% MONASH University

Chiral metallosupramolecular species

with amino acid functionalised ligands

Stephanie Alison Boer

B. Sc. (Hons.)

A thesis submitted for the degree of Doctor of Philosophy at
Monash University in 2017

School of Chemistry




To fall in love with God is the greatest romance;
to seek him the greatest adventure;
to find him, the greatest human achievement.

- St. Augustine




Copyright notice

© Stephanie Alison Boer (2017).

I certify that | have made all reasonable efforts to secure copyright permissions for third-party
content included in this thesis and have not knowingly added copyright content to my work without

the owner's permission.




Abstract

This thesis describes the synthesis of a library of amino acid substituted diimide ligands and their
use in the formation of discrete and polymeric coordination complexes, and the properties of
selected chiral coordination compounds. The synthesis of chiral coordination compounds are of
such interest because they have been shown to have applications in enantioselective catalysis,
separation and sensing. Although achiral ligands have been shown to form chiral coordination
compounds, the most reliable method is the use of enantiopure ligands which are guaranteed to
form homochiral coordination compounds. Of particular interest in the synthesis of enantiopure
ligands is the chiral pool method, in which naturally occurring chiral molecules such as amino
acids are incorporated into ligands. Therefore this research used diimide ligands, which are
synthetically accessible and versatile, substituted with amino acids, in order to form enantiopure
chiral ligands for the synthesis of chiral coordination compounds. The diimide ligands were
separated into two main categories, those with a linear core and those with a bent core.

The linear diimide ligands were investigated for the formation of chiral coordination polymers
with transition metals. A secondary dipyridyl ligand, was also often included in these coordination
polymers, as they presented the opportunity to add dimensionality or new modes of
interpenetration in the coordination polymers. The steric bulk and functionality of the amino ac
side chain was shown to have an influence on the structure and interpenetration of the coordination
polymers obtained.

The naphthalene diimide (NDI) ligands have interesting fluorescent properties, which were
analysed in the form of the NDI carboxylic acid and upon incorporation into a discrete NDI
macrocycle and catenane.

The ligands with a bent core formed a series of quadruple stranded helicate or mesocate complexes

with paddlewheel nodes. The use of a chiral ligand formed chiral helicate cages, while the use of




an achiral ligand formed mesocate cages. A quadruple stranded helicate is a robust supramolecular
motif for this series of ligands, as it formed with two different ligands with a bent core and two
different paddlewheel nodes. It is also demonstrated that only one chiral ligand is required per
complex in order to induce the helicity of the cages.

The combination of linear diimide ligands and copper paddlewheel nodes formed discrete
coordination compounds, in which the influence of the size, shape, bend and flexibility of all four
ligands was shown by the structures of the discrete coordination complexes formed with each class
of ligands and paddlewheel nodes.

The research reported herein demonstrates that amino acid substituted diimides are a reliable class
of ligands for the synthesis of chiral metallosupramolecular assemblies which have fascinating

structures, topologies and properties.
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Chapter 1 Introduction

Chapter 1: Introduction

1.1 Introduction and scope

The research in this thesis investigates the coordination chemistry of amino acid functionalised diimide
ligands with specific focus on the synthesis of coordination polymers and coordination cage complexes.
The aim of the use of these ligands is to increase the understanding of the influence of the side chain and
core group of the ligand on their coordination chemistry with transition metals. The physical properties of
some of the coordination complexes obtained have also been examined.

As this research involves both infinite and discrete coordination chemistry, both within the context of
chirality, these areas will be introduced separately before the subset of chirality in each of them is also
presented. The field of supramolecular coordination chemistry is much too broad to describe herein,
therefore only a brief summary of the motivations, design strategy and potential applications of selected
supramolecular materials will be discussed below. More specific descriptions of the field will be provided

in individual chapters as necessary.

1.2 Supramolecular chemistry

Supramolecular chemistry can be defined in a variety of ways, the most widely circulated definition
however was given by Jean-Marie Lehn, a Nobel Prize winner in the field, who described supramolecular
chemistry as “chemistry beyond the molecule ”.! As opposed to the strong covalent bonds of molecular

chemistry, supramolecular chemistry deals with many non-covalent interactions of varying strength.

1.2.1 Host-guest chemistry

Early supramolecular chemistry was focused on the design of host-guest systems and the interactions
between the host and guest. Donald Cram, one of the other winners of the Nobel Prize alongside Lehn,
describes an ideal host-guest system as “a host-guest relationship involv(ing) a complementary

stereoelectronic arrangement of binding sites in host and guest .2 A stable host-guest compound should




Chapter 1 Introduction
involve a host molecule with as many as possible potential interactions which cooperate to be convergent
to the guest, and a guest of a suitable size and shape to have interactions which are divergent to the host. If
a host and guest fulfil this criteria they are called complementary.® The aim of the design of complementary
hosts is to achieve selectivity, in which a host can differentiate between guests in a mixture and bind only
to the desired guest. The design of selective host molecules must take into consideration a variety of
supramolecular interactions which vary in strength, including ion-ion, ion-dipole, dipole-dipole, hydrogen
bonding, n-interactions and van der Waals interactions, Table 1.1.4

Table 1.1 Summary of supramolecular interactions.

Interaction Strength (kJ mol?)
lon-ion 200-300

lon-dipole 50-200

Dipole-dipole 5-50

Hydrogen bonding 4-120

Cation-nt 5-80

-7 0-50

Van der Waals < 5 variable on surface area

Although supramolecular chemistry began with the design and study of host-guest systems, a topic which
still garners much interest, the field also includes metallosupramolecular chemistry, which is
supramolecular chemistry involving metal-ligand coordination bonds.® In a similar manner to the design of
host molecules in host-guest systems, organic ligands can be designed to be complementary to the
coordination number and geometry of the metal ions employed. In general, ligands will be designed to have
convergent coordinating groups to form discrete coordination compounds, or divergent coordinating groups
in order to form polymeric coordination compounds.

Metallosupramolecular compounds are formed by self-assembly, which is “the spontaneous and reversible

association of molecules or ions to form larger, more complex supramolecular entities according to the
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intrinsic information contained in molecules themselves ".® Self-assembly is influenced by the components
in the system, the interactions between components, reversibility of bonds formed and the environment in
which the reaction takes place.” The reversibility of coordination bonds, in contrast to covalent bonds,
allows supramolecular systems to have inbuilt ‘error-checking’ in their synthesis, which leads to the
thermodynamic product. The metal ions must be chosen carefully, as stronger coordination bonds will form
more stable compounds, but are less reversible than weaker coordination bonds. Transition metals in the
2+ oxidation state have a balance of good coordination bond strength and predictable coordination
geometries, so are most often used for synthesis of metallosupramolecular compounds.®

In the field of supramolecular chemistry, building blocks that offer strong, directional interactions are
labelled tectons,® and the predictable interactions between tectons in a supramolecular system are termed
synthons.® Therefore by taking into account the supramolecular tectons of the ligands and metals, and
considering the synthons which are applicable to the system, for example coordination bonds, hydrogen
bonds, m-interactions and other weak intermolecular interactions, metallosupramolecular systems can be
designed and synthesised.

Just as the design of host-guest systems must take into account a variety of intermolecular interactions to
design a host with the desired selectivity, these interactions must also be taken into account when designing
metallosupramolecular systems which will form by self-assembly. The primary structure of a coordination
compound will be defined by the metal-ligand bonds, but the secondary structure will involve a variety of
weaker intermolecular interactions. The presence of hydrogen bonding donor or acceptor groups within a
ligand will influence how the coordination compounds pack in the solid state, Figure1.1.!! Most ligands in
coordination chemistry have some aromatic functionality, leading to the prevalence of m-interactions in the
secondary structure of coordination compounds. A number of different motifs of T-interactions are possible,
including offset face-to-face n-stacking and perpendicular edge-to-face C-H: - x interactions, Figure 1.1.12
Through the judicious design and synthesis of ligands, metallosupramolecular systems may be prepared for

a variety of applications.
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Figure 1.1. An example of a supramolecular complex involving coordination bonds and

C

hydrogen bonding (shown as dashed lines) (left)*® and schematic of m-interactions, such as
offset m-m stacking and C-H---w-interactions (right).

Supramolecular chemistry is also focused on the design, synthesis and properties of a number of discrete
assemblies such as catenanes and rotaxanes.'* A catenane is a set of two or more mechanically interlocking
rings, such that the rings are not connected by covalent or coordination bonds but may not be separated
without the breaking on covalent or coordination bonds, Figure 1.2.>*" A rotaxane is a linear molecule

which is thread through a macrocycle and held in place with bulky capping ligands, Figure 1.2,18-20

Figure 1.2. Examples of a [2]-catenane (left) and a [2]-rotaxane (right), reported by

Stoddart et al.t® 18
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1.2.2 Crystal engineering

The design and synthesis of new supramolecular coordination compounds for solid state applications
requires a good understanding and utilisation of crystal engineering. The introduction of supramolecular
chemistry represented a paradigm shift in chemistry, as it moved from the focus on atoms and their bonds
to that of molecules and their intermolecular bonding, and focused attention on the collective properties of
a chemical system.? This paradigm shift leads the field of supramolecular chemistry directly into that of
crystal engineering, as both are concerned with the design and function of chemical systems formed by
non-covalent bonds.?? The term crystal engineering was first used by Pepinsky, who stated that crystal
structures “are to a good extent controllable: hence crystals with advantageous properties can be

engineered .2

1.2.3 Chiral supramolecular chemistry

As early supramolecular chemistry was centred on the design of host-guest systems, it is only a small leap
to begin consideration of chiral host-guest systems, and the recognition of a chiral guest in a supramolecular
host. Due to the inherent chirality in nature, most research into the synthesis of biologically active molecules
will require stereoselective reactions or chiral separation. Chiral supramolecular chemistry has therefore
been an important area of research for applications in chiral separation, sensing and catalysis.?* 2* The
interaction of an enantiopure chiral host with racemic guests will lead to the formation of diastereomeric
host-guest complexes, which will differ in thermodynamic stability.2® Chiral interactions in supramolecular
chemistry relies on a minimum of three simultaneous interactions between host and guest, and at least one
of these interactions must be enantioselective, in order to form diastereomeric complexes which may be
separated; this is called the three-point rule.®® The same non-covalent interactions that are important in
supramolecular chemistry are also important for understanding biomolecular interactions in biological
processes, and therefore must be considered when designing chiral supramolecular host-guest systems.

In general there are four different ways in which a supramolecular assembly may be chiral. The first is if
the components of the assembly are inherently chiral, including molecules with stereocenters or axial

chirality. The second is if the components are achiral but form as a chiral complex, termed spontaneous
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resolution. In the context of crystalline samples, spontaneous resolution may form a racemic compound if
both handednesses are present in the unit cell, or a conglomerate if the system forms a mixture of
enantiopure crystals.?” The third option is the use of a chiral component in the reaction to form a chiral
supramolecular assembly in which the final product does not include the chiral component, but the system
preserves its chirality, termed the “memory of chirality effect”.? Finally a complex can be formed around
a chiral guest, inducing chirality of the complex.2®

Chiral hosts may also act as chiral catalysts, with the goal of achieving high enantiomeric excesses and
yields of products.®! Enantioselective recognition of chiral biological molecules, such as amino acids and
peptides, is fundamental for developing procedures of synthesis, purification and separation of these
molecules. Organic chiral hosts include cyclodextrins, chiral calixarenes, cyclophanes, and functionalised
cucurbiturils and chiral crown ethers. For the sake of brevity only cyclodextrins and calixarenes will be
discussed herein.

A cyclodextrin is a torus which is made of six, seven or eight a-1,4-D-glucopyranose units, forming a
hydrophobic cavity and a hydrophilic exterior, Figure 1.3.32 Cyclodextrins (CDs) have been shown to have
applications in pharmacy, medicine, organometallic chemistry, foods, cosmetics, catalysis, biotechnology
and textiles.®*% The majority of biological and chemical applications of cyclodextrins centre on the ability
of CDs to form chiral inclusion compounds.® Complexation of guest molecules usually involves inclusion
of hydrophobic molecules or fragments inside the cavity of the CD. Unmodified CDs are relatively
ineffective at chiral discrimination, as there is limited interaction of chiral molecules with the chiral groups
of the CD. However, modification around the upper or lower rim can improve chiral discrimination
properties. 3740

Calixarenes are another major class of macrocyclic organic host complexes which may be modified to be
chiral and therefore have applications in chiral supramolecular chemistry, Figure 1.3.#! Chirality can be
added to calixarenes by appending chiral groups to the lower or upper ring, or by making the calixarenes
inherently chiral by asymmetric addition of groups into the calixarenes skeleton. Original research into

chiral calixarenes was inhibitory, as the chiral calixarenes were formed as racemates and separation was
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required by HPLC, recrystallisation with a chiral auxiliary as diastereomers, or kinetic resolution after
synthesis. However new types of optical resolution have been developed which can produce enantiopure
calixarenes on gram scales.*? Calixarenes are of interest due to their 3D surface and conformationally rigid
structure and can be utilised in separations, and as sensors and catalysts due to their cavity and preorganised

binding sites and ability to reversibly complex neutral and charged compounds.*348
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Figure 1.3. The unmodified a-cyclodextrin (left) and an unmodified calix[4]arene with para-

tert-butyl substituents (right).

Just as supramolecular chemistry evolved to include metallosupramolecular chemistry, so also chiral
supramolecular chemistry has developed to include chiral systems incorporating metal-ligand coordination
bonds. Similar to chiral supramolecular systems, metallosupramolecular chiral systems may gain their
chirality from chiral components, spontaneous resolution, the “memory of chirality effect” or forming
around a chiral guest. An additional source of chirality applicable to metallosupramolecular complexes is
chirality due to the arrangement of coordinating groups around a metal, for example three bidentate ligands
coordinated to an octahedral metal will exist in a A or A configuration, Figure 1.4. Chiral
metallosupramolecular chemistry includes both discrete and infinite coordination complexes, which will be

discussed further in sections 1.3 and 1.4
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Figure 1.4. Enantiomeric forms of an octahedral metal with bidentate ligands.

1.3 Coordination polymers

In the late 1980s Robson and Hoskins proposed a new class of polymeric metallosupramolecular materials
which could be afforded by linking together metal centres with organic ligands into an infinite array, naming
them ‘coordination polymers’.*° Early research into coordination polymers focused on their design as nets,
using a metal of appropriate coordination geometry and ligands as rod-like connecting units, Figure 1.5.%°
It was hypothesised that through crystal engineering, coordination polymers could be designed and
synthesised with large cavities which could be utilised for a range of applications, and a myriad of examples

have shown this to be true.>!
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Figure 1.5. Schematic of the formation of 1D, 2D and 3D coordination polymers from metal
ions and organic ligands. Reprinted from, Coordination Chemistry Reviews, 250, A.Y.
Robin, K. M. Fromm, Coordination polymer networks with O- and N-donors: What they are,

why and how they are made, 2127-2157, Copyright (2006), with permission from Elsevier.
1.3.1 Metal-organic frameworks

The porous subset of coordination polymers have been named metal organic frameworks (MOFs).%
Considering the potential properties, cavities and chemical environment of coordination polymers and
MOFs, they have been investigated for applications in many areas including catalysis, gas sorption, gas
separation, magnetism, luminescence, conductivity, drug delivery and sensing.5% 5360

In addition to the initial net-based design strategy, multiple other design strategies for coordination
polymers have been considered and implemented. Most predominant has been the approach by Yaghi et al.
who initiated the research into metal-oxide clusters with predetermined coordination geometry, termed
secondary building units (SBUs), Figure 1.6.5 The combination of SBUs with ligands of identical geometry
and coordinating groups but varying length was used to synthesise several series of MOFs with porosity

dependent on the length of the ligand; this approach was termed “reticular synthesis”.®?
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(d) (e) (f)

24

Figure 1.6. Examples of SBUs, (a) square planar “paddlewheel” motif, (b) octahedral
“basic zinc acetate” motif, (c) trigonal prismatic trimer, and examples of ligands used in
MOF synthesis, (d) square planar tetrakis(4-carboxyphenyl)porphyrin, (e) tetrahedral
adamantine-1,3,5,7-tetracarboxylic acid and (f) trigonal [ligand 1,3,5-tris(4-
carboxyphenyl)benzene. Reprinted from Microporous and mesoporous materials, 73, J. L.
C. Rowsell and O. M. Yaghi, Metal-organic frameworks: a new class of porous materials,
3-14, copyright 2004, with permission from Elsevier.

When MOFs are first synthesised their pores are typically filled with the solvent(s) in which they are
synthesised, and removal of this solvent will often lead to degradation of the material. Therefore research
into MOFs which are stable when desolvated became the forefront of MOF research in order to form
materials that were viable for applications. Early work on coordination polymers and MOFs which were
thermally stable once desolvated emerged in the 1990s from the groups of Fujita, Yaghi and Williams,
Figure 1.7. Fujita et al. reported the reaction of 4,4"-bipy with Cd" to form a 2D square network which was
shown to encapsulate some aromatic guests with high shape selectivity and could act as a heterogeneous

catalyst for cyanosilylation of aldehydes.®® The Williams group reported the synthesis of HKUST-1, a 3D

MOF with square-planar Cu" paddlewheel SBUs with a trimesic acid ligand, which had open pores in the
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[100] and [111] direction, giving a material displaying porosity of 40.7% of the total volume.®* The same
year HKUST-1 was first reported, Yaghi et al. reported the structure of MOF-5, a 3D cubic network of

tetrahedral Zn-oxide clusters and terephthalate ligands, which had 55-61% solvent accessible void space.®
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Figure 1.7. Examples of early coordination polymers, a square sheet reported by Fujita
(left), HKUST-1 reported by Williams using square planar Cu'' paddlewheel SBUs (centre)
and MOF-5 reported by Yaghi using the tetrahedral ‘basic zinc acetate’ SBU (right). %3
Coordination polymers and MOFs may be mechanically interlocked, in which two or more networks are
entangled in such a way that they cannot be separated without the breaking of covalent or coordination
bonds, and is termed interpenetration. % 87 Interpenetration often occurs in coordination networks which
have large open windows which another network may pass through.®® Although interpenetration is often
viewed in a negative light, as it can decrease the porosity of the material, it has also been shown to stabilise
the networks.%® Interpenetration can also create smaller pores which enable more ligand to guest
interactions, improving the efficiency of many applications of MOFs, including catalysis and separations.®®
70

Interpenetration can occur in various topologies dependent on the dimensionality of the networks involved
and if the networks interpenetrate in a parallel or inclined manner, Figure 1.8. 1D coordination polymers

may be 1D— 1D parallel interpenetrated, alternatively inclined or parallel interpenetration can occur in a
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1D—2D or 1D—3D manner.””® In a similar way, 2D coordination polymers can be 2D—2D parallel
interpenetrated or have 2D—3D parallel or inclined interpenetration.’*’” Naturally, 3D coordination
polymers can only be 3D—3D interpenetrated.’®®° Interpenetration may also occur between networks of

different dimensionalities.®!
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Figure 1.8. Topological diagrams of different modes of interpenetration. a) 1D—2D
parallel, b) 1D—2D inclined, ¢) 1D—3D, d) 2D—2D parallel, ¢) 2D—3D parallel, f)
2D—3D inclined, and g) 3D— 3D interpenetration.

As MOFs consist of both organic and inorganic components, the possibility arises to modify or exchange
one or both of these components after the synthesis of the material, a process which is termed post synthetic
modification (PSM).82 PSM has become a commonplace tool in the synthesis of MOFs, as it can enhance
or add to their physical and chemical properties. For a process to be considered PSM it must occur in a
single-crystal-to-single-crystal manner which maintains the crystallinity, porosity and overall structure of
the MOF. The potential application of PSM on MOFs for catalysis was outlined by Robson in the first
report of coordination polymers, in which he stated that “they may, after appropriate functionalisation of
the rods, provide tailor-made materials for the heterogeneous catalysis of a wide range of
transformations ”.*° Since then, PSM has been developed to add or modify catalytic metal sites or functional

groups on ligands in order to achieve catalysis of a large range of reactions.®3%% There are multiple different
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classes of PSM, including post synthetic deprotection (PSD) in which a protecting group on the ligand is
removed so that the functional group is available for chemical reactions within the MOF.% 8 Ligands or
metal ions on a MOF can also be exchanged from solution after the assembly of the material, a process
called post synthetic exchange (PSE).88 8 A recently reported class of PSM is post synthetic insertion (PSI),
in which additional ligands are inserted into preformed MOFs, either by adding new metal sites to SBUSs,
or the ligand coordinating to existing vacant metal sites.** ®* Also possible is post synthetic polymerisation
(PSP), where the MOF is used to template a new material, such as a polymer monolith, in which the MOF
ligands are connected together by additional organic groups and the metals are then removed, in order to

produce a MOF-templated polymer.%% %

1.3.2 Applications of MOFs and coordination polymers

The potential applications of coordination polymers and MOFs are vast and ever increasing. As such, only
a brief summary of them will be discussed herein. Early work on the development of MOFs centred on their
use as porous materials for gas sorption and storage, particularly hydrogen and carbon dioxide.** ®* MOFs
are ideal candidates for gas separations and storage due to their large surface areas, adjustable surface
properties and varying pore sizes. Gas capture and storage can occur in rigid MOFs by adsorbate-surface
interactions, size/shape exclusion or a combination of both. Gas capture in flexible MOFs is more complex
and can occur by size/shape exclusion or adsorbate-surface interactions involving a pore size or shape
change, or by adsorbate-surface interactions which are only made possible by gate-opening or structural
rearrangement, or by specific pressures which make selective adsorption possible.*® Initial research into gas
capture, storage and separation with MOFs involved sorption in bulk crystalline or pelletized materials,
however it has recently moved to include MOF thin films which can be used to create ultrapermeable
membranes with exceptional selectivity.* 9

As stated briefly above in the context of post synthetic modification, MOFs are also ideal candidates to act
as heterogeneous catalysts. The catalytically active sites of MOFs can exist in a series of classes, including
coordinatively unsaturated metal sites, functional organic sites, metalloligands, and metal nanoparticles

inserted into the MOF cavities.®® Through these catalytic sites, MOFs have been shown to achieve catalysis
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in a range of different reactions.® 1% MOFs have also been shown to display interesting optical properties
which can be linker or metal based and be dependent on temperature, metal or guests,'%-1%” with applications
in sensors or switches.>® MOFs are also being widely investigated for their potential magnetic applications,
in which the magnetism is inherent in the system through paramagnetic metals or open-shell ligands, or
introduced to the system by magnetic guests.> The inorganic-organic hybrid nature of MOFs can also be
exploited for applications in drug delivery, as they combine the two current routes to drug delivery, the
organic route which uses biocompatible macromolecules that can encapsulate a range of drug molecules,
and the inorganic route utilising zeolites or mesoporous silicate materials of precise porosity.%®

As can be seen, the relatively simple design and synthesis of coordination polymers and MOFs makes them
excellent candidates for a broad range of applications. The field of MOFs and coordination polymers and

their real-world applications is still in its infancy, and will continue to be investigated in the future.

1.3.3 Chiral coordination polymers

Chiral coordination polymers and MOFs are an exciting class of metallosupramolecular materials. They
are being investigated to further the fundamental understanding of the addition, control and preservation of
chirality in coordination chemistry and for their possible applications in chiral catalysis, separation and
sensing.1%®

Chirality may be introduced to infinite coordination networks using similar routes as chiral host-guest
supramolecular systems, as discussed in Section 1.2.3. Chirality can be incorporated by the use of a chiral
ligand, by spontaneous resolution of a network with achiral ligands, the memory of chirality effect and
induction of chirality by a network forming around a chiral guest.

The simplest approach is the first, the use of enantiopure chiral ligands that will produce homochiral
coordination networks. The chiral pool strategy, in which naturally occurring enantiopure molecules are
used as ligands or incorporated into ligands is the most straightforward route to chiral ligands and therefore
chiral coordination networks, Figure 1.9.1° The naturally occurring molecule camphoric acid is well suited
to utilisation as a ligand, as it is ditopic with two carboxylic acid groups and it is a similar length to the

classic MOF ligand, 1,4-benzenedicarboxylic acid. The Bu group has published a study into MOFs utilising
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(S)- or (R)-camphoric acid ligands with In", Co", Ni" and Mg" to form six different MOFs incorporating
three different homochiral features, namely that they crystallise as homochiral nets, they involve helicates
and are synthesised from chiral ligands.*'* Camphoric acid been widely utilised as a ligand for the synthesis
of homochiral MOFs for applications (vide infra). The functionalisation of naturally occurring tartaric acid
with an additional pyridyl coordinating group was first reported in 2000 by Kim and co-workers, reaction
of this ligand with Zn" formed a porous homochiral MOF which displayed enantioselective encapsulation
of cationic metal complexes and chiral catalysis of a transesterification reaction.® Amino acids or small
peptide chains may also be used as chiral ligands, as demonstrated by Rosseinsky and co-workers, who
used a Gly-Ser peptide ligand to synthesise a MOF with Zn" which showed large solvent channels while
solvated, however when the material was desolvated the cooperative hydrogen bonding of the peptide chain

caused folding of the material into a non-porous state.!!?
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Figure 1.9. The tartaric acid derived pyridyl functionalised ligand used by Kim et al. (left),

for the synthesis of a chiral MOF which showed enantioselective catalysis and separation
(right).

The synthesis of chiral coordination polymers may also be achieved using exclusively achiral ligands. The
use of exclusively achiral ligands will often form centrosymmetric networks. However they may also
crystallise as non-centrosymmetric systems, removing the need for the synthesis of chiral ligands or the
chiral pool strategy. The chirality in systems of exclusively achiral ligands may arise from chiral metal
coordination or through the occurrence of a helicates within the network. Formation of a bulk homochiral

sample by this approach can be difficult, as the crystals will usually form in a conglomerate.** In rare cases

15



Chapter 1 Introduction
of spontaneous resolution, the preferred crystallisation of one handedness will lead to a homochiral
material, a process called second order spontaneous resolution.'** Synthesis of homochiral MOFs with
achiral ligands is also possible through seeding. If the crystals form as a conglomerate, a single crystal of
one handedness may be used to seed the synthesis of a homochiral sample of the coordination polymer.*
The memory of chirality effect is also a useful technique for the synthesis of homochiral coordination
polymers and MOFs, as demonstrated by Morris and co-workers in 2007 when they reported the induction
of chirality by (S)-aspartate into a network which involved only achiral building blocks.!® The formation
of a chiral coordination polymer with achiral ligands formed around a chiral guest can also be realised in
the context of a chiral cation within the pores of the network. Train, Gruselle et al. reported the synthesis
of the [MnCr(oxalato)s]” network, which can be synthesised in both handednesses, based on the chirality of
the alkyl side chain of the template cation.!’

The chiral pool method can also be used for chiral induction of MOFs, as shown by the Bu group who
reported the synthesis of MOFs with adamantane-1,3-dicarboxylic acid ligands and Mn", in which the
chirality of the framework was controlled by the handedness of the camphoric acid which was used for
chiral induction.*® The amino acid proline has also been used to induce chirality in MOF-5 by distortion
of the framework backbone, as the handedness of proline used in the reaction controlled the handedness of
the framework, without being incorporated into the final structure.’® Chiral ionic liquids have also been
shown to induce chirality when used as the reaction medium for a MOF made of achiral ligands. The Morris
group reported the reaction of 1,3,5-benzene tricarboxylic acid with Ni'" in a chiral ionic liquid which
formed a homochiral MOF which did not incorporate any of the chiral ion in pores of the framework.1®

In addition to the classical methods for chiral induction in infinite coordination networks, chirality can also
be introduced by post synthetic modification. PSM may be used to add chiral functionality to a MOF, in
order to increase its stereoselective applications. In 2009 Kim et al. demonstrated post synthetic insertion
to create a chiral MOF by adding (S)-proline to the open metal sites of MIL-101, to produce a chiral MOF

which showed catalytic activity in asymmetric aldol reactions.®
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Chiral coordination polymers and MOFs have also been shown to have applications in nonlinear optics.
Solid state second-order nonlinear optical materials, which are a class of materials which have the ability
to double the frequency of an intense beam of laser light, only exist in non-centrosymmetric or polar
materials.!® The use of chiral ligands allows the engineering of coordination polymers into non-

centrosymmetric environments, capable of nonlinear optics.*?

1.3.4 Applications of chiral coordination polymers

Chiral MOFs have applications in three main areas, stereoselective catalysis, separation and sensing.!?? As
chiral catalysis is one of the main avenues by which stereoselective synthesis can be achieved in organic
chemistry, it has been major focus in the development of homochiral MOFs for applications. To be an
effective chiral heterogeneous catalyst, the MOFs must have a stable framework and possess large and
accessible pores, a catalytic centre and a chiral environment.'?®> Homochiral MOFs for catalysis have been
designed and synthesised using multiple classes of ligands including, but not limited to, amino acid and
other chiral pool derived ligands, chiral molecules such as functionalised 1,1’-bi-2-naphthol (BINOL)
ligands and metalloligands, as well as post-synthetic modification, which will be briefly reviewed herein.

As the coordination behaviour of amino acids is usually dominated by the chelate effect of the carboxylate
and amine groups, they are not effective ligands for the synthesis of MOFs. Amino acids have therefore
been combined with additional bridging ligands in order to form chiral MOFs. Such was the case with a
series of MOFs incorporating aspartic acid and Cu'" or Ni", with dipyridyl coligands, either 4,4'-bipy or
1,2-di(4-pyridyl)ethylene (dpe). Protonation of the framework using HCI rendered a Brgnsted acidic MOF
which has modest catalytic activity, showing catalysis for methanolysis of cis-2,3-epoxybutane with up to
30% conversion and 17% ee.’®* 12 The advantages of the robust porosity of classical MOFs can be
combined with the chirality of amino acids by adding the amino acids via PSM, as reported by Canivert et
al. in 2015. The study was undertaken with three different MOFs, MIL-101, MIL-68 and UiO-66 which all
traditionally use a terephthalic acid ligand, but in this case were synthesised with 2-aminoterephthalic acid
to provide a site for PSM. Amino acids or short peptide chains were grafted to the MOF by microwave

irradiation and the MOFs were shown to catalyse the aldol reaction of acetone and 4-nitrobenzaldehyde
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with conversion up to 80% and 27% ee.’® PSM with amino acids has also been shown by adding amino
acids to metal centres, as demonstrated by Kim et al. in which proline was added to coordinatively
unsaturated metal centres in a MOF to produce a chiral MOF that was capable of catalysing a stereoselective
aldol reaction with up to 86% yield and 68% ee.!*° It is also possible to synthesise a chiral catalytic MOF
by deprotecting the amino acid functionality in a MOF post synthetically, however the conditions necessary
for deprotection of the amino acid will often lead to racemisation. To avoid this problem Telfer and co-
workers reported a thermolabile approach to amino acid deprotection in which a Boc-protected proline on
a biphenyl dicarboxylic acid ligand formed a chiral MOF with Zn". The Boc group could be removed in a
single-crystal to single-crystal (SCSC) manner by heating in DMF under microwave radiation, maintaining
an ee of 80% of the proline. The bulky protecting group was also shown to inhibit the interpenetration of
the framework. The deprotected MOF catalysed the aldol reaction of acetone and 4-nitrobenzaldehyde with
29% ee.*?’

The axially chiral molecule BINOL has also been widely utilised as a ligand for chiral catalysis as it
contains secondary functional groups and can be functionalised in multiple different positions to synthesise
a range of ligands with varying coordinating groups and lengths. Such a highly functionalisable ligand is
important for the synthesis of chiral MOFs with tuneable properties and pore sizes.'?® BINOL is also a well-
known chiral auxiliary in organic chemistry for enantioselective homogenous catalysis.'?® Therefore the
ability to place such a molecule into open channels of a porous framework is an important step towards the
rational design and application of chiral molecules in enantioselective catalysis.**°

The first BINOL containing MOF to catalyse chiral reactions was reported by Lin and co-workers. A
phosphoric acid functionalised BINOL ligand formed a series of MOFs with lanthanide metal centres, and
showed enantioselective catalysis for the reaction of benzaldehyde and cyanotrimethylsilane, affording
mandelonitrile in a 69% yield. Unfortunately the product was essentially racemic, with an ee of < 5%. 3
Lin soon followed up the work with a 4-pyridyl functionalised BINOL ligand which formed a MOF with
Cd". The MOF underwent PSM to bind a [Ti(O'Pr),] fragment to the BINOL hydroxyl groups which were

lining the pores of the MOF, generating a MOF which was catalytically active for the addition of ZnEt; to
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aromatic aldehydes to synthesise chiral secondary alcohols. The catalytic activity was investigated with a
range of aromatic aldehydes, showing >99% yield and up to 93% ee.!*2 The same group also reported an
elegant study into the influence of pore size on the catalytic activity of BINOL MOFs, Figure 1.10. Four
BINOL ligands of varying lengths that were functionalised with four carboxylate coordinating groups
formed a series of four copper paddlewheel MOFs with identical structures and varying pore sizes. The
MOFs could undergo PSM to incorporate a [Ti(O'Pr),] fragment to form a series of eight functional chiral
MOFs for asymmetric catalysis, four with [Ti(O'Pr).] and four without. It was observed that with increasing
pore size the post synthetically modified MOFs showed an increase in ee of 9%, 86%, 91% and 91% for
the reaction of ZnEt, with aromatic aldehydes.*®* BINOL MOFs have also been used for many other
reactions, as shown by Tanaka and co-workers with a copper paddle-wheel MOF utilising a dicarboxylic
acid BINOL ligand, which showed up to a 54% vyield and 45% ee for the enantioselective ring opening
reactions of epoxides.®* A different BINOL MOF, utilising a tetratopic carboxylate ligand, acted as an
enantioselective catalyst for ring-opening of meso-epoxides with up to 89% ee. It was observed for this
system that the yield and enantioselectivity of the MOF catalyst was highly sensitive towards the epoxide

and aniline structures, as well as the reaction conditions.®
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Figure 1.10. a) Schematic representation of the synthesis and PSM of the homochiral BINOL
MOFs, b) the four ligands of varying lengths used for homochiral MOFs synthesis. Reprinted
with permission from Macmillan Publishers Ltd: Nature Chemistry, 2, 838-846, 2010.

The pore size of MOFs has also been showed to have an influence on the enantioselectivity of reactions
catalysed by BINOL containing MOFs. In 2016 the Tanaka group reported the synthesis of a dicarboxylic
BINOL ligand that formed a 3D MOF when reacted with Cu". The MOF was shown to catalyse the Diels-
Alder reaction between isoprene and N-ethyl maleimide with a yield of up to 81% and 75% ee.**® The same
group has also reported BINOL MOFs which show enantioselective aminolysis and alcoholysis of epoxides
and sulfoxidation of sulfides with H,0..1*7-14! As can be seen, BINOL is a robust ligand for the synthesis
of chiral MOFs that have been shown to have enantioselective catalytic properties for a range of reactions.
Heterogeneous chiral catalysis may also be achieved with a MOF using catalytically active metal centres
embedded within the ligands. This approach avoids the additional step of post synthetic modification of the

MOF. The use of M(salen) metalloligands have been shown to be particularly effective for the synthesis of
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chiral MOFs for stereoselective catalysis, catalysing a range of asymmetric organic transformations,
including olefin oxidation, epoxidation and aziridination, cyclopropanation, sulphide oxidation and
cyanosilation of aldehydes.*>146 As the applications of M(salen) metalloligands is so broad, only a few
examples will be discussed.

The Lin group reported an isoreticular series of MOFs with three Mn(salen)-based ligands of increasing
length, which formed a series of five chiral MOFs, both interpenetrated and non-interpenetrated, with a
range of pore sizes, Figure 1.11.24 Although the MOFs underwent framework collapse upon removal of
solvent, their porosity was confirmed by dye uptake experiments. All five MOFs acted as enantioselective
catalysts for epoxidation reactions, with increased pore size leading to increased activity, suggesting that
diffusion of the reactants into the pores strongly influences the reactivity. The catalytic activity of the two
MOFs with the largest pore sizes rivalled that of the homogeneous control catalyst.}** The catalytic activity
of another M(salen) MOF has also been reported which displays superior catalytic activity to its
homogenous equivalent. Two chiral MOFs with either VO(salen) or both VO(salen) and Cu(salen)
metalloligands and Cd" were reported that showed up to 99% conversion and 93% ee for the
enantioselective cyanisation reaction between aldehydes and trimethylsilyl cyanide after oxidation of the
VO(salen) ligand. Such remarkable stereoselectivity and yield was possible because the reaction was able
to go through a VO-VO cooperative activation pathway due to the forced proximity of the VO(salen)
moieties within the channels. The oxidised VO(salen) material was also utilised in a gram-scale synthesis

of the natural products (R)- and (S)-tembamide.#’
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Figure 1.11. The series of Mn(salen) MOFs reported by Lin. Materials 2 and 4 showed the
highest catalytic activity due to their large pores.

Although chiral catalysis is the preferred method for the synthesis of chiral molecules, it is not always
practical and still may not lead to an enantiopure product. Chiral separation is therefore another important
application of interest for chiral MOF materials. Chiral separation with homochiral MOFs may be achieved
by enantioselective sorption, incorporating MOFs into membranes, growing chiral MOFs into thin films or
by using the MOFs to make chiral stationary phases for HPLC or GC. Chiral MOFs may be an alternative
to conventional HPLC or GC columns because they can be made to be stable, reliable and cost effective,
and their tunability allows them to be tuned to the desired properties of the system.}*® Similar to chiral
MOFs for catalysis, homochiral MOFs for separation have been developed with a range of ligands including
cyclodextrins, amino acids and other chiral pool molecules, and BINOL and other ligands with axial
chirality, among others which for the sake of brevity will be not discussed herein.% 1% Chiral MOFs have
been shown to resolve racemic mixtures of many classes of molecules, including sulfoxides, sec-alcohols,
B-lactams, benzoins, flavanones, epoxides, amines, alcohols, amino acids, bases and amides. %

Much of the early work in this area was investigating chiral MOFs for separation by enantioselective

absorption. The combination of aspartic acid and 4,4'-bipy was shown by the Rosseinsky group to be a
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suitable combination to make a family of chiral MOFs with Ni" that could selectively adsorb one
handedness of a chiral diol with up to 53% ee for the case of 2-methyl-2,4-pentanediol. Computational
studies of the guest interactions with the pores showed that the mode of interaction is dependent on the pore
surface and nature of the guest, rationalising the higher percentage ee achieved for 2-methyl-2,4-
pentanediol in comparison to other short chain diols that were investigated.'?* Derivatives of amino acid
may also be used as ligands, as was the case in a report by Zhang and co-workers in which either (S)- or
(R)-proline was attached to 1,3-benzenedicarboxylic acid to make a ligand which formed MOFs with helical
channels, the helicity of which depended on the handedness of the ligand. The chiral channels within the
MOFs were a suitable size for separation of small chiral molecules, showing up to 68.3% ee for the
separation of methyl lactate.’®® Post-synthetic modification is also a viable approach for the synthesis of
chiral MOFs for enantioselective separation. The achiral MOF ZIF-8 was reported to undergo post-
synthetic ligand substitution to incorporate the amino acid (R)-histidine. The water stability of ZIF-8
combined with its inherent chirality from the (R)-histidine enabled the material to be used to separate the
amino acids alanine and glutamic acid from water/ethanol mixtures with 78% and 79% ee, respectively.*®
Although enantioselective sorption with chiral MOFs acts as proof-of-concept that chiral MOFs can
enantioselectively interact with chiral guests, in order to be scaled up for real-world applications it is much
more suitable for MOFs to be incorporated into HPLC or GC columns or membranes.®% 162 The chiral pool
method has been extensively employed in the synthesis of porous MOFs for chiral resolution by
chromatography, including the use of amino acids, lactic acid, mandelic acid and camphoric acid.*®% 162 The
first reported enantioselective separation employing a column made of a chiral MOF used the chiral pool
method, namely the synthesis of a MOF with (S)-lactic acid and 1,4-benzenedicarboxylic acid with Zn"
which was packed into a 33 cm glass tube. The column showed baseline separation of b/L-methyl phenyl
sulfoxide, and some separation of other sulfoxides.®® (S)-Leucine was used to induce chirality in a 4,4'-
biphenyldicarboxylic acid MOF with Cd'" and this MOF was used as a chiral stationary phase in a steel
column which showed separation of a range of racemic molecules including alcohols, ketones, flavone,

phenol, bases and amides. 164 165
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Camphoric acid has been widely utilised for the synthesis of homochiral MOFs for use in columns for
HPLC and GC. A series of isoreticular MOFs with (R)-camphoric acid and pyridyl coligands of varying
lengths, namely diazabicyclo[2.2.2]octane (dabco), 4,4'-bipy and 1,4-di(4-pyridyl)benzene (dpb), had
increasing void volume with increasing coligand length and were therefore used to investigate the influence
of pore size on enantioselective separation D/L-limonene. The MOFs were grown into thin films by layer-
by-layer liquid-phase epitaxy, and are referred to as SURMOFs (surface mounted MOFs).1% It was
observed that the MOF with medium sized pores showed the best enantioselectivity, as the pore is a similar
size to the analyte, maximising the interaction of the analyte with the chiral functionality of the ligand
whilst still allowing the analyte to move within the pores.'®” SURMOFs of [Cu((S)-cam)2(L)] (L=4,4'-bipy
or dabco) mounted on a polymer from a natural marine organism, 3,4-dihydroxy-I-phenylalanine, have also
been used to make a column for GC, showing baseline separation of b/L-methyl lactate.®® These results,
among others not discussed herein, establish that the use of SURMOFs for HPLC and GC columns is a
promising alternative to traditional columns.6®

As with chiral catalysis, BINOL-derived ligands have been widely used for the synthesis of chiral MOFs
for enantioselective separation applications. A dicarboxylate functionalised BINOL ligand was reported
that formed a MOF-silica composite material when reacted with Cu'' and monodisperse silica gel. ’° The
MOF-silica composite was packed into a steel column, and its chiral resolution properties were tested with
various chiral sulfoxides, showing efficient separation of 11 different racemates.*’® The chiral resolution of
sulfoxides has been extensively investigated because they are a class of valuable chiral auxiliaries for
asymmetric synthesis and important ligands for enantioselective catalysis.”® The Tanaka group followed
up this work with the synthesis of three homochiral MOFs with the same BINOL ligand and Cu' or Zn",
which were packed into columns and showed remarkable chiral recognition towards a range of racemates
including sulfoxides, benzoins, epoxides, B-lactams and flavanones. The variety of racemates that could be
separated by these columns demonstrates that chiral HPLC with a chiral MOF stationary phase is indeed a

viable design strategy.'**
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The isophthalate functionalised 1,1’-biphenol molecule, which has axially chirality, has been shown to form
MOFs capable of enantioselective adsorption and separation when reacted with Mn'. These homochiral
MOFs were first investigated for enantiosorption of racemic 1-phenylethylamine and showed
enantioselective sorption of the (R) enantiomer with up to 91% ee. Amines were investigated because they
are key intermediates in the synthesis of many pharmaceutical compounds. The MOFs also showed
enantioselective sorption of benzyl amine and ten of its derivatives. Encouraged by these results, a HPLC
column was prepared from the most promising MOF material. All attempts at separating 1-
phenylethylamine were unsuccessful, due to its high affinity for the column. Acylation of the amines was
therefore carried out to improve the selectivity and separation of these compounds on the chiral MOF
column, showing baseline separation for three different analytes.’

Cyclodextrin (CD) MOFs have also been shown to be a versatile separation medium. The Stoddart group
reported the synthesis of a MOF made from y-cyclodextrin and alkali metal salts.}’21"® As CD is chiral,
having 40 stereocentres per CD y-torus, this CD-MOF was shown to separate a large range of organic
compounds, including haloaromatics, pinenes, terpines, limonene and 1-phenylethanol.t’* The variety of
routes to the synthesis of chiral MOFs capable of enantioselective separation and the large range of chiral
analytes that have been resolved by these materials demonstrates that this is an important area of research
that is likely to be scaled up into real-world applications in the future.

Chiral MOFs have also been shown, to a lesser extent to that of separation and catalysis, to have applications
as fluorescent sensors. The Lin group reported a MOF with a tetrabenzoic acid BINOL derived ligand and
Cd" which shows fluorescence. However the fluorescence was quenched by the addition of chiral amino
alcohols, as they hydrogen-bond with the binaphthol moieties of the BINOL ligands which are lining the
pores of the MOF.1"® A chiral fluorescent MOF was also reported that was an enantioselective sensor for
histidine. The MOF was formed from a tetralactic acid substituted pyrene ligand with Zn", and was found
to be highly fluorescent with a quantum yield of 46%. The fluorescence was quenched by histidine, with
more effective quenching of (R)-histidine than (S)-histidine, and was therefore the first chiral MOF capable

of differentiating between enantiomers through fluorescence.’®
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The production of enantiopure compounds is crucial to the pharmaceutical, agrochemical, flavour and

fragrances industries, leading to a huge demand for chiral molecules. 17

1.4 Discrete coordination complexes

Coordination polymers and MOFs are a readily tuneable class of materials that have found applications in
a broad range of areas. Their polymeric structure however leads to their properties being applicable only in
the solid state. Discrete coordination compounds, particularly cage complexes, have also garnered much
interest, as they may be utilised in the solid state or in solution, drastically increasing the modes by which
they may be used for different applications. The design of discrete coordination compounds is similar to
that of coordination polymers and MOFs, in that the size, shape and functionality of the ligand and the
charge and coordination geometry of the metal must all be taken into account. However their design and
synthesis differ somewhat in that the ligand, metal and synthesis must all be considered to inhibit the
formation of polymeric materials, and lead to the formation of discrete coordination compounds of desired
structure and properties.

There are several different design strategies for the rational design and synthesis of discrete coordination
assemblies, however they all rely on the precise control of ligand geometry and binding sites, and the
geometry and available coordination sites of the metal ions involved.}”® The metal ions utilised may have
all their coordination sites occupied by the ligands that bridge them together to form cage complexes, or
they may be cis-protected, in the case of square planar Pt and Pd", in order to give them convergent
coordination geometry. The seminal studies by the Fujita group into the rational synthesis of molecular
squares used the cis-protected metal approach, to cap Pd" ions to give a cis coordination geometry and
allow them to be bridged into a square by linear bidentate 4,4'-bipy ligand, Figure 1.12.1"° These design
strategies have been utilised over recently years to synthesise a plethora of discrete metallosupramolecular

complexes.180-182
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Figure 1.12. The rational synthesis of a square complex utilising cis-protected Pd" and 4,4'-

bipy.
1.4.1 Coordination cage complexes

Early work on discrete coordination assemblies by Lehn and Sauvage, Nobel Prize winners in the field,
focused on the utilisation of supramolecular self-assembly principles for the synthesis of complexes such
as catenanes, rotaxanes, knots, rings and related species.t 4 18187 Qver recent years this area of discrete
coordination complexes has led to the synthesis of metallosupramolecular cage complexes as “molecular
flasks”, cage complexes which may encapsulate guest molecules.'®192 Coordination cage complexes may
take the form of Platonic solids, which have faces of one type of polygon, Archimedean solids, which have
faces of two or more regular polygons with identical vertices, or Johnson solids, which have faces of two
or more regular polygons and different vertices.'®? Metallosupramolecular cage complexes have found
applications in a variety of areas such as catalysis,3! 1 194 separation,% 1% gas sequestration®*% and
stabilisation of reactive species.?%

The simplest platonic solid, the tetrahedron, may be assembled through different metal-ligand
stoichiometries, MaLe and MyL4. In both MsLs and MaL. cages the metals form the vertices of the cage. In
the case of ML cages the ligands form the edges, and in the case of MiLs cages the ligands form the faces

of the tetrahedron. M4Ls cages may also be formed in which the ligands form the faces and the metals
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occupy each of the edges of the cage.?®* The first metallosupramolecular tetrahedron was serendipitously
synthesised by Saalfrank and co-workers, which was a MsLe tetrahedra with Mg'" corners, bridged by a
malonic acid based ligand.?°? Following on from this work, the groups of Raymond,?%*-2% McCleverty,?%.
207 Ward,2%8-211 Nitschke,!% 212-214 |_indoy,?!> 226 Stang?!"?!° and Severin??® 22! have reported a number of
tetrahedral cages of different forms.

Cubic cage complexes may be formed by two different methods, those of edge-directed self-assembly, in
which 12 ditopic ligands form the edges of the cube and eight tritopic 90° metal units form the corners, or
face-directed self-assembly, in which six tetratopic units form the faces of the cube and 12 ditopic 90° units
are on the edges, leaving the corners empty.??222* The higher order platonic solids of octahedra and
dodecahedra are more difficult to form, as they require the combination of a larger number of ligands and
metal ions and often form with a high degree of void space. Reports of higher order polyhedra are therefore
much rarer in the literature than tetrahedral cage complexes.?25-2%

An example of a tetrahedral cage with octahedral metal centres and bis-bidentate ligands has been reported
by Lindoy and co-workers, Figure 1.13.2*> The combination of aryl-linked bis-p-diketonato ligands with
Fe''" metal centres formed a [FesLs] edge capped tetrahedral cage was shown by its single crystal X-ray
structure to encapsulate four THF molecules. A prominent example of an octahedral coordination cage
was reported by the Fuijta group. 22° The cage, with a 12+ charge, was formed with four rigid tris-pyridyl
ligands occupying alternating faces of the octahedron, and six square planar Pd" metal centres which were

cis protected with ethylene diamine, forming the vertices of the octahedron, Figure 1.13.
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Figure 1.13. The [FesLs] edge capped tetrahedral cage reported by Lindoy and co-workers
(left),?*® and the octahedral face capped coordination cage reported by the Fuijta group
(right).??®

Coordination cages may be cationic, anionic or neutral, depending on the combination of charges of the
ligands and metal centres. Early examples of anionic tetrahedral cages were reported by the Raymond
group, which used metal ions such as Ga'"!, Al'"!, In"" and Fe'"!, with octahedral coordination geometry, with
bis-catechol- and bis-hydroxamate-based ligands.2* 2% Anionic cages have been shown to accommodate
cationic guests, and in some case may only form in the presence of templating anionic guests.?*! 22 Cationic
tetrahedral cages have been reported widely by the McCleverty, Ward and Nitschke groups, containing
dipyridyl- or bis-diimine- based ligands which may vary widely through the ligand spacers between the
coordianting groups. The combination of these neutral bis-bidentate ligands with metal ions that adopt an
octahedral coordination geometry has led to the synthesis of a plethora of cationic tetrahdral cages that
have been shown to have many interesting properties and applications.% 206 209 Neutral tetrahedral cages
have been reported by the Lindoy group, through the combination of Fe'"" metal centres and bis-p-diketonato
ligands (vide supra).?> 22 The majority of the reported higher order polyhedral cages have been cationic,
as they are formed by the combination of metal cations and neutral ligands#3 208 223. 234 \jth a few notable

exceptions, such as the neutral cages formed by the combination of paddlewheel SBUs and carboxylate
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ligands.?? 2% Neutral coordination cages have been reported to a lesser extent than cationic or anion cages,
as they require the selection of suitable ligands and metal centres in order to achieve charge balance.

Cage complexes which are not platonic or archimedean solids include trigonal bipyramids, double squares,
adamantanoids, trigonal prisms, tetragonal prisms, molecular boxes and molecular spheres. Trigonal
bipyramids are MsL, complexes which combine two tritopic, tetrahedral donors and three ditopic 90°
units.z® The same combination of metal and ligands may form MeL4 double square complexes, when more
flexible ligands are used.?¥” Adamantanoids are similar to tetrahedra, as they both have edges kinked at
109.5° at their point of bisection, and maintain their overall symmetry. The combination of six 120° ditopic
units and four 109.5° units can lead to the self-assembly of an adamantanoid cage.?®® 23 For the sake of
brevity, the synthesis and structure of trigonal prisms,?4® 24 tetragonal prisms,?*> molecular boxes?*! and

molecular spheres?? will not be discussed in detail.

1.4.3 Applications of coordination cage complexes

In a similar manner to coordination polymers and MOFs, a variety of applications are possible for cage
complexes. Due to their discrete nature, coordination cage complexes may be utilised for applications in
solution, as well as in the solid state. The majority of properties and applications of coordination cage
complexes arise from the void space within the cage.?*

The cavity within coordination cage complexes enables them to have selective guest binding properties.
The selectivity of cage complexes is due to an interplay between the guest and host, and based on the size,
shape, bonding and electronic factors inherent in both.28 There are a myriad of reported examples of cage
complexes with selective and reversible guest encapsulation in solution.?*>2°1 Coordination cages that are
made with neutral ligands will be cationic, due to the charge of the metal ions. Cationic coordination cages
have been shown to have a range of anion binding properties, including strong and selective anion binding
in competitive environments such as water, and anion exchange through the windows of the cage.?® The
selectivity of the cages may also be changed based on the pH of the solution, as shown by the Ward group
in the report of a cubic cage complex which would bind three different guests based on the pH of the

solution and therefore the charge of the guests.?® The Rebek group have also shown that it is possible to
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control the encapsulation of guests with light, as photoisomerisation of the guest causes it to be “ejected”
from the cage due to shape incompatibility of the guest.?

The thoughtful selection of metal ions for coordination cages can lead to interesting properties such as
luminescence and magnetism. The use of a Ru''-pyridyl functionalised ligand for the synthesis of a Pd,L4
cage formed a luminescent coordination cage complex with an exceptionally high quantum yield of 66%.2%°
The selection of appropriate metal centres, such as Fe'", can also form cage complexes which display spin
crossover properties, examples of which include reports by the Kruger group with tetrahedral cages, and
the Batten group with nanoball complexes.1% 25

The selective guest binding of cage complexes enables them to have applications in separations, selective
guest binding, drug delivery and catalysis.3% 1% 257-260 An exciting application of coordination cages which
has emerged in the last few years is the binding of chemical warfare agents.?6* 262 The Ward group reported
a luminescent cubic coordination cage which showed luminescent quenching upon binding of chemical
warfare agent simulants.?%® Metallosupramolecular cage complexes may also be used in stabilisation of
reactive species. In 2009 the Nitschke group reported a tetrahedral metallosupramolecular cage which
encapsulated white phosphorus molecules, making these highly air-sensitive molecules air-stable and
water-soluble, as the cages were too small to allow for formation of the oxidised species of white
phosphorus.?4

Coordination cages have also been shown to catalyse reactions on the interior of the cages in such a way
that different products form than if the reaction took place outside the cage. The Fujita group reported the
Diels-Alder reaction of malemides with anthracene molecules, in which the addition of the malemides
occurred at the terminal rather than central position of the anthracene molecule when carried out in a Pd"
cage.?® The Ward group have also reported a multifunctional water-soluble cubic cage, which was shown
to catalyse a Kemp elimination reaction with very high rate enhancement of the reaction inside the cage in
comparison to the reaction carried out in the absence of the cage.?®®

Metallosupramolecular cages have also been used as drug delivery vectors, as they may increase solubility,

regulate drug release and overcome drug resistance mechanisms, which are common issues in medicine.

31



Chapter 1 Introduction
257, 267, 268 Cisplatin, the preferred drug to treat many types of cancers, has poor solubility, requiring
intravenous administration. Encapsulation of cisplatin in a water soluble cage may overcome this issue.
Crowley reported a [Pd2L4]** cage with pyridyl ligands which encapsulated two molecules of cisplatin.
Unfortunately, release of the guest was achieved only through disassembly of the cage by addition of a
competing ligand.?® The Ward group reported a pH dependent-cationic cubic cage which strongly binds
the neutral drug molecules aspirin, amantadine and nicotine. Decrease in pH leads to protonation of the
guest, decreasing its binding affinity and leading to release of the guest from the cage.?®® Additional
metallosupramolecular cages have been reported for encapsulation of drug and prodrug molecules.?46 247

The post synthetic modification of cages has been used to introduce new functionality, change solubility,
trap species out of equilibrium and construct interlocked species and polymers.?’%272 The Zhou group
reported a series of cuboctahedron coordination cages which incorporated copper paddlewheel nodes and
ligands which decorated the outside of the cage with alkene groups. The cages could be post synthetically
modified by click chemistry in order to make them water soluble, and they showed controlled drug release

of the anti-cancer drug 5-fluorouracil 2"

1.4.2 Chiral coordination cage complexes

As with chiral coordination polymers and MOFs, coordination cage complexes may also be designed with
chiral functionality. Chirality may be added by the same techniques utilised for chiral host-guest
complexes, coordination polymers and MOFs (see Section 1.2.3). The design and synthesis of chiral
macrocyclic complexes and hydrogen-bonded cages and their applications are well established,?”2"® and
are beyond the scope of this discussion.

In the formation of chiral coordination cages, the most commonly utilised method is the use of achiral
ligands with bidentate coordinating groups, which coordinate to an octahedral metal, inducing chirality
around the metal centre. Tetrahedral cages synthesised by this method have four metal centres, at the
corners of the tetrahedron, and may form as chiral cages with either AAAA or AAAA configuration,
displaying T-symmetry, due to stereochemical communication between the metal centres through the

ligands.?®* The tendency for all of the metal centres within the cage to be the same handedness depends on
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the number, nature and geometry of ligands, statistical probability, encapsulated anions and stereochemical
coupling between ligands.?%: 2% 28 Tetrahedral cages may also form with a mixture of A and A metal
centres, with AAAA or AAAA metal centres, displaying Cs-symmetry, or with AAAA metal centres,
displaying Ss-symmetry. The lower symmetry tetrahedra require the ligands to be in more than one
conformation within the assembly. Chiral tetrahedral cages have been widely reported by Nitschke,9% 28!
Raymond,?® 28 Ward?* and others.?®* 2¢° Higher order polyhedral cages may also be formed with achiral
ligands, with the added complexity of the increase in number of metal nodes leading to an increase in
possible combinations of chiral centres.? 143 286288 As with coordination polymers and MOFs however,
even when the cages form with metal centres of like handedness, the use of achiral ligands for synthesis of
chiral cages will commonly form a racemic mixture of the cages. Although enantiopure cages may be
formed with achiral ligands, resolution of the cages in order to access a homochiral sample is difficult.
Apart from the rare phenomenon of spontaneous resolution,?® other reported processes to separate chiral
cages include cocrystalisation with a chiral counterion? or chromatographic separation.?%

The most reliable method for the synthesis of homochiral coordination cages is the use of enantiopure
ligands. Chiral ligands for the synthesis of chiral coordination cages have been reported with many sources
of chirality, including BINOL based ligands with axial chirality,?*2% ligands functionalised with amino
acids and other chiral pool molecules,?* 2% metalloligands with tris-bidentate metal coordination,?” as well
as other ligands with stereogenic centres, Figure 1.14.2%-3%0 |n the case of tetrahedral cages with octahedral
metal centres and bidentate ligands, adding chiral functionality to the periphery of the ligands can force the

metal centres to be all the same handedness, and therefore form homochiral cages.°-3%
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Figure 1.14. Selected examples of enantiopure ligands which have been reported in the
synthesis of homochiral coordination cages. A BINOL group functionalised with pyridyl
coordinating groups (left), a bent dipyridyl ligand functionalised with N-protected (S)-
alanine (centre) and a bis-catechol ligand with pendant chiral groups, in which three
catechol groups coordinate to each octahedral metal centre, inducing chirality around the
metal (right).

An additional class of chiral coordination compounds that were not discussed in the context of infinite
systems is that of helicates®®® Helicates possess chirality by the ligands twisting around a central axis as
they bridge between metal centres.®* Helicates may be formed by chiral ligands, or through spontaneous
resolution of achiral ligands.% 3% The Raymond group reported the chiral induction of dinuclear triple-
stranded helicates from achiral ligands by chiral cations.**” However the use of achiral ligands also risks
the formation of achiral mesocates instead of helicates, or the formation of a racemic mixture of helicates
of opposite handedness.>%

There are selected examples of inducing chirality in a coordination cage through alternative methods to
those discussed above. It is possible to induce chirality in a cage by using chiral auxiliary ligands. The first
example of this was by the group of Stang in 2006, in which a tetrahedral cage was synthesised with tritopic
pyridyl ligands and Pd" or Pt" metal centres, in which the metal coordination sphere was completed by

coordination of chiral BINAP ligands, which led to the formation of the chiral cages with T symmetry.3%
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It has also been observed that tetrahedral cages with octahedral metal centres and achiral bidentate ligands
may selectively form with all metal centres of the same handedness, depending on the anion encapsulated
within them.®1® The chiral memory effect has also been observed for chiral coordination cages. The first
example of this was reported by the Raymond group, in which a tetrahedral cage was formed in an
enantiopure form by crystallisation with a chiral counterion. The chirality of the cage was maintained after
the exchange of the chiral counterion for an achiral counterion.®** The memory of chirality effect was also
demonstrated by the Nitschke group, in which a homochiral M4L, tetrahedral cage which was synthesised

with chiral ligands maintained its chirality upon replacement of the chiral ligands with achiral ligands.32

1.4.3 Applications of chiral coordination cage complexes

As there as several techniques for the synthesis of chiral coordination cages that incorporate a chiral void
within them, chiral coordination cages are a class of materials which are suitable for investigation for
applications in areas such as enantioselective recognition and guest binding, chiral catalysis, chiral
separation, non-linear optics and chiral sensing.'8% 32

Chiral recognition is the preferential binding of one enantiomer to a chiral host which is based on the
difference in stability of the diastereoisomeric complexes formed between the different enantiomers and
the host. As discussed in the context of chiral host-guest chemistry (vide supra), chiral recognition usually
requires three simultaneous interactions, with at least one being stereochemically dependent.?® Chiral
recognition is a pre-requisite for the application of chiral coordination cages in chiral separation or sensing.
Enantioselective guest binding has been observed by the Raymond group with a chiral [GasLs]** tetrahedral
cage. Encapsulation of a chiral ruthenium complex was observed to occur in an enantioselective manner
due to the chiral cavity within the cage, as monitored by *H-NMR spectroscopy.®!3

Chiral sensing by chiral coordination cages is often measured by the fluorescent output of the cage complex.
An elegant example of this was reported by the Cui group in 2012 in which an enantiopure pyridyl
functionalised ligand formed a fluorescent quadruple stranded helicate cage with Zn", with a chiral
amphiphilic cavity. The cage exhibited enantioselective fluorescence enhancement with amino acids in

solution. This work was followed up by the same group with a report of the fluorescence enhancement of
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this cage by saccharides in solution, with enantioselectivity factors of 2.4 — 4.9, and enantioselectivity
factors of 1.3 — 3.6 upon interaction with chiral amines in the solid state.

Although enantioselective recognition of chiral molecules by chiral coordination cages has been well
established, the enantioseparation of chiral molecules by chiral cages remains a challenge, with only a few
reported examples. In 2004 the Raymond group reported a chiral water-soluble [GasLs]** tetrahedral cage
with a hydrophobic cavity which could encapsulate small hydrophobic molecules. The encapsulation of the
chiral molecules was monitored by the signals of the host-guest diastereomers by *H-NMR spectroscopy
and showed diastereomer excesses (de) of up to 54% in the case of fenchone, Figure 1.15.3** The Cui group
also reported the synthesis of a chiral tetrahedral cage made from functionalised chiral 1,1’-biphenyl ligand,
which showed enantioselectivity of up to 99.5% when used as a host in the crystallisation of racemic
alcohols.®*® Recently a homochiral octahedral complex with chiral Ru" stereocentres has been reported
which shows enantioseparation of atropisomeric molecules in solution, with the highest ee of 62% for the
resolution of 1,1’-spirobiindane-7,7’-diol .3 These reports represent proof of concept for the separation of
small chiral molecules using chiral coordination cages, providing impetus for further research into this area

in order to achieve complete resolution of racemic mixtures of chiral molecules.
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Figure 1.15. An example of the [GaslLe]'? cages reported by Raymond, which showed
enantioselective separation of small chiral molecules by encapsulation within the cage. The
ligand (left), the cage shown as stick model (with the exception of the metals). All hydrogen
atoms are omitted for clarity (centre). The chiral molecules which were separated through
interaction with cage, and the diastereomer excesses which were observed (right).

The application of chiral coordination cages in enantioselective catalysis has been well developed in recent
years. The encapsulation of starting materials may lead to the progress of the reaction in an enantioselective
manner, or may form products which are not possible in the absence of the cage. The [GasLs]** chiral cage
reported by Raymond has been shown to catalyse a 3-aza-Cope rearrangement, leading to enantioselective
formation of chiral aldehydes.®'" 318 This chiral [GasLs]** cage is an outstanding compound, as it has been
used in the catalysis of many enantioselective reactions, such as the Nazarov cyclisation of pentenediols,
acid-catalysed hydrolysis of orthoformates, isomerisation of allylic alcohols and intramolecular
hydroalkoxylation of allenes.'**2 The Pd" octahedral cage reported by Fuijta has been functionalised with
chiral diamine capping ligands and shows up to 50% ee in [2 + 2] olefin cross coupling reactions between

fluoranthene and maleimide derivatives.®?*
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1.5 Ligands utilised in this study
1.5.1 Ditopic ligands

Rigid, ditopic carboxylate linkers have been well studied since the beginning of the MOF field.®® 2% The
use of rigid ligands will increase predictability in the formation of MOFs,® in contrast to flexible ligand
that may adopt multiple different conformations and therefore tend to form MOFs with less predictability.32
Depending on the metal node used and the ligands length, flexibility and substitution, an exceptional range
of coordination polymers and MOFs can be formed.®?" 328 For example, a 4-connected paddlewheel cluster
formed with two metal cations and four carboxylate groups may form 1D, 2D or 3D networks, depending
on the relative angle between the two coordinating carboxylate groups.?® The combination of copper
paddlewheel clusters and ditopic linkers has also been shown to form a range of metal organic polyhedra
(MOPs) in which the size of the cage is increased in conjunction with the increase in length of the ligand,
providing that the dihedral angle of the ligand is maintained.3?° Using rigid, ditopic carboxylate ligands is
advantageous due to the formation of predictable coordination compounds. In the synthesis of new
materials, semi-rigid ligands have an advantage of being able to adopt different geometries as necessary in

order to form a coordination network, dependent on the reaction conditions.®?

1.5.2 Mixed ligand coordination networks

Early development in field of coordination chemistry focused on the synthesis of coordination compounds
with one type of ligand, however the field has also advanced to include coordination polymers incorporating
more than one type of ligand, as they may form coordination compounds which are otherwise
unobtainable.®* The combination of carboxylate and pyridyl linkers is the most appropriate and reliable
combination of ligand classes for the synthesis of a wide range of coordination networks, as they are a good
balance of charge balance and multiple coordinating groups which will fit around a metal centre. The
combination of multiple carboxylate ligands would lead to an excess of negatively charged groups, and the
combination of multiple pyridyl groups would be too bulky to fit around a single metal centre. Commonly

the carboxylate ligands form a 2D sheet, and the metal nodes in the sheets are pillared by the dipyridyl
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ligands into a 3D network.®®" 332 The advantage of these pillared networks is that the material can be
functionalised using dipyridyl linkers with additional functional groups, while maintaining the same
network topology. Increasing the ligand length will act to increase the size of the pores, as shown by the
Cao group in 2011, when they reported a series of isostructural 3D coordination polymers in which 2D
sheets of [Cds(L)] (L = tetrakis[(3,5-dicarboxyphenoxy)methyl]methane) were pillared by dipyridyl
ligands.®* The dipyridyl ligands utilised were 4,4"-bipyridine, 4,4’-azopyridine and 2,4-bis(4-
pyridyl)ethane, and increasing the length of the ligand correlated with increased pore size of the material,
Figure 1.16. Functionalisation of the pyridyl ligand can also act to change the properties of the material,
such as the flexibility and hydrophobicity of the pores.®** Pillared-layer MOFs have been shown to have
properties including selective guest encapsulation, structural flexibility, gas sorption, luminescence and

Cataly3i5.332’ 333, 335-338
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method, involving 2D sheets of metal-carboxylate which are pillared by 4,4'-bipyridine
(left), 4,4'-azopyridine (centre) and 2,4-bis(4-pyridyl)ethane (right), with increasing length
of dipyridyl ligand correlating with increased pore size.

1.5.3 Diimide ligands

Ditopic ligands with imide groups present an opportunity for a class of ligands that have a range of core
groups that may be functionalised through the imides with a variety of coordinating groups. There are some
examples of the use of this class of ligands in crystal engineering and MOF synthesis. Aromatic core groups,
such as pyromellitic, perylene, naphthalene, oxydiphthalic and norbornene diimide have been shown to
form coordination compounds when functionalised with pyridyl, benzoic acid, isophthalic acid,

aminoquinoline, pyrazole, phosphanyl alkyl thioether, ethylthiol and amino acid coordinating groups.™ 3%
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%2 Despite the variety of diimide ligands used thus far, there is still large scope for the development of this
class of ligands.

Diimide ligands are suitable for investigation as ligands in metallosupramolecular chemistry because they
are synthetically accessible through the imidation of a dianhydride with amines. The size and shape of the
diimide core can range from linear and rigid to bent and flexible, and the imide may be formed with amines
with a variety of coordinating groups. Diimide ligands are limited only by imagination and the synthetic
complexity of the dianhydride and amine starting materials.

The substitution of amino acids onto dianhydride molecules to form diimide ligands for the synthesis of
chiral coordination compounds is still in its infancy.0 %235 Therefore this class of ligands was chosen to
be investigated in the course of this work, as they may be easily substituted with amino acids to make
enantiopure ligands for the formation of homochiral coordination compounds with the view to investigating
these materials for applications such as enantioselective sensing, catalysis and separation.

There were four different diimide core groups investigated in this work, two of which were linear and
therefore predisposed to forming coordination polymers, and two which have a significant bend in the core
and are therefore more likely to form discrete coordination complexes.” 344 348.3%. 35 |pyestigation of these
ligands showed that such a generalisation is not sufficient to rationalise the coordination behaviour of these
ligands as the metal centres, ligand flexibility and reaction conditions also played important roles in the

structures of the coordination compounds which were formed.

1.5.4 Amino acid based ligands

In the design and synthesis of chiral coordination compounds for targeted applications, the most reliable
method for the synthesis of bulk chiral materials is the use an enantiopure chiral ligand. The utilisation of
the chiral pool method, the incorporation of naturally occurring chiral molecules into ligands, such as amino
acids, lactic acid and camphoric acid, has proven to be a versatile and successful method for the synthesis
of homochiral coordination compounds (vide supra).

Amino acids were selected for use in the following work based on their functionality on the a-carbon. The

carboxylate group provides a suitable coordinating group for the synthesis of coordination compounds, the

41



Chapter 1 Introduction
amine group may readily react with an anhydride to form a diimide ligand, and the broad range of amino
acid side chains is able to form ligands which vary in steric bulk and functionality. A series of amino acid
substituted diimide ligands will therefore all have carboxylate coordinating groups, but will vary in the
steric bulk of the amino acid side chain. The coordination behaviour of these ligands may therefore be

investigated to determine the influence of the side chain on the coordination compounds formed.

1.6 Project aims

The present study aims to exploit the ease with which chiral ligands may be formed by substitution of amino
acids onto diimide core groups in order to form a library of chiral ligands and explore their behaviour in
the synthesis of coordination compounds, and investigate the properties of the resulting chiral coordination
compounds.

Diimide ligands were chosen because they represent a class of synthetically versatile ligands which have
not yet been widely utilised in the metallosupramolecular field. A range of diimide ligands were used which
varied in size, shape, and flexibility of the core group, in order to investigate the influence which the core
may have on the coordination polymers and complexes which were formed. The amino acids used were
chosen because their side chains represent a range of steric bulk and functionality.

In order to gain further understanding of the influence of amino acid side chain on the formation of
coordination polymers with transition metals and dipyridyl ligands, the alanine, leucine and phenylalanine
substituted NDI ligands were explored in Chapter 2. The amino acid substituted biphenyl diimide ligands,
with a slightly longer and more flexible core than the NDIs, were explored in Chapter 3, in order to
investigate how the change in the ligand core influences the coordination compounds which are formed.
As NDIs have often been shown to have interesting luminescent properties, the fluorescent properties the
(S)-leucine substituted NDI in solution were explored in Chapter 4, in the form of the carboxylic acid ligand
precursor as well as when incorporated into coordination complexes.

Diimide ligands with a bent core were investigated in Chapter 5, in order to determine how the bend in the

ligand core will influence the coordination compounds which are formed. The influence of the change in
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handedness or the removal of chirality of the ligand was also investigated. The utilisation of rhodium metal
centres in chiral coordination compounds in order to form enantioselective catalysts was also explored.

Finally in Chapter 6 the combination of copper paddlewheel SBUs with the rigid leucine substituted NDI
ligand is explored for the synthesis of coordination compounds and the properties of the resulting material

was examined.
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Chapter 2: Coordination polymers with

naphthalene diimide ligands

2.1 Introduction

The prediction and control of the structure of coordination polymers and MOFs has been the aim of
supramolecular chemistry for many years.3?"3%7-3% Dye to the variation of strength and directionality in the
interactions which influence the formation of coordination polymers, such as coordination bonds,
hydrogen-bonds and m-interactions, the structure of coordination polymers can be difficult to design and
predict.®® The change in metal, synthetic conditions, or small changes in the ligand can be sufficient to
drastically change the structure of the coordination polymer obtained.3%% 3! As the properties and therefore
applications of coordination polymers are heavily reliant on their structure, the ability to predict and design

the structure of coordination polymers is an important area of research.

2.1.1 Naphthalene diimides

Naphthalene diimide ligands have been shown to be versatile molecules in supramolecular chemistry due
to the ease by which they can be functionalised to incorporate a variety of functional groups.®%3% NDlIs
have been integrated into a number of discrete supramolecular complexes, including catenanes and
polyhedra.3*2 %5 MOFs have also been synthesised using NDI ligands,*®® 367 some of which have interesting
optical properties. 368 %9 Coordination polymers incorporating NDI ligands usually involve face-to-face
n-interactions, often leading to entanglement of the networks. The most commonly encountered mode of
entanglement is interpenetration, in which two or more coordination polymers within a system are
interlocked such that they are not chemically bonded together but cannot be broken without breaking
chemical bonds. " Interpenetration can be considered as coordination polymers involving polycatenane
motifs.% 57 Other modes of entanglement include polythreading, which can be considered as an extended

analogue of a molecular pseudo-rotaxane, in which a coordination polymer ‘thread’ passes through a series
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of ‘loops’ of a separate coordination polymer in the same system.3”° Polyknotting is also possible, otherwise
known as self-penetration, in which a single coordination polymer net contains rings through which another
thread of the same network passes.®” 3 The study into interpenetration and related phenomena, and
understanding how these complex self-assembly processes may be designed and predicted, is of importance
because of the influence they have on the properties of the coordination polymers.®? Although
interpenetration is often seen as a disadvantage to creating MOFs, with the desired void space being
partially or fully occupied, it can often have a stabilising influence on the material.3"3

Naphthalene diimide ligands have been synthesised by the Turner group in which each imide site is
subsituted with an amino acid. The carboxylic acid of each amino acid provides a coordinating group, and
the chirality of the ligand guarantees the formation of enantiopure coordination networks. The amino acid
substituted NDI ligands were also of interest because they had limited degrees of freedom. The only
flexibility of the ligands is the relative orientation of the amino acids, in that they can adopt an “S” shape,
meaning that the carboxylate groups are in a trans configuration across the NDI plane, or a “U” shape, a
cis configuration. NDIs are also very n-rich, leading to a prevalence of m-interactions in their coordination
polymers. The combination of the rigidity of the ligands and their predisposition to m-interactions, means
that these NDI ligands are good candidates for the synthesis of coordination polymers with a good degree
of predictability and design.

A secondary ligand has also been used in coordination polymer and MOF synthesis, in order to increase
the dimensionality of the networks and lead to new topologies. In this study, linear dipyridyl ligands were
used alongside the amino acid subsituted NDI ligands, to aid in the formation of higher dimensionality
networks and to investigate the different m-interactions which would be possible upon the introduction of

different aromatic ligands.
2.1.2 Previous work with naphthalene diimide ligands
Previous work on coordination polymers by the Turner group with NDIs has included initial results with

amino acid substituted ligands and Cd" metal centres, Figure 2.1. The AlaNDI ligand, with a non-bulky

methyl side chain, formed a 1D chain of conjoined {Cd2(AlaNDI).} metallomacrocycles. The NDIs in the
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macrocycle are ~ 7.2 A apart, the optimum distance for an aromatic group to thread through the macrocycle
with face-to-face m-interactions, which typically occur at 3.2 — 3.8 A.22 The 1D chains are interpenetrated
into a 2D sheet by catenane motifs between the macrocycles, facilitated by face-to-face m-interactions.3?2
The LeuNDI ligand formed analogous 1D metallomacrocycle chains, however the bulky isobutyl side chain
of the (S)-leucine appeared to inhibit the interpenetration of the macrocycles. The combination of LeuNDI
with Cd" and the linear dipyridyl ligand 4,4'-bipyridine (4,4'-bipy) formed 1D chains of alternating
{Cdz(LeuNDI),} metallomacrocycles and 4,4'-bipy ligands. Interpenetration occurred in these chains by a
rotaxane motif of 4,4'-bipy passing through the macrocycle of perpendicular chains, forming a 1D — 3D
polyrotaxane, Figure 2.1.”* The PheNDI ligand, which has a phenyl side chain, when reacted with 4,4'-bipy
and Cd", formed chains with bimetallic nodes of conjoined {Cd.(PheNDI),} macrocycles which were
bridged into a 2D sheet by double pillars of 4,4"-bipy, as the 4,4'-bipy was coordinated to the axial positions
of the Cd". The 2D sheets did not interpenetrate, as the double pillars of 4,4"-bipy would not fit through the
macrocycles, instead a separate 1D chain of [Cd(4,4"-bipy)(solv.)] was threaded through the macrocycles,

forming a 1D + 2D — 3D polythreaded structure.®®
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Figure 2.1. The {Cd2(AlaNDI).} metallomacrocycle in which the planes of the NDIs are ~7.2
A apart (top left) and the catenane motifs of the metallomacrocycles (top right).*** The 1D
chain of alternating {Cd.(AlaNDI).} metallomacrocycles and 4,4'’-bipy dipyridyl ligands
(bottom left) and the rotaxane motifs in which the dipyridyl ligands thread through the
metallomacrocycles (bottom right).”* For clarity all solvent molecules and hydrogen atoms

have been omitted.

2.2 Ligands utilised in this study

The initial results suggested a correlation between the bulkiness of the amino acid side chain of the NDI
ligand, and the interpenetration of the network formed. Therefore study into the coordination behaviour of
AlaNDI, LeuNDI and PheNDI ligands with transitions metals was continued with a range of dipyridyl

ligands.

2.2.1 Synthesis of naphthalene diimide ligands

The amino acid substituted NDIs, HAlaNDI, HLeuNDI and H,PheNDI molecules have been previously

synthesised by the Turner group in order to be utilised in the synthesis of homochiral coordination
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polymers, Figure 2.2,352 35374 The H,AlaNDI, HoLeuNDI and H,PheNDI species were all synthesised by
reaction of 1,4,5,8-naphthalene tetracarboxylic acid dianhydride and the respective amino acids in DMF at
90 °C overnight, Figure 2.2. Racemisation of the amino acid was observed if the reaction was conducted
above 90 °C in DMF. Although H.GIlyNDI was previously reported by reaction of 1,4,5,8-naphthalene
tetracarboxylic acid dianhydride with glycine in acetic acid under microwave irradiation,®”® the reaction
was attempted under identical conditions which were developed for the synthesis of H,AlaNDI, HoLeuNDI
and H:PheNDI, achieving a pure product of H.GlyNDI in which the analysis was concordant with the
literature. In all cases, following the reaction in DMF, the hot reaction solution was poured over ice. In the
case of H,GlyNDI and H,AlaNDI the clean product precipitated from the water/DMF solution and could
be recovered by filtration with yields of 71% and 55%, respectively. The H,LeuNDI and H,PheNDI
compounds did not precipitate from the water/DMF solution, and required extraction from the solution with
diethyl ether in the case of H,LeuNDI and ethyl acetate in the case of H,PheNDI, with yields of 94% and
65%, respectively. The formation of all the products were confirmed by *H-NMR and *C-NMR
spectroscopy, mass spectrometry, infrared spectroscopy and microanalysis. The presence of a *H-NMR
signal for the hydrogen atom on the alpha-carbon of the amino acid at approximately 4 — 5 ppm was

indicative of the formation of the product.
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Figure 2.2. The synthetic scheme for the formation of the amino acid substituted NDI
molecules.

