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Abstract

Tailoring the properties of a bulk material such as a pharmaceutical compound,
through non-covalent interactions, could lead to the enhancement of its physical properties
without chemically modifying the individual molecules themselves. In order to obtain a
degree of control and reliability of these non-covalent interactions, we must develop a series
of synthons — patterns of non-covalent interactions between molecules.

A family a N-heterocyclic amides were synthesised and an assessment of their
binding selectivities was made, by evaluation of the supramolecular yield, (the frequency of
occurrence of the desired connectivities). It was found that the supramolecular yield
increased with increasing basicity of the heterocyclic nitrogen atom. However, there is a
point where the heterocycle becomes basic enough to produce salts, which often leads to
unpredictable connectivity and stoichiometry.

Once the effectiveness of the N-heterocyclic amides as supramolecular reagents was
established, a series of more closely-related ditopic hydrogen-bond acceptor molecules were
synthesised. The supramolecular reagents contained imidazole and pyridine binding sites, so
that the two sites differ in terms of their basicity and geometry. An assessment of the ability
of these molecules to induce selectivity when a hydrogen bond donor such as a cyanoxime or
a carboxylic acid is introduced was made. A total of nineteen crystal structures were
obtained, of which one yielded a salt with unpredictable connectivity, and eighteen were co-
crystals. Ten of these were 2:1 co-crystals, which shows that the two sites are accessible for
binding. Eight were 1:1 stoichiometry, with five out of eight (63%) forming a hydrogen
bond to the best acceptor. In addition, a series of molecular electrostatic potential
calculations were employed to investigate the binding preferences and probe the best
donor/best acceptor hypothesis. A ternary supermolecule was also constructed from a
central, asymmetric hydrogen-bond acceptor and two different hydrogen-bond donor
molecules. It was found that the best donor, the cyanoxime, bound to the best acceptor, the

imidazole nitrogen atom, while the second best donor, a carboxylic acid, bound to the second



best acceptor. The calculated molecular electrostatic potential values were used to
rationalize this event.

A series of substituted cyanophenyloxime, hydrogen bond donor molecules were
synthesized and their effectiveness at forming co-crystals was examined. It was found that
simple R group substitution could have a significant effect upon the co-crystal forming
ability of the hydrogen bond donors, having improved the yield from 4% and 7% in a series
of co-crystallizations with closely-related oximes, to 96% with the cyanoximes.

A series of di- and tritopic cyanoximes were synthesized and an assessment of their
co-crystal-forming ability was made. They were found to be equally effective at producing
co-crystals as the monotopic cyanoximes, having done so in 23 out of 24 cases. In contrast
to their carboxylic acid counterparts, the polycyanoximes also exhibited excellent solubility.

Finally, a series of ditopic ligands (N-heterocyclic amide and pyridyl cyanoximes)
were employed in the synthesis of metal complexes. The amide-based ligands were found to
be very effective at organizing the metal architectures with coordination through the
heterocyclic nitrogen atom and propagation of one-dimensional chains through carboxamide-
carboxamide interactions. These interactions prevailed even in the presence of potentially
disruptive species such as solvent molecules, (in Ag(I) complexes) counterions, or other
hydrogen bond acceptors. The self-complementarity of the oxime moiety was found not to
prevail in any of the cases, but the pyridyl cyanoximes were consistent in their behaviour,

forming an O-H O (oxime-oxygen) hydrogen bond to a carboxylate or acac moiety.
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CHAPTER 1 - Introduction

1.1 What is supramolecular chemistry?

The most impressive buildings in the world would not be what they are without
the building blocks and glue that hold them together, that is the materials they are made
from and the glue being the mortar. The same can be said for supermolecules, which
would not be the entities that they are without the specific molecules that combine to
make them, and the “glue” — the intermolecular interactions — that hold them together,

Figure 1.1.

Figure 1.1 Representation of the construction of a building from smaller building
blocks, bricks, and the construction of supermolecules from smaller building blocks,

molecules.

Supramolecular chemistry has been described as ‘“chemistry beyond the

9 1

molecule”.” Just as atoms combine into organic molecules through covalent bonds,



molecules make up supermolecules through non-covalent bonds, intermolecular
interactions. For this reason, non-covalent synthesis has been described as “the
supramolecular equivalent of organic synthesis”.”> The result is an assembly of
molecules whose structure and properties differ from those of the individual molecules
themselves. “Just as there is a field of molecular chemistry based on the covalent bond,
there is a field of supramolecular chemistry, the chemistry of molecular assemblies and
of the intermolecular bond.”' The field of supramolecular chemistry, although still
relatively new and rapidly developing, has concepts and principles that have manifested

themselves in systems that form the basis of life. One such concept is molecular

recognition.

1.1.1 Molecular recognition

Molecular recognition refers to specific, selective connections between two or
more molecules through non-covalent interactions, and plays an important part in
biological systems. Examples include: enzyme-substrate recognition,” an antigen
binding to its antibody,” the selective transport of molecules or ions into a cell,” and the
intermolecular interactions in the base-pairs of DNA.® All these processes are highly
sophisticated and require specific recognition events that are strong enough to be
directional and selective, but are often required to be weak enough to be reversible. The
concept of molecular recognition is both energetic and based upon a principle of
complementarity. This means that it has to be energetically favourable, as well as
involving molecules that are geometrically suited to each other (first illustrated by the
steric fit “lock and key” concept of Emil Fischer.)” Jean-Marie Lehn described molecular
recognition as “binding with a purpose”, since mere binding is not molecular recognition.
The concept of molecular recognition is illustrated in Figure 1.2. The octagon would fit
only one of the three hosts, due its specific shape and size, and molecules do the same
thing by finding their match through size and geometry, a selective recognition and

binding process.



Figure 1.2 Illustration of the concept of molecular recognition.

A simple, real-life example of molecular recognition is the building block (a),
containing a 1,3-connected phenyleneethynylene backbone, and a pair of 2-
aminopyridine groups (Figure 1.3(a), providing excellent shape and complementarity to

isophthalic acid, Figure 1.3(b).}

gz N
| X Z | N
N N~
N NL
H™ " H H™ " H
(a) (b)

Figure 1.3 (a) Host containing two 2-aminopyridine groups, creating a receptor for
isophthalic acid, (b).*

1.1.2 Self-assembly — the production of a crystal

Large supermolecules are constructed through a process called molecular self-
assembly, defined by Lehn as the ability of a system to spontaneously generate a “well-
defined (functional) supramolecular architecture from its components under a given set of
conditions”.! This refers to the construction of a supramolecular assembly through
specific recognition events, leading to a supermolecule with well-defined shape and

structure. The example in Figure 1.3 shows self-assembly as a result of molecules being

3



able to selectively recognize and bind to each other, forming a larger supermolecule.
Macroscopic composition (supermolecules — such as a single crystal) and properties can

hence be controlled by microscopic composition and arrangement in solids.

“The crystal is, in a sense, the supramolecular par excellence — a lump of matter,
of macroscopic dimensions, millions of molecules long, held together in a periodic
arrangement by just the same kind of non-bonded interactions as those that are
responsible for molecular recognition at all levels. Indeed, crystallization itself is an
impressive display of supramolecular self-assembly, involving specific molecular

recognition at an amazing level of precision” - Jack Dunitz.

(13

Jean-Marie Lehn described supramolecular chemistry as “a sort of molecular

sociology”.! The definition of sociology arising from the Latin for “companion” and the
suffix —ology meaning “the study of”. One important goal of supramolecular chemistry
is therefore, to investigate the social behavior of a molecule: what it likes and dislikes, its
social interaction with other molecules — what it likes to do most and what it likes to do

least, and the effect this has on the molecules surrounding it.

1.2 Intermolecular interactions and the important hydrogen bond

In order to begin the process of deciphering what a molecule’s preferences are, we
begin by probing the molecular interactions that it participates in. There are many kinds
of intermolecular interactions utilized in supramolecular chemistry. This covers a wide
range of attractive and repulsive forces, with ion-ion interactions,'® dipole-dipole
interactions,“ ion-dipole interactions,12 van der Waals forces,13 and -1t stac:king,14 being
the most important. In the construction of supramolecular entities, hydrogen bonds have
been extensively used since they are relatively strong and directional, which enables a
degree of control during the self-assembly process. Hydrogen bonding has long
demonstrated its importance in biological structures, in amino acids and peptides, and it
is responsible for the shape of many proteins. It is of fundamental importance in the

15,6

structure of water ~° without which many biological species would not exist, and is also

present in the Watson-Crick hydrogen-bonded base pair,® Figure 1.4.



Backbone CH3
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Guanine o k
’T‘ H Thymine
H H Backbone
Cytosine

Figure 1.4 Hydrogen bonding in the base pairs of DNA.

The bond lengths and energies of hydrogen bonds vary, since they depend greatly
on their environment. The moderate-strength hydrogen bond has a bond energy ranging
from 16-60 kJ mol™” and a bond length (donor-H acceptor) of between 2.5 and 3.2 A,'°
Margaret Etter first started examining hydrogen-bond patterns within organic
compounds,'” utilizing crystal engineering as a tool to study these interactions. Desiraju
later labeled these patterns “supramolecular synthons™ which he defined as “structural
units within molecules which can be formed and/or assembled by known or conceivable
synthetic operations”. A few examples of supramolecular synthons are shown in Figure

L.5.

)
X H------ o) R\(/O""H\

N0

| 720\ i

.. H <_:N H 7 \-H-0 HON R
NN, 0 =

U

N

H By g
O—H----0 N—H----O R™N\N--e-- @
i o-H-G . oH-N (’)\H ------- : R <=> %

\ N
: T

heteromeric

homomeric

Figure 1.5 Examples of supramolecular synthons involving strong hydrogen bonds.



1.2.1 Graph set notation

Hydrogen-bonded motifs can be described using a graph-set notation. Various
groups contributed to this idea'®, but the notation was refined by Etter et al,'’ who applied
the concept to organic crystal structures, to differentiate between hydrogen-bond motifs,

by the numbers of donors and acceptors present. General graph set notation is written as

a
Gd (n), where G denotes one of four possible patterns. Intramolecular hydrogen bonds

are denoted by G= S (self), while intermolecular hydrogen bonds can be either: C (chain),
R (ring), or D (discrete). The terms a and d refer to the number of acceptors (a) and
donors (d) in the repeat motif, and are omitted when a=d=1 (Figure 1.6(a)). Similarly, n
is omitted in cases of D where there is only one hydrogen bond, Figure 1.6(b). Some

examples of graph-set notations are given in Figure 1.6.

H
IIDI L /
Y OO
M —H---
56) o ) H/N H--- O
R2(8)
(a) (b) (2)
C
o 'L
)l\R H™ H
e
H c(4) H\N/H
R
(d) | 4(8)

Figure 1.6 Examples of graph-set notation.

1.2.2 Etter’s hydrogen-bond rules

Based on systematic structural studies of crystal structures of organic compounds,

20,21
2%

Etter et a established three guidelines applying to organic hydrogen-bonded

structures:



1) all good proton donors and acceptors will be utilized in hydrogen bonding in the
crystal structure of the compound®

2) if intramolecular hydrogen bonding can occur in the form of a six-membered ring,
this will usually take place in preference to the formation of intermolecular
hydrogen bonds

3) the best hydrogen bond donor and the best hydrogen bond acceptor remaining
after intramolecular hydrogen bond formation will form hydrogen bonds to each
other.

Some examples where the above rules are satisfied are shown in Figure 1.7.

= _ A 2 Na
\ _/<N'--H OM" >_ //' N R
N N
/ /N—H'“'o O—H- N/ \> H------ O\
H = H—0
’ (a) (b)

Figure 1.7 Examples of structures in which the Etter rules are obeyed (a) co-crystal of

--H—N

succinic acid 2-aminopyrimidine,” (b) co-crystal of 3-hydroxy-2-naphthoic acid 4,4’-
bipyridine.**

In (a) the best proton donor (the carboxylic acid) binds to the best hydrogen-bond
2
acceptor (2-aminopyrimidine ring nitrogen atom), resulting in an R2 (8) motif, and (b) is

an example of preferential formation of a six-membered intramolecular hydrogen bond.

1.3 Co-crystallization as a tool for examining the balance between

intermolecular interactions
Co-crystallization is a tool by which we can probe the structural preferences and
balances of, and between, molecules, and impart new properties not present in a “pure”
(one-component material). This is the deliberate bringing together of two or more
molecules (binary, ternary etc) into the same crystalline lattice without the making or

25

breaking of covalent bonds.”” The desired outcome is a heteromeric species, rather than

homomeric, i.e two different components present instead of one component by itself.



The latter scenario has been relied upon as a means of purification for centuries,
recrystallization, and occurs due to the inherent “selfishness” of molecules. Of all the
publications detailing these procedures, just 2% of them describe co-crystallization, while

98% involve recrystallization, Figure 1.8.

% e Recrystallization

/ ;; g CO
Sl
p@ v \6@

C)}. Ca-crystallization
@ Q Heteromeric

2%
Figure 1.8 Schematic representation of recrystallization vs co-crystallization.

Since the odds are clearly stacked against co-crystallization, new systematic strategies
need to be developed in order to increase the chances of obtaining a heteromeric product.
An important goal of this thesis is to create a library of synthons that can be relied upon

in non-covalent synthesis.

1.3.1 Definition of “co-crystal”
The definition of the term “co-crystal” has generated some controversy in recent years,*®
but such debates are to be expected within a relatively young and highly interdisciplinary
field. Three main points will be followed in this thesis, however:
1) a “co-crystal” is a structurally homogeneous crystalline material” and is
composed of two or more neutral species. The idea being that anything that is not

neutral is considered a salt not a co-crystal.



2) The term co-crystal excludes solvates, hydrates, otherwise termed “clathrates”,
where a molecule of solvent or other molecule becomes “accidentally” involved
in the recognition process and was not the initial intent.

3) The “intent” must be clearly defined and the stoichiometric amounts should be
specific.

Two examples of co-crystals are shown in Figure 1.9.

(a) (b)
Figure 1.9 Two examples of molecular co-crystals: (a) 4-nitrobenzoic acid hemikis-2,2’-

bipyridine®” (2:1) and (b) 1,4-bis-[(imidazol-1-yl)methyl]benzene fumaric acid (1:1).%*

1.3.2 Higher-order molecular co-crystals

The molecular building blocks — supramolecular reagents - to be utilized for the
understanding and controlling solid-state recognition events, can be selectively tuned as a
means of controlling the hydrogen-bond interactions between them. Supramolecular
reagents need to provide reliability, selectivity, and directionality. In the synthesis of a
ternary supermolecule, the central supramolecular reagent needs to be equipped with two
different binding sites so that molecules can selectively bind to them. In relation to the
molecular recognition term earlier defined, this selectivity should also be matched

geometrically. This concept is illustrated in Figure 1.10.

m ) (@ N

Figure 1.10 Illustration of a ternary co-crystal. The central molecule must be equipped
with two different binding sites so that the incoming molecules can selectively recognize

and bind to a specific site.



Etter’s rules stated that the best donor will form a hydrogen bond to the best
acceptor, the second-best donor will form a hydrogen bond to the second-best acceptor
and so on, but just as she stated, “good proton donors and good proton acceptors have to
be defined”,'”” we need to do the same for good hydrogen bond donors and good

hydrogen bond acceptors. How do we do this?

1.4 Molecular electrostatic potentials (MEPs) as a tool for ranking

hydrogen bond donor and acceptor strength

Previously, hydrogen bond donor and acceptor strengths have been classified in

2029 This has worked well within a family of compounds containing

terms of pK, values.
the same chemical functionalities™ but, since they are a measure of proton transfer, pK,
values are not a direct measure of hydrogen-bond strength, and so are of less use when

comparing and ranking hydrogen bond donor/acceptor strength of different functional

groups.”!
HA ——— H*+A D-H+A ——— D-H-A
(a) (b)

Figure 1.11 (a) proton transfer (b) hydrogen bond.

Since hydrogen bonds are primarily electrostatic in nature, it makes sense to

quantify them in terms of charge, Figure 1.12.

Hydrogen bond donor Hydrogen bond acceptor

_H _______ A_

Figure 1.12 Schematic representation of a hydrogen bond.

Hunter has shown in a recent publication® that it is possible to use calculated
charges to quantify relative hydrogen-bond donor and acceptor strengths across a series
of functionalities. These charges, molecular electrostatic potentials (MEPs) can be
obtained at a relatively low level of theory (calculated at the AMI level), making this a

readily accessible tool. Hunter also showed that, despite the fact that a carboxylic acid is

10



more acidic than, say a phenol, the calculated MEPs suggest that phenols are better

hydrogen-bond donors, Figure 1.13.

H-bond donor
Constant, 3.6 38

pKa 4.19 9.99

Figure 1.13 pK, values of benzoic acid and phenol, compared to the calculated hydrogen

bond donor constant values.

