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Abstract

A series of cecrystallizations between fousiimidazole based compounds with nine
symmetric aliphatic dacids and fifteen perfluorinated halogeond donors wer carried out to
determine if aMEPS based ranking can be used to effectively assign selectivity in hydesgen
halogenbond interactionsThe results suggested that a simple electrostatic view provides a
reliable tool for successfullyimplementing the practical cerystal synthesis with desired
connectivity.

MEPS based selectivity guidelines for halodpamd interactions were explored io-c
crystallizatiors between twelve asymmetric ditopic acceptors and ninegeabond donors. If
the difference between the two acceptor sites is below 35 kJ/mol, ndiwgfewas observed,
above 65 kJ/mol halogen bosdlectivity dominatea n d mi de wp&recogaipred as the grey
areawherepredictiors cannot be made.

To examinecompetition between hydrogen and halogen bonds, five hetetbaryl
imidazoles were carystallized with fifteen halogebhond donorslt was foundhat halogen bonds
prefer besthe acceptor site, demonstrating that a suitably activated halogeth donor can
compete with a strong hydrogéond donor.

The benefitsob d o u b | e farpromoting halogemn kibnd effectiveness was explored
with nine haloethynylnitrobenzene$he positive potential on halogen atsnwasenhanced
through a combination of asp-hybridized carbon and electravithdrawing nitro group(s).
lodoethynylnitrobenzenes were identified as the most effective halogehdonors reported to
date and the compousitvere exploited for the interaction prefezes of nitro group and nitfoX -

Cspinteractiors wereidentified assynthetic tooldor energetic cecrystal assembly.



A synthetic strategy for the deliberate assembly of molecular polygassdeveloped
utilizing bifurcated halogen bonds constructed froroxides and complementary halogeond
donors via cecrystallization.

A convenient, effective, and scalable protocol for stabilizing volatile liquid chemicals with
co-crystallization was achieved@hrough the us of halogerbonding, liquid iodoperfluoroalkanes
were transformed into crystalline materials with feapor pressure, considerable thermal stability
and moisture resistance.

To stabilize the energetic compound ethylenedinitramine,-erystallization aproach
targeting the acidic protons wasployed. Eight cerystals wer@btained and the acceptors were
identified as supramoleculgrotecting groups leading twiminished reactivity and enhanced

stability while retaining the desirable energetic propsrti
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Abstract

A series of cecrystallizations between four biimidazole based compounds with nine
symmetric aliphatic dacids and fifteen perfluorinated halogeond donors were carried out to
determine if a MIPS based ranking can be used to effectively assign selectivity in hydesgen
halogenbond interactions. The results suggested that a simple electrostatic view provides a
reliable tool for successfully implementing the practical-aystal synthesis withdesired
connectivity.

MEPS based selectivity guidelines for halodpmd interactions were explored in-co
crystallizations between twelve asymmetric ditopic acceptors and nine hdlogdrdonors. If
the difference between the two acceptor sites is b&®wJ/mol, no selectivity was observed;
above 65 kJ/ mol halogen bond selectivity domi.
area where predictions cannot be made.

To examine competition between hydrogen and halogen bonds, five het&oaryl
imidazoles were carystallized with fifteen halogebond donors. It was found that halogen bonds
prefer best the acceptor site, demonstrating that a suitably activated Hadwgexdonor can
compete with a strong hydrogéond donor.

The benef iatcst iovfatéidoorudb Ifeor promoting hal ogen
with nine haloethynylnitrobenzenes. The positive potential on halogen atoms was enhanced
through a combination of asp-hybridized carbon and electravithdrawing nitro group(s).
lodoethynyhitrobenzenes were identified as the most effective halbgad donors reported to
date and the compounds were exploited for the interaction preéaref nitro group and nitfoX -

Cspinteractions were identified as synthetic tools for energetiorygstd assembly.



A synthetic strategy for the deliberate assembly of molecular polygons was developed
utilizing bifurcated halogen bonds constructed froroides and complementary halogeond
donors via cecrystallization.

A convenient, effective, and scalalgrotocol for stabilizing volatile liquid chemicals with
co-crystallization was achieved. Through the use of hakigerding, liquid iodoperfluoroalkanes
were transformed into crystalline materials with feapor pressure, considerable thermal stability
and moisture resistance.

To stabilize the energetic compound ethylenedinitramine,-erystallization approach
targeting the acidic protons wasployed. Eight cerystals wer@btained and the acceptors were
identified as supramolecular protecting grolgading to diminished reactivity and enhanced

stability while retaining the desirable energetic properties.
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Chapterl-l nt roducti on

1.1 Structure-property relationship in chemistry

Theaxiomtha Afuncti on foll ows f orinmldemistgandtfe f und a
design and preparation of materials wdsired properties amincipal goals of chemistsThe
very essence of chemistry, the periodic taplevides a systematic classification of all known
elements into different periods and groups to help chemists in rationalizing the properties of these
elements based on their structureaatatomic level.Moving from the atomicto the molecular
level,apioneering investigationonducted in 194@n saturated hydrodaonsrecognized that the
properties of these compounds varied with molecular bulk and brarfching.

One of the many examples of structpreperty relationshin molecules comes from the
enantioners of thalidomide,Figure 1.1.3 It turns out th& one enantiomer hasffective
antidepressant properties while the other is teratodefie property diffeence is directly

connected tohe chirality of the molecular structure.

? /\Chiral center
N— (0)

NH
O o0

Figure 1.1 Chemical structure of thalidomide

1.1.1 Structureproperty relationship in bulk materials

For bulk materials, structugroperty relations fall into two broad categorid&gure1.2.
In the first, the property alterations are due to variations in molecular structure and molecular
conformation. In the second category property alterations arise from differences in the spatial
relationships between molecules in the alstuch as intermolecular arrangement, interactions

and packing of individual building blocks with respect to each other in a crystal |attige, in



order to manipulate the properties of bulk materials, either alterations of molecular structure and

conformations or refinements in packing arrangements are required.

Structure property
relationship of bulk materials

Category 2

Intermolecular
arrangement, interactions
and packing

Category 1

Molecular structure and
conformations

Figure 1.2 Categorization of structugroperty relationships in bulk materials

The best examples which show property alterations under boblveacategories are
pol ymor phs. A p o | Piffeventpctystalline fordns 6f ithe sathe salsstarfie
Polymorphs of a substancan be attained in two wayBigure 1.3), if the molecule can have
different conformations rad if the molecule is flexible, polymorphs can be attained by
conformational changes (conformational polymorphiangif the molecule is rigid, polymorphs
can be attained bghanging the packing arrangeme{gtacking polymorphismj.Conformational
polymomphs give rise to property alterations under category 1 and packing polymorphs under

category 2Figurel.2.
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Figure 1.3 Schematic representation of a) conformationaympalrphism and b) packing
polymorphism

Ritonavir provides an example dafonformational polymorphisnwhere brm 1 is
comprised of beta like stacks atanavir molecules held together via hydrogen bogdirnile in
form 1l, OH groups are participating in hydjen bonding due tthe change in conformation of
ritonavir moleculeAs a resultsolubility of the two forms are distinct froeach other. Form 1 has
90 mg/mL of solubility in @9:1 ethanol water mixture at & @and 6rm Il has only 19 mg/mL of

solubility under same conditiofigFigure1.4.
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Form I 0 Form II

Solubility at 5 °C in 99:1 ethanol:water - 90 mg/mL Solubility at 5 °C in 99:1 ethanol:water - 19 mg/mL

Figure 1.4 Conformational polymorphs oftonavir and their solubilitiés



Polymorphic forns ofaspirinprovide an example gfacking polymorphismBoth form |
and Il consist of layers of aspirin molecules vagme conformtion and similar interactionand
the subtle difference between the two forms is the position of the molecules in anelatyee
to the molecules of the adjacent lay€igure 1.5. When considering the propertigerm Il is
unstable under mechanical stress such as milling and tableting, and oesxiéyted to stable

form 1°

Form I Form II

Figure 1.5 Packing of apirin polymorphs shown along the a dxis

One of thewell-known exampldor how the changes in molecular structure correlate with
the materialsproperties comes from even numlzbraiphatic dicarboxylic aciddt has been
observed thanelting ponts ofdicarboxylic acids decreasgonotonically with increasing number
of methylene groups in the chaifigure1.6.2° Thus ateration of molecular structure by addi

methylene groups, leatb a predictablalteration of melting properties in the bulk.
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Figure 1.6 Correlation between the carbon chain length aedblthg temperaturef aliphatic
dicarboxylic acid¥’

1.2 Supramolecular chemistry A way to modify spatial relationships of a

molecule

Supramolecular chemistry hbsendefineda ét he c¢chemi st rcyarbwrdd, t he
covering the structures and functions of the entities formed by association of two or more chemical
speci bysfaMarie Lehn!! In simple terms supramolecular chemistryefers to
chemistrybeyond molecules and focuses omemical systems aagposedof molecular subunits
brought together via intermolecular interactidéh@ne of the underlying goals of supramolecular
chemistry is to control assembly and arrangement of individual components in a preavetable
and thus to contrahacroscopic pneeries of materials

Becausegpramolecular chemistigan leado modifications in the spatial relationships
a molecule of interesit directly affecé macroscopic propertieds an exampletrans-stilbene
molecule is known to give only weak fluoresce in solution and inside loosdliting synthetic

capsules. But it hadeen shown that by encapsulatinggansstilbene in an elongated



supramolecular capsule made up of cavitand molecules, where the molecule is allowed to adapt a

fully coplanar arrangment, fluorescence of the molecisenhancedrigure1.7.13

Figure 1.7 Encapsulatetrans-stilbene inside a cavitand derived cap$tle

1.3 Crystal engineemng: Design ofultimate supramolecules

Organic crystals can be recognized as the best examples of supramoleculesJdnkeed
Dunitz has referred to orpganiecx Clrhgreatiimesi as s
molecuesareheld together in a periodic arrangement by-nowmalent interactiong.he subsection
of supramolecular chemistry which focuses on crystals, their packing and property alterations has
beenidentified as crystal engineeringhus, cystal engineeringas defined aSThe understanding
of intermolecular interactions in the context of crystal packing and the utilization of such

understanding in the design of new solids with desired physical and chemical prapérties

1.3.1 Supramolecular synthons

If crystals can be recognized as supramolecular equivalents of molecutesyytsial
engineeringcan be recognized as the supramolecular equivalent of organic syftt@sianic
synthesis mainly depends on traditional synthons, likewise definite spatiabemants of
intermolecular interactions are required to establish reliable connections between individual
building blocks in crystal engineering. Supramolecular synthamswaeh recognition units and
have beerd e f i n etductuealsunigiwithin a supermacule which can be formed andlor

assembled by known or conceivable synth'etic of



Supramolecular synthons can be categorized as homosynthons (occur between same

complementary functional groups) and heterosynsh (occurbetween differentfunctional

groups)*® Figure1.8.
Supramolecular synthons
Homosynthons Heterosynthons

H

) 2 P
0---H—0 ;)---]-[—.\ —g — N\

! —I Ne—
—</ />— ——< />— —H---N \ /> L
0—H---0 N—H--0 8]
H

acid-acid amide-amide acid-pyridine iodo-nitro

Figure 1.8 Supramolecular synthons

1.4 Co-crystal: A supramolecular entity

The definition of what cocrystal is remains under debaté’ Thus for the scope of this
dissertation, a corystal will be defined assolids that are crystalline single phase materials
composed of two or more different molecular compounds generally in a stoichiometridrratio
simple terms, ao-crystal is comprised of two or more distinctly different molecular entities known
as coeformers that are brought together via famvalent interactions within the same crystal
lattice. This is done without making or breaking any covalent bonds,thiechemical integty
of each individual molecules preserved. The end residtthe formation of a heteromespecies
via co-crystallizationoverthe natural tendency form homomeric species via-ystallization,

Figure 1.9. Thus, a cecrystal can be recognized as a supramolecular entity which enables the



modification of plysical properties of a materibly changing the spatial relationships between

molecules in the crystal.

FA L AW -+
‘ . . Re-crystallization

Co-crystallization

Figure 1.9 Schematic representation ofegystallization and carystallization

1.5Intermolecular interactions: Glue to design cecrystals

Co-crystals contain periodic assemblie§ molecules connected via intermolecular
i nteracti-nst sntekabtiong’dipole-dipole interactiong! halogen bons*? and
hydrogen bonsl?® Figure1.10. Knowledge of the intermolecular interactions and their effects on

crystal packing allows for the engineering ofagstals with desiredroperties.

Figure 1.10a)CHE~ i nt e r a c tcrysiahcf bigirimethyisilyBacetybne with
benzenand -b)i Nt er a c tciystahbetwdemtrinttrbtaduene GTNT) and 9
bromoanthracerie



1.5.1 Hydrogen bond based eaorystals

A hydrogen bondHB) i s d e f anatgattiveairgeradtion between a hydrogen atom
fromamolecul® r a mol e c ul a&A infwhiehg{risemore electronedative than H,
and an atom or a group of atoms in themsaor different molecule, in which there is evidence of

bond formation,?® Figure1.11.

D - D — -

Figure 1.11 Schematic diagram showing therfaation of a hydrogen bond {Xore
electronegatie atom than hydroger-hydrogen; Aacceptor)

Hydrogen bonds are useful tools for assembling supramolecular structures because they
are both song and directional ararguably the most widely used interaction for constructing co
crystals®’ Figure 1.12. In order to recognize the preferred connectivity patterns, the hydrogen
bond rules proposed WargaretC. Etter are very usefdf.

The general rules are,

1. All acidic hydrogens available in a molecule will be used in hydrogen bgrlithe

crystal structure of that compoufd.

2. All good acceptors will be used in hydrogen bonding when there are available

hydrogenbond donors®

3. The best hydrogehond donor and the best hydrogammd acceptor will preferentially

form hydrogen bonds to eranothef?!

Theseguidelines have provided the stage for important advancesarystallizations.



Figure 1.12 A binary cacrystal between pigine and terephthalic acidrmedvia
acicE pyridine heerosynthof?

