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Abstract 

A family of six ɓ-diketone based ligands capable of simultaneously acting as halogen-bond 

(XB) donors (each of para and meta substituted chloro, bromo and iodo functionalities) and 

chelating ligands was synthesized. Four ligands were characterized by X-ray diffraction to identify 

the structural behavior of the ligand itself. The free ligands bearing bromine and iodine show XB 

interactions (C-X···O) whereas the ligand containing chlorine did not show XB interactions. The 

corresponding Cu(II) complexes for ligands were also synthesized in different solvents such as 

acetonitrile, ethyl acetate and nitromethane. Both acetonitrile and ethyl acetate participate in XB 

interactions with XB donors (Br or I) although nitromethane does not participate in such 

interaction. Metal-ligand complexes with iodine as XB donor in the para position engage in XB 

interactions to make extended supramolecular architecture when the solvent is nitromethane.  

When the XB donor attached in the meta position of the ligand, formation of extended 

supramolecular architecture was seen even in the presence of a strongly coordinating solvent such 

as acetonitrile. 

Two tetra functionalized molecules bearing hydrogen-bond (HB) donors (-OH) and XB 

donors (-CſC-I) and one tetra functionalized molecule which has only HB donors (-OH and -CſC-

H) were synthesized.  The donor molecules themselves show potential for making HB and XB 

interactions with the available acceptor sites present in the system. The competition between 

intermolecular HB and XB was explored by co-crystallizing with suitable nitrogen based 

acceptors. HB and XB donors showed equal competitiveness toward common acceptors when 

making HB/ XB interactions. Furthermore, the geometry and relative positioning of the donor sites 

can, in certain cases, change the balance between the competing interactions by favoring HB 

interactions. 



  

A series of cavitands functionalized with XB donors, HB/XB donors and ɓ-diketone have 

been synthesized. Binding preferences of XB and HB/XB cavitands towards a series of suitable 

HB/XB acceptors were studied in solid state and they have confirmed the presence of interactions 

between donor and acceptors. Cavitands with ɓ-diketone functionality were subjected to binding 

studies with metal ions in solution as well as in the solid state. Successful metal-ligand 

complexation in solid state as well as in solution state based on UV/Vis titrations have been 

confirmed. 

In order to stabilize chemically unstable energetic compound, pentaerythritol 

tetranitrocarbamate (PETNC), a co-crystallization approach targeting the acidic protons was 

employed. A co-crystal, a salt and a solvate were obtained and the acceptors were identified as 

supramolecular protecting groups leading to reduced chemical reactivity and improved stability of 

PETNC with minimal reduction of desirable energetic properties. 

Several potential tetrazole based explosives which are thermal and impact sensitive and 

solid propellants which are impact sensitive were subjected to co-crystallization experiment to 

stabilize and enhance their properties. Co-crystals and salts of the explosives were obtained with 

suitable nitrogen based and oxygen based acceptors. The impact sensitivity and thermal instability 

of the explosives were improved with the introduction of co-formers. Oxygen based acceptors 

have shown more favorable explosive property improvements compared to nitrogen based 

acceptors with significant retention of explosive nature of the parent explosives. 
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Abstract 

A family of six ɓ-diketone based ligands capable of simultaneously acting as halogen-bond 

(XB) donors (each of para and meta substituted chloro, bromo and iodo functionalities) and 

chelating ligands was synthesized. Four ligands were characterized by X-ray diffraction to identify 

the structural behavior of the ligand itself. The free ligands bearing bromine and iodine show XB 

interactions (C-X···O) whereas the ligand containing chlorine did not show XB interactions. The 

corresponding Cu(II) complexes for ligands were also synthesized in different solvents such as 

acetonitrile, ethyl acetate and nitromethane. Both acetonitrile and ethyl acetate participate in XB 

interactions with XB donors (Br or I) although nitromethane does not participate in such 

interaction. Metal-ligand complexes with iodine as XB donor in the para position engage in XB 

interactions to make extended supramolecular architecture when the solvent is nitromethane.  

When the XB donor attached in the meta position of the ligand, formation of extended 

supramolecular architecture was seen even in the presence of a strongly coordinating solvent such 

as acetonitrile. 

Two tetra functionalized molecules bearing hydrogen-bond (HB) donors (-OH) and XB 

donors (-CſC-I) and one tetra functionalized molecule which has only HB donors (-OH and -CſC-

H) were synthesized.  The donor molecules themselves show potential for making HB and XB 

interactions with the available acceptor sites present in the system. The competition between 

intermolecular HB and XB was explored by co-crystallizing with suitable nitrogen based 

acceptors. HB and XB donors showed equal competitiveness toward common acceptors when 

making HB/ XB interactions. Furthermore, the geometry and relative positioning of the donor sites 

can, in certain cases, change the balance between the competing interactions by favoring HB 

interactions. 



  

A series of cavitands functionalized with XB donors, HB/XB donors and ɓ-diketone have 

been synthesized. Binding preferences of XB and HB/XB cavitands towards a series of suitable 

HB/XB acceptors were studied in solid state and they have confirmed the presence of interactions 

between donor and acceptors. Cavitands with ɓ-diketone functionality were subjected to binding 

studies with metal ions in solution as well as in the solid state. Successful metal-ligand 

complexation in solid state as well as in solution state based on UV/Vis titrations have been 

confirmed. 

In order to stabilize chemically unstable energetic compound, pentaerythritol 

tetranitrocarbamate (PETNC), a co-crystallization approach targeting the acidic protons was 

employed. A co-crystal, a salt and a solvate were obtained and the acceptors were identified as 

supramolecular protecting groups leading to reduced chemical reactivity and improved stability of 

PETNC with minimal reduction of desirable energetic properties. 

Several potential tetrazole based explosives which are thermal and impact sensitive and 

solid propellants which are impact sensitive were subjected to co-crystallization experiment to 

stabilize and enhance their properties. Co-crystals and salts of the explosives were obtained with 

suitable nitrogen based and oxygen based acceptors. The impact sensitivity and thermal instability 

of the explosives were improved with the introduction of co-formers. Oxygen based acceptors 

have shown more favorable explosive property improvements compared to nitrogen based 

acceptors with significant retention of explosive nature of the parent explosives. 
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Chapter 1 Introduction  

In the early 1980s, the phrase ñMolecular recognitionò became popular as it was highly 

relevant to crucial phenomena in biological systems.1 Molecular recognition includes both intra- 

and intermolecular occurrences (Figure 1.1) even though ñsupramolecular chemistry,ò ñhost-guest 

chemistryò and ñself-assemblyò are mostly concerned with intermolecular interactions. In this 

thesis, we are going to focus on structural chemistry and properties of chemical systems that 

involve intermolecular interaction.  

 

Figure 1.1 Molecular recognition event by (a) intra-molecular, (b) intermolecular 

supramolecular forces. 

1.1 Supramolecular chemistry and self-assembly 

Supramolecular chemistry focuses on designing and implementing functional chemical 

systems based on molecular components held together by noncovalent interactions. According to 

Jean-Marie Lehn, supramolecular chemistry is defined as ñchemistry beyond the moleculeò.2-3 

Moreover, supramolecular chemistry is all about intermolecular bonds which cover the structures 

and functions of the chemical units held together.3 The Nobel Prize for Chemistry in 1987 was 

awarded jointly to Jean-Marie Lehn, Donald J. Cram, and Charles J. Pedersen "for their 

development and use of molecules with structure-specific interactions of high selectivityò.  Since 

supramolecular synthesis goes beyond the scope of using covalent bonds to build molecular 

architectures, the specific set of intermolecular interactions that are used to achieve controlled and 
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directional supramolecular assembly can result in a superior manipulation of the macroscopic 

properties of the targeted material (Figure 1.2). 

 

Figure 1.2 Covalent synthesis Vs. supramolecular synthesis 

The key interactions of supramolecular synthesis are reversible intermolecular bonds such 

as: hydrogen-bonds,4-10 halogen-bonds,11-15 -́ˊ interactions,16-18 anion-ˊ interactions,19 cation-ˊ 

interactions20, and dipole-dipole interactions.21-22 Metalïligand interactions also play a significant 

role in supramolecular synthesis due to their reversible nature.23-24 Covalent synthesis can be one 

step or a multi-step process although non-covalent synthesis is a one-pot (one step) synthesis. 

Therefore, a better understanding about these non-covalent forces is necessary in order to design 

predictable supramolecular architectures or self-assemblies. We will discuss most significant and 

useful supramolecular driving forces, metal-ligand interactions, hydrogen bonds and halogen 

bonds in the following sections.  

1.1.1 Metal-ligand interactions (coordinate bond) 

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

organic linkers can be engineered in order to get 0D, 1D, 2D or 3D architectures (Figure 1.3).25-27 
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Figure 1.3 Schematic diagram that shows the formation of 0D, 1D, 2D and 3D coordination 

polymers or metal-ligand complexes 

If we can assemble precise topologies and pre-determined connectivity we can make new 

functional materials which have several applications such as: gas adsorption, sensing, controlled 

release of molecules, water scavengers, electronics, magnetic materials, separations, and 

catalyst.28-32 

1.1.2 The hydrogen bond (HB) 

The hydrogen bond is the most common intermolecular interaction in molecular 

recognition due to its strength and directionality. A typical hydrogen bond may be shown as Dï

H···A, where, DïH represents the hydrogen bond donor and A represents the acceptor which can 

be a neutral atom or anion (Figure 1.4).  
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Figure 1.4 Schematics show the formation of hydrogen bond 

Hydrogen bonding is abundant in nature, and the best example is the DNA double helix 

composed of complementary base pairs.33  Complementary hydrogen bonds may offer reliable 

tools for constructing supramolecular architectures34 and there are many self-complimentary 

dimers such as carboxylic acids and amides that can be used for making supramolecular 

architectures (Figure 1.5). 

 

Figure 1.5 Typical examples for hydrogen bonding (a) base pair of DNA helix, (b) carboxylic 

homodimer, (c) amide homodimer (d) acid-amide heterodimer 

1.1.3 The halogen bond (XB) 

Halogen bonds have features that are similar to those of hydrogen bonds concerning both 

strength and directionality.35 A typical halogen bond can be shown as DïX···A, where X 

represents the halogen-bond donor such as: iodine, bromine or chlorine and A represents the 

acceptor which can be a unit possessing at least one nucleophilic region. (Figure 1.6).  
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Figure 1.6 Schematics show the formation of hydrogen bond 

The halogen atom can act as a halogen-bond donor or halogen-bond acceptor due to the 

anisotropic distribution of positive and negative electrostatic potential on halogen atom (Figure 

1.7). The electropositive region is called sigma hole (ů-hole), and it becomes stronger from 

fluorine to iodine.  

 

Figure 1.7 Anisotropic distribution of positive and negative potential on halogen and change of 

strength of ů-hole with halogen atom 

The halogen bond has recently become an effective tool for supramolecular synthesis and 

it has shown the ability to make several functional materials in the fields of material science,36-37 

catalyst,38-39 and biological sciences.40-41 

1.2 Crystal engineering 

The basic goal of ñcrystal engineeringò is to design periodic structures with a predictive 

supramolecular assembly that delivers desired property/ properties in the new material.42 The term 

crystal engineering was proposed by G. M. J. Schmidt in the 1970s with the research work on the 

photochemical reactions of cinnamic acids.43 G.R. Desiraju, in 1989, defined crystal engineering 

as ñUnderstanding of intermolecular interactions in the context of crystal packing and the 

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

propertiesò.44 Crystal engineering can be considered as the supramolecular equivalent of organic 
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synthesis and the synthon (building block) approach is an effective approach of crystal 

engineering, which simplifies the complex problem of structure prediction.45 

1.2.1 Supramolecular synthons ñIs the communicating part ready?ò 

A supramolecular synthon can be defined as ñA structural unit within a supermolecule 

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

intermolecular interactionsò.46 A supramolecular synthon plays a similar function in 

supramolecular synthesis as a molecular synthon does in a conventional synthesis, and the main 

difference is the role played by intermolecular interactions (Figure 1.8). 

 

Figure 1.8 Examples for supramolecular synthons, (a) dimer in acids, (b) catemer in acids, (d) 

nitro···amino HB interaction and (d) nitro···iodo XB interaction 

Supramolecular synthons can be categorized as homosynthons (occur between same 

complementary functional groups, Figure 1.8 (a) and (b)) and heterosynthons (occur between 

different functional groups, Figure 1.8 (c) and (d)) 

1.2.2 Co-crystallization ñFinding the best matchò 

The process of bringing two or more different molecular species together inside one 

periodic crystalline lattice without breaking or making covalent bonds can be described as co-

crystallization.47-48 Co-crystallization and re-crystallization can happen in parallel, but co-

crystallization makes heteromeric products while the latter gives a homomeric product (Figure 

1.9). The co-crystallization yields the co-crystals which is defined as ñSolids that are crystalline 
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materials composed of two or more molecules in the same crystal latticeò according to a FDA 

guidance.49 

 

Figure 1.9 Re-crystallization vs co-crystallization 

A co-crystallization attempt may give not only co-crystals but the outcome can be in a 

broad range including several solid forms such as: molecular salt, salt co-crystal, ionic liquid, 

solvate, sold dispersion, supramolecular gelator, eutectic and solid solution.50 The non-covalent 

interactions can be identified as the driving force for co-crystal formation.  

1.2.3 Hydrogen bond in co-crystallization ñA glue to bring things togetherò 

Hydrogen bonding can be used as a driving force for co-crystallization in order to bring 

supramolecular synthons together due to directionality and strength (Figure 1.10). Arguably, HB 

is the most studied intermolecular interaction in supramolecular chemistry and co-crystal design.51 

Moreover, selectivity and interaction patterns play a major role in crystal engineering. Margaret 

C. Etter in 1990s published a particularly useful set of guidelines to identify possible preferences 

of hydrogen bonds in terms of selectivity and pattern of molecular aggregation.52 The following 

three Etter rules can be applied to neutral organic molecules in the formation of co-crystals. 
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1. All good proton donors and acceptors are used in hydrogen bonding.  

2. Six-membered-ring intramolecular hydrogen bonds form in preference to intermolecular 

hydrogen bonds. 

3. The best proton donors and acceptors remaining after intramolecular hydrogen-bond 

formation form intermolecular hydrogen bonds to one another. 

