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Abstract

The carbamate-bearing molecules and their derivativ es are versatile compounds
for crystal engineering because they contain multiple acceptor and donor sites for
directional intermolecular interactions. In order to better understand the structural
landscape of the carbamate functionality, two thiazole -based carbamate families (each
with five members), R ((2-thiazoyl)carbamothioyl)carbamate (1) and R((2-thiazoyl-5-
methyl )carbamothioyl)carbamate (R=methyl>hexyl) (2) were synthesized as described in
Chapter 2. We examined (i) the effect of increasing chain length (R=methyl>hexyl), and
(ii) the effect of adding a methyl substituent on the thiazole ring on molecular packing .
For series1 the targets interact via (carbamate)N-H ---N(thiazole) forming infinite chains
and moleculespack by aggregating into hydrophobic layers with alkyl chain s facing each
other and pi-stacked layers of thethiazole rings. Addition of a methyl substituent on the
thiazole ring in series 2 resulted in similar H -bonding and packing pattern from methyl
to isobutyl. However, for longer pentyl and hexyl chains, the N¢H---S=Cdimer formed
but the packing has alternating stacks of alkyl chains facing each other and thiazole rings
facing each other.

In Chapter 3, the structural influence of hydrogen bonding on structure was
explored using diethyl N,N¢&[(1,4-phenylenedicarbamothioyl)bis (carbamate)] (14thiol ) as
a core because itpossesses various hydrogen bond donor and acceptor sites.Co-
crystallization experiments were conducted using pyridine -based ceformers and two

polymorphs, one dioxane solvate, three cocrystals and one co-crystal solvate (THF) were



obtained. Introduction of pyridine -based coformers disrupt ed the robust homomeric N ¢
H---S=C and Nt H---O=C H-bonded dimers in 14thiol with the formation of heteromeric

N-H---N bonded co-crystals. Hirshfeld surface analysis was conducted to give insights
into the nature of interactions, and it revealed that the high acceptor ability in the co-
formers led to the increasein H-bonding interactions (N-H---N) and a decreasein (O---
H) contacts in 14thiol co-crystals. Molecular geometry analysis showed how the target
was able to adopt several molecular conformations in order to accommodate various co-
formers thus yielding multicomponent solid forms.

In Chapter 4, we investigated how the presence of multiple intermolecular
interaction sites influence the heteromeric supramolecular assembly of three R-N-[(3-
pyridinylamino) thioxomethyl] carbamates (R= methyl, ethyl, and isobutyl) with
fluoroiodobenzenes. Three targets were synthesized and crystallized resulting in three
parent structures, five co-crystals and one co-crystal solvate. MEP surfaces were
employed to rank the relative importance of the binding sites (Npyr > C=S > C=0)in order
to predict the dominant interactions. The N-H---H hydrogen bond (parent synthon) was
replaced by I---Npyr in 3/6 cases by 1---C=S in 4/6 cases andby I---O=C in one case.
Interestingly, in two cases,the I---C=S halogen bond coexisted with --Npyr and | ---O=C
halogen bonds. Overall, the MEPs were fairly reliable for predicting co -crystallization
outcomes. Halogen-bond donors co-formers proved to be structurally competitive for

acceptor sites even in the presence of strong hydrogenbond donors.



To investigate structure-property relationships in carbamates, Chapter 5, the
ability to control t hermal expansion (TE) behavior in solid state materials was studied.
We examined (i) the effect ofintermolecular interactions and molecular packing , and (ii)
the effect of varying molecular dimensions (di->tri->tetra) carbamate on TE. Five targets
were designed and synthesized: three fluorinated dicarbamates with varying chain
lengths, one tri-carbamate and one tetracarbamate.A series of detailed SCXRDstructural
determinations at 20-K intervals (150-250)allowed us to analyze the thermal expansion
at molecular level. All five targets showed TE and the lower dimensional dicarbamates
exhibited the highest TE. The specific influence of intermolecular interactions was
explored based on interaction energies (IEs) using energy framework analysis which
confirmed that IEs were highest along the direction of the robust N -H---O=C interactions
which subsequently restricted thermal expansion along those directions.

Finally, in Chapter 6, specific applications of crystal engineering were explored
using hydrogen -bonded organic framewor ks (HOF) as molecular containers/hosts for
volatile fragrance compounds E D O OE O a O w E &=fpldéol). nutHe @& wave, the
‘. %w UUEET UUI U GterpineoE i xtd) pbted Kiau pYiysical encapsulation, as
indicated by thermal gravimetric analysis . In the second case, he HOF also captured
cinnamyl alcohol by way of H -bonding to the volatile guest compound . We demonstrated
that this supramolecular framework , based on trimesic acid, is very suitable for capture

and slow release of volatile compounds.
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The carbamate-bearing molecules and their derivativ es are versatile compounds
for crystal engineering because they contain multiple acceptor and donor sites for
directional intermolecular interactions. In order to better understand the structural
landscape of the carbamate functionality, two thiazole -based arbamate families (each
with five members), R ((2-thiazoyl)carbamothioyl)carbamate (1) and R((2-thiazoyl-5-
methyl )carbamothioyl)carbamate (R=methyl>hexyl) (2) were synthesized as described in
Chapter 2. We examined (i) the effect ofincreasing chain length (R=methyl>hexyl), and
(ii) the effect of adding a methyl substituent on the thiazole ring on molecular packing .
For series1 the targets interact via (carbamate)N-H ---N(thiazole) forming infinite chains
and molecules pack by aggregating into hydrophobic la yers with alkyl chain s facing each
other and pi-stacked layers of thethiazole rings. Addition of a methyl substituent on the
thiazole ring in series 2 resulted in similar H -bonding and packing pattern from methyl
to isobutyl. However, for longer pentyl and hexyl chains, the N¢H---S=Cdimer formed
but the packing has alternating stacks of alkyl chains facing each other and thiazole rings
facing each other.

In Chapter 3, the structural influence of hydrogen bonding on structure was
explored using diethyl N,N¢&[(1,4-phenylenedicarbamothioyl)bis (carbamate)] (14thiol ) as
a core because itpossesses various hydrogen bond donor and acceptor sites.Co-
crystalli zation experiments were conducted using pyridine -based ceformers and two

polymorphs, one dioxane solvate, three cocrystals and one co-crystal solvate (THF) were



obtained. Introduction of pyridine -based coformers disrupt ed the robust homomeric N ¢
H---S=Cand NtH---O=C H-bonded dimers in 14thiol with the formation of heteromeric

N-H---N bonded co-crystals. Hirshfeld surface analysis was conducted to give insights
into the nature of interactions, and it revealed that the high acceptor ability in the co-
formers led to the increasein H-bonding interactions (N-H---N) and a decreasein (O---
H) contacts in 14thiol co-crystals. Molecular geometry analysis showed how the target
was able to adopt several molecular conformations in order to accommodate various co-
formers thus yielding multicomponent solid forms.

In Chapter 4, we investigated how the presence of multiple intermolecular
interaction sites influence the heteromeric supramolecular assembly of three R-N-[(3-
pyridinylamino) thioxomethyl] carbamates (R= methyl, ethyl, and isobutyl) with
fluoroiodobenzenes. Three targets were synthesized and crystallized resulting in three
parent structures, five co-crystals and one cocrystal solvate. MEP surfaces were
employed to rank the relative importance of the binding sites (Npyr > C=S > C=0)in order
to predict the dominant interactions. The N-H---H hydrogen bond (parent synthon) was
replaced by I---Npyr in 3/6 cases by 1---C=S in 4/6 cases andyy I---O=C in one case.
Interestingly, in two cases,the I---C=S halogen bond coexisted with --Npyr and | ---O=C
halogen bonds. Overall, the MEPs were fairly reliable for predicting co -crystallization
outcomes. Halogen-bond donors co-formers proved to be structurally competitive for

acceptor sites even in the presence of strong hydrogenbond donors.



To investigate structure-property relationships in carbamates, Chapter 5, the
ability to control t hermal expansion (TE) behavior in solid state materials was studied.
We examined (i) the effect ofintermolecular interactions and molecular packing , and (ii)
the effect of varying molecular dimensions (di->tri->tetra) carbamate on TE. Five targets
were designed and synthesized: three fluorinated dicarbamates with varying chain
lengths, one tri-carbamate and one tetracarbamate.A series of detailed SCXRDstructural
determinations at 20-K inter vals (150-250) allowed us to analyze the thermal expansion
at molecular level. All five targets showed TE and the lower dimensional dicarbamates
exhibited the highest TE. The specific influence of intermolecular interactions was
explored based on interaction energies (IEs) using energy framework analysis which
confirmed that IEs were highest along the direction of the robust N -H---O=C interactions
which subsequently restricted thermal expansion along those directions.

Finally, in Chapter 6, specific applications of crystal engineering were explored
using hydrogen -bonded organic frameworks (HOF) as molecular containers/hosts for
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Chapter 11t OUUOEUEUDPOOwW

1.1Supramolecular Chemistry

Supramolecular chemistry is widely known as the chemistry beyond the molecule. The
genesis of supramolecular chemistry can be traced back to the 1800s when Sir Humphry

Davy discovered the inclusion compound chlorine hydrate, and some significant
OPOI UUOOTI UwPOwUT T wi PI OEwl EYT wEI T OwUUOOEUDUI Ew
ChemiU U U Begpite the prior existence of supramolecular chemistry, it did not gain

attention in chemical research until the discovery of crown ethers by Donald J. Cram,

JeanMarie Lehn and Charles J. Pedersen who were awarded a Nobel Prize in chemistry
DPOwWhNWA wi OUwUT T PUwbPOUOBS w3 T I wasiofiidaly géfineed byE OO O1 E (
JeanMarie Lehn, as the chemistry of molecular assemblies and of the intermolecular

bond.? Supramolecular chemistry focuses on the design and synthesis of functional

materials using non-covalent interactions of well -defined subunits.? This utilization of

non-covalent synthesis of target molecules in supramolecular chemistry is what

differentiates it from covalent synthesis which involves f ormation of covalent bonds in

synthesizing target molecules (Figure 1-1).



Host-guest chemistry

Covalent n

Synthests

= A -+ Supramolecular
Synthesis

Self assembly

Figure 1-1 Covalent vs non-covalent synthesis

Supramolecular chemistry can be divided into two classes, i.e. hostguest chemistry and
self-assembly. The latter is achieved and maintained through interaction of molecules
which are relatively of the same size via non-covalent interactions such as hydrogen
bonding *¢, halogen bonding®*?, dipole -dipole interactions 34 and wwyw® O U1 USESE U
On the other hand, in host-guest chemistry molecules still connect via non-covalent
interactions but there is a significant difference in the size and shape of the host and guest
molecules. Typically, the host molecule is larger and can wrap around the smaller

molecule, the guest, which becomes enclosed’

1.1.1.Molecular recognition and self -assembly
In molecular recognition, molecules interact with complementary functional groups

using non-covalent intermolecular interactions in an organized manner.

PpOOU

Qu



"O0x Ol Ol OUEUPUawhbUwki OOwWET 060U U uembst bivlogical wU T 1 ws
systems are driven by molecular recognition and self-assembly. Another example of self-

assembly is the antibiotic vancomycin (Figure 1-2) that selectively binds with terminal D -

Ala-D-Ala dipeptide in bacterial cells through hydrogen bonding along with

hydrophobic forces and van der Waals forces.'®* Vancomycin is lethal to the bacteria and

UxOOWEDOEDOT wOOWUT I wxli xUPET UwbUwl DOET UUIWUT 1T wE

wall.

N
3 L D L
Cell wall-Ala-PGlu-"Lys n/ﬁg \‘/go
DAla-PAla

Figure 1-2 Molecular recognition and self-assemblyin vancomycin and dipeptide via five H -bonds.

1.1.2.Host guest chemistry
The pioneering work of supramolecular host was a crown ether which was synthes ized

by Lehn and co-workers.? Subsequently, more inclusion compounds/ supramolecular



hosts have been discovered such as calixarenéd cavitands?: %2 and cyclodextrin %, and
curcubiturils. 2 Most inclusion compounds contain pre -organized binding cavities and as
such, the host compounds have high affinity and binding selectivity and non -covalent
interactions play role as the driving forces for molecular recognition. Examples of

different host -guest binding via non -covalent interactions are shown in (Figure 1-3).2527

Figure 1-3 Host guest binding via non-covalent interactions C-H---Cl, I---N, and C-H---w,

1.2 Crystal engineering

Crystal engineering focuses on design and synthesis of predictable and controllable
crystalline materials based on knowledge of known structures of the building blocks.
Desiraju E1 | DO1 E wE Ua UUE Geaindetstar@ding otiimeinoleds|ar interactions in
the context of crystal packing and in the utilization of such understanding in the design of new
solids with desired physical and chemical propertieésn order to achieve predictable
structure-prop erty relationships in materials, it is imperative to study the arrangement of

molecules in solid-state and understand how to manipulate and deliberately control



materials properties. Crystal engineering covers a wide array of scientific disciplines from

the synthesis of smart materials?® gas storage3® organocatalysis ! to pharmaceutics.??

