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Abstract

A f ami | -diketorie based Xgarfils capable of simultaneously acting as hdlogdn
(XB) donors (each of para andeta substituteadhloro bromo and iodo functionalities) and
chelating ligandsvassynthesized. Four ligands were characterized-pgydiffraction to identify
the structural behavior of the ligand itself. The figandsbearing bromine and iodirshowXB
interactions (€X:--O) whereas théigand containinghlorine did not show XB interactions. The
corresponding Cu(ll) complexes fogdéindswere also synthesized different solvents such as
acetonitrile, ethyl acetatndnitromethane. Both acetonitrile and ethyl acetate participate in XB
interactions with XB donors (Br or I) although nitromethane does not participate in such
interacton. Metatligand complexes with iodine as XB wlar in the para position engageXB
interactions to make extended supramolecular architecture when the solvent is nitromethane.
When the XB donor attached in the meta position of the ligémanation of extended
supramolecular architecture was seen even in the preseastrohglycoordinating solvent such
as acetonitrile.

Two tetrafunctionalized molecules bearing hydrogeond (HB) donors-OH) and XB
donors {C [ Q) and one tetra functionalidenolecule which has only HB donor©H and-C [ C
H) were synthesized. The donor moleculesmselveshow potential for making HB and XB
interactions with the available acceptor sites present in the syStamcompetition between
intermolecular HB and XB was explored by-oystallizing with suitable nitrogen based
acceptors. HB and XB donors showed equal competitiveness toward commotoracedyzn
making HB/ XB interactions. Furthermore, the geometry and relative positioning of the donor sites
can, incertain caseschange the balance between the competing interactions by favoring HB

interactions.



A series of cavitands functionalizedwithB donor s, H B /-dkBtond lmaveo r s
been synthesized. Binding preferences of XB and HB/XB cavitands towards a series of suitable
HB/XB acceptors were studied in solid state and they have confirmed the presence of interactions
between donor and aqee or s . C a wdiketene fdnstionalitytwire fubjected to binding
studies with metal ions in solution as well as in the solid state. Successfulligeatell
complexation in solid state as well as in solution state based on UV/Vis titrations have bee
confirmed.

In order to stabilize chemically unstable energetic compound, pentaerythritol
tetranitrocarbamatePETNC), a caocrystallization approach targeting the acidic protons was
employed. A cecrystal, a salt and a solvate were obtained and the acsepére identified as
supramolecular protecting groups leading to reduced chemical reactivity and improved stability of
PETNC with minimal reduction of desirable energetic properties.

Several potential tetrazole based explosives which are thermal anct isepaitive and
solid propellants which are impact sensitive were subjected-twystallization experiment to
stabilize and enhance their properties:-dystals and salts of the explosives were obtained with
suitable nitrogen based and oxygen basedocs. The impact sensitivity and thermal instability
of the explosives were improved with the introduction ofa@woners. Oxygen based acceptors
have shown more favorable explosive property improvements compared to nitrogen based

acceptors with signifigat retention of explosive nature of the parent explosives.
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A f ami | -diketorie based Xgarfils capable of simultaneously acting as hdlogdn
(XB) donors (each of para and metabstituted chloro, bromo and iodo functionalities) and
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interactions (€X:--O) whereas the ligand containing chlorine did not show XB interactions. The
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acetonitrile, ethyl acetate and nitromethane. Both acetonitriletuytlacetate participate in XB
interactions with XB donors (Br or I) although nitromethane does not participate in such
interaction. Metaligand complexes with iodine as XB donor in the para position engage in XB
interactions to make extended supramolac architecture when the solvent is nitromethane.
When the XB donor attached in the meta position of the ligand, formation of extended
supramolecular architecture was seen even in the presence of a strongly coordinating solvent such
as acetonitrile.

Two tetra functionalized molecules bearing hydropend (HB) donors-OH) and XB
donors {C [ Q) and one tetra functionalidenolecule which has only HB donor©H and-C [ C
H) were synthesized. The donor moleculesmselveshow potential for making HB d@nxB
interactions with the available acceptor sites present in the system. The competition between
intermolecular HB and XB was explored by-ouystallizing with suitable nitrogen based
acceptors. HB and XB donors showed equal competitiveness toward coacceptors when
making HB/ XB interactions. Furthermore, the geometry and relative positioning of the donor sites
can, in certain cases, change the balance between the competing interactions by favoring HB
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been synthesized. Binding preferences of XB and HB/XB cavitands towards a series of suitable
HB/XB acceptors were studied in solid state and they have confirmed the presence of interactions
betweendonorah accept or s . -diketoneifuncionality wenei sabjectefl to binding
studies with metal ions in solution as well as in the solid state. Successfulligaetdl
complexation in solid state as well as in solution state based on UV/Vis titrativasbban
confirmed.

In order to stabilize chemically unstable energetic compound, pentaerythritol
tetranitrocarbamatePETNC), a caocrystallization approach targeting the acidic protons was
employed. A cecrystal, a salt and a solvate were obtained and¢heptors were identified as
supramolecular protecting groups leading to reduced chemical reactivity and improved stability of
PETNC with minimal reduction of desirable energetic properties.

Several potential tetrazole based explosives which are thermhaingact sensitive and
solid propellants which are impact sensitive were subjected-twystallization experiment to
stabilize and enhance their properties:-dystals and salts of the explosives were obtained with
suitable nitrogen based and oxygendabacceptors. The impact sensitivity and thermal instability
of the explosives were improved with the introduction ofa@woners. Oxygen based acceptors
have shown more favorable explosive property improvements compared to nitrogen based

acceptors with sigjficant retention of explosive nature of the parent explosives.
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Chapterll nt roducti on

In theearlyl 98 0 s, the phrase fAMol ecul avashigtg cogni t
relevant tocrucial phenomena in biological systemblolecular recognitiorincludes bothintra-
and intermolecular occurrencésdurel . 1) even t hough Asulpegsshol ec ul
c hemi st relf-@s saenmhbelmysdy concernedvith intermolecular interactions. In this
thesis we are going to focus on structural chemistry and properties of chemical syst&gms
involve intermolecular interaction.

Intra-molecular

-~ hyd bond
o%ﬁ/o‘u ydrogen bon Intermolecular

T hydrogen bond
o o H------ o
\ / \
;/N (o] ;/N 0\
o (0] H
(a) (b)

Figure 1.1 Molecular recognition event by (a) intraolecular, (b) intermolecular
supramolecular forces.

1.1 Supramolecular chemistry and selfassembly

Supramolecular chemistry focuses on designing and implementing funativeralcal
systems based on molecular components held together by noncovalent interactions. According to
JeanMarie Lehn, supramolecular chemisisygd e f i ned as fAchemist?®y bey
Moreover, supramoledar chemistry is all about intermolecular bonds which cover the structures
and functions of the chemical units held togeth€he Nobel Prize for Chemistip 1987 was
awarded jointly to JeaNlarie Lehn, Donald J. Cramand Charles J. Pedersen “for their
development and use of molecules with struespecific interactions of high selectivity.Since
supramolecular synthesis goes beyond the scope of usuaenb bonds to build molecular

architecturesthe specific set of intermolecular interactions that are used to achieve controlled and



directional supramolecular assemlalgn result in asuperior manipulation of the macroscopic

properties of the targetedaterial Figurel.2).

Covalent Supramolecular :
Covalent bond ‘ f )
é formation m m

Non-covalent bond formation

Figure 1.2 Covalent synthesigs. supramolecular synthesis
The key interactions of supramolecular synthesis are reversible intermolezutssuch

as hydrogenbonds*1? halogerbonds!*™® -~ i nt g¥&amioni on st e cton’i ons
interactiond’, and dipoledipole interactiond?2 Metal ligandinteractions also play a significant
role in supramolecular synthesige to their reversible natuf&?* Covalent synthesisanbe one
step ora multi-step process although noovalent synthesis is a opet (one step) synthesis.
Therefore a betterunderstandingboutthese norcovalent forces is necessanyorder todesign
predictable supramolecular architectures orasffemblies. We will discuss most significant and
useful supramolecular driving forces, mdtghnd interactions, hydrogen bonds and halogen
bonds in the follwing sections.
1.1.1Metal-ligand interactions (coordinate bond)

Recently, it has been shown thatocdination complexes of metal centers bridged by

organic linkers cabe engineereth order toget 0D, 1D, 2D or 3D architectureSigure1.3)2>%7
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Figure 1.3 Schematic diagram that shows the formation of I}, 2D and 3D coordination
polymers or metaligand complexes

If we can assemblprecise topologsand predetermired connectiity we can maka&ew
functional materials which have several applications suchassadsorption, sensing, controlled
release of molecules, water scavengers, electronics, magnetic materials, separations, and
catalyst?®32
1.1.2The hydrogen bond (HB)

The hydrogen bond is the most common intermolecular interaction in molecular
recognition due to its strength and directionalfytypical hydrogen bond may be shows D
H---A, where, D H represents the hydrogbond donor and A represents the acceptor which can

be a neutral atom or anion (Figure 1.4).



@»: > - @D B
D-H A D-H---A
Figure 1.4 Schematics show the formationtofdrogenbond
Hydrogen bonding is abundant in natumadthe best gample is the DNA double helix
composed of complementary base p#rsComplementey hydrogen bonsimay offer reliable
tools for constructing supramolecular architecttfresid there are many setfomplimentary
dimers such as carboxyliacids and amides that cabe usedfor makng supramolecular
architecturesKigurel.5).

Guanine
----- H—N Cytosme

r H/OYR ’H/NYR H/r!l R
----- / \ o..‘. | o"’ !0 g \lr

(@ (b) (0 (@)

Figure 1.5 Typical examples for hydrogen bonding (a) base pair of DNA helix, (b) carlooxyli
homodimer, (c) amide homodimer (d) acichide heterodimer

1.1.3The halogenbond (XB)

Halogen bonds have features that are similar to those of hydrogen bonds concerning both
strength and directionaliff?. A typical halogen bonctan be show as O X---A, where X
represents the halogéond donor such asodine, bromine or chlorine and A represents the

acceptor which can be a unit possessing at least one nucleophilic (Egiore1.6).
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Figure 1.6 Schematicshow the formation dfiydrogenbond
The halogen atom can act abalogenrbonddonor or halogefbond acceptor due to the

anisotropic distribution of positive and negative electrostatic patesn halogen atom (Figure

1.7). The electropositive regiois calleds i g ma -hote) and it(bécomes stronger from

3 R R R
Negative region (d-)
F cl Br |
3
‘\ F ] F F I; F F

o-hole (5+)

fluorine to iodine.

Stronger o-hole

Figure 1.7 Anisotropic distribution of positive and negative potential on halogen and change of
st r e n gholdwitlohflogénatom

The halogen bond has recently becaneeffectivetool for supramolecular synthesiad
it has shown the abilitto makeseveral functional materials in the fields of material scighée

catalyst*®2° andbiological science&*!
1.2 Crystal engineering

The basiggoalof A cr y st al todesigniperiede istiuctuges with a predictive
supramolecular assembly tiulivers desired property/ properties in the new matéfidhe term
crystal engineering wgsoposedy G. M. J. Schmidin the 1970s with the research work on the
photochemical reactions of cinnamic actéi&.R. Desirajuin 1989,definedcrystal emineering
a s 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

propertie® ** Crystal engimering can be consideredths supramolecular equivalent of organic



synthesisand the synthon (building block) approacis an effective approach of crystal

engineeringwhich simplifiesthe complex problem of structure predictitn.

1.2.1Supramolecular synthonsi |l s t he communi cating part r
Asupramol ecul ar s yntAstructura anit withie a sdipefmbleceed a s

which can be fored and/ or assembled by known or conceivable synthetic operations involving

inter mol ecul &% A supramelecalar tsynthons glays a similar function in

supramolecular synthesas amolecularsynthon does in a conventional synthesis, andrthie

differenceis the role played bintermolecular interactions (Figure8).

o]
0. o.,
------ - R ..'n ~~~~
/ e O—H-===== o) R—N/-I( ."H_ / R—N/-( *\|—R
R—< /> —R \>_ \O_. \ -
RN N —— O R
H—O
() (b) (© )

Figure 1.8 Examples for supramolecular syatts, (a) dimer in acids, (loatemeitin acids, (d)
nitro---amno HB interaction and (d) nitreiodo XB interaction

Supramolecular synthons cd®e categorizedas homosynthongoccur between same
complementary functional groupBjgure 1.8 (a) and (b)) andeterosynthongoccur between
different functional groupgsigurel1.8 (c) and (d))
1.2.2Co-crystallization i Fi ndi n gmatctbe be st

The process of bringing two or more different molecular species together inside one
periodic crystalline lattice without breakiray making covalent bonds cdre describeds co
crystallization*”*® Co-crystallization and rerystallization can happein parallel, but ce
crystallization makes heteromeric produathile the latter gives a homomeric produg@tigure

1.9). The cacrystallizationyields the cecrystak which is defineda sSoliils that are crystalline



materials composed of two or maccerdntmdFOA Ul e s

guidance?®
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Figure 1.9 Re-crystallization vs cerystallization

Co-crystallization

A co-crystallization attempt may give not only-coystals but theutcomecan be in a
broadrangeincluding several solid forms such: asolecularsalt, saltco-crystal, ionic liquid,
solvate, sold dispersiosupramoleculagelator, eutectic and solid soluti&hThe noncovalent
interactions cabe identifiedas the driving force for corystal formation.
1.2.3Hydrogenbondincocr yst al I i zati on ftojethgddb ue t o bri

Hydrogen bonding cahe usedas a driving force for carystallizationin order tobring
supramolecular synthons together due to directionality and strength (Figure 1.10). Arguably, HB
is the most studied intermolecular interaction in supramolecular chemistry-angstal desigri?
Moreover, glectivity and interaction patterqday a major rolen crystal engineeringMargaret
C. Etterin 1990s published particularly useful seif guidelines to identifypossible preferences
of hydrogen bond# terms ofselectivity and pattern aholecularaggregatiort? The following

three Etter rules can be appliechieutral organic molecules the formation of carystals.



1. All good proton donors and acceptarg usedn hydrogen bonding.

2. Six-membereeing intramoleculahydrogen bonds form in preference téemmolecular
hydrogen bonds.

3. The best proton donors and acceptors remaining after intramolecular hydicgen

formation form intermolecular hydrogen bonds to one another.

