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I AOOOAAOD

Four different methods; molecular electrostatic potentials (MERgJrogenbond energies
(HBE), hydrogerbond propensities (HBP) and hydrogeond coordination (HBC) were used for
mapping out the structural landscapdvwetlve pyrazole and twelve thiazole basedlecules In
seven out of eight crystal structures obtdine pyrazoles, a combination of HBE and HBP
predicted the experimentally observed synthons corrdatlgll eight crystal structures obtained

in thiazoles, the synthons were predicted correctly using all four methods.

A series of cecrystallizations beveen twelve pyrazole with twenty carboxylic acids (240
experiments), and twelve thiazole with twenty carboxylic acids (240 experiments) were carried
out to build @ experimental library that could be used for evaluating the abiligjectrostatics,
enegies, propensities and molecular complementarity methods to rationalize the observed
intermolecular interactions. The results suggested that a combination of electrostatics and
molecular complementarity are essential for identifying the predominant naneegbgnition

events in the pyrazole based study, and methods such as MEPs, HBE, and HBP all predicted the

observed synthons in awystals of the thiazolbased molecules.

In order toexaminecompetition between hydrogen and halogen bonds, and to sizghernary
co-crystals, four thiazole based molecules werenystallized with 15 hydrogebhond donors and
one halogen bond donor resulting in newcegstals in 44 out of 60 experiments, and the crystal
structures of two ternary exrystals were obtaed.

A series of eight unactivated and activated amide functionalized molecules were synthesized to
establish a supramolecular halogmnd hierarchy. The positive electrostatic potential on the
halogen atoms was enhanced througls@hybridized carborand electrorwithdrawing fluoro
group(s) next to amide group. Tetraflourinated and iodoethynyl based molecules were identified
as the most effective haloge&ond donors and were therefore least successful farystal

synthesis.



In order to predict crstallizability of 83 druglike molecules a molecule, logistic regression
approach was employed using molecular descriptors suniokegsular weightyotatable bond

surface area, heteroatom, melting temperature, glass transition tempeeatdreolecular
shape/volumeFour different models were developed, and the success rate was above 85% (using

experimental DSC data for the crystallization classification).

Finally, the solidform landscape of urea was explored using full interaction maps (FIMs), and
data from the CSD to develop optimum protocols for synthesiziagrgstals ofthis compound

As aresult, 49 of 60 attempted reactions produced nesystals Moreover, the goal of reducing
solubility and lowering hygroscopicity of the parent compouad achieved, which, in turn, offers
new opportunities for a slowelease fertilizer with limited hygroscopicity thereby reducing many
current problems of transport, handling, and storage of urea.
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Abstract

Four different methods; molecular electrostatic potentials (MEPSs), hydimgeh energies
(HBE), hydrogerbond propensities (HBP) and hydrogeond coordination (HBC) were uséat
mapping out the structural landscapeveélve pyrazole and twelve thiazole basedleculesIn

seven out of eight crystal structures obtained in pyrazoles, a combination of HBE and HBP
predicted the experimentally observed synthons corrdatigll eight crystal structures obtained

in thiazoles, the synthons were predicted correctly using all four methods.

A series of cecrystallizations between twelve pyrazole with twenty carboxylic acids (240
experiments), and twelve thiazole with twenty carbimxgkids (240 experiments) were carried

out to build an experimental library that could be used for evaluating the ability of electrostatics,
energies, propensities and molecular complementarity methods to rationalize the observed
intermolecular interactitzs. The results suggested that a combination of electrostatics and
molecular complementarity are essential for identifying the predominant molecular recognition
events in the pyrazole based study, and methods such as MEPs, HBE, and HBP all predicted the
observed synthons in ecrystals of the thiazolbased molecules.

In order toexaminecompetition between hydrogen and halogen bonds, and to synthesize ternary
co-crystals, four thiazole based molecules wererystallized with 15 hydrogehond donors and
one halogen bond donor resulting in newcegstals in 44 out of 60 experiments, and the crystal

structures of two ternary exrystals were obtained.

A series of eight unactivated and activated amide functionalized molecules were synthesized to
establisha supramolecular halogdiond hierarchy. The positive electrostatic potential on the
halogen atoms was enhanced througls@hybridized carbon and electravithdrawing fluoro
group(s) next to amide group. Tetraflourinated and iodoethynyl based moleeukeglentified

as the most effective halogbéond donors and were therefore least successful farystal

synthesis.



In order to predict crystallizability of 83 drtldke molecules a molecule, logistic regression
approach was employed using molecwascriptors such awolecular weightyotatable bond

surface area, heteroatom, melting temperature, glass transition tempeeatdreolecular
shape/volumeFour different models were developed, and the success rate was above 85% (using

experimental DS@ata for the crystallization classification).

Finally, the solidform landscape of urea was explored using full interaction maps (FIMs), and
data from the CSD to develop optimum protocols for synthesizirggysials ofthis compound

As aresult, 49160 attempted reactions produced newcogstals Moreover, the goal of reducing
solubility and lowering hygroscopicity of the parent compound was achieved, which, in turn, offers
new opportunities for a slovelease fertilizer with limited hygroscopigithereby reducing many
current problems of transport, handling, and storage of urea.
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Glossary of terms

Hydrogen-bond propensity: A model to predict which donoend acceptors form hydrogen
bonds in a crystal structure, based on the statistical analysis of hydrogen bonds in the
Cambridge Structural Database (CSD).

Hydrogen-bond coordination: A model indicating how many hydrogdiond interactions a
donor and acceptaan have.

Hydrogen-bond energies:A term to calculate the interaction energies between a donor and
acceptor.

Molecular electrostatic potentials: The molecularelectrostaticpotential ( MEP) at a given

point p(X,y,z)in the vicinity of a molecule is tHerce acting on a positive test charge (a proton)
located ap through the electrical charge cloud generated through the molecules electrons and
nuclei.

Synthon polymorphism: Synthon polymorphism in a molecule occurs when the primary
synthons in the formare different.

Logistic regression model:lt is astatistical modeihat is usually taken to apply to a binary
dependent variabldt is used to estimate the probability of a binary response based on one or
more predictor (or independent) variables (ieas).

Full interaction maps: The tool calculates regions around the molecule (maps) where
chemical probe groups are likely to be found, based omxyiractedsostarinteraction data

from the CSD. The calculation procedure first identifies distincttfonal groups in the
molecules viewed, and then finds relevant interaction data in IsoStar. Next it pulls together the
groupbased interaction data and takes into account the environmental effects of combinative

factors and steric exclusion to create &30 picture of molecular interaction preferences.
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Chapter 1 - Introduction

1.1 Crystal structure-property relationship

iStructur e De t 'dsrapowerfal sondept ia ghenmistryi apids/sdan important role

in all fields includingenvironmental science, biology, bigghistry, polymer science, medicine,
engineering, and nutritiochCrystalization performed under different conditions can yield crystals

of different sizes and morphologies, thus providing a way of modifying particles to desired
specificationsThe structure of a compound including form, size, shape, conformation, functional
groups, intermolecular interactions have the potential to impact the purification, solubility,
chemical and physical stability, melting point, particle size and mechanical properties of a
molecule of interestFigure 1.1) The desired properties in a compducan be achieved via two
ways: covalent modification to design and synthesize molecule with desired properties (covalent

synthesis) or supramolecular synthesis viaoovalent interactions.

Struture property relationship

<
L]
=
A—
3
o]
-
<
(e}
@

6 8
CHAIN LENGTH

Figure 1.1 Correlation of the melting points with the dicarboxylic acid chain Iehgth

1.2 Covalentchemistry vs supramolecular chemistry

Covalentchemistryinvolves breakage or formation of a covalent bond to perform ‘st

reactions, and to isolate intermediates and products with desired yield. Cgathiesiscan be

defined in a simplisticway d&s6t he conversion ofeagéhd t@and, hasibg



studied over the years by organic chemists to better understand the structure, reactivity and reaction

pathways (Scheme 1.4).

OH + H2N
|

Covalent synthesis | l l |Supramolecularsynthesis ‘
H
o H A
u : Y ot 7 N<;4'H j y ~OH
¢ AA BB AB

Schemel.1 Covalent vs supramolecular synthesis.

Supramolecular synthesis on other haadbasedon noncovalent interactions and is largely
unexplored, compared to organic covalent synthesis. Supramolecular chemistry is ddiihed as
chemistry of molecular assemblies and of the intermolecular bbypdearAVarie Lehn, who won
the Nobel Prize in 1987 for his outstanding contributions to the ¥igldan be achieved by the
use of reversible intermolecular indetions such as hydrogéonds, halogebonds,vander

waalsa n d° “i nt eThastrdngthooheach interaction is giveTable 1.1

Table 1.1 Estimated strength of intermolecular interactions

Types of nteraction Strength
(Kj/mol)
Covalent 100-4400
Hydrogen bond 10-70
Halogen bond 5-180
- 0-50
Vander Waals <5

1.3 Supramolecular synthons

The design of organic crystals relies on the concefupfamolecular synthofi€,a structural

unit within a supermolecule which can be formed and/or assembled by known or conceivable



synthetic operations involving intermolecular interactid$iese synthons defines the structure

of a molecule. However, robustness ofstaynthons is an issue because of weak, labile and
deforming natur@f non-covalent interactions. If a wetlefined strategy is developed to generate
robust synthons, then the protocol can be carried over from one molecule to another with
generality. Summolecular synthons are divided into two types; homomeric synthons (occurs
within the individual molecules) are achieved bycrgstallization of individual molecules and
heteromeric synthons (occurs between two different molecules) are achievedriggtaidzation

of two or more molecules (Scheme 182).

= | Re-crystallization

Homomeric synthons

-.-. = |Co-crystallization

Heteromeric synthons

Schemel.2 Supramolecular synthons

1.4 Co-crystals

The definition ofa cocrystal is stillunder debate. Thufr the scope of this dissertation, a co
crystal will be defined as, solids that are crystalline sip@lease materials composed of two or
more different molecular compounds generally in a stoichiometric’fefié\ co-crystallization is

a deliberate attempt at bringing together different molecular species within one periodic crystalline
lattice without making or breakgncovalent bonds via heteromeric interactitni. is different from
naturally occurring phenomenon called recrystallization in which homomeric interactions
dominate in the crystal latti¢g€&cheme 1.2)The ability of a molecule to formcacrystal depends

on various factors, including the types otfoomer, the stoichiometric ratio, the solvents, the
temperature, the pressure, the crystallization technique, etcrySials have different crystal
structures than the pure componentsiaim different intermolecular packing patterns, and as such

they often exhibit widely different physical properties than the pure components.

3



Synthetic method

Liquid assisted grinding

o e
| [
L T ————_

~____________¢

. Slow solvent evaporatlo

Co-crystals

Supramolecular glue

Characterization

SCXRD

Figure 1.2 Summary of synthetic method, supramolecular intevas and characterization
method used to study awystals in this thesis.

Co-crystal synthesis can be performed via severathods, including slow solvent evaporation

slurrying, liquid assistedyrinding melt (hot stage microscopy), solution cryistation andco-

sublimationtechniques®'® Among these methts, liquid assistedyrinding has been reported to

be a coseffective, green, and reliable method for discovery of newrgstals as well as for

prepaation of existing cecrystalst’ The componats in a cecrystal exist in a definite

stoichiometric ratio, and assemble via fomw v a |

interactionst® dipole-dipole interactions? halogen bods?°

ent i nteract sbaskisng

and hydrogen bond$. For this

dissertation, only halogen and hydrogen bonds will be cov&rezlstructure characterization of

co-crystals can be done using infied spectroscopy, single crystatray crystallogaphy and

powder xray diffraction andhe physical propertiesisingmelting point apparatus, differential

scanning calorimetry, thermogravimetric analyigure 1.2%24



1.4.1Hydrogen bonding

A hydrogenbond (HB) s defined as fdan attractive iIintera

molecule or a molecular fragmem®] HE A in which R is more electronegative than H, and an
atom or a group of atoms in the same or different molecule, in which there is evidence of
bord f o r M Figureold. o ,

Figure 1.3 A schematic of hydrogehonding

Hydrogenbonds represent one of the most studied intermolecular interactions in supramolecular
synthesis, due to the strength and directionality of such interactions, when comparedatherany
intermolecular interaction¥hey are the basis of molecular recognition and are responsible for the
generation of families of molecular networks with the same molecular components (single
component crystals and their polymorphs) or with differentemdar components (multiple

component crystals or emrystals) in the crystalline state (Figure £%).

Figure 1.4 An example of hydrogebonding in cecrystals®’

An important milestone to determine the supramolecular synthons is the hythmggrules was
proposed by Margaret C. Etter in 19%91.

(1) All good acidic donors anatcceptors in a molecule will be used in hydrogen bonding.

(2) Sixmembered intramolecular hydrogen bonds are preferred over intermolecular hydrogen
bonds.

(3) The best acidic donors and acceptors remaining after intramolecular hydoygewill form
intermolecular hydrogen bonds to one another.



1.4.2Halogen bonding

The definition of halogen bonHAI ZXBxcatrat evhemh
is evidence of a net attractive interaction between an electrophilic region on a halogen atom X
belongingto a molecule or a molecular fragmerit®(where R can be another atom, including

X, or a group of atoms) and a nucleophilic region of a molecule, or molecular fragsnertsd ,

Figure 15.

D - >O0—EDDo

X=1, Br, Cl
A=N, O, s, Se, Cl, Br, |

Figure 1.5 A schematic of halogebhonding

Halogen bonding is a nerovalent interaction, electrostatic and directional in nature. It is
comparablen strength to hydrogehonds (~5180 kJ/mol) and has gained increasing importance

in crystal engineering because of its strength and effectiveness as a stluretttneg force. The

strength of the interaction increases in going from chlorine to braimiiogline depending on the
polarizability of the halogen atom. An interestiiegiture of the halogebond is that the strength

of this interaction can be effectively incre
posi t-h olaetidatio) with electron withdrawing substituents (Figure 1.6). Literature has
shown that by introducing ap-hybridized carbon next to the halogen at@mby incorporating

a fluorinated backboRenext to the halogen atom, the molecular electrostatic potential that

dee r mi n efwle is bnbandetts!

HEHEHT

HEFEE

-
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() (b)

Figure 1.6 (a) Sigma hole on the halogbond donor (b) Activation of halogdrond donors by
fluorinating or intoducing an sghybridized carbon.

Figure 1.7 A halogen bond formed between 2,3;5@&ramethylpyrazine and pis(iodo}
2,3,5,6tetrafluorobenzen.

1.4.3Applications of co-crystals

Co-crystals have been used to develop new anticdicentifungal®® antiviral®
anticonvulsant® 3’ and antidepressafitdrugs with enhanced aqueous solubility. The same type
of technology has also been explored fonproving energet materials’® enhancing

agrochemicals anfibr stabilizing volatile chemicaf®

1.4.3.1Pharmaceutical cecrystals

Co-crystals have been widely used in pharmaceuticalsing to improve solubility, dissolution
rates, stability and bioavailability. Several wielown commercial compounds have been targeted
in cocrystal synthesis such as gabaperffinaspirin, norfloxacirf! stanoloné€’ caffeine,
saccharine, efavirerfZ and many other#\n example of Figure 1.8 shows an increase in solubility

of theophyline drug using careful choice of-formers?3
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1.4.3.2Agrochemicals cecrystals

The term " agrochemical refers to a collectio
herbicides and insecticides or acaricides Agrochemicals agetageotect crops from pests and

thus help improve the quality and quantity of crop production. Two common agrochemicals;
cyprodinil and terbuthylazine showed the potential to forrorgstals with a series of diacids. The
co-crystals displayed meltingomts different from the parent active. In cyprodinit@ystals, the

solubility of the active could be altered using-agstallization and a very good correlation
between the caorystal solubility and cdormer solubility was reported (Figure 1.9).

Solubility profile of Cyprodinil

Cyprodinil Succinic Adipic suberic Sebacic  Dodecanedioic

(@) (b)

Figure 1.9 (a) chemical structure of cyprodinil and (b) solubility profile ofargstals of
cyprodinif

1.4.3.3Energetic cocrystals



An energetic materidab a readtve substance that releases great amount of potential energy upon
explosion, alscaccompanied by the production ligiht, heat sound andpressuré® Energetic
materials includexplosives, propellants and pyrotechnics.-d@gstallization is proving to be a
powerful tool for creating lessensitive explosives, as well as modifying and optingizither
properties of energetic materidfhile traditional strategies for energetic materials development
have relied on the synthesis of novel energetic compounds and the optimization of their
(polymorphic) solid forms, carystallization presents an elegant means to improve the
performance of mergetic materials without requiring new chemical synti@giew examples of
energetic cecrystals includes HMX, Ci20, DADP where properties such as sensitivity, density,

detonation velocity, and oxygen balance are alt@faglire 1.10)

Detonation Velocity Impact Sensitivity

(m/s) . 50
Eg A 40
9400 _ 130
: & 20

2:1 CL-20:HMX B
Cocrystal SR

AR

9300

Figure 1.10 Detonatia velocity and impact sensitivity of energetinergetic cecrystaf’

1.4.4Co-crystal prediction

Co-crystal prediction habeen reported to include the following steps: (1) determining whether a
given set of two or more molecular components will undergorgstallization; (2) identifying the
primary intermolecular interactions, or supramolecular synthons that will exisbwaitparticular
co-crystal structure. Both predictions are important form application stand pointcagstals of

APIs, agrochemicals, nutraceuticals and explosives represent a class oetomltinent
crystalline forms that are of interest for theivadtageous physical properties and for intellectual
property implications. The ability to predict a priori which compounds are likely to form co
crystals with a given API would provide a complementary tool to experimental screening and
ability to predict he primary intermolecular interactions in theagstal will prevent synthon
crossover and synthon polymorphism.

1.4.4.1Current co-crystalscreeningprediction methods

9



Various approaches have been propasdteratureto elucidate theo-crystal screening oubene
Fabian employed molecular shape and polarity as benchmarks for predicting the formation of co
crystals*®*® Price and cavorkers focused on lattice energy comparisons efrgetals and pure
components as laasis for predicting corystal formatiort? and Velagauggested tit drugs and
co-formers with similar Hanson solubility parameters are likely to foratrgstals with each
other®® Joresand ceworkers employed hydrogdsond propensities as a way quantifying
homomeric and heteromeric interactiéfig’ Hunteret al.and Aakeroyet al. used a combination

of experimentally derived parametersdaelectrostatic potential surfaces to prediotcrystal
screen anagupramoleculasynthonsin the solid as well as solution phasé® Galeket al.
demonstrated that hydrogéond propensity calculatio$%! which rely on a statistical analysis

of the occurrence of hydrogen bondsrelevant structures present in the Cambridge Structural
Databasé® 2 could be used for prégting the outcome of corystallizations of therug
lamotrigine®*%4 Validation studies performed so far indicate that a combination of methods is

valuable when performing a knowledge basedocmer screefi®

1.4.4.2Current co-crystalsynthonprediction methods

Co-crystal design is aided by the use of statistical tools such as knowleske idrogerbond
propensity  calculatiofi$®®  and computational methods  such as molecular
complementarity?®op iKa calculation® and molecular electrostatic potential surfaces MEPS.
Despite the availability of such tools, and despite our evolving understanding of how molecules interact
in the solid state, it still remains impossilideempirically and statistically predict the arrangement of
individual or multiple molecules in a crystal lattfé&® Likewise, it is extremely difficult to empirically
predict the formation of supramoleculangyons in cocrystals composed of molecules containing a
broad range of functional groufss.

