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Abstract

Hydrogen-Organic frameworks (HOFs) are supramolecular materials constructed by

linking organic molecules through intermolecular hydrogen bonds. HOFs are a light-

weight alternative to MOFs and have been shown to be effective in a wide range of

applications including gas uptake. HOFs are commonly formed from rigid organic

building units as this can promote strongly directional hydrogen bonding and frame-

work stability, creating permanently porous structures. However, the field of flexible

HOFs has yet to be thoroughly explored. This thesis will present work towards the

synthesis of flexible hydrogen bonded materials.

The origin of HOF materials and an examination of hydrogen bonding interactions is

discussed in Chapter 1.

Chapter 2 describes the design, synthesis and characterisation of the flexible or-

ganic compound 2,2’,5,5’-tetrakis(2’’-carboxyethyl)butadiene sulfone (H4L1) and the

attempted synthesis of 2,2’,5,5’-tetrakis(4-carboxybenzyl)butadiene sulfone (H4L2).

H4L1 was synthesised in two steps and was characterised using NMR and IR spec-

troscopy and microanalysis. H4L1 contained a butadiene sulfone core which un-

dergoes a retro-Diels Alder reaction to produce the corresponding diene. This was

supported by thermogravimetric analysis (TGA). The precursor 2,2’,5,5’-tetrakis(4-

iodobenzyl)butadiene sulfone (7) was synthesised in three steps and a variety of reac-

tions were attempted to add a carboxyl functionality, however, only trace amounts of

the desired compound were able to be isolated.

Chapter 3 presents the X-ray crystal structures of ten polymorphic and pseudopoly-

morphic structures (H4L1 to H4L10) of the compound H4L1. These structures were

found to contain different H4L1:solvent ratios and hydrogen bonding motifs which

resulted in vastly different assemblies. The structures were further analysed using

powder X-ray diffraction and DFT calculations. Exposure experiments to air, vac-
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uum, temperature and solvents were also carried out in attempt to transition from

one structure to another. While solvent was unable to be removed from a structure,

solvent exchange of MeCN to acetone and acetone to H2O was achieved.

Chapter 4 further explores hydrogen bonding interactions by using charge-assisted hy-

drogen bonding in an attempt to extend the structures of H4L1. The H4L1 compound

was deprotonated and then reacted with amidinium hydrochloride salts to produce

the structures L1-1-1, L1-1-2, HL1-1-1 and L1-2-1. These structures were analysed

using single crystal and powder X-ray diffraction.
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Chapter 1

Introduction

1.1 Supramolecular Chemistry

The field of supramolecular chemistry was established in the 1970s by Jean-Marie

Lehn. It is defined as the ‘‘chemistry of molecular assemblies and of the intermolecular

bond” or, more eloquently the, ‘‘chemistry beyond the molecule.”1--3 Supramolecular

chemistry moves away from the traditional focus of two or more atoms held together

by covalent bonds and instead concentrates on the association of two or more chemical

species held together by intermolecular forces.2,4 Just as molecules are formed via the

connection of atoms through covalent bonds, supramolecular compounds can be formed

by linking molecules together through non-covalent, intermolecular interactions such

as coordination, van der Waals, dipole-dipole, π−π or hydrogen bonding interactions.3

Supramolecular chemistry relies on these interactions to interact via predetermined

patterns of directional bonding. This phenomenon is known as self-assembly and is

utilised by the supramolecular chemist to control and organise multiple components

into complex materials.5 Fundamental to supramolecular chemistry is molecular recog-

nition which allows for the phenomenon of self-assembly to occur.3 Molecules can store

information about energy and binding preferences in their architectures. Molecular

recognition is the specific interaction between two or more molecules, which exhibit

molecular complementarity, based on this stored information.

1.2 Supramolecular Nanoporous Materials

Supramolecular chemistry has been widely used to synthesise supramolecular nanoporous

materials. These materials are 2D or 3D frameworks which contain pores with the
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capability of hosting guest molecules. The ability of nanoporous materials to capture

guest molecules has made them an attractive area of research. They have been ex-

ploited for a broad range of applications including: gas storage and separation, catalysis,

energy storage and optoelectronics.6 The first supramolecular nanoporous materials

to be established were porous coordination polymers (PCPs), defined by Hoskins and

Robson in 1989.6--8

PCPs are infinite systems which self-assemble from the elementary units, metal ions

and organic ligands. These can be considered as building blocks.7,9--13 Organic ligands

act as linking units between metal ion nodes which are held together with weak co-

ordination bonds and other weaker chemical interactions such as hydrogen bonding,

π − π stacking and van der Waals forces.7,9--12 The self assembly of PCPs is based on

these complementary and explicit interactions between the building blocks to generate

the final product.9,14 The building blocks form small molecular units in solution via

these interactions and then, thanks to the self-assembly process, PCPs grow based

on the same interactions (Figure 1.1).9,10 The organic linker and metal ion have

great influence over the final product. Therefore, the final structures of PCPs are

dependent on the combination of building blocks and their compatibilities and the

conditions used.9,15--17 Having control over the building units allows for the pore size

of the resulting PCPs to be tunable and the internal surface properties to be adjusted

as desired.10,18 Judicious choice of building blocks can result in the assembly of a

pre-determined structure. This is known as reticular synthesis.

Figure 1.1: Cartoon showing the formation of PCPs. This image was taken directly from
the publication.9

PCPs which have the ability to maintain a permanently porous structure were termed

metal-organic frameworks (MOFs) by Yaghi in 1999 when he published his seminal

work of the synthesis of MOF-5 (Figure 1.2). MOF-5 remains crystalline and sta-
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ble when fully desolvated. The MOF-5 crystal consists of 80% free-space with the

framework atoms occupying only a small fraction of the available space. Li and Yaghi

reported that spheres with diameters of 15.1 Å and 11.0 Å could fit inside the large

and small cavities, respectively.19

Figure 1.2: Cartoon showing MOF-5 and the large amount of available space in the cavity
(shown by the yellow sphere). This image was taken directly from the publication.19

In 2005, Yaghi extended the field of nanoporous materials to include purely organic

polymer networks or porous organic molecular frameworks (POMFs).6,20 One way to

form a POMF is to use covalent bonds in the place of co-ordination bonds, making a

covalent-organic framework (COF). Yaghi formed porous frameworks from diboronic

acids connected via covalent bonds to produce the first examples of COFs (Scheme

1.1).6,20 COFs are crystalline structures which utilise covalent bonding to form porous

frameworks. Since the publication of these initial works, the chemical synthesis of

COFs has progressed dramatically. Like their inorganic MOF counterparts, they show

a great potential for a range of functions. One of the main attractions of COFs over

MOFs is that they retain stability through covalent bonds rather than coordination

bonds with heavy metallic components. This makes their composition inherently light-

weight in comparison to that of MOFs. COFs therefore, can have low mass densities

while providing permanent porosity, although they can be thermally sensitive.6,21
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Scheme 1.1: COF-1 formed from covalent bonding between diboronic acids and COF-5
formed from diboronic acid and hexahydroxy triphenylene. This image was taken directly
from the publication.20

1.2.1 Hydrogen-Organic Frameworks

Recognition of the many advantages of POMFs such as their low density frameworks,

low toxicity, mild synthetic conditions and ability for controlled assembly has garnered

much interest.22,23 Aside from using covalent bonds to form POMFs, as is used in the

formation of COFs, a popular approach is to employ hydrogen bonding. POMFs which

employ hydrogen bonds to form a framework with permanent porosity were termed

hydrogen-bonded organic frameworks (HOFs) by Chen.24,25 HOFs are supramolecular

materials constructed by linking organic molecules through intermolecular hydrogen

bonds.23,26,27 They are typically synthesised through self-complementary recognition

motifs which consist of an organic scaffold, or building block, and hydrogen bonding

interaction sites. Additionally, linkers or spacers may be used to further extend the

framework or to add functionality.26,28 Common hydrogen bonding motifs include

carboxylic acids, amides and diaminotriazines.27,29--33 The hydrogen bonds can be
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further reinforced by other weaker interactions such as π−π, C-H· · ·π, van der Waals

and dipole - dipole interactions.24,34

The important concerns for constructing a HOF by rational design are porosity, frame-

work rigidity and material stability.24,28,35 To achieve this a suitable building block is

required.26 The strength of the scaffold and number of hydrogen bonding sites play a

crucial role in the stability and porosity of HOF materials.26 Commonly, HOFs com-

prised of rigid and directional building units are demonstrated to possess permanent

porosity. Hydrogen bonding units are found to be more rigid and directional than

single hydrogen bonding, donor/acceptor pairs. Following this, libraries of rigid organic

backbones with multiple hydrogen bonding interaction sites have been synthesised

(Figure 1.3).24

Figure 1.3: A sample of the organic building blocks which have been utilised in the assembly
of HOFs. They are rigid and contain a number of directional hydrogen bonding interaction
sites. This image was taken directly from the publication.24

While MOFs and COFs are sustained through strong covalent (C-N, C=N) and co-

ordination (M-O, M-N) bonds, HOFs are self-assembled through relatively weak and

reversible interactions giving HOFs unique characteristics.22,24--26,36 Like COFs, the

lack of heavy metal ions required to form a framework produces a light-weight material

and a relatively high theoretical pore volume on a weight basis.26,37,38 In terms of
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thermal and chemical stability, HOFs are comparable to MOFs and COFs.24 In spite

of the relatively weak interactions which underpin their frameworks, HOFs have been

shown to be surprisingly stable and have been employed for a range of applications

such as gas storage and separation, proton conducting, fluorescence and molecular

sensing.26,28,39--45 The reversible nature of hydrogen bonding makes obtaining high

quality single crystals easily achievable which is advantageous, not only for structure

determination, but also to probe structure-property relationships. Most noticeably,

this reversibility enables recrystallisation, or regeneration, of the original HOF after

the removal of guest solvent molecules.22,24--26,36,46

The earliest example of a HOF was presented by Duchamp in 1969 who reported a

continuous 3D network. The network is comprised of large, interpenetrated, ‘‘chicken-

wire” rings and is formed by six molecules of trimesic acid bonded together through

pairs of O-H· · ·O hydrogen bonds (Figure 1.4).26,29

Figure 1.4: Stereographic photographs showing: top: the ‘‘chicken-wire” rings formed by
trimesic acid and bottom: two of the rings interpenetrating to form a 3D network. This
image was taken directly from the publication.29
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The field of HOFs stagnated until the 1980s when Ermer published the structure of

adamantane-1,3,5,7-tetracarboxylic acid. The structure forms as a hollow hydrogen

bonded diamonoid lattice with large, empty cavities (Figure 1.5). These cavities are

interpenetrated with five equivalent lattices.30

Figure 1.5: The hollow, hydrogen bonded diamonoid lattice formed from molecules of
adamantane-1,3,5,7-tetracarboxylic acid.

This work was soon followed by that of Wuest’s, who created a library of HOF ma-

terials. These HOFs were later shown to possess remarkable permanent porosity and

adsorption capability by Chen and co-workers and were amongst the first examples

of HOF materials shown to exhibit permanent porosity as established by gas sorption

isotherms.22,24,33,47--52 For example, HOF-8, formed from N, N’, N’’-tris-(pyridin-4-yl)

benzene-1,3,5-tricarboxamide, is a thermally stable material and is able to adsorb CO2

(Figure 1.6).
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Figure 1.6: Top: The building unit, N, N’, N’’-tris-(pyridin-4-yl) benzene-1,3,5-
tricarboxamide, used to synthesise HOF-8. Bottom: The 3D supramolecular structure of
HOF-8 as synthesised by Wuest (left) and gas adsorption isotherms of activated sample
HOF-8 at 298 K (right). This image was adapted from the publication.22

Since this establishing work interest in HOFs has flourished and a number of stable

frameworks have been employed for a range of applications. In 2010, the Nottingham

group synthesised a HOF using 1,4-bis(4’-((3,5-dicyano-2,6-dipyridyl)dihydropyridyl)

benzene as a building block (Figure 1.7).21

Figure 1.7: The building block, 1,4-bis(4’-((3,5-dicyano-2,6-dipyridyl)dihydropyridyl)benzene.21

This building block consists of pyridyl, amino and cyano groups which form a variety of

strong hydrogen bonds. These strong hydrogen bonds provide the HOF with thermal

stability. The 3D crystalline structure is thermally stable until just under 450 K.21

The Nottingham group also synthesised a HOF from the more bulky building block,
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9,10-bis-(4-((3,5-dicyano-2,6-dipyridyl)dihydropyridyl)phenyl)anthracene (Figure 1.8).

The inclusion of the polyaromatic group in the building block was shown to increase

the thermal stability of the resulting HOF in comparison to the HOF formed from

the prior 1,4-bis(4’-((3,5-dicyano-2,6-dipyridyl)dihydropyridyl)benzene building block.

The increased role of π − π stacking in cooperation with hydrogen bonding reinforces

the structural framework. The resulting framework is stable until just under 700 K

and additionally, can adsorb N2 gas at 125 K with a capacity of 143 cm3 g−1.21,26

Figure 1.8: a) The molecular building block, 9,10-bis(4-((3,5-dicyano-2,6-
dipyridyl)dihydropyridyl)phenyl)anthracene. b) View of the 3D hydrogen bonded
framework. c) Side-view of the nanochannel in the framework. The yellow shapes represent
available space in the framework. This image was taken directly from the publication.21

Carboxylic acids remain one of the most popular hydrogen bonding motifs used in the

synthesis of single component HOFs. In 2017, Yuans’s group reported a robust 3D

framework assembled from the acid, 3,3’,5,5’-tetrakis(4-carboxyphenyl)-1,1’-biphenyl

(Figure 1.9).53 To form the network, each tetrahedral molecule connects with four

adjacent motifs through four pairs of strong, intermolecular -COOH···HOOC- hydrogen

bonds. In addition to this, there is also a strong π − π stacking interaction between

the two parallel phenyl rings of adjacent molecules. The resulting HOF is five-fold

interpenetrated and is stable up to 668 K. Despite the interpenetration, the HOF

contains a large, permanent 1D rhombic channel (17.81 × 26.34 Å). The HOF is able
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to uptake N2 at 77 K with a saturation of 535 cm3 g−1.26,53

Figure 1.9: a) The molecular structure of 3,3’,5,5’-tetrakis(4-carboxyphenyl)-1,1’-biphenyl.
C=grey, O=red and H=blue, b) The five-fold interpenetration of the HOF and c) A repre-
sentation of the 1D channels which run along the a-axis of the HOF. This image was taken
directly from the publication.53

HOFs formed from carboxylic acids have also been developed for optical applications.

Large conjugated π systems, which are often present in the building blocks, make HOFs

very promising luminescent materials.24 For example, since 2015 Hisaki and co-workers

have been developing a series of HOFs using a range of C3-symmetric polycarboxylic

acids for applications in fluorescence and luminescence (Figure 1.10).24,42,54--58
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Figure 1.10: Some of the C3-symmetric polycarboxylic acids used to form a variety of
hydrogen bonded, hexagonal networks.42

These HOFs are assembled through carboxylic acid dimers, π − π stacking and C-H···π
interactions to give open frameworks with two types of accessible pores, triangular

and non-regular hexagonal. The HOFs each show different fluorescence spectra with

maxima at 416-546 nm and quantum yields of 5.5-25%. Additionally they display high

uptake capacity for several hydrocarbons.24,42,54--58

Figure 1.11: The hexagonal networks assembled from the C3-symmetric polycarboxylic
acids of: triphenylene (blue), hexadehydrotribenzo[12]annulene (green), dodecadehydro-
tribenzo-[18]annulene (yellow) and phenylene ethynylene (red). This image was taken directly
from the publication.42

11



Despite the progress in this field, chemists still face a number of challenges when at-

tempting to synthesise HOFs. While there are many examples of hydrogen bonded ma-

terials which have arisen in the last two decades the number which exhibit permanent

porosity is limited.26,36,59 Synthetic routes towards HOFs are neither as predictable

nor as general as is the case for related network solids such as MOFs or COFs.20,45,60--62

While synthetic strategies using recognition motifs have been adopted, this has not

reliably realised large families of structurally related materials.45 Attempts to predict

how even the simplest molecular framework will pack can be difficult due to the flexi-

bility of the intermolecular forces which form the framework.22,36,63--65 Furthermore,

molecular solids will generally pack to maximise attractive interactions hence, min-

imising void space. Those which are held together by van der Waals packing forces

typically express close intermolecular contacts such as π−π stacking between aromatic

rings.66--69 In fact, for all nanoporous materials prepared by a solvent based synthesis,

porosity does not occur spontaneously but is achieved through the removal of included

solvent molecules from inside the material. Evacuation has a high thermodynamic cost

due to the creation of an internal surface. As a result of this, many HOF materials

collapse upon removal of guest solvents. They lack a covalent or coordinate framework

and rely upon weak supramolecular interactions and therefore, cannot accommodate

this thermodynamic cost.22,69--71

In addition to these challenges, the synthesis of HOFs also faces the ‘‘polymorph

issue”.24,72 Polymorphism, the existence of a compound occupying two or more crys-

tal forms, is widespread in the HOF field.72 This arises from the labile nature and

the long bonding distances of hydrogen bonds.24 This flexibility can lead to multiple

polymorphs with negligible thermal energy difference.24 As HOFs are subject to this

issue, their crystallisation is sensitive to solvents, templates, variations in concentra-

tions and temperatures and can result in both thermodynamic and kinetic products.24

Consequently, crystallisation at high concentrations for short times might give kinetic

polymorphs while to obtain a thermodynamic phase a slower crystallisation rate and

an increase in thermal energy to overcome activation energy barriers between various

polymorphs is favoured.24

Competent design of a permanently porous HOF therefore, requires careful considera-

tion and design of the scaffold and hydrogen bonding sites.26 The versatility of organic

synthesis allows for facile modulation of the scaffold and the interactions which can

then be manipulated to influence stability, pore size and functionality.36 To create

predictably ordered crystalline frameworks, in spite of the weak and flexible nature of

these interactions, the underlying supramolecular chemistry and its implications must

be well understood.
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1.3 Crystal Engineering

Of particular interest to the supramolecular chemist is the consideration of crys-

talline structures.73 While supramolecular chemistry studies the assembly of discrete

supramolecules or polymeric structures one must also consider how these molecular

units assemble together to form crystalline solids. This field of interest has become

known as crystal engineering.74,75 A crystal is a very specific type of molecular assem-

bly and why molecules associate with each other in certain ways should be explored.5

Crystal engineering is therefore defined as, ‘‘the understanding of intermolecular in-

teractions in the context of crystal packing.”5 Crystal engineering demonstrates how

to bring molecules together into a predetermined structure through the ‘‘utilisation

of such understanding in the design of new solids with desired physical properties.”5

Through study and exploration of how molecules pack, reliable motifs of association

between certain molecules have been established. This leads to an effective strategy for

engineering crystals which is to build them from molecules which have well-defined ge-

ometries and can engage in intermolecular interactions according to these motifs.76--78

Building up a crystal is considered a stepwise process therefore, the interactions which

bring molecules together must be considered from the first step (Scheme 1.2).75 When

the geometries and interactions of molecules are created to co-ordinate with one an-

other the position of each molecule, relative to its neighbour, can be determined with

a high degree of accuracy making it possible to engineer and reticularly synthesise

crystals.76

Scheme 1.2: The step-wise process involved in the formation of a crystal.75

1.4 Supramolecular Synthons and Tectons

Supramolecular synthons and tectons provide insight into how molecules might as-

semble to form crystalline structures. A tecton is a molecule which has identifiable

points of strong and directional linkages to other molecules lending itself towards easy

retrosynthetic depiction.5 They can be considered as active building units which bear

recognition information and are, therefore, capable of recognising each other (Figure

1.12).77 This recognition and their inherent suitability for crystal engineering sets

them apart from other molecules.78 While most molecules favour the formation of

close-packed structures, the use of tectons can produce open frameworks with the

capacity for guest inclusion.78,79 This arises as tectons cannot usually form crystals

where the packing and specific directional forces are both optimised. Strong direc-

tional forces dominate crystal formation and tectons, which are rigid and awkwardly
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shaped, inherently resist close-packing resulting in the formation of highly porous

structures.78,80,81

Figure 1.12: Cartoon showing how tectons can be designed to recognise each other and
form multi-dimension frameworks. This image was taken directly from the publication.77

A synthon is a structural unit within a crystal which can be assembled by known or con-

ceivable synthetic procedures involving intermolecular interactions. Useful synthons

are simple and occur frequently such that they can be easily formed from well-known

functional groups. Essentially, they are patterns of interacting groups and function-

alities which are composed of molecular and supramolecular elements. In a crystal,

various patterns can be identified and these patterns may be repeated in other crystals

which contain molecules with similar functional groups. When crystal patterns repeat

regularly they are then labelled as supramolecular synthons.72 While the forces which

combine to create an organic crystal are an intricate blend of isotropic and anisotropic,

short range and long range and polar and non-polar interactions it has been repeatedly

observed that supramolecular synthons display an obvious pattern preference.72 A

reliable synthon is one which can be disconnected to yield a whole set of molecules

which will, most likely, assemble and return to that particular synthon upon crystalli-

sation. Therefore, synthons which employ strong and directional bonds are the most

useful in crystal engineering strategies.5 Typical synthons include carboxylic acids,
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amides and boronic acids (Figure 1.13).72,82,83

Figure 1.13: Representations of some common supramolecular synthons: a) carboxyl dimer,
b) carboxyl catemer, c) amide dimer, d) amide tetramer e) boronic acid dimer.5

One of the most common supramolecular synthons reported in the literature is the

carboxyl dimer synthon.5 As can be observed from the crystal structure of benzoic

acid, the acid dimer, which is formed from pairs of O· · ·H-O hydrogen bonds, is the

operative synthon. By extending this synthon to terephthalic acid one can deduce

that the crystal structure will form a 1D chain through these dimers. This logic can be

carried through to 2D and 3D structures such as the structures of trimesic acid, which

forms a planar, ‘‘chicken-wire” network, and to adamantane-1,3,5,7-tetracarboxylic

acid, which forms a 3D network (Figure 1.14).5,29,30
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Figure 1.14: Building up the dimensionality of a crystal using the same synthon.5

A synthon is the outcome of early recognition events between molecules before the

formation of a crystal. To attempt to predict which synthon may or may not form,

the intermolecular interactions, which are the primary reason for specific recognition,

need to be understood.75

1.5 Intermolecular Interactions

The rational design of crystals requires an in-depth and comprehensive understanding

of the intermolecular interactions which occur between molecules. With the goal of

designing or modifying molecules to utilise these interactions in a systematic fashion,

there must first be an assessment of the energetic and spatial attributes of intermolec-

ular forces which govern the resulting molecular structures.72,75 Molecules may be

subject to a variety of interactions and forces. In a brief definition; interactions are

described in terms of energies and the use of the terms ‘‘stabilising” and ‘‘destabilis-

ing”, while forces are described using the terms ‘‘attractive” and ‘‘repulsive” (Figure

1.15).5
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Figure 1.15: Potential energy diagram for an intermolecular interaction.5

Interactions can occur through a variety of mechanisms each with their own strength

and directional preferences.84,85 These interactions include van der Waals interac-

tions, dipole-dipole interactions, π − π stacking, hydrogen bonding and halogen bond-

ing.72,84,86--91 In a crystal structure a variety of strong and weak intermolecular interac-

tions co-exist, defining the 3D network of the molecules (Figure 1.16).72 To effectively

design the topology of molecules in a structure, interactions should ideally be both

strong and directional.72 The distance dependence of an interaction should also be

considered as it is pertinent to the events which precede nucleation and crystallisation.

Hence, the interaction should be able to function at longer distances.72

Figure 1.16: Relative strengths of common intermolecular interactions. This image was
taken directly from the publication.92

The strength of an interaction may be its most prominent property, however, in contrast

to intramolecular interactions, intermolecular interactions are considered relatively

weak.5 In fact, many of the interactions considered essential in the context of crystal
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packing have strengths within the feeble range of 2-20 kJ mol−1. As a result of this, the

energetic factors which establish a crystal are subtle and are the result of a compromise

between the demands of multiple weak interactions.5

Perhaps most vital to crystal design is the directionality of an interaction. Command

over directionality can provide specific and pre-desired intermolecular interactions.5

Interactions are either isotropic, without directionality, or anisotropic, with direction-

ality.5 Isotropic, or van der Waals, interactions are medium range forces which define

molecular shape, size and close-packing. They are dispersive and attractive interactions

and generally include C-C, C-H and H-H interactions.72,74 Anisotropic interactions, on

the other hand, have extra chemical attributes which arise from the specific electronic

distributions around atoms.5 They are long-range forces, electrostatic in nature and

generally involve heteroatoms.74 Anisotropic interactions include strongly directional

hydrogen bonds (O-H· · ·O, N-H· · ·O), weakly directional hydrogen bonds (C-H· · ·O,

C-H· · ·N) and other weak forces such as halogen· · ·halogen bonds.72 The molecular

recognition required for profitable crystal design entails strongly directional prefer-

ences in the mutual approach of molecules in solution or during crystallisation and

it follows that this is most conveniently realised through anisotropic interactions.72

‘‘It is the anisotropic character of interactions in a crystal structure that allows one

to suggest design strategies for crystals of related molecules.”74 Hydrogen bonding is

the most important anisotropic interaction in molecular crystals.34,74,75

1.5.1 Hydrogen Bonding

Desiraju has titled hydrogen bonding as, ‘‘the master key for molecular recognition.”74

Hydrogen bonding well deserves this accolade as the interaction is privy to a Goldilocks

combination of strength, distance dependency and directional properties making it a

highly versatile, reliable and reversible tool in a crystal engineer’s toolbox.5 While the

definition of a hydrogen bond has fluctuated in the past, an open interpretation of it

remains as, ‘‘an attractive interaction between a hydrogen atom from a molecule or

molecular fragment, D-H, in which D is more electronegative than H, and an atom or

group of atoms in the same or a different molecule, in which there is evidence of bond

formation.”5,75,93,94 A typical hydrogen bond is represented by the notation D-H· · ·A,

where D is a donor atom covalently bound to the hydrogen atom, A is an acceptor

atom and the three dots signify a bond.5
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In 1990 Margaret Etter surveyed intermolecular contacts in the Cambridge Crystal

Database and established empirical rules for determining preferred hydrogen bonding

modes in organic solids:94,95

1. All good proton donors and acceptors are used in hydrogen bonding.

2. Six-membered-ring intramolecular hydrogen bonds form in preference to

intermolecular hydrogen bonds.

3. The best proton donors and acceptors remaining after intramolecular hydrogen

bond formation, form intermolecular hydrogen bonds to one another.

These rules are based on energetically favoured intermolecular recognition, however,

exceptions are common and these should be considered as guidelines rather than formal

rules.94 When these rules are applied in conjunction with strength, directional and

distance parameters, a reasonable attempt at predicting hydrogen bonding motifs can

be made.

1.5.1.1 Strength of hydrogen bonds

The strength, or energy, of a hydrogen bond can be measured in terms of enthalpy

(H ). As the formation of a hydrogen bond correlates to a loss of entropy, ∆S is always

negative (Equation 1.1).94,96 Depending on the enthalpy, a hydrogen bond can be

(loosely) described as strong (60-170 kJ mol−1), moderate (20-60 kJ mol−1) or weak

(0-20 kJ mol−1).94

∆G = ∆H − T∆S = −RT lnKa (1.1)

In strong hydrogen bonds the donor atom is highly electronegative (F, O, N) and

removes the electron density almost entirely from the hydrogen atom.72 This leaves

the hydrogen atom with a significant, non-formal, positive charge, and the overall

bond with a highly covalent nature.72,97,98 Weaker hydrogen bonds (C-H· · ·O,

C-H···N) are more electrostatic in nature as the electronegativities of the donor and the

acceptor atoms are reduced. Typically the donor is a carbon atom and the acceptor is a

multiple bond such as an alkene or an aromatic ring. It has previously been questioned

whether weak hydrogen bonds maintained enough ‘‘hydrogen bond characteristic”

to be considered as such. However, experimental and theoretical evidence suggests

that they display several significant properties of a hydrogen bond, namely and most
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importantly directionality. Hence, they still play a substantial role in the outcome of

crystal packing.5,34,72,99

1.5.1.2 Distance dependence of hydrogen bonds

The complex character of the hydrogen bond interaction, which is composed of sev-

eral different constituents of varying natures, can be described as a sum of multiple

components (Equation 1.2).34

Etotal = Eelectrostatics + Epolarisation + Echarge transfer + Edispersion + Eexchange repulsion

(1.2)

The distance (and angular) characteristics of these components are all very different

and the electrostatic term, which is of long range and directional, diminishes the slowest

of all the constituents with increasing distance.34 Hydrogen bonds have an inverse

distance dependence of r−1 where r is the interatomic separation and is approximately

proportional to the size of the molecule.5 Therefore, in comparison to many isotropic

stabilising interactions which have an approximate inverse distance dependence of

r−6, a hydrogen bond’s electrostatic interaction falls away much more gradually than

interactions with dispersive character. As a result of this, the hydrogen bond potential

for any donor-acceptor combination is dominated by electrostatics at long distances

and hydrogen bond interactions are viable at much longer distances than the van

der Waals limit.5,34 This allows strong and even weak hydrogen bonds to have an

orientating effect on molecules prior to nucleation and their directional preferences are

maintained in the final crystal structure.5 Strong hydrogen bonds have typical D· · ·A
values between 2.20 and 2.50 Å which is generally shorter than the sum of their van

der Waals radii.100 Weaker hydrogen bonds such as C· · ·O have longer D distances

between 2.20 - 4.00 Å and extend well beyond the conventional van der Waals limit.72

1.5.1.3 Directionality of hydrogen bonds

The main feature which distinguishes a hydrogen bond interaction from a van der

Waals interaction is their highly directional nature and angular properties.34 Hydrogen

bonds tend towards linearity i.e. the D-H· · ·A angle, or the hydrogen bond angle (θ),

tends towards 180◦ (Figure 1.17).5 This is caused by the electrostatic component of

the interaction as a linear arrangement, which maximises the δ+ · · · δ− interaction

between the hydrogen atom and the acceptor atom while minimising the δ− · · · δ−

interaction of the donor and acceptor atoms.73
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Figure 1.17: The D - H· · ·A angle or hydrogen bond angle (θ).

The degree of directionality is therefore, directly proportional to the polarity of the

donor atom and decreases as the polarity of the D-H bond decreases.34,73 Because of

this, stronger hydrogen bonds tend more towards linearity than weaker ones, but in

practice the median theta value is approximately 155◦ (Figure 1.18).5,34,72

Figure 1.18: Scatter plots for: left: strong O-H· · ·O bonds in carboxylic acid dimers and
right: weak C-H· · ·O bonds in selected α, β-unsaturated carbonyl compounds. Note the much
tighter distribution for the stronger O-H· · ·O bonds. This arises as the weaker hydrogen
bonds are more susceptible to deformation by other interactions. These length and angle
parameters are obtained from around 500 and 150 accurately determined crystal structures,
respectively. This image was taken directly from the publication.5

Strong hydrogen bonds are minimally affected by surrounding interactions. The main

reason for this deviation from linearity is that hydrogen atoms are often approached

by a second acceptor resulting in a multifurcated arrangement.72,98 Multifurcated

arrangements are common in organic crystals as there is usually an abundance of

acceptors over donors, although the reverse can also occur (Figure 1.19).5
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Figure 1.19: Multifurcated bond arrangements: a) a bifurcated donor, b) a trifurcated
donor, c) a bifurcated acceptor.72,98

In keeping with Etter’s hydrogen bonding rules, all good proton donors and acceptors

are used in hydrogen bonding.94,101 Rather than form a few linear hydrogen bonds, and

leave many acceptors unsatisfied, molecules prefer to adopt multifurcated geometries.5

This is a more energy efficient arrangement due to the cooperative property associated

with hydrogen bonding which arises from the mutual polarisation of both the donor and

acceptor atom when partaking in a hydrogen bond. Cooperativity can occur through

two mechanisms. The first is σ-bond cooperativity where the mutual polarisation of

the donor and acceptor atoms strengthens further hydrogen bonds formed to the same

donor or acceptor (Figure 1.20). This can significantly increase the attractive energy

of the system.

Figure 1.20: Cooperative hydrogen bonding in an alcohol (ROH), where the formation of
the first hydrogen bond strengthens the second along the chain and so on.72

The second mechanism through which cooperativity can occur is π-bond cooperativity

in which increased polarisation from the formation of a hydrogen bond is transferred

to other hydrogen bond donor or acceptors. This can occur via either conjugated π

systems, resonance structures or the formation of hydrogen bonded cyclic structures

such as the classic carboxylic acid dimer.34 The impact of this cooperativity results
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in a total binding sum energy of all hydrogen bonds in a molecular aggregate greater

than the sum of the individual bonds. Hydrogen bonds are, therefore, more stable

when they exist as dimers, trimers, chains or infinite 2D or 3D structures.72

Weak hydrogen bonds have a lesser degree of directionality than that of strong hy-

drogen bonds due to being less polar. They are more susceptible to deviation from

the idealised 180◦ θ angle due to geometrical constraints, especially in crystal struc-

tures (Figure 1.18). Weak hydrogen bonds can be bent, straightened, compressed or

expanded by other surrounding packing forces. The weaker the hydrogen bond the

less discernible the associated hydrogen bond characteristics are, however, they still

play a significant role in crystal packing. Weak hydrogen bonds have long bonds but

in practice have angular characteristics which resemble that of short hydrogen bonds

(3.10-3.50 Å). C-H· · ·H contacts of methyl groups for example, show weak yet sig-

nificant preference for linearity distinguishing them from van der Waals interactions.

