Hydrogen- and halogen-bond driven supramolecular architectures from small molecules to
cavitands, and applications in energetic materials

by

Janaka Chaminda Gamekkanda Gamaethige

B.S., University of Colombo, 2010

AN ABSTRACT OF A DISSERTATION

submitted in partial fulfillment of the requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Chemistry
College of Arts and Sciences

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2018



Abstract

A family of six B-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(ll) 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 1) 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 (-C=C-I) and one tetra functionalized molecule which has only HB donors (-OH and -C=C-
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 B-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 -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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supramolecular protecting groups leading to reduced chemical reactivity and improved stability of
PETNC with minimal reduction of desirable energetic properties.
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Chapter 1 Introduction

In the early 1980s, the phrase “Molecular recognition” became popular as it was highly
relevant to crucial phenomena in biological systems.® Molecular recognition includes both intra-
and intermolecular occurrences (Figure 1.1) even though “supramolecular chemistry,” “host-guest
chemistry” and “self-assembly” 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.

Intra-molecular

o%ﬁ /oj..thdrogen bond Intermolecular
| hydrogen bond
o o; /H ...... 0;
O/ 0/ H
(a) (b)

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 “chemistry beyond the molecule”.?3
Moreover, supramolecular chemistry is all about intermolecular bonds which cover the structures
and functions of the chemical units held together.> 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 selectivity”. 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



directional supramolecular assembly can result in a superior manipulation of the macroscopic

properties of the targeted material (Figure 1.2).

Covalent Supramolecular :
. SyntheSiS SYntheSis m -, i .

Covalent bond
® »— —» B —®

Non-covalent bond formation

Figure 1.2 Covalent synthesis Vs. supramolecular synthesis
The key interactions of supramolecular synthesis are reversible intermolecular bonds such

as: hydrogen-bonds,**° halogen-bonds,'**® n-r interactions,'®*® anion-n interactions,'® cation-n
interactions?°, and dipole-dipole interactions.?!?2 Metal-ligand interactions also play a significant
role in supramolecular synthesis due to their reversible nature.?** 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%7
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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.?8-32
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 D-
H---A, where, D—H 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.>®> Complementary hydrogen bonds may offer reliable
tools for constructing supramolecular architectures®* and there are many self-complimentary
dimers such as carboxylic acids and amides that can be used for making supramolecular
architectures (Figure 1.5).
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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.® A typical halogen bond can be shown as D-X:--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 (c-hole), and it becomes stronger from

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

o-hole (5+)

fluorine to iodine.

Stronger o-hole

Figure 1.7 Anisotropic distribution of positive and negative potential on halogen and change of
strength of ¢-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,’

catalyst,®-3 and biological sciences.*0-4!
1.2 Crystal engineering

The basic goal of “crystal engineering” is to design periodic structures with a predictive
supramolecular assembly that delivers desired property/ properties in the new material.*? 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.*® G.R. Desiraju, in 1989, defined crystal engineering
as “Understanding of intermolecular interactions in the context of crystal packing and the
utilization of such understanding in the design of new solids with desired physical and chemical

properties”.** Crystal engineering can be considered as the supramolecular equivalent of organic



synthesis and the synthon (building block) approach is an effective approach of crystal
engineering, which simplifies the complex problem of structure prediction.*®
1.2.1 Supramolecular synthons “Is the communicating part ready?”

A supramolecular synthon can be defined as “A structural unit within a supermolecule
which can be formed and/ or assembled by known or conceivable synthetic operations involving
intermolecular interactions”.*® 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).
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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 “Finding the best match”

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.*”*® 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 “Solids that are crystalline



materials composed of two or more molecules in the same crystal lattice” according to a FDA

guidance.*®
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Figure 1.9 Re-crystallization vs co-crystallization

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.>® The non-covalent
interactions can be identified as the driving force for co-crystal formation.

1.2.3 Hydrogen bond in co-crystallization “A glue to bring things together”

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.>!
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.®® The following

three Etter rules can be applied to neutral organic molecules in the formation of co-crystals.



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 4,4’-bipyridine and hydroquinone via two
heterosynthons®3

1.2.4 Halogen bond in co-crystallization “An alternative glue”
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).>*

Figure 1.11 A binary co-crystal formed between 4,4’-bipyridine and 1,4-diiodobenzene via
halogen bonds®®

Moreover, there are three types of XB interactions, namely: (i) a conventional halogen-
bond between the electrophilic region (o-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-I1 halogen-halogen bond occurs between the nucleophilic region of



one halogen atom and electrophilic region on another (Figure 1.12). Type | (6 1= 0 ) and type II

(01 =180°, 62 = 90°), where 1 and @ 7 are the C-X---X angles (X = Cl, Br, 1).%

0
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Figure 1.12 Different geometries in halogen---halogen contacts (a) type I and (b) type Il
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.®’ 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.®®®*  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,52-66

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.®” The first supramolecular host was a



crown ether which was synthesized accidently by Pedersen.®® 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).

CLO L —»@ KE
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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).

OH
HO o 0,
oH® HO
OH
o
HO'
g HO,
OH

OH

HO p
OH oH
o
OH
OH
0 OH oH o [0
O0H
HO
o
OH
@ (b) (©

Figure 1.14 Examples for supramolecular hosts, (a) [2,2,2]cryptand, (b) cavitand and (c) 3-
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, -

7t interactions, and hydrophobic forces play a major role as the driving forces. Further,

functionalization of hosts such as: cucurbiturils,®® cavitands,”® calixarines,”* and pillarines’
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.”

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

Figure 1.15 Molecular capsule based on cavitand constructed by multiple hydrogen bonds”
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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.

e Construction of predictable supramolecular architectures’

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 | 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 *H 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.

12



e Understanding the competition between supramolecular forces by co-crystallization’
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.

e 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

13



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.

e 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(IT)-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.'? 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 B-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 B-diketone (acac) ligand
There are several reported coordination complexes which act as reliable building blocks

for supramolecular assemblies in 1-D,® 2-D,*® and 3-D.* ® These building blocks may contain
cation---m,” anion---m,21° lone-pair---m,® 101! ... 8 1213 or metal---n**% 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.’®2° 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,% “a 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.” This non-covalent
interaction has been used for applications in material science, synthetic chemistry, polymer
science, and in bi-molecular systems.??2® Moreover, metallosupramolecular systems also
constructed by combining halogen bonding with metal-containing systems were discovered?-%’
with a variety of properties such as redox, magnetic, non-linear optical, gas adsorption, and
catalytic properties.?®-2°

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(Il) metal ions.*® Unfortunately,
directed self-assemblies were not observed due to the use of un-activated halogen-bond donors.
The “activation” of halogen-bond donors can be achieved by placing electron withdrawing
groups134 or sp-hybridized carbon next to the halogen atom.®-% 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: CI, Br or I) (Figure 2.4).

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

L1 L2 L3 L4 L5 L6

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 rt-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 mt-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.

}
SR

X =Cl, Br, I

M = Divalent metal ion

Figure 2.5 Possible halogen—bond 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 CI, Br and | 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)*” was carried out according to the
previously reported procedure. *H NMR and *3C NMR spectra were recorded on a Varian Unity
plus 400 MHz spectrometer in CDCls. 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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— H Sonogashira coupling H
X/
3
Br 0 // o

Halogenation by
a halogen source

Aldyhyde to B-diketone H
conversion
Z °

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.®® % 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. % 38

2.2.2.1 Synthesis of 4-(trimethylsilylethynyl)benzaldehyde

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

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

Triethylamine

Br room temp. for 24 hrs

TMS

A stirred solution of 4.50 g (19.40 mmol) 4-bromobenzaldehyde, 83 mg (0.46 mmol) of Cul,
and 163 mg (0.23 mmol) of Pd(PPhs).Cl> in 80 mL of trimethylamine was degassed with N> 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 N.. 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 °C (Lit, 57—
58 °C)*%; 'H NMR (on, CDCls, 400 MHz): 10.01 (1H, s), 7.83 (2H, d), 7.61 (2H, d), 0.28 (9H, s).

2.2.2.2 Synthesis of 4-(chloroethynyl)benzaldehyde

H 0 H 0
AgF, NIS

Acetonitrile

>

Room temp. for over night

TMS Cl

In 60 ml of acetonitrile, 2.00 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 MgSOa and the solvent was evaporated to get the pure product. Yield:
1.10 g (67%); m.p. 77-80 °C; *H NMR (Jn, 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

H 0] H 0]
AgF, NBS
Acetonitrile
>
Room temp. for 5 hrs
TMS Br

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 MgSQO4 and the solvent was evaporated to get the pure product. Yield:
1.49 g (96%); m.p. 99-102 °C (Lit, 96-98 °C)%; IH NMR (61, CDCls, 400 MHz): 10.02 (1H, s),
7.84 (2H, d), 7.61 (2H, d).

2.2.2.4 Synthesis of 4-(iodoethynyl)benzaldehyde

H 0 H 0
AgF, NIS

Acetonitrile

Room temp. for 5 hrs

TMS I
4-(lodoethynyl)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 °C (Lit, 120-121 °C)*; 1H NMR (81, CDCls, 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

(0} OH

i’ \2\ )1\2\
1) (; 9y
007 X
> |
2) Methanol reflux Z

24 hrs

| | 3) Precipitation -78 °C | |

Cl Cl
4-(Chloroethynyl)benzaldehyde (1.00 g, 6.00 mmol) was placed in a 100 mL round bottom
flask under a N> 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 —78 °C
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
°C; IH NMR (61, CDCls, 400 MHz): 16.68 (1H, s), 7.47 (2H, d), 7.14 (2H, d), 1.89 (6H, s); *C

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

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

| | 3) Precipitation -78 °C | |
Br Br

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 °C; *H NMR (u, CDCls, 400 MHz): 'H NMR (61, CDCls, 400
MHz): 16.67 (1H, s), 7.48 (2H, d), 7.14 (2H, d), 1.89 (6H, s); 3C NMR (5., CDCls, 400 MHz)
190.70, 137.46, 132.43, 131.16, 121.98, 114.59, 79.58, 50.50, 24.13.

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

Q) OH

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

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

24 hrs

| | 3) Precipitation -78 °C | |

I
3-(4-(lodoethynyl)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 °C 'H NMR (dn, CDCls, 400 MHz): 16.67 (1H, s), 7.47 (2H,
d), 7.14 (2H, d), 1.88 (6H, s); *C NMR (¢, CDCls, 400 MHz) 190.72, 137.58, 132.76, 131.05,
122.66, 114.59, 93.64, 24.13.

2.2.2.8 Synthesis of 3-(trimethylsilylethynyl)benzaldehyde

H O H (0]

H—=—Si(CH;);

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

Br Triethylamine

AN

room temp. for 24 hrs TMS

3-(Trimethylsilylethynyl)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 Cul, and 227 mg (0.32 mmol) of Pd(PPhs3).Cl; 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 °C (Lit, 144-146 °C)*!; H NMR (dn, CDCls, 400 MHz): 9.99 (1H, s),
7.97 (1H, s), 7.82 (1H, d), 7.70 (1H, d), 7.48 (1H, 1), 0.27 (9H, s).

2.2.2.9 Synthesis of 3-(chloroethynyl)benzaldehyde

H 0 H o)
AgF, NCS

Acetonitrile

>
Room temp. for over night
%

AN

TMS Cl
3-(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 °C; *H NMR (dn, CDCl3, 400 MHz): 9.99 (1H, s),

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

H O H O
AgF, NBS

Acetonitrile

Room temp. for 5 hrs
X X

™S Br

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 °C; *H NMR (du, 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

H 0] H o)
AgF, NIS

Acetonitrile

Room temp. for 5 hrs
X

TMS 1

X

3-(lodoethynyl)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 °C; *H NMR (Jn, 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

(0} OH
H_ _O ~(L =
70
D 0_15-0/ 24 hrs
l‘o/
O
>
2) Methanol reflux
AN 24 hrs A
Cl Cl
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3-(Chloroethynyl)benzaldehyde (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 N> 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 °C, Dec. 129 °C
(DSC 5 °C/min); *H NMR (31, CDCls, 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); 1*C NMR (&, CDCls, 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

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

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 °C, Dec. 97 °C (DSC 5 °C/min); *H NMR (64, CDCls, 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); 3C NMR (&c, CDCls, 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

(0] OH
H_ O \9\ =
70
D 0-p.d 24nrs
60~
s
2) Methanol at room temp.
\\ for 24 hrs \\

I 1

4-(lodoethynyl)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 °C (DSC 5 °C/min); *H NMR (6, CDCls, 400 MHz): 16.68 (1H, s), 7.42 (1H, d), 7.35 (1H, 1)
7.28 (1H, s), 7.16 (1H, d), 1.88 (6H, s); 1*C NMR (&, CDCls, 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(ll) 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 °C (DSC 5 °C /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(ll) 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 °C (DSC 5 °C /min).
2.2.3.3 Synthesis of [Cu(L2)2].2C4HsO2

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(ll) 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 °C (DSC 5 °C /min).
2.2.3.4 Synthesis of [Cu(L2)2].2CH3NO:2

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(ll) 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 °C (DSC 5 °C /min).
2.2.3.5 Synthesis of [Cu(L3)2].4CHsCN

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(Il) 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 °C (DSC 5 °C /min).
2.2.3.6 Synthesis of [Cu(L3)2].2C4HsO2

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(ll) 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 °C (DSC 5 °C /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(ll) 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 °C (DSC 5 °C /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(I1) 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 °C (DSC 5 °C /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 A, (Fig. 1). The X-C=C bond is linear with a 180° angle.

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

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
A, and L3 r(O---1) 3.040 A. 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 A. Bifurcated hydrogen bonding distances in L2 are r(O---H) ca. 2.70 A and 2.79 A.

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 (178.0°) than when bromine (170.8°). The torsion
angle of the acac moiety with respect to the phenyl ring is close to 90° for both L2 and L3. The X-
C=C bond angles in L2 and L3 deviate slightly from linear at 174.14° and 172.44°, 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 A, 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 149.5° 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 A, 6 (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 A, 2.65 A are the prominent non-covalent

interactions. These prominent short contacts connect halogen bonded 1-D chains (Figure 2.11).

35



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™ to 1,300 cm™ 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™ and 2362
cm™) can be seen in the metal-ligand complex between Cu(ll) 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(Il) 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(ll) in
CH3CN (blue).
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Figure 2.13 FTIR spectra of L5 (red) and the metal-ligand complex between L5 and Cu(ll) 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(ll) 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 A and 2.94 A 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(L.1)2] (color codes: red-oxygen; green-chlorine; orange-copper).

The reaction between L2 and Cu(ll) 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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‘activated’ bromine; r(Br---N) 3.070 A (a 9.7% vdW reduction), 6 (C-Br---N) 172.05°, 6

(Br---N=C) 144.48° (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 A and 2.73 A 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(ll) 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 A (a 14.5% vdW

reduction), 6 (C-Br---0) 171.07°, 6 (Br---O=C) 126.47° (Figure 2.18) .
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Figure 2.18 Part of the crystal structure of [Cu(L2)2]-2C4HgO2 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 A and 2.63 A (Figure 2.19).

Figure 2.19 Crystal packing of [Cu(L-2)2]-2C4HsO: (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(ll) is performed in nitromethane (Figure 2.20). Although halogen bonded
iodo-nitromethane synthons are reported*>4%, 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).]-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]-2C4Hs0, (Figure 2.21). This again forms a stack of complex ions r(O---H) ca. 2.50 A

and 2.57 A.

Figure 2.21 Crystal packing of [Cu(L2).]-2CH3NO- (solvent molecules are omitted, color codes:
red-oxygen; gold-bromine; orange-copper).

The combination of L3 and Cu(ll) 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(ll) 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 A (a 15.6% vdW reduction), 6 (C-I---N)

174.28°, 0 (I---N=C) 141.61°.
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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(ll) 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 A (a 20.0% vdW

reduction), 6 (C-1---0) 172.33°,6 (I---O=C) 128.19°.

-

]

Figure 2.23 Part of the crystal structure of [Cu(L3)2]-2C4HgO2 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 A and 2.76 A.
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Figure 2.24 A stack of complex ions in the structure of [Cu(L3)2]-2CsHgO2 (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(ll). 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(l---0) 3.31 A and 3.29 A, 6 (C-1---0) 153.02°, and 157.72°, 6 (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---m bond (Figure 2.26) r(l---triple bond) 3.63 A, 6 (C-
|---triple bond) 153.84°, 6 (I---triple bond-1) 80.58° (geometric parameters calculated with respect

to the center of the C=C bond).
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Figure 2.26 Halogen- - -m interactions in the structure of [Cu(L3)2] (color codes: red-oxygen;
purple-iodine; orange-copper).

There is another C-1-- -7 interaction between an iodine atom and the aromatic ring in
addition to the previous two halogen bonding interactions r(l---centroid of phenyl ring) 3.58 A, 0
(C-I---centroid of phenyl ring) 170.86°, r(l---C=C) 3.29 A r(I---C=C-I) 3.48 A. 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---0) 3.13 A and 3.16 A, 0
(C-1---0) 158.30° and 143.70°, 6 (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.
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Figure 2.30 Comparison of TGA traces: [Cu(L1)2] (Green), [Cu(L2).]-2CHsCN (Blue),
[Cu(L3)2]-4CH3CN (Violet) and [Cu(L5)2] (Red).

Both [Cu(L2)2]-2CH3CN and [Cu(L3)2]-4CHsCN 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.

46




The chloro ligand L1 does not show halogen bonding due to the absence of a big c-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.
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Figure 2.31 Summary of the involvement of the halogen-bond acceptors and donors in the
crystal structures of L1-L.3 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 o-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(ll) in all the cases. The relatively weak o-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-L.3 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 o-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
n-electron density of a triple bond which can act as a halogen bond acceptor.*4-4¢

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)-] (color codes: Green-
and red — 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).] 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):
system in order to account for the contribution of acac oxygen atoms in halogen bonding in the
cases of Cu(L3), 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 °C) in [Cu(L2)2]-2CHsCN 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]-C4HgO2 and [Cu(L2)2]-CsHgO- 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]-C4HgO>. It was removed from the crystalline complex
[Cu(L3)2]-CsHgO, 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).]-CsHgO2 (Red) and [Cu(L3)2]-CsHgO2 (Blue).

2.5 Conclusions?*’

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).) 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.!"? By minimizing or
avoiding synthon crossover® (interactions that compete for the same binding site), we can produce
predictable, more advance, and complex architectures.*” The hydrogen bond (HB) is recognized
as one of the synthetic tools for making predictable architectures,®** but sometimes HBs fail in the
making of complex architectures that involve more than one competitive interaction.*?” 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.™ 1820 In the solid state, there are several
examples regarding HB/XB “imitation” which show that HB and XB interactions make
structurally similar interactions.?! The interaction between 4.4’-bypyridine (HB/XB acceptor) and

hydroquinone?? (HB donor) is mimicked by the XB donor, 1,4-diiodobenzene?® (Figure 3.1).

