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Abstract

A set of multifunctional moleculesspmeric forms of 4pyridylmethyl)}2,2"-biimidazold
was synthesized and subjected to systematicrgstallizations with selected hydrogeand
halogenbond donors in order to explore the impadnééraction typegeometryandelectrostatics
on the resulting supramolecular architecturBisestructural outcomeith hydrogenbond donors
(carboxylic acids)s somewhatnpredictable because of the presence ofatie --biimidazole
heterosynthon that can compete with biimidazet@midazole homosynthonn contrast, e
solid-state suprametular behavioof those probe molecules largely unchangd in halogen
bonded cecrystals. Only two types of primary interactionsge ttwo-point hydrogenbonds
responsible for pairing biimidazole moieti@mnd thesinglepoint halogen bonds responsibler f
the cacrystal formation and structure extension, are present in these syBtemasultdighlight
that by incorporatinggeometric biasealongwith orthogonal interactionone can effectively
prevent synthon crossoverhich is of paramount imponmae in complex crystal engineering
endeavors

Heterobifunctional ligands pave the way fdaborate metallsupramolecular systems,
and are also useful for combining medighnd bonding with other types of naovalent
interactionsNine newacetylacetoate ligandgeaturing eithepyridyl- or thiophenyheterocycles
weresuccessfullyreparedand their metal binding abilktswere studiedvith selected diand tri
valent transition metal ionés expected, thacetylacetonatkgation to metal dicationgemains
consistentIn eachcase the metal is foucoordinate and resides in a square planar environment.
Differences in the overall architectur@ssefrom the role played by the terminal heterocyelerd
the solvent.In seven (out of nine) structurethe heterocyclic ends involved in a structure

directinginteraction and it is more prevaldantligands bearing-yridinyl unit.



Divergent molecuds containingbulky substituent$end to produce porous materi&ia
frustrated packing Two rigid tetraledral cores, tetraphenylmethaneand 1,3,5,7
tetraphenyladamantangrafted peripherally with foutrimethylsilyl)ethynylmoietieswere found
to haveonly isolated voids in their crystatructuresHence, hey were modifiednto tectonlike
entities  tetrakis(4(iodoethynyl)phenyl)methane [I4aTEPM] and 1,3,5,7tetrakis(4
(iodoethynyl)phenyl)adamantajesTEPA], and theeffect of motif-forming characteristics of
iodoethynyl unis on molecular arrangement and crystal porosity was analyZEEPM not only
holdsincreased free volume compared to its precutadralso forms onédimensional channels.
Furthermore, it readily corystallizes with Lewis basic solvents to afford tammponent porous
materials even though they suffer from stability issues.

As the binding sites in4sTEPM andl4+TEPA aretetrahedrallypredisposed, they can be
further utilized for the modular assembly ohighly symmetric, threelimensionalextended
architecturesWith that in mind, these two building blocks wesebsequenthallowed to react
with various halide saltsand it was found that e reactions betweehsTEPM and
tetraphenylphosphonium halides readjlield four-fold interpenetrateddiamondoid networks
sustained by QE X' (X' = chloride, bromide, iodide)alogerbondinginteractbns. The halide
anionsexhibit mutuadinduced fitting of their coordinatioandact as fourconnectingetrahedral
nodes, while the tetraphenylphosphonium cations render essential templating information and

structural support.
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A set of multifunctioml moleculesifomeric forms of Apyridylmethyl)}2,2-biimidazold
was synthesized and subjected to systematicrgstallizations with selected hydrogeand
halogenbond donors in order to explore the impadnhédraction typegeometryandelectrostdats
on the resulting supramolecular architecturBisestructural outcomeith hydrogenbond donors
(carboxylic acids)s somewhatnpredictable because of the presence ofatie --biimidazole
heterosynthon that can compete with biimidazet@midazoke homosynthonin contrast, e
solid-state supramolecular behavioir those probe molecules largelyunchangd in halogen
bonded cecrystals. Only two types of primary interactionsge ttwo-point hydrogenbonds
responsible for pairing biimidazole moiedi and thesinglepoint halogen bonds responsible for
the cacrystal formation and structure extension, are present in these syBhennasults highlight
that, by incorporating geometric biases along with orthogonal interactions, one can effectively
prevent synthon crossover which is of paramount importance in complex crystal engineering
endeavors.

Heterobifunctional ligands pave the way fdaborate metallsupramolecular systems,
and are also useful for combining medighnd bonding with other typesf norncovalent
interactionsNine new acetylacetonate liganfisaturing eithepyridyl- or thiophenyheterocycles
were successfully prepareahd their metal binding abiltswere studiedvith selected diand tri
valent transition metal ion&s expeted, theacetylacetonatkgation to metal dicationgemains
consistentIn eachcase the metal is foucoordinate and resides in a square planar environment.
Differences in the overall architectur@ssefrom the role played by the terminal heterocyelerd
the solvent.In seven (out of nine) structures, the heterocyclic end is involved in a structure

directing interaction and it is more prevalent in ligands bearipgridlinyl unit.



Divergent molecules containing bulky substituents tend to produce araterialsvia
frustrated packing. Two rigid tetrahedral coresetraphenylmethaneand 1,3,5,7
tetraphenyladamantangrafted peripherally with foutrimethylsilyl)ethynylmoietieswere found
to have only isolated voids in their cryssatuctures. Hengehey were modified into tecteike
entities  tetrakis(4(iodoethynyl)phenyl)methane [I4sTEPM] and 1,3,5,7tetrakis(4
(iodoethynyl)phenyl)adamantajesTEPA], and the effect of motiforming characteristics of
iodoethynyl units on molecular arrangemerd arystal porosity was analyzddTEPM not only
holds increased free volume compared to its precursor, but also forrdsnmeresional channels.
Furthermore, it readily corystallizes with Lewis basic solvents to afford tammponent porous
materials evethough they suffer from stability issues.

As the binding sites ilvTEPM andl4TEPA aretetrahedrallypredisposed, they can be
further utilized for the modular assembly bighly symmetric, threelimensionalextended
architecturesWith that in mind, thes two building blocks were subsequently allowed to react
with various halide salts, anét was found that e reactions betweehsTEPM and
tetraphenylphosphonium halides readjlield four-fold interpenetrateddiamondoid networks
sustained by QE X' (X' = chloride, bromide, iodide)alogerbondinginteractionsThe halide
anionsexhibit mutualinduced fitting of their coordination aratt as fouconnectingetrahedral
nodes, while the tetraphenylphosphonium cations render essential templabimgatidn and

structural support.
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Chapterl-Intorduct i on

This section is devoted totroducingthe key goals ofmy PhDresearch For the sake of
comprehensiveness, a brief discussion on supramolecular chemistry and crystal engineering is also
givenasthe researcdescribed hereirs mainly foundeduponthe concepts ahese twdields.

1.1 Supramolecular chemistry

The chemistry of the covalent bgrad simplymolecular chemistry, is a powerful discipline
for synthesimg moleculesby makingandbreaking covalent bondss well as for establishing a
conrection between molecular structure and reactivitiias long been the practice of chemists
and at the heart of many significant advanteghis context, the seminal work @¥ohler (the
synthesis of urem 1828 can serve as a reference pditince thenthe synthetic chemist has
gained considerable control over the covalent bover more than 20 years of researcls
exemplified by the original synthesis of vitamin2B it is now possible to make compounds of
previously ummagired complexitythanks to theendless number of tools (different reactions
specific catalysts and reagentgrotection/deprotection protocolgurification techniques,
characterization techniquestc) that can be explored for developing mskgp synthetic routes

AJust as there is a field of molecular <che
of supramolecular chemistry, the chemistry of molecular assemblies and of the intermolecular
bonSw.pramol ecul ar chemistry was defined by Le
introducesec al | ed s u pQrigimalty teenediibeznsokzkiilé to describe carboxylic
acid dimers, supermolecules (or supmolecules) are motellar aggregates held together by
diverse types of nenovalent linkages such as hydrogsands (HBs), halogebonds (XBs),
el ectrostatic/-Cousltamlkii o g éta Moteeiaraecdgnitomis a key

aspectof supramolecular chemistry wita focus on size, shape, and complementarity match



between the two components (host and guest) of a molecular associatianEeeenthough
covalent modificatioa of molecules can be performed using stgpstep reactionsn which
intermediate products agenerallyisolated and purified at each stequpramolecular synthesis

has to be carried out onepot mannefFigurel.1).

Molecular synthesis N
0 oo” O %o”
O O — 00 —
/
Supramolecular synthesis \

o c 2, \O C/
7, | 7,
_— 7, ) 7,

%o0” )

Figure 1.1 Covalent synthesigersussupramolecular synthesis.

1.2 Crystal engineering

The idea of making crystale solidsby designor with a purposewvas proposed by
Pepinskysome 60years agpwhere he used therm ficrystal engineeriiy f or t h% fir s
Roughly two decades lat&8chmidtbrought it backo his workconcerning te photo-dimerization
in the soid state’ However as a focusedndreadily identifiable research areaystal engineering
began to flourish only in 199@s

Desirajudefinedcrystal engineeringsthef under st andi ng of i nter m
in the context of crystal packing and the utilization of such understanding in the design of new
solids with desired pRwheraDalitzrecogdizedshceystai dsea | pr o

fisupermoleculepar excellenc&!® These notionsemphasizethat crystal engineerindas close



links to conceptsand principlesieveloped in supramolecular chemistiry fact, theyoften share
a common scientific language and a unifying perceptiorgngstal engineerings better to be
treated as a subdivision of supramolecular chemi§thg successwe see today in crystal
engineeringcanbe credited taremendous improvements in our understanding of molecular self
assembly in the solid statnd of hav supramolecular interactions, such as hydrogen and halogen
bonds, steer such proces$edloreover, thesophisticated and reliablanalytical tools fast
screening methodas well ascomputational and knowleddesed predictive methodsave
accelerated its evolution
1.2.1Competition among supramolecular synthons

Any crystal engineering attempt can be divided into three phases; design, constvigction (
a bottomup approach) and utilization of crystalline matertdl#A\s mentioned before, such
synthess need to be carried out in opet manner and are mediated by irdmly dynamic
supramolecular forces. Hendtle succesgli{etarget having the desired connectivity, composition
and properties) heavily depends on the quality of the designing'steyake lifeeasierfor crystal
engineersDesirajuformulated the conceépf supramolecular synthonsith which designing
becomedgess difficult Supramolecular synthorsseii st r uct ur al uni ts within
can be formed and/or assembled by known or conceivable synthetic operations involving
intermolecular interat i &°n s 0

When two confronting multifunctional supramolecular reactants do not have enough
complementary binding sit€a mismatch in acceptor/donor ratio) or multipienthors strive for
dominarceover one another, thestart competing with each other. It can lead to the downfall of
the synthetic attempt and take us away from our intended target ass@ublyo variable

connectivities and stoichiometriesiet outcome becomes less predictable.render structural



insulaion andguarantee the exclusive appearance of a certain synthon (or a set of synthons) from
a common pooglwhile masking all undesired onesne shouldrely on empirical knowledge
(robustness, reproducibility, transferability and relative strepgthsnvolving synthons Co-
crystals {.e. multi-componentmolecularcrystals Figure 1.2)'# are ideal for studyigp synthon
competitionandfor gathemg necessargmpirical knowledgéecause, by spreading functional

groups over multiple moleculesteric influences can be minimizé&d.

S

, Re-crystallization ' ‘ Co-crystallization .,
< - ' > I

o S N

Figure 1.2 Schematic showmpthe formation of carystals.

Let 6s consi de r-crysahlizationmexpelimera finyolving ca heteroditopic
acceptor X, and a homoditopic donoy,. Three different ways (among other possibilities) they
can associate are shownhigure 1.3 If the desired product ian X2Y-I trimer comprised of
A1E D interactions, any other synthon crossover events (in this case, the formatiok Bf A2
interactions) need to be circumvented. This can be achieved by estabdishéangrchy, that is,
designingX in such a way that Al is significantly stronger than K2ot, the occurrence of
undesired synthons may not be completslyppressedand the desired product will be
contaminated with byroducts such aX2Y-ll and XY. Such events not only reduce the

supramolecular yield of the expected product but ptsse dficulties in obtaining phaseure



material.In a worstcase scenario, when the competitiveness is really high, the synthesis may

become completely ineffective or even counterproductive.

X,

a2
oG-

Xy

Figure 1.3 Synthan competition can lead to multiple products.

1.2.2Coordination-driven supramolecular assemblies

Supramolecular interactions in crystal engineeniegd not necessarily be noavalent in
nature. Technicallyany kind of linkage which is sufficientlseversible(e.g.dynamic covalent
bonds, coordinateovalent bonds) can be employed to engineer molecules in solidRguiee
1.4).1% Indeed coordinationdriven supramolecular assemblasstitute by far the largest skof
engineered crystal structurasdarearguably one of the fastest growing areas in chemibhgse
hybrid materialsmade up of organic ligands and metal ions/clustarsoften endowed with
remarkable optical, magnetic, catalytic, adsorption dedt®chemical properties that can be
exploited in variousealworld applications.

There are two broastructuralclasses of metadrganic architectures; finite and infinté.
Finite ones araliscrete andcan be thought of as zedimensional molecular species (such as
mononuclear complexes, acyclic dimers, rhombdidsngles, squares, capsules, helices, cages,
and other oligomeric structures). Infinite architectures, on the other hand, are coordination
compounds of metal ions (or clusters) and organic ligands/linkers that extend infinitely into one,

two or three dimesions through repeating coordination entities with more or less covalent, metal



ligand bonding. They are commonly known as coordination polymers (or coordination networks

when extending in two or three dimensiotfs).

B-0
e
C=N
non-metal to non-metal bonds )
covalent organic frameworks

M-O M2 M
9 e

metal-organic frameworks

=N )

metal to neutral Lewis base bonds L
metal-bipyridine frameworks

O\
H,
. _.\H
5 OSh ice
— %
van der Waals forces  0=C~ dry ice
0.1 1 10 100 200 300 400 500 600 700 800 900 1000

Bond energy between molecular building blocks (kJ mol')

Figure 1.4 Bond types used in crystal engineering and their enefailegpted from refl6).

The rapid transition from molecular to periodical coordination chemisirg. from
coordinationcomplexesto coordination polymersgtartedin the 1990sthrough thepioneering
work of Hoskins and Robsol¥2%21Theyproposed thafia new and potentially extensive class of
scaffoldinglike materials may be afforded bipking together centers with either a tetrahedral or
an octahedral array of valences by-ti@ connecting unigt*andby ext rapol ati ng We
on inorganic network structurésputlined a nebased approach for the ratiomainstructionof
coordination polymersTherin od e and Ipiincigledas besrprentarkablg successful
at producingsuch extendethetatorganic architectures with high degree of precisfon.

Metalorganic frameworks (MOFs) represent a special family of coordination rietwor

which are crystalline, highly porous, lesensity solids with large surface area, yet are inherently



robust and rigid (Figuré.5).2 With high levels of architectural stability and permanent porosity
(large vod space or free volume in the lattié&grisingfrom the high strengths of met#gjand
coordinative bonds and the rigidity and directionality of inorganic joints/nodes and organic struts,

MOFs have a range of potential applications in sensing, separation, catalysis, trappageg, st

delivery,etc?®

p
77 06 e —
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Figure 1.5 Schematic representation of MOF construction.