In order to facilitate the design of cocrystals containing such complex entities, it will be necessary to
considerably deepen our understanding ofassembly processes in the solid stafhe prediction
method knowledge will then be applied to large, flexible drug like molecules to solve an important issue

in development: crystallizability.
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1.5 Crystallization

Crystallization is the physical transformation (phase transition) ajuadli solution, or gas to a
crystal, a solid with an ordered internal arrangement of molecules, ions, or’atoieglifferent

from amorphous materialasolid that lacks théong-range ordethat is characteristic of@ystal
(Figure 1.11)"> The generation of the first crystalline seed from which a molecule can be
crystallized is one of the st important, and sometimes most difficult, tasks in drug development.
Crystallization is critical in that it provides a path forward for product isolation from the final step
of the synthetic process, as well as sets the physical properties underginmngubstance
performance in the drug produciThe crystallization process consists of two major
eventshucleationandcrystal growthwhich are driven by thermodynamic properties as well as

kinetics™

* Disordered structure
* Do not have sharp melting point
* No definite heat of fusion

* Ordered structure

* Sharp melting point

* Definite heat of fusion

* Anisotropic

* Have covalent, ionic, metallic,
non-covalent bonds

* lIsotropic
* Have covalent bonded networks

Crystalline Amorphous

* Less stable

* Prone to crystallization and degradation
* Higher solubility

* Higher risk

* More stable
* Lower solubility
* Lowerrisk

Figure 1.11 Properties of crystalline vs amorphous materfals.

Crystalnucleationis the step where the solute molecules or atoms dispersedsioivireforms
stable cluster®n the microscopic scale under the cotreperating condition®. These stable
clusters then reaches a critical size to become a stable.fiidteicritical size is dictated by many
experimental and environmenfaktors {emperaturgpressure, solvensupersaturatigretc.). It

is at the stage of nucleation that the atommaolecules arrange in a definaddperiodicmanner

that defines therystal structuré’’®
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https://en.wikipedia.org/wiki/Nucleation
https://en.wikipedia.org/wiki/Crystal_growth

(S)O Nucleation
O OO0 —) &)
Liquid Crystal

Figure 1.12 Schematics of crystal nucleation and crystal grofith.

Thecrystal growths the subsequent size increase oftheei thahas achievethe critical cluster
size(Figure 1.12)° It is a dynamic process occurring in equilibrium where solute molecules or
atoms precipitate out of solution, and dissolve back into solution. Supersaturation is one of the
driving forces of crystallization, as the solubility of a species is an equilibrium prpeastfied

by Ksp. Depending upon the conditions, either nucleation or growth may be predominant over the
other, dictating crystal size.

1.5.1Why is prediction of crystallizability important?

Predicting the crystallization propensity of d#ike molecules ine of the biggest challenges

facing pharmaceutical scientists today. Specifically, understanding which molecules in a series of
similar compounds will be the most difficult to crystallize would be extremely useful, as would

any indication of the experim&l conditions (such as temperature, solvent polarity, molar
concentration, etc.) that might make crystallization take place more reblddye isalsogreat

interestin minimizingresearch and developmertsts which are estimated to be about $1 billion
perdruglaunch,taking abou6i 10 yeardor drug development arnahly 10% of the compounds

in development survive the efycacyFigaald3f8 afety
Therefore, predictions can save time, money and experimental effobtsthnacademic and
industrial research as well as prevent any unexpected and unwanted discovery at the late stage of

development.

12
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Figure 1.13 Timeline of drug development process from synthesis to madg# st

Different approaches have been taken in recent years to model and predict crystallization
propensity. Machine learning approachsesatistical (random forest) modelling, DSC based
heat/cool/heat methods have been leygd to model angbredict crystallizability in terms of
giving single crystals suitable for-May diffraction®? These varied approaches magt give a
consistent picture of crystallizability, as the difficulty in nucleation does not necessarily correlate
to slow crystal growth rates or poor crystal qudlitivore importantly, these approaches do not
provide a path forward to overcome inherently poor crystallizability crgstallizing a molecule

for the first time Based on the information from various studies, it is concluded that combination
of descriptors play an important role on the crystallization outcome. The following descriptors

were considered important basedliterature sources (Table 1.2).

Table 1.2 Important descriptors and literature sources

Important descriptors References

Number of rotatable bond| Florescencet. al®? cooperet. al®*
Molecular size Cooperet. al®
Molecular weight Tayloret. al®
Viscosity Tayloret. al®
Thermodynamics paramete Fischeret. al®
# of H-bond donors Fischeret. al®®
Carbon to heteroatom ratig Fischeret. al®®
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1.6 Goals of the dissertation

Discovering the right solid form with optimal chemical/physical properties is of paramount
importance in academic and industry research. This thesis will focus on the validating the
prediction methods such as hydeogbond propensity (HBP), molecular electrostatic potentials
(MEPs), hydrogeftoond energies (HBE), and hydrogeond coordination (HBC) for
supramolecular synthon predictions in the target molecules aciystals. The second goal of the
thesis will be tgredict cacrystal screening of a library of small rigid molecules using combination

of prediction methods. This knowledge will then be transferred to predict the crystallizability of

large, flexible drugike molecules. The basic concepts will therubed to alter bulk properties

of functional materials in a desirable manner.

This dissertation will focus on following goals;

1 Chapter 2 will focus on predicting the homomeric synthons in the twelve pyrazole molecules
using four prediction methods: MEPsBH, HBP and HBC.

1 Chapter 3 will focus on comparing the prediction (using HBE and HBP) vs experimental (using
FTIR) cocrystal screening results of twelve pyrazole molecules with 20 carboxylic acids. The
second part of chapter will focus on the predicting supramolecular synthons in the co
crystals using MEPs, HBE, and HBP methods.

1 Chapter 4 will focus on predicting the homomeric synthons in the twelve thiazole molecules
using four prediction methods: MEPs, HBE, HBP and HBC.

1 Chapter 5 will focus onamparing the prediction (using HBP) vs experimental (using FTIR)
co-crystal screening results of twelve thiazole molecules with 20 carboxylic acids. The second
part of chapter will focus on the predicting the supramolecular synthons intigstals usig
MEPs, HBE, and HBP methods.

1 Chapter 6 will apply both hydrogen and halogen bonding as synthetic tools to design binary
and ternary carystals.

1 Chapter Awill focus on developing a supramolecular hierarchy of activated amide containing
halogen bond donors and -coystallization to determine the strength of homomeric
interactions in the target molecules.

1 Chapter 8will focus onusing a newly developed prediction tool tegictthe crystallization

propensity of drug like molecules with diverse functionalities

14
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Chapter 9 will address the major challenges with d@@ntury molecule urea and ways to
improve the physicochemical properties such as solubility and staisility co-crystallization

technology?®
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Chapter 2 - Evaluating Homomeric Synthons in Pyrazole basd

molecules using Hydrogerbond Energies and Propensities

2.1 Introduction

A common question in crystal engineeringgisenamolecular structure, can we predistcrystal
structure? The core of a crystal structure is the supramolecwiathsr?> (introduced by G. R.

De s i r a ptwctueakunitawithin supermolecules which can be formed and/or assembled by
known or conceivable synthetic operations involving intermolecular interadfjonghich
encapsulates enough critical information so that it serves as a model for the entiré,tSstal.

the questions rather can we predict the supramolecular syntiieenamolecular entity?

Synthon prediction is a difficult task especially imlecules with multiple binding sites which
often leads to synthon polymorphi&tior synthon crossovEr(Scheme 2.1 It is also difficult

to predict synthons because of the complementary nature of céutational groups and
deviationsin crystal structures from close packingalsobecomes more comiphted inflexible
molecules with large number of molecular conformations where both intra and intermolecular
interactions are possible.

o I

Can we predict the observed synthon in a multifunctional molecule?

Ins_ilic?o p1 -  jo2] - ‘AL
| prediction | e - N ..... .

Scheme2.1 Schenatics of using an ksilico approach for predicting synthons in a

multifunctional molecule.

The current methods faynthon predictions in organic moleculesludes electrostatics, lattice
energy prediction§t!® focusingonly on the thermodynamic (enthalpic) factbr&or example,

the preferred connectivity patterns in a molecule in the solid state can be determined using
Margaret C. Etter rules which states that the bestiggh bond acceptor binds to the best défor.

The ranking of best don@cceptor can be determined using molecular electrostatic potential as
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proposed by Aakerogt.al'® Hunteret al has conveed potentials into hydrogehond energies

to determine the synthon preference in a multicomponent syétems.

One way of accounting foiitketic factors io analyeof a large amount of structural information
encapsulated in the Cambridge Structural DatabaseC SD) |, t he woaoflald o s
published and patented small molecule crystal struct@@8,q00+). Of coursethe crystal
structure itself cannot provide information about kinetics of the seed formation and crystal growth,
but it is, nevertheless, the final result of these B®ee. It is possible to suggest that if some
structural array is abundant in a database, it may reflect thermodynamic stability of a given crystal
packing array, as well as a kinetic preference of its formafiberefore, thisnethod used in
conjunction vith the electrostatics and energy may be useful in the predicting the outcome of

supramolecular synthon in a complex multifunctional molecule

\

!
N
H,N\fo

P1

P2

Scheme2.2 Pyrazole molecules(li P12) employed in this study.

In order to explore the structural landscapa single molecule capable of forming a few specific

and competing interactionslibrary of pyrazole containing moleculeB1P12) were synthesized
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andexplained, Scheme 2.Ryrazolesare reported to possess a wide range of biological activities
such & antimicrobial, antifungal, antitubercular, antinflammatory, anticonvulsant, anticancer,
anti-viral, and so orR? The pyrazoleamide functionality is also present in some pharmaceutical
related compounds such as Entrectinib, Graniseton, and Epirizol as well as antiumgalnds
such as Furametpyr, Penthiopyrad and Tolfemp$tddle to the presence of multifunctional
groups, these molecules are always at risk of synthon polymorphism. Theretoviedge gained
from asuccessful use of tools such as molecular electrostatic potemy@degenbond propensity

and coordingon, could have significant practical applications.

Synthon B
— Y

Han
N

@*a
Y

Synthon C

Scheme2.3 Representations of six postulated synthons in a generic pyanide; (a) synthon
ALNH (pyrazole)eéN(pyBbddo(pYradbdl)e)sg@t@@O@mi de) ;
N-H (ami d eapoeN ((¢ ysynthonD, N-H (ami de) eC=0(ami de) ,

NH(pyrazole)éN(aromatic) and synt hgoXamdthyl NH( am

ethyl, or benzyl).
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The target molecule®1-P12can be divided into two groups: GroupPll{P8) includes moleules

with two donors (pyrazole NH and amide NH) and two acceptors (pyrazole N and carbonyl amide).

In moleculedP1-P8, four possible interactions based on two donors (pyrazole NH and amide NH)

and two acceptors (pyrazole N and carbonyl C=0) can leaditaiferent synthons, scheme 3.

The synthonA ( NH (pyrazole) éN(pyC @RB( a@in) dea)nad N(ymy rhe
includes dimeric homgynthon whereas synth&( NH( pyr az ol e) é O=C(car bony
D (NH(amidg é O=C(carbonyl )) i n esynthah.e It isnikelyo thee eachc hom
molecule forms a combination of two synthons to satisfy all hydrbged donors and acceptors

and there are only two possibilitigdynthon(A+D) or synthon(B+C)). Group 2 P9-P12) include

molecules with two donors (pyrazdigd and amide NH) and three acceptor (pyrazole N, carbonyl

C=0 and pyridine N) groups. In additional to four synthons, synthBn
(NH(pyrazol e) éN( arFqmMat(iaan)i den & N¢ wmnbobimani c) ar e
Therefore six different interactionsra possible leading to six synthon possibilities; Synthen A

F, (Scheme2.3).

The road map of this study is summarizecsameme 3.4. We will use four different prediction
methods; molecular electrostatic potentials (MEPS), hydrbgan energies (HBEhydrogen

bond propensities (HBP) and hydrogeond coordination (HBC) tools to determine the most
likely synthon in the target moleculB4-P12and compare owredictions with the experimental
results The overall goal is to develop robust amdnsfeable protocols for identifying and
predicting which hydrogen bonds are most likely to appear in homomeric molecular solids when

there are numerous potential avenues for asser@bheme 2.1
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conformation

Analysis

el
e
Mz,

P1-P12 pe— Experimental
Target —_> —_— B~ —_— observed
molecules Hydrogen-bond synthons synthons

energies

Hydrogen-bond
Propensity

Polymorph
k assessment J

Scheme2.4The road magor synthon predictions

The study isundertaken to address the following questions
1. Which method does a better job of predictingdixethon outcome ithe targetnolecules
is it MEPs HBE, HBP or HBC?
2. Is a combination of prediction methods preferred over individual methods?
3. Which synthong the most optimal synthon in gma (P1-P8) and how does adding an
acceptor group affect the choice of synthoRP®P12
4. Which molecules have the risk of forming synthon polymorphs and which method is most

suitable for predicting polymorphism in thisogp of molecules?

2.2 Experimental

2.2.1General

2-Amino-pyrazole, 2amino5-methytpyrazole, acetic anhydride, propionic anhydride and
benzoyl chloride were purchased from Aldrich and utilized without further purification. Synthetic
procedures and charactetion of all molecules are provided in the Supporting Information (SI).
Melting points were measured using Fisiehns melting point apparatdsl NMR data were
collected on a Varian Unity plus 400 MHz spectrophotometer in DMSO.
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2.2.2 Synthesis

2.2.2.1Synthesis oB-acetamidepyrazole P1?4

H H
\N \N
1 \ Acetic anhydride ] \
N> Reflux, overnight NN
W....._»

N N (0
H’ \H H’ \f

'H-pyrazot3-amine (0.486 g, 5.85 mmole) was dissolved in 50 mL of distilled water.
NaHCOQ (1.465 g, 17.4 mmoje was slowlyaddedAcetic anhydride (5ml) was
thenaddeddropwise and the resulting suspension was heated at reflux overnight. Then, the
mixture was allowed to cool to room temperature and the solid obtained was filtered off and
characterized as the title compound. After concentration of thatdjta second precipitate was
obtained and also characterized as the title compound. 66% yield, m22Q%8,*H NMR (400
MHz,DMSOds) U ppm: 12.23 (br s, 1HB44bOLH1IHY 297( br s
(s, 3H).

2.2.2.2Synthesis of aacetamide5-methylpyrazole P2

H
N

N N

\ \

]
Acetic anhydride N>

Reflux, ov ermght
N O
”
! \f

1H-pyrazot5-methyk3-amine (2.25 g, 2.30mmole) was dissolved in 20 mL of distilled water.
NaHCQ (5.8 g, 6.9 mmolewas slowlyadded Acetic anhydride (8ml) was theaddeddropwise

|
NS

and the resulting suspension was heated at reflesnght. Then, the mixture was allowed to cool

down to room temperature and the solid obtained was filtered off and characterized as the title
compound. 74 % yield, m.p. 243.8°C,'H NMR (300 MHz, DMSGds) U p p m: 11. 89 {
10.16 (s, 1H), 6.22 (s, 1H), 2.16 (s, 3H), 1.94 (s, 3H).
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2.2.2.3Synthesis of ropamidepyrazole,P3

H\N H\N
I\ R
NS Propionic anhydride NN
THF, Reflux, 4hours
: ! o
N -~
i \H H

3-amino'H-pyrazole 0.486 g, 5.85 mmo)jewas dissolved in 10ml tetrahydrofuran in a 50ml|
round bottomed flask. 1 to 1.3 equivalenégmpionic anhydride was added to the mixture and
the resulting mixture was refluxed at-68 °C for 4 hours, monitored with TLC and after
completion the excess solvent was removed by rotatory evaporation. The product was
recrystallized from methanol tdotain the white solid as the pure product. Yield: 85%;188
190€,'"H NMR (G H; DMSD®26 (s41H) MRAZ (Y, 1H), 7.56 (d, 1H), 6.48 (d,1H),
2.26 (q, 2H), 1.04 (t, 3H).

2.2.2.4Synthesis of ropamide5-methytpyrazole P4%*

H H
N N
/I \ J \
N - : N
Propionic anhydride
Reflux, overnight
Ny — g7 N\20

H™ ™y

'H-pyrazot5-methyl-3-amine (2.25 g, 2.30mmole) was dissolved in 20 mL of distilled water.
NaHCG: (5.8 g, 6.9 mmqgl was slowlyaddedPropionic anhydride (10ml) was
thenaddeddropwise and the resulting suspension was heated at reflux overnight. Then, the
mixture was atbwed to cool down to room temperature and the solid obtained was filtered off and
characterized as the title compound. 74 % vyield, &8p-190€, *H NMR (400 MHz, DMSQGds)

ad ppm: 11.92 (s, 1H), 10. 15 (s, 1H), 6. 25 (s,
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2.2.2.5Synthesis of dutyramido pyrazoleP5

H H
\N N
/I \ [ \
NS Butyrl chloride NS
N-methylmorphine
stir, 16 hours N
N B ——— -~ 0
H’ \H H

3-Aminopyrazole (0.499 g, 6.00 mmol) was dissolved in 30 mL of dichloromethane, 1.6 mL N
methylmorpholine (14.6 mmol), and 1.49 mL butyryl chloride (14.0 mmol). After stirring for 16
hours, the mixture was concentrated, and the residue was dissolved in 30 mL methanol. Then, 7
mL of 2.5M sodium hydroxide was added dropwise, followed by 10 mtetadhydrofuran. The
mixture was allowed to sit for 15 minutes before being concentrated again and suspended in water.
The tan precipitate was filtered, air dried, and finally recrystallized in methanol to yield white
crystals. 66% vyield, m.p. 13D41°C,*H NMR (400 MHz, DMSQds) i p p2124 (1H), 10.26

(1H), 7.55 (1H), 6.48 (1H), 2.24 (2H), 1.56 (2H), 0.88 (3H).