Therefore, even long C-O separations (≈ 4.00 Å) should be considered seriously and

are expected to have orientating effects upon molecules.5,72

As can be seen, the identity of a strong or weak hydrogen bond is not definite and can be

considered a continuum between being anisotropic in nature to being highly isotropic

in nature. Continuous transitions occur as the major contribution of the interaction

energy shifts between different energy terms (Equation 1.2).73 Weak hydrogen bonds

can have very non-specific geometries with regard to length and angle properties.5 The

transition from hydrogen bonding to pure van der Waals forces, where the polarities of

the Dδ−-Hδ+ or Aδ− can be reduced to zero, is very common. Conversely, the transition

to an entirely covalent bond, where the donor and accepter atom are indistinguishable

from one another and the hydrogen atom is shared equally between the two, can also

occur. The symmetrical interaction in the [HF2]
- anion, for example, has an energy of

around 209 kJ−1 and can be described as quasi-covalent.5

There is much to consider when using hydrogen bonding for the purpose of crystal

engineering as summarised in Table 1.1. As stated by Desiraju, ‘‘any crystal structure is

a result of compromise between many intermolecular interactions of different strengths,

angular preferences and distance dependent characteristics.”5 Notwithstanding their

rather weak nature, hydrogen bonds have been proven to be directional and predictive

intermolecular forces in molecular packing.22,102--104

23



Table 1.1: A summary of hydrogen bonds following the classification of Jeffrey.100 The
numerical data are guiding values only. Table adapted from publication.34

Strength
Energy

(kJ mol−1)

Interaction

Type

D-A

(D, Å)

H· · ·A
(d, Å)

D-H· · ·A
(θ, ◦)

Strong

D-H· · ·A
60-170

strongly

covalent
2.2-2.5 1.2-1.5 170-180

Moderate

D-H <H· · ·A
20-60

mostly

electrostatic
2.5-3.2 1.5-2.2 >130

Weak

D-H <<H· · ·A
0-20

electrostatic/

dispersion
3.2-4.0 2.2-3.0 >90

1.5.2 Graph Set Analysis

Etter, Bernstein and co-workers have developed nomenclature which derives from

graph set analysis to describe the connectivity and topology of hydrogen bonds in a

crystal.5,95,101,105 It allows for simple analysis and description of hydrogen bond motifs

within a structure using four basic patterns: chains (C), rings (R), intramolecular

patterns (S) and other finite patterns (D). A graph descriptor is given as G a
d (n). ‘‘G”

refers to the pattern of the hydrogen bonding, subscript ‘‘d” and superscript ‘‘a” denote

the number of donors and acceptors in the pattern, respectively, while the parameter

‘‘n” denotes the total number of atoms in the repeating unit (Figure 1.21).5,94,101 The

patterns which are used to describe hydrogen bonding are also referred to as motifs.

In complex crystals there may be more than one motif in a structure.5

Figure 1.21: Graph set assignments for the four different graph set patterns of hydrogen
bonding. When no subscript and superscript is provided one donor and one acceptor are
implied. n=2 is the default degree value for a D pattern and not specified.94,95,101,105

For example, the classical, centrosymmetric carboxyl dimer has the graph set notation,

R 2
2 (8) (Figure 1.21). A ring pattern is formed by centrosymmetric O· · ·H hydrogen
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bonding. This occurs though the bonding of two hydrogen bond acceptors (O) and

two hydrogen bond donors (H). Finally, the total number of atoms which make up

the ring sums to eight.

1.6 Scope and Aims of Thesis

HOFs have been proven to be an exciting area of interest with beneficial characteristics.

This thesis presents research which moves towards the synthesis of an inherently

flexible hydrogen bonded framework.

The first aim of this thesis was to synthesise organic compounds with varying degrees

of flexibility which would be able to undergo hydrogen bonding. The carboxylic acid

functional group was chosen to meet the latter criteria. Compounds which incorporated

a butadiene sulfone core, able to undergo a retro-Diels-Alder reaction, with decorating

arms which had varying degrees of flexibility were the target compounds. The synthesis

and characterisation of the target compounds and the compounds used to produce

them are detailed in Chapter 2.

The second aim of this thesis was to fully characterise the nature of the hydrogen

bonding which took place in the solid state structure of the acquired compounds.

Chapter 3 describes an array of structures obtained from the target compound which

feature the flexible character of the hydrogen bonding of the carboxyl group.

The final aim of this thesis was to extend the hydrogen bonded network established in

Chapter 3 using amidinium cation linkers. Chapter 4 continues the study of hydrogen

bonding, examining the interactions between carboxylate and amidinium ions and the

resulting structures.
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Chapter 2

Compound Synthesis

2.1 Introduction

One of the most crucial aspects of framework design is the choice of the organic

component. As the functionality of any resulting framework results from the physical

and chemical properties of the organic component, it should be chosen with the desired

application for the framework in mind.1--3 The right organic component can grant

a framework a variety of intriguing features such as hydrophilicity, hydrophobicity,

guest recognition or flexibility.2 This work will focus on the synthesis of compounds

which can be used towards the formation of structurally flexible hydrogen bonded

frameworks.

2.1.1 Flexibility in Frameworks

The concept of flexibility of 3D frameworks originated from the study of MOFs. In

1998, PCPs were arranged into three categories; 1st, 2nd and 3rd generation (Fig-

ure 2.1).4,5 Until the late 1990s, MOFs lacked the permanent porosity required to

withstand the removal of guest molecules. The removal of guest molecules caused

the structure to irreversibly collapse. These compounds were labelled 1st generation

MOFs.5--9 In the late 1990s 2nd generation MOFs were developed which have stable

and robust frameworks and maintain their original porous structure before and after

guest sorption.5,8,9 The first example of a 2nd generation MOF was MOF-5 which

remains crystalline and stable when fully desolvated and heated up to 300 ◦C for

24 h.8
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Figure 2.1: The three generations of MOF materials. This image was taken directly from
the publication.5

In 1998, Kitagawa proposed a third generation of MOFs which exhibit flexibility.4

Traditionally, crystallised solids were considered rigid, with the exception of the ther-

mal vibrations of the solid’s constituent atoms.10 Kitagawa challenged this notion,

reporting a MOF which exhibits flexible interlayer spaces.4,11,12 The structure consists

of 1D [Cu(chloranilate)(H2O)2] chains which are linked by hydrogen bonds between

the coordinated water molecules and the oxygen atoms of the chloranilate2− anions on

the adjacent chain to form extended sheets. Guest molecules (2,5-dimethylpyrazine

or phenazine) are interlaced between these sheets supported by N· · ·H2O hydrogen

bonding. The distance between the sheets varies depending on the size of the guest

molecules, indicting the stability of the 2D packing and the flexibility of sheet packing.4
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Since this work, 3rd generation MOFs have become established as a subclass of MOFs

which can be characterised by dynamic features of the framework structures.5,11,13 3rd

generation MOFs are highly ordered frameworks which exhibit structural flexibility

corresponding to a reversible dynamic reaction of crystallised solid state matter as a

response to an external stimuli. The stimuli can be either chemical or physical such as a

change in temperature, pressure or light.5,9,10,12 A stimulus induces atomic movements

in the structure of MOFs which leads to, at the molecular level, significant variations

of the cell volume while maintaining the same structural topology.10 Volume changes

can be either an increase or contraction with dimension changes between tenths of an

Å to almost 10 Å and a total cell volume change of up to 300%.10,11 The flexibility of

3rd generation MOFs allows them to transform between open pore and closed pore

or narrow pore and large pore forms. Hence, 3rd generation MOFs are considered bi-

stable or multi-stable materials where at least one crystal phase should possess space

which can be occupied by guest molecules.5,11 Kitagawa predicted six possibilities for

structures to exhibit flexibility as a function of the dimensionality of the framework;

breathing, swelling, linker rotation, sub-network displacement, interdigitated layers

and stacked layers (Figure 2.2).4,10--12

Figure 2.2: Cartoon showing the six possible ways for a 3rd generation MOF to exhibit
structural flexibility. a) Breathing: the displacement of atoms of the framework is accompa-
nied by a change in unit cell volume and shape. b) Swelling: a gradual enlargement of the
unit cell volume occurs without a change in unit cell shape. c) Linker-rotation: a continuous
transition where the spatial alignment of a linker is changed by turning around a rotational
axis. d) Sub-network displacement: a phenomenon restricted to systems having individual
frameworks and thus the sub-nets can drift, relocate or shift with respect to each other. This
image was taken directly from the publication.11
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The phenomenon of flexible frameworks has also been extended to HOFs. Bassanetti

presents three tetrakiscarboxylic acid-based HOFs obtained through the crystallisation

of methanetetrabenzoic acid, silanetetrabenzoic acid and adamantanetetrabenzoic acid

(Figure 2.3).14

Figure 2.3: The chemical structures and geometries of the methanetetrabenzoic acid, silan-
etetrabenzoic acid and adamantanetetrabenzoic acid tetrahedral building blocks. This image
was taken directly from the publication.14

The porous frameworks formed are sustained by these tetrahedral building blocks

which are connected by double hydrogen bonding as centrosymmetric dimers between

two interacting carboxylic acid groups (Figure 2.4).14

Figure 2.4: The crystal structure formed from methanetetrabenzoic acid (as viewed along
perpendicular to the c-axis), highlighting the empty channels in light blue. This image was
taken directly from the publication.14

Like Kitagawa’s 2D sheets, the tetra-acid HOFs respond to the addition of guest

molecules. The flexibility of the frameworks manifests itself in response to the exter-

nal stimuli of adding selected gases to act as guests. When the crystal structure of

methanetetrabenzoic acid is loaded with CO2 gas, the cross-section are increases up to

56% with respect to that of the empty structure showing the breathing of the porous

framework upon loading.14
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Work by Huang et al. has also demonstrated flexibility in HOF structures.15 Huang re-

ports eight single crystals (with solvent inclusion) of the organic building block 1,1’,2,2’-

tetrakis(4’-nitro-[1’’,1’’’-biphenyl]-4-yl) ethane based upon the tetraphenylethylene

backbone (Figure 2.5).

Figure 2.5: A cartoon of the organic building block and the HOF formed by Huang et al.
This image was taken directly from the publication.15

Single X-ray crystallography shows that the flexible molecule adopts different confor-

mations depending on different solvent conditions with the most common arrangement

being four molecules orientated to form a quadrangle-shaped pore. Upon removal and

addition of guest molecules a decrease and increase, respectively, in pore size is ob-

served resulting from a rotation of two different phenyl rings in one arm of the organic

core (Figure 2.6).15

39



Figure 2.6: The flexibility exhibited upon the removal of guest molecules of the HOF
synthesised by Huang (top) and the rotation of the phenyl group which facilitates it (bottom).
This image was taken directly from the publication.15

2.1.2 Compound Design

The main aim of this current research is to synthesise compounds which have an

inherent disposition for flexibility and structural responsiveness and are able to un-

dergo hydrogen bonding to form a framework. This will be attempted through two

routes. Firstly, butadiene sulfone will be incorporated into an organic compound. It is

well known that sulfur dioxide can be added to butadiene to give butadiene sulfone,

a reaction which can be easily reversed with heating, causing a retro-chelotrophic

reaction, or a pseudo retro Diels-Alder (rDA) ring opening reaction, to occur (Scheme

2.1).16--19
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Scheme 2.1: The mechanism of the DA and rDA reactions of butadiene sulfone.

This rDA reaction occurs at 65 ◦C. The incorporation of butadiene sulfone as the core

of an organic component will allow for structural responsiveness upon the application

of heat. Upon heating, the butadiene sulfone will expel sulfur dioxide through the

conversion of a five membered ring to a diene. This change in conformation of the

organic compound will impact the overall structure. Additionally, the formation of

the diene, which is less rigid than a five membered ring, would add to the flexibility

of the organic component and, therefore, the overall structure. The reverse reaction

may also be possible. Upon treatment with sulfur dioxide gas, a Diels-Alder reaction

could occur, returning the framework to the original, five membered ring structure.

Conveniently, butadiene sulfone is cheap and commercially available. Deprotonation

of butadiene sulfone, using a non-nucleophilic base, at the 2 and 5 positions allows

butadiene sulfone to be decorated with carboxylic acid ‘‘arms”. Carboxylic acids have

been well studied and have been shown to adopt regular hydrogen bonding motifs,

making them good functional group candidates for this study.
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It should also be noted that the addition of decorating arms to the butadiene sulfone

core will impact the proposed rDA reaction. The temperature at which the rDA

reaction of butadiene sulfone occurs at is dependent on the electronics, sterics and

conformation of the substituents decorating the butadiene sulfone ring. This can be

observed in a study carried out by Grummitt, which compared the activation energies

of butadiene sulfone and piperylene sulfone.16 It was found that the α-methyl group

of piperylene, or the −I effects, decrease the stability of the five membered ring. This

is explained in terms of an electronic mechanism where it is assumed that, a) the

mechanism of the 1,4 addition of sulfur dioxide to form a conjugated diene is a polar

process analogous to the Diels-Alder reaction and b) that the mechanism of dissociation

is the reverse of the addition. Thus, the sulfur atom becomes electron deficient and

the -I effects of the α-methyl group facilitates the cleavage of the carbon-sulfur bond

in the initial step of the dissociation process. Additionally, any steric repulsion of the

methyl and sulfone groups would further favour the dissociation process.16 Electron

donating groups which have +I effects, therefore, increase the stability of the five

membered ring.

An advantage for structural responsiveness is flexibility of the building unit.5,11 As

such, the second route to ensure flexibility of resulting structures is the design of the

decorating arms of the butadiene sulfone core. The use of different organic arms, with

different flexibilities, will allow for alteration of the flexibility of the final structure.

Highly flexible, ethyl carboxylic acid arms can decorate the 2 and 5 positions of bu-

tadiene sulfone to give 2,2’,5,5’-tetrakis(2’’-carboxyethyl) butadiene sulfone (H4L1).

The synthesis of H4L1 involves the addition of four equivalents of acrylonitrile to

butadiene sulfone, followed by the hydrolysis of the resulting nitrile groups to the car-

boxylic acid (Scheme 2.2). A second, more rigid compound, with the inclusion of benzyl

groups, 2,2’,5,5’tetrakis-(benzyl-4-carboxy) butadiene sulfone (H4L2), was also pro-

posed. The use of rigid building blocks to form HOF structures is more traditional and

has been found to be the most profitable way to ensure a permanent framework.20--24

The conceived synthesis of H4L2 involved the addition of 4-iodobenzyl iodide groups

to the 2 and 5 positions of butadiene sulfone. These groups could then be further

functionalised to provide the desired carboxylic acid (Scheme 2.2). The presence of

the phenyl groups in the decorating arms would form a more rigid hydrogen bonded

framework. The frameworks formed from H4L1 and H4L2 might then be compared

and the impact of flexibility examined.
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Scheme 2.2: Proposed synthesis of compounds H4L1 and H4L2.

43



2.2 Synthesis of 1 and H4L1

The synthesis of the target compound H4L1 has been previously reported by Argle in

1967.25 In 2000, Newkome carried out thermogravimetric studies on H4L1 to produce

4,7-bis(2-carboxyethyl)-4’,6-decadienedioic acid (H4L1r).
26 This work will synthesise

H4L1 in the interest of studying the behaviour of the compound and the hydrogen

bonding in the solid state. H4L1 will be synthesised by the hydrolysis of 2,2’,5,5’-

tetrakis(2’’-cyanoethyl)butadiene sulfone (1).

2.2.1 Synthesis of 2,2’,5,5’-tetrakis(2’’-cyanoethyl)butadiene

sulfone (1)

Scheme 2.3: a) The first attempted synthesis of 1 using Triton B as a base. b) The higher
yielding synthetic route of 1 using KOH and 1.7% water content in MeCN.

Compound 1 was synthesised by a Michael addition of acrylonitrile to butadiene

sulfone (Scheme 2.4).

Scheme 2.4: A proposed mechanism for the Michael addition of acrylonitrile to butadiene
sulfone. The grey arrows represent alternate resonance structures.
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The reaction was first attempted using Triton B as a base.25,26 Despite the literature

reporting yields of 46%, only 2-3% yields were achieved by this reaction. To increase

the yields of this reaction, an alternative synthetic method using KOH as a catalyst and

MeCN with 1.7% water content was employed.27,28 The patent reporting this method

trialled different alkali metal hydroxides as catalysts and varying water contents in

the MeCN and found these conditions to be optimal, producing yields of 20%.27,28 By

applying this synthetic method yields of up to 30% were achieved experimentally on

a 24 g scale. While pure 1 precipitated out of the solution of the reaction mixture,

the low 30% yield was attributed to possible side-reactions occurring accounted for

by the resonance structures of the butadiene sulfone anion (Scheme 2.4). Compound

1 was found to have very poor solubility, only dissolving in DMSO. Analysis of the
1H NMR spectrum of 1 in DMSO-d6 showed a triplet and a multiplet at 2.14 and

2.61 ppm, respectively, corresponding to the methylene protons. A singlet at 6.23 ppm

corresponded to the alkene proton of the butadiene ring supporting the addition of the

alkyl nitrile groups onto the butadiene sulfone ring. Analysis of the 13C NMR spectrum

showed that the spectrum was consistent with that reported in the literature.28 The

ESI-MS and microanalysis were consistent with the formula for 1 and the characteristic

C≡N peak and S=O peak were observed at 2249 and 1126 cm−1, respectively in the

IR spectrum.

The thermogravimetric analysis (TGA) of 1 showed a loss of 19% at 200 ◦C which

was consistent with the loss of SO2 and remarkably higher than the observed rDA

temperature for butadiene sulfone of approximately 65 ◦C (Figure 2.7). This was

hypothesised to be due to the steric constraint introduced by the alkyl arms and the

energy required for them to rotate past each other. From 250 ◦C onwards 1 showed

steady degradation.
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Figure 2.7: The TGA of 1 showing the loss of SO2 at ≈220 ◦C.

It was also noted that 1 posed as a possible ligand for coordination chemistry. Although

many different reaction conditions were tried using a broad range of metal cations,

any attempts at synthesising a metal-ligand complex with 1 were unsuccessful. A

tabulated summary of these reactions can be found in Appendix C.

2.2.2 X-ray Structure of 1

X-ray quality crystals of 1 were obtained by the slow diffusion of MeNO2 into a DMSO

solution of 1. Compound 1 crystallized as colourless rhomboids in the monoclinic space

group P21/n with one complete molecule in the asymmetric unit (Figure 2.8). The

butadiene sulfone ring adopted an envelope conformation where the S atom deviated

from the mean plane of the butadiene by 0.56 Å. Relative to the sulfone group, two

nitrile arms sat on the same side and above O1 but not above the five membered ring.

The remaining two nitrile arms were positioned on the same side as O2 and below

the sulfone group. The extended 3D structure was held together by a combination of

weak intermolecular forces, the most noticeable of these being CN· · ·H interactions

with bond lengths ranging between 2.5-2.8 Å.
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Figure 2.8: The components of the asymmetric unit of 1.

2.2.3 Synthesis of 4,7-bis(2-cyanoethyl)-4’,6-decadienedinitrile

(1r)

Scheme 2.5: The rDA reaction of the butadiene sulfone to give the 1r diene and the loss
of SO2.

TGA results of 1 indicated that the rDA reaction of 1 would occur at approximately

200 ◦C. Hence, 1 was heated at 200 ◦C for 2.5 h to give 4,7-bis(2-cyanoethyl)-4’,6-

decadienedinitrile (1r) as a brown liquid which solidified at room temperature. The
1H NMR spectrum in DMSO-d6 of 1r was assigned with the help of 2D spectra and

showed a downfield shift of the corresponding proton signals in comparison to that of

1. ESI-MS was consistent with the expected formula of C16H18N4Na+ for 1r, showing

a peak at m/z 289.1395.
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2.2.4 Synthesis of 2,2’,5,5’-tetrakis(2’’-carboxyethyl)butadiene

sulfone (H4L1)

Scheme 2.6: The hydrolysis of 1 to give H4L1 with NMR numbering.

Compound H4L1 was produced by the hydrolysis of 1 with HCl. The product was

found to be hygroscopic and so was stored under vacuum. The carboxylate groups

of H4L1 greatly increased the solubility of the ligand in comparison to 1 making

characterisation easier. The reaction procedure used was unchanged from the literature

and gave yields ranging between 80-95% on a 10 g scale.26 The effective hydrolysis of 1

to give H4L1 was supported by NMR spectra, ESI-MS, microanalysis, IR spectroscopy

and X-ray crystallography. Analysis of the 1H NMR spectrum of H4L1 in DMSO-d6

showed the proton signals shift up-field with respect to the corresponding protons of

1 and a signal which appeared at 12.3 ppm which corresponded to the carboxylate

protons. The 4:1 ratio for the triplet at δ 2.34 ppm (α-CH2) to that of the singlet at δ

6.12 ppm assigned to the olefinic proton confirmed the successful synthesis of H4L1.

The 13C NMR spectrum was consistent with the literature and the shift of C-6 from

119.89 ppm to 173.53 ppm again supported the successful hydrolysis. The ESI-MS and

microanalysis were consistent with the formula for H4L1. Analysis of the IR spectrum

showed a loss of the nitrile peak observed in the spectrum of 1 and the presence of a

carbonyl stretch peak at 1696 cm-1 confirming the successful hydration of 1 to H4L1.

A characteristic broad O-H stretch was also observed at 2935 cm−1. This was assigned

to the carboxyl group of H4L1 and also to water due to the hygroscopic nature of the

compound. X-ray quality crystals were grown from the slow evaporation of a solution

of H4L1 in acetone. These crystals will be discussed in detail in chapter three.
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The TGA of H4L1 showed a loss of water at 100 ◦C. This was expected due to the

hygroscopic nature of the material, which made it difficult to obtain a completely dry

sample. This may also have been a result of anhydride formation. At approximately

200 ◦C the expulsion of SO2 was observed, suggesting the formation of the correspond-

ing tetra-substituted butadiene acid (Figure 2.9). The measured weight of approxi-

mately 16% from H4L1 correlated to the expected weight loss of 15.8%. Again, the

observed temperature of the rDA reaction of H4L1 was much higher than that of

butadiene sulfone which was hypothesised to be due to the added steric constraint of

the alkyl arms.

Figure 2.9: The TGA of H4L1 showing the loss of SO2 at ≈200 ◦C.
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2.2.5 Synthesis of 4,7-bis(2-carboxyethyl)deca-4’,6-dienedioic

acid (H4L1r)

Scheme 2.7: The rDA reaction of the butadiene sulfone to give the H4L1r diene and the
loss of SO2.

TGA results of H4L1 indicated that the rDA reaction of H4L1 would occur at

approximately 200 ◦C. Hence, H4L1 was heated at 200 ◦C for 5 h to give H4L1r as

a brown liquid which solidified at r.t.. Analysis of the 1H NMR spectrum showed it

was in agreement with the literature and supported the successful conversion.

2.3 Synthesis of 2,2’,5,5’-tetrakis(4-iodobenzyl)butadiene

sulfone (7) for further functionalisation

It was of interest to also synthesise a compound which displayed more rigid features

than that of H4L1. This would allow for a comparison of the hydrogen bonding which

occurred in each compound and was a more traditional route to the formation of HOF

materials. Therefore, it was attempted to add such rigidity through the addition of

phenyl groups to the decorating arms at the 2 and 5 positions of butadiene sulfone.

This was based on work carried out by Bonnet, who synthesised trans-2,5-dibenzyl-

sulfone by the addition of benzyl iodide to butadiene sulfone.29 It was predicted

that if the same reaction could be successfully carried out using 4-iodobenzyl iodide

to synthesise trans-2,5-di(4-iodobenzyl)butadiene sulfone (4) and 2,2’,5,5’-tetrakis(4-

iodobenzyl)butadiene sulfone (7), then these compounds could be further functionalised

to form the respective carboxylic acids.
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2.3.1 Synthesis of 4-idodobenzyl bromide (2)

Scheme 2.8: The synthesis of 4-iodobenzyl bromide from iodotoluene.

4-Iodobenzyl bromide (2) was synthesised by a radical reaction where iodotoluene and

N -bromosuccinimide (NBS) were refluxed with the radical initiator benzoyl peroxide

in CCl4.
30 While the literature suggests the reaction should occur within 3.5 h, it

was found that leaving the reaction overnight gave more satisfactory yields. The final

product was recrystallised from PE to give an off-white crystalline solid with yields

ranging between 38-64% on a 27 g scale. Analysis of the 1H NMR spectrum of 2 in

CDCl3 showed characteristic aromatic and methylene peaks. The successful synthesis

was also supported by X-ray analysis.

2.3.1.1 X-ray Structure of 2

X-ray quality crystals of 2 were obtained from the re-crystallisation of crude material

in boiling PE. Compound 2 crystallised as colourless needles in the monoclinic space

group P21/c with one complete molecule in the asymmetric unit. Compound 2 formed

zig zag 1D chains along the b-axis through halogen-halogen bonding between the iodo

and bromo groups. The I· · ·Br distance was 3.64 Å. This was well within the van

der Waals distance for both iodine and bromine (1.98 and 1.85 Å, respectively).31

In these chains, each alternate molecule of 2 changed orientation which resulted in

each alternate alkyl bromide group pointing in opposite directions. The chains were

extended into 2D sheets through weak, off-set π− π bonding [the centroid to centroid

distance was 3.9033 (7) Å] (Figure 2.10).
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Figure 2.10: View of the solid state structure of 2 showing the halogen-halogen bonding
and the π − π stacking.

2.3.2 Synthesis of 4-iodobenzyl iodide (3)

Scheme 2.9: The synthesis of 3 from 2.

A Finkelstein halogen exchange reaction was employed to convert 2 to 4-iodobenzyl

iodide (3).32 This was necessary to increase the reactivity of this electrophile in

the next step which would minimise side-reactions and promote coupling at the low

temperatures employed. Compound 2 was dissolved in acetone with a large excess of

NaI and stirred overnight at room temperature to give 3 in solution and the NaBr

by-product as a ppt. The collected filtrate was reduced, dissolved in THF/DEE then

washed with Na2S2O3 resulting in a white crystalline solid in yields of ≈90% on a 5

g scale or ≈70% on an 18 g scale. Analysis of the 1H NMR spectrum of 3 in CDCl3

showed the characteristic aromatic and methylene peaks shifted slightly up-field from

the corresponding peaks of the starting material, 2, indicating the successful exchange

of Br for I.
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2.3.3 Synthesis of trans-2,5-di(4-iodobenzyl)butadiene

sulfone (4)

Scheme 2.10: The addition of 3 to the 2 and 5 positions of butadiene sulfone. NMR
labelling included on compound 4.

With 3 in hand, two 4-iodobenzyl iodide arms were added onto the butadiene sulfone

core by the deprotonation of butadiene sulfone at the 2 and 5 positions. The reaction

was carried out in dry THF, using 2.1 equivalents of 3 and LiHMDS as a base at

-78 ◦C.29,33 DMPU was added to act as an aprotic polar co-solvent to prevent aggre-

gation of the LiHDMS molecules, help dissolve the charged species in solution and

make the nucleophiles present more reactive. At first the reaction was carried out

with all the reactants added to the same flask at once. The low yields generated from

this method were thought to arise from the instability of the butadiene sulfone anion.

Overall yields were improved by adding a dilute solution of LiHMDS in dry THF

drop-wise to a concentrated solution of the butadiene sulfone and 3. This reaction

resulted in a yellow oil which was found to consist of large amounts of residual DMPU.

DMPU is both miscible in a wide range of organic solvents as well as water and

has a high boiling point of 246.5 ◦C. Therefore, the product was isolated by column

chromatography using a PE/DCM gradient (0 to 80%). The mixture was insoluble

in PE and so was impregnated onto silica gel using DCM and dry loaded onto the

column.
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Aside from large quantities of unreacted 3 starting material, this reaction predomi-

nantly resulted in the formation of the trans-2,5-di(4-iodobenzyl)butadiene sulfone

(4) isomer. Compound 4 was obtained in low yields as a white solid. The successful

addition of 3 to butadiene sulfone was supported by NMR spectrometry, ESI-MS

and X-ray crystallography. The symmetry suggested by both the 1H NMR and 13C

NMR spectra implied that both the 2 and 5 positions of butadiene sulfone were mono

substituted with a 4-benzyl iodide group. Analysis of the 13C NMR spectrum showed

seven signals as was expected for the predicted product. In the 1H NMR spectrum

two doublets were observed between 6.50-7.80 ppm which had an integration of four

protons each. This indicated the presence of the aromatic protons of two benzyl iodide

groups. The methylene H4a and H4b protons were observed in the 1H NMR spectrum

as two dd signals. The H4 proton environment was split into two as the protons were

coupled to a chiral carbon, C2, which created two different chiral environments for

each proton. Each H4 proton was, therefore, split by the other H4 proton. The H4

proton environment was also split by the H2 proton environment, resulting in the

signals appearing as dd. Likewise, the H2 proton was also split by the two different

H4 chiral environments, and so appeared as a dd. The H2 proton signal had an in-

tegration of two protons, in comparison to the integration of four protons observed

for the respective signal in the butadiene sulfone starting material. This suggested

the successful addition of two equivalents of 3 to butadiene sulfone. The character-

istic alkene peak of the butadiene sulfone was shifted up-field in comparison to the

respective peak observed in the 1H NMR spectrum of the butadiene sulfone starting

material. The ESI-MS was consistent with the formula [4Na]+. X-ray quality crystals

were grown from the diffusion of DEE into a DCM solution of 4.

Only once was the cis isomer (5) generated from this reaction, despite reaction con-

ditions remaining constant. The cis isomer was identified by 1H NMR spectroscopy

and was unable to be separated from 4 by column chromatography or to be isolated

by crystallisation (Figure 2.11). The 1H NMR spectrum showed a 2:1 ratio of the

trans :cis isomers and was identical to that of the trans isomer with the exception of

some minor shifts in the observed proton signals.
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Figure 2.11: 1H NMR spectra of the: trans-di (purple), trans/cis-di (blue), tri (red) and
tetra (green) substituted (benzyl iodide) butadiene sulfones. For NMR numbering refer to
Scheme 2.10, and Figures 2.12 and 2.16.

In this same reaction, the tri-substituted (4-iodobenzyl)butadiene sulfone (6) species

was formed and was able to be isolated by column chromatography. The structure of

6 was confirmed using NMR spectrometry, ESI-MS and X-ray crystallography. The
1H NMR and 13C NMR were assigned with the aid of 2D spectra (Figure 2.12).
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Figure 2.12: Compound 6 with NMR labelling. The red arrows represent HMBC coupling.

Analysis of the 1H NMR spectrum showed proton signals in the aromatic, alkene

and alkyl regions. The protons in the alkene region were assigned as H3/4 and were

coupled to C3/4 in the HSQC spectrum. Protons H3/4 also showed coupling to

carbon signals in the HMBC spectrum which were assigned as C2/5. Carbons 2 and

5 were distinguished from one another using the HSQC spectrum in which C2 was

an uncoupled, quaternary carbon and C5 was coupled to a proton signal in the alkyl

region which was labelled as H5. Further analysis of the C2/5 carbon signals in the

HMBC spectrum revealed that C5 coupled to a proton signal in the alkyl region to

which C2 did not. This proton signal was labelled H16. In the HSQC spectrum the

carbon signals of which H16 and the remaining methylene protons were coupled to,

were identified as the corresponding carbons. With these methylene carbon signals

identified, analysis of the HMBC spectrum revealed coupling between these signals

and aromatic proton signals. These were assigned as H18 and H8/13 and allowed the

respective carbon signals to be assigned. The remaining aromatic carbon and proton

signals were then able to be confidently assigned and of these, C19 was distinguished

through coupling with H18 observed in the HMBC spectrum. The remaining carbon

signals belonged to the quaternary carbons C7/12/17 and C10/15/20. The C7/12/17

signals were identified through observed coupling with aromatic and methylene proton

signals while the C10/15/20 signals showed coupling with only aromatic proton signals.

Signals corresponding to C17 and C20 were distinguished through coupling with H16

and H18 proton signals. Finally, carbon signals C3/4 were distinguished through

coupling between H16 and C4.
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The ESI-MS showed peaks corresponding to the molecular ions [6Na]+ and [26Na]+

with m/z peaks 788.8216 and 1554.6570, respectively. X-ray suitable crystals were

grown from the slow diffusion of DEE into a DCM solution of 6.

2.3.3.1 X-ray Structure of 4

X-ray quality crystals of 4 were grown from the slow diffusion of DEE into a DCM

solution of 4. Compound 4 crystallised as colourless needles in the triclinic space

group, P -1. The asymmetric unit contained two complete molecules of 4 (Figure 2.13).