The AlaNDI, LeuNDI and PheNDI ligands were chosen because they represent a range of side chains
(methyl, isobutyl and phenyl group, respectively). The variation in the bulkiness and nature of the amino
acid side chain is shown to have a distinct influence on the interpenetration of the coordination polymers
obtained.

The dipyridyl ligands used in this study were 4,4’-bipyridine (4,4’-bipy), 1,2-di(4-pyridyl)ethylene (dpe),
1,4-bis-(4-pyridyl)benzene (bpb) and N,N'-bis(4-pyridyl)-1,4,5,8-naphthalene tetracarboxylic diimide
(4PyNDI), Figure 2.3. The presence of dipyridyl ligands represents an interesting case, as the NDI ligands
have the potential to form either self-complementary catenane motifs or rotaxanes which incorporate the
secondary ligand. The coordination polymers of this study will be discussed in order of increasing bulkiness
of the amino acid side chain, beginning with AlaNDI, followed by LeuNDI, then PheNDI. The metal ions

used were exclusively Cd", Zn" and Mn'"" as they proved to be most suitable for the ligands being studied.
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Figure 2.3. The amino acid substituted NDI ligands H>AlaNDI, H:LeuNDI and H,PheNDI

(left) and dipyridyl ligands (right) utilised in this study.

2.3 Coordination polymers with the non-bulky AlaNDI ligand

Previous results with AlaNDI have shown that it is possible to form catenane motifs with conjoined
{Cd,(AlaNDI),} macrocycles, although the ligand is also able to adopt a divergent conformation which
does not form the cyclic motif 343 352

The structure of the coordination polymer with AlaNDI and Cd" has been previously reported by the Turner
group (vide supra), therefore its coordination chemistry with dipyridyl ligands is explored herein. The
reaction of HoAlaNDI, Cd(NOs); and 4,4'-bipyridine (4,4'-bipy) in DMF at 100 °C yielded orange crystals
containing the 1D coordination polymer poly-[Cd.(AlaNDI)2(4,4-bipy)(solv.)], 2.1. The two
crystallographically unique Cd" ions, as parts of two unique 1D chains in the structure, exist as
monometallic nodes, both with pentagonal bipyramidal coordination geometries, Figure 2.4. The equatorial

positions are occupied by one 4,4'-bipy ligand and two chelating AlaNDI carboxylate groups. The solvent
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ligands coordinated at the axial sites differ for the two unique metal centres. The axial sites of Cd(1) are
both occupied by DMF ligands, while the axial sites of Cd(2) are both occupied by disordered water and
DMF ligands (50:50). As has been previously observed with coordination polymers involving amino acid
NDI ligands, the structure of 2.1 involves {Cd2(AlaNDI);} metallomacrocycles in which the naphthalene
groups are almost parallel and form a suitably sized space in which to accommodate an aromatic guest with
face-to-face m-interactions (with shortest inter-NDI C---C distances of 7.411(7) A and 7.129(10) A). The
metallomacrocycles are bridged by the 4,4'-bipy ligands into a 1D chain of alternating rings and threads,
Figure 2.4. The structure contains two crystallographically unique 1D chains that are perpendicular and co-
planar. The intersection of these chains involves a rotaxane motif in which the 4,4’-bipy of one polymer is
threading through the metallomacrocycle of another, which leads to a 1D — 2D polyrotaxane, Figure 2.4.
The 4,4'-bipy ligand and the macrocycle interact by zn-interactions with closest C---C contacts of 3.402(12)
and 3.461(12) A. The 2D polyrotaxane sheets pack by virtue of m-interactions between the exterior faces of

the metallomacrocycles, with closest C---C contacts of 3.435(15) and 3.481(11) A.
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.

Figure 2.4 The metal coordination environment of Cd(1) in 2.1 (left), a single chain of 2.1
which involves Cd(1) (bottom) and interpenetrating perpendicular 1D chains of 2.1,
featuring the 4,4'-bipy ligands threading through metallomacrocycles to form a 1D — 2D
polyrotaxane (right). All hydrogen atoms are omitted for clarity.

The structure of 2.1 highlights the reproducibility of polyrotaxane motifs in amino acid-NDI systems, with
strong similarities to the structure of the previously reported coordination polymer poly-
[Cd2(LeuNDI),(4,4"-bipy)(DMF)3(OH)] which forms a 1D — 3D polyrotaxane.” The cause of the
difference in interpenetration topology between these two structures lies in the relative orientation of the
4,4'-bipy and the metallomacrocycle in the 1D chain, and is presumably brought about by the change in
steric bulk of the amino acid side chain. In the 1D — 3D polyrotaxane, the 4,4'-bipy is twisted by
approximately 35° with respect to the NDI macrocycle. The twist of the 4,4’-bipy leads to the 1D chains
forming a 3D polyrotaxane, while in the structure of 2.1 the 4,4'-bipy and NDIs are parallel, leading to a

2D polyrotaxane, Figure 2.5. This could be rationalised in terms of packing, with the less bulky AlaNDI
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ligands allowing 2D polyrotaxane sheets to stack, whereas this is disallowed for the bulkier LeuNDI

analogue and hence an alternative packing motif is formed.

Figure 2.5. The 1D — 2D polyrotaxane of 2.1 with AlaNDI, shown front- and side-on (top)
and the previously reported poly-[Cd,(LeuNDI)2(4,4'"-bipy)(DMF)3(OH2)] whichisa ID —
3D polyrotaxane, shown front- and side-on (bottom), which are different topologies due to
the twist of the 4,4'-bipy in relative to the plane of the NDI. For the sake of clarity, only
coordinated oxygen atoms of coordinated solvent molecules are shown and all hydrogen

atoms are omitted.

It is well documented that reaction conditions can influence products in self-assembly syntheses, herein

demonstrated by reacting H.AlaNDI, 4,4'-bipy and Cd(NOs), in DMF: methanol: water (2:1:1) at 85 °C to
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concomitantly form  poly-[Cds(AlaNDI).(4,4'-bipy)(DMF).(OH>).]-5H.0-4DMF, 2.2 and poly-
[Cd(AlaNDI)(4,4'-bipy)(OH)]-3.5H.0-0.5DMF, 2.4 . Whilst 2.4 could be isolated in a pure form by using
the exact stoichiometry of metal and ligands present in the product, numerous attempts to isolate 2.2 as a
pure material by a variety of synthetic alterations failed to yield the clean product.

The asymmetric unit of 2.2 contains one bimetallic Cd" node coordinated by four halves of unique AlaNDI
ligands, half of a 4,4'-bipy ligand, two DMF molecules and an aqua ligand. Each metal adopts a distorted
octahedral geometry, Figure 2.6, in which the equatorial sites of each are occupied by one chelating
carboxylate and two carboxylate groups bridging between the two metals in p-1x0,2«O’ coordination
modes. The formally non-coordinating oxygen atoms of the monodentate carboxylates have weak
interactions at Cd---O distances of 2.717(6) A and 2.962(5) A. The axial sites of Cd(1) are occupied by a
DMF ligand and a 4,4'-bipy ligand, and the axial sites of Cd(2) are occupied by a DMF and an aqua ligand.
The 4,4'-bipy exhibits rotational disorder and is modelled over two positions, with the planes of these two
dipyridyl positions offset by 70.3(13)°. The bimetallic nodes are bridged by pairs of AlaNDI ligands
forming the anticipated conjoined metallomacrocycles in the same manner as the previously reported 1D
chain poly-[Cd(AlaNDI)(DMF);].** The 4,4"-bipy ligands are aligned perpendicular to the
metallomacrocycle chains, in which one 4,4'-bipy ligand bridges between two nodes of adjacent chains, to

form a (6,3) sheet, Figure 2.6 (taking the macrocycle to be a 2-connector between nodes).
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Figure 2.6. The metal coordination environment in the structure of 2.2 (top), with only one
part of the rotational disorder of the 4,4'-bipy ligand shown. The (6,3) sheet formed by the
bridging of 4,4'-bipy between bimetallic nodes of metallomacrocycle chains in 2.2 (bottom).
All hydrogen atoms are omitted for clarity.

The individual 2D sheets in the structure of 2.2 interpenetrate in a 2D — 2D manner with catenane motifs
between NDI metallomacrocycles, involving parallel face-to-face m-interactions with the closest C---C
distances of 3.520(8) A and 3.491(9) A, Figure 2.7. The interpenetrating layers pack by face-to-face n-
interactions between the surfaces of the NDI ligands external to the metallomacrocycles, with the closest

C---C distance being 3.4069(7) A. Whilst an individual network in 2.2 can be described as having (6,3)

topology, the loops cannot be simplified as a single linker in the overall structure due to the interpenetration,
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therefore the topology of this coordination polymer is described by the Schafli symbol 22-68. It would
appear that the 4,4'-bipy exhibits disorder because it is not involved in n-interactions. It may be reasonably
assumed that the catenane motif forms when sterically allowed by the ligands in order to maximise
interactions between the large NDI n-surfaces. It is also possible for the AlaNDI/4,4'-bipy system to form
rotaxane motifs, as shown in 2.1, however it appears that the shape of the individual frameworks plays a
significant role in the formation of a catenane or rotaxane motif. Interpenetration of the polymers must be
self-complementary, such that the macrocyclic groups are parallel, and there is no ligating solvent
preventing interpenetration from occurring. In the case of 2.2 the macrocycles are aligned in a favourable

orientation to interpenetrate by catenane motifs.

Figure 2.7. The catenane motif of 2.2 by which two perpendicular sheets are interpenetrated
(left), with all hydrogen atoms and coordinated solvent omitted for clarity. The
interpenetrating sheets in which 4,4'-bipy ligands are shown as rods and NDI macrocycles
are shown as loops (right).

A reaction conducted under identical reaction conditions to those for 2.2/2.4 using Mn" yielded a
coordination polymer of the formula poly-[Mns(AlaNDI)4(4,4"-bipy)(DMF)4(OH2)2]-2DMF-5.5H,0, 2.3,

which is essentially isostructural to 2.2, with the exception of a lack of rotational disorder of the 4,4'-bipy

ligand and a slight difference in the metal coordination environments. The two metals in the asymmetric
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unit of 2.3 form a bimetallic node. Mn(1) adopts a distorted octahedral geometry, with the equatorial
positions occupied by one chelating carboxylate group and two carboxylate groups which bridge the two
metal centres in a p-1x0,2k0’ coordination mode, analogous to both Cd" ions in 2.2. The difference lies in
the coordination environment of Mn(2), which adopts a trigonal bipyramidal geometry. The equatorial sites
are occupied by a monodentate carboxylate group and the two carboxylates which bridge between the metal
centres. The axial sites are occupied by a 4,4'-bipy ligand and disordered aqua/DMF site (50:50). In the
same manner as 2.2, 1D chains of {Mn.(AlaNDI),} metallomacrocycles are bridged by 4,4'-bipy ligands to
form a (6,3) sheet with 2D — 2D interpenetration by a catenane motif between the {Mn,(AlaNDI).}
metallomacrocycles involving z-interactions between the NDI planes (closest C---C distance = 3.523(6) A).
As mentioned above, forming concomitantly with compound 2.2 is poly-[Cd(AlaNDI)(4,4'-
bipy)(OH,)]-3.5H.0-0.5DMF, 2.4. Although 2.4 involves the same components as 2.2, the ratios of their
components, and subsequently their structures, are different. The structure of 2.2 is a 2D — 2D
interpenetrated coordination polymer, while the structure of 2.4 is an interpenetrated 3D network. The
asymmetric unit of 2.4 contains one Cd'" metal centre, an AlaNDI ligand, a 4,4'-bipy ligand and an aqua
ligand. The Cd" adopts a distorted pentagonal bipyramidal coordination geometry, the equatorial sites are
occupied by two chelating carboxylate groups and an aqua ligand, and the axial sites are occupied by two
4,4'-bipy ligands. The AlaNDI ligand adopts an “S” shape, i.e. trans configuration, unlike the “U” shape in
all the other AlaNDI coordination polymers discussed herein, and therefore does not form analogous
metallomacrocycles.

The “S”-shaped NDI ligands in 2.4 form 1D chains by bridging between the monometallic Cd" nodes, with
the carboxylate groups coordinated to the same face of each node, and the 4,4'-bipy ligands bridge between
these chains in two directions, forming a 3D network. Given the relative rigidity of the AlaNDI ligands it
is a geometric requisite around the metal centre that in this configuration they still maintain a distance of
ca. 7 A between their NDI planes and therefore maintain potential for face-to-face m-interactions between
networks, Figure 2.8. The structure is 2-fold interpenetrated, as two networks stack together with the 1D

NDI chains being intertwined (closest C---C distance = 3.305(6) A) and the 4,4"-bipy ligands also arranged
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in an infinite stack (closest C---C distance = 3.429(6) A). Small channels remain in the structure, into which
the aqua ligands are protruding, containing unresolved electron density associated with solvent molecules.
Common between the structures of 2.2 and 2.4 is the fact that the NDI ligands are exclusively involved in
n-interactions with other NDls, rather than with the 4,4'-bipy ligands. This implies that even in the absence
of the macrocyclic motif in the case of 2.4 (and therefore absence of the catenane motif) that these homo-

interactions are preferred.

pE===1

B =1

Figure 2.8. The {Cd(AlaNDI)} chains formed by the “S” shaped AlaNDI ligands in the
structure of 2.4; the 4,4'-bipy ligands coordinate to the metal into and out of the page (left).
(b) The two-fold 3D — 3D interpenetrated networks with one network shown in blue and
one shown in red, looking down the NDI chains, showing the face-to-face n-stacking of the
NDI ligands and of the 4,4’-bipy ligands (right). All hydrogen atoms are omitted for clarity.
In order to further explore the robustness of the {Mx(AlaNDI).} macrocycle, the AlaNDI/4,4'-bipy system
was investigated using Zn", which has a smaller ionic radius than Cd". Reaction conditions analogous to
those used in the synthesis of the 2.2/2.4 mixture yielded a material with the formula poly-
[Zn2(AlaNDI),(4,4'-bipy)2]-0.3MeOH-0.7H,0, 2.5. The two Zn' centres in the asymmetric unit adopt
distorted tetrahedral coordination geometries, with two monodentate carboxylate groups and two 4,4'-bipy
ligands in the coordination sphere of each monometallic node. The AlaNDI ligands are “U” shaped,

bridging between two monometallic nodes to form a {Zn,(AlaNDI),} metallomacrocycle. The

metallomacrocycles are bridged by 4,4'-bipy ligands in two directions to form T-shaped nodes, leading to

58



Chapter 2 Coordination polymers with naphthalene diimide ligands
a (6,3) sheet (if the macrocycles are considered as a single linker), which contain a 1D chain of alternating
macrocycles and 4,4'-bipy, similar to that in 2.1. The sheets interpenetrate in a 2D — 2D parallel manner,
with the 4,4’-bipy ligands within the 1D chain motif threading through a perpendicular metallomacrocycle,
forming a rotaxane motif, Figure 2.9. The rotaxane motif involves near parallel face-to-face n-interactions
(closest C---C distance = 3.476(8) A and 3.539(7) A, interplanar angles 7.01(12)° and 6.80(12)°). The
structure is quite similar to that of 2.1, and can be visualised as interpenetrating perpendicular chains that
are connected by an additional 4,4'-bipy. There are also near parallel face-to-face n-interactions between
the 2D sheets involving the external faces of the NDI ligands (closest C---C distances = 3.472(13) A and
3.488(8) A, interplanar angle 9.98(14)° and 0.86(13)°, respectively). Despite the smaller ionic radius, and
therefore lower coordination number of Zn''in the structure of 2.5, in comparison to Cd" in the structures
of 2.1, 2.2 and 2.4, the metallomacrocyclic motif persists, demonstrating a resilience to the change in nature

of the metal ion.

Figure 2.9. The 2D — 2D interpenetration of the sheets of 2.5, showing the 4,4'-bipy ligands

threading through the metallomacrocycles. All hydrogen atoms are omitted for clarity.
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The coordination behaviour of AlaNDI alongside dipyridyl ligands was further explored by using 1,2-di(4-
pyridylethylene (dpe), in order to investigate the influence which a slightly longer dipyridyl ligand would
have on the structure of the coordination polymers observed. The reaction of H,AlaNDI, dpe and
Mn(NOs).-4H,0 was again carried out under identical reaction conditions to 2.2 — 2.5, to yield crystals of
the formula poly-[Mn(HAIaNDI)(dpe)], 2.6. The structure of 2.6 is unlike those discussed thus far, as only
one of the two carboxylic acid groups on H.AlaNDlI is deprotonated. The asymmetric unit of the structure
contains one Mn''ion, two HAIaNDI ligands, and a dpe ligand. The Mn" metal centre adopts a distorted
octahedral geometry, with the equatorial sites occupied by two monodentate carboxylate groups and two
carboxylic acid groups, and the axial sites occupied by two dpe ligands. There are hydrogen bonds between
the O—H groups of the coordinating carboxylic acids and the uncoordinated oxygen atom of the carboxylate
groups (O-H---O distances = 1.612(4) A and 1.566(4) A), Figure 2.10. The HAIaNDI ligands are “U”
shaped, forming a continuous 1D chain of metallomacrocycles connected by monometallic Mn'' nodes. The
dpe ligands bridge between pairs of metal nodes of adjacent chains to form a (4,4) sheet, if the macrocycle
is considered as a single linker. These sheets interpenetrate in a 2D — 2D manner, with the dpe ligands
threaded through the metallomacrocycles with face-to-face n-interactions between the two ligands (closest
C---C distance = 3.357(7) A), Figure 2.10. The interpenetrated layers stack by n-interactions between the
external faces of the HAIaNDI ligands (closest C---C distance = 3.312(7) A). The difference in the
protonation state of the ligand has a significant influence on the structure of the coordination polymer,
contrasted with those containing the dianionic AlaNDI species. Although the metallomacrocycles are
maintained, they involve monometallic, rather than bimetallic nodes, for charge balance. The structure is a
(4,4) sheet, in contrast to the (6,3) sheets of 2.1, 2.2, 2.3 and 2.5, presumably because the macrocycles
cannot be spaced out by the dipyridyl ligand (as in 2.5) without forming a cationic network. Despite
numerous attempts, a coordination polymer containing Mn", dpe and fully deprotonated AlaNDI could not

be isolated.
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Figure 2.10. The metal coordination environment in the structure of 2.6 (all hydrogen atoms
not participating in hydrogen bonding are omitted for clarity) with hydrogen bonding shown
in dashed red lines (top). The 2D — 2D parallel interpenetration of the sheets of 2.6
(bottom).

The longer and more =-rich dipyridyl ligand, N,N’-bis(4-pyridyl)-1,4,5,8-naphthalene tetracarboxylic
diimide (4PyNDI) was also used in combination with AlaNDI. The reaction of H,AlaNDI, 4PyNDI and
Cd(NOs),-4H,0 under the same reaction conditions as 2.2-2.6  yielded concomitant crystals of three
coordination polymers, poly-[Cdz(AlaNDI)2(4PyNDI),]-4DMF, 2.7, poly-
[Cd2(AlaNDI)2(OH2)2(4PyNDI),]-DMF-H:0, 2.8 and poly-[Cd2(AlaNDI)2(DMF),-

(OH2)2(4PyNDD]-DMF-4H,0, 2.9, as confirmed by PXRD. Despite many attempts at subtly varying the
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reaction conditions, a pure phase of each compound was unable to be synthesised, demonstrating that while
the occurrence of the macrocyclic motif may be somewhat predictable, the overall structures of the materials
that form are less easy to foretell.

Poly-[Cd2(AlaNDI).(4PyNDI),]-4DMF, 2.7, is a 2D sheet which contains bimetallic Cd" nodes, similar to
those in the structure of 2.2, in which each of the metal ions adopts a distorted octahedral geometry. The
equatorial sites are each occupied by a chelating carboxylate group and two carboxylate groups bridging
between the metals in a p-1x0,2x0’' coordination mode, giving rise to a chain of conjoined
metallomacrocycles similar to the previously reported [Cd(AlaNDI)(DMF).],**and the structures of 2.2 and
2.4. All four of the axial sites in the bimetallic node are occupied by 4PyNDI ligands, Figure 2.11. The
4PyNDI form “double pillars’ which bridge the 1D metallomacrocycle chains into 2D sheets. These pillars
contains near parallel face-to-face m-interactions between the naphthalene groups (closest C---C distance =
3.328(10) A, interplanar angle 2.0414°), and between the dipyridyl groups (3.7222(8) A and 3.4138(7) A,
6.405(3)° and 30.328(9)°, respectively). The 2D sheets are not interpenetrated as these ‘double pillars’ are
too bulky to thread through the AlaNDI metallomacrocycles. The parallel arrangement of the 4PyNDI
ligands is not a motif that is observed for the AlaNDI ligands; this is presumably due to the steric bulk of
the methyl group in AlaNDI which prevents such a spatial arrangement. It appears that the macrocycles are
filled by solvent (by SQUEEZE analysis) although this could not be modelled. The sheets pack in an offset
manner with the 4PyNDI ligands involved in zw-interactions with the AlaNDI ligands of adjacent sheets

(closest C---C distances = 3.3493(7) A and 3.3847(7) A, interplanar angle 1.47(16)° and 2.86(15)°).
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Figure 2.11. The metal coordination environment in the structure of 2.7 (left) and one 2D
sheet (right). All hydrogen atoms are omitted for clarity.

Compound 2.8 is also a 2D coordination polymer with the same ratio of metal and ligands as 2.7, yet a very
different structure. Poly-[Cd2(AlaNDI).(OH2).(4PyNDI),]-DMF-H,0, 2.8, contains one formula unit in its
asymmetric unit. Each metal centre adopts a distorted octahedral geometry in which the equatorial positions
are occupied by one chelating and one monodentate carboxylate groups and a 4PyNDI ligand, and the axial
positions are occupied by a 4PyNDI ligand and an aqua ligand. The structure of a single network of this
coordination polymer is similar to that of 2.4, involving 1D chains of alternating {Cd.(AlaNDI)2}
metallomacrocycles and 4PyNDI ligands, that are bridged by perpendicular 4PyNDI ligands, to form (6,3)
sheets with T-shaped monometallic nodes, Figure 2.12. The sheets are interpenetrated in a 2D — 2D
manner by a rotaxane motif with the 4PyNDI which is perpendicular to the metallomacrocycle containing
chains threaded through the metallomacrocycles (closest C---C distances = 3.38(3) A and 3.43(3) A,
interplanar angle 1.5(3)° and 0.8(5)°, respectively). There are also n-interactions between the parallel sheets,
involving the external faces of the AlaNDI macrocycles and the 4PyNDI ligands which are not threaded
(closest C---C distance = 3.34(3) A and 3.40(3) A, interplanar angle 9.8(3)° and 11.1(4)°, respectively). The
plane of the dipyridyl groups of each of the 4PyNDI ligands are rotated with respect to the plane of the
naphthalene core by 69.67(3)° and 77.91(3)° for the non-interpenetrating ligands and by 58.583(19)° and

49.072(17)° for the interpenetrating ligands, and so are not involved in any =-interactions. In contrast to
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2.7, the structure of 2.8 shows that 4PyNDI can engage in m-interactions with AlaNDI and form rotaxane

motifs in a similar manner to those occurring in 2.5 and 2.6.
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Figure 2.12. A single (6,3) sheet in the structure of 2.8 (top), and the 2D — 2D
interpenetration of the sheets involving a rotaxane motif (bottom). All hydrogen atoms are
omitted for clarity.

The third concomitant product containing 4PyNDI, poly-
[Cd2(AlaNDI)2(DMF)2(0OH,)2(4PyNDI)]-DMF-4H0, 2.9, is considerably different to 2.7 and 2.8, being a
non-interpenetrated 1D coordination polymer. The asymmetric unit contains one formula unit which
comprises significantly more coordinated solvent than compounds 2.7 and 2.8, limiting connectivity of the
polymer. Both unique Cd'" ions adopt a distorted pentagonal bipyramidal geometry in which the equatorial

sites are occupied by two chelating carboxylate groups of the AlaNDI ligands, and a 4PyNDI ligand, and
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the axial sites are occupied by a coordinated DMF and an aqua ligand. The {Cd.(AlaNDI);}
metallomacrocycles with monometallic nodes are bridged by 4PyNDI ligands to give a 1D chain, Figure
2.13, very similar to the chains of 2.1, which form a 1D — 2D polyrotaxane, or the previously reported
poly-[Cda(LeuNDI),(4,4"-bipy)(DMF)3(OH2)] 1D — 3D polyrotaxane.”* Unlike the previous systems
involving 4,4'-bipy, the chains in the structure of 2.9 do not form a polyrotaxane. The space inside each
metallomacrocycle is filled with one water and one DMF molecule (with the former involved in hydrogen
bonds to the latter and a carboxylate) Figure 2.13. Non-parallel face-to-face n-interactions exist between
the AlaNDI ligands and 4PyNDI ligands of adjacent chains (closest C---C distance = 3.366(11) A and
3.424(11) A, inter-planar angle 26.08(7)° and 25.80(7)°, respectively). It is somewhat surprising that this
rotaxane motif does not occur, as it is demonstrated herein to be a favourable motif with 4,4'-bipy, and it is
certainly possible for a 4PyNDI to pass through the metallomacrocycle, as in the structure of 2.8. It is
possible, given 4PyNDI is longer than 4,4'-bipy, that the chains may not be able to pack in a favourable
way to be compatible with a rotaxane motif. The structures of 2.7, 2.8 and 2.9 show that a variety of
coordination polymers can form concomitantly with the same components, highlighting the unpredictability

of these systems, despite the prevalence of the metallomacrocyclic synthon.
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Figure 2.13. One macrocycle in the structure of 2.9 showing the coordinated and non-
coordinated solvent (top), all but O-H hydrogen atoms are omitted for clarity. The 1D chains
of alternating {Cd.(AlaNDlI).} metallomacrocycles and 4PyNDI in the structure of 2.9
(hydrogen atoms and coordinated solvent are omitted for clarity).

The AlaNDI ligand displays a strong tendency to form interpenetrated coordination polymers featuring an
ML, metallomacrocyclic motif when used in combination with dipyridyl ligands. Whilst changes in metal
ion, dipyridyl ligand and synthetic conditions influenced the overall structure of the coordination polymers
and the nature of the interpenetration, the cyclic motif persisted in all but one of the nine examples reported
herein. Interpenetration occurs in one of two ways; by a catenane motif between two metallomacrocycles,
or a rotaxane motif with a dipyridyl ligand threaded through a macrocycle. In both cases the interpenetration
is mediated by face-to-face n-interactions allowed by the favourable distance between the NDIs within the
metallomacrocycle (ca. 7.2 A).

There is a degree of unpredictability in this system, which is highlighted by two syntheses that resulted in
concomitant formation of multiple crystalline products. Interpenetration is also not guaranteed in the self-
assembly process, as eight of the nine coordination polymers reported with AlaNDI contain the macrocyclic

motif, and of these eight, two are not interpenetrated. Compound 2.7 is sterically restricted from
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interpenetrating due to the ‘double pillars’ of 4PyNDI which could not fit through the metallomacrocycle.
Unexpectedly, the 1D chain of 2.9 is also not interpenetrated, despite the chain being very closely related
to that of 2.1.

The AlaNDI coordination polymers which are interpenetrated contain chains of either conjoined
macrocycles (2.2, 2.3 and 2.6) or chains of alternating macrocycles and dipyridyl ligands (2.1, 2.5 and 2.8).
Compounds 2.2 and 2.3, which are essentially isostructural, are the only compounds reported herein that
contain the catenane motif. The macrocycle:4,4’-bipy ratio is higher in 2.2 and 2.3 than others reported, and
as such the (6,3) sheets interpenetrate in a more efficient manner through catenation than would be possible
through a rotaxane motif. Compounds 2.1 and 2.6 both have a 1:1 macrocycle:L ratio (L = 4,4'-bipy and
dpe, respectively), leading to close packed structures in which every macrocycle is involves in a rotaxane
motif. Compounds 2.5 and 2.8 have a 1:2 macrocycle:L ratio (L = dpe and 4PyNDI, respectively) and both
form (6,3) sheets in which each 6-membered ring contains two macrocycles and four dipyridyl ligands.
Once again the interpretation involves co-planar networks with a rotaxane motif, with half of the dipyridyl
ligands not taking part in the interpenetration. Therefore the ratio between macrocycle and dipyridyl ligand
has a significant impact on the type of interpenetrated network formed. While the complete control of the
ratio which crystallises remains somewhat unpredictable under self-assembly conditions, the macrocycle

motif has proved itself as a reproducible supramolecular synthon.

2.4 Coordination polymers using the bulky LeuNDI ligand

As discussed above, the AlaNDI ligand formed a wide range of interpenetrated coordination polymers,
most likely due to the non-bulky methyl side chain of the ligand. The LeuNDI ligand was also explored, in
order to investigate the influence of its more bulky and somewhat flexible isobutyl side chain. Initial results
by the Turner group with LeuNDI and Cd" included a non-interpenetrated 1D chain of conjoined
{Cd,(AlaNDI),} macrocycles of formula poly-[Cd(AlaNDI)(DMF),] and a 1D — 3D polyrotaxane, poly-
[Cdo(LeuNDI)2(4,4'-bipy)(DMF)3(OH.)], in which interpenetration occurred by a rotaxane motif (discussed
in Section 2.1.2). It was hypothesised that interpenetration occurred by a rotaxane motif due to the bulky

isobutyl side chain of the LeuNDI ligand, disallowing interpenetration by a catenane motif.”* This
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hypothesis was supported by the series of interpenetrated coordination polymers which could be formed by
with AlaNDI, via either a catenane or a rotaxane motif. The coordination behaviour of LeuNDI was
therefore further explored using Zn" and Mn'", and with the dipyridyl ligands dpe and 1,4-bis-(4-
pyridyl)benzene (bpb).

The coordination chemistry of LeuNDI was first explored with Zn'! in the absence of dipyridyl ligands. The
reaction of H,LeuNDI and Zn(OAc), in DMF/water produced crystals which were analysed to reveal a
coordination polymer of the formula poly-[Zng(DMF)s(LeuNDI)g(s-OH)4(OH,)s]-2DMF-10H,0, 2.10.
The structure of 2.10 is quite different to those of all other NDI coordination polymers reported herein, as
it does not involve mono- or bi-metallic nodes, but tetrametallic nodes, and the nodes are bridged not by
two NDI ligands, but three, to form a 1D chain.

The structure of 2.10 is modelled in the chiral space group P2; and the asymmetric unit involves eight Zn"
ions, six LeuNDI ligands, four ps-OH ions, three ligated DMF molecules and three aqua ligands. Each
tetranuclear node involves four Zn' ions, six LeuNDI carboxylate groups, two ps-OH and three coordinated
solvent molecules, either DMF or water. There are multiple different metal coordination environments
within the nodes, Figure 2.14. Three of the metal centres, Zn(1), Zn(4) and Zn(5) are tetrahedral,
coordinated to one monodentate carboxylate group, a ps-OH ion and two bridging carboxylate groups in a
H-1x0,2x0’ coordination mode. Zn(2) adopts an octahedral coordination geometry with two bridging p-
1«0,2x0’ carboxylate groups, two ps-OH ions, a coordinated DMF and an aqua ligand. The axial positions
are occupied by the bridging carboxylate groups, and the equatorial positions are occupied by cis ps-OH
ions and the DMF and aqua ligand cis arrangement. The geometry of Zn(3) is trigonal bipyramidal, in
which the equatorial positions are occupied by a DMF molecule, a ps-OH ion and a bridging p-1x0,2x0’
carboxylate group, and the axial positions are occupied by a ps-OH ion and a bridging p-1x0,2x0’
carboxylate group. Zn(6) is similar to Zn(2) as they both adopt an octahedral coordination geometry,
however their coordinating groups differ. The equatorial positions of Zn(6) are occupied by two cis ps-OH
ions, a DMF and a bridging p-1x0,2«x0’ carboxylate, and the axial positions are occupied two bridging p-

1x0,2x0’ carboxylate groups. Zn(7) and Zn(8) are both trigonal bipyramidal with the equatorial positions
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occupied by a bridging p-1x0,2xO’ carboxylate, a p3-OH ion and an aqua ligand. The axial positions of
Zn(7) and Zn(8) are occupied differently, with a bridging p-1x0,2«x0’ carboxylate and a ps-OH in the axial
positions of Zn(7) and two bridging p-1x0,2x0’ carboxylate groups in the axial positions of Zn(8).

The non-coordinating oxygen atom of the monodentate carboxylate group on Zn(1) is hydrogen bonding
to the water molecule coordinated to Zn(2), O---H-O distance 2.04(11) A, and the monodentate carboxylate
group coordinated to Zn(4) is hydrogen bonding with the ps-OH ion bridging between Zn(2)-Zn(4), O-
H---O distance 2.09(3) A. In the second tetranuclear node there is also hydrogen bonding between the
monodentate carboxylate group coordinated to Zn(5) with the p3-OH ion bridging between Zn(5)-Zn(7),

O---H-O distance 2.23(3) A.

Figure 2.14. The two crystallographically independent tetranuclear Zn'" nodes in the
structure of 2.10. Hydrogen bonding shown as dotted red line. Only O-H hydrogen atoms
are shown for clarity.

As there are three instead of two LeuNDI ligands bridging pairs of metal nodes, the metallomacrocycles
which were observed in the structures of 2.1 - 2.3 and 2.5 - 2.9 are not present. It appears that the flexibility
in the coordination environment of Zn'" allows it to adopt these tetranuclear nodes, which are bridged by
three ligands. The 1D chains are not interpenetrated, as the tri-ligand links do not have space within them
to allow the formation of catenane motifs, as was the case with the [M2(NDI]. metallomacrocycles. There

are face-to-face m-interactions between two NDI ligands of neighbouring chains, with a minimum C---C
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distance of 3.369(17) A. There is only one LeuNDI ligand engaged in m-interactions in each tri-ligand

linker, and they alternate in direction between nodes, Figure 2.15.

Figure 2.15. The 1D chains of 2.10. Two tri-ligand linkers bridging the tetranuclear nodes
(top). The chains aligned with one another, with m-interactions between alternating tri-
ligand linkers shown in black dashed lines (bottom).

The coordination behaviour of LeuNDI was further explored by the reaction of H;LeuNDI with
MnCl,-4H,O and dpe. The reaction formed a crystalline product of the formula poly-
[Mn(HLeuNDI)2(dpe)]-MeOH, 2.11. The structure of 2.11 is modelled in the chiral space group P2; and
the asymmetric unit contains a Mn'"ion, two HLeuNDI ligands and a dpe ligand. The material also includes
one methanol molecule per asymmetric unit which could not be modelled in the crystal structure but was
assigned through microanalysis and TGA. The Mn'" adopts a distorted octahedral geometry, in which the

equatorial positions are occupied by two trans monodentate carboxylate groups and two monodentate
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carboxylic acid groups of the HLeuNDI ligand, and the axial positions are occupied by dpe ligands.
Hydrogen bonding occurs between the carboxylic acid groups and the non-coordinating oxygen atoms of
the carboxylate groups, (O-H---O distances = 1.663(4) A and 1.619(4) A). The structure of 2.11 is very
similar to 2.6, both involving 1D chains of conjoined {Mn(HLeuNDI);} metallomacrocycles with
monometallic nodes, which are bridged into (4,4) sheets by the dpe ligands occupying the axial positions
of the octahedral Mn", Figure 2.16. The compounds of 2.6 and 2.11 were synthesised by identical reaction
conditions. In the same manner as 2.6 the sheets are 2D — 2D interpenetrated by a rotaxane motif of the
dpe ligands threading through the macrocycles, engaging in face-to-face m-interactions, in this case at the

closest C---C distance of 3.358(9) A.

Figure 2.16. The metal coordination environment in the structure of 2.11 (top) with the
hydrogen bonding shown in red dashed lines. The 2D — 2D interpenetration by a rotaxane
motif of the dpe ligands threading through the metallomacrocycles (bottom). All hydrogen

atoms which are not engaged in hydrogen bonding are omitted for clarity.
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The structures of 2.6 and 2.11 both involve face-to-face m-interactions between the NDI and dpe ligands in
the rotaxane motif. In the structure of 2.6 there are also n-interactions between the external faces of the NDI
ligands of adjacent sheets (vide supra). The bulky isobutyl side chain of HLeuNDI appears to prohibit -
interactions between the sheets of 2.11. The unit cells of the structures of 2.6 and 2.11 are very similar, with
the exception of the b-axis which is longer in 2.11 to account for the greater height of the HLeuNDI ligand
due to the isobutyl side chains in comparison to the methyl side chains of HAlaNDI ligand, Figure 2.17.
The {Mn(HAIaNDI),} macrocycles of 2.6 are only slightly offset from each other as they are engaged in
n-interactions. In contrast, the {Mn(HLeuNDI).} macrocycles of 2.11 are offset from each other, as the
isobutyl side chains sit above the NDIs of adjacent sheets which are not engaged in m-interactions between
sheets. The structures of 2.6 and 2.11 demonstrate that AlaNDI and LeuNDI may form very similar
coordination polymers with a rotaxane motif, however the bulkiness of the side chain can change their

packing.

Figure 2.17. The packing within the unit cells of 2.6 (left) and 2.11 (right). The =-
interactions in 2.6 are shown as red dashed lines. All hydrogen atoms are omitted for
clarity.

The coordination behaviour of LeuNDI with Mn'"" was further explored using 1,4-bis-(4-pyridyl)benzene

(bpb), a dipyridyl ligand which is longer than 4,4'-bipy and dpe. The reaction of H:LeuNDI,

Mn(NOs).-4H,0 and bpb was carried out under identical reaction conditions to those which formed
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compounds 2.2 — 2.9 and 2.11, yielding a crystalline product of a coordination polymer with formula poly-
[Mn4(LeuNDI)4(dpb)2(DMF)2(OH2)2]- DMF-4.5H,0, 2.12. The structure of 2.12 is modelled in the chiral
space group P1 and the asymmetric unit contains four Mn" ions, four LeuNDI ligands, two bpb ligands,
two aqua ligands and two ligated DMF molecules as well as two non-coordinated water molecules, one of
which is modelled at half occupancy, and a non-coordinated DMF molecule. The material also contains
three water molecules which could not be modelled crystallographically, but were assigned through TGA,
SQUEEZE and microanalysis.

The Mn'" ions from bimetallic nodes which are bridged by two LeuNDI ligands, forming 1D chains of
{Mn,(LeuNDI),} metallomacrocycles, analogous to those of 2.2, 2.3 and 2.7. All four of the Mn' ions
adopt a distorted octahedral geometry in which the axial positions are occupied by a chelating carboxylate
and two carboxylate groups bridging between the metals of the bimetallic node in a p-1x0,2x0O’
coordination mode. The axial positions of each Mn'"are occupied by one bpb ligand and a solvent molecule,
water molecules in the case of Mn(1) and Mn(2) and DMF molecules for Mn(3) and Mn(4). The two bpb
ligands on the bimetallic nodes are pointing in opposite directions to each other, bridging the 1D

metallomacrocycle chains into a (4,4) sheet by single pillars of bpb, Figure 2.18.
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Figure 2.18. The metal coordination environments present in 2.12 (top) and the 2D — 2D
parallel interpenetration by a rotaxane motif (bottom).

The 2D sheets of 2.12 are very similar to those of 2.6 and 2.11, with the exception that they involve
bimetallic nodes to allow for charge balance of the fully deprotonated LeuNDI ligand, and there is only one
dipyridyl ligand coordinated to each metal centre, in comparison to the two dipyridyl ligands coordinated
to each Mn'" in 2.6 and 2.11, allowing the bpb ligands to act as single pillars in order to bridge the NDI
macrocycle chains into sheets. As with 2.6 and 2.11 the 2D sheets are interpenetrated by a rotaxane motif
in which the dipyridyl ligand, in this case bpb, threads through the metallomacrocycle, engaging in -

interactions with minimum C---C distance of 3.2889(14) A and 3.3665(14) A. If both axial positions of the
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Mn' were occupied by dipyridyl ligands, they would form double pillars, which would be too wide to fit
through the macrocycle and would therefore inhibit interpenetration, as was the case in the structure of 2.7.
The structure of 2.12 may also be compared to those of 2.2 and 2.3 which also involve 1D chains of
conjoined {M2(NDI).} macrocycles which are bridged into a 2D sheet by dipyridyl ligands. However this
is where the similarities between these compounds end. Of the total of four axial positions of the bimetallic
nodes in 2.2 and 2.3, only one is occupied by a dipyridyl ligand, which leads to the 1D chains being bridged
into a (6,3) sheet, compared to the two dipyridyl ligands on each bimetallic node of 2.12 leading to a (4,4)
sheet. The interpenetration of 2.2 and 2.3 occurs via a catenane motif between macrocycles of chains which
are perpendicular to one another. In contrast, the interpenetration of 2.12, as well as 2.6 and 2.11, occurs
by a rotaxane motif, allowing the NDI chains to be aligned parallel to one another.

The use of bpb with LeuNDI was further investigated by their reaction with Cd(NQOs).-4H,0 in DMF, which
yielded a crystalline product which was analysed to reveal a material of the formula poly-[Cd.(bpb)(DMF)-
s(LeuNDlI)4]-6H.0-0.5DMF, 2.13. The structure of 2.13 is modelled in the chiral space group P1 and
contains in its asymmetric unit four Cd" ions, four LeuNDI ligands, two bpb ligands and eight coordinated
DMF molecules. Microanalysis and thermogravimetric analysis, with SQUEEZE analysis of the voids in
the structure, were used to assign an additional six water molecules and half a DMF molecule per formula
unit. Each of the Cd" ions adopts a distorted octahedral geometry in which the equatorial positions are
occupied by one chelating and one monodentate carboxylate group and a bpb ligand, and the axial positions
are occupied by DMF ligands, Figure 2.19. The LeuNDI ligands form {Cd»(LeuNDI),} metallomacrocycles
with monometallic nodes which are bridged into a 1D chain by bpb ligands. The chains are interpenetrated
by a rotaxane motif in which the bpb ligands thread through the macrocycles of perpendicular chains,
forming a 1D — 2D polyrotaxane, Figure 2.19. There are face-to-face m-interactions between the NDIs and

bpb, with closest C---C distances of 3.373(13) A and 3.361(15) A.
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Figure 2.19. The 1D chain in 2.13 involving metallomacrocyclic motifs which is bridged by
bpb ligands (top) and the 1D — 2D interpenetration of the 1D chains by a rotaxane motif
(bottom). For clarity all hydrogen atoms are omitted, and coordinated solvent is omitted
from the packing diagram.

The 1D chains of 2.13 are very similar to the chains present in 2.1, 2.9 and the chains in the previously
reported coordination polymer poly-[Cdx(LeuNDI),(4,4'-bipy)(DMF)3(OHz)] which is a 1D — 3D
polyrotaxane. In the same manner as 2.1 the 1D chains of 2.13 form a 1D — 2D polyrotaxane. The 1D —
3D polyrotaxane adopts this topology presumably because this is the most efficient packing arrangement
for chains of alternating {Cdz(LeuNDI),} macrocycles and 4,4'-bipy due to the bulkiness of the isobutyl
side chain, the length of 4,4’-bipy and the n-interactions between the NDI macrocycles and 4,4'-bipy. In
2.1, 2.13 and the 1D — 3D polyrotaxane there are face-to-face n-interactions between the macrocycle and

the dipyridyl ligand threading through them. Due to the bulky isobutyl side chain of the LeuNDI ligand in
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2.13 and the 1D — 3D polyrotaxane, there are no m-interactions between the external faces of the NDI
macrocycles, instead the isobutyl groups of the LeuNDI of neighbouring chains sit above the NDI
macrocycles. The chains of alternating {Cdx(LeuNDI).} and bpb present in 2.13 form a 1D — 2D
polyrotaxane most likely because the extra length of the bpb compared to 4,4’-bipy allows this topology to
form the most efficient packing of the chains.

The formation of a 1D — 2D polyrotaxane of 2.13 may also be explained in terms of the difference in the
arrangement of the NDlIs and the bpb ligand within the chains, in comparison to 2.1 and the 1D — 3D
polyrotaxane. In the chains of alternating {Cd>(AlaNDI).} and 4,4’-bipy in 2.1 the planes of the NDlIs and
4,4'-bipy are co-planar, forming completely straight chains which form a 1D — 2D polyrotaxane, Figure
2.20. In the of case the 1D — 3D polyrotaxane, the 4,4'-bipy is twisted by 35° with respect to the plane of
the NDI macrocycle, leading to a 3D polyrotaxane, Figure 2.20. However in the case of 2.13 the chains are
not straight in relation to the plane of the NDIs, as the bpb is offset by ~ 18° away from the plane of the
NDIs, Figure 2.20. It appears that this difference in the arrangement of the macrocycles and bpb in the
chains may allow a 1D — 2D polyrotaxane to form, despite the bulky side chains of the LeuNDI ligand. It
also appears that using a longer and wider dipyridyl ligand will inhibit the formation of a polyrotaxane, as
was the case with 2.9 which consists of 1D chains of alternating {Cd>(AlaNDI).} macrocycles and 4PyNDI

ligand which had no interpenetration.
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Figure 2.20. The straight 1D chains of 2.1 (top) which form a 2D polyrotaxane, the chains
of previously reported poly-[Cd2(LeuNDI)2(4,4'-bipy)(DMF)3(OH2)] which from a 3D
polyrotaxane (centre) and the chains of 2.13 in which the bpb ligand is offset from the NDI
plane and forms a 2D polyrotaxane (bottom).

The chains in 2.1, 2.13 and the 1D — 3D polyrotaxane are also slightly different in how the dipyridyl ligand
threads through the macrocycle. In the case of 2.1 and the 3D polyrotaxane, the 4,4'-bipy intersects with
the macrocycle at ~ 90°, however in the case of 2.13 the bpb intersects the macrocycle at ~ 59°. The change
in how the dipyridyl ligand threads through the macrocycle is possibly due to the increased length of bpb
in comparison to 4,4’-bipy. The shorter 4,4"-bipy dipyridyl ligand is forced to take the shortest route through
the macrocycle, due to the steric effects of the neighbouring NDI ligands, however the longer bpb dipyridyl
ligand has more flexibility in how it threads through the macrocycle, allowing the 1D chains to be rotated
in relation to the macrocycles.

The structures of 2.12 and 2.13 demonstrate that a slight increase in the length of a dipyridyl ligand coupled
with {M2(NDI).} macrocycles can lead to unexpected interpenetration topologies. In the case of 2.12 an

interpenetrating (4,4) sheet is formed with single dipyridyl ligand pillars between chains of conjoined NDI
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macrocycles with bimetallic nodes, while this topology had only previously been observed with NDI
ligands which were not fully deprotonated and therefore formed chains with monometallic nodes. In the
case of 2.13 1D chains of alternating {M2(NDI).} macrocycles and dipyridyl ligand formed a 1D — 2D
polyrotaxane, despite analogous chains with 4,4’-bipy forming a 3D polyrotaxane in the case of LeuNDI

and a 2D polyrotaxane in the case of AlaNDI.

2.5 Coordination polymers utilising the PheNDI ligand with a bulky aromatic

side chain

Previous work using AlaNDI and LeuNDI ligands revealed that both were capable of forming an
{M(NDI),} metallomacrocyclic motif when incorporated into coordination polymers (vide supra).’ 352 3%
In the case of the {Cd(AlaNDI)} macrocycles, catenation of these rings usually occurs, whereas this is not
the case for the more sterically encumbered {Cd(LeuNDI)} macrocycles. The phenylalanine-containing
H>PheNDI is also bulky, with the added ‘complication’ of phenyl rings which can compete with NDI---NDI
interactions.

A coordination polymer with PheNDI was sought in the absence of any dipyridyl ligands, to explore the
coordination behaviour of the ligand. The reaction of H,PheNDI with MnCl.-4H,0 at 70 °C in a solvent
mixture of DMF, MeOH and H,0 (2:1:1) yielded yellow crystals that were structurally characterized to
reveal the material poly-[Mn(DMF),(HPheNDI);]-MeOH-H;0, 2.14. Whereas most of the coordination
polymers which were previously reported by the Turner group, and those discussed above, contain fully
deprotonated amino acid ligands, with the exception of 2.6 and 2.11, only one of the carboxylic acids of
each ligand in 2.14 is deprotonated. The Mn'" ion has a distorted octahedral geometry in which the equatorial
sites are occupied by two monodentate carboxylate groups and two monodentate carboxylic acid groups,
and the axial sites are occupied by two DMF ligands, Figure 2.21. Each carboxylic acid group forms a
hydrogen bond with a carboxylate group coordinated to the same metal ion. Each HPheNDI ligand bridges
between two metal nodes, forming a (4,4) sheet, Figure 2.21. The combination of the n-rich naphthalene
core and the phenyl side chain of the ligand leads to n-m interactions within the structure. There are two

near-parallel face-to-face m-interactions between a phenyl group of an HPheNDI ligand with the
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naphthalene core of a neighbouring ligand within the windows of the 2D sheets (closest C---C distances =
3.376(3) and 3.4355(9) A). Two unique non-parallel w-interactions exist between adjacent sheets (closest
C---C distances = 3.2789(5) and 3.3959(7) A, inter-planar angles 32.148(7) and 33.197(9)°, respectively).

Despite repeated attempts, coordination polymers of the form [M(PheNDI)] could not be isolated.

Figure 2.21. The metal coordination environment in the structure of 2.14, showing hydrogen
bonding as red dashed lines (top). The 2D sheet of 2.14 showing -7 interactions within
the sheet between the NDI core and the phenyl side chain as blue dashed lines (bottom).
Hydrogen atoms are omitted for clarity.

In a similar manner to 2.6 and 2.11 which involved mono-deprotonated NDI ligands, the structure of 2.14

also contains mono-metallic nodes, to account for charge balance. They all involve hydrogen bonding

between the carboxylic acids and the non-coordinating carboxylate oxygen atoms. The structure of 2.14 is
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quite different to that of 2.6 and 2.11 in that it does not include a dipyridyl ligand, and is not interpenetrated.
The interpenetration in 2.6 and 2.11 is through a rotaxane motif of the dipyridyl ligand with the {M2(NDI),}
macrocycle. It appears that 2.14 is not interpenetrated because the PheNDI ligands do not form a
macrocycle and so cannot interpenetrate by a catenane motif, and 2.14 does not have a dipyridyl ligand
which could be interpenetrate by a rotaxane motif. It is possible for NDI ligands which do not form the
common macrocycle motif to be interpenetrated, as was shown by the structure of 2.4 which was 3D — 3D
interpenetrated and a previously reported coordination polymer, poly-[Ca(AlaNDI)(DMF):], which was 2D
— 3D interpenetrated, both of which involve face-to-face m-interactions of the NDIs of the entangled
networks.3*® However it appears that the sheets of 2.14 are not interpenetrated due to the bulky phenyl side
chain, which act to block the interpenetration and compete for n-interactions with the NDIs, as can be seen
by the prevalence of these interactions within and between the sheets of 2.14.

PheNDI was also explored with the addition of dipyridyl ligands to explore if the phenyl side chain would
change the coordination and interpenetration of the coordination polymers obtained, in comparison to the
AlaNDI and LeuNDI ligands. H:PheNDI, Cd(NOs),-4H,O and 4,4’-bipy were reacted at identical
conditions which yielded 2.2 — 2.9, 2.11 and 2.12. The reaction yielded crystals which were analysed by X-
ray crystallography to reveal a coordination polymer of the formula poly-[Cd(4.,4"-
bipy)(OH)(PheNDI)]-3.5H,0-DMF, 2.15. The Cd" ion adopts a distorted pentagonal bipyramidal
geometry, with two chelating carboxylate groups and an aqua ligand occupying the equatorial sites and the
nitrogen donor atoms of two 4,4'-bipy ligands occupying the axial sites, Figure 2.22. The PheNDI ligands
adopt a “U-shaped” geometry and form {Cd2(PheNDI);} metallomacrocycles which have been shown to
be almost ubiquitous in the NDI coordination polymers discussed thus far. The {Cdx(PheNDI);}
metallomacrocycles are bridged into a ladder-like 1D chain by the 4,4’-bipy ligands forming an apparent
‘tube’ of metallomacrocycles that propagates parallel to the c-axis. The plane of the naphthalene core of
the PheNDI ligand is approximately perpendicular (84°) to the plane of the 4,4'-bipy ligands, which allows
n-n stacking between these two ligands of adjacent chains (closest C---C distance = 3.353(11) A), Figure

2.22. In addition to the face-to-face n-interactions with the NDI core, the 4,4'-bipy is also nestled between

81



Chapter 2 Coordination polymers with naphthalene diimide ligands
the flanking phenyl side chains, with CH---m interactions from the 4,4'-bipy to the phenyl rings
(CH---centroid distances = 2.7216(4) and 2.9890(4) A).

Although the planes of the NDIs within the metallomacrocycles in 2.15 are 7.621(3) A apart, a suitable
distance for m-interactions to occur with an aromatic guest to form a polyrotaxane or polycatenane, the
metallomacrocycle remains ‘empty’. The structure of 2.15 exhibits 24.6% void volume (as calculated using
Mercury),®"® corresponding to the channels through the metallomacrocycles in which no solvent was able
to be modelled from the diffraction data. The solvent in the channels was assigned as 3.5 water molecules
and one DMF molecule through TGA, microanalysis and residual electron density. Based on previous
results of coordination polymers involving NDI metallomacrocycles, such as 2.1, 2.5 and previously
reported 1D — 3D polyrotaxane, poly-[Cdz(LeuNDI)2(4,4'-bipy)(DMF)3(OH>)], it was expected that the
4,4'-bipy ligand may thread through the metallomacrocycle, given the potential for favourable n-
interactions. However, the configuration of the phenyl side chains on the PheNDI ligand seems to generate
too much steric bulk for two NDIs to approach closely to each other, as demonstrated by the excellent size
fit of the 4,4’-bipy ligands between the phenyl rings. In a similar manner to the previously reported 1D —
3D polyrotaxane, poly-[Cd.(LeuNDI)2(4,4'-bipy)(DMF)3(H20)], in which the isobutyl side chain of the
LeuNDI ligand was too bulky to allow polycatenation of the NDI metallomacrocycles and there were 7-
interactions between the NDI and the 4,4'-bipy, the structure of 2.15 demonstrates that the addition of 4,4'-
bipy to an NDI ligand with a bulky side chain will lead to n-interactions between the 4,4’-bipy and NDI

ligands.
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Figure 2.22. The {Cd,(PheNDI),} metallomacrocycle motif in the structure of 2.15, showing
the coordinated 4,4'-bipy ligands and the aqua ligand (left). The 1D chain of 2.15 showing
the plane of the NDI perpendicular to the plane of the 4,4'-bipy (right). The packing of the
1D chains by m-interactions between the 4,4'-bipy ligands of one chain with the NDIs of the
adjacent chains (bottom). All hydrogen atoms, and the aqua ligands in the case of the
packing diagram, have been omitted for clarity.

Based on previous results, it is conceivable that in the absence of the phenyl side chain, 2.15 may
interpenetrate by either a catenane or rotaxane motif. In the same way as the structure of 2.14, the structure
of 2.15 also shows a lack of interpenetration in a coordination polymer which would have been expected
to be interpenetrated if it had a less sterically demanding side chain. The structure of 2.15 demonstrates that

the phenyl side chain in its bulkiness and aromaticity, is likely to inhibit interpenetration by steric effects

and by competing for m-interactions.
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The influence of synthetic conditions and metal ion on the structure of coordination polymers is
demonstrated by the reaction of H,PheNDI, Mn(NO3)2-4H,0 and 4,4’-bipy at 70 °C in a DMF/H,0 mixture
(2:1) which vyielded orange crystals of the formula poly-{[Mn2(PheNDI);(4,4'-bipy).][Mn(4,4'-
bipy)(DMF)(NOs3)2]-0.5DMF-7H,0}, 2.16. The structure of 2.16 is similar to that which was previously
reported with Cd", poly-{[Cd(4,4"-bipy)2(PheNDI).][Cd(4,4-bipy)(DMF)15(NOs)2(OHz)o5]-DMF}. The
structure of 2.16 involves two different entangled coordination polymers, namely a 2D sheet, [Mnx(4,4'-
bipy)2(PheNDI);] and a 1D chain [Mn(4,4'-bipy)(DMF)(NQOs),], Figure 2.23. The 2D sheet is structurally
similar to the 1D ‘tubes’ with monometallic nodes in the structure of 2.15 and can be seen as tubes that are
connected side-by-side through bimetallic nodes. The {Mnx(PheNDI),} metallomacrocycles bridge
between bimetallic nodes which have one carboxylate chelating to each metal and two carboxylates that
bridge the metals in a p-1x0,2k0’ coordination mode, thereby forming a continuous chain of
metallomacrocycles similar to those present in 2.2, 2.3, 2.7, 2.12 and previously reported coordination
polymers with AlaNDI in poly-[Cd2(AlaNDI)2(DMF),], LeuNDI in poly-[Cd(LeuNDI)2(DMA)4] and
PheNDI in poly-{[Cd(4,4"-bipy).(PheNDI).][Cd(4,4"-bipy)(DMF)15(NO3)2(OH2)o 5]} -DMF.™* 352. 355 The
Mn'"ion in the 2D sheet adopts a distorted octahedral geometry with the bridging and chelating carboxylates
in the equatorial sites and the 4,4'-bipy ligands in the axial sites. Axial coordination of the 4,4'-bipy ligands
on each Mn'"" of the bimetallic node allows formation of ‘double pillars’ between the bimetallic nodes to
bridge the metallomacrocycle chains into a (4,4) sheet, Figure 2.23. The metal centre of the 1D chain adopts
a distorted pentagonal bipyramidal geometry in which the axial positons are occupied by two 4,4'-bipy
ligands and the equatorial positions are occupied by a DMF molecule and two chelating nitrate ions, to
account for charge balance.

The asymmetric unit also includes a DMF molecule which is modelled as half occupancy, as well as void
space in which no solvent could be modelled. The solvent in the voids was assigned as an additional half
occupancy DMF molecule, and seven water molecules, by TGA, microanalysis and residual electron

density.
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In a similar manner to the ‘double pillars’ present in the structure of 2.7, the ‘double pillars’ of 4,4'-bipy in
2.16 are too wide to fit through the macrocycle and therefore the sheets do not interpenetrate by a rotaxane
motif. Although the double pillars of dipyridyl ligands are too wide to take part in interpenetration, the
macrocycles remain a suitable shape for an aromatic group to pass through and engage in m-interactions.
The 1D chains of [Mn(4,4"-bipy)(DMF)(NOs),] thread through the metallomacrocycles, with near-parallel
n-interactions between the 4,4'-bipy of the chains and PheNDI ligands of the metallomacrocycles, at a
closest C---C distance of 3.369(10) A. The combination of the 2D sheet with empty macrocycles and 1D
chains forms a 1D + 2D — 2D polythreaded coordination polymer. The structure of 2.16 demonstrates that
an aromatic group threading through the macrocycles is a favourable interaction for these coordination
polymers, however in this case the ‘double pillars’ of 4,4'-bipy inhibit interpenetration between the sheets,
and therefore an additional 1D chain forms which threads through the macrocycles to give a polythreaded

coordination polymer.
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Figure 2.23. The [Mny(4,4'-bipy)2(PheNDI);] 2D sheet (left) and the [Mn(4,4'"-
bipy)(DMF)(NOs).] 1D chain (bottom) in the structure of 2.16. The 1D + 2D — 2D
polythreaded structure formed by the 1D chain and the 2D sheet (right). All hydrogen atoms
and phenyl side chains have been omitted for clarity.

Following on from the results obtained with 4,4'-bipy, the different dipyridyl ligand, dpe, was employed in
order to investigate the influence of a different dipyridyl ligand on the structure of coordination polymers
with PheNDI. The reaction of H,PheNDI, Cd(NOs3)2-4H,0 and dpe under identical reaction conditions
which formed 2.2 — 2.9, 2.11, 2.12 and 2.15 yielded orange crystals which were structurally analysed to
show a coordination polymer of the formula poly-[Cds(DMF)(dpe)2(OH2)2(PheNDI)4]-10H.0-0.5DMF,
2.17. The asymmetric unit contains four PheNDI ligands, four dpe ligands, four Cd" ions, two aqua ligands,
and one DMF ligand, Figure 2.24. The four Cd'" ions form two crystallographically unique bimetallic nodes
in the asymmetric unit of the structure, each of which is part of a crystallographically unique 2D sheet. The
structure also includes void space in which no solvent could be modelled, but was assigned as ten water

and 0.5 DMF molecules per asymmetric unit by TGA, microanalysis and residual electron density.
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The four metal centres making up the two bimetallic nodes in 2.17 all have different coordination
environments, Figure 2.24. Cd(1) has a distorted pentagonal bipyramidal coordination geometry. The
equatorial sites of Cd(1) are occupied by five oxygen donor atoms from three different carboxylate groups;
one carboxylate solely chelates to Cd(1), another carboxylate bridges between Cd(1) and Cd(2) in a p-
1x0,2k0' coordination mode and the third chelates to Cd(1) whilst also bridging to Cd(2) in an overall p-
1x?0,0',2x0 coordination mode. The axial sites of Cd(1) are occupied by a dpe ligand and a DMF ligand.
Cd(2) has a distorted trigonal bipyramidal geometry. The equatorial sites of Cd(2) are occupied by a
monodentate carboxylate group and the aforementioned two bridging carboxylate groups. Similarly to
Cd(1), the axial sites of Cd(2) are occupied by a dpe ligand and a solvent molecule, in this case water. In
the second bimetallic node, the coordination environment of Cd(3) is distorted octahedral with the
equatorial sites occupied by one chelating carboxylate group and two carboxylate groups which bridge
between the metals of the bimetallic node in a p-3x0,4x0’ coordination mode; the axial sites are occupied
by a dpe ligand and an aqua ligand. Cd(4) adopts a distorted square pyramidal geometry in which the basal
sites are occupied by carboxylate groups in the same coordination modes as Cd(3), and the apical site is

occupied by a dpe ligand.

Figure 2.24. The coordination environments of the two crystallographically unique nodes

in the structure of 2.17. Hydrogen atoms have been omitted for clarity.
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In a similar manner to the structures of 2.2, 2.3, 2.7, 2.12 and 2.16, the {Cd.(PheNDI),} metallomacrocycles
in the structure of 2.17 are connected through the bimetallic nodes to form 1D chains, and these chains are
bridged by dipyridyl ligands to form 2D sheets, Figure 2.25. (Note, this topological description refers to an
isolated sheet, defining a macrocycle as a single linker). The structure of 2.17 is very similar to 2.12, as
they both involve 1D chains of conjoined NDI metallomacrocycles with bimetallic nodes in which one
dipyridyl ligand on each metal centre bridges the chains the chains into a (4,4) sheet. In the same manner
as 2.12, the 2D sheets of 2.17 are interpenetrated by a rotaxane motif of the dipyridyl ligand, in this case
dpe, threading through the metallomacrocycles and engaging in face-to-face m-interactions, with closest
C---C distances of 3.2993(7) A and 3.2911(11) A, Figure 2.25. The structure of 2.17 is also similar to 2.12
in that there are no m-interactions with the external faces of the NDI metallomacrocycles, due to the
bulkiness of the side chains of the amino acid substituted NDI ligands, and the side chains sit above the

NDI planes of the interpenetrated sheets.
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Figure 2.25. One of the two crystallographically unique 2D sheets, which are topologically
identical, in the structure of 2.17 (top), all hydrogen atoms are omitted for clarity. The 2D
— 2D interpenetration of the two unique sheets by a rotaxane motif between the dpe ligand
and the macrocycles (bottom). For clarity the hydrogen atoms and phenyl side chains are
omitted.

The coordination polymers formed with PheNDI and a wider dipyridyl ligand, 4PyNDI, were also
investigated. 4PyNDI has a naphthalene core group and so is a much more n-rich system than 4,4'-bipy,
bpb or dpe, although is sterically more demanding. The reaction of H,PheNDI, Cd(NOs), and 4PyNDI was
carried out under the same conditions which formed 2.2 -2.9, 2.11, 2.12, 2.15and 2.17, and yielded yellow
crystals which were structurally characterized to reveal a coordination polymer of formula poly-

[Cd2(PheNDI),(4PyNDI),]-6H.0-2DMF-MeOH, 2.18. The asymmetric unit of 2.18 contains two Cd"

metal centres, two PheNDI ligands, two 4PyNDI ligands and one non-coordinated DMF (other lattice
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solvent molecules were assigned by analytical methods, see experimental section). The structure of 2.18
contains bimetallic nodes in a similar manner to those reported in the structures of compounds 2.2, 2.3, 2.7,
2.12, 2.14 and 2.17. The two Cd'" ions in the structure of 2.18 adopt different coordination environments,
very similar to Cd(1)/(2) in the structure of 2.17. Cd(1) has a distorted octahedral geometry with the
equatorial sites occupied by three different carboxylate groups; one carboxylate solely chelating to Cd(1),
one carboxylate bridging between Cd(1) and Cd(2) in a u-1x0,2x0’ coordination mode and the third
bridging between Cd(1) and Cd(2) whilst also chelating to Cd(2) in an overall p-1x0,21k?0, O’ coordination
mode. The axial sites of Cd(1) are occupied by the nitrogen donor atoms of two 4PyNDI ligands. Cd(2) has
a distorted pentagonal bipyramidal coordination geometry in which the equatorial sites are occupied by
three different carboxylate groups, one chelating to Cd(2) and two bridging carboxylates as described
above. The axial sites of Cd(2) are occupied by two 4PyNDI ligands. The 4PyNDI ligands occupy the
axial sites of each metal in the bimetallic node to form double pillars of the dipyridyl ligand in a similar
manner to that in the structures of 2.7 and 2.16.

The 2D sheets in the structure of 2.18 are very similar to those in the structure of 2.14. Both form (4,4)
sheets which involve face-to-face m-interactions between the ligands within the sheets. The sheets in 2.14
are slightly different, as the ligand is only mono-deprotonated, and therefore the sheet has monometallic
nodes, to account for charge balance.

Unlike the structures of 2.2, 2.3, 2.7,2.12, 2.16 and 2.17, the structure of 2.18 does not involve {M2(NDI),}
metallomacrocycles, instead the PheNDI ligands bridge between bimetallic nodes to form (4,4) sheets,
Figure 2.26. The 4PyNDI double pillars bridge between the bimetallic nodes to link these sheets into a 3D
network which is a distorted pcu topology, Figure 2.26. Due to the presence of two different NDI-based
ligands the structure of 2.18 is heavily influenced by face-to-face n-x interactions. Within the (4,4) sheets
there are m-interactions between the cores of two PheNDI ligands across the 4-membered ring (closest C---C
distance = 3.34(2) A). The close approach of two PheNDI ligands is seemingly allowed as they adopt a
different conformation to those in all other structures. In the structure of 2.18 the phenyl groups are oriented

away from the central core whilst in 2.15 - 2.17 the phenyl groups are positioned directly over the core
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thereby sterically inhibiting interaction with another NDI group. In the structure of 2.14 one phenyl group
is over the core, and the other is facing outwards. The phenyl groups in the structure of 2.18 are not involved
in any face-to-face interactions, but do act as acceptors to CH- - 7 interactions from NDIs. The two 4PyNDI
ligands in the double pillars are involved in face-to-face n-n interactions with each other (closest C---C

distance = 3.54(3) A).
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Figure 2.26. The (4,4) sheet formed by the PheNDI ligands and bimetallic Cd" nodes in the
structure of 2.18, with the face-to-face n-interactions between the ligands shown as blue
dotted lines, phenyl groups and hydrogen atoms omitted for clarity (top). The 3D network
of 2.18 with the {Cd(PheNDI)} sheets going into the page in molecular form (bottom left)
and topologically (bottom right) showing the centroid of the bimetallic node in purple,
PheNDI ligands in red and double ladders of 4PyNDI in blue.
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The ligand combination of PheNDI and 4PyNDI was also investigated with Mn(NOs3).-4H,O under
identical reaction conditions to those under which 2.2 — 2.9, 2.11, 2.12, 2.15, 2.17 and 2.18 were formed.
The reaction yielded orange crystals of the formula poly-[Mn,(PheNDI),(4PyNDI),]-3DMF-2MeOH-H,0,
2.19. The structure of 2.19 is almost identical to the structure of 2.18, with some differences induced by the
incorporation of a smaller metal ion. The asymmetric unit of the structure of 2.19 is half that of 2.18 and
contains one Mn' ion, one PheNDI ligand and one 4PyNDI coligand, as well as non-coordinated solvent
molecules. The Mn' adopts a distorted octahedral geometry in which the equatorial sites are occupied by
carboxylate groups; one carboxylate is chelating solely to Mn(1) and two carboxylates are bridging between
Mn(1) and its symmetry equivalent in a pu-1x0,2k0’ coordination mode. The structures of 2.18 and 2.19
are modelled in different space groups, P2:12:2; and P2,2:2, respectively, and the unit cell of 2.19 is half
that of 2.18 (along the c-axis). Although the overall connectivity and topology of the structures of 2.18 and
2.19 are identical, the structural difference can be understood by the slightly different metal coordination
geometries, with the symmetry of the node broken in 2.18 by the bridging carboxylates, Figure 2.27. The
comparison of 2.18 and 2.19 show a structural tolerance with a change in metal ion having no influence on
the coordination polymers which were synthesized with the same ligands under identical synthetic

conditions.

Figure 2.27. The difference in the coordination environment within the bimetallic nodes in
the structures of 2.18 (left) and 2.19 (right), leading to a change in space group despite the

overall structure remaining the same. Hydrogen atoms are omitted for clarity.
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2.6 Conclusions

The topology and interpenetration of coordination polymers is often difficult to predict or control, due to
the many interactions of various strengths which determine and control the structure that is obtained. It has
been observed through the series of coordination polymers reported herein which utilised amino acid
substituted NDI ligands, that these ligands have a strong tendency to form a M;L, metallomacrocyclic
motif. Of the 19 coordination polymers discussed herein, 14 of them involve this motif. Of all the
coordination compounds reported by the Turner group using amino acid substituted NDI ligands, herein
and in previous work, 73% involve this metallomacrocyclic motif, and a further 73% of these that involve
macrocycles are interpenetrated by an aromatic group threading through the macrocycle. The MsL,
metallomacrocyclic motif is therefore a remarkably reproducible building block in crystal engineering. The
prevalence of this motif allows the coordination polymers with amino acid substituted NDI ligands to be
synthesised with some degree of predictability.

Interpenetration has been demonstrated to occur in these coordination polymers in two ways; by a catenane
motif between metallomacrocycles, or a rotaxane motif between a metallomacrocycle and a linear dipyridyl
ligand. The NDIs of the macrocycle are arranged such that the planes of the NDIs are at a suitable distance
(7.2 A) to incorporate an aromatic guest which is engaged in face-to-face n-interactions. The
interpenetration is aided by the favourable n-interactions between the macrocycle motifs and the aromatic
guest within them, be it another macrocycle or a dipyridyl ligand.

The occurrence and type of interpenetration was shown to be somewhat dependent on the nature of the
amino acid side chain of the ligand which was utilised. The AlaNDI ligand, with a methyl side chain, tended
towards forming interpenetrated coordination polymers involving the metallomacrocyclic motif. The lack
of steric bulk of AlaNDI allowed the coordination polymers to be interpenetrated by a catenane motif,
shown in the structures of 2.2 and 2.3. Interpenetration of AlaNDI coordination polymers was also seen
with a rotaxane motif, in the cases of 2.1 and 2.5, 2.6 and 2.8. The smaller amino acid side chain of AlaNDI
also allowed face-to-face m-interactions between ligands of neighbouring networks, which was not observed

in the coordination polymers with ligands of bulkier side chains. The LeuNDI ligand, with a bulkier isobutyl
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side chain compared to AlaNDI, was not able to interpenetrate by a catenane motif, but was shown to
interpenetrate by a rotaxane motif, in the structures of 2.11 — 2.13. The PheNDI ligand, with a bulky and
aromatic phenyl side chain, was less likely to be interpenetrated due to the steric bulk of the side chain, as
well as the phenyl group competing for m-interactions with the naphthalene core groups. The non-
interpenetrated coordination polymers in the structures of 2.14, 2.15, 2.18 and 2.19 showed how the phenyl
side chain also took part in m-interactions with the aromatic dipyridyl ligands or the NDI naphthalene core
group. Only one PheNDI coordination polymer was interpenetrated, 2.17, which was interpenetrated by a
rotaxane motif with a dpe dipyridyl ligand. The favourability of m-interactions in coordination polymers
with PheNDI despite the bulky side chain was shown by a 1D + 2D — 2D polythreaded coordination
polymer, in which a dipyridyl ligand containing chain was threaded through the metallomacrocycles,
engaged in m-interactions with the NDIs.

The importance of face-to-face m-interactions in the packing of coordination polymers with amino acid
substituted NDI ligands was also shown by those which were not interpenetrated by a catenane or rotaxane
motif. The structure of 2.4 involved 3D — 3D interpenetration, in which the “S”-shaped NDI ligands were
involved with m-interactions of the NDI ligands of the interpenetrating network. The use of the z-rich
dipyridyl ligand 4PyNDI alongside AlaNDI and LeuNDI led to the formation of five coordination
polymers, four of which were not interpenetrated. It appears that the 4PyNDI ligands are more likely to
engage in m-interactions with other 4PyNDI ligands, as shown in the structure of 2.7, 2.18 and 2.19, in
contrast to the smaller dipyridyl ligands of 4,4'-bipy, dpe or bpb, which took part in w-interactions with NDI
ligands. The structure of 2.8 was an exception, as it formed a 2D sheet which was interpenetrated by a
rotaxane motif.

An interesting pattern was observed in the coordination polymers with NDI macrocycles and dipyridyl
ligands which formed interpenetrating 2D sheets. The only structures to interpenetrate by the catenane
motif, 2.2 and 2.3, had a ratio of macrocycle to dipyridyl ligand of 2:1. The lower ratios, of 1:1, in the
structures of 2.1, 2.6, 2.11, 2.12, and 2.17 and ratio of 1:2 in the structures of 2.5, 2.8, and 2.13 all

interpenetrated by a rotaxane motif. The (6,3) sheets of 2.2 and 2.3 interpenetrate most efficiently by a

94



Chapter 2 Coordination polymers with naphthalene diimide ligands
catenane motif, however the structures which involve more dipyridyl ligands will interpenetrate most
efficiently by a rotaxane motif, as interpenetration by a catenane motif would leave surplus dipyridyl
ligands which were not engaged in the m-interactions of passing through the NDI macrocycle.

The coordination behaviour of AlaNDI, LeuNDI and PheNDI was explored primarily with Cd" and Mn",
with a few examples incorporating Zn'". It was observed that coordination polymers of identical
components, with the exception of the use of Cd" or Mn", formed coordination polymers of the same
topology and interpenetration, varying only in the coordination sphere of the metal. The use of Zn' in the
structure of 2.5 formed a 2D — 2D interpenetrated sheet, very similar to others observed with Cd" and
Mn''. However Zn" was shown to behave quite differently in the structure of 2.10, forming 1D chains with
tetrametallic nodes, in contrast to the mono- or bimetallic nodes present in the Cd" and Mn" coordination
polymers. The tetrametallic nodes were also bridged by three NDI ligands, in contrast to the two ligands
bridging the Cd" or Mn'" nodes of the common metallomacrocycle motif, which inhibited interpenetration
of the chains by a catenane motif.

The utilisation of the reproducible the M;L, metallomacrocyclic motif in coordination polymers with
AlaNDI, LeuNDI and PheNDI ligands with transition metals and dipyridyl ligands has been shown to have
clear merit in crystal engineering. The nature of the amino acid side chain appears to play a key role in the
interpenetration of the networks. The non-bulky methyl side chain of AlaNDI allowed interpenetration by
a catenane or rotaxane motif. The bulky isobutyl side chain of LeuNDI allowed interpenetration only by a
rotaxane motif. The bulky and aromatic phenyl side chain of PheNDI inhibited interpenetration in all but
one example.

Despite variations in the amino acid side chain of these NDI ligands, as well as synthetic conditions, metal
ion and dipyridyl ligand, it is clear from the work reported herein that amino acid substituted NDI ligands
form with some degree of reproducibility and may therefore be used in the design of coordination polymers
with specific interactions and topologies. The driving force in this reproducibly appears to be the tendency
for these ligands to form coordination polymers dominated by m-interactions and featuring a MzL,

metallomacrocyclic motif.
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Chapter 3: Coordination compounds with

biphenyl diimide ligands

3.1 Introduction

Early research into the design and synthesis of coordination polymers and MOFs focused on the use of rigid
ligands which would form predictable networks.? However, the networks and topologies which are
possible through this method are limited, and therefore the field has evolved to also include the use of more
flexible ligands. The advantage of flexible ligands is access to architectures which are not possible with
rigid ligands, and to achieve serendipitous networks for which the ligands may not have necessarily been
designed. The obvious disadvantage to the use of flexible ligands is that they may adopt conformations
which are not conducive to the formation of coordination polymer networks with interesting structures or

properties.3”’

3.1.1 Biphenyl diimide ligands

In response to the highly reproducible metallomacrocyclic motif formed using amino acid substituted NDI
ligands and transition metals, as detailed in Chapter 2, the coordination behaviour of a different amino acid
substituted diimide ligand was investigated. Although the NDI coordination polymers could be formed with
some degree of predictability and reproducibility, they did not form porous coordination polymers which
could be utilised as solid state chiral materials for chiral separation or catalytic applications, as was the
fundamental aim of this work. Therefore, amino acid substituted biphenyl diimide (BDI) ligands were
investigated. The BDI core has two phthalimide groups which may rotate in relation to each other, giving
it more flexibility than the rigid NDI core. The BDI core is also longer than the NDI, with N---N distances
of ~7 Aand ~ 10.5 A in the NDI and BDI ligands, respectively. The BDI core was chosen because it could

be functionalised with amino acids on the imide groups by the same strategy as the NDI ligands, in order
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to synthesise enantiopure chiral ligands, but it is slightly longer and more flexible and may therefore lead
to the formation of coordination networks which were not possible with NDI ligands.

Ligands with a biphenyl core have previously been utilised in the synthesis of coordination polymers and
MOFs, with different substitution and functionality on the rings, leading to a range of networks. In early
MOF syntheses 4,4’-biphenyldicarboxylic acid (BPDC) was used as an extension of the classical MOF
precursor, 1,4-benzenedicarboxylic acid, which forms MOF-5 with the octahedral ZnsO(CO2)s SBU, in an
attempt to synthesise analogous networks with larger void volume. The use of H,BPDC with reaction
conditions which typically give MOF-5 formed a different network, in which an infinite Zn-carboxylate
chain was bridged by BPDC ligands into a 3D network, Figure 3.1.3’® It was believed that this network
formed instead of the expected analogous MOF-5 network because of the increased length of the BPDC

ligand.

HO o

+ Zn"

Figure 3.1. The synthesis and structure of [Zn3(OH)2(BPDC):] (4,4'-biphenyldicarboxylic
acid), shown with the infinite Zn-carboxylate chains going into the page. All hydrogen atoms
are omitted for clarity.