Figure 1.10 A binary cocrystal formed between4 , -digyridine andhydroquinonevia two
heterosynthon$

1.2.4Halogenbondincec r yst al |l i zati @lnedcAAn alternati ve
The halogen bond is a relativatgw addition to the toolbox of supramolecular chemistry
and crystal engineering.hts gained widespréattraction due to itstrong and directionalature

comparable to hydrogen bonds (Figure 1>£1).

Figure 1.11Abinarycec r yst al f or nbgpyidine ard W 4imdobedzendia
halogen bond$

Moreover, there are three types of XB interactjamsnely (i) a conventional halogen
bond béween theelectrophilic regior(b-hole) of a halogen atorand electronegative atom (such

as N, O) (ii) typel halogenhalogen bond occuidue to van der Waals interactions between two

halogen atomsand (iii) typell halogerhalogenbond occurdetween tk nucleophilic regiorof



one halogen atorandelectrophilic regioron another(Figure 1.12)Type | 1€ d) and type I

(d1é 180°,d2 & 90°), whered ; andd 2 are theC-X---X angles X = Cl, Br, 1).5¢

0
_Q;~ 92 —Q““X
g, \/\;(:_ 9&,|
2
(@) (b)

Figure 1.12 Different geometries in halogen---halogen contgetstype | and(b) type I
1.2.5Applications of co-crystallization

Co-crystal technologygan be appliedo change the macroscopic properties of materials.
For example, this technology can be used to overcome thsahalnility issue in pharmaceutical
drugs. Agrochemicals industry can also benefit bgrystallizationaddressing the high solubility
problems which areommortfor fertilizer and pesticide¥. Energetics/ explosisthatsufferfrom
instability and highsensitivity alsocan be improved by using this technologdso, co-
crystallization approaches habeenappliedin the areas afeparation and purification processes
solid state solventfree synthesis,and chiral resolution®®®! Further applications of co-
crystallization care foundn theareaf nutraceuticks, organic semiconductors, optoelectronic
materials, ferroelectric materials, charge transfer complexesjinear optics and liquid
crystals?66

1.3 Host-guest chemistry

Despiteof the predominance of noncovalenteractions in living nature, researchers did
not explicitly investigate ncwovalent interactios related to hosguest chemistry until the
pioneeing work on inclusion chemistry of molecular hosts such as crown ethers, cryptands,

cavitands and carcenads by Lehn, Cramand PederseH. The first supramolecular host was a



crown ether which was synthesized accidently by Ped&s€he frst cyclic host (cyclic
hexaether) was obtained as a byproduct due to contaminationsifirompurity in the synthesis

process of bisphendFigure 1.13)

CLO L —»@ KE

OH
(:[ Discovery of crown ether
on (\o/w

Contamination @0 o]@
(o] (o)

o

Byproduct

Figure 1.13 Accidental synthesis dfefirst supramolecular host
With the discovery of crown ethers, several other types of host molecules such as

cryptands, spherandspillararenes cyclophanes, cryptophanes, calixarenes, cavitands,

cyclodextrins, cucurbiturils antiore havebeen discoverenh past few decadd&igure 1.14)

OH
HO o 0,
OHO HO
OH
o
HO'
g HO,
OH

OH
HO o

OH
o
OH
OH
0 OH oH o [0
O{JHe//%/
HO
o
OH
(@) (b)

Figure 1.14 Examples for supramolecular hosts, (a) [2,2,2]cryptand, (b) cavitand afrd (c)
cyclodextrin

OH
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Since these molecules have-prganized binding pockets, they can be used for selective

molecular recognition with high binding affinities f@omplementaryguest molecules. In a

binding event, several narovalent interactions such:ds/drogen bonding, halogen bonding,

w w tBrértions and hydrophobic forces play a major role as the driving forces. Further,

functionalization of hosts such :asucurbiturils®® cavitands’® calixarines’ and pillarines’
enabls themoreversatile use of host and multiple applicatiofiggre 1.14).
Selfassembledetrafunctionalizedcalix[4]resorcinarenecapsule cavitands have gained
greatattention due to their applications in detecidmeactive intermediates and agrovesicles
for drug delivery. The main driving forces that ¢eused to make such capsules are rtigtahd
coordination, hydrogen bondingnd halogen bondingFigure 1.15 shows an examplef a
cavitandbased molecular capsule, wheredhiging force to makeapsulds hydrogen bonding

There are guest molecules incorporated inside the cavity oafisile

Figure 1.15Molecular capsule based on cavitand constructed by muttyolegenbond<?®

11



1.4 Goals of the thesis

In order tobetter understand treipramoleculachemistry of synthons attachedsmall

and large molecules, we have designed sewesahrch projects$n this studymajornon-covalent
interactions such asnetatlligand interactions, hydrogen bondiagd halogen bonding wilbe
studied

1 Construction of predictable supramolecular architectureg*
Chapter 2The acetylacetonea¢ag ligandis consideredsan excellentoordinating ligand in
metal ion conplexation. The anion of thecadigand can exhibit with delocalized negative charges
due to the two oxygen atoms which ma@casa bidentate ligand in binding with metal ions.
The activated halogelmond donor atoms such as Cl, Br and | are goodidates in making
halogen bonds with suitable halogleond acceptor molecules. The ligands which have both the
acacmoiety and the activated halogen bond dareadvantageous in metal complexation as well
as in halogen bonding. The halogen atoms areaetiwsing ethynyl functionality as an effective
way of strengthening the halogen bond formation. In this study, six different types of ligands which
haveacacsites and halogen donor sgdave been synthesized (involved in msliép synthesis)
and chareterized.

Characterization of these liganalasdoneby using prototH NMR, IR, and Xray diffraction
when possible. Possibilities of halogen bonding sites were examined corresponding to each ligand,
and further complexation of these ligands have beeastigated using different metal ions.
Ability to form organometallic supramolecular architectures based on halogen bonding were

studied.

12



1 Understanding the competition between supramolecular forces byecrystallization”®
Chapter3 The similarity in structurdbehavior and comparable strength of hydrogen bonding and
halogen bonding enable opportunities to use them in similar applications. Combining these two
interactions carproducemore complex architectures. Due to thkiilar behavior of these
interactions, lere is significant competition between these donor molecules when forming
noncovalent interactions with potential accept@smpetitionbetween hydrogebond (HB)
donors and halogeimond (XB) donors cabe investigatedby having them on one backbone. In
this project, we designed and synthesized (rstétp synthesis) tetfanctional donor molecules
having HB and XB donors attached to the same molecular backbone to study the competitiveness
of these two types of interactions.

Co-crystallization of thesdonors with suitable acceptors waesrformedto gain a better
understanding of structural behavior and competition to bind with acceptor molecules.

1 Study of the hostguest chemistry with enforced cavities
Chapter4 Cavitands are bowshaped molecules thare conformationally rigid. These molecules
have enforced cavities which accommodate complementary guests, and they can assemble into
molecular capsules. In this project, we functionalized the upper rim of the cavitands with different
hydrogen and halogebond donor/acceptor groups. Adding both halogen and hydrogen bond
donors to the same cavitand molecule reveals opportunities to compare the relative
competitiveness of those donors towards suitable acceptors as well. These cavitatssbean
used fomolecular recognition eventga hostguest interactiong\nother way of functionalization
of the cavitand molecules is addiagacmoiety to the cavitand. These types of functionalized

cavitand can make capsukgch asdiscrete metaligand complexes di-D chains of metaligand

13



complexes with suitable metal ions. We have designed, and synthesizetiinctionalized
cavitands to study metal binding.

Suitable donorsacceptorsand metal ionsvere introducedo the functionalized cavitands
in solid stéae and solution state.

1 Application of co-crystallization to enhance the properties and stability of known
energetic compounds
Chapter5 andChapter6 Energetic/explosive materials contain a high amount of chemical energy
that can be released in an exptosand produce higtemperature combustion products. Most of
the energetic materials have limited use due to their high sensitivity towards impact and friction
and also due to low melting/ decomposition points. Therefore, we need to improve those thermal
and physical properties to make them more usable in the field.

Known unstable energetic materials suchiiecarbamatesitrated amino tetrazoles, bis
tetrazoles (synthesized in the lab in small soake cocrystallizedwith suitable donor/ acceptor
molecules. Detonation properties such as detonation velocity and detonation pressure were also
determined. The impact sensitivity of newly formed materials and parent explosives were
investigated by drop test method and compared with parent explosivéatsatasrthermore, the

reactivity of someanaterialswhich have acid nature was also studied.
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2.1 Introduction

Directed selassemblyof structurally and compositionally complex architectures require
a thorough understandingf the design strategy. One way cbnstructng stable soligstate
architecturess to usecrystal engineering and by introclog structural preferences of building
blocks, which lead to predictable and programmable asseniBliddaking stable and
programmable coordination complexes can be challenging in the presence of negatively charg
counter anions that come with metal salts. These anions may coordinate wittaheenter and

disrupt metaligand interactions (Figure 2.1).

Figure 2.1 Counter anionnterference of metdlgand coordination; tigand; M-metal ion; A
counter anion

To avoid the structural interferences of anions, charged ligands that balance the oxidation

state of the metal cdreemployed and by using a chelatiigandfurther increass the chance of
formation ofstablemetatligand complex. With thisn mind, the ¢-diketone &cag moiety is a

good candidatéor makingmetatligand complexes. The removal of the acidic hydrogen atom of
acacmoiety by treating it with a base makes it a negatively charged chelating tigagindan

overcome the interference from courdeions Figure 2.2.
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There are several reported coordination complexes which act as reliable building blocks

for supramolecular assemblies irfDJ® 2-D,*® and 3-D.* ® These building blocks may contain
cation---,” anion--~ #19 lone-pair...” 8 1011 ~...” 8 1213 or metal.." 141° interactionsas non
covalent interactions between building blocks. Thdrbgen bond is one of the most frequently
used norcovalent interactions for making these assembfiésHowever,useof the hydrogen
bond is not always ideal since most hydregend donor moieties such:asnines, oximesand
carboxylic acids may make unwanteabedination to the metal ion which leads to unpredictable

assemblies and architecturdsiglire2.3)

Figure 2.3 Hydrogen bonetlonor groupnterference to metadcacligand caordination; Mmetal
ion; A-counter anionH-hydrogenbond donor

To avoid the interference from hydrogeond donor moieties, we have to find an
alternative functionality that can make neoovalent interactiorwhich has ability tobuild
assemblies and ar¢éctures. Halogen bonding may be a possible alternative. According to the

IUPAC recommendation from 20f8fia hal ogen bond occurs when
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attractive interaction between an electrophilic region associated with a halogen atom in a molecular
entity and a nucleophilic region in another, or the same, molecular. e@dtitis norcovalent
interaction hasbeen usedor applications in material science, synthetic chemistry, polymer
science, and inbi-molecular system&£22> Moreover, metallosupramolecular systemaso
constructed by combining halogen bamgliwith metaicontaining systemwere discovered?’

with a variety of properties such asedox, magnetic, nehnear optical] gas adsorption, and
catalyticproperties’®?

A previous study used thacacmoiety and halogebond donors together to make a
building block capable of seffssembly with thadditionof Cu(ll) metal ions® Unfortunately,
directed seHassembliesvere not observedue to the use of wactivated halogebond donors.
The ~fAact i vat-boachdonoro danbehaahievedby placing electron withdrawing
groups3* or sp-hybridized carbon next to the halogen af5i#? In order toimprove upon this
early study, we degned and synthesized six ligandd4 {6) which containanacacmoiety and a

haloethynylgroup (halogenCl, Br or 1) (Figure2.4).

o) OH o) OH o) OH o) OH o) OH 0 OH
X X N
It It It <
Cl1 |

L1 L2 L3 L4 L5 L6

Figure 2.4 Newly designed molecules tharcact as chelating ligands (through dlcacsite)
decorated with activated halogen bond donors

In L1-3, thehaloethynylgroup is attached to thgaraposition of the phenyl group while
in L4-6, it is attachedo the metgositionin orderto study the gometrical effect on making self

assembled architectures. In these ligands, there are four competing Hadogesicceptor sites
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the hydroxyl oxygen, the keto oxygen, tijelectron cloud on the ethynyl group and the equatorial
region on the halogen atorigure2.5). Once the metdigand complexs formed the number of
acceptor typess reducedo 3 namelyoxygen of deprotonateacacmoiety, theuelectron cloud

on theethynyl group and the equatorial region on the halogen atom.
In this study, we want to establish which acceptor site is goingdorb&anin the making

of solid-state architectures.

}
iy_/ \(T)H i

X =Cl, Br, I

M = Divalent metal ion

Figure 2.5 Possible halogéibond acceptor sites; (a) ligand itself, h¢tatligand complex
2.1.1 Goalsof this study

This study is carried out tadieve specific goals that are listed below.

1. Synthesis of six newly designed ligands and cornedipg metalligand complexes with
suitable divalent metal ions.

2. Modulating the coordination environment around the metal ions by exclusion of competing
counter anions or solvent molecules that may interact with metal center.

3. Exploring halogerbond donor gaabilities of Cl, Br and | to form supramolecular
architecture in the free ligands and mdig&nd complexes.

4. Investigating the halogelmond acceptor abilities of free ligand and metagand

complexes.
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5. Examining the effect of the geometry changes ardps on formation of supramolecular
architectures in free ligands and mdigand complexes.
6. Classifying the different types of narovalent interactions that may appear in the resulting

supramolecular assemblies.

