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Abstract

A methodology for estimating hydrogen-bond preferences and binding affinities in
solution, based on molecular electrostatic potential surfaces (MEPS), is presented using tritopic
hydrogen bond acceptor and a series of aromatic carboxylic acids. The plot of calculated MEPS
values against experimentally determined binding constants produces a goodness-of-fit of over

0.93 and a similar positive correlation is obtained between MEPS values and binding enthalpies.

A series of tritopic N-heterocyclic compounds were synthesized and subjected to
systematic co-crystallizations with selected multi-topic aliphatic and aromatic carboxylic acids to

determine if ditopic and tritopic donors formulate assemblies with desired stoichiometries. The co-
crystals formed contained the COOH-+Bzim synthon, and we observe vacant sites on the acceptor

molecules.

A series of co-crystallizations between tritopic N-heterocyclic compounds and
perfluoroiodoarenes were carried to map out structural landscapes. At least one potential binding
site on the acceptor is left vacant on all the four structures obtained. The absence of halogen bonds
to all sites can be ascribed primarily due to deactivation of the o-hole on the iodo-arene donors

and partially due to steric hindrance.

Four nonsteroidal anti-inflammatory (NSAID) drugs were chosen due to the presence of
the COOH moiety, to establish if aqueous solubility can be modulated by systematic solubility
measurements of the complex. Two different solids were obtained with a 1:1 and 1:3
stoichiometry. The solubility of the 1:1 co-crystal decreased by 12-fold compared to pure aspirin
(Bmg/mL at 20 °C) indicating that co-crystals can offer promising new solid forms of

pharmaceutically relevant compounds.



A series of hydrogen- and halogen bonding Tréger’s base derivatives were synthesized
using aromatic N-heterocycles and the iodoethynyl functionality, followed by a series of co-
crystallization between aliphatic dicarboxylic acids and symmetric ditopic acceptors. The results
suggest that reducing the number of binding sites from three to two facilitates the formation of co-
crystals with the desired stoichiometry. The results indicate that directed assembly can be achieved

more easily when the molecular building blocks are conformationally rigid.
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Abstract

A methodology for estimating hydrogen-bond preferences and binding affinities in
solution, based on molecular electrostatic potential surfaces (MEPS), is presented using tritopic
hydrogen bond acceptor and a series of aromatic carboxylic acids. The plot of calculated MEPS
values against experimentally determined binding constants produces a goodness-of-fit of over

0.93 and a similar positive correlation is obtained between MEPS values and binding enthalpies.

A series of tritopic N-heterocyclic compounds were synthesized and subjected to
systematic co-crystallizations with selected multi-topic aliphatic and aromatic carboxylic acids to
determine if ditopic and tritopic donors formulate assemblies with desired stoichiometries. The co-

crystals formed contained the COOH-+Bzim synthon, and we observe vacant sites on the acceptor

molecules.

A series of co-crystallizations between tritopic N-heterocyclic compounds and
perfluoroiodoarenes were carried to map out structural landscapes. At least one potential binding
site on the acceptor is left vacant on all the four structures obtained. The absence of halogen bonds
to all sites can be ascribed primarily due to deactivation of the c-hole on the iodo-arene donors

and partially due to steric hindrance.

Four nonsteroidal anti-inflammatory (NSAID) drugs were chosen due to the presence of
the COOH moiety, to establish if aqueous solubility can be modulated by systematic solubility
measurements of the complex. Two different solids were obtained with a 1:1 and 1:3
stoichiometry. The solubility of the 1:1 co-crystal decreased by 12-fold compared to pure aspirin
(Bmg/mL at 20 °C) indicating that co-crystals can offer promising new solid forms of

pharmaceutically relevant compounds.



A series of hydrogen- and halogen bonding Tréger’s base derivatives were synthesized
using aromatic N-heterocycles and the iodoethynyl functionality, followed by a series of co-
crystallization between aliphatic dicarboxylic acids and symmetric ditopic acceptors, respectively.
The results suggest that reducing the number of binding sites from three to two facilitates the
formation of co-crystals with the desired stoichiometry. The results indicate that directed assembly

can be achieved more easily when the molecular building blocks are conformationally rigid.
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Chapter 1 - Introduction

1.1 Supramolecular chemistry

Supramolecular chemistry is described as ‘chemistry beyond the molecule’, in which a
‘supermolecule’ is a species held together by non-covalent interactions between two or more
covalent molecules or ions,' Figure 1.1. In the context of this discipline, chemical systems are

broadly classified into two major categories.’
e molecular recognition in solution, and

e organized self-assembly in the solid state (crystal engineering)*>

Y . N

Molecular precursors I
/ Molecular chemistry

e e N~

Supramolecular chemistry

o '*".L NS
N

T i I I

Periodic supramolecule = crystal

Figure 1.1 Supramolecules formed by molecular recognition, binding through complementary

shape and periodic arrangement resulting in a crystal lattice



1.2 Supramolecular chemistry in solution

Due to the competition between solute—solute, solvent—solvent, and solute—solvent
interactions, molecular recognition events are heavily influenced by solvents.* The stability of a
supramolecular complex in solution is quantified by the equilibrium constant or binding constant
for the system.® The binding equilibrium becomes a competition reaction between these molecules

and thus complicates the explicit quantification of these forces in solution.*

Recent advancement in supramolecular chemistry have appeared through carefully tailored
multi component systems that can interact in a coherent manner to elicit a specific purpose. One
such example uses halogen bonded templated self-assembly allowing a triazole-based foldamer to
act as a tridentate halogen bond acceptor,’” Figure 1.2. The cumulative effect of a tri-halogen
bonded, preorganized structure displayed an association constant of 3.2 x 10* M in
dichloromethane, which is very noteworthy for an uncharged organic donor and acceptors in

solution.

Figure 1.2 Interaction of halogen bond donor with a triazole foldamer’



In another case, Resnati, Metrangolo and co-workers functionalized a preorganized
receptor architecture with halogen bond donors as a means of ion pair recognition,® Figure 1.3.
Even though the geometry of the receptor prevents it from acting as a multidentate halogen bond
donor (monodentate halogen bond with the anion in solid state structure), it shows a roughly 20-
fold increase in Nal affinity as determined by "H-NMR in CDCls compared to the perfluorenated

receptor.

o o o O"‘E)’;:;’/ "o
K&;N U K.,Q/N’¢
Recp(X) where X= 1|, F Recp(l)...Nal

K, (Recp(l)...Nal) = 2.6 x 10° M
K, (Recp(F)...Nal) = 1.3 x 10 M

Figure 1.3 Ion-pair recognition based on halogen bonding to Recp(I)®
Organic halogen bond donor mediated catalysis is a field not been extensively explored.
Bolm and co-workers studied the reduction of 2-substituted quinolines by Hantzsch esters using
1-haloperfluoroalkanes as catalysts,” Figure 1.4. They suggested that the reaction mechanism

involves an activation of the heterocycle by halogen bonding arising from a Hal-N interactions.

m - H . m
= q
N Sph MCsFgl (10 mol %) N Ph
CH,Cl,, 25 °C H
98% vyield

Figure 1.4 1-Haloperfluoroalkanes as catalysts for reductions of 2-substituted quinolines by

Hantzsch ester’



Meijer and co-workers pointed out that the order of donor acceptor in the multiple
hydrogen bonding arrays influenced the binding strength significantly, because of additional
attractive secondary electrostatic interactions in hydrogen-bonded DDAA dimers,!® Figure 1.5.
The dimerization constant decreased as the polarity of the solvent increased showing a strong

dependency on it.

A
4 ! =0,
R'—(N;,(/N A K,, = 6x10" M* R1—(/_/( N-------H—N>_ H
H N-H D _—— N—< N
o=( H  N-HewN J&
N-H D o 4
\ N-HwQ
R, Re
4[1H]-pyrimidinone monomer 4[1H]-pyrimidinone dimer

1\

O-H D O-HwwO Ry
_<=< - N
Ri— /N A K, = 9%10° M Ry—  NewH-N H
N - N .
H N-H D H  N-HwaN YR,
N—( N—G, =
R, © A R; OwmH-0
pyrimidin-4-ol monomer pyrimidin-4-ol dimer

Figure 1.5 Chemical structures of the keto (top) and enol (bottom) tautomers of UPy and their

dimers!?

1.3 Concepts in supramolecular chemistry

1.3.1 Molecular self-assembly

This process, where precise organization takes place to produce aggregates that depend
solely on the information stored in the functional units of a chemical building block, is an
equilibrium between two or more molecular components, Figure 1.6. Though this process is
usually spontaneous, it may be influenced by solvation effects or in the case of solids, by the

nucleation and crystallization processes.'!



Spontaneous
Cmalent

stnlhesas

Large molecules
Small molecules Self assembled aggregate

(solution and solid state)

Figure 1.6 Self-assembly between complementary molecules

Synthetic self-assembly systems depend on our capability to design molecules with
complementary functionalities. The chemical system itself rearranges to the most
thermodynamically stable product and we have no direct control over the assembly process.'!
Furthermore metastable forms can appear within a chemical system when their crystallization
kinetics are faster (lower activation energy) than those of the stable form.!> A metastable form,
nonetheless, will eventually transform into a more stable form.!? But like in the case of diamond a
metastable form of crystalline carbon cannot under normal conditions reach the lower energy state
of graphite due to a significant kinetic energy barrier.'> However, it is possible to make intelligent
and informed decisions as to which compounds may interact well together and thus develop
versatile synthetic protocols. This is known as directed self-assembly; a process by which

molecules adopt a defined arrangement with guidance or management from an outside source. '

1.3.2 Molecular recognition

“Molecular recognition” is a host molecule selectively binding to a certain type of guest

molecule through non-covalent bonding, Figure 1.7. The fundamental basis for molecular



recognition is provided by the potential energy surface that represents the interaction energy of

two or more molecules in a cluster as a function of their mutual separation and orientation. '’

Acceptor /— Donor Non-covalent bond

selective
—
+ G
I reversible

Host molecule Guest molecule Host/Guest Complex

“Library” “Supramolecule”

Figure 1.7 Molecular recognition

1.4 Supramolecular interactions

Supramolecular chemistry involves reversible non-covalent interactions between
molecules. These forces include hydrogen bonding, halogen bonding, metal ligand coordination,

hydrophobic forces, van der Waals forces, n-m interactions and electrostatic effects,'® Table 1.1.

Table 1.1 Strength scale of supramolecular interactions'!

Interaction Strength kJ mol’!
Ion—ion 200-300
Ion—dipole 50-200
Dipole—dipole 5-50
Halogen bonding'” 10-150
Hydrogen bonding 4-120
Cation-nt 5-80
TT-T 0-50




van der Waals < 5 but variable depending on surface area

Hydrophobic Related to solvent—solvent interaction energy

1.4.1 Hydrogen-bond

The hydrogen bond (HB) is defined as ““an attractive interaction between a hydrogen atom
from a molecule or a molecular fragment X—H in which X is more electronegative than H, and an
atom or a group of atoms in the same or a different molecule, in which there is evidence of bond

formation”,'® Figure 1.8.

hydrogen bond acceptor

\ cl
hydrogen bond donor 7\ NJ\T\
w T
N° N [§ <=——— hydrogen bond donor

H

Figure 1.8 Hydrogen bond donating and hydrogen bond accepting groups

The HB is directional and strong'®, reflecting features of a covalent bond and it produces
interatomic distances shorter than the sum of the van der Waals radii.’ These have been
instrumental in the preparation of distinctive structural aggregates, and the use of hydrogen
bonding as a steering force is one of the most important tools in the context of supramolecular

chemistry and crystal engineering.

1.4.2 Halogen bond

A halogen bond (XB) “occurs when there is evidence of a net attractive interaction between

an electrophilic region associated with a halogen atom in a molecular entity and a nucleophilic

region in another, or the same, molecular entity”,?! Figure 1.19.



Halogen bond donor j 7 Halogen bond acceptor
D_x “ e A—R

Y

Halogen bond donor

Figure 1.9 Schematic diagram showing the formation of a halogen bond (R and D-molecular

fragments or atoms; X-halogen atom; A-nucleophilic atom)

XBs are strong, specific, and directional interactions and can assist in generating well-

defined structures. The strength of the XB allows it to compete with the HB.

In drawing parallels, an electron donor/ electron acceptor relationship exists in both XB
and HB. What differentiates the two bonding types depends on the species that act as the electron

donor/ acceptor.??
1.5 Solid-state supramolecular chemistry

Supramolecular interactions do not only occur within solution but also within solid-state
systems. Ordered solids (except for giant covalent structures) are held together by non-covalent
interactions.!! Supramolecular chemistry in the solid state involves the study of crystals and all its
applications in the fields of solid-state chemistry, crystal engineering, catalysis and material

science, including organic, inorganic, bio-organic and bioinorganic chemistry etc.



1.5.1 Crystal engineering

Crystal engineering, a sub-discipline of supramolecular chemistry, is the rational design
and synthesis of novel crystalline solids through knowledge of intermolecular interactions and
supramolecular synthons - recurring motifs / patterns of interactions between functional groups.'!
There are three pillars of crystal engineering, 1) determine the way molecules pack in the
crystalline phase, 2) crystal design or supramolecular synthesis and 3) optimization of crystal
properties to meet the desired application.?* Crystal structure prediction (which is not the same as
crystal engineering), a task that has yet to be accomplished reliably, is a theoretical route to
determine crystal packing and symmetry (including space group) for a given molecule. It is also
the focus of considerable current effort.”> Furthermore symmetry-adapted perturbation theory
(SAPT) of intermolecular forces can be utilized to provide both a theoretical framework for

describing intermolecular interactions and a practical tool for calculating such interactions.?¢

A common synthetic procedure we employ in the process of crystal engineering is
“grinding”,!" Figure 1.10. This mechanochemical reaction involves taking two solids and directly
mixing them in a solvent-free environment. Often times, drops or small amounts of solvent are
added, which is then termed as ‘kneading reactions’ or ‘liquid assisted grinding’.?’ Due to the
dissolution mediated co-crystal formation, whereby the solution becomes saturated with respect to

reactants and supersaturated with respect to co-crystals, adding a drop of solvent becomes effective

in the grinding process.?®
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Figure 1.10 Green route crystal engineering

While crystal engineering refers to a systematic study of the interactions within a crystal
and attempts to design solids utilizing these forces, today crystal engineering has reached a new
generation where crystal structure engineering is now transforming into crystal ‘property’
engineering,?’ Figure 1.11. One may target a property straightaway and derive the crystal structure
or structures that are likely to yield this property by controlling aspects of the physical growth by

utilizing the known chemical similarity of the systems.*°

Third Second

2 T

Property [ Crystalstructure [ Interactions

First\ /:-'irsf

Molecular structure

Figure 1.11 Generations of crystal engineering?’

10



Even though the first mention of the term “crystal engineering” was by R. Pepinsky in
1955%!, it was G. M. J. Schmidt who correlated the solid-state reactivity of an array of
photodimerizable compounds, particularly trans-cinnamic acids,?® Figure 1.12. The products

formed were a result of proximity and parallel arrangement of the double bonds in the crystal

lattice.

HOOCJ/_D hv HOOC
<:>ICOOH

o-cinnamic acid a-truxillic acid

|

COOH

(_>_/—COOH hv ﬂ_iCOOH
C _/—COOH @ COOCH

p-cinnamic acid B-truxinic acid

Figure 1.12 Photodimerized products of trans-cinammic acid

1.6 Research overview

1.6.1 Overall challenge

By translating molecular function into predictable intermolecular recognition, we hope to
gain control over the assembly of molecules that may create versatile pathways to improve

performance of a wide range of specialty chemicals such as pharmaceuticals.
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1.6.2 Goals

The goals of the thesis are as follows;

1.

To determine whether supramolecular assemblies can be understood and guided by
a quantitative thermodynamic assessment that integrates theoretical and

experimental views of solution-based molecular recognition events. (Chapter 2)

To explore the effect of reliability and effectiveness of hydrogen bonding synthons
on supramolecular architectures of flexible tritopic acceptors. This study will focus
on co-crystallization of a series of tritopic acceptors with aliphatic and aromatic

hydrogen bond donors. (Chapter 3)

To investigate the nature of halogen bonded supramolecular assemblies of flexible
tritopic acceptors. This will be explored by co-crystalizing rigid perfluoroiodo

arenes with above mentioned acceptors. (Chapter 4)

To apply crystal engineering for altering physiochemical properties. A systematic
study will be carried out on a series of active pharmaceutical ingredients (API) with

the goal of fine-tuning aqueous solubility. (Chapter 5)

To explore rigidity vs. flexibility to determine how well it allows the controlled
assembly of molecular complexes by utilizing Troger’s base as core building block,
which possess well-defined geometries. Design and synthesis of Troger’s base
derivatives functionalized with halogen and hydrogen bond donor and acceptor

groups. (Chapter 6)
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Chapter 2 - Molecular electrostatic potentials as a quantitative

measure of hydrogen bonding preferences in solution'

2.1 Introduction

Molecular recognition is, “selective binding with a purpose”,? Figure 2.1. The recognition
between molecules which are complementary in their geometry and electronic features, leads to

an aggregation where the end result is an ensemble of two or more distinct units.>

Acceptor f Donor Non-covalent bond

selective

—_—
+ @ —
reversible
Host molecule Guest molecule Host/Guest Complex
“Library” “Supramolecule”

Figure 2.1 Molecular recognition
Solvents play an indirect but rather dominant role in driving molecular recognition in
solution.* Computational and gas-phase data have shown the dominance of dispersion forces in
molecular recognition, but solvent effects complicate the explicit quantification of these forces in
solution. This is due to the competition between solute—solute, solvent—solvent, and solute—solvent
interactions,’ Figure 2.2. For molecules possessing simple groups, the primary mode of interaction
is hydrogen-bond contacts between maxima in (yellow) and minima in (blue) in the electrostatic

potential surfaces of the molecules. “A” represents a hydrogen acceptor solute and “D” a hydrogen
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bond donor solute. In polar solvents like water, nonpolar solutes like hydrocarbons, interact in a
way that minimizes solvent-solute interactions. Given the complexity and the solvent dependency
of molecular recognition events, we have understood the importance of finding a simplified

method that can offer reliable guidelines to predict molecular recognition in solution.®

K ©
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(] — =

&

| n
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- &

Figure 2.2 Schematic representation of the electrostatic solvent competition mode®

Molecular Electrostatic Potential Surface (MEPS) is a very useful descriptor for analyzing
and predicting molecular behavior.” MEP is the result of a force acting on a positive test charge (a
proton) located at a given point q(x,y,z) through the electrical charge cloud created in the space
around a molecule by its nuclie and electrons,® Figure 2.3. MEPS has been widely used in many
different areas such as a measure for estimating molecular acidity in different compounds,’ for
estimation of the reaction rate constant,'” to analyze non-covalent interactions as well as in studies

of hydrogen bonding.!" In this study, it was intended to establish if MEPS values can offer a

quantitative measure of solution binding.
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Figure 2.3 Molecular electrostatic potential surface map on CHCl3
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To synthesize more complex, multicomponent materials with the help of relatively weak
interactions, it can be useful to implement a hierarchical view of different intermolecular forces
within a synthetic protocol.!? If such an approach is to be realized, we need a reliable method for
ranking different intermolecular interactions in terms of strength and potential binding affinity.
Therefore, employing molecular electrostatic potential surface (MEPS) values!*!® to rank
acceptor-donor sites, where a stronger acceptor has a higher negative value and the stronger donor
has a higher positive value on the electrostatic surface, is a useful alternative among other reliable
methods (i.e. using the relative strength based on the pKa/pKyp values)'*® used for ranking
hydrogen-bond donors and acceptors. This will provide versatile guidelines for how best to
combine hydrogen-bond interactions into succinct synthetic strategies and enable us to predict
chemical composition and main structural features yielding from any supramolecular synthesis —

the basis for successful and reproducible design of supramolecules.

It is assumed that electrostatic potentials play a particularly important role in molecular
recognition in the initial stages as they are more long range and directional than dispersion. Since
induced dipole-induced dipole interactions decrease more with increasing separation (Easp o (r'®))
than electrostatic interactions (Eeic o (r'!)). The foundation of molecular recognition events; ‘non-
covalent interactions’,'* are the primary tools used in the production of discrete!® or extended!®
supramolecular architectures in crystal engineering. In this context, the hydrogen bond is, by far
the most extensively studied intermolecular interaction.'? '* Even though many key factors like
repulsion, induction, dispersion and electrostatics affect the interaction between two molecules,
the recent definition on hydrogen bonding proposed by IUPAC in 2011, recognizes that

electrostatics are at the very core of this interaction.!”
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The target molecule; a hydrogen-bond acceptor, 1,3,5-tris(imidazole-1-ylmethyl)-benzene,
is conformationally flexible and contains three geometrically and electrostatically equivalent

binding sites, Figure 2.4.

T
/E\ HBEN CHs ABEN
N

o) O2N
CH, MBEN NBEN

Figure 2.4 Scheme representing tritopic acceptor and donors employed in this study

We intend to investigate binding to the tritopic acceptor purely by targeting its most
prominent binding-sites regardless of shape, geometry or size with a selection of donors with
similar chemical functionalities. Previously reported co-crystal for a similar multitopic acceptor
1,3,5-(5,6-dimethylbenzimidazol-1-yl)-2,4,6-trimethylbenzene shows a 1:1 binding with
citramalic acid a tritopic donor in the solid-state.'® Although we can observe solid state structures,
they may or may not be reflecting solution phase behavior. This is where Isothermal titration
calorimetry (ITC) is important. ITC has been proven as a universal technique that provides
knowledge of affinity, thermodynamics, and stoichiometry of a binding interaction'® which is not
only of fundamental interest but also is key to the design and optimization of application-oriented
supramolecular systems. To evaluate the binding stoichiometries and understand the

intermolecular interactions, four benzoic acid derivatives with varying strengths were chosen.
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Assuming that increased electrostatic stabilization will lead to notable differences in
stability and equilibrium constants of supramolecular assemblies in solution, we aimed to correlate
experimentally observed thermodynamic parameters with calculated electrostatic potential
surfaces. We intended to explore calorimetry as a way of getting to stoichiometries as well as

thermodynamic parameters in several supramolecular assembly events.

ITC is a tool that can be utilized to measure the relatively long-range interactions that take

place in the initial stages and to identify and characterize stable supramolecular architectures in

:

Adiabatic shield >

solution,!”-?° Figure 2.5.

affinity

Enthalpy

Sample cell — 1 «—+— Reference cell

- T =
Feedback power supplied ] Constant power supplied

A == to reference cell
to sample cell ey

Figure 2.5 A schematic of ITC cell and injection syringe and raw data from ITC experiment
with binding isotherm?!

With three binding sites being available, three structural outcomes are possible in the
solution phase from intermolecular interactions with a monotopic donor as seen in Figure 2.6. In

this context, we postulate the stronger acid to bind strongly to an acceptor in solution where

20



molecular recognition is governed mainly through molecular electrostatics, which can be modelled
through electrostatic potential mapping of the respective acids. We aim to establish if a simple
electrostatic depiction of hydrogen-bond interactions in solution is reflected in experimentally
observed metrics that describe each supramolecular assembly in solution. The basic hypothesis is
that by controlling and modulating the electrostatic component of these acceptor---donor hydrogen
bonds we may be able to alter binding constant and the overall thermodynamic landscape of these

systems.
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Figure 2.6 Three possible outcomes when co-crystallizing monotopic donors with a tritopic

acceptor

2.2 Experimental

2.2.1 Molecular electrostatic potential surface calculations

Molecular electrostatic potential surfaces on donor molecules were obtained with density
functional theory (B3LYP), using 6-31G* basis set in a vacuum. All molecules were geometry

optimised with the maxima and minima in the electrostatic potential surface (0.002 e au’!
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isosurface) determined using a positive point charge in the vacuum as a probe on the molecular
surface. The numerical values specify the interaction energy (kJ mol') at a point between the
surface of the molecule and the positive point probe. These numeric could be correlated to the
electrostatic charges on the atoms with positive values corresponding to the positive charges and
the negative values corresponding to the negative charges. All calculations were carried out using

Spartan ‘10 software.

2.2.2 Materials and methods

All reagents, solvent, and donors (benzoic acid and derivatives) were purchased from
commercial sources and used as received. 1,3,5-Tris(bromomethyl) benzene was synthesized
according to a report by Wang and co-workers.!*® 1,3,5-Tris(imidazole-1-yl-methyl) benzene was
synthesized per a procedure reported.'®® Titrations were performed on a NANO ITC standard
volume isothermal titration calorimeter. Data analysis and data fit procedures were done using the

software NanoAnalyze.

2.2.3 Synthesis

2.2.3.1 Synthesis of 1,3,5-tris(bromomethyl) benzene

CCly,

C e Br
N-bromosuccinimide

Benzoyl peroxide

Br
Reflux at 90°C

for 14 hrs Br
A mixture of mesitylene (2.8 mL, 20 mmol), N-bromosuccinimide (10.62 g, 60 mmol), and
benzoyl peroxide (0.11 g) in CCls (30 mL) was stirred and heated under N2 for 14 hours at 90°C.