1.2.3Porous molecular materials

Most naturale.g.zeoliteg andsynthetic €.g.metalorganic frameworkscovalentorganic
framework$ materials that show permanent porosity consist of network strudnspsed by the
impressive properties suchframeworkmaterals, the preparation of nenetworkor molecular
porousmaterialsy MPMs) has becom@an emerging area of interest.

According to the pnciple ofclosepacking put forward byKitaigorodskiiin mid-1940s2°
molecules in crystals tend tlmvetail and pachs tightly as possiblén other wads, wid space in
crystals is always unfavoraéThus, the construction of porous materials from discrete organic
moleculesdemands somspecial tactic®2°*°For example, when the molecules have awkward
shapes and/or are grafted with bulky grqupsy may no longdrave the ability to be drawn closer

to each other, leading to-salled extrinsic porous materigfsAlternatively, molecules can be



designed in such a way that they contaternal cavitiesTheycanretain their inherent molecular
porosity even after clogeacking andafford so-called intrinsic porous materiaf® These two

strategies ar#glustratedin Figurel.6.

_j_x - ad Elo
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porous clathrate permanent porous crystal

B‘ . I_
denser packing densest packing
- permanent porous

Figure 1.6 Possible pathways to MPMs; (left) extrinsic and (right) irsicrporcities (adapted
from ref.28).

Since MPMs are held together byak interactionstheyare not asrigid and robust as
MOFs and COFsln most cases, attempts of activation (removal of entrapped guest molecules)
result in structural disintegratiohlence, the real challendjes in attaining permanently porous
molecular materialthat can behave analogously to framewiye solidgFigure 1.7)
1.2.4Beauty of the iodoethynyl group

When iodine is directly bonded to ap-hybridized carbon, iis strongly polarize,
resulting ina n i n thaertsthe tiplalong the i@ bond axis®! The iodoethynyl functionality
i s, therefore, aholp iaterdctonsthalogem hahding).drt fact, dorapiexation
ability between iodoalkynes and various Lewis basic species date back to early 20th century even
though the interactions governing the formation of those complexes were not explicitly identified

as halogen bond$.The first structural analyses of such changasfer (CT) or electron donor



acceptor (EDA) adducts formed by diiodoacetylene, one of the simplest members in this family,
with 1,4dioxane, 1,4-dithiane, 1,4diselenane and lg@yclohexanedionavere conducted in

1960s3 In the same era, the structuretioé 1-iodo-2-phenylacetylene/morpholine complex was

also reported?

Figure 1.7 Molecules that exhibit permanent porogagapted from ref30).

Counting on theexcellenthalogerbonding capability ofiodoalkynes there have been
numerous breakthrouglin the field of crystal engineerin@oroff and ceworkers for example,
came up with @lever idea foprepaing poly(diiododiacetylene) or PIDA The polymerization
of diiododiacetyleneequires selective 1,dddition that can only be achieved in the solid state

adequate amount of topochemical control. In other words, the relative orientation and spacing of



the diacetylene monomers need to be engineered within the crystalline solid so as to impose that
essatial regioselectivity. By carystallizing diiododiacetylene with carefully selected
host/template  molecules e.§. bis(pyridylmethyl)ureas, bis(pyridylmethyl)oxalamides,
bis(cyanoalkyl)oxalamides), thesuccessfullysynthesizd PIDA, even in a topotactimmanner

without any phase change (Figur®).

I | |
Y //x,//___,_,';\'ﬁ\';
oy W H A

|=-------2-- ==

Diiododiacetylene Poly(diiododiacetylene)

Figure 1.8 Topochemical polymerization ofliiododiacetylenetemplated by N,N-bis(3
pyridylmethyl)oxalamide

Because of the structural rigidity, spagfficiency, negligible steric hindran¢eand core
expanding abilitythe iodoethynyl uniis well-suited fordevisng molecular building blocks/hich
are capable ofthe modular construction ofvarious discrete and polymeric supramolecular

assemblied-or exampleit has recently been shown tHia8-diiodoethynylanthraceneontaining

10



two parallellyarranged iodoethynyl moietiegives rise tarectangulaishaped assembsievhen

co-crystallized with linear ditopic XB acceptors (Figuré).3®
> <
+ R R —
> <
+ N : / \_/N :> W
N/

Figure 1.9 Formation of XBdriven molecular rectangles.

1.3 Concise summary ofgoals

Synthon competition is an inescapable part when dealing with multifunctional supramolecular
reagents,For the purpose of studying competition and selectivity of diverse supramolecular
synthons as well as of devising strategies to minimize synthon crossover possihigiesrried

out hydrogenand halogetbonddriven cocrystallizations with custordesigred multifunctional

probe molecule¥’ We also wanted to demonstrate thatectrostatic potentials calculated on
molecular surfaces can reliably be useda simple toolo rank different synthons and predict

primary supramolecular interactions in the solid sfate€hapter 2

Because of the dominanad carboxylate andN-donor heterocyclic ligands the realm of

coordination polymerother classes of ligands remain largely undevelopaediacetylacetonate is

one of them The synthetic feasibility of a series of hetefunctional ligands featuring the

11



acetylacetonate moiety and either a pyridyl or thiophenyl moiagstudied.Their suitability for

preparing MOFs and other metallapramolecular assembliesisalsoexplored3 Chapter 3

Molecular tectons capable of forming strong hydrogen bond interactions have successfully been

employed in making molecular porous materials. However, molecular tectonics based on halogen

bonding is still in its infancyWe grafted rigid tetraddral core units withodoethynyl arrs to

investigatethe powerof those recognition sites in the context of salidte packingnd extrinsic

porosity With the intention of obtaining multomponent porous solidshdir ability to ce

crystallize with appopriate ceformers was also examinegl. Chapter 4

Another effort was aimed at constructing mdtae MOFlike architecturesvia XB-directed

modular assembBf By reacing the sameXB-donating tetrahedraéctons discussed in Chapter 4

with various halide saltsour primary objective vas to constructdiamondoid networkswvith

chargeinverted coordination chemistrjdditionally, the mutualinduced fitting ability of halide

anonsand thestructuredirecting ability of countecations were €tablisted.3 Chapter 5
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Chapter2-Compet i tion and selectivity

2.1 Introduction

Owing to the inherently dynamic nature of neovalent bonds,the construction of
supermolecules with specific architectures ametrics is a very demanding taskWhen the
individual molecular entitiesi.e. the reactants in any supramolecular synthesis) are relatively
simple, the details of their assembly caften be estimated by relying on the concept of
supramolecular synthodsHowever, in the presence of a range of cleamiunctionalities, it is
far moredifficult to redize a desired supramolecular product as a ressigmthon crossovéand
synthon polymorphisfarisingfrom the structural interference acdmpetition among binding
sites. In other wordsy norcovalent reaction witmore intricate moleculasuilding blocksoften
leads to variable connectivities anchexpected structural outconfes

The lack of control overhe resulting supramatalar associatisscan be avoided (or at
least minimized) by careful choice @fr e a cirt sach & ve&agthat only neinterfering molecular
recognition events are present/likely to occur within the sygstmctural insulation) This type
of rational design and synthesis, in turn, necessitatd®r@ughunderstanding of different
synthons and their robustness, reprdlility, transferabilityand relative strength$t has been
showr#9%that ranking of synthons based on hydrehends HBs) and halogerbonds KBs)
canreadilybeachievedy calculating electrostatic potential values of available dand acceptor
moieties, asthesenon-covalent attractivdorces comprise a substantial electrost@ieilombic
component! Then, by following the best doridsest acceptor ruland a few other empirical
guidelinest? one can cay out a supramolecular synthesisa more logical mannefhe existence

of these straightforward and reliable guidelines, coupled with their strength and directionality,
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makes HBs and XBs common synthetic tools utilizeithin the realms of supramolecular
chemistry and crystal engineerit.

Molecular tectons aimed at hydrogemd halogefbonding interactions typically contain
aromaticN-heterocycles such as pyridine, pyrimidiimaidazole, pyrazole, triazoletc. Another
intriguing member of this family is 2;Biimidazole (Rbiim) which has attracteshuchinterest
bothin the metallesupramolecular areffeand inorganic salts and eorystals®® In contrastN,N*-
disubstituted Hbiim derivatives have also been explored with respect to their -etihg
ability,'® but have not yet found widespread irs¢he development of pu@rganicassemblis.
We recently studied a set of isomaxidN-bis(pyridylmethyl}2,2-biimidazoles with the interdn
of mapping out their solidtatebinding preference3Even thoughtieyhold two different HB/XB
acceptor sitesmidazoleN and pyridineN, the primary interactions always take plac& the
latter, the best acceptor aankedby calculatednolecular electrostatic petials These dipicolyl
biimidazoles were previously found to be effective in stabilizingvolatile liquid

iodoperfluoroalkanes by means of Xfrected cecrystallization/solvate formatioH.

S 0 S0 S
) ) )t
H\N Ny H\N Ny H\N A\

\=/" a1 =/ A2 \~/" A3

Figure 2.1 N-(pyridinylmethyl}2,2-biimidazole compunds used in this study

As a continuation of oueffort to identify and develop more reliable supramolecular
strategies based upon robust and transfestithon hierarchies, we herein report the synthesis
and systematistructural investigation of marpicolyl biimidazoles 1-(pyridin-2-ylmethyl)-2,2-

biimidazole Al, 1-(pyridin-3-ylmethyl)-2,2-biimidazole A2, and X(pyridin-4-ylmethyl)-2,2~
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biimidazole A3 (Figure2.1). Only four N-monosubstituted #biim compounds, namely-thethyt
2,2 biimidazole  1-butyl-2,2'biimidazole  1-(hydroxyethyl}2,2 biimidazole and &
(carboxymethyB2,2-biimidazole, have been crystallographically characterized to.'8l&the
paucity of structural data is likely due to considégatynthetic difficultiesencounered during
their preparation sincelbiim usually prefers symmetric -dubstitutioneven under carefully

controlled reaction conditions.
Fil FiF FiF

HO o]
F F F F I |

r i F HO_ _O
XBD1 XBD2 XBD3 oo o

HO_ _O
HO_ _O ”0\50\
é 0% “oH 0% “oH 0% NoH 0% NoH 07 NoH
HBD1 HBD2 HBD3 HBD4 HBD5 HBD6

Figure 2.2 Halogen and hydrogefbond donors used in this study

In order to map out the structural landscape ardAtidA3, as well as teestablishtheir
intermolecular binding preferences, we emplogedrystallization experiments with a collection
of halbgerr and hydrogetbond donors (three perfluoroiodobenzenes and six carboxylic acids,
Figure2.2). In addition, we wanted to establishaifiy potential selectivity, with respect to the
competing HB and XB acceptor sitesAhi A3, could be rationalized itihe context of calculated
molecular electrostatic potential surfaces, MEPS.

We specifically selected these singllened Hbiim species as probe molecules because,

being asymmetric, they provide three different sites (one pyridirend two inequivalent
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imidazoleNs) for accepting HBs and/or XBs (Figure 2.3a). Moreover, as oppos&gNte
disubstituted analogs, the mesobstitution offers an added level of complexity since each
acceptor molecule carries an HB donatirigHNunctionality on the unsubstitutéehidazole ring.

This means thali A3 are capable of forming setbmplementary NH---N/N---Hi N hydrogen

bonding motifs that would mimic the hydrogbondingR?:(10) network in the parent JHiim

itself.*® As illustrated in Figure 2.3b, if this twmoint homomeric interaction is dominant, it leaves

only two sites available for additional interactions with any givefiocmer. Carboxylic acids,

however, may disrupt this homomolecular recognition event; there is an electrostatic and
geometric fit between thieCOOH group and the #iim binding pocket so they can, in principle,

partake in the formation oR?(9) heterosynthongomposed of NHL L L O8C ai®d NLLL

hydrogen bonds, Figure 2.3t.

(a) (b) A 2 (c)
NN =\ .~
e ol b O L7
N 7N z H j\
7 "N z

N N

_H =/ X //< N
=N />N _ |
\/I/\Q N\?’ R L \/I A

Figure 2.3 a) Potential binding sites iA1 and its isomerdp) hydrogerbonded homosyntho)
hydrogenrbonded heterosynthon

2.2 Experimental

2.2.1Materials and methods

All reagents, solventsprecursors (ammonium chloride, glyoxdD% w/w aqueous
solution picolyl chloride hydrochlorids), hydroge#ibond donorsHiBD1i HBD6) ard halogen
bond donorsXBD1i XBD3) were purchased from commercial sources, and were used as received

without further purificationNuclear magnetic resonanggectra \ere recorded on a Varian Unity
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Plus (400 MH2 NMR spectrometer using residual solvent sigas a referencé Nicolet 380
FT-IR instrument was used for the infearspectroscopic analysiEhe generakynthetic protocol

usedfor thepreparation othree acceptor moleculesdisplayed irFigure2.4.