Though both molecules of 4 in the structure were similar, they had distinct crystallo-

graphic differences. Both the five membered rings adopted an envelope conformation

and the S1 and S2 atoms deviated from the mean plane of the butadiene by 0.31 and

0.32 Å, respectively. The arms of both molecules of 4 were orientated such that one

arm pointed above the sulfone group and one arm pointed below it.

Figure 2.13: The components of the asymmetric unit of 4.

Molecules of 4 formed a closely packed structure held together by a series of weak

intermolecular interactions. The most noticeable interactions forming this structure

were weak halogen· · ·H-C interactions, weak halogen· · ·O-S interactions and S-O· · ·H-C

interactions which had distances between 3.15-3.66, 3.43-3.66 and 2.62 Å, respectively.

Interestingly, there were no I· · ·I interactions.
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2.3.3.2 X-ray Structure of 6

X-ray quality crystals of 6 grew as colourless rhomboids from the slow diffusion of

DEE into a DCM solution of 6. Compound 6 crystallised in the monoclinic space

group P21/n and the asymmetric unit contained one full molecule of 6 (Figure 2.14).

The five membered ring adopted an envelope conformation where the S atom deviated

from the mean plane of the ring by 0.57 Å. An iodobenzyl arm on each side of the

five membered ring protruded outwards, roughly in the same plane as the butadiene

sulfone ring. Of these two arms, one was orientated such that the iodo group sat above

the five membered ring while the other arm was orientated so that the iodo group

sat below the sufone group. The third arm sat behind the plane of the five membered

ring.

Figure 2.14: The components of the asymmetric unit of 6.

Molecules of 6 were arranged into trimers though S-O· · ·H-C interactions between

the sulfone group and hydrogen atoms H12 of the methylene arms and H7 and H14

of the aromatic rings [the bond distances ranged between 2.34 and 2.58 Å] (Figure

2.15). These trimers were closely packed through weak halogen· · ·H-C interactions

which had an approximate distance of 3.64 Å. Again, there were no I· · ·I interactions

present in the structure.
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Figure 2.15: The trimers formed through S-O· · ·H-C bonding by compound 6.

2.3.4 Synthesis of 2,2’,5,5’-tetrakis(4-iodobenzyl)butadiene sul-

fone (7)

Scheme 2.11: The addition of 4 equivalents of 3 to the 2 and 5 positions of butadiene
sulfone.
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The synthesis and purification of 4 resulted in unsatisfactory yields. Hence, the tar-

get compound was changed to the tetra-substituted butadiene sulfone which was

able to be readily prepared and more easily isolated. Synthesis of 2,2’,5,5’-tetrakis(4-

iodobenzyl)butadiene sulfone (7) was at first carried out successfully in the same

manner as the synthesis of the di -substituted butadiene sufone and the lower solubil-

ity of the tetra-substituted product allowed for easy isolation by precipitation from

acetone. However, this reaction method still resulted in poor yields. This was again

attributed to the low stability of the butadiene sulfone anion and also the formation

of 1,2-bis(4-iodophenyl)ethene as a by-product resulting from the coupling of two

molecules of 3 (Scheme 2.12). The efficiency of the reaction was greatly improved

by lowering the temperature of the reaction to -105 ◦C. Chou reports that the single

butadiene sulfone anion is stable for at least 15 minutes at this temperature.34 Ad-

ditionally, 3 was diluted with THF in a separate flask and then added drop-wise to

the reaction vessel simultaneously with the LiHMDS to prevent undesired coupling.

These modifications saw yields increase to 70%.

Scheme 2.12: A proposed mechanism for the homo-coupling of two molecules of 4-
iodobenzyl iodide.

60



Compound 7 was characterised using NMR spectrometry, ESI-MS and X-ray crys-

tallography. Analysis of the 1H NMR spectrum showed aromatic signals between

6.70-7.60 ppm, an alkene signal at 5.59 ppm and methylene signals between 2.70-3.10

ppm, corresponding to the predicted product. Analysis of the 13C NMR spectrum cor-

roborated the successful synthesis of 7 and was assigned, with the aid of 2D spectra,

as follows (Figure 2.16).

Figure 2.16: Compound 7 with NMR labelling. The blue arrows represent ROESY coupling
and the red arrows represent HMBC coupling.

The ROESY spectrum allowed for the aromatic proton signals to be distinguished

as H7 (7.59 ppm) and H6 (6.77 ppm) as H6 coupled to both the H3 and H4 protons

through space. Signals, H3 and H4 were also coupled through space supporting their

proton assignments. The assignment of H6 and H7 permitted the 13C NMR spectrum

to be fully assigned. Proton signals H3, H4, H6 and H7 showed single bond coupling

to the respective carbon signals in the HSQC spectrum. The quaternary carbons C2,

C5 and C8 showed no single bond coupling as expected and were assigned using the

HMBQ spectrum. Carbon C2 was assigned to the signal which showed through bond

coupling to H3 and H4. Carbon C5 was assigned to the signal which showed through

bond coupling to H7 and H4. Finally, carbon C8 was assigned to the signal which

showed through bond coupling to H6 and H7. The signals assigned as C3 and C6

showed through bond coupling to the H4 proton signals as expected. The HMBC

spectrum also supported the assignments made using the HSQC. The ESI-MS showed

a peak at 1004.7713 m/z which was in accordance with the predicted formula, [7Na]+.
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2.3.4.1 X-ray Structure of 7

X-ray quality crystals of 7 were grown by the slow evaporation of a CHCl3 solution

of 7. Compound 7 grew as colourless needles in the monoclinic space group P21/c

with one full molecule of 7 in the asymmetric unit (Figure 2.17). The overall structure

which 7 adopted was a 3D network. The five membered ring was essentially planar

where the S atom deviated from the mean plane of the butadiene by 0.16 Å. Each

of the two sets of decorating arms on either side of the butadiene sulfone ring were

approximately evenly spaced. The angles between C19-C4-C26 and C5-C1-C12 were

111.7◦ and 110.3◦, respectively.

Figure 2.17: The components of the asymmetric unit of 7.

Compound 7 formed corrugated 1D chains where each alternating molecule was posi-

tioned such that the sulfone groups pointed in opposite directions (Figure 2.18).
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Figure 2.18: Top: the corrugated 1D sheet formed by 7. Bottom: the halogen· · ·H-C
interactions and halogen· · ·halogen interactions which form the 1D sheet, represented by
dashed lines.

The chains were formed through halogen· · ·H-C interactions and halogen· · ·halogen

interactions. Halogen· · ·H-C interactions occurred between atoms I3 and H8 of the C6

containing aromatic ring [the distance between I3· · ·H8 was 3.56 Å]. I2 and I4 were

involved in halogen· · ·halogen interactions between one another [the distance between

I2· · ·I4 was 3.88 Å]. Further halogen· · ·H-C interactions between atom I1· · ·H22 of

the C20 containing aromatic ring extended the 1D chain into a 2D sheet [the distance

between I1· · ·HC22 was 3.17 Å]. These 2D sheets were formed into a 3D network

through weak hydrogen bonding between atoms O1· · ·H-C18 and O2· · ·H-C2 [the

distances and O· · ·H-C angles between O1· · ·C18 and O2· · ·C2 were 3.193 (5) Å and

137.0◦ and 3.315 (5) Å and 127.0◦, respectively] (Figure 2.19).
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Figure 2.19: The 3D assembly adopted by 7.

2.4 Synthesis of a Rigid Ligand

With 7 in hand, conversion of the iodo groups to carboxylic acids was attempted. This

would produce a more rigid analogue of H4L1 to employ for the formation of hydrogen

bonded structures. This functionalisation was attempted through Sonogashira and

Suzuki couplings, and carboxylation and carbonylation reactions.
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2.4.1 Sonogashira Cross-Coupling with 7

Work published in 2009 by Moon and Kim used Pd-catalysed decarboxylative coupling

of aryl halides and propiolic acid to synthesise unsymmetrical diarylalkynes.35,36 In

2010, Park reported the Pd-catalysed decarboxylation and Sonogashira coupling of

aryl halides and propiolic acid.37 The Sonogashira coupling allows for the synthesis of

arylpropiolic acids. Park optimised the conditions to favour the Sonogashira coupling

over the decarboxylation reaction and found that diarylation only occurred when using

aryl bromides at high temperatures (80 ◦C) (Scheme 2.13).37 These reaction conditions

have since been widely used for the synthesis of aryl alkynyl carboxylic acids.38--41

Scheme 2.13: The Sonogashira coupling, decarboxylation and diarylation of aryl halides
and propiolic acid to produce only monoarylated products and no diarylated products. Dppb
is 1,4bis(diphenylphosphino)butane and DBU is 1,8-diazabicylco[5.4.0]undec-7-ene. This
scheme was adapted from the original publication.37

These and modified reaction conditions were used in an attempt to couple 7 with

propiolic acid to synthesise 2,2’,5,5’-tetrakis(4-propiolic acid benzyl)butadiene sulfone

with no success (Table 2.1). The base DBU was shown by Park to have better reactivity

over other bases such as pyridine and DABCO.37 Additionally, DBU helped to dissolve

both the Pd catalyst and dppb ligand in DMSO. Two different Pd catalysts and a CuI

co-catalyst were trialled with no noticeable change in the outcome of the reaction.
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Table 2.1: Summary of the reaction conditions used for the coupling of 7 with propiolic
acid.

entry solvent catalyst (%) temp (◦C) time (h) DBU (eq) ligand (%)

1 DMSO Pd(PPh3)2Cl2 (2.5) 50 5 5 dppb (2.5)

2 DMSO Pd(PPh3)2Cl2 (2.5) 50 24 5 dppb (2.5)

3 DMF Pd(PPh3)2Cl2 (2) CuI (4) r.t. 5 - i -Pr2NH (2.5)

4 DMSO Pd(PPh3)4 (5) 25 5 2.2 -

5 DMSO Pd(PPh3)4 (5) 25 24 2.2 -

6 DMSO Pd(PPh3)4 (5) 35 24 2.2 -

7 DMSO Pd(PPh3)4 (5) 50 24 2.2 -

8 DMSO Pd(PPh3)4 (5) r.t. 48 2.2 -

Despite the successful coupling reported in the literature, the coupling of 7 with

propiolic acid was found to return only starting material. The return of the starting

material suggests the Pd was unavailable for reaction.

2.4.2 Suzuki-Miyaura Cross-Coupling with 7

A Suzuki-Miyaura cross-coupling with 7 and 4-methylester phenylboronic acid was

also attempted (Scheme 2.14).

Scheme 2.14: The attempted Suzuki-Miyaura coupling with 7 and 4-methylester phenyl-
boronic acid.
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This reaction was based on work carried out by Schilling in 2011. Schilling reports a

fourfold Suzuki coupling with tetrakis(4-iodophenyl)adamantane and a range of boronic

acids.42 If 7 could be successfully coupled with 4-methylester phenylboronic acid, to

produce a rigid methyl ester, then it could be easily hydrolysed to the corresponding

carboxylic acid. The coupling reaction was initially trialled on 1,4-di iodobenzene. Anal-

ysis of the 1H NMR spectrum of the resulting product showed the expected aromatic

signals and methyl signal of methyl 4-[4’(methoxycarbonyl)phenyl]-1,1’-biphenyl]-4’’-

carboxylate. When the same reaction was carried out on 7, however, the 1H NMR

spectrum of the resulting product showed only starting material and no suggestive

methyl proton signal.

2.4.3 The Catalytic Cycle

The return of starting material and no other identifiable products suggested that the

oxidative additions required in the catalytic cycle of both the Sonogashira and Suzuki

reactions were not occurring. The oxidative addition of R-X to Pd to form a Pd

complex is required for the following transmetalation reaction or, in the case of the Cu

free Sonogashira reactions, the formation of the alkyne Pd complex to occur (Scheme

2.15).43--46
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Scheme 2.15: Left top: The catalytic cycle for a Cu free Sonogashira coupling. Left bottom:
The catalytic cycle for a Cu co-catalysed Sonogashira coupling. Right: The catalytic cycle
for a Suzuki coupling. Each show the oxidative addition step required for successful coupling
to occur.43--46
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The reason for the lack of oxidative addition of Pd into 7 was not satisfactorily

identified but suggests that some nature of Pd poisoning was occurring. The same

reaction conditions were applied to simple iodobenzene molecules. While the success

of these trial reactions was mixed, some successful coupling was observed. This infers

that the Pd poisoning could be caused by the butadiene sulfone. Hydrogen sulfides, as

well as other sulfur containing compounds, are well known to poison Pd catalysts.47--52

Sulfones have been shown to have remarkable stability to the action of reducing

agents. It has been observed that neither aliphatic sulfones nor ethyl phenyl sulphone

are reduced, even after exposure to a myriad of reducing agents.53 However, the

extremely low concentrations required of any sulfur species to strongly modify the Pd

surface and drastically degrade Pd catalytic performance suggests that Pd poisoning

by sulfur species may be a factor in the lack of oxidative addition.47,49,50 Furthermore,

sulfur and oxygen are found to form strong covalent bonds with Pd.48,54 This can lead

to the formation of allylic Pd complexes arising from attack on the butadiene sulfone,

again rendering the Pd catalyst unable to participate in oxidative addition

(Figure 2.20). In order to avoid the issue of lack of oxidative addition, halogen-metal

exchange reactions were attempted next.

Figure 2.20: An example an allylic Pd complex which may form as a side reaction in the
Sonogashira or Suzuki cross-coupling of 7.

2.4.4 Carboxylation of 7

A four-fold carboxylation reaction was attempted next, with limited success (Scheme

2.16).

Scheme 2.16: The carboxylation of 7 with gaseous CO2 to produce H4L2.
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The reaction conditions used were based on similar work carried out by He and Huang

in 2016.55 He reacted bromobenzene with n-BuLi then bubbled gaseous CO2 through

the reaction mixture. Acidification of the resulting reaction mixture produces benzoic

acid. A trial reaction carried out on iodobenzene successfully produced benzoic acid

in a 60% yield. The same reaction conditions were applied to 7. Analysis of the 1H

NMR spectrum of the resulting product suggested the majority of the material was

the starting material, 7. This was identified through the chemical shift of the aromatic,

alkene and methylene signals present in the spectrum. Further analysis of the 1H NMR

spectrum showed what was assumed to be partially carboxylated 7 substrate based

on the chemical shifts of signals in the same characteristic regions of 7. The result of

this was that the 1H NMR spectrum was unable to be used to confidently confirm the

formation of H4L2. Analysis of the ESI-MS was more reliable with a signal present

which corresponded to the molecular ion [H4L2Na]+ with a peak at m/z 677.1452.

The reaction was attempted again using increased amounts of n-BuLi and CO2 but

did not improve the results. The partial success of the carboxylation reaction gave

the premise to attempt the synthesis of H4L2 by carbonylation.

2.4.5 Carbonylation of 7

Pd catalysed carbonylation of aryl halides to their respective carboxylic acids, using a

mixture of formic acid and acetic anhydride as the CO source, was reported by Cacchi

in 2003.56 This work was expanded upon by Elmore in 2012 who used Na formate in

varying amounts on a range of substrates. The carbonylation of 7 is based on this

prior research (Scheme 2.17).

Scheme 2.17: The carbonylation of 7 to produce H4L2. NaO2CH is sodium formate and
EtN(iPr)2 is N,N-diisopropylethylamine.
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Upon analysis of the 1H NMR spectrum, the carbonylation, like the carboxylation,

returned starting material and what was assumed to be partially carbonylated 7

substrate. Again, the presence of so many impurities rendered the confident assessment
1H NMR spectrum not possible. In an attempt to isolate H4L2, the crude product

was subjected to esterification. Based on the esterification of 4-methylbenzoic acid,

the product was reacted with K2CO3 and methyl iodide in DMF (Scheme 2.18).57

Scheme 2.18: The esterification of the crude H4L2 material.

The desired methyl ester was unable to be identified by analysis of the 1H NMR

spectrum. Analysis by TLC inferred the presence of a new product. Column chro-

matography (silica gel, DCM) was used in an attempt to isolate any tetra-substituted

methyl ester which may have been present, however, no product was ever able to

be isolated. Analysis of the 1H NMR spectra of the carboxylation and carbonylation

reactions suggested partial carboxylation and carbonylation may have occurred. It

was likely that the other products being formed were the outcome of the halogen-metal

exchange not effectively occurring at all four iodo sites. In an attempt to solve this

issue the amount of reactants and length of time of the reaction was left for was in-

creased, however, this had little impact of the outcome of the reaction and no product

could be confidently identified.

2.4.6 Use of Protective Bicyclic Acetal

Another proposed synthetic route to H4L2 was the use of a protective bicyclic acetal

which could undergo hydrolysis in acidic conditions to give the desired carboxylic acid

groups. Strained cyclic ethers are especially useful intermediates in synthetic organic

chemistry because of their high reactivity.58 The BF3·Et2O-promoted isomerisation of

oxetane ketones has been shown to result in the corresponding bicyclic acetal (Scheme

2.19).58
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Scheme 2.19: The isomerisation of an oxetane ketone to the corresponding bicyclic acetal.
This image was adapted from the original publication.58

It was planned that 2,2’5,5’tetrakis(benzyl-4-4’’-ethyl-2’’,6,7-trioxabicyclo[2.2.2]octane)

butadiene sulfone could be synthesised and, once added onto the butadiene sulfone

core, could be deprotected to give the desired product H4L2 (Scheme 2.20).
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Scheme 2.20: The proposed scheme for the synthesis of H4L2.

2.4.6.1 Synthesis of 3-bromo-2-bromomethyl-2’-ethylpropyl acetate (8)

3-Bromo-2-bromomethyl-2’-ethylpropyl acetate (8) was synthesised on 50 g scales in

high yields according to the literature to give a colourless oil (Scheme 2.20).59 1H

NMR and 13C NMR spectra and microanalysis were in accordance with the literature.
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2.4.6.2 Synthesis of 3-(bromomethyl)-3’-ethyloexetane (9)

Compound 8 was reacted onwards with NaOH to synthesise 3-(bromomethyl)-3’-

ethyloxetane (9) (Scheme 2.20). This was done according to literature procedure and

formed a yellow oil which was purified by high vacuum distillation.59 Compound 9

was isolated as a colourless oil in moderate yields and the successful synthesis was

confirmed using analysis of the collected 1H NMR and 13C NMR spectra.

2.4.6.3 Synthesis of (3-ethyloxetane-3-yl)methyl 4-(hydroxymethyl)

benzoate (10)

Compound 9 was further reacted to form (3-ethyloxetane-3-yl)methyl 4-(hydroxymethyl)

benzoate (10) (Scheme 2.20). This procedure was unaltered from that of the litera-

ture.58 A solution of 9 in DMF was added to a solution of 4-(hydroxymethyl)benzoic

acid and Cs2CO3 in EtOH and stirred at 100 ◦C. The resulting reaction mixture was

washed with HCl followed by NaOH to give an off-white solid. The solid was attempted

to be further purified by column chromatography on basic alumina, however, the ben-

zoic acid starting material was unable to be separated from the product. Analysis of

the 1H NMR spectrum showed signals corresponding to the desired product as well

as the benzoic acid starting material.

2.4.6.4 Attempted tosylation of 10

Impure 10 was reacted onwards with the intention of isolating the desired material after

further reaction. It was devised that the hydroxy group of 10 would undergo tosylation

allowing for the easy substitution of an iodo group (Scheme 2.20). Tosylation was

attempted by two routes. The first was based on a procedure published by Hwang.60

TEA followed by TsCl was added to a solution of 10 and DMAP in DCM. The resulting

material was subjected to chromatography (CHCl3, silica gel) but the desired product

was unable to be satisfactorily isolated. Tosylation using Cs2CO3 was also attempted.

While this method has been proven effective for the tosylation of aromatic alcohols,

this method returned only the starting material, 10.61
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2.4.7 Synthesis of 2,2’5,5’-tetrakis(4-cyanobenzyl)butadiene

sulfone (11)

In another attempt to synthesise H4L2 in high yields, 2,2’5,5’-tetrakis(4-cyanobenzyl)

butadiene sulfone (11) was synthesised. It was proposed that the nitrile functional

groups could be hydrolysed to the desired carboxylic acids. With 7 already at hand,

the iodo group was converted to a cyano group to form 11. Synthesis of 11 was

first attempted by the Pd(PPh3)Cl2 and Zn(CN)2 catalysed displacement of the iodo

group to afford the corresponding aryl nitrile group (Scheme 2.23, top). This was

unsuccessful and returned only starting material. The reaction was then successfully

carried out using Pd(0) and substoichiometric quantities of CuI in dry, degassed THF

to give a brown solid in modest yields (Scheme 2.23, bottom).62

Scheme 2.23: Top: the attempted synthesis of 11 using Zn(CN)2 and Pd(0). Bottom: the
successful synthesis of 11 using KCN, Pd(0) and CuI.
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High concentrations of alkali metal cyanide (in this case KCN) are known to inhibit

the catalytic cycle by the formation of unreactive Pd(II) cyano species preventing

the required oxidative insertion from occurring.62--65 Reaction conditions where ionic

cyanide concentrations overwhelm the intercepting catalytic adduct are found to

be ineffective.62 To minimise catalyst inhibition, Anderson utilised the CuI as an

additive.62 This serves as a vehicle to transfer the cyanide ion between the poorly

soluble stoichiometric cyanide source (KCN) and the Pd(II) intermediate via the more

covalent transition metal species CuI (Scheme 2.24). The limited solubility of KCN

allows application of only a catalytic amount of added CuCN.62 Overall this reaction

was found to produce 11 in low to moderate yields, unreliably. The reason for the

unreliable nature of this reaction was unable to be confidently identified, however, it

could be due to Pd poisoning. When control reactions were carried out on benzyl iodide,

the reaction progressed smoothly. It should also be noted that this reaction could be

catalysed using only Cu, however, this is normally done at higher temperatures.

Scheme 2.24: The catalytic cycle employed in the synthesis of 11.

If impure 7 containing the 1,2-bis(4-iodophenyl)ethene by-product was used for this

reaction then this also underwent the nitrile displacement. Column chromatography

run in CHCl3 was employed to separate the by-product (Rf=0.53 cm) from 11 (Rf=0.77

cm). The 1H NMR spectrum of 11 was consistent with the formation of the desired

product where the peaks underwent an up-field shift in comparison to the starting

material, 7. The 13C NMR was assigned with the aid of 2-D spectra and in comparison

to the spectrum of 7, contained an extra peak at 118.33 ppm corresponding to the

presence of nitrile groups. X-ray quality crystals of both 11 and the coupled 1,2-bis(4-

cyanophenyl)ethene by-product (11A) were obtained.
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2.4.7.1 X-ray Structure of 11

X-ray quality crystals of 11 were produced from the slow diffusion of EtOH into a

solution of 11 and CHCl3. Compound 11 crystallised as colourless rhomboids in the

triclinic space group P -1 with one complete molecule in the asymmetric unit (Figure

2.21). The butadiene ring adopted an envelope conformation and the S atom deviated

from the mean plane of the butadiene by 0.50 Å. The two arms on the O1 side of

the butadiene molecule were orientated such that they sat above the five membered

ring. The other two arms, on the O2 side of the butadiene molecule, sat below the five

membered ring. All four arene rings sat almost flat in the same orientation as the five

membered ring. The intermolecular interactions of the structure were unremarkable.

The structure was held together by a complex series of weak intermolecular bonds.

The most noticeable were CN· · ·H interactions, with N· · ·H bond lengths ranging

between 2.5-2.7 Å.

Figure 2.21: The components of the asymmetric unit of 11.

2.4.7.2 X-ray Structure of 1,2-bis(4-cyanophenyl)ethene by-product (11A)

X-ray quality crystals of 11A were grown from the slow evaporation of a solution of

11A in CHCl3. Compound 11A grew as orange needles in the monoclinic space group

P21/c. The asymmetric unit consisted of half a molecule of 11A where the remaining

half was symmetry generated by an inversion centre. Compound 11A packed as

orthogonally interdigitated 1D chains (Figure 2.22).
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Figure 2.22: The 1D chains formed by molecules of 11A.

Molecules of 11A were arranged in 1D chains through CN· · ·H interactions with the

aromatic C3 hydrogen [the distance between N· · ·C was 3.4087 (2) Å]. There was no

π − π stacking interactions present in the structure. The chains were interdigitated,

orientated at approximately right angles to each other (Figure 2.23).

Figure 2.23: Left: The 3D assembly formed by 11A. Right: The 3D assembly formed by
11A. The interdigitated chains of 11A molecules are shown in green and blue.

2.4.7.3 Attempted hydrolysis of 11

With 11 in hand, the four-fold hydrolysis of nitrile groups to carboxylic acid groups

was attempted. It has been reported that one of the most efficient ways to synthesise

carboxylic acids is through the acid or base catalysed hydrolysis of nitriles.66,67 The

various conditions tried are summarised in Table 2.2.
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Table 2.2: Summary of the reaction conditions used for the attempted hydrolysis of 11 to
H4L2. *Microwave conditions used: 130 ◦C, 247 PSI, under Ar.

entry solvent reagents conditions

1 neat HCl 110 ◦C, 3 h

2 H2O:CHCl3 (2:1) TFA reflux, overnight

3 H2O TFA reflux, overnight

4 H2O:1,4-dioxane (1:2) LiOH inert atmosphere, microwave*, 3 h, HCl

Compound 11 was found to be insoluble in HCl and returned only starting material

(entry 1). Therefore, use of the organic acid TFA was adopted and the organic solvent

CHCl3 was used (entries 2 and 3). Compound 11 was found to be partially soluble

in CHCl3 and fully soluble in TFA. However, the reaction still resulted in only the

return of starting material. In an effort to promote hydrolysis, hydrolysis using LiOH

and microwaves followed by acidification with HCl was trialled (entry 4). Once again,

this returned 11 as the only product.

Hydrolysis of 11 to H4L2 was then attempted by the four-fold hydration of 11 to

the corresponding amide (Scheme 2.25). The hydrolysis of nitriles to carboxylic acids

is a two-step process which goes via an intermediate amide.67 The selective hydrolysis

of a nitrile to an amide can be difficult to achieve as the amide is often more easily

hydrolysed than the nitrile from which it was formed.67--69 In this case however, this

was not an issue as the overall desired product was, in fact, the carboxylic acid.

Scheme 2.25: The attempted hydration of 11 to the corresponding amide. a) EtOH/H2O
(7:3), 90◦C, 17 h. b)tert-butyl alcohol, reflux, overnight.
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The selective hydration of aromatic nitriles to the corresponding amide was reported

by Schmid, who found that the solvent system EtOH/H2O (7:3) and the use of NaOH

as a base catalyst in loadings of 10 mol%, gave the best results.68 When applied to

the compound of interest, however, these conditions proved ineffective and resulted in

the return of the starting material, 11. An alternative approach reported by Hall was

tried using KOH in tert-butyl alcohol.70 Hall applied these conditions to a range of

nitriles, including benzonitrile, achieving yields of up to 90%.70 Again, these methods

proved unsuccessful when used to hydrate the desired compound 11.

2.5 Conclusion

The first target compound, H4L1, was successfully synthesised as a light brown solid

in high yields. The synthesis of H4L1 went smoothly, via the hydrolysis of 1. Com-

pound H4L1 was characterised using a range of analytical techniques including NMR

spectroscopy, ESI-MS, microanalysis, IR and X-ray crystallography.

The second target compound, H4L2 was synthesised, however, H4L2 was only ever

obtained as an impure sample in low yields. The first attempts to synthesise H4L2

involved the synthesis of 7, with the intention of substituting the iodo group for the

desired carboxylic acid functionality. Compound 7 was synthesised using LiHDMS

and 3. Initially, only low yields were achieved, however, reaction conditions were able

to be optimised allowing for the white solid to be obtained in yields averaging 70%.

Compound 7 was then subjected to a multitude of Sonogashira and Suzuki-Miyaura

cross-coupling reactions and carboxylation and carbonylation reactions. The Sono-

gashira and Suzuki-Miyaura cross-coupling reactions were unsuccessful and returned

only starting material. The reason for the lack of reaction taking place was unable

to be satisfactorily identified. Both the carboxylation and carbonylation reactions

produced crude products of which analysis by 1H NMR spectroscopy suggested the

presence of some reaction. While this was a promising lead, H4L2 was unable to ever

be isolated.

Compound 7 was also attempted to be protected with bicyclic acetal groups at the

iodo position. It was designed such that these groups could be easily deprotected under

acidic conditions to yield the desired product, H4L2. While this synthetic route looked

promising, an inability to purify 10 halted the progress of this synthetic route.
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Finally, 11 was synthesised with the intent of hydrolysing it to the corresponding

carboxylic acid. Compound 11 was synthesised by the conversion of the iodo groups

of 7 to nitrile groups using KCN and Pd(0). Attempts at hydrolysing 11 were carried

out under various reaction conditions and returned only starting material. Synthesis

of H4L2 via hydration of 11 to the amide was also considered. However, the amide

was also unable to be synthesised.
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2.6 Experimental

2.6.1 General Information

All starting materials and reagents were purchased from commercial sources and were

used as received without further purification. All solvents were used as received, and

were of LR grade or better, with the exception of dry acetone which was dried over

molecular sieves and dry THF and MeCN which were obtained from a Pure Solv MD-

6 solvent purification system. The petroleum ether used was of a 40-60 b.p. variety.

Column chromatography was run in silica gel or basic alumina. Cooling baths used

to cool reaction temperatures to −78 ◦C were made from the addition of dry ice to a

bath of acetone. Baths used to cool reaction temperatures to −105 ◦C were made from

the addition of liquid nitrogen to a bath of EtOH. Microwave-assisted reactions were

performed in a CEM Focused Microwave Synthesis System, Discover S-Class (CEM

Corporation, NC) at 200 W.

Microanalyses were carried out in the Campbell Microanalytical Laboratory, University

of Otago. All measured microanalysis results had an uncertainty of ± 0.4 %. 1H and 13C

NMR spectra and two dimensional (gCOSY, NOSEY, ROESY, HSQC and gHMBC)

spectra were collected on either a 400 or 500 MHz Varian UNITY INOVA spectrometer

at 298 K. Spectra were collected in either CDCl3, DMSO-d6 or CD3OD and were

referenced to the internal solvent signal, with chemical shifts reported in δ units (ppm).

Electrospray Mass Spectrometry (ESMS) was carried out on a Bruker microTOFQ

instrument (Bruker Daltronics, Bremen, Germany). Samples were introduced using

direct infusion into an ESI source in positive mode. Sampling was averaged for 2

minutes over a m/z range of 50 to 3000 amu. The mass was calibrated using an

external calibrant of sodium formate clusters, 15 calibration points from 90 to 1050

amu, using a quadratic plus HPC line fit. ESMS spectra were processed using Compass

software (version 1.3 Bruker Dalatronics, Bremen, Germany). Infrared (IR) spectra

were recorded on a Bruker Alpha-P ATR-IR spectrometer (with a diamond Attenuated

Total Reflectance top-plate). TG analyses were performed on a TGA Q50 V20.10

Build 36 device with a platinum pan and dinitrogen as balance and sample gas at a

temperature increase rate of 2 ◦C/min.
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2.6.2 X-ray Crystallography Information

Single crystals were mounted in paratone-N oil on a nylon loop. X-ray diffraction data

were collected on an Agilent Technologies Supernova system at 100 K at the University

of Otago using mirror monochromated Cu Kα(λ =1.54184 Å) radiation. The data

were treated using CrysAlisPro software and Gaussian absorption corrections were

applied.71 Intensities were corrected for Lorentz polarisation effects and a multiscan

absorption correction was applied.72--74 The structures were solved by direct methods

(SHELXS or SHELXT) and refined on F 2 using all data by full-matrix least-squared

procedures (SHELXL-2014).75--77 All calculations were performed using the WinGX

interface.78 Non-hydrogen atoms were refined with anisotropic thermal parameters

and hydrogen atoms were placed in ideal positions unless specified in the CIF. Detailed

analyses of the extended structure were carried out using PLATON79 and MERCURY

(Version 3.5.1).80,81 The colour coding scheme used in X-ray figures is as follows

unless otherwise specified. Carbon: grey; hydrogen: white; oxygen: red; sulfur: yellow;

nitrogen: lilac; iodine: pink and bromine: brown. Crystallographic data are listed in

Appendix A and ellipsoid figures of the asymmetric units are presented in Appendix

B.
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2.6.3 2,2’,5,5’-Tetrakis(2’’-cyanoethyl)butadiene sulfone (1)

A solution of butadiene sulfone (24.099 g, 0.204 mol), acrylonitrile (53.1 mL, 0.8 mol)

and KOH (0.816 g, 0.015 mol) in dry MeCN with 1.7% added water (80 mL) was

stirred at 0 ◦C for 21 h. The resulting yellow solid was collected by filtration, washed

with MeCN and EtOH and air dried (20.590 g, 31%). 1H NMR (500 MHz, DMSO-d6)

δ/ppm: 6.23 (s, 2H, H 3), 2.61 (m, 8H, H 5), 2.14 (t, J=8.2 Hz, 8H, H 4).
13C NMR (126

MHz, DMSO-d6) δ/ppm: 130.83 (C3), 119.89 (C6), 68.06 (C2), 28.57 (C4), 12.34 (C5).

