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Abstract

This thesis concerns the rational design and controlled self-assembly of supramolecular
architectures for application in areas such as molecular recognition. The research focuses on the
cyclotriveratrylene family of molecular hosts, where their incorporation into both polyhedral
and polymeric assemblies bestows hosting ability to the complexes isolated.

A novel pyridine-N-oxide ligand library has been prepared and the first examples of formal
coordination polymers of the lanthanide(lll) cations are subsequently reported. Their self-
assembly was extended to the transition metals and a variety of coordination complexes were
isolated that feature uncommon network topologies and structurally aesthetic motifs, such as

large internal pore spaces.

The combined effects of ligand solubility and rigidity were investigated and used to rationalise
the selective isolation of a homochiral, triply-interlocked [2]-catenane over simple capsular
assemblies. This was further exemplified in the isolation of a metastable cage complex which
underwent a symmetry-induced inter-cage transformation to afford a much larger, polyhedral
complex. The solution-phase chemistry of these cages was further investigated and a

sophisticated assembly/disassembly cycle was determined.

A stable family of cage complexes has been prepared using classical organometallic chemistry
and self-assembly processes. Such cages were highly stable and their formation was observed to
be cooperative. The solid state host-guest chemistry of these species was investigated, where
they were observed to uptake various guests, including gaseous iodine, in a single-crystal-to-

single-crystal manner.
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Chapter 1
Introduction
1.1 Overview

Work presented in this thesis details the synthesis of novel cyclotriveratrylene (CTV)
derivatives and their subsequent employment in the preparation of metallo-supramolecular
assemblies. This chapter will introduce the reader to the field of supramolecular chemistry,
outline the core principles and describe its development based on current, topical literature. It
will provide context and indicate both the relevance and significance of the research reported to

the field of supramolecular chemistry.
1.2 Supramolecular chemistry

The existence of forces between molecules was realised by Johannes van der Waals in 1873.™
How they interact, with particular emphasis on complementarity and specificity, was later
postulated by Herman E. Fischer in the late 19™ century.” It wasn’t until decades later,
however, that Jean-Marie Lehn would pioneer the field of ‘supramolecular chemistry’ — the
chemistry of the intermolecular bond.®! Supramolecular chemistry (from the Latin supra,
meaning beyond) uses these relatively weak and dynamic intermolecular interactions  to
control the spatial arrangement of molecular components in a given (bermolekile, or
supermolecule.®! Lehn went on to summarise this phenomenon as “chemistry beyond the
molecule, the science of non-covalent interactions”, meaning: the spontaneous self-assembly of
one or more molecular subunits to form a complex via weak but cooperative non-covalent
interactions.” Following receipt of the Nobel Prize, shared by Cram, Lehn and Pedersen in
1987, supramolecular chemistry now represents a multidisciplinary field that encompasses both
the physical and biological sciences that is targeted towards the construction of materials with
both application and function.[”? Modern day supramolecular chemistry has grown in accordance
with the availability of analytical techniques, where increasingly powerful instrumentation, such
as X-ray diffraction from synchrotron sources ® and novel solution-phase probes,'* has enabled

the elucidation of species that could not have been otherwise achieved.™"!

The formation of a supermolecule is directed by self-assembly processes.™ George Whitesides
regards this to be the “autonomous organisation of components into patterns or structures
without human intervention”. This is a general term that suggests self-assembly occurs on all
scales and is responsible for the appearance of order from disorder, regardless of the system.™?
At the molecular level, self-assembly proceeds as the individual molecular subunits recognise

one another in solution, through non-covalent interactions, to form intermediary kinetic



products that comprise the dynamic combinatorial library (DCL)."* These form and dissipate
reversibly, generally under thermodynamic control, and are recycled to form a single entity as
the system spontaneously evolves towards the lowest energy conformation and a state of
maximum entropy.™™ Solvation and solubility also direct self-assembly, which can lead to
polymerisation and incomplete or unwanted self-assembly products. Thus, carefully pre-
programming the molecular components and controlling their environment allows for some
degree of predictability with regard to structural outcome.™™ For this to occur, careful
consideration must be paid to the molecular components so that they interact in the manner that
they were intended, otherwise the desired species may be inaccessible via self-assembly.™ !
However, and despite meticulous efforts to control the way in which molecules interact, the
results of self-assembly are often entirely serendipitous.™”

Whilst scientists have become rather adept in “unnatural product synthesis”, the most
sophisticated and elegant examples of supramolecular self-assembly are found in Nature.*
Single-stranded DNA (deoxyribose nucleic acid), for example, can locate and pair with its
complementary strand with extremely high selectivity. Hydrogen bonding (A---T and C:--G)
and 7-n stacking of nucleobases, alongside a minor solvophobic contribution, afford the double
stranded helix with high fidelity.™® Using these principles for design tools, Nadrian Seeman

went on to establish the entirely new field of DNA nanotechnology.?”

1.3 Metallo-supramolecular chemistry

Supramolecular interactions typically range from 5 to 300 kJ/mol and are cooperative. The ion-
dipole coordination bond is regarded as one of the strongest intermolecular interactions,
depending on the level of covalency, and therefore largely directs the formation of a metallo-
supramolecular complex, with secondary interactions such as hydrogen bonding and =-7
stacking attributable to structural fine tuning.”! The degree of complementarity between metal
cation and ligand, with respect to orbital suitability, preferred geometry and relative lability,

allows for some amount of predictability when forming such complexes.?!

Control over the coordination bond has allowed for a wide range of metallo-supramolecular
architectures to be prepared, including coordination cages, polymers and topologically non-
trivial constructs, each with unique properties and application. The field of metallo-
supramolecular chemistry is now highly extensive. As such, the following is not intended to be
a comprehensive review, but to introduce the pioneering research and illustrative examples that

focus on host-guest chemistry, molecular recognition and catalysis.



Perhaps the first example of a well-defined architecture prepared through metal-directed self-
assembly was a double-stranded helicate reported by Lehn./®! The self-assembly of copper(1)
trifluoroacetate (CF3CO;) and a linear tris(2,2’-bipyridine) ligand afforded the double-stranded
helicate as a racemic mixture in near-quantitative yield, indicating the systems ability to self-
sort through selection.’? The complex was observed to possess an overall helical chirality (A or
A) and crystallised as a racemate, with no evidence of the meso compound as a self-assembly
product. Lehn remarked upon the conserved helical chirality and likened it to the DNA double
helix discovered by Watson, Crick and Franklin.”® The construction of metallo-helicates
remains an active field in supramolecular chemistry which includes assemblies for guest

binding ?® and in quantum information transfer as ‘Qubits’ (unit, quantum bit)."’

Lehn went on to prepare higher order helical assemblies, including two circular double helicates
formed through additional anion templation & that would later be used by Leigh as precursors
to the topologically non-trivial pentafoil knot @ and molecular Solomon’s link ¥ and also
afford inspiration for Stoddart’s Borromean rings " and other interlocked molecules.®™ Lehn’s
circular helicate and Leigh’s pentafoil knot are particularly illustrative examples where choice
of metal salt is crucial to the formation of the desired complex. Whilst it might be envisaged
that a triple-stranded helicate would be afforded through the iron(ll)-coordination of linear
tris(2,2’-bipyridine) ligands, chloride anions act to template the formation of a cyclic structure

through CI---H-Ar hydrogen bonding interactions, Figure 1.1.

Figure 1.1 Crystal structures of Lehn’s cyclic double helicate (a) and Leigh’s pentafoil knot (b).
Chloride anions are coloured blue and shown in space-filling mode and one ligand from each
example is coloured orange for clarity. 25 %]



Following Lehn’s influential work on metallo-helicates, Fujita and co-workers succeeded in
preparing the first geometrically well-defined ‘square’ complex.®! The self-assembly of ditopic
ligand 4,4’-bipyridine and an ethylenediamine-protected palladium(ll) salt afforded the
[Pd,L]® molecular square, where L = 4,4’-bipyridine, Scheme 1.1. The complex was prepared
both rapidly and quantitatively, where the '"H NMR spectra obtained were well resolved and
symptomatic of a single and highly symmetric species present in solution. They concluded that,
based on the 90 and 180 ° bonding angles of the palladium(ll) cation and ligand, respectively,
only the [Pd4L,]*" complex would be accessible without inducing significant molecular strain. It
was also noted that the species possessed an internal cavity of 6.5 x 7.8 x 7.8 A which was able
to reversibly bind 1,3,5-trimethoxybenzene in aqueous media; thus, confirming the ability for

such complexes to recognise guests analogously to the organic cryptands and carcerands. "

The [Pd4L,]* complex remained the focus of their attention for many years, during which time
the crystal structure was obtained, confirming the metallo-rectangular form, Scheme 1.1.F*
Fujita et al. later extended these procedures to the preparation of the first [2]-catenanes formed
through the spontaneous interlocking of two coordination ‘square’ complexes.® Such species
differed from the earlier [2]-catenanes of Sauvage ¥ and Stoddart ! which employed classical

synthetic procedures over dynamic self-assembly.
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Scheme 1.1 The formation of Fujita’s ‘molecular square’ through self-assembly. The crystal
structure is shown inset, highlighting the geometrically well-defined shape.** %%

By using the predefined shapes of complementary molecular building blocks, chemists were

able to predictably prepare a wide range of geometrically well-defined complexes, under



thermodynamic control. This methodology would later be termed the ‘directional bonding’
approach by Stang ¥ and used to construct a plethora of cyclic nanostructures % that included
rectangles Y and polygons.”? It was noted that as long as the molecular precursors were mixed
in the appropriate stoichiometry and that the inherent symmetry and number of interactive sites
were complementary, then a single self-assembly product would always be afforded.*!

Whilst such species are structurally aesthetic, their potential application in host-guest and

recognition chemistry is limited due to the lack of internal ‘chemical space”.!*!

14 Coordination cages: Sophisticated molecular recognition and catalysis

The organic carcerands (from the Latin carcer, meaning prison) displayed an ability to strongly
bind guests, generally solvents and other small molecules, in the formation of a carceplex,
Figure 1.2.! Donald Cram likened the interior of such species to a new form of matter that
was unlike the interior phases of zeolites or other clathrates and that their ability to exist in the
solid, liquid or even gaseous bulk phases would be advantageous for the ‘imprisonment’ of

molecules. He, and others, noted that such ‘container compounds’ were a prototype towards

increasingly advanced molecular hosts that may offer application in the delivery of drugs and
[44]

other useful products.

Figure 1.2 Displaying the encapsulation of nitrobenzene by one of Cram’s dissymmetric
carcerands in the formation of a carceplex. The nitrobenzene molecule is distinguished in
colour and displayed in space-filling mode for clarity.!

Prior to their elucidation, Cram postulated that coordination cages would have an even greater
impact on areas such as catalysis and cargo delivery and that by controlling the self-assembly of
suitably pre-functionalised organic ligands and metal cations it would be possible to construct
larger assemblies that would possess a similarly well-defined internal ‘space’. Furthermore, it

was predicted that the use of metal-directed self-assembly would negate the multi-step and often



pyrrhic syntheses required to construct a covalent analogue.”® In the years that followed,
research into coordination cages would be largely application driven. "

Coordination cages are often the entropically favoured product of self-assembly and therefore
require suitably labile coordination bonds in order to facilitate their formation, ensuring that
they may be isolated as the sole product, under thermodynamic control.* “®1 Likewise, they are
often highly symmetric and closely resemble Platonic and Archimedean solids.*"! Platonic
solids represent the five regular polyhedra; the tetrahedron, cube, octahedron, dodecahedron and
icosahedron, and are so named due to the incorporation of a single polygon at the faces.
Archimedean solids consist of two or more regular polygons which meet at identical vertices

and include the cuboctahedron, amongst many others.

Possessing a well-defined exterior, some of the higher order solids may be likened to viral
capsids, such as Adenoviridae (human Adenovirus; HAdV),® which consists of over one
million amino acid residues in a manner that resembles an icosahedron.® The unusually high
symmetry and large relative size make such species difficult to prepare synthetically; however,
Atwood and Barbour have succeeded in mimicking icosahedral viral geometry in the crystalline

solid state through the controlled crystallisation of p-sulfonatocalix[4]arene.®?

The first three dimensional coordination cage, isolated by Saalfrank and co-workers in 1988,
was prepared by the Grignard reaction of a substituted dimalonate ester with methylmagnesium
bromide (MeMgBr) in tetrahydrofuran (THF) solvent, Scheme 1.2.5% They noted that the 'H
NMR spectrum of the complex was “impressively simple”, suggesting that the complex must
therefore be of high molecular symmetry. Through single crystal diffraction analysis they
discovered the complex to be a tetrahedral cage-type complex, [MgaLe]*, where L = dimalonate
ester ligand, that they likened to an expanded adamantane due to its Ty -symmetry. Despite its
cage-like appearance, the complex featured no internal void space for which to bind guests
(calculated volume, V = 10 A3).

Saalfrank and co-workers further exemplified their synthetic procedure to the formation of an
expanded analogue that featured an internal cavity of 105 A® but did not comment on its
recognition properties.* In a similar approach to the early work of Saalfrank, Lindoy and co-
workers have used functionalised bis(B-diketonate) ligands to prepare [FesLe]™ tetrahedral
assemblies which can encapsulate up to four molecules of THF solvent,®® in addition to

complex architectures that include the universal 3-ravel.*”)



Scheme 1.2 Preparation of the first tetrahedral coordination cage by Saalfrank and co-workers.
The green lines between magnesium(l1) centres indicate the tetrahedral framework.™*!

It was the pioneering work of Raymond which first highlighted the potential of stable
tetrahedral cages as molecular hosts. By controlling the helical chirality of the metal centre (4
or A) at each vertex of the tetrahedron they succeeded in predictably preparing enantiopure
[MsLe]™ and [M4L,]" cages using functionalised bis- and tris(catechol)amide ligands,
respectively.®® Their so-called ‘symmetry interaction’ design principle proved to be rather
general and structurally analogous tetrahedral cages were prepared using a wide range of metal
salts.® The water-soluble and anionic tetrahedral cages displayed an affinity for cationic guests
and were observed to bind similarly tetrahedral cations, such as tetra-n-alkylammonium cations

from aqueous solution. !

Raymond and co-workers later indicated that such species were stimuli responsive and that
cation binding could induce a structural change.’™ The reaction of a bis(catechol)amide ligand
and gallium(I11) cations afforded an equilibrium of [GaLs]" tetrahedra and [Ga,L3]™ triple-
stranded helicates, which could be quantitatively converted to the tetrahedral assembly upon
treatment with tetramethylammonium (NMe,") salts, Figure 1.3a.°*! Similar behaviour was
noted by Ward and colleagues in the preparation of a [CosL¢]™" tetrahedral cage, where L =
bidentate bis(pyridinepyrazolide) ligand.!®? Self-assembly initially afforded a dynamic mixture
of interconverting products until a tetrahedral template was added. Treatment of the reaction
mixture with a complementary anion, such as perchlorate (ClO4), immediately afforded the
tetrahedral cage through the formation of O---H-Ar hydrogen bonds between the anion and the

cage interior, Figure 1.3p.[62-63



Figure 1.3 Tetrahedral inclusion complexes, evidencing the binding of tetramethylammonium
(NMey") cations by Raymond’s anionic [Gasls]™ cage (a); and the perchlorate-templated
formation of Ward’s cationic [Co4ls]™ cage (b). Bound anions shown in the centre of each
tetrahedral cage are displayed as hard spheres and the NMe," cation (a) coloured orange for

clarity.[5% 62

Assessment into the application of tetrahedral cages began with Raymond and co-workers. They
likened the interior of the [GasLg]™ cage to a chemical microenvironment which was dissimilar
to the bulk solution and demonstrated the symmetry-driven encapsulation of a variety of guests
in aqueous media. In doing so, they were able to use the tetrahedral cavities as micro-reactors to
perform simple unimolecular chemical transformations, including an enantioselective 3-aza-
Cope rearrangement ®1 and Nazarov cyclisation of vinyl ketones,”™ where they noted
enzymatic behaviour and a rate acceleration of up to 2100000 (Kca/Kuncar). This was later
extended to bimolecular reactions that included the C-H activation of alkenes through selective
encapsulation of an iridium(l11) guest and the subsequent addition, and co-encapsulation, of the

alkene.®®

Much of the recent research regarding the formation and application of tetrahedral cages
involves Nitschke and co-workers. They have developed a subcomponent self-assembly
methodology where imine bond formation and metal coordination occur simultaneously to
afford [FesLs]™ tetrahedra with high fidelity.’®) They concluded that the cages could be both

[68]

‘unlocked’ and ‘relocked’ ™™ and described them in terms of ‘systems chemistry’, meaning that

the properties were emergent and only displayed as the sum of the interacting components. !
The cages were decorated with sulfonate groups at the periphery and were therefore highly

soluble in aqueous media. Similarly to the tetrahedral cages prepared by Ward and Raymond,



the cages had a well-defined internal cavity with a calculated volume of 140 A% and were
observed to selectively bind cyclohexane, acetone and acetonitrile, with sequential binding
constants determined for each. Guest encapsulation could be modulated through the allosteric
binding of other species, such as guanidinium cations, through hydrogen bonding at the cage

windows, Figure 1.4a.["

The real breakthrough arrived with the incarceration of white phosphorus (P,), which was
shown to be stable to both water and oxygen when encapsulated within the hydrophobic interior
of the cage, Figure 1.4b." The rationale for which lies in molecular confinement, as the
reaction between molecular oxygen (O,) and P, would afford an intermediary which would be
too large for the tetrahedral cavity without causing severe perturbations to the [FesLg]™
framework. Thus, the weak P-P bonds (200 kJ/mol) that usually offer little resistance to
oxidation remain intact and the pyrophoric reaction to phosphorus oxide (P-O bonds in the

range 356-650 kJ/mol) does not proceed.

Here, the pronounced interactive strength between cage and guest can be described in terms of
hydrophobic specificity and in accordance with Rebek’s proposed rule of ‘55% occupancy’,
which states that for a host and guest to interact favourably through only van der Waals
interactions, the ideal packing coefficient for guest to host ought to be 55%."% Depending on
the calculation used to estimate the cage volume,[™ the packing coefficient of this system

remains between 50-60% and is therefore regarded as highly specific.

(b)

Figure 1.4 Crystal structures of [FesLs]™" tetrahedral cages prepared by Nitschke and co-
workers, displaying the allosteric binding of guanidinium at the cage windows (a) and the
encapsulation of P,, white phosphorus (b). Both guests are shown in space filling mode and
hydrogen bonding between guanidinium and sulfonate is displayed using red, hashed lines.[’*""

9



Nitschke and co-workers further demonstrated the efficacy of the [Fe,Ls]™" cage towards
catalytic procedures that included Diels-Alder chemistry,™ and in sophisticated anion " and
small molecule binding."® Tetrahedral assemblies are now numerous in the literature and have
even been prepared with the lanthanide(l11) cations./™ Likewise, there have also been reports of
catenating tetrahedral cages ™ and those which display a physical response to an external
stimulus, such as in Kruger’s spin-crossover [FesL,]" tetrahedral assembly, where L =

tris(imine) ligand.[”!

Cubic coordination cages are a less common self-assembly product and are therefore not as
frequently exemplified in their host-guest chemistry and application. The first example was
prepared by Ward et al. through the self-assembly of bis(pyridylpyrazolide) ligands and
cobalt(l1) centres and isolated as a [CosLi,]™ octanuclear coordination cage.®” The ligands
associated through aromatic interactions at the faces of the cube to create a well-defined internal
chemical environment; however, due to high levels of insolubility, the host-guest chemistry and

recognition properties were not determined.®"

As a collaborative effort, Ward and Hunter demonstrated the generality of cage formation and
isolated a water soluble [CogL;,]™ analogue through the appendage of polyethyleneglycol
(PEG) chains at the periphery of the ligands, Figure 1.5a. This allowed for the hydrophobic
effect to be exploited and a wide range of polar guests were found to be selectively encapsulated
by the cationic cubic framework.®? The positively charged and paramagnetic [CosLy]™
framework allowed for paramagnetic 'H NMR studies to be undertaken, which afforded

positional evidence of guest binding within the cage interior.

Using the same subcomponent self-assembly methodology as described above, Nitschke and co-
workers were able to selectively isolate [Fesl;,]™ cubic structures from exactly linear
bis(imine) ligands, Figure 1.5b.%! Similarly to Ward, they found that solvophobics could
induce guest binding and went on to encapsulate large aromatic guests, such as coronene and
fullerenes,® and large anions.®™ They highlighted discriminative and regulative guest binding
based on solvophobics and could selectively encapsulate ferrocene over 9-acetylanthracene, and

vice versa, by switching the polarity of the solvent mixture.®
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(b)

Figure 1.5 Crystal structures of Ward’s [Cogl1,]"™" (a) and Nitschke’s [FeglL1,]"" (b) cubic

coordination cages which each demonstrated sophisticated guest recognition properties in

agueous media through solvophobics. The coloured lines in each example denote the cubic
arrangement of metal cations within the cage framework. 8¢

Perhaps the most well-exemplified coordination cages are derived from an octahedral
framework of metal cations. The first nanometer-sized octahedral coordination cage was
prepared by Fujita and co-workers in 1995 by use of a ‘molecular panelling’ design principle,
Figure 1.6.%7 The [PdsL.]**" cage complex, where L = 1,3 5-tris(4-pyridyl)triazine, utilised
ethylenediamine as cis-protecting auxiliary as for the aforementioned [PdsL,* ‘square’
complex and contained an exceptionally large interior cavity which they demonstrated could

bind four molecules of adamantane-1-carboxylic acid, in aqueous media.®"!

In the two decades following, this particular [PdsL4]*** coordination cage would go on to
become a prized asset of the Fujita group, where its ability to not only host molecules, but
facilitate chemical reactions between them, would introduce the moniker ‘functional molecular
flasks’.®® The [PdsL.]*** cage was observed to bind various small molecules, including
fullerenes and tetrathiafulvalene (TTF, Figure 1.6a),* as well as allowing for the selective
recognition of long-chained perfluorinated alcohols through a cage-induced self-aggregation

mechanism, Figure 1.6b.

Likewise, the [PdsLs]**" cage was employed in the sensing and discrimination of aliphatics, in
addition to the enablement of selective oxidation ' and photodimerisation ? of alkanes
through irradiation. These represent the first examples where a chemical reaction has been
sensitised by a self-assembled coordination cage. This procedure was further extended to metal

complexes and shown to both encapsulate and provide stabilisation for a highly reactive and
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coordinatively-unsaturated manganese [Cp’Mn(CO),] complex, where Cp’ = 75°-
methylcyclopentadienyl ligand, following the irradiation of the stable parent complex,
[Cp’Mn(CO)3].®¥ Similarly, the cage has also allowed for the trapping of a highly unstable
ruthenium dimer, [(4°-indenyl)Ru(CO),],, which ordinarily undergoes photoinduced Ru-Ru

bond cleavage and CO dissociation, yet is stabilised by the confines of the cage cavity.®"

Figure 1.6 The varied host-guest, recognition and catalytic chemistry of Fujita’s [PdeLs]***
octahedral coordination cage, displaying the encapsulation of four molecules of
tetrathiafulvalene (TTF, a) and two molecules of a long-chained perfluorinated alcohol (b) into
the cage cavity. The encapsulation of two independent and unreactive molecules (diene and
dienophile) and enablement of Diels-Alder reactivity (c) and the encapsulation of pre-formed
palladium(Il) complex and substituted alkyne in the formation of a-alkynylpalladium(Il)
complex (d). A/l ‘guest’ molecules in each example are distinguished by colour and displayed in

space-filling mode for clarity. 8% %!
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More impressive, are the catalytic abilities of the [PdsL4]"** cage. Through the simultaneous
encapsulation of 2,3-diethylnaphthalene and N-cyclohexylmaleimide from an aqueous
suspension, Diels-Alder reactivity is achieved, Figure 1.6c.**¥ Ordinarily, this reaction does
not proceed, especially in water, indicating the necessity of the cage host in generating the
proximity and orientation factors required to facilitate the reaction. Rebek and co-workers have
shown similar reaction prompting abilities in their hydrogen-bonded capsules ®® and were able
to impart unusual regiochemical control by controlling the allowed reaction pathway. !

More recently, Fujita et al. have developed procedures to control metal-organic proximity
through the binding of guests, akin to a metallo-enzyme. The selective co-encapsulation of a
catalytically active palladium(ll) complex and polyalkyne allowed for the facile C(sp)-H
activation to form a o-alkynylpalladium(i1) complex within the cavity, Figure 1.6d.*" This is
facilitated by the cage at room temperature, requires no additional base and will even proceed
under acidic conditions. The rationale for such behaviour is due to proximity effects, where the
co-encapsulation brings the two molecular components together in such a way as to force a

reaction to occur, despite there being no interaction between the two in bulk solution.

The application of octahedral coordination cages is not limited to molecular recognition and
catalysis. Shionoya and co-workers have used large, planar tris(phenyl-3-pyridyl) ligands to
form giant [MgLg]"™ octahedral cages from a wide range of metal centres, indicating its
generality in self-assembly.® Through a molecular panelling approach, the large aromatic
ligands were observed to effectively close off all windows of the octahedral framework, thus
creating a chemically distinct interior cavity; however, they are yet to remark on its hosting
abilities. Shionoya extended this metal-directed procedure to the preparation of an analogous
[PdsLg]™ octahedral assembly that was decorated with pendent alkene moieties at the cage
periphery. Through ring closing metathesis (RCM) they successfully sealed the cage at the
ligand edges and sequestered the palladium(ll) through addition of competing ligands, thus
generating a 3 nanometer covalent assembly. Similar organically-linked octahedral assemblies,

prepared through dynamic imine bond formation have been prepared by Warmuth.*°"

The preparation and host-guest chemistry of the higher order platonic coordination cages
remains relatively rare. Research into uranyl chemistry by de Mendoza and co-workers has
allowed for the isolation of a giant dodecahedral [UyL1,]** polyhedral assembly, where L =
carboxylate functionalised calix[S]arene, Figure 1.7a."® Employment of the uranyl cation
([UO,J*") is necessary in ensuring that the three calix[5]arene ligands remain equatorially
coordinated about the uranium centre. The anionic cage measures approximately 4 nm in
diameter and possesses an internal volume of 7000 A® that was observed to encapsulate various

N-protonated organics, such as pyridinium cations and a tetraprotonated 1,4,7,10-
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tetraazacyclododecane (cylen) cation, Figure 1.7a. Similarly, Nitschke et al. have successfully
prepared a homochiral icosahedral [FeioLi,]™ cage, where L = tris(pyridylimine) ligand,
through subcomponent self-assembly, Figure 1.7b. The cage possesses T-symmetry and an
internal cavity of 2800 A® which was shown to reversibly bind the large and icosahedral
carborane anion [Bi2F1,]* in acetonitrile solution."® Whilst such species do not display the
highly sophisticated recognition or catalytic properties of some of the smaller coordination
cages, they do represent a step towards the preparation of synthetic viral capsids.

(b)

Figure 1.7 Examples of higher order Platonic solids. The crystal structures of de Mendoza’s
[U20L12]** dodecahedral assembly (a) and Nitschke’s [Feyol1,]™ icoasahedral assembly (b).
The coloured framework in each example is to indicate the Platonic solid framework. %

The preparation of coordination cages that resemble the Archimedean solids began with Stang
in 1999 with the isolation of heteroleptic [PtisLsL’1,]*** cuboctahedral assembly, where L =
tris(alkynylpyridyl)benzene and L’ = bis(pyridyl) ligand."™® He demonstrated that in order to
prepare an Archimedean solid, where dissimilar polygons comprise the cage faces, that two
complementary and geometrically predefined ligands must be used in conjunction with one
another. Stang and co-workers went on to further exemplify the ability of classical ‘directional
bonding’ self-assembly in the preparation of various heteroleptic cages and higher order

Archimedean solids such as the truncated tetrahedron. %!

Following the work of Stang, Fujita and colleagues succeeded in preparing a high-symmetry
[Pdy,L24]**" nanosphere, where L = bis(pyridyl) ligand, that closely resembles the Archimedean

cuboctahedron."®! The formation of the [Pd,L,4]*** nanosphere was rather general, provided a
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bis(pyridyl) ligand with a coordination bite angle of 125 ° was used. They successfully prepared
structurally analogous [Pdi,L,.]*** coordination cages which featured saccharide %! and
coronene ™7 internal pendant moieties which were observed to facilitate the preparation of
monodisperse silica nanoparticles and binding of fullerenes, respectively.

Fujita went on to prepare even larger [Pdy,L2]**

coordination cages by use of an extended
bis(pyridyl) ligand library. Through functionalisation with Biotin moieties they were able to
bind and completely encapsulate the Gly76Cys-mutated protein Ubiquitin, ™ which represents
the largest and perhaps most sophisticated example of host-guest chemistry yet reported.
Furthermore, they successfully prepared the first formal cage-in-cage complex through
orthogonal self-assembly, where the bis(pyridyl) ligand was further functionalised with a
pendant bis(pyridine) moiety to allow for the formation of a smaller and symmetry matching

cuboctahedral cage within the confines of the larger [PdyL,4]*** nanosphere, Figure 1.8a.[**!

Whilst other cage-in-cage complexes are known, such as Raston’s ‘Russian doll’ assembly, !
this is the first reported example with a subdivided complex structure that closely resembles that

of a double-shell viral capsid.™"!

Figure 1.8 Crystal structures of Archimedean coordination cages prepared by Fujita et al.,
displaying the orthogonal self-assembly of a sphere-in-sphere cuboctahedral complex (a) and
giant [Pdz4L4s]*®" rhombicuboctahedral coordination cage (b).

Finally, Fujita and co-workers have also managed to prepare the first giant [Pdlasg]*®"
coordination cage using similar procedures as described above. By approximating the
bis(pyridyl) ligands as the cage edges and the palladium(ll) centres as the vertices the result is a

5 nm rhombicuboctahedron, consisting of 26 faces that comprise 8 triangles and 18 rectangles,
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Figure 1.8b.1% In this particular instance, the [PdasL.s]*®*

framework occupies less than 20%
of the total unit cell volume and, with a calculated mass of 21946.73 Da (Daltons), is the first

synthetic example that edges closer to the massive scale of biological self-assembly.

Whilst research in this area is dominated by the large research groups of Fujita and Stang, there
are other elegant examples of large Archimedean coordination cages which display recognition
properties. For example, research by Su and Zhang has lead to the isolation of a nanoscale
assembly which closely resembles the rhombododecahedron, where the step-wise and
orthogonal self-assembly of an unsymmetrical bis(pyridyl) ligand with palladium(ll) and
ruthenium(l1) salts afforded the [Pds(RuLs)s]™ nanocage.™*¥ The [Pds(RuLs)s]™ coordination
cage possessed an internal cavity of 5300 A® and displayed an ability to encapsulate various
conjugated aromatics, such as perylene and phenanthrene, in addition to providing stabilisation

to photosensitive guests against UV radiation.
15 Coordination polymers: Synthesis and application

The host-guest and recognition properties of metal complexes are not limited to polyhedral
assemblies. Many polymeric materials possess analogously well-defined internal pore spaces

and therefore display the similarly sought after emergent properties.**¥

In the broadest sense, coordination polymers represent a class of materials in which
multidentate ligands are bridged by metal cations to construct infinite, and often highly regular,
networks.!™® This is a distinction from networked species that are formed through secondary
interactions, such as hydrogen bonding, that link discrete, ligated metal centres.!®! The
polymeric materials gained as a result of metal coordination are often classified by their
dimensionality, and there are now thousands of polymeric structures known.™" The simplest of
which are 1D coordination chains, which are generally formed through the infinite bridging of
ligands in a single direction.”*®! Similarly, such materials can be expanded to 2D and 3D
networks by considering the geometric and electronic requirements of ligand and metal.™***! This
would be the basis for Desiraju’s ‘crystal engineering’ design principle, where he noted that
meticulous control over the preparation of polymeric materials often generated highly ordered

frameworks with desirable physical and chemical properties.™*!

Whilst the polymers referred to here are regular, they need not be crystalline, and a variety of

amorphous polymeric materials have been prepared which display electroluminescent ™! and

| [122]

mechanochemica properties, leading to their incorporation into devices ™! and medical-

based materials, respectively.['?*!

16



The term ‘coordination polymer’ was coined by John C. Bailar in 1964 to describe the way in
which certain metal cations would interact with ligands to create previously unreported
inorganic structures. He remarked that such materials displayed dissimilar properties to their
organic counterparts and went on to establish rules for their preparation and began to
characterise their properties.!*?*!

The deliberate design and construction of polymeric networks was later developed by Robson
and Hoskins in the realisation of ‘infinite frameworks’. By combining tetrahedral copper(l)
centres with suitably tetrahedral ligands (4,4’,4°,4°"’-tetracyano-tetraphenylmethane) they
succeeded in preparing the first porous, 3D adamantoid network."? In additional experiments,
they went on to exchange the existing tetrafluoroborate (BF,) anion for hexafluorophosphate
(PFs).*2" These findings are considered to represent the birth of modern day coordination
polymer research, which is now a mature and extensive field, in which a large proportion of
research is directed towards application that seeks to utilise the pores within the polymeric
frameworks. The key applications of coordination polymers, such as gas storage and catalysis,

will be briefly summarised below.

A primary research aim for coordination polymers is towards gas storage, with particular
emphasis on hydrogen (H,) as its use as a fuel source cannot be implemented until safer
methods for its storage are developed.™® Yaghi and co-workers isolated the first metal-organic
framework (MOF) in 1995 using a hydrothermal synthesis and noted the existence of large,
rectangular pores within the network."?” The term ‘MOF’ is now somewhat synonymous with
‘coordination polymer’ and the two are often used interchangeably."*® Years later, they
extended their synthetic procedure to isoreticular networks that included the famous ‘MOF-5" -
a high-symmetry cubic network prepared from the solvothermal synthesis of 1,4-
benzenedicarboxylic acid and zinc(ll) nitrate in the presence of hydroxide base.’® They
observed the structure to be highly regular, where the 1,4-benzenedicarboxylate ligands were

bridged by [Zn,O]®" tetrahedral nodes to generate large pores within the lattice, Figure 1.9.

They reported an extraordinarily high internal surface area of between 2500 and 3000 m?g™ and
hydrogen adsorption of 5 weight per cent, when working at 78 K and 1 bar pressure.'® |n
addition to the high surface areas, they rationalised that such high hydrogen adsorbance was due
to the nature of the open framework, which provides exposed organic struts for the adsorption
of molecules. This was later determined through inelastic neutron scattering (INS) which gave
evidence for the adsorption sites within the network. Whilst MOF-5 boasted high thermal
stability of between 300-400 °C, the major limitation for its application was the extremely high

sensitivity towards hydrolysis.
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Figure 1.9 From the crystal structure of Yaghi’s MOF-5, displaying the binding modes of the
terephthalate ligands about the [0Zn,]®" nodes (a) and the resultant high-symmetry cubic
network (b). The Zinc(lIl) atoms are displayed as yellow spheres for clarity.™"

Yaghi and others went on to develop a series of isoreticular MOFs by expanding the length of
struts between [0Zn,]®" nodes ™2 and through the incorporation of Cs-symmetric carboxylate
ligands, such as isophthalate.!**! They also successfully addressed their inherent susceptibility
to hydrolysis ™* and prepared organic analogues which were completely resistant to
hydrolysis.[™**! More recently, in collaboration with Stoddart, they have demonstrated a way to
incorporate catenated struts within the reticular framework as a route towards ‘dynamic
chemistry’ and to provide mechanically interlocked components for selective guest binding. !
Similar behaviour has been achieved by Loeb in the preparation of MORFs (metal-organic
rotaxane frameworks) through the co-crystallisation of dibenzo crown ethers in the presence of
a charged metal-organic framework."*”) Furthermore, they have extended the application to the

(138 and achieved ‘ultrahigh porosity’ of 10400 m?g™

selective uptake of carbon dioxide (CO5)
without sacrificing the necessary robustness of the material.™*! The sheer volume of MOFs
published over the last decade has resulted in much subject specific nomenclature and

terminology.**”

Other noteworthy examples which are able to reversibly adsorb gases are Chen’s citrate-derived
MOFs which are able to sequester CO, under ambient conditions and discriminate it from
gaseous mixtures that include carbon monoxide (CO) and molecular nitrogen (N,).**Y Chen and

co-workers further exemplified this procedure in the practical separation of acetylene and
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ethylene gases through the precise tailoring of the pore size within the potassium citrate

network, 42

The uptake of CO, is a pertinent research goal by many, owing to the link between
anthropological CO, emissions and climate change.™*! Long and co-workers have developed a
series of sophisticated MOFs for the selective uptake and subsequent degradation of CO; as a
way to address this. They have successfully prepared a metal-organic framework featuring
pendent amine functionalities, sited within well-defined pores, which was seen to significantly
enhance the uptake of CO, from a Flue gas mixture.'** The pendent amine moieties were
observed to activate the adsorbed CO, through nucleophilic attack, facilitated by the close
confines of the internal pores, in the formation of a carbamate intermediate.™*! Long and co-
[146]

workers went on to exemplify this procedure in the selective sequestration of methane,

hydrogen ™™ and mixtures of unsaturated aliphatics.**!

Kitagawa has prepared a series of ‘soft porous crystals’ from the self-assembly of
benzenedicarboxylate ligands with either copper(ll) or zinc(I) metal centres which are both
highly stable and mechanically durable.!*"! Such materials were shown to facilitate the radical
polymerisation of divinyl benzene by preventing disproportionation and controlling the
orientation of the growing radical chain within the network."® This was achieved due to the
well-defined 7.8 x 7.8 A 1D channels present within the network; without which, unselective
polymerisation to a mixture of cross-linked polymers was observed.™ Interestingly, they could
control both the rate and selectivity of radical polymerisation through substitution of the
networks metal centre from copper(ll) to zinc(ll), with selective topotactic polymerisation
afforded for the zinc(I1)-based framework and no reaction observed with the copper(l1)-derived

framework.[*%?

Kitagawa and co-workers went on to enable acetylene polymerisation within a 3D coordination
polymer constructed from a heteroleptic mixture of pyrazine-2,3-dicarboxylate and 4,4’-
bipyridine ligands, Figure 1.10."% This was achieved through phenoxide-assisted
deprotonation and subsequent rapid polymerisation. Again, polymerisation proceeded in well-
defined 1D channels within the network which facilitated the formation of a single cis-
polyacetylene product, with no evidence for trans-polymerisation products. They went on to
document highly selective recognition properties, where the uptake of pyrazine and expulsion of
carbon disulfide proceeded with a structural reorganisation of the host network in order to form

strong intermolecular interactions with the pyrazine guest.!**%
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Figure 1.10 From the crystal structure of Kitagawa’s ‘soft coordination polymer’, as viewed
down the crystallographic a axis to display the unidirectional channels. Copper(Il) centres are
shown as blue spheres.*>*

The final application of coordination polymers to be discussed regards their employment as
analytical tools. A collaborative effort between Fujita and Rissanen has recently developed a
highly stable 3D coordination polymer consisting of ‘networked cages’ which enables the
selective uptake of guests for crystallographic structure elucidation.™* The 3D network, formed
through the self-assembly of zinc(ll) iodide and tris(4-pyridyl)triazine in a similar manner to the
octahedral coordination cages described above, provides a well-defined and hydrophobic
interior with which to bind guests. Guest uptake was effected at the nano- and microgram scale
by submerging single crystals of the polymeric framework in solutions which contained various
natural products, flavones and conformationally flexible compounds. For each example, single
crystal diffraction analysis unambiguously evidenced the uptake of guest, and even allowed for
the absolute structure determination of the natural product (3R, 14S, 26R)-miyakosyne A.['**!
Moreover, the network was observed to act akin to ‘nanoscale HPLC analyser’ and was able to

separate structural isomers of the flavone nobiletin, an extract from the peel of Citrus unstitiu.

Whilst the research received mixed reviews, ™ this procedure holds phenomenal potential with
regards to the enablement of compound elucidation, particularly with species that are reluctant
to crystallise,[l57] or when there is too little material for conventional techniques, such as *H

NMR spectroscopy.
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1.6 Molecular hosts

Molecular hosts are distinct from both coordination cages and polymers and have intrinsic
hosting abilities regardless of their assembly."*® They are generally small organic compounds
which can interact favourably with other molecules or ions in the formation of inclusion
compounds.™™® Research in the field of molecular recognition is extensive and the many

(6 cyclodextrins, '™ calix[n]arenes,

[165]

molecular hosts prepared include crown ethers,

[163] [164]

pillar[n]arenes, asar[n]arenes, cucurbit[n]urils and other macrocyclic host

molecules.®¢!

Each particular molecular host generally displays a high affinity for a specific guest. For
example, Zhao has determined the strength of interaction between hexane and other aliphatics
with pillar[SJarene, in toluene solvent, Figure 1.11a."%"! Likewise, the preparation of
tetracationic ‘ExBox’ molecular receptors by Stoddart and co-workers has lead to their
exemplification in various rotaxane ™" and catenane ™*! assemblies, in addition to the isolation

of conjugated aromatics from a crude oil mixture, Figure 1.11c.™¢%

(a) (b) (c) (d)

Figure 1.11 Crystal structures of molecular host inclusion complexes. The encapsulation of
hexane by Zhao's alkylated pillar[5]arene is shown from the side (a) and above (b).!¢*"]
Anthracene binding by Stoddart’s tetracationic ‘ExBox’ as viewed from the side (c) and above
(d).1**%3 The encapsulated guest in each example is distinguished by colour and displayed in
space-filling mode for clarity.

1.7 Cyclotriveratrylene

Cyclotriveratrylene (CTV) ™ and its analogues represent a class of relatively rigid and Cs-
symmetric molecular hosts which feature an electronically rich and hydrophobic
tribenzo[a,d,g]cyclononatriene core, closely resembling that of a shallow ‘bowl’. They are
known for their interesting host-guest properties and therefore much of their chemistry is

targeted towards molecular recognition.*"

21



In solution, CTV exists in an equilibrium of two molecular conformations, comprising the
favoured Cs-symmetric ‘crown’ and the unstable C;-symmetric ‘saddle’, Figure 1.12.2
Conversion between the two proceeds via a ring flipping mechanism, where partial inversion of
the crown conformer generates a strained species in which the three aromatic rings are
orientated orthogonally with respect to one another. The inherent instability associated with the
saddle conformation results in rapid regeneration of the crown conformer and is therefore
generally considered as a transition state. Whilst energetically unfavourable, the saddle

conformation can be isolated through the rapid quenching of a melt.t*"?!

The half-life for inversion was determined to be ca. one month (at 20 °C) based on the
racemisation of deuterated CTV analogues, although this varies with the functional groups
appended.™™ Nevertheless, the large rotational energy barrier renders interconversion slow at
room temperature and thus immeasurable on the NMR timescale. As such, CTV and its
analogues are easily identifiable by the diastereotopic protons attributable to the methylene
linker. These characteristic endo and exo protons typically resonate at & = 3.8 and 4.9 ppm,

respectively, and display a large geminal coupling constant of approximately 15 Hz."

‘Crown’

‘Saddle’

Figure 1.12 The crown and saddle conformations of cyclotriveratrylene (CTV).

CTV can be both partially and fully demethylated to afford the chiral, tris-hydroxy derivative,
cyclotriguaiacylene (CTG) " and hexa-hydroxy derivative, cyclotricatechylene (CTC),®
respectively, Figure 1.13. Both species feature phenolic functionalities atop the
tribenzo[a,d,g]cyclononatriene framework that are easily O-functionalised and have each been
used to prepare a variety of compounds, including ligands."*”? Other derivatives, including tris-

amino,® hexaalkyl " and hexasulfanyl ¥ analogues of CTV have been prepared.
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OH HO OH OH

Cyclotricatechylene, CTC
Cyclotriguaiacylene, CTG

Figure 1.13 The molecular structures of CTG and CTC. The two enantiomers of CTG are
denoted with the helical chirality descriptors P and M.

CTV has well documented host-guest properties and has been seen to bind globular guests,
including carboranes ™84 and fullerenes, Figure 1.14a.**? Recently, de Mendoza and co-
workers have prepared functionalised CTVs as scavengers for the higher fullerenes (Cg and
Css) ®¥ and succeeded in selectively isolating individual fullerenes from a fullerite mixture.*
Likewise, many of the networked structures of CTV display inclusion properties,*® with a

variety of clathrate compounds characterised.*"®

One of the major research areas in CTV chemistry is in the preparation of cryptophanes. ™!
These represent Cz-symmetric ‘container compounds’ that comprise two covalently-linked CTV
units in a head-to-head manner, thus creating a well-defined internal cavity for guest
binding."®” Cryptophanes are versatile hosts and have been observed to strongly bind various
small molecules ® and even gases, including methane ™®% and xenon,™*? for hyperpolarised
129%e biological NMR.™ Holman and co-workers have extended this to the encapsulation of

anions by a metallated cryptophane with a -acidic interior, Figure 1.14b.!%

Figure 1.14 Crystal structures of CTV-based inclusion complexes. Displaying fullerene-Ce
binding by CTV (a) and the binding of a trifluoromethanesulfonate (CFsSO3’) anion by
Holman'’s m-acidic cryptophane.[*
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Another prominent research area is in the self-assembly of ligand-functionalised CTVs to
construct metallo-supramolecular architectures, with a view to isolating materials that amplify
the hosting abilities of the tribenzo[a,d,g]cyclononatriene core through its inclusion into either a

well-defined polymer,™ or coordination cage.!**"

Research by Hardie and co-workers demonstrated the potential of such ligands in the
preparation of [Ag,L,]** capsules and [AgsL4]** tetrahedra through the self assembly of tris(3-
pyridylmethylamino) and tris(4-pyridylmethylamino)CTG, respectively, Figure 1.15."%! The
two complexes were solvent templated, as evidenced through examination of their crystal
structures, which displayed acetonitrile solvent acting as both ligand and guest within each
cage.™ Interestingly, use of ligand tris(2-pyridylmethylamino)CTG under similar conditions
did not afford a discrete cage and instead gave rise to an ‘entangled’ coordination polymer that
[197]

featured host-guest interactions between hexafluorophosphate (PF¢) anion and ligand cavity.

The same coordination network could be prepared in the presence of ortho-carborane which was

observed to replace the PF¢ anion, thus indicating is applicability in host-guest and recognition
[198]

chemistry.

Figure 1.15 Crystal structures of the [Ag,L,]** capsule (a) and [AgsLs]*" tetrahedron (b)
prepared by Hardie and co-workers. Green spheres represent the silver(l) cations and the
acetonitrile guests are distinguished by colour and shown in space-filling mode for clarity.™***!

By exploring the self-assembly of ligand-functionalised CTVs with labile transition metal
cations Hardie and colleagues went on to prepare a variety of discrete coordination cages,
including an [AgsL4]*" cube ™% and [PdsLs]™*" octahedron,™® in addition to a variety of

coordination polymers.?® However, and despite the documented hosting abilities of the
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tribenzo[a,d,g]cyclononatriene core, the coordination cages prepared did not exhibit recognition
properties as predicted.

The metallo-supramolecular chemistry of ligand-functionalised CTVs is not limited to
coordination cages and polymers. Hardie and co-workers went on to prepare a variety of
interlocked structures that comprised a [2]-catenane and topologically complex [PdsL4]**
‘Solomon’s cube’, where L = tris(3-pyridyl-4-pyridyl)CTG.2"?

Here, the interweaving and twisting of the ligands affords the Solomon’s link within the
interlocked assembly through formation of two figure-of-eight ring motifs which feature
alternating over and under crossing points within the structure, Figure 1.16. What is most
interesting is its controlled formation by self-assembly processes, unlike the template-directed
procedures of Leigh and Stoddart.***] The Solomon’s cube represents the most complex
architecture yet identified with derivatised CTVs and packs in the solid state to afford a hollow
spheroid which closely resembles an Archimedean truncated hexahedron.®® Whilst the
complex was evidenced in the solution phase, its hosting abilities were severely impeded by

high levels of insolubility.

(b) (c)

Figure 1.16 Taken from the crystal structure of Hardie’s ‘Solomon’s cube’ (a), where the
yellow lines represent the topological crossing points between individual palladium(ll)
centres.?@ The molecular Solomon’s link motif (b) within the complex is colour-coded to
depict the over and under relationship of the two interlocking components, which is also shown
graphically (c) by means of a mural, taken from the Basilica di Aquilera, Italy.?*!
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1.8 Project outline

Aims of the research can be broadly categorised into two parts. Firstly, is the preparation of
novel donor-functionalised CTV ligands for the construction of metallo-supramolecular
architectures through self-assembly, both discrete and polymeric, which feature inwardly
orientated host ligands. Secondly, is the detailed examination of the recognition and guest
binding properties of the constructs gained, both in solution and in the crystalline solid state.

Such donor-functionalised CTV ligands will be rationally designed as to facilitate their metal-
mediated self-assembly towards a single, predetermined outcome. Following their synthesis,
and by considering the stereoelectronic requirements of all molecular components, it should be
possible to predictably install the CTV molecular host into the aforementioned metallo-

supramolecular architectures as to enhance their hosting ability.

Whilst metal-organic constructs of functionalised CTVs are known, their post-synthetic
application in areas such as guest storage and separation has yet to be developed. The
construction of coordination polymers that incorporate the lanthanide(lll) cations will be
targeted as a route towards potentially photoluminescent materials for guest sensing. Likewise,
the isolation of robust and potentially porous materials bearing inwardly orientated CTV ligands

may offer a suitable chemical platform for the binding and separation of gases.

The ability to control the solution-phase self-assembly of ligand-functionalised CTVs remains
challenging. A principal aim is to prepare discrete metallo-cages that possess a well-defined
internal void space for application in sophisticated host-guest chemistry and which are capable
of the selective sequestration of guest molecules, molecular cargo delivery and the facilitation of

chemical reactions.
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Chapter 2
Lanthanide(l11) coordination polymers of hard-oxygen-functionalised host ligands
2.1 Introduction

The lanthanide cations represent attractive building blocks for supramolecular self-assembly and
generate much interest due to their characteristic physicochemical properties, such as
photoluminescence and magnetism.™ As a result, a great deal of their chemistry is focussed
towards imaging and sensing,”” yet the ability to form complexes with high coordination
numbers offers a route towards the construction of novel architectures that would be otherwise
inaccessible with the transition series. For similar reasons, the coordination chemistry of the

actinides is also an emergent field.”!

Coordination complexes afforded through Ilanthanide(lll) coordination include chelates,
helicates and cages,” with their application spanning the areas of molecular recognition,
sensing and catalysis.® Such accounts include Hamacek’s [EusLs]** and Duan’s [CesLs]™"
tetrahedral assemblies, which highlight anion binding and catalytic properties, respectively,
Figure 2.1.%) The employment of lanthanide(lll) cations as an active template in the
construction of topologically complex systems has been realised by Gunnlaugsson and co-

workers in the preparation of both [2]- and [3]-catenanes.®

12+

Figure 2.1 From the crystal structures of (a) Hamacek’s [EusL4]™" tetrahedron with
encapsulated perchlorate (CIO,) anion; and (b) a representative [Nd,L;]°* helicate, shown in
space-filling view and with individual ligands colour-coded for clarity.

The physical properties of the lanthanide series can be transferred to the bulk crystalline solid

by inclusion into coordination polymers.”! For example, a ratiometric and colorimetric
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luminescent thermometer has been prepared by Qian and co-workers, which produces a
distinctive luminescent response with a change in temperature.®® Similarly, Dalgarno’s metal-
organic calixarene nanotubes display interesting magnetic properties as a result of their
molecular packing in the crystalline solid state.!

Whilst metal-organic complexes of functionalised cyclotriveratrylenes (CTVs) and the
transition metals are well exemplified in the literature,™® coordination polymers resulting from
lanthanide(l11) coordination are somewhat less developed and, thus far, limited to hydrogen-
bonded superstructures featuring formally uncoordinated lanthanide(lll) aquo ions.!!
Structurally similar complexes have also been identified with derivatised calixarenes,™ and
lanthanide(l11)-complexes of other tripodal Cs-symmetric ligands have been reported by

Hamacek et al.!

Hard-oxygen-functionalised CTVs, such as carboxylate and catecholates, are known; however,
their coordination chemistry is limited and the handful of complexes isolated have shown no
emergent properties.’! For example, the [CuslL4] tetrahedral assemblies prepared by Robson
and co-workers utilising cyclotricatechylene (CTC) as ligand were plagued by oxygen
sensitivity, impeding their ability to potentially host molecules.™™® An aim of this research was
in the N-oxidation of pyridyl-functionalised CTVs to their corresponding pyridine-N-oxides as
suitable ligands for the construction of polyhedral and polymeric assemblies with the

lanthanide(l11) cations.
2.2 Ligand synthesis

The preparation of (+)-2,7,12-trimethoxy-3,8,13-tris(hydroxy)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (CTG, 2.4) was conducted on multi-gram scale and in
accordance with literature procedures, Scheme 2.1."1 Alkylation of 3-hydroxy-4-methoxy
benzyl alcohol (2.1) with allyl bromide in the presence of carbonate base generated 3-
propenoxy-4-methoxy benzyl alcohol (2.2) in quantitative yields. Cyclisation of 2.2 to trimeric
intermediate 2.3 was carried out in the melt, with a catalytic amount of phosphoric acid driving
the condensation. The low yields obtained (~ 30 %) are expected for such solventless reactions,
whereby the product precipitates with time and impedes stirring. Deprotection of 2.3 with
palladium(ll) acetate, triphenyl phosphine and diethylamine, under anhydrous and anoxic
conditions, furnished 2.4 in 45% yield. As for all CTV derivatives, a characteristic '"H NMR
spectrum was obtained and conclusive of CTG (2.4) formation, with the diastereotopic endo and
exo methylene protons of the tribenzo[a,d,g]cyclononatriene core resonating at 3.4 and 4.6 ppm,

respectively, Figure 2.2.
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Figure 2.2 Interpreted *H NMR spectrum of CTG (2.4) recorded in CDCls, noting the
characteristic endo and exo diastereotopic methylene protons of the
tribenzo[a,d,g]cyclononatriene core.

CTG (2.4) was not chirally resolved and employed as a racemic mixture for all subsequent
syntheses. Ligand precursors (+)-2,7,12-trimethoxy-3,8,13-tris(2-pyridylmethyloxy)-10,15-
dihydro-5H-tribenzo[a,d,g]cyclononatriene  (2.5) and (%)-2,7,12-trimethoxy-3,8,13-tris(3-
pyridylmethyloxy)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene  (2.6) were prepared
through reaction of CTG with the necessary bromomethyl pyridine, Scheme 2.1. Ligand 2.5
was quantitatively prepared on a multi-gram scale, according to literature procedures,
employing potassium carbonate base and acetone solvent.”” Conversely, and owing to the
inherent instability of 3-bromomethyl pyridine, ligand 2.6 was only accessible on a small scale
and in low yield.™® As such, reactions were conducted at low temperatures with sodium hydride
(NaH) base and anhydrous and anoxic DMF solvent, in an attempt to minimize polymerisation

of the electrophile.

Ligand  precursors  (%)-2,7,12-trimethoxy-3,8,13-tris(3-carboxypyridyl)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene  (2.7), (£)-2,7,12-trimethoxy-3,8,13-tris(4-carboxypyridyl)-
10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene  (2.8), and (%)-2,7,12-trimethoxy-3,8,13-
tris(4-pyridyl-4-carboxyphenyl)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene  (2.9) were
each prepared according to adapted literature procedures,™ through substitution of the
corresponding pyridine carbonyl chloride, using triethylamine as scavenger base and anhydrous

tetrahydrofuran (THF) as solvent, Scheme 2.1.
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Scheme 2.1 Three-step literature preparation of CTG (2.4) and the subsequent general
synthesis of ether-linked (2.5, 2.6) and ester-linked (2.7, 2.8 and 2.9) ligands.

Following, the novel pyridine-N-oxide ligand library, comprising (+)-2,7,12-trimethoxy-3,8,13-
tris(2-pyridylmethyloxy-N-oxide)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene (2.10), (£)-
2,7,12-trimethoxy-3,8,13-tris(3-pyridylmethyloxy-N-oxide)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (2.11), (+)-2,7,12-trimethoxy-3,8,13-tris(3-carboxypyridine-N-
oxide)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene (2.12), (+)-2,7,12-trimethoxy-3,8,13-
tris(4-carboxypyridine-N-oxide)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene  (2.13) and
(+)-2,7,12-trimethoxy-3,8,13-tris(4-pyridine-N-oxide-4-carboxyphenyl)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (2.14) were synthesised from their corresponding pyridyl
precursors using an excess of meta-chloroperoxybenzoic acid (m-CPBA) in anhydrous

dichloromethane and isolated as racemic mixtures in high yields, Scheme 2.2.

Their formation is facile and occurs by nucleophilic attack at the activated peracid, which
proceeds through a five membered transition state to afford the benign and water-soluble
carboxylic acid and corresponding pyridine-N-oxide. A representative mechanism of their
formation is shown below in Scheme 2.3. Alternative synthetic procedures using hydrogen
peroxide/glacial acetic acid or oxone (potassium peroxymonosulfate) proved ineffective, with

only partial N-oxidation observed or an inseparable mixture of products obtained.!*”!
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Scheme 2.2 The novel pyridine-N-oxide ligand library (2.10-2.14) prepared and utilised
through the study. Stable resonance forms are also displayed.

Ligands 2.10-2.14 were fully analysed and their purity and composition were confirmed with
combustion analyses and infrared spectroscopy; the latter indicating a successful N-oxidation
with the N-O bond stretches at ~ 1520 and 1340 cm™. Electrospray mass spectrometry afforded
incontrovertible evidence for their formation with mass peaks of (m/z) 730.3759, 730.3756,
772.2137, 772.2138 and 1022.2913 observed, which corresponded to the molecular ions
{2.10-H}", {2.11-H}", {2.12-H}", {2.13-H}" and {2.14-Na}", respectively. Likewise, all 'H and

3C NMR spectra procured were consistent with the proposed structures of the ligands.
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The recorded 'H NMR spectra displayed characteristic resonances attributable to the
tribenzo[a,d,g]cyclononatriene core, alongside a marked shift in the protons of the pyridine ring.
Such protons experienced a shielding effect due to strong magnetic anisotropy and electric field
of the N-oxide moiety. This effect was especially evident for the protons sited ortho and para
and in accordance with the resonance structures available upon N-oxidation, Figure 2.2. The
representative *H NMR spectra of ligand 2.8 and the corresponding pyridine-N-oxide 2.13 are
shown below in Figure 2.3.