2.2 Experimental

2.2.1 General

All chemicals wee purchased from commercial sources and used without further
purifications. The synthesis bfacetyttrimethyl phosphiteX)®” wascarried out according to the
previouslyrepoted proceduretH NMR and*3C NMR spectravere recorde@n a Varian Unity
plus 400 MHzspectrometein CDCk. Melting points were determined on a Fisfiehns melting
point apparatus and are uncorrected. Infrared spectroscopydiRjonen a Nicolet 38GF-T-IR
(Spectra were recorded by placing small amount of compounds on ZnSe cbS@Glracesvere
obtainedon a TA Q20. TGA tracesere takeron a TA Q50.
2.2.2 Synthesis of ligands

Synthesis of ligands were started by converting corresponding bromolanzddo TMS
protected compound usingonogashira coupling reaction. It was then halogenated by
corresponding halogen source. Finally, the aldehyde group was converted to acac functionality

(Figure2.6).
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— H Sonogashira coupling H
o
\
X/
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Halogenation by
a halogen source

Aldyhyde to B-diketone H
conversion
Z °

Figure 2.6 General pathway tthe synthesis of ligands1-L6

Synthesis of 4trimethylsilylethyny)benzaldehyde4-(bromoethynylbenzaldehyde, and
4-(iodoethyny)benzaldehydenere carried outusing literaturemethods’® 38 Synthesis of 4
(chloroethynylbenzaldehyd&vascarried out by using modified literature metho&ynthesis of
3-(trimethylsilylethyny)benzaldehyde, -&hloroethyny)benzaldehyde 3
bromoethynylbenzaldehydeand4-(iodoethyny)benzaldehydd.1, L2, andL3 were carried out
based otiterature reported method$

2.2.2.1 Synthesis of 4(trimethylsilylethynyl )benzaldehyde

H 0O H o)
H Si(CH;);

Pd(IT)(PPh;),Cl,/ Cu(l)

Triethylamine

Br room temp. for 24 hrs

TMS

A stirred solution of 40 g (19.40 mmol) 4romobenzaldehyd@®3 mg (0.46 mmol) of Cul,
and 163 mg (0.23 mmol) of Pd(PICI> in 80 mL of trimethylamine was degassed withfol
20 minutes. A solution of 2.28 g (23.28 mmol) of trimethylsilylacetylae addedo the stirred

solution. The mixture was refled overnight under B Upon completion of theeaction the
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solvent was evaporated by rotavap. The residue was dissolved in ethyl acetate and washed three
times with water followed by a saturated NacCl solution. The orgayec eas driedwvith MgSQOy

andthe solvent was evaporated by rotavape residue was chromatographed on a silica column

with hexanes as the eluent to obtain the pure product. Yield: 4.08 g (93%); f8°6qLit,57

58 )*AE NMR (U, CDCls, 400 MHz): 10.01 (1H, s), 7.83 (2H, d), 7.61 (2H, d), 0.28 (9H, s).

2.2.2.2 Synthesis of 4(chloroethynyl)benzaldehyde

H 0 H 0
AgF, NIS

Acetonitrile

>

Room temp. for over night

TMS Cl

In 60 ml of acetonitrile, 2@g (9.8 mmol) of 4(trimethylsilylethyny)benzaldehyde and 1.86
g (14.6 mmol) of AgF were dissolved and degassed wiforN20 mins. 1.94 g (14.6 mmol) of-N
chlorosuccinimidewas addedo the stirred solutiorand the reaction vessetas coveredvith
aluminiumfoil. The reaction mixture was stirred under & room temperature overnight. Upon
completion of the reaction, the mixture was passed through a short pad of silica. The solvent was
evgorated and the residue was dissolved in diethyl ether and washed three times with water. The
organic layer was dried over Mg%énd the solvent was evaporated to get the pure product. Yield:
1.10 g (67%); m.p. 780 °C;*H NMR (i, CDCk, 400 MHz): 10.04(1H, s), 7.83 (2H, d), 7.59

(2H, d).
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2.2.2.3 Synthesis of 4(bromoethynyl)benzaldehyde

H 0 H 0
AgF, NBS

Acetonitrile

Room temp. for 5 hrs

TMS Br

In 50 ml of acetonitrile, 1&g (7.4 mmol) of 4(trimethylsilylethyny)benzaldehyde and 940
mg of AgF (7.4 mmol) were dissolved and dsged with Mfor 20 mins. 1.32 g (7.42 mmol) of
N-bromosuccinimidevas addedo the stirred solutiomndthe reaction vesselas coveredvith
aluminiumfoil. The reaction mixture was stirred underd room temperaturer 5 hours. Upon
completion of theeaction, the mixture was passed through a short pad of silica. The solvent was
evaporated and the residue was dissolved in diethyl ether and washed three times with water. The
organic layer was dried over Mg®énd the solvent was evaporated to get tive product. Yield:
1.49 g (96%) m.p. 99102 °C (Lit, 9698 °C¥® 'H NMR (U, CDCls, 400 MHz):10.02 (1H, s),
7.84 (2H, d), 7.61 (2H, d).

2.2.2.4 Synthesis of 4(iodoethynyl)benzaldehyde

H 0 H 0
AgF, NIS

Acetonitrile

Room temp. for 5 hrs

TMS I
4-(lodoethynyl)benzaldehydewas prepared according to the preparation of 4-
(bromoethynylbenzaldehydérom 1.9 g (7.40 mmol) of 4(trimethylsilylethiny)benzaldehyde,

940 mg (7.4 mmol) of AgF and 1.67 g ofibbdosuccinimidg7.42 mmol) in 50 ml of acetonitrile.
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Yield: 1.86 g (98%)m.p.141143 °C (Lit, 120121 °Cf% 'H NMR (U, CDCls, 400 MHZ):10.02
(1H, s), 7.8 (2H, d), 7.59 (2H, d).

2.2.2.5 Synthesis of 3(4-(chloroethynyl)phenyl)-4-hydroxypent-3-en-2-one, L1

(0} OH

H o \2\ )1\2\
7 O
D 0-Ped 24hrs

A0 X
|
2) Methanol reflux =

24 hrs

| | 3) Precipitation -78 °C | |

Cl Cl
4-(Chloroethynyl)benzaldehyde (D.@, 6.0 mmol) was placedn a 100 mL round bottom
flask undera No atmospherel (1.53 g,7.3 mmol)was addedo the flask with continuous stirring.
The resulting slurry was stirred for 24 h at room temperature unbigatmosphere to obtain an
oil. Then 50 ml of methanol was addedidthe mixture was heated under reflux overnight under
a N> atmosphere. Upon cooling the solution to room temperature, methanol was evaporated by
rotavap to obtain a yellow oil. The residue w;
to yield a white crystalline solid. The precipitate was filtered and dhshth cold methanol to
obtain the pure product.Colourlessprismshaped crystals suitable for singlestal Xray
diffraction were grown using slow evaporation from methanol. Y&i7 g(40%);m.p.139-141
°C; IH NMR (Ui, CDCls, 400 MHz):16.68 (1H,s), 7.47 (2H, d), 7.14 (2H, d), 1.89 (6H, §C

NMR (l., CDCk, 400 MHz) 190.72, 137.37, 132.40, 131.19, 121.44, 114.59, 68.93, 68.70, 24.13.
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2.2.2.6 Synthesis of 3(4-(bromoethynyl)phenyl)-4-hydroxypent-3-en-2-one, L2

(0] OH
H o \g\ Z
7 0
D 0_15\_0/ 24 hrs
[} -
O
o
2) Methanol reflux
24 hrs

| | 3) Precipitation -78 °C | |
Br Br

3-(4-(Bromoethynyl)phenyi-hydroxypent3-en2-one was prepared according to the
preparation of 34-(chloroethynyl)phenyid-hydroxypent3-en-2-one from 1.0 g (4.8 mmol) of
4-(bromoethynyl)benzaldehyde and @ @ (5.8 mmol) ofl. Brown color prisrshaped ystals
suitable for singlecrystal Xray diffraction were grown using slow evaporation from methanol.
Yield: 0.72 g(56%);m.p.155158°C;*H NMR (li, CDCls, 400 MHz):*H NMR (ti4, CDCls, 400
MHz): 16.67 (1H, s), 7.48 (2H, d), 7.14 (2H, d), 1.89 (6H'¥); N MR, CDGL, 400 MHz)
190.70, 137.46, 132.43, 131.16, 121.98, 114.59, 79.58, 50.50, 24.13.

2.2.2.7 Synthesis of 3(4-(iodoethynyl)phenyl)-4-hydroxypent-3-en-2-one, L3

Q) OH

i 0 \2\ )J\)\
70
D O'll;\'O/ 24 hrs

O/
e X
> ||
2) Methanol reflux Z

24 hrs

| | 3) Precipitation -78 °C | |

I
3-(4-(lodoethynyl)phenyb4-hydroxypent3-en-2-one was prepared according to the
preparation of 34-(chloroethynyl)pheny-hydroxypent3-en-2-one from 1.0 g (3.9 mmol) of
4-(chlorooethynyl)benzaldehgdand 0.98 g (40rmmol) ofl. Yellow color plateshaped crystals

suitable for singlecrystal Xray diffraction were grown using slow evaporation from methanol.
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Yield: 0.65 g(51%); m.p.164-167°C*H NMR (i, CDCls, 400 MHz):16.67 (1H, s), 7.47 (2H,
d), 7.14 (2H, d), 1.88 (6H, s}*C N MR, CPGk, 400 MHz) 190.72, 137.58, 132.76, 131.05,
122.66, 114.59, 93.64, 24.13.

2.2.2.8 Synthesis of 3(trimethylsilylethynyl)benzaldehyde

H O H (0]

H—=—Si(CH;);

Pd(IT)(PPh;),Cl,/ Cu(l)

Br Triethylamine

AN

room temp. for 24 hrs TMS

3-(Trimethylsilylethynyl)benzaldehyd&as prepared according to the preparation of 4
(trimethylsilylethynyl)benzaldehyd&om 5.00 g (27.®2 mmol) 3bromobenzaldehyde, 123 mg
(0.65 mmol) of Cul, and 227 mg (0.32 mmol) of Pd(BEI> and 3.18 g (32.8 mmol) of
trimethylsilylacetylenein 80 mL of trimethylamineAn oil was obtained as the produdtield:
5.02 g (92%)b.p. 145148 A(Gt, 1441 4 6 )*;AHCNMR (U, CDCls, 400 MHz): 9.9 (1H, s),
7.97 (1H, s), 7.8 (1H, d), 770 (1H, d), 7.8 (1H, t), 0.Z (9H, s).

2.2.2.9 Synthesis of 3(chloroethynyl)benzaldehyde

H 0 H o)
AgF, NCS

Acetonitrile

>
Room temp. for over night
%

AN

TMS Cl
3-(Chloroethynylbenzaldehyde was preparedaccording to the preparation of- 4
(chloroethynylbenzaldehyde fror.00 g (14.8 mmol) of 4(trimethylsilylethyny)benzaldehyde
and 3.8 g (3000 mmol) of AgF and 1.98 g (1408mmol) of N-chlorosuccinimiden 60 ml of
acetonitrile Yield: 1.54g (64%); m.p. 7276 °C;*H NMR (i, CDCls, 400 MHz): 9.9 (1H, s),

7.9 (1H, s), 7.8 (1H, d), 768 (1H, d), 750 (1H, t).
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2.2.2.10Synthesis of3-(bromoethynyl)benzaldehyde

H O H O
AgF, NBS

Acetonitrile

Room temp. for 5 hrs
X X

™S Br

3-(Bromoethyny)benzaldehyde was prepared according to the preparation of 4
(bromoethyl)benzaldehyddérom 2.00 g (9.9 mmol) of 4(trimethylsilylethyny)benzaldehyde
and 1.26 g (9.9 mmol) of AgF and 76 g (9.9 mmol) of N-bromosuccinimide ir60 ml of
acetonitrile. Yield: 186 g (9@%); m.p. 7376 °C;H NMR (Ui, CDCls, 400 MHz):10.00(1H, 9,
7.9 (1H, s), 7.8 (1H, d), 769 (1H, d), 750 (1H, t).

2.2.2.11Synthesis of 4(iodoethynyl)benzaldehyde

H 0] H o)
AgF, NIS

Acetonitrile

Room temp. for 5 hrs
X

TMS 1

X

3-(lodoethynylbenzaldehyde was prepared according to the preparation of 4
(iodoethyny)benzaldehydé&om 2.00 g (9.9 mmd) of 4-(trimethylsilylethyny)benzaldehyde and
1.269g (9.9 mmol) of AgF and?2.23g (9.9 mmol) of N-iodosuccinimiden 50 ml of acetonitrile.
Yield: 2.20 g (826); m.p. 107111°C;*H NMR (Ui, CDCls, 400 MHZz):9.99(1H, s), 7.9 (1H, s),
7.84 (1H, d), 767 (1H, d), 750 (1H, t).

2.2.2.12Synthesis of 3(3-(chloroethynyl)phenyl)-4-hydroxypent-3-en-2-one, L4

(0} OH
H_ _O ~(L =
70
D 0_15-0/ 24 hrs
l‘o/
O
2) Methanol reflux
AN 24 hrs A
Cl Cl
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3-(Chloroethynyl)benzaldehyde (D.@, 6.0 mmol)was placedn a 100 mL round bottom
flask undera Np atmospherel (1.53 g, 7.3 mmoljvas addedio the flask with continuous stirring.
The resulting slurry was stirred for 2dursat room temperature undamMN, atmosphere to obtain
an oil. Then50 ml of methanol wa addedand the mixture was heated under reflux overnight
undera Np atmosphere. Upon cooling the solution to room temperature, methanol was evaporated
by rotavap to obtain a yellow oil. The residue was chromatographed on a silica column with
hexanes as &eluent to obtain the pure product. Yidd5 g(40%);m.p.48-52°C, Dec. 129 °C
(DSC 5 °C/min)*H NMR (i, CDCls, 400 MHz):16.66(1H, s),7.42 (1H, d), 734 (1H, ) 7.28
(1H, s), 716 (1H, d), 1.88 (6Hs);1°*C N MR CQk, 400 MHz) 190.8, 137.77,13446, 13143,
13107, 128.96,122.76 11431, 68.74 2412.