The values of a and B, hydrogen bond donor and acceptor constants, respectively,
are calculated from the MEP by dividing by a correction factor of 52 kJ mol™, and have

shown a good correlation with those values obtained from solution, o, Figure 1.14

o=Emax/52 kJ mol-1 = hydrogen bond donor constant

B = -Emin/52 kJ mol-1 = hydrogen bond acceptor constant

250 -
-
-
200 - .
T .
. L ]
150 4 s b
Era / kJ mol™ cete .
100 - s
P
SU'E
f’ n

-04 =02 0.0 0.2 0.4 0.6 0.8 1.0

Figure 1.14 Plot showing the correlation between the calculated charge of a hydrogen

bond donor (E,x) and those values obtained from solution, a2.3 2
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Molecular structures are constructed using Spartan 04 (Wavefunction, Inc.
Irvine, CA). All molecules are optimized using AM1, with the maxima and minima in
the electrostatic potential surface (0.002 e au™ isosurface) determined using a positive

point charge in the vacuum as a probe.

MEPs can enable us to identify and rank hydrogen-bond donor and acceptor
strengths of a variety of hydrogen bond donor and acceptor functionalities, and hence to
probe the best-donor/best-acceptor hypothesis. Since a hydrogen bond is an attraction of
two opposite charges, it would make sense that, the best hydrogen-bond donor would be
the atom with the highest positive charge, and the best acceptor would be that with the
highest negative charge, Figure 1.15.

DA, ADy

)

Ol Q@

Figure 1.15 Schematic of a ternary system showing the best donor (highest positive

charge) interacting with the best acceptor (highest negative charge).

This approach hence enables a hierarchy of hydrogen bonding interactions to be
developed, and could lead to the development of more complex supramolecular

architectures.

1.5 Goals

The supramolecular library of available hydrogen bond donor and acceptor
molecules needs to be expanded in order to increase our knowledge of their “molecular
sociology”. There are currently only a handful of examples of ternary co-crystals in the
literature,” all of which are composed of carboxylic acids. There is currently not an

abundance of hydrogen-bond donors so there is a need to create new ones to expand our

12



knowledge into the behavior of different chemical functionalities, and then we can begin
to think about employing different types of hydrogen bond donors in the synthesis of
ternary co-crystals. Since pK, values have been shown to be of little use across different
chemical functionalities, we need to establish if it is possible to simplify the classification
of hydrogen bond donors and acceptors in terms of charges, and use them to rank them in
a hierarchical manner (best donor/best acceptor, second best donor/second best acceptor)
etc). If we can do this, then it may be possible to develop a strategy for the synthesis of

ternary supermolecules.

In summary, the goals of this thesis are to:

1) Synthesise several multifunctional supramolecular reagents.

2) Use these reagents to investigate a series of intermolecular interactions through
co-crystallization experiments.

3) Determine the scope and limitations of using calculated MEPs to rationalize the
binding preferences of the supramolecular reagents, by applying them to a range
of chemical functionalities.

4) Synthesise a new family of hydrogen bond donors and determine their
effectiveness in co-crystal synthons.

5) Determine to what extent simple covalent modifications can change the hydrogen
bond donating or accepting ability of a supramolecular reagent.

6) Utilize intermolecular interactions in the construction of metal-organic networks

of specific dimensionalities.

Gaining control of intermolecular interactions will provide opportunities to fine-tune
specific properties, (electronic, optical, mechanical etc). If we can introduce long-range
order of two different entities, Figure 1.16, this can lead to properties not exhibited by the
individual molecules themselves. Lehn showed this was possible in the synthesis of a 3-
D network that introduced polarity in the crystal structure of derivatives of barbituric acid
and 2,4,6-triaminopyrimidine.®* Such properties could find use in non-linear optical

materials.>

13



Figure 1.16 (a) Schematic representation of a linearly-ordered supermolecule. Each
group contains complementary binding sites to a neighbouring molecule, enabling a
highly ordered supermolecule (b) alignment of molecules in the crystal structure of

barbituric acid and 2.4,6-triaminopyrimidine.>*

The orientation of groups along a strand is an illustration of changes being
introduced at the microscopic level having an effect upon the properties at the
macroscopic level. The patterns produced can vary depending on the individual
molecules themselves, leading to the possibility of many types of properties. Such
processes have a potential in the development of materials with electron transfer, energy

transfer, or optical properties.

Furthermore, co-crystallization is currently being employed as a means of
controlling the properties of active pharmaceutical ingredients.’® Co-crystallization
offers a way of controlling solubility, hygroscopicity, thermal stability etc through non-

covalent reactions without chemically modifying the pharmaceutical compound itself.
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CHAPTER 2 - Bifunctional amides — Synthesis of Molecular Co-

crystals

2.1 Introduction
In the quest for supramolecular reagents capable of establishing intermolecular
binding preferences, this study continues on the success that has been achieved with
isonicotinamide.!  Isonicotinamide has been used in the assembly of binary” and ternary’

co-crystals, via two different binding sites, Figure 2.1.

— o)
Binding site A, —>N ~— Binding site A,
\_/ N—H

H

Figure 2.1 Schematic of isonicotinamide, outlining the two possible binding sites.

Twenty-eight of the twenty-nine co-crystals consisting of isonicotinamide and a
monocarboxylic acid (1:1 stoichiometry) in the Cambridge Structural Database, (97%) are
connected through an O-H "N hydrogen-bond to the pyridyl nitrogen atom, leaving the amide
to form a dimer with itself, Figure 2.2. These results represent a high supramolecular yield,
1.e. a high frequency of occurrence of a given motif. They can be explained in terms of
electrostatics: the best donor finds the best acceptor’ when a carboxylic acid is introduced,
i.e., the donor with the highest positive charge preferentially forms a hydrogen-bond with the

acceptor with the highest negative charge.

(a) (b)
Figure 2.2 Hydrogen bonding between isonicotinamide and (a) 4-fluorobenzoic acid and (b)

trans-cinnamic acid.

In the continuation of this study, other N-heterocyclic amides, based on

benzimidazole, were synthesized and their binding preferences were established, Figure 2.3.
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R =H, CH,, Cl

Figure 2.3 Previously synthesized (benzimidazol-1-yl)methyl benzamides.’

There are only two crystal structures of benzimidazole benzamide:carboxylic acids of
1:1 stoichiometry in the CSD® and in each case, the acid opts for the imidazole nitrogen

atom, and leaves the amide to form a dimer with itself, Figure 2.4.

Figure 2.4 3-(Benzimidazol-1-yl)-benzamide 4-nitrobenzoic acid.’

2.2 How reliable are the new heterocyclic amides as supramolecular

reagents?

2.2.1 Goals
In order to probe the validity of the best donor/best acceptor approach, five new N-
heterocyclic amides of varying hydrogen-bond acceptor strength were synthesized, Figure

2.5
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Figure 2.5 N-heterocyclic amides synthesized and studied here.

The target molecules contain nitrogen atoms that cover a range of basicities, and
include imidazole and pyridine-based fragments. The addition of methyl groups to the 5- and
6- positions on benzimidazole (amides 4 and 6) increases the basicity of the nitrogen atom,
Table 2.1. Incorporation of a phenyl group to the 2-position of imidazole (amides 8 and 10)
increases its basicity, making it more basic than 5,6-dimethylbenzimidazole, and the acceptor

sites in 2 are less basic than 4, 6, 8 or 10.

Table 2.1 pK, values of conjugate acids of the nitrogen-heterocycle amides’ (order most

basic — least basic)

Molecule PK,
3-[(2-Phenylimidazol-1-yl)methyl]benzamide, 10 6.37
4-[(2-Phenylimidazol-1-yl)methyl]benzamide, 8 6.31
3-[(2-Methylbenzimidazol-1-yl)methyl]benzamide 5.93
4-[(5,6-Dimethylbenzimidazol-1-yl)methyl]benzamide, 4 5.93
4-[(2-Methylbenzimidazol-1-yl)methyl]benzamide 5.92
3-[(5,6-Dimethylbenzimidazol-1-yl)methyl]benzamide, 6 5.93
3-[Benzimidazol-1-yl)methyl]benzamide 5.46
4-[(7-Aza-indol-1-yl)methyl]benzamide, 2 4.95
3-[(2-Chlorobenzimidazol-1-yl)methyl]benzamide 3.79
Isonicotinamide 3.39
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Amides 4, 6, 8 and 10 all differ in basicity. The question is, do these differences
correspond to differences in behavior in terms of binding preferences? There are no
experimental pK, values available for these molecules and so it would be beneficial if the
calculated molecular electrostatic potentials could be relied upon as a means of predicting
binding behavior. All of the N-heterocyclic amides should, in theory, behave as

isonicotinamide, but do they? This study is conducted to achieve the following goals:

1) To synthesize and characterize a series of N-heterocyclic amides.

2) To establish their binding preferences with respect to a hydrogen bond donor, such as a
carboxylic acid or an oxime, is introduced.

3) To make structural comparisons with relevant systems studied previously.

4) To establish whether molecular electrostatic potential calculations can be used as a

reliable guideline for establishing binding preferences of these molecules.

2.3 Experimental

S
~24 hours L@
0
C H,0,, K,CO, CN ’
'Tl/
: DMSO, 0 °C H

72N
where CNH - m N“ "NH ?
_
Ty
N NH
\—/

Figure 2.6 General synthesis of N-heterocyclic amides.
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2.3.1 Synthesis of amides

2.3.1.1 Synthesis 4-[(7-aza-indol-1-yl)methyl]benzonitrile, |

7-Azaindole (2.00 g, 16.8 mmol) was dissolved in dry THF (50mL) with stirring in a
250 mL round-bottomed flask. NaOH (7.00 g, 175 mmol) was added and the mixture was
stirred for 2 hours under a dinitrogen atmosphere. a-Bromo-p-tolunitrile (3.00 g, 1.69 mmol)
was added to the reaction mixture in dry THF (40 mL). The reaction was stirred for 22 hours
under a nitrogen atmosphere. Water (30 mL) was added to dissolve the NaOH. The two
phases were separated using a separatory funnel, and the THF layer was dried over
anhydrous MgSO,. MgSO4 was filtered via vacuum filtration and THF was removed via
rotary evaporation to produce a yellow solid. Recrystallisation from THF produced a yellow
powder. Yield: 2.84g (71%); mp: 90-95°C; 'H NMR: (400 MHz; CDCls-d) & 5.58 (s, 2H),
6.55 (d, 1H, J=3.2 Hz), 7.12 (dd, 1H, J,= 4.8 Hz, J, =4 Hz), 7.19 (d, 2H, J = 3.2 Hz), 7.48
(d, 1H, J=8 Hz), 7.58 (d, 2H, J = 8.4 Hz) 7.96 (dd, 1H, J,= 1.6 Hz, J, = 8 Hz), 8.34 (dd, 1H,
J=1.6Hz, J,=48Hz). IR: 2224 cm™ (C=N).

2.3.1.2 Synthesis of 4-[(7-aza-indol-1-yl)methyl]benzamide, 2

1 (1.40 g, 6.00 mmol) was dissolved in DMSO (25ml) with stirring in a 250ml round-
bottomed flask under N, atmosphere. The reaction flask was then placed in an ice-water bath
and anhydrous K,COs (0.239g, 1.73 mmol) was added to the mixture. 30% wt H,O,
(27.5ml) was syringed into the reaction mixture and the mixture turned yellow almost
immediately. The reaction was allowed to warm to room temperature with continuous
stirring under N, atmosphere, whilst covered in aluminum foil. Distilled water (14ml) was
added and the reaction mixture was cooled in an ice-water bath. The yellow solid was
filtered via vacuum filtration, dried, and recrystallized from ethanol/water to produce yellow
needles. Yield: 0.373g (40%); mp: 175-179°C; 'H NMR: (400 MHz; DMSO-dg) & 5.53 (s,
2H), 6.53 (d, 1H, J=3.6 Hz), 7.11 (dd, 1H), 7.25 (d, 2H, J = 8.4 Hz), 7.32 (bs, 1H), 7.65 (d,
1H, J=3.2 Hz), 7.77 (d, 2H, J = Hz), 7.90 (bs, 1H), 7.99 (dd, 1H, J; = 1.6 Hz, J,= 8§ Hz),
8.25 (dd, 1H, J, = 1.2 Hz, J, = 4.4 Hz)); >*C NMR: (200 MHz; DMSO-ds) & 46.84, 79.16,
99.69, 115.81, 120.01, 126.89, 127.67, 128.64, 129.18, 133.34, 141.59, 142.58, 167.52; IR: v
1684 cm™ (C=0), 3144-3310 cm™ (NH,).
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2.3.1.3 Synthesis of 4-[(5,6-dimethylbenzimidazol-1-yl)methyl]benzonitrile, 3

5,6-Dimethylbenzimidazole (1.04 g, 6.84 mmol) was dissolved in dry THF (60 mL)
with heat and stirring in a 250 mL round-bottomed flask. To the clear, light brown-colored
solution was added NaOH (2.74 g, 68.4 mmol), which turned milky-brown in color. The
mixture was stirred for 2 h at room temperature under an N, atmosphere. To this mixture
was added dry THF containing a-bromo-p-tolunitrile (30 mL solution, 1.34 g, 6.84 mmol).
Stirring was continued for 16 h under an N, atmosphere, after which 7 mL of distilled water
was added to dissolve the NaOH pellets and NaBr. The two layers formed were separated
using a separatory funnel, and the THF layer was dried over anhydrous MgSO,4. The MgSO,4
was filtered off by vacuum filtration, and the filtrate was concentrated via rotary evaporation
to produce a pale yellow solid. Yield: 1.568 g (88%); mp: 153-155 °C, '"H NMR (400 MHz,
CDCls-d): 6 2.32 (s, 3H), 2.36 (s, 3H), 5.39 (s, 2H), 6.94 (s, 1H), 7.21 (d, 2H, J = 8.8 Hz),
7.59 (s, 1H), 7.62 (d, 2H, J = 8.4 Hz), 7.86 (s, 1H); IR: v 2223 cm™' (C=N).

2.3.1.4 Synthesis of 4-[(5,6-dimethylbenzimidazol-1-yl)methyl]benzamide, 4

3 (1.568 g, 3.830 mmol) was dissolved in DMSO (9 mL) with heat and stirring in a
250 mL three-necked flask under an N, atmosphere. The reaction flask was then cooled in an
ice-water bath and anhydrous K,CO; (0.0760 g, 0.547 mmol) was added to the reaction
mixture. 30 wt% H,0O, (9 mL) was syringed dropwise into the reaction mixture, and a white
solid precipitated almost immediately. The reaction was then allowed to warm to room
temperature with continued stirring for 1 h while covered in aluminum foil. After this
distilled water (5 mL) was added to the reaction mixture. A white solid was obtained upon
vacuum filtration, which was washed with two small portions of distilled water and dried.
Recrystallization of the solid from hot acetonitrile afforded the product as colorless plates.
Yield: 1.489 g (89%); mp: 245-250 “C; "H NMR (400 MHz, DMSO-ds,): & 2.26 (s, 3H), 2.28
(s, 3H), 5.49 (s, 2H), 7.25 (s, 1H), 7.29 (d, 2H, J = 8.0 Hz), 7.35 (bs, 1H), 7.42 (s, 1H), 7.81
(d, 2H, J = 8.0 Hz), 7.92 (bs, 1H), 8.25 (s, 1H); *C NMR (400 MHz, DMSO-ds) & 19.89,
20.16, 47.18, 110.59, 119.61, 126.96, 127.89, 130.08, 131.16, 132.20, 133.66, 140.37,
142.21, 142.46, 167.54; IR: v 1672 cm™ (C=0), 3167-3332 cm™ (NH,).
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2.3.1.5 Synthesis of 3-[(5,6-dimethylbenzimidazol-1-yl)methyl]benzonitrile, 5
5,6-Dimethylbenzimidazole (4.085 g, 27.90 mmol) was dissolved in dry THF (50
mL) with heat and stirring in a 250 mL round-bottomed flask. To the clear, light brown-
colored solution was added NaOH (11.60 g, 279.0 mmol), which turned milky-brown in
color. The mixture was stirred for 2 h at room temperature under an N, atmosphere. To this
mixture was added dry THF containing a-bromo-m-tolunitrile (70 mL solution, 5.47 g, 27.90
mmol). Stirring was continued for 2 days h under an N, atmosphere, after which distilled
water (100 mL) was added to dissolve the NaOH pellets and NaBr. The two layers formed
were separated using a separatory funnel, and the THF layer was dried over anhydrous
MgSO,4. The MgSO4 was filtered off by vacuum filtration, and the filtrate was concentrated
via rotary evaporation to produce a pale yellow solid. Yield: 6.10 g (84%); mp: 172-175 °C,
'H NMR (400 MHz, CDCls-d): 6 2.35 (s, 3H), 2.38 (s, 3H), 5.38 (s, 2H), 6.98 (s, 1H), 7.33-
7.35 (m, 1H), 7.44-7.48 (m, 2H), 7.61-7.62 (m, 2H), 7.89 (s, 1H); IR: v 2228 cm™" (C=N).

