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Abstract

Rotaxanes are Mechanically Interlocked Molecules (MIMs) formed by a
dumbbell-shaped axle and a macrocyclic wheel, which cannot be separated without
breaking a covalent bond. Incorporation of rotaxanes into Metal-Organic Frameworks
(MOFs) produces organized, dense solid-state systems. This thesis describes the
synthesis and study of novel [2] and [3]bis(benzimidazolium) rotaxanes, including
shuttling studies and MOF synthesis.

Chapter 1 provides an introduction to MIMs and molecular shuttling, in
solution and solid-state. The idea of incorporating MIMs into MOFs is addressed.

Chapter 2 describes the synthesis of two new rotaxanes as well as preliminary
study of a cucurbit[7]uril [2]pseudorotaxane. Shuttling studies of the [2]rotaxane in
solution were conducted. MOF synthesis incorporating both the [2] and [3]rotaxanes
as linkers and analysis of PXRD patterns to determine the probable structures of the
MOFs. Finally, summary and possible future work are described.

Chapter 3 describes all of the experimental details including the full synthetic
procedure for the preparation of [2] and [3]rotaxanes and relevant characterisation

data.
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Figure 36. Ball-and-stick representations of X-ray crystal Structure of tetraester
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Chapter 1 - Mechanically Interlocked Molecules

1.1 Introduction

Mechanically Interlocked Molecules (MIMs) are of particular interest in
supramolecular chemistry because of the potential to control and manipulate the
relative motions of the component molecules. With the application of external stimuli,
this has been successfully accomplished through the synthesis of molecular shuttles?-
3, molecular switches*-¢ and molecular machines?. Molecular shuttles and molecular
switches contain at least two stables states for which the component molecules can
exists. Molecular machines are defined as molecules that are able to perform

mechanical movement or a net positional displacement.8

1.2 Mechanically Interlocked Molecules

Mechanically interlocked molecules are defined by the inability to separate
component molecules without the breaking of covalent bonds. Some examples of
mechanically interlocked molecules include catenanes, Borromean rings, and
rotaxanes (Figure 1). Their formation is driven primarily by non-covalent interactions

between the component molecules and involves a synthetic ‘trapping’ step.

a) b.)

c)

Figure 1. Schematic diagrams of a.) catenane b.) Borromean rings and c.) rotaxane.



Some of the most prominently studied supramolecular systems are
pseudorotaxanes and rotaxanes. The component molecules of a rotaxane are the
dumbbell-shaped “axle” and macrocyclic “wheel”. Crown ethers are one example of a
macrocyclic wheel used in rotaxane formation. Figure 2 shows two examples of crown
ether wheels, [24]crown-6 and dibenzo-[24]crown-8, which can be abbreviated as
18C6 and DB24C8, respectively. The integer prefix indicates the number of atoms,
including heteroatoms, in the ring and the postfix number indicate the number of

heteroatoms.

(\o o’» O(\o/_\o/))
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Figure 2. a.) [24]-Crown-6-ether wheel b) dibenzo-[24]-crown-8 ether wheel.
The number of components in a rotaxane is designated by a bracketed integer
prefix (e.g. [2]rotaxane). Furthermore the prefix ‘pseudo-‘is used to describe when the

complementary components are interpenetrated or not permanently interlocked but

in equilibrium with their individual components.

1.2.1 Pseudorotaxanes and Rotaxanes

These supramolecular assemblies are of particular interest to chemists because
of the possibility of synthesizing interlocked molecules and coordination polymers
with advanced structural complexity. Pseudorotaxanes are formed through non-

covalent interactions between the axle and the wheel. In a pseudorotaxane, these



components are in equilibrium between the associated and ‘unthreaded’ species. Thus,
the ability to ‘trap’ the macrocyclic wheel to form a rotaxane is necessary to form an
interlocked species.

Figure 3 depicts an example of a [2]pseudorotaxane which is comprised of a
triphenylimidazolium axle and a dibenzo-[24]-crown-8 wheel.? In this example, non-
covalent interactions like hydrogen-bonding, m-stacking, and ion-dipole interactions

allow the axle to ‘thread’ into the wheel to form an interpenetrated species.

hydrogen bonding

ni-Tt stacking

ion-dipole
interactions

Figure 3. Schematic example of a [2]pseudorotaxane showing the non-covalent interactions between the
triphenylimidazolium axle and the benzo crown ether wheel.

In order to form an interlocked rotaxane molecule, the unthreading of the
macrocycle must be prevented with bulky stoppering groups. This can be achieved
through many synthetic methods, however the two most common methods of rotaxane
formation are capping a pseudorotaxane with bulky groups or clipping of the
macrocyclic wheel onto a dumbbell shaped axle.l® In the capping method, a
pseudorotaxane is formed through the threading of the axle and wheel. As seen in
Figure 4a these components are not permanently interlocked and exists in an
equilibrium of associated and non-associated species. This is then followed by

attachment of bulky end groups to form an interlocked species (Figure 4b).
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Figure 4. Schematic diagram showing: a.) [2]pseudorotaxane formation by threading of the axle (blue)
with macrocyclic wheel (red) and b.) capping with bulky stoppering groups (green) to form [2]rotaxane.

Alternatively, in the clipping method an open macrocyclic wheel unit is formed
around a dumbbell shaped axle through a ring closing reaction to form a rotaxane
(Figure 5). This method utilizes template-directed synthesis which requires an
appropriate recognition site for the open wheel component to interact with before ring
closing is performed. Some recognition sites previously studied in the Loeb research
group include a benzyl-anilinium1l, bis(pyridinium)ethanel? and benz(imidazolium)
groups.2 For a crown ether wheel, ring closing metathesis can be conducted using

Grubb’s I catalyst followed by reduction of the olefin.11

Figure 5. Schematic diagram of the clipping method for [2]rotaxane formation. The dumbbell shaped
axle is represented in blue and the macrocycle is in red.



1.3 Molecular Machines

Molecular machines are defined as molecules that are able to perform
mechanical movement or a net positional displacement.® In order to function as a
molecular machine, the manipulation and control of the components is necessary.
Therefore, rotaxanes have become the ideal candidate for the synthesis of molecular
machines because of their interlocked nature and tunability. Furthermore, it has been
demonstrated that the application of external stimuli is able to induce movement of the

macrocycles to function as molecular switches.

1.3.1 Molecular Shuttles and Molecular Switches

The ability to switch between different translational co-conformations has been
successfully accomplished through the synthesis of [2]rotaxanes molecular shuttles.13
This is possible through the presence of two distinct recognition sites between which
the wheel is able to shuttle. If the two recognition sites possess the same binding
affinity to the macrocycle, the sites are degenerate and the ring will spend equal
amounts of time on either site. However, when the recognition sites have different
binding affinities, this introduces the possibility of creating a bistable rotaxane. This
creates binary states of “0” and “1” in which the rotaxane can exist.

In molecular shuttles with degenerate sites, the shuttling rate can be affected
by the interactions between the templating components. For example, in the Loeb
research group a bis(benzimidazolium) axle was able to form molecular shuttles with

two degenerate sites using various crown ether wheels.214



Figure 6 shows a rigid H-shaped [2]rotaxane which was shown to function as
a molecular shuttle containing macrocyclic crown ethers of varying sizes and shapes.
This rotaxane is synthesized through first forming the [2]pseudorotaxane followed by
capping to form the interlocked [2]rotaxane. Determination of association constants of
the pseudorotaxane through variable temperature (VT) INMR studies in CD3CN
showed a correlation between the strength of interaction between the axle and wheel
and yield of rotaxane formation. This is because the stronger the non-covalent
interactions between the complementary components, the larger the barrier required

to break interactions to shuttle from one site to another. 2
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Figure 6. H-shaped bis(benzimidazolium) [2]rotaxane which can function as a molecular shuttle with
different macrocyclic crown ether wheels represented by the red ring. Some of the macrocycles studied
include 24C8, DB24C8 and DN24C8 ether wheels.

Rotaxanes with non-degenerate states can form molecular switches if the
position of the macrocycle is able to be reversibly controlled by a stimulus. The
position of the macrocyclic wheel can be manipulated between co-conformations by

chemical,!5 electrochemicall® or photochemicall7.18 stimuli.
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Figure 7. A bistable [2]rotaxane molecular shuttle. The electro-poor cyclophane marocycle (blue) is able
to shuttle between the benzidine and biphenol stations on the axle (red) through acid-base chemistry.

The first bistable [2]rotaxane switchable molecule shuttle was reported by
Stoddart, Kaifer, and co-workers in 1994. This rotaxane consists of two different -
electron donating stations and a m-accepting tetracationic cyclophane which consists
of two bipyridinium units bridged by p-xylyl spacers. The axle, in red, consists of
benzidine and biphenol units within a polyether chain terminated by bulky tri-
isopropyl siloxane groups as stoppers in green. The position of the wheel can be
switched from one site to another by acid-base chemistry or electrochemical oxidation
of the benzidine station. Figure 7 depicts the shuttling of the wheel with the addition
of acid or base. With the addition of trifluoroacetic acid (TFA) the benzidine site
becomes protonated and causes unfavourable electrostatic repulsion with the
tetracationic wheel and induces shuttling to the biphenol station. The addition of

pyridine deprotonates the benzidine station and reverses the translational movement.