The reaction mixture was monitored with TLC and after completion, the solution was cooled in an
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ice bath and the succinimide was filtered off and washed with carbon tetrachloride. The filtrate
was washed with water and dried over anhydrous MgSO4. Upon concentration of the CCls
solution, a pale-yellow solid was obtained. Recrystallization in a 1:1 mixture of ethanol/hexane
afforded colourless needle crystals. 81% Yield. mp 87-89 °C (Lit value 86-87 °C)!°*; 'TH NMR

(8H; CDCls, 400 MHz) & 7.36 (s, 3H), 4.46 (s, 6H).

2.2.3.2 Synthesis of 1,3,5-tris(imidazole-1-yl-methyl) benzene

Br N/i/)

Acetonitrile

NaOH /j
Br NN
Reflux at 50-60°C
Br for 24 hrs

N

2

To a solution of imidazole (874 mg, 12.8 mmol) placed in a 100 mL round-bottomed flask
with acetonitrile (50 mL) was added NaOH (1.029 g, 25.72 mmol) and stirred at room temperature
for two hours. 1,3,5-Tris(bromomethyl) benzene (1.416 g, 4.000 mmol) in acetonitrile (20 mL)
was added to the reaction mixture and refluxed for 24 hours at 50-60 °C. The reaction mixture was
monitored with TLC and after completion, the solvent was removed by rotary evaporation, the
residue was dissolved in water (100 mL) and extracted with methylene chloride (30 mL x 5). The
organic layers were combined, dried over anhydrous MgSOy, filtered and purified by flash column
chromatography (CH2Cl,/MeOH = 5/1) to give the desired product as a white solid. 54% Yield.
mp 173-175 °C (Lit value 175-179 °C)"**; 'TH NMR (8H; CDCls, 400 MHz) § 7.52 (s, 3H), 7.12

(s, 3H), 6.85 (m, 6H) 5.07 (s, 6H).
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2.2.4 Binding studies with I'TC

Stock solutions for the calorimetric studies were prepared using purified deionized water
in volumetric flasks. All experiments were conducted at 25 °C. The sample cell was filled with 1.2
mL of the donor using a syringe with an elongated needle. The 250 pL syringe was filled with the
tritopic acceptor solution and an air gap roughly about the size of 5-10 puL between the plunger tip
and the liquid in the barrel (leaving an air gap is critical to prevent signal distortion). Fill the
syringe to a slight excess, 2 or 3 mm beyond the highest gradation of the barrel. The instrument
was left to equilibrate for about 30 mins, until the baseline was acceptable prior to data collection.
The stir rate was set at 250 rpm and the instrument was left to equilibrate for about 30 minutes.
The experiment was set to incremental titration with discrete injections every 250 seconds for 25
injections. For all titrations, the initial concentration of the tritopic acceptor was 1.20 mM and the
concentrations of all the donors were 0.150 mM. Data analysis and data fitting were conducted

using software NanoAnalyze.
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2.2.4.1 Binding study of 1,3,5-tris(imidazole-1-yl-methyl) benzene and 3-nitrobenzoic
acid

1.2 mL of 0.150 mM aqueous 3-nitrobenzoic acid was filled into the sample cell. The
instrument was allowed to stabilize and then 1.20 mM aqueous 1,3,5-tris(imidazole-1-yl-methyl)
benzene solution was injected into it in aliquots of 8 puL for a total of 25 injections using the

automatic computerized instructions. The heat change patterns were recorded and analyzed.

2.2.4.2 Binding study of 1,3,5-tris(imidazole-1-yl-methyl) benzene and 3-
methoxybenzoic acid

1.2 mL of 0.150 mM aqueous 3-methoxybenzoic acid was filled into the sample cell. The
instrument was allowed to stabilize and then 1.20 mM aqueous 1,3,5-tris(imidazole-1-yl-methyl)
benzene solution was injected into it in aliquots of 8 pL for a total of 25 injections using the

automatic computerized instructions. The heat change patterns were recorded and analyzed.

2.2.4.3 Binding study of 1,3,5-tris(imidazole-1-yl-methyl) benzene and benzoic acid

1.2 mL of 0.150 mM aqueous benzoic acid was filled into the sample cell. The instrument
was allowed to stabilize and then 1.20 mM aqueous 1,3,5-tris(imidazole-1-yl-methyl) benzene
solution was injected into it in aliquots of 8 pL for a total of 25 injections using the automatic

computerized instructions. The heat change patterns were recorded and analyzed.

2.2.4.4 Binding study of 1,3,5-tris(imidazole-1-yl-methyl) benzene and 3-
dimethylaminobenzoic acid
1.2 mL of 0.150 mM aqueous 3-dimethylaminobenzoic acid was filled into the sample cell.

The instrument was allowed to stabilize and then 1.20 mM aqueous 1,3,5-tris(imidazole-1-yl
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methyl) benzene solution was injected into it in aliquots of 8 pL for a total of 25 injections using

the automatic computerized instructions. The heat change patterns were recorded and analyzed.

2.3 Results

The acceptor molecule in this study has three geometrically and electrostatically equivalent
imidazole nitrogen atoms that can act as hydrogen-bond acceptors in solution. The carboxylic acid
sites (the hydrogen-bond donors) on the benzoic acids were ranked using calculated electrostatic

potential surfaces, Figure 2.7.

ABEN HBEN MBEN NBEN

Figure 2.7 Calculated molecular electrostatic potential surface maps; ABEN = 3-
diamino benzoic acid; HBEN = benzoic acid; MBEN = 3-methoxybenzoic acid; and

NBEN = 3-nitrobenzoic acid

With a higher positive potential on the carboxylic proton, the expectation is that the acid
will engage in stronger and more prominent hydrogen bonds. Data analysis and data fitting
conducted using NanoAnalyze is depicted in Table 2.3. The calculated values, together with the
relevant pK, values'® are shown in Table 2.2, and it is evident that a high electrostatic potential

value largely reflect a trend inverse to that of pKa values of the acid.
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Table 2.1 95% confidence interval for association constants and thermodynamic parameters for

benzoic acid derivatives and IM3

K. [M1] AH [kJmol™] n!
Molecule 95% 95% 95%
Value Confidence Value Confidence Value  Confidence
interval (£) interval (%) interval ()
NBEN 1.35x10°  9.13x10* -94.3 0.72 0.394 0.002
MBEN 6.65x10°  6.77x10* -88.4 1.45 0.377 0.003
HBEN 6.01x10°  5.08x10* -111 2.8 0.298 0.004
ABEN 9.48x10*  6.35x10° -98.1 4.02 0.291 0.008

Table 2.2 Electrostatic potentials of donors (-COOH) and pK. values

Molecule Atom (kJ/mol) pKa
3-Nitrobenzoic acid (NBEN) Carboxyl H 287.9 3.45
3-Methoxybenzoic acid (MBEN) Carboxyl H 250.0 4.09
Benzoic acid (HBEN) Carboxyl H 252.0 4.21

3-Dimethylaminobenzoic acid (ABEN) Carboxyl H 236.9 5.10

Liquid assisted grinding experiments were carried out in order to establish if co-crystals
can be formed between IM3 and the different carboxylic acids. The outcome of each reaction was
characterized by IR spectroscopy and all four experiments resulted in co-crystal formation as
indicated by broad bands in the 1,850 and 2,500 cm™! regions (a consequence of intermolecular
N---H—O hydrogen bonds) and notable changes in the C==O0 stretch of the carboxylic acid, Table

2.3.
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Table 2.3 IR stretches for ground mixtures for respective acceptor and donors

Carbonyl Stretch

O-H---N
Molecule Acid g{iﬁ‘i stretches (cm™) Co-crystal?
NBEN 1683 1662 1936, 2432 Y
MBEN 1678 1690 1967, 2389 Y
HBEN 1677 1685 1916, 2463 Y
ABEN 1663 1682 1943, 2483 Y

With these data in hand, isothermal titration calorimetry (ITC) experiments were conducted
to determine the binding strengths (binding preferences) between the tritopic acceptor and
aromatic carboxylic acids in solution. All acids were titrated with the tritopic acceptor in an

aqueous medium at 25 °C. The tritopic acceptor was eluted from the burette into the cell containing

the benzoic acid derivatives and the results are listed in Table 2.4 and in Figures 2.6 —2.9.

Table 2.4 Association constants (Ka) and thermodynamic binding parameters for benzoic acid

derivatives and IM3

Molecule Ka [M] AG [kJmol'']  AH [kJmol']  -TAS [kJmol!] n

NBEN 1.35x10° -34.9 -94.3 59.3 0.394
MBEN 6.65x10° -33.2 -88.4 55.2 0.377
HBEN 6.01x10° -32.9 -111 78.1 0.298
ABEN 9.48x10% -28.4 -98.1 69.7 0.291
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Figure 2.8 ITC profile between IM3 (1.20 mM) and NBEN (0.150 mM) at 25°C
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Figure 2.9 ITC profile between IM3 (1.20 mM) and MBEN (0.150 mM) at 25°C
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Figure 2.10 ITC profile between IM3 (1.20 mM) and HBEN (0.150 mM) at 25°C
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Figure 2.11 ITC profile between IM3 (1.20 mM) and ABEN (0.150 mM) at 25°C
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2.4 Discussion

The co-crystal screening that was done using infrared spectroscopy provided unambiguous
conformation of co-crystal formation, but it does not reveal the stoichiometric ratio at which each

acid binds with the tritopic acceptor and therefore to verify binding ratio ITC data are required.

ITC’s widespread use is the characterization of enthalpies and equilibrium association
constants of simple 1:1 interactions in solution. However, its use for more complex systems in
which three or more binding sites is expanding. Reported work on multi-site binding models to
ITC data specifically focuses on protein binding.?* To the best of our knowledge, related research
that has been done are, for a tetratopic cavitand and 4-nitrobenzoic acid that focuses on —
COOH:+*N(pyridine) hydrogen bond interaction in the solution phase.'*® With three binding sites
available, three outcomes are possible. Expected n values = 0.33, 0.5, 1 means that either 3, 2 or 1
acids/ acid bind to the tritopic acceptor. Experimental data on both benzoic acid (HBEN) and 3-
dimethylamino benzoic (ABEN) acid show stoichiometries of 0.298 and 0.291 where as NBEN
and MBEN are 0.394 and 0.377 respectively. The calculated n values are higher and lower than
the expected values, suggesting, the solution binding of the acceptor differs from its solid-state
binding. For NBEN and MBEN, it can be assumed that a much weaker O—H---& interaction,
could form a pentameric analogue of the tritopic acceptor. As per our understanding, there aren’t
many papers that report on simultaneous studies for matching solution- and solid- state data, for
aromatic carboxylic acids with tritopic or multivalent acceptors, that could affirm the above
assumption. The paucity of such literature on thermodynamic parameter estimation for a three or
more binding site model is likely due to over-interpretation of multi-site ITC data and the lack of

availability of macroscopic binding models and unavailability of microscopic models, in common
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ITC software.??® 22> 22¢ Despite the experimental observations made here, which do not directly
reflect the expected supramolecular stoichiometry, the values obtained for K. and AH° are
reasonable!*®?* since a substantive part of the isotherm displays a sufficiently large signal-to-noise
ratio, and that stoichiometry is realistic and host/guest concentrations are known, ITC

measurements can provide reliable data.

In a likely manner, when determining the association constants using ITC, it can be reliably
measured if the value in question falls within the range of 10? < K < 107> which is what we
observed from the experimental data, Table 2.4. With larger electrostatic stabilization, increased
stabilization of the supramolecular assemblies in solution can take place. This would be reflected
by increased association between the tritopic acceptor and monotopic donor. The plot of
association constant and the molecular electrostatic potentials on carboxylic protons reflect this

hypothesis with a correlation coefficient of R?=0.95, Figure 2.12.
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Figure 2.12 Plot of the association constant versus electrostatic potential on carboxyl H for the

binding of IM3 with benzoic acid derivatives
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The enthalpic contributions observed for the binding studies averages at 98.02 kJmol™! with
the highest being -111.2 kJmol™! and the lowest being -88.41 kJmol™!, Table 2.4. In each of the
experiments, Table 2.4, a varying number of monotopic donors interact with the tritopic acceptor,
to form a supramolecular assembly, which would yield an enthalpy, based on the intermolecular
interactions taking place. Therefore, for a single experiment, assuming the interactions taking place
are the same, between each donor with the tritopic acceptor, the averaging of the observed enthalpy
(which would provide enthalpy per acid) should be made. Reported work on the binding of a
trivalent system of receptor and ligand, derived from vancomycin and D-Ala-D-Ala, has a AH
value that is three times that for the monovalent vancomycin and D-Ala-D-Ala.?® A similar study
between multivalent analogues of carbohydrates with relatively high affinities possesses AH per
mole of the analogue for Concanavalin A and Dioclea grandiflora Lectin that reflect multiplets of
AH for the corresponding monovalent binding epitopes.?” When considering an averaged enthalpy
(in other words, the enthalpy of formation per donor per site), Table 2.4, the observable enthalpies
fall in the range of 29 - 37 kImol™! for a single COOH" - N(imi) hydrogen bond. A report on using
IR spectroscopy to evaluate the hydrogen bond formation enthalpy (COOH:-- Nyn)) between a
pyridine and benzoic acid is found to be -44.52 kJmol™!. This is acceptable since pyridine acceptor
sites N(py) are known to be more electronegative than imidazole acceptor sites N(imi). This allows
Npy) to be more competitive in hydrogen bond formation, which would result in greater
electrostatic stabilization that would release more heat per bond formed. These values plotted
against the molecular electrostatic potentials on carboxylic protons yielded a correlation
coefficient of 0.87, Figure 2.13. As electrostatic stabilization increases, more heat is released when
forming the intermolecular interactions that would formulate the supramolecular assemblies

between IM3 and aromatic carboxylic acids.
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Figure 2.13 Plots of average AH versus electrostatic potential on carboxyl H for the binding of

IM3 with benzoic acid derivatives

Table 2.5 Averaged AH values for benzoic acid derivatives and IM3

Molecule AH [kJmol] n Average AH [kJmol™']
NBEN -94.32 0.394 -37.16
MBEN -88.41 0.377 -33.37
HBEN -111.2 0.298 -33.04
ABEN -98.15 0.291 -28.61

The standard enthalpy AH® can be considered as a quantitative indicator of the changes in
intermolecular bond energies such as hydrogen bonding and van der Waals interactions occurring
during binding processes. The standard entropy AS®, on the other hand, an indicator of the
rearrangement that undergoes by the solvent (which in this case study; water) molecules during
the same process. For this study, we observe a correlation coefficient of 0.93 for the entropy-
enthalpy compensation plot with a compensation temperature of 266.7 K as seen in Figure 2.14.

For a true entropy-enthalpy compensation arising from chemical causality, Krug et al.”® proposed
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two conditions, (i) the compensation temperature 3 must be significantly different from the average
experimental temperature B'; (i1)) AH® values should be linearly correlated with the corresponding

AGP® values, which as per Gilli et al.’

would be too rigid a requisite to adhere to when the chemical
nature of the ligands varies. And in our study, the chemical nature of the aromatic carboxylic acids
is very different from each other, Figure 2.7. Furthermore, in drug receptor binding in aqueous
solution, Gilli et al. have put forward that enthalpy-entropy compensation arises, based only on
the intrinsic properties of the hydrogen bond, as a principal force controlling the intermolecular
association in solution.? This is observed in Figure 2.13, where the standard enthalpy AH®; an
indicator of intermolecular interactions, such as hydrogen bond (an electrostatic force), is related
to the electrostatic potential on carboxyl hydrogen. Furthermore, since a flexible tritopic acceptor
has been used, when a weakly bound complex is formed, there is a possibility for an intermolecular
motion to take place, in which case, on average the interacting functional groups are further apart
than a strongly bound complex.*® This structural tightening in bound complexes leads to entropy-

enthalpy compensation, Figure 2.14. All the data points on the 3rd quadrant on the Cartesian plane

indicates all reactions are enthalpically driven, Figure 2.14.
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Figure 2.14 Scatter plot of enthalpies AH and entropies AS for the binding of IM3 with

benzoic acid derivatives

A similar analysis (ranking molecules using the relative strength of pKa./pKy values) was
done to observe a relationship based on pK. values of the donors and the observed association
constants as well as averaged enthalpies, Figure 2.15 & Figure 2.16. Here, as expected, we observe
a good correlation between pKa. values and experimentally observed association constants, which
amounts to a correlation coefficient of 0.95, Figure 2.15. Similarly, an even better correlation is
observed between pKa. values and averaged enthalpies, with a correlation coefficient of 0.99,

Figure 2.16.
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2.5 Conclusions’

From this study, it is evident that molecular electrostatic potential surfaces play an
important role in molecular recognition in the initial stages, which can provide quantitative
measures of solution binding affinities. This was clearly illustrated when observing the plot
between electrostatic potential on carboxyl H and the association constant. Consequently, this
would further affirm that stronger stabilization and interaction is observed with increased
electrostatic stabilization in solution. This also suggests that by controlling and modulating the
electrostatic component of these acceptor:--donor hydrogen bonds we can alter binding constant
and the overall thermodynamic landscape of these systems. The linearity observed from this
relationship provides good grounds for the use of MEPS as a ranking method that can offer

quantitative measures of solution binding.

The intermolecular interactions of the reaction partners have taken place regardless of the
size, geometry or the shape of the molecule, but purely focusing on the most prominent binding
sites of the molecular partners. This study also stipulates the importance of ITC measurements in
the determination of the functional valency for the tritopic analogue in the presence of a donor

molecule in solution, which may differ from the structural valency of the acceptor.

Furthermore, according to the entropy-enthalpy compensation effect, it is evident that the
principal force controlling the intermolecular association in solution is, predominantly hydrogen
bonds. To observe the linearity and effectiveness of MEPS as a ranking method, it is important to
consider the average binding per site of the tritopic acceptor for enthalpy to establish a correlation
with MEPS values since the comparison is made between the electrostatic charge on the carboxyl

hydrogen atom.
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Chapter 3 - Guiding tritopic nitrogen heterocycles and multitopic
carboxylic acids into co-crystals via selective O—H---N hydrogen

bonds

3.1 Introduction

A necessity for non-covalent synthesis is the availability of reliable and effective
supramolecular synthons!. The usefulness of such synthons in crystal engineering depends on the
frequency of occurrence of a desired intermolecular interaction. Generally, the dependability of a
supramolecular synthon is governed by its ability to withstand subtle changes in molecular shape,
substituent groups as well as competing intermolecular interactions such as m- -7 interactions? and

solute -solvent interactions>.

Directed assembly of supramolecules with desired stoichiometries is of great importance
due to the tunability of physiochemical properties of the resulting solids*. Tailored stoichiometries
in the presence of monotopic, ditopic and tritopic acceptors rest upon the intermolecular
interactions taking place between acceptor and donor molecules. To obtain a desired
supramolecule with a suitable intermolecular interaction, an effective supramolecular synthon is

needed.’

Supramolecular synthons are structural units within supramolecules that can form and/or
assemble through known or conceivable synthetic operations involving intermolecular
interactions,’® Figure 3.1. In crystal engineering, to ensure generality and predictability, we aim to
identify and design robust synthons that can be exchanged from one structure to another. In the

context of supramolecular chemistry, given that many weaker interactions deform or get disrupted

42



in solution, a persistently recurring pattern effectuated by weak forces in crystals is an indication

of the importance of a robust synthon.

Basic synthon

k‘h:
Y

Secondary synthon

Figure 3.1 Supramolecular synthons in a co-crystal

The significance of a certain synthon is a matter of crystal structure simplification. In
Chapter 2, we examined the hydrogen bonding preferences, which employed carboxylic
acid---imidazole synthon in the construction of extended architectures in solution. We saw that
when changing the electrostatic component of the donor molecule in the acceptor::-donor
hydrogen bond, we could alter the binding constant which in turn would directly affect the
hydrogen bond strength of a supramolecular synthon. It was also evident that the dominant

supramolecular species is a tetrameric complex with 3:1 acid to acceptor stoichiometry. In this
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chapter, we focus on COOH:---imidazole, COOH:--benzimidazole and COOH:--pyrazole
synthons, Figure 3.2, which are of biological relevance, and we aim to establish if ditopic and
tritopic donors can formulate assemblies of 3:2 and 1:1 acid to acceptor stoichiometries with the

use of both rigid and flexible multitopic donors.

.0 o)
A g H oS

N O N © e
Lo QI O
N N
- x r
(a) (b) ()

Figure 3.2 Schematic showing some examples of observable synthons (a)

COOH:"--imidazole (b) COOH: - -benzimidazole (c) COOH: - -pyrazole

The COOH: - -N-heterocyclic (imidazole, benzimidazole and pyrazole) synthons consist of
a primary O—H---N hydrogen bond and an auxiliary C—H:--O interaction which may not be
present, Figure 3.3. When considering the O—H---N hydrogen bond in the COOH:--Bzim
synthon, it involves the best hydrogen bond donor - the hydroxyl group of the carboxylic acid and

the best hydrogen bond acceptor - the heterocyclic nitrogen atom forming the primary

intermolecular force.

2nd best H-bond
acceptor

2nd best H-bond

ﬁ donor R o R
?f/— i N 7//0\H

O\ 0, Hy O,
best H-bond —— / H. s N
donor N N_\ N7 N— Hi~e N—,
/ . — R
best H-bond H; H, H, Ha
acceptor
Hs Ha

(a) (b) (c)

Figure 3.3 The (a) COOH:--imidazole and (b) COOH:--benzimidazole synthons indicating the
best and second-best hydrogen-bond donor/acceptor couples
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The secondary intermolecular force C—H---O arises from the C—H group on the carbon

adjacent to the heterocyclic nitrogen atom. Unlike in pyrazole, both imidazole and benzimidazole

possess two ortho- C—H groups with different positive electrostatics (acidities), Figure 3.3.

Therefore, this study will also allow us to establish whether the carbonyl oxygen atom on the acid

shows a preference for the more acidic of the two C—H options.

Herein we present the synthesis of ten closely related symmetric tritopic acceptors

containing benzimidazole, imidazole and pyrazole moieties, Figure 3.5. The acceptors contain

electrostatically and geometrically equivalent binding sites that are accessible and we can postulate

several possible outcomes when a tritopic acceptor is combined with multitopic donors, Figure 3.4

and 3.6.

Figure 3.4 Possible outcomes in this study in the presence of monotopic, flexible ditopic and

rigid tritopic donors



Al

DF

Figure 3.5 Tritopic acceptors used in this study
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Figure 3.6 Multitopic hydrogen bond donors used in this study

Overall specific goals of this chapter are as follows;

1. To investigate a correlation between the electrostatic potential surfaces on the

heterocycle and the reliability of a supramolecular synthon.

2. To determine if an effective supramolecular synthon could promote desired co-

crystal stoichiometry and connectivity.

3. To examine the usefulness of having an auxiliary interaction with the second-best
donor to form C—H---O interactions. Is it structure directing or just a mere

secondary interaction?
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4. To determine if, having an additional “arm” can provide useful interactions with

ditopic hydrogen bond donors.

3.2 Experimental

All reagents, solvents, precursors and hydrogen-bond donors were purchased from
commercial sources and were used as received without further purification. A Fisher-Johns melting
point apparatus (Vernon Hills, IL, USA) was used to determine melting points. A Varian Unity
Plus (400 MHz) NMR spectrophotometer (Varian, Inc.) was used to record nuclear magnetic
resonance spectra using the residual solvent signal as a reference. Infrared spectroscopic analyses

were performed with a Nicolet 380 FT-IR instrument (Thermo Scientific, Madison, W1, USA).

3.2.1 Molecular electrostatic potential surface calculations

To calculate the molecular electrostatic potential surface of the acceptor molecules, the
geometries were optimized using hybrid density functional B3LYP level of theory with 6-31G*
basis set in vacuum. The geometry optimized molecules were then visualized through mapping its
values, determined by a positive point charge in the vacuum as a probe, on the molecular surface
with an outer contour of 0.002 a.u. electronic density. The surface potentials, which are the
coulombic interaction energies (in kJmol ') between the positive point probe and the surface of the

molecule at that point. All calculations were done using Spartan 10 software, Wavefunction Inc.
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3.2.2 Synthesis of tritopic acceptors
3.2.2.1 Synthesis of 1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene’ (a)

(Glacial acetic acid
33% wt HBr/acetic acid
paraformaldehyde

Br

Br
Reflux at 95°C

for 12 hrs Br

To a mixture of mesitylene (12.0 g; 0.10 mol), paraformaldehyde (10.26 g; 0.34 mol), and
75 mL of glacial acetic acid, 75 mL of a 33 wt% HBr/acetic acid solution was added rapidly. The
mixture was kept for 12 h at 95 °C and then poured into 100 mL of water. The product was filtered
off on a Buchner funnel and dried. Flash column chromatography (hexane: ethyl acetate =
98.5:1.5) gave the desired product as colorless needles. 90% yield. mp 184-186 °C (lit. mp 183—

186 °C)”; 'TH-NMR (8H; CDCls, 400 MHz) & 4.58 (s, 6H), 2.46 (s, 9H).