(@) (b)

Figure 3.1 (a) HB interaction between 4.4’-bypyridine and hydroquinone, (b) XB interaction
between 4.4°-bypyridine and 1,4-diiodobenzene

1,4-Diiodotetrafluorobenzene also makes the same interaction with 4.4’-bypyridine.?*
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.?®
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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 experimentally?®-28 and theoretical®® 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.?* *® 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

F | XB \N/\/N\

-
-

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

| F

Figure 3.3 Supramolecular outcome of the mixture of N,N,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 4,4’-azobipyridine from bi-functional molecules such as 4-
iodotetrafluorobenzoic acid, 4-iodotetrafluorophenol or 4-iodotetrafluoroaldoxime are some
notable examples.3! 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.?32 So far
very little research has been done on the competition between such XB donors and HB donors.?
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).

Acceptor sites

Donor sites

D1 D2 D3

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-C=C-H instead of XB donor, R-C=C-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).

—— (n—{8-{aHB-x9)

) — (n8-{oHCB-(x®) - (a3

B WYy Ve W Wy

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 (C=C-H) and XB (C=C-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. *H 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 LANL2DZ% under vacuum in Spartan’14 software. Molecular electrostatic potential
surfaces (MEPs) were generated for the optimized structures on the electron isodensity surface of
the 0.002 electrons/au®.
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 group®* (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.

OH_~ oH

\

Y

AN
AN

™S I OH

D2

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

HC=C—TMS

n-BulLi,
Dry THF

-10°c

o *Li'C=Cc—TMS T™MS

OH
Dry THF ~4

-10 °C to room temp.

Major Minor

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

and cooled to -10 °C under N2. A solution of n-BuLi (4.9ml 18 mmol) was added slowly over 30
min. at -10 °C under N.. The mixture was stirred for an additional hour at the same temperature.
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 °C. The mixture was then allowed
to reach room temperature and stirred overnight. After completion of the reaction, 100 ml of water
was added and extracted with ethyl acetate (3 x 100ml). 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 °C, *H 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 °C, *H NMR (400 MHz in DMSO-

d6): 5.31 (2H, s), 1.68-1.71 (8H, m), 0.12 (18H, s).
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3.2.3.2 Synthesis of trans-1,4-bis(iodoethynyl)cyclohexane-1,4-diol.H20 (D1.H20)

NIS
AgF
Acetonitrile

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 °C (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)

OH T™MS  Nis I
& AgF OH 4
Acetonitrile
o
/
/ OH // OH
|

T™MS

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 °C (dec.),

IH 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.H20 (D3.H20)

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 °C, Yield 0.22 g, 75%, m.p.: 175-178 °C, 'H 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 (Al-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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+214 kJ/mol

(a) (b)
Figure 3.9 Electrostatic potential surfaces of (a) XB/HB donors and acceptors of D1, (b) HB

donors and acceptors of D3.

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

+224 kJ/mol

-157 kJ/mol

(a) (b)

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-A®6.

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.H20 (Green)
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Figure 3.13 DSC traces comparison of D1.H.O (Blue), D2 (Red) and D3.H20 (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 (A <(DHA) (°
O(1)-H(10)---0(2) 2.8239(19) 164(8)
0(2)-H(20)---0(1) 2.8239(19) 154(8)
0(10)-H(10)---0(14) 2.806(2) 173(3)
O(14)-H(14)---0(10) 2.922(2) 170(3)
0(4)-H(4)---0(13) 2.6333(11) 173.2(16)
oG 0(10)-H(10)---O(4) 2.7789(11) 160.8(17)
' 0(13)-H(13A)---0(10) 2.7575(13) 168.9(16)
0(13)-H(13B)---0(4) 2.9174(12) 169.3(18)
Table 3.2 HB distances and angles in D1-D2

Compound <(DXA) (°

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

In the crystal structure of D1, all four donors (2 x O-H and 2 x R-C=C-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 —-OH

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(l---centroid of triple bond) ca. 3.27A, 0(centroid of triple

bond---1-C) ca. 177.76°, and there is one iodine---iodine type Il interaction, (Figure 3.15 b).

(a) (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.

3.87A, 0(centroid of triple bond---H-C) ca. 138° (Figure 3.16 b) are observed in the solid state.

Figure 3.16 (a) Water bridged hydrogen bonding and (b) C-H:--C=C hydrogen bond in the crystal
structure of D3.H20 (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™to 2153 cm™) in Figure 3.17, in D2 (from
2170 cm™to 2167 cm™) in Figure 3.18, in D3 (from 2104 cm™to 2097 cm™) in Figure 3.19, a peak
corresponding to the —OH group (broad peak 3600-3200 cm™) in all three donors and characteristic
acceptor peak (1586 cm™) shift in A3 can be used as evidence for the formation of co-crystals.
Complementary blue-shift of a characteristic peak in 4,4’-bipyridine of D1:A3 can be

observed (from ca. 1586 cm™ to 1590 cm™) 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 4,4’-bipyridine®

revealed the formation of co-crystals (Figures 3.18 and 3.19).
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Figure 3.17 IR comparison of D1.H20, A3 and D1.H20: A3 ground mixture
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Figure 3.18 IR comparison of D2, A3 and D2: A3 ground mixture
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Figure 3.19 IR comparison of D1.H>O, A3 and D1.H>O: 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 (A <(DHA) (°)
O(7)-H(7)---0(11) 2.758(5) 159(9)
O(11)-H(11)---N(32) 2.809(5) 161(7)
0(21)-H(21)---N(44) 2.786(6) 163(7)
0(25)-H(25)-+-0(21) 2.717(5) 171.5%

O(7)-H(7)---N(20) 2.726(7) 172(3)
' 0(11)-H(11)---0O(7) 2.831(12) 169.(3)
0(11)-H(11)---N(51A) 2.726(7) 172.9*

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

0 A3 O(1)-H(10)---N(1) 2.810(7) 165(9)
; 0(11)-H(20)--N(2) 2.791(7) 174(7)

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

(* Some of the hydrogen atoms involved in 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 (A) <(DXA) (%
C(9)-1(10)---N(50) 2.826(5) 178.30(19)
C(13)-1(14)---0(25) 2.938(4) 175.19(19)
C(23)-1(24)---0(7) 2.951(4) 173.60(19)
C(27)-1(28)---N(38) 2.782(4) 178.97(19)
C(9)-1(10)---O(11) 2.9273(17) 174.73(8)
' C(13)-1(14)---N(26) 2.768(2) 177.81(9)
C(32)-1(2)---N(41B) 2.755(8) 173.2(5)
D1:A5 C(32)-1(2)---N(41A) 2.761(4) 179.9(2)
C(22)-1(1)---0O(14) 2.901(2) 175.12(9)

00 A3 C(1)-1(1)---0(2) 2.978(4) 154.6(2)
: C(10)-1(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 C=C-1 moieties form XBs to the

hydroxylic oxygen atoms (with a 15% vdW reduction) (Figure 3.23).

W

Figure 3.23 Major HBs and XBs in the crystal structure of D2:A3 (color codes: red-oxygen; violet-
iodine; blue-nitrogen).

When the C=C-1 moieties are replaced with C=C-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, C=C-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 bond®® and type II

halogen bonds®’ to the electron-rich equatorial region of a neighboring iodine atom (Figure 3.26).

Acceptor sites

Donor sites

D1 D2 D3

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.H20, hydroxyl oxygen interacts only with water
molecules. In addition, the ethynyl hydrogen atoms of D3.H.O form hydrogen bonds through a
side-ways interaction with an electron rich area of triple bond® 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.*® 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.*® Small blue-shifts of a characteristic peak
of the pyridyl moiety is observed when the pyridyl nitrogen act as the HB/XB acceptor.® 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.*! 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 (C=C-
I) and the HB donor (C=C-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/ XB peak (-C=C- HB peak (-C=C- Change of IR
compound stretch) cm? stretch) cm? frequency cm*

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

In addition, an enhanced intensity of the ethynyl peak was also observed with the formation
of HB interactions in D3:A3 and D3:A5 (Figure 3.27). This phenomenon is common for typical

HB interaction formations.*°
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Figure 3.27 Comparison of ethynyl IR spectroscopy peak (-C=C-) of D3.H20, 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.*? A previous
study has shown that if the Q value (Q = HB electrostatic potential — XB electrostatic potential) is
less than about 140 kJ/mol then the HB and XB donors tend to be competitive with each other.®
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) A and r(O equatorial---N) 2.810(7) A) 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).

2.791(7) A

2.810(7) A

Y 215 ki/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-1 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.?

HB = /o—H  ——— E—-- 1/4

Figure 3.29 Outcome of interactions between HB/ XB donors and nitrogen-based acceptors
Due to the existence of moderate*® to weak* n---m interactions (r(n---m) 3.83 A and 3.94

A) 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 n---m 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 n--'w
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 7t* -7 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.*>*#" 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).

- (e BH- 2

D3
1= PO H

(N HB2 = —C=C—H
XB1= —C=C—I

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),

>
4 - » * *
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E3— ® ® ®
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2 e ¢ S0 (BHo * o
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XB distances r(I--"N) A

Figure 3.32 XB distances between ethynyl iodine and aromatic nitrogen: reported in CSD (blue
circles) and observed in this study (red hollow squares)
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Figure 3.33. XB angles 6(C-1---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 literature*® r(l---0) ca.2.98 A, 6(C-I---O) ca.178.5°) and which is more linear than the most
linear angle (8(C-1---0) ca.175.2°) 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 0(C-I---N)

ca.178%), compared to when oxygen atoms act as acceptor sites (average 6(C-I---O) ca.169°).
3.5 Conclusions®

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.H.0 and D3.H,0) 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-C=C-1 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).

el R f TR

Both HB and XB are competitive

HB is prominent

E . (vl X8

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-C=C-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 geometry* via non-covalent interactions.? Specially, this event can be used
for selective separation,®® and selective identification of component/s in multicomponent
mixtures.”® The shape,®° and functional groups®! 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.*?

Cavitands are bowl shaped molecules which “contain enforced cavities large enough to
accommodate simple molecules or ions”*® derived from resorcinarene.!* Cavitands were first
synthesized by Cram in 1982.1® These molecules can be further functionalized in order to obtain
molecular baskets,'*>®carcerands,'’-® self-assembled capsules,'®?! and nanotubes.?>?® Interest in
cavitand based molecular receptors has increased due to their applications in host—guest
chemistry,?* separations,® catalysis,?® and coordination chemistry.2-?

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 m-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. Acetylacetone?®?°, pyridyl?® and
carboxylic acid® functionalities are a few popular functionalities for the cavitand based metal-

ligand complexes (Figure 4.2).
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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,
-NHa, -NH, -C(R)=NOH, -NHCOR and hydrogen bond acceptors such as -pyridyl, -pyrazole, and
-C=N 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,*? 33 jodoethynyl donors®43¢ have demonstrated ability

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

(a) (b)

Figure 4.4 Examples for halogen bond interactions present on functionalized cavitands

4.1.1.4 Host-guest chemistry of cavitands

The cavitand has a concave cavity that can accommodate guest molecules selectively via
non-covalent interactions such as m-interactions or hydrophobic interactions depending on the
nature of the guest (e.g. cation can bind via cation- 7 interactions, anions by anion- « interactions)
(Figure 4.5- path ‘A’). 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 ‘B’).
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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.3” 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.32°
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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).

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

Figure 4.6 Functionalized cavitands, L7, L8- acac functionalized, D4, D5- ethynyliodine XB
donor functionalized, D6- ethynyliodine XB donor and —OH 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.

I\ L

Polymeric
Discrete

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.”® 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.
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Figure 4.8 Three possible modes of guest binding to the host (X= XB donor, G= XB acceptor

(guest))
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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.
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Figure 4.10 Competition between HB/XB towards common acceptor/ guest the multi-functional
cavitand

4.2 Experimental

4.2.1 General

All solvents, reagents, precursors and acceptors (A1-A6) were purchased from commercial
sources and used without further purification. For UV/Vis experiments, spectroscopic grade
DMSO was used as the solvent. Melting points were determined using a Fisher-Johns melting
point apparatus and are uncorrected. Infrared spectra were obtained on a Nicolet 380 FT-IR
spectrometer. *H NMR and 3C 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. UV/Vis spectra were recorded by Shimadzu UV-Vis-1650PC
spectrophotometer.
4.2.2 Synthesis of L7-L8 and D4-D6

Synthesis of bromo-cavitand was performed using literature methods starting with
resorcinol (Figure 4.11).** Synthesis of L7 and L8 were carried out by functionalization the bromo
cavitand by modified literature reported methods (Figure 4.12).4%3 HB/ XB donor cavitands (D4-
D6) were synthesized by functionalizing bromo cavitands based on literature methods (Figure

4,13).44
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Figure 4.12 Overview of synthesis of acac functionalized cavitands (L7 and L8)
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Figure 4.13 Overview of synthesis of HB and XB functionalized cavitands (D4-D6)
4.2.2.1 Synthesis of C-hexylcalix[4]resorcinarene

\ Conc HCI,

HO\©/OH CH,OH
+

70 °C
20 hrs

R= cHchchchchch3

Resorcinol (50.0 g, 0.45 mol) was dissolved in ethanol (500 mL) and hexanal (51.4 g, 0.45
mol) was then added into the mixture. After cooling the mixture to 0 °C, conc. HCI (70 mL) was
added dropwise under a nitrogen atmosphere. The mixture was refluxed at 70 °C for 20 hours
under nitrogen. Then the reaction mixture was cooled to room temperature and diluted with water

(500 mL). An orange color precipitate with a fruity smell was obtained upon completion. The
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precipitate was filtered using a fritted Buchner funnel. The filtrate was washed with hot water until
it became pH neutral. The solid was air dried to get the final product. Yield 90%; M.p. >280 °C;
'H NMR (8H; 400 MHz, DMSO-d6): 8.86 (s, 8H), 7.12 (s, 4H), 6.14 (s, 4H), 4.22 (t, 4H), 2.10
(m, 8H), 1.16 (m, 32H), 0.77 (m, 12H)

4.2.2.2 Synthesis of C-hexyltetrabromocalix[4]resorcinarene

NBS
2-butanone

R.T.
12 hrs

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

C-hexylcalix[4]resorcinarene, (50.0 g, 0.060 mol) was added to flask containing 2- butanone (375
mL). The mixture was stirred until all the solid was dissolved. After the mixture was cooled down
to 0 °C, it was covered with an aluminium foil. N-bromosuccinamide (64.0 g, 0.36 mol) was added
to the reaction mixture under the dark conditions over an hour. The reaction mixture was stirred
for 16 hours at room temperature under a nitrogen atmosphere. After completion, a precipitate was
formed. It was filtered and washed with cold 2- butanone (3 x 50 mL) followed by cold acetone
(3x2100 mL). The product was air dried followed by drying in the oven overnight100 °C to produce
off-white solid. Yield 84% M.p. >280 °C; *H NMR (8H; 400 MHz, DMSO-d6): 9.10(s, 8H), 7.33

(s, 4H), 4.35 (t, 4H), 2.15 (m, 8H), 1.32-1.23 (m, 32H), 0.83 (m, 12H).
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4.2.2.3 Synthesis of C-hexyltetrabromocavitand

BrCICH,, K,CO,

DMF

65 °C, 48 hrs

To a stirred solution of C-hexyltetrabromoresorcin[4]arene, (30.00 g, 26.3 mmol) dissolved
in dry DMF (500 mL) was added K>COs (44.00 g, 318 mmol). The reaction mixture was purged
with nitrogen for 20 minutes followed by the addition of CH2BrCI (51.10 g, 395.0 mmol). A
condenser was attached and the solution was heated at 65 °C for 24 h under a dinitrogen
atmosphere. After 24 hours, an additional amount of CH2BrClI (6.8 g, 52.6 mmol) was added, and
the reaction mixture was stirred at 65 °C for a further 24 h. After completion, the reaction mixture
was cooled to room temperature and poured into an aqueous HCI solution (2%, 600 mL). The
solid, which contained mainly the product, was filtered off and washed with water until pH was
neutral. The solid was air dried and then purified by column chromatography using hexanes:
dichloromethane 1:1 mixture as the eluent. The product was isolated as a white solid. Yield 82%;
M.p. >280 °C; 'H NMR (8H; 400 MHz, CDCls): 7.04 (s, 4H), 5.97 (d, 4H), 4.86 (t, 4H), 4.40 (d,
4H), 2.21 (m, 8H), 1.44-1.32 (m, 32H), 0.91 (m, 12H); 3C NMR (5C; 400 MHz, CDCls) : 152.01,

139.26, 119.03, 113.49, 98.45, 37.63, 31.80, 29.35, 27.68, 22.62, 14.05.
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4.2.2.4 Synthesis of C-hexyltetra(4-phenylformyl)cavitand

CHO
- Pd(0), aq. Na,CO3

Toluene, ethanol

B(OH
(OH), Reflux, 72 hrs

A mixture of tetrabromocavitand (6.0 g, 5.05 mmol) and
tetrakis(triphenylphosphine)palladium(0) (1.17 g, 1.01 mmol) were added to a round-bottom flask
under a stream of nitrogen. Toluene (80 mL), ethanol (60 mL), and aqueous sodium carbonate
(6.00 g) were all purged with dinitrogen, then added to the round bottom flask along with 4-
formylphenyl boronic acid (7.57 g, 50.5 mmol). The reaction mixture was refluxed for 72 hours
under a dinitrogen atmosphere. Upon completion, the reaction was cooled to room temperature
and diluted with water (300 mL). The aqueous phase was extracted with chloroform (3 x 100 mL)
the combined organic phases were washed with saturated brine (3 x 100 mL), and dried over
anhydrous magnesium sulfate. The solvent was removed on a rotary evaporator and the residue
purified by column chromatography using a hexanes: ethyl acetate (6:4) mixture as the eluant. The
product was isolated as a white powder. Yield 85%; M.p. >280 °C; *H NMR (5H; 400 MHz,
CDCI3): 10.00 (s, 4H), 7.86 (d, 8H), 7.39 (s, 4H), 7.21 (d, 8H), 5.23 (d, 4H), 4.86(t, 4H), 4.24 (d,
4H), 2.38 (m, 8H), 1.52-1.36 (m, 32H), 0.94 (m, 12H); 3C NMR (3C; 400 MHz, CDCls) : 191.70,
152.32, 140.39, 138.52, 135.16, 130.60, 129.27, 128.30, 120.63, 100.46, 37.03, 31.86, 29.47,

27.89, 22.65, 14.06.
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4.2.2.5 Synthesis of C-hexyltetra(3-phenylformyl)cavitand

+ Pd(0), aq. Na,CO,

Toluene, ethanol
B(OH),
Reflux, 72 hrs

A mixture of tetrabromocavitand (6.0 g, 5.05 mmol) and
tetrakis(triphenylphosphine)palladium(0) (1.17 g, 1.01 mmol) were added to a round-bottom flask
under a stream of nitrogen. Toluene (80 mL), ethanol (60 mL), and aqueous sodium carbonate
(6.00 g) were all purged with dinitrogen, then added to the round bottom flask along with 3-
formylphenyl boronic acid (7.57 g, 50.5 mmol). The reaction mixture was refluxed for 72 hours
under a dinitrogen atmosphere. Upon completion, the reaction was cooled to room temperature
and diluted with water (300 mL). The aqueous phase was extracted with chloroform (3 x 100 mL)
the combined organic phases were washed with saturated brine (3 x 100 mL), and dried over
anhydrous magnesium sulfate. The solvent was removed on a rotary evaporator and the residue
was purified by column chromatography using a hexanes: ethyl acetate (7:3) mixture as the eluant.
The product was isolated as a white powder. Yield 58%; M.p. >280 °C; *H NMR (8H; 400 MHz,
CDCls): 10.01 (s, 4H), 7.78 (d, 4H), 7.55(s, 4H), 7.52 (t, 4H), 7.39 (m, 8H), 5.17(d, 4H), 4.86(t,
4H), 4.27(d, 4H), 2.38 (m, 8H), 1.52-1.37 (m, 32H), 0.94 (m, 12H); 3C NMR (5C; 400 MHz,
CDCIs) : 192.09, 152.5, 138.37, 136.04, 129.11, 128.73, 128.20, 120.38, 100.45, 37.04, 31.87,

29.49, 27.92, 22.66, 14.07.
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4.2.2.6 Synthesis of C-hexyltetra(4-(2-hydroxy-4-oxopent-2-en-3-yl))cavitand (L7)

OHC CHO  cHo CHO

1) Stirring for 48 hrs

2) Methanol
Reflux, 72 hrs

C-hexyltetra(4-phenylformyl)cavitand (0.5 g, 0.39 mmol) was placed in a 100 mL round bottom
flask under a N2 atmosphere. Compound, 1 (0.65 g, 3.12 mmol) was added to the flask with
continuous stirring. The resulting slurry was stirred for 48 hrs at room temperature under a N
atmosphere to obtain an oil. Then 50 ml of methanol was added, and the mixture was heated under
reflux 72 hrs under a N2 atmosphere. Upon cooling the solution to room temperature, a precipitate
was obtained. The precipitate was filtered and washed with methanol to obtain the pure product.
Yield 55%; M.p. 260 °C;*H NMR (5H; 400 MHz, CDCls): 16.68 (s, 4H), 7.37 (s, 4H), 7.17 (d,
8H), 7.09 (d, 8H), 5.25 (d, 4H), 4.87 (t, 4H), 4.30 (d, 4H), 2.36 (m, 8H), 1.87(s, 24H), 1.50-1.36
(m, 32H), 0.94 (m, 12H); 3C NMR (5C; 400 MHz, CDCls) : 190.77, 152.62, 138.38, 135.73,
133.19, 130.56, 130.26, 128.75, 120.10, 114.62, 100.40,37.14, 31.88, 30.49, 29.48, 27.94, 24.10,
22.66, 14.08.