1.3Non -covalent intermolecular interactions

Crystalline materials can be held together in a crystal lattice by different types of non -
covalent interactions; either repulsive or attractive in nature. 33 The non-covalent
molecular forces (intermolecular interactions) are mainly electrostatic in nature. Their

general properties are dependent on strength, direction, and distance.

1.3.1.Hydroge n bonding
The hydrogen bond is definedasan? 6 8 EUUUEEUDYI wbOUI UEEUPOOwWEIT C

x UOUOOWEEEI xUOUwDOwUT I & ThE Gdnan &dinu(B) isicovalandyO 0 w OO O
bonded to the hydrogen atom (H) and has a high electronegativity . As a result, the

electrons which the donor shares with the hydrogen are unequally distributed and this

causes the hydrogen to take a slight positive charge. On the other hand, the acceptor atom

(A), e.g. (N, O, F) has a pair of unshared electrons, whichgives the atom a slight negative

charge (Figure 1-4). H-bonds are electrostatic and directional, i.e. the D-H---A angles lean

towards linearity. An example of intermolecular hydrogen bonding can be found in the

co-E U a U U E is(pyridingehyniethyl) -20 tbigmidazole and glutaric acid (Fig 1 -5).34



R - donor
R— |"6;"----A_ A — acceptor: N, O, F

X-Cl-, Br-, I-

Figure 1-4 A schematic of hydrogen bonding .

ﬁ A l
Figure 1-5 Hydrogen bonding in a co -crystal of hu Gthis§pyridin -4-ylmethyl) -I Obiimidazole and glutaric
acid.

Another remarkable contribution in the study of H -bonding came from Margaret C. Etter

who postulated systematic H-bonding patterns in multicomponent systems. 3 Etter

proposed that:

1. All good proton donors and acceptors in a molecule will be used in hydrogen
bonding.

2. Six-membered intramolecular hydrogen bonds are preferred over intermolecular
hydrogen-bonds.

3. The best acidic donors and acceptors remaining after intramolecular hydrogen-bond
will form intermolecular hydrogen bonds to one another.

Additionally, Etter and co -workers?3¢ introduced the Graph Set Notation, a tool used to

describe and explain H-bonding patterns in crystals.



1.3.2.Halogen bonding
The halogen bond has recently gained attention in supramolecular chemistry because of

its direction al nature and comparable in strength to hydrogen -bonds (~4-200kJ/mol) 1°

ltoccurs? b1 1 OwUOT 1 Ul wPUwEwWOI UDWEUUUEEUDPYI wbOUI UEE U/
with a halogen atom in a molecular entity and a nucleophilic region in another, or the same,
0601 E U O FEThelhaoged o iSsignified by the presence of the electronpoor tip

Ol wUOTT wiT EOCOT T OWEUOOwWw pbw T OO01I Awbi PET wbOUI UEEU
neighboring molecule (Figure 1-6).° Figure 1-7 shows a halogen bond brmed between

iodine and nitrogen in a co -crystal of 4-bromo-octafluoro -4-iodobiphhenyl with 4 -(N,N-

dimethyl amino)pyridine. 38

6-

R - donor
OF---A- A — acceptor: N, O, S, Se, Cl, Br, |
A X -Cl-, Br-, I-

o Sigma hole

Figure 1-6 A schematic of halogen bonding.

Figure 1-7 Halogen bonding in co-crystal of 4-bromo-octafluoro-4iodobiphhenyl with 4 -(N,N-dimethyl
amino)pyridin e.



1.4 Supramolecular synthon s

2UxUEOQOOOI EUOEUW UaoUl OO0Uw bl Ulstuckiall @il VEthinE a w # 1 |
supermolecules which can be formed and/or assembled by known or conceivable synthetic
operations involving intermolecular interaction® The supramolecular synthons dictate

structure and so the design of robust transferable interactions that can be used to logically

guide the aggregation of molecules from one system to the other is crucial.®
Supramolecular synthons may be classified in two categories: homosynthons and
heterosynthons. The homosynthon is formed between identical functional groups, while

the heterosynthon is built from different functional groups or complementary donor and

acceptor groups.#t Figure 1-8 shows some examples of supramolecular synthons.

Homosynthons Heterosynthons

O

1

_H—0 H-—0 07 N o’ Y
N N

Lr K O AL
H H

-H

O-- ; 3 oa . X
acid-pyridine acid-amide
acid-acid amide-amide "
—~ H..
No” “N| S S0” NH,
7
alcohol-pyridine alcohol-amine

Figure 1-8 Examples of supramolecular synthons



1.5 Multicomponent solid forms

Co-crystallization is the process of combining a target with molecular partner, into the

same crystal lattice via heteromeric interactions. Co-crystallization experiments can yield

several types ofsolids: cocrystals, salts, hydrates, solvates or polymorphs#2 A polymorph

is a crystalline solid phase of a given compound resulting from the possibility of at least

two crystalline arrangements of the molecules of a given compound in the solid state. 4
Solvates/hydrates can be defined as crystalline solids formed when a @mpound includes

a solvent/water into its structure either in stoichiometric or non -stoichiometric ratio. 4 A
cocrystalis? EWUOOPEWEUVUAUUEOODOI wUDPOT O wxT EUT wOEUIT U/
Ol UUUEOwW 0001 EUOI U w bOCoe-ErystalsUaiebférined ) bréhkiiy Bhe UE U D O2

homomeric interactions and subsequently replacing them with heteromeric interactions.

1.6.Goals of the thesis

Non-covalent interactions such as hydrogen and halogen bonding will be addressed from
a fundamental viewpoint. Additionally, the rational use of non -covalent interactions in
design and control of supramolecular architectures will be addressed in this thesis. The
scientific challenges addressed in this thesis can be split into three parts; (i) Evaluating
supramolecular binding and aggregation in the organic solid state, (ii) Evaluating the role

of geometry in driving co -crystallization, (iii) Evaluating binding prefere nce between

competing intermolecular forces (HB/XB components) in the organic solid state, (iv)



Establishing structure -property relationships in thermally responsive crystals based on
molecular dimension and intermolecular forces, and (v) Using non -covalent interactions

for practical crystal engineering of hydrogen -bonded organic frameworks.

In order to address these specific areas, tis dissertation will focus on the following goals:

Chapter 2 examines the effect of increasing chain length on thiazole-based
carbamates as well as the effect of adding a methyl substituent on the thiazole ring on
molecular packing.

Chapter 3 evaluates the structural influence of hydrogen bonding on co -crystal
form ation using a dicarbamate target.

Chapter 4 deals with establishing halogen-bond preferences in molecules with
multiple acceptor sites.

Chapter 5 analyzes the structure-property relationships in a group of thermally
responsive targets, and the ability to c ontrol thermal expansion will be discussed.

Chapter 6 explores the design of hydrogen-bonded organic frameworks (HOF) for

applications of crystal engineering as molecular containers/hosts for volatile compounds.

10
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2.1Introduction

The thiazole and carbamatefunctionalities are present in several commercially important
compounds such as pharmaceutical entities: 2 energetic materials® 4 and pesticides* ¢ etc
Having insight sinto intermolecular interactions is critical for designing and developing
solid -state materials as it provides fundamental knowledge required for the bottom -up
design of molecular materials with controllable structures and desirable bulk properties.
Sandhu’ et alanalyzed the structural chemistry of thiazole -based amide target molecules
using structural informatics as a way of predicting which intermolecular interactions are
likely to appear in the solid state. Likewise, the binding preference in pyridyl based
carbamates was recently explored and it was found that the N+ H---Npyr hydrogen bond
is the dominant intermolecular interaction as it appears in all of the reported target cry stal
structures.® Despite the commercial and practical interests in carbamates and thiazoles,
there are very few reports on the structural balance and competition between

intermolecular compounds containing both functional groups s imultaneously.
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Scheme?2-1 Molecular structures of the targets used in this study (top row) series 1 TZI-TZ5 from left to
right and (bottom row) series2 TZ6-TZ10 from left to right.

In this Chapter, we want to establish and rank the intermolecular interaction preferences
among our selected targets. The target moleculesTZ1-TZ10 (scheme 21) are divided into
two groups based on the thiazole backbone R((2thiazoyl)carbamothioyl)carbamate and
R((2thiazoyl -5-methyl)carbamothioyl)carbamate  (R=methyl>hexyl). The expected
interactions between the hydrogen-bond donor and the acceptors could lead to two

possible synthons (scheme 22).

y oY
HN s Ry /[ N o
R{0_<\0____H/N_<\,:,]/ R s §>/—N\tq

f}\N s . ﬁq\N _/<s s .
A KO

Scheme2-2 Postulated synthons for both series 1 and series 2based on the targetfunctional groups.
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The study is performed in order to answer the following questions,

1. Which is the most optimal (dominant) synthon in the two series o f compounds?

2. What is the structural impact of varying chain length (R= methyl>hexyl) on the
packing of target molecules (Scheme 22)?

3. How does adding a methyl substituent on the thiazole ring affect the overall

assembly?

2.2 Experimental

2.2.1.Reagents and General Methods
All reagents were used as received without any further purification. All the NMRs were

recorded on a Bruker 400 MHz spectrometer. Single crystal Xray diffraction (SCXRD)
data were obtained using a Rigaku XtaLAB Synergy-2 wp D UT wEw" U* Yuild® UUET 8 u
points were collected using a TA instrument DSC Q20 differential scanning calorimeter.

Targets were synthesized using modified versions of reported procedures® 1°

2.2.2.Synthesis of methyl -N-[(2-thiazol ylamino) thioxomethyl ]

carbamate
Methyl chloroformate (0.78 mL, 10mmol) was added dropwise to a solution of ethyl

acetate containing potassium thiocyanate (1.17 g, 12 mmol). The reaction mixture was
heated at 75 °C for 3 hours.Potassium chloride (KCI) was filtered off and 2 -aminothiazole

(0.94 g, 10 mmol) was added to the filtrate. The reaction mixture was heated under reflux
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for a further 5 hours. The mixture was then cooled to room temperature followed by

vacuum filtration. After evaporating the solvent in vacuum, the product was purifi ed by

column chromatography. The product was a faint brown solid with a yield of 58 %. Mp

156-158°C. *H NMR (400 MHz, Chloroform -E A wy whul 6 A K wpU O usd, K=BBEWGE | + wic

Hz, 1H), 7.02 (d, J = 3.5 Hz, 1H), 3.89 (s, 3H).

2.2.3.Synthesis of methyl -N-[(5-methyl -2-thiazol yl amino) thioxomethy!l |

carbamate
Methyl chloroformate (0.78 mL, 10mmol) was added dropwise to a solution of ethyl

acetate containing potassium thiocyanate (1.17 g, 12 mmol). The reaction mixture was
heated at 75 °C for 3 hours. KCl wasfiltered off and 5 -methyl -2-aminothiazole (10 mmol)
was added to filtrate. The reaction mixture was heated under reflux for a further 5 hours.
The mixture was cooled to room temperature followed by vacuum filtration. After
evaporating the solvent in vacuum, the product was purified by column
chromatography. The product was a yellow solid with a yield of 46 %. Mp 80-81°C. H
NMR (400 MHz, Chloroform -E & u2b@u(s) 1H), 830 (s, 1H), 7.21 (g, J =1.6 Hz, 1H), 3.88

(s, 3H), 253 (d, J = 1.3 Hz, 3H)

2.2.4.Synthesis of ethyl -N-[(2-thiazolylamino) thioxomethyl] carbamate
Ethyl chloroformate (0.96 mL, 10mmol) and ethyl acetate were mixed in a round

bottomed flask. To this solution, x OUEUUPUQwUT POEAEOEUI wophd i wi Ou
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tetramethylethylenediamine (TMEDA) (0.02 mL, 0.1 mmol) were added and the reaction

mixture was stirred at room temperature for 5 hours. 2 -aminothiazole (0.94 g, 10 mmol)

was then slowly added to the mix ture with constant stirring. The reaction mixture was

stirred at room temperature for another 5 hours. The progress of the reaction was

monitored using TLC. After evaporating the solvent in vacuum, the product was purified

by column chromatography. The pro duct was a yellow solid with a yield of 75%. Mp 171-

173 °C. *H NMR (400 MHz, Chloroform -E A wy whul 6 Wl wagpU O whddfIOuBles hut w ol
1.5 Hz, 1H), 7.28 (s, OH), 7.04 (dd, J = 3.6, 1.4 Hz, 1H%.35 (qd, J = 7.2, 1.5 Hz, 2H), 1.38

(td, J = 7.1, 1.5 Hz, 3H).

