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Four different methods; molecular electrostatic potentials (MEPs), hydrogen-bond energies 

(HBE), hydrogen-bond propensities (HBP) and hydrogen-bond coordination (HBC) were used for 

mapping out the structural landscape of twelve pyrazole and twelve thiazole based molecules. In 

seven out of eight crystal structures obtained in pyrazoles, a combination of HBE and HBP 

predicted the experimentally observed synthons correctly. In all eight crystal structures obtained 

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

 

A series of co-crystallizations between twelve pyrazole with twenty carboxylic acids (240 

experiments), and twelve thiazole with twenty carboxylic acids (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 interactions. 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 co-crystals of the thiazole-based molecules. 

 

In order to examine competition between hydrogen and halogen bonds, and to synthesize ternary 

co-crystals, four thiazole based molecules were co-crystallized with 15 hydrogen-bond donors and 

one halogen bond donor resulting in new co-crystals in 44 out of 60 experiments, and the crystal 

structures of two ternary co-crystals were obtained.  

 

A series of eight unactivated and activated amide functionalized molecules were synthesized to 

establish a supramolecular halogen-bond hierarchy.  The positive electrostatic potential on the 

halogen atoms was enhanced through an sp-hybridized carbon and electron-withdrawing fluoro 

group(s) next to amide group. Tetraflourinated and iodoethynyl based molecules were identified 

as the most effective halogen-bond donors and were therefore least successful for co-crystal 

synthesis. 

  



  

In order to predict crystallizability of 83 drug-like molecules a molecule, logistic regression 

approach was employed using molecular descriptors such as molecular weight, rotatable bond, 

surface area, heteroatom, melting temperature, glass transition temperature, and molecular 

shape/volume. Four different models were developed, and the success rate was above 85% (using 

experimental DSC data for the crystallization classification). 

  

Finally, the solid-form landscape of urea was explored using full interaction maps (FIMs), and 

data from the CSD to develop optimum protocols for synthesizing co-crystals of this compound.  

As a result, 49 of 60 attempted reactions produced new co-crystals.  Moreover, the goal of reducing 

solubility and lowering hygroscopicity of the parent compound was achieved, which, in turn, offers 

new opportunities for a slow-release 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 (MEPs), hydrogen-bond energies 

(HBE), hydrogen-bond propensities (HBP) and hydrogen-bond coordination (HBC) were used for 

mapping out the structural landscape of twelve pyrazole and twelve thiazole based molecules. In 

seven out of eight crystal structures obtained in pyrazoles, a combination of HBE and HBP 

predicted the experimentally observed synthons correctly. In all eight crystal structures obtained 

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

 

A series of co-crystallizations between twelve pyrazole with twenty carboxylic acids (240 

experiments), and twelve thiazole with twenty carboxylic acids (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 interactions. 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 co-crystals of the thiazole-based molecules. 

 

In order to examine competition between hydrogen and halogen bonds, and to synthesize ternary 

co-crystals, four thiazole based molecules were co-crystallized with 15 hydrogen-bond donors and 

one halogen bond donor resulting in new co-crystals in 44 out of 60 experiments, and the crystal 

structures of two ternary co-crystals were obtained.  

 

A series of eight unactivated and activated amide functionalized molecules were synthesized to 

establish a supramolecular halogen-bond hierarchy.  The positive electrostatic potential on the 

halogen atoms was enhanced through an sp-hybridized carbon and electron-withdrawing fluoro 

group(s) next to amide group. Tetraflourinated and iodoethynyl based molecules were identified 

as the most effective halogen-bond donors and were therefore least successful for co-crystal 

synthesis. 

  



  

In order to predict crystallizability of 83 drug-like molecules a molecule, logistic regression 

approach was employed using molecular descriptors such as molecular weight, rotatable bond, 

surface area, heteroatom, melting temperature, glass transition temperature, and molecular 

shape/volume. Four different models were developed, and the success rate was above 85% (using 

experimental DSC data for the crystallization classification). 

  

Finally, the solid-form landscape of urea was explored using full interaction maps (FIMs), and 

data from the CSD to develop optimum protocols for synthesizing co-crystals of this compound.  

As a result, 49 of 60 attempted reactions produced new co-crystals.  Moreover, the goal of reducing 

solubility and lowering hygroscopicity of the parent compound was achieved, which, in turn, offers 

new opportunities for a slow-release fertilizer with limited hygroscopicity thereby 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 donors and 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 hydrogen-bond interactions a 

donor and acceptor can have.  

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

acceptor.  

¶ Molecular electrostatic potentials: The molecular electrostatic potential (MEP) at a given 

point p(x,y,z) in the vicinity of a molecule is the force acting on a positive test charge (a proton) 

located at p 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 forms are different.  

¶ Logistic regression model: It is a statistical model that is usually taken to apply to a binary 

dependent variable.  It is used to estimate the probability of a binary response based on one or 

more predictor (or independent) variables (features).  

¶ Full interaction maps: The tool calculates regions around the molecule (maps) where 

chemical probe groups are likely to be found, based on pre-extracted Isostar interaction data 

from the CSD. The calculation procedure first identifies distinct functional groups in the 

molecules viewed, and then finds relevant interaction data in IsoStar. Next it pulls together the 

group-based interaction data and takes into account the environmental effects of combinative 

factors and steric exclusion to create a full 3D picture of molecular interaction preferences.  
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Chapter 1 - Introduction  

1.1 Crystal structure-property relationship 

ñStructure Determines Propertiesò1 is a powerful concept in chemistry and plays an important role 

in all fields including environmental science, biology, biochemistry, polymer science, medicine, 

engineering, and nutrition.2 Crystallization performed under different conditions can yield crystals 

of different sizes and morphologies, thus providing a way of modifying particles to desired 

specifications. The 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 interest (Figure 1.1). The desired properties in a compound can be achieved via two 

ways: covalent modification to design and synthesize molecule with desired properties (covalent 

synthesis) or supramolecular synthesis via non-covalent interactions.  

 

Figure 1.1 Correlation of the melting points with the dicarboxylic acid chain length3 

 

 

1.2 Covalent chemistry vs supramolecular chemistry 

Covalent chemistry involves breakage or formation of a covalent bond to perform multi-step 

reactions, and to isolate intermediates and products with desired yield. Organic synthesis can be 

defined in a simplistic way as ï óthe conversion of A to B, using C as the reagentô and has been 
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studied over the years by organic chemists to better understand the structure, reactivity and reaction 

pathways (Scheme 1.1).4  

 

Scheme 1.1 Covalent vs supramolecular synthesis.  

 

Supramolecular synthesis on other hand is based on non-covalent interactions and is largely 

unexplored, compared to organic covalent synthesis. Supramolecular chemistry is defined as ñthe 

chemistry of molecular assemblies and of the intermolecular bond,ò by Jean-Marie Lehn, who won 

the Nobel Prize in 1987 for his outstanding contributions to the field.5 It can be achieved by the 

use of reversible intermolecular interactions such as hydrogen-bonds, halogen-bonds, vander 

waals and ˊ-ˊ interaction. The strength of each interaction is given in Table 1.1.  

 

Table 1.1 Estimated strength of intermolecular interactions 

Types of interaction 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 concept of Supramolecular synthons,6-7 a structural 

unit within a supermolecule which can be formed and/or assembled by known or conceivable 
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synthetic operations involving intermolecular interactions.6 These synthons defines the structure 

of a molecule.  However, robustness of these synthons is an issue because of weak, labile and 

deforming nature of non-covalent interactions. If a well-defined strategy is developed to generate 

robust synthons, then the protocol can be carried over from one molecule to another with 

generality. Supramolecular synthons are divided into two types; homomeric synthons (occurs 

within the individual molecules) are achieved by re-crystallization of individual molecules and 

heteromeric synthons (occurs between two different molecules) are achieved by co-crystallization 

of two or more molecules (Scheme 1.2).8-9  

 

Scheme 1.2 Supramolecular synthons  

 

1.4 Co-crystals 

The definition of a co-crystal is still under debate. Thus, for the scope of this dissertation, a co-

crystal will be defined as, solids that are crystalline single-phase materials composed of two or 

more different molecular compounds generally in a stoichiometric ratio.10-11 A co-crystallization is 

a deliberate attempt at bringing together different molecular species within one periodic crystalline 

lattice without making or breaking covalent bonds via heteromeric interactions.12  It is different from 

naturally occurring phenomenon called recrystallization in which homomeric interactions 

dominate in the crystal lattice (Scheme 1.2). The ability of a molecule to form a co-crystal depends 

on various factors, including the types of co-former, the stoichiometric ratio, the solvents, the 

temperature, the pressure, the crystallization technique, etc. Co-crystals have different crystal 

structures than the pure components, contain different intermolecular packing patterns, and as such 

they often exhibit widely different physical properties than the pure components.  
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Figure 1.2 Summary of synthetic method, supramolecular interactions and characterization 

method used to study co-crystals in this thesis.  

  

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

slurrying, liquid assisted grinding, melt (hot stage microscopy), solution crystallization and co-

sublimation techniques.13-16 Among these methods, liquid assisted grinding has been reported to 

be a cost-effective, green, and reliable method for discovery of new co-crystals as well as for 

preparation of existing co-crystals.17 The components in a co-crystal exist in a definite 

stoichiometric ratio, and assemble via non-covalent interactions such as  ˊ-ˊ stacking 

interactions,18 dipole-dipole interactions,19 halogen bonds,20 and hydrogen bonds.21 For this 

dissertation, only halogen and hydrogen bonds will be covered. The structure characterization of 

co-crystals can be done using infra-red spectroscopy, single crystal x-ray crystallography and 

powder x-ray diffraction and the physical properties using melting point apparatus, differential 

scanning calorimetry, thermogravimetric analysis (Figure 1.2).22-24  
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1.4.1 Hydrogen bonding 

A hydrogen bond (HB) is defined as ñan attractive interaction between a hydrogen atom from a 

molecule or a molecular fragment, RīHỄA 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  

bond formationò,25 Figure 1.3.  

 

Figure 1.3 A schematic of hydrogen-bonding  

 

Hydrogen-bonds represent one of the most studied intermolecular interactions in supramolecular 

synthesis, due to the strength and directionality of such interactions, when compared to many other 

intermolecular interactions. They 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 different molecular components (multiple 

component crystals or co-crystals) in the crystalline state (Figure 1.4).26   

 

Figure 1.4 An example of hydrogen-bonding in co-crystals 27  

 

An important milestone to determine the supramolecular synthons is the hydrogen-bond rules was 

proposed by Margaret C. Etter in 1991.28   

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

(2) Six-membered intramolecular hydrogen bonds are preferred over intermolecular hydrogen-

bonds.  

(3) The best acidic donors and acceptors remaining after intramolecular hydrogen-bond will form 

intermolecular hydrogen bonds to one another. 
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1.4.2 Halogen bonding 

The definition of halogen bond (XB) states that, ñA halogen bond RīXỄAīZ occurs when there 

is evidence of a net attractive interaction between an electrophilic region on a halogen atom X 

belonging to a molecule or a molecular fragment RïX (where R can be another atom, including 

X, or a group of atoms) and a nucleophilic region of a molecule, or molecular fragment, AīZò,29 

Figure 1.5.  

 

 Figure 1.5 A schematic of halogen-bonding  

 

Halogen bonding is a non-covalent interaction, electrostatic and directional in nature. It is 

comparable in strength to hydrogen-bonds (~5-180 kJ/mol) and has gained increasing importance 

in crystal engineering because of its strength and effectiveness as a structure-directing force. The 

strength of the interaction increases in going from chlorine to bromine to iodine depending on the 

polarizability of the halogen atom. An interesting feature of the halogen-bond is that the strength 

of this interaction can be effectively increased by ñactivatingò the halogen atom (also called 

positive ñů-holeò activation) with electron withdrawing substituents (Figure 1.6). Literature has 

shown that by introducing an sp-hybridized carbon next to the halogen atom1 or by incorporating 

a fluorinated backbone2 next to the halogen atom, the molecular electrostatic potential that 

determines the ů-hole is enhanced.30-31 

 

 
ů hole 
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(a) (b) 

Figure 1.6 (a) Sigma hole on the halogen-bond donor (b) Activation of halogen-bond donors by 

fluorinating or introducing an sp-hybridized carbon.  

 

Figure 1.7 A halogen bond formed between 2,3,5,6-Tetramethylpyrazine and 1,4-bis(iodo)-

2,3,5,6-tetrafluorobenzene.32  

1.4.3 Applications of co-crystals  

Co-crystals have been used to develop new anticancer,33 antifungal,34 antiviral,35 

anticonvulsant,36 37 and antidepressant38 drugs with enhanced aqueous solubility.  The same type 

of technology has also been explored for improving energetic materials,39 enhancing 

agrochemicals and for stabilizing volatile chemicals.40   

 

1.4.3.1 Pharmaceutical co-crystals 

 

Co-crystals have been widely used in pharmaceutical industry to improve solubility, dissolution 

rates, stability and bioavailability. Several well-known commercial compounds have been targeted 

in cocrystal synthesis such as gabapentine,36 aspirin, norfloxacin,41 stanolone,37 caffeine, 

saccharine, efavirenz,42 and many others. An example of Figure 1.8 shows an increase in solubility 

of theophylline drug using careful choice of co-formers.43  
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(a) (b) 

Figure 1.8 Solubility profile of co-crystals of theophylline43  

 

1.4.3.2 Agrochemicals co-crystals 

The term ˈagrochemical refers to a collection of chemicals (pesticides) such as fungicides, 

herbicides and insecticides or acaricides Agrochemicals are used to protect crops from pests and 

thus help improve the quality and quantity of crop production.  Two common agrochemicals; 

cyprodinil and terbuthylazine showed the potential to form co-crystals with a series of diacids. The 

co-crystals displayed melting points different from the parent active. In cyprodinil co-crystals, the 

solubility of the active could be altered using co-crystallization and a very good correlation 

between the co-crystal solubility and co-former solubility was reported (Figure 1.9). 

 

 

(a) (b) 

Figure 1.9 (a) chemical structure of cyprodinil and (b) solubility profile of co-crystals of 

cyprodinil44 

1.4.3.3 Energetic co-crystals  
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An energetic material is a reactive substance that releases great amount of potential energy upon 

explosion, also accompanied by the production of light, heat, sound, and pressure.45 Energetic 

materials include explosives, propellants and pyrotechnics.  Co-crystallization is proving to be a 

powerful tool for creating less-sensitive explosives, as well as modifying and optimizing other 

properties of energetic materials.39 While traditional strategies for energetic materials development 

have relied on the synthesis of novel energetic compounds and the optimization of their 

(polymorphic) solid forms, co-crystallization presents an elegant means to improve the 

performance of energetic materials without requiring new chemical synthesis.46 Few examples of 

energetic co-crystals includes HMX, CL-20, DADP where properties such as sensitivity, density, 

detonation velocity, and oxygen balance are altered (Figure 1.10). 