1.5.2 Halogen bond based exrystals
The definitionof halogen bon@XB)s t at eAh @ lhad e n ffbYoinzd oRicXur s wh

there is evidence of a net attractive interaction between an electrophilic region on a halogen atom
X belonging to a moteile or a molecular fragmentiX (where R can be another atom, including
X, or a group of atoms) and a nucleophd®l ic re

Figurel.13

oD 56— Bbd»eo

Figure 1.13 Schematic diagram showing the formation of a halogen borsh@”zmolecular
fragmens or atons; X-halogen atom; Yhucleophilc aton)

As a new addition to the toolbox of supramolecular chemisteyhalogen bond has gained
widespread attractiodue to its strong, specific and directional nafdiey to this interaction is
the electrorpoor nature of théip of thehalogen atom known @sh e  (f° whosd etectron
density is depleted by virtue tifie presence an electron withdrawing groypgigurel.14. The
Ri XE Y angle is typically close to 18§°.The strength of the interaction increasesding from
chlorine to bromine to iodine depending on the polarizability of the halogen®aflectrostatic
attractivenatureof halogen bonds result inshorter distance betweéme donor and acceptor to
the sum oftheir van der Waals radi# Figure 1.15 showsa conventioniahalogen bond formed

betweenodine and nitrogen.

10
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Figure 1.14 Formation ofthe&l hol e i n hal ogen at oms

Figure 1.15 A halogen bond formed between the iodine ofdijddotetrafluorobenzene and
pyridine nitrogen of 4imethylaminopyridin&

1.5.2.1Techniques to detect halogen bonds
The best method to detect halogen bond formation in solid state is single crystal X

diffraction (SCXRD).This is the most common experimental method of obtaining a detailed 3D
structure of a molecule that allows resolution of individual atoms, and poOwitailed
information about the internal lattice of crystalline substances, including unit cell dimensions,
bondlengths, bonegangles, and intermolecular interactidASCXRD is performed by analyzing

the pattern of Xays diffracted by an ordered arrafymany identical molecules (single crystal)
andrequires diffractable crystals in good quality and reasonablengireh is not easily accessible
always. Thus, other characterization techniques like NMR, RBman,UV-Vis, EPR and
calorimetrybased techiques are utilized for the purpose of detecting halogen bond formation in

solid, solutionand gas phases.

11



NMR spectroscopy is the method of choice in detecting halogen bonds in solution. For
example F NMR spectroscopy has been utilized to detect ctaimshift alterations of
polyfluorinated XB donors upon interaction wgblventsof varying electron donating properties.

It has observed that a stronger Lewis basigentcauses a largéfF shift alteration reflecting the

strength of the formed XB iatactionsFigure1.16.4

Solvent

Figure 1.16F NMRc he mi cal s hiUjdf12dliodopeeluometiames ( o
cyclohexaneand the giversolvent!

IR spectroscopy is a simple and effective method in detecting halogen bond formation both
in solid and saltion phases. For example, when a halogen bond is formed with an ethynyl iodine

atom,the weakeningf triple bond occurswhich is accompanied by a red shift of the triple bond

stretch in IR spectr® Figure1.17.

12



| _IEIB

]

70 / /\//‘,»\/’Y‘\n /‘
8 60, ] | q y
S 50 ‘o ) .
€ = ~ o~ ‘o~ wn I
@ 40 2 o -~ 2N '
& & NI a9 89
= 30 3 a4y 2o
= 20 =3 - F

_IEIB:12

, 80 N ,,ML (\W
o 1}
c 70 { 1 v
-‘*E 60 \' fot [
£ QR ‘
5 °C <3 8% \_8
o gg &% =g
R <+ < o] =]

30 =< 8=

B T T

Wavenumbers (cm™)

Figure 1.17 Comparison of IR spectra betweeinotioethynyt4-iodobenzene (IEIB) and the-co
crystal of | EibiByridine {EMELE); rad circlds highlight$ the shifts in triple
bondstretch?

1.6 Application of co-crystals

Co-crystal technology has been used for altering the physical properties of
pharmaceutical$® energetic material¥, agrochemicald® nutraceuticalé® organic
semicondctors}’ optoelectronic materiaf$, ferroelectric material® charge transfer
complexes? nortlinear optics! andliquid crystals®® Furthermore, carystallization approaches
have been applied in solid state solvent free synth&separation and purifican processe¥
chiral resolutior? and crystallization of noesolid compounds to facilitate manufacturing

processes’

1.6.1 Pharmaceutical cecrystals

The most widely applied field of ecrystallization is development of pharmaceutical co
crystals. In ths area cecrystallizationhas shown prominent resultstime formation, desigand
implementation of active pharmaceutical ingredients (RPQhanging thesolid formof an API

can greatly influence itbioavailability, thermal stabilityand solubility®® Pharmaceutical co

13



crystals focus on developing superior physib@mical properties of the API while holding the

properties of the drug molecule itself constént.

For instancegne studyshowed how tgystematically modulate the aqueous solubility and

melting behavior of an anticancer dragxamethylend-pyridineacetamidavith the assistance of

hydrogenbond based corystallization Figure1.18.5°
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API:Succinic acid APLAdipic acid APIL:Suberic acid AP

Co-crystal

Figure 1.18 Aqueous equilibrium sabilities of the API of interest and the five-coystals
obtained with even chain dicarboxylic aétis

Another example provides evidence for thalogenbond based corystals of the
antimicrobial drug dodo-2-propynykN-butylcarbamate (IPBC)Angle of repose tests were
conducted to study the powder flow properties of the drug and tbeystals obtained. FréEBC
has poor flow properties ¢gnangle of repose is detectable), while thectal involvingthe
excipient CaCGl has shown superior powder flow characteris{ig8® angle of reposdorm
funnel/flat surface distance of 25 mmg¢presenting a promising solution to the handling issues

related to the manufacturing of products containing IFBC.

14



1.6.2 Energetic cocrystals

Energetic mateails are a class of compourttat rapidly release energy through a chemical
reaction or change of stateften accompanied by the expansion of $§aBhe term energetic
materials encompasses three basic materials slassglosives, propellants, and pyrotechfifcs.
Explosives contain destructive power, while propellants supply thrust for rockets and engines.
Pyrotechnics include both explosives and propellants and are used to produce various effects,
including light, cobr, smoke and sound.

When designing safe and effective energetic compounds, a large number of critical
properties need to be addressed. The main property to consider is the explosive power, and this
property is affected by the other factors such as demgtonation enthalpy, oxygen balance and
gas formation upon detonati6hAnother factorto consider is safety, which is based on the
sensitivity of the material to shock, impact and sfraakd also théoxicity of the compound and
detonation product® Furthermore, cost, processability, water solubility and chemical stability are
critical factors to consider when designing novel energtics.

Traditional methods for improving these properties foonsmodifying the chemical
structure®® Co-crystallization $ an alternative route to modify the properties of available energetic
materials to design superior materi&ls.

One of the most famous examples in the field of energetirystals is the 1:2 hybrid eo
crystal of HMX and CE20. The cecrystal is a combiation of the low sensitivity of HMX and
high power of CE20, thus provided a solution to overcome the drawbacks associated with both

starting energetic compounddgure1.19.54

15
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Figure 1.19 a) Detonation velocity comparison and b) impact sensitivity comparison for HMX
and Cl-20 cocrystal and starting compourids

1.6.3 Agrochemical cecrystals

Agrochemials refers tochemicals used for agricultural purposes such as pesticides,
insecticides, herbicides and fungicidesd are used to protect crops from pests and thugdielp
improve the quality and quantity of crop producti@rCo-crystalizations provides means for
altering the physical propertiessich as solubility, hygroscopicity, thermal stability, filterability
and flowabilityof agrochemicals and therehifecting the overall usability and efficacy of a given
agrochemical.For example flupyradifurone is an active ingredient (Al) with insgcidal
properties. Cerystalof the Al with salicylic acid (1:1) has been synthesized which displays a
higher melting point, 85 °C when compared to that of the active by itsef472)/*

Anothe study highlights the ability of fintuning the solubility of an agrochemical active,
cyprodinil, via cecrystallization Co-crystals of cyprodinil have bearbtained witheven chain
aliphatic dicarboxylic acid¢C4-C12) and for the cacrystal with succhic acid (C4), more than

thredold increase in the solubility has obseryEdjure1.20.”?
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Figure 1.20 Solubility profile of cyprodinil cecrystal€?

1.6.4 Nutraceutical cecrystals
Nutraceuticda r e d e faifoode(or paat ®f a food) that provides medical or health

benefits, including the prevention and/or treatment of a disease and possesses a physiological
benefit orreduces the risk of chronic diseadé Nutraceuticals have become attractive targets for
co-crystallizations as many of them have major problems with solubility and bioavailabdity.
an instance corystals of curcumin wth resorcinol and pyrogallol ke obtained and the melting
point analysis has shown the-cxystals(with resorcinol- 166 °C; with pyrogallol- 158°C) to
have lower melting points than curcungiv7°C).”
In another studyco-crystals of pterodtiene havebtained with carbamazepir@perazine
and caféine. The solubility studies haghown that cecrystal obtained with piperazine to show
six fold higher aqueous solubility and-coystal with caffeine to have 27 fold solubility compared
to singlecomponent pterostilbene. On the atheand, cecrystal with carbamazepine has

decreased the overall solubjliof pterostilbene nearly by thrieéd, Figure1.21.7°
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Figure 1.21 Aqueous solubility of pterostillme and cecrystalg®

1.6.50rganic semiconductor c@rystals
Organic semiconduct or s-syskeeme that kaveetimedabildy tac o nj u

transport charge when an electrical bias is appltedbrced faceo-face stacking of aromatics in

the solid state is important to achieve efficient charge transport pegpefthese materials. €o
crystallization provides effective means in stacking the semiconductor building blocks. One such
study has shown houhe co-former, resorcinol could enforce fatef a c-stacking ofthe

semiconductor building block 9,4ls(4-pyridylethynyl)anthraceneFigure1.22.7°

Figure 1.22 Effective face tef a c-stacking achieved via ecrystallizatior{®

1.7 Goalsof the dissertation

Designing cecrystals with practical applicatis in materials science requir@shorough

understanding of solid state behavior of fomvalent inteactions and a good rationale to control

18



the supramolecular architectiwdn a predictablemanner Such controlled supramolecular

assemblies can lead to a better understanding of strymtyperty relationships. e basic

concepts cathen be focused @patialmodifications of functional materials leading to fitusming

of macroscopic propees.

Thus, his dissertation will focus otie following goals,

1.

Chapter 2focuseson understanding the molecular electrostatic potential dependent
selectivity behaviors of hydrogen bond interactionsthe solid state andon

implementinga simpk electrogatic view for cecrystal synthesié’

. Chapter 3 focusson thesolid state behavior of halogenrabng, specifically howa

simple molecular electrostatic potentialirface MEPS based view can be used in
predicting selectivity in halogen bondif).

Chaper 4exploresif MEPS based selgeity of halogen bondingan lead tguidelines
that can be used faredicting preferable halogen bonds.

Chapter Socusesonthe competitive nature dfydrogen bonding and halogen bonding
when probd with multiple accepir sites’®

Chapter 6focuseson design and synthesis more effective halogesbond donors,
haloethynylnitrobenzenes, using double activation phenofffena.

Chapter £ombinescomplementary geomat factors of selected halogéond donors

in designing wekldefined and discrete supramolecular architecttires.

The capability of halogebond based corystallization to stabilize volatile liquid
chemicals and the effectiveness, scalability, isolation capabilities and property

alterations of this technolody explored in hapter &2
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8. Chapter Yocuseson establishing the effectiveness ofagstd technology to modify
the properties of an energetic compound, ethylenedinitarfBIDBIA). The main goal
is to eliminate the higlchemicalreactivity of EDNA by introducing a supramolecular

protecting group®
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Chapter2-Mo |l ecul ar el ectrostatic poten
hydrogen! bondi ng
2.1 Introduction

The hydrogen borfdis undoubtedly themost extensively studiedntermolecular
interactiorf andeven afte a century of investigationsis still of utmosinterestwhich is reflected
by the IUPAC proposed change in 2011 of its very definitdtrh e new def i ni ti on,
bond is an attractive interaction between a hydrogen atom from a molecuwlecalar fragment
X1 H in which X is more electronegative than H, and an atom or a group of atoms in the same or a
di fferent mol ecul e, i n whi ch °tdearly eecogniges evi de
electrostatics at being at the core of this interactiong lasting interest in hydrogen bonding is
related to its importance in the fields of chemistry, physics, biochemistry, biology, nsaterial
science, organic synthesis, medicine, pharmacy, mineralogy, crystal engineering, supramolecular
chemistry, surfee science and many mdré. is indeed the basis of life due to its structural role
in DNA,” enzymes, and protein$.

From a fundamental supramolecdfaaind crystal engineerifyviewpoint, the hydrogen
bondis a key syntheticobl in assembly of moleculdsito well-defined architectures? An
established set of guidelines in directing hydrogen bonds in a sug@itaslcontext is required
to designsupramolecular architectures in a rational and predictable m&itoaecognizeobust
synthong*toobtaine pr oduci bi l ity in experimental®desigr
and Asynthon®pol ymorphi smo.

In this context, Etter proposed that, in a system with multiple potential structural outcomes,

the best hydrogeitbond donor and the best hydrogmmnd acceptorwill preferentially interact
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with each othet! Figure2.1. This simple set of guidelinesferspowerful and practicairotocols

for the directed assembly of sclstiate architectures.

[X L —ait D.éz—> | (S

Figure21Schemati c representati on o¢Al-beBtiadcaptordA2 r ul e s
2" best acceptor, Dhest donor, D2 best donor)

N

[
N

In order to take advantage of this apgueh, it is necessary to firdconvenienmethodfor
recognizing andanking the best donors and best acceptors in a given sy&®&sral solutions to
the challenge haveeen reported® One such method utilizgs/pKp values of the participating
molecules to rank th relative strength® There are manexamples in literature where the
supramolecular outcome has been successfully predicted baseghaiyas?® This approach has
beenutilized in designing ternary ecrystalsystem where the strong acichts to the best acgtr

site while the weak acilinds to the second best acceptor, fitgure2.2.%

Strong acid---best acceptor

H Weak acid---2nd best acceptor

O \
X—@—/( N-H--0
— 0-—-H-0

Figure 2.2 Designing ternary carystals utilizing theoKa ranking methott
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This method is effective as long as the molecules carry the same chemical functionality.
For example, thiophenol has a p&f 6.61 which is considerably lower than that of phenol
(pKa=9.86, which indicates that thiophenstould be a better hydragé&ond donor. But phenols
have significant hydrogen bond donor ability and are commonly used as hydrogen bontf donors
whereas thiophenolsardly exhibit any hydrogen bond donor abifity.

