) 5290 4033 587 50 

H(136) 3944 4974 572 44 

H(20D) −1036 5021 3815 136 

H(20E) −438 4665 3598 136 

H(20F) −1038 4871 3067 136 

H(20G) −754 6184 3240 130 

H(20H) 46 6737 3838 130 

H(20I) −734 6219 3986 130 

H(20J) 231 5903 4733 170 

H(20K) 1063 6278 4560 170 

H(20L) 707 5447 4463 170 

H(8D) −3553 8829 −4616 182 

H(8E) −2965 8395 −4549 182 

H(8F) −2558 9231 −4406 182 

H(9D) −2669 10014 −3287 78 

H(9E) −3097 9543 −2865 78 

H(9F) −3657 9559 −3553 78 

H(10F) −4240 8306 −3948 102 

H(10G) −3743 8414 −3195 102 

H(10H) −3674 7869 −3772 102 

H(1S1) 8021 7227 780 122 

H(1S2) 8970 7494 779 122 

H(1S3) 8572 8051 970 122 

H(3S1) 9966 7552 2704 69 

H(3S2) 9738 8208 2961 69 

H(4S1) 11198 8527 3358 103 

H(4S2) 10986 8980 2873 103 

H(4S3) 11212 8327 2617 103 

H(5S1) 3926 10720 −3819 127 

H(5S2) 3299 10232 −3518 127 

H(5S3) 3353 9919 −4225 127 

H(7S1) 5936 10291 −2668 183 

H(7S2) 5821 10614 −1977 183 

H(8S1) 5599 9440 −2119 252 

H(8S2) 4878 9251 −2802 252 

H(8S3) 4764 9570 −2122 252 

H(9S1) 6336 4229 2089 97 

H(9S2) 6257 4716 2705 97 

H(9S3) 5681 4599 1973 97 

H(11R) 3744 3002 2374 77 

H(11S) 4440 3026 3012 77 

H(12E) 3341 3224 3317 93 

H(12F) 3494 3885 3021 93 

H(12G) 4189 3910 3657 93 
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 Crystallographic data recorded for 46 

Table 0.25: Atomic coordinates (*10
4
) and equivalent isotropic displacement parameters (Å

2
 * 

10
3
) for 46. U(eq) is defined as one third of the trace of the orthogonalised Uij tensor. 

Atom x y z U(eq) 
O(1) 414(1) 8847(1) 1430(1) 20(1) 

C(1) 557(1) 7531(1) 1622(1) 17(1) 

C(2) −97(1) 6539(1) 988(1) 21(1) 

C(3) 38(1) 5141(1) 1155(1) 21(1) 

C(4) 853(1) 4668(1) 1952(1) 19(1) 

N(1) 999(1) 3204(1) 2143(1) 23(1) 

O(2) 427(1) 2385(1) 1543(1) 34(1) 

O(3) 1691(1) 2812(1) 2901(1) 30(1) 

C(5) 1502(1) 5593(1) 2600(1) 18(1) 

C(6) 1361(1) 7010(1) 2471(1) 17(1) 

C(7) 2024(1) 7900(1) 3313(1) 17(1) 

O(4) 2750(1) 7420(1) 3982(1) 23(1) 

N(2) 1776(1) 9227(1) 3355(1) 19(1) 

C(8) 2303(1) 10131(1) 4227(1) 19(1) 

C(9) 1681(1) 10854(1) 4691(1) 19(1) 

N(3) 1183(1) 9842(1) 5107(1) 18(1) 

 

Table 0.26: Bond lengths (Å) and angles (°) for 46. 

O(1)-C(1) 1.3003(16) N(1)-O(2) 1.2393(16) 

C(1)-C(2) 1.4259(19) C(5)-C(6) 1.3869(18) 

C(1)-C(6) 1.4365(17) C(6)-C(7) 1.4919(18) 

C(2)-C(3) 1.3720(19) C(7)-O(4) 1.2422(15) 

C(3)-C(4) 1.3976(19) C(7)-N(2) 1.3467(17) 

C(4)-C(5) 1.3858(19) N(2)-C(8) 1.4537(17) 

C(4)-N(1) 1.4403(17) C(8)-C(9) 1.5195(19) 

N(1)-O(3) 1.2361(16) C(9)-N(3) 1.4906(17) 

    

O(1)-C(1)-C(2) 120.49(12) C(4)-C(5)-C(6) 120.93(12) 

O(1)-C(1)-C(6) 122.34(12) C(5)-C(6)-C(1) 119.68(12) 

C(2)-C(1)-C(6) 117.16(12) C(5)-C(6)-C(7) 116.25(11) 

C(3)-C(2)-C(1) 122.11(12) C(1)-C(6)-C(7) 123.77(12) 

C(2)-C(3)-C(4) 119.20(13) O(4)-C(7)-N(2) 121.25(12) 

C(5)-C(4)-C(3) 120.76(12) O(4)-C(7)-C(6) 121.42(12) 

C(5)-C(4)-N(1) 119.39(12) N(2)-C(7)-C(6) 117.21(11) 

C(3)-C(4)-N(1) 119.77(12) C(7)-N(2)-C(8) 121.73(11) 

O(3)-N(1)-O(2) 122.41(13) N(2)-C(8)-C(9) 111.75(11) 

O(3)-N(1)-C(4) 118.70(12) N(3)-C(9)-C(8) 111.63(11) 

O(2)-N(1)-C(4) 118.88(12)   

 

Table 0.27: Anisotropic displacement parameters (Å
2
 * 10

3
) for 46. The anisotropic 

displacement factor exponent takes the form: −2 gπ
2
 [ h

2
 a*

2
 U11 + ... + 2 h k a* b* U12]. 

Atom U11 U22 U33 U23 U13 U12 
O(1) 21(1) 16(1) 18(1) 2(1) 4(1) 3(1) 

C(1) 18(1) 18(1) 16(1) 2(1) 7(1) 3(1) 

C(2) 19(1) 21(1) 19(1) 0(1) 4(1) 2(1) 

C(3) 18(1) 22(1) 21(1) −1(1) 7(1) −1(1) 

C(4) 21(1) 16(1) 20(1) 2(1) 9(1) 1(1) 
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N(1) 26(1) 20(1) 26(1) 3(1) 12(1) 0(1) 

O(2) 31(1) 20(1) 47(1) −2(1) 10(1) −7(1) 

O(3) 37(1) 22(1) 28(1) 8(1) 9(1) 6(1) 

C(5) 18(1) 20(1) 17(1) 2(1) 6(1) 2(1) 

C(6) 16(1) 18(1) 16(1) 1(1) 6(1) 1(1) 

C(7) 17(1) 19(1) 15(1) 2(1) 6(1) 1(1) 

O(4) 19(1) 21(1) 22(1) 1(1) 1(1) 4(1) 

N(2) 18(1) 18(1) 17(1) 0(1) 2(1) 4(1) 

C(8) 18(1) 19(1) 18(1) 0(1) 3(1) 1(1) 

C(9) 20(1) 15(1) 20(1) 1(1) 6(1) 1(1) 

N(3) 17(1) 17(1) 18(1) 0(1) 4(1) 1(1) 

 

Table 0.28: Hydrogen coordinates (*10
4
) and isotropic displacement parameters (Å

2
 * 10

3
) for 

46. 

Atom x y z U(eq) 
H(2) −643 6856 432 25 

H(3) −416 4503 733 25 

H(5) 2050 5251 3138 22 

H(2N) 1295(14) 9500(20) 2842(16) 29 

H(8A) 2632 10834 3975 23 

H(8B) 2776 9578 4784 23 

H(9A) 2062 11473 5270 23 

H(9B) 1221 11430 4140 23 

H(3A) 818 10306 5379 27 

H(3B) 1605 9321 5623 27 

H(3C) 824 9281 4574 27 

 

 

 Crystallographic data recorded for 47 

Table 0.29: Atomic coordinates (*10
4
) and equivalent isotropic displacement parameters (Å

2
 * 

10
3
) for 47. U(eq) is defined as one third of the trace of the orthogonalised Uij tensor. 