Ar-OCH;
Py-H’ 11 2xArH
Py-H? ]
exo-H endo-H
_k [ J o i
\\\
\\‘
Y Ar-OCH,
\\\
\\
\\
\\
\\\
\\\
Py-H? Py-H? 2 X Ar-H endo-H
exo-H /
l l Jll l A M _JLL,L
9.0 8.4 7.8 7.2 6.6 6.0 5.4 4.8 4.2 3.6

Chemical Shift (ppm)

Figure 2.3 Interpreted 'H NMR spectra of ligand 2.8 (blue trace) and corresponding N-oxide
2.13 (red trace) in CDCl..

Ligand 2.20 was prepared via a multi-step synthesis, Scheme 2.4, where the precursor 4-
bromomethyl-dimethyl-2,6-pyridinedicarboxylate (2.18) was synthesised according to a
literature procedure.” Esterification of pyridine-1,2-dicarboxylic acid (2.15) in the presence of
acidic methanol afforded the diester (2.16) in quantitative yield, which was subsequently reacted
with hydrogen peroxide, iron(ll) sulfate and sulphuric acid, in methanol, to afford 4-
hydroxymethyl-dimethyl-2,6-pyridinedicarboxylate (2.17) in 19 % yield. This reaction is likely
to proceed through an in situ N-oxidation, followed by para-directed electrophilic aromatic
substitution with formaldehyde, again generated in situ by the strongly oxidising Caro’s acid
(H,SOs), Scheme 2.3.
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Scheme 2.3 Proposed mechanism for the electrophilic aromatic substitution of starting material
2.16 to afford the desired product 2.17.

Initial attempts to prepare ligand precursor 2.19 directly from the primary alcohol 2.17 utilising
standard Mitsunobu conditions were attempted, yet resulted in an inseparable mixture of
products.”® Rather, bromination of 2.17 with phosphorus tribromide in anhydrous
dichloromethane furnished the active electrophile 2.18 in quantitative yield. Reaction of CTG
(2.4) with 2.18 in the presence of potassium carbonate base and acetonitrile solvent afforded the

novel ligand precursor 2.19 in 97% yield, Scheme 2.4.

(i) MeOH, H*
(i) H,SO,,  MeO,C N\ CO,Me MeO,C CO,Me
HO,C._N__COH  MeOH _Prg |
| P4 H202 FeSO4
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/ \
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-
@ @ 0
2.20 219, 97%

Scheme 2.4 The formation of 2.20 from its precursors.

The mass spectrum of ligand 2.19 in acetonitrile indicated the mass peak (m/z) 1052.3039,
which was attributed to {MH}" and calculated for 1052.3022. Purity and composition were
confirmed by combustion analysis and infrared spectroscopy and seen to be consistent with the
proposed structure of ligand 2.19. The successful substitution of CTG (2.4) to afford compound

2.19 was easily envisaged through examination of its *H NMR spectrum, Figure 2.4.
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Figure 2.4 Interpreted *H NMR spectrum of compound 2.19 in ds-MeCN.

Deprotection of 2.19 to afford ligand 2.20 was undertaken in a 7:1 mixture of methanol:water
with hydroxide base at reflux. The insolubility of the resultant solid meant that its solution-
phase chemistry could not be probed; however, infrared analysis confirmed the generation of a
carboxylic acid with a broad and hydrogen-bonded O-H bond stretch at 3300 cm™. Combustion
analysis of the product analysed as the sodium salt of the acid, which could not be purified by

any means.
2.2.1 Clathrate complexes of pyridine-N-oxide ligands

Single crystals of ligands 2.10, 2.12 and 2.13 were obtained and their clathrate complexes
determined crystallographically, Table 2.3. Three forms of clathrate behaviour were noted,
comprising both the inclusion and exclusion of hetero-guest (solvent) molecules, alongside

reciprocal self-inclusion motifs between individual ligands.

Ligand 2.10 displayed a solvent-dependent isomorphism, or solvatomorphism, with crystals
grown from both water and N,N’-dimethylformamide (DMF) solutions. Crystals of complex
2.10-2(H,0) were grown from the slow evaporation of water and a solution was obtained in the
triclinic space group P1 to display perfectly aligned columns of 2.10 ligands in a bowl-in-bowl
arrangement and water molecules occupying the interstitial sites, Figure 2.5a. The water
molecules bridge individual 2.10 ligands through hydrogen bonding and link the ligands into a

pseudo 2D sheet. Each lattice water molecule connects two 2.10 ligands across the polar N-
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oxide moiety, Figure 2.5a, with N-O---H-O separations of 1.882 and 1.870 A.”*] Hydrogen
bonding in derivatised CTVs is commonplace, and is well documented with the relatively acidic
C-H proton of ortho-carborane.” A particularly elegant example of hydrogen bonding in the
solid state is that of Sasaki and colleagues, where an aqueous mixture of achiral molecular
components was observed to transfer supramolecular chirality upon the creation of hydrogen-
bonded helices, consisting of 21 individual interactions.’®! Likewise, Ward and co-workers have
remarked upon the importance of water-mediated hydrogen bonding in the determination and

quantification of isoquinoline-N-oxide binding in a polyhedral coordination cage host.®

Individual 2.10 ligands stack in a columnar array with inter-aromatic distances of 4.55 A, which
is too long to suggest the presence of aromatic interaction.?” This inter-ligand distance is
proportional to the crystallographic unit cell a axis, 4.5584(6), and represents a -form of CTV,
as determined by Steed and Atwood.™ Each column of 2.10 ligands is homochiral and features
the inclusion of only one ligand enantiomer; however, the overall lattice composition is that of a

racemate.

Crystals of complex 2.10-2(DMF) were grown from the diffusion of diethyl ether vapours into a
DMF solution of the complex and a solution was obtained in the triclinic space group PI.
Conversely to exclusion complex 2.10-2(H;0), the inclusion complex 2.10-2(DMF) displays
host-guest interactions between the hydrophobic tribenzo[a,d,g]-cyclononatriene core and a
DMF solvent molecule. The non-polar N,N’-dimethyl moiety is orientated towards the ligand
cavity with the polar carboxy function forming a weak hydrogen bond with a proximal pyridyl
proton, displaying an O---H-Py separation of 2.627 A. However, in doing so, the ligand loses its
molecular Cs-symmetry, Figure 2.5b. This type of clathrate behaviour is common with CTV
and its derivatives, and inclusion complexes have been isolated with acetone, acetonitrile,
dimethylsulfoxide (DMSO), ethanol and tetrahydrofuran (THF) solvents.*

Individual 2.10 ligands pack in a columnar manner that is supported through back-to-back
aromatic interactions, with m-m centroid separation of 3.568 A. Furthermore, reciprocal
hydrogen bonding motifs are present between two polar N-oxide moieties and its ortho-proton,
with O---H-C separations of 2.358 A.
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(a) (b)

Figure 2.5 (a) From the crystal structure of complex 2.10-2(H,0), displaying the asymmetric

unit, as viewed down the crystallographic a-b plane; (b) from the crystal structure of complex

2.10-2(DMF) highlighting the host-guest interactions between ligand and DMF. Anisotropic
displacement parameters are at 30 % and solvent DMF coloured green for clarity.

Single crystals of complex 2.12-2(NMP) were grown from the diffusion of diethyl ether vapours
into an N-methylpyrrolidone (NMP) solution of the ligand and isolated as large, colourless
blocks. The structure solved in the triclinic space group P1 to display the asymmetric unit as one
molecule of 2.12 and two NMP solvent molecules, Figure 2.6a. The NMP solvent molecules
form no interactions between themselves or the ligand and simply fill interstitial sites within the
lattice. Such exclusion behaviour has been observed by Loughrey and co-workers in the
formation of donor:acceptor charge transfer complexes with CTC with tetracyanoethylene
(TCNE) and tetracyanoquinodimethyl (TCNQ) lattice guests.™”!

Individual 2.12 ligands pack in a self-complementary manner, where the ligand arm of one is
reciprocally and non-covalently bound by the tribenzo[a,d,g]cyclononatriene core of a
neighbour. This dimeric unit is supported by aromatic interactions between the aromatic core
and pyridyl moiety of the two interacting 2.12 ligands, with aromatic centroid separation of
3.793 A, Figure 2.6b. Hardie and colleagues have assigned the appropriate moniker of
‘handshake’ to this supramolecular interaction, which is specific to tris-functionalised CTVs
and has been observed in the solid state between various quinalyl- and pyridyl-substituted

ligands and their metal complexes.!!
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(a) (b)

Figure 2.6 From the crystal structure of 2.12.2(NMP). (a) The asymmetric unit: solvent
NMP coloured green and anisotropic displacement parameters set at 30 % probability; (b)
reciprocal hand-shake motif between two molecules of ligand 2.12. Individual ligands are
colour coded, shown in space filling where appropriate and aromatic interactions displayed
using red hashed lines. Positional disorder about the pyridine-N-oxide moiety is not shown.

Single crystals of complex 2.13-DMF were obtained from the slow evaporation of a DMF
solution of 2.13 and collected using synchrotron radiation at station 119 at Diamond Light
Source. The structure solved in the monoclinic space group P2/n to display the asymmetric unit
as one molecule of ligand 2.13 and one molecule of solvent DMF. Ligands display narcissistic
chiral discrimination and pack to afford homochiral columns of only one enantiomer of ligand,
Figure 2.7. This is an often observed but not well understood phenomenon of CTV and its
analogues which is likely due to symmetry restriction,®? similar to the molecular chiral
recognition as described by McBride.*®! Aromatic separations between ligands are 4.70 A and
therefore their formation is not supported by aromatic interactions. Whilst each column of
ligands is homochiral, the extended structure is a racemate, where the opposing columns
propagate either up, or down. Such opposing ligands interact across their respective columns
through hydrogen bonding between the ethereal moieties of the tribenzo[a,d,g]cyclononatriene

core, displaying O---H-C separations of 1.985 A.

The packing of 2.13 ligands in the extended lattice affords small, interstitial sites which are
filled with solvent DMF. However, rather than classical clathrate behaviour, DMF molecules
form weak associations with proximal 2.13 ligands through hydrogen bonding, Figure 2.7a. A
dimeric interaction is afforded between the pyridine-N-oxide and formyl moieties, with Py-
H---O=C and N-O---H-C separations of 2.387 and 2.434 A, respectively, Figure 2.7a.
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(b)

Figure 2.7 From the crystal structure of complex 2.13-DMF. (a) The asymmetric unit, as viewed
down the crystallographic a axis. DMF guest coloured green for clarity and anisotropic
displacement parameters set at 30 %; (b) characteristic bowl-in-bowl stacking behaviour of
individual 2.13 ligands, as viewed down the crystallographic b axis.

2.3 Coordination polymers with the lanthanide(l11) series

Owing to the insolubility of ligand 2.20, conventional complexation reactions undertaken at
room temperature were unsuccessful. Instead, solvothermal syntheses in Parr-acid digestion
bombs were attempted, through superheating a suspension of 2.20 and LnXs, where X = halide,
nitrate (NO3), perchlorate (ClIO,) and trifluoromethanesulfonate (triflate, CF;SOg) in a polar,
aprotic solvent. Despite the extensive range of conditions employed,! crystals suitable for
single crystal diffraction were not obtained. Subsequently, attempts towards the ester hydrolysis
of ligand 2.19 were undertaken solvothermally in the presence of suitable lanthanide salts in a
bid to facilitate complex formation in situ. Again, crystalline material was not obtained and so

complexation studies of ligand 2.20 were not pursued further.

Ligands 2.10-2.14 were of significantly lower solubility than the corresponding pyridyl
precursors; thus, the solvents DMF, DMAC (N, N -dimethylacetamide), DMSO and NMP were
required in order to promote self-assembly at room temperature. The coordination polymers
gained from their self-assembly with the lanthanide(lll) cations were testament to the
coordinating nature of the solvents employed, where crystallographic analysis showed their
tendency to act as ligands. Likewise, coordinating anions were observed to facilitate similar

behaviour.E®

Solution-phase experiments of ligands 2.10-2.14 with available diamagnetic lanthanide metal

salts displayed only broadened resonances in their ‘H NMR spectra which did not sharpen with
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time. The use of ds-DMSO, d;-DMF and D,0 solvents did not improve the spectra procured and
their broadness and asymmetry were symptomatic of polymerisation. Stable constructs could
not be identified in the gas phase either, with the electrospray mass spectra of these complex
mixtures displaying only a sequential increase in ligand:metal adducts, supporting the notion of
oligomerisation. Despite the range of conditions tried, crystalline samples were only obtained

from a select few samples.

The stoichiometric reaction of ligand 2.10 with gadolinium(Ill) nitrate (NO3) in DMF solvent
afforded a 1D polymer, {[Gd(2.10)(NO3);]-DMF}., complex 2.21. Yellow needles were
isolated by diffusing diethyl ether vapours into a solution of the complex in DMF and analysed
by single crystal diffraction methods. The structure solved in the monoclinic space group C2/c
to display the asymmetric unit as one Gd(lll) centre, which is coordinated by a molecule of
ligand 2.10 and three chelating nitrate anions, in addition to one molecule of uncoordinated

DMF, disordered over two positions, Figure 2.8. Selected bond metrics are given in Table 2.1.

Figure 2.8 The asymmetric unit from the crystal structure of complex 2.21. Solvent DMF
omitted for clarity and anisotropic displacement parameters are shown at 50 % probability.

Gd(1)-0(7) 2.370(6) Gd(1)-O(15) 2.511(6)
Gd(1)-0(10) 2.550(6) Gd(1)-0(16) 2.505(6)
Gd(1)-0(12) 2.539(6) Gd(1)-0(18) 2.517(7)
Gd(1)-0(13) 2.539(6)

Table 2.1 Selected bond lengths (A) from the crystal structure of complex 2.21

Each ligand 2.10 coordinates to three symmetry-equivalent Gd(l11) centres, each of which are 9-

coordinate with a tricapped trigonal-prismatic geometry. Furthermore, each Gd(lll) centre is
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meridonially coordinated by three independent 2.10 ligands and chelating nitrate anions. Gd-
O(ligand) distances range from 2.358(5) to 2.390(6) A, with equatorial and axial O(ligand)-Gd-
O(ligand) bond angles of 80.63(19), 90.6(2) and 149.9(2)", respectively, thus forming a near T-
shape arrangement of 2.10 around the Gd(lIl) centre. Weak intramolecular interactions are
present between an un-bound oxygen of a chelating nitrate anion and adjacent methyl group,
with O---H-C separation of 2.54 A. The ligand retains non-crystallographic Cs-symmetry and
displays a propensity to coordinate away from the hydrophobic bowl, as to prevent steric
crowding upon coordination, which is facilitated by the flexible ether linkage.

Symmetry expansion leads to the formation of a 3-connected 1D ladder, where the ligands
assemble linearly in an alternate up-down arrangement, assisted by back-to-back n-interactions
between core CTG aromatics, with centroid separations of 3.85(6) A. Individual 1-D ladders
were observed to be homo-chiral, with only one enantiomer of the ligand included in their

formation; however, the overall structure exists as a racemate, Figure 2.9.

Some of the earliest 1D ladder-type polymers were prepared by Fujita and co-workers, through
the self-assembly of 1,4-bis(4-pyridylmethyl)benzene and cadmium(ll) nitrate. They too
remarked upon the necessity of coordinating anion and solvent in order to promote
polymerisation.?® Examples more commonly related to complex 2.21 are those prepared by
Reedijk and Zheng,®” where analogues of tris(4-pyridyl)benzenes have afforded 3-connected
ladders, which display porosity for guest binding and an ability to undergo remarkable
crystallographic phase transitions, respectively. Examples which incorporate the lanthanide(l11)
cations into 3-connected polymers include Chen’s coordination chains resulting from the self-
assembly of pyridine-2,6-dicarboxylates with promethium(Ill) or cerium(lll) metal centres,
which display both magnetic and fluorescent properties.®! The shear wealth of such
coordination polymers has made them the subject of a number of recent and extensive review

articles.
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(b)

Figure 2.9 From the crystal structure of complex 2.21. (a) The resultant 3-connected,
homochiral, 1-D chain formed through metal coordination and back-to-back stacking of
ligands. Aromatic w-interactions displayed as red, hashed lines and chain connectivity
displayed as green lines; (b) aggregation of 1-D chains, facilitated by hydrophobic self-
inclusion. Solvent DMF omitted and chains colour coded for clarity; (c) reciprocal hand-shake
motif present between two distinct ligands.*

The extended structure depends strongly on synergistic self inclusion and features the reciprocal
‘handshake’ motif, as introduced for clathrate complex 2.12-2(NMP), above, Figure 2.9c.B!
This 2-D aggregation of 1-D chains proceeds with the hydrophobic cavity of a ligand 2.10, of a
given 1-D ladder, playing host to a ligand arm from an adjacent 1-D ladder and vice versa. The
polar N-oxide moiety of the reciprocating arm is orientated away from the hydrophobic bowl

and coordinates a Gd(l11) cation to complete the structural motif, Figure 2.9b.

The 3-D lattice is afforded through interdigitation of parallel 1-D ladders between proximal
aromatic groups, Figure 2.10. Once formed, complex 2.21 was observed to be insoluble in all
common laboratory solvents and therefore an examination of its solution-phase chemistry was
not undertaken; however, the composition and purity of the bulk crystalline solid were

confirmed by infrared spectroscopy and combustion analysis, respectively.
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Figure 2.10 From the crystal structure of complex 2.21. The extended packing diagram,
highlighting the intercalation of associated 2-D layers. Solvent DMF and ligand protons are

omitted for clarity.""

The reaction of ligand 2.13 with two equivalents of samarium(I11) chloride in DMF also resulted
in the formation of a complex with a 1D ladder structure, of composition
{[Sm(2.13)CI(DMF);]-[SmCIs(DMF)]-1.5(DMF)}.., complex 2.22. Although fundamentally
similar to complex 2.21, the orientation of the pyridyl-N-oxide moiety and rigidity of the ester
linkage generate a different structural outcome. Crystals of the complex were grown as
described for complex 2.21 and were isolated as large, yellow needles. The structure was solved
in the triclinic space group P1 to display the asymmetric unit as two crystallographically and
chemically distinct Sm(111) containing units: [Sm(2.13)CI(DMF)s]** and [SmCIs(DMF)]?, the

latter being a simple, anionic octahedral lattice guest, Figure 2.11.

Complex 2.22 was not seen to form when stoichiometric amounts of ligand 2.13 and metal salt
were used, confirming that two equivalents of metal salt, and hence the presence of anionic
lattice guest, are integral in its formation. The anionic Sm(II1) guest displays Sm-CIl and Sm-
O(DMF) bond distances of 2.6707(17)-2.7286(16) and 2.406(6) A, respectively and CI-Sm-Cl
bond angles ranging 865.99(6)-97.89(5) for the cis- and 161.78(6)-176.40(6)° for the trans-
chlorides. Anionic lanthanide pentachlorides are uncommon, but have been reported with

Nd(111), Ce(I11) and Eu(l11) as methanol, pyridine and tetrahydrofuran solvates, respectively.*!

The cationic unit, [Sm(2.13)CI(DMF);]**, contains a central Sm(lll) cation that is coordinated
by three crystallographically related molecules of ligand 2.13, three molecules of coordinating
DMF and a chloride ligand. Each 8-coordinate Sm(I11) centre has square antiprismatic geometry

with the three 2.13 ligands coordinating in a pseudo-fac orientation. Bond distances range
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2.398(4)-2.430(4) A for the Sm-O(ligand), 2.7724(17) A for Sm-Cl and between 2.414(4) and
2.508(4) A for the Sm-O(DMF) bonds. Selected bond metrics for complex 2.22 are stated below
in Table 2.2.

Figure 2.11 The asymmetric unit from the crystal structure of complex 2.22. Anisotropic
displacement parameters are set at 40 % probability.

Sm(1)-O(4) 2.399(4) O(4)-Sm(1)-CI(1) 142.03(11)
Sm(1)-CI(1) 2.7724(17) 0(17)-Sm(2)-CI(2) 94.70(15)
Sm(2)-Cl(2) 2.6952(17) 0(17)-Sm(2)-CI(3) 83.11(15)
Sm(2)-CI(3) 2.6707(17) 0(17)-Sm(2)-CI(5) 88.44(15)
Sm(2)-Cl(4) 2.6912(16) 0(17)-Sm(2)-CI(6) 79.37(15)
Sm(2)-CI(5) 2.6883(16) CI(2)-Sm(2)-CI(3) 85.99(6)

Sm(2)-CI(6) 2.7286(16) CI(2)-Sm(2)-CI(6) 90.46(5)

Sm(2)-0(17) 2.406(6) 0(17)-Sm(2)-Cl(4) 174.80(16)

Table 2.2 Selected bond lengths (A) and angles (°) from the crystal structure of complex 2.22

Symmetry expansion of the [Sm(2.13)CI(DMF);]** unit affords a 3-connected 1D ladder with a
quasi-cylindrical conformation and an off-set, head-to-head assembly of 2.13 with respect to
one another. The rigidity and outwardly orientated pyridyl-N-oxide donor moieties of 2.13 are
essential in achieving such a conformation, which would not be accessible with a more flexible
ligand such as 2.10 or 2.11. In this case, and unlike complex 2.21, the inclusion of both ligand
enantiomers renders each 1-D ladder a racemate. There are no interactions to note within the 1D
ladders, nor any significant free space, despite their cylindrical shape. In addition to the
examples listed above, similar 1D ‘open framework’ complexes have been afforded with
derivatised CTVs, including Holman’s infinitely linked cryptophane complex and Zheng’s 1D

nanotube, which both display an ability to host molecules in the solid state.*?
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The structure extends 2-dimensionally through association of individual 1-D chains via
intermolecular host-guest interactions; where, in this case, the N,N’-dimethyl moiety of a
coordinated DMF molecule are orientated within the hydrophobic cavity of 2.13 and vice versa,
Figure 2.12a.

(b)

Figure 2.12 From the crystal structure of complex 2.22. (a) As viewed down the
crystallographic c axis, depicting the interdigitation of individual 1D cylinders. Shown in space
filling mode and colour coded for clarity; (b) extended crystal lattice, highlighting the positions

of octahedral lattice guest, [SmCls(DMF)]?, displayed in space filling mode.*"!

The extended lattice proceeds via the stacking of resultant sheets, facilitated by back-to-back =n-
interactions, with staggered centroid separations of 3.85 A. This affords proton-rich,
electropositive pockets which are filled with the aforementioned anionic [SmCIls(DMF)]*
guests. Close contacts were recorded for each of the five bound chlorides,*®! with Cl---H-C
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interactions ranging from 2.54 to 3.06 A. The result is a dense extended lattice, with no void
space to note, Figure 2.12b. As with complex 2.21, complex 2.22 was found to be highly
insoluble once formed and only solid state analysis sought. Purity of the complex was
confirmed with combustion analysis and the composition was supported with infrared

spectroscopy.

Extended ligand 2.14 was also seen to form complexes with the lanthanide(lll) series. Single
crystals from both NMP and DMF solutions of the ligand and cerium(lll)
trifluoromethanesulfonate (CF3;SOs) were isolated; however, a data collection of suitable
strength could not be determined — even with a synchrotron source. The cell indexed as trigonal,
a, b = 60.25, ¢ = 38.97 A which was in good agreement for each crystal trialled. Data were
weak and a resolution of only 2 A was achieved (~ 20 = 18.11 °) for the full data collection and
a reliable solution could not be obtained. Mass spectrometry did not aid complex elucidation
and highlighted only {Ce,(2.14),(0Tf),}** at (m/z) 1438.12. The 'H NMR spectrum of the
analogous diamagnetic lanthanum complex in d,-DMF did not display shifts to the ligand

resonances, suggesting that the complex gained may be a phenomenon of the solid state.
2.4 Conclusions and future work

A novel ligand library comprising pyridine-N-oxide and pyridine-carboxylate donor moieties
was synthesised and their clathrate complexes determined crystallographically. The pyridine-N-
oxide ligands prepared proved effective in forming complexes with the lanthanide(lll) series,
with crystalline samples being isolated. Furthermore, the first examples of coordination

polymers of functionalised CTVs and the lanthanide(ll1) cations were structurally elucidated.

Despite the larger coordination numbers of the lanthanides, higher dimensionality networks
were not obtained due to the presence of coordinating solvent and anions. To improve solubility
and perhaps allow for discrete complexes to be made, flexible and chelating derivatives built on
a more solubilised CTG core would be essential, in addition to the employment of weakly
coordinating solvent and anions. Nevertheless, these findings represent a step towards the
construction of increasingly complex and robust network and cage structures comprising the

CTV framework and the lanthanide(l11) series.

In addition to addressing the inherent insolubility of ligands already prepared, future work
should focus on synthesising both macrocyclic and chelating CTV-derived ligands towards the
preparation of functional molecular hosts for the photoluminescent sensing of small molecules
in the solution-phase. It would be envisaged that the strength and degree of guest binding by the

CTV molecular cavity could be probed by various photophysical measurements.
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25 Experimental
2.5.1 Instrumentation

NMR spectra were recorded by automated procedures on a Bruker Avance 500 or DPX 300
MHz NMR spectrometer. All deuterated solvents were purchased from Euriso-top. All *H and
BC{*H} spectra were referenced relative to an internal standard. High resolution electrospray
mass spectra (ESI-MS) were measured on a Bruker MicroTOF-Q or Bruker MaXis Impact
spectrometer in either positive or negative ion mode by Ms. Tanya Marinko-Covell of the
University of Leeds Mass Spectrometry Service and Dr. Lindsay P. Harding of the University of
Huddersfield. Low resolution mass spectra were recorded on an open-access Bruker Micromass
LCT spectrometer with simultaneous HPLC using an acetonitrile/water eluent and sodium
formate calibrant. FT-IR spectra were recorded as solid phase samples on a Perkin-Elmer
Spectrum One spectrophotometer. Samples for microanalysis were dried under vacuum before
analysis and the elemental composition determined by Mr lan Blakeley of the University of

Leeds Microanalytical Service using a Carlo Erba elemental analyser MOD 1106 spectrometer.
2.5.2  Synthesis

Unless otherwise stated, all chemicals were obtained from commercial sources and used without
further purification. Ligands were employed as racemic mixtures for all complexation studies

listed herein.

Synthesis of 3-methoxy-4-(propenyloxy)benzyl alcohol (2.2). 4-Hydroxy-3-methoxybenzyl
alcohol (30.74 g, 195 mmol), allyl bromide (19.1 mL, 218 mmol) and potassium carbonate
(27.26 g, 194 mmol) were heated at reflux in acetone (200 mL), for 24 hours under an inert
atmosphere. The solvent was removed in vacuo, the residue extracted with dichloromethane (3
x 300 mL), washed with water (2 x 300 mL) and the chlorinated extracts dried over magnesium
sulfate. Solvent was removed in vacuo to give 2.2 as a white solid. Yield 37.5 g: quantitative
(Lit. 99 %). M.pt 68—70 °C (Lit. 69 °C); HR MS (ES™): m/z 177.0910 {M-OH}"; calculated for
CuH1:0, 177.0916; 'H NMR (500 MHz, CDCls) & (ppm) = 6.93 (s, 1H, Ar-H®), 6.85 (s, 2H,
Ar-H?, Ar-H®), 6.08 (m, 1H, C=CH-), 5.40 (d, 1H, trans-C=CH,, J = 17.1 Hz), 5.28 (d, 1H, cis-
C=CH,, J = 10.3 Hz), 4.61 (m, 4H, CH,-OH, Ar-OCH,-), 3.88 (s, 3H, Ar-OCH,); *C{'H}
NMR (75 MHz, CDCls) & (ppm) = 150.1, 147.9, 134.5, 133.7, 119.8, 118.4, 113.9, 111.3, 70.4,
65.7, 56.4; Analysis for C,;H1405 (calculated, found) C (68.02, 68.12), H (7.27, 7.31). All data

are consistent with the literature.™®
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Synthesis of (%)-2,7,12-trimethoxy-3,8,13-tris(propenyloxy)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (2.3). 3-Methoxy-4-(propenyloxy)benzyl alcohol (42.0 g,
216.6 mmol) was heated and stirred at 70 °C. A catalytic quantity of phosphoric acid (spatula
tip) was added, and the reaction stirred for sixteen hours, during which time it solidified. This
solid was triturated in methanol (400 mL) before the solid was collected by filtration, washed
with further methanol and dried in vacuo to afford 2.3 as a white solid. Yield 14.75 g: 39% (L.it.
41%). M.pt 176-178 °C (Lit. 175 °C); *H NMR (500 MHz, CDCI3) & (ppm) = 6.86 (s, 3H, Ar-
H), 6.80 (s, 3H, Ar-H), 6.08 (m, 3H, C=CH-), 5.36 (d, 3H, trans-C=CH,, J = 17.2 Hz), 5.23 (d,
3H, cis-C=CH,, J = 10.5 Hz), 4.73 (d, 3H, CTG exo-H, J = 13.7 Hz), 4.59 (m, 6H, Ar-OCH,-),
3.83 (s, 9H, Ar-OCHs), 3.51 (d, 3H, CTG endo-H, J = 13.7 Hz); “C{*H} NMR (75 MHz,
CDCly) & (ppm) = 148.2, 146.7, 133.7, 132.3, 131.7, 117.5, 115.6, 113.6, 70.2, 56.1, 36.5. All

data are consistent with the literature.™®

Synthesis of (#)-2,7,12-trimethoxy-3,8,13-tris(hydroxy)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (CTG, 2.4). (+)-2,7,12-Trimethoxy-3,8,13-tris(propenyloxy)-
10,15-dihydro-5H-tribenzo[a,d,g]cyclononene (10.0 g, 18.8 mmol) and triphenylphosphene
(950 mg, 3.62 mmol) were heated for 3 hours at 80 °C in a mixture of dry tetrahydrofuran (250
mL), diethylamine (91 mL) and water (77 mL). The system was degassed for three hours with
argon; after which, palladium(ll) acetate (315 mg, 1.40 mmol) was added, and stirred at reflux,
in which time the mixture turned dark brown. The reaction was cooled to room temperature, the
solvent removed in vacuo and the resulting residue extracted with ethyl acetate (3 x 300 mL).
The ethyl acetate extracts were filtered, washed with water (300 mL), brine (3 x 300 mL), dried
over magnesium sulfate and the solvent removed in vacuo. The resulting oily solid was
triturated with ether (100 mL) and collected to yield 2.4 as an off-white solid. Yield 3.66 g: 49%
(Lit. 67 %). M.pt > 300 °C (Lit. > 300); HR MS (ES™): m/z 431.1462 {MNa}"; calculated for
C2H2406Na 431.1471; *H NMR (500 MHz, CDCl3) & (ppm) = 6.87 (s, 3H, Ar-H), 6.79 (s, 3H,
Ar-H), 5.39 (bs, 3H, Ar-OH), 4.73 (d, 3H, CTG exo-H, J = 13.7 Hz), 3.89 (s, 9H, Ar-OCHy),
3.52 (d, 3H, CTG endo-H, J = 13.7 Hz); *C{*H} NMR (75 MHz, CDCl) & (ppm) = 145.6,
1445, 132.9, 131.6, 115.8, 112.7, 56.5, 36.7; Analysis for C,H,4O¢ (calculated, found) C
(70.57, 70.84), H (5.92, 6.08). All data are consistent with the literature.™*!

Synthesis  of  (%)-2,7,12-trimethoxy-3,8,13-tris(2-pyridylmethyloxy)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (2.5). A suspension of CTG (1.21 g, 2.94 mmol) and potassium
carbonate (3.32 g, 24.0 mmol) were stirred at reflux in acetone (400 mL) for 30 minutes, under
argon. 2-bromomethylpyridine hydrobromide (2.90 g, 11.47 mmol) was added and the reaction
held at reflux for a further 96 hours, during which time the reaction mixture turned from

colourless to orange and darkened further over time. After cooling, the acetone was removed in
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vacuo, water (300 mL) was added and the suspension extracted with dichloromethane (4 x 300
mL). The combined extracts were dried over magnesium sulfate and concentrated in vacuo,
resulting in a brown oil that solidified upon standing. Trituration in methanol yielded 2.5 as a
bright white solid. Yield 1.78 g: 89 % (Lit. 85 %); M.pt 162—164 °C (Lit. 162 °C); HRMS
(ES"): m/z 682.2939 {MH}"; calculated for CH350sN3 682.2917; *H NMR (500 MHz, CDCls)
8 (ppm) = 8.59 (d, 3H, Py-H®, J = 4.6 Hz), 7.68 (td, 3H, Py-H* J = 7.7, 1.3 Hz), 7.49 (d, 3H,
Py-H® J = 7.8 Hz), 7.19 (dd, 3H, Py-H® J = 7.2, 5.1 Hz), 6.83 (s, 3H, Ar-H), 6.66 (s, 3H, Ar-
H), 5.28 (m, 6H, Ar-OCH,-), 4.67 (d, 3H, CTG exo-H, J = 12.8 Hz), 3.79 (s, 9H, Ar-OCHj),
3.42 (d, 3H, CTG endo-H, J = 12.8 Hz); “C{’H} NMR (75 MHz, CDCl;) & (ppm) = 157.7,
148.9, 148.2, 146.6, 137.1, 132.6, 131.7, 122.6, 121.3, 115.3, 113.7, 71.7, 56.3, 36.5. All data

are consistent with the literature.™*”!

Synthesis  of  (4)-2,7,12-trimethoxy-3,8,13-tris(3-pyridylmethyloxy)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (2.6). Sodium hydride (60% NaH dispersed in mineral oil, 145
mg, 3.57 mmol) was added in small portions to a stirred solution of CTG (145 mg, 0.355 mmol)
in anhydrous DMF (6 mL). The reaction mixture was stirred for 30 minutes under an argon
atmosphere. A solution of 3-bromomethyl pyridine* (2.45 mmol) in dichloromethane (30 mL)
added via syringe and the reaction mixture stirred for a further 48 hours. Water (100 mL) and
dichloromethane (100 mL) were added and the aqueous layer washed with dichloromethane (2
x 100 mL). The combined organic layers were washed with water (5 x 100 mL), brine (2 x 100
mL), dried over magnesium sulfate and solvent removed in vacuo. The residue was purified by
column chromatography (silica, 5% methanol in dichloromethane), and triturated in ether to
afford the target ligand as a white solid. Yield 146 mg: 44.1%. [* 3-bromomethyl pyridine was
freshly prepared before use by the following method: Saturated aqueous sodium carbonate (~10
mL) added dropwise to a stirred solution of 3-bromomethyl pyridine hydrobromide (620 mg,
2.45 mmol) in distilled water (20 mL) at 0 °C to reach pH 7. The 3-bromomethyl pyridine was
extracted with dichloromethane (30 mL), dried over magnesium sulfate and filtered. The filtrate
was used rapidly, without further purification]. M.pt 149-151 °C; HR MS (ES™): m/z 682.2938
{MHY}": calculated for C,,H30sN3 682.2917; 'H NMR (500 MHz, CDCls) & (ppm) = 8.69 (s,
3H, Py-H?), 8.58 (d, 3H, Py-H® J = 4.3 Hz), 7.76 (d, 3H, Py-H* J = 7.7 Hz), 7.29 (dd, 3H, Py-
HS J = 7.7, 5.1 Hz), 6.85 (s, 3H, Ar-H), 6.72 (s, 3H, Ar-H), 5.11 (s, 6H, Ar-OCH,-), 4.71 (d,
3H, CTG exo-H, J = 13.7 Hz), 3.76 (s, 9H, Ar-OCHj3), 3.50 (d, 3H, CTG endo-H, J = 13.7 Hz);
BC{*H} NMR (75 MHz, CDCl) & (ppm) = 149.4, 148.7, 148.7, 146.6, 135.2, 133.2, 132.9,
131.7, 123.6, 116.8, 113.8, 69.4, 56.2, 36.5; Analysis for 2.6 (% calculated; found) C (73.88;
74.09), H (5.90; 6.10), N (6.15; 5.85); Infrared analysis (FT-IR, cm™) 3006, 2932, 1668, 1517,
1129.
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Synthesis of (¥)-2,7,12-trimethoxy-3,8,13-tris(3-carboxypyridyl)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononene (2.7). Anhydrous triethylamine (4.0 mL, 29.3 mmol) was added to
a stirred solution of CTG (1.0 g, 2.46 mmol) in dry tetrahydrofuran (100 mL) at -78 °C, under
an argon atmosphere. After one hour, nicotinoyl chloride hydrochloride (1.37 g, 7.62 mmol)
was added to the reaction mixture and held at -78 °C for a further two hours, before being left at
room temperature for 48 hours. A second portion of nicotinoyl chloride hydrochloride (1.37 g,
7.62 mmol) was added, and left to stir for a further 96 hours. The solvent was removed in
vacuo, and the resultant residue triturated in ethanol to afford 2.7 as a white solid. Yield 1.45 g:
75 % (Lit. 42 %); M.pt 256-257 °C (Lit. 254-256 °C); HR MS (ES"): m/z 762.2003 {MK}";
calculated for C4,H330sN3K 768.1854; 'H NMR (500 MHz, CDCly) & (ppm) = 9.39 (s, 3H, Py-
H?), 8.84 (d, 3H, Py-H® J = 4.8 Hz), 8.44 (d, 3H, Py-H*, J = 7.9 Hz), 7.46 (dd, 3H, Py-H°, J =
7.9,4.9 Hz), 7.19 (s, 3H, Ar-H), 6.96 (s, 3H, Ar-H), 4.82 (d, 3H, CTG exo-H, J = 13.8 Hz), 3.81
(s, 9H, Ar-OCHg), 3.67 (d, 3H, CTG endo-H, J = 13.8 Hz). All data are consistent with the

literature.™*”!

Synthesis of (#)-2,7,12-trimethoxy-3,8,13-tris(4-carboxypyridyl)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (2.8). Anhydrous triethylamine (2.1 mL, 15 mmol) was added
to a stirred solution of CTG (500 mg, 1.22 mmol) in dry tetrahydrofuran (50 mL) at -78 °C,
under an argon atmosphere. After one hour, isonicotinoyl chloride hydrochloride (675 mg, 3.79
mmol) was added to the reaction mixture and held at -78 °C for a further two hours, before
being stirred at room temperature for 48 hours. A second portion of isonicotinoyl chloride
hydrochloride (300 mg, 1.69 mmol) was added and left to stir for a further 48 hours. The
solvent was removed in vacuo, and the resultant residue triturated in ethanol to afford 2.8 as a
white solid. Yield 701 mg: 80 % (Lit. 83 %); M.pt 261-262 °C (Lit. 259-261 °C); HR MS (ES"):
m/z 724.2822 {MH}"; calculated for C,H3,0oN3 724.2802; 'H NMR (500 MHz, CDCls) &
(ppm) = 8.85 (d, 6H, Py-H?, J = 6.0 Hz), 7.99 (d, 6H, Py-H®, J = 6.0 Hz), 7.17 (s, 3H, Ar-H),
6.96 (s, 3H, Ar-H), 4.84 (d, 3H, CTG exo-H, J = 13.9 Hz), 3.81 (s, 9H, Ar-OCHj), 3.70 (d, 3H,
CTG endo-H, J = 13.9 Hz). All data are consistent with the literature.™™!

Synthesis of 4-(4-pyridyl)benzoyl chloride hydrochloride. Under an argon atmosphere, 4-(4-
pyridyl)benzoic acid hydrochloride (1.83 g, 7.77 mmol) was held at reflux in thionyl chloride
(10 mL) containing a few drops of DMF for 24 hours. The thionyl chloride was removed in
vacuo and the off-white solid washed with diethyl ether to give 4-(4-pyridyl)benzoyl chloride
hydrochloride in quantitative yield which was used without further purification. All data are

consistent with the literature.?°%
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Synthesis of (%)-2,7,12-trimethoxy-3,8,13-tris(4-pyridyl-4-carboxyphenyl)-10,15-dihydro-
5H-tribenzo[a,d,g]cyclononatriene (2.9). CTG (153 mg, 0.375 mmol) was dissolved in
anhydrous tetrahydrofuran (30 mL) under an inert atmosphere and cooled to -78°C in an ice
bath. Anhydrous triethylamine (0.65 mL, 6 eq.) was added to the reaction mixture, which was
then stirred for a further 30 minutes. 4-(4-Pyridyl)benzoyl chloride hydrochloride (320 mg, 1.26
mmol) was added to the solution, which was stirred at -78°C for one hour, and then at room
temperature for 2 days. A further portion of 4-(4-pyridyl)benzoyl chloride hydrochloride (320
mg, 1.26 mmol) was added and the mixture stirred for a further 2 days. The solution was taken
to dryness in vacuo and the residue triturated with ethanol to give 2.9 as a white solid. Yield 287
mg: 80%. HR MS (ES*): m/z 952.3232 {MH}"; calculated for CgH.sN3sOg 952.3229; *H NMR
(500 MHz, CDCl3) & (ppm) = 8.73 (d, 6H, Py-H? J = 5.9 Hz), 8.31 (d, 6H, Ph-H? J = 8.4 Hz),
7.77 (d, 6H, Ph-H?, J = 8.4 Hz), 7.56 (d, 6H, Py-H? J = 5.9 Hz), 7.20 (s, 3H, Ar-H), 6.98 (s, 3H,
Ar-H), 4.86 (d, 3H, CTG exo-H, J = 13.8 Hz), 3.82 (s, 9H, Ar-OCHs), 3.71 (d, 3H, CTG endo-
H, J = 13.8 Hz); ®C{*H} NMR (75 MHz, CDCls): § (ppm) 164.2, 150.5, 150.0, 147.1, 143.1,
138.6, 138.1, 131.6, 131.1, 130.0, 127.2, 124.1, 121.7, 114.3, 56.3, 36.6. All data are consistent

with the literature.?*

Synthesis of (+)-2,7,12-trimethoxy-3,8,13-tris(2-pyridylmethyloxy-N-oxide)-10,15-dihydro-
5H- tribenzo[a,d,g]cyclononatriene (2.10). (+)-2,7,12-Trimethoxy-3,8,13-tris(2-
pyridylmethyloxy)-10,15-dihydro-5H- tribenzo[a,d,g]cyclononatriene (250 mg, 0.367 mmol)
was dissolved in dichloromethane (50 mL) at -78 °C and Meta-chloroperoxybenzoic acid (m-
CPBA. 380 mg, 2.2 mmol) added under an inert atmosphere. The reaction mixture was stirred
for 24 hours, during which time it yellowed, and sodium hydrogen carbonate was added to
quench the reaction. The organic layer was removed, washed with water (2 x 75 mL) and sat.
sodium hydrogen carbonate (2 x 50 mL), dried over magnesium sulfate and solvent removed in
vacuo. The resulting crude solid was purified by recrystallisation in acetone (50 mL) and diethyl
ether (30 mL), where colourless crystals of 2.10 were obtained after 48 hours. Yield 110 mg:
41%. M.pt 142-145 °C; HR MS (ES’): m/z 730.3759 {MH}"; calculated for C,HN3zOg
730.3765; 'H NMR (500Mhz, d-DMSO) & (ppm) = 8.34 (d, 3H, Py-H®, J = 6.0 Hz), 7.48 (d,
3H, Py-H® J = 7.7 Hz), 7.42 (m, 3H, Py-H®), 7.36 (m, 3H, Py-H"), 7.23 (s, 3H, Ar-H), 7.08 (s,
3H, Ar-H), 5.22 (m, 6H, CH,-Py), 4.68 (d, 3H, CTG exo-H, J = 13.7 Hz), 3.67 (s, 9H, Ar-
OCHs), 3.54 (d, 3H, CTG endo-H, J = 13.7 Hz); ®C{*H} NMR (75 MHz, DMSO) & (ppm) =
147.8, 147.6, 145.9, 139.3, 133.6, 132.3, 125.7, 125.3, 123.9, 115.6, 114.3, 65.2, 56.2, 35.2;
Analysis for 2.10-1.5(H,0) (% calculated, found) C (66.66, 66.95), H (5.59, 5.55), N (5.55,
5.40); Infrared analysis (FT-IR, cm™) = 3107, 2920, 1643, 1585, 1518, 1334.
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Synthesis of (%)-2,7,12-trimethoxy-3,8,13-tris(3-pyridylmethoxy-N-oxide)-10,15-dihydro-
5H-tribenzo[a,d,g]cyclononatriene (2.112). ()-2,7,12-Trimethoxy-3,8,13-tris(3-
pyridylmethyloxy)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene (150 mg, 0.22 mmol) was
dissolved in dichloromethane (~ 20 mL) at -78 °C and Meta-chloroperoxybenzoic acid (m-
CPBA. 227 mg, 1.32 mmol) added under an inert atmosphere. The reaction mixture was stirred
for one hour, before sodium hydrogen carbonate being added to quench the reaction. The
organic layer was removed, washed with water (2 x 50 mL), dried over magnesium sulfate and
the solvent removed in vacuo. The resulting yellow oily solid was triturated in methanol to yield
2.11 as a yellow powder. Yield 37.6 mg: 25 %. HR MS (ES™): m/z 730.2756 {MH}"; calculated
for C42Hs0N30s 730.3765; *H NMR (500MHz, CD,Cl,) & (ppm) = 7.94 (s, 3H, Py-H?), 7.86 (d,
3H, Py-H®, J = 4.2 Hz), 7.47 (d, 3H, Py-H*, J = 7.8 Hz), 7.30 (m, 3H, Py-H°), 6.84 (s, 3H, Ar-
H), 6.77 (s, 3H, Ar-H), 4.95 (s, 6H, CH,-Py), 4.66 (d, 3H, CTG exo-H, J = 12.1 Hz), 3.72 (s,
9H, Ar-OCHs), 3.48 (d, 3H, CTG endo-H, J = 12.1 Hz); Infrared analysis (FT-IR, cm™) = 3106,
2912, 1658, 1559, 1521, 1342. Ligand 2.11 could not be sufficiently purified for complete

analysis and was not employed in coordination studies.

Synthesis of (#)-2,7,12-trimethoxy-3,8,13-tris(3-carboxypyridine-N-oxide)-10,15-dihydro-
5H- tribenzo[a,d,g]cyclononatriene (2.12). (+)-2,7,12-Trimethoxy-3,8,13-tris(3-
carboxypyridyl)-10,15-dihydro-5H- tribenzo[a,d,g]cyclononatriene (500 mg, 0.690 mmol) was
dissolved in dichloromethane (120 mL) and stirred under an argon atmosphere at -78 °C. Meta-
chloroperoxybenzoic acid (m-CPBA. 600 mg, 2.75 mmol) was added to the reaction mixture
and stirred at -78 °C for two hours, followed by 48 hours at room temperature. The reaction was
guenched with sodium metabisulfite (spatula tip), washed with sat. agueous sodium bicarbonate
(2 x 200 mL) and brine (200 mL), dried over magnesium sulfate and concentrated in vacuo. The
resultant off-white solid was triturated in methanol, affording 2.12 as a bright white solid. Yield
514 mg: 97 %; M.pt > 270 °C; HR MS (ES"): m/z 772.2137 {MH}"; calculated for C4H3;N301,
772.2142; *H NMR (500 MHz, d-DMSO) & (ppm) = 8.67 (s, 3H, Py-H?), 8.53 (d, 3H, Py-H®, J
= 4.8 Hz), 7.93 (d, 3H, Py-H*, J = 7.9 Hz), 7.63 (dd, 3H, Py-H®, J = 7.9, 4.9 Hz), 7.57 (s, 3H,
Ar-H), 7.32 (s, 3H, Ar-H), 4.90 (d, 3H, CTG exo-H, J = 13.5 Hz), 3.75 (s, 9H, Ar-OCHs), 3.71
(d, 3H, CTG endo-H, J = 13.5 Hz); *C{*H} NMR (75 MHz, CDCls) & (ppm) = 161.4, 149.4,
143.3, 139.5, 139.3, 137.7, 132.2, 128.9, 127.5, 126.2, 124.3, 114.9, 56.7, 35.3; Analysis for
2.12-0.5(H,0) (% calculated, found) C (64.61, 64.45), H (4.39, 4.60), N (5.38, 5.30); Infrared
analysis (FT-IR, cm™) = 3346, 2986, 1737, 1611, 1508, 1482, 1435, 1397, 1293, 1213, 1133,
1018, 966, 928, 887, 833, 742, 664, 562.
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Synthesis of ()-2,7,12-trimethoxy-3,8,13-tris(4carboxypyridine-N-oxide)-10,15-dihydro-
5H-tribenzo[a,d,g]cyclononatriene (2.13). (+)-2,7,12-Trimethoxy-3,8,13-tris(4-
carboxypyridyl)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene (100 mg, 0.138 mmol) was
dissolved in dichloromethane (20 mL), and stirred under an argon atmosphere at -78 °C. Meta-
chloroperoxybenzoic acid (m-CPBA. 96 mg, 0.552 mmol) was added to the reaction mixture
and stirred at -78 °C for an hour, followed by 24 hours at room temperature. The reaction was
guenched with sat. sodium bicarbonate (3 x 65 mL), washed with water (50 mL) and brine (50
mL), dried over magnesium sulfate and concentrated in vacuo. The resultant yellow oily solid
was triturated in ethanol to afford 2.13 as a fine, off-white solid. Yield 61 mg: 57 %; M.pt > 300
°C; HR MS (ES*): m/z 772.2137 {MH}"; calculated for C,H3N301, 772.2142; *H NMR (500
MHz, CDCls) & (ppm) = 8.27 (d, 6H, Py-H? J = 7.7 Hz), 8.01 (d, 6H, Py-H® J = 7.7 Hz), 7.16
(s, 3H, Ar-H), 6.94 (s, 3H, Ar-H), 4.84 (d, 3H, CTG exo-H, J = 13.7 Hz), 3.80 (s, 9H, Ar-
OCHs), 3.69 (d, 3H, CTG endo-H, J = 13.7 Hz); ®C{*H} NMR (75 MHz, de-DMSO) & (ppm) =
161.9, 149.6, 140.1, 139.2, 137.9, 132.3, 127.4, 124.4, 124.4, 114.9, 56.6, 35.4; Analysis for
2.13-0.5(H,0) (% calculated, found) C (64.61, 64.30), H (4.39, 4.35), N (5.38, 5.30); Infrared
analysis (FT-IR, cm™) = 3117, 2936, 1738, 1612, 1506, 1478, 1399.

Synthesis of ()-2,7,12-trimethoxy-3,8,13-tris(4-pyridine-N-oxide-4-carboxyphenyl)-10,15-
dihydro-5H-tribenzo[a,d,g]cyclononatriene  (2.14).  (%)-2,7,12-Trimethoxy-3,8,13-tris(4-
pyridyl-4-carboxyphenyl)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene (305 mg, 0.748
mmol) was dissolved in dichloromethane (100 mL) at -78 T. Meta-chloroperoxybenzoic acid
(m-CPBA. 227 mg, 1.313 mmol) was added to the flask, under argon, and stirred for 2 hours at -
78, followed by 48 hours at room temperature. The dichloromethane layer was washed with
mildly basic agueous sodium bicarbonate (3 x 100 mL), dried over magnesium sulphate and
reduced in vacuo to yield a yellow oil. Trituration of the crude product in methanol afforded
2.14 as a white solid. Yield 318 mg: quant. M.pt > 300 °C; HR MS (ES"): m/z 1022.2913
{MNa}"; calculated for CgoHs01,NsNa 1022.2901; *H NMR (500 MHz, de-DMSO) & (ppm) =
8.32 (d, 6H, Py-H? J = 7.2 Hz), 8.18 (d, 6H, Ph-H? J = 8.3 Hz), 8.01 (d, 6H, Ph-H3 J = 8.3
Hz), 7.88 (d, 6H, Py-H®, J = 7.2 Hz), 6.56 (s, 3H, Ar-H), 6.34 (s, 3H, Ar-H), 4.90 (d, 3H, CTG
exo-H, J = 13.1 Hz), 3.73 (s, 9H, Ar-OCHs), 3.70 (d, 3H, CTG endo-H, J = 13.1 Hz); *C{'H}
NMR (75 MHz, CDCl;) & (ppm) = 163.7, 149.3, 140.6, 139.13, 138.6, 137.8, 134.5, 131.9,
130.6, 128.5, 126.7, 124.1, 114.4, 56.2, 34.9; Analysis for 2.14-2(H,0) (% calculated; found) C
(69.90, 69.56), H (4.77, 4.65), N (4.06, 3.95): Infrared analysis (FT-IR, cm™) = 3422, 2940,
1728, 1607, 1505, 1177.
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Synthesis of dimethyl-2,6-pyridinedicarboxylate (2.16). 2,6-Pyridinedicarboxylic acid (40.0
g, 239 mmol) was held at reflux in methanol (350 mL) with a catalytic amount of concentrated
sulphuric acid for 24 hours. The reaction mixture was allowed to cool and the solvent removed
in vacuo. The crude solid was taken up into dichloromethane (100 mL) and neutralized to pH 7
with sat. aqueous sodium hydrogen carbonate, dried over magnesium sulfate and reduced in
vacuo to give 2.16 as a white crystalline solid. Yield 46.7 g: quantitative; M.pt 122 - 124 °C
(Lit. 121 — 124 °C); LC MS (ES*): m/z 196.1 {MH}"; calculated for CsHsNO, 196.1024; *H
NMR (500 MHz, CDCls) & (ppm) = 8.29 (d, 2H, Py-H? J = 7.5 Hz), 8.02 (t, 1H, Py-H* J = 8.0
Hz), 4.02 (s, 6H, O-CHs). All data are consistent with the literature. [

Synthesis of 4-hydroxymethyl-dimethyl-2,6-pyridinedicarboxylate (2.17). Dimethyl-2,6-
pyridinedicarboxylate (5.61 g, 28.7 mol) was added to a stirring solution of sulphuric acid (30 %
v/v, 30 mL) and methanol (30 mL) at 0 C. The temperature was allowed to slowly reach room
temperature. Hydrogen peroxide (30 %, 24 mL) and iron(Il) sulfate (sat. aqueous, 30 mL) were
added drop-wise and simultaneously to keep the temperature between 20-25°C. Once the
addition was complete, the reaction mixture was allowed to stir at room temperature for a
further 30 minutes. Potassium carbonate was added slowly to reach pH 7 and the precipitate
filtered. The filtrate was extracted with ethyl acetate (4 x 55 mL), dried over magnesium sulfate
and concentrated in vacuo to give 2.17 as an off-white solid. The crude solid was purified by
column chromatography (silica, 30% hexane in ethyl acetate), affording the desired compound
as a white solid. Yield 1.23 g: 21 % (Lit. 19 %). M.pt 154-157 °C (Lit. 154-158 °C); LC MS
(ES™): m/z 226.2 {MH}"; calculated for CyH:,0sN 226.1689; 'H NMR (500 MHz, CDCl,) &
(ppm) = 8.32 (s, 2H, Py—H3), 4.91 (s, 2H, -CHy-), 4.03 (s, 6H, O-CHjy), 2.18 (m, 1H, -OH). All

data are consistent with the literature.??

Synthesis of 4-bromomethyl-dimethyl-2,6-pyridinedicarboxylate (2.18). Phosphorus
tribromide (12.1 g, 44.7 mmol) was dissolved in dichloromethane (100 mL) and added drop-
wise to a vigorously stirring solution of 4-hydroxymethyl-dimethyl-2,6-pyridinedicarboxylate
(2.04 g, 8.89 mmol) in dichloromethane (70 mL) at 0C. Once complete, the mixture was
allowed to stir at room temperature for a further 45 minutes. Water (100 mL) and aqueous
sodium bicarbonate were added slowly to pH 7, which was subsequently extracted into
dichloromethane (5 x 125 mL). The organic layers were combined, dried over magnesium
sulfate and concentrated in vacuo to yield 2.18 as a white powder. Yield 2.43 g: 96 % (L.it.
unreported). M.pt 110-113 °C (Lit. 110-113 °C); HR MS (ES"): m/z 309.9695 {MNa}";
calculated for C1oH;0O,NBrNa 309.9691; *H NMR (500 MHz, CDCl3) 6 (ppm) = 8.33 (s, 2H,
Py-H?), 4.51 (s, 2H, CH,Br), 4.03 (s, 6H, O-CHj). All data are consistent with the literature.??
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Synthesis of (£)-2,7,12-trimethoxy-3,8,13-tris(dimethyl-2,6-
pyridinedicarboxylatemethyloxy)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene (2.19).
(£)-2,7,12-Trimethoxy-3,8,13-tris(hydroxy)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene
(CTG. 305 mg, 0.748 mmol) and potassium carbonate (625 mg, 4.52 mmol) were dissolved in
acetonitrile (125 mL) and the mixture held at reflux for 30 minutes. 4-bromomethyl-dimethyl-
2,6-pyridinedicarboxylate (1.30 g, 4.51 mol) was added to the reaction mixture, which was held
at reflux for a further 48 hours, affording a white precipitate. The reaction was allowed to cool
and all solvent removed in vacuo. The resultant residue was taken up into dichloromethane and
washed with water (3 x 100 mL), dried over magnesium sulfate and concentrated in vacuo.
Trituration of the impure product in cold methanol afforded 2.19 as a white solid. Yield 748 mg:
97 %. M.pt 133-136 °C; HR MS (ES™): m/z 1052.3039 {MNa}"; calculated for Cs;Hs;0:5N3sNa
1052.3022; *H NMR (500 MHz, CDCl5) & (ppm) = 8.40 (s, 6H, Py-H?), 6.91 (s, 3H, Ar-H), 6.80
(s, 3H, Ar-H), 5.18 (m, 6H, CH,-Py), 4.73 (d, 3H, CTG exo-H, J = 13.9 Hz), 4.03 (s, 18H, Ar-
CO,CHs), 3.82 (s, 9H, Ar-OCHj3), 3.52 (d, 3H, CTG endo-H, J = 13.9 Hz); *C{"H} NMR (75
MHz, CDCL3) & (ppm) = 165.0, 150.2, 149.2, 148.5, 146.3, 134.3, 131.7, 125.8, 118.3, 114.1,
70.4, 56.2, 53.3, 36.4; Analysis for 2.19-3(H.0) (% calculated; found) C (59.83, 59.65), H
(5.30, 5.00), N (3.88, 3.70); Infrared analysis (FT-IR, cm™) = 3002, 2910, 1713, 1599, 1440,
1129.

