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Abstract

We used the hydrogdmond propensity (HBP) protocol for predicting if aaystal would form

or not for six different target molecules in combination with 25 potentidbicoers each. The
correct outcome was sucecédly predicated 985% of the time, which indicates that for a series
of small molecules, HBP is a very reliable indicator for determining ifergstal will form

In order to examine if hydrogen and halogmmded systems can mimic each othercamducted
co-crystallization experiments using eight targets in combination with Z6romers. Molecular
electrostatic potential surface (MEPS) calculagereused to guide the experimental space. The
results suggested that in all the cases, hydrogdrhalogerbonds mimic each other. Validation

studies of MEP$avea predictionaccuracy range of 684%.

Three differentfactors hydrogenbond propensity (HBP), hydrogdiond coordination (HBC),

and hydrogetbond energies (HBE), were evaluated to prethe experimental outcomes of
attempted cearystallizations between two known drug molecules, Nevirapine and Diclofenac, and
a series of potential emrmers. HBP gave the correct result in 26 out of 30 cases, whereas the
HBC method predicted the corremitcome in 22 out of 30 cases. Finally, HBE gave the correct
result in 23 out of 30 experiments. In those cases, where the crystal structure af/staloof

either Nevirapine or Diclofenac was known, we also examined how well the three methods
predictedwhich primary hydrogeitbond interactions were present in the crystal structure. HBP
correctly predicted 6 out of 6 cases, HBC could not predict any of the synthon formations correctly,

and HBE successfully predicted 1 out of 6 cases.

Three differentfactors hydrogerbond propensity (HBP), hydrogdoond energy (HBE), and
molecular complementarity (MC), weusedfor predicing co-crystallization outcomes of seven
active pharmaceutical ingrediensRls) in combination with 42 potential éormers. Validabn

studies indicate that individually the methods did not offer high accuracy. Hence, we implemented
a combination of methods using Venn diagrams. The results suggested that the combination of MC
and HBP method yielded the highest accui@c§0%



In order to ease the complexity of the predictive approaches, we designed CaR@utomatic

app forpredicing co-crystallizationoutcomes CoForm was used to predict-coystallization
outcomes for Loratadine and Desloratadine in combination witbe#2raly regarded as safe
(GRAYS) list coformers. The predictive abilities of CoForm were compared to commercially
available tools such as HBP and MC. The results indicate that CoForm delivered a success rate of
80% for both Loratadine and Desloratadine in corngparto HBP 76% and 54%, respectively,

and MC 39% and 22%, respectively.

Six cavitands were synthesized to exploredhest encapsulationa cavity inclusion using five
solvents (xylene, dichloromethane, ethyl acetate, acetonitrile, and dimethylide)faxith
varying dipole moment aspotentialguest. Cavity inclusion studies indicated that the cavitands
could encapsulate a guest in five differemtentations with stoichiometries 1:1 to 1:2. A
selectivity studyshowed thathe cavitands were morelsctive towards DMSO, whichlsohad

the highest dipole moment.

Finally, cavitands were used as molecular containers for fragrant compounds and heteXacyclic
oxides. In both cases, the host interacted with guests in 1:2 stoichiometry, as indicate® by NM
titrations and TGA analysis. The hagiest interaction of cavitands with fragrant compounds

loweredthe volatility ofthe fragrant compounds from30 mins to over a month.
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Abstract

We used the hydrogdmondpropensity (HBP) protocol for predicting if a-coystal would form
or not for six different target molecules in combination with 25 potentidbicoers each. The
correct outcome was successfully predicate®9% of the time, which indicates that forexies
of small molecules, HBP is a very reliable indicator for determining ifergstal will form

In order to examine if hydrogen and halogmmded systems can mimic each other, we conducted
co-crystallization experiments using eight targets in coration with 25 ceformers. Molecular
electrostatic potential surface (MEPS) calculagereused to guide the experimental space. The
results suggested that in all the cases, hydrogen and hdlogda mimic each other. Validation

studies of MEP$avea predictionaccuracy range of 684%.

Three differentfactors hydrogenbond propensity (HBP), hydrogdiond coordination (HBC),

and hydrogetbond energies (HBE), were evaluated to predict the experimental outcomes of
attempted cearystallizations betweetwo known drug molecules, Nevirapine and Diclofenac, and

a series of potential emrmers. HBP gave the correct result in 26 out of 30 cases, whereas the
HBC method predicted the correct outcome in 22 out of 30 cases. Finally, HBE gave the correct
result n 23 out of 30 experiments. In those cases, where the crystal structure-ofyatabof

either Nevirapine or Diclofenac was known, we also examined how well the three methods
predicted which primary hydrogdsond interactions were present in the crystalcture. HBP
correctly predicted 6 out of 6 cases, HBC could not predict any of the synthon formations correctly,

and HBE successfully predicted 1 out of 6 cases.

Three differentfactors hydrogerbond propensity (HBP), hydrogdoond energy (HBE), and
molecular complementarity (MC), weusedfor predicing co-crystallization outcomes of seven
active pharmaceutical ingredientsHls) in combination with 42 potential é@rmers. Validation

studies indicate that individually the methods did not offer higturacy. Hence, we implemented

a combination of methods using Venn diagrams. The results suggested that the combination of MC
and HBP method yielded the highest accui@c§0%



In order to ease the complexity of the predictive approaches, we desighRedrCan automatic

app forpredicing co-crystallizationoutcomes CoForm was used to predict-coystallization
outcomes for Loratadine and Desloratadine in combination witbe#2rally regarded as safe
(GRAYS) list coformers. The predictive abilitiesf €oForm were compared to commercially
available tools such as HBP and MC. The results indicate that CoForm delivered a success rate of
80% for both Loratadine and Desloratadine in comparison to HBP 76% and 54%, respectively,
and MC 39% and 22%, respectlie

Six cavitands were synthesized to exploredhest encapsulationa cavity inclusionusing five
solvents (xylene, dichloromethane, ethyl acetate, acetonitrile, and dimethyl sulfoxide) with
varying dipole moment aspotentialguest. Cavity inclusion studies indicated that the cavitands
could encapsulate a guest in five differemtentations with stoichiometries 1:1 to 1:2. A
selectivity studyshowed thathe cavitands were more selective towards DMSO, whisbhad

the higlest dipole moment.

Finally, cavitands were used as molecular containers for fragrant compounds and heteXacyclic
oxides. In both cases, the host interacted with guests in 1:2 stoichiometry, as indicated by NMR
titrations and TGA analysis. The hagiestinteraction of cavitands with fragrant compounds

loweredthe volatility ofthe fragrant compounds from30 mins to over a month.
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Glossary ofterms

Hydrogen-bond Coordination (HBC): It is a structure informatiesased model which indicates

how many coordination numbers a hydrodpemd donor and acceptor can form.

Hydrogen-bond Energy (HBE): It is simple model based on molecular electrostatic potential
surfaces(MEPS) to calculate theinteraction energies between a hydropemd donor and

acceptor.

Hydrogen-bond Propensity (HBP): It is the probability of formation of a hydrogdéond
interaction based on structure informatics of more than a million structures present in Cambridge
Strudural Database (CSD).

Molecular Complementarity (MC): It is a structure informatiesased model, which indicates if

a given pair of molecules have complementary shape and gigsulbina dense structure with

minimum volume
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Chapter 17 Introduction

1.1. Structure-property relationship

A relationship between structure and property was investigated ipidheering research by
Wiener?, where the boiling points varied with molecular bulk and branéhimce then the

study of structurgoroperty reationships has played an essential role in all fields including
chemistry, environmental studies, biology, biochemistry, and engineering. The crystal structure of
a compound is dependent on the crystallization process which yields crystals of diffesansiz
morphologies that can impact its solubility, and physical and chemical stability

The importance of statureproperty relationship is identified specifically in pharmaceugn

the case of antiviral compound ritonavir. Ritonawarketed as Norvir in 1996, is a sesoiid
capsule for treatment of Acquired Immunodeficiency Syndrome (AIDB) 1998, several
capsules of Norvir failed the dissolution experimeapon examination a new structural
arrangement (polymorph)as identified. The new polymorph had completely different properties
comared to Norviros original form. This |l ed to

in huge loss of money and time, Figure 1.1.

Figure 1.1. Different structural arrangement Wbrvir, Form | (left), Form 11 (right.

In order to achieve the desired properties in a compound either covalentcatmufif or

supramolecular syntheses via rapvalent interactions needs to be carried out.



1.2. Covalentvssupramolecular syntheses

Covalent synthesis involves making or breaking of a covalent bond in a reaction to isolate products
with desired yield Covalent synthesis has been carried out over many years by organic €hemist

to understand the structure, reactivity, and pathways to produce better yields, Figure 1.2.

Covalent bonds Non- Covalent interactions
AAA
HEE HANA
AA HANA
Recrystallization Co-crystallization

Figure 1.2. Covalent vs supramolecular syntheses.

Supramolecular synthesis, on the other hand, is a newer concept which is defined as the chemistry
of noncovalent bonds. Supramolecular chemistry grew exponentially aftéddbel Prize in
Chemistry 1987 was awarded to three of the pioneers, Charles@&eddeaMarie Lehn and

Donald Crarf. The most common representative of a supramolecular system is a crystal lattice
that is held together by weak nonvalent interactions between the molecl$esne norcovalent
interactions that play a role in supramolecular chemistry are hydimgets, halogetonds,p-p

and van der waalldls i nteractions, Tabl e

Table 1.1. Strength of intermolecular interactions.

Type of interactions Strength (kJ/ mol)
Covalent bond 100-4400
Hydrogen bond 10-70
Halogen bond 5-180
p-p interaction 0-50

Van de rintevdatian 0 <5




Crystal engineering involves strategies to organize different molecules instikd. In a
supramolecular synthesis the structure of a solid is dependent on the supramoleculangyathon

is defined a¥, a structural unit within a supermolecule which can be formed and/or assembled by
known or conceivable synthetic operati@amglving intermolecular interactionSSupramolecular
interactions can be categorized as homomeric interactions, that occur within the individual
molecules leading to rerystallization; and heteromeric interactions which occur between

different moleculeseading to cecrystallizatiort>3, Figure 1.2.

1.3. Co-crystallization

There is an extensive debate on the definition afrgstals however, for the scope this dissertation
we will define cacrystals asolidsthat are crystalline singphase materials comped of two or

more differentmolecular compounds in a stoichiometric ratfd>!, Co-crystallization is an
attempt to bring forward a target with a potential partner, generally knowo-fasmer within

one periodic crystalline lattice via heteromeric interactions. The probability of formatiocoef a
crystal is around 1% since it is competing with a natural phenomenon of formation of homomeric
interactions i.e. recrystallization, Figure 1.2.

The characterization of ecrystals is done by IR spectroscopy, TGA, DSC, single crystalyX
crystallograpy, and powder Xay diffractiort”*81°. The ability to form cecrystal is dependent

on various factors such as solvent, stoichiometry, temperapuessure, etc. Goystals are
formed by breaking the homomeric interactions and subsequently replacing them with heteromeric
interactions. The homomeric and heteromeric interactions are particularhcomalent

interactions, Table 1.1. In this distdion we will focus on hydrogen and halogen bonds.

1.3.1. Hydrogefbond based corystals

Hydrogenbonds are the most commonly used intermolecular interactions for formation of co
crystalg®2+222324 due to their directionality and strength. Henewen after a century of
investigations it is still of utmost interest, which is reflectedthe proposed change in the
definition of hydrogerbonds in 2011A hydrogen bod (HB) is defined & an attractive

interaction between a hydrogen at of@Aihwhcm a mol



X is more electronegative than H, and an atom or a group of atoms in the same ontiffere

molecule, in which there is evidence of bond formation.

Figure 1.3. An example of a binary eorystal between glutaric acid and -hia(4
pyridyl)ethané®.

1.3.2. Halogerbond based carystals

Halogen bonding is a necbvalent interactiorwhich iscomparable in strength to hydrogkeands
(~5-180 kJ/mol) andt has gained increasing importance in crystal engineering because of its
effectiveness as a structetgecting forcé’?%. A halogen bond is defined @sa net attractive
interaction between an electrophilic region on a halogen atom X belonging to a molecule or a
molecular fragment RX (where R can be another atom, including X, or a group of atoms) and a

nucleophilic regionofanmoecul e, or mol €% IFigurel®r agment , AT Z

Electrophilic end
ot €«——i.e., halogen-bond
donor site

Figure 1.4. Representation of anisotngmistribution of electron density around covalently
bound halogen atoth®3,



An interesting feature of the halogbond is that the strength of this interaction can be effectively
increased by fndactivahiohgo utbéi Wwat ogen wit olm ¢

substituent®r by introducing arsp-hybridized carbon next to the halogen atéih

Figure 1.5. An example of a binary eorystalbetween bis(N,Nimethylpyridin4-amine)
1,2,4,5tetrafluore3,6-diiodobenzent.

1.4. Applications of co-crystallization

Co-crystalization and cecrystatbased approachésve been usedo alter the physical properties
of compounds relevant inpharmaceutics, energetic matéls®®, agrochemicaf€,
nutraceutical®, organicsemiconductors, optoelectronic materidf§ ferroelectric materiafé4?,
charge transfer complexX€s nonlinear opticé**5, and liquid crystaf¥. Furthermore, co
crystallizationcan beapplied in solid state solvent free synth&siseparation and purification
processes, chiral resolutiof?, and crystallization of nesolid compound¥ to facilitate

manufacturingprocesses.

1.4.1. Drug discovery and development timelines

Drug discovery and development timelines are risky, lengthy, and expeigpieally, an

investigation ofmore than 10,000compoundss needed in ordeto deliver a singlerug to the
markeplaceatthecost of approximatelyHtillion dollars, Figure 1.6What happens a potentially
usefuldrugfails to satisfysomecritical characteristigphysicaldemand e.g, sufficient agueous

solubility and chemical stability®2?



Drug development process

. 1
Discovery and Preciinical Clinical research FDA review | Post Market
development research safety monitoring |

. . . I

10,000 compounds  ® 250 compounds ¥ 5compounds —_— 1 approved drug

Figure 1.6. Drug discovery and development timeline.

There are various approaches that have been developegriove bioavailability of the drugs
such as particleize reduction, solid dispersion, complexation, salt formation, nanopatrticles,
selfemulsifying drug delivery system (SEDDS), addition ofsmvents, nansuspension

and emulsion and cocrystal format?épf. Each technique has its own merits and demerits
Amongst all these techniques, -coystalization is unique since it does not affect the
phar macol ogi cal properties of the drug but
improve several of its physicochemical characteristics, such as melting point, tabletability,

solubility, stability, bioavailabilityand permeabilit}?>®,

1.4.2. Agrochemical cecrystals

Agrochemicals such as pesticides, herbicides, insecticides, and fungicides, are important for crop
production since they help in controlling pest for better quality and quantity of drbpsigh
solubility of many such chemicals watermake thensuscefible to runoffin ground watewhere

they cau® environmental damag€o-crystallization can be used to alter the physical properties

of such chemicals by decreasing the water solubility, hygroscopicity, thermal stability, filterability
and flowability anl thereby affecting the overall usability and efficacy of a given agrochemical.
Recent study by Bhupinder et al. shows the effect afrgstallization in decreasing the water

solubility of urea, commonly used as a pestitideigure 1.7.
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Figure 1.7. Solubility profile ofurea and urea eorystals’.

1.5. Will it co -crystallize?

Co-crystal synthesis can be performed via several methods which includes slow solvent
evaporation, slurry methsdiquid assisted grinding, melt, solution crystallizag@onochemical
method&, spray drying techniquesnd cesublimation techniques. Among all these methods,
liquid assisted grinding has been reported to be the mostffestive, green, and reliable method
for discovery of new carystal$®.

In order to successfully make a-coystal, the choice of an optimal-former represents a key
challenge, and the selection is typically driven by extersiveening experiments which can be
both time consuming and costliyn order to facilitate the selection process and to reduce the
amount of experimental work that is needed before-argstal can be madéhere has been a
growing interest in developing gdictive methods that can help to narrow and inform the
experimental search space. Variouscegstal prediction methodologies based on molecular
electrostatic potentidi§®®, hydrogen bond energies (HBE) pKa5% Hansen solubility
paramete®, and lattice energy compariséhsire reportedSince more than a million small
molecule crystal structures are available in the Cambridge Structural Databas&*f&'SD)
structureinformatics methods have considerable potential for being uniquely valuable for
informing and guiding the screeninfjaets. Galeket alintroduced hydrogebond propensity as

a predictive todP’* andFabian used molecular shape and polarity to predietrystallization’%"®



1.6. Host-guest chemistry

Supramd¢ecular chemistry has been developed for small, low molecular weight compounds (200
600 g/mol) to larger supramolecular building blocks with molecular weight (1800 g/mol).
Nature shows example®f elaborate complexes of proteins and nucleic acidsatoy cout
transformations in the living celand hese systemisave been mimicked by synthetic chemistry
as prototyps for supramolecular machinés The firstsupramolecular host wascaown ether
which was synthesized accidently by Pedeis@&ince ther.ehn, Cram, and Pedersearried out
pioneering work on inclusion chemistry of molecular hosts suchr@sn ethers, cryptands,
cavitands, and carcerarilsThe synthesis of othescaffold such aspherands, pillararen€s
cyclophanes, cryptophanes, calixaréhesavitand$>®°, cyclodextring!, cucurbituril§? and more

have been discovered in past few deca@ieese receptors can have high affinity and selectivity
in binding due to the presence of yu@anized binding pocketk a binding event, severabn
covalent interactions play roles as the driving forces. Hence, they are good candidates to study the
importance of structurproperty relationships in molecular recognition. Figure 1.8 shows an
example of different hogjuest binding via nerovalent ineractions.

Figure1l8 Weaker i ntermolecular binding m®dti fs A =
XL kL, E = "LLL" previousl!l yligandeysta®.ed in t et
1.7. Goals of the thesis

Over the past two decades the emergence of pharmaceuticaistals to develop better drugs
with enhanced physiochemical properties helpethe pharmaceutical indusf>8687.888990.91



In 2013 (with updates from 2016 & 2018), USFDA (United States Food and Drug Administration)
and in 2014, EMA (European Medical Agency) recognizedrystals as a drug produ¥f? To

deliver pharmaceutical eorystals with high value in minimum time, a systematic and reliabl
approach tahe designof co-crystallizationexperimentsis important. The significant step in
designing cecrystallization experiments is identification of potentiatfoomers which might
interact with theactive pharmaceutical ingredie®KI). First this thesis will explore the design,
development, and evaluation of predictive methodologies that can guide the experimental space
with high reliability. The second goal of this thesis is to employ the understanding of
supramolecular synthetic strategiesi small molecules to larger molecular receptors in order to
probe molecular recognition events in solution.

This dissertation will focus on the following goals

Chapter 2 describes a systematic investigation of hydrelgend propensity (HBP) fanforming
co-crystal design and assembly of 150 combinations of targets afodngers, in comparison to
experimentally observed outcomes.

Chapter 3 explores molecular electrostatic potential surface (MEPS) based selectivity for
hydrogen and halogen bondggstems with similar molecular backbone.

Chapter 4 evaluates hydrogebond propensity (HBP), hydrogdrond energy (HBE), and
hydrogenbond coordination (HBE) to predict -awystal screening outcomestwo known drug
molecules Nevirapine and Diclofenac.

Chapter 5 focuses on validation studies of HBP, HBE and molecular complementarity (MC) for
predicting cecrystallization outcomes of seven compounds that are larger and flexible, in
combination with 42 GRAS list eformers.

Chapter 6 will focus ondesignand develoment ofCoForm, an automatic app for predicting co
crystallization outcomes, in comparison to commercially available ,téaisLoratadine and
Desloratadine in combination with 42 GRAS listfcomers.

Chapter 7 explores design and synthesisgunctionalized cavitands for molecular recognition via
cavity inclusion, of a series of solvent molecules with increasing dipole moment.

Chapter 8 describe synthesis of cavitands functionalized with hydrdogerd donor and acceptor
groups. The bindingkality of these cavitands will be tested towards volatile fragrant compounds
and heterocyclidN-oxides.
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Chapter 2 - Systematic Investigation of HydrogerBond Propensity
as a Tool for Predicting Cocrystal Screening Experiments

2.1. Introduction

Co-crystals and carystallizationbased approachts® have been used to access new solid forms
with improved properti¢s678910111213 in pharmaceutics, agchemicals, energeticgtc In
particular, pharmaceutical eoystal$*!® have gained considerable attention as solubility and
stability are important defining factors in determining drug dosdegkvery, and storage. Other
applications include agrochemic&lswhere cecrystallization has decreased the water solubility
and hygroscopicity of the targets. Garystallization of energeti¢% has altered the impact
sensitivity and stability, resultg in safer handling and transportation of explosives.

The cocrystallization technique involves combination of a target and a potential partrer (co
former) in the same crystalline lattice held together by intermolecular interactions. The formation
of a @-crystal is highly dependent on which intermolecular interastrati prevail between the
target AAAt ar get o r(nheofmBolrBeeroi c )(,h o moomer i edormer and
(heteromeric). A carystal is likely to be formed if the heteromeric intéi@as are stronger than

the homomeric interactions; consequently, if homomeric is more dominant the outcome is a
recrystallization. Although carystallization and recrystallization is a competition between
heteromeric and homomeric interactions, the podia of formation of a cecrystal is small.
Hence, understanding of intermolecular interactions is essential for designing successfsiato
screening experiments.

The most commonly used intermolecular interaction incrystallization is hydrogen
bonding®2021222324252627 que to its directionality and strength. The first step torgstallization

is to select potential partners orformers. The selection of the ideaHmymers is generally based

on a ombinatorial and extensive experimental screening, which is relatively time consuming and
expensive. Therefore, to make cxystallization technology faster and cheaper, we need methods
for predicting the outcome of an attempteeccgstallization.

Hunterand coeworkers developed approaches based on molecular electrostatic potential surfaces
(MEPS) and hydrogebond energie€2%* for predicting the dominant interactions in the solid
and solution phase. Lattice energy comparison of therysial and pure compodrwas carried

out by Price and cworkers to predict cerystallizatiof*. Valega considered Hansen solubifity
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parameters, and Aakertgt al implemented pkK&E3* values as a basis for predicting-co
crystallization.

Several knowledgéased tools based on structural informatics of more than a million small
molecule structures available in tBambridge Structutdatabase@SD) have been developed

in Mercury?®3>3637_Galeket al introduced hydrogebond propensifi?®’ as a predictive tophand
Fabian®®3° used molecular shape and polarity to predictcigstallization. However, it still
remains a challenge to accurately predict which spdofiitogenbonds) will likely dominate in

the presence of moerous competing intermolecular forces and within widely different structural
environments

In order to examine the versatility and possible limitatiofisstructurebased methods for
predicting cecrystal formation, we carried out a systematic comparisbmydrogernbond
propensitybased predictions with experimental data on smalti-functionalorganic compounds

for 150 cocrystal experimentsThe hydrogerbond propensity (HBP) tool, developég the
Cambridge Crystallographic Data Centre (CCBf¢¥142 and available within the Mercury
softwae, was used to predict whether aargstal would form when a particular target molecule
was combined with a potential-former.

The hydrogerbond propensity is the probability of foimg a specific motif, which is dependent

on the relative occurrence of the interaction in the given fitting data. When two different molecules
are combined, we need to consider both homomeric and heteromeric interactions and use HBP to
establish which posdioutcome is likely to prevaiFigure2.1.

( A + B — A-B + BA \

Homomeric interactions Heteromeric interactions

Aw AW > Bw uBw Aw «Bw > Bw AW

\ Dpropensity: (A(’o (*B()%estc (A(*) (‘A)‘)best )

Figure 2.1. Hydrogenbond propensity approach for-coystal screening.
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Six different molecules were selected as target compounds. The target compounds consist of
pyrazole rings, amide and nitrile groupsdalwhich are present in many pharmaceutically active
compound&4445, The target3 1-T4 have two hydrogeiond donors and two acceptor sitas

the presence of multiple doracceptor sitesvhich means that cerystallization can be driven
through different paths. The targdtS-T6 were deliberately selected in such a way that they are
more likely to form cecrystals with suitable partners senboth of them present two hydrogen
bond acceptor sites and no hydrodmmd donor sites. The paifd& T3, T2& T4, andT5&T6

are structural isomerandT1& T3 andT2&T4 differ by the presence of methyl groups, Scheme
2.1. Each target was screened agaifsp@tential ceformers ranging from aliphatic diacids with
increasing size of alkyl chains (Group 1), aromatic acids with varying electron withdrawing and
electron donating groups (Group 2), hydrodpamd acceptors with a pyridine back bone (Group
3), andmixed hydrogerbond donotacceptors with amino pyridine as a back bone (Group 4),
Scheme2.1.

T1 T2 T3 T4
(?)k (?J\ T5 T6
N\ N\ N N CTQ C\/_®_E
= — = S —N
\, ¥

\ \ \ \

4 o o o o [*] [ [
? 9 wo AN o J N
HO%OH HOJ\)J\OH NOH HO OH OH HO OH
o
¢} 8} o

HO PN NN N oH
M)J\OH HO OH

[e]
U ¢}
e N
o F O o) o) o
comz | 0, L, L0 L L,
\F F F F cl )y
4 o) N\
Group 3 Ny —Br Bra_Ng_BrCI\__Ng_Cl N Br NF
Acceptors \ ‘ ‘ | |
% = X
Br Z =
\ y,
2 (6]
| Group 4 Ny NH, )Nl\\ ‘N\ NH, ‘N\ NH o A~
Donors/ Acceptors JI/\I P U U 7
P | B g, HNT N 07 g N = HN OH \N\
o

N

Group 1

Donors

Scheme2.1. Target molecules (top) and potentiatfoomers (bottom).
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The study is done to answer the following questions:

1. Will targetsT 1-T 4 replace the selfomplementary homomeric with heteromeric interactions to
form co-crystals?

2. Will targetsT5-T6 co-crystallize with a higher supramolecular yield tAalz T47?

3. How accurate iBIBP based cecrystal prediction?

2.2. Experimental

4-bromo1H-pyrazole, 3bromo1H-pyrazole, 4-(bromomethylpenzonitrile 3-(bromomethyl)
benzonitrile THF were purchased from Alfa Aesar and were utilized without further purification.
All 25 co-formerswere purchased from commercial sources and useztesed. Melting points
were measured using a Fislehns melting point apparatuSolution *H NMR data were
collected in CDQ on a Varian Unity plus 400 MHz NMR spectrometer. IR spectra of the solids
resulting from the carystal screening experiments were recorded with a Nicolet 38RFT

spectrometer (ATR) and a ZnSe crystal.

2.2.1. Synthesis of target compounds

2.2.1.1. Syimesis of 4((4-bromo1H-pyrazotl-yl)methyl)benzonitril€T5)
CN

CN
H
/
N\ THF, NaOH
Stirr 24h _N
Br N N
————y
Br

Br
To a round bottom flask,-dromo1H-pyrazole (1.50g, 9.32 mmol) and THF (80nL) were
added. To this solution, NaOH pellets (4.10g, 103 mmol) were added and the reaction was stirred
at room temperature for 2 hours. On completion of the sfioy@momethyl)benzonitrile (2.00 g,
10.2 mmol) in THF (80.0mL) was added and the reaction mixtimed at room temperature
overnight. On completion, water was added to dissolve any excess NaOH, the organic layer was
separated, dried over Mg®@nd the solvent removed under vacuum to yield a white solid (2.00
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g, 96%).M.P.: 5557 °C. 1H NMR (400MHz, OCls): 8.10 (1H, s), 7.83 (2H, d), 7.58 (1H, s),
728¢H, d), 5.37 (2H, s). IR g: 2223, 1665, 160"

2.2.12. Synthesis of-((3-bromocyclopent,4-dien-1-yl)methyl)benzamide
(o]

Sulfuric acid
—_—
_N Reflux 4h N
N7\ N~ N
— ‘*2

Br Br

To a round bottom flask}-((4-bromo1H-pyrazotl1-yl)ymethyl)benzonitrile(2.00g, 8.81 mmol)

and 85% HSQ, (10.0mL) were added. The mixture was heated #€8Mhd stirred for 4 hours.

On completion, the solution was poured slowly over ice and the resbltovgn solution was

adjusted to basic pH using 5M NaOH. The aqueous solution was washed with &tdGhe

organic extracts were separated, dried over Mg®@ reduced to yield a white solid (1.90g, 88%).

M.P.: 135137 °C. 1H NMR (400MHzDMSO-ds): 7.81(1H, s), 7.8 (1H, s), 780 (1H,d), 755

(1H, d),7.36 (1H,d), 7.24 (1Hd5 . 37 (2H, s). IR g: 3365, 3210,

2.2.13. Synthesis of-((4-((trimethylsilyl)ethynyh1H-pyrazot1-yl)methyl)benzamide

o NH, (o) NH,
Pd(ll) catalyst
Cu (I), TMS
e _N
Triethytlamine N7\

~ -

Br

A\

TMS
A stirred solution ofl-((3-bromocyclopent&,4-dien-1-yl)methyl)benzamid€1.50 g, 6.12 mmol),
Cul (83.0 mg, 0.46 mmol), and Pd (BRREIl> (163 mg, 0.23 mmol) in 80 mL of trimethylamine
was degassed withoNor 20 minutes. A solution of trimethylsigcetylene 0.80 g (8.00 mmol)
was added to the stirred solution. The mixture was refluxed overnight unddpdh completion
of the reaction, the solvent was evaporated by rotavap. The residue was dissolved in ethyl acetate
and washed three times with wafollowed by a saturated NaCl solution. The organic layer was
dried with MgSQ and the solvent was evaporated by rotavap. The residue was chromatographed

on a silica column with hexanes as the eluent to obtain the pure the product. Yield: 1.80 g (85%).
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M.P.: 150157 °C. 1H NMR (400MHzCDCl): 7.77(2H, d), 764 (2H, d), 744 (1H, s), 521 (2H,
s), 0.02 (m).
2.2.1.4. Synthesis of({d-ethynyl1H-pyrazotl-yl)methyl)benzamidel'()

o NH,
o NH,

N K,CO, NT N\
N7 MeOH —
l\% K&
™ "

s
4-((4-((Trimethylsilyl)ethynyl}1H-pyrazot1-yl)methyl)benzamide(1.00 g, 2.89 mmol) and
potassium carbonate (0.60g, 4.24 mmol) were dissolved.thml0 of methanol. The reaction
mixture was stirred for 24 hrs. and after completion of the reaction, the solveevamwated

under vacuum. The solid mixture was dissolved in ethyl acetate and washed with brine. The
organic layer was dried over magnesium sulfate and the solvent was evaporated to get a white
powder as the produdtl. Yield 0.70 g, (89%). M.P.: 13035, 1H NMR @400MHz,DMSO-

de): 8.20 (1H, s), 8.06(1H, s), 7.84(1H, d), 7.67(1H, d), 7.6(1H, d), 7.27(1H, d), 5.4 (2H, s), 4.01
(1H, s).

2.2.1.5. Synthesis of(84-bromo1H-pyrazotl-yl)methyl)benzonitrileT6)
CN

H
CN
N

\ THF, NaOH
—_—
+ | . N N
Stirr 24h ~
Br N N
—~——
Br

To a roundbottom flask, 4doromo1H-pyrazole (1.50g, 9.32 mmol) and THF (@®L) were

added. To this solution, NaOH pellets (4.10g, 103 mmol) were added and the reaction was stirred
at room temperature for 2 hours. On completion of the s{ioy@nomethyl)benzonitie (2.00 g,

10.2 mmol) in THF (80.0mL) was added and the reaction mixture stirred at room temperature
overnight. On completion, water was added to dissolve any excess NaOH, the organic layer was

separated off, dried over Mg%@nd the solvent removed undexrcuum to yield a white solid
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(1.78 g, 84%)M.P.: 5557 °C, 1H NMR (400 MHzDMSO-de): 7.93 (1H, s), 7.811H, d), 7.34
(1H,1), 7.17 (H, d),7.15 (2H, s)5.32 (2H,s) R g : 2521808,,1509, 64&1, 1391, 1334
cml,

2.2.1.6. Synthesis 8#((3-bromocyclopent&,4-dien-1-yl)methyl)benzamide
o

CN
NH,
Sulfuric acid
N —
- N
N™ ) Reflux 4h N7\
—_— —
Br Br

To a round bottom flask3-((4-bromo1H-pyrazotl1-yl)ymethyl)benzonitrile(2.00g, 8.81 mmol)

and 85% HSQ, (10.0mL) were added. The mixture was heated #€8Mhd stirredor 4 hours.

On completion, the solution was poured slowly over ice and the resulting brown solution was
adjusted to basic pH using 5M NaOH. The aqueous solution was washed with &tdGhe
organic extracts were separated, dried over Mg®@ reducedbtyield a white solid (1.98g, 92%).
M.P.: 155157 °C, 1H NMR (400 MHz, DMS@): 8.04(1H, s), 797 (1H, d), 777 (1H,t), 754

(1H, d),7.38 (2H, s)5.35 (2H, s).

2.2.1.7. Synthesis 8f((3-((trimethylsilyl)ethynyl)cyclopentd,4-dien-1-yl)methyl)benzamide
(o]

o NH,
O NH,
N
Pd(ll) catalyst N~ \
Cu (I), TMS
—_— —_—

Q Triethytlamine

Br ™S

A stirred solution 08-((3-bromocyclopent&,4-dien-1-yl)methyl)benzamidé€1.50 g, 6.12 mmol),

Cul (83.0 mg, 0.46 mmol), and Pd (RREI> (163 mg,0.23 mmol) in 80 mL of trimethylamine

was degassed withoMor 20 minutes. A solution of trimethylsilylacetylene (0.80 g, 8.00 mmol)
was added to the stirred solution. The mixture was refluxed overnight updgpdh completion

of the reaction, the solvewas evaporated by rotavap. The residue was dissolved in ethyl acetate
and washed three times with water followed by a saturated NaCl solution. The organic layer was

dried with MgSQ and the solvent was evaporated by rotavap. The residue was chromatdgraph
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on a silica column with hexanes as the eluent to obtain the pure product. Yield: 1.91 ¢(M31%).
160-163°C, 1H NMR (400 MHzCDCl): 7.67 (1H, s), 759 (2H, d), 747 (1H,t), 747 (2H, 9),
5.32 (2H, s0.02 (m)

2.2.1.8. Synthesis 0f(83-ethynylgclopenta2,4-dien-1-yl)methyl)benzamid@l2)

\ \

™S
To 3-((3-((trimethylsilyl)ethynyl)cyclopent,4-dien-1-yl)methyl)benzamide (1.00 g, 2.89

mmol) and potassium carbonate (0.60g, 4.24 mmol) were dissolveddmL56f methanol. The
reaction mixture was stirred for 24 hrs. and after completion of the reaction, the solvent was
evaporated under vacuum. The solid mixture was dissolved in ethyl acetate and washed with brine.
The organic layer was dried over magnesiurfaselland the solvent was evaporated to get a white
powder as the produd®2. Yield 0.69 g, (88%).M.P.: 132140°C, 1H NMR 400MHz, DMSQO

ds): 8.20 (1H, s), 7.95(1H, s), 7.82(1H, d),q(BH, t), 7.37(1H, s), 7.26(1H, d), BL2H, s), 4.01

(1H, s).

2.2.19. Synthesis of-((4-bromo1H-pyrazotl-yl)methyl)benzonitrile

CN

CN

H
N/ THF, NaOH

ez G
/  stirr 24h N7 N\

Br -

Br )\Z,
To a round bottom flask, -Bromo3,5-dimethyt1H-pyrazole (1.50g, 7.85 mmol) and THF

(80.0mL) were added. To this solution, NaOH pellets (4.10g, 103 mmeie added and the

reaction was stirred at room temperature for 2 hours. On completion of the -stir, 4
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(bromomethyl)benzonitrile (2.00 g, 10.2 mmol) in THF (80.0mL) was added and the reaction
mixture stirred at room temperature overnight. On completiorerweds added to dissolve any
excess NaOH, the organic layer was separated off, dried over Mg#Cthe solvent removed
under vacuum to yield a white solid (1.98 g, 98%P: 7275 °C. 1H NMR (400MHzDMSO-

de): 7.92(1H, d), 7.79(1H, d), 734 (1H, d), 713 (1H, d), 5.8 (2H, s), 2.17 (3H, s), Q9 (3H, S).

2.2.110. Synthesis of-((3-bromocyclopent2,4-dien1-yl)methyl)benzamide

CN (o) NH,
Sulfuric acid
—_—
_N Reflux 4h N
N AN N~ N
——
————

Br Br

To a round bottom flaskj-((4-bromo1H-pyrazotl1-yl)ymethyl)benzonitrile(2.00g, 7.78 mmol)

and 85% HSQ, (10.0mL) were added. The mixture was heated f€8hd stirred for 4 hours.