 

Figure 1.10 A binary co-crystal formed between 4,4ô-bipyridine and hydroquinone via two 

heterosynthons53 

1.2.4 Halogen bond in co-crystallization ñAn alternative glueò 

The halogen bond is a relatively new addition to the toolbox of supramolecular chemistry 

and crystal engineering. It has gained widespread attraction due to its strong and directional nature 

comparable to hydrogen bonds (Figure 1.11).54  

 

Figure 1.11 A binary co-crystal formed between 4,4ô-bipyridine and 1,4-diiodobenzene via 

halogen bonds55 

Moreover, there are three types of XB interactions, namely: (i) a conventional halogen-

bond between the electrophilic region (Ϧ-hole) of a halogen atom and electronegative atom (such 

as N, O), (ii) type-I halogen-halogen bond occurs due to van der Waals interactions between two 

halogen atoms, and (iii) type-II halogen-halogen bond occurs between the nucleophilic region of 
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one halogen atom and electrophilic region on another (Figure 1.12). Type I (ɗ 1ḗ ɗ 2) and type II 

(ɗ 1 ḗ 180°, ɗ 2 ḗ 90°), where ɗ 1 and ɗ 2 are the C-X···X angles (X = Cl, Br, I).56  

 

Figure 1.12 Different geometries in halogen···halogen contacts  (a) type I and (b) type II 

1.2.5 Applications of co-crystallization 

Co-crystal technology can be applied to change the macroscopic properties of materials. 

For example, this technology can be used to overcome the non-solubility issue in pharmaceutical 

drugs.  Agrochemicals industry can also benefit by co-crystallization addressing the high solubility 

problems which are common for fertilizer and pesticides.57  Energetics/ explosives that suffer from 

instability and high sensitivity also can be improved by using this technology. Also, co-

crystallization approaches have been applied in the areas of separation and purification processes, 

solid state solvent-free synthesis, and chiral resolution.58-61  Further, applications of co-

crystallization  can be found in the areas of nutraceuticals, organic semiconductors, optoelectronic 

materials, ferroelectric materials, charge transfer complexes, non-linear optics, and liquid 

crystals.62-66 

1.3 Host-guest chemistry  

Despite of the predominance of noncovalent interactions in living nature, researchers did 

not explicitly investigate non-covalent interactions related to host-guest chemistry until the 

pioneering work on inclusion chemistry of molecular hosts such as crown ethers, cryptands, 

cavitands, and carcerands by Lehn, Cram, and Pedersen.67 The first supramolecular host was a 
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crown ether which was synthesized accidently by Pedersen.68 The first cyclic host (cyclic 

hexaether) was obtained as a byproduct due to contaminations from an impurity in the synthesis 

process of bisphenol (Figure 1.13).  

 

Figure 1.13 Accidental synthesis of the first supramolecular host 

 With the discovery of crown ethers, several other types of host molecules such as 

cryptands, spherands, pillararenes, cyclophanes, cryptophanes, calixarenes, cavitands, 

cyclodextrins, cucurbiturils and more have been discovered in past few decades (Figure 1.14).   

 

(a)            (b)     (c) 

Figure 1.14 Examples for supramolecular hosts, (a) [2,2,2]cryptand, (b) cavitand and (c) ϕ- 
cyclodextrin 
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Since these molecules have pre-organized binding pockets, they can be used for selective 

molecular recognition with high binding affinities for complementary guest molecules. In a 

binding event, several non-covalent interactions such as: hydrogen bonding, halogen bonding, ϣ- 

ϣɯ ÐÕteractions, and hydrophobic forces play a major role as the driving forces. Further, 

functionalization of hosts such as: cucurbiturils,69 cavitands,70 calixarines,71 and pillarines72 

enables the more versatile use of host and multiple applications (Figure 1.14).  

Self-assembled tetrafunctionalized calix[4]resorcinarene capsule cavitands have gained 

great attention due to their applications in detection of reactive intermediates and as microvesicles 

for drug delivery. The main driving forces that can be used to make such capsules are metal-ligand 

coordination, hydrogen bonding and halogen bonding. Figure 1.15 shows an example of a 

cavitand-based molecular capsule, where the driving force to make capsule is hydrogen bonding.73 

There are guest molecules incorporated inside the cavity of the capsule.  

 

Figure 1.15 Molecular capsule based on cavitand constructed by multiple hydrogen bonds73 
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1.4 Goals of the thesis  

In order to better understand the supramolecular chemistry of synthons attached to small 

and large molecules, we have designed several research projects. In this study, major non-covalent 

interactions such as: metal-ligand interactions, hydrogen bonding and halogen bonding will be 

studied.  

¶ Construction of predictable supramolecular architectures74  

Chapter 2 The acetylacetone (acac) ligand is considered as an excellent coordinating ligand in 

metal ion complexation. The anion of the acac ligand can exhibit with delocalized negative charges 

due to the two oxygen atoms which make acac as a bidentate ligand in binding with metal ions.   

The activated halogen-bond donor atoms such as Cl, Br and I are good candidates in making 

halogen bonds with suitable halogen-bond acceptor molecules. The ligands which have both the 

acac moiety and the activated halogen bond donor are advantageous in metal complexation as well 

as in halogen bonding. The halogen atoms are activated using ethynyl functionality as an effective 

way of strengthening the halogen bond formation. In this study, six different types of ligands which 

have acac sites and halogen donor sites have been synthesized (involved in multi-step synthesis) 

and characterized. 

Characterization of these ligands was done by using proton 1H NMR, IR, and X-ray diffraction 

when possible. Possibilities of halogen bonding sites were examined corresponding to each ligand, 

and further complexation of these ligands have been investigated using different metal ions. 

Ability to form organometallic supramolecular architectures based on halogen bonding were 

studied.  
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¶ Understanding the competition between supramolecular forces by co-crystallization75  

Chapter 3 The similarity in structural behavior and comparable strength of hydrogen bonding and 

halogen bonding enable opportunities to use them in similar applications. Combining these two 

interactions can produce more complex architectures. Due to the similar behavior of these 

interactions, there is significant competition between these donor molecules when forming 

noncovalent interactions with potential acceptors. Competition between hydrogen-bond (HB) 

donors and halogen-bond (XB) donors can be investigated by having them on one backbone. In 

this project, we designed and synthesized (multi-step synthesis) tetra-functional donor molecules 

having HB and XB donors attached to the same molecular backbone to study the competitiveness 

of these two types of interactions.  

Co-crystallization of these donors with suitable acceptors was performed to gain a better 

understanding of structural behavior and competition to bind with acceptor molecules.  

¶ Study of the host-guest chemistry with enforced cavities  

Chapter 4 Cavitands are bowl-shaped molecules that are conformationally rigid. These molecules 

have enforced cavities which accommodate complementary guests, and they can assemble into 

molecular capsules. In this project, we functionalized the upper rim of the cavitands with different 

hydrogen and halogen bond donor/acceptor groups. Adding both halogen and hydrogen bond 

donors to the same cavitand molecule reveals opportunities to compare the relative 

competitiveness of those donors towards suitable acceptors as well. These cavitands can also be 

used for molecular recognition events via host-guest interactions. Another way of functionalization 

of the cavitand molecules is adding acac moiety to the cavitand. These types of functionalized 

cavitand can make capsules such as: discrete metal-ligand complexes or 1-D chains of metal-ligand 
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complexes with suitable metal ions. We have designed, and synthesized acac functionalized 

cavitands to study metal binding.  

Suitable donors, acceptors, and metal ions were introduced to the functionalized cavitands 

in solid state and solution state.  

¶ Application of co-crystallization to enhance the properties and stability of known 

energetic compounds 

Chapter 5 and Chapter 6 Energetic/explosive materials contain a high amount of chemical energy 

that can be released in an explosion and produce high-temperature combustion products. Most of 

the energetic materials have limited use due to their high sensitivity towards impact and friction 

and also due to low melting/ decomposition points. Therefore, we need to improve those thermal 

and physical properties to make them more usable in the field.  

Known unstable energetic materials such as nitrocarbamates, nitrated amino tetrazoles, bis-

tetrazoles (synthesized in the lab in small scale) were co-crystallized with suitable donor/ acceptor 

molecules. Detonation properties such as detonation velocity and detonation pressure were also 

determined. The impact sensitivity of newly formed materials and parent explosives were 

investigated by drop test method and compared with parent explosive materials. Furthermore, the 

reactivity of some materials which have acidic nature was also studied. 
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Chapter 2 The Role of Halogen Bonding in Controlling Assembly 

and Organization of Cu(II)-Acac Based Coordination Complexes  

2.1 Introduction  

Directed self-assembly of structurally and compositionally complex architectures require 

a thorough understanding of the design strategy. One way of constructing stable solid-state 

architectures is to use crystal engineering and by introducing structural preferences of building 

blocks, which lead to predictable and programmable assemblies.1-2 Making stable and 

programmable coordination complexes can be challenging in the presence of negatively charged 

counter anions that come with metal salts. These anions may coordinate with the metal center and 

disrupt metal-ligand interactions (Figure 2.1).  

 

Figure 2.1 Counter anion interference of metal-ligand coordination; L-ligand; M-metal ion; A-

counter anion 

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

state of the metal can be employed and by using a chelating ligand further increases the chance of 

formation of stable metal-ligand complex. With this in mind, the ϕ-diketone (acac) moiety is a 

good candidate for making metal-ligand complexes. The removal of the acidic hydrogen atom of 

acac moiety by treating it with a base makes it a negatively charged chelating ligand that can 

overcome the interference from counter anions (Figure 2.2).   
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Figure 2.2 Chelation of metal ions by ɓ-diketone (acac) ligand 

There are several reported coordination complexes which act as reliable building blocks 

for supramolecular assemblies in 1-D,3 2-D,3-5 and 3-D.4, 6 These building blocks may contain 

cation···́ ,7 anion···́ ,8-10 lone-pair···́ ,8, 10-11 ·́·· ,́8, 12-13 or metal···ˊ14-15 interactions as non-

covalent interactions between building blocks. The hydrogen bond is one of the most frequently 

used non-covalent interactions for making these assemblies.16-20 However, use of the hydrogen 

bond is not always ideal since most hydrogen-bond donor moieties such as: amines, oximes, and 

carboxylic acids may make unwanted coordination to the metal ion which leads to unpredictable 

assemblies and architectures. (Figure 2.3) 

 

Figure 2.3 Hydrogen bond-donor group interference to metal-acac ligand coordination; M-metal 

ion; A-counter anion; H-hydrogen-bond donor 

To avoid the interference from hydrogen-bond donor moieties, we have to find an 

alternative functionality that can make non-covalent interaction which has ability to build 

assemblies and architectures. Halogen bonding may be a possible alternative. According to the 

IUPAC recommendation from 2013,21 ña halogen bond occurs when there is evidence of a net 
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attractive interaction between an electrophilic region associated with a halogen atom in a molecular 

entity and a nucleophilic region in another, or the same, molecular entity.ò This non-covalent 

interaction has been used for applications in material science, synthetic chemistry, polymer 

science, and in bi-molecular systems.22-25 Moreover, metallosupramolecular systems also 

constructed by combining halogen bonding with metal-containing systems were discovered26-27 

with a variety of properties such as redox, magnetic, non-linear optical, gas adsorption, and 

catalytic properties.28-29 

A previous study used the acac moiety and halogen-bond donors together to make a 

building block capable of self-assembly with the addition of Cu(II) metal ions.30 Unfortunately, 

directed self-assemblies were not observed due to the use of un-activated halogen-bond donors. 

The ñactivationò of halogen-bond donors can be achieved by placing electron withdrawing 

groups31-34 or sp-hybridized carbon next to the halogen atom.35-36 In order to improve upon this 

early study, we designed and synthesized six ligands (L1-6) which contain an acac moiety and a 

haloethynyl group (halogen: Cl, Br or I) (Figure 2.4).  

 

Figure 2.4 Newly designed molecules that can act as chelating ligands (through the acac site) 

decorated with activated halogen bond donors 

 In L1-3, the haloethynyl group is attached to the para position of the phenyl group while 

in L4-6, it is attached to the meta position in order to study the geometrical effect on making self-

assembled architectures. In these ligands, there are four competing halogen-bond acceptor sites: 
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the hydroxyl oxygen, the keto oxygen, the ϣ-electron cloud on the ethynyl group and the equatorial 

region on the halogen atom (Figure 2.5). Once the metal-ligand complex is formed, the number of 

acceptor types is reduced to 3 namely: oxygen of deprotonated acac moiety, the ϣ-electron cloud 

on the ethynyl group and the equatorial region on the halogen atom.  

In this study, we want to establish which acceptor site is going to be dominant in the making 

of solid-state architectures.     

 

Figure 2.5 Possible halogenïbond acceptor sites; (a) ligand itself, (b) metal-ligand complex 

2.1.1 Goals of this study 

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

1. Synthesis of six newly designed ligands and corresponding metal-ligand complexes with 

suitable divalent metal ions. 

2. Modulating the coordination environment around the metal ions by exclusion of competing 

counter anions or solvent molecules that may interact with metal center. 

3. Exploring halogen-bond donor capabilities of Cl, Br and I to form supramolecular 

architecture in the free ligands and metal-ligand complexes.  

4. Investigating the halogen-bond acceptor abilities of free ligand and metal-ligand 

complexes. 
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5. Examining the effect of the geometry changes of ligands on formation of supramolecular 

architectures in free ligands and metal-ligand complexes. 

6. Classifying the different types of non-covalent interactions that may appear in the resulting 

supramolecular assemblies.  

2.2 Experimental  

2.2.1 General  

All chemicals were purchased from commercial sources and used without further 

purifications. The synthesis of biacetyl-trimethyl phosphite (1)37 was carried out according to the 

previously reported procedure. 1H NMR and 13C NMR spectra were recorded on a Varian Unity 

plus 400 MHz spectrometer in CDCl3. Melting points were determined on a Fisher-Johns melting 

point apparatus and are uncorrected. Infrared spectroscopy (IR) was done on a Nicolet 380 FT-IR 

(Spectra were recorded by placing small amount of compounds on ZnSe crystal). DSC traces were 

obtained on a TA Q20. TGA traces were taken on a TA Q50.   