A moregenerabpproach proposed by Hunter anevoarkers utilizesalculated molecular
electrostatic potential surface (MEPS) valéfeshere the besacceptorrepresents the highest
negative value on th&urface and the bedbnorcarries thenighestpositive value This approach
hasbeen ued extensively in designing dgogen bonded corystals. One such study fo@son
the calculated molecular electrostatic potential values to rank the relative hydrogen bond strengths
of hydroxybenpic acids?® Thestructural results agreeith the predictedutcome by MEPS and

follow bestdonor bestcceptor hierarchyigure2.3.

a) b)
Best donor 0
HO
O-H
214 best donor

Figure 2.3 a) Ranking of hydrogen bonding sites ehydroxybenzoic acid based on calculated
MEPSand b) sructural outcomebest donobinds to the best acceptor arffl 2est donor binds
to the 29 best acceptd?

In order to gather information on such studies where a ranking of acceptor sites have been
done, acomprehensiv&€ambridge Stictural DatabaseOSD)?® searchwas conducted targeting
interaction between any nitrogand acid functionality. Results yielded 1141 hits and among them
180 structures contained an acceptor with multitopic of acceptor sites. Further analysis of these

180 hts revealed thateven though thenderlyingconcepts of MEPS based ranking is applied in
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few of the studied’ noneof these studies directly utiliza ranking of acceptor sites based on
calculated MEPS in hydrogen bonding.

Thus, designing of a systemathcan be used to study MEPS dependent ranking of
hydrogen bond acceptor sites is of utmost inteBstause of this reason, series of ce
crystallizations between four biimidazole based compou¢id&:bis(pyridin4-ylmethyl)-2,2-
biimidazole A1, 1,1:-bis(pyridin-3-ylmethyl)-2,2 biimidazole A2, 1,1-bis(pyridin2-ylmethyl)

2,2 biimidazole A3 and 1,kdibenzyt2,2-biimidazole A4) Figure 2.4 and nine symmetric
aliphatic dtacids (Figure 2.5) were carried out in order to determine if a ranking based on
calculatel MEPS can be used to effectively assign selectivity in hydreagemd based
intermolecular interactions\1-A3 have two identical pyridine nitrogen atortidue) and two
identicalimidazole nitrogen atomsed)to give four acceptors per molecule. Acce@tdr(Figure

2.4) was synthesized as a control moleciiegrder to study thempactof stericswhen forming
hydrogen bondwith imidazok nitrogen sitesThusA4 contain only imidazole nitrogen sites while

retaining the structure similarities to other molecules of this family.

NC/>_/ NL} @_/ N/\/)
Al A2

Figure 2.4 Acceptors employed in the study
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Even diacids Odd diacids

9 0O o
o I
OH HO OH
(0]
Succinic acid (Suc) Malonic acid (Mal)
O 0 0
OH HO OH
O . .
Adipic acid (Adi) Glutaric acid (Glu)
O 0 0
HO Jj\/\/\/u\
OH HO OH
o
Suberic acid (Sub) Pimelic acid (Pim)
(0] O (0]
H JJ\/\/\/\/u\
O\r(\/\/\/\)j\OH HO OH
0 Sebacic acid (Seb) Azelic acid (Aze)

(0]

HO.
\[(\/\/\/\/\)LOH
(0]

Dodecanedioic acid (Dod)
Figure 2.5 Donors (aliphatic dacids) employed in the study

The different acceptor sites were ranked (best and sdmestyl with the utilization of
calculated MEPS foA1-A3. Systematic cerystalizations with nine aliphatic diacié$(Figure
2.5) in 1:2 stoichiometry were performedth these three moleculé#/ith A4, 1:1 stoichiometric
studies were performeth addition, experiments using 1:1 and 1:4 stoichiometriead@ptor to

donor) were performed withl andA3.
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The study is undertaken in response to two hypotheses,

1. If a hydrogerbond donor has a choice of two different acceptor sites, it will
preferentially select the beatceptor as determined by moleculdec#ostatic
potentials surfaces (MEPS).

2. The selectivity in hydrogen bonding will not be affected by the relative amount of

reactants present in the system.

2.2 Experimental
2.2.1 General
All precursors, solvents amticarboxylic acids were purchased fraommercial sources
and used without further purificatio. , -Biitlnidazole was synthesized following a reported
procedure® *H NMR spectra were recorded on a Varian Unity plus 400 MHz spectrometer in
CDClz or DMSO-de. Infrared spectra were recorded witiN&olet 380 FFIR with a digital
resolution of 0.9 crhand data processed usi@gnic® software Melting points were determined

using Fischedohns MelTemp melting point apparatus and are uncorrected.

2.2.2 Electrostatic potential calculations

Molecular electrostatic potential surfacesfdf-A4 were generated with density functional
B3LYP level of theory usin@-311++G** basis set in vacuum. All calculations were carried out
using Spar t3AAlhdeules wefetgavmatoptimized andhe maxima and minima
on the electrostatic potential surface (0.002 e/au isosurface) determined using a positive point
charge in the vacuum as a probe. The numbers indicate the interaction energy (kJ/mol) between
the positive point probe and surface tbe molecuk at that particar point. These numbers are
related to the electrostatic potensiadn the atoms with the negative number correspondiag to

negative potentisgdnd positive number correspondingatpositive potential
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2.2.3 Synthesis of acceptors

2.23.1 Synthesis of 1,is(pyridin-4-ylmethyl}2,2'-biimidazole A1

Acetonitrile —
z NaOH N
10\/ = # e
Reflux at 50-60 ° C>_/
24 hours

2 , -Biitnidazole (0.27g, 20 mmol) and NaOH (0.32 g,.8mmol) were placed in a 100
mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature
for two hours. 4Picolyl chloride hydrochloride (0.65 g,8#mmol) in acetonitrile (20 mL) was
added to the mixture and refluxed for 24 hours &tG0O60 °C. The reaction was monitored with
TLC and after completignthe solvent was removed by rotary evaporatiThe residue was
dissolved in water (50 mL) and extracted with methylene chloride (30 mL x 3). Organic layers
were combined, dried over anhydrous MgS(Dd rotary evapotad to obtain the dark brown
powder as the product. Yield: 0.35 g (56%)pnm57-160°C; *H NMR (400 MHz, CDCls):8.49

(d, 4H), 7.11 (d, 2H), 6.94 (d, 2H), 6.91 (d, 4H), 5.84 (s, 4H).

2.2.3.2Synthesis of 1,1bis(pyridin-3-ylmethyl}2,2"-biimidazole, A2

(\N N Ac;:ltogltHrlle —N
/ - ? N\ //
HN + | >
/ NH, A Cl' Reflux at 50-60 °
N \) 24 hours

2 , -Biitnidazole (0.27g, 20 mmol) and NaOH (0.32 g,.@mmol) were placed in 400
mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature

for two hours. 3Picolyl chloride hydrochloride (0.65 g,8immol) in acetonitrile (20 mL) was

30



added to the mixture and refluxed for 24 hours &G060°C. The reaction was monitored with

TLC and upon completion the solvent was removed by rotary evaporation. The residue was
dissolved in water (50 mL) and extracted with methylene chloride (30 mL x 3). Organic layers
were combined, dried over anhydroug®D; and rotary evapated to obtain the browpowder

as the product. Yield: 0.45 g (71%);m112-115°C; *H NMR (400MHz, CDCls):8.46 (d, 2H),

8.45 (s, 2H), 7.39 (d, 2H), 7.17 (m, 2H), 7.11 (d, 2H), 6.95 (d, 2H), 5.78 (s, 4H).

2.2.3.3Synthesis of 1,1bis(pyridin-2-ylmethyl)2,2"-biimidazole,A3

J Acetonitrile (\ N N—
¢ A ey
HN —I— | 1 P / \ N
i NH, A Reflux at 50-60 ° _ /\)
N \) 24 hours N N

2 , -Biitnidazole (0.27g, 20 mmol) and NaOH (0.32 g,.@mmol) were placed in a 100
mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature
for two hours. ZPicolyl cHoride hydrochloride (0.65 g,.@ mmol) in acetonitrile (20 mL) was
added to the mixture and refluxed for 24 hours &(;5060°C. The reaction was monitored with
TLC and upon completion the solvent was removed by rotary evaporation. The residue was
dissolved in water (50 mL) and extracted with methylene chloride (30 mL x 3). Organic layers
were combined, dried over anhydrous MgS(Dd rotary evaporateto obtain the pale brown
powder as the product. Yield: 0.25 g (40%)pm.80-183°C; *H NMR (400 MHz, CDCl): 8.53

(d, 2H), 7.53 (t, 2H), 7.15 (t, 2H), 7.12 (s, 2H), 7.07 (s, 2H), 7.05 (d, 2H), 5.87 (s, 4H).
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2.2.3.4Synthesis of 1,1dibenzyi2,2'-biimidazole,A4

Acetonitrile
HN —|— >
; NH, Cl Reflux at 50-60 °
N \) 24 hours

2 , -Biitnidazole (0.33g, 25 mmol) and NaOH (0.39 g, 9rBmol) were placed in a 100
mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature
for two hours. Benzyl bromide (0.63 gD$nmol) in acetonitrile (20 mL) was added to the mixture
and refluxed for 24 hours at 3C - 60 °C. The reaction was nmtored with TLC and after
completion the solvent was removed by rotary evaporation. The residue was dissolved in water
(50 mL) and extracted with methylene chloride (30 mL x 3). Organic layers were combined, dried
over anhydrous MgS{and rotary evaporat to obtain the yelw powder as the product. Yield:
0.69 g (89%); np. 144-146°C; *H NMR (400MHz, CDCl):5.71 (s, 4H), 6.94 (d, 2H), 7.03 (m,

4H), 7.14 (d, 2H), 7.25m, 6H).

2.2.4Grinding experiments and IR spectroscopy

Al1-A4 were initially put throgh a cecrystal screen using solveassisted grindinga(few
drops of methanol) witmine aliphatic dicarboxylic acids. In all 36actionsthe acceptors and
donors were mixed in 1:2 stoichiometric ratAl¢A3) or 1:1 stoichiometric ratioA4) and the
sdid resulting from each reaction was characterized using IR spectroscopy to determine if a co
crystal had formed. In each reactiod¥) mg of the acceptor was used with the respective

stoichiometric amount of the acid. In 28 out of 36 experiments the iabahispectralisplayed

broad stretches near 1,850 and 2,450 Hffiigure2.6) indi cat i ve of i ENer mol e

hydrogen bondormation®?
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2.2.5Synthesis of carystals

The mixtures obtained in the grinding experiments wessailved in a minimum amount

of methanol2 ml) and placed in a 2 dram borosilicate ¥alslow evaporation in order to obtain

crystals suitable for single crystalrdy diffraction.In the instances where the single crystals were

not produced with the alwe approach, a range of methods such as slopoeation with ethyl

acetate,vapor diffusion with methanol and hexane as the solvent andsahtent and

crystallization under freezing conditions were used. All in all, thirteen csyataile obtained and

analyzed with single crystal-Ky diffraction. Table 2.1 summarizes the experimental details.
Appendix B1 contains the relevant-Kay experimental data.

Table 2.1 Experimental details dhe thirteen cecrystals obtained

Mixed
Mole
ratio

Melting
point

Crystal

Solventand color &

method

Crystal

Code Amounts used

stoichiometry

Al:Mal 1:2
Al:Glu 1:2
A3:Adi 1:2
A3:Sub 1:2

A3:Seb 1:2
A3:Dod 1:2
A4d:Mal 1:1

Al -10 mg, 0.03Znmol
Suc- 7.5 mg, 0.063nmol
Al -10 mg, 0.032nmol
Adi - 9.2 mg, 0.063nmol
Al - 10 mg, 0.032nmol
Sub- 11 mg, 0.063nmol
Al -10 mg, 0.032nmol
Seb- 13 mg, 0.063nmol
Al - 10 mg, 0.032nmol
Dod - 15 mg, 0.063nmol

Al - 10 mg, 0.032nmol
Mal - 6.6 mg, 0.063nmol

Al - 10 mg, 0.032nmol
Glu - 9.2 mg, 0.063nmol
A3 - 10 mg, 0.032nmol
Adi - 9.2 mg, 0063mmol
A3 -10 mg, 0.032nmol
Sub- 11 mg, 0.063nmol
A3 -10 mg, 0.032nmol
Seb- 13 mg, 0.063nmol
A3 -10 mg, 0032mmol
Dod - 15 mg, 0.063nmol

A3 -10 mg, 0.032nmol
Pim - 10 mg, 0.063nmol

A4 - 10mg, 0.033mmol
Mal - 3.3 mg, 0.032nmol

Methanol
Slow evaporabn
Methanol
Slow evaporation
Methanol
Slow evaporation
Methanol
Slow evaporation
Methanol
Slow evaporation
Methanol
Slow evaporation

Freezing conditions

Methanol
Slow evaporation
Methanol
Slow evaporation
Methanol
Slow evaporation
Methanol

Slow evapordon
Methanol
Slow evaporation
Methanol
Slow evaporation

Freezing conditions

Methanol
Slow evaporation

Freezing conditions were achieved by keeping the vials inside a freezer &3
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1:1

1:1

1:1

1:1

1:1

1:1

1:2

1:1

1:1

1:1

1:1

1:2

161-165

167-170

148151

140144

138143

95-98

153155

159162

131-135

130-133

120123

90-93

90-94

Colorless
prism
Bronze
plate
Orange
plate
Orange
plate
Bronze
prism

Colorless
needle

Bronze
prism
Colorless
plate
Colorless
prism
Colorless
prism
Colorless
prism

Colorless
plate

Yellow
prism




2.2.6Variable stoichiometric studies

To explore the possible influence of reaction stoichiometrigydrogen bond selectivity
Al and A3 were combined with adipic acid, suberic acid, sebacic acid and dodecandioic acid,
respectively in 1:1 and 1=toichiometriesThe reactants were dissolved imaimum amount of
methanol and slow evaporatedpursuance ofrystals andvere analysed using IR spectroscopy
in order to determine the awystal formation anéH NMR spectroscopy in order to datgne the

stoichiometry

2.3 Results
2.3.1 Electrostatigotentials
The ditopic acceptossused in this studyA(-A3) contain two differentacceptor sites,
pyridine nitrogen l(py)) andimidazole nitrogenN(im)). The control molecul&4 contain only
N(im) sites.The ranking of the acceptor sites is establisigdg molecular electrostatic potential
surfaces and the results from thensity functional theoryFT) calculations are shown ifiable
2.2. Highernegative potentiabn the acceptor suggesistter hydrogetbond accepting alify.