This shuttling movement was studied through 'H NMR spectroscopy and
considerable upfield shifts of the proton environments of the biphenol station were
observed upon addition of deuterated trifluoroacetic acid in comparison to biphenol in
free axle. This is indicative of the shielding effect caused by the shutting of the wheel
to this station. Furthermore, neutralization with pyridine causes a regeneration of the
spectrum obtained before addition of acid. This demonstrates the reversible nature of
the translational motion. The shuttling was also confirmed by room-temperature (RT)
UV /visible spectroscopy. Previously, it had been shown that the benzidine derivative
is able to form a green charge-transfer complex with the cyclophane (Amax = 690 nm),
whereas the biphenol species produces a red complex (Amax = 480 nm). The decrease
in absorption at 690 nm upon the addition of TFA is indicative of the shutting of the
wheel. Moreover, electrochemical oxidation of the benzidine station was studied
through cyclic voltammetry. It showed that the wheel affects the first one-electron
oxidation of the benzidine subunit but not the second because the development of the

positive charge causes the wheel to shuttle to the biphenol station.16



1.4 Metal-Organic Frameworks
1.4.1 Introduction

Metal Organic Frameworks (MOFs) are porous coordination networks formed
by organic ligands and inorganic clusters known as secondary building units (SBUs). 1>
Figure 8 shows archetypal MOFs: MOF-5, the first MOF to use ZnOs4 clusters as SBUs
and benzene dicarboxylate ligands!® and HKUST-1 which utilizes cupric dimers and
benzene-1,3,5-tricarboxylate units as ligands.2?

MOF-5 consists of Zns0(CO2)¢ units which contain four ZnOas tetrahedra that
join at a common vertex and 6 carboxylate carbon atoms that define the octahedral
SBU. The yellow sphere within the centre represents the largest spherical space that
can occupy the unit cell without contacting the other organic molecules. This void
space has been one of the main driving forces for the increased interest in the synthesis
of novel MOF structures. Alternatively, HKUST-1 observes a dicopper(Il)
tetracarboxylate SBU; this type of dinuclear metal cluster is commonly referred to as a

copper “paddle-wheel”. 21 The paddlewheel subunits are dinuclear metal clusters in

Figure 8. Left: MOF-5 structure which shows Zn04 tetrahedra (blue tetrahedral) joined by benzene
dicarboxylate ligands.’® Right: HKUST-1 which consists of dimeric cupric tetracarboxylate units from the
benzene-1,3,5-tricarboxylate and axial aquo ligands.?°



which the two metals are bridged by four carboxylate groups. The aforementioned
SBUs are only 2 of the many of possible building blocks used in the synthesis of MOFs.

Carboxylate frameworks are of particular interest because of the strong metal-
carboxylate interactions. With the knowledge of the structure of SBUs, one can perform
modular chemistry when taking into consideration the ligand coordinating groups and

metals used. 22

1.4.2 Metal Organic Rotaxane Framework

The highly organized and porous structures of MOF can be further modified
with the use of rotaxanes as ligands to form Metal-Organic Rotaxane Frameworks
(MORFs) sometimes called Polyrotaxane Frameworks (PRFs). The use of rotaxanes as
ligands introduces an additional complexity to the ligand used that can be modified in
order to obtain unique topologies. Rotaxanes are also able to form one- two-, or three-
periodic coordination polymers.l®8 Those of particular interest are three-periodic
coordination polymers because of the highly dense material that results.

Loeb and coworkers have demonstrated the tunability of using rotaxanes as
ligands to obtain unique topologies using the [2]pseudorotaxane ligands23-25> shown in

Figure 9.
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Figure 9. a.) Dipyridinium [2]pseudorotaxane threaded with DB24C8, 9a and b.) analogous N-oxide
dibipyridinium [2]pseudorotaxane threaded with DB24C8, 9b.
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Comparable MOF synthesis was conducted with both ligands to observe the
different topologies that resulted when reacted with Cd" under similar conditions. The
bipyridinium pseudorotaxane, 9a, formed a 2D square grid by reacting 2 equivalents
of ligand, 4 equivalents of DB24C8 and 1 equivalent of [Cd(H20)6][BF4]2 in MeNO2. As
shown in Figure 10, we can see the macrocycles alternating orientation in order to
reduce steric interactions with neighbouring macrocycles and maximize -1 stacking
interactions with the axle. The octahedral metal centre is coordinated to 4
pseudorotaxanes to form the 2D grid with the axial positions occupied by H20 and
BF4.2* The analogous N-oxide ligand, 9b, forms a distorted 2D grid which alternates
between pseudorotaxane and ‘naked’ axle (not complexed with crown ether wheel)
depicted in Figure 10b. The metal centre adopts an octahedral geometry with two
pseudorotaxanes and two naked axles in the square plane and two triflate anions in
the axial positions. Furthermore, these 2D grids were observed to layer in a way that

prevented the formation of channels.23

a.)

Figure 10. a.) 2D square grid obtained from reaction of 9a with [Cd(Hz0)s][BF4]2 in MeNO; b.) 2D MORF
obtained from reaction of 9b with [Cd"][OTF]:.

Further studies using 9b with lanthanide metals were also conducted in hopes
of forming 3D polyrotaxane frameworks. It was thought that the increased ligand

length and use of larger lanthanide ions would favour a higher coordination. It was
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shown that the reaction of 9b with Sm!!, Eull, Gd!", and Tb!! results in isomorphous 3D

polyrotaxanes.

Figure 11. 3D polyrotaxane framework formed from reaction of 9b with [Sm!][OTf]s. Left image shows
the framework without macrocycles and right image shows framework with macrocycles.?5

Shown in Figure 11 is the 3D polyrotaxane framework formed from reaction
of 1 equivalent of 9b, 3 equivalents of DB24C6 and 1 equivalent of [Sm!'][OTf]3. The
rotaxane framework obtained however is interpenetrated by a parallel net. This means
that within the void space of one framework, a second framework is interwoven. As
predicted, the use of an elongated ligand and larger lanthanide metal allowed for
formation of a 3-dimensional framework but also introduced large cavities with a
volume of 10,000 A3 that allowed for the interpenetration of a second net. This
highlights just one of the difficulties faced when attempting to synthesize a 3-

dimensional metal-organic rotaxane framework.2>
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1.4.3 Cucurbit|[n]uril Polyrotaxane Frameworks

Cucurbiturils are a unique family of macrocycles which consist of units of
glycouril linked by methylene groups as seen schematically in Figure 12 . The number
of glycouril units is designated by the number in brackets ie. curcurbit[7]uril which
can be abbreviated to CB[7]. These macrocyclic hosts possess a hydrophobic interior
and an electron rich outer rim formed by the carbonyl oxygen atoms. Other examples
of this type of cage-like macrocyclic structures include cyclodextrins and calixarenes.
These macrocycles are able to form host-guest complexes with complementary
molecules in which the CB acts as the host. In order for this to occur, the molecules
must be compatible with the hydrophobic interior and the size and electrostatics of the

portal opening.

L 4n
Figure 12. Line drawing of cucurbit[n]uril.

The interaction between CBs and included guests are a results of two types of
intermolecular forces: ion-dipole and hydrophobic interactions. Ion-dipole
interactions occur between the positive charge of its guest and the carbonyl oxygens
of the CB meanwhile the hydrophobic interactions stem from the interaction of the
guest and the inner surface of the CB cavity. These interactions are similar to the non-
covalent interactions required to trap a macrocycle for the formation of rotaxanes. As

a result, CB rotaxanes are of particular interest in the synthesis of novel interlocked

13



molecules. Furthermore, unlike typical macrocycles like crown ethers, the use of CBs
have the ability to impart water solubility to these supramolecular complexes which is
particularly applicable in biological systems.26

CB[6] polyrotaxanes have been studied extensively by Kimoon Kim and
coworkers. The synthesis involves the threading of a CB[6] ‘bead’ with a short ‘string’
to form a pseudorotaxane which is then followed by coordination with metal ions. One
of the ‘strings’ or ‘axles’ studied consists of a diaminobutane core which has been
shown to successfully form inclusion complexes with CB[6]. These rotaxanes are able
to form one-, two- and three- dimensional polyrotaxane frameworks and thus
demonstrating that the structure of the framework can be modified by the metal ion
and structure of the pseudorotaxane.27-30

The synthesis of one- and two- dimensional polyrotaxanes with CB[6] was
accomplished through the use of a 3-pyridyl terminated pseudorotaxanes. The 3-
pyridyl diaminobutane containing pseudorotaxane PR432* (Figure 13a) was able to
form a 2D coordination polymer network (Figure 13b) when reacted with silver
nitrate.2” The Ag centre is coordinated to three 3-pyridyl groups from pseudorotaxanes
and a nitrate ion to form a distorted tetrahedral geometry. However, when the
analogous diaminopentane rotaxane PR532* (Figure 13c) was reacted with silver
nitrate, a 1D square-wave shaped polyrotaxane resulted (Figure 13d).3! In this case,
the Ag centre is coordinated to two 3-pyridyl groups and 3 nitrate ions. This topology
is due to one of the 3-pyridyl units orienting parallel to the portal opening with a 9
dihedral angle with the six-oxygen plane. As a result, the polymer has a helical

structure.
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Figure 13. a.) 3-pyridyl diaminobutane pseudorotaxane PR43 2* b.) 2d polyrotaxane network formed
from reaction of PR4 2* and silver nitrate c.) 3-pyridyl diaminopentane pseudorotaxane PR53 2* d.)
helical 2D polyrotaxane formed from the reaction of PR53* and silver

Kim and coworkers have also attempted 3D polyrotaxane synthesis using the
same synthetic approach. However, all attempts have failed to produce 3D
polyrotaxane when using pyridyl terminated pseudorotaxanes and transition metals.
Instead, success was found in the use of lanthanide metal ions instead of transition
metals because of the larger ionic radii and higher coordination numbers.
Furthermore, the use of carboxylate terminated groups would aid the formation of high
coordination complexes.  3-phenylcarboxylate diaminobutane pseudorotaxane

PCA432+ was able to form a 3D polyrotaxane framework with Tb(NO3)3. 28
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b
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2 Uﬁ ‘ N COZ