ESMS m/z Found: 353.1021. Calc. for C16H18N4O2SNa+: 353.1043. Anal. Found: C

57.90; H 5.48; N 16.86; S 9.86. Calc. for C16H18N4O2S: C 58.16; H 5.49; N 16.96; S 9.70.

Selected IR v/cm−1: 2249 (νC≡N str), 1460, 1291, 1126 (νS=O str). Colourless rhomboid

crystals suitable for X-ray diffraction were grown by slow diffusion of MeNO2 into a

solution of 1 and DMSO.
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2.6.4 4,7-Bis(2-cyanoethyl)-4’ 6-decadienedinitrile (1r)

Compound 1 (0.617 g, 1.9 mmol) was heated neat with stirring in a flask sealed with a

rubber septum and a bleed at 200 ◦C for 2.5 h resulting in 1r as a brown solid (0.459

g, 92%). 1H NMR (500 MHz, DMSO-d6) δ/ppm: 6.28 (s, 2H, H 1), 2.69 (t, J=7.3 Hz,

4H, H 4), 2.57 (m, 4H, H 7), 2.51 (m, 4H, H 6), 2.41 (t, J=7.3 Hz, 4H, H 3).
13C NMR

(126 MHz, DMSO-d6) δ/ppm: 136.5 (C2), 123.7 (C1), 120.3 (C5), 120.2 (C8), 31.5 (C3),

25.1 (C6), 15.4 (C7), 15.4 (C4). ESMS m/z Found: 289.1424. Calc for C16H18N4Na+:

289.1395.
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2.6.5 2,2’,5,5’-Tetrakis(2’’-carboxyethyl)butadiene sulfone

(H4L1)

A clear yellow solution of 1 (9.002 g, 27.2 mmol) in HCl (90 mL) was refluxed overnight

to give a brown yellow solution. Removal of the solvent gave a brown gum. This was

refluxed in water for 2 h then the water was removed in vacuo. This was repeated

twice. The resulting gum was refluxed once again in acetone for 2 h producing a pink

ppt which was removed by filtration. The filtrate was reduced in vacuo to give H4L1

as a light brown solid (10.608 g, 95%). 1H NMR (500 MHz, DMSO-d6) δ/ppm: 12.24

(s, 4H, HOH), 6.12 (s, 2H, H 3), 2.34 (t, J=8.8 Hz, 8H, H 4), 1.89-2.01 (m, 8H, H 5).
13C

NMR (126 MHz, DMSO-d6) δ/ppm: 173.5 (C6), 131.4 (C3), 68.7 (C2) 28.8 (C4), 28.3

(C 5). ESMS m/z Found: 429.0867. Calc. for C16H22O10SNa+: 429.0826. Anal. Found:

C 46.92; H 5.73; S 7.51. Calc. for C16H22O10S: C 47.29; H 5.46; S 7.89. Selected IR

v/cm−1: 2935 (νO-H str), 1696 (νC=O str), 1412, 1122 (νS=O str). Colourless needle shaped

crystals suitable for X-ray diffraction were grown by slow evaporation of acetone from

a solution of H4L1 in acetone.
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2.6.6 4,7-bis(2-carboxyethyl)deca-4’,6-dienedioic acid

(H4L1r)

Compound H4L1 (0.50 g, 1.2 mmol) was heated neat with stirring in a flask sealed

with a rubber septum and a bleed at 200 ◦C for 5 h resulting in H4L1r as a brown

solid (0.398 g, 96%). 1H NMR (500 MHz, DMSO-d6) δ/ppm: 5.97 (s, 2H, H 1), 2.47

(m, 8H, H 3), 2.56 (m, 8H, H 4).
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2.6.7 4-Iodobenzyl bromide (2)

A solution of dry N -bromosuccinimide (26.223 g, 147.3 mmol), 4-iodotoluene (26.117

g, 122.8 mmol) and benzoyl peroxide with 25% water content (1.793 g, 7.4 mmol) in

CCl4 (250 mL) was refluxed overnight and then cooled and filtered. The red filtrate

was washed with a saturated solution of Na2S2O3, dried over MgSO4 then reduced

in vacuo to give a white solid. Recrystallization in boiling PE resulted in a white

crystalline solid which was washed with ice cold PE (23.399 g, 64%). 1H NMR (400

MHz, CDCl3) δ/ppm: 7.68 (d, J=8.4 Hz, 2H, H 2), 7.14 (d, J=8.0 Hz, 2H, H 3), 4.42 (s,

2H, H 5). X-ray quality crystals were grown from recrystallisation of the crude material

in hot PE.
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2.6.8 4-Iodobenzyl iodide (3)

Compound 2 (5.000 g, 16.8 mmol) and NaI (12.873 g, 85.9 mmol) were dried overnight

under a low vacuum. To this dry acetone (100 mL) was added and the resulting

suspension was stirred overnight at r.t. and monitored by TLC. The resulting NaBr

ppt was removed by filtration and the filtrate reduced in vacuo to give a yellow solid.

This solid was dissolved in THF with 5% DEE and washed with saturated solution

of Na2S2O3 (×2), dried over MgSO4 and reduced in vacuo to give a yellow solid. A

white crystalline material was obtained from recrystallisation in boiling PE (5.744 g,

99%). 1H NMR (400 MHz, CDCl3) δ/ppm: 7.62 (d, J=8.3 Hz, 2H, H 2), 7.12 (d, J=8.3

Hz, 2H, H 3), 4.38 (s, 2H, H 5).
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2.6.9 Trans-2,5-di(4-iodobenzyl)butadiene sulfone (4)

In dry conditions, a solution of butadiene sulfone, 3 (390 mg, 3.3 mmol) and DMPU

(1.55 mL) was dissolved in a minimal amount of THF (8 mL) and was cooled to

-78 ◦C with stirring for 0.5 h. To this, a dilute solution of LiHMDS in THF (9.65

mL, 1 M, 9.7 mmol) was added drop-wise and the resulting solution was allowed to

warm to r.t. and was stirred overnight. The reaction mixture was quenched with

brine, washed with water and extracted with DCM. The organic fraction was dried

over MgSO4 and reduced in vacuo to give a yellow oil. The mixture was purified by

column chromatography with a PE/DCM gradient (0 to 80%) to give 4 as a white

solid (0.451 g, 25%). 1H NMR (500 MHz, CDCl3) δ/ppm: 7.65 (d, J=8.2 Hz, 4H, H 7),

6.98 (d, J=8.2 Hz, 4H, H 6), 5.88 (s, 2H, H 3), 3.86 (dd, J=6.0, 8.4 Hz, 2H, H 2), 3.32

(dd, J=6.0, 14.0 Hz, 2H, H 4a/b), 2.78 (dd, J=9.4, 14.2 Hz, 2H, H 4a/b). 13C NMR (126

MHz, CDCl3) δ/ppm: 138.1 (C 7), 136.1 (C 5), 131.2 (C 6), 128.8 (C 3), 92.8 (C 8), 65.4

(C 2), 34.4 (C 4). ESMS m/z Found: 572.8908. Calc for C18H16O2SI2Na+: 572.8914.

White, needle crystals suitable for X-ray diffraction were grown by the slow diffusion

of DEE into a solution of 4 in DCM.
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2.6.10 Cis-2,5-di(4-iodobenzyl)butadiene sulfone (5)

The by-product 5 was formed in the same reaction as 4. 1H NMR (400 MHz, CDCl3)

δ/ppm: 7.64-7.67 (m, H 7), 6.97-7.00 (m, H 6), 5.86 (s, 2H, H 3), 3.95 (dd, J=6.3, 8.4 Hz,

2H, H 2), 3.26 (dd, J=6.4, 14.3 Hz, 2H, H 4a/b), 2.70 (dd, J=8.9, 14.3 Hz, 2H, H 4a/b).
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2.6.11 2,2’,5-Tris(4-iodobenzyl)butadiene sulfone (6)

The by-product 6 was formed in the same reaction as 4. 1H NMR (500 MHz, CDCl3)

δ/ppm: 7.66 (d, J=8.2 Hz, 2H, H 19),7.63 (d, J=8.2 Hz, 2H, H 9/14), 7.57 (d, J=8.2

Hz, 2H, H 9/14), 7.00 (d, J=8.3 Hz, 2H, H 8/13), 6.92 (d, J=8.3 Hz, 2H, H 8/13), 6.80 (d,

J=8.2 Hz, 2H, H 18), 5.86 (dd, J=2.6, 8.8 Hz, 1H, H 3), 5.70 (dd, J=2.2, 8.8 Hz, 1H,

H 4), 2.95 - 3.31 (m, 6H, H 5, 6, 11, 16), 2.36 (dd, J=9.3, 14.3 Hz, 1H, H 16).
13C NMR

(126 MHz, CDCl3) δ/ppm: 138.1 (C 19), 137.7 (C 9/14), 137.2 (C 9/14), 136.0 (C 17), 134.7

(C 7/12), 134.6 (C 7/12), 133.5 (C 8/13), 133.31 (C 8/13), 132.88 (C 3), 130.98 (C 18), 127.87

(C 4), 93.14 (C 10/15), 93.1 (C 10/15), 92.7 (C 20), 71.5 (C 2), 65.5 (C 5), 39.8 (C 6/11), 38.59

(C 6/11), 32.58 (C 16). ESMS m/z Found: 788.8216. Calc for C25H21O2SI3Na+: 788.83;

Found: 1554.6570. Calc for C50H42O4S2I6Na+: 1554.6685. X-ray quality crystals were

grown from the slow diffusion of DEE into a DCM solution of 6.
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2.6.12 2,2’,5,5’-Tetrakis(4-iodobenzyl)butadiene sulfone (7)

In dry conditions a solution of butadiene sulfone (0.272 g, 2.3 mmol) and DMPU (1.36

mL, 11.3 mmol) in THF (1.5 mL) was cooled to -105 ◦C with stirring. In a separate

flask, 3 (3.250 g, 9.4 mmol) was dissolved in a large excess of THF and cooled to -105
◦C with stirring. This was added drop-wise to the reaction vessel via an insulated

cannula. Simultaneously, a solution of LiHMDS (9.45 mL, 1 M, 9.5 mmol) diluted in

THF (50 mL) was added drop-wise to the reaction vessel. The reaction was gradually

warmed to r.t. and stirred overnight. The reaction mixture was washed with water

(×2) and extracted in THF:DEE (4:1) then dried over MgSO4 and reduced. The

resulting yellow oil was diluted with acetone to produce a white crystalline ppt which

was collected via filtration (1.604 g, 72%). 1H NMR (500 MHz, CDCl3) δ/ppm: 7.59

(d, J=8.3 Hz, 8H, H 7), 6.76 (d, J=8.3 Hz, 8H, H 6), 5.59 (s, 2H, H 3), 3.09 (d, J=14.7

Hz, 4H, H 4a/b), 2.80 (d, J=14.7 Hz, 4H, H 4a/b). 13C NMR (126 MHz, CDCl3) δ/ppm:

137.6 (C 7), 134.9 (C 5), 133.0 (C 6), 131.3 (C 3), 93.0 (C 8), 71.6 (C 2), 39.5 (C 4). ESMS

m/z Found: 1004.7713. Calc. for C32H26O2SI4Na+: 1004.77. White, needle crystals

suitable for X-ray diffraction were grown by the slow evaporation of a solution of 7

in CHCl3.
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2.6.13 1,2-Bis(4-iodophenyl)ethene

The by-product 1,2-bis(4-iodophenyl)ethene was formed in the same reaction as 7. 1H

NMR (400 MHz, CDCl3) δ/ppm: 7.68 (d, J=8.2 Hz, 4H, H 2), 7.24 (d, J=8.2 Hz, 4H,

H 3), 7.01 (s, 2H, H 5).
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2.6.14 Attempted preparation of 2,2’,5,5’-tetrakis

(4-carboxybenzyl)butadiene sulfone (H4L2)

Method 1 : Under Ar, a solution of 7 (0.242 g, 0.2 mmol) in dry THF (15 mL) was

cooled to −78 ◦C with stirring. n-BuLi (0.53 mL, 2 M, 1.1 mmol) was added cautiously

drop-wise to the solution of 7 with continued stirring. Gaseous CO2, formed from the

heating of solid CO2, was bubbled through the solution for 1 h. Once the solution

had warmed to r.t., water (20 mL) was added. The resulting mixture was acidified

to a pH of approximatively 2 with 2 M HCl. The organic phase was extracted with

EA, dried over Na2SO4 and reduced in vacuo to give an orange solid. The solid was

dissolved in EtOH (3 mL) then precipitated from PE (50 mL) to give a yellow solid

(trace amounts). ESMS m/z Found: 677.1421. Calc. for C36H30O10SNa+: 677.1452.

Method 2 : In a flask purged with Ar, a solution of HCOONa (250 mg, 3.7 mmol),

EtN(iPr)2 (0.76 mL) and acetic anhydride (1.2 mL) in DMF (5 mL) was stirred for 1

h. To this, a solution of 7 (300 mg, 0.3 mmol) and Pd(PPh3)2Cl2 (174 mg, 0.3 mmol)

in DMF (5 mL) was added. The mixture was bubbled with Ar and heated at 80 ◦C

overnight with stirring. The resulting solution was diluted with a saturated solution

of NaHCO3 then the organic phase was extracted with CHCl3. The aqueous layer was

acidified to a pH of approximately 2 with 2 M HCl and then extracted again, with

CHCl3. The organic phases were combined, dried over Na2SO4 and reduced in vacuo

to give a yellow solid (trace amounts).
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2.6.15 3-Bromo-2-bromomethyl-2’-ethylpropyl acetate (8)

1,1,1-Tris(hydroxymethyl)propane (28.568 g, 212.9 mmol) was dissolved in glacial

AcOH (100 mL) with vigorous stirring for 2 h. NaBr (65.770 g, 639.2 mmol) was

added and the reaction vessel fitted with a dropping funnel and flushed with Ar.

H2SO4 (28.5 mL, 534.0 mmol) was added drop-wise then the flask was fitted with a

condenser and heated at 110 ◦C for 7 days. The reaction mixture was cooled to r.t.,

diluted with water (250 mL) and the layers separated. The organic layer was washed

with water (100 mL), 0.5 M NaOH (2 × 200 mL) and brine (200 mL). The organic

layers were combined, dried over MgSO4 and reduced in vacuo resulting in a clear oil

(51.616 g, 80%). 1H NMR (400 MHz, CDCl3) δ/ppm: 4.05 (s, 2H, H 5), 3.43 (s, 4H,

H 1), 2.09 (s, 3H, H 7), 1.56 (m, 2H, H 3), 0.89 (t, J= 7.5 Hz, 3H H 4).
13C NMR (100

MHz, CDCl3) δ/ppm: 170.6 (C 6), 64.5 (C 5), 41.6 (C 2), 36.1 (C 1), 24.6 (C 3), 21.0

(C 7), 7.6 (C 4). Anal. Found: C 31.90; H 4.41. Calc. for C8H14Br2O2: C 31.82; H 4.67.
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2.6.16 3-(Bromomethyl)-3’-ethyloxetane (9)

Compound 8 (20.142 g, 66.6 mmol) was dissolved in DCM (100 mL) and 3 M NaOH

(100 mL). Tetrabutylammonium bromide (1.252 g, 3.9 mmol) was added and the

reaction mixture flushed with Ar. The reaction was refluxed with vigorous stirring for

24 h. The reaction was allowed to cool to r.t. and the organic phase was extracted

with DCM. The organic phase was dried over MgSO4 and gently reduced in vacuo

resulting in a yellow oil. This was purified by vacuum distillation, collecting the first

fraction, to give a colourless oil (0.310 g, 24%). 1H NMR (400 MHz, CDCl3) δ/ppm:

4.41 (m, 4H, H 5), 3.70 (s, 2H, H 1), 1.87 (q, J= 7.5 Hz, 2H, H 3), 0.88 (t, J= 7.5 Hz

3H, H 4).
13C NMR (100 MHz, CDCl3) δ/ppm: 79.4 C(C 1), 44.2 (C 2), 38.7 (C 5), 27.5

(C 3), 8.1 (C 4).
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2.6.17 (3-Ethyloxetane-3’-yl)methyl 4-(hydroxymethyl)

benzoate (10)

A solution of 4-(hydroxymethyl)benzoic acid (2.809 g, 18.5 mmol) and Cs2CO3 (5.505

g, 16.9 mmol) in EtOH (100 mL) was stirred at r.t. for 1 h. The solvent was removed

in vacuo and 10 (2.741 g, 15.3 mmol) and DMF (100 mL) were added. The resulting

suspension was stirred at 100 ◦C for 3 h. The solvent was removed in vacuo and the

resulting orange solid was washed with water and extracted with EA. The organic

phase was further washed with 1 M HCl, 1 M NaOH and brine. The organic phases

were combined, dried over Na2SO4 and reduced in vacuo to give an off-white solid

(46% from 1H NMR). 1H NMR (400 MHz, CDCl3) δ/ppm: 8.06 (m, 2H, H 3), 7.45 (d,

J=8.1 Hz, 2H, H 4), 4.78 (s, 2H, H 7), 4.59 (m, 2H, H 1), 4.47 (m, 4H, H 9), 1.26 (m,

2H H 10), 0.94 (t, J=7.5 Hz, 3H, H 11).

4-(Hydroxymethyl)benzoic acid: 1H NMR (400 MHz, CDCl3) δ/ppm: 8.08 (m, 2H,

H 3), 7.52 (d, J=8.3 Hz, 2H, H 4), 4.65 (s, 2H, H 1),

98



2.6.18 2,2’,5,5’-Tetrakis(4-cyanobenzyl)butadiene sulfone (11)

In a flask purged with Ar, a solution of 7 (500 mg, 0.5 mmol), KCN (295 mg, 4.5

mmol), CuI (48 mg, 0.3 mmol, 10 mol%/site) and Pd(PPh3)4 (148 mg, 0.1 mmol, 5

mol%/site) in degassed THF (5 mL) was refluxed overnight with stirring. The reaction

mixture was cooled to r.t., diluted with EA and filtered through celite. The filtrate was

washed with water (×2) and brine then dried over Na2SO4 and reduced in vacuo. The

resulting orange solid was purified by column chromatography on silica gel, eluted in

CHCl3, to give a light brown solid (58.9 mg, 13%). 1H NMR (500 MHz, CDCl3) δ/ppm:

7.59 (d, J=8.1 Hz, 8H, H 7), 7.15 (d, J=8.3 Hz, 8H, H 6), 5.77 (s, 2H, H 3), 3.20 (d,

J=15.3 Hz, 4H, H 4a/b), 2.83 (d, J=14.7 Hz, 4H, H 4a/b). 13C NMR (126 MHz, CDCl3)

δ/ppm: 140.2 (C 5), 132.4 (C 7), 131.7 (C 6), 131.6 (C 3) 118.3 (C 9), 111.9 (C 8), 71.5

(C 2), 40.1 (C 4). ESMS m/z Found: 601.1724. Calc. for C36H26N4O2SNa+: 601.1679.

Colourless, block crystals suitable for X-ray diffraction were grown by slow diffusion

of CDCl3 into a solution of 11 and EtOH.
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2.6.19 1,2-Bis(4-cyanophenyl)ethene (11A)

The by-product 11A was formed in the same reaction as 11. 1H NMR (400 MHz,

CDCl3) δ/ppm: 7.67 (d, J=8.5 Hz, 4H, H 3), 7.61 (d, J=8.4 Hz, 4H, H 4), 7.20 (s, 2H,

H 6).
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-Miyaura and Sonogashira cross-coupling reactions on tetrahedral methane and

adamantane derivatives. European Journal of Organic Chemistry 2011, 2011,

1743--1754.

[43] Sonogashira, K.; Tohda, Y.; Hagihara, N. A convenient synthesis of acetylenes:

catalytic substitutions of acetylenic hydrogen with bromoalkenes, iodoarenes and

bromopyridines. Tetrahedron Letters 1975, 16, 4467--4470.

[44] Miyaura, N.; Suzuki, A. Palladium-catalyzed cross-coupling reactions of

organoboron compounds. Chemical Reviews 1995, 95, 2457--2483.

[45] Soheili, A.; Albaneze-Walker, J.; Murry, J. A.; Dormer, P. G.; Hughes, D. L.

Efficient and general protocol for the copper-free Sonogashira coupling of aryl

bromides at room temperature. Organic Letters 2003, 5, 4191--4194.

[46] de Meijere, A. Handbook of organopalladium chemistry for organic synthesis ;

John Wiley & Sons, 2003.

[47] Oudar, J. Sulfur adsorption and poisoning of metallic catalysts. Catalysis Re-

views—Science and Engmeering 1980, 22, 171--195.

[48] Gravil, P.; Toulhoat, H. Hydrogen, sulphur and chlorine coadsorption on Pd

(111): a theoretical study of poisoning and promotion. Surface Science 1999, 430,

176--191.

[49] Grove, D. Final Analysis. Platinum Metals Review 2003, 47, 44--44.

104



[50] Alfonso, D. R.; Cugini, A. V.; Sholl, D. S. Density functional theory studies of

sulfur binding on Pd, Cu and Ag and their alloys. Surface Science 2003, 546,

12--26.

[51] Alfonso, D. R.; Cugini, A. V.; Sorescu, D. C. Adsorption and decomposition of

H2S on Pd (1 1 1) surface: a first-principles study. Catalysis Today 2005, 99,

315--322.

[52] Angeles-Wedler, D.; Mackenzie, K.; Kopinke, F.-D. Sulphide-induced deactivation

of Pd/Al2O3 as hydrodechlorination catalyst and its oxidative regeneration with

permanganate. Applied Catalysis B: Environmental 2009, 90, 613--617.

[53] Bordwell, F.; McKellin, W. The reduction of sulfones to sulfides. Journal of the

American Chemical Society 1951, 73, 2251--2253.

[54] Hughes, R.; Powell, J. Transition metal promoted reactions of unsaturated hydro-

carbons. I. Mechanism of 1, 3-diene insertion into allyl-palladium bonds. Journal

of the American Chemical Society 1972, 94, 7723--7732.

[55] He, Z.; Huang, Y. Diverting C--H annulation pathways: nickel-catalyzed dehydro-

genative homologation of aromatic amides. ACS Catalysis 2016, 6, 7814--7823.

[56] Cacchi, S.; Fabrizi, G.; Goggiamani, A. Palladium-catalyzed hydroxycarbonyla-

tion of aryl and vinyl halides or triflates by acetic anhydride and formate anions.

Organic Letters 2003, 5, 4269--4272.

[57] Zou, L.-H.; Reball, J.; Mottweiler, J.; Bolm, C. Transition metal-free direct

C-H bond thiolation of 1,3,4-oxadiazoles and related heteroarenes. Chemistry

Communications 2012, 48, 11307--11309.

[58] Kanoh, S.; Naka, M.; Nishimura, T.; Motoi, M. Isomerization of cyclic ethers hav-

ing a carbonyl functional group: new entries into different heterocyclic compounds.

Tetrahedron 2002, 58, 7049--7064.

[59] Fleetwood, M. C.; McCoy, A. M.; Mecozzi, S. Synthesis and characterization of

environmentally benign, semifluorinated polymers and their applications in drug

delivery. Journal of Fluorine Chemistry 2016, 190, 75--80.

[60] Hwang, S. J.; Cho, S. H.; Chang, S. Synthesis of condensed pyrroloindoles via

Pd-catalyzed intramolecular C- H bond functionalization of pyrroles. Journal of

the American Chemical Society 2008, 130, 16158--16159.

[61] Reddy, M. M.; Pasha, M. Cs2CO3 catalyzed rapid and efficient conversion of

amines into sulfonamides; Alcohols and phenols into sulfonic esters. Phosphorus,

Sulfur, and Silicon and the Related Elements 2011, 186, 1867--1875.

105



[62] Anderson, B. A.; Bell, E. C.; Ginah, F. O.; Harn, N. K.; Pagh, L. M.; Wepsiec, J. P.

Cooperative catalyst effects in palladium-mediated cyanation reactions of aryl

halides and triflates. The Journal of Organic Chemistry 1998, 63, 8224--8228.

[63] Weissman, S. A.; Zewge, D.; Chen, C. Ligand-free palladium-catalyzed cyanation

of aryl halides. The Journal of Organic Chemistry 2005, 70, 1508--1510.

[64] Takagi, K.; Okamoto, T.; Sakakibara, Y.; Ohno, A.; Oka, S.; Hayama, N. Nucle-

ophilic displacement catalyzed by transition metal. I. General consideration of

the cyanation of aryl halides catalyzed by palladium (II). Bulletin of the Chemical

Society of Japan 1975, 48, 3298--3301.

[65] Takagi, K.; Okamoto, T.; Sakakibara, Y.; Ohno, A.; Oka, S.; Hayama, N. Nucle-

ophilic Displacement Catalyzed by Transition Metal. III. Kinetic Investigation

of the Cyanation of Iodobenzene Catalyzed by Palladium (II). Bulletin of the

Chemical Society of Japan 1976, 49, 3177--3180.

[66] Larock, R. Comprehensive Organic Transformations, VCH. Publishers ; 1989; pp

501--504.

[67] Wilgus, C. P.; Downing, S.; Molitor, E.; Bains, S.; Pagni, R. M.; Kabalka, G. W.

The acid-catalyzed and uncatalyzed hydrolysis of nitriles on unactivated alumina.

Tetrahedron Letters 1995, 36, 3469--3472.
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Chapter 3

The Polymorphs and Pseudopolymorphs of H4L1

3.1 Introduction

A crystal structure can be considered as a compromise between many weak and strong

intramolecular and intermolecular forces. The, sometimes uneasy, coexistence of these

forces can lead to the phenomenon of polymorphism.1 One of the most predominant

intermolecular forces is hydrogen bonding. The ability of hydrogen bonds to be flexible

can also result in a solid having many polymorphs. This is usually more prevalent in

structures consisting of weak hydrogen bonds, which feature long bonding distances

and poor directionality meaning they can be very labile, resulting in polymorphs with

negligible thermal energy difference. Therefore, with the construction of HOFs in mind,

the use of relatively strong hydrogen bonds should be considered.2 Additionally, the

inherent flexibility of the organic component can promote the formation of polymorphs.

Molecules which are flexible and have many feasible conformations may be more prone

to this phenomenon.3 In this case, where an inherently flexible organic molecule is

desired, a compromise must be made between the desire to gain an overall flexible

network and the strong likelihood of polymorphism occurring.
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3.1.1 Polymorphism

Polymorphism is a phenomenon in which a chemical compound exhibits two or more

different crystalline arrangements of its molecules. Essentially, it involves the differ-

ent packing of the same molecules in the solid state.4,5 Polymorphism should not be

confused with morphology, the shape of a crystal. While it is common for polymorphs

to have different morphologies owing to differences in the crystal structures, crystals

of the same molecules but different morphologies will not necessarily be polymorphic.5

Polymorphism can be observed in all crystalline solids. The first recognition of poly-

morphism was noted by Mitscherlich in 1820 who identified different crystal structures

for sodium arsenate phosphate.5,6

There is no prevailing logic to predict which compounds will be polymorphic and

how many polymorphs a compound may have. While some compounds may have

greater than ten polymorphic structures, other compounds may have never yielded

a second crystalline form despite extensive research. While calculations show that

any organic compound should have a large number of hypothetical crystal structures,

the majority of these are not isolated experimentally. Polymorphs which are able to

be isolated, typically occur in compounds for which there is a strong driving force

for a densely packed structure to form and which have specific intermolecular in-

teractions which are very chemically favourable. The resulting conditions lead to a

thermodynamic/kinetic struggle, where densely packed structures are the most sta-

ble ones yet structures with favourable interactions normally form faster.5 Hydrogen

bonded supramolecular synthons are a common example of intermolecular interactions

which have an overwhelming kinetic impact on the formation of crystalline structures.

While supramolecular synthons are often relied upon for the formation of predictable

hydrogen bonded structures, there are three polymorphic situations which ought to

be considered:5

1. The same synthons are formed by the same functional groups in the polymorphs

but variations in the rest of the packing forces result in differences of the packing

of the overall structures.

2. The same synthons are formed by the same functional groups but there are

multiple occurrences of these groups in different and distinct locations.

3. Different synthons are formed, leading to radically different packing arrange-

ments.
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These factors can make the crystallisation of polymorphs difficult to control and predict

and can lead to concomitant polymorphs, which is the phenomenon in which different

polymorphs are obtained in the same experiment.5 Concomitant polymorphs are very

similar in energy and result from a fine balancing act between the thermodynamics

and kinetics of the crystallisation process. If the crystallisation process is described as:

and it is assumed that the nucleus is generated by a series of bimolecular additions,

in which a ‘‘critical cluster” is built up stepwise under equilibrium such that:

and a solution can contain a variety of clusters, A1,...,An , in a system of competing

equilibria then each cluster can be treated as a potential critical cluster for the nu-

cleus of one or more polymorphic crystal modifications.7--9 Etter extended this model,

describing the clusters as aggregates which must contain the structural essence of

the eventual crystal structures (Scheme 3.1).7,10 These aggregates are likely to be

dominated by the same intermolecular interactions. When one of the thermodynamic

or kinetic contributions are almost equal then two or more modifications may result

from the same aggregate leading to the formation of concomitant polymorphs.7

Scheme 3.1: How different polymorphic forms can arise. This scheme was taken directly
from the publication.7
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Another aspect to consider is the impact of solvent molecules upon a crystal structure.

Pseudopolymorphism is a specific type of polymorph which refers to different solvent

molecules or differing amounts of solvent molecules within two or more structures

of the same compound.5 There has been much debate over the appropriate use of

the term pseudopolymorph and whether a variation of included solvent molecules

should be described as polymorphic. Indeed, the term pseudopolymorph has also

been used to describe second-order transitions, dynamic isomerism and mesomorphism

amongst many other phenomena.7 However, the use of pseudopolymorphism to de-

scribe different solvated states of a crystal structure has remained popular, especially

in the pharmaceuticals industry, and will be used as such in this thesis.7,11--14 Hence,

pseudopolymorphs will be defined here as solvated forms of a compound which have

different crystal structures and differ in the nature of the included solvent.

Crystal solvates can exhibit wide ranges of behaviour depending on the nature of the

solvent’s coordination.7,15,16 In extreme cases, the solvent is tightly bound and high

energies are required for the desolvation process. The solvent, in these cases, can be

considered an integral part of the structure and desolvation often leads to the collapse

of the crystal structure. On the other hand, there are solvates in which the solvents are

very loosely bound and have minimal impact on the overall structure.7,17 In practice,

solvent molecules can behave in any way between these two extremes.4,7

Solvates can also impact structures through solvent interruption. Some hydrogen

bonding groups may form hydrates or solvates (with alcohols) in which the solvent

molecule interrupts the hydrogen bonding which would form the synthon (Figure

3.1).5

Figure 3.1: An example of solvent interruption. MeOH molecules (shown in blue) interrupt
the centrosymmetric carboxyl dimer synthon. This image was adapted from the publication.5
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3.1.2 Analysis of Polymorphs

X-ray crystallography is usually employed for the study of polymorphs. Single X-ray

crystallography allows for the determination of the molecular structure and provides

details on the bond lengths and angles as well as the intermolecular and intramolecular

interactions of a structure. Furthermore, single X-ray crystallography data can be used

to simulate computationally the 2D diffraction pattern which would be expected from

the experimental powder of the same material.7 X-ray powder diffraction is the most

definitive method for identifying and distinguishing between polymorphs.7 The powder

pattern of a solid can be considered as a fingerprint. The diffraction pattern is a plot

of intensity as a function of 2θ values. Variations in intensities arise from the contents

of the unit cell and the way in which the atoms and molecules are packed within.

2θ values, or d spacings, where d is the particular spacing between parallel planes,

reflect the dimensions of the unit cell. As polymorphs and pseudopolymorphs are

different solids, with different unit cells and have different arrangements of molecules

within those cells, it is expected that polymorphs and pseudopolymorphs will each

have different fingerprints. In fact, the patterns produced by polymorphs can be as

different as those produced by two entirely distinct molecules. Hence, X-ray powder

diffraction is an effective method for the analysis of polymorphic materials.7

3.1.3 Crystallisation and Study of H4L1

Figure 3.2: The structure of H4L1

The synthesis and analysis of the compound H4L1 has been described in chapter two

(Figure 3.2). This chapter will describe the different polymorphs and pseudopolymorphs

which were determined for H4L1. The flexible nature of both H4L1 and the hydrogen

bonding of carboxylic acids made it likely that polymorphs of H4L1 would exist. In

total, ten different structures of H4L1 were analysed. These structures are summarised

in Table 3.1.
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Table 3.1: A summary of the description and cell dimensions of the ten polymorphs of
H4L1 analysed. All crystals collected were colourless.