3.2.2.2 Synthesis of 1,3,5-tris(imidazole-1-yl-methyl)-2,4,6-trimethylbenzene® (A)

N
,,/_-
N4
Br Acetonitrile \)
NaOH, Imidazole /_\\
N
Br 3N
Reflux at 50-60°C
Br for 24 hrs

N
W
To a mixture of imidazole (874 mg, 12.8 mmol) in acetonitrile (50 mL), in a 100 mL round-
bottomed flask, NaOH (1.029 g, 25.72 mmol) was added and stirred at room temperature for two
hours. 1,3,5-Tris(bromomethyl)-2,4,6-trimethylbenzene (1.595 g, 4.000 mmol) in acetonitrile (20
mL) was added to the reaction mixture and refluxed for 24 h at 50-60 °C. The reaction mixture

was monitored with TLC and after completion, the solvent was removed by rotary evaporation,
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the residue was dissolved in water (100 mL) and extracted with methylene chloride (30 mL x 5).
The organic layers were combined, dried over anhydrous MgSQOys, filtered and purified by flash
column chromatography (CH>Clo/MeOH = 5/1) to give the desired product as a white solid.
Recrystallization in ethyl acetate produced clear block like crystals 64% yield. mp 214-215 °C
(Lit value 226-227 °C)%; 'TH-NMR (8H; CDCls, 400 MHz) § 7.31 (s, 3H), 7.07 (s, 3H), 6.75 (s,

3H), 5.24 (s, 6H) 2.32 (s, 9H).

3.2.2.3 Synthesis of 1,3,5-tris(pyrazole-1-yl-methyl)-2,4,6-trimethyl benzene’ (B)

2
Br . N/
Acetonitrile
60% NaH, Pyrazole
Br - <|\:\\I
Reflux at 50-60°C
Br for 24 hrs

N,

MN

To a mixture of pyrazole (874 mg, 12.8 mmol) in acetonitrile (50 mL), in a 100 mL round-
bottomed flask, 60% NaH (1.029 g, 25.72 mmol) was added and stirred at room temperature for
two hours. 1,3,5-Tris(bromomethyl)-2,4,6-trimethyl benzene (1.595 g, 4.000 mmol) in acetonitrile
(20 mL) was added to the reaction mixture and refluxed for 24 hours. The reaction mixture was
monitored with TLC and after completion, the solvent was removed by rotary evaporation, the
residue was dissolved in water (100 mL) and extracted with methylene chloride (30 mL x 5). The
organic layers were combined, dried over anhydrous MgSOyu, filtered and purified by flash column
chromatography (CH2Clo/MeOH = 10/1) to give the desired product as a white solid. 53% yield.
mp 132-133°C (Lit value 130-131°C)’; 'H NMR (8H; CDCls, 400 MHz) § 7.53 (d, 3H), 7.06 (d,

3H), 6.21 (t, 3H), 5.44 (s, 6H), 2.35 (s, 9H).
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3.2.2.4 Synthesis of 1,3,5-tris(pyrazole -1-yl-methyl) benzene’® (B’)

IJ\I?
Br - N._/
Acetonitrile

60% NaH, Pyrazole

Br Q

Reflux at 50-60°C N”
Br for 24 hrs N

N

To a mixture of pyrazole (874 mg, 12.8 mmol) in acetonitrile (50 mL), in a 100 mL round-

bottomed flask, 60% NaH (1.029 g, 25.72 mmol) was added and stirred at room temperature for
two hours. 1,3,5-Tris(bromomethyl)-2,4,6-trimethyl benzene (1.427 g, 4.000 mmol) in acetonitrile
(20 mL) was added to the reaction mixture and refluxed for 24 hours. The reaction mixture was
monitored with TLC and after completion, the solvent was removed by rotary evaporation, the
residue was dissolved in water (100 mL) and extracted with methylene chloride (30 mL x 5). The
organic layers were combined, dried over anhydrous MgSOyu, filtered and purified by flash column
chromatography (CH2Cl2/MeOH = 10/1) The desired product was obtained as an off-white solid.
55% yield. mp 63-65°C (Lit value 74-76°C, 60-61°C)’; 'H NMR (5H; CDCls, 400 MHz) § 7.52

(d, 3H), 7.34 (d, 3H), 6.91 (s, 6H) 6.27 (t, 6H), 5.24 (s, 6H).433

3.2.2.5 Synthesis of 1,3,5-tris(3,5-dimethylpyrazole-1-yl-methyl)-2,4,6-trimethyl

benzene’ (C)
Br Acetonitrile N\
60% NaH

3,5-dimethylpyrazole =N

i

Br NN

Reflux at 50-60°C
Br for 24 hrs -N
N

o/
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To a mixture of 3,5-dimethylpyrazole (1.230 g, 12.8 mmol) in acetonitrile (50 mL), in a
100 mL round-bottomed flask, 60% NaH (1.029 g, 25.72 mmol) was added and stirred at room
temperature for two hours. 1,3,5-Tris(bromomethyl)-2,4,6-trimethyl benzene (1.595 g, 4.000
mmol) in acetonitrile (20 mL) was added to the reaction mixture and refluxed for 24 hours. The
reaction mixture was monitored with TLC and after completion, the solvent was removed by rotary
evaporation, the residue was dissolved in water (100 mL) and extracted with methylene chloride
(30 mL x 5). The organic layers were combined, dried over anhydrous MgSOg, filtered and purified
by flash column chromatography (CH2Clo/MeOH = 10/1) to give the desired product as a white
solid. 61% yield. mp 245-247°C (Lit value 248-250°C)’; '"H NMR (8H; CDCls, 400 MHz) § 5.75

(s, 3H), 5.18 (s, 6H), 2.23 (s, 9H), 2.13 (s, 9H), 2.11 (s, 9H).

3.2.2.6 Synthesis of 1,3,5-tris(3,5-dimethylpyrazole -1-yl-methyl) benzene (C°)

[‘\1 =

Br Acetonitrile N/

60% NaH
3,5-dimethylpyrazole .f(
Br NN
Reflux at 50-60°C

Br for 24 hrs N.

W

To a mixture of 3,5-dimethylpyrazole (1.230 g, 12.8 mmol) in acetonitrile (50 mL), in a
100 mL round-bottomed flask, 60% NaH (1.029 g, 25.72 mmol) was added and stirred at room
temperature for two hours. 1,3,5-Tris(bromomethyl)-2,4,6-trimethyl benzene (1.427 g, 4.000
mmol) in acetonitrile (20 mL) was added to the reaction mixture and refluxed for 24 hours. The
reaction mixture was monitored with TLC and after completion, the solvent was removed by rotary
evaporation, the residue was dissolved in water (100 mL) and extracted with methylene chloride

(30 mL x 5). The organic layers were combined, dried over anhydrous MgSO, filtered and purified
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by flash column chromatography (CH>Clo/MeOH = 10/1). The desired product was obtained as an
off-white solid. 58% yield. mp 94-96°C 'H NMR (§H; CDCls, 400 MHz) § 6.56 (s, 3H), 5.81 (s,

3H), 5.09 (s, 6H) 2.22 (s, 9H), 2.06 (s, 9H).

3.2.2.7 Synthesis of 1,3,5-tris(benzimidazole-1-yl-methyl)-2,4,6-trimethylbenzene® (D)

B N-_~
r THF ~7

KOH, Benzimidazole N

_‘ﬁ
Br ] ] N
stirred overnight
Br N

To a mixture of benzimidazole (1.512 g, 12.8 mmol) in THF (50 mL), in a 100 mL round-

bottomed flask, KOH (1.029 g, 25.72 mmol) was slowly added and stirred at room temperature
under N> gas. After about 4 h, a solution of 1,3,5-tris(bromomethyl)-2,4,6-trimethyl benzene
(1.595 g, 4.000 mmol) in 50 mL of THF was added dropwise, and the reaction mixture was stirred
continuously overnight. The solvent was subsequently removed under reduced pressure, and the
residue was poured into 100 mL of water and extracted 3 times with dichloromethane (3 x 50 mL).
The combined organic extracts were washed with water, dried (MgS0O4), and concentrated. The
crude product was purified by recrystallization from hot ethanol to produce colorless plates. 78%
Yield. mp > 300 °C (Lit value > 300 °C)*; 'TH-NMR (8H; CDCls, 400 MHz) § 7.84 (m, 3H), 7.46

(s, 3H), 7.41 (m, 3H), 7.34 (m, 6H), 5.42 (s, 3H) 2.33 (s, 3H).
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3.2.2.8 Synthesis of 1,3,5-tris(benzimidazole -1-yl-methyl)benzene'’ (D’)

B N
' THF ~7

KOH, Benzimidazole

N=
=
Br ) ) N
stirred overnight
Br N

To a mixture of benzimidazole (1.512 g, 12.8 mmol) in THF (50 mL), in a 100 mL round-
bottomed flask, KOH (1.029 g, 25.72 mmol) was slowly added and stirred at room temperature
under N> gas. After about 4 h, a solution of 1,3,5-tris(bromomethyl) benzene (1.427 g, 4.000 mmol)
in 50 mL of THF was added dropwise, and the reaction mixture was stirred continuously overnight.
The solvent was subsequently removed under reduced pressure, and the residue was poured into
100 mL of water and extracted 3 times with dichloromethane (3 x 50 mL). The combined organic
extracts were washed with water, dried (MgSQOs), and concentrated. The desired product was
obtained upon recrystallization in ethyl acetate to produce colorless rod-like crystals. 71% yield.
mp 102-104 °C (Lit value 229-231 °C)!? ; 'TH-NMR (8H; CDCls, 400 MHz) § 7.92 (s, 3H), 7.84

(d, 3H), 7.31 (t, 3H), 7.21 (¢, 3H), 7.06 (d, 3H), 7.06 (d, 3H), 6.91 (s, 3H), 5.25 (s, 6H).

3.2.2.9  Synthesis of 1,3,5-tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-

trimethylbenzene'! (E)

N 2%
Br THF, KOH ~

5,6-dimethylbenzimidazole N

Br . . N
stirred overmight
Br N
«
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To a mixture of 5,6-dimethylbenzimidazole (1.871 g, 12.8 mmol) in THF (50 mL), in a
100 mL round-bottomed flask, KOH (1.029 g, 25.72 mmol) was slowly added and stirred at room
temperature under N> gas. After about 4 h, a solution of 1,3,5-tris(bromomethyl)-2,4,6-trimethyl
benzene (1.595 g, 4.000 mmol) in 50 mL of THF was added dropwise, and the reaction mixture
was stirred continuously overnight. The solvent was subsequently removed under reduced
pressure, and the residue was poured into 100 mL of water and extracted 3 times with
dichloromethane (3 x 50 mL). The combined organic extracts were washed with water, dried
(MgSO0s4), and concentrated. The crude product was purified by recrystallization from hot ethanol
which yielded pale yellowish-green pyramid-like crystals. 81% Yield. mp 285-290 °C (Lit value
> 280 °C)!!; TH-NMR (8H; CDCl3, 400 MHz) & 7.58 (s, 3H), 7.33 (s, 3H), 7.20 (s, 3H) 5.33 (s,

6H), 2.42 (s, 9H), 2.39 (s, 9H), 2.30 (s, 9H).

3.2.2.10 Synthesis of 1,3,5-tris(5,6-dimethylbenziimidazole -1-yl-methyl)benzene (E°)

THF, KOH
5,6-dimethylbenzimidazole
Br
stirred overnight /Q

To a mixture of 5,6-dimethylbenzimidazole (1.871 g, 12.8 mmol) in THF (50 mL), in a

100 mL round-bottomed flask, KOH (1.029 g, 25.72 mmol) was slowly added and stirred at room
temperature under N> gas. After about 4 h, a solution of 1,3,5-tris(bromomethyl) benzene (1.427
g, 4.000 mmol) in 50 mL of THF was added dropwise, and the reaction mixture was stirred
continuously overnight. The solvent was subsequently removed under reduced pressure, and the

residue was poured into 100 mL of water and extracted 3 times with dichloromethane (3 x 50 mL).
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The combined organic extracts were washed with water, dried (MgSOs4), and concentrated. The
desired product was obtained as a white solid. 76% yield. mp 295-296 °C 'H-NMR (§H; CDCls,
400 MHz) 6 7.78 (s, 3H), 7.58 (s, 3H), 6.87 (s, 3H), 6.85 (s, 3H) 5.18 (s, 6H), 2.37 (s, 9H), 2.28

(s, 9H).

3.2.3 Grinding experiments

Screenings for co-crystals were performed using solvent-assisted grinding technique. In a
typical grinding experiment, the stoichiometric amounts of donor and acceptor were mixed in a
microwell with the aid of a pestle and a drop of solvent (methylene chloride). The resulting solids
from each reaction were subjected to IR analysis for characterization. A successful interaction will
be characterized by specific peak shifts observed in the ground mixture compared to the starting

compounds.

3.2.4 Synthesis of co-crystals

Tritopic acceptors were subjected to co-crystallization experiments with a series of
aliphatic and aromatic hydrogen bond donors. After screenings for co-crystals of grounded
mixtures using IR analysis, the samples were dissolved in a suitable solvent in borosilicate vials

followed by slow evaporation.

3.2.4.1 Synthesis of 1,3,5-tris(benzimidazole -1-yl-methyl) benzene suberic acid hydrate

acetonitrile, D’:SUB:ACN:H:0 (1:1:1:1)

1,3,5-Tris(benzimidazole -1-yl-methyl) benzene (0.0100 g, 0.0213 mmol) was dissolved
in 1 mL of acetonitrile. To this solution was added suberic acid (0.0055 g, 0.032 mmol) in 1 mL

of acetonitrile. The resulting solution was allowed for slow evaporation in a 2 dram borosilicate
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vial at room temperature. Colorless block-shaped crystals were obtained after three weeks. Melting

point 89-91 °C.

3.2.4.2 Synthesis of 1,3,5-tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-trimethyl

benzene succinic acid, E:SUC (1:1)

1,3,5-Tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-trimethyl benzene (0.0100 g,
0.0168 mmol) was dissolved in 1 mL of acetonitrile. To this solution was added succinic acid
(0.0038 g, 0.032 mmol) in 1 mL of acetonitrile. The resulting solution was allowed for slow
evaporation in a 2 dram borosilicate vial at room temperature. Colorless block-shaped crystals

were obtained after two weeks. Melting point 168-171 °C.

3.2.4.3 Synthesis of 1,3,5-tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-trimethyl

benzene terephthalic acid hydrate, E:TPH:H>0 (1:1:1)

1,3,5-Tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-trimethyl benzene (0.0100 g,
0.0168 mmol) was dissolved in 1 mL of ethanol. To this solution was added terephthalic acid
(0.0042 g, 0.0252* mmol) in 1 mL of ethanol. The resulting solution was allowed for slow
evaporation in a 2 dram borosilicate vial at room temperature. Pale pink-orange colored hexagonal

plate like crystals were obtained after two weeks. Melting point 257-259 °C.

3.2.4.4 Synthesis of 1,3,5-tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-trimethyl

benzene trimesic acid, E:TMS (1:1)

1,3,5-Tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-trimethyl benzene (0.0100 g,
0.0168 mmol) was dissolved in 1 mL of ethanol. To this solution was added suberic acid (0.0035

g, 0.0168 mmol) in 1 mL of acetonitrile. The resulting solution was allowed for slow evaporation
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in a 2 dram borosilicate vial at room temperature. Colorless block-shaped crystals were obtained

after 12 days. Melting point 243-244 °C.
3.2.5 CSD search

A CSD search on the acceptor molecules 14IMI, 13IMI, 14PYZ, 13PYZ, 14BNZ, and
13BNZ, Figure 3.7, were performed using the following constraints: “not disordered”, “no errors”,
“not polymeric”, “no ions”, “no powder structures”, “3D coordinates determined” and “only
organics”. The search focused on recording stoichiometries and connectivity of donor and acceptor

molecules. All the CSD search queries were run using ConQuest Version 1.19, CSD 5.38

November 2016 (CCDC, Cambridge, UK).
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Q N Ty
/N C‘ﬂ Q“
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Figure 3.7 Ditopic acceptors used in the CSD study
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3.3 Results

Molecular electrostatic potentials were performed to rank the potential on the hydrogen

atoms adjacent to the nitrogen on the heterocycles, Table 3.1. Initial co-crystal screening was

conducted to evaluate the effectiveness of the O—H---N hydrogen bond synthon, Table 3.2 and

Table 3.3. Four single crystals suitable for single crystal X-ray diffraction were obtained, D’:SUB,

E:SUC, E:TPH, E:TMS. Hydrogen-bond geometries of these co-crystals are listed in Table 3.4.

Table 3.1 Molecular electrostatic potentials on hydrogen atoms adjacent to the nitrogen on the

heterocyclic ring

Acceptor A A B B’ C C D D’ E E°
Potential

N -229 -216 -187 -167 | -174 | -202 -204 -201 212 -207
on

Potential +116 | +107 | +72 +70 n.a. n.a. +143 | +142 | +125 | +128
on Hi

Potential | +58 +61 n.a. n.a. n.a. n.a +50 +53 +33 +48
on H»

n.a. = not applicable

Table 3.2 IR stretching frequencies (cm™) of the solids produced by combining tritopic acceptors

with aliphatic dicarboxylic acids

Carbonyl stretch (cm™) O-—H....N
Mixture Co-crystal
Di-acid Ground mixture Stretch (cm™)
A’:SUC 1685 1704 2455, 1923 Y
A’:GLU 1683 1701 2467, 1932 Y
A’:ADI 1684 1697 2446, 1920 Y
A’:PIM 1685 1697 2467, 1923 Y
A’:SUB 1685 1684 2482, 1929 Y
B’:SUC 1685 1693 n/a N
B’:GLU 1683 1703 1917, 2528 Y
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B’:ADI 1684 1685 n/a N
B’:PIM 1685 1708 1932,2568 Y
B’:SUB 1685 1687 1865, 2525 Y
C’:SUC 1685 1707 2525, 1892 Y
C’:GLU 1683 1694 2528, 1907 Y
C’:ADI 1684 1701 2513,1926 Y
C’:PIM 1685 1703 2531, 1880 Y
C’:SUB 1685 1706 2525, 1935 Y
D’:SUC 1685 1704 2476,1914 Y
D’:GLU 1683 1712 2507, 1920 Y
D’:ADI 1684 1694 2464, 1910 Y
D’:PIM 1685 1701 2498, 1921 Y
D’:SUB 1685 1689 2525, 1907 Y
E’:SUC 1685 1699 2476, 1929 Y
E’:GLU 1683 1699 2495, 1910 Y
E’:ADI 1684 1689 2492, 1907 Y
E’:PIM 1685 1697 2519, 1935 Y
E’:SUB 1685 1697 2479, 1907 Y
A :SUC 1685 1684 1932, 2544 Y
A :GLU 1683 1679 1971, 2553 Y
A :ADI 1684 1702 1938, 2519 Y
A :PIM 1685 1702 1944, 2495 Y
A :SUB 1685 1698 1939, 2448 Y
B:SUC 1685 1695 1828, 2517 Y
B:GLU 1683 1703 2528, 1907 Y
B:ADI 1684 1687 n/a N
B:PIM 1685 1689 n/a N
B:SUB 1685 1686 n/a N
C:SuC 1685 1686 n/a N
C:GLU 1683 1691 n/a N
C:ADI 1684 1691 n/a N
C:PIM 1685 1688 n/a N
C:SUB 1685 1686 n/a N
D:SUC 1685 1693 n/a N
D:GLU 1683 1701 2492, 1938 Y
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D:ADI 1684 1687 n/a N
D:PIM 1685 1696 2580, 1929 Y
D:SUB 1685 1687 n/a N
E:SUC 1685 1712 2522,1926 Y
E:GLU 1683 1703 2555, 1909 Y
E:ADI 1684 1689 n/a N
E:PIM 1685 1704 2516, 1929 Y
E:SUB 1685 1703 2470, 1917 Y

Table 3.3 IR stretching frequencies (cm™) of the solids produced by combining tritopic acceptors

with aromatic carboxylic acids

Carbonyl stretch (cm™) O-—-H....N
Mixture Co-crystal
Di-acid Ground mixture Stretch (cm™)
A’:3HB 1679 1696 2559, 1959 Y
A’:TPH 1671 1675 2531, 1892 Y
A’:IPH 1680 1688 2434, 1904 Y
A’:PHL 1668 1687 1892,2418 Y
B’:3HB 1679 1692 1886, 2418 Y
B’:IPH 1680 1696 1907, 2579 Y
B’:TPH 1671 1675 n/a N
B’:PHL 1668 1700 1910, 2493 Y
C’:3HB 1679 1694 2581, 1938 Y
C’:TPH 1671 1678 1852, 2537 N
C’:IPH 1680 1700 2461, 1883 Y
C’:PHL 1668 1700 1905, 2470 Y
D’:3HB 1679 1695 2477,1912 Y
D’:TPH 1671 1669 2525, 1895 Y
D’:IPH 1680 1689 2519, 1935 Y
D’:PHL 1668 1694 1910, 2517 Y
E’:3HB 1679 1694 2481, 1916 Y
E’:TPH 1671 1675 1929, 2519 Y
E’:IPH 1680 1684 2513, 1895 Y
E’:PHL 1668 1696 1920, 2592 Y
A:3HB 1679 1692 2573, 1943 Y
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A:TPH 1671 1677 2453, 1950 Y

A:IPH 1680 1695, 1606 2492, 1915 Y

A:PHL 1668 1690 1923, 2450 Y

B:3HB 1679 1697, 1585 2586, 1935 Y

B:TPH 1671 1669 n/a N

B:IPH 1680 1681 n/a N

B:PHL 1668 1702 1903, 2511 Y

C:3HB 1679 1696, 1587 2562, 1895 Y

C:TPH 1671 1672 n/a N

C:IPH 1680 1678 n/a N

C:PHL 1668 1666 1905, 2505 Y

D:3HB 1679 1686 2419, 1893 Y

D:TPH 1671 1672 n/a N

D:IPH 1680 1684 n/a N

D:PHL 1668 1701 1893, 2382 Y

E:3HB 1679 1692 2568, 1925 Y

E:TPH 1671 1666 n/a N

E:IPH 1680 1681 2470, 1898 Y

E:PHL 1668 1691 1885, 2459 Y

Table 3.4 Hydrogen bond geometries
Compound D—H---A d(H---A) d(D---A) <(D— Symmetry operation
H. . .A)
D’: SUB O1—H10u---N2v 1.77(3) 2.677(2) 176(3) U= XY,z V=X,,Z
Co-crystal | O3—H30u---N6v 1.66(6) 2.883(3) 178(4) u=-x,1-y,1-zv=w,y,z
solvate
E: SUC 02—H---N12 2.73(1) U=x,y,z V=X,),Z
Co-crystal O3—H---N8 2.70(1) U=x,y,z V= X,),Z
O7—H:--N10 2.620(9) ;I;IZX 1/2+y,1.5-z v=
05—H:-"N2 2.677 ;1;’; 1/2y,-1/2-2v=
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E:TPH 02—H10-"N6 1.46(3) 2.531(2) 164(2) 3;1(/5-2% 1/2+y,1/2-z,
Co-crystal | O3—H20---N4 1.41(3) 2.536(2) 169(3) ‘V:/j :x, 1/2-y,1/2+z,
hydrate
=1 _ _
E:TMS 0(92)—H10---N21 u= YVotx, 3/2-y, 1-z
V=X,),2Z
Co-crystal O(102)—H10---N10 u=[-x, I-y, I+z v=x,y,z
=1 v ]-
0(89)—H10---N49 u= Votx, 3/2-y, 1z
V=X,),2Z
O108—H10--"N71 u=[-x, I-y, z v=x,1,z

3.3.1 Description of solid state architectures

3.3.1.1 Crystal structure of 1,3,5-tris(benzimidazole -1-yl-methyl) benzene suberic

acidy.s hydrate acetonitrile

The prime feature in the crystal structure of D’:SUBos:H20:MeCN is a 2:1
centrosymmetric termolecular aggregate, Figure 3.8. The primary intermolecular interaction is a

hydrogen bond between the carboxylic hydrogen and benzimidazole nitrogen.

Figure 3.8 Main interactions in the crystal structure of D’:SUBo.5s:H20:MeCN
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The tritopic acceptor has two arms on the same face of the benzene scaffold forming a chair
like conformation. The two remaining acceptor sites are hydrogen bonded to two water molecules.
The remaining acceptor site forms a close contact with another water molecule in a side on fashion.
A secondary C—H---O interaction is seen between H8 of benzimidazole and carbonyl O2 of the
COOH group. In this instance, the secondary interaction takes place between the second-best

hydrogen bond donor, the more acidic of the C—H donors on the benzimidazole heterocycle.

3.3.1.2 Crystal structure of 1,3,5-tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-

trimethyl benzene succinic acid

The attempted co-crystallization of SUC acid and E has resulted in the formation of a 2:2

binary solid, Figure 3.9.

Figure 3.9 Main interactions in the crystal structure of E:SUC

The two tritopic acceptors forming the discrete tetrameric architecture have the same
crown-like conformation. One succinic acid molecule forms intermolecular hydrogen bonds

connecting the two tritopic acceptors in a centrosymmetric manner. The other has formed
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intramolecular hydrogen bonds which resulted in successful occupation of all the acceptor sites on
one of the tritopic acceptors. The intermolecular O—H---N hydrogen bonds formed by the succinic
acid molecule are accompanied by secondary C—H---O contacts involving H(13) and H(62) on
Bzim and O(06) and O(03) (hydrogen atoms H(13) and H(62) are not the second-best donor on
the benzimidazole). Likewise, the intramolecular O—H---N hydrogen bonds are backed by a C—
H---O contacts from H(67) and on Bzim and O1 on COOH carbonyl oxygen atom (C(67)---O(01),
2.935). The above interaction between C(67)—H(67)---O(01) has taken place between the more

acidic C—H which is the second-best donor.