2.2.2 Synthesis of ligands  

Synthesis of ligands were started by converting corresponding bromobenzaldehyde to TMS 

protected compound using Sonogashira coupling reaction. It was then halogenated by 

corresponding halogen source. Finally, the aldehyde group was converted to acac functionality 

(Figure 2.6).   
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Figure 2.6 General pathway to the synthesis of ligands L1-L6 

Synthesis of 4-(trimethylsilylethynyl)benzaldehyde, 4-(bromoethynyl)benzaldehyde, and 

4-(iodoethynyl)benzaldehyde were carried out using literature methods.36, 38 Synthesis of 4-

(chloroethynyl)benzaldehyde was carried out by using a modified literature method. Synthesis of 

3-(trimethylsilylethynyl)benzaldehyde, 3-(chloroethynyl)benzaldehyde, 3-

bromoethynyl)benzaldehyde, and 4-(iodoethynyl)benzaldehyde, L1, L2, and L3 were carried out 

based on literature reported methods.36, 38  

2.2.2.1 Synthesis of 4-(trimethylsilylethynyl )benzaldehyde 

 

A stirred solution of 4.50 g (19.40 mmol) 4-bromobenzaldehyde, 83 mg (0.46 mmol) of CuI, 

and 163 mg (0.23 mmol) of Pd(PPh3)2Cl2 in 80 mL of trimethylamine was degassed with N2 for 

20 minutes. A solution of 2.28 g (23.28 mmol) of trimethylsilylacetylene was added to the stirred 

solution. The mixture was refluxed overnight under N2. Upon completion of the reaction, the 
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solvent was evaporated by rotavap. The residue was dissolved in ethyl acetate and washed three 

times with water followed by a saturated NaCl solution. The organic layer was dried with MgSO4 

and the solvent was evaporated by rotavap. The residue was chromatographed on a silica column 

with hexanes as the eluent to obtain the pure product. Yield: 4.08 g (93%); m.p. 59-61 ºC (Lit, 57ï

58 ÁC)36; 1H NMR (ŭH, CDCl3, 400 MHz): 10.01 (1H, s), 7.83 (2H, d), 7.61 (2H, d), 0.28 (9H, s). 

2.2.2.2 Synthesis of 4-(chloroethynyl)benzaldehyde  

 

In 60 ml of acetonitrile, 2.00 g (9.80 mmol) of 4-(trimethylsilylethynyl)benzaldehyde and 1.86 

g (14.6 mmol) of AgF were dissolved and degassed with N2 for 20 mins. 1.94 g (14.6 mmol) of N-

chlorosuccinimide was added to the stirred solution and the reaction vessel was covered with 

aluminium foil. The reaction mixture was stirred under N2 at room temperature overnight. Upon 

completion of the reaction, the mixture was passed through a short pad of silica. The solvent was 

evaporated and the residue was dissolved in diethyl ether and washed three times with water. The 

organic layer was dried over MgSO4 and the solvent was evaporated to get the pure product.  Yield: 

1.10 g (67%); m.p. 77-80 ºC; 1H NMR (ŭH, CDCl3, 400 MHz): 10.01 (1H, s), 7.83 (2H, d), 7.59 

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

 

In 50 ml of acetonitrile, 1.50 g (7.40 mmol) of 4-(trimethylsilylethynyl)benzaldehyde and 940 

mg of AgF (7.4 mmol) were dissolved and degassed with N2 for 20 mins. 1.32 g (7.42 mmol) of 

N-bromosuccinimide was added to the stirred solution and the reaction vessel was covered with 

aluminium foil. The reaction mixture was stirred under N2 at room temperature for 5 hours. Upon 

completion of the reaction, the mixture was passed through a short pad of silica. The solvent was 

evaporated and the residue was dissolved in diethyl ether and washed three times with water. The 

organic layer was dried over MgSO4 and the solvent was evaporated to get the pure product. Yield: 

1.49 g (96%); m.p. 99-102 ºC (Lit, 96-98 ºC)39; 1H NMR (ŭH, CDCl3, 400 MHz): 10.02 (1H, s), 

7.84 (2H, d), 7.61 (2H, d). 

2.2.2.4 Synthesis of 4-(iodoethynyl)benzaldehyde  

 

4-(Iodoethynyl)benzaldehyde was prepared according to the preparation of 4-

(bromoethynyl)benzaldehyde from 1.50 g (7.40 mmol) of 4-(trimethylsilylethinyl)benzaldehyde, 

940 mg (7.4 mmol) of AgF and 1.67 g of N-iodosuccinimide (7.42 mmol) in 50 ml of acetonitrile. 
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Yield: 1.86 g (98%); m.p.141-143 ºC (Lit, 120-121 ºC)40; 1H NMR (ŭH, CDCl3, 400 MHz): 10.02 

(1H, s), 7.84 (2H, d), 7.59 (2H, d).  

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

 

4-(Chloroethynyl)benzaldehyde (1.00 g, 6.00 mmol) was placed in a 100 mL round bottom 

flask under a N2 atmosphere. 1 (1.53 g, 7.3 mmol) was added to the flask with continuous stirring. 

The resulting slurry was stirred for 24 h at room temperature under a N2 atmosphere to obtain an 

oil. Then 50 ml of methanol was added, and the mixture was heated under reflux overnight under 

a N2 atmosphere. Upon cooling the solution to room temperature, methanol was evaporated by 

rotavap to obtain a yellow oil. The residue was dissolved in 50 mL methanol and cooled to ī78 ÁC 

to yield a white crystalline solid. The precipitate was filtered and washed with cold methanol to 

obtain the pure product.  Colourless prism-shaped crystals suitable for single-crystal X-ray 

diffraction were grown using slow evaporation from methanol. Yield: 0.57 g (40%); m.p. 139-141 

ºC; 1H NMR (ŭH, CDCl3, 400 MHz): 16.68 (1H, s), 7.47 (2H, d), 7.14 (2H, d), 1.89 (6H, s); 13C 

NMR (ŭc, CDCl3, 400 MHz) 190.72, 137.37, 132.40, 131.19, 121.44, 114.59, 68.93, 68.70, 24.13. 
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2.2.2.6 Synthesis of 3-(4-(bromoethynyl)phenyl)-4-hydroxypent-3-en-2-one, L2 

 

3-(4-(Bromoethynyl)phenyl)-4-hydroxypent-3-en-2-one was prepared according to the 

preparation of 3-(4-(chloroethynyl)phenyl)-4-hydroxypent-3-en-2-one from 1.00 g (4.80 mmol) of 

4-(bromoethynyl)benzaldehyde and 1.20 g (5.8 mmol) of 1. Brown color prism-shaped crystals 

suitable for single-crystal X-ray diffraction were grown using slow evaporation from methanol.  

Yield: 0.72 g (56%); m.p. 155-158 ºC; 1H NMR (ŭH, CDCl3, 400 MHz): 1H NMR (ŭH, CDCl3, 400 

MHz): 16.67 (1H, s), 7.48 (2H, d), 7.14 (2H, d), 1.89 (6H, s); 13C NMR (ŭc, CDCl3, 400 MHz) 

190.70, 137.46, 132.43, 131.16, 121.98, 114.59, 79.58, 50.50, 24.13. 

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

 

3-(4-(Iodoethynyl)phenyl)-4-hydroxypent-3-en-2-one was prepared according to the 

preparation of 3-(4-(chloroethynyl)phenyl)-4-hydroxypent-3-en-2-one from 1.00 g (3.90 mmol) of 

4-(chlorooethynyl)benzaldehyde and 0.98 g (4.70 mmol)  of 1.  Yellow color plate-shaped crystals 

suitable for single-crystal X-ray diffraction were grown using slow evaporation from methanol. 
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Yield: 0.65 g (51%); m.p. 164-167 ºC 1H NMR (ŭH, CDCl3, 400 MHz): 16.67 (1H, s), 7.47 (2H, 

d), 7.14 (2H, d), 1.88 (6H, s); 13C NMR (ŭc, CDCl3, 400 MHz) 190.72, 137.58, 132.76, 131.05, 

122.66, 114.59, 93.64, 24.13. 

2.2.2.8 Synthesis of 3-(trimethylsilylethynyl)benzaldehyde 

 

3-(Trimethylsilylethynyl)benzaldehyde was prepared according to the preparation of  4-

(trimethylsilylethynyl)benzaldehyde from 5.00 g (27.02 mmol) 3-bromobenzaldehyde, 123 mg 

(0.65 mmol) of CuI, and 227 mg (0.32 mmol) of Pd(PPh3)2Cl2 and 3.18 g (32.40 mmol) of 

trimethylsilylacetylene  in 80 mL of trimethylamine. An oil was obtained as the product. Yield: 

5.02 g (92%); b.p. 145-148 ÁC (Lit, 144-146 ÁC)41; 1H NMR (ŭH, CDCl3, 400 MHz): 9.99 (1H, s), 

7.97 (1H, s), 7.82 (1H, d), 7.70 (1H, d), 7.48 (1H, t), 0.27 (9H, s). 

2.2.2.9 Synthesis of 3-(chloroethynyl)benzaldehyde  

 

3-(Chloroethynyl)benzaldehyde was prepared according to the preparation of 4-

(chloroethynyl)benzaldehyde from 3.00 g (14.80 mmol) of 4-(trimethylsilylethynyl)benzaldehyde 

and 3.80 g (30.00 mmol) of AgF and 1.98 g (14.80 mmol) of N-chlorosuccinimide in 60 ml of 

acetonitrile. Yield: 1.54 g (64%); m.p. 72-76 ºC; 1H NMR (ŭH, CDCl3, 400 MHz): 9.99 (1H, s), 

7.94 (1H, s), 7.84 (1H, d), 7.68 (1H, d), 7.50 (1H, t). 
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2.2.2.10 Synthesis of 3-(bromoethynyl)benzaldehyde  

 

3-(Bromoethynyl)benzaldehyde was prepared according to the preparation of 4-

(bromoethynyl)benzaldehyde from 2.00 g (9.9 mmol) of 4-(trimethylsilylethynyl)benzaldehyde 

and 1.26 g (9.9 mmol) of AgF and 1.76 g (9.9 mmol) of N-bromosuccinimide in 50 ml of 

acetonitrile. Yield: 1.86 g (90%); m.p. 73-76 ºC; 1H NMR (ŭH, CDCl3, 400 MHz): 10.00 (1H, s), 

7.96 (1H, s), 7.85 (1H, d), 7.69 (1H, d), 7.50 (1H, t). 

2.2.2.11 Synthesis of 4-(iodoethynyl)benzaldehyde  

 

3-(Iodoethynyl)benzaldehyde was prepared according to the preparation of 4-

(iodoethynyl)benzaldehyde from 2.00 g (9.9 mmol) of 4-(trimethylsilylethynyl)benzaldehyde and 

1.26 g (9.9 mmol) of AgF and 2.23 g (9.9 mmol) of N-iodosuccinimide in 50 ml of acetonitrile. 

Yield: 2.20 g (82%); m.p. 107-111 ºC; 1H NMR (ŭH, CDCl3, 400 MHz): 9.99 (1H, s), 7.94 (1H, s), 

7.84 (1H, d), 7.67 (1H, d), 7.50 (1H, t).  

2.2.2.12 Synthesis of 3-(3-(chloroethynyl)phenyl)-4-hydroxypent-3-en-2-one, L4 
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3-(Chloroethynyl)benzaldehyde (1.00 g, 6.0 mmol) was placed in a 100 mL round bottom 

flask under a N2 atmosphere. 1 (1.53 g, 7.3 mmol) was added to the flask with continuous stirring. 

The resulting slurry was stirred for 24 hours at room temperature under a N2 atmosphere to obtain 

an oil. Then, 50 ml of methanol was added and the mixture was heated under reflux overnight 

under a N2 atmosphere. Upon cooling the solution to room temperature, methanol was evaporated 

by rotavap to obtain a yellow oil. The residue was chromatographed on a silica column with 

hexanes as the eluent to obtain the pure product. Yield: 0.55 g (40%); m.p. 48-52 ºC, Dec. 129 ºC 

(DSC 5 ºC/min); 1H NMR (ŭH, CDCl3, 400 MHz): 16.66 (1H, s), 7.42 (1H, d), 7.34 (1H, t) 7.28 

(1H, s), 7.16 (1H, d), 1.88 (6H, s); 13C NMR (ŭc, CDCl3, 400 MHz) 190.87, 137.17, 134.46, 131.43, 

131.07, 128.96, 122.76, 114.31, 68.74, 24.12. 

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

 

3-(4-(Bromoethynyl)phenyl)-4-hydroxypent-3-en-2-one was prepared according to the 

preparation of 3-(4-(chloroethynyl)phenyl)-4-hydroxypent-3-en-2-one from 1.00 g (4.80 mmol) of 

4-(bromoethynyl)benzaldehyde and 1.20 g (5.80 mmol) of 1. Gold color plate crystals suitable for 

single-crystal X-ray diffraction were grown using slow evaporation from methanol.  Yield: 0.52 g 

(39%); m.p. 71-73 ºC, Dec. 97 ºC (DSC 5 ºC/min); 1H NMR (ŭH, CDCl3, 400 MHz): 16.69 (1H, 

s), 7.43 (1H, d), 7.35 (1H, t) 7.29 (1H, s), 7.17 (1H, d), 1.88 (6H, s); 13C NMR (ŭc, CDCl3, 400 

MHz) 190.85, 137.46, 134.53, 131.55, 131.11, 128.96, 123.33, 114.32, 79.54, 50.63, 24.15. 
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2.2.2.14 Synthesis of 3-(3-(iodoethynyl)phenyl)-4-hydroxypent-3-en-2-one, L6 

 

4-(Iodoethynyl)benzaldehyde (1.00 g, 3.90 mmol) was placed in a 100 mL round bottom 

flask under a N2 atmosphere. 1 (0.98 g, 4.70 mmol) was added to the flask with continuous stirring. 

The resulting slurry was stirred for 24 h at room temperature under a N2 atmosphere to obtain an 

oil. Then, 50 ml of methanol was added and the mixture was stirred at room temperature overnight 

under a N2 atmosphere. After completion of the reaction, methanol was evaporated under room 

temperature to obtain a yellow oil. The residue was chromatographed on a silica column with 

hexanes as the eluent to obtain the pure product as yellow sticky solid. Yield: 0.66 g (52%); Dec. 

196 ºC (DSC 5 ºC/min); 1H NMR (ŭH, CDCl3, 400 MHz): 16.68 (1H, s), 7.42 (1H, d), 7.35 (1H, t) 

7.28 (1H, s), 7.16 (1H, d), 1.88 (6H, s); 13C NMR (ŭc, CDCl3, 400 MHz) 190.86, 137.10, 134.86, 

131.66, 131.44, 128.86, 124.00, 114.33, 93.59, 24.16, 7.32. 