Atom x y z U(eq) 
O(1) 4025(2) 9103(2) 1392(1) 30(1) 

C(1) 2189(3) 8406(2) 705(1) 21(1) 

C(2) 2131(3) 8541(2) −451(2) 24(1) 

C(3) 328(3) 7855(2) −1216(1) 22(1) 

C(4) −1439(3) 7006(2) −817(1) 18(1) 

N(1) −3294(2) 6186(2) −1643(1) 22(1) 

O(2) −3354(2) 6363(2) −2640(1) 30(1) 

O(3) −4733(2) 5313(2) −1305(1) 35(1) 

C(5) −1442(3) 6856(2) 319(1) 19(1) 

C(6) 379(3) 7560(2) 1110(1) 18(1) 

C(7) 550(3) 7396(2) 2342(1) 19(1) 

O(4) 2210(2) 8058(2) 3011(1) 27(1) 

N(2) −1084(2) 6471(2) 2677(1) 20(1) 

C(8) −966(3) 5982(2) 3776(1) 21(1) 

C(9) −2941(3) 6623(2) 4557(1) 21(1) 

N(3) −2633(2) 8455(2) 5188(1) 22(1) 

Cl(1) 2493(1) 8898(1) 6321(1) 23(1) 
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Table 0.30: Bond lengths (Å) and angles (°) for 47. 

O(1)-C(1) 1.3392(19) N(1)-O(3) 1.2332(18) 

C(1)-C(2) 1.399(2) C(5)-C(6) 1.395(2) 

C(1)-C(6) 1.414(2) C(6)-C(7) 1.497(2) 

C(2)-C(3) 1.368(2) C(7)-O(4) 1.2440(19) 

C(3)-C(4) 1.393(2) C(7)-N(2) 1.338(2) 

C(4)-C(5) 1.381(2) N(2)-C(8) 1.457(2) 

C(4)-N(1) 1.454(2) C(8)-C(9) 1.518(2) 

N(1)-O(2) 1.2246(18) C(9)-N(3) 1.486(2) 

    

O(1)-C(1)-C(2) 116.85(14) C(4)-C(5)-C(6) 119.80(14) 

O(1)-C(1)-C(6) 122.46(14) C(5)-C(6)-C(1) 118.00(14) 

C(2)-C(1)-C(6) 120.70(15) C(5)-C(6)-C(7) 123.12(14) 

C(3)-C(2)-C(1) 120.75(15) C(1)-C(6)-C(7) 118.83(14) 

C(2)-C(3)-C(4) 118.37(15) O(4)-C(7)-N(2) 121.66(15) 

C(5)-C(4)-C(3) 122.38(15) O(4)-C(7)-C(6) 120.40(14) 

C(5)-C(4)-N(1) 118.83(13) N(2)-C(7)-C(6) 117.89(14) 

C(3)-C(4)-N(1) 118.73(14) C(7)-N(2)-C(8) 124.03(14) 

O(2)-N(1)-O(3) 122.73(14) N(2)-C(8)-C(9) 113.19(14) 

O(2)-N(1)-C(4) 119.35(13) N(3)-C(9)-C(8) 112.35(13) 

O(3)-N(1)-C(4) 117.90(13)   

 

Table 0.31: Anisotropic displacement parameters (Å
2
 * 10

3
) for 47. The anisotropic 

displacement factor exponent takes the form: −2 gπ
2
 [ h

2
 a*

2
 U11 + ... + 2 h k a* b* U12]. 

Atom U11 U22 U33 U23 U13 U12 
O(1) 25(1) 42(1) 24(1) 10(1) −2(1) −18(1) 

C(1) 20(1) 23(1) 20(1) 5(1) 2(1) −5(1) 

C(2) 25(1) 25(1) 24(1) 9(1) 6(1) −8(1) 

C(3) 27(1) 22(1) 18(1) 7(1) 5(1) −2(1) 

C(4) 19(1) 19(1) 17(1) 5(1) 0(1) −3(1) 

N(1) 22(1) 24(1) 19(1) 6(1) 0(1) −2(1) 

O(2) 34(1) 41(1) 17(1) 11(1) −4(1) −6(1) 

O(3) 29(1) 48(1) 28(1) 15(1) −5(1) −21(1) 

C(5) 17(1) 21(1) 20(1) 7(1) 4(1) −3(1) 

C(6) 19(1) 18(1) 17(1) 5(1) 3(1) −1(1) 

C(7) 20(1) 19(1) 18(1) 5(1) 3(1) 0(1) 

O(4) 24(1) 34(1) 21(1) 8(1) −4(1) −9(1) 

N(2) 21(1) 24(1) 16(1) 7(1) −1(1) −5(1) 

C(8) 25(1) 22(1) 17(1) 8(1) 3(1) 0(1) 

C(9) 22(1) 25(1) 18(1) 8(1) 2(1) −7(1) 

N(3) 19(1) 26(1) 21(1) 9(1) 2(1) −1(1) 

Cl(1) 19(1) 32(1) 22(1) 12(1) 2(1) −3(1) 

 

Table 0.32: Hydrogen coordinates (*10
4
) and isotropic displacement parameters (Å

2
 * 10

3
) for 

47. 

Atom x y z U(eq) 
H(1O) 3860(40) 8890(30) 2110(20) 36 

H(2) 3359 9117 −708 29 

H(3) 281 7954 −1999 26 

H(5) −2681 6274 562 23 

H(1N) −2150(30) 6060(30) 2232(17) 24 

H(8A) 497 6433 4210 25 

H(8B) −965 4725 3598 25 
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H(9A) −4388 6448 4069 26 

H(9B) −3071 5951 5138 26 

H(3A) −3855 8789 5640 32 

H(3B) −2533 9080 4656 32 

H(3C) −1324 8619 5652 32 

 

 

 Crystallographic data recorded for 48 

Table 0.33: Atomic coordinates (*10
4
) and equivalent isotropic displacement parameters (Å

2
 * 

10
3
) for 48. U(eq) is defined as one third of the trace of the orthogonalised Uij tensor. 

Atom x y z U(eq) 
Cu(1) 5000 5924(1) 2500 19(1) 

O(1) 5957(1) 6859(1) 3004(1) 21(1) 

C(1) 6879(2) 6776(1) 3523(1) 18(1) 

C(2) 7480(2) 7575(1) 3787(1) 20(1) 

C(3) 8463(2) 7571(1) 4328(1) 20(1) 

C(4) 8872(2) 6747(1) 4621(1) 20(1) 

N(1) 9865(2) 6728(1) 5215(1) 22(1) 

O(2) 10472(1) 7426(1) 5357(1) 30(1) 

O(3) 10050(1) 6032(1) 5565(1) 27(1) 

C(5) 8314(2) 5952(1) 4390(1) 19(1) 

C(6) 7304(2) 5946(1) 3840(1) 18(1) 

C(7) 6713(2) 5086(1) 3596(1) 18(1) 

O(4) 5949(1) 5008(1) 3036(1) 23(1) 

N(2) 7017(2) 4347(1) 3974(1) 20(1) 

C(8) 6439(2) 3487(1) 3771(1) 23(1) 

C(9) 6974(2) 3095(1) 3076(1) 25(1) 

N(3) 8412(2) 2983(1) 3143(1) 25(1) 

O(1W) 10000 4361(2) 2500 47(1) 

Cl(1) 2424(2) 5613(1) 3789(1) 30(1) 

O(11) 1417(4) 5724(2) 3238(2) 63(1) 

O(12) 2790(4) 4685(2) 3870(3) 57(1) 

O(13) 3439(14) 6106(9) 3512(8) 55(3) 

O(14) 2018(9) 5940(8) 4477(4) 39(2) 

Cl(1') 7192(3) 5435(2) 1095(2) 34(1) 

O(11') 6179(7) 4963(5) 673(3) 90(2) 

O(12') 7809(7) 4782(4) 1536(4) 74(2) 

O(13') 6440(20) 6102(13) 1421(11) 43(4) 

O(14') 8003(17) 5848(13) 592(8) 58(4) 

 

Table 0.34: Bond lengths (Å) and angles (°) for 48. 