2.2.2.13Synthesis of 3(3-(bromoethynyl)phenyl)-4-hydroxypent-3-en-2-one, L5

(o) OH
H o \8\ Z
7 0
D p.d 24hrs
l‘o/
O
o
2) Methanol reflux
AN 24 hrs A
Br Br

3-(4-(Bromoethynyl)pheny-hydroxypent3-en2-one was prepared according to the
prepaation of 3(4-(chloroethynyl)phenyi-hydroxypemnt3-en-2-one from 1.0 g (4.8 mmol) of
4-(bromoethynyl)benzaldehyde and @@ (5.8 mmol) of 1. Gold color platecrystals suitable for
singlecrystal Xray diffraction were grown using slow evaporatiomirmethanol. Yield0.52g
(3%%); m.p.71-73°C, Dec.97°C (DSC 5 °C/min)*H NMR (th, CDCls, 400 MHz):16.69(1H,
s), 743 (1H, d), 735 (1H, t) 7.29 (1H, s), 717 (1H, d), 1.88 (6Hs);*C N MR, CDGk, 400

MHz) 190.85 137.46,134.53, 131.55, 131.1128.96, 123.33, 114.32, 79.54, 50.63, 24.15.
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2.2.2.14Synthesis of 3(3-(iodoethynyl)phenyl)-4-hydroxypent-3-en-2-one, L6

(0] OH
H_ O \9\ =

70

D 0-p.d 24nrs
60~
s
o
2) Methanol at room temp.
\\ for 24 hrs \\

I 1

4-(lodoethynyl)benzaldehyd@.0 g, 3.9 mmol) was placedn a 100 mL round bottom
flask undera N atmophere 1 (0.98 g, 4.0 mmol)was addedb the flask with continuous stirring.
The resulting slurry was stirred for 24 h at room temperatndera N> atmosphere to obtain an
oil. Then 50 ml of methanol was addeddthe mixture wastirred at room tempatureovernight
undera No atmosphereAfter completion of the reaction, methanol was evaporated under room
temperaturgo obtain a yellow oil.The residue was chromatographed on a silica column with
hexanes as the eluent to obtain the pure prakigelbw sticky solid Yield: 0.66 g(52%); Dec.
196°C (DSC 5 °C/min)'H NMR (U, CDCls, 400 MHz):16.68(1H, s),7.42(1H, d), 735(1H, 1)
7.28(1H, s), 716 (1H, d), 1.88 (6Hs);'*C N MR, CDGk, 400 MHz) 190.8, 137.1( 13486,
13166, 13144, 128.8,124.0Q 114.3, 93.59 24.16 7.32
2.2.3 Metal-ligand complexes synthesis
2.2.3.1 Synthesis of [Cu(L1)]

L1 (0.010g 0.04 mmoJ was dissolvedn 1.0 mL of acetonitrileanda drop of triethylamine
was added to the adlon in a vial and stirredCopper(ll) tetrafluoroborate hydra{®.006 g,
0.0025 mmol)in 1.0 mL of acetonitrilevas addedThe solution was mied and kept for slow
evaporation at room temperature. After two days, green nebd[ged crystals we obtained and

subjected t®inglecrystal Xray diffraction. Dec. 309 °C (DSC 5 °C /min).
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2.2.3.2 Synthesis of [Cu(L2}].2CHsCN

L2 (0.010g 0.0036 mmolwas dissolvedh 1.0 mL of acetonitril@nda drop of triethylamine
was addedn a vial and stirred wellCopper(ll) tetrafluoroborate hydra{®.005g, 0.002 mmol)
in 1.0 mL of acetonitrilavas addedo the above mixture. The resulting misguvas mixed well
and kept for slow evaporation at room temperature. After day green plateshaped crystals
were obtained and subjected to sirglgstal Xray diffraction. Dec. 276 °C (DSC 5 °C /min).
2.2.3.3 Synthesis of [Cu(L2}].2C4HsO>

L2 (0.010g 0.0036mmol) was dissolveth 1.0 mL of ethyl acetat@nda drop of triethylamine
was addedn a vial and stirred wellCopper(ll) tetrafluoroborate hydra{®.005g, 0.002 mmol)
in 1.0 mL of ethyl acetateas addedo the mixture. Theesulting solution was mixkand kept for
slow evaporation at room temperature. After one, daye prismshaped crystals were obtained
and subjected to singl@ystal X-ray diffraction. Dec. 263 °C (DSC 5 °C /min).
2.2.3.4 Synthesis of [Cu(L2}].2CH3NO2

L2 (0.010g 0.0036 mmgl was dissaled in 1.0 mL of nitro methaneand a drop of
triethylamine was addead a vial and stirredCopper(ll) tetrafluoroborate hydraf@.005g, 0.002
mmol)in 1.0 mL of nitro methaneas addedo the mixture. The resulting solution was mixed and
kept for slow gaporation at room temperature. After two dayeen plateshaped crystals were
obtained and subjected to the singigstal X-ray diffraction. Dec. 274 °C (DSC 5 °C /min).
2.2.3.5 Synthesis of [Cu(L3}].4CHsCN

L3 (0.010g 0.003 mmal was dissolved in 1.0 mL @ifcetonitrile and a drop of triethylamine
was added in a vial and stirrégbpper(ll) tetrafluoroborate hydrafe.004 g, 0.0017 mmoiin 1.0

mL of acetonitrile was added to the mixture. The resulting solution was mixed and kept for slow
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evaporation at roontemperature. After one daplue plateshaped crystals were obtained and
subjected to singterystal Xray diffraction. Dec. 182 °C (DSC 5 °C /min).
2.2.3.6 Synthesis of [Cu(L3}].2C4HsO2

L3 (0.010g 0.003 mmalwas dissolvedh 1.0 mL of ethyl acetatenda dropof triethylamine
was aded to a vial and stirre€opper(ll) tetrafluoroborate hydraf@.004g, 0.0017 mmol)n 1.0
mL of ethyl acetatevas addedo themixture. The resulting solution was mixeohd kept for slow
evaporation at room temperature. Aftee day green needlshaped crystals were obtained and
subjected to singterystal Xray diffraction. Dec. 205 °C (DSC 5 °C /min).
2.2.3.7 Synthesis of [Cu(L3}]

L3 (0.010g 0.003 mmalwas dissolveth 1.0 mL of nitro methane and a drop of triethylamine
wasaddedin a vial and stirredCopper(ll) tetrafluoroborate hydra{e.004g, 0.0017 mmol)in
1.0 mL of nitro methane was added to the mixture. Theltiag solution was mixednd kept for
slow evaporation at room temperature. After three days green rsfeie crystals were
obtained and subjected to singlg/stal X-ray diffraction. Dec. 180 °C (DSC 5 °C /min).
2.2.3.8 Synthesis of [Cu(L5}]

L5(0.010g 0.0036 mmalwas dissolvedh 1.0 mL of acetonitril@anda drop of triethylamine
wasadded in a vial and stirreGopper(ll) tetrafluoroborate hydra(6.0® g, , 0.002 mmol)n 1.0
mL of acetonitrile was added to the mixture. The resulting solution was mixed and kept for slow
evaporation at room temperature. Aftere days prismshaped crystals were obtained and

subjected to singlecrystal Xray diffraction.Dec. 176 °CIPSC 5 °C /min).
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2.3 Results

2.3.1 Single crystals of ligands

X-ray quality single crystalsire obtainedfor L1-L3 and L5. Keto-enol tautomerismis
observedin the crystal structure dfl. (Figure 2.7) The hydrogn on acac moiety is equally
distributed on two oxygerAdjacentL1 moleculesare closepackedandno significant halogen
bonding interactionsre present The acacmoiety is almost perpendiculavith respect tahe
phenyl ringandit also accepts a-@&---O hydrogen bond from an adjacent ligan@---H) ca.

2.649 A, (Fig. 1)The X-C C hisdimedr with al80°angle.

Figure 2.7 Part of the crystal structure bl (color codesred-oxygen; greerchloring.

Both crystal structuresl.2 (Figure 2.8) and L3 (Figure 2.9) contain ntermolecular
interactiondetween their keto oxygen atom of tmaagroupandrespetive haloethynyimoieties.
These halogen bonding interactions have create@lains in both structusg.2 r(O---Br) 2.976
A, andL3 r(O---1) 3.040 A A dlightly higherreduction in combined van der Waals rgdi8%
reduction)is observedn themore polarizable iodine atomvolved halogen bonding compared to
correspondingpromospecieg11.6% reduction)n addition to halogebhonding there are €H---O

hydrogen bonddetweenacacO and phenyH. In both structuresoxygen makes bifurcated
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hydrogen bonding with pheryd and inL3 symmetric hydrogen bos@reobserved withi(O---H)

ca. 2.81 A Bifurcated hydrogen bonding distances tarer(O---H) ca. 2.70 Aand 2.79A.

Figure 2.9 Part of the crystal structure bf3 (color codes: reaxygen; purpleiodine).

The GX:--O halogerbond angle idess lineaiin bothL1 andL2 compared td_3. Higher
linearityis observedvhen thehalogens iodine(178.®) thanwhen broming170.8). The torsion
angle of theacacmoietywith respect tahe pltenyl ring is close to 90° for bott?2 andL3. The X-
ClI C bond LaandlB agegateislightly from linear at 174.94nd 172.49 respectively.

When it comes to thé5 (anisomerof L2), a similar type of D chain is formed by
intermolecular interactions betweés keto oxygen atom of thacacgroup andbromoethynyl

group(Figure 2.10) Halogen bonding distance in the structofé& 5 r(O---Br) 3.082A, has8.6%
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vdW reduction This reduction is slightly less than in the case2fThe GBr---O halogerbond

angle is149.%2in L5, whichis less Inear compared to trenglein L2.

Figure 2.10 Halogen bonded-D chainin L5 (color codes: re@xygen;gold-broming.

In addition to the halogebond interaction in th&-D chain, several other interaati® are
also observed ih5 (Figure 2.1). There is a short contact betwesthynyl bromineand triple
bond r(Br---triple bong 4.08 A, d (C-Br---triple bond 167.33°. There are sever&@-H---O
hydrogen bonds betweescacO andphenytH. Bifurcated intera@bns originated from keto
oxygen of acac moiety to pheril r(O---H) ca. 2.49A, 2.65A arethe prominent nowovalent

interactions These prominent short contacts connect halogen bonrbechains Figure 2.1).
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Figure 2.11 Part ofthecrystalstructure o5 showing short interactions (color codes:-red

oxygen; goldbromine).

2.3.2 FTIR spectroscopy of metalligand complexes

FTIR spectroscopy analysis of crystal formed providemiial clue about théormation
of metal ligandcomplexesFigure2.12 andFigure2.13. A red shiftof the peak corresponding to
the triple bond is observed with the formation of métgnd complexes compared to the free
ligand.Well resolvedpeaks are also observed in the regiomfil,600 crit to 1,300 crit after the
formation of ametal ligandcomplexes. Presence of solvent in the crystal lattice can also be
identified by IR spectroscopifor example peakscorrespondo acetonitrilg2319 cm' and 2362
cmi?) can be seen in the madligand complex between Cu(ll) arid® obtained in acetonitrile
solvent Figure2.12). In some cases, the solvent peaks not observed IR spectra which
suggest the absence of the solvent in the crystal struéioreexample no indication of the
presenceof a solventin the crystal of metdigand complex between Cu(ll) ard obtained in

acetonitrile solventKigure2.13).
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Figure 2.12 FTIR spectra oL.2 (red) andthe metatligand complex betweeh. 2 and Cu(ll) in
CHsCN (blue).
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Figure 2.13 FTIR spectra oL.5 (red) andthe metaligand complex betweeh5 and Cu(ll) in
CHsCN (blue).
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2.3.3 Single crystals ofmetal-ligand complexes
As expectedneutral metal amplexwasobtainedwith a 1:2 metal to ligand stoichiometry
from L1 and Cu(ll) salt with a squap#anar geometry around the metal ion (Figuré4. There

are no significant halogen bonds frone ethynylmoiety.

Figure 2.14 The geometrpf the metaktligand complexon in the crystal structure of [Cu{)2]
(color codes: reabxygen; greefcthlorine; orangeopper)

Several GH---O hydrogen bondare presenbetween thdéwydrogens of th@henylgroup
and theacacmoiety Figure 215) r(O---H) ca2.70 Aand2.94 A and these interactions create an

infinite stackof metatligand complex

Figure 2.15 The elative orientation ofmetatligand complexwithin an infinite stack in the
structure of [Cu(1)2] (color codes: re@xygen; greefchlorine; orangeopper).

The reaction betweeln2 and Cu(ll) in acetonitrile gives a compld&Gu(L2)2].2CH:CN

and a squar@larar geometry. In this structure, acetonitrile forms halodonding with the
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bacti vat edBr--Np B.o7A e 9.7% vdW reduction)y (C-Br---N) 172.05° q

(Br--N[ C) 1 @Fidgure2 &)U

Figure 2.16 Part of the crystal structure of [QK).].2CH:CN showing the geometry around the
metal ion and the ligansolvent halogen bon¢tolor codes: redxygen; bluenitrogen; gold
bromine; orang&opper)

There are sever&@-H---O hydrogen bonds between tmgdrogens of th@henylring and
the acacgroup (Figure 2.%7) r(O---H) ca. 2.57 A and 2.73 Aandtheseinteractions create an

infinite stack ofmetatligand complers

Figure 2.17 Crystal packing of [CW(2)2].2CH3:CN (solvent moleculgeare omitted color codes:
red-oxygen; goldbromine; orange&opper).

When the reaction betweé&2 and Cu(ll) salt was performed in ethykesate, a 1:2 metal
ligand solvate is observe@ihe geometry around the metal ion is squaregpland the activated
bromine forms halogen bonds with oxygen of ethyl acetatBr---O) 2.88 A (a 14.5% vdW

reduction),g (C-Br---0) 171.07°q (Br---O=C) 12647°(Figure 2.B) .
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Figure 2.18 Part of the crystal structure of [QLR)2]-2C4HsO2 showing the geometry around the
metal ion and the liganslolventhalogen bond (color codes: redygen; goldoromine; orage

copper).
Infinite staclks of complex ionsare created by the-B---O hydrogen bonds between

adjacent complex ions r(O---H) ca. 2.61 A and 2.6Fure2.19).

Figure 2.19 Crystal packing ofCu(L2)2]-2C4HgO2 (solvent moleculeare omitted color codes:
red-oxygen; goldbromine; orang&opper).

Nitromethanects asnon-directional space fillrin the crystal structurehen the reaction
betweenL2 and Cu(ll) is performed in nitromethane (Figur@@. Although halogen bonded
iodo-nitromethane synthorase reportetf*3, when it comes to relatively \ae halogen donor such

as bromine, interactions with nitromethane become weak as well.
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Figure 2.20 Part of the crystal structure of [QR)2]-2CH3NO. showing the geometry around the
metal ion and the packing of ligarand solvent (color codes: redygen; bluenitrogen; gold
bromine; orangeopper).