Although there are several examples of functionalised biphenyl cores being utilised as ligands, there is only

one reported example of a biphenyl diimide (BDI) molecule being used as a ligand in coordination polymer

synthesis. The BDI ligand, which was substituted through the imide groups with 3-methylpyridyl groups,
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was reported to form a 2D coordination polymer when reacted with Cd", in which the ligand could be
arranged in a “U” or “S” shape due to the flexibility of the methylene groups separating the imide and
pyridyl groups of the ligand,*” in a similar manner to the amino acid substituted NDI ligands which were
also shown to be arranged in a “U” or “S” shape. This previous result with a BDI ligand suggests that amino
acid substituted BDI ligands may behave similarly to the amino acid substituted NDI ligands, however the
change in ligand length, aromaticity and flexibility are likely to lead to significant changes in the networks
obtained. The BDI core has also been used as a polymer precursor, forming polymers with cyclohexane
functionalised aromatic amines. The resulting polymers could be synthesised with high molecular weight

and were readily soluble in common organic solvents.3%

3.1.2 Isophthalic acid substituted diimide ligands

The use of ligands with multiple coordinating groups, such as several carboxylate groups, have been
investigated as a strategy to increase the dimensionality of the coordination polymers and MOFs which are
formed. Isophthalate functionalised ligands are an example of such a design strategy. Isophthalic acid
substituted NDI (IsoNDI) has been used in coordination polymer synthesis, as it combines the rigidity of
the NDI core with a high number of carboxylate groups, and is therefore more likely to form high
dimensionality coordination networks than analogous ligands which have less coordinating groups.

A 3D porous MOF has been reported with IsoNDI and Zn" nodes, which features an unprecedented 1D +
2D — 3D self-interpenetrated array. The pores of the network are lined with carbonyl groups and a
carboxylic acid group which was not deprotonated during the synthesis, and showed good drug release
properties with ibuprofen, as ibuprofen has a carboxylic acid group which can interact with the pores of the
MOF through hydrogen bonding.*®! Several other instances of IsoNDI have been reported for the synthesis
of 3D coordination polymers and MOFs, some of which include additional carboxylate ligands.3¢" 369 382
383

The high number of coordinating groups in ISoNDI leads to higher dimensionality networks, as well as the
possibility of non-coordinating carboxylate and carboxylic acid groups which when lining the pores will

lead to interactions with guests. The BDI core substituted with isophthalate groups has not yet been reported
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as a ligand for the synthesis of coordination networks, and would be an interesting candidate as it involves
four carboxylate groups, which are likely to lead to the formation of a 3D network, but has a slightly more

flexible core than the 1soNDI analogue.

3.2 Ligands utilised in this study

Amino acid substituted BDI molecules have not been previously reported for use as ligands in
metallosupramolecular chemistry. Their synthesis was achieved by the reaction of 3,3',4,4'-
biphenyltetracarboxylic dianhydride (BDA) with the amino acids glycine, (S)-alanine, (S)-leucine and (S)-
phenylalanine, Figure 3.2.

The formation of similar biphenyl diimide ligands previously reported were conducted mainly by reaction
of BDA with amino acids in acetic acid, under microwave reaction at 120 °C or under reflux.3 3% Due to
the success of the synthesis of the amino acid substituted NDI ligands in DMF at 90 °C, the synthesis of
the amino acid substituted BDI ligands was attempted by all three of these methods. The highest yielding
reaction which gave a pure product was utilised for the bulk synthesis of the product. In all cases, following
the reaction the solutions were poured over ice and the product was recovered by filtration.

The (S)-alanine substituted 3,3',4,4’-biphenyl diimide molecule (HAlaBDI) was synthesised in a
microwave reactor in acetic acid at 120 °C in 75% yield. The glycine, (S)-leucine and (S)-phenylalanine
derived molecules (H.GlyBDI, H;LeuBDI and H.PheBDI) were synthesised in DMF at 90 °C in yields of
70%, 75% and 91%, respectively, Figure 3.2. The formation of the pure product was confirmed by H-
NMR and *C-NMR spectroscopy, mass spectrometry, infrared spectroscopy and microanalysis. In the
same manner as the synthesis of the NDI ligands, presence of a *H-NMR signal for the hydrogen atom on
the alpha-carbon of the amino acid at approximately 4 — 5 ppm was indicative of the formation of the

product.
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Figure 3.2. The reaction scheme for amino acid substituted BDI compounds.

The isophthalic acid substituted BDI molecule was also synthesised in order to investigate the BDI ligand
with four coordinating groups. The HalsoBDI compound was synthesised in DMF at 120 °C in a 47%
yield, Figure 3.3. Due to the insolubility of the product, the tetra-acid precipitated out of the reaction
solution upon cooling, and was recovered by vacuum filtration. The synthesis of the product was again
confirmed by H-NMR and *C-NMR spectroscopy, mass spectrometry, infrared spectroscopy and

microanalysis.
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Figure 3.3. The synthetic scheme for the formation of H41soBDI.

The amino acid ligands synthesised were H.AlaBDI and H,LeuBDI, which have a methyl and isobuty! side

chain, respectively, Figure 3.4. The H.GlyBDI and H;PheBDI ligands were also synthesised, however
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attempts at forming crystalline coordination compounds with H,GlyBDI or H,PheBDI and various metal
salts led only to amorphous products, despite employing an exhaustive range of reaction techniques.
Ha4lsoBDI was also synthesised because, although it is not chiral, it presents the opportunity to investigate
BDI ligands with four carboxylate coordinating groups, in contrast to the two coordinating groups in the
amino acid substituted BDI ligands.

Dipyridyl ligands were used alongside the Ala- and LeuBDI ligands in order to explore their influence on
increasing the dimensionality of the coordination polymers obtained. The dipyridyl ligands used were 4,4'-
bipyridine (4,4’-bipy) and N,N'-bis(4-pyridyl)-1,4,5,8-naphthalene tetracarboxylic diimide (4PyNDI),
Figure 3.4. The metal ions used were exclusively Cd", Zn" and Cu'" as they proved to be the most suitable

for the BDI ligands.
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HO N,N'-bis(4-pyridyl)-1 ,ﬁ,s,g:ngphthalene
tetracarboxylic diimide
H,AlaBDI H,LeuBDI H,lsoBDI (4PyNDI)

Figure 3.4. The amino acid substituted BDI ligands H2AlaBDI, H.LeuBDI, H4lsoBDI (left)
and the dipyridyl ligands 4,4'-bipy and 4PyNDI (right) used in this study.

3.3 Discrete macrocycles containing BDI ligands

The following will give a report on the coordination complexes, both discrete and polymeric, which were

formed with amino acid and isophthalic acid substituted BDI ligands upon reaction with transition metals.
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The BDI ligands were chosen because they are more flexible, longer and less zt-rich than NDIs and therefore
less likely to form coordination polymers of the same form, which were dominated by a macrocyclic motif
and face-to-face m-interactions.

To explore the coordination behaviour of AlaBDI and LeuBDI, these ligands were first reacted with Cd"
in the absence of dipyridyl ligands. The reaction of H,AlaBDI with Cd(OAc). in DMSO at 100 °C formed
colourless crystals containing the coordination compound [Cd2(AlaBDI)2(DMSO)e]-1.5H.0, 3.1. The
structure of 3.1 is modelled in the chiral space group P1 and the asymmetric unit contains two Cd'" ions,
two AlaBDI ligands and coordinated solvent of six DMSO molecules. Both Cd" ions adopt a distorted
pentagonal bipyramidal coordination geometry, in which the equatorial positions are occupied by two
chelating carboxylate groups and a DMSO ligand, and the axial positions are occupied by two more DMSO
ligands. The coordinating carboxylate groups and coordinating solvent molecules have an average Cd"---O
distance of 2.315 A. The non-coordinated oxygen atoms of the carboxylate groups have weak interactions
with the Cd", with Cd---O distances of 2.501(5), 2.656(6), 2.458(5) and 2.474(6) A. The structure also
involves some residual electron density which could not be modelled crystallographically, however was
assigned as 1.5 water molecules per asymmetric unit by TGA and microanalysis.

In a similar manner to the recurring metallomacrocycle motif of the NDI coordination polymers discussed
in Chapter 3, the BDI ligands of 3.1 are “U” shaped, in a cis configuration, and form a [Cdz(AlaBDI);]
metallomacrocycle, Figure 3.5. Although the same ML, metallomacrocycles are formed, they have
monometallic nodes and are discrete complexes in which the metal ions are capped by solvent molecules,
rather than forming 1D chains of conjoined macrocycles with bimetallic nodes, as was often observed with
AlaNDI, LeuNDI and PheNDI. It is possible to form discrete NDI macrocycles through the use of the
convergent dipyridyl ligands 2,2'-bipyridine and 1,10-phenanthroline, as shown in the structures of 4.1 and
4.2. Despite employing various solvents, the crystals of 3.1 could not be dissolved in order to prove their

existence in solution by mass spectrometry or *H-NMR spectroscopy.
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Figure 3.5. The [Cd2(AlaBDI)2(DMSO)s] macrocycles of the structure of 3.1. All hydrogen
atoms are omitted for clarity.

Due to the increased length of BDI ligands compared to NDIs and the flexibility inherent in the core of the
BDI ligands, the macrocycles are a slightly different size to the NDI macrocycles observed previously. The
BDI ligands in the macrocycle have a plane a minimum C---C distance of 7.607(9) A, compared to the
NDI---NDI distance of ~ 7.2 A. The BDI core group is also more flexible than the NDI core, demonstrated
by the fact that the two phthalimide groups do not lie in the same plane. The planes of the phenyl rings are
offset by 37.92(18)° and 23.71(19)°, leading to the ligands being less prone to engage in face-to-face n-
interactions. In contrast to the various forms of interpenetration which occurred by a guest passing through
the macrocycles of coordination polymers incorporating NDI ligands, the greater space between ligands of
the macrocycle present in 3.1, the flexibility of the core and the smaller aromatic surface of the ligand all
appear to lead to a lack of catenation of the macrocycles. In the absence of catenation of the macrocycles,
the space between BDI ligands in the macrocycles is filled with the coordinating DMSO molecules of two

neighbouring complexes, Figure 3.6.
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Figure 3.6. The packing of the macrocycles of 3.1, with the DMSO ligands of neighbouring
macrocycles sitting between the BDI ligands. All hydrogen atoms are omitted for clarity.
The reaction of H;LeuBDI with Cd(OACc). yielded a discrete macrocycle which is analogous to 3.1,
although the reaction took place in a solvent mixture of DMSO and DMF, forming a coordination
compound of the formula [Cdz(LeuBDI)2(DMSQ);(DMF)2(OH2)]-DMSO-DMF, 3.2, Figure 3.7. The
formation of the discrete macrocycle complexes was also confirmed by *H-NMR spectroscopy in de—
DMSO, which showed an upfield shift in the signal for the hydrogen group on the a-carbon from 4.81 ppm
of the free ligand, to 4.58 ppm in the complex. The coordinated DMF was also present in the *H-NMR
spectrum. Due to the limited solubility of the complex, the *H-NMR analysis was carried out in ds-DMSO
and therefore the signals of the coordinated DMSO and water could not be distinguished from the residual
solvent resonances.

The structure of 3.2 is modelled in the chiral space group P2; and the asymmetric unit contains one complete
formula unit. The two crystallographically unique Cd" ions adopt slightly different coordination
geometries. The coordination geometry of Cd(1) is distorted octahedral, with the equatorial positions
occupied by a monodentate carboxylate, a chelating carboxylate and a DMF molecule, and the axial
positions are occupied by two DMSO ligands. The coordination geometry of Cd(2) is analogous to that of

both Cd'" ions in the structure of 3.1, adopting a distorted trigonal bipyramidal geometry, in which the axial
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positions are occupied by two monodentate carboxylate groups and a solvent molecule, in this case a DMF
molecule, and the axial positions occupied by two solvent molecules, in the case of 3.2 a DMSO ligand and
a coordination water molecule. There is also hydrogen bonding of the aqua ligand with the non-coordinating
DMF molecule, with an H---O distance of 2.01(4) A.

The structure of 3.2 is analogous to that of 3.1, in that it is a {Cd2(BDI).} macrocycle with monometallic
nodes which are capped by solvent molecules. The flexibility of the BDI core group is demonstrated again,
as the phthalimide groups are twisted in relation to one another, with interplanar angles of 37.9(2)° and
9.3(2)°. The BDI macrocycles of 3.2 are slightly more compact than those of 3.1, with a minimum C---C
distance of 6.510(11) A, whereas the minimum C---C distance of 3.1 is 7.607(9) A. Similar to 3.1, the
macrocycles do not form a catenane. In the case of 3.2 the space between the BDI ligands is occupied by
the DMF molecules coordinating to the equatorial positions of the Cd'" of neighbouring complexes, Figure
3.7. The DMF ligands sitting within the macrocycles are aligned approximately with the plane of the BDI
ligands at interplanar angles of ~8°. As DMF is a planar molecule, and DMSO is a more sterically
demanding molecule, it appears that the space within the macrocycles of 3.2 is smaller due to the less
sterically demanding guest molecules within them, while the larger DMSO molecules within the
macrocycles of 3.1 force the BDI ligands to sit further apart to accommodate the guest molecules. The
difference in size of the macrocycles of 3.1 and 3.2 demonstrates that the BDI ligands are more flexible

than NDI ligands and can accommaodate larger, non-aromatic guests within them.
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Figure 3.7. The [Cd2(LeuBDI)2(DMSO)3(DMF),(OH?)] macrocycle in the structure of 3.2.
All hydrogen atoms are omitted for clarity.

The alignment of the DMF molecules within the macrocycles leads to the complexes packing into a 2D
sheet of macrocycles, Figure 3.8. The space above the plane of the BDI ligand of the macrocycle is occupied
by the non-coordinating DMF molecules and the isobutyl side chains of the complexes of the neighbouring
macrocycle sheets, in a similar manner to the LeuNDI coordination polymers. The structure 3.2 shows that
although the BDI and NDI macrocycles have some significant differences in their structure and

interpenetration, the bulky isobutyl group has the same influence on the packing of the complexes.
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Figure 3.8. The packing of the macrocycles with the coordinated DMF ligands of two
neighbouring macrocycles sitting between the BDI ligands (right). All hydrogen atoms are

omitted for clarity.

3.4 Coordination complexes containing BDI and dipyridyl ligands

Due to the formation of discrete macrocycles with AlaBDI and LeuBDI when reacted with Cd", H,AlaBDI
and H,LeuBDI were also reacted with dipyridyl ligands and transition metals, in an attempt to form
coordination polymers.  The reaction of H;AlaBDI, ZnCl;-6H.0 and 4,4’-bipy in DMF produced a
crystalline product of the formula (NH2(CHs),)2[Zn2(AlaBDI)2(4,4"-bipy)Cl;], 3.3. The structure of 3.3 is
modelled in the chiral space group C2. The asymmetric unit contains one complete formula unit. Both the
Zn'""ions adopt a tetrahedral coordination geometry, in which the coordination sphere is occupied by two
monodentate carboxylate ligands, a 4,4'-bipy and a chloride ligand. In a similar manner to the structure of
3.1, the AlaBDI ligands are “U-shaped”, forming a metallomacrocycle motif. Surprisingly, the 4,4’-bipy
ligands do not bridge the macrocycles into a 1D chain, instead the 4,4’-bipy is bridging between the Zn"
ions within the macrocycle, Figure 3.9. The difference in metal coordination geometry in 3.3 in comparison
to 3.1 and 3.2 in which the Cd" ions adopted distorted trigonal bipyramidal and octahedral geometries is
likely due to the smaller ionic radius of Zn" in comparison to Cd", allowing Zn" to adopt a tetrahedral

geometry. The complex has a 2- charge, and is charge balanced by the presence of two dimethylammonium
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ions, formed by the hydrolysis of DMF during the reaction. The dimethylammonium ions form hydrogen
bonds with the non-coordinated oxygen atoms of the monodentate carboxylate groups.

The AlaBDI ligands are again shown to be quite flexible in the structure of 3.3. The phthalimide groups are
twisted with interplanar angles of 21.8(8)° and 15.2(5)° in relation to each other. The 4,4'-bipy ligands are
flexible in a similar manner, as the two pyridyl groups have an interplanar angle of 34.6(5)°. Despite the
presence of an aromatic dipyridyl ligand in the middle of the macrocycle, there is still an absence of face-
to-face m-interactions of the BDI ligands and the 4,4'-bipy, likely due to the flexibility of the ligands

involved. There are also no m-interactions in the 3D packing of the macrocycles.

Figure 3.9. The structure of 3.3 in which a 4,4'-bipy ligand bridges between the Zn'" ions of
the {Zn,(AlaBDI),} macrocycle. Hydrogen bonds are shown as dashed red lines.

The structure of the macrocycle in 3.3 is significantly different to those of 3.1 and 3.2, due to the presence
of the 4,4'-bipy within the macrocycle and the change in metal ion. The M---M distances within the
macrocycle in the structures of 3.1 and 3.2 are 15.173(4) A and 16.108(5) A, respectively. The macrocycle
is slightly more elongated in the structure of 3.2 due to the presence of planar DMF molecules within the
macrocycle allowing the BDI ligands to sit closer together. In the structures of 3.1 and 3.2, all the oxygen

atoms of the carboxylate groups are coordinated or have a weak interaction with the Cd' ions. The M---M
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distance within the complex of 3.3 was significantly shorter, at 11.208(3) A. The non-coordinating oxygen
atoms of the monodentate carboxylate groups are not interacting with the Zn", as they have very long
Zn"---O distances of 3.090(17), 3.213(17), 3.033(11) and 3.307(8) A. The observed difference in metal
coordination and M---M distance within the macrocycle appears to be due to the metal ions of 3.3 being
closer together to allow for the bridging of the 4,4'-bipy, and is allowed by the smaller ionic radius of Zn"
in comparison to Cd". The change in shape of the macrocycles of 3.3 again demonstrates how the flexibility
of BDI ligands allows the formation of coordination complexes which would not be possible with rigid
NDI ligands.

As the use of 4,4'-bipy was unsuccessful in forming coordination polymers with BDI ligands, a longer and
more 7-rich dipyridyl ligand, 4PyNDI, was engaged. The reaction of H,AlaBDI, 4PyNDI and
Cd(NOs),-4H,0 was carried out in DMF at 100 °C, forming crystals of a coordination polymer of the
formula poly-[Cd(LeuBDI)(4PyNDI)]-11H.0-2DMF, 3.4. The structural determination of 3.4 revealed that
the Cd" ions form {Cd.L,} macrocycles linked together by bimetallic nodes of the same form prevalent in
the coordination polymers reported with NDI ligands. The asymmetric unit contains two Cd" ions, two
LeuBDlI ligands and two 4PyNDI ligands and is modelled in the chiral space group P1. Both of the Cd"
ions adopt a distorted octahedral geometry. The two Cd" ions in the bimetallic node are bridged by two
carboxylate groups in a p-1x0,2«x0’ coordination mode and the remaining equatorial sites are occupied by
a chelating carboxylate group on each Cd". The axial positions are occupied by 4PyNDI ligands, forming
“double pillars” of 4PyNDI ligands, which bridge the 1D metallomacrocycle chains into a 2D sheet, very
similar to the structure of 2.7, Figure 3.10. The structure also includes voids in which no solvent could be
modelled, but was assigned as 11 water and two DMF molecules per asymmetric unit, by TGA,
microanalysis and residual electron density.

The combination of LeuBDI with a n-rich dipyridyl ligand, 4PyNDI, in the structure of 3.4 leads to multiple
instances of face-to-face n-interactions within the network. The 4PyNDI ligands in the double pillars are
engaged in face-to-face m-interactions with each other through the naphthalene core, at a minimum C---C

distance of 3.350(12) A. There are also n-interactions between the sheets, in which the 4PyNDI ligands are
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interacting with the external face of the {Cd»(LeuBDI)>} macrocycles of the adjacent sheet, at minimum
C---C distances of 3.250(13) and 3.293(11) A. It can be observed from the structures of 3.1 — 3.3 that the
BDI ligands are not predisposed to forming coordination networks in which face-to-face n-interactions have
a significant influence on the packing of the compound, however upon addition of a w-rich dipyridyl ligand

in the structure of 3.4, n-interactions are a dominant interaction in the network which is formed.
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Figure 3.10. The macrocycle present in the structure of 3.4, showing the bimetallic nodes
in which the equatorial positions are occupied by carboxylate groups and the axial positions
are occupied by the dipyridyl groups of 4PyNDI (top). The 2D sheet formed by the chains
of conjoined macrocycles being bridged by double pillars of 4pyNDI ligands in the structure
of 3.4 (left). The packing of the 2D sheets in which there are m-interactions between the
4PyNDI ligands and the external faces of the LeuBDI ligands of the macrocycles (right).

All hydrogen atoms are omitted for clarity.
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The structure of 3.4 is analogous to the structure of 2.7, in that they both involve 1D chains of conjoined
macrocycles with bimetallic nodes, which are bridged into 2D sheets by double pillars of 4PyNDI ligands.
It was observed in the coordination polymers involving LeuNDI ligands, that there was a lack of
interpenetration by a catenane motif and no instances of m-interactions with the external face of the
{M_(LeuNDI)2} macrocycles, due to the steric bulky of the isobutyl side chain crowding the naphthalene
core. However, due to the added length of the BDI ligand in comparison to the NDI ligand, with N---N
distances of ~7 A and ~10.5 A in the NDI and BDI ligands, respectively, it is possible for a 4PyNDI ligand
to engage in m-interactions with the external face of the {M2(LeuBDI).} macrocycle. Comparison of the
structure of 3.4 with that of 2.7 demonstrates that BDI and NDI ligands may form equivalent macrocycle
motifs, and that the increase in the size of the LeuBDI ligand allows z-interactions to occur which were not
possible with LeuNDI coordination polymers, however that z-interactions with BDI ligands will only occur

in the presence of a w-rich dipyridyl ligand.

3.5 Discrete Cu'' square complexes incorporating BDI ligands

All the coordination complexes discussed thus far have involved BDI or NDI ligands with Zn", Cd" or Mn"
metal centres. The use of Cu" with BDI ligands was also explored, as it presents the potential to form copper
paddlewheel SBUs when reacted with the carboxylate groups of the AlaBDI and LeuBDI ligands. A copper
paddlewheel cluster involves two Cu'" ions with a square pyramidal coordination geometry, in which the
equatorial sites of each Cu'' are occupied by oxygen atoms of carboxylate groups and each of the
carboxylate groups bridging between the Cu" ions in a u-O,0’ bridging mode. The apical positions of the
Cu''are often occupied by solvent molecules, however they can also be occupied by additional monodentate
ligands, thus functioning as an octahedral SBU.%® 387 Copper paddlewheels may also be used in the
synthesis of discrete metal organic polyhedral (MOPs). In the instances that the copper paddlewheel
functions as a square planar node, the formation of a discrete MOP or a polymer is determined by the shape
of the ligand used.3%%: 388-3%

The reaction of H,AlaBDI with Cu(OAc): in a solvent mixture of DMF and DMSO formed a clear blue

solution. After sitting at room temperature for one month, blue crystals formed, which were analysed by X-
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Chapter 3 Coordination compounds with biphenyl diimide ligands
ray diffraction to reveal a coordination complex of the formula [Cug(LeuBDI)s(DMSQ)4(OH3)4]-solv., 3.5.
The structure involves a {Cus(AlaBDI)s} complex in which four copper paddlewheels form the corners of
a square, which are each bridged by two AlaBDI ligands to form the edges of the square, Figure 3.11. The
structure of 3.5 is modelled in the chiral space group P4,2:2 and the asymmetric unit contains half of a
{Cus(AlaBDI)s} square complex; four Cu" ions, four AlaBDI ligands, coordinated solvent of two DMSO
and two water molecules, and non-coordinated solvent of four DMSO molecules modelled at half
occupancy, and two water molecules, one of which is modelled at half occupancy. The structure also
contained significant void volume (47% as calculated by Mercury®”®) in which no solvent could be
modelled.

The flexibility of the BDI core is shown again by the two phthalimide groups, which are twisted in relation
to each other at 43.8(15), 40.6(9), 38.3(14) and 43.2(11)°. The twist in the ligands allows the ligands to
form an “S” shape as they bridge between the paddlewheel motifs. The ligands are twisted at angles of
86.7(6), 76.2(6), 86.0(5) and 84.8(6)°, between planes of the coordinating carboxylates of each ligand. The
(S)-alanine groups coordinated to the paddlewheel force the groups into a propeller motif, giving the
paddlewheel chirality with a A configuration. The flexibility and chirality of the AlaBDI ligand allows the

ligands to twist in the appropriate geometry in order to from this square complex.
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Figure 3.11. The Cu" paddlewheel cluster, showing only the oxygen atoms of the solvent
atoms coordinated to the apical positions of the Cu'' (left), the coordination and “S” shape
of each AlaBDI ligand made possible by the flexibility of the ligand, (centre) and the
discrete coordination square of 3.5, (right). All hydrogen atoms are omitted for clarity.
The LeuBDI ligand was also reacted with Cu'" to assess to reproducibility of the square complex of 3.5.
The reaction of HzLeuBDI and Cu(OAc), was conducted in DMSO and formed blue crystals in one month,
the crystals were analysed to reveal a coordination complex of the formula [Cug(LeuBDI)s(OH.)s]-solv.,
3.6. The structure of 3.6 is analogous to that of 3.5 in which four copper paddlewheels form the corners of
a square which are bridged by two BDI ligands to form each edge of the square. The structure of 3.6 is
modelled in the chiral space group P2; and the asymmetric unit contains an entire [Cus(LeuBDI)s(OH2)s]
complex. The structure also contained significant void volume (39% as calculated by Mercury®"®) in which
no solvent could be modelled.

The lower symmetry of the model of 3.6 in comparison to 3.5 is likely due to the flexibility of the isobutyl
side chain of LeuBDI lowering to symmetry of the system. Similar to the structure of 3.6, the flexibility of
the core of the BDI ligand allows them to form this square complex. The phthalimide groups of each ligand
are twisted in relation to each other by 43.4(6), 38.7(5), 45.3(6), 38.1(5), 46.2(6), 38.7(4), 39.8(6) and

35.7(4)°. The ligands form an “S” shape, twisting at angles of 85.5(3), 86.2(3), 94.9(2), 82.2(2), 82.0(2),
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85.8(2), 89.0(2), 99.7(3)° in order to bridge between the paddlewheels. The chirality of the (S)-leucine
groups on the ligand forces the paddlewheel into a propeller motif, giving it a A configuration, similar to
that observed in 3.5. The solid-state packing of the complexes of 3.6 involves some non-parallel n-
interactions between the complexes, with closest C---C distance of 3.36(2) A and interplanar angle of

18.6(5)°, and closest C---C distance of 3.39(2) A and interplanar angle of 18.4(5)°, Figure 3.12.

Figure 3.12. The square complex of 3.6 (left) and the packing of the complex of 3.6 with
some non-parallel m-interactions between the phenyl groups of the ligand (right). All
hydrogen atoms are omitted for clarity.

The square complexes of 3.5 and 3.6 form with a large void in their centre and the packing of the complexes
also leads to large voids between them, leading to solvent accessible void space within the solid state
structures of 47% and 39%, respectively. Due to this inefficient packing and the high porosity of the
complexes, the crystals were highly unstable out of solution. It was observed that removing the crystals
from solution led to the rapid loss of solvent and consequently loss of crystallinity. As a result, the bulk
characterisation technique of powder X-ray diffraction was unable to be used for the bulk characterisation
of the solid state structures of 3.5 and 3.6.

The structure of 3.5 and 3.6 show that engaging Cu" instead of Zn", Cd" and Mn' with amino acid

substituted diimide ligands allows the formation of a copper paddlewheel SBU, leading to the formation of
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discrete coordination complexes which would not have been possible with the previously utilised transition

metals.

3.6 Infinite networks with 1soBDI ligand

The isophthalic acid substituted BDI ligand, despite its lack of chirality, was also investigated, to determine
how the presence of four carboxylate coordinating groups would influence the coordination compounds
formed. As the IsoBDI ligand has twice as many coordinating groups than the AlaBDI or LeuBDI ligands,
it is more likely to form infinite coordination networks.

The reaction of HslsoBDI with ZnCl,-6H.0 in DMF formed colourless crystals, which were structurally
characterised to show a 3D coordination polymer with formula poly-
[Zn4(1s0BDI)2(DMF)(OH2)4]'DMF-9H,0, 3.7. The structure of 3.7 involves four Zn" ions, two IsoBDI
ligands, four water ligands and a ligated DMF molecule in the asymmetric unit, as well as additional void
space in which no ordered solvent molecules could be modelled. The non-coordinated solvent was assigned
as one DMF and nine water molecules per asymmetric unit, by residual electron density, as well as TGA
and microanalysis.

There are two bimetallic nodes in the structure of 3.7, in which the two Zn" ions within the nodes are
bridged by three carboxylate groups in p-1x0,2«x0’ coordination modes, Figure 3.13. One node involves
Zn(1) and Zn(2), and the other involves Zn(3) and Zn(4). Zn(1) adopts a tetrahedral geometry, in which
three of the sites are occupied by the bridging carboxylates, and the remaining site is occupied by a ligated
DMF molecule. Zn(2) and Zn(3) both adopt a trigonal bipyramidal geometry in which the equatorial
positions are occupied by a monodentate carboxylate and two bridging carboxylates, and the axial positions
are occupied by the remaining bridging carboxylate and a water molecule. Zn(4) is also in a trigonal
bipyramidal geometry, with the equatorial positions occupied by two water molecules and a bridging

carboxylate, and the axial positions are occupied by two bridging carboxylate groups.
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Figure 3.13. The two bimetallic nodes, entailing four crystallographically unique Zn'" ions,
in the structure of 3.7. All hydrogen atoms are omitted for clarity.

The four carboxylate groups on the ligand enables it to act as a four connecting node bridging between the
four connecting bimetallic Zn'" nodes. The topology of the coordination polymer can be described by a
Schlafli symbol of (42.62.8%)4. The aromaticity of the ligands allows face-to-face parallel n-interactions to
occur between the ligands. There are two crystallographically unique IsoBDI ligands in the structure, which
engage in three different instances of m-interactions. One isophthalate group of each ligand is engaged in
face-to-face m-interactions with the phthalimide groups of neighbouring ligands, with closest C---C
distances of 3.381(11) A and 3.419(11). There are also m-interactions between two neighbouring
phthalimide groups, with closest C---C distance of 3.411(11) A. The remaining isophthalate groups are
twisted in relation to the core of the ligand and not engaged in m-interactions. The structure of 3.7 packs in
such a way to leave 36% of the material as void space. The voids are in the form of intersecting 1D channels,

when viewed down the b- and c-axis, Figure 3.14.
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Figure 3.14. The 1D solvent channels present in the structure of 3.7, viewed along the b-
and c-axis, respectively.

Due to the solvent channels present in the structure of 3.7 the material was investigated for permanent
porosity with the view to test this material for gas storage applications. Thermogravimetric analysis (TGA)
of the fully solvated material showed a steady loss of solvent between 25 — 150 °C, Figure 3.15. The
material was soaked in dichloromethane, acetonitrile and methanol to evacuate the non-volatile DMF from
the pores and investigate the stability of the desolvated material. The TGA of the soaked samples showed
the loss of the majority of the solvent between 25 — 100 °C, Figure 3.15. The desolvated samples were
analysed by powder X-ray diffraction, which showed that the desolvation of the sample led to the loss of
crystallinity of the material. The material was therefore not investigated for permanent porosity via gas

SOI’ptiOﬂ measurements.
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Figure 3.15. The thermogravimetric analysis of the freshly synthesised 3.7 from DMF
(orange), and after soaking in dichloromethane (grey), acetonitrile (yellow) and methanol
(blue).

In a similar manner to the amino acid substituted BDI and NDI ligands, the reaction of HslsoBDI with
transition metals was also investigated with the addition of dipyridyl ligands. The reaction of HslsoBDI,
4PyNDI and Cd(NOs),-4H,0 yielded yellow crystals which were structurally characterised to show a
coordination polymer of the formula poly-[Cd(IsoBDI)os(4PyNDI)]-2.5DMF-4H,0, 3.8. The structure of
3.8 is modelled in the centrosymmetric space group C2/c and the asymmetric unit contains one Cd" ion,
half an IsoBDI ligand and a 4PyNDI ligand. The Cd" ions form a bimetallic node and adopt a distorted
octahedral geometry in which the equatorial positions are occupied by one chelating carboxylate and two
carboxylates which are bridging between the metals in a p-1x0,2«QO’ coordination mode, and the axial sites
are occupied by 4PyNDI ligands. The IsoBDI ligands act as a four connecting node, bridging the bimetallic
Cd'" nodes into a (4,4) sheet. The 4PyNDI ligands act as double pillars, in a similar manner to that observed
in the structures of 2.7, 2.18, 2.19 and 3.4. The 2D sheets are bridged into a 3D network by the double

pillars of 4PyNDI. The bimetallic nodes act as a 6-connecting node and the IsoBDI ligand acts as a 4-
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connecting node, and the network can be described by a Schlafli symbol of (4.68. 8)(4*.6%) and has an fsc

topology, Figure 3.16.
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Figure 3.16. The 2D sheet within the structure of 3.8 (top), the 4PyNDI ligands bridge these
sheets together to form a 3D network. All hydrogen atoms omitted for clarity. The topology
diagram of the 3D network (bottom). The ligands are represented by red spheres and rods,
the metal spheres are represented by purple spheres, and the double pillars are represented

by blue rods.

The isophthalate groups are twisted in relation to the BDI core group at an interplanar angle of 77.259(4)°.
The two phthalimide groups of the BDI core are co-planar. The network of 3.8 is 2-fold interpenetrated, as
the double pillars of 4pyNDI ligands pass through the windows between I1soBDI ligands, Figure 3.17. The

arrangement of the IsoBDI ligands allows parallel m-interactions between the BDI core and the
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interpenetrating 4PyNDI ligands, with closest C---C distances of 3.900(6) and 3.4067(7) A. The 4PyNDI
ligands also have parallel w-interactions with each other through the NDI cores, with closest C---C distance
of 3.3893(7) A. The dipyridyl groups of the 4PyNDI ligand are also engaged in offset parallel -
interactions, with closest C---C distances of 3.4832(18) and 3.6955(19) A. As was previously observed
with the NDI ligands and the structure of 2.4, the n-rich 4PyNDI ligand facilitates w-interactions within the

network.

Figure 3.17. The interpenetration of the two 3D networks of 3.8, by the double pillars of
4PyNDI threading through the {Cd2(IsoBDI).} loop and engaging in m-interactions, shown
as blue dashed lines (left). All hydrogen atoms are omitted for clarity. The interpenetrating
networks as shown by their topology diagrams, shown in red and blue (right).

Despite the 2-fold interpenetration of the network of 3.8, the structure still shows potential for porosity.
The structure contains intersecting 1D solvent channels, when viewed down the b- and c-axes, Figure 3.18,
giving the material 35% void space, as calculated by Mercury.®® Solvent could not be modelled in the

single crystal X-ray structure of 3.8, however TGA, microanalysis and residual electron density suggested

that the voids contained four water and 2.5 DMF molecules per asymmetric unit.
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Figure 3.18. The 1D channels in the structure of 3.8, viewed down the b- (left) and c-axes
(right).

As the structure of 3.8 showed solvent filled channels, the material was investigated for permanent porosity.
The evacuation of the pores was first investigated by soaking the material in acetonitrile and
dichloromethane, in order to exchange the non-volatile DMF from the pores. The TGA of the unactivated
sample showed solvent loss between 25 — 175 °C. The TGA of the acetonitrile and dichloromethane soaked

samples showed rapid solvent loss between 25 — 70 °C, Figure 3.19.
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Figure 3.19. The TGA of 3.8 freshly synthesised from DMF (blue) and after soaking in
acetonitrile (orange) and dichloromethane (grey).

The most efficient solvent exchange was observed for the sample which was soaked in acetonitrile, as it
plateaued from 70 °C, while the dichloromethane sample showed most of the mass loss by ~ 60 °C and
then another step of solvent loss until 150 °C. Therefore a bulk sample of 3.8 was soaked in acetonitrile
and activated for gas sorption measurements to analyse if the material had permanent porosity.
Unfortunately, the material did not display any indication of gas sorption.

The coordination polymers obtained containing IsoBDI showed the influence of increasing the number of
coordinating groups of a ligand from two carboxylate groups to four. The higher number of coordinating
groups, also coupled with dipyridyl ligands in one case, led to the formation of 3D networks. Both of the
coordination polymers obtained with IsoBDI showed solvent channels in their structure, however neither

showed permanent porosity and so could not be investigated for gas storage applications.

3.7 Conclusion

All the coordination complexes reported with amino acid substituted BDI ligands have shown that these

ligands form [M:L,] metallomacrocycle motifs in a similar manner to those reported with amino acid
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substituted NDI ligands. As the core of the BDI ligand is not a fused aromatic system, as was the case for
the NDI ligands, the BDI core is somewhat flexible and forms coordination compounds which are much
less likely to be dominated by mt-interactions.

In the absence of a dipyridyl ligand, the reaction of AlaBDI or LeuBDI with Cd" formed discrete
macrocycle complexes, 3.1 and 3.2, similar to those reported as forming in the coordination polymers
involving NDI ligands. The use of a small dipyridyl ligand, 4,4'-bipy, alongside AlaBDI and Zn" did not
form a polymeric coordination compound as was expected, but a discrete macrocycle in which the 4,4'-
bipy bridged the metals within the macrocycle. It was only upon the reaction of a longer and n-rich dipyridyl
ligand, 4PyNDI, with LeuBDI and Cd", that a coordination polymer, 3.4, was formed. The use of Cu" with
AlaBDI or LeuBDI led to two analogous {Cug(BDI)s} square complexes, 3.5 and 3.6, in which four copper
paddlewheel SBUs form the corners of the square and two BDI ligands form each edge of the square.
Although these square complexes were unable to be analysed in bulk, they are an interesting example of
discrete complexes formed with copper paddlewheels and amino acid substituted diimide ligands, which
are further explored with different ligands in Chapters 5 and 6.

The coordination complexes 3.1 — 3.6 were much less dominated by z-interactions than those involving
amino acid NDI ligands, most likely due to the BDI ligands being more flexible and less m-rich. The
structures of 3.1 — 3.3 did not involve any discernible n-interactions. The n-rich 4PyNDI ligand used in 3.4
led to face-to-face m-interactions both within and between the 2D sheets of the structure. The structures of
3.5 and 3.6 involved some non-parallel face-to-face m-interactions between the complexes in their solid-
state packing.

The change from amino acid substituted BDI ligands to an isophthalic acid substituted ligand, 1soBDI,
which has four coordinating carboxylate groups, led to the formation of two different 3D coordination
polymers. The network with Zn'' metal centres, 3.7, showed solvent filled channels accounting for 36% of
the unit cell. The use of IsoBDI with Cd" and 4PyNDI formed a 3D network which showed solvent filled

channels which accounted for 35% of the unit cell, 3.8. Both 3.7 and 3.8 were investigated for permanent
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porosity, but showed loss of crystallinity or no gas absorption, and therefore it was concluded that they did
not display permanent porosity.

The amino acid substituted BDI ligands reported herein have been shown to form similar [ML;]
macrocycle motifs as those which were observed to be ubiquitous with amino acid substituted NDI ligands.
As the BDI ligands were not as n-rich as the NDI ligands, their coordination compounds were much less
dominated by m-interactions, and formed with less predictability. These results demonstrate that amino acid
substituted diimide ligands, both with an NDI or a BDI core group, are reliable tectons for the synthesis of

coordination polymers with [ML.] metallomacrocycle motifs.
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Chapter 4: Fluorescent properties of
naphthalene diimides

4.1 Introduction

Luminescence is the emission of light by any substance resulting from radiative relaxation (i.e emission of
a photon) from an excited state to a lower energy state. This transition is often from a higher electronic state
to the ground state.®** In an electronically excited species, the excited electron may be in an excited singlet
state, in which the electron is spin paired to a second electron in the ground state, or it may change spin, a
process called intersystem crossing, to a triplet state, in which it is not spin paired with an electron in the
ground state. Photoluminescence is the excitation of a sample by photons, followed by the emission of
photons from the excited state.

Photoluminescence can be divided into two categories, depending on the nature of the excited state. The
transition from a singlet to the ground state is classified as fluorescence. As this transitions between singlet
to ground state is spin-allowed, the transition is quite fast, typically occurring on a time scale of
nanoseconds. The transition from triplet to ground state is called phosphorescence. As the transition from
triplet to ground state is not spin-allowed, the transition is much slower, resulting in emission lifetimes of

microseconds through to seconds.

4.1.1 Fluorescence

Fluorescence is a widely utilised tool for analysing the structure and interactions of matter, due to the
specificity of fluorescent characteristics of the emitting molecule due on its microenvironment.* There are
multiple highly sensitive techniques which may be utilised based on the fluorescence output of a material.>%
A molecule which is fluorescent is called a fluorophore, of which there are multiple different types.
Fluorophores which have different forms have certain advantages over one another. Commonly
investigated fluorophores include small-molecule dyes, which have fluorescent properties which are tuned

by their structure, 3% 3% quantum dots, which have fluorescent characteristics tuned by size, **7 and
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naturally occurring fluorescent proteins, which have led to the advancement of biological imaging 3%-4%
Small molecule dyes are commonly studied fluorophores because many may be designed to be non-toxic
and insensitive to pH and temperature, and may be functionalised for a specific purpose and incorporated
into larger structures.

An area which fluorescent compounds find a broad range of applications is that of sensing, due to the
sensitivity which fluorescence has to the environment of the compound. Fluorescent sensors have found
applications in the detection of toxic metals such as lead, cadmium and mercury.*** Fluorescence has been
used in the sensing of cations, and offers significant advantages over other cation sensing techniques, as it
is minimally invasive, highly sensitive, relatively inexpensive, allows continuous monitoring and does not
require a large amount of sample.*%

Fluorescent compounds may also have applications in enantioselective sensing, an example of which is a
chiral boronic acid molecule which was observed to have highly enantioselective fluorescence when
interacting with sugar esters.®® Chiral MOFs may also act as enantioselective fluorescent sensors, as
reported by the Lin group. A chiral BINOL functionalised ligand formed a 3D MOF with 57% void space,
which showed fluorescence emission when suspended in acetonitrile. The addition of chiral amino alcohols
acted to quench the fluorescence of the MOF, by the preconcentration of the guest molecules in the pores.
The different handednesses of amino alcohol guest which were incorporated into the pores led to different
quenching efficiencies, making this MOF an enantioselective fluorescent sensor material.*™

Fluorophores may sometimes interact with each other in solution, which leads to a change in their
emission.®* A well know example of this is pyrene, which at low concentration shows emission which is
vibrationally structured and a mirror image of its absorbance, however at higher concentration it emits at a
longer or lower energy wavelength, which is due to the formation of excited state dimers (excimers) in
solution. Excimers form when a monomer (M) interacts with another monomer which is in an excited state
(M*), forming an excited state dimer, which will then emit a photon and dissociate, Equation 4.1. Excited
state complexes (exciplexes) may also form between a fluorophore in an excited state (A*) and another

molecule (B), which emits a photon when the complex dissociates, Equation 4.2.
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hv h' .
2M - M+ M* - D* —2M (Equation 4.1)
hv h' .
A+B - A* +B — [AB]" — A+ B (Equation 4.2)

4.1.2 Physical properties of naphthalene diimides

NDIs have attracted much attention in a variety of fields because they are a class of compounds with
properties which can be highly dependent on their substitution. The ease of functionalisation of NDIs while
maintaining their basic structure has led to their investigation into a variety of fields for applications in
areas such as organic electronic devices,*** %% photovoltaics,*® flexible display devices,*” dyes,*%®
fluorescence sensors,*®® medicine and biology*'®#!* and semiconductors.**2

The electron deficient nature of NDIs has enabled them to be utilised within supramolecular chemistry for
the formation of various supramolecular architectures, including rotaxanes, catenanes, nanotubes and
foldamers, typically through the combination of the electron deficient NDI with an electron rich aromatic
alkoxy molecule. 365 413418 Qutside the field of metallosupramolecular chemistry NDIs have been the
subject of investigation in many other areas of chemistry and materials science.®®

As was observed in their solid state coordination compounds, NDIs readily form face-to-face n-interactions,
which contributed to the reproducibility of the {M,L,} metallomacrocyclic motif in the coordination
polymers discussed in Chapter 2. The n-rich naphthalene core of NDIs may also be used to facilitate the
formation of low-molecular weight gels.*!® In 2006 the Shinkai group reported an efficient and versatile
NDI based organogelator which formed a robust 1D gel superstructure, facilitated by a combination of n-x
stacking, hydrogen-bonding and van der Waals forces. The organogel could be used as a colourmetric
detection system for naked-eye differentiation between several positional isomers of
dihydroxynaphthalene.**® It was the propensity of the NDI core to form zm-interactions which led to the
formation of such an efficient gel, demonstrating that the n-rich core of the NDI is useful in materials
chemistry as well as in reproducibility in supramolecular chemistry.

The fluorescence properties of NDIs can be tuned depending on the substitution of the molecule. Therefore

NDIs have been investigated widely for their fluorescent properties. Functionalisation of NDIs through
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only their diimide nitrogen sites typically has minimal influence on the weakly fluorescent nature of the
NDI core, and shows absorption spectra with structured bands in the range of 300-400 nm, indicative of n-
7* transitions. The emission spectra of imide substituted NDIs usually mirrors that of the absorption spectra,
with a small Stokes shift. The increased solubility of NDIs in comparison to the other larger rylene diimides,
perylene diimide (PDI) and terylene diimide (TDI), make them much more attractive for fluorescence
studies in a variety of solvents and concentrations.*?® The core substitution of NDIs with electron donating
groups such as amines produces molecules of variable absorption and fluorescent properties, dependent on
the substitution. Core substituted NDIs therefore have broad applications as readily tuneable dyes.*20-423

Although NDIs which are not core-substituted are usually weakly fluorescent, they have also been shown
to have excimer- or exciplex-like emission. The presence of an NDI excimer or exciplex can be identified
by a broadening of the characteristic absorption spectrum and emission spectrum around 300-400 nm, and
a broad and unstructured emission band at longer wavelength ~ 400 — 600 nm, with maxima around 480 —
550 nm.>** An example of such exciplexes is through solvent dependent emission of an NDI which showed
typical NDI emission maxima at 386 nm when dissolved in acetonitrile, and showed broad emission with
maxima at 436, 481 and 522 nm when dissolved in benzene, toluene and p-xylene, respectively.*?* The
shifted and broadened emission of the NDI when dissolved in aromatic solvents could be attributed to the
formation of exciplexes between the NDI and aromatic solvent molecules. An NDI-based chemosensor
utilising the phenomenon of NDI-NDI excimers has also been reported for the sensing of the biologically
important molecule pyrophosphate (PPi). The NDI chemosensor forms a 2 + 2 type excimer with the PPi
molecule, which brings the NDI groups into close proximity, allowing favourable z-interactions between

the NDIs, Figure 4.1. The formation of the excimer is indicated by a broad emission peak at 490 nm.*'
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Figure 4.1. The NDI chemosensor in which two NDIs, two PPi ions and two Zn'" ions form
a complex in which the NDIs are engaged in face-to-face z-interactions and form excimers,
shown by emission at 490 nm.

The formation of NDI exciplexes with aromatic solvent molecules has also been observed with solid state
materials which incorporate NDI functionality. An asymmetrically functionalised NDI which was
substituted through the imide positions, with a butyl group and an alanine methyl ester, was shown to form
a 2D layered nanomaterial which displayed tunable fluorescence emission, dependent on aromatic
solvents.*” The emission maxima changed to 450, 487 to 523 nm with benzene, toluene and xylene,
respectively. An NDI based MOF was also shown to be a fluorescent chemical sensor. The MOF showed
instant and reversible solvatochromic behaviour based on the presence of solvents of varying polarity, and
exhibited selective detection of amines by photoluminescence quenching.®®°® This previous work establishes
the viability of designing NDIs to form exciplexes with aromatic solvents or NDI excimers which may form

in solution.

4.2 Fluorescence of the leucine substituted NDI

Due to the many applications of NDIs outside the area of metallosupramolecular chemistry owing to their

interesting physical properties, the amino acid substituted NDI ligands which were utilised in this work for
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coordination chemistry were also investigated for their photophysical properties. The fluorescence
properties of HoLeuNDI were investigated in detail due to its solubility in a range of organic solvents.

As the fluorescence of NDIs has previously been shown to be solvent dependent, the fluorescence properties
of H.LeuNDI were investigated in a range of solvents. The non-polar aromatic solvents used were toluene
and o-, m- and p-xylene. The non-aromatic solvents chloroform and acetonitrile were also investigated.
These solvents were chosen because they represented a good range of polarity, size and aromaticity through

which to investigate the solvent dependent fluorescent properties of HLeuNDI.

4.2.1 Fluorescence of H.LeuNDI in non-aromatic solvents

The spectra of H.LeuNDI in acetonitrile and chloroform showed absorption and emission which is typical
for NDIs which are not substituted at the core positions, Figure 4.2. The absorbance spectra show peaks at
361 and 380 nm and a shoulder at 345 nm in chloroform, and at 358 and 378 nm with a shoulder at 342 nm
in acetonitrile, attributed to m-n* transitions of the NDI core.*?* The emission spectra are mirror images of
the absorbance, with peak maxima at 411 and 407 nm in chloroform and acetonitrile, respectively, and a
shoulder at 390 nm. Emission spectra which are mirror images of the absorbance are typical of imide
substituted NDIs. The fluorescence of H,LeuNDI in chloroform and acetonitrile is very weak, with quantum

yields of 0.0014 and 0.0016, respectively.
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Figure 4.2. Normalised absorption (orange) and emission (blue) spectra of H.LeuNDI at 30
pmol/L in chloroform (left) and acetonitrile (right), showing absorbance peaks at ~360 and
380 nm and emission maxima at ~410 nm, typical of NDIs which are not substituted at the
core positions. Unnormalised absorptions of HoLeuNDI in chloroform and acetonitrile at
30 pumol/L were 0.51 and 0.09, respectively.

The fluorescence emission of HLeuNDI was also measured with varying concentrations, in order to
analyse if an increase in concentration would encourage aggregation of the molecules and the occurrence
of excited state dimers (excimers). The emission was measured in solutions of H,LeuNDI in chloroform at
concentrations ranging from 10 — 150 pumol/L, Figure 4.3. The emission intensity increased with higher
concentration, with the exception of the solution at a concentration of 150 pumol/L, which shows decreased
intensity compared to the solution at 100 pmol/L. It is likely that the emission intensity decreased with
increased concentration due to the inner filter effect, in which molecules in the sample absorb light which
is emitted by other molecules within the sample, due to high concentration. The emission peak at 390 nm
decreases in relation to the peak at 410 nm upon increasing concentration, due to the inner filter effect, as
the molecules absorb to a much greater extent at 390 nm than 410 nm. The increase in concentration does
not lead to any new emission peaks, which could be attributed to the presence of excimers, suggesting that

the HoLeuNDI molecules are not forming excimers in chloroform solutions. The *H-NMR of solutions of

H,LeuNDI of increasing concentration from 10 — 80 mmol/L were also measured, as interaction of the NDI
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cores in solution would likely lead to a shift in the signal of the NDI core. The increase in concentration
does not lead to a shift in the *H-NMR signal of the NDI core, Figure 4.3. The absence of new peaks in the
emission spectra of H,LeuNDI upon increasing concentration and the lack of shift in the *H-NMR signal
for the NDI core both suggest that the NDIs are not aggregating and therefore not interacting in solution

through the aromatic NDI cores.
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Figure 4.3. Emission of H,LeuNDI in chloroform at increasing concentrations (left). The
highest concentration leads to decreased emission intensity due to the inner filter effect.
The maximum emission of H;LeuNDI in chloroform at each concentration, showing an
increase in emission intensity with concentration up to 100 umol/L, after which the inner
filter effect causes a decrease in the emission intensity. (centre). The *H-NMR signal for the
NDI core of HzLeuNDI in chloroform at concentrations of 10 mmol/L (red), 30 mmol/L
(green), 40 mmol/L (light blue), 60 mmol/L (dark blue) and 80 mmol/L (purple) (right),
showing that increased concentration does not shift the *H-NMR signal for the NDI core,
suggesting that the H,LeuNDI molecules do not aggregate in solution, despite elevated

concentration.

4.2.2 Fluorescence of H2LeuNDI in aromatic solvents

The absorbance and emission spectra of H.LeuNDI were also measured in the aromatic solvents o-, m- and
p-xylene, and toluene, Figure 4.4. The absorbance spectra of H,LeuNDI were very similar for all aromatic

solvents, showing twin peaks at ~ 360 and ~ 380 nm, with a shoulder at ~340 nm. Similar to the absorbance
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in non-aromatic solvents, the absorbance peaks all show the typical peaks which are characteristic of w-n*
transitions of the NDI core.

The fluorescence emission in aromatic solvents was very different to that of H.LeuNDI in chloroform and
acetonitrile, Figure 4.4. The emission spectra of H,LeuNDI in aromatic solvents all show a broad and
unstructured red shifted band in the range 450 — 700 nm. H.LeuNDI in toluene has an emission maximum
at 503 nm, o- and m-xylene have emission maxima at 520 nm, and p-xylene is even more red-shifted,
emitting with maximum at 539 nm. The fluorescence of H,LeuNDI in aromatic solvents was more intense
than in acetonitrile or chloroform, although still very weak, with quantum yields of 0.037, 0.052, 0.025 and

0.018 for toluene, o-, m- and p-xylene, respectively.
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Figure 4.4. Normalised absorbance (dashed lines) and emission upon excitation at 360 nm
(solid lines) spectra of HoLeuNDI in toluene at 30 umol/L (blue) and o-xylene (purple), m-
xylene (green) and p-xylene (red) at 20 pmol/L. The absorbance maximum for all solutions

were between 0.2 and 0.35.
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The emergence of broad peaks at such long wavelengths may be explained by the formation of excited state
complexes (exciplexes) of the NDI with the aromatic solvent, facilitated by face-to-face n-interactions. The
lack of these red-shifted peaks in non-aromatic solvents suggests that the solvent must be aromatic in order
to form these exciplexes. There is some precedent for the formation of exciplexes of N-substituted NDIs
with aromatic solvents, showing emission ~ 450-500 nm (vide supra).3®® 424 425 The dependence of the
emission maximum of HoLeuNDI on the aromatic solvent in which it is dissolved suggests that the emission
is due to the presence of NDI-solvent exciplexes. The exciplex emission with m- and o-xylene are likely
quite similar because these molecules have similar shapes. The added hindrance of the methyl groups in p-
xylene may lead to the p-xylene interacting with the NDI core in a different way to the toluene, o-xylene
or m-xylene molecules, leading to the difference in fluorescence emission.

The relative shifts in emission maxima of HoLeuNDI in toluene and o-, m- and p-xylene may be indicative
of the stability of the exciplexes in solution. The longer emission wavelength of H.LeuNDI with p-xylene
could be attributed to a lower energy and therefore more stable exciplex than those of H,LeuNDI with o-

or m-xylene, which are in turn more stable than the exciplexes formed with toluene.

4.2.3 Fluorescence titration of HoLeuNDI in chloroform and aromatic solvents

The influence of an aromatic solvent on the formation of NDI-solvent exciplexes was investigated by a
fluorescence titration of HoLeuNDI in chloroform, with increasing proportions of the aromatic solvents
toluene and o-, m- and p-xylene. These solvents were chosen because the emission of H.LeuNDI in
chloroform was simply a mirror image of the absorbance, and aromatic solvents appeared to facilitate the
formation of NDI exciplexes. The experiment was conducted with a series of 30 umol/L solutions of
HzLeuNDI in chloroform, with aromatic solvents at 0%, 1%, 10%, 20%, 50% and 100% by volume. The
emission spectra showed a decrease in the typical NDI emission peaks at 390 and 410 nm upon the increase
in proportion of aromatic solvent. The increase in the proportion of aromatic solvent also led to the
appearance and subsequent increase of the broad emission band at 510 nm, Figure 4.5. Based on the
emission in toluene and xylenes (vide supra) which suggested the formation of NDI-solvent exciplexes,

these results suggest that addition of a small amount of aromatic solvent in a non-aromatic solvent is
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sufficient to initiate the formation of exciplexes. The addition of as little as 1% aromatic solvent in
chloroform was enough to show a change in the emission spectrum, with a decrease in the peaks at 390 and

410 nm and the appearance of a broad peak at ~ 510 — 540 nm.
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Figure 4.5. Emission spectra of H.LeuNDI at 30 umol/L in chloroform with aromatic solvent
proportions of 0% (red), 1% (orange), 10% (green), 20% (light blue), 50% (dark blue) and
100% (purple) upon excitation at 360 nm.

As the emission of H,LeuNDI with toluene and other aromatic solvents showed broad emission at ~510 —

540 nm, and increased concentration of HoLeuNDI in non-aromatic solvents did not lead to the emergence
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of broad emission around this wavelength, it may be deduced that the emission at ~510 — 540 nm is due to

the formation of exciplexes of NDIs with aromatic solvents.

4.2.4 'H-NMR studies of HoLeuNDI exciplex formation

The formation of exciplexes of H.LeuNDI with aromatic solvent molecules in chloroform solution was also
investigated by *H-NMR, as it was hypothesised that if the aromatic solvent is interacting with the NDI
core to form exciplexes, the *H-NMR signal of the NDI core should shift upon increased concentration of
aromatic solvent. The *H-NMR experiments were conducted with a standard concentration of 10 mmol/L
of H,LeuNDI with the same solvent ratios which were used for the fluorescence emission experiments, 0%,
1%, 10%, 20%, 50% and 100% in the case of toluene in chloroform, and 0%, 1%, 10%, 20% and 50% in
the case of o-, m- and p-xylene, as deuterated xylenes could not be obtained. The *H-NMR experiment
shows an upfield shift in the signal of the NDI core upon the increase in proportion of aromatic solvent in
the chloroform solution, Figure 4.6. In a pure chloroform solution of H.LeuNDI, the NDI core showed an
'H-NMR signal at 8.69 ppm. In a similar manner to that observed with the fluorescence emission, 1%
aromatic solvent was enough to cause a small shift in the NDI signal, to 8.68 ppm for all aromatic solvents.
The increase of aromatic solvent to 10% shifted the NDI signal to 8.60 ppm in the case of toluene and o-
xylene, and 8.61 ppm in the case of m- and p-xylene. In the solutions with 20% and 50% aromatic solvent
the NDI signal was observed at 8.52 and 8.30 ppm, respectively. The 100% toluene solution showed the

NDI signal at 8.03 ppm.
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Figure 4.6. The *H-NMR titrations of HoLeuNDI in chloroform with toluene (top left), o-
xylene (top right), m-xylene (bottom left) and p-xylene (bottom right) proportions of 0%
(red), 1% (orange), 10% (green), 20% (light blue), 50% (dark blue) and 100% (purple). The
100% aromatic solvent experiment could not be conducted with the xylenes because the
deuterated solvents were unable to be obtained.

The change in *H-NMR signal upon an increase in the proportion of aromatic solvent suggests that there is
an interaction with the core of the NDI ligand with the aromatic solvent. The *H-NMR results therefore
strongly support the hypothesis that the fluorescence emission of HoLeuNDI in other aromatic solvents was

due to interaction between the NDI core and the solvent. The fact that this emission at ~ 500 nm was only

present in aromatic solvents suggests that the exciplex formation is dependent on the ability of the solvent
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to engage in m-interactions with the core of the NDI molecule. The change in fluorescence emission and
shift in NMR signal of the NDI core in a chloroform solution with only 1% aromatic solvent also suggests

that the formation of exciplexes is a favourable interaction for this system.

4.2.5 Time resolved fluorescence studies of HoLeuNDI

Time correlated single photon counting was used to further investigate the influence of the aromatic solvent
on the fluorescence emission of HoLeuNDI. The fluorescence lifetimes in all aromatic solvents were fitted
with more than one exponential decay function, suggesting that there is more than one fluorescent molecule
or exciplex present in solution, Figure 4.7 and Table 4.1.

Toluene was the most complex decay profile, and was modelled with three exponential decay functions.
The emission lifetime of toluene was modelled with a very rapid lifetime of 0.3 ns, another rapid lifetime
of 1.8 ns and a longer lifetime of 6.6 ns, with proportions of 52, 36 and 12%, respectively. The emission of
H.LeuNDI in o-xylene was also modelled with three exponential decay functions, showing a short lifetime
of 0.9 ns, a longer lifetime of 4.3 ns and a much longer lifetime of 9.4 ns, with proportions of 36, 49 and
15%, respectively. The emission in m-xylene and p-xylene were slightly less complex, and were able to be
modelled with a di-exponential decay function. The emission in m-xylene showed a short lifetime of 1.6
ns, and a longer lifetime of 8.4 ns, with proportions of 10 and 90%, respectively. The emission in p-xylene
had a short lifetime of 2.9 ns and a longer lifetime of 6.4 ns, with proportions of 15 and 85%, respectively.
The emission lifetimes of H,LeuNDI in aromatic solvents required modelling with multiple exponential
functions likely due to a distribution of exciplexes present in solution. A single NDI may form an exciplex
with a single solvent molecule. Alternatively exciplexes may form with three species, such as two solvent
molecules sandwiching an NDI molecule, or two NDI molecules which sandwich a solvent molecule.
Regardless of the type of exciplex formed, it appears that exciplexes only form with aromatic solvent
molecules, as evidenced by the long lived emission lifetimes of H.LeuNDI in aromatic solvents. The
formation of exciplexes with aromatic solvents strongly suggests that m-interactions play an important role

in the formation of exciplexes containing HoLeuNDI in solution. However further study is required to fully
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characterise the excited state behaviour of these exciplexes, as the time resolved experiments suggest a

distribution of exciplexes in solution.
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Figure 4.7. The time correlated single photon counting decay histograms and fitted
exponentials decay functions (black) of H.LeuNDI in toluene (blue), o-xylene (purple), m-

xylene (green) and p-xylene (red). IRF (grey) is instrument response function.

Table 4.1. Summary of emission lifetimes and proportions thereof of H.LeuNDI in aromatic

solvents. All were collected with an excitation wavelength of 375 nm.

Adetection Conc. Lifetime 1 | Proportion | Lifetime | Proportion | Lifetime | Proportion
(nm) (umol/L) (ns) 1 (%) 2 (ns) 2 (%) 3 (ns) 3 (%)
Toluene 510 30 0.3 52 1.8 36 6.6 12
0-Xylene 530 10 0.9 36 4.3 49 9.4 15
m-Xylene 530 20 16 10 8.4 90 - -
p-Xylene 530 20 2.9 15 6.4 85 - -
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4.3 Discrete LeuNDI coordination complexes

As the results obtained with H,LeuNDI in solution suggested that m-interactions of the NDI with aromatic
solvent molecules were leading to the formation of exciplexes, attempts were made to form discrete
coordination complexes with fixed NDI conformations which could be analysed for their fluorescence
properties in solution. By forming a coordination complex in which the NDIs were essentially “locked
together” by coordination bonds, the fluorescence behaviour of these complexes could be analysed and
rationalised based on the known structure, and therefore compared to the fluorescence of the H,LeuNDI
compounds in solution.

The presence of the {M>NDI;} metallomacrocyclic motif in 73% of the coordination polymers with amino
acid substituted NDI ligands discussed in Chapter 2 and in previous work by the Turner group®? suggested
that it would be possible to form a discrete {M2NDI>} macrocycle. It was thought that a single {M2NDI>}
macrocycle would have a space between the NDI planes, in which an aromatic guest could be inserted, and
therefore change the fluorescence properties of the system. Given the frequency of interpenetration of these
{M:NDI;} based NDI coordination polymers by a catenane motif between the macrocycles, it was also
thought that a discrete NDI [2]-catenane also could be formed in which the NDIs were locked into face-to-
face m-interactions, and the fluorescence emission of the catenane could be analysed in order to investigate
the influence which n-interactions have on the emission of the NDIs.

The formation of discrete LeuNDI coordination complexes requires capping of the metals in such a fashion
as to block the formation of coordination polymers. As the coordination polymers reported in Chapter 2
often involved divergent dipyridyl ligands such as 4,4'-bipyridine, it was hypothesised that convergent
dipyridyl ligands could be suitable for capping the metals of the {M>NDI,} macrocycle in order to form
discrete complexes. The convergent dipyridyl ligands selected were 2,2'-bipyridine (2,2'-bipy) and 1,10-
phenanthroline (1,10-phen). Cd" was selected as the metal centre for investigation into the synthesis of

these products, as it was prolific in LeuNDI coordination polymers.
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4.3.1 Discrete metallomacrocycle with LeuNDI

A crystalline product was isolated by the reaction of HoLeuNDI, Cd(NQs)2-4H20 and 1,10-phen in a
solvent mixture of DMF, water and methanol at 85 °C, very similar conditions to those utilised for the
formation of coordination polymers with Cd" and LeuNDI. The composition of the crystals was determined
to be [Cd2(1,10-phen),(LeuNDI)2(OH2)2]-2H.0-DMF, 4.1-2H,0-DMF. The structure was modelled in the
chiral space group C2 and the asymmetric unit contains two Cd'" ions, two LeuNDI ligands, two 1,10-phen
ligands, two aqua ligands and a non-coordinated water molecule, in addition to void space with residual
electron density in which no solvent could be modelled. As was expected, the LeuNDI ligands are “U”
shaped and bridge between two monometallic Cd" nodes to form a {Cd.(LeuNDI).} macrocycle, Figure
4.8. Each of the Cd" ions adopt a distorted octahedral geometry in which the equatorial positions are
occupied by one chelating and one monodentate carboxylate groups of the LeuNDI ligands, and one of the
nitrogen atoms of the 1,10-phen ligand. The axial sites are occupied by the remaining 1,10-phen nitrogen
atoms, and an aqua ligand.

In a similar manner to the {M2NDI,} macrocycles present in the NDI coordination polymers reported
previously and in Chapter 2, the planes of the NDIs are parallel and at a suitable distance for an aromatic
guest to sit between them and engage in face-to-face n-interactions. The mean interplanar distance of the
NDIs is 6.890(6) A and the closest C---C distance is 6.747(8) A, which represents a slightly narrower
macrocycle than those observed in the NDI coordination polymers, which generally have interplanar
distances in the range 7 — 7.2 A. It is possible that the NDI planes in the macrocycle of 4.1 is narrower
because it does not have an aromatic guest passing through it. In contrast to many of the NDI coordination
polymers, the macrocycle of 4.1 is not interpenetrated by either a catenane or rotaxane motif. Instead of an
NDI threading through the macrocycle, the 1,10-phen ligands of adjacent macrocycles are sitting partially
within the space between the NDIs of the macrocycle, with face-to-face n-interactions, at closest C---C
distances of 3.404(18) and 3.413(19) A, Figure 4.8. The formation of 4.1 shows that the {M2(NDI).}
metallomacrocycle motif which was so prevalent in coordination polymers is also possible in discrete

coordination complexes.
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Figure 4.8. The discrete macrocycle of 4.1 (left) and the packing of the macrocycles in
which the 1,10-phen of adjacent macrocycles sit between the NDIs of the macrocycle (right).
All hydrogen atoms are omitted for clarity.

4.3.2 Discrete [2]-catenane with LeuNDI

The formation of a discrete catenane in which the NDIs are locked into face-to-face m-interactions was
achieved by the reaction of HoLeuNDI with Cd(NO3)2-4H20 and 2,2'-bipy in a solvent mixture of DMF
and water at 85 °C to form a crystalline product. The crystals were of the composition {[Cd2(LeuNDI)2(2,2'-
bipy)2(OH2)2]}2-2DMF-5H,0, 4.2:2DMF-5H,0, which is a [2]-catenane of two {Cd:(LeuNDI);}
macrocycles, Figure 4.9. The structure of 4.2 is modelled in the chiral space group C222; and the
asymmetric unit contains two half macrocycles, in the form of four half LeuNDI ligands, two 2,2'-bipy

ligands, two Cd'" ions and two aqua ligands, as well as void space with residual electron density in which

142



Chapter 4 Fluorescent properties of naphthalene diimides
no solvent could be modelled. The metal centres have the same coordination environment as those in 4.1;
a distorted octahedral geometry with one chelating and one monodentate carboxylate and an aqua ligand,
and the remaining two sites occupied by the chelating dipyridyl ligand. The macrocycles are of the same
form as those observed in the NDI coordination polymers, with NDIs at interplanar distances of 7.3219(14)
and 7.2279(14) A. The macrocycles of 4.2 form a [2]-catenane in which the NDIs are engaged in face-to-
face m-interactions, with closest C---C distances of 3.5141(7), 3.5690(7) and 3.4699(7) A, Figure 4.9. The
2,2'-bipy ligands also have non-parallel face-to-face m-interactions with the 2,2'-bipy ligands of
neighbouring catenanes, with closest C---C distance of 2.9116(6) A and interplanar angle of 13.802(4)°. In
a similar manner as the coordination polymers with LeuNDI, the bulkiness of the isobutyl side chain of the
ligand inhibits face-to-face m-interactions between the NDIs of neighbouring complexes, Figure 4.9. The
structure also includes void space in which no solvent could be modelled crystallographically, but was
assigned as two DMF and five water molecules per asymmetric unit, by TGA, microanalysis and residual

electron density.

Figure 4.9. The [2]-catenane of 4.2 with the two different macrocycles shown in red and
blue, and the aqua ligands and 2,2'-bipy omitted for clarity (left). The [2]-catenane of 4.2,
showing the m-interactions by the closest C---C distances as red dashed lines (centre). The
packing of the catenanes in which the bulkiness of the isobutyl side chains inhibit 7-
interactions between NDIs of neighbouring catenanes (right). All hydrogen atoms omitted

for clarity.

143



Chapter 4 Fluorescent properties of naphthalene diimides
It is somewhat surprising that the macrocycles of 4.2 form a catenane, as this was never observed for
coordination polymers with the LeuNDI ligand. The AlaNDI ligand, with a methyl side chain, did form
catenane motifs in coordination polymers, and therefore the lack of catenation of {M.(LeuNDI)2}
macrocycles was attributed to the bulkiness of the isobutyl side chain. It did not seem possible for an NDI
of an interpenetrating macrocycle to sit between the bulky isobutyl chains of the macrocycle through which
it was interpenetrating. In the previously reported 1D chains of poly-[Cd(LeuNDI)(DMF),] which are
{M_(LeuNDI).} macrocycles conjoined by bimetallic nodes, the isobutyl groups are forced to face towards
the NDI core, Figure 4.10.™ If the isobutyl groups were rotated away from the NDI core and instead were
situated over the metal node, they would clash with the isobutyl groups of neighbouring macrocycles. In
the case of 4.2 however, the macrocycles are not conjoined, and the isobutyl groups are free to face away
from the NDI core, therefore being further apart and allowing space for an interpenetrating NDI to sit above
the NDI core and fit between the two isobutyl groups, Figure 4.10. At the distance above the NDI
macrocycle which an interpenetrating NDI would sit, ~ 3.5 A, the isobutyl groups in the 1D chains are ~
8.5 A apart (as measured between the closest carbon atoms of the isobutyl groups), which is not sufficient
space to fit an NDI ligand, which is ~ 6.5 A wide, when taking into account van der Waals radii of the
atoms. In the catenane of 4.2 however, the isobutyl groups are ~ 11.2 A apart, a much more suitable space
through which an NDI ligand may fit. The difference which allows this catenation of the {M.(LeuNDI)2}
macrocycles in 4.2 appears to be the fact that they are discrete complexes, in contrast to polymers, and the
isobutyl groups are free to orient themselves away from the NDI core in order to allow for catenation of the

macrocycles.
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Figure 4.10. Two conjoined macrocycles in the 1D chain of previously reported poly-
[Cd(LeuNDI)(DMF):], in which the isobutyl groups are too close to allow for catenation of
the macrocycles (left). The discrete macrocycle in the structure of 4.2, in which the isobutyl
groups are free to rotate away from the NDI plane and therefore allow catenation of the

macrocycles (right). All coordinated solvent molecules are omitted for clarity.

4.3.3 Fluorescence properties of LeuNDI macrocycle (4.1) and catenane (4.2)

Compounds 4.1 and 4.2 provided suitable samples to probe the influence which face-to-face n-interactions
may have on the fluorescence emission properties of the LeuNDI ligand. In the empty macrocycle 4.1 the
NDI ligands are locked at 7 A apart, so that they may not engage by m-interactions with one another, and
would therefore not form intramolecular excimers. The macrocycles of 4.1 may only form excimers if they
form between two different macrocycles in solution. The catenane of 4.2 involves the NDIs locked together
such that they are engaged in face-to-face n-interactions. The comparison of the fluorescence emission of
these two systems, as well as their solvent and concentration dependent absorbance and fluorescence
emission, will therefore provide information as to the influence of m-interactions on the NDI ligands
forming exciplexes with aromatic solvent molecules or with other NDI ligands forming excimers. The
fluorescence properties of 4.1 and 4.2 may provide information as to the type of interactions which are
responsible for the broad emission of H,LeuNDI at ~500 — 520 nm which was observed in aromatic
solvents.

The macrocycle and catenane, 4.1 and 4.2, respectively, had very limited solubility, and could only be
dissolved in chloroform, despite attempts with many other solvents. Therefore only solutions of the

complexes in chloroform were analysed by fluorescence spectroscopy. The chloroform solutions of 4.1 and
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4.2 could be doped with up to 50% toluene, in order to investigate the influence of an aromatic solvent on
the fluorescence emission of the systems.

The absorbance of 4.1 in chloroform is similar to that of HoLeuNDI, with peaks at 355 and 376 nm, and a
shoulder at 350 nm, Figure 4.11. The emission of 4.1 is also similar to H,LeuNDI, being a mirror image of
the absorbance with peaks at 391 and 410 nm. The fluorescence emission of 4.1 in chloroform does however

show broad emission at ~480 nm, which was not observed in the emission of H.LeuNDI in chloroform.
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Figure 4.11. The absorbance (orange) and emission (blue) spectra of 4.1 in chloroform at
25 pmol/L upon excitation at 360 nm (left) and the H,LeuNDI ligand in chloroform at 30
pmol/L upon excitation at 355 nm (right).

In order to prove that the macrocycles of 4.1 exist in solution, a chloroform solution of 4.1 was analysed
by mass spectrometry. The macrocycle was shown to exist in solution, by the detection of the
[Cd2(LeuNDI)2(1,10-phen)2(H20)2)+H]* ion. However the mass spectrometry also shows fragments of the
macrocycle in solution, that of [Cd(LeuNDI)(1,10-phen)+H]* and [Cd(LeuNDI)(1,10-phen)(H20)+H]*. It
is possible that the fragments were formed under the conditions required to ionise the complex in the mass
spectrometer, or it is also possible that the macrocycle fragmented when dissolved in chloroform. The *H-

NMR of 4.1 could not be analysed, due to the very poor solubility of the complex.
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As the proposed exciplexes of aromatic solvents with HoLeuNDI in solution are characterised by emission
at ~500 nm, NDI-NDI excimers may also emit at a similar wavelength, as demonstrated by literature
precedent with similar NDI systems.3% 411424 Ag the solutions of 4.1 in chloroform do not contain any
aromatic solvents, the broad emission at ~480 nm may be attributed to intermolecular NDI-NDI excimers
in solution. The NDI-NDI excimers in a solution of 4.1 could be due to two macrocycles interacting via the
external NDI surfaces of the macrocycles. It is also possible that fragments of the macrocycle, as observed
by mass spectrometry, are interacting with the macrocycle in solution, leading to the observation of broad
emission at ~500 nm, attributed to NDI-NDI excimers.

The concentration dependence of the fluorescence emission of 4.1 was also investigated. If the broad
emission at ~450 — 550 nm is due to NDI-NDI excimers, increased concentrations would lead to an increase
in this emission at those wavelengths. Increase in concentration of 4.1 in chloroform shows similar emission
intensity of the typical NDI emission peaks at 390 and 410 nm, and an increase in emission at ~480 nm,
Figure 4.12. The increased concentration of 4.1 leading to increased emission at ~480 nm suggests that this
emission is due to NDI-NDI excimers, as increasing the concentration of 4.1 leads to aggregation of the
macrocycles in solution to form intermolecular excimers.

The nature of excimers is that two excited state molecules interact to form an excited state dimer, which
has different emission to the molecules on their own. Increased concentration increases the likelihood of an
excited state NDI interacting with another NDI to form an excimer. As these NDIs have such short lifetimes,
and the macrocycles of 4.1 are larger than the free ligand, and therefore will diffuse slower than the ligand,

the fluorescence of NDI-NDI excimers between NDIs of 4.1 macrocycles will be very weak.
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Figure 4.12. The emission of 4.1 in chloroform with concentrations of 10 (purple), 20 (blue),
30 (green), 40 (orange) and 50 (red) pumol/L.

The fluorescence of HxLeuNDI in chloroform does not show emission at ~480 nm, even at high
concentrations. Therefore it appears that to form NDI-NDI excimers, at least one of the NDIs must be
locked into a “U-shape”, as they are in the macrocycle structure of 4.1. It is possible that the free rotation
around the alpha-carbon of the leucine groups of H.LeuNDI means that the free ligands in solution cannot
form excimers with each other, as the ligand may adopt various conformations. By being locked into the
“U” confirmation, the ligands in 4.1 are able to form excimers in solution. Although it is also possible that
some [Cd(LeuNDI)(phen)] fragments of 4.1, as observed by mass spectrometry, are interacting with the
macrocycles of 4.1 in solution and forming excimers.

As the emission of 4.1 in chloroform was similar to H.LeuNDI in chloroform, a similar titration was
attempted, in which the fluorescence emission of 4.1 was measured in chloroform solutions with increasing
proportions of toluene, Figure 4.13. Due to the poor solubility of 4.1, the emission of 4.1 in a 100% solution
of toluene was unable to be measured. The fluorescence emission titration of 4.1 showed a similar pattern
to that of HoLeuNDI (vide supra). The increase in toluene proportion between 0 — 1% was investigated in
0.2% increments. The small increases in toluene proportions leads to little change in emission at 390 and

410 nm, but a small increase in the broad emission at ~480 nm. Further increase in the toluene proportion
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leads to a decrease in the typical NDI emission at 390 and 410 nm, and shift in the maxima of the broad
emission to ~500 nm for 10%, ~505 nm for 20% and ~510 nm for 50%. Although direct comparison is not
possible between the H.LeuNDI titration and this titration with 4.1, due to different concentrations, the shift
in emission maxima seems to suggest that the emission moves from NDI-NDI excimers to being dominated

by NDI-toluene exciplexes, as the NDI-toluene exciplexes with H,LeuNDI had emission maxima around

510 nm.
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Figure 4.13. The fluorescence emission titration of 4.1 in chloroform at 25 umol/L upon
excitation at 360 nm, with increasing proportions of toluene.

The fluorescence emission of 4.2, the [Cd,(LeuNDI)2(2,2"-bipy).(OH)]. catenane, was also studied. As
with 4.1, 4.2 was analysed only in chloroform, due to the limited solubility. The absorbance spectrum shows
peaks at 362 and 381 nm, characteristic of the n-n* transitions of the NDI core, Figure 4.14. The emission
of 4.2 in chloroform upon excitation at 360 nm is similar to that of HoLeuNDI in toluene and xylenes, with
a small peak at 410 nm, and a broad peak with maxima at ~480 nm, Figure 4.14. However if the same
solution is excited at 400 nm, the emission shows a broad peak at 480 nm, which is much more intense than
the emission at 480 nm observed upon excitation at 360 nm. Based on the observed fluorescence emission

of 4.1, the emission at 480 nm may be attributed to NDI-NDI excimers. The difference in emission
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dependent on excitation wavelength suggests that exciting the sample at 400 nm excites the excimers to a

greater extent than if light of 360 nm is used.
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Figure 4.14. The absorbance (orange) and emission, upon excitation at 360 nm (blue) and
400 nm (green) of 4.2 in chloroform at 70 umol/L.