2.2.2.6Synthesis of dutyramido 5methyl pyrazoleP6

H\

H\ ‘N \

N
Vl \ Butyrl chloride N
AN N-methylmorphine

stir, 16 hours N

N 1 i u H’ O

H™ S ’

3-Amino-5-methylpyrazole (0.583 g, 6.00 mmol) was dissolved in 30 mL of dichloromethane, 1.6
mL N-methylmorpholine (14.6 mmol), and 1.49 mL butyryl chloride (14.0 mmol). After stirring

for 16 hours, the mixture was concentrated, and the residue was dissolved in 30 mL methanol.
Then, 7 mL of 2.5M sodium hydroxide was added dropwise, followed bym10 of
tetrahydrofuran. The mixture was allowed to sit for 15 minutes before being concentrated again
and suspended in water. The tan precipitate was filtered, air dried, and finally recrystallized in
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methanol to yield white crystals. ~70% yield, m.p. -189°C,*H NMR (400 MHz, DMSQd) Ui
ppm:11.90 (1H), 10.12 (1H), 6.25 (1H), 2.22 (2H), 2.17 (3H), 1.56 (2H), 0.87 (3H).

2.2.2.7Synthesis of enzamidepyrazole P7%°

H

H .
S N
N 1\
1o\ . NS
N&~ Benzoyl chloride
N-methylmorphine
DCM, stir, 16 hours N 0
No —_— H g
H H

To a solution of 2.49 g of -Bmino!H-pyrazole in 150ml of dichloromethane, 8ml of n
methylmorpholine and 8ml of benzoyl chloride were added at room tataper After 16 hours

of stirring, the mixture was concentrated, and the residue was dissolved in 150ml of methanol. An
amount of 3.5 g of sodium hydroxide in 35ml of water was added dropwise and 100ml of THF
was added to obtain homogenous solution. Afterminutes under stirring, the solution was

filtered to get rid othesolid and the solution was concentrated and the solid obtained was poured
into water. The precipitate obtained was filtered andiaéd to obtain theure product in 86%

yield, m.p. $2-164€,'H NMR (400 MHz,DMSGds) UG ppm: 12.47 (s, 1H),
(s, 1H), 7.66 (s, 3H), 7.50 (g, 2H), 6.63(s, 1H).

2.2.2.8Synthesis of enzamides-methykpyrazole P8%°

H H\
\N N
[} \ i1 \

Benzoyl chloride
N-methylmorphine
N. DCM, stir, 16 hours N 0
H TH — > H

To a solution of 2.49 g of-@mino5methylpyrazole in 150ml of dichloromethane, 8ml of n
methylmorpholine and 8ml of benzoyl chloride werecassfully added at room temperature.

After 16 hours of stirring, the mixture was concentrated, and the residue was dissolved in 150ml
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of methanol. An amount of 3.5 g of sodium hydroxide in 35ml of water was added dropwise and
100ml of THF was added to olotahomogenous solution. After 15 minutes under stirring, the

solution was filtered to get rid tfiesolid and the solution was concentrated and the solid obtained

was poured into the water. The precipitate obtained was filtered addealrto obtain the@ure

product in 89% vyieldm.p. 216217 €, '"H NMR (400 MHz, DMSGds) U p p m: 12. 12
10.67 (s, 1H), 7.98 (s, 1H), 7.53 (s, 3H), 7.48 (q, 2H), 6.40(s, 1H).

2.2.2.9Synthesis of yridyl-pyrazole P9

HN
r\
Triethylamine, N NS

V Acetomtrlle
+ \ HN (0]
| OoH reﬂux at 70-80 °C stir, 48 hours

4 hours
=

Na |
3-aminc1H-pyrazole (12mmol, 0.99g) was dissolved in 30 ml of acetonitrile. The resulting
soluion was treated with nicotinoyl chloride (12mmol, 1.70g) and triethylamine (2.0ml). The
mixture was stirred at room temperature for 48 hours and monitored via TLC every 6 hours. Once,
the reaction was completed, the organic phase was separated byrfjltnatshed with water and
dried in air to get the white solid product. 84% yield, m.|6-227°C.*H NMR (400 MHz, DMSQ
d) U ppm: 12.52 (s, 1H) , 11.10 (s, 1H), 9.13
(s,1H) and 6.66 (s, 1H).

2.2.2.10Synthesis of Jyridyl-5-methytpyrazole P10

HN
!\
Triethylamine, N NS
0 o O Acetonitrile
Z —_— ~ 1l * r.t. HN 0
[ OH refluxac7080°c [ | stir, 48 hours
\N 4 hours N
= I
Na
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3-Amino-5-methytpyrazole (12mmol, 1.69g) was dissolved in 20 ml of acetonitrile.ré€sulting
solution was treated with nicotinoyl chloride (12mmol, 1.70g) and triethylamine (1.€hd).
mixture was stirred at room temperature for 48 hours. The mixture was stirred at room temperature
for 48 hours and monitored via TLC every 6 hoursc&®mnhe reaction was completed, the organic
phase was separated by filtration, washed with water and dried in air to get the yellow solid product
in 85% yield, m.p. 20207°C. *H NMR (400 MHz, DMSQds) U p p m: 12.18 (s,
1H), 9.11 (s, 1H), 8.72 (s, 1H), 8.30(s, 1H), 7.52(s, 1H), 6.41 (s, 1H) and 2.23 (s, 3H).

2.2.2.11Synthesis of 4yridyl-pyrazole,P11

H!N \
Triethylamine, N NS
0 Acetonitrile
. N N » HN_ _O
-~ | OH reflux at 70.80 °C stlr,48 hours

Na 4 hours
= |

>
N

4-Amino-1H-pyrazole (12mmol, 0.99g) was dissolved in 20 ml of acetonitrile. The resulting
sdution was treated with nicotinoyl chloride (12mmol, 1.70g) and triethylamine (1.61né.

mixture was stirred at room temperature for 48 hours. The mixture was stirred at room temperature

for 48 hours and monitored via TLC every 6 hours. Once, the reagtis completed, the organic

phase was separated by filtration, washed with water and dried in air to get the yellow solid
product. 91% vyield, m.p. 23837°C.*H NMR (400 MHz,DMSGds) U ppm: 12. 55 ( s,
(s, 1H), 8.74 (s, 1H), 7.89 (s, 1H), 7.69 (s, 1H), 6.65(s, 1H).

2.2.2.12Synthesis o#-pyridyl-5-methytpyrazole P12

HN

Triethylamine, N NS
0 N Acetnnltrlle
~ * NS HN O
| OH reflux at 70-80 °C stir, 48 hours
Na& 4 hours
=
SN
N
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3-Amino-5-methytpyrazole (12mmol, 1.69g) was dissolved in 20 ml of acetonitrile. The resulting
solution was tread with isonicotinoyl chloride (12mmol, 1.70g) and triethylamine (1.6htig

mixture was stirred at room temperature for 48 hours. The mixture was stirred at room temperature

for 48 hours and monitored via TLC every 6 hours. Once, the reaction was tammfile organic

phase was separated by filtration, washed with water and dried in air to get the yellow solid product

in 94%yield, m.p241-242C.*"H NMR (400 MHz,DMSGds) U ppm: 11.31 (s, 1F
9.10 (s, 1H), 8.72 (s, 1H), 8.30(s, 1H), 7.83(s, 1H), 6.96 (s, 1H), 5.51 (s, 1H) and B3R (s,

2.2.3Molecular conformation analysis ofP1-P12

CSD analysis of amide
conformation

Ci-ami de
0 .%

mcis-amide  Trans-amide

(a)Amide functionality (b) CSD structure analysis of amide
conformation
Figure 2.1 (a) Cisandtransamide functionality (both bonds are acyclic representing using symbol
@) used to perform the torsion angle searchP{b)chart indicating number of structures with
torsions forcis (yellow, ~32 structures, 0.5%) anmans (red, ~6303 Structures, 99.5%)
conformations.

A CSD database search was performed to determine whether the molecules with amide
functionality occur adrans conformation orcis conformation.A total of 6335 structures was
obtained and approximatelyd 30.5%) of these structures have tigamide conformation and

about 630 structures (99%) havéransamide conformation Figure 2.1 Therefore, we
detemined the relative energy of all conformations with respect to most stable conformistion

the restriction that all haveteans-configuration of the amide group (as suggested by the CSD
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analysis).Geometry optimization was performed on each conformatidl-P12 and the most
stable conformation is given a value of 0 kJ/mol; all other conformations energies are presented
relative to this, Tabl@.1

Table 2.1 Energies of each trans amide conformation iredab most stable trans conformation
is shown below in kJ/mol. The conformations with duplicate energies were ignored. Note:

methyltbased target molecule conformations are not shown here.

Conformation 1 Conformation 2 | Conformation 3 Conformation 4 | Conformation 5
P1
[
g C
o E(P1) 0 +50
o E(P2) 0 +49
P3
¢ ¢ .
P C
C
o E(P1) 0 +50 +50
o E(P2) 0 +50 +53
P5
"tg ¢
(W
P E(P1) 0 +2 +2 +3
o E(P2) 0 +2 +3 +5
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¢
¢ €
P E(P1) +50 +51 +52 +53 +54
o E(P2) +50 +50 +52 +53 +55
P7
(S
(%
gE (P1) +52
P E(P2) +51
PIP10 ; 5
(t
o E(P1) +4 +51 +55
P E(P2) +4 +51 +54
P11 : ;
¢
o E(P1) 0 +52
o E(P2) 0 +51

34




2.2.4Molecular electrostatic potential (MEPS) calculations

Molecular electrostatic potential surfaces (MEPSP#ifP12 were generated with DFT B3LYP

level of theory using ©811++G** basis set in vacuum. All calculations were carried out using
Spartand608 software. Al mol ecul es were geome
electrostatic potential surfa¢@.002 e/au isosurface) determined using a positive point charge in

the vacuum as a probe. The numbers indicate the interaction energy (kJ/mol) between the positive
point probe and the surface of the molecule at that particular Joimte Et t erdéon r ul e

electrostatic potentials was used to determine the best-besbacceptor interaction.

2.2.5Hydrogen-bond energiedHBE) for synthon predictions

The synthon predictions for pure compouRdsP12was made by calculating interaction energies

to determire whic of the three postulated synthons is most likely to appear in the crystal structures

of the pure compounds. The hydrogem n d parametebsnd Uddqrhord) oga
(hydrogenbond acceptor) is determined using maxima and minima on the MEPS respectively
(Equation2.1 and2.2), and the free energy of interaction is given by the product?bThe

| TN @@ O T8 T wipQl (Equation2.1)
I m8tmmplt@a Qe T8t T wio @V (Equation2.2)
O B |1 (Equation2.3)

Table22El ectrostatics (i n kJPlecalohtedasing eqUatiansi2dl b v a
and 2.2 for donor and acceptor group.

(kd/mol) N(kJ/mol) (kd/mol)

210.00 2.73 255.00 3.51 -147.00 4.52 -198.00 7.57

205.00 2.65 244.00 3.31 -156.00 5.00 -202.00 7.84

206.00 2.67 252.® 3.45 -149.00 4.63 -195.00 7.37

200.00 2.57 242.00 3.28 -160.00 5.23 -199.00 7.63

207.00 2.69 253.00 3.47 -150.00 4.68 -196.00 7.43

201.00 2.59 242.00 3.28 -159.00 5.17 -199.00 7.63

196.00 251 255.00 3.51 -146.00 4.47 -191.00 7.10

189.00 2.40 244.00 3.31 -156.00 5.00 -195.00 7.37

209.00 2.72 250.00 3.42 -136.00 3.97 -179.00 6.34 -182.00 | 6.53
209.00 2.72 250.00 3.42 -132.00 3.77 -167.00 5.62 -17400 6.04
190.00 241 240.00 3.24 -148.00 4.57 -173.00 5.98 -190.00 | 7.04
204.00 2.64 244.00 3.31 -140.00 4.16 -171.00 5.86 -178.00 | 6.28
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2.2.6Hydrogen-bond propensities (HBP)for synthon predictions

To complement the electrostabased calculationswe used hydrogehond propensity
calculations (CSD Version 5.38 and Mercury 3.9) to predict the synthons in the pure compounds
P1-P12 Each compound was sketched and -adtibed, a careful selection of functional groups
(Table2.3) and training dataset (8%00) was made and the propensities were calculated with an

ROC curve higher than 0.831 (fAnexcellent discr

the most likely synthon in these molecules.

Table 2.3 Functional groups used to determine the hydrdgemd propensities for the FA12
target molecules. The labels in the figures can be explained as follows: Tn = atom makes n
bonds, ¢ = atom is cycli® = bond is acyclic, and Hn = n bonded hydrogemet

T1 T1 T
0 0 0 - - o
c J\ c T3 2 1. 2
\'HH1 CH, NS ““‘HH1 t ¢ C | FHN-TNH, A\
CH,
PUP2 P3/P4/P5/P6 P7-P12 P1-P12 P1-P12 P9-P12

2.2.7Hydrogen-bond coordination (HBC)

Because of the presence of multifunctional groups on each molecule, there is chance of synthon
polymorphism and synthon crossover. Each molecule wathrongha polymorph assessment
analysis inthe propensity tool and compared to experimentally obtained strudtui@der to
determine whether the target molecuR,P12 have the chance to form synthon polymorphs,
propensitycoordination analysis was perfoed on each molecule and the most optimal hydrogen

bond motif was obtained.

2.2.8Crystal structures

P1-P12 were kept in a vial for slow evaporation methanol solvent in order to obtain crystals
suitablefor single crystal Xray diffraction. If suitable crytals were not obtained in methanol, then
different solvents were tried to grow crystals. The molecules were categorized into crystallizable

or noncrystallizable based on slow evaporation method. DSC heat/cool/heat method was also used
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to determine the gstallizability class of molecules. -May experimental data and crystallographic

data are given in theppendix D.

Table 2.4 Experimental details of crystals obtained in this gtud

Molecules

Solvent used

Morphology

Melting

Methanol Block, colorless 218220C»s
P2 Methanol Plate, colorless 215218Cs
P3 Methanol Plates, colorless 189-190Cs
P4 Methanol Block, colorless 189-190C»s
P5 Methanol Crystals not solved 130-141Cs
P6 Methanol Crystals not solved 184-189Cs
P7 Methanol Block, colorles 162-163Co
P8 Methanol Prism, colorless 217-218C»s
P9 Methanol N/A 227-228C»s
P10 Methanol Block colorless 205206Cs
T11 Methanol Block colorless 236237C»s
T12 Methanol Crystals not solved 241-24HCG

2.3 Results

2.3.1Conformational analysis

Conformation analysis was performed using spa
conformations of each molecule and the relative energy of each conformation was calculated
respective to the most stable conformation. MoleBdleP2, P7, P8, P11and P12each has four

possible conformation®3, P4, P9, andP10each hagightpossible conformationandP5 and

P6 hasten conformations each

2.3.2Molecular electrostaticspotentials (MEPS)

MEPs values for each donor group (pyrazole NH and amig andacceptor group (pyrazole N,
C=0 amidefor P1-P8 andadditional acceptor gsyridine Nfor P9-P12) are presented in Figure

2.2 and 2.3The ranking of the acceptor sites and a donor site is established using molecular
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electrostatic potential surfacédigher negative potentigindicated by red clouds)n the acceptor

suggests better hydrog&ond accepting abilitand higher positive potential (indicated by blue

clouds) on the donor suggests better hydrdgamd donor ability.

Group 1
(a) (c) (e) (9)
255 252 253 1
Ty M H 266 @
> -150 N
1477 " H 149 ¢ " H ; 446 G ©
HN M 207 (B ™ -196 !
210 198 195 196 " -191
W, 206 ” H o H
H
H [ g A
P1 P3 P5 P7
(b) (d) (f) (h)
242
244 " S HN */HH 242 % 7 g 244‘ . uy,."
. 159 @ A ‘@)
156 -158 b , 156 B+
- | 202 B0 diee O™ 189 RS hos
e 199( - it v : _
P2 P4 P6 P8
Figure 2.2 Electrostatigotentials values (in kJ/mol); a) P1 b) P2 c¢) P3 d) P4 e) P5f) P6 g) P7
and h) P8.
Group 2
0 1) (k) (V)
250 240 p R 250", i o
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Figure 2.3 Electrostatic potentials values (in kJ/mol)P9j) P10k) P11 and I)P12.

2.3.3Hydrogen-bond energies(HBE)

The hydrogerbond energies calculated for each individ{fable 2.5)and combination synthon

aresummarized iMable2.6.

Table 2.5 Hydrogenbond energies (in kdol) for each individual synthon for molecules-P1
P12. Synthon A and C are dimeric synthons; therefore, energies are presented for pairs of

molecules.
Monomeric Dimeric | Monomeric | Monomeric | Dimeric | Monomeric
-15.86 -31.71 -26.53 -12.37 -24.73 -20.69
-16.57 -33.14 -25.95 -13.27 -26.55 -20.79
-15.98 -31.95 -25.43 -12.35 -24.70 -19.66
-17.12 -34.25 -25.01 -13.44 -26.88 -19.63
-16.24 -32.49 -25.79 -12.57 -25.14 -19.96
-16.94 -33.88 -25.01 -13.38 -26.76 -19.75
-15.67 -31.35 -24.91 -11.21 -22.42 -17.81
-16.57 -33.14 -24.39 -11.99 -23.99 -17.65
-13.55 -27.10 -21.68 -10.78 -21.56 -17.24 -22.31 -17.75
-14.83 -29.66 -19.38 -11.04 -22.07 -14.42 -22.82 -16.98
-12.89 -25.78 -19.22 -10.25 -20.50 -15.29 -20.64 -16.41
-13.79 -27.58 -19.41 -10.98 -21.96 -15.45 -20.80 -16.56

Table 2.6 Hydrogenbond energies (in kd/mol) for each combination synfoomoleculesP1-

P12
Synthon Synthon Synthon Synthon Synthon  Synthon
(A+F) (A+D) (C+E) C+B (D+E) (B+F)
Dimeric Dimeric Dimeric Dimeric
P1 N/A -52.40 N/A -51.26 N/A N/A
P2 N/A -53.93 N/A -52.50 N/A N/A
P3 N/A -51.61 N/A -50.13 N/A N/A
P4 N/A -53.88 N/A -51.89 N/A N/A
P5 N/A -52.44 N/A -50.93 N/A N/A
P6 N/A -53.63 N/A -51.77 N/A N/A
P7 N/A -49.16 N/A -47.32 N/A N/A
P8 N/A -50.80 N/A -48.38 N/A N/A
AVG N/A -52.23 N/A -50.52 N/A N/A
S.Dev N/A 1.67 N/A 1.81 N/A N/A
P9 -44.85 -44.34 -43.87 -43.23 -39.55 -39.42
P10 -46.64 -44.08 -44.89 -41.45 -37.24 -36.36
P11 -42.19 -41.07 -41.14 -39.73 -35.93 -35.64
P12 -44.14 -43.03 -42.76 -41.36 -36.25 -35.97
AVG -44.46 -43.13 -43.17 -41.44 -37.24 -36.85
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SDev | 184 | 1.49 | 161 | 143 | 164 | 174

2.3.4Hydr ogenbond propensities (HBP)

The propensities calculations consider all possible interactions between two donors (pyrazole NH
and amide NH) and two acceptors (pyrazole N and C=0) resulting in four propensity numbers for
P1-P8. In molecules with an additiah acceptor grou?9-P12, six different combinations of
propensities are calculated. The propensitydividual andcombination synthon is presented in
Table2.6 and Table 2.7

Table 2.7 Hydrogenbond prognsities for each individual synthon possible in molecRles
P12

Synthon E  Synthon F

P1 0.65 0.69 0.49 0.54
P2 0.63 0.76 0.39 0.55
P3 0.68 0.75 0.48 0.57
P4 0.69 0.73 0.51 0.56
PS5 0.61 0.69 0.45 0.54
P6 0.62 0.73 0.44 0.56
P7 0.57 0.51 0.38 0.32
P8 0.51 0.49 0.34 0.32
) 0.48 0.48 0.27 0.27 0.69 0.47
P10 0.48 0.47 0.27 0.26 0.71 0.49
P11 0.45 0.48 0.25 0.27 0.69 0.47
P12 0.45 0.47 0.25 0.27 0.7 0.49

Table 2.8 Hydrogenbond propensities for combination synthons possible in moleP@¢x 2
Combination synthon propensities are calculated by multiplying the individual synthon
propensities.