In thecrystal packg, GH---O hydrogen bonding between hydrogatomsof the phenyl
group and oxygen ohcac moiety is observedas in the case ofCu(L2)2].2CH:CN and
[Cu(L2),]-2C4HsO: (Figure 221). This again forms atackof complex iong(O---H) ca. 2.50 A

and 2.57 A

Figure 2.21 Crystal packing of [Cu(2)2]-2CHsNO- (solvent moleculeare omittedcolor codes:
red-oxygen; goldbromine; orang&opper).

The combination oE3 andCu(ll) in acetonitrileproducesa 1:2 metaligand complex with
two solvent molecules included in the structylas two solvent molecules thatteractwith
iodine Two acetonitrile moleculesxially coordinated to the Cu(ll) igrchange the overall
geometry around metal centeractahedral. Theaivated iodine atom forms a halogen bond with
the nitrogen ofacetonitrile (Figure2.22); r(l---N) 2.98 A (a 15.6% vdW reductiond (C-I---N)

174.28°d(I--Nf C) 1.41. 61A
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Figure 2.22 Part of the crystal structure of [QLR)2]-4CH3CN showing the geometry around the
metal ion and the ligangolventhalogen bond (color codes: redygen; bluenitrogen; purpd-
iodine; orangecopper).

When the same reaction betwaehand Cu(ll)is performed in ethyl acetate solveat,:2
metatligand complex is observed and this tithere is no axial coordination of solvent molecules
(Figure 223). The solvent molecules interact only with iodine atoms by makinggealdonds
between the iodoethynyl group and the O=C group of ethyl acetate, r(l---0) 2.91 A (avad\0%

reducti-lonhLO)d (7x2.33A, d (lLLLO=C) 128.19A.

-

]

Figure 2.23 Part of the crystal structure of [QLR)2]-2C4HsO2 showing the geometry around the
metal ion and the liganslolventhalogen bond (colotodes: reebxygen; purpldodine; orange
copper).

Since there is no axial coordination of solvent to the metal cedikl,:-O hydrogen
bonding between phenyl rings aadacmoietiescan be observedesulting instacksof metal

complexes(Figure2.24) ca.r(O---H) 2.63 A and 2.76 A.
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Figure 2.24 A stack ofcomplex ionsn the structure dfCu(L3)2]-2C4sHsO> (solvent moleculg
are omittedcolor codes: redxygen; purpldodine; orangecopper).

When the solent is changed to nitromethamehich is a poor halogebond acceptoti is
not incorporated in the crystal structure @B and Cu(ll).In the absence dhe solvent, the
relatively strong halogen bond donmtioethynyl grouginds alternativeacceptossites to interact
with. Thefirst interactionis a bifurcatedbond between iodine andio oxygen atoms of thacac
moiety (Figure2.25) r(l---0) 3.31 A and 3.29 Ad (C-I---O) 153.02°, and 157.72¢ (I---O=C)

128.19°

Figure 2.25 Bifurcated halogen---oxygehalogenbond interactions in [Cu@)2] (color codes:
red-oxygen; purpleodine; orangecopper).

The second intaction is theC-1---~ bond (Figure 2.26) r(l---triple bond 3.63 A, d (C-
|---triple bong 153.84° d (I---triple bondl) 80.58° (geometric parameters calculatéth respect

to the center of the [GC bond)
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Figure226Hal ogenlLLL " i nter actL3)d(nokrcodes: redixygenst ructur
purpleiodine; orangecopper).

There isanotherC-1--- " interactionbetween an iodine atom and the aromatic iing
addition to the previous two halogen bondinteractions (I---centroid of phenyl ring3.58 A, d
(C-1---centroid of phenyl ring170.86°r(l---C=C) 3.29 Ar( | L L-I) 48 & Thesedifferent
types of halogen bonds combinegfdom a 3-D architecture in the structucé [Cu(L3)2] (Figure

2.27).

Figure 2.27 The halogefrbond driven assembly afietatligand complexes the crystal structure
of [Cu(L3)2] (color codes: regbxygen; purplaodine; orangecopper).

WhenL5 reacts witha metal ion in acetonile, an expected 1:2 metdigand complex is
formed.Square plaar geometryis observe@ndthebromoethynylgroupsare arrangeth anantr

parallelmanner (Figure 28).
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Figure 2.28 The geometryof the metatligand complers in the crystal structure of [Cub)2]
(color codes: rebxygen;gold-bromine orangecopper).

In thestructurethere is only one halogen bonding and it is a bifurcated interaction between
bromine andwo oxygen atoms of the acac ity (Figure 2.®) r(Br---0O) 3.13 A and 3.16 Ad
(C-I---0O) 158.30° and 143.709 (I---0=C) 122.37° and 115.11As a result, a completely
different packing is observed compared to the complex ion formed when the ligahdaisdit

makes the D selfassembled metdigand complexes.

Figure 2.29 The halogerbond driven assembly ofietatligand complegsin the crystal
structure of [CU(5)2] (color codes: regbxygen; goldbromine; orangeopper).
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2.3.4 Thermal gravimetric analyses (TGA) of metatligand complexes
TGA analysis of the metdigand complexes is performed to confirm the presence or absence
of solvent inthe crystal lattice. Figure 2.38hows the selected TGA traces of mditgdnd

complexes. The crystalgere obtaineih samesolvent acetonitrile
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Figure 2.30 Comparison of TGA traces [Cu(Ll1)2] (Green), [Cu(L2)2]-2CH3CN (Blue),
[Cu(L3)2]-4CH3CN (Violet) and[Cu(L 5);] (Red).

Both [Cu(L2)2]-2CH3CN and [Cul3)2]-4CH3CN in which solventareincorpomtedin the

crystal show weighibss at lower temperatures in support of the findings from the XRD data.
2.4 Discussion

2.4.1 Halogenbond donor/acceptor ability of ligands

Only bromo andiodo substitutedigands,L2, L5, andL3 show clear signs of halogen
bonding in their crystal structuredn L2 andL3, the acceptor site is the oxygen atom of the keto
group, which carries a higher negative charge than the enolic oxygenlattme. case ot5,
different packing and several other short interactions are obsapaetifrom familiar halogen-1
D chain due to the geometrical difference of the ligand comparkd.t8hort contact between
bromine and triple bond &f5 gives a hint of geometrical change which enables the access of other

acceptor sites in the molecule.
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The chloroligand L1 does not show halogen bonding due to the absenceéigflahole
with enougtpositive electrostatic potenti@ren with the activatioof chlorinethrough an adjacent
ethynyl group Out of four postulated probable halogbond acceptosites, only2 sites were
exploited in thdour structures of the ligands themselgEgure 2.3). However, the onlgommon
structural feature amoridl, L2, andL3 is the intramolecular hydroxyl---keto hydrogen bonding

between the hydroxyl group and theygen of the keto group.
3/4
'
0/3 = o
¢ V 7N\ .,
Z
3/4 <.«—X

Figure 2.31 Summaryof the involvement of the halogdrond acceptors and donors in the
crystal structures df1-L3 andL5.

Both L2 andL3 showisostuctural halogen bonding with solventsdicating that both
bromine and iodine are adequately activated by the adjacent ethyl group to frigvedeugh
positive charge on the tip of halogen to fdnalogerbond interactionsvith structurally similar

1-D chains. Obviously, @reater reduction in the combined van der Waals radii of Xis-O
observedn L3 compared to that df2 due to thepolarizability and largéy-hole iniodine.When
it comes to the liganl3, two best acceptor sites are utilized by halelgend donor due to the
geometrical change of the ligand (meta isomer) companésigara substituted isomer2.
2.4.2 Halogenbond donor/acceptor ability of metal-ligand complexes

Unsurprisingly, metaligand complexes are obtained in a 1:2 stoichiometry when ligands
are reactedvith Cu(ll) in all the cases. The relatively weglole inL1 is continued in the metal

ligand complex [Cu(1),;] anddoes not produce atable halogen bonding in the complextte

structures of metdlgand complexes with.2, L3, andL5, halogen bonds become predominant
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with more polarizablddromg andiodo substituents respectively compared to chianalogLl.

Overall prominenthaloga-bondinteractionsareobservedn six of the eighstructures of metal
ligand complexesin four cases, solvemholeculesactas electrospair donorsor halogenbond
donors.One halogefbond acceptor sitis utilizedin one casandin the other one, tavdifferent
halogenbond acceptors sites on the complex itagdutilized without theinvolvementof solvent

(Figure2.32).

Figure 2.32 Summaryof the involvement of thegiential halogetbond acceptor and donor sites
onmetatligandcomplexes ot.1-L.3 andL5.

All metal complexsdisplay squarglanar geometrieexcept[Cu(L3)2]-4CH3CN where
an octahedral geometry igbserveddue to the axial coordination of two acetongériholecules.
When the solvent is changed to weakly coordinating solvents suchtrasnethane, halogen
bonding with solvenis not observed/Nhen halogen atom is bromine in {herasubstitutedigand

(L2), activated bromine does not form any interactiith other acceptor sites of metajand

complex due to the relatively sméfthole compared to iodineHowever activated iodindn the

parasubstitutedigand (3) has shown the abilitio form interactions withracacoxygen andhe
“-electron density of a triple bond which can act as a halogen bond adé¢éptor

Bromo- analogueof meta substitutedsomer [5) prevents interaction of competitive
acetonitrile solvent to the halogen atom. Bromine in this analsgstrong enough to findcac
oxygen acceptor with the geometry change anth$d2D selfassembled architecture. ThesP 2

architecturesnakeinterlocked 2D bilayer type of sheets by combining two of halodpeaded
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sheets (Figure 23). Furthermorethesebi-layers stackogether on top of each other in the crystal

packing.

Figure 2.33Interlocked 2D bilayer selfassembled architecture[@u(L5)2] (color codes: Green
and red two different halogetbbonded 2D assemblies).

In addition to the halogen bondingeractionsseveralC-H---O hydrogen bonds produce

a highly consistent structural feature, an infinite slipped stackivanof the eight metatligand
complexes. The excepti@arethe octahedrdlCu(L3)2]-4CHCN where teric hindrance caused
by additional acetonitrile molet@sthatprevent the formation of-€i---O hydrogen bondand 2
D and 3D metatligand selfassemblies produced bgu(L 5)2] and[Cu(L 3)2] respectively
2.4.3 Density functional theory (DFT) calculations

A simple DFT calculation(B3LYP and basis set:-81G**) was performed for CW@3):
systemin order toaccount for the contribution @fcacoxygen atoms in halogdsonding in the
cases ofCu(L3)2 and Cu(L5)2. According to the results obtainethe HOMO orbitals of the
complexare locate@round theacacoxygen ators indicding their ability to act as partial electron

donorsin halogerbond formationFigure2.34).
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Figure 2.34 HOMO orbitals in [CulL3)2] (color codes: red and bluéwvo phases of HOMO
orbitals).

2.4.4 TGA data analysis

Early weight loss (below 100 °C) [€u(L2)2]-2CH3CN and [Cul3)2]-4CH3CN suggest
the presence of loosely bound solvent molecules in the crystal lattice. Higher weight loss
corresponds to the solvent[@u(L3)2]-4CH:CN (19%) compared t§Cu(L2)2]-2CHzCN (11%)
demonstratdoss of all four acetonitrile molecules ifCu(L3)2]-4CH:CN. It suggest that the
additional two acetonitrile molecules apart from two solvent molecules attacheldgeratoms,
are poorly coordinated to the metal centeCaf(L3)2]-4CH3CN.

Higher van der Waals radii reduction of I---O bonds compared to Br---O bond in the structures
[Cu(L3)2]-C4HgO2 and [Cu( 2)2]-C4HsO- respectively provides evidenckor iodineas thebetter
halogenbond donor than bromin&his arguments further confirmed indirectly from the TGA
data of the isostructural ethyl acetate solvates/hich the loss of the halogen bound solvent
molecule occurred at 50 °C in [@QR)2]-CsHgOo. It was removed from the crystalline complex
[Cu(L3)2]-C4HgO2 at 76 T (Figure 235). It also indicates thstronger solvent--->C bondformed

whenhalogenbonddonor is iodine compared to bromine.
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Figure 2.35 Partof TGA traces{Cu(L2)2]-C4HgO2 (Red) andCu(L3)2]-C4HsO> (Blue).

2.5 Conclusiong’

Novel metalchelating ligands decorated with halogsgnd donors are designed and
synthesized as new building bloctasutilize in predictable and programmable supramolecular
architecturesThe acac moiety shows tlcapabilityof efficiently chelate metal ions by avoiding
counter anion binding.Furthermore, thacadigandmakes stable metaligand complexes which
cannot be disrupted by metal coordinating solvents such as acetonitrile.

The bromo andiodo substituted ligands are capablefofming halogen bonds with
oxygen of the acac moiety.he chloro substituted ligandL is incapable of forming any halogen
bond interactions with available acceptors. With the introduction of metal ions to the ligands (
L3), different solvent moleculesuch asacetonitrile and ethyl acetatend via halogenrbond
interactions forming discrete assemblies.

With the absence of solvent that is capable of forming halbged interactions, the
halogerbond donors find available acceptor sites on the ntigihd complex (Cu(3)2) (Figure

2.36). With the geometric change of the ligand (fr&wd to L5), the metaligand complex
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(Cu(L5)2) has the ability to make extended architectures without forming any interactions with

solvent (Figure 36).

Figure 2.36 Solvent free supramolecular assembly formation

Overall, noticeable halogehond interactions were observed in six of the eight structures
of metalligand complexesSolvent molecules aet as electrospair dorors for halogerbond
donorsin four cases. lonecase, on&éalogenbond acceptor site was utilizegt the halogen bond
donorand in the othetase two different halogefbond acceptors sites on the complex itself were
utilized without participation of seént (Figure 236). The other weak neoovalent interaction
such as, CH---O hydrogen bonds and iodineinteractions play a big role in the propagation of
the supramolecular assembly in 2D or 3D direction.