2.3.1.6 Synthesis of 3-[(5,6-dimethylbenzimidazol-1-yl)methyl]benzamide, 6

5 (6.10 g, 23.3 mmol) was dissolved in DMSO (90 mL) with heat and stirring in a
250 mL three-necked flask under an N, atmosphere. The reaction flask was then cooled in an
ice-water bath and anhydrous K,COs (0.46 g, 3.33 mmol) was added to the reaction mixture.
30 wt% H,0; (126 mL) was syringed dropwise into the reaction mixture. The reaction was
then allowed to warm to room temperature with continued stirring for 1 h whilst covered in
aluminum foil. After this distilled water (80 mL) was added to the reaction mixture, upon
which a white solid precipitated. The solid was filtered via vacuum, which was washed with
two small portions of distilled water and dried. NMR showed unreacted nitrile present, and
the product was consequently purified via column chromatography. Recrystallization from
hot acetonitrile gave colorless plates. Yield: 0.372g (6 %); mp: 217-222 °C; 'H NMR (400
MHz, DMSO-de): 8 2.26 (s, 3H), 2.27 (s, 3H), 5.47 (s, 2H), 7.26 (s, 1H), 7.39 (m, 2H), 7.41
(m, 1H), 7.42 (s, 1H), 7.75-7.76 (m, 1H), 7.77-7.78 (m, 1H), 7.99 (bs, 1H), 8.25 (s, 1H); °C
NMR (DMSO-dg, 200 MHz) 6 19.87, 20.14, 47.30, 110.53, 119.56, 126.50, 126.55, 128.60,
130.00, 131.07, 132.18, 134.64, 137.42, 142.21, 143.43, 143.45, 167.51; IR: v 1685 cm™
(C=0), 3169-3375 cm™ (NH,).
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2.3.1.7 Synthesis 4-[(2-phenylimidazol-1-yl)methyl]benzonitrile, 7

2-Phenylimidazole (3.061g, 21.00 mmol) was dissolved in dry THF (40ml) with
stirring in a 250 mL round-bottomed flask. To the colorless solution was added NaOH (8.40
g, 210 mmol) resulting in an orange solution, which was stirred for 2h at room temperature
under a N, atmosphere. To this mixture was added a solution of dry THF (60ml) containing
a-bromo-p-tolunitrile (4.120 g, 21.03 mmol). Stirring was continued for 24h under a N,
atmosphere, after which distilled water (20ml) was added to dissolve remaining NaOH
pellets and the NaBr. The two layers formed were separated using a separatory funnel, and
the THF layer was dried over anhydrous MgSO4. The MgSO4 was filtered off, and the
filtrate was concentrated via rotary evaporation to give a yellow solid. Yield: 5.26 g (96%);
mp: 128-130 “C; "H NMR (400 MHz, CDCls-d): & 5.30 (s, 2H), 6.98 (d, 1H, J = 4Hz), 7.16
(d, 2H, J=8Hz), 7.24 (d, 1H, J = 4Hz), 7.40-7.41 (m, 3H), 7.47-7.49 (m, 2H), 7.65 (d, 2H, J
= 8Hz); IR: v 2231 cm™ (C=N).

2.3.1.8 Synthesis of 4-[(2-phenylimidazol-1-yl)methyl]benzamide, 8

7 (5.20 g, 20.1 mmol) was dissolved in DMSO (30ml) with heat and stirring in a 250
mL three-necked flask under a N, atmosphere. The reaction flask was then cooled in an ice-
water bath and anhydrous K,CO3 (0.80 g, 5.77 mmol) was added to the reaction mixture. A
30 wt % H,0O; solution (60mL) was added dropwise into the reaction mixture, and a white
solid formed almost immediately. The reaction was then allowed to warm to room
temperature with continued stirring for 1h while covered in aluminium foil. Distilled water
(50ml) was added to the reaction mixture. A white solid was obtained upon vacuum
filtration, which was washed with two small portions of distilled water and dried. Yield:
5.062 g (90%); mp: 75-80 'C; 'H NMR (400 MHz, CDCls-d): & 5.28 (s, 2H), 5.82 (bs, 1H),
6.32 (bs, 1H), 6.99 (d, 1H, J = 4Hz), 7.14 (d, 2H, J = 8Hz), 7.22 (d, 1H, J = 4Hz), 7.38-7.40
(m, 3H), 7.49-7.52 (m, 2H), 7.80 (d, 2H, J = 4Hz); >’C NMR: (400 MHz, CDCls) & 49.99,
121.23, 126.54, 128.15, 128.65, 128.68, 129.06, 129.09, 130.09, 133.04, 140.94, 148.29,
168.74; IR: v 3293-3179 cm™ (NH,), 1649 cm™ (C=0).

2.3.1.9 Synthesis 3-[(2-phenylimidazol-1-yl)methyl]benzonitrile, 9
2-Phenylimidazole (3.016g, 20.9mmol) was dissolved in dry THF (50ml) with

stirring in a 250mL round-bottomed flask. To the colourless solution was added NaOH
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(8.36g, 209mmol) and the mixture was stirred for 2h at room temperature under a N,
atmosphere. To this mixture was added a solution of dry THF (60ml) containing o-
bromo-m-tolunitrile (4.10g, 20.91mmol). Stirring was continued for 24h under a N,
atmosphere, after which distilled water (10ml) was added to dissolve the NaOH pellets
and NaBr. The two layers formed were separated using a separatory funnel, and the THF
layer was dried over anhydrous MgSO,4. The MgSO4 was filtered off, and the filtrate was
concentrated via vacuum filtration to produce a yellow oil. Purification by column
chromatography (hexanes/ethyl acetate 10:1—4:1) yielded an orange oil (3.515g, 65%);
"H NMR (400 MHz, CDCls-d): & 5.18 (s, 2H), 6.92 (1H, d, J =4 Hz), 7.13 (1H, d, ] = 4
Hz), 7.19 (1H, d, J = 8 Hz), 7.24 (1H, s), 7.30 (3H, m), 7.38 (1H, t, J = 8Hz), 7.39-7.42
(2H, m), 7.48 (1H, d, J= 8 Hz); IR: v 2224 cm™" (C=N).

2.3.1.10 Synthesis of 3-[(2-phenylimidazol-1-yl)methyl]benzamide, 10

9 (3.52 g, 13.6 mmol) was dissolved in DMSO (20ml) with heat and stirring in a 250
mL three-necked flask under a N, atmosphere. The reaction flask was then cooled in an ice-
water bath and anhydrous K,COj; (0.570 g, 4.10 mmol) was added to the reaction mixture.
30 wt % H,0; solution (40mL) were added dropwise into the reaction mixture, and a white
solid formed almost immediately. The reaction was then allowed to warm to room
temperature with continued stirring for 1h while covered in aluminium foil. Distilled water
(50ml) was added to the reaction mixture. A solid was obtained upon vacuum filtration,
which was washed with two small portions of distilled water and dried. Recrystallisation
from ethanol gave a white solid (3.343g, 88%); mp: 170-174 °C; '"H NMR (400 MHz, CDCI-
3-d): 6 5.27 (s, 2H), 5.81 (bs, 1H), 6.25 (bs, 1H), 6.98 (d, 1H, J =4 Hz), 7.19 (s, 1H), 7.21 (s,
1H), 7.39-7.41 (m, 3H), 7.43 (t, 1H, J=4 Hz), 7.51-7.58 (m, 2H), 7.59 (s, 1H), 7.74 (d, 1H, J
= 8 Hz); °C NMR: (200 MHz, CDCls-d) & 50.03, 121.13, 125.75, 126.79, 128.64, 128.73,
128.97, 129.24, 129.35, 129.99, 130.31, 134.10, 137.65, 168.62; IR: v 3324-3180 cm
(NH,), 1675 cm™ (C=0).

2.3.2 Synthesis of co-crystals and salts
The synthesis of a small number of co-crystals is presented here. Co-crystallizations

were set up in a 1:1 ratio with carboxylic acids and cyanoximes. Only crystals suitable for
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X-ray crystallography are reported here. Solids obtained were analyzed by IR spectroscopy.

The results are presented in Table 2.2.

2.3.2.1 Synthesis of 4-[(7-aza-indol-1-yl)methyl|benzamide 4-nitrobenzoic acid (1:2), 2a
2 (15 mg, 0.060 mmol) was dissolved in methanol in a 100 mL beaker. To it was
added a solution of 4-nitrobenzoic acid (10 mg, 0.060 mmol) in methanol. Yellow prisms

were obtained via slow evaporation after 10 days; mp: 163-165 °C.

2.3.2.2 Synthesis of 4-[(7-aza-indol-1-yl)methyl] benzamide 3,5-dinitrobenzoic acid (1:1), 2b
2 (15 mg, 0.060 mmol) was dissolved in methanol in a 100 mL beaker. To it was
added a solution of 3,5-dinitrobenzoic acid (10 mg, 0.060 mmol) in methanol. Yellow plates

were obtained via slow evaporation after 1 day; mp: 176-178 °C.

2.3.2.3 Synthesis of 4-[(5,6-dimethylbenzimidazol-1-yl)methyl[benzamide 2,5-
dichlorobenzoic acid (1:1), 4a

4 (14 mg, 0.060 mmol) was dissolved in ethanol with a few drops of water in a 100
mL beaker. To it was added a solution of 3,5-dinitrobenzoic acid (10 mg, 0.060 mmol) also
in ethanol with a few drops of water. Amber prisms were obtained via slow evaporation after

~2 weeks; mp: 190-192 °C

2.3.2.4 Synthesis of 3-[(5,6-dimethylbenzimidazol-1-yl)methyl]benzamide 2,3,4,5,6-
pentamethylbenzoic acid (1:1), 6a

6 (15 mg, 0.054 mmol) was dissolved in ethanol/acetonitrile, and 2,3,4,5,6-
pentamethylbenzoic acid (10 mg, 0.054 mmol) was added to the solution. Colorless prisms

were obtained after ~2 weeks; mp: 190-192 °C.

2.3.2.5 Synthesis of 3-[(5,6-dimethylbenzimidazolium-1-yl)methyl]benzamide 3,5-
dinitrobenzoate (1:1), 6b

6 (15 mg, 0.054 mmol) was dissolved in ethanol/acetonitrile, and 3,5-dinitrobenzoic
acid (11 mg, 0.054 mmol) was added to the solution. Colorless prisms were obtained after 1

week; mp: 193-195 °C.
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2.3.3 Infra-red spectroscopy and melting point

Infrared spectra of the products obtained in the co-crystallizations were acquired
using a potassium bromide pellet. An approximate 8:1 ratio of KBr to solid product was
combined in an oven-dried mortar and ground to a uniform powder with a pestle. A pellet
press was employed to create a transparent KBr pellet that was used for analysis. A Nicolet
FT-IR instrument equipped with OMNIC software was used to analyze the data. The main
features used for identification of a co-crystal are the O-H "N hydrogen-bonding bands at
2500 and 1900 cm™.® IR data is shown in Table 2.2. Melting points were performed on a

Fisher-Johns apparatus and are uncorrected.

2.4 Results

2.4.1 IR spectroscopy
The data obtained from IR spectroscopy performed on solids obtained from the

supramolecular reactions is shown in Table 2.2.
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Table 2.2 IR data (position of O-H "N stretches) from co-crystallization experiments

Amide Acid/oxime O-H"N band (cm™)
4-Cyanobenzoic acid 2536, 1889
3,5-Dinitrobenzoic acid 2550, 1942
3-Bromo-5-lodo benzoic acid -
/ N Ttaconic acid -
N | N _— 3,5-Difluorobenzoic acid -
4-Hydroxybenzoic acid 2524, 1869
O 3-lodobenzoic -
Naphthoic acid -
H™ N\ H 2,4-Dichlorobenzoic acid -
4-Nitrobenzoic acid 2422, 1904
4-Ethylbenzoic acid -
4-Chlorophenylcyanoxime -
4-Bromophenylcyanoxime -
NAN 2-Chlorophenylcyanoxime -
4-Chlorophenylcyanoxime 2545, 2048
(o) 2,5-Dichlorobenzoic acid 2484, 1905
N, Malic acid 2494, 1910
4 H Benzoic acid -
1,3,5-Tricyanophenyloxime 2594, 1984
PN o) 4-Chlorophenylcyanoxime 2508, 1838
N N 4-Bromophenylcyanoxime 2495, 1818
N—H .
| Pentamethylbenzoic acid 2481, 1964
H 3,5-Dimethylbenzoic acid -
6 2-Chlorophenylcyanoxime -
3-Chlorophenylcyanoxime 2514, 1878
4-Chlorophenylcyanoxime 2514, 1904
: : 20/ 2-Chlorophenylcyanoxime 2488, 1911
N N—H 4-Bromophenylcyanoxime 2521, 1911
N/\) H/ 4-Nitrobbenzoic acid 2481, 1931
8 4-Hydroxybenzoic acid 2495, 1911
1,3,5-Tricyanophenyoxime 2508, 1885
Q o 3-Fluorobenzoic acid 2514, 1984
H 4-N, N’-Dimethylbenzoic acid -
7N N~
N\?I /\©/U\|1| 3,5-Dinitrobenzoic acid 2448, 1964
4-Toluic acid 2501, 1931
10 2,5-Dichlorobenzoic acid 2495, 1951
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Table 2.3 Hydrogen-bond geometries for 2, 2a, and b, 4a and 6, 6a and b.

Compound | D-H-A dD-H),A |dH..A),A |dD"A,A | <(DHA),®
¥ N(27)-H(27A)..02T° 0.879(19) 2.044(19) 2.9216(14) | 175.9(16)
NQ27)-HQ7B)..N(18AY | 0.845(19) 2.230(19) 3.055(3) 165.5(17)
N(27)-H(27B).N(11B)* | 0.845(19) 2.04(3) 2.87(2) 168.9(19)
22" O(7)-H(37)..027) 0.91(2) 1.6002) 2.5055(14) | 168.6(18)
0.882(18) 2.035(18) 2.0047(14) | 168.4(16)
Né%j;;%?j%)"i\%g) 1.078(17) 1.492(17) 2.5670(14) | 174.3(15)
NOTHOTE, gy | 087007) 2.101(18) 2.0430(14) | 162.8(16)
" OGIYHB1)..0(17) 0.9203) 1.6403) 2.556(2) 17202)
N(17)-H(17A)...0(17)" 0.88(3) 2.02(3) 2.897(3) 173(2)
N(17)-H(17B).. N(28)° 0.94(3) 2.13(3) 2.912(3) 139(2)
4 NG7)-H(G7A)...0(41) 0.95(4) 2.0005) 2.922) 164(3)
NG7)-H(37A)...0(51) 0.95(4) 2.09(6) 3.01(4) 162(3)
NG7)-H(37A)...0(61) 0.95(4) 2.01(5) 2.95(3) 169(3)
N(37)-H(37B)...0(42)* 0.84(3) 2.12(4) 2.94(2) 164(4)
N(37)-H(37B)...0(52)" 0.84(3) 2.30(5) 3.1303) 168(3)
N(37)-H(37B)...0(62)" 0.84(3) 2.17(5) 3.00(4) 171(4)
N(13)-H(13)..0(41)° 0.93(4) 1.83(5) 2.75(2) 169(4)
N(13)-H(13)...0(51)" 0.93(4) 1.57(5) 2.50(3) 172(5)
N(13)-H(13)..0(61)" 0.93(4) 1.80(5) 2.72(3) 172(4)
6 N(37)-H(37B)..N(43) 0.953) 2.04(3) 2.971(4) 166(3)
N(67)-H(67B)..N(13) 0.94(3) 2.03(3) 2.952(4) 167(3)
N(37)-H(37A)...0(67)" 0.94(4) 1.96(4) 2.896(4) 172(3)
N(67)-H(67A)...0(37)" 0.92(4) 1.98(4) 2.905(4) 175(3)
6a" NG7)-H(37A)..0B7F | 0915(17) 1.928(17) 2.8396(14) | 173.7(14)
N(37)-H(37B)...0(42) 0.925(16) 1.958(17) 2.8432(15) | 159.5(14)
O(41)-H(41)..N(13)° 1.164(17) 1.382(17) 25191(14) | 163.3(15)
60" N(13)-H(13)...0(41) 1.02(4) 1.70(4) 271103) 17403)
N(37)-H(37A)...0(42)" 0.91(4) 1.96(4) 2.841(3) 161(4)
N(37)-H(37B)...0(41)" 0.82(4) 2.09(4) 2.886(3) 162(3)

Generator for A: 1) *-x, -y+1, -z+2, ° x-1, y, z; ii) * =X, -y+2, -z+2, ° -x+1, -y+2, -z+1; iii) *

X, y+1/2, -z+3/2; iv) P =x+1, -y+2, -z, ° -x, -y+1, -z; V) * =x+1, -y+1, -z+1, © x+1/2, -y+3/2,

z-1/2; vi) * x, y, z-1, ° X, y, z+1; vii) * -x+1, -y, -z+1, ® x, y+1, z+1; viii) *x-1, y, z, ° -x, -

y+l1, -z+1.