3.3.1.3 Crystal structure of 1,3,5-tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-

trimethyl benzene terephthalic acid hydrate

The crystal structure of E:TPH.H20 reveals a discrete centrosymmetric tetramolecular
aggregate, Figure 3.10. Within the formed tetramolecular species two water molecules interact

with terephthalic acid molecules creating yet another centrosymmetric species.

Figure 3.10 Main interactions in the crystal structure of E: TPH:H20
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Two terephthalic acids interact via four O—H---N hydrogen bonds bring together two
tritopic acceptor molecules (which are crown conformation) to create a capsule. There are no O—
H---N interactions present in the primary motif, accept a hydrogen bond taking place between an

O—H of a water molecule and a carbonyl of a COOH moiety.

3.3.1.4 Crystal structure of 1,3,5-tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-

trimethyl benzene trimesic acid

The acid and base in TMS:E interact primarily via O—H:--N hydrogen bonds. Only two
sites on both tritopic acceptor and donor participate in intermolecular interaction, Figure 3.11. The
intrinsic binding pattern (much like a digital signal) extends into an infinite undulating 1-D chain
like architecture. There are no C—H:--O interactions present alongside O—H--N interactions,

and no noteworthy interactions taking place with carbonyl oxygen on COOH moiety.

Figure 3.11 Main interactions in the crystal structure of E:TMS
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3.3.2 Crystal packing interactions observed in the crystal structures

3.3.2.1 Crystal structure of D’:SUB and E:SUC

In both acceptors D’ and E, C—H:--n interactions between acceptor molecules are
observed, Figure 3.12 and 3.13. Acceptor: acceptor interactions are only observed in co-crystals

containing aliphatic dicarboxylic acids.

Figure 3.13 Secondary C—H: & interactions observed for D’ in D’:SUB
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The structural frame in E:SUC and D’:SUB are extended through the C—H:-'xn
interactions that are observed in Figures 3.12 and 3.13 which are seen in the extended network of

Figure 3.14, in (a) depicted in grey and dark blue and in (b) shown in grey, respectively.

(b)

Figure 3.14 Overall packing interactions of (a) E:SUC and (b) D’:SUB

3.3.2.2 Crystal structure of E:TPH and E:TMS

Unlike in co-crystals resulting from aliphatic dicarboxylic acids, structures resulting with
aromatic carboxylic acids do not possess C—H: -7 interactions between acceptor molecules. But
instead, both crystal structures E:TPH and E: TMS contain consecutive donor : acceptor stacking

interactions, Figure 3.15 and Figure 3.16.
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Figure 3.15 Packing interactions of E:TPH (a) one dimensional (b) two dimensional (c) two

dimensional space filling
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Figure 3.16 Packing interactions of E:TMS (a) one dimensional (b) side view indicating

acceptor donor stacking interactions (c) two dimensional

3.4 Discussion

The primary intermolecular interaction that governs the formation of these four co-crystals
isa O—H---N hydrogen bond which stems between a carboxylic O—H group and benzimidazolic
nitrogen, in which no protons have been transferred from the acid to the base. IR spectra of these
compounds are indicative of co-crystal formation due to the presence of C=O stretches in
correspondence to the carboxylic acid. Broad bands are around 2,500 cm™ and 1,900 cm™ due to

acid—N-heterocyclic O—H stretch and hydrogen bonded O—H stretch, respectively'?. These
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characteristic O—H---N stretches reinforce the presence of the strong hydrogen bonds since these

bands do not appear in any of the individual compounds.

Table 3.5 Percentage of occurrence of O—H---N stretch in grinding experiments with aliphatic

dicarboxylic acids

Grinding experiments with
Potential on N aliphatic dicarboxylic acids
Acceptor
(kJ/mol) Success Supramolecular

rate yield (%)

A -229 5/5 100

A’ -216 5/5 100

E -212 4/5 80

C -209 5/5 100

E' -207 5/5 100

D -204 2/5 40

D’ -201 5/5 100

B -187 1/5 333

C -173 0/5 0

B’ -167 3/5 60

The negative potential of the nitrogen atoms in these tritopic acceptors represents an
attractive binding site for an approaching carboxylic acid. In an event where a O—H:--N hydrogen
bond is formed, if the strength would be a measure of how easily co-crystals could be obtained,
one would expect imidazole containing tritopic acceptors to have the greatest success rate than

benzimidazole and pyrazole containing acceptors.

Based on the spectroscopic data, the more basic imidazole containing acceptor produces
more co-crystals than the corresponding benzimidazole and pyrazole containing acceptors, 18/18
(100%) vs 28/36 (77%) vs 19/36 (53%) Table 3.7. A considerable change in hydrogen bonding
capability (due to an increase in the negative charge on a hydrogen-bond acceptor) can be observed
in constitutional isomers containing imidazole compared to pyrazole acceptors. A subtle

substitutional change to the molecular structure by incorporating an electron donating substituent
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group (B’, C”) will allow us to fine tune the hydrogen bonding capability in a much more controlled

manner.'3

Table 3.6 Percentage of occurrence of O—H---N stretch in grinding experiments with aromatic

carboxylic acids

Grinding experiments with
Potential on N aromatic carboxylic acids
Acceptor
(kJ/mol) Success Supramolecular
rate yield (%)
A -229 4/4 100
A’ -216 4/4 100
E 212 3/4 75
C -209 3/4 75
E' -207 3/4 75
D -204 2/4 50
D’ -201 4/4 100
B -187 2/4 50
C -173 2/4 50
B’ -167 3/4 75

Table 3.7 Overall percentage of occurrence of O—H---N stretch in grinding experiments with

acids
Grinding experiments with
Supramolecular
Potential on acids
Analogue Acceptor yield by
N (kJ/mol) Success Supramolecular
analogue
rate yield (%)
A -229 9/9 100
Imidazole 100%
A’ -216 9/9 100
E =212 7/9 77.7
E' -207 8/9 88.8
Benzimidazoles 77%
D -204 4/9 44 .4
D’ -201 9/9 100
C -209 8/9 88.8
B -187 3/9 333
Pyrazole 53%
C -173 2/9 22.2
B’ -167 6/9 66.6
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Even though the synthon containing imidazole was clearly effective at forming desired
O—H---N hydrogen bonds (in ground mixtures), we were unable to form diffraction quality single
crystals to observe if it would promote the formation of three O—H---N hydrogen bonds to the
acceptor. With four single crystal structures from benzimidazole containing tritopic acceptors, we
observe that a desired stoichiometric outcome has not been met. In all the crystal structures, vacant
acceptor sites are present regardless of the donor type being used. Furthermore, in E:TMS, we
notice that the trimesic acid does not fully utilize its donor sites in forming hydrogen bonds. This
does not comply with Etter’s rule; “all good proton donors and acceptors are used in hydrogen
bonding”.** A part of the reason to this may be found in the synthon containing benzimidazole
moiety (COOH:--- benzimidazole), (with a supramolecular yield of 77%) which to an extent
reflects that it might not be as effective at forming three O—H:--N hydrogen bonds to a tritopic
acceptor with benzimidazole sites, but possible steric consideration,' figure 3.17, and multiple

sites for hydrogen bonding!® might also play in the formation of such co-crystals.

ot Vocant acceptor
4 \
Bonding domain for ﬁl, ' |/

incoming donor

Figure 3.17 Full interaction maps showing steric hinderance at the vacant acceptor site in
D’:SUB
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The initial supramolecular reactions were subjected to polar-protic solvent methanol,
which yielded no crystals leaving behind a sticky solid, and when subjected to IR spectroscopy, it
indicates the presence of characteristic broad O—H:--N bands around 2,500 cm™ and 1,900 cm™.
But, in the presence of a polar aprotic solvent acetonitrile, single crystals were obtained. This
clearly indicates the potentially disruptive nature of solvent molecules in the formation of co-
crystals, in which we clearly observe the reluctance to form single crystals from methanolic

solutions.

It is interesting to note that the presence of solvent molecules; water and acetonitrile in the
crystal lattices of D’:SUB and E:TPH are not disrupting any intended O—H:--N hydrogen bonds
between acceptor and donor molecules, despite the fact that one is a good hydrogen bond donor
while the other is a good acceptor. This further stress the importance of having reliable and robust

supramolecular synthons as a way of eliminating unwanted synthon interference.

The O—H:--N hydrogen bond forms between the best acceptor and best donor but the C—
H---O interaction (electrostatic in nature!”) does not necessarily utilize the most acidic C—H

proton.

best H-bond
acceptor igﬂot:‘cst H-bond
best H-bond ¥ Hy
donor TN\ H, . Oy A
R—O~H.. % ( N” "N—
~ "TNTN .
\ I 0.
O--. H R "Ha Ha
2nd best H-bond_/ ~- *H, Hy
acceptor ¥ ’
3 4
(a) (b)

Figure 3.18 Alternative heteromeric O—H---N/C—H:--O motif in (a) COOH: - -imidazole and

(b) COOH" - -benzimidazole interactions
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Furthermore, out of the four crystal structures, both containing aliphatic dicarboxylic acids
employ C—H---O interactions while no interactions are observed in either of the aromatic acid
containing crystal structures. The crystal structures possessing C—H---O contacts contain
intrachain interactions, which utilizes either HI or H2 protons on the Bzim moieties. Thus, one
can formulate alternative heteromeric O—H---N/ C—H---O patterns compared to the suggestions
shown in Figure 3.18 for the COOH: - -Bzim interactions shown in Figure 3.3. The chelating effect
from presence of an auxiliary C—H---O interaction does not necessarily indicate it being useful

in driving co-crystals with desired connectivity and stoichiometry.

In the structure of D’:SUB, besides the intra-chain C—H---O interaction between the
second best donor and acceptor, we notice another inter-chain C—H:--O interaction formed

between an aromatic C—H group and O—H acid group which directs further into a 3D structure,

Figure 3.19.

Figure 3.19 Intra-chain and structure directing inter-chain C—H---O interactions observed in

D’:SUB
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In E:SUC, we notice the importance of the auxiliary C—H---O interactions in aiding and

directing the bowl like conformation in E, Figure 3.20. Therefore, we see that the presence of

auxiliary C—H---O interactions are not merely passive bystanders but rather in most part act as

“steering” or “tugboat” interactions in guiding structure directed assemblies.'®

Figure 3.20 Structure directing intramolecular chain C—H:--O interactions observed in E:SUC

(methyl substituent on benzene scaffold and hydrogens on succinic acid were removed for

clarity)

Table 3.8 Summary of CSD search on ditopic acceptors

Ditopic acceptor Donor Refcode | A: D | Connectivity*
.F'N Monotopic - - -
N LATKUN | 1:1 Y
i = aliphatic | Ditopic LATLAU | 1:1 Y
7 LATLEY | I:I Y
~N Tritopic - - -
fN‘ i p

Celi Monotopic - - -

A1y yclic
1D Ditopic AMIVUO | 1:1 Y
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Tritopic

JEGBAZ 1:2 Y
Monotopic | JEGBIH 1:2 Y
Aromatic JEGBON | 1:2 Y
Ditopic LATLIC 1:1 Y
Tritopic - - -
N= ‘ GENNIX | 1:2 Y
ﬁ]) Monotopic
GENNET | 1:2 Y
Aromatic Ditopic ] i i
C
- Tritopic - - -
14PYZ,
Monotopic - - -
LATLOI 1:1 Y
aliphatic | Ditopic
=N XAQPIP | 1:1 Y
N/ } —
. Tritopic - - -
JEFZUQ 1:2 Y
<— ) | JEGBED | 122 Y
/A Monotopic
N7 JEGBUT | 12 Y
Aromatic
14BNZ NUJXAS | 1:2 Y
Ditopic - - -
Tritopic - - -
Monotopic - - -
=N
rh@ Ditopic XAQPEL | I:1 Y
aliphatic
7 Tritopic - - -
& i
¢ P
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When comparing flexible ditopic acceptors with tritopic acceptors, from the CSD
generated results, Table 3.8, we notice that in all cases, the expected two-point connectivity as well
as expected stoichiometry are observed, which complies with Etter’s rule we discussed earlier. In
all the cases, ditopic acceptors have used either monotopic or ditopic acids which are more linearly
related to stoichiometry (1:2 or 1:1 acceptor to donor stoichiometry). Tritopic acceptors
crystalizing with ditopic donors were unable to attain a 2:3 stoichiometry between acceptor to
donor, ended up having a lack of donors, leaving vacant sites on the acceptors. The only reported
instance of a tritopic donor, citramalic acid, forming a complementary three-point interaction in a
converging manner with E reveals a discrete dimeric cup in a face-to-face orientation'!. This
unforeseen rare occurrence of a perfectly desired connectivity cannot be fully satiated due to the
presence of a “free” non-coordinating tritopic acceptor. There are four crystallographically unique
molecules of E and two unique molecules of citramalic acid in the lattice leaving behind two
acceptors completely vacant. This unshakable dark side of the tritopic acceptors remains to be an

elusive mystery which we intend to pursue in the next chapter with the use of halogen bond donors.

3.5 Conclusions

IR data demonstrate that imidazolic tritopic acceptors, which had the highest electrostatic
potential, are more reliable and effective, than benzimidazole and pyrazole, in making desired O—
H---N interactions, suggesting that electrostatic potentials can be used as a tool to select a more

reliable hydrogen-bond synthon.

However, co-crystals obtained contain the second best supramolecular synthon (ranked
according to the electrostatic potential on the acceptor site): COOH:--Bzim synthon. These

interactions are responsible for the formation of supramolecular assemblies of tritopic
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benzimidazoles and aliphatic/ aromatic carboxylic acids into co-crystals. In all the crystal
structures, we observe vacant sites on the acceptor molecules. Though the exact reason for this is
poorly understood just yet, we can assume that the availability of multiple hydrogen bonding sites
and steric effects of methylated benzimidazole tritopic acceptors has influenced the cause, to some

extent.

The auxiliary C—H---O interaction which is like the O—H---N, N—H---O and O—H---O
hydrogen bonds, may not be as strong but is largely an electrostatic, attractive interaction with a
long-range distance character. The weak intra-chain C—H---O hydrogen bonds within the chains
are rather artefacts of the primary O—H---N interaction. Based on geometrical features and their
role on the crystal structure, the C—H---O interaction could either be structure-directing or simply
a supplemental interaction. As per what we observe, herein the C—H:--O interactions actively

engages in directing structural assemblies.

With evidence from the CSD, we see that the ditopic acceptors are clearly forming desired
two-point supramolecular architectures regardless of using monotopic or ditopic hydrogen bond
donors. Considering the final output of the connectivity of tritopic acceptors in the presence of
hydrogen bond donors, we see that having an additional heterocyclic arm in most part does not

provide any useful interactions, but rather hangs on as an “idle” arm.

3.6 References

1. Desiraju, G. R., Supramolecular Synthons in Crystal Engineering—A New Organic
Synthesis. Angew. Chem. Int. Ed. Engl. 1995, 34 (21), 2311-2327.

2. Barooah, N.; Sarma, R. J.; Baruah, J. B., Solid-state hydrogen bonded assembly of N,N'-

bis(glycinyl)-pyromellitic diimide with aromatic guests. CrystEngComm 2006, 8 (8), 608-
615.

79



10.

1.

12.

13.

(a) Aakerdy, C. B.; Desper, J.; Leonard, B.; Urbina, J. F., Toward High-Yielding
Supramolecular Synthesis: Directed Assembly of Ditopic Imidazoles/Benzimidazoles and
Dicarboxylic Acids into Cocrystals via Selective O—H:--N Hydrogen Bonds. Cryst.
Growth Des. 2005, 5 (3), 865-873; (b) Steed, J. W.; Atwood, J. L., Supramolecular
chemistry. Wiley: Chichester ; New York, 2000; p xxi, 745 p.

(a) Nauha, E.; Kolehmainen, E.; Nissinen, M., Packing incentives and a reliable N—H---N—
pyridine synthon in co-crystallization of bipyridines with two agrochemical actives.
CrystEngComm 2011, 13 (21), 6531; (b) Aitipamula, S.; Wong, A. B. H.; Chow, P. S;
Tan, R. B. H., Pharmaceutical cocrystals of ethenzamide: structural, solubility and
dissolution studies. CrystEngComm 2012, 14 (24), 8515.

Reddy, D. S.; Ovchinnikov, Y. E.; Shishkin, O. V.; Struchkov, Y. T.; Desiraju, G. R.,
Supramolecular Synthons in Crystal Engineering. 3. Solid State Architecture and Synthon

Robustness in Some 2,3-Dicyano-5,6-dichloro-1,4-dialkoxybenzenes. J. Am. Chem. Soc.
1996, 7118 (17), 4085-4089.

(a) Shishkin, O. V.; Zubatyuk, R. I.; Shishkina, S. V.; Dyakonenko, V. V.; Medviediev, V.
V., Role of supramolecular synthons in the formation of the supramolecular architecture of
molecular crystals revisited from an energetic viewpoint. Phys. Chem. Chem. Phys. 2014,
16 (14), 6773; (b) Desiraju, G. R., Crystal Engineering: From Molecule to Crystal. J. Am.
Chem. Soc. 2013, 135 (27), 9952-9967.

Van der Made, A. W.; Van der Made, R. H., A convenient procedure for bromomethylation
of aromatic compounds. Selective mono-, bis-, or trisbromomethylation. J. Org. Chem.
1993, 58 (5), 1262-1263.

Yuan, Y.; Jiang, Z.-L.; Yan, J.-M.; Gao, G.; Chan, A. S. C.; Xie, R.-G., A Convenient and
Effective Synthesis of Tris-Bridged Tricationic Azolophanes. Synth. Commun. 2007, 30
(24), 4555-4561.

Hartshorn, C. M.; Steel, P. J., Poly(pyrazol-1-ylmethyl)Benzenes: New Multidentate
Ligands. Aust. J. Chem. 1995, 48 (9), 1587.

Yuan, Y.; Xiao, R.; Gao, G.; Su, X.-Y.; Yu, H.; You, J.; Xie, R.-G., A direct synthetic
approach to tripodal imidazole compounds. J. Chem. Res. 2002, 2002 (6), 267-269.

Aakerdy, C. B.; Smith, M.; Desper, J., Finding a single-molecule receptor for citramalic
acid through supramolecular chelation. Can. J. Chem. 2015, 93 (8), 822-825.

Mukherjee, A.; Tothadi, S.; Chakraborty, S.; Ganguly, S.; Desiraju, G. R., Synthon
identification in co-crystals and polymorphs with IR spectroscopy. Primary amides as a
case study. CrystEngComm 2013, 15 (23), 4640.

Aakerdy, C. B.; Desper, J.; Fasulo, M. E., Improving success rate of hydrogen-bond driven
synthesis of co-crystals. CrystEngComm 2006, 8 (8), 586-588.

80



14.

15.

16.

17.

18.

(a) Etter, M. C., Hydrogen bonds as design elements in organic chemistry. J. Phys. Chem.
1991, 95 (12),4601-4610; (b) Etter, M. C., Encoding and decoding hydrogen-bond patterns
of organic compounds. Acc. Chem. Res. 2002, 23 (4), 120-126.

Hart, H.; Lin, L.-T. W.; Goldberg, 1., Can Solid Clathrates be Useful for Separating
Molecular Species? A Systematic Approach to the Design of Novel Coordinato-Clathrates.
Mol. Cryst. Lig. Cryst. 2006, 137 (1), 277-286.

Goldberg, I.; Lin, L.-T. W.; Hart, H., Crystalline complexes of N,N'-ditritylurea (DTU)
and N-tritylurea (NTU) hosts with molecular guests. J. Inclusion Phenom. 1984, 2 (1-2),
377-389.

Taylor, R.; Kennard, O., Crystallographic evidence for the existence of C—H---O, C—H---N
and C—H:--Cl hydrogen bonds. J. Am. Chem. Soc. 1982, 104 (19), 5063-5070.

(a) Desiraju, G. R., Hydrogen Bridges in Crystal Engineering: Interactions without
Borders. Acc. Chem. Res. 2002, 35 (7), 565-573; (b) Desiraju, G. R., The C-H---O
Hydrogen Bond: Structural Implications and Supramolecular Design. Acc. Chem. Res.
1996, 29 (9), 441-449; (c) Desiraju, G. R., The C-H:--O hydrogen bond in crystals: what
is it? Acc. Chem. Res. 2002, 24 (10), 290-296.

81



Chapter 4 - Structural examination of halogen-bonded co-crystals of

tritopic acceptors!

4.1 Introduction

The halogen bond (D-X...A), an interaction that possesses many characteristics typical of
the hydrogen bond, has gained considerable attention in recent years due to the anisotropic charge
density distribution around the halogen atom,” Figure 4.1. The interesting phenomenon where
negatively charged X-atom acts as the Lewis acid center interacting with A (a negatively charged
Lewis base center) has been thoroughly investigated in the crystalline solid-state by Resnati,>

Hanks* and others.>

-0.025 a.u. 0.025 a.u.
[ g = o

negative ring

positive cap

Figure 4.1 Electrostatic potential surface representing a halogen bond®

Over the years, many attempts were made to define the halogen bond (XB) given its
puzzling nature, and in 2013 a recommended definition was presented, which according to
Desiraju et al., a halogen bond “occurs when there is evidence of a net attractive interaction

between an electrophilic region associated with a halogen atom in a molecular entity and a
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nucleophilic region in another, or the same, molecular entity”.” Unique features of the XB, such

11-12 and

as directionality,® strength,*° tunability,?® '° hydrophobicity'! and donor atom dimensions,
the rapid growth of successful applications of XB in fields such as drug development'® and

materials design'3-'* have contributed to the recent advanced studies of the XB.

However, it is still uncertain how we can control chemical compositions and
stoichiometries of targeted products when attempting to synthesize co-crystals of reactants that
carry multiple donor- and acceptor sites. Given the interaction ability of activated halogen atoms
in the solid state with neutral or ionic Lewis bases and its directionality, we intended to investigate
if desired stoichiometries could be reached for the tritopic acceptors examined in Chapter 3. For
this purpose, we have chosen ten tritopic acceptor analogues of imidazole, pyrazole and

benzimidazole which possess a central methylated and nonmethylated aromatic scaffold, Figure

R R
R R

AN N, N 2N AN
R= N” N ¢ N \(—Q N N N7 N

4.2.

Figure 4.2 Tritopic acceptors used in this study

The acceptor molecules are conformationally flexible halogen-bond acceptors, which
contain three geometrically and electrostatically equivalent binding sites. There are no known

halogen bonded crystal structures for these molecules, and organic co-crystals for these molecules
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are rare. Previously reported co-crystal by van der Boom et al.’” containing tripyridyl acceptor

show a 1:2 and 1:0.5 with donors 14XB and 135XB, Figure 4.3.

[ | !
F F F | F F
| I F F F F
F F |

135XB 12XB 14XB 44XB

m m

Figure 4.3 Halogen bond donor molecules used in this study

The chosen donor molecules 14XB, 12XB and 135XB, contain geometrically equivalent
binding sites and are rigid unlike the tritopic acceptors. In terms of electrostatic surface potentials,
all sites prior to binding are equivalent, but according to van der Boom et al.,'* and Formigue et
al.,'® upon intermolecular interactions, a “deactivation” may take place at the remaining donor
sites. Furthermore, compared to hydrogen atoms, halogen atoms are much bigger in size® which
causes differences in interactions of these atoms. Therefore, molecules containing halogen atoms
such as these donor molecules are more likely to be sensitive to steric hindrance.!! A study
conducted by Schollhorn and co-workers!? using 1,4-diiodotetrafluorobenzene (14XB) with 4,4'-,
2,2'- and 2,4'- bipyridine shows that the steric nature of 2,2'- and 2,4'- bipyridine affects the
supramolecular coordination network by transforming from infinite 1D chains to well-defined
termolecular complexes. In another study!’ to determine enthalpy—entropy compensation of DNA
Holliday junctions containing halogenated uracil bases, it was found that, the most stable pairing
was given by bromine where iodine’s greater polarizability was limited by the disadvantage
resulting from its greater size. In light of this phenomenon, we have attempted to understand

interactions present in these compounds.
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Herein we report the synthesis of four co-crystals containing rigid perfluoroiodo arenes
and flexible tritopic ligands using halogen bonding interactions to drive the formation of the co-
crystals. We aim to utilize common concepts and simple models to rationalize what we observe in
our co-crystals in terms of strength, directionality, and interaction geometry. An understanding of
XB interactions is based upon a combination of X-ray crystal structure determination, calculated

molecular electrostatic potential surfaces (MEPs).

4.2 Experimental

All reagents, solvents, precursors and halogen-bond donors were purchased from
commercial sources and were used as received without further purification. A Fisher-Johns melting
point apparatus (Vernon Hills, IL, USA) was used to determine melting points. A Varian Unity
Plus (400 MHz) NMR spectrophotometer (Varian, Inc.) was used to record nuclear magnetic
resonance spectra using the residual solvent signal as a reference. Infrared spectroscopic analyses

were performed with a Nicolet 380 FT-IR instrument (Thermo Scientific, Madison, W1, USA).

4.2.1 Molecular electrostatic potential surface calculations

To calculate the molecular electrostatic potential surface of the donor molecules, the
geometries were optimized using hybrid density functional B3LYP level of theory with 6-31G*
basis set in vacuum. All molecules were geometry optimized with the maxima and minima in the

electrostatic potential surface (0.002 e au™!