On completion, the solution was poured slowly over ice and the resulting brown solution was
adjusted to basic pH using 5M NaOH. The aqueousisolutas washed with CHEhnd the
organic extracts were separated, dried over Mg®@0 reduced to yield a white solid (1.72g, 80%).
M.P.: 195198 °C, 1H NMR (400 MHz, DMS@i): 7.97 (2H, s), 775 (1H, d), 766 (1H, d), 741

(1H, d),7.23 (1H, d)5.32 (H, s), 2.B(3H, s), 209 (3H, s).

2.2.111. Synthesis of-((3,5-dimethyt4-((trimethylsilyl)ethynyP1H-pyrazot1-
yl)methyl)benzamide

o NH,

Pd(ll) catalyst

Cu (1), TMS

—_— _N
Triethytlamine N™ N\
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A stirred solution ofl-((3-bromocyclopent2,4-dien-1-yl)methyl)benzamid€1.50 g, 5.45 mmol),

Cul (83.0 mg, 0.46 mmol), and Pd (RREI> (163 mg, 0.23 mmol) in 80mL of trimethylamine

was degassed withoNor 20 minutes. A solution of 0.80 g (8.00 mmol) of trimethylsilylacetylene

was added to the stirred solution. The migtwas refluxed overnight undep.NUpon completion

of the reaction, the solvent was evaporated by rotavap. The residue was dissolved in ethyl acetate
and washed three times with water followed by a saturated NaCl solution. The organic layer was
dried withMgSQys and the solvent was evaporated by rotavap. The residue was chromatographed
on a silica column with hexanes as the eluent to obtain the pure product. Yield: 1.76 gMB7%).
210213 °C. 1H NMR (400MHzDMSO-dg): 7.99(2H, s), 775 (2H, d), 767 (2H, d), 7.38 (1H,

s), 7.25 (1H, s)5.3 (2H, s), 251 (3H, s), 231 (3H, s), 0.02 (M).

2.2.112. Synthesis of-((3-ethynyt2,4-dimethylcyclopent2,4-dien-1-yl)methyl)benzamid@r 3)

o NH, o NH,

K,CO, N
N~ —_— N
N MeOH N
——y ey

\ \

™S H
To 4-((3,5-dimethyt4-((trimethylsilyl)ethynyl} 1H-pyrazot1-yl)methyl)benzamid€1.00 g, 2.69

mmol) and potassium carbonate (0.60g, 4.24 mmol) were dissolved in 50ml of methanol. The
reaction mixture was stirred for 24 hrs. and after completion of the arathie solvent was
evaporated under vacuum. The solid mixture was dissolved in ethyl acetate and washed with brine.
The organic layer was dried over magnesium sulfate and the solvent was evaporated to get a white
powder as the produdi3. Yield 0.63 g, (8%). M.P.: 206205 °C, 1H NMR 400MHz,DMSO-

ds): 7.93 (1H, d), 7.80 (1H, d), 7.16(1H, d), 7.19(1H, d), 5.40 (2H, s), 4.36 (1H, s), 2.19 (3H, s),
2.1 (3H, s).
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2.2.1.13. Synthesis 8f((4-broma 3,5-dimethyt1H-pyrazot1-yl)methyl)benzonitrile

\ THF, NaOH

//  Stirr24h NT N

Br

To a round bottom flask, -dromo3,5dimethyl1H-pyrazole (1.50g, 7.85 mmol) and THF
(80.0mL) were added. To this solution, NaOH pellets (4.10g, 103 mmol) were added and the
reaction was stirred at room temperature for 2 hours. cOmpletion of the stir, -3
(bromomethyl)benzonitrile (2.00 g, 10.2 mmol) in THF (80.0mL) was added and the reaction
mixture stirred at room temperature overnight. On completion, water was added to dissolve any
excess NaOH, the organic layer was separatedioéd over MgS®@ and the solvent removed
under vacuum to yield a white solid (1.95 g, 97#)P.: 6263°C, 1H NMR (400MHzDMSO-

ds): 797 (1H, s), 775 (1H, d), 738 (1H, t), 722 (1H, d), 532 (2H, s), 2.D (3H, s), 208 (3H, s).

2.2.114. Synthesisf®3-((3-bromo2,4-dimethylcyclopent®,4-dien-1-yl)methyl)benzamide

o

CN
NH,
Sulfuric acid
_—
N Reflux 4h
~ N
N \ N \

=

Br

To a round bottom flaski3-((4-bromao 3,5-dimethyt1H-pyrazotl-yl)methyl)benzonitrile(2.00g,

7.78 mmol) and 85% #$Qx (10.0mL) were added. The mixture svheated to $€ and stirred

for 4 hours. On completion, the solution was poured slowly over ice and the resulting brown
solution was adjusted to basic pH using 5M NaOH. The aqueous solution was washed with CHCI
and the organic extracts were separated, dried over MgB@reduced to yield a white solid
(1.85g, 86%).

M.P.: 132140°C, 1H NMR (400MHz, CDG): 8.54(2H, s), 799 (1H,t), 793 (1H, d), 7.79 (1H,
d),7.41 (1H, d)5.25 (2H, s), 32 (1H, s), 2.25 (3Hs), 2.15 (3H, ).
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2.2.115. Synthesis d-((3,5-dimethyt4-((trimethylsilyl)ethynyPh1H-pyrazot1-

yl)methyl)benzamide
o
o
NH,
O NHZ
Pd(ll) catalyst N
Cu (I), TMS N~ AN
R —

Q Triethytlamine =,

Br ™S

A stirred solution of3-((3-broma 2,4-dimethylcyclopent&,4-dien-1-yl)methyl)benzamid€1.50

g, 5.45 mmol), Cul (83.0 mg, 0.46 mmol), and Pd @t (163 mg, 0.23 mmol) in 80mL of
trimethylamine was degassed withh For 20 minutes. A solution of 0.80g (8.00 mmol) of
trimethylsilylacetylene was added to the stirred solution. The mixture was refluxed overnight
under N. Upon completion of the reaction, the solvent was evaporated by rotavap. The residue
was dissolved irethyl acetate and washed three times with water followed by a saturated NacCl
solution. The organic layer was dried with MgS(Dd the solvent was evaporated by rotavap. The
residue was chromatographed on a silica column with hexanes as the eluentntahebfaire
product. Yield: 1.77 g (87%M.P.: 175178°C, 1H NMR (400MHzCDCL): 7.79 (1H, t), 7.64

(1H,t), 754 (1H,d), 744 (1H,s), 531 (2H, s), 204 (6H, m).

2.2.116. Synthesis d-((3-ethynyt2,4-dimethylcyclopent2,4-dien-1-yl)methyl)benzami(T4)

o 0o

NH, NH,
K,CO,4
N N
-~ —_— -
NT N MeOH N7 N\

—y ey

TMS H

To 3-((3,5-dimethyt4-((trimethylsilyl)ethynyl} 1H-pyrazot1-yl)methyl)benzamidg1.00g, 2.69
mmol) and potassium carbonate (0.60g, 4.24 mmol) were dissolveddmL56f methanol. The

reaction mixture was stirred for 24 hrs. and after completion of the reaction, the solvent was
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evaporated under vacuum. The solid mixture was dissolved in ethyl acetate and washed with brine.
The organic layer was dried over magnesiurnfaselland the solvent was evaporated to get a white
powder as the produd#. Yield 0.68 g, (84%). M.P.: 20205°C, 1H NMR 400MHz, CDC}):

7.59 (1H, s), 7.57 (1H, d), 7.45 (1H, 1), 7.3 (1H, d), 5.25 (2H, s), 3,92 (1H, s), 2.25 (3H, s), 2.15
(3H, s).

2.22. Experimental carystallization

T1-T6 were subjected to eorystallization with the 25 céormers. Each target and-6ormer were
combined in a 1:1 stoichiometric ratio and ground together with a drop of methanol. The mixture
was grinded for 3@0 secads or until the solvent dried to yield a solid or glike paste. The
resulting solid was analyzed using IR spectrosctipgietermine whether a -@aystal had formed

or if the resulting solid was just a physical mixture of the two reactdhis. procedre was
performed for all the 150 combinations. In each reactieh) Bng of the target was used with
respective stoichiometric éormer. After IR spectroscopy was employed, the mixtures were
dissolved in a minimum amount of solvent in-dram borosilicte vial for slow evaporation in
order to obtain single crystals forrdy diffraction. In cases were slow evaporation failed, vapor

diffusion, and antsolvent crystallization techniques were employed.

2.2.3. Predicting cerystallization using HBP

HBP calculations were employed to identify the most likely interactions between the
targe fayet and cdormerd Boformer (homomeric interactions) and tadeioformer
(heteromeric interactions). Each pair of targets anfbnoers were sketched and aettited. The

first step in the processasto define the functional groups of both the target antbomer pair
Scheme2.2represents the defined functional groups of the targets. $@p® autogenerate the
structures, in this stefglercury automaticdl searches through all the structures in the database
with the functional groups as definedsiepl. Instep3 the fitting data, which is the number of
structures (generated frostep2) which will be used in the calculatiomggreselectedThe final
stepwasto define a model with seven given descriptbep4,Scheme2.2. Each descriptor has a
significance depending on the targets used in the study. However;doystal screening all the

seven descriptors were used in the calculations to keep tagtars constant.
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The propensity valuesere calculated using a logistic regression model iRttteiverOperator

Curve ROC) curve greater than 0.88ll the calculations were performed with the C&f54748

database 5.40, 2019 (updated on May 2019).

If Dpropensity> O itwasassumed t o i ndi-aystallieation whicl' Beds thitaa ¢ o
heteromeric interaction is more likely to occur than either of the two prevalent homomeric
possibilities. Conversely, fdDropensity<O the outcom&vasassumed to be equivaleanto a A NOO t

co-crystallization since homomeric interactions are more likely than heteromeric interactions.

] <[ 4
O ()

|:| Truncate data generation where #tems reaches:

@ Auto-generate structures Stop

[ start analysis automatically

=]

100%

- Model name:  |ogit_model_1

314 structures in fitting data (good size) Potential model variables

al_cooh 1 215 (maybe SLI'FﬁCiErIt] Doner atom of group Acceptor steric density
ar__N_E_ 232 (maybe sufficient) Acceptor atom of group Dionor aromaticity
saturated_ring_amide_2 186 (maybe sufficient)

competition Acceptor aromaticity
Donor steric density

Scheme2.2. Steps involved in predictingo-crystallization using HBP.

2.2.4. Single crystal-kay crystallography

Al | datasets were collected on a Bruker Kappa
collected using APEX2 softwdl® Initial cell constants were found by small widely separated
imatrixo runs. Data coll ecti onr Schnrspeedeagdiseas wer
widths were chosen based on scattering power and peak rackives. Datasets were collected

at 23 °C using an Oxford Cryostream lb@mperature device.
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The unit cell constants and orientation matrix were improved by-$gasires refinement of
reflections thresholded from the entire dataset. Integration was pedfomith SAINT?, using

this improved unit cell as a starting point. Precise unit cell constants were calculated in SAINT
from the final merged dataset. Lorenz and polarization corrections were appliedsdaulti
absorption correctionsere performed with SADAB%.

The data were reduced with SHELX®PL The structure was solved with the XTstructure
solution program using Intrinsic Phasing and refined with the Mfinement package using Least
Squares minimizatim Also, the structures were finalized using OLEX2 1.2 suite of pro§Pam
Except as noted, hydrogen atoms were located in idealized positions and were treated with a riding
model. All nonhydrogen atoms were assigned anisotropic thermal parameters. Refinements
continued to convergence, using the recommended weighting schemes.

T171 Coordinates of the amide protons H16A and H16B were allowed to refine.

T571 Coordinates of the acid protdil9 was allowed to refine.

2.3. Results

2.3.1. Experimental corystallization

The solvent assisted grinding experiments were analyzed using IR spectroscopy. The IR analysis
were focused on the positions of O=C targets{ Mo-formers, and O=C of acidogformers as

they have readily identifiable vibrational modes. In addition, these functional groups form the
characteristic homomeric interactions that are subsequently broken whemetab is formed,

with new heteromeric interactions. The most liketynomeric and heteromeric interactions of the

targets and céormers are illustrated iRigure 22.

34



Homomeric interactions
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Figure 2.2. The possible homomeric and heteromeric interactions.

Instances where etrystals were formedye observed a shift in wavenumber by more than3 cm

! for the characteristic functional groups mentioned above, Table 2.1. In cases wheystals

were not formed the peaks remained consistent.

Table 2.1. The IR data for experimentally observed positiveengstallization outcomeis cn?.

T1 T2 T3 T4 T5 T6
Co-former CtC2359 CtC2338 CtC2335 CtC2349 CLN 2227 CIN 2229
C=01711 C=0 1665 C=0 1665 C=0 1666 C=C 1609 C=C 1605
2-Amino-3,5

dibromopyridine

Ground Mixture

N-H 3463, 3270
C=C 1623

N-H 3350, 3166
CtC 2359
C=01716

N-H 3369, 3166
CtC 2338
C=01667

N-H 3362, 3167
CtC 2333
C=01666

CtC 2350
C=01666

N-H 3352, 3143

2-Amino-4-methoxy6-
methylpyrimidine

Ground Mixture

N-H 3366, 3184
C=C 1632

N-H 3341, 3164
CtC2357
C=01712

N-H 3357, 3181
CtC2338
C=0 1668

N-H 3351, 3169
CtC2336
C=0 1664

CtC 2350
C=0 1664

N-H 3346, 3159

N-H 3362, 3180
CtN 2222
C=C 1633

N-H 3360, 3164
CtN 2229
C=C 1633

2-Amino-5-bromopyridine

Ground Mixture
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N-H 3443, 3290

N-H 3352, 3166

N-H 3377, 3170

N-H 3367, 3189

N-H 3360, 3148

C=C 1621 Ct C 2355 ctC2i101 CtC 2335 CtC 2348 - -
- C=01712 C=0 1665 C=0 1670 C=0 1665
2-Aminopyridine Ground Mixture
N-H 3351, 3169 | N-H 3367, 3180| N-H 3370, 3187| N-H 3352, 3153
N-IEI:_3é3176233284 Ct C 2356 ctC2100 Ct C 2336 CtC 2349 - -
- C=01715 C=0 1670 C=0 1659 C=0 1664
2-Aminoterephthalic acid Ground Mixture
N-H 3455. 3076 N-H 3353, 3171 | N-H 3364, 3144 | N-H 3373,3178| N-H 3362,3189| N-H 3341,3148| N-H 3354, 3180
c=C 1é81 CtC2357 CtC2102 C1C2336 C1C2349 CN 2226 C!N 2229
C=0 1706 C=0 1668 C=0 1664 C=0 1665 C=C 1684 C=C 1636
2-Ch|or04—f|l_10roben20|c Ground Mixture
acid
_ C'N 2229 CtN 2229
C=01673 i i ) ) C=0 1663 C=0 1672
2,4-Difluorobenzoic acid Ground Mixture
_ ) ) ) ) CN 2230 C!N 2231
C=0 1646 C=0 1669 C=0 1687
2,5-Dimethylbenzoic acid Ground Mixture
_ ) ) ) ) CIN 2222 C!N 2228
C=0 1668 C=0 1678 C=0 1679
2,6-Difluorobenzoic acid Ground Mixture
_ ) ) ) ) CIN 2224 C!N 2226
C=0 1679 C=0 1686 C=0 1689
2,6-Dimethylbenzoic acid GroundMixture
_ C!N 2230 CLN 2225
C=0 1684 j j ) ) C=0 1667 C=01671
Adipic acid Ground Mixture
_ CtN 2227 CIN 2226
€=0 1683 j j ) ) C=0 1686 C=0 1678
Azelaic acid Ground Mixture
_ CLN 2225 ClN 2224
€=0 1683 i i ) ) C=0 1691 C=0 1689
Glutaric acid Ground Mixture
_ C!N 2228 CIN 2227
C=0 1682 j j ) ) C=0 1709 C=01710
Malonic acid Ground Mixture
_ C!N 2225 CIN 2227
€=0 1690 i i ) ) C=01712 C=01714
Oxalic acid Ground Mixture
_ ) ) ) ) CIN 2224 CIN 2227
C=0 1677 C=0 1687 C=0 1686
Pimelic acid Ground Mixture
_ CLN 2228 C!N 2229
€=01680 j j ) ) C=01701 C=0 1684
Sebacic acid Ground Mixture
_ ) ) ) ) CIN 2224 C!N 2230
C=0 1684 C=0 1689 C=0 1680
Suberic acid Ground Mixture
_ ) ) ) ) C!N 2230 CIN 2229
C=0 1686 C=0 1706 C=0 1702
Succinic acid Ground Mixture
_ ) ) ) ) CIN 2227 C!N 2226
C=0 1679 C=0 1686 C=01713
Supramolecular yield 20% 20% 20% 20% 64% 64%
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T1- T4 experimentally cecrystallizes with 20% supramolecular yield afetT6 co-crystallizes

with 64% supramolecular yield. Specific trends were observed across the groups where; Groups
1-2 does not carystallize withT1-T4 and cecrystallizes withT5-T6. Group3 with pyridine
backbone does not eorystallize with any of the taegs. And finally,Group4 with mixed donors

and acceptors was found not to have any specific trend, this grougahoers provided mixed

results for formation of carystal.

2.3.2. HBP calculations

Based on Scheme 2.3. the homomeric, heteromericDasginsity Values were calculated and
summarized in Table 2.2. for the 150 combinations of targets afolroers. HBP for a few

targefA A Aarnwer paircould not be calculated since the pair had zero donor, labeled as N/A).

Table 2.2. HBP calculations of attempted-coystals onT1-T6.

Co-formers T1 T2 T3 T4 T5 T6
2-Amino-3,5-dibromopyridine 0.08 0.08 0.08 0.08 -0. 07 -0.08
2-Amino-4-methoxy6-methylpyridine 0.07 0.07 0.07 0.07 -0.05 -0.07
2-Amino-5-bromopyridine 0.01 0.01 0.01 0.01 -0.06 -0.09
2-Aminopyridine 0.08 0.08 0.08 0.08 -0.03 -0.07
2-Aminoterephthalic acid -0.03 -0.03 -0.03 -0.03 0.07 0.06
2-Bromo-5-methylpyridine -0.31 -0.31 -0.31 -0.31 N/A N/A
2-Chloro-4-fluorobenzoic acid -0.2 -0.2 -0.2 -0.2 0.3 0.29
2,4-Difluorobenzoic acid -0.13 -0.13 -0.13 -0.13 0.3 0.3
2,5-Dibromopyridine -0.27 -0.27 -0.27 -0.27 N/A N/A
2,5-Dimethylbenzoic acid -0.15 -0.15 -0.15 -0.15 0.34 0.31
2,6-Dibromopyridine -0.2 -0.2 -0.2 -0.2 N/A N/A
2,6-Dichloropyridine -0.07 -0.07 -0.07 -0.07 N/A N/A
2,6-Difluorobenzoic acid -0.13 -0.13 -0.13 -0.13 0.3 0.34
2,6-Dimethylbenzoic acid -0.18 -0.18 -0.18 -0.18 0.34 0.41
3-Benzoylpyridine -0.15 -0.15 -0.15 -0.15 N/A N/A
6-Methylnicotinamide 0 0 0 0 -0.1 -0.09
Adipic acid -0.13 -0.13 -0.13 -0.13 0.32 0.33
Azelaic acid -0.14 -0.14 -0.14 -0.14 0.32 0.33
Glutaric acid -0.13 -0.13 -0.13 -0.13 0.32 0.32
Malonic acid -0.12 -0.12 -0.12 -0.12 0.27 0.28
Oxalic acid -0.15 -0.15 -0.15 -0.15 0.2 0.19
Pimelic acid -0.13 -0.13 -0.13 -0.13 0.33 0.33
Sebacic acid -0.13 -0.13 -0.13 -0.13 0.32 0.32
Suberic acid -0.23 -0.23 -0.23 -0.23 0.32 0.32
Succinic acid -0.13 -0.13 -0.13 -0.13 0.3 0.3
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2.3.3. Singlerystal x-ray crystallography

We were able tget crystal data for only three structures for which the crystallographic parameters

are summarized in Table 2.3.

Table 2.3. Crystallographic parameters of single crystalay diffraction.

Code T1 T5 (T5).:0xa
Formula moiety C11H1oN3OI Ci1HgNal (C13H13N3) (CszO4)o_5
Empirical formula C11H10N30| C11H3N3| C14H14N30z
Molecular weight 327.12 309.10 256.28
Color, Habit Colorless, Blocks Colorless, Needles Colorless, Plates
Crystal system Monoclinic Orthorhombic Monoclinic
Space group/ P2i/c, 4 P2,2,2,, 4 P2i/c, 4
a, A 26.035(8) 4.4460(14) 10.478(3)
b, A 4.7746(16) 13.030(4) 10.115(3)
c A 9.927(4) 19.520(7) 13.052(4)
Uo 90 90 90
b, ° 99.80(2) 90 106.830(12)
9,° 90 90 90
Volume, B 1216.0(7) 1130.8(7) 1324.0(7)
Density, g/cm 1.787 1.816 1.286
T, °K 296.(2) 296.(2) 296.(2)
Crystal size, min x mid x max 0.084 x 0.114 x 0.242 0.078 x 0.102 x 0.282 0.138 x 0.264 x 0.459
X-ray wavelength, A 0.71073 0.71073 0.71073
Y, mntt 2.617 2.802 0.089
Trans min / max 0.57/0.81 0.51/0.81 0.67/0.75
Chin, © 0.79 2.61 2.031
Oax © 25.34 25.91 25.468
Reflections
collected 26370 11996 13912
independent 2204 2154 2426
observed 1378 1183 1429
Rint 0.0612 0.1091 0.0605
Thresholdexpression > 20(1) > 20(1) > 20(1)
No. parameters 153 137 179
No. restraints 1 0 1
R; (observed) 0.0463 0.0539 0.0489
wR; (all) 0.1792 0.1061 0.1422
Goodness of fit (all) 1.081 0.972 1.017
} ma § min, € A3 0.505,-1.043 0.439,-0.407 0.148,-0.174
Completeness toddimit 0.995 0.974 0.989

2 4. Discussions

24.1. Experimentato-crystalscreening

The supramolecular yield far1-T4 was 20% which indicates that the homomeric interactions

bet ween the t af ge mA-fhbBrdvasgrote dommaht thamthe heteromeric
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interactions. There are two possible homomeric interactiohd-T4, synthon | (amidd Ardide)
and syntha Il (amidél ByRazold where either one or both the interactions can exist, ScB@ne

HBP values indicated that synthon | (0.71) was more likely to form in comparison to synthon Il

(0.67).

o
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\IN Noo Vo o
| ¥ -’ L Nt
H 0% i O~y i o
' B ! 0.55"~~N/N 105471
Io \ O| — - X | 0 I
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Group 1&2 Group 1&2 Group 1&2
o
S :
)I\ H. - Group 3
i 'i‘/o 51 N@ No conventional hydrogebonds
- B
Synthon VII F ,\.\/
Group 3 _’. NT
o [ m = . / / H™ A
. . CT T I © 067/ H
)I\l H., Hu _H.. N SN
"N70.68N7T X SNTOUNT =N
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Heterameric interactions

Scheme2.3. Postulated homomeric (top) and heteromeric (bottom) synthons and hydaugn
propensities in targets and-tmrmers.
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Although we were unable to obtain crystal structures with eith€d.af4, we did obtain a crystal

structure of the iodo analogue™f, Figure2.3.

Figure 2.3. Crystal structure of iodo analogue™i.

The crystal structure shows the formation of only synthon | arsymihon 11 (amidé AyAazole).
Such interactions are wethown from the literature and a CSD survey of comparable compounds
shows exactly similar interactions in the crystal packing where only synthon | is f8ré&¥°..

In all the attemptedco-crystallizationreactionsin T1-T4 with groups 1&2 the heteromeric
synthonswerenot competitive enough tadak thehomomericinteractionsFor groups 1&2 co
formers the homomeric interactions is smimplementanacidd Acfil interactions, Schengs3.
Co-formers in group 3 have no conventional homomhbsyidrogenbonds. Since, the dominant
amidéd Andide interation exists, and themsasno potential competition, efmrmers in this group

do not cecrystallize withT1-T4, Scheme.3. Co-formers in group 4 can either form homomeric
synthon IV (synthon Il in case of@minoterephtahlic acid and synthon | in cas@&-ainethyl
nicotinamide) or heteromeric synthons VIII or IX. For a heteromeric interaction to exist in these
pairs of ceformers and targets, wtas not absolutely necessary to break homomeric synthon I. A
heteromeric synthon VIII can eexist with synthor. Consequently, this group of -¢ormers had

a higher probability to corystallize withT 1-T4, which matches with our experimental outcomes.
In order to break the strong homomeric interactimfitie amide groupsf/nthon ) and to shift the
balance fron homomeric to heteromeric interactions. Y¥placedhe amide groupvith a nitrile
functional group that cannot engage in any conventional selmplementaryhydrogenbond,
Scheme2 4.
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Scheme2.4. Manipulating the structure to shift balance from homomeric to heteromeric
interactions (A denotes hydrogéond acceptor and D corresponds to hydrelgemd donor).

We did obtain a crystal structure of the iodo analogueT®6f As expected, thergvere no

conventional hydrogebonds in the crystal structyrfeigure 24.

Figure 2.4. Crystal structure of iodo analogueT®.

For targetsT5-T6 to cocrystallize with ceformers in group 1&2, th@omomeric synthon IlI
needs to bbrokenand subsequently replacedthmsteromeric synthon X. Experimentally, we were

able to get one crystal structureTd with oxalic acid, Figure.5.
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Figure 2.5. Crystal structure ofT(5)2:0xa.

T1-4 did not deliversimilar interactions (acill Byfazole) with group1&2 co-formers. Further
analysis gave an insight on why theves a difference in interactions between the targets. The
preference of synthon Bver synthon VI could be explained on the basis of short contacts which
exist between CH\ Byfazole inT 1-T4 with bond distance of 3.643 A and bond angle of 157.95
These interactions are commonly known as-oonventionahydrogenbonds consisting of ciins

built from CHA Al fhteraction8>®3 64 These short contacts inhibit the formation of sgnth, VI,

VIl and IX. Whereas, i 5-T6 these short contacts were absent which facilitated the formation of
synthon X resulting in carystallization. Group3 cformers contain only acceptors and no
potential conventional donArAcBeptor interactions wepossible and hence no-crystals were
obtained. In case of grodjgo-formers similar tol 1-T4, either synthon Xl or both synthon XI and

IV can exist together to form ewrystals which can lead to formation of -cxystals.
Experimentally, webserved aincrease in the supramolecular yield from 20%TfivT 4 to 64%

for T5-T6.

24.2. Experimental cecrystal screening results vs predictions

HBP calculations were used to predictagstallization of the 150 experiments. The training
datasetstep3 Scheme2.3 was kept between 36800 structures. When the calculations were
repeated using a larger dataset than 500, we found that the structures included in the calculations
were very different from the defined functional grasippl, Scheme 2.3We faced problas

where the calculations were rogproduceable and therefore, it was important to define a range

for the fitting data. After testing the fitting dataset with a different range of structures, the dataset
of 300-500 structures was found to be most reprdadec
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A confusion matriX® was employed tanalyze the true positives; HBP and experiment agree on
formation of cacrystals, true negatives; HBP and experiment agree on formation ofangstals,
false positives; HBP and experiment do not agree on formationafstals and false negatives;
HBP and experiment do not agree on formation of nargstals,Figure2.6.

a)

Predicted Outcomes
Co-crystal No co-crystal
% True Positive
E
I%— No co-crystal True Negative
b) v

Predicted Outcomes Predicted Outcomes

ity2 0.0 Dpro ensit 200

Orersty Qo-crystal No co-crystal e Co-crystal No co-crystal

Co-crystal Co-crystal

Experiment
Bxperiment

No co-crystal No co-crystal

Figure 2.6. Confusion matrices from HBP results. a) explanation of matrix b) confusion matrix
for T1-T4 c) confusion matrix fof 5-T6.

In addition, a success rate was calculated, which is the number of presitbtmatch with the
experimental outcome divided by the total number of experimiigisre2.7. The match between

prediction and experimemtasexcellent across the six compounds examined in this study.

Success rate
100% 92% 92% 92% 95% 95%

80%

60%

40%

20%

0%

Figure 2.7. Comparison between HBP calculations and experimentetystal formation.
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The consistency for the {mouse compoundwas reassuringince the members of this series
maintain similar functional groups with different molecular geometry. Notably, both the results
where a cecrystal was formed and not formed experimentally, matched the HBP presliction
equally well An important factor tde considered here is that this approach takes into account
only enthalpic characteristics and does not include entropy¥e@imviousy, the crystal structure
itself does not provide any information about the kinetics of seed formation. However, the
structural preference might reflect thermodynamic and kinetic bias towards a crystal packing.
Although it is possible that the relatively limited structural diversity amidiad 6 produces a very

high prediction accuracy, there is no reason to believe thatystallizations with much larger
and more flexible molecules with similar functional grewgannot also be predicted with high
reliability. The next phase of this effort will be to examine compounds with more diverse
functional groupse.g. pyridines, pyrimidines, sulphonamides, metheixy, rotatable bonds>@)

and molecular weight50 g/nol) to expand HBP as a tool to predictaystallization with high
efficiency. The results presented herein underscore that systematic stinfciumatics methods

can provide important guidelines for defining the experimental space that needs tobeddarp

the efficient pursuit of new solid forms of higialue chemicald®3®

25. Conclusions

1.The strong ami deAAAamiailgetsTl-TMtdaminates 80%ohtlee e s y nt h
crystallization experiment3.1-4 co-crystallizes only with aminopyridine dormers.

2. Altering the balance between homomeric and heteromeric interadigpiayed very different
supramolecular yield of 64% fars-T6.

3. HBP produces an accuracy of@2% for the 150 combinations examined in this study.

HBP is a simple technique which is much less time consuming and labor intensive than actual
experiments. The ability for HBP to predict-crystallization withsuch high accuracy can be of
considerable use in areas and applicattbat require new solid crystalline forms with improved
bulk propertie¥35375 Therefore, the success of the cheminformatics in predicting co
crystallization will help narrow down the potential experimental search space which will save both

time and cost.
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Chapter 37 The Role of Molecular Electrostatic Potentials in
Crystal Engineering

3.1. Introduction

Crystal engineering involves intermolecular interactions as the primary toobuibding
supramolecular architectut€s Therefore, understanding the behavior of these interacigons
essential in order to design supramolecular frameworks. Chapter 2 explores the importance of
hydrogenbonding, the most commonly used intermolecular interactions in the design and
development of these frameworks. Halogemding is another emerging necovalent
interaction that has similar fundamental characteristics in terms of strength and directiagality

that of hydrogerbond’. However, lalogenbonds are intrinsically lipophilic and hydrophobic,
which makes them well suited in biomedical applications such as drug delivery and transport. It
is, therefore, imperative to compare the structural outcomes of halogen and hydrogen bonds when
theyare confronted with similar chemical environments to identify the synthons that can mimic
each other to form the desired motif.

In a system witlseveralstructural outcom® an established set of guidelines is required to design
supramolecular architaare inarational and predictable manner. In such a context, piteposed

that the beshydrogenbonddonorpreferentially interacts with the bdasgdrogenrbondacceptor.

With respect to carystallization, if the best don@cceptor pair corresponds to heteromeric
interaction( t a r g-rméritdscalled cecrystallization. If the best don@cceptor paiforms
homomeric interactions( t ar get AAAt ar me-fodArfrit oisclikely to be
recrystallizatioft”. The major challenge i® determinewhatisfib e st 0 . I n Chapter
hydrogenbond propensity (HBP) to define the best deacceptor pair. Although HBP was highly
reliable, it has not been developed halogeAbond driven cecrystals. It is therefore necessary to
recognize a convenient method for predicting therystallization screening experiments driven

by halogen bonds. A more gener al approach to
potential surfaces (MEPS), where the highest positive potential represents the best donor and the
highest negative potential corresponds to the best acceptor. Although MEPS was conventionally
designed for hydrogebonded systems, considering the fundamesitailarity of hydrogen and

halogen bond, MEPS can potentially be utilized in the same manner.
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Hydrogen and iodine are far apart in the periodic table with a dramatic difference in the chemical
and electronic properties, Table 3.1. However, in a given adaranvironment, hydrogen and

iodine possess simil&f!® MEPSvalues Figure 3.1.

Table 3.1. Comparison betweedmydrogen and iodine.

Hydrogen lodine
Atomic weight (amu) 1.0079 126.90
Atomic radius (A) 0.25 1.40
Atomic volume (A§ 0.065 11.49
Electronic configuration 18 [Kr] 4d°5¢ 5p°
1stlonization energy (KJ/mol) 1312 1008

SRS

Figure 3.1. MEPS of structurally similar hydrogdsond (left) and halogehond (right)
compound (calculated using DFT an@B1++G** basis set in vacuum).

There are various examples in the salidte where hydrogeitond and halogebond
structurally imitate each othef o r e x a nbpyridine intéracts avith hydrogelmond donor
hydroquinone in the same fashion as halelgemd donor, 1 4liiodatetrafluordenzene, Figure
3.22
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Figure 3.2.a) HydrogeAdb ond i nt er a c tbipyoidine dnd hyavay@nonedb) 4 6
HalogeAfb ond i nt er a c thipyddine dne 1, 4liedetetrafldoydkrizen.

Furthermore, a few studies repdrthat when hydrogebond and halogebond are present
together in the same compound, there is a competigtween the interactions. For example,
equimolar amounts of 15Ris(4pyridyl)-ethane, 1,4diiodotetrafluorobenzene and hydroquinone
yielded a dominating hydrogdsond“®>. However, in an equimolar mixture of N,N,N',N'
tetramethylethylenediamine, 1 @iiodo-tetrafluoroethane and ethylene glydble halogerbond

was more dominant, Figure 3.3.

a)
OH H=0
F F
+
OH
b) \/N/\/“\

I F I HO . y |
\N/\/N\+ F->_éF+ \ —>F> < .
| ! F OH | F
Figure 3.3. a) Hydrogerbond as a dominant outcome b) Halogpemd as a dominant outcome

Thereis a scarcity of reports where synthon mimicry is examined \algdrogenrbonddonoris
replaced witha halogerbonddonorin the same molecular backbone. In order to explore this idea,

we designed four iodanalogous off 1-T4 which were investigated in Chapter 2, Scheme 3.1.

The potential cdormers used in this study were also kept same @hapter 2, Scheme 3.1.
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Scheme3.1. Target compounds and-¢ormers of choice.

Eachof these targetsacriesmultiple binding sites. All the targets have two acceptor sites pyrazole
N and carbonyl (C=0) and one donor site anit&. T1-T4 have additionahydrogerbond
ethynyl donor, andT7-T10 have iodo-ethynyl as ahalogerbond donor. Tlere are various
homomeric and heteromeric interactions possible between the targetsfandes. Scheme 3.2.

summarizes all the potential interactions.
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In this chapter we will investigate if7-T10 will form similar homomeric and heteromeric
interactions as that df1-T4 in combination with 25 cdormers. We will use MEPS to define the
best donoiacceptor pair to predict the most likely #yon formation. The predicted interactions

will be compared to the experimentally observed synthons to examine the role of electrostatics in

crystal

This research is carried out to answer the following questions:

1. Can electrostatics deterraithe potential homomeric and heteromeric interactions observed

Scheme3.2. Potential homomeric and heteromarniteractions.

engineering.

between a target and-6ormer?