Structure H4L1:solvent

ratio

(solvent)

Description Space group Cell lengths

/ Å

Cell angles / ◦

H4L1-1 1:1 (acetone) needle P21/m 5.57750 (10)

20.5245 (5)

9.62442 (4)

100.703 (2)

H4L1-2 1:1 (acetone) plate P21/m 5.7960 (2)

20.9092 (7)

8.8390 (3)

95.782

H4L1-3 3:1:2

(acetone,

H2O)

plate P21/m 11.5938 (2)

20.1571 (3)

12.3108 (2)

94.613 (2)

H4L1-4 3:0 plate P -1 11.7088 (6)

12.9401 (7)

21.8444 (10)

74.731 (4)

80.141 (4)

65.097 (5)

H4L1-5 1:1 (MeCN) plate P21/m 5.5690 (10)

20.2247 (5)

9.5889 (3)

104.765 (2)

H4L1-6 3:1 (MeCN) rhomboid P21/m 11.5314 (2)

20.1563 (4)

12.2292 (2)

93.976 (2)

H4L1-7 3:1:2

(EtOH, H2O)

rhomboid P21/m 11.4195 (2)

20.6425 (4)

12.3476 (2)

92.461 (2)

H4L1-8 1:1 (H2O) needle Pbca 6.7765 (1)

22.4259 (6)

24.8828 (6)

x

H4L1-9 1:2 (acetone) rhomboid P -1 11.6348 (3)

11.9605 (3)

19.4410 (4)

100.467 (2)

100.461 (2)

91.013 (2)

H4L1-10 2:1:4

(acetone,

H2O)

rhomboid P -1 5.7923 (8)

11.9577 (13)

17.433 (3)

92.526 (10)

94.282 (12)

90.995 (10)
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3.1.3.1 X-ray Structure of Butadiene Sulfone

As a reference, the crystal structure of butadiene sulfone was collected. X-ray quality

crystals of butadiene sulfone were grown from the slow evaporation of a solution of

butadiene sulfone in CHCl3. Butadiene sulfone grew as colourless rhomboids in the

orthorhombic space group Pnma. The asymmetric unit contained half a molecule of

butadiene sulfone. The remaining half of the molecule was generated by a mirror plane

which contained the molecule (Figure 3.3). The butadiene sulfone ring was perfectly

planar. Butadiene sulfone formed a closely packed 3D structure through hydrogen

bonding of the sulfone O atom to the protons of the C1 and C4 atoms [the distances

between O1· · ·C1 and O1· · ·C4 were 3.3576 (18) and 3.4365 (18)].

Figure 3.3: The contents of butadiene sulfone generated from the asymmetric unit by the
mirror plane.

3.2 Synthesis of H4L1 Crystals

The large degree of flexibility inherent in H4L1 made obtaining X-ray quality crystals

challenging. Crystals of H4L1 of suitable quality were eventually obtained from

a sample of H4L1 which was dissolved in acetone and left standing open to the

atmosphere for two months. The crystals obtained from this jar were concomitant

polymorphs and pseudopolymorphs of two different morphologies. X-ray diffraction

of these crystals gave the structures: H4L1-1, H4L1-2, H4L1-3 and H4L1-4, which

will be discussed below.
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3.3 X-ray Crystallography of H4L1-1, H4L1-2, H4L1-3 and

H4L1-4

3.3.1 X-ray Structure of H4L1-1

H4L1-1 formed an infinite 3D hydrogen bonded network with channels containing

acetone molecules of crystallisation. H4L1-1 crystallised as colourless needles in the

monoclinic space group P21/m. The asymmetric unit contained one half of an H4L1

molecule and one half of an acetone molecule of crystallisation. The remaining half of

the H4L1 and acetone molecules were symmetry generated by a mirror plane (Figure

3.4). The sulfone ring adopted a rather flat envelope conformation with the S1 atom

deviating from the mean plane of the butadiene by only 0.33 Å. The four arms were

splayed away from the sulfone. Two of the symmetry related arms were on the opposite

side with the O2 atom. The carboxylate groups on either side of the ring were twisted

at 70.31◦ with respect to each other.

Figure 3.4: The contents of H4L1-1 generated from the asymmetric unit by the mirror
plane.

H4L1-1 was formed into an undulating sheet in the (1 0 1) plane (Figure 3.5). The

sheet was formed through classical R 2
2 (8) centrosymmetric carboxylic acid dimer

interactions between the O3 and O4 containing carboxylic acid group [the O3· · ·O4

distance was 2.6411 (18) Å]. The O4 atom which participated in this bonding was

also hydrogen bonded to H5-O5 [the O4· · ·O5 bond distance was 2.7561 (17) Å]. This

bonding also contributed to the formation of the 2D sheet.
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Figure 3.5: The hydrogen bonding (represented by dashed lines) which formed the 2D
sheet of H4L1-1. The acetone molecule was omitted for clarity.

The sulfone rings were orientated very approximately orthogonal to the sheet (the

angle between mean planes was 73.94◦). The sheets undulated as a consequence of the

centrosymmetric carboxylate acid dimer interactions. This, in turn, meant that the

direction of the sulfone groups alternated on each side of the sheet (Figure 3.6)

Figure 3.6: The undulating nature of the 2D sheet formed by H4L1-1 showing the alter-
nating direction of the sulfone groups on either side of the sheet. The acetone molecule was
omitted for clarity.

The carbonyl O4 atom served as a trifurcated hydrogen bond acceptor. The weak

hydrogen bonding of the O4 carbonyl atom to O5 stacked the 2D sheets upon one

another, extending the structure in a 3D assembly (Figure 3.7).
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Figure 3.7: Top: The trifurcated hydrogen bonding of the O4 atom which extended the
H4L1-1 structure into a 2D sheet and then into a 3D structure. The bonding is represented
by the dashed lines: a, b and c. The bond labelled c, was the bond which extended the
sheets into a 3D assembly. Bottom: The 3D assembly of H4L1-1 showing the corrugated
2D sheets stacked upon one another. The acetone molecule was omitted for clarity.
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The O···O distances and O-H···O angles for the interactions a,b and c were 2.6411 (18),

2.7561 (17), 2.9696 (17) Å and 179, 173 and 91◦, respectively. The bonds represented

by a and b were classical hydrogen bonds and fell within the reasonable range for a

strong hydrogen bond.18 The bond represented by c was a weak, non-conventional

hydrogen bond as described by Desiraju.18 The arrangement of these bonds gave

the O4 atom a very approximately tetrahedral geometry. Interestingly, the carbonyl

oxygen atom, O6, did not participate in any hydrogen bonding interactions.

The 3D assembly contained two different types of channels, each running down the a

axis (Figure 3.8).

Figure 3.8: The 3D assembly formed by H4L1-1 showing the two channels which ran
down the a axis. The larger channel contained acetone molecules of crystallisation.

Smaller, hydrophobic channels were formed from the alkyl arms of two adjacent H4L1

molecules. These channels contained no solvent molecules. Larger channels were also

formed, again from the alkyl arms of two H4L1 molecules, however, these channels

also involved the sulfone group of one of the H4L1 molecules and the butadiene group

of the other H4L1 molecule. These channels were hydrophilic and acetone molecules

of crystallisation sat in these channels but between the 2D sheets formed by H4L1-1.

The acetone molecule was held in place by only very weak interactions between the

carboxyl O3 atom and the methyl protons of the acetone molecule.
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3.3.2 X-ray Structure of H4L1-2

H4L1-2 formed an infinite 1D hydrogen bonded chain which was formed into an

infinite 2D sheet through hydrogen bonding to an acetone molecule of crystallisation.

H4L1-2 crystallised as colourless plates in the monoclinic space group P21/m. The

asymmetric unit of H4L1-2 contained one half of an H4L1 molecule and one half of

an acetone molecule of crystallisation. The remaining half of the H4L1 and acetone

molecules were symmetry generated by a mirror plane (Figure 3.9). The sulfone ring

adopted an envelope conformation with the S atom deviating from the mean plane of

the butadiene by 0.46 Å. The carboxylic acid groups of the two arms on one side of

the butadiene sulfone ring were approximately parallel to each other, only twisting

with respect to each other by an angle of 7.96◦. The carboxylic acid groups of both of

the arms pointed in approximately the same direction as the O2 atom of the sulfone

group. The C8 containing carboxylic acid group sat above the sulfone group, while

the C5 containing carboxylic acid group sat below the sulfone group.

Figure 3.9: The contents of H4L1-2 generated from the asymmetric unit by the mirror
plane.

Molecules of H4L1 were arranged into an undulating infinite 1D chain through pairs

of classical R 2
2 (8) centrosymmetric carboxylic acid dimer interactions (Figure 3.10).

The chains ran along the b axis. Both arms participated in these interactions with

hydrogen bonding between O3· · ·H-O6 and O4· · ·H-O5 [the distances between O3· · ·O6

and O4· · ·O5 were 2.6578 (1) and 2.6306 (1) Å, respectively] which resulted in the

orientation of the H4L1 molecules alternating direction, hence, the direction of the

sulfone groups alternated on each side of the chain.
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Figure 3.10: The undulating 1D chain formed by molecules of H4L1 through classical
R 2

2 (8) centrosymmetric carboxylic acid dimer interactions in the structure H4L1-2. The
acetone molecule was omitted for clarity.

The 1D chains were extended into undulating 2D sheets through two different hydrogen

bonding interactions between the H4L1 and acetone molecules (Figure 3.11). As a

result of this, the acetone molecule bridged between two chains, sitting between them.

The O1 atom of the sulfone group was hydrogen bonded in a bifurcated fashion to

the methyl groups of the acetone molecule in a R 1
2 (6) hydrogen bonding motif [the

distance between O1· · ·C11 was 3.3454 (1) Å and the O1· · ·H-C11 angle was 153◦]. The

carbonyl oxygen of the acetone molecule also underwent bifurcated bonding, hydrogen

bonding to the C6 methylene protons of the alkyl arms resulting in a R 1
2 (8) hydrogen

bonding motif [the distance between O7· · ·C6 was 3.4201 (1) and the O7· · ·H-C6

angle was 140◦]. These bond lengths and angles fell within the reasonable range for

the O· · ·H-C bond.18--20

Figure 3.11: The undulating 2D sheet formed from chains of H4L1 molecules bridged by
hydrogen bonded acetone molecules in the structure H4L1-2.
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As a result, H4L1-2 formed a neatly arranged structure containing acetone molecules

of crystallisation (Figure 3.12).

Figure 3.12: The structure of H4L1-2.

3.3.3 X-ray Structure of H4L1-3

H4L1-3 contained three crystallographically distinct H4L1 molecules. H4L1-3 formed

an infinite 3D assembly formed from alternating sheets composed of S1- and S2-

containing H4L1 molecules and S3-containing H4L1 molecules. H4L1-3 crystallised

as colourless plates in the monoclinic space group P21/m. The asymmetric unit con-

tained three half H4L1 molecules as well as one half acetone molecule and one water

molecule of crystallisation. The remaining half of the H4L1 and acetone molecules

were generated through two mirror planes (Figure 3.13). The carboxylic acid group

around the C9 atom of the S2-containing H4L1 molecule was disordered over two

sites with a site occupancy of approximately 60:40. The minor component has been

omitted from all images for clarity.
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Figure 3.13: The contents of H4L1-3 generated from the asymmetric unit by the mirror
planes.

Two of the three butadiene sulfone rings adopted envelope conformations. The S1

atom deviated from the mean plane of the respective butadiene by 0.49 Å while the

S2 atom deviated from the mean plane of the respective butadiene by 0.40 Å. The

S3-containing sulfone ring was essentially planar, where the S1 atom only deviated

from the mean plan of the butadiene by 0.01 Å. The S1- and S2-containing sulfone

rings were orientated in approximately the opposite direction of the S3-containing

sulfone ring. The arms of all three H4L1 molecules were splayed away from the

butadiene sulfone ring. The two carboxylic acid groups of each of the S1-, S2- and

S3-containing molecules were twisted with respect to each other by 77.44, 80.04 and

59.73◦, respectively.

H4L1-3 formed a 3D assembly through the alternate stacking of two different sheets.

The first sheet was composed of S1- and S2-containing H4L1 molecules and a water

molecule of crystallisation (Figure 3.14).
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Figure 3.14: One of the 2D sheets formed by the S1- and S2-containing H4L1 molecules and
the water molecule in the structure H4L1-3. The hydrogen bonding which formed dimers of
H4L1 molecules, the hydrogen bonding between the dimers and the water molecule and the
centrosymmetric hydrogen bonding between S1-containing H4L1 molecules is shown and
represented by green, blue and purple dashed lines, respectively. The S3-containing H4L1
molecule and acetone molecule were omitted for clarity.
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The S1- and S2-containing H4L1 molecules formed non-planar dimers through classical

R 2
2 (8) hydrogen bonding between the C8 and C9 containing carboxylic acid groups

[the distances between O5· · ·O9 and O6· · ·O10 were 2.8319 (1) and 2.6793 (1) Å,

respectively]. The atoms O6, O9 and O10 which participated in this bonding were

bifurcated, also hydrogen bonding to a water molecule of crystallisation [the distances

between O6· · ·O20, O9· · ·O20 and O10· · ·O20 were 2.6951 (1), 2.4268 (1) and 2.7850

(1) Å, respectively]. The trifurcated water molecule bridged the dimers such that the

orientation of the dimers alternated. Each dimer was further bonded to one another

through centrosymmetric R 2
2 (8) hydrogen bonding between the C1 atom containing

carboxylic acid groups [the distance between O3···O4 was 2.6896 (1) Å]. This hydrogen

bonding resulted in what was considered to be interdigitating 1D chains of dimers

which were bridged by water molecules to form a sheet (Figure 3.15).

Figure 3.15: The 2D sheet formed by molecules of H4L1 from the bridging of interdigitated
1D by a water molecules where independent yet identical chains were represented in pink
and purple in the structure H4L1-3.

The second sheet was formed from S3-containing H4L1 molecules of which all four

arms participated in centrosymmetric R 2
2 (8) hydrogen bonding [the distances between

O15· · ·O16 and O17· · ·O18 were 2.6094 (1) and 2.6249 (1) Å, respectively] (Figure

3.16). As a result of this bonding, the orientation of the each molecule was alternate

to the four to which it was bound.

125



Figure 3.16: The 2D sheet formed by S3-containing H4L1 molecules through centrosym-
metric R 2

2 (8) hydrogen bonding in the structure H4L1-3. The S1- and S2-containing H4L1
molecules, water and acetone molecules were omitted for clarity.

The two sheets were stacked closely together to form a 3D assembly. Each sheet was

connected through hydrogen bonding through the O12 atom of the S2-containing H4L1

molecule and the O18 atom, which was bifurcated, of the S3-containing H4L1 molecule

[the distance between O12· · ·O18 was 2.7127 (1) Å] (Figure 3.17). This resulted in

alternate sheets of S1- and S2-containing H4L1 molecules and S3-containing H4L1

molecules (Figure 3.18).
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Figure 3.17: The hydrogen bonding between the S2- and S3-containing H4L1 molecules
which connected the two sheets together in the structure H4L1-3. The S1- and S2-containing
sheet was shown in pink while the S3-containing sheet was shown in green. The acetone
molecule was omitted for clarity.
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Figure 3.18: Two views of the two different sheets stacked alternately upon one another
in the structure H4L1-3. The S1- and S2-containing sheet was shown in pink and purple
while the S3-containing sheet was shown in green. The acetone molecule was omitted for
clarity.

The acetone molecule of crystallisation did not participate in any bonding. It sat

roughly in the space between the sheets. The acetone molecule was positioned in the

space between the S1/S2 dimers and in the spaces of the S3-containing sheet (Figure

3.19).
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Figure 3.19: The acetone molecule of crystallisation positioned in the space between the
dimers and the sheets in the structure H4L1-3. The water molecule was omitted for clarity.

3.3.4 X-ray Structure of H4L1-4

H4L1-4 formed an infinite 2D grid which was interpenetrated by 1D chains to give a

3D assembly. H4L1-4 crystallised as colourless plates in the triclinic space group P -1.

The asymmetric unit of H4L1-4 contained three complete H4L1 molecules (Figure

3.20). The butadiene rings of all three H4L1 molecules were essentially planar. The S

atoms of the S1-, S2- and S3-containing molecules deviated from the mean plane of the

respective butadiene by 0.37, 0.19 and 0.07 Å, respectively. The carboxylic acid arms

of the three H4L1 molecules were all splayed away from the sulfone. The carboxylic

acid groups were twisted with respect to each other in an unremarkable fashion with

the exception of the C24- and C27-containing arms of the S2 H4L1 molecule. These

two arms were almost parallel to each other, only twisting with respect to each other

by 4.79◦.
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Figure 3.20: The components of the asymmetric unit of H4L1-4.

An infinite 2D grid-like sheet was formed through classical R 2
2 (8) hydrogen bonding

between the carboxylic acid arms of both the S1- and S3-containing H4L1 molecules

(Figure 3.21).
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Figure 3.21: The grid formed through classical R 2
2 (8) hydrogen bonding (represented by

dashed lines) of the S1- and S3-containing H4L1 molecules in the structure H4L1-4. The
S2 H4L1 molecule was omitted for clarity.

The carboxylic acid arms of each S1- and S3-containing H4L1 molecule were bonded

in a ‘‘square planar” fashion generating a planar grid. Each S1 and S3 H4L1 molecule

was bonded to two S1 and two S3 H4L1 molecules through R 2
2 (8) hydrogen bonding.

The bond distances are listed in Table 3.2. The sulfone groups of the S1 and S3 H4L1

molecules were orientated such that they faced approximately opposite directions.

Table 3.2: Hydrogen bond distances of the bonds which formed the 2D sheet.

Bond O-H distance/Å O-O distance/Å

O11(H)· · ·O14 1.86 2.6780 (1)

O13(H)· · ·O12 1.78 2.6019 (1)

O16(H)· · ·O31 1.79 2.6108 (1)

O17(H)· · ·O36 2.08 2.8847 (2)

O32(H)· · ·O15 1.82 2.6363 (1)

O35(H)· · ·O18 2.09 2.8747 (2)
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A zig-zag, 1D chain which ran along the c axis, was formed by S2-containing H4L1

molecules through R 2
2 (8) hydrogen bonding between three of the four carboxylic acid

arms (Figure 3.22). Curiously, the C33-containing arm did not participate in any hy-

drogen bonding. The C30-containing carboxylic acid group formed a centrosymmetric

dimer, creating a single ‘‘link” in the chain [the distance between O21· · ·O22 was

2.7195 (1) Å]. The C24 and C27 containing carboxylic acid groups formed parallel

R 2
2 (8) hydrogen bonded dimers which formed two ‘‘links” in the chain [the distances

between O23· · ·O26 and O24· · ·O25 were 2.6571 and 2.6866 Å, respectively]. As a

result of this bonding the sulfone groups were orientated in approximatively opposite

directions.

Figure 3.22: The 1D, zig-zag chain formed by S2-containing H4L1 molecules in the
structure H4L1-4. The hydrogen bonding is represented by dashed lines. The S1- and
S3-containing H4L1 molecules were omitted for clarity.

The 1D chain interpenetrated the 2D grid formed by the S1 and S3 H4L1 molecules

in a fashion reminiscent of molecular threading (Figure 3.23). This formed a densely

packed 3D structure.
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Figure 3.23: The 3D structure of H4L1-4 showing: top: the interpenetration of the 1D
zig-zag chains (each chain was represented in a shade of green) through the 2D grid sheets
(each sheet was represented in a shade of pink) resulting in a 3D structure. The length of the
1D chains was reduced for clarity Bottom: a view of the interpenetrated network displaying
the positioning of the grid sheets relative to one another and the 1D chain (represented in
green). The sheets represented in pink and pale pink are two of the same sheet.
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3.3.5 Summary of H4L1-1, H4L1-2, H4L1-3 and H4L1-4

H4L1-1 and H4L1-2 were found to be polymorphs. They both consisted of half an

H4L1 molecule and half an acetone molecule of crystallisation yet had greatly different

structures. While H4L1-1 formed a 3D network with acetone filled channels, H4L1-2

formed a 2D sheet. The difference in the structures of H4L1-1 and H4L1-2 was seen

to appear from a combination of the same carboxylic acid synthons being formed, but

in distinct and different locations as well as different synthons forming. Additionally,

while the a and b axes of the two cells were similar, there was substantial variation

in the c axis and β angle between the cells of the two structures.

H4L1-3 and H4L1-4 were pseudopolymorphs of H4L1-1 and H4L1-2. They both

contained different amounts of solvent which had great impact upon their overall

structures. The packing of H4L1-3 resulted in alternating 2D sheets stacked upon

one another to form a 3D structure. Molecules of H4L1-4 were arranged such that

1D chains were threaded through a 2D grid-like sheet. Again, the difference in overall

structure was represented in the unit cells which varied greatly from that of H4L1-1

and H4L1-2. This was most blatantly observed in the case of H4L1-4 which resided

in the triclinic space group P -1 while H4L1-1, H4L1-2 and H4L1-3 all occupied the

monoclinic space group P21/m.

3.4 Further analysis of H4L1-1, H4L1-2, H4L1-3 and H4L1-4

3.4.1 Powder X-ray diffraction of H4L1

The structures of H4L1-1, H4L1-2, H4L1-3 and H4L1-4 were also analysed using X-

ray powder diffraction. The bulk sample from which the four structures were collected

was submitted to powder X-ray diffraction. Representative samples for diffraction

were collected from two locations of the crystal jar and analysed. Analysis of the

two collected powder patterns showed that each pattern contained the same peaks

which suggested a homogeneous sample of the four polymorphs and pseudopolymorphs

(Figure 3.24).

134



Figure 3.24: X-ray powder analysis of a bulk sample of H4L1 taken from different locations
within one sample.

From the X-ray data collected, simulated powder patterns for each structure were

extrapolated using Mercury.21 As expected for polymorphs and pseudopolymorphs, the

simulated powder pattern of the four structures were all different from each other. The

peaks observed in the four simulated powder patterns were also observed in the powder

patterns collected experimentally (Figure 3.25). This confirmed that the bulk sample

consisted of a mixture of the four structures. Individual powder X-ray experiments of

each polymorph and pseudopolymorph were unable to be obtained. This limitation

arose from the inability to isolate sufficient sample of singular pseudopolymorphs.
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Figure 3.25: A stacked plot showing the experimentally collected X-ray powder patterns
of bulk sample of H4L1 (shown in orange) and the simulated X-ray powder patterns of the
structures H4L1-1, H4L1-2, H4L1-3 and H4L1-4 (shown in blue, red, green and purple,
respectively).
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3.4.2 Exposure Experiments of H4L1-1 and H4L1-2

Crystals of H4L1-1 and H4L1-2 were submitted to varying conditions in attempts to

remove the acetone molecules of crystallisation. X-ray quality crystals of H4L1-1 and

H4L1-2 were left standing under atmospheric conditions. The cell dimensions of each

crystal were checked after 2, 6, 8 and 19 days. Over this period of time, no change in

the cell dimensions was observed. After having been exposed to the atmosphere for 20

days the quality of the crystal had degraded greatly and no further X-ray data could

be obtained. X-ray quality crystals were then submitted to low vacuum conditions for

4 days. This too resulted in the quality of the crystals degrading such that no further

X-ray analysis could be carried out. Finally, X-ray quality crystals were heated at

35 ◦C for 24 h. Once again, this resulted in the degradation of the crystal quality.

3.4.3 DFT Calculations of the Polymorphs and Pseudopoly-

morphs

It was originally hypothesised that the cause for the crystal structures H4L1-1, H4L1-

2, H4L1-3 and H4L1-4 containing different amounts of solvent molecules was that

after the crystallisation process had occurred, crystals near the surface of the sample

were susceptible to the evaporation of acetone. The long period of time between for-

mulation of the crystals and analysis by X-ray diffraction led this to be a plausible

cause for the different structures collected. However, when this process was attempted

artificially, by exposure to atmosphere, vacuum or heat, no change in the original struc-

ture was observed. This suggested the polymorphic and pseudopolymorphic structures

were concomitant. Density functional theory (DFT) calculations were carried out to

explore this idea.

Periodic DFT calculations were carried out using the functional B3LYP-D3 and a

basis set of 6.311G(d) using the CRYSTAL 17 software suite. The tabulated data

from these calculations can be found in Appendix D. A geometry optimisation for

each crystal structure was carried out to find the lowest energy arrangement of the

atoms in the cell. This was done for the four structures, H4L1-1, H4L1-2, H4L1-3

and H4L1-4 with the starting geometry based on the experimental data collected

from the X-ray diffraction analysis. The total electronic energy for the optimised unit

cells (∆H ) was calculated at this minima.
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Harmonic frequency calculations were then carried out for the structures H4L1-1 and

H4L1-2 to calculate the overall Gibbs free energy (∆G) and binding energy of the

cells.i The binding energy of each structure was found to be −4.631, −4.695, −4.040

(estimated) and −3.603 (estimated) eV mol−1 ligand−1 for the structures H4L1-1,

H4L1-2, H4L1-3 and H4L1-4, respectively. This suggested that the structure H4L1-

2 was the most thermodynamically favoured and stable structure and that the acetone

molecules of crystallisation in this structure were the most tightly bound. Therefore,

the removal of acetone from this structure would require more energy than for the

structures H4L1-1, H4L1-3, H4L1-4. H4L1-1 was found to be the second most

thermodynamically stable structure. The difference in binding energies of structures

H4L1-2 and H4L1-1 and, therefore, the thermodynamic stability, was relatively small

and only varied by 0.064 eV mol−1 ligand−1 or 6.18 kJ mol−1.

IR spectra were then simulated for H4L1-1 and H4L1-2 as well as monomers of

acetone, H4L1 and the bound gas-phase complex of the acetone and H4L1 monomers.

The calculated IR spectra of H4L1-1 and H4L1-2 were found to have the same

characteristic peaks as that of the experimentally collected IR spectrum. A comparison

of the calculated IR spectra allowed for the analysis of the intermolecular modes of the

acetone molecules of crystallisation where, in both the crystal structures, the magnitude

of a red-shift corresponds with a higher interaction (binding) energy (Figure 3.26 and

3.27).

iThe harmonic frequency calculations of H4L1-3 and H4L1-4 were started in May 2019 and are
still running. The overall Gibbs free energy of these two structures were estimated from the unit cell.
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Figure 3.26: The calculated IR spectra of monomers of acetone (shown in blue) and H4L1
(shown in red). The areas highlighted by the grey box shows the signals caused by C=O
stretching (left) and O-H stretching (right).
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Figure 3.27: The calculated spectra of an acetone-H4L1 complex (shown in green), H4L1-
1 (shown in purple) and H4L1-2 (shown in blue). The areas highlighted in grey show the
signals recorded in Table 3.3. The red and blue arrows represent red and blue shifting of
the signals.

The complex formed by the H4L1 monomer and an acetone monomer caused only

slight deviation of the H4L1 monomer O-H frequencies indicating minimal interac-

tion. On comparison of the structures of H4L1-1 and H4L1-2 to the H4L1-acetone

complex, a red-shift of the frequencies of H4L1-1 and H4L1-2 was observed. The

most pronounced red shift was for the O-H and C=O stretching modes of H4L1-1

and H4L1-2. In comparison to one another, the structures H4L1-1 and H4L1-2 also

showed some deviation of the vibration modes. A summary of the different vibration

modes observed in the IR spectra of H4L1-1 and H4L1-2 is presented in Table 3.3.
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Table 3.3: A summary of the different modes and the frequencies of these modes for H4L1-1
and H4L1-2.

x Wavenumber (cm−1)

Entry Assignment H4L1-1 H4L1-2

a O-H str 3361, 3347 3061, 3158

b O-H str 3145, 3136, 3130 3112

c C=O str 1769, 1766, 1729, 1718 (acetone) 1759, 1721 (acetone), 1694

C-H wag 1481 (acetone) 1499 (acetone)

d O-H-O rock 1365 1499

C-O str − 1349, 1333

C-H bend − 1349, 1333

C-H wag 1271 1230

e S=O str 1239 1243

C=O str 1222 1270

C-H rock 1100 (acetone) 1080 (deformation)

f C-C str 1066 −
O-H-O rock 1000, 980, 971 1015, 1004, 996

The most pronounced shift observed between the structures of H4L1-1 and H4L1-2

was for the O-H stretch signal. In comparison to H4L1-1, the O-H stretch modes of

H4L1-2 were red shifted by approximately 300 cm−1 (entry a) and approximately 25

cm−1 (entry b). This is in accordance with the structures of H4L1-1 and H4L1-2.

In the structure of H4L1-1, of the four carboxylic acid arms two participate in the

formation of a classical R 2
2 (8) dimer (Figure 3.5). In comparison, all four carboxylic

acid arms of the structure of H4L1-2 form these dimers (Figure 3.10). It would

be expected then that the hydroxy groups of the carboxylic acid arms of H4L1-2,

which participate in a greater number of these robust interactions, experience a higher

interaction energy.

Shifts associated with the vibrational modes O-H-O rocking, C-O stretching and C-C

stretching were noted but to a minimal extent (entries d, e and f). Analysis of the

vibration modes caused by the acetone molecule, the C=O stretch and C-H wagging

modes for the H4L1-1 structure were red shifted by 3 and 18 cm−1, respectively, with

respect to H4L1-2 (entries c and d). Conversely, the C-H rocking mode of H4L1-2

was red shifted in comparison to H4L1-1 by 20 cm−1 (entry f).

141



The minor differences observed for the position of the vibration modes between the

structures H4L1-1 and H4L1-2, as well as the relatively small difference in calcu-

lated and estimated binding energies of the four structures, suggested that the energy

difference between the two structures was not significant. This supported the idea

that the four structures were formed from four crystallographic events which were

chemically distinct rather than a highly solvated structure forming primarily followed

by a transition to lesser solvated structures occurring over time.

3.5 Introduction of different solvent systems

Having thoroughly explored the structures of H4L1 when grown from acetone solu-

tions, the impact of the use of different solvents was investigated. In the interest of

exploring the effects of solvent of the structure of H4L1, X-ray quality crystals were

grown from the slow evaporation of solutions of H4L1 in MeCN, EtOH and water.

These solutions were left standing open to the atmosphere for one week, two weeks and

one month, respectively. Crystals of two different morphologies were obtained from

the MeCN solution of H4L1. X-ray diffraction of these crystals gave the structures

H4L1-5 and H4L1-6. X-ray diffraction of the crystals grown from the EtOH and

water solutions of H4L1 gave the structures H4L1-7 and H4L1-8, respectively.

3.5.1 X-ray Structure of H4L1-5

The structure of H4L1-5 was a pseudopolymorph of H4L1-1. Like H4L1-1, H4L1-5

also formed an infinite 3D assembly containing channels occupied by solvent molecules.

H4L1-5 crystallised as colourless plates in the monoclinic space group P21/m. The

asymmetric unit consisted of one half molecule of H4L1 and one half MeCN molecule

of crystallisation. The remaining half of the molecules were generated by a mirror

plane (Figure 3.28). The butadiene ring adopted an envelope conformation where the

S atom deviated from the mean plane of the butadiene sulfone ring by 0.26 Å. The

decorating arms were splayed away from the central ring and the carboxylic acid

groups were twisted by 66.94◦ with respect to one another.
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Figure 3.28: The components of H4L1-5 generated from the asymmetric unit by the mirror
plane.

H4L1-5 was found to pack in the same manner as H4L1-1 (Figure 3.5). H4L1-5

formed a corrugated 2D sheet in the (1 0 1) plane axis through two types of hydrogen

bonding including centrosymmetric R 2
2 (8) bonding. The sheets were stacked upon one

another through further hydrogen bonding. The bond distances are reported below,

in Table 3.4. Of note, the carbonyl oxygen, O6, did not participate in any hydrogen

bonding interactions. This was also the case in the structure, H4L1-1.

Table 3.4: Hydrogen bond distances of the bonds which formed the 2D sheet.

Bond O-H distance/ Å O-O distance/Å

O3(H)· · ·O4 1.85 2.6573 (13)

O5(H)· · ·O4(2D extension) 1.94 2.7637 (14)

O5(H)· · ·O4(3D extension) 2.76 2.9456 (13)

This bonding resulted in a 3D network such as the one observed in the structure of

H4L1-1. H4L1-5 contained two types of channels: small hydrophobic ones and larger

hydrophilic ones. The MeCN molecule of crystallisation was positioned in the larger

channel but between the 2D sheets and was held in place by only weak intermolecular

forces (Figure 3.29).
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Figure 3.29: The 3D assembly formed by H4L1-5 showing the two types of channels
running along the a axis. The larger channel contained MeCN molecules of crystallisation.

3.5.2 X-ray Structure of H4L1-6

H4L1-6 contained three crystallographically distinct H4L1 molecules. These molecules

formed a 3D structure which consisted of sheets of S3-containing molecules linked by

chains of S1- and S1-containing molecules. H4L1-6 crystallised as colourless rhom-

boids in the monoclinic space group P21/m. The asymmetric unit contained three half

molecules of H4L1 and one half MeCN molecule. The remaining half of the H4L1 and

MeCN molecules were generated by mirror planes (Figure 3.30). The butadiene rings

of all three H4L1 molecules adopted rather flat, envelope conformations where the

S1, S2 and S3 atoms deviated from the mean plane of the butadiene by 0.51, 0.41 and

0.06 Å, respectively. The decorating arms of all three H4L1 molecules were splayed

away from the sulfone. The carboxylic acid groups of the S1, S2 and S3 molecules

were twisted with respect to each other by 69.61, 71.21, 69.83◦, respectively.
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Figure 3.30: The components of H4L1-6 generated from the asymmetric by the mirror
planes.