N/A 0.35 N/A 0.34 N/A N/A
N/A 0.35 N/A 0.30 N/A N/A
N/A 0.39 N/A 0.36 N/A N/A
N/A 0.39 N/A 0.37 N/A N/A
N/A 0.33 N/A 0.31 N/A N/A
N/A 0.35 N/A 0.32 N/A N/A
N/A 0.18 N/A 0.19 N/A N/A
N/A 0.16 N/A 0.17 N/A N/A
0.23 0.13 0.19 0.13 0.19 0.23
0.24 0.12 0.19 0.13 0.18 0.23
0.21 0.12 0.17 0.12 0.19 0.23
0.22 0.12 0.18 0.12 0.19 0.23
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2.3.5Hydrogen-bond coordination (HBC)

The hydrogerbond coordination tool was used to determine thedination of each functional
group which will guide us to determine which synthon is most likely to happen. The propensity
coordination chart and the corresponding coordination for each hypothetical motif is shown in
Figure 2.42.7.

P1-P6

Possible Polymorphs
00 01 02 hﬂlganoHJB%ngpﬂo 9'357'”09 09 10 Motif # | Atom (D/A) | 0 | 1 | 2 | 3

T e E— Il NH of pyrazole (d] 0.01 | 0.61 | 0.39 | 0.00
P1-PE 3 NH of amide (d) | 0.00 | 0.96 | 0.04 | 0.00
N of pyrazole (a)| 0.12 | 0.88 | 0.00 | 0.00
O=C of amide fa| 0.02 | 0.74 | 0.23 | 0.01
NH of pyrazole (d) 0.01 | 0.61 | 0.39 | 0.00

02 +

03 +

8 Iiypotheticatmotif i o NH of amide (d) | 0.00 | 0.96 | 0.04 | 0.00
gosr N of pyrazole (a)| 0.12 | 0.88 | 0.00 | 0.00

? 05 [ [Hwpotheticalmotitn_| () O=C of amide (a)] 0.02 | 0.74 | 0.23 ] 0.01
§orf Il NH of pyrazole (d] 0.01 | 0.61 | 0.39 | 0.00

" o | [Heetheticalmotitt () NH of amide (d) | 0.00 | 0.96 | 0.04 | 0.00
09 F N of pyrazole (a)| 0.12 | 0.88 | 0.00 | 0.00
oL & O=C of amide (a)l 0.02 ] 0.74 | 0.23 o.oy

(a) Propensity-coordination chart (b) Coordination table

Figure 2.4 (a)Propensitycoordination chart of RP6 molecules and (b) coordination of each
functional group in all predicted motifs.

P7-P8

Possible Polymorphs
Mean H-Bond Propensity

00 01 02 03 04 05 0 07" 08 09 10
Aoo;ll"""" Motif# | Atom(D/A) | 0 | 1 | 2 | 3

P7-P8 L I NH of pyrazole | 0.01 | 0.72 | 0.27 | 0.00
NH of amide | 0.02 | 0.95 | 0.03 | 0.00
e 02T N pyrazole 0.17 | 0.83 | 0.00 | 0.00
g 03 | O=Camide | 0.04 | 0.82 | 0.14 | 0.00
P - - 1] NH of pyrazole| 0.01 | 0.72 | 0.27 | 0.00
S 04 | Hypothetical motif Il =
Uc'; NH of amide | 0.02 | 0.95 | 0.03 | 0.00
2 05 [ % N pyrazole | 0.17 | 0.83 | 0.00 | 0.00
8 — O=Camide | 0.04 | 0.82 | 0.14 | 0.00
000 I NH of pyrazole | 0.01 | 0.72 | 0.27 | 0.00
g 07 F NH of amide | 0.02 | 0.95 | 0.03 | 0.00
08 | O N pyrazole 0.17 | 0.83 | 0.00 | 0.00
O=C amide 0.04 | 0.82 | 0.14 | 0.00
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(a) Propensity-coordination chart
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(a) Propensity-coordination chart
Figure 2.6 Propensitycoordination chart of R®10 molecules and the coordination of each
functional group in all predicted motifs.

P9-P10

P11-P12

Mean H-Bond Co-ordination
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(a) Propensity-coordination chart

(b) Coordination table
Figure 2.5 Propensitycoordination chart of RP8 molecules and the coordination of each
functional group in all predicted motifs.

motif 7
|

Aom(D/A) | 0 | 1
NH of pyrazole (d)

0.00 | 0.62

2
0.38

3
0.00

~

NH of amide (d)

0.02 | 0.95

0.03

0.00

N of pyridine (a)

0.11 | 0.81

0.08

0.00

N pyrazole (a)

0.40 | 0.60

0.00

0.00

C=0 amide (a)

0.17 | 0.80

0.03

0.00

11 NH of pyraale (d)

0.00 | 0.62

0.38

0.00

NH of amide (d)

0.02 | 0.95

0.03

0.00

N of pyridine (a)

0.11 | 0.81

0.08

0.00

N pyrazole (a)

0.40 | 0.60

0.00

0.00

C=0 amide (a)

0.17 | 0.80

0.03

0.00

1l NH of pyrazole (d)

0.00 | 0.62

0.38

0.00

NH of amide (d)

0.02 | 0.95

0.03

0.00

N of pyridine (a)

0.11 | 0.81

0.08

0.00

N pyrazole (a)

0.40 | 0.60

0.00

0.00

N

C=0 amide (a)

0.17 | 0.80

0.03

0.00

L

P11-P12

(b) Coordination table

/Motif
#
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Atom (D/A) 0 1 2 A
| NH of pyrazole (d) | 0.01 | 0.83 | 0.16 | 0.00
NH of amide (d) 0.01 | 0.96 | 0.03 | 0.00
N of pyridine (a) 0.11] 0.82 | 0.07 | 0.00
N of pyrazole (a) 0.35 | 0.65 | 0.00 | 0.00
C=0 of amide (a) | 0.19 | 0.78 | 0.03 | 0.00
I NH of pyrazole (d) | 0.01 | 0.83 | 0.16 | 0.00
NH of amide (d) 0.01 | 0.96 | 0.03 | 0.00
N of pyridine (a) 0.11 | 0.82 | 0.07 | 0.00
N of pyrazole (a) 0.35 | 0.65 | 0.00 | 0.00
C=0 of amide (a) 0.19 | 0.78 | 0.03 | 0.00
Il NH of pyrazole (d) | 0.01 | 0.83 | 0.16 | 0.00
NH of amide (d) 0.01 | 0.96 | 0.03 | 0.00
N of pyridine (a) 0.11 ]| 0.82 | 0.07 | 0.00
N of pyrazole (a) 0.35| 0.65| 0.00
C=0 of amide (a) | 0.19 | 0.78 | 0.03

0.00
0.00

(b) Coordination table
Figure 2.7 Propensitycoordination chart of PXR12 molecules and the coordination of each
functional group in all predicted motifs.



2.3.60bserved synthons in each crystal struare

We were able to obtain crystallographic data for nine out of twableculesP1-P12 P9d i d n 0 t
grow crystals suitable for single crystatay diffraction studiesOur structure determination of
P2was consistent with the reported structure inGB®(ARAGUV)® and the crystal structure of

P8is also reported ithe CSD (PESQERK]. The experimentally observed synthon in each crystal
structure is shown in Figure 2.8 and Figure 2.9.

Synthon C W Synthon C

e o 3

/j’ \ on B \(&- ,,:. J_~

£ e Q‘\‘J\r Synthon B
P7

P1 P3

9% .
4

=3
b

?

- -

P2 P4 P8

(-

A

I

Figure 2.8 Synthon (B+C) observed in crystal structure®dfP2, P3, P4, P7 andP8.

43



P10 P11

Figure 2.9 Synthon (A+D) observed in crystal structurePdf0andP11

2.4 Discussion

2.4.1Molecular conformational analysis

Molecular conformational analysis shows tha tmost stable conformation in each molecule
hastheamide functionalitytransto each other and cyclic N grogfsto the amide NHTable 2.1)
Additionally, in moleculeP9 and P10, pyridine N istransto the amide NH in the most stable
conformation and the second conformation with pyridinggto amide NH $ only ~4 kJ/mole in
energy higher than the most stable conformatiimerefore, the main conformation in each
molecule will havdransamide conformation as the most stable conformation. When compared to
the experimental crystal structure, ttrans amide conformation was indeed observed in all
molecules. In the target moleci?d 1, second most stable conformation in which the pyridine N
cisto the amide NH was observed, it is onlykd/molehigher than the most stable conformation
where the pyridine N israns to the amide NHIt is worth noting that the energy optimized
conformations are not necessarily completely identical to those that may appear in the solid state,
where a variety of close contacts and packing forces may distort some geometricqyaraweey
from idealized gas phase values. However, these idealized conformations are likely to be most
relevant in the solution phase at the point when target molecules begin to recognize and bind to

each other during nucleation and growth.
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2.4.2What are the preferred synthons?

Four different methods (MEB, HBE, HBP, and HBC)were used to predict synthong-or
moleculesP1-P8, Synthon B+C) was predicted by all four methods. Also, synthAr) was
predicted by HBE and HBP method. For molecl®®sP12, Synthan (D+E) was predicted by
MEPs and HBC. SynthorB¢F) was predicted by HBP and HBC. Synthé®F) was predicted
by both HBE and HBP. Syntho@+¢E) and synthonA+D) were predicted by HBE only (Figure
2.10)

MEPs | HBE | HBP | HBC

Synthon A+D Synthon A+D

Target Synthon B+C Or or Synthon B+C
molecules Synthon B+C Synthon B+C

Synthon A+F
Or
Synthon A+D
Or
Synthon C+E

Figure 2.10 Summary of synthons predicted in the target molect&$12

2.4.3Molecular geometric complementarity

Our next goal was to rule out any synthons which are unfavorable based on geometric constraints.
Based on our CSD search, we found that dicnsynthonA is less likely to happen due to
geometric constraint of NobBind @nygle ag belng Hddddr c y c | i «

However, monomeric synthohis still a possibility

2.4.4Crystal structures

The summary of synthons observed in each crgstatture is presented in Figure 2.11. Synthon

(B+C) was observed in five out six crystal structures obtained inpgto Synthon(A+F) was
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observed irP10and synthor{C+E) was observed i1l In total, eight crystal structures were
obtained, and syntho@ was the most common synthon (in six out of eight crystal structures)
followed by synthorB (five out of eight crystal structures). Synthans observed in two crystal
structures as a dimeric synthorH and monomeric synthon P10

H Al
N

Synthon A m Synthon C

s

a
b = 1/8 ;12

4

M X o v X)jll é{) 1/2

e 12.5% ) 50% = 50%
= ¥ ’@

HH

Figure 2.11 Summary of synthons observed in eight crystal structures obtained in this study.

2.4.5Predicted vs experimental comparison

Group 1. In the crystal structures of1-P4 and P7, both monomeric synthorB
(NH(pyrazolg é C=0( ami de) ) anCd NdHi(mami ide ) eWntphyamz ol e) )
thus followinget t er 6 s rul e irrespective of substitutic
Therefore, in moleculeB1-P6, five out of sk times, synthor{B+C) is the domiant synthon as

predicted by all three prediction methods. The best donor pyrazole NH binds to the best acceptor
carbonyl oxygen (synthoB) and the seconrbdest acceptor amide NH binds to the seecbest

acceptor pyrazole N (synth@) as suggested iyEPsb ased on Etter 6sCrul e.
is favored over synthon A in these molecules because the hydrogen bond angle in the former is
linear compared to latter due to geometaenplementarityThe observedynthonin the crystal

structure ofP1-P5 was pedicted as the mogtreferred synthoiby all four prediction methods;

MEPs, HBE, HBP and HBGn the solid state informatic tool3.he HBC results obtained by
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importing the experimental crystal structureRif shows that the observed experimental motif

matdies with the predicted hypothetical motif I in this molecule, Figure 2.12.

Possible Polymorphs
Mean H-Bond Propensity
00 01 02 03 04 05 0 07" 08 09 10
| 1 | 1 1 1 1 1 | 1
00 F
: @ , 01 F
02
[
o
g3 |
2
Q04
(=]
O
T 05 [
o 4
:lI: -06 B - w
f A, N
So7 F |0 I
= ANy
08 F ¥ o]
243
09 F \}
10 bk

Figure 2.12 Polymorph assessment®t molecule indicating the most optimal hypothetical
structure matches with the experimerstalicture.

In P8 the pyrazole NH binds to «cyclic N forming dimeric synthoA
(NH(pyrazole)éN(pyrazol e)) and the amide NH
synthonD ( NH( ami de) é C=0( a mi diedrystal structuresoobtainedynthon o f

(A+D) is the dominant synthon regardless of the geometric bias. It is not surprising to see such
synthon as both hydrogdiond energies and hydrogbond propensities predicted theither
combination synthon (A+D) qiB+C) are possible.

Based orHBC tool, theobserved synthoniRBd o e s né6t match with the mo:
structure indicating there is a possibility of polymorphismthis molecule The most stable

structure involves synthon (B+C) wher e NH(ami de) éN(pyraz
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NH( pyr azol e)) ByG@reg@nrbondrntedaetionsre present and it was predicted by all
three prediction methodBigure 2.13

Possible Polymorphs

Mean H-Bond Propensity
00 01 02 03 04 05 06 07 08 09 10

1 | 1 1 1 1 1 1 1 |

00 P

07 244
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C )
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@ ¢ I'r
L 06 ) A
I
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@
L
=2

08

09 |

Figure 2.13 Polymorph assessment of P8 molecule indicating the second hypothetical structures
matdies with the experimental structure.

Group 2: When an extra acceptor group was added to the benzyl group, four new molecules were
obtained;P9-P12 The crystal structures &fl0andP11are reported in this study

In the crystal structure oP10 the amide NH binds to pyridine N formingynthon F
(NH(amide) éN(Pyridine) and pyrazol esyntNddA bi nds
(NH(pyrazol e) éN( pyr azaHF)as)ohserved iPI0.Synthdn@d+Fewas sy nt h
predicted by botiBE and HBP

In the crystal structure dP1l, the amide NH binds to cyclic N forming dimesgnthonC

(NH( ami de) é N( ppyrazale dNH ebjnds don plyridine N formingsynthon E
(NH(pyrazol e) éN(pyr i dCHr)ewas obsetverdr SyhttmfCeE) wag nt h o n
predictedoy hydrogerbond energy but not bMEPs, HBP or HBC

The HBC results ofP10 and P11 shows that the experimentally observed synthon in these
molecules matches with the hypothetical predicted motif Il and there is chance of synthon
polymorphism (Figure 244 and Fi gure 2. 15). We havenot per

screening on these molecules yet.
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Possible Polymorphs
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Figure 2.14 Polymorph assessment of P10 molecule indicating the experimental structure and
more stable hydbetical structure.

Possible Polymorphs
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Figure 2.15 Polymorph assessmenti®i1molecule indicating the experimental structure and
more stable hypothetical structure.
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2.4.6Validation studies

The comparison studies between therfpredicted methodsVilEPs HBE, HBP andHBC) and
experimentally observed results are mentioned &edetabulated in Table2 In moleculesdP1-

P8 with two donors and two acceptor molecules, Syn{fi®¥C) as themostlikely synthon was
predicted by all far methods and in five out of six molecules (83%), syn{BsC) was observed

(4 out of 4 methods predicted correctly). In one moleP8lesynthon(A+D) was observed which

was also predicted by HBE and HBP as the second possible synthon (2 out of smettmded
correctly). As the competition was increased by increasing the number of acceptor groups to three
in moleculesP9-P12 (two donors and three acceptors), synthon predictability became complex
and it became difficult to predict the synthons beead the possibility of synthon crossover and
synthon polymorphismn moleculeP10, synthonA+F) was observed experimentally which was
predicted correctly by HBE and HBP prediction methods (2 out of 4 methods predicted correctly)
In moleculeP11, syntlon (C+E) was observed which was only predicted by HBE as the most
stable synthon (1 out of 4 methods predicted correctly).

Table 2.9 Summary of experimental vs predicted synthons in target moleRiHE4 2

P Synthon(B+C) Yes Yes Yes Yes

P Synthon(B+C) Yes Yes Yes Yes
P Synthon(B+C) Yes Yes Yes Yes
P/ Synthon(B+C) Yes Yes Yes Yes
P Synthon(B+C) Yes Yes Yes Yes
P8 Synthon(A+D) No Yes Yes No
P9 5ARY Qi ONJ N/A

P10 Synthon(A+F) No Yes Yes No
P Synthon(C+E) No Yes No No

2.5 Conclusions

The structural chemistry of twelve target molecitésR12has been analyzed using MEPS, HBE,
HBP and HBC as a way of predicting which intermolecular interactions are tikejypear in the

solid stateand was compared to experimentally observed synthons
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Health check

(Synthon Prediction and synthon polymorphism )

2 Donors, 2 Acceptors MEPs HBE HBP
SynthonAl Q Synthon Synthon Synthon
N~ Synthon B B+C A"‘D A"‘D
Synthon[:l N o |_') |_‘) or :> or
synthonD Synthon Synthon
B+C B+C
Risk of synthon polymorphism? Crystal structure HBC
Possble Palmorphs Possible Palymorphs

B F
W H-Bond Prepansity 00 01 02 03 04 05 08 07 08 09 10
02 03 04 05 06 07 08 08 0 | NN ——— | L3444 4y 4 g
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Figure 2.16 A representation of health check on a molecule P8 to determine the synthons and
risk of synthon polymorphism.

1.

In seven out of eight crystal structures obtained, a combination of HBE and HBP were the most

effective prediction methods as they predicted the experimentally observed synthons correctly.