 

 

Figure 1.10 Detonation velocity and impact sensitivity of energetic-energetic co-crystal47 

 

1.4.4 Co-crystal prediction 

Co-crystal prediction has been reported to include the following steps: (1) determining whether a 

given set of two or more molecular components will undergo co-crystallization; (2) identifying the 

primary intermolecular interactions, or supramolecular synthons that will exist within a particular 

co-crystal structure. Both predictions are important form application stand point as co-crystals of 

APIs, agrochemicals, nutraceuticals and explosives represent a class of multi-component 

crystalline forms that are of interest for their advantageous 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 the primary intermolecular interactions in the co-crystal will prevent synthon 

crossover and synthon polymorphism. 

1.4.4.1 Current co-crystal screening prediction methods 
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Various approaches have been proposed in literature to elucidate the co-crystal screening outcome.  

Fabian employed molecular shape and polarity as benchmarks for predicting the formation of co-

crystals.48-49  Price and co-workers focused on lattice energy comparisons of co-crystals and pure 

components as a basis for predicting co-crystal formation,50 and Velaga suggested that drugs and 

co-formers with similar Hanson solubility parameters are likely to form co-crystals with each 

other.51  Jones and co-workers employed hydrogen-bond propensities as a way of quantifying 

homomeric and heteromeric interactions.52-54 Hunter et al. and Aakeroy et al. used a combination 

of experimentally derived parameters and electrostatic potential surfaces to predict co-crystal 

screen and supramolecular synthons in the solid as well as solution phase.55-59    Galek et al. 

demonstrated that hydrogen-bond propensity calculations,60-61  which rely on a statistical analysis 

of the occurrence of hydrogen bonds in relevant structures present in the Cambridge Structural 

Database,48, 62 could be used for predicting the outcome of co-crystallizations of the drug 

lamotrigine.63-64 Validation studies performed so far indicate that a combination of methods is 

valuable when performing a knowledge based co-former screen.65 

 

1.4.4.2 Current co-crystal synthon prediction methods 

Co-crystal design is aided by the use of statistical tools such as knowledge-based hydrogen-bond 

propensity calculations52-53 and computational methods such as molecular 

complementarity, 49ȹpKa calculations66 and molecular electrostatic potential surfaces MEPS.58-59 

Despite the availability of such tools, and despite our evolving understanding of how molecules interact 

in the solid state, it still remains impossible to empirically and statistically predict the arrangement of 

individual or multiple molecules in a crystal lattice.67-68 Likewise, it is extremely difficult to empirically 

predict the formation of supramolecular synthons in cocrystals composed of molecules containing a 

broad range of functional groups.69  

In order to facilitate the design of cocrystals containing such complex entities, it will be necessary to 

considerably deepen our understanding of self-assembly processes in the solid state.70 The 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) of a liquid, solution, or gas to a 

crystal, a solid with an ordered internal arrangement of molecules, ions, or atoms.71 It is different 

from amorphous materials, a solid that lacks the long-range order that is characteristic of a crystal 

(Figure 1.11).72  The generation of the first crystalline seed from which a molecule can be 

crystallized is one of the most 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 underpinning drug substance 

performance in the drug product. The crystallization process consists of two major 

events, nucleation and crystal growth which are driven by thermodynamic properties as well as 

kinetics.73 

 

Figure 1.11 Properties of crystalline vs amorphous materials.74   

 

Crystal nucleation is the step where the solute molecules or atoms dispersed in the solvent forms 

stable clusters on the microscopic scale under the current operating conditions.75 These stable 

clusters then reaches a critical size to become a stable nuclei.76 The critical size is dictated by many 

experimental and environmental factors (temperature, pressure, solvent, supersaturation, etc.). It 

is at the stage of nucleation that the atoms or molecules arrange in a defined and periodic manner 

that defines the crystal structure.77-78 

https://en.wikipedia.org/wiki/Nucleation
https://en.wikipedia.org/wiki/Crystal_growth
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Figure 1.12 Schematics of crystal nucleation and crystal growth.79  

 

The crystal growth is the subsequent size increase of the nuclei that has achieved the critical cluster 

size (Figure 1.12).76 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 process quantified 

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

other, dictating crystal size.  

1.5.1 Why is prediction of crystallizability important?  

Predicting the crystallization propensity of drug-like molecules is one 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 experimental conditions (such as temperature, solvent polarity, molar 

concentration, etc.) that might make crystallization take place more readily. There is also great 

interest in minimizing research and development costs, which are estimated to be about $1 billion 

per drug launch, taking about 6ï10 years for drug development and only 10% of the compounds 

in development survive the efýcacy and safety hurdles and become marketed drugs (Figure 1.13).80 

Therefore, predictions can save time, money and experimental efforts in both academic and 

industrial research as well as prevent any unexpected and unwanted discovery at the late stage of 

development.  
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Figure 1.13 Timeline of drug development process from synthesis to market stage81  

 

Different approaches have been taken in recent years to model and predict crystallization 

propensity. Machine learning approaches, statistical (random forest) modelling, DSC based 

heat/cool/heat methods have been employed to model and predict crystallizability in terms of 

giving single crystals suitable for X-ray diffraction.82 These varied approaches may not give a 

consistent picture of crystallizability, as the difficulty in nucleation does not necessarily correlate 

to slow crystal growth rates or poor crystal quality.83 More importantly, these approaches do not 

provide a path forward to overcome inherently poor crystallizability, i.e., crystallizing 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 based on literature sources (Table 1.2).  

 

Table 1.2 Important descriptors and literature sources 

Important descriptors References 
Number of rotatable bond Florescence et. al,82 cooper et. al 84 

Molecular size Cooper et. al 84 

Molecular weight Taylor et. al 85 

Viscosity Taylor et. al 85 

Thermodynamics parameters Fischer et. al 86 

# of H-bond donors Fischer et. al 86 

Carbon to heteroatom ratio Fischer et. al 86 
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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 hydrogen-bond propensity (HBP), molecular electrostatic potentials 

(MEPs), hydrogen-bond energies (HBE), and hydrogen-bond coordination (HBC) for 

supramolecular synthon predictions in the target molecules and co-crystals. The second goal of the 

thesis will be to predict co-crystal 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 drug-like molecules.   The basic concepts will then be used to alter bulk properties 

of functional materials in a desirable manner.  

This dissertation will focus on following goals; 

¶ Chapter 2 will focus on predicting the homomeric synthons in the twelve pyrazole molecules 

using four prediction methods: MEPs, HBE, HBP and HBC.   

¶ Chapter 3 will focus on comparing the prediction (using HBE and HBP) vs experimental (using 

FTIR) co-crystal screening results of twelve pyrazole molecules with 20 carboxylic acids. The 

second part of chapter will focus on the predicting the supramolecular synthons in the co-

crystals using MEPs, HBE, and HBP methods.  

¶ Chapter 4 will focus on predicting the homomeric synthons in the twelve thiazole molecules 

using four prediction methods: MEPs, HBE, HBP and HBC.   

¶ Chapter 5 will focus on comparing 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 in the co-crystals using 

MEPs, HBE, and HBP methods.87  

¶ Chapter 6 will apply both hydrogen and halogen bonding as synthetic tools to design binary 

and ternary co-crystals.   

¶ Chapter 7 will focus on developing a supramolecular hierarchy of activated amide containing 

halogen bond donors and co-crystallization to determine the strength of homomeric 

interactions in the target molecules.  

¶ Chapter 8 will focus on using a newly developed prediction tool to predict the crystallization 

propensity of drug like molecules with diverse functionalities.  
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¶ Chapter 9  will address the major challenges with 19th century molecule urea and ways to 

improve the physicochemical properties such as solubility and stability using co-crystallization 

technology.88 
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Chapter 2 - Evaluating Homomeric Synthons in Pyrazole based 

molecules using Hydrogen-bond Energies and Propensities 

 

2.1 Introduction   

A common question in crystal engineering is, given a molecular structure, can we predict its crystal 

structure?1 The core of a crystal structure is the supramolecular synthon2-5 (introduced by G. R. 

Desiraju as a ñstructural unit within supermolecules which can be formed and/or assembled by 

known or conceivable synthetic operations involving intermolecular interactionsò2) which 

encapsulates enough critical information so that it serves as a model for the entire crystal.6,7 So, 

the question is rather can we predict the supramolecular synthon given a molecular entity? 

Synthon prediction is a difficult task especially in molecules with multiple binding sites which 

often leads to synthon polymorphism8-10 or synthon crossover11 (Scheme 2.1).12 It is also difficult 

to predict synthons because of the complementary nature of certain functional groups and 

deviations in crystal structures from close packing. It also becomes more complicated in flexible 

molecules with large number of molecular conformations where both intra and intermolecular 

interactions are possible.  

Scheme 2.1 Schematics of using an in-silico approach for predicting synthons in a 

multifunctional molecule. 

The current methods for synthon predictions in organic molecules includes electrostatics, lattice 

energy predictions,14-16 focusing only on the thermodynamic (enthalpic) factors.17 For example, 

the preferred connectivity patterns in a molecule in the solid state can be determined using 

Margaret C. Etter rules which states that the best hydrogen bond acceptor binds to the best donor.18 

The ranking of best donor-acceptor can be determined using molecular electrostatic potential as 
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proposed by Aakeroy et.al.19 Hunter et al. has converted potentials into hydrogen-bond energies 

to determine the synthon preference in a multicomponent systems.20  

One way of accounting for kinetic factors is to analyze of a large amount of structural information 

encapsulated in the Cambridge Structural Database21 (CSD), the worldôs repository of all 

published and patented small molecule crystal structures (900,000+). Of course, the crystal 

structure itself cannot provide information about kinetics of the seed formation and crystal growth, 

but it is, nevertheless, the final result of these processes. 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 formation. Therefore, this method used in 

conjunction with the electrostatics and energy may be useful in the predicting the outcome of 

supramolecular synthon in a complex multifunctional molecule. 

 

Scheme 2.2 Pyrazole molecules (P1ïP12) employed in this study.  

 

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

and competing interactions, a library of pyrazole containing molecules (P1-P12) were synthesized 
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and explained, Scheme 2.2. Pyrazoles are reported to possess a wide range of biological activities 

such as anti-microbial, anti-fungal, anti-tubercular, anti-inflammatory, anti-convulsant, anticancer, 

anti-viral, and so on.22 The pyrazole-amide functionality is also present in some pharmaceutical 

related compounds such as Entrectinib, Graniseton, and Epirizol as well as antifungal compounds 

such as Furametpyr, Penthiopyrad and Tolfempyrad.23 Due to the presence of multifunctional 

groups, these molecules are always at risk of synthon polymorphism. Therefore, knowledge gained 

from a successful use of tools such as molecular electrostatic potentials, hydrogen-bond propensity 

and coordination, could have significant practical applications.  

 

 

Scheme 2.3 Representations of six postulated synthons in a generic pyrazole-amide; (a) synthon 

A, N-H (pyrazole)éN(pyrazole); (b) synthon B, N-H (pyrazole)éC=O(amide); (c) synthon C, 

N-H (amide)éN(pyrazole); (d) synthon D, N-H (amide)éC=O(amide), synthon E, 

NH(pyrazole)éN(aromatic) and synthon F, NH(amide)éN(aromatic).  (Y=H, CH3; X= methyl, 

ethyl, or benzyl).  
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The target molecules, P1-P12 can be divided into two groups: Group 1 (P1-P8) includes molecules 

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

In molecules P1-P8, four possible interactions based on two donors (pyrazole NH and amide NH) 

and two acceptors (pyrazole N and carbonyl C=O) can lead to four different synthons, scheme 3. 

The synthon A (NH (pyrazole)éN(pyrazole)) and synthon C (NH(amide)é N(pyrazole)) 

includes dimeric homo-synthon whereas synthon B (NH(pyrazole)éO=C(carbonyl)) and synthon 

D (NH(amide)éO=C(carbonyl)) include monomeric homo-synthon. It is likely that each 

molecule forms a combination of two synthons to satisfy all hydrogen-bond donors and acceptors 

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

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

C=O and pyridine N) groups. In additional to four synthons, synthon E 

(NH(pyrazole)éN(aromatic) and synthon F (NH(amide)éN(aromatic) are possible in group 2. 

Therefore, six different interactions are possible leading to six synthon possibilities; Synthon A-

F, (Scheme 2.3).   

 

The road map of this study is summarized in Scheme 3.4. We will use four different prediction 

methods; molecular electrostatic potentials (MEPs), hydrogen-bond energies (HBE), hydrogen-

bond propensities (HBP) and hydrogen-bond coordination (HBC) tools to determine the most 

likely synthon in the target molecules P1-P12 and compare our predictions with the experimental 

results. The overall goal is to develop robust and transferable protocols for identifying and 

predicting which hydrogen bonds are most likely to appear in homomeric molecular solids when 

there are numerous potential avenues for assembly, Scheme 2.1.       
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Scheme 2.4 The road map for synthon predictions 

 

The study is undertaken to address the following questions, 

1. Which method does a better job of predicting the synthon outcome in the target molecules; 

is it MEPs, HBE, HBP or HBC? 

2. Is a combination of prediction methods preferred over individual methods? 

3. Which synthon is the most optimal synthon in group 1 (P1-P8) and how does adding an 

acceptor group affect the choice of synthon in P9-P12.  

4. Which molecules have the risk of forming synthon polymorphs and which method is most 

suitable for predicting polymorphism in this group of molecules?  

 

2.2 Experimental 

  

2.2.1 General  

2-Amino-pyrazole, 2-amino-5-methyl-pyrazole, acetic anhydride, propionic anhydride and 

benzoyl chloride were purchased from Aldrich and utilized without further purification. Synthetic 

procedures and characterization of all molecules are provided in the Supporting Information (SI). 

Melting points were measured using Fisher-Johns melting point apparatus. 1H NMR data were 

collected on a Varian Unity plus 400 MHz spectrophotometer in DMSO.  
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2.2.2  Synthesis  

2.2.2.1 Synthesis of 3-acetamido-pyrazole, P124  

 
1H-pyrazol-3-amine (0.486 g, 5.85 mmole) was dissolved in 50 mL of distilled water. 

NaHCO3 (1.465 g, 17.4 mmole) was slowly added. Acetic anhydride (5ml) was 

then added dropwise 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 the filtrate, a second precipitate was 

obtained and also characterized as the title compound. 66% yield, m.p 218-220°C, 1H NMR (400 

MHz, DMSO-d6) ŭ ppm: 12.23 (br s, 1H), 10.42 (br s, 1H), 7.54 (br s, 1H), 6.44 (br s, 1H), 1.97 

(s, 3H). 

2.2.2.2 Synthesis of 3-acetamido-5-methyl-pyrazole, P2 

 
1H-pyrazol-5-methyl-3-amine (2.25 g, 2.30mmole) was dissolved in 20 mL of distilled water. 