Synthesis of (+)-2,7,12-trimethoxy-3,8,13-tris(2,6-pyridinedicarboxylatemethyloxy)-10,15-
dihydro-5H-tribenzo[a,d,g]cyclononatriene (2.20). (+)-2,7,12-Trimethoxy-3,8,13-
tris(dimethyl-2,6-pyridinedicarboxylatemethyloxy)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (100 mg, 0.0798 mmol) was dissolved in a 7:1 mixture of
methanol and water and heated to reflux in the presence of sodium hydroxide (235 mg, 60 eq.)
overnight. The reaction mixture was cooled and the highly insoluble white solid collected by
filtration. Infrared analysis (FT-IR, cm™) = 3536, 2999, 2910, 1707, 1569, 1128.

Preparation of {[Gd(2.10)(NOs)s]-(DMF)}., (Complex 2.21). Gd(NO3);-6(H,0O) (10.15 mg,
0.0225 mmol) and 2.10 (5.11 mg, 0.0075 mmol) were dissolved in DMF (~ 1 mL) and diethyl
ether vapours were diffused into the solution. Small colourless needles formed after 14 days
which were analyzed via single crystal X-ray analysis. Yield 9.8 mg. Analysis for
{[Gd(2.10)(NO3)3]-(DMF)-(H,0)}.. CssH4sGdN;O2 (% calculated, found) C (46.13, 46.15), H
(4.16, 3.90), N (8.42, 8.15); Infrared analysis (FT-IR, cm™) = 3458 (broad), 3140, 2985, 2328,
1672, 1609, 1518, 1454, 1384, 1295, 1266, 1212, 1142, 1090, 1058, 1029, 1011, 950, 858, 816,
766, 741, 698, 600, 569, 550.
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Preparation of {[Sm(2.13)CI(DMF);]-[SmCIs(DMF)]-1.5(DMF)}., (Complex 2.22).
SmCl3-6(H.0) (11.41 mg, 0.0225 mmol) and 2.13 (5.09 mg, 0.0075 mmol) were dissolved in
DMF (~ 1 mL) and diethyl ether vapours were diffused into the solution. Yellow needles
formed after 21 days which were analyzed via single crystal X-ray analysis. Yield 5.9 mg.
Analysis  for {[Sm(2.13)CI(DMF);]-[SmCIs(DMF)]-3(H,0)}.. Cs7H7ClgNgsO0Sm,: (%
calculated, found) C (39.53, 39.75), H (4.01, 4.35), N (5.71, 5.35); Infrared analysis (FT-IR, cm
1) = 3119, 2938, 1745, 1628, 1505, 1484, 1443, 1404, 1252, 1163, 1139, 1052, 927, 861, 830,
746, 679, 630, 581, 497, 484, 470.

Preparation of {[Cey(2.14),-(DMF).]-(OTf)3a} (Complex 2.23). Ce(OTf); (11.41 mg, 0.0225
mmol) and 2.14 (8.49 mg, 0.0075 mmol) were dissolved in DMF (~ 2 mL) and diethyl ether
vapours were diffused into the solution. Yellow blocks formed after 28 days which were
analyzed via single crystal X-ray analysis. Yield 5.9 mg. HR MS (ES"): m/z 1000.3009
{2.14H}", 1481.7302 {Ce,(2.14),(OTf),}** and 1580.8012 {Ce(2.14)(OTf),(NMP)}*; calculated
for 1001.3012, 1481.7306 and 1580.7991, respectively; Analysis for (% calculated, found) C
(n/a, 45.95), H (n/a, 4.45), N (n/a, 5.80); Infrared analysis = (FT-IR, cm™) 3300-2900 (broad),
1735, 1645, 1513, 1274, 847; Crystal data (Matrix only, synchrotron radiation): Trigonal, a,b =
60.1516, ¢ =39.0232 A, 0,p =90, y = 120°, V = 122274.44 A,

2.5.3 X-ray crystallography

Crystals were mounted under inert oil on a MiTeGen tip and flash frozen to 150(1) K using an
Oxford Cryosystems cryostream low temperature device. X-ray diffraction data were collected
using graphite-monochromated Mo-K radiation (1 = 0.71073 A) using a Bruker-Nonius X-8
diffractometer with Apexll detector and FR591 rotating anode generator; or using synchrotron
radiation (1 = 0.6889 A) with a Crystal Logic 4-circle Kappa goniometer and Rigaku Saturn 724
CCD diffractometer at station 119 of Diamond Light Source. Data were corrected for Lorenztian
and polarization effects and absorption corrections were applied using multi-scan methods. The
structures were solved by direct methods using SHELXS-97 and refined by full-matrix on F?
using SHELXL-97, interfaced through the X-seed interface.[*! Unless otherwise specified, all
non-hydrogen atoms were refined as anisotropic, and hydrogen positions were included at
geometrically estimated positions. Molecular graphics were obtained using POV-RAY through
the X-Seed interface.”! Additional details are given below and data collections and refinements

summarised in Table 2.3.

Crystals of clathrate complex 2.10-2(H,0) were twinned and the data reduced and corrected for
absorption using the programs TWINABS and Cell_now, interfaced as part of the Bruker
Apexl| suite.*® Crystals of clathrate complex 2.12-2(NMP) were weakly diffracting. One 3-
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carboxypyridine-N-oxide moiety was modelled with two-fold molecular disorder and its
positions refined at 40:60 occupancies. This disordered group, along with two NMP solvent
molecules, were refined isotropically. Additionally, the bond lengths of one NMP solvent
molecule were restrained to be chemically reasonable. Crystals of clathrate complex
2.13-(DMF) were weakly diffracting and collected using synchrotron radiation at station 119 of
Diamond Light Source. Complex 2.21: A solvent DMF molecule was refined isotropically and
modelled as disordered across two positions, each at 50% occupancy, and the C-O bond lengths
of the disordered DMF were restrained to be chemically reasonable. Complex 2.22: Two methyl
groups of ligand 2.13 were refined as being disordered across two positions, one with the OMe
moiety in two positions, each at 50% occupancy, and the other with the CH; group across two
positions at 75:25 occupancy. The coordinated DMF ligand of the [SmCIs(DMF)]* unit was
refined as disordered across two positions, each at 50% occupancy. The two uncoordinated
solvent DMF molecules were refined isotropically and one modelled with symmetry-related
disorder that was refined at 50% occupancy. Additionally, the bond lengths of this DMF

molecule were restrained to be chemically reasonable.
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Table 2.3 Details of collection and structure refinements for clathrate and inclusion complexes (2.10, 2.12 and 2.13) and metal complexes (2.21 and 2.22).

2.10-2(H,0) 2.10-2(DMF) 2.12-2(NMP) 2.13-DMF * 2.21 2.22
Formula CssHgsNsO22 CasHs3sNsO1; CsoH5:NsO14 CuasHaoNsO13 CusHasGAN7O19 Ce1.5H785Cl6Ng501855m;
Mr 1531.59 875.95 969.98 844.81 1146.14 1760.24
Crystal colour and shape Colourless, fragment Colourless, needle Colourless, block Colourless, plate Yellow, needle Yellow, block
Crystal size (mm) 0.08 x 0.05 x 0.05 0.12x0.08 x0.08 0.20x0.12x0.12 0.18 x0.15x0.09 0.10x0.08 x 0.01 0.24x0.18x0.14
Crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic Triclinic
Space group P1 P1 P1 P2:/n C2/lc P1
a(A) 4,5584(6) 9.2161(5) 13.1282(13) 4.6996(16) 44.860(4) 12.7326(12)
b (A) 16.3294(18) 11.1018(7) 14.0590(15) 21.173(7) 15.1635(14) 16.1047(13)
c(A) 24.986(3) 22.8800(15) 15.0060(13) 39.052(14) 15.6748(14) 19.7002(17)
a(®) 99.660(4) 85.589(4) 92.776(6) 90 90 103.648(2)
50 92.270(4) 81.494(3) 95.507(7) 91.286(4) 97.550(4) 94.159(3)
0] 92.770(4) 75.676(3) 95.507(7) 90 90 94.159(3)
V (A% 1829.2(4) 2241.3(2) 2447.2 (4) 3885(2) 10570.2(17) 3911.0(6)
A 1 2 2 4 8 2
Pealc (g.cm®) 1.390 1.298 1.316 1.444 1.440 1.495
6 range (°) 2.25-24.98 1.80 - 30.10 1.6-25.00 1.78 -31.70 1.42-26.73 1.06-27.28
No. data collected 22009 44701 20244 36804 34505 61774
No. unique data 11097 12918 8581 12838 10958 17431
Rint 0.0813 0.0564 0.0586 0.0510 0.0958 0.0517
No. obs. Data ( > 20(1)) 6454 6881 4367 8287 6048 12627
No. parameters 1016 584 567 564 633 933
No. restraints 3 0 1 0 2 4
R; (obs data) 0.0876 0.0554 0.1075 0.0652 0.0698 0.0504
WR; (all data) 0.2440 0.1312 0.3754 0.1653 0.2194 0.1494
S 0.988 0.995 1.192 1.083 1.006 1.038

* Data collected using synchrotron radiation.
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Chapter 3
Coordination polymers featuring pyridyl-N-oxide functionalised host ligands
3.1 Introduction

Whilst J. C. Bailar ™ may lay claim to the first ‘coordination polymer’, it was Robson’s ‘infinite
frameworks® that first highlighted their potential.'”” Since Yaghi’s realisation of the ‘MOF’
(Metal Organic Framework),” research into the chemistry of coordination polymers remains
largely application driven.”! In fact, the sheer volume of such systems prepared over the last
decade has resulted in an IUPAC-published guide regarding their correct nomenclature,®™ and
brought about the necessity of ‘grammar’ and ‘taxonomy’ in order to classify their topology.[®
Coordination polymers are of such interest that they have been the topic of a number of recent

review articles.

A primary goal in coordination polymer chemistry is in the construction of porous materials.
Owing to their large internal surface areas, many of these materials can reversibly bind gases of
environmental concerns, such as CO, and CH, ' as well as those associated with energy
production, namely H,.™ Other prominent areas are in small molecule catalysis "% and in the
additional incorporation of electronic ™ and mechanical ' components for sensing and
switching, respectively. A detailed review of the construction of such materials, followed by an

assessment of their properties and applications, is found in Chapter 1 of this thesis.

The majority of coordination polymers and MOFs are formed from carboxylate or pyridyl

ligands, ™!

yet their construction using derivatised pyridine-N-oxides remains somewhat
underdeveloped. N-oxides are hard-oxygen donors that form strong metal-ligand bonds due to a
relatively high charge density of the N-oxide donor moiety. Generally, complexes of pyridine-
N-oxides result from the coordination of suitably hard metal centres, such as the early transition
metals and lanthanide cations.™! They are, however, capable of forming complexes with almost
all transition metals, and have afforded a variety of coordination complexes.™® For example,
work by Schroder and Champness, utilising the simple ligand 4,4’-bipyridyl-N, N’-dioxide, has
afforded a wide range of 1- and 2D coordination polymers, where altering the metal salt is
enough to effect structural change.!*®)

The ability to incorporate dynamic components into coordination networks potentially affords
switchable materials.*”) Loeb and co-workers have constructed various MORFs (Metal Organic
Rotaxane Frameworks) which contain electron deficient pillared ‘struts’ encased with electron
rich crown ethers."® They have demonstrated the formation of a [2]-pseudorotaxane, from the

ditopic ligand 1,2-bis-(4,4’-bipyridinium-N, N -dioxide)ethane and dibenzo-24-crown-8 ether,
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which then undergoes complexation with cadmium(ll) cations to afford an interlocked 2D
network, Figure 3.1."% Because the ligand and crown ether are chemically independent of one
another, yet remain mechanically interlocked within the network, they offer a truly coherent
switch, where all components operate in phase with one another.’® This is distinct from

solution-phase chemical switches, based on catenanes and rotaxanes, where motion and relative

orientation is effectively random. 2!

Figure 3.1 Loeb’s Metal Organic Rotaxane Framework (MORF), displaying part of the
mechanically interlocked 2D network formed through cadmium(l1) complexation.™!

Other notable accounts of coordination polymers constructed from functionalised pyridine-N-
oxides are in the field of molecular electronics. Porphyrins are well-known for their electronic
221 and catalytic ! properties, as well as their ability to interact with guest molecules.!**
Hosseini and co-workers have developed a ‘metallo-tecton’ approach to the construction of
coordination polymers from N-oxide functionalised tetrapyridyl metallo-porphyrins.®! In these
systems, self-complexation forms both 1- and 2- coordination polymers, where the N-oxide
moiety coordinates the chelated zinc(ll) cation at the centre of a neighbouring metallo-
porphyrin.?® However, the presence of additional metal centres, such as Hg(ll) or Pb(Il),

[27]

affords heterobimetallic conjugated 3D networks. These systems display extensive

conjugation and m-intercalation that result in interesting electronic properties.

The ability for many coordination networks to ‘host” certain molecules is generally as a result of
their supramolecular structure, not the individual components. Molecular hosts, such as
cyclodextrins,® calix[n]arenes,? pillar[n]arenes,®” and cyclotriveratrylenes (CTVs) B all
possess an intrinsic ability to non-covalently and reversibly bind guests; however, coordination
polymers bearing these motifs that are capable of sophisticated function are yet to be realised.
Much of the reported host-guest chemistry of functionalised CTVs is solution-phase ®2 or as a
result of co-crystallisation,®™ yet the ability to selectively preorganise the
tribenzo[a,d,g]cyclononatriene core into a highly robust network would be advantageous for

post-synthetic application.
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Coordination polymers featuring hard-oxygen-functionalised CTVs are generally restricted to

catecholates and carboxylates, such as in Robson’s tetrahedral assemblies B

and Zheng’s
porous 1D copper(ll) nanotube, Figure 3.2, respectively. Likewise, Holman has prepared a
‘soft” coordination polymer resulting from a carboxylate-functionalised cryptophane that is
shown to bind various solvent molecules in the solid state.®® Other transition metal examples of

carboxylate-functionalised CTVs are discrete complexes.”

Figure 3.2 Displaying the large void spaces present in the extended crystal structure of Zheng'’s
copper(l1)-containing nanotube, as viewed down the crystallographic c axis.**

As reported in Chapter 2, ligands (+)-2,7,12-trimethoxy-3,8,13-tris(2-pyridylmethyloxy-N-
oxide)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene (2.10), (£)-2,7,12-trimethoxy-3,8,13-
tris(3-carboxypyridine-N-oxide)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene  (2.12) and
(+)-2,7,12-trimethoxy-3,8,13-tris(4-carboxypyridine-N-oxide)-10,15-dihydro-5H-

tribenzo[a,d,g]cyclononatriene (2.13), Figure 3.3, afforded coordination polymers with the
lanthanide(l11) cations; however, their coordination chemistry was limited and the structures
gained were not identified as potential candidates for further application. An aim of this
research was to utilise ligands 2.10, 2.12 and 2.13 for transition metal complexation to prepare
robust coordination networks that may display the aforementioned properties and post-synthetic
applications; such as in gas storage, catalysis and sophisticated host-guest chemistry. For these
properties to become emergent, the networks were designed to feature the inwardly orientated
tribenzo[a,d,g]cyclononatriene core within either cavities or channels to provide a binding

platform for guests and afford a hydrophaobic surface for gas sorption.
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Figure 3.3 Molecular structures of pyridine-N-oxides used in the following study.
3.2 Coordination polymers of 3,6-connectivity

Ligand 2.13 affords coordination polymers of 3,6-connectivity upon self-assembly with selected
transition metal cations. In these examples the network connectivity is determined by infinitely
linked 3- and 6-connecting nodes (ligand and metal centres, respectively) within the framework.
The self-assembly of ligand 2.13 with silver(l) cations results in the formation of a 3D network
of pyrite (pyr) topology that features a linear, ligand-unsupported argentophilic interaction. Its
self-assembly when M = copper(ll), cobalt(I1) or zinc(ll) metal centres results in the formation
of 2D coordination networks of general composition {[M(2.13),]-(BF4).}.. and with the

relatively rare kagome dual (kgd) topology.**

3.2.1  {[Agz(NMP)g(2.13),]-3(CIO4)-n(NMP)}., 3D network of pyrite (pyr) topology

The reaction of ligand 2.13 and silver(l) perchlorate (CIO,) in N-methylpyrrolidone (NMP)
afforded a 3D network of pyrite (pyr) topology, {[Ags(NMP)s(2.13),]-3(ClO4)-n(NMP)}..,
complex 3.1. Crystals were obtained by diffusing diethyl ether vapours into a solution of the
complex in NMP and analysed by single crystal X-ray diffraction methods. The structure solved
in the cubic space group Pa3 to display the asymmetric unit as two crystallographically distinct
silver(l) centres, along with one third of an 2.13 ligand, an NMP ligand and a disordered
perchlorate counter anion, Figure 3.4. Selected bond lengths and angles for complex 3.1 are
displayed in Table 3.1.
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Figure 3.4 The asymmetric unit of complex 3.1. Aside from the disordered perchlorate anion,
all anisotropic displacement parameters are set at 35 %.

The central silver(l) cation, Ag(1), is located on a 3-fold inversion site and is coordinated by six,
symmetry-equivalent 2.13 ligands in a pseudo-octahedral manner, Figure 3.5, with cis O-
Ag(1)-O bond angles at 88.46(16) and 91.54(16) A. There are further interactions to two
symmetry-related Ag(2) centres that are sited on a 3-fold rotation axis, which gives rise to a
ligand unsupported argentophilic trimer, displaying Ag---Ag separation of 3.2753(9) A. Typical
argentophillic interactions are in the range of 2.9-3.3 A;*¥ however, this instance is particularly
rare as it is ligand unsupported and exactly linear. There are examples in the literature which are
structurally similar,®® however they are usually in a cyclical motif,“? or ligand supported.i*"
The largest coinage metal pyrazolide cluster yet reported contains a Agio cluster, supported by
bridging pyridine-pyrazolide ligands;*? although more complex silver-containing assemblies

have been shown to exist in the gas-phase.**!

Ag(1)-0O(4) 2.436(5) O(4)-Ag(1)-O(4™™ 88.46(16)
Ag(1)-0(4"™) 2.436(5) 0(4)-Ag(1)-0(4") 91.54(16)
Ag(2)-0(5) 2.414(6) 0(4")-Ag(1)-0(4Y) 180
Ag(2)-0(5"™) 2.414(6) 0(4)-Ag(1)-Ag(2) 126.35(11)
Ag(1)-Ag(2) 3.2753(9) 0(4)-Ag(1)-Ag(2") 53.65(11)
Ag(1)-Ag(2") 3.2753(9) 0(5)-Ag(2)-Ag(1) 119.23(11)
0(4)-Ag(1)-0(4) 180.0(3) 0(5)-Ag(2)-0(5"" 98.18(16)

Symmetry operations: i 1-x, 1-y, -z; ii 1-y, 2 + Y, -Xx + Y, iii —z + Y3, 1-X, y = Y2, ivZ + Y5, X, -y +
o, VY, -7+ %, X—Y.

Table 3.1 Selected bond lengths (A) and angles (°) from the crystal structure of complex 3.1

The terminal and approximately tetrahedral silver(l) centres, Ag(2), do not play a role in
network topology and are coordinated by three symmetry-related NMP ligands, Figure 3.5. The
central silver(l) centre, Ag(1), is coordinated by six 2.13 ligands, all of which are 3-connected

within the extended lattice, resulting in a 3,6-connectivity.
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The extended lattice of complex 3.1 is a 3D network of high symmetry. The 3,6-connectivity
and lattice symmetry affords a pyrite (pyr) topology ** with Schlalfi symbol (6%),(6'-8%), as
determined with the program TOPOS, " and features 6- and 8-gons within the extended lattice.
Crystallographically elucidated in 1913 by W. H. Bragg,*! iron disulfide (pyrite, FeS,)*®! is a
mineral which now lends its name to a topology of many high-symmetry crystal systems with
application in catalysis,””! and recently demonstrated by Yaghi and O’Keefe, in the
development of metal-organic frameworks (MOFs) for gas storage.”®! The pyr topology is

relatively rare for 3,6-connected 3D networks ™! and the vast majority have rutile (rtl)
[50]

topology.
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Figure 3.5 From the crystal structure of complex 3.1. (a) the ligand unsupported argentophilic
trimer, coordinated by one 2.13 ligand and NMP-2.13 lattice support; (b) displaying ligand
growth from the central silver(l) centre, as viewed down the Ags trimer, depicting the overall

high-symmetry connectivity. NMP ligands are coloured green and perchlorate anions have been
omitted for clarity.

Although not included in the network connectivity or topology, the [Ag(NMP);] units act as
symmetry-matching supports within the lattice and interact with the underside of neighbouring
2.13 ligands in an inverted host-guest manner, whereby the underside of the
[a,d,g]cyclononatriene unit is guest, as opposed to host, within the lattice. Aromatic separations
are in the excess of 4.3 A, and so there are no formal interactions present between such units,

Figure 3.5a.

The extended lattice of complex 3.1 does not possess any channels and so may be considered as
non-porous; however, there are relatively large voids present between the inwardly orientated
ligands, Figure 3.6a. The distance between individual 2.13 ligands, measured from the centre of

opposing ligands, measures approximately 30 A. The cavity contains NMP solvent and
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disordered perchlorate anions which could not be crystallographically modelled.
Thermogravimetric analysis (TGA) indicated a net mass loss of 40% up to 210 °C, which is
consistent with eight molecules of NMP solvent per formula unit. This is complemented by
combustion analysis which indicates higher levels of solvation than expected and is consistent
with the calculated void space in the crystal lattice. Furthermore, IR spectroscopy confirms the
inclusion of perchlorate anions in the crystalline material, and hence complex formation, with
CI-O bond stretches at 1090, 945 and 623 cm™. Once formed, complex 3.1 was observed to be

completely insoluble and so solution-phase analysis was not undertaken.

Figure 3.6 From the crystal structure of complex 3.1. The capsular motif present within the
extended crystal lattice, as viewed from the side (a) and the top (b). Disordered NMP solvent
and perchlorate anions are omitted for clarity. (c) The extended lattice of pyrite (pyr) topology.
Silver centres and ligand centroids are represented as yellow and grey spheres, respectively.
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3.2.2  {[M(2.13),]-(BF4),:n(solvent)}., 2D networks with kagome dual (kgd) topology

Independent reactions of ligand 2.13 with cobalt(ll) and zinc(ll) tetrafluoroborate (BF,) salts
afforded isostructural 2D coordination polymers of the relatively rare kagome dual (kgd)
topology,®? complexes {[C0(2.13),]-(BF4),-n(DMF)}.. 3.2 and {[Zn(2.13),]- (BF4)-n(NMP)}.,
3.3, respectively. Crystals of complexes 3.2 and 3.3 were fragile, small and very weakly
diffracting, with complex 3.3 requiring synchrotron radiation for its structural elucidation. In
addition, both complexes featured large voids within the lattice that were filled with disordered
anions and solvents of crystallisation, with only the [M(2.13),]*" units being located
crystallographically.

Small, orange crystals of complex 3.2 were grown from the diffusion of diethyl ether vapours
into a NMP solution of the complex over a two week period. The structure was solved in the
monoclinic space group C2/c to display the asymmetric unit as one molecule of ligand 2.13,

coordinating a Co(ll) cation which is sited on an inversion centre, Figure 3.7.

0(10)

Figure 3.7 The asymmetric unit of complex 3.2, as viewed down the crystallographic a-b plane.
Generally, all anisotropic displacement parameters are shown at the 35 % probability. Only
one disordered orientation is shown when ligand arm N=2B and the corresponding atoms have
been refined isotropically (atoms are shown as hard spheres).

The ligand is desymmetrised, where one of the three 4-pyridyl-N-oxide ligand arms is orientated
orthogonally to the others and is disordered over two positions. No tetrafluoroborate anions and
NMP solvent molecules could be crystallographically located owing to large void spaces in the
crystal lattice. The cobalt(Il) centres have almost true octahedral geometry and are coordinated
by six, symmetry equivalent 2.13 ligands that display Co-O bond lengths in the range 2.051(4)-
2.113(5) A. Other notable bond metrics for complex 3.2 are given below in Table 3.2.
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Co(1)-0(12) 2.065(4) 0(12)-Co(1)-0(8") 90.17(17)

Co(1)-0(12") 2.065(4) 0(12')-Co(1)-0(10" 89.5(3)
Co(1)-0(10™™) 2.113(5) 0(12i)-Co(1)-0(8") 89.83(17)
Co(1)-0(8"") 2.051(4) 0(10")-Co(1)-0(10™) 180.00(17)
0(12)-Co(1)-0(12" 180.0(2) 0(8")-Co(1)-0(8") 180.0(2)
0(12)-Co(1)-0(10") 90.5(3)

Symmetry operations: i —X + %, 1-y + %, 1-z; il X — %2, y + %, z; iii 1-x, 1-y, 1-z; iv 1-Xx + %5, 1-y +
Y,1-7; v 1-X, Y, Z

Table 3.2 Selected bond lengths (A) and angles (°) from the crystal structure of complex 3.2

Symmetry expansion of the [Co(2.13),]*" unit results in a 3,6-connected 2D network, where
ligand and metal represent 3- and 6-connecting nodes, respectively. The resultant two-tiered
network features inwardly orientated 2.13 ligands in a head-to-head manner, Figure 3.8a. These
‘upper’ and ‘lower’ tiers of the 2D sheets incorporate the opposing enantiomer of 2.13 ligands,
rendering the overall network a racemate. The rigidity of the ligands and their orientation with
respect to one another may be attributed to there being no intrachain interactions within

individual 2D sheets.

(b)

Figure 3.8 From the crystal structure of complex 3.2, as viewed down the crystallographic c
axis. (a) Part of the resultant 2D sheet, showing the connectivity of metal and ligand, where one
ligand is colour-coded orange for clarity; (b) wire frame of the 2D net showing network
topology, where metal and ligand have been simplified to be pink and grey nodes, respectively.

As for complex 3.1, above, the network topology of complex 3.2 was determined using the
program TOPOS,™ by reducing the net into simplified nodes and examining the resultant
connectivity against a pre-existing catalogue of polymeric structures.® The kagome dual lattice

(kgd) features a regular star-shaped tessellation of diamonds which result in the Schlélfi symbol
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(4%)-(4°-6°.8%), as described in the preamble, above.!®™ 3! The 3,6-connected kgd net of complex
3.2 is displayed graphically in Figure 3.8b.

A 3,6-connectivity within nets is common; in fact, many of Yaghi’s iso-reticular metal-organic
frameworks (IRMOF’s) for hydrogen storage are a result of infinitely linked octahedral metallic
nodes with bridging tricarboxylate linkers.®? The kagome dual (kgd) net is much less common,
however, and Biradha and co-workers have isolated examples which undergo dynamic
exchange of guests in a single-crystal-to-single crystal (SCTSC) manner, Figure 3.9a,"% as well
as ‘breathing’ crystals which display intriguing sorption properties.®* Similarly, the groups of
Batten and Lu have constructed kgd networks which display luminescence ®* and gas storage
abilities,® respectively. Whilst the archetypal kgd net is of cadmium(ll) iodide, examples more
closely related to our two-tiered lattice are Zheng’s cadmium-containing 2D sheets which

feature similarly orientated tripodal ligands, Figure 3.9b."]

Figure 3.9 From the crystal structures of Biradha'’s (a) and Zheng'’s (b) 3,6-connected kgd 2D
nets resulting from the metal-mediated polymerisation of tripodal ligands. The tessellation of
diamonds for each example is shown by solid lines and indicates the network topology. One

ligand in each example is colour coded for clarity.[>* "]

The inward-facing orientation of 2.13 ligands results in large bi-directional channels running
through individual 2D sheets, Figure 3.10. These ‘tubular’ channels extend along the a and b
unit cell axes and correspond to two thirds of the total cell volume. Whilst this may appear
attractive for potential application in gas storage etc., the crystals were seen to degrade rapidly
upon desolvation, as indicated by powder X-ray diffraction measurements, and are therefore
non-porous. In order to be considered porous, the network must retain its structure and
crystallinity upon the removal of solvent. Unsurprisingly, most porous materials are isotropic

3D networks which display an increased stability and robustness; however, there are a handful
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of 2D networks which display considerable porosity,”® but the majority of these examples are

covalently linked.™

Individual 2D sheets are related to one another by a screw axis, and pack through back-to-back
stacking of 2.13 ligands; however, centroid separations of 4.88 A rule out aromatic interactions.
This packing leads to additional void spaces in the extended crystal lattice that are again filled

with disordered solvent and anions, Figure 3.10.

Figure 3.10 From the crystal structure of complex 3.2, as viewed down the crystallographic a
axis, showing the two large void spaces within the crystal lattice. Individual 2D polymers are
colour coded and the image has been rendered using a perspective tool for clarity.

Colourless crystals of complex 3.3 were grown from an N-methylpyrrolidone (NMP) solution
via the slow diffusion of diethyl ether co-solvent and analysed using synchrotron radiation. The
structure was solved in the triclinic space group PI to display the asymmetric unit of
composition {[Zn(2.13).]-(BF4).}-., Where the Zn(ll) cation is sited on a crystallographic centre
of inversion, Figure 3.11. Individual 2D nets are essentially analogous to those described for
complex 3.2, above, and feature the same star-shaped tessellation of diamonds that results in the
Schlalfi symbol (4%)-(4°-6°-8%), as determined using the program TOPOS." A key difference of
complex 3.3, however, is that individual 2D sheets are related by simple translation, owing to

the lack of crystallographic symmetry.
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Figure 3.11 The asymmetric unit of complex 3.3, as viewed down the crystallographic a-b
plane. All anisotropic displacement parameters are shown at the 35 % probability.

The compositions of complexes 3.2 and 3.3 were confirmed using combustion analyses and IR
spectroscopy; the latter being indicative of tetrafluoroborate inclusion, and thus complex
formation, displaying a characteristic and broad B-F bond stretch at 1050 cm™. Additionally,
thermogravimetric analyses (TGA) of complex 3.3 displayed a net weight loss of 35% up to 210
°C, which corresponds to ten molecules of NMP per formula unit. This is consistent with the
cavity size present within the 2D net and further supported by elemental analysis. X-ray powder
diffraction measurements of isolated and dried crystals displayed only broad, amorphous peaks,
indicating a structural collapse and loss of crystallinity, which is likely due to the fragile crystals
degrading through rapid loss of diethyl ether solvent from the network. As for complex 3.1,
above, complexes 3.2 and 3.3 were completely insoluble once formed and not analysed in the

solution-phase.
3.2.3 {[Cu(2.13),]-(BF4),-n(NMP)}., 2D kgd network with solvated Cu(ll) lattice guest

The reaction of ligand 2.13 and Cu(BF;). in NMP solvent afforded complex 3.4,
{[Cu(2.13);][Cu(NMP)4(H,0)]-4(BF4)-8(NMP)-2(H,0)}.., that again features a 2D net of the
kagome dual (kgd) topology.®® The 2D net is isostructural to those found in complexes 3.2 and
3.3 described above; however, in this instance the framework plays host to additional

[Cu(NMP),(H,0)]*" lattice guest in a similar manner to complex 2.22 of Chapter 2.

Crystals of complex 3.4 were grown by diffusing diethyl ether vapours into an NMP solution of
the complex and isolated as small, green plates. The structure solved in the triclinic space group

PI to display the asymmetric unit as the composition stated above, Figure 3.12.
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Figure 3.12 The two copper(ll)-containing units in the asymmetric unit of complex 3.4. All
anisotropic displacement parameters are at 35 % probability and solvent NMP and

tetrafluoroborate anions have been omitted for clarity.

Cu(1)-0(11) 1.978(5) 0(22")-Cu(1)-0(22) 180.0(2)
Cu(1)-0(24™™ 2.003(5) 0(10)-Cu(2)-0(10") 179.998(1)
Cu(1)-0(22) 2.435(5) 0(10)-Cu(2)-0(23") 93.1(3)
Cu(2)-0(10) 1.976(6) 0(23")-Cu(2)-0(23") 179.998(2)
Cu(2)-0(21) 2.415(6) 0(10)-Cu(2)-0(21) 89.2(2)
Cu(2)-0(23""™ 1.984(6) 0(23")-Cu(2)-0(21) 83.1(2)
Cu(3)-0(25) 1.991(7) 0(21)-Cu(2)-0(21Y) 179.999(2)
Cu(3)-0(26) 1.955(5) 0(26)-Cu(3)-0(27) 169.2(3)
Cu(3)-0(27) 1.962(6) 0(26)-Cu(3)-0(29) 88.8(3)
Cu(3)-0(28) 2.193(6) 0(27)-Cu(3)-0(29) 87.1(3)
Cu(3)-0(29) 1.967(9) 0(26)-Cu(3)-0(25) 90.3(2)
O(11)-Cu(1)-0(11" 179.997(2) 0(27)-Cu(3)-0(25) 89.6(3)
O(11)-Cu(1)-0(24") 92.3(2) 0(29)-Cu(3)-0(25) 157.3(3)
0(24™)-Cu(1)-0(24™) 179.998(2) 0(26)-Cu(3)-0(28) 102.2(2)
0(24™)-Cu(1)-0(22") 90.5(2) 0(27)-Cu(3)-0(28) 88.5(2)
0(11)-Cu(1)-0(22) 94.9(2) 0(29)-Cu(3)-0(28) 103.9(3)
0(24")-Cu(1)-0(22) 89.5(2) 0(25)-Cu(3)-0(28) 98.5(3)

Symmetry operations: i 1-x, -y, 1-z; ii 2-x, -y, 1-z; iii 1-X, Y, z; iv 2-x, 1-y, -z; v 2X, Y, Z; Vi 1-X, 1-
y, -Z.

Table 3.3 Selected bond lengths (A) and angles (°) from the crystal structure of complex 3.4

The crystals were of considerably better quality than for complexes 3.2 and 3.3 and three of the

four tetrafluoroborate anions and eight NMP solvents molecules could be crystallographically
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located. The two octahedral copper(ll) centres of the 2D net are each located on an inversion
centre and have been refined at half occupancy. They display equatorial and axial Cu-O bond
lengths of 1.978(5) and 2.435(5) A, respectively, which is indicative of Jahn-Teller distortion
along the coordination z axis.®™ Selected bond metrics are given below in Table 3.3. The two
crystallographically independent 2.13 ligands in the asymmetric unit are differentiated by subtle
symmetrical differences and display varied host-guest interactions within the 2D polymer.

The mononuclear complex, [Cu(NMP),(H,0)]*, is five-coordinate and displays O-Cu-O bond
angles of 169.2(3) and 157.3(3) °, which affords a r value of 0.2. This value is indicative of a
Cu(l1) centre with square pyramidal geometry as opposed to trigonal bipyramidal.®®

Host-guest interactions are present within individual 2D polymers, whereby the inwardly
orientated and electron-rich [a,d,g]-cyclononatriene cores play host to NMP solvent molecules,
as well as NMP solvent molecules of [Cu(NMP),(H,0)]** complexes. In both instances it is the
non-polar methylene protons of the NMP molecules that are non-covalently bound in the ligand
cavity, Figure 3.13. Such host-guest interactions are typical for functionalised CTV-based
materials, especially in organically linked cryptophanes which are observed to bind various
gases ™ and liquids,™ ®@ in both the solution and solid state. Other notable examples are de
Mendoza’s fullerene scavengers °* and Holman’s first reported example of the encapsulation of

a trifluoromethane sulfonate anions into the -acidic interior of a cryptophane.®

Figure 3.13 From the crystal structure of complex 3.4, displaying the two sites of host-guest
interaction present within the asymmetric unit. Intracavity guest [Cu(NMP).(H,0)]** and
solvent NMP are coloured green and purple, respectively, and displayed in space-filling view
for clarity.

Symmetry expansion of this [Cu(2.13),]*" unit generates the kgd net, as described for complexes
3.2 and 3.3 above, Figure 3.14. Complex 3.4 was considerably more stable than complexes 3.2

and 3.3 yet was non-porous owing to the presence of the mononuclear [Cu(NMP),(H,0)]**
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lattice guest. Interestingly, crystals of complex 3.4 could not be obtained in the absence of the
[Cu(NMP)4(H,0)]** complex, unlike complexes 3.2 and 3.3, which may suggest a possible
templating effect in its formation. The presence of an active template in supramolecular self-
assembly is well documented. Nitschke and co-workers, for example, have described intricate
examples based on sub-component self-assembly where the addition of a specific cation,®
anion ! or organic guest " can cause structural reconfiguration or allosterically modulate the

systems properties.®!

The extended lattice packs through back-to-back stacking of 2.13 ligands between the 2D
sheets, as seen for complexes 3.2 and 3.3, and again in the absence of m-interactions, with
aromatic centroid separations of 4.45 A. The extended structure of complex 3.4 can be seen

graphically in Figure 3.14, below.

Figure 3.14 From the crystal structure of complex 3.4, as viewed down the crystallographic a
axis. (a) The kgd 2D frameworks only, (b) the kgd 2D frameworks with added
[Cu(NMP)4(H,0)]*" lattice guest, shown in green and space-filling for clarity.

It was hoped that the increased stability of complex 3.4 over complexes 3.2 and 3.3 and the
presence of a solvated copper(ll) lattice guest may lead to potential application in catalysis;
however, the crystals were not seen to withstand desolvation. Two independent review articles
by Pinel ! and Hupp ™ outline the potential that MOFs and coordination polymers with
pendant metal sites have in catalysis. Powder X-ray analysis was concordant with lattice
degradation and showed only a loss of crystallinity upon loss of solvent. TGA analysis showed
a step-wise weight loss that is consistent with the level of solvation found in the crystal
structure. Irrespective of composition, complex 3.4 displayed the same 35% weight loss over
210 °C as complex 3.2, suggesting complete loss of the NMP ligands of the mononuclear
[CU(NMP)4(H,0)]* complex, as well as additional solvent NMP. Infrared analysis was

supportive of complex formation and displayed the characteristic B-F bond stretch of the
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tetrafluoroborate anion at 1052 cm™. Furthermore, network purity and composition was
confirmed by elemental analysis.

3.3 3-connected 2D coordination networks

A common feature of complexes 3.1-3.4 was weakly coordinating anions. The employment of
coordinating anions, such as nitrate and chloride, as seen for complexes 3.5-3.7, below, was
observed to reduce the coordination at the metal centre and thus decrease the network

connectivity.

Self-assembly of ligand 2.10 with the late transition metal salts affords 2D coordination
polymers with a honeycomb (hcb) topology.®! Here, network connectivity is determined by
infinitely linked hexagons that results in a 6 connectivity.®" *1 The self-assembly of ligand 2.10
with copper(ll) chloride in NMP affords a complex that features a 2D hcb lattice where the
metal and ligand represent trivial and 3-connecting nodes, respectively, and packing of
individual 2D sheets affords relatively large uni-directional channels. Self-assembly of ligand
2.10 with M(II) nitrate (where M=2Zn, Cd) affords an analogous hcb lattice, where both ligand
and metal centre are 3-connected nodes, that close-pack to afford a dense lattice with interstitial

solvent guests.

3.3.1  {[Cus(2.10),Cl;o(NMP),]-n(NMP)}. 2D coordination complex with decorated 6°
honeycomb (hcb) topology

The reaction of ligand 2.10 with copper(ll) chloride in NMP afforded complex 3.5,
{[Cus(2.10),Cl1os(NMP)4]-n(NMP)}.,, featuring a 2D coordination polymer. Crystals were grown
by diffusing diethyl ether vapours into a solution of the complex in NMP, isolated as green
blocks and structurally elucidated by single crystal diffraction measurements. The structure
solved in the triclinic space group Pl to display the asymmetric unit as half the stated

composition, Figure 3.15.

The asymmetric unit comprises one 2.10 ligand that coordinates to three crystallographically
distinct Cu(ll) centres, Figure 3.16. One of the three Cu(ll) centres is sited on an inversion
centre, has square planar coordination geometry, and is also coordinated by two trans chloride
ligands with Cu-Cl and Cu-O bond distances of 2.2524(10) and 2.1.962(3) A, respectively, and
an O-Cu-Cl bond angle of 93.74(8) °. Selected bond metrics for complex 3.5 are given in Table
3.4. The other two Cu(ll) centres are sited on general positions and bridge symmetry generated
2.10 ligands through a centrosymmetric Cu(ll) dimer, featuring cis-chlorides with Cu-Cl bond
distances of 2.2200(10) and 2.2175(9) A and CI-Cu-ClI coordination angle of 100.16(11) °. The

two symmetry generated Cu(ll) centres in the centrosymmetric dimer are linked by symmetry
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equivalent 2.10 ligands, through wu,-coordinating N-oxide moieties, with Cu-O bond lengths of
2.002(2) and 2.046(2) A. These Cu(ll) centres are also each coordinated by an NMP ligand
along the z axis at Cu-O bond length 2.336(2) A that results in a distorted square pyramidal
coordination geometry,® which may be attributable to the steric bulk of the cis-chlorides,

Figure 3.16a.

Figure 3.15 The asymmetric unit, taken from the crystal structure of complex 3.5. Anisotropic

displacement parameters are shown at 35%. Intracavity and solvent NMP molecules are

coloured green for clarity.

Cu(1)-0(7)
Cu(1)-0(7"
Cu(1)-Cl(2)
Cu(1)-Cl(2)
Cu(1)-0(10)
Cu(2)-0(8, 8"
Cu(2)-CI(3, 3%
Cu(3)-0(9)
Cu(3)-0(9™)
Cu(3)-Cl(4)
Cu(3)-CI(5)
Cu(3)-0(12)
O(7)-Cu(1)-0(7)

0(7)-Cu(1)-0(10)

2.002(2)
2.046(2)
2.2200(10)
2.2175(9)
2.336(2)
1.962(3)
2.2524(10)
2.033(3)
2.000(3)
2.2173(12)
2.2199(16)
2.310(4)
70.48(10)
86.05(9)

0(7)-Cu(1)-CI(1)
0(7)-Cu(1)-CI(2)
CI(1)-Cu(1)-CI(2)
0(8)-Cu(2)-0(8")
0(8)-Cu(2)-CI(3)
CI(3)-Cu(2)-CI(3")
0(9)-Cu(3)-0(9")
0(9)-Cu(3)-Cl(4)
0(9)-Cu(3)-CI(5)
0(9)-Cu(3)-0(12")
CI(4)-Cu(3)-CI(5)
0(9"™-Cu(3)-Cl(4)
0(9"™-Cu(3)-CI(5)

0(9"™-Cu(3)-0(12")
Symmetry operations: i 1-x, 1-y, -z; ii —x -1, -y, -z; iii =X, 1-y, 1-z; iv x-1, y, Z.

93.29(7)
162.17(7)

100.16(11)

180.0
93.74(8)
180.0
69.98(14)
92.98(14)
161.28(9)
87.94(13)
100.78(5)
160.00(10)
93.94(10)
86.84(12)

Table 3.4 Selected bond lengths (A) and angles (°) from the crystal structure of complex 3.5
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Perhaps the first reported example of a copper(Il) complex featuring a formally w,-bridging N-
oxide ligand was reported by W. E. Hatfield in 1964, which remarked upon the spin-spin
coupling of the complex but did not accurately determine its chemical structure.™ Over the
next two years Hatfield and co-workers reported the structure of [Cu,Cly-z,-(CsHsNO)] 4 and
[Cu,Cly-1,-(CoHgNO)],? based upon magnetic and spectroscopic measurements only, yet
mistook the square planar geometry about the Cu(ll) centre for tetrahedral. The examples of
pyridine-N-oxides acting as such z-briding ligands that most closely resemble complex 3.5 are
in the polymeric complex {[Cu,Clsuo-(CsHsNO)J}. ™! and mononuclear [Cu,Cly-so-
(CsHsNO)(CsHsNO)].™ These complexes, reported by W. L. Watson and co-workers in 1968
and 1969, respectively, feature a centrosymmetric and square planar [Cu,Cly-up-(CsHsNO)]
dimer that is then further coordinated by another pyridine-N-oxide ligand in the apical plane.
They too confirm similar bond metrics and a square pyramidal coordination geometry about the
Cu(ll) centre as for complex 3.5, above.l”*” Pyridine-N-oxides as u.-bridging ligands are
somewhat less common than halides, carbonyls and oxides."™ Zhang and co-workers have
reported a MIL (Material Institute Lavoisier) comprising a bipyridine-N-oxide ligand which
forms a networked structure with manganese(ll) centres that is able to selectively uptake C¢-Cg
hydrocarbons, from solution, once evacuated.'® More recently, Steel and Puttreddy have
reported an example where the electron rich ligand, 4-methoxypyridine-N-oxide, us-coordinates
three silver(l) centres simultaneously in the formation of a 1D coordination chain.["”
Additionally, there are three molecules of solvent NMP within the asymmetric unit of complex
3.5, one of which associates with ligand 2.10 via host-guest interactions, where the methylene
protons of the NMP molecule are directed into the electron rich [a,d,g]cyclononatriene core,
Figure 3.16c.

(a) (b) (c)

Figure 3.16 From the crystal structure of complex 3.5. (a) Centrosymmetric dinuclear
copper(ll) linker with u,-brinding 2.10 ligands; (b) mononuclear, square planar copper(ll)
centre; (c) displaying host-guest interactions between ligand 2.10 and intracavity NMP
molecule. The NMP molecule is displayed in space-filling mode and coloured green for clarity.
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The 2-pyridyl substitution, alongside the flexibility provided by the ethereal linker, affords the
propensity for ligand 2.10 to coordinate away from the ligand core. This is likely to prevent
steric crowding upon metal coordination yet may also drive its 2D polymerisation. Additionally,
it results in an increase in conformational freedom and therefore a decrease in molecular
symmetry of individual 2.10 ligands, as opposed to 2.13 ligands in complexes 3.1-3.4, above.
Extension of the [Cus(2.10)] unit propagates two-dimensionally, where the metal and ligand
represent trivial and 3-connecting nodes, respectively, resulting in a decorated 6° net with
honeycomb (hcb) topology,® Figure 3.17b.

Figure 3.17 From the crystal structure of complex 3.5. (a) A resultant 6-gon formed through
metal coordination. Individual ligands are distinguished by colour and shown in space-filling
mode; (b) the decorated 6° hch topology of the extended 2D sheet, as indicated by the solid,
orange framework.

The 6° hcb topology is commonplace amongst 2D coordination polymers and has been formed
from alkali metal complexes of CTV,'¥ as well as in complex
{[Ags(L).CI]-2(BF4)-n(MeCN)}.., where L represents a functionalised CTV derivative, tris(3-
pyridyl-4-benzoxy)-CTG, Figure 3.18.""! Other examples of 6° nets resulting from N-oxide
complexation are Schroder’s ‘undulating’ grid type structures.® More closely related
examples to complex 3.5 featuring tripodal ligands include Xia’s porous networks which exhibit
a solvent induced, single-crystal-to-single-crystal (SCTSC) transformation, in addition to gas
sorption properties,®™ and Jacobsen’s ‘open net’ frameworks formed through uranium(IV)

coordination.®
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Figure 3.18 The 6° hcb net prepared by Ronson et.al. One ligand is distinguished in purple and

the ‘honeycomb’ topology displayed by solid, orange lines. 7]

Individual 2D sheets feature the inclusion of both ligand enantiomers and the complex is
therefore a racemate. These sheets close pack in the absence of intermolecular interactions and
in an off-set manner to yield large, unidirectional channels that run down the crystallographic a
axis, Figure 3.19. Channels measure 12 x 16 A in cross-section and account for approximately
40% of the total unit cell volume. The extended lattice also features small, interstitial voids
between lattices that are filled with additional NMP solvent. These molecules do not form

interactions with the network yet are aligned with the underside of 2.10 ligands.

The presence of large channels running through the structure did not permit the refinement of all
NMP solvent molecules. Whilst they could not be located in the difference map,
thermogravimetric analysis (TGA) indicated a step-wise, 40% mass loss up to 200 °C that is
supportive of an additional eight molecules of NMP within the lattice. This level of solvation
was also supported by combustion analysis. As for complexes 3.2 and 3.3, above, crystals of
complex 3.5 were observed to rapidly degrade upon desolvation, as observed through powder

X-ray diffraction analysis.
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Figure 3.19 From the crystal structure of complex 3.5. A packing diagram, as viewed down the
crystallographic a axis and in space-filling mode, displaying the 12 x 16 A unidirectional
channels. Solvent NMP has been omitted for clarity.

3.3.2 {[Cd(2.10)(NOs3),]-2(DMF)}., 2D coordination complex with hcb topology

The stoichiometric reaction of ligand 2.10 and cadmium(ll) nitrate in DMF solvent afforded
complex 3.6, featuring a 2D  coordination  polymer, of  composition
{[Cd(2.10)(NO3),]-2(DMF)}... Crystals were grown from a DMF solution over a period of three
weeks and elucidated by single crystal X-ray diffraction analysis. The complex solved in the
chiral, monoclinic space group P2; to display the asymmetric unit contents as a Cd(lIl) centre,
sited on a general position, that is coordinated by one 2.10 ligand and two chelating nitrate
anions, Figure 3.20. There are also two molecules of DMF solvent, one of which has been

refined with two-fold molecular disorder.
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Figure 3.20 The asymmetric unit, taken from the crystal structure of complex 3.6. Anisotropic
displacement parameters are shown at 40%. Solvent DMF is distinguished by colour and the
two-fold molecular disorder colour coded and portrayed using hard spheres.

Cd(1)-0(7) 2.255(4) 0(8')-Cd(1)-0(9" 174.43(14)
Cd(1)-0(8" 2.252(4) O(7)-Cd(1)-0(11) 137.08(17)
Cd(1)-0(9" 2.283(4) 0(7)-Cd(1)-0(12) 84.78(17)
Cd(1)-0(11) 2.444(5) 0(7)-Cd(1)-0O(14) 89.25(17)
Cd(1)-0(12) 2.454(5) 0(7)-Cd(1)-0O(15) 142.55(15)
Cd(1)-0(14) 2.456(5) 0(8")-Cd(1)-0(11) 90.86(16)
Cd(1)-0O(15) 2.390(4) 0(8")-Cd(1)-0(12) 100.04(17)
O(7)-Cd(1)-0(8') 91.32(14) 0(9")-Cd(1)-0(11) 92.10(16)
O(7)-Cd(1)-0(9') 89.73(14) 0(9")-Cd(1)-0(12) 85.51(16)

Symmetry operations: i 1-x, y + %, 1-z; ii 1-x, y + %, -z.

Table 3.5 Selected bond lengths (A) and angles (°) from the crystal structure of complex 3.6

Ligand 2.10 retains approximate molecular Cs-symmetry and all 2-pyridyl-N-oxide moieties are
orientated away from the ligand cavity. Ligand 2.10 coordinates the Cd(ll) centre with bond
lengths of 2.255(4) and 2.283(4) A and displays O-Cd-O bond angles of 174.43(14) for two
symmetry related and apically coordinated ligands and 91.32(14) ° for two ligands in an apical-
equitorial relationship. The Cd(ll) centre is five-coordinate, approximating the chelating nitrates
as single point donors, and possesses a distorted trigonal bipyramidal geometry. Two nitrate
anions and one 2.10 ligand occupy equatorial coordination sites that results in O-Cd-O(nitrate)
bond angles of 110.91 and 115.52 © and thus a O(nitrate)-Cd-O(nitrate) angle of 133.42 °.

Additional bond metrics for complex 3.6 are summarised in Table 3.5, above.
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Symmetry expansion of the asymmetric unit affords a 6° net of hcb topology where ligand and
metal each represent 3-connecting nodes and the 2D tessellation of hexagons occurs in the bc
plane, Figure 3.21. Complex 3.6 features the inclusion of only one ligand 2.10 enantiomer and
is therefore chiral; however, the bulk crystalline mixture is a conglomerate.® The selective
incorporation of one ligand enantiomer from a racemic mixture in the formation of a complex is
known as ‘spontaneous chiral resolution’ and is commonplace amongst derivatised CTVs,® as
well as other tripodal ligands such as tris(ureidobenzyl)amines ! and trisubstituted carboxylic

acid derivatives.®

Individual 2D sheets pack in an off-set manner that is facilitated by hydrogen bonding between
the methylene protons of the [a,d,g]cyclononatriene core and the 3,4-diethereal moiety of an
ligand beneath, with O---H-C separation of 2.540 A. Additional face-to-face packing of sheets is
in the absence of intermolecular interactions, with aromatic separations measured to be in the
excess of 4 A. Small, interstitial sites are generated through crystal packing and are filled with
solvent DMF, which line up in a columnar manner down the crystallographic a axis, Figure

3.21. The result is a relatively dense extended lattice with no free space.

Figure 3.21 From the crystal structure of complex 3.6. The extended lattice, as viewed down the

crystallographic a axis, highlighting the honeycomb topology and columnar stacking of solvent

DMF. Solvent DMF are distinguished in green and have been shown in space-filling mode. The
network topology is depicted as orange lines and bridges nodes within the 2D sheet.
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Complex 3.6 was further characterised by elemental analysis and IR spectroscopy. Both of
which were fully concordant with the proposed composition from the crystal structure.
Additionally, an isostructural complex was obtained when using Zn(NO3), in the place of
Cd(NOs), for the crystallization; this structure, complex 3.7, was identical to complex 3.6 and
will not be discussed in this chapter.

3.4 Discrete and polymeric complexes featuring self-inclusion motifs

Self-inclusion is a common theme in CTV chemistry.® The electron rich
[a,d,g]cyclononatriene core is a suitable host molecule for fullerenes,® carboranes #3#" and
other small molecules, such as in cryptophanes.®®! Additionally, and generally in the absence
of additional guest molecules, derivatised CTVs show a propensity for self-inclusion, whereby
self-recognition processes are energetically favourable.®™ Similar inclusion phenomena are
observed for calix[n]arenes,® pillar[n]arenes Y and other macrocyclic host molecules.® For a

detailed review of host-guest chemistry, including noteworthy examples, see Chapter 1.

Complexes described herein comprise both discrete and polymeric examples that display both
intra- and inter-species self-inclusion phenomena. Ligand 2.10 self-assembles with silver(l)
centres to afford an ‘imploded’ capsule that arises due to host-guest interactions between ligand
cavity and proximal ligand arm. Conversely, ligand 2.13 affords a monomeric copper(l1) species
which instead linearly assembles through inter-complex host-guest interdigitation to afford a
pseudo 1D polymer. Ligand 2.12 displays a propensity for self-inclusion host-guest behaviour
and affords both 1- and 2D coordination polymers with cobalt(ll) and cadmium(ll) centres,
respectively. The 1D polymer afforded displays interstrand host-guest interdigitation, whereas

the 2D sql net features reciprocal interactions within individual sheets.
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3.4.1 Centrosymmetric M,L, self-inclusion dimer, [Ag.(2.10),(NMP),]2(BF,)

The stoichiometric reaction of ligand 2.10 with silver(l) tetrafluoroborate in NMP solvent
afforded an M,L, centrosymmetric dimer, [Ag(2.10),(NMP).]2(BF,), complex 3.8. Small,
colourless crystals were isolated upon the diffusion of diethyl ether vapours into an NMP
solution of the molecular components and analysed using single crystal X-ray diffraction
measurements. The structure solved in the monoclinic space group P2;/c to display the
asymmetric unit as half the overall complex, comprising one ligand 2.10 and two NMP ligands
coordinating a silver(l) cation, alongside an additional NMP solvent molecule and a
tetrafluoroborate anion, Figure 3.22. Selected bond metrics for complex 3.8 can be seen in
Table 3.6.

Figure 3.22 From the crystal structure of complex 3.8. Part of the asymmetric unit, as viewed
down the crystallographic a-c plane. Solvent NMP omitted for clarity and anisotropic
displacement parameters are shown at 35 % probability.

Ag(1)-0(3) 2.224(5) 0(3)-Ag(1)-0(10) 153.3(2)
Ag(1)-0(10) 2.269(7) 0(3)-Ag(1)-0(11) 110.9(4)
Ag(1)-0(11) 2.546(18) 0(10)-Ag(1)-0(11) 81.8(5)

Table 3.6 Selected bond lengths (A) and angles (°) from the crystal structure of complex 3.8

Each silver(l) centre lies on a general position and is four-coordinated by two symmetry related
2.10 ligands and two NMP ligands. The geometry about the silver(l) centre may be described as
distorted tetrahedral and displays a ligand-to-metal O-Ag-O bond angle of 112.31 °. Thus, 2.10
ligands coordinate two symmetry generated silver(l) centres with one pyridyl-N-oxide moiety
remaining uncoordinated. In doing so, the ligand loses its molecular Cs;-symmetry and the

capsule implodes somewhat to afford a synergistic self-inclusion motif, as seen for clathrate
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complex 2.12-2(NMP) of Chapter 2. This is supported through aromatic interactions between
the pyridine ring and [a,d,g]cyclononatriene core, with n-t and C-H- ‘& centroid separations of
3.78 A and 2.67 A, respectively, Figure 3.23.

Figure 3.23 From the crystal structure of complex 3.8, highlighting the ‘imploded’ capsule with
synergistic self-inclusion motif. (a) As viewed from side on, and (b) from above. Individual
ligands are colour coded and counter anions and solvents of crystallization have been omitted
for clarity. Aromatic m-m and m-H interactions are displayed with red, hashed lines.

The solution-phase behaviour of complex 3.8 was investigated by *H NMR spectroscopy and
mass spectrometry. The unavailability of do-NMP meant that all NMR studies were undertaken
in ds-DMSO; however, only broad resonances were observed which could not be meaningfully
assigned. Electrospray mass spectrometric studies in NMP were indicative of the complex’s
existence in solution, whereby the weakly coordinated NMP ligands were lost before detection.
The species {[Ag.(2.10),]-(BF,)}" and {[Ag(2.10)]}" were observed at m/z of 1760.97 and
838.19, respectively.