2.2.3 Metal-ligand complexes synthesis  

2.2.3.1 Synthesis of [Cu(L1)2] 

L1 (0.010g, 0.04 mmol) was dissolved in 1.0 mL of acetonitrile and a drop of triethylamine 

was added to the solution in a vial and stirred. Copper(II) tetrafluoroborate hydrate (0.006 g, 

0.0025 mmol) in 1.0 mL of acetonitrile was added. The solution was mixed and kept for slow 

evaporation at room temperature. After two days, green needle-shaped crystals were obtained and 

subjected to single-crystal X-ray diffraction.  Dec. 309 ºC (DSC 5 ºC /min). 
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2.2.3.2 Synthesis of [Cu(L2)2].2CH3CN 

L2 (0.010g, 0.0036 mmol) was dissolved in 1.0 mL of acetonitrile and a drop of triethylamine 

was added in a vial and stirred well. Copper(II) tetrafluoroborate hydrate (0.005 g, 0.002 mmol) 

in 1.0 mL of acetonitrile was added to the above mixture. The resulting mixture was mixed well 

and kept for slow evaporation at room temperature. After one day, green plate-shaped crystals 

were obtained and subjected to single-crystal X-ray diffraction. Dec. 276 ºC (DSC 5 ºC /min). 

2.2.3.3 Synthesis of [Cu(L2)2].2C4H8O2 

L2 (0.010g, 0.0036 mmol) was dissolved in 1.0 mL of ethyl acetate and a drop of triethylamine 

was added in a vial and stirred well. Copper(II) tetrafluoroborate hydrate (0.005 g, 0.002 mmol) 

in 1.0 mL of ethyl acetate was added to the mixture. The resulting solution was mixed and kept for 

slow evaporation at room temperature. After one day, blue prism-shaped crystals were obtained 

and subjected to single-crystal X-ray diffraction.  Dec. 263 ºC (DSC 5 ºC /min). 

2.2.3.4 Synthesis of [Cu(L2)2].2CH3NO2 

L2 (0.010g, 0.0036 mmol) was dissolved in 1.0 mL of nitro methane and a drop of 

triethylamine was added in a vial and stirred. Copper(II) tetrafluoroborate hydrate (0.005 g, 0.002 

mmol) in 1.0 mL of nitro methane was added to the mixture. The resulting solution was mixed and 

kept for slow evaporation at room temperature. After two days, green plate-shaped crystals were 

obtained and subjected to the single-crystal X-ray diffraction.  Dec. 274 ºC (DSC 5 ºC /min). 

2.2.3.5 Synthesis of [Cu(L3)2].4CH3CN 

L3 (0.010g, 0.003 mmol) was dissolved in 1.0 mL of acetonitrile and a drop of triethylamine 

was added in a vial and stirred. Copper(II) tetrafluoroborate hydrate (0.004 g, 0.0017 mmol) in 1.0 

mL of acetonitrile was added to the mixture. The resulting solution was mixed and kept for slow 
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evaporation at room temperature. After one day, blue plate-shaped crystals were obtained and 

subjected to single-crystal X-ray diffraction. Dec. 182 ºC (DSC 5 ºC /min). 

2.2.3.6 Synthesis of [Cu(L3)2].2C4H8O2 

L3 (0.010g, 0.003 mmol) was dissolved in 1.0 mL of ethyl acetate and a drop of triethylamine 

was added to a vial and stirred. Copper(II) tetrafluoroborate hydrate (0.004 g, 0.0017 mmol) in 1.0 

mL of ethyl acetate was added to the mixture. The resulting solution was mixed and kept for slow 

evaporation at room temperature. After one day, green needle-shaped crystals were obtained and 

subjected to single-crystal X-ray diffraction. Dec. 205 ºC (DSC 5 ºC /min). 

2.2.3.7 Synthesis of [Cu(L3)2] 

L3 (0.010g, 0.003 mmol) was dissolved in 1.0 mL of nitro methane and a drop of triethylamine 

was added in a vial and stirred. Copper(II) tetrafluoroborate hydrate (0.004 g, 0.0017 mmol)  in 

1.0 mL of nitro methane was added to the mixture. The resulting solution was mixed and kept for 

slow evaporation at room temperature. After three days green needle-shaped crystals were 

obtained and subjected to single-crystal X-ray diffraction. Dec. 180 ºC (DSC 5 ºC /min). 

2.2.3.8 Synthesis of [Cu(L5)2] 

L5 (0.010g, 0.0036 mmol) was dissolved in 1.0 mL of acetonitrile and a drop of triethylamine 

was added in a vial and stirred. Copper(II) tetrafluoroborate hydrate (0.005 g, , 0.002 mmol) in 1.0 

mL of acetonitrile was added to the mixture. The resulting solution was mixed and kept for slow 

evaporation at room temperature. After five days prism-shaped crystals were obtained and 

subjected to single-crystal X-ray diffraction. Dec. 176 ºC (DSC 5 ºC /min). 
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2.3 Results 

2.3.1 Single crystals of ligands 

X-ray quality single crystals are obtained for L1-L3 and L5. Keto-enol tautomerism is 

observed in the crystal structure of L1. (Figure 2.7) The hydrogen on acac moiety is equally 

distributed on two oxygen. Adjacent L1 molecules are close-packed and no significant halogen 

bonding interactions are present. The acac moiety is almost perpendicular with respect to the 

phenyl ring and it also accepts a C-H···O hydrogen bond from an adjacent ligand, r(O···H) ca. 

2.649 Å, (Fig. 1). The X-CſC bond is linear with a 180º angle.  

 

Figure 2.7 Part of the crystal structure of L1 (color codes: red-oxygen; green-chlorine). 

 Both crystal structures, L2 (Figure 2.8) and L3 (Figure 2.9) contain intermolecular 

interactions between their keto oxygen atom of the acac group and respective haloethynyl moieties. 

These halogen bonding interactions have created 1-D chains in both structures, L2 r(O···Br) 2.976 

Å, and L3 r(O···I) 3.040 Å. A slightly higher reduction in combined van der Waals radii (13% 

reduction) is observed in the more polarizable iodine atom involved halogen bonding compared to 

corresponding bromo species (11.6% reduction). In addition to halogen bonding, there are C-H···O 

hydrogen bonds between acac-O and phenyl-H. In both structures, oxygen makes bifurcated 
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hydrogen bonding with phenyl-H and in L3 symmetric hydrogen bonds are observed with r(O···H) 

ca. 2.81 Å. Bifurcated hydrogen bonding distances in L2 are r(O···H) ca. 2.70 Å and 2.79 Å. 

 

Figure 2.8 Part of the crystal structure of L2 (color codes: red-oxygen; gold-bromine). 

 

Figure 2.9 Part of the crystal structure of L3 (color codes: red-oxygen; purple-iodine). 

The C-X···O halogen-bond angle is less linear in both L1 and L2 compared to L3. Higher 

linearity is observed when the halogen is iodine (178.0º) than when bromine (170.8º).  The torsion 

angle of the acac moiety with respect to the phenyl ring is close to 90º for both L2 and L3. The X-

CſC bond angles in L2 and L3 deviate slightly from linear at 174.14º and 172.44º, respectively. 

When it comes to the L5 (an isomer of L2), a similar type of 1-D chain is formed by 

intermolecular interactions between its keto oxygen atom of the acac group and bromoethynyl 

group (Figure 2.10).  Halogen bonding distance in the structure of L5 r(O···Br) 3.082 Å, has 8.6% 
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vdW reduction. This reduction is slightly less than in the case of L2. The C-Br···O halogen-bond 

angle is 149.5º in L5, which is less linear compared to the angle in L2.  

 

Figure 2.10 Halogen bonded 1-D chain in L5 (color codes: red-oxygen; gold-bromine). 

 In addition to the halogen-bond interaction in the 1-D chain, several other interactions are 

also observed in L5 (Figure 2.11). There is a short contact between ethynyl bromine and triple 

bond r(Br···triple bond) 4.08 Å, ɗ (C-Br···triple bond) 167.33°. There are several C-H···O 

hydrogen bonds between acac-O and phenyl-H. Bifurcated interactions originated from keto 

oxygen of acac moiety to phenyl-H r(O···H) ca. 2.49 Å, 2.65 Å are the prominent non-covalent 

interactions. These prominent short contacts connect halogen bonded 1-D chains (Figure 2.11). 
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Figure 2.11 Part of the crystal structure of L5 showing short interactions (color codes: red-

oxygen; gold-bromine). 

2.3.2 FTIR spectroscopy of metal-ligand complexes 

 FTIR spectroscopy analysis of crystal formed provides an initial clue about the formation 

of metal ligand complexes (Figure 2.12 and Figure 2.13). A red shift of the peak corresponding to 

the triple bond is observed with the formation of metal-ligand complexes compared to the free 

ligand. Well resolved peaks are also observed in the region from 1,600 cm-1 to 1,300 cm-1 after the 

formation of a metal ligand complexes. Presence of solvent in the crystal lattice can also be 

identified by IR spectroscopy. For example, peaks correspond to acetonitrile (2319 cm-1 and 2362 

cm-1) can be seen in the metal-ligand complex between Cu(II) and L2 obtained in acetonitrile 

solvent (Figure 2.12).  In some cases, the solvent peaks are not observed in IR spectra which 

suggest the absence of the solvent in the crystal structure. For example, no indication of the 

presence of a solvent in the crystal of metal-ligand complex between Cu(II) and L5 obtained in 

acetonitrile solvent (Figure 2.13).  
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Figure 2.12 FTIR spectra of L2 (red) and the metal-ligand complex between L2 and Cu(II) in 

CH3CN (blue). 

 

Figure 2.13 FTIR spectra of L5 (red) and the metal-ligand complex between L5 and Cu(II) in 

CH3CN (blue). 
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2.3.3 Single crystals of metal-ligand complexes 

As expected, neutral metal complex was obtained with a 1:2 metal to ligand stoichiometry 

from L1 and Cu(II) salt with a square planar geometry around the metal ion (Figure 2.14). There 

are no significant halogen bonds from the ethynyl moiety.  

 

Figure 2.14 The geometry of the metal-ligand complex ion in the crystal structure of [Cu(L1)2] 

(color codes: red-oxygen; green-chlorine; orange-copper). 

 Several C-H···O hydrogen bonds are present between the hydrogens of the phenyl group 

and the acac moiety (Figure 2.15) r(O···H) ca 2.70 Å and 2.94 Å and these interactions create an 

infinite stack of metal-ligand complex. 

 

Figure 2.15 The relative orientation of metal-ligand complex within an infinite stack in the 

structure of [Cu(L1)2] (color codes: red-oxygen; green-chlorine; orange-copper). 

 The reaction between L2 and Cu(II) in acetonitrile gives a complex, [Cu(L2)2].2CH3CN 

and a square planar geometry. In this structure, acetonitrile forms halogen bonding with the 
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óactivatedô bromine; r(Br···N) 3.070 Å (a 9.7% vdW reduction), q (C-Br···N) 172.05º, q 

(Br···NſC) 144.48Ü (Figure 2.16). 

 

Figure 2.16 Part of the crystal structure of [Cu(L2)2].2CH3CN showing the geometry around the 

metal ion and the ligand-solvent halogen bond (color codes: red-oxygen; blue-nitrogen; gold-

bromine; orange-copper). 

 There are several C-H···O hydrogen bonds between the hydrogens of the phenyl ring and 

the acac group (Figure 2.17) r(O···H) ca. 2.57 Å and 2.73 Å and these interactions create an 

infinite stack of metal-ligand complexes.  

 

Figure 2.17 Crystal packing of [Cu(L2)2].2CH3CN (solvent molecules are omitted, color codes: 

red-oxygen; gold-bromine; orange-copper). 

 When the reaction between L2 and Cu(II) salt was performed in ethyl acetate, a 1:2 metal-

ligand solvate is observed. The geometry around the metal ion is square planar and the activated 

bromine forms halogen bonds with oxygen of ethyl acetate; ; r(Br···O) 2.88 Å (a 14.5% vdW 

reduction), q (C-Br···O) 171.07º, q (Br···O=C) 126.47º (Figure 2.18) .  
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Figure 2.18 Part of the crystal structure of [Cu(L2)2]·2C4H8O2 showing the geometry around the 

metal ion and the ligand-solvent halogen bond (color codes: red-oxygen; gold-bromine; orange-

copper). 

 Infinite stacks of complex ions are created by the C-H···O hydrogen bonds between 

adjacent complex ions r(O···H) ca. 2.61 Å and 2.63 Å (Figure 2.19). 

 

Figure 2.19 Crystal packing of [Cu(L2)2]·2C4H8O2 (solvent molecules are omitted, color codes: 

red-oxygen; gold-bromine; orange-copper). 

 Nitromethane acts as a non-directional space filler in the crystal structure when the reaction 

between L2 and Cu(II) is performed in nitromethane (Figure 2.20). Although halogen bonded 

iodo-nitromethane synthons are reported42-43, when it comes to relatively weak halogen donor such 

as bromine, interactions with nitromethane become weak as well.  
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Figure 2.20 Part of the crystal structure of [Cu(L2)2]·2CH3NO2 showing the geometry around the 

metal ion and the packing of ligand and solvent (color codes: red-oxygen; blue-nitrogen; gold-

bromine; orange-copper). 

In the crystal packing, C-H···O hydrogen bonding between hydrogen atoms of the phenyl 

group and oxygen of acac moiety is observed as in the case of [Cu(L2)2].2CH3CN and 

[Cu(L2)2]·2C4H8O2 (Figure 2.21). This again forms a stack of complex ions r(O···H) ca. 2.50 Å 

and 2.57 Å. 

 

Figure 2.21 Crystal packing of [Cu(L2)2]·2CH3NO2 (solvent molecules are omitted, color codes: 

red-oxygen; gold-bromine; orange-copper). 