2. Will T7-T10 produce similar homomeric and heteromeric synthons as tiato#?

3.2. Experimental

The synthesis and characterizatio @fT4 are desribed in Chapter 2.-bromoc1H-pyrazole, 3

bromo1H-pyrazole, 4-(bromomethylpbenzonitrile 3-(bromomethylbenzonitrile THF were
purchased from Alfa Aesar and were utilized without further purificair5 co-formerswere
purchased from commercisburces and used as received. Melting points were measured using a
FisherJohns melting point apparat®olution’H NMR data were collected in CD£2ind DMSO
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on a Varian Unity plus 400 MHz NMR spectrometer. IR spectra of the solids resulting from the
co-crystal screening experiments were recorded with a Nicolet 38R Bpectrometer (ATR) and

a ZnSe crystal.
3.2.1. Synthess

3.2.11. Synthesis of-((4-(iodoethyny1H-pyrazotl-yl)methyl)benzamid@l'7)

E/? THF, I, MeOH E/?
10% NaOH
\\& ‘\&

T7 was synthesized by dissolvifid (0.50g, 1.85mmol) in THF (50 mL). Simultaneously adding
dropwise, a concentrated solution of iodine in methanol (1.40g, 5.50 mmol) and a 10% sodium
hydroxide solution over 30 min, with vigorous stirring. The solution stased overnight and
guenched with 100 mL water upon which light yellow color precipitate formed. The filtered solid
was washed with sodium bisulfite solution to deliyellow powder ofT7 (0.67g, 91%)M.P.:
132140°C 1H NMR @00MHz,DMSO-ds): 8.07(2H, d), 7.79(2H, d), 757(1H, s), 733(1H, s),

544 (2H, s)

3.2.12. Synthesis 03-((4-(iodoethyny1H-pyrazotl-yl)methyl)benzamid€@r8)

[o) (o]
NH, NH,
THF, 1,, MeOH
_N —— N/N
N™ N\ 10% NaOH N
— ——
H |
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T2 (0.50g, 1.85mmol) was dissolved in THF (50 mLYhen smultaneously adding dropwise, a
concentrated solution of iodine in methanol (1.40g, 5.50 mmol) and a 10% sodium hydroxide
solution over 30 min, with vigorous stirring. The solution was stirred overnight and quenched with
100 mL water upon which light yelv color precipitate formed. The filtered solid was washed
with sodium bisulfite solution to deliver pale powderT& (0.64g, 87%)M.P.: 133-135°C, 1H

NMR (400 MHz CDCk): 8.10(1H, s), 7.2(1H, d), 7.8(1H, t), 756(1H, d), 7.33(2H, s), 533

(2H, s)

3.2.13. Synthesis of-((4-(iodoethynyh3,5dimethyt1H-pyrazot1l-yl)methyl)benzamid@ 9)

O« _NH, O._ _NH,
THF, 1,, MeOH
—_— >
_N_ 10% NaOH
S S
H |

T3 (0.50g, 1.67 mmol) was dissolved in THF (50 mL). Simultaneously adding dropwise, a
concentrated solution of iodine in methanol (1.40g, 5.50 mmol) and a 10% sodium hydroxide
solution over 30 min, with vigorous stirring. The solution was stirred overnight and quenched with
100 mL water upon which light yellow color precipitate formed. The filtered solid was washed
with sodium bisulfite solution to deliver pale powderT® (0.57g, 80%)M.P.: 132-137°C 1H

NMR (400 MHz,CDCl): 9.40(2H, s), 7.78(2H, d), 7.12(2H, d), 5.31 (8H,2.26(3H, s), 2.13(3H,

S).
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3.2.14. Synthesis 03-((4-(iodoethynyB3, 5dimethylflH-pyrazo#l—yl)methyl)benzamid(eT 10)

o

THF, I,, MeOH
N —
N~ 10% NaOH /\<

H
T4 (0.50g, 1.67 mmol) was dissolved in THF (50 mL). Slmultaneously adding dropwise, a

concentrated solution of iodine in methanol (1.40g, 5.50 mmol) and a 10% sodium hydroxide
solution over 30 min, with vigorous stirring. The solution was stirred overnight and quenched with
100 mL water upon which light yellow color precipitate formed. The filtered solid was washed
with sodium bisulfite solution to deliver pale powderTdfO (0.54g, 76%). M.P.: 131-134°C, 1H

NMR (400MHz, CDC}): 7.77 (1H, s), 7.66 (1H, d), 7.46 (1H, d), 7.18i(t), 5.25 (2H, s), 2.25

(3H, s), 2.15 (3H, s).

3.2.2. Calculation ofnolecular electrostatic potential surfaces

MEPS were calculated farl-T4 andT7-T10 and 25 ceformers implementing density functional
theory using B3LYP and-811++G** basis set ivacuum. All calculations were executetth

theS p a r 4 softwaré. The compounds were sketched, and the geometries were optimized so
that the calculation could be set up on the most stable geometry of the compound. A positive point
in the vacuum is useaak a probe against the surface of the molecules. The numbers are represented
in kJ/ mol, which is the interaction energy between the positive probe and the surface of the
molecule. The numbers indicate electrostatic potentials, where a negative nundsgarals to

an acceptor and positive number to a donor.

3.2.3. Cacrystallization experiments

The cocrystal screening of1-T4 is described in section 2.2B7-T 10targets were subjected to
co-crystallization screening experiments with thec@sformers. See section 2.2.3 for detailed

description on carystallization experiments.
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3.3. Results

3.3.1. Molecular electrostatic potential surface (MEPS) calculations

The targets examined in this stu@i¥-T4 andT7-T 10 contain two acceptor sitesrbanyl C=0
& pyrazoleN, and two donor sites amiddéH & ethynylH/ iodo-ethynyl. The MEPS calculations

for the targets are summarized in Figure 3.4.

200, +200 187 +214 182 o

o NH,

+226

N/”\'155

\

+134

-191 +230 -193 +227

Figure 3.4. Calculated MEPS values for the targ@3d/ mol)

We ranked the acceptor and donor sites according to MEPS, where a higher positive potential
indicates théest donor and the highest negative potential indi¢aéebest acceptor. The MEPS

data indicated carbonyl C=0 as the best acceptoaande NH as the best donor which was
consistent for all the targets. Hence MEPS prediateied Amndideas themost likelyhomomeric
interaction for all the targets, Figure 3.5.
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Homomeric interactions
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Figure 3.5. The homomericriteractions predicted by MEPS (highlighted in blue).

Similar MEPS calculations were carried out for the 25armers to analyze the best donor and
acceptor for the homomeric interaction in thefaoner. Table 3.2 summarizes the electrostatic

potentialsof the best doneacceptor for the cformers (rounded to the nearest whole number).

Table 3.2. Best donotacceptor for the cormers ranked using the MEPS data.

Co-formers Best donor Best acceptofkJ/ mol) MEPS predicted
(kJ/ mol) Interaction
2-Chloro-4-fluorobenzoic acid 154 -184
2,4-Difluorobenzoic acid 201 -191
2,6-Difluorobenzoic acid 191 -193
2,6-Dimethylbenzoic acid 267 -187
6-Methylnicotinamide 222 -184 J\
y 0~ o
2,5Dimethylbenzoicacid 253 -194 H |!|
Adipic acid 287 189 0L 0
Azealic acid 284 -193 \r
Glutaric acid 296 -190
Malonic acid 318 -171 Groups 1&2
Oxalic acid 307 -147
Pimelic acid 285 -192
Sebacic acid 288 -194
Suberic acid 288 -191
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Succinic acid 314 -211
2-Bromo-5-methylpyridine N/A -178
2,5Dibromopyridine N/A -152 No .
conventional
2,6-Dibromopyridine N/A -157 hydrogen
2,6-Dichloropyridine N/A -157 bonds
3-Benzoylpyridine N/A -165 Group 3
2-Amino-3,5-dibromopyridine 169 -206
AN
2-Amino-4-methoxy6-methylpyridine 140 -255 |
A H
N N
2-Amino-5-bromopyridine 173 -223 i ,!,
| :
2-Aminopyridine 155 246 a NN |
X
2-Aminoterephthalic acid 275 -151
Group 4

3.3.2. Experimental carystal screening

Formation of a carystal was established by carefully comparinglBepectrum of the ground

solid mixture with the IR spectra of the pure donor and the acceptor. 3@eNeH, andCt C

bond stretclof the targets and elmrmerswereanalyzed whichif a new interaction is formed was

directly affectedA shift greater thadcnt! correspondto a successful eorystal eventTable 3.3.

summarizes the IR stretching frequencies of successfatystallization experiments. The IR

stretching frequencies remained unchanged for the instances where -thgstabization

experiments failed.

Table 3.3. IR stretching frequencies (chhof the successful eorystals experiment.

T1 T2 T3 T4 T7 T8 T9 T10
Coformer CtC 2359 CtC 2338 CtC 2335 CtC 2349 CiC2222 | CtC2229 CtC 2226 CtC2229
C=01711 | C=01665 | C=01665| C=01666 | C=01648 | C=0 1672 C=0 1654 C=0 1673
2-Amino-3,5 Ground Mixture
dibromopyridine
N-H 3350, | N-H 3369, | N-H3362, | N-H 3352, | N-H 3406, | N-H 3452, N-H 3457, N-H 3320,
N-H 3463, 3270 3166 3166 3167 3143 3262 3213 3367 3168
C=C 1623 CtC 2359 CtC 2338 CtC2333 CtC 2350 CiC2223 | CtC2223 CtC 2223 CtC2223
C=01716 | C=01667 | C=01666 | C=01666 | C=01650 | C=0 1670 C=0 1654 C=0 1669
2-Amino-4-methoxy Ground Mixture
6-methylpyrimidine
N-H 3341, N-H 3357, N-H 3351, N-H 3346, N-H 3483, | N-H 3362, N-H 3374 N-H 3483,
N-H 3366, 3184 3164 3181 3169 3159 3396 3180 3182 3396
C=C 1632 CtC 2357 CtC2338 CtC 2336 CtC 2350 CiC2223 | CtC2222 CtC 2229 CtC2223
C=01712 | C=01668 | C=01664 | C=01664 | C=01650 | C=01673 C=0 1658 C=0 1671
2-Amino-5- Ground Mixture
bromopyridine

61




N-H 3352, N-H 3377, N-H 3367, N-H 3360, N-H 3388, | N-H 3345, N-H 3412, N-H 3483,
N-H 3443, 3290 3166 3170 3189 3148 3374 3155 3216 3345
C=C 1621 CtC 2355 ctCc2101 CtC 2335 CtC 2348 CtC2223 CtC2223 CtC 2223 CtC2223
C=01712 | C=01665 | C=01670 | C=01665 | C=01647 | C=0 1669 C=0 1659 C=0 1672
2-Aminopyridine Ground Mixture
N-H 3351, | N-H 3367, | N-H3370, | N-H 3352, | N-H 3485, | N-H 3330, N-H 3369, N-H 3336,
N-H 3437, 3284 3169 3180 3187 3153 3216 3171 3250 3246
C=C 1623 Ct C 2356 CtC2100 | CtC2336 CiC2349 | CtC2223 | CtC2223 CtC2223 CctC2223
C=0 1715 C=01670 | C=0 1659 C=01664 | C=01645 | C=0 1670 C=0 1659 C=0 1671
2-Aminoterephthalic Ground Mixture
acid
N-H 3353, N-H 3364, N-H 3373, N-H 3362, N-H 3440, N-H N-H 3339, N-H 3475,
N-H 3455, 3076 3171 3144 3178 3189 3398 3341,3148 3165 3298
C=C 1681 CtC 2357 CtC2102 CtC 2336 CtC2349 | CtC2223 | CtC2226 CtC2223 CctC2223
C=01706 | C=01668 | C=01664 | C=01665 | C=01644 | C=01674 C=0 1654 C=0 1669

3.4. Discussions

3.4.1. Using MEPS calculations for ecrystal screening

Implementing MEPS to select the best deaoceptor pair for the homomeric interaction for all

the targets resulted in-N as the best donor and O=C as the best acceptor. MEPS predicted similar
homomeric interactions for all the targets. Although we weigble to obtain crystal structures
either of T1-T4, we did obtain a crystal structure ©7, Figure 3.6. The observed homomeric
synthon of the target matches the MEPS prediatediéd Ardideinteraction.

Figure 3.6. Crystal structure of 7.

There was only one combination for the most optimal homomeric interactiongarhoers which
were correctly predicted by MEPS, Figure 3.7.
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Co-former group 1&2

Co-former group 4

Figure 3.7. Crystal structte of glutaric acid (left), and aminopyridine (righit)’.

The target$n combination with cdormers of groups 1land 2, indicated OH of the acid as the best
donor (highest positive potential), and comparable negative potential between acid C=0 or target
C=0. In instances where the target C=0 was the best acceptor it codedpo a heteromeric
interaction, whereas in cases where the acid C=0 was the best acceptor it was a homomeric
interaction leading to recrystallization. Experimentally the C=0 stretch in IR remain consistent for
both acids and the targets demonstratiag tlo new interaction was formed. In addition, tA&€C

stretch for botiT1-T4 andT7-T10 remained consistent indicating C does not participate in the

assemblyThe targets did not form emrystals with either groupl or 2-¢ormers, Scheme 3.3.

Homomeric H
interactions c|>

Group 1&2

Heteromeric Interactions

Scheme3.3. The observed homomeric and heteromeric interactions in targets with group1 and 2
co-formers.
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With group 3 ceformers MEPS indicate amide 4Nl as the best donor. The choice of the best
acceptor was eithararbonyl C=0 {200 kJ/mol) of the target or pyridinN (-157 kJ/mol). The

best donofacceptor pair according to MEPS was tmaidéd Andide interaction, Scheme 3.4.
Experimentally we donodt -H sretchwhch sugghstssthgt@onem t he
interactions were formed. The heteromeric interactionthe majority of the reaction$or co-

formers in groups -B were not competitive enough to break the expectedceeaiplementary
interactionsAgain, the € C stretch remained consistent indicatiegtimer the ethynyH nor iode

ethynyl formed any new interaction.

Homomeric No conventional
interactions hydrogen-bonds

Group 3

Heteromeric Interactions

Scheme3.4. The observed homomeric and heteromeric interactions in targets with greup3 co
formers.

The combination of targets with the-tmrmers of group 4, followed the same trend where the
amide NH (except2-aminoterephthalic acidwvas the best donor. However, with this group ef co
formers the pyridindN was found to be the best acceptor resultingia fi Y EcBystallization.c o
Experimentally we did not observe any difference in the C=0 stretches of the targets which in turn
suggests that tremidel Andideinteraction was stilpresentWe observed a huge shift in theHN

amine stretch of the elmrmer which, suggest that theHNA A A p yNrintedactioneis broken to

form a new interaction with M AAAp y r a z o | -erystalkzatidn, Sclieme 305. Adthough
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MEPS could not predict the synthons that drive thergstallization, it predicted theutccomes

correctly.

"Zg\ />

e T—Z

M

H” /l
X

Heteromeric Interactions

Homomeric interactions Group 4

Zz—I-
z

Predicted synthons Observed synthons

Scheme3.5. The observed homomeric and heteromeric interactions in targets with group 4 co
formers.

Overall the amide NH was the best donor according to MEPS in all the cases in corohinath

25 coformers. Experimentally, thamided Andide self-complementarity interaction was strong
and could not be replaced with any new interaction. The IR spectra associated witiCthe C
remained consistent in all the cases, which also proves t@atdil not participate in these
reactions. The MEPS forCt C-H and -C* C-I show that both the positive potentials were
comparable, where {C-H ranged from +134.35kJ/ mol and €C-l were +154160 kJ/ mol.
Although the MEPS of €C-I was slightly higher than ‘@C-H, overall, in the presence of other
functional groups, it did not participate in any@ystallization experiments. The results indicate
that both hydrogethond and halogehond targets provide consistent interactions with all the

different groups o€o-formers.

65



3.5. Conclusions

1. The preferred homomeric interactions were amid¢ NAAO=C i nt er a-ethynyons i n
and ethynylH targets. The targets formed-crystals only with group 4 eformers, where in
addition to strongmided Ardideinteraction a new heteromeric interaction was observed
between amine Ml A A A p yN. Bhis studg also points out that, although the hydrogen and
iodine is far apart in the periodic table, if used in the same chemical envirahateain mimic
each otherThis structural similarity could be significant in biomedical areas as halogen bonds

are hydrophobic and lipophiliwhen compared to hydrogen bonds

2. MEPS could guide the structural preference for all homomeric ititera@nd failed co
crystallization experiments. However, MEPS could not recognize the bestaloreptor
synthon pair for heteromeric interactions of the targets with groupfdroers.
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Chapter 4 - Evaluating Hydrogen-Bond Propensity, HydrogerBond
Coordination and Hydrogen-Bond Energy as Tools for Predicting
the Outcome of Attempted Cacrystallizations

4.1. Introduction

With the prevalence oto-crystals in pharmaceutit$>4>6789101112 co.crystal prediction
methodologies that could complement the experimental screening processes are becoming highly
relevant!314151617.181920212223242526 pegpitereportsof somepredictiveapproache$?® there is

a scarcity® of systematic irdepth comparisons between different methods dowcrystal
prediction. Therefore, in this study, we aim to remedy this problem in two Whgdirstgoalis

to evaluate ttree predictiveanethodologies by comparing th@utcomes with expenental ce

crystal screening results. The secgodlis to predict which hydrogebond interactionare most

likely to drive the synthesis of etrystals for cases where crystallographic data are available. We
will examine two structure informatics mostehydrogerbond propensity (HBP) and hydrogen
bond coordination (HBC), amshe approach based on calculated hydreend energies (HBE)

In Chapter2, we explored hydrogelmond propensity as a predictive tool for 150 combinatains
targets/ ceformers which gavean accuracy of 985%.Other studies reported by Delori efai°
employed HBP on Pyrimethamine, an antimalarial drug against seven potent@amens
producing a minimum of 78% accuracy. Given the higlability of HBP, it was selected as
Methodology 1 in this study.

The second method examined in this stisdyydrogenbondcoordination (HBC}*. HBC is the
probability of observing a 0,1,2 or 3 coordination tn@m(CN) between hydrogenrbonddonor

and an acceptor; contrary to HBP, which is the probability of formation of only one bond. Since,
the chances of forming a -@oystal, are highly dependent on the presence ohlgdyogenbond
donors and acceptors gteaunderstanding of such interactiossessential for selecting €o
formers.

Electrostatics play an integral parttiydrogerbondng,3! and thereforean electrostatic based
method was used to obtaigdrogenbond energyHIBE), as the third methodology. Tmeaxima

and minima bthe molecular electrostatic potensairfaceMEPS) wer e combi ned wi t

parameter®!*to detemine HBE3%S of key hydrogenbondinteractions.
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The three methodologies weestedon Nevirapine and Qiofenac, two known drugs usedra®- n

nucl eoside reverseamndameosoaostendsdmmatamtdby t 6ios m
r e s p e ¥ iThese lagive pharmaceutical ingredients (ARis)eselected because they jare

(i) relatively small and (ii) have limited conformational flexibilityFigure 4.1. We utilized

previously published experimental data from systematicrgstal screens of Nevirapitteagainst

fourteen ceformers and of Diclofendtagainst sixteen ctormers, Figuret.1.
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Figure 4.1. (a) Nevirapine; (b) Diclofenac;

c) co-formersscreenedgainst Nevirapineandd) co-formersscreenecgainst Diclofenac

We usel HBP, HBC, and HBE approaches to predict thegstallization outcomes followed by
predicting which homomeric or heteromeric interactions will most likely prevail for Nevirapine
and Diclofenac in combinations with 14 and 16faoners respectively. Thegdicted outcomes

werecompared with the experimental results to determine if one method is better than the other.
Figure4.2. summarizes the outline of this study.
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Figure 4.2. Outline of this study.

This study will address the following questions:

1. Which method provides a better accuracy in predictirgrgstallization outcomes?

2. Can the methods predict themary hydrogerbondinteractions that drive the aoystal
synthesis correctly?

4.2. Prediction studies

4.2.1. Hydrogerbond propensity (HBP)

The CSD contains a large amount of structural information which can be used in a statistical model
to provide valuable insights about existing hydregend interactions. The hydrogdmond
propensity (HBP) is the probability of formation of an interaction based on defined functional
groups and fitting data?%3637.3029,

Figure4.3 lists the defined functional groups of Nevirapine, and Diclofenac. All the calculations
were done in Mercury 5.40, 2019 (updated on May 287894,

=y Nevirapine Diclofenac

To

C JZNH, T4
= - =" c
'h‘\ - -

OH,

Figure 4.3. Functional groups defined for Nevirapine (left) and Diclofenac (right).
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When the API and cformer are combinedn a solution there will be a balance between
homomeric interactions (intermolecular interactionsween APA ARl and cef or mer AAAc o
former) andheteromeric interaction (ARIAo&ormer). Using HBP, wealculateda Dyropensityto

establish which interactions prevdhropensi? OWwasdeemed aa i Y E S-orystallation.e.
heteromerichydrogenbonds dominate) Doropensity<O deemed aa fi N O ocrystadlizatoawith

homomerichydrogenbonds being more likehschemed.1.

/ 7 \ f mﬁ{/ \
W N 0.27
\N = " \ o H{ o
~ N Homomeric g 7 -~ ﬁ/@
L~ A interactions 032 J SN
N A N % L /O"’ k A )
\ — .
" Heteromeric ————— —\
— _ N
Nevirapine ( 2 A interactions ) // \\J/
A — LA
K / 0.49
. J
Homomeric 4 A —
o o 0 f \ \
)J\/U\ interactions UH"’WW—— N 031
"o o ——9 olH————o/ 0 \ N/ N / — <”
Co-former A A
0.43 N
- J - J

Doropensty = (A-B)pest G(A-A) pest
=0.49¢0.43=0.06

Schemed.1. Approach for calculating HBP for Nevirapine amelonic acid.

4.2.2. Hydrogerbond coordination (HBC)

Hydrogenbond coordination (HBC) is the probability of observing a coordination number for any
given hydrogerbond donor and acceptor atom. The coordination number (CN) is defined as the
number of ingratomic hydrogeionds formed between a donor and an acc&piGontrary to

HBP, which is the probabil of formation of one bond, HBC gives the probability of formation

of 0,1,2and3 CNs by a given donor/ acceptor. The CN with the highest probability corresponds

to the most optimal hydrogedsond interaction.
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HBC wascalculated foeachcombinationof an APl anda co-former. The highest donor CN was

mat ched with the highest acceptor CN betweer
f o r me-fodnBriteselect the most optimal homomeric interaction, ScHehfbighlighted in

green). Using HBC to predict if a @ystal was formed, the highest CN of a donor was paired

with the highest CN of an acceptor between APl antbooer, Scheme 4.2 (highlighted in red).

If this donoracceptor pair was heteromeric, itwaas s i g n e d -Grystali&ationt amd ifato

was homomeric, then i<xrystalizatonassi gned as ANOO t
06
4
HN 26 24
[o] (o]
o) AN
LASAZ o
18 A 9
Homomeric interactions (APl AAA
Atom (D/A) =0 =1 =2 =3
N4 (D) 0.30 0.69 0.00 0.00
N18 (A) 0.87 0.11 0.01 0.00
N9 (A) 0.88 0.11 0.01 0.00
06 (A) 0.28 0.68 0.04 0.00
Homomeric interactions (eb o r me -fondrA ¢ o
025 (D) 0.00 0.95 0.05 0.00
027 (D) 0.00 0.95 0.05 0.00
024 (A) 0.49 0.47 0.03 0.00
025 (A) 0.91 0.09 0.00 0.00
026 (A) 0.49 0.47 0.03 0.00
027 (A) 0.91 0.09 0.00 0.00

Schemed.2. Approach for calculating HBC for Nevirapine and malonic acid

(D: hydrogerbond donor, A: hydrogehond acceptor; green: homomeric interactions, red:
heteromeg interaction)

In Scheme 4.2, HBC predicted the most likely hydregend coordination between acceptor
(O=C) of Nevirapine and donor (@) o f mal oni ¢c aci d; therefor e,

crystallization.
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4.2.3. Hydrogerbondenergy (HBE)

HBEwas <calcul ated wusing molecul ar el ectrostat
parameters. MEPs were calculated using density functional theory (B3LYPL46-G™ in

vacuum) as implemented in SpafiaghVersion 1.1.¢}. The maximeof the MEP$® were used to
calculatea (hydrogenbond donor)following eq.4.1; similarly, eq.4.2 was applied to calculate

b (hydrogenbond acceptor) usindgpé minimain the MEPs We calculated the interacti@mergy

between the donor (highesj and acceptor (higheb) implementing eq.4.3. Only conventional
hydrogenbonds donors (NH, O-H) and acceptors (O=C, pyridine/pyrimidine/ pyrazihlewere

included.

U= 0.0000162MEPmax? + 0.00962MEPmax Equation 4.1
b = 0.000146MEPmin 21 0.00930MEPmin Equation 4.2.

Equation 4.3.

TheDE was calculateddy subtracting the homomeric interactions (ARAR and ceformerd AoA
former) from theheteromeric interactions (ARI&oformer).DE2 0 was assi gned a i)
crystallization (dominant heteromeric interactio®, <0 a s s i g n eadlystallizaioN O0 t o

(favoring homomeric interactions), Schema.
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Schemed.3. Approach for calculating HBE methodology for Nevirapine aradonicacid.

(DE and E irkJ/mol)

4.3. Results

4.3.1.Predictive outcomes of HBP, HBC, and HBE N@avirapine

Based on Schemé1. the HBP values of homomeric, heteromeric 8pdpensity Values were

calculated and summarized in TaBlé. for Nevirapine and 14 gormers.

Table 4.1. Hydrogenbond propensity (HBP) calculations ME&virapine in combination with 14

co-formers.
Coformers Homomeric interactions| Heteromeric interactions D=uHetero-Homal
4-Hydroxybenzoic acid 0.28 0.43 0.15
Benzoic acid 0.29 0.39 0.1
Cinnamic acid 0.33 0.4 0.07
Citric acid 0.32 0.44 0.12
Ferulicacid 0.34 0.42 0.08
Gallic acid 0.27 0.44 0.17
Glutaric acid 0.37 0.48 0.11
Hippuric acid 0.34 0.39 0.05
Maleic acid 0.37 0.43 0.06
Malonic acid 0.43 0.49 0.06
Mandelic acid 0.29 0.4 0.11
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Oxalic acid 0.25 0.28 0.03
Tartaric acid 0.37 0.44 0.07
Urea 0.98 0.93 -0.05

The HBC calculation is dependent on conventional hydrdgen donors and acceptors.
Therefore, we divided the dormers into two groups aliphatic and aromatics adg#sel on
Schemed.2. the HBC values were calculated for Nevirapine and ifémoers.

Table 4.2. Hydrogenbond coordination (HBC) calculations of Nevirapine in combination with 14
co-formers.

Aromatic acids

o 28 29
4 o OH

Homomeric interactions (ARTTAPI)

Atom (D/A) =0 =1 =2 =3
N4 (D) 0.51 0.49 0.00 0.00
N18 (A) 0.90 0.09 0.01 0.00
N9 (A) 0.90 0.09 0.01 0.00
06 (A) 0.29 0.67 0.04 0.00

Homomeric interactions (eformeff{fco-former)
029 (D) 0.01 0.95 0.04 0.00
028 (A) 0.45 0.51 0.03 0.00
029 (A) 0.93 0.07 0.00 0.00

Aliphatic acids

PO G S
L A

Homomeric interactions (ARTTAPI)

Atom (D/A) =0 =1 =2 =3
N4 (D) 0.51 0.49 0.00 0.00
N18 (A) 0.91 0.08 0.01 0.00
N9 (A) 0.91 0.08 0.01 0.00
06 (A) 0.32 0.64 0.03 0.00

Homomeric interactions (eformetffico-former)
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027 (D) 0.00 0.95 0.04 0.00
029 (D) 0.00 0.95 0.04 0.00
026 (A) 0.50 0.47 0.03 0.00
027 (A) 0.93 0.07 0.00 0.00
028 (A) 0.49 0.47 0.03 0.00
029 (A) 0.91 0.07 0.03 0.00

Highlighted in green are the most optimal homomeric interactions predicted by HBC, in red are
the most optimal heteromeric interactions. In both aliphatic and aromatic acids in combination
with Nevirapine, donor (OH) of acid and apter (O=C) of Nevirapine was the most optimal
interaction, which waystaldationmed as a AYESO to
Table 4.3. summarizes the homomeric, heteromeric BRdvalues of Nevirapine and 14 -co

formers.

Table 4.3. Hydrogenbond energy (HBE) calculations of Nevirapine in combination with 4 co
formers.

Coformers Homomeric interactions| Heteromeric interactions| D=HeteroHomo kJ/ mol)
4-Hydroxybenzoic acid 28.29 28.64 0.35
Benzoic acid 16.56 16.90 0.36
Cinnamic acid 17.95 17.93 -0.02
Citric acid 28.00 35.05 7.05
Ferulic acid 21.97 27.00 5.03
Gallic acid 28.07 38.60 10.53
Glutaric acid 24.41 27.31 2.91
Hippuric acid 30.91 33.09 2.18
Maleic acid 18.69 21.56 2.87
Malonic acid 24.23 29.19 4.96
Mandelic acid 20.56 24.50 3.94
Oxalic acid 19.63 30.98 11.35
Tartaric acid 21.34 39.4 18.06
Urea 3251 48.47 15.96

4.3.2.Predictive outcomes of HBP, HBC, and HBE foclofenac

The HBP values of homomeric, heteromeric Biehensinpwas calculated and summarized in Table

4.4. for Diclofenac and 16 emrmers.
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Table 4.4. Hydrogenbond propensity (HBP) calculations of Diclofenac in combination with 16
co-formers.

Coformers Homomeric Heteromeric D=Hetero
interactions interactions Homo
2-Amino-3,5-dibromopyridine 0.73 0.82 0.09
2-Amino-4-chloro-6-methylpyrimidine 0.82 0.82 0
2-Amino-4-hydroxy-6-methylpyrimidine 0.81 0.83 0.02
2-Amino4,6-dimethylpyrimidine 0.76 0.81 0.05
2-Amina-5-chloropyridine 0.69 0.81 0.12
2-Aminopyridine 0.69 0.82 0.13
2-Aminopyrimidine 0.82 0.71 -0.11
2-Chloropyrimidine 0.51 0.55 0.04
3-Aminopyridine 0.87 0.64 -0.23
3-Hydroxypyridine 0.73 0.75 0.02
3,5-Dimethyt4-chloropyrazole 0.37 0.32 -0.05
3,5Dimethylpyrazole 0.36 0.3 -0.06
4-Bromopyraole 0.52 0.45 -0.07
4-Chlore2,6-diaminopyrimidine 0.81 0.78 -0.03
4-lodo-3,5-dimethylpyrazole 0.41 0.32 -0.09
4-lodopyrazole 0.69 0.64 -0.05
Pyrazole 0.56 0.53 -0.03

Based on Schemd.2. the HBCvalues of Diclofenac were calculated. Thefemmers for

Diclofenac can be divided into three categories pyridine, pyrimidine and pyrazole

Table 4.5. Hydrogenbond coordination (HBC) calculations of Diclaf in combination with 16
co-formers.

Pyridine group of cdormers

o]
9
Cl OH 6
7 N

H
N |
19 \
cl NH,

8

Homomeric interactions (API AAA
Atom (D/A) =0 =1 =2 =3
N19 (D) 0.43 0.56 0.00 0.00
09 (D) 0.10 0.87 0.03 0.00
N19 (A) 1.0 0.00 0.00 0.00
0l1 (A) 0.01 0.52 0.45 0.02
09 (A) 0.93 0.07 0.00 0.00
Homomeric interactions (eformerd co-former)
N8 (D) | 0.02 0.30 | 0.60 | 0.08
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N6 (A) 0.03 0.81 0.16 0.00
N8 (A) 0.98 0.02 0.00 0.00
Pyrimidine group of cdormers

o
9
Cl ) OH K\N(,
c N,
Homomerici nt er acti ons (API AAAAPI)
Atom (D/A) =0 =1 =2 =3
N20 (D) 0.38 0.61 0.01 0.00
09 (D) 0.04 0.93 0.03 0.00
N19 (A) 1.0 0.00 0.00 0.00
0l1 (A) 0.95 0.05 0.00 0.02
09 (A) 0.08 0.73 0.18 0.01
Homomeric interactions (eformer®d co-former)
N9 (D) 0.01 0.19 0.73 0.07
N6 (A) 0.17 0.79 0.03 0.00
N9 (A) 0.98 0.02 0.03 0.00
N2 (A) 0.16 0.80 0.03 0.00
Pyrazole group of cformers
o
cl 0:-’!
y 1
19 NH
Homomeric interactions (API AAA
Atom (D/A) =0 =1 =2 =3
N19 (D) 0.41 0.58 0.01 0.00
09 (D) 0.09 0.88 0.03 0.00
N19 (A) 1.0 0.00 0.00 0.00
011 (A) 0.01 0.56 0.41 0.02
09 (A) 0.93 0.07 0.00 0.00
Homomeric interactions (eformerd co-former)

N1 (D) 0.01 0.82 0.16 0.00
N2 (A) 0.09 0.91 0.00 0.00

Highlighted in green are the most optimal homomeric interactions predicted by HBC, in red are

the most optimal heteromeric interactions. In all instances, donor (OH) of Diclofenac and the
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acceptor (pyridine/ pyrimidine/ pyrazel) of coformer was the masptimal interaction. Hence,
HBC predicted Diclofenac to ecrystallize with all the 16 cformers.

Using Schemd.3. we calculated HBE values for Diclofenac, summarized in 7able

Table 4.6. Hydrogenbond energy (HBE) calculations of Diclofenac in combination with 16 co
formers.

Coformers Homomeric Heteromeric D=Heterc
interactions interactions Homo
KJ/ mol
2-Amino-3,5-dibromopyridine 12.15 12.74 0.59
2-Amino-4-chloro-6-methylpyrimidine 17.60 17.60 0.00
2-Amino-4-hydroxy-6-methylpyrimidine 19.95 19.97 0.027
2-Amino4,6-dimethylpyrimidine 18.35 18.37 0.02
2-Amino-5-chloropyridine 14.50 15.20 0.70
2-Aminopyridine 16.18 17.57 1.39
2-Aminopyrimidine 18.29 18.28 -0.01
2-Chloropyrimidine 14.50 15.20 0.70
3-Aminopyridine 19.73 22.07 2.34
3-Hydroxypyridine 21.41 21.10 -0.31
3,5-Dimethyt4-chloropyrazole 20.67 21.83 1.17
3,5-Dimethylpyrazole 20.67 21.83 1.17
4-Bromopyraole 19.75 20.12 0.37
4-Chloroe2,6-diaminopyrimidine 20.13 19.40 -0.72
4-lodo-3,5-dimethylpyrazole 20.67 21.83 1.17
4-lodopyrazole 19.75 20.12 0.37
Pyrazole 19.75 20.12 0.37

4.4. Discussions

4.4.1. Experimental cecrystal screening results vs. prediction outcomes

Table4.7. summarizes the results of the experimesgalrystal screen as well as the results from
the three different methods that were employed in order to predict whetherystad would form

when Newviaping® was combined with fourteerodormers
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Table 4.7. Experimental and HBP, HBC, and HBE data for attemptecrystallizations targeting
Nevirapine.

Nevirapine Exp. HBP HBC HBE
4-Hydroxybenzoic acid Yes Yes Yes Yes
Benzoic acid Yes Yes Yes Yes
Cinnamic acid Yes Yes ves NG
Citric acid Yes Yes Yes Yes
Ferulic acid Yes Yes Yes Yes
Gallic acid Yes Yes Yes Yes
Glutaric acid Yes Yes Yes Yes
Hippuric acid Yes Yes Yes Yes
Maleic acid Yes Yes Yes Yes
Malonic aid Yes Yes Yes Yes
Mandelic acid Yes Yes Yes Yes
Oxalic acid Yes Yes Yes Yes
Tartaric acid Yes Yes Yes Yes
Urea ves  NGENNNNGEN e
Prediction match 13/14 13/14 13/14

Nevirapine delivered 14/14 positive-coystallization results. The success rate for predicting co
crystallization in the case of Nevirapine with HBP, HBC, and HBE was J8i$.indicates that
all three methods have high accurafy predicting cecrystallization outcomes.

Diclofenac, on the other hand,-coystallized with 8/16 cdormers, 2/16 formed sajtand the
rest 6/16 did notreact A salt is formed when a proton migrates from an aci@©OH to basic
pyridine acceptor. Wheas in a cearystal the proton forms ncovalent interactions with the
acceptor pyridine. However, in both casesw, heteromeric interactiomgereformed. For the two
salts observed in Diclofenac, we carried out the calculations with both neutchiaaged species.
Both the calculations yielded the same results, and therefaimilar cutoff for salt and ce
crystal were employéd

Table4.8 summarizes the results of the experirakat-crystal screen and the results from the
three different methods that were employed in order to predict whethecrgstal would form

whenDiclofenad* was combined with sixteerodormers.
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Table 4.8. Experimental and HBP, HBC, and HBE data for attemptecigstallizations targeting

Diclofenac.
Diclofenac Exp. HBP HBC HBE
2-Amino-3,5-dibromopyridine Yes Yes Yes Yes
2-Amino-4-chloro-6-methylpyrimidine Yes Yes Yes ~ No
2-Amino-4-hydroxy-6-methylpyrimidine Yes Yes ~ No Yes
2-Amino-4,6-dimethylpyrimidine Yes Yes Yes Yes
2-Amino-5-chloropyridine Yes Yes Yes Yes
2-Aminopyridine salt Yes Yes Yes
2-Aminopyrimidine Yes ~ No Yes
3-Aminopyridine salt ~ No Yes
3-Hydroxypyridine Yes Yes Yes ~ No
3,5-Dimethyt4-chloropyrazole No No ~ Yes No
3,5-Dimethylpyrazole No No ~ Yes  Yes
4-Bromopyrazole No No ~ Yes  Yes
4-Chloro-2,6-diaminopyrimidine Yes ~ No Yes ~ No
4-lodo-3,5-dimethylprazole No No ~ Yes  Yes
4-lodopyrazole No No ~ Yes  Yes
Pyrazol No o oves e
Prediction match 13/16=81% 7/16=44% | 8/16= 50%

Undoubtedly, HBP produced better predictive accuracies for Diclofenac in comparison to HBC
and HBE. Although HBP predicted Nevirapine (93%) with higher accuracy than Diclofenac
(81%). The prediction differences can be attributed to the fact that the G8iaska consists of

only positive cecrystallization results; hence vitas not surprising that the structure informatics
methodologies have a lower success rate ifigtances whereo-crystal was not formed
Calculating an overall success rate for botlviNgine and Diclofenac yielded a success rate of
87% (26/30) with HBP compared 6% (20/30) for HBC and @% (21/30) for the HBE. Clearly,
among the three methodologi@tBP shows a higher accuracy for predictingcegstallization,
Figure4.4.
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Co-crystal prediction accuracy

87%

Figure 4.4. Co-crystal prediction accuracy.