The extended lattice develops through multiple m-m interactions, where individual M,L,
complexes form four face-to-face aromatic interactions with four neighbouring complexes.
These occur between both uncoordinated and coordinated 2-pyridyl-N-oxide arms and the
[a,d,g]-cyclononatriene core of two neighbouring complexes, with centroid separations of 3.55
and 3.61 A, respectively. Furthermore, IR spectroscopy and elemental analysis were each

consistent with the proposed structure of complex 3.8.

This ‘imploded’ capsular motif has been previously observed with derivatised CTVs and all
cases feature an analogous self-inclusion ‘hand-shake’ motif.®¥ This shows the propensity for
such species to reciprocally recognise one-an-other in the solid state and is testament to the
hosting ability of the electron-rich CTV core.*3# Little et al. have prepared an organometallic
[Ag2L,]** capsule from the self-assembly of tris(allyl)CTG and silver(l) anions,'** as well as an

organically-linked, off-set disulfide capsule analogue, Figure 3.24.%% Other prominent
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examples of [M,L,]™ complexes include Stang’s [2+2] “molecular rectangles”, formed from

[94]

orthogonal bi-metallic building blocks,”™ and Fujita’s palladium(Il) ethylenediamine linked

molecular rings, which undergo dynamic catenation in DMSO solution.**!

Figure 3.24 Analogous off-set capsules reported by Little and co-workers. (a) From the crystal
structure of the [AgsLo]*" dimer, highlighting the n* coordination to the silver(l) centres
(displayed as yellow spheres), and (b) from the crystal structure of the disulfide-linked organic
dimer. For each example, individual CTV-based units have been colour-coded, and counter
anions and solvents of crystallization have been omitted for clarity. & ]

The elucidation of complex 3.8, alongside complex 3.1 described above, shows the propensity
for pyridine-N-oxide ligands to readily form complexes with silver(l) cations. Testament to this
fact, Steel and co-workers have concluded that pyridine-N-oxide ligands represent ‘hyperdentate

argentophiles’ that readily form coordination complexes with silver(l) centres.!””]

3.4.2  Mononuclear copper(ll) complex, [Cu(2.13)Cly(DMF),]-2(H,0)

The stoichiometric self-assembly of ligand 2.13 and copper(ll) chloride in DMF solution
afforded the mononuclear species [Cu(2.13)Cl,(DMF),]-2(H.,0), complex 3.9. The use of
different stoichiometries, or altering the reaction conditions, did not result in the formation of a
different complex. Being mono-coordinated, complex 3.9 represents the simplest of all
complexes gained with this particular ligand set and is mostly unremarkable in its molecular
structure. Dark green crystals were isolated from the bulk solution after ten days, analysed by
single crystal X-ray analysis and the structure solved in the triclinic space group PI. The
asymmetric unit comprises the entire complex, [Cu(2.13)Cl,(DMF),]-2(H,0), which contains a
central, 5-coordinate Cu(ll) centre of disphenoidal,® or “see-saw” molecular geometry, Figure
3.25. It displays O-Cu-O(DMF) bond angles of 174.9(6) and 93.1(4) ° and a CI-Cu-ClI angle of
148.35(16) °. The DMF in the apical site displays a slightly longer O-Cu bond length of
2.218(8) °, when compared to the trans-DMF and N-oxide ligands, which display O-Cu bond
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lengths of 2.006(15) and 1.974(9) °, respectively. A summary of selected bond metrics for
complex 3.9 are given below in Table 3.7.

0(8)

Figure 3.25 From the crystal structure of complex 3.9. Anisotropic displacement parameters
are shown at 35% probability and water are molecules omitted for clarity.

0(12)-Cu(1) 1.974(9) 0(12)-Cu(1)-0(13) 174.9(6)
0(13)-Cu(1) 2.006(15) 0(12)-Cu(1)-0(14) 93.1(4)
0(14)-Cu(1) 2.212(8) 0(12)-Cu(1)-CI(1) 92.2(3)
CI(1)-Cu(1) 2.287(4) 0(12)-Cu(1)-CI(2) 85.5(3)
CI(2)-Cu(1) 2.288(4) CI(1)-Cu(1)-CI(2) 148.35(16)

Table 3.7 Selected bond lengths (&) and angles (°) from the crystal structure of complex 3.9

Complex 3.9 was also observed to exist in the solution phase. Electrospray mass spectrometry
of the complex in DMF afforded the mass peak 869.12, calculated for 869.10 and attributable to
{[Cu(2.13)CI]}", indicating formation of the complex, which loses the two weakly coordinated

DMF ligands and a halide anion prior to its detection.

The extended structure of complex 3.9 is dependent on host-guest interactions, Figure 3.26;
whereby the N,N’-dimethyl moiety of the apically coordinated DMF ligand is guest to a
[a,d,g]cyclononatriene core of a neighbouring complex, which acts to link the molecular
components in one-dimension. These complementary interspecies interactions have been
previously observed to facilitate the formation and interlinking of 1D coordination polymers in
the solid state.®® Such 1D aggregates are linked two-dimensionally, along the crystallographic

ab plane, by face-to-face n-n interactions between uncoordinated pyridyl-N-oxide ligand arms at
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a centroid separation of 3.53 A. The composition and purity of complex 3.9 was further
determined by elemental analysis and IR spectroscopy.

&
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Figure 3.26 From the crystal structure of complex 3.9, as viewed down the crystallographic ¢
axis, depicting the intermolecular interactions and host-guest inclusion between individual
molecules. DMF ligands are shown in green and one complex molecule is shown in space-
filling mode. Aromatic interactions between individual complexes are shown as red, hashed

lines.

3.4.3 {[Co(2.12)(DMF)]-(NO3).(DMF),(H,0)}., 1D coordination chain

The reaction of ligand 2.12 and cobalt(ll) nitrate afforded complex 3.10, featuring a 1D
coordination polymer. Crystals of complex 3.10, {[C0(2.12)(DMF)]-(NO3)2(DMF)(H.0)}.,,
were grown from a DMF solution, isolated as pale orange plates and elucidated
crystallographically using synchrotron radiation. The structure solved in the triclinic space
group PI to display the asymmetric unit as a central Co(ll) centre, sited on an inversion centre
and at half occupancy, which is coordinated by a molecule of both 2.12 and DMF ligands,
alongside an uncoordinated nitrate anion, two additional molecules of solvent DMF and half a

water molecule, Figure 3.27.

The cobalt(Il) centres are coordinated by four symmetry equivalent 2.12 ligands and two DMF
ligands, resulting in an approximately octahedral coordination geometry with coordination bond
lengths of 2.129(3) and 2.094(4) A, respectively, alongside a O(10)-Co(1)-O(13) coordination
angle of 94.49(14) °. Selected bond metrics for complex 3.10 are given below in Table 3.8.
Each 2.12 ligand is two-coordinate, with one arm remaining uncoordinated, acting to link the

cobalt(11) centres in one-dimension along the crystallographic b axis.
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Figure 3.27 From the crystal structure of complex 3.10. Aside from two molecules of DMF
solvent, coloured green, all anisotropic displacement parameters are shown at 35% probability.

Co(1)-0(10) 2.129(3) 0(10)-Co(1)-0(13") 94.49(14)
Co(1)-0(10" 2.129(3) 0(13)-Co(1)-0(13) 180.0(2)
Co(1)-0(11™™) 2.049(4) 0(10)-Co(1)-0(11™) 88.95(15)
Co(1)-0(13) 2.094(4) 0(10)-Co(1)-0(11™ 91.04(15)
Co(1)-0(13) 2.094(4) 0O(11")-Co(1)-0(11™) 179.998(2)
0(10)-Cu(1)-0(10" 179.999(2) 0(13"-Co(1)-0(11" 92.55(16)
0(10)-Co(1)-0(13) 85.51(15) 0(13)-Co(1)-0(11" 87.45(16)

Symmetry operations: i 1-x, 2-y, 1-z; ii 1-x, 1-y, 1-z; iiix, 1 +vy,

Table 3.8 Selected bond lengths (A) and angles (°) from the crystal structure of complex 3.10

Symmetry expansion of the [Co(2.12)(DMF)]** unit proceeds 1-dimensionally in the absence of
intermolecular interactions, Figure 3.28. There are two ‘inverted’ orientations of 2.12 ligands in
the polymer chain, where each orientation is of the opposite molecular chirality to the other,
rendering each 1D chain a racemate. Additionally, inwardly orientated methyl groups of 2.12
ligands and N,N’-dimethyl moieties of the DMF ligands create small, hydrophobic pockets
within the 1D polymer. Individual 1D polymers associate through host-guest interactions
through interdigitation, as opposed to the intrachain interactions seen for complexes 3.11 and
3.12, below, and results in the formation of pseudo-2D sheets. This process is facilitated
through reciprocal host-guest interactions between the uncoordinated 3-pyridyl-N-oxide ligand
arm and a ligand cavity of a neighbouring 1D polymer, Figure 3.28. This ‘hand-shake’ motif is
supported by aromatic m-m interactions at centroid separation of 3.64 A, acting as a

supramolecular ‘zipper’ between the 1D polymers. The crystal lattice contains uncoordinated
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nitrate anions, alongside DMF and water solvents of crystallisation, which fill interstitial voids

and form no interactions between the 1D chains or each other.

Figure 3.28 From the crystal structure of complex 3.10, depicting the packing and host-guest
interactions between individual 1D polymers within the crystal lattice. Neighbouring 1D chains
are colour-coded and DMF ligands are coloured green for clarity. One of the two 1D chains is

shown in space-filling view.

Interdigitation is a common motif found in coordination polymers of functionalised CTVs and
has been noted in many three-connected ladder-type structures containing extended phenyl-
pyridine ligands. These complexes echo the face-to-face aromatic interactions as seen in

complex 3.10, above, and display pyridyl-phenyl aromatic separations of ~3.8 A.%
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3.4.4 {[Cd(2.12),(DMF),]-2(ClO,)-8(DMF)}.. 2D coordination complex with sql topology

The reaction of ligand 2.12 and Cd(ClO,), in DMF solvent afforded complex 3.11,
{[Cd(2.12),(DMF),]-2(CIO,)-8(DMF)}.,, featuring a 2D coordination polymer. Crystals suitable
for X-ray diffraction were grown by diffusing diethyl vapours into solution of the complex in
DMF and isolated as colourless blocks. The structure solved in the monoclinic space group
P2,/n and the asymmetric unit was half that of the stated composition, Figure 3.29.

0(12)

Figure 3.29 The asymmetric unit, taken from the crystal structure of complex 3.11. Anisotropic
displacement parameters are shown at 35%. Intracavity and solvent NMP molecules are
coloured green for clarity.

Cd(1)-0(8) 2.3136(12) 0(8)-Cd(1)-0(10") 85.41(4)
Cd(1)-0(8" 2.3137(12) 0(8)-Cd(1)-0(13) 87.08(4)
Cd(1)-0(10™™) 2.3089(13) 0(8)-Cd(1)-0(13) 92.91(4)
Cd(1)-0(13) 2.2681(11) 0(10™-Cd(1)-0(10™ 180.0
Cd(1)-0(13) 2.2681(11) 0(13)-Cd(1)-0(13) 180.0
0(8)-Cd(1)-0(8') 180.00(6) 0(10™-Cd(1)-0(13) 88.86(5)
0(8)-Cd(1)-0(10') 84.59(4) 0(10™-Cd(1)-0(13") 91.14(5)

Symmetry operations: i -x, 1-y, -z; ii X =%,y — Y%, -z + Yo iii X + Y2, 1-y + Y5, 7 — 1%,

Table 3.9 Selected bond lengths (A) and angles (°) from the crystal structure of complex 3.11

The cadmium(Il) centre in complex 3.11 is sited on an inversion centre and is octahedrally
coordinated by four symmetry generated 2.12 ligands and two DMF ligands, in a similar
manner to complex 3.10, above, with O-Cd ligand bond distances of 2.316(12) and 2.2681(11)
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measured, respectively. The 2.12 ligands are equatorially coordinated to the Cd(Il) centre and
the DMF ligands axially. Representative O-Cd-O bond angles are 84.59(4) and 180.00(6) for
the cis and trans relationships, respectively. Selected bond metrics are listed above in Table 3.9.
Individual 2.12 ligands are two-coordinate and thus afford a trivial, two-connecting node within
the 2D sheet. Therefore the network topology is dictated by the four-connecting metallic nodes
which results in a 4* square grid (sql) topology, Figure 3.30.1

The sql topology is common in four-connecting 2D networks and is represented by the infinite

tessellation of 4-gons across the sheet.®™ The simplest examples of such nets are found in
[99]

{[Pd(4,4’-bipyridine)J}.. ¥ and its related complexes,® and interpenetrated variants.

Figure 3.30 From the crystal structure of complex 3.11, displaying the resultant 2D sheet, as
viewed down the crystallographic b axis. All anions and solvents are omitted for clarity and the
sgl topology is indicated by solid, blue lines which connect the metallic nodes within the
network.

The uncoordinated ligand arm of ligand 2.12 displays host-guest interactions with neighbouring
ligands. This pair-wise and reciprocal motif is facilitated by face-to-face n-interactions between
the aryl ring of the [a,d,g]cyclononatriene core and the pyridyl ring of the ligand arm, with
aromatic centroid separation of 3.57 A, Figure 3.31. This motif is common amongst derivatised
CTVs B% and is also observed in complexes 3.8 and 3.10, above. Individual 2D sheets close
pack in a back-to-back manner in the absence of intermolecular interactions. This gives rise to

small pockets which are filled with solvent DMF and well-ordered perchlorate counter anions.
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Figure 3.31 From the crystal structure of complex 3.11, depicting the host-guest self-inclusion
motif present with individual 2D sheets. Ligands are distinguished by colour and one is shown
in space-filling mode for clarity. Aromatic interactions are shown as hashed, red lines.

Complex purity and composition were confirmed by combustion analysis and were consistent
with the crystal structure model. Furthermore, IR spectroscopy confirms the inclusion of
perchlorate anions in the crystalline material, and hence complex formation, with CI-O bond
stretches at 1094 and 944 cm™. Additionally, an isostructural complex was obtained when using
Cu(CIO,); in the place of Cd(ClOy), for the crystallisation; this structure, complex 3.12, was

identical to complex 3.11 and will not be discussed in this chapter.
3.5 Conclusions and future work

Ligands 2.10, 2.12 and 2.13 highlighted their versatile coordination chemistry with the
transition metal cations and twelve complexes were isolated and fully characterised. These
complexes described and summarised above comprise both discrete and polymeric structures

and contain both topologically interesting features and host-guest self-inclusion motifs.

As expected, the coordination behaviour of these ligands was dissimilar to their corresponding
parent, pyridyl congeners. For example, tris(isonicotinoyl)cyclotriguaiacylene and tris(2-
pyridylmethyl)cyclotriguaiacylene afford an intertwined 2D network ™ and a four-fold
interpenetrated (10,3)-a net ! with silver(l) centres, respectively. This is in stark contrast to
the structures gained as a result of N-oxide coordination seen for complexes 3.1 and 3.8,

respectively.

The first reported examples of transition metal coordination complexes with pyridine-N-oxide
functionalised CTVs have been presented. Whilst complexes 3.1-3.12 are highly attractive in
terms of their structural and topological diversity, the goal of constructing stable networks for

further application was not realised. This was due, in part, to both crystalline fragility and a lack
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of functionality control, whereby the orientation of host molecules within the complexes could
not be efficiently controlled or predicted. All of these complexes possessed one of these
attributes, but not both. For the above complexes to have post-synthetic application, they would
need to posses the inwardly orientated and accessible [a,d,g]cyclononatriene core, whilst being
able to withstand desolvation without a collapse of the crystalline lattice.

Future work should be focussed on the preparation of robust networks which possess the
capsular arrangement of ligands and accessible void spaces. This may be achieved by preparing
the desired materials in the presence of less volatile solvents which act to promote
amorphisation due to rapid loss of solvent. Furthermore, isotropic 3D networks should be
sought owing to their affinity for facile desolvation, which will help address this loss of
crystallinity upon loss of solvent. Where potential candidates are isolated, gas sorption
measurements should be targeted, with particular emphasis on methane, carbon dioxide and
xenon. Additional experiments would perhaps address the materials ability to uptake molecules
through a single-crystal-to-single-crystal (SCTSC) manner, which would negate the requirement
of desorption and thus prevent amorphisation upon desolvation. If such materials displayed an
ability to exchange guests in such a manner they could also be applied in areas that include
molecular separations and catalysis, where the networks could be ‘charged’ with a reagent prior

to the uptake of a second reactive species.

3.6 Experimental

Ligands 2.10, 2.12 and 2.13 were prepared according to procedures listed in Chapter 2 of this

thesis and employed as racemic mixtures for all complexation studies listed herein.
3.6.1 Instrumentation

High resolution mass spectrometric analyses of metal complexes were measured by Dr Lindsay
P. Harding of the University of Huddersfield using a Bruker MicroTOF-Q or Bruker MaXis
Impact spectrometer in either positive or negative ion mode. FT-IR spectra were recorded as
solid phase samples on a Perkin-Elmer Spectrum One spectrophotometer. Samples for
microanalysis were dried under vacuum before analysis and the elemental composition
determined by Mr lan Blakeley of the University of Leeds Microanalytical Service using a
Carlo Erba elemental analyser MOD 1106 spectrometer. Thermogravimetric and energy
dispersive X-ray analyses were performed by experimental officer Dr. Algy Kazlauciunas of the

University of Leeds Colour Science department.

Crystals were mounted under inert oil on a MiTeGen tip and flash frozen to 150(1) K using an

Oxford Cryosystems cryostream low temperature device. X-ray diffraction data were collected
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using graphite-monochromated Mo-K radiation (2 = 0.71073 A) using a Bruker-Nonius X-8
diffractometer with Apexll detector and FR591 rotating anode generator; or using synchrotron
radiation (A = 0.6889 A) with a Crystal Logic 4-circle Kappa goniometer and Rigaku Saturn 724
CCD diffractometer at station i19 of Diamond Light Source. Data were corrected for Lorenztian
and polarization effects and absorption corrections were applied using multi-scan methods. The
structures were solved by direct methods using SHELXS-97 and refined by full-matrix on F?
using SHELXL-97, interfaced through the X-seed interface."® Unless otherwise specified, all
non-hydrogen atoms were refined as anisotropic, and hydrogen positions were included at
geometrically estimated positions. Molecular graphics were obtained using POV-RAY through
the X-Seed interface.*® Additional details are given below and data collections and

refinements summarised in Tables below.
3.6.2 Preparation of complexes

General procedure for the formation of metal complexes: ligand and metal salts were
independently dissolved in 0.5 mL of the required solvents and combined at room temperature
into a small vial. The vial was capped with a polythene plug and then punctured with a small
hole to allow for the diffusion of diethyl ether vapours into the mixture and placed inside a
larger vial containing the antisolvent. The samples were then sealed and left undisturbed for a
period up to one month, or until crystals were observed to form, at which point analysis was

sought.

Synthesis of {JAg:(NMP)s(2.13),]-3(ClO,)-n(NMP)}.,, complex 3.1. AgCIlO4-H,O (5.07 mg,
0.0225 mmol) and ligand 2.13 (5.02 mg, 0.0075 mmol) were dissolved in NMP (~ 1 mL) and
diethyl ether vapours were diffused into the solution, where small colourless crystals formed
after 14 days that were analysed by X-ray diffraction. Yield 9.8 mg. As anticipated,
microanalysis indicates a higher level of solvation than refined in the crystal structure, and
additional solvent added to formula is consistent with analysis of crystal void space and TGA.
Analysis for [Agz(2.13)2(NMP)g]-3(ClO4)-NMP-2(H,0) (% calculated, found) C (49.37, 49.30),
H (4.63, 5.00), N (6.29, 6.55); Infrared analysis (FT-IR, cm™) 3463 (broad), 3107, 2938, 1746,
1659, 1510, 1445, 1252, 1166, 1066, 988, 927, 861, 764, 682, 630, 568, 490.
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Sample: JJHsilveririmer File: C:._\TJWames\JJHsilvertrimer 001
' DSC-TGA

Size: 7.2810 mg Operator: tj
Method: std method Run Date: 25-Nov-2011 09:32
Comment: AgCIO4, L10, NMP, ether. ether wash Instrument: SDT Q600 V20.9 Build 20
100 }
L
80 \ 40.38%
g
E 60
=
%-" 9.432%
15.84%
40
i
11.91%
\r
20 T T T T T T T T T T T T T T T T T T T 1
o 100 200 300 400 500
Temperature {°C) Universal V4. TA TA Instruments

Synthesis of {[C0(2.13),]-2(BF4)-n(DMF)}.., complex 3.2. Co(BF,),-6H,0 (7.66 mg, 0.0225
mmol) and ligand 2.13 (5.09 mg, 0.0075 mmol) were dissolved in DMF (~ 1 mL) and diethyl
ether vapours were diffused into the solution, where orange plates formed after 14 days that
were analysed by  X-ray  diffraction. Yield 7.1 mg. Analysis for
{[Co0(2.13),]-2(BF4)-4(DMF)-2(H,0)}., (% calculated, found) C (48.68, 48.70), H (4.92, 4.70),
N (7.36, 7.40). Infrared analysis (FT-IR, cm™) 3333, 2936, 1735, 1634, 1505, 1415, 1254, 1051.

Synthesis of {[Zn(2.13),]-2(BF4)-n(NMP)}.., complex 3.3. Zn(BF,),-6H,O (7.81 mg, 0.0225
mmol) and ligand 2.13 (5.0 mg, 0.0075 mmol) were dissolved in NMP (~ 1 mL) and diethyl
ether vapours were diffused into the solution, where small colorless plates formed after 18 days.
Yield 8.3 mg that were analysed by X-ray diffraction using a synchrotron source. Analysis for
{[Zn(2.13),]-2(BF4)-3.5(NMP)-2(H,0)}.. (% calculated, found) C (53.11, 52.80), H (5.13,
5.20), N (6.77, 6.90). Infrared analysis (FT-IR, cm™) 3348 (broad), 1740, 1653, 1619, 1513,
1443, 1402, 1286, 1241, 1170, 1106, 1072, 942, 865, 764, 748, 677, 631.
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Sample: JJHZnL10 File: C:..\TA senvice\TMames\JJHZnL10.001
Size: 8.0000 mg DSC-TGA Operator: TJ
Method: std method Run Date: 28-Oct-2011 12:14
Comment: L10 NMP Zn(BF4)2 Instrument: SOT Q600 V20.9 Build 20
100
80
=
= 60 |
i=2
(]
=
40 -
20 T T T T T T T T T T T T T T T T T T T
0 100 200 300 400 500
Temperature (OC) Universal V4.74 TA Instruments

Synthesis of {[Cu(2.13),]:[Cu(H,O)(NMP),]-4(BF,)-8(NMP)-2(H,0)}.,, complex 3.4.
Cu(BF4)2-4H,0 (6.95 mg, 0.0225 mmol) and ligand 2.13 (5.0 mg, 0.0075 mmol) were dissolved
in NMP (~ 1 mL) and diethyl ether vapours were diffused into the solution, where green plates
formed after 14 days that were analysed by X-ray diffraction. Yield 6.3 mg. Analysis for
{[Cu(2.13),]-[Cu(NMP),4(H,0)]-4(BF,)-5(NMP)}.. (% calculated, found) C (52.92, 52.95), H
(5.13, 5.25), N (7.18, 7.20). Infrared analysis (FT-IR, cm™) 3119, 2938, 1745, 1628, 1505,
1484, 1443, 1404, 1252, 1163, 1139, 1052, 927, 861, 830, 746, 679, 630, 581, 497, 484, 470.

Synthesis of {{Cus(2.10),Cl;o(NMP),]-n(NMP)}.., complex 3.5. CuCl,-2H,0 (3.0 mg, 0.0225
mmol) and ligand 2.10 (5.0 mg, 0.0075 mmol) were dissolved in NMP (~ 1 mL) and diethyl-
ether vapours were diffused into the solution, where small green needles formed after 14 days
that were analysed by X-ray diffraction. Yield 8.3 mg. Analysis for
{[Cus(2.10),Cl15(NMP),]-6(NMP)}.. (% calculated, found) C (51.51, 51.10), H (5.42, 5.00), N
(7.18, 6.60). Infrared analysis (FT-IR, cm™) 3310 (broad), 2936, 1633, 1508, 1442, 1398, 1258,
1192, 1148, 1111, 1087, 1046, 993, 843, 781, 743, 694, 658, 619, 556.
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Sample: Sample A TGA File: C\TA\Data\TGA\algykaz\Data.244

100
80 -
<
=
=)
[}
= .
Residue:
60 - 44 .35%
(0.9726mg)
40 T T T T T T 1
0 50 100 150 200 250 300 350

Temperature (°C) Universal V4.5A

Synthesis of {[Cd(2.10)(NO3).]-2(DMF)}.,, complex 3.6. Cd(NO3),-4H,O (6.9 mg, 0.0225
mmol) and ligand 2.10 (5.0 mg, 0.0075 mmol) were dissolved in DMF (~ 1 mL) and diethyl-
ether vapours were diffused into the solution, where small colorless needles formed after 14
days that were analysed by X-ray diffraction. Yield 7.4 mg. Analysis for
{[Cd(2.10)(NOs),]-2(DMF)}.. (% calculated, found) C (51.12, 51.30), H (4.58, 4.85), N (7.95,
7.50). Infrared analysis (FT-IR, cm™) 2902, 1674, 1608, 1511, 1441, 1265, 1203, 1150, 1111,
1089, 1050, 1026, 996, 884, 837, 775, 742, 697, 619, 547.

Synthesis of {[Zn(2.10)(NOs),]-2(DMP)}.,, complex 3.7. Zn(NOs),-6H,0 (6.7 mg, 0.0225
mmol) and ligand 2.10 (5.1 mg, 0.0075 mmol) were dissolved in DMF (~ 1 mL) and diethyl
ether vapours were diffused into the solution, where small colourless needles formed after 14
days that were analysed by X-ray diffraction. Yield 11.8 mg. Analysis for {[Zn(2.10)(NOs).]}..
(% calculated, found) C (54.86, 55.00), H (4.28, 5.50), N (7.62, 8.00). Infrared analysis (FT-IR,
cm™) 3421 (broad), 2928, 1670, 1608, 1511, 1439, 1400, 1262, 1203, 1149, 1088, 1028, 996,
947, 837, 775, 742, 698, 658, 619, 548.

Synthesis of [Ag,(2.10),(NMP),]-2(BF,), complex 3.8. AgBF, (4.3 mg, 0.02 mmol) and ligand
2.10 (7.5 mg, 0.017 mmol) were dissolved in NMP (~ 1 mL) and diethyl ether vapours were
diffused into the solution, where small colourless blocks formed after 14 days that were
analysed by single crystal X-ray diffraction analysis. Yield 6.9 mg. HRMS (ES"): m/z 1760.97
{[Agx(2.10),'BF,]}" (caled. 1760.36), 837.14 [Ag(2.10)]" (calcd. 836.68); Analysis for
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[Agx(2.10),(NMP)4]-2(BF4)-H,O (% calculated, found) C (53.52, 53.55), H (4.38, 4.50), N
(4.46, 4.55); Infrared analysis (FT-IR, cm™) 3565 (broad), 2920, 1645, 1607, 1515, 1445, 1085
(s, broad, B-F).

Synthesis of [Cu(2.13)Cl,(DMF);]-2(H.0), complex 3.9. CuCl,-2H,0 (2.56 mg, 0.015 mmol)
and ligand 2.13 (10.1 mg, 0.015 mmol) were dissolved in DMF (~ 1 mL) and diethyl ether
vapours were diffused into the solution, where green block-shaped crystals formed after 14 days
that were analysed by single crystal X-ray diffraction analysis. Yield: 7.76 mg. HRMS (ES"):
m/z 772.2 {2.13-H}" (calcd. 772.21), 869.1 {Cu(2.13)CI}" (calcd. 869.10); Analysis for:
[Cu(2.13)(DMF),Cl,]-2H,0 (% calculated, found) C (52.10, 52.23), H (4.20, 4.37), N (5.80,
5.52); Infrared analysis (FT-IR, cm™) 3421 (broad), 3509, 3111, 2925, 1733, 1635, 1505, 1440,
1249.

Synthesis of {[C0(2.12),(NO3),(DMF),]-4(DMF)-H,0)}.., complex 3.10. Co(NOs3),-6H,0
(4.25 mg, 0.0146 mmol) and ligand 2.12 (7.5 mg, 0.0103 mmol) were dissolved in DMF (~ 1
mL) and diethyl ether vapours were diffused into the solution, where orange needles formed
after 14 days that were analysed by single crystal X-ray diffraction analysis using a synchrotron
source. Yield: 7.76 mg. Analysis for: {[C0(2.12),(NOs3),]-3(DMF)-4(H,0)}., (% calculated,
found) C (54.87, 54.90), H (4.80, 4.65), N (7.57, 7.35). Infrared amalysis (FT-IR, cm™) 3402
(broad), 3476, 3044, 2914, 1747, 1648, 1508, 1443, 1375, 1322, 1278 (s), 1202, 1177, 1097,
1003, 939, 829, 742.

Synthesis of {[Cd(2.12),(DMF),]-2(Cl0O,)-8(DMF)}..,, complex 3.11. Cd(ClO,),-6H,0O (6.31
mg, 0.015 mmol) and ligand 2.12 (10.1 mg, 0.015 mmol) were dissolved in NMP (~ 1 mL) and
diethyl ether vapours were diffused into the solution, where off-white block crystals formed
after 10 days that were analysed by single crystal X-ray diffraction analysis that were analysed
by single crystal X-ray diffraction analysis. Yield: 7.76 mg. Analysis for:
{[Cd(2.12),(DMF),]-2(ClO,4)-2(DMF)-2(H,0)}.. (% calculated, found) C (51.96, 52.15), H
(4.63, 4.40), N (6.31, 6.15). Infrared analysis (FT-IR, cm™) 3421 (broad), 3476, 3104, 2928,
1749, 1667, 1508, 1432, 1283, 1128, 1140, 1094, 1007, 944, 831, 747.

Synthesis of {[Cu(2.12),(DMF),]-2(Cl0O,)-8(DMF)}.., complex 3.12. Cu(ClQ,),-6H,0 (5.49
mg, 0.015 mmol) and ligand 2.12 (10.02 mg, 0.015 mmol) were dissolved in NMP (~ 1 mL) and
diethyl ether vapours were diffused into the solution, where green obelisk crystals formed after
10 days that were analysed by single crystal X-ray diffraction analysis. Yield: 8.41 mg. Analysis
for: {[Cu(2.12),(DMF),]-2(ClO,)-6(DMF)}.. (% calculated, found) C (53.06, 53.00), H (5.28,
5.20), N (8.12, 8.35). Infrared analysis (FT-IR, cm'l) 3421 (broad), 3476, 3104, 2928, 1749,
1667, 1508, 1432, 1283, 1128, 1140, 1094, 1007, 944, 831, 747.
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3.6.3 Supplementary crystallographic information

Crystals of complexes 3.2 and 3.3 were weakly diffracting and did not diffract at high angles.
For complexes 3.1-3.3 and 3.5 the structures contained significant void space and residual
electron density that could not be meaningfully refined as additional solvent, hence the
SQUEEZE " routine of PLATON ™ was employed. For 3.3, one ring was refined with a
rigid body model, some bond lengths were restrained and one pyridine-N-oxide moiety was
refined as disordered. Disordered groups and one methyl were refined isotropically. Complex
3.4 was refined with a block-matrix refinement and number of bond length and flat restraints.
Additionally, some solvent was refined at half occupancy, one BF, anion was refined with
disordered F positions and some solvent and the anions were refined isotropically. In complex
3.6, one DMF was refined isotropically and disordered over two positions with a shared N atom.
Complex 3.7 was solved and refined as a twin. The bond lengths of both DMF solvent
molecules were restrained to be chemically reasonable and one was modeled over two
molecular positions and not refined anisotropically. One pyridine-N-oxide moiety and DMF
solvent molecule were refined using planarity restraints using the FLAT command. Soft
restraints were placed on the entire structure to make all thermal ellipsoid parameters
chemically reasonable, using the SIMU, DELU and ISOR commands in ShelX. For complex 3.8
the B-F and some C-C and C-N distances of NMP molecules were restrained at chemically
reasonable lengths and the BF, and some NMP molecules were refined isotropically.
Complexes 3.3 and 3.10 were analyzed using synchrotron data and one DMF of 3.10 was

refined isotropically.
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3.6.4 X-ray data tables for complexes 3.1-3.12

3.1 32 3.3 34 35 3.6
Formula C114H120AQsClsN120s2 | CaaHesBCOFaNGO2 | CaaHasBFaN6O20ZNn | CraaHisoBaCuzFisN: | CiagHisoClioCUsNia CagHs3CdN; 057
8039 026
Mr 2760.18 1689.17 1695.61 3261.38 2924.78 1112.37
Crystal colour and shape Colourless, needle Orange, plate Colourless, plate Green, plate Green, needle Colourless, needle
Crystal size (mm) 0.12 x 0.06 x 0.04 0.18 x 0.08 x 0.08 0.20x0.12x0.12 0.16 x 0.08 x 0.08 0.15x0.120.04 0.18x0.13x0.13
Crystal system Cubic Monoclinic Triclinic Triclinic Triclinic Monoclinic
Space group Pa3 C2/c Pl P Pl P2,
a(A) 25.9744(8) 17.5839(18) 17.44(3) 18.1713(19) 11.7843(8) 8.0052(7)
b (A) 25.9744(8) 29.7518(18) 17.54(4) 21.487(2) 18.9058(12) 24.325(2)
c(A) 25.9744(8) 34.404(3) 18.13(3) 24.177(2) 24.2187(16) 14.2675(12)
a(®) 90 90 100.28(8) 84.788(4) 100.396(3) 90.00
50 90 99.609(3) 101.91(6) 80.734(4) 101.476(3) 100.117(3)
0] 90 90 118.80(6) 80.361(4) 97.089(3) 90.00
V(A3 17524.1(9) 17746(3) 4499(15) 9165.1(16) 5129.5(6) 2735.0(4)
z 4 4 1 2 1 2
Pealc (9.cm™) 1.046 0.632 0.626 1.182 0.947 1.351
6 range (°) 1.36 —25.00 1.36 —20.00 1.31-22.69 1.33-25.00 4.08 - 24.93 1.67 —29.36
No. data collected 70296 43822 30886 104252 61475 20183
No. unique data 5148 8276 12825 32232 17543 12571
Rint 0.0603 0.0976 0.0728 0.0536 0.0377 0.0279
No. obs. Data ( > 20(1)) 3178 3347 4800 18025 11995 10482
No. parameters 275 384 523 1768 815 654
No. restraints 1 3 0 23 0 1
R; (obs data) 0.0958 0.0909 0.0729 0.1643 0.0614 0.0583
WR; (all data) 0.2982 0.2605 0.1992 0.4894 0.1991 0.1705
S 1.074 0.881 0.805 1.751 1.032 1.036

115



3.79 3.8 3.9 3.10* 3.11
Formula CugHs3ZnN7047 C114H132A0:B2FgN 1,024 CigHs51Cl,CuNsO016 C102H110CON14035 C114H136CdCI;N1604,
Mr 1065.34 2443.68 1088.38 2166.97 2585.69
Crystal colour and shape Colourless, needle Colourless, block Green, block Orange, needle Colourless, block
Crystal size (mm) 0.20x0.14 x0.14 0.18x0.14x0.12 0.18x0.16 x0.16 0.10 x 0.05 x 0.05 0.20x0.12x0.12
Crystal system Monoclinic Monoclinic Triclinic Triclinic Monoclinic
Space group P2, P2i/c P1 PI P2:/n
a(A) 7.9869(14) 22.0843(11) 12.5748(18) 12.047(5) 16.2283(13)
b (A) 24.435(5) 12.7697(7) 14.424(2) 14.724(6) 19.5779(17)
c(A) 14.212(2) 21.5212(11) 18.045(3) 18.024(7) 20.2184(15)
a(®) 90.00 90.00 72.077(7) 97.0790(10) 90.00
B 99.980(8) 111.184(2) 71.966(6) 107.478(5) 99.773(4)
70 90.00 90.00 88.086(7) 102.281(7) 90.00
V(A% 2731.7(8) 5659.1(5) 2954.3(8) 2919(2) 6330.5(9)
z 4 2 2 1 2
Pealc (g.cm) 1.295 1.434 1.224 1.233 1.356
6 range (%) 2.59-24.58 1.91 - 23.60 1.62 - 26.37 1.17 - 22.50 1.82-31.21
No. data collected 9114 19444 9681 33933 72930
No. unique data 5509 8388 6103 8349 20393
Rint 0.0279 0.0385 0.0433 0.0241 0.0426
No. obs. Data (I > 25(1)) 3664 5794 3394 7859 14902
No. parameters 655 641 646 649 803
No. restraints 204 12 0 0 0
R; (obs data) 0.1103 0.0941 0.1200 0.1207 0.0425
WR; (all data) 0.2891 0.3055 0.3887 0.4064 0.1227
S 1.145 1.043 1.343 1.995 1.020

* data collection made using synchrotron radiation; @ crystals were solved and refined as a twin.
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Chapter 4
Towards the preparation of ML, metallo-cryptophanes
4.1 Introduction

Since the realisation of host-guest chemistry,! the preparation of synthetic receptors has
remained an interesting challenge that spans the biological ¥ and physical ©! sciences. Their
ability for selective molecular recognition ™ has led to a variety of applications that include

catalysis,™ drug delivery ® and small molecule separation,'”’ to name a few.

Cryptophanes are organically-linked and Cs-symmetric capsules that are afforded through a
head-to-head arrangement of cyclotriveratrylene (CTV) units.®® In such species, the inherent
hosting ability of the tribenzo[a,d,g]cyclononatriene core ¥ is amplified by proximity and
orientation effects, where guests bind by an ‘induced fit’ mechanism.™® CTV is axially chiral
and exists as a pair of enantiomers, M (minus) and P (plus), Figure 4.1.1 Thus, cryptophanes
possess two stereocentres, affording four possible sterecisomers (MM, MP, PM and PP) that
are comprised of two diastereoisomers, syn (MP and PM) and anti (MM and PP). The syn
diastereoisomer features the inclusion of both enantiomers of ligand and is therefore achiral
(optically inactive). Irrespective of their relative orientation, MP and PM stereoisomers both
display at least one plane of symmetry and are therefore meso (m) compounds. However, the
anti stereoisomers MM and PP are each composed of a single ligand enantiomer and are
therefore enantiomers. They may be described in terms of helical chirality, where the MM
possesses right-handed helicity (4) and the PP enantiomer possesses left-handed helicity (A).
Generally, the syn and anti cryptophane diastereocisomers possess Cz, and Ds; molecular

symmetry, respectively, Figure 4.1.

The hosting ability of cryptophanes is proportional to their size; where the smallest bind gases,
such as methane ™! and xenon,™! and the largest bind small organic molecules, such as
chloroform, Figure 4.1."® However, a cryptophane capable of simultaneously binding two

molecules, or having the ability to distinguish between guests, has yet to be identified.
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Figure 4.1 The syn and anti cryptophane diastereoisomers, where L=organic linker and
individual CTV enantiomers are colour-coded for clarity. Only the A-anti enantiomer is shown.
The encapsulated chloroform molecule in the cryptophane-A (CHCIs) inclusion complex is
displayed in space-filling mode to indicate the ‘induced fit".™

There is great potential, however, in [MsL;]"™ metallo-cryptophanes as self-assembled
‘nanohosts’ for sophisticated host-guest and recognition chemistry.*”? These species have the
same head-to-head orientation of CTV units as classical cryptophanes but are instead bridged
with three metallic linkers.™® Being trigonal bipyramidal in shape, they also possess a similarly
well defined and hydrophaobic internal cavity, although significantly larger, which greatly
increases the scope for potential application. An attractive advantage of metallo-cryptophanes
over their classical counterparts is their formation via metal mediated self-assembly, which
negates the convoluted and often pyrrhic multistep syntheses that would be necessary to prepare

classical cryptophanes of the same size.

The first metallo-cryptophane, reported by Shinkai and co-workers, features a head-to-head
arrangement of tris(4-pyridyl)cyclotriguaiacylene (CTG) ligands, linked through metal
coordination by three cis-protected palladium(ll) metal centres.’¥) Of the other metallo-
cryptophanes prepared, none display the ability to host molecules. Ronson et al. have prepared a
‘bow-tie’ metallocryptophane from a carboxylate functionalised CTV,” where instead of
dimerising to afford a hollow capsule, it is ‘pinched’ owing to the presence of a bridging
metallic cluster. Two metallo-cryptophanes are then linked by the ligand 1,2-bis(4-
pyridyl)ethylene to afford the ‘bow-tie’ motif, Figure 4.2a. Whilst this species may show
magnetic properties, the lack of internal space limits host-guest application. Likewise, the anti-
metallo-cryptophane afforded from the self-assembly of tris(4-phenyl-5-pyrimidyl)CTG with
silver(l) cations was isolated upon crystallisation only, and not observed to exist in the solution-
phase, Figure 4.2b.”!
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(a) (b)

Figure 4.2 Metallo-cryptophanes prepared by Ronson et al. (a) Two 1,2-bis(4-pyridyl)-ethylene
bridged [Cus(L).] syn-cryptophanes to afford the ‘bow-tie’ appearance. One functionalised
CTV ligand is distinguished by colour;®” (b) anti-cryptophane (4)-[Ags(L).]-3(C10,)./*!
Finally, although not strictly metallocryptophanes, Stang and co-workers have utilised the
tripodal ligand tris(4-pyridyl)adamantane to prepare Cs, and Ds, [MslL,]™" trigonal bipyramidal
cages using a cis-Pd(l1) tecton ® and a dinuclear organometallic Pt(I) ‘metallic clip’,
respectively.”®! More recently, Scarso and co-workers have suggested a possible solution-phase
structure of a chiral [MsL,]™ cage, formed via the self-assembly of an optically pure tris(4-
pyridyl)benzotricamphor and cis-Pt(l1) tecton, but have not remarked on its hosting abilities."
In a similar approach to Shinkai and co-workers, ligands (£)-2,7,12-trimethoxy-3,8,13-tris(3-
pyridylmethyloxy)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene (2.6), (1)-2,7,12-

trimethoxy-3,8,13-tris(3-carboxypyridyl)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene

2.7) and (+)-2,7,12-trimethoxy-3,8,13-tris(4-carboxypyridyl)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (2.8) of Chapter 2 were predicted to form [MsL,]™ metallo-
cryptophanes with linear and 90 © tectons, respectively, Scheme 4.1. Their potential hosting

abilities were envisaged to be applicable in areas such as catalysis and molecular separations.

=N
s
- N
N" ) N @«
o o N
I RO Y
(i) when L is CH,; 3Py (2.6) Ligand

(i) when L is C=0; 3Py (2.7) and 4Py (2.8)

Scheme 4.1 The predicted formation of [MsL,]"" metallo-cryptophanes from tripodal Cs-
symmetric ligands(2.6-2.8) and metal cations.
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4.2 Isolation of a triply-interlocked [2]-catenane, [Ags(2.6)4]-6(CIO4)-n(DMF)

The reaction of ligand 2.6 with silver(l) perchlorate (CIO,) in N,N’-dimethylformamide (DMF)
afforded a topologically complex and triply-interlocked [2]-catenane,
[Age(2.6)4]-6(ClO,)-n(DMF), complex 4.1. Single crystals were obtained by diffusing diethyl
ether vapours into a DMF solution of the complex and analysed by single crystal diffraction
methods. The structure solved in the monoclinic space group Cc and displayed the asymmetric
unit as the composition stated above, comprising two mechanically interlocked, but chemically
independent, anti-[Ags(2.6),]*" metallo-cryptophanes, Figure 4.3.

Figure 4.3 Individual (1)-[Ags(2.6),]*" metallo-cryptophanes from the crystal structure of
complex 4.1. Identical cages, as viewed from the side (a, c), and above (b, d). All perchlorate
anions and solvent DMF have been omitted for clarity.

Each trigonal bipyramidal anti-[Ags(2.6),]*" cage is composed of two 2.6 ligands, bridged by
approximately linear Ag(l) cations in a head-to-head orientation, with N-Ag-N bond angles and
N-Ag bong lengths ranging 165.1(4) to 176.9(4) ° and 2.107(6) to 2.311(10) A, respectively.
One silver(l) centre also features a long contact to a DMF ligand at O-Ag separation 2.580(13)
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A. Selected bond metrics for complex 4.1 are given below in Table 4.1. In addition, there are
six perchlorate anions, disordered across seven molecular positions, and three molecules of
solvent DMF in the asymmetric unit. The inclusion of a single ligand enantiomer (P) affords
two anti-metallo-cryptophanes which possess a left-handed (4) chirality, (1)-[Ags(2.6).]*".

Ag(1)-N(1) 2.363(10) Ag(6)-N(8) 2.154(7)
Ag(1)-N(4) 2.117(8) Ag(6)-N(12) 2.118(4)
Ag(2)-N(2) 2.131(7) Ag(4)-0(42) 2.544(14)
Ag(2)-N(6) 2.102(5) N(1)-Ag(1)-N(4) 164.2(4)
Ag(3)-N(3) 2.198(9) N(2)-Ag(2)-N(6) 177.3(3)
Ag(3)-N(5) 2.161(9) N(3)-Ag(3)-N(5) 177.0(4)
Ag(4)-N(7) 2.202(11) N(7)-Ag(4)-N(10) 100.7(4)
Ag(4)-N(10) 2.172(6) N(9)-Ag(5)-N(11) 171.6(4)
Ag(5)-N(9) 2.231(6) N(8)-Ag(6)-N(12) 173.2(3)
Ag(5)-N(11) 2.123(7)

Table 4.1 Selected bond lengths (&) and angles (°) from the crystal structure of complex 4.1

Individual (A1)-[Ags(2.6).]*" cryptophanes interlock to afford the [2]-catenane, [Age(2.6)s]%",
Figure 4.4. This interlocking proceeds in the absence of a template, and there are no formal
interactions between each metallo-cryptophane of the [2]-catenane. Despite their close
proximity, aromatic and argentophilic separations are all outside of the 4 and 3.3 A maxima,
respectively.’?® This is unusual, as the majority of interlocked species are afforded via ‘template
directed’ syntheses “® which perhaps indicates a highly complex threading and interlocking
mechanism. Catenation in this instance is likely entropically driven,?”! where the interlocking of
each (A1)-[Ags(2.6),]*" cage expels high energy solvent from within the cavity; however,

symmetry-driven self-recognition is also observed.?®!

It is interesting that the [2]-catenane, (A1,4)-[Ags(2.6).]%", is also enantiomerically pure and that
the overall left-handed helical chirality and Ds-symmetry are conserved, especially given its
formation without a template, Figure 4.4. Whilst spontaneous chiral resolution is an understood

phenomenon, especially with derivatised CTVs,

it is usually as a result of additional directing
factors. In this particular instance, a racemic mixture of 2.6 ligands has assembled into one
interlocked species containing ten molecular components and with complete enantiomeric
control. Similar phenomena have been noted by Nitschke and co-workers, where enantiopure
metal complexes are afforded through stereochemical conservation and chiral induction;

however, these are ‘through-bond” examples and not mechanically interlocked.””
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(d) (f)

Figure 4.4 From the crystal structure of complex 4.1. The mutually left-handed (A, A) helical
arrangement of both interlocked cages in the [2]-catenane, as viewed from the top (a) and side
(e). Orange and green wire frames denote the independent metallo-cryptophanes. Individual
(A)-[Ags(2.6),]*" cages of the [2]-catenane are shown in orange (b) and green (c) space-filling
images, respectively. The [2]-catenane, (A,4)-[Ags(2.6)4]°", is simplified by wire frames (d) and
shown in space-filling mode (f). All perchlorate anions and solvent are omitted for clarity.

Each [2]-catenane possesses four stereocentres and thus affords sixteen possible stereoisomers
and eight diastereoisomers. The interlocking of any anti (4 or A) metallo-cryptophane with a
syn (m) metallo-cryptophane is always chiral, yet possesses no helical chirality and therefore
has only C;-symmetry; however, the interlocking of two chiral cages (4 or A) affords
enantiomers (4,4)-[Ags(2.6)4]%" and (A,4)-[Age(2.6)s]°" where helical chirality and Ds-
symmetry are conserved, Figure 4.5. Similar helical chirality is often shown in metal helicates
B33 and mesocates.®? Interestingly, the interlocking of (4)-[Ags(2.6).]*" and (A)-[Ags(2.6).]*
theoretically affords the [2]-catenane (4,4)-[Ags(2.6)4]>", which is chemically achiral but rigidly
chiral in every possible physical conformation, a phenomenon described by Mislow as a

‘Euclidean rubber glove’.
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Figure 4.5 All theoretical conformations of the [2]-catenane, [Ags(2.6),]>". Stereoisomers in
grey boxes are meso (m) compounds and the homochiral enantiomers in the green box
represent complex 4.1.
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The depiction of all possible [2]-catenanes implies that conversion between various topological
stereoisomers would require bond cleavage.!* This is likely the case, and the lability of the Py-
Ag bond and flexibility of the ethereal linkage may facilitate the formation of only one product,
where the formation of all possible stereoisomers are removed by self-correction as self-
assembly proceeds towards a thermodynamic sink.” This may be driven by the higher
symmetry of both the anti-metallo-cryptophane and corresponding (4,4)- and (A,4)-[2]-

catenanes, which are therefore favoured according to a more positive entropy of symmetry. !

Complexes of derivatised CTVs regularly display complementary self-recognition ! between
the tribenzo[a,d,g]cyclononatriene cores of the ligands, where they stack in a bowl-in-bowl
manner. This is evident in the [2]-catenane, (A1,4)-[Ags(2.6).]>", where the hydrophobic core of
one ligand plays host to the underside of another, with aromatic centroid separations of 4.723 A,
akin to the B-phase of CTV."! This intramolecular host-guest behaviour is pair-wise and occurs

between the two chemically independent (A1)-[Ags(2.6).]** metallo-cryptophanes.

Whilst only the single enantiomer (A,4)-[Ags(2.6)4]°* was found in the asymmetric unit, the ¢
glide plane within the monoclinic space group (Cc) generates a mirror plane; in doing so, the
opposite enantiomer (4,4)-[Ags(2.6),]°* is generated by symmetry in equal proportions to
render complex 4.1 a racemate. The (4,4)-[Ags(2.6)4]°" and (A1,4)-[Ags(2.6)s]°* enantiomers are
identical, and differ only in their absolute stereochemical configuration. Additionally, whilst
this is a phenomenon of crystallisation, there is no way of conclusively stating that only the
enantiopure [2]-catenanes are afforded, or if there are other stereoisomers present in solution.™
Crystals with similar unit cell parameters were also obtained from a DMSO solution, and when
employing the similarly non-coordinating tetrafluoroborate (BF,) and hexafluorophosphate
(PFs) anions. Likewise, alterations to reaction concentration did not change the self-assembly
processes and spontaneous catenation was always observed. Regardless, the serendipitous
formation of complex 4.1 suggests a self-assembly mechanism that is still not very well

understood.

The internal volume of the [2]-catenane was estimated from its crystal structure ®” and
calculated to be 197 A% however, there are no solvent molecules located within the cavity and
there are limited windows to allow for guest exchange. Interpenetration of the individual
[Ags(2.6),]*" metallo-cryptophanes significantly reduces the internal space available to host
molecules and, by considering the packing requirements according to Rebek and co-workers, *®!

estimates an ideal guest size of 108 A®, which is too small for the applications discussed above.

Complex 4.1 represents the second triply-interlocked [2]-catenane composed of derivatised
CTVs to date. The other example, (£)-[Zng(L)4(NO3)s]-6(NO3), where L = tris(4-(4’-methyl-
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2,2’-bipyridyl)-benzyloxy)cyclotriguaiacylene, features a similar 3D appearance and is
comprised of two interlocking syn-metallo-cryptophanes, Figure 4.6.2° This is a peculiar
example, as each syn-[Zns(L)2(NOs)s]*" cage is actually chiral, owing to the left-handed helical
chirality (A) about the zinc(Il) coordination environment, which removes the horizontal mirror
plane expected for the syn-metallo-cryptophane. The resultant [2]-catenane is chiral, owing to
the inequivalence of the PMMP and MPPM orientations of ligand enantiomers. However, by
catenating, opposing helices are not constructive and generate both a mirror plane and C,-
rotation axis. This can be viewed graphically in Figure 4.5, above. This example again features
self-inclusion motifs and displays a bowl-in-bowl stacking conformation of ligands, although
between different enantiomers, and also features six instances of hydrogen bonding between

nitrate anion and methyl moiety of the individual cages.

Figure 4.6 Triply-interlocked [2]-catenane prepared by Westcott and co-workers, as viewed
from above (a), the side (b) and in space-filling mode (c). The different enantiomers of ligand

are distinguished by colour.*%

The first prominent example of a [2]-catenane was reported by Sauvage and co-workers in
1983.1! 1t was constructed through templation, where two functionalised 1,10-phenanthroline
ligands containing reactive termini were brought together through copper(l) coordination. Then,
via a high-dilution cyclisation, the rings were clipped together to create an interlocked metal
complex. The addition of acid or a suitable competing ligand removed the copper(l) centre to
leave two mechanically interlocked and chemically independent rings. A labile metal as active
template is not always necessary and the first examples of lanthanide(l11)-containing [2]- and
[3]-catenanes have been prepared by Gunnlaugsson and co-workers,* using ring closing
metathesis to interlock the rings. A similar methodology has been used by Beer and co-workers

142l which uses chloride anions as the active template, Figure 4.7a.

An organic template methodology was developed by Stoddart and co-workers, utilising
complementary aromatic interactions between interlocking species.”! The electron rich bis-

(paraphenylene) macrocycle formed a host-guest complex with an electron poor and
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bifunctionalised viologen, which was then cyclised to give the [2]-catenane. This approach has
been utilised by Quintela and Peinador in the formation of a doubly-interlocked [2]-catenane,*"
where an electron poor diazapyrenium macrocycle is doubly interlocked by an electron rich
crown ether, again facilitated by donor:acceptor aromatic interactions, Figure 4.7b. Similarly,
Cooper and co-workers have prepared wholly-organic and triply interlocked [2]-catenanes using
dynamic imine bond formation, which display host-guest properties in the solid state, Figure
4.7¢.%

More similarly to the interlocking mechanics of complex 4.1, Fujita and co-workers have
demonstrated that a supramolecular palladacycle would spontaneously interlock to afford a [2]-
catenane in DMSO solution.™! This methodology was later exemplified in the construction of
the first triply-interlocked [2]-catenane.”®! Here, two [Pds(L);]®" metallo-cages, where L =
1,3,5-tris(4-pyridylmethyl)triazine, spontaneously undergo a supramolecular reorganisation to
afford the [2]-catenane, facilitated by the formation of four constructive aromatic interactions
within the resultant complex. More recently, Clever and co-workers have succeeded in forming

quadruply-interlocked [2]-catenanes from ditopic pyridyl-functionalised ligands and

palladium(l1) cations, Figure 4.7d."" In these examples, catenation can also be enhanced by
[48]

anion binding and sequentially controlled through guest selectivity.

(d)

Figure 4.7 Examples of other notable [2]-catenanes. Chemically independent components are
distinguished by colour. (a) Beer’s chloride-templated [2]-catenane;¥? (b) Quintela’s doubly-
interlocked [2]-catenane;*! (¢) Cooper’s triply-interlocked organic [2]-catenane;*” (d)
Clever’s quadruply-interlocked [2]-catenane.!”]

Complex 4.1 was also identified to exist in the solution-phase, where the procured NMR and
mass spectra were both symptomatic of catenation.B¥ All *"H NMR reactions of ligand 2.6 and
silver(l) perchlorate in d--DMF afforded broad spectra that did not sharpen with time, Figure
4.8. Coordination-induced shifts were evident, yet well defined resonances were not observed.
A simple metallo-cryptophane would be expected to have either Cg, or D3 molecular symmetry,
which would likely give rise to well-defined NMR spectra, and so its sole formation is unlikely.

However, it is not clear whether the broadened resonances are attributable to multiple species in
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solution or simply as a result of the chemically inequivalent protons of the [2]-catenane.
Likewise, it is not possible to comment on the chirality of the [2]-catenane based on NMR
measurements. Similarly to the solid state analysis, the solution-phase behaviour of complex 4.1
was seen to be consistent in ds-DMSO and independent of the counter anion employed.
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Figure 4.8 "H NMR spectra of ligand 2.6 (red) and timecourse formation of complex 4.1 (blue
traces, increasing with time over one week) in d,-DMF.

Electrospray mass spectrometry of the complex mixture was indicative of multiple species
present in the gas phase. Mass peaks of (m/z) 1887.2, 2567.5, 2774.3, 3457.6 and 3663.4 were
identified and attributed to {Ags(2.6)2(Cl104).}", {Ag3(2.6)3(Cl04).}, {AU4(2.6)3(Cl0O,)s}",
{Ag4(2.6)4(Cl10,)3}", and {Ags(2.6)4(Cl0,),}", respectively. Whilst this provides excellent
evidence for catenation and the formation of higher order species in the gas phase, it is
impossible to say whether the presence of {Ags(2.6),(CI0,4),}" in the mass spectrum is a stable
metallo-cryptophane, as it could just as easily be a mass fragment or an intermediate of self-

assembly.

The purity of complex 4.1 was confirmed by combustion analysis and consistent with the
suggested composition obtained from the crystal structure. Furthermore, IR spectroscopy
confirms the inclusion of perchlorate anions in the crystalline material, and hence complex
formation, with CI-O bond stretches at 1090, 945 and 623 cm™.
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4.3 Synthesis of a novel, solubilised ligand library

It was believed that the flexibility of ligand 2.6 may be a contributing factor which facilitates
the catenation observed in complex 4.1. It was therefore predicted that ligand 2.7 (Scheme 4.1),
which features the same 3-pyridyl functionality but linked through a rigid ester linkage, would
afford the desired metallo-cryptophane, sans-catenation. Irrespective of the conditions
employed, all attempts to form the metallo-cryptophane were quashed by high levels of
insolubility and only oligomeric precipitates were isolated. It is likely to be the insolubility of
the initial dynamic library that impedes self-correction and thus prevents the self-assembly
processes required to reach a thermodynamic minimum.® Leaving no other options for a
linearly coordinated metallo-cryptophane, attempts were focussed towards utilising the 4-
pyridyl isomer 2.8 and cis-protected palladium(ll) salts in a similar manner described by
Shinkai and co-workers,*¥ Scheme 4.1. Again, solubility was the major issue and no complexes

were isolated.