In the same manner as 4.1, mass spectrometry was used in order to determine if the catenane of 4.2 existed
in solution. The mass spectrometry of a chloroform solution of 4.2 showed a [Cds(LeuNDI)4(2,2'-
bipy)4(OH)(CHCI3)(CHsCOOH)+2H]?* fragment, confirming that the catenane of 4.2 does exist in
solution. However a fragment was also detected with the formula [Cdz(LeuNDI)2(2,2'-
bipy)2(OH2)(CHCI3)(CH;COOH)+H]*, suggesting that a macrocycle may also be formed by this system. It
is possible that this fragment formed during the mass spectrometry, or that the system is somewhat labile
in solution, and the catenane has broken apart and formed macrocycles. A small amount of acetic acid was
used to protonate the compounds in the mass spec, and was found to have associated with the compound
when charged. The *H-NMR of 4.2 could not be analysed, due to the very poor solubility of the complex.

In a similar manner to 4.1, the fluorescence emission of 4.2 was also measured at a range of concentrations
in chloroform, in order to investigate if an increase in concentration will change the emission of the
compound in solution. The fluorescence emission of 4.2 in chloroform with excitation at 360 nm shows an

interesting behaviour upon increasing concentration, Figure 4.15. At low concentrations (5 and 10 pmol/L)
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the emission is dominated by structured bands at 390 and 410 nm. Increase in concentration, from 40 — 100
pumol/L, showed a decrease in the structured bands at 390 and 410 nm and an increase in broad emission at
480 nm. The emission of 4.2 at increasing concentration in chloroform upon excitation at 360 nm suggests
that at low concentration the emission is dominated by NDI emission, and the increase in concentration

leads to the emission being dominated by NDI-NDI excimer emission.
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Figure 4.15. Fluorescence emission of 4.2 at increasing concentration in chloroform upon
excitation at 360 nm.

The fluorescence emission of 4.2 upon excitation at 400 nm with increasing concentration in chloroform
showed a similar pattern to that with excitation at 360 nm, Figure 4.16. As the emission spectra upon
excitation at 400 nm can only be measured from 420 nm, it is impossible to determine how this excitation
wavelength influences the emission at 410 nm. The concentration dependence of the emission at 480 nm,
attributed to NDI-NDI excimers, suggests that the excimers are forming both within the catenanes, and
between separate catenanes via the external NDI faces of the catenanes. As the mass spectrometry also
shows [Cd2(LeuNDI)2(2,2'-bipy)2(solv.)] fragments in solution, it is also possible that these fragments
interact with each other or with the catenane of 4.2 in solution, leading to the observation of emission at

480 nm, attributed to NDI-NDI excimers.
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Figure 4.16. Fluorescence emission of 4.2 at increasing concentration in chloroform upon
excitation at 400 nm.

The emergence of the broad emission at 480 nm upon increased concentration may be attributed to the
formation of NDI-NDI excimers between the external faces of the NDI catenane of 4.2. As the HoLeuNDI
does not show the same emergence of broad emission at increased concentration, this suggests that the
LeuNDI ligand must be locked in a “U-shape” in order to form an excimer. It is surprising that 4.2 does
not show excimer-like emission at low concentrations in chloroform, as it suggests that the NDIs within
4.2 are not forming intramolecular excimers, but rather will only form intermolecular excimers when the
complexes aggregate at increased concentration.

The absorbance and fluorescence emission of 4.2 was also investigated in solvent mixtures of chloroform
and toluene. A series of chloroform solutions of 4.2 with a constant concentration and varying proportion
of toluene were prepared, with toluene proportions of 0, 1, 10, 20 and 50%. As 4.2 was not soluble in pure
toluene, the emission and absorbance of the 100% toluene solution could not be measured.

The absorbance of the chloroform solutions of 4.2 with increasing proportions of toluene showed an
interesting trend, Figure 4.17. The absorbance of the 100% chloroform solution showed the typical NDI

absorbance peaks of 360 and 380 nm, and a shoulder at 340 nm, and the absorbance only occurs at

152



Chapter 4 Fluorescent properties of naphthalene diimides
wavelengths below 400 nm. The incorporation of 1% toluene also shows typical structured NDI absorbance,
but also shows a slight broadening of the absorbance around 400 nm, indicative of ground state interactions,
such as the formation of aggregates of NDIs with toluene. The increase to 10% toluene shows a decrease
in the sharpness of the structured NDI peaks at 360 and 380 nm, and broadening of the absorbance at 400
nm. Further increase to 20 and 50% toluene shows a broadening of the absorbance at 360 and 380 nm to be
much less structured, and increased absorbance at 400 nm. Overall the effect of increasing the proportion
of toluene in chloroform solutions of 4.2 leads to the broadening of the absorbance spectrum to include

absorbance at 400 nm and decrease the absorbance of the typical NDI peaks of 360 and 380 nm.
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Figure 4.17. The absorbance of 4.2 in chloroform with varying proportions of toluene at
0% (red), 1% (orange), 10% (green), 20% (light blue) and 50% (dark blue).

As the emission of 4.2 was shown to be dependent on the wavelength of excitation, the emission of the
chloroform solutions with increasing proportions of toluene was measured with excitation wavelengths of
360 and 400 nm. The emission of 4.2 in 100% chloroform upon excitation at 360 nm shows the typical NDI
emission peaks at 390 and 410 nm, and a broad emission at ~480 nm. The incorporation of 1% of toluene
into the chloroform solution of 4.2 showed similar emission peaks at 390 and 410 nm as that of 4.2 in pure
chloroform, with excitation at 360 nm. The 1% toluene solution of 4.2 with excitation at 360 nm also shows

a small increase in broad emission at ~480 nm. The emission of 4.2 with increasing proportions of toluene
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upon excitation at 360 nm shows a red shift in the emission maxima from 480 nm at 1% toluene, to 505 nm
at 10%, 510 nm at 20% and 515 nm at 50% toluene, and also shows a dramatic increase in the emission
intensity upon increase in proportion of toluene in the solution.

Overall, the fluorescence emission behaviour of 4.2 upon excitation at 360 nm with increasing proportions
of toluene shows similar behaviour to the fluorescence emission titration of a chloroform solution of 4.1
with toluene, showing an increase in intensity and red-shift of the broad emission peaks from ~480 to ~510
nm, Figure 4.18. The similarity between the emission of 4.1 and 4.2 in chloroform solutions with increasing
proportions of toluene, in comparison to the emission of H.LeuNDI in chloroform and toluene, suggests
that both 4.1 and 4.2 in chloroform/toluene solutions involve NDI-NDI excimers with emission maxima at

~480 nm and NDI-toluene exciplexes with emission maxima at ~520 nm.
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Figure 4.18. The fluorescence emission titration of 4.2 in chloroform at 25 pmol/L upon
excitation at 360 nm, with increasing proportions of toluene; 0% (red), 1% (orange), 10%
(green), 20% (light blue) and 50% (dark blue).

The fluorescence emission of 4.2 in chloroform with increasing proportions of toluene was also investigated
with an excitation wavelength of 400 nm, Figure 4.19. The emission of 4.2 in 100% chloroform shows
broad emission at 480 nm, attributed to NDI-NDI excimers in solution. The incorporation of 1% toluene

appears to show a slight decrease in emission at ~480 nm, and a broadening of the peak. The increase in
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proportion of toluene to 10, 20 and 50% in chloroform solutions of 4.2 shows an increase in the emission
intensity. The emission of the solutions of 4.2 in chloroform upon excitation of 400 nm shows a slight blue
shift with the increase in proportion of toluene, with maxima at 477 nm for 0% and 1%, 483 nm for 10%,
487 nm for 20% and 492 nm for 50% toluene.

Excitation at 400 nm excites predominantly the NDI-NDI excimers, which form more readily with
increased proportions of toluene because of the decrease in solubility, helping them to aggregate together
to form excimers. There is a slight shift in the emission maxima upon excitation at 400 nm upon
incorporation of toluene, from exciplexes which form between toluene and the NDIs in the catenane under

these conditions.
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Figure 4.19. The fluorescence emission titration of 4.2 in chloroform at 25 umol/L upon
excitation at 400 nm, with increasing proportions of toluene; 0% (red), 1% (orange), 10%
(green), 20% (light blue) and 50% (dark blue).

The dramatic increase in intensity of the broad emission of 4.2 with increasing toluene proportions upon
excitation at 360 nm, coupled with the red-shift of the broad emission, suggests that this emission is
predominantly from NDI-toluene exciplexes. Increase in the emission upon excitation at 400 nm when
toluene is increased is in agreement with the broadening of the absorbance to include absorbance at 400 nm

upon increase in toluene proportion. The solutions with higher proportion of toluene showed increased
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emission at ~480 nm when excited at 400 nm. The emission maxima of the catenane solutions with
increasing toluene at excitation of 400 nm shifts from 480 nm at 0% toluene, to 490 nm at 50% toluene, a
much smaller shift than that observed for the same solutions when excited at 360 nm, showing that

excitation at 400 nm predominantly excites the NDI-NDI excimers.

4.4 Conclusion

The (S)-Leucine-substituted naphthalene diimide molecule has been shown to have intriguing, albeit weak,
fluorescence properties, in which the n-rich nature of the NDI core forms exciplexes with aromatic solvent
molecules. The fluorescence emission of HLeuNDI in the non-aromatic solvents acetonitrile and
chloroform showed two peaks at 391 and 410 nm. The fluorescence emission of H.LeuNDI in the aromatic
solvents toluene and o-, m- and p-xylene showed a broad emission peak at ~500 nm, which suggested that
the NDI core and the aromatic solvent formed exciplexes, leading to the change in emission. The degree of
solvent dependence on the emission of H.LeuNDI was investigated by a fluorescence titration of
chloroform and aromatic solvents, which showed the decrease in the emission at 391 and 410 nm and the
increase in the emission ~ 500 nm upon the increase of aromatic in the solution. *H-NMR titrations of
HzLeuNDI in chloroform with increasing proportions of aromatic solvent showed an upfield shift in the
'H-NMR signal of the NDI core, upon increase in proportion of aromatic solvent. The results from the
fluorescence and *H-NMR titrations suggest that exciplexes of NDIs and aromatic solvent molecules were
causing the emission at ~500 nm.

In order to investigate the fluorescence properties of LeuNDI in known configurations, discrete
coordination complexes with LeuNDI and Cd" were synthesised. Convergent dipyridyl ligands were used
to cap the metal centres and inhibit the formation of coordination polymers. A discrete macrocycle, 4.1,
was synthesised which involved an empty space between the NDIs, in which the Cd" metal centres were
capped with 1,10-phen. A discrete catenane, 4.2, was also synthesised in which the Cd'" metal centres are
capped with 2,2-bipy, in which two macrocycles are interlocking and engaged in face-to-face m-

interactions.
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Chapter 4 Fluorescent properties of naphthalene diimides
The fluorescence of 4.1 in chloroform showed similar emission to that of H,LeuNDI in non-aromatic
solvents, with an additional broad emission peak at ~480 nm, which increased in intensity with increasing
concentration, showing that there could be a small amount of excimer formed between NDIs in solution.
The titration of 4.1 in chloroform with increasing proportions of toluene showed similar behaviour to that
of the same titration of HoLeuNDI, with a decrease in the NDI emission at 391 and 410 nm, and an increase
in the emission at ~ 500 nm, upon increase in the proportion of toluene. The similar behaviour of 4.1 and
H.LeuNDI showed that the LeuNDI in a coordination complex has similar fluorescence properties to the
free ligand in solution, and both appear to be forming exciplexes with aromatic solvent molecules.

The fluorescence emission of 4.2 in chloroform was shown to be dependent on concentration and excitation
wavelength. Excitation at 360 nm showed the typical NDI emission peaks at 390 and 410 nm. Increase in
concentration of 4.2 showed the emergence of a broad emission peak at ~480 nm. The emission at ~480
nm was therefore attributed to NDI-NDI excimers. The titration of 4.2 in chloroform with increasing
proportions of toluene showed similar emission to that of HoLeuNDI in aromatic solvents, however the
emission maxima shifted from ~480 nm to ~520 nm. The emission at ~480 nm could be attributed to NDI-
NDI excimers, and the shift of the emission maxima to ~520 nm upon increase in proportion of toluene
suggests the formation of NDI-toluene exciplexes.

Although there is some precedent for the observation of excimers or exciplexes with N-substituted NDls in
solution, there are only a handful of examples. Therefore the investigation into the solvent dependent
fluorescence emission of H,LeuNDI and the fluorescence of the LeuNDI coordination compounds of an
empty macrocycle and a catenane represent a significant contribution to the understanding of this relatively

unknown area.
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Chapter 5 Helicate and mesocate cage complexes

Chapter 5: Helicate and mesocate cage
complexes

5.1 Introduction

The linear amino acid substituted NDI and BDI ligands formed a series of coordination polymers and
discrete coordination compounds that were dominated by an ML, metallomacrocyclic motif. Diimide
ligands with a significant bend in the core were also utilised, to investigate how this change in ligand

geometry would influence the coordination compounds which were formed.

5.1.1 Helicates in metallosupramolecular chemistry

A helicate is a discrete or one-dimensional complex which involves the wrapping of a strand around a
central axis. Helices are essential in nature, as DNA is a double-helix, and are also relatively common in
metallosupramolecular chemistry.®® The formation of a helicate requires some flexibility in the building
blocks, as they must twist around in order to form a helical structure. In metallosupramolecular chemistry,
helicates usually consist of metal nodes and bridging ligands that are twisted in order to generate a helical
sense. Discrete metallosupramolecular helicates may also be formed in which two or more metal nodes are
bridged by ligands that are twisted to form a helicate. Helicates are described by the number of ligands
which are joining the metals together, and most often form as single, double, triple or quadruple stranded,
in which one, two, three or four ligands bridge the metals nodes, respectively.*?® The term helicate was first
introduced by Lehn in 1987 with the report of dinuclear helicates with Cu' and ligands with either two or
three 2,2"-bipyridine units.*?” Since then there has been a substantial amount of research into the synthesis

and control of helicates.?10: 303 304, 428-434

5.1.2 Helicate cage complexes

Helicates are inherently chiral entities, as when they are viewed down the helical axis they will rotate in a

clockwise or anticlockwise fashion, giving them A and A configuration, respectively, due to chirality in the
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metal coordination environment.*® The chirality of the metal centres must both be of the same handedness,
either AA or AA in a dinuclear helicate, in order to be considered as a helicate. A dinuclear complex with
two metal centres of opposite handedness, AA, is not chiral, and is termed a mesocate, because although it
may have a twist in the ligand, the twist does not carry through to the helicity of the complex.3% 43¢ The use
of achiral ligands will generally form either mesocates, or will form helicates in a racemic mixture, although
spontaneous resolution is possible.3% 474¥° The use of enantiopure chiral ligands will selectively form
helicates of one handedness.?’": 440 441

As discussed in Chapter 1, functional chiral coordination cages are a synthetic target for
metallosupramolecular chemists due to their potential applications in chiral catalysis and separations.
Helicates may form as cages if the ligands twist in such a way as to form a void space between the metals
centres. Helicate cage complexes therefore represent an approach by which a range of chiral coordination
cages may be synthesised. Helicate cages that are designed with the view to be utilised for applications
such as chiral catalysis and separation are most often triple or quadruple stranded, in order to generate an
isolated cavity within the cage.**® %42 In general, single or double stranded helicate cages would not be
useful for applications because they do not form an enclosed internal cavity.*?6 440443 The first dinuclear
quadruple stranded helicate was reported in 1998 and was designed with square planar Pd'"' metal centres
and flexible pyridyl ligands, in order to form a discrete helical cage complex, Figure 5.1.4%2 Since then there
have been multiple quadruple stranded helicate cages reported utilising Pd" metal centres and pyridyl
ligands.**+44¢ Dinuclear quadruple stranded helicate cages are most often synthesised with “banana-shaped”
ligands, to allow the ligand to twist between two metal centres and generate helicity within the complex.*4’
Variation in the position of coordinating groups and flexibility of the ligands has been shown to form
quadruple stranded helicate cages, as well as tetrahedral and octahedral cages.**® Quadruple stranded
helicates are also possible in which two helical hemispheres are joined together by metals to form a helical

cage complex.44°
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Figure 5.1. The first reported dinuclear quadruple stranded helicate cage complex,*®*? side
view (left) and view down metal axis with ligands in different colours, showing the twist in
the ligands (right). All hydrogen atoms are omitted for clarity.

The use of achiral ligands in M;L4 cage complexes may lead to the formation of mesocates or helicates,
and if helicates are formed they will most often be a racemic mixture of the A and A cages.?®® 450452 The
use of chiral ligands for the synthesis of M,L4 cages is very likely to form helical complexes.?? 449
Therefore the most reliable method for the synthesis of homochiral helicate cages for applications is the
use of enantiopure ligands. As previously discussed in relation to the synthesis of homochiral coordination
polymers and MOFs, functionalising ligands with amino acids provides a simple route to the synthesis of

enantiopure ligands with carboxylate coordinating groups.

5.1.3 Chiral paddlewheel motifs

Helicate cage complexes may be made using paddlewheel SBUs and carboxylate ligands.**? These cages
present some advantages over the cationic cages made with Pd" and pyridyl ligands, because they are
neutral and therefore may be used for encapsulation of a larger variety of guest molecules. The paddlewheel
SBU has been shown to be a versatile building unit in the synthesis of MOFs and coordination cages.?” 3%
The copper paddlewheel complexes reported in Chapter 3 with AlaBDI and LeuBDI showed that the
chirality of the ligand forces the paddlewheel into a chiral propeller motif. The copper paddlewheel has

been extensively utilised in the synthesis of MOFs, and paddlewheels may also formed with Rh", which
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has remarkable catalytic properties.®® 4% The incorporation of rhodium paddlewheels into chiral
coordination complexes therefore presents the opportunity for the synthesis of chiral catalytic coordination
compounds. Several chiral “bowl-shaped” coordination complexes have been synthesised with chiral imide
ligands and rhodium paddlewheels, some of which involving amino acid substituted imide ligands, Figure
5.2. These chiral rhodium paddlewheel bowl complexes have been shown to have asymmetric catalytic
properties for cyclopropanation reactions.**>#%° In a similar manner to the copper paddlewheels reported
with amino acid BDI ligands in Chapter 3, the chirality of the rhodium paddlewheels is induced by chirality

of the imide ligands forcing the ligands into a propeller motif.

Figure 5.2. An example of a “bowl-shaped” chiral rhodium paddlewheel complex made with
phthalimide ligand functionalised with an amino acid, showing the propeller motif around

the paddlewheel.
5.1.4 Transition-metal-catalysed cyclopropanation reactions

The first transition-metal-catalysed enantioselective reaction reported was a cyclopropanation reaction
between an alkene and diazoester.*®® This reaction has remained prevalent in the field of asymmetric
catalysis because of its use in both natural-product-based and synthetic drugs.* The transition-metal-
catalysed decomposition of diazo precursors for cyclopropanation reactions has been established to have a
metallocarbene intermediate. Metallosupramolecular complexes that incorporate rhodium paddlewheels

have been investigated for their selectivity in cyclopropanation reactions.*624%> It has been determined that
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in the case of chiral rhodium paddlewheels made from amino acid derived ligands, enantioselectivity arises
from control of the carbene-transfer step of the metal to the alkene, which is possible due to the exposed
axial sites of the rhodium paddlewheel. 6!

Copper(l) complexes have also been shown to be effective chiral catalysts for cyclopropanation
reactions.*®® 467 It was shown that a copper paddlewheel will be decomposed by the reactants of the
cyclopropanation reaction,®® therefore rhodium paddlewheels are preferable due to their increased stability.
Dirhodium catalysts are very versatile for cyclopropanation reactions because the reaction may be carried
out under very mild conditions, and the reaction may be tuned by the suitable selection of ligands.*%® The
products of a cyclopropanation reaction of an alkene with a diazoacetate will have two stereocentres.
Therefore the diastereoselectivity, as well as the enantioselectivity of each stereocenter, may be investigated
for the reaction. The chiral rhodium paddlewheel complexes which have shown good enantioselectivity are
limited to three general forms, Figure 5.3.455 46%-472 The enantioselectivity of the reactions has been shown
to be highly sensitive to the structure of the diazoester, with larger substituents leading to higher
enantioselectivity and diastereoselectivity. Rhodium paddlewheel catalysed cyclopropantion reactions have
been reported with 99% enantiomeric excess (ee) and >95:5 diastereomeric ratio (dr) using complexes with

amino acid substituted phthalimide ligands.*”
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Figure 5.3. Chiral rhodium paddlewheel complexes which have shown enantioselective

catalytic properties for cyclopropanation reactions. X denotes a halide or hydrogen atom. **°
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5.1.5 Bent diimide ligands

The use of amino acid functionalised banana-shaped ligands for the synthesis of homochiral helicates has
been reported once before, simultaneous to the present study, in which amino acid substituted bicyclooctene
diimide ligands formed homochiral quadruple stranded helicates with copper paddlewheels, and the
configuration of the cage was shown to be dependent on the chirality of the ligand.**? Pyridyl functionalised
achiral bicyclooctene ligands have previously been reported to form triple and quadruple stranded
mesocates with Zn"" and Cu" metal centres, respectively, showing that bicyclooctene has a suitable shape
for forming binuclear mesocate and helicate cages.*”

In this study two different diimide molecules with a bent core were selected, 3,3',4,4'-biphenylsulfone
diimide (BPSD) and 9,10-dimethyl-9,10-ethanoanthracene-2,3,6,7-diimide (EADI), as they can be
functionalised with amino acids, and have a bend in the core which may be conducive to the formation of
helical cage complexes. Both the 3,3'.4,4'-biphenylsulfone dianhydride and 9,10-dimethyl-9,10-
ethanoanthracene-2,3,6,7-dianhydride molecules have been reported previously as polymer precursors, but
neither have been utilised as precursors to diimide ligands in metallosupramolecular chemistry.*’44® There
is some precedent for the formation of helicates with the BPSD ligand, as functionalised biphenyl sulfone
molecules have been reported to form hydrogen bonded helicates.*’” 47

The biphenyl sulfone diimide ligand core has not been previously used for the synthesis of coordination
compounds. However the biphenyl sulfone core has been functionalised with carboxylate, amine and
imidazole groups to synthesise coordination polymers with transition metals and lanthanides.*’**%" The
biphenyl sulfone group has also been used in organic macrocycles, due to the significant bend through the
sulfone group facilitating the formation of cyclic compounds.*%-4% There are also many reports of organic
polymers which incorporate the BPSD fragment.491-4%3

The 9,10-dimethyl-9,10-ethanoanthracene-2,3,6,7-diimide class of ligands was investigated because they
have a similar bend in the core to the BPSD molecules, but are longer and are therefore likely to form larger

helicate cage complexes. The EADI molecule has only been reported twice in the literature, both as part of
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permeable polymers.*** 4% The use of the EADI ligand in metallosupramolecular chemistry is therefore

unprecedented.

5.2 Synthesis of biphenyl sulfone diimides

The amino acid substituted BPSD series of molecules were synthesised by the same method as the BDI and
NDI molecules, (see Chapters 2 and 3) in which the 3,3',4,4'-biphenylsulfone tetracarboxylic dianhydride
was reacted with the respective amino acids to form the diimide. The glycine, (S)-alanine, (S)-leucine and
(S)-phenylalanine BPSD derivatives were synthesised, Figure 5.4. The three different synthetic methods of
heating in DMF overnight, heating overnight in acetic acid and microwave synthesis in acetic acid were
attempted for the BPSD compounds. The synthetic method that gave the pure product in the highest yield
was utilised for the bulk synthesis.

The glycine substituted molecule (H.GlyBPSD) was synthesised by heating the starting materials in DMF
at 100°C overnight, giving a clean product with a 52% yield. The (S)-alanine substituted molecule ((S)-
H,AlaBPSD) was synthesised by heating the starting materials in acetic acid overnight, giving the product
in a 58% vyield. The (S)-leucine and (S)-phenylalanine substituted compounds ((S)-H.LeuBPSD and (S)-
H>PheBPSD) were synthesised in a microwave reactor in acetic acid at 120 °C, with yields of 72 and 86%,
respectively.

For the purposes of investigating the influence that the handedness of the ligand could have on the chirality
of the coordination complexes formed, H.LeuBPSD was also synthesised with the unnatural handedness of
the leucine, (R)-leucine. (R)-H.LeuBPSD was synthesised by microwave irradiation at 120 °C, with a 79%
yield. The achiral version of H,LeuBPSD, which was substituted with one (R)-leucine and one (S)-leucine,
(S,R)-H2LeuBPSD, was also synthesised, by reacting a 1:1 ratio of (R)-leucine and (S)-leucine with
3,3',4,4'-biphenylsulfone tetracarboxylic dianhydride, also in a microwave reactor at 120 °C. The reaction
would have formed a statistical mixture (25:50:25) of (S,S)-, (S,R)- and (R,R)-H:LeuBPSD, and formed
with a 90% vyield. The reaction of this statistical mixture with Cu" fortuitously formed
metallosupramolecular products with the (S,R)-LeuBPSD ligand as desired (vide infra), and therefore the

mixture was not purified to isolate (S,R)-H.LeuBPSD. The successful synthesis of the BPSD molecules
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was confirmed by *H-NMR and *C-NMR spectroscopy, mass spectrometry, infrared spectroscopy and
microanalysis. In the same manner as the synthesis of the NDI and BDI ligands, presence of a *H-NMR
signal corresponding to the hydrogen atom on the alpha-carbon of the amino acid at ~4.8 ppm was

indicative of the formation of the product.

R 0 R= | H,GlyBPSD
o o %OH
° N R= SHs  (s)-H,AlaBPSD
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N +2 R Oy R= (S)-H;LeuBPSD
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Figure 5.4. The reaction scheme for the synthesis of the amino acid substituted BPSD

compounds.

5.3 Quadruple stranded helicate and mesocate cages

In addition to the numerous coordination polymers that were formed with the linear NDI and BDI ligands,
the coordination chemistry BPSD and EADI ligands which have a bent core were investigated. The
syntheses of both copper and rhodium paddlewheel complexes with amino acid substituted bent diimide
ligands were investigated, with the aim of synthesising homochiral coordination cage complexes with
enantioselective catalytic properties. The first class of ligands investigated for this purpose were the amino

acid substituted BPSD ligands.
5.2.1 Homochiral quadruple stranded helicate cages
Enantiopure (S)-H:LeuBPSD was reacted with Cu(NOs)2-3H20 in DMA at 100°C, which yielded only a

blue solution. After two months sitting at room temperature, blue crystals formed that were analysed to

reveal a coordination compound of the formula [Cus((S)-LeuBPSD).(OH,):]-2DMA, [A,A-
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5.1(OH,)]-2DMA, which is a helical cage, Figure 5.5. The structure of A,A-5.1 is modelled in the space
group P1, with one cage complex and some non-coordinated solvent in the asymmetric unit. The complex
consists of two {Cu,(O,C).} paddlewheel motifs which are bridged by the four (S)-LeuBPSD ligands, with
aqua ligands coordinated to the apical positions of the paddlewheels on the interior and exterior of the cage.
The C-S-C angle in the BPSD ligands have a bend of 103.1(7), 100.8(8), 102.6(8) and 100.1(9)°, giving
the ligand sufficient bend to form a dinuclear cage complex. The internal Cu' atoms are separated by
7.233(3) A and the cage has an internal void volume of ca. 350 A3, with the absence of internal coordinated
solvent. When the cage is viewed down the axis connecting all four Cu'" ions, the paddlewheels have a
negligible offset with regard to each other. However the ligands do not bridge to the paddlewheel site
directly below them, instead each ligand is twisted ~ 90° as they bridge between the paddlewheels, giving
the cage complex a helical sense. The four (S)-Leucine groups around each paddlewheel force the
substituents into a propeller motif, therefore inducing chirality around the metal centre and making the cage
a quadruple stranded helicate with A,A configuration, Figure 5.5.

As the initial synthesis of A,A-5.1 was extremely slow, new synthetic methods were explored to synthesise
the material in bulk. A method was developed in which (S)-H.LeuBPSD and Cu(NOs3), were dissolved in
a solvent mixture of DMA/MeOH, and a solution of triethylamine and methanol (1:1) was added slowly to
the solution to deprotonate of the carboxylic acids, in order to induce coordination to the metals and
formation of the complex. This method produced a crystalline sample of the complex in 56% yield

overnight.
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Figure 5.5. The homochiral quadruple stranded helicate cage of 4,4-5.1. Shown as a stick
model (with the exception of the metal ions) from the side view (top) and the top view looking
down the axis connecting all four Cu'" ions (left), showing the twist in the ligands. Hydrogen
atoms are omitted for clarity. The cage also shown as a space filling diagram, to further
illustrate the twist in the ligands (right).

Since it was observed that the (S)-LeuBPSD ligand caused a helical sense around the copper paddlewheels
of the A,A-5.1 cage complex, the behaviour of the opposite handedness ligand, (R)-LeuBPSD with Cu"
was also explored. (R)-H:LeuBPSD was also reacted with Cu(NOs), in DMA/MeOH using triethylamine
as a base, to yield a pure sample of [Cus((R)-LeuBPSD)4(OH2)(MeOH).s(HNMe2)os]-4DMA,

[A,A5.1-(OH2)(MeOH)25(HNMez)os5]-4DMA in 54% yield. Employing the (R)-LeuBPSD ligand with Cu"
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forms a quadruple stranded helicate analogous to that of A,A-5.1, with two copper paddlewheels connected
by four LeuBPSD ligands. However in the case of the (R)-LeuBPSD in A,A-5.1 the change in handedness
of the amino acid in the ligand induces a swap in the handedness of the propeller motif around the copper
paddlewheel, leading to the formation of the opposite handedness helicate, the A,A configuration, Figure
5.6. The (R)-LeuBPSD ligands in A,A-5.1 are arranged in the same way as the (R)-LeuPBSD ligands in
A,A-5.1, C-S-C angles of 102.1(5), 103.1(4), 100.9(3) and 101.2(4)°. The cages are the same shape, with
an internal Cu---Cu distance of 7.3069(14) A and void volume of 366 A3 in the structure of A,A-5.1, in
comparison to 7.233(3) A and 353 A% in the structure of A,A-5.1. These two helical cage complexes
demonstrate that the handedness of the ligand employed will force the chirality around the metal centre and
therefore control the supramolecular chirality of the cage complexes obtained.
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Figure 5.6. The two opposite handedness LeuBPSD ligands (left) and the two opposite
handedness quadruple stranded helicate cage complexes which they form with Cu", shown
in space packing (centre). The view down the Cu' axis of A4,4-5.1 and 4,4-5.1, showing the
twist of the ligands as they bridge between the copper paddlewheels (right). Hydrogen atoms

and coordinated solvent are omitted for clarity.
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The solution stability of these complexes as well as their helicity is confirmed by solution circular dichroism
studies. Circular dichroism (CD) spectra of the A,A-5.1 and A,A-5.1 cage solutions in acetonitrile showed
opposite Cotton effects, which are greatly enhanced with respect to the ligands alone, indicating that the
structure and helicity of the cages is maintained in solution, Figure 5.7. The solution stability of the
complexes is also confirmed by the observation of m/z peaks corresponding to the [M + H]* ion for both

cage complexes.

150

100

__ 50
[-T]

()

©

§_ 0 S I—

8 280 300 320 340

Wavelength (nm)

-100

-150

Figure 5.7. The circular dichroism spectra of 5.1 and LeuBPSD. A4,4-5.1 shown as solid
blue line, and the (S)-H.LeuBPSD ligand shown in dotted blue line, and the opposite
handedness 4,4-5.1 shown as solid red line, the (R)-H.LeuBPSD ligand shown as a dashed
red line. The CD of the cage complexes and ligand solutions were conducted in acetonitrile
at concentrations of 6 umol/L and 60 pumol/L, respectively.

The solvent coordinated to the apical positions of the copper paddlewheels in A,A-5.1 and A,A-5.1 is very
difficult to assign crystallographically, most likely due to rotational disorder along the Cu-O bond and
variation in coordinated solvent between cages within each crystalline sample. The best model of the
coordinated solvent in the crystal structure of A,A-5.1 is four aqua ligands. The coordinated solvent that
could be best modelled in the structure of A,A-5.1 was more complex. The apical sites of the paddlewheels

in A,A-5.1 on the exterior of the cage are occupied by methanol molecules. One of the interior sites is

occupied by an aqua ligand and a methanol molecule that share the coordinated oxygen atom (fixed
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occupancies 50:50), and the methanol molecule is modelled over two positions (fixed occupancies 25:25),
and the remaining interior site is occupied by a dimethylamine molecule, presumably from hydrolysis of
the DMA used in the reaction, and an aqua ligand (fixed occupancies 50:50).

As these cages have some internal void volume, the accessibility of the pores in solution is of interest to
gauge whether these cages maybe used for solution guest binding. Unfortunately since 5.1 involves
paramagnetic Cu'' the solution guest binding interactions could not be easily investigated by *H-NMR
spectroscopy. However a serendipitous crystalline sample was obtained from a solution of A,A-5.1 in ds-
DMSO, which was then replicated on a larger scale. The crystals were found to contain the complex
[Cua((S)-LeuBPSD)4(DMS0)2(OH,)4], ([A,A-5.1(DMSQO),(0OH,),]-2DMS0). The structure of A,A-
5.1(DMSOQ):is identical to that of A,A-5.1 with the exception of the coordinated solvent molecule. There
are two DMSO molecules which are coordinated to the Cu"' sites on the interior of the cage, Figure 5.8,
demonstrating that it is possible for the solvent on the inside of the cage to exchange in solution. The
coordinated DMSO molecules are disordered over two positions (free occupancies 53:47). The external

apical positions are occupied by aqua ligands.

Figure 5.8. The structure of A4,4-5.1(DMSO);, in which the solvent coordinated to the
interior Cu'' sites have exchanged for DMSO. For clarity only one of the confirmations of

the disordered DMSO is shown and hydrogen atoms are omitted.
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5.2.2 Self-selection of homochiral quadruple stranded helicate cages

In order to explore the supramolecular self-selectivity of the (S)-H.LeuBPSD and (R)-H.LeuBPSD for
formation of homochiral quadruple stranded helicate cages, a reaction was carried out with a 50:50 mixture
of (S)- and (R)-H.LeuBPSD and Cu(NOs)2-3H,0. The crystalline product was analysed by single crystal
X-ray diffraction to reveal a centrosymmetric structure (space group C2/c) in which the asymmetric unit
contains a quadruple stranded helicate with the ligands all of the same handedness, A,A-5.1/A,A-5.1-DMA,
Figure 5.9. The helicate of opposite handedness, containing the other ligand, is generated by inversion
symmetry in the crystal structure. Powder X-ray diffraction (PXRD) shows the presence of crystalline A,A-
5.1and A,A-5.1 in addition to A,A-5.1/A,A-5.1, indicating that the homochiral crystals of enantiopure cages
form alongside the centrosymmetric crystals of A,A-5.1/A,A-5.1. In the structure of A,A-5.1/A,A-5.1 the
LeuBPSD ligands only form cage complexes with ligands of like handedness, demonstrating that these

ligands display narcissistic self-selection to form helical cage complexes.
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Figure 5.9. The synthesis of A4,4-5.1/4,4-5.1 with both handedness of helicate cage in a

single crystal, demonstrating that the LeuBPSD ligands display narcissistic self-selection.
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5.2.3 Mesocate cage complexes

The self-selection of the LeuBPSD ligands prompted the exploration of how the chirality of these cage
complexes may be removed. It was shown that this may occur through two different methods, the use of a
(S,R)-LeuBPSD ligand which involves two leucine amino acids of opposite handedness in the ligand, and
the use of the achiral GlyBPSD ligand.

The (S,R)-LeuBPSD ligand was prepared by reacting a 50:50 mixture of (R)- and (S)-Leucine with the
3,3'.4,4'-biphenylsulfone dianhydride (vide supra). As each LeuBPSD ligand contains two amino acid
groups, this reaction would most likely form the (S,S)-, (S,R)- and (R,R)-H.LeuBPSD ligands in a statistical
mixture (25:50:25). Due to the statistical prevalence of (S,R)-HzLeuBPSD, the mixture was reacted without
purification with Cu(NQs)2-3H20 by analogous reaction conditions to those which formed bulk samples of
A,A-5.1 and A,A-5.1. A crystalline product was formed which was analysed by single crystal X-ray
diffraction to reveal a coordination complex of the form [Cu.((S,R)-LeuBPSD).(MeOH).(OH,),],
[5.2(OH2)2(MeOH);]-2DMA. The PXRD of the bulk crystalline sample containing 5.2 showed that A,A-
5.1, A,A-5.1 and A,A-5.1/A,A-5.1 were also present, due to the presence of the (S)-LeuBPSD and (R)-
LeuBPSD ligands in the reaction mixture. Complex 5.2 crystallises in the centrosymmetric space group P1
with half of the complex in the asymmetric unit. In a similar manner to 5.1 the structure of 5.2 involves two
copper paddlewheels which are bridged by four LeuBPSD ligands. The ligands in 5.2 are exclusively (S,R)-
LeuBPSD, and are arranged such that one of the paddlewheels is exclusively coordinated by the (S)-leucine
terminal groups and the other paddlewheel is exclusively coordinated by the (R)-leucine terminal groups,
further demonstrating the self-selection of the enantiomers. Due to the orientation around each metal, and
the mixed chirality of each ligand, the ligands are not twisted between the metal centres, forming a mesocate
cage, Figure 5.10. As the ligands are not twisted between the metal centres, the copper paddlewheels are
further apart than the helicates of 5.1, with an internal Cu---Cu distance of 9.015(4) A (cf 7.2 A). The longer
Cu---Cu distance leads to a much larger internal void volume of ~ 610 A3, almost double that of 5.1 with

voids of ~ 350 A3. The cores of the ligands also have slightly different conformations, with C-S-C angle of
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106.23(17) and 101.01(17)°, compared to the ligands in 5.1 which had C-S-C angles of ~101°,

demonstrating that the BPSD ligands have some degree of flexibility.

Figure 5.10. The structure of 5.2 shown with stick bonds (top) and space packing (left).
View looking down the Cu---Cu showing the ligands aligned with each other to form a
mesocate (right).

Using achiral H,GlyBPSD, [Cus(GlyBPSD)s(MeOH)3(OH>)], [5.3(MeOH)3(OH2)]-3.5DMA:-1.5MeOH,
was isolated as a pure crystalline phase. The cage structure is very similar to that of 5.2 in that it is a

mesocate in which the ligands bridge between the copper paddlewheels in a non-helical arrangement,
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Figure 5.11. The structure of 5.3 is modelled in the centrosymmetric space group P2:/n with one copper
paddlewheel and two GlyBPSD ligands in the asymmetric unit. The two crystallographically unigue apical
Cu'' sites are occupied by methanol ligands. The methanol coordinated to the external Cu" site is disordered
over two positions (fixed occupancies 25:75), sharing the coordinated oxygen atom. In the asymmetric unit
there are also non-coordinated solvent molecules of two methanol molecules modelled as 25% and 50%
occupancy, and DMA molecules. There are two DMA molecules modelled at half occupancy, and another
DMA molecule which is modelled as disordered over two positions (fixed occupancies 25:50).

Despite the lack of stereocentres in GlyBPSD, the amino acids around each paddlewheel are arranged in a
propeller motif, seemingly due to the steric requirements of the ligand. As is the case in the structure of 5.2,
the propeller motifs are of opposite direction for each paddlewheel. The internal Cu---Cu distance of 5.3 is
9.311(3) A, slightly longer than that of 5.2 due to a slight difference in the arrangement in the ligands. In
the structure of 5.2 the ligands are approximately evenly spaced around the cage, as can be seen by the
S--.-S distances of 10.179(5) A and 12.547(3) A between neighbouring ligands. In comparison, in 5.3 the
complex is ‘pinched’ in one direction, with S---S distances 9.561(2) A and 13.767(3) A, elongating the
cage slightly. The elongation of the mesocate cages in comparison to the helicate cages leads to much larger
void volumes within the cages, with internal void volumes in 5.2 and 5.3 of 610 A%and 670 A3, respectively,
in the absence of internally coordinated solvent (cf. 350 A2 in 5.1). The cages 5.2 and 5.3 also have larger
windows between the ligands than the 5.1 cages, as can be seen in the structure of 5.3 which reveals well-
ordered, partial occupancy DMA solvent molecules within the windows. The lack of twist in the ligands of
the mesocate cages allows larger windows and void volumes. The ligands in the structure of 5.3 also show
a slightly different bend than those of 5.1 and 5.2, with C-S-C angle of 105.1(2) and 103.7(3)°. The variation

in ligand arrangement between 5.2 and 5.3 demonstrates that these cages are somewhat flexible.
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Figure 5.11. The structure of 5.3. shown as stick model (top), in space packing (left) and
looking down the Cu---Cu axis to shown that the ligands are not twisted, therefore forming

a mesocate (right).

5.2.4 Retention of helicity upon incorporation of achiral ligand

Considering that homochiral helical cages A,A-5.1 and A,A-5.1 were obtained from chiral BPSD ligands,
and the mesocate cages 5.2 and 5.3 were obtained from achiral BPSD ligands, it was considered of interest

whether the helicity of the cages could be maintained upon incorporation of a proportion of achiral ligand,
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or if incorporation of any amount of achiral ligand would “switch off” the helicity of the cage complexes.
Circular dichroism (CD) was considered an appropriate technique to investigate this system, as it is
indicative of the concentration of chiral complex present in solution.

As a control experiment, a series of solutions were made with a constant concentration of Cu'" and
decreasing concentrations of (S)-H:LeuBPSD. The (S)-H:LeuBPSD:Cu" ratios of the solutions ranged
from 8:8 to 0:8, consistent with removal of half an equivalent of ligand for each cage, considering the MsL4
nature of the cage complexes. The solutions were diluted to an appropriate concentration and analysed by
CD. The CD signal of the solutions was measured between 240-350 nm, showing a strong Cotton effect
between 240-265 nm. The maximum signal at 250 nm decreases with the decrease in (S)-H:LeuBPSD
concentration, consistent with a decrease in the concentration of helicate complex in solution. A graph of
the CD signal at 250 nm shows a linear relationship between the (S)-H,LeuBPSD concentration and the CD
signal of the solution, Figure 5.12. A linear trendline was calculated from the graph, demonstrating that the

decrease in (S)-H.LeuBPSD with a constant concentration of Cu' shows a linear decrease in CD signal.
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Figure 5.12. The control CD experiment showing a linear relationship between the decrease
in (S)-LeuBPSD concentration and the maximum CD signal of the system, consistent with a

linear decrease in the concentration of helicate cage in the solution.
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In order to investigate the influence of substituting GlyBPSD for (S)-LeuBPSD, a new experiment was
undertaken in which a series of nine solutions were made with varying (S)-H.LeuBPSD:H,GlyBPSD ratios
and a constant concentration of Cu'. The total concentration of BPSD ligands was maintained in a 1:1 ratio
with Cu", and the (S)-H.LeuBPSD:H.GlyBPSD ratios varied between solutions. The (S)-
H.LeuBPSD:H,GlyBPSD ratios ranged from 8:0 to 0:8, and as there are four ligands in one cage complex,
this was a substitution of half an equivalent of (S)-LeuBPSD for GlyBPSD in subsequent reaction solutions.
The experiment was designed to investigate if a GlyBPSD ligand could be substituted for an (S)-LeuBPSD
ligand whilst maintaining the helicity of the cage and therefore maintaining the CD signal.

As would be expected, the solution of 8:0 made with (S)-H.LeuBPSD:H,GlyBPSD shows the strongest
Cotton effect. However the signal does not decrease in a linear fashion upon the incorporation of GlyBPSD,
Figure 5.13. The graph of the maximum CD signal, at 250 nm, shows that the solutions of (S)-Leu:Gly
ratios 8:0 to 5:4 all show the same signal. The solutions of (S)-Leu:Gly ratios 4:4 to 0:8 show a steady
decrease in CD signal as the proportion of GlyBPSD increases. If the GlyBPSD was not incorporated into
the cages, or if it “switched off” the helicity of the cages, the CD would show a decrease in the signal upon
any increase in the GlyBPSD. Instead the CD signal is maintained upon addition of GlyBPSD, suggesting

that achiral ligands can be incorporated into the cages without removal of their helicity.
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Figure 5.13. The CD results obtained by replacing (S)-LeuBPSD with GlyBPSD with a
standard concentration of Cu''. The maximum CD signal of each solution (inset).

The composition of each solution of varying (S)-LeuBPSD:GlyBPSD ratio with a constant concentration
of Cu'" was analysed by HPLC, via monitoring at 280 nm, Figure 5.14. It was observed that the [Cua((S)-
LeuBPSD)4(solv.)s] complex eluted at a retention time of 4.1 minutes, as this was the only signal observed
for the solution of 8:0 (S)-LeuBPSD:GlyBPSD and Cu''. The [Cus(GlyBPSD)a(solv.)s] complex eluted first,
with a retention time of 1.1 minutes. There were also three different peaks observed in the HPLC between
1.1 and 4.1 minutes, which it is assumed correlate to the [CuslL4] complexes with (S)-LeuBPSD:GlyBPSD
ratios of 1:3, 2:2 and 3:1.

The three HPLC peaks which elute between the [Cus(GlyBPSD)4] and [Cuas((S)-LeuBPSD)4] complexes
elute at retention times of 1.2, 1.6 and 2.4 minutes. These HPLC signals can be assigned as
[Cus(GlyBPSD)3((S)-LeuBPSD)], [Cus(GlyBPSD)2((S)-LeuBPSD),]  and  [Cus(GlyBPSD)((S)-
LeuBPSD)s]. The increased bulkiness of the presence of the (S)-LeuBPSD ligand in the cage complex
would lead to longer retention times. Therefore the peaks may be assigned as [Cus(GlyBPSD)s((S)-
LeuBPSD)] eluting at 1.2 minutes, [Cus(GlyBPSD),((S)-LeuBPSD);] eluting at 1.6 minutes and
[Cus(GlyBPSD)((S)-LeuBPSD)3] eluting at 2.4 minutes, with increasing (S)-LeuBPSD composition

correlating with increased retention time.
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Figure 5.14. The HPLC traces of each (S)-LeuBPSD:GlyBPSD + Cu'' mixture. All intensities
are normalised.

Mass spectroscopy of each peak extracted from the HPLC was attempted, in order to unequivocally assign
the composition of each peak in the HPLC, however the concentration of the cage complex in each HPLC
fraction was too low for the complex to be detected. Mass spectrometry of the 4:4 (S)-LeuBPSD:GlyBPSD
reaction solution showed peaks correlating to the [Cus(GlyBPSD)s((S)-LeuBPSD)(OH,):-H],
[Cus(GlyBPSD)2((S)-LeuBPSD),-H] and [Cus(GlyBPSD)((S)-LeuBPSD)3s(OH2)]-H] species, confirming
that the mixed ligand cages do exist in solution, and that all three mixed ligand cages exist in one reaction
solution, as was also shown by the HPLC of this reaction.

The difference in the composition of cages in the solutions may be expressed by calculating the relative
area of each peak in the HPLC. Figure 5.15 shows how the change in the (S)-LeuBPSD:GlyBPSD ratio
from 8:0 to 0:8 shows the decrease in the relative concentration of [Cus((S)-LeuBPSD)a] (shown as red
column), the appearance and then decrease in the mixed ligand cages, and the appearance of the
[Cus(GlyBPSD)4] cage (shown as a purple column). The incorporation of half an equivalent of GlyBPSD
per cage, the 7:1 solution, shows the proportion of the [Cu4((S)-LeuBPSD).] complex decrease to 60%, and

the appearance of the [Cu.((S)-LeuBPSD)s(GlyBPSD)] cage (shown as orange column) accounting for 35%
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of the solution, and the appearance of a small amount of the [Cu.((S)-LeuBPSD)2(GlyBPSD),] complex
(shown as green column) making up 5% of the solution. The 6:2 solution, with one equivalent of GlyBPSD
per cage, shows the [Cua((S)-LeuBPSD)4] cage decrease to 35% of the total solution, the increase in the
relative concentrations of the [Cus((S)-LeuBPSD)3(GlyBPSD)] and [Cus((S)-LeuBPSD)2(GlyBPSD);]
complexes to 48 and 15%, respectively, and the appearance of 2% of the [Cu4((S)-LeuBPSD)(GlyBPSD)s]
complex (shown as blue column).

Further increase in the proportion of GlyBPSD in the 5:3 solution shows the first mixture which contains
all five different cage complexes. The [Cu.((S)-LeuBPSD)4] complex decreases to 9% of the solution, the
[Cua((S)-LeuBPSD)3(GlyBPSD)] cage maintains a similar proportion to the 6:2 solution, at 49% of the
mixture, the [Cus((S)-LeuBPSD),(GlyBPSD),] complex shows a marked increase, accounting for 35% of
the solution. The 5:3 solution also shows an increase in concentration of the [Cus((S)-
LeuBPSD)(GlyBPSD)s] complex, accounting for 6% of the mixture, and the [Cus(GlyBPSD)4] complex
first appears, making up 1% of the solution.

The CD of these first four solutions shows that 100% of the complexes in solutions are helicates, which
based off the composition of the solutions from HPLC, suggests that the [Cu4((S)-LeuBPSD)s(GlyBPSD)],
[Cus((S)-LeuBPSD)2(GlyBPSD),] and [Cu4((S)-LeuBPSD)(GlyBPSD)s] cages are all helicates. Therefore
it appears that only one (S)-LeuBPSD ligand is required per [CusL.] cage in order to induce the chirality of
the cage and form a helicate. Although the HPLC of the 5:3 solution shows 1% of the [Cu4(GlyBPSD)4]
complex, this is unlikely to lead to a discernible decrease in CD signal.

Consistent with the lower CD signal observed for the 4:4 mixture, the HPLC of this solution shows an
increase in the proportion of the [Cus(GlyBPSD)4] complex, to 5% of the mixture. The 4:4 mixture also
contains 17% of the [Cus((S)-LeuBPSD)(GIyBPSD)s] complex, 39% of the [Cus((S)-
LeuBPSD)2(GlyBPSD).], 34% of the [Cua((S)-LeuBPSD)3(GlyBPSD)] and 5% of the [Cua((S)-
LeuBPSD).] complex. If the cages were forming a purely statistical mixture, the 4:4 solution should show
equal proportions of the [Cua((S)-LeuBPSD)4] and [Cus(GlyBPSD)4] complexes, which is observed, as they

both account for 5% of the mixture. However the [Cuas((S)-LeuBPSD)(GlyBPSD)s] and [Cua((S)-
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LeuBPSD)3(GlyBPSD)] cages do not form in equal proportions, as the [Cu4((S)-LeuBPSD);(GlyBPSD)] is
more dominant, accounting for 34% of the mixture, while the [Cua((S)-LeuBPSD)(GlyBPSD);] cage
accounts for 17% of the mixture.

As would be expected upon the increase in GlyBPSD concentration to being in excess of (S)-LeuBPSD,
the 3:5 solution shows an increase proportion of the [Cus(GlyBPSD)4] complex, to 14%. The 4:4 solution
is also the last observation of the [Cu4((S)-LeuBPSD)4] cage, accounting for 1% of the mixture. The 4:4
solution also shows an increase in the proportion of the [Cua((S)-LeuBPSD)(GlyBPSD)3] complex, to 26%,
the maintaining of the proportion of the [Cus((S)-LeuBPSD)2(GlyBPSD),] complex, at 39%, and the
decrease in the [Cus((S)-LeuBPSD)(GlyBPSD)s] complex, to 20% of the mixture. The 6:2 solution shows
a further increase in the proportion of the [Cus(GlyBPSD)4] complex, to 28% of the mixture, and an increase
in the [Cus((S)-LeuBPSD)(GlyBPSD);] complex, to 33%. The proportion of the [Cua((S)-
LeuBPSD),(GlyBPSD):] and [Cua((S)-LeuBPSD)s(GlyBPSD)] complexes decreases in the 6:2 solution, to
31 and 33%, respectively.

The 1:7 solution shows the last observation of the [Cu4((S)-LeuBPSD)3(GlyBPSD)] complex, accounting
for 2% of the mixture. The [Cua4((S)-LeuBPSD),(GlyBPSD),] complex also shows a marked decrease in
the 1:7 solution, to 13% of the solution. The remaining 1.7 solution is accounted for my 34% of the [Cu.((S)-
LeuBPSD)(GlyBPSD)s] complex, and 51% of the [Cus(GlyBPSD)4] complex. As would be expected, the

0:8 solution contains 100% of the [Cus(GlyBPSD)4] complex.
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Figure 5.15. The relative composition of each solution of varying (S)-LeuBPSD:GlyBPSD
ratio with a constant concentration of Cu'', as analysed by HPLC.

Comparison of the compositions of each solution in this series appears to suggest that the [Cua((S)-
LeuBPSD)4] helicate forms with greater dominance than that of the [Cus(GlyBPSD)4] mesocate. The
incorporation of the (S)-LeuBPSD ligand into the [Cus(GlyBPSD).] cage also appears to occur more readily
than the incorporation of GlyBPSD into the [Cua((S)-LeuBPSD)4] cages, shown by the greater proportions
of the [Cua((S)-LeuBPSD);(GlyBPSD)] complex in comparison to the [Cus((S)-LeuBPSD)(GlyBPSD)s]
complex.

The proportion of each complex in solution was calculated from the HPLC data, and then compared with
the CD results, in order to determine which of the mixed ligand cage complexes are helicates. Based on the
total amount of ligand and Cu'" added to the reactions, each solution should have had a concentration of
19.2 mmol/L of cage. Therefore it was assumed that if all the peaks in the HPLC account for this total
concentration, the relative areas of the HPLC peaks may be used to calculate the concentration of each cage

complex in solution, Table 5.1.
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Based on the maximum CD signal of the 8:0 (S)-LeuBPSD:GlyBPSD ligand solution, which contained

purely the [Cus((S)-LeuBPSD).] helicate, and assuming a linear relationship between CD signal and

helicate concentration, the helicity of the mixed ligand cages may be determined by the predicted CD signal

based on concentrations obtained from HPLC. The CD signal was predicted based on the concentrations of

each complex from HPLC assuming that all but the [Cus(GlyBPSD)4] cage complex formed helicate cages,

and these CD signals may be compared with the experimental values, Figure 5.16.

Table 5.1. The concentration (mmol/L) of each cage complex as calculated by the HPLC
results, and the predicted CD signal for each solution if all but the [Cu4(GlyBPSD)4]

complexes are helicate cages.

Cage concentration based on HPLC (mmol/L)

) ) ) ) ) . Total Total | Predicted
(S)-LeuBPSD:GIlyBPSD | 4:0 | 3:1 2:2 1:3 |04 mesocate | helicate | CD signal
8.0 192 |0 0 0 0 0 19.2 71
7:1 116 | 6.7 0.9 0 0 0 19.2 71
6:2 6.7 |9.3 2.8 04 |0 0 19.2 71
5:3 1.8 194 6.6 1.1 |03 |03 18.9 70.1
4:4 09 |6.6 7.6 32 |09 ]0.9 18.3 67.6
3.5 02 |39 7.4 50 |27 |27 16.5 60.9
2:6 0 14 6.0 64 |54 |54 13.8 51.1
1.7 0 0.3 2.6 6.6 |97 |97 9.5 35.0
0:8 0 0 0 0 19.2 |19.2 0 0

Experimental CD Predicted CD
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Figure 5.16. The experimental (left) and predicted (right) maximum CD signal of the

reaction of solutions of varied (S)-LeuBPSD:GIlyBPSD ratios.

183



Chapter 5 Helicate and mesocate cage complexes
Based on the comparison between the experimental CD results and the predicted CD signal from the HPLC
results, it appears that the assumption that all the mixed ligand cages are quadruple stranded helicates is
correct. It appears that it is only the [Cus(GlyBPSD)4] cage complex which is a mesocate, and only one (S)-
LeuBPSD ligand per [Cus(BPSD)4] cage is enough to induce the chirality of the cage, as the CD signals are
consistent  with the [Cu4((S)-LeuBPSD)4], [Cu4((S)-LeuBPSD)3(GlyBPSD)], [Cua((S)-
LeuBPSD),(GlyBPSD);] and [Cu.((S)-LeuBPSD)(GlyBPSD)s] cages all being helicates. A quadruple
stranded helicate is therefore a very favourable conformation for these ligand systems.

The total concentration of each ligand in solution was calculated based on the mixed cage compositions
from the HPLC results. These calculations were able to confirm that the assignment of the peaks of the
mixed ligand systems in the HPLC was correct. There is a small discrepancy between the calculated total
concentration of each ligand based on the HPLC data and the concentration of each ligand put into the
reaction, with the calculated concentration of (S)-LeuBPSD being slightly higher and the concentration of
GlyBPSD being slightly lower than the concentration of the ligands put into each reaction mixture, Table

5.2.

Table 5.2. The concentration of (S)-LeuBPSD and GlyBPSD ligands in each reaction
mixture, based on the HPLC results and the reaction concentration, and the difference

between them. All concentrations shown in mmol/L.

(S)-LeuBPSD: | Calculated concentration | Reaction concentration C(Or ggi?itorr?no:aﬂllﬁ::gg;: ¢
GlyBPSD —

LeuBPSD | GlyBPSD | LeuBPSD | GlyBPSD | LeuBPSD | GlyBPSD
8:0 76.8 0 76.8 0 0.0 0.0
7:1 68.3 8.5 67.2 9.6 -1.1 1.1
6:2 60.8 16.0 57.6 19.2 -3.2 3.2
5:3 49.8 27.0 48.0 28.8 -1.8 1.8
4:4 41.8 35.0 38.4 38.4 -3.4 34
35 322 44.6 28.8 48.0 -3.4 34
2:6 22.7 54.1 19.2 57.6 -3.5 35
1.7 12.7 64.1 9.6 67.2 -3.1 3.1
0:8 0 76.8 0 76.8 0.0 0.0

The discrepancy between concentration of ligands based on the HPLC results and the reaction mixture is

consistent with the higher proportions observed in HPLC of the [Cua((S)-LeuBPSD).] and [Cua4((S)-
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LeuBPSD);(GlyBPSD)] cages in comparison to the [Cua((S)-LeuBPSD)(GlyBPSD)s] and [Cu(GlyBPSD)4]
cages. It may be that the GlyBPSD ligands are less readily incorporated into [Cus(BPSD)4] complexes, and
will stay in solution as free ligands instead of coordinating to the Cu" to form a cage complex. As the free
ligands were not observed in the HPLC, even when blank solutions of H.GlyBPSD and (S)-H;LeuBPSD
with no metal were analysed, it is possible that there is free H,GlyBPSD in the reaction solutions which is
not observed by the HPLC, and also not observed by CD.

These results suggest that a [Cus(BPSD)4] homochiral quadruple stranded helicate may be formed with
only one chiral (S)-LeuBPSD ligand and three achiral GlyBPSD ligands, showing that a helicate is a robust
supramolecular species for this ligand system. Helicates may also be formed with (S)-LeuBPSD:GlyBPSD
ratios of 2:2 and 3:1, in the form of [Cus((S)-LeuBPSD),(GlyBPSD);] and [Cua((S)-
LeuBPSD);(GlyBPSDs] complexes. The tendency for a helicate to be formed with a small amount of chiral
ligand was demonstrated through a combination of circular dichroism, HPLC and mass spectrometry in
order to analyse the composition of each of the mixed ligand reactions and assign them to the formula of

the supramolecular cage complex which was formed.

5.4 A larger helicate complex utilising a larger ligand

Due to the relatively small void volume in chiral cages A,A- and A,A-5.1, attempts were made to synthesise
a longer chiral diimide ligand with the necessary angle to produce large chiral cage complexes in order to
achieve chiral separation or catalysis within them. As outlined in Section 5.1.5, homochiral quadruple
helicate cages have been prepared utilising amino acid substituted bicyclooctene diimide ligands, as the

bicyclooctene group provides the necessary bend in the ligand to form a bi-paddlewheel cage complex.

5.4.1 Synthesis of larger diimide ligand

The compound chosen to be a longer analogue of the BSPD ligands, was the (S)-leucine substituted 9,10-

dimethyl-9,10-dihydro-9,10-ethanoanthracene-2,3,6,7-diimide (EADI) molecule, Figure 5.17.
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Figure 5.17. (S)-H:LeuEADI, with a similar bend in the core as the bicyclooctene ligands
which have been shown to form quadruple stranded helicates with copper paddlewheels.

9,10-Dimethyl-9,10-ethanoanthracene-2,3,6,7-tetracarboxylic acid was synthesised in three steps by a
literature procedure, Figure 5.18.47¢ The first step was a Grignard reaction with 2,5-hexanedione and two
equivalents of 4-bromo-1,2-dimethylbenzene. The second step was a cyclisation reaction using aluminium
trichloride in order to form the 9,10-dimethyl-9,10-ethanoanthracene core. The four terminal methyl groups
were then oxidised using potassium permanganate in a pyridine and water mixture in order to form 9,10-
dimethyl-9,10-ethanoanthracene-2,3,6,7-tetracarboxylic acid. The tetra-acid was reacted with (S)-leucine
in acetic acid under reflux for four nights, and the H,LeuEADI product was isolated as a pale yellow solid
by pouring the reaction mixture into ice and recovered by vacuum filtration. The synthesis of H.LeuEADI

was confirmed by *H-NMR, 3C-NMR, mass spectrometry, infrared spectroscopy and microanalysis.
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Figure 5.18. The synthetic scheme for the synthesis of H,LeuEADI.
5.4.2 Quadruple stranded helicate with EADI ligand

As the leucine analogues of the BPSD ligands had been so successful in the synthesis of quadruple stranded
helicate cages, the (S)-LeuEADI ligand was utilised for the attempted synthesis of larger homochiral
helicate cages. A, A-[Cus((S)-LeuEADI)4(OH2)3(DMF)]-3.5DMF-9.5H.0,
[5.4(DMF)(OH>)3]-3.5DMF-9.5H,0, a homochiral quadruple stranded helicate cage, was successfully
synthesised from (S)-HzLeuEADI and Cu(OAc).in DMF. The structure of A,A-5.4 is similar to that of 5.1
in that it involves two copper paddlewheels which are bridged by four ligands into a cage complex, Figure
5.19. The ligands once again twist ~ 90° between the metal centres to generate the helicity of the cage,
Figure 5.19. The bulky isobutyl (S)-leucine side chains of the ligand force the ligands around the metal
centre to adopt the same propeller motif as A,A-5.1.

The structure of A,A-5.4 is modelled in the space group C222;. The asymmetric unit contains one copper
paddlewheel, a complete (S)-LeuEADI ligand and two half (S)-LeuEADI ligands, in addition to coordinated
solvent molecules. Both external Cu" coordination sites are occupied by aqua ligands, and the internal sites

are occupied by a disordered DMF and aqua ligand (fixed occupancy 50:50) sharing the coordinated oxygen
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atom. The cage has a Cu---Cu distance of 9.225(3) A, a similar distance to the mesocate cages of 5.2 and
5.3, and longer than the helicate cages of 5.1 (cf 7.2 A). The internal cavity of the cages of A,A-5.4 is ~ 380
A3 (in the absence of coordinated solvent), a 25% increase in void volume compared to 5.1. The core of the
EADI ligand has a slightly different shape to the BPSD ligand, with mean plane angles of 121.315(8) and
121.459(12)°, as measured by the angle between the planes of the bicyclooctane group, compared to the C-

S-C angle of ~100 — 109° in the BPSD ligands.

Figure 5.19. The structure of A4,4-5.4 shown as a stick model (left) and looking down the
Cu---Cu axis to show the twist of the ligands which generate the helicity of the cage (right).
Hydrogen atoms and coordinated solvent have been omitted for clarity.

The solution stability of A,A-5.4 and helicity of cages were confirmed by mass spectrometry and circular
dichroism, Figure 5.20. The circular dichroism of A,A-5.4 showed a similar Cotton effect as that observed
for A,A-5.1, which is to be expected as they are both helicate cages of A,A confirmation. The mass
spectroscopy of an acetonitrile solution of 5.4 showed ions of [5.4+H]* and [5.4(OH2)(MeCN)+H]",
confirming that the cages persist in solution, and that there is some exchange of the coordinated solvent in

solution or during the ionisation of the complexes.

188



Chapter 5 Helicate and mesocate cage complexes
Unfortunately due to the multi-step synthesis of the ligand, these cages were not able to be investigated for
enantioselective catalysis and separation properties. The synthesis of A,A-5.4 showed that homochiral
quadruple stranded helicate cages with amino acids substituted bent diimide ligands are a favourable

product with copper paddlewheel motifs.
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Figure 5.20. The circular dichroism spectrum of A4,4-5.4 in acetonitrile at 11 pumol/L.

5.5 Helicate cages with rhodium metal centres

The chiral cages 5.1 and 5.4 presented an opportunity for the investigation into their potential applications
in enantioselective catalysis. However due to the paramagnetic copper paddlewheels in the cages, it was
not possible to monitor chiral guest encapsulation or catalysis within or around the cages through solution
'H-NMR spectroscopy studies. As outlined in Section 5.1, there are some examples of chiral copper
complexes which have achieved enantioselective catalysis and separation.*? However the use of other
metal centres, such as rhodium, in complexes involving chiral paddlewheels for enantioselective catalysis,
has been explored to a greater extent.*8 462 4%. 497 Rhodium has the advantage of being diamagnetic,
enabling *H-NMR studies to be conducted, and forms more stable complexes than copper, increasing the

stability of the chiral cage complexes that could be synthesised.
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5.5.1 Homochiral helicate cage with Rhodium paddlewheels

Due to the slow kinetics of Rh", helicate cages with Rh'' could not be synthesised by the same methods as
5.1 — 5.4. However a synthesis was developed in which Rh,(OAc)s was heated with (S)-H,LeuBPSD in
chlorobenzene and crystallised from chloroform by vapour diffusion with methanol. The crystals formed
had the formula [Rha((S)-H2LeuBPSD)a(OH2)4][Rha((S)-HaLeuBPSD)4(OH,)2(MeOH)]-4MeOH-10H:0,
[5.5(s01v.)4]-4MeOH-10H,0. The structure of 5.5 is analogous to that of A,A-5.1, with two paddlewheels
bridged by four ligands, in which the chirality of the ligands forces a propeller motif around the paddlewheel
and the twist of the ligands form a quadruple stranded helicate cage. In the same manner as A,A-5.1, the
structure of 5.5 is a helicate cage of A,A-configuration.

The structure of 5.5 is modelled in the chiral space group C2, and the asymmetric unit includes two [Rha((S)-
H2LeuBPSD)a(solv.)s] complexes, Figure 5.21. The presence of two crystallographically unique cages of
5.5 is due to slight structural differences between them. In the helicate cages of 5.1 and 5.4 the paddlewheels
had a negligible offset from each other when viewed down the Cu---Cu axis, with the ligands twisted by
90°, generating the helicity of the cages. In the case of 5.5, the ligands once again twist between the
paddlewheels to form a helicate, however the angle of the twist in the (S)-LeuBPSD ligands are different
for the two crystallographically unique cages. In the cage involving Rh(1)-Rh(4), cage 5.5a, the ligands
twist at an average angle of 58.6° between the paddlewnheels. In the cage with Rh(5)-Rh(8), cage 5.5b, the
ligands have an average twist angle of 68.5°, Figure 5.21. The difference in the twist of the ligand leads to
a difference in the internal Rh-Rh distances in 5.5a and 5.5b which are 9.7751(17) A and 9.1051(16),
respectively. As was the case with the comparison between the copper paddlewheel helicates and
mesocates, 5.1 — 5.4 the smaller twist angle leads to a longer internal M---M distance.

The difference in the twist of the ligands in the two crystallographically unique cages of structure of 5.5 is
quite fascinating, as it shows that these cages are somewhat flexible. The difference in the twist of the
ligands in 5.5 compared to the twist in the BPSD ligands in 5.1, also shows that these ligands are flexible.

It is worth noting that it is the solid state structure of the cages of 5.1 and 5.5 which has been described
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herein, however given these results it is highly probably that the cages exist with a range of twist angles
when in solution.

The difference in the twist of the ligands leads to the two crystallographically unique cages having different
internal void volumes. The cage of 5.5a is larger due to the smaller twist angle of the ligands, with a void
volume of 611 A3, and 5.5b is smaller, due to the greater twist in the ligands, leading to a smaller void

volume of 501 A3,

Figure 5.21. The two crystallographically unique [Rh4((S)-LeuBPSD)4(solv.)s] cages 5.5a
(left) and 5.5b (right), showing the difference in the angle at which the ligands twist between

paddlewheels. Hydrogen atoms are omitted for clarity.
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The two unique cages of 5.5 have different coordinated solvent molecules. All the apical Rh' positions in
5.5a are occupied by aqua ligands. The internal apical Rh' positions in 5.5b are occupied by aqua ligands,
and the external positions are occupied by methanol molecules. As the crystals were grown from
chloroform, there are also five chloroform molecules which could be modelled in the structure, two of
which are modelled at 50% occupancy. The helicity of the 5.5 cages was also confirmed by circular
dichroism, Figure 5.22. The CD of 5.5 showed similar cotton effects to that of A,A-5.1 and 5.4, as would

be expected as they are all helicates of A,A-configuration.
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Figure 5.22. Circular dichroism spectrum of 5.5 in acetonitrile.

The smaller angle at which the ligands twist in the structure of 5.5 in comparison to 5.1 leads to larger
windows between ligands. The apparent flexibility in the cages means that they may exist with the ligands
twisting at a range of angles. A smaller twist angle in the ligand leads to cages with larger windows, making
guest exchange more likely. The flexibility of the cages and the presence of Rh'' metal centres in 5.5 led to

this material being investigated for enantioselective catalytic properties.
5.5.2 Enantioselective catalysis with rhodium(ll) helicate cages
Cyclopropanation reactions have been used to probe the enantioselective catalytic properties of chiral

rhodium(l1) paddlewheel complexes.®** The [RhzL4] complex in which the ligand is an amino acid

substituted phthalimide molecule, which is effectively half of the cage of 5.5, have been shown to be an
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effective catalyst in these reactions.* 47%4% One such example is the [Rho(S-PTTL)4] complex (L= (S)-
tert-leucine substituted phthalimide).*”® The cyclopropanation reactions of a-alkyldiazo compounds with
styrene catalysed by [Rhx(S-PTTL)4] were shown to have improved diastereoselective ratio (dr) and
enantioselectivity (ee) with increasing steric bulk of the a-alky substituent, Figure 5.23.

Me  CO,Et

K 91:9 dr
3% ee

Ph\\\\“"
Et CO,Et

92:8 dr
79% ee

r, CO;Et
K 95:5 dr
94% ee

CO,Et

u/
K 95:6 dr
96% ee

o

Ph

Figure 5.23. The [Rh2(S-PTTL)4] complex, which is effectively half of the cage of 5.5 (left).
All hydrogen atoms and coordination solvent molecules are omitted for clarity. The
enantioselective catalysis of a-alkyldiazo compounds with styrene by [Rh2(S-PTTL)4],

showing that increasing steric bulk of the a-alkyl substituent leads to higher dr and % ee
(right).

The enantioselective catalysis properties of 5.5 were investigated using the cyclopropanation reaction of
ethyl diazoacetate (EDA) and styrene, as the product has two chiral centres and the reaction will not proceed
in the absence of a catalyst, Figure 5.24. The presence of two stereocentres in the product means that the
diastereoselectivity as well as the enantioselectivity of each could be determined. The four products formed
were cis- and trans-ethyl-2-phenylcyclopropanecarboxylate. The position bearing the ester functionality is
designated as position 1 on the cyclopropane ring, therefore the two cis products are the 1R,2S and 1S,2R

isomers, and the trans products are the 1S,2S and 1R,2R isomers.
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Figure 5.24. Cyclopropanation reaction of styrene with ethyl diazoacetate which are
catalysed by rhodium paddlewheel complexes.

To act as a comparison to the catalytic activity of 5.5, two other rhodium(Il) paddlewheel complexes were
used to catalyse the cyclopropanation reaction. [Rh2(CH3COO)4], which is an achiral Rh" paddlewheel was
used as a comparison that should not show any diastereoselectivity or enantioselectivity. The rhodium(Il)
paddlewheel substituted with four (S)-leucine phthalimide ligands (LeuPl), [Rhz(LeuPl).], was also used
as it is a “bowl-shaped” complex which is half of the helicate cage of 5.5. There is some disagreement in
the literature in regards to the conformation of [Rh,L4] complexes in solution. Crystal structures of the
complexes have shown the ligands to be “all-up”, forming a “bowl-shaped” complex.*® 4’0 However it has
also been postulated that in solution is it possible that the complexes may be a mixture of the four different
possible symmetries, Figure 5.25.4%° In the case of 5.5, the cage is essentially two “bowl-shaped” complexes
fused together, and therefore all of the rhodium paddlewheels are locked in the “all-up” conformation. The
enantioselective catalytic properties of 5.5 may therefore be better rationalised based on the known

conformation of the chiral paddlewheels.
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Figure 5.25. The four possible conformations of a [Rh;Li] complex. Reprinted with
permission from V. N. G. Lindsay, W. Lin and A. B. Charette, J. Am. Chem. Soc., 2009, 131,
16383-16385. Copyright 2009 American Chemical Society.

The cyclopropanation reactions were undertaken by slow addition of a DCM solution of styrene to a DCM
solution of the rhodium catalyst and EDA. The catalyst was used in a loading of 0.8% of Rh'' metal centres.
The removal of the DCM from the reaction mixture left the products, unreacted starting materials, and the
catalyst. The Rh' catalysts could not be recovered after the reaction, is it appeared that they were soluble
in the products and starting materials. The reaction mixture was analysed by *H-NMR spectroscopy to
determine the % conversion of the reaction, and by GC to determine the diastereomeric ratio (dr) and the
% enantioselectivity (% ee).

The *H-NMR spectra of the reaction solutions after removal of the DCM showed that the reactions had not
gone to completion. Comparison of the integration of the signals of the products and starting materials was
used to calculate the % conversion of the reaction. The cyclopropantion reaction catalysed by 5.5 showed
22% conversion to the products. The reactions catalysed by [Rh2(CH3COO)4] and [Rha(LeuPl)s] showed
28 and 18% conversion, respectively. Analysis of the products by GC was used to determine the
diastereoselectivity of the reaction, Table 5.3. Analysis was conducted in collaboration with the Marriott

group at Monash University. The catalysis with 5.5 gave the cis and trans products in a ratio of 49:51.
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Interestingly, the reactions catalysed by [Rh2(CH3COQ)4] and [Rho(LeuPl)4] gave the cis and trans products
in ratios of 37:63 and 53:47, respectively.

The % ee of for the cis and trans products was also analysed for each reaction, Table 5.3. The reaction
catalysed by 5.5 showed a 8% ee of the cis product, with the 1S,2R enantiomer in excess, and a 13% ee for
the trans product, with the 1S,2S enantiomer in excess. The reaction catalysed by [Rh2(CH3COO),] shows
a lower % ee for both the cis and trans products, Table 5.3. The reaction catalysed by [Rhz(LeuPlI)s] shows
similar results to the reaction catalysed by 5.5, with a 2% ee of the cis product, again with the 1S,2R
enantiomer in excess and a 15% ee of the trans product, with the 1S,2S diastereomer in excess.
Comparison of the [Rha(LeuPl).] results with that of the previously reported [Rhx(S-PTTL)4] complex,
further demonstrates that an increase in steric bulk will lead to improved dr and %ee. The a-alkyldiazo
starting material in this case, EDA, is less sterically demanding than the previously reported a-alkyldiazo

compounds and leads to an even lower dr and %ee.

Table 5.3. Enantioselective catalysis results using Rh"' paddlewheel of the cyclopropanation

reaction of styrene and EDA.

Catalyst o trans | cisSee | g e | TANS %08 | G e
55 49:51 8 1S,2R 13 1S,2S
[Rh2(CH3COO0)] 37:63 2 1R,2S 8 18,25
[Rho(LeuPl)] 53:47 2 1S,2R 15 15,25

It has been previously established that catalysing cyclopropanation reactions with [Rhz(CH;COO)4] would
lead to the formation of the trans product preferentially, due to how the starting materials form the
metallocarbene transition state around the paddlewheel.*6> 5% |t has also been observed that increase in
steric bulk of the ligands around the rhodium paddlewheel correlates with a decrease in
diastereoselectivity,*’* explaining why catalysis with [Rh(CHsCOO).] gave a dr of 37:63 with the trans
product in preference, while 5.5 and [Rhao(LeuPl)4] give a dr of 49:51 and 53:47, respectively.

The chirality of 5.5 and [Rha(LeuPl)4] appears to lead to some enantiomeric enrichment of each of the cis

and trans products, in contrast to the achiral [Rho(CH3COQ).] complex. The observed enantioselectivity of
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the catalysts is very low however, with maximum ee of 13 and 15% for the trans product formed by
catalysis with 5.5 and [Rhz(LeuPl)4], respectively. Based on these results, and previous work with other
rhodium paddlewheel catalysts, there are multiple alterations to the reaction that may be attempted in order
to improve the enantioselectivity of this reaction when catalysed by 5.5 or analogous [Rh4L4] chiral cages.
The solvent in which the reaction is carried out may be changed, as similar reactions have shown improved
enantioselectivity when the solvent was changed to hexane or acetone. 2 % The conversion may also be
improved by increasing the catalyst loading or reaction time. It has previously been reported that increasing
the steric bulk of the ligands can lead to a drecease in the diastereoselectivity of the reaction, therefore the
use of a less bulky amino acid side chain, such as a methyl group in the case of (S)-alanine, may increase
the diastereomeric ratio of the products. The substituents of the azide and ethylene starting materials have
also been shown to have a large impact on the enantioselectivity of the reaction, therefore the use of
different starting materials may also lead to higher enantioselectivity of the reaction.*” It is clear that the
enantioselective catalytic properties of 5.5 are quite poor for the reaction which was studied. However 5.5
does show some enantioselective catalytic activity, and therefore warrants further study in order to develop
the optimum reaction conditions and substrates to achieve high diastereoselectivity and enantioselectivity.
The enantioselective catalytic properties of 5.5 could also be investigated with other reactions that have
been shown to be catalysed by rhodium paddlewheels, such as intramolecular C-H insertion, amination and

2,3-sigmatropic rearrangement.

5.6 Conclusion

The series of helicate and mesocate cages discussed herein show remarkable control of helicity through the
control of the chirality of the ligands. Each ligand contained two amino acid groups substituted onto a
diimide core group, with a sufficient bend in the core of the ligand to allow the ligands to form an [MsL4]
cage complex with copper paddlewheel nodes. Chirality of the ligand around the coordinating carboxylate
groups forced the Cu'" paddlewheels into a propeller motif, and the ligands into forming a helicate cage
complex. The removal of chirality of the ligand led to the removal of the chirality of the cage. A change in

handedness of the LeuBPSD ligand was observed to change the handedness of the helicate that was formed.
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These cages showed narcissistic self-selection, as the reaction of a racemic mixture of (S)-LeuBPSD and
(R)-LeuBPSD with Cu" formed a racemic mixture of helicate cages, each containing ligands of like
handedness. It was also shown through a “sergeants and soldiers” experiment, in which chiral ligands were
replaced with achiral ligands, that only one chiral ligand per cage was required in order to force the cage
into a helicate conformation. A quadruple stranded helicate is therefore shown to be a robust supramolecular
species for the copper paddlewheel and BPSD ligands system.

A different amino acid substituted diimide ligand with a bent core was also investigated. The reaction of
the (S)-LeuEADI ligand with Cu" formed an analogous quadruple stranded helicate cage. [Cua((S)-
LeuEADI)4(s0lv.)s] demonstrated that the helicate cages are somewhat flexible, as the core of the BPSD
ligand has a bend of 101-105° compared to the EADI ligand with a bend of ~121°. A [Cua((S)-
LeuEADI)4(solv.)s] quadruple stranded helicate showed the reproducibility of copper paddlewheel based
helicate cages with amino acid substituted diimide ligands with a bent core.