The S3-containing molecule of H4L1 formed infinite 2D sheets through centrosym-

metric, R 2
2 (8) hydrogen bonding [the distances between O15· · ·O16 and O17· · ·O18

were both 2.5789 (1) Å] (Figure 3.31). The sheets were formed in the same manner

as observed in the structure of H4L1-3 (Figure 3.16). All four arms participated in

this bonding. The sheets were approximately planar and the direction of the sulfone

groups alternated on each side of the sheet.
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Figure 3.31: The 2D sheets formed by S3-containing molecules of H4L1 through cen-
trosymmetric R 2

2 (8) hydrogen bonding in the structure H4L1-6. The MeCN molecules were
omitted for clarity.

The 2D sheets were linked together through infinite 1D chains consisting of S1- and

S2-containing molecules of H4L1. The chains ran along the b axis. Dimers of S1-

and S2-containing molecules were formed through classical, R 2
2 (8) hydrogen bonding

between the C5- and C16-containing carboxylic acid arms of the S1- and S2-containing

molecules, respectively [the distances between O3· · ·O12 and O4· · ·O11 were 2.6573 (1)

and 2.7490 (1) Å, respectively] (Figure 3.32 top). These dimers were linked together

into a 1D chain through further hydrogen bonding between S1-containing molecules.

The C8-containing carboxylic acid arm of the S1 molecule formed a centrosymmetric,

R 2
2 (8) hydrogen bonded dimer [the distance between O5· · ·O6 was 2.7200 (1) Å]

(Figure 3.32 top). The 1D chains were interdigitated with one another (Figure 3.32

middle) and the direction of the sulfone groups alternated on each side of the chain

(Figure 3.32 bottom).
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Figure 3.32: The structure of H4L1-6 showing: top: The 1D chain formed through R 2
2 (8)

hydrogen bonding of the S1- and S2-containing H4L1 molecules as viewed down the a axis.
The MeCN molecules were omitted for clarity. Middle: The interdigitating 1D chains where
independent yet identical chains were represented in pink and purple. Bottom: A view of
the 1D chain which highlighted the alternating sulfone groups. The hydrogen atoms and
MeCN molecules were omitted for clarity.
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A 3D structure was formed through the 2D sheets being linked together by the 1D

chains through hydrogen bonding (Figure 3.33). The C13-containing carboxylic acid

group of each S2-containing H4L1 molecule was hydrogen bonded to the bifurcated

O16 atom of the S3-containing H4L1 molecule [the distance between O10· · ·O16 was

2.7521 (1) Å]. The alternating nature of the S1 and S2 molecules of the 1D chain

caused this hydrogen bonding to result in the 1D chain linking two 2D sheets together.

This resulted in a 3D assembly.

Figure 3.33: Top: The hydrogen bonding which extended the sheets into a 3D assembly
in the structure H4L1-6. The shading represents molecules in positioned towards the back-
ground. Bottom: The 2D sheets consisting of S3-containing molecules (represented in green)
linked together by the 1D chain comprising of S1 and S2 molecules (represented in pink and
purple). The MeCN molecules were omitted from both images for clarity.

The molecules of MeCN were positioned in the middle of the S1- and S2-containing

dimers and the spaces in the 2D sheet. (Figure 3.34) They were held in place by a

series of weak intermolecular interactions. The O9 atom of the C13 carboxylic acid

group did not participate in any hydrogen bonding.
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Figure 3.34: The MeCN molecules positioned in the middle of the S1- and S2-containing
dimers and S3-containing sheets in the structure H4L1-6.
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3.5.3 X-ray Structure of H4L1-7

H4L1-7 contained three crystallographically distinct molecules. These molecules

formed a 3D structure which, like H4L1-6, consisted of 2D sheets of S3-containing

molecules linked by chains of S1- and S2-containing molecules. A water molecule of

crystallisation was also involved in the structure. H4L1-7 crystallised as colourless

rhomboids in the monoclinic space group P21/m. The asymmetric unit contained

three half molecules of H4L1, one half EtOH molecule and one water molecule. The

remaining half of the H4L1 and EtOH molecules were generated by mirror planes.

(Figure 3.35). The carboxylic acid group around the C16 atom was disordered over

two sites with a site occupancy of 80:20. The carbonyl oxygen of the C8 carboxylic

acid group was also disordered over two sites with a site occupancy of 60:40. The

minor components of the disordered sites were omitted from all figures for clarity.

The butadiene sulfone ring of all three H4L1 molecules adopted rather flat, envelope

conformations where the S1, S2 and S3 atoms deviated from the mean plane of the

butadiene by 0.52, 0.37 and 0.10 Å, respectively. The decorating arms of all three

H4L1 molecules were splayed away from the sulfone. The carboxylic acid groups of

the S1-, S2- and S3-containing molecules were twisted with respect to one another by

49.33, 20.49 and 48.38◦, respectively.

Figure 3.35: The contents of H4L1-7 generated from the asymmetric unit by mirror planes.
The hydrogen atoms were omitted for clarity.
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The S3-containing molecules of H4L1 formed infinite, 2D sheets in the same manner as

observed in the structure of H4L1-6 (Figure 3.36). These sheets were formed through

centrosymmetric R 2
2 (8) hydrogen bonding of the carboxylic acid groups [the distances

between O15···O16 and O17···O18 were 2.6340 (1) and 3.2168 (1) Å, respectively]. The

sheets were approximately planar and the direction of the sulfone groups alternated

on each side of the sheet.

Figure 3.36: The 2D sheet formed from S3-containing molecules of H4L1 in the structure
H4L1-7. The S1- and S2-containing H4L1, EtOH and water molecules were omitted for
clarity.
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The 2D sheets formed by S3-containing H4L1 molecules were linked together through

1D chains consisting of S1- and S2-containing molecules of H4L1 which ran along the

b axis. Again, like the 2D sheets, this occurred in the same manner as observed in the

structure of H4L1-6. Notably, however, the R 2
2 (8) motif hydrogen bonding which

formed dimers of S1- and S2-containing molecules in the structure of H4L1-6 was

disrupted by a water molecule of crystallisation in the structure of H4L1-7. Rather,

the S1- and S2-containing molecules were bonded together through hydrogen bonding

between the C8- and C13-containing carboxylic acid groups and a water molecule of

crystallisation [the distances between O5· · ·O9 and O10· · ·O20· · ·O6 were 2.6745 (1),

2.5320 (1), 2.5855 (1) Å, respectively](Figure 3.37). The water molecules disrupted the

bonding between the O10-H· · ·O6 atoms which formed a R 3
3 (10) hydrogen bonding

motif. The direction of the sulfone groups alternated on each side of the chain.
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Figure 3.37: Top: the 1D chain formed by S1- and S2-containing molecules of H4L1
in the structure H4L1-7 and water as viewed down the a axis (the hydrogen bonding
was represented by dashed lines). Bottom: view showing the interdigitating nature of the
chains where independent yet identical chains were represented in pink and purple. The
S3-containing H4L1-7 and EtOH molecules were omitted for clarity.
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A 3D structure was formed through the 2D sheets being linked together by the 1D

chain through hydrogen bonding (Figure 3.38). The C16-containing carboxylic acid

arm of the S2-containing H4L1 was hydrogen bonded to the O17 atom of the C24-

containing carboxylic acid group of the S3-containing H4L1 [the distance between

O11· · ·O17 was 2.7597 (1) Å]. Further hydrogen bonding of the O17 atom, which was

bifurcated, to the water molecule also participated in the extension of the 2D sheets

to a 3D assembly [the distance between O20· · ·O17 was 2.8407 (1) Å].

Figure 3.38: Top: The hydrogen bonding (represented by dashed lines) which linked the 2D
sheets together via the 1D chains in the structure H4L1-7. The shading represents molecules
further towards the background. Bottom: The 2D sheets consisting of S3-containing molecules
(represented in green) linked together by the 1D chain consisting of S1- and S2-molecules
(represented in pink and purple). The EtOH molecules were omitted for clarity.
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The molecules of EtOH were held in place by a series of weak intermolecular interac-

tions. The EtOH molecules were positioned in the spaces of the S3-sheets, between

the 1D chains and the 2D sheets (Figure 3.39). Unlike the MeCN molecules of the

H4L1-6 structure, the EtOH molecules did not reside in the space in the middle of

the S1-and S2-containing dimers but was adjacent to them.

Figure 3.39: The EtOH molecule positioned in the spaces of the S3-containing sheet and
adjacent to the S1- and S2-containing dimers in the structure H4L1-7. The water molecules
were omitted for clarity.

3.5.4 X-ray Structure of H4L1-8

H4L1-8 formed an infinite 3D framework consisting of interlocking rings. H4L1-8

crystallised as colourless needles in the orthorhombic space group Pbca. The asym-

metric unit consisted of one full H4L1 molecule and one water molecule (Figure 3.40).

The butadiene sulfone ring adopted an envelope conformation where the S atom devi-

ated from the mean plane of the butadiene by 0.46 Å. The four carboxylic acid arms

were splayed away from the central butadiene sulfone ring and twisted with respect

to each other in an unremarkable fashion. The C7- and C13-containing arms sat on

the sulfone O2 atom side of the ring, roughly below the sulfone group. The C10- and

C16-containing arms sat on the O1 side of the ring, above the sulfone group.
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Figure 3.40: The components of the asymmetric unit of H4L1-8.

Molecules of H4L1 formed an infinite, planar 2D sheet of connected ‘‘rings” through

classical R 2
2 (8) hydrogen bonding (Figure 3.41). Three of the four carboxylic acid

groups, the C7-, C13- and C16-containing carboxylic acid groups, participated in the

bonding [the distances between O4· · ·O9, O8· · ·O7 and O10· · ·O3 were 2.744 (5), 2.646

(5) and 2.621 (5) Å, respectively].

Figure 3.41: The 2D sheet of rings formed by molecules of H4L1 in the structure H4L1-8.
The water molecules were omitted for clarity.
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Each ring of the planar sheet was doubly interpenetrated by two other rings. The

fourth remaining, C10 atom containing, carboxylic acid group ‘‘dangled” into the

centre of the rings which made up the planar sheet. Each ring had two C10 atom

carboxylic acid groups protruding into it. The C10 carboxylic acid group participated

in hydrogen bonding with the O1 atom the sulfone group [the distance between O5···O1

was 2.724 (5) Å] (Figure 3.42 top). As a result of this hydrogen bonding, each ‘‘ring”

of the planar sheet was two-fold interpenetrated by rings which included these sulfone

groups (Figure 3.42 bottom). The water molecule of crystallisation did not participate

in any hydrogen bonding.
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Figure 3.42: Top: the hydrogen bonding (represented by dashed lines) which interconnected
the 2D rings in the structure H4L1-8. The dashed arrows represented the hydrogen bonding
which would extend the molecules into the formation of rings. Bottom: A view of two rings
(represented by gold and pale pink) interpenetrating a third, approximately perpendicular,
ring (represented in green). The water molecule of crystallisation was omitted for clarity.

158



3.5.5 Summary of H4L1-5, H4L1-6, H4L1-7 and H4L1-8

The structures H4L1-5, H4L1-6, H4L1-7 and H4L1-8 were all pseudopolymorphs

of the four structures: H4L1-1, H4L1-2, H4L1-3 and H4L1-4. The structure of

H4L1-5 was very closely related to that of H4L1-1. The two structures adopted

the same 3D structure with the respective solvent molecules contained in hydrophilic

solvent channels. There was minimal variation in the cell dimensions of the two

structures with the exception of the β angle which deviated by approximately 4◦.

The MeCN solvated structure, H4L1-6 and EtOH solvated structure, H4L1-7 were

similar to each other. Each contained three half H4L1 molecules in the asymmetric

unit and formed 2D sheets through classical R 2
2 (8) hydrogen bonding in which all four

decorating arms participated. In each structure, these sheets were linked by 1D chains.

Components of the H4L1-3 were also strikingly similar to that of H4L1-6 and H4L1-

7. There was little variation in all three structures’ cell dimensions and like H4L1-6

and H4L1-7, H4L1-3 formed a 2D sheet, however, the overall resulting structure

differed significantly. The structure of H4L1-8 was quite unique in comparison to

all seven other structures. It was the only structure to adopt an orthorhombic space

group and formed rings which were linked together like chains in a similar fashion to

the structures observed in catenanes.22

3.5.6 Solvent Exchange Experiments

Having successfully grown H4L1 crystals from varying solvents, an exchange of sol-

vents was then attempted. H4L1 crystals from a sample containing a mixture of the

polymorphs and pseudopolymorphs H4L1-1, H4L1-2, H4L1-3 and H4L1-4 were sub-

jected to the slow diffusion of MeCN over 3 weeks. The crystals were then analysed by

X-ray diffraction and were found to have not exchanged any acetone solvent molecules

for MeCN molecules.
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Crystals containing MeCN solvent molecules of crystallisation were then taken from

a bulk sample containing H4L1-5 and H4L1-6. These crystals were subjected to

the slow diffusion of acetone over 3 weeks. This resulted in the dissolution of the

crystals followed by the gradual growth of colourless, plate crystals. These crystals

were found to be pseudopolymorphs of the H4L1 crystals described above. They gave

the 3D structure H4L1-9 which contained channels occupied by acetone molecules

of crystallisation. These crystals were then left standing in atmospheric conditions

for 48 h resulting in the loss of acetone molecules of crystallisation and the new

pseudopolymorph, H4L1-10. The structure of H4L1-10 was a 3D assembly which

contained fewer molecules of acetone but also water molecules of crystallisation. The

further exposure of this crystalline sample to the atmosphere for another 48 h resulted

in the degradation of the quality of the crystals.

3.5.7 X-ray Structure of H4L1-9

H4L1-9 formed a 3D network with solvent filled channels running down the a axis.

H4L1-9 crystallised as colourless rhomboids in the triclinic space group P -1. The

asymmetric unit consisted of two full H4L1 molecules, three full acetone molecules

and two half acetone molecules. The remaining half of the two acetone molecules were

disordered through an inversion centre (Figure 3.43).
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Figure 3.43: The constituents of H4L1-9 generated from the asymmetric unit by a centre
of inversion. The hydrogen atoms were omitted for clarity.

The two butadiene sulfone rings adopted rather flat envelope conformations where

the S1 and S2 atoms deviated from the respective mean plane of the butadiene by

0.32 and 0.37 Å, respectively. The decorating arms of both the H4L1 molecules were

splayed away from the sulfone. The two H4L1 molecules were positioned such that

they were very approximately superimposed upon one another with the exception of

some twisting of the decorating arms (Figure 3.44). The hydrogen atoms of the C7,

C13 and C16 carboxylic acid groups were orientated in an unusual fashion as a result

of the hydrogen bonding which took place.
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Figure 3.44: The two H4L1 molecules superimposed upon one another in the structure
H4L1-9. The S1-containing molecule is represented in teal. The acetone molecules of crys-
tallisation were omitted for clarity.

Molecules of H4L1 were arranged into 2D sheets through a variety of hydrogen bond-

ing (Figure 3.45). S1- and S2-containing molecules were formed into dimers through

hydrogen bonding of the C7 and C16 carboxylic acid groups of the S1-containing

molecule with the C32 and C23 carboxylic acid groups of the S2-containing molecule

[the distances between O4· · ·O19 and O10· · ·O14 were 2.6620 (1) and 2.6535 (1) Å, re-

spectively]. Each dimer was bonded to another dimer through centrosymmetric, R 2
2 (8)

hydrogen bonding of the C26-containing carboxylic acid group of the S2-containing

H4L1 molecule [the distance between O15· · ·O16 was 2.6580 (1) Å]. These linked

dimers were extended into infinite 2D sheets through further hydrogen bonding. The

C23-containing carboxylic acid of the S2 molecule was bound to the C13-containing

carboxylic acid group of the S1 molecule [the distance between O13· · ·O7 was 2.7167

(1) Å]. Additionally, the C29-containing carboxylic acid of the S2 molecule was bound

to the C7-containing carboxylic acid group of the S1 molecule [the distance between

O18· · ·O3 was 2.5613 (1) Å].
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Figure 3.45: The hydrogen bonding of H4L1-9 which formed a 2D sheet in the structure
H4L1-9. The hydrogen bonds are represented by dashed lines. The acetone molecules of
crystallisation were omitted for clarity.

The 2D sheets formed by H4L1-9 were extended into a 3D network through hy-

drogen bonding (Figure 3.46). Hydrogen bonds were formed between the C7- and

C13-containing carboxylic acid groups of the S1-containing molecule and the C13-

and C23-containing carboxylic acid groups of the S1- and S2-containing molecules,

respectively [the distances between O4· · ·O8 and O7· · ·O13 were 2.5382 (1) and 2.7167

(1) Å, respectively]. This was facilitated through the hydroxy protons on the C7 and

C13 carboxylic acid groups adopting an anti conformation.
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Figure 3.46: The hydrogen bonding which extended H4L1-9 into a 3D network. The
acetone molecules of crystallisation were omitted for clarity.

As a result of this packing the 3D network contained three types of channels, each

of which ran down the a axis (Figure 3.47). The smallest channel was formed by

the alkyl arms of the H4L1 molecules and was hydrophobic. This channel contained

no solvent molecules. The dimers formed by two molecules of H4L1 formed larger,

hydrophilic channels. These channels contained one acetone molecule of crystallisation

per dimer which was held in place by weak intermolecular interactions. As a result

of the packing of these dimers, a third, much larger, channel containing four acetone

molecules per dimer was also observed. These molecules were also held in place by

weak intermolecular interactions.
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Figure 3.47: The 3D network formed by H4L1-9 showing the hydrophobic channel and
the two hydrophilic channels containing acetone molecules of crystallisation.

3.5.8 X-ray Structure of H4L1-10

The structure of H4L1-10 was a 3D assembly which contained solvent filled channels

running down the a axis. H4L1-10 crystallised as colourless rhomboids in the triclinic

space group P -1. The asymmetric unit contained one full H4L1 molecule, two water

molecules, and half of an acetone molecule. The remaining half of the acetone molecule

was generated by an inversion centre (Figure 3.48). The butadiene sulfone ring adopted

a slight envelope conformation where the S atom deviated from the mean plane of the

butadiene by 0.35 Å. The decorating arms were splayed away from the sulfone. The H

atoms of the C7 and C10 carboxylic acid groups were orientated in an unusual fashion

due to the nature of the hydrogen bonding which they underwent. The C7-containing

carboxylic acid group was disordered over two sites with a 50% site occupancy. The

disorder was omitted from all images for clarity.
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Figure 3.48: The components of H4L1-10 generated from the asymmetric unit by a centre
of inversion.

Molecules of H4L1 were arranged into 2D sheets through a variety of hydrogen bonds

(Figure 3.49). Bonding between O4 of the C16 carboxylic acid and O6 of the C7

carboxylic acid formed dimers of H4L1 molecules [the distance between O4· · ·O6 was

2.8447 (5) Å]. These dimers were extended into chains through hydrogen bonding

of O5 to O9 of the C7 and C13 carboxylic acid groups, respectively [the distance

between O5· · ·O9 was 2.8390 (5) Å]. The O5 atom was bifurcated and also underwent

bonding to the O12 water molecule which was further bonded to the O8 atom of the

C10-containing carboxylic acid group [the distances between O5· · ·O12· · ·O8 were

2.7806 (5) and 2.7806 (5) Å, respectively]. This bonding extended the 1D chains into

2D sheets. The O12 water molecule was trifurcated, also hydrogen bonding to O7 [the

distance between O7· · ·O12 was 2.5955 (4) Å].
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Figure 3.49: The hydrogen bonding (represented by dashed lines) which formed the infinite
2D sheet in the structure H4L1-10. The acetone and O13 water molecules were omitted for
clarity.

The 2D sheets were extended into a 3D network through weak hydrogen bonding

between the O6 and O10 atoms of the C7 and C13 carboxylic acid groups, respectively

[the distance between O6· · ·O10 was 3.1529 (5) Å] (Figure 3.50).
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Figure 3.50: The hydrogen bonding (represented by a dashed line) which formed the
infinite 3D network in the structure H4L1-10. The acetone water molecules were omitted
for clarity.

The 3D network contained three types of channels which ran down the a axis (Figure

3.51). The smallest channel was formed by the alkyl arms of the H4L1 molecules.

This channel was hydrophobic and contained no solvent molecules. The dimers formed

by two molecules of H4L1 formed larger, hydrophilic channels. These channels con-

tained acetone molecules of crystallisation which were held in place through weak

intermolecular interactions. As a result of the packing of these dimers, a third channel

containing two O13, water molecules was also observed. The water molecules were

held in place through weak intermolecular interactions with the methylene protons of

the decorating arms.
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Figure 3.51: The 3D network formed by H4L1-10 showing the hydrophobic channel and
the two channels containing acetone and water molecules.

3.6 Analysis of Structural Motifs

In total, ten structures and nineteen molecules of H4L1 were crystallized. The exten-

sive rotation of the decorating arms from the second alkyl C atom can be visualized

in Figure 3.52.

Figure 3.52: The butadiene portion of the 19 molecules of H4L1 from the structures H4L1-
1 to H4L1-10 superimposed upon one another showcasing the flexibility of the decorating
arms. The hydrogen atoms were omitted for clarity.
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Three clear and reoccurring structural motifs were identified from the ten reported

structures of H4L1, all forming from R 2
2 (8) hydrogen bonding synthons (Figure 3.53).

The first was a zig-zag 1D chain. These chains were formed from either two or three

of the decorating arms in which the carboxylic acid groups were almost parallel to one

another. This was facilitated through the twisting of the alkyl chain arms at the second

C atom. The second structural motif observed was a dimer of two molecules of H4L1

which also could be formed into a 1D chain of dimers. In the case of the chains, all four

alkyl arms participated in R 2
2 (8) hydrogen bonding. One set of symmetry generated

arms was responsible for the formation of a dimer whilst the other linked these dimers

into a chain through centrosymmetric hydrogen bonding. The final structural motif

was a grid-like sheet which formed from either one or two molecules of H4L1 in which

all four decorating alkyl arms participated in R 2
2 (8) hydrogen bonding.

Figure 3.53: The three identified structural motifs. Top: 1D zig-zag chain. Bottom left:
dimer formed into a 1D chain. Bottom right: grid-like sheet.
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These motifs were used to succinctly describe the ten polymorph and pseudopolymorph

structures of H4L1 collected. H4L1-2 was simply composed of a 1D chain. The

structures of H4L1-1, H4L1-5, H4L1-9 and H4L1-10 can be described using the

identified dimer motif. The dimer motif in the structures of H4L1-1 and H4L1-5 was

formed from two identical molecules of H4L1 and was bridged by an O atom. In the

structure of H4L1-9 the H atoms adopted both syn and anti conformations and the

dimer motif was formed from D motif hydrogen bonding rather than R 2
2 (8) hydrogen

bonding. This was observed again, in the structure of H4L1-10. In the structures

H4L1-3, H4L1-6 and H4L1-7, molecules of H4L1 formed interdigitating 1D chains

of dimers as well as grid-like sheets. In structure H4L1-3 the 1D dimer chain was

extended into a sheet via a water molecule which was stacked alternately with the

grid-like sheet. In the structures of H4L1-6 and H4L1-7 the grid-like sheets were

“cross-linked” by the 1D dimer chains. The structure of H4L1-4 comprised of both

chain and grid-like sheet structural motifs. Of great interest, the chain was observed to

“thread” through each channel of the grid. The only structure which did not contain

any of the three identified structural motifs was H4L1-8. Rather, molecules of H4L1

formed a 2D 6,6 net which was two-fold interpenetrated to give an overall 3D structure.

Solvent was found to have little to no impact on the overall structures regardless of

its capability for hydrogen bonding. Solvent molecules were found to predominantly

occupy small cavities within the network of H4L1. This was most clearly observed

on the analysis of the isomorphic structures H4L1-3, H4L1-6 and H4L1-7 which

all formed the same overall structure with the solvent’s acetone, MeCN and EtOH,

respectively. The inclusion of the hydrogen bonding solvent, water, in H4L1-3 and

H4L1-7 also had minimal impact on the overall structure and the water behaved

randomly: in one case linking dimers to form sheets and in the other interrupting the

R 2
2 (8) hydrogen bond.

3.7 Conclusion

The use of the flexible organic molecule H4L1 as a building unit for hydrogen bonded

structures resulted in ten different polymorphic and pseudopolymorphic structures.

Although using hydrogen bonding motifs has proved reliable, the flexibility of H4L1

added diversity to the structures obtained. Despite the added complication of flexibility,

the R 2
2 (8) hydrogen bonding motif, frequently observed when using carboxylic acids,

proved robust. Of the ten X-ray crystal structures collected, only one (H4L1-10) did

not form the classical R 2
2 (8) hydrogen bonding motif. This one synthon was observed

in the reported crystals structures to form a variety of dimers, chains, sheets and rings.
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Of the ten structures collected, H4L1-1 and H4L1-2 were found to be polymorphs

and the remaining structures all pseudopolymorphs of one another. The structures of

H4L1-1 and H4L1-5 varied only by the type of solvent molecule which was included in

either structure. Structures H4L1-3,H4L1-6 and H4L1-7 all formed strikingly similar

structures through much the same bonding patterns. H4L1-4 and H4L1-8 formed

structures which were unique to this set of polymorphs and were both interpenetrated.

Structures H4L1-9 and H4L1-10 were similar to one another. Both contained three

types of channels, two of which contained solvent molecules of crystallisation. H4L1-9

contained four acetone molecules of crystallisation. Exposure to the atmosphere for

48 h resulted in the partial loss of the acetone molecules and the uptake of two water

molecules.

The isolation of so many crystal structures suggested that the energy difference between

each structure was minimal and one structure was not greatly thermodynamically or

kinetically favoured over the others. This was supported by DFT calculations carried

out on the structures H4L1-1, H4L1-2, H4L1-3 and H4L1-4. These calculations

showed only a small binding energy difference between each structure. It was likely

then that the four structures H4L1-1, H4L1-2, H4L1-3 and H4L1-4, which were

isolated from the same experiment, were concomitant polymorphs. Curiously, it was

observed that solvent molecules of crystallisation played a very minimal role in the

resulting structures regardless of the degree of hydrogen bonding capability.

Of interest, in the structures H4L1-4, H4L1-8, H4L1-9 and H4L1-10 not all donor

and acceptor atoms participated in hydrogen bonding. In these instances Etter’s

hydrogen bonding rule stating that all donor and acceptor atoms must be satisfied

was not met. In the case of H4L1-4, one full carboxylic acid arm did not partake any

hydrogen bonding. In the structure of H4L1-8, a carbonyl O atom did not engage in

any bonding, however, an O atom of the sulfone group did participate in hydrogen

bonding. In structure H4L1-9, one H atom and three O atoms were not hydrogen

bonded but many hydroxy O atoms were bifurcated. This was also the case in the

structure of H4L1-10 in which one O atom was not hydrogen bonded but a hydroxy

O atom and a carbonyl O atom were both bifurcated.
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3.8 Experimental

3.8.1 X-ray Crystallography Information

Single crystals were mounted in paratone-N oil on a nylon loop. X-ray diffraction data

were collected on an Agilent Technologies Supernova system at 100 K at the University

of Otago using a mirror monochromated Cu K α(λ =1.54184 Å) radiation. The data

were treated using CrysAlisPro software and Gaussian absorption corrections were

applied.23 Intensities were corrected for Lorentz polarisation effects and a multiscan

absorption correction was applied.24--26 The structures were solved by direct methods

(SHELXS or SHELXT) and refined on F 2 using all data by full-matrix least-squared

procedures (SHELXL-2014).27--29 All calculations were performed using the WinGX

interface.30 Non-hydrogen atoms were refined with anisotropic thermal parameters

and hydrogen atoms were placed in ideal positions unless specified in the CIF. Detailed

analyses of the extended structure were carried out using PLATON and MERCURY

(Version 3.5.1).31,32 The colour coding scheme used in X-ray figures is as follows unless

otherwise specified. Carbon: grey; hydrogen: white; oxygen: red and sulfur: yellow.

Crystallographic data are listed in Appendix A and ellipsoid figures of the asymmetric

units are presented in Appendix B.

Powder X-ray diffraction data were collected on an Agilent Technologies Supernova

system using Cu K α(λ =1.54184 Å) radiation. The powder materials were finely

ground and homogenised then mounted in minimum paratone-N oil on a nylon loop.

The data were collected at 2θ from 5◦ to 60◦ with a step size of 0.044◦. Simulated

powder X-ray diffraction patterns were generated from the single crystal data using

MERCURY (Version 3.5.1).32
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3.8.2 Computational Details

The computational modelling of systems H4L1-1 to H4L1-4 was performed at the

periodic DFT level using the CRYSTAL17 suite.33 This method allows for the accurate

calculation of structure, energy and vibrational frequencies for crystalline molecular

solids. This code treats the repeating electronic environment of the unit cell boundary

along each coordinate to reproduce the infinite crystal environment and yield more

accurate information than methods describing small clusters in the gas-phase. This is

particularly evident for low frequency vibrations associated with intermolecular bond-

ing. Therefore, the B3LYP functional was applied; coupled with modified 6-311G(d)

basis sets for C, O and S atoms and a 3-11G basis set for H atoms.34 Inbuilt dispersion

terms (D3) were also applied for improved treatment of the hydrogen bonding inter-

actions. The initial geometries and spatial symmetry of the unit cells were directly

transcribed from measured X-ray diffraction data. These data included: (i) fractional

atomic coordinates (x, y, z), (ii) the space group designation and (iii) lattice parameters

(a, b, c, α, β, γ). Geometry optimisation was initiated with relaxed atomic positions,

however, lattice dimensions were constrained to the empirical values. Tight thresholds

for gradient (RMS: 0.0003 a.u.) and displacement (RMS: 0.0012 a.u.) were applied to

ensure that the unit cell converged to a local minima during geometry optimisation.

Finally, for the calculation of vibrational frequencies, a harmonic approximation was

invoked where the vibrational motion of the lattice was observed through the visu-

alisation package CHEMCRAFT.33,35 The tabulated data from these calculations is

recorded in Appendix D.
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3.8.3 Synthesis of H4L1

Compound H4L1 was synthesised in the same manner as described in Chapter 2 and

was used without further modification or purification.

3.8.4 Crystallisation of H4L1

3.8.4.1 H4L1-1, H4L1-2, H4L1-3 and H4L1-4

A saturated solution of H4L1 in acetone was left standing under atmospheric condi-

tions for two months resulting in the formation of X-ray quality crystals. Two different

morphologies were obtained: colourless needles and colourless plates. The R1 value

for H4L1-4 was higher than desired. This was assumed to arise from large thermal

ellipsoids for all atoms which were higher than the data suggested and may have been

a result of the amount of free space in the structure.

3.8.4.2 H4L1-5 and H4L1-6

A saturated solution of H4L1 in MeCN was left standing under atmospheric condi-

tions for one week resulting in the formation of X-ray quality crystals. Two different

morphologies were obtained: colourless plates and colourless rhomboids.

3.8.4.3 H4L1-7

A saturated solution of H4L1 in EtOH was left standing under atmospheric conditions

for two weeks resulting in the formation of colourless, rhomboid X-ray quality crystals.

3.8.4.4 H4L1-8

A saturated solution of H4L1 in water was left standing under atmospheric conditions

for one month resulting in the formation of colourless, needle X-ray quality crystals.

3.8.4.5 H4L1-9

Bulk sample of H4L1-5 and H4L1-6 (50 mg) was placed in a glass vial. This vial

was placed in a larger glass vial to which acetone was added. The large vial was

capped and sealed with parafilm. The jars were left at r.t. for 3 weeks over which

time the acetone slowly diffused into the smaller vial and dissolved the bulk material.

Colourless, rhomboid X-ray quality crystals slowly grew from this solution.
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3.8.4.6 H4L1-10

Crystalline material in acetone from the crystallisation of H4L1-9 was used. The

acetone was carefully decanted off and the remaining crystals allowed to stand under

atmospheric conditions for 48 h. This resulted in colourless, rhomboid X-ray quality

crystals. The R1 value for H4L1-4 was higher than desired. This was hypothesised to

arise from the poor crystal quality of the crystal used. The exposure of the crystal to

the atmosphere for an extended period of time is likely to have greatly degraded the

crystal and was an unavoidable consequence of the experiment.
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Chapter 4

Extending the H4L1 assembly

4.1 Introduction

Traditionally, solids with remarkable properties have been produced through discovery

based synthetic chemistry.1 This rather inefficient method has been circumvented

with the rise of reticular synthesis. Reticular synthesis links together building blocks

which exhibit the desired properties of the final product, allowing some extent of

control and prediction over the product.1,2 This technique has allowed the synthesis

of many interesting solids.2--7 While careful consideration of the building block is

highly important another crucial consideration is the way in which these building

blocks are connected.1 Again, in MOF chemistry, this has been largely explored with

the use of different organic and inorganic components. By studying how building

units form networks, principles have been established which have granted a new level

of predictability and control over the formation of stable and porous structures.1

For example, the use of secondary building units further accelerated the synthesis of

predetermined solid materials as they served as directional and predictable building

units.8 This chapter will firstly discuss and present the reaction of L1 with a range

of metal cations carried out in an attempt to synthesise a MOF.
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In 1990 Etter questioned whether the same control used in the synthesis of MOFs could

be achieved with hydrogen bonding.9 Since then the interactions between hydrogen

bonding and charge assisted hydrogen bonding building units have been explored in

an effort to gain predetermination over resulting structures and access HOF materials

more easily.9--14 While many impressive hydrogen bonded frameworks have been

recognised, synthetic routes towards these materials are still neither as predictable nor

as general as is the case for other network related structures such as MOFs.15 This

chapter will then, secondly, explore charge assisted hydrogen bonding motifs with the

flexible ligand L1. It will consider how L1 could be utilised as an effective tecton in

reticular synthesis and investigate its ability to form hydrogen bonded networks with

amidinium cations.