The combination of L3 and Cu(II) in acetonitrile produces a 1:2 metal-ligand complex with 

two solvent molecules included in the structure plus two solvent molecules that interact with 

iodine. Two acetonitrile molecules axially coordinated to the Cu(II) ion, change the overall 

geometry around metal center to octahedral. The activated iodine atom forms a halogen bond with 

the nitrogen of acetonitrile (Figure 2.22); r(I···N) 2.98 Å (a 15.6% vdW reduction), ɗ (C-I···N) 

174.28°, ɗ (I···NſC) 141.61Á.  
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Figure 2.22 Part of the crystal structure of [Cu(L3)2]·4CH3CN showing the geometry around the 

metal ion and the ligand-solvent halogen bond (color codes: red-oxygen; blue-nitrogen; purple-

iodine; orange-copper). 

 When the same reaction between L3 and Cu(II) is performed in ethyl acetate solvent, a 1:2 

metal-ligand complex is observed and this time there is no axial coordination of solvent molecules 

(Figure 2.23). The solvent molecules interact only with iodine atoms by making halogen bonds 

between the iodoethynyl group and the O=C group of ethyl acetate, r(I···O) 2.91 Å (a 20.0% vdW 

reduction), ɗ (C-IĿĿĿO) 172.33Á, ɗ (IĿĿĿO=C) 128.19Á. 

 

Figure 2.23  Part of the crystal structure of [Cu(L3)2]·2C4H8O2 showing the geometry around the 

metal ion and the ligand-solvent halogen bond (color codes: red-oxygen; purple-iodine; orange-

copper). 

 Since there is no axial coordination of solvent to the metal center, C-H···O hydrogen 

bonding between phenyl rings and acac moieties can be observed resulting in stacks of metal 

complexes. (Figure 2.24) ca. r(O···H) 2.63 Å and 2.76 Å. 
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Figure 2.24 A stack of complex ions in the structure of [Cu(L3)2]·2C4H8O2 (solvent molecules 

are omitted, color codes: red-oxygen; purple-iodine; orange-copper). 

When the solvent is changed to nitromethane, which is a poor halogen-bond acceptor, it is 

not incorporated in the crystal structure of  L3 and Cu(II). In the absence of the solvent, the 

relatively strong halogen bond donor, iodoethynyl group finds alternative acceptor sites to interact 

with. The first interaction is a bifurcated bond between iodine and two oxygen atoms of the acac 

moiety (Figure 2.25) r(I···O) 3.31 Å and 3.29 Å, ɗ (C-I···O) 153.02°, and 157.72°, ɗ (I···O=C) 

128.19°. 

 

Figure 2.25 Bifurcated halogen···oxygen halogen-bond interactions in [Cu(L3)2] (color codes: 

red-oxygen; purple-iodine; orange-copper). 

The second interaction is the C-I···  ́ bond (Figure 2.26) r(I···triple bond) 3.63 Å, ɗ (C-

I···triple bond) 153.84°, ɗ (I···triple bond-I) 80.58° (geometric parameters calculated with respect 

to the center of the CſC bond). 
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Figure 2.26 HalogenĿĿĿˊ interactions in the structure of [Cu(L3)2] (color codes: red-oxygen; 

purple-iodine; orange-copper). 

There is another C-I···  ́interaction between an iodine atom and the aromatic ring in 

addition to the previous two halogen bonding interactions r(I···centroid of phenyl ring) 3.58 Å, ɗ 

(C-I···centroid of phenyl ring) 170.86°, r(I···C=C) 3.29 Å r(IĿĿĿCſC-I) 3.48 Å. These different 

types of halogen bonds combine to form a 3-D architecture in the structure of [Cu(L3)2] (Figure 

2.27). 

 

Figure 2.27 The halogen-bond driven assembly of metal-ligand complexes in the crystal structure 

of [Cu(L3)2] (color codes: red-oxygen; purple-iodine; orange-copper). 

 When L5 reacts with a metal ion in acetonitrile, an expected 1:2 metal-ligand complex is 

formed. Square planar geometry is observed and the bromo ethynyl groups are arranged in an anti-

parallel manner (Figure 2.28).  
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Figure 2.28 The geometry of the metal-ligand complexes in the crystal structure of [Cu(L5)2] 

(color codes: red-oxygen; gold-bromine; orange-copper). 

 In the structure, there is only one halogen bonding and it is a bifurcated interaction between 

bromine and two oxygen atoms of the acac moiety (Figure 2.29) r(Br···O) 3.13 Å and 3.16 Å, ɗ 

(C-I···O) 158.30° and 143.70°, ɗ (I···O=C) 122.37° and 115.11°. As a result, a completely 

different packing is observed compared to the complex ion formed when the ligand is L2, and it 

makes the 2-D self-assembled metal-ligand complexes.  

 

Figure 2.29 The halogen-bond driven assembly of metal-ligand complexes in the crystal 

structure of [Cu(L5)2] (color codes: red-oxygen; gold-bromine; orange-copper). 
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2.3.4 Thermal gravimetric analyses (TGA) of metal-ligand complexes 

TGA analysis of the metal-ligand complexes is performed to confirm the presence or absence 

of solvent in the crystal lattice. Figure 2.30 shows the selected TGA traces of metal-ligand 

complexes. The crystals were obtained in same solvent, acetonitrile.  

 

Figure 2.30 Comparison of TGA traces: [Cu(L1)2] (Green), [Cu(L2)2]·2CH3CN (Blue),  

[Cu(L3)2]·4CH3CN (Violet) and [Cu(L5)2] (Red). 

Both [Cu(L2)2]·2CH3CN  and [Cu(L3)2]·4CH3CN in which solvent are incorporated in the 

crystal show weight loss at lower temperatures in support of the findings from the XRD data.  

2.4 Discussion  

2.4.1 Halogen-bond donor/acceptor ability of ligands 

Only bromo- and iodo substituted ligands, L2, L5, and L3 show clear signs of halogen 

bonding in their crystal structures. In L2 and L3, the acceptor site is the oxygen atom of the keto 

group, which carries a higher negative charge than the enolic oxygen atom. In the case of L5, 

different packing and several other short interactions are observed apart from familiar halogen 1-

D chain due to the geometrical difference of the ligand compared to L2. Short contact between 

bromine and triple bond of L5 gives a hint of geometrical change which enables the access of other 

acceptor sites in the molecule.  
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The chloro ligand L1 does not show halogen bonding due to the absence of a big ů-hole 

with enough positive electrostatic potential even with the activation of chlorine through an adjacent 

ethynyl group. Out of four postulated probable halogen-bond acceptor sites, only 2 sites were 

exploited in the four structures of the ligands themselves (Figure 2.31). However, the only common 

structural feature among L1, L2, and L3 is the intramolecular hydroxyl···keto hydrogen bonding 

between the hydroxyl group and the oxygen of the keto group. 

 

Figure 2.31 Summary of the involvement of the halogen-bond acceptors and donors in the 

crystal structures of L1-L3 and L5. 

Both L2 and L3 show isostructural halogen bonding with solvents, indicating that both 

bromine and iodine are adequately activated by the adjacent ethyl group to provide big enough 

positive charge on the tip of halogen to form halogen-bond interactions with structurally similar 

1-D chains. Obviously, a greater reduction in the combined van der Waals radii of X···O is 

observed in L3 compared to that of L2 due to the polarizability and large Ϧ-hole in iodine. When 

it comes to the ligand L3, two best acceptor sites are utilized by halogen-bond donor due to the 

geometrical change of the ligand (meta isomer) compared to its para substituted isomer, L2. 

2.4.2 Halogen-bond donor/acceptor ability of metal-ligand complexes 

Unsurprisingly, metal-ligand complexes are obtained in a 1:2 stoichiometry when ligands 

are reacted with Cu(II) in all the cases. The relatively weak Ϧ-hole in L1 is continued in the metal-

ligand complex [Cu(L1)2] and does not produce a notable halogen bonding in the complex. In the 

structures of metal-ligand complexes with L2, L3, and L5, halogen bonds become predominant 
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with more polarizable bromo, and iodo substituents respectively compared to chloro analog L1. 

Overall, prominent halogen-bond interactions are observed in six of the eight structures of metal-

ligand complexes. In four cases, solvent molecules act as electron-pair donors for halogen-bond 

donors. One halogen-bond acceptor site is utilized in one case and in the other one, two different 

halogen-bond acceptors sites on the complex itself are utilized without the involvement of solvent 

(Figure 2.32).  

 

Figure 2.32 Summary of the involvement of the potential halogen-bond acceptor and donor sites 

on metal-ligand complexes of L1-L3 and L5. 

All metal complexes display square-planar geometries except [Cu(L3)2]·4CH3CN where 

an octahedral geometry is observed due to the axial coordination of two acetonitrile molecules. 

When the solvent is changed to weakly coordinating solvents such as: nitromethane, halogen 

bonding with solvent is not observed. When halogen atom is bromine in the para-substituted ligand 

(L2), activated bromine does not form any interactions with other acceptor sites of metal-ligand 

complex due to the relatively small Ϧ-hole compared to iodine.  However, activated iodine in the 

para-substituted ligand (L3) has shown the ability to form interactions with acac oxygen and the 

-́electron density of a triple bond which can act as a halogen bond acceptor.44-46  

Bromo- analogue of meta substituted isomer (L5) prevents interaction of competitive 

acetonitrile solvent to the halogen atom. Bromine in this analogue is strong enough to find acac 

oxygen acceptor with the geometry change and forms 2-D self-assembled architecture. These 2-D 

architectures make interlocked 2-D bilayer type of sheets by combining two of halogen-boded 
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sheets (Figure 2.33). Furthermore, these bi-layers stack together on top of each other in the crystal 

packing.  

 

Figure 2.33 Interlocked 2-D bilayer self-assembled architecture of [Cu(L5)2] (color codes: Green- 

and red ï two different halogen-bonded 2-D assemblies). 

In addition to the halogen bonding interactions, several C-H···O hydrogen bonds produce 

a highly consistent structural feature, an infinite slipped stack, in five of the eight metal-ligand 

complexes. The exception are the octahedral [Cu(L3)2]·4CH3CN where steric hindrance caused 

by additional acetonitrile molecules that prevent the formation of C-H···O hydrogen bonds and 2-

D and 3-D metal-ligand self-assemblies produced by [Cu(L5)2] and [Cu(L3)2] respectively. 

2.4.3 Density functional theory (DFT) calculations  

A simple DFT calculation (B3LYP and basis set: 6-31G**) was performed for Cu(L3)2 

system in order to account for the contribution of acac oxygen atoms in halogen bonding in the 

cases of Cu(L3)2 and Cu(L5)2. According to the results obtained, the HOMO orbitals of the 

complex are located around the acac oxygen atoms indicating their ability to act as partial electron 

donors in halogen-bond formation (Figure 2.34). 
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Figure 2.34 HOMO orbitals in [Cu(L3)2] (color codes: red and blue- two phases of HOMO 

orbitals). 

2.4.4 TGA data analysis  

Early weight loss (below 100 ºC) in [Cu(L2)2]·2CH3CN and  [Cu(L3)2]·4CH3CN suggests 

the presence of loosely bound solvent molecules in the crystal lattice. Higher weight loss 

corresponds to the solvent in [Cu(L3)2]·4CH3CN (19%) compared to [Cu(L2)2]·2CH3CN (11%) 

demonstrate loss of all four acetonitrile molecules in [Cu(L3)2]·4CH3CN. It suggests that the 

additional two acetonitrile molecules apart from two solvent molecules attached to halogen atoms, 

are poorly coordinated to the metal center of [Cu(L3)2]·4CH3CN. 

Higher van der Waals radii reduction of I···O bonds compared to Br···O bond in the structures 

[Cu(L3)2]·C4H8O2 and [Cu(L2)2]·C4H8O2 respectively, provides evidence for iodine as the better 

halogen-bond donor than bromine. This argument is further confirmed indirectly from the TGA 

data of the isostructural ethyl acetate solvates in which the loss of the halogen bound solvent 

molecule occurred at 50 °C in [Cu(L2)2]·C4H8O2. It was removed from the crystalline complex 

[Cu(L3)2]·C4H8O2 at 76 °C (Figure 2.35). It also indicates the stronger solvent···X-C bond formed 

when halogen-bond donor is iodine compared to bromine. 
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Figure 2.35 Part of TGA traces; [Cu(L2)2]·C4H8O2 (Red) and [Cu(L3)2]·C4H8O2 (Blue). 

2.5 Conclusions47 

Novel metal-chelating ligands decorated with halogen-bond donors are designed and 

synthesized as new building blocks to utilize in predictable and programmable supramolecular 

architectures. The acac moiety shows the capability of efficiently chelate metal ions by avoiding 

counter anion binding.   Furthermore, the acac ligand makes stable metal-ligand complexes which 

cannot be disrupted by metal coordinating solvents such as acetonitrile. 

  The bromo- and iodo substituted ligands are capable of forming halogen bonds with 

oxygen of the acac moiety.  The chloro substituted ligand L1 is incapable of forming any halogen-

bond interactions with available acceptors. With the introduction of metal ions to the ligands (L2, 

L3), different solvent molecules such as: acetonitrile and ethyl acetate bind via halogen-bond 

interactions forming discrete assemblies.  

With the absence of solvent that is capable of forming halogen-bond interactions, the 

halogen-bond donors find available acceptor sites on the metal-ligand complex (Cu(L3)2) (Figure 

2.36).  With the geometric change of the ligand (from L2 to L5), the metal-ligand complex 
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(Cu(L5)2) has the ability to make extended architectures without forming any interactions with 

solvent (Figure 2.36).  

 

Figure 2.36 Solvent free supramolecular assembly formation 

Overall, noticeable halogen-bond interactions were observed in six of the eight structures 

of metal-ligand complexes. Solvent molecules acted as electron-pair donors for halogen-bond 

donors in four cases. In one case, one halogen-bond acceptor site was utilized by the halogen bond 

donor and in the other case, two different halogen-bond acceptors sites on the complex itself were 

utilized without participation of solvent (Figure 2.36). The other weak non-covalent interaction 

such as, CH···O hydrogen bonds and iodine···  ́interactions play a big role in the propagation of 

the supramolecular assembly in 2D or 3D direction. 