NaHCO3 (5.8 g, 6.9 mmole) was slowly added. Acetic anhydride (8ml) was then added dropwise 

and the resulting suspension was heated at reflux overnight. 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. 215-218°C, 1H NMR (300 MHz, DMSO-d6) ŭ ppm: 11.89 (s, 1H), 

10.16 (s, 1H), 6.22 (s, 1H), 2.16 (s, 3H), 1.94 (s, 3H). 
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2.2.2.3 Synthesis of 3-propamido-pyrazole, P3  

 

3-amino-1H-pyrazole (0.486 g, 5.85 mmole) was dissolved in 10ml tetrahydrofuran in a 50ml 

round bottomed flask. 1 to 1.3 equivalence of propionic anhydride was added to the mixture and 

the resulting mixture was refluxed at 60-65 °C for 4 hours, monitored with TLC and after 

completion the excess solvent was removed by rotatory evaporation. The product was 

recrystallized from methanol to obtain the white solid as the pure product. Yield: 85%; mp 189-

190 ȏC, 1H NMR (ŭH; DMSO, 400MHz): 12.26 (s, 1H), 10.29 (d, 1H), 7.56 (d, 1H), 6.48 (d,1H), 

2.26 (q, 2H), 1.04 (t, 3H).  

 

2.2.2.4 Synthesis of 3-propamido-5-methyl-pyrazole, P424 

 
1H-pyrazol-5-methyl-3-amine (2.25 g, 2.30mmole) was dissolved in 20 mL of distilled water. 

NaHCO3 (5.8 g, 6.9 mmol) was slowly added. Propionic anhydride (10ml) was 

then added dropwise and the resulting suspension was heated at reflux overnight. 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. 189-190 ȏC, 1H NMR (400 MHz, DMSO-d6) 

ŭ ppm: 11.92 (s, 1H), 10.15 (s, 1H), 6.25 (s, 1H), 2.26 (s, 3H), 2.17 (q, 2H), 1.03 (s, 3H). 
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2.2.2.5 Synthesis of 3-butyramido pyrazole, P5 

 

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 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 white 

crystals. 66% yield, m.p. 130-141°C, 1H NMR (400 MHz, DMSO-d6) ŭ ppm: 12.24 (1H), 10.26 

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

 

2.2.2.6 Synthesis of 3-butyramido 5-methyl pyrazole, P6 

 

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 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 
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methanol to yield white crystals. ~70% yield, m.p. 184-189°C, 1H NMR (400 MHz, DMSO-d6) ŭ 

ppm: 11.90 (1H), 10.12 (1H), 6.25 (1H), 2.22 (2H), 2.17 (3H), 1.56 (2H), 0.87 (3H). 

 

2.2.2.7 Synthesis of 3-benzamido-pyrazole, P725  

 

To a solution of 2.49 g of 3-amino-1H-pyrazole in 150ml of dichloromethane, 8ml of n-

methylmorpholine and 8ml of benzoyl chloride were added at room temperature. 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. After 15 minutes under stirring, the solution was 

filtered to get rid of the solid and the solution was concentrated and the solid obtained was poured 

into water. The precipitate obtained was filtered and air-dried to obtain the pure product in 86% 

yield, m.p. 162-164 ȏC, 1H NMR (400 MHz, DMSO-d6) ŭ ppm: 12.47 (s, 1H), 10.83 (s, 1H), 8.00 

(s, 1H), 7.66 (s, 3H), 7.50 (q, 2H), 6.63(s, 1H). 

 

2.2.2.8 Synthesis of 3-benzamido-5-methyl-pyrazole, P825 

 

To a solution of 2.49 g of 3-amino-5methyl-pyrazole in 150ml of dichloromethane, 8ml of n-

methylmorpholine and 8ml of benzoyl chloride were successfully 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 obtain homogenous solution. After 15 minutes under stirring, the 

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

was poured into the water. The precipitate obtained was filtered and air-dried to obtain the pure 

product in 89% yield, m.p. 216-217 ȏC, 1H NMR (400 MHz, DMSO-d6) ŭ ppm: 12.12 (s, 1H), 

10.67 (s, 1H), 7.98 (s, 1H), 7.53 (s, 3H), 7.48 (q, 2H), 6.40(s, 1H). 

 

2.2.2.9 Synthesis of 3-pyridyl-pyrazole, P9 

 

3-amino-1H-pyrazole (12mmol, 0.99g) was dissolved in 30 ml of acetonitrile. The resulting 

solution 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 by filtration, washed with water and 

dried in air to get the white solid product. 84% yield, m.p. 226-227°C. 1H NMR (400 MHz, DMSO-

d6) ŭ ppm: 12.52 (s, 1H), 11.10 (s, 1H), 9.13 (s, 1H), 8.73 (s, 3H), 8.32 (s, 1H), 7.69(s, 1H), 7.53 

(s,1H) and 6.66 (s, 1H). 

 

2.2.2.10 Synthesis of 3-pyridyl-5-methyl-pyrazole, P10 
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3-Amino-5-methyl-pyrazole (12mmol, 1.69g) was dissolved in 20 ml of acetonitrile. The resulting 

solution was treated with nicotinoyl chloride (12mmol, 1.70g) and triethylamine (1.6ml). The 

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 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. 205-207°C. 1H NMR (400 MHz, DMSO-d6) ŭ ppm: 12.18 (s, 1H), 10.96 (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). 

 

2.2.2.11 Synthesis of 4-pyridyl-pyrazole, P11 

 

4-Amino-1H-pyrazole (12mmol, 0.99g) was dissolved in 20 ml of acetonitrile. The resulting 

solution was treated with nicotinoyl chloride (12mmol, 1.70g) and triethylamine (1.6ml). The 

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 completed, the organic 

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

product. 91% yield, m.p. 236-237°C. 1H NMR (400 MHz, DMSO-d6) ŭ ppm: 12.55 (s, 1H), 11.17 

(s, 1H), 8.74 (s, 1H), 7.89 (s, 1H), 7.69 (s, 1H), 6.65(s, 1H). 

 

2.2.2.12 Synthesis of 4-pyridyl-5-methyl-pyrazole, P12 
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3-Amino-5-methyl-pyrazole (12mmol, 1.69g) was dissolved in 20 ml of acetonitrile. The resulting 

solution was treated with isonicotinoyl chloride (12mmol, 1.70g) and triethylamine (1.6ml). The 

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 completed, the organic 

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

in 94%yield, m.p. 241-242°C. 1H NMR (400 MHz, DMSO-d6) ŭ ppm: 11.31 (s, 1H), 10.13(s, 1H), 

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 1.32 (s, 3H).  

 

2.2.3 Molecular conformation analysis of P1-P12 

 

  

(a)Amide functionality (b) CSD structure analysis of amide 

conformation 

Figure 2.1 (a) Cis and trans amide functionality (both bonds are acyclic representing using symbol 

@) used to perform the torsion angle search. (b) Pie chart indicating number of structures with 

torsions for cis (yellow, ~32 structures, 0.5%) and trans (red, ~6303 Structures, 99.5%) 

conformations. 

 

A CSD database search was performed to determine whether the molecules with amide 

functionality occur as trans conformation or cis conformation. A total of 6335 structures was 

obtained and approximately 30 (0.5%) of these structures have the cis-amide conformation and 

about 6300 structures (99%) have trans-amide conformation, Figure 2.1.  Therefore, we 

determined the relative energy of all conformations with respect to most stable conformation with 

the restriction that all have a trans-configuration of the amide group (as suggested by the CSD 

Cis-amide
0.5%

Trans-
amide
99.5%

CSD analysis of amide 
conformation 

cis-amide Trans-amide
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analysis). Geometry optimization was performed on each conformation of P1-P12 and the most 

stable conformation is given a value of 0 kJ/mol; all other conformations energies are presented 

relative to this, Table 2.1.   

Table 2.1 Energies of each trans amide conformation relative to most stable trans conformation 

is shown below in kJ/mol. The conformations with duplicate energies were ignored. Note: 

methyl-based target molecule conformations are not shown here. 

 Conformation 1 Conformation 2 Conformation 3 Conformation 4 Conformation 5 

P1 

  

   

ȹE (P1) 0 +50    

ȹE (P2) 0 +49    

P3 

 
 

 
 

 

ȹE (P1) 0 0 +50 +50  

ȹE (P2) 0 +4 +50 +53  

P5 

 

   
  

ȹE (P1) 0 0 +2 +2 +3 

ȹE (P2) 0 0 +2 +3 +5 
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ȹE (P1) +50 +51 +52 +53 +54 

ȹE (P2) +50 +50 +52 +53 +55 

P7 

  

   

ȹE (P1) 0 +52    

ȹE (P2) 0 +51    

P9/P10 

 

   

 

ȹE (P1) 0 +4 +51 +55  

ȹE (P2) 0 +4 +51 +54  

P11 

  

   

ȹE (P1) 0 +52    

ȹE (P2) 0 +51    
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2.2.4 Molecular electrostatic potential (MEPs) calculations  

Molecular electrostatic potential surfaces (MEPS) of P1ïP12 were generated with DFT B3LYP 

level of theory using 6-311++G** basis set in vacuum. All calculations were carried out using 

Spartanô08 software. All molecules were geometry optimized with the maxima and minima in the 

electrostatic potential surface (0.002 e/au isosurface) determined using a positive point charge in 

the vacuum as a probe. The numbers indicate the interaction energy (kJ/mol) between the positive 

point probe and the surface of the molecule at that particular point. The Etterôr rule based on 

electrostatic potentials was used to determine the best donor-best acceptor interaction.  

 

2.2.5 Hydrogen-bond energies (HBE) for synthon predictions  

The synthon predictions for pure compounds P1-P12 was made by calculating interaction energies 

to determine which of the three postulated synthons is most likely to appear in the crystal structures 

of the pure compounds. The hydrogen-bond parameters, Ŭ (hydrogen-bond donor) and ɓ 

(hydrogen-bond acceptor) is determined using maxima and minima on the MEPS respectively 

(Equation 2.1 and 2.2), and the free energy of interaction is given by the product, -Ŭ ɓ.20 The  

‌ πȢππππρφς ὓὉὖάὥὼ πȢππωφςὓὉὖ                                                              (Equation 2.1) 

‍ πȢπππρτφ ὓὉὖάὭὲ πȢππωσπὓὉὖ                                                                  (Equation 2.2) 

Ὁ В ‌‍                                                                                             (Equation 2.3) 

 

Table 2.2 Electrostatics (in kJ/mol) and Ŭ and ɓ values for P1-P12 calculated using equations 2.1 

and 2.2 for donor and acceptor group. 
 

NH 
amide 

ʰ 
(amide) 

NH 
pyrazole 

ʰ 
(pyrazole) 

cyclic ʲ ό bύ carbon
yl O 

ʲόhύ Pyridine 
N 

ɰόbύ 

(kJ/mol) 
   

N(kJ/mol) 
 

(kJ/mol) 
   

P1 210.00 2.73 255.00 3.51 -147.00 4.52 -198.00 7.57 
  

P2 205.00 2.65 244.00 3.31 -156.00 5.00 -202.00 7.84 
  

P3 206.00 2.67 252.00 3.45 -149.00 4.63 -195.00 7.37 
  

P4 200.00 2.57 242.00 3.28 -160.00 5.23 -199.00 7.63 
  

P5 207.00 2.69 253.00 3.47 -150.00 4.68 -196.00 7.43 
  

P6 201.00 2.59 242.00 3.28 -159.00 5.17 -199.00 7.63 
  

P7 196.00 2.51 255.00 3.51 -146.00 4.47 -191.00 7.10 
  

P8 189.00 2.40 244.00 3.31 -156.00 5.00 -195.00 7.37 
  

P9 209.00 2.72 250.00 3.42 -136.00 3.97 -179.00 6.34 -182.00 6.53 

P10 209.00 2.72 250.00 3.42 -132.00 3.77 -167.00 5.62 -174.00 6.04 

P11 190.00 2.41 240.00 3.24 -148.00 4.57 -173.00 5.98 -190.00 7.04 

P12 204.00 2.64 244.00 3.31 -140.00 4.16 -171.00 5.86 -178.00 6.28 
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2.2.6 Hydrogen-bond propensities (HBP) for  synthon predictions  

To complement the electrostatic-based calculations, we used hydrogen-bond 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 auto-edited, a careful selection of functional groups 

(Table 2.3) and training dataset (350-500) was made and the propensities were calculated with an 

ROC curve higher than 0.831 (ñexcellent discriminationò).  The propensity was used to determine 

the most likely synthon in these molecules.  

 

Table 2.3 Functional groups used to determine the hydrogen-bond propensities for the P1-P12 

target molecules.  The labels in the figures can be explained as follows:  Tn = atom makes n 

bonds, c = atom is cyclic,  = bond is acyclic, and Hn = n bonded hydrogen atoms.  

   
  

 

P1/P2 P3/P4/P5/P6 P7-P12 P1-P12 P1-P12 P9-P12 

 

 

2.2.7 Hydrogen-bond coordination (HBC) 

Because of the presence of multifunctional groups on each molecule, there is chance of synthon 

polymorphism and synthon crossover. Each molecule was run through a polymorph assessment 

analysis in the propensity tool and compared to experimentally obtained structure. In order to 

determine whether the target molecules P1-P12 have the chance to form synthon polymorphs, 

propensity-coordination analysis was performed on each molecule and the most optimal hydrogen-

bond motif was obtained.  

 

2.2.8 Crystal structures   

P1-P12 were kept in a vial for slow evaporation methanol solvent in order to obtain crystals 

suitable for single crystal X-ray diffraction. If suitable crystals were not obtained in methanol, then 

different solvents were tried to grow crystals.  The molecules were categorized into crystallizable 

or non-crystallizable based on slow evaporation method. DSC heat/cool/heat method was also used 
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to determine the crystallizability class of molecules.  X-ray experimental data and crystallographic 

data are given in the appendix D.  

 

Table 2.4 Experimental details of crystals obtained in this study 

 Molecules Solvent used Morphology Melting 
point 

Group 1 P1 Methanol Block, colorless 218-220 ɘC 

P2 Methanol Plate, colorless 215-218 ɘC 

P3 Methanol Plates, colorless 189-190 ɘC 

P4 Methanol Block, colorless 189-190 ɘC 

P5 Methanol Crystals not solved 130-141 ɘC 

P6 Methanol Crystals not solved 184-189 ɘC 

P7 Methanol Block, colorless 162-163 ɘC 

P8 Methanol Prism, colorless 217-218 ɘC 

Group 2 P9 Methanol N/A 227-228 ɘC 

P10 Methanol Block colorless 205-206 ɘC 

T11 Methanol Block colorless 236-237 ɘC 

T12 Methanol Crystals not solved 241-24нɘC 

 

2.3 Results 

2.3.1 Conformational analysis 

Conformation analysis was performed using spartan 08ô software to determine all the possible 

conformations of each molecule and the relative energy of each conformation was calculated 

respective to the most stable conformation. Molecule P1, P2, P7, P8, P11 and P12 each has four 

possible conformations; P3, P4, P9, and P10 each has eight possible conformations, and P5 and 

P6 has ten conformations each.  

 

2.3.2 Molecular electrostatics potentials (MEPs) 

MEPs values for each donor group (pyrazole NH and amide NH) and acceptor group (pyrazole N, 

C=O amide for P1-P8 and additional acceptor as pyridine N for P9-P12) are presented in Figure 

2.2 and 2.3. The ranking of the acceptor sites and a donor site is established using molecular 
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electrostatic potential surfaces. Higher negative potential (indicated by red clouds) on the acceptor 

suggests better hydrogen-bond accepting ability and higher positive potential (indicated by blue 

clouds) on the donor suggests better hydrogen-bond donor ability. 