4.1.1 Metallo-supramolecular chemistry

Metallo-supramolecular chemistry utilises the strength and directionality of ligand and

metal building blocks. Resulting architectures are dependent on both the properties

of the ligand: shape, rigidity and positioning of the coordination sites and the metal

ion properties: preference for certain coordination geometries and donor atoms, bond

strength, lability, directionality and stereochemistry. Therefore, the observed geometry

in coordination compounds is a balance between the geometric, steric and electronic

demands of both the ligand and the metal.16 Ligand and metal building blocks may

undergo molecular recognition, hence, an understanding of the preferences of each

component and judicious choice of the ligand and metal can allow for reticular synthesis

of complex architectures. Furthermore, metal-ligand bonds, or coordinate covalent

bonds, are non-covalent interactions with partial covalent characteristics which gives

them greater directionality and a higher bond energy (40-120 kJ mol−1) than other non-

covalent interactions. They are considered to have intermediate interaction properties

when compared to classical covalent and non-covalent interactions. A coordination

bond is strong and directional without being so strong that it becomes impractical.17,18
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4.1.2 Charge assisted hydrogen bonding

As described in Chapter 1, early POMFs and HOFs use self complementary hydrogen

bonding groups such as carboxylic acids.15,19 Often more robust frameworks can be

achieved by employing charge assisted hydrogen bonding as the hydrogen bonds are

strengthened by the additional electrostatic attraction between components.15,19--22

Additionally, non-ionic hydrogen bonds can be significantly weakened due to compe-

tition with protic solvents.15,19,22 Another key advantage to this technique is that the

use of cationic and anionic components can be likened to that of the node and linker

methodology commonly used in reticular MOF and COF synthesis and employed in

HOF synthesis.3,19 While a large range of impressive properties has been achieved,

synthetic routes towards self-complementary hydrogen bonded materials are far less

predictable than those of the network related solids, MOFs and COFs, limiting the

synthesis of structurally related materials.3,13,15,23,24 In the same manner as metal

cations and organic linkers, ionic units can be considered as nodes and linkers allowing

a greater extent of control over the dimensionality of frameworks, and hence large

families of tailored frameworks can be synthesised.15,25 The structure of either ion

may be varied to introduce additional functionality while maintaining some predictive

power over the framework structure.15

A range of interesting materials have been prepared from pairs of charged components.

Early work in the 1990s by the Hosseini group shows that cyclic alkylbis(amidinium)

compounds can assemble with terephthalate or isothphalate anions into 1D supramolec-

ular polymers using both ionic and non-ionic hydrogen bonds.10 The diprotonated

cyclic alkylbis(amidinium) has been utilised as a dicationic hydrogen bond donor.

All four N-H protons are acidic, equivalent and formally bear half a positive charge.

Each half positive charge is orientated outwardly and in a centrosymmetric fashion.10

X-ray analysis of the two assemblies shows that the cyclic alkylbis(amidinium) cation

assembles with both the terephthalate and isophthalate anions into 1D infinite chains

composed of alternating dication and dianion species though in the instance of the

isothphalate anion assembly a cyclic arrangement may also be envisioned (Figure

4.1).10 In both cases the hydrogen bonding adopts an R 2
2 (11) motif.9
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(a)

(b)

(c)

Figure 4.1: The 1D polymer chained formed with cyclic alkylbis(amidinium) and tereph-
thalate (a) and isothphalate (b) and the key recognition motifs. c) Cartoon showing the
cyclic assembly that could have formed with cyclic alkylbis(amidinium) and isothphalate.
These images were adapted from the publication.22
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Subsequent research has embraced the favourable interactions of other cations such

as guanidinium and imidazolium with a range of anions. An extensive family of

guanidinium-sulfonate architectures has been synthesised by the Ward group utilising

the interaction between the unsubstituted guandidinium cations and a range of poly-

sulfonate anions.11,25--30 Ward extends the idea of hydrogen bonding to the charge

assisted hydrogen bonding of guanidinium and sulfonate ions, which not only interact

strongly together, but form 2D networks. This is as a result of the equal number of

donor and acceptor hydrogen bonding sites and a three-fold molecular topology com-

mon to the guanidinium and sulfonate ions.25 As a consequence of this, these systems

show a high level of predictability.15,25 2D sheets assembled by Ward comprise of

R 2
2 (8) dimers formed by the two amino protons on two nitrogen atoms of a single

guanidinium ion and two lone pairs of electrons on two oxygen atoms of a sulfonate

ion. These dimers form hydrogen bonded ribbons which are linked into sheets through

R 2
2 (8) dimer interactions and R 3

6 (12) rings (Figure 4.2).25 The solid state packing is

controlled in two dimensions through these hydrogen bond interactions and reinforced

by Coulombic interactions between oppositely charged ions.25

Figure 4.2: The charge assisted hydrogen bonding involved in the formation of guani-
dinium - sulfonate dimers (a), ribbons (b) and sheets (c). This image was adapted from the
publication.22
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Appropriate modification of the sulfonate organic group allows for the sheets to be

extended into the third dimension while maintaining a rational design aspect over

the network.25,28 A family of networks was realised by employing a variety of or-

ganic groups appended to the sulfonate ions which act as pillars connecting opposing

guanidinium - sulfonate sheets (Figure 4.3).26,28,31 The choice of pillar exerts influence

on the final structure resulting in networks with different cavity sizes, shapes and

stabilities.26,28,31

Figure 4.3: The range of pillars used by the Ward group to synthesise a range of guanidinium
- sulfonate networks.

Amidines are commonly exploited for crystal engineering as they have well defined

geometries and can participate in multiple intermolecular interactions.32 Amidine can

be protonated to form the corresponding amidinium cation (Scheme 4.1).32 This affords

optimal control over the ion pairs as they can engage in charge assisted hydrogen

bonding with a diverse range of anions, such as carboxylates, according to reliable

motifs.14,32,33 Uncertainty about the geometry of the cation can be minimised by

appropriate choice of amidinium unit.32 For example, bis(amidinium) cations serve

as multiple proton donors and are well known to form cyclic pairs with carboxylates.

One of the most common cyclic pair motifs reported in the literature is the R 2
2 (8)

motif (Figure 4.4). They may also form chains and more complicated networks can

be assembled from molecules with multiple amidinium groups.10,15,22,26,32,34

Scheme 4.1: The reversible protonation of amidine. This image was taken directly from
the publication.32
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Figure 4.4: Classic amidinium· · ·carboxylate recognition motifs commonly used in the
preparation of hydrogen bonded framework materials. This image was taken directly from
the publication.22

White’s group has thoroughly explored the chemistry of amidinium and carboxylate

charge assisted hydrogen bonding.15,19,22,35--37 Using a variety of planar and tetrahedral

amidinium and carboxylate salts, White has compiled a family of charge assisted

hydrogen bonded assemblies which show multiple charge assisted hydrogen bonding

motifs, sometimes within a single structure, with the most common being R 2
2 (8)

(Figure 4.5 and 4.6).15

Figure 4.5: A sample of some of the amidinium and carboxylate ions used by the White
group to form charge-assisted hydrogen bonded assemblies.
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Figure 4.6: Structure and hydrogen bonding geometries of four frameworks synthesised
by the White group using tetrahedral amidinium tectons and planar carboxylate tectons.
R 2

2 (8) motifs are observed in examples a), c) and d) while example b) exhibits both R 2
2 (8)

and D motifs. Solvent molecules and most hydrogen atoms omitted for clarity. This image
was taken directly from the publication.15

The use of ions to make hydrogen bonded frameworks has proved effective. These

amidinium ions will be adopted in this work in conjunction with the flexible ligand

H4L1 with the intention of extending the hydrogen bonded structures of H4L1 and

adding a degree of rigidity to the overall assembly.

4.2 Reaction of L1 with Cu(NO3)2 and other metal cations

In an attempt to synthesise a MOF H4L1 (deprotonated in situ) was reacted with

a variety of metal cations under a vast range of conditions. A tabulated summary of

these reactions can be found in Appendix E. The reaction of L1 with metal cations

provided limited success with only one reaction (the reaction of H4L1 with Cu(NO3)2)

providing crystals of X-ray quality. The reaction of H4L1 with Cu(NO3)2 gave the

2D structure L1-Cu.
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4.2.1 X-ray Structure of L1-Cu Complex

L1-Cu formed an undulating 2D sheet facilitated through the formation of a Cu(II)

paddle-wheel motif. L1-Cu crystallised as blue rhomboids through the heating of a

L1/Cu(NO3)2·3H2O/DABCO solution in DMF/EtOH with nitric acid at 80 ◦C for four

days. L1-Cu crystallised in the orthorhombic space group Pnma and the asymmetric

unit contained half a molecule of L1, two Cu(II) cations and two coordinated water

molecules. The remaining half of L1 was generated by a mirror plane (Figure 4.7). The

sulfone ring adopted a rather flat envelope conformation where the S1 atom deviated

from the mean plane of the butadiene sulfone by 0.46 Å. The four decorating arms

where splayed away from the sulfone and the carboxylate groups were twisted at

86.44◦with respect to each other.

Figure 4.7: Contents of L1-Cu generated from the asymmetric unit by the mirror plane.

Each Cu(II) cation was held in a rigid square planar geometry by the carboxylate

moieties of L1 with Cu· · ·O distances ranging between 1.91 and 1.98 Å. A water

molecule was coordinated axially to each Cu(II) cation with Cu1· · ·O7 and Cu2· · ·O8

distances of 2.063 (2) and 2.259 (2) Å, respectively, resulting in the Cu(II) cations

having a five coordinate square-pyramidal geometry. Facilitated through a mirror

plane, a Cu(II) paddle-wheel was generated with a Cu· · ·Cu distance of 2.633 (2) Å

(Figure 4.8).38--42
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Figure 4.8: The Cu(II) paddle-wheel formed by L1-Cu.

As a result of the formation of the Cu(II) paddle-wheel L1-Cu crystallised as an

undulating 2D sheet in which the orientation of the butadiene sulfone alternated

(Figure 4.9).

Figure 4.9: The undulating 2D sheet formed by L1-Cu.
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4.3 Synthesis of tectons

The flexible compound H4L1 was shown be able to adopt a range of solid state

structures. With the formation of HOFs in mind, it was of interest to be able to exert

control over the bonding which took place and, hence, the final structure. Therefore,

H4L1 was deprotonated (L1) allowing it to react with amidinium hydrochloride salts

via charge-assisted hydrogen bonding. Both linear and tetrahedral amidinium cations

were chosen. This would allow a comparison of the hydrogen bonding motifs of the

resulting structures and explore the influence of the geometry of the cation upon L1.

Linear linkers of two different lengths were used in an attempt to explore the extension

of any structures isolated linearly.

4.3.1 Synthesis of L1·TBA4

Scheme 4.2: Synthesis of L1·TBA4 from the deprotonation of H4L1 with TBAOH.

The carboxylic acid, H4L1 was deprotonated with four equivalents of

tetrakis-n-butylammonium (TBA) hydroxide to produce the L1·TBA4 salt. L1·TBA4

showed good solubility in water and a range of organic solvents. Analysis of the
1H NMR spectrum, showed the loss of the carboxylate O-H protons and an upfield

shift of the methylene and aromatic proton signals in comparison to the respective

signals of H4L1. Additionally, signals corresponding to the alkyl protons of TBA were

observed.

4.3.2 Synthesis of 4,4’-di(cyanobiphenyl)

Scheme 4.3: Synthesis of 4,4’-di(cyanobiphenyl) through the co-catalysed cyanation of
4,4’-di(iodobiphenyl).
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4,4’-Di(cyanobiphenyl) was synthesised in the same manner as 11.43 Co-catalysed

cyanation of 4,4’-di(iodobiphenyl) with CuI and Pd(PPh3)4 under moderate conditions

gave 4,4’-di(cyanobiphenyl) in high yields as an off-white solid. Analysis of the 1H

NMR spectrum showed the expected downfield shift of the two aromatic doublet signals

with respect to the 4,4’-di(iodobiphenyl) starting material. The 13C NMR spectrum

was assigned with the aid of 2D spectra. The appearance of a single additional signal

at ≈ 118 ppm in the 13C NMR spectrum suggested the successful cyanation of the

two iodo groups present in the starting material. The IR spectrum showed a peak

at 2224 cm−1 consistent with a C≡N stretch. The ESI-MS was consistent with the

formula for 4,4’-di(cyanobiphenyl).

4.3.3 Synthesis of tetrakis(4-bromophenyl)methane

Scheme 4.4: Synthesis of tetrakis(4-bromophenyl)methane through bromination of
tetraphenyl methane.

Tetrakis(4-bromophenyl)methane was synthesised on 2 g scales according to the litera-

ture procedure by the careful addition of Br2 to neat tetrakisphenylmethane.44,45 The

resulting product was washed with a saturated solution of NaHSO3 to remove any

remaining Br2. The IR spectrum and 1H NMR and 13C NMR data were in agreement

with that of the literature.

4.3.4 Synthesis of tetrakis(4-cyanophenyl)methane

Scheme 4.5: Synthesis of tetrakis(4-cyanophenyl)methane through the cyanation of
tetrakis(4-bromophenyl)methane using potassium ferrocyanide in DMAc.
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Conversion of tetrakis(4-bromophenyl)methane to tetrakis(4-cyanophenyl)methane

was first attempted using the same co-catalysed reaction path as that used for the

synthesis of 11 and 4,4’-di(cyanobiphenyl). However, this was found to return only

starting material. One constraint of this reaction might be the high level of dissolved

cyanide present in solution. While Anderson’s method seeks to minimise this inhibition,

it may not be efficient enough in this case.43 Successful conversion to the cyano

aromatic was achieved using Weissman’s cyanation method, although harsher reactions

conditions were required.46 This approach uses the very poorly soluble potassium

ferrocyanide where all six cyano groups are available for reaction in DMAc. It also

utilises the ligand free palladium catalyst, Pd(OAc)2, which is thought to be reduced

to the active Pd(0) species with the aid of an added base. This reaction was inefficient

when done on reaction scales of 2 g or less however, tetrakis(4-cyanophenyl)methane

was obtained in modest yields on a 6 g scale as a white solid. Analysis of the 1H NMR

and 13C NMR spectra showed that they were consistent with that of the literature

and the IR spectrum showed an expected C≡N stretch at 2228 cm−1.

4.3.5 Synthesis of amidinium hydrochloride salts

Scheme 4.6: The general synthesis for aromatic amidinium chloride salts from the appropi-
ate cyano aromatic precursor using LiHMDS and ethanolic HCl.
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All amidinium tectons were prepared as their chloride salts following literature pro-

cedure for the conversion of cyano groups to amidinium chloride salts.36 The corre-

sponding cyano-aromatic was treated with two equivalents per cyano site of LiHMDS

in dry THF, followed by work-up with ethanolic HCl. Best results were achieved when

the ethanolic HCl was prepared in dry conditions by the cautious addition of acetyl

chloride to dry, cold EtOH. These additional precautions resulted in high yields. The

aromatic amidinium chloride salts were found to be soluble in both water and DMSO

and the 1H NMR and 13C NMR spectra were collected in DMSO-d6 or D2O. Successful

conversion of the cyano-aromatics to the amidinium chloride salts was confirmed using

IR, ESI-MS and NMR spectroscopy. The IR spectra revealed a loss of the C≡N stretch

observed in the cyano-aromatic compounds and the appearance of C=N stretches at

approximately 1690 and 1665 cm−1. In the case of the planar amidinium salts, the

amidinium NH2 protons were observed as two broad singlets in the 1H NMR spectra

at chemical shifts between 9.00 and 10.00 ppm. In conjunction with this, the 13C NMR

spectra showed the loss of cyano carbon signals and the appearance of a new tertiary

carbon signal. The NMR spectra of the amidinium chloride salts were assigned with

the aid of 2D spectra. A triplet which appeared in the 1H NMR spectra at approxi-

mately 7.40 ppm with J ≈ 50 Hz was identified as the NH4
+ cation and was caused

by NH4Cl being produced as a by-product from LiHMDS being quenched with acid.

The amidinium chloride salts were reacted forwards with no further purification.

4.3.5.1 X-ray Structure of p-benzenebis(amidinium) hydrochloride

p-Benzenebis(amidinium) hydrochloride crystallised in a 3D assembly as large colour-

less rhomboids from the slow evaporation of an aqueous p-benzenebis(amidinium) hy-

drochloride solution. p-Benzenebis(amidinium) hydrochloride crystallised in the mono-

clinic space group I 2/a and the asymmetric unit contained half a p-benzenebis(amidinium)

hydrochloride cation and one chloride anion. The remaining half of the p-benzenebis

(amidinium) hydrochloride cation was symmetry generated through a 2-fold axis lying

in the plane of the ring. The amidinium group was twisted from the mean plane of

the aromatic ring by approximately 37.65◦ (Figure 4.10).
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Figure 4.10: Contents of p-benzenebis(amidinium) hydrochloride generated from the asym-
metric unit by the 2-fold axis.

A 3D assembly was formed through hydrogen bonding between the amidinium groups

and chloride anions (Figure 4.11).

Figure 4.11: The hydrogen bonding between the amidinium cations and chloride anion
which formed the p-benzenebis(amidinium) hydrochloride 3D assembly.

195



Three p-benzenebis(amidinium) cations were held in place through hydrogen bonding

motifs. Bifurcated hydrogen bonding with atoms N1(H) and N2(H) between the

chloride anion formed a R 2
1 (6) motif [the distances between Cl· · ·N1 and Cl· · ·N2

were 3.3167 (1) Å and 3.1478 (1) Å, respectively]. These atoms took place in further

hydrogen bonding where the nitrogen atoms and chloride anion formed a C 2
1 (6) motif

[the distances between Cl· · ·N1 and Cl· · ·N2 were 3.2176 (1) Å and 3.1925 (1) Å,

respectively]. The 3D assembly which was formed relied solely on this hydrogen

bonding and no other interactions were of significance.

The 3D assembly consisted of pillars running down the a axis. These were comprised

of stacks of slightly interdigitated amidinium cations with the amidinium groups

protruding outwards, available to participate in hydrogen bonding with the chloride

anions (Figure 4.12).

Figure 4.12: View down the a axis of the 3D assembly formed by p-benzenebis(amidinium)
hydrochloride showing the pillars amidinium cations held in place through hydrogen bonding
with pillars of chloride anions.

These pillars were formed arbitrarily, in that there were no interactions between the

amidinium cations which formed the pillars. Rather, they were held in position purely

through interactions of the amidinium groups with the columns of chloride anions.
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4.4 L1·TBA4 assemblies with p-benzenebis(amidinium)

hydrochloride

4.4.1 Synthesis of L1-1

The slow diffusion of a solution of L1·TBA4 in MeOH through EtOH into an aqueous

solution of p-benzenebis(amidinium) hydrochloride in a 1:2 ratio, respectively, resulted

in the formation of colourless crystals with three different morphologies; needles,

rhomboids and plates. Each morphology resulted in a different crystal structure giving

the structures L1-1-1, L1-1-2 and HL1-1-1. These are described below.

4.4.2 X-ray Structure of L1-1-1

L1-1-1 crystallised as colourless needles in a hydrogen bonded assembly. L1-1-1

adopted the triclinic space group P -1, with one L1 ligand, one p-benzenebis(amidinium)

cation and two half p-benzenebis(amidinium) cations in the asymmetric unit (Figure

4.13). The remaining halves of the p-benzenebis(amidinium) molecules were symmetry

generated through an inversion centre. Twelve water molecules were removed from

the asymmetric unit of the solution by the SQUEEZE procedure of PLATON which

corresponded to 121 electrons.47

Figure 4.13: Contents of L1-1-1 generated from the asymmetric unit by the inversion
centre.
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The butadiene ring of L1 adopted an envelope conformation with the S atom deviating

from the mean plane of the butadiene by 0.46 Å. The C1- and C13-containing carboxyl

groups sat below the SO2 group in space while the C7- and C16-containing carboxyl

groups sat above it. The C1-, C7- and C16-containing carboxyl arms were arranged

at almost 90◦ to the mean plane of the butadiene sulfone ring with angles of 83.67◦,

83.75◦ and 87.37◦, respectively. The C13-containing carboxyl group was twisted to a

larger extent, sitting at an angle of 122.59◦ to the mean plane. The C17- and C24-

containing amidinium groups were twisted from the aromatic mean plane by 35◦ and

23◦, respectively.

A 1D chain was formed through conventional amidinium-carboxylate centro-symmetric

dimers (R 2
2 (8) motif) involving three of the L1 arms and the amidinium cations (Figure

4.14). The O· · ·H-N bond distances ranged from 1.90-1.97 Å.

Figure 4.14: The conventional amidinium-carboxylate dimers which formed L1 into a 1D
chain with pendent amidinium cations attached in the structure of L1-1-1.

Of these three arms, the C16- and C27-containing arms bonded with the C25- and C29-

containing amidinium cations to form a zig-zag chain. The remaining C24-containing

amidinium cation was bonded to the C13-containing L1 arm such that it behaved as

a pendent, hanging off the chain.
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A 2D sheet was formed through interdigitation of the pendent amidinium cations with

adjacent, parallel chains (Figure 4.15). This occurred through bifuracted bonding of

the pendent amidinium with the fourth remaining, C1-containing, L1 arm and with

the O1 atom of the sulfone group [the bond distances for N1· · ·O4, N2· · ·O4 and

N2· · ·O1 were 2.8647 (2), 2.7764 (2) and 2.9054 (2) Å, respectively].

Figure 4.15: The 2D sheet formed by L1-1-1, from interdigitating, adjacent 1D chains
(individual chains shown in green and purple).

The overall 3D assembly was formed through 2D sheets stacking on top of one another

(Figure 4.16). Hydrogen bonding between the C17/C24-containing amidinium cation

and the sulfone O2 atom and C13-containing L1 arm held the 2D sheets together

[the bond distances for N2· · ·O2 and N4· · ·O7 were 2.8891 (2) and 2.8134 (2) Å,

respectively].
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Figure 4.16: The 3D assembly formed by L1-1-1.

4.4.3 X-ray Structure of L1-1-2

L1-1-2 crystallised as colourless rhomboids in the monoclinic space group P21/m. The

asymmetric unit contained one half an L1 anion and two half p-benzenebis(amidinium)

cations. The remaining half of the L1 anion and one p-benzenebis(amidinium) cation

were generated by a mirror plane. The remaining half of the second p-benzenebis

(amidinium) cation was generated through a centre of of inversion (Figure 4.17).
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Figure 4.17: The contents of L1-1-2 generated from the asymmetric unit by the mirror
plane and centre of inversion. The varying distance and angles of the carboxyl arms from
the butadiene sulfone ring may also be observed.

L1-1-2 crystallised as a 3D assembly with small channels. The assembly contained

MeOH molecules of crystallisation in the asymmetric unit which were badly disor-

dered across the mirror plane and could not be resolved sufficiently. These electrons

were, therefore, removed by the SQUEEZE procedure of PLATON.47 The number

of electrons removed from the asymmetric unit was 60, which corresponded to four

MeOH molecules.

The butadiene sulfone ring of the L1 molecule adopted an envelope conformation with

the S atom sitting 0.51 Å out of the mean plane of the butadiene. The arms of L1 sat

such that the C8-containing carboxyl groups were at 78.54◦ to the mean plane of the

ring and had a distance of 6.50 Å between them. The C5-containing carboxyl groups,

however, were spread further apart with a distance of 8.68 Å between them and were

140.12◦ away from the mean plane of the ring (Figure 4.17).

Molecules of L1 and p-benzenebis(amidinium) formed a corrugated 1D chain through

R 2
2 (8) charge assisted hydrogen bonding (Figure 4.18). All four of the decorating arms

of the L1 anion were involved in the formation of the chain. Each carboxyl group

participated in classical R 2
2 (8) charge assisted hydrogen bonding with an amidinium

cation. The lengths of this bonding is reported in Table 4.1.
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Table 4.1: Hydrogen bond distances between each of the L1-1-2 carboxyl groups and
amidinium molecules which formed the 1D chains.

Bond O-H distance/Å O-N distance/Å

O3-H· · ·N1 1.97 2.8409 (1)

O4-H· · ·N2 1.90 2.7433 (1)

O5-H· · ·N4 1.96 2.8174 (1)

O6-H· · ·N3 2.01 2.8082 (1)

The orientation of the decorating arms resulted in a wide 1D chain which consisted

of adjacent, alternating triangular motifs. The butadiene sulfone group alternated

on either side of the chain. The 1D chain was extended into a 2D corrugated sheet

through hydrogen bonding between the O2 atom of the sulfone group and the H11

proton of the C11-containing amidinium cation [the distance between O2· · ·C11 was

2.9021 (1) Å] (Figure 4.18).
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Figure 4.18: The 1D chains and 2D sheet formed by the R 2
2 (8) charge assisted hydrogen

bonding between L1 and molecules of p-benzenebis(amidinium) in the structure of L1-1-2.
The dashed lines represent the hydrogen bonding.

The 2D sheet was extended into a 3D framework through hydrogen bonding of the

C9-containing amidinium molecule across the width of the L1 molecule [the distance

between O6· · ·N2 was 2.7556 Å] (Figure 4.19). This bonding formed an R 2
2 (21) charge

assisted hydrogen bonding motif. The 3D assembly contained small channels which

ran along the a axis (Figure 4.20). It was likely that these channels contained solvent

molecules of crystallisation however, as solvent residue was removed via the SQUEEZE

procedure of PLATON this was unable to be accurately determined.
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Figure 4.19: The R 2
2 (21) charge assisted hydrogen bonding motif formed by an amidinium

molecule bonding across the width of an L1 molecule in the structure of L1-1-2. The
hydrogen bonding is represented by dashed lines. This bonding extended the 2D sheet out
into a 3D assembly. Note that the molecules at the bottom of the figure are in the foreground
whilst those at the top are in the background.

Figure 4.20: The packing of the assembly L1-1-2 showing the small channels present.
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4.4.4 X-ray Structure of HL1-1-1

HL1-1-1 crystallised as colourless plates in the monoclinic space group C2/c and

adopted a close packed 3D assembly. This assembly was grown from a solution of fully

deprotonated L1·TBA4 salt. Despite this, HL1-1-1 crystallised such that the L1

ligand was singularly protonated (HL1). This was represented in the asymmetric unit

which contained one HL1 molecule, one whole p-benzenebis(amidinium) molecule and

one half p-benzenebis(amidinium) molecule (Figure 4.21). The remaining half of the

p-benzenebis(amidinium) molecule was symmetry generated by an inversion centre.

The H1L1-1-1 assembly contained MeOH and water molecules of crystallisation which

could not be resolved sufficiently. These electrons were removed by the SQUEEZE

procedure of PLATON.47 The number of electrons removed from the asymmetric unit

was 34 which corresponded to one MeOH and two water molecules.

Figure 4.21: The contents of the asymmetric unit of HL1-1-1. The minor components
of the disordered C11-containing HL1 arm, the C17-containing amidinium ion and the O7
proton were omitted for clarity.
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The butadiene sulfone ring was essentially planar. The S atom only deviated from the

mean plane of the butadiene by 0.28 Å. The C11-containing arm and corresponding

carboxylate group of the HL1 molecule was disordered over two sites with a site

occupancy of approximately 50:50. Hence, the protons of the C11 atom were excluded

from the structure solution as they were unable to be modelled satisfactorily. The

C17-containing amidinium group also suffered disorder over two sites which was

satisfactorily resolved and had a site occupancy of approximately 70:30. By analysis

of the hydrogen bonding which occurred in this structure it was deduced that the

disordered, C13-containing carboxylate group was protonated and that the proton

resided on the O7 atom. This proton was excluded from the structure solution as it

could not be appropriately modelled due to the disorder of this carboxylate group. The

minor component of the disorder present in the structure of HL1-1-1 was omitted

from all images for clarity.

On both of the amidinium molecules the amidinium ion groups were twisted from the

mean plane of the ring. In the C25-containing amidinium molecule the amidinium

group sat at a 34.18◦ angle to the ring. In the case of the C17- and C24-containing

amidinium molecule the amidinium groups were twisted at 44.77◦ and 31.77◦, respec-

tively. The C7- and C16-containing arms of the HL1 molecule were positioned such

that the carboxyl groups sat below the SO2 portion of the butadiene ring (Figure 4.21).

These groups were twisted at different angles from the mean plane of the ring with the

C7 containing carboxyl group sitting at 89.65◦ from the ring and the C16-containing

group sitting at 113.13◦ from the ring. The remaining C10- and C13-containing arms

sat higher than the SO2 group and were twisted in a similar fashion to each other,

sitting at 96.72◦ and 77.23◦ from the mean plane of the ring, respectively.

HL1-1-1 formed 1D chains through classical R 2
2 (8) carboxylate-amidinium ion inter-

actions (Figure 4.22). The interactions occurred between the C10- and C16-containing

carboxylate groups of the HL1 molecule and the C17-containing amidinium cation

[the distances between O5· · ·N3, O6· · ·N4, O9· · ·N1 and O10· · ·N2 were 2.7334 (1),

2.8293 (1), 2.8720 (1) and 2.7363 (1) Å, respectively]. The C25-containing amidinium

cation was also involved in the 1D chain. It was bound to the O4 and O10 atoms

which were bifurcated [the distances between O4· · ·N5 and O9· · ·N6 were 2.9104 (1)

and 2.9022 (1) Å, respectively] and the O1 atom of the sulfone group [the distance

between O1· · ·N6 was 2.8548 (1) Å]. The C13-containing carboxylate arms ‘‘dangled”

on either side of the chain
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Figure 4.22: The 1D chain formed by HL1-1-1 showing the C13 carboxylate arms ‘‘dan-
gling” on either side. The hydrogen bonding was represented by dashed lines.

The 1D chains were stacked upon one another to form 2D sheets through bifurcated

bonding of the O3 atom (Figure 4.23). Atom O3 participated in hydrogen bonding with

atoms N1 and N5 and the C17- and C25- containing amidinium cations [the distances

between O3· · ·N1 and O3· · ·N5 were 2.8205 (1) and 2.7618 (1) Å, respectively]. The

chains were stacked such that they were off-set from each other.
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Figure 4.23: Top: The 2D sheet adopted by HL1-1-1 formed through the stacking of 1D
chains. Bottom: The hydrogen bonding, represented by dashed lines, which facilitated the
stacking of the 1D chains to form a 2D sheet. The individual chains are represented in light
blue and gold.

A 3D assembly was formed from the orthogonal packing of these 2D sheets (Figure

4.24). The O8 atoms of the C13 ‘‘dangling” arms hydrogen bonded to the N4 atom of

the C25-containing amidinium cation [the distance between O8· · ·N4 was 2.8175 (1)

Å].
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Figure 4.24: The orthogonal packing of the 2D sheets in HL1-1-1. The sheets were
represented by the respective 1D chains for clarity.

4.5 L1·TBA4 assemblies with [amino(4-[amino(imino)methyl]-

[1,1’-biphenyl]-4’-yl)methylidene]azanium chloride (12)

4.5.1 X-ray Structure of L1-2-1

Crystals of the L1-2-1 assembly were grown by the slow diffusion through an aqueous

medium of an aqueous solution of L1·TBA4 into an aqueous solution of [amino(4-

[amino(imino)methyl]-[1,1’-biphenyl]-4’-yl)methylidene]azanium chloride (12) in a 1:2

ratio, respectively. L1-2-1 crystallised as colourless needles in the triclinic space group

P1 and formed a 3D assembly. The asymmetric unit contained one L1 molecule, two

molecules of 12 and two water molecules of crystallisation (Figure 4.25).
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Figure 4.25: The contents of the asymmetric unit of L1-2-1. The water molecules were
omitted for clarity.

The butadiene sulfone ring sat almost flat with the S atom only deviating from the

mean plane of the butadiene by 0.22 Å. The alkyl arms of L1 were held in space

such that the carboxyl groups on either side of the butadiene sulfone ring were in an

approximately tetrahedral geometry and pointed in approximately the same direction.

The carboxyl groups on the C18 atom side of the ring pointed towards the same

direction as the O6 atom of the SO2 group while the carboxyl groups on the C24 atom

side of the ring pointed towards the same direction as the O5 atom of the SO2 group

(Figure 4.25).

Molecules of L1 and 12 were arranged into an undulating 1D chain. This occurred

through classical R 2
2 (8) motif hydrogen bonding between the carboxyl arms of the L1

ligand and amidinium groups of molecules of 12 (Figure 4.26). The O· · ·H-N distances

ranged between 1.85-2.01 Å.