Y ok N>

PCA432 %

] =Tb2

Figure 14. a.) 3-Phenyl carboxylate diaminobutane pseudorotaxane PCA43 ?* b.) 3D polyrotaxane network
formed by reaction with Th(NO3)s. CB is represented schematically with ellipses.?8
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1.4.4 Dynamics in Metal Organic Rotaxane Framework

The incorporation of mechanically interlocked molecules into a repeating
framework of a MORF has potential to produce materials that contain functional
entities that may be controlled. These types of mechanically interlocked molecules
have previously been studied in solution as molecular shuttles or switches. For the
first time, the Loeb research group was able to observe rotational dynamics of the
macrocycle of a rotaxanes in the solid state. This MOF was designated UWDM-1
(University of Windsor Dynamic Material). Figure 15 shows the tetracarboxylic

anilinium rotaxane used to form the MORF with Cu(Il) paddlewheels and the MOF

formed. 11
a.
IO S
HO (' (0]
—0 ,Hg Y—0H
\ [N
(@] O’

HO (_\_/J
O OH
0/

Figure 15. a.) Anilinium rotaxane ligand used in UWDM-1, b.) ball-and-stick representation obtained
from single-crystal x-ray diffraction of the polyhedral cavities viewed down c-axis with macrocyclic rings
omitted and with macrocyclic rings, b and c, respectively.11
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The motions of the macrocyclic wheel were studied through solid-state NMR
(SSNMR). The macrocycle was labeled with 2H (deuterium) through the use of 2Hz (D2)
during olefin reduction, and was subsequently studied through variable temperature
2H and 13C SSNMR. The sample was cooled to 160 K and spectral analysis was
conducted at increments of approximately 40 K. Comparison of experimental and
simulated 2H SSNMR patterns demonstrated that increased rotational freedom of the
macrocyclic wheel was obtained with increased temperature. Modes of motion
included a two-site jump of the 2H, partial rocking and lastly, full rotation of the
macrocycle. This was an incredible breakthrough towards the development of

molecular machines which had previously only been studied in solution.

The success of this discovery prompted the study of the dynamics of molecular
shuttles in MOFs. This was successfully observed again in the Loeb research group, in
which the shuttling of a macrocyclic wheel was studied by SSNMR of H-shaped
benzimidazolium rotaxanes in the MOF. Figure 16 depicts the structure of one
shuttling unit within the MORF. The tetracarboxylate ligand contains two
benzimidazolium recognition sites for the macrocycle to shuttle between. In the MOF,
designated UWDM-4, the rotaxanes are coordinated to four Zn4O clusters resulting in
a robust dynamic material. ‘Robust dynamics’ describes when the repeated dynamics
of one entity, the rotaxane in this case, does not affect the integrity of others linked to

it.32
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Figure 16. H-Shaped [2]rotaxane shuttle ligand used in MOF UWDM-4.

This discovery has shown that the to and fro motion of MIM switches can
successfully function in a highly organized material. This is a critical step towards the
creation of solid-state nanodevices from mechanically interlocked molecules if the
orientation of the macrocyclic wheel is able to be manipulated and controlled by an

external stimulus.

1.5 Scope of Thesis

This thesis involves the synthesis of bis(benzimidazolium) rotaxanes and their
incorporation into MOFs. Previously, in the Loeb research group a benzo-
bis(imidazolium) rotaxane was able to function as a molecular switch through
acid/base chemistry and use of varying macrocycles which showed potential to
function as colourimetric and fluorimetric sensors. However, the downfall to these
rotaxanes are their insolubility and tendency towards aggregation in solution because
of the highly conjugated aromatic system. This, as a result, greatly hinders synthetic

endeavours including rotaxane synthesis and MOF synthesis.
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In an effort to relieve these problems, the bis(benzimidazolium) rotaxanes were
designed. The structural difference between benzo-bis(imidazolium) and
bis(benzimidazolium) axles is depicted in Figure 17 . It was thought that the lack of
fused imidazole core and increased flexibility would aid solubility and thus simplify

synthetic efforts for both linker and MOF. 233

Figure 17. Left: Benzo-bisimidazolium axle core. Right: Bis(benzimidazolium) axle core

This thesis describes the synthesis of [2] and [3]bis(benzimidazolium)
rotaxanes and MOF synthesis with these rotaxanes as ligands with Cu(Il). Figure 18
shows the target [2] and [3]rotaxanes with [24]-crown-6 ether wheels. Modification of
this design to a non-capped dicarboxylic acid axle allows for the potential synthesis of

a CB[7] [2]pseudorotaxane that may also be used as ligand in MOF synthesis.
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Figure 18. Target [2] and [3]bis(benzimidazolium) rotaxanes
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Since the [2]rotaxane contains two recognition sites, it should be able to
function as a molecular shuttle and its shuttling rate was studied through VT 1H NMR.
Furthermore, comparisons will be made with their benzo-bis(imidazolium)
counterparts that have been previously synthesized to see the effect of the fused
recognition sites on shuttling rate in the [2]rotaxane.

Structural comparison with benzo-bis(imidazolium) and a simpler pentaphenyl
linker can also be made to speculate on the effect of an extended rotaxane ligand for
MOF synthesis. Previously, the benzo-bis(imidazolium) tetracarboxylate ligand had
formed non-interpenetrated MOFs with Cu(Il) designated University of Windsor
Crystalline Material -1 (UWCM-2). Similar MOF structures have been reported with
more flexible ligands containing isophthalate groups,3435> however, the use of elongated
ligands of this type have always resulted in interpenetrated structures.3¢ Therefore, the
lack of interpenetration in UWCM-1 can be attributed to the macrocycle of the rotaxane

ligand which occupies the void space.3”

Figure 19 depicts the structural differences between previously studied
isophthalic terminated ligands. The target [2]rotaxane of this thesis (Figure 19b) has
an isopthalate Cs distance of 13.3A which is longer than the previously studied benzo-
bis(imidazolium) ligand which has a distance of 9.4 A (Figure 19a). Previously, a
pentaphenyl tetraacid ligand with isopthalate Cs distance of 14.4 A (Figure 19c)
resulted in formation of an interpenetrated MOF with Cu(Il) designated NOTT-104.
Therefore, the use of this extended rotaxane ligand should result in a non-
interpenetrated MOF with larger void space in comparison to the shorter benzo-
bis(imidazolium) ligand.36
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Figure 19. Isopthalate Cs distance comparison between a.) benzo-bis(imidazolium) [2]rotaxane b.)
target bis(benzimidazolium) [2]rotaxane and c.) pentaphenyl tetraacid ligands.
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Chapter 2 - Results and Discussion

2.1 Organic Synthesis

Rotaxane synthesis involves a multistep reaction pathway that is seen in
Scheme 1 and 2. Axle synthesis first involves the oxidation of diethyl 5-
(hydroxymethyl)isopthalate to diethyl 5-formylisophthalate. A condensation reaction
was conducted between 3,3’-diamino benzidine and diethyl 5-formylisophthalate
using ZrCls to yield the neutral axle (1). The axle was then protonated through the
addition of HBF4.Et20 to give [1-Hz][BF4]2. The [24]-crown-6-ether wheel was
prepared through tosylation of pentaethylene glycol followed by alkylation with 4-
pentene-1-ol to give the ‘open’ macrocycle or ‘pre-crown’. Ring closing metathesis was
conducted on the protonated axle and pre-crown using Grubbs [ catalyst
RuClz(=CHPh)(PCys3)2. This yielded a mixture of both [2] and [3]rotaxane. Separation
of the mixture was conducted by filtration of crude product in hot EtOAc from which a
white solid was obtained and identified as [3]rotaxane (3b - [1-H2c(24C6)z][BF4]2).
The solvent of the filtrate was removed via a rotary evaporator to which Et20 was
added to precipitate a light yellow solid, the [2]rotaxane (3a - [1-Hz2c(24C6)][BF4]2).
The olefin of the macrocycle was reduced using Pd/C and Hz to yield 4a and 4b and the
tetraesters were hydrolyzed using NaOH to yield and reprotonated with HBF4 to give
the final tetraacid rotaxanes (5a and 5b). Details of the synthetic conditions and

characterization are found in Chapter 3 - Experimental.
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Table 1. Summary of Percent Yield and Total Reaction Efficiency

Axle:Pre-crown mol% Yield mol% Yield Total Reaction
[2]Rotaxane* [3]Rotaxane* Efficiency*
1:1 16 9 26%
1:2 23 17 40%

*The % yield of [2] and [3]rotaxane was calculated with respect to moles of axle starting material used.

Comparative reactions of different axle to crown mole ratio were conducted to
observe the effect of the amount of macrocycle on [2] and [3]rotaxane preference and
overall reaction efficiency, or total rotaxane formation. The total reaction efficiency
was found to be 26% and 40% for reactions with 1:1 and 1:2 mole ratio of axle:pre-
crown, respectively. The increase in amount of macrocycle increases the total reaction
efficiency, however, [2]rotaxane still remains the major product. Reactions with
greater than 2 equivalents were also conducted however it was found that the use of
excess macrocycle resulted in gradual deprotonation of axle by crown ether. This was
observed by the precipitation of white solid within the reaction flask. At this point, the
reaction was halted in order to recover the starting material.

The preference for the formation of [2]rotaxane over [3]rotaxane can be
attributed to deprotonation of the axle or decrease in binding affinity for the second
recognition site once the first macrocycle has associated with the axle. Deprotonation
may occur by solvent or crown ether. The crown ether can act as a Lewis base and
deprotonate the axle by forming an acid-base complex with BF4-. In rotaxane formation,
itis pivotal for the presence of a recognition site for template synthesis to be successful.