2.2.5.Synthesis of ethyl -N-[(5-methyl -2-thiazolylamino) thioxomethyl]

carbamate
Ethyl chloroformate (0.96 mL, 10mmol) and ethyl acetate were mixed in a round

bottomed flask. To this solution, x OUEUUPUQwUT POEAEOEUI wophd i wi Ou
tetramethylethylenediamine (TMEDA) (0.02 mL, 0.1 mmol) were added and the reaction

mixture was stirred at room temperature for 5 hours. 2 -aminothiazole (10 mmol) was

then slowly added to the reaction mi xture with constant stirring. The reaction mixture

was stirred at room temperature for another 5 hours. The progress of the reaction was

monitored using TLC. After evaporating the solvent in vacuum, the product was purified

by column chromatography. The pr oduct was a white solid with a yield of 79%. Mp 167-
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169°C. *H NMR (400 MHz, Chloroform -E A wy whil 8 k + wepUOwh' AOwWE6 hvWwpU

1H), 4.34 (q, J = 7.1 Hz, 2H), 2.43 (d, J = 1.3 Hz, 3H), 1.37 (t, J = 7.1 Hz, 3H).

2.2.6.Synthesis of isobutyl -N-[(2-thiazolyl amino) thioxomethyl ]

carbamate
Isobutyl chloroformate (1.30 mL, 10mmol) and ethyl acetate were mixed in a round

bottomed flask. To this solution, potassium thiocyanate (1.17 g, 12 mmol) and TMEDA

(0.02 mL, 0.1 mmol) were added, and the reaction mixture was stirred at room

temperature for 5 hours. 2-aminothiazole (10 mmol) was then slowly added to the

reaction mixture with constant stirring. The reaction mixture was stirred at room

temperature for another 5 hours. After evaporating the so Ivent in vacuum, the product

was purified by column chromatography. The product was a white solid with a yield of

65%. Mp 137-139°C. *H NMR (400 MHz, Chloroform -E A wy whil 6 WK wepUOwh' AOwW
(t, J = 2.9 Hz, 1H), 7.04 (d, J = 3.1 Hz, 1H), 4.07 (ddi= 6.9, 2.3 Hz, 2H), 2.07 2.03 (m, 1H),

1.00 (dd, J = 6.8, 2.3 Hz, 6H).

2.2.7.Synthesis of isobutyl -N-[(5-methyl -2-thiazolylamino)

thioxomethyl] carbamate
Isobutyl chloroformate (1.30 mL, 10mmol) and ethyl acetate were mixed in a round

bottomed flask. To this solution, potassium thiocyanate (1.17 g, 12 mmol) and TMEDA
(0.02 mL, 0.1 mmol) were added, and the reaction mixture was stirred at room

temperature for 5 hours. 2-aminothiazole (0.94 g, 10 mmol) was then slowly added to the
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reaction mixture with const ant stirring. The reaction mixture was stirred at room

temperature for another 5 hours. After evaporating the solvent in vacuum, the product

was purified by column chromatography. The product was a white solid with a yield of

68% Mp 197-198°C. 1H NMR (400 MHz, Chloroform -E A wy whul 6t + wpUOwh' AOwW
(s, 1H), 4.06 (d, J = 6.6 Hz, 2H), 2.03 (dg, J = 13.5, 6.6 Hz, 1H), 0.99 (d, J = 6.7 Hz, 6H), 0.94

4 0.87 (m, 1H)

2.2.8.Synthesis of pentyl -N-[(2-thiazolylamino) thioxomethyl] carbamate
Pentyl chlorofor mate (1.30 mL, 10mmol) and ethyl acetate were mixed in a round

bottomed flask. To this solution, potassium thiocyanate (1.17 g, 12 mmol) and TMEDA

(0.02 mL, 0.1 mmol) were added, and the reaction mixture was stirred at room

temperature for 5 hours. 2-aminothiazole (10 mmol) was then slowly added to the

reaction mixture with constant stirring. The reaction mixture was stirred at room

temperature for another 5 hours. After evaporating the solvent in vacuum, the product

was purified by column chromatography. T he product was a white solid with a yield of

71%.1H NMR (400 MHz, Chloroform -E A wy whul 6 Wk woU O why'7.B7Gmy UH),luk wpU O
7.29 (s, 1H), 7.0% 7.01 (m, 1H), 4.3 4.24 (m, 2H), 1.73 (p, J = 7.1 Hz, 2H), 1.39 (h, J = 3.6

Hz, 4H), 0.99¢ 0.91 (m, 3H).
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2.2.9.Synthesis of pentyl -N-[(5-methyl -2-thiazolylamino) thioxomethyl]

carbamate
Pentyl chloroformate (1.30 mL, 10mmol) and ethyl acetate were mixed in a round

bottomed flask. To this solution, potassium thiocyanate (1.17 g, 12 mmol) and TMEDA

(0.02 mL, 0.1 mmol) were added, and the reaction mixture was stirred at room
temperature for 5 hours. 2-aminothiazole (10 mmol) was then slowly added to the

reaction mixture with constant stirring. The reaction mixture was stirred at room

temperature for another 5 hours. After evaporating the solvent in vacuum, the product

was purified by column chromatography. The product was a white solid. NMR (400

MHz, Chloroform -E A wy whil 6 kt wepUOwh' AOwWsd WwepUOowh' AOwA B |
2H), 2.46¢ 2.38 (m, 3H), 1.73 (q, J = 7.0 Hz, 1H), 1.39 (dh, J = 7.4, 3.7 Hz, 4H), 0t9@91

(m, 3H).

2.2.10. Synthesis of hexyl -N-[(2-thiazolylamino) thioxomethyl]

carbamate
Hexyl chloroformate (1.30 mL, 10mmol) and ethyl acetate were mixed in a round

bottomed flask. To this solution, potassium thiocyanate (1.17 g, 12 mmol) and TMEDA
(0.02 mL, 0.1 mmol) were added, and the reaction mixture was stirred at room
temperature for 5 hours. 2-aminothiazole (10 mmol) was then slowly added to the
reaction mixture with constant stirr ing. The reaction mixture was stirred at room
temperature for another 5 hours. After evaporating the solvent in vacuum, the product

was purified by column chromatography. The product was a white solid. *H NMR (400
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MHz, Chloroform -E A wy whul 8 Wk uscdEQ60 (dAG B.8lEzhlHW B4 (d, J = 3.5
Hz, 1H), 4.28 (t, J = 6.7 Hz, 2H), 1.72 (p, J = 6.7 Hz, 2H), 1.40 (t, J = 7.9 Hz, 3H), 1.35 (s, 4H),

1.37¢ 1.31 (m, 1H), 0.9% 0.89 (m, 3H).

2.2.11. Synthesis of hexyl -N-[(5-methyl -2-thiazolylamino)

thioxomethyl ] carbamate
Hexyl chloroformate (1.30 mL, 10mmol) and ethyl acetate were mixed in a round

bottomed flask. To this solution, potassium thiocyanate (1.17 g, 12 mmol) and TMEDA

(0.02 mL, 0.1 mmol) were added, and the reaction mixture was stirred at room

temperature for 5 hours. 2-aminothiazole (10 mmol) was then slowly added to the

reaction mixture with constant stirring. The reaction mixture was stirred at room

temperature for another 5 hours. After evaporating the solvent in vacuum, the product

was purified by column chromatography. The product was a white solid . 1H NMR (400

MHz, Chloroform -E A wy whil 61 Ww U O w h' 7RD(m,U18)hA.2@ @m0 © eimHz, A Ow A 6 |
2H), 2.44 (d, J = 1.2 Hz, 3H), 1.72 (q, J = 7.0 Hz, 2H), 1.36 (ddq, J = 11.4, 8.3, 5.2, 3.8z

0.974 0.89 (m, 3H).

2.2.12. Crystal growth
In order to obtain crystals suitable for single -crystal X-ray diffraction, slow evaporation

was used. Each target wasdissolved in 3-5mL of selectedsolvent (Table 2-1), the resulting
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solution was covered with parafilm perforated with holes and left to evaporate at room

temperature until crystal appeared (from days to weeks) .

Table 2-1 Solvents used for crystal growth.

Compound Code | Solvent

methyl -N-[(2-thiazolylamino) thioxomethyl] carbamate TZ1 Ethyl Acetate
ethyl-N-[(2-thiazolylamino) thioxomethyl] carbamate TZ2 Ethyl Acetate
isobutyl -N-[(2-thiazolylamino) thioxomethyl] carbamate TZ3 Ethyl Acetate

pentyl -N-[(2-thiazolylamino) thioxomethyl] carb amate TZ4 Hexane:ethyl acetate
hexyl-N-[(2-thiazolylamino) thioxomethyl] carbamate TZ5 Hexane:ethyl acetate

methyl -N-[(5-methyl -2-thiazolylamino) thioxomethyl] carbamate TZ6 Methanol
ethyl-N-[(5-methyl -2-thiazolylamino) thioxomethyl] carbamate TZ7 Ethyl Acetate
isobutyl -N-[(5-methyl -2-thiazolylamino) thioxomethyl] carbamate TZ8 Ethyl Acetate

pentyl -N-[(5-methyl -2-thiazolylamino) thioxomethyl] carbamate TZ9 Hexane:ethyl acetate
hexyl-N-[(5-methyl -2-thiazolylamino) thioxomethyl] car bamate TZ10 | Hexane:ethyl acetate

2.3 Results and Discussion

2.3.1.Crystal structure analysis
We obtained crystals suitable for SCXRD analysis of TZ1-TZ10. Two thiazole-based

carbamate families (each with five members), R((2-thiazoyl)carbamothioyl)carbamate
and R((2-thiazoyl -5-methyl)carbamothioyl)carbamate (R=methyl>hexyl) are discussed.

In the crystal structures of TZ1, the primary intermolecular interactions were N -H---S=C
dimers (Fig 2-1a). Structures TZ2-TZ5 are held together by N#¢H---Nthiazole
complemented by an intramolecular N + H---O hydrogen bond (Fig. 2-1c, e, g, i) Overall,
connectivity in the crystal structures of series 1 molecules show a (N-H---N) primary

interaction resulting in chain -like assemblies.
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For the methyl substituted analogues (Series 2)the target TZ6 crystallizes as a methanol
solvate. The structures interact via Nthiazole---H-O(methanol) and (carbamate)N-H ---
O(methanol) hydrogen bonds (Fig 2-1b). In TZ7 and TZ8, similar to TZ2-TZ5 structures
form NtH---Nthiazole interactions (Fig. 2-1d, f). For TZ9 and TZ10 (Fig. 2-1h, j), G
H---S=C dimer formation is observed. Unlike for series 1 where the NtH---Nthiazole
interaction was dominant, for series 2 the NtH---Nthiazole interaction is observed for
shorter chain length targets whereas dimer formation is preferred for the pentyl and

hexyl TZ9 and TZ10 compounds that are based on the methyl-thiazole ring.
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Figure 2-1 Primary non -covalent interactions (in blue) in the crystal structures of (a) TZ1 (c) TZ2 (e) TZ3(g)
TZ4 (i) TZ5, and (b) TZ6 (d) TZ7 (f) TZ8 (h) TZ9 (j) TZ10.
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2.3.2.CSD Analysis
A search was doneusing CSD database (Version 2021.1.0*, by drawing the thioxomethyl

carbamate group as shown in (Figure 2-2) and using that as a target fragment for a torsion
angle search on CSD database (only purely organic compounds were included). The
purpose of the analysis was to gain an understanding of h ow the thioxomethyl carbamate
functional group interacts based on reported crystal structures. A total of 89 hits was
obtained, and the synthons involved in the structures are summarized in (Figure 2-2). 54
of the 89 structures are held together by the C=S--H-N dimer depicted as synthon 3.
Based on the data found in the systematic search, it is clear that in structures that involved
the thioxomethyl carbamate and N -based aromatic rings such as-pyridine and -triazine,
other synthons 4, 5 6 and 10 prevail (Figure 2-2). In our series, synthon 4 was prevalent
and our ring was thiazole -based instead of the triazine. This outcome is corroborated by

the CSD findings which showed similar synthons with triazole -based rings.