A quadruple stranded helicate cage with (S)-LeuBPSD was also formed with Rh'" paddlewheels, in order
to form a catalytically active chiral cage complex. The [Rha((S)-LeuBPSD)4(solv.)s] helicate cage complex
showed a small degree of enantioselective catalytic activity in the cyclopropantion of styrene and ethyl
diazoacetate. The enantioselective catalytic properties of 5.5 warrants further study in order to find the
optimum reaction conditions to achieve high enantioselectivity.

The series of cages reported herein form with two different ligand core groups, BPSD and EADI, and two
different metal nodes, Cu'" and Rh" paddlewheels, demonstrating the reproducibility of forming dinuclear

quadruple stranded helicate cages with amino acid substituted diimide ligands with a bent core.
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Chapter 6: A chiral octahedral cage complex

6.1 Introduction

Polyhedral coordination cage complexes have attracted research interest due to their aesthetically pleasing
structures, the increased understanding which they provide on the control of self-assembly of elaborate
structures and their host-guest chemistry with small molecules or anions.?%® %915% The work on
supramolecular coordination cage complexes predominantly features the synthesis and properties of
tetrahedral cages. The design and synthesis of higher order polyhedral cages is more challenging, however
impetus into their research is provided by their larger and more complex void volumes. Increase in the
order of polyhedra may be brought about by a change in the bend of the ligand, as illustrated by the Fujita
group when they synthesised a series of coordination polyhedra using square planar Pd" centres and bent
dipyridyl ligands.*® Increase in the bend angle of the ligand led to the increase in the order of the polyhedra,
leading to an MslLiz cube, Mizlos cuboctahedron, Malas rhombicuboctahedron and Msgleo
icosidodecahedron.!® 5% Coordination cage complexes are of interest because they have been utilised for

applications in catalysis, drug delivery, magnetism, luminescence and stabilising reactive species. 26 27

261, 264, 265, 267, 268, 273
6.1.1 Chiral higher order polyhedral cages

The design and synthesis of chiral higher order polyhedral cage complexes has also attracted attention due
to their possible applications in chiral sensing, catalysis and separations (see Chapter 1).575° Chiral
supramolecular cages may be designed with chiral or achiral ligands via multiple methods, including
incorporation of multiple metals of different geometry or combination of different ligands with varied
geometry.?! A variety of synthetic approaches has led to the synthesis of multiple types of higher order
polyhedral coordination cages, including MsLo trigonal prisms,®!* MsLs cube,®? MsLi, cube,??? 513 514
MioL1s pentagonal prism,5t% 5 My,L 4, icosahedron,’ Mi,Lig hexagonal prism,?2 58 My,LioLs mixed

ligand cuboctahedra,®® truncated tetrahedra,®?°-°22 and stellated systems.>2 52
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6.1.2 Chiral octahedral cages

The synthesis of octahedral cage complexes has been reported less than other higher order polyhedral cage
complexes, and very few chiral octahedral cage complexes have been reported. Octahedral cage complexes
have only been reported with metal nodes as the vertices and ligands forming either the edges or faces of
the cage. As yet there are no examples of octahedral coordination cages with ligands forming the vertices
and metal nodes forming the edges or faces. A very early example of a supramolecular octahedral cage
complex was by Fujita and co-workers in the report of an octahedral cage with Pd" nodes in which four
triptopic pyridyl ligands occupy alternate faces of the octahedron, and the Pd" sites are capped by
convergent ethylenediamine ligands.??® Since then, multiple octahedral cage complexes have been
reportedIZZS, 235, 525-529

Octahedral coordination cages may be synthesised with monometallic or paddlewheel nodes, and the ligand
may form the edges or the faces of the octahedron. Similar to the synthesis of other chiral polyhedral cages,
chiral octahedral cages are synthesised by two main strategies, the use of chiral ligands, and the use of
bidentate achiral ligands which generate chirality through coordination to an octahedral metal centre. Due
to the synthetic challenges in the formation of chiral octahedral cages, such as the design of ligands of
appropriate shape and coordination, there are only a handful of reported chiral octahedral cage
complexes.316 530532 The Nitschke group, who have reported widely on the synthesis of chiral tetrahedral
cages with bidentate ligands which induce chirality around an octahedral metal centre, have also reported
two chiral octahedral cages by the same synthetic strategy, in which a [ZneL4]*** octahedral cage was
synthetised with Zn"" metal centres and a ligand with three phenanthroline coordinating groups, Figure
6.1.%! In a similar manner to the octahedral cage reported by Fujita and co-workers in 1995,%% the ligands
occupy alternate faces of the octahedron. The octahedral cages were synthesised with two ligands with
slightly different core groups, and had internal void volumes of 282 A3 and 423 A3, as calculated by
VOIDOO.>* The octahedra were shown to bind a range of neutral and anionic guests within the voids. The

crystal structure of the octahedral complexes shows a racemic mixture of the all-A,A and all-A A
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configurations, demonstrating that although achiral ligands may form chiral cages, it is almost impossible
for achiral ligands to form as an enantiomerically pure bulk product.

A face-capped chiral octahedral cage has also been reported with a trimesoyltri((S)-alanine) ligand (TMTA)
and copper paddlewheel nodes, [Cui2(TMTA)s(OH2)],>* Figure 6.1. This cage has an internal void volume
of 1224 A3, as calculated by PLATON.5* The cage showed antiferromagnetic interactions between the Cu"
ions in the paddlewheels. The porosity of the solid state sample of this chiral octahedral cage was
investigated by gas sorption experiments and showed selective adsorption of H, and CO- gas over CHo..
Unfortunately this cage has not been reported as being investigated for any applications which utilise its

chirality.

Figure 6.1. Examples of chiral face capped octahedral complexes. The [ZnsL4]*** complex
in which chirality is induced by metal coordination (left).>3* The [Cui.L12] complex which
utilises a chiral ligand (right).>*°

A chiral octahedral cage complex has been reported which exploited the chirality of three bidentate ligands
coordinated to an octahedral metal centre in order to form chiral metalloligands. The metalloligands were
synthesised from Ru'" coordinated to three phenanthroline ligands, which were resolved into the A,A and
A,A forms in order to form a robust chiral ligand. The chiral metalloligands were functionalised with pyridyl
groups and their reaction with Pd" formed homochiral octahedral cages, [Pds(RuLs)s], with an internal void

volume of 2895 A3, as calculated by VOIDOO.5* These cages showed enantioselective separation of
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atropisomeric compounds.®® The same cage has also recently been reported for regio- and enantioselective

photoinduced coupling of naphthols.5?

6.2 Chiral octahedral complex

Considering the multitude of infinite coordination compounds which are formed with amino acid
substituted NDI ligands, and the discrete cages obtained with amino acid substituted BPSD and EADI
ligands and copper paddlewheel SBUs, it is worth considering the behaviour of chiral amino acid
substituted NDI ligands in coordination compounds which utilise Cu'' metal centres. Given the results with
BPSD, EADI and BDI ligands in combination with Cu", it was envisioned that reacting NDI ligands with
Cu' would form a chiral complex with copper paddlewheels. However, the rigidity of the NDI backbone
in comparison to the BPSD, EADI and BDI ligands meant that it was unlikely to form analogous
coordination compounds to those discussed previously.

The coordination behaviour of (S)-LeuNDI with Cu'' was investigated by reacting (S)-HzLeuNDI with
Cu(NOs3),-3H,0 in DMF at 120 °C. In a similar manner to the initial synthesis of cage 5.1, the reaction
produced only a blue solution. However after a week at ambient temperature, blue crystals formed from the
reaction mixture. The crystals were analysed to reveal a coordination complex of the formula [Cui2((S)-
LeuNDI)12(OH,)12]-22H,0-30DMF, 6.1-22H,0-30DMF. Unlike all of the coordination compounds
discussed with (S)-LeuNDI and transition metals in Chapter 2, 6.1 is a discrete coordination complex. The
complex consists of six copper paddlewheels and twelve (S)-LeuNDI ligands, forming an octahedral
complex in which the paddlewheels form the vertices and the ligands form the edges of the octahedron,
Figure 6.2. Due to the shape of the (S)-LeuNDI ligand, it is not able to form helicate cages with two copper
paddlewheel motifs as in the case of 5.1 — 5.5, or square complexes similar to 3.5 and 3.6, instead it forms
a larger octahedral complex. Given the examples of octahedral coordination complexes discussed in the
introduction to this chapter, this is the first example of a chiral edge capped octahedral coordination
complex.

The crystal structure of 6.1 is modelled in the chiral space group P23, with one third of the cage in the

asymmetric unit. There are two crystallographically unique copper paddlewheels and four (S)-LeuNDI
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ligands, as well as four coordinated water molecules. In the same manner as the cages of 5.1 — 5.5 and the
square complexes of 3.5 and 3.6, the paddlewheel is formed by four carboxylate groups of the amino acid
ligands, with solvent coordinated to the apical positions. In the case of 6.1 all the apical positions of the
paddlewheel are occupied by aqua ligands. The isobutyl side chains of (S)-LeuNDI force the paddlewheel
into a propeller motif, similar to A,A-5.1, demonstrating that (S)-leucine substituted imide ligands will force
paddlewheel motifs into a A,A-configuration, due to the steric requirements of the side chain. When viewed
down the copper paddlewheels of opposite vertices of the octahedron, the coordinating groups are offset,
at an average offset of 58.8°, Figure 6.2. Due to the chirality of 6.1, the cage does not strictly have octahedral
symmetry, as it does not have any mirror planes. Instead, 6.1 is best described as having D. symmetry.
Unlike the majority of the coordination polymers with NDI ligands reported in Chapter 2, the structure of
6.1 is not dominated by face-to-face m-interactions. The cages pack in such a way that the isobutyl side

chains of the LeuNDI ligands sit above the NDI core groups of adjacent cages.
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Figure 6.2. The structure of 6.1 looking down one of the Cu---Cu axes (left), all hydrogen
atoms are omitted for clarity. A space packing diagram of the cage showing the windows
into the internal void (right).

The cages of 6.1 have a large internal void volume of ~2100 A3, The internal void of 6.1 is significantly
larger than the [ZneLs]*** and [Cui2(TMTA)s(OH>)] chiral octahedral cages (cf. 282 A3, 423 A3 and 1224
A3) 530,531 glthough it is ~60% of the size of the void of the [Pds(Ruls)s] octahedral cage®'® discussed in
section 6.1.2. The packing of the cages in the solid state also leads to the formation of solvent filled channels
between the cages, of ~2500 A3 per cage, and solvent filled spheres between the vertices of the cages of
~1000 A3 per cage. The channels between the cages are connected to the voids within the cages by windows
with a width of ~5 A (porosity discussed further in section 6.4). There was no non-coordinated solvent
which could be modelled in the structure of 6.1, however the solvent is the voids was assigned as 22 water
and 30 DMF molecules per cage complex through TGA, microanalysis and residual electron density.

The persistence of the cages in acetonitrile solution is shown by mass spectrometry. During the mass

spectrometry experiment, 1% acetic acid was added to the acetonitrile solution in the ESI process, in order
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to protonate the cages during droplet desolvation and ion formation. The [6.1+2H]?* and [6.1+3H]*" ions
were observed, in which it is likely that some of the imide nitrogen atoms are protonated during ion
formation, Figure 6.3. Additional 2+ and 3+ fragments were also observed with coordinated water and
acetonitrile molecules (refer to Chapter 8). The dissolution of the as synthesised material in acetonitrile

appears to have exchanged some of the ligated water molecules with acetonitrile molecules.

3333 3 2246 gia 1 252

|

m/z (Da) m/z (Da)

Figure 6.3. The comparison of the experimental (red) and predicted (black) mass spectra of
[6.1+2H]?* (left) and [6.1+3H]*" (right) ions, confirming the solution stability of the
complexes.

The structure of 6.1 shows that using the relatively rigid amino acid substituted NDI ligand, a discrete chiral
coordination complex may be synthesised which has a significantly different geometry than the discrete
coordination complexes formed with the other diimide ligands. The bend in the core of the BPSD and EADI
ligands leads to the formation of ML, helicate cages. The linear but slightly flexible BDI ligands form
MesLe square complexes. The rigid and linear NDI ligands form an M1,L 1, octahedral complex. These results
show the propensity of amino acid substituted diimide ligands to form discrete complexes with paddlewheel

metal nodes.
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6.3 Achiral copper coordination polymer with GlyNDI ligands

The achiral GlyNDI ligand was also investigated with Cu'", in order to determine how the removal of the
chirality of the ligand would influence the coordination complex formed. As was discussed in Chapter 5,
the substitution of the achiral GlyBPSD ligand for the chiral LeuBPSD acted to remove the helicity of the
complex and form a quadruple stranded mesocate. Although considering that 6.1 is not a helical complex,
but an octahedral complex with defined edges formed by rigid ligands, it was unclear how the removal of

the chirality of the ligand may influence the formation of a coordination complex of GlyNDI and Cu'".

6.3.1 Synthesis of H.GIyNDI

The synthesis of H,GIyNDI has been reported once previously for use as a ligand in metallosupramolecular
chemistry.” The reported synthetic method was the reaction of 1,4,5,8-naphthalene tetracarboxylic acid
dianhydride with glycine in acetic acid under microwave irradiation.>”> However due to the success of the
synthesis of the HAlaNDI, H.LeuNDI and H.PheNDI compounds in DMF at 90 °C overnight, the synthesis
of H,GlyNDI was attempted using identical conditions, Figure 6.4. The reaction achieved a pure product
of H.GIyNDI in which the analysis was concordant with the literature. The product was isolated by pouring
the hot reaction mixture over ice, leading to the precipitation of the pure product from solution, which was
recovered by filtration with a 71% yield. The formation of the product was confirmed by *H-NMR

spectroscopy.
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Figure 6.4. The synthetic scheme for the formation of H2GIyNDI.
6.3.2 Synthesis of an achiral coordination polymer with GlyNDI

The reaction of H,GIyNDI with CuCl;-3H20 in DMA at 120 °C yielded blue crystals within 24 hours. The
crystals were analysed to reveal a coordination polymer of formula poly-[Cu,(GIyNDI)2(DMA).]-DMA,
6.2. The structure of 6.2 is modelled in the centrosymmetric space group Pna2; and the asymmetric unit
contains two Cu' ions, two GlyNDI ligands, two ligated DMF molecules and one non-coordinated DMF
molecule. The Cu" forms paddlewheels with the carboxylate groups of the amino acid, however in the case
of 6.2 the ligands are “S-shaped”. The ligands in the structures of 6.1, 5.1 — 5.5 and 3.5 — 3.6 are all “U-
shaped” and form a “bowl” of which the paddlewheel is the centre, Figure 6.5. In the structure of 6.2 the
ligands do not coordinate to the paddlewheel in such a way as to form a “bowl” shape. Of the four ligands
coordinating to each paddlewheel, two ligands are coordinated to the paddlewnheel in a cis fashion and are
facing in one direction, and the remaining ligands, also coordinated to the paddlewheel in a cis fashion,
face in the opposite direction, leading to the formation of a polymeric 2D sheet instead of a discrete cage

complex, Figure 6.5.
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Figure 6.5. The difference in the arrangement of ligands around the copper paddlewheels
in the structures of 6.1 and 6.2. A single paddlewheel in 6.1 showing the bowl shape of the
“U-shaped” LeuNDI ligands around the paddlewheel, forming a discrete cage complex
(top). A single paddlewheel in 6.2 showing the arrangement of the “S-shaped” GlyNDI
ligands around the paddlewheel, forming a polymeric 2D sheet instead of a discrete cage
complex (bottom). All hydrogen atoms and solvent molecules are omitted for clarity.

The coordination of the GIyNDI ligands acts to bridge the paddlewheels into a polymeric network, instead
of a discrete cage, as was observed for all previous amino acid diimide ligands with copper paddlewheels.
The structure of 6.2 is a (4,4) sheet, in which the copper paddlewheels are the nodes and the ligands are the
linker, Figure 6.6. Unlike the paddlewheels in 6.1 and those discussed with BDI and BPSD ligands, the
paddlewheels are not forced into a propeller motif by the chirality of the ligand. It appears that the
combination of achiral ligands which do not force the paddlewheels into a propeller, and a rigid ligand
backbone which does not allow the ligands to bend between metal centres, leads to a polymer rather than a
cage complex. Similar to the previously reported polymers with NDI ligands, the structure of 6.2 is

dominated by m-interactions which occur in an offset parallel manner between the sheets, Figure 6.6, where

the m-interactions have closest C---C distances of 3.375(7) and 3.429(7) A.
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Figure 6.6. The 2D sheet of the structure of 6.2 (top) and the packing of the 2D sheets of
6.2, with offset parallel n-interactions between the NDIs of adjacent sheets (bottom). All

hydrogen atoms and solvent molecules are omitted for clarity.

6.4 Porosity of chiral octahedron

The cages of 6.1 have a significant internal void volume, and also pack in the solid state in such a manner
as to form voids between the cages, Figure 6.7. The cages have an internal void of ~2100 A3, significantly
larger than the voids in the cages of 5.1 - 5.5 (cf. 350 — 700 A%). The cages are packed by hexagonal close
packing, occupying opposite corners of the unit cell, forming additional spherical voids of ~1000 A3 per
cage at the remaining corners of the unit cell. There are also channels formed between the cages, which

have a total volume of ~2500 A3 per cage. The narrowest point of the channels is between parallel NDI
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planes of adjacent cages, with plane to plane distances for the four crystallographically unique NDIs of
7.6561(7), 7.4838(6), 7.5762(6) and 7.5599(7) A. The channels between the cages are connected to the
voids within the cages by windows with a width of ~ 5 A. The packing of the cages is such that the spherical
voids between the cages are blocked off from the channels, and therefore it is unlikely that this void will be
available pore space within the material. The three different voids give the solid state structure of 6.1 a total

void volume of 44%, as calculated by Mercury.3"

L w

Figure 6.7. The porosity of 6.1 shown as spheres, within the cages (yellow sphere) and
between the cages at the corners of the unit cell (purple sphere). All hydrogen atoms are
omitted for clarity (left). The contact surface of the solid state structure of 6.1 looking down
the channels between the cages, showing the spherical voids within the cages, the spherical
voids between the cages, and the channels between the cages (right).

Due to the high degree of porosity of the cages in the solid state, the crystalline material was investigated
for gas sorption properties. As 6.1 was synthesised in DMF, the voids of the as synthesised material are
filled with DMF and water molecules, as shown by microanalysis. Thermogravimetric analysis showed the
slow loss of solvent from 50 — 260 °C, due to the low volatility of DMF, and the narrow pore apertures.

Solvent exchange was conducted by soaking the material in methanol overnight, and TGA showed the

removal of all solvent by 50 °C with a plateau region in the range 50 — 200 °C, Figure 6.8.
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Figure 6.8. The TGA of freshly grown crystals of 6.1 (blue) and after solvent exchange with

methanol (orange).

Activation of the sample for gas sorption measurements was conducted by heating the methanol exchanged
sample under vacuum at 50 °C, in order to remove all solvent from the pores. There is some alteration in
the PXRD of the material following activation, suggesting that the material may undergo some structural
rearrangement when the solvent molecules are removed, Figure 6.9. As the solid state crystalline material
of 6.1 is made up of discrete coordination cages, it is possible that the cages may rearrange slightly when
the voids are emptied. The PXRD of the activated material and the material after the gas sorption
experiments are very similar, showing that the gas sorption does not change the arrangement of the

complexes in the solid state, Figure 6.9.
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Figure 6.9. Comparison of the calculated (orange) and experimental PXRD of 6.1 fresh
(blue), activated (red) and post-gas sorption (green).

The sorption isotherms of CO; (273 K) and N (77 K) at 0 — 101 kPa show gas uptake into the material,
with maximum adsorptions of 2.7 and 13.4 mmol/g, respectively, confirming the porosity of the material,
Figure 6.10. The CO; isotherm appears to follow a type 1B adsorption isotherm,>*® although it does not
reach a plateau, suggesting that the material will show higher uptake at increased pressure. The N isotherm
follows a type 2 adsorption isotherm,® which appears to almost plateau at approximately 50 kPa. The
absorption of CO, and N into the material corresponds to a maximum uptake volume of 28.2 A3 of CO;
and 125.5 A3 of N, per cage, which is much smaller than the total voids of the material, suggesting that the

gas has not filled the pores within the material at atmospheric pressure.
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Figure 6.10. The CO;, (left) and N (right) absorption isotherms of 6.1 at low pressure
showing the uptake in gas absorbed (mmol/g) and in volume adsorbed per cage (A*®).

Given the small pore apertures in the material and the low pressure gas isotherms which show uptake
consistent with partially filled pores, the gas sorption properties of 6.1 were also investigated at high
pressure, with CO-, Hz, CH4, N2 and N2O over a range of temperatures, in collaboration with the Abrahams
group at the University of Melbourne. The gas uptake was calculated in terms of the volume absorbed
(cm®/g) and total volume of gas per cage (A%, in order to determine if the gas was going only into the
channels between the cages, into the voids within each cage, or into the spherical voids between cages, in
order to gauge the accessibility of the voids within the solid state structure of 6.1.

As the CO, uptake at low pressure did not show a plateau, and therefore may be likely to take up more gas
at higher pressure, the CO, uptake was investigated at 1 — 2600 kPa. The CO, isotherms all follow a type
1B absorption isotherm,%*® Figure 6.11. Decreased temperature of the system leads to higher CO, uptake,
with 137 cm®/g adsorbed at 298 K, 162 cm®/g adsorbed at 273 K and 187 cm?®/g adsorbed at 258 K. The
volume of gas uptake may also be calculated in terms of volume of gas adsorbed per octahedral complex,
which accounts for sorption of 2994 A3 at 298 K at 2630 kPa, 3549 A3 at 273 K at 2710 kPa and 4092 A3

at 258 K at 1810 kPa. The single crystal data of 6.1 shows total voids of ~5600 A per cage, with voids of
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2100 A% within the cage, 1000 A® in the spheres between cages, and 2500 A?® in the channels between cages.
The desorption isotherms each show a slight hysteresis.

The volume of CO, adsorbed at all temperatures suggests that the CO: is filling both the channels and the
voids within cages, as the volume adsorbed is greater than the volume of the channels, showing the
accessibility of the voids within the cages. The maximum uptake, of 4092 A3 at 258 K suggests that the
channels and voids within the cages are almost completely filled with CO,. The spherical voids between
cages are very hindered, and so are likely to only be filled if there is some rearrangement of the cages in
the solid state after activation of the material. There was some alteration in the PXRD of the activated
material in comparison to the as-synthesised crystals, suggesting that there could be some rearrangement
of the cages in the solid state, which may allow gas molecules into the spherical voids between the cages.
The isosteric enthalpy of CO; adsorption was calculated in order to determine the strength of interactions
between the CO, molecules and the surface of the pores. The sorption enthalpy was calculated to be ~28

kJ/mol, which falls into the physisorption range of adsorption behaviour.5%®
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Figure 6.11. The absorption (coloured lines) and desorption (grey lines) of CO, with 6.1 at
1 — 2600 kPa at 298 K (light blue), 273 K (yellow) and 258 K (dark blue). Expressed in

volume absorbed in cm®/g of material, and volume adsorbed per cage complex.
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The N isotherm at low pressure followed a type 2 adsorption isotherm,®¥ with a maximum uptake of 125
A3, by no means filling the pores of the material. Therefore the N adsorption was also measured at high
pressure of 1 — 2600 kPa and at temperatures of 298, 273 and 258 K, Figure 6.12. The adsorption at 298,
273 and 258 K showed maximum uptake of 29, 34 and 45 cm?®/g at 2400 kPa, respectively. The adsorption
isotherms of N at 298, 273 and 258 K correlate to sorption of 574, 686, and 881 A3 per cage, respectively.
As the total void per cage in the single crystal structure of 6.1 is ~5600 A3, these sorption isotherms show
that N at these temperatures does not fill the pores. It is likely that N2 shows less sorption than CO; because
it is non-polar, and therefore has reduced interactions with the surface of the cage material.>®

The absorption isotherm of N, was also measured at 77 K, between 1 — 101 kPa, and showed a maximum
uptake of 205 cm®g, corresponding to 4068 A per cage. The volume of N adsorbed by 6.1 is similar to
the total volume of CO. adsorbed, which would account for the gas almost completely filling the channels
between the cages and the voids within the cages, which are ~2500 A% and ~2100 A3, respectively. The
isosteric enthalpy of N2 adsorption was calculated to determine the strength of interactions between the CO-
molecules and the surface of the pores. The sorption enthalpy was calculated to be ~20 kJ/mol, which again

falls into the physisorption range of adsorption behaviour.5%
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Figure 6.12. The N, adsorption isotherms of 6.1 with N, at 1 — 2600 kPa at 298 (light blue),
273 (yellow) and 258 K (dark blue) (left) and at 77 K (green) (right). Expressed in volume
absorbed in cm®/g of material, and in volume adsorbed per cage complex.

The gas sorption properties of 6.1 were also investigated with H, at 77 K from 1 — 1020 kPa and at 298 K
from 1 — 1607 kPa, Figure 6.13. The absorption isotherm at 298 K showed low uptake of 6.1 cm®g, which
corresponds to the sorption of 83 A3 of H, per cage. A much larger volume of H, was adsorbed at 77 K, a
maximum of 172 cm®/g, corresponding to 2348 A3 per cage. The maximum uptake of H, at 77 K
corresponds to gas molecules partially occupying the channels between the cages and the voids within the
cages. The adsorption of H; is lower than the maximum uptake of CO; or N, suggesting that H, has less

affinity for the internal voids of the material.
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Figure 6.13. The adsorption isotherm of H, at 77 K from 1 — 1020 kPa (orange) and at 298
K from 1 — 1067 kPa (blue). Expressed in volume absorbed in cm?®/g of material, and in
volume adsorbed per cage complex.

High pressure gas adsorption measurements of 6.1 were also undertaken with CH,4 gas, at 298, 273 and 258
K at pressures of 1 — 3100 kPa, Figure 6.14. The adsorption of CH, at 298, 273 and 258 K showed a
maximum uptake of 70.5, 82.1 and 90.3 cm®/g, respectively. The maximum uptake at 298, 273 and 258 K
accounts for a total volume of 1539, 1792 and 1995 A3 of gas per cage, respectively. The maximum uptake
of CHa, 1995 A%at 258 K, is smaller than the maximum sorption values of CO2, N, and Hy, and is less than
the volume of the channels between the cages (~2500 A3), suggesting that either CH, is not passing into
the voids within the cages, or that both of these voids are partially filled with CH4 gas molecules. As the
windows between the channels and the voids within the cages are quite small (~5 A), and the maximum
volume of CHa is less than the volume of the channels per cage, it is likely that the CH4 molecules are not

passing into the voids within the cages, and are instead only populating the channels.
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The isosteric enthalpy of adsorption was calculated for CHas, in order to investigate the strength of
interactions between the CH, molecules and the surface of the pores. The sorption enthalpy was calculated

to be ~20 kJ/mol, consistent with physisorption of the gas molecules in the material .>%
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Figure 6.14. The absorption (coloured lines) and desorption (grey lines) of CH4 with 6.1 at
1 - 3100 kPa and at 298 K (light blue), 273 K (yellow) and 258 K (dark blue). Expressed in
volume absorbed in cm®/g of material, and volume adsorbed per cage complex.

The adsorption of N2O was also measured with the solid state material of 6.1, at pressures of 1 — 2640 kPa
and 298, 273 and 258 K, Figure 6.15. The maximum uptake of N.O at 298 K was 143 cm®/g at 2520 kPa,
at 273 K was 189 cm®/g at 2640 kPa and 258 K was 205 cm®/g at 1510 kPa. The maximum volume of N,O
adsorbed per cage at 298, 273 and 258 K was calculated to be 3220, 4365 and 4624 A3, respectively. As
the solid state structure of 6.1 contains a total void volume of the ~5600 A2 per cage, made up of three
different voids; ~2100 A3 within the cage, ~1000 A3 in the spheres between cages, which are very hindered
from the other voids, and ~2500 A? in the channels between cages, it appears that the N,O gas molecules
are filling the channels between cages and also the voids within the cages.

The maximum uptake of N,O by the material, that of 4624 A3 at 258 K slightly exceeds the volume of the

voids within the cages and the channels between the cages, so it is possible that the spherical voids between
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the cages may also be partially populated by N.O molecules. As the PXRD of the activated and post-gas
material is slightly different to the as-synthesised material, it is possible that the cages have rearranged
slightly in the solid state in order to allow gas molecules to enter the voids between the cages.

Each of the adsorption isotherms with N,O appear to follow a type 4 isotherm>*® with a point of inflection
after adsorption of 2700 A3, 2900 A3 and 2500 A2 at 258 K, 273 K and 298 K, respectively. As the channels
between the cages account for approximately 2500 A per cage, it appears that the step in the adsorption
occurs when the channels have been filled, and the system is at a sufficient pressure for the gas molecules
to populate the voids within the cages. The uptake of N>O at 258 K is higher than any uptake observed for
CO3, N2, Hz or CH4 at any temperature attempted. The higher uptake of N-O in comparison to the other
gases analysed is likely due to the polarity of N,O leading to favourable interactions with the internal

surface of 6.1.
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Figure 6.15. The absorption (coloured lines) and desorption (grey lines) of N.O with 6.1 at
1 — 3100 kPa at 298 K (orange), 273 K (blue) and 258 K (brown). Expressed in volume

absorbed in cm®/g of material, and in volume adsorbed per cage complex.
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The high pressure gas adsorption measurements of 6.1 confirm the porosity of the solid state material of
this octahedral cage complex. Of the three different void spaces within the material, the channels between
cages, the spherical voids within cages and the spherical voids between cages, it appears that the spherical
voids between cages are generally too hindered to be populated by adsorbed gas molecules. The single
crystal structure of 6.1 shows that the spherical voids between the cages are inaccessible from the other
voids within the structure, due to the size, shape, and arrangement of the LeuNDI ligand in the cage
complex. The maximum gas adsorption of 6.1 appeared to fill the channels between the cages and the voids
within the cages, but only appeared in one instance for N.O at 258 K, to be a large enough volume to
suggest that the gas molecules may be populating all three voids within the solid state structure of 6.1. As
the PXRD of the activated solid state sample is slightly different to the as-synthesised sample, it is possible
that during activation the cages rearrange slightly in order to allow gas molecules to populate the spherical

voids between the cages.

6.5 Fluorescent properties of chiral octahedron

Based on the interesting fluorescent properties of H.LeuNDI, and LeuNDI in the discrete macrocycle and
catenane (see Chapter 4), the fluorescence of 6.1 was investigated. The solution stability of 6.1 was
confirmed by mass spectrometry (see Chapter 8 for details). The complex was dissolved in chloroform,
acetonitrile, toluene, o-, m- and p-xylene. The fluorescence intensity in the non-aromatic solvents of
chloroform and acetonitrile was extremely weak, and therefore could not be analysed in detail. The
fluorescence of 6.1 in aromatic solvents was also quite weak, however was sufficient for steady-state
analysis. In a similar fashion to the fluorescence of HoLeuNDI in aromatic solvents, the fluorescence of 6.1
in aromatic solvents showed broad emission around 450 — 510 nm, Figure 6.16. The emission of 6.1 in o-
xylene is essentially indistinguishable from that of m-xylene, with emission maxima at 482 and 479 nm,
respectively. In the same way as H.LeuNDI, the emission of 6.1 is blue shifted relative to the o- and m-
xylene, with emission maxima at 455 nm, and the solution of 6.1 in p-xylene is red shifted with the emission

maxima at 507 nm.
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The similar fluorescence emission of 6.1 and H.LeuNDI in aromatic solvents suggests that the LeuNDI
ligands within 6.1 are interacting with the solvent molecules in a similar fashion to when they are non-
coordinated, i.e. free in solution. In a similar manner to H.LeuNDI, 6.1 appears to be forming exciplexes
with the aromatic solvent, evidenced by the broad emission at 450 — 510 nm and the shift in emission
maxima with change in solvent. The much weaker fluorescence of 6.1 than H.LeuNDI also suggests that
the Cu'"' to which the LeuNDI is coordinated was acting to quench the fluorescence of the ligands. These
results are quite intriguing, as they demonstrate that H.LeuNDI maintains its fluorescent properties when
complexed, and that exciplex formation with aromatic solvents is still possible for coordinated LeuNDI

ligands, occurring in a very similar manner to that of the free ligand.
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Figure 6.16. Normalised absorbance (dashed lines) and fluorescence emission (solid lines)
of 6.1 at 20 umol/L in toluene excited at 390 nm (blue), o-xylene excited at 410 nm (purple),
p-xylene excited at 395 nm (red) and m-xylene excited at 410 nm (green).

The apparent formation of exciplexes of aromatic solvent molecules with the LeuNDI ligands within 6.1

led to the investigation of the fluorescent properties of 6.1 with larger aromatic molecules. Solutions of 6.1
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in toluene with the aromatic guest molecules naphthalene and triphenylene were prepared and their
fluorescence emission analysed. The fluorescence emission of 6.1 was very weak, and the spectra were
dominated by the emission of the guest molecules. Fluorescence emission spectra of the guest molecules
in the absence of 6.1 showed much more intense fluorescence, suggesting that 6.1 was having the effect of
guenching the fluorescence of the guest molecules.

In order to investigate the fluorescence quenching of naphthalene and triphenylene with 6.1, a series of
solutions were prepared in chloroform with a range of concentrations of 6.1 and a standard concentration
of triphenylene and naphthalene. All solutions were prepared with concentration of 120 pmol/L of
triphenylene or naphthalene and 6.1 at concentrations of 0, 3.2, 6.7, 10, 13.2 and 16.7 umol/L. These
concentrations were chosen because they represent LeuNDI:guest ratios of 0:12, 4:12, 8:12, 12:12, 16:12
and 20:12. The fluorescence of these samples showed a steady decrease in emission upon increase in

concentration of 6.1, Figure 6.17 and 6.18.
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Figure 6.17. Fluorescence emission of naphthalene upon excitation at 285 nm with variable

concentrations of 6.1 showing the quenching of naphthalene by 6.1.
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Figure 6.18. Fluorescence emission of triphenylene upon excitation at 300 nm with variable
concentrations of 6.1 showing the quenching of triphenylene by 6.1.

The change in fluorescence emission of naphthalene and triphenylene upon increase in concentration of 6.1
was analysed to see if it followed a Stern-VVolmer relationship and therefore if 6.1 was acting to quench the
fluorescence of the aromatic molecules. The maximum emission intensity of naphthalene and triphenylene
in the absence of 6.1 (lo) was divided by the maximum intensity for each concentration of 6.1 (1), and this
ratio was graphed against the concentration of 6.1, Figure 6.19. If this follows a liner relationship, then it
may be concluded that 6.1 is acting to quench the fluorescence of triphenylene and naphthalene. As 6.1
absorbed light at ~320 — 390 nm, the quenching effect of the complex was somewhat altered by the inner
filter effect, because triphenylene and naphthalene also emitted over that range. The majority of the
emission of naphthalene was between 320 and 355 nm, with the maxima at 337 nm, therefore the quenching
rate constant was measured at this maximum, as there were no local maxima outside the range in which the
absorption of the light by 6.1 would not influence the calculations. The Stern-Volmer constant of 6.1 on
naphthalene was calculated to be 1.82 x 10° M1, The quenching rate constant of triphenylene was calculated
with a local maximum at 421 nm, showing Stern-Volmer constants of 8.4 x 10° M. The quenching rate

constant was calculated at 421 nm because the compound absorbs light at the emission maxima of 373 nm,
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and therefore the quenching constant calculated from this maximum would not be accurate, due to the inner
filter effect. The compound does not absorb light at 421 nm, and would therefore not be influenced by the
inner filter effect. Both graphs show a linear relationship, confirming that 6.1 is acting to quench the
fluorescence of naphthalene and triphenylene in solution. As 6.1 quenches the fluorescence of triphenylene
and naphthalene, it can be concluded that the LeuNDI ligand is interacting with these aromatic molecules,
further demonstrating that LeuNDI has interesting fluorescence properties both as a free ligand, H-LeuNDI,

as when in a metal complex such as 6.1.
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Figure 6.19. Stern-Volmer graphs of the quenching effects of 6.1. The Stern-Volmer graph
of naphthalene (left) was calculated with the maximum peak at 337 nm (blue). The Stern-

Volmer graph of triphenylene (right) was calculated with the local maxima at 421 nm (red).

6.6 Chiral separation properties of chiral octahedron

As the structure of 6.1 is a chiral cage complex with a significant internal void volume, it was investigated
for chiral resolution properties, in collaboration with the Hill group at Monash University. As outlined in
Chapter 1, chiral coordination cages have been shown to have chiral resolution properties when used as
both a heterogeneous or homogeneous separation medium. In the structure of 6.1 the chiral paddlewheel
motifs form a chiral environment on the exterior of the cages by the arrangement of the isobutyl side chains

of the (S)-LeuNDI ligand, and on the interior of the cage by the arrangement of the ligands in a propeller
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motif. It is therefore possible that chiral separation may occur by interaction of a chiral analyte with the
chiral paddlewheel motifs on either the inside or outside of the cage.

The heterogeneous chiral resolution properties of 6.1 were investigated by soaking a solid sample of as-
synthesised 6.1 in a solvent in which it was not soluble, with a racemic sample of a soluble chiral analyte.
Small chiral molecules were chosen, to increase the likelihood of them passing into the pores of the material.
As the windows between the channels and the voids within the cages are ~5 A wide, it is unlikely that the
chiral guests will pass into the cages. The chiral molecules which were used were pantolactone, 2-methyl-
2,4-pentanediol and 1-phenylethanol, Figure 6.20. These were chosen because they are all small chiral

molecules which have a range of functional groups and each will therefore interact differently with 6.1.
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Figure 6.20. The small chiral molecules which were used to investigate the heterogeneous
chiral resolution properties of 6.1.

The heterogeneous chiral separation properties of 6.1 were investigated by the following experiment: a
mixture was prepared of 6.1 and the racemic chiral analyte in methanol or heptane. This mixture was left
to soak for 24 hours to allow time for the analyte to interact and be adsorbed by the crystals of the cage
complexes. After 24 hours the solid sample of 6.1 was recovered by filtration, washed slightly with
methanol, and then soaked in methanol and left to sit for a further 24 hours, in order to desorb the analyte
which had been trapped within the pores of the solid state material. The mixture was then centrifuged to
isolate the solid state sample of 6.1, and the supernatant was analysed by chiral GC in order to determine if
there was an excess of either enantiomer. If 6.1 were to show chiral resolution properties, one enantiomer

would be preferentially adsorbed into the material, and when the enantiomers are desorbed and analysed,
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one enantiomer will be in excess compared to the other enantiomer. The results from these tests are

summarised in Table 6.1.

Table 6.1. The results of the chiral separation tests of 6.1 in the solid state.

Analyte Solvent ee%o
Pantolactone Methanol 7%
2-methyl-2,4-pentanediol Methanol 3%
2-methyl-2,4-pentanediol Heptane 8%
1-phenylethanol Methanol 13%
1-phenylethanol Heptane 9%

Unfortunately the solid state separation with 6.1 achieved only very low enantioselectivity, with only one
instance of an ee exceeding 10%. The separation of 1-phenylethanol gave the highest % ee for both solvents
tested, at 13% in methanol and 9% in heptane. Pantolactone and 2-methyl-2,4-pentanediol both showed %
ee of <10% in both methanol and heptane.

Examination of the solid state structure of 6.1 shows that all of the chiral groups on the exterior of the cage
are facing into the smaller spherical voids which are isolated from the remaining voids within the structure.
Therefore the chiral analyte molecules are unable to interact with the chiral paddlewheels on the exterior
of the cage. The only remaining chiral environment is on the interior of the cage around the paddlewheel
node, which the chiral analyte molecule may interact with in order to achieve enantioselective separation.
However since the windows into the cage are too small to allow for the chiral guests to pass into the cage,
it is unlikely that the guests are showing enantioselective absorption due to interactions with the inside of
the cage.

The solid state material of 6.1 was shown to have quite poor enantioselective separation properties, most
likely because the racemic chiral molecules are unable to interact with the chiral paddlewheel motifs on the
exterior and interior of the cage. As 6.1 is a discrete coordination complex which shows some degree of
solubility in a range of organic solvents, it would be very interesting to investigate the homogeneous

enantioselective separation properties of 6.1 as future work.
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6.7 Conclusion

The chiral octahedral coordination cage discussed herein is a remarkable material which displays a range
of fascinating properties and structural features. It is the first reported example of an edge capped
homochiral octahedral cage. The formation of the octahedral complex is possible through the combination
of copper paddlewheel SBUs and the rigid chiral (S)-LeuNDI ligand. Using an achiral ligand, GlyNDI, with
copper paddlewheels gives an infinite 2D sheet, suggesting that the octahedral cages will only form with a
chiral ligand, as the chirality of the ligands force the groups around the paddlewheel into a propeller motif.
The solid state material of 6.1 displays permanent porosity, as is confirmed by gas sorption experiments
with a CO;,, Hz, CH4, N2 and N>O over a range of pressures and temperatures. There are three distinct voids
within the solid state structure of 6.1; channels between the cages, spherical voids within the cages and
spherical voids between the cages which were isolated from the channels, with volumes of approximately
2500, 2100 and 1000 A3, respectively. The volume of gas adsorbed into the material appears to show that
the gas molecules may fill the voids within the cages and the channels between the cages, but is likely
unable to access the spherical voids between the cages. The maximum gas adsorption was observed for
CO; and N0, most likely because these molecules have a quadrupole moment and will therefore have
improved interactions with the surface of the material in comparison to the molecules of H,, CH4 and No.

A crystalline sample of 6.1 was also investigated for chiral resolution properties. A series of small chiral
molecules with varying functionality were tested to see if they would display enantioselective adsorption
into a solid state sample of 6.1. Unfortunately, 6.1 showed poor chiral resolution properties, with only one
test showing an ee exceeding 10%, that of 1-phenylethanol in methanol. As 6.1 is a discrete complex and
is solution stable, its chiral resolution properties in solution may also be investigated as part of future work.
As the HoLeuNDI molecule has intriguing fluorescent properties (see Chapter 4), 6.1 was also investigated
for its fluorescent properties, as it involves LeuNDI ligands. In a similar manner to the HoLeuNDI ligand,
it was observed that the fluorescence of 6.1 showed a broad emission peak at ~460 — 510 nm when dissolved
in the aromatic solvents toluene and o-, m- and p-xylene. In the case of the H,LeuNDI molecule this

emission was attributed to the formation of exciplexes between the NDI and the aromatic solvent molecules,
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facilitated by =m-interactions. The similar emission of 6.1 to the H.LeuNDI molecule suggests that the
LeuNDI ligands within 6.1 are also forming exciplexes with aromatic solvent molecules. The LeuNDI
ligands within 6.1 were also shown to interact with larger aromatic molecules, naphthalene and
triphenylene, which are themselves fluorescent, in solution. The interaction of 6.1 with these molecules
acted to quench the fluorescence of the naphthalene and triphenylene, following a Stern-Volmer
relationship. The broad emission of 6.1 at ~460 — 510 nm when dissolved in aromatic solvents, and the
guenching of fluorescence of larger aromatic molecules by 6.1 both suggest that the LeuNDI ligands within
the complex will interact with other aromatic molecules in solution. These results confirm the solution
stability of 6.1, as well as show that the LeuNDI ligand still shows interesting fluorescent properties when
incorporated into a coordination complex.

The chiral octahedral cage complex which is reported herein is a unique compound with varied and
fascinating properties, which warrants further investigation to determine if it displays enantioselective guest

binding or catalysis in solution.
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Chapter 7: Conclusions

The aims of this research were to synthesise a series of chiral amino acid substituted diimide ligands, use
them to form chiral coordination compounds with transition metals and subsequently investigate their
properties. Four different diimide families were used, two of which had a linear core, the NDI and BDI
ligands, and two which had bent cores, the BPSD and EADI ligands. The amino acids chosen were alanine,
leucine and phenylalanine, as they vary in the steric bulk and aromatic functionality of their side chains.
The achiral amino acid glycine was also used in order to explore the influence of removing the chirality of
the ligand on the coordination compounds formed.

In Chapter 2 the amino acid substituted NDI ligands are shown to form a {M2(NDI),} metallomacrocyclic
motif with remarkable reproducibility, forming in 73% of the coordination polymers discussed herein and
in previous work by the Turner group. The coordination polymers obtained with the NDI ligands, dipyridyl
ligands and transition metal centres tended towards interpenetration, either through a catenane motif
between the {M,(NDI).} metallomacrocycles or by a rotaxane motif of the dipyridyl ligands threading
through the {M>(NDI).} metallomacrocycles. The coordination polymers formed with NDI ligands are very
likely to involve m-interactions, due to the w-rich aromatic core of the NDI.

In Chapter 3 the coordination behaviour of the BDI ligands were explored, as they are slightly longer and
more flexible than their NDI counterparts. As the BDI core does not involve a fused aromatic system, unlike
the NDI ligands, the coordination compounds with amino acid substituted BDI ligands did not involve 7t-
interactions to the same extent as those with NDI ligands. The combination of AlaBDI or LeuBDI with Cd"
formed discrete macrocycles, in which the metal centres were capped with solvent molecules. Dipyridyl
ligands were added in an attempt to form polymeric coordination networks, which was successful in the
case of 4PyNDI, forming a 2D sheet with LeuBDI and Cd", however was not successful in the case of 4,4'-
bipy, as it bridged between the Zn" metal centres within a discrete [Zn,(AlaBDI);] macrocycle. The
incorporation of copper paddlewheel SBUs with AlaBDI and LeuBDI formed [Ms(BDl)s] square

complexes.
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The fluorescent properties of the (S)-H.LeuNDI molecule, in solution as a carboxylic acid and upon
incorporation into discrete coordination complexes, were reported in Chapter 4. When (S)-HzLeuNDI was
dissolved in 0-, m- or p-xylene or toluene, it formed exciplexes with these aromatic solvents. To further
investigate this behaviour, two discrete coordination complexes were synthesised with Cd" and LeuNDI, a
macrocycle and a catenane, in which the metal centres were capped with the convergent dipyridyl ligands
1,10-phen or 2,2'-bipy, respectively. The fluorescence and absorption properties of the macrocycle and
catenane were examined at varying concentrations and in chloroform solutions, as well as with varying
proportions of toluene. By the comparison of the fluorescence emission properties of H,LeuNDI and the
macrocycle and catenane, it was determined that the NDI-NDI excimers will emit at ~ 480 nm and the
exciplexes of NDIs with aromatic solvent molecules will emit at ~ 520 nm.

The behaviour of amino acid substituted diimide ligands with a bent core were discussed in Chapter 5. The
BPSD ligands formed [Cus(BPSD)4] quadruple stranded helicate cages with chiral ligands, and quadruple
stranded mesocates in the case of achiral ligands. In the BPSD system only one chiral ligand is required per
[Cus(BPSD)4] cage, in order to induce the helicity of the cage, demonstrating that a quadruple stranded
helicate is a robust supramolecular motif for this system of ligands with paddlewheel SBUs. The
[M4(BPSD)4] helicate cage was also synthesised with Rh'' paddlewheel nodes, which was investigated for
chiral catalytic properties. Unfortunately, the cyclopropanation reaction catalysed by the [Rhs(LeuBPSD).]
complex showed poor enantioselectivity, and therefore this system requires further study to determine the
optimum reaction conditions to achieve higher enantioselectivity. A chiral EADI ligand was also
synthesised as it has a similar bend in the core and is longer than the BPSD ligands. The EADI formed an
analogous [Cus(EADI)4] quadruple stranded helicate cage to those formed with chiral BPSD, with a 25%
increase in the internal void volume of the cage.

The combination of copper paddlewheel SBUs and the rigid LeuNDI ligand formed a chiral edge capped
octahedral complex, which is discussed in Chapter 6, a class of complex that is unprecedented. The solid
state octahedral cages are porous, demonstrated by both low and high pressure gas adsorption. The LeuNDI

ligands in the octahedral cage complex maintained their fluorescent properties. Interaction with aromatic
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solvent molecules shifted the emission maxima of the LeuNDI in the same manner as the HoLeuNDI
molecules in solution. The LeuNDI in the octahedral complex could also interact with larger aromatic
molecules, triphenylene and naphthalene, demonstrated by the quenching of their fluorescence by the
octahedral cage. The cage was also tested for chiral separation properties in the solid state with small chiral
molecules, though this showed only low enantioselectivity. Future work will be directed towards optimising
the conditions of separation and testing enantioselective separation properties of the compound in solution.
In conclusion, it was observed that in general the linear amino acid substituted diimide ligands will form
coordination polymers, while the ligands with a bent core will form discrete coordination cage complexes.
The exception to this rule was the combination of divergent dipyridyl ligands with linear NDI ligands which
formed discrete coordination complexes with Cd"' metal centres. The other exception to this rule was in the
coordination compounds incorporating copper paddlewheel SBUs, which formed discrete coordination
complexes with the chiral linear BDI and NDI ligands.

The copper paddlewheel complexes present an interesting study of the influence of ligand structure on the
coordination complexes formed. The diimide ligands with a significant bend in their core, BPSD and EADI,
will form [CusL.] helicate or mesocate complexes, with two metal nodes. The linear but slightly flexible
and narrow BDI ligands formed [CusLg] square complexes, with four copper paddlewheel nodes. Finally,
the linear and rigid NDI ligand formed a [Cuai2L12] octahedral complex with six copper paddlewheel nodes
in the case of the chiral (S)-LeuNDI ligand, and a 2D coordination polymer in the case of the achiral GlyNDI
ligand. As the BDI and NDI ligands are both linear they are unable to form helicate or mesocate complexes,
which would require the ligands to twist between two metal nodes. However, their difference in size and
shape leads to their forming different coordination complexes with paddlewheel nodes. The flexibility of
the core of the BDI ligand, in comparison to the rigid and wide NDI core, allows the BDI ligands to bend
sufficiently in order to form [CusLs] square complexes, and the narrow BDI core allows the ligands for
form a complex in which two ligands form each edge of the square. The NDI ligands would not have

sufficient flexibility and are too wide to be able to form analogous square complexes in which two ligands
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form each edge, and instead form an octahedral complex in which each edge of the octahedron is occupied
by a single NDI ligand.

The use of achiral ligands also has a different influence on the complexes obtained with copper
paddlewheels, dependent on the ligand core. The achiral GlyNDI ligand forms a 2D coordination polymer
with paddlewheel nodes, likely because the paddlewheel nodes are not forced into a propeller motif by the
chirality of the ligand, giving more flexibility to the arrangement of the ligands around the paddlewheels
and hence allowing formation of a coordination polymer. The achiral BPSD ligands have a different
influence on the structure of the coordination complexes formed, as they still form [CusL4] compounds,
however the use of achiral ligands leads to the formation of an achiral complex, forming a mesocate instead
of a helicate.

The work discussed herein shows an exploration of the coordination chemistry of amino acid substituted
diimide ligands and the properties of some of the chiral coordination compounds which were formed. The
core of the ligand, the bulkiness of the amino acid side chain, and the transition metal node utilised all had
an influence on the coordination compounds formed, leading to an intriguing range of coordination
complexes, including coordination polymers, helicate and mesocate complexes, and an unprecedented edge
capped chiral octahedral complex. Some of the chiral coordination compounds formed warrant additional

study, in order to further investigate their enantioselective catalysis and separation properties.
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Chapter 8: Experimental

8.1 Materials and methods

Reagents

All starting materials, solvents and reagents were purchased from Sigma-Aldrich, TCI, Merck or Alfa Aesar
and used as received. All chiral amino acid NDI compounds were synthesised according to literature
procedures.’ %%23% The 4PyNDI,** ethyl diazoacetate,*® (S)-leucine phthalimide ((S)-leuPlI),%*® [Rha((S)-
leuPl)4]*® and 9,10-dimethyl-9,10-dihydro-2,3,6,7-tetracarboxyl-9,10-ethanoanthracene*’® compounds

were synthesised according to literature procedures.

Nuclear Magnetic Resonance (NMR) spectroscopy

Nuclear magnetic resonance spectra were collected using a Bruker DRX-400 spectrometer in de-DMSO
with signals (reported in ppm) referenced against residual solvent peaks or TMS. *C-NMR spectra were

collected at 100 MHz and *H-NMR spectra were collected at 400 MHz.

Mass Spectrometry

Low resolution mass spectrometry for the compounds was performed using a Micromass Platform
Electrospray mass spectrometer in a DMSO/methanol solution as the mobile phase. The spectra were fitted
with Agilent Multimode Source.

Mass spectrometry experiments of 4.1 and 4.2, 5.4 and 6.1 were performed by Dr W. Alex Donald at the
University of New South Wales.

The mass spectroscopy of 5.4 and 6.1 were performed on a hybrid linear quadrupole ion trap and orbitrap
mass spectrometer (Thermo LTQ Orbitrap XL) that is equipped with an electrospray ionisation (ESI)
source. ESI solutions containing 5.4 and 6.1 in 99:1 acetonitrile:acetic acid were used. Acetic acid was

added immediately before performing the measurement. For ion formation, a voltage of +5 kV was applied
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to the ESI emitter relative to the capillary entrance of the mass spectrometer. Solutions were infused into
the ESI source at 4 uL/min. The temperature of the capillary entrance to the mass spectrometer was 100°C.
Mass spectrometry experiments of 4.1 and 4.2, were performed on a hybrid linear quadrupole ion trap and
orbitrap mass spectrometer (Thermo LTQ Orbitrap XL) that was equipped with a custom external
nanoelectrospray ionisation (nESI) source. Theta (dual chamber) were prepared by pulling borosilicate
capillaries (theta capillaries, Harvard Apparatus, 1.5 mm o.d) to an inner orifice diameter of < 1 pum
(Narishige PN-3 Glass Micropipette Puller, Narishige Scientific Instrument Labs, Tokyo, Japan). The
electrospray capillaries were sputter-coated with a thin layer of Au and Pd (1:1 molar ratio) for 20 s
(Scancoat Six, Edwards) operated at a pressure of 0.1 mbar in an Ar(g) atmosphere (1.25 kV, 30 mA). ESI
solutions containing 4.1 and 4.2 in chloroform were loaded into a chamber of the theta capillary, with the
other chamber containing acetonitrile with 1% acetic acid. For ion formation, a voltage of 1.5 kV was
applied to the ESI emitter relative to the capillary entrance of the mass spectrometer. The temperature of
the capillary entrance to the mass spectrometer is 50°C.

Mass spectrometry experiments of A,A5.1, A,A5.1, 5.2 and 5.3 were performed using an Agilent 6220
accurate mass LC-TOF system with Agilent 1200 Series HPLC, with an eluent of 0.3 mL/min of
acetonitrile. The spectra were fitted with Agilent Multimode Source.

Mass spectrometry experiments of 5.5 and mixed ligand GlyBPSD:(S)-LeuBPSD complexes were
performed using an Waters micromass ZQ QMS connected to an Agilent 1200 series HPLC system for
automatic flow injections, with an eluent of 0.3 mL/min of methanol. The spectra were fitted with Agilent

Multimode Source.

Infrared Spectroscopy

Infrared spectra were obtained using an Agilent Cary 630 diamond attenuated total reflection (ATR)

spectrometer. MicroLab software was used to process the data.
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Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was conducted using a Mettler TGA/DSC 1 instrument. The
temperature was ramped at 5 °C/min from room temperature to 400 °C under a dry N, supply of 10.0
mL/min. The data were analysed with the STARe program.

Microanalysis

Microanalyses were performed by either the Campbell Microanalysis Laboratory, Department of
Chemistry, University of Otago, Dunedin, New Zealand or the Science Centre, London Metropolitan

University, UK.

Circular Dichroism

Circular dichroism spectra were collected using a Jasco J-815 circular dichroism spectrophotometer. All

spectra were collected from 200 — 350 nm in acetonitrile.

Powder X-Ray Diffraction

Powder X-ray diffraction (PXRD) data were collected at room temperature using a Bruker D8 Focus
diffractometer equipped with Cu—Ko (A = 1.5418 A) radiation. The sample was mounted on a zero
background silicon single crystal stage. Data were collected in the angle interval 26 = 5 — 55° with a step
size of 0.02°. The data was collected at 298 K and compared to predicted patterns based on the single crystal

data (collected at 100 K).

Low Pressure Gas Sorption

The following relates to gas sorption studies undertaken on 6.1 at low pressure. In preparation for gas
adsorption experiments, compound 6.1 was soaked in methanol overnight. The methanol was decanted
from the samples, replaced with fresh methanol and left to soak for a further 24 hours. The sample was then
recovered by filtration and loaded into a BET tube for sorption analysis, which was evacuated at 50 °C
overnight using a Micromeritics Tristar VacPrep instrument (evacuated mass 0.1335 g of 6.1). The sample

was analysed for CO; and N uptake, at 273 and 77 K, respectively, using a Micromeritics Tristar 3020
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instrument. Temperature control was achieved using insulated iced water (273 K) or liquid nitrogen (77 K)

baths. Ultra-high purity gasses (AirLiquide) were used for all analyses.

High Pressure Gas Sorption

The following relates to gas sorption studies undertaken on 6.1 at high pressure, which was undertaken by
Dr. Keith White at the University of Melbourne. In preparation for gas adsorption experiments, compound
6.1 was soaked in methanol overnight. The methanol was decanted from the samples, replaced with fresh
methanol and left to soak for a further 24 hours before being recovered by vacuum filtration. Prior to gas
sorption measurements the methanol soaked sample of 6.1 was heated at 50 “C under dynamic vacuum for
seven hours. The resultant solid of mass 0.1356 g underwent gas sorption experiments. The same sample
of 6.1 was employed for each measurement, between gas sorption measurements the sample was heated at
50 °C under dynamic vacuum for at least one hour.

Gas sorption data were measured using a Sieverts-type BELsorp-HP automatic gas sorption apparatus (BEL
Japan Inc.). 99.999% purity CO2, N2, He, Hz, and CH, and 99.9% purity N2O were used for sorption studies.
Non-ideal gas behaviour of each gas at each measurement and reference temperature was corrected for.
Source data were obtained from the NIST fluid properties website.5*

For isotherm measurements ranging from 258 — 298 K, sample compartment temperatures were controlled
by a Julabo F25-ME chiller/heater that re-circulated fluid at +/- 0.1 °C through a capped, jacketed stainless
steel flask housed within a polystyrene box. A calibrated external Pt 100 temperature probe monitored the
flask temperature. Cryogenic temperatures were maintained with a BEL liquid N2 level controller. Prior to
gas sorption measurements, samples were held at the measurement temperature for a minimum of 1 hour
to allow full thermal equilibrium to be attained before data collection.

Isosteric CO, and CH, sorption enthalpies were calculated using a least-squares fitting of a virial-type
thermal adsorption equation that modelled In(P) as a function of the amount of surface excess of gas sorbed
at 258 and 273 K.5*! Optimised virial coefficients and R? values relating to CO, and CHj fitting are given

in Table 8.1.
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Table 8.1: Optimised virial coefficients for modelling excess CO, and CH4 on 6.1

Gas CO; CH4
a0 -3496.25 -2351.61
al 121.9241 -436.526
a2 -1.23584 701.4992
a3 -5.06492 -418.376
a4 1.301391 112.842
ab -0.08698 -11.0367
b 15.39663 13.9544
R? 0.99966123 0.99698392

Quantum vyields

The fluorescence quantum yield, @y, is the probability of an excited state resulting in fluorescence and is
calculated by the ratio of photons emitted to the photons absorbed. The quantum yield is measured by
comparing the emitted fluorescence with a standard of known quantum yield under identical conditions.

The quantum yield is then calculated by the following equation:

Area  1-107%; . % fiu

() .
"¢l Area o 1-107%2, 1% e

Dppy =

where ®q, is the fluorescence quantum yield of the sample, ref is the standard reference, Area is the
integrated area under the corrected emission spectrum, abs is the absorbance at the excitation wavelength
and # is the refractive index of the solvent.

The standard material used for all measurements was quinine sulfate. All samples for quantum yield
measurements were prepared with an absorbance of less than 0.1 at the absorption maximum, in order to
avoid inner filter effects. Samples were degassed by bubbling N2 gas through them for 10 minutes before

measurement in order to reduce the effect of O, quenching.

Fluorescence lifetimes

Fluorescence lifetimes were measured using the method of time correlated single photon counting (TCSPC)
on a set-up described previously.>*? The excitation source was a 375 nm pulsed diode laser (Picoquant,
LDH-P-C-375) with a repetition rate of 5 or 10 MHz. The laser light was passed through a quarter waveplate

(Thor labs) to ensure linear polarisaiton before being directed onto the sample. Emission was collected at
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90° and passed through a polariser set to the magic angle (54.7°) to eliminate any photoselection bias.
Detection wavelength selection was achieved using a monochromator (CVI, dk480) after which emission
photons were focused onto a microchannel plate (Hamamatsu, R3809U-50) for detection. Photon emission
times from the START (laser sync) and STOP (microchannel plate) signals were recorded using a photon
timing device (PicoQuant, PicoHarp 300) and histogrammed to create a fluorescence decay profile. An
instrument response function (IRF) was obtained by recording the decay profile of a scattering solution of
dilute milk powder in water. Fluorescence lifetimes were determined by fitting the sample decay profile,
by a sum of exponential functions convolved with the IRF, using a least-squares method based on the
Levenberg-Marquardt algorithm (TRFA Global Analysis version 1.0, Scientific Software Technologies
Centre). Goodness-of-fit was determined by the x? parameter (values of ~1.0 < y? < 1.2 signifying a good
fit) and inspection of the residuals (data minus fitted function) which should be randomly distributed about
zero.

Absorbance and fluorescence emission

UV-Visible absorption measurements were taken with a Varian Cary 100 Bio UV-Visible
spectrophotometer (Agilent) using solvent for baseline subtraction. Fluorescence excitation and emission
spectra were recorded using a Varian Cary Eclipse fluorimeter (Agilent). All samples for steady state
spectra were prepared in 1.0 cm path length quartz cuvettes. All solvents used for absorption and

fluorescence measurements were of spectroscopic grade from Merck, TCI or Aldrich.

High performance liquid chromatography

HPLC was performed on an Agilent Infinity LC using a Symmetry Cis column of 3.9 x 150 mm dimensions
with 5 um particle size at a flow rate of 1 mL/minute of 100% acetonitrile. The output was measured at

wavelengths of 220, 254 and 280 nm and the data were processed with Agilent Open Labs CDS

Chemstation Editor software.

Chiral gas chromatography

The chiral separation properties of 6.1 were tested in collaboration with the Hill group at Monash

University. Gas chromatographs were recorded on an Agilent 6890N fitted with a 7683B series
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autosampler, Supelco Beta-Dex 120 column and FID detector. All injections were in methanol (1pl) with
a 100:1 split ratio, the conditions for each analyte were as follows: 1-phenylethanol: 120 °C isothermal,
injector 210°C, detector 200°C, He carrier gas 0.065MPa; pantolactone: 50°C (10 minutes) ramp at
5°C/minute to 200°C, injector 250°C, detector 250°C, He carrier gas 0.3 MPa. 2-methyl-2,4-pentanediol-
100°C isothermal, injector 210°C, detector 200°C, He carrier gas 0.065 MPa. A temperature ramp to 170°C
was completed for pantolactone and 1-phenylethanol methods to precondition the column for the next run,
this was completed after each analyte had eluted. Enantiomeric excesses were calculated from the peak
areas of each enantiomer of the analytes.

The products from the chiral catalysis tests with compound 5.5 were analysed by Dr Yada Nolvachai of the
Marriott group at Monash University. The compounds were analysed with a Supelco Astec Chiraldex B-
PM (30 m x 0.25 mm ID x 0.12 um film thickness) with a DFS guard column (5 m x 25 mm ID), inlet
temperature of 180 °C, FID temperature at 200 °C and acquisition rate of 5 Hz. The products from the
reaction were diluted in acetonitrile (15 times dilution), 0.2 puL were injected with a split ratio of 100:1,
with carrier gas of hydrogen at 1.5 mL/min at constant flow and temperature program of 100 °C to 180 °C

(2 °C/min) and held at 180 °C for 60 minutes.

8.2 Synthesis of diimide compounds
8.2.1 Synthesis of naphthalene diimide compounds

Svynthesis of H,GIyNDI

A suspension of 1,4,5,8-naphthalene tetracarboxylic dianhydride (1.5 mmol, 400 mg) and glycine (3.1
mmol, 229 mg) in DMF (40 mL) was heated at 110 °C overnight, during which all solids were taken into
solution. The reaction was poured onto approximately 100 mL of crushed ice, and allowed to stand until
the ice had melted, resulting in precipitation of the product. H,GlyNDI was collected by vacuum filtration
and washed with water, before drying in a vacuum desiccator. Yield 408 mg, 71%. All analysis was
consistent with the literature.3” &, (400 MHz, ds—DMSO), 4.79 (s, 4 H, H,), 8.75 (s, 4 H, Hi), 13.21 (s, 2

H, Has).
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8.2.2 Synthesis of biphenyl diimide compounds

Svynthesis of H.GlyBDI

A suspension of 3,3',4,4'-biphenyltetracarboxylic dianhydride (1.00 mmol, 294 mg) and glycine (2.10
mmol, 158 mg) in DMF (10 mL) was stirred at 100 °C overnight, during which all solids were taken into
solution. The reaction was poured onto approximately 100 mL of crushed ice, and allowed to stand until
the ice had melted, resulting in precipitation of the product. H.GlyBDI was collected by vacuum filtration
and washed with acetone (100 mL). Yield 273 mg, 70%. M.p. 329 — 330 °C. Found C, 56.60; H, 3.52; N,
7.06%; C20H12N20g-H20 requires C, 56.34; H, 3.31; N, 6.57%. 61 (400 MHz, de—DMSO), 4.32 (s, 4 H, Ha),
8.07 (d, J=7.8 Hz, 2 H, Hs), 8.34 (dd, 2J=7.8, 4J=1.5 Hz, 2 H, Hy), 8.38 (d, “J=1.5 Hz 2 H, H1), 13.31 (s, 2
H, Hs). 6c (100 MHz, ds—DMSO0), 40.33, 122.98, 124.56, 131.69, 132.98, 134.39, 145.01, 167.31, 169.328.
Vmax /M 3193w, 2979w, 1767w, 1702s, 1655m, 1647m, 1637m, 1624m, 1619m, 1579w, 1430m, 1409m,
1388m, 1356m, 1306w, 1251m, 1227m, 1193m, 1182m, 1111m, 956s, 919m, 906w, 888w, 846m, 827m,
751s, 721m, 675m. m/z (ES’) 363.0 ((M-COOH-H]" 100%, calculated for C1oH1:N2Os" 363.1); 407.0 ([M-

H]", 41% calculated for C0H11N2Og", 407.1).
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Svynthesis of (R)-H», AlaBDI

A suspension of 3,3',4,4'-biphenyltetracarboxylic dianhydride (1.00 mmol, 294 mg) and (S)-alanine (2.10
mmol, 187 mg) in acetic acid (5 mL) was heated by microwave irradiation for 5 minutes at 120 °C (power
input 300 W). The reaction was poured onto approximately 100 mL of crushed ice and allowed to stand
until the ice had melted, resulting in precipitation of the product. H,AlaBDI was collected by vacuum
filtration as a white powder and washed with water under all acid was removed. Yield 217 mg, 50%. M.p.
108 — 110 °C. Found C, 56.68; H, 4.23; N, 5.86%); C2:H1sN20s-1.5H,0 requires C, 57.02; H, 4.13; N, 6.05.
81 (400 MH, ds~DMSO) 1.60 (d, J=7.3 Hz, 6 H, Hs), 4.92 (q, J=7.3, 2 H, Ha), 8.05 (d, J=7.8 Hz, 2 H, Hs),
8.32 (dd, 3J = 7.8 Hz, “J=2.0 Hz, 2 H, H,), 8.35 (s, 2 H, H1), 12.01 — 14.09 (s, 2 H, He). 8¢ (100 MHz, de—
DMSO0) 14.80, 47.13, 122.35, 124.00, 131.09, 132.36, 133.82, 144.51, 166.73, 166.75, 170.98, vmax /cm?
3000w, 2920w, 1696s, 1618m, 1457w,1375m, 1241s, 1215m, 1144m, 1092m, 1019m, 920m, 887m, 779m,

741m, 972m. m/z (ESY) 435.2 ([M-H], calculated for C22H1sN.Og", 435.1) 27%; 391.1 ([M-COOH-HT,

/L{O
HO

calculated for C1H1sN20g7, 391.1) 100%.

OH

6
0 N
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Svynthesis of (S)-H>LeuBDI

A suspension of 3,3',4,4’-biphenyltetracarboxylic dianhydride (1.00 mmol, 294 mg) and (S)-leucine (2.10
mmol, 275 mg) in acetic acid (10 mL) was stirred at 120 °C overnight, during which all solids were taken
into solution. The reaction was poured onto approximately 100 mL of crushed ice and allowed to stand
until all the ice had melted, resulting in precipitation of the product. H,LeuBDI was collected by vacuum
filtration and washed with water until all acid was removed. Yield 448.5 mg, 86%. M.p. 267 — 273 °C.
Found C, 62.03; H, 5.39; N, 5.23%; C2sH2sN-0s-H-0 requires C, 62.45; H, 5.62; N, 5.20. 64 (400 MH, ds—

DMSO) 0.91 (t, J=7.1 Hz, 12 H, Hs), 1.42 — 1.58 (m, 2 H, H7), 1.89 (ddd, 4J=4.4 Hz, 3J=11.2 Hz, %)= 14.2
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Hz, 1 H, Hs), 2.24 (ddd, %J=4.1, 3J=10.3 Hz, 2J= 14.2 Hz, 1 H, Hg), 4.85 (dd, J=4.4, 11.3 Hz, 2 H, Ha), 8.05
(d, J=7.8 Hz, 1 H, H3), 8.32 (dd, 3J=2.0 Hz, *J = 7.8 Hz, 1 H, H,), 8.35 (s, 1H, H1), 13.23 (br s, 2 H, He). &c
(100 MHz, de—DMSO0) 21.3, 23.5, 25.1, 37.2, 123.1, 124.6, 131.3, 132.6, 134.5, 145.5, 167.6, 171.2. Vmax
/cm 3588w, 3517w, 3471w, 3402w, 3202w, 3180w, 3073w, 2872w, 2650w, 1772m, 1707s, 1619w,
1468w, 1422m, 1377s, 1258m, 1202m, 1157m, 1098m, 1019m, 926m, 844m, 799w, 747s, 676m, m/z (ES

) 475.2 (IM-COOH-HT,, calculated for Co7H27N2Os", 475.5), 100%.

Svynthesis of (S)-H.PheBDI

A suspension of 3,3',4,4'-biphenyltetracarboxylic dianhydride (1.00 mmol, 294 mg) and (S)-phenylalanine
(2.10 mmol, 346 mg) in DMF (10 mL) was stirred at 90 °C overnight, during which time all solids were
taken into solution. The reaction was poured over approximately 100 mL of crushed ice and allowed to
stand until all the ice had melted. Concentrated hydrochloric acid was added dropwise to the solution which
caused the precipitation of the product as a white powder, which was recovered by filtration and washed
until all acid was removed. Yield 534 mg, 91%. M.p. 110-112 °C. Found C, 65.91; H, 4.36; N, 4.86%;
Ca4H24N20s-1.5H,0 requires C, 66.34; H, 4.42; N, 4.55. 6y (400 MHz, ds—DMSQ) 3.38 (m, 2 H, Hsg),
3.50 (M, 2 H, Hse), 5.14 (dd, J=11.7, 4.9 Hz, 2 H, Ha), 7.06 - 7.26 (m, 10 H, H7g), 7.93 - 7.98 (m, 2 H,
Ha), 8.22 - 8.27 (M, 4 H, Hi12). 5c (100 MHz, ds—DMSO) 34.4, 53.7, 123.0, 124.5, 127.1, 128.8, 129.2,
130.9, 132.9, 134.6, 137.8, 145.1, 167.2, 170.5. vmax /cm™* 3368s, 2604w, 2343w, 2101w, 1926w, 1883w,

1771m, 1702s, 1618s, 1497m, 1421m, 1378s, 1241m, 1186m, 1104s, 1029m, 999m, 949m, 913m, 843m,
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740m, 697s. m/z (ES’) 543.1 ([M-COOH-H], calculated for CssH2sN.Og, 100%); 587.1, ([M-H],

calculated for C34H22N2Og", 587.2) 78%.

Svynthesis of H2lsoBDI

A suspension of 3,3',4,4'-biphenyltetracarboxylic dianhydride (1.00 mmol, 343 mg) and 5-
aminoisophthalic acid (2.10 mmol, 423 mg) in DMF (10 mL) was stirred at 120 °C overnight, during which
time all solids were taken into solution. A white suspension formed when cooled and H:lsoBDI was
recovered by filtration and washed with water to remove all residual DMF. Yield 293 mg, 47%, M.p. >350
°C. Found C, 55.23; H, 3.13; N, 4.40%; Cs2H1sN2012-4H,0 requires C, 55.50; H, 3.49; N, 4.05. &u (400
MHz, de-DMSO) 8.14 (d, J=7.7 Hz, 2 H, Hs), 8.33 (d, J=1.6 Hz, 4 H, H.), 8.43 (dd, 3J=7.81 Hz, 4J=1.46
Hz, 2 H, Hy), 8.49 (d, J=1.3 Hz, 2 H, H1), 8.53 (d, J=1.4, 2 H, Hs), 12.63 — 14.46 (br, 4 H, Hs). 8¢ (100
MHz, de—DMSO0), 122.9, 124.8, 129.6, 132.0, 132.22, 132.7, 133.1, 133.3, 134.3, 144.9, 166.5, 166.9. vmax
fcm 3087m, 2876w, 2632w, 2093w, 2061w, 1998w, 1907w, 1849w, 1773m, 1719s, 1655m, 1601m,
1439m, 1415m, 1376s, 1282m, 1223s, 1090s, 1020m, 912m, 880w, 852w, 757s, 733s. 710s, 661m. m/z
(ES) 309.0 ([M-2H]%#, calculated for CsH14N2O12*, 309.0) 100%; 619.1 (M-H), calculated for

Cs2H15N2012" 6191) 9.1%.
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HO
8.2.3 Synthesis of biphenyl sulfone diimide compounds

Synthesis of H.GlyBPSD

A suspension of 3,3'.4,4’-biphenylsulfone tetracarboxylic dianhydride (1.00 mmol, 357 mg) and glycine
(2.10 mmol, 158 mg) in DMF (10 mL) was heated at 100 °C overnight, during which time all solids were
taken into solution. The reaction was poured onto approximately 100 mL of crushed ice and allowed to
stand until all the ice had melted, resulting in precipitation of the product. H.GlyBPSD was isolated as a
white powder by vacuum filtration, washed with water (200 mL) and dried in vacuo. Yield 247 mg, 52%.
M.p. 332 -336 °C. Found C, 50.78; H, 2.65; N, 5.75%); C20H12N2010S requires C, 50.85; H, 2.56; N, 5.93%.
Su (400 MHz, d~DMSO) 4.36 (s, 4 H, Ha), 8.18 (d, 3J=7.8 Hz, 2 H, H2), 8.62 (m, 4 H, Hy,Hs), 12.7 (br, 2
H, Hs). ¢ (100 MHz, ds—-DMSO) 40.5, 123.4, 125.5, 133.2, 135.1, 136.3, 145.3, 166.0, 166.2, 169.0. vmax
/cm™' 3998w, 3950w, 3855w, 3713w, 3635w, 3493w, 2967w, 2900w, 2799w, 2725w, 2648w, 2546.4w,
2460 w, 2371w, 1782m, 1711s, 1528w, 1405s, 1314m, 1226m, 1146s, 1060m, 1008m, 963s, 926m, 883m,
852m, 755s, 671s.

m/z (ES’) 470.9 ([M-H], calculated for CH11N2010S", 471.0) 100%.
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Svynthesis of (5)-H>AlaBPSD

A suspension of 3,3',4,4"-biphenylsulfone tetracarboxylic dianhydride (1.00 mmol, 357 mg) and (S)-alanine
(2.10 mmol, 187 mg) in acetic acid (15 mL) was stirred at 120 °C overnight, during which time all solids
were taken into solution. The reaction was poured over approximately 100mL of crushed ice and allowed
to stand until all the ice had melted, resulting in precipitation of the product. HAlaBSDI was recovered as
a white powder by vacuum filtration and washed with water until all acid was removed. Yield 292.8 mg,
59%. M.p. 176 — 181 °C. Found C, 51.08; H, 3.48; N, 5.41%; C,,H16N2010S requires C, 50.97; H, 3.50; N,
5.40%. 8 (400 MHz, ds-DMSO) 1.54 (d, J=7.4 Hz, 6 H, Hs), 4.91 (q, J=7.4 Hz, 2 H, Ha), 8.13 (d, J=8.3
Hz, 2 H, Hs), 8.57 (dd, “J= 1.5 Hz, 3J= 5.9 Hz, 2 H, Hy), 8.58 (d, J=1.5 Hz, 2 H, H,), 12.23 - 13.86 (br, 2
H, He). dc (100 MHz, ds—-DMSO0), 15.1, 17.9, 123.3, 125.3, 133.2, 135.0, 136.2, 145.8, 165.9, 171.1. Vmax
/cm? 3489w, 3305w, 3158w, 3085w, 3010w, 2934w, 2861w, 2656w, 2544w, 1782w, 1713s, 1614w,
1448m, 1422m, 1377s, 1351s, 1316s, 1269s, 1169m, 1145m, 1105m, 1064m, 1016m, 904m, 861m, 837m,
745m, 713m, 671s. m/z (ES") 411.1 ([M-O-CHCH3COOH-HT, calculated for C1sH11N,07S™ 411.0) 100%,

499.1 ([M-H], calculated for C22H1sN2010S", 499.1), 91%.
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Synthesis of (S)-H>LeuBPSD

A suspension of 3,3',4,4"-biphenylsulfone tetracarboxylic dianhydride (1.00 mmol, 357 mg) and (S)-leucine
(2.10 mmol, 275 mg) in glacial acetic acid (5 mL) was heated by microwave radiation at 120 °C for 10
minutes (power input 300 W). The solution was poured over approximately 100 mL of crushed ice and
allowed to stand until the ice had melted, resulting in precipitation of the product. (S)-H.LeuBPSD was

isolated as a white powder which was recovered by vacuum filtration, washed with water until all acid was
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removed and dried in vacuo. Yield 418 mg, 72%. M.p. 159 — 165 °C. Found C, 54.82; H, 5.05; N, 4.77%;
Ca2sH28N2010S-1.5H20 requires C, 54.99; H, 5.11; N, 4.58%. &1 (400 MHz, ds-DMSO) 0.89 (d, 2J=7.0 Hz,
6 H, Hg,H), 0.91 (d, 3J=7.0 Hz, 6 H, Hg,Hs), 1.48 (m, 2 H, Hy), 1.89 (ddd, 2J=14.0 Hz, 3J=10.9 Hz, %J=4.2
Hz, 2 H, Hsg), 2.10 (ddd, 2J=14.0 Hz, 3J=10.9 Hz, 3J=4.2 Hz, 2 H, Hs He), 4.82 (dd, 3J=10.9, 3J=4.2 Hz, 2
H, Hs), 8.16 (d, *J=7.8 Hz, 2 H, H), 8.60 (M, 4 H, Ha, H3). 8¢ (100 MHz, de-DMSO0) 21.3, 23.5, 24.8, 37.2,
51.0, 123.5, 125.5, 132.9, 135.2, 135.9, 145.9, 166.3, 166.5, 170.9. vmax /cm™* 3993w, 3928w, 3868w,
3823w, 3747w, 3682w, 3536w, 3516w, 3486w, 3344w, 3266w, 3169w, 3052w, 2871w, 2490w, 1780w,
1719s, 1637w, 1544w, 1469w, 1383s, 1323m, 1256m, 1146m, 1104w, 1059w, 934w, 860w, 745m, 672s.

m/z (ES’) 583.0 ([M-H], calculated for C2sH27N2010S" 583.1) 100%.