4.4.2.0bserved interactions in the crystal structuvss prediction results

We also analyzed the abilities of these methods to predict which specific hydhaun
interaction was likely to be present in the experimentally determined crystal structures (targets and
co-crystals thereof)Nevirapine has two possible homomeric interactions, synthcasdlll

wherein only one of these interactions can exist at a tBokeemet.4. HBP calculations shoed

that therewasa higher probability that synthon | will forrithe ceformers examined ithe case

of Nevirapinewere carboxylic acids (urea being the exception), and the most likely homomeric

interactionwassynthon 11

/ = /
N\ 7 0\ N -
§ N N 90 n L T\ S
1027 i S I S 1046 % 'io048 ! TN 032
WY - M 'H 00 L R Do
1 N= ._.\._. . — X
A G ¢ o ol
/
Synthon | Synthon II Synthon lII Synthon IV Synthon V

Scheme4.4. Postulated synthons of homomeric (left) and heteromeric (right) interactions and
HBPs in Nevirapine and elmrmers.
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In the crystal structure of Nevirapine synthon | wadiserved and synthon Il for cdormers

which match the predicted homomeric interaciby HBP, Figure4.5*,

- Cocrystal Co-crystal
2Nevirapine: Glutaric acid, synthon I\ Nevirapine: Citric acid, synthon IV & V

Figure 4.5. Crystal structure of nevirapine, glutaric acid (top) andystals (bottonff4344,

To achieveco-crystals,either or both synthon(s) I'hdV needs to be forme&chemet.4. HBP
predicts the formation of synthon IV (0.48) with a higher probability than synthon V (0.32).
However, to satisfy the pyridine acceptor, either synthon YV might form in addition to that of
synthon IV. Between synthondndV, HBP predictgheformation of synthon V.

There were five reported aoystal structure®f Nevirapine. In four of these structures, both
synthon IV and V were observed. Theagstal structure of glutaric acid and Nevirapine was
found to have only synthotv#*. The HBP predicted heteromeric (synthonsaiMdV, with a
higher probability for synthon 1V) and homomeric interaction (synthoasdlll) match the
experimentally observed interactiom$BP correctly predic the synthons in 5/5 reported cases
for Nevirapine.HBP fails to predict Nevirapine and urea accurately, where the homomeric
interactions of ureaverefavored over heteromeric interactions. However, experimentally; a co
crystalwasformed.

Implementing he HBC protocolfor predicting the most optimal homomeric interactioesulted

in synthon | for Nevirapine and synthon Ill fdhe co-formers. The predicted heteromeric
interactions correspond to synthon IV. HBC predicted interactions were consistenthe
experimental observations, Figut®. However, unlike HBP, HBC could not predict the presence

83



of synthon V in addition tehat ofsynthon IV. HBC also fails to determine the correct outcome
for urea.

In the case of HBE, the predicted homomenieiactions for both Nevirapine and-fmymers

agree with the experimental outcom@&ke predicted heteromeric interactiongresynthons I,

IV, and V;however experimentallywe only see synthons I&dV in the crystal structures
Diclofenac has two possible homomeric interactions, synthon VII displaying a higher HBP than
VI, Schemed.5.

/2 U NN Ny R (A
Yol W 9T T Y Yo NN
13 028F 1 ‘il (H 0.8MH, , H0.73 - H o
X = 1H . |. | . ! /O 66'
'H 0! \ | 1,0 |1 =N -0
- : L, N2 1 1
= \b _/ - 1N | I S H U /_\N_._.
YA Y/
/ _ S
Synthon VI Synthon VII Synthon VIII Synthon IX Synthon X
= — 298
- O O O
\ 7 N s e
.N_—'65£"' |0 j N 1 1 H 1 kY .
Py 11062 % 031 | | - H !
| H\ 0. H\ : i H\ : i0'57\0 - ' '\ 0.29
L Q:{.‘ w. N—= L. _N— - ! N—
/ / (0] ._../_._'
Synthon XI Synthon XII Synthon XIlI Synthon XIV  Synthon XV

Schemed.5. Postulated synthons of homomeric (top) and heteromeric (bottom) interactions and
HBPs n diclofenac and cformers.

The crystal structure of Diclofenac was found to have both synthon VI and VI, tiledeter is
an intramolecular interaction, Figu4es. The list of ceformers for Diclofenac can be divided into
two groups pyridinesand pyrimidines, and pyrazoleg.he coformers from the pyridineand
pyrimidine groups experimentally formed-coystal with Diclofenac. Synthon VIII (synthon IX
in case of shydroxy pyridine) depicts the homomeric interactions for this group dbrcoers
which, match the experimentally observed interaction.

For a heteromeric interaction to occur with pyridin@sd pyrimidines, there were three
possibilities, synthon XI, XIandXIll. HBP predicts the formation of synthon XII with a lower
probability (0.31)when compared with the other synthons. We found only one reporagstal
structure, wheiia synthons XlandXIll were observedf, Figure4.6.

84



Co-crystal
Diclofenac:2Aminopyridine, synthons XI and XIlI

Figure 4.6. Crystal structure of diclofenac;@mninopyridine (top) and eorystal (botton ®464,

The predicted homomeric interaction by HBP with the pyrazole group-fafrowers was synthon

X (0.66), and either synthon XIV (0.57) or XV (0.29) as the heteromeric interactions. Homomeric
interactions were predicted to be more dominant than heteromeric interactions, which was
consistent with the experimental observation of no ieact

In the case of HBC, homomeric interactions were correctly predicted for Diclofenac and pyridine
& pyrimidine coformers. The most optimal heteromeric interaction predicted with this group of
co-formers was synthon XI. In the reported crystal stru¢tsyathon XI was observedpwever,

unlike HBP, itfails topredict the presence of synthon XHbr the pyrazole containing-dormers,
synthon XV was found to be the most optimal interaction; although experimentally, it does not
form a cacrystal. HBC &ils to predict the correct interactions with the pyrazole groups-of co
formers.

HBE could correctly predict the homomeric and heteromeric interactions for tf@noers

containing pyridineandpyrimidines. However, for the group of-f@rmers containingyrazoles,
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HBE predicts to form synthon XV over Xyhich was not consistent with the experimentally

observed outcomes.
A comparisorof the predicted interactions with the experimentally observed results is summarized

in Table4.9.

Table 4.9. Predicted vs experimentally observed synth@regn: homomeric interactions, red:
heteromeric interactign

Co-crystal Experimental HBP HBC HBE
Nevirapine Yes IV andV IV andV \Y , IV andV
Diclofenac Yes VI, X1 andXII VI, X1 andXIl Xl VI, X1 andXIlI
(Pyridines/Pyrimidines)
Diclofenac No X X XV XV
(Pyrazoles)

HBP predicted interactiongereconsistent with the five reported crystal structures for Nevirapine
and one reported structure for Diclofenac. HBC could not predict any of the combinations
correctly, and finally, HBE could correctly predict the interactions only for Diclofenac.

The HBPprotocolwasin good agreement with the-coystallization screening outcomes, as well

as the homomeric and heteromeric interactions involved duriaogystallization. Overall, HBP
performs better than HBC and HBE protocols for Nevirapine and Diclofenac.

The information provided by HBP can be essential in narrowing #ieroters and reducing the
number of experiments. However, it is worth noting that HBP is only limited to reactions where
direct interactions betwedrydrogenrbonddonors and acceptors aneolved.

Although most studies reported to date employing HBP as a predictive methodology, examine
targets/ APIs that are rigid and have molecular weight <300 g/mol. We believe that it would be of
great interest to expand HBP tests on more flexiblatgble bonds >3) and larger (molecular

weight >300 g/mol) compounds that resentblestdrug mdeculesclosely.

4.5. Conclusions

1. Out of the three methodologies considered in this study for Nevirapine HBP, HBC arallHBE
produceda 93% success rate. However, for Diclofenac HBP results outperformed HBC and
HBE. The results from the three methodologies and their success rates are summarized in Table
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4.10.

Table 4.10. Successates for predicting the ecrystal formation of Nevirapine and Diclofenac.

HBP 13/14=93%
Nevirapine HBC 13/14= 93%
HBE 13/14=93%
HBP 13/16=81%
Diclofenac HBC 9/16= 56%
HBE 10/16= 63%

2. The homomeric and heteromeric interactions predicted by HBP matched the experimental

interactions in all the 6 cases; HBC could not correctly predict in any of the instances and HBE

prediction matched in only one case.

The success of HBP in mheting cocrystallization and theanost likely synthon formation

outperforms the results obtained from HBC and HBE. The reliability of HBP is significant and

critical in drug design as it requires minimum time and resources to complement the experimental
trials>23,

(1)

)
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(4)

4.6. References

Whnek, G. E. Structuid’roperty Relationships of Small Organic Molecules as a Prelude to
the Teaching of Polymer Sciencel. Chem. Educ.2017 94 (11), 16471654.
https://doi.org/10.1021/acs.jchemed.6b00747.

Li, S.; Yu, T.; Tian, Y.; McCoy, C. P.; Jones, D. S.; Andrews, G. P. Mechanochemical
Synthesis of Pharmaceutical Cocrystal Suspensions via Hot Melt Extrusion: Feasibility
Studies and Physbchemical CharacterizatioMol. Pharmaceutic2016 13 (9), 3054

3068. https://doi.org/10.1021/acs.molpharmaceut.6b00134.

Gadade, D. D.; Pekamwar, S. S. Pharmaceutical Cocrystals: Regulatory and Strategic
Aspects, Design and Developmenfdv Pharm BII 2016 6 (4), 479494.
https://doi.org/10.15171/apb.2016.062.

Friglil, T. ; Jones, W. Recent Advances i
Formation via Grinding. Crystal Growth & Design 2009 9 (3), 16211637.
https://doi.org/10.1021/cg80046.

87



(5) Cherukuvada, S.; Kaur, R.; Row, T. N. G.-Cpystallization and Small Molecule Crystal
Form Diversity: From Pharmaceutical to Materials ApplicatidhiystEngComn2016 18
(44), 85288555. https://doi.org/10.1039/C6CEQ1835A.

(6) Basavoju, S.; Basdm, D.; Velaga, S. P. IndomethaicBaccharin Cocrystal: Design,
Synthesis and Preliminary Pharmaceutical Characteriz&izerm Re2008 25 (3), 530
541. https://doi.org/10.1007/s110987-93941.

(7) Surov, A. O.; Voronin, A. P.; Manin, A. N.; ManiN,. G.; Kuzmina, L. G.; Churakov, A. V.;
Perlovich, G. L. Pharmaceutical Cocrystals of Diflunisal and Diclofenac with Theophylline.
Mol. Pharmaceutic2014 11 (10), 3707 3715. https://doi.org/10.1021/mp5004652.

(8) Jones, W.; Motherwell, W. D. S.; Trask, V. Pharmaceutical Cocrystals: An Emerging
Approach to Physical Property EnhancemeWiRS Bulletin2006 31 (11), 875879.
https://doi.org/10.1557/mrs2006.206.

(9) Vishweshwar, P.; McMahon, J. A.; Bis, J. A.; Zaworotko, M. J. Pharmaceutie@rgals.
Journal of Pharmaceutical Sciences 2006 95 (3), 499 516.
https://doi.org/10.1002/jps.20578.

(10) The role of cocrystals in  pharmaceutical science  ScienceDirect
https://www.sciencedirect.com/science/article/pii/S1359644608000779?via%3Dihub
(accessed May 12, 2019).

(11) Berger, J.; Dunn, J. D.; Johnson, M. M.; Karst, K. R.; Shear, W. C. How Dru¢Clitk
Management Patent Strategies May Impact Formulary ManagehmedtManag Car2016
22 (16 Suppl), S4875495.

(12) Aakerdy, C. Is There Any Point in Making €2rystals?Acta Cryst B2015 71(4), 3871 391.
https://doi.org/10.1107/S2052520615010872.

(13) Musumeci, D.; Hunter, C. A.; Prohens, R.; Scuderi, S.; McCabé&. Virtual Cocrystal
ScreeningChem. Sci2011, 2 (5), 883. https://doi.org/10.1039/c0sc00555;.

(14) Hunter, C. A. Quantifying Intermolecular Interactions: Guidelines for the Molecular
Recognition ToolboxAngewandte Chemie International Editid@04, 43 (40), 53105324.
https://doi.org/10.1002/anie.200301739.

(15) Sandhu, B.; McLean, A.; Sinha, A. S.; Desper, J.; Sarjeant, A. A.; Vyas, S.; REd&d,

S. M.; Aakerdy, C. B. Evaluating Competing Intermolecular Interactions through Molecular

88



Electiostatic Potentials and Hydrog&wond PropensitieCrystal Growth & Desigr2018
18(1), 466 478. https://doi.org/10.1021/acs.cgd.7b01458.

(16) Blagden, N.; de Matas, M.; Gavan, P. T.; York, P. Crystal Engineering of Active
Pharmaceutical Ingredients tmprove Solubility and Dissolution Rate&dvanced Drug
Delivery Review2007 59 (7), 617 630. https://doi.org/10.1016/j.addr.2007.05.011.

(17) CruzCabeza, A. J. AcidBase Crystalline Complexes and the PKa RGligistEngComm
2012 14 (20), 6362 6365. https://doi.org/10.1039/C2CE26055G.

(18) Mohammad, M. A.; Alhalaweh, A.; Velaga, S. P. Hansen Solubility Parameter as a Tool to
Predict Cocrystal Formatiomternational Journal of Pharmaceuti@)11, 407 (1), 63 71.
https://doi.org/1Q016/j.ijpharm.2011.01.030.

(19) Macrae, C. F.; Bruno, I. J.; Chisholm, J. A.; Edgington, P. R.; McCabe, P.; Pidcock, E.;
RodriguezMonge, L.; Taylor, R.; Streek, J. van de; Wood, P. A. Mercury CSD Réw
Features for the Visualization and Investigatad Crystal Structures). Appl Cryst2008 41
(2), 466 470. https://doi.org/10.1107/S0021889807067908.

(20) Chakrabarty, R.; Mukherjee, P. S.; Stang, P. J. Supramolecular CoordinatiehsS=tibly
of Finite Two and ThreeDimensional Ensemble€hem. Rv.2011, 111(11), 68106918.
https://doi.org/10.1021/cr200077m.

(1)Aaker °y, C. B. ; Chopade, P. D. ; Desper,
Engineering with Halogen Bonds and Hydrogen Bofgstal Growth & Desigr2011, 11
(12), 53335336.https://doi.org/10.1021/cg2009013.

(22) Wood, P. A.; Feeder, N.; Furlow, M.; Galek, P. T. A.; Groom, C. R.; Pidcock, E. Knowledge
Based Approaches to &erystal Design. CrystEngComm2014 16 (26), 5839.
https://doi.org/10.1039/c4ce00316kK.

(23) Galek, PT. A.; Allen, F. H.; Fabian, L.; Feeder, N. KnowledBased HBond Prediction to
Aid Experimental Polymorph ScreeningCrystEngComm 2009 11 (12), 2634.
https://doi.org/10.1039/b910882c.

(24) Galek, P. T. A.; Chisholm, J. A.; Pidcock, E.; Wood, P. A. iegénrBond Coordination in
Organic Crystal Structures: Statistics, Predictions and Applicatidcis Crystallogr B
Struct Sci Cryst Eng Mater 2014 70 (1), 971 105.
https://doi.org/10.1107/S2052520613033003.

89



(25) Sarkar, N.; Sinha, A. S.; Aakerdy, C. B.sS&matic Investigation of Hydrogésond
Propensities for Informing GG@rystal Design and AssemblyCrystEngCommz2019
https://doi.org/10.1039/C9CE01196J.

(26) Issa, N.; Karamertzanis, P. G.; Welch, G. W. A.; Price, S. L. Can the Formation of
Pharmaceutida Cocrystals Be Computationally Predicted? |. Comparison of Lattice
Energies.  Crystal Growth & Design 2009 9 (2), 442 453.
https://doi.org/10.1021/cg800685z.

(27)Bu | a r-K.; Ldncaster, R. W.; Bernstein, J. Disappearing Polymorphs Reuvisited.
Angewandte Chemie International Edition 2015 54 (24), 69726993.
https://doi.org/10.1002/anie.201410356.

(28) Corpinot, M. K.; Stratford, S. A.; Arhangelskis, M.; Ankau f f or d, J . Hal asz .
Jones, W.-K. OmBthel Peedictabilly.of Supramoldau Interactions in Molecular
Cocrystalsi the View from the BenchCrysttngComm2016 18 (29), 54345439.
https://doi.org/10.1039/C6CE00293E.

(29) Delori, A.; Galek, P. T. A.; Pidcock, E.; Jones, W. Quantifying Hoamal Heteromolecular
Hydrogen Bonds aas Guide for Adduct Formatio€hemistryi A European Journa2012
18(22), 68356846. https://doi.org/10.1002/chem.201103129.

(30) Delori, A.; Galek, P. T. A.; Pidcock, E.; Patni, M.; Jones, W. KnowleBlgeed Hydrogen
Bond Prediction and the Synthes$ Salts and Cocrystals of the Aiialarial Drug
Pyrimethamine with Various Drug and GRAS MoleculésystEngComn2013 15 (15),

2916. https://doi.org/10.1039/c3ce26765b.

(31) Arunan, E.; Desiraju, G. R.; Klein, R. A.; Sadlej, J.; Scheiner, S.; Alkorta, I.; Clary, D. C;
Crabtree, R. H.; Dannenberg, J. J.; Hobza, P.; et al. Defining the Hydrogen Bond: An Account
(IUPAC Technical Report). Pure Appl. Chem. 2011, 83 (8), 16191636.
https://doi.org/10.1351/PAREPR10-01-01.

(32) McKenzie, J.; Feeder, N.; Hunter, C. A-Bdnd Competition Experiments in Solution and
the Solid State.  CrysttngComm 2016 18 3), 394 397.
https://doi.org/10.1039/C5CE02223A.

(33) Nalte, Y. K. Solubility Ehhancement of Nevirapine by Cocrystallisation Technidaernal
of Pharmacy Resear@015 No. 8, 6.

90



(34) Aakeroy, C. B.; Grommet, A. B.; Desper, J. -Coystal Screening of Diclofenac.
Pharmaceutic2011, 3 (3), 601 614. https://doi.org/10.3390/pharmaties3030601.

(35) Macrae, C. F.; Bruno, I. J.; Chisholm, J. A.; Edgington, P. R.; McCabe, P.; Pidcock, E.;
RodriguezMonge, L.; Taylor, R.; Streek, J. van de; Wood, P. A. Mercury CSD Réw
Features for the Visualization and Investigation of CrystaicBires.J Appl Cryst2008 41
(2), 466 470. https://doi.org/10.1107/S0021889807067908.

(36) Mapp, L. K.; Coles, S. J.; Aitipamula, S. Design of Cocrystals for Molecules with Limited
Hydrogen Bonding Functionalities: Propyphenazone as a Model SyStgstal Growth &
Design2017 17 (1), 163 174. https://doi.org/10.1021/acs.cgd.6b01399.

(37) Vologzhanina, A. V.; Sokolov, A. V.; Purygin, P. P.; Zolotarev, P. N.; Blatov, V. A.
KnowledgeBased  Approaches to -Bonding Patterns in  Heterocyele
CarbohydrazoneamidesCrystal Growth & Design 2016 16 (11), 63546362.
https://doi.org/10.1021/acs.cgb@990.

(38) Taylor, R.; Macrae, C. F. Rules Governing the Crystal Packing of Mamgd Dialcohols.
Acta Cryst B2001, 57 (6), 815 827. https://doi.org/10.1107/S010876810101360X.

(39) Bruno, 1. J.; Cole, J. C.; Edgington, P. R.; Kessler, M.; Macrae,;Gi¢Cabe, P.; Pearson,
J.; Taylor, R. New Software for Searching the Cambridge Structural Database and
Visualizing Crystal Structures. Acta Cryst B 2002 58 (3), 389397.
https://doi.org/10.1107/S0108768102003324.

(40) Macrae, C. F.; Edgington, P. R.; Mabe, P.; Pidcock, E.; Shields, G. P.; Taylor, R.; Towler,
M.; Streek, J. van de. Mercury: Visualization and Analysis of Crystal Strucfubggl Cryst
2006 39 (3), 453 457. https://doi.org/10.1107/S002188980600731X.

(41) Aakerdy, C. B.; Wijethunga, TK.; Desper, J. Molecular Electrostatic Potential Dependent
Selectivity of Hydrogen Bonding.New J. Chem. 2015 39 (2), 822828.
https://doi.org/10.1039/C4NJ01324G.

(42) Mui, P. W.; Jacober, S. P.; Hargrave, K. D.; Adams, J. Crystal Structure of Negjrapin
Non-Nucleoside Inhibitor of HIV1 Reverse Transcriptase, and Computational Alignment
with a Structurally Diverse Inhibitor.J. Med. Chem.1992 35 (1), 201 202.
https://doi.org/10.1021/jm00079a029.

91



(43) Morrison, J. D.; Robertson, J. M. 212. The @aysand Molecular Structure of Certain
Dicarboxyl i c AXutadcsAcid. P @hemn. Sac1949. No.0, 10011008.
https://doi.org/10.1039/JR9490001001.

(44) Caira, M. R.; Bourne, S. A.; Samsodien, H.; Engel, E.; Liebenberg, W.; Stieger, Nmpuca
M. Co-Crystals of the Antiretroviral Nevirapine: Crystal Structures, Thermal Analysis and
Dissolution Behaviour. CrystengComm 2012 14 (7), 2541 2551.
https://doi.org/10.1039/C2CE06507J.

(45) Aakerdy, C. B.; Grommet, A. B.; Desper, J. -Coystal Screeing of Diclofenac.
Pharmaceutic2011, 3 (3), 601 614. https://doi.org/10.3390/pharmaceutics3030601.

(46) Moser, P.; Sallmann, A.; Wiesenberg, I. Synthesis and Quantitative StrActiviy
Relationships of Diclofenac Analogs]. Med. Chem.199Q 33 (9), 2358 2368.
https://doi.org/10.1021/jm00171a008.

(47) Chao, M.; Schemp, E.; Rosenstein, R. PArinopyridine. Acta Cryst B1975 31 (12),
2922 2924. https://doi.org/10.1107/S0567740875009272.

92



Chapter 57 Evaluating the Predictive Abilities of HydrogenBond
Propensity, Molecular Complementarity, and HydrogernBond
Energy for Co-crystal Screening

5.1. Introduction

A cocrystal iscomposed ofwo (or more) differentnolecular entitiesin the samecrystal lattice

which are held together by weak nenvalentinteraction$?3. The design and synthesis of-co

crystak can be used as a modular approach to develop new matatiatdesirable properties in

various field4>678910111213 pharmaceutical eorystal$*'® are of particular importance wherein

the target compound, the active phar-imacmet d ca
that is intended to impart optimal physical properties without loss of biological acAiltitpugh

various pranising strategies have been developed to synthesizeystals,many challengestill

remain The rational design of eorystals have usually been based on supramolecular
synthon®171819  gqupstantial experimental and theoretical studies have beeducted ér

relatively strong interactionsuch as hydrogen bondirtdowever, recent studigdsy Ka ¥ mi er c z a
and Katrusiak®?!, found that there areD450 organic structures in the CSD that contain no
intermolecular contagshorter than the sum of vdw rgdiioc a | | e d crysthlo 0 s e 0

The question of what determines the packing of the molecules in a specific way in crystal structures

is therefore of great research interest inccoy st al | i zati on. The f#Aprin
pioneered by Kitaigorodsk$; recognizes that molecules are packed in such a way that there is
minimum void between them whereet "projections™” of one molecule getarthe "hollows" of

adjacent moleculegs a dovetail fashion, Figure 5.1.

\3

S

Figure 5.1. Close packing principle.
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Applying Kitaigorodskyés principle on a bi
components should have comparable size, shape, and charge distribution which wouldaesult in
densestructure with minimum volumeThese characteristics were later referred to as molecular
and crystal isostructurality.

Hence the goal of this study is to evaluate Molecular ComplemertdM¢) a shape and size
dependent approach for predicting-agstallization. Secondly, to bring forward MC in
comparisof***to other appaches (based on hydrogen bonding) to identify the most reliable tool
for predicting cecrystallization screening outcomes.

MC is dependent on three shape descriptors and two petasgd descriptof® It is based on a
box model of crystal packingith threeunequal dimensionsherel > m > sin the model Figure

5.27,

large axis (1)

medium axis (
> hort axis (s)

Figure 5.2. Box model with three unequal dimensions.

In Chapter 3we examined prediction earacies ohydrogenrbond propensityBP), hydrogen
bond coordinationHBC), andhydrogerbond energyHIBE) for the cacrystal synthesis on small
(molecular weight 18@00 g/mol) and rigid compoundghe results from the study ranked their
predictive caphilities as HBP> HBE> HB&2°3031 Therefore, in this study, we used HBP and
HBE approaches in combination with MC.

The three predictive methodologies weraployed on seven APIs in combination with 42 co
formers on the GRAS (generally regarded as ¥lie), Table5.1. The targets used in this study
have a higher molecular weight (4600 g/mol) and are more flexible (rotatable bonds greater
than 3), compared to those that were examined in ChapfelSi@ce lhe average molecular weight

of organic structureseported in CSD is ~400 g/nidit will be interesting to investigate HBP and
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MC on compoundsvith a higher molecular weighThe APIs and are labeled T-1T17, Figure

5.3.
k — 0 N:{ ’ o
" T3

7
AN
T12 T14
. MW=441g/ mol MW= 605 g/mol M.W=460 g/mol
o L
N o = ’ ‘ \N( “ N AN 4//©/\T \ o
IO T I ~
~ Iy

T15

] 6 T17
\'\" W= 451 ¢/mol MW= 460 g/mol M W= 435 g/mol /

Figure 5.3. APIs of interest.

Table 5.1.. Selected GRAS list ctormers.

3-Hydroxy-2-naphthoic acid EDTA L-Proline Pamoic acid
4-Hydroxybenzoic acid Folic acid L-Serine Phosphoric acid
Adipic acid Fumaric acid L-Tartaricacid Piperazine
Apigenin Glutaric acid Maleic acid Riboflavin
Benzenesulfonic acid Glycine Malic acid Saccharin
Benzoic acid Glycolic acid Malonic acid Salicylic acid
Caffeine Hydrocinnamic acid Maltitol Sorbic acid
Cholic acid Isonicotinamide Mannitol Succinic acid
Citric acid L-Glutamic acid Nicotinamide Theophylline
D-glucuronic acid L-Mandelic acid Oxalic acid Urea
Xanthine

Figure5.4 shows a road map of this study. The predictions were compared with the experimental
data todetermine the relative accuracies of the different models.
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Figure 5.4. Road map of this study.

This study is carried out to answer the following questions:

1. Can HBP and HBE predict-avystallization outcomes?

2. Can MC predict carystallization outcomes?

3. Will the individual or combination of the methodologies provide a better accuracy?

5.2. Co-crystal screening

GRAS list coformers were purchased from Aldrich, Fischend Oakwood and was used as
received.To measure the elting points the FischerJohns melting point apparatwss usedeT-
IR spectra othe AP| co-former, and potential carystak were analyzed using Nicolet 380 £T

IR spectrometeapplyingan attenuated total reflection (ATR) technique and ZnSe as the crystal.

5.2.1. Experimental carystal screening

Liquid assisted grinding experiments were done wigAPIs in combination withd2 GRAS list
co-formers @94 co-crystal experiments). Thargetand ceformer were added ial:1 molarratio

to a spotting plate with a few drops of methanol. The mixture wasdfor 30-40 seconds or
until the solvent wasompletely evaporatedvhich resultedn a solid or a gludike material.
Eventually, IR spectroscopy was carried outléterminaf the ground mixture consists of peaks

from both the starting materials and consequently if there was any shift in ticbedreA shift

greaterthadcmtinthelRpeaks was | ab edrystalizatiosand domsiStént peaks ¢ o

were | abel e drystabizatioddO0 t o co
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5.2.2. Predicting cecrystallization using hydrogebond propensity (HBP)

When HBP is applied to an ARInd a ceformer of interest>36373839 there are two possible
outcomes; higher HBP value for a hydrogend motif betweera ) A P-forfnérAar b)

APl AAAARfl o ramedfofodoATo aletermine which motif will prevail, we calculated a

Dhgp (HBPaP | Abrkerd HBP AP 1 AAAABT metodndh dfdDP2 0, 1t was assigned &
co-crystallization, and iDhep<O, 1t was assi gerydgallizasbos. a fANOO t o c

See sectioR.2.3. for detailed description of hydrogémmnd propensity calculations.

5.2.3. Predicting cecrystallization using hydrogebond energy (HBE)

The same approach as HBP was appliecereitwe calculated BE (HBEap | Aikerd HBE
API AAAABt mecodndh fDE2 0, it was assi g-aystdlizaien arad, DEXEES O t o
it was a-criistdiixatiort’. See seation.2.3. for detailed description on hydrogeond

energy calculations.

5.2.4. Predictingco-crystallization using molecular complementarity (MC)

MC is a knowledgdased predictive tool available in Mercury. In the default settings, MC is based

on three shape descriptorsg&s, S/L axis, and M/L axis) and two polarity descriptors (fraction

of nitrogen and oxygen, and dipole moméht) Each descri ptor has a c¢ri
FAI'L. o A fBpaelSto the formaten of a ©or y st al and AFAI LO
reactiort®42, Overall it predicts the formation of a-coystal if and only if all five descriptors

ex hi bi t MCinfdefalsssttings offereareliability of 27-70%

Since the accuracy produced by default MC was very low,inwestigatedthe descriptor
relationships and their significandggure5.5 shows the correlation coefficients of the descriptors,

where gpositive sign indicates a higher significartbeFabian?3, proposed that althougdfraction

of polar volumgFPV) has ahigher positive correlation coefficient thafraction of nitrogen and

oxygen(FNO), FPV could be replaced by FN®the calculationgs areasieralternative.
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Descriptor Descriptor p r

(molecule 1) (molecule 2)

FPV FPV 0.41 0.37
a—
Dipole Dipole 0.39 0.28

SIM S/M 0.38 0.38

M/L M/L 0.38 0.41

PV FFPV 0.35 0.27

APV FFPV -0.34 -0.32

ASAN Dplu -0.32 -0.29

PV APV -0.31 -0.28

ASAN Davg -0.31 -0.27

FNO FNO 0.31 0.30

AN YV o R —
ASAN FASAP_P -0.31 -0.28

ASAN gHnicx -0.30 -0.33

ASAN HBD2 -0.30 -0.27

ASAN Aavg+Davg -0.30 -0.28

ASAN HBDI -0.30 -0.29

Figure 5.5. Molecular descriptors and their significafte

In order b investigate if the replacement of FPV with FNO affects M@ success rate, we
included FPV in the calculationoreover, Polar Volume (PV) also displayed a positive
correlation and was therefore, included as a desciiptbe updated/modified calculatians

ate the

To cal cul

Apol armes,0d utmea dinfdf dirf @ rmtc t 9 ouwnr
the volume of the elementabeled assourceld® a n dourée2d™, respectively, Tabl6.2. Both

FPV and PV were calculated for 42-faymers and seven APIs. The difference between source 1

and 2 is thasource 1 neglects hydrogen atoms, whereas, in source 2, the volume of the elements

is dependent on the number of neighboring hydrogen atoms.

Table 5.2. Numerical values of volumes of elements used in calonsitfrom two different
sources.

Source 1 Atomic volume
Volume of N 17.3 cni/ mol
Volume of O 14.0 cni/ mol
Volume of S 15.5 cni/ mol
Volume of C 4.58 cni/ mol
Volume of F 17.1 cn?/ mol
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Source 2

0@21) | 0o | 0(2.0) N(3,0) N(3,1) N(2,0) N(3,2)
15.764 & | 13.9358 | 12,5128 | 9.944% | 18.148% | 13.3248 | 24.643R

C@B0) | C®1 | Cc®3 C(4,2) C(3,1) C(4,0) S(4,0) P(4,0)
12.119R | 18.138 | 33.4688 | 24.4008 | 21.028 | 10.286%& | 17.5318 | 22.161R

By carefully modif/ing the MC settings from five descriptors to seven descriptbesaccuracy
range increased to 884% across the seven APTable5.3. The results from the modified settings
were more consistent than the default for the APIs examined in this Attatgl of 1050,000 data
points wasanalyzed to introduce an updated and modified MC setthgetailed instruction on

how to implement the sevatescriptor settings for MC is provided in Appendix

Table 5.3. Default vs. modified combinations of descriptor settings for MC calculations.

Default Settings

S-axis FNO
Modified Settings

Dipole Moment Magnitude

M/L axis ratio | S/L axis ratio Dipole Moment Magnitudg

FNO | PV | FPV

M/L axis ratio | S/L axis ratio| S-axis

5.3. Results

5.3.1. Experimental corystallization

The solvent assisted grinding experiments were analyzed using IR spectroscopy. See section 2.3.1

for detailed description. Tabi4. summarizes the experimental screening results.
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Table 5.4. Experimental grinding results for seven targets against 42 potenfiadroers.