2. These results indicate that combination of methods is prefeverdndividual molecules.

In group 1P1-P8), Synthon B+C) was the most optimal synthon (observed in five out of six
crystal structures) compared to synthéa+-D) thanks to the geometric complementarity,
MEPs and supramolecular chelating effécHowever, when a strong acceptor group such as
pyridine nitrogen was added asR3-P12 synthon prediction became complex, so does the
experimentally observed synthons. SynthanK) and synton O+E) were the most optimal
synthon in this category based on combination of atleast two prediction methods. In two crystal

structures obtained, syntho&F) and synthon@+E) were observed.
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4. HBC was most effective in predicting the synthon polymoriphthis group of molecules.
Three target moleculeB8, P10andP11have the risk of forming synthon polymorphs because

the most optimal hypothetical synthon | is not observed in these molecules based on HBC tool.

Four prediction methods used in thiad are valuable tool to determine which synthon is likely
to form in the crystal structure of a molecule and if the molecule is at a risk of synthon
polymorphism. Therefore, a simpledith check as shown in Figurd 2 on these molecules using
structuralinformatics tools such aglEPs, HBE, HBP and HB@r mapping out the structural
landscape of these types of molecules will have significant practical applicatiarsous fields.
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Chapter 3 - Systematic Investigationof Knowledge based Prediction

methods for Cocrystal Design in Pyrazoles

3.1 Introduction

The occurrence of polymorphidtin solid-state chemistry is one reason behind the need for
robust guidelinesand for versatie and dependable miécal supramolecular synthesis. A
knowledge of connectivity pattern between given functional groups is usejtder to design a
desired soliestate material and various prediction methods have been employed to determine the

composiion, multiple forms, synthons and properties of a chemical compound.

Synthon prediction in the co-crystals of

ostaties?
e Electrostatics? EM”“*&;;,—M
Mofg,
nsity? @ ulay Py,
Pront e Propensity? w'""%entam,,p Pensitys
1 2
Enel#“ Mnlecu\ar. Energies? £ -
jecular ‘Complementarity ? ergle,
o' s
entarity
comple™
Is it based on P
.

Is it based on geometric

thermodynamic/kinetic < >

factoronly ?

factorsonly ?

Balance between both
components

Scheme3.1 Scheme showing different prediction methods to determine the supramolecular
synthon in the carystals of pyrazole based molecules.

The preferred connectivitpatternsin the solid state can bbypothesizedusing the Etter

guideline$ which states that thibesthydrogen bond acceptor binds to thestdonorand the
ranking of best doneacceptor can be determined usimgplecular electrostatic potentiahas
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proposed bylakeroyet.al’ This connectivity pattern is also employed to predict the outcome of
multicomponent gstems such as emrystals using interaction site pairing energies by Hunter
et.al®® Recently,Priceet. al have used lattice energf{Fabianet.al. have used molecular shape
and polarity!! Galek'?and jonest. al® have used hydrogdsond propensities as a kinetic tool

to quantify and predict the connectivity patterns.

The geometric complementarity of the interacting species comes into play when the presence of
multiple hydrogen bond functionalities in a molecule leads to multiple molecular recognition sites
in the systent**®> The molecular geometry of the-éarmer, along with the preciserientation of
binding sites in the corystallizing agentcontrol the resulting supramolecular synthon in reliable
manner in a competitive environméfiL.ehn et. al.has emphasized molecular recognition as a
key component in the orientation/preanigaation of binding sites to form synthotfddamilton et.

al. studied the molecular recognition in the solid state for series of gyibne with rigid
spacers towards carboxylic acids® They also emphasized that the directionality and orientation
of two components involved in forming a-coystal is a must to achieve the high yield
supramolecular synthdf.

Despite the recent advancement in the field, it is still difficult to use the specific intermolecular
interactions to construct architectures with desired dimensionality and high reproducibility due to
challenges associated with epet supramolecular syhesis, andhe presence of multifunctional
groups?! These problems oftdne ady mntoh dis damgs diseyrnd hon ?p’ol ymor
in supramolecular synthesis due to reversible nature of weak hydrogen b&nidmgever, a

good synthetic strategy can be built to obtain high supramolecular yields with desired motifs.
These motifs should be dominant within the crystal stinectin such a way that different
substitutions on the individual covalent building block will form similar lattice structures. This can
be achieved bysing intermolecular interactions that ardikelyto interfere with one another
which will lead to strag but also discriminating interactions in the solid staisaker'y et al

have used both hydrogen and halogen bonding to avoid synthon crossoveannn@pyrazine
molecules based on electrostatics and geometric complemenfthatyhave also addressed the
appearance of synthon crossowea study done to predict synthon preferemdayidroxybenzoic

acids and list of hydrogen bond accepfdrs.
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Two different types of pyrazole based molecules were chosen for this study. Target métécules
P6 hasan alkyl next tothe amide groupP7-P8 has a phenyl group arfl>-P12 has a pyridyl
nitrogen either at meta or para positi@cheme 3.1) MoleculesP2, P4, P6, P8, P10, and P12

have amethyl group on the pyrazole ring.

Group 1
H Hy
N \ N
N N
d \
1\{\\ I\\ N
P1 P3 P5

P2 P4 P6 P8 P10 P12

Scheme3.2 Ten pyrazole based target molecuRs,P12 split into o groups; grougl: without
pyridyl, and group2: with pyridyl.

Twenty different carboxylic acids (10 diacids and 10 monoacids) were chogereasial co-

formers(Scheme 3.3)
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Adipic acid (Adi) Suberic acid (Sub)
O
Ho HO 0 HO 0  Ho o HO (o]
oH
BA

I 4-lodo BA 4-Bromo BA Pentafluoro BA

Dodecanedioic acid (Dod)

Scheme3.3 Twenty carboxylic acid céormers (10 aliphatics and 10 aromatics).

There are two donors (pyrazole NH and @eniNH) and two acceptors (pyrazole N and carbonyl

O) in P1-P8. There are three possibilities for the dicarboxylic acid to bind RIHP8. The first

possibility is the OH of acid binds to the pyrazoleNl a OH( ac i d )aedihe pasbonglz 0 | e )
O=C of acidbinds to pyrazole NHlvi a NH( pyr a z o kyatho@lO¥h€ (sexand d ) ,
possibility is that the OH of acid binds to the pyrazole N a OH( aci d)adadNliepyr az o
carbonyl O=C of acid binds to amide NHi a NH( a mi d e pyptl@=IIC [Thee ¢hirad )
possillity is that the OH group of acid binds to O=C of target molecuia
OH(aci d) é O=a@i(the nartwbryl) group of acid binds to pyrazole NH of the target
moleculevi a NH( pyr az o byathoé D =For( P&-P12 chp additional synthon is

possible besuse of the presence of an additional acceptor group on each target molecule, the OH
group of an acid can bind to pyridine N of target molesuiea OH( aci d)sgnth¢énp y r i di
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IV, therefore four different synthons are possible (syntha@ynthonll , syrthonlll and synthon
IV) in P9-P12 (Scheme3.4). Additional synthons are possible with aromatic acids that contains

additional donor group such as hydroxyBA and aminoBA, Scheme 3.7.

.
N
N
H

’ b
(o]
Synthon | Synthon I Synthon IlI Synthon IV

Scheme3.4. Four postulated heteromeric hydrodg®mmnd based synthometweenP1-P12 and a

carboxylic acid{Ri=H, CHs; R.= methyl, ethyl, or phenyl).

In the work presented herein, first we want to determine if the chostmmers can break the
homomeric interactions iR1-P12 and form heteromeric interactions to formagstals. Also,
what is the effect of changing alkyl side to phenyl ring and pyridyl ring on the resulting co
crystallization outcome? Can we predict theccgstal outcome by already established prediction
methods such as energies and propensities andambination of both methods useful in getting

predicting the final outcome?
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Second, we want to determine if we can systematically predhicth synthon is more likely to

occur in each of these target molecud& want to examine the competition of two binding
pockets (pyrazole NH and amide NH binding pockets) on the pyrazole moldRiHes,to bind

to a series of probe molecules contaimagooxylic acid moieties and find out which of the three
synthons; synthoh (using pyrazole binding pocket) or synthibn(using amide binding pocket)

or synthonlll (synthon crossover) is preferred in a competitive environment it@ysbal is
formed?Crystal structures containing two robi{8) based hydrogebond synthons; carboxylic
acid--pyrazole (synthonl)'®1%20 and carboxylic acid--amide (synthonll) & 4 have shown
excellent structural control when thare present independen{fycheme 3.6)The presence of all

three functional groups (carboxylic acid, pyrazole and amide) in the same system can lead to
competition between carboxylic acid for either pyrazmlamide as well as synthon crossoiver

P1-P8. In fact, a comparatively less common carboxylic agiyrazole synthotibased crystal
structures have been published evenghbu t he angl e bet ween NI H bond

adjacent nitrogen atom is somewhat large to provide a perfect fit with a carboxyt& 8.
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(a) (b)
Scheme 3.6Two robust hydrogeivonded interactionstype | (carboxylc acid--amide and type Il
(carboxylic acid--pyrazolg heterosynthons.

There are nosystems where functional groups required to form both carboxylie-aoiide and
carboxylic acid--pyrazole heterosynthons are combined on the same molecular backb@ne
motivatel us to doa competitive study by combining two robust supramolecular synthons in the
presence of multiple functional groups on the same backbone, thereby eliminating important issues
such as solubility and stability dhe neutral componest We increased the competition by
including a wellknown pyridine acceptor iRP9-P12to establish if the supramolecular chelate
effect in hydrogerbonding dominates the strong single point interaction of
OH(acid) éN(pyr i di deeimine théele edettrostaticsrzergies, propensities
alone, geometric complementarity alone or combination of both on the outcomergbtai
The study is done to address following questions:
1. Can we break homomeric synthons observeB1P12 and form heterome synthons
with carboxylic acids?
2. Can we predict the eorystal formation oP1-P12with 20 carboxylic acids?
3. Which synthon is most favored in heteromeric systems and which method is most reliable
for predicting the correct synthon?
4. Is it electrostaticsgpropensity, energy, molecular complementarity or a combination of all

that governs the synthon formation?
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Scheme3.7 Six postulated heteromeric hydrogbond based synthons betweBd-P12 and
aromatic acids with an additional donor group (OH for hygraxd NH for amino substituents).
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3.2 Experimental section

3.2.1Materials

The synthesis and characterization Bfl-P12 is done in chapteB. Carboxylic acids were
purchased from commercial sources and used as rechletithg points were measured using a
FisherJohns melting point apparatus. SoluttthNMR data were collected in DMS@ on a
Varian Unity plus 400 MHz NMR spectrometer. IR spectra otigstal screening experiments
were recorded with a Nicolet 380 AR spectrometer using ATR (attenuated ltatdlection)

technique and ZnSe as the crystal.
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3.2.2Molecular electrostatic potential (MEPS) calculations

See section 2.2.4 for otecular electrostatic potential surfaces (MEPS)Rdi P12 The
electrostatics potentials of 20 carboxylic acids (See appéndlx details) are presented in this

study using same methodology described in section 2.2.4.

3.2.3Hydrogen-bond energies forpredictions

See section 2.2.5 for the hydrogeond energy calculation methodolog@yhe synthon predictions

for heteromeric synthor P1-P12was made by calculating interaction energiethe best donor

of theacid with the best acceptor thie targetind viceversa

The Mult-Component Energy (MCE) score is calculated by subtracting the best energy of
homomeric interaction from éhbest energy of heteromeric interaction. The best hetero/homo
interaction is determined based Etteroés rul e.
calculations of virtual carystal screening. We have only considered best hetero and hoimomer
interactions of conventional hydrogen bond donors and acceptors (equation 3.1) whereas in
Hunterdos calcul ations, al/l possible interacti
calculations.

VoD wel Qm%en?l; g&?g(g%m wwo@?l: éQcI( chnﬂ;ig | o auaton 3.)

3.2.4Hydrogen-bond propensitiesfor synthon predictions

The hydrogerbond propensities fdP1-P12whenscreened against 20 differentfmymerswere
calculated and the MuitComponent score (MC score) was obtained by subtracting the propensity
of thehighest probabilifhomainteraction(pure componentsjom the propensity of thkeighest
probability heteo-interaction ¢o-crysta) obtained from same propensity ch&ttuation3.2 A
positive MC score indicates that the hetan@raction needed for exrystal formation is favored,
whereas a negative MC score indicates that himeoactions are favored dtherefore hydrogen

bond directed carystallization is unlikely to occur.
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The functional groups of targetatecules are listed in chaptera®d the functional groups used

Equati 2
&qua ion 3.2)

for the acids are listed below irabble 3.1.

Table 3.1 Functional groups used to determine the hydrdgmmd propensities for the six target
molecules. The labels in the figures can be explained as follows:atbm makes n bonds, ¢ =
atom is cyclic® = bond is acglic, and H = n bonded hydrogen atoms.

T T1 T1
]
0 0 - .v? S
C J‘I\ C Tc - T2, %, T3 N
T A S e | © C | THN-TNH, A\
ICH1
PLP2 P3/P4/PYP6 P7-P12 P1-P12 P1-P12 P9-P12
o "o c=—=—"20H ¢ o TBr '
e P | A I L\
OH, c OH, C= T3NH2 To e "‘-\C
] ) ] HydroxyBA, 3NitroBA,
Aliphatic Aromatic ) ) BromoBA lodoBA
AminoBA 4NitroBA

3.2.5Co-crystal screening and crystal growth

P1-P12 were put through ao-crystal screen using liquidssisted grinding (LAG) in a drop of
methanol against ten aliphatic dicarboxylic acids and ten aromatic acids (SgB&mia all240
reactions the reactants were mixed in stoichiometric ratios and the solid resultingaobm
reaction was characterized using IR spectroscopy to determine-drgstal had formed. The IR
analysis focused on the positions of readily identifiable vibrational moflé3<£C (amide), O=C
(acid),etg in thepyrazolesand acids, with the cosponding bands in the resulting solids. Shifts
greater than seven wavenumbers were taken as an indicatiocrystal formation. In addition,
the appearance of broad stretches around 2,300acih 1,800 cm as a result of intermolecular
O-Hé N hydrogen bonds, also support the formation ofagstals since such interactions are not
feasible in either of the pure compounds, appendix C. Subsequently, the mixtures obtained

from the grinding experiments were dissolved in a minimum amoungetfanol o nitromethane
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(21 2 ml) and kept in a vial for slow evaporation in order to obtain crystals suitalsi@gle crystal

X-ray diffraction. Xray experimental data and crystallographic data are given apgendix D

Table 3.2 Experimental details of new amystal obtained in this study.

P1-PentafluoroBA : 106-107°C Colorless, blocks
P2-Fum 2:1 232235 °C Colorless blocks
P2-Suc 2:1 228230 °C Colorless plates
P2-Adi 2:1 164165 °C Colorless plates
P2-Pim 2:1 198200 °C Colorless prisms

P3-3nitroBA 1:1 156-159°C Colorless blocks
P3-4AminoBA 11 140142°C Golden blocks
P4Fum 11 195200 °C Colorless rhombohedral
P4-Adi 21 245250 °C Colorless blocks

P4PentafluoroBA 11 104106°C Colorless blocks
P7-Sub 2:1 120122 °C Colorless prisms
P8Sub 2:1 134136 °C Colorless plates
P8Aze 2:1 120125 °C Colorless needle

This chapter is divided into two sections
1. Section 1 is focused on the prediction and experimental study-aifystal screening of
P1-P12with 20 ceformers.
2. Section 2 is focused on the prediction and experimental analysis of synthons iR the co
crystals ofP1-P12with 20 ceformers.

3.3Results

3.3.1Part 1: Co-crystal screening

The study is divided intoato groups: grop 1 contains molecules with 2 donors and 2 acceptors;
P1-P8 co-crystals (160 experiments). Group 2 contains molecules with 2 donors and 3 acceptors;
P9-P12co-crystals (80 experiments).

3.3.1.1Experimental cocrystal screening
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The experimental screen produceectygstals in £9 of the 240 experiments betwef-P12and

aliphatic diacids and aromatmonoacids. The results of the IR grinding screen are shown in Table

3.3.

Table 3.3 Attempted cecrystallizations using LAG (methanol) of #2112 with aliphatic and
aromatic acids.

P1 P2 P3 P4 P5 P6 pP7 P8 P9 P10 P11 P12 SY.
Suc 75%
Adi 75%
Sub 92%
Seb 83%
Dod 67%
Fum 83%
Mal 92%
Glu 92%
Pim 75%
Aze 83%
3HydroxyBA 50%
4HydroxyBA 50%
3AminoBA 83%
4AminoBA 42%

3NitroBA 100%
4NitroBA 42%
BA 83%
4lodoBA 17%
4BromoBA 25%

PentaFBA 100%

6/10 | 7/10 | 7/10 | 4/10 |5/10 | 4/10 | 6/10 |6/10 | 7/10 | 8/10 |5/10 | 6/10

6/20 | 17/20 | 17/20 | 13/20 | 12/20 | 8/20 | 16/20 | 14/20 | 17/20 | 18/20 | 15/20 | 16/20 | 169/240

30% | 85% | 85% | 65% | 60% | 40% | 80% | 70% | 85% | 90% | 75% | 80% 70%

The best hetermeric interaction ilrP1-P8mo |
is OH@ci d) é.ridineN ( phe

3.3.1.2Energies as prediction method for exrystal screening

best

ecul

es
homomeric

S

OH( aciP&pPI2C=0 ( ¢

interaction

inP1-P8

is

NH(pyrazole)éC=OfPERmsdbdH(pypdatkal &he éedltspiyMCEd i ne)
are presented in Appendix G.

3.3.1.3Propensities as prediction method for-ooystal screening
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Hydrogenbond propensitgalculations were performed dpil-P12 against 20 cdormers. The

two highest propensity don@rcceptor interaadns were taken to account for homomeric
systens i n the target mol ecul es: NPH-Pl2 yamdaNe o | e ) é.
H(pyrazoleY@(pyridine) for group P9-P12 The wo highest propensity donacceptor
interactbns were taken to account foheteremeric systers: O-H(acidX@=C(amide) for group
P1-P12and OH( aci d)fé NroupBHP12dANn MEP score (as described in senti
4.2.4) is used to predict whether a reaction (in this caserystal formation) will or will not take
place when two reactants are combinAdsummary of the mukcomponenthydrogenrbond

propensity (MCPX¥creening results fa?1-P12with 20 ceformersis given nthe Appendix G.