4.2.2.7 Synthesis of C-hexyltetra(3-(2-hydroxy-4-oxopent-2-en-3-yl))cavitand (L8)

1) Stirring for 48 hrs

2) Methanol
Reflux, 72 hrs
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C-hexyltetra(3-phenylformyl)cavitand (0.5 g, 0.39 mmol) was placed in a 100 mL round
bottom flask under a N> atmosphere. Compound, 1 (0.65 g, 3.12 mmol) was added to the flask
with continuous stirring. The resulting slurry was stirred for 48 hrs 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 for 72 hrs under a N2 atmosphere. Upon cooling the solution to room temperature, a
precipitate was obtained. The precipitate was filtered and washed with methanol to obtain the pure
product. Yield 47%; M.p. >280 °C; 'H NMR (8H; 400 MHz, CDCI3): 16.57 (s, 4H), 7.34 (m, 8H),
7.11-6.91(m, 12H), 5.14(d, 4H), 4.84(t, 4H), 4.26(d, 4H), 2.34 (m, 8H), 1.85(s, 24H), 1.50-1.34
(m, 32H), 0.93 (m, 12H).

4.2.2.8 Synthesis of C-hexyltetra(4-(iodoethynyl))cavitand (D4)

OHC CHO CHO 1

CHO
I —
@ Triphenylphosphene,
/\ lodoform,
/\

BuOK

Dry THF, R.T.

BuOK
Dry THF, -78 °C
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Triphenylphosphene (2.10 g, 8 mmol), iodoform (3.14 g, 7.98 mmol) and 'BuOK (0.90 g,
8.0 mmol) were added to 100 ml of dry THF and stirred for 15 minutes under a nitrogen
atmosphere. A brown suspension was formed. C-hexyltetra(4-phenylformyl)cavitand (1.0g, 0.78
mmol) was dissolved in 10 ml of dry THF and added to the brown suspension. The mixture was
stirred at room temperature for 1 hr (formation of D7). Then the reaction mixture was cooled to -
78 °C. 'BUOK (1.71g, 15.24 mmol) was added to the reaction mixture and stirred at -78 °C for an
additional hour. Then, 100 mL of NaCl was added to quench the reaction. After warming the
reaction mixture to room temperature, aqueous layer was extracted with ethyl acetate (3 x 100
mL). Combined organic layer was dried with MgSQO4 and solvent was removed by rotavap to obtain
the product as light brown solid. Yield 74%; M.p. >280 °C; *H NMR (8H; 400 MHz, CDCI3): 7.29
(s, 4H), 7.18 (d, 8H), 6.94 (d, 8H), 5.16 (d, 4H), 4.87(t, 4H), 4.35 (d, 4H), 2.34 (m, 8H), 1.49-1.36
(m, 32H), 0.93 (m, 12H); 3C NMR (5C; 400 MHz, CDCls) : 152.38, 138.76, 134.77, 131.91,

129.71, 121.80, 119.68, 99.13, 94.03, 37.09, 31.88, 30.34, 29.53, 27.93, 22.67, 14.09.
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4.2.2.9 Synthesis of C-hexyltetra(3-(iodoethynyl))cavitand (D5)

I\ C 1
lo) 7 O
|\(/\© ] O
Triphenylphosphene, | /\ “~4—o0.0

0Q
lodoform, °
‘BuOK
>
H

Dry THF, R.T.

D8

BuOK
Dry THF, -78 °C

Triphenylphosphene (2.10 g, 8 mmol), iodoform (3.14 g, 7.98 mmol) and 'BuOK (0.90 g,
8.0 mmol) were added to 100 ml of dry THF and stirred for 15 minutes under a dinitrogen
atmosphere. A brown suspension was formed. C-hexyltetra(3-phenylformyl)cavitand (1.0g, 0.78
mmol) was dissolved in 10 ml of dry THF and added to the brown suspension. The mixture was
stirred at room temperature for 1 hr (formation of D8). Then the reaction mixture was cooled to -
78 °C. 'BUOK (1.71g, 15.24 mmol) was added to the reaction mixture and stirred at -78 °C for
additional hour. Then, 100 mL of NaCl was added to quench the reaction. After warming the
reaction mixture to room temperature, the aqueous layer was extracted with ethyl acetate (3 x 100
mL). Combined organic layer was dried with MgSO4 and solvent was removed by rotavap to obtain

the product as light brown solid. Yield 65%; M.p. 270 °C dec. 'H NMR (8H; 400 MHz, CDCI3):
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8.12 (br, 4H), 7.32 (s, 4H), 7.01 (br, 12H), 5.28 (br, 4H), 4.85(t, 4H), 4.38 (br, 4H), 2.35 (m, 8H),
1.56-1.36 (M, 32H), 0.94 (m, 12H).

4.2.2.10 Synthesis of C-hexyltetra(4-(1-hydroxy-3-(trimethylsilyl)prop-2-yn-1-yl))cavitand

TMS
H/
n-BuLi
dry THF
-10 °C,Under N,

T™S
Z
*Lit//

dry THF
-10 °C to r.t.
Under N,

A solution of trimethylsilylacetylene (0.55 ml, 3.9 mmol) was stirred in 100 ml of dry THF
and cooled to -10 °C under N2. A solution of n-BuLi (1.55 mL, 3.9 mmol) was added slowly over
30 min. at -10 °C under N2. The mixture was stirred for an additional hour at the same temperature.
C-hexyltetra(3-phenylformyl)cavitand (1.0 g, 0.78 mmol) was dissolved in 25 ml of dry THF and
added dropwise to the resulting trimethylsilyl acetylide solution under N at -10 °C. The mixture
was then allowed to reach room temperature and stirred for 48 hours. After completion of the
reaction, 100 ml of water was added and extracted with ethyl acetate (3 x 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 (hexanes: ethyl acetate 1:1). Yield:1.22g,

93%, M.p. >280 °C; *H NMR (5H; 400 MHz, CDCls): 7.52 (d, 8H), 7.33 (s, 4H), 7.07 (d, 8H),
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5.47(s, 2H), 5.25(q, 4H), 4.86(t, 4H), 4.23 (d, 4H), 2.36 (m, 8H), 1.52-1.36 (m, 32H), 0.93 (m,
12H), 0.21 (s, 36H); *C NMR (8C; 400 MHz, CDCIs) : 152.57, 138.89, 138.31, 134.09, 130.07,
128.86, 126.37, 119.94, 104.60, 100.58, 91.90, 64.69, 37.03, 31.87, 30.42, 29.48, 27.90, 22.67,
14.08, 0.17.

4.2.2.11 Synthesis of C-hexyltetra(4-(1-hydroxy-3-iodoprop-2-yn-1-yl))cavitand (D6)

10% NaOH
Methanol

C-hexyltetra(4-(1-hydroxy-3-(trimethylsilyl)prop-2-yn-1-yl))cavitand (0.7509,0.45
mmol) and potassium carbonate (0.31 g, 2.25 mmol) were dissolved in 50ml of methanol. The
reaction mixture was stirred for 3 hrs and after completion of the reaction (removal of the ethynyl
proton). 50 mL of THF was added to the reaction mixture. Concentrated solution of iodine in
methanol (0.91 g, 3.6 mmol) and a 10% sodium hydroxide solution was added dropwise

simultaneously over 30 min, by stirring vigorously (at the beginning, the color of iodine disappears
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upon adding in to the reaction mixture and with time the color tend to persist, therefore, NaOH
should be added until the iodine color no longer changes upon addition of NaOH in the reaction
mixture). The mixture was stirred overnight, and quenched with 100 mL water upon which a light
brown color precipitate formed. The solid was filtered and washed with sodium bisulfite solution
to get the product. Yield 78%; M.p. 280 °C dec.; *H NMR (5H; 400 MHz, DMSO-d6): 7.80 (s,
4H), 17.39 (m, 8H), 7.06 (d, 8H), 6.06 (d, 4H), 5.43(s, 2H), 5.32 (s, 2H), 5.15 (br, 4H), 4.68 (d,
4H), 4.32 (m, 4H), 1.46-1.31 (m, 32H), 0.88 (m, 12H), 0.21 (s, 36H).
4.2.3 Metal-ligand complex, host-guest complex and co-crystal synthesis
e L7 and L8 (10 mg) were individually combined with divalent metal salts (Cu(ll), Ni(Il)
and Zn (1)) in a 1:2 stoichiometric ratio in acetonitrile and left for slow evaporation.
e D4 and D5 (10 mg) were individually combined with each acceptor (A1-A6) in a 1:2
stoichiometric ratio using solvent assisted grinding (methanol as the solvent). Solvent
inclusion was studied by dissolving D4 and D5 in solvents such as THF and dioxane.
e D6 (10 mg) was individually combined with each acceptor (A1-A6) in a 1:4 stoichiometric
ratio using solvent assisted grinding (methanol as the solvent).
4.2.4 UV/ Vis titrations

The UV-visible spectra of D4 and D4:Cu(I1) complex were recorded in spectrophotometric
grade solvent, dimethyl sulfoxide (DMSQO). The ligand: copper(ll) stoichiometry was determined
by a Job’s continuous variation method involving UV-visible titrations. A series of solutions
containing D4 (0.0005 M) and Cu(I1)(ClO4)..6H20 (0.0005 M) were prepared such that the sum
of the total metal ion and D4 concentration remained constant (0.0005 M). The mole fraction (X)
of D4 was varied from 0.0 to 1.0. The corrected absorbance (Aobserved — Apa — Acuqn) at 420 nm

and 392 nm were recorded.
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4.3 Results and discussion

4.3.1 Metal-ligand complex formation
4.3.1.1 Solid state study

FTIR spectroscopy can be used to identify the metal-ligand formation between ligand L7-
L8 and corresponding metal ions. Figure 4.14 shows the IR spectrum of metal-ligand
supramolecular complex formation between L7 and Cu(ll). Well resolved peaks in the region
from 1,600 cm™ to 1,300 cm™ confirm the formation of the metal ligand complex between L7 and

cu(l).

% Transmittance

Figure 4.14 FTIR spectra of L7 (blue) and the metal-ligand complex between L7 and Cu(ll) (red).
Similarly, L8 also makes metal-ligand complexes with Cu(ll) ion (Figure 4.15). Again,

well resolved peaks in the region from 1,600 cm™ to 1,300 cm™ confirm the the formation of the

metal ligand complex between L8 and Cu(ll).
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Figure 4.15 FTIR spectra of L8 (blue) and the metal-ligand complex between L8 and Cu(ll)
(red).

Similarly, evidence for formation of metal-ligand complexes with Ni(ll) and Zn(Il) was
obtained based on IR spectroscopy.
4.3.1.2 Solution state study

The UV/Vis titration spectra for L7:Cu(ll) are shown in the Figure 4.16. There are two
notable observations from the UV-visible titrations. First, the appearance of a new absorption band
at 420 nm at low metal ion concentration in the system, possibly due to discrete metal-ligand
complexation. Second, the decrease in the intensity of the peak at 420 nm and subsequent new
highly intense peak appearance at 283 nm. This indicates the conformational change in the metallo-

supramolecular architecture with the higher concentration of metal ions.
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Figure 4.16 Continuous variation method using UV-visible spectroscopy (L7:Cu(ll))

The results of UV/Vis titration performed between L7 and Cu(ll) perchlorate hexahydrate

are tabulated in the Table 4.1 (Amax = 420 nm) and Table 4.2 (Amax = 392 nm).

Table 4.1 UV-visible data for the Job plot at Amax = 420 nm

Absorbance Mole fraction of

Amax = 420 nm Vol. Host (mL) Vol. Guest (mL)

(corrected) host (X)

4.0 0.0 0 1
35 0.5 0.06225 0.875
3.0 1.0 0.12150 0.75
2.5 15 0.17675 0.625
2.0 2.0 0.14700 0.5
15 2.5 0.09825 0.375
1.0 3.0 0.08950 0.25
0.5 3.5 0.08075 0.125

0 4.0 0 0
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Table 4.2 UV-visible data for the Job plot at Amax = 392 nm

Amax =392 nm  Vol. Host (mL) Vol. Guest (mL) '?Cbos:r:ii:;; MOIE;E?E;‘))n of

Job’s plots for both events were generated in order to determine the L7 to Cu(ll)

stoichiometry in the complex formation. Job’s plot at Amax = 420 nm is shown in Figure 4.17 (a)

and the 4.17 (b) shows the binding event at Amax 392 nm.
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0.05
0.05
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Molar fraction of Host (X) Molar fraction of Host (X)

(a) (b)
Figure 4.17 Job plot of UV/is titration (a) at Amax = 420 nm and (b) at Amax = 392 nm
Binding event at Amax = 420 nm indicates that the stoichiometry is 3:2 L7:Cu(ll) which may

be due to pentameric metallo-supramolecular architecture formations (Figure 4.18). In the second
binding event (at Amax = 392 nm), the stoichiometry is 1:1 ligand:metal. This may be due to a

polymeric metallo-supramolecular architecture formation toward 1-D direction (Figure 4.19).
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Figure 4.18 Proposed discrete metallo-supramolecular complex at Amax = 420 nm

Figure 4.19 Proposed polymeric metallo-supramolecular architecture at Amax = 392 nm

4.3.1.3 Host-guest inclusion studies
Cavitands have an intrinsic cavity which can accommodate guest molecules that is suitable
to fit in the cavity. In the bromo-cavitand, the inner diameter is around 8 A and suitable for

accommodate a range of small molecules (Figure 4.20).

z Cavity ~
(a) (b)

Figure 4.20 Preliminary single crystal X-ray structure (a) side view (capped stick model), (b) top
view (space filling model) of C-hexyltetrabromocavitand
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The functionalized cavitands also can accommodate small molecules in the cavity in
addition to supramolecular interactions with the rim functionalies. D4 and D5 cavitands obtained

from dioxane solution indicate guest inclusion based on FTIR data (Figure 4.21 and Figure 4.22).

D4:Dioxane

mittance

Dioxane

D4:Dioxane

Dioxane

% Transmittance

4000 3500 3000 2500 200 1600 1000 500
‘Wavenumbers (cm-1)

Figure 4.22(a) IR spectra of dry D5 (violet), (b) IR spectra of D4:Dioxane
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In addition to that, TGA traces of D4:Dioxane and D5:Dioxane provide further evidence

for the guest inclusion in the cavitand (Figure 4.23).
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Figure 4.23(a) TGA spectra of dry D4 (red) and D4:dioxane (green), (b) TGA spectra of dry D5
(red) and D5:dioxane (green)
4.3.1.4 HB/ XB donor capability of cavitands

The ability of D4, D5 and D6 to act as XB donors or XB/HB donors were examined by IR
spectroscopy of ground mixtures of donor (D4-D6) and acceptor (A1-A6) combinations (total 18
experiments were performed, Table 4.3). The IR screening shows the formation of co-crystal
between cavitand and acceptors. One example for co-crystal screening (D6:A3) experiment is
shown in Figure 4.24. The shift of most sensitive characteristic peak of acceptor can be monitored

to check co-crystal formation (e.g. peak shift of A3 from 1586 cm™ to 1594 cm™ in D6:A3)
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Figure 4.24 IR spectroscopy of D6, A3 and ground mixture D3:A3
Table 4.3 IR analysis of attempted co-crystallization experiments

Characteristic peak of acceptor

Combination Peak shift Co-crystal
D4:Al 1490 - - No
D4:A2 1437 - - No
D4:A3 1586 1588 +2 Yes
D4:A4 1593 1599 +7 Yes
D4:A5 1592 1594 +2 Yes
D4:A6 1603 1600 -3 Yes
D5:A1 1490 - - No
D5:A2 1437 = = No
D5:A3 1586 - - No
D5:A4 1593 1597 +4 Yes
D5:A5 1592 1594 +2 Yes
D5:A6 1603 1597 -6 Yes
D6:Al 1490 - - No
D6:A2 1437 1444 +7 Yes
D6:A3 1586 1594 +8 Yes
D6:A4 1593 1600 +7 Yes
D6:A5 1592 1595 +3 Yes
D6:A6 1603 1601 -2 Yes

117



Out of eighteen experiments, twelve combinations yield positive results of formation non-
covalent interactions between host and the guest. Highest success rate is observed for D6 since it
contains both HB and XB donors.