 

 

Figure 2.2 Electrostatic potentials values (in kJ/mol); a) P1 b) P2 c) P3 d) P4 e) P5 f) P6 g) P7 

and h) P8.  
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Figure 2.3 Electrostatic potentials values (in kJ/mol); i) P9 j) P10 k) P11 and l) P12.  

 

2.3.3 Hydrogen-bond energies (HBE) 

The hydrogen-bond energies calculated for each individual (Table 2.5) and combination synthon 

are summarized in Table 2.6.  

 

Table 2.5 Hydrogen-bond energies (in kJ/mol) for each individual synthon for molecules P1-

P12. Synthon A and C are dimeric synthons; therefore, energies are presented for pairs of 

molecules.  
 

Synthon A Synthon B Synthon C Synthon D Synthon E Synthon F  
Monomeric Dimeric Monomeric Monomeric Dimeric Monomeric 

  

P1 -15.86 -31.71 -26.53 -12.37 -24.73 -20.69 
  

P2 -16.57 -33.14 -25.95 -13.27 -26.55 -20.79 
  

P3 -15.98 -31.95 -25.43 -12.35 -24.70 -19.66 
  

P4 -17.12 -34.25 -25.01 -13.44 -26.88 -19.63 
  

P5 -16.24 -32.49 -25.79 -12.57 -25.14 -19.96 
  

P6 -16.94 -33.88 -25.01 -13.38 -26.76 -19.75 
  

P7 -15.67 -31.35 -24.91 -11.21 -22.42 -17.81 
  

P8 -16.57 -33.14 -24.39 -11.99 -23.99 -17.65 
  

P9 -13.55 -27.10 -21.68 -10.78 -21.56 -17.24 -22.31 -17.75 

P10 -14.83 -29.66 -19.38 -11.04 -22.07 -14.42 -22.82 -16.98 

P11 -12.89 -25.78 -19.22 -10.25 -20.50 -15.29 -20.64 -16.41 

P12 -13.79 -27.58 -19.41 -10.98 -21.96 -15.45 -20.80 -16.56 

 

Table 2.6 Hydrogen-bond energies (in kJ/mol) for each combination synthon for molecules P1-

P12.  
 

Synthon  
(A+F) 

Synthon  
(A+D) 

Synthon  
(C+E) 

Synthon  
C+B 

Synthon 
(D+E) 

Synthon 
(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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S.Dev 1.84 1.49 1.61 1.43 1.64 1.74 

 

2.3.4 Hydr ogen-bond propensities (HBP) 

The propensities calculations consider all possible interactions between two donors (pyrazole NH 

and amide NH) and two acceptors (pyrazole N and C=O) resulting in four propensity numbers for 

P1-P8. In molecules with an additional acceptor group P9-P12, six different combinations of 

propensities are calculated. The propensity of individual and combination synthon is presented in 

Table 2.6 and Table 2.7.  

 

Table 2.7 Hydrogen-bond propensities for each individual synthon possible in molecules P1-

P12.  
 

Synthon A Synthon B Synthon C Synthon D 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 
  

P5 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 
  

P9 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 Hydrogen-bond propensities for combination synthons possible in molecules P1-P12. 

Combination synthon propensities are calculated by multiplying the individual synthon 

propensities.  
 

Synthon 

(A+F) 

Synthon 

(A+D) 

Synthon 

(C+E) 

Synthon 

C+B 

Synthon 

(D+E) 

Synthon 

(B+F) 

P1 N/A 0.35 N/A 0.34 N/A N/A 

P2 N/A 0.35 N/A 0.30 N/A N/A 

P3 N/A 0.39 N/A 0.36 N/A N/A 

P4 N/A 0.39 N/A 0.37 N/A N/A 

P5 N/A 0.33 N/A 0.31 N/A N/A 

P6 N/A 0.35 N/A 0.32 N/A N/A 

P7 N/A 0.18 N/A 0.19 N/A N/A 

P8 N/A 0.16 N/A 0.17 N/A N/A 

P9 0.23 0.13 0.19 0.13 0.19 0.23 

P10 0.24 0.12 0.19 0.13 0.18 0.23 

P11 0.21 0.12 0.17 0.12 0.19 0.23 

P12 0.22 0.12 0.18 0.12 0.19 0.23 
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2.3.5 Hydrogen-bond coordination (HBC) 

The hydrogen-bond coordination tool was used to determine the coordination 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 2.4-2.7.  

P1-P6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

Figure 2.4 (a)Propensity-coordination chart of P1-P6 molecules and (b) coordination of each 

functional group in all predicted motifs. 

P7-P8 
 

 

 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

Motif # Atom (D/A) 0 1 2 3 

III NH of pyrazole (d) 0.01 0.61 0.39 0.00  
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 (a) 0.02 0.74 0.23 0.01 

I NH of pyrazole (d) 0.01 0.61 0.39 0.00  
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 (a) 0.02 0.74 0.23 0.01 

II NH of pyrazole (d) 0.01 0.61 0.39 0.00  
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 (a) 0.02 0.74 0.23 0.01 

 

Motif # Atom (D/A) 0 1 2 3 

I NH of pyrazole 0.01 0.72 0.27 0.00  
NH of amide 0.02 0.95 0.03 0.00  
N pyrazole 0.17 0.83 0.00 0.00  
O=C amide 0.04 0.82 0.14 0.00 

III NH of pyrazole 0.01 0.72 0.27 0.00  
NH of amide 0.02 0.95 0.03 0.00  
N pyrazole 0.17 0.83 0.00 0.00  
O=C amide 0.04 0.82 0.14 0.00 

II NH of pyrazole 0.01 0.72 0.27 0.00  
NH of amide 0.02 0.95 0.03 0.00  
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 (b) Coordination table 

Figure 2.5 Propensity-coordination chart of P7-P8 molecules and the coordination of each 

functional group in all predicted motifs. 

 

P9-P10 

 

 

 

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

Figure 2.6 Propensity-coordination chart of P9-P10 molecules and the coordination of each 

functional group in all predicted motifs. 

P11-P12 

 

 

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

Figure 2.7 Propensity-coordination chart of P11-P12 molecules and the coordination of each 

functional group in all predicted motifs. 

 

Motif # Atom (D/A) 0 1 2 3 

I 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  
C=O amide (a) 0.17 0.80 0.03 0.00 

III 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  
C=O amide (a) 0.17 0.80 0.03 0.00 

II 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  
C=O amide (a) 0.17 0.80 0.03 0.00 

 

Motif 
# 

Atom (D/A) 0 1 2 3 

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=O of amide (a) 0.19 0.78 0.03 0.00 

III 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=O of amide (a) 0.19 0.78 0.03 0.00 

II 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=O of amide (a) 0.19 0.78 0.03 0.00 
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2.3.6 Observed synthons in each crystal structure  

We were able to obtain crystallographic data for nine out of twelve molecules, P1-P12. P9 didnôt 

grow crystals suitable for single crystal x-ray diffraction studies. Our structure determination of 

P2 was consistent with the reported structure in the CSD(ARAGUV)26 and the crystal structure of 

P8 is also reported in the CSD (PESQEK)27.  The experimentally observed synthon in each crystal 

structure is shown in Figure 2.8 and Figure 2.9.  

 

 

Figure 2.8 Synthon (B+C) observed in crystal structures of P1, P2, P3, P4, P7 and P8.  
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Figure 2.9 Synthon (A+D) observed in crystal structure of P10 and P11.  

 

2.4 Discussion  

2.4.1 Molecular conformational analysis  

Molecular conformational analysis shows that the most stable conformation in each molecule 

has the amide functionality trans to each other and cyclic N group cis to the amide NH (Table 2.1). 

Additionally, in molecule P9 and P10, pyridine N is trans to the amide NH in the most stable 

conformation and the second conformation with pyridine N cis to amide NH is only ~4 kJ/mole in 

energy higher than the most stable conformation. Therefore, the main conformation in each 

molecule will have trans amide conformation as the most stable conformation. When compared to 

the experimental crystal structure, the trans amide conformation was indeed observed in all 

molecules. In the target molecule P11, second most stable conformation in which the pyridine N 

cis to the amide NH was observed, it is only ~4 kJ/mole higher than the most stable conformation 

where the pyridine N is trans to the amide NH. It 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 geometric parameters away 

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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2.4.2 What are the preferred synthons?  

Four different methods (MEPs, HBE, HBP, and HBC) were used to predict synthons. For 

molecules P1-P8, Synthon (B+C) was predicted by all four methods. Also, synthon (A+D) was 

predicted by HBE and HBP method. For molecules P9-P12, Synthon (D+E) was predicted by 

MEPs and HBC. Synthon (B+F) was predicted by HBP and HBC. Synthon (A+F) was predicted 

by both HBE and HBP. Synthon (C+E) and synthon (A+D) were predicted by HBE only (Figure 

2.10).  

 

 

Figure 2.10 Summary of synthons predicted in the target molecules, P1-P12.  

 

2.4.3 Molecular 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 dimeric synthon A is less likely to happen due to 

geometric constraint of NH(pyrazole)éN(cyclic) hydrogen-bond angle as being non-linear. 

However, monomeric synthon A is still a possibility 

 

2.4.4 Crystal structures  

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

(B+C) was observed in five out six crystal structures obtained in group 1. Synthon (A+F) was 
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observed in P10 and synthon (C+E) was observed in P11. In total, eight crystal structures were 

obtained, and synthon C was the most common synthon (in six out of eight crystal structures) 

followed by synthon B (five out of eight crystal structures). Synthon A is observed in two crystal 

structures as a dimeric synthon in P8 and monomeric synthon in P10.  

 

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

 

2.4.5 Predicted vs experimental comparison  

Group 1: In the crystal structures of P1-P4 and P7, both monomeric synthon B 

(NH(pyrazole)éC=O(amide)) and dimeric synthon C (NH(amide)éN(pyrazole)) were observed 

thus following Etterôs rule irrespective of substitution next to amide group or at the pyrazole ring. 

Therefore, in molecules P1-P6, five out of six times, synthon (B+C) is the dominant synthon as 

predicted by all three prediction methods. The best donor pyrazole NH binds to the best acceptor 

carbonyl oxygen (synthon B) and the second-best acceptor amide NH binds to the second-best 

acceptor pyrazole N (synthon C) as suggested by MEPs based on Etterôs rule. Dimeric synthon C 

is favored over synthon A in these molecules because the hydrogen bond angle in the former is 

linear compared to latter due to geometric complementarity. The observed synthon in the crystal 

structure of P1-P5 was predicted as the most preferred synthon by all four prediction methods; 

MEPs, HBE, HBP and HBC in the solid state informatic tools. The HBC results obtained by 
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importing the experimental crystal structure of P1 shows that the observed experimental motif 

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

 

 

Figure 2.12 Polymorph assessment of P1 molecule indicating the most optimal hypothetical 

structure matches with the experimental structure.  

 

In P8, the pyrazole NH binds to cyclic N forming dimeric synthon A 

(NH(pyrazole)éN(pyrazole)) and the amide NH binds to carbonyl oxygen forming dimeric 

synthon D (NH(amide)éC=O(amide)). In one out of six crystal structures obtained, synthon 

(A+D) is the dominant synthon regardless of the geometric bias. It is not surprising to see such 

synthon as both hydrogen-bond energies and hydrogen-bond propensities predicted that either 

combination synthon (A+D) or (B+C) are possible.  

Based on HBC tool, the observed synthon in P8 doesnôt match with the most stable hypothetical 

structure indicating there is a possibility of polymorphism in this molecule. The most stable 

structure involves synthon (B+C) where NH(amide)éN(pyrazole) and 
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NH(pyrazole)éC=O(amide) hydrogen-bond interactions are present and it was predicted by all 

three prediction methods, Figure 2.13. 

 

Figure 2.13 Polymorph assessment of P8 molecule indicating the second hypothetical structures 

matches 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 of P10 and P11 are reported in this study.  

In the crystal structure of P10, the amide NH binds to pyridine N forming synthon F 

(NH(amide)éN(Pyridine) and pyrazole NH binds to cyclic N forming monomeric synthon A 

(NH(pyrazole)éN(pyrazole)).  Therefore, synthon (A+F) is observed in P10. Synthon (A+F) was 

predicted by both HBE and HBP.  

In the crystal structure of P11, the amide NH binds to cyclic N forming dimeric synthon C 

(NH(amide)éN(pyrazole) and pyrazole NH binds to pyridine N forming synthon E 

(NH(pyrazole)éN(pyridine), therefore synthon (C+E) was observed. Synthon (C+E) was 

predicted by hydrogen-bond energy but not by MEPs, HBP or HBC.  

The HBC results of P10 and P11 shows that the experimentally observed synthon in these 

molecules matches with the hypothetical predicted motif II and there is chance of synthon 

polymorphism (Figure 2.14 and Figure 2.15). We havenôt performed experimental polymorph 

screening on these molecules yet.  
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Figure 2.14 Polymorph assessment of P10 molecule indicating the experimental structure and 

more stable hypothetical structure. 

 

 

Figure 2.15 Polymorph assessment of P11 molecule indicating the experimental structure and 

more stable hypothetical structure. 
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2.4.6 Validation studies  

The comparison studies between the four predicted methods (MEPs, HBE, HBP and HBC) and 

experimentally observed results are mentioned here and tabulated in Table 2.9. In molecules P1-

P8 with two donors and two acceptor molecules, Synthon (B+C) as the most likely synthon was 

predicted by all four methods and in five out of six molecules (83%), synthon (B+C) was observed 

(4 out of 4 methods predicted correctly). In one molecule P8, synthon (A+D) was observed which 

was also predicted by HBE and HBP as the second possible synthon (2 out of 4 methods predicted 

correctly).  As the competition was increased by increasing the number of acceptor groups to three 

in molecules P9-P12 (two donors and three acceptors), synthon predictability became complex 

and it became difficult to predict the synthons because of the possibility of synthon crossover and 

synthon polymorphism. In molecule P10, synthon (A+F) was observed experimentally which was 

predicted correctly by HBE and HBP prediction methods (2 out of 4 methods predicted correctly). 

In molecule P11, synthon (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 molecules P1-P12 

 Experimental MEPs HBE HBP HBC 

P1 Synthon (B+C) Yes Yes Yes Yes 

P2 Synthon (B+C) Yes Yes Yes Yes 

P3 Synthon (B+C) Yes Yes Yes Yes 

P4 Synthon (B+C) Yes Yes Yes Yes 

P7 Synthon (B+C) Yes Yes Yes Yes 

P8 Synthon (A+D) No Yes Yes No 

P9 5ƛŘƴΩǘ ŎǊȅǎǘŀƭƭƛȊŜ N/A 

P10 Synthon (A+F) No Yes Yes No 

P11 Synthon (C+E) No Yes No No 

 

2.5 Conclusions  

The structural chemistry of twelve target molecules P1-P12 has been analyzed using MEPS, HBE, 

HBP and HBC as a way of predicting which intermolecular interactions are likely to appear in the 

solid state and was compared to experimentally observed synthons.  
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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 preferred over individual molecules.  