OH O (o) 0 O
N\
o S

4

8 N N

7 2 (0]
5/6 3
9 0 O HO

Svynthesis of (R)-HoLeuBPSD

A suspension of 3,3',4,4'-biphenylsulfone tetracarboxylic dianhydride (1.00 mmol, 357 mg) and (R)-leucine
(2.10 mmol, 275 mg) in acetic acid (5 mL) was heated by microwave radiation at 120 °C for 10 minutes
(power input 300 W). The solution was poured over approximately 100 mL of crushed ice and allowed to
stand until the ice had melted, resulting in precipitation of the product. (R)-H.LeuBPSD was isolated as a
white powder which was recovered by vacuum filtration, washed with water until all acid was removed.
Yield 461 mg, 79%. M.p. 150 — 155 °C. Found C, 54.31; H, 4.97; N, 4.54%; CsH2sN2010S-2H,0 requires
C, 54.19; H, 5.20; N, 4.51%. &y (400 MHz, ds—DMSO) 0.84 (d, 3J=7.1 Hz, 6 H, Hs,Ho), 0.86 (d, 2J=7.1 Hz,
6 H, Hg,Hg), 1.48 (m, 2 H, H7), 1.84 (ddd, 2J=14.1,3J=10.8, *J=4.1, 2 H, Hs H¢), 2.14 (ddd, 2J=14.1, 3J=10.8,
3J=4.1, 2 H, HsHs), 4.81 (dd, 3J=11.2, 4J=4.2, 2 H, Ha), 8.15 (dd, 3J=7.8, 4J=1.0, 2 H, Hy), 8.59 (m, 4 H,
HiHs). oc (100 MHz, de—DMSO), 21.3, 23.5, 24.8, 37.1, 51.0, 123.5, 125.5, 132.9, 135.2, 135.9, 145.9,

166.3, 166.5, 170.9. vmax fcm™' 2961w, 2875w, 2629w, 2506w, 1715s, 1618w, 1469w, 1383s, 1324m,

246



Chapter 8 Experimental
1256m, 1145m, 1059m, 932m, 861w, 746m, 671s. m/z (ES’) 583.2 ([M-H], calculated for C2sH27N2010S",

583.1) 100%.

F
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Svynthesis of (§,R)-H>LeuBPSD

A suspension of 3,3".4,4'-biphenylsulfone tetracarboxylic dianhydride (1.00 mmol, 357 mg), (R)-leucine
(1.05 mmol, 138 mg) and (S)-leucine (1.05 mmol, 138 mg) in acetic acid (5 mL) was heated at 120 °C with
stirring overnight. The solution was poured over approximately 100 mL of ice and allowed to stand until
the ice had melted, which caused the product to precipitate as a white powder. The product was recovered
by vacuum filtration, washed with water until all acid was removed and dried in vacuo. Yield 526 mg, 90%.
M.p. 153 -157 °C. Found C, 57.39; H, 4.76; N, 4.74%; C2sH2sN2010S requires C, 57.52; H, 4.83; N, 4.79%.
8u (400 MHz, ds—DMSO0) 0.85 (m, 12 H, Hg), 1.48 (m, 2 H, Hy), 1.85 (ddd, 2J=14.2, 3J=10.7, 3J=4.0 Hz, 2
H, Hs,Hs), 2.15 (ddd, 2J=14.2, 3J=10.7, 3J=4.0 Hz, 2 H, Hs Hs), 4.81 (dd, 3J=10.7, *J=4.0 Hz, 2 H, H,), 8.15
(dd, 2J=7.8, 43=1.0, 2 H, H), 8.59 (m, 4 H, Hi,Hs), 13.26 (br. s, 2 H, Ho). 8¢ (100 MHz, ds-DMSO0), 21.3,
23.5, 24.8, 37.2, 51.0, 123.5, 125.5, 132.9, 135.2, 135.9, 145.9, 166.3, 166.5, 170.9. vmax/cm™ 2760w,
1780w, 1717s, 1616w, 1469w, 1422w, 1383s, 1323m, 1264w, 1146p, 1103w, 1059, 932w, 859w, 800w,
744m, 673s. m/z (ES") 583.1 ([M-H], calculated for C2sH27N2010S", 583.1) 100%. It is likely that the product

was a statistical mixture of the (S,R)-H.LeuBPSD, (S,S)-H.LeuBPSD and (R,R)-H;LeuBPSD compounds.
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Svynthesis of (5)-H>,PheBPSD

A suspension of 3,3',4,4"-biphenylsulfone tetracarboxylic dianhydride (1.00 mmol, 357 mg) and (S)-leucine
(2.10 mmol, 347 mg) in acetic acid (5 mL) was heated by microwave radiation at 120 °C for 10 min (power
input 300 W). The solution was poured over approximately 100 mL of crushed ice and allowed to stand
until the ice had melted, resulting in precipitation of the product. H.PheBSDI was isolated as a white powder
which was recovered by vacuum filtration and washed with water until all acid was removed. Yield 562
mg, 86%. M.p. 140 — 145 °C. Found C, 58.87; H, 4.00; N, 3.99%; C34H24N>010S-2.5H,0 requires C, 58.53;
H, 4.19; N, 4.02%. &y (400 MHz, de—DMSO) 3.27 (dd, 2J=14.1 Hz, 3J= 11.2 Hz, 2 H, Hsyg), 3.49 (dd,
2)=14.1 Hz,3J= 4.9 Hz, 2 H, Hs;), 5.15 (dd, 3J=11.2 Hz, 3J= 4.9 Hz, 2 H, Hy), 7.03 - 7.24 (m, 10 H, H7s),
8.07 (d, J=7.8 Hz, 2 H, Hs), 8.52 (d, J=1.5 Hz, 2 H, H1), 8.54 (dd, *J=7.7 Hz, 3J=1.5 Hz, 2 H, Hy), 13.15 -
13.64 (br, 2 H, Hig). 6¢c (100 MHz, ds—DMSO), 34.4,53.9, 123.7, 125.5, 127.1, 128.8, 129.2, 132.3, 135.4,
135.5, 137.6, 145.9, 165.8, 170.1. vmax /cm™ 3596w, 3538w, 3517w, 3437w, 3402w, 3339w, 3258w,
3236w, 3161w, 3064w, 3029w, 2930w, 2749w, 2600w, 2516w, 1780m, 1717s, 1618w, 1497w, 1456w,
1420m, 1383s, 1323m, 1245m, 1178m, 1146s, 1105s, 1059m, 999m, 951m, 919m, 871m, 741s, 701m,

671s. m/z (ES’) 651.1 ([M-H], calculated for CssH23N2010S", 651.1) 100%.
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8.2.4 Synthesis of ethanoanthracene diimide molecule

Svynthesis of (S)-Leucine-9,10-dimethyl-9,10-dihydro-2,3,6,7-diimido-9,10-ethanoanthracene

A suspension of (S)-Leucine (150 mg, 1.15 mmol) and 9,10-dimethyl-9,10-dihydro-2,3,6,7-tetracrboxyl-
9,10-ethanoanthracene (190 mg, 0.463 mmol) were added to a RBF with acetic acid (20 mL) and heated at

120 °C for four nights, during which time all solids were taken into solution. After this time the light yellow
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solution was poured over ice, forming a light yellow precipitate which was recovered by filtration, washed
with water and dried in vacuo. Yield 172.5 mg, 62%, M.p. 195 — 198 °C. Found C, 63.56; H, 5.96; N,
3.99%; CasHssN2Og requires C, 63.32; H, 6.15; N, 3.89%. u (400 MHz, de—DMSO) 0.81 (m, 12 H, Hg),
1.36 (M, 2 H, Hy), 1.67 (s, 4 H, H1), 1.8 (M, 2 H, Hs, He), 2.21 (s, 6 H, H,), 2.16 (M, 2 H, Hs, He), 4.74 (dd,
3)=12, 3)=4.2 Hz, 2 H, H,), 7.78 (s, 4H, H3). 8c (100 MHz, de—DMSO) 21.1, 23.5, 26.1, 37.1, 43.4, 44.3,
50.6, 116.6, 129.7, 152.8, 168.0, 171.3. vmax /cm ! 2958w, 2871w, 1841w, 17700m, 1702s, 1617m, 1534w,
1465w, 1442w, 1377s, 1321w, 1250m, 1205m, 1155m, 1088w, 991w, 911w, 869w, 752m. m/z (ES’) 504.1
([M-Leu+OH]J, calculated for CosH26NOs", 504.2), 100%, 599.2 ([M-H], calculated for Cs4HzsN20sg", 599.2)

93%.

8.3 Synthesis of coordination complexes

Synthesis of poly-[Cd2(AlaNDI)2(4,4'-bipy)(DMF)3(OH2)][Cd2(AlaNDI)2(4,4'-
bipy)(DMF)2(OH2)2], 2.1

(S)-H-AlaNDI1 (10.0 mg, 24.4 umol), Cd(NOs)2-4H,0 (15 mg, 48.8 umol) and 4,4’-bipyridine (1.9 mg, 12.2
pmol) were added to DMF (3mL) in a glass vial and sonicated to dissolve. The solution was heated at 100
°C in a dry bath incubator for 24 hours, during which time yellow needle-shaped crystals of 2.1 were
formed, which were recovered by vacuum filtration. Yield 12.1 mg, 34%. Found C, 49.37; H, 4.03; N,
9.00%; CsgHssN9O20Cd; ([Cd2(AlaNDI)2(4,4"-bipy)(DMF)3(OHy)]): requires C, 49.38; H, 3.86; N, 8.78%.
Vmax /cmt 2934w, 1701w, 1646s, 1568s, 1449w, 1400m, 1375m, 1354m, 1331s, 1293m, 1244s, 1216m,
1193m, 1091m, 1060w, 1044w, 964w, 922w, 991w, 927w, 761m, 722w, 672m. TGA: On-set, 40 °C mass
loss = 17.0% (calculated 16.5% for loss of one coordinated H.O and three coordinated DMF molecules),

decomp. 380 °C. Bulk purity was confirmed by PXRD.
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Synthesis of poly-[Cda(AlaNDI)4(4,4'-bipy)(DMF)4(OH2)2]-5H20-4DMF, 2.2

(S)-H2AlaNDI (10.0 mg, 24.4 pmol), Cd(NO3)2-4H,0 (30.0 mg, 97.4 umol) and 4,4'-bipyridine (3.8 mg,
24.4 pmol) were added to a mixture of DMF (2 mL), methanol (1 mL) and water (1 mL) and sonicated to
dissolve. The solution was heated at 85 °C in a dry bath incubator for 24 hours, during which time yellow
needle-shaped crystals of 2.2 were formed, which were recovered by vacuum filtration. Yield 13.5 mg. The
X-ray diffraction data were processed with the SQUEEZE routine of PLATONS** which showed voids of
786 A3 containing 211 e per formula unit, which would account for voids filled with five water molecules
and four DMF molecules. Attempted synthesis of a pure phase of 2.2 was unsuccessful due to concomitant
formation of 2.4.

Synthesis of poly-[Mna(AlaNDI1)4(4,4'-bipy)(DMF)4(OH2)2]-2DMF-5.5H20, 2.3

H>AlaNDI (10.0 mg, 24.4 umol), Mn(NOs3)2-4H0 (12.0 mg, 97.6 umol) and 4,4'-bipyridine (3.8 mg, 24.4
umol) were added to a solvent mixture of DMF (2 mL), methanol (1 mL) and water (1 mL) and sonicated
to dissolve. The solution was heated to 85 °C in a dry bath incubator overnight, to yield yellow crystals of
2.3 which were recovered by filtration. Yield 4.6 mg, 36%. Found C, 49.77; H, 3.82; N, 8.89%;
CosHgoN12039Mns-2DMF-5.5H,0: requires C, 49.87; H, 4.46; N, 8.62%. vmax/cm* 2934w, 1699m, 1650s,
1579s, 1505w, 1442m, 1410m, 1373m, 1351s, 1323s, 1271m, 1240s, 1222m, 1099m, 1067w, 1038w,
995w, 967w, 921w, 883w, 844w, 805m, 760s, 728w, 675m. TGA: on-set, 25 °C mass loss = 10.7%
(calculated 10.9% for loss of all coordinated DMF and H,O, and 5.5 non-coordinated H,O and two non-
coordinated DMF molecules). Bulk purity was confirmed by PXRD. The X-ray diffraction data were
processed using the SQUEEZE routine of PLATON, showing a total void space of 860 A3 containing 190
e~ per unit cell (430 A® with 95 e~ per formula unit). The solvent assigned from the microanalysis which
was not present in the crystal structure (1 DMF and 5.5 H,O molecules) accounts for 95 e~ per formula unit.
Synthesis of poly-[Cd(AlaND1)(4,4'-bipy)(OH2)]-3.5H20-0.5DMF, 2.4

(S)-H2AlaNDI (20.0 mg, 48.8 pmol), Cd(NO3)2-4H.0 (15.0 mg, 48.8 umol) and 4,4'-bipyridine (7.6 mg,
48.8 umol) were added to a mixture of DMF (2 mL), methanol (1 mL) and water (1 mL) and sonicated to

dissolve. The solution was heated at 85 °C in a dry bath incubator for four hours, during which time yellow
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needle-shaped crystals of 2.4 were formed, which were recovered by vacuum filtration. Yield 9.5 mg, 28%.
Found C, 4758, H, 355, N, 7.95%; CaH2Ns0oCd-3.5H,0-0.5DMF ([Cd(AlaNDI)(4,4'-
bipy)(OH:)]-3.5H.0-0.5DMF); requires C, 47.61; H, 4.12; N, 7.93%. vmax /cm™ 3359w, 2941w, 2365w,
2084w, 1705m, 1662s, 1572s, 1491w, 1448w, 1408s, 1365m, 1330s, 1246s, 1220m, 1200m, 1150w,
1095m, 1065m, 1008w, 967w, 922w, 879w, 858m, 812m, 765s, 728m. TGA: On-set, 65 °C mass loss =
14.9% (calculated 14.8% loss for loss of coordinated water and non-coordinated solvent of 3.5 water
molecules and 0.5 DMF molecules), decomp. 350 °C. The X-ray diffraction data were processed with the
SQUEEZE routine of PLATONS3** which showed voids of 232 A®, containing 73.5 €7, per asymmetric unit.
The solvent observed in the TGA and microanalysis which is not modelled in the voids of the crystal
structure would account for 55e” per asymmetric unit, so it appears that a small amount of solvent may have
been lost from the structure before microanalysis or TGA were conducted. Bulk purity was confirmed by

PXRD.

Synthesis of poly-[Zn2(AlaNDlI)2(4,4'-bipy)2]-0.3MeOH-0.7H:0, 2.5

(S)-H2AlaNDI (10.0 mg, 24.4 pmol), Zn(NO3),-6H20 (19.2 mg, 97.6 umol) and 4,4'-bipyridine (3.8 mg,
24.4 pmol) were added to a mixture of DMF (2 mL), methanol (1 mL) and water (1 mL) and sonicated to
dissolve. The solution was heated at 85 °C in a dry bath incubator overnight to yield orange cube shaped
crystals of 2.5, which were recovered by vacuum filtration. Yield 9.3 mg, 30%. Found C, 56.85; H, 3.35;
N, 8.64%; CeoHaoNsO16Zn2-0.3MeOH-0.7H,0, ([Zn2(AlaNDI)2(4,4'-bipy).]-0.3MeOH-0.7H,0); requires
C, 56.49; H, 3.35; N, 8.74%. vmax /cm* 2957w, 1702m, 1667s, 1636s, 1577m, 1524w, 1447m, 1422m,
1370s, 1354s, 1372s, 1288m, 1240s, 1216s, 1201m, 1084m, 1068m, 1032w, 968w, 915w, 874w, 802s,
768s, 720m, 663m. TGA: On-set, 50 °C mass loss = 2.5% (calculated 2.0% for loss of uncoordinated 0.3
MeOH and 0.7 water molecules), decomp. 390 °C. Bulk purity was confirmed by PXRD.

Synthesis of poly-[Mn(HAIaNDI)2(dpe)], 2.6

(S)-H-AlaNDI (10.0 mg, 24.4 pumol), Mn(NOs),-4H,0 (12.0 mg, 97.6 pumol) and 1,2-di(4-pyridyl)ethylene
(4.4 mg, 24.4 umol) were added to a solvent mixture of DMF (2 mL), methanol (1 mL) and water (1 mL)

and sonicated to dissolve. The solution was heated at 85 °C in a dry bath incubator for two nights, to yield
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yellow crystals of 2.6 which were recovered by filtration. Yield 5.1 mg, 10%. Found C, 59.15; H, 3.33; N,
7.87%; Cs2H3sNsO1sMn, ([Mn(HAIaNDI),(dpe)]); requires C, 59.15; H, 3.44; N, 7.96%. vmax /cm™ 2943w,
1702m, 1657s, 1599m, 1578m, 1450w, 1420w, 1371w, 1353m, 1332s, 1246s, 1200m, 1138w, 1115m,
1086m, 1043m, 1010m, 965m, 924m, 887m, 841s, 805m, 773s, 760s, 723m, 650m. TGA On-set, 300 °C
mass loss = 0%, decomp. 300 °C. Bulk purity was confirmed by PXRD.

Synthesis of poly-[Cdz2(AlaNDI)2(4PyNDI)2]-4ADMA, 2.7, poly-[Cd2(AlaNDI)2(OH2)2

(4PyNDI)2]-DMF-H20, 2.8 and poly-[Cd2(AlaNDI)2(DMF)2(OHz)2(4PyNDI)]-DMF-4H:0,
2.9

(S)-H2AlaNDI (10.0 mg, 24.4 pmol), Cd(NOs)2-4H,0 (30.0 mg, 97.4 pmol) and 4PyNDI (6.0 mg, 14.3
umol) were added to a solvent mixture of DMF (2 mL), methanol (1 mL) and water (1 mL) and sonicated
to dissolve. The solution was heated at 85 °C in a dry bath incubator for 24 hours, to yield yellow crystals
which were recovered by filtration. Yield 21.1 mg. PXRD shows compounds 2.7, 2.8 and 2.9 present in the
bulk sample.

The X-ray diffraction data of 2.7 were processed with the SQUEEZE routine of PLATON?3* which showed
voids of 727 A3, containing 162.5 e, per asymmetric unit, which could account for four DMF molecules.
However as 2.7 could not be obtained as a pure phase, the solvent present in the pores could not be
determined unequivocally by TGA and microanalysis.

Synthesis of poly-[Zns(DMF)3(LeuNDI)s(OHz2)3(us-OH)4]-2DMF-10H:0, 2.10

(S)-HzLeuNDI (10 mg, 20.2 umol) and Zn(OAc). (3.7 mg, 20.2 umol) were added to DMF (2 mL) and
water (1 mL) in a glass vial and sonicated to dissolve. The solution was heated at 70 °C in a dry block
incubator for four days, during which time yellow crystals of 2.10 were formed which were recovered by
vacuum filtration. Yield 6.0 mg, 44%. Found C, 4950; H, 5.10, N, 5.92%;
Ci65H175N15058ZNng-2DMF-10H,0,  ([Zns(DMF)3(LeuNDI)s(OH)3(OH)4]-2DMF-10H,0) requires C,
49.54; H, 5.08; N, 5.74%. vmax/cm™ 3089wm 2953w, 2870w, 1708m, 1659s, 1629s, 1580s, 1498w, 1450m,
1405m, 1376m, 1331s, 1246s, 1193m, 1105w, 991w, 877w, 849w, 772s, 728w. TGA: On-set, 62 °C, mass
loss = 12.9% (calculated 12.8% for loss of all coordinated solvent, and non-coordinated solvent of 2 DMF

and 10 H,O molecules), decomp. 400 °C. Bulk phase purity was confirmed by PXRD. Data was treated
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with the SQUEEZE routine of PLATON,%* showing total solvent accessible voids of 499 A® containing
144.5 e per asymmetric unit, which would correspond to one DMF and 10 H,O molecules which were not
able to be modelled in the crystal structure.

Synthesis of poly-[Mn(HLeuNDI)2(dpe)]-MeOH, 2.11

(S)-H:LeuNDI (10 mg, 20.2 pmol), 1,2-di(4-pyridyl)ethylene (3.7 mg, 20.2 pmol) and MnCl»-4H,0 (8.0
mg, 40.4 umol) were added to a solvent mixture of DMF (2mL), methanol (1 mL) and water (1 mL) in a
glass vial and sonicated to dissolve. The solution was heated at 85 °C in a dry block incubator overnight,
during which time yellow crystals of 2.11 were formed and were recovered by vacuum filtration. Yield
109 mg, 44%. Found C, 60.71; H, 465 N, 6.97%; CeHeoNsO16Mn-MeOH
(IMn(HLeuNDI)2(dpe)]-MeOH) requires C, 60.60; H, 5.01; N, 6.52%. vmax /cm™ 3079w, 2955w, 1706m,
1654s, 1604m, 1577m, 1451m, 1372m, 1352m, 1329s, 1246s, 1194m, 1097m, 982m, 922w, 888w, 857m,
830m, 790s, 731m. TGA: On-set, 30 °C, mass loss = 4.5% (calculated 4.9% for loss of one non-coordinated
MeOH), decomp. 330 °C. Bulk phase purity was confirmed by PXRD.

Synthesis of poly-[Mna(LeuNDI)s(dpb)2(DMF)2(OH2)2]-DMF-4.5H20, 2.12

(S)-H.LeuNDI (10 mg, 20.2 pumol), 1,2-di(4-pyridyl)benzene (4.7 mg, 20.2 pmol) and Mn(NOs),-4H,0 (10
mg, 40.4 umol) were added to a solvent mixture of DMF (2mL), methanol (1 mL) and water (1 mL) in a
glass vial and sonicated to dissolve. The solution was heated at 85 °C in a dry block incubator overnight,
during which time yellow needle crystals of 2.12 were formed which were recovered by vacuum filtration.
Yield 17.8 mg, 98%. Found C, 57.92; H, 4.93, N, 6.84%; CisH13sN1403Mns-DMF-4.5H,0
(IMn4(LeuNDI)4(dpb)2(DMF)2(OH2),]-DMF-4.5H,0) requires C, 57.23; H, 5.19; N, 7.03%. vmax /cm*
2952w, 2869w, 1706m, 1661s, 1604s, 1577s, 1453m, 1414s, 1379m, 1330s, 1248s, 1198m, 1100w, 988w,
861w, 813m, 781s. TGA: On-set, 50 °C, mass loss = 11.0% (calculated 10.4% for loss of all coordinated
solvent and non-coordinated solvent of one DMF and 4.5 water molecules), decomp. 400 °C. Bulk phase
purity was confirmed by PXRD.

The structure showed small void spaces in which no data could be modelled, therefore the data were

processed with the SQUEEZE routine of PLATON,** showing total voids of 201 A® containing 44 e per
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formula unit. The solvent not assigned in the crystal structure which was present in the TGA and
microanalysis is three water and 0.5 DMF molecules, which would account for 44 electrons per formula
unit.

Synthesis of poly-[Cda4(bpb)2(DMF)s(LeuNDI1)4]-6H20-0.5DMF, 2.13

(S)-H:LeuNDI (10 mg, 20.2 umol), 1,2-di(4-pyridyl)benzene (4.7 mg, 20.2 pmol) and Cd(NO3z),-4H,0 (12
mg, 40.4 umol) were added to DMF (3 mL) in a glass vial and sonicated to dissolve. The solution was
heated at 100 °C in a dry block incubator for one week, during which time yellow orange shaped crystals
of 2.13 were formed, which were recovered by vacuum filtration. Yield 5.7 mg, 31%. Found C, 53.69; H,
4.78; N, 8.16%; CisoH176N20040Cds-6H,0-0.5DMF, ([Cda(bpb)2(DMF)s(LeuNDI)s]-6H,0-0.5DMF);
requires C, 53.68; H, 5.34; N, 7.95%. vmax /cm™ 2952w, 1703m, 1660s, 1576s, 1450m, 1402m, 1330s,
1247sm 1193m, 1096w, 988w, 861w, 811s, 779s, 716m, 662m. TGA: On-set, 70 °C, mass loss = 14%
(calculated 20.2% for loss of all coordinated DMF and non-coordinated solvent), decomp. 320 °C. Bulk
phase purity was confirmed by PXRD. The microanalysis and TGA both show less solvent than is
accounted for by SQUEEZE, likely because some of the non-coordinated solvent was lost before the TGA
or microanalysis were conducted.

The X-ray structure showed voids in which no solvent could be modelled, therefore the data were processed
with the SQUEEZE routine of PLATON,* showing a void of 956 A3 which was filled with 185 e". The
solvent accounted for by the microanalysis which was not modelled in the crystal structure is six water
molecules and 0.5 DMF molecules, which would account for 60 e per formula unit. It is likely that less
solvent is shown by the microanalysis than would fit in the voids shown by SQUEEZE, because some

solvent was lost before the microanalysis was conducted.

Synthesis of poly-[Mn(DMF)2(HPheNDI)2]-H20-MeOH, 2.14

(S)-H2PheNDI (20.0 mg, 35.6 umol) and MnCl,-4H20 (21.0 mg, 106 umol) were added to a solvent mixture
of DMF (2 mL), methanol (1 mL), and H,O (1 mL) in a glass vial and sonicated to dissolve. The reaction
mixture was heated at 70 °C in a dry block incubator for 7 days, during which time yellow needles of 2.14

were formed, which were isolated by vacuum filtration. Yield 5.4 mg, 22%. Found C, 61.92; H, 4.32; N,
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6.14%; CroHssNsO1sMn-H20-MeOH ([Mn(HPheNDI)(DMF),]-H,0-MeOH); requires C, 62.05; H, 4.55;
N, 6.12%. vmax/cm ™! 3612w, 2937w, 1330m, 1245s, 1185m, 1111m, 1062m, 991m, 931m, 872m, 827m,
746s, 701s. TGA: On-set, 75 °C, mass loss = 3.0% (calculated 2.9% for loss of MeOH and H»0), decomp.

350 °C. Bulk phase purity was confirmed by PXRD.

Synthesis of poly-[Cd(4,4'-bipy)(OH2)(PheNDI)]-3.5H20-DMF, 2.15

(S)-HzPheNDI (20.0 mg, 35.6 pmol), Cd(NOs)2-4H,0 (43.6 mg, 141 pmol), and 4,4"-bipyridine (2.8 mg,
17.8 umol) were added to a solvent mixture of DMF (2 mL), methanol (1 mL), and H,O (1 mL) in a glass
vial and sonicated to dissolve. The solution was heated at 85 °C in a dry block incubator for two days,
during which time yellow needle crystals of 2.15 were formed, which were isolated by vacuum filtration.
Yield 17.8 mg, 98%. Found C, 54.98; H, 4.31; N, 7.13%; C42H30N40yCd-3.5H,0-DMF ([Cd(PheNDI)(4,4'-
bipy)(H20)]-3.5H,0-DMF); requires C, 54.97; H, 4.51; N, 7.12%. vmax/cm ™' 1705m, 1655s, 1577s, 1499w,
1452m, 1413m 1376m, 1331s, 1277m, 1247s, 1219m, 1174m, 1098w, 1068w, 1042w, 988w, 939w, 911w,
872w, 837w, 814m, 783s, 747m, 697m, TGA: On-set, 60 °C, mass loss = 13.3% (calculated 13.8% for loss
of one DMF and 3.5 H;0), decomp. 350 °C. Bulk phase purity was confirmed by PXRD. The X-ray
diffraction data were processed using the SQUEEZE routine of PLATON,** which showed a void space
of 1219 A3 per unit cell, containing 328 e~ per unit cell, (82 e~ per asymmetric unit) corresponding to 0.5
DMF and 3.5 H,O molecules per asymmetric unit.

Synthesis of poly-[Mn2(4,4'-bipy)2(PheNDlI)2][Mn(4,4’-bipy)(DMF)(NO3)2]-0.5DMF-7H:0,
2.16

(S)-H2PheNDI (20.0 mg, 35.6 umol), 4,4'-bipyridine (5.6 mg, 17.8 umol), and Mn(NOs3)2-4H,0 (18.0 mg,
71.2 pmol) were added to a solvent mixture of DMF (2 mL) and H>O (1 mL) in a glass vial and sonicated
to dissolve. The reaction mixture was heated at 70 °C in a dry block incubator for five nights, during which
time orange crystals of 2.16 were formed, which were recovered by filtration. Yield 8.5 mg, 67%. Found
C, 55.85; H, 3.70; N, 8.38%; Co7H71N13023Mns-0.5DMF-7H.0 ([Mn2(PheNDI)2(4,4"-bipy)2][Mn(4,4'-
bipy)(DMF)(NO3),]-0.5DMF-7H,0); requires C, 55.95; H, 4.22; N, 8.95%. vmax /cm™! 2934w, 1707s,

1666s, 1620s, 1602s, 1572, 1452m, 1412s, 1378m, 1333s, 1300s, 1248s, 1221m, 1173m, 1110m, 1088m,
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1068m, 1044m, 991m, 916w, 878m, 853w, 812s, 781s, 752m, 731m, 700m, 678m. TGA On-set, 90 °C;
mass loss = 7.0% (calculated 7.6% for loss of 0.5 DMF and 7 H,0), decomp. 350 °C. Bulk phase purity
was confirmed by PXRD. The X-ray diffraction data were processed with the SQUEEZE routine of
PLATON,%* which showed voids of 330 A3 containing 95 e~ per asymmetric unit, which would correspond
to 7 H20 molecules which are not modelled in the crystal structure.

Synthesis of poly-[Cd4(DMF)(dpe)2(PheNDI)4(OH2)2]-10H20-0.5DMF, 2.17

(S)-H2PheNDI (40.0 mg, 71.2 pmol), Cd(NOs):-4H.O (87.2 mg, 142.4 pmol), and 1,2-di(4-
pyridyl)ethylene (9.2 mg, 71.2 pmol) were added to a solvent mixture of DMF (4 mL), methanol (1.5 mL),
and H2O (1.5 mL) in a glass vial and sonicated to dissolve. The reaction mixture was heated at 85 °C in a
dry block incubator for 12 h, during which time yellow crystals of 2.17 were formed, which were recovered
by wvacuum filtration. Yield 47.7 mg, 40%. Found C, 55.27; H, 3.83; N, 5.62%;
Cis5H111N13035Cds- 10H20-0.5DMF  ([Cda(PheNDI)a(dpe)s(H20)2(DMF)]-10H20-0.5DMF); requires C,
55.58; H, 4.01; N, 5.59%. vmax/cm ! 3334w, 3028w, 1991w, 1946w, 1771w, 1663s, 1573s, 1409m, 1331s,
1245m, 1174m, 1111w, 988m, 835m, 783s, 697m. TGA: On-set, 85 °C, mass loss = 7.0% (calculated 6.4%

for loss of 0.5 DMF and 10 H>O molecules), decomp. 390 °C. Bulk phase purity was confirmed by PXRD.

Synthesis of poly-[Cd2(PheNDI)2(4PyNDI)2]-6H20-2DMF-MeOH, 2.18

(S)-H2PheNDI (20.0 mg, 35.6 umol), Cd(NO3),-4H20 (43.6 mg, 141 pmol), and 4pyNDI (15.0 mg, 35.6
umol) were added to a solvent mixture of DMF (2 mL), methanol (1 mL), and H.O (1 mL) in a glass vial
and sonicated to dissolve. The reaction mixture was heated at 85 °C in a dry block incubator for 48 hours,
during which time yellow needle crystals of 2.18 were formed, which were recovered by vacuum filtration.
Yield 32.3 mg, 39%. Found C, 57.57; H, 3.42; N, 8.19%; Ci12HesN1,024Cd>-6H,0-2DMF-MeOH
([Cd2(PheNDI)2(4PyNDI);]- 6H,0-2DMF-MeOH); requires C, 57.79; H, 3.83; N, 7.93%. vmax /cm!
1705m, 1663s, 1577s, 1493w, 1448w, 1407w, 1379w, 1329s, 1245s, 1191m, 1146s, 1118s, 1092.4w,
1064w, 984w, 913w, 865w, 829w, 766s, 699.m, 658m. TGA: On-set, 53 °C, mass loss = 6.3% (calculated
6.7% for loss of two DMF), decomp. 380 °C. Bulk phase purity was confirmed by PXRD. The structure

was processed with the SQUEEZE routine of PLATON,%* showing voids of 435 A2 containing 138 e~ per
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asymmetric unit, which corresponds to six H.O and one DMF molecules more than the DMF and MeOH
already modelled in the crystal structure (six H20, two DMF, and one MeOH in total). The MeOH and H20

within the structure were likely lost before the TGA and microanalysis was conducted.

Synthesis of poly-[Mn2(PheNDI)2(4PyNDI)2]-3DMF-2MeOH-H20, 2.19

(S)-HoPheNDI (10 mg, 18 pmol), Mn(NOs)2-4H0 (9.0 mg, 36 umol), and 4PyNDI (7.5 mg, 18 pmol) were
added to a solvent mixture of DMF (2 mL), methanol (1 mL), and H>O (1 mL) in a glass vial and sonicated
to dissolve. The reaction mixture was heated at 85 °C in a dry block incubator for 24 hours, during which
time yellow crystals of 2.19 formed, which were recovered by vacuum filtration. Yield 8.0 mg, 38%. Found
C, 60.14; H, 3.46; N, 8.75%, ([Mn2(PheNDI)2(4PyNDI),]-3DMF-2MeOH-1H,0); requires C, 60.61; H,
3.93; N, 8.62%. vmax /cm™! 3389w, 1659m, 1577s, 1439m, 1346s, 1241s, 1181m, 1096m, 1014w, 962w,
865w, 775m, 660s. TGA: On-set 50 °C; mass loss = 15.1% (calculated 14.9% for loss of three DMF, two

MeOH, and one H,0). decomp. 375 °C. Bulk phase purity wass confirmed by PXRD.

Synthesis of [Cd2(AlaBDI)2(DMSO)s]-1.5H20, 3.1

(S)-H-AlaBDI (100 mg, 0.229 mmol) and Cd(OACc), (95.0 mg, 0.413 mmol) were added to DMSO (6 mL)
and sonicated to dissolve. The solution was heated at 100 °C in a dry bath incubator for 48 hours to yield
colourless crystals which were isolated by filtration. Yield 72.9 mg, 41%. M.p. 253-256 °C, Found C, 42.11,
H, 4.20; N, 3.43%; CssHeaN402,S6Cd2-1.5H,0 ([Cd2(AlaBDI)2(DMSO0)e]-1.5H,0) requires C, 42.08; H,
4.29; N, 3.51.vmax /cm? 2954w, 2928w, 2869w, 1769m, 1707s, 1642s, 1586s, 1497w, 1346w, 1253w,
1163w, 1105m, 1059m, 1014w, 964w, 934w, 859m, 775m, 742m, 667m, TGA: On-set, 95 °C, mass loss
= 7.0% (calculated 6.6% for loss of one coordinated DMSO and 1.5 H;0), 138 °C, mass loss = 21.5%
(calculated 24.5% for loss of five coordinated DMSQ), decomp. 375 °C. Bulk phase purity was confirmed
by PXRD. Despite exhaustive attempts with various solvents, the crystalline sample of 3.1 could not be

dissolved enough to confirm persistence in solution by mass spectrometry or NMR.
Synthesis of [Cd2(LeuBDI)2(DMF)2(DMSO)3(OH2)]-DMF-DMSO, 3.2

(S)-H:LeuBDI (20 mg, 38.4 umol) and Cd(OAc). (8.8 mg, 38.4 pumol) were added to a mixture of DMSO

(1 mL) and DMF (0.5 mL) and sonicated to dissolve. The solution was heated at 100 °C for one week, and
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then left to sit at room temperature. The product formed as a few colourless crystals after one month. Yield
12 mg, 32%. Found C, 47.84; H, 558, N, 542%; CesHssN4O16Cd2-DMSO-DMF
[Cdz(LeuBDI1)2(DMF)2(DMSO)3s(OH2)]-DMSO-DMF requires C, 47.84; H, 5.58; N, 5.42%. & (400 MHz,
ds—DMSO) 0.86 (d, 3J=6.4, 24 H, Hg), 1.43 (m, 4 H, Hy), 1.92 (m, 4 H, Hss), 2.32 (M, 4 H, Hss), 2.73 (S, 6
H, Hion1), 2.89 (S, 6 H, Hiom1), 4.58 (M, 4 H, Ha), 7.90 (d, 4 H, 3J=7.7, 4H, Hs), 7.95 (s, 2H, Ho), 8.18 (s, 4
H, H1), 8.21 (d, 3J=7.7, 4 H, H,). vmax /cm™ 2956w, 2929w, 2870w, 1767m, 1703s, 1651s, 1579s, 1467w,
1346s, 1258m, 1195w, 1163m, 1087m, 1005s, 955m, 935m, 858m, 774w, 742m, 703w, 669m. TGA: On-
set, 90 °C, mass loss = 30.0% (calculated 30.5% for loss of all coordinated and non-coordinated solvent),
decomp. 360 °C. Bulk phase purity was confirmed by PXRD. Despite multiple attempts, the presence of

3.2 could not be confirmed by mass spectrometry due to low solubility.
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Synthesis of (NH2(CHs)2)2[Zn2(AlaBDI)2(4,4'-bipy)Cl2], 3.3
(S)-H2AlaBDI (10 mg, 23 pmol), 4,4"-bipyridine (7.1 mg, 45.5 pmol) and ZnCl,-6H,0 (6.2, 45.5 pmol)

were added to DMF (3 mL) and sonicated to dissolve. The solution was heated at 60 °C for four nights,
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then heated at 80 °C for one night and heated at 100 °C for three nights. After this time a few thin colourless
needles of 3.3 were formed. All attempts at synthesising this material in bulk were unsuccessful.

Synthesis of poly-[Cd(LeuBDI)(4PyNDI)]-11H20-2DMF, 3.4

(S)-HzLeuBDI (25.2 mg, 48.4 umol), 4PyNDI (10.2 mg, 24.4 pmol) and Cd(NOs)z-4H20 (30.0 mg, 97.4
pumol) were added to DMF (3 mL) and sonicated to dissolve. The solution was heated at 100 °C for four
nights, during which time yellow crystals of 3.4 were formed. Yield 15.7 mg, 26%. Found C, 55.34; H,
4.47, N, 7.27%; C104H70N12024Cdo-9H20 [Cda(LeuBDI)2(4PyNDI);]-9H,0 requires C, 55.15 ; H, 4.18 ; N,
7.27%. Ymax lcm™ 1770w, 1705m, 1679m, 1577s, 1508m, 1424m, 1375s, 1342s, 1245s, 1193m, 1146m,
1094m, 1066m, 1019m, 982m, 857m, 827m, 766s, 741m 715m, 686m, 656m. TGA: On-set, 50 °C, mass
loss = 14.7% (calculated 14.1% for loss of 11 H,O and two DMF molecules), decomp 350 °C. Bulk phase
purity was confirmed by PXRD.

The structure had solvent accessible voids in which no solvent could be modelled, so the data were
processed with the SQUEEZE routine of PLATON®* to show one large void of 961 A® per formula unit,
containing 194 e~ which corresponds to 11 water and two DMF molecules. The microanalysis shows less
solvent than accounted for by SQUEEZE or TGA, suggesting that some solvent was lost before the

microanalysis was conducted.

Synthesis of [Cus(AlaBD1)s(DMSQ)4(OHz2)4]-solv., 3.5

(S)-H-AlaBDI (10 mg, 22.9 pmol) was dissolved in DMSO (2 mL) and Cu(OAc); (4.2 mg, 22.9 pmol) was
dissolved in DMF (1 mL). The metal solution was added slowly to the ligand solution while stirring. The
solution was left to sit at room temperature for one month, during which time blue crystals of 3.5 formed.
Yield 6.5 mg, 51%. Found C, 41.52; H, 4.79; N, 3.73%; CigsH144N16072Cus-55H,0-4DMSO
([Cus(AlaBDI1)s(DMSO)4(OH2)4]-55H20-4DMSO) requires C, 41.60; H, 5.06; N, 4.04%. vmax /cm™ 3058w,
1769m, 1703s, 1655m, 1596s, 1510m, 1459m, 1413m, 1370s, 1443s, 1289m, 1195w, 1156m, 1081m,
1016m, 915w, 887w, 866w, 845m, 779w, 743s. TGA: On-set, 70 °C, mass loss = 34% (calculated 28% for
loss of all coordinated solvent molecules, all solvent assigned in the crystal structure of, four DMSO and

three water molecules, and all unassigned lattice solvent), decomp. 330 °C. The data were processed with
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the SQUEEZE routine of PLATON,%** showing voids of 5104 A® containing 1345 e per formula unit,
which is more than the solvent observed by the microanalysis and TGA results, suggesting that as the
material was so porous that some of the solvent was lost before the TGA or microanalysis were conducted.
The TGA shows more mass loss than would be expected based on the microanalysis, likely because some
solvent was lost from the crystals before the microanalysis was conducted. The crystals were extremely
fragile, and began to lose crystallinity immediately after being removed from the mother liquor, therefore

the bulk purity could not be confirmed by PXRD.

Synthesis of [Cus(LeuBDI)s(OH2)s]-solv., 3.6

(S)-HzLeuBDI (70 mg, 134.4 umol) was dissolved in DMSO (5 mL) in a glass vial and Cu(OAc), (24.5
mg, 134.4 pumol) was dissolved in DMSO (16 mL) in a glass vial. The metal solution was added slowly to
the ligand solution with stirring and then allowed to sit at room temperature, after one month a blue
crystalline product of 3.6 formed which was recovered by vacuum filtration. The crystals were extremely
fragile and PXRD or mass spectrometry data could not be obtained. Yield 50.1 mg, 29%. Found C, 40.55;
H, 6.55; N, 3.01%; CazsH225N15072Cug-56H,0-42DMSO ([Cus(LeuBDI)s(OH,)s]-56H:0-42DMSO)
requires C, 40.68; H, 6.53; N, 2.47%. vmax /cm™ 2957w, 1770m, 1705s, 1649m, 1605m, 1390m, 1376s,
1320m, 1162w, 1103w, 1016m, 951m, 846s, 783w, 744m, 671m. TGA: On-set, 70 °C, mass loss = 48.2%
(calculated 48.7% for loss of all coordinated water molecules and all lattice solvent of 42 DMSO and 56
H>0 molecules), decomp. 300 °C. The structure was highly porous, so was processed with the SQUEEZE
routine of PLATON.%* The SQUEEZE results suggest a void of 3765 A2 filled with 726 e per unit cell.
The solvent accounted for by TGA and microanalysis would account for 1652 e~ per asymmetric unit,
therefore it appears that the crystals contained a large amount of surface solvent which was not removed
by filtration. The crystals were extremely fragile, and began to lose crystallinity when removed from the

mother liquor, therefore the bulk purity could not be confirmed by PXRD.
Synthesis of poly-[Zn4(IsoBDI)2(DMF)(OH2)4]-DMF-9H20, 3.7
HaslsoBDI (10 mg, 16.1 pmol) and ZnCl,-6H,0 (4.4 mg, 32.3 umol) were added to DMF (3 mL) and

sonicated to dissolve. The solution was heated at 120 °C in a dry bath incubator for six nights to yield
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colourless crystals of 3.7 which were isolated by filtration. Yield 3.3 mg, 17%. Found C, 44.26; H, 3.51,
N, 4.24%; Ce7H39N5020ZNn4-DMF-9H,0 ([Zn4(1soBDI)2(DMF)(OH,)4]- DMF-9H,0) requires C, 41.97; H,
3.51; N, 4.20%. vmax /cm* 3330w, 3084w, 2122w, 1924w, 1715m, 1559m, 1361s, 1234m, 1092m, 846m,
738s. TGA: On-set, 60 °C, mass loss = 33% (calculated 33.6% for loss of all coordinated solvent, and lattice
solvent of six DMF and 14 H,O molecules), decomp. 400 °C. Bulk phase purity was confirmed by PXRD.
Processing the data with the SQUEEZE routine of PLATON®* showed solvent accessible voids, giving a
total of 8837 A3 filled with 3331 e per unit cell, which corresponds to 1104 A2 filled with 416 e per
asymmetric unit. The solvent loss shown by the TGA accounts for 460 e” per asymmetric unit, which agrees
with the SQUEEZE data. The microanalysis shows less solvent in the voids than SQUEEZE or TGA likely

due to the loss of solvent before the microanalysis was conducted.

Synthesis of poly-[Cd(IsoBDI)os(4PyNDI)]-2.5DMF-4H:0, 3.8

HalsoBDI (20.0 mg, 32.2 pmol), 4PyNDI (13.4 mg, 31.9 pmol) and Cd(NO3),-4H,0 (19.8 mg, 64.3 pmol)
were added to DMF (6 mL) and sonicated to dissolve. Concentrated nitric acid (4 drops) was added to the
solution and the solution was heated at 85 °C for one week, during which time brown needle crystals of 3.8
were formed, which were isolated by filtration. Yield 24.8 mg, 41%. M.p. >350 °C Found C, 51.63; H,
3.82; N, 9.94%; CaoH1sN5O10Cd-2.5DMF-4H,0 ([Cd(IsoBDI)os(4PyNDI)]-2.5DMF-4H,0) requires C,
51.63; H, 3.82; N, 9.59%. vmax /cm™ 1774w, 1721m, 1655s, 1605m, 1560m, 1508s, 1413m, 1375s, 1342s,
1278w, 1247w, 1193w, 1148w, 1096m, 1019w, 984w, 932w, 831w, 766m, 742s, 660m. TGA: On-set, 55
°C, mass loss = 24.5%, (calculated 23.3% for loss of non-coordinated solvent of 2.5 DMF and 4 H;0),
decomp. 380 °C. Bulk phase purity was confirmed by PXRD.

The structure showed significant void space in which no solvent could be modelled, therefore it was
processed with the SQUEEZE routine of PLATON,%* which showed voids of 975 A filled with 119 e” per
asymmetric unit, which would account for the 2.5 DMF and four water molecules which were observed

through the TGA and microanalysis.
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Synthesis of [Cd2(1,10-phen)2(LeuNDI)2(OH2)2]-2H20-DMF, 4.1-2H.0-DMF

(S)-HzLeuNDI (20 mg, 40.4 umol), 1,10-phenanthroline (8.0 mg, , 20.2 umol) and Cd(NO3)2-4H,0 (25
mg, 80.8 umol) were added to a solvent mixture of DMF (2 mL), methanol (1 mL) and water (1 mL) in a
glass vial and sonicated to dissolve. The solution was heated at 85 °C in a dry block incubator overnight,
during which time yellow crystals of 4.1 were formed, which were recovered by vacuum filtration. Yield
21.3 mg, 63%. Found C, 5565, H, 426, N, 6.97%; CrHeNsO15Cd2-2H,0-DMF,
[Cd2(phen)2(LeuNDI)2(OH,).]-2H,0-DMF requires C, 55.35; H, 4.59; N, 7.35%. vma /cm?* 3070w,
2953w, 2116w, 1705m, 1660s, 1574s, 1515m, 1450m, 1376m, 1329s, 1246s, 1192m, 1145m, 1097m,
987m, 891w, 849m, 780s, 725s, 679m. m/z (ES*) 787.13 [Cd(LeuNDI)(phen)+H]*, (calculated for
CagH33CdN4Osg*, 787.13), 823.11 [Cd(LeuNDI)(phen)(H20)+H]*, (calculated for CsgHz7CdN4O10*, 823.15),
1607.23 [Cd2(LeuNDI)2(phen)2(H20)2)+H]"*, (calculated for C7sHsoCd2NsO1s*, 1607.28). TGA: On-set, 60
°C, mass loss = 4.5% (calculated 4.2% for loss of one DMF and two water molecules, and two coordinated
water molecules), decomp. 300 °C. Bulk phase purity was confirmed by PXRD.

The data was processed with the SQUEEZE routine of PLATON,** showing solvent accessible voids of
166 A3 containing 52 e per asymmetric unit, which is accounted for by the solvent not modelled in the
crystal structure, one DMF and two water molecules, which are also present in the microanalysis and TGA.
Synthesis of [Cd2(LeuNDI)2(2,2’-bipy)2(OH2)2]2:2DMF-5H20, 4.2-:2DMF-5H20
(S)-HzLeuNDI (10 mg, 20.2 pumol), Cd(NO3)2-4H20 (12.5 mg, 40.4 umol) and 2,2"-bipyridine (3.0 mg,
20.2 pmol) were added to DMF (2 mL) and water (1 mL) in a glass vial and sonicated to dissolve. The
solution was heated at 85 °C in a dry block incubator for 2 nights, during which time yellow block crystals
of 4.2 were formed which were recovered by vacuum filtration. Yield 5.1 mg, 16%. Found C, 55.34; H,
4.47, N, 7.27%; CiasH136N16036Cda, [Cd2(LeuNDI)2(2,2"-bipy)2(OH2)2]2 requires C, 55.49; H, 4.40; N,
7.19%. vmax lcmt 31.05w, 2953w, 2868w, 1705m, 1663s, 1591s, 1578s, 1491w, 1474w, 1438m, 1380m,
1328s, 1245s, 1193m, 1175w, 1154w, 1105w, 1060w, 1018w, 988w, 924w, 879w, 850w, 811w, 762s,
737m. m/z (ES*) 1621.88 [Cd4(LeuNDI)4(2,2'-bipy)s(OH,)(CHCIs)(CH;COOH)+2H]?** (calculated for

Ci147H137Cd4Cl3N16035%*, 1621.73), 1631.42 [Cd2(LeuNDI)2(2,2"-bipy)2(OH2)2(CHsCN)+H]*, (calculated
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for C74H7Cd2NyO2", 1631.30). TGA: On-set, 50 °C, mass loss = 16.1% (calculated 15.2% for loss of five
water and two DMF molecules, and two coordinated water molecules per asymmetric unit), decomp. 350
°C. Bulk phase purity was confirmed by PXRD.

The X-ray structure showed significant void space in which no solvent could be modelled, so the data were
processed with the SQUEEZE routine of PLATON, to show total void space of 534 A3 containing 131
e per asymmetric unit. This void may contain five water and two DMF molecules, accounting for 130 e,
which could not be modelled in the structure. The TGA and SQUEEZE results show the same composition
of non-coordinated solvent, and the microanalysis shows less solvent, as all but the coordinated solvent was

lost before the microanalysis could be conducted.

Synthesis of A,A-[Cus((S)-LeuBPSD)4(OH2)4]-2DMA ([A,A5.1(OH2)4]-2DMA)

Single crystals:

(S)-H:LeuBPSD (10 mg, 17.1 pmol) and Cu(NOs)2-3H20 (22 mg, 91.1 pumol) were added to DMA (3 mL)
and sonicated to dissolve. The solution was heated at 100 °C for one week in a sealed vial. The solution
was then left to sit at room temperature for two months, during which time a few blue crystals formed. The
X-ray data was best modelled as A,A-[Cus((S)-LeuBPSD)4(OH2)4]-2DMA. A different method was
employed (see below) to synthesise a bulk sample in reasonable timeframe for which the PXRD matched
that predicted for this crystalline sample.

Bulk powder sample:

(S)-H.LeuBPSD (100 mg, 171 pmol) and Cu(NOs)2-3H20 (220 mg, 911 pumol) were added to DMA (2.5
mL) and sonicated to dissolve. Methanol (4 mL) was added to the solution with stirring. A mixed solution
of methanol (1 mL) and triethylamine (1 mL) was added dropwise (approx. four drops) to the metal/ligand
solution with stirring until slight clouding remained. The reaction solution was left in a capped vial
overnight during which time the product formed as a blue powder which was recovered by filtration and
dried in air. PXRD confirmed this material to be the same crystalline phase as that isolated as single crystals

(vide supra). Yield 64 mg, 56%. M.p. 282 — 284 °C. Found C, 51.45; H, 4.72; N, 5.22%;
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Ci112H112Ng044S4Cus-3.5DMA  ([Cus((S)-LeuBPSD)4(OH,)s]-3.5DMA) requires C, 51.10; H, 4.89; N,
5.44%. vmax /cm™! 2954w, 1774w, 1711s, 1655m, 1610s, 1508m, 1467w, 1413m, 1377s, 1262w, 1178w,
1146m, 1102m, 1051m, 1020s, 947w, 895w, 861w, 784w, 732m, 671s. m/z (ES*) 2586.25 (A,A-[1+H]*,
calculated for C112H10sCusNgO 40S4*, 2585.25). TGA: On-set, 60 °C, mass loss = 12.7% (calculated 12.7%
for loss of four coordinated H,O molecules and 3.5 non-coordinated DMA molecules), decomp. 370 °C.
The best structural model that could be fitted to the single crystal X-ray diffraction data was A,A-[Cuas((S)-
LeuBPSD)4(OH2)4]-2DMA with significant void space in which no solvent could be modelled. The data
was processed using the SQUEEZE routine of PLATON,%** which showed a void space of 1039 A2 per unit
cell (i.e. per cage), containing 339e". The best fit for the TGA and microanalysis suggests the presence of
four coordinated water molecules and 3.5 non-coordinated DMA molecules, 1.5 DMA molecules which
could not be modelled in the structure, which would lead to an expected 72 e” per cage. The greater electron
count suggested by SQUEEZE compared to that expected based on the TGA and microanalysis results is

likely due to solvent loss upon isolation prior to TGA or microanalysis being conducted.

Synthesis of A-[Cus((R)-LeuBPSD)4(OH2)(MeOH)25(HNMez)os]-4ADMA
([A5.1:(OH2)(MeOH)25(HNMez2)o5]-4DMA)

(R)-H,LeuBPSD (100 mg, 171 pmol) and Cu(NOs),-3H,0 (220 mg, 911 pmol) were added to DMA (2.5
mL) and sonicated to dissolve. Methanol (4 mL) was added to the solution with stirring. A mixed solution
of methanol (1 mL) and triethylamine (1 mL) was added dropwise (approx. three drops) to the metal/ligand
solution with stirring until slight clouding remained. The vial was capped and left to sit for one week, during
which time the product formed as blue crystals which were recovered by filtration and dried in air. Yield
62 mg, 54%. M.p. 287-290 °C. Found C, 51.79; H, 5.05; N, 6.14%; Ci155H1195Ng50435S:Cus-5DMA
([Cus((R)-LeuBPSD)4(0OH)(MeOH),s(HNMe:)os]-5DMA) requires C, 51.8; H, 5.05; N, 6.14%. vmax /cm™!
2957w, 2871w, 1778w, 1711s, 1614s, 1469w, 1379s, 1264w, 1145s, 1103m, 1051m, 951w, 861m, 786m,
734m, 671s. Phase purity confirmed by PXRD. m/z (ES*) 2646.28 (A,A-[L(NHMe;)(OH2)+H]*, calculated
for C114H114CusNgO41S4™, 2646.30). TGA: On-set, 50 °C, mass loss = 5.1% (calculated 4.5% for loss of one
coordinated H.O and 2.5 coordinated MeOH, and 0.5 coordinated HNMe;), decomp. 350 °C. The best

structural model that could be fitted to the single crystal X-ray diffraction data was A,A-[Cus((R)-
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LeuBPSD)4(OH2)(MeOH).s(HNMe,)os]-4DMA  with significant void space in which no solvent could be
modelled. The diffraction data was processed using the SQUEEZE routine of PLATON,** which showed
a void of 479 A3 per unit cell (i.e. per cage) estimated to contain 47e". The best fit for the microanalysis
suggests the presence of 2.5 coordinated methanol, one coordinated water molecule, 0.5 coordinated
HNMe; and four modelled DMA molecules, which is one DMA molecule more than the model generated
from X-ray data, which would lead to an expected 48e” per cage. The best fit for the TGA suggested mass
loss for the coordinated solvent. The TGA shows less mass loss than would be expected based on the single
crystal structure, SQUEEZE results and microanalysis, likely due to solvent loss before the TGA was
conducted.

Synthesis of A,A-[Cus((S)-LeuBPSD)4(OH2)2(DMSO)2]-2DMSO ([AA-
5.1(DMS0)2(OH2)2]-2DMSO)

An H-NMR sample of A,A-[Cus((S)-LeuBPSD)4(OH)4] (5 mg) in de-DMSO (0.5 mL) was left to sit at
room temperature. After one month blue crystals formed in the solution, from which X-ray diffraction data
was collected. To replicate this synthesis, 83 mg of A,A5.1 was dissolved in non-deuterated DMSO (1 mL)
and left to sit at room temperature. After one month a microcrystalline product was found to have formed
which was recovered by filtration. Found C, 45.74; H, 4.25; N, 3.69%; Ci1sH120Ns044Cu4S¢-15H,0
([Cus((S)-LeuBPSD)4(OH2)2(DMS0)]-15H.0 requires C, 45.72; H, 4.97; N, 3.68%. m/z (ES*) 2685.26,
( [A,A5.1(DMSO)+Na]*, calculated for Ci14H110CusNgO41SsNa *, 2685.25). vmax /cm™ 2733w, 1776w,
1713s, 1653m, 1616m, 1508w, 1465w, 1413m, 1379s, 1327m, 1260w, 1146m, 1101m, 1051s, 1019s,
948m, 894w, 863m, 786m,734m, 671s. TGA: On-set, 40 °C, mass loss = 23.5% (calculated 23.3% for loss
of two coordinated H,O and two coordinated DMSO, and seven DMSO and 15 H,0), decomp. 350 °C. The
best structural model that could be fitted to the single crystal X-ray diffraction data was A,A-[Cus((S)-
LeuBPSD)4(OH.).(DMSO0).]-2DMSO with significant void space in which no solvent could be modelled.
The data was processed using the SQUEEZE routine of PLATON,%* which showed a void space of 524 A3
per unit cell (i.e. per cage), containing 153e". The best fit for the TGA data suggests the presence of two
coordinated DMSO and two coordinated water molecules, and 12 non-coordinated water molecules and

eight non-coordinated DMSO molecules, which would give an expected electron count of 328e". The larger
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expected electron count suggested by the TGA is likely due to the TGA being conducted soon after the
sample was recovered by filtration and therefore a large amount of surface solvent still present on the
crystals. The best fit for the microanalysis suggests the presence of the two coordinated DMSO and two
coordinated water molecules, and 15 non-coordinated water molecules, likely due to the loss of solvent
during transport.

Synthesis of A,A-[Cus((S)-LeuBPSD)4(MeOH)2(OH2)2]/A-[Cus((R)-
LeuBPSD)4(MeOH)2(OH2)2]-DMA (A,A/A-[5.1(MeOH)2(OH2)]-DMA)

(S)-H:LeuBPSD (50 mg, 171 pmol), (R)-H2LeuBPSD (50 mg, 85.5 pumol) and Cu(NOs),-3H.0 (220 mg,
911 pmol) were added to DMA (2.5 mL) and sonicated to dissolve. Methanol (4 mL) was added to the
solution with stirring. A solution of methanol (1 mL) and triethylamine (1 mL) was added dropwise (approx.
three drops) to the metal/ligand solution with stirring until slight clouding remained. The vial was capped
and left to sit for one week, during which time the product formed as blue crystals which were recovered
by filtration. Yield 36.1 mg, 31%. M.p. 285 — 288 °C. Found C, 51.79; H, 5.52; N, 6.84%;
Ci114H116N804S4CuUs-8DMA, ([Cus(LeuBPSD)4(MeOH),(OH,);]-8DMA) requires C, 51.85; H, 5.61; N,
6.63%. vmax /cm! 2957w, 2871w, 1778w, 1711s, 1611m, 1469w, 1379s, 1148m, 1103m, 1051m, 947m,
861w, 786w, 734s, 671s. Bulk phase purity was confirmed by PXRD. m/z (ES’) 2619.22 (A,A/AA-
[5.1+CI];, calculated for CioH10sCUsNsO«SsCl, 2619.21), 2629.29 (A,A/AA-[5.1(NHMez)+H]",
calculated for C114H112CusNgO40Ss, 2628.29), 2646.28 (A, A/A,A-[5.1(NHMe2)(OH)+H]*, calculated for
C114H113CuUsNgO41S47, 2646.30). TGA: On-set, 40 °C, mass loss = 18.0% (calculated 18.4% for loss of two
coordinated MeOH and two coordinated H20O, and five non-coordinated DMA and one non-coordinated
MeOH), decomp. 350 °C. The best structural model that could be fitted to the single crystal X-ray
diffraction data was A, A-[Cus((S)-LeuBPSD)4(MeOH)2(OH,)2)/A,A-[Cus((R)-
LeuBPSD)4(MeOH)2(OH,).]-DMA (although it is likely that the composition of the coordinated solvent is
more complicated) with significant void space in which no solvent could be modelled. The data was
processed using the SQUEEZE routine of PLATON,* which showed a void space of 9264 A3 per unit cell
(1158 A3 per cage), containing 300e” per cage. The mass spectrum shows two peaks corresponding to the

cage containing one coordinated water molecule and one dimethylamine, and one dimethylamine. Although
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NHMe; could not be modelled in the single crystal X-ray structure, dimethylamine was present from
hydrolysis of DMA used in the reaction and is likely present in the crystalline sample with the cages
containing various compositions of solvent and the average electron density not being sufficient to resolve
this mixture, although A,A/A,A-[5.1(NHMez)+H] and A,A/A,A-[5.1(NHMe2)(OH.)+H] may represent two
of the most stable ions which could be observed in the mass spectra. The best fit for the TGA analysis
suggests the presence of two coordinated MeOH and two coordinated H,O, and five non-coordinated DMA
and one non-coordinated MeOH. The best fit for the microanalysis suggests the presence of two coordinated
MeOH and two coordinated H-O, and five non-coordinated DMA molecules, The solvent not modelled in
the crystal structure which is observed in the TGA and the microanalysis corresponds to an electron count
of 322e and 336e", respectively, which is slightly more than that which is shown by the SQUEEZE results,
likely due to some residual solvent when the TGA and microanalysis was conducted.

Synthesis of [Cu4((S,R)-H2LeuBPSD)4(OHz2)2(MeOH)2]-2DMA,
([5.2(OH2)2(MeOH)2]-2DMA)

(S,R)-HzLeuBPSD (100 mg, 85.5 umol) and Cu(NOs)2-3H20 (220 mg, 911 umol) were added to DMA (2.5
mL) and stirred to dissolve. Methanol (4 mL) was added to the solution with stirring. A solution of methanol
(12 mL) and triethylamine (1 mL) was added dropwise (approXx. three drops) to the metal/ligand solution
with stirring until slight clouding remained. The vial was capped and left to sit for four nights, during which
time the product formed as blue crystals which were recovered by filtration. Yield 27.4 mg, 22%. M.p. 271
— 273 °C. Found C, 51.12; H, 4.70; N, 5.04%; CiaH116NgOSsCus-2.5DMA, ([Cua((S,R)-
LeuBPSD)s(OH,)2(MeOH).]-2.5DMA requires C, 51.13; H, 4.81; N, 5.07%. vmax /cm~' 2200w, 1776w,
1717s, 1646m, 1608m, 1506w, 1467w, 1413m, 1381s, 1351m, 1323s, 1264w, 1142m, 1105m, 1057m,
1014w, 939w, 909w, 863w, 784m 745m, 671s. Bulk phase purity was confirmed by PXRD. m/z (ESY)
2607.19 ([2+Na]*, calculated for Ci12H104CusNgO40SsNa*, 2607.23), 2685.40 ([2(MeOH),(OH,),+H]",
calculated for Ci114H117CusNgO44S4*, 2685.32). TGA: On-set, 40 °C, mass loss = 23.3% (calculated 23.6%
for loss of two coordinated H,O and two coordinated MeOH, and eight DMA), decomp. 350 °C. The best

structural model that could be fitted to the single crystal X-ray diffraction data was [Cuas((S,R)-
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H>LeuBPSD4)(OH2)2(MeOH),]-2.5DMA with significant void space in which no solvent could be
modelled. The data was processed using the SQUEEZE routine of PLATON,** which showed a void space
of 1183 A3 per unit cell (i.e. per cage), containing 280e" per cage. The best fit for the TGA data suggests
the presence of the two coordinated methanol and two coordinated water molecules, and eight DMA
molecules. The six non-coordinated DMA molecules suggested by the TGA would correspond to 264e".
The best fit for the microanalysis suggests the presence of the two coordinated methanol and two
coordinated water molecules, and two non-coordinated DMA molecules. The greater electron count
suggested by SQUEEZE compared to that which is expected based on the microanalysis results is likely

due to solvent loss upon isolation prior to the microanalysis being conducted.

Synthesis of [Cu4(GlyBPSD)4(MeOH)3(OH2)]-3.5DMA-1.5MeOH
([5.3(MeOH)3(OH2)]-3.5DMA.-1.5MeOH)

Single crystals:

H.GlyBPSD (10 mg, 21.2 umol) was dissolved in DMA (0.5 mL). Cu(NOs),-3H.0 (15.4 mg, 63.6 umol)
was also dissolved in DMA (0.5 mL) and combined with the ligand solution. Methanol (1 mL) was added
to the combined metal/ligand solution with stirring. A solution of triethylamine (3 drops) in methanol (5
mL) was added dropwise to the metal/ligand solution with stirring, until the solution became cloudy (~0.5
mL). When the solution became cloudy the vial was capped and left to sit for one month, during which time
a few blue crystals, suitable for X-ray diffraction were found to have formed. The X-ray data was best
modelled as [Cus(GlyBPSD)4(MeOH)3(OH,)]-3.5DMA-1.5MeOH. A different method was employed (see
below) to synthesise a bulk sample in reasonable timeframe for which the PXRD matched that predicted
for this crystalline sample.

Bulk powder sample:

H.GlyBPSD (30 mg, 63.6 umol) and Cu(NQOgz)2-3H20 (46.2 mg, 190.7 umol) were dissolved in a mixture
of DMA (3 mL) and methanol (3 mL). A solution of triethylamine (3 drops) in methanol (5 mL) was added
dropwise with stirring until the blue solution became slightly cloudy (approx. 2 mL). A blue powder was
isolated by filtration after three nights, with PXRD confirming it to be the same crystalline phase as that

isolated as single crystals. Yield 25.0 mg, 69%. M.p. >350 °C. Found C, 41.00; H, 2.87; N, 4.89%;

268



Chapter 8 Experimental
CesHs4N504:S4Cus-4H20-6MeOH ([Cua(GlyBPSD)4(MeOH)s-(OH;)]-4H,0-6MeOH) requires C, 41.02;
H, 3.07; N, 4.61%. vmax /cm™' 1775m, 1707s, 1593s, 1411s, 1372s, 1318s, 1198s, 1146s, 1061m, 1003m,
969s, 930m, 887w, 802w, 749s, 712s, 675s. m/z (ES*) 2136.74 ([5.3+H]*, calculated for
CsoHa1CusNgO40S4*, 2136.75), 2168.77 ([3+MeOH+H]", calculated for CgiHasCusNgO41Sa*, 2168.77).
TGA: On-set, 50 °C mass loss = 18.6% (calculated 18.6% for loss of three coordinated MeOH and one
H-0, and four non-coordinated H>O, seven MeOH and two DMA), decomp. 350 °C. The best structural
model that could be fitted to the single crystal X-ray diffraction data was
[Cus(GlyBPSD)4(MeOH)3(OH,)]-3.5DMA-1.5MeOH. There is some variation in the degree and
composition of solvation in the single crystal structure and that suggested by TGA and microanalysis. This
is likely due to the slight difference in synthetic conditions, some disorder associated with solvent molecules
in the crystal structure (see X-Ray Crystallography Details) and handling methods for the various analyses.
TGA suggests the presence of more solvent than the microanalysis results, with likely loss of solvent in

transit.

Synthesis of [Cu4((S)-LeuEADI)4(DMF)(OH2)3]-3.5DMF-9.5H:0, [5.4
DMPF)(OH2)3]-3.5DMF-9.5H20

(S)-LeuEADI (10 mg, 16.7 pmol) and Cu(OAc)4 (6.0 mg, 33.3 umol) were added to DMF (1 mL) and
sonicated to dissolve. The solution was heated at 85 °C for two nights during which time light blue block
shaped crystals formed, which were recovered by vacuum filtration. Yield 2.2 mg, 61%. Found C, 56.04;
H, 5.58, N, 5.59%; Ci30H146N9O36C U4+ 3.5DMF-9.5H,0 [Cua((S)-
LeuEADI)4(DMF)(OH>)s]-3.5DMF-14H,0 requires C, 56.14; H, 6.02; N, 5.31%. vmax /cm™ 2955w, 2869w,
1771w, 1709s, 1637m, 1465w, 1411m, 1377s, 1351m, 1259w, 1204w, 1156w, 1101w, 1062w, 992w,
913w, 870w, 805w, 771w, 755m, 729w, 660m. m/z (ES*) 2649.651 (5.4+H)*, calculated for
CiasH136CUsNsO5,", 2647.645), 2708.681 (5.4+H,0+MeCN+H)*, calculated for CissH141CuUsNgOss",
2706.683). TGA: On-set, 70 °C, mass loss = 10% (calculated 11.8% for loss of two H,O and 4.5 DMF non-
coordinated molecules and all coordinated solvent), decomp, 350 °C.

The data showed significant void space, so was processed with the SQUEEZE routine of PLATONS®* to

show void volume of 1269 A® containing 292 e per cage, which would correspond to 14 water and 3.5
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DMF molecules per cage. The TGA and microanalysis show less than this, most likely due to solvent loss

before TGA or microanalysis were conducted. Bulk phase purity was confirmed by PXRD.

Synthesis of [Rha((S)-LeuBPSD)4(OH2)4]-4MeOH-10H:20, [5.5(0H2)4]-4MeOH-10H20
(S)-LeuBPSD (138 mg, 236 umol) and Rhz(OAc)4 (60 mg, 236 umol) were added to a dry RBF with a
condenser attached and the system was degassed with nitrogen for 10 minutes. Chlorobenzene (50 mL) was
added to the RBF and heated at reflux under nitrogen for 10 days. The solution was cooled to room
temperature and the solvent removed under reduced pressure. Chloroform (20 mL) was added to the
resulting green solid and the suspension was sonicated. The precipitate was removed by vacuum filtration
leaving a green filtrate. The filtrate was placed in small glass vials (2 mL each) and these vials were placed
in a large vial containing methanol (3 mL) and the large vials were capped. After one week green crystals
had formed in the small vial, which were recovered by vacuum filtration. Yield 62.5 mg, 34%. Found C,
44.60; H, 4.51, N, 3.70%; C115H11:N504Rhs-4MeOH- 10H,0, Rha((S)-LeuBPSD)4(OHs)4]-4MeOH- 10H,0
requires C, 44.62; H, 4.78; N, 3.59%. 4 (400 MHz, CDCls) 1.02 (m, 48 H, Hg), 1.36 (m, 8 H, H7), 1.84 (m,
8 H, Hse), 2.07 (M, 8 H, Hsg), 5.02 (M, 8 H, Ha), 8.07 (M, 8 H, H>), 8.22 (m, 8 H, Hs), 8.57 (M, 8 H, Hy).
Vmax /cm™ 2959w, 2872w, 1777w, 1713s, 1601m, 1534w, 1466w, 1400m, 1378s, 1345m, 1326m, 1261w,
1236w, 1194w, 1176w, 1147m, 1101m, 1054m, 990w, 942w, 908w, 862w, 788m, 753w, 737m, 725m,
677s. m/z (ES*) 2804.061 (5.5(MeOH)2-H)", calculated for Ci114H112NgO42RN4S47, 2804.194. TGA: On-set,
50 °C, mass loss = 12.5% (calculated 9.8% for loss of four non-coordinated methanol and 10 non-
coordinated water molecules, calculated 2.3% for loss of four coordinated water molecules), decomp. 370
°C. Bulk phase purity was confirmed by PXRD.

The X-ray data were processed with SQUEEZE routine of PLATON,%* suggesting voids of 1507 A3 which
are filled with a total of 409 electrons per cage. As the solvent present in the structure would be chloroform,
water and methanol, it is difficult to exactly assign the solvent composition in the structure, as these solvents
are quite volatile. The voids shown by SQUEEZE fit for the presence of 20 chloroform, six methanol and
12 water molecules which could not be modelled in the structure. Much of this solvent would have been

lost before the TGA and microanalysis was conducted.
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Synthesis of [Cu12((S)-LeuNDI)12(OHz2)12]-22H20-30DMF, 6.1-22H20-30DMF

(S)-HoLeuNDI (15 mg, 30.4 umol) and Cu(NOs)2-3H20 (7.0 mg, 30.4 pmol) were added to DMF (1 mL)
in a glass vial and sonicated to dissolve. The solution was heated at 120 °C for 24 hours, and then left to sit
for one week, during which time blue block crystals were found to have formed and were recovered by
filtration. Yield 15 mg, 64%. M.p. 324 — 326 °C. Found C, 51.41; H, 6.01; N, 7.97%;
Cs12H312N240108CU12-22H,0-30DMF: requires C, 50.94; H, 6.02; N, 7.98%. vmax /cm™' 2957w, 2863w,
1706m, 1664s, 1633s, 1578m, 1493w, 1449m, 1413m, 1414m, 1384m, 1326s, 1243s, 1198m, 1088m,
987w, 860m, 773s, 727m, 674m. TGA: On-set, 50 °C, mass loss = 29.4% (calculated 29.6% for loss of 12
coordinated H,O and non-coordinated solvent of 22 H,O and 30 DMF), decomp. 315 °C. Bulk phase purity
was confirmed by PXRD. m/z (ES*): calculated [Cuiz((S)-LeuND1)12+3H]** (Cu12Cs12H201N24006%"):
2225.007, measured 2225.006; calculated [Cuiz((S)-LeuNDI)12(OH2)s+3H]** (Cu12C312H206N240100%"):
2249.021, measured 2249.022; calculated [Cui2((S)-LeuNDI)12(OH2)s+3H]** (Cu12C312H301N240101%):
2255.025, measured 2255.006; calculated [Cu12((S)-LeuNDI)12(OH2)10(MeCN)+3H]3*
(Cu12C314H314N250106%): 2298.718, found 2298.700; calculated [Cu12((S)-LeuNDI)12(OH2)s(MeCN)2-
CO2+3H]** (Cu12Ca15H300N260100°"): 2273.716, measured 2273.684; calculated [Cui2((S)-LeuNDI)1+2H]?*
(Cu12C312H200N24096%"):  3337.007, measured 3337.005; calculated [Cui2((S)-LeuNDI)12(OHz)s+2H]?*

(CU12C312H293N2401003+)Z 3373.028, measured 3373.026; calculated [CU12((S)-LEUND|)12(OH2)6(MGCN)2-
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CO2+2H]**  (Cu12CsisH30sN260100%"):  3410.071, measured 3410.016; calculated  [Cuiz((S)-
LeuNDI)12(OH2)2(MeCN)2-CO2+2H]?*" (Cu12Cz15H300N26096>"): 3374.549, measured 3374.490.

The structure was highly porous, so the data were processed with the SQUEEZE routine of PLATON, 5%
showing one large void of 19365 A3 corresponding to the voids within the cages and channels between the
cages, which were filled with 4874 e” and four smaller voids of 1035 A3, corresponding to the spherical
voids between the cages, which were filled with 234 e per unit cell, corresponding to voids of 4841.25 A3
with 1218.5 e and 1035 A% with 234 e per cage (total 1452 ") , which would account for a total of 22 water
molecules and 30 DMF molecules per cage (accounting for 1420 e).

Synthesis of poly-[Cu2(GlyNDI)2(DMA)2]-DMA, 6.2

H>GIlyNDI (10 mg, 23.2 umol) and CuCl,-3H,0 (9.0 mg, 52.4 umol) were added to DMA (2 mL) in a glass
vial and sonicated to dissolve The solution was heated at 120 °C for 24 hours, and during which time small
light blue crystals were formed, which were recovered by filtration. Yield 9.3 mg, 72%. M.p. >400 °C.
Found C, 50.02; H, 3.48; N, 8.66%; Cs4H34NsO15Cu2:DMA ([Cu2(GlyNDI)2(DMA),]-DMA); requires C,
50.17; H, 3.77; N, 8.53%. vmax /cm™' 2959w, 1713w, 1672m, 1640w, 1594m, 1505w, 1450w, 1422m,
1389m, 1350m, 1316s, 1243s, 1184m, 1118w, 1007s, 916w, 895w, 776s, 725m. TGA: On-set, 80 °C, mass
loss = 22.9% (calculated 22.8% for loss of two coordinated DMA and one non-coordinated DMA), decomp.

280 °C. Bulk phase purity confirmed was by PXRD.

8.4 Enantioselective catalysis experiments

The enantioselective catalytic properties of 5.5 was investigated by the cyclopropanation reaction of styrene
with ethyl diazoacetate. The reaction was also undertaken with [Rh2(CH.CO0O)4]-2MeOH and [Rh2((S)-

LeuPl),] at catalysts, to act as comparisons to 5.5.

Cyclopropanation reaction with 5.5

A solution of ethyl diazoacetate (0.3 mL, 2.8 mmol) in DCM (5 mL) was added dropwise to a solution of
styrene (0.5 mL, 4.4 mmol) and 5.5 (16.8 mg, 0.006 mmol, 0.024 mmol rhodium sites, 0.8 mol%) in DCM
(5 mL) over a period of three hours. The solution was left to stir for a total of 24 hours, during which time

the DCM was removed in vacuo.
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Cyclopropanation reaction with [Rh2(OAC)4]

A solution of ethyl diazoacetate (0.3 mL, 2.8 mmol) in DCM (5 mL) was added dropwise to a solution of
styrene (0.5 mL, 4.4 mmol) and [Rh2(OAC)4] (3 mg, 0.006 mmol, 0.024 mmol rhodium sites, 0.8 mol%) in
DCM (5 mL) over a period of three hours. The solution was left to stir for a total of 24 hours, after which

time the DCM was removed in vacuo.

Cyclopropanation reaction with [Rhz(LeuP1)4]

A solution of ethyl diazoacetate (0.3 mL, 2.8 mmol) in DCM (5 mL) was added dropwise to a solution of
styrene (0.5 mL, 4.4 mmol) and [Rhz(LeuPI)4] (7.5 mg, 0.006 mmol, 0.024 mmol rhodium sites, 0.8 mol%)
in DCM (5 mL) over a period of three hours. The solution was left to stir for a total of 24 hours, after which
time the DCM was removed in vacuo.

The % conversion, cis/trans selectivity and % ee were calculated by *H-NMR and GC. The rhodium
catalysts could not be recovered from the reaction solution, as they appeared to be soluble in the ethyl-2-

phenylcyclopropanecarboxylate products.

8.5 Mixed ligand BPSD cage experiments

Standard experiment of constant Cu'' and variable (S)-H:LeuBPSD

Standard solutions of Cu(OAc): (43.4 mg, 240 mmol) in acetonitrile (30 mL) and (S)-H.LeuBPSD (87.6
mg, 150 mmol) in DMA (1 mL) were prepared. The cage solutions were prepared by adding 160, 140, 120,
100, 80, 60, 40 and 20 uL of the (S)-LeuBPSD standard to individual glass vials and adding additional
DMA (total 3 mL for each reaction mixture). The Cu(OAc), standard (3 mL) was added to each solution of
(S)-H2.LeuBPSD slowly with stirring, in order to make solutions with Cu : (S)-LeuBPSD molar ratios of
8:8, 8:7, 8:6, 8:5, 8:4, 8:3, 8:2, 8:1 and 8:0, and then left to sit for 24 hours at room temperature. Circular
dichroism analysis was conducted on solutions in which 0.1 mL of each reaction solution was diluted to 5
mL with acetonitrile.