/ N

N—C Na—, \>_ _
\ BTN R—N o N N
o—< N—R; /< » Y —_ I V4 é
{ \"/ L \?""‘\I %”E N\H > </j|
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Figure 2-2 Synthons involving thioxomethyl carbamate as per CSD search.
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2.3.3.How does an additional ring substituent and increasing chain

length affect overall crystal assembly?
Six of the crystal structures of the target compounds showed identical hydrogen -bond

motifs (N-H---N), and three other crystals formed (N-H---C=S) dimers. A packing
analysis was carried out to investigate (i) the effect that aliphatic chains with varying
lengths (R= methyl, ethyl, isobutyl, pentyl and hexyl) may have on crystal lattice and (ii)
how the addition of a methyl substituent on the thiazole affects overall crystal packing.
For series 1, the crystal structure of T1 forms layers that stack on top of each other with
no notable interlayer interactions (Fig 2-3d). In addition, for T2-T5, the targets form
infinite chains and the alkyl groups (in purple) point towards each other as seen in the
packing units of (Fig 2-3c, e,g,i.). The hydrophobic chains pant away from the thiazole
ring part of the molecule, similar to what is observed in lipid bilayer. 2 *Qverall, in series
1 the targets follow a similar packing pattern and increasing the chain length does not
alter packing behavior. Consequently, we can deduce that the stronger and more
directional hydrogen bonds are capable of resisting any changes in crystal packing

preferred by hydrophobic interactions.

In series 2,the target T6 forms a methanol solvate, which is an outlier in both series. The
methanol molecule acts as a bridge between neighboring T6 molecules, allowing the
structure to form infinite chains as in T2-T5. For T7 and T8, similar to T2-T5, the ethyl

and isobutyl groups point toward each other as well and the molecules aggregate into

28



hydrophobic layers of the alkyl chain and pi -stacked layers of the thiazole rings (Fig 2

30).

Interestingly, for the longer chain length molecules, pentyl and hexyl, a chan ge in packing
behavior is observed. In the presence of a methyl substituent, the infinite chains are
replaced by the dimers and in turn the packing has alternating stacks of alkyl chains
facing each other and methyl-thiazole rings facing each other (Fig 2-3h, j). Overall, the
packing was similar in the target structures with shorter alkyl chain length (methyl -
isobutyl) and increasing the alkyl chain length (pentyl and hexyl), results in a noticeable
change packing behavior Additionally, the effect of the methyl sub stituent on the ring is
observed in the in the structures of the compounds containing higher chain length, pentyl
and hexyl groups. This indicates that at a certain point, hydrophobic interactions can
begin to compete, structurally, with the influence of intermolecular interactions that,

individually, may be stronger.
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Figure 2-3 Packing in the crystal structures of (a) TZ1 (c) TZ2 (e) TZ3 (g) TZ4 (i) TZ5, (§ TZ6 (d) TZ7 (f)
TZ8 (h) TZ9 (j) TZ10.



2.4 Conclusion s

1. For series1, molecules show the following preferred mode of interaction: (N -H---N)
as primary interaction generating chain -like assembly whereas for series2, (N-H---
N) synthon is preferred in the shorter chain length ethyl and isobutyl while the dimer
is preferred for pentyl and hexyl targets.

2. Overall, the targets follow a similar packing pattern and increasing the chain length
does not seem to impact packing behavior which means that polarity dominates over
hydrophobic interactions.

3. Adding a methyl substituent to the thiazole ring does not seem to impact packing in
the target structures with shorter alkyl chain length (methyl -isobutyl). However, for
targets containing the alkyl chain length (pentyl and hexyl), the presence of methyl

substituent clearly results in a changead packing behavior.

The ability to predict how several types of coexisting functionalities can bind and
assemble insolid -state is offundamental importance becausethis ultimately dictatesthe

property and function of materials.
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3.1 Introduction

Crystal engineering deals with designing and synthesizing solid -state structures with

desired properties.! The use of crystal engineering strategies has sp&ed huge interest

in the design of multicomponent crystalline materials > 2 such as cocrystals, salts,
hydrates/solvates.* Multicomponent crystals offer many possibilities when it comes to

crystal engineering since there are various coformers which can be assembled with target

compounds by a range of intermolecular forces.> ¢

A common strategy for crystal engineering is based on the supramolecular synthon

approach, where intermolecular interactions such as hydrogen-E OOE P OT wbOUI UEEUD
wwbOUI UEEUDOOUOWI E O Otbols uitie Goddfruttivmnd spermdlecllés] E wE U w

i.e.,crystals.”10

Among different noncovalent intermolecular interactions, we are particularly interested

in hydrogen bonds. The hydrogen bond is an ? 6 Gtradilve interaction between a proton
EOOOUWEOEWEwWxUOUOOWEEET x UOU wi Bddveriidnal tydrégél wOU wE |
bonds represent the strongest interactions? (Dt H---A), where A and D can be elements

such as (N, O, or F), while Gt H---O/N and C-H---* belong to non-conventional hydrogen
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bonds, which are weaker than conventional hydrogen bonds. 34 The donor atom (D) is
covalently bonded to the hydrogen atom (H) and it also has a high electronegativity. As
a result, the electrons, which the donor shares with the hydrogen, are unequally shared
and this causes the hydrogen to display a slight positive charge. On the other hand, the
acceptor atom (A), e.g (N, O, F) has a pair of unshared electrons, which gives the atom a
slight negative charge hence the electrostatic and directional nature of the hydrogen

bond.

Several computational techniques such as molecular electrostatic potential surfaces
(MEPSs})®, Hirshfeld surface analysis!® and quantum theory of atoms -in-molecules
(QTAIM) analysis " have been developed to explain the intermolecular interactions in
crystalline solids. The Hirshfeld surface is a unique tool to investigate and visualize
different types of intermolecular interactions in multicomponent cry stals. The two-
dimensional fingerprint plots can provide quantitative information on these interactions/
contacts. For example, Yang et al. performed Hirshfeld surface analysis of 3,4
dinitropyrazole in salts and co -crystals and compared the quantitative i nformation on
intermolecular interactions with their crystal structures. Their study revealed how

different coformers can influence the different contacts in the structures. 8
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Allophanates represent an important class of thiourea compounds widely known as

systemic fungicides, applied to the soil to control a v ariety of fruit diseases. In order to

learn more about structure-x UOx 1 UUAwEOUUI OEUPOOUwWDODOWUUET wEC
OEOEUEExI zwOi wUOOT wlUT DOx 1 E GEW Indiance, BMauneet al?O wi B x O
synthesized a <ries of polymorphs, solvates of thiophanate-methyl (TM) and
thiophanate-ethyl (TE) (Scheme 31) and investigated the synthons, packing incentives

and conformation in different polymorphs, solvates and co -crystals of the molecules. To

our knowledge, TM has two polymorphs, fourteen solvates and three co-crystals

reported structures while TE has four polymorphs, three co -crystals and seven solvates

reported .?! Interestingly, similar behavior is observed for crystal structures of both TE

and TM in that both willingly form solvates and polymorphs, but with varying

combinations of hydrogen bonding motifs and conformations of molecules. %2 The
conformational flexibility of these compounds is such a special feature as the molecules

can adjust conformation to accommodate various co-formers as evidenced by the

existence ofplenty of reported solvates.

S 2] s o

A AN I~

/TT© \/“T“\rr“@ /\JULQ/\"/\"/\/

[+ s

C,C"-Diethyl N,N-[1,2 is(imi ioyl)] C,C'-Diethyl N,N-[1,4 ioyl)]
W pisfcarbamate] (TE) bis[carbamate] (14thiol)

C,C"-Methyl N,N"[1,2-p|
bis[carbamate] (TM)

Scheme3-1 Molecular str ucture of thiopha nate-methyl (TM), thiopha nate-ethyl (TE) and 14thiol
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In this study we wanted to explore C,CeDiethyl N,Ne[1,4-
phenylenebis(iminocarbonothioyl)]bis[carbamate]  (14thiol) as a target molecule and its
crystal structure landscape. 14thiol is structurally similar to TE and TM and the main
difference is that the latter are ortho substituted while 14thiol is para substituted. The
amino group, sulfonyl group, and carbonyl group of the 14thiol molecule can participate
in hydrogen -bond interactions as donor and/or acceptor sites and form a variety of
supramolecular synthons, which creates the possibility of forming new solid forms of
14thiol with different co -formers. To the best of our knowledge, the crystal form
landscape of 14thiol has not been explored yet. Four caformers 4-phenylpyridine, 4,4 -
bipyridine, trans (1,2 -bis(4-pyridyl) ethene), and 4,4-trimethylene bipy ridine (Scheme 3
2) were selected to investigate the H-bonding capability of 14thiol. The pyridine -based
acceptor molecules were chosen because they introduce a competitive acceptor and
increase the possibility of driving successful co-crystallizations.
This study addressed the following questions:
1. Will the co-formers be capable of disrupting self-complementary homomeric
interactions?
2. Can we design multicomponent crystals in our system?
3. Can Hirshfeld surface analysis give insight into the nature of hydroge n-bonding
interactions?

4. Does the molecular geometry of 14thiol change in different crystal structures?
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C,C'-Diethyl N,N"-[1,4-phenylenebis(iminocarbonothioyl)]bis[carbamate] (14thiol)

= lN = |N
x | XX SRS S N | = Iu
Nl = NP NI = S x

4-phenylpyridine (B1) 4,4-bipyridine (B2) trans (1,2-bis(4-pyridyl) ethene) (B4) 4,4-trimethylene bipyridine (B7)

Scheme3-2 Molecular structures of 14 thiol, and co-formers that successfully yielded new solid forms in
this study .

3.2 Experimental

3.2.1.Reagents and General Methods

All reagents were used as received without any further purification. Hirshfeld surface

analysis and two-dimensional fingerprint plots were generated and analyzed by using

the CrystalExplorer 21.5 program. ¢ All the NMR data was recorded on a Bruker 400 MHz
spectrophotometer. Single crystal X-ray diffraction (SCXRD) data were obtained using a

Rigaku XtaLAB Synergy-2 wb D UT wE w" U* YwU O U U EwetewdldcteduiigOU b OT w

a TA instrument DSC Q20 differential scanning calorimeter.

3.2.2.Synthesis of diethyl (1,4 -phenylenedicarbamothyl) dicarbamate
(14thiol)

The synthesis of 14thiol was achieved by adding powdered potassium thiocyanate (12

mmol), to an ethyl acetate solution of ethyl chloroformate (10 mmol) and TMEDA (0.1
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mmol). The reaction mixture was stirred at room temperature for 5 hr. Then the 1,4-

phenylene diamine (5 mmol) was slowly added to the reaction mixture with constant

stirring. The reaction mi xture was stirred at room temperature for another 5 hrs. The

product was concentrated using rotavapor and the product was obtained from washing

with 10 mL 75% ethanol three times and 15 mL water three times. Yield: 80%. Mp 221-

223 °C.*H NMR (400 MHz, DMSO-Et A6 wy whuhud kK Kk wepUOw!l ' AOQwy whihud | Wt
2H), 8.47 (d, J = 2.6 Hz, 1H), 8.23 (d, J = 8.9 Hz, 1H), 7.99 (dd, J = 8.9, 2.7 Hz, 1H), 7.90 (d, J

= 5.9 Hz, 2H).

3.2.3.Crystallization experiments
3.2.3.1. Synthesis of 1,4-phenylenedicarbamothyl) dicarbamate (14thiol-form I)

Stoichiometric amounts of 14thiol (5 mg) and 4,4trimethylene bipyridine, B7 (23 mg)
were ground in a 1:2 molar ratio using liquid assisted grinding (LAG) and the resulting
solids were analyzed using IR spectroscopy. The resulting solid was dissolved in a 6:4
v/v mixture of ethyl acetate and nitromethane ( S3) and kept in a small vial for slow
evaporation at room temperature to get single crystals. Crystals suitable for single-crystal
X-ray diffraction were obtained after 7 -10 days and yielded 14thiol -form |. The melting

point of the crystal was 216-217°C.
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3.2.3.2. Synthesis of 1,4-phenylenedicarbamothyl) dicarbamate (14thiol-form II)

Stoichiometric amounts of 14thiol (5 mg) and 1,2,4,5tetrafluoro -3,6-diiodobenzene H5
(23 mg) were ground in a 1:2 molar ratio using SAG and the resulting solids were
analyzed using IR spectroscopy. The resulting solid was dissolved in a 6:4 v/v mixture of
ethyl acetate and nitromethane (S3) and kept in a small vial for slow evaporation at room
temperature to get single crystals. Crystals suitable for single-crystal X-ray diffraction
were obtained after 7-10 days and yielded 14thiol -form Il . The melting point of the crystal

was 226229°C.