Cu(1)-O(1)  1.9140(13) C(5)-C(6)  1.403(2) 

Cu(1)-O(1)#1  1.9140(12) C(6)-C(7)  1.482(2) 

Cu(1)-O(4)#1  1.9175(13) C(7)-O(4)  1.259(2) 

Cu(1)-O(4)  1.9175(13) C(7)-N(2)  1.329(2) 

Cu(1)-O(13)  2.515(13) N(2)-C(8)  1.457(2) 

Cu(1)-O(13')  2.528(19) C(8)-C(9)  1.519(3) 

O(1)-C(1)  1.309(2) C(9)-N(3)  1.487(2) 

C(1)-C(2)  1.418(2) Cl(1)-O(13)  1.393(8) 

C(1)-C(6)  1.427(2) Cl(1)-O(11)  1.412(4) 

C(2)-C(3)  1.372(2) Cl(1)-O(14)  1.424(7) 
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C(3)-C(4)  1.398(3) Cl(1)-O(12)  1.443(3) 

C(4)-C(5)  1.376(2) Cl(1')-O(12')  1.395(6) 

C(4)-N(1)  1.447(2) Cl(1')-O(14')  1.409(10) 

N(1)-O(3)  1.229(2) Cl(1')-O(13')  1.410(10) 

N(1)-O(2)  1.236(2) Cl(1')-O(11')  1.445(6) 

    

O(1)-Cu(1)-O(1)#1 86.24(8) O(2)-N(1)-C(4) 117.94(15) 

O(1)-Cu(1)-O(4)#1 178.06(5) C(4)-C(5)-C(6) 120.27(16) 

O(1)#1-Cu(1)-O(4)#1 92.49(6) C(5)-C(6)-C(1) 118.84(16) 

O(1)-Cu(1)-O(4) 92.49(6) C(5)-C(6)-C(7) 119.72(15) 

O(1)#1-Cu(1)-O(4) 178.06(5) C(1)-C(6)-C(7) 121.44(16) 

O(4)#1-Cu(1)-O(4) 88.81(8) O(4)-C(7)-N(2) 117.51(16) 

O(1)-Cu(1)-O(13) 84.5(3) O(4)-C(7)-C(6) 123.49(16) 

O(1)#1-Cu(1)-O(13) 86.4(4) N(2)-C(7)-C(6) 118.98(15) 

O(4)#1-Cu(1)-O(13) 96.9(3) C(7)-O(4)-Cu(1) 128.63(12) 

O(4)-Cu(1)-O(13) 92.0(4) C(7)-N(2)-C(8) 121.32(15) 

O(1)-Cu(1)-O(13') 89.2(6) N(2)-C(8)-C(9) 113.01(16) 

O(1)#1-Cu(1)-O(13') 82.0(3) N(3)-C(9)-C(8) 112.13(15) 

O(4)#1-Cu(1)-O(13') 89.2(6) O(13)-Cl(1)-O(11) 102.6(7) 

O(4)-Cu(1)-O(13') 99.5(3) O(13)-Cl(1)-O(14) 113.2(7) 

O(13)-Cu(1)-O(13') 167.2(2) O(11)-Cl(1)-O(14) 110.1(4) 

C(1)-O(1)-Cu(1) 127.66(12) O(13)-Cl(1)-O(12) 110.4(7) 

O(1)-C(1)-C(2) 116.86(15) O(11)-Cl(1)-O(12) 111.3(3) 

O(1)-C(1)-C(6) 124.68(16) O(14)-Cl(1)-O(12) 109.1(5) 

C(2)-C(1)-C(6) 118.45(16) Cl(1)-O(13)-Cu(1) 136.4(8) 

C(3)-C(2)-C(1) 122.11(16) O(12')-Cl(1')-O(14') 114.3(9) 

C(2)-C(3)-C(4) 118.14(16) O(12')-Cl(1')-O(13') 119.7(9) 

C(5)-C(4)-C(3) 122.18(16) O(14')-Cl(1')-O(13') 108.5(12) 

C(5)-C(4)-N(1) 118.50(16) O(12')-Cl(1')-O(11') 104.9(5) 

C(3)-C(4)-N(1) 119.24(16) O(14')-Cl(1')-O(11') 107.8(7) 

O(3)-N(1)-O(2) 122.90(15) O(13')-Cl(1')-O(11') 99.9(11) 

O(3)-N(1)-C(4) 119.14(15) Cl(1')-O(13')-Cu(1) 127.3(13) 

 

Table 0.35: Anisotropic displacement parameters (Å
2
 * 10

3
) for 48. The anisotropic 

displacement factor exponent takes the form: −2 gπ
2
 [ h

2
 a*

2
 U11 + ... + 2 h k a* b* U12]. 

Atom U11 U12 U33 U23 U13 U12 
Cu(1) 20(1) 16(1) 21(1) 0 −10(1) 0 

O(1) 22(1) 17(1) 21(1) 1(1) −9(1) −1(1) 

C(1) 17(1) 20(1) 16(1) 1(1) −3(1) 0(1) 

C(2) 21(1) 18(1) 19(1) 1(1) −3(1) 0(1) 

C(3) 20(1) 20(1) 19(1) −2(1) −2(1) −3(1) 

C(4) 17(1) 23(1) 18(1) −1(1) −6(1) 0(1) 

N(1) 19(1) 26(1) 19(1) −2(1) −5(1) 1(1) 

O(2) 31(1) 27(1) 29(1) −1(1) −14(1) −7(1) 

O(3) 26(1) 27(1) 26(1) 3(1) −10(1) 2(1) 

C(5) 19(1) 19(1) 19(1) 0(1) −4(1) 2(1) 

C(6) 18(1) 18(1) 18(1) −1(1) −4(1) 1(1) 

C(7) 16(1) 19(1) 20(1) −1(1) −2(1) 1(1) 

O(4) 25(1) 17(1) 25(1) 0(1) −13(1) 0(1) 

N(2) 24(1) 18(1) 18(1) −1(1) −7(1) 0(1) 

C(8) 26(1) 17(1) 26(1) 1(1) −4(1) −2(1) 

C(9) 26(1) 21(1) 27(1) −4(1) −10(1) 2(1) 

N(3) 28(1) 22(1) 23(1) −5(1) −8(1) 3(1) 

O(1W) 59(2) 27(1) 53(2) 0 −19(1) 0 

Cl(1) 39(1) 18(1) 33(1) 2(1) 5(1) −4(1) 

O(11) 78(3) 55(2) 52(2) −4(2) −33(2) −19(2) 

O(12) 59(2) 19(2) 95(3) 8(2) 14(2) −2(2) 
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O(13) 77(7) 25(5) 67(6) 4(4) 45(5) −4(3) 

O(14) 37(3) 57(4) 21(2) 4(2) 4(2) 17(3) 

Cl(1') 41(1) 26(1) 35(1) 0(1) 14(1) 1(1) 

O(11') 104(5) 101(5) 66(4) −28(3) 12(4) −55(4) 

O(12') 73(5) 50(4) 99(5) 30(4) 14(4) 27(3) 

O(13') 51(6) 33(8) 46(5) 15(5) 18(4) 21(5) 

O(14') 64(7) 58(6) 53(7) 2(5) 26(5) 4(5) 

 

Table 0.36: Hydrogen coordinates (*10
4
) and isotropic displacement parameters (Å

2
 * 10

3
) for 

48. 

Atom x y z U(eg) 
H(2) 7193 8131 3584 23 

H(3) 8855 8114 4498 24 

H(5) 8613 5405 4604 23 

H(2N) 7437 4380 4407 24 

H(8A) 5485 3561 3694 28 

H(8B) 6601 3061 4183 28 

H(9A) 6564 2506 2975 30 

H(9B) 6744 3493 2653 30 

H(3A) 8694 2747 2717 37 

H(3B) 8627 2609 3525 37 

H(3C) 8795 3525 3226 37 

H(1WA) 10407 4726 2824 56 

 

 

 Crystallographic data recorded for 49 

Table 0.37: Atomic coordinates (*10
4
) and equivalent isotropic displacement parameters (Å

2
 * 

10
3
) for 49. U(eq) is defined as one third of the trace of the orthogonalised Uij tensor. 

Atom x y z U(eq) 
Cu(1) 884(1) 6624(1) 2062(1) 15(1) 

O(1) 819(1) 4875(1) 1744(1) 18(1) 

C(1) 1058(2) 4388(2) 961(1) 14(1) 

C(2) 1133(2) 3023(2) 914(2) 18(1) 

C(3) 1364(2) 2399(2) 130(2) 18(1) 

C(4) 1549(2) 3129(2) −643(1) 16(1) 

N(1) 1819(1) 2511(2) −1472(1) 20(1) 

O(2) 1774(1) 1320(2) −1512(1) 28(1) 

O(3) 2106(2) 3160(2) −2122(1) 28(1) 

C(5) 1498(2) 4461(2) −626(1) 15(1) 

C(6) 1250(1) 5113(2) 163(1) 14(1) 

C(7) 1199(2) 6545(2) 101(1) 14(1) 

O(4) 1268(1) 7051(1) −675(1) 17(1) 

N(2) 1118(1) 7214(2) 857(1) 15(1) 

C(8) 1123(2) 8614(2) 794(1) 18(1) 

C(9) 1413(2) 9149(2) 1711(2) 19(1) 

N(3) 848(1) 8459(2) 2418(1) 19(1) 

O(1W) 692(1) 6031(2) 3336(1) 19(1) 
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Table 0.38: Bond lengths (Å) and angles (°) for 49. 