The formation of [3]rotaxane is only possible when both benzimidazole sites are
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protonated allowing for both macrocycles to interact with the axle before ring-closing
metathesis. However, if gradual deprotonation of bare axle occurs, this eliminates the
recognition site for a second macrocycle and thus results in [2]rotaxane as the major
product. In addition, the preference may also be due to steric hindrance from the first

macrocycle particularly since the wheel is able to shuttle between both sites.

i i m@hﬂm JLML

L. ) ]
5 14 13 12 11 10 9 8 7 6 5 4 3 2 1
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Figure 20. Top: 1H NMR spectrum of tetraester [3]rotaxane, 4b and Bottom: 1H NMR spectrum of
tetraester [2]rotaxane, 4a

Figure 20 depicts the IH NMR spectrum of [3]rotaxane (top) and [2]rotaxane
(bottom) in CDCls. Since the [2]rotaxane has two recognition sites, it is able to function
as a molecular shuttle. In CDCl3 shuttling was slow on the NMR time scale and peak
separation corresponding to complexed and uncomplexed ‘sides’ of the rotaxane are
able to be resolved. The most notable differences between the two spectra are the

increased number of peaks in the NH (13-14ppm) and aromatic (7.5-9.5ppm) regions.
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In the [3]rotaxane, there are two NH peaks at 13.94 and 13.65 ppm
corresponding to the cis and trans conformations of the diprotonated species. The
[2]rotaxane shows two sharp NH peaks at 13.91 and 13.54 ppm. These peaks
correspond to the NH that are complexed to the macrocyclic wheel. The broader NH
peaks at 13.73 and 13.43 ppm correspond to the uncomplexed NH peaks. These peaks

are likely broad due to proton exchange with water present in the sample.

Furthermore, the [2]rotaxane shows a more complex aromatic region caused
by slow exchange in CDCls which splits the aromatic protons of complexed and
uncomplexed sides. Assignment of aromatic [2]rotaxane peaks was determined by 2D
1H-1H NMR spectroscopy which shows Nuclear Overhauser Effect (NOE) from nearby
nuclei. Initial Nuclear Overhauser Effect Spectroscopy (NOESY) conducted showed low
NOE signal information from protons of interest were unable to be obtained.
Alternatively, Rotating-frame Overhauser Effect Spectroscopy (ROESY) is able to
provide appropriate NOE information for intermediate sized molecules (1000-
5000Da) which may show zero NOE signal in a NOESY spectrum. The tetraester
[2]rotaxane has a molecular weight of 1101.8 Da and is therefore considered a medium
size molecule and appropriate to use for ROESY to determine proton environments as

labelled in Figure 22.
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Figure 21. Full ROESY Spectrum of tetraester [2]rotaxane, 4b. (CDCl3 at 500 MHz).

Figure 22. Tetraester [2]rotaxane (4b) proton environments.
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Shown in Figure 21 the full ROESY spectrum of 4a. Proton b was able to be
assigned because of NOE to NH peaks at 13.91 and 13.54 ppm (Figure 23) and NOE to
crown ether protons j, h and k (Figure 24). Furthermore, the crown ether protons
were able to be assigned as observed in Figure 25. Cross peaks in the spectrum
indicate proton K experiences NOE from protons j and 1. As well, proton i experiences
NOE from protons j and h. Proton 1 experiences NOE from with proton m. Protons o, p

and n were assigned as the upfield multiplets with total integration of 12.

NH NH
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Figure 23. Cross-section of aromatic (f1) and NH (f2) regions in ROESY of 4b (CDClz at 500 MHz)
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Figure 24. Cross-section of macrocycle (f1) and aromatic (f1) regions in ROESY of 4b (CDCl3 at 500 MHz)
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Figure 25. Cross-section of macrocyclic regions (f1) and (f2) in ROESY of 4b (CDClzat 500 MHz)
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A second ROESY spectrum was obtained in order to assign complexed NH peaks.
The majority of the same cross peaks were observed, however, NOE cross peaks were
observed with complexed NH peaks and benzimidazole protons ¢ and e. This allowed
the assignment of NH peak at 13.91 to be adjacent to imidazole e proton and NH peak
at 13.54 to be adjacent to imidazole ¢ proton. Furthermore, aromatic protons
corresponding to the portion of the axle associated with the complexed crown ether
observe fine splitting patterns from coupling to neighbouring protons. Protons on the
uncomplexed portion of the axle are not able to show these fine splitting patterns
because of proton exchange of uncomplexed NH with water which reduces resolution

of the uncomplexed aromatic peaks.
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Figure 26. Cross-section of aromatic region (f1) and NH region (f2) in ROESY of 4b (CDCl3 at 500 MHz)
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2.2 Determination of Shuttling Rate of [2]Rotaxane

Variable Temperature (VT) 1H NMR spectroscopy was used to determine the
shutting rate of the [24]-crown-6 macrocycle in the [2]rotaxane, 5a. First, the choice of
solvent was determined by the apparent shuttling rate in various solvents at room
temperature. It was found that the [2]rotaxane observes slow shuttling with respect to
the NMR time scale in CDCl3 and CD2Clz and moderate shuttling in CD3CN. However,
shuttling rates were too slow to determine by 2D Exchange Spectroscopy (EXSY).
Therefore, VT 1H NMR spectroscopy was chosen as the method for shuttling rate
determination. The low boiling points of CDCl3 and CD2Clz limited the determination of

the shuttle rate by (VT) NMR method. Therefore, CD3CN was used for shuttling studies.
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Figure 27. Shuttling states of [2]rotaxane and benzimidazolium proton environment studied via VT 1H
NMR.

Shown in Figure 27 are the shuttling states and the benzimidazolium protons
e and e’ used to probe the shuttling rate of the crown ether. Figure 28 shows the
benzimidazolium N-H and aromatic regions of the VT 1H NMR spectra. At the lowest
temperature, 264 K, two singlets are observed corresponding to protons e’ (8.32 ppm)
and e (8.19 ppm) due to the slow shuttling of the macrocyclic wheel. As the sample is
warmed incrementally, the two singlets coalesce into one peak at 308 K. After this
point, further heating resulted in the development of a sharper singlet that is indicative
of fast shuttling.
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Figure 28. Benzimidazole N-H and aromatic regions of variable temperature 'H NMR of [2]Rotaxane, 5a
(500 MHz i1n CD3CN)

In addition to lack of complete coalescence of some peaks, it became evident at
higher temperatures that there were trace amounts of impurity present. This impurity
is likely to be [3]rotaxane, 4b. This is further supported by the lack of change in some

lower intensity peaks in the aromatic region in each spectrum around 8.05 ppm.

A shutting rate at each temperature can be determined through line-shape
analysis with a simulated spectrum generated through the program dNMR. In order for
this method to be accurate, the experimental spectral peaks to be probed must observe
Lorentzian line shape. Lorentzian line shape is due to homogenous line broadening and

the physical appearance tends towards narrower line wings.
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Figure 29. Experimental and Simulated VT 'H NMR spectrum of 4b.

Figure 29 shows the experimental and simulated VT 'H NMR spectrum of 4b
with protons e and e’ labeled. Line-shape analysis with experimental spectra allowed
for the estimation of rate constants, k, at each temperature. These k values at their
corresponding temperature can be used to construct an Eyring Plot (1/T vs In(k/T)) to

obtain thermodynamic parameters from the equation of the line.

. . kpT —AG* .
The Eyring Equation k = %e RT relates rate to temperature where k is the

rate constant, T is absolute temperature in Kelvin(K), R is the gas constant 1.987 caleK-

Imol, h is Plank’s Constant 1.58x10-34 cales, and ks is Boltzmann’s constant 3.30x10-
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24 caleK-1. Using the relationship of AG¥= AH# - TAS#, rate can also be expressed in terms

ast  —ant
of enthalpy, AH# and entropy, AS*as k = kL};T e R e rT . The linear form of the Eyring

Equation is:

k AH¥ 1 kp AS*
= - + +—
T R T h R

Therefore, a plot of 1/T vs In(k/T) allows for the determination of the thermodynamic
parameters of AG¥ AH*, and AS* with slope = -AH#/R and y-intercept = Inks/h + AH*/R.

The Eyring plot of shuttling of 4a is shown in Figure 30.
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Figure 30. Eyring Plot of shuttling rates of 4b

From the Eyring plot, it was determined that the shuttling rate, k, at room
temperature was 91 s-1. The shuttling energy barrier, AG* (298x) was determined to be
14.7 kcalemol-1. The thermodynamic parameters AH* and AS* were determined to be

8.10 kcalemol-1 ASt = -22.3 calemol-1eK-1,
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Table 2. Comparison of Benzo-bis(imidazolium) [2]Rotaxane and
Bis(benzimidazolium) [2]Rotaxane Shuttling Rates and Thermodynamic Parameters
at 298K.