Finally, it can be concluded that the new ligands with bromo or iodo groups are capable of 

simultaneous metal-chelation and directional halogen bonding, and they show potential to make 

extended 1-D, 2-D, and 3-D architectures when halogen bonding linkers are introduced (Figure 

2.37). 
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Figure 2.37 Proposed metallosupramolecular architecture formation when halogen-bond acceptor 

linkers are introduced 

Furthermore, if we want to synthesize robust extended architectures by combining ligands 

with bridging linkers, we need to avoid solvents that can compete with the anticipated halogen 

bonds.  The metal node can be used as an anchoring point for bound ligands while engaging the 

bromo- or iodo species as connectors to make more complex and predictable 

metallosupramolecular architectures.  
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Chapter 3 Competition between hydrogen bonds and halogen bonds  

3.1 Introduction   

Intermolecular interactions that can provide hierarchical assembly are useful for developing 

practical and robust strategies needed for effective synthesis of co-crystals.1-2 By minimizing or 

avoiding synthon crossover3 (interactions that compete for the same binding site), we can produce 

predictable, more advance, and complex architectures.4-7 The hydrogen bond (HB) is recognized 

as one of the synthetic tools for making predictable architectures,8-11 but sometimes HBs fail in the 

making of complex architectures that involve more than one competitive interaction.12-17 As an 

alternative to HBs, the halogen bond has received attention recently as a synthon for making 

predictable heteromeric architectures.  

There are similarities in both interactions such as directionality and strength, and both  have 

common dependence upon long-range electrostatic forces.15, 18-20 In the solid state, there are several 

examples regarding HB/XB ñimitationò which show that HB and XB interactions make 

structurally similar interactions.21  The interaction between 4.4ô-bypyridine (HB/XB acceptor) and 

hydroquinone22 (HB donor) is mimicked by the XB donor, 1,4-diiodobenzene23 (Figure 3.1).  

 

Figure 3.1 (a) HB interaction between 4.4ô-bypyridine and hydroquinone, (b) XB interaction 

between 4.4ô-bypyridine and 1,4-diiodobenzene 

1,4-Diiodotetrafluorobenzene also makes the same interaction with 4.4ô-bypyridine.24 

There are more examples of HB/XB mimicry such as: the formation of equivalent architectures 

between aminopyrimidine-based ethynyl and iodoethynyl donors with tetramethylpyrazine and 

1,2-bis(4-pyridyl)ethylene.25  
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In addition, there are some studies in the literature that address the competition between 

separate XB and HB donors for the same acceptor in experimentally26-28 and theoretical29 manners. 

For example, HB/XB competition in mixtures of 1,2-bis(4-pyridyl)-ethane, 1,4-

diiodotetrafluorobenzene and hydroquinone or of N,N,N',N'-tetramethylethylenediamine, 1,2-

diiodo-tetrafluoroethane and ethylene glycol have been reported.24, 30 A dominating hydrogen 

bonding outcome was observed in mixtures of 1,2-bis(4-pyridyl)-ethane, 1,4-

diiodotetrafluorobenzene and hydroquinone (Figure 3.2) while halogen bonding was the dominant 

non-covalent interaction in the latter system (Figure 3.3). 

 

Figure 3.2 Supramolecular outcome of the mixture of 1,2-bis(4-pyridyl)-ethane, 1,4-

diiodotetrafluorobenzene and hydroquinone 

 

Figure 3.3 Supramolecular outcome of the mixture of N,N,N',N'-tetramethylethylenediamine, 

1,2-diiodo-tetrafluoroethane and ethylene glycol 

There are only a small number of studies that address competition between HB and XB by 

attaching both HB and XB donors to the same molecular backbone. Investigation of HB/XB 

competition towards 4,4ô-azobipyridine from bi-functional molecules such as 4-

iodotetrafluorobenzoic acid,  4-iodotetrafluorophenol or 4-iodotetrafluoroaldoxime are some 

notable examples.31 In order to advance supramolecular synthesis by using both HB and XB 

interactions in same system, we have to fully understand the balance between them.  
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Apart from activation of an XB donor by attaching electro withdrawing groups next to it, 

the same effect can be achieved by attaching the XB donor to an sp-hybridized carbon.23, 32 So far 

very li ttle research has been done on the competition between such XB donors and HB donors.26 

In order to remedy this, we have designed two tetra-functionalized molecules, trans-1,4-

bis(iodoethynyl)cyclohexane-1,4-diol (D1) and cis-1,4-bis(iodoethynyl)cyclohexane-1,4-diol 

(D2) which are geometric isomers of each other with two HB donors and two XB donors (Figure 

3.4). Trans-1,4-diethynylcyclohexane-1,4-diol (D3) which has only HB donors was also designed 

to study the structural chemistry (Figure 3.4).  

 

Figure 3.4 Molecules with competing halogen- and hydrogen-bond donors (D1/D2) and 

competing hydrogen-bond donors (D3) 

The activation of XB donors in D1 and D2 were done by an sp-hybridized carbon atom, 

and D3 is the control molecule which has an HB donor, R-CſC-H instead of XB donor, R-CſC-I 

and geometrically identical to D1.  In order to study how synthon preferences may depend on the 

molecular geometry, two geometrical isomers D1 and D2 were designed. Six HB/XB nitrogen 

based symmetric ditopic acceptor molecules were selected in order to subject donors to co-

crystallization experiments (Figure 3.5). 
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Figure 3.5 Ditopic nitrogen based XB/ HB acceptors (A1-A6) 

Based on the donor- and acceptor molecules examined in this study, we postulated a series 

of different outcomes if D1-D3 were to form co-crystals with the acceptors A1-A6 (Figures 3.6 

and 3.7). 

 

Figure 3.6 Hypothesized primary intermolecular interactions in co-crystals of D1/D2:A1-A6 
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Figure 3.7 Hypothesized intermolecular interactions in co-crystals of D3:A1-A6 

The main advantage of these molecules is that by having both XB and HB bond donors on 

the same backbone, the outcome is not going to be affected by possible solubility differences.  We 

supplemented the structural study further with an analysis of calculated molecular electrostatic 

potential surfaces for D1-D3 and acceptors in order to rationalize the outcome of the co-

crystallizations.  
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3.1.1 Objectives of this study  

This study is carried out to achieve specific goals stated below. 

1. Synthesis of three newly designed HB/ XB donor molecules and subject them in 

co-crystallization experiments with suitable acceptors. 

2. Exploring whether both hydrogen- and halogen-bond interactions behave 

structurally similar since both have shared dependence upon molecular electrostatic 

potentials. 

3. Studying the possible competitiveness of HB and XB when interacting with a 

common acceptor since both interactions demonstrate comparable strength and 

directionality. 

4. Investigating the impact of geometric changes of donor positioning on 

competitiveness of HB and XB interactions. 

5. Comparison of the strength of both HB (CſC-H) and XB (CſC-I) donors which are 

activated similarly by sp-hybridized carbon. 

6. Evaluating the capability of predicting outcome of a supramolecular architecture in 

the presence of competitive/ concurrent non-covalent forces.  

 

3.2  Experimental  

3.2.1 General  

All solvents, reagents, precursors and acceptors (A1-A6) were purchased from commercial 

sources and used without further purification. Melting points were determined using a Fisher-Johns 

melting point apparatus and are uncorrected. Infrared spectra were obtained on a Nicolet 380 FT-
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IR spectrometer. 1H NMR spectra were obtained on a Varian unity plus 400 MHz spectrometer. 

DSC data were obtained on a TA instruments Q20 and TGA data on a TA instruments Q50. 

3.2.2 Computational studies 

All the calculations were carried out using B3LYP functional and 6-31G* basis set which 

employs LANL2DZ33 under vacuum in Spartanô14 software. Molecular electrostatic potential 

surfaces (MEPs) were generated for the optimized structures on the electron isodensity surface of 

the 0.002 electrons/au3. 

3.2.3 Synthesis of D1-D3 

The three donors were synthesized using commercially available 1,4-cyclohexanedione. 

The ketone was converted to the propargyl alcohol with a TMS protected alkyne group34 (the trans-

cyclohexane being the major product).  D3 was obtained by deprotecting the ethynyl group and 

D1 and D2 were obtained through a reaction with N-iodosuccinimide, Figure 3.8. 

 

Figure 3.8 Synthesis pathway to D1, D2 and D3 
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3.2.3.1  Synthesis of trans- and cis -1,4-bis((trimethylsilyl)ethynyl)cyclohexane-1,4-diol 

 

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

and cooled to -10 ºC under N2. A solution of n-BuLi (4.9ml 18 mmol) was added slowly over 30 

min. at -10 ºC under N2. The mixture was stirred for an additional hour at the same temperature. 

Cyclohexane-1,4-dione (1.0 g, 8.9 mmol) was dissolved in 25 ml of dry THF and added dropwise 

to the resulting trimethylsilyl acetylide solution under N2 at -10 ºC.  The mixture was then allowed 

to reach room temperature and stirred overnight. After completion of the reaction, 100 ml of water 

was added and extracted with ethyl acetate (3 × 100ml). The combined organic layers were dried 

over magnesium sulfate and the solution was concentrated to obtain a crude solid and purified by 

column chromatography. The trans isomer was obtained using hexane as the eluent and the cis 

isomer was obtained using a mixture of hexanes: ethyl acetate (8:2) as the eluent. Yield: trans 

isomer 1.43g, 52%, m.p.: 160-163 ºC, 1H NMR (400 MHz in DMSO-d6): 5.43 (2H, s), 1.77-1.62 

(8H, m), 0.13 (18H, s) cis isomer 0.410g, 15%, m.p.: 123-125 ºC, 1H NMR (400 MHz in DMSO-

d6): 5.31 (2H, s), 1.68-1.71 (8H, m), 0.12 (18H, s). 

 

 

 



63 

3.2.3.2 Synthesis of trans-1,4-bis(iodoethynyl)cyclohexane-1,4-diol.H2O (D1.H2O) 

 

Silver fluoride (0.825g, 6.5 mmol) and trans-1,4-bis((trimethylsilyl)ethynyl)cyclohexane-

1,4-diol (1.0 g, 3.24 mmol) were dissolved in 50ml of acetonitrile and N2 was bubbled through 

the solution for 20 minutes. N-iodosuccinimide (1.46 g, 6.5 mmol) was added to the mixture and 

the flask was covered with aluminium foil. The reaction was stirred overnight under N2. After 

completion of the reaction, the resulting mixture was passed through a short pad of silica and the 

resulting solution was evaporated under vacuum in order to get the crude product. It was dissolved 

in methanol and water was added to the mixture. The product crashed out and the precipitate was 

filtered and dried in air to give a light-yellow solid. Yield 1.23g, 87%, m.p.: 218-220 ºC (dec.), 1H 

NMR (400 MHz in DMSO-d6): 5.57 (2H, s), 1.60-1.80 (8H, m). 

3.2.3.3 Synthesis of cis-1,4-bis(iodoethynyl)cyclohexane-1,4-diol (D2) 

 

The synthesis of cis-1,4-bis(iodoethynyl)cyclohexane-1,4-diol was carried out in the same 

way as the synthesis of D1 by using 0.250g (2.0 mmol) of silver fluoride, and 0.3g (9.7 mmol) of 

cis-1,4-bis((trimethylsilyl)ethynyl)cyclohexane-1,4-diol and  0.450g (2.0 mmol) of N-

iodosuccinimide dissolved in 30 ml of acetonitrile. Yield: 0.360g, 89%, m.p.: 168-171 ºC (dec.), 

1H NMR (400 MHz in DMSO-d6): 5.40 (2H, s), 1.61-1.71 (8H, m). 
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3.2.3.4 Synthesis of trans-1,4-diethynylcyclohexane-1,4-diol.H2O (D3.H2O) 

 

Trans-1,4-bis((trimethylsilyl)ethynyl)cyclohexane-1,4-diol (0.5g,1.6mmol) and potassium 

carbonate (0.45g, 3.25 mmol) were dissolved in 50ml of methanol. The reaction mixture was 

stirred for 4 hrs and after completion of the reaction, the solvent was evaporated under vacuum. 

The solid mixture was dissolved in ethyl acetate and washed with brine. The organic layer was 

dried over magnesium sulfate and the solvent was evaporated to get a white powder as the product. 

Yield 0.22 g, 75%, m.p.: 175-178 ºC, Yield 0.22 g, 75%, m.p.: 175-178 ºC, 1H NMR (400 MHz in 

DMSO-d6): 5.41 (2H, s), 3.28 (2H, s), 1.64-1.79 (8H, m). 

3.2.4 Crystal growth of D1-D3 and synthesis of co-crystals 

D1-D3 (10 mg) were individually combined with each acceptor (A1-A6) in a 1:1 

stoichiometric ratio using solvent assisted grinding (methanol as the solvent). Eighteen 

experiments were performed and the resulting solids were analyzed using IR spectroscopy.  The 

solid mixtures obtained from grinding experiments were dissolved in 2 ml of methanol or 

methanol/tetrahydrofuran and kept in small vials for slow evaporation at room temperature. 

Crystals suitable for single-crystal X-ray diffraction were obtained after 2-3 days. 

3.3 Results 

3.3.1 Molecular electrostatic potential of donors and acceptors  

The maximum positive and negative MEPs values on the electrostatic potential surfaces 

for D1 and D3 are listed in Figure 3.9 (a) and Figure 3.9 (b) respectively. Figure 3.10 (a) and (b) 

shows them for D2. 
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Figure 3.9 Electrostatic potential surfaces of (a) XB/HB donors and acceptors of D1, (b) HB 

donors and acceptors of D3. 

 

Figure 3.10 Electrostatic potential surfaces of (a) XB donors, (b) HB donors and XB/HB 

acceptors of D2. 

Figure 3.11 shows MEPs of A1-A6 which were calculated in order to rank the ability of 

these molecules to act as HB/XB acceptors.   
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Figure 3.11 Electrostatic potential surfaces of acceptor atoms in A1-A6. 

3.3.2 Differential scanning calorimetry (DSC) and thermogravimetric analysis 

(TGA) of donors 

In crystals of D1 and D3, water molecules are incorporated in the lattices and both 

crystallized as monohydrates, while D2 does not include any solvent in its lattice.  These results 

are confirmed by TGA which shows the loss of one equivalent of water only for D1 and D3 (Figure 

3.12).  DSC traces also indicate thermodynamic events at the matching temperatures for the loss 

of water in the lattices of D1 and D3 (Figure 3.13). There was no indication in the DSC or TGA 

for solvent in the structure of D2. 
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Figure 3.12 TGA traces comparison of D1.H2O (Blue), D2 (Red) and D3.H2O (Green) 

 

Figure 3.13 DSC traces comparison of D1.H2O (Blue), D2 (Red) and D3.H2O (Green) 
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3.3.3 Single X-ray structures of donors 

All donor molecules and six co-crystals between donors and acceptors produced crystals 

suitable for single-crystal X-ray diffraction, and the crystallographic data is provided in the 

appendix B. Geometric parameters (bond distances and angles) for hydrogen- and halogen bonds 

in the crystal structures of D1-D3 are given in Table 1 and Table 2, respectively. 