3.2.3.3. Synthesis of 1,4-phenylene (dicarbamothyl) dicarbamate dioxane solvate
(14thiol-SH

Stoichiometric amounts of 14thiol (5 mg) and 4,4dimethyl -2,2-bipyridine, (5 mg) were
ground in a 1:2 molar ratio using SAG and the resulting solids were analyzed using IR
spectroscopy. The solid mixture was dissolved in 1,4-dioxane and the solvate was

obtained from a failed co-crystallization . The melting point of the crystals was 171-172°C.

3.2.3.4. Synthesis of 1,4-phenylenedicarbamothyl) dicarbamate Di -(4-
phenylpyridine) co-crystal 14thiol-(B11)-

Stoichiometric amounts of 14thiol (5 mg) and B11 (5.4 mg) were ground in a 1:2 molar
ratio using SAG and the resulting solids were analyzed using IR spectroscopy. The

resulting solid was dissolved in a 6:4 v/v mixture of ethyl acetate and nitromethane ( S3)
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and kept in a small vial for slow evaporation at room te mperature to get single crystals.
Crystals suitable for single-crystal X-ray diffraction were obtained after 7 -10 days. The

melting point of the crystals was 216-217°C.

3.2.3.5. Synthesis of 1,4-phenylenedicarbamothyl) dicarbamate bis-(4,4-
bi pyridine) co-crystal 14thiol-(B2)

Stoichiometric amounts of 14thiol (5 mg) and B2 (8.4 mg) were ground in a 1:4 molar
ratio using SAG and the resulting solids were analyzed using IR spectroscopy. The
resulting solid was dissolved in a 6:4 v/v mixture of ethyl acetate and nitromethane ( S3)
and kept in a small vial for slow evaporation at room te mperature to get single crystals.
Crystals suitable for single-crystal X-ray diffraction were obtained after 7 -10 days The

melting point of the crystal was 179-181°C.

3.2.3.6. Synthesis of bis[(1,4-phenylenedicarbamothyl) dicarbamate )] (trans)1,2-
bis (4-pyridyl et hene) co-crystal (14thiol).-B4

Stoichiometric amounts of 14thiol (5 mg) and B4 (5 mg) were ground in a 1:4 molar ratio
using SAG and the resulting solids were analyzed using IR spectroscopy. The resulting
solid was dissolved in a 6:4 v/v mixture of ethyl acetate and nitromethane ( S3) and kept
in a small vial for slow evaporation at room te mperature to get single crystals. Crystals
suitable for single-crystal X-ray diffraction were obtained after 7 -10 days The melting

point of the crystals was 193-195°C.
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3.2.3.7. Synthesis of 1,4-phenylenedicarbamothyl) dicarbamate 4,4-trimethylene
bipyridine co-crystal solvate (14thiol-B7)

Stoichiometric amounts of 14thiol (5 mg) and 4,4trimethylene bipyridine, B7 (5.4 mg)
were ground in a 1:2 molar ratio using SAG and the resulting solids were analyzed using
IR spectroscopy. The solvate was produced by dissolving the solid mixture in 3 -4mL

tetrahydrofuran (THF). The melting point of the crystals was 125 -129°C.

3.3. Theory : Hirshfeld analysis

The Hirshfeld surface analysis arose from an attempt to define the space filled by a
molecule in a crystal structure in order to separate the crystal electron density into
molecular fragments. 2?2 23Hirshfeld surfaces were named after F.L Hirshfeld. He proposed
a method to describe the environment of an atoms in a molecule?* In his work, he
constructed a weight function, 0 O, for each atom in a molecule as calculated by

equation 3.3.1:
o O " i7r "o oD

where ” |1 are spherically averaged electron densities of the various atoms. In
order to make this strategy applicable to molecules in a crystal lattice, Spackman and
Byrom2 adopted and extended this principle to define a weight function 0 O for a

molecule in a crystal as:
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where ” 1 is a spherical atomic electron distribution located at the i*" nucleus.
The Hirshfeld surface is defined by an isosurface 0 O of 0.5 and describes the volume
of space where the promolecule electron density exceeds that of all neighbouring
molecules. The distance between the Hirshfeld surface and the nearest atom outside the
surface is marked by de, and the distance between the surface andhe nearest atom within
the surface is denoted by di. These distances may be projected onto the Hirshfeld surface
to produce a three-dimensional representation of the intermolecular interactions in a
crystal structure, but their application has limits. Consequently, a normalised contact
distance, dhom, is used to overcome these limitations?® The contact distance is normalised
according to the formula:

(O Q i -
Q | ! A p

where 4V is the van der Waals radius of the specified atom inside or outside the
surface, and di and de. are the distances from the surface to the nearest atom inside and
outside respectively. Since its inception, dom has been applied to investigate the
intermolecular interactions in a crystal structure.?” The 3D Hirshfield surface is
represented as 2D fingerprint plots, which provide a breakdown of the intermolecular

interactions as well as their contributions to the total Hirshfield surface. The form of the
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2D plots, together with the percentage contributions of the intermolecular interaction,
have been used to analyze crystal packing3® 32 Here we apply the same principle to
correlate the observed physical properties of the multicomponent crystals to the

intermolecular interactions in the crystal structure.

3.4 Results and Discussions

3.4.1.Crystal structure analysis

A total of five novel co -crystals and two polymorphs were isolated by conventional
solvent evaporation methods. Crystal structure analysis of the two polymorphs (form |
and I1) showed that 14thiol -form | crystallizes in a monoclinic space group while 14thiol-
formll crystallizes in the triclinic space group. The two polymorphic forms exhibit similar
types of intermolecular interactions. First, an intramolecular N $HE O C hydrogen bond
DPUWOEUI UYI EwPPUTI POWEOUT ws EUOUZ wOI hilited Byamd OO1 EU O
types of dimers: first, the N+HE S=C hydrogen bonded dimer as well asthe Nt+HE O=C
hydrogen bonded dimer. In both polymorphs each 14thiol molecule is hydrogen bonded
with 8 hydrogen bonds in all to four adjacent 14thiol molecules (Fig. 31(a),3-1(b)). These
arrangements produce infinite two -dimensional sheets of 14thiol molecules that then
stack on each other like those in form | with hydrophobic interactions between the ethyl
and benzene groups (Fig. 31(c), 31(d)). Itis interesting that sy nthons and crystal packing

are very similar in both polymorphs despite crystallizing in different crystal systems.
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Figure 3-1 Single crystal structure of 14thiol -forml and 14thiol -formll showing (a) extended H-bonding
motif in 14thiol -forml , (b) extended H-bonding motif in 14thiol -forml I, (c) packing of the infinite chains in
14thiol -forml, (d) packing of the infinite chains in 14thiol -formll .

44



Table 3-1 Crystal structure data of the polymorphs

Compounds 14thiol -forml 14thiol -formll

Molecular formula C14H 1sN 404& C14H 18N 404&

Formula weight (g mol -1) 370.44 370.44

Crystal system monoclinic triclinic

Space group (No.) C 2yc (No. 15) P-1 (No. 2)

a(h) 11.6168(5) 8.9101(2)

b (A) 18.3781(7) 9.3926(3)

c (A 9.2249(4) 10.7184(3)

YwpsS A 90 110.731(3)

dwpsS A 120.5770(10) 98.306(2)

wwpsS A 90 93.097(2)

V (A3) 1695.60(12) 824.76(4)

Z 4 2

Yaic (g M) 1.451 1.492

uwee" Dw* WAwpdO 3.095 3.181

F (000) 776 388

Crystal size (mm) 0.3x0.1x0.03 0.2x0.12x0.06

Temperature (K) 200 (2) 100.00(16)

Radiation (A) "U* YOwhid k K "U* YOwhid k K hy

Theta min/max (°) 4.812, 70.137 4.480, 77.237

Dataset -13:13;-21:21;-9:10 -11:11;-10:11;-13:13

%DOEOw1l wbOEDEIT Uuw| Ri=0.0432 R1=0.0372
wR2=0.1104 wR2=0.1063

R indices [all data] R:1=0.0440 R:1=0.0389
wR2=0.1114 wR2=0.1074

Tot., unig. data, R (int) 7434,1491, 0.0435 11150, 3204, 0.0270

N ref, Npar 1543; 119 3416; 219

S 1.101 1.082

Max. and av. Shift/error 0.000, 0.000 0.001, 0.000

Min. and max. resd. Dens (A3) -0.435, 0.479 -0.349, 0.368
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Table 3-2 Crystal structure data of the multicomponent crystals obtained .

resd. Dens (A3)

Compounds 14thiol-(B1)2 14thiol- (B 2)2 (14thiol) »-B4 14thiol- S5 14thiol-B7
Molecular CssH 3N 604& CaiH3aN801sS | CoeH2sN604S | C22H3aN4O4S | CziH3sN6OsS
formula
Formula weight (g 680.83 684.81 552.66 546.65 638.79
mol-1)
Crystal system monoclinic triclinic triclinic triclinic tri clinic
Space group (No.) | P2iJc (No. 14) P- 1 (No. 2) P- 1 (No. 2) P- 1 (No. 2) P- 1 (No. 2)
a (A) 12.2999(2) 7.1278(3) 7.5301(18) 6.9655(2) 10.5977(3)
b (A) 18.5792(3) 9.5251(4) 12.785(3) 9.4937(2) 11.1277(3)
c(R) 7.2675(10) 12.2227(5) 14.019(3) 11.0764(3) | 13.9507(3)
YwopsS X 90 97.8640(10) 99.273(5) 99.1430(10) | 88.3708(19)
o wepS K 91.610(10) 91.0290(10) 97.920(5) 95.3730(10)|  73.003(2)
wwpsS A 90 97.8450(10) 91.815(5) 109.7300(10) [ 83.8766(19)
V (A3 1660.13 (4) 813.77(6) 1317.3(5) 672.10(3) 1564.33(7)
Z 2 1 2 1 2
%ac (g cm3) 1.362 1.393 1.393 1.351 1.356
gwep" Uw* A& 1.862 1.957
F (000) 716 358 580 290 676
Crystal size (mm) | 0.14x0.12x0.105|0.175x0.13x0.04| 0.19x0.17x0.140.19x0.095x0.0{ 0.52x0.30x0.15
Temperature (K) 200 (2) 200 (2) 200 (2) 200 (2) 100 (10
Radiation (A) "U* YOwhd" U* YOwh|" U* YOwh" U* YOwh" U* YOwhy
Theta min/max (°) 3.595, 70.442 3.653, 68.092 | 3.228, 68.414( 4.094, 69.724 6.626 154.83
Dataset -11:11; 0:25; - -8:8;-14:15; -7:8;-11:11; | -13:13;-14:13;
0:15 -15:16 -13:13 -17:13
Final R indices R:=0.0337, R:1=0.0329 R:=0.0465 R:=0.0538 R: = 0.0600,
(o1 6 Ywbg wR2=0.0853 wR2=0.0888 wR2=0.1408 | wR2=0.1465 | wR2=0.1629
R indices [all data] | Ri=0.0345 wR= R1=0.0350 R1=0.0500 R1=0.0544 R1=0.0622,
0.0858 wR2= 0.0907 | wWR2=0.1551 [ wWR2=0.1469 | wR2=0.1648
Tot., uniq. data, R 14940, 2960, 9846, 2741, 10771, 4167, | 9036, 2307, 240866501,
(int) 0.0256 0.0277 0.0344 0.0290 0.0348
N ref, Npar 3076; 227 2930; 226 4501, 362 2369; 193 6501, 400
S 1.080 1.042 1.119 1.163 1.1
Max. and av. 0.002, 0.000 0.000, 0.000 | 0.000, 0.000 | 0.000,0.000 | 0.000, 0.000
Shift/error
Min. and max. -0.229, 0.330 -0.266, 0.199 | -0.329, 0.609| -0.318,0.798| 1.02+0.76
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The 14thiol -S5solvate crystallizes in the monoclinic space group PhuThe asymmetric unit
consists of one 14thiol molecule and two dioxane molecules. As shown in (Figure 3-2a),
the two components interact with each other via the N7¢+H7---O14 hydrogen bond, and
the same 14thiol molecule connects with another adjacent S5 molecule through the N4
H4---016 hydrogen bond. As expected, theintramolecularNt H---O=C hydrogen bond is
observed but not the NtH---S and N{tH---O=C dimers previously seen in the two
polymorphs. There are two types of dioxanes (red and green) by symmetry equivalence
as shown by the 2D hydrogen-bonding network, which extends to form sheets (Figure 3 -
2b). The overall packing shows the stacking of the sheets as well as how the dioxane
solvent molecules occupy the voids between the 14thiol molecules to maximize packing
efficiency (Figure 3-2c).