=

o N
H . Debus-Radziszewski NNy
3 H + 4| NHg'CI > H
imidazole synthesis SN

N

—

glyoxal ammonium chloride 2,2'-biimidazole

1) sodium hydroxide

2) picolyl chloride

- |

™\
\Wi

N/ﬁ[ N

SN
P oo
Aoy j\N N

N

—

\Wi
7N

—

monosubstituted symmetrically disubstituted
desired product side-product

Figure 2.4 Common synthetic route #®11 A3

2.2.2Synthesis of 2,2biimidazole (H2biim)

A modified version of DebuRadziszewski imidazole synthesis was empldyetio a
slurry of ammonium chdride @5 g, 0.65 mol, 2.5 equiv.) in 38L of disilled water maintained
at 40 50°C, glyoxal 40% solution30 mL, 0.26 mol, 1 equiywas slowly added over a 3finute
period while vigorously stirring the mixtureThe resultingyellow solution was stirie for an
additional 12 hours at room temperature, and then neutralized with a sghotatsium carbonate
solution toprecipitate a brown solid. It was collected by filtration andissolved in a minimum
amount of 1 Mhydrochloric acid. The resultingark red solution was heated to boiling, treated

with decolorizing charcoaland filtered. The filtrate waseutralized again with a saturated
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potasium carbonate solutiomvhich afforded a tan colored solid. This solid wasceystallized
from ethylene glgol, washed with acetone and dried at@&®or 5 hours to obtain 2:Biimidazole
as a off-white, needleshapecrystalline materialYield: 3.37 g (296). Mp: > 300°C. *H NMR
(400 MHz,DMSO-d 6 )(ppri):12.65(s, br, 2H), 7.13 (s, 2H), 6.99s, 2H).23C NMR (100MHz,
DMSO-d 6 )(pprii):139.32, 128.26117.38
2.2.3Synthesis of (chloromethyl)pyridines’ general procedure

Picolyl chloride hydrochlorides[i.e. (chloromethyl)pyridine hydrochloridesjvere
neutralized, immediately before their use,gmtassium carbwate inan aqueous mediunio a
solution of pcolyl chloride hydrochlorid€1.3532 g, 8.25 mmol) in 15 mL of distilled water was
added potassium carbonate (1.1402 g, 8.25 mmol) and was stirred until the gas
evolution/effervescence ceased. Then, it wasaeted into dichloromethane €315 mL). The
combined organic layers were washed with 15 mL of saturated sodium chloride, dried over
anhydrous magnesium sulfate, and concentrated by rotary evaporation. In this way, all three
compoundsvere obtained in quaitdtive yields as pale yellow, oily liquids
2-(Chloromethyl)pyridine . *H NMR (400 MHz, CDCls)  (ppm): 8.56 (d, 1H), 7.70 (td, 1H),
7.44 (d, 1H), 7.22 (dd, 1H), 4.66 (s, 2H).
3-(Chloromethyl)pyridine . *H NMR (400 MHz, CDCl) (ppm): 8.53 (d, 1H), 8.47 @ 1H),
7.63 (dt, 1H), 7.20 (dd, 1H), 4.49 (s, 2H).
4-(Chloromethyl)pyridine . *H NMR (400 MHz,CDCl) (pjpm):8.60 (d, 2H), 7.30 (d, 2H), 4.53
(s, 2H).
2.2.4Synthesis of 3(pyridin -2-ylmethyl)-2,2-biimidazole, A1

To a suspension of 2;8limidazole .0060 g,7.5 mmol, 1 equiv.) in 28L of absolute

ethanol was added grod sodium hydroxide (0.3000 g, 7.5 mmol, 1 equiv.), aad stirred at
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room temperature for 1 hour. With vigorous stirrjrigy(chloromethyl)pyridine(0.9568 g, 7.5
mmol, 1 equiv)in 10 mL ofabsolute ethanol was added dropwise into the above red/pink solution
and the temperature was increased t6@BbAfter 5hours, the reactiowas quenched by adding
50 mL of satuated ammonium chloride solution. The resultant heterogeneous mixture was
subsguentlyfiltered,and the filtrate was extracted with dichloromethare 28 mL). The residue
was also washed with dichloromethanex(20 mL) via multiple dispersion/filtration cycles
[approximately 0.4 g (40%) of unreactbdmidazolecould be recoveredollectively from the
residue and the aqueous phase]. The organic fraciiensoth extracts and washings, were
combined, washed with distilled water %220 mL) followed by saturated sodium chlorid20(
mL), and dried over anhydrous magnesium sulfelbe removal of solvernih vacuoresulted in a
brownish orange crude product. It was further purified by column chromatography on silica gel
[unreacted picolyl chloride, monosubstituted desired product and symmetrically disubstituted by
product were elutedith hexane/ethyl acetate (1:1), ethyl acetate and ethyl acetate/methanol (9:1)
solvent systems, respectively] to yididpyridin-2-ylmethyl)-2,2-biimidazoleas a yellow solid.
Crystals suitable for singlerystal X-ray diffraction were grown from ethycetateYield: 270 mg
(16%). Mp: 156 158°C. 'H NMR (400 MHz,CDCl) (gpm): 13.53 (s, br, 1H), 8.58 (d, 1H),
7.61 (td, 1H), 7.30 (d, 1H), 7.20 (dd, 1H), 7.12 (s, 2H), 7.10 (s, 2H), 6.10 (SZHYMR (100
MHz, CDCk) (ppm):157.02, 149.65, 139.4339.19, 137.24, 129.44, 128.02, 123.00, 122.68,
122.14, 117.52, 52.70.
2.2.5Synthesis of (pyridin -3-ylmethyl)-2,2'-biimidazole, A2

A2 was obtained as an effhite solid by following the same procedure stated above for
Al, but using chloromethyl)pyridineCrystals suitable for singlerystal Xray diffraction were

grown from ethyl acetat&’ield: 186 mg (11%). Mp: 11i7119°C. 'H NMR (400 MHz,CDClL) U
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(ppm): 13.14 (s, br, 1H), 8.63 (d, 1H), 8.54 (dd, 1H), 7.65 (dt, 1H), 7.24 (dd, 1H), 7.16 (s, 1H),
7.11 (d, 1H), 7.09 (s, 1H), 6.95 (d, 1H), 6.01 (s,.28) NMR (100MHz, CDCl) (ppm):149.67,
149.52, 139.32, 139.22, 135.84, 133.02, 129.54, 1282892, 121.45, 117.53, 48.59.
2.2.6Synthesis of 3(pyridin -4-ylmethyl)-2,2"-biimidazole, A3

A3 was obtained as aljowish orange solid by following the same procedure stated above
for Al, but using 4(chloromethyl)pyridine. @/stals suitable for singlerystal X-ray diffraction
were grown from ethyl acetat¥ield: 253 mg (15%). Mp: 155157 °C *H NMR (400 MHz,
CDClk) (ppm):13.29 (s, br, 1H), 8.55 (d, 2H), 7.15 (s, 1H), 7.13 (s, 1H), 7.12 (d, 2H), 7.11 (s,
1H), 6.96 (s, 1H), 6.03 (s, 2H¥C NMR (100 MHz, CDCl) (ppm): 150.42, 146.32, 139.41,
139.01, 129.63, 128.39, 122.32, 121.79, 117.65, 50.02.
2.2.7 Synthesis ofco-crystals

Unless otherwise noted, all crystal growth experiments were carried/i@uslow
evaporation of methanolic solutions, thereby effectively circumventing any sclekné bias
across the series. In a typicalexystallization attempt, a 10 mg.(@4 mmol) portion of acceptor
and an equimolar amount of donor were transferred intedear2 glass vial, and were fully
dissolved in a minimal amount (usualy® mL) of methanol. The partialifghtened/covered vial
was then left undisturbed at ambieonditions to allow the solvent to evaporate slowly. Fourteen
donoii acceptor combinations (out of 27) produced crystals suitable for singial Xray
diffraction.
2.2.8X-ray crystallography

After performing preliminary IR analysis, crystals were subjeabesiriglecrystal Xray
diffraction. Relevant experimental details can be foundppendixA. All structural images were

generated using Mercufy.
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2.2.9Electrostatic potential alculations

In order b compute mlecular electrostatic potentialsof 1-(pyridinylmethyl)-2,2-
biimidazoks @Ali A3), ther geometies were optimizedt thehybrid functional B3LYP/631G(d)
level of theory using Sparta? The visualization of MEP was subsequently attained through
mapping its values, determined wahpositive point charge in the vacuum as a praloethe
molecular surface defined by an outer contour of 0.002 au@kcdensity. The numbers, now
termed surface potentials, indicate the Coulombic interaction energies (expredskEohot)

between the probe and this isodensity surface at different points.

2.3 Results and discussion

As previously statecelectrostatic partials computed on molecular surfaces allow the
identification and ranking of hydrogeand haloge+bonding sites; locally most positive surface
potentials correspond to electron deficient zones and represent possible Wmnodetonating
sites whereasstrongly negative valug reflect regions of higher electron densities indicate
hydrogerbond accepting sité§ When there are multiple sites, their magnitudes simply rank
them.The calculated moleculaelectrostatic potdral surfacefMEPS)of Ali A3 are shown in
Figure 2.5Thar local minima and maxima.€. Vmin andVmax) are given in Tabl@.1.

The position of the nitrogen atom on the pyridine ring exerts a significant effect upon its
own potential as well as on those of the acceptor sites of biimidazole. The relative soétigths
acceptor sites vary in the order of pyridiNe(Npy) > substituted imidazoi® (Nim1) >
unsubstituted imidazolll (Nim2) except forAl, in which the best acceptor asécondbest
acceptor are reversed. As expected, the imidadylgroup of unsuliguted ring (.e. HNim2)

holds the highest surface potential in all three compounds.
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Al

Figure 2.5 Molecular electrostatic maps thfethree acceptamolecules

Altogether, 17 new structures were analyzethia study. Detailed crystallographic data
have been included iAppendix A, and deposited with th€ambrdge Crystallographic Data
Centre(CCDC 1533284 1533300. The geometries of HBs and XBs of all the structures are

summarized in Tabl€1and TableC2, respectively.

Table 2.1 Local minima and maxima (given in kJ/mol) in calculaké8PSof A1 A3.

Molecule Vin (Npy) Vmin (Nimz) Vin (Nim2) Vimax (HNim2)
Al 1154 1163 1138 +198
A2 1187 T151 1134 +210
A3 1193 1149 1135 +211

The crystal structures of the acceptor molecules themselves offer some indications about
the preferred mode of intermolecular interactions that may subsequently affect how they-act in co
crystals. BothA1 andA2 form dimers through homosynthons composed of pailg.af - - Hi Nim2
hydrogen bonds (Figur@.6). In Al, adjacent dimers are interconnected into a polymeric
architecture with the aid dfpy---Hi Cim1 secondary interactions. Somewtsatrprisingly, the
pyridinyl-N of A2, however, does not play any significant role in the strualirexting process.

In contrast,A3 exhibits an entirely distinct arrangement. Instead of a homosynthon, it displays

Npy---Hi Nim2 single-point interactions, gnerating a chathke assembly (Figur®.6, bottom).
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Thus,Al andA3 are in agreementwithaMBPa s ed i nteraction hiiferarch)
best acceptor rule whild2 is not. This shows the structural bias A2 towards the self
complementary NH---N/N---Hi N synthon formation irrespective of the fact that there is a

better/stronger acceptor site elsewhere in the molecule.

A1

—

~
%
2;%2—( s
=

Figure 2.6 Structures oA1, A2 andA3.

In order to get more insight intbe supramolecular attributes of pure ligamis, A3, and
to rationalize their observed primary interaction patterns in-stdité, it is helpful to consider
synergistic effects of both thermodynamic and kinetic factosman be readily argued that once
the firstNim1---HT Nim2 hydrogenbond is made, the second bamlgich is required to complete the
R5(10) homosynthon, will form rapidly due to the close proximity and favorable orientation of the
adjacent molecules. hE presence of ahpy---Hi Nim2 hydrogen bond will not impart any

supramol eacuwlaari zéGaprieo n 6 foimatibn otasecontl suchinteracticentnd t h e
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consequently, the twpoint homosynthon will always be kinetically favoré&h the other hand,
the thermodynamic bond strengthncbe approximated by evaluating the combined electrostatic
potentials (which is directly correlatedttvthe Coulombic contributiorgf the participating donor

and acceptor sitgg able2.2).

Table 2.2 Evaluation of thermodynamic contribution for hydrogeonding inAL1i A3.

Vma{ d 0 n ¥nin(acceptor) in kd/mol
Molecule Observedutcome
for Nimz---HT Nim2 for Npy---HT Nim2
Al 361 352 Homosynthon
A2 361 397 Homosynthon
A3 360 404 Heterosynthon

The everal outcome oftte supramolecular assembiyil thereforebe the result of a
balance between kinetic and thermodynangiontributions In Al, both kinetic and
thermodynamic factors support the homosynthon formation which is exaletly is observed
experinentally. In bothA2 and A3, kinetic considerations favor th@omosynthon, whereas
approximated hydrogebond strengthsare in favor of the heterosynthon The additional
thermodynamic stability displayed by tNgy---Hi Nim2 bond inA3 (compared with thah A2) is
seemingly enough to overcome the kinetic influesuog the result iasinglepoint heterosynthon
in A3 andatwo-pointhomosynthon irA2.

A2 andXBD3 co-crystallize in a 1:1 stoichiometric ratio. The cyclic arrays @fiN-Hi
Nim2 hydrogen bonsl, i.e. R%(10) ring motifs, and I---, halogen bonds result in tetrameric
aggregates (Figure 2.7, top). The structurdXBD1 shows a 2:1 stoichiometry, but the primary

intermolecular linkages are identical to those foundanXBD3 (Figure 2.7, bottm).
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A3 : XBD1

Figure 2.7 Tetramers 0A2:XBD3 andA3:XBD1.

With XBD2, a linear ditopic XB donor, all three acceptor molecules give rise to infinite
onedimensional architectures (Figur2.8). They all are 2:1 carystals driven by self
complementaryNi H---N/N---Hi N hydrogerbonded homosynthons among biimidazole units,
and }--N halogen bonds betweetBD2 molecules and pyridine units. Note th&®:XBD?2 is
actually a cecrystal solvatethe crystal lattice contains ti@nol molecules thalisrupt half othe
intended I---Nyinteractions bynserting themselves betwe¥BD2 donormolecules anddjacent
4-pyridyl moieties (Figure.8, bottom).

The crystal structure determinations®@:HBD1 andA3:HBD1 reveal a 1:1 stchiometry
in both cases, and the primary supramolecular motif in each structure is a tetramer built around a
central N H---N/N---Hi N hydrogerbonded homosynthon combined with two symmeétated
Oi H---Npyinteractions that attach two benzoic acid molesutethis core on either side (Figure
2.9).

In each of the crystal structuresA2:HBD3, A2:HBD5 andA1:HBD6, the acceptor and
the ceformer (.e.aliphatic dicarboxylic acid) have combined in a 2:1 stoichiometric ratio to afford

supramolecular polymerichains, similar to what was observed in ¥D2-based cecrystals
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(Figure 2.10). Again, the twpoint Nmz---Hi Nim2 and singlepoint Noy---Hi O(acid) hydrogen
bond interactions serve to create these infinizdrchitectures of alternating building blocks
can be seen, diacids assume their fallyended (attrans) conformation irrespective of the length

of the carbon backbone.

2O

A1: XBD2

A3 : XBD2

Figure 2.8 Chains ofA1:XBD2, A2:XBD2 andA3:XBD2.

A3 tends to yield 1:1 ibary solids with aliphatic diacids, contrary &4 and A2. The
singlepoint O H---Npyinteractionsan®( 9) het er osynt horNganh@osed o
H---Nim1 interactions are responsible for their assembly into infinite chains (Figure 2.11). Diacid
molecules in both structures, succinic acid and adipic acid, exhibit somewhat distorted/folded
conformatiors and place their two terminal carboxyl functions in mutsal orientation, so the

resulting chains are zgag in shape.
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A3 : HBD1

Figure 2.9 Tetramers oA2:HBD1 andA3:HBD1.

It is not completely clear as to w3 deviates from the supramolecular behawvioserved
in the previous five acithased cecrystalsand forms the twqpoint heterosynthortHowever, it
does indicate that the relative influence of the kinetic aomept (which favor& homosynthoh
and the themodynamic effectof Nimi---Hi Nim2 and C3O:--Hi Nim2/Oi H:--Nim1 hydrogen
bonding interactions (whickavorshomosynthosard heterosynthas) respectively)s very finely
balancedFrom a thermodynamic point of view36 s pr ef er ence f actiont h e
can be ascribed to the additional stabilization gained by replacing two relatively weakeHN
Nimz2 bonds with &O---Hi Nim2 and Q H---Nim1 bonds of intermediate strength.