Table 3.1 HB distances and angles in D1-D3 

Compound D-H···A D···A (Å) <(DHA) (º) 

D1.H2O 
O(1)-H(1O)···O(2) 2.8239(19) 164(8) 

O(2)-H(2O)···O(1) 2.8239(19) 154(8) 

D2 
O(10)-H(10)···O(14) 2.806(2) 173(3) 

O(14)-H(14)···O(10) 2.922(2) 170(3) 

D3.H2O 

O(4)-H(4)···O(13) 2.6333(11) 173.2(16) 

O(10)-H(10)···O(4) 2.7789(11) 160.8(17) 

O(13)-H(13A)···O(10) 2.7575(13) 168.9(16) 

O(13)-H(13B)···O(4) 2.9174(12) 169.3(18) 

Table 3.2 HB distances and angles in D1-D2 

Compound D-X···A X···A (Å)  <(DXA) (º) 

D1.H2O C(1)-I(1)···O(1) 3.146(3) 174.68(15) 

D2 

C(8)-I(9)···I(13) 3.9222(4) 140.69(7) 

C(12)-I(13)···I(9) 3.9222(4) 71.49(7) 

C(12)-I(13)···C(8) 3.296(2) 168.69(8) 

C(12)-I(13)···C(7) 3.354(2) 170.34(8) 

 

In the crystal structure of D1, all four donors (2 x O-H and 2 x R-CſC-I) participate in non-

covalent interactions. The presence of a water molecule has made the crystal packing more 

complicated.  This disordered water molecule acts as a hydrogen bond donor to the hydroxylic 

oxygen atoms and acceptor to the hydroxyl hydrogen of D1. Both XB donors interact with ïOH 

groups of D1 in a homomeric manner (Figure 3.14). 
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Figure 3.14 Hydrogen bonding and halogen bonding in the crystal structure of D1.H2O (color 

codes: red-oxygen; violet-iodine). 

 When it comes to the crystal structure of D2, no water molecules are present in the lattice 

in agreement with DSC and TGA evidence. There are two intermolecular HB interactions between 

adjacent hydroxyl groups, (Figure 3.15 a).  In addition, there is one XB interaction between the 

triple bond of D2 as an acceptor site r(I···centroid of triple bond) ca. 3.27¡, ɗ(centroid of triple 

bond···I-C) ca. 177.76º, and there is one iodine···iodine type II interaction, (Figure 3.15 b). 

 

Figure 3.15 Hydrogen bonds (a) and halogen bonds (b) in the crystal structure of D2 (color codes: 

red-oxygen; violet-iodine). 
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When water is incorporated into the crystal lattice of D3, D3···D3 water-bridged interactions 

(Figure 3.16 a) can be seen in the packing. In addition, direct D3···D3 hydrogen bonds (Figure 

3.16 b), and a triple bond-ethynyl hydrogen atom interaction r(C···centroid of triple bond) ca. 

3.87¡, ɗ(centroid of triple bondĿĿĿH-C) ca. 138º (Figure 3.16 b) are observed in the solid state. 

 

Figure 3.16 (a) Water bridged hydrogen bonding and (b) C-HĿĿĿCſC hydrogen bond in the crystal 

structure of D3.H2O (color codes: red-oxygen) 

3.3.4 IR spectroscopy of co-crystals  

IR spectroscopy analysis shows evidence for the formation of co-crystals for all sixteen 

attempted co-crystallization experiments. Peak shifts of major peaks of donors and acceptors can 

be seen in the ground mixtures of corresponding donor-acceptor pairs.  For example, the peak shift 

corresponding to the triple bond in D1 (from 2158 cm-1 to 2153 cm-1) in Figure 3.17, in D2 (from 

2170 cm-1 to 2167 cm-1) in Figure 3.18, in D3 (from 2104 cm-1 to 2097 cm-1) in Figure 3.19, a peak 

corresponding to the ïOH group (broad peak 3600-3200 cm-1) in all three donors and characteristic 

acceptor peak (1586 cm-1) shift in A3 can be used as evidence for the formation of co-crystals.  

Complementary blue-shift of a characteristic peak in 4,4ô-bipyridine of D1:A3 can be 

observed (from ca. 1586 cm-1 to 1590 cm-1) with the formation of a co-crystal (Figure 3.17). 
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Similar red shifts corresponding peaks of D2 and D3 and blue shifts in peaks of 4,4ô-bipyridine35 

revealed the formation of co-crystals (Figures 3.18 and 3.19).  

 

Figure 3.17 IR comparison of D1.H2O, A3 and D1.H2O: A3 ground mixture 

 

Figure 3.18 IR comparison of D2, A3 and D2: A3 ground mixture 
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Figure 3.19 IR comparison of D1.H2O, A3 and D1.H2O: A3 ground mixture 

3.3.5 Single X-ray structures of co-crystals 

Out of sixteen positive outcomes, six co-crystals gave sample of X-ray quality and we 

were able to determine the structures by single crystals X-ray diffraction. All the XB and HB 

geometries are listed in Table 3.3 and Table 3.4 and the crystallographic data is provided in the 

appendix B.  
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Table 3.3 HB distances and angles in the structures of six co-crystals.  

Compound D-H···A D···A (Å) <(DHA) (º) 

D1.A3 

O(7)-H(7)···O(11) 2.758(5) 159(9) 

O(11)-H(11)···N(32) 2.809(5) 161(7) 

O(21)-H(21)···N(44) 2.786(6) 163(7) 

O(25)-H(25)···O(21) 2.717(5) 171.5* 

D1:A4 
O(7)-H(7)···N(20) 2.726(7) 172(3) 

O(11)-H(11)···O(7) 2.831(12) 169.(3) 

D1:A5 

O(11)-H(11)···N(51A) 2.726(7) 172.9* 

O(11)-H(11)···N(51B) 2.831(12) 174.7* 

O(14)-H(14)···O(11) 2.740(3) 168.7* 

D2:A3 
O(1)-H(1O)···N(1) 2.810(7) 165(9) 

O(11)-H(2O)···N(2) 2.791(7) 174(7) 

D3:A3 

O(1)-H(1O)···N(2) 2.7777(18) 170.5(19) 

O(2)-H(2O)···N(1) 2.8241(19) 170(2) 

C(10)-H(10)···O(1) 3.303(3) 173(2) 

D3:A5 O(13)-H(13)···N(4) 2.7314(16) 171(2) 

 C(12)-H(12)···O(13) 3.235(2) 160.7* 

(* Some of the hydrogen atoms involved in hydrogen-bonding could not be located based on the 

difference electron density. Hence, they were placed in geometrically calculated positions and 

refined using a riding model) 

Table 3.4 XB distances and angles in the structures of four co-crystals 

Compound D-X···A X···A (Å)  <(DXA) (º) 

D1.A3 

C(9)-I(10)···N(50) 2.826(5) 178.30(19) 

C(13)-I(14)···O(25) 2.938(4) 175.19(19) 

C(23)-I(24)···O(7) 2.951(4) 173.60(19) 

C(27)-I(28)···N(38) 2.782(4) 178.97(19) 

D1:A4 
C(9)-I(10)···O(11) 2.9273(17) 174.73(8) 

C(13)-I(14)···N(26) 2.768(2) 177.81(9) 

D1:A5 

C(32)-I(2)···N(41B) 2.755(8) 173.2(5) 

C(32)-I(2)···N(41A) 2.761(4) 179.9(2) 

C(22)-I(1)···O(14) 2.901(2) 175.12(9) 

D2:A3 
C(1)-I(1)···O(2) 2.978(4) 154.6(2) 

C(10)-I(2)···O(1) 2.955(4) 159.0(2) 

 D1 and A3 crystallize in a 1:1 stoichiometry and there are two XB interactions between 

I···N (a 20% combined vdW reduction) and between I···O (a 16% vdW reduction). These 

interactions are mirrored by two hydrogen bonds, O(H)···N and O(H)···O, respectively.  They 

occupy the same type of acceptor sites that were used in the XB interactions (Figure 3.20). 
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Figure 3.20 Major HBs and XBs in the crystal structure of D1:A3 (color codes: red-oxygen; violet-

iodine; blue-nitrogen). 

In the crystal structure of D1:A4, the same set of intermolecular interactions can be seen 

as were found in D1:A3.  One XB between I···N (with a 22% vdW reduction) and one XB 

interaction between I···O (with a 16% vdW reduction) can be observed. Again, these two XBs are 

mirrored by two HBs, O(H)···N and O(H)···O (Figure 3.21).  

 

Figure 3.21 Major HBs and XBs in the crystal structure of D1:A4 (color codes: red-oxygen; violet-

iodine; blue-nitrogen). 

The crystal structure of D1:A5 shows the same combination of two XB interactions (with 

a 22% and a 17% reduction in the combined vdW radii for I···N and I···O, respectively) and two 

structurally similar HB interactions between O(H)···N and O(H)···O (Figure 3.22).  
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Figure 3.22 Main HBs and XBs in the crystal structure of D1:A5 (color codes: red-oxygen; violet-

iodine; blue-nitrogen). 

When acceptor A3 is combined with D2 (a geometrical isomer of D1), different set of 

interactions are observed between D2 and A3.  Only two O(H)···N hydrogen bond interactions are 

involved in the heteromeric co-crystallization. The remaining two CſC-I moieties form XBs to the 

hydroxylic oxygen atoms (with a 15% vdW reduction) (Figure 3.23).  

 

Figure 3.23 Major HBs and XBs in the crystal structure of D2:A3 (color codes: red-oxygen; violet-

iodine; blue-nitrogen). 

When the CſC-I moieties are replaced with CſC-H groups in D3, the co-crystal is formed 

as a result of O-H···N hydrogen-bonds.  In the crystal structure of D3:A3, the ethynyl group forms 
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C-H···O hydrogen bonds which drive the co-crystal formation. In addition, CſC-H···O hydrogen-

bonds can be seen between hydroxylic oxygen atoms and ethynyl protons of D3 (Figure 3.24).  

 

Figure 3.24 Major HBs in the crystal structure of D3:A3 (color codes: red-oxygen; blue-nitrogen). 

In the crystal structure of D3:A5, O-H···N hydrogen bonds are responsible for the co-

crystal formation, and this time both ethynyl group form hydrogen bonds with hydroxylic oxygen 

atoms (Figure 3.25). 

 

Figure 3.25 Major HBs in the crystal structure of D3:A5 (color codes: red-oxygen; blue-nitrogen). 
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3.4  Discussion  

3.4.1 Analysis of X-ray structures of donors 

Due to the inclusion of water molecules in the structure of D1, it is possible for C-

I···O(hydroxyl) halogen bonds and O-H···O(water) hydrogen bonds to occur side by side.  In the 

absence of water molecules in D2 causes a shortage of oxygen acceptor sites.  Therefore, a 

competition arises between O-H and C-I and finally leads to O-H···O hydrogen bonds.  The C-I 

groups have to fulfil the requirement of acceptor by forming XBs to triple bond36 and type II 

halogen bonds37 to the electron-rich equatorial region of a neighboring iodine atom (Figure 3.26).   

 

Figure 3.26 HB/ XB donor and acceptor sites observed in single crystals of D1, D2 and D3 

In the absence of strong XB donors in D3.H2O, hydroxyl oxygen interacts only with water 

molecules. In addition, the ethynyl hydrogen atoms of D3.H2O form hydrogen bonds through a 

side-ways interaction with an electron rich area of triple bond38 in an adjacent molecule of D3 

similar to the behavior of iodine in D2 (Figure 3.26). 

3.4.2 IR spectroscopy analysis of co-crystals 

In order to screen the formation of co-crystals, IR spectroscopy can be used as an effective 

and sensitive method.39 Significant peak shifts of both donors and acceptors indicate successful 
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co-crystal formation.   It is known that a red shift of IR frequency in the D-H/ D-X bonds are 

observed in a typical HB or XB formation respectively.40 Small blue-shifts of a characteristic peak 

of the pyridyl moiety is observed when the pyridyl nitrogen act as the HB/XB acceptor.35 One of 

the most sensitive IR peaks of donors D1-D3 is the peak corresponding to the triple bond due to 

direct influence of the halogen/ hydrogen bond formation.41 This peak may show a red shift in a 

formation HB or XB between a donor attached to triple bond and an acceptor. In all the co-crystals 

that are structurally characterized in this study, a red shift of the triple bond of the XB donor (CſC-

I) and the HB donor (CſC-H) due to the bond elongation was observed (Table 3.5).     

Table 3.5 IR frequency changes of selected peaks of HB/ XB donors when form co-crystals 

Co-crystal/ 

compound 

XB peak (-CſC- 

stretch) cm-1 

HB peak (-CſC- 

stretch) cm-1 

Change of IR 

frequency cm-1 

Shift 

D1.H2O 2158 - - - 

D1:A3 2153 - -5 Red  

D1:A4 2156 - -2 Red  

D1:A5 2157 - -1 Red  

D2 2170 - - - 

D2:A3 2167 - -3 Red  

D3.H2O 2104 - - - 

D3:A3 2097 - -7 Red  

D3:A5 2096 - -8 Red  

 

In addition, an enhanced intensity of the ethynyl peak was also observed with the formation 

of HB interactions in D3:A3 and D3:A5 (Figure 3.27). This phenomenon is common for typical 

HB interaction formations.40 
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Figure 3.27 Comparison of ethynyl IR spectroscopy peak (-CſC-) of D3.H2O, D3:A3, D3:A5 

3.4.3 MEPs analysis  

Even though halogen-bond donor and hydrogen-bond donor of D1 have different MEP 

values, based on the co-crystal formed between D1 and acceptors, they are equally capable of 

competing for the acceptor sites. The XB donor (iodine atom) acts in a structurally similar way to 

the HB donor (hydrogen atom) demonstrating the competitiveness between the two and showing 

the difficulty in predicting the outcome purely based on MEP of individual donors.42 A previous 

study has shown that if the Q value (Q = HB electrostatic potential ï XB electrostatic potential) is 

less than about 140 kJ/mol then the HB and XB donors tend to be competitive with each other.26  

The difference in MEP values of two donors is 37 kJ/mol in D1 which is in agreement with earlier 

studies and supports the MEP argument for competitive nature of two donors.   