3.3.2Part 2: Synthon Prediction study

3.3.2.1Method 1:Electrostaticsfor synthon prediction in cecrystals

In order to determine which synthon is more likely to form in thergstals, prediction studies
were performed using eleostatics best donor binding to best acceptor rule. The different

synthons and the ranking of each donor and acceptor are showrigutes3.1

Rank I' =
HO R Rank I —:OH/NH2
T HO NN Rank I'
(0]
Rank I' o
Rank I
Rank I Rank I
H Y H Y
ﬁ \ \
N
N / \
/ \ Rank N
Rank IT N

/7 Rank I1 \\\

A\Y x\°

/7 Rank % B\ S g“&\“‘“ o ﬁox
‘\\\\° Rank II

Rank 11
Y _ |

X

\\N
X=CHj;, C;Hs, CHs Rank I RSynthon v
Y=H, CH,4
Y=H, CH;
Single  point Synthonlll SynthonlV
interaction
Two-point Synthonl Synthonl

interaction
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Figure 3.1 Synthon prediction using electrostaticsnethod for group 1 and group 2

3.3.2.2Method 2: Energies for synthon prediction in exrystals

Hydrogenbond energies of each synthon was calculated in each group and the average energy
for each synthon ishownin Table3.4-3.6.

Table 3.4 Hydrogenbond energies for each synthon in each respective groupiPhagainst 10
aliphatic acids and 6 aromatic acids).

P1-P12 against 20 acids
Synthon | Synthon |l Synthon Il Synthon IV
GROUP 1 | Aliphatic acids (10) | 37.21+0.57 32.54+1.14 28.36x1.75 N/A
Aromatic acids (6) 32.10+0.83 29.15+1.18 31.34+0.94 N/A
GROUP 2 | Aliphatic acids (10) | 34.32+0.99 29.88:0.54 22.64:0.56 26.90+1.74
Aromatic acids (6) 29.02+1.10 26.23+0.91 24.96+1.23 29.26+1.89
Table 3.5 Hydrogen bond energies for synthons |, II, Il and IV in each respective group (P1
P12 against aromatic acids with an additional donor group).
Synthon | Synthon |l Synthon I Synthon IV
GROUP 1 29.68+0.60 | 26.52+1.00 | 26.30+0.79 N/A

GROUP 2 27.03+084 24.37+0.96 20.94+1.03 24.55+1.59

Table 3.6 Hydrogen bond energies for synthon V, VII, VIII and X in each respective group (P1
P12 against aromatic acids with an additional donor group).

Synthon V/VIII Synthon VI/IX Synthon VII/X
GROUP 1 OH 20.64+#.25 31.75+0.96 N/A
NH: 13.354.81 20.53+0.62
GROUP 2 OH 17.634.44 25.28+1.24 25.7243.19
NH: 11.41460.93 16.35+0.80 19.16+1.24

3.3.2.3Method 3: Propensities for synthon prediction in -@aoystals

Hydrogenbondpropensitiesvere calculated for each group for differentfoaners by looking at

the heteromeric interactions in the propensity chart. The results of the propensity predictions are
shown in theTable 37.

Table 3.7 Synthon prediction using propensity methoddavupl and group 2.

Group 1(P1-P8) Group 2 (P9-P12)
Aliphatic acid (10) Synthonl ( NH( pyrazol e) é, SynthonlV
Aromatic acids (w/o Synthonl ( NH( pyrazol e) é, SynthonlV
additional donor)
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HydroxyBA Synthonlll SynthonlV
AminoBA SynthonlX SynthonX

3.3.2.4Method 4:Molecular complementarity for synthon prediction

The molecular complementarity approach was used to determine which synthon is more likely to
occur between synthonand synthonll using CSD. The search was done by using fragments

indicated inFigure 3.2 (a) and (c)and the results of each synthon are showkigare 32 (b) and
(d).

o H

\ :

)J\OH§> }V \ -
N k .‘

X
(a) Synthon | | (b) Synthon | results
N‘t\\>
0
P =
OH H” N |
(c) Synthonli (d) Synthon|l results
Figure 3.2 (a) Synthon | fragment used for search, (b) Bond angles distribution of

NH(pyrazole)éO=C(acid) i nteracti onentiused fohe CSI
search and (d)Bond angles distribution of NH(

3.3.3Experimentally observed synthons

The crystal structures are divided into three groupétdencrystal structuresR1-PentaFBA,
P2-Fum, P2-Suc, P2-Adi, P2-Pim, P3-3nitroBA, P3-4aminoBA, P3-PentaFBA, P4-Fum, P4-

Adi, P7-Sub, P8-Aze, andP8-Sub ) were obtained for group 1, and three crystal structures were
obtained for grou@ (P10-Fum, P10-Mal, P11-Aze and (d P11-dod.
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(a) P2-Fum (b) P2-Suc

Synthon |l

(c) P2-Adi (d) P2-Pim
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Synthon Il

Synthon Il

(f) P7-Sub

Synthon Il

(e) P4-Fum
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X

A

Synthon |l
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(g) P8-Aze

[q \‘ \
o
Bt

Synthon |l

Figure 3.3 Supramolecular trimer formed \n|a (8) heterosynthons in (a) Fum, (b) P2Suc,
(c) P2Adi, (d) P2Pim, (e)P4-Fum, (f) PZSub and (g) P&\ze leading in 2:1 stoichiometry

(a) P4-Adi (b) P8-Sub

Synthon |l
Synthon Il

5
-§ }_\"\r} xj\)\/\\‘ Synthon i

Figure 3.4 Synthon crossover in (a) i and (b) P8Subleading to 1:1 stoichiometry.
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(a) P1-PentaFBA (b) P3-3nitroBA
’f =

Synthon Il Synthon !

(c) P3-4-aminoBA (d) P3-PentaFBA

Synthon |l Synthon Il

Figure 3.5 Supramolecular dimer in (a) FPentaFBA, (b) P3nitroBA, (c) P34-aminoBA and
(d) P3PentaFBA.

Four crystal structures were obtained in grouf?20(Fum, P10-Mal, P11-Aze and P11-dod)

with di-aliphatic acids.No cocrystals were obtained with aromatic acids with and without

additional donor group.
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(a) P10-Fum (b) P10-Mal

Synthon Il

) (d)P11-dod
() Pl-Aze r Synthon Il Q
Or }\r
(’\/W Y | ,’L ?}H«f&’&’\/k

)j\\f/ symnll f} Synthon IV

Figure 3.6 Supramolecular trimer in (a) PAEum, (b) P1eMal and(c) P1tAze in 2:1
stoichiometry. Synthon crossover in (d) Rddd leading to 1:1 stoichiometry.

3.4 Discussion

3.4.1Experimental co-crystal screening

3.4.1.1Group 1(cocrystallizationof P9-P12with 20 carboxylic acids)

Target moleculesP1-P8 formed cacrystals in 58out of 80 (73% supramolecular yield)
experiments with aliphatic acids anddiiout of80 experimentsg6% supramolecular yield) with
aromatic acids. Overall, all target molecules ex&dpivith 30% yields)andP6 (with 40% yields)
has good success ratesbd on the grinding experimemtgh 20 coformers (64% supramolecular
yield). Adding a methyl group oR1to form P6increases the supramolecular yield from 30% to
85%, whereas adding a methyl groupRBto form P6 decreases the supramolecular yield from
60% to 40%. Target molecul®®, P3andP7have the highest supramolecular yields in this group.

The target molecules with an aliphatic side chain gr&tipR6) gave 73 out of 120 experimental
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positive cocrystal outcomes indicating 61% success rate vasetiee target molecules with an
aromatic side groupP(-P8) gave 30 out of 40 positive awystal outcomes indicating 75%
success ratelhis indicates that aromatic group has higher probability of formingrystals
compared to alkyl chairsthough the emparison might not be fair as the dataset of alkyl group

molecules is larger compared to aromatic groups

3.4.1.2Group 2(cacrystallizationof P9-P12with 20 carboxylic acids)

Grow 2: P9-P12 formed cacrystals in 40out of 40 (100% supramolecular yield) experents

with aliphatic acids and i@6 out of 40 experiments5% supramolecular yield) with aromatic
acids. Overall, all target moleculeB9-P12 have good success rate based on the grinding
experimentsith 20 ceformers (83% supramolecular yield), Figyrd. Adding a methyl group
onP9andP11lincreases the supramolecular yield by 5% i®andP12

Overall, the experimental screen producedcgstals in 89 of the 20 experiments (6
supramolecular yield) betwe&i-P12and 20 dicarboxylic acids, Tl»®.2(from IR). It is a rather

high success rate considering the very limited scope of the experimental screen (only LAG from
methanol was used to screen forargstals and only one solvent (methanol or nitromethane) was
used to grow single crystalsyVith further experimentation, it is reasonable to assume that some
pairs that did not succeed in-coystallizing in this screen could eventually for8till, it is
necessary to employ consistent experimental conditions when trying to elucidate the success

suitability of a protocol for carystal prediction
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Figure 3.7 Graphs showing supramolecular yields with respect to each group.

3.4.2Experimental co-crystal screening vs energy prediction

The muticomponent score for hydrogdrond energies (MCE) was obtained by subtracting the
best homemeric interactions from the best heteneric interactions. The comparison between
predicted and experimental-coystal screen was made, Appendix G.

In group 1, 160 experiments were performed, and the energy prediction was compared with the
experimental carystal screening. 92 out of 160-coystal screens were true positive, 51 were
false positive, 11 were false negative and 6 were true negative. Intha®l,was an 61%
agreement (98 out of 160 combinations were either true positive or true negative) between the
predicted and experimental results R¥-P8 with 20 acids Figure 3.8a A low success rate is
because 51 out of 160 combinations were predictddlses positives, indicating that the energy
method predicted them to be positive-@gstal but experimentally, they were designated as
negative cecrystal outcome. Thereforanenergy method couldot predict which combinations
doesnotform co-crystalsin group 1.

In group 2, 64 out of 80 experiments were true positive, 10 were false positive, 2 were false
negatives and 4 were true negati¢i@igure 38b). In total,there was an 85% agreement (68 out of
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80 combinations were either true positive or tragative) between the predicted and experimental

results forP9-P12 with 20 acids. The energy method predicted the experimentaltyystal
outcome very well in group 2.

Predicted outcome Predicted outcome
MCE(P1-P8) Co-crystal No MCE(P9-P12) Co- No
co-crystal crystal co-crystal
c Co-crystal = :
-qg.) -qg) Co-crystal
:.’_ No o No
ni co-crystal 4 co-crystal
98/160, 61% 68/80, 85%
(a) Group 1P1-P8) (b) Group 2 P9-P12

Figure 3.8 Confusion matrices determined from mudtimponent energies, MCE results (cut off
=-0.10) for P1P12 molecules with etormers, (a) Group 1(PBR8)and (b) Group 2 (R®12).

3.4.3Experimental co-crystal screening vs propensity prediction

The preditions made usinthe MCPmodel werecompared to experimental-©oystal screening
results Appendix G A confusion matrix was used to analyze the dateepsrted by Woockt.

al.?

The confusion matrices determined from MCP results using cut off =0.0@4drtdforP1-P12

are shown in Figure $:3.10 In total, the number of false negatives reduced from 142 to 66 by
changing the cubff from 0.0 t0-0.10. The agreement between experimental and predicted also
increased from 35% (89 out of 240 combinations) to 57% (136 out of 240 combinations).

MCE (P1-P8) Predicted outcome MCE (P9-P12) Predicted outcome
Cut off = 0.0 No Cut off = 0.0 No
Co-crystal Co-crystal
co-crystal co-crystal

;E, Co-crystal 79 g Co-crystal
£ E
g No 8 No
x x
w co-crystal i co-crystal
71/160, 44% 12/80, 15%
(a) Group 1P1-P8) (b) Group 2 P9-P12

Figure 3.9 Confusion matrices determined from midémponent propensity MCP results (cut off
=0.0) for P1P12 molecules with ctormers, (a) Group 1(PR8)and (b) Group 2 (R®12).
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MCP(P1-P8) Predicted outcl(\)lr:e MCP(P9-P12) Predicted outc;\Jl;ne
Cut off = -0.10 Co-crystal Cut off =-0.10 Co-crystal
co-crystal co-crystal
E Co-crystal 39 % Co-crystal
E =
@ No @ No
=3 3
u co-crystal L co-crystal
88/160, 55% 48/80, 60%
(a) Group 1P1-P8) (b) Group2 (P9-P12)

Figure 3.10 Confusion matrices determined from midamponent propensity MCP results (cut
off =-0.10) for P1P12 molecules with ctormers, (a) Group 1(PR8)and (b) Group 2 (R®12).

The pediction of cecrystal based on propensity in pyrazalaide based molecules is difficult

because of the presence of multiple donors and acceptors on the pyradesst Avo different
interactions are possible in each@gstal combination due to press of two donor groups on

the pyrazole molecules: both could be heteromeric interactions or one could be homomeric and
other could be heteromeric interaction. The propensity MCP score is based on only best hetero and
homo interaction observed. For exangplan group 1, The best homomeric interaction;
NH(pyrazole)éC=0 (amide) i s a stronger i nt e
interaction; NH(pyrazole)éC=0(acid). Therefor
crystal. However, experimentally & a positive carystal and the best homomeric interaction is
observed in the eorystal. This indicated that we must consider all the possible homomeric and
heteromeric interactions in the molecule. Similar is true for group 2 in which the best homomeric

i nteraction NH(pyrazole)éN(pyridine) or NH( p

experimentally observed crystal structures.

3.4.4Comparison between predicted and experimental corystal screening

Two prediction methods were used to analyze thergstal grinding experiment resulig this

study, Table 3.8 The data was divided in two groups based on the number of functional groups
present on the target molecules.

Based on the MCE method, there was 61% agreement between prediction and experimental co
crysa | outcome for group 1 and 85% for group 2.
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that well on group 1. The possible reason for low success rate in group 1 could be due to the
method not able to predict the experimentally observed negatieeysta outcome. The best
homomeric interaction is NH(pyr)...C=0O(amide) and the best heteromeric interaction is
OH(acid)éC=0(amide). The heteromeric interact
most cases so gave positive MCE score. The method gafedsBlpositives which means they

were predicted as positive-coystal outcome but experimentally formed negativerystal.

Propensity method was used as an alternative to determine the MCP score which is determined by
subtracting the best homomeric ardction from the best heteromeric interaction based on
knowledge of Cambridge structural database. Based on MCP as 0.0 cut off, there was 44% and 15
% agreement between predicted and experimental fopdrand group 2 respectively. This poor
agreements because the propensity predicted hamer i ¢ NH( pyr ) éC=0(ami de)
gropland NH(pyr)éN(pyr) in group 2 as the best
negative and 142 out of 240-coystals (59%) were predicted as false negative mday were

predicted negative by propensity but they do forrtigstal experimentally. Since pyrazole target
molecules has multiple functional groups including two donor groups, it is likely that more than

one interaction happens in the-agystal and th propensity calculation method need to be
modified to include all possible interaction. Based on MCP cut off valu@.b®, the agreement

was improved to 55% for group 1 and 60% for group 2.

Table 3.8 Summnary of experimental corystal screening and energy and propensity prediction
comparison for group 1 and group 2.

Experimental co- Energies Propensities Propensities
crystal screening (MCE) (MCP=0.0) (MCP=-0.10)
Group 1 64% 98/160, 61% 71/160, 44% 88/160, 55%
Group 2 83% 68/80, 85% 12/80, 15% 48/80, 60%

PART 2: SYNTHON PREDICION STUDY
Once, the carystal screen was done, synthon prediction studies were perfofinee. are two
binding pockets in the pyrazole molecule4;P8. The acid functiondy of carboxylic group (10
aliphatic acids and 10 aromatic acids w/o additional donor) can either bind to pyrazole binding
pocket forming synthoh, or amide binding pocket forming synthbnor it can undergo synthon

crossover leading to synthaih .
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Scheme 3.&chematics showing different synthon possibilities.

In P9-P12 the additional pyridyl acceptor group can lead to synihvonTherefore, inP1-P8,
synthonl, I, andlll are possible and iIR9-P12 synthonl, I, lll , andlV are possibleThe

synthon complexity increases as an additional donor group is introduced on the aromatic acids (an
additional synthov, VIl and MII for hydroxyBA and an additionalynthonVIII , IX andX for
aminoBA).To find out which of these synthons is more likely to happen in the crystal structure,

predictions were made using electrostatics, energies and propensity method.

3.4.5Synthon prediction in group 1
3.4.5.1Method 1: Electrostatis

Synthonl is predicted to be the most optimal synthon as the NH(pyrazole) is the best donor and N
(pyrazole) is the second best acceptor compared to syrdtham which NH(amide) and
N(pyrazole) will form synthon in aliphatic acids and aromatic acideowmit additional donor.
SynthonVI is predicted to be the most likely synthon in hydroxyBA and synthisnthe best
predicted synthon in aminoBA, Figure 3.11.

3.4.5.2Method 2: Energies

In grow 1, for aliphatic acids, synthdnwas the most preferred synthorldaved by synthoril .

For aromatic acids without an additional donor grdupas the most preferred synthon followed
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by synthonlll and synthoril . In hydroxyBA, onepoint synthorvVl and twaepoint synthon are
most likely to happen. In aminoBA, synthbis most likely to occur, Figure 3.11.

Group 1
Electrostatics & Energies
H Y

O-—--H Y \
\N /N \

/ N

—H---Ny_ \ X
0
N A \Ar

Dahd
Synthon |

L

X

Aliphatic acids Hydroxy acids
Aromatic acids
Amino acids

Figure 3.11 Synthon predicted in group 1 using electrostatics and energies.

3.4.5.3Method 3: Propensities

The best heteromeric interaction was selected from the propehaityand the synthon based on
that interaction was chosen to be the most preferred synthon based on propensity. The preferred

synthon in each category are shown in Figuie.

Group 1
Propensities
H Y
Qe H\ Y B Y \N
R / N N o R / \
) Y j AN
X X
"H "'H/N\Ar

N,

v Y Y

Aliphatic acids Hydroxy acids Amino acids
Aromatic acids
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Figure 3.12 Synthon predited in group 1 using propensities.

3.4.5.4Molecular complementarity/geometrical constraints

The main difference between synthoand synthoril is that in the former, pyrazole NH is used

as the hydrogebond donor for ligand and in the latter, amide NH idus® the hydrogehond

donor. The bond analysis of crystal structur e:
and NH(amide).O=C(acid) interactions. Ten structures are reported in the CSD where pyrazole
binding pocket binds to carboxylic acids waneric synthori. 76 structures are reported in the

CSD where amide pocket binds as dimer to the carboxylic acids visa syntfidtve bond angle

analysis shows that most structures with NH(pyragol@¥C(acid) interaction has a bond angle

of 138and NHa@mideg . O=C(acid) interactions has a bond angld &2, Rigure3.13

Amide pocket Pyrazole pocket
7\ ~138

O—H-"-N

~172 >.=o 0—H" N

(a) (b)

Figure 3.13 Differences in angles of amide and pyrazole binding pocket.