2.4.2 Crystal structure of 4-[(7-aza-indol-1-yl)methyl[benzamide, 2

The crystal structure of 2 contains a disordered molecule of 4-[(7-aza-indol-1-

yl)methyl]benzamide.

An amide-amide dimer is formed with an adjacent molecule,

Figure 2.7, and the anti proton participates in an N-H "N hydrogen-bond with the pyridine

nitrogen atom (Table 2.1).
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Figure 2.7 Hydrogen-bond network in the crystal structure of 2.

2.4.3 Crystal structure of 4-[(7-aza-indol-1-yl)methyl]benzamide 4-nitrobenzoic acid
(1:2), 2a

The crystal structure of 2a shows one molecule of 4-[(7-aza-indol-1-
yl)methyl]benzamide and two molecules of 4-nitrobenzoic acid. The two 4-nitrobenzoic acid
molecules form hydrogen bonds to the pyridyl nitrogen atom, and an acid-amide dimer,
Figure 2.8. The amide anti proton participates in an N-H O hydrogen bond with a carbonyl

oxygen atom of an adjacent acid molecule.

Figure 2.8 Hydrogen bonding in the crystal structure of 2a.
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2.4.4 Crystal structure of 4-[(7-aza-indol-1-yl)methyl]benzamide 3,5-dinitrobenzoic acid
(1:1), 2b

The crystal structure of 2b shows one molecule of 4-[(7-aza-indol-1-
yl)methyl]benzamide and a molecule of 3,5-dinitrobenzoic acid. The acid forms an O-H O
hydrogen bond with the amide carbonyl oxygen atom. The amide-amide dimer has remained
intact in the structure, with the amide anti proton opting to participate in an N-H N

hydrogen bond with the pyridyl nitrogen atom, Figure 2.9.

Figure 2.9 Hydrogen bonding in the crystal structure of 2b.

2.4.5 Crystal structure of 4-[(5,6-dimethylbenzimidazolium-1-yl)methyl]benzamide 2,5-
dichlorobenzoate (1:1), 4a

The crystal structure of 4a shows that proton transfer has taken place to the
benzimidazole nitrogen atom and the carboxylate participates in three N-H O™ hydrogen-
bonds: two with an amide anti proton from two separate amide cations, and one with the
protonated nitrogen atom of the benzimidazole moiety, Figure 2.10. There are no noteworthy

interactions with either chlorine atom. The amide-amide dimer is disrupted to form a

4
R4(12) motif with four amide hydrogen atoms (from two different cations) and four

carboxylate oxygen atoms (from two different anions), Figure 2.10.
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Figure 2.10 Extended network in the crystal structure of 4a.

2.4.6 Crystal structure of 3-[(5,6-dimethylbenzimidazol-1-yl)methyl[benzamide, 6

The crystal structure of 6 reveals two molecules of 3-[(5,6-dimethylbenzimidazol-1-
yl)methyl]benzamide in the asymmetric unit. The molecules are connected through m-n
stacking interactions (~3.460 A). There is a one-dimensional chain, propagated through
amide-amide dimers, and an N-H "N hydrogen-bond between an amide anti proton and a

benzimidazole nitrogen atom, in the structure, Figure 2.11.

Figure 2.11 Extended one-dimensional chain in the crystal structure of 6.
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2.4.7 Crystal structure of 3-[(5,6-dimethylbenzimidazol-1-yl)methyl[benzamide 2,3,4,5,6-
pentamethylbenzoic acid (1:1), 6a

The crystal structure of 6a shows one molecule of 3-[(5,6-dimethylbenzimidazol-1-
yl)methyl]benzamide and one molecule of 2,3,4,5,6-pentamethylbenzoic acid.
Pentamethylbenzoic acid forms an O-H "N interaction with the benzimidazole nitrogen atom,
as well as an N-H O (amide anti proton-acid carbonyl oxygen) hydrogen bond, Table 2.2.

The result is an infinite one-dimensional chain, Figure 2.12.

Figure 2.12 One-dimensional chain in the crystal structure of 6a.

2.4.8 Crystal structure of 3-[(5,6-dimethylbenzimidazolium-1-yl)methyl]benzamide 3,5-
dinitrobenzoate, 6b

The crystal structure of 6b shows that proton transfer has taken place to the
benzimidazole nitrogen atom and the carboxylate moiety forms two N-H ~O™ hydrogen bonds

with amide anti and syn protons from two separate amide cations, Figure 2.13(b). This

4
means that the amide-amide dimer is disrupted, and the result is an R4 (12) motif similar to

that observed in 4a.
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(a)

(b)

Figure 2.13 (a) Interaction of carboxylate with protonated benzimidazole moiety and amide

4
anti proton (b) R4 (12) pattern formed with two carboxylate and two amide NH, moieties in

the crystal structure of 6b.

2.4.9 Calculations

The molecular electrostatic potential calculations for each heterocyclic amide

synthesized here, along with those studied previously, are presented in Table 2.4.

Table 2.4 Molecular electrostatic potentials (MEPs)

Supramolecular reagent

Heterocycle N MEP (kJ mol")

Isonicotinamide -262
3-[Benzimidazol-1-yl)methyl]benzamide -296
3-[(2-Chlorobenzimidazol-1-yl)methyl]benzamide =277
4-[(2-Methylbenzimidazol-1-yl)methyl]benzamide -303
4-[(7-Aza-indol-1-yl)methyl]benzamide, 2 -261
4-[(5,6-Dimethylbenzimidazol-1-yl)methyl]benzamide, 4 -293
3-[(5,6-Dimethylbenzimidazol-1-yl)methyl]benzamide 6 -305
4-[(2-Phenylimidazol-1-yl)methyl]benzamide, 8 -321
3-[(2-Phenylimidazol-1-yl)methyl]benzamide, 10 -317
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2.5 Discussion

2.5.1 Synthesis and Characterization

All of the amides presented here are easily synthesized and purified, and the majority
are obtained in good yields (40-90%). The yield for 6 was low, and this is due to the reaction
not going to completion. A large amount of nitrile was recovered in this case. It is expected
that if the reaction was repeated the yield would be greatly improved. The first step of the
reaction, the coupling of the nitrile to the benzimidazole fragment, can be traced by following
the shift of the methylene peak in the NMR spectrum from around 4.5 ppm to around 5.5
ppm. The appearance of the amide can be traced by the disappearance of the C=N stretch
around 2200 cm™ in the infrared spectrum. Two broad N-H peaks also appear in the 'H

NMR spectrum, and are also evident in the IR spectrum around 3300 cm™.

2.5.2 IR spectroscopy

Analysis of the IR spectra of the solids obtained from co-crystallization reactions
show considerable differences between each substituent. Representative spectra of a co-
crystal and the ligand by itself are shown in Figures C.1 and C.2 (Appendix). Amide 2
formed co-crystals in just 4 out of 12 cases, a supramolecular yield of 33%. This could either
mean that the acid opts to bind to the amide carbonyl group, that the lower charge on the
nitrogen atom has played a part, or the addition of a fused ring to the pyridyl moiety causes
the amide to be considerably less soluble than its isonicotinamide counterpart. IR data often
showed spectra of either the carboxylic acid or the amide by itself, and so the latter
explanation of the low solubility of the amide caused both components to crystallize
homomerically seems fitting. Amides 4 and 6 were shown to have formed co-crystals in 4
out of 7 cases, a supramolecular yield of 57%, and in 6 out of 8 cases (a supramolecular yield
of 75%), respectively. Although no crystal structures were obtained with amides 8 and 10,
they were shown to have formed co-crystals in 5 out of 5, and 4 out of 5 cases —
supramolecular yields of 100% and 80%, respectively. The results show that the
supramolecular yield increases with increasing basicity and calculated MEP of the nitrogen
atom on each heterocycle (azaindole<benzimidazole<phenylimidazole), Tables 2.1 and 2.4.

This is not necessarily true outside of this study, since isonicotinamide, a base comparable (in
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terms of charge) to azaindole amide 4, forms co-crystals driven by O-H "N interactions 97%

of the time according to the CSD.

The positions of the O-H "N bands are varied, due to them being so broad.
Consequently, they give no indication as to the strength of the hydrogen bond they represent.
Bond lengths are a good indication of bond strengths, and these are obtained from X-ray

crystallography.

2.5.3 X-ray Crystallography
Seven crystal structures are presented here, of which two are of amides by themselves, three

are co-crystals and two are salts.

2.5.3.1 Structural consistency of amides

Crystal structures 1 and 6 are of 4-[(7-aza-indol-1-yl)methyl]benzamide and 3-[(5,6-
dimethylbenzimidazol-1-yl)methyl|benzamide, respectively. The two structures are similar,
with an amide-amide dimer being present and the amide anti proton forming an N-H N
hydrogen bond with the heterocyclic nitrogen. In a recent study of the CSD,’ it was found
that 24 out of 35 structures of either substituted benzamides or N-heterocyclic amides (69%)
contained an amide-amide dimer. Of the 18 N-heterocyclic (including 3 N-oxide) amides, 11
of them contained an amide-amide dimer (61%), with of 7 of these containing an N-H "N
amide anti proton-heterocycle hydrogen bond. This means that 64% of all the dimers formed

contain an N-H (amide anti proton) "N (heterocycle) interaction.

The crystal structure of 6 is very similar to that of 3-[(2-chlorobenzimidazol-1-
ylDmethyl]benzamide, with an amide dimer present and the two benzimidazole fragments n-nt

stacking with each other (3.847 A compared to 3.804 A in 6).

2.5.3.2 Salt formation

Proton transfer took place in two cases, both containing benzimidazole fragments. In

4
both cases, an R4 (12) motif is obtained, Figure 2.14.

37



R = AH

(2) (b)

4
Figure 2.14 (a) R4 (12) motif obtained with two carboxylate molecules and two amide

2
molecules upon proton transfer (b) R4 (8) motif.

There are no previous occurrences of this motif reported in the literature. It does,

2
however, resemble the R4 (8) (Figure 2.14 (b)), of which there are over 12,000 cases of in

the CSD.!°

2.5.3.3 Can salt formation be predicted?

Salt formation is often problematic, and frequently leads to undesired and
unpredictable compositions and motifs.'" The formation of a salt in the cases here could be
due to the combination of a strong base with a strong acid, since a weaker acid,

pentamethylbenzoic acid, produces a co-crystal (Table 2.5).

Table 2.5 pK,s of some carboxylic acids (least — most acidic)

Acid pKa
Pentamethylbenzoic acid 4.00
4-Nitrobenzoic acid 3.40
3,5-Nitrobenzoic acid 2.80

A search of the CSD shows that proton transfer occurs in 50% of all the structures

containing a benzimidazole fragment and a carboxylic acid. Addition of methyl groups to
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the 5- and 6- positions on benzimidazole increases the basicity of the benzimidazole nitrogen
atom and thus would increase the probability of proton transfer occurring. A well-known
rule, the pK, rule,'” has been used as a guideline for the occurrence of proton transfer.
Johnson and Rumon stated that a pK, difference of 3.7 is large enough to allow proton
transfer from a carboxylic acid to a pyridine. Etter et al also carried out some studies of this
type with phenols and pyridines. So far then, this rule has only concerned pyridine as a base.

The ApK, values for the systems here are presented in Table 2.6.

Table 2.6 ApK, values for the results here, complemented by some from the literature

Crystal pK.base | pK, acid | ApK, (pPKawase) — PKacacia) Proton
transfer?

2b 4.95 2.80 2.15 N

4a 5.93 2.47 3.46 Y

6a 5.93 4.00 1.93 N

6b 5.93 2.80 3.13 Y

3-bzimamide 4-NO,-BA 5.93 2.80 3.13 N
3-(2-Me)bzimamide 4-NO,-BA 5.46 2.80 2.66 N

Where 3-bzimamide 4-NO,-BA: 3-[benzimidazol-1-yl)methyl]benzamide 4-nitrobenzoic acid, 3-(2-
Me)bzimamide 4-NO,-BA: 3-[(2-methylbenzimidazol-1-yl)methyl]benzamide 4-nitrobenzoic acid.

The ApK, values do show that proton transfer takes place at higher ApK, values.
However, it seems that proton transfer occurs at those lower than stated in the literature, with
proton transfer occurring at ApK, = 3.13 and 3.46. It would make sense that a lower ApK, is
required for salt formation, since imidazole is a stronger base than pyridine. It is interesting
to see that, in another system with the same ApK, of 3.13, proton transfer did not take place.
With a few extra data points, there may well be a distinct correlation between ApK, and the

likelihood of proton transfer.

As an extension of the pK, rule, it may be possible to predict the occurrence of proton
transfer through the use of molecular electrostatic potentials. The MEPs were calculated for
each molecule in each of the salts obtained here, complemented by some examples from the

literature, to see if this is the case, Table 2.7.
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Table 2.7 Molecular electrostatic potential charges and their impact on proton transfer

Crystal Acceptor MEP/ | Donor MEP/ AMEP Proton
kJ mol™ kJ mol™ (MEPgonor-MEP ceptor) | transfer?
kJ mol”
4a -291.6 +144.6 436.2 Y
6b -304.5 +193.5 498.0 Y
6a -304.5 +129.1 433.6 N
2b -260.9 +170.3 431.2 N
Isonic BA -261.6 +133.7 395.3 N
Isonic hex-2A -261.6 +131.6 393.2 N
Isonic 4-NO,BA -261.6 +170.3 431.9 N
Isonic 3,5-(NO,), BA -261.6 +193.5 455.1 N
3-bzimamide 4-NO,-BA -296.1 +170.3 466.4 N
3-(2-Me)bzimamide 4-NO,- -300.0 +170.3 470.3 N
BA

Im CBDA -312.7 +152.8 465.5 Y
Im BA -312.7 +133.7 446.4 Y
BzIm CBDA -304.5 +152.8 457.3 Y

Where: Isonic BA: Isonicotinamide benzoic acid, Isonic hex-2A: isonicotinamide hex-2-enoic acid, Isonic

4-NO,BA: isonicotinamide 4-nitrobenzoic acid, Isonic 3,5-(NQO,), BA: isonicotinamide 3,5-dinitrobenzoic

acid, 3-bzimamide 4-NO,-BA:

3-[benzimidazol-1-yl)methyl]benzamide 4-nitrobenzoic acid, 3-(2-

Me)bzimamide 4-NO,-BA 3-[(2-methylbenzimidazol-1-yl)methyl]benzamide 4-nitrobenzoic acid, Im

CBDA: imidazole cyclobutanediacid, Im BA: imidazole benzoic acid, and BzIm CBDA: benzimidazole

cyclobutanediacid.

A plot of MEP and pK, shows that there is a good correlation between the calculated

charge on the hydrogen bond donor or acceptor and the calculated charge, i.e, a strong base

would have a high negative charge and a strong acid would have a high positive charge,

Figure 2.15.
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Figure 2.15 Plot of calculated MEP vs pK,.

The calculations show that there is no real cut-off point as to when proton transfer
occurs. All the cases of proton transfer occurred when the AMEP of donor and acceptor was
above 436 kJ mol”. This does not mean, however, that every case with a calculated AMEP
above 436 kJ mol ™' will exhibit proton transfer. This is shown by the three examples with
AMEPs ranging from 455.1 to 455.3 kJ mol™. It can be said, however, that, with a AMEP

greater than 436 kJ mol™ there is a higher probability of proton transfer occurring.

The plot of the charge difference between the acceptor and donor shows that all of the
cases where charge transfer took place occurred when the acceptor had a charge greater than
—290 kJ mol™ and when the charge difference was greater than 430 kJ mol™. There are three
outliers in this region that remained a co-crystal, Figure 2.16, and so there is a degree of

uncertainty as to whether proton transfer would take place.
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Figure 2.16 Plot of MEP of hydrogen bond acceptor vs the difference in MEPs between the
hydrogen-bond acceptor and the hydrogen-bond donor.

Every case where proton transfer occurs is where the acceptor nitrogen has a charge
of —290 kJ mol™" or more. However, there are two cases here where the acceptor has a charge
of =300 kJ mol™ and —304.5 kJ mol”, and proton transfer does not occur. Although the
probability of proton transfer is more likely when an acceptor nitrogen has a charge of —290
kJ mol™ or more, it does not happen 100% of the time. It can, however, be predicted with
reasonable confidence that a nitrogen atom on a heterocycle with a charge of —260 kJ mol '
or below will not accept a proton. The results of crystal structure 2b and those with
isonicotinamide support this, since there are very few crystal structures (just two in the CSD)
containing isonicotinamide and a carboxylic acid where proton transfer has taken place onto
the pyridyl ring nitrogen atom.” There are also very few examples of crystal structures
containing a weak base (i.e an MEP less than isonicotinamide) that has been protonated by a

. . 114
carboxylic acid.