@@ -

(b) BOUY JRY.

Figure 3-2 Single crystal structure of 14thiol-S5 showing (a) hydrogen bonding between the target and
dioxane molecules (b) extended H-bonding showing the molecules colored by symmetry equivalence
14thiol (blue), dioxane (red and green) (c) crystal packing of the structure with dioxane molecules in space
fill.
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https://pubs.acs.org/doi/10.1021/acs.cgd.2c01337#fig5
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01337#fig5

14thiol-(B1)2 co-crystallizes in the P2i/c space group, with one 14thiol molecule and two
B11 molecules in the asymmetric unit, which interact via the N7 ¢tH7---O16 hydrogen
bond (Figure 3-3a). As shown in (Figure 3-3b), the extended H-bonding bonding network

shows formation of a layer comprising cross-linked chains (highlighted in b lue). The
crystal packing is completed by stacking of layers, but no specific interlayer interactions

are observed. (Figure 33c).

Figure 3-3 Single crystal structure of 14thiol-(B1)2co-crystal showing (a) primary hydrogen bonding ( b)
extended H-bonding forming discrete chains (c) packing of co-crystal into stacked layers.

The 14thiol-(B2)zcrystallizes in the space group PhuThe asymmetric unit consists of one
14thiol molecule and two B2 molecules. As shown in (Figure-3-44a), the two components

interact with each other via the N7+H7---N16 hydrogen bond. It was interesting to
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observe that while the co-former, B2, is a bipyridine only one acceptor, N16 participated
in H-bonding while N22 did not interact at all. The trimeric units assemble into parallel
chains (in blue and red) as shown by the 2D hydrogen-bonding network (Figure 3 -4b).
The overall packing shows the stacking of the chains and weak C=S--H-C(ring)

interactions are present between the chains (Figure 34c).

Figure 3-4 Single crystal structure of 14thiol- (B2)z co-crystal showing (a) primary hydrogen bonding (b)
extended H-bonding forming discrete chains (c) packing of co-crystal into stacked layers showing
interlayer interactions.

Co-crystallization of 14thiol and B4 yielded (14thiol) 2-B4in the triclinic space group Phu-
The asymmetric unit consists of two 14thiol molecules and one B4 molecule. Unlike in
14thiol-(B2)2 where only one Npyr acceptor participated, here both acceptors of the co

former are involved in hydrogen bonding. As shown in  (Figure 3-5a), one Npyr interacts
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with 14thiol via N74H7---N16 while the other connects with an adjacent 14thiol molecule
through the N19¢H19---N30 hydrogen bond. The extended H-bonding network forms

infinite wavelike chains as (Figure 3-5b). The crystal lattice shows the aggregation of
intertwined wa velike chains (Figure 3-5c). (L4thiol) 2-B4 has a unique packing compared
to all other cocrystals/solvates in this series in that the chains formed betweerthe target
and co-former are infinite wavelike fashion whereas discrete chains are observed for all

other structures.

L4
R R
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Figure 3-5 Single crystal structure of (14thiol )2-B4 co-crystal showing (a) primary hydrogen bonding (b)
extended H-bonding forming infinite chains (c) packing of co-crystal into intertwin ed chains.

The 14thiol-B7 crystallizes in the triclinic space group PhuThe asymmetric unit consists
of one 14thiol molecule, one B7 molecule and one tetrahydrofuran (THF) molecule. In
this structure, both co-former N pyr acceptors interact with the target through N18 ¢ H18---

N25 and N9tH9---N34 hydrogen bond interactions (Figure3-6a). A notable structural
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difference in 14thiol-B7 is that the sulfur atoms are syn-, lying to one-side of the plane of
the central aromatic ring while in all other structures the sulfur atoms occupy the anti-
position. Similar to (14thiol) 2-B4,the extended H-bonding network in 14thiol-B7 forms
infinite wavelike chains as in(Figure 3-6b). The wavelike chains assemble to form layers
that stack and no interlayer interactions are observed. Also, unlike in 14thiol-S5 solvate
where the dioxane molecules form hydrogen bonding with the 14thiol, here the THF

molecules do not interact but just occupy void space (Figure 3-6c¢).

Figure 3-6 Single crystal structure of 14thiol -B7 co-crystal solvate showing (a) primary hydrogen bonding
(b) extended H-bonding forming infinite chains (c) packing of co-crystal into stacked layers.

3.4.2.Conformational Analysis
Previously reported structures of thiophanates exhibited conformational flexibility which

inspired us to investigate the conformations of the molecules in the different structures

since these molecules can potentially adopt different conformations. The two
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polymorphs isolated in this study exhibited same synthon arrangements and very similar

crystal packings and a comparison in the bond rotation was completed to get a more

precise measure of the conformational differences of the molecules in the two

polymorphs . Furthermore, the torsion angles of the target molecule (14thiol) in each co-
crystal/solvate was also measured Designators 3 hporange) and 3 |(red) were used to
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which mainly differ in the conformation of the two wings relative to the phenyl ring

(Figure 3.7).

Figure 3-7 Graphical representation of the torsion angles of 14thiol.

In form I, both wings exhibit the same conformation with both 3 hand 3 langles around
D71(2)° (Figure 3-8). Interestingly, unlike form | there is notable difference in torsions of
the two wings in form Il with 3 taround D79(2)°and 3 langle D73(2)°. The conformational
flexibility of the two wings allows for a significant conformational and geometr ical
change of the molecule. The torsion angles of the two polymorphs suggest that 14thiol

exhibits conformational polymorphism.
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“ 14thiol-form I < 14thiol-form II

Figure 3-8 Measured torsion angles in 14thiol -form | and 14thiol -form I .

Further analysis was performed on the other multicomponent crystals obtained in this

study. The values of the torsion angles for the seven multicomponent crystals presented
in this work are listed in (Table 3.3. The torsion angles of the 14thiol molecules suggest
that the molecules in the multicomponent crystals adopt three types of conformations.

First, the 14thiol -form |, 14thiol -form 11, and dioxane solvate 14thiol-S5 have torsion
angles within 71-80° range. This orientation of molecules has the two wings of the
molecules almost perpendicular (90°) to the central phenyl ring as indicated by the
torsion angles. Second, the cecrystals with the pyridine co -formers 14thiol-(B1)2,
14thiol-(B2)2, and (14thiol) 2-B4 have torsion angles within the 28-45° range. The final
orientation observed was for the co-crystal solvate of 14thiol-B7. In this structure the
14thiol adopted a unique geometry whereby both the thiocarbamate wings were syn
positioned (facing the same direction) with torsion angles of 11 and 7°. The 14thiol
molecules are nearplanar with respect to the phenyl ring and this example shows the

extent to which the target molecule can be flexible to accommodate the THF solvent and
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4,4trimethylene bipyridine coformer in the crystal lattice. Figure 3.9 shows the molecular

overlay of 14thiol molecules from structures formed which sh ows all conformations.

Table 3-3 Related torsion angles and standard deviation in parenthesis of 14thiol from all the
multicomponent crystals reported in this study.

Structure 3 1) 2 1)
14thiol -form | 71(2) 71(2)
14thiol -form 1l 792) 72(2)

14thiol-S5 71(3) 71(3)
14thiol-(B1), 35(2) 35(2)
14thiol-(B2), 28(2) 28(2)
(14thiol) B4 42(4) 42(4)

26(4) 26(4)
14thiol-B7 11(4) 7(4)
14thiol-form I

14thiol-form II

14thi01'(B2)2
(14thiol),-B4

/ py 14thiol-B7

Figure 3-9 The superimposed molecules of 14thiol from structures formed.

3.4.3.Hirshfeld Surface Analysis
The Hirshfeld surface analysis was utilized to investigate and visualize different types of

intermolecular interactions in the crystals and 2D fingerprint plots provided quantitative
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information about the interactions. Figure 3 -10 illustrates the Hirshfeld surfaces of
14thiol that have been mapped over dworm, Where the large circular depressions (deep red)
stand for the hydrogen bonding c ontacts (i.e., Nt H---S=C, NtH---O=C and N+H---N, N {

H---O) whereas other visible spots represent the H--H contacts.

N4-H4 09

14thiol-form I 14thiol-S5
N16
! o 36
\ ‘ f." » o ! .N
~ 2
N1 N30

14thiol-(B1), 14thiol-(B2), 14thiol),'B4 14thiol-B7

Figure 3-10Hirshfeld surfaces in 14thiol multicomponent crystals.

The corresponding 2D fingerprint plots are demonstrated in (Figure 3-11). Five contacts
are the most significant contacts in all seven crystal structures. Notably, the hydrogen

bonding contacts S--H, O---H and N ---H appear as spikelike tips, while H ---H contacts
appear as asymmetric points spread over a large area, and the G-H contacts appear as a
symmetric pair of wings. The H ---H contacts make the largest contribution, which is to

be expected since the limited hydrogen-bonding sites result in the increase of the
contribution of the van der Waals force to stabilize the lattice. The S---H contacts are the
second largest contributor, and this is due to the contacts being observed in the crystal

packing and these contacts stabilze the lattice.
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The structured 14thiol -form 1, 14thiol -form |1, and 14thiol-S5 had the highest O---H
contacts due to the presence of NH---O=C dimers in the polymorphs and N tH---O
interactions in the dioxane solvate. The N---H contacts are least in the® three structures
since the former mentioned interactions hold the lattice together. Upon co -crystal
formation with pyridine co -formers in 14thiol-(B1)2, 14thiol-(B2)2, (14thiol)2-B4, and
14thiol-B7 the N---H contacts increase significantly as expected snce N-H---N is the
primary interaction in the structures. On the contrary, the O ---H contacts reduce by
almost half in these structures due to the disruption of the N ¢+ H---O=C dimers. Significant
O---H contacts are still observed and that is expected since all structures form

intramolecular N -H---O=C hydrogen bonds.
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Figure 3-11 Summary of 2D fingerprint plots of the multicomponent crystals.

3.5.Conclusions

1. Introduction of pyridine -based cceformers disrupts the robust homomeric N ¢ H---
S=C and NtH---O=C hydrogen bonded dimers in 14thiol with the formation of

heteromeric N-H---N bonded crystals
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2. The target 14thiol is a versatile target for crystal engineering as it forms
multicomponent crystals : two pol ymorphs of 14thiol , one dioxane solvate, three co
crystal and one co-crystal solvate (THF).

3. Hirshfeld surface analysis revealed that the high acceptor ability in the coformers
lead to the increase of hydrogen-bonding interactions (N -H---N) and a decreaseof
(O---H) contacts in 14thiol cocrystals and vice versa.

4. Molecular geometry analysis shows that conformational flexibility is such a useful
feature in driving co -crystallization because in this study 14thiol adopted several
conformations in different crys tal structures to accommodate various co-formers

thus yielding multicomponent solid forms.

3.6.References

1. Desiraju, G. R., Crystal Engineering: From Molecule to Crystal. Journal of the
American Chemical Socie013,135(27), 99529967.
2. Aakerdy, C. B.; Salmon, D. J., Building cacrystals with molecular sense and

supramolecular sensibility. CrystEngCommn2005,7 (72), 439448.

3. Desiraju, G. R., Crystal Engineering: A Holistic View. Angewandte Chemie
International Edition2007,46 (44), 83428356.

4. Duggirala, N. K.; Perry, M. L.; Almarsson, O.; Zaworotko, M. J., Pharmaceutical
cocrystals: along the path to improved medicines. Chemical Communicatiorn2016,52 (4),
640-655.

5. Sinha, A. S.; Maguire, A. R.;Lawrence, S. E., Cocrystallization of Nutraceuticals.
Crystal Growth & Design2015,15(2), 9841009.

6. Bond, A. D., What is a co-crystal? CrystEngComnm2007,9 (9), 833834.

7. Aakerdy, C. B.; Champness, N. R.; Janiak, C., Recent advances in crystal
engineering. CrystEngComn2010,12 (1), 2243.
8. Desiraju, G. R., Supramolecular Synthons in Crystal Engineering| A New Organic

Synthesis. Angewandte Chemie International Edition in Engli$B95,34 (21), 23112327.