Benzo-bis(imidazolium) Bis(benzimidazolium)
[2]Rotaxane3? [2]Rotaxane, 4a
AG*298k) (kcalmol-1) 13.4 14.7
AH#(298k) (kcalmol-1) 11.2 8.10
AS#298k) (calemol-1K-1) -6.92 -22.3
k(298) s°1 976 91

The bis(benzimidazolium) rotaxane, 4b, shows a lower AH%298k) and more
negative AS*@298x) value than the benzo-bis(imidazolium) rotaxane which uses the same
[24]-crown-6 ether wheel. The decreased AH*(298x) in the 4b is attributed to weaker
interactions between the crown ether and benzimidazolium core. The non-fused core
results in greater electron density around the benzimidazolium NH and therefore
causes the NH to be less acid and have weaker hydrogen-bonding interaction with the
crown ether oxygen. For both systems, the negative AS*@298x) is indicative that some
degree of ordering is require for the shuttling to occur. In the case of 4b, a larger
negative AS*is observed because the flexibility of the non-fused core requires more
ordering to enter the transition state. Furthermore, the k at 298K is much slower in 4b
than the analogous benzo-bis(imidazolium) rotaxane. Crown ether shuttling may also
be affected by better solvation in CD3CN of 4b than the benzo-bis(imidazolium)

rotaxane.
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2.3 CBJ[7] [2]Pseudorotaxane

Modification of the bis(benzimidazolium) axle design to a non-capped axle
allowed for the study of [2]pseudorotaxane formation with CB[7] in aqueous solution.
First, the host-guest complex must be studied in order to determine if the
bis(benzimidazolium) core is compatible with the CB[7]. Figure 31 shows a stack plot
comparing spectra of CB[7], 3,3’-diamino benzidine and the inclusion complex formed

from 1 equivalent of CB[7] and 1 equivalent of 3,3’-diamino benzidine in 0.1M D2S04 in

D20.
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Figure 31. 1H NMR spectra of a.) CB[7] b.) 3,3"-diamino benzidine c.) inclusion complex of CB[7] and 3,3'-
benzidine in 0.1M D250+ in D20 at 500 MHz.
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In Figure 32c, we see there is an upfield shift in all protons associated with the
benzidine moiety. This is indicative of the shielding effect caused by the complexation
with CB[7]. In addition, there are no peaks corresponding to uncomplexed benzidine

or CB[7].
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Figure 32. 1H NMR of [2]pseudorotaxane formation and uncomplexed CB[7] in 0.1M D2S04 in D20 at 500
MHz.

1 Equivalent of benzoic acid terminated bis(benzimidazolium) axle and 1
equivalent of CB[7] was stirred at 80°C for 16 h in 0.1M D2S04 in D20 and resulted in
the TH NMR spectrum in 0.1M D2504 in D20 shown in Figure 32. These are preliminary
results infer the synthesis of a [2]pseudorotaxane. The presence of complexed and

uncomplexed CB[7] can be observed as well as unique peaks corresponding to the
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complexed axle. The naked axle is insoluble in D20, therefore the aromatic peaks
observed must correspond to [2]pseudorotaxane. However, attempts to replicate these
results were unsuccessful due to impurities found in synthesized axle which ultimately
skewed the mole ratio of axle to CB[7]. Impurities could include the 1,4-dibenzoic acid
starting material, mono-condensation, and 1,2-substituted product.

Future efforts to obtain pure axle and optimize synthetic conditions for full
complexation of CB[7] and axle need to be pursued. Furthermore, potential
modification to axle design could afford the interlocked [2]rotaxane which could have

potential for MOF incorporation.
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2.4 Single-Crystal X-Ray Structures
2.4.1 [2]Rotaxane and [3]Rotaxane

Suitable crystals of tetraester [2]rotaxane (4a) or tetraacid [2]rotaxane (5a)
large enough for single crystal X-ray crystallography were unable to be obtained after
many trials. Shown on the left in Figure 34 are the small needle crystals obtained from
slow diffusion of MeOH vapour into a solution of 4a in DMF. Suitable crystals for single
crystal X-ray crystallography of tetraester [3]rotaxane (4b) were obtained by slow
diffusion of MeOH vapour into a solution of [3]rotaxane in CHCls.. The right image in
Figure 34 shows the physical appearance of the crystals obtained from slow diffusion

of hexane vapour into a solution of 4b in CHCls.

Figure 33. Left: Physical appearance of tetraester [2]rotaxane (4a) obtained from slow diffusion of MeOH
vapour into a solution of 4a in DMF. Crystals (small needles of 0.01 mm) are viewed under polarized light
for better visualization. Right: physical appearance crystals (blocks of 0.20-0.40mm) of tetraester
[3]rotaxane (4b) obtained from slow diffusion of hexanes into a solution of 4b in CHCI:.
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Figure 34. Ball-and-stick representations of X-ray crystal structure of tetraester [3]rotaxane, 4b. Labeling
scheme is black = carbon, blue = nitrogen red = oxygen, green = fluorine, yellow = boron. Left: View
perpendicular to axle plane, Right: view along axle plane with counterions omitted for clarity. Solvent
molecules omitted for clarity in both representations..

41



Figure 35. Space-filling diagram of tetraester [3]rotaxane, 4b. Labeling Scheme is blue = axle, white =
axle oxygens, red = wheel, yellow = boron, green = fluorine. Solvent molecules are omitted for clarity.

Figure 36. Ball-and-stick representations of X-ray crystal Structure of tetraester [3]rotaxane (4b)
showing hydrogen bonding interactions between axle imidazole and wheel oxygens shown with
yellow dashed line. Protons not involved in hydrogen bonding are removed for clarity. Labeling
scheme: blue = axle, red = wheel. yellow = boron, green = fluorine. Solvent molecules are omitted for
clarity.
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The bis(benzimidazolium) axle is able to adopt cis- or trans- isomers because of
the free rotation about the single bond between the benzimidazole units. Both cis- and
trans- conformations have been observed previously with substituted
bis(benzimidazolium) molecules.383° In Figure 34, we see that the
bis(benzimidazolium) rotaxane adopts the trans conformation. The preference for the
trans conformation in [3]rotaxane (4b) is attributed to the steric bulk imparted by the
complexation with the macrocyclic rings. The trans- conformation prevents
unfavourable electrostatic repulsion between the macrocycles. Furthermore, it should
be noted that there is observable torsional angle within the benzimidazole units which
indicates that the axle can still have a degree of flexibility even with the presence of
two macrocycles. The torsional angle between the two benzimidazole axle planes was

measured to be 24.6°.

Figure 37 depicts the 1t- stacking interaction between layered [3]rotaxane. The
mt-stacking distance between the centroids of the aromatic rings was calculated to be
3.97 A. Figure 38 depicts the space-filling representation of this packing. Here we are
able to see the alternating arrangement of the macrocycles while still allowing close

enough interaction for m-stacking.
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Figure 37. Ball-and-stick representation of m-stacking interactions between [3]rotaxane with m-stacking
distance represented by yellow dashed line. Hydrogen atoms, counter ions and solvent molecules omitted
for clarity. Labelling scheme: axle = blue, wheel = red.

Figure 38. Space-filling representation of [3]rotaxane packing. Labelling scheme: axle = blue, wheel =
red, oxygen = white. Counter ions and solvent molecules omitted for clarity.
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A further look into the packing arrangement of the rotaxane we see that the
BF4 anion and CHCls solvent molecules (for which the crystals were obtained from)

form a layer between hydrogen bonding stacks of rotaxane, Figure 39 and Figure 40.

Figure 39. Space-filling representation of packing of [3]rotaxane between solvent and counterion layer.
Labelling Scheme: Blue = axle, red = wheel, dark green = flourine, yellow = boron, light green = CHCI3 carbon,
neon green = chlorine.

Figure 40. Space-filling representation of [3]rotaxane packing between solvent and counterion layer along
c-axis. Labelling scheme: Blue = axle, red = wheel, dark green = flourine, yellow = boron, light green = CHCI3
carbon, neon green = chlorine.
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We again see the alternating arrangement of the macrocycles in the packing of
the rotaxanes. The CHCl3 and BF4  anion are hydrogen bonded and form the separating

layer between the stacks.

Table 3. Crystal Data and Solution Results for Tetraester [3]Rotaxane, 4b.

Crystal Data

Molecular Formula C76H106B2Cl6FsN40g
Formal Weight (g/mol) 1590.01
Crystal System triclinic
Space Group P-1
a(d) 15.910(6)
b (A) 17.404(3)
c(A) 18.462(4)
a () 96.880(2)
B () 111.096(2)
y (°) 110.378(2)
Z 4
p, g cm3 1.324
i, mm-! 241

Solution Results
reflections used 40810
variables 1028
restraints 7
R1[I> 20 ()] 0.1411
R1 (all data) 0.1734
Raw [I > 2 o ()] 0.4626
Row (all data) 0.4138
GoF on F2 1.7240

IRy =3 ||Fo| - |Fcl |/ Z |Fol; [b] Raw = [Z[W(Fo? " F2)?] / ZIw(Fo2)?11Y? , P'where w = g[(Fo?) + (aP)* + bP]™
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2.4.2 MOF Synthesis

Solvothermal synthesis is a widely used method for obtaining crystalline MOF
material. This process involves the gradient heating and cooling of a reaction mixture
in a sealed vessel. Furthermore, this method utilizes slow conversion from an acidic
environment to a basic environment due to the gradual decomposition of DMF (or DEF)
to dimethylamine (or diethylamine) during the heating process. This allows for gradual
deprotonation of the carboxylic acid groups of the rotaxane ligand and allows for
coordination with metal ions. This process is also driven by the self-assembly of the
metal atoms and ligands to form MOF. 40

A solvent system of DEF/EtOH/H20 was initially tested. This system has been
shown successful for the previously studied benzo-bis(imidazolium) rotaxane and it
served as an excellent starting point for trials.3” A programmable oven was used in
order to control heating and cooling times. Warm up and cool down rates were both
set at 1°C min1. [2] and [3]rotaxane MOFs were prepared in similar manners using
Cu(NO3)2¢2.5 H20. Table 4 and 5 outline the MOF conditions used for each trial.

