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AA crystal is |like a class of children arranged
whol e has regul arity bot h i n ti me and space,
~ Dame Kathleen Lonsdaie Crystals and XRays(1948).22

All the work of the crystallographers serves only to demonstrate that there is only variety everywhere
where they suppose uniformity ... that in nature there is nothing absolute, nothing perfectly regular.
~ Comte Georgekouis Leclerc de Buffon itdistoire Naturelle dedlinéraux(1786).3, 433

iOne can ask: il f I cr yst ating bf zhe maecules thaursaketup theo bt a
virus, are those mol ecules | ifeless or not 20 é T
of mol ecul es. ltdés very difficult to draw a | ine

notl i f el ess. 0
~ Linus Pauling irBioSciencg1986).36, 738.

il shall never forget the sight. The vessel of
wated that is, dilute watelglas® and from the sandy bottom there strove upwards a grotesque little
landscape of variously colored growths: a confugedetation of blue, green, and brown shoots which
reminded one of algae, mushrooms, attached polyps, also moss, then mussels, fruit pods, little trees or
twigs from trees, here, and there of limbs. It was the most remarkable sight | ever saw, and lemarkab

not so much for its profoundly melancholy nature. For when Father Leverkiihn asked us what we thought
of it and we timidly answered him that they migh
that way. But do not think the less of thérecisely because they do, because they try as hard as they
can, they are worthy of al | respect. o It turned
origin; they existed by virtue of chemic
~ Thomas Mann ifiDoktor Faustus (1948). 19



ABSTRACT

Isoniazidis the primary drug used for the treatment of tuberculosis. Covalent modifications to
the amine group of isoniazid are currently under investigatiolsach modifications have be
shown to render the druegffective against multiplerugresistant strains oMycobacterium

tuberculosis

In this thesis, crystal and @oystal engineering was applied to synthesize crystals and co
crystals of covalentlynodified isoniazid Isoniazid was modified by bulky modifiers, namely
benzophenone and benzophenone derivatives, and crystallized in the absence and presence of co
formers. A series of cecrystals of modified isoniazid was prepared and their supramolecular
structures weretgdied. All cacrystals were synthesized with salicylic acid and cordvelr the
dimensionalityof packingwas achieved. It was found that the benzophenone modifiers sterically
masked the amide functional groups from participating in any intermolectdaacdtions. This

steric masking is predictable and consistent and provides a general method whereby an amide

functional group can be sterically blocked from intermolecular interactions.

The effects of reaction and crystallization conditions on the supeanral structure of isoniazid

are also reported. Several pairs ofargstals of modified isoniazid were synthesized under
different crystallization conditions. Change in reflux time of the reagents resulted in
stoichiometric variation in the resulting -coystals. The addition of excess reagents as an
additive resulted in polymorphism. Addition or absence of an acid catalyst either promoted or
prevented solvate formation. The addition of either one or two methyl groups to the
benzophenone aromatic ringsddnot substantially alter the packing patterns of the crystal

structures.

As the presence of dormers may either enhance or inhibit the bioavailability of pharmaceutical
drugs, the covalent modification of isoniazid was repeated in the absencdaniess. The
covalent modification without eormers presented several synthetic difficulties and use of new
catalysts and the development of new synthetic strategies such as refluxingpnesigiire glass
vials were developed. A full structural study dre tcovalently modified isoniazid crystals is

reported.



Side reactions of benzophenone were observed during the crystallization of isoniazid derivatives.
These resulted in the formation of benzophenone azine crystals. The origin and mechanism of
the formaton of these benzophenone azine crystals were determined to occur viss&@gwo

photodimerization process. The benzophenone azine crystals were found to be held together

through weak interactions and a structural study of the packing of these crystedpovied.

4-Aminoantipyrine is a pharmaceutical drug previously used as an antipyretic and is considered a
prophylactic against oxidative stress. Two of its derivatives, aminoantipyrine -#N¢N4
dimethyl}aminoantipyrine, have been used as analgesiaatiihflammatory drugs since the

late 19" century. Their concurrent use with aspirin is particularly beneficial as they have been
shown to prevent or attenuate the goiéitelet effects of aspirin. However, their use has been
discontinued due to side effects and this discontinuation warranterfatiudies of methods to
possibly increase the bioavailability and alter the physical properties of the drug, including via
covalent modification and ecrystallization To date, all reported attempts atagstallizing

this drug have failed.