The second interaction OH( theyintdonstahd(ispaynostalinearl e ) i
These results indicate th&H(amide)..O=C(acid) interaction is more linear compared to

NH( pyr azol e)te®fer€\harca pohe molecule has a choice between two binding
pockets, it binds to the one which forms mdinear hydrogeibond interactions, i.e. the probe

binds to pocket which is more geometrically favorable/compatible. In this study, amide binding

pocket is indeed more favorable compared to pyrazole binding pocket.
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Group 1

Molecular

Electrostatics Energies Propensities W . blementarity

Aliphatic acids Synthon | Synthon | Synthon |

Synthon Il

Aromatic acids Synthon | Synthon | Synthon | Synthon Il

Synthon Il

Synthon I

Synthon | Synthon | Synthon IX

Amino acids

Figure 3.14 Summary of synthon predictions by different methods in group 1.

3.4.6Synthon prediction in group 2
3.4.6.1Method 1: Electrostatics

In group 2, synthom is most likely to occur for twqoint interaction and synthd¥ based on

onepoint interztion. Note that the supramolecular chelate effect plays a role in the final
determination of the synthon. For HydroxyBA, where additional single point interaction donor is
present, syntho¥ 1l in group 2 are very likely to happen based on bestdoesta c c e pt or Et t ¢
rule. In AminoBA, synthonV is predicted for group 2, Figure 3.15.
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Aliphatic acids = Hydroxy acids Amino acids
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Figure 3.15 Synthon prediction in group 2 using electrostatics.

3.4.6.2Method 2: Energies

In group 2, Synthoh was the mostneferred synthon in aliphatic acids and synthibrwas the

most preferred synthon in aromatic acids (without additional donor group) followed by synthon

and synthoril . All synthons were close in energy; therefore, any synthon could be possible. In

groy 2 with hydroxyBA and aminoBA, there are seven synthon possibilities in each combination

because of presence of an additional acceptor group on each target molecule. In hydroxyBA,

synthonll (two-point interaction) and synthdW (onepoint interaction) ee most likely to occur.

In aminoBA, Synthonl is the preferred synthon, Figure 3.16a.

Group 2
Energies

Synthon |

Aliphatic acids
Hydroxy acids
Amino acids
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v Propensities
H
3;? Wy
v
£ H_ 7\
H l N Na
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\\\N H’N o u"\ 0
b 7\ p
o:& -——\N\ \\l

b
Synthon IV = H/\.
Ar
" oot
Aromatic acids

Aliphatic acids Amino acids
Aromatic acids
Hydroxy acids
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() (b)

Figure 3.16 Synthon prediction in group 2 using (a) energies and (b) propensities.

3.4.6.3Method 3: Propengies

SynthonlV is the most preferred synthon in aliphatic acids and aromatic acids without an
additional donor group. In hydroxyBA, synthdvi is the most optimal synthon in group 2. In

aminoBA, synthorX are the most preferred synthons in group 2, Figutéb.

Group 2

Molecular

Electrostatics Energies Propensities complementarity

Aliphatic acids Synthon | Synthon| Synthon IV Synthon I

Aromatic acids Synthon | Synthon IV Synthon IV Synthon Il

Hydroxy acids Synthon VII Synthon| Synthon IV

Synthon Il

Amino acids _ Synthon I

Synthon IV Synthonl Synthon X

Figure 3.17 Summary of synthon predictions by different methods in group 2.

3.4.7 Synthon observed in the crystal structures

3.4.7.1Crystal structures in group 1

In group1, ninecrystal structures werebtained with dialiphatic acids and four crystal structures

were obtained with moraromatic acidsln seven out of nineocrystals withdi-aliphatic acids

(78%), both ends of acids are involved in two complementary hydrogen bonds between carboxylic
acdOH( aci d) éN(py-Haami é¢) a®0dCNacid) acid moieti
Y (8) hydiogenbonded synthonll in a 2:1 crystallizing agent:. acid stoichiometiihese
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heteromeric synthons are propagated intin2ensional sheets via hydrogen bonding between
pyrazole NH and carbonyl oxygen of the target molecule, forming homeac synthon.

There are two exceptionshe cocrystal ofP4-Adi andP8-Subforms dimeric syntholi on one

side of acid (twepoint interaction) but formene pointinteractions on the other end of acid;
synthonlll ( OH( aci d) é C=0( ami doal)()NHg rpdy r mazlofl ededingCy=rCt( ha c
to synthon crossoveln aromaticacids without an additional donor group, three crystal structures

were obtained and in all crystal structyregnthonll i nvol vi ng OH(acid) éN(p
NH( ami de) é O= Cdomioantdnteradtian leadmg to 1:1 stoichiometrin aromatic

acids with an additional donor group, one crystal was obtainedP8itminoBA and synthom

was observed as predicted by molecular complementarity apprbaetefore, ineleven out of
thirteencrystal structureg85%)in growp 1, synthonll is preferred over synthdror Il . Synthon

Il was predicted based on molecular complementarity over syhtegan though the latter is

predicted to more optimal synthon based on electrostatics, enexgik propensities in aliphatic

diacids and aromatic acids with no additional donor, Figure 3.18.

Group 1
H\N Y H\N v )
/ 0.
A A L
R Or"”H/ 0 H— \f()
i} !

Aliphatic acids (7/9) (2/9)
Aromatic acids (3/3) (0/3)

Hydroxy acids N/A N/A
Amino acids (1/1) (0/1)

Figure 3.18 Summary of synthons observed in the crystal structures in group 1.

3.4.7.2Crystal structures in grap 2
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Four crystal structures were obtained in group 2 and in three out of fauystals P10-Fum,
P10-Mal, andP11-Aze) with di-aliphatic acids, syntholh was observed. The crystal structure of
P11-Aze forms robust synthofl on one side of suberic acwhereas the opposite end of acid
participates in the synthdl and half of synthon leading to synthon crossaveNo cocrystals

were obtained with aromatic acids with and without additional donor group, Figure 3.19.

Group 2
II\N Y H\N % )
/ 0O
R/&O--'--H’N 0 : Gt o
| !

Aliphatic acids (3/4) (1/4)
Aromatic acids N/A N/A
Hydroxy acids N/A N/A
Amino acids N/A N/A

Figure 3.19 Summary of synthons observed in the crystal structures in group 2.

In total, we obtained 13 ecrystals with aliphatic acids and 4-coystals with aromatic acids.
Therefore, 10 out of 13 (77%) outcomes showed dimeric symkhaomd 2 out of 13 (15%) showed
synthonlll , 1 out of 13 (7%) showed synthtw% as the most preferresipramolecular outcome
irrespective of different group3he structure determinations reveal thghthonll is the most

desired synthon arthe primary ntermolecular interactions, thel@(acid¢ N(pyrazole)and N

H(amide O=C(acid)hydrogen bonds, consistently remain intact. The supramolecular trimer was
extended into D sheets via orpoint homomeric hydrogen bond between pyrazold bWnd

carbonyl oxygenN-H( pyr az ol e) é O= C( é&omouoheri} synthonelrseadhtasep g i n
dimeric synthonrll is preferred over synthanin a competitive environmentherefore having

methyl group on pyrazole backbone or introducing bulky substituents soedtlad, eéhyl, phenyl
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orpyridylgr oups next to amide
crystalsbut there is chance of synthon crossover.

3.4.8Comparison of experimentvs predictions

Comparing the predicted synthons with the observed sgsthit was found that the synthons
observed inthe crystal structures matches with the second possibility of predicted synthon
(Synthonll orlll) instead of the first possibility (synthdpbased on all three prediction methods
(electrostatics, energieand propensities). Synthdh was also predicted based on molecular
complementarity.Synthonl was t he most preferred synthon
observed in any of the crystal structutescause of geometric constraints associated wigh th
synthon. Based on CSD search, synthibnwas more likely to occur compared to syntHon
because in former, the hydrogbeand angles are more linear compared to the former synthon.
These results indicate that when a probe molecule has a choice betwdanding pockets, it
binds to the one which forms more linear hydregend interactions, i.e. the probe binds to pocket
which is more geometrically favorable/compatifiiaerefore, in this study even though synthon

is more energetically favored, syothll is preferred because it is more geometrically compatible.

Table 3.9 Summary of predicted vs experimental synthons observed in each group

Based on Eletrostatics, energies, Molecular
propensities complementarity
18t 2nd 18t Experimentally
possibility possibility possibility Observed synthon

Group 1 Aliphatic acids Synthonl Synthonll Synthonll Synthonll (7/9)
Synthonlll (2/9)
Aromatic acids Synthonl or lll Synthonll (3/3)

HydroxyBA SynthonVI, IlI Synthonl N/A
AminoBA Synthonl, Il | 1X Synthonll Synthonll (1/1)
Group 2 Aliphatic acids Synthonl, IV Synthonll Synthonll Synthonll (3/4)
Synthonl Il (1/4)

Aromatic acids Synthonl, IV N/A

HydroxyBA Synthonl, VII , IV N/A

AminoBA SynthonlV, |, X N/A

3.5Conclusions

We attempted to corystallize the twelve target moleculeB1{P12) with twenty different

carboxylic acids to probe the strength and stability of the homomeric interactions.
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. The homomeric interactions welbeoken to form heteromeric synthons via experimental co
crystallization with 70% success rate.

Hydrogen bond energy and propensity were used as prediction methods to predict and
compare the experimental-coystal screening results comprising twelve ¢argolecules and
twenty carboxylic acids resulting in 240 data poirttsidrogenbond energy resulted in 69%
agreement and hydrogen bond propensity resulted in only 35% agreement.

. Synthon prediction studies were done using electrostatics, energies giepamd molecular
complementarity. Synthdnwas the preferred synthon over synttiobased on electrostatics,
energies and propensities whereas Synthbnwas preferred based on molecular
complementarity.

. Synthonll was observed experimentally in @4t 17 crystal structures with 82% success rate.
These results indicated tiselid state supramolecular synthésgepends not only upon the
electrostatic or chemical environment around the binding site but also upon the $iee, sha
geometry and orientation of interacting molecular species to achieve robust and predictable
supramolecular syntho$. Effective molecularrecognition occurs when both factors,
electrostatics and moleculgeometry are compatible between the interacting parthérs.
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Chapter 4 - Evaluating Homomeric Synthons in Thiazole based

Molecules using Energies and Propensds

4.1 Introduction

Thiazole rings are present in many pharmaceutical compounds, and drugs sucH A$FEB,

5172° meloxicam?®?” and ntazoxanid€®?® contain amidesubstituted thiazoles as part of their
chemical makaip. This functionality has been successfully exploited to synthesize/stals of

some of these active pharmaceutical ingregiefAPIs). Knowing in advance which
supramolecular pathways are accessible in molecular solids by themselves, and which of those
possible options is the most likely route for a molecule, is thus clearly of importance for developing
solid forms with optimunbulk properties.
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Schemed.1 Twelve thiazole amides used in this study.
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Scheme 4.2 Four postulated synthons in a generic thiazateide; (a) synthonA, N-H
(ami de) é(ar omat iBc N-\H (ahibd e ) £ySr(tahomat i €) N-H ( ¢c)
(ami de) é0=C(ami deD,N-H anhami(dlg) &/ (yphy MDigdRi=methylN ( R
ethyl, or benzyl).
In this study, we want to establish what intermolecular preference, if any;khgroup displays
and whether w can rationalize this in a convincing manner. The target moleciH&éd 2 (scheme
4.2)are divided into two groups based on the number of functional groups piiegsdi& belongs
to groupl and9-T12 belongs to group 2 molecules. The interaction betwleehydrogerbond
donor and the three possible acceptors in groupl would lead to three different synthons (synthon
A, synthorB and synthor€) and an additional synthon (synthon D) in group 2, Sche8)éaking
into account only therans C=0O-NH isomer ad disregarding any catemeric versions of synthons
A and B. We used structural informatics as a guideline to determine the most plausible
conformation in these target molecules using data from the CSD. The search was restricted to
structures without disder, and with an Ractor below 5%. According to our CSD search (CSD
database 5.38, Nov 2016 with updates from Feb and May 30%Ae found 6335 relevant
structures containing the amide functionality and abput 0.5% of these displayectia CO-
NH isomer. Therefore, we felt justified in focusing exclusively onttétves CO-NH geometry in
these target molecules. In addition, structural data complemented by geometry optimizations (see
Section 2.2), indicad that the amide is likely to be-ptanar with the thiazole.
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Homomeric synthon study
(Thiazole based molecules)

J

1

Prediction
methods

Experimental
methods

Molecular electrostatic
potentials (MEPs)

Hydrogen-bond energies

{1:13]
L Crystal structures

Hydrogen-bond propensities
(HBP)

Hydrogen-bond

L J

coordination (HBC)

Schemed.3 An outline of prediction and experimental methods used in this study.

The study isloneto answerthe following questions,
1. Which methodMEPs, HBE, HBP or HBC) is successful iredicting the key hydrogen
bond interactions?
2. Is a combination of prediction methods preferred over individual methods?
3. Which synthon is the most optimal synthon in grdu@ 1-T8) and how does adding an
acceptor group affect the choice of synthom AT 12,

4.2 Experimental

4.2.1General

2-Amino-thiazole, 2amino5-methytthiazole, acetic anhydride, propionic anhydride, butyric
anhydride, nicotinic acid, Isonicotinic acid and thionyl chloride and benzoyl chloride were
purchased from commercial sources and utiliegtthout further purification. Target molecules
T1-T6 and T9-T12 are synthesized following procedures below. Target moledileE8 are
synthesized following literature methotfsMelting points were meased using a Fishelohns
melting point apparatus. SolutiéH NMR data were collected in DMS@ on a Varian Unity

plus 400 MHz NMR spectrometer.
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4.2.2 Synthesis

4.2.2.1Synthesis of Zacetamidethiazole, T1

/—\ N
N Acetic anhydride X

X >
Reflux at 60-70 °C HN

o
NH, 6 hours \f

A solution of 2amincthiazole (2.46g, 24.6mmol) in 15raf acetic anhydride was refluxed until

acetylation was complete for approximately 6 hours. Thin layer chromatography (TLC) was
performed to confirm the formation of only one product. Excess acetic anhydride and acetic acid
were removed by rotavaporatiorunder vacuum. The product so obtained was washed with water
and the solid precipitate was filtered. The solid was dissolved in a 1:1 ratio of methanol/diethyl
ether and the solution was allowed to stand at room temperature. Crystals of pure product were
obtained in a week. Yellowolid; yield: 2.75 g (79%); mp 26205C {it. 200-202C);° 'H NMR

(UH; DMSO, 400MHz): 11.48 (s, 1H), 7.85 (d,

4.2.2.2Synthesis of 2Zacetamide5-methytthiazole, T2.

[ ( N
N Acetic anhydride X
Y L.

Reflux at 60-70 °C HN

(0]
NH, 6 hours \f

A solution of 2aminae5-methytthiazole (2.6g, 17.4mmol) in 10ml of acetic anhydride was

refluxed at 7QC for approximatly 6 hours until acetylation was complete. TLC was performed to
confirm the formation of only one product. Excess acetic anhydride and acetic acid were removed
by rotaevaporation under vacuum. The product so obtained was washed with water and the solid

precipitate was filtered. The solid was dissolved in a 1:1 ratio of methanol/dettigyl and the
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solution was allowed to stand at room temperature. Crystals of pure product were obtained in a
week. White solid; yield: 3.55 g (98%); mp 2295C lit. 225C)-H NMR ( U H; DMSQO
400MHz): 11.32 (s, 1H), 7.49 (s, 1H), 2.80 (s, 3H), 2.65 (s, 3H).

4.2.2.3Synthesis of Zoropamidethiazole, T3.

N Propionic anhydride N AN

N .
Reflux at 60-70 °C HN

0]
NH, 2 hours \i

A solution of 2aminothiazole (2.46g, 24.6mmol) in 10ml of propionic anhydride was refluxed at

65 C dor 2 hours. TLC was p®rmed to confirm the formation of only one product. Excess
propionic anhydride and propionic acid were removed by-ewgporation under vacuum. The

brown product so obtained was washed with water and the solid precipitate was isolated by
filtration. The solid was dissolved in methanol and the solution was allowed to stand at room
temperature. Crystals of pure product were obtained in 5 days. Brown solid; yield: 3.00 g (78%);

mp 158162C {it. 157-159C);; 'H NMR (G H; DMSO, 400 MHa)H), 12. 05
7.18(d, 1H), 2.42 (q, 2H), 1.08 (t, 3H).

4.2.2.4Synthesis of Zoropamide5-methytthiazole, T4.

—( ~(

. . NQ
N Propionic anhydride
N >
Reflux at 60-70 °C HN

o
NH, 2 hours \‘E

A solution of 2aminae5-methytthiazole (2.6g, 17.4mmol) in 10ml of propionic anhydride was

refluxed at 65C for 2.5 hours. TLC was performed to confitine formation of only one product.
Excess propionic anhydride and propionic acid were removed bgvafgoration under vacuum.
The yellow product so obtained was washed with water and the solid precipitate was isolated by
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filtration. The solid was disseéd in methanol and the solution was allowed to stand at room
temperature. Crystals of pure product were obtained in a week. Yield: 3.89 g (88%); mp 196
201C;4H NMR ( i; DMSO, 400MHz): 11.84 (s, 1H), 7.10 (s, 1H), 2.32 (g, 2H), 2.32 (s, 3H),
1.07 (t, 3B.

4.2.2.5Synthesis of dutyramidothiazole, T5

\ N/\=\

N N Butyryl chloride .~
Y n-methylmorphorline, HN o)
NH, Dichloromethane

r.t. stir, 16 hours

2-Aminothiazole (0.601 g, 6.00 mmol) was dissolved in 30 mL of dichloromethane, 1.6 mL N
methylmorpholine (14.6 mmol), and 1.49 mL butyryl chloride (14.0 mmaol). After stirring for 16
hours, the mixture was coewtrated and the residue was dissolved in 30 mL methanol. Then, 7
mL of 2.5M sodium hydroxide was added dropwise, followed by 10 mL of tetrahydrofuran. The
mixture was allowed to sit for 15 minutes before being concentrated again and suspended in water.
The tan precipitate was filtered, air dried, and finally recrystallized in methanol to yield dark,
golden crystals. 61% yield, m.p. 2436°C,'H NMR (400 MHz, DMSGds) U ppm: 12. 02
7.42 (1H), 7.16 (1H), 2.38 (2H), 1.60 (2H), 0.88 (3H).

4.2.2.6Synthesis of dutyramido 5methyl thiazole,T6

—( ~

N

Na Butyryl chloride Y
Y n-methylmorphorline, HN 0
NH, Dichloromethane

r.t. stir, 16 hours
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2-Amino-5-methylthiazole (0.685 g, 6.00 mmol) was dissolved in 30 mL of dichloromethane,
1.6 mL Nmethylmorpholine (14.6 mmol),nd 1.49 mL butyryl chloride (14.0 mmol). After
stirring for 16 hours, the mixture was concentrated and the residue was dissolved in 30 mL
methanol. Then, 7 mL of 2.5M sodium hydroxide was added dropwise, followed by 10 mL of
tetrahydrofuran. The mixtureas allowed to sit for 15 minutes before being concentrated again
and suspended in water. The tan precipitate was filtered, air dried, and finally recrystallized in
methanol to yield tan crystals. 45% yield, m.p.-135°C,*H NMR (400 MHz, DMSGds) U p p m:
11.01 (1H), 6.28 (1H), 1.55 (2H), 1.51 (3H), 0.78 (2H), 0.07 (3H).