For each trial, the 1 equivalent of ligand and 2 equivalents of Cu(NO3)2¢2.5 H20
were weighed out separately into vials using an analytical balance. The ligand was
dissolved in DMF (or DEF) and the Cu(NO3)2¢2.5 H20 was dissolved in EtOH and H20.
The Cu(NOs3)2 solution was then transferred to the ligand solution to which a few drops
of concentrated HNO3 acid were added. This mixture was transferred to a borosilicate

screw cap vial and heated in a programmable oven.
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Table 4. MOF Synthesis Trials with Tetraacid [2]Rotaxane (5a)

Trial Solvent System Solvothermal Conditions Result
1 2:1:1 Warm up to 85°C over 1 h Mixture of
DEF:EtOH:H20 Constant Heating for 24 h aggregate and
1.5 mL:0.75 mL:0.75 mL | Cool to RT (23.5°C) over 10 h cubic crystals
3 drops of Nitric Acid
2 4:1:1 Warm up to 85°Cover 1 h Cubic crystals of
DEF:EtOH:H20 Constant Heating for 24 h varying size
2.0 mL:0.5 mL:0.5 mL Cool to RT(23.5°C) over 10 h
3 drops of Nitric Acid
3 2:1:1 Warm up to 85°Cover 1 h Crystalline
DMF:EtOH:H20 Constant Heating for 24 h aggregates
1.5 mL:0.75 mL:0.75 mL | Cool to RT (23.5°C) over 10 h
3 drops of Nitric Acid
Table 5. MOF Synthesis Trials with Tetraacid [3]Rotaxane (5b)
Trial Solvent System Solvothermal Conditions Result
1 2:1:1 Warm up to 85°C over 1 h Aggregates and
DEF:EtOH:H20 Constant Heating for 24 h precipitation of
1.5mL:0.75 mL 1:0.7 mL | Cool to RT (23.5°C) over 10 h uncomplexed
3 drops of Nitric Acid ligand
2 1:1:1 Warm up to 85°C over 1 h Aggregates and
DEF:EtOH:H20 Constant Heating for 24 h precipitation of
1.5 mL:0.75 mL:0.75 mL | Cool to RT (23.5°C) over 10 h uncomplexed
1 drop of Nitric Acid ligand
3 1:1:1 Warm up to 85°C over 1 h Aggregates and
DMF:EtOH:H20 Constant Heating for 24 h little
1.5 mL:0.75 mL:0.75 mL | Cool to RT (23.5°C) over 10 h | precipitation of
1 drop of Nitric Acid uncomplexed
ligand
4 1.5:1.5:0.1 Warm up to 85°C over 1 h Blue/green
DMF:EtOH:H20 Constant Heating for 24 h powder
1.5 mL:1.5 mL:0.1 mL Cool to RT (23.5°C) over 10 h
1 drop of Nitric Acid
5 1:1:0.5 Warm up to 85°C over 1 h Aggregate of

DMF:1,4-Dioxane:H20
1.0mL:1.0mL:0.5mL
1 drop of Nitric Acid

Constant Heating for 24 h
Cool to RT (23.5°C) over 10 h

crystal plates
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The solvent system for MOF trials was modified after the crystal growth period
and examination of the physical crystal structure under microscope. Timing of crystal
formation (i.e. during heating or cooling phase) was also monitored during process.

[2]Rotaxane MOF growth was observed early during the heating phase in Trial
1. This is indicative of crystal growth occurring too quickly and resulted in the
formation of some crystal aggregates which were unsuitable for single crystal X-ray
diffraction. This prompted later trials with increased amount of DEF in order to
increase the solubility of ligand and slow crystal growth and allow for the formation of
larger crystals. An additional trial was attempted with DMF instead of DEF but resulted
in only crystalline aggregates.

[3]Rotaxane MOF growth Trial 1 resulted in very few crystal aggregates and
mostly precipitation of uncomplexed ligand. Furthermore, the crystal aggregates
formed during the cooling phase, which indicates that crystal growth was too slow.
Trial 2 was attempted with less nitric acid added. The decrease in amount of acid would
increase the speed of crystal formation because less acid was needed to be neutralized
by the base (diethyl amine). The crystal aggregates in Trial 2 formed during the heating
phase, however there was still precipitation of uncomplexed ligand. This is indicative
of poor ligand solubility and prompted the change of organic solvent from DEF to DMF
in Trial 3. In Trial 3, less ligand precipitation was observed but still resulted in crystal
aggregates formation. A decrease in H20 was employed in Trial 4 to increase ligand

solubility and slow crystal growth; the result was blue-green powder during the
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heating phase and no crystalline material. Finally, during Trial 4, Ethanol was replaced

with 1,4-dioxane and aggregates of crystal plates were obtained.

2.4.3 [2]Rotaxane and [3]Rotaxane MOFs

Figure 41 shows the physical appearance of the crystals obtained from the
Trials 1 and 2 of MOF synthesis using [2]rotaxane, 5a, as ligand. Reaction of tetraacid
[2]rotaxane (5a) with Cu(NO3)*2.5H20 through solvothermal synthesis with a solvent
system of 2:1:1 DEF:EtOH:H20 resulted in the formation of a mixture of cubic crystals
and crystal aggregates as seen in Figure 41a. A solvent system of 4:1:1 DEF:EtOH:H20
resulted in the formation of cubic shaped crystals that have a layered appearance seen
in Figure 41b. This was a more successful trial because of the increased homogeneity
of crystal appearance and lack of crystal aggregates seen in Trial 1. However, the

layering of crystal growth resulted in poor single crystal X-ray diffraction.

b))

Figure 41. [2]Rotaxane MOF crystals obtained from the reaction of tetraacid[2[rotaxane, 5a with
Cu(NO3)2¢2.5H20 through solvothermal synthesis with a.) a solvent system of 2:1:1 DEF:EtOH:H:0 in Trial
1 b.) a solvent system of 4:1:1 DEF:EtOH:H2O0 in Trial 2.
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Figure 42. [3]Rotaxane MOF crystals obtained from reaction of tetraacid [3]rotaxane, 5b, with
Cu(NO3)z¢2.5H20 through solvothermal synthesis with a solvent system of 1:1:0.5 DMF:1,4-Dioxane:H20

Reaction of tetraacid [3]rotaxane (5b) with Cu(NOs3)2¢2.5H20 through
solvothermal synthesis with a solvent system of 1:1:0.5 DMF:1,4-Dioxane:H20 resulted
in aggregates of crystal plates. Shown in Figure 42 are fragments from a larger
aggregate in paraffin oil. Again, due to the poor quality of crystals and twin growth,
sufficient X-ray diffraction was not able to be obtained. Both [2]rotaxane MOF and the
previously studied benzo-bis(imidazolium) MOF (UWCM-2) obtained similar looking
cubic crystals seen in Figure 43. This may be an indicator that a similar high symmetry

MOF was obtained.

Figure 43. The physical appearance of cubic crystals obtained the reaction of tetraacid benzo-
bis(imidazolium) [2]rotaxane and Cu(1l) metal.
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2.5 Powder X-Ray Diffraction

Since suitable single crystals for X-ray diffraction could not be obtained, powder
X-ray diffraction is able to give insight into the structure of the crystalline materials.
Figure 44 shows a comparison of the PXRD patterns of Trial 1, which contained
aggregate and cubic crystals and Trial 2, which contained more homogeneous cubic
crystals throughout. Trial 1 shows a mixture of peaks corresponding to the different
crystalline materials. However, Trial 2 results in a cleaner PXRD pattern with only
peaks corresponding to the cubic crystals, with the low 206 peak at 2.6° matching the

peak in Trial 1.

‘ Trial 1
Trial 2
o 5 10 15 20 25 30 35
2-8

Figure 44. PXRD pattern of [2]rotaxane 5a MOF synthesis Trial 1 (red) and Trial 2 (black). Trial 1
resulted in the formation of a mixture of aggregate and cubic crystals meanwhile Trial 2 resulted in the
formation of uniform cubic crystals.

Figure 45 shows a comparison of experimental PXRD patterns of UWCM-2,
[2]rotaxane MOF, [3]rotaxane MOF and simulated PXRD pattern of NOTT-104. Similar
to the benzo-bis(imidazolium) MOF, [2]rotaxane MOF has a low 20 peak which

indicates that the crystalline material might be isoreticular (having the same
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connections and lattice) to the benzo-bis(imidazolium) MOF. The low 20 peak at 2.6°
corresponds to a d spacing of 34.0 A and thus potentially has larger cavities than benzo-
bis(imidazolium) rotaxane, which has a 20 peak of 2.9° corresponding to a d spacing
of 30.3 A. This finding is consistent with the longer length of the axle which has a Cs
isopthalate distance of 13.3 A in comparison to the benzo-bis(imidazolium) rotaxane
with a distance of 9.4 A. Furthermore, the lack of higher 26 peaks suggests a lack of
interpenetration. In contrast, the crystalline material obtained from [3]rotaxane 5b

results in a distinct PXRD pattern which contains higher 20 peaks at 4.8° and 10.8°.

- NOTT-104

[3]Rotaxane MOF

[2]Rotaxane MOF

UWCM-2

——— e

0 5 10 15 20 25 30 35
2-8

Figure 45. Experimental PXRD patterns of UWCM-2 (blue), [2]rotaxane MOF (black), [3]rotaxane
MOF (red) and simulated PXRD pattern of NOTT-104 (green).

Although detailed structural information cannot be confirmed without single-

crystal X-ray diffraction, the PXRD pattern of [2]rotaxane MOF shows some evidence
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of a potentially similar MOF structure when using benzo-bis(imidazolium) rotaxane as
ligand (UWCM-2). Figure 46 shows a ball-and-stick representation of the framework
within UWCM-2. The rotaxanes coordinate to dimeric Cu(II) paddlewheels which self-

assemble into cubooctahedral cages (nanoballs).