Finally, it can be concluded that thew ligardswith bromoor iodo groups areapable of
simultaneous metalhelation and directional halogen bondiagdthey show potential to make
extendedl-D, 2-D, and3-D architecturesvhen halogen bonding linkers are introducEdygre

2.37).
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Figure 2.37 Proposed metallosupramolecular architecture formation Wwakgenbond acceptor
linkers are introduced

Furthermoreif we want to synthesize robust extended architectures by comligeamgls
with bridging linke's, we need to avoid solvents that can compete with thapatéd halogen
bonds. Thametal nodecan be useds an anchoring point for bound ligangkile engaging the
bromo or iodo species as connectorsto make nore complex and predictable

metallosuprenoleculararchitectures
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Chapter3Competi ti on between hydrogen

3.1 Introduction

Intermolecular interactions that can provide hierarchical assesmdlgeful for developing
practical and robust strategies needed for effective synthesisooystalst? By minimizing or
avoidng synthon crossovéfinteractions that compete for the same binding,site)carprodue
predictable, more advancandcomplex architectures’ The hydrogen bond (HB) is recognized
as one of the synthetic tools for making petalble architecturgs'! but smetimes HBfail in the
making of complex architectures that involve more than one competitive inter&ctioks an
alternativeto HBs, the halogen bond has received attention recently as a synthon for making
predictable heteromeric architectures.

There are similarities in both interactions such as directionality and strandhigth have
common dependence upon leramge electrostatiofces'™ ¥2°n the solid statghere are several
examples regarding HB/XBimitationd which show that HB and XB interactions make
structurally similar interactionr®. The i nt er a c t-bypyndind(ER/XBaceptortand 6

hydroquinoné& (HB donor) is mimicked by the XB donor, igdiodobenzen® (Figure3.1).

(@) (b)

Figure 3.1 ( a) HB i nt er a éypyridime ard dydwauiaame, @)Bdnteraction
b et we ebypyrdlinedadd 1,4liiodobenzene

1,4Di i odotetrafluorobenzene al s o-bypyrdked*s t he
There are more examples of HB/XB mimicry suchthe formation ofequivalent architectures
betweenaminopyrimidinebased ethynyl and iodoethynyl donors with tetramethylpyrazine and

1,2-bis(4-pyridyl)ethylene?®
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In addition there are some studies in the literature that address the competiticeen
separate XB and HB donors for the saaneeptoin experimentalls??® and theoreticd? manners.
For example, HB/XB competition in mixtures of 1,2bis(4pyridyl)-ethane, 1.4
diiodotetrafluorobenzene and hydroquinone or of N;NW'-tetramethylethylenediamine, 1,2
diiodo-tetrafluoroethane and ethylene glydwve been reported. 3 A dominating hydrogen
bonding outcome was observed imixtures of 1,2bis(4pyridyl)-ethane, 1.4
diiodotdrafluorobenzene and hydroquinaditégure3.2) while halogen bonding was the dominant

nontcovalent interaction in the latter systeRigure3.3).

Figure 3.2 Supramolecular daome of the mixture of 1;Bis(4pyridyl)-ethane, 14
diiodotetrafluorobenzene and hydroquinone

F | XB \N/\/N\

-
-

\N/\/'L\+ F%_GF IOy T %_QF IF |
| F

| F

Figure 3.3 Supramolecular outcome of the mixture of N,N,Nt&tramethylethignediamine,
1,2-diiodo-tetrafluoroethane and ethylene glycol

There are only amall number of studigbat address competition between HB andb¥B
attachingboth HB and XB donos to the same molecular backbonavestigation of HB/XB
competition towards 4 , -dz6bipyridine from bi-functional molecules such as 4-
iodotetrafluorobenzoic acid 4-iodotetrafluorophenolor 4-iodotetrafluoroaldoximeare some
notable example¥. In order to advance supramolecular synthésisusing both HB and XB

interactions in same system, we have to fully understand the balance between them.
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Apart from activation of an XB donor by attaching eleatithdrawing groups next to i,
the same effect can be achieved by attaching the XB dormor sphybridized carboR® 32So far
very little researcthas been done on the competition between such XB donors and HB.tfonors
In order to remedy this, we have designed two -fetnationalized moleculestrans-1,4
bis(iodoethynyl)cyclohexang,4-diol (D1) and cis-1,4-bis(iodoethynyl)cyclohexang,4-diol
(D2) which are geometric isomers of each otlvéh two HB donors and two XB donorBigure
3.4). Trans-1,4-diethynylcyclohexand. ,4-diol (D3) which hasonly HB donas was also designed

to study the structural chemistriyigure3.4).

Acceptor sites

Donor sites

D1 D2 D3

Figure 3.4 Molecules with competing halogerand hydrogefbond donors 1/D2) and
competing hydrogebond donors D3)

The activation of XBdonors inD1 andD2 were doneby an sphybridized carbon atom,
andD3 is thecontrol molecule with hasanHB donor, RCI C-H instead ofXB donor, RCI Gl
and geometricallydenticalto D1. In order to study how synthon preferences may depend on the
molecular geometry, two geometrical isomBxs and D2 were designed. SikKIB/XB nitrogen
basedsymmetric ditopicacceptormoleailes wereselected in order to subject donors te co

crystallization experiments-{gure3.5).
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Figure 3.5 Ditopic nitrogen base¥B/ HB acceptorsA1-A6)

Based on thdonor and acceptor molecules examinadhis study wepostulateda series
of different outcomes iD1-D3 wereto form cocrystals with theacceptorsAl-A6 (Figures 36

and3.7).

—— (n—{18-{aHB-x9)

) — (n8-{oHCB-(x®) - (a3

B WYy Vo W Wy

Figure 3.6 Hypothesized primary intermolecular interactions ircecgstals ofD1/D2:A1-A6

58



. (I| HB

@  @Pae-

D3

Figure 3.7 Hypothesized intermolecular interactions inagstals 0fD3:A1-A6

The main advantage of these molecules is that by having both XB and HB bond donors on
the same backbone, the outcome isgming to be affected by possible solubility differences. We
supplemerdd the structural study further with an analysis of calculatedeoubér electrostatic
potential surfaces foD1-D3 and acceptors in order to rationalize the outcome of the co

crystallizations.
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3.1.10bjectives of this study

This study is carried out to achieve specific goals dtadéow.

1.

Synthesis othreenewly designed B/ XB donor molecules and subject them in
co-crystallization experiments with suitable acceptors.

Exploring whether both hydrogenand halogetbond interactions behave
structurally similar since both have shared dependence upon molecular electrostatic
potentials.

Studying the possible competitiveness of HB and XB when interacting with a
common acceptor since both interactions demonstrate comparable strength and

directionality.

4. Investigating the impact of geometric changes of donor positioning on
competitivaness of HB and XB interactions.

5. Comparison of the dit)r eamgt B BonfrsGthaltare HB
activated similarly byp-hybridized carbon.

6. Evaluating the capability of predicting outcome of a supramolecular architecture in
the presence of competitive/ concurrent4conaknt forces.

3.2 Experimental
3.2.1General

All solvents, reagents, precursors and accepfisA6) were purchased from commercial

sources and used without further purification. Melting points were determined using aleisher

melting point apparatus and anecorrected. Infrared spectra were obtained on a Nicolet 380 FT
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IR spectrometerrH NMR spectra were obtained on a Varian unity plus 400 MHz spectrometer.
DSC data were obtained on a TA instruments Q20 and TGA data on a TA instruments Q50.
3.2.2Computational studies

All the calculations were carried out using B3LYP functional af816* basis set which
employs LANL2DZ22under vacuum in Spartandold4 software
surfaceMEPs)were generated for the optimized structures on the electron isodensitesafrfa
the 0.002 electrons/3u
3.2.3Synthesisof D1-D3

The three donors were synthesized using commercially availableydighexanedione.
The ketone was converted to the propargyl alcohol with a fid®@cted alkyne grodp(the trans
cyclohexane being the majproduct). D3 was obtained by deprotecting the ethynyl group and

D1 andD2 were obtained through a reaction withiddosuccinimideFigure3.8.

Figure 3.8 Synthesis pathwatp D1, D2 andD3

61



3.2.3.1 Synthesis of trans and cis-1,4-bis((trimethylsilyl)ethynyl)cyclohexane-1,4-diol

HC=C—TMS

n-BulLi,
Dry THF

-10°c

o *Li'C=Cc—TMS T™MS

OH
Dry THF ~4

-10 °C to room temp.

Major Minor
A solution of trimethylsilylacetylene (1.75 ml, 18 mmol) was stirred in 100 ml of dry THF

and cooled t610 °C under N A solution of RBuLi (4.9ml 18 mmol) was added slowly over 30
min. at-10 °C under N The mixture was stirred for an additional hour at the same temperature.
Cyclohexanel,4-dione (1.0 g, 8.9 mmol) was dissolved in 25 ml of dry THF and added dropwise
to the resulting trimethylsilyl acetylide solution under@-10 °C. The mixture was then allowed
to reach room temperature and stirred overnight. After completion of the reaction, 100 ml of water
was added and extracted with ethyl acetate (3 x 100ml). drhbined organic layers were dried
over magnesium sulfate and the solution was concentrated to obtain a crude solid and purified by
column chromatography. Theansisomer was obtained using hexane as the eluent araisthe
isomer was obtained using a misg¢uof hexanes: ethyl acetate (8:2) as the eluent. Yields
isomer 1.43g, 52%n.p: 160163 °C,*H NMR (400 MHz in DMSQd6): 5.43 (2H, s), 1.71.62
(8H, m), 0.13 (18H, s}isisomer 0.410g, 15%m.p.: 123125 °C *H NMR (400 MHz inDMSO-

d6): 5.31 (2H,s), 1.681.71 (8H, m), 0.12 (18H, s).

62



3.2.3.2Synthesis of transl,4-bis(iodoethynyl)cyclohexanel,4-diol.H20 (D1.H20)

NIS
AgF
Acetonitrile

Silver fluoride (0.825g, 6.5 mmol) and trahgl-bis((trimethylsilyl)ethynyl)cyclohexane
1,4diol (1.0 g, 324 mmol) were dissolved in 50ml of acetonitrile and N2 was bubbled through
the solution for 20 minutes.-ddosuccinimide (1.46 g, 6.5 mmol) was added to the mixture and
the flask was covered with aluminium foil. The reaction was stirred overnight uridekfiér
completion of the reaction, the resulting mixture was passed through a short pad of silica and the
resulting solution was evaporated under vacuum in order to get the crude product. It was dissolved
in methanol and water was added to the mixtuhe groduct crashed out and the precipitate was
filtered and dried in air to give a liglyellow solid. Yield 1.23g, 87%, m.p.: 2480 °C (dec.), 1H
NMR (400 MHz in DMSQd6): 5.57 (2H, s), 1.6Q.80 (8H, m).

3.2.3.3Synthesis of cisl,4-bis(iodoethynyl)cyclohexanel,4-diol (D2)

OH TMS  Nis I
& AgF OH 4

Acetonitrile

G Z
™S 7" OH | 7" OH

The synthesis of ¢i§,4-bis(iodoethynyl)cyclohexang,4-diol was carried out in the same
way as the synthesis of D1 by using 0.250g (2.0 mmol) of silver fluoride, and 0.3g (9.7 mmol) of
cis-1,4-bis((trimettylsilyl)ethynyl)cyclohexan€l,4-diol and 0.450g (2.0 mmol) of -N
iodosuccinimide dissolved in 30 ml of acetonitrile. Yield: 0.360g, 89%, m.p-17&8C (dec.),

IH NMR (400 MHz in DMSQd6): 5.40 (2H, s), 1.61.71 (8H, m).
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3.2.3.4Synthesis of transl,4-diethynylcyclohexanel,4-diol.H20 (D3.H20)

Trans1,4-bis((trimethylsilyl)ethynyl)cyclohexan&,4-diol (0.5g,1.6mmol) and potassium
carbonate (0.45g, 3.25 mmol) were dissolved in 50ml of methanol. The reaction mixture was
stirred Dbr 4 hrs and after completion of the reaction, the solvent was evaporated under vacuum.
The solid mixture was dissolved in ethyl acetate and washed with brine. The organic layer was
dried over magnesium sulfate and the solvent was evaporated to get pomttie as the product.

Yield 0.22 g, 75%, m.p.: 17578 °C,Yield 0.22 g, 75%, m.p.: 17578 °C,'H NMR (400 MHz in
DMSO-d6): 5.41 (2H, s), 3.28 (2H, s), 18479 (8H, m).
3.2.4Crystal growth of D1-D3 and synthesis of carystals

D1-D3 (10 mg) were individu& combined with each acceptoAX-A6) in a 1:1
stoichiometric ratio using solvent assisted grinding (methanol as the solvent). Eighteen
experiments were performed and the resulting solids wergzathlsing IR spectroscopy. The
solid mixtures obtainedrédm grinding experiments were dissolved in 2 ml of methanol or
methanol/tetrahydrofuran and kept in small vials for slow evaporation at room temperature.

Crystals suitable for singlerystal Xray diffraction were obtained afterdays.
3.3Results
3.3.1Molecular electrostatic potential ofdonors and acceptors
The maximum positive and negatinEPsvalues on the electrostatic potential surfaces

for D1 andD3 are listed in Figur&.9 (a) and Figure.9 (b) respectivelyFigure 310 (a) and (b)

shows thenfor D2.
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-149 ki/mol +185 kJ/mol -157 kJ/mol +144 kJ/mol

+222 kJ/mol

+214 kJ/mol

(a) (b)
Figure 3.9 Electrostatic potential surfaces of (a) XB/HB donors and accept@$,¢b) HB

donors and acceptors DB.

+187 kJ/mol -145 kJ/mol +215 kJ/mol
+187 kJ/mol

+224 kJ/mol

-157 kJ/mol

(a) (b)

Figure 3.10 Electrostatic potentialusfaces of (a) XB donors, (b) HB donors and XB/HB
acceptors ob2.

Figure 311 showsMEPs of A1-A6 which were calculated in order to rank the ability of

these molecules to act as HB/XB acceptors.
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-160 kJ/mol -167 kJ/mol 179 k/mol ) -183 kJ/mol

Al A2 A3 A4

-188 kJ/mol -192 kJ/mol

A6

“AS
Figure 3.11 Electrostatic potential surfaces of acceptor aton#slHA6.