There are reported studies of co-crystals between XB donor cavitand and acceptors®* %° or
HB co-crystals between HB donor cavitand and acceptor.* However, there are no studies on multi-

functional HB/ XB cavitands.
4.4 Conclusions

The synthesis and functionalization of resorcin[4]arene based bromo cavitands with metal
coordinating acac groups, XB donor and HB donor were achieved. We have described the design,
synthesis, and characterization of new functionalized cavitands and we also were able to achieve
the functionalization of cavitands with good yields. The aldehyde functionality is a good starting

point to make new cavitands (Figure 4.25).

Figure 4.25 Examples for functionalized cavitands; metal-coordinating, HB/XB multi-functional
and XB donor cavitands

IR spectroscopy has been used as an effective tool for identifying metal-ligand, host-guest
and donor-acceptor interactions in cavitands. In addition, TGA experiments also show evidence
for guest inclusion in to cavitands. UV/Vis titration was used to identify binding events and

determine stoichiometry in systems such as metal-coordinating cavitands.
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In conclusion, we were able to design and synthesize multi-functional factionalized
cavitands which are capable of forming supramolecular architectures with suitable complementary

supramolecular building blocks.
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Chapter 5 Crystal engineering of energetic materials: Co-crystals of

nitrocarbamates with modified performance

5.1 Introduction

Energetic materials are the materials that contain a high amount of chemical energy and
propellants, explosives, and pyrotechnics are the main categories of this class of materials.! The
demand of high performance energetic materials has been increasing due to the potential
applications in military, mining and construction areas.?® However, when the power of the
materials is increased, the sensitivity towards environmental factors such as heat, impact, shock,
friction, and reactivity are getting higher and the safe handling of the materials is compromised.

Common explosives which contain nitro groups and have a high nitrogen content such as:
TNT, RDX, HMX, CL-20, etc., are highly sensitive and that makes them difficult to handle, store
and transport.® End users have to be extra careful when handling these materials to avoid accidental
detonations. Therefore, designing better energetic materials that balance the power and safety is
critical. When designing and synthesizing a new material, optimizing power and safety requires
more time and is a costly process.” The synthesis process is always risky, and the resulting product
can be toxic and hazardous.®

In this aspect, making new materials is not always the best option and we may need
alternative methods to improve the safety of existing unstable materials. A possible alternative is
the use of co-crystallization which gives completely solid forms of molecules with modified
properties. Co-crystallization has been used in the pharmaceutical field in order to improve
properties such as thermal and physical stability, and solubility.®* There are some examples in
the literature on the use of co-crystallization in order to change the properties of the parent

energetic compound.® 1%
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Nitrocarbamates are recoganized as energetic materials and they can be synthesized in high
yields by nitration of unsubstituted carbamates.® Pentaerythritol tetranitrocarbamate (PETNC) is
a popular secondary explosive which is related to the well-known pentaerythritol tetranitrate

(PETN), Figure 5.1.%
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Figure 5.1 Chemical structure of PETNC
Most energetic nitramines show high acidity and this leads to instability and

hygroscopicity.'®° PETNC (D9) also has the same functionality and it shows high acidity and
instability even though it has higher thermal, impact and friction stability. Finally, these materials
can react with metal ions and can make undesirable products which can cause problems with
storage and handling.

D9 in the solid state forms relatively weak hydrogen bonds between —NH (acidic proton)

group and carbonyl oxygen (Figure 5.2).

\
3

-C Sf |

Figure 5.2 Part of crystal structure of D9 with hydrogen bonds between acidic proton and
carbonyl oxygen'’
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A previous report addresses the high acidity of EDNA due to the presence of nitramine
group and successful use of supramolecular protecting group to suppress the acidity of the
molecule by co-crystallization.?® Hence, our approach here is to break these weak non-covalent
interactions of D9 by introducing strong hydrogen-bond acceptors which can produce co-crystals
with modified performance compared to the parent energetic material (Figure 5.3). Since the D9
has four —NH protons, we need to supply four acceptors to the molecule in order to balance all the

interactions.
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Figure 5.3 Hydrogen-bond donor sites in D9
In order to disrupt the weak non-covalent interactions in the D9 molecule, several nitrogen

based and oxygen based symmetric ditopic acceptors were selected (Figure 5.4). Oxygen based

acceptors give an added advantage since they can increase the oxygen balance of the new material.
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Figure 5.4 Ditopic nitrogen or oxygen based hydrogen bond acceptors (A1-A8)

5.1.1 Objectives of this study

This study is carried out to achieve specific goals stated below.
1. Synthesis of PETNC (D9) and synthesis of co-crystals thereof with suitable acceptors by

using HB interaction as the non-covalent force.

2. Use of -NH proton of D9 as potential HB donor and the driving force for the co-crystal
synthesis.

3. Protection of the acidic protons of D9 via hydrogen bonding by using suitable co-formers
as supramolecular protecting groups.

4. Modification of explosive properties of D9 in a useful manner by making co-crystals.

5. Enhance the chemical stability by reducing the reactivity of D9 through co-

crystallizations.
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5.2 Experimental

5.2.1 General
All the precursors, reagents, solvents, and acceptors A1l-A7 were purchased from

commercial sources and used without further purification. A8 was synthesized using a literature
reported method.? H NMR spectra were recorded on a Varian Unity plus 400 MHz spectrometer
in CDClz. Infrared spectroscopy (IR) was done on a Nicolet 380 FT-IR. DSC traces were obtained
on a TA Q20, using Tzero aluminum pans under N2 (40.0 ml/min purge) and heating rate of 5 °C/
min.
5.2.2 Safety

When handling and synthesizing energetic materials, extra precautions were taken according
to the standard procedure.?? Synthesis of D9 was done in a fume hood and non-metallic spatulas
were used to avoid any mechanical stress on the energetic material. Synthesis was carried out on
small scales (200-500mg at a time). D9 was always stored in glass vials in a metal container.
Kevlar gloves, safety goggles and lab coat were worn all the time when handling the compound.
5.2.3 Synthesis of energetic material

The synthesis was a two-step process and it was performed with commercially available
relevant alcohol.!” The alcohol was converted to the corresponding carbamate and the resulting
carbamate was nitrated in order to get the final product.

5.2.3.1 Synthesis of 2,2-bis((carbamoyloxy)methyl)propane-1,3-diyl dicarbamate

1) CSI, CH5CN 0 o
0°C
H N/( )\NHz
1hratr.t 2 0 fo)
OH 3
HO OH 2)H,0 (0] (o)

HO
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In 20mL of acetonitrile, pentaerythritol (0.50 g, 3.7 mmol) was suspended and it cooled in an
ice bath. Chlorosulfonyl isocyanate (CSI) (2.55 g, 18 mmol) was added very slowly at 0 °C in to
the suspension. During the addition, the alcohol was dissolved and at the end of the addition of
CSI, a precipitate was observed. Then the ice bath was removed and mixture was stirred for 1 hour
at room temperature. After 1 hour, the reaction mixture was cooled by placing an ice bath and 10
mL of water was added with caution. Acetonitrile was removed by rotavap and the precipitate
formed was filtered and washed thoroughly with cold water and dried to obtain pure product as
white color solid. Yield 1.03 g (90 %): m.p. 235 °C (DSC 5 °C/ min): 'H NMR (6n, DMSO-d6,
400 MHz): 6.55 (8H, br), 3.92 (8H, s).
5.2.3.2 Synthesis of 2,2-bis(((nitrocarbamoyl)oxy)methyl)propane-1,3-diyl

bis(nitrocarbamate) or Pentaerythritol tetranitrocarbamate (D9)

HN O
o o 1) fuming HNO;/

/( )\ conc.H,SO, HN—NO,
NH 0°C s
H,oN 2
z o o 1 hr at r.t.
o) O,
HzN\< \”/NHZ 2) H,0 O
0,N—NH

0 NH

NO,
At 0 °C, fuming nitric acid (99%, 4 mL) was dropped into concentrated sulfuric acid (4 mL) in an
ice bath. 2,2-Bis((carbamoyloxy)methyl)propane-1,3-diyl dicarbamate (0.3 g, 0.97 mmol) was
added in small portions to this mixture in the ice bath. The resulting mixture was stirred for 10 min
at 0 °C and then further stirred for 1 hour at room temperature. Then the mixture was poured into
ice/water (200 mL) and a precipitate was formed. The precipitate was filtered and washed three

times with water, and dried to obtain the pure product as a white solid. Yield 0.4 g (84%): m.p.
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215 °C ) dec. (DSC 5 °C/ min: *H NMR (64, DMSO-d6, 400 MHz): 4.23 (8H, s). IR -NH 3174
cm?, -NO, 1608 and 1322 cm™.
5.2.4 Synthesis of co-crystals
D9 (10 mg in each case) was combined with eight acceptors in stoichiometric ratio (1:2/ donor:
acceptor) and dissolved in minimum amount of methanol and kept in small vials for slow
evaporation in order to get X-ray quality co-crystals. Resulting crystal/ solid was analysed by IR
spectroscopy and DSC to identify the formation of co-crystals.
5.2.5 Oxygen balance calculation

The oxygen balance which indicates the degree to which an explosive can be oxidized?

was calculated using following equation for D9 and co-crystals.

0B% = — 1690 (zx + <Y> +M z)
* ~ Molecular weight of compound 2

Where,

X = number of atoms of carbon,

Y = number of atoms of hydrogen,

Z = number of atoms of oxygen, and
M = number of atoms of metal

5.2.6 Detonation velocity and pressure calculations
The detonation velocity and pressure of explosives and co-crystals were predicted with the
nitrogen equivalent equations shown below.?*
Vp = (690 4+ 1160p,)EN
P = 1.092(poEN)2 — 0.574
N = 100Zx;N;/M
Where,

Vp = Detonation velocity
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po = Density of an explosive

>N = Nitrogen equivalent of the detonation products

Ni = Nitrogen equivalent index of certain detonation products

Xi = Mole number of certain detonation products produced by a mole of explosive

Nitrogen equivalent indices of detonation products are shown in the Table 5.1.

Table 5.1. Nitrogen equivalent indices of detonation products

Detonation product

Nitrogen equivalence index 0.54 0.78 1.35 1 0.15 0.5

According to the formation of detonation products (H2O — CO — COg), nitrogen

equivalence (XN) of the detonation products were calculated.
5.2.7 Impact sensitivity test (Drop test)

Impact sensitivity of D9 and its co-crystals were measured by small-scale impact drop
testing. The apparatus is designed to use small amounts of explosives in differential scanning
calorimetry (DSC) pans. Freefalling 5 Ibs of weight on the explosive was used to observe the

detonation of the material (Figure 5.5).

J— Freefalling
. weight (5 1bs.)

DSC pan
containing
energetic
material

Explosion

(a) (b) (c)

Figure 5.5 (a) Schematic diagram of impact sensitivity test apparatus, (b) Impact sensitivity test
apparatus with 5 Ibs weight (c) explosion of an energetic material
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The freefalling weight was dropped from different heights in order to determine the Hso
value of the material that exhibited 50% chance of detonation. The maximum height of the
apparatus was 146 cm. This equipment was used for relative comparison of the co-crystals with
parent energetic material.

5.2.8 Reactivity analysis

The corrosiveness of D9 and the newly formed co-crystals were analyzed in order to get a
qualitative idea about the acidity of the materials. The effect of the energetic material on metal
(Cu) was observed by placing the material (~5 mg) on a metal strip for one hour with the addition

of methanol drop.

5.3 Results

5.3.1 IR analysis

The initial co-crystallization screening was carried out using IR spectroscopy for all the
solids produced from attempted co-crystallization experiments. Seven of eight co-crystal attempts
show the formation of co-crystals between D9 and the acceptors (Table 5.2). The IR spectra of
both starting materials were compared with resulting crystal/solid in order to identify the formation
of co-crystals. A comparison between D9, A8 and the co-crystal D9:A8 is shown in Figure 5.6.
The peak shift of both donor (e.g. from 3174 cm™ to 2975 cm™?, from 1777 cm™to 1780 cm™) and
acceptor (e.g. from 1523 cm™ to 1510 cm™) can be observed with the formation of co-crystals.
The peak shifting of the carbonyl group (C=0 stretch) and the -\NH bending are shown in the Table

5.2.
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Table 5.2 IR analysis of attempted co-crystallization experiments
C=0 stretch of D9 NH bending of D9

Combination Co-crystal or not

(cm™) (cm™)
D9 1777 1608 -

D9: Al 1777 1609 No
D9 : A2 1775 1608 Yes
D9 : A3 1790, 1690 1630, 1605 Yes
D9 : A4 1775, 1679 1634, 1604 Yes
D9 : A5 1676 1625 Yes
D9 : A6 1692 1635 Yes
D9 : A7 1774 1608 Yes
D9 : 1780 1608 Yes

% Transmittance

% Transmittance

% Transmittance

Figure 5.6 IR comparison between D9, A8 and the D9:A8

5.3.2 Crystal structures

Three of the seven co-crystals attempts gave X-ray quality crystals (D9:A3, D9:A7 and
D9:A8). The crystal structure determination shows the formation of D9%:A3H,?*: A3H" salt instead
of co-crystal with the proton transfer between —NH group of D9 and the pyriyl-N of A3 (Figure

5.7). D9 is tri-deprotonated while one A3 is di-protonated and the other A3 is singly protonated.
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Figure 5.7 Part of the crystal structure of D9*:A3H,?*: A3H" that shows the interactions
originates from D9*

There are three charge assisted HBs per D93 which are between D93 and A3H2%*, A3H".
The non-protonated side of A3H* makes only short contacts to the another A3H2?*. In addition to
that, one HB interaction between -NH proton and the nitro group of another D9% is also present.

The three components are present in 1:1:1 ratio in the crystal packing (Figure 5.8).

Figure 5.8 Part of the crystal structure of D9%:A3H,?*: A3H" that shows additional interactions

between donors and acceptors
When the oxygen based acceptor (A7) is introduced to the energetic material, the resulting

crystal structure revealed that this time it has only neutral components (Figure 5.9). Hydrogen
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bonding between —NH protons and the oxygen of acceptor were observed and no proton transfer
was observed between donors and acceptors when the acceptor is oxygen. Two —NH protons
interact with two different acceptor sites of two acceptor molecules and the other two —NH protons
interact only with one oxygen atom of an acceptor by making bifurcated hydrogen bonding.
Surprisingly, one solvent molecule (Methanol) also makes hydrogen bonding with the D9
molecule due to interaction between the hydroxyl hydrogen of methanol and a carbonyl oxygen of
D9 molecule. The overall stoichiometry in the crystal packing is 1:2:1 for donor: acceptor: solvent

(D9:2A7:CH30H).

/¥ D ¢

[

Figure 5.9 Part of the crystal structure of D9:2A7:CH30OH that shows the HB interactions and
stoichiometry between D9: A7: methanol (1:2:1).

One A7 molecule forms single HB interaction and bifurcated HB interactions with D9. Other
A7 shows two non-covalent interactions: one being HB interaction to D9 and other being short
contact between oxygen and hydrogen of phenyl of group A7.

The crystal structure of D9:A8 reveals the formation of co-crystal between donor and acceptor
(Figure 5.10). Again there are not any proton transfer and no solvent molecules are incorporated
to the crystal structure. Bifurcated hydrogen bonds are observed on both sides of the acceptor

molecule (Figure 5.11). One acceptor molecule interacts with four donors. Overall packing
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indicates the formation of co-crystal with a 1:1 stoichiometry between donor and the acceptor

molecules.

Figure 5.10 Part of the crystal structure of D9:A8 that shows HBs originate from D9

Figure 5.11 Part of the crystal structure of D9:A8 that shows bifurcated nature of HB
interactions

All the hydrogen bonding distances and angles of co-crystal, solvate and salt are shown in

Table 5.3.
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Table 5.3 Hydrogen bond parameters of newly formed energetic materials

Co-crystal/ solvate/

- PN O
salt ke

N30 H30 025 3.028(3) 144(2)
. o N37 H37 N22 2.746(3) 178(3)
DI*:ASH;™: AH N43 H43 N6 2.715(3) 178(4)
N49 H49 N14 2.771(3) 172(3)
N6 H6 054 2.647(3) 160(3)
N14 H14 040 2.669(3) 170(2)
D9:2A7:CHsOH N22 H22 061 2.716(3) 173(2)
N30 H30 061 2.685(3) 175(3)
063 H63 013 2.810(3) 169(5)

N14 H14 021 2.772(2) 170.1(18)
N6 H6 021 2.767(2) 168(2)

5.3.3 Thermal properties

Thermal analysis for all the X-ray quality crystals and the D9 were performed using DSC
(Figure 5.12). Decomposition temperature and the decomposition enthalpy were determined and

compared with the parent material (Table 5.4).

D9

—D93':A3H22+: A3H*
—D9:A7: CH;0H
= D9: A8

/|

50 100 150 200 250 300

Temparature (°C)

Heat Flow (W/g)

Figure 5.12 DSC traces comparison of D9 and co-crystal/salt/solvate.
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Table 5.4 Thermal properties of energetic materials

Co-former Co-crystal/ salt/ solvate
melting point

(C)

Compound/ co-

crystal/ salt/ solvate Decomp. point (°C) (on set) Decomp. enthalpy (J/g)

- 215 1847

D9*: A3H2*": A3H* 109-112 181 729
D9:2A7:CH30H 220 154, 248 600, 400

224 188 616

5.3.4 Oxygen balance of the energetic materials

Oxygen balance data are summarized in Table 5.5. The parent energetic material has the
most favorable oxygen balance (-26%) compared to the newly formed energetic materials. Least
favorable oxygen balance is observed for D9*: A3H,%**: A3H* which is -112%. More negative
oxygen balance indicates that there is an insufficient amount of oxygen for the complete
combustion of the energetic material.

Table 5.5 Oxygen balance of energetic materials

Compound/ co-crystal/ salt/
solvate

Oxygen balance %

5.3.5 Detonation pressure and detonation velocity
The detonation properties were calculated using the experimental density obtained from
the crystal structures (Table 5.6). Detonation performance of the newly produced energetic

materials are lower compared to D9.

Table 5.6 Detonation velocity and detonation pressure of energetic materials
Compound/ co-crystal/

Detonation velocity | Detonation pressure
(km/s) (GPa)

1.765 (100K) 8.1 29.9
D9%*: A3H,*": A3H* 1.500 (130K) 5.8 13.5
D9:2A7:CH30OH 1.635 (130K) 6.5 18.0
1.616 (180K) 7.0 20.5

H &
salt Density (g/cm?)
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5.3.6 Impact sensitivity test

Impact sensitivity test was performed for D9 and the all newly formed energetic materials.
Hso value for the D9 observed was 130+1cm and the salt D9*: A3H,2*: A3H" had lower sensitivity
than the parent energetic material (144+1cm). D9:2A7:CH3OH and D9:A8 showed even lower
sensitivity towards impact (Hso values are beyond the limit of the apparatus >146 cm).
5.3.7 Reactivity

D9 and the newly formed energetic materials were tested for the reactivity towards copper
metal for 1 hour (Figure 5.13). D9 showed the corrosion on the copper strip and the newly formed

energetic materials did not show any significant corrosion after 1 hour.