The scenario is quite different withl:HBD4 and A1:HBD2 whereproton transfer has
occurred from the acid to the biimidazole umil:HBD4 is a 1:1 salt composed of meno
protonated A1 (i.e. 1-(pyridin-2-ylmethyl)}-2,2-biimidazolium moneation) and mono
deprotonatedHBD4 (i.e. hydrogen suberate monoanion). The monoaniétB®4 adopts the
gaucheconformation and creates a supramolecular polymeric chain with an arsayi ahti
C © O L i10Lhiirogerbonds (Figure 2.12). The catiomd species attach to this anionic chain

via classical (charge e ut r a | )iNing @O thargetdsisted CO' ---Hi *Nim1 interactions.
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Not surprisingly, the ionic hydrogen bond is markedly shorter thafotimer[O---N separation:
2.5930(18) Aversus2.6980(18) A. The carbonyl oxygen at the deprotonated end of the acid

engages in bifurcated hydrogen bonds.

— “  A2:HBD3

A2 : HBD5

A1: HBD6

Figure 2.10 Chains ofA2:HBD3, A2:HBD5 andA1:XBD6.

Al:HBD2 is also a salt made up of-(ftyridin-2-ylmethyl)-2,2-biimidazolium
monocations and succinate dianions, but the structure is complicated by the fact that an additional
molecule of the neutral acid has been incorporated in the crystal |&iticeq 2.13). This type of
behavior (.e.the ceexistence of fullyionized and neutral forms of the acid) in the solid state is
by no means unusual because the latter can deliver additional donor sites needed for satisfying the
highly-demanding carboxylatdianiong* In bothA1:HBD4 andA1:HBD2, there are not any nen

covalent links stemmed from the pyrielyl
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A3 : HBD3

Figure 2.11 Chains ofA3:HBD2 andA3:HBD3.

Although theformation of salts among biimidazole derivatives and carboxylic acids is
rather common, in our study, it was observed exclusivefylhktontaining systems. This can be
explained on the basis of calculated MEP8&s proton transfer depends directly on the acidity and
basicity of the functional groups involved in hydrogesnding. The protonating site 8l (i.e.
the nitrogen on substituted imidazolexi) possesses the lowest electrostatic potential compared
to that of A2 or A3 (Table 2.1), implying its higher basicity and increased propensity for proton

abstraction. Hencé1-acid combinations appear to produce salts rather thanystals.

oo

Figure 2.12 Structureof A1:HBDA4.
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An examination of the crystal structures of the multicomponent solids in this study clearly
demonstrates that the selfmplementary NH---N/N---H-N homosynthon is the preferred mode
of interaction inAli A3; it occurs in ten out of fourteen s@s. Another important element to
highlight i's that this homodi meri zation even
antiparallel fashion, as suitable attachment points for either hydtmmgyehor halogeitoond based

co-formers.

Figure 2.13 Structure ofA1:HBD?2.

Even though the main focus of this discussion has been on the primary XB and HB
interactions, several weaker secondary interactions suchtas-8, CiH---O and GH---" are
present and contribute to the detailed arrangement/overall packing of molecules within these
structures. For instance, the unsubstituted imidalXol@e. Nim2), the weakest acceptor as
suggested by MEPS that does not participate in any notablealézular norcovalent bonding,

does consistently form an intramolecular HB interaction with one of the methylene protons. In
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fact, such N---Hi C(methylene) contacts (2.28.50 A, 108 128°) exist in all 17 structures, and
may explain why the relative emtation of the picolyl substituent with respect to the biimidazole
moiety is fairly constant (the torsional variance is only aboiitl30despite the fact that the
picolyl group can, in principle, rotate freely). Moreover, in six of seven casegy-arHNO(acid)
hydrogen bond (which essentially drives thecegstal formation) is accompanied by &QG---Hi

Cpy motif which leads to a ceplanar arrangement of the carboxylic functionality and the
heterocycle. The two salt®,1:HBD4 and A1:HBD2, also posses€90:--Hi Cim2 secondary

contacts.

Figure 2.14 Six overlaidA3 molecules, emphasizing its flexibility (hydrogen atoms have been
omitted for clarity)

Finally, it is worth mentioning thahe methylenei(CH2i ) spacer groupetween imidazole
and pyridine@mpartsconsiderabldlexibility to the molecular structures éfli A3. This, in turn,
allows them to adapt dine-tune their conformation according to tgeometricdemands othe
co-formers. Moreover, the binding sites of the central biimidazole moiety are sterically less
hindered than their disubstituted counterpaBsth these properties, semgidity and high
accessibility,are demonstrated in Figu14 featuring six superimposefi3 molecules from

different crystal structures. Note also that two imidazole rings are essentially coplanar in all cases
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even thoughhe integration of ol one picolyl pendant unibtroduceselatively smallbarrier to

ther rotationaround @€ C bond

2.4 Conclusiors

The struatiral landscape arounthree positional isomers of-(pyridylmethyl)2,2*
biimidazole Ali A3) has been mapped out through systematicrgstallizations withselected
hydrogen and h#&ogenbonding coformers in order to explotiee impact of electrostaticsa
geometryon the resultin@rchitecture. The combination aflectrostatic potdrals computed on
molecular surfacesand structural informationfrom singlecrystal Xray diffraction offers
considerable support of the hypothesiatelectrostatics hasdecisive effect on supramolecular
selectivity. However, it is also important to considkctrostatically andeometricly favorable
two-point interactions when assessing stural preferences of these biimidazole derivatiies
addition, the twepoint synthons do offer a kinetic advantage over the sipgiet interactions
when it comes to influencing the final supramolecular architecture.

With halogerbond donors, the solistate supramolecular behaviorAifi A3 is far more
consistent. The same sttural features are olrsed in each of the four X#Based cecrystals that
display the intended chemical composition (the methanol solvate does, unsurprisingly, contain a
slightly alteed assembly pattern). Aditructures are built around the setfmplenentay Ni
H---N/N---Hi N hydrogerbonding motifsthat create biimidazolebiimidazole addust and the
I---N(pyridine) halogen bonds that connect the-ddhating coformeto this core unit, thereby
extending the structure.

Conversely, the products of the cgans betweei\1i A3 and hydrogefbond donors are

highly unpredictable owing to the emergence of a potentially competing, bidentate
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acid---biimidazole heterosynthon. The factors that ultimately determine the choice between
homosynthons and heterosynthaar® closely matched, and there are small thermodynamic
differences between the possible structural outcomes. The occasional proton transfer that
accompany carystallizations involving carboxylic acids and the torsional freedom of aliphatic
diacids add frther complexity. Of the nine structures obtained, five contain the
biimidazole---biimidazole homosynthon, two contain the acid-:--biimidazole heterosynthon and

the remaining two structures are salts.

Consistent with
XB Donors

Figure 2.15 Achieving relability with simultaneous use of HBs and XBs

In short, his study emphasizes the feasibility of concurrent utilization of HBs and XBs for
refining strategies for practical supramolecular synth@Sigure 2.1%. Any interaction bias
incorporated within the system (in this case,-paint versussinglepoint) effectively precludes
synthon crossover possibilities, allowing us to obtain the final supramolecular product with a

significant degree of predictability.
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Chapter3-Het er obi fawreatyilarceaelt onate | i gar

3.1 Introduction

Inorganicorganic hybrid materials arstructurally diverse and functionally versatile. The
design and construction of such materials therefore represent an area of enormous relevance to
fundamental crystal engineering and applied materials science &ilan though their synthesis
is usually a multiparameter process, the nature of the organic linker or the ligand is one of the key
factors that control both the structure and the subsequent properties of the resulting solids. So far,
ligands containig carboxylate moieti€ésand nitrogen heterocycfes(pyridine, imidazole,
pyrazole, triazolegtc) dominate the arena because of the intermediate strength of the coegdinati
bonds that simultaneously impart strength and reversibility to the assembly process. This dynamic
nature is of paramount importance as it allows for the reversal of undesirable molecular recognition
events, thereby facilitating the formation of hightdered as well as of thermodynamically stable
structures. Carboxylate ligands possess several additional features that are responsible for their
success. Being negativetyarged, they can lead to electroneutral assemblies where no potentially
disruptive ounteranions are present. Their cluster chemistry and node types with many metal
ions, which serve as secondary building units (SBUSs) in the formation of network structures, are
well-studied, so building robust networks having predetermined topologidsl Wweuelatively
easier’

Another family of compounds used for metal coordination isdik8toreso r -diketones.

As the name implieshey have theitwo keto functionalities separated by a single carbon atom.
Eve n t h-diketpries umdergo ketenol tautomerism, and exist as a mixture of diketone and
keto-enol forms, they are, by convention, named and reported as dikdtofaes, these tautomers

interconvert so rapidly in such a way that the pair can becttest a single compound in most
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applicationsConjugation and intramolecular hydrogen bonding shift this dynamic equilibrium in
favor of enol form under most conditions. Further, enol form is favored in nonpolar/less polar

solvents whereas keto form predaoates in polar solvents.

H .
o~ o o 0 I
H3C)vLCH3 H,C CH,
Keto-enol t}{vutomerism I

o] 0
Base )_L J|\
> he (|3 CH, =
H -
Resonance-stabilized
[ acac anion
0 o

Figure 3.1 Resonancsstabilization of deprotonated acetylacetone

Deprotonated formo f -diketonesarer e f e r r ediketanaies. e prbsence of two
neighboring carbonyl g r-hgduoges remaval, therebyg ileceasinditiee e a s |
aci di-tiketoned. This enhanced acidity is due to the fact that the resultartednokare
stabilized by delocalization of the negative charge over both carbonyl groups. Fihshows

the resonanestabilization ofthe acetylacetonate or Zpéntadionate anion
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When binding to metal ionb;diketonatesct as bidentate ligands aiwdm stable chelates
having sixmembered heterocyclic ringsThe synergistic effect of resonarsgbilization and
chelation drives the equilibrium towards complex formation. Acetylacetonate (often abbreviated
as acac) is the simplest and one of the most versatile members of this type of ligands. Its
homolepticcomplexes, in most cases, are neutral and possess the fornagadMér M(acags,
where M is usually a di or tri-valenttransitionmetal ion(Figure 3.2) Heteroleptic (mixed

ligand) complexes in whicacaconly partially saturates the metal center, are also common.

Octahedral

Square-planar
bis(acac) complex CH; tris(acac) complex

Figure 3.2 Bis- and trischelatedmetatacac complexatian

Numerous acetylacetone derivativhave been synthesized and studied in the context of
coordination chemistry. Among those, centralbstituted i(e. 3-substituted) acetylacetonates
are much more common and have very similar binding vectors to the analogous carbokgates.
example, centralhpubstituted bisicetylacetonates have been successfully employed in the
assembly ofnumerous discrete, oligomeric structures (acyclic dimers, rhomboids, triangles,
squaresetc). The simplest is derived from tetraacetylethane, in which the two acac fragments are

directly connected to each other at the C3 positioasno spacer§.In other cases, the relative
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orientation of acac moieties, and hence the coordination vectors, have been manipulated by
carefully choosing the spacer and the substitution positiohsetylacetonate ligands are,
however, seldom used in the synthesis of coordination polymers because they are generally
stronger than carboxylate ligands and ofi@gmduce non-crystalline solids. The structural
characterization, which is an essentialrt for any systematic study, would unfortunately be
impossible with such amorphous materials. Moreover, compared to carboxylic acids,
acetylacetones are synthetically demanding and susceptible to hydnetyseverse Claisen

condensation (retr€laisen cleavagey.

X
N x I
N X
B N—NH 2N
N / |
S L ( >
o o o o o o o o o o o o o o

A B (03 D E F G

Figure 3.3 Mono-acac ligandbearing secondary interaction si{¢s= Cl, Br, I).

One possible way to ameliorabediketonateligands for the construction afrystalline
extended solidss to couple them with relatively weakeretatbinding sites such as-tlonor
substituent$. Within this context, &yanopentan®,4-dione and 3(pyridin-4-yl)pentane2,4-
dionehave gained the most attention duringpast two decadd€gigure 3.3A andB). Pioneering
work by Maverick!® Domasevitcht*?Nishikiori, '3 Englert'* and otherS show that botligands
are effective forthe construction of coordination polymers, especially hetaretallic infinite
assembliesThough to a lesser exter®;(pyridin-4-yimethyl)pentane?,4-dione*® 3-(2-(pyridin-

4-yl)ethyl)pentane2,4-dioné? and 3(3,5dimethyt1H-pyrazot4-yl)pentane2,4-dione’ have
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also been useffFigure 3.3,C, D andE). In an attempt to introduce halogbanding secondary
interactions into the metalirected assemblies, Englett al reactedre(lll) and Al(lll) tris-acac
complexes of3-(pyridin-4-yl)pentane2,4-dione with tetrafluorodiiodobenzef® and with a
similar goalin mind, we studied a series of halopherayid haloethynylphenybkubstituted acac

derivatives with divalent copp¢Figure 3.3F andG).*°

o]

H\N/H )J\N/H
/Nl a A s — a a
N N ! N // A X ! X !
NN N\
- - If If If If It If If
o (o] o o o o o [o] [o] o o o (o] o o) o o o
LO L1 L2 L3 L4 L5 L6 L7 L8

Figure 3.4 New ligandssynthesized anexplored in this study.

In the study presented herein, we hapeepared a series ofinear, ditopic,
heterobifunctional ligandi& whichanacac functionality and a heterocyclic moiatg connected
through eithep-phenylene op-phenylenesthynylene spcer andexamined thie metal binding
ability with a selected set of transition metal ions.

We postulate thahe acac ligationan give rise to several different node types based on
the coordination environment around the metal center which, in turendgpn the nature of the
metal ion. Divalent metal ions, for instance, will form linear, rigid stwidgetracoordination of
two acac moieties whereas octahedralddac complexes derived from metal trications can serve
as trigonalplanar nodes. Lagg highvalent metal ions (such as*Zrlanthanoid ionsetc) have

the ability to accommodate even more acac units and form higher connecting nodes. As the metal
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acetylacetonates made uplLd@fi L8 hold peripherabindingsites, they can undergo further tale
binding. Squarglanar bisacac species derived frool andL2, for instance, can assume other
tetragonal geometries (squdrased pyramidal and octahedral) when pyridyl moieties of
neighboring bisacac units bind to the vacant axial sites, therebgtiorg T-shaped and square

planar nodes, respectivdllyigure 3.5)

7N 0., WO =
~D—=—§O,M,,Oé—=—@~

4%

4

>
=

o} o} (0] o}

Figure 3.5 Node types anticipated for metal acetylacetonatéd @ndL2.

The heterocycles (pyridine and thiophene) can #@lsanvolved in weak secondary
interactions such as hydrogeand halogefbonds. Particularly,-2minopyridine inL7 can form
selfcomplementary hydrogemonds, and -acetylaminopyridine ir.8 not only retains its self

complementary hydrogemond forming ability butlso has the potential &whelate to metal ions
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by the ring nitrogen and amide oxygen (Figure 3.6). Ultimately, our ligands can result in a rich

variety of architectures.