T11 T12 T13 T14 T15 T16 T17
IR data 2228,1774, 1626, 1569, 1771, 1680, 1648, 1582, 1665, 1588, 1566, 1513, 1702, 1685,
1717, 1660 1452, 1434 1580, 1560 1482, 1441 1505, 1463 1480, 1422 1603, 1532
Co-former Ground Ground Ground Ground Ground Ground Ground
Mixture Mixture Mixture Mixture Mixture Mixture Mixture
2228, 153, 1646, 1619, 1770, 1679, 1698, 1581, 1666, 1589, 1573, 1514, 1701, 1685,
3-Hydroxy2-naphthoic acid 1696,1540 1580, 1437 1579, 1559 1513, 1483 1507, 1464 1481, 1420 1603, 1532
1655, 1626, 1597, 1513 Yes Yes No Yes No Yes No
2228, 1775, 1668, 163, 1760, 1679, 1690, 1581, 1666, 1588, 1565, 1513, 1700, 1684,
4-Hydroxybenzoic acid 1714, 1591 157, 1433 1579, 1557 1483, 145 1507, 1469 1480, 1422 1624, 1596
1667, 1605, 1592, 1509 No No Yes No No No No
2228, 185, 1701, 1641, 1763, 1680, 1645, 1565, 1667, 1588, 1579, 1553, 1700, 1684,
Adipic acid 1689, 1521 1599, 1574 1579, 1556 1484, 1433 1505, 1423 1482, 1422 1624, 1596
1683, 1461, 1426, 1407 Yes Yes Yes Yes No Yes No
2228, 1775, 1648, 1602, 1645, 160, 1649, 1604, 1649,1611, 1648, 1601, 1708, 1687,
Apigenin 1714, 1591 1555, 1491 1573, 1553 1575, 1554 1589, 1577 1553, 1498 1650, 1605
1649, 1604, 1586, 1554 No No Yes No No Yes Yes
2222, 1776, 1640, 1577, 1786, 1637, 1658, 1566, 1666, 1588, 1619, 1566, 1710, 1660,
Benzenesulfonic acid 1696, 1539 1455, 1435 1577, 1557 1483, 1436 1507, 1463 1485, 1457 1630, 1550
1663, 1445, 1092, 1031 Yes Yes Yes Yes Yes Yes Yes
1774, 116, 1770, 1602, 1761, 1686, 1648, 1568, 1666, 1588, 1565, 1543, 1684,1599,
Benzoic acid 1623, 1601 1596 1450 1578, 1502 1484, 1445 1504, 1426 1515, 1482 1532, 1467
1677, 1602, 1581, 1452 No No Yes No No No Yes
2227, 1775, 1694, 1648, 1693, 1651, 1692, 1659, 1698, 1675, 1697, 1652, 1696, 1655,
Caffeine 1694, 1649 1599, 1546 1636, 1546 1644, 1544 1587, 1505 1566, 1512 1597, 1532
1694, 1639, 1545, 1454 No No Yes No Yes Yes No
2228, 1774, 1716, 163, 1770, 1683, 1648, 183, 1666, 1587, 1562, 1511, 1701, 1685,
Cholic acid 1717, 1578 1599, 1574 1578, 1498 1287, 1176 1506, 1464 1481, 1425 1603, 1532
1712, 1247, 1090, 1077 No No No No No No No
2228, 1691, 1726, 1641, 1711, 1654, 1721, 1643, 1666, 1588, 1563, 1512, 1702, 1684,
Citric acid 1539, 1392 1623, 1600 1579, 1559 1558, 1485 1505, 1463 1480, 1421 1602, 1531
1741, 1691, 1425, 1391 Yes Yes Yes Yes No No Yes
1702, 1458, 1701, 1458, 1702, 1579, 1704, 184, 1713, 16®, 1712, 1566, 1702, 1685,
D-Glucuronic acid 1346, 1254 1363, 1346 1489, 1460 1446, 1341 1587, 1507 1513, 1481 1603, 1532
1703, 1456, 1362, 1347 No No No No Yes Yes No
1687, 1411, 1687, 1629, 1690, 1413, 1690, 1585, 1669, 1505, 1700, 1558, 1690, 1603,
EDTA 1388, 1341 1440, 1407 1385, 1310 1440, 1412 1410, 1310 1513, 1480 1533, 1468
1690, 1412, 1386, 1309 No No No No Yes Yes No
2228, 1706, 1668, 1629, 1681, 1606, 1678, 1649, 1666,1590, 1694, 1565, 1701, 1686,
Folic acid 1604, 1508 1651, 1631 1577, 1498 1601, 1569 1507, 1406 1514, 1482 1602, 1533
1688, 1602, 1481, 1451 Yes Yes Yes Yes Yes Yes No
2228, 16, 1630, 157, 1770, 1682, 1650, 1405, 1666, 1589, 1695, 1584, 1701, 1685,
Fumaric acid 1559 1420 1460, 1435 1579, 1502 1272, 1230 1506, 1466 1563, 1523 1624, 1604
1653, 1406, 1315, 1270 No No No No No Yes No
2230, 1775, 1637, 1616, 1763, 1672, 1658, 1564, 1666, 1587, 1565, 1511, 1702, 1685,
Gentisic acid 1697, 1612 1603, 1575 1579, 1500 1482, 1438 1573, 1506 1482, 1418 1602,1532
1662, 1620, 1592, 1437 Yes Yes Yes Yes No No No
2228, 1695, 1706, 1642, 1762, 1700, 1706, 1644, 1694, 1667, 1561, 1514, 1685, 1603,
Glutaric acid 1540, 1392 1575, 1456 1682, 1578 1561, 1485 1587, 1507 1478, 1421 1532, 1466
1682, 1466, 1430, 1406 Yes Yes Yes Yes No No No
1577, 1502, 1610, 1572, 1579, 1497, 1577, 1980, 1682, 1667, 1563, 1510, 1702, 1686,
Glycine 1405, 1330 1502, 1405 1404, 1330 1498, 1404 1588, 1572 1481, 1420 1603, 1532
1607, 15771500, 1441 No No No No No No No
2230, 1695, 1727, 1625, 1759, 1676, 1728, 1647, 1731, 1885, 1734, 1625, 1702, 1685,
Glycolic acid 1538, 1488 1577, 1434 1578, 1560 1565, 1484 1587, 1505 1565, 1512 1603, 1532
1701, 1428, 1226, 1081 Yes Yes No Yes Yes Yes No
2228, 1772, 1693 1639, 1766, 1703, 1649, 183, 1666, 1588, 1707, 1565, 1701, 1684,
Hydrocinnamic acid 1694, 1532 1599, 1572 1663, 1579 1484, 1432 1506, 1462 1513, 1480 1623, 1596
1692, 1426, 1406, 1299 No No Yes No No Yes No
Isonicotinamide 2228, 178, 1679, 1635, 1763, 1676, 1639, 158, 1666, 1588, 1563, 1513, 1704, 1684,
1653, 1621, 1594, 1546 1704, 1675 1596, 1570 1620, 1578 1553, 1403 1506, 1462 1480, 1421 1623, 1600
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Yes Yes Yes Yes No No No
2228, 1775, 1640, 1572, 1643, 15®, 1650, 1581, 1666, 1506, 1574, 1562, 1703, 1685,
L-Glutamic acid 1718, 1638 1511, 1476 1495, 1420 1512, 1484 1294, 1215 1545, 1510 1623, 1602
1641, 1499, 1407, 1350 Yes Yes No Yes No Yes No
1696, 1540, 1644, 1569, 1760, 1719, 1728, 1648, 1649, 1602, 1560, 1509, 1701, 1684,
L-Mandelic acid 1361, 1286 1552, 1494 1679, 1577 1565, 1484 1578, 1555 1480, 1425 1602, 1531
1708, 1491, 1455, 1241 Yes Yes Yes Yes No No No
2227, 1700, 1620, 1557, 1753, 1672, 1653, 1565, 1666, 1653, 1566, 1512, 1702,1685,
L-Proline 1602, 1544 1449, 1435 1578, 1497 1435, 1409 1589, 1506 1480, 1421 1623, 1603
1608, 1565, 1541, 1473 Yes Yes Yes Yes No Yes No
2229, 185, 1629,1587, 1758, 1681, 1609, 1579, 1666, 1589, 1569, 1514, 1701, 1685,
L-Serine 1718, 1590 1466, 1410 1578, 1557 1468, 1410 1506, 1467 1480, 1421 1626, 1595
1582, 1466, 1408, 1382 Yes Yes Yes Yes Yes Yes No
1732, 1706, 1732, 1706, 1650, 1589, 1732, 1706, 1666, 1588, 1666, 1588, 1701,1686,
L-Tartaricacid 1442, 1251 1442, 1251 1490, 1420 1442, 1251 1506, 1464 1506, 1464 1596, 1588
1732, 1706, 1442, 1251 No No Yes No No No No
2228, 154, 1646, 1554, 1764, 1677, 1708, 1646, 1667, 1588, 1569, 1543, 1702, 1685,
Maleic acid 1694, 1618 1449, 1420 1579, 1501 1561, 1484 1505, 1451 1481, 1455 1623, 1597
1703, 1558, 1458, 1428 Yes Yes Yes Yes No No No
2228, 1695, 1718, 1635, 1713, 1579, 1719, 1643, 1666, 1590, 1564, 1515, 1700, 1685,
Malic acid 1539, 1392 1599,1575 1558, 1509 1558, 1485 1506, 1293 1482, 1437 1623, 1597
1737, 1682, 1438, 1407 Yes Yes Yes Yes Yes Yes No
2229, 1691, 1719, 1640, 1708, 1661, 1719, 1642, 1729, 1666, 1561, 1510, 1700, 1685,
Malonic acid 1538, 1375 1619, 1575 1578,1505 1560, 1484 1641, 1588 1480, 1435 1602, 1532
1691, 1432, 1387, 1301 Yes Yes Yes Yes Yes No No
2229, 1702, 1700,14186, 1691, 1577, 1656, 1646, 1667, 1588, 1565, 1516, 1702, 1685,
Mannitol 1645, 1593 1299, 1279 1554, 1503 1504, 1423 1506, 1464 1482, 1421 1603, 1532
1712, 1538, 1455, 1415 Yes Yes Yes Yes Yes No Yes
2229, 1774, 1677, 163, 1761, 1681, 1649, 1605, 1666, 1588, 1568,1556, 1677, 1604,
Methylparaben 1676, 1606 1605, 1572 1606, 1579 1585, 1560 1507, 1292 1481, 1419 1583, 1532
1676, 1605, 1584, 1559 No No Yes No No Yes Yes
2228, 174, 1670, 1626, 1665, 1628, 1650, 1582, 1666, 1588, 1564, 1512, 1564, 1512,
Nicotinamide 1716, 1523 1572, 1455 1617, 1576 1552, 1484 1506, 1464 1479, 1437 1479, 1437
1673, 1617, 1595, 1484 No No Yes No No No No
2229, 1691, 1723, 1633, 1757, 1660, 1720, 1644, 1666, 1588, 1566, 1513, 1744, 1699,
Oxalic acid 1539, 1455 1576, 1434 1579, 1554 1484, 1442 1507, 1465 1481, 1420 1682, 1622
1677, 1161, 1128, 826 Yes Yes Yes Yes No No Yes
1646, 1450, 1649, 1452, 1646, 1500, 1648, 1452, 1653, 1507, 1649, 1566, 1685, 1649,
Pamoic acid 1428, 1289 1427, 1308 1452, 1427 1430, 1291 1453, 1427 1482, 1452 1624, 1602
1649,1452, 1428, 1308 No No No No No Yes Yes
1695, 1635, 1695,1635, 1646, 1582, 1642, 1589, 1666, 1590, 1646, 1567, 1564, 1512,
Phosphoric acid 1122, 963 1122, 963 1241,1118 1147, 1062 1507, 1412 1120, 956 1479, 1437
N/A Yes Yes Yes Yes No Yes No
2225, 1727, 1629, 1567, 1698, 1659, 1668, 1577, 1666, 1590, 1562, 1512, 1564, 1512,
Piperazine 1665, 1600 1449, 1430 1558, 1493 1400, 1316 1507, 1412 1479, 1421 1479, 1437
1648, 1456, 1322, 1270 Yes Yes Yes Yes No No No
1730,1644, 1730, 1643, 1729, 1646, 1730, 1645, 1730, 1645, 1731, 1645, 1725, 1713,
Riboflavin 1620, 1577 1620, 1577 1578, 1537 1577, 1535 1577, 1537 1578, 1543 1685, 1647
1730, 1645, 1578, 1536 No No No No No No Yes
2228, 164, 1731, 1639, 1714, 1679, 1731, 1649, 1667, 1588, 1567,1513, 1701, 1685,
Saccharin 1697, 1617 1600, 1576 1578, 1556 1578, 1484 1506, 1464 1481, 1422 1604, 1533
1714, 1591, 1458, 1332 Yes Yes No Yes No No No
2229, 1774, 1630, 157, 1762, 1669, 1665, 1654, 1666, 1588, 1565, 1512, 1699, 1684,
Salicylic acid 1657, 1659 1456, 1436 1578, 1561 1442, 1404 1506, 1465 1480, 1419 1656, 1603
1652, 1608, 1480, 1440 No No Yes No No No No
2227, 1B3, 1664, 1623, 1759, 1685, 1645, 1577, 1670, 1508, 1566, 1514, 1685, 1623,
Sorbic acid 1683, 1609 1585, 1485 1616, 1577 1483, 1432 1493, 1459 1480, 1423 1604, 1532
1672, 1634, 1608, 1411 Yes Yes Yes Yes No No Yes
2229, 174, 1679, 163, 1759, 1678, 1679, 1646, 1663, 1588, 1565, 1524, 1685, 1603,
Succinic acid 1715, 1701 1600, 1574 1578, 1557 1566, 1484 1507, 1461 1483, 1457 1532, 1410
1679,1411, 1307, 1197 No No Yes No No Yes No
Theophylline 1715, 1656, 1708, 1694, 1702, 1659, 1706, 1661, 1664, 1587, 1711, 1666, 1702, 1685,
1700, 1659, 1555, 1481 1560,1523 1647, 1564 1557, 1482 1559, 1486 1503, 1465 1562, 1513 1603, 1532
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Yes Yes No Yes No Yes No
2228, 1775, 1630, 1571, 1684,1578, 1650, 1577, 1666, 1588, 1560, 1513, 1685, 1623,
Urea 1716, 1600 1451, 1428 1554, 1550 1483, 1431 1506, 1463 1480, 1421 1596, 1523
1674, 1590, 1550, 1454 No No Yes No No No No
1697,1656, 1690, 1654, 1656, 1569, 1695, 1648, 1697, 1666, 1705, 1654, 1685, 1624,
Xanthine 1565, 1458 1569, 1457 1508, 1460 1566,1435 1572, 1507 1565, 1544 1604, 1531
1692, 1650, 1564, 1454 No No No No Yes Yes No
Experimental 55% 55% 69% 55% 24% 50% 24%
supramolecular yield

5.3.2. HBP calculations

The homomeric, heteromeric aBgopensityvalues were calculated and summarized in Tal8e

for the 294 combinations of targets andfgomers.

Table 5.5. HBP outcomes for seven targets against 42 potentifraters.

Co-former T11 T12 T13 T14 T15 T16 T17
3-hydroxy-2naphthoic acid -0.1 0.48 -0.09 | 0.15 0.06 0.22 0.01
4-hydroxybenzoic acid -0.05 0.47 -0.06 | 0.17 0.07 0.24 0.03
Adipic acid -0.01 0.52 0.03 0.11 0.23 0.31 -0.08
Apigenin -0.03 0.57 0.02 0.09 0.06 0.37 -0.05
Benzenesulfonic acid 0.1 0.46 -0.02 0 0.24 0.26 0.03
Benzoic acid -0.12 0.45 -0.07 0.14 0.17 0.26 0.04
Caffeine 0.05 0.41 0.03 0.26 0.3 -0.11 0.41
Cholic acid 0.09 0.49 -0.01 | 0.08 0.06 0.24 -0.17
Citric acid -0.1 0.05 0.08 0.07 0.11 0.32 0.05
D- Glucuronic acid -0.14 0.54 0.01 0.12 0.07 0.26 0.06
EDTA -0.01 0.3 0.02 0.12 0.23 0.3 -0.09
Folic acid 0.05 0.42 0.1 0.1 0.1 0.29 -0.26
Fumaric acid -0.06 0.49 -0.03 | 0.08 0.17 0.26 -0.01
Gentisic acid -0.11 0.53 -0.07 0.09 0.19 0.27 0.05
Glutaric acid -0.02 0.1 0.03 0.1 0.24 0.31 -0.07
Glycine -0.07 0.38 0.04 0.01 0.33 0.05 -0.1
Glycolic acid 0.03 0.61 -0.01 | 0.06 0.17 0.27 -0.04
Hydrocinnamic acid -0.07 0.3 0.01 0.24 0.23 0.34 -0.01
Isonicotinamide -0.02 0.38 0.02 -0.05 -0.07 0.33 -0.12
L-glutamic acid 0.07 0.6 0.08 0.12 0.36 0.13 -0.07
L-Mandelic acid -0.02 0.29 0.03 0.31 0.24 0.48 0.03
L-prolin 0.02 0.11 0.02 0 0.12 0.25 -0.07
L-Serine 0.02 0.51 0.03 0.07 0.12 0.24 -0.07
L-tartaric acid 0 0.43 0.05 0.21 0.2 0.36 -0.02
Maleic acid -0.1 0.49 0 0.08 0.17 0.27 -0.05
Malic acid 0.01 0.47 0.06 0.2 0.2 0.37 -0.03
Malonic acid 0 0.15 0.04 0.1 0.25 0.24 -0.07
Mannitol -0.06 0.43 -0.02 | -0.04| 0.02 0.33 0.03
Methylparaben 0.11 0.66 -0.1 0.06 0.33 0.33 -0.02
Nicotinamide -0.03 0.3 0.02 0.26 -0.07 0.31 -0.1
Oxalic acid -0.03 0.54 -0.17 | -0.04 | 0.02 0.09 -0.01
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Pamoic acid -0.11 0.5 -0.09 | -0.03| 0.22 0.19 0.02
Phosphoric acid -0.22 -0.02 -0.19 | 0.15 -0.31 0 -0.16
Piperazine -0.02 0.29 0 0.12 0.03 0.33 -0.11
Riboflavin 0.07 0.15 -0.02 | 0.01 | -0.07 0.02 -0.01
Saccharin 0.06 0.4 -0.01 | -0.22 | 0.22 0.24 0.04
Salicylic acid -0.1 0.49 -0.07 | 0.12 0.25 0.25 0.05
Sorbic acid -0.1 0.44 -0.03 | 0.09 0.16 0.28 -0.01
Succinic acid -0.01 0.52 0.04 0.09 0.24 0.29 -0.07
Theophylline 0.1 0.47 -0.1 0.11 | -0.03 0.08 0.08
Urea -0.09 0.02 -0.02 | -0.05| -0.04 0.03 -0.05
Xanthine 0.05 0.33 0.05 | -0.02| -0.13 0.26 0.01
Predicted supramolecular yielf 38% 98% 55% 83% 83% 97% 36%

5.3.3. HBE calculations

The homomeric, heteromeric ab# values were calculated and summarized in Tablefor the

294 combinations of targets and-éarmers.

Table 5.6. HBE outcomes for seven targets against 42 potentifdrooers.

Co-former T11 T12 T13 T14 T15 T16 T17
3-hydroxy-2naphthoic acid 417 13.8 1.82 6.32 3.73 11.58 5.17
4-hydroxybenzoic acid 3.23 10 1.74 6.22 3.65 7.705 5.09
Adipic acid 1.19 8.3 -0.4 7.68 4.14 5.947 4.81
Apigenin 0.21 7.5 -1.4 8.18 3.22 5.058 3.9
Benzenesulfonic acid 3.91 11 2.4 7.41 4.51 8.62 5.98
Benzoic acid 2.14 9.5 0 2.97 1.3 7.578 2.65
Caffeine -0.8 6.3 0.31 -5.88 -3.1 2.722 -3.2
Cholic acid 2.14 10.8 0 2.97 1.3 9.846 2.66
Citric acid 3.11 8.4 1.41 9.64 6.3 8.24 6.4
D- Glucuronic acid 0.41 9.7 -1.6 0.1 -0.8 6.786 0.5
EDTA 1.18 0.25 -0.7 124 4.7 6.838 5.49
Folic acid -7.2 10.4 5.1 3.13 4.1 -2.217 -3.4
Fumaric acid 3.12 14.2 0.88 4.59 2.48 8.317 3.87
Gentisic acid 3.46 10.1 1.18 5.15 2.88 11.58 4.29
Glutaric acid 2.7 9.8 0.5 3.9 1.97 8.124 3.35
Glycine 2.58 14.1 0.39 3.69 1.82 7.76 3.2
Glycolic acid 4.5 9.5 2.11 6.86 4.12 11.85 5.58
Hydrocinnamic acid 1.53 6 -0.5 1.96 0.57 7.642 1.9
Isonicotinamide 0.29 111 -1.7 -0.1 -0.9 4.363 0.36
L-glutamic acid 3.21 11.1 0.95 4.73 2.57 9.028 3.98
L-Mandelic acid 4.18 8.8 2.17 6.97 4.2 8.806 5.66
L-prolin 1.53 10.7 -0.5 1.96 0.57 6.99 1.9
L-Serine 3.78 15.6 1.47 5.68 3.26 8.495 4.69
L-tartaric acid 6.66 10.5 4.04 10.4 6.7 12.94 8.25
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Maleic acid 3.14 13.9 0.9 4.62 25 8.403 3.9
Malic acid 5.5 12.1 3 8.51 5.31 11.4 6.81
Malonic acid 3.65 3.7 1.35 5.47 3.11 9.93 4.53
Mannitol -2.9 8.7 2.1 5.89 3.03 6.6 4.45
Methylparaben 2.36 9 0.88 5.36 3.57 6.817 5.01
Nicotinamide 0.43 5.5 -1.3 6.11 -0.5 3.816 0.79
Oxalic acid 6.47 14.6 4.54 0.48 7.36 11.93 8.94
Pamoic acid 2.53 9.2 1.06 114 3.57 6.99 5.01
Phosphoric acid 0 7.6 -1.7 6.11 3.13 5.044 3.84
Piperazine -1.1 3 0 9.18 -3.4 0.553 -3.5
Riboflavin -6 0.69 -3 -7.94 -3.3 -1.563 -2.6
Saccharin 2.7 12.4 0.5 331 1.97 10.39 3.35
Salicylic acid 34 141 1.12 3.9 2.8 11.49 4.21
Sorbic acid 1.38 7 -0.4 5.04 0.79 5.11 2.13
Succinic acid 1.29 8.4 -0.3 2.26 4.25 6.058 492
Theophylline 1.97 8.5 0.52 7.74 3.26 6.35 4.69
Urea -0.2 1.6 2.59 5.68 1.16 0 -0.2
Xanthine 2.45 9.4 0.92 -0.29 4.2 13.03 5.66
Predicted supramolecular yield 88% 100% 69% 90% 83% 95% 88%

5.3.4. MCcalculations

The MC values were calculated using the updated seven descriptors for the 294 combinations of

targets and céormers and are summarized in Tablé.

Table 5.7. MC outcomes for seven targetsaagst 42 potential cformers.

Co-former T11 T12 T13 T14 T15 T16 T17
3-hydroxy-2naphthoic acid 0 30 10 50 45 85 50
4-hydroxybenzoic acid 0 0 0 100 0 20 0
Adipic acid 0 0 0 100 0 96 16
Apigenin 0 0 0 100 0 20 0
Benzenesulfonic acid 0 0 0 100 0 60 0
Benzoic acid 0 0 0 100 0 20 0
Caffeine 0 0 0 0 0 80 0
Cholic acid 0 0 0 100 0 80 0
Citric acid 0 0 32 0 0 0 0
D- Glucuronic acid 0 52 8 0 60 0 0
EDTA 0 100 84 0 12 64 20
Folic acid 72 0 72 20 96 100 92
Fumaric acid 0 0 0 0 0 52 0
Gentisic acid 0 0 0 33 0 80 0
Glutaric acid 0 0 0 60 0 96 16
Glycine 0 0 0 0 0 0 0
Glycolic acid 0 40 0 0 0 0 0
Hydrocinnamic acid 0 0 12 40 60 96 68
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The accuracy of thenethodologies was calculated by comparing the individual prediction results

with the experimental corystallization outcomesn order to ease the process of comparison, we

Isonicotinamide 0 16 0 100 0 20 0
L-glutamic acid 0 40 4 0 16 100 48
L-Mandelic acid 4 0 12 0 52 100 72
L-prolin 0 0 20 0 0 0 0
L-Serine 0 0 0 0 0 0 0
L-tartaric acid 0 24 0 0 0 0 0
Maleic acid 0 0 0 0 36 20 36
Malic acid 0 0 0 0 0 0 0
Malonic acid 0 40 0 0 0 0 0
Mannitol 92 56 96 0 68 100 96
Methylparaben 0 0 0 0 0 80 0
Nicotinamide 0 0 0 100 0 20 0
Oxalic acid 0 0 0 100 0 0 0
Pamoic acid 100 100 100 0 44 100 48
Phosphoric acid 0 0 0 20 0 0 0
Piperazine 0 0 0 0 0 20 0
Riboflavin 84 8 84 0 0 80 0
Saccharin 0 0 0 20 0 80 0
Salicylic acid 0 10 10 0 0 55 0
Sorbic acid 0 0 0 25 0 80 0
Succinic acid 0 0 0 100 0 96 16
Theophylline 0 0 0 0 0 80 0
Urea 0 0 0 0 0 0 0
Xanthine 0 0 0 0 0 0 0
Predicted supramolecular yield 64% 45% 71% 40% 43% 29% 50%

5.4. Discussions

5.4.1. Individual prediction outcomes vs. experimental results

calculated a success rate which is the number of predictions that match theexfzmutcome

divided by the total number of combinations (294). The success rates of the seven APIs are

summarized in TablB.8.

Table 5.8. Success rates of HBP, HBE, and MC (* TP: true positive andrlid:negative).

HBP HBE MC
TP TN Overall TP TN Overall TP TN Overall
T11 11/23=49%| 14/19=74%| 60% 21/23=91%| 3/19=16%| 57% 16/23=70%| 8/19=42% 57%
T12 22/23=96%| 0/19=0% 52% 21/23=91%| 0/19=0% 50% 10/23=43%| 10/19=43%| 50%
T13 17/29=57%| 8/13=62% 60% 19/29=66%| 3/13=23%| 52% 23/29=79%| 5/13=38% 64%
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T14 | 20/23=87%| 4/19=21% 57% 21/23=91%| 2/19=11%| 55% 9/23=39% | 11/19=58%| 50%
T15 9/10=90% | 9/32=28% 43% 7/10=70% | 4/32=13%| 26% 6/10=60% | 21/32=66%| 64%
T16 | 20/21=95%| 1/21=5% 50% 20/21=95%| 1/21=5% 50% 5/21=24% | 14/21=67%| 52%
T17 4/10=40% | 22/32=69%| 62% 8/10=80% | 4/32=13%| 29% 8/10=80% | 19/32=59%| 64%
overall 103/139 58/155 161/294| 117/139 17/155 | 134/294 77/139 88/155 165/294
=74% =37% =55% =84% =11% =46% =55% =55% =56%

HBP across the seven compounds gave a success rate-6248% he true positives (TP, where

the prediction matches the positive-agystal experiment) and true negatives (TN, where the
prediction matches the negative-aystal experiments) were separgtahalyzed. An accuracy
range of 4e06% was observed for TP an€/@% for TN. The higher accuracy for TP than TN can

be attributed to the fact that CSD only contains positivergstallization results. Therefore, it is

not surprising that HBP was betterpasedicting TP than TN.

HBE delivered success rates of2B%, with TP 6695% and TN €23%. HBE offered the lowest
accuracy for TN and highest for T@ross all the methodélthough HBE performed better for
smaller compounds in Chapté; it failed for larger compounds studied hefighe HBE
calculations were entirely based on electrostatics and any shape or geometry factors were not
included. Due to this HBE produced more false positives than true negatives leading to lower TN
success ras. This raisesthe questionwhetherwe can extrapolate the accuracy of predictive
approaches to larger compounds?

Finally, MC exhibited a prediction match of 5d% for the seven compounds with TR-80306

and TN and 3&7% success rateSimilar to any dber methods, MC is built on a database of small
molecules. AlthoughF&bian®® mentioned thathe short and the longxes appear to be more
influential than other frequently used size descriptors, such as molecular Whightitoff values

of Al , m and so0 tested on small compounds mi
We ranked the methodologies in decreasing order of their overall predictive accuracy for TP,
which resulted in HBE (84%)> HBP (74%)> MC (55%); and for TN MC (55%)> HBP (37%)>
HBE (11%). Additionally, if we combine TP and TN results, the predictive abilityC (56%)>

HBP (55%)> HBE (46%).
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5.4.2. Using Venn diagram to interpret the predictive outcomes

Since the average molecular weight of organic structures reported in CSD is ~40& g/mol
therefore, individually the methods did nefigler a high accuracy, compared toe®8W6 observed

on small molecules in Chaptét, Hence, we used Venn diagrams to apply a combination of the
methods. The regions inside the circles of the Venn diagrams represent the outcomes that were
correctly predicted by that particular methodology. For example, tHeroeers which reside

inside te HBP region of the Venn diagram was correctly predicted by HBP. Thesencers

that were present in the combined regions such as HBP&HBE; HBP&MC; HBE&MC denotes that
both the methodologies correctly match the experimental results. Subsequentlyfdhaears

that were accurately predicted by all three methods occupy the region where all the methods
overlap. Lastly, cdormers outside the Venn diagram (for example, xanthine, cholic acid, and

methylparaben in case ®fl1) were not predicted correctly layy of the three methods. The co

formers who experimentally formedcor y st al s wer e represented in
notformcecr ystal s i 56 firedo, Figure
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Figure 5.6. Venn diagram representation for combination of methods.

(*green & red represents experimentally obtained positive and negativegstals respectively)

Two different approaches were employed to analyze the Venn diagram, Biggui@proachl, is
only employing a fraction of the correctly predicted results from a particular method and requires
two or more methods to provide similar prediction for it tgpbesent in the overlapping region.

The success rates of the overlapping region (approach 1) from the Venn diagrams are listed in
Table5.9.

a) Overlapping regiofApproach 1) b) Combinedegion (Approach 2)

Figure 5.7. Approaches used to analyze the Venn diagrams.

109



Table 5.9. Success rates of the overlapping regions (* TP: true positive and TN: true negative).

Overlapping regions
TP TN Overall
T11 20/23=87% 11/19=58% 31/42=74%
T12 22/23=96% 1/19-5% 23/42=55%
T13 20/29=69% 5/13=38% 25/42=60%
T14 20/23=87% 3/19=16% 23/42=55%
T15 10/10=100% 7132=22% 17/42=40%
T16 20/21=95% 2/21=10% 22/42=52%
T17 8/10=80% 16/32=50% 24/42=57%
Overall 120/139=86% 45/155=2% 165/294=56%

Overall, the overlapping region displayed a 56% success rate, with a considerable imbalance
between the TP and TN. The high accuracy for TP over TN corresponds to CSD consisting of only
positive results. Hence, it is not surprising that the TN does hdiiegimilar accuracy. Clearly,

this approach would not be useful as acogstal prediction tool.

Consequently, we moved to approach 2 which includes the combined region of two methods at a
time. There were three possible combinations, i.e., HBP & MER & HBE, and HBE & MC.

The success rates from the combination methods are summarized i5.I@ble

Table 5.10. Success rates of the combined region (* TP: true positive and TN: true negative).

HBP & MC HBP&HBE HBE&MC

TP TN Overall TP TN Overall TP TN Overall

T11 12/23 13/19 25/42 13/23 6/19 29/42 15/23 7119 22/42
=52% =68% =60% =57% =32% =69% =65% =37% =52%

T12 22/23 10/19 32/42 23/23 0/19 23/42 23/23 10/19 33/42
=96% =53% =76% =100% =0% =55% =100% =53% =79%

T13 27129 11/13 38/42 26/29 10/13 36/42 25/29 8/13 33/42
=93% =85% =90% =90% =77% =86% =86% =62% =79%

T14 21/23 12/19 33/42 22/23 5/19 27142 23/23 10/19 33/42
=91% =63% =79% =96% =26% =64% =100% =53% =79%

T15 10/10 22/32 32/42 10/10 7132 17/42 10/10 22/32 32/42
=100% =69% =76% =100% =22% =40% =100% =69% =76%

T16 21/21 14/21 35/42 21/21 2/21 23/42 20/21 14/21 34/42
=100% =67% =83% =100% =10% =55% =95% =67% =81%

T17 9/10 27132 36/43 9/10 23/32 32/42 10/10 20/32 30/42
=90% =84% =86% =90% =72% =76% =100% 63% =71%

overall 122/139 109/155 231/294 124/139 53/155 177/294 126/139 91/155 217/294

=88% =70% =79% =89% =33% =60% =91% =59% =74%

We would assume that the region corresponding to HBP&MC would provide better accuracy since
it is combination of the probability of hydrogéomnd formation with close packing principle. For
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the seven compounds it provides an accuracy range-@9%0 TP ekibited an accuracy greater
than 90% in all cases (except 52% Tdrl). For TN, we observed 585% success rates. Both
HBP and MC are based on CSD which includes only positive results hence, as expected TP
performs better than TN. The results are howeignmificantly higher than any other approach
could demonstrate at this point.

HBP&HBE region corresponds to hydrogeanding synthons hierarchy and does not include any
geometric factors. This combination provided high false positive results comparaddite $¢eto

say, this combination was not the best candidate.

Finally, a combination of HBE&MC, similar to HBP&MC includes both hydrogpemding and
geometry factors. Hence, one would anticipate similar reliability. The TP accuracy ranges from
65-100% and N 52-81%. As expected, the results were comparable to that of HBP&MC.
Although if we include time as a factor, calculating HBP and MC is faster in comparison to HBE.
Overall the combination of HBP&MC methods provided faster and reliable prediction for

desgning cacrystallization experiments.

5.5. Conclusions

1. HBP produces a success rate of 55% with 74% and 37% accuracies for TP and TN, respectively.
HBE delivered the highest TP results (84%) and lowest TN accuracy (11%).

2. MC could predict the eorystallization outcomes overall with 56% accuracy. In comparison to
other methods, MC produces the lowest TP (55%) and highest TN accuracies (55%).

3. The combined region of HBP&MC in the Venn diagram produced the highest reliability of 79%
(TP accuracy was 88%, and TN was 70%).
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Chapter 6 - CoForm: An Automatic Tool for Predicting Co-
crystallization

6.1. Introduction

In the previais chapters, we investigated predictive tools based on hydbmgehpropensity
hydrogenbond coordinatiof) molecular complementarityand molecular electrostatic potential
surface calculatiorisn order to predict cerystallization screengoutcomes. These approaches
were complex and required-depth knowledge of either theoretical, quantm@&chanical, or
statistical data analysis. With the growing demand etrgstallization and carystallization
based approaches to access new solid forms in various fieldeelated to agrochemicals,
energetics, and smart materfafs1213141516171819 it is jmperative that we develop cheaper,
faster, and more reliable methods for pcéidg when a pair of molecules will eoystallize and
when they will not. In order to address these issues, we have developed CoForm, an automatic tool
for predicting cecrystallization. A comparison between existing predictive tools and CoForm is
given in Figure 6.1.

How to choose a potential molecular partner oco-formero ?

1000sof experiment Existing theoretical CoForm
predictions
U Time consuming U Complex

U User-friendly

U Very expensive U Reguire in-depth knowledge N .
0 Annual license ranges from u ::nae;(penswe
2K- 20K u

Figure 6.1. Comparison between existing-coystallization techniques and CoForm.

CoForm is based on a mathematical model that compares the target of interest with a known set of
targets. The known targets are associated with a list-fidroters that form carystals (positive
partners), and a list of dormers that do not form ecrystals (negative partners). The database

for the known targets was created using approximately 2000 experimental data collected from past
and present Aakerdy lab members over a period of 15 years. All experiments were done either by
liquid assisted grindingLAG) or melt cocrystallization. The experiments were analyzed using

IR spectroscopy, where the fingerprint region was investigated for any potential shift in stretching
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frequency. Further analysis using melting points, differential scanning calorifie8¢),
thermogravimetric analysis (TGA), and singig/stal analysis were also carried out.

CoForm, utilizes 42 cformers that are generally regarded as8¢@RAS) for phamaceutical
co-crystals and an additional 50-6armers, which are conventionally used asf@aners in ce

crystallization experiments, Table 6.1.

Table 6.1. List of co-formers.

GRAS list co-formers Non GRAS list coformers
3-Hydroxy-2-naphthoic acid 1-Bromo+4- iodotetrafluorobenzene
4-Hydroxybenzoic acid 1,2-Bis(4pyridyl)ethane
Adipic acid 1,2-Bis(4pyridyl)ethylene
Apigenin 1,4-Dihydroxybenzene
Benzenesulfonic acid 1,4-Diiodobenzene
Benzoic acid 1,4-Diiodotetrafluorobenzene
Caffeine 2-Amino-3,5-dibromopyridine
Cholic acid 2-Amino-3-hydroxypyridine
Citric acid 2-Amino-4,6-dimethylpyrimidine
D-glucuronic acid 2-Amino-4-chloro-6-methylpyrimidine
EDTA 2-Amino-4-hydroxy6-methylpyrimidine
Folicacid 2-Amino-4-methylpyrimidine
Fumaric acid 2-Amino-5-chloropyridine
Glutaric acid 2-Aminopyridine
Glycine 2-Aminopyrimidine
Glycolic acid 2-Chlorocyanoxime
Hydrocinnamic acid 2-Fluorocyanoxime
Isonicotinamide 2,4,6Triaminopyrimidine
L-Gutamicacid 2,6-Diaminopyridine
L-Mandelic acid 2,6-Difluorobenzoic acid
L-Proline 3-Aminobenzoic acid
L-Serine 3-Aminopyridine
L-Tartaric acid 3-Benzoylpyridine
Maleic acid 3-Hydroxypyridine
Malic acid 3-Nitrobenzoic acid
Malonic acid 3,4-Dichlorobenzoi@cid
Maltitol 3,5-Dinitrobenzoic acid
Mannitol n Z-Bigyridine
Nicotinamide 4-Aminobenzoic acid
Oxalic acid 4-Aminopyridine
Pamoic acid 4-Benzoylpyridine
Phosphoric acid 4-Bromocyanoxime
Piperazine 4-Bromotetrafluorobenzoic acid
Riboflavin 4-Chlore2_6-diaminopyrimidine
Saccharin 4-Cyanobenzoic acid
Salicylic acid 4-Fluorocyanoxime
Sorbic acid 4-Hydroxybenzoic acid
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Succinic acid 4-iodotetrafluorobenzoic acid
Theophylline 4-Nitrobenzoic acid
Urea 4-Phenylpyridine
Xanthine 4,4-Bisphenol
4,4-Dipyridyl
4,4 -Trimethylenedipyridine
Azelic acid
Cyanoxime
Dodecanedioic acid
Pentafluorobenzoic acid
Pimelic acid
Sebacic acid
Suberic acid

CoForm is a datdriven analysis of already existing targets, which is simildrydrogenbond
propensity (HBP) and molecular complementarity (MC) studied in Chapteré\Zomparison

between CoForm and HBP/ MC methods is summarized in bahle

Table 6.2. Comparison between HBP/ M&. CoForm.

HBP/ MC CoForm

1 Based on cheminformatics of crystal 1 Based on cheminformatics of
structures present in CSD. hydrogenbond donors and

1 Select a sampling dataset which is hydrogenbond acceptors.
comparable to the defined functional grouj 1 Two inputs required: # of donors ar
of the target and eformer. # of acceptors.