Initial After 1 hour

D93 A3H,2*: A3H*

D9: 2A7: CH;0H

D9: A8

\

Figure 5.13 On left; D9 and all three newly formed energetics placed on copper strip and on the
right; after 1 hour with the addition of a drop of methanol
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5.4 Discussion

5.4.1 IR spectroscopy analysis

The IR spectroscopy can be effectively used for screening of co-crystal formation. When
a salt formation occurs between a HB donor and an acceptor such as: pyridine derivative, the large
shift of characteristic IR stretch peak of pyridine derivative (shift to ca. 1640 cm™) indicates the
protonation of it by a strong acid.?® Since D9 is acidic, possible salt formation can be predicted
when IR peak shifts closer to 1640 cm™ in a donor acceptor combination. Out of six, five possible
salt formation can be expected based on IR evidence shown in Table 5.7.

Table 5.7. IR peak shift of pyridine derivatives

Characteristic pyridine derivative
Combination peak (cm™) Change (cm™)

salt?

1586 1606, 1628

Possible

1593 1635
1592 1626
1603 1635

5.4.2 Structural analysis

The presence of four hydrogen-bond donors enables D9 to interact with four acceptor sites
available from co-former/ D9 in the formation of solid state structures. Hydrogen bonding
between-NH protons and carbonyl hydrogen was broken with the addition of strong hydrogen
bond acceptors to the D9 molecule. In D9%: A3H2?": A3H*, proton transfer was observed from
three —NH group to pyridyl-N of A3 due to the high acidity of -NH protons by making charge
assisted hydrogen bonds between donor and acceptor. Proton transfer does not happen when the
remaining proton interacts with the weak acceptors such as: oxygen of nitro group. There are
several reported nitro carbamates that undergo proton transfer with relatively basic HB donors. In

a previous study, D9 shows proton transfer with ammonia by making D9 tetra-anion and
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ammonium cations.!” Another energetic nitrocarbamate, 2,2,2-trinitroethyl nitrocarbamate
(NTNC), has shown formation of an anion by proton transfer with basic reagents such as
ammonium carbonate, guanidine carbonate and aminoguanidine bicarbonate.?® Furthermore,
NTNC makes charge assisted HB interactions with triazoles such as 4-amino-1,2,4-triazole and 4-
amino-1,2,4-triazole.?®

Immediate precipitate formations were observed when D9 reacted with nitrogen based
acceptors, A4, A5 and A6. 'H NMR experiments were performed for resulting solids to get more
information. Figure 5.14 shows the *H NMR spectra comparison between D9, A4 and D9:A4.

Figure 5.15 shows spectra comparison between D9, A4 and D9:Ab5.
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Figure 5.14. *H NMR spectra comparison between D9, A4 and D9:A4

138



0.33

Normalized Intensity

o
o

N
[
B

bl

[=]
=
lunl
E

Ny

o
(%)
[

ot
w
1

- | 05 |

10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

Figure 5.15.'H NMR spectra comparison between D9, A5 and D9:A5
'H NMR analysis clearly indicates the presence of both donor and acceptor in the newly

nm

formed solid and the significant *H NMR peak shift of acceptors in the vicinity of the nitrogen (X)
clearly indicates the formation of salts.?” In addition, the significant peak shift in region Y in both
cases indicate the change of chemical structure of D9.

When less basic acceptors (A7 and A8) than A3 are introduced to the D9, the proton transfer
from donor to acceptor is not observed. When comparatively high basic acceptors are introduced
to the acidic explosive, proton transfer can be observed. In the presence of two lone pairs on
oxygen acceptors, there is a trend to form bi-furcated hydrogen bonding in D9:A7. The 'H NMR
analysis of solvate D9:2A7:CHsOH does not indicate significant change of peaks in the regions X
and Y suggesting that there is no proton exchange between donor and acceptor (Figure 5.16).
However, very little peak shift in the regions of X and Y shows the formation of solvate. In addition
to that, the presence of methanol in the crystal is confirmed by the peak that corresponds to methyl

group in the NMR spectrum.
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Figure 5.16. *H NMR spectra comparison between D9, A7 and D9:2A7:CH3OH
Bifurcated HB bond formation is possible when oxygen is the acceptor atom. There are several

examples for bifurcated HB interactions between nitrogen of N-oxide functionality and —NH
proton according to CSD data (Figure 5.17).%2 The most frequent HB distances (D-H---O) are
around r(N---0) 2.90 A to 2.95 A and the observed distances in this study are (r1=2.772(2) A and
r, = 2.767(2) A) shorter and thereby stronger than the most frequent values reported in the

literature.
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Figure 5.17. Heat plot of bifurcated HB distances between N-oxide and -NH proton?®
5.4.3 Thermal analysis

As expected with the introducing of the non-energetic acceptors to D9, reduction of
decomposition enthalpy was observed. The decomposition temperatures for all the co-
crystal/solvate/salt have lower value compared to D9, but all the values are higher than 150 °C
indicating that they are relatively stable toward heat. The highest decomposition temperature was
observed in the co-crystal compared to the salt and the solvate. On the other hand, the lowest
decomposition was observed with the solvate. Incorporation of non-energetic solvent molecules
to the crystal lattice reduces the thermal properties of the energetic material.

The removal of the solvent from the solvate D9:2A7:CHsOH was not visible in DSC
experiment (Figure 5.12). However, the TGA experiment shows the weight loss around 4% which
indicates the loss of one methanol molecule from the crystal, at the same temperature of the
decomposition of the salt (Figure 5.18). Since both solvent escape and decomposition of the
energetic material occur at same temperature, the solvent escape event cannot be seen in DSC

trace.
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Figure 5.18. TGA trace of solvate D9:2A7:CH3OH

5.4.4 Detonation performance analysis

Density and the detonation products are main factors that affect the detonation properties of
the material. It was found that the high density explosives have better performance.?® Newly
formed compounds showed lower density compared to D9, hence the calculated detonation
velocity and the pressure have become lower as expected.

The use of oxygen based acceptors (N-oxide) containing nitrogen and oxygen benefit the
newly modified energetic material due to the increase of oxygen balance compared to nitrogen
based acceptors. Compound D9:A3 shows the least favorable oxygen balance compared to the rest
due to the absence of additional oxygen in the acceptor molecule A3.

5.4.5 Improvement of impact sensitivity

D9 has identified as relatively low impact, and friction sensitive explosive. The impact
sensitivity for the all newly formed energetic materials was tested to identify the changes of the
packing of molecules. In all the cases, improved impact sensitivities were observed and the cases

with D9:A7 and D9:A8, the material can be considered as insensitive towards impact. The packing
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and strong HB interactions of the new crystal lattice buffer the stress coming from the impact by
avoiding the detonation at lower Hso values.
5.4.6 Chemical reactivity/ instability modifications

The acidic protons of the D9 explosive cause problems when store in metal containers. Co-
crystallization of D9 blocks the reactivity of the acidic proton by making strong hydrogen bonding
with chemically unstable D9 explosive. It is clear that the corrosive nature of D9 has changed in

all three newly formed energetic materials.
5.5 Conclusions

Energetic material PETNC (D9) was synthesized and potential of co-crystals formation with
seven out of eight acceptors was revealed by IR spectroscopy screening. A co-crystal, salt and a
solvate were obtained in co-crystallization experiments with acceptor A3, A7 and A8. The
formation of salts between D9 and A4, A5 and A6 was confirmed by NMR spectroscopy.

The —NH proton was the driving force to formation of co-crystals or salts with the acceptors.
Due to the high reactivity and acidity of the proton, the formation of salts was observed instead of
co-crystals. The co-crystal formation was observed via -NH---O HB interaction in the presence
of oxygen based acceptors (Figure 5.19). Charge assisted HB (-N"---HN*) was observed in the
presence of nitrogen based acceptors due to the high acidity of D9 and the relatively high basicity

of acceptor molecule.
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Figure 5.19. Modification of explosive properties by co-crystallization
The performance of the newly formed explosives including the oxygen balance was found

better when the acceptors were oxygen based (N-oxide). Impact sensitivity of explosive D9 was
somewhat reduced with introduction of non-energetic acceptors to D9. Tolerance of D9 to impact
was indicated by the drop test.

The reactivity of PETNC drastically reduced with the introduction of co-formers which can
behave as supramolecular protecting groups for the acidic proton. In conclusion, the modulation
of explosive properties and enhancement of the reactivity of PETNC were achieved by systematic

co-crystallization experiments.
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Chapter 6 Co-crystals and salts of tetrazole based energetic

materials with modified performance

6.1 Introduction

High heats of formation, favorable detonation performance, good thermal stabilities, and
impact and shock insensitivity are key factors that characterize an optimal explosive. Azole
(imidazole, pyrazole, triazole, and tetrazole) based energetic species have shown good
performance since most of these factors are present (Figure 6.1).1 Specially, the high nitrogen
content in these heterocycles may make them efficient energetic materials.>®

H
HN—\\ / N\H / N\ //—N\H
N N N N\N/‘

N
Imidazole Pyrazole Triazole Tetrazole

Figure 6.1 Basic structures of azoles
When it comes to tetrazoles, they have shown several applications in areas such as

explosives and solid fuels due to the formation of high-density solids.® Nitrated mono-
aminotetrazoles, 5-(nitrimino)-1H-tetrazole (D10), 1-methyl-5-(nitrimino)-1H-tetrazole (D11),
and 2-methyl-5-(nitramino)-2H-tetrazole (D12) which are rich in nitrogen, are recognized as
explosive materials (Figure 6.2).”8 Since the high nitrogen content backbone has been combined
with an oxidizer (-NO>), these explosives give better performance, but these are highly sensitive
towards impact and friction. In addition, thermal stabilities of these are comparatively low
compared to common explosives® such as TNT, RDX, HMX. However, the higher sensitivity
towards impact and friction along with low thermal stability make these materials problematic

when it comes to storage, transportation and handling.
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Figure 6.2 Chemical structures of some nitrated aminotetrazoles
Nitrated tetrazoles consist of several hydrogen-bond donors (-NH protons) and acceptors

(nitrogen atoms in the heterocycle and the aliphatic chain, oxygen of -NOz) which can participate
in hydrogen bonding themselves. D10 in solid state forms HB interactions between hydrogens of
—NH groups and one nitrogen atom of tetrazole backbone and one nitrogen on aliphatic chain

(Figure 6.3).8

Figure 6.3 Part of the crystal structure of D10 with hydrogen bonds between -NH protons and
nitrogen atoms®

HB interactions in D11 can be seen between —NH and the nitrogen atom of the tetrazole
backbone. In addition, HB interactions can be seen between the —NH proton and an oxygen atom
of nitro group (Figure 6.4). D12 also forms HB interactions between —NH protons and nitrogen

atoms on the tetrazole backbone (Figure 6.5). The presence of intermolecular non-covalent

interactions such as hydrogen bonding and t-interactions improve the chemical and physical
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stability of explosives. The non-covalent interactions that are present in D10, D11 and D12 are not

strong enough to import sufficient stability.

Figure 6.4 Part of the crystal structure of D11 with hydrogen bonds between -NH protons and
nitrogen and oxygen atoms®

Figure 6.5 Part of the crystal structure of D12 with hydrogen bonds between -NH protons and
nitrogen atoms®

In order to improve the properties of D10, D11 and D12, new molecules (co-formers) that
can interact with them via non-covalent interactions need to be introduced. The best non-covalent
interaction that can be observed in these crystal packing is the HB interactions. There are strong
HB donors (-NH proton) in each of these molecules that can be used to pair with an incoming co-

former (Figure 6.6).

NO
NO NO @ V2
Nl/ 2 Acceptor | Acceptor NI/ 2 )N\
""""" )\ )\ X
Gy THZ -t NN
\ \ I

Figure 6.6 Hydrogen-bond donor sites in D10, D11 and D12
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Bis-tetrazolyl-triazenes also have high nitrogen content and they can release higher amount
of energy in an explosion. Bis-tetrazolyl-triazenes, 5,5’-hydrazinebistetrazole (HBT), bis(1-
methyltetrazolyl)triazene (D13) and bis(2-methyltetrazolyl)triazene (D14) are recognized as
potential replacement for solid rocket propellants (Figure 6.7).1° These are nitrogen rich, high
density, high performing compounds. Specially, HBT is a high performance compound
comparable to known materials such as HMX and CL-20 and it has a good stability toward
impact.!! Compared to HBT, D13 and D14 suffer from the high sensitivity towards impact
although they are high performing compounds. This instability leads to problems when handling

these compounds.

CH H3C.
N /H H\ N N\ 3 3N /N
/ N N— N N N
N\ /)\ N J% /N /)\ N IN /I% H3C~N/ \j/ \\// \N-—-CH3
NTONT SN N =N Nz
H
HBT D13 D14

Figure 6.7 Chemical structures of bis-tetrazoles
Bis-tetrazoles also possess HB donors (-NH proton) and a number of HB acceptors in the

heterocycles and the bridge of D13 and D14. In the solid state, water molecules have incorporated
to the crystal packing of D13 (Figure 6.8). There are HB interactions between hydrogen atoms of
—NH groups and the oxygen atom of water and hydrogen atoms of water interact with nitrogens of

the tetrazole backbones.
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Figure 6.8 Part of the crystal structure of D13.H,0*
D14 has not required any outside molecules in the crystal structure (Figure 6.9). It only

shows hydrogen bonding between the —NH proton and a nitrogen atom of the tetrazole backbone.

Figure 6.9 Part of the crystal structure of D14 showing hydrogen bonding between the —-NH
protons and a nitrogen atom of the ring*®

Since, there is a strong HB donor (-NH proton) in each of D13 and D14, they can be used

to pair with an incoming HB acceptor molecule (Figure 6.10).
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Figure 6.10 Hydrogen-bond donor sites in D13 and D14
By pairing an explosive with suitable co-former, co-crystals can be obtained with different

crystal packing compared to the parent packing of the explosives. This enables us to investigate
and fine-tune the properties of the explosive with minimum impact on their performance.

In this study we are focused only on unstable tetrazole based energetics; D10, D11, D3,
D13 and D14 since HBT is recognized as an insensitive high performing energetic material. In
order to disrupt the non-covalent interactions in these molecule, several nitrogen based and oxygen
based symmetric ditopic acceptors as co-formers were selected (Figure 6.11). Oxygen based

acceptors give an added advantage since they can increase the oxygen balance of the new material.
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Figure 6.11 Ditopic nitrogen or oxygen based hydrogen-bond acceptors (A1-A8)
With the selection of co-formers, co-crystallization experiments were performed to obtain

new crystalline materials. The newly formed solids were further studied structurally. Thermal
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analysis and impact sensitivity tests were performed in order to characterize new properties of the
materials.
6.1.1 Objectives of this study
This study is carried out to achieve specific goals stated below.
1. Synthesis of energetic materials, D10, D11, D12, D13, and D14 and synthesis of co-
crystal thereof with suitable acceptors by using HB interaction as the non-covalent force.
2. Use of -NH proton of energetic materials as potential HB donor and the driving force for
the co-crystal synthesis.
3. Modification of explosive properties of energetic materials in a useful manner by making
co-crystals.
4. Enhance the thermal stability and improve impact sensitivity of energetic materials

through co-crystallizations.
6.2 Experimental

6.2.1 General
All the precursors, reagents, solvents, acceptors A3-A6 were purchased from commercial

sources and used without further purification. Acceptor A8 and A9 were synthesized by using
literature reported methods.'> *H NMR spectra were recorded on a Varian Unity plus 400 MHz
spectrometer in DMSO-d6. Infrared spectroscopy (IR) of the compounds were obtained on a
Nicolet 380 FT-IR. DSC traces were obtained on a TA Q20, using Tzero aluminum pans under N>
(40.0 ml/min purge) and the heating rate of 5 °C/ min.
6.2.2 Safety

Handling and synthesis of energetic materials were carried out according to the standard

procedures.®® Synthesis of D10, D11, D12, D13 and D14 were done in a fume hood and non-
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metallic spatulas were used when applying any mechanical stress on the energetic material.
Synthesis has been carried out in small scales (ranging from 200 mg to 900mg at a time). Energetic
materials were always stored in glass vials in a metal container. Kevlar gloves, safety goggles and
lab coat were worn all the time when handling the compounds.
6.2.3 Synthesis of energetic material

The synthesis was proceeded with commercially available relevant amino tetrazoles and by
following literature reported methods.® 1 Corresponding amino tetrazoles were nitrated by fuming
nitric acid in order to obtain D10, D11 and D12. Bis-tetrazolyl-triazenes, D13 and D14 were
obtained by diazotation reactions by using corresponding amino tetrazoles.

6.2.3.1 Synthesis of 5-(nitrimino)-1H-tetrazole (D10)2

N—N 1) 99% HNO, N~
Il / NH, I!II _N\
N<N 2) H,0 \H NO,

5-Amino-1H-tetrazole (0.30 g, 3.5 mmol) was added slowly in small portions to 4 ml of ice-
cooled fuming HNOs (99 %). After two hours, the ice-bath was removed, and the mixture was
stirred for further 24 hours in an open vessel. Then the reaction was quenched with 4 ml of cold
water. HNOs was reduced in volume under vacuum until the colorless product started to
precipitate. The precipitate was filtered and washed with cold water to obtain the product. Yield
0.43 g (94 %): m.p. dec. 122 °C (DSC 5 °C/ min): *H NMR (61, DMSO-d6, 400 MHz): 6.43 (2H,
S).

6.2.3.2 Synthesis of 1-methyl-5-(nitrimino)-1H-tetrazole (D11)®

H
n—N 1) 99% HNO, N—N
Il \>—NH2 —_— Il >=N
Y HH0 N~y \N02
\ \
CH,4 CH;3
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5-Amino-1-methyl-1H-tetrazole (0.3 g, 3.0 mmol) was added slowly in small portions to 3
ml of ice-cooled HNOs (99 %). After 2 hours, the ice-bath was removed, and the mixture was
stirred for further for 24 hours. Then the reaction was quenched with 3 ml of cold water, and the
HNO3 was removed using vacuum until the product started to precipitate. The precipitate was
filtered and washed with cold water to obtain the product. Yield 0.4 g (92 %): m.p. 125 °C dec.
(DSC 5 °C/ min): *H NMR (6n, DMSO-d6, 400 MHz): 5.95 (1H, s), 4.07 (3H, s).

6.2.3.3 Synthesis of 2-methyl-5-(nitramino)-2H-tetrazole (D12)®

n=N 1) 99% HNO; T&"
NH, ———————» NH
»Il\ % 2) H,0 Ne /> \
7 N 7 N NO,

HsC HsC
5-Amino-2-methyl-1H-tetrazole (0.3 g, 3.0 mmol) was added slowly in small portions to 3
ml of ice-cooled HNOs (99 %). After two hours, the ice-bath was removed, and the mixture was
stirred for further for 24 hours. Then the reaction was quenched with 3 ml of cold water, and the
HNO3z was removed using vacuum until the product started to precipitate. The precipitate was
filtered and washed with cold water to obtain the product. Yield 0.38 g (88 %): m.p. 120-122 °C
123 °C dec. (DSC 5 °C/ min): 'H NMR (61, DMSO-d6, 400 MHz): 6.63 (1H, s), 3.69 (3H, s).