In this stuly, c-crystal design strategies were developed to synthesize the ficsystal of 4
aminoantipyrine, and thmethods leading up to the successful supramolecular synthesis of 4
aminoantipyrine with cdormers are detailed. The synthesis of two novelkssalf 4
aminoantipyrine and two eorystals of covalently modified-dminoantipyrine are also reported.

A series of crystals of covalently modifiedaninoantipyrine were also synthesized and a full

structural study of these crystals is presented.
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STRUCTURE AND OUTPUTS OF THE THESIS

There are two styles of writing in this thesis. The introductory chapter (Chapter 1), the literature
review (Chapter 2), the experimental methods (Chapter 3) and the conclusion (Chapter 9) are

written in a uniform style.

The central chapters consist ok giublications that have either been published, submitted, or
prepared for submission in well known accredited peelewed crystallographic journals. In

two of the papers, the reviewersodo comments a
final resubmi ssion to the journal. These centr
knowledge in the field of research and form the heart of the thesis. The advantage of presenting
the six publications as chapters is that the most important isddescriptions and conclusions

from a large amount of work done during this PhD have been concisely presented. Each chapter
is presented in the format required for submissiorChystal Growth and Desigfthe primary

journal to which the papers have bemibmitted) and may vary from the format found in the

introductory chapters.

Each publication presented in this thesis is preceded by a summary in which the journal name,

publication status and a synopsis of the work is described.
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Chapter 1: Introduction and Aims

1.1 Overview

Crystal and cecrystal structures cannot be easily predicted from maecsttuctures. Small
changes in crystallization conditions can hawgpredictableresults on the supramolecular
packing and structure of a crystal oragystal. Thefield of crystal and carystal engineering

has arisen in an attempt to understand the processes of supramolecular synthesis and to develop
design strategies to elucidate predictable and exploitable mechanisms for crystallization and co
crystallization proesses. These processes are particularly important to the pharmaceutical
industry, as supramolecular structures such as salts arwlystals often improve the
bioavailability of active pharmaceutical ingredients (APIs). The work presented in this ghasis i
contribution to the development of-coystal design strategies and to the understanding-of co
crystal and crystal structures of isoniazid;ainoantipyrine, benzophenone and their

derivatives.



1.2 Cocrystals, salts and solvates

For many yearshe definition of a cerystal has been debatadd until recently, there has been

no clear consensus. In 1985, Kitaigorodskii broadly defmedc r y st a | as fia mi Xe
contains two different moleculegKitaigorodskii 1981). Desiraju expressed concern that the

t er mc My odlsawrdoi t(t en as 0 cocr ysldoselyand stressed thetneed n g
for consensus on sevem@lystallographic tens for which the meaning is ambiguous. Although

he supported therwsd adfo twhe chehmhmdigai ned mu
warned that terms which are fAscientifically

properly debated and discadlif necessar{Desiraju, 2003)

Aakerdy later expanded the definitiof co-crystals to include only reactants that are solids at

room temperature, but excluded hydrates, solvates and clatthate=ty and Salmon, 2005)

In contrast Zawarotkoet al proposed a broader definition in the context of phasugcal ce

crystals and defined phaareutical cec r y s t acb-systats shat fare formed between a
molecular or ionic APlandaebor mer that i s sol i ¢Almaresdneand a mb i
Zaworotko, 2004) This definition clearly includes several classes of supramolecular solids,
including salts, hydrates, solvates and clathratedlessens the ambiguity of the definition.