Figure 4.26: The charge assisted hydrogen bonding in an R 2
2 (8) motif which formed the

double walled 1D chain in the structure of L1-2-1. The dashed lines represent the hydrogen
bonding. (The water molecules were omitted for clarity.)
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All four carboxyl arms of L1 participated in the formation of this chain through

R 2
2 (8) bonding motifs. However, due to the different arrangement of the L1 arms in

space, this bonding resulted in the formation of a double thickness 1D chain which

alternated between one L1 molecule and two molecules of 12. There was no π − π

stacking observed between molecules of 12.

Chains of L1-1-2 were stacked upon one another in an off-set manner to form 2D

sheets through hydrogen bonding between the carboxylate groups of L1 and either of

the water molecules (Figure 4.27). The distance between the O atoms ranged between

2.72-3.02 Å.

Figure 4.27: The 2D sheet formed from 1D chains stacking upon one another via water
molecules of crystallisation in the structure of L1-2-1. The hydrogen bonding is represent
by dashed lines.

Each water molecule was trifurcated, participating in further hydrogen bonding to an

adjacent amidinium cation which extended the sheets into a 3D assembly [the distances

between O11···N3 and O12···N6 were 2.8996 (2) and 2.8790 (2) Å, respectively] (Figure

4.28). The sheets were stacked upon one another such that the adjacent sheet was

transposed by one amidinium cation molecule. This resulted in the sheets also being

held together by a ‘‘square” of hydrogen bonding comprising of two carboxylate corners

and two amidinium corners [the distances between O9···N5···O4···N8···O9 were 2.7656

(2), 2.9699 (2), 2.8062 (2) and 2.7840 (2) Å, respectively, and O8· · ·N7· · ·O3· · ·N2· · ·O8

were 2.9773 (2), 2.8444 (2), 2.9481 (2) and 2.8694 (2) Å, respectively.]. This bonding

reinforced the 3D assembly.
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Figure 4.28: The extension of the 2D sheets into a 3D assembly in the structure of L1-
2-1. The hydrogen bonding is represent by dashed lines. The green shading represents the
background (dark green), the mid-ground (green) and the foreground (light green).

4.6 Attempted crystallisation of L1·TBA4 with tetrakis

(4-dicarboximidamidephenyl)methyl chloride

Crystallisation attempts using L1·TBA4 and tetrakis(4-dicarboximidamide phenyl)

methyl chloride were attempted using a variety of conditions. These included varying

the concentrations of each reactant, using different polar solvents (water, MeOH and

EtOH) and using different crystallisation techniques. Despite multiple attempts, X-

ray quality crystals of L1-tetrakis(4-dicarboximidamide phenyl)methyl chloride were

never obtained.
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4.7 Conclusion

The compound H4L1, which had demonstrated the potential for acting as a building

block in the synthesis of a hydrogen-bonded framework, was deprotonated to form

L1·TBA4. This allowed L1 to function as a building unit through charge-assisted

hydrogen bonding in the construction of 3D assemblies. L1·TBA4 was reacted with

amidinium hydrochloride salts with the intention of the amidinium cations acting as

rigid linkers between molecules of L1. Three amidinium salts were synthesised and

used. The reactions using L1·TBA4 and p-benzenebis(amidinium) resulted in the

structures L1-1-1, L1-1-2 and HL1-1-1. Each of these structures adopted a different

3D assembly resulting from different bonding motifs occurring between the L1 and

amidinium ions and the different orientation and twisting of the decorating arms of L1.

A point of continuity between all three structures was the positioning of amidinium

cations across the width of the L1 anion. This is most pointedly displayed in the

structure of L1-1-2. The complementary length of the amidinium cation and width

of the L1 anion made this a favourable orientation for the two ions. This disrupted

the desired lateral extension of L1 and was an unfavourable choice of cation for the

intended purpose of designing a porous structure.

When L1·TBA4 was reacted with 12 this phenomenon no longer occurred due to

the length of 12. The reaction between L1·TBA4 and 12 gave the structure L1-2-1

which also formed a 3D assembly through charge-assisted hydrogen bonding. When

compared to the structures synthesised from the shorter p-benzenebis(amidinium), it

can be seen that 12 reacted in a much more predictable fashion and was more suited

to the purpose of crystal design. However, the influence of the water molecule present

in L1-2-1 also needs to be considered. Variation in solvent molecules of crystallisation

will likely impact the resulting structure and add an element of uncertainty when

attempting to predict the outcome of crystallisation reactions with L1 and L1-2-1.

Although tetrakis(4-dicarboximidamide phenyl)methyl chloride was synthesised X-ray

quality crystals of tetrakis(4-dicarboximidamide phenyl)methyl chloride and L1·TBA4

were never achieved.
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4.8 Experimental

4.8.1 General Information

All starting materials and reagents were purchased from commercial sources and were

used as received without further purification. All solvents were used as received, and

were of LR grade or better, with the exception of dry EtOH which was dried over

molecular sieves. Cooling baths used to cool reaction temperatures to −78 ◦C were

made from the addition of dry ice to a bath of acetone.

1H and 13C NMR spectra and two dimensional (gCOSY, NOSEY, HSQC and gHMBC)

spectra were collected on a 400 MHz Varian UNITY INOVA spectrometer at 298

K. Spectra were collected in either CDCl3 or DMSO-d6 and were referenced to the

internal solvent signal, with chemical shifts reported in δ units (ppm). Electrospray

Mass Spectrometry (ESMS) was carried out on a Bruker microTOFQ instrument

(Bruker Daltronics, Bremen, Germany). Samples were introduced using direct infusion

into an ESI source in positive mode. Sampling was averaged for 2 minutes over a

m/z range of 50 to 3000 amu. The mass was calibrated using an external calibrant of

sodium formate clusters, 15 calibration points from 90 to 1050 amu, using a quadratic

plus HPC line fit. ESMS spectra were processed using Compass software (version

1.3 Bruker Dalatronics, Bremen, Germany). Infrared (IR) spectra were recorded on a

Bruker Alpha-P ATR-IR spectrometer (with a diamond Attenuated Total Reflectance

top-plate).
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4.8.2 X-ray Crystallography Information

Single crystals were mounted in paratone-N oil on a nylon loop. X-ray diffraction data

were collected on an Agilent Technologies Supernova system at 100 K at the University

of Otago using mirror monochromated Cu Kα(λ =1.54184 Å) radiation. The data

were treated using CrysAlisPro software and Gaussian absorption corrections were

applied.48 Intensities were corrected for Lorentz polarisation effects and a multiscan

absorption correction was applied.49--51 The structures were solved by direct methods

(SHELXS or SHELXT) and refined on F 2 using all data by full-matrix least-squared

procedures (SHELXL-2014).52--54 All calculations were performed using the WinGX

interface.55 Non-hydrogen atoms were refined with anisotropic thermal parameters

and hydrogen atoms were placed in ideal positions unless specified in the CIF. Detailed

analyses of the extended structure were carried out using PLATON56 and MERCURY

(Version 3.5.1).57,58 The colour coding scheme used in X-ray figures is as follows

unless otherwise specified. Carbon: grey; hydrogen: white; oxygen: red; sulfur: yellow;

nitrogen: lilac; copper: orange and chlorine: green. Crystallographic data are listed in

Appendix A and ellipsoid figures of the asymmetric units are presented in Appendix

B.

4.8.3 L1·TBA4

H4L1 (600 mg, 1.48 mmol) was suspended in EtOH (15 mL) and TBAOH in 1:1

MeOH/propanol (0.1 M, 62 mL, 6.2 mmol) was added, causing the solid to dissolve.

The solvent was removed under vacuum to give the product as a yellow oil (8.52 g,

100 %). 1H NMR (400 MHz, DMSO-d6) δ/ppm: 5.79 (s, 2H, H 3), 3.16 - 3.20 (m, 32H,

H 7), 1.17 - 1.91 (m, 16H, H 4/5), 1.55 - 1.61 (m, H32, H 8), 1.31 (sxt, J=7.14, 7.09 Hz,

32H, H 9), 0.93 (t, J=7.26 Hz, 48H, H 10).

215



4.8.3.1 4,4’-Di(cyanobiphenyl)

4,4’-Di(iodobiphenyl) (5.04 g, 12.4 mmol), KCN (3.24 g, 49.8 mmol), CuI (0.49 g, 2.6

mmol) and Pd(PPh3)4 (1.55 g, 1.3 mmol) were purged with Ar. Degassed THF (30

mL) was added and the resulting suspension stirred vigorously in an Ar atomsphere

and refluxed for 20 h. The suspension was cooled to r.t., diluted with EA (20 mL)

then filtered through celite. The collected filtrate was washed with water (20 mL ×
2), brine ( 20 mL), dried over anhydrous Na2SO4 then reduced to give an off white

solid (2.51 g, 98 %). 1H NMR (400 MHz, CDCl3) δ/ppm: 7.78 (d, J=8.51 Hz, 4H,

H 3), 7.69 (d, J=8.58 Hz, 4H, H 4).
13C NMR (100 MHz, CDCl3) δ/ppm: 143.7 (C5),

133.0 (C3), 128.1 (C4), 118.5 (C1), 112.6 (C2). ESMS m/z Found: 203.0609. Calc. for

C14H7N2
−: 203.0613. Selected IR v/cm−1: 2224 (νC≡N str), 1605, 1179, 1161, 859, 715.
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4.8.3.2 Tetrakis(4-bromophenyl)methane

Neat Br2 (7.3 mL, 141.7 mmol) was slowly added to neat tetraphenylmethane (3.02

g, 9.4 mmol) with stirring. The resulting slurry was stirred for 24 h then poured into

EtOH (50 mL) which had been cooled to −78 ◦C. The precipitated solid was collected

via filtration and washed with a sat. sol. of NaHSO3 (10 mL × 3) to give a brown

solid (5.54 g, 92 %). 1H NMR (400 MHz, DMSO-d6) δ/ppm: 7.75 (m, 8H, H 4), 7.07

(m, 8H, H 3).
13C NMR (100 MHz, DMSO-d6) δ/ppm: 144.51 (C2), 132.34 (C3), 131.06

(C4), 119.93 (C5), 63.20 (C1). Selected IR v/cm−1: 1570, 1483, 1460, 1076, 1007, 955,

911, 810, 725, 625 (νC-Br str).
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4.8.3.3 Tetrakis(4-cyanophenyl)methane

To degassed DMAc (150 mL) was added tetrakis(4-bromophenyl)methane (6.139 g,

9.7 mmol), K4[Fe(CN)6] (8.343 g, 19.8 mmol) and Na2CO3 (4.321, 40.8 mmol). This

solution was further degassed and then Pd(OAc)2 (0.194 g, 0.86 mmol) added. The

reaction mixture was stirred at 130 ◦C under an Ar atmosphere for 12 h. The reaction

mixture was allowed to cool to r.t. then diluted with DCM (300 mL) and the ppt

removed by filtration. The filtrate was reduced to give a brown solid. The solid was

dissolved in DCM (12 mL) and PE (420 mL) added to form a white ppt which was

collected via filtration (3.195 g, 78 %). 1H NMR (400 MHz, CDCl3) δ/ppm: 7.64 (m,

8H H 4), 7.27 (m, 8H, H 3).
13C NMR (100 MHz, CDCl3) δ/ppm: 148.69 (C2), 132.55

(C3), 131.20 (C4), 118.00 (C5), 111.85 (C6), 65.66 (C1). ESMS m/z Found: 863.2539.

Calc. for C58H32N8Na+: 863.2613. Selected IR v/cm−1: 2228 (νC≡N str), 1602, 1500,

1211, 1165, 1018, 826, 768, 714.
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4.8.3.4 Conversion of cyano-aromatics to the amidinium hydrochloride

salts

General Method: The appropriate cyano-aromatic was dissolved in dry THF and cooled

to -78 ◦C under an Ar atmosphere. A solution of LiHMDS in THF (1 M) was added

dropwise, and the solution was warmed to r.t. and stirred under an Ar atmosphere

overnight. Ethanolic HCl was prepared cautiously by adding acetyl chloride to dry

EtOH cooled to 0 ◦C and under an Ar atmosphere. The reaction mixture was cooled

to 0 ◦C and the ethanolic HCl was added dropwise. The reaction mixture was allowed

to warm to r.t. and stirred overnight resulting in the formation of a white precipitate

which was collected via filtration. The solid was suspended in EtOH, sonicated for 1

h and again collected via filtration to give a white solid.

p-Benzenebis(amidinium) hydrochloride:

Off-white solid, yield: 1.29 g, 93 %.

1H NMR (400 MHz, DMSO-d6) δ/ppm: 9.73 (br. s, 4H, HNH2), 9.52 (br. s, 4H, HNH2),

8.07 (s, 4H, H 1), 7.45 (t, J=50.65 Hz, HNH4
+). 13C NMR (100 MHz, DMSO-d6) δ/ppm:

164.63 (C3), 132.44 (C2), 128.61 (C1). ESMS m/z Found: 163.0978. Calc. for C8H11N4
+:

163.0978. Selected IR v/cm−1: 1693 (νC=N str), 1662 (νC=N str), 1544, 1003, 860, 712.
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[Amino(4-[amino(imino)methyl]-[1,1’-biphenyl]-4’-yl)methylidene]azanium

chloride (12):

Off-white solid, yield: 1.247 g, 73 %.

1H NMR (400 MHz, DMSO-d6) δ/ppm: 9.59 (br. s, 4H, HNH2), 9.40 (br. s, 4H, HNH2),

8.06 (d, J=8.71 Hz, 4H, H 3), 8.02 (d, J=8.55 Hz, 4H, H 4), 7.37 (t, J=50.80 Hz,

HNH4
+). 13C NMR (100 MHz, DMSO-d6) δ/ppm: 165.11 (C2), 143.22 (C5), 128.96

(C3), 127.78 (C1), 127.43 (C4). ESMS m/z Found: 239.1291. Calc. for C14H15N4
+:

239.1291. Selected IR v/cm−1: 16667 (νC=N str), 1605, 1477, 1105, 1004, 746, 713.

Tetrakis(4-dicarboximidamide phenyl)methyl chloride:

Cream coloured solid, yield: 0.765 g, 68 %.

1H NMR (400 MHz, D2O) δ/ppm: 7.84 - 7.86 (m, 8H, H 4), 7.70 - 7.72 (m, 8H, H 3),

7.23 (t, J=52.17 Hz, HNH4
+). Selected IR v/cm−1: 1675 (νC=N str), 1606 (νC=N str),

1396, 810, 712.
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4.8.4 Reaction of L1·TBA4 with amidinium hydrochloride

salts

4.8.4.1 L1-1

Three different sets of crystals suitable for X-ray diffraction were grown from an

aqueous solution of p-benzenebis(amidinium) hydrochloride (25.5 mg, 108 µmol, 1

mL) which was carefully layered with a buffer layer of EtOH (10 mL) followed by a

solution of L1·TBA4 (75 mg, 55 µmol) in MeOH (1 mL). The solution was left to

stand at r.t. overnight resulting in the formation of colourless plate-, rhomboid- and

needle-shaped crystals. These crystals gave the structures L1-1-1 and L1-1-2 and

H1L1-1-1, respectively.

4.8.4.2 L1-2

Crystals suitable for X-ray diffraction were grown by the slow diffusion via an aqueous

medium of aqueous solutions of L1·TBA4 (36 µmol, 1 mL) into12 (30 mg, 96 µmol, 1

mL) over 5 days producing colourless needle crystals. These crystals gave the structure

L1-2-1. The R1 value was higher than desired which may have resulted from poor

crystal quality and higher than expected thermal ellipsoids.
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Chapter 5

Conclusion and Future Directions

5.1 Conclusion

The butadiene sulfone core was able to be functionalised into the tetrahedral com-

pounds H4L1 and 7. Further functionalisation of 7, however, proved challenging and

was not satisfactorily achieved. A new approach to this synthesis is required. The

stability of the butadiene sulfone increased from 65 ◦C to over 200 ◦C on the addition

of alkyl decorating arms. With respect to synthesis, this was a welcome finding and

allowed for a wide scope of reactions on the butadiene core to be trialled, including

those with harsh conditions. On the other hand, this inhibited the proposed rDA

reaction which was going to be used to create a responsive material.

The conformational freedom of H4L1 resulted in the isolation of many polymorphic

and pseudopolymorphic structures. While this is not ideal when working towards HOFs,

some promising results were achieved. H4L1-1 and H4L1-5 contained channels large

enough to contain one acetone, one MeCN molecule, respectively. Furthermore, the

MeCN molecules were able to be exchanged for acetone molecules through gradual

dissolution and re-formation. This exchange resulted in a change of the conformation

of the structure to give H4L1-9, which had channels containing four acetone molecules.

Further solvent exchange was observed on the exposure of H4L1-9 to the atmosphere

for 48 h. Two of the guest acetone molecules were exchanged for two H2O molecules.

While the robustness of these structures has not been thoroughly explored, preliminary

tests suggests the crystalline structures are fragile and not suitable for gas sorption

applications. Should a more rigid analogue of H4L1 be successfully synthesised, this

could be explored as a building component for more stable hydrogen bonded structures.
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5.2 Future Directions

5.2.1 Future Synthetic Directions

Unfortunately a more rigid analogue of H4L1 was never able to be synthesised and

isolated despite a variety of attempts. One of the main issues was found to be that the

oxidative addition of Pd into 7 was not occurring. This was assumed to be the result of

Pd poisoning happening due to side-reactions occurring with the butadiene sulfone core.

Oxidative addition is the key factor in the conversion of organic substrates to reactive

intermediates, hence, it was necessary to achieve successful coupling reactions.1 An

alternative approach using a different catalyst may alleviate this issue. The application

of Ni(0) complexes as catalysts in cross-coupling reactions has been established and

would be a feasible synthetic route to explore.1--5

The synthesis of compounds featuring a butadiene sulfone core could also be accessed

through the diene (Figure 5.1). Butadiene could be functionalised in the desired

positions then subjected to SO2 gas. The Diels Alder reaction which could occur

would form a functionalised butadiene sulfone.

Figure 5.1: Proposed reaction scheme for the synthesis of functionalised butadiene sulfone
via the butadiene.

5.2.2 Future Charge-Assisted Hydrogen Bonding Directions

The reaction of L1·TBA4 with amidinium cations described in Chapter 4 validated the

persistence of the amidinium· · ·carboxylate recognition motif with this flexible organic

compound. Due to an inability to successfully obtain crystals using the tetrahedral

amidinium cation Tetrakis(4-dicarboximidamide phenyl)methyl chloride, structures

using only linear amidinium cation linkers were studied. There are a large number

of potential amidinium salts which could be explored in conjunction with L1 (Fig-

ure 5.2).6 Of particular interest would be tetrahedral salts, which would allow for a

comparison of the structures gained using linkers of different geometries. The rigidity

which would be able to be built into a tetrahedral centre could also promote the

isolation of a single crystalline compound as opposed to polymorphic structures.
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Figure 5.2: A sample of the potential organic back bones which could be used for the
synthesis of amidinium cations. This image was adapted from the publication.6
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Another direction to consider is using organic components based on terephthalic acids.

Compound 11, synthesised in Chapter 2, could easily be converted into an amidinium

salt (Scheme 5.1). This would allow for a family of rigid structures based around the

butadiene core to be synthesised.

Scheme 5.1: Proposed reaction scheme for the synthesis of an amidinium hydrochloride
salt from 11.
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Appendix A

Crystallographic Tables

1 2 4

Empirical Formula C16H18N4O2S C7H6BrI C18H16I2O2S

M 330.40 296.93 550.17

Crystal System monoclinic monoclinic triclinic

Space Group P21/n P21/c P -1

a/Å 10.2663(2) 6.36750(10) 5.9280(2)

b/Å 15.5684(2) 16.2173(3) 14.1089(4)

c/Å 10.5223(2) 7.7407(2) 22.5523(5)

α/◦ 99.502(2)

β/◦ 109.911(2) 97.557(2) 95.505(2)

γ/◦ 94.042(2)

V /Å3 1581.25(5) 792.39(3) 1844.59(9)

Z 4 4 4

T/K 115.45(10) 100.01(10) 100.02(10)

µ/mm−1 1.953 36.918 27.888

Reflections

Collected
21070 14200 26473

Unique Reflections

(Rint)
3161 (0.0399) 1474 (0.0492) 6846 (0.0723)

R1Indices

[I > 2σ(I )]
0.0342 0.0239 0.0531

wR2 (all data) 0.0981 0.0586 0.1504
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6 7 11

Empirical Formula C25H21I3O2S C32H26I4O2S C36H26N4O2S

M 766.18 982.19 578.67

Crystal System monoclinic monoclinic triclinic

Space Group P21/n P21/c P -1

a/Å 17.1292(2) 24.2583(2) 7.5206(2)

b/Å 6.74660(10) 6.358 12.2452(4)

c/Å 21.2784(3) 20.47190(10) 16.2710(4)

α/◦ 91.923(2)

β/◦ 93.2040(10) 91.5070(10) 100.818(2)

γ/◦ 105.222(2)

V /Å3 2455.17(6) 3156.38(3) 1414.72(7)

Z 4 4 2

T/K 100.01(10) 100.01(10) 100.01(10)

µ/mm−1 30.945 31.843 1.346

Reflections

Collected
42537 54894 30588

Unique Reflections

(Rint)
4563 (0.0797) 5820 (0.0828) 5551 (0.0417)

R1Indices

[I > 2σ(I )]
0.0363 0.0319 0.0450

wR2 (all data) 0.0930 0.0855 0.1113
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(11A)
butadiene

sulfone
H4L1-1

Empirical Formula C16H10N2 C4H6O2S C19H28O11S

M 230.26 118.15 464.47

Crystal System monoclinic orthorhombic monoclinic

Space Group P21/c Pnma P21/m

a/Å 4.7494(2) 11.3181(3) 5.57750(10)

b/Å 10.5632(4) 7.0784(2) 20.5845(5)

c/Å 11.8991(6) 6.2751(2) 9.6224(2)

α/◦

β/◦ 97.930(4) 100.703(2)

γ/◦

V /Å3 591.25(5) 502.72(3) 1085.53(4)

Z 4 4 2

T/K 100.00(10) 100.01(10) 100.01(10)

µ/mm−1 3.671 4.727 1.850

Reflections

Collected
10310 2102 28783

Unique Reflections

(Rint)
6784 (0.0300) 530 (0.0207) 2083 (0.0488)

R1Indices

[I > 2σ(I )]
0.0297 0.0271 0.0310

wR2 (all data) 0.0852 0.0719 0.0937
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H4L1-2 H4L1-3 H4L1-4

Empirical Formula C19H28O11S C17H24O10S C48H64O30S

M 464.47 428.42 1217.17

Crystal System monoclinic monoclinic triclinic

Space Group P21/m P21/m P -1

a/Å 5.7960(2) 11.5938(2) 11.6593(3)

b/Å 20.9092(7) 20.1571(3) 13.1009(3)

c/Å 8.8390(3) 12.3108(2) 21.9699(4)

α/◦ 74.040(2)

β/◦ 95.782(3) 94.613(2) 79.692(2)

γ/◦ 64.698(2)

V /Å3 1065.75(6) 2867.68(8) 2909.67(23)

Z 2 6 2

T/K 100.01(10) 100.01(10) 100.02(12)

µ/mm−1 1.884 2.031 1.965

Reflections

Collected
10048 26851 53829

Unique Reflections

(Rint)
2137 (0.0216) 5480 (0.0276) 11407 (0.0421)

R1Indices

[I > 2σ(I )]
0.0408 0.0648 0.1397

wR2 (all data) 0.1140 0.1727 0.5207
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H4L1-5 H4L1-6 H4L1-7

Empirical Formula C18H25NO10S C17H23NO10S C17H23O10S

M 447.45 420.08 648.63

Crystal System monoclinic monoclinic monoclinic

Space Group P21/m P21/m P21/m

a/Å 5.56900(10) 11.5314(2) 11.4195(2)

b/Å 20.2247(5) 20.1563(4) 20.6425(4)

c/Å 9.5889(3) 12.2292(2) 12.3476(2)

α/◦

β/◦ 104.765(2) 93.976(2) 92.461(2)

γ/◦

V /Å3 1044.35(5) 2835.60(9) 2907.98(9)

Z 2 6 4

T/K 100.01(10) 100.00(10) 100.01(10)

µ/mm−1 1.88 2.027 2.028

Reflections

Collected
18810 21079 51878

Unique Reflections

(Rint)
2121 (0.0324) 5694 (0.0404) 5559 (0.0591)

R1Indices

[I > 2σ(I )]
0.029 0.0406 0.0772

wR2 (all data) 0.0740 0.1151 0.1976
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H4L1-8 H4L1-9 H4L1-10

Empirical Formula C16H22O11S C46H74O24S2 C19H28O12S

M 422.39 1075.17 474.47

Crystal System orthorhombic triclinic triclinic

Space Group Pbca P -1 P -1

a/Å 6.77650(10) 11.6348(3) 5.7923(8)

b/Å 22.4259(6) 11.9605(3) 11.9577(13)

c/Å 24.8828(6) 19.4410(4) 17.433(3)

α/◦ 100.467(2) 92.526(10)

β/◦ 100.461(2) 94.282(12)

γ/◦ 91.013(2) 90.995(10)

V /Å3 3781.42(15) 2612.54(11) 1202.7(3)

Z 8 2 2

T/K 100.01(10) 100.01(10) 100.00(10)

µ/mm−1 2.066 1.640 1.713

Reflections

Collected
17886 44134 12122

Unique Reflections

(Rint)
3729 ( 0.0813) 9495 (0.0577) 4374 (0.0748)

R1Indices

[I > 2σ(I )]
0.0800 0.0917 0.1632

wR2 (all data) 0.2052 0.231 0.5019

240



L1-Cu

pbenzenebis

amidinium

hydrochloride

L1-1-1

Empirical Formula C16H22Cu2O1010S C8H72Cl2N410S C32H42N8O10S

M 533.47 235.12 730.79

Crystal System orthorhombic monoclinic triclinic

Space Group Pnma I 2/a P -1

a/Å 17.8193(8) 9.9373(3) 5.7463(4)

b/Å 10.9744(9) 9.6010(2) 17.5372(9)

c/Å 16.6745(9) 11.4082(3) 24.0381(9)

α/◦ 92.415(4)

β/◦ 105.702(3) 98.574(4)

γ/◦ 95.543(5)

V /Å3 3260.8(4) 1047.82(5) 2380.2(2)

Z 8 4 2

T/K 100.01(10) 99.90(19) 100.01(10)

µ/mm−1 5.006 5.306 1.033

Reflections

Collected
34731 4743 17741

Unique Reflections

(Rint)
3478 (0.1273) 1023 (0.0289) 9130 (0.0454)

R1Indices

[I > 2σ(I )]
0.2218 0.0294 0.0656

wR2 (all data) 0.5709 0.0803 0.1940
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L1-1-2 HL1-1-1 L1-2-1

Empirical Formula C16H21N4O5S C28H34N6O10S C44H50N8O12S

M 365.40 646.67 914.98

Crystal System monoclinic monoclinic triclinic

Space Group P21/m C2/c
P1 (flack:

0.03(2))

a/Å 10.1811(5) 34.7786(5) 7.4520(3)

b/Å 22.0840(9) 6.14940(10) 11.6258(4)

c/Å 11.8464(4) 33.7173(5) 13.5401(9)

α/◦ 68.858(5)

β/◦ 112.051(5) 101.2140(10) 82.096(4)

γ/◦ 76.229(3)

V /Å3 2468.72(2) 7073.36(19) 1060.92(10)

Z/3 4 8 1

T/K 100.01(10) 100.00(10) 100.00(10)

µ/mm−1 0.996 1.311 1.319

Reflections

Collected
44694 37419 15093

Unique Reflections

(Rint)
5025 (0.0680) 6995 (0.0331) 6697 (0.0435)

R1Indices

[I > 2σ(I )]
0.0799 0.0718 0.1078

wR2 (all data) 0.2226 0.2341 0.3579
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Appendix B

Asymmetric Units of Reported Crystal Structures

Figures B.1-B.24 show ellipsoid figures for the contents of the asymmetric units of

structures reported in this thesis. Hydrogen atoms have been omitted for clarity. All

solvent molecules and disorder are included. All disorder was satisfactorily resolved.

The ellipsoids are drawn at the 50% probability level unless otherwise stated. MER-

CURY (Version 3.5.1) was used to prepare the artwork presentations.

Figure B.1: View of 1.

Figure B.2: View of 2.
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Figure B.3: View of 4.

Figure B.4: View of 6.

Figure B.5: View of 7.
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Figure B.6: View of 11.

Figure B.7: View of 11A.

Figure B.8: View of butadiene sulfone.
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Figure B.9: View of H4L1-1.

Figure B.10: View of H4L1-2.
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Figure B.11: View of H4L1-3 showing the disorder of the O atoms of one of the carboxylic
acid groups over two sites with a site occupancy of approximately 60:40.

Figure B.12: View of H4L1-4 showing the disorder of one of the decorating arms starting
from the second C atom over two sites with a site occupancy of approximately 50:50. The
R1 was higher than desired. This was assumed to be as the thermal ellipsoids for all atoms
were higher than the data would suggest.
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Figure B.13: View of H4L1-5.

Figure B.14: View of H4L1-6.
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Figure B.15: View of H4L1-7 showing the disorder of one of the carboxylic acid groups
over two sites with a site occupancy of approximately 80:20 (the C atom of the minor
component was refined isotropically) and the disorder of one carbonyl O atom on another
carboxylic acid group over two sites with a site occupancy of approximately 60:40.

Figure B.16: View of H4L1-8.
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Figure B.17: View of H4L1-9 showing the two disordered acetone molecules. The acetone
molecules were disordered over an inversion centre with the O and C atoms sharing the
same sites.

Figure B.18: View of H4L1-10 showing the disorder of one of the carboxylic acid arms
over two sites with a site occupancy of approximately 50:50. The acetone molecule of
crystallisation was also disordered over an inversion centre with the O and C atoms sharing
the same sites.
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Figure B.19: View of L1-Cu with ellipsoids drawn at the 30% probability level. The R1

was higher than desired as the crystal quality was poor.

Figure B.20: View of pbenzenebis amidinium hydrochloride.

Figure B.21: View of L1-1-1.
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Figure B.22: View of L1-1-2.

Figure B.23: View of HL1-1-1 showing the disorder of one of the decorating arms starting
from the second C atom over two sites with a site occupancy of approximately 70:30 and
the disorder of one of the amidinium phenyl rings over two sites with a site occupancy of
approximately 50:50.

Figure B.24: View of L1-2-1.
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Appendix C

Reaction conditions tested for complexation of 1

The reaction conditions used in attempt to form a coordination complex with 1.
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Appendix D

DFT tabulated data
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Acetone Monomer H4L1 monomer Acetone-H4L1 Complex
Z 1 1 1:1

kJ/mol kJ/mol kJ/mol
H(elec) -506989.961 -4655310.461 -5162354.444 -54.0217
H(ZPE) 219.3988359 1022.180921 1246.320472 4.740715

at 298.15K
E(vib) 14.34804484 71.30323299 87.48168571 1.830408

PV 2.47895983 2.47895983 2.47895983 -2.47896
TS(298.15K) 90.75751461 227.5946602 262.4455113 -55.9067

E(vib)+PV-TS -73.93050994 -153.8124674 -172.4848657 55.25811
S (kJ/(mol*K)) 0.304402196 0.763356231 0.880246558 -0.18751

H4L1-1 H4L1-2
Z 2:2 2:2

kJ/mol kJ/mol
H(elec) -10325494.55 -893.702 -10325506.84 -906
H(ZPE) 2508.751675 25.59216 2503.121968 19.96245

at 298.15K
E(vib) 174.3691172 3.066562 169.7891036 -1.51345

PV 0.06623828 -9.8496 0.06503114 -9.85081
TS(298.15K) 357.4292032 -279.275 339.1399653 -297.564

E(vib)+PV-TS -182.9938477 272.4921 -169.2858305 286.2001
S (kJ/(mol*K)) 1.198823422 1.108361 1.137481017 -0.99804
G (kJ/(mol*K)) -10323168.79 -595.618 -10323173.01 -599.837

E(bind)H eV/mol unit cell -9.26257 -9.39003
E(bind)corr eV/mol unit cell -6.17315 -6.21688

E(bind)H kJ/mol/ligand: -446.851 -453

H4L1-3 H4L1-4
Z 6:2 6:0

kJ/mol kJ/mol
H(elec) -28948181.5 -2338.81 -27933948.66 -2085.89
H(ZPE) 6614 42.1168 6162 28.91447

at 298.15K
E(vib) 444 -12.5155 408 -19.8194

PV 0.174989127 -19.6567 0.176290593 -14.6975
TS(298.15K) 886 -661.083 804 -561.568

E(vib)+PV-TS -441.8250109 628.9108 -395.8237094 527.0511
S (kJ/(mol*K)) 2.971658561 -2.21728 2.696629213 -1.88351
G (kJ/(mol*K)) -28942009.32 -1667.78 -27928182.48 -1529.92

E(bind)H eV/mol unit cell -24.24 -21.6187
E(bind)corr eV/mol unit cell -17.2853 -15.8565

E(bind)H kJ/mol/ligand: -389.801 -347.648
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Appendix E

Reaction conditions tested for complexation of L1

The reaction conditions used in attempt to form a coordination complex with L1. Note:

All reactions which were heated, were heated as specified until the noted formation

of precipitate. This time period ranged from five days to one month.
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