6.2.3.4 Synthesis of bis(1-methyltetrazolyl)triazene (D13)%*

N N~ —N
N~ HC/ H,0 V2R NN
I H—nx N Y

2 >
N \ PLN /
“~N NaNoO, IN NT NN N\
CH, H,C |!| CH,

5-Amino-1-methyl-1H-tetrazole (0.5 g, 5.0 mmol) was elutriated in 5 mL water and cooled
to 0 °C. 1-methyl-5-aminotetrazole was dissolved completely by adding concentrated HCI (0.58 g,
5.0 mmol). A solution of NaNO> (0.02 g, 0.25 mmol) in 2 ml water was added drop wise within

20 min. After that the solution was stirred for 24 hours and the resulting solid was separated by
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filtration and washed with cold water. Yield 0.6 g (57 %): m.p. 181-183 °C, 183°C dec. (DSC 5
°C/ min): *H NMR (6n, DMSO-d6, 400 MHz): 4.08 (6H, s).

6.2.3.5 Synthesis of bis(2-methyltetrazolyl)triazene (D14)!

H
N =N N N l!l N
Conc. HC1 S
I /> NH; X —> Hsc—N/ Y N \r/ \N——'CHs
/N ~~N i-pentylnitrite \ /
H5C NﬁN N tN

THF, 0 °C

2-Methyl-5-amino-1H-tetrazole (0.5g, 5.0 mmol) was dissolved in 5ml THF and cooled to
0 °C. After adding concentrated HCI (0.29 g, 2.5 mmol), the formation of a colorless solid could
be observed. Within 30 min i-pentylnitrite (0.29 g, 2.5 mmol) were added drop wise, the
suspension turned into light yellow and was stirred for 24 h at room temperature afterwards. The
resulted solid was filtered and washed with cold water to obtain the product. Yield 0.9 g (86 %):
m.p. 207-208 °C, 209 °C dec. (DSC 5 °C/ min): *H NMR (6, DMSO-d6, 400 MHz): 4.37 (6H,
S).
6.2.4 Synthesis of co-crystals

D10, D11, D12, D13 and D14 (10 mg in each case) were individually combined with six
acceptors in stoichiometric ratios and dissolved in a minimum amount of methanol or
methanol/dichloromethane mixture and kept in small vials for slow evaporation in order to get X-
ray quality co-crystals. Resulting crystals/ solids were analysed by IR spectroscopy and DSC to
identify the formation of co-crystals.
6.2.5 Energy optimization

Since D10, D11 and D12 can exist as two isomeric forms, geometry optimization was
performed to identify most stable isomers. In addition, molecular electrostatic potential surfaces

of all energetic materials were determined in order to rank the hydrogen bond donors. Geometry
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optimization of D10, D11, D12, D13 and D14 were carried out by using B3LYP functional and 6-
311++G* basis set under vacuum in Spartan’14 software. MEPs surfaces were generated for the
optimized structures on the electron isodensity surface of the 0.002 electrons/au?.
6.2.6 Explosive properties determination

Oxygen balance calculation, detonation velocity and pressure calculations and impact
sensitivity determination were determined by method listed in sections 5.2.5, 5.2.6 and 5.2.7
respectively.

6.3 Results

6.3.1 Geometry optimizations
Since there are multiple possible constitutional isomers for each nitrated tetrazole,
geometry optimizations were carried out in order to identify the most stable isomer (Figure 6.12).

The energy difference between isomers were indicated relative to the most stable structure.

Initial geometry| D10 |Optimized geometry Initial geometry| D11 |Optimized geometry Initial geometry| D12 |Optimized geometry
H
N'f NO n=N /H
N~ Vit \ | ) N\
[ =N N o
N—y H3C 2
0 kl/mol
o ¢ 0 kJ/mol
0 kl/mol _N NO, ‘o )
i \>_”/ NN S _
~N \H - P!I p N\
- AN
/ \cu3 L 157 ki/mol |HsC H ¢ PPN
h|||/N M { .
/>—N . .
N'--N \NOZ TI/N\ N/
3.9 kJ/mol N.___N\c: \N02
H
}-' ' ¢ 15.8 kJ/mol " 86.2 kJ/mol
NN NO, }_'
A /N> N NO.
N 2
N— \H I _7N\ Tf >=N/ )
N— |
N é
4.5 kJ/mol \ NO, Hsc/ .___N\
o 33.9 ki/mol H 121.9 kJ/mol

Figure 6.12 Geometry optimized structures and energy differences of different constitutional
isomers of each tetrazole.
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In order to identify the strongest hydrogen-bond donor site of the explosives, calculated
MEPs surfaces of the most stable isomer of D10, D11, D12, D13 and D14 have been obtained

(Figure 6.13).

253

D13 283

Figure 6.13 MEPs surfaces of D10, D11, D12, D13, and D14 showing highest positive points of
MEPs (All values are in kJ/mol)

6.3.2 IR analysis

The co-crystallization screening was carried out by using IR spectroscopy on all the solids
produced from attempted co-crystallization experiments. Seventeen of eighteen co-crystalization
attempts show the formation of co-crystals between D10, D11, D12 and the acceptors (Table 6.1).
The IR spectra of both starting materials (donor and acceptor) were compared with the resulting
crystal/solid in order to identify the formation of co-crystals. Eleven of twelve co-crystal attempts
show the formation of co-crystals between D13, D14 and the acceptors. An example of IR
spectroscopy comparison between D12, A3 and the co-crystal D12:A3 is shown in Figure 6.14.
The peak shift of both donor (e.g. from 1602 cm™ to 1628 cm™) and acceptor (e.g. from 1586 cm
1to 1596 cm™ molecules can be observed with the interaction between donor and acceptor (Table

6.1).
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Table 6.1. IR analysis of attempted co-crystallization experiments
Donor peak: N-H bend

Combination

D10 : A3
D10 : A4
D10 : A5
D10:

D10 : A8
D10 : A9

D11:
D11:
D11:
D11:
D11:
D11:

D12 :
D12
D12 :
D12 :
D12
D12 :

D13:
D13 : A4
D13 : A5
D13 : A6
D13 : A8
D13: A9

>
w

D14 : A3
D14 : A4
D14 : A5
D14 : A6
D14 : A8
D14 : A9

1582
1582
1582
1582
1582
1582

1583
1583
1583
1583
1583
1583

1602
1602
1602
1602
1602
1602

1627
1627
1627
1627
1627
1627

1592
1592
1592
5%
1592
1592

(cm™)

1627
1633
1634
1634
1593
1608

1628
1632
1625
1632
1573
1577

1628
1633
1624
1633
1595
No

1630
1625
1622
1637
1629
1627

1595
1604
1597
1596
1520
1590

Characteristic acceptor peak

1586
1593
1592
1603
1523
1436

1586
1593
1592
1603
1523
1436

1586
1593
1592
1603
1523
1436

1586
1593
1592
1603
1523
1436

1586
1593
1592
1603
1523
1436

(cm™)

1596
1605
1611
1520
1506
1478

1596
1596
1509
1594
1486
1492

1596
1532
1624
1614
1513
1436

1588
1596
1595
1600
1525
No

1595
1604
1597
1596
1429
1448

Co-crystal

Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
No

Yes
Yes
Yes
Yes
Yes
No

Yes
Yes
Yes
Yes
Yes
Yes
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Figure 6.14 IR spectroscopy comparison between D12, A3 and the D12:A3

6.3.3 Crystal structures

Out of twenty-eight possible co-crystal formations, nine of co-crystals were obtained as X-
ray quality crystals (combinations: D10:A8, D10:A9, D11:A3, D11:A8, D11:A9, D12:A3,
D12:A4, D12:A6, and D12:A8).

The D10:A8 co-crystal is formed as a result of N-H---O hydrogen-bonds between —NH
proton of D10 and the oxygen of N-oxide A8 (Figure 6.15). The two components are present in
1:1 ratio and D10:A8 forms a 1-D network. The other noticeable change in this crystal packing is

the presence of a less stable constitutional isomer of D10.
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Figure 6.15 Part of the crystal structure of D10:A8 showing main HB interactions and 1-D
network

When acceptor A9 which is also N-oxide is introduced to the energetic material D10, the
resulting crystal structure again shows 1:1 stoichiometry between D10 and A9 with 1-D network
formation via N-H---O, HB interactions between —NH protons of D10 and oxygen of N-oxide

group of A9 (Figure 6.16). There is no isomer change of D10 upon co-crystallization.

Figure 6.16 Part of the crystal structure of D10:A9 showing primary HB interactions and 1-D
network

Formation of trimeric salt 2(D11°):A3H,?" is observed instead of co-crystal when A3 is
introduced (Figure 6.17). A proton transfer from donor (-NH) to the acceptor (N) is observed with

a charge assisted hydrogen-bond (-NH*---N") formation.

Figure 6.17 Crystal structure of trimeric salt, 2(D11°):A3H2?* showing charge assisted HB
interactions
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A co-crystal (2(D11):A8) formation is observed via N-H---O, HB interactions between —
NH protons D11 and oxygen of N-oxide group of A8 (Figure 6.18). Acceptor A9 also behaves
similarly to A8 by co-crystal formation (2(D11):A9) via HB interactions (N-H---O ) between —NH
protons of D11 and oxygen of N-oxide group of A9 (Figure 6.19). Both co-crystal are trimeric

architectures.

Figure 6.18. Crystal structure of 2(D11):A8 showing primary HB interactions

i;

Figure 6.19. Crystal structure of 2(D11):A9 showing main HB interactions
A salt formation (2(D12°):A3H,?") was observed between D12 and A3H* due to the

proton transfer between donor and the acceptor (Figure 6.20). There are two types of HB
interactions in this solid state trimeric architecture. First, charge assisted hydrogen bonding (-
NH*---N") between a nitrogen of D12 and the proton attached to the A3H>". Second, a weak HB
interaction between hydrogen attached to the nitrogen of A3H>" and the one of oxygen of the nitro

group of D12,
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Figure 6.20 Crystal structure of 2(D12°):A3H,?* showing main HB interactions
The salt 2(D12):A4H2?* shows only one type of HB interaction (charge assisted HB, -

NH*.--N") between a nitrogen of D12 and the proton attached to the A4H,?* (Figure 6.21). In
addition, D12 has adopted a different geometrical isomeric form compared to the isomer present

in the salt, 2(D12"):A3H,%".

Figure 6.21 Part of the crystal structure of 2(D12):A4H,** showing main HB interactions
In the salt, 2(D12°):A6H2%*, both geometrical isomers of D12 can be observed (Figure

6.22). In this case three different HB interactions are observed; first, a charge assisted HB
interaction between hydrogen attached to nitrogen of A6H,?* and a nitrogen of tetrazole backbone.
Second, the interaction between hydrogen attached to nitrogen of A6H2?* and the nitrogen of
aliphatic branch of D12". The third one is the HB interaction between hydrogen attached to nitrogen
of A6H,?* and the oxygen of nitro group of D12". These HB interactions are mirrored in 2(D12-

):A3H2?* and 2(D12°):A4H,%*.
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Figure 6.22 Part of the crystal structure of 2(D12):A6H2?"showing main HB interactions
A co-crystal (2(D12):A8) was obtained via HB interaction (N-H---O ) between —NH

protons and the oxygen of N-oxide group (Figure 6.23). Again, formation of trimeric architecture

was observed.

Figure 6.23. Part of the crystal structure of 2(D12):A8

All the hydrogen bonding parameters (distances and angles) are tabulated in the table 6.2.

Table 6.2. Hydrogen bond parameters of co-crystals and salts

Co-crystal sa D-H---A()
N4 H4 019 2.614(10) 138.6
N6 H6 016 2.656(11) 161(7)
N1 H1 017 2.666(3) 168(3)
N4 H4 016 2.689(3) 154(3)
2(D11):A3H,*" N14 H14 N4 2.722(3) 163(2)
2(D11):A8 N4 H4 011 2.604(2) 157(2)
2(D11):A9 N4 H4 011 2.676(3) 144(3)
N30 H30 N14 2.7715(18) 156.2(18)
N15 H15 N7 2.704(9) 174(7)
N33 H33 N7 2.694(2) 174(2)
N27 H27 N14 2.838(2) 166.9(19)
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6.3.4 Thermal properties

Thermal analysis for all the X-ray quality crystals and the D10, D11 and D12 were done using
DSC. Decomposition temperature and the decomposition enthalpy were determined and compared
with parent energetic material. DSC traces are shown in Figure 6.24 (for D10 and co-crystals),
Figure 6.25 (for D11 and salts/ co-crystals) and Figure 6.26 (for D12 and salts/ co-crystals) The
thermal data, melting point, decomposition point and decomposition enthalpy are summarized in

the table 6.3.

—D10
A —D10:A9
—" ——D10:A8

Heat flow (W/g)

40 90 140 190
Temperature (°C)

Figure 6.24. DSC traces comparison of D10 and co-crystals.

® J\

B

3 N —D11

= —2(D11°):A3H,%*

© — -

3 1 ﬂ 2(D11):A8
jp —2(D11):A9

40 90 140 190

Temperature (°C)

Figure 6.25. DSC traces comparison of D11 and co-crystals/salt.
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—p12
Nl —2(D12):A3H,>
I\ —2(D12):A4H,
—2(D127):A6H,
\/ﬂk —2(D12):A8

Heat Flow (W/g)

40 90 140 190
Temperature (°C)

Figure 6.26. DSC traces comparison of D12 and co-crystal/salts.

Table 6.3. Thermal properties of D10, D11, D12 and their co-crystals/ salts.

Compound/ Co-former melting point Co-crystal/ salt/ solvate

co-crystal/ salt (o)) Decomp. point (°C) (on set) Decomp. enthalpy (J/g)
- 122 2475
220-222 175 2280
>300 181 2206
- 125 2437
2(D11):A3H,* 109-112 169 1851
2(D11):A8 220-222 140 1948
2(D11):A9 >300 138 1599
- 123 2452
2(D12):A3H,* 109-112 146 1079
2(D12):A4H** 110-112 147 958
2(D12):A6H,** 57-60 121 1009
2(D12): A8 220-222 96 1375

6.3.5 Oxygen balance, detonation pressure and detonation velocity of the energetic
materials

Oxygen balance, detonation pressure and detonation velocity data for parent energetic
materials (D10, D11 and D12) and their co-crystals / salts were summarized in the table 6.4. Parent

energetic materials show the most favorable oxygen balance compared to the newly formed
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energetic materials except in the case of D10:A9. Detonation performances of the newly produced

energetic materials are lower compared to the parent energetic materials.

Table 6.4. Oxygen balance, detonation velocity and detonation pressure of energetic materials
Compound/ co-

Detonation
pressure (GPa)

Oxygen balance
(%)

Detonation velocity
(km/s)

i )
crystal/ salt Density (g/cm?®)

1.867(200K) -12.0 9.1 37.9
1.478(200K) 1127 6.8 18.3

1.707(298-303K) 7.1 7.6 25.4

1755 (200K) 444 ' 8.3 ' 305

YRR G 1.449(298-303K) 1152 6.6 17.3
2(D11):A8 1.521(298-303K) -98.2 7.1 20.6
2(D11):A9 1.610(298-303K) -64.0 7.3 225
D12 1667(200K) -44.4 ' 8.0 ' 275
2(D12):A3H2 1.568(130K) -115.2 7.0 20.4
2(D12):AdH2 1.538(130K) 1287 7.0 19.9
IR 1.504(130K) -134.9 6.9 19.1
2(D12): A8 1.557(130K) -98.2 7.2 21.4

6.3.6 Impact sensitivity test

Impact sensitivity test was performed for the D10, D11, D12 and the selected newly formed
energetic materials. Hso value for the D10 observed as 32 +1cm which is the highest sensitive
material while D11 and D12 showed 94 +1cm and 88 +1cm respectively being relatively stable
towards impact. Newly formed co-crystals and salts show much lower sensitivity towards impact
compared to the parent energetic materials (Table 6.5).

Table 6.5. Hso values of energetic materials

Compound/
co-crystal/
salt

Impact
sensitivity 138 >146 >146 >146
Hso £1(cm)

166



6.4 Discussion

6.4.1 Geometry optimization

The geometry optimized structures of D10 indicates that there is very small energy barrier
between two constitutional isomers. Due to this small energy barrier between two isomers, small
variations of local environment could promote one isomer over the other. For the D11 and D12,
the differences are relatively larger, and the conversion of one isomer to other is difficult. The
lowest energy isomers obtained by energy optimizing are match with the solid state crystal packing
of all three materials.
6.4.2 IR spectroscopy analysis

The weak hydrogen bond interactions among donors in all cases were able to break by the
newly introduced co-formers due to the presence of strong acceptors in co-formers compared to
the acceptor atoms in donor molecules. The IR spectroscopy shows strong evidence for the above
statement by supporting the characteristic peak shifts on both donor and acceptor molecules when
they are together. Notably, peak changes were observed for -NH stretch and bending for all the
donors D10, D11, D12, D13 and D14 and additionally the asym-NO. stretch for D10, D11 and
D12.
6.4.3 Structural analysis

Due to the presence of two HB donors in D10, co-crystals that propagate in the 1-D direction
with both ditopic acceptors A8 and A9. Both less stable constitutional isomer and more stable
constitutional isomer of D10 can be seen in D10:A8 and D10:A9 respectively. Most stable
constitutional isomer has been reported three times in solid state in the crystal packing of
anhydrous D108, hydrated D107 and D10:2-aminotetrazole!. There is only one evidence that

shows D10 adopts less stable constitutional isomer which is in the crystal packing of D10:2-
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methyl-5-aminotetrazole’. There is no evidence for constitutional isomer formation for the D11
and D12 in the literature. This may be due to the relatively larger energy differences between more
stable and the less stable isomers of them. There are only two reports showing that the more stable
isomer of D117 (anhydrous D11 and hydrated D11) and two reports for the stable isomer of D128
15_

In addition, HB interactions (-NH---N) and charge assisted HB interactions (-NH*---N"), there
are significant contributions from —NO- groups in the crystal packing by formation of short HB
interactions. Specially, when the -NH™ group interacts with the nitrogen of the aromatic ring of
tetrazole, a significant contribution for the HB interaction can be observed from —NO- group. On
the other hand, there are several -CH---N short HB interactions in the crystal packing of newly
formed solids.

6.4.4 Acidity of energetics

Most of the nitrogen based acceptors react quickly with the energetics D10, D11 and D12 and
make immediate precipitates. Oxygen based acceptors with D10, D11 and D12 tend to yield
crystals all of the times. All of the crystals that are formed are the salts when nitrogen based
acceptors are introduced due to acidic nature of the —~NH protons of energetics. High basicity of
nitrogen based acceptors compared to the oxygen based acceptors enables proton transfer from
donor to acceptor. When a basic reagent such as ammonia is introduced to these energetics, easy
formation of corresponding energetic anion and the ammonium salt further indicated the acidic

nature of —~NH protons (Figure 6.27)%°.