(a (b) (c)
z z
Y s J\
H H H H
N SN7 o N SN o = | o~ N~
NS ~ /
H H H LA
N N [ NI
| | N__o |
Pz Pz H” Pz

Figure 3.6 Interactions expected froBtaminopyridineand2-acetamidopyridine moieties

3.2 Experimental

3.2.1Materials and methods

Unless otherwise noted, all chemicals were purchased from commercial sources, and were
used as received without further purificatiorudear magnetic resonance spectra were recorded
on a Varian Unity Plus (400 MHz) NMR spectrometer. A Nicolet 38dRystem was used for
infrared spectroscopy. Thermogravimetric analysis (TGA) was performed on a TA Instruments
TA Q50 analyzer.
3.2.2Synthesisof 4-(pyridin -4-yl)benzaldehyde (1)

To a 106mL roundbottom flask containing-bromobenzaldehyde (500 mg, 2.70 mmol,
1 equiv.) was added ZXgioxane (20 mL) and water (10 mL), and the resulting mixture was
degassed by bubbling nitrogen gas for 20 minlRetassium carbonaid.87 g, 13.51 mmol, 5
equiv.), pyridined-boronic acid (500 mg, 4.05 mmol, 1.5 equiv.) and
tetrakis(triphenylphosphine)palladium(0) catalyst (156 mg, 0.135 mmol, 5 mol%), were

introduced and nitrogegaswas bubbled through the flaglontent again for an additional 10

44



minutes. It was then stirred at 85 °C undgritrogen atmosphere for 24 hours, after which the
solvents were removead vacuo The residue was f@issolved in 75 mL of methylene chloride
and filtered through a pad of @el using an extra 25 mL portion of solvent to wash the filter pad.
The combined filtrate was washed with distilled water (2 x 20 mL) and brine (20 mL), dried over
anhydrous magnesium sulfate, and evaporated to dryness under vacuum. Ting sedialtwas
further purified by column chromatography on silica gel using hexanes/ethyl acetate (4:1 to 3:2)
mixture, affording 4(pyridin-4-yl)benzaldehydes a yellowcolored solid. Yield: 386 mg (2.11
mmol, 78%) 'H NMR (400 MHz, CDCJ) U ( ppm) :  T30(dd12®), 804 (d, 2H)H) , 8.
7.81 (d, 2H), 7.55 (dd, 2H).
3.2.3Synthesis of 2,2,2rimethoxy -4,5-dimethyl-1 , 3°-di@xaphosphole (2)

A 50-mL round bottom flask was evacuated andilfed with nitrogen gas. After repeating
this process twic® ensure an inert@osphere, butar2,3-dione (1.00 mL, 11.38 mmol, 1 equiv.)
was transferred into the flask. It was then cooled in an ice bath to 0 °C, and trimethyl phosphite
(2.48 mL, 12.52 mmol, 1.1 equiv.) was added slowly while stirring. The resulting yetitored
mixture was stirred at room temperature for 12 hours urdieitrogen to obtain the
biacetyl/trimethyl phosphite adduct as a colorless liquid. Thipregared dioxaphospholene
derivative was kept under nitrogen in a freezér 4t 0 andl Gsed for subsequent reactions without
further purificationH NMR (400 MHz,CDCY) G (ppm): 3.40 (d, 3H),
3.2.4Synthesis of 1(2,2,2trimethoxy -4-methyl-5-(4-(pyridin -4-yl)phenyl)-1 , 3, 2 &
dioxaphospholan4-yl)ethan-1-one (3)

A 100-mL round bottom flask containing-@yridin-4-yl)benzaldehyde (350 mg, 1.91
mmol, 1 equiv.) was brought to an inert atmosphere by three cycwsofiatiorand nitrogen

backfilling. It was placed in an ice bath and, using a cannula, anhydrous methylengect#ori
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mL) followed by freshlyprepared biacetyl/trimethyl phosphite adduct (602 mg, 2.87 mmol, 1.5
equiv.) were vacuurransferred with continuous stirring. The reaction mixture was then stirred at
room temperature for 12 hours undetitrogen to yield te dioxaphospholane intermedia®eas

a clear yellow, viscous liquidH NMR (400 MHz,CDCGY) 4 (ppm): 8.66 (dd,
7.49 (dd, 2H), 7.41 (d, 2H), 4.75 (d, 1H), 3.74 (d, 9H), 1.86 (s, 3H), 1.64 (s, 3H).

3.2.5Synthesis of 4hydroxy-3-(4-(pyridin -4-yl)phenyl)pent-3-en-2-one (L1)

The dioxaphospholane derivativ@, was immediately used in the methanolysis step.
Methanol (50 mL) was added and the resultant clear solution was heated under reflux for 5 hours
under nitrogen atmosphere. The clear solutias then concentrateda rotary evaporation and
cool ed tHNMRTB0MMLCDCY) U (ppm): 16.73 (s, 1H),
7.54 (dd, 2H), 7.30 (d, 2H), 1.93 (s, 6H).
3.2.6Synthesis of 1(5-(4-iodophenyl)-2,2,2trimethoxy -4-methyl-1 , 3> 2 &
dioxaphospholan4-yl)ethan-1-one (4)

A 250-mL round bottom flaskcontainng 4-iodobenzaldehyde (1.20 g, 5.17 mmol, 1
equiv.) was made oxygernee by three cycles of alternatimyacuationand replacement with
nitrogen Then, it was placed in an ice bath and fregitgpared biacetitrimethyl phosphite
adduct (1.63 g, 7.76 mmol, 1.5 equiv.) was introdusagdtacuumtransferring. The resulting neat
slurry was stirred at room temperature for 12 hours under nitrogen atmosphere to afford the
dioxaphospholane intermediat,as a colosdss, viscous liquiddH NMR (400 MHz, CDCJ) i
(ppm): 7.65 (d, 2H), 7.03 (d, 2H), 4.62 (d, 1H), 3.70 (d, 9H), 1.82 (s, 3H), 1.58 (s, 3H).
3.2.7Synthesis of 4hydroxy-3-(4-iodophenyl)pent3-en-2-one (5)

The dioxaphospholane derivativé, was directly subjectetb methanolysis by adding

methanol (100 mL) and refluxing under nitrogen for 12 hours. The clear solution was then
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concentratedtiar ot ary evaporation and cooled to 178 AC
cooling was collected by filtration, washedth cold methanol and atried. Yield: 1.14 g (3.78
mmol, 73% with respect to-dobenzaldehydefH NMR (400 MHz,CDC) & (ppm) : 16.
1H), 7.73 (d, 2H), 6.93 (d, 2H), 1.88 (s, 6H).
3.2.8Synthesis of 4((trimethylsilyl)ethynyl)pyridine (6)

In a 256mL roundbottomed flask, 4odopyridine (2.50 g, 12.20 mmol, 1 equiv.) and
triphenylphosphine (255.9 mg, 0.98 mmol, 8 mol%) were suspended in 75 mL of triethylamine. It
was degassed by bubbling dinitrogen for 30 minutes, and bis(triphenylphosphine)pallddium(
dichloride (342.4 mg, 0.49 mmol, 4 mol%), copper(l) iodide (92.9 mg, 0.49 mmol, 4 mol%) and
trimethylsilylacetylene (2.57 mL,829 mmol, 1.5 equiv.) were added. The reaction flask was
fitedtoawatej acketed condenser, cooled to 178 AC, s
and stirred at 80 °C for 20 hours under nitrogen atmosphere. After removing volatile materials
vacug the residue was f@issolved in 100 mL of chloroform and filtered through a pad of Celite,
using an extra 25 mL portion of chloroform to wash the filter pad. The combined filtrate was then
washed with distilled water (2 x 25 mL) and brine (25 mLjedliover anhydrous magnesium
sulfate, and evaporated to dryness under vacuum. The resulting dark color product was purified by
column chromatography (silica gel, hexanes/ethyl acetate = 1:1) which afforded 4
((trimethylsilyl)ethynyl)pyridine as a yellow/ange oil. Yield: 1.82 g (10.4 mmol, 85%)} NMR
(400MHz,CDC$) U (ppm): 8.55 (d, 2H), 7.29 (d, 2H),
3.2.9Synthesis of 4ethynylpyridine (7)

In a nitrogenrflushed, 100mL roundbottom flask, 4((trimethylsilyl)ethynyl)pyridine
(.04 g, 5.93 mmeoll equiv.) andpotassium carbonat@l.64 g, 11.9 mmol, 2 equiv.) were

suspended in 25 mL of methanol. After stirring vigorously at room temperature for two hours, the
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reaction mixture was diluted with 75 mL of diethyl ether and filtered through a paslitd, @sing
an extra 25 mL portion of diethyl ether to wash the filter pad. Solvents were removed under
reduced pressure to yielth oil, which quickly solidified to gived-ethynylpyridine as aale
yellow solid. It was used directly in the next step vaith further purification. Yield: 0.57 g (5.53
mmol, 93%)!H NMR (400 MHz,CDC}) U (ppm): 8.60 (d, 2H), 7. 3¢
3.2.10Synthesis of 4hydroxy-3-(4-(pyridin -4-ylethynyl)phenyl)pent-3-en-2-one (L2)
4-Hydroxy-3-(4-iodophenyl)pen8-en-2-one (1.0 g, 3.31 mmol, 1 equiv.) and
triphenylphosphine (69.5 mg, 0.26 mmol, 8 mol%) were placed in-aflO@undbottomed flask.
Triethylamine (50 mL) was added and the resulting solution was purged with dinitrogen gas for
30 minutes. Then, bis(triphenylphospé)palladium(ll) dichloride (92.9 mg, 0.13 mmol, 4 mol%),
copper(l) iodide (25.2 mg, 0.13 mmol, 4 mol%) andtdynylpyridine (0.51 g, 4.96 mmol, 1.5
equi v.) wer e added. The reaction mi xXture wa
vacuum/backfill cycleand stirred at 75 °C under nitrogen atmosphere. The progress of the reaction
was monitored by TLC for disappearance efiytiroxy3-(4-iodophenyl)penB-en2-one and,
upon completion (after 24 hours), volatile materials were remwvedcuo The residue ware
dissolved in 100 mL of methylene chloride and filtered through a pad of Celite, using an extra 25
mL portion of solvent to wash the filter pad. The combined filtrate was washed with saturated
ammonium chloride (25 mL), distilled water (25 mL) and er{@5 mL), dried over anhydrous
magnesium sulfate, and evaporated to dryness under vaclUhen.cude product was
chromatographed on silica gel using pure hexanes followed by hexanes/ethyl acetatxi{ir8)
to obtain the title compound,2, as a paleyellow solid. Single crystals were grown by slow
evaporation of a diethyl ether solution. Yield: 0.63 g (2.27 mmol, 6%8NMR (400 MHz,

CDCk) U (ppm): 16.69 (s, 1H), 8.62 (dd, 2H), 7
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6H). 3C NMR (100 MHz, CDC}) U4 (ppm): 190.91, 149.87, 138

131.32, 121.55, 114.77, 93.60, 87.59, 24.42.
3.2.11Synthesis of 4hydroxy-3-(4-(pyridin -3-ylethynyl)phenyl)pent-3-en-2-one (L3)

L3 was obtained as a yellosolid by following the sameynthetic pathwagps described
for L2 (see Figure 3.9). 3-Ethynylpyridine was synthesized from-i8dopyridine and then
subjected to crossoupling with5. Reaction conditions were similar to those employed in the
synthesis o6, 7 andL2. Crystals suitable for singlerystal X-ray diffraction were grown frora
diethyl ether solutiorby slow evaporationYield: 78%. *H NMR (400 MHz, CDCG) &4 (pp m) :
16.69 (s, 1H), 8(d, 1H), 8.56 (dd, 1H), 782 (dt, 1H), 758 (d, 2H),7.30 @dd, 1H),7.20 (d, 2H),
1.91 (s, 6H).
3.2.12Synthesis of 4hydroxy-3-(4-(pyridin -2-ylethynyl)phenyl)pent-3-en-2-one (L4)

L4 was obtained as a yellosolid by following the amesynthetic pathwagps described
for L2 (see Figure 3.9)2-Ethynylpyridine was synthesized from-iddopyridine and then
subjected to crossoupling with5. Reaction conditions were similar to those employed in the
synthesis o6, 7 andL2. Yield: 86%. 'H NMR (400 MHz, CDCJ) U (14.69 1fs) 1H), $4
(d, 1H),7.70(td, 1H), 763(d, 2H), 7.54 (d, 1H), 726 (t, 1H), 719(d, 2H), 1.91 (s, 6H).
3.2.13Synthesis of 4-hydroxy-3-(4-(thiophen-3-ylethynyl)phenyl)pent-3-en-2-one
(L5)

L5 was obtained as a yellogolid by following the sae synthetic pathwawps described
for L2 (see Figure 3.9)3-Ethynylthiophenewas synthesized from-l&romothiopheneand then
subjected to crossoupling with5. Reaction conditions were similar to those employed in the

synthesis 06, 7 andL2. Crystals sitable for singlecrystal Xray diffraction were growby slow
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evaporatiorof an acetonesolution Yield: 89%. *H NMR (400 MHz, CDC}) U (1.8 (®) :
1H), 7.54(m, 3H), 7.32(dd, 1H), 720(d, 1H), 716 (d, 2H), 1.9 (s, 6H).

3.2.14Synthesis of 4-hydroxy-3-(4-(thiophen-2-ylethynyl)phenyl)pent-3-en-2-one
(L6)

L6 was obtained as a yellosolid by following the samsynthetic pathwagps desibed
for L2 (see Figure 3.9)2-Ethynylthiophene was synthesized frorb@mahiophene and then
subjected to crossoupling with5. Reaction conditions were similar to those employed in the
synthesis o6, 7 andL2. Yield: 64%. *H NMR (400 MHz, CDCJ) ppm){16.70 (s, 1H), 7.54
(d, 2H), 7.3L (m, 2H), 7.17(d, 2H), 7.03 (dd, 1H), 1.90 (s, 6H).
3.2.15Synthesis of 3-(4-((6-aminopyridin -3-yl)ethynyl)phenyl)-4-hydroxypent-3-en-
2-one(L7)

L7 was obtained as a yellosolid by following the samsynthetic pathwags ascribed
for L2 (see Figure 3.95-Ethynylpyridin-2-aminewas synthesized frofbromopyridin2-amine
and then subjected to cressupling with5. Reaction conditions were similar to those employed
in the synthesis d8, 7 andL2. Yield: 70%. *H NMR (400MHz, CDCk) U (14.69 (s) 1H),
8.28 (d, 1H),7.56 (dd, 1H), B2(d, 2H), 7.15(d, 2H),6.49(d, 1H),4.63(s, br, 2H), 1.9 (s, 6H).
3.2.16Synthesis ofN-(5-((4-(2-hydroxy-4-oxopent2-en-3-yl)phenyl)ethynyl)pyridin -
2-yl)acetamide(L8)

To asolution ofL7 (112mg, 0.38mmol, 1 equiv) and triethylamine§0 pL, 0.57mmol,
1.5 equiv) in dry methylene chloridelQ mL) in a 50mL roundbottomed flaska lution of
acetic anhydridg54 pL, 0.57 mmol, 15 equiv) in dry methylene chloride (10 mL) was added
dropwise at 5 °Gwith stirring. The reaction mixture was allowed to reé@hoom temperature and

stirred for an additionghreehour period Water (20 mL) was then added, the organic |ayes
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separatedand the aqueous layer was extracted once morewethylene chloridg20 mL). The
organic layers wereombired, dried over anhydrous magnesium sulfatied concentrated tceg

the title compounas a light brown solidvield: 98%. *H NMR (400 MHz, CDC§) G (1@7p m) :
(s, 1H), 843(d, 1H),8.32 (s, br, 1H), 8.23(d, 1H), 783(dd, 1H), 7.55(d, 2H), 7.18(d, 2H), 2.23

(s, 3H),1.90 (s, 6H).