Cu(1)-O(1) 1.8854(15) C(4)-N(1) 1.433(3) 

Cu(1)-N(2) 1.9106(17) N(1)-O(3) 1.238(3) 

Cu(1)-N(3) 1.9849(17) N(1)-O(2) 1.245(2) 

Cu(1)-O(1W) 2.0005(15) C(5)-C(6) 1.390(3) 

O(1)-C(1) 1.304(2) C(6)-C(7) 1.498(3) 

C(1)-C(6) 1.425(3) C(7)-O(4) 1.266(2) 

C(1)-C(2) 1.429(3) C(7)-N(2) 1.322(3) 

C(2)-C(3) 1.366(3) N(2)-C(8) 1.463(3) 

C(3)-C(4) 1.396(3) C(8)-C(9) 1.518(3) 

C(4)-C(5) 1.391(3) C(9)-N(3) 1.482(3) 

    

O(1)-Cu(1)-N(2) 94.98(7) C(3)-C(4)-N(1) 120.06(18) 

O(1)-Cu(1)-N(3) 175.82(8) O(3)-N(1)-O(2) 121.66(19) 

N(2)-Cu(1)-N(3) 86.61(8) O(3)-N(1)-C(4) 119.87(18) 

O(1)-Cu(1)-O(1W) 85.98(7) O(2)-N(1)-C(4) 118.45(18) 

N(2)-Cu(1)-O(1W) 177.75(7) C(6)-C(5)-C(4) 121.06(19) 

N(3)-Cu(1)-O(1W) 92.57(7) C(5)-C(6)-C(1) 118.62(17) 

C(1)-O(1)-Cu(1) 125.85(13) C(5)-C(6)-C(7) 116.58(18) 

O(1)-C(1)-C(6) 125.01(18) C(1)-C(6)-C(7) 124.80(18) 

O(1)-C(1)-C(2) 116.63(18) O(4)-C(7)-N(2) 123.57(18) 

C(6)-C(1)-C(2) 118.36(18) O(4)-C(7)-C(6) 117.83(18) 

C(3)-C(2)-C(1) 122.13(19) N(2)-C(7)-C(6) 118.56(17) 

C(2)-C(3)-C(4) 118.48(18) C(7)-N(2)-C(8) 118.18(17) 

C(5)-C(4)-C(3) 121.33(19) C(7)-N(2)-Cu(1) 129.22(14) 

C(5)-C(4)-N(1) 118.59(19) C(8)-N(2)-Cu(1) 112.40(13) 

 

Table 0.39: Anisotropic displacement parameters (Å
2
 * 10

3
) for 49. The anisotropic 

displacement factor exponent takes the form: −2 gπ
2
 [ h

2
 a*

2
 U11 + ... + 2 h k a* b* U12]. 

Atom U11 U22 U33 U23 U13 U12 
Cu(1) 21(1) 13(1) 12(1) 0(1) 2(1) 0(1) 

O(1) 29(1) 12(1) 14(1) 0(1) 4(1) −3(1) 

C(1) 16(1) 12(1) 15(1) −1(1) −2(1) −1(1) 

C(2) 20(1) 14(1) 19(1) 3(1) 1(1) −2(1) 

C(3) 20(1) 11(1) 23(1) 0(1) −3(1) 0(1) 

C(4) 18(1) 13(1) 16(1) −4(1) −2(1) 1(1) 

N(1) 24(1) 16(1) 19(1) −5(1) −6(1) 3(1) 

O(2) 38(1) 14(1) 33(1) −10(1) −4(1) −1(1) 

O(3) 45(1) 24(1) 16(1) −2(1) 2(1) 8(1) 

C(5) 18(1) 13(1) 15(1) 0(1) −2(1) 0(1) 

C(6) 14(1) 12(1) 15(1) 1(1) −2(1) 1(1) 

C(7) 14(1) 14(1) 13(1) 1(1) 0(1) 0(1) 

O(4) 25(1) 14(1) 11(1) 1(1) 2(1) 2(1) 

N(2) 23(1) 11(1) 12(1) −1(1) 1(1) 0(1) 

C(8) 27(1) 11(1) 14(1) −2(1) 1(1) 1(1) 

C(9) 24(1) 17(1) 17(1) −4(1) 2(1) −1(1) 

N(3) 27(1) 15(1) 14(1) −1(1) 0(1) 4(1) 

O(1W) 31(1) 14(1) 14(1) 0(1) 2(1) 0(1) 
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Table 0.40: Hydrogen coordinates (*10
4
) and isotropic displacement parameters (Å

2
 * 10

3
) for 

49. 

Atom x y z U(eq) 
H(2) 1018 2533 1445 21 

H(3) 1399 1490 111 21 

H(5) 1635 4933 −1161 18 

H(8A) 459 8929 623 21 

H(8B) 1600 8896 328 21 

H(9A) 2130 9031 1811 23 

H(9B) 1265 10078 1738 23 

H(3A) 208 8751 2441 22 

H(3B) 1134 8572 2976 22 

H(1WA) 950(20) 5344(18) 3440(20) 29 

H(1WB) 880(20) 6540(20) 3750(18) 29 

 

 

 Crystallographic data recorded for 64 

Table 0.41: Atomic coordinates (*10
4
) and equivalent isotropic displacement parameters (Å

2
 * 

10
3
) for 64. U(eq) is defined as one third of the trace of the orthogonalised Uij tensor. 

Atom x y z U(eq) 
O(1A) 2756(1) 2648(1) 367(1) 32(1) 

C(1A) 2180(1) 2676(2) 170(1) 34(1) 

C(2A) 1892(1) 2661(2) −450(2) 37(1) 

C(3A) 1320(1) 2713(2) −637(2) 45(1) 

C(4A) 1038(1) 2783(2) −227(2) 49(1) 

C(5A) 406(1) 2878(3) −444(2) 68(1) 

C(6A) 246(4) 3863(10) −807(6) 83(4) 

C(7A) 149(3) 1986(7) −774(6) 80(3) 

C(8A) 208(3) 3105(12) 135(4) 107(5) 

C(5X) 406(1) 2878(3) −444(2) 68(1) 

C(6X) 164(3) 2678(10) −1220(6) 106(4) 

C(7X) 162(3) 1953(7) −245(6) 74(3) 

C(8X) 238(4) 3877(7) −374(9) 114(7) 

C(9A) 1344(1) 2757(2) 386(2) 47(1) 

C(10A) 1915(1) 2687(2) 605(2) 39(1) 

C(11A) 2220(1) 2562(2) 1278(2) 43(1) 

C(12A) 3003(1) 3657(2) 459(2) 38(1) 

C(13A) 3598(1) 3585(3) 849(2) 40(1) 

O(2A) 3894(1) 4343(2) 878(1) 58(1) 

N(1A) 3773(1) 2716(2) 1153(1) 42(1) 

C(14A) 4346(1) 2652(3) 1564(2) 55(1) 

C(15A) 4467(2) 1690(3) 1910(2) 62(1) 

N(2A) 4129(1) 1574(3) 2313(1) 58(1) 

C(16A) 3975(2) 662(3) 2427(2) 53(1) 

O(3A) 4120(1) −155(2) 2256(1) 73(1) 

C(17A) 3556(1) 626(3) 2760(2) 51(1) 

C(18A) 3429(1) −347(3) 2905(2) 54(1) 

C(19A) 3026(2) −476(3) 3169(2) 57(1) 

N(3A) 2870(2) −1521(4) 3273(2) 76(1) 

O(4A) 3166(2) −2245(3) 3224(2) 105(1) 

O(5A) 2446(2) −1635(3) 3396(2) 98(1) 

C(20A) 2752(2) 355(4) 3298(2) 65(1) 
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C(21A) 2870(2) 1327(4) 3163(2) 63(1) 

C(22A) 3272(2) 1476(3) 2892(2) 55(1) 

O(6A) 3394(1) 2425(2) 2744(1) 69(1) 

C(23A) 3124(2) 3302(4) 2885(2) 87(2) 