4.2.2.7Synthesis of 2benzamidethiazole, T7

N Benzoyl chloride N X
X >
Acetone, NaHCO; HN 0O
NH, r.t., 30-45 minutes

To a mixture of 2.5g of-2minothiazole in 30ml acetone and 50ml brine solution (16.67g NacCl
in 50ml water), 2.91ml of benzoyl chloride3ml acetone was added in increments over a period
of 15 minutes with continuous stirring at room temperature. A total of 4.2g of sodium bicarbonate
was dissolved in 50ml of water and the saturated solution was added to the mixture. The reaction
mixture wa further stirred for 1830 minutes. The solid formed was separated by filtration and
dried. It was dissolved in methanol and the solution was allowed to slowly evaporate at room
temperature to grow single crystals. White solid; yield: 3.06 g (60%); t135C {it. 152C)-
4 NMR (UH; DMSO, 400MHz): 12.65 (s, 1H), 8. 1C¢C
1H), 7.29 (s, 1H).

4.2.2.8 Synthesis of zbenzamide5-methytthiazole, T8

97



— ~

N N Benzoyl chloride

|

Acetone, NaHCO; HN o
r.t., 30-45 minutes

NH,

To a mixture of 1.42 g of-amina5-methytthiazole in 15ml acetonend 25ml brine solution
(8.34g NaCl in 50ml water), 1.45ml of benzoyl chloride in 1.5ml acetone was added in portions
with continuous stirring during 15 minutes at room temperature. A total of 2.10 g of sodium
bicarbonate was dissolved in 25ml of water #rel saturated solution was added to the mixture.
The reaction mixture was further stirred for-a® minutes. The solid formed was separated by
filtration and dried. It was dissolved in methanol and the solution was allowed to slowly evaporate
at room tempeature to grow single crystals. White solid; yield: 2.01 g (73%); mp1B6aC;3H

NMR ( 0H; DMS O, 400MHz) : 12.46 (s, 1H), 8.08
2.37 (S, 3H).

4.2.2.9Synthesis of N(thiazol2-yl) nicotinamide,T9
N,——\_
— Triethylamine, NS
) 0 !/ \ Acet(:nitri]e Y

SOCl N -
p — = a by r.t. HN o)
| OH reflux at 70-80 °C < | overnight

\N 4 hours N NHZ p

N&
A solution d 3-pyridine-carboxylic acids (5 grams, 40.5 mmol) in thionyl chloride (50ml) was

refluxed for 4 hours at 780 °C. Then, thionyl chloride was removed under vacuum to obtain
white solid as nicotinoyl chloride (91.27%)aPninothiazole (1.2g, 12 mmol) waslded slowly

into 50ml round bottom flask containing nicotinoyl chloride (1.70g, 12 mmole) and triethylamine
(2.6 ml) in acetonitrile (20 ml). the mixture was stirred at room temperature overnight. The organic
layer was washed with water and the solverd veanoved by gravity filtration to yield a yellow
powder as the crude product. The product was recrystallized from methkeholv solid; yield
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90%; mp 213214C, 'H NMR ( K, 400 MHz, DMS0)12.87(br, 1H), 9.20 (s, 1H), 8.79 (s, 1H),
8.42 (s, 1H), 7.5Ts, 2H), 7.32 (s, 1H).

4.2.2.10Synthesis of N(5-methylthiazot2-yl) nicotinamide,T10

~

Na

— Triethylamine,
o $oCl 0 N Acetonitrile Y
. —_—
_ _0%h L aa Y ” HN___O
| OH' reflux at 70-80 °C - | overnight
\N 4 hours N VHZ
= |
Na

A solution of 3pyridine-carboxylic acids (5 grams, 40.5 mmol) in thionyl chloride (50ml) was
refluxed for 4 hours at 780 °C. Then, thionyl chloride was removed underuvee to obtain

white solid as nicotinoyl chloride (91.27%)a2ninc5methytthiazole (1.79g, 12 mmol) was
added slowly into 50ml round bottom flask containing nicotinoyl chloride (1.70g, 12 mamale)
triethylamine (1.6 ml) in acetonitrile (20 ml). the mirguwas stirred at room temperature
overnight. The organic layer was washed with water and the solvent was removed by gravity
filtration to yield awhite powder as the crude produethite solid; yield 92%mp 212-213 G, *H

NMR (UH, 400 1R, IHDMS @,)1H),8.78 (s, 1H), 8.38 (s, 1H), 7.55 (s, 1H),
7.24 (s, 1H), 2.38 (s, 3H).

4.2.2.11 Synthesis of Nthiazol-2-yl)isonicotinamide T11

. . N
—_— Triethylamine, N
0 soCl o NJ \ Acetonitrile \I/
—_—
— = a *t X r.t. HN 0
~ | OH reflux at 70-80 °C N« | overnight
N~ 4 hours NH,

~ |

\ T
N

A solution of 4pyridine-carboxylic acids (5 grams, 40.5 mmol) in thionyl chloride (50ml) was

refluxed for4 hours at 780 °C. Then, thionyl chloride was removed under vacuum to obtain
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white solid as nicotinoyl chloride (93%)-a@minathiazole (1.2g, 12 mmol) was added slowly into
50ml round bottom flask containing isonicotinoyl chloride (1.70g, 12 mmole}ratdylamine

(1.6 ml) in acetonitrile (20 ml). the mixture was stirred at room temperature overnight. The organic
layer was washed with water and the solvent was removed by gravity filtration to yield a yellow
powder as the crude product. The product measystallized from methanoY.ellow solid; yield

89%; mp 199201 C,*H NMR ( K, 400 MHz, DMS0):1297 (br, 1H), 8.80(s, 2H), 7.98(s, 2H),

7.59 (s,1H), 7.32 (s, 1H).

4.2.2.12Synthesis of N(5-methylthiazot2-yl) isonicotinamide,T12
/=( Triethylamine, N NS
0] 0 / Acetonitrile Y
ok 2 a NN i ™ HN__O
@)LOH refluy e 0-807C Ny ! Y overnight
Ns 4 hours NH

2
“

>
N

2-Amino-5methytthiazole (1.79g, 12 mmol) was added slowly into 50ml robaottom flask
containing nicotinoyl chloride (1.70g, 12 mmole) and triethylamine (1.6 ml) in acetonitrile (20
ml). the mixture was stirred at room temperature overnight. The organic layer was washed with
water and the solvent was removed by gravity fikratio yield adarkyellow powder as the crude
product.Yellow solid; yield 85%mp 213214 C,*H NMR ( 14, 400 MHz, DMSO): 1Z8 (s, 1H),

8.79 (d, 2H), 7.97 (d, 2H), Z6(d, 1H),2.38(s, 3H).

4.2.3CSD analysis

o)
@QI\ N
> %

!
(@
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Figure 4.1 (a) Amide functionality (both bonds are acyclic) used to perfinertorsion angle
search. (b) Scatterplot indicating number of structures with torsiorssfved, ~32 structures)
andtrans(blue, ~6303 Structures) conformations.

A search was done by drawing the amide group as shown in Hduaad CSD database3s.

(Nov 2016) with updates from Feb and May 2017 was used to perform the torsion angle search on
CSD database. The following filters were applied to the search (No disordered, No errors, Not
polymeric, No ions, No powder patterns and only organics). Tiseotoangle on four atoms
(OCNH) was defined from180° to +180°. A total of 6335 structures was obtained and
approximately 32 (0.5%) of these structures havectk@amide conformation and about 6303

structures (99%) haveans-amide conformation.

4.2.4Geomdry optimizations for T1-T12

Geometry optimization was performed on each conformatiomleT12 and the most stable
conformation is given a value of 0 kJ/mol; all other conformations energies are presented relative
to this, Tabled.1.

Table 4.1 Energies of eactransconformation relative to most stalitans conformation is
shown below in kJ/mol. Note: conformations of target molecules with methyl group on thiazole
ring are not shown here.

Conformation Conformation Conformation Conformation Conformation | Conformation
1 2 3 4 5 6
Group 1

T1
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T9
{

T9 +4 +5 +8
T10 +8 0 +5
T11
T11 0 +5
T12 0 +5

4.2.5Molecular electrostatic potential (MEPS) calculations

Molecular electrostatic potentiaugaces (MEPS) off1i T12 were generated with density

functional B3LYP level of theory using-8&1L1++G** basis set in vacuunsee section 2.2.4 for
details

4.2.6Hydrogen-bond energiegHBE) for predicting structural outcomes

See section 2.2.5 for detailed degtion of hydrogerbond energy calculations. The results are
shown in Table 4.2.

Table 4.2 Electrostatics (in kJ/mol) and alpha and beta values feFIPlcalculated using
equations 1 and 2 for donor anctaptor group.

(I;J/mol) (kJ/mol) (kJ/mol) (kJ/mol)

246.00 3.35 -146.00 4.47 -76.00 1.55 -178.00 6.28
237.00 3.19 -153.00 4.84 -80.00 1.68 -184.00 6.65
239.00 3.22 -149.00 4.63 -78.00 1.61 -172.00 5.92
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T4 |

T5 | 239.00 | 319 | -150.00 | 4.84 | -9000 | 168 | -17300| 665 | | |
|

T 7 | 22600 | 300 | -149.00| 463 | 8400 | 181 | -172.00 | 592 | [ |
|

To | 22900 | 305 | -14300| 432 | -39.00 | 058 | -15200| 479 | -153.00 | 4.84

T10 |

T11

T12 |

4.2.7Hydrogen-bond propensities(HBP) for predicting structural outcomes

The detailed description of HBP calculations is described in section 2l @lifferentamide

substituents in targe®sl/T2, T3/T4 andT5/T6 were modeled separately as shown in Tdle

Table 4.3 Functional groups used to determine the hydrdgmmd propensities for the twelve
target molecds. The labels in the figures can be explained as follows: Tn = atom makes n
bonds, ¢ = atom is cycli® = bond is acyclic, and Hn = n bonded hydrogen atoms.

T Tig g cH,
J\ T PN T [
c c -
S e, NS G e | © ¢ A\
CH,
T1/T2 T3/T4/TS/T6 | T7-T12 T1-T12 T1-T12 T9-T12

4.2.8Crystal growth

T1-T12 were keptin a vial for slow evaporation methanol solvent in order to obtain crystals
suitable for single crystal-Xay diffraction. If suitable crystals were not obtained in methanol, then
different solvents were tried to grow crystals:ra¢ experimental data amdystallographic data

are given infable 4.4.
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Table 4.4 Experimental details of crystals obtained

oup T1 Methanol Block, colorless 200-205Cso
T2 Methanol Plate, colorless 219225C»s
T3 Methanol Plate, colorless 158-162Cs
T4 Methanol Block, colorless 196-201Cs
T5 Methanol Blocks, colorless 143-146Cs
T6 Methanol Blocks, colorless 126-135Cso
T7 Methanol Plates, colorless 150-152Cs
T8 Methanol Block, colorless 160-162Cso
oup T9 Methanol Plate, yellow 213214Cs
T10 Methanol Plate, yellow 212-213C»o
T11 Methanol Blocks, colorless 199201Cs
T12 Methanol Blocks, colorless 213214Cs
4.3 Results

4.3.1Molecular electrostatic potentials (MEP$

The twelve custordesigned thiazoles used in this stadlyhavehydrogenbond acceptors (amide
carbonyl O, thiazole S, and thiazole N)Tih-T8, an additional hydrogebond acceptor (pyridine

N) in T9-T12 and one hydrogehond donor (an amide-N). Theranking of the acceptor sites

and a donor site is established using molecular electrostatic potential surfaces and the results from
the density functional theory (DFT) calculations are showsigare4.2 and 4.3Higher negative
potential on the accepteuggests better hydrogéiond accepting ability.
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Figure 4.2 Electrostatic potentials values (in kJ/mol)Td)b) T2¢c) T3d) T4 e)T5f) T6 g) T7
and h)T8

Group2

@ (k)

-168

Figure 4.3 Electrostatic potentials values (in kJ/mol)TD j) T10k) T11and I)T12

4.3.2Hydrogen-bond energies (HBE)

The calculated hydrogemond energy for individual synthonsTi-T12 is tabulated in th&able
4.5.
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Table 4.5 Hydrogenbond energies for monomeric (per hydrogen bond) and dimeric (per
synthon) synthon A, synthon B, synthon C and Synthon D using equation 3.

Synthon A

Target molecules Synthon B Synthon C  synthon D

(T1-T12) Monomeric Dimeric Monomeric Dimeric Monomeric
bl Xb bl Xb bl X{ bl X{ bl X/ Tf bl Xb
T1 -14.96 -29.92 -5.19 -10.38 -21.02 N/A
T2 -15.44 -30.88 -5.35 -10.71 -21.23 N/A
T3 -14.92 -29.84 -5.20 -10.41 -19.09 N/A
T4 -15.45 -30.89 -6.02 -12.03 -19.39 N/A
T5 -15.44 -30.88 -5.35 -10.71 -21.23 N/A
T6 -14.92 -29.84 -5.20 -10.41 -19.09 N/A
T7 -13.89 -27.78 -5.44 -10.87 -17.77 N/A
T8 -14.60 -29.19 -5.09 -10.18 -17.97 N/A
AVG. -14.95 -29.90 -5.36 -10.71 -19.60 N/A
Std.dev 0.53 1.06 0.29 0.58 1.41 N/A
T9 -13.17 -26.35 -1.79 -3.57 -14.61 -14.78
T10 -13.50 -26.99 -3.23 -6.47 -14.93 -15.26
T11 -12.74 -25.48 -0.81 -1.61 -15.24 -17.21
T12 -13.73 -27.47 -1.22 -2.44 -16.49 -18.71
AVG. -13.29 -26.57 -1.76 -3.52 -15.32 -16.49
Std.dev 0.43 0.86 1.06 2.12 0.82 1.82

4.3.3Hydrogen-bond propensities (HBP)

The propensity calculations for the twelve target molecules consider all possible pairwise
interactions that may take place between one of the three acceptors in groupl (four acceptors in

group 2) and the soleydrogenbond donor, NH (amide)are shown in Table 4.6.

Table 4.6 Hydrogenbond propensities (larger value indicates increased likelihood of formation)
for each postulated synthon in-T12. All propensitis are given for individual hydrogen bonds
whereas hydrogehond energies are given per synthon.

Synthon A Synthon B Synthon C Synthon D
oup T1 0.66 (0.54, 0.76)] 0.02 (0.01, 0.05) 0.50 (0.390.61) N/A
T2 0.60 (0.47, 0.71)] 0.02 (0.01, 0.04) 0.47 (0.36, 0.59) N/A
T3 0.65 (0.56, 0.74)] 0.03 (0.01, 0.06) 0.42 (0.30, 0.55) N/A
T4 0.61 (0.50, 0.71)] 0.02 (0.01, 0.05) 0.43 (0.31, 0.56) N/A
T5 0.66 (0.56, 0.74)] 0.03 (0.01, 0.06) 0.37 (0.26, 0.5 N/A
T6 0.60 (0.49, 0.70)] 0.02 (0.01, 0.05) 0.37 (0.26, 0.51) N/A
T7 0.46 (0.29, 0.64)] 0.01 (0.00, 0.03) 0.12 (0.05, 0.24) N/A
T8 0.42 (0.24, 0.61)] 0.01 (0.00, 0.02) 0.12 (0.05, 0.24) N/A
oup T9 0.58 (0.43, 0.72)] 0.02 (0.01, 0.06) 0.17(0.09, B2) 0.64 (0.45, 0.80)
T10 | 0.50 (0.35, 0.65)] 0.02 (0.01, 0.05) 0.17(0.08, 0.30) | 0.63 (0.44, 0.78)
T11 | 0.57 (0.42,0.71) 0.02 (0.01, 0.06) 0.16 (0.08, 0.30) | 0.67 (0.49, 0.81)
T12 | 0.51(0.36, 0.65)] 0.02 (0.01, 0.05) 0.16 (0.08, 0.29) | 0.66 (0.49, 0.80)
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4.3.4Hydrogen-bond coordination (HBC)

Hydrogenbond coordination tool was used to determine the coordination of each functional group
for the most optimal predicted synthdrable 4.7 In groupl, the most optimal motif is predicted

to have synthoA and in graip2, both synthoA and synthorD are possiblgFigure 4.4

Table 4.7 Hydrogenbond coordination for each functional groupT12.

NH N S C=0 N which synthon
(donor) | (thiazole) (thiazole) (pyridine) is preferred?
T1-T8 1 1 0 0 N/A Synthon A
T9T12 1 1 0 0 0 Synthon A
1 0 0 0 1 Synthon D
Possible Polymorphs Possible Polymorphs
00 01 02 BSTHBYYFIPEEY 08 09 10 00 01 02 S IBYYRIPEEN 08 00 10
1 1 1 1 1 1 1 1 1 1 1 1 L L 1 1 1 1 L L
00 F 00 E
®aceta g-o-mejgyl-jolazole G-p) -thiazolgy ¢ |-
c 02 Loz b
803 | % 03 |
5 4 S
g 04 F g 04 @
(6] O
°-05 [ 205 F
[(‘3 06 | ;? 08
I
§ 07 F @ §ort OO
= o - 08
09 L 09 F
10 L S
(a) (b)

Figure 4.4 Synthon predictions using hydrogbond coordinatin for (a) T2 (group 1) and (b)
T9 (group 2).

4.3.5Experimentally observed crystal structures

We obtained crystal structures fb2, T4 andT6 (crystal structures foF1 (YODJAD)*® andT5
(NORLAN*° have previously been reported) in group 1 and in all five cases, syAtfwith a
graphset notation ofY (8)) was observed, Figu#5. The only conventional hydrogdiond

donor in this group of molecules, theHNamide moiety, selés the N(thiazole) acceptor site as
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its preferred partner. In group 2, two types of synthons are observed, sinihabserved for

meta substituted pyridind 9, T10) and synthom is observed for para substituted pyridiméXl),
Figure 4.6

Tl T2 T4 T5 T6
Figure 4.5 Synthon A appears in the crystal structures 6fT21T4, and T7T8.

Group 2

T9 T10 T11

Figure 4.6 Synthon D apears in the crystal structures of T9, T10 and synthon A appears in the
crystal structure of T11.

4.4 Discussion

4.4.1 What are the predicted synthons?

Based on four methods (MEPS, HBE, HBP, and HBC) used to predict synthons, three (HBE, HBP
and HBC) out of four rethods predicted synthghin groupl(Figure 4.7a)In group 2, two out
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