The inability of ligands 2.6-2.8 to afford the desired metallo-cryptophane brought about the
necessity for added solubility. Attempts were focussed towards bifunctionalising the
tribenzo[a,d,g]cyclononatriene core in a manner which would simultaneously increase solubility
and allow for the appendage of a donor moiety. The bifunctionalised CTV-derivative
tris(propoxy)cyclotriveratrylene (pCTV, 4.3)"" was selected as a suitable starting material from
which to subsequently demethylate and functionalise in order to prepare a solubilised ligand
library. The addition of a propyl moiety to the CTV framework was considered a suitable
compromise between solubility and sterics, and one which would not hinder their ability to
crystallise. Literature compound pCTV (4.3) was prepared in a two-step procedure and isolated

as a crystalline solid in low yield, Scheme 4.2.5Y
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Scheme 4.2 Preparation of tris(propoxy)cyclotriveratrylene, 4.3.

Initial efforts to demethylate pCTG employed the Lewis acids BBr; and AICI; under rigorously
anhydrous conditions; however, selective demethylation was not achieved and mixtures of
dealkylated products were consistently isolated, irrespective of the reaction conditions used.

Reactions at low temperatures and with dropwise addition of the Lewis acid increased the
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selectivity in favour of the depropylation. Whilst this approach is widely utilised for the
demethylation of aryl-methyl ethers,? the inductive effect of the propyl moiety significantly
increases the coefficient, and thus the Lewis basicity, of the corresponding ethereal lone pair,
which ultimately promotes depropylation over demethylation, especially at lower temperatures,
Scheme 4.3a. However, propyl induction generates a highly electron rich propyl a-carbon,
whilst the opposing methyl group remains relatively electrophilic in comparison. Therefore, the
reaction selectivity can be inverted in the presence of a strong nucleophile.

Lithium diphenyl phosphide represents a nucleophilic and highly selective reagent for the
demethylation of aryl-methyl ethers, as any other alkylated ether would likely generate a more
electropositive a-carbon. Testament to this, Collet and co-workers have used this methodology
in preparing hetero-functionalised cryptophanes for use in binding lipophilic guests from an
aqueous solution.®?
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Scheme 4.3 Towards the preparation of pCTG, 4.4. (a) Initial and unsuccessful attempts using
BBr3; (b) successful nucleophilic demethylation using LiP(Ph),.[>*

Complete demethylation of 4.3 was effected using lithium diphenyl phosphide, ™ generated in
situ by the lithiation of diphenylphosphine with n-butyllithium, and added dropwise in THF

(tetrahydrofuran) solvent, Scheme 4.3b. The reaction was monitored by TLC until none of the
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staring material remained and the resultant lithium phenoxide hydrolysed using ag. HCI to
generate pCTG, 4.4, which was then subjected to column chromatography (silica gel,
chloroform solvent) and isolated as a colourless glass in 55% vyield. The purity and composition
of pCTG was confirmed by combustion analysis and infrared spectroscopy; the latter displaying
a broad OH bond stretch at 3300 cm™, attributable to the hydrogen-bonded phenol. Electrospray
mass spectrometry gave incontrovertible evidence for its formation with the mass peak at (m/z)
515.2410, corresponding to {4.4-Na}* (calcd. for 515.2410). Likewise, the *"H NMR spectra of
starting material 4.3 and the tris(hydroxy) product 4.4 were compared in CDCl; to confirm the
loss of methyl group and addition of phenol functionality at 8.52 ppm, and thus a quantitative
demethylation, alongside the characteristic endo and exo protons of the
tribenzo[a,d,g]cyclononatriene core at 3.42 and 4.55 ppm, respectively, Figure 4.9.

JJJ A L L
‘l L AU | [

Chemical Shift (ppm)

Figure 4.9 Proton NMR spectra of starting material 4.3 (red trace, CHCI5), noting the singlet at
3.82 ppm, corresponding to the methyl group, and its loss in the product 4.4 (green trace,
CHCIy). Product 4.4 (blue trace, de-DMSQ) shown in order to confirm the presence of the

phenolic proton at 8.52 ppm.

Ligands (£)-tris(propoxy)-tris(3-pyridylcarboxy)cyclotricatechylene 4.5 and (x)-tris(propoxy)-
tris(4-pyridylcarboxy)cyclotricatechylene 4.6 were subsequently prepared in high vyields
according to adapted literature procedures, through reaction of pCTG with the corresponding
pyridine carbonyl chloride, employing triethylamine as scavenger base and THF as solvent,

Scheme 4.4. The electrospray mass spectra of ligands 4.5 and 4.6 affirmed their formation with
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the mass peaks (m/z) 808.3229 and 808.3230, respectively, which were attributable to {M-H}"
in both instances and calculated for 808.3234. Their purity and composition were confirmed by
combustion analysis and infrared spectroscopy; the latter indicating the inclusion of a
tris(pyrdiylcarboxy) moiety with both C=0 and C=N bond stretches at 1745 and 1605 cm™,
respectively. The proton NMR spectra of ligands 4.5 and 4.6 displayed the splitting patterns
expected for each pyridyl isomer and displayed the loss of the phenol proton. The 'H NMR
spectra for ligands 4.5 and 4.6 will be displayed below in the respective complexation studies.
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Scheme 4.4 Preparation of ligands 4.5 and 4.6 from pCTG and the corresponding pyridine
carbonyl chloride.

Single crystals of ligands 4.5 and 4.6 were obtained from diffusion of the diethyl ether vapours
into DMF and nitromethane solvent, respectively, and their clathrate complexes
crystallographically determined. The structure of complex 4.5-2(DMF)-(H,0) solved in the
triclinic space group PI to display the asymmetric unit as one molecule of 4.5, one molecule of
water and two molecules of DMF solvent, one of which displays host-guest interactions where a
N-methyl moiety is orientated within the tribenzo[a,d,g]cyclononatriene core of ligand 4.5,
Figure 4.10a. One propyl arm of ligand 4.5 displays considerable disorder and one 3-pyridyl
donor moiety is disordered over two positions. Individual ligands are arranged in an off-set
head-to-head manner, facilitated by aggregation of propyl chains. The extended lattice is
afforded without additional intermolecular interactions and close packs to afford interstitial sites
that are filled with solvent DMF. Clathrate complex 4.5 features the inclusion of both

enantiomers of ligand and is therefore a racemate.
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The structure of clathrate complex 4.6-0.5(MeNO,)-1.5(H,0) solved in the triclinic space group
PI to display the asymmetric unit as one molecule of ligand 4.6, half a molecule of nitromethane
solvent, disordered across a crystallographic inversion centre, and three molecules of water, all
refined at half occupancy. Whilst they are not isomorphic, clathrate complexes 4.5 and 4.6
display similar unit cell parameters. Each 4.6 ligand has approximate Cs-molecular symmetry
and has all propyl and ester carbonyl moieties arranged in the same orientation, Figure 4.10b.
Individual ligands pack in a back-to-back manner, although centroid separations of 4.4 A rule
out any aromatic interactions.'”® There are, however, aromatic ©-H intermolecular interactions
present between terminal y-protons of the propyl chain and the n-cloud of a proximal pyridine
group at separation of 3.06 A. As for complex 4.5, above, clathrate complex 4.6 is a racemate
and features both enantiomers of ligand. Likewise, the extended lattice features a bilayer-like

arrangement of ligands which are separated by nitromethane solvent.

The increased solubility of ligands 4.5 and 4.6 was expected to allow for the formation of
[MsL,]™ metallo-cryptophanes with linear and cis-protected 90 © tectons, respectively, by
facilitating self-assembly and preventing the oligomerisation and precipitation observed for
ligands 2.7 and 2.8.

Figure 4.10 From the crystal structure of clathrate complexes 4.5 (a) and 4.6 (b). Anisotropic
displacement parameters are set at 40 % and DMF and nitromethane solvent molecules are
coloured green for clarity.

4.4 Preparation of an off-set metallo-cryptophane, [Ag2(4.5),]-2(PFs)-n(MeCN)

Whilst methylated ligand 2.7 was not observed to afford complexes with transition metal salts,
the reaction of its solubilised congener, ligand 4.5, with silver(l) hexafluorophosphate (PF¢) in

acetonitrile (MeCN) solvent afforded an ‘off-set’ metallo-cryptophane,
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[Ag2(4.5):]-2(PFg)-n(MeCN), complex 4.7. Single crystals were grown by diffusing diethyl
ether vapours into an acetonitrile solution of the complex, isolated as colourless blocks, and
structurally characterised by single crystal X-ray diffraction analysis.

The structure was solved in the triclinic space group PI and the asymmetric unit was determined
as half of the overall complex, alongside one PFg counter anion and three acetonitrile solvent
molecules. There are host-guest interactions present between an acetonitrile solvent molecule
and the complex, where the terminal methyl group is orientated within the shallow, hydrophobic
bowl! of the 4.5 ligand, Figure 4.11. The remaining acetonitrile solvent molecules and PFg
anions within the structure are also closely associated with the offset metallo-cryptophane, and
one acetonitrile molecule displays a long association with a proximal Ag(l) centre at Ag---N
distance 2.80 A.

Figure 4.11 From the asymmetric unit of complex 4.7. All anisotropic displacement parameters
set at 40 % probability, hexafluorophosphate anion and acetonitrile solvent shown as hard
spheres, and non-covalently bound acetonitrile distinguished by colour.

Silver(l) centres are approximately linearly coordinated by two symmetry related 4.5 ligands,
each of which are associated by a crystallographic centre of inversion. The Ag-N bond distances
and N-Ag-N bond angles were measured to be 2.166(6) and 2.181(7) A, and 169.1(3) °,
respectively. Each 4.5 ligand binds to the two silver(l) cations through only two of its three
pyridyl groups to give the head-to-head, off-set appearance, Figure 4.12. The resultant ‘off-set’
metallo-cryptophane features both enantiomers of ligand 4.5 and is therefore achiral. It does not
possess a well-defined and enclosed internal void space for further host-guest study. Upon
closer inspection it becomes evident why the desired [MslL,]™ metallo-cryptophane is not
accessible as a self-assembly product, as formation of both the syn and anti cryptophane

diastereoisomers would result in structural penalty — either through steric clashes at the capsule
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interface (syn) or unfavourable pyridine-ester bond conformations (anti). Other off-set metallo-
cryptophanes have been prepared by Little and co-workers,® including an organometallic
[Aga(L),]** dimer, where L = tris(allyl)cyclotriguaiacylene, which is dependent on synergistic
host-guest interactions.®” Similarly, Holman and co-workers have prepared an off-set organic
cryptophane that implodes upon the evacuation of solvent but subsequently regains its

approximate Cz-symmetry upon the addition of a suitable solvent ‘guest’ molecule.”

Figure 4.12 From the crystal structure of complex 4.7. The off-set metallo-cryptophane,
[Ag.(4.5),]*", as viewed from the side (a) and above (b). Non-covalently bound acetonitrile
solvent is distinguished by colour and shown in space-filling mode. (c) The packing of
individual [Ag2(4.5),]*" complexes through interdigitation. One [Ag2(4.5).]*" off-set capsule is
shown in space-filling mode and the remainder are distinguished by colour.

The uncoordinated ligand arm of each 4.5 ligand protrudes out to interdigitate the individual
[Ag2(4.5),]°" capsules into a pseudo-2D sheet, although no interactions are present between
ligand arm and its neighbour, Figure 4.12c. This affords a bilayer of off-set metallo-
cryptophanes within the crystal lattice with inter-species Ag---Ag separations of 4.19 A, which
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is too long to suggest argentophilic interactions. The 2-D sheets pack in a back-to-back manner
with n-H interactions recorded between the y-protons of a propyl arm and the zn-cloud of a
proximal tribenzo[a,d,g]cyclononatriene aromatic ring, with separations ranging 2.83-3.01 A.
The interdigitation of [Ag,(4.5),]** capsules is close-packed and the remaining interstitial lattice
sites are filled with PFs anions and acetonitrile solvent.

The solution-phase assembly of [Ag.(4.5),]** was investigated by proton NMR and electrospray
mass spectrometry. Changes in the *H NMR spectra were subtle and only slight broadening of
pyridyl resonances were observed, likely due to the desymmetrisation of the ligand upon
formation of the complex, Figure 4.13. The '"H NMR experiments were also consistent in ds-
DMSO and d3;-MeNO, (nitromethane), with no discernible changes evident in the spectra.
Similarly, the addition of a templating guest, such as ferrocene or ortho-carborane did nothing
to facilitate the self-assembly to the [MsL,]™ metallo-cryptophane. The mass spectra of
complex 4.7 supported the formation of the [Ag.(4.5),]*" cages with the mass peak (m/z)
1976.3330, corresponding to {[Ag:(4.5),]-PFs}". There was no evidence of the desired

[Ags(4.5),]** by mass spectrometry, regardless of solvent or silver(l) salt employed.
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Figure 4.13 Proton NMR spectra of ligand 4.5 (red trace) and complex 4.7 (blue trace). An
expansion is provided above to display the subtle changes to the pyridyl resonances.

Single crystals of complex 4.7 were isolated and their purity and composition were confirmed

by combustion analysis and IR spectroscopy, respectively; the latter supporting the inclusion of
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the PF¢ anion, and hence complex formation, with P-F bond stretch at 839 cm™.

Whilst the solubility of ligand 4.5 did facilitate the solution-phase self-assembly with silver(l)
cations, the desired [MsL,]™ metallo-cryptophane remains inaccessible due to sterics, despite
the range of conditions employed. Interestingly, however, mass spectrometry does give
evidence for the formation of a heteroleptic [Ags(4.5)(2.7),]* assembly, likely to be a metallo-
cryptophane, from a mixture of silver(l) hexafluorophosphate and ligands 4.5 and 2.7 in
acetonitrile solvent. The mass spectrum indicated two heteroleptic species, namely
{[Ag2(4.5)(2.7)]-PFs}" and {[Ags(4.5)(2.7)]-2PF¢}’, at mass peaks (m/z) 1891.2483 and
2145.0777, respectively. Whilst the accurate mass indicates the desired composition, it is
impossible to suggest a possible structure. As a result of complex desymmetrisation, in addition
to the broadening observed, the proton NMR spectra of the heteroleptic capsules were
uninformative. It is interesting to note that whilst the methylated 2.7 ligand does not form
stable, discrete complexes with Ag(l) cations, it is integral to the formation of the desired MsL,
metallo-cryptophane - which cannot be achieved as a homoleptic mixture with either 4.5 or 2.7.
This can be rationalised in terms of steric reduction, as the syn-cryptophane is no longer

sterically unfavourable.
4.5 Solution-phase study of a metastable metallo-cryptophane, [Pds(en)s;(4.6),]-6(NO3)

Whilst methylated ligand 2.8 was not observed to form a stable metallo-crytpophane with cis-
protected transition metal salts, the reaction of ligand 4.6 with [Pd(en)(NOs),] (en =
ethylenediamine), in DMSO solvent, afforded [Pds(en)s(4.6),]-6(NO3s), complex 4.8. The
formation of the metallo-cryptophane was monitored over time by various solution-phase

techniques and observed to be structurally fluxional, Figure 4.14.

The solution-phase assembly of complex 4.8 was investigated by NMR spectroscopy and mass
spectrometry. The 'H NMR spectra in ds-DMSO were indicative of complex formation, with the
expected down-field shifting from 8.85 to 9.15 ppm identified for the ortho-pyridine
resonances, Figure 4.15b. Likewise, NOESY (nuclear Overhauser effect spectroscopy) spectra
were supportive of metallocryptophane formation and displayed the through-space coupling of
ortho-pyridyl and ethylenediamine (N-H) protons required for a head-to-head complex.
Furthermore, mass peaks of m/z 766.8358 and 1181.2535 were identified in the mass spectra
and were attributed to the species {[Pds(en)s(4.7),]-3(NO3)}*" and {[Pds(en)s(4.7),]-4(NO3)}**,

respectively.

Complex 4.8 was later determined to be a metastable product and underwent a significant

structural reorganisation from the [Pds(en);(4.6),]-6(NO3) metallo-cryptophane to a
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[Pds(4.6)g]-12(NO3) octahedral coordination cage, complex 4.9, assumed to be the
thermodynamic product, Figure 4.14. Complex 4.9 represents a class of octahedral coordination
cages that have been previously reported with 4-pyridyl functionalised CTVs,® and is a
decorated but structurally analogous congener to [Pds(2.8)s]-12(NOs), dubbed a ‘stella
octangula’ cage.’® The previously reported [Pds(2.8)s]-12(NO5) stella octangula cage features
an octahedral framework of palladium(ll) cations, which is surrounded by eight face-capping
2.8 ligands to afford a 3 nm, high-symmetry cage with a large, internal void space. Each of the
octahedrons faces are extended out to a point through ligand coordination, resulting in a spiked
appearance that closely resembles the first stellation of an octahedron, Figure 4.14.
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complex 4.8

days

previously reported [Pdg(2.8)g]"2*

complex 4.9

Figure 4.14 The formation of complex 4.8 from ligand 4.7 and [Pd(en)(NO3).], followed by its
subsequent degradation to complex 4.9. The previously reported ‘stella octangula’ cage,
[Pds(2.8)s]**" is shown as reference.®”

The inter-cage conversion of complex 4.8 to complex 4.9 is thought to be entropically
favourable according to the higher molecular symmetry of the stella octangula cage (O, point
group) over the trigonal bipyramidal metallo-cryptophane (Cs, or D5 point group).®! The

process was continuously monitored by NMR spectroscopy and mass spectrometry until self-
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reorganisation was complete. 'H NMR resonances became increasingly broad, where
desymmetrisation of the pyridyl protons was observed and a substantial upfield shift was noted
in the ethylenediamine resonance, from 6.41 to 5.70 ppm, Figure 4.15c-e. During this time,
mass peaks of m/z 724.8388 and 745.8361 became apparent in the mass spectra, which were
identified as {[Pds(en);(4.6),]-3(NO3)}** and {[Pds(en),(4.6),]-3(NO3)}*", respectively. The
sequential loss of the inert ethylenediamine ligands from complex 4.8 supports the notion of
symmetry-driven expansion and highlights the driving force towards the stella octangula cage,
complex 4.9. Furthermore, the mass peaks m/z 919.2482, 1058.8043, 1245.4923 and 1507.5749
were observed in the mass spectra, which correspond to {[Pds(4.6)s]-5NO5}*",
{[Pds(4.6)s]-6NOs}"*, {[Pde(4.6)s]-7TNO3}** and {[Pds(4.6)s]-8NOs}*" octahedral assemblies,
respectively.
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Figure 4.15 Timecourse *H NMR experiment displaying the formation of complex 4.8 and its
degradation to complex 4.9, in ds-DMSO solvent. (a) ligand 4.6; (b) initial formation of
complex 4.8; (c-e) degradation of complex 4.8 to 4.9, noting the desymmetrisation of pyridyl
resonances and upfield shift of the ethylaminediamine resonances; (f) complex 4.9, noting the
absence of the ethylaminediamine resonances.

An isolated sample of complex 4.9 indicated quantitative formation of the octahedral cage (with
respect to the metal) and its subsequent dissolution in de-DMSO afforded the *H NMR spectrum
of the stella octangula cage, with no evidence of ethylenediamine present in the complex,

Figure 4.15f. The formation of complex 4.9 was also confirmed by 2D diffusion-ordered NMR
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spectroscopy (DOSY), which identified only one large species present in solution with a
diffusion coefficient (D) of 0.439 x 10™° m? s™*. Based on the diffusion coefficient of ligand 4.6,
1.293 x 10™ m® s™, a Dcompiex/Diigana ratio of 0.33:1 was established; which, via the Stokes-
Einstein relationship, calculates the hydrodynamic radius (r) of the complex to be 23.4 A.[*H
This figure is slightly larger than the hydrodynamic radius of 19.4 A obtained for complex
[Pds(2.8)]*** and is likely to coincide with the presence of protruding propyl chains from the
complex.[® Similarly, this radius is far too large to correspond to complex 4.8, confirming its

quantitative conversion to complex 4.9.

The use of Pd(en)(NO3), as a metallo-tecton is extremely well exemplified,® particularly in
Fujita’s archetypal cages,®™ where the ethylenediamine chelating ligand is almost always
employed as a kinetically stable protecting group to ensure that all additional ligands bind only
cis at the metal centre. Ultimately, its displacement in the conversion of complex 4.8 to complex
4.9 implies that the driving force of cage expansion exceeds the kinetic barrier for its
dissociation from the palladium(ll) centre.® The employment of 2,2’-bipyridine in place of
ethelyenediamine as cis-protecting ligand did nothing to prevent the cage-to-cage conversion to

complex 4.9.

The majority of inter-cage transformations are initiated using a chemical trigger,™® such as in
Li’s polyhedral metal-imidazolate cages, where the addition of methylamine to a preformed
cage effects the transformation between two Nigli, and Nigslog complexes.[ss] Similarly,
Nitschke and co-workers have described systems which undergo dynamic interconversion
between helicates, tetrahedral and pentagonal prisms, based on labile imine and metal-ligand
coordination bonds, again requiring use of a chemical trigger.’®® Examples which are more
closely related to that of complex 4.8 and 4.9, requiring no additional stimuli, are Mukherjee’s
organic cages, formed again through dynamic imine chemistry, which form a variety of covalent
cages upon immediate mixing but self-sort with time to give only two species. Likewise,
Wards’s polyhedral coordination cages, formed from bidentate pyridine-pyrazolide ligands and
cadmium(ll) cations, undergo a structural reorganisation upon crystallisation and dissolution
from a Cdyel o4 truncated tetrahedron to CdsL trigonal prism, respectively. Here, the trigonal
prism is suggested to be the thermodynamic product and the larger truncated tetrahedron simply
a phenomenon of the solid state.® Furthermore, Chand and co-workers have reported a trigonal
bipyramidal [Pds(en)sL,]®* cage, where L = 1,3,5-tris(4-pyridylmethyl)benzene, which expands
to the larger [PdsLs]™?" octahedral assembly upon heating in DMSO solvent.’*”! However, it is
likely that the heat stimulus labilises the Pd-N(en) coordination bond enough to facilitate the
cage expansion. Nevertheless, inter-cage transformations remain relatively rare, and this

represents the first example reported involving derivatised CTVs.
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4.6 Conclusions and future work

Although perhaps the simplest metal complex accessible with functionalised CTVs, metallo-
cryptophanes remain a relatively elusive product of their self-assembly. This chapter has
discussed the difficulty in predicting their assembly from silver(l) and cis-protected
palladium(ll) salts, and highlights the challenges in being able to control how they self-

assemble in solution.

The flexibility of ligand 2.6 was thought to be a contributing factor in forming the triply-
interlocked [2]-catenane, complex 4.1; however, its formation without an active template and
the degree of overall enantiomeric purity perhaps indicates a process that is still not fully
understood. Ultimately, the catenation of the metallo-cryptophanes significantly decreased the
internal void space, and its accessible windows, and thus removed the possibility of hosting

molecules.

Despite their suitable functionality, the inability of ligands 2.7 and 2.8 to afford metallo-
cryptophanes was due to high levels of insolubility. The necessity of a soluble starting material
was subsequently realised in propylated cyclotriguaiacylene (pCTG) and used to make
solubilised congeners of the aforementioned ligands, ligands 4.5 and 4.6, respectively. Metallo-
cryptophane formation from the self-assembly of ligand 4.5 and silver(l) salts was prevented
due to sterics and instead afforded an off-set metallo-cryptophane, complex 4.7, which did not
possess a well-defined internal cavity for further host-guest study. Whilst the metallo-
cryptophane was thought to be accessible via heterolepticity, it could neither be isolated, nor

fully characterised.

Finally, metallo-cryptophane formation was achieved through the self-assembly of ligand 4.6
and cis-protected palladium(ll) salts, complex 4.8; however, metastability resulted in an inter-
cage expansion to a larger metallo-supramolecular assembly, complex 4.9. In order to
predictably afford stable metallo-cryptophanes with ligand 4.6, and thus be able to explore their
potential host-guest chemistry, future work must involve the utilisation of a suitably pre-
functionalised cis-protecting metallo-tecton which would promote the formation of only one
self-assembly product. This might be achieved by increasing the binding strength of the cis-
protecting auxiliary ligand in order to increase the kinetic stability and barrier for its
dissociation, incorporating ligands such as diphosphines. In doing so, it should be possible to
prepare an analogous metallo-cryptophane which is indefinitely stable and thus capable of
hosting molecules in the solution-phase. If a potential candidate were to be afforded, the interior
void space of the cage could be modelled and its hosting ability systematically explored prior to

the investigation into its catalytic activity or guest release properties.
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4.7 Experimental

Ligands 2.6-2.8 were prepared according to procedures listed in Chapter 2 of this thesis and

were employed as racemic mixtures for all complexation studies listed herein.
4.7.1 Instrumentation

NMR spectra were recorded by automated procedures on a Bruker Avance 500 or DPX 300
MHz NMR spectrometer. All deuterated solvents were purchased from Euriso-top. All *H and
BC{*H} spectra were referenced relative to an internal standard. High resolution DOSY and
ROESY 'H NMR spectra were recorded in collaboration with Dr. Julie Fisher of the University
of Leeds. High resolution electrospray mass spectra (ESI-MS) were measured on a Bruker
MicroTOF-Q or Bruker MaXis Impact spectrometer in either positive or negative ion mode by
Ms. Tanya Marinko-Covell of the University of Leeds Mass Spectrometry Service and Dr
Lindsay P. Harding of the University of Huddersfield. Low resolution mass spectra were
recorded on an open-access Bruker Micromass LCT spectrometer with simultaneous HPLC
using an acetonitrile/water eluent and sodium formate calibrant. FT-IR spectra were recorded as
solid phase samples on a Perkin-Elmer Spectrum One spectrophotometer. Samples for
microanalysis were dried under vacuum before analysis and the elemental composition
determined by Mr lan Blakeley of the University of Leeds Microanalytical Service using a

Carlo Erba elemental analyser MOD 1106 spectrometer.

Crystals were mounted under inert oil on a MiTeGen tip and flash frozen to 150(1) K using an
Oxford Cryosystems cryostream low temperature device. X-ray diffraction data were collected
using graphite-monochromated Mo-K radiation (1 = 0.71073 A) using a Bruker-Nonius X-8
diffractometer with Apexll detector and FR591 rotating anode generator; or using synchrotron
radiation (1 = 0.6889 A) with a Crystal Logic 4-circle Kappa goniometer and Rigaku Saturn 724
CCD diffractometer at station i19 of Diamond Light Source. Data were corrected for Lorenztian
and polarization effects and absorption corrections were applied using multi-scan methods. The
structures were solved by direct methods using SHELXS-97 and refined by full-matrix on F?
using SHELXL-97, interfaced through the X-seed interface.[®® Unless otherwise specified, all
non-hydrogen atoms were refined as anisotropic, and hydrogen positions were included at
geometrically estimated positions. Molecular graphics were obtained using POV-RAY through
the X-Seed interface.l®! Additional details are given below and data collections and refinements

summarised in Tables below.
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4.7.2 Synthesis of ligands and complexes

Synthesis of [Ags(2.6)4]-6(CIO4)-n(DMF) (complex 4.1). AgClO4.H,O (5.04 mg, 0.0225
mmol) and ligand 2.6 (10.01 mg, 0.0145 mmol) were dissolved in DMF (1 mL). Diethyl ether
vapours were diffused into the solution, where small colourless crystals formed after 7 days that
were analysed by single crystal X-ray analysis. Yield 2.1 mg. HR MS (ES’): m/z 790.2
{[Ag(2.6)]}", 1887.2 {[Ags(2.6),(ClOs);}", 25675 {[Ags(2.6)s(ClO,).}", 2774.3
{[Ag4(2.6)3(Cl04)3s}", 3457.6 {[Ag4(2.6)4(ClO,):}" and 3663.4 {[Ags(2.6).(Cl0,).}", calcd. for
789.2, 1885.0, 2566.3, 2773.6, 3454.9, 3662.3, respectively; ‘H NMR (300 MHz, ds-DMF) &
(ppm) = 8.86 (bs, 3H, Py-H?), 8.75 (bs, 3H, Py-H°), 8.18 (bs, 3H, Py-H?), 7.73 (bs, 3H, Py-H?),
7.41 (s, 3H, Ar-H), 7.26 (s, 3H, Ar-H), 5.27 (s, 6H, Ar-OCH,), 4.88 (d, 3H, CTG exo-H), 3.78
(s, 9H, Ar-OCHjy), 3.70 (d, 3H, CTG endo-H); As anticipated, microanalysis indicates a higher
level of solvation than refined in the crystal structure; however, SQUEEZE " indicates that
there is sufficient void space in the lattice for added solvent. The additional solvent added to the
molecular formula accounts for 1280 electrons. Analysis for
[Age(2.6)4]-6(Cl0O,)-6(DMF)-8(H,0) (% calculated, found) C (49.04, 48.65), H (4.74, 4.63), N
(5.54, 5.85); Infrared analysis (FT-IR, cm™) 3425 (broad), 2937, 1654, 1609, 1511, 1443, 1387,
1265, 1090, 945, 802, 678, 623.

Synthesis of 3-methoxy-4-propyloxy-benzylalcohol (4.2). 3-methoxy-4-phenoxy-

benzylalcohol (5.01 g, 32.4 mmol), 1-bromopropane (3.60 mL, 40.0 mmol) and potassium
carbonate (5.50 g, 40.0 mmol) were combined in acetone (80 mL) and held at reflux under an
argon atmosphere for 24 hours. The reaction mixture was cooled to room temperature and the
solvent was removed in vacuo to yield a yellow oil. The residue was taken up into
dichloromethane (100 mL), washed with water (3 x 100 mL) and the chlorinated extracts dried
over magnesium sulfate. The mixture was concentrated in vacuo to yield the target compound
as a colourless oil. Yield 4.62 g, 73 % (Lit. 73 %). B.pt. 55 °C (Lit. 55 °C); *H NMR (300 MHz,
CDCl) & (ppm) = 6.90 (s, 1H, Ar-H?), 6.84 (bs, 2H, Ar-H®, Ar-H®), 4.58 (s, 2H, CH,-OH), 3.96
(t, 2H, propyl a-H, J = 6.9 Hz), 3.85 (s, 3H, Ar-OCHs), 1.85 (sext, 2H, propyl p-H, J = 7.1 Hz),
1.03 (t, 3H, propyl y-H, J = 7.4 Hz); ®C{*H} NMR (75 MHz, CDCl;) & (ppm) = 149.5, 148.0,
146.7, 133.6, 119.4, 112.8, 110.9, 70.6, 65.2, 55.9, 53.5, 22.5, 10.4. All data are consistent with

the literature.™

Synthesis of (+)-2,7,12-Tripropoxy-3,8,13-trihydroxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (4.3). Compound 4.2 (3.52 g, 0.018 mol) was heated to 90T
with a catalytic amount of phosphoric acid (spatula tip) for three hours, during which time it

solidified. The off-white solid was triturated in methanol and collected via filtration under
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reduced pressure, washed with one portion ice-cold methanol (30 mL) and dried to give the
target compound as a bright white solid. Yield 1.27 g, 13 % (Lit. 13 %). M.pt. 148 °C (Lit. 145
°C); *H NMR (300 MHz, CDCl3) & (ppm) = 6.84 (s, 3H, Ar-H), 6.82 (s, 3H, Ar-H), 4.76 (d, 3H,
CTG exo-H, J = 13.8 Hz), 3.96 (m, 6H, propyl a-H), 3.83 (s, 9H, Ar-OCHs), 3.54 (d, 3H, CTG
endo-H, J = 13.8 Hz), 1.83 (sext, 6H, propyl B-H, J = 7.4 Hz), 1.00 (t, 9H, propyl y-H, J =7.4
Hz); *C{*H} NMR (75 MHz, CDCl3) & (ppm) = 148.1, 147.1, 131.9, 115.0, 113.6, 70.7, 65.9,
56.2, 36.5, 22.4, 15.3, 10.5. All data are consistent with the literature."

Synthesis of (+)-2,7,12-Tripropoxy-3,8,13-trihydroxy-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononatriene (4.4). Anhydrous tetrahydrofuran (10 mL) and 4.3 (1.02 g,
3.74 mmol) were added to a flame-dried Schlenk tube and stirred vigorously. Lithium
diphenylphosphide was added dropwise via cannulae transfer over two hours, during which time
it decolourised. The reaction mixture was stirred overnight and solidified. The resultant lithium
phenoxide was hydrolysed with concentrated ag. HCI and volatiles removed in vacuo. Organics
were extracted into dichloromethane (6 x 100 mL) and then back-extracted with 6M aqueous
sodium hydroxide (6 x 100 mL). The sodium hydroxide layer was washed with
dichloromethane (4 x 100 mL) and acidified with 6M aqueous HCI to precipitate the desired
product as an off-white solid. The solid was allowed to stand for an hour before being filtered,
washed with water (2 x 50 mL) and dried. Subsequent dissolution of the solid in chloroform,
filtration through a silica pad and evaporation of the solution afforded the title compound as a
colourless glass. Yield 974 mg, 55 %; M.pt. Decomposes > 270 °C; HR MS (ES"): m/z
515.2410 {LNa}"; calculated for C3H3s0sNa 515.2410; *H NMR (300 MHz, CDCl5) & (ppm) =
8.52 (s, 3H, phenol), 6.82 (s, 3H, aryl-H), 6.80 (s, 3H, aryl-H), 4.55 (d, 3H, CTG exo-H, J =
13.4 Hz), 3.86 (t, 6H, propyl o-H, J=6.6 Hz), 3.31 (d, 3H, CTG endo-H, J = 13.4 Hz), 1.69 (q,
6H, propyl B-H, J = 7.2 Hz), 0.96 (t, 9H, propyl y-H, J = 7.4 Hz); *C{*H} NMR (75 MHz,
CDCl3) 6 (ppm) = 145.2, 145.0, 132.6, 130.4, 116.7, 115.3, 70.2, 35.0, 22.1, 10.4; Analysis for
4.4-0.5(H,0) (% calculated, found) C (71.83, 72.15), H (7.43, 7.35); Infrared analysis (FT-IR,
cm™) = 3550-3110 (broad), 2945, 2910, 1645, 1485, 1390.

Synthesis of (#)-2,7,12-Tripropoxy-3,8,13-tris(3-pyridylcarboxy)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononene (tris(nicotinoyl)-tris(propoxy)-cyclotricatechylene, 4.5).
Anhydrous triethylamine (2.4 mL, 13.56 mmol) was added to a stirred solution of 4.4 (555 mg,
1.13 mmol) in dry THF (150 mL) at -78 °C, under an argon atmosphere. After one hour,
nicotinoyl chloride hydrochloride (800 mg, 4.50 mmol) was added to the reaction mixture and
stirred at -78 °C for a further two hours, before being left to stir at room temperature for 48

hours. A second portion of nicotinoyl chloride hydrochloride (800 mg, 4.50 mmol) was added
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and left to stir for a further 48 hours, during which time the reaction mixture discoloured. The
solvent was removed in vacuo, and the resultant residue triturated in ethanol to afford the target
compound as a white solid. Yield 863 mg, 89 %; M.pt. Decomposes > 270 °C; HR MS (ES™):
m/z 808.3229 (MH)"; calculated for CsH4sN30s 808.3234; *H NMR (300Mhz, CDCls) § (ppm)
=9.27 (s, 3H, Py-H?), 8.83 (d, 3H, Py-H®, J = 4.3 Hz), 8.40 (d, 3H, Py-H* J = 7.6 Hz), 7.52 (dd,
3H, Py-H® J =5.3, 7.4 Hz), 7.17 (s, 3H, Ar-H), 6.95 (s, 3H, Ar-H), 4.82 (d, 3H, CTG exo-H, J
= 13.6 Hz), 3.94 (t, 6H, propyl a-H, J = 6.4 Hz), 3.67 (d, 3H, CTG endo-H, J = 13.6 Hz), 1.65
(9, 6H, propyl B-H, J = 7.4 Hz), 0.86 (t, 9H, propyl y-H, J = 7.4 Hz); *C{"H} NMR (75 MHz,
CDCls) & (ppm) = 155.1, 151.6, 151.4, 149.2, 138.6, 138.2, 138.0, 137.6, 131.4, 123.8, 123.4,
115.3, 70.5, 36.5, 22.4, 10.3; Analysis for 4.5 (% calculated, found) C (71.36, 71.60), H (5.61,
5.40), N (5.08, 4.80); Infrared analysis (FT-IR, cm™) 2985 (w), 1735, 1604, 1511, 1269, 1099.

Synthesis of (#)-2,7,12-Tripropoxy-3,8,13-tris(4-pyridylcarboxy)-10,15-dihydro-5H-
tribenzo[a,d,g]cyclononene  (tris(isonicotinoyl)-tris(propoxy)-cyclotricatechylene,  4.6).
Anhydrous triethylamine (2.4 mL, 13.56 mmol) was added to a stirred solution of 4.4 (555 mg,
1.13 mmol) in anhydrous THF (150 mL), at -78 °C, under an argon atmosphere. After one hour,
isonicotinoyl chloride hydrochloride (800 mg, 4.50 mmol) was added to the reaction mixture
and stirred at -78 °C for a further two hours before being left at room temperature for 48 hours.
A second portion of isonicotinoyl chloride hydrochloride (800 mg, 4.50 mmol) was added, and
left to stir for a further 48 hours, during which time the reaction mixture discoloured. The
solvent was removed in vacuo and the resultant residue triturated in ethanol to afford the target
compound as a white solid, which was isolated by filtration and dried in vacuo. Yield 640 mg,
66 %; M.pt. Decomposes > 270 °C; HR MS (ES"): m/z 808.3232 {MH}"; calculated for
CusHasN30g 808.3234; *H NMR (500MHz, CDCl5) & (ppm) = 8.84 (d, 6H, Py-H? J = 6.0 Hz),
7.97 (d, 6H, Py—H3, J = 6.0 Hz), 7.16 (s, 3H, aryl-H), 6.94 (s, 3H, aryl-H), 4.82 (d, 3H, CTG
exo-H, J = 13.6 Hz), 3.93 (t, 6H, propyl o-H, J = 6.2 Hz), 3.67 (d, 3H, CTG endo-H, J = 13.6
Hz), 1.66 (q, 6H, propyl B-H, J = 7.4 Hz), 0.86 (t, 9H, propyl y H, J = 7.2 Hz); *C{*H} NMR
(75 MHz, CDCl;) 6 (ppm) = 162.6, 149.6, 148.2, 138.9, 137.9, 137.5, 131.9, 123.8, 123.6,
115.5, 69.8, 34.9, 21.7, 10.1; Analysis for 4.6-H,0 (% calculated, found) C (69.80, 70.00), H
(5.74, 5.55), N (5.09, 4.80); Infrared analysis (FT-IR, cm™) 3100, 2875, 1745 (strong), 1605,
1520.

Synthesis of [Ag2(4.5):]-2(PFs)-n(MeCN) (complex 4.7). AgPFs (3.14 mg, 0.0224
mmol) and 4.5 (10.04 mg, 0.0125 mmol) were dissolved in acetonitrile (1 mL) and diethyl ether
vapours were diffused into the solution, where small, colourless blocks formed after 14 days
that were analyzed by single crystal X-ray analysis. Yield 5.1 mg. HR MS (ES"): m/z 916.1713
{Ag(4.5)}", 1723.4090 {Ag(4.5),}" and 1976.3330 {[Ag.(4.5),]-(PFe)}", calcd. for 915.2207,
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1723.6394 and 1976.4085, respectively; "H NMR (300 MHz, d;-MeCN) & (ppm) = 9.25 (d, 6H,
Py-H?), 8.81 (dd, 6H, Py-H®), 8.42 (dt, 6H, Py-H?, 7.55 (dd, 6H, Py-H°), 7.34 (s, 3H, Ar-H),
7.12 (s, 3H, Ar-H), 4.84 (d, 6H, CTG exo-H), 3.94 (oct, 12H, propyl a-H), 3.70 (d, 6H, CTG
endo-H), 1.57 (sext, 12H, propyl B-H), 0.80 (t, 18H, propyl vy-H); Analysis for
[Ag2(4.5),]-2(PFs)-3(H,0) (% calculated, found) C (53.00, 52.80), H (4.45, 4.30), N (3.86,
4.00); Infrared analysis (FT-IR, cm'™®) 2967, 1740, 1606, 1506, 1434, 1281, 1202, 1179, 1138,
1103, 971, 839, 736, 557.

Preparation of heteroleptic [Ag»(4.5)(2.7)]-2(PFs) and [Ags(4.5)(2.7)]-2(PFe)

AgPFs (3.14 mg, 0.0125 mmol), ligand 4.5 (5.04 mg, 0.0063 mmol) and ligand 2.7 (4.55 mg,
0.0063 mmol) were dissolved in acetonitrile (1 mL) and stirred at room temperature for six
hours. HR MS (ES™): m/z 1807.1603 {[Ag(2.7).]-(PFs)}", 1891.2483 {[Ag2(2.7)(4.5)]-(PFs)}",
1975.3670 {[Ag2(4.5):]-(PFe)} and 2145.0777 {[Ags(2.7)(4.5)]-2(PFe)}", calculated for
1807.2174, 1891.3113, 1976.4085 and 2144.1447, respectively; 'H NMR (300 MHz, de-
DMSO0) & (ppm) = 9.23 (bs, 6H, Py-H?), 8.91 (bd, 6H, Py-H°%), 8.44 (m, 6H, Py-H%), 7.66 (dd,
6H, Py-H°), 7.54 (m, 6H, Ar-H), 7.32 (s, 6H, Ar-H), 4.88 (bs, 6H, CTG exo-H), 3.92 (m, 6H,
4.5 propyl a-H), 3.69 (bs, 6H, CTG endo-H), 1.53 (sext, 6H, 4.5 propyl p-H), 0.75 (t, 9H, 4.5
propyl y-H).

Preparation of [Pds(en)s(4.6),]-6(NO3) (complex 4.8). Pd(en)(NOs3), (5.42 mg, 0.0186 mmol)
was added to a solution of ligand 4.6 (10.04 mg, 0.0124 mmol) in de-DMSO and stirred at room
temperature for 16 hours, during which time the solution decolourised. HR MS (ES"): m/z
724.8388  {[Pds(en).(4.6);]-3(NOs)}**, 745.8361 {[Pds(en)s(4.6),]-3(NO3)}**, 766.8358
{[Pds(en)s(4.6),]-3(NO5)}¥**,  792.8406  {[Pds(en)s(4.6),]-3(NO3)=(DMSO)}**,  1149.7511
{[Pds(en),(4.6),]-4(NO3)}** and 1181.2535 {[Pds(en)s(4.6),]-4(NO3)}**, calculated for
726.1246, 746.1475, 766.8389, 792.8435, 1151.2178 and 1181.2523 respectively; ‘H NMR
(300 MHz, d-DMSO0) & (ppm) = 8.90-9.45 (bm, 12H, Py-H?), 8.17 (s, 12H, Py-H?), 7.41-7.54
(bm, 6H, Ar-H), 7.22-7.30 (bm, 6H, Ar-H), 5.75 (bs, 6H, en-NH,), 5.67 (bs, 6H, en-NH,), 4.86
(bs, 6H, CTG exo-H), 3.92 (bs, 9H, propyl a-H), 3.79 (bs, 4H, propyl a-H), 3.67 (bs, 6H, CTG
endo-H), 2.70 (bs, 12H, en-CHy), 1.51 (q, 8H, propyl B-H), 1.31 (bq, 3H, propyl B-H), 0.76 (t,
12H, propyl y-H), 0.49 (t, 5H, propyl y-H). Complex 4.8 was observed to degrade over time to
afford complex 4.9 which was isolated as pale yellow block crystals. Yield 13 mg, quant.; HR
MS (ES"): m/z 919.2482 {[Pds(4.6)s]-4NOs}*, 1058.8043 {[Pds(4.6)s]-5NOs}"*, 1245.4923
{[Pds(4.6)g]-6NO3}°* and 1507.0100 {[Pds(4.6)s]-7NOs}*" calculated for 918.9889, 1059.1284,
1245.9811 and 1507.5749 respectively; '"H NMR (300 MHz, ds-DMSO) & (ppm) = 9.59 (s, 3H,
Py-H?), 9.48 (s, 3H, Py-H?), 8.23 (s, 6H, Py-H°), 7.44 (s, 3H, aryl-H), 7.28 (s, 3H, aryl-H), 4.87
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(bs, 3H, CTG exo-H), 3.84 (bm, 6H, propyl a-H), 3.69 (bs, 3H, CTG endo-H), 1.32 (m, 6H,
propyl B-H), 0.52 (m, 9H, propyl y -H). A detailed characterisation of complex 4.9, including

both solution and solid-phase analysis will follow in Chapter 5.
4.7.3 Supplementary crystallographic information

Crystals of complex 4.1 diffracted poorly, and there were no observed data above 45 ° in 20.
The structure was refined as a merohedral twin in Cc with refined Flack parameter 0.58 (4), and
there was no indication of higher symmetry. A number of pyridyl rings were treated with a rigid
body refinement and some anisotropic displacement parameters were refined with restraints to
be similar across the functional group. The CIO, anions were all highly disordered, one was
disordered across two sites, and the O positions were all highly disordered and should be
regarded as unreliable. Solvent DMF and O positions on ClO," were refined anisotropically. The
structure contained significant solvent accessible voids and there was significant diffuse residual
density which could not be adequately modelled as solvent. Hence the SQUEEZE routine of

PLATON was employed, ™ which resulted in significant reduction in R; from ~18% to ~10%.

One pyridyl group of clathrate complex 4.5 was refined over two positions and one propyl
moiety was modelled as disordered and its bonds restrained to be chemically reasonable. One
DMF C-O bond was restrained to be chemically sensible. One pyridyl group of clathrate
complex 4.6 was restrained to be flat and the three water molecules were refined at half
occupancy. For complex 4.7, one acetonitrile solvent molecule was refined at half occupancy

and its bonds refined to be chemically reasonable.
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4.7.4 X-ray data tables for complexes 4.1, 4.5-4.7

4.1 4.5 4.6 4.7
Formula Ci177H177A06ClN 1505, Cs4HeiN5O12 Cug.5H505N350115 Cs3Hs 5AgFsN5504P
Mr 4190.26 972.08 866.42 1163.34
Crystal colour Colourless, block Colourless, block Colourless, block Colourless, needle
and shape
Crystal size 0.08 x 0.08 x 0.02 0.14x0.14x0.12 | 0.18x0.18x0.14 0.16 x 0.10 x 0.06
(mm)
Crystal system Monoclinic Triclinic Triclinic Triclinic
Space group Cc P1 P1 P1
a(A) 33.352(3) 14.4759(16) 13.506(2) 14.3501(8)
b (A) 19.288(2) 14.4859(17) 15.495(3) 14.5130(9)
c (A) 40.328(3) 16.2902(17) 16.120(3) 15.3121(9)
a ) 90.00 65.495(5) 62.596(8) 112.683(2)
50O 104.583(4) 63.930(5) 65.374(8) 91.710(2)
7 () 90.00 61.625(5) 64.841(8) 100.098(2)
Vv (AY) 25107(4) 2606.5(5) 2602.2(8) 2880.0(3)
Z 4 2 2 2
peatc (9.cm™) 1.109 1.239 1.104 1.342
0 range (°) 1.26 —22.50 1.44 - 26.00 1.48 -22.98 2.09 —23.92
No. data 59610 50630 21791 42434
collected
No. unique 27816 9992 6798 8568
data
Rint 0.0885 0.0367 0.0511 0.0455
No. obs. Data 15793 6179 3625 7416
(I> 20(I))
No. 1700 568 572 685
parameters
No. restraints 110 5 4 2
R: (obs data) 0.1066 0.1282 0.1777 0.0913
WR; (all data) 0.2685 0.3896 0.4876 0.2526
S 1.325 2.454 2.868 1.145
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Chapter 5
High fidelity self-assembly control of PdsLs metallo-supramolecular cages
51 Introduction

Control over the assembly, chirality and speciation of a supermolecule is a common goal across
the biological and physical sciences,™ and understanding the way in which complex biological
systems structurally ‘evolve’ to perform a given function is highly important in the continuous
development of synthetic supramolecular chemistry.” Darwinian evolution has of course
perfected their structure and function ! and synthetic supramolecular self-assembly remains in
its relative infancy.” However, its growth will ultimately help bridge the gap between these

natural and unnatural systems.™!

Being able to control the self-assembly processes of synthetic systems is key to the predictable
installation of desirable properties and required functionality.!® Their properties are generally
‘emergent’ and are therefore only realised as the complex, and not as the individual molecular
components.®! Achieving this with a high degree of control allows for their implementation in
molecular switches ©! and information processing,™™® alongside cage-type constructs for guest

incarceration,™ cargo delivery ™ and catalysis.**!

In metallo-supramolecular chemistry, careful tailoring of the molecular building blocks
(generally ligands) allows for their self-assembly to be controlled."” The employment of
sterically and interactionally similar ligand sets allows for the formation of either homo- or
heteroleptic complexes,™** which ultimately allows for the structural elucidation of complexes
that are ordinarily inaccessible with a single ligand system.™ Fujita and co-workers, for
example, have reported a system where incremental expansions to ligand bite angle effect a
considerable structural change between Mi,L,4 and Myl gg polyhedra.[”] Likewise, the groups
of Stang ™ and Yamaguchi ™ have shown that multi-ligand systems can undergo reversible
exchange at room temperature to afford a variety of products. Alternatively, Ward and co-
workers have shown how a sterically and interactionally similar ligand pair of multidentate
pyridine-pyrazole ligands can each self-assemble into a tetrahedral complex when a templating
tetrahedral anion is used; yet heteroleptic complexes are formed when largely different ligand

systems are employed in direct competition.?”

Reported within Chapter 4 of this thesis was a symmetry-driven cage-to-cage expansion of a
metastable metallo-cryptophane, [Pd(en)s(4.6),]-6(NO3) (complex 4.8), to an octahedral ‘stella
octangula’ coordination cage, [Pds(4.6)s]-12(NO3) (complex 4.9). Complex 4.9 was noted to

possess increased solubility over its methylated congener, which should allow for detailed
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solution-phase analysis and a thorough examination of its hosting abilities. Ultimately, ligands
2.8 and 4.6 represent a sterically and interactionally similar ligand pair that are each capable of
affording structurally analogous [PdsLg]"®* metallo-supramolecular cages, Scheme 5.1. The
following is a detailed examination into the chemistry, dynamics and controllability of these

‘stella octangula’ cages.

When R = OMe (2.8)
when R = OPr (4.6)

Scheme 5.1 The sterically and interactionally ligand pair used in the following study and the
generic formation of the [PdsLs]*** stella octangula cages.

5.2 Solvent-dependent chirality control and sterically-induced ligand scrambling

The reaction of eight equivalents of ligand (rac)-4.6 with six equivalents of palladium(ll)
tetrafluoroborate (BF,) saw the immediate and quantitative formation of the stella octangula
cage [Pdg(4.6)s]-12(BF), complex 5.1, based on *H NMR spectroscopy and mass spectrometry.
Employment of the BF, anion over nitrate (NO3) was to ensure complete dissociation from the
cage and ensure consistency when comparing the solution-phase chemistry of individual stella
octangula cages. Complex 5.1 was relatively soluble in organic solvents, in contrast with its
methyl congener which only exists in DMSO solution at low concentrations.?! Mass spectra
were identical in DMSO, DMF, MeCN and MeNO, solvents, alongside a 9:1 mixture of MeCN
and water. For example, the mass spectrum collected in DMSO solvent indicated the mass
peaks (m/z) 1949.6343, 1542.0858, 1270.3947 and 1076.7391, which were attributable to
{[Pds(4.6)e]-8(BF,)}*, {[Pds(4.6)e]-7(BF4)}™", {[Pds(4.6)e]-6(BF4)}>* and
{[Pds(4.6)s]-5(BF4)}"", respectively. Cage-DMSO adducts were also identified in the mass
spectra. The 4+ charge state, for example, included the mass peaks (m/z) 1968.5019 and
1988.5064 which corresponded to {[Pds(4.6)s]-8(BF,)c(DMSO)}* and
{[Pds(4.6)g]-8(BF4)=(DMS0),}**, respectively. A typical mass spectrum of complex 5.1 in

DMSO solution is shown in Figure 5.1. It is important to note that the mass spectra of complex
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5.1 do not alter with time (months) or heat and the {[Pds(4.6)s]-n(BF4)}**™ mass peaks are the
only observable species present in the gas phase, with no other complexes identified.

1076.5733
{[Pdg(4.6)g]5(BF4)}"*
931.0013
{[Pde(4.6)g]4(BF ,)}**
1270.3360
*
{IPdg(4.6)g16(BF 4)}°
1541.8015
{{Pdg(4.6)q]7(BF 4)}*
1949.2550
i {[Pde(4.6)s18(BF 1)}**
*
*
*

800 1000 1200 1400 1600 1800 2000 m/z

Figure 5.1 Electrospray mass spectrum of complex 5.1 in DMSO solvent. Cage-DMSO adducts
are indicated by asterisks.

'H NMR spectra of complex 5.1 were collected in dg-DMSO, ds-MeCN, d;-DMF and ds-
MeNO; solvents and continuously monitored at regular intervals until fully equilibrated. Whilst
the mass spectra of complex 5.1 were identical in all solvents, the corresponding proton NMR
spectra indicated a solvent dependence. Strong coordination-induced down-field shifts were
noted for the ortho-pyridyl protons in all solvents, as well as upfield shifting of the g- and y-
protons of the propyl chain. The propyl chains are situated at the windows of the stella
octangula cage and therefore in close proximity with one another. The broadness and shielding
of these protons is likely due to their fluxional movement between the internal, hydrophobic
cavity and the external, bulk environments on the NMR timescale. Similarly, all *H NMR
spectra were approximately symmetrical, and indicated the presence of only one large species
according to diffusion ordered NMR spectroscopy (DOSY) with an approximate hydrodynamic
radius (r) calculated to be 23.4 A.

Whilst the [Pds(4.6)s]"*" cage assembles both rapidly and quantitatively, ligand exchange about

the Pdg octahedral framework can continue to occur over a period of weeks, depending on the
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solvent used. The 'H NMR spectra of complex 5.1 in the polar aprotic solvents de-DMSO and
d,-DMF displayed identical and broad spectra that did not sharpen with time, Figure 5.2. The
pyridyl proton resonances remained uncharacteristically broad and the ortho-protons were split
into two broad singlets at 9.46 and 9.59 ppm. A true octahedral cage with O, point group
symmetry should afford only two equivalent pyridyl resonances for the ortho and meta-protons.
Whilst the rest of the NMR spectrum remains relatively symmetric, this pyridyl asymmetry is
indicative of ligand disorder about the Pds framework.

M N o~ A AN N
S S DU BN N N N
M N DU N N B N N
M= DU BN O N N
U SN N N I N N
S SN N NN
D S e dlA o~
_oome N AN N N I BV N N
o W W
100 90 80 70 60 50 4 30 20 10 00

4.0
Chemical shift (ppm)

Figure 5.2 Timecourse proton NMR spectra of ligand 4.6 (red trace) and complex 5.1 (black
traces, increasing with time over two weeks) in ds-DMSO.

The ligand asymmetry about the Pds framework is related to ligand chirality, where the
broadness and inequivalence of the pyridyl resonances is due to the inclusion of both M and P
ligand enantiomers into the cage complex. This hypothesis was supported through solution-
phase measurements of complex 5.1 in d;-MeCN and ds-MeNO,, which, unlike the
measurements obtained in DMSO and DMF, did display further ligand exchange with time. The
'H NMR spectra obtained in ds-MeCN afforded broad resonances as for ds-DMSO, which
continued to sharpen over a period of weeks to give a well-resolved and down-field shifted
doublet of the ortho-pyridyl proton at 9.14 ppm, Figure 5.3. The equilibrated resonances are
believed to correspond to a higher symmetry, homochiral cage and the broadened spectra gained

initially as a result of the inclusion of both ligand enantiomers about the Pdg framework. There
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is, however, a minor component in the NMR spectrum which remains broadened and diffuses
slightly slower than the homochiral cage, which is predicted to be a small proportion of
unsorted cage that is unable to self-sort over any reasonable timescale. The immediate formation

12+

and subsequent equilibration of the [Pds(4.6)s]™“ cages suggests that they may be both the
kinetic and thermodynamic products, although additional experiments are required to
conclusively remark on the systems thermodynamics.'”? To convert between the ‘unsorted’ and
homochiral enantiomers of the stella octangula cage ligands must completely dissociate,
although it is likely to be a concerted and associative process. To do so they must break three
Pd(I)-pyridyl coordination bonds, implying a considerable driving force to reach

[23]

homochirality.'** It is important to note that all mass spectra collected during the equilibration

process identified only mass peaks pertaining to the {[Pds(4.6)s]-n(BF4)}"*™ stella octangula

complex, and were independent of equilibration time.
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Figure 5.3 Timecourse proton NMR spectra of ligand 4.6 (red trace) and complex 5.1 (black
traces, increasing with time over two weeks) in ds-MeCN.

More interesting, are the 'H NMR spectra recorded in ds-MeNO,, which indicate the rapid

12+ stella

formation of the homochiral cage after only two hours; however, the [Pds(4.6)s]
octangula cage is never achieved quantitatively, in spite of the time frame or conditions

employed, Figure 5.4. The ability to self-sort so rapidly (in low yield) in MeNO; solvent can be
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rationalised in terms of its poor relative coordinating ability, whereas DMSO, DMF and MeCN

solvents are well known to be coordinating solvents that facilitate self-assembly.?"
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Figure 5.4 Timecourse proton NMR spectra of ligand 4.6 (red trace) and complex 5.1 (black
traces, increasing with time over two weeks) in d;-MeNO,. Note the broadened initial spectrum
of the cage, followed by incomplete conversion to the homochiral species over two hours.