1sosurface), determined using a positive point charge
in the vacuum as a probe. These numbers, in other words, surface potentials, are the coulombic
interaction energies (in kJmol ") between the positive point probe and the surface of the molecule

at that point. All calculations were done using Spartan 10 software (Wavefunction Inc., Irvine,

CA, USA).
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4.2.2 CSD search

A CSD search on 14XB, 12XB and 135XB were performed using the following
constraints: “not disordered”, “no errors”, “not polymeric”, “no ions”, “no powder structures”,
“3D coordinates determined” and “only organics”. The search for halogen bonds of the above
mention molecules was limited to acceptors with sp>-hybridized nitrogen atoms. All the CSD

search queries were run using ConQuest Version 1.19, CSD 5.38 November 2016 (CCDC,

Cambridge, UK).

4.2.3 Grinding experiments

Screenings for co-crystals were performed using solvent-assisted grinding. In a typical
experiment, stoichiometric amounts of donor and acceptor were mixed in a microwell with the aid
of'a pestle and a drop of solvent (methylene chloride). The resulting solids from each reaction were
subjected to IR analysis for characterization. A successful interaction would be characterized by

specific peak shifts observed in the ground mixture compared to the starting compounds.

4.2.4 Synthesis of co-crystals

All crystal growth experiments were carried out from the resulting solid mixtures used in
the grinding experiments via slow evaporation of a 1:1 mixture of methylene chloride: ethyl
acetate. A typical experiment would entail transferring the ground mixture into a 2-dram glass vial,
which was then fully dissolved in a minimal amount of solvent. The loosely capped vial was left
undisturbed at ambient conditions to allow the solvent to evaporate slowly. Out of 40 experiments,

four produced crystals suitable for single-crystal X-ray diffraction.
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4.2.5 X-ray crystallography

Upon preliminary IR and melting point analysis, crystals were subjected to single crystal

X-ray diffraction.

Datasets were collected on a Bruker Kappa APEX II system using MoKa radiation. Data
were collected using APEX2 software. Initial cell constants were found by small widely separated
“matrix” runs. Data collection strategies were determined using COSMO. Scan speed and scan
widths were chosen based on scattering power and peak rocking curves. Datasets were collected
at 23 °C (135XB:A), -73 °C (12XB:B), -93 °C (135XB:E:EtOAc ), and -143 °C (14XB:E) using

an Oxford Cryostream low-temperature device.

The unit cell constants and orientation matrix were improved by least-squares refinement
of reflections thresholded from the entire dataset. Integration was performed with SAINT, using
this improved unit cell as a starting point. Precise unit cell constants were calculated in SAINT
from the final merged dataset. Lorenz and polarization corrections were applied. Multi-scan

absorption corrections were performed with SADABS.

The data were reduced with SHELXTL. The structures were solved in all cases by direct
methods without incident. All hydrogen atoms were located in idealized positions and were treated
with a riding model. All non-hydrogen atoms were assigned anisotropic thermal parameters.

Refinements continued to convergence, using the recommended weighting schemes.

4.3 Results

Molecular electrostatic potential surface calculations were performed on the halogen bond

donors as a means of ranking the expected capability of each donor site, Table 4.1. With an initial
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co-crystal screening Table 4.2, four crystals suitable for single crystal X-ray diffraction were
obtained 14XB:E, 135XB:E:EtOAc, 12XB:B, 135XB:A. IR results of grounded mixtures with
halogen-bond donors are given in Table 4.3. A summary of the crystallographic data is included

in Table 4.4, and halogen-bond geometries are listed in Table 4.5.

Table 4.1 1 CSD-based summary of frequency of interactions to available halogen-bond donors

and MEPs values

Halogen Bond
135XB:E:EtOAc 12XB 14XB
Donor
MEP 158 kJ/mol 163 kJ/mol 169 kJ/moL
No. Hits in the CSD 30 hits 19 hits 100 hits
Coordination” 2outof3 3outof3 loutof2 2outof2 1outof2 2outof?2
Result 16 14 2 17 3 97
% outcome 53% 47% 10.5% 89.5% 3% 97%

*Coordination: number of donor sites occupied in a molecule

Table 4.2 Grinding results

Acceptors
% Success

A A’ B B’ C C'" D D’ E E'
135XB Vv N 4 A NN NN N 100
R2XB - N N N AN oA v W 80

Donors

14XB VN v N - o - v W 60
4XB - - NN - NN A 50

%Success 50 75 100 75 75 50 50 75 100 75
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Table 4.3 IR results between tritopic acceptors and halogen bond donors

Ground mixture

IR results (cm™)

ID Stoichiometry Halogen bond donor Grinding mixture
14XB:A 3:2 1456, 938 1453, 936
14XB:B 3:2 1456, 938 1460, 940
14XB:C 3:2 1456, 938 1457, 940
14XB:D 3:2 1456, 938 1456, 940
14XB:E 3:2 1456, 938 1461, 941
14XB:A’ 3:2 1456, 938 1452, 938
14XB:B’ 3:2 1456, 938 1459, 942
14XB:C’ 3:2 1456, 938 1456, 939
14XB:D’ 3:2 1456, 938 1456, 939
14XB:E’ 3:2 1456, 938 1459, 941
12XB:A 3:2 1487, 1436 1486, 1436
12XB:B 3:2 1487, 1436 1485, 1438
12XB:C 3:2 1487, 1436 1484, 1436
12XB:D 3:2 1487, 1436 1485, 1436
12XB:E 3:2 1487, 1436 1482, 1433
12XB:A’ 3:2 1487, 1436 1485, 1433
12XB:B’ 3:2 1487, 1436 1484, 1435
12XB:C’ 3:2 1487, 1436 1484, 1436
12XB:D’ 3:2 1487, 1436 1485, 1434
12XB:E’ 3:2 1487, 1436 1484, 1433
135XB:A 1:1 1563, 1403, 1049 1561, 1397, 1041
135XB:B 1:1 1563, 1403, 1049 1562, 1392, 1037
135XB:C 1:1 1563, 1403, 1049 1551, 1397, 1042
135XB:D 1:1 1563, 1403, 1049 1560, 1403, 1050
135XB:E 1:1 1563, 1403, 1049 1566, 1398, 1049

135XB:A’ 1:1 1563, 1403, 1049 1562, 1399, 1048
135XB:B’ 1:1 1563, 1403, 1049 1562, 1392, 1037
135XB:C’ 1:1 1563, 1403, 1049 1551, 1397, 1042
135XB:D’ 1:1 1563, 1403, 1049 1559, 1400, 1039
135XB:E’ 1:1 1563, 1403, 1049 1562, 1398, 1037
44XB:A 3:2 1460, 950 1458, 949
44XB:B 3:2 1460, 950 1466, 957
44XB:C 3:2 1460, 950 1467, 956
44XB:D 3:2 1460, 950 1469, 956
44XB:E 3:2 1460, 950 1469, 957
44XB:A’ 3:2 1460, 950 1459, 952
44XB:B’ 3:2 1460, 950 1459, 950
44XB:C’ 3:2 1460, 950 1458, 951
44XB:D’ 3:2 1460, 950 1458, 953
44XB:E’ 3:2 1460, 950 1459, 949
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Table 4.4 Crystallographic data

Code 14XB:E 135XB:E:EtOAc 12XB:B 135XB:A
Formula moicty (C39H42N), (C39H42Ns), (CeF3l3), (C21H24Np), (C21H24Np),
(CeF4l2) (C4Hsg0») (CeF4l2) (C6F313)
Empirical
formula CasHaoNeFaln C49Hs0F313N6O2 Ca7H2aNeFal,  Co7H24F313Ne
Molecular weight 996.65 1192.65 762.32 870.22
Crystal system Monoclinic Triclinic Triclinic Orthorhombic
Space group P2i/c P1 P1 Pbca
a, A 16.337(6) 9.764(4) 9.255(3) 7.931(2)
b, A 16.340(5) 11.594(4) 11.995(4) 20.310(5)
c, A 15.642(5) 22.901(9) 13.507(5) 37.342(10)
a, ° 90 101.90(2) 78.82(2) 90
B, ° 102.862(13) 97.56(3) 84.15(2) 90
7, °© 90 99.98(2) 68.959(19) 90
Volume, A3 4071(2) 2460.4(16) 1372.1(8) 296(2)
VA 4 2 2 8
Density, g/cm? 1.626 1.610 1.845 1.922
T K 130 180 200 296(2)
X-ray
wavelength, A 0.71073 0.71073 0.71073 0.71073
u, mm! 1.604 1.961 2.348 3.164
R (observed) 0.0442 0.0338 0.0497 0.0638
wR (all) 0.1198 0.1100 0.1773 0.1740
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Table 4.5 Halogen-bond geometries

<(D-
Compound D-I---A dd---A) d(D---A) Symmetry Operation
l. . .A)
12XB:B C(29)-1(35)u---N(9)v 2.934(7) 5.03(1) 177.0(2) u=xyz V=Xx)z
Co-crystal
C(46)—-
14XB:E 2.922(4) 5.024(6) 171.3(2) U=xyz V=X)z
I(52)u---N(10)v
Co-crystal
C(48)-
135XB:E:EtOAc 2.936(5) 5.063(7) 171.8(1) u=xyz v=-xl—-y2-z
I(54)u---N(23)v
C(50)-
Co-crystal 2.864(4) 4.991(6) 175.7(1) u=xyz v=—1+xl+yz
I(56)u---N(10)v
Solvate
C(32)-
135XB:A 2.869(9) 4.95(1) 175.9(3) u=xyz v=1+xyz
I(38)u---N(17)v
C(28)-
Co-crystal 3.206(9) 5.23(1) 162.7(3) u=xyz v=—12+x32-yl-z
1(34)u---N(17)v
C(30)-
3.093(2) 5.15(2) 170.9(4) u=xyz v="%-x-12+yz

136)u---N(24)v

u/ v — symmetry operation on donor / acceptor

4.3.1 Description of solid state architectures

The attempted co-crystallization of 12XB and B resulted in the formation of a 1:1 binary
solid, Figure 4.4. The primary halogen bond in the structure of 12XB:B takes place between one
of the iodine atoms and Npy,) forming a C—I:--N conventional halogen bond and the second iodine
atom engages in a C—I 'mpy, Interaction with an adjacent pyrazole moiety. These two

interactions result in 1D infinite chains. Two remaining pyrazole acceptor sites do not form
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interactions via halogen bonds but rather form identical short contacts with a methyl C—H on the

benzene scaffold of another overlapping tritopic acceptor.

Figure 4.4 Main interactions in the crystal structure of 12XB:B

The primary feature in the 1:1 co-crystal 14XB:E is a discrete tetramer built around a
centrosymmetric (central) (bzim)C—H:--N/N---H—C(bzim) hydrogen bonded homo-synthon,
which is then extended via two symmetry-related C—I---N(bzim) halogen bonds, Figure 4.5. Only
one of the two iodine atoms in 14XB participates in a halogen bond. The remaining heterocyclic
nitrogen atom on the tritopic acceptor forms a short contact with an aromatic C—H moiety of a

neighboring benzimidazole group.

Figure 4.5 Tetramer in the structure of 14XB:E

The structure determination of the product resulting from the reaction between 135XB and
E revealed that an ethyl acetate solvate had formed (the overall stoichiometry is 1:1:1), Figure 4.6.

The solvent does not participate in any noteworthy interactions, but rather is lodged within the
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hydrophobic cavity created by the two benzimidazole arms. The three arms are on the same face
of the benzene scaffold. Two of the three halogen atoms on 135XB participate in C—I---N halogen
bonds leading to a centrosymmetric tetrameric aggregate. The shorter I---N bond takes place with
the (N) atom in a perpendicular benzimidazole site, whereas the longer I---N contact is formed

with the acceptor site pointing away from the central scaffold, rotated along the C—N axis.

(a) (b)
Figure 4.6 (a) Tetramer in the crystal structure of 135XB:E:EtOAc (b) Ethyl acetate wedged

between benzimidazole arms

Finally, in the 1:1 crystal structure of 135XB:A all three iodine atoms of the donor

participate in conventional C—I---N halogen bonds, Figure 4.7.

Figure 4.7 Primary halogen bond interactions in the structure of 135XB:A

93



The 1D chains propagate via C—I---N bifurcated interactions and is also further extended
into 3D molecular networks through a conventional C—I---N interaction. The molecular network

is further stabilized by bifurcated C—H---N interactions.

4.3.2 Aromatic stacking

In the crystal structure of 12XB:B, a stacked dimer of donors is sandwiched between two

symmetry related arms of acceptor molecules, Figure 4.8.

(a) (b)

Figure 4.8 (a) Stacking interactions between the two components in the structure of 12XB:B; (b)

Space filling representation of the packing showed in (a)

An off-set packing mode or rather a parallel-displaced geometry can be noted between
donor molecules 12XB and 135XB in co-crystals 12XB:B and 135XB:A, respectively, Figure 4.9.
14XB in the crystal structure of 14XB:E display several C---F close contacts, which probably arise

due to close packing of the donor molecules, Figure 4.9.
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(c)
Figure 4.9 (a) Stacking of donors in 12XB:B (b) Stacking of donors in 135XB:A; (c) Close

packing of donor molecules in 14XB:E
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4.4 Discussion

It has been noted in previous studies that it is difficult to maintain stoichiometric control in
co-crystals that contain multi-topic halogen bond donors.!*> !* Similarly, co-crystals obtained in
this study did not afford the desired stoichiometries, Figure 4.10, regardless of using stoichiometric
amounts of both donor and acceptor. For both co-crystals 12XB:B and 14XB:E the targeted
stoichiometry was 3:2, however, the observed stoichiometry was 1:1 in both instances. Only one
out of the two iodine atoms in 14XB:E participated in halogen bonding. For both
135XB:E:EtOAc and 135XB:A, a 1:1 stoichiometry was observed as expected, but with rather
unforeseen coordination. For co-crystal 135XB:E:EtOAc, only two out of the three halogen atoms
form interactions and in co-crystal 135XB:A, a bifurcated halogen bond and a conventional
halogen bond interact with two imidazole sites of the tritopic acceptor. These results clearly
demonstrate the difficulty in controlling the delicate balance between intermolecular interactions
at the event of nucleation. And thus, we are in pursuit to understand the challenge; the inability of

multi-topic XB donors to simultaneously engage all donor sites in the solid state.

Desired outcome | |
2:3

S R || R
®

Unforeseen outcome

1:1
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Desired outcome

Unforeseen outcome
1:1

Figure 4.10 Expected vs unexpected connectivity

A CSD study was implemented to extract more structural information, considering the
nature of halogen bonding observed in these co-crystals and the reluctance of reaching a full
coordination via C—I--*N interactions. Geometric data on C—I--*N bond lengths, bond angles and
coordination about halogen bond donors (12XB, 14XB and 135XB) were gathered to draw a
generalized overview of halogen bonds formed with sp? hybridized N. The data gathered in Table
4.1, 17/19 and 97/100 for 12XB and 14XB respectively, indicate that ditopic donors are typically
more like to engage all their sites in halogen bonding, whereas for tritopic donors, the likelihood
of having a full complement of halogen bonds has dropped to 47% (14/30). It is possible that the
number of available acceptor sites, possible steric considerations, and step-wise deactivation of
the donor sites probably were the main contributors to this, while the slightly higher electrostatic
potentials of the ditopic donors (163 kJ/mol for 12XB, 169 kJ/mol for 14XB, and 158 for 135XB,

respectively) may also have played a part.

In these 14XB structures, where the failure to reach a full coordination, relevant literature

does not reveal as to why a full coordination has not been achieved for all three structures
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TOJBOK, TAWFEF and VABNUJ, Figure 4.11. It can be conjectured that a disproportionate ratio
of donors to acceptors has led to a reluctance in forming a full coordination. For structures
TOJBOK and TAWFEF the number of donor sites are greater than acceptor sites (a methanol
molecule causes the disproportion in TOJBOK) and otherwise for VABNUJ, Table 4.6. Given that
structure VABNUJ has more acceptor sites, it is presumable that the spatial arrangements of the
acceptor sites are positioned in a way that could not effectively accommodate an incoming donor

molecule.

(b) (e)

Figure 4.11 14XB structures that failed to reach a full coordination. (a) TOJBOK, (b) TAWFEF,
(c) VABNUJ

There is obviously a difference between the probability that ditopic and tritopic donors will
engage in a maximum number of halogen-bonds, which triggered the question as to whether there
are any notable differences in halogen-bond metrics between the two types of molecules. To
address this issue, we constructed three separate graphs where the I'-N bond length was plotted
against the C-I--"N bond angle for all halogen bonds in crystal structures containing either of the
three donors, 12XB, 14XB, or 135XB, Figure 4.12. The heat distribution plots between bond

angle and bond length for the three donor molecules have a considerable fraction of shorter bond
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lengths with more linear bond angles. A trend is noticeable: longer the I--*N distance, shorter the
C—I---N bond angle, implying that a stronger interaction would have a near linear interaction with

a shorter bond distance.
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Figure 4.12 Halogen-bond distances and angles extracted from a CSD search on crystal
containing sp2-hybridized nitrogen atoms as acceptors and (a) 135XB, (b) 12XB and (c) 14XB,

respectively. The colors indicate number of hits in each cell
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The dotted notations on the plots indicate the co-crystals obtained in this study. It is quite
notable that the overall appearance of the graphs for the ditopic acceptors are quite different to the
way in which the analogous data for 135XB comes out. First, the I:*"N bond-lengths for tritopic
structures cover a much broader range, and the expected positive correlation between larger (more
linear) angles and shorter 1N distances is also readily apparent, Figure 4.9(a). For the ditopic
donors, the angular dependence has a much more narrow distribution and the vast majority of C-
I:-*N bond angles are greater than 160°. This underscores that in order for 135XB to simultaneously
form three halogen bonds, the molecule is often forced to make a structural compromise (resulting
in considerable deviations from linearity), whereas ditopic halogen-bond donors are more likely
to be able to find two suitable donors that are both oriented in such a way that a near-linear bond

is produced.

It is notable the last iodine atom of each donor molecule in co-crystals 135XB:E:EtOAc
and 14XB:E is not participating in any considerable interaction. Even though this incident is not
so uncommon for 135XB, to our surprise, in a rare occurrence, 14XB also participates via single
C—I-N interaction. C—I bond lengths of co-crystals 135XB:E:EtOAc and 14XB:E, Table 4.6,

delineates this.

Table 4.6 C—I bond lengths of co-crystals 135XB:E:EtOAc and 14XB:E

Compound | D—I dD---I)

135XB:E C(48)—I(54) | 2.140

C(50)—1(56) | 2.131

C(46)—1(52) | 2.110

14XB:E C(46)—I1(52) 2.116

C(49)—1(55) | 2.080
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Part of the reason for using flexible tritopic acceptor molecules was to maximize the
opportunities for formation of geometrically near-linear C-I---N halogen bonds to ditopic and
tritopic donors. The tritopic acceptors used in this study contain several rotatable bonds but the
molecular geometries can be simplified into one of two classes, a “crown’ conformation with all
three arms on the same side of the aromatic core, or a “chair” conformation with two arms on one
side and the third arm on the opposite side of the aromatic core. As it turns out, both types of
conformations were observed in these crystal structures with the chair appearing in the structures
of 14XB:E, 12XB:B, 135XB:A and the crown in the crystal structure of 135XB:E:EtOAc, Figure

4.13.

Figure 4.13 Molecular geometries of the tritopic acceptor molecules in the crystal structures of
14XB:E (top left), 12XB:B (bottom left), 135XB:A (top right), and 135XB:E:EtOAc (bottom
right). The crown conformation is only observed in the crystal structure of 135XB:E:EtOAc,

whereas the chair is present in the other three structures

In the two co-crystals 14XB:E and 135XB:E:EtOAc, acceptor E has two different

conformations, exhibiting its flexible nature to change the conformation as per the need of the
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donor molecules, meaning that, these molecules are not strongly predisposed to one arrangement
over another. Despite this flexibility, it was not possible to realize a perfect match between donors
and acceptor in these structures simply by controlling the reaction stoichiometry. A key
explanation for this behavior can, undoubtedly, be found by evoking the sequential c-hole
deactivation that takes place in multi-topic halogen bond donors upon binding, as shown by van
der Boom!> and Formigue'S. o-hole on the iodine atoms is formed as a result of electron
withdrawing fluorine atoms creating a positive potential in the benzene core. Upon binding of a
nucleophile with a 6-hole in an iodine atom, an elongation is observed with the weakening of the
C—Ibond. This is due to interaction of the nitrogen lone pair with the lowest vacant 6* orbital of
C-1, Figure 4.14. This as a result decreases the positive potential of the benzene core which
deactivates the remaining c-holes to an extent. In the co-crystals presented herein, it is likely that
when C-I---N binding interactions takes place, the magnitude of the c-hole on the non-bonded
halogen atom(s) diminish to a point where C—H hydrogen-bond donors suddenly become
competitive, resulting in C—H---N interactions (as observed in the crystal structure of 14XB:E,

Figure 4.7)

C X Nu

" Sfilled
o* orbital  orbital
LUMO

Figure 4.14 5-hole bonding

However, this concept cannot be generalized and applied to 14XB, given the following
circumstances. First, 14XB has a more pronounced c-hole with a higher positive potential than

12XB and 135XB, (both in which all iodine atoms have participated in interactions) in co-crystals
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12XB:B and 135XB:A respectively, and thus, is expected to have both iodine atoms in 14XB to
partake in intermolecular interactions (as per the CSD search; 99% from 100 hits). Secondly, out
of the two donors 135XB and 14XB, where E is the common acceptor, 135XB being the weaker
donor, was still capable of making a two-point interaction as seen in co-crystal 135XB:E:EtOAc.
Therefore, it can be suggested that the reason the second iodine atom in 14XB:E did not participate
in halogen bonding due to the sterically hindering bulky groups of acceptor E. Co-crystal structures
12XB:B and 135XB:A which contain much less bulky imidazole and pyrazole acceptors and
much weaker donors (12XB and 135XB), having all the iodine atoms participate in intermolecular

interactions, give further grounds for this suggestion.

Bonding domain for

Spe———
e /incoming acceptor

r
i

Figure 4.15 Full interaction maps showing steric hinderance at the vacant donor site in E:14XB

4.5 Conclusions!

Halogen bonding was successfully employed in synthesizing co-crystals of a series of ten
tritopic N-heterocyclic compounds using four multi-topic halogen-bond donors. IR data showed
that 70% of the experiments produced halogen-bonded co-crystals and four structures were

obtained which are driven by C—I---N halogen bonds.
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However, the structures obtained show two different architectures: discrete tetrameric
aggregates and 1D chains. A comparison with data from a systematic CSD analysis shows that the
halogen-bond distances and angles in the four structures presented herein are consistent with
commonly observed parameters. In addition, a variety of n-stacking and C—H- - -& interactions were

also seen in two co-crystals.

Our results underscore the difficulty of controlling stoichiometries and chemical
compositions of targeted products when attempting to synthesize co-crystals with reactants that
carry multiple donor- and acceptor sites. Only two of the four co-crystals met the expected
stoichiometric ratios, even though they also displayed unexpected connectivities. A key factor that
contributes to the synthetic challenges is the fact that upon deactivation of 6-hole and halogen-
bond donor capability, other interactions, such as C—H hydrogen-bond donors become
competitive, which subsequently leads to a preference for C—H---N hydrogen bonds over C—I---N
halogen bonds. Even though the halogen bond can deliver selectivity, strength and directionality,
much more work is still required before we can fully realize its potential as a reliable synthetic
vector capable of delivering supramolecular assemblies with desired chemical composition,

stoichiometry, and topology.
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Chapter 5 - Co-crystal technology for drug development via

O—H:---N hydrogen bonds

5.1 Introduction

The process of discovery and formulation of drugs is a costly and time-consuming process.
Poor biopharmaceutical properties such as oral bioavailability, unlike toxicity or lack of efficacy,
contribute to the fact that less than one percent of active compounds make it onto the market!, and,
solubility” is a key physicochemical parameter that needs to be addressed at an early stage in the

drug development process.

The vast majority of active pharmaceutical ingredients (API’s), such as painkillers, exist
as solids at room temperature. The particular solid form defines the APIs physical properties such
as solubility, thermal and mechanical stability, and particle morphology which affects downstream
processability and formulation.® The physical properties of the APIs also control pharmacokinetic
properties such as bioavailability, absorption and dissolution.* One big hurdle in this field is the

lack of versatile technologies that can alter or improve key physical properties of API’s.

SOLID CRYSTALLINE SINGLE COMPONENT

|

AMORPHOUS MULTIPLE COMPONENT

|

HYDRATES
SALTS
SOLVATES
CO-CRYSTALS

POLYMORPHS

Figure 5.1 API solid form classification according to the structure and composition
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APIs can exist in many distinct solid forms, including polymorphs, solvates, hydrates, salts,
co-crystals and amorphous solids,” Figure 5.1. Even though these solid forms display unique
physiochemical properties they do not alter the drugs pharmacological behavior. The preferred
solid form is generally the thermodynamically most stable crystalline form of the compound.
Inadequate solubility or dissolution rate of the stable crystal form of the parent compound may

result in poor oral absorption, Table 5.1.