Substitution of H.GlyBPSD for (S)-H,LeuBPSD with constant Cu'"

Standard solutions of Cu(OAc). (43.4 mg, 240 mmol) in acetonitrile (20 mL), and (S)-H.LeuBPSD (87.6

mg, 150 mmol) in DMA (1 mL) and H,GlyBPSD (70.8, 150 mmol) in DMA (1 mL) were prepared. The
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reaction solutions were prepared by adding a total of 160 uL of BPSD standard solution to a volumetric
flask (5 mL) and an additional 0.84 mL of DMA (1 mL total), Table 8.2. The Cu(OAc); standard solution
was added to each ligand solution (2 mL) slowly with stirring. Following the addition of the Cu" solution,
the volumetric flask was made up to the mark with acetonitrile and the solutions were left to sit at room
temperature for 24 hours. Circular dichroism analysis was conducted on 0.1 mL of the reaction solutions
diluted to 0.384 mmol/L with acetonitrile (5 mL). HPLC was carried out with 50 pL of the reaction solutions

which was diluted to 1.92 mmol/L with acetonitrile (0.5 mL).

Table 8.2. The composition of each solution in the experiment in which (S)-H,LeuBPSD was

substituted for H,GlyBPSD, with a constant concentration of Cu'".

Sample | HoLeuBPSD | H:LeuBPSD H.GlyBPSD | H.GlyBPSD standard

code equivalents | standard solution equivalents | solution volume (pL)
(to8 Cu" volume (pL) (to 8 Cu"

A 8 160 0 0

B 7 140 1 20

C 6 120 2 40

D 5 100 3 60

E 4 80 4 80

F 3 60 5 100

G 2 40 6 120

H 1 20 7 140

I 0 0 8 160

8.6 Fluorescence experiments

Fluorescence emission titrations

All solutions of H.LeuNDI in chloroform and acetonitrile were prepared at 30 umol/L, with aromatic
solvents toluene, 0-xylene, m-xylene and p-xylene added at 0%, 1%, 10%, 20%, 50% and 100% by volume.
All solutions of 4.1 and 4.2 were prepared at concentrations of 25 pmol/L in chloroform, with toluene at

0%, 1%, 10%, 20% and 50% by volume.
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Quenching of aromatic molecules with 6.1

A series of six solutions were prepared with a constant concentration of naphthalene (120 umol/L) and
varying concentrations of the 6.1 complex (0, 3.3, 6.6, 10, 13.2, 16.6 and 20 umol/L). The fluorescence
emission was measured with excitation at 285 nm.

A series of six solutions were prepared with a constant concentration of triphenylene (120 umol/L) and
varying concentrations of the 6.1 complex (0, 3.3, 6.6, 10, 13.2, 16.6 and 20 umol/L). The fluorescence

emission was measured with excitation at 300 nm.

8.7 Chiral separation tests of compound 6.1

The chiral resolution properties of 6.1 in the solid state were tested in collaboration with The Hill group at
Monash University.

Resolution of pantolactone

A 100mg/ml solution of D/L pantolactone in methanol was prepared, 1mL of this solution was then added
to 6.1 (10 mg) and left to sit at room temperature for 24 hours. The solid sample of 6.1 was then recovered
by filtration, washed slightly with methanol to remove any surface compounds, and then soaked in methanol
(1 mL) for 24 hours at room temperature. The suspension was then centrifuged in order to isolate 6.1, and
the supernatant was analysed by chiral GC.

Resolution of 1-phenylethanol

To a sample of 6.1 (10 mg) in either methanol or heptane (0.3 mL) was added 1-phenylethanol (0.05 mL)
left to sit at room temperature for 24 hours. The solid sample of 6.1 was then recovered by filtration, washed
slightly with methanol to remove any surface compounds, and then soaked in methanol (1 mL) for 24 hours
at room temperature. The suspension was then centrifuged in order to isolate 6.1, and the supernatant was
analysed by chiral GC.

Resolution of 2-methyl-2,4-pentanediol

To a sample of 6.1 (10 mg) in either methanol or heptane (0.3 mL) was added 2-methyl-2,4-pentanediol

(0.05 mL) left to sit at room temperature for 24 hours. The solid sample of 6.1 was then recovered by
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filtration, washed slightly with methanol to remove any surface compounds, and then soaked in methanol
(1 mL) for 24 hours at room temperature. The suspension was then centrifuged in order to isolate 6.1, and

the supernatant was analysed by chiral GC.

8.8 X-ray crystallography details

Data for HoLeuNDI 4.1 was collected on an OXFORD Gemini Ultra diffractometer at 123 K. data were
processed, including an empirical absorption correction, using proprietary software CrysAlisPro.5** Data

for A,A5.1 was collected using a Bruker ApexI| diffractometer at 123 K using graphite monochromated
Mo-Ka radiation (A= 0.71073 A). Data collection and processing was conducted using the SAINT
software suite.>** Data for all remaining structures was collected using the MX1 or MX2 beamlines at the

Australian Synchrotron. Data was collected at 100 K using an energy equivalent to Mo-Ka radiation (17.4
keV,L=0.7108 A), with exception of 2.17, which was collected using with energy at 13000 eV (L =0.9537
A). Data collection at the Australian Synchrotron was controlled using the Blulce software package on the
MX1 beamline operating at 17.4 keV (A = 0.7108)%* using the Blulce control software.>* Data collection
and processing were conducted using the program XDS.>#’

All structures were solved with SHELXT®>#® using the dual-space method or SHELXS*® using direct
methods, and refined by least-squares methods using SHELXL-2016°° within OLEX-2.%! Non-hydrogen
atoms were refined with anisotropic displacement parameters. Hydrogen atoms were placed in calculated
positions and refined using a riding model with isotropic displacement parameters 1.2 or 1.5 times the
isotropic equivalent of their carrier atoms. O-H hydrogen atoms were placed in calculated positions and
refined using SHELX DFIX and DANG restraints to maintain their positions in the structures of 2.1, 2.2,
2.5,2.8,29,2.10,2.12,2.1,3.2,3.8,4.1,4.2,5.4 and 6.1. The O-H hydrogen atoms were held in calculated
positions by AFIX constraints in the structures of 2.3, 2.4, 2.6, 2.11, 2.13, 2.14, 2.15, 2.16, 2.17, 2.18,
2.19,3.3,3.4, 3.5, 3.6, 3.7, A,A5.1, A,A5.1, A,A5.1/ A,A5.1, A,A/A,A5.1, 5.2 and 5.5.

The structures of 2.2, 2.3, 2.4, 2.7, 2.10, 2.12, 2.13, 2.15, 2.16, 2.18, 3.4, 3.5, 3.6, 3.7, 3.8,4.1, 4.2, A,A5.1,
A,A5.1, A,A5.1/ A,A5.1, A,A/A,A5.1,5.2,5.3,5.4,5.5 and 6.1 contained solvent accessible voids, and were

processed with the SQUEEZE routine of PLATON.>** Specific solvent contribution details are given in
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section 8.3. Specific refinement details are discussed in Section 8.7.2. The CCDC numbers are provided

for published data.
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8.8.1 X-ray crystallographic information

Experimental

Compound reference 2.1 2.2 2.3 2.4
Empirical formula CsoHs5Cd2NgO20 | Cio2HesCdaN14O3s | CiosHesMNaN15039 C30H22CdN4Os
-solvent -solvent -solvent
Formula weight 1434.92 2567.46 2410.71 694.91
Crystal system Tetragonal Orthorhombic Orthorhombic Tetragonal
alA 16.984(2) 18.674(4) 18.324(4) 21.838(3)
b/A 16.984(2) 23.894(5) 23.774(5) 21.838(3)
c/A 21.780(4) 14.086(3) 14.040(3) 14.721(3)
a/° 90 90 90 90
p/e 90 90 90 90
y/° 90 90 90 90
Volume/A3 6283(2) 6285(2) 6116(2) 7020(2)
Temperature /K 100(2) 100(2) 100(2) 100(2)
Space group P4, P2,2,2 P2,2,2 P452,2
Z 4 2 2 8
Reflections measured 260223 105036 102704 71011
Reflections observed 11169 13033 13071 4960
Independent reflections | 20299 14957 14521 5003
Rint 0.1306 0.0573 0.0538 0.0378
Final R1 values (I>=2c | 0.0889 0.0417 0.0581 0.0235
M)
Final wR(F2) values | 0.2643 0.1112 0.1675 0.0622
(I>=20 (I))
Final R1 wvalues (all | 0.1420 0.0500 0.0653 0.0239
data)
Final wR(F2) values (all | 0.3113 0.1167 0.1770 0.0624
data)
Flack parameter 0.024(12) 0.002(7) 0.031(3) 0.002(4)
CCDC Number 1537531 1537524 1537525 1537528
GooF 1.049 1.035 1.044 1.105
Fooo 2912.0 2588.0 2484.0 2800.0
u/mm? 0.758 0.746 0.487 0.673
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Compound reference | 2.5 2.6 2.7 2.8
Empirical formula CoosHa26NsO17Zn, | CsoHasMnNgOs6 ifl':'/“eidz'\'lzoz“ CarHe1Cd2N13026
Formula weight 1281.66 1055.81 1882.18 2009.32
Crystal system Orthorhombic Monoclinic Monoclinic Triclinic
alA 17.345(4) 9.1660(18) 15.369(3) 11.947(2)
b/A 22.362(5) 21.819(4) 17.967(4) 13.534(3)
c/A 13.817(3) 11.505(2) 18.470(4) 14.618(3)
a/® 90 90 90 81.85(3)
pre 90 96.39(3) 107.96(3) 66.46(3)
v/° 90 90 90 89.84(3)
Volume/A? 5359.2(19) 2286.6(8) 4851.6(19) 2141.2(9)
Temperature /K 100(2) 100(2) 100(2) 100(2)
Space group P2,2,2 P2, P2, P1

Z 4 2 2 1
Reflections measured | gg192 38240 121534 27891
Reflections observed | 11756 9477 19973 9139
Independent

reflections 12785 10778 22959 11796
Rin 0.0855 0.0521 0.0795 0.1358
Final R1 values (I>=2c

o) 0.0616 0.0481 0.0488 0.0900
Final wR(F2) values

(15=26 (1)) 0.1749 0.1166 0.1358 0.2242
Final R1 values (all

data) 0.0656 0.0574 0.0552 0.1100
Final wR(F2) values

(all data) 0.1794 0.1220 0.1405 0.2444
Flack parameter 0.024(5) 0.020(7) 0.073(10) 0.21(3)
CCDC Number 1537526 1537527 1537532 1537529
GooF 1.041 1.046 1.062 1.051
Fooo 2624.0 1086.0 1896.0 1017.0
p/mm-t 0.982 0.374 0.512 0.589
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Compound reference | 2.9 2.10 2.11 2.12
Empirical formula CsHeoCdoN11056 S%Fj?;:ZNmOngns' CesHsoMnNNgO16 Cua3.5H1445MNeN14 5038
Formula weight 1789.19 3892.25 1224.12 2899.99
Crystal system Triclinic Monoclinic Monoclinic Triclinic
alA 8.3020(17) 17.903(4) 9.2140(18) 13.860(3)
b/A 14.375(3) 27.001(5) 27.592(2) 15.990(3)
c/A 17.195(3) 20.998(4) 11.553(2) 17.910(4)
a/° 66.80(3) 90 90 113.71(3)
pre 88.82(3) 109.76(3) 97.20(3) 94.85(3)
v/° 78.25(3) 90 90 93.80(3)
Volume/A? 1842.6(8) 9553(4) 2914.0(10) 3599.2(15)
Temperature /K 100(2) 100(2) 100(2) 100(2)
Space group P1 P2, P2, P1

Z 1 2 2 1
Reflections measured | 34 544 120868 49242 85185
Reflections observed | 11g94 25321 10793 16915
Independent

reflections 12 148 54464 13794 27965
Rin 0.0402 0.1838 0.0710 0.1359
Final R1 values (I>=2¢

o) 0.0419 0.1163 0.0577 0.0867
Final wR(F2) values

(1520 (D)) 0.1158 0.2981 0.1329 0.2302
Final R1 values (all

data) 0.0428 0.1362 0.0825 0.1405
Final wR(F2) values

(all data) 0.1166 0.3220 0.1493 0.2618
Flack parameter 0.045(6) -0.003(16) 0.026(8) 0.075(14)
CCDC Number 1537530 ] ] ]

GooF 1.093 1.027 1.039 1.056
Fooo 912.0 4028.0 1278.0 1511.0

W /mm-t 0.673 1.071 0.304 0.426
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Compound reference | 2.13 2.14 2.15 2.16
Empirical formula C160H176Cd4aN20040 C71HsoMNnNgO2 Ca2H30CdN4Og Cos.5H745Mn3N1350235
Formula weight 3468.80 1372.19 847.1 1988.03
Crystal system Triclinic Monoclinic Orthorhombic Monoclinic
alA 14.472(3) 8.3310(17) 18.928(4) 11.574(2)
b/A 15.444(3) 25.564(5) 20.344(4) 27.811(6)
c/A 21.130(4) 14.599(3) 11.804(2) 15.961(3)
al° 82.80(3) 90 90 90

B/ 89.10(3) 96.14(3) 90 93.86(3)
y/° 89.42(3) 90 90 90
Volume/A3 4684.7(17) 3091.4(11) 4545.4(16) 5125.9(18)
Temperature /K 100(2) 100(2) 100(2) 100(2)
Space group P1 P2, P21212; P2,

Zz 1 2 4 1
Reflections measured | 78880 96739 57565 132448
Reflections observed 26569 17703 10123 20326
Independent 31250 18060 10824 24382
reflections

Rint 0.0894 0.0566 0.0618 0.1106
Final R1 values (I>=2¢ | 0.0573 0.0404 0.0599 0.0667
M)

Final wR(F2) values | 0.1530 0.1065 0.1638 0.1644
(I>=2c ()

Final R1 values (all | 0.0680 0.0412 0.0630 0.0809
data)

Final wR(F2) values | 0.1632 0.1071 0.1662 0.1738
(all data)

Flack parameter 0.051(8) 0.018(3) 0.059(9) 0.044(5)
CCDC Number - 1484835 1484836 1484838
GooF 1.024 1.068 1.065 1.052
Fooo 1788.0 1426.0 1720.0 2046.0
u/mm? 0.520 0.300 1.238 1.288
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Compound reference 217 2.18 2.19 3.1
Empirical formula Ci55H111CdsN13035 C115H71Cd2N13025 | CeoHaaMNN7O1s5 | CssHeaCdaN4O2Se
Formula weight 3165.16 2259.64 1149.96 1562.27
Crystal system Triclinic Orthorhombic Orthorhombic Triclinic
alA 14.833(3) 13.852(3) 14.030(3) 9.0820(18)
b/A 15.630(3) 19.665(4) 19.359(4) 12.597(3)
c/A 16.029(3) 39.965(8) 19.915(4) 15.728(3)
a/° 90.55(3) 90 90 101.17(3)
B/ 106.95(3) 90 90 105.69(3)
y/° 98.30(3) 90 90 105.32(3)
Volume/A3 3512.2(14) 10886(5) 5409.0(19) 1601.2(7)
Temperature /K 100(2) 100(2) 100(2) 100(2)
Space group P1 P21212; P2:2,2 P1

Zz 1 4 4 1
Reflections measured 34160 92530 92183 52369
Reflections observed 9150 23716 9772 14230
Independent reflections 10997 25817 12900 14426
Rint 0.1013 0.0413 0.0826 0.0323
Final R1 values (I>=2c (1)) 0.0969 0.0961 0.0648 0.0366
Final wR(F2) values (I>=2c | 0.2545 0.2479 0.1691 0.0990
)

Final R1 values (all data) 0.1118 0.1008 0.0892 0.0371
Final wR(F2) values (all data) | 0.2702 0.2561 0.1893 0.0996
Flack parameter -0.24(3) 0.019(5) 0.020(6) 0.030(4)
CCDC Number 1484839 1484840 1484841 -

GooF 1.032 1.192 1.067 1.073
Fooo 1604.0 4592.0 2376.0 796.0
u/mm? 0.682 0.470 1.412 0.939
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Compound reference 3.2 3.3 34 35
Empirical formula Cr3HgeCd2N7024S4 CsgH51Cl2NgO16Zn; | Ca04H76Cd2N12024 | Ci92H174CUgN16079
Formula weight 1811.63 1317.71 2102.56 Z??jz.lﬁlgm
Crystal system Monoclinic Monoclinic Triclinic Tetragonal
alA 15.224(3) 22.805(5) 12.329(3) 32.195(5)
b/A 14.661(3) 8.3750(17) 16.583(3) 32.195(5)
c/A 20.163(4) 32.014(6) 17.491(4) 38.898(8)
a/® 90 90 63.30(3) 90

pBre 111.84(3) 96.64(3) 71.74(3) 90

y/° 90 90 86.23(3) 90
Volume/A3 4177.4(16) 6073(2) 3022.0(14) 40318(14)
Temperature /K 100(2) 100(2) 100(2) 100(2)
Space group P2, C2 P1 P432,2

VA 2 4 1 4
Reflections measured 95851 26435 89318 240968
Reflections observed 18156 8304 23655 12701
Independent reflections 19939 10663 27206 16092

Rint 0.0602 0.0833 0.0642 0.0649
Final R1 values (I>=2c (I)) | 0.0567 0.0915 0.0573 0.0739
Final wR(F2) values (I>=2c | 0.1498 0.2445 0.1599 0.2020
)

Final R1 values (all data) 0.0625 0.1137 0.0655 0.1007
Final wR(F2) values (all | 0.1558 0.2669 0.1703 0.2502
data)

Flack parameter 0.047(7) 0.042(12) 0.049(10) 0.043(5)
CCDC Number - - - -

GooF 1.020 1.048 1.069 1.085
Fooo 1876.0 2708.0 1072.0 9720.0
p/mm? 0.685 0.952 0.418 0.780
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Compound 3.6 3.7 3.8 4.1 4.2

reference

Empirical formula C224H225CUgN16072 | C13aH7sN100sgZng- | CaoH18CANsO:1 | CrsHeeCd2NgO1g | CroHesCd2NgO1s
-solvent solvent o-solvent

Formula weight 4801.51 3279.02 840.99 1623.19 1558.14

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Orthorhombic

alA 23.022(5) 45.991(9) 29.453(6) 27.9956(5) 17.463(4)

b/A 23.668(5) 13.810(3) 20.009(4) 14.8843(2) 30.555(6)

c/A 29.937(6) 38.671(8) 20.281(4) 18.7743(2) 30.775(6)

a/® 90 90 90 90 90

/e 106.48(3) 110.56(3) 126.55(3) 107.1577(17) 90

v/° 90 90 90 90 90

Volume/A3 17001(6) 22997(9) 9601(4) 7475.0(2) 16421(6)

Temperature /K 100(2) 100(2) 100(2) 123.00(10) 100(2)

Space group P2; C2/c C2/c Cc2 C222;

VA 2 4 8 4 8

Reflections 103848 176152 81966 89995 176547

measured

Reflections 25553 16709 10608 11774 11910

observed

Independent 36538 24775 13970 13273 16752

reflections

Rint 0.0942 0.0751 0.0994 0.0597 0.1271

Final R1 values | 0.0626 0.0937 0.0951 0.0543 0.0865

(I>=2c ()

Final wR(F2) values | 0.1625 0.2799 0.2547 0.0616 0.1119

(I>=2c ()

Final R1 values (all | 0.0906 0.1264 0.1122 0.1380 0.2371

data)

Final wR(F2) values | 0.1889 0.3123 0.2654 0.1431 0.2682

(all data)

Flack parameter 0.070(7) - - 0.040(5) 0.062(9)

CCDC Number - - - - -

GooF 0.995 1.041 1.049 0.905 1030

Fooo 4978.0 6624.0 3368.0 3436.0 6368.0

u/mm? 0.551 0.879 0.506 5.229 0.583
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Compound
o A,A5.1 A,A5.1 A,A5.1(DMSO) A,A5.1/ A,A5.1

abbreviation
Chemical
. | C124H139CUsN11047Ss | C130H152CUsN12048Ss | C120H108D24CUsN5gO46Ss C118H125CUsNgO45S4
ormula
Formula Mass 2917.85 3033.03 2957.12 2771.66
Crystal system | Triclinic Triclinic Triclinic Monoclinic
a/lA 15.722(3) 15.702(3) 15.638(3) 33.892(4)
b/A 15.738(3) 15.714(3) 15.8320(6) 15.712(3)
c/A 18.629(4) 18.656(4) 18.4820(19) 62.235(8)
o/° 104.90(3) 113.620(3) 72.648(7) 90
/e 114.87(3) 107.650(7) 65.229(3) 104.151(5)
v/° 91.30(3) 90.700(7) 89.532(12) 90
Unit cell

3996.1(17) 3971.6(9) 3929.5(17) 32135(8)
volume/A3
Temperature/K | 123(2) 100(2) 100(2) 100(2)
Space group P1 P1 P1 C2/c
z 1 1 1 8
Reflections

86893 132655 101474 253460
measured
Reflections

18730 31648 30085 31813
observed
Independent

) 31934 36094 36907 37475

reflections
Rint 0.0462 0.0525 0.0588 0.0754
Final Ry values

0.0750 0.0596 0.0896 0.1151
(I>2s(D)
Final wR(F?)
values (I > 0.1999 0.1667 0.2614 0.2819
20(I))
Final Ry values

0.1347 0.0670 0.1031 0.1249
(all data)
Final wR(F?)

0.2506 0.1749 0.2814 0.2876
values (all data)
Flack parameter | 0.017(5) 0.023(3) 0.049(4) -
CCDC number 1422157 1422158 1422159 1422160
GooF 1.012 1.031 1.037 1.020
Fooo 1468.0 1592.0 1520.0 0.645
p/mm? 0.651 0.661 0.715 1.146
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Compound
o 5.2 5.3 5.4 5.5
abbreviation

Chemical formula | Ci122H134CusN10046S4 CossHgs5CUsN115049S4 | C139H149CU4N9O36 | C230H232Cl12N16088RhgSs

Formula Mass 2858.78 1299.85 2775.82 6133.46
Crystal system Triclinic Monoclinic Orthorhombic Monoclinic
a/A 14.751(3) 16.094(3) 17.052(3) 59.303(12)
b/A 17.672(4) 20.448(4) 27.160(5) 17.345(4)
c/A 19.460(4) 20.371(4) 37.010(7) 34.999(7)
a/° 102.82(3) 90 90 90
/e 107.63(3) 101.20(3) 90 100.59(3)
v/° 106.68(3) 90 90 90
Unit cell

4358.1(19) 6576(2) 17140(6) 35387(13)
volume/A3
Temperature/K 100(2) 100(2) 100(2) 100(2)
Space group P1 P21/n C222; C2
Z 1 2 4 4
Reflections

144847 61243 45853 91641
measured
Reflections

15331 14130 7756 37723
observed
Independent

. 20739 15590 14407 50432

reflections
Rint 0.1208 0.0645 0.1457 0.0583
Final R1 values (I

0.0884 0.0750 0.0861 0.1139
> 20(1))
Final wR(F?)

0.2455 0.2253 0.2282 0.2937
values (I > 20(1))
Final R1 values

0.1050 0.0790 0.1407 0.1357
(all data)
Final wR(F?)

0.2594 0.2293 0.2606 0.3296
values (all data)
Flack parameter - - 0.065(14) 0.094(11)
CCDC number 1422161 1422162 - -
GooF 1.032 1.069 0.942 1.356
Fooo 1484.0 2670.0 5800.0 12480.0
pu/mm? 0.597 0.786 0.554 0.568
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Compound abbreviation 6.1 6.2
Chemical formula C312H312Cu12N240105-50IveENt C48H43Cu2N7O1g
Formula Mass 6888.39 1148.97
Crystal system Cubic Orthorhombic
alA 36.705(4) 25.213(5)
b/A 36.705(4) 17.871(4)
c/A 36.705(4) 10.517(2)
a/° 90 90

pr° 90 90

v/° 90 90

Unit cell volume/A3 49450(17) 4738.8(16)
Temperature/K 100(2) 100(2)
Space group P23 Pna2;

z 4 4
Reflections measured 315016 44218
Reflections observed 17620 11766
Independent reflections 33762 13811

Rint 0.1297 0.0446
Final R; values (I > 26(I)) 0.0594 0.0411
Final wR(F?) values (I > 26(I)) 0.1558 0.1067
Final Ry values (all data) 0.1150 0.0529
Final wR(F?) values (all data) 0.1931 0.1189
Flack parameter 0.067(6) -

CCDC number - -

GooF 0.996 1.034

Fooo 14256.0 2360.0
u/mm? 0.566 0.987
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8.8.2 X-ray crystallographic refinement details

Poly-[Cd2(AlaNDl1)2(4,4'-bipy)(DMF)3(OH2)][Cd2(AlaNDI)2(4,4'-bipy)(DMF)2(OH2)2], 2.1

The DMF molecules each exhibited signs of disorder and so were modelled with a combination of SHELX
DFIX, DANG, FLAT, RIGU and ISOR restraints to give these molecules a chemically sensible model. The
oxygen atoms of the coordinated solvent molecules which are coordinated to Cd(2) appeared to be

disordered between a water molecule and a DMF molecule, so each was modelled at 50% occupancy.

Poly-[Cds(AlaND1)4(4,4'-bipy)(DMF)4(OH2)2]-5H20-4DMF, 2.2
The 4,4"-bipy ligand showed rotational disorder, so was modelled over two positions (70:30) with SHELX

DFIX, FLAT, DELU and ISOR restraints. The DMF molecules were also refined with SHELX DFIX and
ISOR restraints. The structure of 2.2 contains solvent accessible voids in which no solvent could be
modelled. The data was processed with SQUEEZE, showing a void of 786 A3 containing 211 e per formula

unit.
Poly-[Mna(AlaND1)4(bipy)(DMF)4(OH2)2]-2DMF-5.5H20, 2.3

The solvent coordinated to one of the axial positions of both Mn(1) and Mn(2) were disordered between a
DMF and H20 molecule (fixed 50:50 occupancies). In the case of Mn(1) the molecules share an oxygen
atom position, while for Mn(2) the oxygen atoms are spatially separated. The partial occupancy DMF
coordinated to Mn(2) was refined using SHELX DELU restraints. The lattice DMF in close proximity to
the disordered solvent coordinated to Mn(2) was modelled as the same PART and occupancy as the
coordinated water molecule and was refined with SHELX DELU and DFIX restraints. The remaining axial
solvent position on Mn(1) was occupied by a DMF molecule which was modelled with SHELX DELU,
ISOR, FLAT and DFIX restraints in order to model a chemically sensible molecule. The data was processed

with SQUEEZE, showing voids totalling 430 A containing 95 e per formula unit.

Poly-[Cd(AlaNDI)(4,4'-bipy)(OH2)]-3.5H2.0-0.5DMF, 2.4
The crystals did not diffract strongly and the data had a very poor Rix past 0.9 A, therefore the SHEL

command was used to cut off the data past this point. The structure of 2.4 contains solvent accessible voids
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in which no solvent could be modelled. The data was processed with SQUEEZE, showing voids of 232 A3,

containing 73.5 e, per asymmetric unit.

Poly-[Zn2(AlaNDI)2(4,4'-bipy)2]-0.3MeOH-0.7H20, 2.5
The uncoordinated solvent was disordered between a methanol and a water molecule (30:70). The methanol

was refined with SHELX ISOR and DFIX restraints to model a chemically sensible molecule.

Poly-[Mn(HAlaNDI)2(dpe)], 2.6
No restraints were used for this refinement.

Poly-[Cd2(AlaNDI)2(4PyNDI)2]-4DMF, 2.7
The pyridyl groups of the 4PyNDI dipyridyl ligands showed signs of rotational disorder which could not

be modelled over two positions, so were refined using SHELX ISOR and DELU restraints. The AlaNDI
ligands were also refined with some SHELX DELU, ISOR and FIX restraints to give a chemically sensible
model. The structure contained solvent accessible voids in which no solvent could be accurately modelled.

The data was processed with SQUEEZE, showing voids of 720 A3 containing 163 e per asymmetric unit.

Poly-[Cd2(AlaNDI)2(OH2)2(4PyNDl)2]-DMF-H20, 2.8
Due to the low symmetry space group of the structure of 2.8, the data needed to collected from two different

angles and merged to get complete data,. The poor diffraction of the crystal led to a poor Rin, particularly
past 0.88 A. The SHEL command was therefore used to remove the poor data. The poor data resolution led
to a non-zero Flack parameter.

The non-coordinated DMF molecule was refined with SHELX DFIX, DANG and DELU restraints to give
a chemically sensible molecular geometry. Numerous bond lengths in the NDI ligands were also refined
using SHEL X DFIX restraints to give chemically sensible bond lengths. Three of the pyridyl groups were

refined with DELU restraints.

Poly-[Cd2(AlaNDI)2(DMF)2(OH2)2(4PyNDI)]-DMF-4H:0, 2.9

The crystals were of poor quality and did not diffract well, despite employing synchrotron radiation. As

such, the data was very poor and had a very high Rix past 0.85 A. Therefore a SHEL command was used
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to cut off the data past this this. The solvent molecules showed signs of disorder, so these molecules were

modelled using SHELX DFIX, DELU, RIGU and ISOR restraints.

Poly-[Zns(DMF)s(LeuNDI)s(OH2)3(u3-OH)s]-2DMF-10H20, 2.10
The non-coordinated DMF molecule which could be assigned was split over two positions (free occupancy

of 47:53). The coordinated and non-coordinated DMF molecules were refined with SHELX DFIX DELU
and RIGU restraints to give a chemically sensible model. Two of the LeuNDI isobutyl side chains was
disordered over two positions, and were modelled with SHELX DFIX and DELU restraints to give a
chemically sensible model. Two of the other isobutyl side chains and a naphthalene core group were refined
with SHELX DFIX restraints to give chemically sensible bond lengths. The hydrogen atoms of the
coordinated hydroxide and water molecules were refined with SHELX DFIX, SADI and DANG restraints
to place them in a correct position. The crystals did not diffract well to high resolution, therefore the SHEL
command was used to remove the poor data past 0.84 A. Data was treated with the SQUEEZE routine of

PLATON,%* showing total solvent accessible voids of 499 A3 containing 144.5 e per asymmetric unit.

Poly-[Mn(HLeuNDI)2(dpe)]-MeOH, 2.11
The asymmetric unit contains two HLeuNDI ligands, which each have one carboxylic acid group and one

carboxylate group. The O-H hydrogen atoms are disordered (50:50) between the two
carboxylate/carboxylic acid groups. The O-H hydrogen atoms were restrained using SHELX DFIX and

SADI restraints.

Poly-[Mna(LeuND1)4(dpb)2(DMF)2(OH2)2]-DMF-4.5H:0, 2.12
The crystals did not diffract well to high resolution, therefore the SHEL command was used to remove the

poor data past 0.80 A. Of the two coordinated DMF ligands, one was modelled over two positions, sharing
the coordinated oxygen atom (free occupancy 53:47), the other showed signs of disorder which could not
be modelled. Both coordinated DMF ligands were modelled with SHELX DFIX, DANG, RIGU and ISOR
restraints. The lattice solvent, two water molecules, one of which is modelled at 50% occupancy, and a
DMF molecule modelled at 50% occupancy were refined with SHELX DFIX, DANG, RIGU and ISOR

restraints. One of the isobutyl side chains was disordered over two positions (fixed occupancies of 50:50).
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The disordered isobutyl side chain and three others were refined with SHELX DFIX, DANG, RIGU and
ISOR restraints to give chemically sensible bond lengths and geometries. The structure showed small void
spaces in which no data could be modelled, therefore the data were processed with the SQUEEZE routine

of PLATON, showing total voids of 201 A3 containing 44 e per formula unit.

Poly-[Cda(bpb)2(DMF)s(LeuNDI)]-6H20-0.5DMF, 2.13

The crystals were of poor quality, and did not diffract well to high angle. Therefore the SHEL command
was used to remove the poor data past 0.84 A. The isobutyl side chains showed signs of disorder which
could not be modelled (with the exception of one group which was modelled over two positions with free
occupancies of 52:48) so they were modelled with SHELX DFIX, DANG, ISOR and RIGU restraints.
Three of the eight DMF molecules in the asymmetric unit also showed signs of disorder which could not
be modelled, so were therefore modelled with SHELX DFIX, DELU and ISOR restraints. The X-ray
structure showed voids in which no solvent could be modelled, therefore the data were processed with the

SQUEEZE routine of PLATON,%* showing a void of 956 A3 which was filled with 185 e” per formula unit.

Poly-[Mn(DMF)2(HPheNDI)2]-H20-MeOH, 2.14

No restraints were used for this refinement.

Poly-[Cd(4,4’-bipy)(OH2)(PheNDI)]-3.5H20-DMF, 2.15.

The structure of 2.14 contains solvent accessible voids in which no solvent could be modelled. The data
was processed with the SQUEEZE routine of PLATON.%* A void of 282 A3 containing 82 e- was identified
per asymmetric unit, which corresponds to a void within the channels formed by the chains of

metallomacrocycles.

Poly-[Mn2(4,4'-bipy)2(PheNDI)2][Mn(4,4'-bipy)(DMF)(NO3)2]-0.5DMF-7H20, 2.16
All of the phenyl groups showed signs of disorder which could not be modelled (evidenced by elongated

displacement parameters) and were refined with SHELX DELU and ISOR restraints. One phenyl group
was modelled with SHELX SADI restraints to normalise the bond lengths. One of the nitrate ions
coordinated to Mn(3) showed disorder which could not be modelled and was refined using SHELX DELU

restraints. The structure contained solvent accessible voids in which no solvent could be modelled. The data
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was treated with the SQUEEZE routine of PLATON,* showing two similar voids were identified in the

unit cell (330 A3 containing 95e-and 331 A3 containing 94e").

Poly-[Cda(DMF)(dpe)2(PheNDI)4(OH2)2]-10H20:0.5DMF, 2.17
The crystals of 3.17 were of very low quality, requiring synchrotron radiation. The crystals suffered from

severe beam damage when irradiated at 17443 eV, therefore collection was conducted at 13000 eV (A =
0.9537 A), allowing the collection of an adequate number of frames before the crystals suffered beam
damage, although limiting the resolution of the data to 1.04 A. The lower energy led to much lower
resolution data. The lack of high resolution data meant that the atoms could not be modelled accurately
with an anisotropic model, therefore the atoms were modelled isotopically with the exception of the metal
ions. The lack of high angle data also led to the Flack parameter deviating significantly from zero. The
phenyl groups all exhibited signs of disorder. Five of the phenyl groups were restrained to a regular hexagon
using SHELX AFIX 66 restraints. The remaining three phenyl groups were refined using SHELX DFIX
restraints to give chemically sensible bond lengths. One of the phenyl groups exhibited severe disorder,
with two of the carbon groups having much higher Uiso values than their neighbouring atoms, despite
numerous attempts to model the disordered phenyl group over two positions, so the Uiso values were fixed
at 0.3. The NDI core groups and dpe ligands were refined using SHELX DFIX restraints to give sensible

bond lengths.

Poly-[Cd2(PheNDI1)2(4PyNDI)2]-6H20-2DMF-MeOH, 2.18

One of the phenyl groups showed positional disorder evidenced by the atoms displaying extended thermal
ellipsoids. It was modelled over two positions with freely refined occupancies (31:69), with one of the
fragments refined using a SHELX AFIX 66 restraint, and the other refined using SHELX DFIX, DANG
and RIGU restraints. The structure of 2.18 appears to be slightly twinned, which is evidenced by the large
residual electron density peaks next to the metals, which did not significantly diminish when an absorption
correction was applied. The structure of 2.18 exhibited significant solvent accessible voids in which no
solvent could be modelled, therefore the data was processed with the SQUEEZE routine of PLATON which

calculated voids of 435 A containing 138e” per asymmetric unit.
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Poly-[Mn2(PheNDI1)2(4PyNDI)2]- 3DMF-2MeOH-H20, 2.19

One of the phenyl groups exhibited disorder, which was modelled over two positions, and refined with
SHELX DELU and DFIX restraints. The other phenyl group was refined with SHELX DELU restraints.
The non-coordinated MeOH was modelled over two positions with freely refined occupancies (41:59) and
using SHELX DFIX restraints. The non-coordinated DMF is also disordered over two positions, with freely
refined occupancies (38:62) and the disordered positions are sharing carbon atoms C59 and C60. There is
hydrogen bonding between the non-coordinated water molecule and a carboxylate oxygen of an NDI ligand,
the O---H distance is restrained with a SHELX DANG restraint. One of the pyridine group on the 4PyNDI
coligand showed signs of disorder which could not be modelled, so two of the carbon atoms were refined

with SHELX ISOR restraints.

[Cd2(AlaBDI)2(DMSO)s]-1.5H20, 3.1
Two DMSO molecules, one coordinated to each metal center, were disordered with their sulphur atoms

modelled over two positions (occupancy 92:8 and 76:24). The disordered DMSO molecule coordinated to

Cd(1) was refined with SHELX RIGU and SADI restraints to give a chemically sensible model.

[Cd2(LeuBDlI)2(DMF)2(DMSQO)3(OHz)]-DMF-DMSO, 3.2
Two of the isobutyl side chains of the LeuBDI ligands and the non-coordinated DMF molecule showed

signs of disorder which could not be modelled, so were refined with SHELX DFIX, DELU, RIGU and
ISOR restraints. All the DMSO molecules were disordered with their sulphur atoms modelled over two
positions, with fixed occupancies of 90:10, free occupancies of 52:48, free occupancies of 0.33:0.67 and
free occupancies of 54:46, and were refined with SHELX DFIX, SADI, DANG and RIGU restraints to give

chemically sensible bond lengths and ellipsoids.

(NH2(CH3)2)2[Zn2(AlaBD1)2(4,4'-bipy)Cl:], 3.3
The crystals diffracted poorly at high angles, therefore the SHEL command was therefore used to remove

the poor data past 0.84 A. One of the dimethyl ammonium cations was refined with SHELX DELU
restraints. Two of the methyl side chains were refined with SHELX ISOR, DELU and DFIX to give a

chemically sensible model. One of the AlaBDI ligands showed signs of rotational disorder which could not
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be modelled, and was therefore also refined with SHELX DELU, DANG and DFIX restraints to give a

model with appropriate bond lengths.

Poly-[Cd(LeuBDI)(4PyNDI)]-11H20-2DMF, 3.4
The pyridyl rings of the 4PyNDI ligand showed signs of rotational disorder which could not be modelled,

so were refined with SHELX DFIX and DELU restraints, with somewhat elongated ellipsoids as an accurate
model. The crystals were of poor quality and did not diffract well, and so only diffraction data of relatively
low quality was collected. The poor data led to multiple atoms showing ellipsoids of very different geometry
to those around them. These atoms were therefore refined with SHELX ISOR restraints to give chemically
sensible ellipsoids. Three of the isobutyl side chains showed signs of disorder. One chain was modelled as
disordered with the CH3 groups modelled over two positions (fixed occupancy 50:50). All of the isobutyl
side chains were refined using SHELX DFIX, DANG, RIGU and ISOR restraints to give a chemically
sensible model. Processing the data with the SQUEEZE routine of PLATONS®* revealed one large void of

961 A3 containing 194 e’, corresponding to 11 waters and two DMF molecules per asymmetric unit.

[Cus(AlaBDI)s(DMSO)4(OH2)4]-solv., 3.5
There were signs of disorder throughout all the AlaBDI ligands, so they were modelled with SHELX DFIX,

DANG, RIGU and DELU restraints to maintain a chemically sensible structure. One of the non-coordinated
water molecules is modelled at half occupancy. There are four 50% occupancy non-coordinated DMSO
molecules which are modelled with SHELX DFIX, DANG, SADI and DELU restraints. The hydrogen
atoms of the aqua ligands were placed in calculated positions which were maintained with SHELX DFIX,
SADI and DANG restraints. The structure was highly porous and was therefore processed with the

SQUEEZE routine of PLATON,%* showing voids of 5104 A3 containing 1345 e" per formula unit.

[Cus(LeuBDlI)s(OH2)s]-solv., 3.6
One of the isobutyl side chains was disordered over two positions (fixed occupancy 40 : 60) and SHELX

DFIX, DANG, RIGU and ISOR restraints were used. The remaining isobutyl side chains were also refined
with SHELX DFIX, DANG, RIGU and ISOR restraints to give a chemically sensible model. The aromatic

core of the ligands was also refined with SHELX DFIX, DANG, DELU and ISOR restraints. The structure
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was highly porous and was therefore processed with the SQUEEZE routine of PLATON,** showing a void

of 3765 A3 filled with 726 e~ per formula unit.

Poly-[Zn4(IsoBDI)2(DMF)(OH2)4]-DMF-9H20, 3.7
One of the aqua ligands showed signs of disorder which could not be modelled, therefore the oxygen atom

was refined with a SHELX ISOR restraint.

Poly-[Cd(IsoBD1)os(4PyNDI)]-2.5DMF-4H:0, 3.8

No restraints were used in this refinement.

[Cd2(1,10-phen)z(LeuNDI)2(OH2)2]-DMF-2H20, 4.1-DMF-2H20
All four of the LeuNDI isobutyl side chains showed signs of disorder which could not be modelled, so were

refined using SHELX DFIX, DANG, DELU and ISOR restraints to give a chemically sensible model. The
hydrogen atoms of all water molecules were placed in calculated positions and refined using SHELX DFIX
restraints. One of the coordinated water molecules is disordered over two positions (free occupancy 57:43)
and was refined with SHELX ISOR restraints. The non-coordinated water molecule is hydrogen bonding
with one of the LeuNDI carbonyl groups and a coordinated water molecule. The data was processed with
the SQUEEZE routine of PLATON,%* showing solvent accessible voids of 166 A3 containing 52 e, per

asymmetric unit.

[Cd2(LeuNDI)2(2,2"-bipy)2(OHz)2]2-2DMF-5H20, 4.2-2DMF -5H20

The crystals were not of high quality, and no crystals of higher quality could be formed. The poor crystal
quality led to poor diffraction quality, which caused a high Rix for the data, and large displacement
ellipsoids in the model. The SHEL command was used to cut off the poor data past 0.8 A. The 2,2'-bipy
ligands showed signs of disorder which could not be modelled, so were refined with SHELX DFIX, DELU,
ISOR and DELU restraints. Both rings of one of the 2,2'-bipy ligands were constrained with AFIX 66 to
give appropriate aromatic geometry. All four leucine isobutyl side chains showed signs of disorder which
could not be modelled, so were refined with SHELX DFIX, DANG, ISOR, DELU and RIGU restraints.

The structure showed void space in which no solvent could be modelled. Therefore the data were processed
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with the SQUEEZE routine of PLATON,5% showing total voids of 534 A3 containing 131 e- per asymmetric

unit.

A,A-[Cus((S)-LeuBPSD)s(OH2)4]-2DMA, [A,A-5.1(OH2)]-2DMA
Side chains of three of the leucine groups were modelled over two positions with freely refined occupancies

(84:16), (39:61) and (21:79). Each of these disordered groups was refined using a combination of SHELX
DELU, SIMU, RIGU, ISOR and DFIX restraints. One of these disordered chains shows further signs of
disorder that could not be modelled and therefore elongated anisotropic displacement parameters have been
left in this fragment (C24 - C27) as the best descriptor of the disorder. One of the DMA molecules which
could be located in the lattice was refined using DELU restraints. The coordinated water molecules are
refined with a fixed geometry free to rotate around the Cu-O bond. The structural data was processed with
the SQUEEZE routine of PLATON.%* A void of 748 A3 containing 318 e was identified between the cages.
A second void of 291 A2 containing 21 e~ was identified inside each cage. (Note, there is one cage per unit

cell).

A,A-[Cu4((R)-LeuBPSD)4(OH2)(MeOH)25(HNMez)o.s]-4ADMA,
[A,A5.1-(OH2)(MeOH)25(HNMe2)os]- 4ADMA

The best model for solvent coordinated to the inside of the cage was H,O and MeOH (50:50) coordinated
to Cu(3) and HNMe; and H,0 (50:50) coordinated to Cu(2) (dimethylamine indicated by mass spectrometry
results). For Cu(3), the carbon atom of the 50% occupancy coordinated MeOH was modelled over two
positions, each at 25% occupancy and the hydrogen atoms on the oxygen atom coordinated to Cu(3) could
not be located (but are included in the formula unit). The partial occupancy carbon and nitrogen atoms of
the coordinated MeOH and HNMe; within the cage were refined with ISOR restraints due to what appears
to be further rotation around the Cu-O/N bond that could not be resolved. One disordered side-chain of a
leucine group was modelled over two positions (57:43). Two other side-chains show signs of disorder which
could not be modelled (evidenced by elongated displacement parameters) and were refined using SHELXL
DELU restraints. The best model of non-coordinated solvent was of four DMA molecules, one of which is
modelled as disordered over two non-overlapping positions (43:57). One of the full occupancy DMA

molecules shows signs of disorder which could not be modelled therefore one of the carbon atoms (C125)
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was refined with a SHELX ISOR restraint. The structural data was treated with the SQUEEZE routine of
PLATON.** One significant void was identified between complexes (totalling 144 A3 and 31 e per
cell/cage). The void space inside the cage was output by SQUEEZE as several small voids around the
coordinated solvent (significant voids of 70 A% and 8 e, 44 A% and 4 e", 40 A% and 3 e per cage and a total,
including smaller spaces, of totalling 175 A and 16 e). These voids sit around the internally coordinated
solvent as modelled and are highly unlikely to be discrete voids except when viewed as this stationary
model.

A,A-[Cus((S)-LeuBPSD)4(OH2)2(DMSO0)2]-2DMSO, A,A5.1[(DMSO)2(OH2)2]-2DMSO

The best model for coordinated solvent was H.O coordinated to the external sites and DMSO coordinated
to the internal sites. The two internal DMSO molecules were modelled as disordered over two positions
with refined occupancies tied to each other (53:47) and some bond distance and RIGU restraints applied.
Four half occupancy DMSO sites were located in the lattice and were refined anisotropically with some
restraints on bond lengths and displacement parameters. The side chains of some of the leucine groups
show signs of disorder (evidenced from large displacement parameters) which could not be resolved and
were therefore refined with some DFIX, RIGU and ISOR restraints. The structural data was processed with
the SQUEEZE routine of PLATON.%* Voids totalling 476 A3 containing 148 e per cell/cage were
identified between the cages and two very small voids (28 A% and 3 e; 27 A3 and 3 ") were located within

the cage (likely due to unresolvable disorder rather than other solvent molecules given low e count).

AAIAA-[Cus((S/R)-LeuBPSD)4(MeOH)2(OH2)2]-DMA, A,A/AA-[5.1(MeOH)2(OH2)]-DMA
Hydrogen atoms attached to H20 and MeOH were located from the Fourier difference map and refined

with restrained OH distances. There is minor residual electron density in the interior of the cage that
suggests MeOH or HNMe2 may be coordinated but at very low occupancy and therefore this could not be
modelled. Several leucine side-chains show signs of disorder that could not be modelled and were refined
using SHELXL SADI and SIMU restraints with elongated displacement parameters left in the final
refinement model as the best descriptor for the disorder. One of the leucine groups is modelled over two

positions (occupancies refined to 47:53) with one of the positions showing signs of further disorder that
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could not be modelled and therefore elongated displacement parameters for this group (C112 114, with
weak ISOR restraints) have been left in the model as the best descriptor for the disorder. The structural data
was processed with the SQUEEZE routine of PLATON.%* Voids totalling 7166 A® containing 1878 e per
unit cell were identified between the cages (896 A3 and 235 e per cage) and a void of 293 A2 containing

65 e” was identified inside each cage.

[Cus((S,R)-H2LeuBPSD4)(OH2)2(MeOH)2]-2DMA, [5.2(OH2)2(MeOH)2]-2DMA
Whilst being of slightly low quality the data is the best that could be achieved from the samples. The lattice

solvent is modelled as two partial occupancy DMA sites with occupancies refined against each other
(51:49) per asymmetric unit (i.e. total of complete 2 DMA molecules per cage). DFIX and DELU restraints
were used in the refinement of these partial occupancy solvent molecules. The hydroxyl hydrogen atoms
were located from the Fourier difference map and refined with a restrained OH distance. The structural data
was treated with the SQUEEZE routine of PLATON.%* A void of 1180 A% and 280 e per unit cell (i.e. per

cage) was identified which exists between the cages.

[Cus(GlyBPSD)4(MeOH)3(OH2)]-3.5DMA-1.5MeOH,

[5.3(MeOH)3(OH2)]-3.5DMA-1.5MeOH
Coordinated solvent was best modelled as a full occupancy MeOH on Cu(1) (inside the cage) and 50:50

MeOH:H20 on the exterior sites. This exterior MeOH was modelled as disordered over two positions with
H atom positions restrained by DFIX whilst the hydrogen atoms of the partial occupancy water could not
be modelled (but are included in the molecular formula). Lattice solvent was best modelled as one half
occupancy DMA molecules, one half occupancy MeOH and one quarter occupancy MeOH per asymmetric
unit (i.e. per half cage). Non-coordinated solvent within the cage was best modelled as one half occupancy
DMA and one three-quarter occupancy DMA that is refined over two disordered positions (fixed
occupancies 25:50). Some DFIX, DELU and ISOR restraints were applied to the partial occupancy solvent

positions.
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[Cus((S)-LeuEADI)4(DMF)(OHz2)s]-3.5DMF-14H:0, [5.4(DMF)(OH2)3]-3.5DMF-9.5H20

All four isobutyl chains in the asymmetric unit showed signs of positons disorder which could not be
modelled, therefore these groups were refined with SHELX DFIX, DELU, ISOR and RIGU restraints. The
solvent coordinated to the Cu" site on the interior of the paddlewheel we modelled as between a DMF and
water (fixed occupancy 50:50). The coordinated half occupancy DMF ligand showed signs of further
disorder which could not be modelled, therefore was refined with SHELX DFIX, ISOR, RIGU, FLAT and
DANG restraints. There were also some C-C bonds in the core of the ligands which were refined with
SHELX DFIX restraints in order to model chemically sensible bond lengths. The structural data was treated
with the SQUEEZE routine of PLATON,** which showed voids of 1269 A3 containing 292 e per cage

(note that one asymmetric unit is half of a cage).

[Rha((S)-LeuBPSD)4(OH2)4]-4MeOH-10H:0, [5.5(0OH2)4]-4MeOH-10H20

The crystals were very unstable when removed form solvent and lost crystallinity rapidly, leading to the
only low quality data being obtained. Therefore the structure required a large number of restraints and
constraints in order to form a chemically sensible model. One of the isobutyl side chains was modelled as
disordered with the one of the methyl groups modelled over two positions (fixed occupancy 60:40) and
refined with SHELX DFIX, DANG and ISOR restraints. The remaining isobutyl side chains showed signs
of disorder which could not be modelled, therefore were refined with SHELX DFIX, ISOR, DELU and
DANG restraints to give chemically sensible bong lengths and ellipsoids. The lattice solvent modelled in
the structure is two chloroform molecules which are modelled at full occupancy, one of which was refined
with SHELX DFIX and ISOR restraints, and two chloroform molecules which are modelled at 50%
occupancy. Of the 16 phenyl groups in the ligands in the asymmetric unit, 11 of them were constrained to
an idealised geometry using AFIX 66. Selected other bond lengths and atoms were refined with SHELX

ISOR, DELU and DFIX restraints in order to model chemically sensible bond lengths and ellipsoids.

[Cu12((S)-LeuNDlI)12(OH2)12]-22H20-30DMF, 6.1-22H20-30DMF
The hydrogen atoms of the aqua ligands were placed in calculated positions and refined with SHELX DFIX

and DANG restraints to maintain their positions. One of the isobutyl side chains of the LeuNDI ligand was
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disordered over two positions, sharing two of the carbon atoms (fixed occupancy 50 : 50) and refined with
SHELX DFIX, DANG and RIGU restraints. Three of the remaining isobutyl side chains showed signs of
disorder which could not be modelled crystallographically, so were refined with SHELX DFIX, DELU and
RIGU restraints. One of the NDI core groups was also refined with SHELX DFIX and RIGU restraints to

give a chemically sensible model.
Poly-[Cu2(GIyNDI)2(DMA)2]-DMA, 6.2
One of the coordinated DMA molecules showed signs of disorder, so it was modelled over two positions

(free occupancy 21:79) and refined with SHELX DFIX, DANG, RIGU and ISOR restraints to give a

chemically sensible structure.
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Enantiomeric M4L4 helical cages have been prepared whose supra-
molecular chirality is induced by the chemical chirality of the self-
sorting amino acid-derived ligands that are used. Using scrambled
diastereomeric ligands or achiral glycine-derived ligands yields
analogous complexes yet ‘turns off' the supramolecular chirality
by producing centrosymmetric cages.

In the past few decades the field of supramolecular coordination
container complexes has attracted considerable attention due to the
potential applications of these materials in a wide variety of fields,
particularly as reaction vessels, selective host species and in the
stabilisation of reactive molecules." The synthesis of cage complexes
under self-assembly conditions from simple components can be
achieved with a semblance of predictability using coordination
bonds by combining multiple bridging ligands, with the coordinat-
ing groups appropriately positioned to promote a discrete structure,
with metals of appropriate coordination preferences.’

The incorporation of chirality into coordination cages imparts
the potential for applications in enantioselective processes such
as sensing,’ catalysis® and separation.’ It is possible to incorpo-
rate chirality into coordination cages by spontaneous resolution
using achiral ligands by generating chiral centres around
tris(chelate) metal centres which may interconvert in solution.®
However, from both of these strategies the challenge then arises
of forming the complexes in an enantiomerically pure form.
A more reliable method for the synthesis of chiral coordination
cages is the use of enantiomerically pure ligands. A variety of
strategies have been adopted, including appending chiral groups
to the exterior or interior of ligands known to form cages,
effectively adding chiral groups to achiral frames.” More recently,
induction of supramolecular chirality has been achieved by the
use of enantiopure ligands in tetrahedral architectures with the
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chirality of the ligand reflected in the handedness (A/4) around
the metal centre.®

Chiral coordination cages can also be constructed in the form
of helicates, typically generated as racemic mixtures, exploiting
the presence of a twist within the ligands which imparts a helical
sense in the complex.” The use of a chiral ligand will ensure the
formation of a helicate, while the use of achiral ligands can form
either helicates or mesocates.'® A convenient synthetic route for
the formation of chiral ligands is the incorporation of amino
acids. Recently enantiomeric homochiral, quadruple-stranded
helicate using amino acid-derived ligands with a bicyclooctene
core were reported,’ and control of chirality in tetrahedral cages
by virtue of the ligands is known."?

Herein we report homochiral helicates and analogous meso-
cates constructed using 3,3’,4,4'-biphenylsulfonediimides (BPSD)
substituted with amino acids. The chiral ML, cages have supra-
molecular homochirality based on the handedness of the ligands
employed. Reaction of a p/t ligand mixture results in the self-
selective formation of the enantiomeric cages.

We have previously reported naphthalene- and perylene-diimides
appended with amino acids that have been incorporated into
homochiral coordination polymers with interesting interpenetration
topologies including two materials capable of enantiomeric resolu-
tion of small analytes."® Whilst the planar aromatic core groups lent
themselves to the formation of extended networks we have more
recently turned our attention to non-planar core groups that are
anticipated to form discrete cage complexes due to their internal
angle, with the sulfone unit previously reported to be amenable.”

The enantiopure dicarboxylic acids L-H,LeuBPSD and
p-H,LeuBPSD were synthesised from 3,3'4,4’-biphenylsulfone-
tetracarboxylic dianhydride and the respective leucine isomer
under microwave irradiation in acetic acid (Fig. 1). The achiral
glycine analogue, H,GlyBPSD, was synthesised by a similar
route under reflux in DMF (see ESIf).

Reaction of enantiopure 1-H,LeuBPSD or p-H,LeuBPSD with
copper nitrate in methanol/dimethylacetamide and a small
amount of triethylamine yields crystalline material containing
the helical cages [Cu,(LeuBPSD)4(Solv.),], 1 (Fig. 1, see ESL ¥
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Fig. 1 A representative synthesis of the L-leucine derived ligand (L-
H,LeuBPSD) and the helicate cage [Cuy(L-LeuBPSD)4], A-1 (coordinated
solvent displayed only by the donor atom for clarity).

for full experimental details).i Structural determination by
single-crystal X-ray diffraction reveals that the two materials
are enantiomers of each other with both crystallising in the
non-centrosymmetric space group P1 (only the r-LeuBPSD
derivative is discussed here).

Crystals of [Cuy(t-LeuBPSD),(OH,),], A-1(H,0),], contain one
complex in the asymmetric unit alongside partially-ordered non-
coordinated solvent. The A-1 cage contains {Cu,(O,C),} paddle-
wheel motifs at either end of the helical complex, connected by the
four 1-LeuBPSD ligands, with aqua ligands coordinated to both the
inner- and outer-facing apical sites of the paddlewheel. The
internal Cu" atoms are separated by 7.2 A with an internal volume
of ca. 300 A® in the absence of coordinating solvent. When viewed
along the vector passing through the four copper atoms the
paddlewheel motifs have a negligible rotational offset with regards
to each other. The ligands do not bridge between sites on the
paddlewheels that lie immediately above/below, rather they bridge
between sites related by a torsion angle of ca. 90° generating a
helical sense around the central Cu, rotation axis of the complex.

The arrangement of four leucine residues around the paddle-
wheel motif is such that the substituents must form a propeller
motif thereby inducing helicity, presumably driven in part by the
relative steric bulk of the substituents (Fig. 2A). The helicity of the
cages containing - and p-leucine is A and 4, respectively. These
complexes demonstrate that supramolecular chirality, viz. the
directionality of the helix, can be induced by the molecular
chirality of the ligands used forcing a preferred geometry around
the coordination sites. Circular dichroism (CD) conducted on
acetonitrile solutions of A-1 and 4-1 show opposing Cotton effects
that are slightly shifted and greatly enhanced compared to the
spectra for the ligands alone indicating that the cages persist in
solution (Fig. 3). The solution stability of the cages is also
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observed by the presence of m/z peaks corresponding to [1 + H]"
and [1 + Na]" in the ESI-MS spectra (see ESI{) although no peaks
are observed in which solvent is associated.

The coordinated solvent is difficult to assign crystallographi-
cally, due to apparent rotational disorder along the Cu-O bond
and/or disorder of the nature of the solvent within individual cages,
and is not observed by mass spectrometry. In the X-ray structure of
A-1 the coordinated solvents all appear to be water, whilst in the
structure of 4-1 the solvent is best modelled as four methanol
molecules. A serendipitous crystalline sample was obtained from a
d¢-DMSO solution of A-[1(OH,),] and subsequently replicated on a
larger scale (see ESIt). This material was found to contain the
complex [Cuy(t-LeuBPSD),(DMSO),(OH,),] with the DMSO ligands
coordinated on the interior of the cages, thereby demonstrating
that the solvent within the cages can be exchanged in solution.
Crystallography reveals that there are areas of diffuse electron
density, i.e. guest solvent, within the cages that cannot be resolved
(except in the case of compound 3, vide infra).

In order to explore the supramolecular self-selectivity of
the A-1 and 4-1 complexes, a reaction of a 50:50 mixture of
1-H,LeuBPSD and p-H,LeuBPSD with copper nitrate was conducted.
As with the individual reactions, a crystalline material was able to be
isolated and structurally characterised. Analysis of the X-ray diffrac-
tion data revealed the crystals to be centrosymmetric (space group
C2/c) with the asymmetric unit containing one cage complex in
which all of the amino acid groups are of the same handedness
(Fig. 2B). The enantiomeric ligands only form complexes with
ligands of like handedness, demonstrating that the mixed-ligand
system displays narcissistic self-selection to form the helical com-
plexes.§ Powder X-ray diffraction (PXRD) reveals that the bulk
material comprises both the centrosymmetric crystals containing
A-1/4-1 and chiral crystals of pure A-1 and 4-1 (see ESIt). Circular
dichroism of the bulk solid dissolved in acetonitrile shows a small
Cotton effect indicating a slight excess of 4-1. A CD spectrum taken
of the reaction solution soon after mixing and on one isolated
crystal shows the expected lack of response, suggesting that the
response observed from the bulk solid is likely due to a seeding
effect in the bulk sample during crystallisation.

The control of supramolecular chirality by the handedness of
the ligand prompted exploration of analogous systems in which
the chirality is removed in one of two ways. Firstly the chirality
can be removed by using an achiral ligand, H,GlyBPSD, derived
from glycine rather than a chiral amino acid. Secondly a racemic
ligand, rac-H,LeuBPSD, in which the terminal groups are of
opposite handedness, can be used.

rac-H,LeuBPSD was prepared by reacting a 50 : 50 mixture of
p- and r-leucine with 3,3'4,4’-biphenylsulfonetetracarboxylic
dianhydride which is expected to yield a statistical mixture of
the R,R-, S,S-, and R,S-substituted isomers (1:1:2). Given the
statistical prevalence of the desired R,S isomer (pL-H,LeuBPSD)
the racemic dicarboxylic acid was reacted without purification
with Cu(NOj), to form a crystalline material under analogous
conditions to the enantiomerically pure A4-1 and 4-1. Single crystal
Xray diffraction allowed structural characterisation of the achiral
complex [Cuy(pL-LeuBPSD),(MeOH),(OH,),] (2) with PXRD showing
the that other possible products (viz. the enantiopure complexes /-1

This journal is © The Royal Society of Chemistry 2015
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enantiomerically pure ligands, b-H,LeuBPSD and L-H,LeuBPSD, exclusively yields 4- and A-helical complexes, respectively. (B) ‘Self-selection” occurs
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Fig. 3 Circular dichroism spectra for A-1 (solid red); L-H,LeuBPSD
(dashed red); 4-1 (solid blue); b-H,LeuBPSD (dashed blue); bulk 4-1/4-1
product (grey); A-1/4-1 single crystal (purple).

and 4-1 in both their homochiral and centrosymmetric
co-crystalline forms) were also present in the bulk as expected
using a mixture of ligands in the synthesis (see ESIt). Complex
2 crystallises in the centrosymmetric setting P1 with half of the
complex in the asymmetric unit. Complex 2 is analogous to 1,
with copper paddlewheels bridged by four pi-LeuBPSD dicar-
boxylate ligands (Fig. 2C). The ligands are arranged such that
one of the paddlewheels is exclusively coordinated to the R

This journal is © The Royal Society of Chemistry 2015

terminal groups and the other exclusively by S terminal groups
with these coordination environments therefore being identical
to those in 1 and further demonstrating the self-selection of the
enantiomers. Due to the orientation that is required at each
paddlewheel the ligands cannot be oriented in a helical
arrangement and instead bridge between coordination sites
on the paddlewheels that are directly in line with each other.
The difference in geometry leads to the interior of the capsule
being elongated compared 4-1 and 4-1 with an internal
Cu- - -Cu distance of 9.0 A (¢f 7.2 A).

Using the achiral H,GlyBPSD ligand the complex [Cu,(GlyBPSD),-
(MeOH);(OH,)] (3) was isolated as a phase-pure crystalline
material (Fig. 2C). The cage is very similar in structure to 2 with
a non-helical arrangement of ligands between the two paddle-
wheels. Although there are no stereocentres in the ligand the
arrangement around one paddlewheel is such that the imide
groups are orientated in a similar propeller motif, presumably
due to the steric requirements of the ligand. These propeller
motifs are of opposite directions at each end of the centro-
symmetric cage and therefore the overall arrangement is analogous
to 2. The internal Cu- - -Cu distance in 3 is slightly larger than in 2
(9.3 Avs. 9.0 A) due to a subtle difference in the arrangement of the
ligands. In 2 the ligands are approximately evenly spaced around the
central Cu, axis as can be seen in the N---N separations between
neighbouring imide groups which lies in the range 6.2-6.9 A.
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In 3 the complex is ‘pinched’ in one direction with two N---N
distances of 6.0 A and two of 7.1 A demonstrating that these
cages have some flexibility. The crystal structure of 3 also
reveals well-ordered, partial occupancy dimethylacetamide
within the cage with two positions partially protruding through
the larger windows in the side of the cage.

In conclusion, we have demonstrated that the supramolecular
chirality of cage complexes can be controlled by the helical sense
imparted through the use of enantiopure dicarboxylate ligands
surrounding copper paddlewheel motifs. The two enantiomeric
ligands display self-selection when simultaneously reacted with
Cu(NO3), to form A- and A-helical cages. Using the R,S analogue
of the LeuBPSD ligand gives a centrosymmetric cage in which a
degree of self-selectivity is retained with each paddlewheel
exclusively bound to either the R or the S terminal group is a
complex that closely resembles that containing the achiral
GlyBPSD ligand. These complexes demonstrate that the supra-
molecular chirality of cages can be controlled by stereocentres
around paddlewheel motifs thereby offering new synthetic
routes to enantiopure container species.

DRT acknowledges the Australian Research Council for a
Future Fellowship (FT120100300). Part of this work was under-
taken on the MX1 beamline at the Australian Synchrotron,
Victoria, Australia.'*
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ABSTRACT: Structural and chemical influences on inter-
penetration have been investigated through the preparation
and structural analysis of a series of seven chiral coordination
polymers using a phenylalanine-substituted naphthalene-
diimide ligand (H,PheNDI). The reaction of H,PheNDI
with Mn" or Cd" and a range of linear dipyridyl-based
coligands forms a series of coordination polymers which vary
greatly in terms of their topologies and interpenetration while
largely retaining a common metallomacrocyclic motif. The
metallomacrocyclic motif is found in a tube-like 1D
coordination polymer poly-[Cd(bipy)(OH,)(PheNDI)] (2)
and a closely related 2D polythreaded network poly-{[Cd,-
(bipy),(PheNDI),][Cd(bipy) (DMF), s(NO;),(OH,)os]} (3)

H,PheNDI
+ coligands

which are synthesized as pure phases under slightly different conditions. The longer 1,2-di(4-pyridyl)ethylene (dpe) ligand gives
rise to a 2D coordination polymer poly-[Cd,(DMF)(dpe),(OH,),(PheNDI),] (5) in which the metallomacrocycles are
connected only “sideways” rather than as a tube. This difference allows for 2-fold 2D — 2D interpenetration, between two
crystallographically distinct sheets, whereby the dpe passes through the metallomacrocycle, assisted by face-to-face aromatic
interactions. The use of a larger dipyridyl ligand, N,N’-bis(4-pyridyl)naphthalenediimide (4pyNDI), yielded 3D coordination
polymers with distorted pcu topologies of the form poly-[M,(PheNDI),(4PyNDI),] (M = Cd, 6; Mn, 7) which contain neither

the metallomacrocyclic motif nor interpenetration.

B INTRODUCTION

The design and synthesis of coordination polymers is a
burgeoning field, particularly investigations into the reprodu-
cibility and predictability of supramolecular features within their
structures.' Coordination polymers are an important area of
research due to their many applications including catalysis,” ™"
gas storage,’”  and separation.” '’ The structures of
coordination polymers are influenced by numerous weak
interactions, making them very difficult to predict.""'> The
ligand size, shape, and functionality and the metal ion, as well as
the synthetic conditions including the stoichiometric ratios of
reagents, temperature, solvent, and time, are also all factors
which influence the final structure of a coordination polymer."’

The design of coordination polymers involves not only
design and selection of the components required to construct
an isolated framework but also consideration of how the
coordination polymers may pack in the solid state. In general,
packing in the solid state by molecular species and by
coordination polymers is in such a way as to maximize packing
efficiency. Being essentially infinite networks, coordination
polymers can pack efficiently through a number of interlocked
or interwoven topologies.'”'> The most commonly encoun-
tered mode of entanglement is interpenetration, in which two
or more coordination polymers within a system are interlocked
such that they are not chemically bonded together but cannot
be broken without breaking chemical bonds, which can be
considered as coordination polymers involving polycatenane or

-4 ACS Publications  © 2016 American Chemical Society 6294

polyrotaxane motifs.'*'®"” Other topologies include poly-

threading, which can be considered as an extended analogue
of a molecular pseudo-rotaxane with a coordination polymer
“thread” passing through a series of “loops” of a separate
coordination polymer in the same system. Polyknotting is also
possible, otherwise known as self-penetration, in which a single
coordination polymer net contains rings through which another
component of the same network passes.’”'® The study into
interpenetration and related phenomena, and understanding
how these complex self-assembly processes can be designed and
predicted, is of importance because of the influence they have
on the properties of the coordination polymer materials.' >
Investigation into supramolecular systems which display
reproducible structural motifs is, therefore, a significant area of
research, as these motifs provide some predictability in
designing coordination polymers. The use of 7— interactions
to form reproducible supramolecular motifs such as catenanes
or rotaxanes within coordination polymers is an area which has
been much less explored than other supramolecular inter-
actions.”'~** Naphthalenediimides are a versatile class of
molecules which have been extensively investigated. NDIs are
electron-deficient, making them highly valuable in the field of n-
type semiconductors and can also be functionalized to have
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absorption bands within the entire visible spectrum.”**°

Functionalization of NDIs with coordinating groups can also
lend to NDIs being valuable ligands for synthesis of discrete
and polymeric coordination compounds.”’ '

Our previous work has concentrated on the synthesis of
coordination polymers using a naphthalenediimide substituted
at the imide position with either L-alanine or L-leucine.”>** The
structures of these compounds showed a reproducible {Cd,L,}
metallomacrocyclic motif in which the planes of the aromatic
cores of the two ligands that form the macrocycle are
approximately 7 A apart, ideal for face-to-face z-interactions
of ~3.5 A with aromatic guests inside the metallomacrocycle.
Previously reported poly-[Cd,(AlaNDI),(DMF),] is a 1D chain
of metallomacrocycles connected by bimetallic nodes.”> The
chains are 1D — 2D interpenetrated by polycatenation of the
metallomacrocycle motifs driven by z-interactions between the
aromatic cores of the ligands. The bulkier side chain in poly-
[Cd,(LeuNDI),(DMA),] maintained a 1D chain comprising
metallomacrocycle motifs, yet displayed no interpenetration.
However, the addition of a 4,4'-bipyridine (bipy) coligand
formed 1D chains of poly-[Cd,(LeuNDI),(bipy)(DMF);-
(OH,)] in which the metallomacrocycles are bridged by the
bipy coligands which then pass through the metallomacrocycles
of a different chain to form a 1D — 3D polyrotaxane.®”

It is clear that there is significant influence of the amino acid
side chain and the coligand on the structures of this family of
coordination polymers and their ability to form interpenetrating
architectures, necessitating further studies. Herein, we report
the use of the phenylalanine-substituted naphthalenediimide
ligand, H,PheNDI, which introduces additional complexity to
the system with the addition of more aromatic functionalization
when used alone or in combination with coligands (Figure 1).

(o] OHO
et
N N
~nd
OHO (o)

HoPheNDI
N \ / \¥ Q_/_@
Segeds
4PyNDI

Figure 1. Phenylalanine-substituted naphthalenediimide ligand
(H,PheNDI) and the dipyridyl ligands utilized in this study.

B EXPERIMENTAL DETAILS

Materials and Physical Measurements. All chemicals and
reagents were obtained from commercial sources and used without
punﬁcatxon 4PyNDI was synthesized following a literature proce-
dure.>* Nuclear magnetic resonance spectra were collected using a
Bruker DRX-400 spectrometer using residual solvent peaks as
reference. *C NMR spectra were collected at 100 MHz, and 'H
NMR spectra were collected at 400 MHz. Resonances are reported in
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parts per million (ppm) and coupling constants, J, are reported in
hertz (Hz). Low resolution mass spectrometry was performed using a
Micromass Platform Electrospray mass spectrometer. Infrared spectra
were obtained using an Agilent Cary 630 diamond attenuated total
reflectance (ATR) spectrometer with MicroLab software used to
process the data. Thermogravimetric analysis (TGA) was conducted
using a Mettler TGA/DSC 1 instrument. The temperature was
ramped at 5 °C/min to 400 °C under a N, supply of 10.0 mL/min,
and the data were analyzed using the STARe system. Microanalyses
were performed at the Science Centre, London Metropolitan
University, UK. Powder X-ray diffraction were collected on a Bruker
D8 Focus diffractometer equipped with Cu—Ka radiation (4 = 1.5418
A) at room temperature. The sample was mounted on a zero
background silicon single crystal stage. Data were collected in the
angle interval 20 = 5—55° with a step size of 0.02°. The collected data
were compared to predicted patterns based on low-temperature single
crystal data. Fluorescence spectra were run on a Cary Eclipse
Fluorescence Spectrophotometer. The crystals were ground in K-Y
jelly and spread onto 150 pm coverslips and mounted inside the
spectrophotometer. The emission was measured with the samples
excited at 380 nm and scanned from 400 to 680 nm at 800 V with the
excitation and emission slits at 10 mm. The fluorescence was also
tested using a confocal microscope setup previously reported.”® The
sample was excited using a 375 nm pulsed diode laser driver
(PicoQuant, PDL 800-D) and a 375 nm laser head (PicoQuant, LDH-
P-C-375) at a repetition rate of 10 MHz. The light was focused onto
the sample using a 40 X 1.00 N.A. oil immersion objective (Olympus).
Light was passed through a 460 nm long pass filter before being sent
to either the APD or the EMCCD camera. Both florescence methods
showed no luminescent properties above those of the blank sample
(Supporting Information, Figure S16).

Synthesis of H,PheNDI. Naphthalene-1,4,5,8-tetracarboxylic
dianhydride (0.950 g, 3.56 mmol) and L-phenylalanine (1.29 g, 7.83
mmol) were dissolved in DMF (20 mL) and stirred at 80—90 °C
overnight, giving a brown solution which was cooled to room
temperature before being poured over ice. The product was extracted
with ethyl acetate (2 X 100 mL), washed with brine (4 X 200 mL),
and dried over magnesium sulfate before the solvent was removed
under vacuum. The solid was washed with toluene to give the product
as a brown solid. Yield 1.30g, 65%. mp 360—364 °C. Found C, 67.72;
H, 4.23; N, 5.20%; C3,H,,N,04:0.25H,0 requires C, 67.78; H, 4.00;
N, 4.94%. 6,; (400 MHz, d.-DMSO), 3.32 (dd, ¥J = 14.2, 3] = 9.3 Hz, 2
H, CH(CH,), 3.60 (dd, %] = 13.9, 3] = 5.6 Hz, 2 H, CH(CH,), 5.86
(dd, *J = 9.5, % = 5.6 Hz, 2 H, CH), 7.15 (m, 10H, CHyy,,), 8.64 (s, 4
H, CHypy), 13.09 (br., 2 H, COOH). 6 (100 MHz, d-DMSO), 34.3,
54.6, 125.6, 126.0, 126.3, 128.1, 1289, 1312, 137.8, 161.9, 170.2. v,
/em™' 2937w, 1706s, 1667s, 1581m, 1452m 1335s, 1248s, 1154m,
835m, 778s. m/z (ES™) 561.1 ([M — H]~, 50%), 517.1 ([M — CO,—
H]~, 100%).

Synthesis of poly-[Mn(DMF)(HPheNDI),]-H,0-MeOH (1).
H,PheNDI (20.0 mg, 35.6 gmol) and MnClL-4H,0 (21.0 mg, 106
umol) were added to a solvent mixture of DMF (2 mL), methanol (1
mL), and H,O (1 mL) in a glass vial and sonicated to dissolve. The
reaction mixture was heated to 70 °C in a dry block incubator for 7
days, after which time yellow needles of 1 were formed, which were
isolated by vacuum filtration. Yield 5.4 mg, 22.4%. Found C, 61.92; H,
432 N, 6.14%; C,HN4O,sMn-H,0-MeOH ([Mn(HPheNDI)-
(DMF),]-H,0-MeOH) requires C, 62.05; H, 4.55; N, 6.12%. v,
/em™ 3612w, 2937w, 1330m, 1245s, 1185m, 1111m, 1062m, 991m,
931m, 872m, 827m, 746s, 701s. TGA: On-set, 25 °C, mass loss = 3.0%
(calculated 2.9% for loss of MeOH and H,0). Bulk phase purity was
confirmed by PXRD (Supporting Information, Figure S1).

Synthesis of poly-[Cd(bipy)(OH,)(PheNDI)]-3.5H,0-DMF (2).
H,PheNDI (20.0 mg, 35.6 umol), Cd(NO;),-4H,0 (43.6 mg, 141
umol), and 4,4'-bipyridine (2.8 mg, 17.8 umol) were added to a
solvent mixture of DMF (2 mL), methanol (1 mL), and H,O (1 mL)
in a glass vial and sonicated to dissolve. The solution was heated at 85
°C in a dry block incubator for 4 days, after which time yellow needle
crystals of 2 were formed, which were isolated by vacuum filtration.
Yield 17.8 mg, 98.3%. Found C, 54.98; H, 4.31; N, 7.13%;

DOI: 10.1021/acs.cgd.6b00901
Cryst. Growth Des. 2016, 16, 6294—6303


http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.6b00901/suppl_file/cg6b00901_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.6b00901/suppl_file/cg6b00901_si_001.pdf
http://dx.doi.org/10.1021/acs.cgd.6b00901

Article

Crystal Growth & Design

T¥8Y8HT

(9)ozo0

€681°0

76800

16910

890°0

97800

00671

€816

¥

't'id

(T)o01

(61)0°60tS

06

06

06

(¥)s16'61

(b)6Sc61

(€)ocov1

UMQEOQHOJHEO

96'6VT1

St1 OBZGETJA%U
L

0b8H8H1

(s)610°0

19570

8001°0

6LYT0

19600

€1¥0°0

L18ST

0€ST6

¥

et

(T)oo1

(5)9880T1

06

06

06

(8)s96'6€

(#)599°61

(¢)Tsser

uﬂﬂeoauoﬂuuo

$9'65T¢

mNOQZN—uU_nmﬁ ~U
9

6€8H8F1
()¥To—
70LT0
8IIT°0
SHST0
69600
€101°0
L6601
091+€
I
d
(T)o01
(y1)TTISE
(£)og'86
(€)s6901
(€)sS06
(£)62091
(£)ogost
(£)ces+1
ouIpLg
91°$91¢
mmOQZ‘\ﬁUﬁ:mmﬂU
S

8E8H8FT
(S)¥vo0
8ELT0
60800
¥791°0
£990°0
9011°0
T8EHT
8FTEl
I
2d
(T)oor1
(81)6°STIS
06
(€)98°¢6
06
(€)196°S1
911827
(DpLSTI
U_GEUOQOE
£0°8861
m.mNOm,QZmﬁEm.ﬁmm.me
4

LESYSYT
(£)000°0
88070
1980°0
8T6T°0
9690°0
L0600
£806
SSHT9
T
0
(2)oot
(T)sots
06
(€)ors11
06
(e)¥eoo1
(6911
(9)sLs'1€
U_QJUOEOE
050+
mNom.EzmmuUm.ow:m.Sﬁ U
€

9¢8t8Y T

(6)650°0

7991°0

0£90°0

8€91°0

66500

81900

+780T

S9SLS

¥

7'

(T)oo1

(91)¥'S¥S+

06

06

06

(D)¥o811

(v)¥¥eot

(v)876'81

U_QEOSMOJ?MO

T'L¥8

mO¢Z_qumm~¢U
T

L—1 spunodwo)) 10§ eje( Jusurouyay pue sryderSoqeis r) 1 spqer

SE8YSYT
(£)8100
1L0T°0
1700
S901°0
$0¥0°0
9950°0
09081
6£L96
T
zd
(T)o01
(1)t 160€
06
(©)r196
06
(£)665 1
(S)¥9s-st
(L1)01EE8
UH::UOQOE
61TLET
oNOoZGEooEKU
I

fLqunu 3ddd

1ajourered e[y

(e3ep [re) sonpea (1 )ym [euy
(e3ep [re) senfea 1y [euy

((1) 9T < 1) senpea (1) dm [euy

((1) 9T < 1) senpea 1y [euy
uE.NN

suondafjal Juapuadapur
paInseawr SUONdIIPAI

Z

dnoig aoeds

3/ dway

m<\mE£c>

Sap/4

Sop/d

3ap/0

A
v/9

v/?

wasAs [e3sk1o
1ySrom enuIO]
enuwoy eourdurs

DU T ﬁﬁﬁO&EOu

DOI: 10.1021/acs.cgd.6b00901

Cryst. Growth Des. 2016, 16, 6294—6303

6296


https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1484835&id=doi:10.1021/acs.cgd.6b00901
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1484836&id=doi:10.1021/acs.cgd.6b00901
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1484837&id=doi:10.1021/acs.cgd.6b00901
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1484838&id=doi:10.1021/acs.cgd.6b00901
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1484839&id=doi:10.1021/acs.cgd.6b00901
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1484840&id=doi:10.1021/acs.cgd.6b00901
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1484841&id=doi:10.1021/acs.cgd.6b00901
http://dx.doi.org/10.1021/acs.cgd.6b00901

Crystal Growth & Design

C4,H;3oN,0,Cd-3.5H,0-DMF ([Cd(PheNDI)(bipy)(H,0)]-3.5H,0-
DMEF) requires C, 54.97; H, 4.51; N, 7.12%. 0, /cm™"' 1705m, 1655s,
1577s, 1499w, 1452m, 1413m 1376m, 1331s, 1277m, 1247s, 1219m,
1174m, 1098w, 1068w, 1042w, 988w, 939w, 911w, 872w, 837w, 814m,
783s, 747m, 697m, TGA: On-set, 25 °C, mass loss = 13.3% (calculated
13.8% for loss of 1 DMF and 3.5 H,0). Bulk phase purity confirmed
by PXRD (Supporting Information, Figure S2). The X-ray diffraction
data were processed using the SQUEEZE routine of PLATON, which
showed a void space of 328 e per unit cell, (82 e~ per asymmetric
unit) corresponding to 1 DMF and 3.5 H,O molecules per asymmetric
unit.