3.  In group 1(P1-P8), Synthon (B+C) was the most optimal synthon (observed in five out of six 

crystal structures) compared to synthon (A+D) thanks to the geometric complementarity, 

MEPs and supramolecular chelating effect.28  However, when a strong acceptor group such as 

pyridine nitrogen was added as in P9-P12, synthon prediction became complex, so does the 

experimentally observed synthons. Synthon (A+F) and synthon (D+E) were the most optimal 

synthon in this category based on combination of atleast two prediction methods. In two crystal 

structures obtained, synthon (A+F) and synthon (C+E) were observed.  
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4. HBC was most effective in predicting the synthon polymorphs in this group of molecules. 

Three target molecules; P8, P10 and P11 have the risk of forming synthon polymorphs because 

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

 

Four prediction methods used in this study 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 simple health check as shown in Figure 2.16 on these molecules using 

structural informatics tools such as MEPs, HBE, HBP and HBC for mapping out the structural 

landscape of these types of molecules will have significant practical applications in various fields.  
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Chapter 3 - Systematic Investigation of Knowledge based Prediction 

methods for Co-crystal Design in Pyrazoles 

3.1 Introduction  

The occurrence of polymorphism1-5 in solid-state chemistry is one reason behind the need for 

robust guidelines and for versatile and dependable practical supramolecular synthesis. A 

knowledge of connectivity pattern between given functional groups is useful in order to design a 

desired solid-state material and various prediction methods have been employed to determine the 

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

 
 

Scheme 3.1. Scheme showing different prediction methods to determine the supramolecular 

synthon in the co-crystals of pyrazole based molecules.  

 

The preferred connectivity patterns in the solid state can be hypothesized using the Etter 

guidelines6 which states that the best hydrogen bond acceptor binds to the best donor and the 

ranking of best donor-acceptor can be determined using molecular electrostatic potential as 



56 

 

proposed by Aakeroy et.al.7 This connectivity pattern is also employed to predict the outcome of 

multicomponent systems such as co-crystals using interaction site pairing energies by Hunter 

et.al.8-9 Recently, Price et. al. have used lattice energy,10 Fabian et.al. have used molecular shape 

and polarity,11 Galek 12and jones et. al.13 have used hydrogen-bond 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 system.14,15  The molecular geometry of the co-former, along with the precise orientation of 

binding sites in the co-crystallizing agent, control the resulting supramolecular synthon in reliable 

manner in a competitive environment.16
 Lehn et. al. has emphasized molecular recognition as a 

key component in the orientation/preorganization of binding sites to form synthons.17 Hamilton et. 

al. studied the molecular recognition in the solid state for series of amino-pyridine with rigid 

spacers towards carboxylic acids.18-19 They also emphasized that the directionality and orientation 

of two components involved in forming a co-crystal is a must to achieve the high yield 

supramolecular synthon.20  

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 one-pot supramolecular synthesis, and the presence of multifunctional 

groups.21 These problems often lead to ñsynthon crossoverò18 and ñsynthon polymorphismò 2, 4, 7 

in supramolecular synthesis due to reversible nature of weak hydrogen bonding.22 However, a 

good synthetic strategy can be built to obtain high supramolecular yields with desired motifs. 

These motifs should be dominant within the crystal structure in such a way that different 

substitutions on the individual covalent building block will form similar lattice structures. This can 

be achieved by using intermolecular interactions that are unlikely to interfere with one another 

which will lead to strong but also discriminating interactions in the solid state.23 Aaker y et al 

have used both hydrogen and halogen bonding to avoid synthon crossover in 2-aminopyrazine 

molecules based on electrostatics and geometric complementarity. They have also addressed the 

appearance of synthon crossover in a study done to predict synthon preference in hydroxy-benzoic 

acids and list of hydrogen bond acceptors.14  
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Two different types of pyrazole based molecules were chosen for this study. Target molecules P1-

P6 has an alkyl next to the amide group, P7-P8 has a phenyl group and P9-P12 has a pyridyl 

nitrogen either at meta or para position (Scheme 3.1).  Molecules P2, P4, P6, P8, P10, and P12 

have a methyl group on the pyrazole ring. 

 

 

Scheme 3.2 Ten pyrazole based target molecules, P1-P12 split into two groups; group-1: without 

pyridyl, and group-2: with pyridyl.  

Twenty different carboxylic acids (10 diacids and 10 monoacids) were chosen as potential co-

formers (Scheme 3.3).   
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Scheme 3.3 Twenty carboxylic acid co-formers (10 aliphatics and 10 aromatics).  

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

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

possibility is the OH of acid binds to the pyrazole N via OH(acid)éN(pyrazole) and the carbonyl 

O=C of acid binds to pyrazole NH via NH(pyrazole)éO=C(acid), synthon I . The second 

possibility is that the OH of acid binds to the pyrazole N via OH(acid)éN(pyrazole) and the 

carbonyl O=C of acid binds to amide NH via NH(amide)éO=C(acid), synthon II . The third 

possibility is that the OH group of acid binds to O=C of target molecule via 

OH(acid)éO=C(amide) and the carbonyl group of acid binds to pyrazole NH of the target 

molecule via NH(pyrazole)éO=C(acid), synthon III . For P9-P12, an additional synthon is 

possible because 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 molecule via OH(acid)éN(pyridine), synthon 
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IV, therefore four different synthons are possible (synthon I , synthon II , synthon III  and synthon 

IV) in P9-P12 (Scheme 3.4). Additional synthons are possible with aromatic acids that contains 

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

 

 
Scheme 3.4.  Four postulated heteromeric hydrogen-bond based synthons between P1-P12 and a 

carboxylic acid; (R1=H, CH3; R2= methyl, ethyl, or phenyl). 

 

In the work presented herein, first we want to determine if the chosen co-formers can break the 

homomeric interactions in P1-P12 and form heteromeric interactions to form co-crystals. Also, 

what is the effect of changing alkyl side to phenyl ring and pyridyl ring on the resulting co-

crystallization outcome? Can we predict the co-crystal outcome by already established prediction 

methods such as energies and propensities and is a combination of both methods useful in getting 

predicting the final outcome?  
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Scheme 3.5 Schematics of systematic investigation of knowledge based predictive methods for co-crystal 

screen.  

 

Second, we want to determine if we can systematically predict which synthon is more likely to 

occur in each of these target molecules. We want to examine the competition of two binding 

pockets (pyrazole NH and amide NH binding pockets) on the pyrazole molecules, P1-P8 to bind 

to a series of probe molecules containing carboxylic acid moieties and find out which of the three 

synthons; synthon I  (using pyrazole binding pocket) or synthon II  (using amide binding pocket) 

or synthon III  (synthon crossover) is preferred in a competitive environment if a co-crystal is 

formed? Crystal structures containing two robust Ὑ (8) based hydrogen-bond synthons; carboxylic 

acid---pyrazole (synthon I )18,19,20  and carboxylic acid---amide (synthon II ) 6, 4 have shown 

excellent structural control when they are present independently (Scheme 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 pyrazole or amide as well as synthon crossover in 

P1-P8.  In fact, a comparatively less common carboxylic acid---pyrazole synthon-based crystal 

structures have been published even though the angle between NīH bond and the lone pair on the 

adjacent nitrogen atom is somewhat large to provide a perfect fit with a carboxylic acid.18,19,20 
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Scheme 3.6 Two robust hydrogen-bonded interactions; type I (carboxylic acid---amide) and type II  

(carboxylic acid---pyrazole) heterosynthons.  

 

There are no systems where functional groups required to form both carboxylic acid---amide and 

carboxylic acid---pyrazole heterosynthons are combined on the same molecular backbone. This 

motivated us to do a 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 of the neutral components. We increased the competition by 

including a well-known pyridine acceptor in P9-P12 to establish if the supramolecular chelate 

effect in hydrogen-bonding dominates the strong single point interaction of 

OH(acid)éN(pyridine). We also want to determine the role electrostatics, energies, propensities 

alone, geometric complementarity alone or combination of both on the outcome of co-crystal.  

The study is done to address following questions: 

1. Can we break homomeric synthons observed in P1-P12 and form heteromeric synthons 

with carboxylic acids? 

2. Can we predict the co-crystal formation of P1-P12 with 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 electrostatics, propensity, energy, molecular complementarity or a combination of all 

that governs the synthon formation? 
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Scheme 3.7 Six postulated heteromeric hydrogen-bond based synthons between P1-P12 and 

aromatic acids with an additional donor group (OH for hydroxyl and NH for amino substituents).  

 

3.2 Experimental section   

3.2.1 Materials  

The synthesis and characterization of P1-P12 is done in chapter 3. Carboxylic acids were 

purchased from commercial sources and used as received. Melting points were measured using a 

Fisher-Johns melting point apparatus. Solution 1H NMR data were collected in DMSO-d6 on a 

Varian Unity plus 400 MHz NMR spectrometer. IR spectra of co-crystal screening experiments 

were recorded with a Nicolet 380 FT-IR spectrometer using ATR (attenuated total reflection) 

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

See section 2.2.4 for molecular electrostatic potential surfaces (MEPS) of P1ïP12. The 

electrostatics potentials of 20 carboxylic acids (See appendix E for details) are presented in this 

study using same methodology described in section 2.2.4.  

 

3.2.3 Hydrogen-bond energies for predictions  

See section 2.2.5 for the hydrogen-bond energy calculation methodology. The synthon predictions 

for heteromeric synthons of P1-P12 was made by calculating interaction energies of the best donor 

of the acid with the best acceptor of the target and vice-versa.  

The Multi-Component Energy (MCE) score is calculated by subtracting the best energy of 

homomeric interaction from the best energy of heteromeric interaction. The best hetero/homo 

interaction is determined based Etterôs rule. Note that this calculation is different from Hunterôs 

calculations of virtual co-crystal screening. We have only considered best hetero and homomeric 

interactions of conventional hydrogen bond donors and acceptors (equation 3.1) whereas in 

Hunterôs calculations, all possible interactions in the homo and heteromeric systems are used for 

calculations.  

ὓὅὉ ίὧέὶὩ 
ὉὲὩὶὫώ έὪ ὸὬὩ ὦὩίὸ 

ὬὩὸὩὶέάὩὶὭὧ ὭὲὸὩὶὥὧὸὭέὲ
ὉὲὩὶὫώ έὪ ὸὬὩ ὦὩίὸ 
ὬέάέάὩὶὭὧ ὭὲὸὩὶὥὧὸὭέὲ

           (Equation 3.1) 

 

 

3.2.4 Hydrogen-bond propensities for synthon predictions  

The hydrogen-bond propensities for P1-P12 when screened against 20 different co-formers were 

calculated and the Multi-Component score (MC score) was obtained by subtracting the propensity 

of the highest probability homo-interaction (pure components) from the propensity of the highest 

probability hetero-interaction (co-crystal) obtained from same propensity chart, Equation 3.2.  A 

positive MC score indicates that the hetero-interaction needed for co-crystal formation is favored, 

whereas a negative MC score indicates that homo-interactions are favored and therefore hydrogen-

bond directed co-crystallization is unlikely to occur.  
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ὓὅὖ ίὧέὶὩ 

ὖὶέὴὩὲίὭὸώ έὪ ὸὬὩ 
ὬὭὫὬὩίὸ 
ὴὶέὦὥὦὭὰὭὸώ 

ὬὩὸὩὶέάὩὶὭὧ ὭὲὸὩὶὥὧὸὭέὲ

ὖὶέὴὩὲίὭὸώ έὪ ὸὬὩ 
ὬὭὫὬὩίὸ 
ὴὶέὦὥὦὭὰὭὸώ 

ὬέάέάὩὶὭὧ ὭὲὸὩὶὥὧὸὭέὲ

       (Equation 3.2) 

The functional groups of target molecules are listed in chapter 2 and the functional groups used 

for the acids are listed below in Table 3.1.  

 

Table 3.1 Functional groups used to determine the hydrogen-bond propensities for the six target 

molecules.  The labels in the figures can be explained as follows:  Tn = atom makes n bonds, c = 

atom is cyclic,  = bond is acyclic, and Hn = n bonded hydrogen atoms.  

   
  

 

P1/P2 P3/P4/P5/P6 P7-P12 P1-P12 P1-P12 P9-P12 

  
 

 
  

Aliphatic  Aromatic  
HydroxyBA, 

AminoBA 

3NitroBA,  

4NitroBA  
BromoBA IodoBA 

 

3.2.5 Co-crystal screening and crystal growth  

P1-P12 were put through a co-crystal screen using liquid-assisted grinding (LAG) in a drop of 

methanol against ten aliphatic dicarboxylic acids and ten aromatic acids (Scheme 3.3).  In all 240 

reactions the reactants were mixed in stoichiometric ratios and the solid resulting from each 

reaction was characterized using IR spectroscopy to determine if a co-crystal had formed.  The IR 

analysis focused on the positions of readily identifiable vibrational modes (cf. O=C (amide), O=C 

(acid), etc) in the pyrazoles and acids, with the corresponding bands in the resulting solids.  Shifts 

greater than seven wavenumbers were taken as an indication of co-crystal formation.  In addition, 

the appearance of broad stretches around 2,300 cm-1 and 1,800 cm-1 as a result of intermolecular 

O-HéN hydrogen bonds, also support the formation of co-crystals since such interactions are not 

feasible in either of the pure compounds, see appendix C.  Subsequently, the mixtures obtained 

from the grinding experiments were dissolved in a minimum amount of methanol or nitromethane 
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(1ï2 ml) and kept in a vial for slow evaporation in order to obtain crystals suitable for single crystal 

X-ray diffraction. X-ray experimental data and crystallographic data are given in the appendix D.  

 

Table 3.2 Experimental details of new co-crystal obtained in this study.  

 Ligands/co-crystal Ratio 

(A:D)  

Melting point  Morphology 

1 P1-PentafluoroBA 1:1 106-107°C Colorless, blocks 

2 P2-Fum 2:1 232-235 °C Colorless blocks 

3 P2-Suc 2:1 228-230 °C Colorless plates 

4 P2-Adi 2:1 164-165 °C Colorless plates 

5 P2-Pim 2:1 198-200 °C Colorless prisms 

6 P3-3nitroBA 1:1 156-159 °C Colorless blocks 

7 P3-4AminoBA 1:1 140-142 °C Golden blocks 

9 P4-Fum 1:1 195-200 °C Colorless rhombohedra 

10 P4-Adi 2:1 245-250 °C Colorless blocks 

11 P4-PentafluoroBA 1:1 104-106 °C Colorless blocks 

12 P7-Sub 2:1 120-122 °C Colorless prisms 

13 P8-Sub 2:1 134-136 °C Colorless plates 

14 P8-Aze 2:1 120-125 °C Colorless needle 

 

This chapter is divided into two sections: 

1. Section 1 is focused on the prediction and experimental study of co-crystal screening of 

P1-P12 with 20 co-formers. 

2. Section 2 is focused on the prediction and experimental analysis of synthons in the co-

crystals of P1-P12 with 20 co-formers. 

 

3.3 Results 

3.3.1 Part 1: Co-crystal screening   

The study is divided into two groups: group 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-P12 co-crystals (80 experiments).   

 

3.3.1.1 Experimental co-crystal screening 
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The experimental screen produced co-crystals in 169 of the 240 experiments between P1-P12 and 

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

3.3.   

Table 3.3 Attempted co-crystallizations using LAG (methanol) of P1-P12 with aliphatic and 

aromatic acids.  