Table 5.1 Solubility according to the US Pharmacopoeia®

Descriptive term Part of solvent required per part of solute
Very soluble Less than 1

Freely soluble From 1 to 10

Soluble From 10 to 30

Sparingly soluble From 30 to 100

Slightly soluble From 100 to 1000

Very slightly soluble From 1000 to 10,000

Practically insoluble 10,000 and over

According to the Biopharmaceutical classification (BCS),” active pharmaceutical
ingredients can be divided into four classes. Class I drugs possess both good membrane
permeability and solubility; Class II drugs have good permeability but poor solubility; Class III
drugs poorly permeable but higher in solubility; Class IV drugs are poorly permeable and poorly

soluble Figure 5.2.
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Class | Class Il
High solubility and Low solubility

bili
permeability high permeability

Class |l Class IV

High solubility Low solubility and
permeability

low permeability

Figure 5.2 BCS classification of API’s

Pharmaceutical co-crystals, which recently gained attention as a means of modifying
physiochemical properties of APIs are singular crystalline solids that incorporate two neutral
molecules, one being an API and the other a co-crystal former.> Co-crystal former may be an
excipient or another drug. Pharmaceutical co-crystal technology is used to identify and develop

new solid forms and offer a chance to increase the number of forms of an API.

In Chapter 3, we saw that with multitopic carboxylic acids, COOH:--N-heterocyclic
(imidazole, benzimidazole and pyrazole) synthons were used to construct supramolecular
architectures with tritpoic acceptors. The reliability and effectiveness of the synthon were
determined by the supramolecular yield. Herein, we have chosen four nonsteroidal anti-
inflammatory (NSAID) drugs; Ibuprofen, Naproxen, Aspirin and Diclofenac, Figure 5.3, due to
the presence of their COOH moiety, that can be utilized to synthesize co-crystals using the above

mentioned supramolecular synthons with the use of tritopic acceptors, Figure 5.4.
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Figure 5.3 Non-steroidal anti-inflammatory drugs

The NSAIDs can be sub-classified on the basis of chemical structure as follows:
= Salicylates
=  Propionic acids (Profens)

= Anthranilates (Fenamates)

R
N.
R= N7 N </ N —N NN NN
— — —
R =/ j
R
A B C D E

Figure 5.4 Schematic of tritopic acceptors used in the study

In general, these molecules structurally consist of an acidic moiety (carboxylic acid)
attached to a planar, aromatic functionality, Figure 5.5. Some analgesics also contain a polar

linkage group, attached to an additional lipophilic group.
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Figure 5.5 NSAID general structure

The major mechanism by which the NSAIDs work is by inhibition of the prostaglandin
synthesis.® Furthermore, NSAIDs for the most part competitively inhibit cyclooxygenases
(COXs),’? the enzyme that catalyzes the synthesis of cyclic endo peroxides from arachidonic acid
to form prostaglandins. There are two types of cyclooxygenases namely COX-1 which is
responsible for the baseline levels of prostaglandins while COX-2 produces prostaglandins through

stimulation.

Table 5.2 Sub-class structures of NSAID and type of COX being inhibited

NSAID general structure NSAID sub-class structure Type of COX inhibited

COOH
O~
Selective COX-1

Salicylates

Aspirin

COOH
Oy
CH,

A CH—/<
g oH

0]

R

S Slightly selective COX-1

~

Propionic acids (Profens)

Ibuprofen, Naproxen
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NH

Slightly selective COX-2
R

Anthranilates (Fenamates)

Diclofenac

Although shape, geometry and size of the NSAIDs, Table 5.2, are of great significance for

an effective and competitive inhibition of cyclooxygenases from arachidonic acid, formation of

co-crystals primarily depend on the chemical functionality on NSAIDs; the COOH moiety.

The goals of this chapter are as follows;

1.

Co-crystallization targeting COOH moiety of the NSAIDs with tritopic acceptors,
to evaluate the formation of co-crystals. We also want to establish whether there is

a correlation between the type of NSAID used with the supramolecular yield.

Does the supramoleculare yields for the NSAIDs depend on the type of tritopic

acceptor used?

. Is the supramolecular assembly in solution reflected in the solid state?

Is bulk synthesis and characterization of the co-crystals possible?

Could we expect a change in solubility for the bulk co-crystals with respect to the

NSAID?
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5.2 Experimental

All reagents, solvents, precursors and hydrogen-bond donors were purchased from
commercial sources and were used as received without further purification. A Varian Unity Plus
(400 MHz) NMR spectrophotometer (Varian, Inc.) was used to record nuclear magnetic resonance
spectra using the residual solvent signal as a reference. The '"H NMR spectra are reported as
follows: chemical shift 6 in ppm relative to TMS (6 = 0 ppm), multiplicity, coupling constant (J in
Hz), number of protons. The resonance multiplicity is described as s (singlet), d (doublet), t
(triplet), q (quartet) or m (multiplet). A Fisher-Johns melting point apparatus (Vernon Hills, IL,
USA) was used to determine melting points. Infrared spectroscopic analyses were performed with

a Nicolet 380 FT-IR instrument (Thermo Scientific, Madison, WI, USA).

5.2.1 Synthesis

5.2.1.1 Synthesis of diclofenac’’

To a 100 mL beaker 70 mL of water and 3.00 g sodium salt of the diclofenac was added.
The suspension was stirred until it completely dissolved with minimum heating. Once dissolved,
a few drops of concentrated HCI was added dropwise. With the addition of HCI, neutral diclofenac
precipitated as a white solid. The resultant solid was vacuum filtered and air dried on a watch glass.
Mp 156 - 158 °C (lit value Mp 157 °C)'! 8H (400 MHz, DMSO-d6) 3.88 (2H, s, COCH>), 6.56
(1H, d, Ar- H), 6.81 (1H, NH), 6.98 (2H, m, Ar-H), 7.15 (1H, t, Ar-H), 7.24 (1H, d, Ar-H), 7.34

(2H, dd, Ar-H).
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5.2.1.2 Co-crystal synthesis via solvent assisted grinding experiments

Co-crystal screening was performed between NSAIDs and tritopic acceptors using solvent
assisted grinding method. A typical experiment entailed, grinding stoichiometric amounts of donor
and acceptor in a microwell with a pestle and a drop of solvent. The solids resulting from grinding
experiments are characterized using IR spectroscopy. The success of a grinding experiment is

revealed by peak shifts observed in the ground mixture compared to the starting components.

5.2.2 Co-crystal experiments

Four nonsteroidal anti-inflammatory drugs were subjected to co-crystallization
experiments with five flexible tritopic acceptors. After screenings for co-crystals of ground
mixtures using IR analysis, the samples were dissolved in a suitable solvent in borosilicate vials

and carried out slow evaporation.

5.2.2.1 Synthesis of 1,3,5-tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-trimethyl

benzene tri aspirin, E:(ASP);3

1,3,5-Tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-trimethyl benzene (0.0100 g,
0.0168 mmol) was dissolved in 1 mL of ethanol. To this solution was added aspirin (0.0035 g,
0.0168 mmol) in 1 mL of acetonitrile. The resulting solution was allowed for slow evaporation in
a 2 dram borosilicate vial at room temperature. Orange colored column-shaped crystals were

obtained after three weeks. Melting point 209-211 °C.
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5.2.2.2 Synthesis of 1,3,5-tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-trimethyl

benzene aspirin, E:ASP

1,3,5-Tris(5,6-dimethylbenziimidazole-1-yl-methyl)-2,4,6-trimethyl benzene (0.0100 g,
0.0168 mmol) was dissolved in 1 mL of ethanol. To this solution was added aspirin (0.0035 g,
0.0168 mmol) in 1 mL of acetonitrile. The resulting solution was allowed for slow evaporation in
a 2 dram borosilicate vial at room temperature. Colorless column-shaped crystals were obtained

after one week. Melting point 213-215 °C.

5.2.3 Solubility studies

5.2.3.1 Preparation of co-crystals for solubility studies'?

Bulk synthesis of E:ASP was done using solvothermal methods. Supersaturation of E and
aspirin were created by cooling a solution of E (500 mg, 0.84 mmol) and aspirin (453 mg, 2.5
mmol) in 20 mL of acetonitrile from 40 to 5 °C using an ice bath. The precipitate was harvested
by filtration and dried over a filter paper to remove loosely bound solvent. The solid was
characterized using FT-IR spectroscopy and was confirmed to be a co-crystal and the obtained IR
matched the previous IR of the single crystal submitted for X-ray analysis. PXRD pattern of the

bulk sample indicated the presence of a new crystalline material.

5.2.3.2 Preparation of standard series of salicylic acid for solubility studies of E:ASP

A stock solution was prepared by dissolving 19.2 mg of salicylic acid and 0.1g citric acid
in a minimum amount of purified water. This solution was diluted to 100.0 mL with methanol.

Working standards were prepared by pipetting 5, 10 ,15, 20 and 25 mL aliquots of the stock
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standard solution into separate 100.0 ml volumetric flasks, adding 25 mL of 0.2 M NaOH and

diluting to volume with 0.2 M HCI.

5.2.3.3 Time dependent study of aspirin hydrolysis

A stock solution was prepared by dissolving 25 mg of aspirin in a 50.0mL volumetric flask.
30 mL of methanol was added and after agitation the sample was diluted to volume with methanol.
Three 5.0 mL aliquots of each sample were pipetted into separate 100.0 mL volumetric flasks and
25.0 mL of 0.2 M NaOH was added to each. At intervals of 5, 10 and 20 minutes the volumetric
flasks were diluted to volume to stop the reaction by adding 0.2 M HCI. The absorbance of the

solutions was measured using UV-Vis Varian and plotted against time of digestion.

5.2.3.4 Aqueous solubility of E:ASP

A suspension of the E:ASP (172 mg) was stirred in 1.0 mL of distilled water in a sealed
vial and placed in a water bath to maintain constant temperature. After stirring for 72 hrs, the
remaining solid was filtered off. A 0.8 mL aliquot of the filtrate was diluted to 8.0 mL using
methanol. After hydrolysis and quenching with HCI, absorbance of this solution was measured at
303 nm using UV-Visible spectroscopy and required dilutions were carried out to obtain a suitable
absorbance value. The absorbance values were used to calculate the corresponding concentration

from the equation of the calibration curve and thus the solubility of the co-crystals.

5.2.4 Binding study of aspirin and 1,3,5-tris(imidazole-1-yl-methyl) benzene (A”)

using isothermal titration calorimetry

Stock solutions for the calorimetric studies were prepared using purified deionized water

in volumetric flasks. All experiments were conducted at 25 °C. The stir rate was set at 250 rpm
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and the instrument was left to equilibrate for about 30 min. The experiment was set to incremental
titration with discrete injections every 300 s for 25 injections. For titrations, the initial
concentration of the tritopic acceptor A’ was 1.20 mM and the concentration of aspirin were 0.150

mM. Data analysis and data fitting were conducted using NanoAnalyze,

5.3 Results and discussion

5.3.1 IR screening of solids resulting from solvent assisted grinding method

Attempted reactions between five acceptors and NSAIDs aspirin, ibuprofen, naproxen and
diclofenac were characterized by analyzing solids resulting from solvent assisted ground mixtures,
Table 5.3. In chapter 3, we observed that the effectiveness of a supramolecular synthon is directly
related to the potential on the nitrogen of the acceptor site, where both imidazole and
benzimidazole containing analogues had higher supramolecular yields. We observe the same trend
in the ground mixtures with painkillers, where, imidazole and benzimidazole containing analogues
possessing the characteristic peak pattern in the region of 1,900 and 2,500 cm!, indicative of co-
crystal formation. The O—H---N hydrogen bond formed between the acceptor and donor is further

confirmed by the shift in the carbonyl stretch which appears in the 1,650-1,700 cm™ regions.

In the percentage success rate for acceptors, we observe the following trend where A, E, D
>> C, B, Table 5.4, which is due to the higher electrostatic potential difference between acceptors
containing imidazole and benzimidazole when compared with acceptors containing pyrazoles.
When considering the drugs, we see that there is no significant difference in supramolecular yield
for ibuprofen and diclofenac (4/5, 80%) and naproxen and aspirin (3/5, 60%); as drugs being

weakly acidic (pKa for ibuprofen 4.91, diclofenac 4.15, naproxen 4.15 and aspirin 3.49).
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Table 5.3 IR stretching frequencies (cm™) of the solids produced by combining tritopic acceptors

with ibuprofen, naproxen, aspirin, diclofenac

Carbonyl stretch (cm™)
O---H....N
Mixture Drug Ground Stretch (cm-) Co-crystal
mixture

A-IBU 1708 1706 1905, 2435 Y
A-NAP 1724 1709 1929, 2440 Y
A-ASP 1680 1700 1940, 2466 Y
A-DCF 1689 1688 1932, 2559 Y
B-IBU 1708 1711 1907, 2562 Y
B-NAP 1724 1724 - N
B-ASP 1680 1677 - N
B-DCF 1689 1689 - N
C-IBU 1708 1714 - N
C-NAP 1724 1724 - N
C-ASP 1680 1683 - N
C-DCF 1689 1690 1886, 2596 Y
D-IBU 1708 1702 1895, 2485 Y
D-NAP 1724 1724 1922, 2443 Y
D-ASP 1680 1692 1914, 2485 Y
D-DCF 1689 1690 1907, 2553 Y
E-IBU 1708 1705 1909, 2479 Y
E-NAP 1724 1730 1919, 2461 Y
E-ASP 1680 1703 1914, 2469 Y
E-DCF 1689 1691 1929, 2510 Y
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Table 5.4 Co-crystal formation with ibuprofen, naproxen, aspirin, diclofenac and A-E

Grinding experiments with
Acceptor Potential on N NSAIDs
(kJ/mol) Success Supramolecular
rate yield (%)
A -229 4/4 100
E =212 4/4 100
D -204 4/4 100
B -187 1/4 25
C -173 1/4 25

When subjected to slow evaporation in acetonitrile, out of the 20 combinations, only E and
ASP produced two different crystal morphologies one of which was suitable for X-ray diffraction,

Figure 5.6.

®)

Figure 5.6 Two unique morphologies of E and ASP (a) ribbon-like and (b) columnar-like
crystals
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5.3.2 Crystal structure of EH":ASP:(ASP);

X-ray diffraction data were obtained on the orangish columnar like crystal, Figure 5.6 (b).
The asymmetric unit of the attempted co-crystallization of ASP and E contains one monocation of

E, 2-carboxyphenolate and two neutral molecules of salicylic acid, Figure 5.7.

Figure 5.7 Asymmetric unit of the crystal resulting from EH":ASP-:(ASP):

The main feature observed in the assembly is a discrete tetramer built around a
centrosymmetric (bzim)N—-H+:--N/N---+H-N(bzim) hydrogen bonded homo-synthon, which is

then extended via two symmetry related O—H:--N(bzim) hydrogen bonds, Figure 5.8.

Figure 5.8 Tetramer in the crystal structure of EH*:ASP-:(ASP)2
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Furthermore, in the crystal structure there are two types of dimers that are formed. The first
dimer is observed between two 2-carboxyphenolate ions which are encapsulated within the
centrosymmetric cavity formed by the two acceptor molecules, Figure 5.9 (a). The second dimer
is observed between two salicylic acid molecules which is stacked between to discrete tetramers,

Figure 5.9 (b).

Figure 5.9 Dimers formed between (a) 2-carboxyphenolate ions (b) salicylic acids

From the crystallographic data it is evident that the column like crystals are of a 3:1

stoichiometric ratio between aspirin and E.

5.3.3 'H NMR of solid resulting from slow evaporation

To determine the composition of the ribbon-like crystal, Figure 5.6 (a), we subjected a
portion of the crystal to 'TH NMR. The NMR of the crystals was found to be a 1:1 stoichiometry
between aspirin and acceptor E, Figure 5.10. This cannot confirm the formation of a co-crystal

between aspirin and acceptor E since a 1:1 physical mixture of the two compounds would produce
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the same result. Therefore, to confirm the formation of a O—H---N hydrogen bond between aspirin

and E, IR of the crystals is required.
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Figure 5.10 'H NMR of ribbon-like crystal, where peaks denoted in red correspond to aspirin

and peaks in cyan correspond to acceptor E
5.3.4 IR and PXRD data analysis of solids resulting from solvothermal method and slow

evaporation method

IR spectroscopy was used in the initial screening phase of co-crystals synthesized using
solvothermal technique. Herein the IR spectrum of the resulting solid was compared with the IR
spectrum of the co-crystal E:ASP, Figure 5.11. The following, Figure 5.12, depicts the overlaid

IR spectrums of E:ASP and EH":ASP-:(ASP)z>.
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Figure 5.11 Top is the IR spectrum of E:ASP prepared from a solvothermal method and the

bottom is the IR spectrum for single crystal of E:ASP
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Figure 5.12 Overlaid IR spectrums of crystals resulting from slow evaporation of E:ASP in red

and EH*:ASP-:(ASP): in cyan
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IR spectrums of bulk resulting from solvothermal method, E:ASP and EH":ASP-:(ASP):
contain the characteristic double hump in the region of 1,900 and 2,500 cm™! indicative of O—
H---N hydrogen bond formation. This affirms the formation of two unique compounds containing

aspirin and E.

In Figure 5.11, we would expect to see the presence of a C—O- stretching at around 1,280
cm’! corresponding to the 2-carboxyphenolate ion in EH":ASP-:(ASP)2, Figure 5.7, but instead,
what we see is two peaks present at 1,247 and 1,243 cm™ for prepared bulk and EH*: ASP-:(ASP)2
which are indicative of the presence of C—OH stretching (phenolic C—OH stretch 1,249 cm™).!3
What we also observe in the IR is symmetric and antisymmetric carboxylate stretching modes

which are typically found in the 1,400 and 1,600 cm™! ranges.'*

Despite IR spectrometry being useful for establishing formation of a co-crystal, it does not
provide sufficient evidence for homogeneity of the co-crystal solid which is imperative when
carrying out solubility experiments. Therefore, to affirm structural homogeneity in the solid
prepared using a solvothermal method, a PXRD was obtained of the resulting solid. It was then
compared to the PXRD patterns of both aspirin and E to verify the absence of pure E and aspirin
in the solid, Figure 5.13. It is evident from the powder patterns that the solid prepared using a

solvothermal method is in fact E:ASP.

124



Realative intensity

Awwwwm

5 10 15 20 25 30 35 40
26(degrees)

—E ASP E:(ASP) EH'":ASP:(ASP), —— Bulk
Figure 5.13 Overlaid powder patterns of E, ASP, E:ASP, simulated EH":ASP-:(ASP)2 and bulk

(resulting from solvothermal method)

5.3.5 'TH NMR and DSC data analysis of solid resulting from solvothermal method

IR spectra and PXRD patterns provide evidence of formation of co-crystals and the
homogeneity of the resulting bulk material, but none of the characterization methods discussed

above provide evidence of stoichiometric ratio between acceptor and donor.

To accurately measure the solubility of E:ASP, the stoichiometry of the resulting bulk
material is essential. Therefore, an NMR of the product resulting from solvothermal method was
obtained and found to be a 1:1 stoichiometry between aspirin and acceptor E, Figure 5.14. The

same was true for the single crystal E:ASP which is a 1:1 stoichiometry based on '"H NMR.
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Figure 5.14 '"H NMR of bulk E:ASP, where peaks denoted in red correspond to aspirin and

peaks in cyan correspond to acceptor E

Differential scanning calorimetric studies were performed on acceptor E, aspirin and the
resulting bulk material to further affirm the formation of a co-crystal. Acceptor E melts at a
temperature of 292-294 °C (Lit value > 285 °C)!> when subjected to a heating rate 5 °C/min while
aspirin melts at 130-132 °C at a heating rate of heating rate of 0.2 °C/min (Lit value > 135.5 °C)'6.
The solid resulting from the solvothermal method possess melts at temperature of 217-219 °C,

Figure 5.15.
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Figure 5.15 DSC thermograms for bulk solid E:ASP and aspirin by itself

5.3.6 Isothermal calorimetry

To analyze thermodynamic parameters like enthalpy change (AH), entropy change (AS),
which can be further resolved into Gibb free energy change (AG) of the system, water soluble
tritopic acceptor 1,3,5-tris(imidazole-1-yl-methyl) benzene (A”) was titrated into aspirin, Figure

5.16.

Unlike A’, acceptor E is very poorly soluble in water. To evaluate thermodynamic
properties and binding ability to aspirin, a more soluble analogue containing imidazole was used.

The binding resulted in a stoichiometry of 1:3 between E and ASP.
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Figure 5.16 ITC profile between A’ (1.20 mM) and aspirin (0.150 mM) at 25°C

In the solid state, we observed that E and ASP could be present in two distinct solid
compositions. The two solid constitutes a 1:1 and a 1:3 stoichiometry between E and ASP. Even
though EH":ASP-:(ASP)2 has an anticipated ratio between acceptor and donor, the much-desired
O—H:--N hydrogen bond connectivity between acceptor and donor is not observed. This
observation is also seen in Chapter 3, where the attempts made to engineer desired connectivity

between accepter and donor were hampered by the conformational freedom of E.

5.3.7 Aqueous solubility of co-crystal

Official method described in the British Pharmacopeia for analysis of aspirin in tablet
formulations are based on direct titration of salicylic acid formed during hydrolysis of the drug.
But, a new method was developed by Dutta and co-workers'” using UV spectrophotometric assay

of aspirin, based on the marked increase in absorbance at 303 nm that takes place during alkaline
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hydrolysis of aspirin, Figure 5.17. The increase in absorbance is due to the formation of salicylic

acid, which has an absorption maximum at 303 nm, Figure 5.18.
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Figure 5.17 Alkaline hydrolysis of aspirin followed by acidification resulting in salicylic acid
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Figure 5.18 Ultraviolet absorption spectra of aspirin in acidic solution before (black) and after

(orange) hydrolysis

To evaluate the time taken to fully hydrolyze aspirin into salicylic acid, a time dependent
study was performed. At different time intervals, aspirin samples in alkaline solutions were

quenched by acidification. Effect of time on aspirin hydrolysis was monitored by observing change
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in absorbance at 303 nm. Throughout the selected time interval, absorbance remained at 303 nm

indicating the hydrolysis was quick, Figure 5.19.

Change in absorbance
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Figure 5.19 Effect of time on aspirin hydrolysis

Data obtained from the standard series prepared using salicylic acid was measured at 303

nm using UV-Vis spectrophotometer, to determine the unknown concentration of aspirin in the

co-crystal, Figure 5.20.
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Figure 5.20 Absorption maxima at 303 nm for salicylic acid at different concentrations
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Figure 5.21 Absorption vs concentration plot of salicylic acid

With the equation of the best fit line using the calibration curve, Figure 5.21, data was used
to calculate the concentration (solubility) of the co-crystal. The solubility measurements of co-
crystals were carried out for 72 hrs. The solubility of aspirin in the co-crystal was 0.246 mg/mL
(£ 0.010 mL). This is a 12-time reduction of aqueous solubility of aspirin at room temperature
which is 3 mg/mL. According to Table 5.1, aspirin falls under very soluble category. Upon co-

crystal formation, the solubility descriptor changes to freely soluble.
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Figure 5.22 Control experiment of acceptor E
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To further confirm that the tritopic acceptor E posed no discrepancies to the absorption
maxima of salicylic acid, several control experiments were done, Figure 5.22. Initially, E was
subjected alkaline hydrolysis followed by quenching with acid. Second control experiment
subjecting E to alkaline hydrolysis followed by diluting with water. Third control experiment
included acidifying E followed by diluting with water. When comparing these spectrums with
before and after hydrolysis of aspirin, it is clear that the regions do not overlap and the maxima at
302 nm can easily be distinguished, Figure 5.23. Furthermore, acceptor E is poorly soluble in water
and the absence of absorption peak in the region of 281 — 290 nm suggests only aspirin dissolves

1n water.

= ASP before
hydrolosys

ASP after
hydrolosys

Absorbance

350 400

Wavelength (nm)

Figure 5.23 Control experiment of acceptor E compared with before and after hydrolysis of
aspirin

5.4 Conclusions

We have demonstrated that by targeting the COOH moiety of the NSAIDs, we were able
to synthesis co-crystals with five tritopic acceptors. It was evident that electrostatically more
prominent imidazole and benzimidazole could react with higher supramolecular yield. There

seems to be such a disparity between imidazolic family and pyrazoles, when a hydrogen bond is
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formed with the nitrogen site. Pyrazole, unlike imidazole or benzimidazole, cannot stabilize
through inductive effects. On the other hand, there is no noticeable difference in supramolecular

yield for the NASIDs due to their weak acidic character (pKa ranging from 3.49 —4.91).

Slow evaporation yielded two different solids, which constituted E and aspirinina 1:1 and
a 1:3 stoichiometry, respectively. When a solution phase study was conducted using A’, a similar
analogue of E, a 1:3 binding between E and aspirin was noted which reflects what is discerned in

the solid state.

The bulk synthesis of E and ASP delivered a stoichiometry of 1:1 between acceptor and
donor. The bulk material was characterized using IR, PXRD, 'H NMR and DSC, in order to

confirm the formation of a co-crystal, its homogeneity and composition.