The above data indicate that complex 5.1 forms rapidly and exists as a mixture of [Pds(4.6)s]***

cages in solution, all built on the same Pds framework, but are also controllable by the nature of

the solvent employed. Thus, the stella octangula [Pdg(4.6)s]***

cage shows an inability to further
self-sort in DMSO or DMF solvent, displays slow spontaneous chiral resolution in MeCN and

rapid but incomplete self-sorting in MeNO,.

To put this self-assembly behaviour into context, the methylated stella octangula cage
[Pds(2.8)g]-12(BF4), complex 5.2, was prepared and subjected to the same solution and gas-
phase studies. Complex 5.2 was prepared using ligand (rac)-2.8 in place of ligand 4.6, and
observed to form immediately by NMR spectroscopy and mass spectrometry.” As already
indicated, complexes 5.1 and 5.2 are essentially isostructural and differ only in their upper rim
alkoxy substituents, and hence their solubility. The mass spectra of complex 5.2 in DMSO
solution displayed the mass peaks of (m/z) 1158.1294, 1407.3632 and 1780.7396, which
corresponded to {[Pds(2.8)s]-6(BF4)}%*, {[Pds(2.8)s]-7(BF,)}"" and {[Pds(2.8)s]-8(BF)}",
respectively. Conversely to the DMSO solvate of complex 5.1, the '"H NMR spectra of complex
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5.2 in de-DMSO displayed a clear solvent dependence, Figure 5.5. The initial resonances were
broad, which then sharpened over a two-week period to display the expected meta and ortho-
pyridyl doublets at 8.19 and 9.48 ppm, respectively.
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Figure 5.5 Timecourse proton NMR spectra of ligand 2.8 (red trace) and complex 5.2 (black
traces, increasing with time over two weeks) in ds-DMSO.

The ligand exchange noted for complex 5.2, as evidenced by its ‘H NMR spectra, was verified
through cross-examination of its crystal structure. The crystal structure of [Pds(2.8)s]-12(NO3)
displayed the inclusion of only one ligand enantiomer about the Pdg framework,®!
substantiating the notion that the well-resolved NMR spectra can indeed be related to their
homochirality, Figure 5.7b. Complexes 5.1 and 5.2 therefore exhibit sterically-induced ligand
scrambling behaviour, where it is likely to be the added steric bulk of the propyl chains situated

at the cage windows which prevent this ligand exchange in complex 5.1 in DMSO.

In order to conclusively confirm the relative chirality of complex 5.1, single crystals were
grown by diffusing acetone vapours into a solution of the unsorted cage in DMSO solvent,
isolated as large, truncated octahedral blocks and structurally elucidated using synchrotron
radiation, Figure 5.6. The structure solved in the tetragonal space group I4/mmm to display the
asymmetric unit as two thirds of a 4.6 ligand and two palladium(ll) cations, both of which are
sited on a special position, alongside two water molecules that are refined at partial occupancies.

The diffraction data were weak and only the palladium(ll) centres were refined anisotropically.
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The Pd-N bond distances were measured at 1.981(6) and 2.144(8) A, with N-Pd-N bond angles
ranging 86.76(4) to 93.12(4) and 176.26(6) °© for the cis and trans pyridyls, respectively. The
Pd---Pd separations of the Pds; framework were measured at 16.3 A, comparable to the inter-
metallic distances of 16.6 A recorded for complex 5.2./%

Figure 5.6 From the crystal structure of complex 5.1, indicating the two disordered
enantiomers of 4.6 ligands in each [Pdg(4.6)s]"** cage. Individual ligand enantiomers are
distinguished by colour.

As predicted, the crystal structure of complex 5.1 displays substantial ligand disorder about the
well-ordered octahedral Pdg framework. The disorder was modelled such that each full ligand
position is a superposition of both 4.6 ligand enantiomers, Figure 5.7a. This implies that the
broadened and relatively unsymmetrical NMR resonances obtained for complex 5.1 in d-
DMSO can indeed be attributed to an ‘unsorted’ cage mixture. The crystals obtained were
subsequently redissolved in ds-DMSO and the proton NMR collected. The spectra displayed
only the same broadened resonances, suggesting that the ligand disorder was not just a
phenomenon of the solid state and they do indeed correspond to a mixture of cage
stereoisomers. Whilst the crystal structures of complexes 5.1 and 5.2 solved in similar

12+

tetragonal cells, they are not isomorphic. Otherwise, each [PdsLg]™" cage in complex 5.1 and

5.2 is approximately 3 nm in diameter and features a large and well-defined hydrophobic cavity.

The ligand exchange behaviour and the well-resolved NMR spectra of complex 5.1 in d;-MeCN
were therefore also believed to indicate a racemic mixture of enantiopure cages. In order to
conclusively prove this fact, the acetonitrile solvate of complex 5.1 was subjected to reverse-
phase chiral HPLC (high performance liquid chromatography) in order to separate the racemic

mixture into the two enantiopure cages. Whilst the solubility of complex 5.1 was greatly
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improved through use of propylated ligand 4.6, chiral separation could not be achieved over a

reasonable timescale without inducing precipitation.
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Figure 5.7 From the crystal structures of complexes 5.1 (a) and 5.2 (b), noting the inclusion of
both M and P ligand enantiomers in complex 5.1. The Pds framework is indicated by coloured
lines in for each example.

Single crystals of complex 5.1 were isolated from the bulk mixture and their composition and
purity determined by combustion analysis and infrared spectroscopy. Combustion analysis
suggests a high level of solvation and is consistent with the calculated void space within the
crystal lattice. The size of the internal cavity also meant that this solvent could not be
crystallographically modelled, hence the SQUEEZE ' routine of PLATON 27 was employed.
The BF4 anion was clearly evident in the infrared spectrum, with the broad B-F bond stretch at

1270 cm™ confirming its inclusion into the crystal lattice.

Whilst it is of course impossible to conclusively state the exact composition of the DMSO
solvated [Pds(4.6)s]** cages in terms of ligand enantiomer incorporation, the broadened NMR
spectra certainly do relate to their being a mixture of such cages in solution. Another way to

12+

interpret the data is that they correspond to incomplete self-sorting of [Pdg(4.6)s] " cages and

that the data obtained relate to variants with the same stoichiometry.

Retrofitted molecular dynamics simulations performed by the Fujita group & suggest that
lower symmetry constructs of the same stoichiometry are afforded en route to forming their
final, spherical cage [PdsLs]**", where L = 1,3,5-tris(methyl-4-pyridyl)benzene. Whilst their
octahedral coordination cage is structurally similar to complex 5.1, their model also suggests a
very short intermediate lifetime of 50 — 80 ns, and therefore an improbable description of the

ligand exchange described for complexes 5.1 and 5.2.
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In order to achieve enantiopurity in similar species, chiral resolution of the starting materials is
generally required.” For example, the homochiral, octomeric CTV-based cube prepared
through dynamic imine bond formation by Warmuth and co-workers was only realised by first
chirally resolving the CTV starting materials, and was not seen to form from a racemic
mixture.®” Likewise, Lusby’s enantiopure octahedral cage [Irg(ppy) L], where ‘ppy’ and L =
2-phenylatopyridine and 1,3,5-tricyanobenzene, respectively, was only achieved by chirally
resolving and separating the [Ir(ppy).]” starting materials into the 4 and A enantiomers, prior to

self-assembly.B!

However, the spontaneous chiral resolution of metallo-supramolecular complexes from a
racemic mixture of ligands is known,* as is the homochiral self-recognition of functionalised
CTVs.®* Ligand exchange towards enantiopurity, over a similar timescale as for the acetonitrile
solvate of complex 5.1, has also been noted in Torres’ [PdsL,]** trigonal bipyramidal cages,
where L = pyridyl-subphthalocyanin.®¥! Liitzen and co-workers have reported an example
where a racemic mixture of 3-pyridyl-functionalised binapthol ligands display a narcissistic
self-sorting to afford an enantiopure [Pd,L]*" cage after 24 hours of equilibration at room
temperature.®™ So whilst the sterically and interactionally similar ligand pair, 4.6 and 2.8 do
self-assemble to afford structurally similar cages, complexes 5.1 and 5.2, respectively, their

solution-phase chemistry is highly dissimilar, despite only subtle differences between them.

To probe whether the labile pyridine-palladium(ll) interaction was the determining factor in
facilitating the aforementioned self-assembly behaviour, the platinum(ll) congener,
[Pts(4.6)g]-12(ClO,), was prepared using Pt(DMSO)4(CIO,), in place of Pd(MeCN)4(BF4)2,
although not in quantitative yields. Its '"H NMR spectrum in de-DMSO was approximately
symmetric and displayed characteristic down-field shifts to the pyridine protons, similar to
complexes 5.1 and 5.2, above. However, due to the decreased lability of the platinum(ll)
centres, conversion to the stella octangula cage complex was only 60 %, akin to the *"H NMR
spectrum of complex 5.1 in d;-MeNO,. Quantitative formation could not be achieved, despite
heating at 70 °C for 48 hours, and proton resonances were indicative of an ‘unsorted’ cage
mixture with a smaller, homochiral component. The mass peaks of (m/z) 1371.6856, 1665. 9895
and 2107.4224 were observed in the mass spectrum and corresponded to
{[Pts(4.6)s]-6(C10,)}°", {[Pts(4.6)s]- 7(C104)}*" and {[Pts(4.6)s]-8(CI104)}**, respectively.

The sterically-induced ligand scrambling and solvent-induced chirality control displayed for the
[Pds(4.6)s]*** and [Pds(2.8)s]™** stella octangula cages is uncommon, and the author is not aware

of any examples in the literature, at present, which parallel this one.
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5.3 Preliminary guest binding studies

It was envisaged that the heightened solubility of the [Pdg(4.6)s]** cage would promote its
ability to host molecules. Equilibrated solutions of complex 5.1 in various solvents were
combined with an assortment of spherical and globular guests that included fullerenes,
ferrocenes, carboranes and halogenated hydrocarbons; all of which have shown an ability to
interact with functionalised CTVs.*®! Upon closer examination of the crystal structure, the
incommensurate size of the windows to the cage cavity is thought to prevent the encapsulation
and detection of guests.®” The internal van der Waals volume of the cage was modelled to be
approximately 2050 A% which, according to the packing considerations described by Rebek and
co-workers,® should be a perfect host for guests with a volume of 1128 A3. However, this is
clearly not permissible with the size of windows which are approximately 7 x 11 A, not
including the ligand disorder about the octahedral framework of palladium(ll) cations and the
fluxional propyl moieties at the cage windows. The cage windows can therefore not allow for
the diffusion of suitably large guests into the cavity, and the smaller guests which can diffuse
into the cage do not create the ideal packing coefficient of 55% and are therefore not bound
strongly enough to be detected by solution-phase measurements. This does not, however, take
into account any cage permutations which can occur in solution upon the encapsulation of a

guest and is merely an examination of the solid state structure of the [PdsLs]*** cage.

Nevertheless, preliminary studies of the [Pds(4.6)s]*** cage in the presence of ortho-carborane in
DMF solution were indicative of host-guest behaviour. Electrospray mass spectra displayed the
inclusion of variable numbers of carborane guests, per charge state. For example, the 5+ charge
state envelope displayed mass peaks (m/z) 1541.8717, 1570.4850 and 1598.4942, which
corresponded to {[Pdg(4.6)s]- 7(BF )}, {[Pds(4.6)s]-7(BFs)c(carb)}™", and
{[Pds(4.6)s]-7(BFs)c(carb),}**, respectively. These inclusion phenomena are only observed

between the ortho-carborane and [Pd6(4.6)8]12+

cage and not between ortho-carborane and the
individual molecular components, which suggests encapsulation as opposed to aggregation.
Moreover, carboranes have demonstrated an ability to interact with the
tribenzo[a,d,g]cyclononatriene core through C-H-- ‘& interactions from the relatively acidic C-H
carborane donor.® In this study, however, there was no evidence for guest encapsulation by *H

NMR spectroscopy.

The [Pds(4.6)s]*** cage also displayed an ability to bind long chained surfactants, such as
sodium dodecyl sulfate (SDS), in both solution and the gas-phase. In this instance the
interaction between host and guest is enhanced due to coulombic interaction between the cage

and dodecyl sulfate anion (SDS’) and the stabilisation experienced by having the highly
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hydrophobic alkyl chain situated within the cage cavity, as opposed to being solvated by the
polar DMSO solvent.

The electrospray mass spectra indicated that the dodecyl sulfate anion (SDS") sequentially
replaced the BF, anion across each mass/charge envelope, creating a statistical mixture of
{[Pds(4.6)s]-n(BF4)-m(SDS)}**"™* cages, per charge state. For example, in the 6+ charge
state, mass peaks of (m/z) 1300.1009, 1329.8021, 1359.5119, 1389.4667 and 1419.4128 were
attributed to {[Pd;s(4.6)s]-5(BF4)-1(SDS)}*, {[Pds(4.6)s]-4(BF,4)-2(SDS)}**
{[Pds(4.6)s]-3(BF4)-3(SDS)}*", {[Pds(4.6)s]-2(BF4)-4(SDS)}*" and {[Pds(4.6)]-1(BF,)-5(SDS’
)}, respectively. 'H NMR spectra in d-DMSO were indicative of guest interaction and
displayed small upfield shifts to the SDS resonances, suggesting a fast and dynamic exchange
on the NMR timescale. There were no observable changes to the cage resonances, suggesting

that the binding of SDS through the cage windows does not permute the cage structure.

A detailed solution-phase examination of the encapsulation of various sodium alkyl sulphates
has been the basis of a study by Fisher and co-workers,*” who found that the methylated
analogue [Pds(2.8)]*** bound two SDS molecules through a fast exchange mechanism with
association constants of 3.7 + 0.076 10* M (K;) and 6.0 + 0.132 10?> M™ (Ky) for the first and
second molecules of SDS, respectively. Simple molecular modelling calculations were in
agreement with the encapsulation of two SDS molecules, where the long alkyl chains interact
with the cage interior and the charged sulphate head groups interact in close proximity to the

palladium(I1) coordination site, possibly through a second-sphere interaction.”

168



5.4 Speciation control and cage dynamics

Combining the preformed [Pds(4.6)s]"*" and [Pds(2.8)s]*** cages in DMSO solution resulted in a
stable and co-existing mixture of homoleptic stella octangula cages. The cage mixture was
continuously monitored over a four month period by electrospray mass spectrometry and ‘H
NMR spectroscopy and there was no observable ligand exchange. The mass spectra procured
during this time displayed only mass peaks pertaining to the individual cages [Pds(4.6)s]*** and
[Pds(2.8)g]*** with no evidence for heteroleptic [Pds(4.6)s..(2.8)s]*** species, Figure 5.8. The
mass peaks of (m/z) 1158.1294, 1270.4061, 1407.3632, 1541.7124, 1780.7396 and 1948.9378
were identified and attributed to the homoleptic species {[Pds(2.8)s]-6(BF4)}*",
{[Pds(4.6)s]-6(BF4)}*", {[Pde(2.8)s]- 7(BF4)}"", {[Pds(4.6)s]-7(BF.)}"", {[Pds(2.8)s]-8(BF4)}""
and {[Pds(4.6)s]-8(BF4)}**, respectively. Furthermore, neither heating at 60 °C overnight, nor
standing for a further six month period produced observable changes to the mass spectra,

suggesting that the two cages are indefinitely stable to one another under these conditions.

1270.4061
[Pds(4.6)g]%"

1158.1294
[Pdg(2.8)g]°"
1407.3632
[Pdg(2.8)e]"*

1541.7124
[Pdg(4.6)s]°"

1780.7396
Pdg(2.8)g]**
[Pde(2-8)eI™ 1948.9378

* I ' [Pde(4.6)g]*"
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Figure 5.8 Electrospray mass spectrum displaying a stable homoleptic mixture of [Pds(4.6)s]"**
and [Pds(2.8)s]™*" cages.
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This retained homolepticity was further supported by ‘H NMR spectroscopy, where the mixture
of complexes 5.1 and 5.2 in de-DMSO displayed only a sum of the resonances for the two cages,

with no variances observed over the four month timeframe, Figure 5.9.
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Figure 5.9 Timecourse proton NMR spectra of individual complexes 5.1 and 5.2 (green and red
traces, respectively) and the stable and co-existing mixture of homoleptic cages (black traces,
increasing with time over two weeks) in de-DMSO.

Likewise, stable and co-existing heteroleptic analogues could be prepared. The reaction of four
equivalents of both ligands 4.6 and 2.8 with six equivalents of palladium(ll) tetrafluoroborate in
DMSO solution afford the cage mixture [Pde(4.6)s..(2.8),]**". Electrospray mass spectrometry
indicated heteroleptic cage formation where each mass/charge envelope for a given charge state
represented a near statistical mixture of ligand combinations, Figure 5.10. For example, the 5+
charge state displayed mass peaks of (m/z) 1424.7916, 1440.9024, 1457.9135, 1474.3383,
1491.3380 and 1510.6050, which corresponded to the species {[Pds(4.6):(2.8):]-7(BF4)}*",
{[Pds(4.6)2(2.8)e]- 7(BF4)}",  {[Pds(4.6)s(2.8)s]- 7(BFo)}"",  {[Pds(4.6)4(2.8)a]- 7(BF4)}™",
{[Pds(4.6)5(2.8)s]-7(BF4)}>*, and {[Pds(4.6)s(2.8).]-7(BF4)}>*, respectively. In a similar manner
to complexes 5.1 and 5.2, the mass spectra obtained were independent of solvent employed and

did not change with time.
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Figure 5.10 Part of the mass spectrum (5+ charge state) of the heteroleptic cage mixture
indicating the near statistical mixture of ligands in {[Pds(4.6)s.n(2.8),]- 7(BF4)}*".

The 'H NMR spectrum of the heteroleptic cage mixture in de-DMSO was considerably
broadened as a direct result of incorporating both 4.6 and 2.8 ligands about the Pds octahedral
framework, Figure 5.11. As for the homoleptic mixture of cages described above, the
heteroleptic mixture was indefinitely stable once formed and there were no observable changes
detected by NMR.
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Figure 5.11 Timecourse *H NMR spectra of ligands 4.6 and 2.8 (red and blue traces,
respectively) and heteroleptic [Pds(4.6)s.n(2.8).]™" (black traces, increasing with time over two
weeks) in dg-DMSO.

The stable mixtures of homoleptic ([Pds(4.6)s]"** and [Pds(2.8)s]"*") and the heteroleptic
([Pds(4.6)s.(2.8),]**") cages display contrasting behaviour to many in the literature. For
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example, Dalcanale and co-workers have described a dynamic cage system utilising a pair of 4-
pyridyl-functionalised calix[4]arene ligands, differing only in their lower rim alkoxy
substitution, that afford structurally analogous [Pt4(L),]** and [Pt4(L"),]** homoleptic cages that
undergo rapid ligand exchange when combined to afford a mixture of heteroleptic [Pt,L,]**
cages.*! Similar behaviour has been noted by Stang in the metal-directed formation of
supramolecular polygons, where immediate equilibration of ligands was monitored in solution
by mass spectrometry.!*®l However, they found that they could control speciation to some extent
if the ligands were highly dissimilar.”? Moreover, by combining a four-component mixture of
interactionally similar ligands with a mixture of copper(ll) and zinc(Il) metal cations, Schmittel
and co-workers were able to determine a relationship between complexity and ligand exchange,
invoking a mechanism of ‘2-fold completive self-sorting’, where the self-assembly behaviour of

the mixture is highly dissimilar to the self-assembly of the simple complexes.t !

There are, however, examples which remark upon the high kinetic inertness of metallo-
supramolecular cages. The stability of the [PdsL,]"*" and [Pdi,L,4]*** cages prepared by Fujita
is testament to their predictable chemistry and hence their employment in many areas of
chemistry, including molecular recognition,™? guest binding ¥* and catalysis./*® Similarly, the
slow ligand exchange in the gallium(l11) tetrahedral cages reported by Raymond and co-workers
allows for their employment in water-based catalysis, where enzyme-like catalytic behaviour
has been achieved for the Nazarov cyclisation of various divinyl ketones “"! and in the C-H

activation of ethene by the co-encapsulation of an iridium(111) complex.

The predictable behaviour of the [PdsLs]™®* stella octangula cages described above closely
resembles that of Fujita’s and is likely attributable to their similar size and symmetry. In
addition, ligand dissociation from the octahedral Pdg framework requires the cleavage of three
coordination bonds which is energetically unfavourable. Ligand exchange could be effected,
however, and the formation of the [Pds(2.8)s]*** cage was observed to be substantially more
favourable than the [Pds(4.6)s]*** propylated congener. The addition of an excess of ligand 4.6
to the preformed [Pds(2.8)s]** cage in DMSO solvent had no observable effect, and the mass
spectra displayed only mass peaks pertaining to the {[Pds(2.8)s]-n(BF4)}**™* species. Likewise,
the *H NMR spectrum of the mixture in de-DMSO displayed only a sum of the [Pdg(2.8)s]"**
cage and ligand 4.6 resonances. However, the addition of an excess of methylated ligand 2.8 to
the preformed [Pds(4.6)s]"*" cage saw a rapid and quantitative degradation to the methylated
[Pds(2.8)s]*** cage. Electrospray mass spectra confirmed the ligand exchange by displaying the
mass peaks for the {[Pds(2.8)s]-n(BF4)}**™* species, in addition to cage-ligand adducts. The *H
NMR spectra of this mixture in ds-DMSO saw the immediate inclusion of resonances

attributable to ligand 4.6, with the characteristic a-, 3- and y-protons of the propyl chain at 3.92,
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1.51 and 0.73 ppm, respectively, Figure 5.12. Additionally, the broadened resonance

corresponding to the ortho-proton of the [Pds(2.8)s]"*

cage at 9.46 ppm became apparent,
which then underwent the same equilibration process to reach homochirality, as described in the

preparation of complex 5.2, above.
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Figure 5.12 Timecourse proton NMR spectra of complex 5.1 (red trace) and the conversion to
complex 5.2 and ligand 4.6 (black traces, increasing with time over two weeks) in dg-DMSO.

The preferred formation of complex 5.2 over complex 5.1 may be related to the sterically-
induced ligand scrambling discussed above, where the added symmetry of the homochiral
[Pds(2.8)g]*** cage drives its formation over the unsorted [Pdg(4.6)s]*** cage mixture.”® The
correlation of entropy with symmetry is a new phenomenon which has been noted by
Skowronek ¥ to be a determining factor that facilitates a thermodynamically-driven [8 + 12]

cycloaddition to afford a large, covalent cage through dynamic imine bond formation.
55 Speciation control: An extended reference

There are currently no examples in the literature from which to help contextualise the behaviour
of the homo- and heteroleptic cages described above. Therefore, the extended ligands (&)-
2,7,12-tripropoxy-3,8,13-tris(4-pyridyl-4-phenylcarboxy)-10,15-dihydro-5H-

tribenzo[a,d,g]cyclononatriene 5.3 and  (%)-2,7,12-trimethoxy-3,8,13-tris(4-pyridyl-4-
phenylcarboxy)-10,15-dihydro-5H-tribenzo[a,d,g]cyclononatriene 5.4, were prepared as an
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extended reference pair, Figure 5.13. Ligand 5.4 has been prepared previously and observed to
form a stable stella octangula cage in DMSO solution,™ and it was expected that novel ligand
5.3 would behave analogously.

N*

REFOe Vogifoo

Figure 5.13 Extended ligands 5.3 and 5.4 used to construct extended [PdsLg]*** cages.

Ligand 5.4 was prepared according to literature procedures and isolated in near quantitative
yields.”) The novel ligand 5.3 was synthesised using this adapted procedure from the reaction
of propylated-CTG (pCTG, 4.4) and 4-(4-pyridyl)benzoyl chloride hydrochloride, employing
anhydrous tetrahydrofuran as solvent and triethylamine as scavenger base. The reactive
electrophile 4-(4-pyridyl)benzoyl chloride hydrochloride was prepared from 4-bromopyridine
and 4-carboxybenzene boronic acid using standard Suzuki conditions ™ and subsequently
converted to the acid chloride using thionyl chloride. Ligand 5.3 was purified by flash
chromatography (silica gel, chloroform solvent) and isolated as a crystalline white solid in 93%
yield. The purity and composition of 5.3 were determined by combustion analysis and infrared
spectroscopy, with electrospray mass spectrometry affording the mass peak (m/z) 1058.3941,
which was attributed to {5.3-H}" and calculated for 1058.3993. Similarly, the *H and **C NMR
spectra recorded in dg-DMSO displayed the expected resonances and were concordant with the
structure proposed. The *H NMR spectra recorded are displayed below in the formation of the

12+

corresponding [PdsLs]™" stella octangula cages. Interestingly, propylation in this instance did
little to improve the solubility of the large, rigid ligand, which was only soluble in DMSO

solvent.

The reaction of ligand 5.3 with palladium(Il) tetrafluoroborate in DMSO solvent afforded the
stella octangula cage [Pds(5.3)s]-12(BF,), complex 5.5. Its formation was rapid and quantitative
based on 'H NMR spectroscopy and mass spectrometry measurements; however, and unlike
complex 5.1, it did continue to equilibrate with time. Electrospray mass spectrometry afforded
the mass peaks (m/z) 1020.9683, 1159.3551, 1337.3494, 1574.9554 and 1906.9543, which
corresponded  to  the  species  {[Pds(5.3)s]-3(BF4)}**,  {[Pds(5.3)s]-4(BF,)}*,
{[Pds(5.3)e]-5(BF 4}, {[Pds(5.3)s]-6(BF4)}*" and {[Pds(5.3)s]-7(BF4)}°", respectively. The *H

NMR spectra of the mixture were indicative of complex formation, with the ortho and meta-
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pyridyl protons displaying the expected coordination-induced down-field shifting and the
broadening of the propyl resonances due to added fluxionality on the NMR timescale.
Diffusion-ordered NMR analysis (DOSY) of the [Pds(5.3)s]-12(BF4) cage displayed the
presence of one large species in solution and the diffusion constant (D) Was calculated to be
0.348 x 10 m?™; however, an accurate hydrodynamic radius (r) could not be determined due
to the variable diffusion constants obtained for ligand 5.3. Whilst the cage complex forms
immediately, slight variances were noted upon continuous monitoring over a two-week period,
Figure 5.14. Although sharpening of the pyridyl and propyl resonances were evident, a well-
defined NMR spectrum indicative of a fully homochiral system was not obtained. Analogous
behaviour was also noted for the previously reported methylated cage, [Pds(5.4)s]- 12(BF ).

9.5 8.5 7.5 6.5 5.5 4.5
Chemical Shift (ppm)

Figure 5.14 Timecourse NMR spectra of ligand 5.3 (red trace) and complex 5.5 (black traces,
increasing with time over two weeks) in de-DMSO.

A solid sample of complex 5.5 was isolated by precipitation from the bulk solution with
acetone; however, satisfactory combustion analyses could not be obtained owing to extremely
high levels of solvation. Infrared spectroscopy was supportive of complex formation and

indicated the presence of the BF, anion with a strong and broad B-F bond stretch at 1024 cm™.

The reaction of four equivalents of ligands 5.3 and 5.4 with six equivalents of palladium(ll)
tetrafluoroborate in DMSO solvent afforded the cage mixture [Pdg(5.3)g.1(5.4).]"*". Electrospray

mass spectrometry of the cage mixture highlighted a clear heteroleptic mixture of cages and a
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statistical mixture of ligands, per charge state, Figure 5.15. There were no observable changes
in this heteroleptic mixture over time, based on *H NMR spectroscopy and mass spectrometry,
which is in agreement with the [Pds(4.6)s..(2.8).]*** cage mixtures discussed above, where the
limited relative proportion of ligand to metal prevents any preferential self-sorting behaviour.

1289.3366
1117.1685 Pdx(5.3)s_ (5.4 7+
poy (54)]8+[ o5-3paBAN" e
B [Pds(5.3)g.n(5.4),]%"
983.4857
[Pdg(5.3)g.n(5.4)]%"
1839.2754
[Pdg(5.3)g.1(5.4),]%
800 1000 1200 1400 1600 1800 m/z

Figure 5.15 The electrospray mass spectrum of the {[Pds(5.3)s.n(5.4),]- X(BF4)}**™* cage
mixture in DMSO solution.

Whereas the homoleptic [Pds(4.6)s]*** and [Pds(2.8)s]**" cages were indefinitely stable towards
each other over any reasonable time frame, the extended analogues, [Pds(5.3)s]"*" and

[Pds(5.4)s]**, respectively, were not.

The two homoleptic [Pds(5.3)s]*** and [Pds(5.4)s]*** cages were combined in DMSO solvent and
monitored continuously by *H NMR and mass spectrometry. Although limited, ligand exchange
was observed to occur slowly over a two-month period. Further broadening of cage resonances
were noted in the "H NMR spectra of the cage mixture, yet it was not possible to conclusively
quantify any changes owing to the similar level of broadness of both [Pde(5.3)s]*** and
[Pds(5.4)s]*** cages with the [Pds(5.3)s.q(5.4):] " cage mixture.
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The electrospray mass spectra of this ‘homoleptic’ cage mixture displayed obvious ligand
exchange, Figure 5.16. Ligand exchange about the octahedral Pds framework is restricted, and
up to three ligands were observed to exchange over the two-month period. It is not believed that
true heterolepticity would ever be reached over any reasonable timescale without added input,
such as heat or a chemical stimulus. This level of cage dynamics is minimal and not quite
comparable to the rapid self-sorting behaviour observed by the likes of Stang ™ and
Dalcanale.” They also appear less stable than the larger cages reported by Fujita,?®! despite
their size and symmetry, which suggests that their dynamics cannot be accurately described by
such empirical measurements and they may be both highly subtle and specific from system to

system.
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Figure 5.16 Electrospray mass spectrum of the combined homoleptic [Pdg(5.3)s]*** and
[Pds(5.4)s]*%* cages in DMSO solvent. The asterisks between homoleptic mass peaks pertain to
the [Pds(5.3)s.n(5.4),]**" cage mixtures of that given charge state.
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Any differences observed in the lability of the smaller ([Pds(4.6)s]**" and [Pds(2.8)g]***) and
extended ([Pds(5.3)g]**" and [Pds(5.4)s]"*") cages can be rationalised by the flexibility of the
larger cages. It is well known that structural flexibility results in a decreased predictability with
regards to self-assembly.®™ Their larger size, and hence increased conformational freedom,
allows for entire structural permutations of the cage whilst in solution. This has been
corroborated by preliminary molecular dynamics simulations on the larger [Pds(5.4)s]"*
cage,® which indicate that both the ligands and Pds framework can substantially deform and, in
doing so, that the individual palladium(Il) coordination environments become increasingly
strained, Figure 5.17. It is important to note that these permutations were not observed in the

12+

molecular dynamics simulations for the smaller [Pds(2.8)g]" stella octangula cage.

Figure 5.17 Taken from the molecular dynamics simulations of [Pds(5.4)s] %", showing the
deformations within the Pde framework (a), about the palladium(ll) centres (b) and of
individual 5.4 ligands (c).

Structural deformations in CTV-type compounds have been described by Holman in an
‘imploded cryptophane’, where the flexibility of the linker which bridges the two organic CTV
units allows for their conformational freedom.”® Likewise, organic cages prepared by Cooper
and co-workers have shown that their properties become unpredictable with increasing size,™*
and that as the cages get too large they attempt to close in on themselves as a response to
increasing hydrostatic pressure, in order to reduce the high energy void space. The extended
[Pds(5.3)s]**" and [Pds(5.4)s]*** cages are too rigid too allow a complete structural collapse;
however, the cage permutations suggested from the dynamics simulations are enough to

facilitate ligand exchange at the cage surfaces by an associative mechanism.
5.6 High fidelity control over cage assembly and disassembly processes

Although mutually stable with respect to one another, the preferential formation of methylated
[Pds(2.8)]*** over propylated [Pds(4.6)s]"** allows for a high degree of control over their

assembly, speciation and disassembly in DMSO solution, Figure 5.18.
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A complex self-assembly cycle was determined by *H NMR and mass spectrometry, whereby
the bulk mixture could be chemically switched between hetero- and homoleptic cage mixtures
via a complete degradation process. This cycle was found to be near-quantitative at each step,
and could afford the (i) molecular components, (ii) heteroleptic cage mixture, (iii) single cage
species and (iv) homoleptic cage mixture, with high fidelity. This is described in detail below
and summarised graphically in Figure 5.18.
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Figure 5.18 The complex assembly/disassembly cycle between the [Pds(2.8)s]***, [Pds(4.6)s]™**
and [Pdg(4.6)s.1(2.8).]"** cages via both stoichiometric and chemical control.

The reaction of ligands 4.6 and 2.8 with palladium(ll) tetrafluoroborate in DMSO solvent
afforded the stable heteroleptic cage mixture, [Pds(4.6)s.n(2.8),]**", as described above, Figure
5.19c. The addition of a further four equivalents of ligands 4.6 and 2.8 to this cage mixture saw

the near-quantitative formation of methylated cage [Pds(2.8)s]***

, alongside free ligand 4.6, as
indicated by 'H NMR and mass spectrometry, Figure 5.19d. Once equilibrated, the addition of
a further six equivalents of Pd(BF,), to this mixture effected the formation of co-existing
homoleptic [Pds(4.6)s]*" and [Pds(2.8)s]'*" stella octangula cages, Figure 5.19e. The

methylated cage, [Pds(2.8)s]™**, subsequently equilibrated to the homochiral species over a two-
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week period, Figure 5.19f. The addition of 24 equivalents of N,N’-dimethylaminopyridine
(DMAP) to this homoleptic mixture saw the quantitative degradation of both stella octangula
cages and the formation of Pd(DMAP),(BF,),, thus generating eight equivalents of ligands 4.6
and 2.8, Figure 5.19g. The addition of para-toluenesulfonic acid (TsOH) to this reaction
mixture protonated the DMAP and regenerated the heteroleptic cage mixture, [Pds(4.6)s.
1(2.8)a]'*, Figure 5.19h. Whilst the '"H NMR spectra indicate that each step proceeds highly
efficiently, there was evidence in the corresponding mass spectra to suggest that there are errors
associated in the transformations, Figure 5.20. These imperfections were noted for the

12+

preferential formation of [Pds(2.8)s]**" and the subsequent trapping of coexisting [Pdg(4.6)s]"**

and [Pds(2.8)]"** stella octangula cages. Whilst these minor variances were not noted in the *H
NMR spectra, it is likely that they arise due to experimental errors associated with the sub-

micromolar scale at which the system operates.
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Figure 5.19 Proton NMR study describing the assembly/disassembly processes in ds-DMSO: (a)
ligand 4.6; (b) ligand 2.8; (c) heteroleptic [Pds(4.6)s.n(2.8).]**" cage mixture; (d) preferential
formation of the [Pds(2.8)s]** cage; (e) coexisting homoleptic [Pd(4.6)s]*** and [Pds(2.8)s]***
cage mixture; (f) equilibrated homoleptic cage mixture; (g) chemical disassembly using DMAP;
(h) regeneration of the heteroleptic [Pds(4.6)s..(2.8),]"** cages.

The strong electronic induction of the N,N’-dimethylamine moiety greatly increases the lone
pair coefficient on the pyridyl nitrogen, and thus DMAP is a stronger Lewis base than ligands
4.6 and 2.8; hence, it effects the rapid degradation of the [Pdg(4.6)s]*** and [Pds(2.8)s]**" cages
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in DMSO solution. DMAP is also a much stronger Brgnsted-Lowry base (pK, of conjugate acid
is 9.2) than either ligands 4.6 and 2.8 (pK,’s of conjugate acid calc. as 1.77) ®® and is therefore
selectively protonated by the addition of the soluble organic acid, TSOH (pK, is 2.1). This was
evidenced in the *H NMR spectrum with a broad singlet at 13.15 ppm, corresponding to
DMAP-H". It is likely that the electron withdrawing ester linkage present in ligands 4.6 and 2.8
will decrease the pKy’s of their corresponding conjugate acids such that they will not be
protonated by TsOH in DMSO solution.
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Figure 5.20 Mass spectra taken from the reformation of {[Pds(4.6)s.n(2.8)n]-X(BF)}**?*
heteroleptic cages by the addition of TsOH (main figure, noting the cage-ligand adducts) and of
the combined ‘homoleptic’ cage system (inset). True homoleptic cages a and b pertain to
[Pds(2.8)s]*2* and [Pds(4.6)s]*2*, respectively, whilst b-e correspond to minor, heteroleptic
species formed through ligand exchange between reaction steps.

The DMAP/TsOH chemical trigger is well-exemplified in bistable supramolecular systems,
such as in molecular shuttles ! and interlocked molecules,™ and more recently, in the
degradation of a metallo-supramolecular cage for the targeted release of cisplatin.™ This shows
that the high levels of control exhibited by the [PdsLg]"** stella octangula cages, above, may

allow for their application in areas such as cargo delivery.
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5.7 Conclusions and future work

A family of [PdsLg]™®* and [PtsLg]™®* ‘stella octangula’ cages have been synthesised and
discussed, including insight into their sophisticated solution-phase chemistry. As anticipated,
use of the propylated ligand 4.6 in their construction resulted in a level of solubility that is
inaccessible with the methylated ligand 2.8.

12* allowed for an examination into their

This increased solubility of propylated cage [Pds(4.6)s]
hosting capabilities, although an incommensurate size of windows to the cage interior limited
their ability to form strong cage-guest interactions; nevertheless, preliminary studies displayed
inclusion behaviour with the globular guest ortho-carborane and long-chained surfactant sodium

dodecyl sulfate (SDS).

Solvent-dependent behaviour was noted for both propylated and methylated cages, [Pds(4.6)s]"%*

and [Pde(2.8)s]'**, respectively. Chirality control could be effected in [Pds(4.6)s]"**, whereby
acetonitrile and nitromethane solvents afforded homochiral cages, and DMSO and DMF
solvents afforded only unsorted cages which were comprised of a mixture of ligand 4.6
enantiomers. Similarly, [Pds(4.6)s]**" and [Pds(2.8)s]*** displayed sterically-induced chirality
control in DMSO solvent, whereby the methylated [Pds(2.8)s]"** cage self-sorted with time to
yield a homochiral cage species, owing to the less sterically demanding methyl groups at the
cage windows. This was supported crystallographically, where examination of the static
structures of [Pds(4.6)s]-12(BF,) and [Pdg(2.8)s]-12(NOs) highlighted the ‘unsorted” and

homochiral cages, respectively.

The sterically and interactionally similar ligand pair 4.6/2.8 allowed for speciation control and
the selective formation of coexisting and stable homoleptic cages, [Pds(4.6)s]*** and
[Pds(2.8)s]**, and a heteroleptic cage mixture , [Pde(4.6)s.1(2.8).]**". Ligand exchange could be
effected by altering reaction stoichiometry, and [Pds(2.8)s]*** was observed to be preferentially
formed over the propylated analogue. Use of an extended ligand pair 5.3/5.4 allowed for the
formation of homoleptic and heteroleptic ‘stella octangula’ cages [Pdg(5.3)s]™>", [Pds(5.4)s] %
and [Pds(5.4)5.n(5.3),]"*", respectively. These species were not as stable as their smaller
analogues due to cage flexibility and limited ligand exchange was observed between cages,

where it is assumed that ligand exchange proceeds via an associative mechanism.

Subtle variations in the stability and dynamics of the individual [Pds(4.6)s]"*" and [Pds(2.8)s]***
cages has allowed for the determination of a cage assembly/disassembly relationship, which
occurs cyclically and allows for the selective preparation of homoleptic and heteroleptic species

by means of a well-established chemical trigger. Ultimately, the ability to control the
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predominating species in solution gives potential application to these [PdsLg]™®" ‘stella

octangula’ cages in areas such as cargo delivery, guest incarceration and catalysis.

Future work should involve an investigation into the cages ability to selectively bind molecules
in the solution phase followed by a study of their release properties, either through use of a
chemical trigger, or otherwise. The ability for the cages to associate with both globular guests
and long chained surfactants affords the possibility for the binding of drug molecules, such as
diclofenac and ibuprofen which each contain a non-polar moiety for interaction with the
hydrophobic core of CTG and exist as anions in solution, providing coulombic stabilisation. If a
host-guest relationship could be determined then an investigation into selective drug release

could be realised by the addition of a weak acid or relevant chemical trigger, such as DMAP.
5.8 Experimental

Ligands 2.8 and 4.6 were prepared according to procedures listed in Chapter 2 and Chapter 4 of

this thesis and were employed as racemic mixtures for all complexation studies listed herein.

Propylated-CTG (pCTG, 4.4) was prepared according to procedures listed in Chapter 4 of this
thesis and 4-(4-pyridyl)benzoyl chloride hydrochloride, ligand 5.4 ! and complex 5.2 ¥ were

prepared according to literature procedures.
5.8.1 Instrumentation

NMR spectra were recorded by automated procedures on a Bruker Avance 500 or DPX 300
MHz NMR spectrometer. All deuterated solvents were purchased from Euriso-top. All *H and
BC{*H} spectra were referenced relative to an internal standard. High resolution DOSY and
ROESY 'H NMR spectra were recorded in collaboration with Dr. Julie Fisher of the University
of Leeds. High resolution electrospray mass spectra (ESI-MS) were measured on a Bruker
MicroTOF-Q or Bruker MaXis Impact spectrometer in either positive or negative ion mode by
Ms. Tanya Marinko-Covell of the University of Leeds Mass Spectrometry Service and Dr Stuart
L. Warriner of the University of Leeds. Low resolution mass spectra were recorded on an open-
access Bruker Micromass LCT spectrometer with simultaneous HPLC using an
acetonitrile/water eluent and sodium formate calibrant. FT-IR spectra were recorded as solid
phase samples on a Perkin-Elmer Spectrum One spectrophotometer. Samples for microanalysis
were dried under vacuum before analysis and the elemental composition determined by Mr lan
Blakeley of the University of Leeds Microanalytical Service using a Carlo Erba elemental
analyser MOD 1106 spectrometer. Molecular dynamics calculations were performed by Dr

Sarah Harris and Dr Geoff Wells of the School of Physics and Astronomy, University of Leeds.
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Crystals were mounted under inert oil on a MiTeGen tip and flash frozen to 150(1) K using an
Oxford Cryosystems cryostream low temperature device. X-ray diffraction data were collected
using graphite-monochromated Mo-K radiation (2 = 0.71073 A) using a Bruker-Nonius X-8
diffractometer with Apexll detector and FR591 rotating anode generator; or using synchrotron
radiation (A = 0.6889 A) with a Crystal Logic 4-circle Kappa goniometer and Rigaku Saturn 724
CCD diffractometer at station i19 of Diamond Light Source. Data were corrected for Lorenztian
and polarization effects and absorption corrections were applied using multi-scan methods. The
structures were solved by direct methods using SHELXS-97 and refined by full-matrix on F?
using SHELXL-97, interfaced through the X-seed interface.*® Unless otherwise specified, all
non-hydrogen atoms were refined as anisotropic, and hydrogen positions were included at
geometrically estimated positions. Molecular graphics were obtained using POV-RAY through
the X-Seed interface.®™ Additional details are given below and data collections and refinements

summarised in the Table below.
5.8.2  Synthesis of ligands and complexes

Preparation of [Pds(4.6)s]-12(BF4) (complex 5.1). Pd(MeCN)4(BF), (5.0 mg, 0.0113
mmol) and ligand 4.6 (12.10 mg, 0.0150 mmol) were dissolved in d3-MeCN (1 mL) and stirred
for one hour, resulting in a pale-yellow solution, whereby *H NMR displayed quantitative cage
formation. Diffusion of diethyl ether vapour into the solution afforded small, yellow prisms that
were isolated, washed with a portion of diethyl ether and dried in vacuo. Quantitative. HR MS
(ES): m/z 1076.7391 {[PdsLg]-5BF,}", 1270.3947 {[PdsLg]-6BF,}*",
1542.0858{[PdsLs]- 7BF,}>* and 1949.6343 {[PdsLs]-8BF.}*": calculated for 1076.5657,
1269.9968, 1542.5974 and 1949.9975, respectively; *H NMR (300 MHz, ds-MeCN) & (ppm) =
9.31 (m, 1H, Py-H? achiral cage), 9.16 (d, 5H, Py-H? chiral cage), 8.13 (d, 6H, Py-H?), 7.27 (s,
3H, aryl-H), 7.10 (s, 3H aryl-H), 4.84 (d, 3H, CTG exo-H), 3.87 (m, 6H, propyl o-H), 3.69 (d,
3H, CTG endo-H), 1.62 (m, 1H, propyl B-H), 1.40 (m, 5H, propyl B-H), 0.85 (m, 2H, propyl y-
H), 0.60 (m, 7H, propyl y -H); *H NMR (300 MHz, dg-DMSO) & (ppm) = 9.59 (s, 3H, Py-H?),
9.48 (s, 3H, Py—Hz), 8.23 (s, 6H, Py—H3), 7.44 (s, 3H, aryl-H), 7.28 (s, 3H, aryl-H), 4.87 (bs, 3H,
CTG exo-H), 3.84 (bm, 6H, propyl o-H), 3.69 (bs, 3H, CTG endo-H), 1.32 (m, 6H, propyl p-H),
0.52 (m, 9H, propyl y H); *H NMR (300 MHz, d3-MeNO;) & (ppm) = 9.42 (bs, 1H, Py-H?,
achiral cage), 9.27 (d, 5H, Py-H? chiral cage), 8.86 (d, Py-H? uncoordinated 4.6), 8.24 (d, 6H,
Py-H?, chiral cage), 7.98 (d, Py-H? uncoordinated 4.6), 7.31 (s, 3H, aryl-H), 7.19 (s, 3H, aryl-
H), 4.95 (d, 3H, CTG exo-H), 3.99 (m, 6H, propyl oH), 3.77 (d, 3H, CTG endo-H), 1.67 (m,
3H, propyl p-H), 1.48 (m, 3H, propyl p-H), 0.84 (m, 4H, propyl v-H), 0.64 (m, 5H, propy! y-H);

Satisfactory elemental analysis could not be obtained owing to high levels of solvation.
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Example for [Pds(4.6)s]-12(BF,) (% calculated, found) C (56.64, 57.75), H (4.46, 5.35), N
(4.13, 6.05); Infrared analysis (FT-IR, cm™) 3494, 2968, 2901, 1751, 1619, 1508, 1270 (s).

Diffusion Ordered (DOSY) NMR (500 MHz, ds-DMSO): Deompex = 0.439, Digang = 1.395x10™%
M?s™; Doomptex/Diigana = 0.33:1; Hydrodynamic radius (r) = 23.4 A 1°4

Where; % = 6mnr

D = 0.439x10™ m?s™; Kg = 1.38065x10%J-K™; T = 293.15 K; 1= 1.996x10°Pa-s

Preparation of [Ptg(4.6)g]-12(CIO,).  Pt(ClOy), (3.66 mg, 0.00928 mmol) was added to a
solution ofligand 4.6 (10.12 mg, 0.0124 mmol) in de-DMSO (1 mL) and stirred at 70T
overnight. ‘H NMR on the cooled solution displayed partial cage formation (~ 75 % based on
relative integrals). HR MS (ES"): m/z 1371.6856 {[PtsLg]-6CIO,}*", 1665.9895
{[PtsLg]-7Cl0O,}** and 2107.4224 {[PtsLs]-8ClO,}*"; calculated for 1371.1679, 1665.1912 and
2106.7254, respectively; '"H NMR (300 MHz, ds-DMSO) & (ppm) 9.53-9.44 (bm, 3H, Py-H?),
9.16 (d, 3H, Py-H?, 8.88 (d, uncoordinated 4.6), 8.33-8.25 (bm, 6H, Py-H®), 7.96 (d,
uncoordinated 4.6), 7.55 (s, 3H, aryl-H), 7.32 (s, 3H, aryl-H), 4.89 (bd, 3H, CTG exo-H), 3.93
(bm, 6H, propyl a-H), 3.70 (bd, 3H, CTG endo-H), 1.53 (g, uncoordinated 4.6), 1.30 (bg, 6H,
propyl B-H), 0.75 (t, uncoordinated 4.6), 0.53 (m, 9H, propyl y-H).

Preparation of [Pds(4.6)s]-12(BF4) — o-carborane. Pd(MeCN)4(BF4). (2.51 mg, 0.00565
mmol) and ligand 4.6 (6.05 mg, 0.0075 mmol) were dissolved in d,-DMF (0.6 mL) and
equilibrated for one hour, resultanting in a pale-yellow solution, whereby *H NMR displayed
quantitative cage formation. O-carborane (8 equivalents) was added to the preformed cage and
was allowed to equilibrate for a further 16 hours. HR MS (ES): m/z 931.2771
{[PdsLs]-4BF,}**, 949.8336 {[PdsLs]-4BF, — o-carborane}®*, 966.6220 {[PdsLs]-4BF, c 2(o-
carborane)}®*, 1076.7391 {[PdsLs]-5BF.}"*, 1096.7705 {[PdsLs]-5BF, — o-carborane}’™,
1270.3947 {[PdsLs]-6BF,}°*, 1294.0441 {[PdsLs]-6BF, < o-carborane}®, 1542.0858
{[PdsLs]- 7BF,}>*, 1570.4850 {[PdsLs]-7BF, — o-carborane}®, 1598.4942 {[PdsLs]-7BF,s =
2(o-carborane)}** and 1949.6343 {[PdsLs]-8BF,}*": calculated for 931.4968, 949.5216,
966.9208, 1076.1397, 1097.7388, 1269.9968, 1294.8625, 1542.5974, 1570.4349, 1598.8752
and 1949.9975, respectively. "H NMR displayed only the sum of cage and guest resonances.

Disassembly and reassembly of [Pd¢(4.6)g]-12(BF;). Pd(MeCN)4(BF4). (2.51 mg, 0.00565
mmol) and 4.6 (6.05 mg, 0.0075 mmol) were dissolved in ds-DMSO (0.6 mL) and equilibrated
for one hour, resulting in a pale-yellow solution, whereby *H NMR displayed quantitative cage

formation. 4-dimethylaminopyridine (DMAP, 24 equivalents) was then added to the reaction
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mixture which resulted in rapid decolouration of the solution. '"H NMR (300 MHz, ds-DMSO) &
(ppm) = 8.88 (d, 6H, Py-H?), 8.20 (d, 6H, DMAP Py-H?), 7.96 (d, 6H, Py-H®), 7.54 (s, 3H, aryl-
H), 7.32 (s, 3H, aryl-H), 6.71 (d, 6H, DMAP Py-H?%), 4.88 (d, 3H, CTG exo-H), 3.92 (m, 6H,
propyl o -H), 3.69 (d, 3H, CTG endo-H), 2.96 (s, 18H, DMAP Me), 1.52 (g, 6H, propyl p-H),
0.75 (t, 9H, propyl y-H). The addition of para-toluenesulfonic acid (24 equivalents) to the
reaction mixture resulted in recolourisation of the solution and reformation of the stella
octangula cage. ‘H NMR (300 MHz, dg-DMSO) & (ppm) = 13.17 (s, 18H, DMAP N-H), 9.60
(bs, 3H, Py-H?), 9.51 (bs, 3H, Py-H?), 8.23 (bs, 12H, Py-H® and TsOH Ph-H?), 7.52 (d, 6H,
DMAP Py-H?), 7.39 (s, 3H, aryl-H), 7.29 (s, 3H, aryl-H), 7.10 (d, 6H, DMAP Py-H?), 6.97 (d,
6H, TsOH Ph-H%), 4.82 (bd, 3H, CTG exo-H), 3.84 (bm, 6H, propyl o-H), 3.46 (s, 9H, TsOH
Me), 2.07 (s, 18H, DMAP Me), 1.32 (b, 6H, propyl p-H), 0.51 (bt, 9H, propyl y-H).

Preparation of heteroleptic [Pdes(4.6)s.n(2.8)n]-12(BF4) cages. Pd(MeCN)4(BF,), (0.0113
mmol), 4.6 (6.05 mg, 0.0075 mmol) and 2.8 (5.47 mg, 0.0075 mmol) were dissolved in the
required solvent (2 mL) and stirred for one hour, resulting in a pale-yellow solution. The
reported HR MS (ES™) data are representative for the solvents DMSO, DMF and MeCN and
ratios correspond to 4.6:2.8. HR MS (ES"): m/z [PdsLg]®" 1424.7916 (1:7), 1440.9024 (2:6),
1457.9135 (3:5), 1474.3380 (4:4), 1491.5342 (5:3) and 1510.6050 (6:2); [PdsLg]®* 1171.7399
(1:7), 1186.2601 (2:6), 1200.4239 (3:5), 1214.4231 (4:4) and 1228.2939 (5:3); [PdsLg]”*
1004.1753 (2:6), 1015.2259 (3:5), 1028.2081 (4:4), 1039.2467 (5:3) and 1051.2477 (6:2);
[PdsLo]®* 878.2324 (3:5), 888.2152 (4:4), 898.1935 (5:3), 909.4459 (6:2) and 920.1820 (7:1),
calculated for 1424.6653, 1441.6847, 1458.5035, 1475.3223, 1492.1411, 1508.9599,
1171.8876, 1185.9026, 1199.9186, 1213.9342, 1227.9499, 1004.7735, 1016.7869, 1028.8003,
1040.8137, 1052.2562, 878.9377, 889.4495, 899.9612, 910.4730 and 920.9847, respectively; 'H
NMR (300 MHz, ds-DMSO) & (ppm) = 9.60 (bs, 6H, Py-H?), 9.51 (bs, 6H, Py-H?), 8.23 (bs,
12H, Py—H3), 7.44 (bs, 6H, aryl-H), 7.29 (bs, 6H, aryl-H), 4.87 (bs, 6H, CTG exo-H), 3.84 (bm,
3H, 4.6 propyl a -H), 3.70 (bm, 3H, 4.6 propy! o-H), 3.57 (bs, 6H, 2.8 O-CH3), 1.34 (m, 6H, 4.6
propyl B-H), 0.55 (m, 9H, 4.6 propy! y-H).

Preparation of coexisting homoleptic [Pds(4.6)s]*** and [Pds(2.8)s]*** cages. A 1:1 mixture
of the pre-formed [Pds(4.6)s]-12(BF;) and [Pds(2.8)s]-12(BF;) cages were mixed at room
temperature in DMSO and allowed to equilibrate overnight. HR MS (ES"): m/z 1158.1294
{[Pds(2.8)s]-6(BF,)}*", 1270.4061 {[Pds(4.6)s]-6(BF4)}*", 1407.3632 {[Pds(2.8)s]-7(BF.)}*",
1541.7124  {[Pds(4.6)g]- 7(BF5)}>*, 1780.7396 {[Pds(2.8)s]-8(BF4)}** and 1948.9379
{[Pds(4.6)s]-8(BF4)}**, calculated for 1157.8716, 1269.9986, 1407.8465, 1542.5974, 1781.5589
and 1949.9975, respectively. MS data were recollected and seen to be reproducible after heating
and after an eight week standing period. *H NMR (300 MHz, dg-DMSO) & (ppm) = 9.56 (bs,
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6H, Py-H?), 9.48 (d, 6H, Py-H?), 8.26 (bs, 6H, Py-H?), 8.21 (d, 6H, Py-H®), 7.46-7.25 (bs, 12H,
2 x aryl-H), 4.88 (bd, 6H, CTG exo-H), 3.83 (bm, 3H, 4.6 propyl o-H), 3.71 (bm, 3H, 4.6 propyl
oH), 3.58 (s, 6H, 2.8 ArO-CHs), 1.32 (m, 6H, 4.6 propyl p-H), 0.53 (m, 7H, 4.6 propyl y-H),
0.13 (m, 2H, 4.6 propyl y -H).

Reaction of [Pds(4.6)s]*** and ligand 2.8. [Pds(4.6)g]*** in de-DMSO was treated with 8
equivalents of methylated ligand 2.8 and allowed to stand at room temperature for one week. As
soon as the components were mixed, propylated ligand 2.8 was observed in the NMR, with no
free methylated ligand resonances seen, suggesting quantitative assembly of the methylated
cage. HR MS (ES*): m/z 1158.1294 {[Pds(2.8)s]-6(BF)}**, 1407.3632 {[Pds(2.8)s]-7(BF4)}**
and 1780.7396 {[Pds(2.8)s]-8(BF,)}**, calculated for 1157.8716, 1407.8465 and 1781.5589,
respectively; '"H NMR (300 MHz, ds-DMSO) & (ppm) = 9.60 (bs, 2H, Py-H?), 9.51 (bs, 10H,
Py-H?), 8.22 (bs, 12H, Py-H?), 7.41 (bs, 6H, aryl-H), 7.28 (bs, 6H, aryl-H), 4.86 (bs, 6H, CTG
exo-H), 3.84 (bm, 3H, 4.6 propyl -H), 3.70 (bm, 3H, 4.6 propyl o -H), 3.57 (s, 6H, 2.8 ArO-
CHs), 1.36(m, 6H, 4.6 propyl B-H), 0.55 (m, 9H, 4.6 propyl y-H).

Reaction of [Pds(2.8)s]*** and ligand 4.6. [Pds(2.8)g]*** in d-DMSO was treated with 8
equivalents of propylated ligand 4.6 and allowed to stand at room temperature for 1 week,

where only the sum of methylated stella octangula [Pds(2.8)s]"**

and propylated ligand
resonances 4.6 are observed and there is no change with time. HR MS (ES"): m/z 1158.1294
{[Pds(2.8)s]-6(BF4)}®", 1407.3632 {[Pds(2.8)s]-7(BF)}">" and 1780.7396 {[Pds(2.8)s]-8(BF4)}*,
calculated for 1157.8716, 1407.8465 and 1781.5589, respectively; 'H NMR (300 MHz, de-
DMSO) & (ppm) = 9.48 (bd, 6H, Py-H?), 8.83 (d, uncoordinated 4.6, Py-H?), 8.18 (bd, 6H, Py-
H?), 7.96 (d, uncoordinated 4.6, Py-H3), 7.54 (s, 3H, aryl-H), 7.32 (s, 3H, aryl-H), 4.89 (bd, 6H,
CTG exo-H and uncoordinated 4.6 exo-H), 3.93 (p, uncoordinated 4.6 propyl o-H), 3.72 (s, 6H,
2.8 ArO-CHs), 3.64 (bd, 6H, CTG endo-H and uncoordinated 4.6 endo-H), 1.53 (q,

uncoordinated 4.6 propyl p-H), 0.78 (t, uncoordinated 4.6 propyl y-H).