2.5.4 Binding selectivities

2.5.4.1 Azaindole amide
Although the molecular electrostatic potential of the pyridyl nitrogen atom of 7-

azaindole amide is comparable to that of isonicotinamide, the two crystal structures
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obtained with it cannot really prove or disprove the hypothesis that it should have similar
behavior to isonicotinamide. The first is a 2:1 crystal structure where one molecule of 4-
nitrobenzoic acid forms an O-H N interaction with the pyridyl nitrogen atom, and
another forms an O-H O interaction with the amide carbonyl oxygen atom.
Isonicotinamide behaves in the same way when co-crystallized with a carboxylic acid in
a 2:1 ratio. The second co-crystal, although a 1:1 crystal structure, sees the carboxylic
acid abandon the interaction with the pyridyl nitrogen atom and opt for an O-H O
interaction with the amide carbonyl oxygen atom. More crystal structures would be
required to say for certain as to whether this behavior is typical of this supramolecular

reagent and, indeed, whether it can be relied upon in supramolecular synthesis.

2.5.4.2 Benzimidazole amides

Isonicotinamide has proven itself to be selective in its binding preferences, with
only 1 case out of 29 seeing binding take place to the amide moiety. There are fewer
examples of 1:1, neutral crystal structures with benzimidazoles, only two in fact. They
do both, however, show binding to the most basic side. There is only one 1:1 example of
azaindole amide, and this shows binding to the amide moiety. The supramolecular yields

are displayed in Figure 2.17.
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Figure 2.17 Binding preferences of the supramolecular reagents.
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2.6 Conclusions

Five new N-heterocyclic amides were synthesised and five co-crystals were obtained
with them. Both of the crystal structures obtained with the benzimidazole amides,
displayed best donor/best acceptor behaviour. IR spectroscopy showed O-H "N bands in
8 out of 13 cases. The phenylimidazole amides showed O-H "N bands in 10 out of 11
cases. Azaindole amide 2 only showed O-H "N bands in 4 out 12 cases. It seems that the
increase in basicity (and increased negative MEP) corresponds to an increased selectivity
for a carboxylic acid for the heterocyclic nitrogen over the amide moiety. Calculated
electrostatic potentials can offer a reasonable guideline into the prediction of the
selectivity of these supramolecular reagents.

This study has highlighted some of the problems that can occur during
supramolecular synthesis. First, the solubility of the supramolecular reagent has to be
comparable the reacting component to prevent it from crystallizing homomerically.
Second, in order to induce selectivity, the two binding sites have to be different, but the
basicity has to be such that the supermolecule remains neutral. This is important in order

to maintain structural predictability.
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CHAPTER 3 - Asymmetric Ditopic Ligands in the Design and

Synthesis of Binary Supermolecules

3.1 Introduction
The previous chapter described bifunctional supramolecular reagents that differed
significantly in terms of their binding sites. This chapter will deal with ditopic
supramolecular reagents that are more closely related. This will enable a comparison in
terms of their binding selectivities in a more sophisticated manner. Preliminary work in
this area includes a series of pyridyl/benzimidazol-1-yl molecules where the two

hydrogen bond acceptor sites differ primarily in terms of their basicity', Figure 3.1.

R

Most basic site —> N)\N
/ N N <—— Least basic site
—

R =CH,, H

Figure 3.1 Supramolecular reagent equipped with two binding sites.

These supramolecular reagents have worked well in the synthesis of ternary
supermolecules,’ with the strongest acid forming a hydrogen bond with the strongest base
(imidazole) and the weaker acid binding to the weaker base (pyridine, based on pK,
values). There are currently five ternary co-crystals with these types of molecules' (both
in the literature and unpublished results) and two 1:1 co-crystals. To find out more about
the binding preferences of these types of supramolecular reagents, this chapter will

introduce other heterocycles of varying hydrogen-bond acceptor strength, Figure 3.2.
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3.2 How selective are the supramolecular reagents?
In order to probe the binding preferences of the supramolecular reagents without
bias, the two sites need to be geometrically similar, in order to remove any steric

interference, Figure 3.2.

A
PN LA D 0
N/ A1 N N = N N/ N
A =N A, A, E — A,
2
15 \_y N : 16 ’ i \\CNA1 I
~ 18
A2

Figure 3.2 Supramolecular reagents synthesized here.

Rather than using pK, values as a guideline to finding the best donor/best
acceptor, a series of AM1 calculations will be employed to calculate the charges on each

molecule.

3.2.1 Goals
1) To synthesise eight target molecules, Figure 3.2.
2) To carry out a series of AM1 calculations to rank the binding sites in terms of
charge.
3) Employ 11-18 in a series of co-crystallization reactions in order to find if the best-

donor/donor best-acceptor approach, in terms of charge calculations, is reliable.
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3.3 Experimental

3.3.1 Synthesis of asymmetric acceptors

3.3.1.1 Synthesis of 1-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazole, 11

5,6-Dimethylbenzimidazole (1.04g, 7.10 mmol) was dissolved in 20 mL dry THF
with heat and stirring in a 250 mL round-bottomed flask under a N, atmosphere. NaOH
(2.84 g, 71.0 mmol) was added and the mixture was stirred for 2 h, upon which a
suspension of 3-picolyl chloride hydrochloride (1.17 g, 7.10 mmol) in 20 mL dry THF,
and subsequent washings with THF to ensure that all of the 3-picolyl chloride
hydrochloride was transferred. The mixture was stirred at 75 °C for 3 days under a N,
atmosphere, after which 7 mL distilled water was added to dissolve the NaOH and NacCl.
The two layers were separated using a separatory funnel, and the THF was dried over
anhydrous MgSO4. The MgSO4 was filtered by vacuum filtration, and the filtrate was
concentrated via rotorary evaporation to produce a brownish-orange solid. The product
was recrystallized from hot toluene to produce brown rods. Yield 0.703 g (42 %); mp:
150-153 °C; '"H NMR (DMSO-ds, 400 MHz) & 2.34 (s, 3H), 2.37 (s, 3H), 5.34 (s, 2H),
7.03 (s, 1H), 7.23-7.26 (m, 1H), 7.38 (d, 1H, J=8.4 Hz ), 7.59 (s, 1H), 7.86 (s, 1H), 8.57
(d, 1H J = 4.4 Hz), 8.60 (s, 1H); °C NMR (400 MHz, CDCl3-d)) & 20.11, 20.45, 46.08,
109.77, 120.28, 123.80, 131.43, 131.48, 132.94, 132.62, 134.47, 142.04, 142.26, 148.23,
150.20.

3.3.1.2 Synthesis of 1-[(4-pyridyl)methyl]-5,6-dimethylbenzimidazole, 12
5,6-Dimethylbenzimidazole (2.175 g, 14.70 mmol) was dissolved in 30 mL dry
THF with heat and stirring in a 250 mL round-bottomed flask under a N, atmosphere.
NaOH (5.87 g, 147 mmol) was added and the mixture was stirred for 2 h, upon which, a
suspension of 4-picolyl chloride hydrochloride (2.411 g, 14.70 mmol) in 30 mL dry THF,
and subsequent washings with THF to ensure that all of the 4-picolyl chloride
hydrochloride was transferred. The mixture was stirred at 75 °C for 16 h under a N,
atmosphere, after which 15 mL distilled water was added to dissolve the NaOH and
NaCl. The two layers were separated using a separatory funnel, and the THF was dried

over anhydrous MgSO,4. The MgSO4 was filtered by vacuum filtration, and the filtrate
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was concentrated via rotorary evaporation to produce a pale brown solid. The product
was recrystallized from THF and ethanol to produce colorless cubes. Yield 2.387 g
(69%); m.p. 182-190 °C, '"H NMR (DMSO-ds, 200 MHz) & 2.26 (s, 3H), 2.28 (s, 3H) 5.51
(s, 2H), 7.13 (dd, 2H, J; = 1.2 Hz, J, = 4 Hz), 7.22 (s, 1H), 7.45 (s, 1H), 8.25 (s, 1H),
8.50 (dd, 2H J; = 1.6 Hz, J, = 4.4 Hz); >C NMR (400 MHz, CDCls-d) & 20.26, 20.57,
47.36,109.79, 120.57, 121.28, 131.59, 132.14, 132.74, 142.43, 142.50, 144.95, 150.42.

3.3.1.3 Synthesis of 1-[(3-pyridyl)methyl]-2-phenylimidazole, 13

2-Phenylimidazole (3.020 g, 20.80 mmol) was dissolved in 30 mL dry THF with
stirring in a 250 mL round-bottomed flask under a N, atmosphere. NaOH (8.32 g, 208
mmol) was added and the mixture was stirred for 2 h, upon which, a suspension of 3-
picolyl chloride hydrochloride (3.41 g, 20.8 mmol) in 30 mL dry THF, and subsequent
washings with THF to ensure that all of the 3-picolyl chloride hydrochloride was
transferred. The mixture was stirred at 75 °C for 3 days under a N, atmosphere, after
which 50 mL distilled water was added to dissolve the NaOH and NaCl. The two layers
were separated using a separatory funnel, and the THF was dried over anhydrous MgSO,.
The MgSO,4 was filtered by vacuum filtration, and the filtrate was concentrated via
rotorary evaporation to produce a brown oil. Yield: 0.586 g (12%); mp: 69-72 °C; 'H
NMR (400 MHz, DMSO-d): 6 5.39 (s, 2H), 7.07 (d, 1H, J = 1.6 Hz), 7.35 (m, 3H), 7.43
(m, 3H), 7.55 (m, 2H), 8.25 (d, 1H, J = 1.2 Hz), 8.45 (dd, 1H J = (need values on NMR);
3C NMR (400 MHz, CDCls-d) § 48.05, 121.00, 123.89, 128.78, 128.84, 129.18, 129.32,
130.24, 132.56, 134.42, 148.24, 148.30, 149.47.

3.3.1.4 Synthesis of 1-[(4-pyridyl)methyl]-2-phenylimidazole, 14

2-Phenylimidazole (1.262 g, 8.75 mmol) was dissolved in 30 mL dry THF with
stirring in a 250 mL round-bottomed flask under a N, atmosphere. NaOH (3.5 g, 87.5
mmol) was added and the mixture was stirred for 2 h, upon which, a suspension of 4-
picolyl chloride hydrochloride (1.44 g, 8.75 mmol) in 30 mL dry THF, and subsequent
washings with THF to ensure that all of the 4-picolyl chloride hydrochloride was
transferred. The mixture was stirred at 75 °C for 2 days under a N, atmosphere, after

which 10 mL distilled water was added to dissolve the NaOH and NaCl. The two layers
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were separated using a separatory funnel, and the THF was dried over anhydrous MgSO,.
The MgSO,4 was filtered by vacuum filtration, and the filtrate was concentrated via
rotorary evaporation to produce a brown oil. Subsequent purification via column
chromatography (3:1 hexanes/ethyl acetate) yielded a pale brown solid. Yield: 0.994 g
(48%); mp: 33-38 °C, '"H NMR (400 MHz, CDCl3-d) & 5.21 (s, 2H), 6.95-6.96 (m, 3H),
6.98 (d, 1H, J = 1.2 Hz), 7.22 (d, 1H, J = 1.2 Hz), 7.36-7.38 (m, 1H), 7.44-7.46 (m, 2H),
8.56 (dd, 1H, J; = 1.6 Hz, 4.4 Hz); >C NMR (CDCls-d. 400 MHz) & 49.20, 121.12,
121.29, 128.59, 128.71, 129.14, 129.33, 129.92, 146.11, 148.34, 150.33.

3.3.1.5 Synthesis of 1-[(3-pyridyl)methyl]-7-azaindole and 7-[(3-pyridyl)methyl]-7-
azaindole, 15 and 16

7-Azaindole (2.02 g, 17.0 mmol) was dissolved in 30 mL dry THF with stirring in
a 250 mL round-bottomed flask under a N, atmosphere. NaOH (6.84 g, 171 mmol) was
added and the mixture was stirred for 2 h, upon which, a suspension of 3-picolyl chloride
hydrochloride (2.79 g, 17.0 mmol) in 30 mL dry THF, and subsequent washings with
THF to ensure that all of the 3-picolyl chloride hydrochloride was transferred. The
mixture was stirred at 75 °C for 3 days under a N, atmosphere, after which 50 mL
distilled water was added to dissolve the NaOH and NaCl. The two layers were separated
using a separatory funnel, and the THF was dried over anhydrous MgSO4. The MgSO4
was filtered by vacuum filtration, and the filtrate was concentrated via rotorary
evaporation to produce a brown oil.  Purification by column chromatography
(hexanes/ethyl acetate 15:1 — 100% Ethyl acetate) yielded the two isomers.
15: Colorless oil, yield: 0.343 g (10 %); 'H NMR (400 MHz, CDCls-d) & 5.53 (s, 2H),
6.51 (d, 1H, J=3.6 Hz), 7.10 (dd, 1H, J, = 8 Hz, /,=4.8 Hz), 7.19 (d, 1H), 7.21 (dd, 1H,
Ji1 = Hz, J,=Hz), 7.49-7.42 (m, 1H), 7.94 (dd, 1H, J, = 8 Hz, J,= 1.2 Hz), 8.36 (dd, 1H,
Ji=4.4Hz, J,=1.6 Hz), 8.52 (dd, 1H, J, = Hz, J, = Hz), 8.58 (d, 1H, J=2 Hz).
16: Yellow oil, yield: 0.321 g (9%); '"H NMR (400 MHz, CDCls-d) & 5.90 (s, 2H), 6.70
(d, IH, J=2.4 Hz), 6.85 (t, 1H, J= 6.8 Hz), 7.23 (dd, 1H, J= 7.6 Hz), 7.59 (d, 1H, J =
6.4 Hz), 7.73-7.76 (m, 1H), 7.94 (d, 1H, J = 2.4 Hz), 8.11 (d, 1H, J, = 7.2 Hz), 8.56 (dd,
1H, J1=5.2 Hz, J,=1.6 Hz), 8.69 (d, 1H, J=2 Hz);,
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3.3.1.6 Synthesis of 1-[(4-pyridyl)methyl]-7-azaindole and 7-[(4-pyridyl)methyl]-7-
azaindole, 17 and 18

7-Azaindole (4.66 g, 39.0 mmol) was dissolved in 30 mL dry THF with stirring in a 250
mL round-bottomed flask under a N, atmosphere. NaOH (15.6 g, 390 mmol) was added
and the mixture was stirred for 2 h, upon which, a suspension of 4-picolyl chloride
hydrochloride (8.96 g, 55.0 mmol) in 30 mL dry THF, and subsequent washings with
THF to ensure that all of the 3-picolyl chloride hydrochloride was transferred, was added.
The mixture was stirred at 75 °C for 3 days under a N, atmosphere, after which 30 mL
distilled water was added to dissolve the NaOH and NaCl. The two layers were separated
using a separatory funnel, and the THF was dried over anhydrous MgSO4. The MgSO4
was filtered by vacuum filtration, and the filtrate was concentrated via rotorary
evaporation to produce a viscous, dark brown oil.  Purification by column
chromatography (hexanes/ethyl acetate 8:1 — 100% ethyl acetate) yielded the two
isomers.

17: Colorless oil, yield: 1.322 g (16 %); '"H NMR (400 MHz, CDCls-d) & 5.42 (s, 2H),
6.47 (d, 1H, J=4.8 Hz), 6.92 (d, 2H, J= 5.6 Hz), 7.02 (dd, 1H, J; = 5.6 Hz, J, = 8.8 Hz),
7.11 (d, 1H, J = 3.6 Hz), 7.87 (d, 1H, J = 8 Hz), 8.27 (d, 1H, J=4.8 Hz), 8.43 (d, 2H, J =
5.6 Hz; *C NMR (CDCls-d. 200 MHz) § 46.32, 100.43, 115.87, 120.03, 121.39, 127.50,
128.69, 142.92, 146.55, 129.67.

18: Yellow oil, yield: 0.637 g (8%); 'H NMR (400 MHz, CDCls-d) 6 5.77 (s, 2H), 6.64
(d, 1H, J=2.4 Hz), 6.79 (dd, 1H, J; = 6.4 Hz, J, = 7.6 Hz), 7.03 (d, 2H, J = 6 Hz), 7.49
(d, 1H, J= 6 Hz), 7.83 (d, 1H, J= 2.8 Hz), 8.06 (dd, 1H, J; = 0.8 Hz, J, = 7.6 Hz), 8.43
(dd, 2H, J; = 1.6 Hz, J, = 4.4 Hz); °C NMR (CDCls-d 200 MHz) & 54.29, 101.77,
109.23, 121.98, 128.63, 130.85, 143.95, 145.64, 148.56, 150.07, 150.20.