O(1B) 2896(1) 901(2) 1225(1) 40(1) 

C(1B) 2466(1) 664(2) 1426(1) 36(1) 

C(2B) 2135(1) 1488(2) 1484(1) 39(1) 

C(3B) 1710(1) 1277(3) 1711(2) 43(1) 

C(4B) 1589(1) 293(3) 1861(1) 43(1) 

C(5B) 1097(1) 119(3) 2090(2) 53(1) 

C(6B) 567(2) 445(4) 1590(2) 71(1) 

C(7B) 1048(2) −1007(3) 2256(2) 75(1) 

C(8B) 1167(2) 781(4) 2657(2) 74(1) 

C(9B) 1925(1) −508(3) 1792(1) 40(1) 

C(10B) 2359(1) −344(2) 1573(1) 37(1) 

C(11B) 2709(1) −1249(2) 1503(1) 39(1) 

O(1C) 3296(1) −665(1) 701(1) 33(1) 

C(1C) 2832(1) −1306(2) 460(1) 32(1) 

C(2C) 2556(1) −1633(2) 846(1) 35(1) 

C(3C) 2120(1) −2322(2) 615(1) 37(1) 

C(4C) 1958(1) −2676(2) 20(2) 37(1) 

C(5C) 1514(1) −3505(2) −229(2) 46(1) 

C(6C) 1758(2) −4405(3) −475(3) 84(2) 

C(7C) 1028(2) −3073(4) −734(2) 78(1) 

C(8C) 1315(2) −3932(4) 278(2) 88(2) 

C(9C) 2223(1) −2261(2) −360(2) 37(1) 

C(10C) 2659(1) −1569(2) −156(1) 33(1) 

C(11C) 2910(1) −1124(2) −605(1) 35(1) 

C(12C) 3813(1) −1205(2) 873(2) 37(1) 

C(13C) 4243(1) −560(2) 732(1) 37(1) 

O(2C) 4727(1) −845(2) 915(1) 46(1) 

N(1C) 4062(1) 296(2) 413(1) 39(1) 

C(14C) 4394(1) 1034(3) 225(2) 45(1) 

C(15C) 4190(1) 1174(2) −464(2) 42(1) 

N(2C) 4345(1) 2185(2) −624(1) 41(1) 

C(16C) 4064(1) 3028(2) −567(1) 37(1) 

O(3C) 3649(1) 2958(2) −418(1) 50(1) 

C(17C) 4271(1) 4077(2) −666(1) 33(1) 

C(18C) 4037(1) 4914(2) −472(1) 38(1) 

C(19C) 4214(1) 5904(2) −521(1) 38(1) 

N(3C) 3971(1) 6773(2) −297(1) 52(1) 

O(4C) 3574(1) 6613(2) −141(2) 75(1) 

O(5C) 4179(1) 7636(2) −277(1) 67(1) 

C(20C) 4623(1) 6098(2) −766(2) 40(1) 

C(21C) 4857(1) 5286(2) −967(2) 40(1) 

C(22C) 4686(1) 4278(2) −921(1) 33(1) 

O(6C) 4906(1) 3449(2) −1114(1) 41(1) 

C(23C) 5320(1) 3623(3) −1392(2) 45(1) 

O(1D) 2904(1) 921(2) −219(1) 35(1) 

C(1D) 2544(1) 712(2) −789(1) 34(1) 

C(2D) 2545(1) −297(2) −1003(1) 37(1) 

C(3D) 2182(2) −540(3) −1579(1) 45(1) 

C(4D) 1819(2) 172(3) −1949(2) 51(1) 

C(5D) 1410(2) −146(3) −2573(2) 77(1) 

C(6D) 1055(5) −982(7) −2464(4) 93(4) 

C(7D) 1780(5) −607(9) −2945(4) 108(4) 

C(8D) 1090(5) 737(8) −2928(6) 99(5) 

C(5Y) 1410(2) −146(3) −2573(2) 77(1) 

C(6Y) 1508(10) −1252(11) −2773(7) 149(10) 

C(7Y) 1428(9) 605(17) −3040(8) 137(11) 

C(8Y) 822(7) −140(20) −2514(8) 172(12) 
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C(9D) 1837(2) 1169(3) −1720(2) 48(1) 

C(10D) 2189(1) 1464(2) −1147(1) 38(1) 

C(11D) 2185(1) 2559(2) −920(1) 38(1) 

C(1S) 1382(2) −26(3) −141(2) 62(1) 

Cl(1) 1085(1) −125(1) −916(1) 80(1) 

Cl(2) 954(1) −446(2) 246(1) 115(1) 

O(1W) 5099(2) −969(5) 2151(3) 68(2) 

O(2W) 3747(3) 6964(4) 2090(4) 91(2) 

O(3W) 5842(3) 521(9) 2395(4) 125(3) 

O(4W) 2833(3) 5583(6) 1684(4) 92(2) 

O(5W) 3178(3) 4919(5) 1748(3) 86(2) 

O(6W) 5466(5) −1318(8) 2038(4) 136(3) 

O(7W) 3180(6) 6021(8) 1432(5) 153(5) 

O(8W) 5869(4) 1014(10) 1824(7) 101(4) 

O(9W) 5629(7) −164(18) 2139(13) 165(14) 

 

Table 0.42: Bond lengths (Å) and angles (°) for 64. 

O(1A)-C(1A)  1.401(3) O(1C)-C(1C)  1.409(3) 

O(1A)-C(12A)  1.435(3) O(1C)-C(12C)  1.438(3) 

C(1A)-C(2A)  1.385(4) C(1C)-C(2C)  1.388(4) 

C(1A)-C(10A)  1.400(4) C(1C)-C(10C)  1.392(4) 

C(2A)-C(3A)  1.394(4) C(2C)-C(3C)  1.397(4) 

C(2A)-C(11D)  1.529(5) C(3C)-C(4C)  1.383(4) 

C(3A)-C(4A)  1.385(5) C(4C)-C(9C)  1.394(4) 

C(4A)-C(9A)  1.380(5) C(4C)-C(5C)  1.533(4) 

C(4A)-C(5A)  1.542(4) C(5C)-C(7C)  1.510(6) 

C(5A)-C(7A)  1.421(9) C(5C)-C(6C)  1.522(5) 

C(5A)-C(6A)  1.508(12) C(5C)-C(8C)  1.539(6) 

C(5A)-C(8A)  1.620(10) C(9C)-C(10C)  1.390(4) 

C(9A)-C(10A)  1.392(4) C(10C)-C(11C)  1.516(4) 

C(10A)-C(11A)  1.507(5) C(11C)-C(2D)  1.517(4) 

C(11A)-C(2B)  1.509(5) C(12C)-C(13C)  1.511(4) 

C(12A)-C(13A)  1.504(4) C(13C)-O(2C)  1.234(3) 

C(13A)-O(2A)  1.230(4) C(13C)-N(1C)  1.327(4) 

C(13A)-N(1A)  1.325(4) N(1C)-C(14C)  1.445(4) 

N(1A)-C(14A)  1.469(4) C(14C)-C(15C)  1.521(5) 

C(14A)-C(15A)  1.458(6) C(15C)-N(2C)  1.451(4) 

C(15A)-N(2A)  1.487(5) N(2C)-C(16C)  1.340(4) 

N(2A)-C(16A)  1.299(5) C(16C)-O(3C)  1.234(4) 

C(16A)-O(3A)  1.230(5) C(16C)-C(17C)  1.503(4) 

C(16A)-C(17A)  1.531(5) C(17C)-C(18C)  1.387(4) 

C(17A)-C(18A)  1.369(6) C(17C)-C(22C)  1.411(4) 

C(17A)-C(22A)  1.410(5) C(18C)-C(19C)  1.375(4) 

C(18A)-C(19A)  1.383(5) C(19C)-C(20C)  1.380(4) 

C(19A)-C(20A)  1.374(6) C(19C)-N(3C)  1.466(4) 

C(19A)-N(3A)  1.453(6) N(3C)-O(4C)  1.214(4) 

N(3A)-O(5A)  1.230(5) N(3C)-O(5C)  1.232(4) 

N(3A)-O(4A)  1.237(5) C(20C)-C(21C)  1.369(4) 

C(20A)-C(21A)  1.355(6) C(21C)-C(22C)  1.390(4) 

C(21A)-C(22A)  1.397(5) C(22C)-O(6C)  1.358(4) 