  P1 P2 P3 P4 P5 P6 P7 P8  P9 P10 P11  P12 S.Y. 

Suc                       75% 

Adi                       75% 

Sub                       92% 

Seb                       83% 

Dod                       67% 

Fum                       83% 

Mal                       92% 

Glu                       92% 

Pim                       75% 

Aze                       83% 

 0/10 10/10 10/10 9/10 7/10 4/10 10/10 8/10 10/10 10/10 10/10 10/10  

3HydroxyBA                      50% 

4HydroxyBA                      50% 

3AminoBA                      83% 

4AminoBA                      42% 

3NitroBA                      100% 

4NitroBA                      42% 

BA                      83% 

4IodoBA                      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%  

 

3.3.1.2 Energies as prediction method for co-crystal screening 

The best hetero-meric interaction in P1-P8 molecules is OH(acid)éC=O (amide) and in P9-P12 

is OH(acid)é. N(pyridine). The best homomeric interaction in P1-P8 is 

NH(pyrazole)éC=O(amide) and in P9-P12 is NH(pyrazole)éN(pyridine).  The results of MCE 

are presented in Appendix G.  

3.3.1.3 Propensities as prediction method for co-crystal screening 
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Hydrogen-bond propensity calculations were performed on P1-P12 against 20 co-formers.  The 

two highest propensity donor-acceptor interactions were taken into account for homomeric 

systems in the target molecules: NH(pyrazole)é.C=O(amide) for group P1-P12 and N-

H(pyrazole)ÖÖÖN(pyridine) for group P9-P12. The two highest propensity donor-acceptor 

interactions were taken into account for hetero-meric systems: O-H(acid)ÖÖÖO=C(amide) for group 

P1-P12 and OH(acid)éN(pyridine) for group P9-P12. An MCP score (as described in section 

4.2.4) is used to predict whether a reaction (in this case, co-crystal formation) will or will not take 

place when two reactants are combined. A summary of the multi-component hydrogen-bond 

propensity (MCP) screening results for P1-P12 with 20 co-formers is given in the Appendix G.    

 

3.3.2 Part 2: Synthon Prediction study  

3.3.2.1 Method 1: Electrostatics for synthon prediction in co-crystals  

In order to determine which synthon is more likely to form in the co-crystals, prediction studies 

were performed using electrostatics best donor binding to best acceptor rule. The different 

synthons and the ranking of each donor and acceptor are shown in the Figure 3.1.   

 

 
 

 

 
 

Single point 

interaction  

Synthon III  Synthon IV  

Two-point 

interaction  

Synthon I  Synthon I  
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Figure 3.1 Synthon prediction using electrostatics method for group 1 and group 2.  

 

3.3.2.2 Method 2: Energies for synthon prediction in co-crystals 

Hydrogen-bond energies of each synthon was calculated in each group and the average energy 

for each synthon is shown in Table 3.4-3.6.   

Table 3.4 Hydrogen-bond energies for each synthon in each respective group (P1-P12 against 10 

aliphatic acids and 6 aromatic acids).  

P1-P12 against 20 acids 

  Synthon I Synthon II  Synthon III  Synthon IV 

GROUP 1 Aliphatic acids (10) 37.21±0.57 32.54±1.14 28.36±1.75 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 I, II, III and IV in each respective group (P1-

P12 against aromatic acids with an additional donor group).  

 Synthon I Synthon II  Synthon III  Synthon IV 

GROUP 1 29.68±0.60 26.52±1.00 26.30±0.79 N/A 

GROUP 2 27.03±0.84 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±1.25 31.75±0.96 N/A 

 NH2 13.35±0.81 20.53±0.62  

GROUP 2 OH 17.63±1.44 25.28±1.24 25.72±3.19 

 NH2 11.41±0.93 16.35±0.80 19.16±1.24 

 

3.3.2.3 Method 3: Propensities for synthon prediction in co-crystals 

Hydrogen-bond propensities were calculated for each group for different co-formers by looking at 

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

shown in the Table 3.7.  

Table 3.7 Synthon prediction using propensity method for group 1 and group 2.  

 Group 1(P1-P8) Group 2 (P9-P12) 

Aliphatic acid (10) Synthon I  (NH(pyrazole)é.C=O(acid)) Synthon IV  

Aromatic acids (w/o 

additional donor) 

Synthon I  (NH(pyrazole)é.C=O(acid)) Synthon IV  
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HydroxyBA  Synthon III  Synthon IV  

AminoBA Synthon IX  Synthon X  

 

3.3.2.4 Method 4: Molecular complementarity for synthon prediction 

The molecular complementarity approach was used to determine which synthon is more likely to 

occur between synthon I  and synthon II  using CSD. The search was done by using fragments 

indicated in Figure 3.2 (a) and (c), and the results of each synthon are shown in Figure 3.2 (b) and 

(d).  

 

 

 

 

(a) Synthon I (b) Synthon I results 

 

 

(c) Synthon II  (d) Synthon II  results 

Figure 3.2 (a) Synthon I fragment used for search, (b) Bond angles distribution of 

NH(pyrazole)éO=C(acid) interaction in the CSD database, (c) Synthon II fragment used for 

search and (d)Bond angles distribution of NH(pyrazole)éO=C(acid) interaction in the CSD. 

3.3.3 Experimentally observed synthons   

The crystal structures are divided into three groups. Thirteen crystal structures (P1-PentaFBA, 

P2-Fum, P2-Suc, P2-Adi, P2-Pim, P3-3nitroBA, P3-4aminoBA, P3-PentaFBA, P4-Fum, P4-

Adi, P7-Sub, P8-Aze, and P8-Sub ) were obtained for group 1, and three crystal structures were 

obtained for group 2 (P10-Fum, P10-Mal , P11-Aze and (d) P11-dod.  
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Figure 3.3 Supramolecular trimer formed via ╡ (8) heterosynthons in (a) P2-Fum, (b) P2-Suc, 

(c) P2-Adi, (d) P2-Pim, (e) P4-Fum, (f) P7-Sub and (g) P8-Aze leading in 2:1 stoichiometry 

 

 

 
 

Figure 3.4 Synthon crossover in (a) P4-Adi and (b) P8-Sub leading to 1:1 stoichiometry.  
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Figure 3.5 Supramolecular dimer in (a) P1-PentaFBA, (b) P3-3nitroBA, (c) P3-4-aminoBA and 

(d) P3-PentaFBA.  

Four crystal structures were obtained in group 2 (P10-Fum, P10-Mal, P11-Aze and P11-dod) 

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

additional donor group.  
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Figure 3.6 Supramolecular trimer in (a) P10-Fum, (b) P10-Mal and (c) P11-Aze in 2:1 

stoichiometry. Synthon crossover in (d) P11-dod leading to 1:1 stoichiometry.  

 

3.4 Discussion 

3.4.1 Experimental co-crystal screening  

3.4.1.1 Group 1(co-crystallization of P9-P12 with 20 carboxylic acids) 

Target molecules P1-P8 formed co-crystals in 58 out of 80 (73% supramolecular yield) 

experiments with aliphatic acids and in 45 out of 80 experiments (56% supramolecular yield) with 

aromatic acids. Overall, all target molecules except P1(with 30% yields) and P6 (with 40% yields) 

has good success rate based on the grinding experiments with 20 co-formers (64% supramolecular 

yield). Adding a methyl group on P1 to form P6 increases the supramolecular yield from 30% to 

85%, whereas adding a methyl group on P5 to form P6 decreases the supramolecular yield from 

60% to 40%. Target molecules P2, P3 and P7 have the highest supramolecular yields in this group. 

The target molecules with an aliphatic side chain group (P1-P6) gave 73 out of 120 experimental 
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positive co-crystal outcomes indicating 61% success rate whereas the target molecules with an 

aromatic side group (P7-P8) gave 30 out of 40 positive co-crystal outcomes indicating 75% 

success rate. This indicates that aromatic group has higher probability of forming co-crystals 

compared to alkyl chains although the comparison might not be fair as the dataset of alkyl group 

molecules is larger compared to aromatic groups.  

 

3.4.1.2 Group 2(co-crystallization of P9-P12 with 20 carboxylic acids) 

Group 2: P9-P12 formed co-crystals in 40 out of 40 (100% supramolecular yield) experiments 

with aliphatic acids and in 26 out of 40 experiments (65% supramolecular yield) with aromatic 

acids. Overall, all target molecules, P9-P12 have good success rate based on the grinding 

experiments with 20 co-formers (83% supramolecular yield), Figure 4.1. Adding a methyl group 

on P9 and P11 increases the supramolecular yield by 5% in P10 and P12.  

Overall, the experimental screen produced co-crystals in 169 of the 240 experiments (70% 

supramolecular yield) between P1-P12 and 20 dicarboxylic acids, Table 4.2 (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 for co-crystals and only one solvent (methanol or nitromethane) was 

used to grow single crystals).  With further experimentation, it is reasonable to assume that some 

pairs that did not succeed in co-crystallizing in this screen could eventually form. Still, it is 

necessary to employ consistent experimental conditions when trying to elucidate the success or 

suitability of a protocol for co-crystal prediction.  
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(a) 

Figure 3.7 Graphs showing supramolecular yields with respect to each group.  

 

3.4.2 Experimental co-crystal screening vs energy prediction  

The multicomponent score for hydrogen-bond energies (MCE) was obtained by subtracting the 

best homo-meric interactions from the best hetero-meric interactions. The comparison between 

predicted and experimental co-crystal screen was made, Appendix G.  

 

In group 1, 160 experiments were performed, and the energy prediction was compared with the 

experimental co-crystal screening. 92 out of 160 co-crystal screens were true positive, 51 were 

false positive, 11 were false negative and 6 were true negative. In total, there was an 61% 

agreement (98 out of 160 combinations were either true positive or true negative) between the 

predicted and experimental results for P1-P8 with 20 acids, Figure 3.8a.  A low success rate is 

because 51 out of 160 combinations were predicted as false positives, indicating that the energy 

method predicted them to be positive co-crystal but experimentally, they were designated as 

negative co-crystal outcome. Therefore, an energy method could not predict which combinations 

does not form co-crystals in 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 negatives (Figure 3.8b). In total, there was an 85% agreement (68 out of 
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80 combinations were either true positive or true negative) between the predicted and experimental 

results for P9-P12 with 20 acids.  The energy method predicted the experimentally co-crystal 

outcome very well in group 2.  

MCE(P1-P8) 

Predicted outcome 

Co-crystal 
No 

co-crystal 

E
x
p

e
ri
m

e
n

t 

Co-crystal 92 11 

No 

co-crystal 
51 6 

 

MCE(P9-P12) 

Predicted outcome 

Co-

crystal 

No 

co-crystal 

E
x
p

e
ri
m

e
n

t 

Co-crystal 64 2 

No 
10 4 

co-crystal 
 

98/160, 61% 68/80, 85% 

(a) Group 1(P1-P8) (b) Group 2 (P9-P12) 

Figure 3.8 Confusion matrices determined from multi-component energies, MCE results (cut off 

=-0.10) for P1-P12 molecules with co-formers, (a) Group 1(P1-P8) and (b) Group 2 (P9-P12). 

 

3.4.3 Experimental co-crystal screening vs propensity prediction  

The predictions made using the MCP model were compared to experimental co-crystal screening 

results, Appendix G. A confusion matrix was used to analyze the data as reported by Wood et. 

al.24  

The confusion matrices determined from MCP results using cut off =0.00 and -0.10 for P1-P12 

are shown in Figure 3.9-3.10. In total, the number of false negatives reduced from 142 to 66 by 

changing the cut off from 0.0 to -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) 

Cut off = 0.0 

Predicted outcome 
MCE (P9-P12) 

Cut off = 0.0 
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Co-crystal 3 63 

No  

co-crystal 
10 47 

No  

co-crystal 
5 9 

71/160, 44% 12/80, 15% 

(a) Group 1(P1-P8) (b) Group 2 (P9-P12) 

Figure 3.9 Confusion matrices determined from multi-component propensity MCP results (cut off 

=0.0) for P1-P12 molecules with co-formers, (a) Group 1(P1-P8) and (b) Group 2 (P9-P12).  
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Cut off = -0.10 
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(a) Group 1(P1-P8) (b) Group 2 (P9-P12) 

Figure 3.10 Confusion matrices determined from multi-component propensity MCP results (cut 

off = -0.10) for P1-P12 molecules with co-formers, (a) Group 1(P1-P8) and (b) Group 2 (P9-P12).  

 

The prediction of co-crystal based on propensity in pyrazole-amide based molecules is difficult 

because of the presence of multiple donors and acceptors on the pyrazole. At-least two different 

interactions are possible in each co-crystal combination due to presence 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 examples, in group 1, The best homomeric interaction; 

NH(pyrazole)éC=O (amide) is a stronger interaction compared to the best heteromeric 

interaction; NH(pyrazole)éC=O(acid). Therefore, the outcome based on MCP is negative co-

crystal. However, experimentally it is a positive co-crystal and the best homomeric interaction is 

observed in the co-crystal. 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 

interaction NH(pyrazole)éN(pyridine) or NH(pyrazole)é.C=O(amide) is observed in the 

experimentally observed crystal structures.  

 

3.4.4 Comparison between predicted and experimental co-crystal screening 

Two prediction methods were used to analyze the co-crystal grinding experiment results in 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-

crystal outcome for group 1 and 85% for group 2. The method did well on group 2 and didnôt do 
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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 negative co-crystal outcome. The best 

homomeric interaction is NH(pyr)...C=O(amide) and the best heteromeric interaction is 

OH(acid)éC=O(amide). The heteromeric interaction was stronger than homomeric interaction in 

most cases so gave positive MCE score. The method gave 51 false positives which means they 

were predicted as positive co-crystal outcome but experimentally formed negative co-crystal.  

Propensity method was used as an alternative to determine the MCP score which is determined by 

subtracting the best homomeric interaction 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 for group 1 and group 2 respectively. This poor 

agreement is because the propensity predicted homo-meric NH(pyr)éC=O(amide) interaction in 

group 1 and NH(pyr)éN(pyr) in group 2 as the best interactions. Therefore, the MCP score was 

negative and 142 out of 240 co-crystals (59%) were predicted as false negative means they were 

predicted negative by propensity but they do form co-crystal experimentally. Since pyrazole target 

molecules has multiple functional groups including two donor groups, it is likely that more than 

one interaction happens in the co-crystal and the propensity calculation method need to be 

modified to include all possible interaction. Based on MCP cut off value of -0.10, the agreement 

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

 

Table 3.8 Summary of experimental co-crystal screening and energy and propensity prediction 

comparison for group 1 and group 2.  

 Experimental co-

crystal screening  

Energies  

(MCE) 

Propensities  

(MCP= 0.0) 

Propensities  

(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 co-crystal screen was done, synthon prediction studies were performed. There are two 

binding pockets in the pyrazole molecules, P1-P8. The acid functionality of carboxylic group (10 

aliphatic acids and 10 aromatic acids w/o additional donor) can either bind to pyrazole binding 

pocket forming synthon I , or amide binding pocket forming synthon II  or it can undergo synthon 

crossover leading to synthon III .  