Figure 46. Ball-and-stick representation of the cubic cavity within the framework. Macrocycles are
omitted for clarity. The rotaxanes coordinate to dimeric Cu" paddlewheels which self-assemble into
cubooctahedral cages (nanoballs). The yellow sphere represents the solvent accessible space within the
MOEF?37

NOTT-104 uses an analogous pentaphenyl isophthalic ligand and results only
in an interpenetrated MOF. The simulated PXRD pattern of NOTT-104 shows higher 26
peaks corresponding to the different spacing within the interpenetrated networks.
These distinctive higher 26 peaks are not observed in the PXRD patterns of [2] or
[3]rotaxane MOF. Since the axle used for [2] and [3]rotaxane ligands are similar in
length as the pentaphenyl ligand, this result might be an indicator that the presence of
the macrocyclic wheel(s) decreases interpenetration within the MOF. This can be
attributed to the bulky macrocycles that occupy the void space that would otherwise

be filled by an interpenetrated network.
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2.6 Summary and Future Work

Bis(benzimidazolium) [2] and [3]rotaxanes were successfully synthesized and
characterized. The packing structure of tetraester [3]rotaxane was characterized and
revealed the preference for the trans- conformer. Through axle modification,
preliminary results of the formation of a CB[7] [2]pseudorotaxane have been obtained.
Further efforts to optimize synthetic conditions for full complexation of CB[7] and axle
should be further investigated. The [2]pseudorotaxane also has potential to act as a
ligand for MOF synthesis because of the terminal carboxylate groups. Further
modification to ligand design through the use of different terminating groups would
allow the formation of MOFs with unique topologies. For example, capping of the
[2]pseudorotaxane to form the interlocked [2]rotaxane would be an additional aspect
that could be studied.

Two distinct crystalline materials were obtained from MOF synthetic attempts
when using [2] and [3]rotaxanes 5a and 5b as ligands and reacted with Cu(II). The
material obtained from [2]rotaxane may have structural similarities with UWCM-2
because of the similar low 20 angle and lack of higher 20 peaks. The material obtained
from [3]rotaxane 5a is crystalline and results in a distinct PXRD but further studies
need to be conducted to confirm the MOF structure.

Future work includes the optimization of MOF solvothermal conditions in order
to obtain single crystals suitable for X-ray diffraction. This would allow determination
of the MOF topology and show how the addition of a second macrocyclic ring affects
the MOF structure. Furthermore, the use of a rotaxane rather than an extended

aromatic system has been previously shown to increase rigidity in MOF structure and
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prevent interpenetration. The increase in cavity space could introduce potential to
study the translational motion of the macrocycle in the solid-state of this extended

[2]rotaxane ligand.
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Chapter 3 - Experimental

3.1 General Comments

Diethyl 5-formylisophthalate, 3,3’-diamino benzidine tetramine, pentaethylene
glycol, Grubbs I catalyst and 1,4-benzoic acid were purchased from Sigma Aldrich and
used as received. Deuterated solvents were obtained from Sigma Aldrich or Cambridge
Chemicals and used as received. Thin layer chromatography was performed using
Teledyne Silica gel 60 F2s4 plates and viewed under UV light. Column chromatography
was conducted using Silicycle Ultra Pure Silica Gel (230 - 400 mesh). 1H NMR and 13C
NMR spectra were performed on a Briiker Advance 500 instrument, with a frequency
of 500.13 MHz for 1H nuclei and 125.7 MHz for 13C nuclei. Chemical shifts are reported
in ppm relative to tetramethylsilane, using the residual solvent peak as a reference
standard. All single crystal X-ray data were collected on a Briiker APEX diffractometer
with a CCD detector operated at 50 kV and 30 mA with MoKa radiation. Powder XRD
measurements were recorded on a Briiker D8 Discover diffractometer equipped with

a GADDS 2D-detector and operated at 40 kV and 40 mA.
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3.2 Synthesis of 1 and [1-H:][BF4]-
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Figure 47. Chemical structure and proton environments of 1

3,3’-diamino benzidinetetramine (0.428 g, 2 mmol) and a catalytic amount of
ZrCls (0.093 g, 0.4mmol) were added to a 2:1 mixture of degassed EtOH:THF under N2
atmosphere. Diethyl 5-formylisophthalate4! (1.0 g, 2.0 mmol) was added and the
temperature was increased to 85°C and the mixture was allowed to reflux for 48 h after
which the nitrogen flow was stopped and the reaction allowed to reflux in air for 24 h.
The solution was allowed to cool to room temperature before placing on ice for 30 min.
This resulted in the precipitation of a yellow solid which was filtered off by vacuum

filtration. Isolated yield of 1 (0.407 g, 23%). M.P. 180 °C
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Figure 48. Structure and proton environments of [1-Hz][BF4]z

1 (0.664 g, 1 mmol ) was suspended in MeCN (50 mL) and 5 equivalents of
HBF4-Et20 (0.796, 5mmol) were added dropwise and allowed to stir for 1 h. Solvent

was removed via a rotary evaporator; the residue was washed twice with Et20 (20 mL)
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to remove excess acid and then filtered to give a white solid (0.691g, 87%) .M.P. > 275

°C (Dec.)

1H NMR (500 MHz, DMSO): § = 11.21 NH (s(broad) 2H), 10.58 NH (s(broad), 2H), 8.96
b (d,4H, 4] = 2.5 Hz), 8.55 a (d,2H, 4] = 2.5Hz), 7.89 e (s, 2H), 7.78 ¢ (d, 2H, 3] = 13.5Hz),
4.45 f(q, 8H, 3] = 11.5 Hz), 1.41 g (t, 14H, 3] = 11.5Hz)

13C NMR (126 MHz, DMSO0): § = 164.7, 149.2, 137.2, 135.9, 132.0, 131.9, 131.8, 128.7,

128.7,124.74,115.7,113.2, 62.2, 14.7.
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3.3 Synthesis of 2, Pentaethyleneglycol-dipent-4-enyl ether
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Figure 49. Synthetic pathway, structure and proton environments of Pentaethyleneglycol-dipent-4-enyl
ether.

Ditosylated pentaethylene glycol was prepared according to literature
procedure.*? NaH in 60% mineral oil (15.7 g, 0.393 mol) was slowly added to 200 mL
of dry THF under nitrogen at 0°C. 4-pentene-1-ol (33.8 g, 0.393 mol) was dissolved in
40 mL of THF and added to the reaction mixture dropwise and allowed to stir for 1 h.
1,14-Ditosyl-3,6,9,12-tetraoxatetradecane (21.45 g, 0.039 mol) was dissolved in 125
ml of THF and added slowly to the reaction mixture via a syringe. The reaction mixture
was allowed to warm up to room temperature and stirred for 48 h after which the
reaction was quenched with 500 mL of water. The non-aqueous solvent was removed
via a rotary evaporator and a two layer extraction was performed using CHCl3 (3 x 250
mL). The aqueous phase was discarded and the organic layer was washed with 1 M HCl
(2x100 mL), dried over MgS04, and the solvent removed to yield a light yellow oil. The
product was purified by column chromatography (3:2 v/v, EtOAc/Hexanes) Rf= 0.4,

to yield a colourless oil; isolated yield (6.45 g, 43%), M.P: 115¢°C.
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1H NMR (500 MHz, CDCl3): 6 = 5.81 ¢ (m(broad), 2H), 5.02 b (m 2H), 4.96 a (m, 2H),
3.65 h (s, 16H), 3.56 g (m(broad), 4H), 3.46 f (t, 4H), 2.11 d (m(broad), 4H), 1.68 e

(m(broad), 4H).

13C NMR Data (126 MHz, CDCls): 6 = 139.02, 114.88, 71.07, 70.65, 30.81, 29.46.
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3.4 Synthesis of 3a and 3b

[1-Hz][BF4]2 (0.30 g, 0.35 mmol) was added to a 100 mL Schlenk flask.
Pentaethyleneglycol-dipent-4-enyl ether (0.13 g, 0.35 mmol) was added directly to the
Schlenk flask. The flask was purged and backfilled with N2. 7.5 mL of nitromethane was
added to the Schlenk and allowed to stir until all components were in solution. 50 mL
of DCM was added to the stirring solution under N2. Grubbs [ catalyst,
[RuCl2(=CHPh)(PCy3)2] (29 mg, 10 mol%) was dissolved in 1 mL of dichloromethane
and added to the stirring solution under N2. The reaction was refluxed at 40°C for 18h
after which 5% catalyst was added to the reaction and allowed to reflux for 24 h. 5
mol% was added at 24 h intervals until a total of 25 mol% catalyst. Reaction progress
was monitored by 1H NMR. Solvent was removed via a rotary evaporator and the crude
product was sonicated in hexanes to yield a grey-green solid. This solid was suspended
in acetonitrile to which HBF4+ Et20 (0.15 g, 0.94 mmol) was added dropwise and
allowed to stir for 1 h. Solvent was removed with a rotary evaporator and the residue
was sonicated in diethyl ether to remove excess acid. Diethyl ether was decanted and
dichloromethane was added to the solution; the solution was allowed to sit for 1 h to
allow unreacted axle to precipitate out. The mixture was then filtered through Celite
and the solvent was removed via rotary evaporator. Hot ethylacetate was used to filter
off white solid (44 mg, 0.03 mmol) of E- and Z- isomers of [3]rotaxane, 3b. M.P >300°C
(Dec.). The filtrate solvent was removed by rotary evaporate and the residue was
filtered with Et20 to give light green solid ( 69 mg, 0.05 mmol) of E- and Z- isomers

[2]rotaxane, 3a. M.P > 300°C (Dec.).
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3a, [1-H2c24C6][BF4]:

(E12) (BFa,

Figure 50. Structure and proton environments of 3a

1H NMR (500 MHz, CDCl3): 6 = 14.05 NH (s, 2H), 13.66 NH (s, 2H), 9.16 b (s, 2H),
9.11 b’ (s, 2H),9.01 a’ (s 2H), 8.96 a (s, 2H), 8.66 €’ (s, 2H), 8.33 ¢’ (d, 2H), 8.17 e (s,
2H),8.00d (d, 2H), 7.89 d’ (d, 2H), 7.82 ¢ (d, 2H), 5.08 p (s, 2H), 4.69 p’ (s, 2H), 4.52
f, f (m, 8H), 4.09j (m, 4H), 3.93 h (m, 4H), 3.72 k (m, 4H), 3.38 i (m, 4H), 3.341 (m,
4H),2.91 m (m, 4H), 1.74 n (m, 4H), 1.49 g (t, 12H), 1.20 o/p (m, 8H).