3.3.2 Synthesis of co-crystals and salts

3.3.2.1 General synthesis of co-crystals

Although only the reactions that produced single crystals suitable for X-ray
crystallography are listed here, each supramolecular reagent was set up in 10 or more co-
crystallization reactions with different carboxylic acids and oximes. Since

supramolecular reagents 15, 16, 17, and 18 were oils, it was difficult to obtain single
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crystals. Solids produced in these reactions were analyzed by IR spectroscopy and the
results are presented in Table 3.2. All co-crystal reactions were set up in a 1:1 ratio of
ligand to carboxylic acid or oxime, with the exception of 11d, which was set up in a 2:1

ratio (ligand:carboxylic acid).

3.3.2.2 Syntheses of 1-[(4-pyridyl)methyl]-5,6-dimethylbenzimidazole and 1-[(3-
pyridyl)methyl]-5,6-dimethylbenzimidazole co-crystals, 11(a-i) and 12(a-g)
1-[(4-Pyridyl)methyl]-5,6-dimethylbenzimidazole or 1-[(3-pyridyl)methyl]-5,6-
dimethylbenzimidazole (0.02 g, 0.084 mmol) was dissolved in ethanol with slight heat.
A solution of the acid or oxime (0.084 mmol) in ethanol was added and the solution was
allowed to evaporate at room temperature. Crystals suitable for X-ray crystallography
were usually obtained within approximately 2 weeks. The data for the co-crystals/salts

obtained are displayed in Table 3.1.

3.3.2.3 Syntheses of 1-[(4-pyridyl)methyl]-2-phenylimidazole and 1-[(3-pyridyl)methyl]-
2-phenylimidazole co-crystals, 13a and 14a

1-[(4-Pyridyl)methyl]-2-phenylimidazole or 1-[(3-pyridyl)methyl]-2-
phenylimidazole (0.015 g, 0.064 mmol) was dissolved in ethanol. A solution of the acid
or oxime (0.064 mmol) in ethanol was added and the solution was allowed to evaporate at
room temperature. Crystals suitable for X-ray crystallography were usually obtained
within approximately 2 weeks. The data for the co-crystals obtained are displayed in

Table 3.1.

3.3.2.4 Synthesis of 1-[(3-pyridyl)methyl]-7-azaindole pentamethybenzoic acid, 15a
1-[(3-pyridyl)methyl]-7-azaindole (0.017 g, 0.082 mmol) was dissolved in

ethanol. Pentamethylbenzoic acid (0.016 g, 0.082 mmol) was added and the solution was

allowed to evaporate at room temperature. Crystals suitable for X-ray crystallography

were obtained after approximately 2 weeks (Table 3.1).
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Table 3.1 Crystal data for structures 11a-i, 12a-d, 13a, 14a, and 15a

Co- Acid/oxime Co-crystal | Stoichiometry Morphology
crystal mp
(W 9)
11a 4-Chlorobenzoic acid 125-130 1:1 Colorless plate
11b Pentafluorobenzoic acid 149-153 1:1 Colorless plate
11c Fumaric acid 150-155 1:1 Colorless plate
11d Pentamethylbenzoic acid 170-175 1:1 Colorless plate
11e Tetrafluoroiodo- benzoic acid 155-158 1:1 Colorless prism
11f 3,5-Dinitrobenzoic acid 168-173 2:1 Colorless plate
11g 4-Nitrobenzoic acid 176-180 2:1 Amber plate
11h 4-lodobenzoic acid 145-148 3:2 Colorless needle
11i 4-Bromo-phenylcyanoxime 110-115 1:1 Colorless plate
12a 4-N, N’-dimethyl aminobenzoic acid 136-140 1:1 Colorless plate
12b 3-lodobenzoic acid 177-180 1:1 Colorless prism
12¢ 3-Cyanobenzoic acid 130-137 2:1 Colorless plate
12d Oxalic acid 200-204 2:1 Colorless plate
12¢ 3-Fluorobenzoic acid 94-100 2:1 Colorless plate
12f Tetrafluoroiodo aldoxime 190-195 1:1 Orange plate
12¢g 4-Fluoro-phenylcyanoxime 114-116 1:1 Colorless plate
13a 4-Nitrobenzoic acid 113-117 2:1 Orange plate
14a 4-Nitrobenzoic acid 165-170 2:1 Colorless plate
15a Pentamethylbenzoic acid 100-110 2:1 Red plate

3.4 Results

Table 3.2 Results of co-crystallizations (from IR O-H "N bands) with supramolecular
reagents 15, 16, 17 and 18

Supramolecular Reagent No. Co- No. Co-crystals | Supramolecular Yield
crystals Set formed
up
1-[(3-pyridyl)methyl]-7-azaindole, 15 10 10 100%
1-[(3-pyridyl)methyl]-7-azaindole, 16 8 6 75%
1-[(4-pyridyl)methyl]-7-azaindole, 17 10 9 90%
1-[(4-pyridyl)methyl]-7-azaindole, 18 10 3 30%

Table 3.3 Hydrogen bond geometries for 11a-i, 12a-g, 13a, 14a, and 15a

Co- D-H...A D(D-H) d(H...A) d(D...A) <(DHA)
crystal

11a O(41)-H(41)..N(31) 1.01(2) 1.64(2) 2.643(2) 177(2)

11b N(13)-H(13)...0(41) 1.000(16) 1.593(16) 2.5822(13) 169.0(14)
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11¢ O(41)-H(41)..N(13) 1.26(4) 1.29(4) 2.540(3) 174(3)
O(51)-H(51)..N(31) 0.94(4) 1.71(4) 2.653(3) 175(3)
O(1S)-H(1A)...0(42) 0.77(4) 2.12(5) 2.819(5) 151(6)
0(1S)-H(1B)...0(42)" 0.74(4) 3.21(6) 3.308(6) 91(5)

11d 0(61)-H(61)...0(41) 1.03(3) 1.53(3) 2.547(2) 169(3)
N(13)-H(13)...0(41) 1.03(2) 1.60(2) 2.629(2) 175(2)

11e N(13)-H(13)...0(41) 0.91(2) 1.69(2) 2.5908(18) 172(2)
O(1S)-H(18)...0(41) 0.86(3) 1.87(3) 2.719(2) 170(3)

11f NG31)-H(31)..0(51) 1.22(11) 1.39(11) 2.593(11) 169(10)
O(41)-H(41)..N(13) 1.20(13) 1.51(13) 2.591(12) 146(10)

11g O(41)-H(41)..N(31) 0.92(3) 1.72(3) 2.637(3) 179(3)

O(51)-H(51)..N(13) 0.96(3) 1.64(3) 2.600(2) 175(3)

11h 0(41)-H(41)..N(31) 0.84 1.84 2.680(2) 179.3
0(61)-H(61)..N(13) 0.84 1.89 2.723(3) 168.7

11i 0(47)-H(47)..N(13) 0.907(18) | 1.704(18) 2.6100(15) 177.6(17)

12a 0(41)-H(41)..N(31) 1.08(4) 1.52(4) 2.604(4) 174(3)

12b O(31)-H(31)..N(21) 0.84 1.76 2.600(4) 178.2
0(61)-H(61)..N(51) 0.84 1.77 2.608(5) 171.6

12¢ O(41)-H(41)..N(13) 0.941(16) | 1.682(16) 2.6204(14) 174.9(14)
O(51)-H(51)..N(31) 0.963(16) | 1.681(17) 2.6328(14) 169.0(15)

12d" O(41)-H(41)..N(13) 0.958(13) | 1.663(13) 2.6137(10) 170.8(12)
O(1S)-H(1A)...O(44) 0.883(15) | 1.925(15) 2.8068(10) 176.2(13)
O(18)-H(1B)...0(1S)* 0.89(3) 1.94(3) 2.8287(16) 172(3)
0(18)-H(1C)...0(18)" 0.87(3) 1.96(3) 2.8252(16) 178(3)

12e O(41)-H(41)..N(13) 0.90(2) 1.71(2) 2.603(2) 174(2)
0(51)-H(51)..N(31) 1.03(2) 1.58(2) 2.596(2) 171(2)

12 0(47)-H(47)..N(13) 0.76(2) 1.93(2) 2.6836(17) 180(3)

12¢ O(47)-H(47)..N(13) (1.047(10) | 1.596(10) 2.6047(10) 175.9(8)

13a O(41)-H(41)..N(13) 0.84 1.76 2.567(4) 159.9
O(51)-H(51)..N(21) 0.84 1.83 2.662(4) 167.8
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14a O(41)-H(41)..N(11) 1.020(17) | 1.561(17) 2.5748(14) 171.4(15)
0(51)-H(51)..N(31) 1.031(17) | 1.575(17) 2.6029(14) 174.7(15)

15a O(41)-H(41)..N(21) 0.92(5) 1.78(5) 2.699(4) 177(5)
0(61)-H(61)..N(18) 1.06(5) 1.66(5) 2.712(5) 174(4)

() * x+2,-y+1,-z+1; (i) * x,y,-z+1/2; ® -x,-y+1,-z+1.

3.4.1 Crystal structure of 1-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazole, 11

The crystal structure of 11 shows a single molecule of 1-[(3-pyridyl)methyl]-
5,6-dimethylbenzimidazole, Figure 3.3. Both the imidazole and pyridyl nitrogen atoms
are interacting with methylene protons of adjacent molecules of 11. (C-H "'N: 3.445 A
and 3.541 A, respectively). The proton in the 2-position on benzimidazole, the most

acidic of the molecule, does not participate in any noteworthy interactions.

Figure 3.3 (a) 1-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazole in the crystal structure
of 11.

3.4.2 Crystal structure of 1-[(3-pyridyl)methyl[-2-phenylimidazole, 13

The crystal structure of 13 shows a single molecule of 1-[(3-pyridyl)methyl]-2-
phenylimidazole, Figure 3.4. The imidazole nitrogen atom interacts with an aromatic C-
H proton of an adjacent pyridyl ring (C-H"N: 3.402 A), and the pyridyl nitrogen atom
interacts with a methylene C-H proton (C-H"N: 3.374 A). There are no -7 interactions

within the crystal structure of this molecule.
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Figure 3.4 1-[(3-Pyridyl)methyl]-2-phenylimidazole in the crystal structure of 13.

3.4.3 Crystal structure of 1-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazole 4-
chlorobenzoic acid (1:1), 11a

The crystal structure of 11a contains one molecule of 1-[(3-pyridyl)methyl]-5,6-
dimethylbenzimidazole and one molecule of 4-chlorobenzoic acid, Figure 3.5. 4-
chlorobenzoic acid forms a hydrogen bond to the pyridyl nitrogen atom through an O-
H N interaction (Table 3.3). There are no noteworthy interactions with the

benzimidazole nitrogen atom.

Figure 3.5 Dimer in the crystal structure of 11a.
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3.4.4 Crystal structure of 1-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazolium
pentafluoro benzoate (1:1), 11b

The crystal structure of 11b contains one cation of 1-[(3-pyridyl)methyl]-5,6-
dimethylbenzimidazole and one pentafluorobenzoate ion, Figure 3.6. Proton transfer has
taken place to the benzimidazole nitrogen atom, and there is an N-H ~O" bond connecting
the 1on pairs (Table 3.3). There are no noteworthy interactions with the pyridyl nitrogen

atom.

Figure 3.6 Ion pair in the crystal structure of 11b.

3.4.5 Crystal structure of I-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazole fumaric
acid hydrate (1:1), 11c

The crystal structure of 11c contains an infinite one-dimensional chain
propagated via O-H "N hydrogen bonds between the fumaric acid molecules and the
imidazole and pyridyl nitrogen atoms. The structure also contains a molecule of water in
the lattice, which forms an O-H O hydrogen bond with the carbonyl groups of fumaric
acid, Figure 3.7. (Table 3.3).

Figure 3.7 Infinite one-dimensional chain in the crystal structure of 11ec.
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3.4.6 Crystal structure of I-[(4-pyridyl)methyl]-5,6-dimethylbenzimidazole 4-N,N’-
(dimethylamino) benzoic acid (1:1), 12a

The crystal structure of 12a contains one molecule of 1-[(4-pyridyl)methyl]-5,6-
dimethylbenzimidazole and one molecule of 4-N,N’-(dimethylamino) benzoic acid,
Figure 3.8, which are connected through an O-H "N hydrogen-bonding interaction
between the carboxylic acid moiety and the pyridyl nitrogen atom (Table 3.3). There are

no noteworthy interactions with the benzimidazole nitrogen atom.

Figure 3.8 Hydrogen bonding interaction in the crystal structure of 12a.

3.4.7 Crystal structure of I-[(4-pyridyl)methyl]-5,6-dimethylbenzimidazole 3-
iodobenzoic acid (1:1), 12b

The crystal structure of 12b contains two crystallographically inequivalent
molecules of 1-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazole and 3-iodobenzoic acid,
Figure 3.9. 3-lodobenzoic acid forms a hydrogen bond to the pyridyl nitrogen atom
through an O-H "N interaction (Table 3.3). There are no noteworthy interactions with the

imidazole nitrogen atom.

Figure 3.9 Hydrogen-bonding interactions in the crystal structure of 12b.
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3.4.8 Crystal structure of 1-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazolium
pentamethyl benzoate pentamethylbenzoic acid (1:1:1), 11d

The crystal structure of 11d contains one cation of 1-[(3-pyridyl)methyl]-5,6-
dimethylbenzimidazole, a pentamethyl benzoate anion, and one molecule of pentamethyl
benzoic acid, Figure 3.10. Proton transfer has taken place to the benzimidazole nitrogen
atom, resulting in a free molecule of pentamethylbenzoic acid also being present in the
lattice. The carboxylate forms an N'-H O™ hydrogen bond with the protonated
benzimidazole nitrogen atom. There are no noteworthy interactions with the pyridine

nitrogen atom.

Figure 3.10 Hydrogen bonding in the crystal structure of 11d.

3.4.9 Crystal structure of 1-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazolium 2,3,5,6-
tetrafluoro-4-iodobenzoate ethanol (1:1:1), 11e

The crystal structure of 1le contains a 1-[(3-pyridyl)methyl]-5,6-
dimethylbenzimidazole cation, one 2,3,5,6-tetrafluoro-4-iodobenzoate anion, and one
molecule of ethanol, Figure 3.11. Proton transfer has taken place to the benzimidazole
nitrogen atom, and the carboxylate forms an N'-H O™ hydrogen bond with the
protonated benzimidazole nitrogen atom. The pyridine nitrogen atom participates in a

weak halogen bond with the iodine atom (4.961 2\).

59



Figure 3.11 Hydrogen and halogen bonding in the crystal structure of 11e.

3.4.10 Crystal structure of I-[(3-pyridinium)methyl]-5,6-dimethylbenzimidazole 3,5-
dinitrobenzoate 3,5-dinitrobenzoic acid (1:1:1), 11f

The crystal structure of 11f contains one cation of 1-[(3-pyridiniuml)methyl]-
5,6-dimethylbenzimidazole, one 3,5-dinitrobenzoate ion, and one molecule of 3,5-
dinitrobenzoic acid, Figure 3.12. Proton transfer has take place to the pyridyl nitrogen
atom. The carboxylate forms an N'-H O hydrogen bond with the protonated pyridyl
nitrogen atom. Another molecule of 3,5-dinitrobenzoic acid participates in an O-H "N

hydrogen bond with the benzimidazole nitrogen atom (Table 3.3).

Figure 3.12 Hydrogen bonds in the crystal structure of 11f.

3.4.11 Crystal structure of 1-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazole 4-
nitrobenzoic acid (1:2), 11g
The crystal structure of 11g contains one molecule of 1-[(3-pyridyl)methyl]-5,6-

dimethylbenzimidazole, and two molecules of 4-nitrobenzoic acid, Figure 3.13. The two

60



acid molecules form O-H "N hydrogen bonds to the imidazole and pyridyl nitrogen atoms

(Table 3.3).

Figure 3.13 Hydrogen bonds in the crystal structure of 11g.

3.4.12 Crystal structure of 1-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazole 4-
iodobenzoic acid (2:3), 11h

The crystal structure of 11h contains two molecules of 1-[(3-pyridyl)methyl]-
5,6-dimethylbenzimidazole, and three molecules of 4-iodobenzoic acid, Figure 3.14. One
molecule of 4-iodobenzoic acid forms two interactions with two molecules of 1-[(3-
pyridyl)methyl]-5,6-dimethylbenzimidazole, one is an O-H N hydrogen bond to an
imidazole nitrogen atom, and the other is an N1 halogen bond with an imidazole
nitrogen atom from another 1-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazole molecule
(N1, 3.056 A). There are no other noteworthy interactions present in this structure, and

so there is no one-dimensional chain.