58



9. Bernstein, J.; Davis, R. E.; Shimoni, L, Chang, N.-L., Patterns in Hydrogen
Bonding: Functionality and Graph Set Analysis in Crystals. Angewandte Chemie
International Edition in English1995,34 (15), 15551573.

10. Shunje, K. N.; Averkiev, B. B.; Aakerdy, C. B., Influence of Multiple Binding Sites
on the Supramolecular Assembly of N -[(3-pyridinylamino) Thioxomethyl] Carbamates.
Molecules2022,27 (12), 3685.

11. Bruton, E. A.; Brammer, L.; Christopher Pigge, F.; Aakerdy, C. B.; Leinen, D. S.,
Hydrogen bond patterns in aromatic and aliphati ¢ dioximes. New Journal of Chemistry
2003,27(7), 10841094.

12. Etter, M. C., Encoding and decoding hydrogen-bond patterns of organic
compounds. Accounts of Chemical Reseafi®90,23 (4), 120126.

13. B. Aakerdy, C.; A. Evans, T.; R. Seddon, K.; Paliko, I., The CtH---Cl hydrogen
bond: does it exist? New Journal of Chemistr§999,23(2), 145152.

14.  Alkorta, I.; Rozas, l.; Elguero, J., Nonconventional hydrogen bonds. Chemical
Society Review$998,27(2), 163170.

15. Musumeci, D.; Hunter, C. A.; Prohens, R.; Scuderi, S.; McCabe, J. F., Virtual
cocrystal screening.Chemical Scienc®11,2 (5), 883890.

16. Spackman, P. R.; Turner, M. J.; McKinnon, J. J.; Wolff, S. K.; Grimwood, D. J.;
Jayatilaka, D.; Spackman, M. A., CrystalExplorer: a program for Hirshfeld surface
analysis, visualization and quantitative analysis of molecular crystals. Journal of Applied
Crystallography2021,54 (3), 10061011.

17. Bankiewicz, B.; Wojtulewski, S., Two New Cocrystals of the Dipicolinic Acid.
Hirshfeld Atom Refinement of Crystal Structures and Quantum Theory of Atoms in
Molecules Analysis of Molecular Complexes. Crystal Growth & Desigri2019,19(12), 6860
6872.

18. Yang, J.; Yin, L.; Gong, XD.; Sinditskii, V. P.; Zhang, J-G., Origins of Salt
Formation and Cocrystallization: A Combined Experimental and Theoretical Study.
Crystal Growth & Design2020,20(9), 58345842.

19. Nauha, E.; Kolehmainen, E.; Nissinen, M., Packing incentives and a reliable N¢
HE N4 pyridine synthon in co -crystallization of bipyridines with two agrochemical
actives. CrystengComn2011,13(21), 65316537.

20. Nauha, E.; Ojala, A.; Nissinen, M.; Saxell, H., Comparison of the polymorphs and
solvates of two analogous fungicides| a case study of the applicability of a
supramolecular synthon approach in crystal engineering. CrystEngComm2011,13 (15),
49564964.

21. Nauha, E.; Saxell, H.; Nissinen, M.; Kolehmainen, E.; Schéfer, A.; SchleckeR.,
Polymorphism and versatile solvate formation of thiophanate -methyl. CrystEngComm
2009,11 (11), 25362547.

22.  Spackman, M. A.; Jayatilaka, D., Hirshfeld surface analysis. CrystEngComm2009,
11(2), 1932.

59



23.  McKinnon, J. J.; Mitchell, A. S.; Spacknan, M. A., Hirshfeld surfaces: a new tool
for visualising and exploring molecular crystals. ChemistryA European Journdl998,4 (11),
21362141.

24. Hirshfeld, F. L., Bonded-atom fragments for describing molecular charge
densities. Theoretica chimica acl®77,44 (2), 129138.

25. Spackman, M. A.; Byrom, P. G., A novel definition of a molecule in a crystal.
Chemical Physics Lettei997,267 (3t 4), 215220.

26.  McKinnon, J. J.; Jayatilaka, D.; Spackman, M. A., Towards quantitative analysis of
intermolecu lar interactions with Hirshfeld surfaces. Chemical Communicatior®007, (37),
38143816.

27. Luo, Y.-H.; Sun, B-W., Pharmaceutical Co-Crystals of Pyrazinecarboxamide
(PZA) with Various Carboxylic Acids: Crystallography, Hirshfeld Surfaces, and
Dissolutio n Study. Crystal Growth & Design2013,13(5), 20982106.

28. Wood, P. A.; McKinnon, J. J.; Parsons, S.; Pidcock, E.; Spackman, M. A., Analysis
of the compression of molecular crystal structures using Hirshfeld surfaces.
CrystengComn22008,10 (4), 368376.

29. J. McKinnon, J.; S. Mitchell, A.; A. Spackman, M., Visualising intermolecular
interactions in crystals: naphthalene vs. terephthalic acid. Chemical Communicatiorfs998,
(19), 20712072.

30. Batisai, E.; Ayamine, A.; Kilinkissa, O. E. Y.; Bathoi, N. B., Melting point -
solubility -structure correlations in multicomponent crystals containing fumaric or adipic
acid. CrystEngComn2014,16 (43), 99929998.

31. Bathori, N. B.; Nassimbeni, L. R.; Oliver, C. L., Quininium mandelates-a
systematic study of chiral discrimination in crystals of diastereomeric salts. Chemical
Communication2011,47 (9), 26702672.

32.  Bathori, N. B.; Kilinkissa, O. E. Y., Are gamma amino acids promising tools of
crystal engineering? - Multicomponent crystals of baclofen. CrystEngComm2015,17 (43),
82648272.

60



Chapter41g O OUIl OGO w@P@E D OT wuUPUI UwOO
UUxUEOOOI EUOE Yigkpbaul BDEGav®E @b OO K

Ul POR OOH U BEO@EW I U

4.1 Introduction

The ability to foresee and control the outcome of the organization and assembly of
molecules is a highly coveted goal in the bottom-up synthesis of functional materials.
Achieving this requires a better understanding of non-covalent intermolecular
interactions between the building blocks and of the overall crystal packing arrangement
of the molecules. From a practical perspective, manipulating intermolecular interactions
has been used to establish structureproperty -function correlation in applications such as
molecular recognition, * design of mechanically flexible molecular crystals, #¢ controlling
thermal expansion behavior,” as well as design of molecular capsules® In addition, an
improved understanding of intermolecular interactions is essential if we want to control

key crystallization events that | ead to synthon polymorphism .%1!

Hydrogen bonding is the most extensively studied non -covalent interaction, followed by
the halogen bond 213 They display similar strength and directionality, which can make
it difficult to predict outcomes of how they will affect supramolecular assembly when
functional group s that can accept hydrogen bonds and halogen bonds equally well are

present in a system. Several strategies have been proposed to predict the outcome in cases
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where multiple intermolecular interactions sites are present such as hydrogen-bond
energy (HBE), and hydrogen-bond propensity (HBP) 4 5 Computing molecular
electrostatic potential (MEP) maps is another method for analyzing the distribution of

electron densities in molecular systems wherein the highest positive potential is classified
as the best donor, and the highest negative potential as the best acceptoté. The ranking
of these donor/acceptor sites can also shed light on which sites will preferentially bind to
each other. To establish binding preference patterns in systems where both interactions
can co-exist, Shimazu et al carried out co-crystallization experiments of

dipyridyloxalamide ligands with tetrafluorodiiodobenzenes 7.

The competing acceptors were pyridyl nitrogen and the carbonyl oxygen of the
oxalamide groups as ranked by MEP and neither displayed specific binding preference
to the tetrafluorodiiodobenzenes over the other. Resnati et al. also demonstrated
that halogen and hydrogen bonding can exist orthogonally to construct porous organic

frameworks .18

Of continued interest in our group is to establish binding preferences for systems with
multiple acceptors that have significantly different electrostatic strengths. In previous
studies, we carried out binding preferenc e studies, including on heteroaryl -2-imidazoles

with one hydrogen -bond (HB) donor and two or three different acceptor sites (ranked by
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MEPSs) using monotopic halogen-bond (XB) donor co-formers %22 It was observed that
XB donors outperformed the HB donor for the electrosta tically most attractive acceptor
site. In the current study, we explore a new target library decorated with the carbamate

functional group.

Carbamate-bearing molecules and their derivatives 27 (Scheme4-1) have wide-ranging
applications in areas such as pesticides?®3, active pharmaceutical ingredients®? 33 and
energetic materials 3+%. Carbamatesare also versatile compounds for crystal engineering
because they contain multiple acceptor and donor sites such as carbonyl oxygen atom,
pyridyl nitrogen atom, and C=S. However, this versatility also makes them cha llenging

from an a priori design perspective.

o
v M _n
\T o~

(@)

Scheme4-1 (a) Carbamate moiety and carbamate bearing molecules (b) pepperwood (c) baygon (d)
felbamate (e) trinitrobutyl nitrocarbamate .
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In this study we address five specific questions.

A What is the impact of varying chain length (R= methyl, ethyl, and isobutyl) on the
target molecule, A1-A3, crystal structures (Scheme4-2)?

A Which structure directing synthons are formed when targets are co -crystallized 372
with halogen bond donor co -formers?

A What binding preference is observed in the solid state when hydrogen -bond and
halogen-bond donors (D1 and D2) compete for three acceptor sites (Scheme 2)?

A Does the supramolecular assembly change for different targets if we introduce the
same XB donors as ceformers for co-crystallization?

A How reliable are MEP rankings/predictions when multiple acceptors are present on

the target molecules?

XB donors
1 F
F 1 F
1 F 1
F F
D1 D2

N
-~
~

\ /%
[7/]
o

i CLAR . LA
NN O‘A o A aad

N-[(pyridin-3-yl) carbamothioyl] carbamates

Scheme4-2 Molecular structures of R-N-[(3-pyridinylamino) thioxomethyl ] carbamate and two halogen
bond donors used in this study.
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An attempted co-crystallization of the target compounds with XB donors can result in the
target and co-former precipitating separately in which case it would be a recrystallization.
On the other hand, if halogen bonding is structure directing it can lead to formation of a

co-crystal via various postulated synthons (Scheme4-3).

Y0 +

Scheme4-3 Postulated primary intermolecular interactions in co -crystals of target molecules and halogen
bond donors.
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4.2 Experimental

4.2.1.Reagents and General Methods
All reagents were used as received without any further purification. MEPs were

calculated using density functional theory on molecules optimized in the gas phase using
recorded on a Bruker 400 MHz spectrophotometer. Single crystal X-ray diffraction
(SCXRD) data were obtained using a Rigaku XtaLAB Synergy-2 wp DUT wE w" U* YwUOUU
melting points were collected using a TA instrument DSC Q20 differential scanning

calorimeter. Targets were synthesized using modified versions of reported procedures -

42

4.2.2.Synthesis of methyl -N-[(3-pyridinylamino) thioxomethyl

carbamate*? (A1)
Methyl chloroformate (0.78 mL, 10mmol) was added dropwise to a solution of ethyl

acetate containing potassium thiocyanate (1.17 g, 12 mmol). The reaction mixture was
heated at 75 °C for 3 hours. KCI was filtered off and 3-aminopyridine (0.94 g, 10 mmol)
was added to filtrate. The reaction mixture was heated under reflux for a further 5 hours.
The mixture was cooled to room temperature followed by vacuum filtration. After
evaporating the solvent in vacuum, the product was obtained by washing the prec ipitate
with 75% ethanol three times. The product was a white solid with a yield of 68 %, m.p:

172175 °C. 1H NMR (400 MHz, Chloroform-E A wy whihud kK Y wepUOwh' AOwWd A Y
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8.51 (dd, J = 4.9, 1.5 Hz, 1H), 8.39 (s, 1H), 8.25 (ddd, J = 8.3, 2.8 Hz51H), 7.36 (dd, J =
8.3, 4.8 Hz, 1H), 3.88 (s, 3H). 13C NMR (101 MHz, CDCI3) whuA W8 k A Owhuk + 8+ O whuK