1 Understand the descriptors on which the 1 It takes 1015 seconds to pride a
calculations & based. list of coformers which will likely or

1 Each calculatiomakes15-20 mins, further not likely to form cecrystal.
calculations to finyropensitiS Needed

In order to examine the accuracy of CoForm and its potential limitations in predicting co
crystallization, we carried out a systematic study where we matched the predicted results with the
experimental outcome$wo known antihistamine drugs, loratadinegdalesloratadine were used

in this study to predict the ecrystal screening outcomes, Fig@@. These targets were chosen

as they have similar molecular backbdmg with different hydrogerbond donor acceptor ratio.
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Loratadine has zeroydrogenrbonddonorsand two acceptors. ttoes nohave anyconventional

homomerichydrogenbondinteraction Whereas deslorataditiasone donor and one acceptor.

a) b)
Cl AN Cl -
{ ]
N/ \N
N
PN N
o~ o H

Figure 6.2. Targets used in this study, a) Loratadine and b) Desloratadine.

The study is carried out to answer the following questions:
1. Can CoForm predict the -@oystallization outcomes of loratadine and desloratadine?

2. Can CoForm perforroetter than commercial and established HBP/ MC methods?

6.2. Co-crystal screening

6.2.1. Experimental corystal screening

Loratadine and desloratadine were experimentally screened against 42 GRASolisters. The
co-former and target was combined 1:1 stoichiometry with a drop of methanol in a spotting
plate. The mixture wsground for 3640 seconds or until the solvent evaporated. The mixture was
then analyzed using IR spectroscoplye IR spectra of the target,-tarmer and the mixtures were
compared ad shifts greater than 3 chin the C=O stretchwas i ndi cat ed- as

crystallization. The consi-sryswllieatonpeaks wer e

6.2.2. Predicting cecrystal screening usinGoForm

The CoForm database, consistsapproximately 2000 data points including, both positive and
negative cecrystallization results. The predictions from CoForm are dep¢iotehe compounds
present in the database. It is designed as aspeeific tool and can include dormers and
interactions that the user is specifically interested in.
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CoForm is built using Groovy programming languageoovy was chosen becauses platform:
independent and, therefor€oForm can be usedon all three major operating systems, i.e.,
Windows, Linux, andMac OSX. Moreover, Groovy is a scripting language that allquisk
prototypingof softwaré. Consequentlywe werequickly ableto translateour predictionmodel
into a prototype.

CoForm requirethree inputs from the user:

1. Name of the target for which-@oystals need to be predicted

2. Number of donors (donor: molecule or molecular fragmetiX which X is an electronegative
atom)

3. Number of acceptors (acceptor: an electronegative etarseally N, O, F, occasionally .S)
CoForm ranks the eformers as highly likely, likely, and least likely to produce aogstal with

a specific target. The output is in the form of tables that can be exporesyfies, Figure6.3.
The most likely ad least likely lists, as the name suggests corresponds to-tberars with the
highest and lowest probability to form a-crystal, respectively. The likely lists consist of co
formerswhich were found to form corystals in some cases and did not fanroertain instances.
This list corresponds to maybes, and hence tHertoers fall between the highly likely and least
likely lists. Since theco-crystallization outcomes are binary hence, walubke likely list of co
formers asa YES to cacrystallizdion. This will produce somdalse positiveswhich is a better

alternative than false negatives.

List of ceformers which will
likely form cocrystal

/

Inputs:
1) Name of the target List of ceformers which will
2) Number of donors — likely form co-crystal

3) Number of acceptors

\ List of ceformers which will

leastlikely form cocrystal

Figure 6.3. Implementing CoForm for predicting -@ystal outcomes.
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6.2.3. Co-crystalscreening usin@pydrogenbondpropensity (HBP)

The detailed description of HBP calculatiét$242>2¢ was illustrated in section 3.2.1. The
functional groups used to determine the HBP values for loratadine and desloratadine are listed in
Figure6.4.

Loratadine Desloratadine

=== T3
AN —
S B ¢ T3H0" Tono Tag Tag __\\c T3HD C/,{X}J \\\(:

Figure 6.4. Functional groups used in the calculations.

6.24. Co-crystal screening usingolecularcomplementarity (MC)

Five conformers of targets and-farmers were generated to conduct MC calculations. The

detailed description d¥IC calculation$?82° was illustrated irAppendix A

6.3. Results

6.3.1.Experimental cecrystallization outcomes

Solvent assisted grinding experiments between loratadine and desloratadine arAordfero

were analyzed using IR spectroscopy, T&se

Table 6.3. Grinding results of loratadine and desloratadine.

IR data (crr?) Loratadine ‘ Desloratadine
1699, 1472, 1432, 1381, 1354, 1320, 12| 1584, 1477, 1434, 1419, 1176, 1100, 10¢
Co-former Ground mixture Results Ground mixture Results
3-Hydroxy-2-naphthoic acid 1683, 1632, 15911474, 1422, 1671, 1621, 1588, 1568, 1476
1655, 1626, 1597, 1513, 1463, 1439| 1394, 1322, 1276, 1227, 117 Yes 1436, 1418, 1384, 1243, 1114  Yes
4-Hydroxybenzoic acid 1676, 1600, 1582, 1452, 142 1706, 1619, 1561, 1476437, Yes
1667, 1605, 1592, 1509, 1445, 1411| 1322, 1278, 1232, 1177, 112 Yes 1415, 1383, 1275, 1170, 1097
Adipic acid 1689, 1477, 1418, 1384, 132 1588, 1566, 1480, 1454, 1376  Yes
1683, 1461, 1426, 1407, 1267, 1187| 1301, 1277, 1220, 1175, 111 Yes 1328, 1297, 1248, 1218, 1139
Apigenin 1649, 1604, 1586, 1554, 149 1706, 1582, 1567, 1476, 1424 Yes
1649, 1604, 1586, 1554, 1491442 1442, 1351, 1267, 1241 No 1336, 1159, 1116, 1106

122



Benzenesulfonic acid 1730, 1689, 1646, 1578, 150 1731, 1646, 1578,540, 1497, Yes
1663, 1445, 1092, 1031, 1009, 986 | 1426, 1394, 1343, 1304, 127 Yes 1455, 1394, 1343, 1246, 1225
Benzoic acid 1700, 1471, 1430, 1226, 121 1425, 1328, 1147, 1100, 1091 Yes
1677, 1602, 1581, 1452, 1419, 1323| 1151, 1111, 1066, 1015, 992 Yes 1075, 1049, 1009, 968, 958
Caffeine 1691, 1648, 1562, 1418, 133 1696, 1646, 1564, 1463, 1436 Yes
1694, 1639, 1545, 1454, 142857 1220, 1205, 1152, 1112, 995 Yes 1416, 1332, 1258, 1202, 115(
Cholic acid 1691, 1643, 1425, 1276, 122 1621, 1590, 1542, 1507, 1475 Yes
1712, 1247, 1090, 1077, 1043, 979 1112, 995 Yes 1437, 1420, 1365, 1341, 1325
Citric acid 1700, 1698, 1470, 1432, 136 1642, 1586, 1566, 1475, 1435 Yes
1741, 1691, 1425, 1391, 1358, 1235 1349, 1278, 1259, 1221 Yes 1421, 1331, 1282, 1246, 1234
D-Gucuronic acid 1700,1430, 1382, 1280, 1227 1426, 1280, 1259, 1075, 1018  Yes
1703, 1456, 1362, 1347, 1249, 1224 1177,1112, 1077, 1017, 993 No 950, 877, 864
EDTA 1678, 1655, 1639, 1617, 157 1705, 1616, 1576, 1474, 1450 Yes
1690, 1412, 1386, 1309, 1253, 1092| 1559, 1476, 1445, 1429, 139 Yes 1349, 1260, 1198,140, 1117
Folic acid 1688, 1434, 1278, 1219, 117 1624, 1567, 1475, 1436, 1422 Yes
1688, 1602, 1481, 1451, 1410, 1336 1097, 1086, 1056, 994 No 1318, 1081, 1039, 999, 952
Fumaric acid 1692, 1663, 1642, 1561, 147 1707, 1661, 1560, 1528, 1481 Yes
1653, 1406, 1315, 1270, 1226, 1172| 1438, 1420, 1220, 1187, 111 Yes 1436, 1311, 1282, 1239, 1223
Glutaric acid 1693, 1559, 1470, 1431, 132 1644, 1560, 1475, 1436, 1421 Yes
1682, 1466, 1430, 1406, 1301, 1264| 1273, 1219, 1170, 1114, 108 Yes 1366, 1270, 12461173, 1083
Glycine 1678, 1473, 1433, 1384, 1324 1711, 1574, 1476, 1438, 1422 Yes
1607, 1577, 1500, 1441, 1409, 1315| 1277, 1227, 1170, 1094, 102 No 1382, 1254, 1171, 1088
Glycolic acid 1701, 1428, 1226, 1081, 925 1655, 1627, 1608, 1578, 1514 Yes
1701, 1428, 1226, 1081, 925, 683 683, 884, 850 No 1476, 1468, 1437, 1382
Hydrocinnamic acid 1695, 1509, 1472, 1430, 1304 1581, 1555, 1518, 1477, 1434 Yes
1692, 1426, 1406, 1299, 1216, 927 1224, 1114, 995 Yes 1396, 1340, 1309, 1154, 1073
Isonicotinamide 1690, 1635, 1602, 1480, 141 1687, 1661, 1601, 1474, 1438 Yes
1653, 1621, 1594, 1546, 1388, 1290| 1330, 1275, 1225, 1191, 117 Yes 1401, 1332, 1178
L-Gutamic acid 1689, 1482, 1463, 1381, 1354, 1716, 1645, 1589, 1579, 1473 Yes
1641, 1499, 1407, 1350, 1302, 1251 1320,1273 Yes 1421, 1359, 1340
L-Mandelic acid 1693, 1684, 1638, 1473, 142 1553, 1439, 1417, 1379, 1345 Yes
1708, 1491, 1455, 1241, 1187, 1096| 1374, 1321, 1272, 1227, 120 Yes 1309, 1293, 1264, 1239, 1182
L-Proline 1649, 1604, 1586, 1554, 149 1554, 1476, 1436, 1421, 1394 Yes
1608,1565, 1541, 1473, 1447, 1374 1442, 1351, 1267, 1241 No 1332, 1076, 1001, 973, 944
L-Serine 1696, 1620, 1590, 1540, 152 Yes 1585, 1563, 1519, 1506, 147§  Yes
1582, 1466, 1408, 1382, 1337, 1301| 1508, 1413, 1394, 1383, 133 1438, 1420, 1332, 1272
L-Tartaric acid 1688, 1654, 1473, 1422, 138 Yes 1707, 1561, 1551, 1477, 1439 Yes
1732, 1706, 1442, 1251, 1211, 1181| 1321, 1275, 1224, 1114, 108 1385, 1231, 1150, 1116
Maleic acid 1664, 1605, 1586, 1475, 143 Yes 1583, 1556,1458, 1440, 1364 NoO
1703, 15581458, 1428, 1257, 1216 | 1386, 1356, 1276, 1221, 115 1267, 1235, 1160
Malic acid 1693, 1682, 1650, 1604, 157 Yes 1646, 16031571, 1549, 1515, Yes
1737, 1682, 1438, 1407, 1355, 1279| 1556, 1472, 1421, 1351, 126 1472, 1430, 1359, 1296, 127(
Malonic acid 1667, 1647, 1420, 1386, 127 Yes 1703, 1692, 1631, 1577, 1560 Yes
1691, 1432, 1387, 1301, 1214, 1163| 1224,1161, 1112, 1085, 994 1437, 1425, 1376, 1355, 1311
Maltitol 1695,1472, 1432, 1381, 1354 1584, 1477, 1434, 1419, 117§ No
1149, 1047, 1016892, 968, 903 1320, 1273 No 1100, 108, 1006, 993
Mannitol 1701, 1667, 1466, 1446, 142 Yes 1712, 1538, 1455, 1415, 1387 No
1712, 1538, 1455, 1415, 1387, 1251| 1375, 1360, 1222, 1203, 115 1251
Nicotinamide 1695, 1415, 1387, 1311, 127 Yes 1882, 1645, 1633, 1579, 1564
1673, 1617, 1595, 1484, 1421, 1391| 1212, 1166, 1107, 968, 862 1440, 1415, 1401, 1379, 1308 Yes
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Oxalic acid 1690, 1619, 1586, 1544, 1424 Yes 1587, 1475, 1434, 1419, 1176,
1677, 1161, 1128, 826, 779 1386,1320, 1276, 1218, 117( 1100, 1085 No
Pamoic acid 1691, 1652, 1596, 1552, 147 1697, 1647, 1546, 1479, 1428
1649, 1452, 1428, 1308, 1290, 1204 1432, 1356, 1323, 1226 Yes 1357, 1284, 1237, 1087 Yes
Phosphoric acid 1690, 1676, 1582, 1474, 1434 1581, 1473, 1439, 1422, 1394
N/A 1383, 1278, 1226, 1178, 111 1369, 1356, 1310, 1272, 1185
Yes Yes
Piperazine 1698, 1645, 1456, 1426, 138 1584, 1477, 1434, 1419, 187 No
1648, 1456, 1322, 1270, 1127, 1084 1326, 1277, 1221, 1169 No 1100, 1085
Riboflavin 1730, 1645, 1578, 1536, 150 1730, 1645, 1578, 1536, 1503 No
1730, 1645, 1578, 1536, 1503, 1395 1395, 1343, 1241, 1178 No 1395, 1343, 1241, 1178
Saccharin 1694, 1649, 1453, 1429, 130 Yes 1650, 1639, 1625, 1608, 1579 Yes
1714, 1591, 1458, 1332, 1295, 1255| 1293, 1206, 1171, 1112, 109 1558, 1508, 1444, 1432, 1384
Salicylic acid 1674, 1625, 1587, 1463, 142 Yes 1682, 1625, 1599, 1560, 1540  Yes
1652, 1608, 1480, 1440, 1292, 1233| 1384, 1324, 1276, 1219, 117 1469, 14251349, 1260, 1243
Sorbic acid 1688, 1477, 1432, 1384, 132 Yes 1730, 1707, 1654, 1576, 1555  Yes
1672, 1634, 1608, 1411, 1374, 1314| 1277,1222, 1173, 1115, 102 1538, 1519, 1505, 1441, 1417
Succinic acid 1688, 16271579, 1512, 1431 Yes 1648, 1561, 1512, 1456, 1437,  Yes
1679, 1411, 1307, 1197, 1156, 1131| 1380, 1318, 1276, 1224, 111 1399, 1366, 1314, 1271
Theophylline 1679, 1624, 1600, 1554, 147 Yes 1679, 1651, 1624, 1591, 1553  Yes
1700, 1659, 1555, 1481, 1441, 1313| 1434, 1275, 1223, 1160, 111 1476,1436, 1411, 1398, 1364
Urea 1695, 1670, 1470, 1434, 122 No 1645, 1609, 1591, 1569, 1516 Yes
1674, 1590, 1550, 1454, 1148, 1118 1161, 1120, 1086 1478, 1443, 1388, 1213, 1164
Xanthine 1695, 1433, 1280, 1225, 119 No 1694, 1669, 1615, 1570, 1559 No
1692, 1650, 1564, 1454, 1436, 1415 1168, 1115, 995 1528, 1438, 1422, 1408
Experimental supramolecular yield 64% 83%

CoForm was used to predict the-aystal screening outcome for Loratadine and Desloratadine,

Table6.4.

6.3.2. CoForm prediction outcomes

Table 6.4. CoForm cecrystal screening outputs for loratadine and desloratadine.

Co-former Loratadine Desloratadine
3-Hydroxy-2-naphthoic acid Yes Yes
4-Hydroxybenzoic acid Yes Yes
Adipic acid No Yes
Apigenin Yes Yes
Benzenesulfonic acid Yes Yes
Benzoic acid Yes Yes
Caffeine Yes Yes
Cholic acid Yes Yes
Citric acid Yes Yes
D-glucuronic acid No Yes
EDTA Yes Yes
Folic acid No No
Fumaric acid No Yes
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Glutaric acid Yes Yes
Glycine Yes Yes
Glycolic acid No No
Hydrocinnamic acid Yes Yes
Isonicotinamide Yes No
L-glutamic acid Yes Yes
L-mandelic acid No Yes
L-proline No Yes
L-serine Yes Yes
L-tartaric acid Yes Yes
Maleic acid Yes Yes
Malic acid Yes Yes
Malonic acid No Yes
Maltitol No Yes
Mannitol Yes Yes
Nicotinamide Yes Yes
Oxalic acid No Yes
Pamoic acid Yes Yes
Phosphoric acid Yes Yes
Piperazine Yes Yes
Riboflavin No Yes
Saccharin Yes Yes
Salicylic acid Yes Yes
Sorbic acid Yes No
Succinic acid No Yes
Theophylline Yes Yes
Urea No No
Xanthine Yes Yes

6.3.3. HBP prediction outcomes

HBP was used to predict the-coystal screening outcomes, TablB.

Table 6.5. Hydrogenbond propensity (HBP) calculations for loratadine and desloratadine.

Co-former Homomeric Heteromeric D=Heterc Homomeric | Heteromeric | D=Hetero
interactions interactions Homo interactions interactions Homo
3-Hydroxy-2-
naphthoic acid 0.23 0.47 0.24 0.4 0.31 -0.09
4-Hydroxybenzoic acid 0.28 0.51 0.23 0.35 0.41 0.06
Adipic acid 0.42 0.66 0.24 0.45 0.45 0
Apigenin 0.31 0.41 0.1 0.4 0.4 0
Benzenesulfonic acid 0.47 0.59 0.12 0.47 0.47 0
Benzoicacid 0.27 0.43 0.16 0.35 0.35 0
Caffiene - - N/A 0.25 0.8 0.55
Cholic acid 0.45 0.64 0.19 0.54 0.6 0.06
Citric acid 0.33 0.53 0.2 0.37 0.52 0.15
D-glucuronic acid 0.53 0.56 0.03 0.49 0.53 0.04
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EDTA 0.4 0.67 0.27 0.42 0.45 0.03
Folic acid 0.56 0.7 0.14 0.54 0.45 -0.09
Fumaric acid 0.46 0.59 0.13 0.42 0.41 -0.01
Glutaric acid 0.43 0.67 0.24 0.45 0.44 -0.01
Glycine 0.64 0.72 0.08 0.67 0.53 -0.14
Glycolic acid 0.53 0.6 0.07 0.54 0.6 0.06
Hydrocinnamic acid 0.37 0.58 0.21 0.35 0.35 0

Isonicotinamide 0.56 0.47 -0.09 0.58 0.4 -0.18
L-glutamic acid 0.56 0.7 0.14 0.6 0.52 -0.08
L-mandelic acid 0.34 0.58 0.24 0.44 0.51 0.07
L-proline 0.49 0.59 0.1 0.45 0.47 0.02
L-serine 0.62 0.62 0 0.61 0.61 0

L-tartaric acid 0.42 0.61 0.19 0.45 0.54 0.09
Maleic acid 0.45 0.59 0.14 0.42 0.41 -0.01
Malic acid 0.45 0.62 0.17 0.48 0.55 0.07
Malonic acid 0.5 0.67 0.17 0.5 0.44 -0.06
Maltitol 0.74 0.68 -0.06 0.7 0.76 0.06
Mannitol 0.36 0.48 0.12 0.38 0.59 0.21
Nicotinamide 0.57 0.48 -0.09 0.58 0.4 -0.18
Oxalic acid 0.17 0.21 0.04 0.41 0.28 -0.13
Pamoic acid 0.22 0.48 0.26 0.43 0.33 -0.1
Phosphoric acid 0.87 0.53 -0.34 0.86 0.82 -0.04
Piperazine 0.62 0.58 -0.04 0.47 0.41 -0.06
Riboflavin 0.66 0.5 -0.16 0.66 0.55 -0.11
Saccharin 0.44 0.46 0.02 0.41 0.33 -0.08
Salicylic acid 0.25 0.5 0.25 0.41 0.34 -0.07
Sorbic acid 0.44 0.58 0.14 0.41 0.4 -0.01
Succinic acid 0.44 0.67 0.23 0.46 0.42 -0.04
Theophylline 0.26 0.32 0.06 0.33 0.49 0.16
Urea 0.97 0.93 -0.04 0.97 0.84 -0.13
Xanthine 0.67 0.5 -0.17 0.64 0.56 -0.08

6.34. MC prediction outcomes

MC was used to predict the-coystal screening outcomes, Tabl6.

Table 6.6. Molecular Complementarity (MC) calculations for loratadine desloratadine.

Co-former Loratadine hit rate % Desloratadinehit rate %
3-Hydroxy-2-naphthoic acid 50 50
4-Hydroxybenzoic acid 0 0
Adipic acid 84 0
Apigenin 0 0
Benzenesulfonic acid 0 0
Benzoic acid 0 0
Caffiene 20 0
Cholic acid 60 0
Citric acid 0 0
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D-glucuronic acid 0 0
EDTA 0 0
Folic acid 100 0
Fumaric acid 0 0
Glutaric acid 67 67
Glycine 0 0
Glycolic acid 0 0
Hydrocinnamic acid 0 0
Isonicotinamide 84 60
L-glutamic acid 0 0
L-mandelic acid 0 0
L-proline 100 100
L-serine 60 100
L-tartaric acid 0 0
Maleic acid 0 0
Malic acid 0 0
Malonic acid 0 0
Maltitol 0 0
Mannitol 0 0
Nicotinamide 20 0
Oxalic acid 0 0
Pamoic acid 0 0
Phosphoric acid 100 100
Piperazine 0 0
Riboflavin 100 100
Saccharin 64 90
Salicylic acid 60 25
Sorbic acid 50 50
Succinic acid 20 0
Theophylline 0 0
Urea 0 0
Xanthine 0 0
Supramolecular yield 31% 21%

6.4. Discussions

6.4.1. Current stage of CoForm

CoForm, HBP, and MC were used to predict the potentigkygstallizing partners for loratadine
and desloratadine. The accuracy of the predicting approaches was determined by calculating a
success rate, which is the number of predicttbasmatch the exgrimental results over the total
number of predictions. CoForm produced a prediction success rate of 80%, HBP predicted 76% of

the cocrystallization outcomes correctly and, MC 39%. The true positives and true negatives were
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analyzed separately. We disydal the results in a confusion matrix, Figérg. Each cell in the
figure is defined as follows:
True positive: Prediction and experimeagreeon successful corystallizationpartners.
True negative Predictionandexperimentagreeon failed co-crystallizationpartners.
False positive: Prediction andexperimentdo not agree on successful carystallization
partners.
Falsenegative Predictionand experimentdo notagreeonfailed cocrystallizationpartners.

CoForm

True Positive
24/30

True negative
8/11

Hydrogen Bond Propensity Molecular Gomplementarity

True Positive True Positive
26/30 8/30

True negative True negative
5/11 7/11

Figure 6.5. Correlation between the experimental and predicted outcomes for loratadine.

CoForm exhibits 80% accuracy for true positives and 72% for true negatBBsdelivered 86%
correctness for true positives and 45% for true tregm The true positive results by HBP are
comparable to that of CoForm however, with a very low accuracy for true negatives. MC delivered
very low accuracies of 26% for true positives and 63% for true negalfikegrediction success

rates of HBP and M@llowed similar trends as we observed in Chapter 4. Individually both the
methods were not very reliable for-coystallization screening experiments.

Similar comparisons using confusion matrices were carried out for desloratadine, and the

correlation letween the prediction and experimental outcomes are listed in Bigure
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CoForm

True Positive
32/36

True negative
0/5

Hydrogen Bond Propensity Molecular Gomplementarity

True Positive True Positive
18/36 6/36

True negative True negative
3/5 3/5

Figure 6.6. Correlation between the experimental and predicted outcomes for desloratadine.

CoForm displays 89% accuracy for truespiives but could not predict any true negatives
correctly. For HBP, the correctness for true positive was 50% and for true negative 60%. Finally,
MC gave a 16% success for true positive and 60% for true negative.

Overall for both loratadine and desladine, CoForm produced higher success rates for true
positives than true negatives. When we compared the ratio of true positives to true negatives in
our database, we found that there is a total of 373 positieeystals and 119 negative-coystals

resuts. The positive partners accounts for 76% in comparison to 24% for the negative partners
which accounts for the imbalance in the prediction outcomes. Unfortunately, at this point, we could
not add more failed eorystallization experiments in our databas

Table 6.7. summarizes the overall prediction abilities of the three methods in comparison to

experimental results.

Table 6.7. Success rates for predicting theagstal formation.

Compounds Method Succes rate
CoForm 33/41= 8%

Loratadine HBP 3V41=76%
MC 16/41= 3%

CoForm 33/41=80%

Desloratadine HBP 22/41= 54%
MC 9/41=22%
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6.4.2. Evolution of CoForm

The CoForm database currently consists of 2000 data for small molecules and approximately 500
data for ceformers from the GRAS list. For CoForm to deliver results with high accuracy, we
need to add more errystallization results. Additionally, the dataleaonly consists of hydrogen

bond driven target and dormer pairs. In order to make CoForm more versatile, we have to ensure
that other norcovalent interactions (such as halogen and chalcogen bonds) that drive the co
crystallization experiments are aladded into the database. We also plan to incorporate machine
learning approaches to further benefit the prediction abilities of CoForm.

Having said that, CoForm is designed as a-gpecific tool and will produce the most reliable
outcomes, if the unkmen target is a close match (similar molecular weight, rotatable bonds,
functional groups) to the known targets in the database. Therefore, havingspeséc database

could increase the accuracy of CoForm. The user specificity of CoForm also etgersdbility

not only in pharmaceutics, agrochemicals, energetics, but any field where physical properties play

an important role.

6.5. Conclusions

We attempted to develop a fast and tfsendly software application to facilitate co
crystallization sreening experiment8Ve hope this tool will be widely adopted and used by both
academic and industrial scientists interested in the crystallinestatelespecially in the context

of improving physical properties

1. CoForm could predict the resultsthvB0% accuracy for loratadine and 80% for desloratadine.

2. HBP produced a success rate of 76% and 54% for loratadine and desloratadine, respectively;

whereas MC delivered a very low success of 39% and 22% each.
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Chapter 77 Molecular Recognition by Cavitands via Cavity
Inclusion

7.1. Introduction

Supramolecular chemistry deals with the assembly of multifunctional molecules to form complex
architectures through reversible roovalent interactiodls | nspirati on often co
use of these interactions in molgar recognition for biological proces$ésSupramolecular

chemistry has advanced from small molecular building blocksdger aggregates contributing in

various fields such as nanotechnology, selective traffsmamsors, drug delivetyselective

separatiofy etc. In the previous chapters we explored different strategies to form-statiel
architectures using hydrogen and halogen bonds on small molecules (molecular weigdd 250

g/mol). In this chapter we attempted to extend our understanding of such interactiangeon

molecular hosts such as, cavitands (molecular weightt250 g/mol).

Cavitands are bowl shaped macromolecules introduced by Cram irf®198@&m defined
cavitands as fAmolecules that <contained enforc
mol ecul es or i on scavitand® eas act as vensatile enolezulab cargatier’s

since thedefined space, volume and functional groope be modulated’hese containers can
encapsulate guestike cations? anions and solvents through a variety of intermolecular
interactions.This has made cavitands useful receptors with partiattention in molecular

catalysi$, molecular sensirtg'4*>16, stabilization of reaction interediates”'8, gas capsulatidn

and photosensitize®¥*. Further mor e, the fAinanospace-0 with
defined size, volume and chemical characteristics that are well suited for incorporating
complementary guest molecules inside.

The structural framework of a cavitand can be divided into ddterentparts: feet, body, bridge

and rim Figure 7.1. The lower end of the cavitand, tliief e radstly consists of carbon and
hydrogen. ©valent modifications to thieetalter solubility?>?3. The middle part of the cavitand,

the body, which is electronrich,24%> can encapsulatelectron deficient guesnolecules.The

bridging groupdetermines the width of the cayA®?"?. Finally, therim is the top part of the

cavitand. A cavitand bears four positions on the rim which on functionalization can offer four

binding sites to complementary guest molecules per one host molecule.

134



Rim Polar goup
Bridging group Bridging group
Body p - cloud

Non-polar group

Figure 7.1. Structural framework of a cavitand.

Cavitands are known as versatile hosts since each structural feature of the cavitand can deliver
characteristic hogjuest interactionsn this study we focus our efforts on investigating the cavity
of the cavitand. Figure 7.2 illustrates different ways cavitand can interact with a guest molecule at

the cavity.

KX )

Figure 7.2. Cartoon representation of five possible guest binding modes to a cavitand.

In order to explore binding capabilities of the cavity without involving the rim, we specifically

designed cavitands where the rim does not participateyircamventional hydrogen/ halogen
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bonds. Therefore, for guest encapsulation to take place, complementarity between the host cavity
and guest is crucial. The difference in the size, shape and dipole moment of the guest can possibly
determine the selectivity.

We selected a series of isostructural cavitands where the upper rim of the target da8tand

bromaofunctionalized and19 is iodo-functionalized Scheme 7.1. Target cavitamn@®- T23 are

deeper cavitand$in comparison td18-T19 due to the presence of triple bonds on the rim.

Scheme7.1. Target cavitands (R=hexyl).

A series of solvent molecules with varied dipole moment were selected as guests, in order to
explore the binding ability of the cavitands., Table 7.1. We conducted selediudies to

examine if the cavitands are particularly biased towards encapsulating any solvent.
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Table 7.1. Solvents of choice.

Dipole moment 0.64 0.37 0.00 1.15 1.88 344 4.10
Xylenes Dichloromethane Ethyl acetate Acetonitrile Dimethyl sulfoxide
(e}
Debye PN )J\ o
cl cl o | N ||
/ S\

The study is done to answer the following questions:
1. Will the solvent encapsulation by isostructural hoki8 andT19 remain consistent?
2. Will the depth of the cavity effect where the solvent is encapsulated?

3. Will the dipole moment effect the location of the solvent in the cavitand?

7.2. Experimental

All chemicals were purchased from Aldrich, Fischer, TCI America, Oakwood and Alfa Aesar and
used without further purification unless otherwise mentioned. Column chromatography was
carried out using silica gel (150 A pore size) from Analtéob,*H and*3C NMR spectra were
recorded on Varian Unity plus 400 MHz spectrometer in G@EDMSO. The NMR data is in

parts per millions (ppm) with downfield shift from tetramethylsilane which is an internal reference.
Nicolet 380 FFIR was used for imared spectroscopy and the data was analyzed using Omnic 8.0
Thermo Fischer Scientific Inc. software. DSC and TGA analysis were done using TA instruments
Q20 and Q50, respectively.
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7.2.1. Synthess

7.2.1.1. Synthesis Gthexwlcalix[4]resorcinarene 1%°
o)

\

HO. : LOH
+

R= (CH,)sCH;

To a solution of resorcinol (50.0 g, 450 mmol) dissolved in ethanol (500 mL), heptanal (45.5 g,
450 mmol) was added. The mixture was cooled $& Qinder dinitrogen atmosphere and conc.
HCI (70 mL) was added dropwise over-28 mins. The mixture was reflag at 70°C for 16- 24

hrs. The reaction was monitored using thin layer chromatography (TLC). Upon completion, the
reaction mixture was allowed to cool to room temperature and diluted with water7(BDénL)

to obtain a dark brown/ orange precipitatee fnecipitate was filtered using Buchner funnel and
washed with hot water until a neutral pH was obtained. The product was air dried overnight and
further dried in an oven set at 180 further for 24 hrs to yield (75 g, 87% vyield).

M.P.: > 280°C.*H NMR (400MHz, DMSQds): 8.84 (s, 8H), 7.1 (s, 4H), 6.2 (s, 4H), 419(t, J

= 7.6Hz, 4H), 249(m, 8H), 197-1.19 (m, 24H), 0.& (t, 12 H, J=6.4Hz)
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7.2.1.2. Synthesis Gthexyltetrabromocalix[4]resorcinarene2®?

2-butanone
RT, 12 hrs

R=(CH)sCH;

C-hexylcalix[4]resocinarend, (50.0 g, 65.0 mmol) was added to the flask containibgtanone

(400 mL) cooled to O6C and covered with aluminum foil. The solution was stirred fet30nins

under dinitrogen atmosphere. Under dark conditionaBrd¥nosuccinamide (69 g, 390 mmol) was
slowly added in small portions for a period of 30 mins. The condenser was attacheds and th
reaction was stirred at room temperature for 26 hrs. The reaction was monitored using TLC.
The precipitate formed in the reaction was filtered using Buchner filtration and washed with cold
2-butanone (3 X 50 mL), then with cold acetone (3 X 100 ralyi¢ld 2. Product2 was air dried

and then dried in an oven at 1@ to produce white solid (52 g, 78% yield).

M.P.: > 280 °CH NMR (400MHz, DMSGQds): 9.07 (s, 8H), 7.32 (s, 4H), 4.33 (t, J = 6.4Hz, 4H),
2.12 (m, 8H), 1.22 (m, 24H), 0.82 (t, J = 7.2H2H).
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7.2.13. Synthesis of-hexyltetrabromocavitand] 1832

BrCICH,
K,COs

DMF
65 °C, 48 hrs

T18
R= (CH,)sCH;

To a stirred solution of @exyltetrabromocalix[4]resorcinareriz(40.0 g, 31.0 mmol) dissolved

in DMF (500 mL), kCOsz (60 g, 435 mmol) was added under dinitrogen atmosphere.
Bromochloromethane (55 g, 415 mmol) was added to the reaction mixture agerr@s. A
condenser was added, and the solution was heated®@tf6624 hrs. After 24 hrs an additional
amount of bomochloromethane (7.00 g, 55.0 mmol) was added and the mixture was further stirred
at 65°C for 24 hrs. The reaction was monitored using TLC. After completion, the reaction was
cooled to room temperature and poured slowly into an aqueous HCI solutio65@%L). The

solid was filtered off and washed with water until neutral pH was obtained. Additionally, the water
layer was extracted using dichloromethane and the solid obtained after rotavap was added to the
solid filtrate. The combined solids were themified using column chromatography using hexane:
ethyl acetate 9:1 mixture as an eluent. The pro@8twas isolated as a white solid (24 g, 77%
yield).

M.P.: > 280°C. 'H NMR (400MHz, CDC}): 7.08 (s, 4H), 5.95 (d, J = 7.4Hz, 4H), 5.&, J =

7.6Hz, 48, 4.3 (d, J = 7.2Hz, 4H), 21 (m, 8H), 129 (m, 24H), 0.9 (t, 12H)
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7.2.14. Synthesis dE-hey/ltetraiodocavitandT19

n-BuLi, THF

-78 °C
_

T19
R= (CH;)sCH3

C-hexyltetrabromoresorcinarengl 8 (10.0 g, 31.0 mmol) was dissolved in dry THF (10 mL) and

the solution was evaporated and dried a@@or 2 hrs under dinitrogen atmosphere using the
Schlenk line. This procedure was repeated twice. The resulting solid was dissolved in dry THF (60
mL) ard cooled to-78°C (dry ice/ acetone bath) under dinitrogen atmosphere for 30 mins. To the
solution rBuLi (1.6 M in hexanes, 2.5 mL, 4.00 mmol) was added dropwise for 30 mins and
additionally stirred for an hour. lodine dissolved in methanol was addeaidein excess to the
solution until the solution turned light yellow. The solution was stirred additionally for 2 hours,
and the dry ice/ acetone bath was removed for the reaction mixture to reach room temperature.
Upon reaching room temperature, thectem was quenched with saturated solution of sodium
thiosulfate (100 mL). The mixture was extracted using dichloromethane three times which was
filtered and brought to dryness using rotavap to yield white solid (9.50 g, 98% vyield).

M.P.: > 280°C. H NMR (400MHz, CDC#): 7.06 (s, 4H), 5.8 (d, J = 7.4Hz, 4H), 4B(t, J =

7.6Hz, 4H), 4.3 (d, J = 7.2Hz, 4H), 29(m, 8H), 134(m, 24H), 0.9 (t, 12H).
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7.2.1.5. Synthesis Gthexwltetra((trimethylsilyl)ethynyl)cavitand; 20

TMS, Pd(PPh3),

Cul
—

TEA, 80 °C

T20
R= (CH)5CH;

C-hexyltetraiodoresorcinarengl9 (4.00 g, 3.55 mmol) was dissolved in triethylamine (TEA) and
degassed by bubbling dinitrogen through the reaction mixture f@02@ins. TMSacetylene

(2.74 g, 17.80 mmolRdChk(PP)2(0.20 g, 0.35 mmol) and Cul (0.13 g, 0.71 mmol) were added

to the mixture. The resulting mixture was refluxed at 80 °C overnight under dinitrogen
atmosphere. The reaction was monitored using TLC. Upon completion the solvent was evaporated
using rotava@nd the residue was dissolved in diethyl ether and washed with brine solutien (100
200 mL). The organic layer was extracted thrice and dried over anhydrous magnesium sulfate. The
solvent was removed using rotavap and the residue was purified by coltonmatigraphy with
hexane: ethyl acetate 9:1 mixture as eluant to oB2in(3.00 g, 77% vyield), a light yellow solid.