3.2.17Synthesis of4-hydroxy-3-(4-(pyridin -3-yl)phenyl)pent-3-en-2-one (LO)

To a50-mL roundbottom flaskwith 5 (152 mg, 0.50 mmol, 1 equiv.) was addet2-
dimethoxyethan€20 mL) andtert-butyl alcohol(2 mL), and the resulting mixture was degassed
by bubbling nitrogen gas for 20 minut@stassiuntert-butoxide(168 mg, 1.9 mmol, 3 equiv.),
pyridine-3-boronic acid 154 mg, 1.25 mmol, 2.5 equiv.) and
tetrakis(triphenylphosphe)palladium(0) catalysté mg, 004 mmol, 8 mol%) werecharged and
nitrogen was bubbleagain for additional 10 minutes. It was threfluxedunder nitrogen fofour
hours, after which the solvents were remowedacuo The residue was +@issolved ir60 mL of
methylene chloride and filtered through a pad of Celite. The filtrate was washed with distilled
water (2 xX15mL) and brine 15mL), dried over anhydrous magnesium sulfate, and evaporated to
dryness under vacuurRurther purifcation was carriedut by gradient elution witthexanes/ethyl
acetate mixturgon asilica gelcolumn affordingLO as a yellowcolored solid. Yield53 mg (0.21
mmol, 42%). '*H NMR (400 MHz, CDCY) U (1874 (8,)1H), 889 (d, 1H), 8.61 (dd, 1H),

7.91 (dt, 1H), 761 (d, H), 7.39 (dd, 1H), 7.29 (d, 2H). %4 (s, 6H).
3.2.18Synthesis of [Cu(L1}(MeOH)2]n

In a glass viall.1 (6 mg,ca.2 equiv.) was dissolved in 5 mL of methanol. Theapper(ll)
perchlorate hexahydrafé mg, 10.8 umol, 1 equiv.) dissolved in 1 mL of methanol agded and

mixed well. After careful addition of two drops of triethylamine/methanol (1:5 v/v) solution with

51



minimal agitation, the vial was sealed and left undisturbed at ambient conditions to allow
triethylamine to diffuse into the solution slowly. Dagteen crystals suitable for singteystal X

ray diffraction were observed after 24 houtsIR-FTIR (cni'): 3019.70, 1571.52, 1484.91,
1419.24, 1372.14, 1313.84, 1219.60, 1109.67, 1005.42, 975.38, 920.54, 858.38, 812.74, 765.02,
736.84

3.2.19Synthesis of [Fe(L2]

In a glass viall.2 (6 mg, 21.6 umol, 3 equiv.) was dissolved in 4 mL of acetonitrile. Then,
iron(l1l) perchlorate hydrate, Fe(Ci3-xH20 (4 mg,ca.1 equiv.) dissolved in 1 mL of acetonitrile
was added and mixed well. After careful addition of twopdrof triethylamine/acetonitrile (1:5
v/v) solution with minimal agitation, the vial was sealed and left undisturbed at ambient conditions
to allow triethylamine to diffuse into the solution slowly. Red/orange crystals suitable for-single
crystal Xray diffraction were harvested after three da#3R-FTIR (cnit): 2919.69, 2819.41,
2216.89, 1574.14, 1541.06, 1421.62, 1359.28, 1319.34, 1213.75, 1099.78, 1039.10, 1009.70,
978.55, 917.92, 838.32, 817.46, 730.19
3.2.20Synthesis of [Cu(L2X(MeOH)]

In a glass vial,L2 (6 mg, 21.6 pmol, 2 equiv.) was dissolved in 2 mL of
dimethylformamide. Thengopper(ll) perchlorate hexahydraié mg, 10.8 umol, 1 equiv.)
dissolved in 1 mL of methanol was added and mixed well. After careful addition of two drops of
triethylamine/methnol (1:5 v/v) solution with minimal agitation, the vial was sealed and left
undisturbed at ambient conditions to allow triethylamine to diffuse into the solution slowly. Dark
green crystals suitable for singteystal X-ray diffraction were observed afted hours ATR-

FTIR (cm?): 3556.17, 3412.72, 3234.91, 2934.10, 2876.18, 2219.07, 1664.48, 1568.79, 1502.89,
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1405.21, 1342.64, 1315.15, 1258.06, 1214.92, 1092.75, 1068.96, 1003.09, 916.19, 834.59, 812.88,
728.28
3.2.21Synthesis of [Zn(L2»(MeOH)]

Pale yellow cystals suitable for singlerystal Xray diffraction were obtained within 24
hours by following the sammethodmentioned a for [Cu(L2)2(MeOH)], but usingzinc(ll)
perchlorate hexahydratas the metal sourcdTR-FTIR (cntl): 3025.67, 2923.55, 2801.53,
2218.52, 1662.77, 1577.47, 1506.86, 1420.72, 1380.55, 1342.62, 1311.32, 1256.86, 1214.64,
1100.02, 1031.19, 1001.10, 909.05, 827.49, 729.92
3.2.22Synthesis of [Co(L2)]n

To grow crystalwvia layering technique,2 (6 mg, 21.6 pumol, 2 equiv.) was dissolved in
1 mL of dimethylformamide, basified by adding two drops of triethylamine/methanol (1:5 v/v)
solution and transferred into a narrow glass tube. After careful layering of 1 mL of neat methanol,
cobalt(ll) perchlorate hexahydrai# mg, 10.8 umol, 1 equiv.) dislved in 1 mL of methanol was
slowly added on top without disturbing it. The tube was then sealed and allowed to stand at room
temperature for one week, during which time reddish orange crystals suitable focsysth X
ray diffraction were appearedTR-FTIR (cm): 2925.20, 2362.33, 2331.66, 2218.40, 1673.24,
1578.07, 1507.53, 1379.15, 1342.97, 1310.59, 1213.52, 1086.62, 1004.12, 970.51, 909.78, 831.42,
791.53, 729.05
3.2.23Synthesis of [Cu(L3)7]

In a glass viall.3 (6 mg, 21.6 pmol, 2 equiv.) was disgetl in 2 mL ofdimethyl sulfoxide.
Then, copper(ll) perchlorate hexahydraé mg, 10.8 umol, 1 equiv.) dissolved in 1 mL of
methanol was added and mixed well. After careful addition of two drops of triethylamine/methanol

(1:10 v/v) solution with minimal gitation, the vial was sealed and left undisturbed at ambient
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conditions to allow triethylamine to diffuse into the solution slowly. Dark green crystals suitable
for singlecrystal Xray diffraction were observed aftewo day. ATR-FTIR (cnm?): 3025.91,
2220.79, 1571.79, 1505.25, 1421.83, 1369.19, 1345.36, 1312.43, 1185.89, 1101.72, 1008.01,
974.56, 954.05, 919.65, 836.49, 801.16, 739.39, 698.28

3.2.24Synthesis of [Cu(l4)7]

In a glass viall-4 (6 mg, 21.6 umol, 2 equiv.) was dissolvedLimL of acetonitrile Then,
copper(ll) perchlorate hexahydrgtemg, 10.8 umol, 1 equiv.) dissolved in 1 mL of methanol was
added and mixed well. After careful addition of two drops of triethylamine/metharsoV/(4):
solution with minimal agitation, the vial was sealed antllaflisturbed at ambient conditions to
allow triethylamine to diffuse into the solution slowly. Dark green crystals suitable for-single
crystal Xray diffraction were observed aft@4 hous. ATR-FTIR (cm?): 2217.95, 1558.45,
1421.15, 1355.60, 1314.27,48.57, 1099.04, 1013.49, 981.90, 922.89, 833.71, 778.61, 738.08,
709.79
3.2.25Synthesis of [Cu(L5)2]

In a glass vialL.5 (6.1 mg, 21.6 umol, 2 equiv.) was dissolveddmmL of acetonitrile.
Then, copper(ll) perchlorate hexahydraté mg, 10.8 umol, 1 equiv.) skolved in 1 mL of
acetonitrile was added and mixed well. After careful addition of two drops of triethylamine/
acetonitrile (1:5 v/v) solution with minimal agitation, the vial was sealed and left undisturbed at
ambient conditions to allow triethylamine tiffuse into the solution slowlyyellowish green
crystals suitable for singlerystal X-ray diffraction were observed aftevo days. ATR-FTIR (cm

1):3092.20, 1563.58, 1418.61, 1367.59, 1103.00, 1019.84, 921.77, 833.72, 782.64
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3.2.26Synthesis of [Cu(L5)(OMe)]2

In a glass vialL5 (6.1 mg, 21.6 umol, 2 equiv.) was dissolved 2nmL of dimethyl
sulfoxide Then,copper(ll) perchlorate hexahydrgtemg, 10.8 umol, 1 equiv.) dissolved in 1 mL
of methanol was added and mixed well. After addivo drops of triethiamine/methanol (&
v/v) mixture the vial was sealed arkated to obtain a clear, dark green solutark green
crystals suitable for singlerystal Xray diffraction were observed aftene week ATR-FTIR
(cm1): 3393.91, 2917.09, 2809.74, 1572.6220.17, 1354.13, 1102.25, 1016.92, 917.51, 836.01,
774.76
3.2.27Single-crystal X-ray crystallography

Detailed crystallographic information about the data collections, solutions and refinements
can be found in th&ppendixB. Underlying topologies of the cryststructures were determined

with ToposPra® and all $ructural images were generated using Merédry.

o HO\ / N Suzuki coupling o =N
1 + /B \ D —— \ /
HO / HO — HO /

Figure 3.7 Synthetic route t&.0.

3.3 Results and discussion

Our initial attemps at preparing_0 andL1 through direct crossoupling of 4hydroxy-3-
(4-iodophenyl)penB-en-2-one 6) andthe appropriatgyridinylboronic acid verenot successful
because the acac functionality could not withstandctmeentional Suzuki couplingonditions
and hydrolyzed intothe corresponding phenylaceton#/e reattempted their synthesiby

employing nomucleophilic reaction conditions and managed to olt@i¢Figure 3.7). However,
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we had tofollow an alternative multisteppathwayfor L1 where4-(pyridin-4-yl)benzaldehyde
was reacted with the biacettyimethyl phosphite (1:1) addudb yield the corresponding
oxyphosphorane intermediate which, in turn, gave the desired product upon methaRigyses (
3.8 seeExperimentakection for details}?> On the other hand,2 was obtained relativelgasily
in moderate yields according to the synthetic route givéngare 3.9 andthe same method was
adopted for the preparation df3iL7. Finally, acylation ofL7 with acetic anhydrideeadily

affordedL8 in quantitative yield¢Figure 3.10)

J
_ \ o— OH o
CHO o 0—P~o
o

o~y / ° \ X
CHO HO_ /OH OIP\§0 2
00—
Suzuki coupling \ Methanolysis
+ | AN ——
= =
N
Br
S Y 4
1 3 | L1 Xy
N
N

Figure 3.8 Synthetic route td 1.

Even t kiketoges cab undergo ketmol tautomerism and exist as a mixture of
diketo and keteenol forms, solution NMR suggests thall acac species5( L0Oi L8) stay
exclusively in their keteenolic form. This can be ascribed to the conjugation atrdmolecular
hydrogen bonding that shift this dynamic equilibrium in favor of d@tol tautomer.

As evidenced from the singtaystal structural data &2, L3 andL5, the keteenolic form
is persistent in the solistate as well, with an intramolecul@i H---O hydrogen bond (Figure
3.11), indicated by a short O---O separation (2.436 B2in2.461 A and 2.470 A ih3, 2.433 A
inL5). InL2, the acetylacetone segment is coplanar with the apical pyridyl ring and perpendicular

to the central phenyl ring. Ahthe ligand is slightly bent along the plane defined by acetylacetone

56



and pyridine. Ir_3, there are two crystallographically independent molecules in the latticg, In

both the thiophene segment and the enol hydrogen have 50% occupancy. Becausnalf the
disorder, the exact position of the hydrogen atom cannot be determined accurately. Having said
this, the hydrogen bonding looks reasonable. There are no obvious stdictatieg

intermolecular interactions in the overall packing of any of these tfigands.

o —_
o \P/O OH O
—P—o
o \
o\ oS
Methanolysis
o< / — B — OH O
A= 4
\ o= >
1
2 | 4 5
Sonogashira coupling
H L2 ||
| Sonogashira coupling Deprotectlon || ~ |
X
z ] || N
N = |
NS
N~ 7

Figure 3.9 Synthetic route th 2.

For metal binding studies, we used divalent Mn(ll), Co(ll), Ni(ll), Cu(ll) and Zn(ll) and
trivalent Fe(lll) salts (associatedth weakly-coordinating anions). In most casése reactions
led to instant precipitates or microcrystalline material which are insoluble in common organic
solvents. To harvest singtgystals suitable for Xay structural analysis, we therefore employed
diluted solutions (mM) along with controlled diffusion of the base, triethylamine. In that way, we
were able to obtain nine goaplality crystalline products. Unfortunately, witl® andL671 L8,

every attempt failed.
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/ Acetylation

HO

L7 L8

Figure 3.10 Synthetic route t@.8.

The reaction olL1 with copper(ll) perchlorate yielded bhggeen roeshaped crystals.
Their singlecrystal Xray crystallographic structural analysis revealed that two acas uni
coordinate to each copper ionasquareplanar arrangement, with CO distances in the range of
1.9339(10)1.9468(10) A. The intermolecular TN coordination fills up vacant axial positions
and results in an octahedral geometry around the metal ddoteever, as envisaged by the Jahn
Teller theorem, it undergoes tetragonal elongaticoyZdistortion) and weakens the twoiCU

bonds significantly (CLN distance = 2.5214(13) A).

L X
! ; /-
L S
= 4

Figure 3.11 Structuresof (from left) L2, L3 andL5.

- r
I
) - \ :
A Y
N

As shown in Figure 3.12a, the hezaordinated copper ions act as f@meonnecting square

planar nodes and build a tvdimensional coordination polymer haviagi* square latticesgl)

topology. Adjacent square grids are &gt in a staggered manner, but every other layer is
superimposed (staggered ---ABAB--- stacking, see Figure 3.12 b and c). This layered arrangement
creates isolated cavities (12.8% fAfreeo volunm

probe radius)which are taken up by methanol molecules (Figure 3.13a). In fact, eakch)£u(
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unit has two closehassociated methanol moleculedked by Q H(methanol)---O(acac) hydrogen

bonds (Figure 3.13b).