3.3.2Differential scanningcalorimetry (DSC) and thermogravimetric analysis

(TGA) of donors

In crystals ofD1 and D3, water molecules are incorporated in the lattices and both
crystallized as moryydrateswhile D2 doesnot include any solvent in its lattice. These results
areconfirmed by TGA which shosthe loss of one equivalent of watarly for D1 andD3 (Figure
3.12). DSCtraces alsandicae thermodynamic events at the matching temperatiomethe loss
of water in the lattices dD1 andD3 (Figure 313). Therewasno indication inthe DSCor TGA

for solvent inthe structure ob2.
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Figure 3.12 TGA traces comparison @f1.H>O (Blue), D2 (Red andD3.H.0O (Green)
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Figure 3.13DSC traces comparison BfL.H>O (Blue), D2 (Red andD3.H20O (Green)
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3.3.3Single X-ray structures of donors

All donor molecules andix co-crystalsbetween donors and acceptprsduced crystals
suitable for singlecrystal Xray diffraction, and the crystallographic data is provided in the
appendixB. Geometric parametefbond distances and angldés) hydrogen and halogen bonds
in the crystal structures @f1-D3 are given in Tald 1 and Table 2, respectively.

Table 3.1 HB distances and anglesiri-D3

Compound D-H---A D---A (A) <(DHA) (°)
O(1)}H(10)---0(2) 2.8239(19) 164(8)
O(2)}-H(20)---0(1) 2.8239(19) 154(8)
O(10)}H(10)---O(14) 2.806(2) 173(3)
O(14)H(14)---0(10) 2.922(2) 170(3)
O(4)H(4)---0(13) 2.6333(11) 173.2(16)
O(10)}H(10)---O(4) 2.7789(11) 160.8(17)
O(13)H(13A)---O(10) 2.7575(13) 168.9(16)
O(13)H(13B)---O(4) 2.9174(12) 169.3(18)
Table 3.2 HB distances and anglesiri-D2

Compound <(DXA) (°

C(L}(1)--O(1) 3.146(3) 174.68(15)
C(8)(9)---1(13) 3.9222(4) 140.69(7)
C(12)1(13)---1(9) 3.9222(4) 71.49(7)
C(12)1(13)---C(8) 3.296(2) 168.69(8)
C(12)1(13)---C(7) 3.354(2) 170.34(8)

In the crystal structure @1, dl four donors (2 x GH and 2 x RCI C-I) participatein non
covalentinteractions. Thepresence of a water molecule hasdethe crystal packingnore
complicated. Tis disordered water molecule acts as a hydrogen bond donor to the hydroxylic
oxygen atomsnd acceptor to the hydroxyl hydesgof D1. Both XB donors interact withOH

groups ofD1 in a homomeric manndéFigure 314).
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Figure 3.14 Hydrogen bonding and halogen bonding in the crystal structupé.ef>0O (color
codes: regbxygen;violet-iodine)

When it comes to therystal structure oD2, no water molecules are present in the lattice
in agreement with DSC and TGA evidenchefe are two intermolecul&B interactiondetween
adjacent hydroxyl groups, (Figu8l5 a). In additionthere is one XBnteraction betweethe
triple bond ofD2 as an acceptor sitél---centroid of triple bondga. 3.27j, d(centro

bond---+C) ca. 177.76°, anthere isone iodine:--iodine type Il interaction, (Figu3d.5b).

(a) (b)

Figure 3.15Hydrogen bonds (a) and halogen bonds (b) in the crystal structD2(oblor codes:
red-oxygen;violet-iodine).
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When water is incorporated into the crystal latticB8fD3:--D3 waterbridged interactions
(Figure 3.16 a) can be seen in the packing. In additidimect D3:--D3 hydrogen bonds (Figure
3.16 b), and a triple bonéthyryl hydrogen atom interaction r(C---centroid of triple bond) ca.

3.87i, d(cent r oC)da. 188° (Figurd.1pH) are observaed in the-sdlid state

(a) (b)

Figure 3.16 (a) Water bridged hydrogen bomgjand (b)) GHL L L CI C hydr ogen bond
structure oD3.H20 (color codesred-oxygen)

3.3.4IR spectroscopy of cecrystals

IR spectroscopy analysis shows evidence for the formation -ofystals for all sixteen
attempted cerystallization experiment Peak shifts of major peaks of donors and acceptors can
be seen in the ground mixtures of corresponding daoceptor pairs. For example, the pshitt
corresponding to the triple bond D (from 2158 cmt to 2153 cm) in Figure 317, in D2 (from
2170 cmtto 2167 crt) in Figure 318, in D3 (from 2104 cmtto 2097 crY) in Figure 319, a peak
corresponding to thieOH group (broad peak 3668200 cm') in all three donors and characteristic
acceptor peak (1586 chishift in A3 can be used as eviderfoe the formation of carystals.

Complementary blushift of a characteristic peak n -Bipyrddide of D1:A3 can be

observed(from ca. 1586 cm to 1590 cmt) with the formation of a cerystal (Figure 3.7).
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Similar red shifts corresponding peaksD# andD3 and blue shifts in peaks df , -dipyridine®®

revealed the formation of emrystals (Figures 38land 3.B).
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Figure 3.17 IR comparison oD1.H>0, A3 andD1.H>O: A3 ground mixture
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Figure 3.18IR comparison oD2, A3 andD2: A3 ground mixture
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Figure 3.19 IR conparison ofD1.H>0, A3 andD1.H>O: A3 ground mixture

3.3.5Single X-ray structures of co-crystals

Out of sixteen positive outcomes, sixaystals gave sample of-bay quality and we
were able to determine the structures by single crystadg/Xiffraction. Allthe XB and HB
geometries are listed in Table 3.3 and TableaBdthe crystallographic data is provided in the

appendix B
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Table 3.3 HB distances and angles in the structures of sigrgstals.

Compound D-H---A D---A (A) <(DHA) (°)
O(7)}H(7)---O(11) 2.758(5) 159(9)
O(11)H(11)--N(32) 2.809(5) 161(7)
O(21)}H(21)---N(44) 2.786(6) 163(7)
O(25)H(25) -0(21) 2.717(5) 171.5%

O(7)H(7)---N(20) 2.726(7) 172(3)
' O(11)}H(11)---O(7) 2.831(12) 169.(3)
O(11)}H(11)---N(51A) 2.726(7) 172.9*

D1:A5 O(11)}H(11)---N(51B) 2.831(12) 174.7*
O(14)H(14)---0(11) 2.740(3) 168.7*

D2:A3 O(1}H(10)---N(1) 2.810(7) 165(9)
: O(11}H(20)---N(2) 2.791(7) 174(7)

O(1)-H(10)---N(2) 2.7777(18) 170.5(19)
D3:A3 O(2)}H(20)---N(1) 2.8241(19) 170(2)
C(10)H(10)---O(1) 3.303(3) 173(2)
O(13)}H(13)---N(4) 2.7314(16) 171(2)
C(12)H(12)---0(13) 3.235(2) 160.7*

(* Some of the hydrogen atoms involved in hydro@emding could not be located based on the
difference electron density. Hence, they were placed in geometrically calculated positions and
refined using a riding model)

Table 3.4 XB distances and angles in the structures of fowzrgstals

Compound D-X:--A XA (A) <(DXA) (9
C(9)-1(10)---N(50) 2.826(5) 178.30(19)
C(13)1(14)---O(25) 2.938(4) 175.19(19)
C(23)1(24)---0(7) 2.951(4) 173.60(19)
C(27)1(28)---N(38) 2.782(4) 178.97(19)
C(9)1(10)---O(11) 2.9273(17) 174.73(8)
' C(13)1(14)---N(26) 2.768(2) 177.81(9)
C(32)(2)---N(41B) 2.755(8) 173.2(5)
D1:A5 C(32)1(2)---N(41A) 2.761(4) 179.9(2)
C(22)1(1)---O(14) 2.901(2) 175.12(9)
C(1)1(2)---0(2) 2.978(4) 154.6(2)
' C(10)1(2)---0O(1) 2.955(4) 159.0(2)

D1 andA3 crystallizein a 1:1 stoichiometry anthere are twoKB interactions between
I---N (a 20% combined vdW reduction) armktweenl---O (a 16% vdW reduction). These
interactions arenirrored by two hydrogen bonds, (8)---N and QH)---O, respectively They

occupy he sare type of acceptor sites that weisedin the XB interactiongFigure3.20).
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Figure 3.20Major HBs and XBs in the crystal structurelif: A3 (color codes: readxygen;violet-
iodine; bluenitrogen).

In thecrystal structure oD1:A4, thesame set of intermolecular interactiara be seen
aswere found inD1:A3. OneXB betweenl---N (with a 22% vdW reduction) and on<B
interactionbetween---O (with a 16% vdW reductiorgan be observed\gain, theséwo XBsare

mirrored by twoHBs, O(H)---N and O(H)---O Figure3.21).

Figure 3.21Major HBs and XBs in the crystal structurelif: A4 (color codes: redxygen;violet-
iodine; bluenitrogen).

The crystal structe of D1:A5 shows thesame combination of twKB interactions(with
a 22% and a 17% reduction in the combined vdW radii for I---N and I---O, respectively) and two

structurally similaHB interactions betwee@(H)---N and O(H)---O(Figure3.22).
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Figure 3.22Main HBs and XBs in the crystal structurel@f: A5 (color codes: re@xygen;violet-
iodine; bluenitrogen).

When acceptoA3 is combined withD2 (a geometrical isomer dbl), different set of
interactionsare observetlietweerD2 andA3. Onlytwo O(H)---N hydrogen bond interactiosse
involved in theheteromeric cearystallization Theremainingtwo C C-1 moieties formXBs to the

hydroxylic oxygen atoms (with a 15% vdW reductidRigure 323).

Figure 3.23MajorHBs and XBs in the crystal structurel@?:A3 (color codes: redxygen;violet-
iodine; bluenitrogen).

Whenthe 0 C-I moietiesarereplaced with CC-H groupsin D3, the cacrystal is formed

as a reult ofO-H---N hydrogenbonds In the crystal structure @3:A3, the ethynyl group fors
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C-H---O hydrogen bondwhich drivethe cacrystal formationln addition,Cl C-H---O hydrogen

bonds can be seen betwebgdroxylic oxygen atomand ethynyl protonef D3 (Figure3.24).

Figure 3.24 Major HBs in the crystal structure Bf3:A3 (color codes: readxygen;blue-nitrogen).

In the crystal structure dd3:A5, O-H---N hydrogen bondsire responsible for the co
crystal formation and this time both ethynyl group form hydrogen bonds with hydroxylic oxygen

atoms (Figure3.25).

Figure 3.25Major HBs in the crystal structure Bf3:A5 (color codes: re@xygen;blue-nitrogen).
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3.4 Discussion

3.4.1Analysis of X-ray structures of donors

Due to he inclusion of water molecules in the structofeD1, it is possible for €
I---O(hydroxyl) halogen bonds andi --O(water) hydrogen bonds to occur side by sitethe
absenceof water nolecules inD2 causesa shortage of oxygen acceptor siteSherefore,a
competitionarisesbetween GH and Cl and finallyleads to GH:--O hydrogen bonds. The-IC
groups have tdulfil the requirement of acceptor dprming XBs to triple bond® andtype I

halogen bonds to the electrosrich equatorial regio of a neighboring idine atom Figure3.26).

Acceptor sites

Donor sites

D1 D2 D3

Figure 3.26 HB/ XB donor and acceptor sitebserved in single crystaté D1, D2 andD3

In the absence of strong XB donorddA.H>O, hydroxyl oxyen interacts only with water
moleculesln addition, the #hynyl hydrogen atomef D3.H-O form hydrogen bonds through a
sideways interaction with an electron rich area of triple 5&ma an adjacenmolecule ofD3
similar to the behavior of iodine D2 (Figure 3.26.
3.4.2IR spectroscopyanalysis of cecrystals

In order to screen the formation of-coystals IR spectroscopgan be used am effective

and sensitive methodl.Significant peak shifts of both donors and acceptors indicate successful
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co-crystal formation. It is known that a red shift of IR frequency in theHD D-X bonds are
observed in a typical HB or XB formation respectivB®i$mall blueshifts of a characteristic peak

of the pyridyl moiety is observed when the pyridyl nitrogen act as the HB/XB acéefne of

the most sensitive IR peaks of donB%-D3 is the peak corresponding to the triple bond due to
direct influence of the halogen/ hydrogen bond formatioFhis peak may show a red shift in a
formation HB or XB between a donor attached to triple bond and an acceptor. In aitctiystats

that are structurally charactegizl i n t his study, a red shi-ft of
') and t he -H)Buedodhe bond elor@ati@h was observed (Table 3.5).

Table 3.5 IR frequency changes of selected peaks of KB donors when form corystals

Co-crystal/ XB peak (C[ € HB peak (CI €
compound stretch) cnt? stretch) cnrt

Change of IR
frequency cntt

2158 - - -
2153 = -5 Red
2156 - -2 Red
2157 - -1 Red
2170 = = =
2167 - -3 Red
2104 - - -
2097 - -7 Red
2096 = -8 Red

In addition, an enhanced intensity of the ethynyl peak was also observed with the formation
of HB interactions irD3:A3 andD3:A5 (Figure 327). This phenomenon is common for iygl

HB interaction formationé®
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Figure 3.27 Comparison oethynyl IR spectroscopy peak( [ ¢ of D3.H20, D3:A3, D3:A5

3.4.3MEPs analysis

Even thoughhalogenbond donor and hydrogdsond donor oD1 have different MEP
values, based otihe cacrystal formed betweebl and acceptors, they are equally capable of
competing for the acceptor sites. The XB donor (iodine atom) acts in a structurally similar way to
the HB donor (hydrogen atom) demonstrating the competitiveness between thel telmaing
the difficulty in predicting the outcome purely based on MEP of individual ddAdrgrevious
study has shown that if the Q value (Q = HB electrostatic poténXiBl electrostatic potential) is
less than about 140 kJ/mol then the HB and XB donors tend to be competitive with eaéh other.
The diference in MEP values of two donors is 37 kJ/mddinwhich is in agreement with earlier
studies and supports the MEP argument for competitive nature of two donors.

Slightly different MEPs for hydrogen bond donors (axial OH; 224 kJ/mol, equatorial OH;
215 kJ/mol) ofD2 are due to the different setting of the hydroxyl groupB2rcompared td1

(equatorial:equatorial iD1 vs axial:equatorial iD2) (Figure 39 (a) and Figure 30 (b)). This

79



makes one hydroxyl group a slightly better HB donor than therointermolecular HB bond
distances iD3:A3 (r(O axial---N) 2.791(7) A and r(O equatorial---N) 2.810(7) A) display only
very minor differences that makes the slight difference of MEPs of the tidh¢@rogen bond
donors unimportant (Figure ZB). Eventhough the two iodine atoms iD2 are in different

geometric orientation (axial and equatorial) they show similar MEPs (187 kJ/mol).