Synthesis of poly-{[Cd,(bipy),(PheNDI),][Cd(bipy)(DMF), -
(NO3),(OH,)o 511H,0-DMF (3). H,PheNDI (10.0 mg, 17.8 umol),
4,4'-bipyridine (1.40 mg, 8.9 ymol), and Cd(NO;),-4H,0 (10.9 mg,
35.6 pumol) were added to DMF (3 mL) in a glass vial and sonicated to
dissolve. The reaction mixture was heated at 110 °C in a dry bath
incubator for 96 h, after which time a red crystalline material of 3 was
formed, which was recovered by vacuum filtration. Yield 0.43 mg, 5%.
Found C, 53.42; H, 3.66; N, 8.72%; Co;H,N,30,,CdyH,0-DMF
( [Cdz(PheNDI)z(biPY)z] [Cd(biPY) (NO3),(DMF)(H,0)]-H,0-
DMF) requires C, 53.40; H, 3.67; N, 8.72%. v, Jem™ 3516w,
2937w, 1709m, 1654m, 160Ss, 1574s, 1454m, 141Ss, 133Ss, 1249s,
1173m, 1113m, 1071m, 815m, 784m, 704m. TGA: On-set, 30 °C;
mass loss = 8.7% (calculated 9.0% for loss of 1 H,O and 1 DMF).
Phase purity was confirmed by PXRD (Supporting Information, Figure
S3).

Synthesis of poly-[Mn,(bipy),(PheNDI),][Mn(bipy)(DMF)-
(NO5),]:0.5DMF-7H,0 (4). H,PheNDI (20.0 mg, 35.6 umol), 4,4'-
bipyridine (5.6 mg, 17.8 ymol), and Mn(NO3),-4H,0 (18.0 mg, 71.2
umol) were added to a solvent mixture of DMF (2 mL) and H,0 (1
mL) in a glass vial and sonicated to dissolve. The reaction mixture was
heated to 70 °C in a dry block incubator for five nights, after which
time orange crystals of 4 were formed, which were recovered by
filtration. Yield 8.5 mg, 67%. Found C, 55.85; H, 3.70; N, 8.38%;
CyrH; N 30,5Mn,-0.SDME-7H,0  ([Mn,(PheNDI), (bipy),][Mn-
(bipy)(DMF)(NO;),]-0.SDMF-7H,0) requires C, 55.95; H, 4.22;
N, 8.95%. U / em™! 2934w, 1707s, 1666s, 1620s, 1602s, 1572,
1452m, 1412s, 1378m, 1333s, 1300s, 1248s, 1221m, 1173m, 1110m,
1088m, 1068m, 1044m, 991m, 916w, 878m, 853w, 812s, 781s, 752m,
731m, 700m, 678m. TGA On-set, 25 °C; mass loss = 7.0% (calculated
7.6% for loss of 0.5 DMF and 7 H,0). Phase purity is confirmed by
PXRD (Supporting Information, Figure S4). The X-ray diffraction data
were processed with the SQUEEZE routine of PLATON, which
showed voids of 330 A® containing 95 e per asymmetric unit, which
would correspond to 7 H,O molecules which are not modeled in the
crystal structure.

Synthesis of poly-[Cd,(DMF)(dpe),(PheNDI),(OH,),]-10H,0-
0.5DMF (5). H,PheNDI (40.0 mg, 71.2 umol), Cd(NO;),-4H,0
(87.2 mg, 142.4 pmol), and 1,2-di(4-pyridyl)ethylene (9.2 mg, 71.2
umol) were added to a solvent mixture of DMF (4 mL), MeOH (1.5
mL), and H,0 (1.5 mL) in a glass vial and sonicated to dissolve. The
reaction mixture was heated to 85 °C in a dry block incubator for 12 h,
after which time yellow crystals of 5 were formed, which were
recovered by vacuum filtration. Yield 47.7 mg, 40%. Found C, 55.27;
H, 3.83; N, 5.62%; CH,;;N;;05Cd,-10H,0-0.5DMF ([Cd,-
(PheNDI),(dpe)4(H,0),(DMF)]-10H,0-0.SDMF) requires C,
55.58; H, 4.01; N, 5.59%. v, /cm™" 3334w, 3028w, 1991w, 1946w,
1771w, 1663s, 1573s, 1409m, 1331s, 1245m, 1174m, 1111w, 988m,
835m, 783s, 697m. TGA: On-set, 25 °C, mass loss = 7.0% (calculated
6.4% for loss of 0.5 DMF and 10 H,O molecules.) Phase purity is
confirmed by PXRD (Supporting Information, Figure SS).

Synthesis of poly-[Cd,(PheNDI),(4PyNDI),]-6H,0-2DMF-
MeOH (6). H,PheNDI (20.0 mg, 35.6 umol), Cd(NO;),-4H,0
(43.6 mg, 141 pmol), and N,N’-bis(4-pyridyl)-1,4,5,8-naphthalene
tetracarboxylic diimide (15.0 mg, 35.6 ymol) were added to a solvent
mixture of DMF (2 mL), MeOH (1 mL), and H,0 (1 mL) in a glass
vial and sonicated to dissolve. The reaction mixture was heated at 85
°C in a dry block incubator for 48 h, after which time yellow needle
crystals of 6 were formed, which were recovered by vacuum filtration.
Yield 323 mg, 38.7%. Found C, $7.57; H, 3.42; N, 8.19%;
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C,1,HeN,,0,,Cd,-6H,0-2DMF-MeOH ([Cd,PheNDIL (4PyNDI),]-
6H,0-2DMF-MeOH) requires C, 57.79; H, 3.83; N, 7.93%. 0,
Jem™ 1705m, 1663s, 1577s, 1493w, 1448w, 1407w, 1379w, 1329s,
1245s, 1191m, 1146s, 1118s, 1092.4w, 1064w, 984w, 913w, 865w,
829w, 766s, 699.m, 658m. TGA: On-set, 53 °C, mass loss = 6.3%
(calculated 6.7% for loss of 2 DMF). Phase purity is confirmed by
PXRD (Figure S6). The structure was processed with the SQUEEZE
routine of PLATON, showing voids of 435 A containing 138 e per
asymmetric unit, which corresponds to 6 H,O and 1 DMF molecules
more than the DMF and MeOH already modeled in the crystal
structure (6 H,O, 2 DMF, and 1 MeOH in total). The MeOH and
H,0 within the structure were likely lost before the TGA and
microanalysis was conducted.

Synthesis of poly-[Mn,(PheNDI),(4PyNDI),]-3DMF-2MeOH-
H,0 (7). H,PheNDI (10 mg, 18 umol), Mn(NO,),-4H,0 (9.0 mg,
36 pumol), and N,N’-bis(4-pyridyl)-1,4,5,8-naphthalene tetracarboxylic
diimide (7.5 mg, 18 ymol) were added to a solvent mixture of DMF (2
mL), methanol (1 mL), and H,O (1 mL) in a glass vial and sonicated
to dissolve. The reaction mixture was heated to 85 °C in a dry block
incubator for 24 h, after which time yellow crystals of 7 formed, which
were recovered by vacuum filtration. Yield 8.0 mg, 38%. Found C,
60.14; H, 3.46; N, 8.75%, [Mn,(PheNDI),(4PyNDI),]-3DMF-
2MeOH-1H,0, requires C, 60.61; H, 3.93; N, 8.62%. v,,,, /cm™
3389w, 1659m, 1577s, 1439m, 1346s, 1241s, 1181m, 1096m, 1014w,
962w, 865w, 775m, 660s. TGA: On-set 50 °C; mass loss = 15.1%
(calculated 14.9% for loss of 3 DMF, 2 MeOH, and 1 H,0). Phase
purity is confirmed by PXRD (Figure S7).

B X-RAY CRYSTALLOGRAPHY

Data collection for all compounds was performed at the
Australian Synchrotron on the MX1 or MX2 beamline
operating at 17.4 keV (1 = 0.7108)*° with data collections
conducted using Blulce control software.”” Data indexing and
integration was conducted using the XDS program.” All
structures were solved using direct methods with SHELXS®” or
the dual-space method with SHELXT™ and refined by least-
squares procedures with SHELXL-2014*" within OLEX-2.*
Non-hydrogen atoms were refined with anisotropic displace-
ment parameters (with the exception of the nonmetal atoms in
5, further information given in the Supporting Information).
Hydrogen atoms were placed in calculated positions and
refined using a riding model with isotropic displacement
parameters 1.2 or 1.5 times the isotropic equivalent of their
carrier atoms. Where possible, the hydrogen atoms on oxygen
were located from the Fourier difference map and refined with
appropriate restraints and isotropic parameters 1.5 times the
isotopic equivalent of their carrier atoms. Most structures had
difficulty in refinement due to disorder, poor diffraction, or
solvent accessible voids (requiring SQUEEZE)," and specific
refinement details are given in the Supporting Information. The
crystallographic and refinement data are presented in Table 1.

B RESULTS AND DISCUSSION

Our previous work using H,AlaNDI and H,LeuNDI showed
that both ligands were capable of forming an M,L, metal-
lomacrocyclic motif when incorporated into coordination
polymers.”>** In the case of poly-[Cd(AlaNDI)], catenation
of these rings occurs, whereas this is not the case for the more
sterically encumbered poly-[Cd(LeuNDI)] material. The
phenylalanine-containing H,PheNDI is similarly bulky, with
the added “complication” of phenyl rings that can compete
against NDI--NDI interactions, and therefore, the structure of
a PheNDI coordination polymer in the absence of any
coligands was sought.
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The reaction of H,PheNDI with MnCl, at 70 °C in a solvent
mixture of DMF, MeOH, and H,0 (2:1:1) yielded yellow
crystals that were structurally characterized to reveal the
coordination polymer poly-[Mn(DMF),(HPheNDI),]-MeOH-
H,0 (1). Whereas our previously reported coordination
polymers contain fully deprotonated amino acid NDI ligands,
only one of the carboxylic acids of each ligand in 1 is
deprotonated. The Mn" ion has a distorted octahedral
geometry in which the equatorial sites are occupied by two
monodentate carboxylate groups and two monodentate
carboxylic acid groups, and the axial sites are occupied by
two DMF ligands (Figure 2). Each carboxylic acid group forms
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Figure 2. (a) The metal coordination environment in the structure of
1, showing hydrogen bonding as red dashed lines. (b) The 2D sheet of
1 showing 77— interactions within the sheet between the NDI core
and the phenyl side chain as blue dashed lines (right). Hydrogen
atoms are omitted for clarity.

a hydrogen bond with a carboxylate group coordinated to the
same metal jon. The HPheNDI ligands bridge between two
metal nodes, forming a (4,4) sheet (Figure 2). The
combination of the z-rich naphthalene core and the phenyl
side chain of the ligand leads to 7—x interactions within the
structure. There are two near-parallel face-to-face z-interactions
between a phenyl group of an HPheNDI ligand with the
naphthalene core of a neighboring ligand within the windows of
the 2D sheets (closest C--C distances 3.376(3) and
3.4355(9) A). Two unique nonparallel z-interactions exist
between adjacent sheets (closest C-+C distances = 3.2789(5)
and 3.3959(7) A, interplanar angles 32.148(7) and 33.197(9)°,
respectively). Despite repeated attempts, coordination poly-
mers of the form [M(PheNDI)] could not be isolated.

The influence of the addition of pyridyl coligands to the
synthesis of coordination polymers with carboxylate ligands has
been explored in the literature as well as in our own work with
NDI ligands and has shown to lead to a wide range of
topologies and entanglement which would not be possible in
the absence of coligands.””*>**~** The synthesis of coordina-
tion polymers utilizing PheNDI was, therefore, explored using a
series of linear pyridyl coligands.

It is known from our earlier work that dipyridyl ligands are
able to thread through bis-NDI metallomacrocycles; therefore,
H,PheND], Cd(NO;),-4H,0, and 4,4'-bipyridine (bipy) were
reacted at 85 °C in a solvent mixture of DMF, MeOH, and
H,O (2:1:1). The reaction yielded crystals which were analyzed
by X-ray crystallography to reveal a coordination polymer of
the formula poly-[Cd(bipy)(OH,)(PheNDI)] (2). The Cd"
ion adopts a distorted pentagonal bipyramidal geometry, with
two chelating carboxylate groups from PheNDI ligands and an
aqua ligand occupying the equatorial sites and the nitrogen
donor atoms of two bipy ligands occupying the axial sites
(Figure 3). The PheNDI ligands adopt a “U-shaped” geometry
and form {Cd,(PheNDI),} metallomacrocycles similar to those
previously reported.””** The {Cd,(PheNDI),} metallomacro-
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Figure 3. {Cd,(PheNDI),} metallomacrocycle motif in the structure
of 2, showing the coordinated bipy ligands and the aqua ligand (left).
The 1D chain of 2 (center). The packing of the 1D chains by 7—7n
stacking between the bipy ligands of one chain with the NDIs of the
adjacent chains (right, aqua ligands are omitted for clarity).

cycles are bridged into a ladder-like 1D chain by the bipy
ligands, forming an apparent “tube” of metallomacrocycles that
propagates parallel to the c-axis. The plane of the naphthalene
core of the PheNDI ligand is approximately perpendicular
(84°) to the plane of the bipy ligands, which allows 7—z
stacking between these two ligands of adjacent chains (closest
C--C distance = 3.353(11) A) (Figure 3). In addition to this
face-to-face m-interaction, the bipyridine is also nestled between
the flanking phenyl side chains with CH---7 interactions from
the bipy to the phenyl rings (CH--centroid distances
2.7216(4) and 2.9890(4) A).

Although the planes of the NDIs within the metallomacro-
cycles in 2 are 7.621(3) A apart, a suitable distance for 7—rx
interactions with an aromatic guest to form a polyrotaxane or
polycatenane, the metallomacrocycle remains “empty”. The
structure of 2 exhibits 24.6% void volume (as calculated using
Mercury),”” corresponding to the channels through the
metallomacrocycles in which no solvent was able to be
modeled from the diffraction data. On the basis of previous
results of coordination polymers involving NDI metallomacro-
cycles, it was expected that the bipy ligand may thread through
the metallomacrocycle, given the potential for favorable 7—x
interactions. However, the configuration of the phenyl side
chains on the PheNDI ligand seems to generate too much steric
bulk for two NDIs to approach closely to each other, as
demonstrated by the excellent size fit of the bipy ligands
between the phenyl rings. In a similar manner to the previously
reported 1D — 3D polyrotaxane, poly-[Cd,(LeuNDI),(bipy)-
(DMF);(H,0)], in which the isobutyl side chain of the
LeuNDI ligand was too bulky to allow polycatenation of the
NDI metallomacrocycles and there were z-interactions between
the NDI and the bipy, the structure of 2 demonstrates that the
addition of bipy to an NDI ligand with a bulky side chain will
lead to m-interactions between the bipy and NDI ligands.

The influence of synthetic conditions on the structure of
coordination polymers is demonstrated by the reaction of
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H,PheNDI, Cd(NO;),, and bipy at 120 °C in DMF, which
yielded crystals of the formula poly-{[Cd,(bipy),(PheNDI),]-
[Cd(bipy)(DMF), {(NO;),(OH,)os]}'DMF (3). The struc-
ture of 3 involves two different entangled coordination
polymers, namely, a 2D sheet, poly-[Cd,(bipy),(PheNDI),]
and a 1D chain, poly-[Cd(bipy)(DMF),(NO;),(OH,)ys]
(Figure 4). The 2D sheet is structurally similar to the 1D
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Figure 4. (a) The [Cd,(PheNDI),(bipy),] 2D sheets in the structure
of 3. (b) The [Cd(bipy)(NO;),(DMF)(H,0)] 1D chain in the
structure of 3. (c) The polythreaded sheets of 3 showing the 2D sheets
in red and the 1D chains in blue. Hydrogen atoms and phenyl rings are
omitted for clarity.

“tubes” in the structure of 2 and can be seen as tubes that are
connected side-by-side through bimetallic nodes. The {Cd,-
(PheNDI),} metallomacrocycles bridge between bimetallic
nodes which have one carboxylate chelating to each metal
and two carboxylates that bridge the metals in a y-1x0,2x0’
coordination mode, thereby forming a continuous chain of
metallomacrocycles similar to those previously reported with
AlaNDI in poly-[Cd,(AlaNDI),(DMF),] and LeuNDI in poly-
[Cd,(LeuNDI),(DMA),].*>** The Cd" ion in the 2D sheet
adopts a distorted octahedral geometry with the bridging and
chelating carboxylates in the equatorial sites and the bipy
ligands in the axial sites. Axial coordination of the bipy ligands
on each Cd" of the bimetallic node allows formation of “double
pillars” between the bimetallic nodes to bridge the metal-
lomacrocycle chains into a (4,4) sheet (Figure 4).

The Cd" ion in the 1D chain adopts a distorted octahedral
geometry in which the axial sites are occupied by the nitrogen
donor atoms of bipy, two of the equatorial sites are occupied by
disordered DMF (75%) and H,O (25%) molecules, and the
other two equatorial sites are occupied by nitrate anions. The
sheets of 2 cannot interpenetrate because the double pillars of
bipy ligands cannot fit within the metallomacrocycles, as single
bipy ligands have been shown to do in previously reported 1D
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- 3D golyrotaxane, poly-[Cd,(LeuNDI),(bipy) (DMF);-
(H,0)].** Instead, the 1D chains of [Cd(bipy)(DMF),-
(NO;),(OH,);s] thread through the metallomacrocycles, with
near-parallel 7—7 interactions between the bipy of the chains
and PheNDI ligands of the metallomacrocycles (closest C-C
distance = 3.42(2) A) to form a polythreaded assembly or poly-
pseudo-rotaxane (Figure 4). Despite 2 and 3 involving the same
chemical components, the structures of these compounds are
vastly different, due to the difference in reaction conditions and
reagent ratios, although interestingly the H,PheNDI:bipy ratio
remains constant in both reactions and both products are
obtained as pure phases (see the Supporting Information).

The use of Mn" in place of Cd" yields an analogous structure
to that of 3, highlighting the relative consistency with which the
metallomacrocycle forms. The reaction of H,PheNDI, Mn-
(NO,;),, and bipy at 70 °C in a DMF/H,0O mixture (2:1)
yielded orange crystals of the formula poly-{[Mn,(PheNDI),-
(bipy),][Mn(bipy) (DMF)(NO;),]} (4). The structure of 4 is
largely similar to that of 3, with 2D sheets of {Mn,(PheNDI),}
metallomacrocyclic chains with bimetallic nodes bridged by
double pillars of bipy ligands. Through these sheets pass 1D
[Mn(bipy)(DMF)(NO,),] chains with z—x interactions
between the PheNDI ligands and the bipy ligands (closest
C--C distance = 3.369(10) A). There are, however, subtle
differences between the structures of 3 and 4 due to the change
in metal ion. The Cd" in the 1D chains in the structure of 3
have two coordinated nitrate ions and two disordered DMF/
H,O coordination sites, whereas the 1D chains in the structure
of 4 involve two coordinated nitrate ions and only a single,
well-ordered DMF ligand, presumably due to the smaller radius
of the metal ion. The less symmetrical coordination environ-
ment of the metal ion in the 1D chain in 4 compared to that in
3 means that the overall structure of 4 is of lower symmetry,
crystallizing in P2, as opposed to C2 for 3. The influence of the
metal on the material is also observed through the thermal
stabilities of the materials, shown by TGA. Both 3 and 4 show
similar amounts of mass loss due to loss of solvent; however,
they show ligand degradation at different temperatures. The
beginning of ligand degradation in 3 occurs at 290 °C, while 4
shows slightly less thermal stability, beginning to degrade at 260
°C.

Following on from the results obtained with bipy, an
alternative ligand, 1,2-di(4-pyridyl)ethylene (dpe), was em-
ployed in order to investigate the influence of a different, and
longer, coligand on the structure of coordination polymers with
PheNDL The reaction of H,PheNDI, Cd(NO,),, and dpe in a
solvent mixture of DMF, MeOH, and H,O (2:1:1) at 85 °C
yielded orange crystals which were structurally analyzed to
show a coordination polymer of the formula poly-[Cd,(DMF)-
(dpe),(OH,),(PheNDI),], 5. The asymmetric unit contains
four PheNDI ligands, four dpe ligands, four Cd" ions, two aqua
ligands, and one DMF ligand (Figure 5). The four Cd" ions
form two crystallographically unique bimetallic nodes in the
asymmetric unit of the structure, each of which is part of a
crystallographically unique 2D sheet. Similarly to the structures
of 3 and 4, the structure of § also involves {Cd,(PheNDI),}
metallomacrocycles coordinated to these bimetallic nodes
forming continuous chains, which are then bridged by the
dpe ligands to form (4,4) sheets. However, unlike the structures
of 3 and 4, the four metal centers making up the two bimetallic
nodes in § all have different coordination spheres (Figure Sa).
Cd(1) has a distorted pentagonal bipyramidal coordination
geometry. The equatorial sites of Cd(1) are occupied by five
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Figure S. (a) The coordination environments of the two crystallo-
graphically unique bimetallic nodes in the structure of 5. (b) One of
the two crystallographically unique 2D sheets in the structure of §
(involving the Cd(1) and Cd(2) bimetallic node). (c) The 2D — 2D
interpenetration of the two unique sheets. Hydrogen atoms and
phenyl side chains are omitted for clarity.

oxygen donor atoms from three different carboxylate groups;
one carboxylate solely chelates to Cd(1), another carboxylate
bridges between Cd(1) and Cd(2) in a wu-1x0,2k0’
coordination mode, and the third chelates to Cd(1) while
also bridging to Cd(2) in an overall u-1x0,2x*0,0’
coordination mode. The axial sites of Cd(1) are occupied by
a dpe ligand and a DMF ligand. Cd(2) has a distorted trigonal
bipyramidal geometry. The equatorial sites of Cd(2) are
occupied by a monodentate carboxylate group and the
aforementioned two bridging carboxylate groups. Similarly to
Cd(1), the axial sites of Cd(2) are occupied by a dpe ligand and
a solvent molecule, in this case water. In the second bimetallic
node, the coordination environment of Cd(3) is distorted
octahedral with the equatorial sites occupied by one chelating
carboxylate group and two carboxylate groups which bridge
between the metals of the bimetallic node in a u-1x0,2x0’
coordination mode; the axial sites are occupied by a dpe ligand
and an aqua ligand. Cd(4) adopts a distorted square pyramidal
geometry in which the basal sites are occupied by carboxylate
groups in the same coordination modes as Cd(3), and the
apical site is occupied by a dpe ligand.

In a similar manner to the structures of 3 and 4, the
{Cd,(PheNDI),} metallomacrocycles in the structure of § are
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connected through the bimetallic nodes to form 1D chains, and
these chains are bridged by coligands to form (4,4) sheets
(Figure Sb. Note, this topological description refers to an
isolated sheet, ignoring interpenetration). In the structure of S,
however, the dpe ligands form single pillars between the nodes
in contrast to the double pillars of bipy in the structures of 3
and 4. The change from double pillars to single pillars leads to a
significant change in the interactions between polymers. The
2D sheets in the structure of § are 2D — 2D parallel
interpenetrated by virtue of the single pillars of dpe passing
through the {Cd,(PheNDI),} metallomacrocycles, with 7—x
interactions between the dpe and the PheNDI ligands giving a
polyrotaxane motif (Figure 5c)."> The interpenetration of 5
confirms that the double pillars of bipy present in the structures
of 3 and 4 prevented interpenetration between the sheets and
that single, linear aromatic guests can pass through the
metallomacrocycles as intended, in a similar manner to the
polyrotaxane poly-[Cd,(LeuNDI),(bipy) (DMF);(H,0)] re-
ported previously.

The use of a wider dipyridyl ligand, N,N’-bis(4-pyridyl)-
1,4,5,8-naphthalene tetracarboxylic diimide (4PyNDI), was also
investigated. 4PyNDI has a naphthalene core group and so is a
much more z-rich system than bipy or dpe, although is
sterically more demanding. The reaction of H,PheNDI,
Cd(NO;),, and 4PyNDI at 85 °C in a solvent mixture of
DMF, MeOH, and H,O (2:1:1) yielded yellow crystals which
were structurally characterized to reveal a coordination polymer
of formula poly-[Cd,(PheNDI),(4PyNDI),]-6H,0-2DMF-
MeOH (6). The asymmetric unit of 6 contains two Cd"
metal centers, two PheNDI ligands, two 4PyNDI ligands, and
one noncoordinated DMF (other lattice solvent molecules
were assigned by analytical methods; see the Experimental
Section). The structure of 6 contains bimetallic nodes in a
similar manner to those reported in the structures of
compounds 1 and 3—5. The two Cd" ions in the structure of
6 adopt different coordination environments, very similar to
Cd(1)/(2) in the structure of 5. Cd(1) has a distorted
octahedral geometry with the equatorial sites occupied by three
different carboxylate groups; one carboxylate solely chelating to
Cd(1), one carboxylate bridging between Cd(1) and Cd(2) in a
U-1k0,2k0’ coordination mode, and the third bridging between
Cd(1) and Cd(2) while also chelating to Cd(2) in an overall p-
1x0,2*0,0’ coordination mode. The axial sites of Cd(1) are
occupied by the nitrogen donor atoms of two 4PyNDI ligands.
Cd(2) has a distorted pentagonal bipyramidal coordination
geometry in which the equatorial sites are occupied by three
different carboxylate groups, one solely chelating to Cd(2) and
two bridging carboxylates as described above. The axial sites of
Cd(2) are occupied by two 4PyNDI ligands. The 4PyNDI
coligands that occupy the axial sites of each metal in the
bimetallic node form double pillars of the coligand in a similar
manner to that in the structures of 3 and 4.

Unlike the structures of 3, 4, and S, the structure of 6 does
not involve {Cd,(PheNDI),} metallomacrocycles; instead, the
PheNDI ligands form (4,4) sheets with bimetallic nodes
(Figure 6a). The double pillars of 4PyNDI ligands bridge
between the bimetallic nodes to link these sheets into a 3D
network which is a distorted pcu topology (Figure 6). Due to
the presence of two different NDI-based ligands, the structure
of 6 is heavily influenced by 7—x interactions. Within the (4,4)
sheets there is a single 7—7 interaction between the cores of
two PheNDI ligands across the four-membered ring (closest
C--C distance = 3.34(2) A). The close approach of two
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bridging carboxylates (Figure 7). The comparison of 6 and 7
shows a structural tolerance with a change in metal ion having

Figure 7. Difference in the coordination environment within the
bimetallic nodes in the structures of 6 (left) and 7 (right) leads to a
change in space group despite the overall structure remaining the
same.

Figure 6. (a) The (4,4) sheet formed by PheNDI ligands and
bimetallic Cd" nodes in the structure of 6, with the face-to-face 7-
interactions between the ligands shown as blue dotted lines (phenyl
groups and hydrogen atoms are omitted for clarity). The 3D network
of 6 with the {Cd(PheNDI)} sheets going into the page in molecular
form (b) and topologically (c) showing the centroid of the bimetallic
node in purple, PheNDI ligands in red, and double ladders of 4PyNDI
in blue.

PheNDI ligands is allowed as they adopt a different
conformation to those in all other structures. In the structure
of 6, the phenyl groups are oriented away from the central core,
whereas, in 2—3, the phenyl groups are positioned directly over
the core, thereby sterically inhibiting interaction with another
NDI group. In the structure of 1, one phenyl group is over the
core, and the other is facing outward. The phenyl groups in the
structure of 6 are not involved in any face-to-face interactions,
but do act as acceptors to CH---7 interactions from NDIs. The
two 4PyNDI ligands in the double pillars are involved in face-
to-face 7— interactions with each other (closest C---C distance
= 3.54(3) A).

The ligand combination of PheNDI and 4PyNDI was also
conducted with Mn(NOs;), under identical reaction conditions
to those under which 6 was formed. The reaction yielded
orange crystals of the formula poly-[Mn,(PheNDI),-
(4PyNDI),]-2DMF-2MeOH-H,0, 7. The structure of 7 is
almost identical to the structure of 6 with some differences
induced by the incorporation of a smaller metal ion. The
asymmetric unit of the structure of 7 is half that of 6 and
contains one Mn" ion, one PheNDI ligand, and one 4PyNDI
coligand, as well as noncoordinated solvent molecules. The
Mn" adopts a distorted octahedral geometry in which the
equatorial sites are occupied by carboxylate groups; one
carboxylate is chelating solely to Mn(1) and two carboxylates
are bridging between Mn(1) and its symmetry equivalent in a
1-1x0,2k0’ coordination mode. The structures of 6 and 7 are
modeled in different space groups, P2,2,2; and P2,22,
respectively, and the unit cell of 7 is half that of 6 (along the
c-axis). Although the overall connectivity and topology of the
structures of 6 and 7 are identical, the structural difference can
be understood by the slightly different metal coordination
geometries, with the symmetry of the node broken in 6 by the
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no influence on the coordination polymers which were
synthesized with the same ligands under identical synthetic
conditions.

The series of coordination polymers obtained within this
study shows an interesting trend in thermal stabilities based on
their dimensionality. The H,PheNDI ligand shows onset of
decomposition at 170 °C, before showing rapid mass loss at
300 °C. Thermal stability is significantly increased by
incorporation of the ligand into the coordination polymers.
The increase in dimensionality and interpenetration of the
structures of the coordination polymers appears to lead to
higher degradation temperatures. The material consisting of 1D
chains, 2, shows degradation at 230 °C, while that comprising
2D sheets, 1, shows pronounced degradation at 255 °C. The
1D + 2D — 2D polythreaded compounds, 3 and 4, are slightly
more thermally robust, degrading at 290 and 260 °C,
respectively. The 2D + 2D — 2D interpenetrated coordination
polymer, S, shows significantly more thermal stability than the
lower dimensionality or noninterpenetrated compounds,
degrading at 380 °C. The 3D coordination polymers, 6 and
7, are also much more thermally stable than those of lower
dimensionality, with the exception of S, both showing
degradation at 370 °C. It appears that, within this system,
higher dimensionality or interpenetration increases the thermal
stabilities of the coordination polymers (Supporting Informa-
tion, Figure S15).

Given the presence of naphthalenediimides within the
coordination frameworks, the materials were tested for any
solid-state luminescence activity, although none was observed
(see the Supporting Information).

B CONCLUSIONS

Control of interpenetration in coordination polymers which
incorporate a number of different aromatic groups is subject to
a variety of structural considerations. There exists potential for
a number of different interactions to form, complicating the
ability to predict structure. The reported series of compounds
demonstrates that the structures of coordination polymers
containing NDI ligands are heavily influenced by 7z—x
interactions and show similarities with the previously reported
alanine and leucine analogues.

The common metallomacrocyclic motif of bis-amino acid
NDIs, which has previously been reported as recurring in
structures of AlaNDI and LeuNDI, occurs in all of the
coordination polymers involving PheNDI alongside either 4,4'-
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bipyridine or di(4-pyridyl)ethene. These results further
demonstrate the reproducibility of this cyclic motif and its
potential in “engineered” systems. The alteration of synthetic
conditions, typically solvent adjustment which influences the
primary coordination sphere (ie., affecting the ability of the
dipyridyl coligand to coordinate), or the change in coligand was
sufficient to change the dimensionality of the coordination
polymer and/or the presence of aromatic “guests” inside the
metallocycle (i.e., interpenetration or polythreading). In the
structures of 2 and 3/4, the solvation influences the
dimensionality (by capping the metals in 2, yielding a 1D
polymer, but not in 3/4, yielding a 2D polymer with more
coligand coordinating rather than water). Compound $ has
significant structural similarity to 3/4, and to reported AlaNDI
structures, with continuous chains of metallocycles joined by
bimetallic nodes.

The use of a larger coligand, di(4-pyridyl)naphthalene-
diimide, yields two nearly identical 3D coordination polymers
(6 and 7) in which the metallocyclic motif is not present. The
difference in metal ions between these two compounds gives
slightly different metal coordination environments and, there-
fore, a different space group; however, the overall structure
remains essentially unchanged.

The utilization of robust metallocyclic motifs in pseudo-
designed interpenetration has clear merit, although the vagaries
of metal coordination environments still impart some degree of
unpredictability. The nature of the amino acid side chain in
these instances appears to play a role in terms of competing
intermolecular interactions and steric influences (which can
prevent catenation), particularly in the case of phenylalanine
where significant competing 7-interaction may form. Further
investigations of the role of side chains in influencing the
behavior of the metallocyclic motif are underway.
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The reproducibility of an M,L, metallomacrocyclic synthon containing L-alanine substituted naphthalene
diimide ligands (AlaNDI), and its ability to form both catenane and rotaxane motifs, has been demonstrated
in a series of nine homochiral coordination polymers. The planes of the NDIs that comprise the meta-
llomacrocycle are ~7 A apart, an ideal distance for an aromatic group to reside within the ring with multiple
parallel m-interactions. The tendency for these systems to be dominated by n-interactions appears to be a
driving force for interpenetration of these coordination polymers by either the formation of catenanes be-
tween two {M,(AlaNDI),} metallomacrocycles or the formation of rotaxanes by dipyridyl coligands passing
through metallomacrocycles (4,4'-bipyridine, dipyridylethene and dipyridylnaphthalenediimide). Due to
both of these interpenetration motifs being facilitated by parallel n-interactions, the interpenetration of the
individual networks does not typically lead to increased dimensionality in the structures, with the exception
of one material in which a 1D chain interpenetrates in a 1D — 2D manner. Two of the reported coordina-
tion polymers, both containing dipyridylnaphthalenediimide (4PyNDI), are not interpenetrated with
n-interactions present between the 4PyNDI ligands themselves rather than engaging with the macrocycles.
Overall the reproducibility of the metallomacrocycle, and the relatively common occurrence of catenane
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Introduction

Coordination polymers, infinite assemblies of metal ions and
organic linkers, remain an expanding field of research due to
their range of possible physical applications.' The porous sub-
set of coordination polymers, metal-organic frameworks
(MOFs) have an even wider range of additional applications in
areas such as catalysis,"® gas storage,” separations,'®"* and
sensing.”*™> The properties, and consequently applications, of
coordination polymers are heavily reliant on their structure. The
pore size, positioning of functional groups within the pores, chi-
rality of the ligands, interpenetration and the intrinsic chemis-
try of the metal ions are all important factors to consider when
designing coordination polymers and MOFs for specific applica-
tions. The control over, and ability to ‘predict’, structures there-
fore continues to be a very important area of research.'®™? From
a crystal engineering perspective, the structure of coordination
polymers is greatly influenced by the metal ion and ligand used,
specifically in terms of the coordination geometry of the metal
and the size, shape and coordinating groups of the ligand.*

School of Chemistry, Monash University, Clayton, VIC 3800, Australia.

E-mail: david.turner@monash.edu

+ Electronic supplementary information (ESI) available: Full crystallographic re-
finement details, PXRD and TGA traces. CCDC 1537524-1537532. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/
c7ce00498b
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and rotaxane motifs, suggests that this is a promising synthon for further crystal engineering applications.

Synthetic conditions have also been shown to have an influence
on the structure of coordination polymers which are typically
formed under thermodynamic control.*** The structural diver-
sity of coordination polymers, and therefore their potential ap-
plications, can be greatly influenced by the use of mixed-ligand
systems. Often the combination of ligands with different types
of coordinating groups, such as carboxylate and pyridyl groups,
can lead to changes in dimensionality, topology, interpenetra-
tion or porosity of coordination polymers.**>°

Naphthalene diimides (NDIs) have been shown to be versa-
tile ligands in supramolecular chemistry due to the ease by
which they can be functionalised to incorporate a wide variety
of potential coordinating groups.?’ >° NDIs have been used in
a number of discrete supramolecular complexes, including
catenanes and polyhedra.**®" MOFs have also been
synthesised using NDI ligands,**** some of which have inter-
esting optical properties in response to guest molecules.’*°
NDIs in solution typically aggregate through face-to-face
n-interactions aided by their large n-surfaces.’”** Coordina-
tion polymers incorporating NDI ligands usually involve face-
to-face m-interactions dominating their crystal packing with
the potential to lead to topological entangling, or interpene-
tration, of multiple networks.>® Although interpenetration is
mostly seen as a disadvantage to creating MOFs, with the de-
sired void space being fully or partially occupied, it can often
have a stabilising influence on the material.**~**

CrysttngComm
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Our previous work using NDIs in coordination polymers has
been focused on amino acid-substituted ligands for the synthe-
sis of homochiral materials.®*”**** Initially it was found that
poly-[Cd(AlaNDI)(DMF),] (where AlaNDI is an NDI substituted
by r-alanine at the two imide positions) forms a linear 1D poly-
mer of conjoined {Cd,(AlaNDI),} metallomacrocycle motifs."**
The NDI planes within these metallocycles are ca. 7 A apart
allowing for catenation, between perpendicular chains facili-
tated by m-interactions, i.e. interlocked metallomacrocycles.
The use of a bulkier side-chain in the r-leucine analogue,
LeuND]I, hindered catenation of the metallocycles yet allowed
4,4"-bipyridine, which is sterically undemanding, to pass
through the metallocycles to form a polyrotaxane.** The r-phe-
nylalanine analogue, PheNDI, also did not form catenane mo-
tifs yet formed rotaxanes in some instances when combined
with dipyridyl ligands, with the phenyl side-chain apparently
disrupting potential n-interactions between NDIs and dipyridyl
ligands and also hindering catenation due to steric bulk.*”

Herein we report detailed studies on the coordination poly-
mers that form using the less bulky AlaNDI ligand in combi-
nation with a variety of dipyridyl ligands. The {M,(AlaNDI),}
metallocycles have the potential to form either catenane or
rotaxanes motifs in these systems, with the lack of steric bulk
or competing intermolecular interactions from the amino
acid R-group allowing these motifs to form more freely than
in our previous studies. The various interpenetrated topolo-
gies that result are examined and discussed.

Experimental
Materials and methods

All chemicals and reagents were obtained from commercial
sources and used without further purification, with the excep-
tion of 4PyNDI and H,AlaNDI which were synthesized follow-
ing literature procedures.’>** FTIR spectra were obtained
using an Agilent Cary 630 diamond attenuated total reflec-
tance (ATR) spectrometer with MicroLab software used to
process the data. Thermogravimetric analysis (TGA) was
conducted using a Mettler TGA/DSC 1 instrument. The tem-
perature was ramped at 5 °C min~' to 400 °C under an N,
supply of 10.0 mL min™' and the data were analysed using
the STARe system. Microanalyses were performed at the Sci-
ence Centre, London Metropolitan University, UK. Powder
X-ray diffraction data were collected at room temperature
using a Bruker D8 Focus diffractometer equipped with Cu-Ko
radiation (/ = 1.5418 A). The samples were mounted on a zero
background silicon single crystal stage. Data were collected
in the angle interval 260 = 5-55° with a step size of 0.02°. The
collected data were compared to predicted patterns, calcu-
lated using Mercury,” based on low-temperature single crys-
tal data (see ESIY).

Synthetic procedures

Synthesis of poly-[Cd,(AlaNDI),(bipy)(DMF),] [Cd,(AlaNDI),-
(bipy)(DMF),(OH,),], 1. H,AlaNDI (10.0 mg, 24.4 pmol),
Cd(NO;),-4H,0 (15 mg, 48.8 pmol) and 4,4"-bipyridine (1.9 mg,
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12.2 pmol) were added to DMF (3 mL) in a glass vial and soni-
cated to dissolve. The solution was heated at 100 °C in a dry bath
incubator for 24 hours, during which time yellow needle-shaped
crystals of 1 were formed, which were recovered by vacuum filtra-
tion. Yield 12.1 mg, 34%. Found C, 49.37; H, 4.03; N, 9.00%;
Cs59H55N00,0Cd, ([Cd,(AlaNDI),(bipy)(DMF);(OH,)]): requires
C, 49.38; H, 3.86; N, 8.78%. vpa/cm ' 2934w, 1701w, 1646s,
1568s, 1449w, 1400m, 1375m, 1354m, 1331s, 1293m, 1244s,
1216m, 1193m, 1091m, 1060w, 1044w, 964w, 922w, 991w, 927w,
761m, 722w, 672m. TGA: on-set, 40 °C mass loss = 17.0% (calcu-
lated 16.5% for loss of one coordinated H,O and three coordi-
nated DMF molecules). Bulk purity confirmed by PXRD (ESLj
Fig. S1).

Synthesis of poly-|{Cd,(AlaNDI),(bipy)(DMF),(OH,),]-5H,0
-ADMF, 2. H,AlaNDI (10.0 mg, 24.4 umol), Cd(NO;),-4H,0
(30.0 mg, 97.4 umol) and 4,4 -bipyridine (3.8 mg, 24.4 pmol)
were added to a mixture of DMF (2 mL), methanol (1 mL)
and water (1 mL) and sonicated to dissolve. The solution was
heated at 85 °C in a dry bath incubator for 24 hours, during
which time yellow needle-shaped crystals were formed, which
were recovered by vacuum filtration. Yield 13.5 mg. The X-ray
diffraction data were processed with the SQUEEZE routine of
PLATON which showed voids of 786 A® containing 211 e (per
4Cd™) which can be accounted for by voids filled with five wa-
ter molecules and four DMF molecules. Attempted synthesis
of a pure phase of 2 was unsuccessful due to concomitant
formation of 4 (see PXRD, Fig. S27).

Synthesis of poly-[Mn,(AlaNDI),(bipy)(DMF),(OH5,),]-2DMF
-5.5H,0, 3. H,AlaNDI (10.0 mg, 24.4 pmol), Mn(NO;),-4H,0
(12.0 mg, 97.6 umol) and 4,4"-bipyridine (3.8 mg, 24.4 umol)
were added to a solvent mixture of DMF (2 mL), methanol (1
mL) and water (1 mL) and sonicated to dissolve. The solution
was heated to 85 °C in a dry bath incubator overnight, to
yield yellow crystals of 3 which were recovered by filtration.
Yield 4.6 mg, 36%. Found C, 49.77; H, 3.82; N, 8.89%;
CosHgoN1,030Mn,-2DMF-5.5H,0: requires C, 49.87; H, 4.46; N,
8.62%. Vmax/em 2934w, 1699m, 1650s, 1579s, 1505w, 1442m,
1410m, 1373m, 1351s, 1323s, 1271m, 1240s, 1222m, 1099m,
1067w, 1038w, 995w, 967w, 921w, 883w, 844w, 805m, 760s,
728w, 675m. TGA: on-set, 25 °C mass loss = 10.7% (calculated
10.9% for loss of all coordinated DMF and H,O, and 5.5 non-
coordinated H,O and two non-coordinated DMF molecules).
Bulk purity was confirmed by PXRD (ESI;t Fig. S3). The X-ray
diffraction data were processed using the SQUEEZE routine
of PLATON, showing a total void space of 860 A® containing
190 e per unit cell (430 A® with 95 e~ per formula unit). The
solvent assigned from the microanalysis which was not pres-
ent in the crystal structure (1 DMF and 5.5 H,O molecules)
accounts for 95 e per formula unit.

Synthesis of poly-[Cd(AlaNDI)(bipy)(OH,)]-3.5H,0-0.5DMF,
4. H,AlaNDI (20.0 mg, 48.8 umol), Cd(NO,),-4H,0 (15.0 mg,
48.8 umol) and 4,4-bipyridine (7.6 mg, 48.8 umol) were added
to a mixture of DMF (2 mL), methanol (1 mL) and water (1
mL) and sonicated to dissolve. The solution was heated at 85
°C in a dry bath incubator for 4 hours, during which time yel-
low needle-shaped crystals of 4 were formed, which were

This journal is © The Royal Society of Chemistry 2017
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recovered by vacuum filtration. Yield 9.5 mg, 28%. Found C,
47.58; H, 3.55; N, 7.95%; CsoH,,N,00Cd-3.5H,0-0.5DMF
([cd(AlaNDI)(bipy)(OH,)]-3.5H,0-0.5DMF): requires C, 47.61;
H, 4.12; N, 7.93%. vmad/em ' 3359w, 2941w, 2365w, 2084w,
1705m, 1662s, 1572s, 1491w, 1448w, 1408s, 1365m, 1330s,
1246s, 1220m, 1200m, 1150w, 1095m, 1065m, 1008w, 967w,
922w, 879w, 858m, 812m, 765s, 728m. TGA: on-set, 25 °C
mass loss = 14.9% (calculated 14.8% loss for loss of coordi-
nated water and non-coordinated solvent of 3.5 water mole-
cules and 0.5 DMF molecules). The X-ray diffraction data were
processed with the SQUEEZE routine of PLATON which
showed voids of 232 A®, containing 73.5 e”, per asymmetric
unit. The solvent observed in the TGA and microanalysis
which is not modelled in the voids of the crystal structure
would account for 55 e~ per asymmetric unit, some may have
been lost from the material before microanalysis or TGA were
conducted. Bulk purity was confirmed by PXRD (ESL Fig. S4).

Synthesis of poly-[Zn,(AlaNDI),(bipy),]-0.3MeOH-0.7H,0,
5. HpAlaNDI (10.0 mg, 24.4 pmol), Zn(NO;),-6H,0 (19.2 mg,
97.6 umol) and 4,4-bipyridine (3.8 mg, 24.4 pmol) were
added to a mixture of DMF (2 mL), methanol (1 mL) and wa-
ter (1 mL) and sonicated to dissolve. The solution was heated
at 85 °C in a dry bath incubator overnight, to yield orange
cube shaped crystals of 5, which were recovered by vacuum
filtration. Yield 9.3 mg, 30%. Found C, 56.85; H, 3.35; N,
8.64%; CgoH40N50;6ZNn,-0.3MeOH-0.7H,0: requires C, 56.49;
H, 3.35; N, 8.74%. vma/cm ' 2957w, 1702m, 1667s, 1636s,
1577m, 1524w, 1447m, 1422m, 1370s, 1354s, 1372s, 1288m,
1240s, 1216s, 1201m, 1084m, 1068m, 1032w, 968w, 915w,
874w, 802s, 768s, 720m, 663m. TGA: on-set, 25 °C mass loss
= 2.5% (calculated 2.0% for loss of uncoordinated 0.3 MeOH
and 0.7 water molecules). Bulk purity was confirmed by
PXRD (ESL; Fig. S5).

Synthesis of poly-[Mn(HAIaNDI),(dpe)], 6. H,AlaNDI (10.0
mg, 24.4 pmol), Mn(NO3),-4H,0 (12.0 mg, 97.6 umol) and 1,2-
di(4-pyridyl)ethylene (4.4 mg, 24.4 umol) were added to a sol-
vent mixture of DMF (2 mL), methanol (1 mL) and water (1 mL)
and sonicated to dissolve. The solution was heated to 85 °C in
a dry bath incubator for two nights, to yield yellow crystals of 6
which were recovered by filtration. Yield 5.1 mg, 9.8%. Found
C, 59.15; H, 3.33; N, 7.87%; C5,H;36NsO;,Mn; requires C, 59.15;
H, 3.44; N, 7.96%. vma/cm ' 2943w, 1702m, 1657s, 1599m,
1578m, 1450w, 1420w, 1371w, 1353m, 1332s, 1246s, 1200m,
1138w, 1115m, 1086m, 1043m, 1010m, 965m, 924m, 887m,
841s, 805m, 773s, 760s, 723m, 650m. TGA on-set, 25 °C mass
loss = 0% Bulk purity was confirmed by PXRD (ESL; Fig. S6).

Synthesis of poly-[Cd,(AlaNDI),(4PyNDI),]-4DMF, 7, poly-
[Cd,(AlaNDI),(OH,),(4PyNDI),] DMF-H,0, 8 and poly-[Cd,-
(AlaNDI),(DMF),(OH,),(4PyNDI)|- DMF-4H,0, 9. H,AlaNDI (10.0
mg, 24.4 umol), Cd(NO;),-4H,0 (30.0 mg, 97.4 umol) and
4PyNDI (6.0 mg, 14.3 umol) were added to a solvent mixture of
DMF (2 mL), methanol (1 mL) and water (1 mL) and sonicated
to dissolve. The solution was heated to 85 °C in a dry bath incu-
bator for 24 hours, to yield yellow crystals which were recovered
by filtration. Yield 21.1 mg. The X-ray diffraction data of 7 were
processed with the SQUEEZE routine of PLATON which showed
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voids of 727 A®, containing 162.5 e”, per asymmetric unit, which
could account for four DMF molecules. However as 7 could not
be obtained as a pure phase, the solvent present in the pores
could not be determined unequivocally by TGA and microanaly-
sis. PXRD shows compounds 7, 8 and 9 present in the bulk
sample (ESL} Fig. S7).

Crystallography

Data collection for all compounds was performed at the Aus-
tralian Synchrotron on the MX1 beamline*® operating at 17.4
keV (1 = 0.7108) using the Blulce control software.”” Data
indexing and integration were conducted using the XDS pro-
gram.*® All structures were solved with SHELXT,*® using the
dual-space method, or SHELXS using direct methods,” and
refined by least-squares methods using SHELXL-2016/6 within
OLEX-2.°"*> Non-hydrogen atoms were refined with aniso-
tropic displacement parameters. Hydrogen atoms were placed
in calculated positions and refined using a riding model with
isotropic displacement parameters 1.2 or 1.5 times the isotro-
pic equivalent of their carrier atoms. The O-H hydrogen
atoms were placed in calculated positions and refined using
SHELX DFIX and DANG restraints to maintain their positions
in the structures of 1, 2, 5, 8 and 9. The O-H hydrogen atoms
were held in calculated positions by AFIX 7 or AFIX 147 in the
structures of 3, 4 and 6. The structures of 2, 3, 4 and 7
contained solvent accessible voids, and were processed with
the SQUEEZE routine of PLATON.>® Specific refinement de-
tails are given in the supplementary information. The crystal-
lographic and refinement data are presented in Table 1.

Results and discussion

The coordination behaviour of AlaNDI, in terms of its ability
to reproducibly form metallomacrocycles and an exploration
of the interpenetration motifs that form in the presence of a
range of linear dipyridyl coligands, was investigated. Our pre-
vious results have shown that AlaNDI is capable of forming
catenane motifs between conjoined {Cd,(AlaNDI),} macro-
cycles, although the ligand is also able to adopt a divergent
conformation which does not form the cyclic motif.'>**
Whilst sterically bulkier derivatives (LeuNDI and PheNDI)
have shown no propensity towards forming catenanes, they
have been shown to form rotaxanes in combination with li-
gands such as 4,4-bipyridine and dipyridylethylene.>”** The
AlaNDI ligand in the presence of these dipyridyl ligands rep-
resents an interesting case; it has the potential to form either
self-complementary catenane motifs or rotaxanes that incor-
porate the secondary ligand.

The reaction of H,AlaNDI, Cd(NO;), and 4,4-bipyridine
(bipy) in DMF at 100 °C yielded orange crystals containing
the 1D coordination polymer poly-[Cd,(AlaNDI),(bipy)(solv),],
1. The two crystallographically unique Cd" ions, as parts of
two unique 1D chains in the structure, exist as monometallic
nodes, both with trigonal bipyramidal coordination geome-
tries (Fig. 1a). The equatorial positions are occupied by one
bipy and two monodentate AlaNDI carboxylate groups. The
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solvent ligands coordinated at the axial sites differ for the
two unique metal centres. The axial sites of Cd(1) are both
occupied by DMF ligands, while the axial sites of Cd(2) are
both occupied by disordered water and DMF ligands (50 : 50).
As we have observed previously with coordination polymers
involving amino-acid NDI ligands, the structure of 1 involves
{Cd,(AlaNDI),} metallomacrocycles in which the naphthalene
groups in this motif are almost parallel and form a suitably
sized gap in which to accommodate an aromatic guest with
face-to-face m-interactions (with shortest inter-NDI C---C dis-
tances of 7.111(7) A and 7.129(10) A). These meta-
llomacrocycles are bridged by the bipy ligands into a 1D
chain of alternating rings and threads (Fig. 1b). The structure
contains two crystallographically unique 1D chains that are
perpendicular and co-planar. The intersection of these chains
involves a rotaxane motif in which the bipy of one polymer is
threading through the metallomacrocycle of another, which
leads to an overall 1D — 2D polyrotaxane (Fig. 1c). The bipy
ligand interacts with the macrocycle by m-interactions with
closest C---C contacts of 3.402(12) and 3.461(12) A. The 2D
polyrotaxane sheets pack by virtue of n-interactions between
the exterior faces of the metallomacrocycles.

The structure of 1 highlights the reproducibility of poly-
rotaxane motifs in amino acid-NDI systems, with strong simi-
larities to the structure of the previously reported coordina-
tion polymer poly-[Cd,(LeuNDI),(bipy)(DMF);(OH,)] which is a
1D — 3D polyrotaxane.*® The cause of the difference in inter-
penetration topology between these two structures lies in the
relative orientation of the bipy and the metallomacrocycle in
the 1D chain, and is presumably brought about by the change
in steric bulk of the amino acid side chain. In the 1D — 3D
polyrotaxane, the bipy is twisted by approximately 35° with re-
spect to the NDI macrocycle leading to a 3D polyrotaxane,
while in the structure of 1 the bipy and NDIs are parallel,
leading to a 2D polyrotaxane. Perhaps this can be rationalised

(a)

(b)

Fig. 1 (a) The metal coordination environment of Cd(l) in 1, (b) a
single chain of 1 and (c) perpendicular 1D chains of 1 feature the bipy
ligands threading through metallomacrocycles to form a 1D — 2D
polyrotaxane.
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in terms of packing, with the less bulky AlaNDI ligands
allowing 2D polyrotaxane sheets to stack, whereas this is
disallowed for the bulkier LeuNDI analogue and hence an al-
ternative packing motif forms. The impact of the side chain
on structure is clearly important, with similar reactions in-
volving PheNDI not displaying interpenetration.>” The pres-
ence of a rotaxane motif in 1, rather than a catenane, could
be rationalised by the closer packing; a catenane motif would
necessitate pores in an interpenetrated 2D network.

It is well documented that reaction conditions can influ-
ence products in self-assembly syntheses, herein demon-
strated by reacting H,AlaNDI, bipy and Cd(NOj3), in DMF:
methanol : water (2:1:1) at 85 °C to concomitantly form poly-
[Cd4(AlaNDI),(bipy)(DMF),(OH,),]-5H,0-4DMF, 2 and poly-
[Cd(AlaNDI)(bipy)(OH,)]-3.5H,0-0.5DMF, 4. Whilst 4 could be
isolated in a pure form, by using the exact stoichiometry of
metal and ligands present in the product, numerous attempts
to isolate 2 as a pure material, by a variety of synthetic alter-
ations, failed to yield the clean product.

The asymmetric unit of 2 contains one bimetallic Cd node
coordinated by four halves of unique AlaNDI ligands, half of
a bipy ligand, two DMF molecules and an aqua ligand. Each
metal adopts a distorted trigonal bipyramidal geometry
(Fig. 2a) in which the equatorial sites of each are occupied by
one monodentate carboxylate with two carboxylate groups
bridging between the two metals in p-1x0,2kO’ coordination
modes. The formally non-coordinating oxygen atoms of the
monodentate carboxylates have weak interactions at Cd---O
distances of 2.717(6) A and 2.962(5) A. The axial sites of
Cd(1) are occupied by a DMF ligand and a bipy ligand, and
the axial sites of Cd(2) are occupied by a DMF and an aqua li-
gand. The bipy exhibits rotational disorder and is modelled
over two positions, with the planes of these two pyridyl posi-
tions offset by 70.3(13)°. The bimetallic nodes are bridged by

(a)

b BPRIRBTIRL]
g Y L7 % | Rl % Y ,
G y f ’}%v{} { GR¥C &
e gics ATREn Sipes T Sigcs =l
S SUUIURIT SV
L ¥ 7 p ) { #,
Jigeos =M=l =S =R BCe Syt ST =]
Fig. 2 (a) The metal coordination environment in the structure of 2. Only
one part of the rotational disorder of the bipy ligand is shown. (b) The (6,3)

sheet formed by the bridging of bipy between bimetallic nodes of
metallomacrocycle chains in 2. All hydrogen atoms are omitted for clarity.
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pairs of AlaNDI ligands forming the anticipated conjoined
metallomacrocycles in the same manner as the previously
reported 1D chain poly{Cd(AlaNDI)(DMF),].*> The bipy li-
gands are aligned perpendicular to the metallomacrocycle
chains, and therefore bridge between the bimetallic nodes of
adjacent chains to form a (6,3) sheet (Fig. 2b, taking the
macrocycle to be a simple 2-connector between nodes).

The individual 2D sheets in the structure of 2 interpene-
trate in a 2D — 2D manner with catenane motifs between
NDI metallomacrocycles from the separate sheets involving
parallel face-to-face m-interactions with the closest C---C dis-
tances being 3.520(8) A and 3.491(9) A (Fig. 3). AlaNDI is the
only ligand we have studied to date that displays this motif,
with the bulkier LeuNDI and PheNDI ligands showing only
rotaxane formation of their metallomacrocycles. The inter-
penetrating layers pack by face-to-face n-interactions between
the surfaces of the NDI ligands external to the meta-
llomacrocycles, with the closest C---C distance being
3.4069(7) A. Whilst an individual network in 2 can be de-
scribed as having (6,3) topology, the loops cannot be simpli-
fied as a single linker in the overall structure due to the inter-
penetration, therefore the topology of this coordination
polymer is described by the Schifli symbol 2°-6%. It would ap-
pear that the bipy exhibits disorder because it is not involved
in m-interactions. It may be reasonably assumed that the
catenane motif forms, when sterically allowed by the ligands,
in order to maximise interactions between the large NDI &
surfaces. An alternative fact to this argument is that rotaxane
motifs do form in the presence of AlaNDI (vide infra). It
seems likely that the shape of the individual frameworks
plays a significant role. Obviously they are required to be self-
complementary, such that the macrocyclic groups align in
the correct orientation for interpenetration, and also that
other ligating species do not sterically prevent such interpen-
etration from occurring.

A reaction conducted under identical reaction conditions
to those for 2/4 using manganese, yielded a coordination
polymer of the formula poly{Mn,(AlaNDI),(bipy)(DMF),-
(OH,),]-2DMF-5.5H,0, 3, which is essentially isostructural to
2, with the exception of a lack of rotational disorder of the
bipy ligand and a slight difference in the metal coordination
environments. The two metals in the asymmetric unit of 3

Fig. 3 (a) The catenane motif of by which the two perpendicular
sheets are interpenetrated in the structure of 2. All hydrogen atoms
are omitted for clarity. (b) The interpenetrating (6,3) sheets, ligands
shown as rods and NDI metallomacrocycles shown as loops.
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form a bimetallic node. Mn(1) adopts a distorted octahedral
geometry, with the equatorial positions occupied by one che-
lating carboxylate group and two carboxylate groups which
bridge the two metal centres in a p-1x0,2xkO’ coordination
mode, analogous to both Cd" ions in 2. The difference lies in
the coordination environment of Mn(2), which adopts a trigo-
nal bipyramidal geometry. The equatorial sites are occupied
by a monodentate carboxylate group and the two carboxylates
which bridge between the metal centres. The axial sites are
occupied by a bipy ligand and disordered aqua/DMF site (50:
50). In the same manner as 2, 1D chains of {Mn,(AlaNDI),}
metallomacrocycles are bridged by bipy coligands to form a
(6,3) sheet with 2D — 2D interpenetration by a catenane mo-
tif between the {Mn,(AlaNDI),} metallomacrocycles involving
n-interactions between the NDI planes (closest C---C distance
=3.523(6) A).

As mentioned above, forming concomitantly with com-
pound 2 is poly-{Cd(AlaNDI)(bipy)(OH,)]-3.5H,0-0.5DMF, 4. Al-
though 4 involves the same components as 2 their ratios, and
subsequently the structures, are different. The asymmetric
unit of 4 contains one Cd" metal centre, an AlaNDI ligand, a
bipy ligand and an aqua ligand. The Cd" adopts a distorted
pentagonal bipyramidal coordination geometry, the equato-
rial sites are occupied by two chelating carboxylate groups of
AlaNDI ligands and an aqua ligand, and the axial sites are oc-
cupied by two bipy ligands. The AlaNDI ligand adopts an “S”
shape, i.e. trans configuration, unlike the “U” shape in all the
other coordination polymers discussed herein, and therefore
cannot form analogous metallomacrocycles. In our studies of
this class of ligand the trans geometry is by far the least com-
mon,'® with the macrocycle seemingly preferred even in in-
stances where no ‘guest’ is present.

The “S”-shaped NDI ligands in 4 form a 1D chain by
bridging between the monometallic Cd" nodes, with the car-
boxylates coordinated to the same face of each node, and the
bipy ligands bridge between these chains to give a 3D net-
work. Given the relative rigidity of the AlaNDI ligands it is a
geometric requisite around the metal centre that in this con-
figuration they still maintain a distance of ca. 7 A between
their NDI planes and therefore maintain potential for face-to-
face m-interactions between networks (Fig. 4). The overall
structure is 2-fold interpenetrated, as two networks stack to-
gether with the 1D NDI chains being intertwined (closest
C---C distance = 3.305(6) A) and the bipy ligands also ar-
ranged in an infinite stack (closest C---C distance = 3.429(6)
A). Small channels remain, into which the aqua ligands are
protruding, containing unresolved electron density associated
with solvent molecules.

Common between the structures of 2 and 4 is the fact that
the NDI ligands are exclusively involved in n-interactions with
other NDIs, rather than with the bipy ligands. This implies
that even in the absence of the macrocyclic motif in the case
of 4 (and therefore absence of the catenane motif) that these
homo-interactions are preferred. Using PheNDI the same
metal-to-ligands ratio yields a 2D sheet containing meta-
llomacrocycles and double bipy pillars between bimetallic

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) The {Cd(AlaNDI)} chains formed by the “S” shaped AlaNDI
ligands in the structure of 4; the bipy ligands coordinate to the metal
into and out of the page. (b) The two-fold 3D — 3D interpenetrated
networks with one network shown in blue and one shown in red,
looking down the NDI chains, showing the face-to-face n-stacking of
the NDI ligands and of the bipy ligands.

nodes, further highlighting the significant role that the side
chain appears to exert.””

To date, the NDI-macrocycle motif has been predominantly
observed when cadmium or manganese is used.’”** To fur-
ther explore the robustness of the macrocycle, the AlaNDI/
bipy system was investigated using zinc, which has a smaller
ionic radius. Reaction conditions analogous to those used in
the synthesis of the 2/4 mixture yielded a material with the
formula poly-[Zn,(AlaNDI),(bipy),]-0.3MeOH-0.7H,0O, 5. The
two Zn" centres in the asymmetric unit adopt a distorted tet-
rahedral coordination environment, with two monodentate
carboxylate groups and two bipy ligands in the coordination
sphere of each monometallic node. The AlaNDI ligands are
“U” shaped, bridging between two monometallic nodes to
form a {Zn,(AlaNDI),} metallomacrocycle. The meta-
llomacrocycles are bridged by bipy ligands in two directions
to form a (6,3) sheet, with roughly T-shaped nodes, which
contain a 1D chain motif similar to that in 1. The sheets inter-
penetrate in a 2D — 2D parallel manner, with the bipy ligands
within the 1D chain motif threading through a perpendicular
metallomacrocycle by a rotaxane motif (Fig. 5). The rotaxane
motif involves near parallel face-to-face n-interactions (closest
C---C distance = 3.476(8) A and 3.539(7) A, interplanar angles
7.01(12)° and 6.80(12)°). The structure is quite similar to that
of 1, and can be visualised as interpenetrating perpendicular
chains that are connected by another bipy. There are also near
parallel face-to-face m-interactions between the 2D sheets in-
volving the NDI ligands (closest C:--C distances = 3.472(13) A
and 3.488(8) A, interplanar angle 9.98(14)° and 0.86(13)°, re-
spectively). Despite the smaller ionic radius, and therefore
lower coordination number, of Zn" in the structure of 5 in
comparison to Cd" in the structures of 1, 2 and 4, the meta-
llomacrocyclic motif persists, demonstrating a resilience to
the change in nature of the metal ion.

The coordination behaviour of AlaNDI alongside dipyridyl
ligands was further explored by using 1,2-di(4-pyridyl)ethylene
(dpe). The reaction of H,AlaNDI, dpe and Mn(NO;), was
again carried out under identical reaction conditions to 2-5,
to yield crystals of the formula poly-{Mn(HAlaNDI),(dpe)], 6.
The structure of 6 is unlike those discussed thus far, as only
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Fig. 5 The 2D — 2D parallel interpenetration of the sheets of 5,
showing the bipy coligands threading through the metallomacrocycles.

one of the two carboxylic acid groups on H,AlaNDI has been
deprotonated. The asymmetric unit of the structure contains
one Mn" ion, two HAIaNDI ligands, and a dpe ligand. The
Mn" metal centre adopts a distorted octahedral geometry,
with the equatorial sites occupied by two monodentate car-
boxylate groups and two carboxylic acid groups, and the axial
sites occupied by two dpe ligands. There is hydrogen bonds
around the metal between the O-H of the coordinating car-
boxylic acids and the uncoordinated oxygen atom of the car-
boxylate groups (H---O distances = 1.612(4) A and 1.566(4) A),
Fig. 6a. The HAlaNDI ligands are “U” shaped, forming a con-
tinuous 1D chain of metallomacrocycles connected by mono-
metallic Mn" nodes. The dpe ligands bridge between pairs of
metal nodes of adjacent chains to form a (4,4) sheet. These
sheets interpenetrate in a 2D — 2D parallel manner, with the
dpe ligands threaded through the metallomacrocycles with
face-to-face m-interactions between the two ligands (closest
C---C distance = 3.357(7) A), Fig. 6b. The interpenetrated
layers stack by m-interactions between the external faces of
the HAIaNDI ligands (closest C---C distance = 3.312(7) A).
The difference in the protonation state of the ligand has a
significant influence on the structure of the coordination
polymer, contrasted with those containing the dianionic
AlaNDI = species. Although the metallomacrocycles are
maintained they involve monometallic, rather than bimetal-
lic, nodes for charge balance. The structure is a (4,4) sheet,
in contrast to the (6,3) sheets of 1, 2, 3 and 5, presumably

(a)

Fig. 6 (a) The metal coordination environment in the structure of 6
(all hydrogen atoms not participating in hydrogen bonding are omitted
for clarity) with hydrogen bonding shown in dashed red lines. (b) The
2D — 2D parallel interpenetration of the sheets of 6, with one sheet
shown in red and the other sheet in blue.
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because the macrocycles cannot be spaced out by the
dipyridyl ligand (as in 5) without forming a cationic network.
Despite numerous attempts, a coordination polymer
containing Mn", dpe and fully deprotonated AlaNDI could
not be isolated.

The longer dipyridyl ligand, N,N'-bis(4-pyridyl)-1,4,5,8-
naphthalene tetracarboxylic diimide (4PyNDI) was also used in
combination with AlaNDI. The reaction of H,AlaNDI, 4PyNDI
and Cd" under the same reaction conditions as 2-6 yielded
concomitant crystals of three coordination polymers, poly-
[Cd,(AlaNDI),(4PyNDI),]-4ADMF, 7, poly-[Cd,(AlaNDI),(OH,),-
(4PyNDI),] DMF-H,0, 8 and poly-[Cd,(AlaNDI),(DMF),(OH,),-
(4PyNDI)]-DMF-4H,0, 9. Despite many attempts at subtly varying
the reaction conditions, a pure phase of each compound was un-
able to be synthesised, demonstrating that while the occurrence
of the macrocyclic motif may be somewhat predictable, the overall
structure of the materials that form much less easy to foretell.

Poly-[Cd,(AlaNDI),(4PyNDI),]-4DMF, 7, is a 2D sheet which
contains bimetallic Cd" nodes, similar to those in the struc-
ture of 2, in which each of the metal ions adopts a distorted
octahedral geometry. The equatorial sites are each occupied
by a chelating carboxylate group and two carboxylate groups
bridging between the metals in a p-1x0,2xO’ coordination
mode, giving rise to a chain of conjoined metallocycles simi-
lar to the previously reported [Cd(AlaNDI)(DMF),],*> and the
structures of 2 and 4. All four of the axial sites in the bimetal-
lic node are occupied by 4PyNDI ligands (Fig. 7a). The
4PyNDI form °‘double pillars’ which bridge the 1D meta-
llomacrocycle chains into 2D sheets. These pillars contains
near parallel face-to-face m-interactions between both the
naphthalene groups (closest C---C distance = 3.328(10) A,
interplanar angle 2.0414°), and between the pyridyl groups
(3.7222(8) A and 3.4138(7) A, 6.405(3)° and 30.328(9)°, respec-
tively). The 2D sheets are not interpenetrated as these ‘dou-
ble pillars’ are too bulky to thread through the AlaNDI meta-
llomacrocycles. The parallel arrangement of the 4PyNDI
ligands is not a motif that is observed for the AlaNDI ligands;
this is presumably due to the slight steric bulk of the methyl
group in AlaNDI which prevents such a spatial arrangement.
It appears that the macrocycles are filled by solvent (by
SQUEEZE analysis) although this could not be modelled.
They pack in an offset manner with the 4PyNDI and AlaNDI
ligands of adjacent sheets involved in n-interactions (closest
C---C distances = 3.3493(7) A and 3.3847(7) A, interplanar
angle 1.4614(4)° and 2.8690(8)°).

\\V.

Fig. 7 (a) Metal coordination environment in the structure of 7 and (b)
one 2D sheet. Hydrogen atoms omitted for clarity.
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Compound 8 is also a 2D coordination polymer with the same
ratio of metal and ligands as 7, yet a very different structure.
Poly-[Cd,(AlaNDI),(OH,),(4PyNDI),]-DMF-H,0O contains one
formula unit in its asymmetric unit. Each metal centre adopts
a distorted trigonal bipyramidal geometry in which the equa-
torial positions are occupied by two monodentate carboxylate
groups of the AlaNDI ligand and a 4PyNDI coligand, and the ax-
ial positions are occupied by a 4PyNDI coligand and an aqua li-
gand. The structure of a single network of this coordination poly-
mer is similar to that of 4, involving 1D chains of alternating
{Cd,(AlaNDI),} metallomacrocycles and 4PyNDI ligands that are
bridged by perpendicular 4PyNDI coligands, to form (6,3) sheets
with T-shaped monometallic nodes (Fig. 8). The sheets are inter-
penetrated in a 2D — 2D manner by a rotaxane motif with the
4PyNDI which is perpendicular to the metallomacrocycle-
containing chains threaded through the metallomacrocycles
(closest C---C distances = 3.38(3) A and 3.43(3) A, interplanar
angle 1.5(3)° and 0.8(5)°, respectively). There are also
n-interactions between the sheets, involving the external faces of
the AlaNDI macrocycles and the 4PyNDI coligands which are not
threaded (closest C---C distance = 3.34(3) A and 3.40(3) A, inter-
planar angle 9.8(3)° and 11.1(4)°, respectively). The plane of the
pyridyl groups of each of the 4PyNDI coligands are rotated with
respect to the plane of the naphthalene core by 69.67(3)° and
77.91(3)° and by 58.583(19)° and 49.072(17)° for the non-
interpenetrating and interpenetrating ligands, respectively, and
so are not involved in any m-interactions. In contrast to 7, the
structure of 8 shows that 4PyNDI can engage in m-interactions
with AlaNDI and form rotaxane motifs in a similar manner to
those occurring in 5 and 6 rather than self-associate.

The third concomitant product containing 4PyNDI, poly-
[Cd,(AlaNDI),(DMF),(OH,),(4PyNDI)]-DMF-4H,0, 9, is

(a)

PRt B~ {@%

AL . A
2 % =

Fig. 8 (a) A single (6,3) sheet in the structure of 8. (b) The 2D — 2D
parallel interpenetration of the sheets involving a rotaxane motif.

This journal is © The Royal Society of Chemistry 2017
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(a)

(b)

Fig. 9 (@ The 1D <chains of alternating {Cd,(AlaNDlI),}
metallomacrocycles and 4PyNDI in the structure of 9 (hydrogen atoms
omitted for clarity) and (b) one macrocycle showing associated solvent
(the DMF and one water reside within the macrocycle).

considerably different to 7 and 8, being a non-interpenetrated
1D coordination polymer. The asymmetric unit contains one
formula unit which comprises significantly more solvent that
compounds 7 and 8, limiting connectivity of the polymer. Both
unique Cd" ions adopt a distorted pentagonal bipyramidal ge-
ometry in which the equatorial sites are occupied by two che-
lating carboxylate groups of the AlaNDI ligands, and a 4PyNDI
coligand, and the axial sites are occupied by a coordinated
DMF and an aqua ligand. {Cd,(AlaNDI),} metallomacrocycles
with monometallic nodes are bridged by 4PyNDI coligands to
give a 1D chain, Fig. 9, very similar to the chains of 1, which
form a 1D — 2D polyrotaxane, or the previously reported poly-
[Cd,(LeuNDI),(bipy)(DMF);(OH,)] 1D — 3D polyrotaxane.*
However, unlike the previous systems involving bipy, the chains
in the structure of 9 do not form a polyrotaxane. The space in-
side each metallomacrocycle is filled with one water and one
DMF (with the former involved in hydrogen bonds to the latter
and a carboxylate). Non-parallel face-to-face n-interactions exist
between the AlaNDI ligands and 4PyNDI coligands of adjacent
chains (closest C---C distance = 3.366(11) A and 3.424(11) A,
inter-planar angle 26.08(7)° and 25.80(7)°, respectively). It is
somewhat surprising that this rotaxane motif does not occur,
as it is demonstrated herein to be a favourable motif with bipy,
and it is certainly possible for a 4PyNDI to pass through the
metallomacrocycle, as in the structure of 8. It is possible that,
given 4PyNDI is longer than bipy, the chains may not be able to
pack in a favourable way to be compatible with a rotaxane mo-
tif. The structures of 7, 8 and 9 show that a variety of coordina-
tion polymers can form concomitantly with the same compo-
nents, highlighting the unpredictability of these systems,
despite the prevalence of the metallomacrocyclic synthon.

This journal is © The Royal Society of Chemistry 2017
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Conclusions

The AlaNDI ligand displays a strong tendency to form inter-
penetrated coordination polymers featuring an M,L, meta-
llomacrocyclic motif when wused in combination with
dipyridyl ligands. Whilst changes in metal ion, dipyridyl li-
gand and synthetic conditions influenced the overall struc-
ture of the coordination polymers and the nature of the inter-
penetration, the cyclic motif persisted in all but one of the
nine examples reported herein. Interpenetration occurs in
one of two ways; by a catenane motif between two meta-
llomacrocycles, or a rotaxane motif with a dipyridyl ligand
threaded through a macrocycle. In both cases the interpene-
tration is mediated by face-to-face m-interactions allowed by
the favourable distance between the NDIs within the meta-
llocycle (ca. 7.2 A). In comparison to previously reported
amino acid-NDI coordination polymers utilising the bulkier
PheNDI and LeuNDI ligands, with phenyl or isobutyl side
chains, respectively, the methyl side chain of AlaNDI more
readily allows the formation of interpenetrated coordination
polymers (based on the percentage of isolated structures with
each of these ligands). The differences in structure are attrib-
uted to steric bulk; the catenane motif is not observed with
LeuNDI or PheNDI. Furthermore, rotaxane motifs appear
more common than in the case of PheNDI for which there
can be competing n-interactions from the phenyl side group.

For the AlaNDI ligand in the current study, interpenetration
is still not a guaranteed outcome from the self-assembly pro-
cess, with the degree of unpredictability in these systems
highlighted by two syntheses that result in concomitant forma-
tion of multiple crystalline products. Eight of the nine struc-
tures contain the macrocyclic motif (with the exception being
compound 4, which is still interpenetrated); of these eight
structures, two are not interpenetrated. Compound 7 cannot
interpenetrate due to the ‘double pillars’ of the 4PyNDI ligand,
which are too large to fit through the macrocycles and do not
allow catenation (the pillars would overlap in a 2D — 2D ar-
rangement). Compound 9, despite the 1D chain being very
closely related to that in 1, contains solvent within the macro-
cycles, rather than forming the anticipated rotaxane, although
the driving force behind this situation is unclear.

The remaining catenane- and rotaxane-containing struc-
tures contain chains of either conjoined macrocycles (2, 3
and 6) or macrocycles bridged by dipyridyl ligands (1, 5 and
8). Compounds 2 and 3, which are essentially isostructural,
are the only ones to contain the catenane motif. The macro-
cycle: bipy ratio (2:1) is lower in these two compounds than
the others that are reported. As such, the (6,3) network inter-
penetrates in a more efficient manner through catenation,
with all macrocycles participating, than it would through a
rotaxane motif (which would leave vacant macrocycles and
pores in the structure). Compounds 1 and 6 both have a 1:1
macrocycle:L ratio (L = bipy and dpe, respectively) which
leads to close-packed rotaxane structures in which every
dipyridyl ligand passes through a macrocycle. The topologies
of these two compounds are different, due primarily to the
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protonation state of the ligand and therefore the number of
metal ions present for charge balance. In both cases the
interpenetration forms 2D architectures, 1D — 2D and 2D —
2D for 1 and 6, respectively, with the co-planar arrangement
of the individual nets forced by the geometric requirements
of the rotaxanes. Compounds 5 and 8 have a 1:2 macrocycle:
L ratio, i.e. a stoichiometric excess of the dipyridyl ligand (L =
dpe and 4PyNDI, respectively). Both of these compounds form
(6,3) sheets, in which each 6-membered ring contains two
macrocycles and four dipyridyl ligands. Again, interpenetration
is between two co-planar networks through rotaxane motifs,
with half of the dipyridyl ligands not involved leading to some-
what less closely packed networks, particularly in the case of
8 which contains the longer 4PyNDI ligands. The ratio between
the two types of ligands appears to play a defining role in the
types of interpenetrated networks that form. Whilst precise
control of which ratio preferentially crystallises remains some-
what unpredictable under self-assembly conditions, the recur-
ring presence of the metallomacrocycle highlights its useful-
ness as a reproducible supramolecular synthon.
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