Figure 3.14 Hydrogen- and halogen-bonding in the crystal structure of 11h.
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3.4.13 Crystal structure of I-[(3-pyridyl)methyl]-5,6-dimethylbenzimidazole 4-
bromophenylcyanoxime, 11i

The crystal structure of 11i contains one molecule of 1-[(3-pyridyl)methyl]-5,6-
dimethylbenzimidazole, and one molecule of 4-bromophenylcyanoxime, Figure 3.15.
The oxime forms an O-H "N interaction with the benzimidazole nitrogen atom (Table
3.3). The pyridyl nitrogen atom forms a weak interaction with an adjacent aromatic

proton. (C-H"N: 3.528 A).

Figure 3.15 Dimer in the crystal structure of 11i.

3.4.14 Crystal structure of I-[(4-pyridyl)methyl]-5,6-dimethylbenzimidazole 3-
cyanobenzoic acid (1:2), 12c

The crystal structure of 12¢ contains one molecule of 1-[(4-pyridyl)methyl]-5,6-
dimethylbenzimidazole, and two molecules of 3-cyanobenzoic acid, Figure 3.16. Both
molecules of 3-cyanobenzoic acid form O-H "N hydrogen bonds with the pyridyl and the

benzimidazole nitrogen atoms (Table 3.3).

Figure 3.16 Trimer in the crystal structure of 12c.
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3.4.15 Crystal structure of 1-[(4-pyridyl)methyl]-5,6-dimethylbenzimidazole oxalic acid
hydrate (1:1:1), 12d

The crystal structure of 12d contains one molecule of 1-[(4-pyridyl)methyl]-
5,6-dimethylbenzimidazole, one molecule of oxalic acid, and one molecule of water,
Figure 3.17. The oxalic acid molecule forms O-H "N hydrogen-bonding interactions
with the benzimidazole nitrogen atom and the pyridyl nitrogen atom (Table 3.3). The
water molecule forms an interaction with an oxalic acid carbonyl oxygen atom (Table

3.33). Interestingly, one of the carboxylic acid moieties adopts an unusual anti

conformation, Figure (b).

(b)
Figure 3.17 (a) Side view with water molecules included (b) hydrogen bonding

interactions in the crystal structure of 12d, (water molecules have been omitted).

3.4.16 Crystal structure of I-[(4-pyridyl)methyl]-5,6-dimethylbenzimidazole 3-
fluorobenzoic acid (1:2), 12¢

The crystal structure of 2e contains one molecule of 1-[(4-pyridyl)methyl]-5,6-
dimethylbenzimidazole and two disordered molecules of 3-fluorobenzoic acid, Figure
3.18. Both acids form O-H N hydrogen bonds with the benzimidazole and pyridyl
nitrogen atoms (Table 3.3).
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Figure 3.18 Trimer in the crystal structure of 12e.

3.4.17 Crystal structure of  I-[(4-pyridyl)methyl]-5,6-dimethylbenzimidazole
tetrafluoroiodo aldoxime (1:1), 12f

The crystal structure of 12f contains one molecule of 1-[(4-pyridyl)methyl]-5,6-
dimethylbenzimidazole and one molecule of tetrafluoroiodoaldoxime, Figure 3.18. The
oxime moiety participates in an O-H "N hydrogen-bonding interaction with the imidazole
nitrogen atom (Table 3.3), and the iodine atom participates in a halogen bond with the
pyridyl nitrogen atom (N"'I: 2.786 A). The result is an infinite one- dimensional chain,

Figure 3.19.

Figure 3.19 Hydrogen- and halogen-bonding in the crystal structure of 12f.

3.4.18 Crystal structure of 1-[(4-pyridyl)methyl]-5,6-dimethylbenzimidazole 4-
Sfluorophenylcyanoxime, 12g

The crystal structure of 12g contains one molecule of 1-[(4-pyridyl)methyl]-5,6-
dimethylbenzimidazole and one molecule of 4-fluorophenylcyanooxime, Figure 3.20.
The oxime moiety participates in an O-H N hydrogen-bonding interaction with the

benzimidazole nitrogen atom (Table 3.3), resulting in a discrete entity.

64



Figure 3.20 Dimer in the crystal structure of 12g.

3.4.19 Crystal structure of 1-[(3-pyridyl)methyl]-2-phenylimidazole 4-nitrobenzoic acid
(1:2), 13a

The crystal structure of 13a contains one molecule of 1-[(3-pyridyl)methyl]-2-
phenylimidazole and two molecules of 4-nitrobenzoic acid, Figure 3.21. Both acids form

O-H "N hydrogen-bonds with the imidazole and pyridyl nitrogen atoms (Table 3.3).

Figure 3.21 Trimer in the crystal structure of 13a.

3.4.20 Crystal structure of 1-[(4-pyridyl)methyl]-2-phenylimidazole 4-nitrobenzoic acid
(1:2), 14a

The crystal structure of 14a also contains one molecule of 1-[(4-
pyridyl)methyl]-2-phenylimidazole and two molecules of 4-nitrobenzoic acid, Figure
3.22. Both acids form O-H N hydrogen-bonds with the imidazole and pyridyl nitrogen
atoms (Table 3.3).
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Figure 3.22 Trimer in the crystal structure of 14a.

3.4.21 Crystal structure of 1-[(3-pyridyl)methyl]-7-azaindole 2,3,4,5,6-pentamethyl
benzoic acid (1:2), 15a

The crystal structure of 15a also contains one molecule of 1-[(3-
pyridyl)methyl]-7-azaindole and two molecules of pentamethylbenzoic acid, Figure 3.23.
Both acids form O-H "N hydrogen-bonds with the pyridyl moieties (Table 3.3).

Figure 3.23 Trimer in the crystal structure of 15a.
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3.4.22 Calculations

Figure 3.24 Electrostatic potential surfaces of heterocycles 11-18.

Table 3.4 Electrostatic potentials of heterocycles 11-18.

Heterocycle MEP A,/ MEP A,/

kJ mol ! kI mol
1-[(3-Pyridyl)methyl]-5,6-dimethylbenzimidazole, 11 -301 -255
1-[(4-Pyridyl)methyl]-5,6-dimethylbenzimidazole, 12 -299 274
1-[(3-Pyridyl)methyl]-2-phenylimidazole, 13 -321 -260
1-[(4-Pyridyl)methyl]-2-phenylimidazole, 14 -311 271
1-[(3-Pyridyl)methyl]-7-azaindole, 15 -282 -262
7-[(3-Pyridyl)methyl]-7-azaindole, 16 -308 -282
1-[(4-Pyridyl)methyl]-7-azaindole, 17 -280 -254
7-[(4-Pyridyl)methyl]-7-azaindole, 18 -303 -266

3.5 Discussion

3.5.1 Synthesis and characterization

All asymmetric supramolecular reagents, 11-18, have been prepared in variable
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yields (10-69%). They also all show good solubility in a range of solvents (ethanol,
methanol, ethyl acetate, acetonitrile, chloroform, methylene chloride). As a result the
reagents readily formed several co-crystals and salts with a range of carboxylic acids and
oximes. The coupling of the pyridyl moiety to the nitrogen atom can be traced by

following the shift of the methylene in the NMR spectrum (~4.5 — ~5.5 ppm).

3.5.2 IR spectroscopy

All of the supramolecular reagents show a great ability to form co-crystals.
Supramolecular reagents 13 and 14 were shown to produce co-crystals that were oils
(shown by dry grinding and dry mixing experiments). Consequently, there were not an
abundance of crystal structures for these compounds. Table 3.2 shows that
supramolecular reagents 15-18 were also capable of forming co-crystals, having done so
in good supramolecular yields. Compound 18 produced solids that did not produce
satisfactory IR spectra. Only three could be confirmed as co-crystals having formed, one

not formed and four were inconclusive.

The O-H "N bands are very broad (Figure C.2, Appendix) and consequently, give
no indication as to the strength of the hydrogen bond they represent. In 2:1 co-crystal
formation, IR gave no indication that two different hydrogen bonds were present.
Consequently, it would be necessary to look at the bond lengths of the two different
hydrogen bonds present in the 2:1 structures. These are obtained from X-ray

crystallography.

3.5.3 X-ray Crystallography

A total of 21 crystal structures are presented here, of which two are of the
supramolecular reagents themselves, fifteen are co-crystals, and four are salts. Three of
the salts displayed either 2:1 or 1:1 stoichiometry, and were included in the numbers for

either a 2:1 or 1:1 co-crystal, Figure 3.25.
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19 structures

/N

Co-crystals, salts, Salts
hydrates and solvates (unpredictable connectivity)

(18) (1)

/\
/N

Acids Acids Oximes
(10) (5) 3)
Im Im \
Py Py
(2) 3) 3) (0)

Figure 3.25 Classification of crystal structures obtained from supramolecular reactions
between supramolecular reagents and a variety of acids and oximes. The numbers

obtained in each case are portrayed in brackets. Im = imidazole, Py = pyridine.

3.5.4 Binding selectivities

301N7 N N\, 299 N N
/ /
-321
255 N" N
) \:/ / N -260
13 = 14 /N
1 4 -271
4 AMEP: 25 kJ mol AMEP: 61 kJ mol B

AMEP: 46 kJ mol AMEP: 40 kJ mol

X N \ N | NS
N -281 . N
-262 \\Q 282@) '308 -303
N -254 \\C X
I
18

-266
AMEP: 20 kJ mol'  AMEP: 26 k] mol”"  AMEP: 26 kJ mol'  AMEP: 37 kJ mol!

Figure 3.26 MEPs and AMEPs of supramolecular reagents. All values are in kJ mol .

69



Eight of the eighteen structures exhibited 1:1 stoichiometry. Of these, five were
obtained with carboxylic acids and three were with oximes. In the three cases with
oximes, all of them displayed best donor-best acceptor behavior, binding to the imidazole
nitrogen atom (a supramolecular yield of 100%). In the five structures with carboxylic
acids, two of them bound to the imidazole nitrogen atom. Both cases were salts (11b and
11e), with proton transfer taking place to the imidazole nitrogen atom. The remaining
three structures containing carboxylic acids showed a preference for the pyridyl nitrogen
atom. Two of them were with supramolecular reagent 12, which has a AMEP of just 25
mol”. This difference may be so small that the two binding sites cannot be distinguished
(Figure 3.26). Another reason may be due to the geometric match between the pyridyl
ring and the carboxylic acid. The aromatic C-H proton may aid this interaction, and
hence make this the preferred site for carboxylic acids. In all three cases the acid
carbonyl group and the adjacent C-H proton are almost co-planar, with the torsion angle

ranging from 5 to 10 °.

The overall supramolecular yield is 63%, five out of eight cases displaying best
donor/best acceptor behavior. This means that the reagents display a degree of reliability
in terms of the best donor/best acceptor approach, and the molecular electrostatic
potential calculations complement this, and can be used to rationalize the binding

preferences when two different binding sites are present.

In the cases of 2:1 co-crystal formation, both the imidazole and pyridyl nitrogen
atoms participate in hydrogen bonding interactions. This merely shows that both binding
sites are not sterically hindered, and are accessible to an incoming hydrogen-bond donor

without any geometric bias.

3.5.5 Hydrogen bond lengths

The hydrogen bond lengths for those interactions with the imidazole nitrogen
atom (Im) compared to those with the pyridyl nitrogen atom (Py), as well as the hydrogen
bond lengths for acceptor 1 (A;) and acceptor 2 (A») in crystal structure 15a are shown in

Table 3.5.
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Table 3.5 Hydrogen bond length comparisons for O-H "N interactions between the

imidazole and pyridyl nitrogen atoms

Crystal | Im(N)"H-O | <Im(N)"H-O (°) | Py(N)"H-O | <Py(N)"H-O (°)
structure A) (A)
11c 2.540 174.0 2.653 175.0
11g 2.600 175.0 2.637 179.0
11h 2.723 168.7 2.680 179.3
12¢ 2.620 174.9 2.633 169.0
12d 2.614 170.0 2.624 176.5
12¢ 2.603 174 2.596 171
13a 2.567 159.9 2.662 167.8
14a 2.575 171.4 2.603 174.7
A(N)"H-O | <A\(N)"H-0(°) | A;(N)"H-O | <A,(N)"H-O (°)
A) A)
15a 2.698 177.0 2.712 174.0

In seven out of nine cases, the shortest hydrogen bond length is for that between
the best donor and best acceptor. This shows that this interaction is stronger than that

between the second best donor and second best acceptor.

3.5.6 Salts

Of the four salts obtained, two displayed unpredictable composition. Structure
11d contained another molecule of pentamethylbenzoic acid present as a result of proton
transfer. The crystal structure of 11e contained an ethanol molecule. Despite this, the
main recognition events were undisrupted. The carboxylate forms a hydrogen bond with
the best acceptor, the imidazole nitrogen atom (as determined by the charge calculations),
whilst the iodine atom forms a halogen bond with the weaker acceptor, the pyridyl
nitrogen atom. The other two cases did not display any unpredictable behavior, with no

additional molecules appearing in the structure as a result of proton transfer.

3.5.7 Halogen bonding

Halogen bonding has gained considerable attention recently,” and appeared in
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three of the structures reported here: 11e, 11h and 12f, each of them containing N1
interactions.” Crystal structure 11h saw 4-iodobenzoic acid participating in a halogen
bond with the pyridyl nitrogen atom. Interestingly, in the crystal structure containing 3-
iodobenzoic acid (12b), no halogen bonding was seen to occur with the iodine atom.
This is despite the fact that the MEPs of the iodine atoms in both acids are of comparable
charge, Figure 3.27 and Table 3.6.

Table 3.6 MEPs of iodobenzoic acids

Acid Iodine atom
MEP kJ mol”
4-lodobenzoic acid 70
3-lodobenzoic acid 71

(a) (b)
Figure 3.27 MEP surfaces of (a) 3-iodo and (b) 4-iodobenzoic acid.

There were no iodobenzoic acid crystal structures with pyridines available for

comparison in the CSD.

Crystal structures 1le and 11h were with tetrafluoroiodo benzoic acid and
aldoxime analogues. 11e was a salt, due to the strong acid produced on adding the fluoro
groups to the ring. Nevertheless, both structures contained one-dimensional chains. The
iodine atom forms a stronger halogen bond in the aldoxime structure compared to the
carboxylic acid (2.786 A compared to 2.890 A). It is to be expected that the halogen
bond with the tetrafluoro derivatives would be stronger than the iodobenzoic acid
counterparts since the iodine atom in the former case has been “activated”, i.e has a
higher positive charge due to the addition of electron-withdrawing fluorine atoms, Figure

3.28.
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Table 3.7 MEPs of

tetrafluoroiodoaldoxime and benzoic acid

Tetrafluoroiodo Iodine atom
analogue MEP kJ mol
Aldoxime 70

Benzoic acid 92

(@) (b)

Figure 3.28 MEP surfaces of (a) tetrafluoroiodobenzoic acid and (b) tetrafluoroiodo-

aldoxime.

This is demonstrated in the cases of 4,4’-bipyridine and 1,4-diiodobenzene4, and
4,4’-bipyridine 1,4-diiodotetrafluorobenzene”, Figure 3.29.

|

3.032 A 2.851 A
(a) (b)

Figure 3.29 Comparison of bond lengths in (a) 4,4’-bipyridine and 1,4-diiodobenzene®
and 4,4’-bipyridine 1,4-diiodotetrafluorobenzene’.

Two out of three structures exhibited best donor/best acceptor behavior, with the
best donor (the hydrogen bond moiety) forming a hydrogen bond with the best acceptor,
and the second best donor (the iodine atom) forming a halogen bond with the second best
acceptor (the pyridyl nitrogen atom). Only 11h behaved unexpectedly (in terms of
connectivity), with two acid molecules interacting with both binding sites, and an

imidazole-iodine interaction.
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It has been shown that halogen bonding is a secondary interaction, and the
structural assembly is primarily driven by O-H "N hydrogen bonds. The combination of
hydrogen and halogen bonding provides an additional handle on the synthesis and
assembly of supramolecules. This makes it a versatile supramolecular strategy, capable

of bringing molecular building blocks together in a hierarchical manner.

3.6 Conclusions
It has been shown that a series of ditopic hydrogen bond-acceptor molecules, with
binding sites of similar geometry, can induce selectivity by means of their basicity. The
calculated MEPs of the supramolecular reagents can be used as a reliable guideline to the
prediction of their binding preferences. The accessibility of each binding site was
deciphered by obtaining co-crystals of 2:1 composition, while those of 1:1 stoichiometry

tells us something about the selectivity of the particular molecule.
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CHAPTER 4 - Probing the Reliability of Oximes as Hydrogen-bond

Donors in the Synthesis of Molecular Co-crystals

4.1 Introduction

Well-studied synthons include those of the interaction between an N-heterocycle and a

carboxylic acid, Figure 4.1.

(d)
Figure 4.1 Examples of supramolecular synthons composed with carboxylic acids and N-

heterocycles.

The most prominent of the above is the acid-pyridine synthon, which has proven itself to
be an effective and robust tool in supramolecular synthesis." Alcohols” and amines’ have also
been used successfully as reagents in the supramolecular synthesis of co-crystals. Carboxylic
acids have probably been the most effective of all at forming co-crystals, however there are also

a few drawbacks associated with them.