H
/ _
N—N NHyaq) y—N,  NHs n=N NH;(aq) =N NHg*
N \ - AN ~N~N NO -~
N\ NO, N\ 0, H;C 2 H3C/ I‘l NO,
CH3 CH,4

Figure 6.27 Salts formation of D11 and D12 with aquous ammonia®®
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6.4.5 Thermal stability analysis

The presence of strong hydrogen bonds and number of strong HB interactions can improve
the thermal stability of a compound!’. When compared all the co-crystals that have HB
interactions, D10:A9 which has two hydrogen HB interactions shows the highest thermal stability.
The lowest thermal stability is observed for 2(D12):A8 which has one HB interaction. In addition,
the HB distance between donor atom and acceptor (N27 H27 N14) of 2(D12):A8 shorter than the
other similar interactions in rest of the co-crystals. All the co-crystals show decomposition points

in between the melting/ decomposition points of donor and the acceptor except the case of

2(D12):A8 (Figure 6.28).

300

250
200
150
100
5
0

Figure 6.28 Melting point/ decomposition temperature comparison of explosives, co-formers and
co-crystals

M.P./ Dec. Temp. (°C)

o

6.4.6 Detonation property analysis

As expected, reduction of decomposition enthalpy, detonation velocity and detonation
pressure were witnessed due to introduction of non-energetic materials in to the explosive
materials. Significant retention of these properties can be seen with minimal negative effect on the

performance of the explosives. Oxygen balance is also decreased in the co-crystals and salts due
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to the absence of enough oxygen in co-formers. When the co-former is an N-oxide, favorable
oxygen balance can be observed compared to the other formed salts, due to presence of two
additional oxygen atoms per that particular co-former compared to nitrogen based acceptors.

6.4.7 Impact sensitivity analysis

In all the tested cases, a significant improvement of stability towards impact in both salts
and co-crystals were observed. The most impact sensitive explosive D10 has gained much
improved impact sensitivity with the formation of co-crystals. With the formation of salts with
acceptors, D12 gets higher Hso values (much lower impact sensitivity) that go beyond the testing
limit (146 cm) of the instrument. The Figure 6.29 shows the comparison of Hso values for all

explosives and newly formed co-crystals and salts. Co-crystal 2(D12):A8 was not further tested

for the impact sensitivity due to the low thermal stability.
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Figure 6.29 Hsg values comparison for the explosives and their salts/ co-crystals
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It has been found that the presence of strong intermolecular HB interactions® and 7t

interaction aided sliding layered packing®® in the crystal improve the impact sensitivity of
explosives. When HB interactions of D12 compared to co-crystal 2(D12):A3H,?*, it can be
recognized that having stronger HB interactions and additional several short HB interactions
support the crystal propagation on the same layer (Figure 6.30). In addition, the hydrophobic

methyl groups are held closer in the crystal packing to take advantage of hydrophobic interactions.

(b)

Figure 6.30 (a) HB interactions in D12, (b) HB interactions and short non-covalent interactions in
D12:A3

In the packing of D12, the molecules are arranged perpendicular to each other and there is
lack of layered architecture which leads to highly sensitive towards impact. In the 2(D12°):A3H,?*,
the packing has improved by more planar crystal arrangement and a wave like layer arrangement

is also observed (Figure 6.31).
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Figure 6.31 (a) Packing of D10, (b) layered packing of salt
These kind of n-stacked packing arrangements can easily buffer sliding and compressions

by an external stimulus (Figure 6.32).2° The mechanical energy supplied outside is converted into
intermolecular interaction energy and it disperses all over the n-stacked layers?. It minimizes the

local molecular vibration and it makes the material insensitive to external impact.

Mechanical
stimulus

Crystallayerli E Z E 5 2 :=‘

Sliding

>

Compression

Crystal layer 2

Figure 6.32 n-stacked interactions in a crystal buffer against external mechanical stimuli

6.5 Conclusions

The co-crystallization of energetics D10, D11 and D12 has revealed that the energetic
properties of explosives can be manipulated by selecting suitable hydrogen bond acceptors. Five
co-crystals and four salts that are produced in the experiments show N-H---O and N-H*---N" HB
interactions which makes supramolecular motifs. In addition, several short hydrogen bond

interactions such as N-H---O2N and C-H---N was observed in these supramolecular settings. it is
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also shown that the changing one constitutional isomer to another by small change of environment
around the molecule is possible when the energy difference between them is small.

The thermal stability of energetics was altered with the formation of non-covalent interactions
with co-formers. When strong HB interactions are present in the crystal packing, improvement of
thermal stability was observed. The best improvement of thermal stability was observed for the
co-crystal D10:A9. Out from nine co-crystal/ salt formations, improvement of thermal stability of
the material was observed for seven co-crystals/ salts.

Improvement of impact sensitivity of explosives was observed when energetic co-crystals

were formed due to the presence of strong non-covalent interactions such as hydrogen bonding

and several other short interactions such as short HB interactions and 7t interactions. Highest

impact sensitivity improvement (112 cm increment of Hso for the D10:A9 co-crystal) was observed

for A9 which was the highest impact sensitive explosive (Figure 6.33).

Supramolecular Chemistry
Hydrogen Bonding

Improved thermal Improved impact
stability sensitivity

Figure 6.33 Use of supramolecular chemistry and crystal engineering to balance the power and
safety of explosives

Even though less favorable oxygen balance was observed for most cases, it is possible to make

compounds that has more favorable oxygen balance by selecting co-formers that contain oxygen
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atoms. The introduction of non-energetic materials may effect negatively on the performance of
the explosives. Making of safer materials should be the priority in the settings of presence of
relatively unstable materials.

This study suggests that systematic co-crystallizations permit to balance the power and the
stability of explosives. By fine tuning the properties that are important for storage, handling, and
transport with minimal negative impact on explosive behavior of the targeted energetic material,

a better explosive ca be engineered with co-crystallization.
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Chapter 7 Summary

The chemistry beyond the molecule has opened new avenues to make predictable
supramolecular assemblies and functional materials using non-covalent interactions. Hydrogen
bonding, halogen bonding, metal-ligand coordination, and = interactions play a major role in
assembling supramolecular architectures. Since the supramolecular synthesis is one pot process,
the identification of correct synthons and supramolecular forces in order to build desired
architecture has to be done carefully and systematic manner. In this thesis, we have discussed how
to efficiently manipulate several supramolecular synthons and non-covalent interactions in order

to make advanced supramolecular assemblies and materials.

7.1 Manipulation of halogen bonding and metal-ligand coordination in

supramolecular chemistry

As the first step, we have selected halogen bonding and metal-ligand coordination in order
to make predictable supramolecular architectures. A library of ligands containing acac
functionality and halogen bond donor functionality (1,4-substituted and 1,3-substituted) has been
designed and synthesized. The acac moiety has been used as metal coordinating site and halogen
bond donors have utilized to make non-covalent interactions with the acceptor sites present in
ligand/ metal-ligand complexes. As expected metal-coordination site has coordinated with the
copper metal ion successfully without any interferences from counter anions or coordinating
solvents. In the presence of solvents (acetonitrile and ethyl acetate) that can be act as halogen bond
acceptors, the halogen bond donor sites of 1,4-substituted metal-ligand complexes have interacted
with the solvent. In the presence of poor halogen bond acceptor such as nitromethane, halogen
bond driven supramolecular architecture was observed and no interactions were formed between

metal-ligand complex and the solvent. With the 1,3-substituted ligand, halogen bonded
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supramolecular architecture was observed even in the presence of acetonitrile as the solvent. When
forming supramolecular architectures, halogen bond donor sites and several acceptor sites of the
metal-ligand complexes have been utilized by the non-covalent interactons such as halogen

bonding and halogen--- & interactions (Figure 7.1).

§ Je=
\/

§ L=
\/

] /0....._
u t
Yo

(a) (b)

Figure 7.1 Donor (red arrows) and acceptor (blue arrows) sites utilized by non-covalent
interactions (a) in a 1,4-substituted metal ligand complex, (b) in a 1,3-substituted metal ligand
complex?

7.2 Finding alternative supramolecular forces

Next, we have investigated competition of halogen bonding Vs. hydrogen bonding by
designing and synthesizing tetra-functionalized HB and XB donor molecules. The donor
molecules were equipped with two halogen-bond donors (C=C—I) and two hydrogen bond donors
(O—H). Several nitrogen based acceptors were introduced to the donors in order study the
competition between HB and XB interactions. Based on the interactions that are observed in the

co-crystals, both interaction types are equally competitive to behave similarly (Figure 7.2).
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Acceptor site

Acceptor sites

Donor sites

Figure 7.2 Formation of equal number of HB and XB interactions between a donor and an acceptor
molecules?

7.3 Host-guest chemistry in supramolecular chemistry

In order to study the host-guest chemistry involved in cavitands, we have synthesized several
cavitands molecules. These cavitands were further functionalized with several functionalitites such
as acac, XB donor and HB/XB donor functionalities in order to make advanced supramolecular
architectures driven by non-covalent interactions. Formation of supramolecular architectures
based on metal-ligand interactions were observed between acac functionalized cavitands and
Cu(Il) metal ions in solid state and solution state as well (Figure 7.3 (a)). XB donor cavitands and
HB/XB donor were able to form non-covalent interactions with nitrogen based acceptors in solid

state (Figure 7.3 (b)).
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Figure 7.3 Schematic representation of (a) metal-ligand coordination and (b) HB/XB interactions
in cavitands

7.4 Applications of supramolecular chemistry

The knowledge of supramolecular interactions and crystal engineering were applied to modify the
properties of materials. An energetic material, PETNC which suffers from high chemical
reactivity due to the presence of acidic protons was combined with potential nitrogen and oxygen
based acceptors via hydrogen bonding. Several nitrated tetrazole based explosives suffer from high
impact sensitivity and low thermal stability were also subjected co-crystallization with potential
nitrogen and oxygen based acceptors. In addition to that potential propellants based on bis-
tetrazoles also subjected to the co-crystallization. The co-crystallization approach was successful
in improving the stability of the energetics/ explosives by modifying the chemical and physical
properties such as reactivity, thermal stability and impact sensitivity while retaining energetic

properties (Figure 7.4).
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Figure 7.4 Use of co-crystallization to improve chemical, thermal stability and impact sensitivity

of explosives
7.5 Future works

The work presented in this thesis provides the fundamental understanding and application

of supramolecular chemistry. However, some of these systems can be extended to the next level

as described below.
The metal-ligand complexed that were formed between ligands L1-L6 and metal ions can

be further extended by introducing potential halogen-bond acceptors to the system (Figure 7.5).

The formation of XB interactions can be expected between halogen atoms and the acceptors such

as nitrogen or oxygen by forming complex supramolecular architectures.
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M= divalent metal ion
X=1, Br
A=N, O

A A

Figure 7.5 Formation of XB interactions between metal-ligand complex and acceptors
The formation of molecular capsules can be expected by introducing suitable ditopic

acceptors to the XB donor cavitands. Furthermore, introduction of cavitands that are functionalized

with XB acceptors is an alternative way of making capsules.>* (Figure 7.6)
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Figure 7.6 Capsule formation between (a) XB donor cavitands and ditopic acceptors (b) XB donor
cavitand and XB acceptor cavitand

Energetic-energetic co-crystals formation may give a co-crystal with better performance
compared to the energetic-non energetic co-crystals due to the presence of more oxidizers and
fuels in the system.>® At the same time stabilization of unstable explosives can be achieved with

the formation of co-crystals with minimum effect to the explosive properties of both materials. In
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order to do that, we have to select one energetic material contains HB donors and the other contains

HB acceptors (Figure 7.8).

HB
Cenergetid ) —o-—-a—(_Ensrostc

Figure 7.7 Formation of HB interaction driven co-crystal between two energetic materials
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Appendix B — Crystallographic data

Datasets were collected on a Bruker Kappa APEX 1II system using MoK radiation (L1; L2; [Cu(L1)2]; [Cu(L2)2].2CH3CN;
[Cu(L2)2].2C4HsOz2; [Cu(L2)2].2CH3NOz; [Cu(L3)2].4CH3CN; [Cu(L3)2].2CsHsO2; [Cu(L3)2]). Data were collected using APEX2
software!. Initial cell constants were found by small widely separated “matrix” runs. Data collection strategies were determined
using COSMO?. Scan speed and scan widths were chosen based on scattering power and peak rocking curves. Datasets were
collected at -143 °C ([Cu(L1)z]; [Cu(L3)2].2C4HsOz2; [Cu(L3)2]), and at -153 °C (L.1; L2; [Cu(L2)2].2CH3CN; [Cu(L2)2].2C4HsOz;
[Cu(L2)2].2CH3NO2; [Cu(L3)2].4CH3CN) using an Oxford Cryostream low-temperature device.

For the above datasets, unit cell constants and orientation matrix were improved by least-squares refinement of reflections
thresholded from the entire dataset. Integration was performed with SAINT?, using this improved unit cell as a starting point.
Precise unit cell constants were calculated in SAINT from the final merged dataset. Lorenz and polarization corrections were
applied. Multi-scan absorption corrections were performed with SADABS*.

For the above datasets, data were reduced with SHELXTLYS. The structures were solved in all cases by direct methods without
incident. Except as noted, hydrogen atoms were located in idealized positions and were treated with a riding model. All non-
hydrogen atoms were assigned anisotropic thermal parameters. Refinements continued to convergence, using the recommended
weighting schemes.

Also, the dataset for L3 was collected on an Oxford Diffraction Xcalibur four-circle kappa geometry single-crystal
diffractometer with Sapphire 3 CCD detector, using a graphite monochromated MoKa radiation, and applying the CrysAlisPro
Software system 6 at 23 °C.

Data reduction, including Lorentz and polarization corrections as well as absorption correction, was done by CrysAlis RED
program 7. The structures were solved by direct methods implemented in the SHELXS-2013 program 8, The coordinates and the
anisotropic displacement parameters for all non-hydrogen atoms were refined by full-matrix least-squares methods based on F?
using the SHELXL-2013 program &, Except as noted, hydrogen atoms were located in idealized positions and were treated with a
riding model.

[Cu(L3)2].4CH3CN — The asymmetric unit contains two molecules of the iodoethynyl ligand complexed with a Cu(ll) atom
and four acetonitrile solvent molecules. One of the acetonitrile solvent molecule is disordered over two closely related positions,
thus representing different orientations. Relative populations were allowed to refine. Thermal parameters for closely located atoms
were pairwise constrained using EADP commands. Geometry of the acetonitrile solvent molecule was restrained using the SAME
command.

[Cu(L2)2].2CH3NO2 — The asymmetric unit contains two molecules of the bromoethynyl ligand complexed with a Cu(ll)
atom and two molecules of nitromethane solvent. One of the methyl groups on the acetylacetonate moiety is disordered over two
closely related positions, thus representing different orientations. Relative positions were allowed to refine. Thermal parameters
for closely located methyl carbon atoms were pairwise constrained using EADP command.

Also, one of the nitromethane solvent molecule is disordered over two closely related positions, thus representing different
orientations. Relative populations were allowed to refine. Thermal parameters for closely located atoms were pairwise constrained
using EADP commands. Geometry of the nitromethane solvent molecule was restrained using the SAME command. Also, all atoms
of the nitromethane solvent molecule were restrained to lie in a common plane using the FLAT command.

L1 - Coordinates of the acetylacetonate moiety proton H12 was allowed to refine.
L3 — Coordinates of the acetylacetonate moiety proton H10 was allowed to refine.

Datasets were collected on a Bruker Kappa APEX II system using MoK radiation (D1:A5; D2), or on a Bruker SMART
APEX 1I system using MoKa radiation (D3; D1:A3; D1:A4; D3:Ab5). Data were collected using APEX2 software.! Initial cell
constants were found by small widely separated “matrix” runs. Data collection strategies were determined using COSMO. Scan
speed and scan widths were chosen based on scattering power and peak rocking curves. Datasets were collected at -45 °C (D3;
D1:A3; D1:A4; D3:A5), -143 °C(D2), and -153 °C (D1:A5) using an Oxford Cryostream low-temperature device.
For the above datasets, unit cell constants and orientation matrix were improved by least-squares refinement of reflections

thresholded from the entire dataset. Integration was performed with SAINT, i using this improved unit cell as a starting point.
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Precise unit cell constants were calculated in SAINT from the final merged dataset. Lorenz and polarization corrections were
applied. Multi-scan absorption corrections were performed with SADABS. "

For the above datasets, data were reduced with SHELXTL.Y The structures were solved in all cases by direct methods without
incident. Except as noted, hydrogen atoms were located in idealized positions and were treated with a riding model. All non-
hydrogen atoms were assigned anisotropic thermal parameters. Refinements continued to convergence, using the recommended
weighting schemes.

Also, datasets for D1, D2:A3, and D3:A3 were collected on an Oxford Diffraction Xcalibur four-circle kappa geometry single-
crystal diffractometer with Sapphire 3 CCD detector, using a graphite monochromated MoKa radiation, and applying the
CrysAlisPro Software system"i at 23 °C.

Data reduction, including Lorentz and polarization corrections as well as absorption correction, was done by CrysAlisPro program. Vi
The structures were solved by direct methods implemented in the SHELXS-2014/7 program.“ii The coordinates and the anisotropic
displacement parameters for all non-hydrogen atoms were refined by full-matrix least-squares methods based on F? using the
SHELXS-2014/7 program.¥i Except as noted, hydrogen atoms were located in idealized positions and were treated with a riding
model.

D1 - Coordinates of the hydroxy proton H10, and the water proton H20 were allowed to refine.

D2 - Coordinates of the hydroxy protons H10 and H14 were allowed to refine.

D3 — Coordinates of the hydroxy protons H4 and H10, and the water protons H13A and H13B were allowed to refine.

D1:A3 - Coordinates of the hydroxy protons H7, H11 and H21 were allowed to refine.

D1:A4 — Coordinates of the hydroxy protons H7 and H11 were allowed to refine.

D1:A5 — The asymmetric unit contains one molecule each of the iodoethynyl-based target molecule and the pyridine-based co-
former. The entire pyridine-based co-former is disordered over two closely related positions, thus representing different
orientations. Relative populations were allowed to refine. Thermal parameters were pairwise constrained using EADP commands.
Geometry of the aromatic ring was restrained using the SAME command. The bond distances were fixed to idealized distances
using the DFIX command.

D2:A3 - Coordinates of the hydroxy protons H10 and H20 were allowed to refine.

D3:A3 - Coordinates of the hydroxy protons H10 and H20 were allowed to refine.