C(22A)-O(6A)  1.339(5) O(6C)-C(23C)  1.441(4) 

O(6A)-C(23A)  1.425(6) O(1D)-C(1D)  1.368(3) 

O(1B)-C(1B)  1.375(3) C(1D)-C(2D)  1.395(4) 

C(1B)-C(10B)  1.398(4) C(1D)-C(10D)  1.403(4) 

C(1B)-C(2B)  1.401(4) C(2D)-C(3D)  1.391(4) 

C(2B)-C(3B)  1.394(4) C(3D)-C(4D)  1.388(5) 

C(3B)-C(4B)  1.383(5) C(4D)-C(9D)  1.389(5) 

C(4B)-C(9B)  1.394(5) C(4D)-C(5D)  1.539(5) 
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C(4B)-C(5B)  1.549(4) C(5D)-C(8D)  1.486(12) 

C(5B)-C(7B)  1.521(6) C(5D)-C(6D)  1.492(10) 

C(5B)-C(6B)  1.528(6) C(5D)-C(7D)  1.605(11) 

C(5B)-C(8B)  1.534(5) C(9D)-C(10D)  1.392(4) 

C(9B)-C(10B)  1.393(4) C(10D)-C(11D)  1.513(4) 

C(10B)-C(11B)  1.520(4) C(1S)-Cl(1)  1.711(4) 

C(11B)-C(2C)  1.528(4) C(1S)-Cl(2)  1.731(5) 

    

C(1A)-O(1A)-C(12A) 113.3(2) C(2C)-C(1C)-C(10C) 122.3(3) 

C(2A)-C(1A)-C(10A) 122.1(3) C(2C)-C(1C)-O(1C) 118.3(3) 

C(2A)-C(1A)-O(1A) 118.8(3) C(10C)-C(1C)-O(1C) 119.4(2) 

C(10A)-C(1A)-O(1A) 119.1(3) C(1C)-C(2C)-C(3C) 117.9(3) 

C(1A)-C(2A)-C(3A) 117.9(3) C(1C)-C(2C)-C(11B) 122.2(3) 

C(1A)-C(2A)-C(11D) 121.6(3) C(3C)-C(2C)-C(11B) 119.9(3) 

C(3A)-C(2A)-C(11D) 120.4(3) C(4C)-C(3C)-C(2C) 122.1(3) 

C(4A)-C(3A)-C(2A) 122.3(3) C(3C)-C(4C)-C(9C) 117.4(3) 

C(9A)-C(4A)-C(3A) 117.4(3) C(3C)-C(4C)-C(5C) 123.1(3) 

C(9A)-C(4A)-C(5A) 121.1(4) C(9C)-C(4C)-C(5C) 119.5(3) 

C(3A)-C(4A)-C(5A) 121.5(4) C(7C)-C(5C)-C(6C) 109.3(4) 

C(7A)-C(5A)-C(6A) 113.1(8) C(7C)-C(5C)-C(4C) 110.9(3) 

C(7A)-C(5A)-C(4A) 111.3(4) C(6C)-C(5C)-C(4C) 109.0(3) 

C(6A)-C(5A)-C(4A) 108.2(5) C(7C)-C(5C)-C(8C) 109.0(4) 

C(7A)-C(5A)-C(8A) 112.1(8) C(6C)-C(5C)-C(8C) 107.5(4) 

C(6A)-C(5A)-C(8A) 102.2(7) C(4C)-C(5C)-C(8C) 111.1(3) 

C(4A)-C(5A)-C(8A) 109.6(4) C(10C)-C(9C)-C(4C) 122.9(3) 

C(4A)-C(9A)-C(10A) 123.3(3) C(9C)-C(10C)-C(1C) 117.0(3) 

C(9A)-C(10A)-C(1A) 116.8(3) C(9C)-C(10C)-C(11C) 119.5(3) 

C(9A)-C(10A)-C(11A) 120.6(3) C(1C)-C(10C)-C(11C) 123.5(3) 

C(1A)-C(10A)-C(11A) 122.5(3) C(10C)-C(11C)-C(2D) 111.5(2) 

C(10A)-C(11A)-C(2B) 110.4(2) O(1C)-C(12C)-C(13C) 110.6(2) 

O(1A)-C(12A)-C(13A) 110.4(2) O(2C)-C(13C)-N(1C) 124.6(3) 

O(2A)-C(13A)-N(1A) 123.6(3) O(2C)-C(13C)-C(12C) 119.6(3) 

O(2A)-C(13A)-C(12A) 118.3(3) N(1C)-C(13C)-C(12C) 115.7(2) 

N(1A)-C(13A)-C(12A) 118.1(3) C(13C)-N(1C)-C(14C) 125.9(3) 

C(13A)-N(1A)-C(14A) 118.9(3) N(1C)-C(14C)-C(15C) 111.5(3) 

C(15A)-C(14A)-N(1A) 113.0(3) N(2C)-C(15C)-C(14C) 110.5(3) 

C(14A)-C(15A)-N(2A) 111.9(3) C(16C)-N(2C)-C(15C) 120.2(3) 

C(16A)-N(2A)-C(15A) 120.2(4) O(3C)-C(16C)-N(2C) 121.1(3) 

O(3A)-C(16A)-N(2A) 124.5(4) O(3C)-C(16C)-C(17C) 119.8(3) 

O(3A)-C(16A)-C(17A) 118.7(4) N(2C)-C(16C)-C(17C) 119.1(2) 

N(2A)-C(16A)-C(17A) 116.6(4) C(18C)-C(17C)-C(22C) 117.8(3) 

C(18A)-C(17A)-C(22A) 118.5(3) C(18C)-C(17C)-C(16C) 116.0(3) 

C(18A)-C(17A)-C(16A) 114.9(3) C(22C)-C(17C)-C(16C) 126.2(3) 

C(22A)-C(17A)-C(16A) 126.4(4) C(19C)-C(18C)-C(17C) 120.4(3) 

C(17A)-C(18A)-C(19A) 119.8(4) C(18C)-C(19C)-C(20C) 121.7(3) 

C(20A)-C(19A)-C(18A) 121.5(4) C(18C)-C(19C)-N(3C) 119.3(3) 

C(20A)-C(19A)-N(3A) 119.9(4) C(20C)-C(19C)-N(3C) 119.1(3) 

C(18A)-C(19A)-N(3A) 118.6(4) O(4C)-N(3C)-O(5C) 123.0(3) 

O(5A)-N(3A)-O(4A) 123.8(4) O(4C)-N(3C)-C(19C) 118.8(3) 

O(5A)-N(3A)-C(19A) 118.0(4) O(5C)-N(3C)-C(19C) 118.2(3) 

O(4A)-N(3A)-C(19A) 118.3(4) C(21C)-C(20C)-C(19C) 119.1(3) 

C(21A)-C(20A)-C(19A) 120.1(4) C(20C)-C(21C)-C(22C) 120.3(3) 

C(20A)-C(21A)-C(22A) 119.4(4) O(6C)-C(22C)-C(21C) 122.3(3) 

O(6A)-C(22A)-C(21A) 121.0(4) O(6C)-C(22C)-C(17C) 117.0(3) 

O(6A)-C(22A)-C(17A) 118.3(3) C(21C)-C(22C)-C(17C) 120.7(3) 

C(21A)-C(22A)-C(17A) 120.6(4) C(22C)-O(6C)-C(23C) 118.7(2) 

C(22A)-O(6A)-C(23A) 119.7(4) O(1D)-C(1D)-C(2D) 116.6(3) 

O(1B)-C(1B)-C(10B) 122.7(3) O(1D)-C(1D)-C(10D) 122.4(3) 

O(1B)-C(1B)-C(2B) 116.8(3) C(2D)-C(1D)-C(10D) 121.0(3) 

C(10B)-C(1B)-C(2B) 120.5(3) C(3D)-C(2D)-C(1D) 118.3(3) 

C(3B)-C(2B)-C(1B) 118.1(3) C(3D)-C(2D)-C(11C) 120.6(3) 
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C(3B)-C(2B)-C(11A) 121.1(3) C(1D)-C(2D)-C(11C) 121.0(3) 

C(1B)-C(2B)-C(11A) 120.7(3) C(4D)-C(3D)-C(2D) 123.0(3) 

C(4B)-C(3B)-C(2B) 123.3(3) C(3D)-C(4D)-C(9D) 116.7(3) 

C(3B)-C(4B)-C(9B) 116.8(3) C(3D)-C(4D)-C(5D) 121.0(3) 