M.P.: > 280°C. 'H NMR (400MHz, CDC4): 7.01(s,4H),5.94 (d, J= 7.2Hz, 4H), 83 (t, J =

7.6Hz, 4H), 438 (d, J = 8.4Hz, 4H), 27(m, 8H), 189 (m, 24H), 086 (t, 12H), 016 (s, 36H)
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7.2.1.6. Synthesis Gthewltetra(ethynyl)cavitandT 213

T21
R= (CH,)sCH;

C-hexyltetra((trimethylsilyl)ethynyl) cavitand;20 (5.00 g, 4.45 mmol) and potassium carbonate
(2.50 g, 18.00 mmol) were stirred in methanol at room temperature4dn@. Upon completion

the solvent was removed by rotavap and the solid was dissolved in diethyl ether and washed with
water. The organidayer was dried using anhydrous magnesium sulfate and the solvent was
removed via rotavap to obtain the prodiigd (3.2 g, 79% yield), a light yellow solid.

M.P.: > 280°C. 1H NMR (400MHz, CD{): 7.(8 (s, 4H), 5.95 (d, J = 6.8Hz, 4H), 8.&, J =

7.4Hz 4H), 440(d, J = 8.2Hz, 4HW®.11(s, 4H), 2.2 (m, 8H), 124 (m, 24H), 0.9 (t, 12H)

7.2.17. Synthesis dE-hex/ltetra(iodoethynyl)cavitand 22

NaOH
lodine

THF, RT

T22
R= (CH,)sCH;

To a solution of chexyltetra(ethynyl) cavitand@21 (1.00 g, 1.20 mmol) dissolved in methanol
(50 mL), a concentrated solution of iodine in methanol (2.00 g, 7.87 mmol) was added dropwise;

simultaneously followed by addition of 10% sodium hydroxide for 30 mins. The solution was
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vigorously stirred and the #&DH was added until the final solution turned brown/ yellow. The
solution was stirred overnight and quenched with 100 mL water upon which light yellow color
precipitate was formed. The solid was filtered and washed with sodium bisulfite which afforded
T22(0.80 g, 75% yield).

M.P.: > 280°C.H NMR (400MHz, CDC}): 7.06(s, 4H), 5.8 (d, J = 7.2Hz, 4H), 85(t, J =
7.4Hz, 4H), 432 (d, J = 7.2Hz, 4H), 27 (m, 8H), 155(m, 24H), 089 (t, 12H).

7.2.1.8. Synthesis Gt hexltetraboronic acid dipinacolyl ester cavitanti23*®

B(OMe)3
Pinacol, MgSO,, DCM

T23
R= (CH;)sCH3

C-hexyltetrabromoresorcinarengl8 (1.00 g, 0.09 mmol) was dissolved in dry THF (10 mL), the
solution was evaporated and dried at’80for 2 hrs under dinitrogen atmosphere using Schlenk
line. This procedure was repeated twice. The resulting solid was dissolved in dry THF (60 mL)
and cooled at78 °C (dry ice/ acetone bath) under dinitrogen atmosphere for 30 mins. To the
solution rBuLi (1.6 M in hexanes, 2.5 mL, 4.00 mmol) was added dropwise for 30 mins and
additionally stirred for an hour. Trimethoxyborane (0.60 mL, 5.30 mmol) was added dropwise
over 10 mins and the resulting solution was stirre@&®C for an hour, after which thdry ice/
acetone bath was removed, and the solution was allowed to reach room temperature. Upon
reaching the room temperature the mixture was quenched with 1M hydrochloric acid (HCI) and
stirred for 30 mins. The mixture was extracted using dichloromet{id@&1) and the organic

layer was dried over magnesium sulfate and the solvent removed using rotavap. The resulting
residue was dissolved in DCM (100 mL), excess pinacol (750 mg, 6.30 mmol) and magnesium
sulfate (3.00 g) was added and the mixture was stovednight. Upon completion the mixture

was filtered, and the solvent was dried using rotavap. The resulting residue was dissolved in DCM
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and added to a beaker of acetone to induce precipitation. The resulting solid was filtered resulting
in pureT23, a whte flaky solid (600 mg, 55% yield).

M.P.: > 280°C.*H NMR (400MHz, CDC¥): 7.10 (s, 4H), 5.5(d, J = 6.8 Hz, 4H), 44(t, J=7.2

Hz, 4H), 4.8 (d, J = 7.6 Hz, 4H), 2.17 (m, 8H)55-1.31 (m, 72H ), 086 (m, 12H)

7.2.2. Preparation of thénostguest complexes

The hostguest encapsulations studies were carried out by dissolving the host in guest solvents.
After which we attempted to grow single crystals, by slow evaporation technique. The single
crystal was then analyzed using thermogratim analysis (TGA) followed by single crystat X

ray diffraction, Scheme 7.2.

Scheme7.2. Schematic representation of the steps involved.

7.2.3. Thermogravimetric analysis (TGA) of target cavitanelsrystallized from the
solvents
TGA analysis of theecrystallized hostsvere performed to confirm the presence or absence of
solventin the crystal latticeA mass of a sample was measured over time with gradual increase in
the temperature. The weiglsk observed was compared with the weight of the solvent molecules,

to find the number of solvensesenin the crystal lattice

7.24. Single crystal Xay crystallography

The target cavitand was dissolved in a minimum amount of guest solventdram2orosilicate
vial for slow evaporation in order to obtain single crystals foaXdiffraction. In cases were slow

evaporation failed, vapor diffusion, and asdilvent crystallization techniques were employed.
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The single crystal Xay crystallograpic data was collected for each instance. The detailed

description is illustrated in section 2.2.4.

7.3. Results

7.3.1. Thermogravimetric analysis (TGA) of target cavitands recrystallized from the
solvents

Figure 7.3. illustrates TGA analysis of the target cavitéh8 recrystallized from ethyl acetate.

The weight loss is 14% at around 3W@) which suggests that the solvents are not loosely bound

to the cavitand. Loss of one ethyl acetate corresponds % weldght loss indicating that in this
instance there was loss of two solvent molecules. Since the experiments were not done in dry

conditions, water molecule weight% was always considered in these calculations.

100
’ 14.01% Theoretical calculations:
, One EtOAmolecule = 7.4%
80 - One water molecule= 1.5%
60 -
=<
5 40-
S _
=
20 1
0 —
'20 T T T T T T T T T T T T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800

Temperature (“C) Universal V4.5A

Figure 7.3. TGA of T18 recrystallized from ethyl acetate.

Similar TGA analysis was done for all the target cavitands recrystallized from solvents. Table 7.2.
summarizes the number of solvent molecules encapsulated by the cavitands w.r.t the weight loss

shown in the TGASeeAppendixC for all the TGA data
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Table 7.2. TGA data analysis of the target cavitands recrystallized from solvents.

Xylene DCM Ethyl acetate ACN DMSO Mixture of solvent:
T18 1 0 2 1 1 1 DMSO
T19 1 0 2 1 1 1 DMSO
T20 1 1 2 1 2 2 DMSO
T21 1 1 2 1 2 2 DMSO
T22 1 1 2 1 2 2 DMSO
T23 1 1 2 1 2 2 DMSO

7.3.2. Single crystal Xay crystallography

We were able to get 13 crystal structures out of 30 combinations of cavitands and solvents. The
crystallographic tables are listed Appendix E. We got crystal structures dfl8 with all five

solvents Figure 7.4. InT 18:xylene xylenewas not present in the cavity of the cavitand rather was
present as a part of crystal packing, exocyclically. Recrystallizi@gn DCM, we did not observe

the presence of any solvent molecules and the host were absolutely vacamtl18\(EtOAC).

we observed 1:2 stoichiometry between the host and solvent. The solvent molecules were located
at the rim as well as around the feetlu# cavitand. INMT18:ACN, the ACN was present around

the feet of cavitand. Finally, with DMS®L8 shows similar binding and stoichiometry as that of
ACN.
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TGA analysis

Figure 7.4. Crystal structures of18 recrystallized from different solvents (color codes:red

oxygen, mustarebromine, violetiodine, yellowsulfur, greycarbon, whitehydrogen).

With T19 we were able to get three crystal structured.1fi:xylene, ¥lene was present around
the feet of the cavitands. FoL9 recrystallized from DCM we only obtaindd.9 by itself and no

solvent in the cavity. Fof19:DMSO, we observed 1:1 stoichiometry with DMSO located at the
rim of the cavitand, Figure 7.5.
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| Xylene

-
i

5o

TGA analysis

TGA analysis
\_ T19Xlene  / \__T19:(BOA), /

Figure 7.5. Crystal structures oF19 recrystallized from different solvents (color codes:red

oxygen, mustarebromine, violetiodine, yellowsulfur, greycarbon, whitehydrogen).

The isostructural deeper cavitait?0-T23, demonstrated similar stoichiometries between host
and solvents according to TGA analysis. We were able to get one crystal struci@deveith

DMSO, where the solvent molecules were located both around the rim and feet, Figure 7.6.
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Figure 7.6. Crystal structures oF20-T23 recrystallized from different solvents (color codes:

red-oxygen, mustarebromine, violetiodine, yellowsulfur, greycarbon, whitehydrogen).

7.4. Discussions

7.4.1. SolveniXylene

The solvent ylene was present as a mixture of ortho, meta, para isdi@&r.analysis ofT 18-
T23 in combination with ylene displays 1:1 stoichiometry. We obtained single crystalsl8f
andT19 with xylene, which also show a 1:1 stoichianyeIn T18, xylene was not present in the
cavitand, rather it participates in the packing arrangenidi&.spedfically encapsulates ortho
xylene.ForT19, xylene was present around the feet of the cavitamtspecifically encapsulates

met-xylene, Figue 7.7
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Figure 7.7. Packing ofT18 andT19 with xylene (cobr codes: redavitands, greerylene).

In T18 since ¥lene interacted exocyclicallywe o b s e r-in-theemorfuft ot ki nd of
where footof one cavitand was present in the mouth of other cavitandder to fill theempty

cavity spaceFigure 78. For T19:xylene, ¥ylene was present around the feet with empty space
around the rim which was fulfilled by the foot of the neighboring cavitaokecuale Figure 7.8

Foot in the mouth

Foot in the mouth 74
. -
Foot in the mouth %
(. A
-— P - h
-

Foot in the mouth

e g,

T18:Xylene

T19:Xylene

Figure 7.8. Packing ofT18 andT19 with xylene (cobr codes: regtavitands, greemrylene).

To understand the differenoé the guest encapsulation betw@er8:xylene andl'19:xylene, we
measured the cavity size and overlay the structures. The size of the caVitgfamdT19 were
consistent with a negligible difference of 0.004 A, Figut@ However, the structure overlay

shows that, the feet df18 has less space to accomratal¥lene in comparison td19, where
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the feet curve out to make enough space fgtene encapsulation. Xylene is composed of carbon
and hydrogen hence, it chooses to be around the feet, which is tpelaopart of the cavitand.
TGA analysis ofT20-T23 also shows 1:1 stoichiometry withybene. Although, we were unable
to obtain single crystals, we assume that the structures will be simiia®iylene.

T18 and T19 structure overlay
Yellow T18 and Green T19

T19:Xylene

Figure 7.9. a) Top and bottom view af18; b) Top and bottom view df19; c) structure overlay

of T18 andT19 (color codes: re@xygen, yellowish greehoron, greycarbon, whitehydrogen).

7.4.2. Solventdichloromethane (DCM)

TGA analysis ofT18 andT19 with DCM shows no solvents in the cavitkiwhereas witil20-

T23 gave 1:1 stoichiometry. We received crystal structureBl8fand T19 recrystallized from

DCM. I n both cases, the-ntlemotbahdskiwedeoVVapaaoki
consistent as we observedTd8/T19:xylene. For T18, the body was oriented at 8@ each

other, whereas for19 the body was at 90Figure 710. The arrows at the bottom of the Figure

7.10, indicate the packing pattern observed in the crystal lattice. The arrowhead corresponds to the

rim of the caitand.
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Figure 7.10. Packing ofT18:DCM andT19:DCM (color codes: re@xygen, browrbromine,

violet-iodine greycarbon, whitehydrogen).

For the deeper cavitandB20-T23 we saw a 1:1 stoichiometry with DCM as indicated by TGA
analysis. To examine the difference in the depth of the cavitands, we measured diagonally from
top of the rim to the bottom of the body i.e. hydrogen on the aromatic ring, FigureThd
differencebetween the depth of tie8 andT21 cavitands was around 2A; {618 andT20 was

2.06A; for T21 andT20was same with negligible difference of 0.07Shce the deeper cavitands

has more rim space, we assume that in these casasjubet willmost lkely belocated around

the rim.

Figure 7.11. Difference in the depth of the cavitanfis8, T21 andT20 (color codes: red

oxygen, browrbromine, yellowish greeboron greycarbon, whitehydrogen).
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7.4.3. Solvertethyl acetate (EtOAC)

TGA analysis ofT18-T23 with EtOAc, shows 1:2 stoichiometry. The single crystal structure of
T18:(EtOAc). showspresence of two solvent molecules, one at the top of rim and the other at the
feet of the cavitand. Since the rioh the cavitand was occupied by ethyl acetate, the molecular
packing arrangementnthemobbhgeki hdl bbwpadkong.
at 180 from each other, Figure 21For all other combinations of cavitand and ethyl acetate, we
were not able to get crystal structures. TGA analysiB18T23 with EtOAc demonstrates 1:2
stoichiometry. In order to accommodate two EtOAc in the cavity it has to follow similar solvent

encapsulation as we observed Tas.

T18:Bhyl acetate

Figure 7.12. Packing ofT18:(EtOAc). (color codes: redxygen, browrbromine, greycarbon,
white-hydrogen, greeiittOAC).

7.4.4. Solventacetonitrile (ACN)

TGA analysis ofT18-T23 with ACN indicates 1:1 stoichiometry. We obtainecrgstal structure

of T18 recrystallized from ACN, Figure 7.7. INL8:ACN, the ACN was located around the feet

of the cavitand. It formed CH(feet)AAAN(ACN)
forms a CH(ACN) AAAO( r iinmdf the maighboring tavitan. Theset h  t |
interactions are commonly known as mmnventional hydrogen bond%"*® The molecular
packing st i-ih-theniooultlhoow sk ifinfdo ootf p a c lgisdiffetent#®imt h o u g h
what we observed forl18:(EtOAc), Figure 7.8.
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Figure 7.13. Packing ofT18:ACN (color codes: re@xygen, browrbromine, greycarbon,

white-hydrogen, greetACN).

7.4.5. Solventdimethyl sulfoxide (DMSO)

TGA analysis indicates 1:1 stoichiometryTdE8-T19 in combination with DMSO. With deeper
cavitandsT20-T23, we got 1:2 stoichiometry. Crystal structureTdf8:DMSO shows DMSO
encapsulation around the feet of the cavitari® encapsulates DMSO at the rim of the cavitand;
andT21 consists of two DMSO molecules located at the rim and feet of the cavitand, Figure 7.8.
The molecular arrangementbf8: DMS O does nantthemolut baw phobing,
the rim was completelg mpt y. We al so o bcomentionall hydrogeBdad A A O
interaction between DMSO afid.8, Figure 7.4.
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T19:DMSO

Figure 7.14. Packing ofT18:DMSO, T19:DMSO, andT21:DMSO (color codes: redxygen,
brown-bromine, violetiodine, greycarbon, whitehydrogen, greeidbMSO).

In T19:DMSO, the solvent was located at the rim that interacts with another DMSO molecule,
present at the feet of the cavitand, forming a parallel angbardilel chained patternigure 7.5.

With T21, we observed the presence of DMSO molecules both at the rim and feet of the cavitand.

T19:DMSO

Figure 7.15. Packing ofT19:DMSO (color codes: redxygen, violetiodine, greycarbon, white
hydrogen, greerACN).
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7.4.6. Solvent selectivity

We conducted selectivity studies by recrystallizing the cavitands from an equimolar mixture of
solvents. We allowed crystal growth by slow evaporation technique followed by TGA and single
crystal angysis. Amongall the solvents, Wene/ DCM had the lowest dipole momesmid DMSO

had the highest. Bothylene and DCM were not encapsulated 8. ForT19, xylene was present

in 1.1 stoichiometry, but DCM was not encapsulated. Deeper cavii2®3 23 showed 1:1
stoichiometry with both ylene and DCM. EtOAc is present in the center of the dipole moment
chart and showed 1:2 stoichiometry with all the cavitand$1BT23, ACN was present in 1:1
stoichiometry. Finally, DMSO exhibited 1:1 stoichiometry with8-T19 and 1:2 withT20-T23.
T18-T23 when subjected to a mixture of solvents, displayed a higher selectivity for DMSO as
observed by TGA analysis and single cr-pnmst al
themout ho packing was paeumomdentsaoivengs. With thér incieasiwge r
di pol e moment other weak interactions such

the cavitand.

7.5. Conclusions

1. Overall the isostructural hosts showed similar stoichiometry for a given sa@\téough since
the cavitands did not have a strong{oowalent interaction the location of the solvents within
the cavitand were random, Figure@.1
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Recrystallized from Xylene

Figure 7.16. Comparison betweehl8 andT19 solvent encapsulation.

2. The difference in the depth ©20-T23 displayed 1:1 stoichiometry with DCM and

1:2 with DMSO in comparison to no solvent molecules observed befiideMm19 with DCM
and 1:1 with DMSO.

3. DMSO had the highest dipole moment and was most selective in comparison to other solvent

molecules, Figure 771
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Figure 7.17. Selectivity between the solvent molecules.
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Chapter 81 Cavitands as Molecular Containers
8.1. Introduction

8.1.1. Background

Cavitands are organic macromolecules with bskdped cavities capable of encapsulating
cations, anions and solvents through a variety of intermolecular interaétiérishere are various
applications of cavitands as a molecular Wost%101112 that are characteristic of the defined
space, volume and functional gretit*>1617 The structural framework of the cavitands enables
them to act as versatile molecular hosts wiael@ge variation can be achiewsithout altering

the integrity of the cavitand frameworlkn previous chapters, we useglersible norcovalent
intermoleculaiinteractionsastool'® for exploringdiversity in supramolecular assembligs this
chapter we extend our understanding to hydrdgmmding in cavitandstailored towards
molecular recognitiolf evens for a wide range of guesté/e focus our efforts on cavitands with

two possible modes of heguest binding, Figure 8.1.

(X

Figure 8.1. Cartoon representation of possible guestling modes to the rim of a cavitand.
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A major challenge in supramolecular chemistry is predicting the stoichiometry ofjinesit
interactions. Solid state techniques such as FTIR can provide proof fayuesstinteractions but

not the stoichiometryldeally analysis of the single crystatrdy diffraction is the best possible

route however, growing crystals of such large systems is rather difficult. The most common answer

to this problem is by conducting NMR titratidfdn titration method, one component (igelest)

is incrementally titrated into the other componer. (host), by carefully monitoring the change

in the chemical shiftThe data acquired from the titration is fit into Aarear binding curves to

obtain thevalue ofassociation constant Ka which is the bgmcametefor evaluating the host

guest recoghii on process. I n addition, free energy,
favorability of the complexation and also the stoichiometry of the binding event can be determined

by means of a Jobs pte2.

8.1.2. Choice of host and guest molecules

8.1.2.1. Fragrant compounds as guests

Fragrant compounds are organic compounds with characteristic stronghadtngl applications

in perfumes and perfumed products. The smell of fragrance compounds is often related to their
highly volatility?*24. Therefore, molecular mass of these compounds is an important factor. The
molecular mass of commonly used fragrant compounds range betweéer820@/ mol. In this

study we use three aliphatic carboxylic acid and twyalic hydroxyl fragrant compounds

frequently used as fragrant compounds, Figure 8.2.

b o

2-Methylbutyric acid 2-Methylpentanoic acid2-Methylhexanoic acid ~ Menthol Isoborneol

Figure 8.2. Fragrant compounds of choice.

The goal of this study is to use cavitands as a molecular container for fragrant compounds. The
hostguest interactions between cavitands and guests will most likely change the volatility of the
latter. In order to facilitatbostguest interactions we choose hydrogpemd acceptor cavitands,
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since all the guests have hydrogmnd donor sites. We used three hydregend acceptor
cavitands, wher@&24 andT25 are structural isomefsigure 8.3.T26 had very similar molecular

electrostatic potential surfaces (MEPS) as that2x andT25.

Hydrogen-bond acceptor cavitands

= X N\ N
(LI

7 N N =

¢} oIS | o R b
SOeCEDs
" R \R,( R ! R/H

R=hexyl
T25 T26
Molecular electrostatic potentials: Molecular electrostatic potentials: Molecular electrostatic potentials:
Pyridine- N =-(180-230) Kj/mol Pyridine- N = -(180-230) Kj/ mol Pyrazole-N =-(150-185) Kj/ mol

Figure 8.3. Choice of cavitands.

8.1.2.2. Heterocyclic Noxides as guest

HeterocyclieN-oxides were perceived as side produmssorically, of hepatic metabolism of-N
heterocyclic therapeutic compouftiHeterocyclieN-oxides became a mainstream drug, during
1960s due to unusual discoveryaotihypertensive and ardiopecia ageritlinoxidil by Upjohrt®.
Since then it has found various applications in anticancer, antiviraprantizoal, and anfungal

drug products in advanced discovery stage. Additionally, numerous heterddyamticle
compounds have found its applications in agrochemicals@smetics industry. In this study we
use a series of fdxides to study their binding ability with cavitands, Figure 8.4. The choice of

hosts was hydrogeimond donor cavitands since all the gaéstve hydrogetbond acceptor sites.
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a) Heterocyclic-N-oxides

-o\N+ X /©+/O ©+/O @+/O
/ Z Z N

3-Picoline-N-oxide ~ 4-Picoline-N-oxide  4-Pyridine-N-oxide ~ Pyrazine-N-oxide

b) Hydrogen-bond donor cavitand

COOH
Hoo/c/\ PN O/C(QH P
O! : 0Q— 7\

H ::R - "’/H R=hexyl

Figure 8.4. a) HeterocyclieN-oxide guests of choice, b) Hydrogbond donor cavitand.

8.1.3. Goals

We will synthesize three hydrogdmmnd acceptor and one hydrogaond donor cavitands to
examine hosguest interactions via NMR titrations with fragrant compounds and heteradiclic
oxides. We will use TGA analysis in addition to NMR titrations, in otdeanalyze the resulting
hostguest interactions. Hydrogdrond propensity (HBP) calculations will be implemented to
examine if hosguest interactions can be predicted for cavitands and guest compounds. We chose
HBP, since it produced the highest relidpilin comparison to other commercially available
predictive methods, Chaptei4

The study is done to answer the following questions:

1. Can HBP correctly predict the hagtest interactions?

2. Will the guests interact with the cavitands and if yestwiiabe the stoichiometry?

8.2. Experimental

All chemicals were purchased from Aldrich, Fischer, TCI America, Oakwood and Alfa Aesar
which were wused without further purification unless otherwise mentioned. Column
chromatography was carried out usaikica gel (150 A pore size) from Analtech, IRkl and*3C

NMR spectra were recorded on Varian Unity plus 400 MHz spectrometer in@DOMSO.
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The NMR data is in parts per million (ppm) with downfield shift from tetramethylsilane which is
an internal reerence. Nicolet 380 FIR was used for infrared spectroscopy and the data was
analyzed using Omnic 8.0 Thermo Fischer Scientific Inc. software. DSC and TGA analysis were
done using TA instruments Q20 and Q50, respectively.

8.2.1. Synthesis ¢lfosts

8.2.1.2. Synthesis dE-heyltetra@3-pyridyl) cavitand,T24

_—
Nach3
Toluene:Ethanol
Pd(PPhj),
70 °C, 3 days
T 24
R= (CH,)5CH;,

A mixture of G hexyltetraboronic acid dipinacolyl ester cavitaid®3 (2.0 g, 1.77 mmol) and
tetrakistriphenylphosphine palladium (0) (420 mg, 0.362 mmol) were placed in a round bottom
flask under a stream of dinitrogen. To thiasadded a mixture of toluene (30 mL), ethanol (20
mL) and aqueous sodium bicarbonate (100%mgL) purged with dinitrogen. The&iodopyridyl

(4.6Qy, 228 mmol) was added to the reaction mixture and refluxed for 72 hours under dinitrogen.
Upon completion the reaction was cooled to room temperature and diluted with water (100 mL).
The aqueous phaseas washed with dichloromethane (3 x 100 mL) and dried with anhydrous
magnesium sulfate. The solvent was removed on a rotary evaporator and the residue purified by
column chromatography using an ethanol/ethyl acetate (1:2) mixture as the eluant. Tleé produ
T24 was isolated as a white crystalline solid, (1.44 g, 72%).

M.P.: > 280 °C'H NMR (400MHz, CDC}): 847 (d, 4H), 8.27(s, 4H),7.50 (d, 4H), 7.43 (s, 4H),

7.36 (s, 4H)5.28(d, J = 6.8 Hz, 4H)4.95(t, J = 7.2 Hz, 4H), 26 (d, J = 7.6 Hz, 4H), 28(m,

8H), 143-1.35(m, 72H ), 0.93 (m, 12H).
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8.2.1.1. Synthesis @-heyltetra(4-pyridyl) cavitand,T25

N32003
Toluene/ Ethanol
Pd(PPh3),

70 °C, 3 days

R= (CHy)sCH3

A mixture of G hexyltetraboronic acid dipinacolyl ester cavitad®3 (2.00 g, 1.77 mmol) and
tetrakistriphenylphosphine palladium (0) (420 mg, 0.362 mmol) were placed in a round bottom
flask under a stream of dinitrogen. To thiasadded a mixture of toluene (30 mL), ethanol (20

mL) and aqueous sodium bicarbonate (100 mg, 5putged with dinitrogen. Thenibdopyridyl

(4.6Qy, 228 mmol) was added to the reaction mixture and refluxed for 72 hours under dinitrogen.
Upon completion the reaction was cooled to room temperature and diluted with water (100 mL).
The aqueous phase wasshed with dichloromethane (3 x 100 mL) and dried with anhydrous
magnesium sulfate. The solvent was removed on a rotary evaporator and the residue purified by
column chromatography using an ethanol/ethyl acetate (1:2) mixture as the eluant. The product
T25 was isolated as a white crystalline solid5@lg, 73%).

M.P.: > 280 °C!H NMR (400MHz, CDC4): 8.63 (d, 8H), 7.31 (s, 4H), 6.47 (d, 8H), 5.50 (d, J =

6.8 Hz, 4H), 5.23 (t, J = 7.2 Hz, 4H), 4.80 (d, J = 7.6 Hz, 4H), 2.30 (m, 8H), 1.36 (m, 72H ), 0.93
(m, 12H).
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8.2.13. Synthesis dE-hey/ltetra@3-pyrazole cavitand,T26

_
N32003
Toluene:Ethanol
Pd(PPh3),
70 °C, 3 days
T26
R= (CH,)sCH;

A mixture of G hexyltetraboronic acid dipinacolyl ester cavitad®3 (2.00 g, 1.77 mmol) and
tetrakistriphenylphosphine palladium (0) (420 mg, 0.362 mmol) were placed in a round bottom
flask under a stream of dinitrogen. To tinasadded a mixture of toluene (30 mL), ethanol (20

mL) and aqueous sodium bicarbonate (100 mg, 5 mirged with dinitrogen. Ther3-
iodopyrazole (4.44g, 228 mmol) was added to the reaction mixture and refluxed for 72 hours
under a dinitrogen atmosphere. Upon completion the reaction was cooled to room temperature and
diluted with water (100 mL). The aqomes phase was washed with dichloromethane (3 x 100 mL)
and dried with anhydrous magnesium sulfate. The solvent was removed on a rotary evaporator and
the residue purified by column chromatography using an ethanol/ethyl acetate (1:2) mixture as the
eluant.The producil26 was isolated as a white crystalline sol@.98g, 54%).

M.P.: > 280 °C'H NMR (400MHz, CDC}): 7.43 (d, 4H), 7.33 (s, 4H), 7.04 (s, 48)97(d, J =

6.8 Hz, 4H)A4.85(t, J = 7.2 Hz, 4H), 88(d, J = 7.6 Hz, 4H), 21 (m, 8H), 144-1.31(m, 72H ),

0.90 (m, 12H).
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8.2.14. Synthesis d-heyltetracarboxyliccavitand,T27

-110°C
Dry ice, acetone

R=(CH.CH

Dry freshly distilled tetrahydrofuran (20 mL) was added theQytetrabromocavitandl'18 (2.16

g, 1.91 mmol), and then the solution was evaporated and dried at 80 °C (0.1 mmHg) for 2 h under
a nitrogen atmosphere to getigorouslydry solid. This procedure was repeated twice. At the end

of the drying procedure, the solii1l8 was dissolved in dry tetrahydrofuran (200 mL) and cooled

to -78 °C using dry ice/ acetone bath under dinitrogen for 10 minutdsutlithium (1.6 M in
hexanes) (5.96 mL, 9.55 mmol) was slowly added dropwise to this solution upon which a milky
solution kegins to appear. After addition, the reaction mixture was stirre@ fooursunder
nitrogen. Therthe solution was added to a mixture of dry ice and diethyl eiler reaction was

left until it reachedoom temperature. Upon completion, a NaOH (1 M) agsesolution (100

mL) was added to the reaction mixture at room temperature. THF was then removed under vacuum
and the aqueous layer was washed witfOE100 mL x 3), followed by acidifying with
concentrated HCI at 0 °C. The resulted white solid of tlelymst, T27 was then extracted with

EtO (100 mL x 3). The organic layer washed with water and brine, dried over anhydroug MgSO
and solvent removed under vacuum to yiERY aswhite solid (1.32 g, 74%). M.P. > 280C;3H

NMR (UH; 40Q):7M8i(34H), EM @l J = 8.4Hz, 4H), 4.74 (t, J = 6.2Hz, 4H), 4.50

(d, J =7.2Hz, 4H), 2.19 (m, 8H), 1.30 (m, 24H), 0.90 (t, 12RE) 3530, 3224, 2929, 2846, 1715,
1586, 1452, 1277, 1085, ¢m

8.2.2. Hydrogen bond propensity (HBP) calculations

The hydrogenbond propensiff-28293931 model was used to predict the hgskst interagbns

between the cavitands and guests molecules. A detailed description of HBP calculations is given
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in section 2.2.3. We excluded the feet of the cavitands while performing HBP calculations, Figure
8.5.

Define thefunctional
groups

Probabilityof formation of
hydrogenbond interaction

Generating ditting data

Figure 8.5. Schematic representation of the steps involved in HBP calculations.

8.2.3. Preparation of the hogjuest complexes

The hostguest samples were prepared by dissolving the host and guest in 1:1 stoichiometry in a
solvent. We used CDg4s thesolvent and kept it constant for all hagtest samples. The mixture
was then heated, and the solvent was allowed to evaporate. The leftover solid residue was used for

thermogravimetric analysis (TGA).

8.24. Thermogravimetric analysis (TGA) of target itamds and guest molecules

TGA analysis of thénostguestscomplexesvereperformed to confirm the presence or absence of
guestn the crystal lattice. Early weight loss (below 2@) suggests the presence of loosely bound
guestmolecules in the crystédttice whereasweight lossat a higher temperatuoerresponds to

the presence of strong hagiest interactiorfigure 8.6. illustrates TGA analysis 524 with the
aliphatic guests. The % weight loss in TGA corresponds to the number of guest maletides

lost. This weight loss in TGA was compared with the NMR titration to examine if they display

similar stoichiometry.
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Figure 8.6. TGA analysis off25 with aliphatic guest and their corresponding weight losses.

8.25. NMR titration experiment

8.25.1. Preparation of the solutions

The host (cavitand) concentration [H] was kept constant throughout the titration while the guest
(active ingredients) concentration [G] was varied gradually. A stock solution of the host cavitand
wasprepared from which a constant amowas added to eaddMR sample The concentration

of each final samplevas keptat 1.6 mM. A stock solution of the guesasprepared from which
successive volumasereadded into the host during the titratidrhe concentrations of the guest

[G] in the final solution rangkbetweer0.2512 mM, Table 8.1.
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Table 8.1. Hostguest concentrations used in this study.

Host Guest

crgl\n/lc. molesmmol | Volume conc. nM | moles nmol Volume Solvent Equivalence
1.6 0.0032 0.4 0.8 0.0016 0.1 15 0.5
1.6 0.0032 0.4 1.6 0.0032 0.2 1.4 1
1.6 0.0032 0.4 2.4 0.0048 0.3 1.3 1.5
1.6 0.0032 0.4 3.2 0.0064 0.4 1.2 2
1.6 0.0032 0.4 4.8 0.0096 0.6 1 3
1.6 0.0032 0.4 6.4 0.0128 0.8 0.8 4
1.6 0.0032 0.4 8 0.016 1 0.6 5
1.6 0.0032 0.4 9.6 0.0192 1.2 0.4 6
1.6 0.0032 0.4 12.8 0.0256 1.6 0 8

8.25.2. Binding constant determination

A solution of known concentration of the guesas successively added to the host until an
equilibriumwas reached in the heguest binding event which is indicated byamstant value of

the chemical shift in the NMR spectrum. All the spectra were run at 298 K in:Cihleks
otherwise noted. A series ofl® data points were recorded for each titration experiment. The
changes in the chemical shifts acquired from thatittns were graphed against the guest
concentration with nofinear mathematical approach based on BeHédebrand?analysis using

Origin 8.1 software. The equation used for curve fitting is given below,

T 1T
o ‘00
VW ——/——
O O
v Y
N2 AAiA £ b i —_— - —_— I Equation 8.1.
7 Ly g 1 Ly g 7 g

[H]ois the host concentration

[G]ois the total guest concentration (bound and unbound)
Ka is the association constant

Ddis the change in the chemical shift
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8.3. Results

8.3.1. Hydrogenbond propensity calculations

Following the scheme 2.2.3, hydrogeond propensity calculations was carried out for each host
guest pair. Table 8.2 summarizes the HBP values. A positive number indicates potengjatbbst
interactions and aegative HBP value suggests no hgsést interactionT24 and T25 both

consi st of t he

Apyridineo as functional group

are the same for both hosts.

Table 8.2. HBP values of cavitands and guest molecules.

Compounds DHBP= HeteromerieHomomeric
T24/T25 + 2-Methylbutyric acid 0.730.21 =0.52
T24/T25 + 2-Methylpentanoiacid 0.730.21 = 0.52
T24/T25 + 2-Methylhexanoicacid 0.730.21 =0.52
T24/T25 + Menthol 0.550.26=0.29
T24/T25 + Isoborneol 0.550.26=0.29
T26 + 2-Methylbutyric acid 0.550.59 =-0.04
T26 + 2-Methylpentanoiacid 0.550.59 =-0.04
T26 + 2-Methyhexanoicacid 0.550.59 =-0.04
T26 + Menthol 0.61-0.67=-0.06
T26 + Isoborneol 0.61-:0.67=-0.06
T27 + 3-PicolineN-oxide 0.720.29=0.43
T27 + 4-Picoline-N-oxide 0.720.29=0.43
T27 + PyridineN-oxide 0.720.29=0.43
T27 + PyrazineN-oxide 0.720.29=0.43

8.3.2. Thermogravimetric analysis (TGA) of target cavitands and guestcules

Table 8.3. summarizes the weight loss in TGA analysis and corresponding stoichiometry of the
cavitands with the guest3.24 and T27 interacts with all the guest3;25 shows hosguest
interactions with only cyclic rigid guests, am@6 does not interact wh any of the guests. In all

the instances, two solvent molecules (Cf)@lere present.
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Table 8.3. Hostguest stoichiometry from weight loss in TGA analysis.

2-methylbutyric | 2-methylpentanoic | 2-methylhexanoic
Guest acid acid acid Isoborneol Menthol
To4 21.88% = 26.89% = 29.748%= 27.67%= 28.73%=
2guests 2guess 2guess 2guess 2guess
To5 11.37% = 14.76% = 15.03% = 24 65%= 26.58%=
2CDCk 2CDCk 2CDCk 2guess 2guess
126 15.32%= 14.54%= 14.63%= 15.64%-= 15.42%=
2CDCk 2CDCk 2CDCk 2CDCk 2CDCk
Guest 3-PicolineN-oxide 4-PicolineN-oxide PyridineN-oxide PyrazineN-oxide
T27 17.32% = 19.27%-= 18.26% = 17.56%-=
2guests 2guests 2guests 2guests

8.3.3. NMR titrations

The binding affinity of the hosts, towards theestwere evaluated in solution usifgl NMR

spectroscopy. We expected@HA A iteractionto form in solutiorbetween the cavitands and

guestsWe focused our work ofH NMR titration as a way of quantifyg this binding event,

where the binding of thbydrogenbond donorand acceptor wasionitored by changes in the

chemical shifts of the hydrogen atam&n example of a positive and negative hggeést

interaction is illustrated in Figure 8.7.
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Figure 8.7. An example of positive (top) and negative (bottom) {gusdst interactions.