3b, [1-H2c(24C6)2][BF4]2

Figure 51. Structure and proton environments of 3b

1H NMR (500 MHz, CDCI3): & = 14.07 NH (s, 2H), 13.80 NH (s, 2H), 9.22 b (s, 4H),
9.17 b’ (s, 2H), 8.95 a (s, 2H), 8.42 ¢ (d, 2H, J= 8.5 Hz), 8.34 e (s, 2H), 8.19.d (d, 2H, ] =
8.5 Hz), 5.07 p (s, 2H), 4.71 p’ (s, 2H), 4.55 f (q, 8H, J= 7.0 Hz) 4.53, 4.04 j/h (m, 16H),
3.89 k (m, 8H), 3.73 i (m, 8H), 3.38 1 (m, 8H), 2.89 m (m, 8H), 1.74 n (m, 8H), 1.49 g (t,

12H,] = 7.0 Hz) 1.49, 1.20 o/p (m, 16H).
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3.5 Synthesis of 4a and 4b

4a

Figure 52. Structure and proton environments of 4a.

Pd/C 10% w/w (35 mg, 0.33 mmol) was weighed into a 50 mL Schlenk flask and
purge and backfilled with N2. 20 mL of MeOH and 5 mL THF was used to dissolve and
transfer 3a (0.18 g, 0.16 mmol) to the flask under N2. Vacuum was applied to the
reaction flask until solvent was observed to boil. The reaction vessel was left until static
vacuum and open to Hz(g) via a gas adapter and H: filled balloon. The reaction mixture
was allowed to stir for 9 h after which mixture was filtered through Celite. The Celite
was washed with CHCI3 and the filtrate solvent was removed via a rotary evaporator.
The residue was filtered using Et20 to yield a white solid (110 mg, 70%), M.P

Decomposition > 225°C.

1H NMR (500 MHz, CDCl3-d1): § = 13.95 NHb (s, 1H), 13.53 NHa (s, 1H), 9.17 b’ (s, 2H),
9.13b (d, 2H,] = 1.5 Hz), 9.03a’ (s, 1H), 8.98 a (d,1H, ] = 1.5 Hz), 8.65 €’ (s, 1H), 8.34 ¢
(d, 1H, J= 8.5 Hz), 8.19 e (s, 1H), 8.00 d (d, 1H, ] = 8.5 Hz), 7.88 d’(d, 1H, J= 8.5 Hz), 7.83

c(d, 1H,] = 8.5 Hz), 4.54 f/f(qq, 8H, ]= 7.0 Hz), 4.02 j (m,4H), 3.93 h (m, 4H), 3.71 k (m,
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4H), 3.45 i (m,4H), 3.351 (m, 4H), 2.92 m (m,4H), 1.52 g (t, 12H, J]= 7.0 Hz), 1.19 (m,
4H), 0.83 o/p (m, 8H).

13CNMR (126 MHz, CDCl3-d1) 6 = 164.58,164.41, 148.00, 147.49, 139.81, 138.59,
135.79, 134.64, 133.66, 133.57,132.52, 132.49, 132.46, 132.15, 131.72, 130.70,
127.11,126.72,124.45,122.55,116.35, 114.30, 114.26, 113.09, 100.18, 77.80, 77.48,
77.43,77.23,76.98,72.25,71.75,71.50, 71.35, 70.92, 70.64, 62.70, 62.52, 29.59,

28.28,25.32,14.70, 14.22.

4b

Figure 53. Structure and proton environment of 4b.

Pd/C 10% w/w (15 mg, 0.14 mmol) was weighed into a 50 mL Schlenk flask and
purge and backfilled with N2. 15 mL of MeOH was used to dissolve and transfer 3b
(0.096 g, 0.07 mmol) to the flask under N2. Vacuum was applied to the reaction flask
until solvent was observed to boil. The reaction vessel was left under static vacuum
and opened to Hz(g) via a gas adapter and H: filled balloon. The reaction mixture was
allowed to stir for 8 h after which the mixture was filtered through Celite. The Celite
was washed with CHCl3 and the solvent was removed via rotary evaporator. The

residue was filtered using Et20 to yield a white solid (58 mg, 60%), M.P > 250°C (Dec.)
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1H NMR (500 MHz, CDCl3): 6 = 13.94 NH (s,2H), 13.65 NH (s,2H), 9.19 b (d, 4H, ] = 1.5
Hz), 8.96 a (t, 2H, ] = 1.5 Hz), 8.43 ¢ (d, 2H, J= 8.5 Hz), 8.36 e (s, 2H), 8.21 d (d, 2H, ] =
8.5 Hz), 4.01 f (q, 8H, ] = 7.5Hz), 3.70 j/h(m, 16H), 3.43 k(m, 8H), 3.26 1/m(m,16H),
1.50 g (t, 12H, ] = 7.5 Hz), 1.18 n (m,8H), 0.83 o/p(m, 16H).

13C NMR (126 MHz, CDCl3): § = 164.57, 147.11, 138.91, 134.20, 133.75, 132.02,
131.76, 130.84, 128.35, 124.74, 115.49, 112.06, 71.92, 71.36, 71.25, 71.02, 70.78,

70.58, 62.14, 29.46, 28.11, 25.14, 14.51
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3.6 Synthesis of 5a and 5b

5a

OH

OH o
O (BF4),

Figure 54. Structure and proton environment of 5a

20 mL of EtOH was used to transfer 4a (110mg, 0.1 mmol) to a Schlenk flask. 20
mL of 1M NaOH was added dropwise to the stirring solution. The reaction mixture was
then allowed to reflux for 24 h. The non-aqueous solution was removed by rotary
evaporator. The remaining aqueous solution was acidified to pH 5 with HBF4 to give a
gel suspension. The mixture was sonicated for 5 minutes and centrifuged for 20 mins.
The pellet was sonicated in 10 mL was water and centrifuged for an additional 20 mins.
The supernatant was decanted and the pellet was sonicated in Et20 and centrifuged for
20 mins. The pellet was left to air dry overnight to which a small amount of Et20 was
used to filter a light brown solid (77 mg, 78%) M.P. > 300°C (Dec.)
1H NMR (500 MHz, DMSO-ds): 6 = 13.45 OH(s(broad), 4H), 12.91 NH(s(broad), 2H),
9.09 b(s, 4H), 8.54 a(s,2H), 8.07 e (s(broad), 2H), 7.81 c(d(broad), 2H),
7.65(d(broad),2H), 3.33 h/i/j/k/l/m (m(broad), 24H), 1.34 n(m(broad), 4H), 1.10

o/p (m(broad), 8H)
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13C NMR (126 MHz, DMSO-de): 6 = 166.85,132.37,132.1,132.0,131.9, 131.3, 131.1,

91.65, 80.1, 79.6, 79.4, 79.17, 71.02, 70.5, 69.9, 69.7, 69.0, 68.8, 29.1, 28.9, 25.5.

5b

©

(BF4),

Figure 55. Structure and proton environments of 5b.

20 mL of EtOH was used to transfer 4b (58 mg, 0.1 mmol) to a Schlenk flask. 20
mL of 1M NaOH was added dropwise to the stirring solution. The reaction mixture was
then allowed to reflux for 24 h. The non-aqueous solution was removed by rotary
evaporator. The remaining aqueous solution was acidified to pH 4-5 with HBF4 to
precipitate a white solid. The suspension was centrifuged for 20 mins to which the
pellet was sonicated in 10 mL acetone and centrifuged for an additional 15 mins. The
pellet was left to air dry overnight in a pre-weighed vialed to yield a white solid (35

mg, 53%) M.P > 300°C (Dec.).

1H NMR (500 MHz, DMSO-ds): § = 13.82 NH (s(broad),2H), 9.08 b(s,4H), 8.79 a (s,
2H), 8.33 e (s,2H), 8.18 ¢/d (m(broad), 4H), 3.60 h/i/j/k/1/m (m(broad), 48H), 1.13

n (m(broad), 8H), 0.80 o/p (m(broad), 16H).
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3.7 Synthesis of Benzoic Acid Terminated Bis(benzimidazole) Axle

a b H c
o N d
HO N N OH
H e @:>
N O
H

(BF4)2

Figure 56. Structure and proton environments of benzoic acid terminated bis(benzimidazolium) axle.

1,4-benzoic acid (0.490 g, 2.3 mmol) and 3,3’-diamino benzidine (0.100 g, 0.47
mmol) were added to 1 g of polyphosphoric acid and heated at 180°C for 20 h. Reaction
mixture was poured into water to yield a yellow precipitate. The solution was

sonicated for 10 min and filtered hot. The crude solid was washed, sonicate and filtered

hot in MeOH to yield a yellow solid (35 mg, 53%) M.P > 300°C (Dec.)

1H NMR ( 500 MHz, DMSO-de): ) 6 =834 a (d, 4H,] = 8.5 Hz), 8.14 b (d, 4H, ] = 8.5 Hz),
,7.92 e (s,2H), 7.76 ¢ (d,2H, ] = 8.5 Hz), 7.65 d (d,2H, ] = 8.5 Hz)
13C NMR (126 MHz, DMSO-de): 6 = 167.50, 162.87, 151.21, 136.66, 134.35, 132.13,

130.49,127.02, 122.97
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