The solubility of the 1:1 co-crystal decreased by 12-fold compared to pure aspirin (3mg/mL
at 20 °C), which would be beneficial to use as an extended release drug. Such a low solubility in

the co-crystal may be attributed to the low aqueous solubility of the co-former E.
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Chapter 6 - A take on Trogers base as a potential hydrogen and

halogen bond acceptors and donors

6.1 Introduction

The stoichiometry of two components forming a co-crystal depends on the delicate balance
between shape, size, and functional complementarities. An understanding of molecular recognition
and self-assembly is vital in the development of new strategies for crystal growth with tailored
stoichiometries. With a flexible tritopic acceptor, we saw in Chapters 3 and 4 that not all acceptor
sites were occupied in the resulting supramolecules. Therefore, an additional arm does not
necessarily provide useful intermolecular interactions for multi-topic hydrogen and halogen bond
donors, and here we intend to look into a new molecule which is much less flexible and has fewer

potential binding sites, in order to better control stoichiometry.

Troger's base, 2,8-dimethyl-6H-12H-5,11-methanodibenzo([b,f][1,5]diazocine, was
originally prepared in 1887 using p-toluidine,' Figure 6.1. Spielman?® deduced the structure of
this molecule in 1935, while Wagner® proposed a mechanism of formation. Prelog* recognized the
chiral nature of Troger's base and was able to chromatographically separate its enantiomers using
lactose as the chiral stationary phase. Nearly a century after the synthesis of the molecule, the
structure was confirmed by single crystal X-ray crystallography.® Until 1980s, Trdger's base was
mainly used for the evaluation of new separation techniques. The revival of Troger's bases started
in 1985 by Wilcox with a series of publications which included a “torsion balance™ that can

measure the strength of intermolecular interactions.
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Figure 6.1 Troger's base showing its two enantiomers

Troger's base consists of a bicyclic aliphatic unit, a diazocine ring fused with two aromatic
rings, Figure 6.2. The centrosymmetric methanodiazocine ring extends the aromatic rings in a near
perpendicular manner. As a result, this creates a hydrophobic v-shaped cavity. Due to the rigidity
of the molecule, both N-atoms (stereogenic centers) are sterically fixed. This makes the molecule
dissymmetric and therefore chiral. This conformational rigidity makes it almost an ideal building
block to introduce curvature into larger molecules. Therefore, this is of great importance in

supramolecular chemistry to achieve concave structures in molecular assemblies such as receptors.

f Methanodiazocine bridge

N_N

@@_ Aromatic moiety

Iydrophobic cavity

Figure 6.2 Troger's base depicting its main moieties and possible adaptable locations
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Troger's base derivatives are usually formed by reaction of an aniline, formaldehyde and a
strong acid.” The formation of the methano[1,5]diazocine skeleton of Trdger's base involves an
electrophilic substitution reaction. Aromatic amines with various electrophilic reactive centers can
promote polymerization. To inhibit polymerization, it is necessary for the aniline derivative to
have the para position blocked, Figure 6.3. In principle, the starting aniline can be fully substituted
except for one ortho position which is required for the desired cyclization reaction of Troger's base.
The electronic and steric effects of the ring substituents are known to influence the regiochemistry®

and yield.

NH,

Z H -«—— Atleast one needs to be vacant

Xy X, =—— Both can be occupied
Y

‘¥ Needs to be occupied

Figure 6.3 Aniline substitution for Troger's base synthesis

In this chapter, we are focusing on synthesizing a precursor for the 2,8-disubstituted
analogues of Troger's bases: the 2,8-diiodo-substituted derivative, Figure 6.4. It has been argued
that the Troger's bases condensation reaction is hampered by the electronic requirement of the

aniline and that reactions work best with electron rich anilines.
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Figure 6.4 Main precursors of 2,8-disubstituted analogues of Troger's bases

However, Wirnmark and co-workers were able to synthesize halo substituted analogues of
Troger's base using paraformaldehyde, trifluoroacetic acid and a corresponding aniline,® Figure
6.5. Although the synthesis was successful, it is very sensitive to reaction conditions, especially
the scale. The reaction generally works best with 4-halo-2-methylanilines due to the electron
donating character of the substituted methyl group facilitating the electrophilic aromatic

substitution, which is a part of the formation mechanism.

e

NH, (CH,0), N I
| TFA, r.t | w

Figure 6.5 2,8-Diiodo substituted Troger's base analogue synthesized by Wéarnmark and co-

workers

Having 2,8-diiodo substituted Troger's base as a starting point, a whole new spectrum of
transition-metal catalyzed cross coupling reactions are available, from which we will use

Sonogoshira type coupling reactions for the synthesis of the following analogues, Figure 6.6.
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Figure 6.6 Targeted Troger's base halogen bond donors and hydrogen bond acceptors

In the previous chapters, aliphatic dicarboxylic acids were used as co-formers with tritopic
scaffolds that contain imidazolic, benzimidazolic and pyrazolic arms and they did not produce
desired supramolecular architectures. Thus, we wanted to see if the same imidazolic,
benzimidazolic and pyrazolic arms could be utilized with a different scaffold, the Troger’s base,
using the same aliphatic dicarboxylic acids as co-formers. We also wanted to explore the
complementarity of halogen-bonding Troger’s bases by using symmetric ditopic heterocycles,

Figure 6.7.

o]
HO OH Oy, -OH

N\ N\ J
E ,j ‘ = Succinic acid (SUC)
¥ N OH

Al AS 0 OH
HO'

N )W O._OH
N N OH O
I /]: N 7\ Tartaric acid (TAR)
N
OH

oH 3-Tlydronybenzoic acid (JHR)

A2 A6 o o
= HO OH )
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N = o
— A3 A7 HOJ\NYOH Oy,
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N/ AN o X
MOH Phihalic acié (PT)
Ad HO

o]
Suberic acid (SUB)

Figure 6.7 Co-formers used in the study; symmetric ditopic acceptors and aliphatic dicarboxylic
acids
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Considering the spatial arrangement of the functional groups in halogen and hydrogen

bonding Troger's bases, we hope to predict their main structural features.

The structural outcome of these analogues depends on; 1) the highly directional halogen
bond, 2) co-formers used, and 3) the dihedral angle between the aromatic rings, Figure 6.8. A CSD
search shows that the dihedral angle © is usually is in the range of 88°-105° for Troger's base
analogues. The measurements were done in Mercury, by constructing planes on the aromatic rings

and measuring the angle between the constructed planes.

WAZSUN 105.2% AXAGEL 102.8° FUPLEH 88.6°

/@/Nﬁ /{\/Nw = OMe AWN = Ph
| 19Q)0]
. N MEOW\ = Ph ‘-\\{?LN o

N

FUPKUW 104.07 DEGREM 91.17 SIRWIZ 92.1%

e N\ ® Nﬁ ® ONWGW
> N B = N = (0 SN ~F o
N \/
N 0

—
EKOPOJ 100.8° DEFQAG 98.8° CEIWIX 102.5°

/TMS
M
PRI - N
L)
o P =
P

=
™S S ~
N

TBX2 96.8° IBXS 103.7°

Figure 6.8 Scheme of dihedral angles between aromatic rings of some structures reported in the
CSD
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Taking all these into consideration, we anticipate the resulting structure to be a 1-D zig-

zag chain like architecture, Figure 6.9.

Halogen bond donor

Halogen bond acceptor

Figure 6.9 Expected halogen-bonded supramolecular architecture

The goals of this chapter are as follows:

1.

To synthesize a series of hydrogen bond acceptor Troger's base analogues using N

containing heterocycles.

To study the binding ability of these Troger's base analogues with a series of

aliphatic and aromatic dicarboxylic acids.

To synthesize iodoethynyl functionalized Troger's base analogues, and to study

binding ability with a series of symmetric ditopic acceptors.

To establish if nitrogen atoms on the diazocine ring act as potential binding sites

which compete with suitable ditopic acceptors.

To determine if decreasing the number of binding sites is beneficial in tailoring the

stoichiometry of supramolecules.

To establish how geometric flexibility, affect the solid-state landscape.
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6.2 Experimental

6.2.1 General

All reagents, solvents, precursors and hydrogen-bond donors were purchased from
commercial sources and were used as received without further purification. A Varian Unity Plus
(400 MHz) NMR spectrophotometer (Varian, Inc.) was used to record nuclear magnetic resonance
spectra using the residual solvent signal as a reference. The '"H NMR spectra are reported as
follows: chemical shift & in ppm relative to TMS (3 = 0 ppm), multiplicity, coupling constant (J in
Hz), number of protons. The resonance multiplicity is described as s (singlet), d (doublet), t
(triplet), q (quartet) or m (multiplet). A Fisher-Johns melting point apparatus (Vernon Hills, IL,
USA) was used to determine melting points. Infrared spectroscopic analyses were performed with

a Nicolet 380 FT-IR instrument (Thermo Scientific, Madison, WI, USA).

6.2.2 Electrostatic potential calculations

To calculate the molecular electrostatic potential surface of the acceptor molecules TBXS5-
TBXS8, and donor molecules TBX4 and TBY4 the geometries were optimized using hybrid density
functional B3LYP level of theory with 6-31G* basis set in vacuum. The geometry optimized
molecules were then visualized through mapping its values, determined by a positive point charge
in the vacuum as a probe, on the molecular surface with an outer contour of 0.002 a.u. electronic
density. The surface potentials, which are the coulombic interaction energies (in kJmol ') between
the positive point probe and the surface of the molecule at that point. All calculations were done

using Spartan 10 software, Wavefunction Inc.

142



6.2.3 Synthesis

6.2.3.1 2,8-Diiodo-4,10-dimethyl-6H,12H-5,1 1-methanodibenzo[b,f]- diazocine TBXI®

NH, (CHQO

| CTFATL

4-lodo-2-methylaniline (18.00 g, 77.25 mmol) was dissolved gradually in 75 mL of
trifluoroacetic acid (TFA) batch-wise. In a separate 100 mL beaker, paraformaldehyde (4.64 g,
154 mmol) was mixed with TFA 50 mL batch-wise until clumps were dissolved. This was
transferred portion wise into aniline in TFA. Stirring was continued for 17 h at r.t. TFA was
removed in vacuo, water (75 mL) was added followed by addition of a saturated aqueous solution
of NH3 (75 mL) diluted in 25 mL water. The aqueous layer was extracted with dichloromethane
(3 x 150 mL). The combined organic layers were dried (MgSQOs), filtered, concentrated in vacuo
and purified by column chromatography (EtOAc: Hexane 1:49) gave 8.671 g (59%). Pale yellow
crystals were obtained. mp 235-236 °C. 'H NMR (400 MHz, CDCl3): § = 2.33 (s, 6 H, 2 x CH3),
3.89 (d, 2H, J = 16.9 Hz, H-6endo and H-12endo), 4.24 (s, 2 H, H-13), 4.50(d, 2 H, ] = 16.9 Hz,

H-6exo and H-12ex0), 7.10 (s, 2 H, H-1 andH-7), 7.38 (s, 2 H, H-3 and H-9).

6.2.3.2 2,8-Diiodo-6H,12H-5,11-methanodibenzo[b.f]- diazocine TBY1®

| TTFAL

4-Todoaniline (2.95 g, 13.47 mmol) was dissolved gradually in 15 mL of TFA acid batch-
wise. In a separate 100 mL beaker, paraformaldehyde (0.82 g, 20.20 mmol) was mixed with TFA
10 mL batch-wise until clumps were dissolved. This was transferred portion wise into aniline in

TFA. Stirring was continued for 17 h at r.t. TFA was removed in vacuo, water (15 mL) was added
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followed by addition of a saturated aqueous solution of NH3 (15 mL) diluted in 5 mL water. The
aqueous layer was extracted with dichloromethane (3 x 50 mL). The combined organic layers were
dried (MgS0s), filtered, concentrated in vacuo and purified by column chromatography (EtOAc:
Hexane 1:49) gave 0.99 g (31%). Pale yellow crystals were obtained. mp 180-181 °C. 'H NMR
(400 MHz, CDCl3): 6 =4.08 (d, 2 H, J = 16.8 Hz, H-6endo and H-12endo), 4.24 (s, 2 H, H-13),
4.62 (d, 2 H, J = 16.8 Hz, H-6ex0 and H-12exo0), 6.87 (d, 2 H, J = 8.5 Hz, H-4 and H-10), 7.23 (s,

2H,J=1.5Hz H-1and H-7), 7.45 (dd, 2 H, ] = 8.5 Hz, J = 1.5 Hz, H-3 and H-9).

6.2.3.3 4,10-Dimethyl-2,8-bis[(trimethylsilyl)ethynyl]-6H,12H-5,1 methanodibenzo/[b,f]-
diazocine TBX2°
TMS
PdCL,(PPhs),
/@ Cul
P(Phs)s
TEA, 70°C
overnight

TBX1 (8.51 g, 16.8 mmol), was dissolved in triethylamine (100 mL) and degassed by
bubbling N> through the reaction mixture for 20 mins. To this solution were added
trimethylsilylacetylene (6.80 mL, 47.8 mmol) [PdCI2(PPh3)2] (639.0 mg, 0.9104 mmol), P(Ph3);
(477.5 mg, 1.820 mmol) and Cul (1.7337 g, 9.104 mmol). After 20 h, the reaction mixture was
quenched with sat. aq NaCl (30 mL) and filtered over Celite. The residue was extracted with
CH>Cl,. The filtrate was washed with aq sat. NaHCO3 (50 mL), dried (MgS0Os4), and concentrated
in vacuo. Purification by column chromatography (EtOAc: Hexane 1:49) gave 6.45 g (86%) of
TBX2 as a yellow solid; mp 67-69 °C. '"H NMR (400 MHz, CDCls): § = 0.19 [s, 18 H, Si(CH3)s],
2.33 (s, 6 H, 2 x CH3), 3.91 (d, 2 H, H-6endo and H-12endo, 2J =-17.0 Hz), 4.27 (s, 2 H, H-13),
4.50 (d, 2 H, H-6exo and H-12exo0, 2] =—17.0 Hz), 6.89 (s, 2 H, H-1, H-7, 4] = 1.1 Hz), 7.15 (s, 2

H, H-3, H-9).
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6.2.3.4 2,8-Bis[(trimethylsilyl)ethynyl]-6H,12H-5,1 I-methanodibenzo[b,f]-diazocine TBY2®

TMS
PdCly(PPhj),
' N P(Ph3)3 /C[\
TEA, 70°C
overnight

TBY1 (0.43 g, 0.91 mmol), was dissolved in triethylamine (15 mL) and degassed by
bubbling N> through the reaction mixture for 20 mins. To this solution were added
trimethylsilylacetylene (0.27 mL, 1.91 mmol) [PdCl2(PPh3):] (25.6 mg, 0.0365 mmol), P(Ph3);
(0.0191 mg, 0.0730 mmol) and Cul (69.5 mg, 0.365 mmol). After 20 h, the reaction mixture was
quenched with sat. aq NaCl (30 mL) and filtered over Celite. The residue was extracted with
CH2Cl. The filtrate was washed with aq sat. NaHCO3 (50 mL), dried (MgSOs), and concentrated
in vacuo. Purification by column chromatography (EtOAc: Hexane 1:49) gave 0.20 g (55%) of
TBY?2 as a yellow solid; mp 42-44 °C. 'H NMR (400 MHz, CDCl3): § = 0.21 [s, 18 H, Si(CH3)s],
4.10 (d, 2 H, H-6endo and H-12endo, 2J = —17.0 Hz), 4.26 (s, 2 H, H-13), 4.61 (d, 2 H, H-6ex0
and H-12exo, 2J =—-17.0 Hz), 7.00 (d, 2 H, J = 8.5 Hz, H-4 and H-10), 7.02 (s, 2 H, J = 1.5 Hz, H-

1 and H-7), 7.24 (dd, 2 H, ] = 8.5 Hz, J = 1.5 Hz, H-3 and H-9).

6.2.3.5 4,10-Dimethyl-2,8-bisethynyl-6 H,12H-5,11-methanodibenzo[b,f]-diazocine TBX3"’

T™S I
_ KoCO4 p
Nw = MeOH Nw Z2
= N RT, 2hr = N
MS H

TBX2 (1.20 g, 2.71 mmol) and potassium carbonate (0.41 g, 2.98 mmol) were stirred in

methanol at room temperature for 2 hrs. Upon completion, the solvent was removed by rotary
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evaporation and the residue was dissolved in diethyl ether and washed with water (2 x 50 mL).
The combined organic layers were dried over anhydrous MgSO4 and concentrated via rotary
evaporation to obtain the product. Purification by column chromatography (EtOAc: Hexane 1:49)
gave 0.73 g (91%) of TBX3 as colorless needlelike crystals. m. p. 173 - 175 °C; 'H NMR (400
MHz, CDCl3): 6 =2.37 (s, 6 H, 2 x CH3), 2.96 (s, 2 H, 2 x ethynyl-H), 3.94 (d, 2 H, J = 16.9 Hz,
H-6endo and H-12endo), 4.27 (s, 2 H, H-13), 4.54 (d, 2 H, J = 16.9 Hz, H-6exo and H-12ex0),

6.92 (d,2 H,J=1.0 Hz, H-1 and H-7), 7.19 (d, 2 H, J = 1.0 Hz, H-3 and H-9).

6.2.3.6 2,8-Bisethynyl-6H,12H-5,11-methanodibenzo/[b,f]-diazocine TBY3"’

. _ ™S K,COs X

w MeOH Nw
= N RT, 2hr Z N

TMS H

TBY2 (0.18 g, 0.43 mmol) and potassium carbonate (0.07 g, 0.50 mmol) were stirred in
methanol at room temperature for 2 hrs. Upon completion, the solvent was removed by rotary
evaporation and the residue was dissolved in diethyl ether and washed with water (2 x 50 mL).
The combined organic layers were dried over anhydrous MgSO4 and concentrated via rotary
evaporation to obtain the product. Purification by column chromatography (EtOAc: Hexane 1:49)
gave 0.10 g (91%) of TBY3 as a yellow solid. m. p. 136-138 °C; '"H NMR (400 MHz, CDCl3): §
=2.97 (s, 2 H, 2 x ethynyl-H), 4.13 (d, 2 H, J = 16.9 Hz, H-6endo and H-12endo), 4.28 (s, 2 H, H-
13),4.64 (d,2 H, J = 16.9 Hz, H-6exo and H-12ex0), 7.00 (d, 2 H, J = 8.5 Hz, H-4 and H-10), 7.02

(s,2 H,J=1.5Hz, H-1 and H-7), 7.24 (dd, 2 H, J = 8.5 Hz, ] = 1.5 Hz, H-3 and H-9).
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6.2.3.7 4,10-Dimethyl-2,8-diiodoethynyl-6H,12H-5,1 I-methanodibenzo/[b,f]-diazocine TBX4'!

Ag N O 3
Acetone

TBX2 (2.21 g, 4.97 mmol) and AgNOs3 (1.69 g, 9.95 mmol) was placed in round-bottomed

flask and CH3CN (200 mL) was added. The mixture was stirred under purging nitrogen for 20 min.
The flask was wrapped in aluminum foil and under dark conditions, NIS (2.24 g, 9.95 mmol) was
added. The mixture was stirred overnight at room temperature after which, it was passed through
a 2 cm plug of silica gel. The solvent was removed by rotary evaporation. The resulting residue
was dissolved in CH>Cl, and washed with H,O (100 mL). The organic part was separated, dried
over anhydrous MgSO4 and solvent was removed under vacuum. Purification by column
chromatography (EtOAc: Hexane 1:49) gave 1.88 g (69%) of TBX4 as an off-white solid. m. p.
215-217 °C; '"H NMR (400 MHz, CDCl3): § =2.34 (s, 6 H, 2 x CH3), 3.91 (d,2 H, ] = 16.9 Hz, H-
6endo and H-12endo), 4.26 (s, 2 H, H-13), 4.50 (d, 2 H, ] = 16.9 Hz, H-6ex0 and H-12ex0), 6.86
(d, 2 H,J =1.0 Hz, H-1 and H-7), 7.13 (d, 2 H, J = 1.0 Hz, H-3 and H-9). 1*C NMR (400 MHz,
CDCl): 6 =4.97 (C — ethynyl) 17.19 (2 C, 2 x CH3), 54.94 (2 C, C- 6 and C-12), 67.55 (1 C, C-
13), 94.17 (C — ethynyl), 118.82 (2 C, C-2 and C-8), 128.1 (2 C, C-4 and C-10), 128.70 (2 C),

133.0 (2 C, C-3 and C-9), 133.25 (2 C, C-1 and C-7), 135.9 (2 C), 146.93 (2 C).

6.2.3.8 2,8-Diiodoethynyl-6H,12H-5,11-methanodibenzo[b,f]-diazocine TBY4"!

™
N =T AgNO;

=
W Acetone Nw Z
= N NIS = N

TMS I
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TBY2 (0.18 g, 0.43 mmol) and AgNOs3 (0.15 g, 0.86 mmol) was placed in round-bottomed
flask and CH3CN (200 mL) was added. The mixture was stirred under purging nitrogen for 20 min.
The flask was wrapped in aluminum foil and under dark conditions, NIS (0.19 g, 0.14 mmol) was
added. The mixture was stirred for overnight at room temperature after which time it was passed
through a 2 cm plug of silica gel. The solvent was removed by rotary evaporation. The resulting
residue was dissolved in CH2Cl, and washed with H,O (100 mL). The organic part was separated,
dried over anhydrous MgSO4 and solvent was removed under vacuum. Purification by column
chromatography (EtOAc: Hexane 1:49) gave 0.16 g (72%) of TBY4 as a pale orange colored solid.
m. p. 191-192 °C; 'H NMR (400 MHz, CDCls): § = 4.10 (d, 2 H, ] = 16.9 Hz, H-6endo and H-
12endo), 4.27 (s, 2 H, H-13), 4.62 (d, 2 H, J = 16.9 Hz, H-6ex0 and H-12ex0), 7.01 (d,2 H, J =
8.5 Hz, H-4 and H-10), 7.05 (s, 2 H, J = 1.5 Hz, H-1 and H-7), 7.22 (dd, 2 H,J =8.5 Hz, ] = 1.5

Hz, H-3 and H-9).

As a precursor to these Troger’s base derivatives, TBX1 was chosen over TBY1 due to the
ease of synthesis, ease of scaling the reaction and the time scale (1/5th that of TBY1, 82 hr). The
inclusion of a moderately electron donating methyl substituent on the 4-iodoaniline which made
the iodoaniline more reactive towards the Troger’s base condensation reaction facilitated TBX1

synthesis.

6.2.3.10 2,8-Bis-4-ethynylimidazole -6H,12H-5,1 I-methanodibenzo[b,f]-diazocine TBX5'?

DIPA, Cul,

[Pds( dba)3 CHC|3]
dppf, 4-iodoimidazole
THF, 60 °C, 20 hrs N

E“
H
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10 mL THF and 163 mg diisopropylamine (1.61 mmol, 2.4 equiv) were added to 200 mg
(0.670 mmol) TBX3, 5 mg (26.8x107 mmol, 4 mol %) Cul, 21 mg (20.1x10 mmol, 6 mol % Pd)
[Pdy(dba); . CHCls], 22 mg (40.2x10° mmol, 6 mol %) 1,1'-bis(diphenylphosphino)ferrocene
(dppf) 286 mg (1.47 mmol, 2.2 equiv) 4-iodoimidazole and the resulting mixture was stirred at 60
°C for 16 hours. Sat. aq NaCl and CH>Cl, were added and the mixture was filtered over Celite and
the residue was washed with CH2Cl,. The filtrate was washed with sat. ag NaHCO3 and the organic
layer was dried over MgSO4. The crude product was purified by column chromatography
(methanol/EtOAc 1:9) and could be obtained as a yellow solid. Yield: 0.118 g (41 %), mp 180-
181 °C. 'H NMR (400 MHz, CDCl3): 6 = 2.33 (s, 6 H, 2 x CHs), 4.01 (d, 2 H, H-6endo and H-
12endo), 4.24 (s, 2 H, H-13), 4.49 (d, 2 H, H-6exo and H-12ex0), 6.96 (d, 2 H, H-1 and H-7), 7.18

(d, 2 H, H-3 and H-9), 7.41, 7.73, 8.10.

6.2.3.11 2,8-Bis-3-ethynylpyrazole-6H,12H-5,11-methanodibenzo[b,f]-diazocine TBX6"?

DIPA, Cul, ":‘\N—H

H =~
= [Pdy(dba)s.CHCl3], = N
Nw 7 dppf, 3-iodopyrazole Z
// N THF, 60 °C, 16 hrS

8 mL THF and 108 mg diisopropylamine (1.07 mmol, 2.4 equiv) were added to 133 mg
(0.446 mmol) TBX3, 3 mg (17.8x107 mmol, 4 mol %) Cul, 14 mg (13.3x107 mmol, 6 mol % Pd)
[Pda(dba);. CHCI3], 15 mg (26.7x107 mmol, 6 mol %) 1,1'-bis(diphenylphosphino)ferrocene
(dppf) 191 mg (0.98 mmol, 2.2 equiv) 3-iodopyrazole and the resulting mixture was stirred at 60
°C for 16 hours. Sat. aq NaCl and CH>Cl» were added and the mixture was filtered over Celite and
the residue was washed with CH2Cl,. The filtrate was washed with sat. ag NaHCOj3 and the organic

layer was dried over MgSQO4. The crude product was purified by column chromatography
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(EtOAc/hexane 1:9) and could be obtained as a yellow solid. Yield: 42 mg (0.092 mmol, 13 %),
mp 146-148 °C. '"H NMR (400 MHz, CDCls): § = 2.39 (s, 6 H, 2 x CH3), 3.98 (d, 2 H, H-6endo
and H-12endo), 4.30 (s, 2 H, H-13), 4.57 (d, 2 H, H-6exo and H-12ex0), 6.48 (d, 2 H, H-1 and H-

7), 6.98 (d, 2 H, H-3 and H-9), 7.25, 7.57, 10.23.