Table 2.2 Calculated electrostatfwotential values of the acceptors

Molecule Atom Electrostatic potential (kJ/mol?)

L - e Pyridine N -188
1,1-bis(pyridin -4-ylmethyl)-2,2"-biimidazole Al Imidazole N 124
L - e Pyridine N -180
1,1-bis(pyridin -3-ylmethyl)-2,2"-biimidazole A2 Imidazole N 125
L - e Pyridine N -150
1,1-bis(pyridin -2-ylmethyl)-2,2'-biimidazole A3 Imidazole N 120
1,1'-dibenzyl-2,2-biimidazole A4 Imidazole N -149

2.3.2 Grinding experiments and enacterization by IR spectroscopy

The solvenassisted grinding experiments wargalyzedhrough IR spectroscopy and 28
of the 36 experiments reseit a successful ecrystal formation equivalent ta supramolecular

yield of 78%.All co-crystals displaye broad bands nedne 1,850 and 2,500 énregion (as a
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resultof O-HE N hydrogen bond$j and significant changes in the Cs®etchof the carboxylic
acid indicating cacrystal formationTable 2.3. Figure 2.6 compare the IR spgam of the ce
crystal A3:Dod with the starting compoundsA@: blue; A3:Dod co-crystal: red; Dod: purple);
green circles highlights the formation of broad stretches near 2495 and 18&Hidrnlack circles
highlights the shift of carbonyl stretch (16861698 cm 3. The supramolecular yieldsom IR
analysisare summarized ifable2.4.

Table 2.3 IR data for the grinding experiments

) Carbonyl stretch (cnr? O-HE N stretches
Mixture Di-acid Ground mixture cmt Co-crystal?
1685 1692 2532,1870 Y
1685 1687 2600,1900 Y
1685 1688 2500,1906 Y
1686 1689 2497,1896 Y
1686 1689 2541,1914 Y
1696 1692 2586,1900 Y
1683 1694 2590,1900 Y
1685 1688 2450,1900 Y
1689 1688 2500,1940 Y
1685 1686 2532,1900 Y
1685 1688 2488,1915 Y
1685 1689 2495,1900 Y
1686 1686 2499,1924 Y
1686 1686 2495,1922 Y
1696 1716 2561,1964 Y
1683 1701 2588,1941 Y
1685 1690 2530,1941 Y
1689 1690 2528,1924 Y
1685 1695 2503,1943 Y
1685 1691 2528,1895 Y
1685 1690 2495,1850 Y
1686 1701 2520,1888 Y
1686 1698 2495,1865 Y
1696 1708 2582,1980 Y
1683 1689 2550,1957 Y
1685 1689 2511,1942 Y
1689 n/a n/a N
1685 1681 n/a N
1685 1686 n/a N
1685 1686 n/a N
1686 1689 n/a N
1686 1686 n/a N
1696 1701 2586,1970 Y
1683 1685 2600,1900 Y
1685 1687 n/a N
1689 1686 n/a N
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Figure 2.6 Comparison of hydrogen bond formationAB:Dod (green circles highlight the
formation of broad stretches and black circles highlight the shiftee carbonyl stretch)

Table 2.4 Summary of supramolecular yields

Grinding experiments
Acceptor

Success rate Supramolecular yield
1,1-bis(pyridin -4-ylmethyl)-2,2"-biimidazole Al 9/9 100%
1,1-bis(pyridin -3-ylmethyl)-2,2"-biimidazole A2 9/9 100%
1,1-bis(pyridin -2-ylmethyl)-2,2"-biimidazole A3 8/9 89%
2/9 22%

2.3.3Crystal growth and structure analysis

Although vibrational spectroscopy provides unambiguous infobomabout whether a eo
crystal has formed or not, it does not revtealactual interactions between the donor and acceptor
sites. hus in order to examine any hydrogeond preferences, single crystal data are required.
The initial approach for crystgrowth was slow eaporation with methanol, bubany of these
expeiments produced gels or powders, thugriety of other methodgere employedJltimately

thirteen crystals suitable for single crystal analysis was obtained and structurally characterized
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Seven structures were obtained fit-based cecrystals, five forA3-based cecrystals,
and one carystal of A4 was structurally charcterized.Despite the fact that IR spectroscopy
indicates thaf\2 is also capable of forming eorystals, sitable crysals of A2 were not available
even afterepeatedittempts

Thirteen crystal structures were solvgd1:Suc, A1:Adi, A1l:Sub, Al:Seh Al:Dod,
Al:Mal, A1:Glu, A3:Adi, A3:Sub, A3:Seb, A3:Dod, A3:Pim and A4:Mal) and the relevant

crystallographic datand hydrogen lond geometries are provided ippendix B1.

2.3.4 Crystal structures

2.3.4.1Structuresof Al:Suc Al:Adi, A1:Sub, Al:Seb and Al:Dod
In A1:Suc, both acid groups form hydrogen bonds with the pyridine nitregemsof the

acceptor resulting in a 1:4toichiometric cecrystal. These interactions produce infinitdd1
chains, andmidazole nitrogen atoms are not participating in aotjcedle short contactsigure

2.7.

Figure 2.7 Primary hydrogen bond interactionsAd:Suc

The remaining four structures Afl with everchain acidsAl:Adi, A1:Sub, Al:Seband
Al:Dod, all display the same primary hydrogeand interactions between the carboxylic acid
functionality and the pyride nitrogen atoms of the acceptor resulting in 1:1 stoichiometric co
crystals in each instancEigure2.8. The 1D chans persist and no notable shoonhtacts to the

N(im) sites can be seen.
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Figure 2.8 Primary hydrogen bond interactions inf): Adi, b) Al: Sub, c) Al: Seband d)
Al: Dod

2.3.4.2 Structure of Al:Mal
The existenceof an oddchaindiacid as the hydrogemond donor inAl:Mal does not

affectthe pinciple interaction trendzach acid binds to twpyridinenitrogen atomgenerating 4

D chains with a I stachiometric cecrystal,Figure2.9.

Figure 2.9 Primary hydrogen bond teractions inA1:Mal
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2.3.4.3 Structure of AL:Glu
However, in the last crystal structureAt, with glutaric acid a the donor, the expected

O-HE N(py) hydrogen bondsre present, but the same tima heaeto-head aci& acid dimer
formation can also be se€ehhus the stoichiometrys changedo 1:2 (acceptor:donor) although

the D chains prevailfFigure2.10.

Figure 2.10 Primary hydrogefbond interactions iA1:Glu

2.3.4.4 Structures of A3:Adi A3:Sub, A3:Seb and A3:Dod
In the crystal structure o&A3:Adi, the primaryhydrogen bondsccur between thacid

functionalityandthe best acceptor site, the N(pl@ading toa 1-D chain architecturd=igure2.11.

Figure 2.11 Primary hydrogen bond interactionsA3:Adi

All four evenacid cocrystals ofA3 essentiallydisplaythe same structurééatures leading
to 1:1 stoichiometric carystal formation vigD-HE N(py) bonds resultingnfinite 1-D chains,

Figure2.12,
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Figure 2.12 Primary hydrogen bond interactions inA8:Sub b) A3:Seband c)A3:Dod

2.3.4.5 Structure of A3:Pim
A3:Pim is the onlyco-crystalof A3 obtained with an oddhain diacid and this structure

is similar to that ofA1:Glu with primary GHE N(py) hydrogen bonds and an aEidcid dimer

leading tol:2 stochiometric -D chains Figure2.13.

Figure 2.13 Primary hydrogen bond interactionsAB:Pim
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2.3.4.6 Structure of A4:Mall
Theonly crystal structure obtained witk4 shows primary GHE N(im) hydrogen bond

formation,Figure2.14.

Figure 2.14 Primary hydrogen bond interactionsAd:Mal

2.4 Discussion
2.4.1Characterization by IR spectroscopy

All co-crystallization experiments were first screened using IR spectroscopyry§ial
formation was confirmed by two broad stretches in the @D cm' region as a result of O
HE N hydrogen bond formation. Théher indication was the shifts of C=0 stretch. According to
these observations 78% of supramolecular yield was obtainéd.all casesthe C=0 stretch
appearedabove 1670 cr (Table 2.3) confirming the neutralco-crystal formation If a salt
formation occus, the proton is transferred to the acceptor site and an asymmetric carboxylate
(COO) bandappearsaround 1650590 cmt, combined with a weaker symmetric carboxylate
stretch in the 1400 chregion3

On the ¢her hangdwhen a cecrystalis formed the acid acid dimer in thdree carboxylic
acidis breaking and the aditacceptor interaction is formingjgure2.15. These changes can be
picked up from the IR spectrahe @arboxylic aciddimer has a center of symmetry, thus only
asymmetric C=0 stretching vibrations absorb in the infrared. When tbeystal is formed, the

dimer is converted to monomer and the C=0 stretching frequency shifts to a higher wave number.
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The lower absorptionréquency ofthe carboxylic acid dimer is due to hydrogen bonding and
resonance which lengthethe C=0 bond, but when a-coystal is formed the C=0 is free of
interactions and strengthethe bond leading to the higher wave number shifts of infrired.
Furthermore the @H outof-plane bending of aacicE acid dimer produces a broad, medium
weak band around 930 chandthe m-crystal formation via aciflacceptor interactions leads to

the disappearance of this band.

Figure 2.15 Conversion fr acicE acid dimer to acifl pyridine hetersynthon

2.4.2Relationship betweemolecular electrostatic potentials andteraction selectivity
The MEPS calculations indicate that the pyridine nitrogen atom4.4A3 representhe

best acceptor sites leaving the imidazole nitrogen atoms as the $mstrattceptorg.hus if the
molecular &ctrostatic potentials can be used to rank the acceptoy thiggsthe hydrogen bond
formation should prefer the best acceptor site.

In fact, in all twelvecrystal structures oAl andA3, the primary hydrogen bond involves
the pyridine nitrogen atoms which were considered the best acceptors based on the calculated
MEPS. h none of these cas@sidazole nitrogen siteompete successfylfor an acidbased ©
H donor. Theseresults underscores that a relatively simplified, electrostaised, view of
hydrogen bonding can provide a powerful tool for predicting selectivity in conveetitolecular
recognition eventd-urthermoreanalysis of theelationship between the molecular electrostatic
potential value on the pyridine nitrogenAi-A3 and their success rate in forming-aystals

determined by grinding resuksfiows a good correlatioRigure 2.16.
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Figure 2.16 Relationship between the molecular electrostatic potential value on the pyridine
nitrogen inA1-A3 and their success ratie forming cocrystals

2.4.3Selectivity or steric effects?

An alternative agumentwhy the N(py) site was selected in all these structemsd point
to unfavorablesteric hindrane at the N(im) site. To discaslichan idea A4 was utilizedas a
control molecule as it only contains N(im) acceptor sites, but otherwise dispéagarne shape
and size ag\1-A3. Two of nine attempted ecrystallization rea@ns yielded cecrystals and the
crystal structure obtained fok4:Mal confirmed thatthe imidazole nitrogen sites of these
moleculesare in factaccessibledr interactions. Ths,there is no inherent steric reason for why

all co-crystals ofA1-A3 are constructed via-BIE N(py) instead of GHE N(im) bonds

2.4.4 Melting point analysisand structure relations

Melting points of d the cocrystals were plottedgainst the melting points of respective
co-formers.For cacrystals ofAl, themelting points does not show muchaotrend Figure2.17.
Other than the corystals ofAl:Mal andAl:Adi, all co-crystak have a melting poiriietween

the two ceformers.
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Figure 2.17 Melting points ofAl-basedco-crystab

Furthermorethe melting point oA1:Glu is considerably lgher than the melting point of
glutaric acid, almost close to the valueAdf. Thisirregularitycan be correlated to the structure of
Al:Glu, where the 1:2 stoichiometry is @rged compared to the othercrystals ofAl with 1:1
stoichiometry.

Melting points ofA3 co-crystals shova linear relationship with the melting points of the
respective acidrigure2.18. Other than thé&3:Adi, all melting ponts are lower than both theco
formers in each instancAs in theAl:Adi co-crystal the melting point g&3:Adi is also different

but asimplestructural explanatiofor this anomalys not apparent
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Figure 2.18 Melting points ofA3-basedco-crystals

2.4.5 Variable stoichiometries

In addition to investigatingthe viability of molecular electrostatic potential dependent
selectivity of hydrogen bondingne of the other goals w&s explore ifthe structural outcomes
could be substantially affected by chasge reaction stoichiometriesherefore we focused our
attention on a group of eight reactions that had produced 4cfystalswith A1 andA3, despite
a starting reaction stoichiometo§ two donors to one acceptdkl andA3 were then combined
with four diacids (adipic acid, suberic acid, sebacic acid andcdod®ic acid) intwo different
stoichiometries]:1 and 1:4 respectivel{rhe objective was tdetermine if different ratios wodll
influencethe nature or extent of ®E N bindingin this family of compound<Crystalline solids
were obtained in all sixteen instances and analyzed (Risgectroscopy antH NMR on single
crystal samples. According to thie NMR results all eight crystals produced from 1:1 reaction
mixtures yielded products with a 1:1 ratio of donor to acceptor. One SHtINMR spectrum is

shown in Figure 2.19 and the remaining speatrare provided in ppendix Al. At this
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stoichiometric ratio an excess of acid is not availabheis the hydrogen bond formation

undoubtedlypreferthe best acceptor pyridine site forming 1:1orgstals.