79 

 

 
 

(a) Group 1 (b) Group 2 

Scheme 3.8 Schematics showing different synthon possibilities.   

In P9-P12, the additional pyridyl acceptor group can lead to synthon IV . Therefore, in P1-P8, 

synthon I , II , and III  are possible and in P9-P12, synthon I , II , III , and IV are possible. The 

synthon complexity increases as an additional donor group is introduced on the aromatic acids (an 

additional synthon V, VII  and VIII  for hydroxyBA and an additional synthon VIII , IX  and X 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.  

 

3.4.5 Synthon prediction in group 1 

3.4.5.1 Method 1: Electrostatics 

Synthon I  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 synthon II  in which NH(amide) and 

N(pyrazole) will form synthon in aliphatic acids and aromatic acids without additional donor. 

Synthon VI  is predicted to be the most likely synthon in hydroxyBA and synthon I  is the best 

predicted synthon in aminoBA, Figure 3.11.  

 

3.4.5.2 Method 2: Energies 

In group 1, for aliphatic acids, synthon I  was the most preferred synthon followed by synthon II . 

For aromatic acids without an additional donor group, I was the most preferred synthon followed 
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by synthon III  and synthon II . In hydroxyBA, one-point synthon VI  and two-point synthon I  are 

most likely to happen. In aminoBA, synthon I  is most likely to occur, Figure 3.11.  

 

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

 

3.4.5.3 Method 3: Propensities 

The best heteromeric interaction was selected from the propensity chart and 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 Figure 3.12.  
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Figure 3.12 Synthon predicted in group 1 using propensities.  

 

3.4.5.4 Molecular complementarity/geometrical constraints  

The main difference between synthon I and synthon II  is that in the former, pyrazole NH is used 

as the hydrogen-bond donor for ligand and in the latter, amide NH is used as the hydrogen-bond 

donor. The bond analysis of crystal structures in the CSD was done for NH(pyrazole)éO=C(acid) 

and NH(amide)...O=C(acid) interactions.  Ten structures are reported in the CSD where pyrazole 

binding pocket binds to carboxylic acids via dimeric synthon I . 76 structures are reported in the 

CSD where amide pocket binds as dimer to the carboxylic acids visa synthon II . The bond angle 

analysis shows that most structures with NH(pyrazole)éO=C(acid) interaction has a bond angle 

of 138 ↔and NH(amide)é. O=C(acid) interactions has a bond angle of 172 ↔, Figure 3.13.  

 

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

 

The second interaction OH(acid)éN(pyrazole) is common in both synthons and is almost linear. 

These results indicate that NH(amide)...O=C(acid) interaction is more linear compared to 

NH(pyrazole)éO=C(acid), therefore when a probe molecule has a choice between two binding 

pockets, it binds to the one which forms more linear hydrogen-bond 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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Figure 3.14 Summary of synthon predictions by different methods in group 1.  

 

3.4.6 Synthon prediction in group 2 

3.4.6.1 Method 1: Electrostatics 

In group 2, synthon I  is most likely to occur for two-point interaction and synthon IV based on 

one-point interaction. 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, synthon VII  in group 2 are very likely to happen based on best donor-best acceptor Etterôs 

rule. In AminoBA, synthon IV  is predicted for group 2, Figure 3.15.  
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Figure 3.15 Synthon prediction in group 2 using electrostatics.  

3.4.6.2 Method 2: Energies 

In group 2, Synthon I  was the most preferred synthon in aliphatic acids and synthon III  was the 

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

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

group 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, 

synthon II  (two-point interaction) and synthon IV  (one-point interaction) are most likely to occur. 

In aminoBA, Synthon II  is the preferred synthon, Figure 3.16a.   
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(a) (b) 

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

 

3.4.6.3 Method 3: Propensities 

Synthon IV  is the most preferred synthon in aliphatic acids and aromatic acids without an 

additional donor group. In hydroxyBA, synthon IV  is the most optimal synthon in group 2. In 

aminoBA, synthon X are the most preferred synthons in group 2, Figure 3.16b.  

 

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

 

 

3.4.7  Synthon observed in the crystal structures   

3.4.7.1 Crystal structures in group 1 

In group 1, nine crystal structures were obtained with di-aliphatic acids and four crystal structures 

were obtained with mono-aromatic acids. In seven out of nine cocrystals with di-aliphatic acids 

(78%), both ends of acids are involved in two complementary hydrogen bonds between carboxylic 

acid O-H(acid)éN(pyrazole) and N-H(amide)éO=C(acid) acid moieties gives rise to the robust 

Ὑ (8) hydrogen-bonded synthon II  in a 2:1 crystallizing agent: acid stoichiometry. These 
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heteromeric synthons are propagated into 2-dimensional sheets via hydrogen bonding between 

pyrazole N-H and carbonyl oxygen of the target molecule, forming homo-meric synthon.  

There are two exceptions. The co-crystal of P4-Adi and P8-Sub forms dimeric synthon II  on one 

side of acid (two-point interaction) but forms one point-interactions on the other end of acid; 

synthon III  (OH(acid)éC=O(amide)) and half of synthon I  (NH(pyrazole)é.C=O(acid)) leading 

to synthon crossover. In aromatic acids without an additional donor group, three crystal structures 

were obtained and in all crystal structures, synthon II  involving OH(acid)éN(pyrazole) and 

NH(amide)éO=C(acid) is the dominant interaction leading to 1:1 stoichiometry.  In aromatic 

acids with an additional donor group, one crystal was obtained with P3-4minoBA and synthon II  

was observed as predicted by molecular complementarity approach. Therefore, in eleven out of 

thirteen crystal structures (85%) in group 1, synthon II  is preferred over synthon I  or III . Synthon 

II  was predicted based on molecular complementarity over synthon I  even though the latter is 

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

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

 

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

 

3.4.7.2 Crystal structures in group 2 
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Four crystal structures were obtained in group 2 and in three out of four co-crystals (P10-Fum, 

P10-Mal , and P11-Aze) with di-aliphatic acids, synthon II  was observed. The crystal structure of 

P11-Aze forms robust synthon II  on one side of suberic acid whereas the opposite end of acid 

participates in the synthon IV and half of synthon I leading to synthon crossover. No co-crystals 

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

 

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

 

In total, we obtained 13 co-crystals with aliphatic acids and 4 co-crystals with aromatic acids. 

Therefore, 10 out of 13 (77%) outcomes showed dimeric synthon II  and 2 out of 13 (15%) showed 

synthon III , 1 out of 13 (7%) showed synthon IV  as the most preferred supramolecular outcome 

irrespective of different groups. The structure determinations reveal that synthon II  is the most 

desired synthon and the primary intermolecular interactions, the O-H(acid)éN(pyrazole) and N-

H(amide)éO=C(acid) hydrogen bonds, consistently remain intact. The supramolecular trimer was 

extended into 2-D sheets via one-point homomeric hydrogen bond between pyrazole N-H and 

carbonyl oxygen, N-H(pyrazole)éO=C(amide), resulting in homo-meric synthon.  In each case, 

dimeric synthon II  is preferred over synthon I  in a competitive environment. Therefore, having 

methyl group on pyrazole backbone or introducing bulky substituents such as methyl, ethyl, phenyl 
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or pyridyl groups next to amide functionality didnôt change the synthon preference in these co-

crystals but there is chance of synthon crossover.  

3.4.8 Comparison of experiment vs predictions 

Comparing the predicted synthons with the observed synthons, it was found that the synthons 

observed in the crystal structures matches with the second possibility of predicted synthon 

(Synthon II  or III ) instead of the first possibility (synthon I ) based on all three prediction methods 

(electrostatics, energies and propensities). Synthon II  was also predicted based on molecular 

complementarity.  Synthon I  was the most preferred synthon based on prediction, but it wasnôt 

observed in any of the crystal structures because of geometric constraints associated with this 

synthon.  Based on CSD search, synthon II  was more likely to occur compared to synthon I  

because in former, the hydrogen-bond angles are more linear compared to the former synthon. 

These results indicate that when a probe molecule has a choice between two binding pockets, it 

binds to the one which forms more linear hydrogen-bond interactions, i.e. the probe binds to pocket 

which is more geometrically favorable/compatible. Therefore, in this study even though synthon I  

is more energetically favored, synthon II  is preferred because it is more geometrically compatible.  

 

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

 

  Based on Electrostatics, energies, 

propensities 

Molecular 

complementarity 

 

  1st 

possibility 

2nd 

possibility 

1st 

possibility 

Experimentally 

Observed synthon 

Group 1 Aliphatic acids Synthon I  Synthon II  

 

Synthon II  Synthon II  (7/9) 

Synthon III  (2/9) 

Aromatic acids Synthon I  or III  Synthon II  (3/3) 

HydroxyBA  Synthon VI , III  Synthon I  N/A 

AminoBA Synthon I , III , IX  Synthon II  Synthon II  (1/1) 

Group 2 Aliphatic acids Synthon I , IV  Synthon II  Synthon II  Synthon II  (3/4) 

Synthon I II  (1/4) 

Aromatic acids Synthon I , IV  N/A 

HydroxyBA  Synthon I, VII , IV  N/A 

AminoBA Synthon IV, I, X  N/A 

 

3.5 Conclusions 

We attempted to co-crystallize the twelve target molecules (P1-P12) with twenty different 

carboxylic acids to probe the strength and stability of the homomeric interactions. 
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1. The homomeric interactions were broken to form heteromeric synthons via experimental co-

crystallization with 70% success rate.  

2.  Hydrogen bond energy and propensity were used as prediction methods to predict and 

compare the experimental co-crystal screening results comprising twelve target molecules and 

twenty carboxylic acids resulting in 240 data points.  Hydrogen-bond energy resulted in 69% 

agreement and hydrogen bond propensity resulted in only 35% agreement.  

3. Synthon prediction studies were done using electrostatics, energies, propensities and molecular 

complementarity. Synthon I  was the preferred synthon over synthon II  based on electrostatics, 

energies and propensities whereas Synthon II  was preferred based on molecular 

complementarity.  

4. Synthon II  was observed experimentally in 14 out 17 crystal structures with 82% success rate.  

These results indicated the solid state supramolecular synthesis25 depends not only upon the 

electrostatic or chemical environment around the binding site but also upon the size, shape, 

geometry and orientation of interacting molecular species to achieve robust and predictable 

supramolecular synthons.26  Effective molecular recognition occurs when both factors, 

electrostatics and molecular geometry are compatible between the interacting partners.27,28   
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Chapter 4 - Evaluating Homomeric Synthons in Thiazole based 

Molecules using Energies and Propensities 

4.1 Introduction  

Thiazole rings are present in many pharmaceutical compounds, and drugs such as FB,24 AMG 

517,25 meloxicam,26-27 and nitazoxanide,28-29 contain amide-substituted thiazoles as part of their 

chemical make-up.  This functionality has been successfully exploited to synthesize co-crystals of 

some of these active pharmaceutical ingredients (APIs). 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 optimum bulk properties.  

 

Scheme 4.1 Twelve thiazole amides used in this study.  
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(a) Synthon A (b) Synthon B (c) Synthon C (d) Synthon D 

Scheme 4.2 Four postulated synthons in a generic thiazole-amide; (a) synthon A, N-H 

(amide)é(aromatic); (b) synthon B, N-H (amide)éS(aromatic); (c) synthon C, N-H 

(amide)éO=C(amide); and (d) synthon D, N-H (amide)é(pyridine N(R1=H, CH3; R2= methyl, 

ethyl, or benzyl).  

In this study, we want to establish what intermolecular preference, if any, the N-H group displays 

and whether we can rationalize this in a convincing manner. The target molecules T1-T12 (scheme 

4.2) are divided into two groups based on the number of functional groups present. T1-T8 belongs 

to group1 and T9-T12 belongs to group 2 molecules.  The interaction between the hydrogen-bond 

donor and the three possible acceptors in group1 would lead to three different synthons (synthon 

A, synthon B and synthon C) and an additional synthon (synthon D) in group 2, Scheme 4.3, taking 

into account only the trans C=O-NH isomer and 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 disorder, and with an R-factor below 5%.  According to our CSD search (CSD 

database 5.38, Nov 2016 with updates from Feb and May 2017),30-33 we found 6335 relevant 

structures containing the amide functionality and only about 0.5% of these displayed a cis CO- 

NH isomer.  Therefore, we felt justified in focusing exclusively on the trans CO-NH geometry in 

these target molecules.  In addition, structural data complemented by geometry optimizations (see 

Section 2.2), indicated that the amide is likely to be co-planar with the thiazole. 
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Scheme 4.3 An outline of prediction and experimental methods used in this study.  

The study is done to answer the following questions, 

1. Which method (MEPs, HBE, HBP or HBC) is successful in predicting 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 group 1 (T1-T8) and how does adding an 

acceptor group affect the choice of synthon in T9-T12.  

 

4.2 Experimental 

4.2.1 General 

2-Amino-thiazole, 2-amino-5-methyl-thiazole, acetic anhydride, propionic anhydride, butyric 

anhydride, nicotinic acid, Isonicotinic acid and thionyl chloride and benzoyl chloride were 

purchased from commercial sources and utilized without further purification. Target molecules 

T1-T6 and T9-T12 are synthesized following procedures below. Target molecules T7-T8 are 

synthesized following literature methods.34 Melting points were measured using a Fisher-Johns 

melting point apparatus. Solution 1H NMR data were collected in DMSO-d6 on a Varian Unity 

plus 400 MHz NMR spectrometer.  
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4.2.2 Synthesis 

4.2.2.1 Synthesis of 2-acetamido-thiazole, T1 

 

 

A solution of 2-amino-thiazole (2.46g, 24.6mmol) in 15ml of 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 rota-evaporation 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/diethyl-

ether and the solution was allowed to stand at room temperature. Crystals of pure product were 

obtained in a week. Yellow solid; yield: 2.75 g (79%); mp 200-205 ↔C (lit. 200-202 ↔C)35  1H NMR 

(ŭH; DMSO, 400MHz): 11.48 (s, 1H), 7.85 (d, 1H), 7.53 (d, 1H), 2.69 (s, 3H).  

 

4.2.2.2 Synthesis of 2-acetamido-5-methyl-thiazole, T2. 

 

A solution of 2-amino-5-methyl-thiazole (2.6g, 17.4mmol) in 10ml of acetic anhydride was 

refluxed at 70 ↔C for approximately 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 rota-evaporation 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/diethyl-ether 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 219-225 ↔C (lit. 225 ↔C)i H NMR (ŭH; DMSO, 

400MHz): 11.32 (s, 1H), 7.49 (s, 1H), 2.80 (s, 3H), 2.65 (s, 3H). 

 

4.2.2.3 Synthesis of 2-propamido-thiazole, T3. 

 

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

65 ↔C for 2 hours. TLC was performed to confirm the formation of only one product. Excess 

propionic anhydride and propionic acid were removed by rota-evaporation 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 158-162 ↔C (lit. 157-159 ↔C)ii; 1H NMR (ŭH; DMSO, 400MHz): 12.05 (s, 1H), 7.44 (d, 1H), 

7.18(d, 1H), 2.42 (q, 2H), 1.08 (t, 3H).  