134.52, 131.73, 123.29, 53.74

4.2.3.Synthesis of ethyl -N-[(3-pyridinylamino) thioxomethyl ]

carbamate* 43(A2)
Ethyl chloroformate (0.96 mL, 10mmol) and ethyl acetate were mixed in a round

bottomed flask. To this solution, potassium thiocyanate (1.17 g, 12 mmol) and- O- O--g O- ¢
tetramethylethylenediamine (TMEDA) (0.02 mL, 0.1 mmol) were added and the reaction
mixture was stirred at room temperature for 5 hours. 3 -aminopyridine (0.94 g, 10 mmol)

was then slowly added to the reaction mixture with constant stirring. The reaction

mixture was stirred at room temperature for another 5 hours. The progress of the reaction

was monitored using TLC. Upon completion, the solvent was evaporated under vacuum

and the product was obtained by washing the precipitate with 20mL of 75% ethanol three

times and 15 mL water three times. The product was a white solid with a yield of 75%,

m.p: 164165 °C.*H NMR (400 MHz, Chloroform -E A wy whihud k  wopFEQeHZ, A Ow W3S .
1H), 8.60¢ 8.56 (m, 1H), 8.52 (dd, J = 4.8, 1.5 Hz, 1H), 8.26 (ddd, J = 8.4, 2.8, 1.6 Hz, 1H),
7.39¢ 7.31 (m, 1H), 4.31 (q, J = 7.1 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3F0.NMR (101 MHz,

CDClsA wy whuA W6 WhOwhk | 6 NWOwhK3AZB MU WKL 61 Y Owhit K& Kk N
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4.2.4.Synthesis of isobutyl -N-[(3-pyridinylamino) thioxomethyl

carbamate (A3)
Isobutyl chloroformate (1.30 mL, 10mmol) and ethyl acetate were mixed in a round

bottomed flask. To this solution, potassium thiocyanate (1.17 g, 12 mmol) and TMEDA

(0.02 mL, 0.1 mmol) were added, and the reaction mixture was stirred at room

temperature for 5 hours. 3-aminopyridine (0.94 g, 10 mmol) was then slowly added to the

reaction mixture with constant stirring. The reaction mixture was stirred at room

temperature for another 5 hours. After evaporating the solvent in vacuum, the product

was obtained by washing the precipitate with 75% ethanol and water. The product was a

white solid with a yield of 71%. m.p: 123-125 °C.H NMR (400 MHz, Chloroform -E A w % w

11.56 (s, 1H), 8.71 (d, J = 2.6 Hz, 1H), 8.65 (s, 1H), 8.51 (d, J = 4.8 Hz, 1H), 8.26 (dt, J = 8.4,

2.0 Hz, 1H), 7.35 (dd, J = 8.3, 4.8 Hz, 1H), 4.03 (d, J = 6.5 Hz, 2H), 2t07.94 (m, J = 6.7 Hz,

1H), 0.98 (d, J = 6.6 Hz, 6H)**C NMR (101 MHz, Chloroform -E A w» whuA W6 W+ Owhuk + & Y

145.59, 134.58, 131.71, 123.26, 73.06, 27.75, 18.85.

4.2.5.Crystallizati on Experiments

4.25.1. Synthesis of methyl -N-[(3-pyridinylamino) thioxomethyl]
carbamate-1,3,5trifluoro -2,4,6triiodobenzene cocrystal (A1-D1)

Stoichiometric amounts of Al (2.5 mg) andD1 (24 mg) were ground in a 1:4 molar ratio

using solvent assisted grinding (SAG) and the resulting solids were analyzed using IR

spectroscopy. The solid mixtures were dissolved in chloroform (3 -4ml) and kept in small

vials for slow evaporation at room temperature to get single crystals. Crystals suitable for
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single-crystal X-ray diffraction were obtained after 5 ¢ 6 days. The melting point of the co-

crystal was 168170 °C

4.2.5.2. Synthesis of di-(ethyl -N-[(3-pyridinylamino) thioxomethyl]
carbamate)-1,3,5trifluoro -2,4,6trilodobenzene cocrystal (A2)2:D1

Stoichiometric amounts of A2 (2.5 mg) and D1 (23 mg) were ground in a 1:4 molar ratio

using SAG and the resulting solids were analyzed using IR spectroscopy. The solid

mixtures were dissolved in ethanol (3-4ml) and kept in small vials for slow evaporation

at room temperature to get single crystals. Crystals suitable for single-crystal X-ray

diffraction were obtained after 546 days. The melting point of the co-crystal was 152

154°C

4.2.5.3. Synthesis of isobutyl -N-[(3-pyridinylamino) thioxomethyl]
carbamate-1,3,5trifluoro -2,4,6triiodobenzene cocrystal ( A3-D1)

Stoichiometric amounts of A3 (2.5 mg) and D1 (20 mg) were ground using SAG in a 1:4

molar ratio and the resulting solids were analyzed using IR spectroscopy. The solid

mixtures were dissolved in ethanol (3-4ml) and kept in small vials for slow evaporation

at room temperature to get single crystals. Crystals suitable for single-crystal X-ray

diffraction were obtained after 3 weeks. The melting point of the co -crystal was 171-

174°C
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4.2.5.4. Synthesis of di -(methyl -N-[(3-pyridinylamino) thioxomethyl]

carbamate) 1,2,4,5tetrafluoro -3,6-diiodobenzene chloroform solvate (Al)2-D2
Stoichiometric amounts of Al (2.5 mg) and D2 (8 mg) were ground in a 1:2 molar ratio
using SAG and the resulting solids were analyzed using IR spectroscopy. The solid
mixtures were dissolved in chloroform (3 -4ml) and kept in small vials for slow
evaporation at room temperature to get single crystals. Crystals suitable for single-crystal

X-ray diffraction were obtained after 10 d ays. The melting point of the co-crystal was 158

160 °C.

4.25.5. Synthesis of ethyl -N-[(3-pyridinylamino) thioxomethyl]
carbamate-1,2,4,5tetrafluoro -3,6-diiodobenzene chloroform solvate (A2-D2)
Stoichiometric amounts of A2 (2.5 mg) and D2 (9 mg) were ground in a 1:2 molar ratio
using SAG and the resulting solids were analyzed using IR spectroscopy. The solid
mixtures were dissolved in chloroform (3 -4ml) and kept in small vials for slow
evaporation at room temperature to get single crystals. Crystals suitable for single-crystal

X-ray diffraction were obtained after 1 week. The melting point of the co -crystal was 106

108 °C.

4.2.5.6. Synthesis of di -(isobut yl -N-[(3-pyridinylamino) thioxomethyl]
carbamate) 1,2,4,5tetrafluoro -3,6-diiodobenzene chloroform solvate (A3)2-D2
Stoichiometric amounts of A3 (2.5 mg) and D2 (8 mg) were ground using SAG in a 1:2

molar ratio and the resulting solid was analyzed using IR spectroscopy. The solid mixture

was dissolved in chloroform (3 -4ml) and kept in small vials for slow evaporation at room
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temperature to get single crystals. Crystals suitable for single-crystal X-ray diffraction

were obtained after 1 week. The melting point of the co-crystal was 106108 °C.

4.3 Results

Molecular electrostatic potentials were used for ranking the donor and acceptor ability of
hydrogen-bond donors, halogen-bond donors, and acceptor sites by only considering the
electrostatic component. The RN-[(3-pyridinylamino) thioxo -methyl] carbamates targets
contain acceptors such as carbonyl oxygen atom(C=0), pyridyl nitrogen atom (N pyr), C=S,
as well as a hydrogen-bond donor, N -H (Fig. 4-1a-c). The sulfur atom of the C=S group
has two different regions of electron density as shown below. The two regions have
kJ/mol is calculated for A3. The halogen-bond donors range from 159 to 169 kJ/mol (Fig.
4-1d-e). The target molecules have multiple donating (215 to 218kJ/mol) and accepting
sites (92 t0-198 kJ/mol) and acceptors can be ranked in the order Nyr > C=S > C=0. The
guestion then is where will binding occur if we introduce XB donors as co -formers for co-

crystallization?
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Figure 4-1 Molecular electrostatic potentials (kJ/mol) of the targets (a-c) A1-A3 and (d-e) XB donorsD1-D2
respectively showing electron rich (red) and electron deficient (blue) regions.

We obtained crystals suitable for SCXRD analysis of A1 and A3. The crystal structure of
A2 has previously been reported “. In the crystal structures of A1-A3, the primary
intermolecular interactions were N HE Ny, complemented by an intramolecular N ¢
HE O hydrogen bond. In addition, all three structures form C -H---S=C interactions (Fig.
4-2a-c). Overall, connectivity in the crystal structures of the parent molecules show the
following preferred mode of interaction: (N -H---Npyr) as primary interaction generating
chain-like assembly and (C-H---S=C) dimer formation in all three targets. This matches
with the expected MEP-based interaction hierarchy which assumes that the best donar

preferentially binds to the best acceptor.
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Figure 4-2 Primary non -covalent interactions (in blue) in the crystal structures of (a) Al-(b) A2 and (c) A3.

Six co-crystals of each target compound with 1,3,5-trifluoro -2,4,6triiodobenzene (D1)
and 1,2,4,5tetrafluoro -3,6-diiodobenzene (D2) were synthesized: Al-D1, (A2)2-D1,
A3-D1, (A1)2:D2, A2-D2 and (A3)2-D2. In A1-D1, the hydrogen-bonded chains observed
in parent molecules between the adjacentAl molecules via Nt HE Ny interactions are
retained. In addition, the D1 donor acts as a crosslink betweenAl molecules through
|IE S=C and E O=C halogen bonds (Fig. 4-3a). In (A2)2-D1, the binding preference is
through |E Npy halogen bonds, while the parent molecules form dimers through N -
H---S=C and NH---O=C interactions (Fig.4-3b). It is worth noting that the N ¢HE Ny
hydrogen-bond in A2 is replaced by the new IE Ny halogen bond. Co-crystallization of

A3 and D1 also yielded co-crystals via IE Ny, and unlike in (A2)2-D1 where |E Npyr is the
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only halogen-bond, a IE S=C halogen bond is also observed. In addition, parent

molecules interact by forming (N -H---S=C) dimers.The remaining acceptor, (C=0) onA3,

does not participate in any intermolecular bonds of note.

Figure 4-3 Primary non -covalent interactions in the crystal structures of (a) A1:-D1, (b) (A2)2-D1 and (c)
A3.-D1.

The combination of D2, with the R-N-[(3-pyridinylamino) thioxomethyl] carbamates

resulted in the formation of three co-crystals. Furthermore, (Al)2-D2 appeared as a
solvate with a disordered chloroform in the asymmetric unit. Similar to Al1-D1, a
hydrogen-bonded chain is present between adjacent target molecules via NHE Npyr
interactions. In this co-crystal, the donor exclusively binds to the (C=S) accepor

providing a bridge between two target molecules through I---S=C (Fig. 4-4a). The same
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primary synthons and assemblies are present in the structure of A2-D2 as shown in (Fig.
4-4b). (A3)2:D2, on the other hand, yielded halogen bonded co-crystals via IE Npyr while

the parent molecules formed a dimer through N -H---S=C (Fig4-4c).

(b)

Figure 4-4 Primary non -covalent interactions (in blue) in the crystal structures of (Al)2-D2, (b) A2-D2 and
(c) (A3)2-D2.

4.4 Discussion s

All three crystal structures of the target compounds showed identical hydrogen -bond
motifs. A packing analysis was carried out to investigate the effect that aliphatic chains

with varying lengths (R= methyl, ethyl, and isobutyl) may have on synthon robustness.
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The crystal structures of A1 and A2 contain layers that stack on top of each other with no
notable interlayer interactions. Furthermore, the alkyl groups (in green) point towards
each other as seen in the packing units ofAl and A2 (Fig 4-5a. and b.). ForA3, similar to
the methyl and ethyl groups, the isobutyl groups point toward each other (Fig 4-5c).
However, because there aretwo symmetry independent molecules present in the
asymmetric unit, the tails can be differentiated (indicated by blue and green coloring in
the figure). Also, because of the bulkier nature of the isobutyl group, the molecules
aggregate into hydrophobic la yers of the alkyl chain and pi -stacked layers of the aromatic
rings. Packing index was calculated using PLATON 4 and was used to characterize
total efficiency and compactness of thepacking in the targets. The packing index was
found to be 70.3 % forAl, and 66.4% forA2 and A3. Overall, the packing was similar in
all three target structures despite increasing the alkyl chain length, but it is noticeable that
packing efficiency was slightly reduced in the structures of the compounds containing

ethyl and isobutyl groups.
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Figure 4-5 Crystal packing in target compounds (a-c) A1-A3

In A1-D1 and A3:-D1, the target molecules assemble into chains andD1 provides a
crosslink between adjacent chains (Fig.4-6a, c). Unlike in A1-D1 and A3-D1, in (A2)2:D1
the target molecules aggregate to form sheets connected byD1 molecules (Fig.4-6b).
Despite having differ ent intermolecular interactions, the co-crystals adopt similar

packing, (Fig. 4-6a-C).
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