6.2.3.12 2,8-Bis-5-ethynylpyrimidine-2-amino -6H,12H-5,11-methanodibenzo[b.f]-diazocine
TBX7"?

N _NH,
DIPA, Cul, g E/
[Pd,(dba)s.CHCl5],dppf, = X

Nw I 5-ethynylpyrimidine-2-amino
| N THF, 60 °C, 18 hrs

10 mL THF and 169 mg diisopropylamine (1.68 mmol, 2.4 equiv) were added to 351 mg

(0.700 mmol) TBX1, 5 mg (28%10-3 mmol, 4 mol %) Cul, 22 mg (21x10-3 mmol, 6 mol % Pd)
[Pd2(dba); . CHCIz], 23 mg (42%10-3 mmol, 6 mol %) 1,1'-bis(diphenylphosphino)ferrocene
(dppf) 183 mg (1.54 mmol, 2.2 equiv) 5-ethynylpyrimidine-2-amino and the resulting mixture was
stirred at 60 °C for 16 hours. Sat. aq NaCl and CH2Cl> were added and the mixture was filtered
over Celite and the residue was washed with CH>Cls. The filtrate was washed with sat. ag NaHCO3
and the organic layer was dried over MgSO4. The crude product was purified by column
chromatography (EtOAc/hexane 1:9) and could be obtained as a yellow solid. Yield: 0.179 g
(53%), mp 281-283 °C. '"H NMR (400 MHz, CDCl3): § =2.39 (s, 6 H, 2 x CH3), 3.98 (d, 2 H, H-
6endo and H-12endo), 4.31 (s, 2 H, H-13), 4.57 (d, 2 H, H-6exo and H-12ex0), 5.15, 6.94 (d, 2 H,

H-1 and H-7), 7.21 (d, 2 H, H-3 and H-9), 8.39.
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6.2.3.13 2,8-Bis-5-ethynylpyridine-6H,12H-5,11-methanodibenzo[b,f]-diazocine TBX8'?

DIPA, Cul,

Z "N
. |
N [Pd,(dba)3.CHCI3],dppf, =
| i N =
w 5-ethynylpyridine W
| N THF, 60 °C, 21 hrs F N
I X
N =

10 mL THF and 169 mg diisopropylamine (1.68 mmol, 2.4 equiv) were added to 351 mg

(0.700 mmol) TBX1, 5 mg (28x10~* mmol, 4 mol %) Cul, 22 mg (21x10= mmol, 6 mol % Pd)
[Pda(dba);. CHCI3], 23 mg (42x1073 mmol, 6 mol %) 1,1’-bis(diphenylphosphino)ferrocene (dppf)
158 mg (1.54 mmol, 2.2 equiv) 5-ethynylpyridine and the resulting mixture was stirred at 60 °C
for 16 hours. Sat. aq NaCl and CH2Cl, were added and the mixture was filtered over Celite and
the residue was washed with CH2Cl,. The filtrate was washed with sat. aqg NaHCOs3 and the organic
layer was dried over MgSO4. The crude product was purified by column chromatography
(EtOAc/hexane 4:1) and could be obtained as a yellow solid. Yield: 0.148 g (47 %), mp 219-220
°C. "TH NMR (400 MHz, CDCl3): 8 =2.41 (s, 6 H, 2 x CH3), 4.00 (d, 2 H, H-6endo and H-12endo),
4.32 (s, 2 H, H-13), 4.59 (d, 2 H, H-6exo and H-12ex0), 7.01 (d, 2 H, H-1 and H-7), 7.27 (d, 2 H,

H-3 and H-9), 7.31(d, 2 H), 8.57 (d, 2 H).

6.2.4 Grinding experiments

Screenings for co-crystals were performed using solvent-assisted grinding technique. In a
typical grinding experiment, the stoichiometric amounts of donor and acceptor were mixed in a
microwell with the aid of a pestle and a drop of solvent (methylene chloride). The resulting solids
from each reaction were subjected to IR analysis for characterization. A successful interaction
would be characterized by specific peak shifts observed in the ground mixture compared to the

starting compounds.
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6.3.1 MEP surface calculations

6.3 Results

In order attain a broader view of the relative strengths of the hydrogen-bond acceptor sites

of TBXS-TBXS8 and halogen bond donor sites of TBX4, TBY4 of the Troger’s base derivatives

and symmetric ditopic acceptors, molecular electrostatic potential (MEP) surface calculations were

performed. The values are used to rank the relative strengths of the nitrogens on the diazocine

rings and potential acceptor sites on the heterocyclic arms on the Troger’s base molecules TBXS-

TBXS8. These values are further used to establish whether the acceptor sites of the diazocine ring

on the halogen bond donor Troger’s base derivatives TBX4 and TBY4 are competitive enough for

the symmetric ditopic acceptors. The MEP surface energies are shown in Table 6.1 Table 6.2 and

Table 6.3.

Table 6.1 Electrostatic surface potential energies for hydrogen bond acceptor and halogen bond

donor Troger’s base derivatives

Troger’s base

derivative E(Nuer) kJ/mol |  E(I) kJ/mol | E(Nazc) kJ/mol | E(N—H) kJ/mol
TBXS -220 - -119 +275
TBX6 -189 - -113 1254
TBX7 -158 _ 107 1207
TBXS -192 _ K% -
TBX4 _ 163 3 -
TBY4 - +166 -116 _
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Table 6.2 Electrostatic surface potential energies for symmetric ditopic acceptors

Ditopic acceptor Potential on acceptor site kJ/mol
Pyrazine (A1) -153
Tetramethyl pyrazine (A2) -162
1,2-bis(4-pyridyl)ethane (A3) -186
4,4'-dipyridyl (A4) -172
Phenazine (AS) -149
1,2-di(4-pyridyl)ethylene (A6) -182
4,4'-trimethylene dipyridine (A7) -191

6.3.2 Covalent synthesis

6.3.2.1 Synthesis of TBX1

The scale up synthesis of TBX1 is very sensitive to the reaction conditions. Using the same
procedure indicated as for a small-scale did not produce the desired product. A simple modification
of the procedure where both paraformaldehyde and respective aniline were mixed separately in

TFA and introducing the solutions dropwise increased the yield to 59%.

6.3.2.2 Synthesis of TBX4

The synthesis of TBX4 was sought after using the following routes after Sonogoshira
coupling reaction on TBX1 to synthesize TBX2, Figure 6.10. The first route which used
concentrated I> in methanol did not give the desired product. Similarly (route 2) under the
following conditions AgF, N-iodosuccinimide in acetonitrile produced the same result. Route 3,
which used one step less to synthesize the desired product through direct TMS to iodo conversion

using AgNOs3, N-iodosuccinimide in acetonitrile, resulted in good yield.
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L1/ NaOH
HeOH, BT, ofa

= i

L]
Figure 6.10 Synthetic route to TBX4

6.3.3 IR stretching frequencies of ground mixtures

Troger’s base derivatives TBX5-TBX8 were subjected to solvent assisted grinding
experiments with aliphatic dicarboxylic acids and aromatic dicarboxylic acids and were analyzed
through IR spectroscopy. Out of these experiments, all 28 of the ground mixtures resulted a
successful co-crystal formation. All co-crystals displayed broad bands near the 1,850 and 2,500
cm ! regions (as a result of O-H---N hydrogen bonds) and significant changes in the C=0 stretch

of the carboxylic acid indicating co-crystal formation, Table 6.3.

Halogen bond donor Troger’s base derivatives TBX4 and TBY4 were subjected to solvent
assisted grinding experiments with symmetric ditopic acceptors and were analyzed through IR
spectroscopy. Formation of a co-crystal was established by comparing the IR spectrum of the
ground solid mixture with the IR spectra of the pure donor and the acceptor. A successful co-
crystal event is then further determined by observing shifts of other stretches corresponding to

either donor or the acceptor, Table 6.4.
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Table 6.3 IR stretching frequencies (cm™) of the solids produced by combining Troger’s base

derivatives TBXS-TBXS8 acceptors with aliphatic dicarboxylic acids

Carbonyl stretch (em™) O---H....N
Mixture Co-crystal
Di-acid Ground mixture Stretch (cm™)

TBXS5:SUC 1685 1685 1953, 2528 Y
TBXS5:GLU 1683 1717 1916, 2525 Y
TBXS:ADI 1684 1688 1927, 2562 Y
TBXS5:TAR 1685 1700 1950, 2559 Y
TBXS5:SUB 1685 1691 1933, 2596 Y
TBXS:3HB 1679 1694 1920, 2513 Y

TBXS:IT 1680 1681 1895, 2525 Y

TBXS:PT 1668 1696 1923, 2516 Y
TBX6:SUC 1685 1699 1978, 2516 Y
TBX6:GLU 1683 1690 1913, 2568 Y
TBX6:ADI 1684 1689 1944, 2548 Y
TBX6:TAR 1685 1717 1893, 2508 Y
TBX6:SUB 1685 1690 1919, 2562 Y
TBX7:SUC 1685 X 1882, 2544 Y
TBX7:GLU 1683 1698 1911, 2493 Y
TBX7:ADI 1684 1689 1916, 2558 Y
TBX7:TAR 1685 1720 1907, 2491 Y
TBX7:SUB 1685 X 1925, 2639 Y
TBX7:3HB 1679 X 1883, 2479 Y

TBXT7:IT 1680 X 1898, 2541 Y
TBXS8:SUC 1685 1688 1903, 2553 Y
TBX8:GLU 1683 1700 1927, 2554 Y
TBX8:ADI 1684 1687 1905, 2559 Y
TBX8:TAR 1685 1717 1922, 2517 Y
TBXS8:SUB 1685 1688 1919, 2531 Y
TBX8:3HB 1679 1687 1914, 2461 Y

TBXS8:IT 1680 1684 1926, 2534 Y

TBX8:PT 1668 1700 1919, 2457 Y
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Table 6.4 IR stretching frequencies (cm™) of the solids produced by combining Troger’s base
derivatives TBX4 and TBY4 donors with symmetric ditopic acceptors

Al A2 A3 A4 AS A6 A7
1404, 1357, 1412,
1412,

1416, 1406, 1556 1486, 1428, 1411, 1501,
1491 1438 1593 1530, 1467, 1592 1555,
1586 1510 1602
1413, 1404, 1414,

1359, 1413,
1407, 1431, 1430, 1429,

TBX4 1431, 1430, 1435,
1433, 1469, 1468, 1468,

1435, 1469, 1468, 1469, 1468,
1469, 1557, 1531, 1556,

2152 2155 1514, 1596,
2180 1595, 1590, 1599,

2145 2148
2155 2148 2158
1373, 1358, 1413,

1412, 1403, 1412,
1401, 1407, 1402, 1431,

TBY4 1487, 1432, 1488,
1432, 1432, 1430, 1487,

1396, 1488, 1557, 1487, 1555,
1488, 1488, 1489, 1557,

1709 1596, 1596, 1595,
1714 1598, 1511, 1599,

1709 1712 1705
1706 1709 1710

6.3.4 Description of solid state architectures
6.3.4.1 Crystal structure of 2, 8-diiodo-4,10-dimethyl-6H,12H-5,11-methanodibenzo [b,f]-

diazocine (TBX1)

No noteworthy interactions are observed for TBX1 due to the inactive iodine, Figure 6.11.
Two interactions, C—I-- - with a distance of 3.432 A and aromatic stacking may have been due
to close packing. The crystal packing of TBX1 leads to the formation of discrete void spaces in

the crystal lattice, Figure 6.12.
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Figure 6.11 C—I-- - and aromatic stacking interaction observed in TBX1

Figure 6.12 Discrete void space observed in overall packing of TBX1

6.3.4.2 Crystal structure of 4,10-dimethyl-2,8-bis[(trimethylsilyl)ethynyl]-6H,12H-5,11-
methanodibenzo[b,f]-diazocine (TBX2)

The crystal structure of TBX2 possess two distinct interaction motifs. The ethynyl group
acts as a hydrogen bond acceptor to a C—H group on TMS, Figure 6.13. This interaction is
accompanied via C—H---n (2.816 A with aromatic core and 2.719 A with ethynyl group)
interaction on the phenyl group of the Troger’s base. The TMS group is situated well within the
hydrophobic cavity of the Troger’s base, where the cavity created by the two aromatic rings has a
dihedral angle of 96.2°. Besides these interactions, another C—H:--N (2.688 A) type interaction

is observed between the nitrogen on the diazocine ring and C—H group on TMS, Figure 6.14.
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Figure 6.15 Overall packing observed in TBX2
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6.3.4.3 Crystal structure of 4,10-dimethyl-2,8-dipyridinethynyl-6H,12H-5,11-

methanodibenzo/b,f]-diazocine (TBXS8)

There are several different interactions that are taking place in TBX8. The C—H---m (2.872

A) interaction is observed between C—H of a methyl group and the phenyl group within the

hydrophobic cavity, Figure 6.16.

Figure 6.16 C—H: -7 and aromatic stacking interaction observed in TBX8

The dihedral angle between the two aromatic ring results in 103.7°. These interactions are
further accompanied via C—H---x (2.853 A) interactions with the ethynyl group. The pyridine
acceptor site on the molecule interacts via bifurcated hydrogen bonds forming C—H:--N (2.704

A) type interactions, Figure 6.17.

Figure 6.17 Bifurcated C—H:--N type interactions in TBX8
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6.3.4.4 Crystal structure of 4,10-dimethyl-2,8-diiodoethynyl-6H,12H-5,11-

methanodibenzol[b,f]-diazocine tetramethylpyrazine (TBX4:A2)

The primary feature in the crystal structure of TBX4:A2 is a 1D infinite zig-zag chain,
Figure 6.18. The desired C—I---N halogen bond is formed by the C=C—I group on the Tréger’s
base and the nitrogen on the tetramethylpyrazine (I50---N54, 3.147 A, 125---N51, 3.051 A,
110---N64, 3.153 A, 135---N61, 3.057 A). The respective bond angle are as follows; (C49—
[50---N54, 171.65°, C24—I25---N51, 171.35°, C9—I10---N64, 171.22°, C34—I35---N6l,

171.33%).

Figure 6.18 Main interactions in the crystal structure of TBX4:A2

The halogen bond is accompanied by C—H: - -7 interactions that stems forth from methyl
substituent groups on pyrazine and on the methanodiazocine bridge which interacts with the
ethynyl group on the Troger’s base extended arms, forming a 2D structure. The 2D frameworks
are extended into 3D architectures via C—H- - -7 interactions that take place between aromatic C—

H groups and C=C group on the Troger’s base.
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6.3.4.4 Crystal structure of 4,10-dimethyl-2,8-diiodoethynyl-6H,12H-5,11-

methanodibenzo/b,f]-diazocine 1,2-di(4-pyridyl)ethylene (TBX4:46)

The attempted co-crystallization of TBX4 and A6 resulted in the formation of a 1:1 binary
solid, Figure 6.19. The primary interaction takes place between C=C—I group on the Troger’s
base and the nitrogen on the 1,2-di(4-pyridyl)ethylene, forming a 1-D infinite zig-zag chain with
bond distances of (121---N37,2.821 A, 125---N30, 2.809 A) and bond angles of (C20—I21---N37,

178.63°, C24—I125---N30, 166.76°).

Figure 6.19 Main interactions in the crystal structure of TBX4:A6

The halogen bond is accompanied by C—H: - ‘& interactions that form between the methyl
substituent groups on the methanodiazocine bridge and the ethynyl group on the Troger’s base,

forming a 2D structure.
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6.4 Discussion

Five novel Troger’s base derivatives were synthesized, out of which, three contained
nitrogen containing heterocycles as arms, extending outward from the Troger’s base scaffold that
can act as hydrogen bond acceptors, and two, possessing an iodoethynyl functionality that can act
as halogen bond donors. In the synthesis of TBX1, the substitution of a methyl group in the ortho
position, on 4-iodoaniline, ensures only one regioisomer; the linear symmetric derivative, is
formed. The linear regioisomer is probably the most useful precursor for applications of
supramolecular chemistry. This also provides a sizable hydrophobic cavity for the synthesized

analogues of Troger’s base.

The ground mixtures of hydrogen bond acceptor Troger’s base derivatives were tested
using IR spectroscopy to reveal the formation of co-crystals. Among the grounded mixtures, all 28
grinding experiments formed co-crystals which is indicated by broad stretches that appear near

2,500 and 1,900 cm™ as well as considerable shifts in the carbonyl peaks, Figure 6.20.
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Figure 6.20 IR spectra of TBXS and Tartaric acid and the co-crystal thereof
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Similarly, the ground mixtures of iodoethynyl Troger’s bases with symmetric ditopic
acceptor produced co-crystals for all 14 experiments. A productive outcome is characterized in
peak shifts corresponding to the C=C in the iodoethynyl on the Troger’s base derivative and in the
peaks in the range of 1,600 — 1,460 cm™! which are indicative of C=N stretch on the symmetric

acceptors.

The Troger’s base despite its name, has a very low basicity. The methanodiazocine bridge
is known to be unaffected by sodium and boiling ethanol. To date, only a few reactions involving

the modification of the methanodiazocine bridge have been reported, Figure 6.21.

Do
E=Benzyl, Allyl, TMS,

E ) alkyl, MBM 60 - 80%

(), (v1)

R , NIl
N , N (i :
N N
R

R=COCH;  83% (ii)

R “
| “'-..*NW | = (iii) N | =
P = =
N X
H

R=CH; ~90% R=CH;  80-90%

Reaction conditions: (1) HI, red-P, 200 <C;(ii) RX; (iii) OH;
(1v) CH3COOCOCH3 (v) BF ;- Et,0, n-BuLi, -78°C; (vi) elecirophile,

Figure 6.21 Scheme representing the reactivity of the methanodiazocine of the Troger’s base
Given the low reactivity of the diazocine bridge, as a result of low basicity, implies that,
the diazocine nitrogen’s participating in any intermolecular interactions is considerably low. If a

C—H---N type interaction is present, given the population of the antibonding orbital between the
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nitrogen and the CH» bridge upon formation of a hydrogen bond at the nitrogen, we expect to
observe an elongated bond length between the hydrogen-bonded nitrogen and CHz bridge.!* But
rather, we see that the bond length between the remaining nitrogen and CH; bridge approximately
the same length (1.462 A and 1.468 A), Figure 6.22. Therefore, what is observed in Figure 6.14 is
a close contact. Thus, we can see that the nitrogen atoms on the diazocine ring have not acted as

potential binding sites.

Figure 6.22 Bond distance between diazocine nitrogens and CH: bridge

Calculated molecular electrostatic potential surfaces for TBX4 and TBY4 indicate lower
electrostatic potentials for nitrogens on the diazocine ring than that for nitrogens on the symmetric
ditopic acceptors. The resulting intermolecular interaction thus would form between; the best

donor in the iodoethynyl Troger’s base and the N on the symmetric ditopic acceptor.

As expected, we observed that the best donor and best acceptor interact forming C—I---N
type halogen bonds in structures TBX4:A2 and TBX4:A6. In these supramolecular architectures,

we observe the predicted 1-D chain propagating in a zig-zag pattern, Figure 6.23. Therefore,
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reflecting upon the reasoning of such an outcome, it is clear, with guided synthetic protocols, a
well-defined supramolecular synthon coupled with suitable supramolecular reagents which are
conformationally rigid, desirable outcomes are a possibility. This further affirms the fact that with
a fixed molecular shape, the structure can easily be predicted for rigid molecules, like Troger’s

base derivatives.

(b)

Figure 6.23 Expected 1-D zig-zag chains of (a) TBX4:A2 and (b) TBX4:A6

From a sample size of 43, and total count of 61 interactions of C=C —I---N derived from
the CSD we observe an average bond distance of 2.782 A and bond angle of 175.645°. Bond
distances are significantly longer (goes beyond population maximum of 3.073 A) and bond angle
are close to 171° for TBX4:A2, whereas, for TBX4:A6 it falls within an acceptable range. Such a

high deviation in the case of TBX4:A2 can be attributed to the low negative potential on the
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pyrazine compared to the acceptors sites considered in the CSD search which were predominantly
pyridines which possess a higher negative potential as seen in Table 6.2. (The CSD search was
carried out between an sp2 nitrogen and C=C —I checking all filter on the CSD search setup

mentt)

The structure directing zigzag pattern observed herein is mainly due to the angle between
the two aromatic cores. As for the TBX4 in crystal structures TBX4:A2 and TBX4:A6, the
dihedral angle was 99.41° and 99.95°, respectively. These numbers fall closer towards the larger
dihedral angles from a range of 88" — 105° obtained from the CSD. The dihedral angle of TBX1,

TBX2 and TBX8 fall within the range mentioned above.

It is a challenge to foresee the molecular geometry for a supramolecular reagent that is
flexible, as also seen in chapters 3 and 4, given that it can possess different conformations. The
fact that a change in the positioning of the function groups and the overall shape with respect to
the molecular conformation, can lead to different crystal packing arrangements that ultimately
influence the properties of the co-crystal. Therefore, an inherent flexibility in a supramolecule can
be viewed as an obstacle for the successful construction of desired molecular architectures in
crystal engineering. In view of this, it is clear that, reducing the number of binding sites and
introducing rigidity to the molecule, we were successful in formulating co-crystals with both

desired stoichiometry as well as expected connectivity occupying all donor and acceptor sites.

6.5 Conclusions

We were able to successfully synthesize hydrogen-bonding and halogen-bonding Troger’s

base derivatives, which were used as building blocks to study the structural outcome of
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conformationally rigid molecules. IR of the ground mixtures suggest a 100% supramolecular

indicative of the robustness of both halogen bonded and hydrogen bonded synthons.

We observed that the diazocine nitrogen atoms are inert in the context of non-covalent
interactions and even a remote possibility that they would compete with symmetric ditopic

acceptors is improbable.

Reducing the number of binding sites to two, decreases the complexity of the molecular

assembly, and we observed a 1:1 stoichiometry between TBX4:A2 and TBX4:A6.

The solid-state landscapes resulting in 1-D zig-zag chains are a consequence of restricted
geometric flexibility of the Troger’s base derivatives and thus, it affirms that formulating directed
structures can be achieved relatively easily when the molecular building blocks are

conformationally rigid.
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Chapter 7 - Conclusions and future work

The main focus of this thesis is to gain knowledge and understanding of intermolecular
forces in molecular recognition events of flexible molecules both in solution and solid-state and to
emphasize the importance of molecular rigidity in driving desired supramolecular solid forms with

predictability.

To address this, a solution phase study using isothermal titration calorimetry (ITC) was
conducted between an imidazolic tritopic acceptor and a series of monotopic benzoic acid
derivatives, to evaluate hydrogen-bond preferences and binding affinities in solution. By changing
the electrostatic component of the donor molecule in the hydrogen-bond formed between
acceptor: - -donor both binding constant and thermodynamic landscape can be modulated, Figure

7.1.
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Figure 7.1 Binding constant dependence on MEPS
Further, it was evident that to achieve desired supramolecular connectivity and
stoichiometry, the reliability of a supramolecular synthon is important. In the case of hydrogen-

and halogen-bond donors, we observed that desired connectivity was achieved with respect to the
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hydrogen-bond donors even though vacant binding sites were observed in the tritopic acceptors.
When considering the halogen-bond donors, the observations were different due to the deactivation
of the o-holes in the remaining binding site with consecutive binding, Figure 7.2. The presence of
vacant sites on tritopic acceptors in both hydrogen- and halogen-bond complexes can also be
attributed to possible steric hindrance and multiple sites for hydrogen bonding. When compared
to similar flexible ditopic acceptors, having an additional arm does not provide any useful
interactions. Unlike in biological systems where we observe multiple binding sites with expected
connectivity, tritopic acceptors cannot pre-organize in solution to form a stable conformation prior

to binding.

G b

Figure 7.2 Deactivated halogen bond donors compared to hydrogen bond donors

But, when the complexity of the tritopic acceptor is reduced by changing from three-
binding sites to two-binding sites and introducing a conformationally restricted frame work, Figure
7.3, desired supramolecular outcomes are a possibility. To achieve this, a Troger’s base molecular
scaffold was used with iodoethynyl functionality along with symmetric ditopic acceptors. The
structural outcome of these analogues depended on; 1) the highly directional halogen bond, 2) co-
formers used, and 3) the dihedral angle between the aromatic rings which afforded 1-D zig zag

chains as predicted.
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o —

VP =

Figure 7.3 A flexible tritopic acceptor compared to a rigid ditopic donor

However, there is much to be done to extend some of the systems to the next phase. The
complexity of the tritopic acceptors can be increased by introducing asymmetric tritopic acceptors.

This can be done by either introducing two or three structurally and electrostatically diverse

NN NN
N= N=
N N
N

i ‘o

Figure 7.4 Asymmetric tritopic acceptors

binding sites, Figure.

Furthermore, conformational rigidity can be introduced to a tritopic acceptor by replacing
the flexible methylene bridge connecting the heterocycle to the benzene core. By reducing
conformational flexibility, the complexity of the system can be reduced, which is as similar to a

pre-organized biotic system.
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Figure 7.5 Conformationally rigid tritopic acceptors
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