More recetly, Aitipamulaet al. proposed a definition for eorystals of APIs and defined <o

cr y st solids thaa are cfystalline single phase materials composed of two or more different
molecular and/or ionic compounds generally in a stoichiometric ratio wdasiemeither solvates

nor simple saltd (Aitipamula et al, 2012) In their comprehensive discussion on
crystallographic nomenclature, they also provided clear definitions for classifications of several
other solid forms of APIs such as polymorphs and salts. Polymorphs wareddas different
crystalline forms of the same substance, including hydrates and sobalisswere defined as
AAny of numerous ¢ ompoun d Parttohakdf the aeid hydragen bfr o m
an acid by a metal or a radical acting likenaetal; an ionic or electrovalent crystalline sobd.
Aitipamula concluded that ecrystals should be broadly defined and should be grouped with
salts, but conceded that separating salts anddcoy st al s i nto sever al A c
thought and dbate. A schematic diagram showing the several solid forms proposed by

Aitipamula is shown irFigure 1.1
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Anhydrous/nonsolvated
forms & their polymorphs
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| Hydrated/solvated
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Sakts | salts & their polymorphs

| Multi-component
\ P Co-crystals of salts &

| their polymorphs,
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Anhydrous/nonsalvated
[ co-crystals & their polymorphs

Hydrated/solvated co-crystals

Solid forms of APIs | &their polymorphs
| Co-crystals | _

Co-crystals of salts &
their polymorphs,
solvates and hydrates

Single-component Anhydrous/nonsolvated

- Hydrates/solvates
~—| Amorphous [ —_——
' Multi-component Salts

Amorphized co-crystals

Figure 1.1: Solid forms of APIs. A adaption of achematic diagram proposed by Aitipamula
et al. showing the several solid forms of activeapmaceutical ingredients (APIs). Diagram
adaptedrom Cryst. Growth Des(2012).12, 21471 2152

Recentl vy, in 2016, inspired by Aitipamul abs
Acl asseso of S upr ama lale prepbsadr a dassificatobrs syste@rfart h e
multicomponent crystals comprised of three classes, nametyystals, salts and solvates,

having seven sublassegGrotheet al, 2016) According to Grothe:
1) A co-crystal contains only cdormers

2) A co-crystal solvatecontains two or more efmrmers and one or more solvents, but no

ions. This wouldnclude hydrates, with water as a solvent.



3) A co-crystal salthas one or more ef@rmers, two or more ions, but no solvent

molecules.

4) A co-crystal salt solvatehas one or more solvents, two or more ions, and one or more

conformers.
5) A salt contains only ions.
6) A salt solvatecontains ions, solvent molecules, but nef@aners.

7 A solvatecontains exactly one eormer, with one or more solvent molecules, but no

ions.

A schematic diagram published by Grothe that allows for the easpaliziation of his

classification system is shown kigure 1.2

multicomponent crystal
classification

true solvates

A (liquid)
cocrystal
solvate B (solid)

A (sohd)
cécr stal

B (solid)
C (llquld

salt solvate
A (solld)

D (llqmd)

salt solvate
A (llqmd)

cocrystal
salt

A (solid)

BYC

Figure 1.2: The classification system published by Gro#teal showing the three classes of
solids (cacrystals, salts and solvates), andirtlseven subclasseBiagram takerdirectly from
Cryst. Growth Des(2016).16, 32371 324 3.

4



While the differences between the stlasses may often seem trivial, Vishweshwar points out
that the differences between salts;cegstals, solvates and hydrates can have a profound effect
on the stability, physical properties and bioavailability of #fs, and these distinctions are
therefore critical to the pharmaceutical indugiishweshwaret al, 2006)

1.3 Knowledgebased cecrystal design and synthon theory

Wood et al summarized the advancementkofowledgebased approaches to supramolecular
synt hesi s Knawledyebasedmmpmaches td -avystal design (Woodet al, 2014)

He described the development of synthon theory fileestudies of Margeret Etter to the usfe
modern search engines iretform of theCambridge Structural Databag€SD) andConquest
(Groom and Allen, 2014)

Etter proposed three general rules that applied to hydrogen bonding. First, she hypothesized that
al | fgoodo proton donors and accadlgtthatrsee ar e
memberedntramoleculathydrogen bonded rings are favoured over intermolecular interactions.
And finally, she hypothesized that onceialiramoleculahydrogen bonds had formed, then the
remaining donors and acceptors would form intermolecular hydrogen Kiétids 1990) She

also described a hierarchy where particular donors, such as carboxylicaadidsnidesare

favoured with aceptors such as acid and amide carbonyl groups and sulfoxides. She noted that,
i n general, the fnbest donorso are wusually p

modified isoniazidcee r y st al where Etter 60dgiguredll3es are app
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Figure 1.3: Hydrogen bonding in a modified isoniazid-ciystal. The three hydrogen bond
acceptors, 02, O3 and O5, are involved in intramolecular bonding to form six membered rings
rather than forming intermolecular bonds. The remaining acceptorjsNBen involved in
intermolecular bonding. O1 would generally form hydrogen bonds, but here it is sterically
blocked from intermolecular interactions, as discussed in Chapter 4.2.