Figure 3.12 a) Structure of [CuU(1)2]n; b) sideon view of layered packing mot#s seen dowh
axis c) interlayer relationship within the crystal packing schevhen viewed down ¢ axis

Figure 3.13 a) Segregatedoids and b) accommodatiorof methanol moleculesg [Cu(L1)2]n
lattice

The reaction betweeh2 and copper(ll) perchlorate offered dark blyreen crystalline
material. The structural examination revealed that the copper ion is tetracoordinated (tiyelated

two acaemoieties) and sits in a distorted square planar georfeti'Dacacdistance= 1.9397(16)
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1.9445(17)A). The fifth and sixth coordinatiositesare occupiedby apically-bound methanol
moleculegCuii Omeon distance= 2.444(2)A). Any given [Cu(2)2(MeOH),] entity subsequently

participates in four ©OH(methanol)---N(pyridine) hydrogebonds with two neighboring

molecules, thereby creating a edienensional supramolecular chdfigure3.14a).

Figure 3.14 Structures o&) [Cu(L2)2(MeOH)] andb) [Zn(L2)2(MeOHY).], showing the formation
of ribbonlike supramolecular polymethrough G H(methanol)---N(pyridine) interactions.

The reaction of.2 with zinc(ll) perchlorate produced colorless/light yellowstals. The
crystal structure shows identical features to those displayed bydE(ieOH),], with two acac
moieties occupying the equatorial plane, leaving room for methanol molecules to coordinate in the
axial positiongZni Oacac distance= 2.0285(13)2.0330(14)A, Zni Owveon distance= 2.1977(16)
A). Once againintermolecular hydrogebonding organizethese discrete [Zh@)(MeOH)]
units into a onalimensional infinite assemblyigure 3.14b). Thermogravimetric studies show
that both [Cu(L2)2(MeOH)] and [Zn(L2)2(MeOH),] start losing theircoordinated solvent
moleculest around 100

The structural determination of the product fra2 and cobalt(ll) perchlorate (orange
crystals) shows that it has a very similar méitdnd connectivity to that of [Qu1)2]n. That is,

two acac and two pyridyl moieties respectively occupy the equatorial and axial positions, again
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with some tetragonal distortion. The i@ bond lengths lie between 2.013(3) A and 2.021(3) A
while each CiN bond has a length of 2.222(4) Rhis time, in contrast to what we observed in
[Cu(L1)2]n, the resulting fouconnected squafglanar nodes devise a thrdenensional network

(Figure 3.1%. On closer inspection, half of the adjacent nodes are coplanar whereas the other half

is perpendicudr, giving rise ta 6°.8 CdSQ-like (cds) topology.

Figure 3.15 Structure of [Cd(2)2]n (only a single subnet is shown, hydrogen atoms have been
omitted for clarity).

There are three interpenetrating @t the overal[Co(L2)2]n structure (Figure 3.16a).
Those individual nets are related purely by translations and, in fact, the whole entangled array can

be generated by translating a single net along the full interpenetration vector (cl&ss la).
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Irrespective of this threfold interpenetration, it is still quite open and nak@edimensional
channels parallel to the crystallaghicc axis (Figure 3.16b). When guest solvent molecules are
removed, the total void volume becomes 30.6% of the unit cell (calculated with Mercury software

using contact surface and 1.2 A probe radius).

Figure 3.16 a) Threefold interpenetration anlol) onedimensional channels present in [C2)2] .

The reaction ot.2 with iron(lll) perchlorate produced reatange crystals. As expected
for a trivalent metal ion, it is a trAshelated acac complex, [E&)s], with a slightly distorted
octahedral coordination sphere. Thé Gedistances span from 1.984(2) to 1.997(3}Ad the
angles between equatorial and axiaF@ O bonds fall within the ranges of 85.24(194.42(11)
and 173.98(10)175.60(11)°, respeetely. Another interesting feature is that, like in other known
metal trisdiketonates with large aromatic groups attached centrally to the ligand, two chelate rings
have been bent along their O---O line in order to bring the remainder of those two bissts
to each other, thereby reducing the steric volume of the overall complex to some extent. As a

consequence of this collapsed and more compact configuration, it shows a substantial deviation
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from the perfect trigonal symmetry (N---Fe---N angles ar@.40, 124.36 and 134.25°, N---N
separations are 22.38, 25.76 and 26.8RA}her surprisingly, the pyridyl sites remain essentially
fidled and fail toproduceextended structures. Nevertheless, one arm of each complex seems to

have a very weak, twpoint N---H link with an adjacent complex, thereby forming dimeric

aggregate (Figure3.17).

Figure 3.17 Structure of [Fd(2)s], showing the formation of dimers through pairwise N---H
interactions.

The reactionbetweenL 3 and copper(ll) perchlorate offered dark blyreen crystal.
Interestingly,the structure cotainsboth monomeriand dimericcomplexes (Figure 3.18) The
formeris a typical bis-acac derivative with squajganar coordination sphef{€ui O distance=
1.8885(16)1.8934(17)A). The latter is formed by mutual CN coordination of two adjacent
monomeric{Cu(L3)2] units That means,a&h metakenter in the dimeis pentacoordinated by
four O atomdrom acac moietieat the equatorial plane and ddeatomfrom a pyridyl moietyat
the axial positior{Cui O distance= 1.9167(16)1.9427(16)A, Cui N distance= 2.314(2)A). The

cyclic rhomboidalsegment of resulting dimersjade up otwo squarepyramidalmetal centers
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and two ligandshasa 13.9 Aintermeallic distance Intramolecular KN separation is 41.2 At

is notcompletelyclear as to why this bonding pattern is not propagated to build-diomasional

coordination polymerThisis probably a kinetic product or a supramolecular isomer.

Figure 3.18 Structure ofCu(L 3)2] in whichbothmono and dinuclear complexes are coexistent

The reaction betweeln4 and copper(ll) perchlorate offered dark blyreen crystal. As
usualthe copper ion is cheked by two acamoieties furnishing a squarplanar compleXCui O
distance =1.893(3)1.910(3)A). The 2pyridinyl domairs are notinvolved in any noticeable

supramolecular binding evenendthe complex remainsionomeric andliscrete(Figure3.19)

Figure 3.19 Structure ofCu(L 4)7].
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The reaction betweeh5 and copper(ll) perchlorate offergellowish-green crystalsilt
turned out thathte structure wadistinct from the resaind havel:1 metal/ligandatio. The unique
composition is a consequence ofaeéthoxy bridging Cui Oacac distance =1.882(2) 1.889(3)A,
Cui Owveo distance =1.916(2) 1.923(3)A, Cu Cu separation 2.9978(10)A). Methoxy-bridged
dinuclearacac compbeesare not uncommon in literatyrand are normally synthesized by treating

the acac complex in methanol with a strong base followed by refluxing.

Figure 3.20 Structure ofCu(L 5)(u2-OMe))2.

We then allowed.5 and copper(ll) perchlorat® react in a methandtee mediumand
were able to obtaigellowish-green crystdihe product This time, the structureas foundio be
the expected bishelated acac complefCui O distance =1.8954(16)1.9048(17)A). As
seen/discussed above, metdntes in [Cu(L3)2], [Cu(L4)2] and [Cu(L5)(p>-OMe)]. are
coordinatively not fully saturatedh the structure ofCu(L5)2], however, two thiophene residues
above and below the equatorial plane defined by Qu€ate a pseudoctahedral environment
around each @&* ion (Cu---S distance = 3.1)AThis offsetparallel stackingf discrete bisacac
complexedeads to a formation @& supramoleculafistairchaird (Figure 3.2).

Out of nine structures presented here, only two products, namelL 1zl and
[Co(L2)2]n, can be considered as coordination networks. They Hesgpidre latticesgl) and6°.8

CdSQ (cd9) net topologies, respectively theory, uninodal nets made up of squal@nar nodes
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can adopt a wide variety of other topologies sucH & 8bO (bo), 7°.9 quartz dualdzd), 4°.8*

(Ivt), etc Moreover, coordination polymers made from pyridgetylacetonate ligands are
relatively labile due to rather weak meggiridine coordination and if there is Jalaller effect,

they become even weaker. This methat, even a slight variation in the reaction conditions would
have a profound effect on the end product. Hence, it is quite conceivable that we can build other

supramolecular isomers if we try out different conditions.

Figure 3.21 Structure of[Cu(L5)2], showing theformation of onedimensional staimotif by
means oparalletdisplacedstacking

3.4 Conclusions

Complexes formed with metal dications are identical with respect to the coordination
geometry eound the metal center. In each of the complexes, the metal iedordinate and
resides in a square plananvironmentDifferences in the overall architectestem basically from
the role played by the terminlaéterocyclesThe choice of solvent(skialso critical. In almost all
of our reactions, whad to use @norrinnocend solventmethanol In some cases, it directly binds
to the primary coordination sphere of the metal. In other cases, it makes hydoogkng
interactions with ligand Lewis & sites. It can get deprotonated and act as a bridging ligand as

well.
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It should be noted that the structures obtained in this study are by no means exhaustive, but
they do demonstrate the viability bf0i L8 in the fabrication oexotic metallesupramoleular
architecturesAll these ligands arattainable with decent yields exceép® andL1, of which the
synthetic methods need to be optimized. Moreover, theyeadly soluble in common organic
solvents an@xhibit good stabilityor troublefree handing. L1 andL2, which have @aendency to
behave as lineaexoditopic ligands,are particularlypromising towards the construction of
coordination networks with interesting topologies and extended metrices

As eachligand furnish two inequivalentmetal binding domairs, metalacetylacetonates
derived from thenhave the potential to act as preconstructed building blocks or metalloligands
for the construction of mixed metafganic frameworks (MMOFs). One can also utilize other
types of interactions to transtatthe inherent geometry and dimensionality of these metal
acetylacetonates into extended architectures. However, we founddbatrtetallo speciese
nearly insoluble in common solvents, so such endeavors should rely opobrgy/nthetic

approacks
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Chapter4-Por aammsary angslolbiidary

4.1 Introduction

Molecules in crystals tend to fill space as efficiently as possiberderto maximize
attractive dispersio forces ando minimize free energy However, vhen he moleculesare
specificallydesigred to bearsufficiently large and dimensionallfixed inner cavitiesor clefts
their packing in the solid state chrad toporous structuresMolecular cages and bowhaped
compoundsfor instancehave the potential to create sutlolecular porous materials (MPMs)
Since the porositin the bulk solidarises from the interconnectio of voids that are present in the
molecules themselveshey aremore preciselyreferred to adntrinsically porousmolecular
materials.

Another viable strategy towards MPMs is to employ molecules luitky, divergent
andor awkward shapes that cannotckatightly. 4-p-Hydroxypheny2,2,4trimethylchroman
(Di ani nods 3 dris(omhenylematiipxy)cyclotriphosphazene (TPPand 3, 3 Nj, 4, 4 Nj
tetrakis(trimethylsilylethynyl)bipenyl (TTEB} are among the representative exampssthey
do not have préabricated molecular free volumethiey are known agxtrinsically porous
molecular materialsTheir porosity is merely a consequencdrostrated packing.

We have nowexpandedhis ideao afamily of tetrahedramoleculesubstituted at the four
vertices withbulky groups. Here we report the synthesis and crystallographic study afuch
speciestetrakis(4((trimethylsilyl)ethynyl)phayl)methand TMS4TEPM] and1,3,5, #tetrakis(4
((trimethylsilyl)ethynyl)phenyl)adamantarf@ MS4TEPA] (Figure 4.1 top) By affixing large
(trimethylsilyl)ethynyl moieties to the pristinetetraphenylmethang(TPM) and 1,3,5,%
tetraphenyladamanta€PA) coreunits, our aim was talisturb closepacking and toealize more

opencrystallinesolids.
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Figure 4.1 Structural formulas of the molecules used in this study.

Even though moladar shape is of primary importance in crystal packing, it is not the only
structuredirecting factor.The presence diunctional units that capartake indirectional and
energetically significantnon-covalent interactions has a major influenceon molecuar
arrangementMoleculesfeaturingmultiple peripheral binding sitelsave beergiven the name
itectonso to disti ngui®shh tectbrs the sfructoreris buib upsoeas mo |
to saturate the mamum amount of interactions, which is usually accompanieddmypromises
regardingdensepacking. Their association induces the assembly of networks in which each

molecule is positioneth a definiteway with respect to its neighboisnolecular recognition
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Moreover, unlike van der Waals contacts, intermolecular point contacts consume only a little
molecular surfacethereby leaving more usable surfalcethis context, a great body of work has
beendonewith hydrogenbonding tectonsSome notable examplésclude triptyceneequipped
with imidazolone’ spirobifluorene equipped with triaminotriazife and polyfluorinated
triphenylbenzene equipped wiplyrazole®

We thereforalecided to undertalks®me modifications to the TPM and TPA scaffolds and
came up with twanew tectons,tetrakis(4(iodoethynyl)phenyl)methand4TEPM) and 1,3,5,7
tetrakis(4(iodoethynyl)phenydamatane (sTEPM) (Figure 4.1 bottor). The iodo¢hynyl
functionality is one of the strongest halogemd (XB) donorsit can direct the assembly of
network structures througheC [ @ L L L (sel-Co@plementary XB motifwherein theC[ C
pi systemact asthe XB accepto). Above all, both these tetraeat tectons are readily accessible
from the corresponding TMS derivativeBMS4TEPM and TMS4TEPA. Although there are
precedents demonstrating the versatility of iodoethynyl species as XB donors in supramolecular
chemistry and crystal engineeringtraiodethynylarenes are very rare among thém.