A1-Adi - 1-1 mixed stoichiometry.esp
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Figure 2.19'H NMR of 1:1 stoichiometric carystalformationin A1:Adi with 1:1 readbn
stoichiometry

In six out of eight reactions using 1:4 stoichiometry of reactants, the resultorgstals
displayed a 1:1 ratimdicating the preference towards the best acceptotrsii®o casesi1l:Subz
andA3:Subz, the'H NMR spectra reveaheformation of 1:2 cecrystals Figure2.20 andFigure
2.21. Such 1:2 cecrystals can be envisioned as the result of either all four nitrogen atoms in the
aceptor being engaged in aniE N hydrogen bond or, as observeddih:Glu andA3:Pim,
the involvement of two nitrogen atoraad a selcomplementary acllacid dimer formation. To
distinguish between these two options, the fingerprint region in each infrared spectrum was

examined to fid evidence for the presaxiabsence of a symmetric agidcid dimerFigure2.22.
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Figure 2.22 O-H out of plane bend faa) suberic acid bA1:Sub andc) A1:Subz

The mode associated with an-@fitplane GH bend in the acifl acid dimer in suberic acid
itself shows up as broad stretch of medium intensity at 928 ddo such mode can be found in
the IR spectra of eithé1:Sub2 or A3:Subz which leads to the conclusidhat the excess of acid
has resulted in a 1:2 awystal where all available nitrogen atoms (both pyridine anlazole)
participate in GHE N heterosynthongsigure2.22 compares the ® out of plane bend stretch in

the finger print region of Suberic acidl:Sub andAl:Subz. Similar results were observed for
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A3:Sub andA3:Subz co-crystals providing evidence for the absence offaeicid dimerthus the
presence of four ®E N hydrogen bond interactions leading to 1:2cecgstal formation in
Al:Subz and A3:Subz. These results suggest traaten in variable stoichiometrglectrostatic
patential dependent selectivitstill plays the major role in directing intermolecular hydrogen

bonds.

2.5Conclusions

A systematic structural study based orcegstallizations of four biimidazole based
accepors and nine aliphatic dicids was carried out and the results indicate that the use of
calculated molecular elgostatic potential surfacegrovide a reliable and practical tool for
predicting the resulting molecular recognition events. The carboxgiitmoieties in each of the
twelve cacrystals always prefer to bind to the teetacceptor predicted by MBRalculations
which, in this case, is a pyridine nitrogen atom rathan tAn imidazole nitrogen atorhigure
2.23. In other wordsif a powerful hydroge+bond donor has a choice of acceptor, the selection

depends strongly on the molecular eledatbs potential on the acceptor.

2nd best acceptor site 20d best acceptor site

Selectivity?
>

Acceptor +

Acceptor
Donor Donor

Best acceptor site Best acceptor site

12/12
100% success rate
Figure 2.23 Results of the postulated struclioutcome
Additionally, variable stoichiometristudies suggested that evéme presence oén

excessive amount of hydrogeond donor does not affect the molecular recognition eVéi.

molecular electrostatic potential dependent selectivity of hyirbgnding is likely to be a general
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feature of strong hydrogen bonds and, as such, will facilitate the use of more complex synthetic

strategies for desired supramolecular targets.
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Chapter3-Hal ogen bond paoareyetra&inceynt me

hi eryarlcehsed on mol ecul ar ellectros

3.1 Introduction

Intermolecular interactions are important for all molecular recognition events, and
represent the primary tools in supramolecular chemistry and crystal engirféEming).it is crucl
to have a better understanding of the fundamental nature of these interactions in order to
successfully design complex supramolecules in a predetermined and effective Hridalogen
bonding isa relatively recent addition to the tool box of supotéeailar chemistry* According to
| UPAS, hdl ogenEYoiaZn d cRIuX s when there is evidenc
between an electrophilic region on a halogen atom X belonging to a molecule or a molecular
fragment RX (where R can be another atam;luding X, or a group of atoms) and a nucleophilic
region of a mol ecul e, o®Accordingatd teiscdefinitonthe fhalogemy me n t
bond donor is the halogen atom with an electropositive tip which accepts the electrons from the
electronegave acceptor atonigure3.1. The convention is adopted to align it with the generally

accepted definition of the hydrogen bdhd

-0-— @@

Figure 3.1 Formation of a halogen bond betwehaelectropositive tip of a halogen atom (X)
andanelectronegative acceptor (Y); R an&i molecular fragments

Halogen bonds haveunable strengthand directionalit§, thus possesthe necessary
requirements of a suitable supramolecular.tbtdlogenbond donor ability increases in the order

of F<CI<Br<lI reflecting the ease of polarizabiltfresence of electrewithdrawing substituents
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increase the halogen bond strength by serving to actthatehalogerbond donor atom by
removing the electron dengifrom the halogen ato? Generally the bond distance between
acceptor and donor atoms in a halogen bond is significantly shorter than the sum of van der Waals
radii.** In addition toconventionahalogen bondgwo othethalogertt halogen contacts, classified

as type | and type depending on the geometry of interacticaa® frequently reporteith crystal
structures of halogesubstituted molecule&igure 3.2.12 Betweenthese tw halogek halogen
contacts type Il interactions are now considerédie halogen bonds as thaye analogous to

conventional halogen bonds accordingtte IUPAC definitiont?

a) Conventional halogen bond b) Type I halogen contact c) Type II halogen contact

Figure 32 (a) Conventional Hagen bond (b)yipe | halgerE halogen contact (cype Il
halogei: halogen contact; (R &-Zonnected molecular fragmenk¥-halogenatom, Y-
acceptor atom

The interest irhalogen bonding started to expand in the last decade @psdly making
a transition from fundamental to apgai chemistry. For example, halogen bonded mesomorphic
and electronic compamts have been prepar€dand catalysis® ion sensing® macromolecular
organizationg’ solid state synthesfsand recycling or resolution procesSebave all been
performed witthalogen bonding. In addition, haleg bonds have found usesionlinear optical,
photoresponsive and phosphorescent materials, liquid crystals, magnetic and conducting materials
and in nanoparticle seifssembly® Halogen bondare also relevant to life snces?*

As discussed in Rapter2, in a system with multiple hydrogdsond moieties, the best

hydrogenrbond donor and the best hydrogmmnd acceptor (as determined by electrostatic
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potential surfaces) preferentially bind to each otA€onsidering theundamentakimilarities
between the hydrogen bond and halogen bond in strength, directionality and spégifiaityyld
be possible to rank and utilizke halogen bonds in a similar manner. Different approaches have
been utilizedn order toexplorea possible hierarchy of halogen band

One such approathuses a basicity scalewards iodoorganic compounds and has found
an interesting correlation between thes@itd the E Y normalizedintermolecular distancen
another studf? %F NMR titrations havebeen used to determine association constants for the
interactions of a variety of Lewis bases with fluorinated iodoalkanes and iodoarenes. The results
suggest linear free engrgelationships for the halogdyond donor ability of substituted
iodoperfluoroa e n e s , demonstrating that both substitu
electrostatic potential surfaces are usefutforstructing such relationshipgumerous theoretical
studies® as well & experiments in solution phdséeadto further reveitions about hierarchical
halogen bonding-urthermorea suprami@cular hierarchy among halogéond donors haveeen
established using calculated molecular electrostatic potential Vldesther study has shown
that the relative strength and capabilifyiodo- and bromebased molecules to act as halogen
bond donors in a competitiseenariocan be related tmolecular electrostatipotentials Figure

3.3%

Figure 3.3 Hierarchicdhalogen bond formation of iodine and bromine (best donor (I) binds to
the acceptor while second best donor (Br) forms a type | halogen contact)

All these studies have focused on thekiag of halogerbond donorsbutthere is a lack

of systematic studies based on the molecular electrostatic potential surfaces for halogen bond
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formations. At this point, it is not clear if an electrostatic poteigsled ranking of acceptors will
work in halogen bondingjue to the scarcity of relevant studies. Thus, we decided to carry out a
systematic carystallizations on a series of-ieterocyclic halogebond acceptorsniorder to
establish if halogen bonds are also likely to follow tEstor/bestacceptor guidelies. Selected
acceptors A1-A3) are shown irFigure 3.4. Each of these molecules contafitwo types of
binding sites, pyridine nitrogen and imidazole nitrogen leading to a total of four acceptor sites per
moleculeln addition, b ensure that the imidazole nitrogen atom was not inaccessible due to some
steric hindrance, we also included ligafd, with essentially the same shape, but with only one

type ofacceptor site.

Figure 3.4 Acceptors employed in the study

Ranking of the acceptor sites were performed through calculated molecular electrostatic
potential surfaceg.hese four compoundsere therco-crystallized with 13 halogebhond donors
including ten iodinébased donor@1-D10) and three bromine donoid11-D13), Figure3.5. D5

was included as a control molecule where the iodine is not activated.
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Figure 3.5 Halogenbond donors employed in thésudy

The study is undertaken response to three hypotheses,

1. If a halogerbond dono has a choice of two differehalogerbond acceptors, it will
preferentially select the beatceptor as determined by molecular electrostatic
potentials surfaces (MER.S

2. A bromnatedhalogenbond donor will be less successful at formingcegstals than
the corresponding iodoinateshalogues.

3. Activation of the halogen bond donisrcrucial to form halogen bond interactions.
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3.2 Experimental
3.2.1 General

All reagentssolvents, and donoi31-D9 andD11-D13were purchased from commercial
sources and used as receiv@d, -Biifnidazole’® and A1-A4 were synthesized according to
previously reported methotlsand discussed inf@pter 2DonorD10was prepared according to
thesynthetic methods reportéttH NMR spectra were recorded on a Varian Unity plus 400 MHz
spectrometer in CD@br DMSO-ds. Infrared spectra were recorded with a Nicolet 38aRWith
a digital resolution of 0.9 cthand data processed using OnihEnftwae. Melting points were

determined using Fischdohns MelTemp melting point apparatus and are uncorrected.

3.2.2 Electrostatic potential calculations

Electrostatic potentials on the acceptamd donorsvere calculated with density functional
B3LYP level of theory with6-311++G** basis set in vacuunAll calculations were carried out
using Spartan 8 softwaféAll molecules were geometgptimized andhe maxima and minima
on the electrostatic potential surface (0.002 e/au isosurface) determinedaysisifive point
charge in the vacuum as a probe. The numbers indicate the interaction energy (kJ/mol) between
thepositive point probe antthesurface othemolecule at that particular point. These numbers are
relaed to the electrostatic potentiala the atoms with the negative number corresponding to a

negative potentiadnd positive number corresponding tpasitive potential

3.2.3Grinding experiments and IR spectroscopy

The initial screening was carried out with solvassisted grinding usingethanol as the
solvent. Acceptos and donas were mxed in respective stoichiometrguantities and the solid
resulting from each reaction was characterized by IR spectroscopy. Successful interactions

between the acceptor addnor were identified usingpedfic shifts of the peaks of the mixture
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comparedo starting compoundssigure 3.6. In each reaction, 10 mg of the acapivas used
with stoichiometric amount of theespectivenalogenbond donorln 25 of 52 experiments the
vibrational spectralisplayedshifts of peaks in the fingerprint region compared to their initial

positions Figure 3.6) indicative ofhalogenbond formation.

3.2.4Synthesis of carystals

The resulting mixtures frongrinding expements were dissolved in a minimum amount
of methanol and placed in a 2 dram borosilicate vial for slow evaporation in order to obtain crystals
suitable for single crystal -xay diffraction. Once the crystals were formddey were again
analyzed using IR gztroscopy,melting pointanalysisand subjected to msgle crystal Xray
diffraction. 16 crystak were obtained antieir structuresubsequently solved with single crystal
X-ray diffraction. Table 3.1 summarizeshe experimental details. Appendix2Bcontains the

relevant xray experimental data.

Table 3.1 Expaimental details of the sixtee-crystals obtained

Mixed
Code Mole
ratio

Melting Crystal

Solventand point color &

method

Crystal

Amounts used -
stoichiometry

°C) habit

12 T O oo 11 S0 CoeTes
e géég mg 88252228: Slov'\v/lgt/ga;)r:)or!ation 11 118120 C%Ig'flgss
Tl e e et el s
e giig mg 88252228: Slov'\v/lgt/ga;)r:)or!ation 12 99103 C%Ig'flgss
1z ALlomecoimma | Metarol . 12 1saise OO
12 p10 ssmpooeammel  Soweveporation 12 140142 “piss
e f2lmeohen  Mema qem o
12 53 lsmg ooemmol  Soweviporaion 1L 9597 Cpog
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A2:D9 1:2 A2 - 10 mg,0.032mmol Methanol Colorless

D9 - 32mg,0.063mmol Slow evaporation LS prism

A3:D9 1:2 A3 - 10 mg,0.032mmol Methanol Colorless

D9 - 32mg, 0.063mmol Slow evaporation SIS prism
oo [

1 A4 - 10mg, 0.032mmol Methanol Colorless
1 D9 - 16 mg, 0.032mmol Slow evapration 148150 plate
3.3 Results

3.3.1 Electrostatic potentials

The ditopic acceptor molecules used in this studly-A3) contain two different types of
acceptor siteqyridine nitrogen(py)) andimidazole nitrogenN(im)). The contromoleculeA4
contairs only N(im) sites. The ranking of the acceptor sites is established using molecular
electrostatic potential surfaces and the results from the DFT calculatigreaded inTable3.2.
Highernegative potentleon theacceptor depicts better halogeond accepting abilityTable3.2
alsosummaries the eltostatic potentials on halogdrond donorsThe hgher the positive value
onthedonor sitethe higher theexpectechalogerbond dnor ability.

Table 3.2 Calculatedsurface potential values of the acceptors and donors

Molecule Atom Electrostatic potential (kJ/mol*t

- Pyrdinen 18
Imidazole N -124
- Pyridnen 180
Acceptors Imidazole N -125
- Pyridnen 180
Imidazole N -120
- ImidazoleN

1,2-diiodotetrafluoroethanB1 lodine

1,6-diiodoperfluorohexan®3 i +169

bl 1 sdiodoperfluorooctan®4  lodine  +169

lodobenzen®5
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1,2-diiodotetrafluorobenzerne?7 lodine +162

1,4-diiotetrafluorobenzenB8 lodine +169
1,3,5triiodotrifluorobenzend>9 lodine +158
4 , -diiédoperfluorobiphenyD10 lodine +164
Bromopentafluorobenzeri211 Bromine +143
1,4-diiodotetrafluorobenzeng12 Bromine +139
4 , -dilbomopurfluorobiphenyD13 Bromine +132

3.3.2 Grinding experiments and characterization by IR spectroscopy

Based on IR spectroscob of the 52 experiments resulted isuccessful carystal
formation, equivalent ta supramolecular gld of 48%. All co-crystals showed the presence of
peaks fronmbothstarting compoundas well ashiftsof C-F vibrationscomparedo the respective
halogenbond donorTable3.3 summarizeshe selected peak shifts of-coystalsidentified by IR

analysis along with the comparison of IR spectractecrystalA2:D3, Figure 3.6.