Preparation of (#)-2,7,12-Tripropoxy-3,8,13-tris(4-pyridyl-4-phenylcarboxy)-10,15-
dihydro-5H-tribenzo[a,d,g]cyclononatriene (5.3). Anhydrous triethylamine (1.32 mL,
7.56 mmol) was added to a stirred solution of 4.4 (310 mg, 0.630 mmol) in anhydrous THF (50
mL), at -78 °C, under an argon atmosphere. After one hour, 4-(4-pyridyl)benzoyl chloride
hydrochloride (960 mg, 3.78 mmol) was added to the reaction mixture and stirred at -78 °C for a
further two hours before being left at room temperature for 48 hours. The solvent was removed
in vacuo and the resultant residue triturated in ethanol to afford the target compound as a white
solid, which was isolated by filtration and dried in vacuo. Yield 609 mg: 93 %; M.pt
Decomposes > 270 °C; HR MS (ES"): m/z 1058.3941 {5.3-Na}"; calculated for CgsHs;N3OoNa
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1058.3993; *H NMR (300 MHz, ds-DMSO) & (ppm) = 8.70 (d, 6H, Py-H? J = 6.2 Hz), 8.20 (d,
6H, Ph-H? J = 8.5 Hz), 8.03 (d, 6H, Ph-H? J = 8.5 Hz), 7.81 (d, 6H, Py-H* J = 6.2 Hz), 7.53 (s,
3H, aryl-H), 7.34 (s, 3H, aryl-H), 4.87 (d, 3H, CTG exo-H, J = 12.5 Hz), 3.94 (t, 6H, propyl -H,
J=6.2 Hz), 3.73 (d, 3H, CTG endo-H, J = 12.5 Hz), 1.53 (q, 6H, propyl p-H, J = 6.6 Hz), 0.78
(t, 9H, propyl H, J = 7.4 Hz); ®C{*H} NMR (75 MHz, d--DMSO) & (ppm) = 184.2, 150.7,
148.6, 145.7, 142.2, 138.4, 136.6, 131.8, 130.3, 129.2, 127.2, 121.5, 69.7, 21.8, 9.9; Analysis
for 5.3-0.5(CHCI;) (% calculated, found) C (72.88, 73.15), H (5.29, 5.40), N (3.83, 3.80);
Infrared analysis (FT-IR, cm™) = 2960, 1734 (s), 1594, 1508, 1400, 1263 (s), 1181, 1093, 820,
762.

Preparation of [Pds(5.3)s]-12(BF4) (complex 5.5). Pd(MeCN)4(BF4), (3.2 mg, 0.00725
mmol) and ligand 5.3 (10.00 mg, 0.00966 mmol) were dissolved in ds-DMSO (1 mL) and
stirred for one hour, resulting in a pale-yellow solution, where both 1D and 2D ‘H NMR
displayed cage formation. Diffusion of acetone vapour into the solution afforded a
microcrystalline solid which was isolated, washed with a portion of acetone and dried in vacuo.
HR MS (ES"): m/z 1020.9683 {[PdsLs]-3BF,}**, 1159.3551 {[PdsLg]-4BF,}**, 1337.3494
{[PdsLg]-5BF,}"*, 1574.9554 {[PdsLs]-6BF4}°" and 1906.9543 {[PdsLs]-7BF.}""; calculated for
1021.3029, 1159.8441, 1337.9659, 1575.4558 and 1907.9476, respectively; ‘H NMR (300
MHz, d-DMSO) & (ppm) = 9.34 (bm, 6H, Py-H?), 8.24-8.08 (bm, 18H, Py-H? Ph-H? Ph-H?),
7.46 (s, 3H, aryl-H), 7.30 (s, 3H, aryl-H), 4.82 (bd, 3H, CTG exo-H), 3.84 (bm, 6H, propyl o-
H), 3.69 (bd, 3H, CTG endo-H), 1.38 (bg, 6H, propyl B-H), 0.61 (bt, 9H, propyl +-H).
Satisfactory elemental analysis could not be obtained due to high levels of solvation; Infrared
analysis (FT-IR, cm™) 3384 (broad), 1742 (weak), 1622 (weak), 1024 (weak). 2D DOSY NMR
(500 MHz, ds. DMSO) D = 0.348 x10™m?s™.

Preparation of heteroleptic [Pdg(5.3)n(5.4)m]-12(BF4) cages. Pd(MeCN)4(BF,), (0.0113
mmol), ligand 5.4 (6.05 mg, 0.0075 mmol) and ligand 5.4 (5.47 mg, 0.0075 mmol) were
dissolved in DMSO (1 mL) and stirred for one hour, resulting in a pale-yellow solution. The
reported HR MS (ES") ratios correspond to 5.3:5.4. HR MS (ES"): m/z [PdsLs]°* 964.3977 (2:6),
974.4185 (3:5), 983.3334 (4:4), 992.3270 (5:3), 1000.9031 (6:2), 1010.8867 (7:1), 1020.7853
(8:0); [PdsLs]®* 1096.1697 (2:6), 1106.8121 (3:5), 1117.3817 (4:4), 1127.4205 (5:3), 1138.1523
(6:2), 1147.8401 (7:1); [PdsLg]”* 1265.1132 (2:6), 1277.1484 (3:5), 1289.2449 (4:4), 1301.4740
(5:3), 1313.3052 (6:2), 1323.7125 (7:1); [PdsLs]>" 1475.8295 (1:7), 1490.2005 (2:6), 1504.7537
(3:5), 1518.8601 (4:4), 1532.5273 (5:3), 1546.7584 (6:2), 1561.2863 (7:1); [PdsLs]’* 1806.4309
(2:6), 1822.4428 (3:5), 1839.5668 (4:4), 1856.0725 (5:3), 1871.5294 (6:2).
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Preparation of coexisting homoleptic [Pdg(5.3)s]-12(BF,) and [Pd¢(5.4)s]-12(BF,) cages. A
1:1 mixture of the pre-formed [Pde(5.3)s]-12(BF4) and [Pdg(5.4)s]-12(BF,) stella octangulas
were mixed at room temperature and allowed to equilibrate overnight. HR MS (ES"): m/z
946.0922 {[Pds(5.4)¢]-3BF}*", 1020.7993 {[Pds(5.3)s]-3BF 4}, 1075.3161
{[Pds(5.4)g]-4BF,}**, 1159.3551 {[Pde(5.3)s]-4BF.,}*", 1241.1279 {[Pds(5.4)s]-5BF.}"",
1337.3494 {[Pds(5.3)s]-5BF 4}, 1462.4924 {[Pds(5.4)s]-6BF}°**, 1574.9554
{[Pds(5.3)g]-6BF,}°*, 1772.5636 {[Pds(5.4)s]-7BF,}°* and 1907.1185 {[Pds(5.3)s]-7BF.}"",
calculated for 946.5528, 1021.3029, 1075.7473, 1159.8441, 1241.8544, 1337.9659, 1463.3306,
1575.4553, 1773.3973 and 1907.9476, respectively. The sample was allowed to stand for a
further eight weeks and reanalysed under the same conditions. The reported HR MS (ES™) ratios
correspond to 5.3: 5.4. HR MS (ES"): m/z [PdsLg]™** 842.7962 (8:1), 851.2043 (7:1), 859.4148
(6:2), 893.0513 (2:6), 901.6593 (1:7), 910.0709 (0:8); [PdsLg]** 946.2201 (8:1), 955.6739 (7:1),
964.5744 (6:2), 974.2492 (5:3), 983.4076 (4:4), 993.1514 (3:5), 1002.0600 (2:6), 1011.6249
(1:7), 1020.8581 (0:8); [PdsLg]® 1075.2478 (0:8), 1085.8834 (7:1), 1096.0231 (6:2), 1107.0224
(5:3), 1116.8033 (4:4), 1127.8173 (3:5), 1138.4280 (2:6), 1148.6996 (1:7), 1158.4648 (0:8);
[PdsLg]™ 1240.9985 (8:0), 1253.0090 (7:1), 1265.0251 (6:2), 1277.1850 (5:3), 1313.6404 (2:6),
1325.2294 (1:7), 1337.2459 (0:8); [PdsLg]®* 1462.4989 (8:0), 1476.6771 (7:1), 1490.2000 (6:2),
1560.4347 (1:7), 1574.7895 (0:8); [PdsLg]** 1772.1971 (8:0), 1789.2190 (7:1), 1806.0316 (6:2),
1890.5309 (1:7), 1907.1460 (0:8).

Experiments in cage speciation control. A heteroleptic [Pde(4.6)s.(2.8)n]-12BF, cage
mixture was generated from Pd(MeCN)4(BF,), (0.0113 mmol), ligand 4.6 (6.05 mg, 0.0075
mmol) and ligand 2.8 (5.47 mg, 0.0075 mmol) as described above. The heteroleptic mixture was
treated with a further four equivalents of both methylated 2.8 and propylated 4.6 ligands and
allowed to stand. As soon as the reagents were added, resonances attributable to the free
propylated ligand were seen in the NMR spectra which did not change with time. *"H NMR (300
MHz, ds-DMSO) & (ppm) = 9.48 (s, 6H, Py-H?), 8.89 (d, uncoordinated 4.6 Py-H?), 8.21 (bs,
6H, Py-H%), 7.95 (d, uncoordinated 4.6 Py-H3), 7.54 (s, 3H, aryl-H), 7.29 (s, 3H, aryl-H), 4.88
(d, 3H, CTG exo-H), 3.94 (m, uncoordinated 4.6 propyl a -H), 3.80 (s, 9H, 2.8 ArO-CHj), 3.62
(d, 3H, CTG endo-H), 1.53 (m, uncoordinated 4.6 propyl B-H), 0.71 (t, uncoordinated 4.6

propyl y -H).

A further six equivalents of palladium (I1) were added to generate coexisting homoleptic
[Pds(4.6)s]"** and [Pds(2.8)s]*** cages. Free propylated ligand resonances were consumed and
resonances attributable to the propylated cage (particularly in the propyl moiety region) were
formed. NMR shows a bias towards homoleptic cages, and ESI-MS also indicate a strong bias

towards homoleptic cages along with some heteroleptic cages present along with ligandccage
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adducts. *H NMR (300 MHz, ds-DMSO) & (ppm) = 9.60 (bs, 2H, Py-H?), 9.51 (bs, 10H, Py-H?),
8.22 (bs, 12H, Py-H%), 7.41 (bs, 6H, aryl-H), 7.28 (bs, 6H, aryl-H), 4.86 (bs, 6H, CTG exo-H),
3.84 (bm, 3H, 4.6 propyl a-H), 3.70 (bm, 3H, 4.6 propyl a -H), 3.57 (s, 6H, 2.8 ArO-CHjs), 1.36
(m, 6H, 4.6 propyl p-H), 0.55 (m, 9H, 4.6 propyl v-H).

The addition of DMAP (24 equivs.) to this mixture quantitatively disassembles the cages into
the individual substituents. "H NMR (300 MHz, de-DMSO) & (ppm) = 8.88 (m, 6H, 4.6 and 2.8
Py-H?), 8.20 (d, 6H, DMAP Py-H?), 7.96 (m, 6H, 4.6 and 2.8 Py-H?), 7.57 (s, 1.5H, 2.8 aryl-H),
7.54 (s, 1.5H, 4.6 aryl-H), 7.32 (s, 3H, aryl-H), 6.71 (d, 6H, DMAP Py-H%), 4.88 (m, 3H, 4.6
and 2.8 CTG exo-H), 3.92 (m, 6H, 4.6 propyl o-H), 3.72 (s, 4.5H, 2.8 ArO-CHz), 3.69 (m, 3H,
4.6 and 2.8 CTG endo-H), 2.96 (s, 18H, DMAP Me), 1.52 (q, 6H, 4.6 propyl f-H), 0.75 (t, 9H,

4.6 propyl y-H).

The addition of TsOH (24 equivs.) quantitatively and rapidly regenerates the heteroleptic
[Pds(4.6)s.n(2.8)n]-12BF, cage mixture. The corresponding ratios represent 4.6:2.8. HR MS
(ES): miz [PdeLg]® 1424.7916 (1:7), 1440.9024 (2:6), 1457.9135 (3:5), 1474.3380 (4:4),
1491.5342 (5:3) and 1510.6050 (6:2); [PdsLg]®* 1171.7399 (1:7), 1186.2601 (2:6), 1200.4239
(3:5), 1214.4231 (4:4) and 1228.2939 (5:3); [PdsLg]’* 1004.1753 (2:6), 1015.2259 (3:5),
1028.2081 (4:4), 1039.2467 (5:3) and 1051.2477 (6:2); [PdsLs]®" 878.2324 (3:5), 888.2152
(4:4), 898.1935 (5:3), 909.4459 (6:2) and 920.1820 (7:1), calculated for 1424.6653, 1441.6847,
1458.5035, 1475.3223, 1492.1411, 1508.9599, 1171.8876, 1185.9026, 1199.9186, 1213.9342,
1227.9499, 1004.7735, 1016.7869, 1028.8003, 1040.8137, 1052.2562, 878.9377, 889.4495,
899.9612, 910.4730 and 920.9847, respectively; 'H NMR (300 MHz, ds-DMSO) & (ppm) =
13.17 (s, 18H, DMAP N-H), 9.60 (bs, 3H, Py-H?), 9.51 (bs, 3H, Py-H?), 8.23 (bs, 12H, Py-H?
and TsOH Ph-H?), 7.52 (d, 6H, DMAP Py-H?), 7.39 (s, 3H, aryl-H), 7.29 (s, 3H, aryl-H), 7.10
(d, 6H, DMAP Py-H?), 6.97 (d, 6H, TsOH Ph-H?), 4.82 (bd, 3H, CTG exo-H), 3.84 (bm, 6H, 4.6
propyl o-H), 3.57 (s, 6H, 2.8 ArO-CHjs), 3.46 (s, 9H, TsOH Me), 2.07 (s, 18H, DMAP Me),
1.32 (bq, 6H, 4.6 propyl p-H), 0.51 (bt, 9H, 4.6 propyl y-H).
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5.8.3 Supplementary crystallographic information

Crystals of complex 5.1 diffracted poorly, and despite their large size there was no observable
diffraction at high angles (data cut off at 26 = 20 °) using synchrotron radiation. Poor crystal
quality was indicated by high levels of internal inconsistencies (Rinx = 0.1422). Many crystals
were trialled, from multiple crystallisation batches, but improved diffraction data were not
obtained. Weak diffraction is due to large void spaces within the lattice (~ 70 %) and the
inherent molecular disorder within the structure. Only the two palladium(ll) centres were
refined anisotropically and hydrogen atoms were not modelled. Each 4.6 ligand was modelled
with complete molecular disorder, corresponding to the inclusion of two enantiomers into the
structure. One ligand arm was disordered over two positions in accordance with the symmetry
restriction imposed by the two ligand enantiomers. Both the pyridyl rings and aryl rings of the
tribenzo[a,d,g]cyclononatriene ligand core were refined using rigid body restraints (AFIX 66
command). The weak data meant that the propyl moieties could not be crystallographically
located in the difference map. Likewise, all tetrafluoroborate anions and solvents could not be
crystallographically located owing to the large void spaces within the structure; hence, the
SQUEEZE ¥ routine of PLATON was employed.?"!
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5.8.4 X-ray data table for complex 5.1

5.1*
Formula C28H288B12F 48N 24054Pdg
Mr 6629.54
Crystal colour Pale yellow, cube
and shape
Crystal size 0.2x0.2x0.2
(mm)
Crystal system Tetragonal
Space group 14/mmm
a(A) 30.688(5)
b (A) 30.688(5)
c(A) 45.906(11)
a(® 90.00
50O 90.00
7 () 90.00
Vv (AY) 43234(15)
Z 2
peatc (9.cm™%) 0.509
6 range (°) 0.77-20.00
No. data 105938
collected
No. unique 6101
data
Rint 0.1422
No. obs. Data 3142
(1> 20(1))
No. 90
parameters
No. restraints 0
R; (obs data) 0.1577
WR; (all data) 0.3880
S 1.320

* Data were collected using synchrotron radiation.
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Chapter 6
The host-guest chemistry of stable M;L, metallo-cryptophanes
6.1 Introduction

The attractive properties associated with cryptophanes,™ such as their ability to discriminate
between and selectively bind small molecules,' were introduced in Chapter 4 of this thesis. The
preparation of their metallo-supramolecular analogues, [MsL2]™ metallo-cryptophanes, remains
synthetically challenging, in spite of their structural simplicity.®! Of the handful of metallo-
cryptophanes isolated,' none display the desirable properties associated with their organic
counterparts, despite possessing a similarly well-defined and hydrophobic internal cavity." For
these species to have application in catalysis,” cargo delivery ™ and molecular recognition,®
the inherent unpredictability and instability associated with their construction must be

addressed.

As described in Chapter 4, the reaction of 4-pyridyl-derived ligand 4.6 and Pd(en)(NOz), (en =
ethylenediamine) afforded the metastable metallo-cryptophane, [Pds(en)s(4.6),]-6(NOs).
Although unstable, its fleeting formation did indicate the suitability of ligand, and so [M3L,]"™
metallocryptophanes may be accessible if a suitable cis-protected metallo-tecton can be found.
Ethylenediamine has proven a suitable auxiliary ligand in the construction of a wealth of

2% trigonal prisms I and [PdeL]*"

complexes, including [PdiL.]*" squares,” [PdsLs]
octahedra.™! Fujita’s well-known [PdsLs]*** hexagonal prism, where L = 4,4’-bipyridine and
1,3,5-tris(4-pyridyDtriazine, has been further exemplified in its ability to bind a variety of
guests, including ferrocenes, carboranes and aromatic hydrocarbons, such as triphenylene,
Figure 6.1a.1* In fact, the extent of palladium(I1) complexes afforded using ethylenediamine as

a cis-protecting ligand have been the subject of a recent review article by Fujita and Therrien. ™!

The more strongly coordinating N,N,N’,N’-tetramethylethylenediamine (TMEDA) "4 and
chelating heterocycles, such as 2,2’-bipyridine and its derivatives,™™ have been successfully
employed as auxiliary ligands in metallo-supramolecular systems; however, the N-Pd(ll)

coordination bond remains relatively labile. Conversely, the diphosphines 1,2-

[16] [17]

bis(diphenylphosphino)ethane (dppe) and 1,1’-bis(diphenylphosphino)ferrocene (dppf)
have been used as cis-protecting ancillaries that display high kinetic stability. Stang and co-
workers have used a [Pd(dppf)]** tecton to prepare a [Pd,L,]** metallo-rectangle, where L = 3,6-
di(4-pyridylethynyl)carbazole, which was observed to bind fullerenes in acetone solution,
Figure 6.1b. Yet, whilst they remain strongly coordinated to the palladium(ll) centre, there are

questions regarding the oxygen sensitivity of diphosphines as auxiliaries.!*®
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(a) (b)

Figure 6.1 Complexes prepared using cis-protected palladium(ll) metal centres (pink spheres).
(a) Fujita’s [PdeLs]"** hexagonal prism.™*®! Ethylenediamine auxiliary ligands are coloured
orange and encapsulated triphenylene molecules coloured yellow and shown in space-filling
mode for clarity; (b) Stang’s [Pd,L;]** metallo-rectangle.”* The dppf auxiliary and iron(l1)

centre of the ferrocene moiety are distinguished by colour.

The use of N-heterocyclic carbenes (NHCs) as ligands offers a suitable alternative to
diphosphines.™ Like phosphines, they represent neutral, two-electron donors that are capable
of forming strong coordination bonds to a metal centre. NHCs are generated from the
corresponding imidazolium or dihydroimidazolium salts, through deprotonation or otherwise,
and are not usually isolated."¥ The 1,3-nitrogen substitution within the heterocycle
electronically stabilises the carbenic centre through o-withdrawal and n-donation. Induction of
n-electron density into the carbon p, orbital forces the carbenic lone pair to occupy the sp?
orbital, where they adopt the singlet state.® This n-induction is so strong that the NHC may be
described as being carbanionic, with pseudo-zwitterionic resonance character. Consequently,
they are extremely strong c-donors with relatively low m-acidity, and therefore do not readily
partake in synergistic back-bonding when bound to a metal centre. Although free carbenes may
be highly sensitive to both water and oxygen mediated degradation, ?!! their complexes are often
uncommonly stable. As a direct result of their high kinetic stability, a wide range of silver(l),
copper(l), palladium(ll), ruthenium(ll) and iridium(1/111) complexes have been prepared.®
Much of the research focus in metal-NHC complexes is in catalysis,?®! where they have been
found to facilitate the transformation of many organic substrates, such as in olefin metathesis

using the archetypal Hoveyda-Grubbs 2™ generation catalyst and its analogues. "

Despite their wide-ranging application, metal complexes of NHCs have not been widely
exemplified as supramolecular metallo-tectons, despite their suitability to the role.?™ The strong
o-donating ability of the NHC induces a trans-labilising effect at the metal centre which should
therefore facilitate the self-assembly of ligands into a supramolecular complex. Common
examples of NHCs in supramolecular self-assembly employ the NHC as a metallo-ligand,

which undergo self-complexation or aggregation to afford a superstructure.”® For example,

197



Reek and co-workers have prepared a heterotopic silver(l)-NHC complex, appended with a 3-
pyridyl donor moiety, which undergoes self-polymerisation to afford a variety of coordination
polymers, Figure 6.2.1%"]

S 4 P S P y p
LN Q¢ N =
—\\‘q —\\‘q —|\‘q — ‘a
v \ ’ \ \
3 X 5 )

! %
A A y A y A y
[/ s [ A [
= ® ® » p D
“ - p - N p -
U J J

Figure 6.2 The 1D coordination polymer prepared by Reek and co-workers.?” Silver centres
are displayed as yellow spheres and aromatic interactions between ligands indicated by hashed,
red lines. The up-bridging chloride ligands and one NHC ligand are coloured orange and green,

respectively.

There is, however, only one example which utilises a metallated NHC as a supramolecular
tecton, in the formation of a [M4L,]*" molecular square, where L = 4,4’-bipyridine and tetra-N-
substituted benzo-bis-benzimidazolium.® Hahn and co-workers have illustrated that the
metallation of the benzo-bis-benzimidazolium salt with nickelocene affords a bis-carbene
bridged binuclear metal complex which, following halide abstraction with silver(l)
hexafluorophosphate and subsequent treatment with 4,4’-bypyridine, yields the [MjL4]*
molecular square complex, Scheme 6.1. This is a rather elegant example that combines

traditional organometallic chemistry with supramolecular self-assembly.

Scheme 6.1 Preparation of the [M4L4]** molecular square complex by Hahn and co-workers.!
Nickel(1l) centres are shown as blue spheres and encapsulated acetone molecules displayed in
yellow and in space-filling mode.
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It was envisaged that suitably prefunctionalised bis-(NHC) ligands may offer an attractive
alternative to other commonplace auxiliaries, such as ethylenediamine and related diphosphines,
in the construction of well-defined and stable [MsL,]™ metallo-cryptophanes with suitable 4-
pyridyl-functionalised CTVs, such as ligand 4.6.

6.2 Preparation of novel bis-(NHC)-palladium(l1) metallo-tectons

The precursor 1,1°-methylenebis-1H-imidazole (6.1) was prepared according to adapted
procedures developed by Diez-Barra and co-workers, Scheme 6.2.”%¥ The substitution of
dibromomethane with the imidazolide nucleophile, generated from the deprotonation of 1H-
imidazole with hydroxide base, afforded 6.1 in high yield. The reaction did not proceed with
dichloromethane electrophile, and the phase-transfer reagent tetra-n-butylammonium bromide
(TBAB) was necessary in facilitating the reaction between the immiscible aqueous imidazolide

and dibromomethane. The 'H NMR spectrum of 6.1 is given below as reference in Figure 6.3a.

Compound 6.1 is easily N-substituted, which allows access to a range of functionalised metallo-
tectons. The importance of functionalised ancillary ligands has been noted by Fujita and co-
workers in tailoring the host-guest properties of [PdsL,]*** octahedral coordination cages, where
L = 2,4,6-tris(4-pyridyl)triazine.®” They demonstrated that the size and relative hydrophobicity

of the cage cavity could be controlled by manipulating the sterics at the palladium(ll) centre.

Thus, compound 6.1 was used to prepare the N-functionalised bis-imidazolium salts, 1,1'-
methylenebis(3-benzyl-1H-imidazolium)bromide (6.2) and 1,1'-methylenebis(3-(naphthalen-2-
ylmethyl)-1H-imidazolium)bromide (6.3), Scheme 6.2.

N N
NN CH5Bry, Bu4NBr‘ @ Ii) MeCN, A ﬁ//\NAN/\\ﬁ ;
\=/ H,0, NaOH \-N._NZ BnBr =\ g
6.1, 71% 6.2, 88%
MeCN, A
Nap-Br OO
RONTN
N 2Br-

QO 6.3, 77%

Scheme 6.2 The preparation of N-substituted bis-imidazolium salts 6.2 and 6.3.

Compound 6.1 was treated with two equivalents of benzyl bromide (6.2) BY or 2-

chloromethylnaphthalene (6.3) in acetonitrile at reflux to afford the polar salts in 88 and 77%
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isolated yields, respectively. Compounds 6.2 and 6.3 precipitated from solution with time and

required elevated temperatures and extended reaction times to ensure disubstitution.

Their formation was supported through solution-phase and solid state analysis and concordant
with the proposed structures. Most notable were their characteristic *"H NMR spectra which
displayed the strongly deshielded imidazolium protons of 6.2 and 6.3 at 9.64 and 9.69 ppm,
respectively. The *H NMR spectrum of compound 6.3 is given below in Figure 6.3b. Moreover,
formation of the imidazolium salts were evidenced by mass spectrometry, which highlighted the
mass peaks (m/z) 409.1017 and 429.2157 for {6.2-Br}" and {6.3-2Br-H}", respectively.

The bis-imidazolium salts 6.2 and 6.3 were subsequently metallated at the C2 position to afford
1,1'-methylenebis(3-benzyl-imidazol-2-ylidene)palladium(ll) ~ bromide (6.4) and 1,1-
methylenebis(3-(naphthalen-2-ylmethyl)-imidazol-2-ylidene)palladium(Il) bromide (6.5). The
use of palladium(ll) acetate in acetonitrile at reflux drives a ligand-assisted C-H activation
pathway,? which proceeds through either a four- (TSa) or six-membered ring (TSb) transition
state, Scheme 6.3.5°! Glorius, Fagnou and Sanford have each postulated that the mechanism is
both associative and concerted, where abstraction of the imidazolium proton (pK, range of 21-
24) is facilitated by the acetate ligand (pK., of acetic acid is 4.8) at the palladium(i1) centre.*
Proton abstraction occurs simultaneously with palladium(ll) insertion, which is supported by an
agostic interaction from the C-H o-bond. The cycle is redox neutral and driven by the formation
of acetic acid (HOAC).

6.5, 98%

Scheme 6.3 The proposed ligand-assisted C-H activation pathway to compounds 6.4 and 6.5.

The formation of compounds 6.4 and 6.5 was evidenced by mass spectrometry and 'H NMR
spectroscopy and their purity and composition confirmed through combustion analysis and
infrared spectroscopy. The electrospray mass spectra of DMSO solutions of 6.4 and 6.5
highlighted the mass peaks (m/z) 515.0061 and 613.0218, which corresponded to {6.4-Br}" and

{6.5-Br}", respectively. Loss of the imidazolium proton was noted for both 6.4 and 6.5,
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alongside the generation of diastereotopic protons for the now inequivalent protons of the 1,1°-
methylene bridge, as observed in their '"H NMR spectra. This is suggestive of restricted rotation
of the bis-(NHC) ligand about the palladium(ll) centre and arises due to a decrease in molecular
symmetry as planarity is lost. The "H NMR spectrum of 6.5 is given below in Figure 6.3c.

Compounds 6.4 and 6.5 were subsequently treated with silver(l) tetrafluoroborate (BF,) in
acetonitrile solvent to generate the corresponding acetonitrile adducts 1,1'-methylenebis(3-
benzyl-imidazol-2-ylidene)palladium(ll) tetrafluoroborate (6.6) and 1,1'-methylenebis(3-
(naphthalen-2-ylmethyl)-imidazol-2-ylidene)palladium(ll) tetrafluoroborate (6.7), Scheme 6.4.
The abstraction of halide ligands from a metal centre to generate a supramolecular synthon is

well exemplified  and driven by the formation of highly insoluble silver(l) halide salt.

Br\ Br \\ ///

AgBF, N N 2(BF
"MeCN, A RN T UNR
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@ r@ ~ﬁ ave
Q/N N\) 2(BF,) Q:( N\) 2(BF,)

6.6, 88% 6.7, 98%

Scheme 6.4 The preparation of acetonitrile adducts 6.6 and 6.7.

The mass peaks (m/z) 461.0832 and 268.0592 noted in the mass spectra were attributable to
{6.6(CN)-2(BF,)}" and {6.7-2(BF,)}*, respectively, displaying that both species lose the
weakly coordinating BF, anions prior to detection. The *H NMR spectra of 6.6 and 6.7 were
similar to the parent bromide complexes, with the diastereotopic resonances of the 1,1°-
methylene protons being retained, with minor chemical shift changes. The proton NMR
spectrum of compound 6.7 is given in Figure 6.3d. The purity of 6.6 and 6.7 was confirmed
through combustion analysis and composition determined by infrared spectroscopy. The latter
being particularly diagnostic, highlighting the inclusion of both tetrafluoroborate anion and
acetonitrile ligand into the bulk solid, with the characteristic B-F and CN bond stretches at 1050

and 2330 cm™, respectively.
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Figure 6.3 Interpreted "H NMR spectra evidencing the step-wise preparation of metallo-tecton
6.7. Spectral traces correspond to compounds 6.1 (a), 6.3 (b), 6.5 (c) and 6.7 (d). All spectra
were acquired in ds-DMSO solvent.

Single crystals of 6.6 were grown from the diffusion of diethyl ether vapours into an acetonitrile
(MeCN) solution of the compound and isolated as large, pale yellow blocks. The structure
solved in the orthorhombic space group Pna2; to display the asymmetric unit as a single
molecule of 6.6, [Pd(NHC)(MeCN),]-2(BF,), where NHC = bis-(NHC) ligand, Figure 6.4.

As predicted by 'H NMR spectroscopy, the bis-(NHC) ligand is cis-coordinated to the
palladium(ll) centre and deviates from planarity due to steric restrictions. The Pd(Il)
coordination environment is approximately square planar and features a somewhat constricted
C-Pd-C coordination angle of 83.4(4) © and C-Pd bond lengths at 1.968(6) and 1.964(8) A. As a

result, the 1,1’-methylene linker remains unstrained, with a N-C-N” angle of 108.6(5) °.

The acetonitrile ligands are mutually cis, with a N-Pd-N bond angle of 88.3(3) ° and N-Pd bond
lengths of 2.068(6) and 2.092(6) A. Selected bond metrics for 6.6 are displayed below in Table
6.1. The two benzyl arms of 6.6 are orientated orthogonally to one another and the
tetrafluoroborate (BF,) anions display close associations, but do not interact with, the cationic
[PA(NHC)(MeCN),]** unit, Figure 6.4. The extended lattice features close-packed molecules of

6.6 that are not supported by intermolecular interactions.
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Figure 6.4 The crystal structure of 6.6, displaying the asymmetric unit. Anisotropic
displacement parameters are shown at 40% probability and one BF, anion displays two-fold
molecular disorder. Fluorine atoms are refined isotropically.

Pd(1)-C(1) 1.968(6) N(5)-Pd(L)-N(6) 88.3(3)
Pd(1)-C(5) 1.964(8) C(1)-Pd(1)-N(5) 93.4(3)
Pd(1)-N(5) 2.068(6) C(1)-Pd(1)-N(6) 176.8(3)
Pd(1)-N(6) 2.092(6) C(5)-Pd(1)-N(6) 94.9(3)

C(1)-Pd(1)-C(5) 83.4(4) C(5)-Pd(1)-N(5) 173.6(2)

Table 6.1 Selected bond lengths (A) and angles (°) from the crystal structure of 6.6

Single crystals of 6.7 were grown as described for 6.6 and analysed by single crystal diffraction
methods. A structure was obtained in the monoclinic space group P2:/n to display the
asymmetric unit as [PA(NHC)(MeCN).]-2(BF4)-(MeCN), Figure 6.5.

The palladium(ll) coordination environment is again distorted square planar and the bis-(NHC)
ligand is cis-coordinated with a C-Pd-C coordination angle of 83.8(2) °. The Pd-C bond lengths
are 1.975(6) and 1.974(6) A and the 1,1’-methylene linker remains unstrained with a N-C-N’
bond angle of 107.3(8) °. Additional bond metrics for 6.7 are given in Table 6.2.

The naphthyl ligand arms are in the same approximate orientation and each display two-fold
molecular disorder, Figure 6.5. There are no supramolecular interactions within the
[Pd(NHC)(MeCN),]** cationic unit, nor between it and the two BF, anions or additional
acetonitrile solvent molecule, despite their close proximity. The extended lattice is supported by
aromatic interactions, where individual naphthyl arms form n-7m interactions with centroid
separation of 3.60 A. There are additional n-H interactions between the same naphthyl arm and
proximal proton of a bound acetonitrile ligand of a neighbouring 6.7 molecule, with C-

H---centroid separation of 2.43 A.
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Figure 6.5 The crystal structure of 6.7, displaying the cationic portion of the asymmetric unit.
Anisotropic displacement parameters are shown at 35% probability and both BF, anions have
been omitted for clarity. The naphthyl ligand arms are refined isotropically and their positional

disorder is distinguished by colour.

Pd(1)-C(1) 1.975(6) N(5)-Pd(L)-N(6) 87.7(2)
Pd(1)-C(5) 1.974(6) C(1)-Pd(1)-N(5) 92.9(2)
Pd(1)-N(5) 2.070(5) C(1)-Pd(1)-N(6) 173.7(2)
Pd(1)-N(6) 2.072(5) C(5)-Pd(1)-N(6) 95.3(2)

C(1)-Pd(1)-C(5) 83.8(2) C(5)-Pd(1)-N(5) 177.2(2)

Table 6.2 Selected bond lengths (A) and angles (°) from the crystal structure of 6.7

The bis-(NHC)-Pd(Il) metal complexes 6.6 and 6.7 were observed to be highly stable to both
oxygen, water and other polar, coordinating solvents at reflux, with no degradation or
dissociation of the bis-(NHC) ligand from the palladium(ll) centre. Their high levels of kinetic
stability and increased solubility highlight their suitability as metallo-tectons for supramolecular
self-assembly. Moreover, the strong c-donating ability of the bis-(NHC) ligand and installation
of labile and mutually cis acetonitrile ligands should facilitate the self-assembly towards a

single, predetermined product — the [MsL,]™ metallo-cryptophane.

Tectons 6.6 and 6.7 were designed to further facilitate the self-assembly to the desired metallo-
cryptophane through complementary aromatic interactions of the electron rich benzyl (6.6) and
naphthyl (6.7) functions and the electron poor pyridine-ester moiety of ligand 4.6 upon

coordination to the palladium(l1) metal centre.
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6.3 Nanometer-sized [MsL,]"" metallo-cryptophanes of Csp-symmetry

The metallo-tectons 6.6 and 6.7 were used to prepare stable metallo-cryptophanes with
solubilised ligand 4.6, Scheme 6.5. The resultant complexes were of higher solubility than
expected and were successfully and quantitatively prepared in nitromethane (MeNO,) solvent.
Only partial self-assembly was observed in dimethylsulfoxide (DMSO), acetonitrile (MeCN) or
N,N’-dimethylformamide (DMF) solvents, which is likely to coincide with their ability to act as
competing ligands.

7\

_ N2

(o]
N/l \:0\~oo o] O»CN
QWJOOL MeNO,
4.6

P® = bis-(NHC)-Pd(l)

Scheme 6.5 The preparation of stable [MsL,]™ metallo-cryptophanes using solubilised ligand
4.6 and novel bis-(NHC)-Pd(Il) supramolecular tectons 6.6 and 6.7.

The reaction of ligand 4.6 and metallo-tecton 6.6 in nitromethane solvent saw quantitative
formation of metallo-cryptophane [Pd3(NHC)3(4.6),]-6(BF4)-n(MeNO,), where NHC = bis-
(NHC) ligand, complex 6.8.

The electrospray mass spectrum of the complex mixture supported metallo-cryptophane
formation, where the mass peaks (m/z) 1024.8, 1329.4 and 1633.4 were each identified and
attributed to the species {[Pd(NHC)(4.6),]}*", {[Pd.(NHC),(4.6),]-2(BF,)}** and
{[Pd3(NHC)3(4.6),]-4(BF4)}**, respectively. There were no observable changes to the mass
spectra of complex 6.8 over any reasonable timescale, nor was there evidence for further

equilibration or degradation during this time.

The formation of complex 6.8 was also evidenced in solution through various ‘H NMR
experiments, recorded in ds-MeNO, solvent. Subtle coordination-induced shifts were observed
for the pyridyl ortho-proton, which shifted downfield from 8.85 to 9.06 ppm. More
interestingly, were the pyridyl meta-protons which shifted upfield from 7.97 to 7.78 ppm,
Figure 6.6. This is not typical behaviour,® and supports the hypothesis of additional
stabilisation through aromatic interactions, where the pyridyl protons of ligand 4.6 are shielded

as a direct result of constructive m-overlap from the benzyl moiety of tecton 6.6.

205



A significant broadening and desymmetrisation of ligand 4.6 and tecton 6.6 resonances was
observed, which perhaps indicates the presence of both syn- and anti-cryptophane
diastereomeric forms in solution, although not in equal (~ 35:65) proportions, Figure 6.6.
However, as both the syn- (achiral, Cs,) and anti- (chiral, D;) diastereoisomers would each
possess a minimum of molecular Cs-symmetry, it is impossible to assign the stereochemistry

without further experiments.
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Figure 6.6 Interpreted 'H NMR spectra displaying the formation of complex 6.8 (black trace, c)
from the self-assembly of ligand 4.6 (red trace, b) and metallo-tecton 6.6 (blue trace, a) in ds-
MeNO, solvent.

There were no further changes to the *H NMR spectrum of complex 6.8 with time, suggesting
that the two diastereoisomers are similar in energy and in an equilibrium which slightly favours
one particular stereoisomer over the other, as indicated by the 35:65 ratio of corresponding
resonances. Another interpretation of this desymmetrisation could be due to incomplete self-
assembly to the metallo-cryptophane or the existence of other ligand-tecton adducts, although

the author believes this to be improbable.*”

The formation of complex 6.8 was further supported by 2D nuclear Overhauser effect
spectroscopy (NOESY). The coordination of tecton 6.6 by ligand 4.6 was confirmed by the
strong nOe’s between the benzylic and pyridyl ortho-protons at 5.42 and 9.06 ppm,

respectively, Figure 6.7. Furthermore, the strong nOe’s observed between the benzyl protons of
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tecton 6.6 and both the pyridyl and tribenzo[a,d,g]cyclononatriene protons of ligand 4.6 are
indicative of an overlap of the benzyl and pyridyl =-surfaces, Figure 6.7.

e L
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Figure 6.7 Interpreted 2D NOESY spectrum of complex 6.8, noting the strong nOe’s between
ortho-pyridyl and benzylic protons (i) and between the benzyl and
tribenzo[a,d,g]cyclononatriene protons (ii). Spectrum recorded in ds-MeNO..

All attempts to gain crystals suitable for single crystal diffraction analysis were unsuccessful;
nevertheless, a microcrystalline solid was obtained from the diffusion of diethyl ether vapours
into a solution of complex 6.8 in nitromethane solvent and analysed in the solid state by
combustion analysis and infrared spectroscopy. Combustion analysis was consistent with the
suggested composition of [Pd3(NHC)s(4.6),]-6(BF,)-(MeNO,)-(H,0) and the IR spectrum
highlighted the characteristic B-F bond stretch at 1056 cm™, confirming the inclusion of the
tetrafluoroborate anion into the bulk solid. Furthermore, there was no evidence for acetonitrile

in the IR spectrum, confirming its successful displacement from the metal centre.

It was envisaged that the larger aromatic surface of naphthylated tecton 6.7 would allow for a
stronger donor-acceptor interaction with the electron poor n-surface of ligand 4.6. It was also
assumed that this would further stabilise the metallo-cryptophane and allow for its structural

elucidation, crystallographically.
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The reaction of ligand 4.6 with naphthylated tecton 6.7 in nitromethane solvent afforded the
metallo-cryptophane [Pd3(NHC)3(4.6),]-6(BF4)-n(MeNO,), where L = bis-(NHC) ligand,
complex 6.9. Complex 6.9 was observed in the gas phase by electrospray mass spectrometry,
where the mass peaks (m/z) 848.2383, 1159.9853 and 1783.4759 were observed and each
attributed to the species {[Pds(NHC)s(4.6),]-2(BF4)}**, {[Pds(NHC)s(4.6),]-3(BF4)}** and
{[Pd3(NHC)3(4.6),]-4(BF4)}**, respectively. Again, the mass spectra procured were independent
of time and complex 6.9 was observed to be stable over the four month period that followed.

The solution-phase chemistry of complex 6.9 was somewhat dissimilar to complex 6.8. Whilst
the metallo-cryptophane was observed to form rapidly, quantitatively and not undergo further
equilibration, the resonances observed in its *H NMR spectrum were well-resolved and

indicative of only one cage diastereoisomer in solution, Figure 6.8.

o || b
e JLU R TV |

3.5 2.5 1.5 0.5

5.5 4.5
Chemical Shift (ppm)

Figure 6.8 Interpreted 'H NMR spectra evidencing the formation of complex 6.9 (black trace, c)
from the self-assembly of ligand 4.6 (red trace, b) and metallo-tecton 6.7 (blue trace, a) in ds-
MeNO, solvent.

The chemical shift of the pyridine ortho-proton remained relatively unchanged, whilst the
pyridyl meta-proton was shifted upfield from 7.99 to 7.41 ppm. This significant shielding is
strong evidence for solution-phase aromatic interaction between the electron poor and electron
rich m-surfaces of ligand 4.6 and tecton 6.7, respectively. The 2D NOESY spectrum of complex

6.9 provides incontrovertible evidence for such an interaction, with strong nOe’s observed
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between the naphthyl H® and H’ protons of tecton 6.7 and the exo-proton of the
tribenzo[a,d,g]cyclononatriene ligand core at 7.56 and 4.95 ppm, respectively.

This aromatic interaction can be envisaged as a ‘supramolecular embrace’, where the naphthyl
arms of tecton 6.7 wrap around the edges of the metallo-cryptophane to effectively lock it into a
single conformation. The formation of a single diastereoisomer and a distinct set of well-defined
cage resonances is testament to this interaction, which results in a stable and relatively static
cage complex. Variable temperature '"H NMR measurements indicated that this ‘embrace’ is
relatively strong, with the diastereotopic naphthylic resonances at 5.64 and 5.42 ppm remaining

unchanged up to 80 °C, with no evidence for its dissociation.

The use of donor-acceptor aromatic interactions “® between electron rich and electron poor -
surfaces is well exemplified in the literature and has been used to construct various catenanes,
rotaxanes and other host-guest complexes, particularly by Stoddart and co-workers.™"
Similarly, donor-acceptor chemistry has been utilised by Nitschke and Sanders in the
construction of a polycatenated tetrahedral assembly, where the interaction between electron
rich crown ether and electron poor naphthalenediimide (NDI) drives assembly of the catenated
struts.“” More recently, the employment of n-cations and r-radicals (radical cations) in
supramolecular chemistry has allowed for the realisation of the ‘pimer’.[41] Molecular
recognition using ‘pimerisation’ has allowed for the preparation of mechanically-interlocked
and electronically-frustrated compounds for application in switching, sensing and in the
preparation of compounds which exhibit room-temperature ferroelectricity.[*?

Formation of the metallo-cryptophane was corroborated by diffusion-ordered NMR
spectroscopy (DOSY), which indicated the presence of a single large species in solution with a
diffusion constant (Dcage) Of 2.406 X 10° m%™. Based on the diffusion coefficient of ligand 4.6,
4549 x 10" m%?, a Dcage:Diigana ratio of 0.53:1 was established which, through the Stokes-
Einstein relationship, was estimated to give a hydrodynamic radius (r) of 14.4 A, which is

slightly smaller, but consistent, with the proposed size of the cage complex.

Single crystals were grown by diffusing diethyl ether vapours into a nitromethane solution of
complex 6.9 and isolated as small, yellow needles. The crystals were weakly diffracting and
multiple data collections, utilising both synchrotron and conventional X-ray sources, were
necessary to obtain data of sufficient resolution. The structure was solved in the hexagonal
space group P6s/m to display the asymmetric unit as one third of a molecule of ligand 4.6 and
half a molecule of tecton 6.7, alongside two molecules of nitromethane solvent and three

partially occupied tetrafluoroborate anions, Figure 6.9.
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The bond metrics of the bis-(NHC) ligand are relatively unchanged from those determined for
complex 6.7, above, with the C-Pd-C bond lengths and angles measured at 1.975(11) A and
84.0(7) °, respectively. Complex formation affords no evidence for molecular strain within the
bis-(NHC) ligand and the N-C-N’ bond angle of 106.5(9) ° is maintained. The pyridyl N-Pd
bond lengths were measured at 2.113 A, which is slightly lengthened from the ~ 2.0 A recorded
for palladium(ll) complexes featuring only ligand 4.6,"*! and in accordance with the trans-
labilising effects of the bis-(NHC) ligand. The N-Pd-N coordination angle is also somewhat
expanded at 98.4(9) ° which likely arises due to an inflexibility of the coordinating 4.6 ligand.
Selected bond metrics for complex 6.9 are given in Table 6.3.

Figure 6.9 From the crystal structure of complex 6.9, displaying part of the asymmetric unit.
Aside from all fluorine atoms of the BF, anions and propyl y-carbon, all anisotropic
displacement parameters are set at 35% probability.

Pd(1)-C(18) 1.975(11) N(1)-Pd(1)-C(18") 169.2(6)
Pd(1)-N(L) 2.110(11) C(18)-Pd(1)-C(18") 84.0(7)
N(1)-Pd(L)-C(18) 88.3(6) N(1)-Pd(1)-N(1") 98.4(9)

Table 6.3 Selected bond lengths (A) and angles (°) from the crystal structure of complex 6.9

Symmetry expansion of the asymmetric unit affords the metallo-cryptophane,
[Pd3(NHC)5(4.6),]-6(BF4)-2(MeNO,), which is comprised of two 4.6 ligands in a head-to-head
orientation that are mutually cis-coordinated to the three, symmetry-generated 6.6 tectons,
Figure 6.10. The inter-metallic Pd---Pd distances were measured to be 16.29 A which affords
static cage dimensions of 17.91 x 23.86 A, as measured between the basal protons of ligand 4.6

and the outermost naphthylic protons of tecton 6.7, respectively.

The tetrafluoroborate anions form electrostatic associations with the palladium(ll) centres at

Pd---F separations 3.18 and 3.30 A, through second-sphere interactions. There is evidence for
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hydrogen bonding between a tetrafluoroborate anion and the backbone protons of the bis-(NHC)
ligand, with F---C-H separation of 2.216 A. Furthermore, and as expected, the naphthyl arms of
tecton 6.7 form face-to-face aromatic interactions with the pyridyl-ester moiety of ligand 4.6
with centroid separation of 3.50 A.

The 2 nm [Pds(NHC)4(4.6),]°" cage is achiral and comprised of both P and M ligand
enantiomers. Thus, this syn-diastereoisomer has perfect molecular Cg,-symmetry and is
optically inactive, Figure 6.10b. Examination of the crystal structure indicates why the syn-
[Pd3(NHC)5(4.6),]°* metallo-cryptophane is formed as the sole product, as the anti-
diastereoisomer would result in significant torsional strain of the pyridyl-ester bond and would
not allow for the aromatic interactions between ligand 4.6 and naphthyl moiety of tecton 6.7.

Figure 6.10 From the crystal structure of complex 6.9. The 2 nm syn-[Pds(NHC)3(4.6),]%*
metallo-cryptophane as viewed from the side (a), indicating the large and well-defined internal
cavity and the ‘naphthyl embrace’; and above (b), highlighting the Cs-symmetry. The
cryptophane is displayed in space-filling mode and the ligand and bis-(NHC) ligand are
distinguished in pale blue and green, respectively. Nitromethane solvent and BF, anions are
omitted for clarity.

It was possible to retrofit the '"H NMR and NOESY spectral analysis based on crystallographic
observations. The formation of a single set of well-defined resonances can be attributed to the
formation of a single (syn) diasterecisomer, based on the inaccessibility of the anti-
diastereomeric form. It can therefore be assumed that a racemic mixture of ligand 4.6 is
necessary in affording a [Pds(NHC)5(4.6),]°" metallo-cryptophane and that such complexes will
be inaccessible from an optically resolved ligand. Likewise, the strong nOe’s observed in the
NOESY spectrum for the terminal naphthyl protons and the exo-protons of the
tribenzo[a,d,g]cyclononatriene core can be attributed to the ‘supramolecular embrace’ between

interacting aromatics, Figure 6.11a.
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To verify, the sample was redissolved in ds-MeNO, and the '"H NMR spectrum re-recorded,
where an identical spectrum, as can be seen in Figure 6.8c, was obtained. This suggests that the
solution-phase and solid state configurations of the syn-[Pd;(NHC)s(4.6),]°* metallo-
cryptophane are identical.

The syn-[Pds(NHC)s(4.6),]°* metallo-cryptophane possesses a well-defined and hydrophobic
internal cavity with a calculated static volume of 697 A® Figure 6.11b. Whilst there were no
solvent molecules crystallographically located within the cavity, the nitromethane and diethyl
ether solvents are considered to be too disordered to be detected. Based on the packing
considerations proposed by Rebek and Mecozzi,* for a non-polar guest to form strong
interactions with a host it must occupy 55% of its internal volume. This phenomenon holds true
only if the host-guest formation is only supported by van der Waals interactions.** Therefore,
and according to these considerations, the ideal volume of hydrophobic guest for encapsulation
would be 383 A3, The hosting abilities of such syn-[Pds(NHC)s(4.6),]°* cages will form the

basis of discussion in the latter sections of this chapter.

nOe
V™

(b)

Figure 6.11 (a) From the crystal structure of complex 6.9, evidencing the solution-phase
interactions based on crystallographic observations. Aromatic interactions between naphthyl
moiety and pyridine-ester are shown as red, hashed lines and the arrows between the pink
protons highlight the nOe’s that can only be afforded in this particular cryptophane
conformation. The chiral descriptors M and P denote the relative chirality of each 4.6 ligand.
(b) Green mesh depicting the 697 A® well-defined internal volume of the cryptophane, as
calculated using SwissPDB-viewer.!®!

Despite their large, external n-surfaces, there are no aromatic interactions between individual
syn-[Pds(NHC)3(4.6),]°* metallo-cryptophanes in the extended lattice. Rather, the lattice is
supported by extensive hydrogen bonding between BF, anions and the H* protons of six,

symmetry-generated bis-(NHC) ligands, Figure 6.12. Although unexpected, there is literature
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precedent to indicate that imidazolium salts do interact with tetrafluoroborate anions as both
[47]

ionic liquids and crystalline materials through F---H-C hydrogen bonding.
The symmetry-generated F---H-C interactions were recorded at 2.216 A and occur from a
superposition of two individual BF, anions, where each anion affords three hydrogen bonds to
the proximal H* protons of tecton 6.6. This pseudo-cubic disorder is likely imposed by the
lattice as six equal hydrogen bonds cannot be formed from a single tetrahedral anion alone.
Despite the high crystallographic symmetry, each anion position has a distorted tetrahedral
geometry and displays an F-B-F bond angle of 104.6(5) °. Likewise, the B-F bond lengths are
highly dissimilar at 1.365(12) and 1.53(2) A. The lengthening of the B-F bonds occurs axially
and from those which do not act as hydrogen bond acceptors.

Figure 6.12 From the crystal structure of complex 6.9, depicting the hydrogen bonding between
cubically-distorted BF,” anion and H* protons of the bis-(NHC) ligand (a). Individual
orientations of the superposition are also shown (b and c). The F---H-C Interactions are
displayed as green and blue hashed lines and correspond to the individual anion positions.

The employment of tetrafluoroborate (BF4) anion is critical for structural elucidation of the syn-
[Pd3(NHC)s(4.6),]°* metallo-cryptophane. Use of hexafluorophosphate (PFs) and nitrate (NO5)
anions did not afford crystals of the complex, which is to be expected given that neither can
support six simultaneous hydrogen bonds, irrespective of their relative orientation. However, in
spite of their geometrical suitability, the use perchlorate (ClO,) and perrhenate (ReOy4) counter
anions also inhibited crystallisation of the complex. Given their comparable size, the selectively
for BF, is likely due to the more electronegative fluorine atom being a stronger hydrogen bond

acceptor.

Whilst the tetrafluoroborate anion is generally regarded as an ‘innocent’ and non-coordinating
anion, the selectivity for the BF, anion in the formation of complex 6.9 and the extent of
hydrogen bonding within the lattice suggests a possible anion templation mechanism. Although
not as pronounced as effect as is observed for other anions, such as chloride or nitrate,“® the

templating ability of the tetrafluoroborate anion has been noted in the formation of metallo-
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supramolecular assembles, such as Ward’s [CosLg]® and Custelcean’s [ZnyLe]®* tetrahedra.*!

Template directed syntheses allow for the predictable and controlled construction of highly
complex architectures. Particularly notable accounts include Leigh’s pentafoil knot and
Nitschke’s pentagonal prism, each of which are only accessible when using chloride anions as
the active template.”™® Anion templation in metallo-supramolecular chemistry has been the basis

of a recent and extensive review by Custelcean. ™"

The aforementioned F---H-C intermolecular interactions propagate the syn-[Pds(NHC)3(4.6),]%"
metallo-cryptophanes two-dimensionally in the crystallographic ab plane. This results in a
network of linked cages, where the individual [Pds(NHC)s(4.6),]°" cage cavities represent
periodic voids within a lattice that are linked at the cage windows by smaller, interstitial voids,
Figure 6.13.

Figure 6.13 From the crystal structure of complex 6.9 depicting the ‘networked cages’ as
viewed down the crystallographic a-axis. Individual syn-[Pds(NHC)3(4.6),]®" metallo-
cryptophanes are distinguished by colour and displayed in space-filling mode.

Such ‘networked cages’ represent a class of crystalline compounds where the hosting abilities of
the molecular components are transferred to the bulk solid.®? For this to be achieved the
individual molecular components, be they cages or otherwise, must be arranged coherently as to
allow the transport of guests through the crystalline solid, so that the cavities of the molecular
cages can be readily accessed.™ Their properties are analogous to many porous coordination
polymers and they therefore exhibit similar chemical behaviour.

12+

Examples include Fujita’s [PdsL4]™" octahedral assemblies, where L = tris(4-pyridyl)triazine,
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which crystallise to allow access to the cage cavities by interconnected cage windows.™" Single
crystals of the networked cage have been shown to uptake fullerenes and other small organic
guests from solution by simple diffusion, with no degradation to the cage network. Likewise,
Cooper and co-workers have selectively crystallised their small, organic cages to create porous

networks with application in gas storage and small molecule separations.*®

The interstitial void spaces between the cages contain the nitromethane solvent molecules and
there are no solvent molecules located within the cage cavity. However, thermogravimetric
analysis (TGA) indicates a step-wise mass loss of 13.5% up to 230 °C which corresponds to
three additional molecules of nitromethane solvent, per cage, that could not be located
crystallographically. This level of solvation is in accordance with the calculated void space
within the lattice and consistent with the combustion analysis obtained. Finally, the composition
of complex 6.9 was supported by infrared spectroscopy, which highlighted the inclusion of

tetrafluoroborate anion into the crystal lattice with B-F bond stretch at 1062 cm™.
6.4 A general route for the preparation of [Pd;(NHC)3(L),]*" metallo-cryptophanes

Contrary to previous statements, the preparation of stable [MsL,]"" metallo-cryptophanes is
actually rather general and can be achieved with a wide range of 4-pyridyl-derived CTVs,
irrespective of solubility or sterics, provided that naphthylated tecton 6.7 is employed. The
ability of tecton 6.7 to facilitate self-assembly whilst simultaneously increasing the solubility
and stability of the resultant complex has allowed for a ‘family’ of [Pds(NHC)s(L)-]®* metallo-
cryptophanes to be prepared, Figure 6.14.

To prove the concept, ligands 2.8, 6.10 and 6.11 were each prepared and reacted with tecton 6.7
under conditions analogous to those described for complex 6.9; where, in each case, the desired
[Pd3s(NHC)s(L),]®* metallo-cryptophane was generated both rapidly and quantitatively. It is
important to note that each ligand differs from ligand 4.6 in at least one way which should
prevent the formation of [Pds(NHC)s(L),]®" metallo-cryptophanes, given that there was no
evidence, fleeting or otherwise, for the formation of [M3L,]™ metallo-cryptophanes from their

self-assembly with other cis-protected metallo-tectons, such as Pd(en)(NO3)..

Ligand 2.8 was prepared according to syntheses described in Chapter 2 of this thesis and differs
from ligand 4.6 only in its upper-rim alkoxy substitution and thus its solubility, particularly in
nitromethane solvent. Ligands 6.10 and 6.11 were each prepared according to literature
procedures, through reaction of CTG (4.6) with 2-methyl-isonicotinoylchloride hydrochloride
(6.10) ! and 4-chloromethylquinoline (6.11),1*") respectively. Each was obtained as a racemic

mixture in high yields and the corresponding analyses consistent with the literature. Ligand 6.10
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is both relatively insoluble and sterically encumbering, owing to the methyl moiety sited ortho
to the pyridyl nitrogen, and ligand 6.11 is both conformationally flexible and sterically
demanding due to the ethereally-linked 4-quinalyl donor.