D3:A5 - Coordinates of the hydroxy proton H13 was allowed to refine.
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Code L1 L2 L3 [Cu(L1)2] [Cu(L2)2].2CHsCN
Formula Ci13H11CIO2 C13H11BrO2 C13HulO2 (C13H10ClO2)2, Cu | (C13H10BrO2)2, Cu,
moiety (C2H3N)2
Empirical C13H11ClO: C13H11BrO2 C13H11102 Ca26H20Cl2CuO4 C30H26Br2CuN204
formula

Molecular 234.67 279.13 326.12 530.87 701.89

weight

Color, Habit Colorless, Prism Brown, Prism Yellow, Plate Green, Needles Green, Plate
Crystal system | Monoclinic Monoclinic Orthorhombic Monoclinic Triclinic

Space group, Z | C2/c, 4 P2(1)/n, 4 Pnma, 4 P2(1)/c, 2 P, 1

a, A 9.704(5) 7.0148(7) 12.5746(13) 12.112(4) 8.0843(8)

b, A 13.620(6) 12.2169(12) 7.2883(9) 12.704(4) 9.2352(10)

c, A 8.810(5) 13.5874(13) 13.9188(7) 7.622(3) 10.8870(12)

a,’ 90 90 90 90 92.144(4)

8,° 99.138(12) 91.691(4) 90 100.46(2) 99.260(3)

Y, ° 90 90 90 90 100.990(3)
Volume, A3 1149.6(10) 1163.9(2) 1275.6(2) 1153.3(6) 785.57(14)
Density, g/cm® | 1.356 1.593 1.698 1.529 1.484

T, °K 120(2) 120(2) 296(2) 130(2) 120(2)

Crystal size,

0.120 x 0.220 x

0.160 x 0.440 x

0.100 x 0.330 x

0.048 x 0.242 x

0.060 x 0.320 x

min x mid x | 0.380 0.480 0.590 0.368 0.400
max
X-ray | 071073 0.71073 0.71073 0.71073 0.71073
wavelength, A
u, mm? 0.313 3.513 2.493 1.210 3.273
Trans min /| 0.89/0.96 0.28/0.60 0.54/1.00 0.66/0.94 0.35/0.83
max
Omin, ° 2.99 2.24 4.36 1.71 1.90
Omax, ° 32.16 31.00 26.99 25.55 32.55
Reflections
collected 5953 24368 5677 31884 19718
independent | 1770 3637 1482 2127 5127
observed 1306 2859 1085 1743 2577
Rint 0.0399 0.0516 0.0288 0.0730 0.0488
Threshold >20(/) >20(/) >20(/) > 20(/) >20(/)
expression
No. 80 145 94 153 180
parameters
No. restraints 0 0 0 0 0
R1 (observed) 0.0496 0.0748 0.0418 0.0310 0.0519
wR: (all) 0.1492 0.2238 0.0891 0.0872 0.1584
Goodness of fit | 1.093 1.068 1.074 1.072 0.932
(all)
Pmax, Pmin, € A7 | 0.374, -0.250 4.819, -0.768 0.529, -0.450 0.340, -0.378 0.718, -0.945
Completeness | 0.972 0.981 0.994 0.985 0.900

to 29 limit
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Code [Cu(L2)2].2C4H802 | [Cu(L2)2].2CH3NO2 | [Cu(L3)2].4CH3CN | [Cu(L3)2].2C4Hs02 | [Cu(L3)2]
Formula (C13H10Br02)2, Cu, | (C13H10BrO2)2, Cu, | (Ci3H10102)2, Cu, | (C13H10l02)2, Cu, | (C13H10l02)2, Cu
moiety (CaHsg02)2 (CH3NO2)2 (C2H3N)a (C4Hs02)2

Empirical C34H36Br.CuOs C28H26Br2CuN20s C34H32Cul2N404 C34H36Cul208 C26H20Cul204
formula

Molecular 795.99 741.87 877.98 889.98 713.77
weight

Color, Habit Blue, Prism Green, Plate Blue, Plate Green, Needles Green, Plates
Crystal system | Monoclinic Triclinic Triclinic Monoclinic Monoclinic
Space group, Z | P2(1)/c, 2 A1 P, 1 P2(1)/c, 2 P2(1)/n, 6

a, A 8.0238(9) 7.9062(13) 8.2630(4) 8.242(2) 21.351(4)

b, A 13.8635(15) 8.9753(15) 10.6819(6) 14.206(4) 7.2561(13)

c, A 15.3770(16) 11.2457(19) 11.4576(6) 15.472(4) 25.317(5)
a,’ 90 85.197(7) 92.134(3) 90 90

8,° 102.274(4) 80.067(6) 104.211(2) 102.722(12) 112.809(10)
v, ° 90 76.761(6) 107.705(3) 90 90

Volume, A3 1671.4(3) 764.3(2) 927.04(8) 1767.1(8) 3615.5(12)
Density, g/cm® | 1.582 1.612 1.573 1.673 1.967

T, °K 120(2) 120(2) 120(2) 130(2) 130(2)

Crystal size,
min x mid x
max

0.320 x 0.400 x
0.440

0.100 x 0.320 x
0.440

0.060 x 0.320 x
0.400

0.122 x 0.356 x
0.578

0.055 x 0.232 x
0.356

X-ray 0.71073 0.71073 0.71073 0.71073 0.71073
wavelength, A
u, mm? 3.094 3.378 2.293 2.412 3.499
Trans min /| 0.34/0.44 0.32/0.73 0.46 / 0.87 0.34/0.76 0.37/0.83
max
Omin, ° 2.00 1.84 1.85 1.97 1.06
Omax, ° 32.60 33.02 32.61 25.71 25.34
Reflections
collected 22675 27759 19909 49520 35365
independent | 5919 5266 6249 3335 6499
observed 5026 3837 3322 3037 4692
Rint 0.0264 0.0364 0.0527 0.0607 0.0647
Threshold > 20(/) > 20(/) > 20(/) > 20(/) > 20(/)
expression
No. 209 192 202 209 454
parameters
No. restraints 0 15 9 0 0
R1 (observed) 0.0279 0.0576 0.0506 0.0232 0.0438
wR: (all) 0.0699 0.1744 0.1425 0.0564 0.1344
Goodness of fit | 1.031 1.090 1.055 1.048 1.083
(all)
Pmax, Pmin, € A3 | 0.532, -0.365 1.640, -1.156 0.840, -0.790 0.381, -0.401 1.765, -1.133
Completeness | 0.976 0.987 0.921 0.994 0.982

to 289 limit
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Code L5 [Cu(L5)2]
Formula moiety | Ci3H11BrO: (C13H10Br0O3)z, Cu
Empirical C13H11BrO2 C26H20Br2Cu04
formula

Molecular 279.13 619.78
weight

Color, Habit Colorless, Blocks | Blue, Prism
Crystal system Triclinic Monoclinic
Space group,Z | Pi, 4 C2/c, 4

a, A 7.377(3) 25.8092(16)
b, A 12.052(4) 7.4193(5)

c, A 13.560(5) 13.7881(9)
a,’ 93.358(16) 90

8,° 93.198(12) 113.652(2)

v, ° 103.160(11) 90

Volume, A3 1168.9(7) 2418.4(3)
Density, g/cm® | 1.586 1.702

T, °K 180(2) 120(2)

Crystal size, min

0.122 x 0.298 x

0.120x 0.280 x

X mid x max 0.349 0.400
X-ray 0.71073 0.71073
wavelength, A
u, mm 3.497 4.238
Trans min / 0.38/0.68 0.28/0.63
max
Omin, ° 1.74 1.72
Umax, ° 25.52 32.57
Reflections
collected 14981 25220
independent 4288 4169
observed 3157 3388
Rint 0.0467 0.0315
Threshold > 20(/) >20(/)
expression
No. parameters | 301 153
No. restraints 2 0
R1 (observed) 0.0370 0.0293
wR2 (all) 0.0847 0.0737
Goodness of fit | 1.030 1.024
(all)
Pmax, Pmin, € A3 | 0.459, -0.531 0.762, -0.645
Completeness 0.983 0.992

to 29 limit
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Code D1 D2 D3 D1:A3 D1:A4
Formula moiety | CioH10l202, H20 Ci0H10l202 C10H1202, H20 Ci0H10l202, C10H10l202,
C1oHsN2 C12H10N2

Empirical C1oH121203 CioH10l202 C10H1403 Ca0H15l2N202 Ca2H2012N20:

formula

Molecular 434.00 415.98 182.21 572.16 598.20

weight

Color, Habit Pale yellow, Colorless, Colorless, Colorless, Colorless,
Prism Needle Rectangular Irregular Rectangular

Crystal system Tetragonal Monoclinic Monoclinic Triclinic Triclinic

Space group, Z PA(2)/m, 2 P2(1)/c, 4 P2(1)/c, 4 P, 4 P, 2

a, A 8.5167(5) 11.1961(17) 9.9472(12) 7.7674(8) 7.8373(7)

b, A 8.5167(5) 11.5073(18) 6.1399(8) 10.0010(10) 11.6273(11)

c, A 8.8404(9) 9.2386(15) 16.775(2) 26.238(3) 12.6853(12)

a, 2 90 90 90 81.2340(10) 93.5792(12)

8,9 90 100.613(4) 104.248(2) 89.2680(10) 96.5739(11)

v, 2 90 90 90 85.8440(10) 107.2327(11)

Volume, A3 641.23(10) 1169.9(3) 993.0(2) 2009.1(3) 1091.15(18)

Density, g/cm3 2.243 2.362 1.219 1.892 1.821

T, °K 296(2) 130(2) 228(2) 228(2) 228(2)

Crystal size, min

0.210 x 0.230 x

0.110 x 0.188 x

0.230 x 0.260 x

0.180 x 0.220 x

0.140 x 0.290 x

X mid x max 0.520 0.370 0.480 0.390 0.370
X-ray 0.71073 0.71073 0.71073 0.71073 0.71073
wavelength, A
u, mm? 4.891 5.350 0.089 3.147 2.901
Trans min / max | 0.27 /1.00 0.24 /0.59 0.96/0.98 0.37/0.60 0.41/0.69
Omin, 2 4.61 2.86 2.50 2.07 2.33
Omax, 2 32.65 29.58 33.54 33.46 33.33
Reflections
collected 5381 22544 13268 27960 15152
independent 1152 3266 3686 14217 7687
observed 891 3030 2678 10970 6045
Threshold > 20(/) > 20(/) >20(/) > 20(/) >20(/)
expression
R1 (observed) 0.0294 0.0203 0.0455 0.0473 0.0289
wR2 (all) 0.0741 0.0443 0.1308 0.1070 0.0659
Goodness of fit | 1.078 1.091 1.032 1.149 1.034
(all)
Prmax, Prin, € A3 0.947,-1.114 1.085, -1.799 0.355, -0.226 1.433,-1.219 1.070, -1.031
Completeness 0.994 0.994 0.940 0.905 0.910

to 289 limit
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Code D1:A5 D2:A3 D3:A3 D3:A5

Formula moiety | CioH10l202, C10H10l202, C10H1202, C10H1202,
C12H12N2 CioHsN2 CioHsN2 Ci2H12N2

Empirical C22H2212N20; Ca0H15l2N20: C20H20N202 C22H24N202

formula

Molecular 600.21 572.16 320.38 348.43

weight

Color, Habit Colorless, Plate Pale yellow, | Pale yellow, | Colorless,

block plate Irregular

Crystal system Triclinic Monoclinic Triclinic Monoclinic

Space group, Z P, 2 P2(1)/c, 4 P, 2 P2(1)/n, 2

a, A 7.8440(14) 9.5108(4) 5.9239(5) 11.5202(15)

b, A 11.568(2) 10.5838(6) 12.3895(9) 7.7849(10)

c, A 12.755(2) 22.0298(8) 13.2181(8) 11.8577(16)

a, 92.124(6) 90 110.998(6) 90

8, ° 97.154(6) 100.451(4) 96.684(6) 114.559(2)

v, 2 109.722(6) 90 99.359(6) 90

Volume, A3 1077.1(3) 2180.74(18) 877.44(12) 967.2(2)

Density, g/cm? 1.851 1.743 1.213 1.196

T, °K 120(2) 296(2) 296(2) 228(2)

Crystal size, min

0.080 x 0.380 x

0.27 x 0.55 x

0.16 x 0.54 x

0.160 x 0.280 x

X mid x max 0.440 0.59 0.59 0.380
X-ray 0.71073 0.71073 0.71073 0.71073
wavelength, A
u, mm? 2.939 2.899 0.078 0.077
Trans min / max | 0.36/0.80 0.458 / 1.000 0.817/1.000 0.97/0.99
Omin, 2 1.62 4.36 4.39 3.23
Omax, 2 30.59 27.00 26.99 28.28
Reflections
collected 22664 14205 9747 9913
independent 6403 4769 3841 2395
observed 5625 3558 2595 1878
Threshold >20(/) > 20(/) > 20(/) >20(/)
expression
R1 (observed) 0.0297 0.0564 0.0518 0.0457
wR2 (all) 0.0734 0.1540 0.1109 0.1210
Goodness of fit | 1.037 1.042 1.012 1.039
(all)
Prmax, Prmin, € A3 1.735,-1.034 2.259, -1.564 0.173,-0.169 0.313,-0.280
Completeness 0.966 0.996 0.995 0.998

to 289 limit
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Code D93:A3H,%*: D9:A8 2(D12°):A4H,* 2(D12):A3H,* D9:2A7:CH;0H
A3H*
Formula moiety CoHsNgOq6, CoH12NgO016, Ci2H1aNo, CioH10N>, CyH12Ng016,
C10H10N2, C10H9N2 c8H12N202 (C2H3N602)2 (CZHSNGOZ)Z (C10H8NZOZ)2,
CH.O
Empirical Ca9H28N 12016 C17H2aN1001s Ci16H20N1404 C14H16N1404 C30H32N12021
formula
Molecular weight | 800.63 656.46 472.46 444.41 896.67
Color, Habit Colorless, Plates Colorless, Blocks Colorless, Yellow, Blocks Colorless, Plates
Blocks
Crystal system Triclinic Monoclinic Monoclinic Monoclinic Triclinic
Space group, Z Pi, 2 C2/c, 4 P2(1)/n, 2 P2(1)/c, 4 P, 2
a, A 10.099(5) 14.718(4) 11.349(3) 15.251(4) 7.2297(15)
b, A 10.666(5) 9.254(2) 6.714(2) 16.309(4) 14.486(3)
¢, A 17.332(8) 20.890(5) 13.947(4) 7.6465(19) 17.705(4)
a,® 101.39(3) 90 90 90 97.269(13)
8, ° 103.93(3) 108.553(10) 105.847(17) 98.110(14) 96.333(12)
v, 2 90.53(2) 90 90 90 93.935(12)
Volume, A3 1773.2(15) 2697.4(11) 1022.3(5) 1882.9(8) 1821.7(7)
Density, g/cm?3 1.500 1.616 1.535 1.568 1.635
T, °K 130(2) 280(2) 130(2) 130(2) 130(2)

Crystal size, min x

0.168 x 0.224 x

0.126 x 0.182 x

0.112 x 0.234 x

0.174 x 0.268 x

0.098 x 0.384 x

mid x max 0.328 0.357 0.488 0.344 0.436
X-ray 0.71073 0.71073 0.71073 0.71073 0.71073
wavelength, A
u, mm? 0.125 0.147 0.118 0.122 0.141
Trans min / max | 0.96/0.98 0.95/0.98 0.94/0.99 0.96 /0.98 0.94/0.99
Omin, @ 1.24 2.64 2.06 1.35 1.17
Umax, 2 25.89 24.93 26.23 25.49 25.76
Reflections
collected 26219 20958 26418 36308 15081
independent 6186 2297 2024 3491 6695
observed 4549 1984 1815 2992 5077
Rint 0.0536 0.0415 0.0554 0.0427 0.0329
Threshold >20(/) > 20(/) >20(/) >20(/) >20(/)
expression
No. parameters 530 214 159 300 589
No. restraints 2 1 1 0 0
R, (observed) 0.0472 0.0335 0.0364 0.0330 0.0440
wR; (all) 0.1294 0.0808 0.0972 0.0910 0.1248
Goodness of fit | 1.068 1.054 1.051 1.028 1.072
(all)
Prmaxs Prminy € A3 0.348, -0.289 0.244,-0.183 0.215, -0.263 0.213,-0.189 0.411,-0.320
Completeness to | 0.899 0.972 0.982 0.996 0.959

289 limit
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Code 2(D12):A6H,?* | 2(D12):A8 D10:A9 2(D11):A9 2(D11):A8

Formula moiety | CisHisN2, CsH12N20>, CH2N602, C2HaN6O3, CsH12N20>,
(C2H3N602)2 (C2HaN602)2 CsHaN20> 0.5(CaHaN203) (C2HaN602)2

Empirical C17H22N1404 C12H20N1406 CsHeNsOa4 C4HeN703 C12H20N1406

formula

Molecular 486.48 456.42 242.18 200.16 456.42

weight

Color, Habit Yellow, Blocks Colorless, Blocks | Colorless, Plates | Colorless, Plates | Colorless, Blocks

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic

Space group, Z P2(1)/c, 4 12/a, 4 P2(1)/n, 4 P2(1)/c, 4 C2/c, 4

a, A 13.069(4) 17.193(5) 9.880(4) 16.291(9) 29.886(8)

b, A 13.769(4) 3.8138(10) 6.529(3) 5.224(3) 4.5914(12)

c, A 12.854(3) 29.689(10) 15.060(6) 9.844(5) 16.515(6)

a,® 90 90 90 90 90

8,° 111.761(14) 90.255(13) 104.01(3) 99.76(4) 118.41(3)

v, 2 90 90 90 90 90

Volume, A3 2148.2(10) 1946.7(10) 942.6(7) 825.6(8) 1993.2(11)

Density, g/cm? 1.504 1.557 1.707 1.610 1.521

T, °K 130(2) 130(2) 296(2) 296(2) 296(2)

Crystal size, min

0.168 x 0.355 x

0.094 x 0.192 x

0.035 x 0.158 x

0.032 x 0.245 x

0.125 x 0.238 x

X mid x max 0.394 0.388 0.242 0.322 0.318
X-ray 0.71073 0.71073 0.71073 0.71073 0.71073
wavelength, A
u, mm? 0.114 0.127 0.148 0.138 0.124
Trans min / max | 0.96 /0.98 0.95/0.99 0.96/1.00 0.96/1.00 0.96/0.98
Omin, 2 1.68 1.37 2.24 1.27 1.55
Umax, 2 25.04 25.55 25.22 25.40 25.89
Reflections
collected 46042 17545 16735 12664 24897
independent 3776 1822 1689 1523 1930
observed 3055 1586 1081 950 1508
Rint 0.0551 0.0461 0.0962 0.0947 0.0537
Threshold > 20(/) >20(l) > 20(/) > 20(/) > 20(/)
expression
No. parameters | 326 152 163 133 153
No. restraints 1 0 1 0 1
R1 (observed) 0.0371 0.0356 0.0492 0.0518 0.0380
wR2 (all) 0.1004 0.0965 0.1306 0.1497 0.1283
Goodness of fit | 1.039 1.122 1.040 1.073 1.087
(all)
Prmax, Prmin, € A3 0.165, -0.286 0.216, -0.247 0.201, -0.237 0.186, -0.215 0.233,-0.215
Completeness 0.989 0.996 0.995 0.999 0.994

to 29 limit
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