AAG = -28.6 kJ mol™ AAG = -18.2 kJ mol™

Figure 4.2 Homomeric interactions between (a) carboxylic acid and (b) oxime functionalities.

The lower energy of the oxime-oxime interaction indicates a weaker interaction.
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First, the acid-acid dimer (Figure 4.2 (a)) often prevails in the presence of other
components.” A reason for this is the hydrogen-bond accepting ability of the carbonyl oxygen
atom. The nitrogen atom of the oxime moiety is much weaker in comparison. The values from
these electrostatic potential calculations can also be used to calculate the energies (AAG)® of the
acid-acid dimer vs that of the oxime-oxime, Figure 4.2. The relative weakness of the oxime
dimer could be advantageous in co-crystallization reactions, since this motif is easier to disrupt

when another component is introduced.

Second, proton transfer often occurs in crystal structures involving a carboxylic acid and
a basic N-heterocycle. This leads to unpredictable connectivities (Figure 4.3), with the
carboxylate often bringing in another free acid or solvent molecule, in order to satisfy the
carboxylate anion. Instead, it has been shown® that the connectivity is much more predictable if
the acid retains a neutral charge, i.e. unexpected stoichiometry or chemical composition are
much less likely to occur. Such events can be avoided with oximes, since proton transfer is

much less likely to occur.

Figure 4.3 (a) Salt formed between 3,5-dinitrobenzoic acid and 1-[(pyrazol-1-yl)methyl], 3-
[(benzimidazol-1-yl)methyl]benzene, resulting in a 1:1:1 complex incorporating a free 3,5-
dinitrobenzoic acid and (b) salt formed as a result of proton transfer between pentamethylbenzoic

acid and 3-(4-pyridyl)-pyrazole, also resulting in a 1:1:1 complex.

Third, in order to synthesize co-crystals, it is advantageous if the solubilities of the two
components are similar. If one component is considerably less soluble than the other then there

is a high probability it will precipitate from solution by itself and the result will be a homomeric
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species. The solubility of many acids is poor, Table 4.1, which may prevent co-crystal synthesis.

Oximes can offer an improvement in this area.

Table 4.1 Solubility data for trimesic, terephthalic, and isophthalic acid, respectively.
Carboxylic Acid Solubility in Solubility in Solubility in
ethanol methanol water
)
O, (e}
soluble soluble® slightly
pre] (0]
H
[¢] O.
H
H—0 O
o>/ < > /<07H insoluble insoluble insoluble
H.
0 0
H .
0)\©)ko soluble soluble® slightly
* With heat

4.2 Oximes — Reliable Tools for Supramolecular Synthesis?

Oximes may offer an alternative to carboxylic acids since they are relatively easy to

synthesize, can offer an improved solubility, and, most importantly, provide an opportunity to

“fine-tune” the charge on the proton on the oxime moiety through simple substitution of the R

group. Figure 4.4 shows three types of oximes, acetyloxime (a), aldoxime (b), and cyanoxime

(©).
137 kJ/mol
O/H
H,C._~ lll
-204 kJ/mol
X
(@)
Figure 4.4
oxime.

135 kJd/mol

_H

?
H._ N

-224 kJ/mol
NC._ ~-N

-212 kJ/mol

X
(b)

174 kJ/mol

_H
?

X

Molecular electrostatic potential values (maxima and minima) of three types of
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The co-crystal forming ability of acetyloximes and aldoximes have previously been
studied, and have been found to be considerably poor.” A simple covalent modification of
changing the R group to that of a nitrile has a significant effect upon the MEP of the oxime
proton. The effect that changing this charge has upon the co-crystal-forming ability of

cyanoximes will be probed here, and the following questions will be addressed:

1) Are cyanoximes effective/reliable co-crystallizing agents?

2) Does this increased positive charge translate into a better hydrogen bond donating ability
of the oxime?

3) Does changing the charge affect oxime-oxime interactions? It will be interesting to
investigate what the preferred configuration of the oxime moiety is in the crystalline state, and
the structures that they adopt, the catemeric or the dimer configuration, and whether there is a

difference between the three different types of oxime, Figure 4.5.

He NZ | N7 | .-

-~ O - < <
R™ N |

ON H (ON _H
Il N__R N ?/H S ? "N ?
O\H_/ \T \\ /N \\ N \\ /N
R =H, CH, E E E

(a) (b)

Figure 4.5 Two different conformations of oximes: (a) dimer and (d) catemeric.

In order to answer these questions, a series of co-crystallization reactions were conducted

with cyanoximes (Figure 4.4 (c) and a set of symmetric hydrogen-bond acceptors.
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4.3 Experimental

4.3.1 Synthesis of cyanophenyloximes

CN HON CN

1. FPrONa, i-PrOH, N, atm
2. CH;ONO, N, atm, stir 12 hrs in ice

-
E

X 3. 1M HCltopH ~4 X

X=Br,Cl,F,H X=Br, Cl,F,H
Figure 4.6 General synthesis of cyanophenyloximes.

The preparation of the cyanophenyloximes, Figure 4.6, was carried out as previously
reported.®” 2-Propanol (250 mL) was placed in a 500-mL Erlenmeyer flask, and a magnetic stir
bar was added. A dinitrogen atmosphere was introduced by bubbling nitrogen gas into the 2-
propanol via a thin glass tube. N, was allowed to flow into the solution for around 10 min before
sodium metal (0.183 g, 7.94 mmol), this varied from each cyanoxime — see below) was added in
tiny pieces over a 15-min period. The Na metal was allowed to dissolve under the Nj
atmosphere (generally 2-3 h). The X-phenylacetonitrile (X = H, 4-Br, 2-Cl, 3-Cl, 4-Cl, 4-F, 2-F;
7.94 mmol, unless otherwise stated — see Table 4.2) was dissolved in 5 mL of additional 2-
propanol and added to the stirring i-PrONa solution. The solution changed from colorless to a
light peach color. A separate 500-mL three-necked flask was equipped with a stir bar, 10 g of
NaNO,, 100 mL of distilled H,O, and 50 mL of methanol. The NaNO, was allowed to dissolve
with stirring. A greased septum was introduced into one neck, and a greased one-hole rubber
stopper was placed firmly into the central neck. A dropper funnel (125 mL) was greased and
attached to the third neck with a Keck clip. A solution of 2:1 H,O/H,SO,4 (50 mL) was prepared
and kept in an ice bath (~4 °C). After a glass U-tube apparatus was assembled between the i-
PrONa/acetonitrile solution in the Erlenmeyer flask and the NaNO,/H>,O/MeOH solution in the
three-necked flask Figure 4.7, the acid/water solution was placed into the dropper funnel, and the
acid/water solution was slowly added dropwise to the NaNO,/H,O/MeOH solution inside the
flask.
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Figure 4.7 Set up for the synthesis of cyanophenyloximes.

Small bubbles of the evolving CH3;0NO gas were immediately seen upon the reaction of
the acid with the sodium nitrite. Evidence of the methyl nitrite gas flow into the Erlenmeyer flask
was seen as evidence of gas bubbles under the surface of the i-PrONa/acetonitrile solution. This
solution immediately changed from the light peach color to a bright yellow. The acid/water
mixture was slowly added dropwise to the NaNO,/H,O/MeOH solution in small aliquots until all
was added (about 1 h). The U-tube apparatus was dismantled, and the now bright yellow i-
PrONa/acetonitrile/CH3;0NO solution was placed under an N, atmosphere. The Erlenmeyer
flask was placed into an ice bath and allowed to stir overnight at ~4 °C. The next morning a
small amount of white solid had precipitated from the bright yellow solution. This solid was
filtered off and determined to be the sodium cyanophenyloximate salt via 'H NMR. The
remaining solvent was removed from the reaction mixture via rotary evaporation, resulting in a
light yellow solid. If "H NMR showed starting material present, the solid was dissolved in 50
mL of water at room temperature, and excess starting material was filtered off (the
cyanophenyloximate salt is soluble in water). The water was removed, and the resulting solid
was determined to be the pure sodium cyanophenyloximate salt via 1H NMR. All of the sodium
cyanophenyloximate salt was collected in a 250 mL beaker and dissolved in 40 mL of distilled
water. A magnetic stir bar was added, and the beaker was placed in an ice bath on a stir plate.
The starting pH of the mixture was ~10 HCI (1 M) was added in 2-mL aliquots, and the pH was
measured via pH paper after each addition. A white precipitate began forming when the solution

was at pH 8. Acid was continuously added until the pH of the solution was determined to be ~5.
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At pH 5, the solution was very cloudy and white. This white precipitate was filtered off and

determined to be the free oxime, and characterized by melting point, '"H NMR and IR.

Table 4.2 Cyanophenyloxime synthetic data

Cyanoxime Yield Yield MP Lit. "H NMR v v

() (%) O MP (8 ppm) (C=N) | (C=N)

O (200 MHz, DMSO-d,) (em™) | (em™)

4-Br, 19 1.408 79 | 129-131 135 7.42-7.53 (dd, 4H), 14.1 (bs, 1H) 2216 1672

2-CL 20 1.002 71 110-112 | 112 7.47-7.66 (m, 4H), 14.1 (bs, 1H) 2236 1653

3-Cl, 21 4239™ | 70 | 107-108 | 105 7.46-7.49 (m, 2H), 7.60-7.66 (m, 2229 1653

2H)
4-Cl, 22 1.020 71 95-98 95 7.58-7.62 (d,2H,J=),7.72-1.76 (d, | 2216 1679
2H,J =), 14.1 (bs, 1H)
2-F, 23 4571 | 75 | 118-120 | 118 7.32-7.46 (m, 2H), 7.55-7.74 (m, 2228 1646
2H), (bs, 1H)
4-F, 24 1748 | 72 83-85 89 7.34-7.43 (m, 2H), 7.74-7.81 (m, 2245 1600
2H), 13.84 (bs, 1H)

H, 25 53390 | 85 | 125-126 | 128- 7.72-7.77 (m, 3H), 7.53-7.56 (m, 2236 1646

129'° 2H), 13.8 (s, 1H)

"Starting with * 33.3, ©37.0,€15.9, and 42.7 mmol of X-phenylacetonitrile

4.3.2 Synthesis of Co-crystals

Co-crystals/solids were obtained through slow evaporation at room temperature.

Solids

produced were analyzed by IR spectroscopy, and crystals were analyzed by IR spectroscopy and

X-ray crystallography.
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Table 4.3 Names of heterocyclic ligands and abbreviations, employed in this study.
Ligand Ligand Structure Ligand Ligand Structure
Abbreviation® Abbreviation
1,4-bibix ﬁN@N 1,4-bix Nﬁ©—\N
| O |
N S o8
1,4-(2-Me)- 1,4-(2-Me)-
bibix }Nﬁ@jﬁ‘ @ bix }N/_Q_\N
c N\© /<\N d N/\) /&l\}
4,4°-bpe e 4,4’°-bipy /\i>_<j\
e /N f N N
N N N 7/ N\
1,3-bix N N 1,3-bibix o~ N
J N NN J /N N
C O T guE
1,4-(5,6- ﬂ 1,3-(5,6- MY
dime)-bibix N dime)-bibix /\Q/\N/\
. N . \N
1 o |

*4,4°-bipy = 4,4 -bipyridine; 4,4’-bpe = trans-1,2-bis( 4-pyridine)ethylene

Commercially available heterocycles were purchased from Aldrich. Bis-imidazoles and
bis-benzimidazoles employed in this study, Table 4.3, were synthesized using published
procedures.'’ Co-crystals of cyanophenyloxime plus the nitrogen-containing heterocycles that

produced both single crystals and solids were synthesized as follows:

4.3.2.1 Synthesis
(2:1), 21a
21 (8.0 mg, 0.045 mmol) was dissolved in 1:1 ethanol/ethyl acetate in a 50 mL beaker. A

of 3-chlorophenylcyanoxime 1,4-bis[(benzimidazol-1-yl)methyl]benzene

1:1 ethyl acetate/ethanol solution of 1,4-bibix (15 mg, 0.045 mmol) was added. Fluffy crystals
not suitable for X-ray crystallography were obtained after 2 days. These needles were
redissolved in methanol and colorless plates were obtained via slow evaporation after ~ 2 weeks;

mp: 160-179 °C.
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4.3.2.2 Synthesis of 2-fluorophenylcyanoxime 1,2-bis(4-pyridyl)ethylene (2:1), 23e

23 (13 mg, 0.082 mmol) and 4,4” bpe (13 mg, 0.082 mmol) were both dissolved
separately in acetonitrile. Slow evaporation over 5 days yielded very skinny needles not suitable
for X-ray diffraction. Consequently the needles were redissolved in methanol, which produced

suitable crystals (colorless plates); mp: 167-170 °C .

4.3.3 Calculations

The charges on the three oximes used in this study were calculated using Spartan 04
(Wavefunction, Inc. Irvine, CA). The three molecules were optimized using AMI, and the
maxima and minima in the molecular electrostatic potential surface (0.002 e/au isosurface) were
determined using a positive point charge as a vacuum as the probe. The electrostatic maxima
and minima as determined by AM1 for cyanophenyloximes, along with those for acetyloxime

and benzaldoximes, are shown in Table 4.6.

4.3.4 X-ray crystallography

Data sets were collected on a Bruker SMART APEX diffractometer using molybdenum
Ka radiation at 100 K. Data were collected using SMART.'? The asymmetric units for all
structures contained one oxime and one-half bis(imidazole) molecule. Single-crystal structure
determinations were carried out on two cyanophenyloxime-based co-crystals. The relevant
crystallographic data are displayed in Tables B.27 and B.28 and hydrogen-bond geometries for
both are listed in Table 4.5.

4.3.5 Infra-red spectroscopy and melting point

Infrared spectra of the products obtained in the co-crystallizations were acquired using a
potassium bromide pellet. An approximate 8:1 ratio of KBr to solid product was combined in an
oven-dried mortar and ground to a uniform powder with a pestle. A pellet press was employed
to create a transparent KBr pellet that was used for analysis. A Nicolet FT-IR instrument
equipped with OMNIC software was used to analyze the data. The main features used for
identification are the O-H"N hydrogen-bonding bands at 2500 and 1900 cm™."> Melting points

were performed on a Fisher-Johns apparatus and are uncorrected.
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4.4 Results

The relevant IR data for the attempted co-crystallization reactions are summarized in
Table 4.4.

4.4.1 IR Spectroscopy

Table 4.4 IR data (position of O-H "N stretches) from co-crystallization experiments

IR O-H N bands (cm™)

Oximes
Phenylcyanoximes

Heterocycle 19 20 21 22 23 24
4,4’-bipy 2522, 2545, 2482, 2540, 2525, 2494,
1845 1834 1839 1823 1808 1823
4,4’-bpe 2488, 2489, 2449, 2484, 2489, 2484,
1859 1833 1839 1849 1849 1849
1,4-bix 2488, 2501, 2442, 2508, 2488, 2488,
1819 1858 1825 1832 1891 1898
1,4-bibix 2482, 2484, 2442, 2504, 2499, 2528,
1812 1885 1819 1772 1844 1785
1,4-(2-Me)-bix 2462, 2508, 2508, 2501, 2508, 2514,
1825 1885 1912 1904 1878 1898

1,4-(2-Me)-bibix 2482, 2488,

1799 * 1806 * * *
1,3-bix 2501, 2489, 2535, 2521, 2821, 2504,
1845 1885 1878 1911 1865 1890
1,3-bibix 2515, 2499, 2522, 2508, 2514, 2521,
1859 1885 1865 1845 1885 1851

1,3-(5,6-dime)-bibix 2548, 2520,

1931 * * 1833 * *
1,4-(5,6-dime)-bibix 2495, - - 2514, 2488, 2541,
1818 1865 1885 1898

- indicates no co-crystal was formed, * indicates no co-crystallization was attempted

Table 4.5 Hydrogen-bond geometries for 21a and 23e

Co-crystal D-H"A d(D-H), A | d(H...A), A | d(DA), A | <(DHA), °
21a 0(37)-H(37)"N(13) 0.93(2) 1.69(2) 2.6145(2) 176.3(2)
23e O(17)-H(17)"N(21) 1.03(3) 1.60(3) 2.628(3) 178(3)
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4.4.2 Crystal structure of 3-chloro-phenylcyanoxime 1,4-di[(1-
benzimidazolyl)methyllbenzene (2:1), 21a

The single-crystal structure of 21a reveals the presence of a trimeric supermolecule,
Figure 4.8, a 2:1 co-crystal assembled via two equivalent O-H "N hydrogen bonds. There are

no other noticeable interactions in this crystal structure. The oxime moiety is planar with the

aromatic backbone, and the phenyl-benzimidazole torsion angle is approximately 77°.

Figure 4.8 The trimeric supermolecule 