Nevertheless, the independent reactions of ligands 2.8, 6.10 and 6.11 and tecton 6.7 in
nitromethane  solvent afforded the metallo-cryptophanes [Pd3(NHC);(2.8),]-6(BF,),
[Pd3(NHC)4(6.10),]-6(BFs) and [Pd3(NHC);(6.11),]-6(BF,), complexes 6.12, 6.13 and 6.14
respectively. Their formation was evidenced in the gas phase by electrospray mass
spectrometry, where the species {[Pd3(NHC)3(2.8),]}"" {[Pds(NHC)3(6.10);]}"" and
{[Pd3(NHC)3(6.11),]}"* were each identified. For example, the mass peaks (m/z) 860.4655,
1175.6625 and 1807.4992 were observed in the mass spectrum of complex 6.14 and attributed
to the species {[Pds(NHC)s(6.11),]-2(BF)}*", {[Pds(NHC)s(6.11),]-3(BF,)}*" and
{[Pd3(NHC)3(6.11),]-4(BF)}**, respectively. It is clear that the added flexibility, insolubility
and increased steric bulk of ligand 4.11 do not impede the formation of complex 6.14, despite

the disparity from ligand 4.6. Similar mass spectra were also obtained for 6.12 and 6.13.

The 'H NMR spectra of complexes 6.12-6.14 were recorded in ds-MeNO, and were comparable
to the spectrum of complex 6.9. Again, subtle coordination-induced shifts were observed and
the spectra were symptomatic for the presence of a single diastereoisomer in solution. Likewise,
the corresponding NOESY spectra supported metallo-cryptophane formation and the expected

nOe¢’s between ligand and tecton were observed for all examples.

In order to display the generality of [Pds(NHC)s(L),]®" formation, complexes 6.12-6.14 were
each prepared in bulk (> 100 mg) and precipitated quantitatively from a nitromethane solution
using  diethyl  ether solvent. The bulk powders each analysed for
[Pd3(NHC)5(L),]-6(BF,)-n(MeNO,) and their compositions were supported by infrared
spectroscopy, which highlighted the B-F bond stretch of the tetrafluoroborate (BF4) anions at
1050 cm™. The subsequent dissolution of complexes 6.12-6.14 in ds-MeNO, generated identical
'H NMR and mass spectra to those obtained from the initial self-assembly, indicating no
changes to their speciation or composition. Single crystals of each complex were grown as

described for complex 6.9 and analysed crystallographically using a synchrotron X-ray source.

Complexes 6.12-6.14 crystallised in the hexagonal grace group P6s/m with identical unit cell
parameters (hexagonal: a,b = 24.7, ¢ = 20.1 A; a,p = 90, y = 120 ©) as for complex 6.9, above,
and display analogous bond metrics and interactions within their crystal structures. Symmetry
expansion generates the three structurally analogous and achiral metallo-cryptophanes, Figure
6.13. Despite their molecular differences, each ligand adopts an identical conformation within

the complex that generates the syn-[Pd;(NHC)3(L).] metallo-cryptophane, with no exception.
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Figure 6.14 The ‘family’ of syn-[Pds(NHC)3(L).]** metallo-cryptophanes prepared from the
self-assembly of 4-pyridyl-derived CTV ligands 2.8, 6.10 and 6.11 and tecton 6.7. The
corresponding metallo-cryptophanes 6.12, 6.13 and 6.14 are shown in space-filling mode and
the structural differences of ligand and cage distinguished in pink.

6.5 The host-guest chemistry of networked-cage ‘crystalline sponges’

In spite of possessing a well-defined and suitably hydrophobic internal cavity, complex 6.9 was
not observed to form host-guest complexes in solution. Typical guests, including a variety of
hydrocarbons and conjugated aromatics, ferrocenes and carboranes were systematically trialled,

yet there was no evidence of guest binding by 'H NMR spectroscopy or mass spectrometry.

The reason for which may lie in the similar hydrophobicity of the interior and exterior of the
[Pds(NHC)5(4.6),]°* cage complex. Despite having a net positive charge, the interior and
exterior are both relatively non-polar which affords a high solubility in nitromethane solvent.
However, it also eliminates the driving force for guest encapsulation, as the small and non-polar
guests are equally solubilised by the bulk solution as they are inside the cage cavity.®® To
overcome this, and to drive the equilibrium towards the formation of a host-guest complex, the
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construction of a water-soluble analogue would be advantageous, as the solvophobic nature of
the guests would facilitate their encapsulation.™®

Another contributing factor is the incommensurate volume of the [Pds(NHC)s(4.6)-]°* metallo-
cryptophane cavity (697 A®) to that of the molecular volume of guests trialled. It has been noted
that the specificity of guest to host, with respect to both size and geometry, must be perfect for
encapsulation to occur.®™ However, to the best of the author’s knowledge, there are no globular
guests with a molecular volume of 383 A® and so the ideal packing coefficient which would

result in the formation of meaningful host-guest interactions cannot be achieved.

Nevertheless, complex 6.9 represents a remarkably stable and potentially porous crystalline
lattice of infinitely linked [Pds(NHC)3(4.6),]®" metallo-cryptophanes with which to uptake and
bind guests. Thus, the solvent 1,2-dichlorobenzene was chosen as a suitable guest with which to
examine the exchange properties of complex 6.9. It was predicted that the relative
hydrophobicity of the liquid would facilitate diffusion through the crystalline lattice and that the
1,2-substitution of heavy chlorine atoms would allow for its location in the difference map.®"
Similarly, complexes of CTV and organically-linked cryptophanes have each demonstrated an
affinity for chlorinated guests, such as dichloromethane and chloroform, due to the formation of

strong host-guest interactions with the electron-rich tribenzo[a,d,g]cyclononatriene core.’®?

Suitable single crystals of complex 6.9 were isolated, submerged in 1,2-dichlorobenzene and
allowed to equilibrate for two weeks, during which time they yellowed. The crystals were
isolated from the mother liquor and structurally characterised by X-ray diffraction analysis
using a synchrotron source. The unit cell parameters remained unchanged from those of
complex 6.9, confirming that the crystal lattice had neither degraded nor undergone a structural
reorganisation. Thus, if guest uptake had occurred, it must have proceeded via molecular

diffusion through the crystal lattice.

The structure solved in the hexagonal space group P6s/m to confirm the uptake of 1,2-
dichlorobenzene by the crystal. The asymmetric unit was the same as observed for complex 6.9,
in addition to half a molecule of 1,2-dichlorobenzene which is sited on a crystallographic mirror
plane, Figure 6.15. The bond metrics are unchanged from those in complex 6.9 and the 1,2-
dichlorobenzene guest molecule forms no interaction with either the cage framework or

tetrafluoroborate anions.

Symmetry  expansion  generates the  metallo-cryptophane  exclusion  complex,
[Pd3(NHC);(4.6),]-6(BF;)c3(1,2-DCB), complex 6.15. Whilst the 1,2-dichlorobenzene

molecules must access the metallo-cryptophane voids in order to diffuse through the crystal
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lattice, there are no solvent molecules located within the syn-[Pds(NHC)5(4.6),]°" cavity. Rather,
the solvent molecules are sited within the small, hydrophaobic interstitial sites between the cages,
Figure 6.14. The interactions between guest and lattice are through weak London dispersion
forces only, yet the high binding specificity allows for their structural elucidation.

Figure 6.15 From the crystal structure of exclusion complex 6.15. The individual syn-
[Pd3(NHC)3(4.6),] <3(1,2-DCB) cages as viewed from the side (a) and from above (b). The
1,2-dichlorobenzene molecules are shown in space-filling mode and distinguished by colour,

with only one disordered position shown. The two-fold molecular disorder of 1,2-
dichlorobenzene present within the crystal lattice is also shown (c). The networked-cages, as
viewed down the crystallographic c-axis, with and without 1,2-dichlorobenzene guest are shown
as reference (d and e).
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Crystals of complex 6.15 were isolated and washed thoroughly with diethyl ether before being
subjected to thermogravimetric analysis (TGA) and energy-dispersive X-ray spectroscopy
(EDX) to quantify the 1,2-dichlorobenzene uptake. The TGA analyses of complexes 6.15 and
6.9 were compared and each displayed a net mass loss of 16% up to 250 °C, after which they
degraded. However, up to 175 °C, complexes 6.15 and 6.9 indicated mass losses of 7 and 13%,
respectively, which is consistent with the higher boiling point 1,2-dichlorobenzene (180.5 °C)
not being removed until heating past 210 °C. The EDX spectra of complex 6.15 were consistent
with the model obtained from the crystal structure and analysed for three molecules of 1,2-
dichlorobenzene per [Pds(NHC)s(4.6),]®" metallo-cryptophane unit. The two independent
crystals probed each analysed for a 4.94 and 5.73% mass of chlorine, which is concordant with
the calculated value of 5.09%.

The observations made from TGA and EDX analyses were validated by solution-phase
measurements. The crystals of complex 6.15 were redissolved in d;-MeNO, and the '"H NMR
spectrum recorded, indicating the presence of 1,2-dichlorobenzene in the complex mixture by
the additional two resonances at 7.57 and 7.34 ppm, Figure 6.16. The relative integrations of
guest to cage were determined and consistent with there being three to four molecules of 1,2-

dichlorobenzene per [Pds(NHC)(4.6),]°" metallo-cryptophane unit.
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Figure 6.16 Interpreted "H NMR spectra evidencing the formation of exclusion complex 6.15
(red trace, b) from the uptake of 1,2-dichlorobenzene (blue trace, a) by complex 6.9 (black
trace, c) in d;-MeNO; solvent.
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The ability to exchange lattice guests whilst retaining crystallinity is an attractive feature of the
networked cages and indicates their suitability for the potential uptake of other molecular
guests. Similar solvent exchange phenomena have been reported by Barbour and co-workers,
where a porous lattice of metallocycles which crystallises with two molecules of acetonitrile
solvent within its molecular cavity can undergo a single-crystal-to-single-crystal (SCTSC)

solvent exchange for acetone, chloroform and toluene solvents.

This builds on the seminal research by Atwood and colleagues in the field of porous molecular
crystals, particularly of those containing derivatives of the molecular host calix[4]arene. It was
found that by controlling the crystallisation of the para-sulfonatocalix[4]arene> anion they
could engineer void spaces within the lattice, owing to the anti-parallel bilayers of molecular
host within the crystal lattice.®™ They later realised that freshly sublimed crystals of para-
tertiarybutylcalix[4]arene possessed small, interstitial voids of 235 A® within the crystal
lattice.® Whilst the crystals were classically non-porous, they could uptake vinyl bromide by
cooperative van der Waals confinement, where the lattice underwent a SCTSC expansion to
allow for the diffusion of guest into the voids within. This was later extended by Barbour and
Atwood to various liquid and gaseous chlorofluorocarbons (CFCs, or ‘Freons’),’™ methane !
and even hydrogen,’® evidencing that there can indeed be “porosity without pores”.'"” There
has since been a number of reviews detailing the engineering of porosity in molecular crystals
and their SCTSC uptake of guests.["™

The uptake of 1,2-dichlorobenzene described above for complex 6.15 is more in keeping with
the chemistry of Fujita’s ‘crystalline sponges’.** Whilst they are not strictly molecular crystals,
and are instead ‘cage-type’ cavities that are linked in 3D, they display similar properties to the
metallo-cryptophane complex 6.15. It was observed that in a crystal with two possible binding
sites, simple size exclusion could be used to control the binding of guests. They observed that
smaller guests such as tetrathiafulvalene (TTF) would occupy the comparatively smaller cage
cavity, whereas the larger fullerene guests were too large to pass through the cage pores and so
were crystallographically located within the channels between them. They went on to exemplify
this phenomenon with the uptake of various chiral small molecules and even the natural
products Santonin and Miyakosyne A.P! Therefore, by confinement within a crystalline lattice,
they were able to determine the structures of compounds that are extremely reluctant to
crystallise themselves. The SCTSC uptake of guests remains relatively rare and is normally

reserved for robust polymeric materials and not discrete, molecular entities.["?

It was predicted that the substrate scope for SCTSC guest uptake by complex 6.9 could be
extended to larger halogenated compounds, globular guests and even the molecular halogens.

However, complex 6.9 is only accessible on small scales due to the synthetic difficulty in
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preparing ligand 4.6. Thus, the structurally analogous metallo-cryptophane
[Pd3(NHC)5(2.8).]-6(BF4), complex 6.12, was chosen as a suitable replacement. As discussed
above, complex 6.12 is readily prepared in large quantities (> 100 mg) and its behaviour is
almost indistinguishable from complex 6.9, particularly in the solid state.

Molecular iodine (I;) was chosen as a suitable guest due to its hydrophobicity and relatively
large molecular volume. The encapsulation of iodine is an area of interest in radiochemistry,
where its incarceration into a crystalline network is thought to prevent the radioactive
degradation of I to ®Xe by p-decay.l™! There is a literature precedent for the uptake of
molecular iodine by crystalline materials; however, the vast majority of these examples are not
analysed using single crystal diffraction analysis and are instead subject to gas sorption
isotherms and powder X-ray diffraction measurements.™ Conversely, Barbour and co-workers
have successfully used single crystal diffraction analysis to demonstrate how a molecular crystal
of copper(ll)-containing metallocycles will uptake molecular iodine when the crystals are
subjected to an atmosphere of gaseous iodine vapours.l’™ Over a 24 hour period the crystals

turned from green to brown, providing visual evidence for guest uptake.

It was believed that crystals of complex 6.12 would display similar hosting behaviour to those
described by Barbour, and that the hydrophobic bowl of the tribenzo[a,d,g]cyclononatriene core
of ligand 2.8 would provide a suitable binding platform for the iodine guests. Portions of the
work presented herein have been conducted in collaboration with MChem student Scott E.

Chambers and the resultant data are included for sake of completeness.

Suitable single crystals of complex 6.12 were placed in a vial containing an ethereal solution of
iodine and allowed to equilibrate for one week, during which time they turned from colourless
to brown. The crystals were isolated from the mother liquor and analysed by single crystal
diffraction measurements to determine whether the colour change was due to iodine uptake or
simply a surface effect. The unit cell parameters were consistent with those of complex 6.12 and
there was no evidence for sample degradation. The structure solved in the hexagonal space
group P63/m to display the asymmetric unit as that determined for complex 6.12, in addition to

three crystallographic sites of molecular iodine, Figure 6.17a.

Symmetry  expansion affords  the metallo-cryptophane inclusion complex
[Pd3(NHC)5(2.8),]-6(BFs)cn(ly), complex 6.16. The bond metrics of the metallo-cryptophane
remain unchanged from the parent complex 6.12 and there are no close contacts between the
iodine molecules and the syn-[Pds(NHC)3(2.8)-]°* metallo-cryptophane. The iodine positions

within the asymmetric unit were refined with partial occupancies and the 1(2)-1(3) and 1(4)-1(5)
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bond lengths recorded at 2.71(3) and 2.82(2) A, respectively. Such values are consistent with
the experimental bond length of molecular iodine at 2.72 A.

As predicted, inclusion phenomena were observed for the networked [Pds(NHC)s(2.8),]%"
metallo-cryptophanes. Twelve partially occupied, disordered and symmetry related iodine
positions were generated, per cage cavity, from the two unique iodine molecules of the
asymmetric unit. One crystallographically unique iodine molecule forms host-guest interactions
with the tribenzo[a,d,g]cyclononatriene core at I---C(phenyl) separation 3.77 A, Figure 6.17b.
This close van der Waals separation is comparable to the intermolecular Xe---C(phenyl)
separation of 3.86 A reported by Taratula and co-workers and in accordance with the slightly
larger atomic radius of xenon over iodine.” The short intermolecular distance observed is
indicative of guest recognition and related to the balance of steric repulsion and favourable
induced dipole interaction. In spite of guest inclusion, an accurate packing coefficient of guest
to host could not be determined due to the aforementioned disorder and variable site occupancy

of the iodine molecules.

I(3)

I5) 14

Figure 6.17 From the crystal structure of inclusion complex 6.16, displaying part of the
asymmetric unit (a). Other than the three sites of I,, all anisotropic displacement parameters
are set at 35% probability. Host-guest behaviour in the metallo-cryptophane unit
[Pds(NHC)5(2.8),] 2(1,) is shown (b), where the 1, molecules are displayed in space-filling
mode and in one disordered position for the sake of clarity.

The third lattice position of iodine is realised upon symmetry expansion of the
[Pd;(NHC)5(2.8),]*" cage network and is non-covalently bound in the small, interstitial sites
between the cages, Figure 6.18. It is sited on a 63-rotation axis and disordered equally over
three positions with an I-1 bond length of 2.509(13). This decreased bond length likely arises

due to positional disorder with a nitromethane molecule which is sited on the same lattice
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position but at lesser proportions. Halogen bonding interactions are evident between the
disordered iodine molecule and a proximal tetrafluoroborate anion, with B-F---1 separation of
2.53 A. This is shorter than the sum of their van der Waals radii but in agreement with the
studies of Metrangelo and Resnati, who have employed prefunctionalised halogen bond
acceptor/donors to construct various supramolecular architectures.™ Although parent complex
6.12 contains a large proportion of free lattice space, inclusion complex 6.16 does not, with the
molecular iodine filling the available pores. This is particularly apparent when viewing the
extended lattice down the crystallographic c-axis, which appropriately illustrates the SCTSC
guest uptake, Figure 6.18.

Figure 6.18 From the crystal structure of inclusion complex 6.16, displaying the distribution of
molecular iodine throughout the crystal lattice, as viewed down the crystallographic c-axis. The
descriptor ‘A’ is to indicate the three-fold molecular disorder of iodine within the smaller, meso
sites between individual cages. All BF, anions and omitted and one [Pds(NHC)3(2.8),]%*
metallo-cryptophane unit is coloured orange for clarity. The iodine molecules are shown in
purple and displayed in space-filling mode.

Crystals of complex 6.16 were isolated and washed throughly with diethyl ether before being
subjected to EDX analysis. Each crystal analysed for a relative 23.68% mass of iodine, which is
consistent with there being 4-5 molecules of 1, per [Pds(NHC)s(2.8),]°* metallo-cryptophane

unit (calc. 23.39%). This is in agreement with the crystal structure model, in which the total

number of iodine molecules was refined to be approximately five, per cage.
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Given the stability of parent complex 6.12 and the ability of iodine to readily sublime under
vacuum, gas phase SCTSC uptake studies were undertaken. Suitable crystals of complex 6.12
were isolated and placed in a sealed vessel alongside iodine solid. The sample was evacuated at
room temperature to activate the crystals of complex 6.12, with no amorphisation observed.
Following, an atmosphere of gaseous iodine was introduced and the vessel returned to a positive
pressure, during which time the crystals immediately turned from colourless to brown as iodine
uptake occurred. All analyses gained authenticated the SCTSC uptake of gaseous iodine and
were in agreement with the data obtained from the solution-phase experiments for complex
6.16. Furthermore, optical microscopy images were obtained of the sample both before and after

iodine exposure to provide visual evidence for successful iodine uptake, Figure 6.19.

(a) -=====a (b)

Figure 6.19 Optical microscopy images displaying the before (complex 6.12, a) and after
(inclusion complex 6.16, b) results of the single-crystal-to-single-crystal (SCTSC) uptake of
iodine vapours.

The crystals of complex 6.12 highlight remarkable stability to both heat and vacuum, with no
loss of crystallinity observed during the evacuation/uptake cycles. Currently, surface area
measurements and gas sorption isotherms are being studied in collaboration with researchers at
the University of Liverpool, where it is predicted that other relatively non-polar gases will

reversibly and hysteretically adsorb to the hydrophobic interior of the networked cages.
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6.6 Conclusions and future work

A route towards the rational design and preparation of stable [Pds(NHC)s(L)2]** metallo-
cryptophanes has finally been realised, employing novel bis-(NHC)-Pd(Il) supramolecular
tectons over the conventional cis-protected metal salts. As far the author is aware, these are the
first metallo-supramolecular cages that have been prepared that utilise classical organometallic
chemistry and supramolecular syntheses. The functionalised bis-(NHC) ligands prepared were
observed to both facilitate the formation of the metallo-cryptophane and afford further

stabilisation through complementary aromatic interactions.

The [Pds(NHC)3(L),]** metallo-cryptophanes were crystallographically elucidated and observed
to possess an internal, hydrophobic internal cavity of ~ 700 A®. Such species represent the first
reported examples of metallo-cryptophanes which possess a stable and well-defined internal
cavity which is free from either interpenetration or interdigitation. Furthermore, the directing
nature of the bis-(NHC)-Pd(Il) supramolecular tectons has provided a general synthetic
procedure for the preparation of a ‘family’ of structurally analogous Syn-[Pds(NHC)s(L),]®"

metallo-cryptophanes.

The solution phase host-guest chemistry of the [Pds(NHC)s(L),]** metallo-cryptophanes was
somewhat impeded by their solubility and the incommensurate cavity volume to that of the
guests trialled. Nevertheless, a highly robust crystallinity allowed for guest inclusion by single-
crystal-to-single-crystal (SCTSC) uptake. Such inclusion phenomena were tolerated by both
liquids and gases, including 1,2-dichlorobenzene and molecular iodine. This is unprecedented
behaviour for cyclotriveratrylenes (CTVs) and remains particularly rare for discrete metallo-

supramolecular cages, in general.

Future work is to be focussed towards molecular separations and catalysis, whereby the
selective uptake of two molecules into the confines of the cage cavity may alter a given reaction
pathway or allow for the enablement of unusual reactivity, akin to that of an enzyme.
Additionally, the ability for the crystalline material to take up gaseous guests without degrading
highlights potential in gas storage, where it would be hoped that gas sorption isotherms would
show hysteretic behaviour with gases such as methane, carbon dioxide and xenon. Further work
should be focussed towards the preparation of water soluble metallo-cryptophanes as a way to
promote guest binding in the solution phase. This could be achieved either by synthesising a
metallo-tecton bearing highly polar groups, such as sulfate or polyethyleneglycol, or by
increasing the number of polar groups on the ligand core. A water solubilised metallo-
cryptophane would enable the selective encapsulation of non-polar or hydrophobic guests by

virtue of the hydrophobic effect, which cannot be exploited in other laboratory solvents.
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6.7 Experimental

Ligands 2.8 and 4.6 were prepared according to procedures listed in Chapters 2 and 4 of this
thesis, respectively, and ligands 6.10 and 6.11 were synthesised in reference to literature
procedures.®®*" All ligands were employed as racemic mixtures for the coordination studies
listed herein.

6.7.1 Instrumentation

NMR spectra were recorded by automated procedures on a Bruker Avance 500 or DPX 300
MHz NMR spectrometer. All deuterated solvents were purchased from Euriso-top. All *H and
BC{*H} spectra were referenced relative to an internal standard. High resolution DOSY and
ROESY 'H NMR spectra were recorded in collaboration with Dr. Julie Fisher of the University
of Leeds. High resolution electrospray mass spectra (ESI-MS) were measured on a Bruker
MicroTOF-Q or Bruker MaXis Impact spectrometer in either positive or negative ion mode by
Ms. Tanya Marinko-Covell of the University of Leeds Mass Spectrometry Service and Dr Stuart
L. Warriner of the University of Leeds. Low resolution mass spectra were recorded on an open-
access Bruker Micromass LCT spectrometer with simultaneous HPLC using an
acetonitrile/water eluent and sodium formate calibrant. FT-IR spectra were recorded as solid
phase samples on a Perkin-Elmer Spectrum One spectrophotometer. Samples for microanalysis
were dried under vacuum before analysis and the elemental composition determined by Mr lan
Blakeley of the University of Leeds Microanalytical Service using a Carlo Erba elemental
analyser MOD 1106 spectrometer. Thermogravimetric and energy dispersive X-ray analyses
were performed by experimental officer Dr. Algy Kazlauciunas of the University of Leeds
Colour Science department. Optical microscopy images were obtained in collaboration with

Professor Fiona Meldrum and Dr Alexander Kulak of the University of Leeds.

Crystals were mounted under inert oil on a MiTeGen tip and flash frozen to 150(1) K using an
Oxford Cryosystems cryostream low temperature device. X-ray diffraction data were collected
using graphite-monochromated Mo-K radiation (4 = 0.71073 A) using a Bruker-Nonius X-8
diffractometer with Apexll detector and FR591 rotating anode generator; or mirror-
monochromated Mo-K (4 = 0.71073 A) or Cu-K radiation (1 = 1.54184 A) using an Agilent
Supernova dual-source diffractometer with Atlas S2 CCD detector and fine-focus sealed tube
generator; or using synchrotron radiation (1 = 0.6889 A) with a Crystal Logic 4-circle Kappa
goniometer and Rigaku Saturn 724 CCD diffractometer at station i19 of Diamond Light Source.
Data were corrected for Lorenztian and polarization effects and absorption corrections were
applied using multi-scan methods. The structures were solved by direct methods using
SHELXS-97 and refined by full-matrix on F? using SHELXL-97, interfaced through the X-seed
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interface.’” Unless otherwise specified, all non-hydrogen atoms were refined as anisotropic,
and hydrogen positions were included at geometrically estimated positions. Molecular graphics
were obtained using POV-RAY through the X-Seed interface.”™ Additional details are given
below and data collections and refinements tabulated below.

6.7.2 Preparation of organic compounds and metal complexes

Synthesis of 1,1°-methylenebis-1H-imidazole (6.1). 1H-imidazole (1.369 g, 20.08 mmol),
potassium hydroxide (2.248 g, 41.05 mmol) and tetra-n-butylammonium bromide (0.1987 g,
0.612 mmol) were suspended in water (1 mL) and dissolved by aid of sonication.
Dibromomethane (1.48 mL, 21.22 mmol) was added dropwise via syringe and the reaction
mixture stirred overnight, during which time a white crystalline precipitate formed. The crude
solid was collected and purified by column chromatography (SiO,, ethyl acetate) to give the title
product as a colourless crystalline solid. Yield 640 mg, 71% (Lit. 66%); HRMS (ES"): m/z
149.0845 {MH}", calculated for C;HgN, 149.0822; 'H NMR (300MHz, ds-DMSO) & (ppm) =
7.92 (s, 2H, H?), 7.39 (s, 2H, H), 6.90 (s, 2H, H*), 6.21 (s, 2H, N-CH,-N"); *C{*H} NMR (75
MHz, ds-DMSO) o6 (ppm) = 137.4, 128.8, 122.8, 51.7. All data are consistent with the

literature.

Synthesis of 1,1'-methylenebis(3-benzyl-1H-imidazolium)bromide (6.2). Compound 6.1
(1.56 g, 10.53 mmol) was dissolved in acetonitrile (100 mL) at 60T and benzyl bromide (2.68
mL, 22.60 mmol) added via syringe. The reaction was stirred overnight, during which time a
white, crystalline solid was afforded. The solid was collected via filtration, washed with a small
portion of acetonitrile (10 mL), diethyl ether (30 mL) and dried in vacuo to yield the title
compound as a white, crystalline solid. Yield 4.15 g, 88 % (Lit. 81 %); M.pt. 278-280 °C (L.it.
nfa); HRMS (ES*): m/z 409.1024 {M-Br}"; calculated for CxH»N4Br 409.1022; 'H NMR
(300MHz, ds-DMSO) & (ppm) = 9.64 (s, 2H, Im-H?), 8.09 (s, 2H, Im-H®), 7.91 (s, 2H, Im-H%),
7.46-7.43 (m, 10H, Bn-H), 6.69 (s, 2H, N-CH,-N"), 5.51 (s, 4H, CH,-Bn); “*C{*H} NMR (75
MHz, dg-DMSO) & (ppm) = 137.7, 134.2, 129.0, 128.9, 128.7, 123.2, 122.5, 58.3, 52.3. All data

are consistent with the literature.!

Synthesis of 1,1'-methylenebis(3-(naphthalen-2-ylmethyl)-1H-imidazolium)bromide (6.3).
Compound 6.1 (1.23 g, 8.321 mmol) was dissolved in acetonitrile (100 mL) at 60 C and 2-
(chloromethyl)naphthalene (4.05 g, 18.31 mmol) added. The reaction was stirred overnight,
during which time a white, crystalline solid was afforded. The solid was collected via filtration,
washed with a small portion of acetonitrile (10 mL), diethyl ether (30 mL) and dried in vacuo to
yield the title compound as a pure-white, crystalline solid. Yield 3.76 g, 77 %; M.pt. > 300 °C;
HRMS (ES*): m/z 429.2 {M-2Br-H}"; calculated for CyHzsN, 429.2157; '"H NMR (300MHz,
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ds-DMSO0) & (ppm) = 9.68 (s, 2H, Im-H?), 8.12 (s, 2H, Im-H°), 8.03 (s, 2H, Im-H*), 7.97 (m,
8H, Nap-H), 7.58 (m, 6H, Nap-H), 6.71 (s, 2H, N-CH,-N"), 5.68 (s, 4H, CH,-Nap); “*C{'"H}
NMR (75 MHz, ds-DMSO) & (ppm) = 137.9, 132.8, 132.7, 131.5, 128.8, 128.0, 127.9, 127.7,
126.9, 126.7, 125.9, 123.3, 122.6, 58.4, 52.5; Analysis for 6.3-0.5(H,0)-0.5(CH;CN) (%
calculated, found) C (57.71, 57.50), H (4.68, 4.30), N (10.09, 10.00); Infrared analysis (FT-IR,
cm™) = 3051, 1573 (w), 1442 (w), 1360 (w), 1151, 861, 758, 620.

Preparation of 1,1'-methylenebis(3-benzyl-imidazol-2-ylidene)palladium(ll) bromide (6.4).
Compound 6.2 (432 mg, 0.881 mmol) and palladium(ll) acetate (201 mg, 0.882 mmol) were
dissolved in acetonitrile (10 mL), under argon. The temperature was increased to 70 °C and the
reaction stirred for 48 hours, during which time the solution bleached and product precipitated.
The white solid was collected via filtration, washed with a small portion of dichloromethane (10
mL), diethyl ether (30 mL) and dried in vacuo to yield the title compound as an off-white solid.
Yield 531 mg, quant. (Lit. 99 %); HRMS (ES®): m/z 461.0832 {M(CN)-2Br}"; calculated for
Ca2H21NsPd 461.0566; *H NMR (300MHz, dg-DMSO) & (ppm) = 7.60 (d, 2H, Im-H°, J = 1.3
Hz), 7.30 (bs, 10H, Bn-H), 7.25 (bs, 2H, Im-H*), 6.35 (g, 2H, CH,-Bn, J = 13.1 Hz), 6.00 (bd,
2H, N-CH,-N’, J = 11.8 Hz), 5.35 (d, 2H, N-CH,-N", J = 14.7 Hz); *C{"H} NMR (75 MHz, d;-
DMSO) & (ppm) = 137.7, 134.2, 129.0, 128.9, 128.7, 123.2, 122.5, 58.3, 52.3. All data are

consistent with the literature.BY

Preparation of 1,1'-methylenebis(3-(naphthalen-2-ylmethyl)-imidazol-2-
ylidene)palladium(ll) bromide (6.5). Compound 6.3 (400 mg, 0.6776 mmol) and
palladium(Il) acetate (152 mg, 0.6776 mmol) were dissolved in acetonitrile (14 mL), under
argon. The temperature was slowly increased to 70°C and the reaction stirred for 48 hours,
during which time the solution bleached and product precipitated. The white solid was collected
via filtration, washed with dichloromethane (10 mL) and dried in vacuo to yield the title
compound as a pale yellow solid. Yield 332 mg, 71 %; M.pt. decomposes > 270C; HRMS
(ES™): m/z 613.0218 {M-Br}"; calculated for CH,.N,PdBr 613.0219; 'H NMR (300MHz, ds-
DMSO0) & (ppm) = 7.85 (bd, 2H, Im-H°, J = 1.8 Hz), 7.79 (dd, 4H, Nap-H, J = 8.6, 4.8 Hz), 7.62
(d, 2H, Im-H*, J = 1.8 Hz), 7.48-7.58 (bm, 6H, Nap-H), 7.29 (bm, 4H, Nap-H), 6.38 (g, 2H, N-
CHx-N’, J = 13.2 Hz), 5.99 (bd, 2H, CH,-Nap, J = 13.8 Hz), 5.53 (d, 2H, CH,-Nap, J = 14.5
Hz); *C{"H} NMR (75 MHz, de-DMSO) & (ppm) = 133.9, 132.6, 132.4, 128.3, 127.7, 127.6,
127.1, 126.5, 126.3, 125.5, 122.1, 122.0, 62.7, 53.6 (carbenic C2 resonance not found); Analysis
for 6.5-0.5(CH3;CN)-0.5(CH,Cl,) (% calculated, found) C (48.34, 48.00), H (3.52, 3.25), N
(8.32, 8.20); Infrared analysis (FT-IR, cm™) = 3089, 1599, 1509 1425, 1235, 1188, 1106, 863,
827, 807, 778, 760, 742, 478.
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Preparation of 1,1'-methylenebis(3-benzyl-imidazol-2-ylidene)palladium(l1)
tetrafluoroborate (6.6). Compound 6.4 (202 mg, 0.339 mmol) and silver(l) tetrafluoroborate
(132 mg, 0.677 mmol) were suspended in acetonitrile (12 mL), under argon and the reaction
mixture protected from light. The temperature was increased to 80T and the reaction mixture
stirred for 18 hours, during which time silver(l) bromide precipitated from solution. The mixture
was filtered through celite, the solvent removed in vacuo and the residue triturated in
dichloromethane to afford the title compound as a white solid, which was collected via
filtration, washed with diethyl ether and dried. Yield 205 mg, 88 %; M.pt. decomposes > 140C;
HRMS (ES"): m/z 461.0832 {M(CN)-2(BF4)}"; calculated for C,H,:NsPd 461.0566; ‘H NMR
(300MHz, d3-MeCN) & (ppm) = 7.51 (d, 2H, Im-H® J = 2.0 Hz), 7.39 (m, 6H, Bn-H**), 7.21
(m, 4H, Bn-H?), 7.11 (d, 2H, Im-H* J = 2.0 Hz), 6.31 (d, 1H, N-CH,-N", J = 13.3 Hz), 6.16 (d,
1H, N-CH,-N", J = 13.3 Hz), 5.39 (dd, 4H, CH,-Bn, J = 15.6, 8.6 Hz); *C{*H} NMR (75 MHz,
ds-MeCN) & (ppm) = 146.8, 135.3, 128.8, 128.2, 127.2, 123.4, 122.6, 62.7, 53.6; Analysis for
6.6-(H,O) (% calculated, found) C (42.38, 42.35), H (3.98, 3.60), N (11.86, 11.75); Infrared
analysis (FT-IR, cm™) = 3143, 2332 (bound CH;CN), 1572, 1438, 1364, 1324, 1248, 1166,
1055 (B-F), 741, 521.

Preparation of 1,1'-methylenebis(3-(naphthalen-2-yImethyl)-imidazol-2-
ylidene)palladium(l1) tetrafluoroborate (6.7). Compound 6.5 (298 mg, 0.4288 mmol) and
silver(l) tetrafluoroborate (167 mg, 0.8576 mmol) were suspended in acetonitrile (12 mL),
under argon and the reaction mixture protected from light. The temperature was increased to
80T and the reaction mixture stirred for 18 hours, during which time silver(l) bromide
precipitated from solution. The mixture was filtered through celite, the solvent removed in
vacuo and the residue triturated in dichloromethane to afford the title compound as a white
solid, which was collected via filtration, washed with dichloromethane and dried. Yield 333 mg,
98 %; M.pt. decomposes > 140 C; HRMS (ES"): m/z 268.0592 {M-2(BF)}**, 560.1 {M(CN)-
2(BF,)}", 579.1 {M(OACc)-2(BF,)}"; calculated for C,gHxsN4Pd 268.0596, C30H24NsPd 560.1067
and C3oH,6N,O,Pd 579.1091, respectively; 'H NMR (300MHz, dg-DMSO) & (ppm) = 7.83 (bm,
6H, Nap-H>"), 7.75 (d, 2H, Im-H® J = 1.9 Hz), 7.63 (d, 2H, Nap-H*, J = 8.5 Hz), 7.56-7.50 (m,
6H, Nap-H), 7.17 (dd, 2H, Nap-H*, J = 8.5, 1.2 Hz), 6.63 (d, 1H, N-CH,-N’, J = 12.7Hz), 6.41
(d, 1H, N-CH,-N’, J = 12.7 Hz), 5.54 (d, 2H, CH,-Nap, J = 14.6 Hz), 5.39 (d, 2H, CH,-Nap, J =
14.8Hz); “C{'H} NMR (75 MHz, ds-DMSO) & (ppm) = 145.0, 132.5, 131.5, 131.3, 127.4,
126.6, 126.5, 125.8, 125.6, 1254, 124.1, 122.2, 122.0, 61.3, 51.5; Analysis for
6.7-(H,0)-0.5(CH,Cl,) (% calculated, found) C (47.27, 46.95), H (3.91, 3.65), N (9.87, 10.10);
Infrared analysis (FT-IR, cm'l) = 3143, 2329 (bound CH3CN), 1431, 1239, 1054 (strong, B-F),
761, 474.
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Preparation of [Pd3(NHC);(4.6),]-6(BF4) (complex 6.8). Tecton 6.7 (64.1 mg, 0.0941 mmol)
was added to a solution of ligand 4.6 (50.1 mg, 0.0627 mmol) in nitromethane (7.15 mL) and
stirred at room temperature for 16 hours, during which time the solution decolourised. The
product was precipitated by the addition of diethyl ether and collected on a sintered frit, washed
with diethyl ether and dried in vacuo to afford complex 6.8 as a pale yellow solid. Yield 92 mg,
93 %; HRMS (ES*): m/z 1024.3 {[Pd(NHC)(6.4),]}*", 1328.4 {[Pd:(NHC),(6.4),]-2(BF)}*,
1633.4 {[Pd3(NHC)3(6.4),]-4(BF4)}**; calculated for 1024.8534, 1329.8927 and 1633.4325,
respectively; "H NMR (300 MHz, ds-MeNO,) & (ppm) = 9.06 (m, 4H, Py-H?), 8.89 (bs, 2H, Py-
H?), 8.07 (bm, 2H, Py-H®), 7.78 (s, 4H, Py-H?%), 7.26 (bm, 15H, Bn-H), 6.83 (m, 4H, N-CH,-N"),
6.58 (m, 2H, N-CH»-N"), 5.40 (bs, 6H, CH»-Bn), 4.96 (bd, 3H, CTG exo-H), 4.11 (m, 6H,
propyl a-H), 3.80 (bm, 3H, CTG endo-H), 1.66 (m, 4H, propyl B-H), 1.28 (m, 2H, propyl -H),
0.87 (m, 6H, propyl y-H), 0.43 (m, 3H, propyl y-H); Analysis for 6.8-(MeNO,)-2(H,0) (%
calculated, found) C (54.31, 54.20), H (4.47, 4.35), N (7.52, 7.20); Infrared analysis (FT-IR, cm
1) = 3124, 2968, 1752, 1615, 1508, 1425, 1278, 1056 (strong, tetrafluoroborate anion), 857, 734,
520.

Preparation of [Pd3(NHC);(4.6),]-6(BF4) (complex 6.9). Tecton 6.7 (73.4 mg, 0.0941 mmol)
was added to a solution of ligand 4.6 (50.1 mg, 0.0627 mmol) in nitromethane (8 mL) and
stirred at room temperature for 16 hours, during which time the solution decolourised. The
product was precipitated by the addition of diethyl ether and collected on a sintered frit, washed
with diethyl ether and dried in vacuo. Yield 113 mg, 98 %; HRMS (ES’): m/z 848.2383
{[Pds(NHC)5(4.6),]-2(BF)}*, 1159.9853 {[Pds(NHC)s(4.6),]-3(BF,)}*" and 1783.4795
{[Pd3(NHC)3(4.6),]-4(BF5)}**; calculated for 848.2209, 1159.9905 and 1783.9812,
respectively; *H NMR (300 MHz, d;-MeNO,) & (ppm) = 8.86 (d, 6H, Py-H? J = 6.5 Hz), 7.84
(d, 3H, Im-H°, J = 1.9 Hz), 7.76 (m, 8H, Nap-H), 7.56 (m, 8H, Nap-H), 7.43 (d, 6H, Py—H3, J=
6.6 Hz), 7.34 (d, 3H, Im-H*, J = 2.0 Hz), 7.18 (s, 3H, CTG Ar-H), 7.14 (s, 5H, Nap-H), 7.04 (s,
3H, CTG Ar-H), 6.59 (d, 3H, N-CH,-N’, J = 13.7 Hz), 5.64 (d, 3H, CH,Ar, J = 17.2 Hz), 5.42
(d, 3H, CH,Ar, J = 17.2 Hz), 4.93 (d, 3H, CTG exo-H, J = 13.6 Hz), 3.93 (q, 4H, propyl a-H, J
=13.6 Hz), 3.80 (m, 5H, propyl a-H and CTG endo-H), 1.77 (m, 1H, propyl B-H), 1.55 (td, 4H,
propyl B-H, J = 14.1, 7.1 Hz), 1.39 (m, 1H, propyl p-H), 1.04 (t, 2H, propyl y-H, J = 7.4 Hz),
0.82 (t, 5H, propyl y-H, J = 7.4 Hz), 0.62 (t, 2H, propyl y-H, J = 7.4 Hz); *C{*H} NMR (75
MHz, d3-MeNO,) & (ppm) = 160.5, 154.4, 151.8, 148.7, 139.4, 132.8, 132.6, 131.5, 128.5,
127.7, 127.6, 126.9, 126.6, 125.4, 124.1, 123.8, 123.7, 123.5, 123.3, 117.7, 115.1, 34.9, 22.1,
9.5; Analysis for 6.9-(H,0)-(MeNO,) (% calculated, found) C (57.85, 57.65), H (4.41, 4.35), N
(6.97, 6.60); Infrared analysis (FT-IR, cm™) = 2970, 1754, 1616, 1506, 1428, 1326, 1279 (s),
1062 (strong, tetrafluoroborate anion), 857, 816, 751, 477.
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Diffusion Ordered (DOSY) NMR (500 MHz, d3-MeNO,): Deompiex = 2.406, Diigang = 4.549x 10
M?s™; Doomptex/Diigana = 0.53:1; Hydrodynamic radius (r) = 14.4 A B

Where; % = 6mnr

D = 0.439x10™°m’s™; Kg = 1.38065x10%J-K™%; T =293.15 K; n = 0.620x10°Pa-s

100
- TGA analysis
™ X 6.
~__ complex 6.9
T 230.65°C 87 51%
T R
~
\\
80 1 \\
\
g \
R ‘\\
=) \
(0}
=< \ .
¥340_68 C 62.06%
N
60 ~
\\\\
\\\
Residue: \\
43.76% ~
0.7628m
40 T ¥ T T ¥ T d T T v T T $ ¥ 9) T
0 100 200 300 400 500
Temperature (°C) Universal V4.

Preparation of [Pd3(NHC)3(2.8),]-6(BF4) (complex 6.12). Tecton 6.7 (73.4 mg, 0.0941 mmol)
was added to a solution of ligand 2.8 (45.3 mg, 0.0627 mmol) in nitromethane (8 mL) and
stirred at room temperature for 16 hours, during which time the solution decolourised. The
product was precipitated by the addition of diethyl ether and collected on a sintered frit, washed
with diethyl ether and dried in vacuo. Yield 104 mg, 96 %; HRMS (ES’): m/z 990.3
{[Pd(NHC)(2.8),]}*, 1345.3 {[Pdx(NHC),(2.8),]-2(BF4)}* and 1132.6
{[Pds(NHC)3(2.8),]-4(BF,)}*"; 990.7752, 1345.8301 and 1132.9237,
respectively; 'H NMR (300 MHz, ds-MeNO,) & (ppm) = 8.91 (d, 6H, Py-H? J = 6.5 Hz), 7.85
(d, 3H, Im-H>, J = 2.0 Hz), 7.75 (m, 8H, Nap-H), 7.54 (m, 8H, Nap-H), 7.46 (d, 6H, Py-H® J =
6.6 Hz), 7.34 (d, 3H, Im-H*, J = 1.9 Hz), 7.20 (s, 3H, CTG Ar-H), 7.15 (s, 3H, CTG Ar-H), 7.04
(m, 5H, Nap-H), 6.61 (d, 3H, N-CH,-N’, J = 13.4 Hz), 5.66 (d, 3H, CH,Ar, J = 16.9 Hz), 5.49
(d, 3H, CH,Ar, J = 16.9 Hz), 4.94 (d, 3H, CTG exo-H, J = 14.3 Hz), 3.89-3.69 (m, 12H, ArO-
CH; and CTG endo-H); Analysis for 6.12-2(H,0)-1.5(MeNO;) (% calculated, found) C (55.71,

calculated for
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55.60), H (4.03, 3.90), N (7.34, 7.00); Infrared analysis (FT-IR, cm™) = 3140, 1751, 1616, 1509,
1424, 1327, 1276, 1058 (strong, tetrafluoroborate anion), 758, 476.

Preparation of [Pd3;(NHC)3(6.10),]-6(BF4) (complex 6.13). Tecton 6.7 (73.4 mg, 0.0941
mmol) was added to a solution of ligand 6.10 (48.0 mg, 0.0627 mmol) in nitromethane (8 mL)
and stirred at room temperature for 16 hours, during which time the solution decolourised. The
product was precipitated by the addition of diethyl ether and collected on a sintered frit, washed
with diethyl ether and dried in vacuo. Yield 108 mg, 99 %; HRMS (ES'): m/z 1032.3226
{[Pd(NHC)(6.10),]-(BF,)}**,  1386.3759  {[Pd(NHC)(6.10)]-(BF,)}* and  1741.4210
{[Pd3(NHC)3(6.10),]-4BF,}*"; calculated for 1032.8221, 1386.3711 and 1741.4325,
respectively; *H NMR (300 MHz, ds-MeNO,) & (ppm) = 9.31 (d, 3H, Py-H? J = 5.9 Hz), 7.98-
7.55 (m, 14 H, overlapping Nap-H and Im-H), 7.45 (s, 3H, Py-H%), 7.36 (s, 3H, Py-H°), 7.31 (m,
8H, Nap-H), 7.20 (s, 3H, CTG Ar-H), 7.16 (s, 3H, CTG Ar-H), 7.10-7.05 (m, 5H, Nap-H), 6.75
(m, 3H, N-CH»-N"), 5.65 (d, 3H, CH,Ar, J = 16.8 Hz), 5.53 (d, 3H, CH,Ar, J = 16.8 Hz), 4.94
(d, 3H, CTG exo-H, J = 14.2 Hz), 3.86 (m, 3H, CTG endo-H), 3.69 (s, 9H, CTG ArO-CH,),
2.93 (s, 9H, Py-CH,); Satisfactory elemental analysis could not be obtained; Infrared analysis
(FT-IR, cm™) = 3624, 3144, 1748, 1621, 1566, 1506, 1428, 1284, 1205, 1065 (strong,
tetrafluoroborate anion), 857, 818, 758.

Preparation of [Pd3(NHC)3(6.11),]-6(BF4) (complex 6.14). Tecton 6.7 (73.4 mg, 0.0941
mmol) was added to a solution of ligand 6.11 (52.2 mg, 0.0627 mmol) in nitromethane (8 mL)
and stirred at room temperature for 16 hours, during which time the solution decolourised. The
product was precipitated by the addition of diethyl ether and collected on a sintered frit, washed
with diethyl ether and dried in vacuo. Yield 120 mg, 99 %; HRMS (ES’): m/z 860.4955
{[Pds(NHC)5(2.11),]-2BF,}*, 1175.6625 {[Pds(NHC)s(2.11),]-3BF,}** and 1807.4992
{[Pd;(NHC)3(2.11),]-4BF,}*"; calculated for 860.4955, 1175.6624 and 1807.4982,
respectively; *H NMR (300 MHz, ds-MeNO,) & (ppm) = 9.80 (s, 3H, Quin-H), 9.54 (s, 3H,
Quin-H), 9.24 (s, 3H, Quin-H), 7.97 (m, 8H, Nap-H), 7.63 (m, 3H, Quin-H), 7.49 (m, 8H, Nap-
H), 7.30 (m, 6H, Quin-H and CTG Ar-H), 7.13 (m, 6H, Quin-H and CTG Ar-H), 6.93 (m, 3H,
N-CH,-N”), 6.46 (bs, 3H, CH,-Quin), 6.24 (bs, 3H, CH,-Quin), 5.91 (bs, 3H, CH,Ar), 5.58 (bs,
3H, CH,Ar), 4.95 (bs, 3H, CTG exo-H), 3.81 (m, 12H, CTG ArO-CH; and endo-H);
Satisfactory elemental analysis could not be obtained; Infrared analysis (FT-IR, cm™) = 3617,
3140, 1596, 1509, 1467, 1263, 1215, 1058 (strong, tetrafluoroborate anion), 853, 815, 762.

Preparation of [Pds(NHC)s(4.6),]-6(BF;)c3(1,2-DCB) (complex 6.15). Single crystals of
complex 6.9 were placed in a vial containing 1,2-dichlorobenzene and allowed to equilibrate for
two weeks, during which time they turned yellow (from colourless). The crystals were isolated

from the mother liquor and analysed using single crystal diffraction analysis using a synchrotron
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source. Thermogravimetric analysis provided below. *H NMR (300 MHz, d5-MeNO,) & (ppm) =
8.86 (d, 6H, Py-H? J = 6.5 Hz), 7.84 (d, 3H, Im-H°, J = 1.9 Hz), 7.76 (m, 8H, Nap-H), 7.59 (dd,
3H, DCB-H? J = 6.0, 3.6 Hz), 7.56 (m, 8H, Nap-H), 7.43 (d, 6H, Py-H*, J = 6.6 Hz), 7.39 (dd,
3H, DCB-H*, J = 6.0, 3.6 Hz), 7.34 (d, 3H, Im-H*, J = 2.0 Hz), 7.18 (s, 3H, CTG Ar-H), 7.14 (s,
5H, Nap-H), 7.04 (s, 3H, CTG Ar-H), 6.59 (d, 3H, N-CH,-N’, J = 13.7 Hz), 5.64 (d, 3H,
CHAr, J =17.2 Hz), 5.42 (d, 3H, CH,Ar, J = 17.2 Hz), 4.93 (d, 3H, CTG exo-H, J = 13.6 Hz),
3.93 (q, 4H, propyl a-H, J = 13.6 Hz), 3.80 (m, 5H, propyl a-H and CTG endo-H), 1.77 (m, 1H,
propyl B-H), 1.55 (td, 4H, propyl B-H, J = 14.1, 7.1 Hz), 1.39 (m, 1H, propyl p-H), 1.04 (t, 2H,
propyl v-H, J = 7.4 Hz), 0.82 (t, SH, propyl y-H, J = 7.4 Hz), 0.62 (t, 2H, propyl y-H, J = 7.4
Hz); EDX analysis for 6.15 (Wt. % calculated, found) = CI (5.09, 5.73), Pd (7.63, 8.13).
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Preparation of [Pd3(NHC);(2.8).]-6(BFs)cn(l,) (complex 6.16). Procedure 1: Single crystals

of complex 6.12 were placed in a vial containing an ethereal solution of iodine and allowed to

equilibrate for one week, during which time they turned from colourless to dark brown.

Procedure 2: Single crystals of complex 6.12 were placed in one side of an H-tube with

molecular iodine in the other. The sample was placed under vacuum and the iodine sublimed

with heating, after which the system was returned to atmospheric pressure and the vessel sealed.

lodine vapours were taken up by the crystals immediately, which turned from colourless to dark

brown. The crystals were isolated and pictures of the sample were taken using an optical

microscope, followed by single crystal X-ray analysis. EDX analysis for 6.15 (Wt. %
calculated, found) = F (9.34, 9.75), Pd (6.54, 9.77), | (23.39, 23.68).
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6.7.3 Supplementary crystallographic information

Compound 6.6 was refined with general ADP similarity restraints (SIMU and DELU) and one
tetrafluoroborate anion was refined as isotropic and over two positions. The naphthyl arms of
6.7 were each refined isotropically and modelled over two positions with a 50:50 occupancy and
the bond lengths of one naphthyl moiety were refined to be chemically reasonable. One
tetrafluoroborate anion was refined isotropically and as disordered and the uncoordinated

acetonitrile solvent molecule was refined isotropically.

Crystals of complexes 6.9, 6.12-6.16 did not diffract to high angles and the SQUEEZE routine
of PLATON was employed for all samples."” Complex 6.9: The pyridyl arm was refined
isotropically and over two molecular positions with a 50:50 occupancy. The y-carbon of the
propyl chain was refined isotropically and the bond lengths restrained to be chemically
reasonable. A nitromethane molecule was refined at half occupancy and isotropically with the

N-C bond length restrained to be chemically reasonable.

Complex 6.12: The methoxy group of ligand 2.8 was modelled as disordered over two positions
at 75:25 occupancies and refined isotropically. One of the corresponding C-O bond lengths was
restrained to be chemically reasonable and anisotropic displacement parameters restrained to be
similar using the EADP command. One of the two nitromethane molecules was refined

isotropically at half occupancy and refined isotropically.

Complex 6.13: One of the three partially occupied BF, anions was modelled as disordered and

none of the anions were refined anisotropically.

Complex 6.14: Crystals did not diffract to high angles and the reflection data were poor. No
BF, anions or nitromethane solvent molecules were located in the difference map and the
naphthyl and 4-quinolyl groups were refined with a rigid body restraint (AFIX66). Only the

palladium(ll) position was refined anisotropically. The structure is not of publishable quality.

Complex 6.15: One BF, anion was refined as disordered across two positions, refined
isotropically and the B-F bond lengths restrained to be chemically reasonable. The propyl
moiety was refined isotropically. The 1,2-dichlorobenzene molecule was sited on, and
disordered across, a mirror plane. The entire unit was refined with a planarity restraint (FLAT)
and isotropically. The nitromethane molecule was modelled as disordered and its thermal

ellipsoid parameters restrained to be similar.

Complex 6.16: Two of the three BF,” anions were refined isotropically and the B-F bond lengths

were restrained to be chemically reasonable. Three water molecules were included in the
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refinement at quarter occupancies. None of the iodine atoms were refined anisotropically and

the bond lengths of the two complete iodine molecules were restrained. All iodine atoms were

refined at partial occupancies and their thermal parameters restrained to be chemically

reasonable.

6.7.4 X-ray data tables for compounds 6.6 and 6.7 and complexes 6.9 and 6.12-6.16

6.6 6.7 6.9° 6.12°
Formula CasH26B2FsNgPd CasH33B2FsN7Pd Ci87H174B6F2aN22026Pds | Ci75H150B6F24N220,6Pd3
Mr 690.54 832.71 3985.54 3817.23
Crystal colour Yellow, block Yellow, block Yellow, needle Yellow, needle
and shape
Crystal size 0.28x0.26 x0.24 | 0.18x0.18x0.16 0.24x0.12x0.12 0.24x0.14x0.14
(mm)
Crystal system Orthorhombic Monoclinic Hexagonal Hexagonal
Space group Pna2; P2,/n P6s/m P63/m
a(A) 11.1200(6) 12.2792(3) 24.6118(19) 24.6185(14)
b (A) 17.3098(9) 14.3456(4) 24.6118(19) 24.6185(14)
c(A) 15.0454(8) 20.8758(6) 20.272(3) 20.3337(12)
a®) 90.00 90.00 90.00 90.00
50O 90.00 69.3210(10) 90.00 90.00
7 () 90.00 90.00 120.00 120.00
v (A% 2896.0(3) 3654.97(17) 10634.4(18) 10672.6(11)
z 4 6 2 2
Peatc (9.cm™%) 1.584 1.578 1.245 1.188
o range (°) 1.79 - 26.48 1.73 - 26.37 3.01-45.00 1.60 -20.17
No. data 11642 20954 10244 56227
collected
No. unique 4898 7458 2988 3862
data
Rint 0.0202 0.0375 0.0531 0.0872
No. obs. Data 4497 5543 2172 2995
(> 20())
No. 331 4216 361 397
parameters
No. restraints 288 17 3 1
R (obs data) 0.0579 0.0730 0.0960 0.1082
WR, (all data) 0.1727 0.2234 0.2935 0.3312
S 1.003 1.531 1.186 1.373

Radiation sources: a (Mo), b (Cu) and ¢ (Synchrotron)
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6.13° 6.14° 6.15° 6.16"
Formula C177H15OBGF24N18018Pd3 C195H16286F24N18012Pd3 CZOZH177BGC|6FZ4N19 Cl7lHl3SBGF24I4.5N 18
0,,Pd3 Oy25Pd3
Mr 3657.21 3789.49 4275 4216.10
Crystal colour Yellow, needle Yellow, needle Yellow, needle Brown, needle
and shape
Crystal size 0.20x0.13x0.13 0.18 x 0.08 x 0.08 0.22x0.15x0.15 0.21x0.14x0.14
(mm)
Crystal system Hexagonal Hexagonal Hexagonal Hexagonal
Space group P6s/m P6s/m P64/m P6s/m
a(d) 25.2100(12) 24.755(15) 24.7360(8) 24.7016(8)
b (A) 25.2100(12) 24.755(15) 24.7360(8) 24.7016(8)
c(A) 20.5293(7) 19.387(16) 20.0595(7) 20.3905(7)
a ) 90.00 90.00 90.00 90.00
50O 90.00 90.00 90.00 90.00
7 () 120.00 120.00 120.00 120.00
Vv (A% 11299.3(9) 10289(12) 10629.4(6) 10774.8(6)
Z 2 2 2 2
Peatc (g.cm™%) 1.075 1.223 1.336 1.330
6 range (°) 0.90 - 26.35 0.92-17.50 1.60-21.25 2.99 -44.99
No. data 95207 34497 64445 14403
collected
No. unique 8523 2492 4459 3029
data
Rint 0.1494 0.4008 0.0878 0.0536
No. obs. Data 5684 1748 3669 208
(I > 20(I))
No. parameters 360 113 395 385
No. restraints 0 0 6 8
R (obs data) 0.1417 0.2920 0.1246 0.1489
WR, (all data) 0.3647 0.5413 0.3509 0.3967
S 1.927 2.348 2.619 2.769

Radiation sources: a (Mo), b (Cu) and ¢ (Synchrotron)
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