Finally, in addition totectonic constructionwe alsowanted totry out the suitability of
these tetrahedraétraiodoethynylcompounds in modular constructitwy co-crydallizing them
with appropriate Lewis basi@.e. XB-accepting)o-formers, in order to realize multicomponent

porousassemblies

4.2 Experimental

4.2.1Materials and methods
All reagents, solventand precursor@etraphenylmethanend1-bromoadamantanevere

purchased from commercial sources, and were used as received without further purification.
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Nuclear magnetic resonance spectra were recorded on a Varian Unity Plus (400 MHz) NMR
spectrometer. A Nicolet 380 HR system was used for the infrared spectroscopatyais.
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were performed
on TA Instruments TA Q20 and TA Q50, respectively.
4.2.2 Synthesis of tetrakis(4bromophenyl)methane, BuTPM
The bromination of tetraphenylmethane was perfornead nsing an excess of molecular
bromine. To a 10@nL roundbottom flask containing tetraphenylmethane (2.00 g, 6.24 mmol, 1
equiv.), bromine liquid (6.4 mL, 124.8 mmol, 20 equiv.) was added carefully at 0 °C. After
attaching a watecooled reflux condensgthe resultant dark reddish slurry was stirred vigorously
at room temperature for one hour, and then
Ethanol (25 mL) was added slowly and the reaction mixture was allowed to warm to room
temperature overght. Then, to destroy excess/unreacted bromine, it was treated with 40%
agueous solution of sodium bisulfite (approximately 75 mL) and stirred for additional 30 minutes
until the orange color disappeared. The tan colored solid was collected by filtvedigdned well
with distilled water (100 mL) and ovetfried at 60 °C for five hours. This solid was further purified
by recrystallization from chloroform/ethanol (2:1), affording tetrakib(dmophenyl)methane,
Br4sTPM as an offwhite crystalline material. ¥ld: 3.65 g (5.74 mmol, 92%fH NMR (400
MHz,CDCk) U ( pp m) ;7.01(d,39)3CNNVMR (I®MHWHz,CDCG) G (ppm):
132.57, 131.30, 121.02, 63.84.
4.2.3Synthesis of tetrakis(4((trimethylsilyl)ethynyl)phenyl)methane, TMS4sTEPM
Tetrakis(4bromoghenyl)methane (3.50 g, 5.50 mmol, 1 equiv.) and triphenylphosphine
(462 mg, 1.76 mmol, 32 mol%) were placed in a-B80roundbottomed flask. Diisopropyl amine

(100 mL) was added and the resulting solution was purged with dinitrogen gas for 30 minutes.
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Then, bis(triphenylphosphine)palladium(Il) dichloride (618 mg, 0.88 mmol, 16 mol%), copper(l)
iodide (168 mg, 0.88 mmol, 16 mol%) and trimethylsilylacetylene (6.2 mL, 44.0 mmol, 8 equiv.)
were added. The reaction flask was fitted to a wjateketed condenser cool ed to 17
subjected to a brief vacuum/backfill cycle and refluxed for 24 hours under nitrogen atmosphere.
After removing volatile material® vacuq the residue was +@issolved in chloroform (100 mL)
and filtered through a pad of Celite, usangextra 50 mL portion of chloroform to wash the filter
pad. The combined filtrate was then washed with distilled water (2 x 25 mL) and brine (25 mL),
dried over anhydrous magnesium sulfate, and evaporated to dryness under vacuum. Crude product
was flashcolumn-chromatographed on silica gel using pure hexanes followed by hexanes/ethyl
acetate (4:1) as eluents to obtain the title compolM&4TEPM as a pale yellowish solid. Yield:
3.30 g (4.68 mmol, 85%fH NMR (400 MHz, CDCY) & (ppm): 7.33 (d, 8H)
(s, 36H)..*C NMR (100 MHz,CDG)) U (ppm): 146.21, 131.59, 13
64.98, 0.18.
4.2.4Synthesis of tetrakis(4(iodoethynyl)phenyl)methane, sTEPM

Acetonitrile (150 mL) was transferred into a 2%0Q roundbottom flask that contained
tetrakis(4((trimethylsilyl)ethynyl)phenyl)methane (2.50 g, 3.54 mmol, 1 equiv.). The flask was
wrapped in aluminium foil, and then silver(l) fluoride (2.70 g, 21.3 mmol, 6 equiv.)Nand
iodosuccinimide (4.78 g, 21.3mol, 6 equiv.) were added. It was evacuated (while stirring),
refilled with nitrogen and stirred at room temperature for 24 hours. Distilled water (200 mL) was
added and the resulting mixture was extracted with diethyl ether (4 x 50 mL). The combined
orgarnc layers were washed with saturated sodium bisulfite (40 mL), distilled water (40 mL) and
brine (40 mL), and dried over anhydrous magnesium sulfate. Evaporation of the solvent under

reduced pressure resulted in an orange colored residue. Additional pclégnicolumn
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chromatography (silica gel, hexanes/ethyl acetate = 9:1) gave the desired coriyidtiplll, as
a yellow solid. Yield: 1.83 g (1.98 mmol, 56%H NMR (400 MHz, CDCY) 4 (ppm) : 7. 3
8H), 7.06 (d, 8H)3C NMR (100 MHz,CDCJ) U (ppm): 146.34, 132.04,
65.02, 7.03'H NMR (400 MHz,DMSGd 6 ) U (ppm) : 7. 3 FCNMR (108 H) , 7
MHz,DMSOd 6) U (ppm): 145. 6 3211,1682,.184l, 130.36, 12:
4.2.5Synthesis 0of1,3,5, #tetraphenyladamantane(TPA)

In a250-mL roundbottom flask tert-butyl bromide(3.9 mL, 34.9mmol, 2.5equiv) was
addedto a solution ofl-bromoadamantane (3.00 g, 13r®nol, 1 equiv). in anhydrousenzene
(30 mL). The flaskwas placed in an ice bath aatliminium chloride(186 mg 1.39 mmol, 10
mol%) wascarefully chargedo the chilled, stirring solutianThe mixture washen heated under
reflux until the evolution of hydrogen bromide ceagt top of the condeser was connected to
a gas absorption trap containing 30% aqueous sodium hydyoXitderesultant heterogeneous
mixture was allowed to cool to room temperatwaed filtered, and the residue was washed
sequentiallyvith chloroform(30 mL), water $0 mL) and chloroform(30 mL). Theoff-white solid
wasfurtherpurified by washingyvernightwith refluxing chloroformin a Soxhlet apparatushich
gavel,3,5, #tetraphenyladamantane afree white powder Yield: 5.04g (11.4mmol, 82%). Mp:
> 300 °C.ATR-FTIR (cm?): 3054.63, 3020.15, 2918.35, 2848.84, 1596.64, 1492.55, 1441.99,
1354.80, 1262.69, 1078.06, 1030.47, 918.30, 889.35, 843.99, 788.04, 759.64, 745.85, 699.26
4.2.6Synthesis 0ofl1,3,5, #tetrakis(4-iodophenyl)adamantane(l s TPA)

To a 250mL roundbottom flask containing a suspension 0f1,3,57
tetraphenyladamantar§¢.00 g, 9.08 mmoll equiv) in chloroform (100 mL) wasaddediodine
(5.76 g, 22.7 mmol, 2.8quiv). This mixture was stirredligorously at room temperature until

iodine  fully dissolved. The flask was flushed with nitrogen gas and
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(bis(trifluoroacetoxy)iodo)benzen®.76 g, 22.7 mmol, 2.%equiv) was added.The resulting
mixture was stirred at room temperatfwe 12 hours It wasthenfiltered off, and he colleted
solidwas washed with excess aumt of chloroform (200 mL). Theombineddark purpldfiltrate
was washed with 5%odium bisulfitesolution twice 2 x 50mL), followed by distilledvater (100
mL) and saturatedodium chloridesolution (100 mL)It wasdried with anhydrous magnesium
sulfate andthe solvent was removed under reduced pressure, which resulteal&yallow solid.
After refluxing in methanol (200 mL) for 12 hourte mre compound was isolated as a white
solid by filtration and airdrying. Yield: 5.91g (6.26mmol,69%).'"HNMR (40 0 MHz, CDCI 3)
(ppm):*H NMR (400 MHz, CDCY) & ( P7ddngH) 7.18(d, 8H), 2.06 (s, 12H)
4.2.7Synthesis  of 1,3,5,%tetrakis(4-((trimethylsilyl)ethynyl)phenyl)adamantane
(TMS4TEPA)
As in the synthesis ofTMS4TEPM, this step involved dour-fold Sonogahira cross
coupling reaction of 1,3,5,%tetrakis(4iodophenyl)adamantane [4TPA) with
trimethylsilylacetyleneYield: 88%.'H NMR ( 400 MHz, YCNMRI(4DQMHZ, ( pp m)

CDCk) U ( B5dn$H), 738 (d, 8H),2.09 (s, 12H)0.24 (s, 36H)3C NMR (100 MHz,

c

CDCl) 0 ( ®.p3nB2:29, %13 12132, 1(6.19 94.20 46.97, 39.53025.

c

4.2.8Synthesis ofl,3,5, #tetrakis(4-(iodoethynyl)phenyl)adamantane(l s,TEPA)
The sameonepot desilylative iodination methodescribed above for the synthesis of
|s,TEPM was employedYield: 63%.'"H NMR (400 MHz, 7.@200C8HR 739, ( pp m)
8H), 2.09 (s, 12H)!3C NMR (100 MHz, CDG) U (149p2m)B8264, 125.15, 12157, 9416,
4688, 39.9, 6.18 'H NMR (400 MHz, DMSGd 6 ) U 7610 8hl), 7.3 (d, 8H), 2.00 (s,
12H). 3C NMR (100 MHz, DMSGd 6 ) U 1%0{4 181).74 12548, 120.50 92.59 45.48

38.9517.02
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4.2.9Synthesis of s TEPM- 4pyridine

In a 2dram glass vials TEPM (10 mg, 0.011 mmol) was dissolvedirb mL of pyridine
This open vialwas placd in a secondarger container $0-mL glassjar) havng 10 mL of
pyridine/methanol (1:4) mixture. The outer container was then ckeaddand the apparatus
waskeptat ambient condition® allow the vapofrom methanol (antsolvent) to diffuse intohte
sample solutioWhen the total volume of the inner vial became ~3 mL, it was takeamaygfter
partially tightening the lideft undisturbed at ambient conditions to allow the sosEnévaporate
slowly. Colorless/palesellow crystals were obseed afterfew days.
4.2.10Synthesis of sTEPM- 2THF

In a 2dram glass viall4sTEPM (10 mg, 0.011 mmol) was dissolved inmL of
tetrahydrofuranAfter addingl mL of methanglthe vial(with partially-tightenedscrew capwas
left undisturbed at ambient conditiotts allow the solverstto evaporate slowlyColorless/pale
yellow crystalssuitable for singlecrystal Xray diffractionwere observed aftdew days.ATR-
FTIR (cm?): 2973.60, 2865.19, 2165.12, 1683.63, 1588.39, 1493.96, 1422.65, 1403.51, 1364.97,
1189.71 1114.95, 1044.48, 1017.57, 883.88, 830.44, 809.10
4.2.11Synthesis of sTEPM-2DMSO

In a 2dram glass vial4sTEPM (10 mg, 0.011 mmol) was dissolved in 0.5 midmhethyl
sulfoxide The vial (with partially-tightenedscrew cap was then allowed to stand at room
temperature for one week, during which ticworless/paleyellow crystals suitable for single
crystal Xray diffraction were appearedTR-FTIR (cm?): 3031.61, 2986.12, 2908.50, 2159.57,

1493.63, 1428.95, 1398.06, 1307.76, 1186.14, 1113.34, 1039.471@0945.19, 825.81, 697.29
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4.2.12Synthesis of yTEPM- 2dioxane

In a 2dram glass vialJaTEPM (10 mg, 0.011 mmolyas suspended 8.5 mL 1,4
dioxane After adding a fewdrops ofmethylene chloridethe vial was sealed aheated to obtain
a clearsolution Colorless/paleyellow crystalssuitable for singlerystal Xray diffractionwere
harvested by slow evaporatiohNTR-FTIR (cml): 2957.75, 2906.36, 2850.52, 2170.96, 1490.46,
1448.06, 1400.59, 1369.35, 1288.08, 1251.61, 1186.43, 1112.87, 1077.44, 1016.67, 97
865.59, 828.77, 735.16
4.2.13Electrostatic potential calculations

In order to calculate theolecular electrostatic potentials (MEPs)tefrahalogenated
speciesfirst, their geometries were optimized usBygartan '14 softwar€&eometry optimizations
of TPM derivativeswvere carried out at hybrid functional B3LYP3a1+G** level of theoryFor
TPM derivatives, B3LYP/6-311+G** level was used.The visualization of MEPs was
subsequently attained through mapping its valme 0.002 au isosurfacdetermired with a
positive point charge in the vacuum as a probe. The numbers, now termed surface potentials,
indicate the Coulombic interaction energies (expressed in kJ/mol) between the probe and this
isodensity surface at different points.
4.2.14Single-crystal X-ray diffraction

Detailed crystallographic information about the data collections, solutions and refinements
can be found in the AppendR. Structuralvisualizations and void mappingere done using
Mercury software'! For void volume calculations, default parameters (contact surface, 1.2 A

probe radius and 0.7 A grid spacing) were used.
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TMSA, Pd(PPh;),Cl,, Cul, PPhj, Pr,NH

Tetraphenylmethane Tetrakis(4-bromophenyl)methane
(TPM) (Br,TPM)

NIS, AgF, MeCN

Tetrakis(4-((trimethylsilyl)ethynyl)phenyl)methane Tetrakis(4-(iodoethynyl)phenyl)methane
(TMS,TEPM) (I4,TEPM)

Figure 4.2 Synthetic route td MS4TEPM andl4sTEPM.

4.3 Results and discussion

Starting withcommercially available tetraphenylmetham®S4TEPM was prepared in
two steps i(e. tetrapara-brominationfollowed bycoupling with trimethylsilylacetylene) with an
overall yield of78% (Figure 4.2) The synthesisfoTMS4TEPA requiredthreesteps TPA was
prepared through theriedelCrafts reaction of -bromoadamantane and benzene in the presence
of tertbutyl bromideand aluminium chloride, and was then subjectetetapara-iodination

followed bycoupling with timethylsilylacetylendFigure 4.3) The overall yield wa§0%.
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Br
i © t-Butyl bromide, AICI5 !g |2 PIFA, TCM !g
+
1-Bromoadamantane

1,3,5,7-Tetraphenyladamantane

(TPA) 1,3,5,7-Tetrakis(4-iodophenyl)adamantane
(I4,TPA)

TMSA, Pd(PPhy),Cly, Cul, PPhs, Pr,NH NIS, AgF, MeCN

1,3,5,7-Tetrakis(4-((trimethylsilyl)ethynyl)phenyl)adamantane 1,3,5,7-Tetrakis(4-(iodoethynyl)phenyl)adamantane
(TMS,TEPA) (I,TEPA)

Figure 4.3 Synthetic route td MS4TEPA andIsTEPA.

Single crystalsof TMS4TEPM suitable for singlerystal Xray crystallography were
obtained by slow evaporation of either tetrahydrofuran/ethanol or chloroform/ethanol sélation.
TMS4TEPA, X-ray quality crystals could be harvested from hexanes, heptane,
heptane/dichloromethane or chloroform/ethaAslanticpated structural determination revealed
that both are porous in natde.8% and 10.7%, respectivilfhey, howeverdo notform empty
channel structuresnstead, they have disconnected spatial voids fipor osi ty wit hol
denominatd by Barbou (Figure 4.4)? The overall packing is mainly mediated bytensive

phenyl embrace’s.
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Figure 4.4 Structures of MS4TEPM andTMS4TEPA.

Tetraiodoethynyl derivative$sTEPM andl4sTEPA, were synthesedvia onepot/in-situ
desilylative iodination of tetraTMSacetylenyl species using silver(l) fluoride and N-
iodosuccinimide(see Figures 4.2 and.3). This direct trimethylsilyl-to-iodo transformation
allowed us to avoigotentiallyunstable ethynyl intermediataadto achieve théarget compounds
in moderate yield§56% and63%, respectively

Owing to the foutfold symmetry the'H and'*C NMR spectra othese tetraTMSaynyl
and tetraiodoethynyl speciese quite simple. However, the signalsIsTEPM and [4sTEPA
display appreciable solvent dependency, with the alkynyl carbon bonded to iodine being most
strongly affectedl¢TEPM: 7.0 ppm in CDQ versusl8.4 ppm in DMS&6, |4 TEPA: 6.2 ppm
in CDCl versusl7.0 ppm in DMSQd6). This change in chemical shifts is a direct consequence
of XB-based complexation; when the iodine atom interacts with a Lewis basic solvent, it leads to

a paramagnetic deshielding at the carbon diearing that iodine which, in turn, moves its NMR
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