2.791(7) A

2.810(7) A

Y 215 kI/mol

224 kJ/mol

Figure 3.28 HB bond distances and MEP valueDéfA3

In the case oD2:A3, the Q values of the two pairs of XB and HB donordD@mare 37
kJ/mol and 28 kJ/mol, respectively which are also much lower than 140 kBiyanbgenbond
donors dominate over thel@onors which show that MEPs cannot be solely used for predicting
theoutcome.
3.4.4Structural analysisof co-crystals

The competitive nature ofB and HB donorss illustrated n the three caerystals ofD1,
(with A3, A4, andA5) sinceeachdonor isinteracting with two nitrogen acceptor sites and two
oxygen acceptor@igure 329). D2:A3 (D2 hasthecis-configuration of donor sitesthe HB donor
initiatesthe cacrystalsynthesidy forming an GH---N hydrogen bond wit\3. This leaves the
C-1 halogenbond donordo interact with the only remaining acceptors, the hydroxyliggex
atoms. This clearly indicatékat relatively subtle changes in molecular geometrycbamgethe

balance in favor of one donower anotherKigure 3.29. Additionally, the polarity of the solvent
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present in the crystallizatiocan also playa role in shifting the balance between HB and XB

interactions towards a particular acceptor in a competitive situdtion.

HB = /o—H ———— E—-- 1/4

Figure 3.29 Outcome of interactions between HB/ XB donors and nitrdggesed acceptors
Due to the existence of moderdto weak*” L L L~ i nteractions (r (L

A) between rings oA3 in the packing oD1:A3, the packingf D1:A3 is different compared to

packing ofD1:A4 andD1:A5 (Figure3.30). In D1:A3, the pyridyl ringsarestacledon top of each

other and thus it &cilitates the formation ofL L L ~ i n tneDl:A4cand Oil:AS such
arrangement is not possible duehe bridging groups betweemomaticrings of A4 andA5 sit

on top of thearomatic group®f A4 andA5 (Figure 321 and Figure 22). Sincethe stucture

directing hydrogen and halogenbonds are present in the crystal arrangemen¢, a k ° L L L~
interactionscannot overturn strong intermolecular interactions by bringing aromatic rings on top

of each other.
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Figure330Moder at e t o

The ethynyl hydrogen atohmas the ability to makieydrogen bonds with nitrogen based
oxygen based acceptorsdo-crystals***’ However ethynyl donorsn D3 are unable toampete
successfully with the hydroxyl hydrogeRigure 3.3} due tothe weaker donaability of ethynyl
hydrogen compared &thynyl iodine HB bond formation only one HB donor (HB1) and nitrogen
acceptowas observed i3 (2 out of 2), although both donors (HB1 and XB)Odf interacted

with nitrogen acceptor (3 out of 3) in all-coystal formationdbetweenD1 and acceptors (Figure

3.31)

D3

)

weak ~LLL°

- (g BH- 2

wg1= LP—H
HB2 = —C=C—H
XB1= —C=C—I

acceptoir(transisomers:D1 andD3)

Figure 3.31 Competition of halogen bonding with hydrogen bonding in the preseribe sdme
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3.4.5Analysis of HB and XB geometries

Higher vdW reduction in XB bondings noted when the acceptor is nitrogen east of
oxygen (average vdW radii reduction is 21% for I---N, average vdW reduction is 16% for I---O)
in all co-crystals All the XB distances and angles betweginogen in aromatic ringndiodo-

ethynylfunctionality are in the range of values foundaaugrelevant structures in t@ambridge

Structural DatabasgeSD) (Figure3.32 and3.34)%.

>
4 - » * *
g
E3— ® ® ®
o
o
C
2 e ¢ S0 (BHo * o
1; ® & G0N0 NI 10000 OND D0 o o o o
2.600 2.650 2.700 2.750 2.800 2.850 2.900 2.950 3

XB distances r(I--"N) A

Figure 3.32 XB distances between ethynyl iodine and aromatic nitrogen: reported in CSD (blue
circles) and observed in thitudy (red hollow squares)
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Figure 3.33. X B a n g H-eNy: redofted! in CSD (blue circles) and observed in this study
(red hollow squares)

Halogenbonds between ethynyl iodine ahgdroxyl oxygen atonarereported only once
in the literatur&r(I---O)ca2 . 9 8 -|--;0) d.(78.5°) and which is more linear than the most
linear angled (-1G-0O) ca.175.2) found in a cecrystal 01:A3) of this study. In additiorhalogen
bondsare observecas more linearwhen ni trogen acceptorlsN)ar e

ca.178°), compared to when oxygen atoms act as acceptor(sitese r a g -€0) ch.(1699.
3.5 Conclusions®

Three tetragunctionalized HB/ XB donor molecules were synthesized and eighteen
attempted cearystallization experiments were performed. The single crystdd)3 shawv the
desire of donors to find suitable acceptors in the crystal lattice by adopting water molecules
(D1.H,0 andD3.H,0) or finding acceptor sites itsebDp).

In D1, both HB and XB don@behave structurally similar way when making interactions
with a @mmon acceptor. This clearly demonstrates the similar directionality and strength of both
interactions that have sharddpendence upon molecular electrostatic potentials

Based on the results, it can be concluded tlatbility of RO-H hydrogerbond anors

and RCI C-1 halogen bond donors to involden structuredirecting interactions is very finely
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balancedBoth hydroxylic groups and the iogethynyl groups are equalbiapable of competing
for nitrogertbased or oxygebased acceptor sites.

The geometric isomerdrans1,4-bis(iodoethynyl)cyclohexang,4-diol, D1, and cisl,4
bis(iodoethynyl)cyclohexang,4-diol, D2, are different in the competing environmeiitis
indicates that the balance between hydrogand halogen bondsanbe altered by very small

changesn moleculargeometry Figure 3.34.

LIN@{? xB) N

Both HB and XB are competitive

HB is prominent

E . (vl X

Figure 3.34 Outcome of cecrystallization experiments betweBi-D2 and nitrogen based
acceptors

In the control moleculdrans-1,4-diethynylcyclohexand.,4-diol, D3, the hydroxylicHB
donoris stronger due to its significantly larger positive electrostatic potential on the pratbem
compared to weak HB donor;R[ . The electrostatic potential analysis of XB and HB
donors aid to rationalize the-ocoystallization outomes.

The outcome of a supramolecular synthesis experiment cannot be solely determined by
MEPs when it comes to different geometrical positioning of donor atoms. However, the

combination of MEPs study and the-cxystallization outcomes give valuable anfhation that
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can be used for the design and synthesis of foaitiponent soligtate architectures based on

halogen and hydrogesbond interactions.
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ChapterdFuncti onafl i zavii toaands

4.1 Introduction

Molecular recognitiortan be describeak the process by which two or more molecules bind
together in a specific geometryia noncovalent interaction$ Specially, thiseventcan be used
for selective separatioff and selecive identification of component/s in multicomponent
mixtures”® The shap&?? and functional groups of the receptos are responsible for their
molecular recognition ability.One of most studied exampleor such receptor is the
resorcin[4]arene basedvitand which has a cavity that accommosigteest molecule¥

Cavitands are bowl shaped molesule whi ch HAcontain enforced
accommodate si mpl % demmedfr@ncresbranarend Caviiarasmerefirst
synthesized by Cram in 1982These molecules can be further functionalized in order to obtain
molecular baskefS°carcerand$”®s e | f adsapsuleddF amdnandubes???® Interestin
cavitand based molecular receptdras increased due to their applications hiost guest
chemistry** separatios? catalysis’® andcoordination chemistrsf?’

The main compnents of a cavitand include bridging groups, upper rim, body and feet
(Figure 4.1). The functional group attachments and modifications can be done on the upper rim in
order to obtain cavitands which are selective towards particular gliestbridging goups are
the methylene groupthat connectthe adjacent aromatiings. They are responsible for limitng
the flexibility of the cavity henceavoidingother possible conformations of thest The middle
part of the molecule, the body, can captelextrondeficient guest moleculesnce it is madeip
of four phenyl ringsvh i ¢ h  p r-abeetrordrieh irderior. Finally, the aliphatic chains at the

bottom are called feet and they can be altered in order to change solubility of the molecule.
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R= cHchchchchch3

(a) (b)

N

X
Upper rim X l X

RN

Bridging groups

(c) (@)

Figure 4.1 Cavitand scaffold (a) top view, (b) side view, (c) main parts of the cavitand, (d)
schematic representation of cavitand

The cavitand without the upper rim functionalization can hold particular guest/s inside the
cavity only, but with the uppernm functionalization, four additional guest molecules can be bound
per host molecule. On the other hand, by making the upper rim seledipartocular guest, the
host can be used to selectively recognize/ bind a single guest in a multicomponent Mheure
functionalization can be done in order to achieve reversible recognition event viavalant

interactions such as hydrogen bonding, halogen bonding and/ orligaital coordination.
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4.1.1Upper rim functionalization

In order to get specific selectiyitowards a guest molecule upper rim of the cavitand
can be functionaliz¢ with appropriate supramolecular synthons. Furthermore, with
complementary functionalities, cavitand based capsulealsahe engineered.
4.1.1.1Metal coordinating cavitands

Resocin[4]arene basedavitandswith differentligandscan complexwith soft and hard
metalions. In a cavitand, four ligandsn be introducedt once and calme usel as pre organized
multidentate ligands due to the fixed geometry of the cavitand. Acetyta?®t?) pyridyl*® and
carboxylic acid® functionalities area few popular functionalities for the cavitand based metal

ligand complexesHigure4.2).

M

D 7
NS
S
N 7,
o Ko}
. i
: :

(@) (b) ()

Figure 4.2 Examples for metal ligahcoordination by (a) acetylacetone, (b) pyridil group and (c)
carboxylate group

4.1.1.2Hydrogen bondedcavitands

There are several examples of cavitands decorated with hydbogelrdonors or acceptors
which make capsules and supramolecular polyni@rogen lond donors such a®H, -COOH,
-NHa, -NH, -C(R)=NOH -NHCOR and hydrogen bond acceptors suctpwsdyl, -pyrazole,and
-CI'N functional i t-HeQ® O-H:-rr& N-H-eNy dl-Ht-@ llydragenborling

interactiongFigure4.3) 15 19, 2425, 3¥32
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Figure 4.3 Examples for hydrogen bond interactions present on functionalized cavitands
4.1.1.3Halogen bondedcavitands

The field of halogen bonding has recently witnessed a great deal of pragusssavitands
with halogerbond functionalities have alsattracted attention in this arena. Cavitands
functionalized byluorinated iodine donoy%” *3iodoethynyl donor¥36 have demonstrated ability

to act as multivalent haleg bond donors towards acceptors and anions (Figure 4.4).

(a) (b)

Figure 4.4 Examples for halogen bond interactions present on functionalized cavitands

4.1.1.4Host-guest chemistry ofcavitands

The cavitand has a concave cavity that can accommodate guest molecules selectively via
nortcovalent interactions such asinteractions or hydrophobic interactions depending the
nature of the guest (e.g. cation can bindcaiorr © i nt e angprstbyaaions i nt €r acti o
(Figure 4.5 path AAQ. If the cavitand is functionalized by complementary supramolecular
syrthonrs, the formation of molecular capssalean be expected. However, hgstest binding on

the rim of the cavitands possibleas well(Figure 4.5 path@9.
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Figure 4.5 Hostguest chemistry involved icavitands
The hostguest interactions can be qualitatively detected in solid state via FTIR

spectroscopy due to the redblueshift of corresponding peaks of both host and guest due to non
covalent interactiond. However, IR spectroscopy cannot be used to get binding stoichiometry of
binding constants. Determination of binding stoichiometry can be achieved by analyzing crystal
packing obtained by single-Ky diffraction in solid state. Quantification of binding constant and
stoichiometry between host and guest in solution can be obtained via UV/Vis spectroscopic

titrations, NMR titrations and ITC experimerts?®
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4.1.20bjectives of the study
This study idividedinto following areas.
1. Design and synthesis osorcin[4]arene basdmomo cavitand and rim functionalization

with various functional groups such as metal coordinating grdufp4.7), hydrogen bond

donor groups and halogen bond donor grogs D5, D6) (Figure 4.6).

R= CH,CH,CH,CH,CH,CH,

Do

Figure 4.6 Functionalized cavitand4,7, L8- acac functionalizedD4, D5- ethynyliodine XB
donorfunctionalized D6- ethynyliodine XB donor andOH HB donor functionalized
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2. Study of the divalent metal ion binding (driven by méigénd coordination) ability of
cavitandd.7 andL8 in solid state and solution. Perform solution state binding studies by
UV/Vis spectroscoyp titration and use dob plot to examine the structural behavior in

solution.

I\ L

Polymeric
Discrete

Figure 4.7 Anticipateddiscrete(capsulepr polymericmetallosupramoleculaarchitecture by.7
in the presence of divalentetal ions

3. Examine the formation of halogen bond driven supramolecular architectub&isamgdD5
in the presence of suitable XB acceptors/ guest (Figure 4.8). Solvents such as THF and
dioxane which have potential binding preference towards iodine agetextlas XB
acceptors for the binding studi®sETIR and TGA experiments can be used to identify
guest inclusion in to the cavitand. In additipotential XB acceptors (Figure 4.9) can be

used to study guest binding to the XB donor sites of the cavitands.
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Figure 4.8 Three possible modes of guest binding to the host (X= XB donor, Gack@&ptor

(guest))
~ N Z N
p” N>=<N NN I X N

Al A2 A3

A5 A6

Figure 4.9 Ditopic nitrogen based XB/ HB acceptofslAb)

4. Study the competition between HB and XB attached to same cavitand by introducing
suitable nitrogen based apters (Figure 4.10). Six ditopic HB/ XB donors (Figure 4.9)
can be used to ecrystallization/ hosguest chemistry study. Possibility of formation co

crystal/ hostguest complexes will be explored by FTIR.
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