The changes ipBndhdsi Upepndd) Obtamed byetisatinghe guest (Znethylbutyric
acid) with the host24 were plotted againgthe guestoncentration and by ndmear curve fitting

into equatiorB.1 afforded Ka = #12M, Figure 8.8 Jobs plot analysis of the results revealéd 1:
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complexationwhich was conistent with TGA in the solid state. Similar analysis was done for all

hostguest pairs and the results are summarized in Table 8.4.
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Figure 8.8. Titration curve of 2methylbutyric acid intal24 in CDCk at 25 °C (left); Jobs plot
of [T24: (2-Methylbutyric acid}] pair at 25 °C (right).

Table 8.4. Summary of hosguest interactions for24-T27.

Guest T24 T25 T26
Stoichiometry | Binding Stoichiometry | Binding Stoichiometry | Binding
constant constant constant
2-Methylbutyric acid 1.2 1412 M* | No interaction - No interaction -
2-Methylpentanoic 1.2 1552M1 | No interaction - No interaction -
acid
2-Methylhexanoic 1.2 1732M1 | No interaction - No interaction -
acid
Menthol 1:2 1638M1 1:2 1680M1 | No interaction -
Isoborneol 1:2 1750M1 1:2 1786M1 | No interaction -
Guest T27

Stoichiometry

Binding constant

3-PicolineN-oxide 1:2 2156M1
4-Picoline-N-oxide 1:2 2765M1
PyridineN-oxide 1:2 2639m1
PyrazineN-oxide 1:2 2743M1
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8.4. Discussions

8.4.1. Fragrant compounds

T24-T26 have similar MEPS for the acceptrsite which suggests that they would demonstrate
comparable hogguest interactions. The HBP calculations T@4-T25 in combination with the
fragrant compounds exhibit a positive value andT@6 a negative value, Table 8.2. HBP is
dependent on the statistical analysis of the defined functional groups of the host and guest present
in the Cambridge Structural Database (CSD). The defined functional groupiz4ai25 are
pyridine-N and that of the gests are carboxylic acidOOH/ alcoholOH therefore, we observe
sameDHBP results for allT24-T25 combinations.

8.4.1.1. Hostguest interactions witfi24

The TGA analysis foif24 in combination with the guests indicates a consistent weight loss of
~21-29%. The weight loss corresponds to two guest molecules and two solvent molecules
(2CDCBh). AlthoughT24 had four arms where it could interact with the guests exhibiting a 1:4
stoichometry. Due to the presence of steric cloud on the upper rim of the cavitaddssplays

a 1:2 stoichiometry with the guests. In caseT@4:(2-Methyl butyric acid)] the weight loss in

the TGA analysis starts at ~196 and is completed at 48C. Theweight loss corresponds to 2

guest molecules, and the temperature at which the weight loss starts is the boiling point of the
guest. The fact that it takes over 2a0to completely loose the guest, suggests a strongghest
binding.A similar trend wa observed fof 24 and other fragrant molecules.

The NMR titrations foif 24 in combination with guests was varied from 1:0.5 to 1:8 stoichiometry.
The host concentration was kept constant and we increased the guest concentration. With the
increasing guestoncentration, thé ddund hostl Ureenos) V @l ue kept decreasing
interaction between heguest. After a point thé gdund hosti Utree hos) beCame constant, since host

has completely reacted with the guest and any more addition of guest is extra unreacted guest.
Hence the( ddund hostl Utree hos) DECOmMes constant, Figure 8.8. We plotted a Jobs plot which
indicated a 1:2 stoichiometry forehl24 combined with guest, Table 8.4. Additionally, we
calculated the binding constants for all the combinations Téthand the results ranged between
14121750 M?.
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Based onthdGA,'"H NMR titrations and Jobés

of the cavitand via OH---N hydrogen bonds and one cavitastapable of binding towo guest

molecules.

TGA analysis foiT25 in combination with aliphatic guests demonstrates a weight loss H%l
This weight loss corresponds to the presence of two solvent molecules CD€ltemperature
at which the weight loss starts is below 200and is completed by 200 which wasnuch below

8.4.1.2. Hostguest interactions with25

than what we observed fé24 and guest compounds (~2@00°C), Figure 8.9.

pperaim ,
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4

Figure 8.9. TGA analysis off25 with aliphatic guest and their corresponding weight losses.

For menthol and isoborneol the TGA weight loss was28% at 200400°C, which is equivalent

T T T T T T T T :
200 400 600

Temperature (°C) Universal V4.5A

10.59% = 110gT@5+2CDQ)
10.52% = 110gT@5+2CDQ)l
8.7% = 110gTR5+2CDQ)
11.56% = 110gT@5+2CDQ)l

800

gues

to two guest and two solvent molecules. The stoichiometry observed with menthol and isoborneol

was 1:2.T24 and T25 are structural isomers. However, we see a differancthe hosguest

interactions between them.
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To further investigate the selectivity D25 towards rigid guests, we conducted experiments where
T25 was subjected to a mixture of aliphatic and cyclic guests. We prepared six different
combinatiors of mixtures and analyzed them according to TGA weight loss. In each case the
weight loss in TGA corresponded to cyclic guests and solvent molecules, Table 8.5.

Table 8.5. Summary of the selectivity outcome fo25.

Guest mixtures TGA data analysis
2-Methylbutyric acid + Isoborneol 2Isborneol
2-Methylbutyric acid +Menthol 2Menthol
2-Methylpentanoic acid + Isoborneol 2Isborneol
2-Methylpentanoic acid + Menthol 2Menthol
2-Methylhexanoic acid + Isoborneol 2lsborreol
2-Methylhexanoic acid + Menthol 2Menthol

The NMR titrations forT25 in combination with guests was also varied from 1:0.5 to 1:8
stoichiometry. With aliphatic guesf625 did not show any change in tH¢ NMR chemical shift.

No change in the chemical shift corresponds
T25 in combination with isoborneol and menthol displays a 1:2 stoichiometry with binding
constants of 1680 and 1786 \espectively. The biding constants 6f25 with isoborneol and
menthol is comparable to that ®24. The TGA analysis and NMR titrations display similar
results.

The selectivity of the aliphatic guests to bind specifically Wig4 can be rationalized based on
the followinghypothesis:

a) We calculated the most stable structur@ 24 andT25 using DFT calculations and basis set
B3LYP and 631++G** (calculations were done excluding the hexyl feet), Figure 8.10. The
calculations show that im24 the pyridineN are facing awayrom each other and im25 the
pyridine-N are facing upwards. Hence, Ti24 the pyridineN have sufficient space for flexible
aliphatic acids to make OMA! fteraction. In case 625 the pyridineN available for binding

are facing upwards which leadsgteric hindrance between the Aponding parts, hence these

flexible guests cannot form any hagiest interactions.
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Figure 8.10. Most stable geometry di24 (left) andT25 (right).

b) Ourseconth y pot hesi s is that the cavitands are ar .|
which adds to the steric hindrance in the upper rim of the cavitAndss hough we donot
crystal structure at this point. However, based on the other existingl@sysictures of cavitands

in Chapter 7, where the upper rim does not participate in any interactions, such arrangements are

frequently observed. Figure 8.11 illustrates

Figure 8.11. An example off11lwi t h Af oot i n the moutho p

¢) Menthol and Isoborneol mimics the hasteraction inT24 andT25 because they are rigid and

small. Hence, the donor OH can interact with pyrieiheven in the presenoé the steric cloud.
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A control experiment was conducted wift24 and T25 in combination with benzoic acid to
confirm the formation of OB Al Ateractions with rigid guests. We observed that benzoic acid
interacts with botfi24 andT25 in 1:2 stoichiometnand binding constants of 1856 \MTable

8.6.

Table 8.6. Summary of hosguest interactions for24-T25 with benzoic acid.

Guest T24 T25
Stoichiometry Binding Stoichiometry Binding
constant constant
Benzoic acid 1:2 1856 M? 1:2 1856 M!?

8.4.1.3. Hostguest interactions with26

The NMR titrations and TGA analysis indicate thia6 does not interact with any of the guests.

This can be attributed to stronger homomeric interactions of pyrazbld N f& T26 than the
heteromeric interaction ®IA A.AThe HBP calculations attempted 86, in combination with

the guests, predicts that the homomeric interactions were preferred over heteromeric interactions,
Table 8.2.

8.4.1.4. Improved stability offte fragrant compounds

The aliphatic guests used in this study are liquid at room temperature. Successéuesbst
interactions resulted the final product as saqlige like material. One of the goals of this study
was to examine if we can improve tlelatility of the fragrant compounds via hagiest
interactions. Qualitative study was performed to test if the volatility of the compounds had
improved. For the fragrant compounds by itself, it toekO5mins for a drop of guests to
completely evaporatat room temperature. We followed that same process for cavitands
containing guests, where the resulting solidsrekkept on a slide at room temperature. We
performed NMR of the resulting solid everyr@lays to check for the presence of guest peaks. We
observed guest peaks in the NMR for 30 days after which we did not test it further. This analysis
suggests that the volatility of the fragrant compounds was improved ffbdmbs to over a

month.
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8.4.2. HeterocyclieN-oxides

HBP calculations predicted foation of a hosguest interaction betwedi27 in combination with

the guest compounds. TGA analysis and NMR titrations were carried out2vith combination

with heterocyclieN-oxides. TGA analysis indicate a weight loss which corresponds to two guest
molecules and presence of two solvent molecules, Table 8.3. The presence of two solvent
molecules was consistent in all the hgsest interactions.

NMR titrations conducted witfi27 and Noxide guests were varied from 1:0.5 stoichiometry to

1: 8. The Jobds pl ot cal cul ations indicate a
[T27:(PyrazineN-oxide)] is illustrated in Figure 8.12.

1

R?=0.9761

Figure 8.12. Jobs plot of T27: (PyrazineN-oxide)] pair at 25 °C (right).

The binding constants af27 with guest compounds were observed between 2738 M?,
which is significantly higher than what we obtainedTa@d-T25. TheDHBP values foil 27 were

also significantly higher than24-T25. The difference in the binding constants can be attributed
to stronger O A Aiteraction than OB A.ASince, oxygen is negatively charged i#oNdes and

is a better Lewis base than pyridiNecontributing to higher binding constants.
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8.5. Conclusions

1. HBP correctly predicted the hegtest interactions for24, T26 andT27. However, it fails to

predict the selectivity of 25 for rigid cyclic guests over aliphatic guests.

2. T24 interacts in 1:2 stoichiometry with all fragrant guest compouh#s jnteracts selectively

with cyclic guest compounds in 1:2 stoichiometry, @26 does not participate in any hest

guest interactions. Hydrogdyond donor cavitan@27 interacts withheterocyclieN-oxides in

1:2 stoichiometry.
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Chapter 9 i Summary

In our first study we examined, six different target molecules in combination with 25 possible co
formers and used the hydrogkand propensity (HBP) protocol for predicting if a-aystal
would form or not. The correct outcome was successfully predi@288% of the time which
indicates that for this series of small moleculdBP is averyreliableindicator for determining if

a cacrystal will form between a target molecule and a particuldoooer, Figure 9.1.

Success rate of HBP
95% 95%

100% 92% 92% 92% 92%

80%

60%

40%

20%

0%

Figure 9.1. Validation study for HBP in predicting ecrystallization outcomes.

In our second study we used molecular electrostatic potential surfaces (MEPS) to rank the best
donoracceptor pair for predicting the most likely synthon forovatFigure 9.2. This study shows
that, although hydrogen and iodine are far apart in the periodic table, if used in the same chemical
environment then can mimic each oth&his structural similarity could be significant in
biomedical areas as halogen bsage hydrophobic and lipophiliwhen compared to hydrogen

bonds
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Success rate of MEPS
92%

88% 88%

84% 84% 84% 84%

Figure 9.2. Validation study for MEPS in predicting @vystallization outcomes.

Next, the predictive abilities of three differeapproaches were compared for predicting co
crystallization outcomes fdawo known drug molecules, Nevirapine and Diclofenac, and a series
of potential ceformers. The hydrogebond propensity (HBP) tool gave the correct result in 26
out of 30 cases, whaae a hydrogeiond coordination (HBC) method predicted the correct
outcome in 22 out of 30 cases. Finally, calculated hydrbged energies (HBE) using a simple
electrostatic model, gave the correct result in 23 out of 30 experiments. In cases, avbeystdh
structure of a carystal of either Nevirapine or Diclofenac was known, we also examined how
well the three methods predicted which primary hydrelgemd interactions were present in the
crystal structure. HBP correctly predicted 6 out of 6 £aBdBBC could not predict any of the
synthon formations correctly, and HBE successfully predicted 1 out of § Eégee 9.3

Success rate of HBP, HBE, and HBC

93% 93% 93%
81%

HBP HBE HBC HBP HBE

Nevirapine | Diclofenac
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Co-crystal Experimental HBP HBC HBE

Nevirapine Yes IV &V IV &V \Y I,V &V
Diclofenac(Pyridines/Pyrimidines) Yes VI, XI & XII VI, X1 & XII Xl VI, X1 & XII
Diclofenac (Pyrazoles) No X X XV XV

Figure 9.3. Validation study for HBP, HBE, and HBC in predictingatystallization outcomes
(top) and synthon formatiorfpottom).

Although there is an abundance of studies reported on small and rigid targets, there is scarcity of
reports based on large and flexible compounds for predictingrystallization screening
experiments. Hence, in this study three predictive oudthHBP, HBE, and molecular
complementarity (MC) were employed on seven APIs in combination with-4@eers on the
generally regarded as safe (GRAS) list. The targets used in this study have a molecular weight of
400-600 g/mol and have more than thregtable bonds. The validation studies indicated that a

combination of HBP and MC yielded the best results with an overall accuracy of 79%, Figure 9.4.

Hydrogen Bond
Propensity
Structure
informatics
Molecular .
Cocrystal Complementari Overlapping
Predictor reglljc_)n in Venn
iagram
St Hydrogen Bond :
electrostatics Ener .
model ay Combined

Combined F!ﬂ
region in Venn

Diagram

Figure 9.4. Strategies to predict exrystallizationoutcomes

The predictive approaches investigated thus far were complex and reqedesathrknowledge of
either theoretical, quantumechanical, ostatistical data analysis. In order to address the growing

demand of cerystallization and cerystallizationbased approaches to access new solid forms in

190



various fields, we developed CoForm which is cheaper, faster, and more reliable for predicting the

outcome of cecrystallization experiments, Figure 9.5.

Success rate of CoForm, HBP, and MC

80%

CoForm HBP MC CoForm HBP MC

Loratadine | Desloratadine

Figure 9.5. Validation study for CoForm in comparison to HBP and MC in predicting co

crystallization outcomes.

In order to investigate guest encapsulation via cavity inclusion we synthesized six cavitands where
the rim did not participate in any conventional hydrogen/ halogen bonding. Five solvents (xylene,
dichloromethane, ethyl acetate, acetonitrile, and dimetihijbxide) with varied dipole moment

were selected as guests. We found that cavitands encapsulated guests in a variety of arrangements
with different stoichiometries as illustrated in Figure 9.6. In addition, selectivity study of
equimolar mixtures of seénts suggested that the cavitands were selective towards dimethyl

sulfoxide which had the highest dipole moment.
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Figure 9.6. Cartoon representation of observed solvent binding modes to a cavitand.

Finally, we examined cavitands as molecular containers, for storage of volatile fragrant
compounds and heterocycld-oxides. The cavitands interacted with the fragrant compounds in
1:2 stoichiometry which was established by NMR titrations and TGA analysisoMidd that the
hostguest interactions improved the volatility of the fragrant compounds frériins to over

a month. The heterocyclic-bixides was also observed to interact in 1:2 stoichiometry. The binding

preferences of the guests are illustratedigufe 9.7.
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Figure 9.7. Cartoon representation of observed kmstst binding
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Appendix A T Design, develop and evaluate molecular
complementarity as a predictive tool for cecrystal design.

A.l.Rationale

MC in the default settinguses five descriptors, Schemel. Each descriptor has a criterion to
afford a APASSO when-crtysi sl p whedibpeeidsdadtoormf or m
a cocrystal. For MC to predict a etrystal formation, an overafi f i ve PASS0 from a
descriptors is required.

Descriptor Settings

| Fraction M, O atoms V| MJL axis ratio
| 5 awis | Dipole moment magnitude

V| 5/L axis ratio

SchemeA. 1. Default descriptor setting for molecular complementarity

The compounds examined in this study are flexible. Therefore, it might exist in different
conformationsTo factor in theconformational insights, the five most stable conformations of both

APIs and ceformers were incorporated in MQhe conformers were generated using Mercury

and t hen passed t hrough the five dedtriptor

Complementary sdiped conformers of the APl and-toor mer provi ded a APAS:

resulted in a AFAIL.O0 Finally, the 125 (25
combinations, contributed to yield a hilt rate
number of conformer combinations. If the hit ra# 0 %, it was assi-gned ¢
crystallization, and ihitrate< 4 0 %, it was de s-crgstalizatiend as ANOO t

Similar calculations were repeated, using the conformers generatedupirgr t an 614 Ver
1.1.0, implementing molecular mechanics (conformer distribution in vacuum). The difference
between the Spartan and Mercury conformer calculations is that the former calculates the
conformers based on relative low energy, and ttierleses structure informatics. Subsequently,

a comparison study employing both methods was investigated to comprehend the differences

between them.

193



SeverAPls were usedsigureA.1, to explorethe reliability of MC for predicting carystallization
outcomesWe attempted cerystal experiments on the seven APIs with 42 GBASt co-
formers, Table\. 1.

\N 0
AN
winlloOH k § / \

T12
M.W=441 ¢/ mol

B otog

)Y T13

M.W= 605 o/ mol

T11
M.W= 460 g/mol

T17
M.W=435 g/mol

T16
M.W= 460 g/ mol

KM W= 451 g/mol

Table A.1. Selected potential eformers

Figure A.1. SevenAPIs of interest.

Xanthine Theophylline Benzenesulfonic acid Caffeine
Riboflavin Piperazine Methylparaben Mannitol
Maltitol Malic acid L-tartaric acid Glycolic acid
L-glutamic acid Cholic acid Glycine D-Glucuronic acid
Folic acid Hydro cinnamic acid Apigenin L-serine
EDTA 4-hydroxybenzoic acid L-mandelic acid Benzoic acid
Pamoic acid Fumaric acid Adipic acid Glutaric acid
Citric acid L-proline Gentisic acid Malonic acid
Isonicotinamide Oxalic acid Maleic acid Sorbic acid
Nicotinamide Urea Saccharin Phosphoric acid
Succinic acid 3-hydroxy-2-naphthoic acid
Salicylic acid

A.2. Predicting co-crystallization using MC

The first step to MC calculations is generating conformers of the APIs afaingers. All the
APIs and ceformers were sketched and auto edited individually. Under CSD materials,

Aconf or mer generatoro was used t mregohaoféthemat e a
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Next, we selected eorystal design followed by MC, under CSD materials to choose one target at
a time (with its five conformations) against the 42faoners (each with five conformations). In

the end, a table is generated with a hit%ater each cdormer and the defined API.

The calculations were repeated with the conformers generated using Spartan. The first step to
calculate the conformers in Spartan is to sketch the API of interest. After that, energy minimization
was done to obtaithe lowest energy (most stable) conformation of the compound. We then
applied molecular mechanics as implemented in Spartan 14 Version 1.1.0, to generate five
conformers. These steps were repeated for each APl and thdet2neos.

The first column in @bleA.2, corresponds to default mercury settings with five conformations of
APl and that of cdormers generated using Mercury. The second column represents five
conformations of both API and dormers from Spartan. Third and fourth column is a mixtdire o
Spartan and Mercury generated conformers. In the third column, API conformations were
generated using Mercury, while the-fmymer conformations were calculated using Spartan. The
fourth column corresponds to APl conformations generated by Spartan afmmens
conformations generated from Mercury.

Accuracy of MC methodology was examined by calculatisg@ess rate, which is the number

of predictions match the experiments divided by the total number of experiments. The results of

the success rates aaemmarized iMableA.2.

Table A.2. Success ragfor MC-based predictions with default descriptor settings.

Success Rate% Success Rate% Success Rate% Success Rate%
DefaultMercury Spartan APl mercury API spartan

T11 43 40.5 38.1 45.2

T12 27 24.4 26.8 22.0

T13 25 N/A N/A N/A

T14 41 41.4 51.2 46.3

T15 57 41.5 41.5 48.8

T16 62 65.8 55.3 52.6

T17 70 65.9 73.2 68.3

A.3. Discussions

Firstly, the default descriptor settinfi MC calculations resulted in poor success rate3 1dr
T14 (success rates 283%) in TableA.2. Secondly, the results obtained from Spartan generated
conformers were comparable to that of Mercury. The similarity in the Mercury and Spartan
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calculations indicate that there is no significant difference betweerottiermers generated by

both the methods. Hence, the lower accuracies for thoeystal predictions could most likely be

due to the descriptor settings. Taking a closer look into the descriptors of the default settings, we
observed at first that,-&xis descriptor individually failed in almost all of the instanc&saxisis

the short axis, which, by default, hasutoff of d<3.238f or a AP ASoS.fo fTfhaiisl ecdud
almost all the cases for the compounds examined in this study. To change mosét Bf#hé L 0 by
this descriptor to a combi nat i o rffforfSatstomh fAPAS
(d< 3.234.50) A. To find out if this modification would result in enhanced predictability of co

crystal formationthe success rategere calculatednd are listed in Tabl&.3.

Table A.3. Success rate f@-axis with varied cubff for co-crystal formatio.

S axis (A)d < 3.23A S axis (A)d<4.0A | Saxis (A)d<4.5A
T11 45% 55% 57%
T12 50% 62% 71%
T13 31% 45% 57%
T14 55% 62% 64%
T15 64% 52% 50%
T16 5% 59% 59%
T17 52% 40% 38%
Average 51% 54% 57%

To select the best-&Xis cutoff, an average of the success rates across the seven compounds were
calculated. The cwff with 4.5 A had the highest average success rate. Individually, thisficut
increased the prediction accuracies for five of the APIs (exceptlsandT17). Sinced < 4.5A

gave better results than the default; hence, all the further calculations were done ussmgdte

off.

Additionally, to make effective and meaningful changes to the descriptor settings/estgated

the descriptor relationships and their significatgureA.2 shows the correlation coefficients of

the descriptors, where a positive sigdicates a higher significané&Fabian et al., proposed that
although Fraction of polar volume(FPV) has ahigher positive correlation coefficient than
Fraction of nitrogen and oxyggiRNO), FPV could be replaced by FN@the calculationgs an

easienalternative.
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Descriptor Descriptor p r

(molecule 1) (molecule 2)

FPV FPV 0.41 0.37
a—
Dipole Dipole 0.39 0.28

SIM S/M 0.38 0.38

M/L M/L 0.38 0.41

PV FFPV 0.35 0.27

APV FFPV -0.34 -0.32

ASAN Dplu -0.32 -0.29

PV APV -0.31 -0.28

ASAN Davg -0.31 -0.27

FNO FNO 0.31 0.30

AN YV o R —
ASAN FASAP_P -0.31 -0.28

ASAN gHnicx -0.30 -0.33

ASAN HBD2 -0.30 -0.27

ASAN Aavg+Davg -0.30 -0.28

ASAN HBDI -0.30 -0.29

Figure A.2. Molecular descriptors and their significafte

In order b investigate if the replacement of FPV with FNO affects M@ success rate, we
included FPV in the calculationdMoreover, Polar Volume (PV) also displayed a positive
correlation and was, therefore, included as a desciiptoe updated/modified calculatians

t he

the volume of the elementsbeled agsourceld® a n douroe2d, respectively, Tablé.4. Both

To calcul at e Apol ammegloumevd amnd fRffradt isom
FPV and PV were calculated for 42-faymers and seven APIs. The difference between source 1

and2 is that source 1 neglects hydrogen atom, whereas, in source 2, the volume of the elements is
dependent on the number of neighboring hydrogen atoms.

Table A.4. Numerical values of volumesf elementsused in calculations from two different
sources

Source 2

Source 1 Atomic volume
Volume of N 17.3 cni/ mol
Volume of O 14.0 cni/ mol
Volume of S 15.5 cni/ mol
Volume of C 4.58 cni/ mol
Volume of F 17.1 cni/ mol
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0@1) | 0@0 | 00 N(3,0) N(3,1) N(2,0) N(3,2)
15.764 B | 13.9358 | 12.5128 | 9.9448 | 18.1488 | 13.324R | 24.643R

C@B0 | c@ C(4,3) C(4,2) C@3,1) C(4,0) S(4,0) P(4,0)
12.1198 | 18.138 | 33.468R | 24.4098 | 21.028 | 10.286& | 17.5318 | 22.161R

All possible combinations of the descriptor settings were applied and tested against the
experimental results. The different descriptor combinations were labeled as-BafatleA.5.

Datal is the default five descriptor settings of MC with updateais; Data2 includes all the

seven descriptors which were found to have positive correlations, Figure 23 Beglaces FNO

with FPV; Datad replaces FNO with PV; and finally Dafaincludes bth FPV and PV as
descriptos, replacing FNO. Data-2 were calculated using volumes from both sources. All the
different combinations of the descriptors were examined to get the highest possible accuracy for

MC prediction.

Table A.5. Different combinatins of descriptor settings for MC calculations.
Data-1

S-axis

M/L axis ratio | S/L axis ratio Dipole Moment Magnitudg FNO

Data-2
S-axis

M/L axis ratio | S/L axis ratio FNO PV | FPV

Dipole Moment Magnitudg
Data-3
S-axis

M/L axis ratio | S/L axis ratio Dipole Moment Magnitude FPV

Data-4
S-axis

M/L axis ratio | S/L axis ratio Dipole Moment Magnitudg PV

Data-5
S-axis

M/L axis ratio | S/L axis ratio Dipole Moment Magnitudg PV | FPV

In addition to the descriptor settings, the requirement that an overall pass, requires 5pass/5
descriptors in the default settings seemed to us to be overly harsh. We, therefore, decided to explore

if the match between prediction and experiment could ben&in introducing slightly less rigid
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pass requirementdde nc e , sever al APASS/ FAI LO criteria
calculations to identify the best possible combinations.

Once all the predictive calculations were done using the modifieds&tithgs, the results were
compared with the experimental outcomes. A success rate was calculated for all the different
combinations, Tabl6. An algorithm was designed and implemented (in groovy) to analyail

of 1050,000 dataoints in this proced® select the best combinations

In order to select the best updated MC settings, we focused on combinations with the fewest
number of poor performances (below 40%) or where the results were consistently above 40%
throughout the seven APIs. This processlohination allowed us to rule out Dag which had

at | east one API in each APASS/ FAILO column w
worst prediction match in comparison to other settings. Although, ekweptl5 andT17, the
accuracieof the otherfive APIs were increased in comparison to the default settings. These
increased accuracies can be attributed to the fact that FPV had a higher positive correlation than
FNO.

PV and FPV calculated from two separate sourcasd?) also affectedhe calculations, as we

observed differences in the success rates. However, the observed differences were within the range
of 2-4%. Despite that a winner between the souesedl was picked following similar guidelines

i.e., the results remain consisterdlyove 40% for all the APIs.

The next step was to bring forward each descriptor settings with the most consistent (above 40%)
APASS/ FAILO criteria across the seven APIs to
different settings.

It was obseved that the best success rates were achieved across the seven APIs with the following
combinations, Tabl&.6.:

Data-1 with 3pass/ 5 descriptors;

Data-2 with 5 pass/7 descriptors calculated using sofyce

Data-4 with 3pass/5 descriptors calculatedngssourcel and

Data-5 with 4 pass 6 descriptors settings calculated using s@urce

Table A.6. Comparison of prediction quality with different combinations of descriptors.

5 Pass/5 descriptors 4 Pass/5 descriptors 3 Pass/5 descriptors
Pass fail criteria Pass fail criteria Pass fail criteria
Datar1 (5X5) (5X5) (5X5)
Complementarity Success rgl Complementarity Success rg Complementarity Success rg
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T11 55% 55% 45%
T12 55% 43% 50%
T13 69% 67% 50%
T14 55% 53% 50%
T15 21% 34% 64%
T16 52% 52% 52%
T17 24% 43% 60%
7 Pass/7 descriptors| 6 Pass/7 descriptors| 5 Pass/7 descriptors| 4 Pass/7 descriptors
Pass fail criteria Pass fail criteria Pass fail criteria Pass fail criteria
(5X5) (5X5) (5X5) (5X5)
Complementarity Complementarity Complementarity Complementarity
Data2 Success rate Success rate Success rate Success rate
Source 1| Source 2| Source 1| Source 2| Source 1| Source 2
T11 57% 55% 57% 57% 55% 57% 48% 45%
T12 55% 52% 55% 52% 50% 50% 55% 45%
T13 74% 69% 74% 69% 62% 64% 43% 45%
T14 55% 52% 53% 50% 50% 50% 40% 40%
T15 21% 29% 19% 21% 43% 64% 69% 74%
T16 52% 52% 52% 55% 55% 52% 50% 55%
T17 31% 38% 31% 40% 64% 64% 86% 81%
5 Pass/5 descriptors 4 Pass/5 descriptors 3 Pass/5 descriptors
Pass fail criteria Pass fail criteria Pass fail criteria
(5X5) (5X5) (5X5)
Complementarity Succesy Complementarity Succes{ Complementarity Succes
Data-3 rate rate rate
Sourcel | Source?2 | Sourcel | Source?2 | Sourcel | Source 2
T11 55% 55% 57% 57% 38% 48%
T12 55% 55% 52% 52% 45% 55%
T13 71% 74% 71% 74% 50% 62%
T14 55% 55% 50% 52% 50% 50%
T15 52% 23% 52% 21% 52% 38%
T16 52% 52% 52% 48% 50% 52%
T17 24% 24% 24% 29% 57% 48%
5 Pass/5 descriptors 4 Pass/Slescriptors 3 Pass/5 descriptors
Pass fail criteria Pass fail criteria Pass fail criteria
(5X5) (5X5) (5X5)
Complementarity Succesy Complementarity Succesy Complementarity Succes
Data4 rate rate rate
Sourcel | Source?2 | Sourcel | Source?2 | Sourcel | Source 2
T11 55% 57% 50% 55% 45% 45%
T12 55% 57% 50% 55% 52% 55%
T13 71% 71% 52% 57% 40% 45%
T14 55% 57% 52% 52% 50% 57%
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T15 24% 24% 48% 38% 77% 69%
T16 52% 52% 48% 48% 60% 48%
T17 24% 24% 50% 43% 74% 60%
6 Pass/6 descriptors 5 Pass/6 descriptors 4 Pass/6 descriptors
Pass fail criteria Pasdfail criteria Pass fail criteria
(5X5) (5X5) (5X5)
Data-5 Complementarity Success rlComplementarity Success rfComplementarity Success r
Sourcel | Source2 | Sourcel | Source?2 | Sourcel | Source 2
T11 55% 55% 52% 55% 45% 43%
T12 55% 48% 57% 50% 53% 52%
T13 71% 74% 71% 74% 50% 60%
T14 55% 54% 57% 54% 45% 55%
T15 24% 29% 24% 26% 45% 59%
T16 52% 52% 52% 52% 48% 50%
T17 24% 21% 24% 23% 55% 45%

Table A.7. Comparing the prediction usingifferent descriptor combinationsvith the
experimental outcomes.
Datal Data2 . Data4 . Data5b .
3 Pass/slescriptors 5 Pass/7 descriptory 3 Pass/5 descriptory 4 Pass/6 descriptor
(Source 2) (Source 1) (Source 2)
T11 45% 57% 45% 43%
T12 50% 50% 52% 52%
T13 50% 64% 40% 60%
T14 50% 50% 50% 55%
T15 64% 64% 7% 59%
T16 52% 52% 60% 50%
T17 60% 64% 74% 45%
Average 53% 57% 56% 52%

We identified thaData2 with 5pass/ 7descriptordfered marginally better results than the other
three combinationsTableA8 exhibitsa comparison betweehéd success rate obtained from the

newand defaulsettings.

Table A.8. Comparison betweethe default andmodified MC setting with the experimental

outcomes for carystal formation.

Where we started New setting
(Default) Data2
T11 43% 57%
T12 27% 50%
T13 25% 64%
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T14 41% 50%
T15 57% 57%
T16 62% 52%
T17 70% 64%

By carefully modifying the default setting of the MC calculations, we were able to improve the
prediction success for fokPls, one remained the same and decreased the accuracy for two of
them.Theefficiencyimproved from 27% to 50% faF12 and 25% to 64% fofF 13 in comparison

to thedecrease from 62% to 52% fol6 and 70% to 64% for17. Overall the accuracy of MC
increases many fold times when the default settangadjusted to the new settimghlthoughthe

reliability of MC, when compared to other predictive studies rep®iigtbw, however, there are

very few significant studies reported on large and flexible compounds. Furthermore, the average
molecular weight of organictrsictures reported in CSD is ~400 g/fibHence, the structure
informatics studies for compounds with a molecular weight greater than 400 g/mol might not
reflect the same high accuracies as that of small compounds. Nonetheless, it opens a whole new
area for studying APIs, which might not be rigséd to small and rigid compounds.

It is worth noting that structuseformaticsmethods such adBP and HBC?"?° predict the ce
crystallization outcomes based on hydrogen bonds, whereas MC is dependent on shape and
polarity factos. Therefore, it will be interesting to compare and combine the different
methodologies, which mighprovide significant insightinto the predictive method and its

reliability.

A.4. Conclusions

We attempted to predict aoystallization for seven APIsgainst 42 potential etormers using
MC. The predicted outcomes wectemparedwith the experimentatesults The seven APIs
investigated in this study were significantly larger (molecular weight 800 g/ mol) and flexible
(rotatable bonds > 3) than tlkempounds reported inSD (average molecular weight ~400 g/
mol). The default MC settings in Mercury affordeduecessate ranging from 270%.

A total of 1050,000 data pointsasanalyzed to introduce updated and modified MC settings,

which concludedthat Data2 with 5S5pass/ 7descriptors (using sourceirfyeases the overall
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accuracy. The reliability of the updated MC ranges fron6%%, which was found to be more

consistent across the seven APIs than the default settings.
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Appendix B T NMR of synthetized compounds

B.1. Synthesis of 4(4-bromo1H-pyrazoll1-yl)methyl)benzonitrile T5)
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B.2. Synthesis of 4(3-bromocyclopent,4-dien-1-yl)methyl)benzamide
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B.3. Synthesis of 4(4—((trimethylsiIyI)ethynyI)lH-pyrazoll—yl)methyl)begzamide
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B.4. Synthesis of 4(4-ethynyt1H-pyrazotl-yl)methyl)benzamideT1)
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B.5. Synthesis 08-((4-bromo1H-pyrazoll1-yl)methyl)benzonitrile T6)
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B.6. Synthesis of g(3-bromocyclopent,4-dien-1-yl)methyl)benzamide
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B.7. Synthesis 0B-((3-((trimethylsilyl)ethynyl)cyclopent®,4-dien1-yl)methyl)benzamide
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B.8. Synthesis of g(3-ethynylcyclopent&,4-dien-1-yl)methyl)benzamideT2)
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B.9. Synthesis ofi-((4-bromo1H-pyrazoll1-yl)methyl)benzonitrile
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B.10.Synthesis of 4(3-bromocyclopent®,4-dien1-yl)methyl)benzamide
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B.11. Synthesis of-((3,5-dimethyt4-((trimethylsilyl)ethynyl}1H-pyrazot1-
yl)methyl)benzamide
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B.12.Synthesis of 4(3-ethyny}2,4-dimethylcyclopent&,4-dien1-yl)methyl)benzamideT3)
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B.13.Synthesis 08-((4-bromo3, 5d|methyI-1H pyrazoLl—yI)methyI)benzonltrlle
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B.14.Synthesis 08-((3-bromo2,4-di ethylcyclopent& 4d|en1-yl)methyl)benzamlde
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B.15.Synthesis 08-((3,5-dimethyl4-((trimethylsilyl)ethynyl}1H-pyrazol1-
yl)methyl)benzamide
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B.16.Synthesis 08-((3-ethynyt2,4-dimethylcyclopent&,4-dien1-yl)methyl)benzamideT4)
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B.17.Synthesis of 4(4-(iodoethynyl}1H-pyrazol1-yl)methyl)benzamideT(7)
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B.18.Synthesis of 3(4-(iodoethynyl}1H-pyrazot1l-yl)methyl)benzamideT8)
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