 

4.2.2.4 Synthesis of 2-propamido-5-methyl-thiazole, T4. 

 

A solution of 2-amino-5-methyl-thiazole (2.6g, 17.4mmol) in 10ml of propionic anhydride was 

refluxed at 65 ↔C for 2.5 hours. TLC was performed to confirm the formation of only one product. 

Excess propionic anhydride and propionic acid were removed by rota-evaporation 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 dissolved 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-

201 ↔C; 1H NMR (ŭH; DMSO, 400MHz): 11.84 (s, 1H), 7.10 (s, 1H), 2.32 (q, 2H), 2.32 (s, 3H), 

1.07 (t, 3H). 

 

4.2.2.5 Synthesis of 3-butyramido thiazole, T5 

 

 

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 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 

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. 143-146°C, 1H NMR (400 MHz, DMSO-d6) ŭ ppm: 12.02 (1H), 

7.42 (1H), 7.16 (1H), 2.38 (2H), 1.60 (2H), 0.88 (3H). 

 

4.2.2.6 Synthesis of 3-butyramido 5-methyl thiazole, T6 
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2-Amino-5-methylthiazole (0.685 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 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 tan crystals. 45% yield, m.p. 126-135°C, 1H NMR (400 MHz, DMSO-d6) ŭ ppm: 

11.01 (1H), 6.28 (1H), 1.55 (2H), 1.51 (3H), 0.78 (2H), 0.07 (3H). 

 

4.2.2.7 Synthesis of 2-benzamido-thiazole, T7 

 

To a mixture of 2.5g of 2-amino-thiazole in 30ml acetone and 50ml brine solution (16.67g NaCl 

in 50ml water), 2.91ml of benzoyl chloride in 3ml 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 was further stirred for 15-30 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%); mp 150-152 ↔C (lit. 152 ↔C) 

1H NMR (ŭH; DMSO, 400MHz): 12.65 (s, 1H), 8.10 (d, 2H), 7.63 (t, 1H), 7.54 (d, 2H), 7.52 (s, 

1H), 7.29 (s, 1H).  

 

4.2.2.8  Synthesis of 2-benzamido-5-methyl-thiazole, T8 
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To a mixture of 1.42 g of 2-amino-5-methyl-thiazole in 15ml acetone and 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 and the saturated solution was added to the mixture. 

The reaction mixture was further stirred for 15-30 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: 2.01 g (73%); mp 160-162 ↔C; 1H 

NMR (ŭH; DMSO, 400MHz): 12.46 (s, 1H), 8.08 (d, 2H), 7.62 (t, 1H), 7.53 (d, 2H), 7.23 (s, 1H), 

2.37 (S, 3H).  

 

4.2.2.9 Synthesis of N-(thiazol-2-yl) nicotinamide, T9 

 

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

refluxed for 4 hours at 70-80 °C. Then, thionyl chloride was removed under vacuum to obtain 

white solid as nicotinoyl chloride (91.27%). 2-amino-thiazole (1.2g, 12 mmol) was added slowly 

into 50ml round bottom 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 filtration to yield a yellow 

powder as the crude product. The product was recrystallized from methanol. Yellow solid; yield 
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90%; mp 213-214 ↔C, 1H NMR (ŭH, 400 MHz, DMSO): 12.87 (br, 1H), 9.20 (s, 1H), 8.79 (s, 1H), 

8.42 (s, 1H), 7.57 (s, 2H), 7.32 (s, 1H).   

 

4.2.2.10 Synthesis of N-(5-methylthiazol-2-yl) nicotinamide, T10 

 

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

refluxed for 4 hours at 70-80 °C. Then, thionyl chloride was removed under vacuum to obtain 

white solid as nicotinoyl chloride (91.27%).2-amino-5methyl-thiazole (1.79g, 12 mmol) was 

added slowly into 50ml round bottom 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 

filtration to yield a white powder as the crude product. white solid; yield 92%; mp 212-213 ↔C, 1H 

NMR (ŭH, 400 MHz, DMSO): 12.71 (br, 1H), 9.18 (s, 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 N-(thiazol-2-yl)isonicotinamide, T11 

 

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

refluxed for 4 hours at 70-80 °C. Then, thionyl chloride was removed under vacuum to obtain 
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white solid as nicotinoyl chloride (93%). 2-amino-thiazole (1.2g, 12 mmol) was added slowly into 

50ml round bottom flask containing isonicotinoyl 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 filtration to yield a yellow 

powder as the crude product. The product was recrystallized from methanol. Yellow solid; yield 

89%; mp 199-201 ↔C,1H NMR (ŭH, 400 MHz, DMSO): 12.97 (br, 1H), 8.80 (s, 2H), 7.98 (s, 2H),  

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

 

4.2.2.12 Synthesis of N-(5-methylthiazol-2-yl) isonicotinamide, T12 

 

2-Amino-5methyl-thiazole (1.79g, 12 mmol) was added slowly into 50ml round bottom 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 filtration to yield a dark yellow powder as the crude 

product. Yellow solid; yield 85%; mp 213-214 ↔C,1H NMR (ŭH, 400 MHz, DMSO): 12.78 (s, 1H), 

8.79 (d, 2H), 7.97 (d, 2H), 7.26(d, 1H), 2.38 (s, 3H).  

 

4.2.3 CSD analysis 

 

(a) 
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(b) 

Figure 4.1 (a) Amide functionality (both bonds are acyclic) used to perform the torsion angle 

search. (b) Scatterplot indicating number of structures with torsions for cis (red, ~32 structures) 

and trans (blue, ~6303 Structures) conformations.  

A search was done by drawing the amide group as shown in Figure 4.1 and CSD database 5.38 

(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). The torsion angle on four atoms 

(OCNH) was defined from -180° to +180°. A total of 6335 structures was obtained and 

approximately 32 (0.5%) of these structures have the cis-amide conformation and about 6303 

structures (99%) have trans-amide conformation.   

4.2.4 Geometry optimizations for T1-T12 

Geometry optimization was performed on each conformation of T1-T12 and the most stable 

conformation is given a value of 0 kJ/mol; all other conformations energies are presented relative 

to this, Table 4.1.  

Table 4.1 Energies of each trans conformation relative to most stable trans conformation is 

shown below in kJ/mol. Note: conformations of target molecules with methyl group on thiazole 

ring are not shown here. 

 Conformation 

1 

Conformation 

2 

Conformation 

3 

Conformation 

4 

Conformation 

5 

Conformation 

6 

Group 1 

T1 
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T1 0 + 4     

T2 0 +4     

T3 

    
  

T3 0 +3 +3 +4 +7 +7 

T4 0 +3 +3 +4 +7 +7 

T5 

      

T5 0 +1 +2 +3 +4  

T6 0 +2 0 +3 +4  

       

T5 +5 +5 +6 +7 +9  

T6 +5 +5 +4 +7 +8  

T7 

  

    

T7 0 +7     

T8 0 +5     

Group 2 
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4.2.5 Molecular electrostatic potential (MEPs) calculations 

 

Molecular electrostatic potential surfaces (MEPS) of T1ïT12 were generated with density 

functional B3LYP level of theory using 6-311++G** basis set in vacuum, see section 2.2.4 for 

details.  

 

4.2.6 Hydrogen-bond energies (HBE) for predicting structural outcomes 

 

See section 2.2.5 for detailed description of hydrogen-bond energy calculations. The results are 

shown in Table 4.2.   

Table 4.2 Electrostatics (in kJ/mol) and alpha and beta values for T1-T12 calculated using 

equations 1 and 2 for donor and acceptor group. 
 

NH 
amide 

 h
(donor) 

cyclic N ʲόb 
acceptor) 

cyclic S ʲό{ 
acceptor) 

carbonyl 
O 

ʲόh 
acceptor) 

Pyridine 
N 

 ̡
(pyrN) 

(kJ/mol) 
 

(kJ/mol) 
 

(kJ/mol) 
 

(kJ/mol) 
   

T1 246.00 3.35 -146.00 4.47 -76.00 1.55 -178.00 6.28 
  

T2 237.00 3.19 -153.00 4.84 -80.00 1.68 -184.00 6.65 
  

T3 239.00 3.22 -149.00 4.63 -78.00 1.61 -172.00 5.92 
  

T9 

     

 

T9 0 +4 +5 +8   

T10 +4 +8 0 +5   

T11 

    

  

T11 0 +5     

T12 0 +5     
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T4 231.00 3.09 -156.00 5.00 -88.00 1.95 -178.00 6.28 
  

T5 239.00 3.19 -150.00 4.84 -90.00 1.68 -173.00 6.65 
  

T6 232.00 3.22 -157.00 4.63 -70.00 1.61 -179.00 5.92 
  

T7 226.00 3.00 -149.00 4.63 -84.00 1.81 -172.00 5.92 
  

T8 221.00 2.92 -156.00 5.00 -82.00 1.74 -176.00 6.16 
  

T9 229.00 3.05 -143.00 4.32 -39.00 0.58 -152.00 4.79 -153.00 4.84 

T10 225.00 2.98 -147.00 4.52 -60.00 1.08 -156.00 5.00 -158.00 5.11 

T11 243.00 3.29 -134.00 3.87 -20.00 0.24 -149.00 4.63 -160.00 5.23 

T12 241.00 3.26 -141.00 4.21 -28.00 0.37 -157.00 5.06 -169.00 5.74 

 

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

 

The detailed description of HBP calculations is described in section 2.2.6. The different amide 

substituents in targets T1/T2, T3/T4 and T5/T6 were modeled separately as shown in Table 4.3.  

 

Table 4.3 Functional groups used to determine the hydrogen-bond propensities for the twelve 

target molecules.  The labels in the figures can be explained as follows:  Tn = atom makes n 

bonds, c = atom is cyclic,  = bond is acyclic, and Hn = n bonded hydrogen atoms.  

   
 

 

 

T1/T2 T3/T4/T5/T6 T7-T12 T1-T12 T1-T12 T9-T12 

 

4.2.8 Crystal growth 

 

T1-T12 were kept in a vial for slow evaporation methanol solvent in order to obtain crystals 

suitable for single crystal X-ray diffraction. If suitable crystals were not obtained in methanol, then 

different solvents were tried to grow crystals.  X-ray experimental data and crystallographic data 

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

 Molecules Solvent used Morphology Melting point 

Group1 T1 Methanol Block, colorless 200-205 ɘC 

T2 Methanol Plate, colorless 219-225 ɘC 

T3 Methanol Plate, colorless 158-162 ɘC 

T4 Methanol Block, colorless 196-201 ɘC 

T5 Methanol Blocks, colorless 143-146 ɘC 

T6 Methanol Blocks, colorless 126-135 ɘC 

T7 Methanol Plates, colorless 150-152 ɘC 

T8 Methanol Block, colorless 160-162 ɘC 

Group 2 T9 Methanol Plate, yellow 213-214 ɘC 

T10 Methanol Plate, yellow 212-213 ɘC 

T11 Methanol Blocks, colorless 199-201 ɘC 

T12 Methanol Blocks, colorless 213-214 ɘC 

 

4.3 Results 

4.3.1 Molecular electrostatic potentials (MEPs) 

The twelve custom-designed thiazoles used in this study all have hydrogen-bond acceptors (amide 

carbonyl O, thiazole S, and thiazole N) in T1-T8, an additional hydrogen-bond acceptor (pyridine 

N) in T9-T12 and one hydrogen-bond donor (an amide N-H). The ranking 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 shown in Figure 4.2 and 4.3. Higher negative 

potential on the acceptor suggests better hydrogen-bond accepting ability. 
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Figure 4.2 Electrostatic potentials values (in kJ/mol); a) T1 b) T2 c) T3 d) T4 e) T5 f) T6 g) T7 

and h) T8 

 

 

Figure 4.3 Electrostatic potentials values (in kJ/mol); i) T9 j) T10 k) T11 and l) T12  

 

4.3.2 Hydrogen-bond energies (HBE) 

The calculated hydrogen-bond energy for individual synthons in T1-T12 is tabulated in the table 

4.5.  
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Table 4.5 Hydrogen-bond energies for monomeric (per hydrogen bond) and dimeric (per 

synthon) synthon A, synthon B, synthon C and Synthon D using equation 3.   

Target molecules 
(T1-T12) 

Synthon A Synthon B Synthon C synthon D 

Monomeric Dimeric Monomeric Dimeric Monomeric 
 

bIΧb bIΧb bIΧ{ bIΧ{ bIΧ/Ґh bIΧb 

Group 1 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 

Group 2 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 

 

4.3.3 Hydrogen-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 group1 (four acceptors in 

group 2) and the sole hydrogen-bond donor, N-H (amide) are shown in Table 4.6.  

 

Table 4.6 Hydrogen-bond propensities (larger value indicates increased likelihood of formation) 

for each postulated synthon in T1-T12. All propensities are given for individual hydrogen bonds 

whereas hydrogen-bond energies are given per synthon.   

 Hydrogen-bond propensities (Lower bound, upper bound) 

  Synthon A Synthon B Synthon C Synthon D 

Group1 T1 0.66 (0.54, 0.76) 0.02 (0.01, 0.05) 0.50 (0.39, 0.61) 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, 0.51) 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 

Group 2 T9 0.58 (0.43, 0.72) 0.02 (0.01, 0.06) 0.17(0.09, 0.32) 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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4.3.4 Hydrogen-bond coordination (HBC) 

Hydrogen-bond coordination tool was used to determine the coordination of each functional group 

for the most optimal predicted synthon, Table 4.7. In group1, the most optimal motif is predicted 

to have synthon A and in group2, both synthon A and synthon D are possible, Figure 4.4.  

 

Table 4.7 Hydrogen-bond coordination for each functional group T1-T12.  

 Hydrogen-bond coordination 

 
 

NH 
(donor) 

N 
(thiazole) 

S 
(thiazole) 

C=O N 
(pyridine) 

which synthon 
is preferred? 

Group1 T1-T8 1 1 0 0 N/A Synthon A 

Group 2 T9-T12 1 1 0 0 0 Synthon A 

 
 

1 0 0 0 1 Synthon D 

 

 
 

(a)  (b) 

 

Figure 4.4 Synthon predictions using hydrogen-bond coordination for (a) T2 (group 1) and (b) 

T9 (group 2).  

 

4.3.5 Experimentally observed crystal structures 

We obtained crystal structures for T2, T4 and T6  (crystal structures for T1 (YODJAD)39 and T5 

(NORLAI)40 have previously been reported) in group 1 and in all five cases, synthon A (with a 

graph-set notation of Ὑ (8)) was observed, Figure 4.5.  The only conventional hydrogen-bond 

donor in this group of molecules, the N-H amide moiety, selects the N(thiazole) acceptor site as 
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its preferred partner.  In group 2, two types of synthons are observed, synthon D is observed for 

meta substituted pyridine (T9, T10) and synthon A is observed for para substituted pyridine (T11), 

Figure 4.6. 

 

Group 1 

  
   

T1 T2 T4 T5 T6 

Figure 4.5 Synthon A appears in the crystal structures of T1-T2, T4, and T7-T8.  

 

Group 2 

   

T9 T10 T11 

Figure 4.6 Synthon D appears 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 methods predicted synthon A in group1 (Figure 4.7a). In group 2, two out 


















































































































































































































































































































































































































































































