Table 3.3 IR analysisof C-F stretchegor the ground mixtures

Co-crystal Halogen-bond donor (cnt?) Ground mixture (cm?)
Al1:D1 1153,1099 1118,1083
Al1:D2 1192, 1133 1187, 1115
A1:D3 1199,1141 1211,1134
Al:D4 1204, 1146 1211,1139
Al1:D6 1488, 974 1483, 962
Al1:D7 1489, 1438 1500, 1433
Al1:D8 1459, 941 1455, 938
A1:D9 1403, 1049 1396, 1037
A1:D10 1459, 954 1456, 948
A2:D1 1153,1099 1131,1083
A2:D2 1192,1133 1162,1137
A2:D3 1199,1141 1213,1138
A2:D4 1204, 1146 1216, 1142
A2:D6 1488, 974 1479, 967
A2:D7 1489, 1438 1487, 1435
A2:D8 1459, 941 1461, 937
A2:D9 1563, 1049 1560, 1041
A2:D10 1459, 954 1453, 945
A3:D7 1489, 1438 1488, 1434
A3:D8 1459, 941 1462, 942
A3:D9 1403, 1049 1397, 1039
A3:D10 1459, 954 1455, 951
A4:D7 1489, 1438 1486, 1434
A4:D8 1459, 941 1461, 938
A4:D9 1563, 1403 1561, 1400
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Figure 3.6 Comparison of IR spectra fé&2:D3 (red)with the IR spectra oA2 (blue) andD3
(green) purple circles highlight the shifts inEstretches

3.3.3 Crystal growth and structure analysis

All the reacton combinations were used in solvent based crystallizatitempts even if
thelR resultsdid not show successful reactidrne method of crystallization for all attempts was
slow evaporation from methanolic solutions. 16 crystals were obtained andeghadyag single
crystal Xray diffraction in order to examine any halogwmnd preferences.

Seven structures were obtainedAdrbased cecrystals, sior A3-based cecrystals, and
two co-crystab withA2 and one wittA4 was structurally characterizeéthe supramiecular yields
from the study areummarized iTable3.4. Relevant crystallographic data and key halogen bond

geometriedor the 16 crystal structurese provided in Apendix B2.
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Table 3.4 Summary of supramolecular yields

Al A2 A3 A4
Npyridine T (-188) Npyridine T (-180) Npyridine T (-150) N i (-149)
Nimidazole ! ('124) Nimidazole ('125) Nimidazole T ('120 imidazole
Success rate grinding 9/13 9/13 4/13 3/13
Success raté slow

Potentials kJ/mol

: 7/13 6/13 2/13 1/13
evaporation
:/—ioetlgl supramolecular 69% 69% 31% 23%
Success rate with iodine 9/10 9/10 4/10 3/10
donorsi grinding
Supramolecular yield with 90% 90% 40% 30%

iodine donors

Total supramolecular yield i 48%
Total supramolecular yield with iodine donorsi 63%
Total supramolecular yield with bromine donorsi 0%

3.3.4 Crystal structures

3.3.4.1 Structures oAl-based cecrystals
Seven cecrystals based oAl were obtainedAl1:D1, A1:D2, A1:D3, Al:D4, Al:D7,

A1:D8 andA1:D10.
The crystal structure &1:D1 shows a 1:1 stoichiometry and prim&aiogen bonsltake
place with theN(py) atons of the acceptoFigure3.7, leadingto infinite 1-D chains. There are

no obvious strature directing short contacts invatg the imidazole nitrogen atoms.

Figure 3.7 Primary halogen bond interactionsAd:D1

The crystal structure ofA1:D2 shows a 1:1 stoichiometnyith primary hal@en bond
interactiors between iodine anplyridine nitrogen atos) Figure3.8. The imidazole nitrogen atoms

are not involved in any notable short contacts
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Figure 3.8 Primary haloge bonds in the crystal structureAf:D2

Unlike in previous caseshe crystal structure ¢1:D3 showsl:2 stoichiometryThusall
four nitrogen atoms oAl, Figure 3.9, participatein halogen bondsThe extended architecturs i

composed of -D chains of molecular rectareg

Figure 3.9 Primary halogen bond interactionsAi:D3

The crystal structurd&1:D4 has a 1:2 stoichiometry. Unlike in previous structures, iodine
atoms inD4 behave asymmetrically leading to a trimer formatioA1nD4, with only one iodine
atom paticipating in a halogen bondith pyridine N,Figure3.10. The second iodine atom and

theimidazole nitrogen atoms are riovolved in anynotable short contacts.

Figure 3.10 Primary halogen bond interactionsAid:D4 leading to a trimer
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The crystal structure o&1:D7 displaysl:2 stoichiometry where one acceptor molecule
interacts with twadonor molecules foning a discrete trimerigure3.11. The primary halogen
bonds take place between one of the two iodine atoms and-pyidihe moiety (the best
acceptor) whereas the second iodinerai® involved in anf | type Il contact Eigure3.2) with

aniodine atom from a neftoring donor moleculésigure3.11.

Figure 3.11 a) Primary halogen bond interactions iretbocrystalA1:D7 and b) scondary
interactions in cerystalAl:D7

The crystal structure oA1:D8 has al:1 stoichiometryand contains infinite 1D chains
constructed fromH N(py) halogen bondsFigure 3.12. The imidazole nitrogn atoms do not
participate in halogen bondirgnd instead form short contacts witHHdnoieties of a neighlvmg

acceptor moleculeesulting in a stackg of adjacent chaingjigure3.12.

Figure 3.12 a) Formation of infinite chains via halogen bond#itt D8 and b) secondary
interactions of imidazole nitrogeatoms
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The last cecrystal structure obtained withl, A1:D10hasl:2 stoichiometry andontains
discrete trimers as thea®d iodine atom does nparticipate in a halogen bonfigain, the best
acceptor, N(py) is therpferred binding sitérigure3.13. Neitherimidazole nitrogen atomor the

second iodin@atomof the donor participate in any notabhtermolecular interactions.

Figure 3.13 Trimer formationin co-crystalA1:D10

3.3.4.2 Structures of Abased cecrystals
Six cocrystal structures were obtained wAR, A2:D2, A2:D3 A2:D7, A2:D8, A2:D9

andA2:D10. Co-crystalA2:D2 has a stoichiometry of 1:A2:D2 is constructed via the primary
halogen bonds betweéwndine andpyridine nitrogen atom@he best acceptowhich lead to 1D

infinite chainsFigure3.14. The imidaole nitrogen atoms are not engaged in any short contacts.

Figure 3.14 Halogen bonds in the crystal structureA@tD2

The crystal structure &2:D3 also shows that the aoystal has a 1:1 stoichiometryiti
IE N(py) halogen bond$igure3.15. Thestructure contas1-D chains in a zigzag patteformed
via IE N(py) and imidazolenitrogen atoms are participagirin selfcomplementaryhydrogen

bonds, Figure3.15.
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Figure 3.15 a) Primary halogen bond interactionsA2:D3 and b) seHicomplementary
hydrogen bonds of imidazole moiety

In thecrystal structure 0A2:D7 the bestacceptor, N(py) forms aforcated héogen bond,
Figure3.16, which leads to the formation ahainsof tetrameric rhombic shape architectumds

notable secondary interactions are found withrtidazolenitrogen atoms.

Figure 3.16 Primary halogen bond interaction2:D7

The crystal structure @&2:D8 has al:1 stoichiometry and containsCichains Imidazole

nitrogen atomgarticipate in secondary short contacts as observad:in8, Figure3.17.

Figure 3.17 a) Primary andb) secondary interactions i2:D8
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The crystal structure @&2:D9 alsodisplays a 1:Etoichiometry. Ulike in previous cases
this structure entainstwo distincthalogenbond motifs First, a trimer asseméd via a E N(py)
halogen bongl Figure3.18. The lattet eads t o 6chains of hexamer so

form halogen bondds;igure3.18. The third iodine atom of the donor molecule is inactivieich

is a documented phenomenon associated with #ntplar halogefbond donor®

Figure 3.18 a) Trimer formation irfA2:D9 and b)ahexagnin the crystal structure &2:D9

In crystal structuredf A2:D10 all four nitrogen atoms are participating in halogen bonds

leadirg to infinite ribbonsFigure3.19.

Figure 3.19 An infinite ribbon inA2:D10

3.3.4.3 Structures of Abased cecrystals

Only two crystal structures were obtained wiB. A3:D9 has a stoichiometry of 1:1 and
contains 1D chains assembled using N(py), Figure3.20. The imidaole nitrogen atoms aritle

third iodine atom do not have any significant short contacts.
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Figure 3.20 Primary halogen bond interactions inaystalA3:D9

The structureof A3:D10 shows that the acptor and donor are present in a 1.2
stoichiometry and, similarly to the structuk2:D10, contains chains of rectangles using all four

nitrogen atoms on the acceptbrgure3.21.

Figure 3.21 Rectangldn the structure oA3:D10

3.3.4.4 Structures of Adased cecrystals

Only one crystal structure was obtained wAdh A4:D9. In the 1:1 cecrystal ofA4:D9,
the Oar ms 6 o flirectette samesde g theonrolex@dneeof the imidazolaitrogen
atoms form a conventional, nearear halogen bond, whereas the otineidazolenitrogen atom

forms a bifurcated halogen bond with two adjacent donor mole¢uipse3.22. Interestingly, all
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three iodine atoms of the donor participate in halogen bonds which is unique in this series of crystal

structuresFigure3.22.

Figure 3.22 a) Halogen bond interactions in the struetofA4:D9 and b) # three iodine atoms
in D9 participating in halogen bonding

3.4 Discussion

The sequence of experiments performed in this study represents an attempt at identifying
patterns of behavior that can have a general applicability when ésctinunderstanding halogen
bond driven molecular recognitiorvents and carystal synthesjsas well ago determine if
halagenbond interactiongollow the same beatonor/bestacceptor rules (where the ranking is
based orelectrostatics) as atgydrogen bonds. 5Zo-crystallizaions were performed using three
molecules with two different acceptor sites on each of thenmoaadtontrol moleculgith only
one type of nitrogen atoms. @oystallization attempts were conducted betweerfdhr acceptors

and13 halogerbond donors.

3.4.1 Characterization by IR spectroscopy

IR spectroscopy is knowto be a versatile, convenient and accurate screening method for

determining if a particular combination of donors and acceptor resultde formation of a co
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crystal3® When the halogen bonds are formed between acceptors and donersf the original
stretching bandare affected although it is sometimes difficult to find obvious patterns to the way
in which some of modes are red or blue shifts contpametheir original positions.This is

consistent with previously reported observations of halogen bonds in the solid state

3.4.2 Relationship between molecular electrostatic potentials and halogen bond
formation

The three ditopic acceptorsl-A3 have two acceptosites that differ primarily by their
electrestatic potentialsAccording to the DFT calculated MEPS valulgpy) has more negative
potential than N(im) making it the best acceptor. The grinding experiments showed & goo
correlation between the potent@h the acceptor sites and the supramolecular yield (success of
reaction) indicatinghat electrostatipotentialsplay a major role in ranking the relative strength
and efficiency of competing halogéond sitesTable3.4. Partial potentiabn the N(py) atoms of
Al and A2 are close, and their success rates are also similar. Upon movind\tresnA4 the
electrostatic potentiabn the nitrogen atoms are decreasing and their success rates are also
decreasingndicaing the strong dependency of electrostatic potential governing halogen bond
formation in cecrystal synthesigAn examination of all 15 crystal structures with ditopic acceptors
clearly demonstrate that, given a choice, a strong halbged donor preferdially interacts with
an acceptor atom with a highnegative electrostatic potentiahich proves the initial hypothesis
that halogerbond selectivity follows a bestonor/best acceptoguideline. Four ofthese 15
structures showed the participation aof imidazole nitrogen atom in a halogen bowd,:D3,
A2:D9, A2:D10 andA3:D10. In all four structuresE N(im) distances were substantially longer

than the E N(py) distance. An analysis of van der Waals radii reduction percentages for two types
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of halogen bnds for these four structunesovide an indication thaE N(py) interactionsare more

favorable and strongéhnanlE N(im) interactions’® Figure3.23.
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Figure 3.23 Van derWaals radii reduction percentages Adr.D3, A2:D9, A2:D10 andA3:D10

3.4.3 Importance of activation and polarizability towards halogen bond formation

All activated iodine based halagbond donors showatbmparable eleabstatic potential
valuesand theexperimental data shotlie increased success in forming halogen bonds with these
donors. Furthermore, there is a dramatic difference in halbgedability between iodeand
bromaosubstituted compoundsvhich reflect the polarizability, MEPS and size/demtf the
r e s p e colg theesuccess ta of iodine based donors &%, whereas none of the bromo
substituted donors produced -crystals. On the other handhe control experiments with
i odobenzene showed that t-withdravagfluarinesubstiments of f e
increase the ability of hal ogen bo+haeahddby mat i o

influencing the MEPS on the halogen atom.
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3.4.4Electrostatic basededectivity or steric effects?

In order to ensure thatbserved binding preferences were not simply the result of steric
hindrance A4 was included as a control molecule which only contains imidazole sites in the same
steric environment as l1-A3. Co-crystal structuréd4:D9 supports that fact that there issteric
effect that impacts the interactions with imidazole nitrogen. Furthermore, the strusiubess
A2:D9, A2:D10 and A3:D10 also supports this fact which shosuccessful halogen bond
formations with imidazole nitrogen atoms, apart from the major ictieres with pyridine nitrogen
atoms in each corystal. The conformational flexibility of the acceptor molecules means that they
can adjust their shape according to themand, thus the observed bdshor/bestcceptor

interactions in each eorystal is prely based on their molecular electrostatic potential values.