Slightly different MEPs for hydrogen bond donors (axial OH; 224 kJ/mol, equatorial OH; 

215 kJ/mol) of D2 are due to the different setting of the hydroxyl groups in D2 compared to D1 

(equatorial:equatorial in D1 vs axial:equatorial in D2) (Figure 3.9 (a) and Figure 3.10 (b)). This 
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makes one hydroxyl group a slightly better HB donor than the other. Intermolecular HB bond 

distances in D3:A3 (r(O axial···N) 2.791(7) Å and r(O equatorial···N) 2.810(7) Å) display only 

very minor differences that makes the slight difference of MEPs of the two O-H hydrogen bond 

donors unimportant (Figure 3.28). Even though the two iodine atoms in D2 are in different 

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

 

Figure 3.28 HB bond distances and MEP values of D2:A3 

In the case of D2:A3, the Q values of the two pairs of XB and HB donors on D2 are 37 

kJ/mol and 28 kJ/mol, respectively which are also much lower than 140 kJ/mol. Hydrogen-bond 

donors dominate over the C-I donors which show that MEPs cannot be solely used for  predicting 

the outcome. 

3.4.4 Structural analysis of co-crystals 

The competitive nature of XB and HB donors is illustrated in the three co-crystals of D1, 

(with A3, A4, and A5) since each donor is interacting with two nitrogen acceptor sites and two 

oxygen acceptors (Figure 3.29). D2:A3 (D2 has the cis-configuration of donor sites), the HB donor 

initiates the co-crystal synthesis by forming an O-H···N hydrogen bond with A3. This leaves the 

C-I halogen-bond donors to interact with the only remaining acceptors, the hydroxylic oxygen 

atoms. This clearly indicates that relatively subtle changes in molecular geometry can change the 

balance in favor of one donor over another (Figure 3.29). Additionally, the polarity of the solvent 
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present in the crystallization can also play a role in shifting the balance between HB and XB 

interactions towards a particular acceptor in a competitive situation.21 

 

Figure 3.29 Outcome of interactions between HB/ XB donors and nitrogen-based acceptors 

Due to the existence of moderate43 to weak44 ˊĿĿĿˊ interactions (r(ˊĿĿĿˊ) 3.83 ¡ and 3.94 

Å) between rings of A3 in the packing of D1:A3, the packing of D1:A3 is different compared to 

packing of D1:A4 and D1:A5 (Figure 3.30). In D1:A3, the pyridyl rings are stacked on top of each 

other and thus it facilitates the formation of ́ĿĿĿˊ interactions. In D1:A4 and D1:A5, such 

arrangement is not possible due to the bridging groups between aromatic rings of A4 and A5 sit 

on top of the aromatic groups of A4 and A5 (Figure 3.21 and Figure 3.22).  Since the structure 

directing hydrogen- and halogen bonds are present in the crystal arrangement, weak ˊĿĿĿˊ 

interactions cannot overturn strong intermolecular interactions by bringing aromatic rings on top 

of each other.  
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Figure 3.30 Moderate to weak ˊĿĿĿˊ interactions in the crystal structure of D1:A3 

The ethynyl hydrogen atom has the ability to make hydrogen bonds with nitrogen based or 

oxygen based acceptors in co-crystals.45-47 However, ethynyl donors in D3 are unable to compete 

successfully with the hydroxyl hydrogen (Figure 3.31) due to the weaker donor ability of ethynyl 

hydrogen compared to ethynyl iodine. HB bond formation only one HB donor (HB1) and nitrogen 

acceptor was observed in D3 (2 out of 2), although both donors (HB1 and XB) of D1 interacted 

with nitrogen acceptor (3 out of 3) in all co-crystal formations between D1 and acceptors (Figure 

3.31).    

 

Figure 3.31 Competition of halogen bonding with hydrogen bonding in the presence of the same 

acceptor (trans-isomers: D1 and D3) 
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3.4.5 Analysis of HB and XB geometries 

Higher vdW reduction in XB bonding is noted when the acceptor is nitrogen instead of 

oxygen (average vdW radii reduction is 21% for I···N, average vdW reduction is 16% for I···O) 

in all co-crystals. All the XB distances and angles between nitrogen in aromatic ring and iodo-

ethynyl functionality are in the range of values found among relevant structures in the Cambridge 

Structural Database (CSD) (Figure 3.32 and 3.34)48.  

 

Figure 3.32 XB distances between ethynyl iodine and aromatic nitrogen: reported in CSD (blue 

circles) and observed in this study (red hollow squares) 
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Figure 3.33. XB angles ɗ(C-I···N): reported in CSD (blue circles) and observed in this study 

(red hollow squares) 

Halogen-bonds between ethynyl iodine and hydroxyl oxygen atom are reported only once 

in the literature49 r(I···O) ca.2.98 ¡, ɗ(C-I···O) ca.178.5º) and which is more linear than the most 

linear angle (ɗ(C-I···O) ca.175.2º) found in a co-crystal (D1:A3) of this study. In addition, halogen 

bonds are observed as more linear when nitrogen acceptors are involved (average ɗ(C-I···N) 

ca.178º), compared to when oxygen atoms act as acceptor sites (average ɗ(C-I···O) ca.169º).   

3.5 Conclusions50 

Three tetra-functionalized HB/ XB donor molecules were synthesized and eighteen 

attempted co-crystallization experiments were performed. The single crystals of D1-D3 show the 

desire of donors to find suitable acceptors in the crystal lattice by adopting water molecules 

(D1.H2O and D3.H2O) or finding acceptor sites itself (D2).   

In D1, both HB and XB donors behave structurally similar way when making interactions 

with a common acceptor. This clearly demonstrates the similar directionality and strength of both 

interactions that have shared dependence upon molecular electrostatic potentials.  

Based on the results, it can be concluded that the ability of R-O-H hydrogen-bond donors 

and R-CſC-I halogen bond donors to involved in structure-directing interactions is very finely 
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balanced. Both hydroxylic groups and the iodo-ethynyl groups are equally capable of competing 

for nitrogen-based or oxygen-based acceptor sites.  

The geometric isomers, trans-1,4-bis(iodoethynyl)cyclohexane-1,4-diol, D1, and cis-1,4-

bis(iodoethynyl)cyclohexane-1,4-diol, D2, are different in the competing environment. This 

indicates that the balance between hydrogen- and halogen bonds can be altered by very small 

changes in molecular geometry (Figure 3.34). 

 

Figure 3.34 Outcome of co-crystallization experiments between D1-D2 and nitrogen based 

acceptors 

In the control molecule, trans-1,4-diethynylcyclohexane-1,4-diol, D3, the hydroxylic HB 

donor is stronger due to its significantly larger positive electrostatic potential on the proton when 

compared to weak HB donor, R-CſC-H. The electrostatic potential analysis of XB and HB 

donors aid to rationalize the co-crystallization outcomes.  

The outcome of a supramolecular synthesis experiment cannot be solely determined by 

MEPs when it comes to different geometrical positioning of donor atoms. However, the 

combination of MEPs study and the co-crystallization outcomes give valuable information that 
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can be used for the design and synthesis of multi-component solid-state architectures based on 

halogen- and hydrogen-bond interactions.  
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Chapter 4 Functionalization of cavitands  

4.1 Introduction   

Molecular recognition can be described as the process by which two or more molecules bind 

together in a specific geometry1 via non-covalent interactions.2 Specially, this event can be used 

for selective separation,3-6 and selective identification of component/s in multicomponent 

mixtures.7-8  The shape,9-10 and functional groups11 of the receptors are responsible for their 

molecular recognition ability. One of most studied examples for such receptor is the 

resorcin[4]arene based cavitand which has a cavity that accommodates guest molecules.12  

Cavitands are bowl shaped molecules which ñcontain enforced cavities large enough to 

accommodate simple molecules or ionsò13 derived from resorcinarene.14 Cavitands were first 

synthesized by Cram in 1982.13 These molecules can be further functionalized in order to obtain 

molecular baskets,15-16carcerands,17-18 self assembled capsules,19-21 and nanotubes.22-23  Interest in 

cavitand based molecular receptors has increased due to their applications in hostïguest 

chemistry,24 separations,3 catalysis,25 and coordination chemistry.26-27  

The main components of a cavitand include bridging groups, upper rim, body and feet 

(Figure 4.1). The functional group attachments and modifications can be done on the upper rim in 

order to obtain cavitands which are selective towards particular guests. The bridging groups are 

the methylene groups that connect the adjacent aromatic rings. They are responsible for limitng 

the flexibility of the cavity, hence avoiding other possible conformations of the host. The middle 

part of the molecule, the body, can capture electron deficient guest molecules since it is made up 

of four phenyl rings which provide a ˊ-electron rich interior. Finally, the aliphatic chains at the 

bottom are called feet and they can be altered in order to change solubility of the molecule. 
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Figure 4.1 Cavitand scaffold (a) top view, (b) side view, (c) main parts of the cavitand, (d) 

schematic representation of cavitand 

The cavitand without the upper rim functionalization can hold particular guest/s inside the 

cavity only, but with the upper rim functionalization, four additional guest molecules can be bound 

per host molecule.  On the other hand, by making the upper rim selective to a particular guest, the 

host can be used to selectively recognize/ bind a single guest in a multicomponent mixture. The 

functionalization can be done in order to achieve reversible recognition event via non-covalent 

interactions such as hydrogen bonding, halogen bonding and/ or metal-ligand coordination.  
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4.1.1 Upper rim functionalization  

In order to get specific selectivity towards a guest molecule, the upper rim of the cavitand 

can be functionalized with appropriate supramolecular synthons. Furthermore, with 

complementary functionalities, cavitand based capsules can also be engineered.  

4.1.1.1 Metal coordinating cavitands  

Resorcin[4]arene based cavitands with different ligands can complex with soft and hard 

metal ions. In a cavitand, four ligands can be introduced at once and can be used as pre organized 

multidentate ligands due to the fixed geometry of the cavitand. Acetylacetone28-29, pyridyl26 and 

carboxylic acid30 functionalities are a few popular functionalities for the cavitand based metal-

ligand complexes (Figure 4.2). 

 

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

carboxylate group 

4.1.1.2 Hydrogen bonded cavitands  

There are several examples of cavitands decorated with hydrogen-bond donors or acceptors 

which make capsules and supramolecular polymers. Hydrogen bond donors such as -OH, -COOH, 

-NH2, -NH, -C(R)=NOH, -NHCOR and hydrogen bond acceptors such as -pyridyl, -pyrazole, and 

-CſN functionalities are reported as O-H···O, O-H···N, N-H···N, N-H···O hydrogen bonding 

interactions (Figure 4.3).15, 19, 24-25, 31-32   
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Figure 4.3 Examples for hydrogen bond interactions present on functionalized cavitands 

4.1.1.3 Halogen bonded cavitands  

The field of halogen bonding has recently witnessed a great deal of progress, thus cavitands 

with halogen-bond functionalities have also attracted attention in this arena. Cavitands 

functionalized by fluorinated iodine donors,12, 33 iodoethynyl donors34-36 have demonstrated ability 

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

 

Figure 4.4 Examples for halogen bond interactions present on functionalized cavitands 

  

4.1.1.4 Host-guest chemistry of cavitands 

The cavitand has a concave cavity that can accommodate guest molecules selectively via 

non-covalent interactions such as ϣ-interactions or hydrophobic interactions depending on the 

nature of the guest (e.g. cation can bind via cation- ˊ interactions, anions by anion- ˊ interactions) 

(Figure 4.5- path óAô). If the cavitand is functionalized by complementary supramolecular 

synthons, the formation of molecular capsules can be expected. However, host-guest binding on 

the rim of the cavitands is possible as well (Figure 4.5- path óBô).   
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Figure 4.5 Host-guest chemistry involved in cavitands 

 The host-guest interactions can be qualitatively detected in solid state via FTIR 

spectroscopy due to the red-or blue-shift of corresponding peaks of both host and guest due to non-

covalent interactions.37 However, IR spectroscopy cannot be used to get binding stoichiometry of 

binding constants. Determination of binding stoichiometry can be achieved by analyzing crystal 

packing obtained by single X-ray diffraction in solid state. Quantification of binding constant and 

stoichiometry between host and guest in solution can be obtained via UV/Vis spectroscopic 

titrations, NMR titrations and ITC experiments.38-39  
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4.1.2 Objectives of the study  

This study is divided into following areas. 

1. Design and synthesis of resorcin[4]arene based bromo cavitand and rim functionalization 

with various functional groups such as metal coordinating groups (L6, L7), hydrogen bond 

donor groups and halogen bond donor groups (D4, D5, D6) (Figure 4.6).  

 

Figure 4.6 Functionalized cavitands, L7, L8- acac functionalized, D4, D5- ethynyliodine XB 

donor functionalized, D6- ethynyliodine XB donor and ïOH HB donor functionalized   
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2. Study of the divalent metal ion binding (driven by metal-ligand coordination) ability of 

cavitands L7 and L8 in solid state and solution. Perform solution state binding studies by 

UV/Vis spectroscopy titration and use a Job plot to examine the structural behavior in 

solution.    

 

Figure 4.7 Anticipated discrete (capsule) or polymeric metallo-supramolecular architecture by L7 

in the presence of divalent metal ions 

3. Examine the formation of halogen bond driven supramolecular architectures by D4 and D5 

in the presence of suitable XB acceptors/ guest (Figure 4.8). Solvents such as THF and 

dioxane which have potential binding preference towards iodine are selected as XB 

acceptors for the binding studies.40 FTIR and TGA experiments can be used to identify 

guest inclusion in to the cavitand. In addition, potential XB acceptors (Figure 4.9) can be 

used to study guest binding to the XB donor sites of the cavitands.  



95 

 

Figure 4.8 Three possible modes of guest binding to the host (X= XB donor, G= XB acceptor 

(guest)) 

 

Figure 4.9 Ditopic nitrogen based XB/ HB acceptors (A1-A6) 

 

4. Study the competition between HB and XB attached to same cavitand by introducing 

suitable nitrogen based acceptors (Figure 4.10). Six ditopic HB/ XB donors (Figure 4.9) 

can be used to co-crystallization/ host-guest chemistry study. Possibility of formation co-

crystal/ host-guest complexes will be explored by FTIR.  




























































































































































































