C(3B)-C(4B)-C(5B) 120.1(3) C(9D)-C(4D)-C(5D) 122.3(3) 

C(9B)-C(4B)-C(5B) 123.1(3) C(8D)-C(5D)-C(6D) 113.1(7) 

C(7B)-C(5B)-C(6B) 109.1(3) C(8D)-C(5D)-C(4D) 113.4(5) 

C(7B)-C(5B)-C(8B) 108.1(3) C(6D)-C(5D)-C(4D) 107.5(4) 

C(6B)-C(5B)-C(8B) 108.5(4) C(8D)-C(5D)-C(7D) 107.7(7) 

C(7B)-C(5B)-C(4B) 112.0(3) C(6D)-C(5D)-C(7D) 109.5(7) 

C(6B)-C(5B)-C(4B) 109.1(3) C(4D)-C(5D)-C(7D) 105.3(5) 

C(8B)-C(5B)-C(4B) 110.0(3) C(4D)-C(9D)-C(10D) 123.2(3) 

C(10B)-C(9B)-C(4B) 122.5(3) C(9D)-C(10D)-C(1D) 117.8(3) 

C(9B)-C(10B)-C(1B) 118.7(3) C(9D)-C(10D)-C(11D) 120.8(3) 

C(9B)-C(10B)-C(11B) 120.2(3) C(1D)-C(10D)-C(11D) 121.4(3) 

C(1B)-C(10B)-C(11B) 121.1(3) C(10D)-C(11D)-C(2A) 113.3(2) 

C(10B)-C(11B)-C(2C) 113.1(2) Cl(1)-C(1S)-Cl(2) 112.7(2) 

C(1C)-O(1C)-C(12C) 114.2(2)   

 

Table 0.43: Anisotropic displacement parameters (Å
2
 * 10

3
) for 64. The anisotropic 

displacement factor exponent takes the form: −2 gπ
2
 [ h

2
 a*

2
 U11 + ... + 2 h k a* b* U12]. 

Atom U11 U22 U33 U23 U13 U12 
O(1A) 20(1) 29(1) 47(1) −3(1) 11(1) −6(1) 

C(1A) 20(1) 26(1) 53(2) −3(1) 10(1) −2(1) 

C(2A) 28(1) 26(1) 53(2) 3(1) 8(1) −4(1) 

C(3A) 30(2) 30(2) 66(2) 6(1) 2(2) −3(1) 

C(4A) 23(2) 33(2) 90(3) 6(2) 17(2) −2(1) 

C(5A) 20(2) 49(2) 125(4) 13(2) 14(2) 2(1) 

C(6A) 21(4) 94(8) 120(10) 20(8) 7(5) 17(4) 

C(7A) 26(4) 61(5) 138(10) −25(6) 7(5) −17(3) 

C(8A) 24(4) 224(15) 78(6) 10(8) 22(4) 35(6) 

C(5X) 20(2) 49(2) 125(4) 13(2) 14(2) 2(1) 

C(6X) 28(4) 108(9) 160(12) 26(8) 2(6) 3(5) 

C(7X) 27(4) 59(5) 132(9) −2(6) 23(5) −9(3) 

C(8X) 30(5) 37(5) 280(20) −26(9) 59(10) 2(4) 

C(9A) 32(2) 35(2) 81(3) −5(2) 28(2) −1(1) 

C(10A) 31(2) 28(1) 62(2) −8(1) 19(1) −5(1) 

C(11A) 41(2) 38(2) 57(2) −17(2) 26(2) −9(1) 

C(12A) 26(1) 32(2) 57(2) −5(1) 14(1) −10(1) 

C(13A) 29(2) 45(2) 47(2) −7(1) 14(1) −10(1) 

O(2A) 34(1) 54(2) 80(2) 0(1) 13(1) −21(1) 

N(1A) 25(1) 55(2) 44(2) 2(1) 9(1) −9(1) 

C(14A) 32(2) 81(3) 46(2) 8(2) 6(2) −8(2) 

C(15A) 45(2) 84(3) 59(2) 5(2) 22(2) 1(2) 

N(2A) 43(2) 76(2) 53(2) −1(2) 14(1) 0(2) 

C(16A) 56(2) 61(2) 39(2) 2(2) 11(2) −2(2) 

O(3A) 72(2) 77(2) 84(2) −6(2) 45(2) 3(2) 

C(17A) 35(2) 81(3) 33(2) −2(2) 7(1) 4(2) 

C(18A) 42(2) 84(3) 33(2) 6(2) 8(2) 6(2) 

C(19A) 46(2) 87(3) 35(2) 11(2) 11(2) 7(2) 

N(3A) 75(2) 97(3) 61(2) 25(2) 27(2) 6(2) 

O(4A) 123(3) 91(3) 125(3) 15(2) 75(3) 20(2) 

O(5A) 83(2) 118(3) 110(3) 44(2) 56(2) 7(2) 

C(20A) 51(2) 103(3) 45(2) 14(2) 21(2) 8(2) 

C(21A) 56(2) 92(3) 44(2) 5(2) 22(2) 11(2) 

C(22A) 51(2) 79(3) 30(2) 1(2) 10(2) −7(2) 

O(6A) 75(2) 73(2) 65(2) −7(2) 29(2) 3(2) 
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C(23A) 113(4) 82(3) 71(3) −1(2) 36(3) 2(3) 

O(1B) 34(1) 40(1) 51(1) −4(1) 21(1) −5(1) 

C(1B) 29(1) 46(2) 35(2) −7(1) 12(1) −10(1) 

C(2B) 34(2) 44(2) 41(2) −14(1) 16(1) −11(1) 

C(3B) 35(2) 51(2) 48(2) −17(2) 20(1) −9(1) 

C(4B) 35(2) 58(2) 39(2) −12(2) 16(1) −14(2) 

C(5B) 44(2) 65(2) 59(2) −16(2) 32(2) −18(2) 

C(6B) 42(2) 101(3) 78(3) −8(2) 29(2) −10(2) 

C(7B) 70(3) 77(3) 96(3) −9(2) 54(3) −22(2) 

C(8B) 67(3) 100(3) 73(3) −32(2) 46(2) −27(2) 

C(9B) 40(2) 47(2) 35(2) −4(1) 14(1) −14(1) 

C(10B) 34(2) 44(2) 31(2) −5(1) 10(1) −5(1) 

C(11B) 35(2) 46(2) 37(2) 6(1) 13(1) −5(1) 

O(1C) 26(1) 32(1) 43(1) 1(1) 13(1) 1(1) 

C(1C) 29(1) 26(1) 42(2) 1(1) 13(1) −1(1) 

C(2C) 33(2) 33(2) 40(2) 4(1) 15(1) 1(1) 

C(3C) 37(2) 34(2) 45(2) 5(1) 20(1) −4(1) 

C(4C) 35(2) 31(2) 48(2) 2(1) 16(1) −1(1) 

C(5C) 46(2) 36(2) 57(2) −7(2) 20(2) −10(1) 

C(6C) 82(3) 42(2) 135(5) −22(2) 45(3) −13(2) 

C(7C) 55(2) 66(3) 98(3) 0(2) 5(2) −18(2) 

C(8C) 84(3) 97(4) 87(3) −9(3) 35(3) −55(3) 

C(9C) 41(2) 27(1) 44(2) −3(1) 18(1) 1(1) 

C(10C) 33(2) 25(1) 45(2) −1(1) 19(1) 4(1) 

C(11C) 40(2) 31(2) 40(2) −3(1) 19(1) −2(1) 

C(12C) 31(2) 36(2) 46(2) 8(1) 16(1) 6(1) 

C(13C) 31(2) 37(2) 43(2) 4(1) 13(1) 4(1) 

O(2C) 29(1) 53(1) 58(1) 14(1) 16(1) 7(1) 

N(1C) 27(1) 40(1) 51(2) 8(1) 15(1) 0(1) 

C(14C) 32(2) 45(2) 57(2) 11(2) 13(2) −5(1) 

C(15C) 36(2) 40(2) 53(2) 5(1) 21(2) −2(1) 

N(2C) 36(1) 40(1) 54(2) 7(1) 24(1) 1(1) 

C(16C) 26(1) 46(2) 38(2) 6(1) 11(1) 0(1) 

O(3C) 34(1) 47(1) 75(2) 10(1) 27(1) 1(1) 