3.4.5Variations in intermolecular interactions

Apart from the comentional halogen bosdand secondanynteractionswith pyridine and
imidazole nitrogen atomsin A2:D7 and A4:D9 the nitrogenatoms are participating in
dissymmetric bifurcated halogen bonds, where one of the contacts is shorter than the other. Such
halogen bonds are rare, as nitrogen atoms, with only one lone pair, tend to be satisfied with a single
electronpair acceptqgrforming one norcovalentinteraction

When consideng the donor molecules in these &6-crydal structures various patterns
can be recognized. IA1:D7, oneof the iodine atoms of halogdrond donoiis participating in
forming an |E | halogen bonavhere the electropositive tip of the iodine atom is interacting with
the eleatonegative region of anothixdine atomFigure3.11. InA1:D4 andA1:D10, even thoul
the two iodine atoms in donofshould have thesame initial strengtlas they are symmetric
moleculesthe second iodine atom is not participating in any interactionsnpéalia trimer It is

possible that once the first halogen bond is formed, some electron density is donated into the donor
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moleculeand this new charge has to be dispersed through the remaining molecule which may lead
to a slight reduction of the positively chagyéoleon the remaining iodine atotinereby rendering

it less effective. IMA4:D9, all three donor atomaf D9 are partigbating in halogefonds, which

is uncommon with thisnolecule Figure 3.22b. On the other handhis illustrates that alihree

iodine atomsof D9 are capable of simultaneously formihglogen bonds in a single sokthte

structue.

3.5Conclusions

This study highlights the importance of using molecular electrostatic potentials as a way
of rankinghalogen bond acceptorility in a system with multiple acceptor sités fact, halogen
bondsreflect the previously establishgdidelinesof hydrogerbonding and follows aestdonor
bestacceptor interaction hierarghn the solid state. In all 16rystal structure®btained with
ditopic acceptord\1-A3, halogen bonds involving the better acceptor are faydfigmire 3.24.

The supramolecular yield for each acceptor was a reflection of the maximum value of its
electrostatic potential.Furthermore, halogenbond ability of actrated iodie donors is
dramatically greatecompared to that of activated broramdogues and unactivated iodo
compounds.These facts realize the importance of polarizability and activation in successful

halogen bond formations.

4/15
27% success rate

I donors better than Br donors
Activated donors better than unactivated donors

21 best acceptor site /

Acceptor + GD > Acceptor
onor

Best acceptor site Best acceptor site

15/15
100% success rate

20 best acceptor site

Figure 3.24 Results of the postulated structural outcome
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Chapter4-Dependency of electrostatic

governing halogen bond sel e

4.1 Introduction

Designing predictable supramolecular architectures requires a caldarstanding of
intermolecular interaction'sin this context, there sn abundance of studies on hydrogen bonding,
the most welknown among nowovalent interaction$ Halogen bonding,a recent addition to
the tool box of supramolecular chemistry, has not yet received the same amount of attraction.
Halogen bonding can beiewed as a primaty electrostatic interaction betweem electron
deficient halogen atom andn electronegative region of another atom or moletulae
anisotropic distribution of the electrostatic potential leaves an amphiphilic character to tha haloge
atom, where there is a region of positivegmital known as th&li  hovahdea region fonegative
potential Figure4.1. Therefore, a covalently bound halogen can interact with both electronegative

and electropositive entitiekepending on the approaching direction.

Figure 4.1 Anisotropic distribution of positive and negative electrostatic potential on a halogen
atom (X); R attached molecular fragment

Even though the concepf halogen bonding dates back more than a ceftilmy,ability
of halogen atoms to function as effective and reliable sites for structure directing molecular
recognition processes remained unebgslored until the 19905Thus halogen bonding (XB) and

its potentials in the fiell of supramolecular chemistry &l in the infancy stage of realizatién.
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Fundamentastudies on halogen bonding span a wide range including examioation
electrostatic naturgd,geometric features of halogen bondiiggcivation process for halogen
atoms!! designof halogerbond donors and acceptdfhierarchy of halogen bondiftand the
nature of halogen bonding in gas ph#ssplution phas® and in the solid stat€.Furthermore
studies on controllingalogen bonding isupramolecwr architectures havgeen at the center of
some studie$’ Apart from these fundamental studies, halogen bonding has received attraction
from material chemists due to applications in supramoleculattyedsoparticle selissembly?
liquid crystals?® optical materialé! separation processé&sstabilization process&sand electric
and magnetic materiafé.In addition halogen bonding in biological systefnss attracting much
attention, and medicinal chemistry promises a bright future in agphatogen bondig in drug
discoverie®® and in transmembrane anion transgort.

Etterds rul es on ZApyodideactpar onddrstandihg oo thé neoteduliary i t y
recognition behavior of hydrogen bondiffdyut a similar set of guidelines are stith be realized
in halogen bondingChapter 3 describes the stunly electrostatic potential dependent selectivity
of halogen bonding and the results suggested that halogen béenbnga better acceptor site as
ranked by MEPS calculations whiéesecond &st acceptor site on the molecule did not form any
noticeable interaction®. Even though the results were chrsive, in somestructuresa best
donorbestacceptompreference is missing-urther analgis leadto the realizatiorthat when the
MEPS differeice béween the two acceptor siteslosv, thae is no binding preferenc&his was
further confirmed by a CStsurvey conducted on halogen bonded systems of acceptors with two
different acceptor moieties where even though a MEPS based ranking is pogs#diciting the

best acceptor sitbalogen bond interactions did not follow any preference for bintfing.
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Thus in a system with two different typafisacceptor sites and a halogeond donor probe,

there are essentially three possibutcomeskigure4.2.

1. If the electrostatic potential difference on the two acceptor sites is sufficiently large
halogen bonding wilfollow bestdonorbestacceptor interaction hierarchy and will
interact preferentially with best acceptor site.

2. Ifthe electrostatic potential difference of the two acceptor sites are vetylsahagen
bonding willoccur with both acceptor sites.

3. There might be a regioof MEPS difference where binding preferenrznot be

predicted.

Best acceptorsite

- -+ @

214 best ac&aptor site ‘ Halogen bond donor

Grey area
{ No predictions of '
; selectivity can be .

made

No selectivity binds with both sites Selective for the best acceptor

Figure 4.2 Three possible outcome of-coystallizations betweeanasymmetric ditopic
acceptor and hagenbond donors

In order toaddress these possibilitjeslibrary of acceptors with miitude of acceptor sites
with different valles of MEPS values osach acceptawvere required. Furthermqgrehe selected
library was requiredo include a wide range ®IEPS difference between the two acceptor sites.
The evaluated library adcceptors are shown Kigure4.3, along with the MEPS value of each

acceptor site and the MEPS difference for each molequie ( v)aslalsoegprovided.
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Probing of halogen bahselectivity was done through systematic carystallization
approach. Nine iodinbased perfluorinated halogéond dones were selected (including
aromatic and aliphatic donordjjgure 4.4. Co-crystallization experiments between the twelve
acceptors and nine donors weomducted (108 reactions) asdlid state structures were obtained

for 36 combinations.

N 7 \N-181 ,_@-178 ,_@
N N7 N/_<:/\I NE-N =N -166
lgﬁz@ -207“ -2091{) 199 @

A5 A6 A7 A8
AE =122 AE =26 AE =31 AE =33
171 ,_</__\§ ’_O
% X -180 q/' S NF\) N
21 _
A10 A12
AE = 36 AE =37 AE =38 AE = 46
-180 \T -124 _717 -210
\
-188 @—/ Ns Q
50 N3
-12s ‘)
A13 AL
AE = 55 AE = 64 AE=167  AE=175

Figure 4.3 Acceptorsunder study; MEPS values on each acceptor siteggled v al ue f or
acceptor arehown in kJ/mol
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Figure 4.4 Halogenbond donors under study

The study is undertaken in response to three hypotheses,

1. There is acut off value for MEPS difference whehalogen bond lackselectivity.

2. There isa MEPS range that the halogen bond selectivity cannot be predicted (grey area
of MEPS difference)

3. A systematic cerystallization studyvould minimize the range of this grey area.

4.2 Experimental
4.2.1 General
All precursors, solvents, donors and accepttB were purchased from commercial
sources and used without further purificatidid.andA2 were synthesized as reporteddhapter
2.33 A5-A12 were synthesized following a modified procedure of a literature répadt43® and
D10 were also synthesizedlfowing literature procedure¥4 NMR spectra were recorded on a
Varian Unity plus 400 MHz spectrometer DMSO-ds. Infrared spectra were recorded with a

Nicolet 380 FFIR with a digital resolution of 0.9 cfrand datgrocessed using Omrisoftware.

80



Melting points were determined using Fiscliehns MelTemp melting point apparatus and are

uncorrected.

4.2.2Electrostatic potential calculations

Molecular electrostatic potentials surfaces on the acceptor moleculdsramdmolecules
were calculated with density functional B3LYP level of theory usig8lB++G** basis set in
vacuum. All calculations were carried out using Spartan 8 sofftatdl. molecules were
geometry optindied andhe maxima and minimanahe electrastic potential surface (0.002 e/au
isosurface) determined using a positive point charge in the vacuum as a probe. The numbers
indicate the interaction energy (kJ/mol) betwedba positive point probe and surface thfe
molecule at that particular point. positive value for the interaction energy indicates a positive

surface potential while a negative value indicates a negative surface potential.

4.2.3 Synthesis of acceptors

4.2.3.1 Synthesis of-(pyridin-4-ylmethyl}benzimidazoleA5

ﬁ—NH 1) NaOH in MeCN, Stir 1 hr

N - T\
2) N
| H—CI
X cl1

50-60 °C, Reflux 24 hours

Benzimidazolg0.23 g, 2.0 mmol) and NaOH (0.16 g, 4.0 mmol) were placed in anL00
round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature for
one hour. 4Picolyl chloride hydrochloride (0.33 g, 2.0 mmol) in acetonitrile (20 ma¥added
to the mixture and refluxed for 24 hours at’&0- 60 °C. The reaction was monitored with TLC

and after completion, the solvent was removed by rotary evaporation. The residue was dissolved
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in water (50 mL) and extracted with methylene chloride f8. x 3). The aganic layers were
combined, dried over anhydrous Mg&ahd rotary evaporated to obtain an orange colored solid.
Yield: 0.35 g (85%); np. 105107 °C (reported105-110°C);** 'H NMR (400 MHz, DMSO-

de):8.52 @, 1H), 8.45 (s, 1H), 7.70 (d, 1H), 7.47 (d, 1H), 7.22 (m, 4H), 5.59 (s, 2H).

4.2.3.2 Synthesis of 5;@imethy}1-(pyridin-4-ylmethyl}benazmidazole A6

NH 1) NaOH in MeCN, Stir 1 hr
B N
N = I

2) N N
| H—Cl
X Cl

50-60 °C, Reflux 24 hours

5,6-Dimethylbenzimidazole (0.29 g, 2.0 mmol) and NaOH (0.16 g, 4.0 mmol) were placed
in a 100mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room
temperature for one hour-Ricolyl chloride hydrochloride (0.33 g, 2.0 mmol) in acetonitrile (20
mL) was added to the mixture and refluxed for 24 hours &C5060 °C. The reaction was
monitored with TLC and after completion the solvent was removed by rotary evaporation. The
residue was dissolved in water (50 mL) and extracted withylene chloride (30 mL x 3). The
organic layers were combined, dried over anhydrous Mg®@ rotary evaporated to obtain the
pale orange powder as the guat. Yield: 0.34 g (72%); . 180-185°C (reportedl85-190°C);3*
IH NMR (400MHz, DMSO-ds): 8.51 (d, 2H), 8.26 (s, 1H), 7.45 (s, 1H), 7.22 (s, 1H), 7d14 (

2H), 5.51 (s, 2H), 2.27 (s, 6H).

82



4.2.3.3Synthesis of 4(imidazol1-yl)methyl)pyridine A7

1) NaOH in MeCN, Stir 1 hr 7 ™\

2 NZ
Qo O
N Cl

50-60 °C, Reflux 24 hours

Imidazole (0.14 g, ®mmol) and NaOH (0.16 g,@mmol) were placed in a 100L round
bottomed flask with 20 mL of acetonitrile. The mixture was atirat room temperature for one
hour. 4Picolyl chloride hydrochloride (0.33 g,@mmol) in acetonitrile (20 mL) was added to the
mixture and refluxed for 24 hours at 8D - 60 °C. The reaction was monitored with TLC and
after completion the solvent wasmoved by rotary evaporation. The residue was dissolved in
water (50 mL) and extracted withetiylene chloride (30 mL x 3). Theganic layers were
combined, dried over anhydrous Mg&ahd rotary evaporated to obtain the dark green powder as
the product adh recrystallized with ethyl acetate to obtain dark green crystals. Yield: 0.32 g (62%);
m.p. 65-68°C; *H NMR (400 MHz, DMSO-de): 8.54 (d,2H), 7.81 (s, 1H), 7.23 (s, 1H), 7.14

(d,2H), 6.98 (s, 1H), 5.29 (s, 2H).
4.2.3.4Synthesis of 4(pyridin-3-ylmethy)-benazmidazole,A8
/I——NH 1) NaOH in MeCN, Stir 1 hr

N < -
2) 7 N
(U e
A Cl

50-60 °C, Reflux 24 hours

Benzimidazole (0.23 g,.@mmol) and NaOH (0.16 g.@mmol) were placed in a 106L
round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature for

one hour. &icolyl chloride hydrochloride (033g, 20 mmol) in acetonitrile (20 mL) was added
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to the mixture and refluxed for 24 hours at°’80- 60°C. The reaction was monitored with TLC

and after completion the solvent was removed by rotary evaporation. The residue was dissolved in
water (50 mL) ad extracted with methylene chloride (30 mL x Bhe aganic layers were
combined, dried over anhydrous Mg&énd rotary evaporated to obtain a brown solid and
recrystallized with ethyl acetate to obtain brown crystals as tliptdrield: 0.33 g (79%)m.p.

50-52 °C (reported50-55°C);3** 1H NMR (400MHz, DMSO-ds): 8.67 (s, 1H), 8.48 (d, 2H), 7.68

(m, 2H), 7.59 (m, 1H), 7.35 (m, 1H), 7.21 (m, 2H), 5.57 (s, 2H).