C(17C) 22(1) 41(2) 33(2) 4(1) 6(1) 0(1) 

C(18C) 29(2) 46(2) 38(2) 8(1) 10(1) 5(1) 

C(19C) 31(2) 42(2) 38(2) 1(1) 7(1) 6(1) 

N(3C) 47(2) 51(2) 59(2) 0(1) 18(1) 8(1) 

O(4C) 76(2) 55(2) 116(3) 6(2) 63(2) 16(1) 

O(5C) 64(2) 48(2) 92(2) −18(1) 28(2) −1(1) 

C(20C) 30(2) 38(2) 48(2) −1(1) 8(1) −4(1) 

C(21C) 28(2) 43(2) 50(2) 2(1) 13(1) −4(1) 

C(22C) 25(1) 41(2) 32(2) 2(1) 7(1) 0(1) 

O(6C) 38(1) 38(1) 55(1) 0(1) 25(1) −2(1) 

C(23C) 36(2) 50(2) 58(2) −3(2) 26(2) −3(1) 

O(1D) 29(1) 31(1) 40(1) −3(1) 6(1) 2(1) 

C(1D) 33(2) 35(2) 35(2) 0(1) 12(1) −4(1) 

C(2D) 43(2) 34(2) 37(2) 1(1) 19(1) −4(1) 

C(3D) 65(2) 36(2) 35(2) −3(1) 19(2) −11(2) 

C(4D) 67(2) 47(2) 33(2) 0(1) 7(2) −14(2) 

C(5D) 111(4) 56(2) 41(2) −1(2) −6(2) −27(2) 

C(6D) 120(9) 65(5) 60(5) −6(4) −16(5) −42(5) 

C(7D) 178(11) 95(7) 37(4) −18(5) 17(5) −10(7) 

C(8D) 111(9) 69(5) 67(7) 13(4) −38(7) −41(6) 

C(5Y) 111(4) 56(2) 41(2) −1(2) −6(2) −27(2) 

C(6Y) 240(30) 63(9) 68(10) −30(8) −51(13) 12(12) 

C(7Y) 170(20) 136(17) 45(8) 23(9) −41(13) −72(18) 

C(8Y) 78(12) 320(40) 94(13) −90(20) 4(9) −82(18) 

C(9D) 54(2) 41(2) 41(2) 9(1) 4(2) −8(2) 

C(10D) 36(2) 35(2) 40(2) 4(1) 10(1) −3(1) 

C(11D) 32(2) 33(2) 43(2) 7(1) 5(1) −2(1) 
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C(1S) 45(2) 46(2) 84(3) −7(2) 7(2) 1(2) 

Cl(1) 89(1) 75(1) 81(1) 5(1) 37(1) 0(1) 

Cl(2) 118(1) 158(2) 82(1) 20(1) 52(1) 43(1) 

O(1W) 56(3) 100(5) 49(3) 16(3) 18(3) 38(3) 

O(2W) 90(4) 45(3) 176(7) 27(4) 93(5) 23(3) 

O(3W) 84(5) 181(9) 96(6) −19(6) 12(5) −28(6) 

O(4W) 69(4) 93(5) 114(6) 0(4) 29(4) 17(4) 

O(5W) 124(6) 65(4) 79(4) −3(3) 46(4) 10(4) 

O(6W) 169(10) 125(8) 83(6) 7(5) 2(6) 2(7) 

O(7W) 243(13) 105(7) 125(8) 29(6) 81(8) 98(8) 

O(8W) 54(6) 106(9) 144(12) −10(8) 35(7) −28(6) 

O(9W) 60(10) 138(18) 220(30) −140(20) −59(13) 19(11) 

 

Table 0.44: Hydrogen coordinates (*104) and isotropic displacement parameters (Å2 * 103) for 

64. 

Atom x y z U(eq) 
H(3A) 1117 2701 −1061 54 

H(6A1) 431 4452 −556 124 

H(6A2) −153 3957 −932 124 

H(6A3) 357 3821 −1170 124 

H(7A1) −252 2064 −900 120 

H(7A2) 261 1373 −513 120 

H(7A3) 259 1905 −1135 120 

H(8A1) 396 3722 351 161 

H(8A2) 298 2510 412 161 

H(8A3) −190 3220 −7 161 

H(6X1) 271 1986 −1311 159 

H(6X2) 320 3199 −1420 159 

H(6X3) −238 2736 −1371 159 

H(7X1) 335 1323 −330 111 

H(7X2) −234 1929 −468 111 

H(7X3) 225 1998 194 111 

H(8X1) 454 4373 −520 171 

H(8X2) 296 4008 57 171 

H(8X3) −153 3956 −612 171 

H(9A) 1155 2788 673 57 

H(11A) 2087 3080 1509 52 

H(11B) 2617 2684 1362 52 

H(12A) 2806 4110 660 46 

H(12B) 2972 3967 60 46 

H(1A) 3550 2185 1111 50 

H(14A) 4593 2713 1320 66 

H(14B) 4422 3242 1851 66 

H(15A) 4861 1677 2162 74 

H(15B) 4396 1098 1625 74 

H(2A) 4034 2126 2476 69 

H(18A) 3617 −931 2825 65 

H(20A) 2479 247 3483 78 

H(21A) 2681 1903 3252 75 

H(23A) 3260 3933 2750 131 

H(23B) 3200 3335 3326 131 

H(23C) 2727 3242 2675 131 

H(1B) 3068 359 1205 60 

H(3B) 1493 1838 1765 52 

H(6B1) 597 1170 1482 107 

H(6B2) 256 367 1739 107 

H(6B3) 509 8 1230 107 
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H(7B1) 1003 −1445 1899 112 

H(7B2) 728 −1088 2389 112 

H(7B3) 1381 −1212 2587 112 

H(8B1) 1196 1512 2559 111 

H(8B2) 1501 570 2985 111 

H(8B3) 848 686 2790 111 

H(9B) 1856 −1191 1899 48 

H(11C) 2669 −1826 1764 47 

H(11D) 3101 −1036 1649 47 

H(3C) 1927 −2556 874 44 

H(6C1) 2074 −4687 −148 127 

H(6C2) 1878 −4161 −809 127 

H(6C3) 1479 −4946 −626 127 

H(7C1) 868 −2498 −576 117 

H(7C2) 752 −3617 −888 117 

H(7C3) 1150 −2824 −1066 117 

H(8C1) 1629 −4214 608 131 

H(8C2) 1044 −4481 112 131 

H(8C3) 1146 −3373 438 131 

H(9C) 2101 −2460 −777 44 

H(11E) 2967 −1686 −867 42 

H(11F) 3274 −821 −378 42 

H(12C) 3765 −1869 648 44 

H(12D) 3936 −1362 1314 44 

H(1C) 3707 425 305 47 

H(14C) 4780 793 361 54 

H(14D) 4384 1709 423 54 

H(15C) 4350 629 −652 50 

H(15D) 3785 1102 −624 50 

H(2C) 4623 2244 −760 49 

H(18C) 3753 4804 −304 46 

H(20C) 4741 6787 −795 48 

H(21C) 5137 5411 −1138 48 

H(23D) 5437 2958 −1510 68 

H(23E) 5637 3972 −1100 68 

H(23F) 5168 4058 −1755 68 

H(1D) 2874 1544 −133 52 

H(3D) 2182 −1226 −1726 54 

H(6D1) 1287 −1545 −2234 140 

H(6D2) 812 −1247 −2857 140 

H(6D3) 833 −702 −2232 140 

H(7D1) 2000 −1186 −2718 162 

H(7D2) 2026 −66 −3000 162 

H(7D3) 1542 −850 −3345 162 

H(8D1) 1344 1252 −2993 149 

H(8D2) 872 1053 −2702 149 

H(8D3) 845 487 −3323 149 

H(6Y1) 1493 −1750 −2461 224 

H(6Y2) 1869 −1285 −2823 224 

H(6Y3) 1222 −1420 −3161 224 

H(7Y1) 1168 395 −3437 205 

H(7Y2) 1800 629 −3062 205 

H(7Y3) 1327 1291 −2933 205 

H(8Y1) 807 −647 −2208 257 

H(8Y2) 547 −312 −2908 257 

H(8Y3) 744 553 −2388 257 

H(9D) 1596 1675 −1967 58 

H(11G) 2001 3014 −1271 45 

H(11H) 2568 2802 −735 45 

H(1S1) 1482 706 −33 74 

H(1S2) 1724 −440 −9 74 
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