4.2.3.5Synthesis of 4(2-phenytimidazol1-yl)methyl)pyrdine, A9

1) NaOH in MeCN, Stir 1 hr 78
> /_QN
NH 2) NP N
/ H—CI
N\) @\/Cl N\)

50-60 °C, Reflux 24 hours

2-Phenylimidazole (0.29 g,.2 mmol) and NaOH (0.16 g,.@mmol) were placed in a 100
mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature
for one hour. 4Picolyl chloride hydrochloride (0.33 g,@mmol) in acetonitrile (20 mL) was
added to the mixture and refluxed for 24 hours &5060°C. The reaction was monitored with
TLC and after completion the solvent was removed by rotary evaporation. The residue was
dissolved in water (50 mL) and eatted with methylene chloride (30 mL x he aganic layers
were combined, dried over anhydrous Mg®@d rotary evaporated to obtain the orange powder
as the product and recrystallized in ethyl acetate to obtain the product as a dark orange crystals.
Yield: 0.21 g (45%); mp. 35-38 °C (reported33-38°C);*° 'H NMR (400MHz, DMSO-ds): 8.50

(d, 2H), 7.51 (m, 2H), 7.39 (m, 4H), 7.12 (s, 1H), 6.97 (s, 1H), 5.40 (s, 2H).
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4.2.3.6Synthesis of 5,&limethyl1-(pyridin-3-ylmethyl}benzamidazole,A10

/

N
\

-

/-I——NH 1) NaOH in MeCN, Stir 1 hr

N
y
N N N/l

’ O\/
| H—Cl
X cl

50-60 °C, Reflux 24 hours

5,6-Dimethylbenzimidazole (0.29 g,@mmol) and NaOH (0.16 g,.@mmol) were placed
in a 100mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room
temperature for one hour-Rcolyl chloride hydrochloride (0.33 g,@mmol) in acebnitrile (20
mL) was added to the mixture and refluxed for 24 hours &C5060 °C. The reaction was
monitored with TLC and after completion the solvent was removed by rotary evaporation. The
residue was dissolved in water (50 mL) and extracted withyiene chloride (30 mL x 3). The
organic layers were combined, dried over anhydrous M@®@ rotary evaporated to obtain pale
orange powder as the product. Yield: 0.29 g (63%); 87-90°C (reportedd1-93°C);*°H NMR
(400MHz, DMSO-ds): 8.62 (s, 1H), &8 (d, 1H), 8.30 (s, 1H), 7.65 (d, 1H), 7.43 (s, 1H), 7.33 (m,

2H), 5.49 (s, 2H), 2.27 (s, 6H).

4.2.3.7Synthesis of 4(2-phenyimidazol1-yl)methyl)pyridine, A11

1) NaOH in MeCN, Stir 1 hr / N
r e
N N —

NH 2) 7 |
/ -
Qe B

50-60 °C, Reflux 24 hours

2-Phenylimidazole (0.29 g,.@ mmol) and NaOH (0.16 g,@mmol) were placed in a 00

mL round bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperature
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for one hour. &icolyl chloride hydrochloride (0.33 g,®mmol) in acetonitrile (20 mL) was

added to the mixture and refluxed for 24 hours &5060°C. The reaction was monitored with

TLC and after completion the solvent was removed by rotary evaporation. The residue was

dissolved in water (50 mL) and extracted with methylene chloride (30 mL x 3). Organic layers

were combined, dried over anhydrous Mg®@d rotary evaporated to obtain pale orange powder
as the product. Yield0.35g (69%); mp. 39-42°C (reported33-38°C);** IH NMR (400 MHz,

DMSO-ds): 8.46 (d, 1H), 8.26 (s, 1H), 7.56 (m, 2H), 7.38 (m, 6H), 6.08 (m, 189, (5, 2H).
4.2.3.8Synthesis of 4 (imidazol1-yl)methyl)pyridine,A12
1) NaOH in MeCN, Stir 1 hr 7\

N\/) N Ir
2
N Cl

50-60 °C, Reflux 24 hours

Imidazole (0.14 g, ® mmol) and NaOH (0.16 g,@mmol) were placed in a 100L round
bottomed flask with 20 mL of acetonitrile. The mixture was stirred at room temperatuneefo
hour. 3Picolyl chloride hydrochloride (0.33 g,@mmol) in acetonitrile (20 mL) was added to the
mixture and refluxed for 24 hours atBD- 60°C. The reaction was monitored with TLC and after
completion the solvent was removed by rotary evajmraf he residue was dissolved in water

(50 mL) and extracted with methylene chloride (30 mL XTBle aganic layers were combined,

dried over anhydrous MgS@nd rotary evaporated to obtain the dark brown color powder as the

product. Yield: 0.32 g (82%jn.p. 41-45°C; *H NMR (400MHz, DMSO-ds): 8.56 (s,1H), 8.52-

8.52 (d, 1H), 7.82 (s, 1H), 7.67 (d, 1H), 7.38,1(H), 7.24 (d.1H), 6.93 (d.1H), 5.26 (s, 2H).

86



4.2.3.9Synthesis of 1,tbis(pyridin-4-ylmethyl}2,2'-biimidazole Al14

N ™~
> |
Reflux for 19 hrs NS

NZ | NH; Formaldehyde, Formic acid N
NS

A roundbottomflask equipped with a magnetic stir bar was charged wamBopyridine
(2.0g, 11mmol), formaldehyde (2.5 mL, 37% in water), and formic aci@ (3L). The reactn
mixture was stirred for 19 houas reflux, allowed to cool to room temperature, acidifigth 6M
aqueous hydrochloric acid (pH < 2), and evaporated to drynasguo. The dry material was
mixed with 15 mL of saturated NaHG@nd extracted with chloroform (4 x 10 mL). The combined
organic layers were dried (B8Qs) and concentratesh vacuoto produce a brick red oil. The
product was further purified via flash column chromatographyilawa gel (eluent ptroleum
etherethyl acetatel5:1) to produce alight-tan oil as the product. i¥ld: 0.45 g(35%); *H

NMR (400MHz, DMSO-de) 8.10 (d, 1H)7.89 (d, 1H), 7.15 (dd,H), 7.05 (m.1H), 2.89 (s, 6H).

4.2.4Co-crystal screening

The screening was carried out throughlventassisted grinding withmethanol. Each
acceptor and donor was mixed together in stoichiometric ratio and ground with sheressof a
drop of methanol (a total of 108 experiments). In each experiment, 10 mg of the acceptor was used
with the corresponding amount of donor. Once the solvent had evaporatsalidias analyzed
using IR spectroscopy to determine whether-argstal had formed or not. Successful interactions
between the acceptor and donor were identified using the specific shifts of the peaks of the mixture

compared to starting compounds
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4.2.5Synthesis of cerystals

Solids from grinding experiments were dib&d in a minimum amount (~2 ml) of
methanol and left in a vial for slow evaporation in order to obtain crystals suitable for single crystal
X-ray diffraction; 36 crystal growth experiments were succed3aihils on thirteen of theseere
reported in Chpter 3% Table 4.1 summarizes the experimental details for temaining23

structures.

Table 4.1 Experimental details of the 23-opystals obtained

Mixed Crystal Crystal
Code . Amounts used Solventand method g color &
Mole ratio stoichiometry habit
A5:D8 11 A5 -10 mg, 0.048 mmol Methanol, 2:3 Colorless
D8 - 19 mg, 0.048 mmol Slow evaporation ) needle
A5 -10 mg, 0.048 mmol Methanol, . Colorless
A5D10 . D10-27mg, 0.048 mmol  Slow evaporation L plate
] . A6 -10 mg, 0.042 mmol Methanol, . Colorless
A6.D2 e D2 - 19mg, 0.042 mmol Slow evaporation — plate
AG:D8 11 A6 - 10 mg, 0.042 mmol Methanol, 23 Colorless
D8-17mg, 0.042 mmol Slow evaporation : needle
] . A7 - 10 mg, 0.063 mmol Methanol, . Colorless
A7D3 e D3 - 35mg, 0.063 mmol Slow evaporation — plate
] . A7 - 10 mg, 0.063 mmol Methanol, . Colorless
A7:D8 Lo D8 - 25mg, 0.063 mmol Slow evaporation L prism
] . A7 - 10 mg, 0.63 mmol Methanol, . Yellow
A7:D10 1 D10- 35mg, 0.063 mmol  Slow evaporation = plate
. . A8 - 10 mg, 0.048 mmol Methanol, . Colorless
A8:D8 L D8 -19mg, 0.048 mmol Slow evaporation L prism
ASD9 11 A8 - 10 mg, 0.048 mmol Methanol, 1:2 Colorless
. D9 - 25mg, 0.048 mmol Slow evapration ! rod
. . A9 - 10 mg, 0.043 mmol Methanol, . Colorless
A9:D8 L D8 -17mg, 0.043 mmol Slow evaporation e plate
] . A9 - 10 mg, 0.043 mmol Methanol, . Colorless
A9:DI = D9 - 22 mg, 0.043 mmol Slow evaporation = block
. . A10-10 my, 0.042 mmol Methanol, . Colorless
A10:D4 11 D4 - 28 mg, 0.042 mmol Slow evaporation e rod
) . A10- 10 mg, 0.042 mmol Methanol, . Bronze
A10:D7 oL D7 - 17mg, 0.042 mmol Slow evaporation = plate
. . A10- 10 mg, 0.042 mmol Methanol, . .
A10:D8 11 D8-17mg, 0.042 mmol Slow evaporation 11 Crelt] priim
) . A10- 10 mg, 0.042 mmol Methanol, . Colorless
A10:D9 oL D9 - 22mg, 0.042 mmol Slow evaporation = prism
) . A1l - 10 mg, 0.043 mmol Methanol, . Colorless
A11.D9 11 D9 - 22mg, 0.043 mmol Slow evaporation 11 prism
) . A11-10 mg, 0.043 mmol Methanol, . Colorless
ALLDIO o D10- 24 mg, 0.043 mmol  Slow evaporation e prism
. . Al12-10 mg, 0.063 mmol Methanol, . Colorless
Al2:D2 11 D2 - 29mg, 0.063 mmol Slow evaporation 1 plate
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Al12-10 mg, 0.063 mmol Methanol, Colorless

1 D8 - 25mg, 0.063 mral Slow evaporation o prism

11 A13- 10 mg, 0.082 mmol Methanol, 3 Colorless
: D1 -29mg, 0.082 mmol Slow evaporation : plate

11 Al13-10 mg, 0.082 mmol Methanol, 21 Colorless
. D2 - 37mg, 0.082 mmol Slow evaporation ) plate

11 Al13- 10 mg, 0.082 mmol Methanol, 11 Colorless
’ D3 - 46mg, 0.082 mmol Slow evaporation ’ plate

11 A13-10 mg, 0.082 mmol Methanol, 11 Colorless
: D7 - 33mg, 0.082 mmol Slow evaporation ) prism

4.3 Results

4.3.1 Electrostatic pot#tials

MEPS values for the acceptor lmoules are provided iRigure 4.3. For each acceptor

molecule the difference of MEPS values werlculated usingquatiord.1 and wasdefined as

—

h e ETabled.2 swramarizes the calculated MEPS values for the donors under study.

@E value = | MEP v al |[MEP value on the® bebt acseptorp ¢ ¢4d)pt or |

Table 4.2 Cdculated electrostatic potentiade halogerbond donors under study

Molecule Atom Electrostatic potential (kJ/mol

lodine +163
lodine +168
lodine +169
lodine +169
lodine +166
lodine +162
lodine +169
lodine +158
lodine +164

4.3.2 Grinding experiments and characterization by IR spectroscopy

Solventassisted grinding experiments were analyzed using IR spectroscopy to identify any
notable interactionbetween the two potential dormers. The analysis was done by comparing

the IR spectra of the ground mixture with spectra of the respemtiformers. The key IR modes
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targeted werdie GF stretches of the halogdéond donor. A shift of three wave nuerb or more
was considered to be significant and indicative of a positive result. The sumrttaiRo&nalysis
is provided in therable 4.3 along with the succesate for each acceptor and dond®; of 108
reactonsproduced cecrystals resulting in an 82% supramolecular yield.

Table 4.3 IR analysis for grinding experiments

Donors
Potential D1 D2

(kdJ/mol) | +163 +168 +169 +169 +166 +162 +169 +158 +164 EEELNEES

Best 2nd pest

acceptor acceptor
Al -199 -177 r r r v v v v Vv V 69 67
A2 207 -181 r v v v r v v Y r 6/9 67
A3 209 -178 T v v v v v v v V 89 89
A4 199 -166 1 v v r v v v Y} v 719 78
) A5 207 171 ot v v v v v v Y, r 719 78
1 A6 217 -180 r v v v r v v i vV 719 78
] A7 204 -166 T v v r v v v Y} vV 7/9 78
S A8 213 -167 T v v v v v v v V 89 89
A9 -180 -125 V v v v v v v Y} V. 9/9 100
Al0 -188 -124 V v v v v v v Y} V  9/9 100
All 217 50 V v v v v v v Y} V  9/9 100
Al2 210 35 T v Y} Y} v v v v r 719 78

% Success 3/12 11/12 11/12 10/12 10/12 12/12 12/12 12/12 9/12
0 25 92 92 83 83 100 100 100 75

4.3.3 Crystal growth and structure analysis

Even though the IR analysis provides unambiguous results for the Sfu¢@sscrystal
formation, it does not provide details about specific interaction, siwlgh is crucial for
determining the selectivity of interactions in halogen bonding, thus single crystal data were
required. Suitable crystals were obtained 86 expeiments and details orhitteen crystal
structureshave reported in Chapter*3remaining 23 structures are presentedhi@order of
increasing @E val ue -ray experirheatal datataodpciystallograpbicedata o r .

and halogen bond geometre®provided in the AppendiB.3.
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With A5( pE kJ/ma)2wo crystal structures were obtainéb(D8 andA5:D10) and
in both cases both binding sites N(im) and N(py) form a halogen bond; no XB preference is noted,

Figure4.5.

Figure 4.5 Primary halogen bond interactions inA5:D8 and b)A1:D10; bothacceptor sites
engage in halogen bondin

Two structuresA6:D2 and A6:D8) were obtained witl\6 ( qpE  kJ/mB)Gand again

both binding gies form halogen bondBigure4.6.

Figure 4.6 Primary halogen bond interactions inA9:D2 and b)A6:D8
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Similarly, A7 ( @pE kJma8Il)lproduced three structureA:D3, A7:D8 andA7:D10)

with all acceptor moieties participating in halogen bondgure4.7.

Figure 4.7 Primary halogen bond interactions in/&):D3 b) A7:D8 and c)A7:D10

In the two structuresA8:D8 andA8:D9) of A8 ( qpE kJ/m8)3again all acceptors were

involved in halogen bondingrigure4.8.

Figure 4.8 Primary halogen bond interactions inA8:D8 and b)A8:D9

However, withA9 ( pE  &J/mB)6two structuresA9:D8 and A9:D9) were obtained

and they behave differentlA9:D8 shows a preferential halogen bond formation with the best

92








































































































































































































































































































































































































































































































































































































































