The term Asupramol ecul ar synt honedsupvanelectildr r st
synthons as structural units within supramolecular structures that can be assembled by known or
conceivable intermolecular interactions and that such synthons should be robust enough to apply
to different hydrogen bonding networ{@esiraju, 1995)Supramolecular synthons may involve

two identicalfunctional groupghomosynthons) or differefainctional groupgheterosynthons).

Zawarotko and Aakély | at er devel ope-tasedd aWdsailing kowe wl e
synthon theory can be utilized in-coystal design sategies(Almarsson and Zaworotko, 2004

AakeBy and Salmon, 2005; Aaker@t al, 2001, Aakedy, 1997 Vishweshwaret al, 2005

Cheneyet al, 2011) The flowchart, published by Woo& shown inFigure 1.4 (Wood et al,

2014)

A search for robust synthons is possible on the C8Bere hydrogen bonding of various
functional groups can be analyzed and the statistical data fomksyothons can be determined.

For example, analysis of CSD data shows that the probability of hydrogen bond formation
between a carboxylic acid and a pili ring is 91%(Nangia, 2009)Aakertyet al. reported a

study which included a search of-crystals containing the acetaminopyridine and carboxylic



acid functional groups, and in &B of the compounds, the crystals were constructed via the
carboxylic acidi pyridine heterosynthon. He also reported that in arhaked moieties faced
with several Co0 or "OH hydrogen bond Jaccep!
pyridine synh o n , the remaining N H donor shows a p
aci d (Makeoyetal, 2007) This information is extremely useful in choosing a suitable co

former for the assembly of a-@oystal.

Co-former 1
Co-former 2
Co-former 3
Co-former 4
Co-former 5
Co-former 6
Co-former 7

B

& [
A

Select Compare
| | Assess homo- ; Assess
functional | interactions in cgﬁfsgﬁlﬁ likelihood of Tﬁg%é%%tsrg
groups in pure structure funthJionagI’ . heterp- pick co-
target : of target groups interactions fortriors

{7 L

Figure 14: The flowchart for knowledgbased supramolecular assembly. Diagram taken
directly fromCrysttngComm(2014).16, 58395848

1.4 Pharmaceutical cacrystals

Co-crystals have become of great importance to the pharmaceutical industry in the last five
years, and carystal engineering is rapidly becoming one of the most active fields of research
within the industry. It is well known ithe pharmaceutical industry that changing the structure

and composition of an active pharmaceutical ingredient has a significant influence on the

physical properties, and therefore, the bioavailability of the (kagerdy and Beatty, 2001)



Poor solubility of APIs is a primarghallenge facing the pharmaceutical indug@yao et al,

2011) Low solubility generally resudt in poor bioavailability, which may cause dosage
complications, unforeseen pharmacological effects and the administration of higher doses of the
affected drugs, with increased side effects. Sanphui and Nangia reported that over two thirds of
all recentlydiscovered drugs that are in the development phase experience solubility problems.
They also remarked that salts andcegstak present an immediate solution to the solubility

problem due to their high solubility, stability and ease of syntti€sisphui and Nangia, 2014)

As with salts co-crystalsoftenhave higher stability and sddility than their pure pharmaceutical
ingredients. With regards to isoniazid, Sarcewetal observed that the solubility efoniazid

that has been eorystallized with a dicarboxylic acid approximates the solubility of the
dicarboxylic acid, although they conceded that the thermodynamic stability and crystal structure
of the cacrystal also play a role in the solubility of -coystals (Sarcevicaet al, 2013)
Sarcevicads research gr oup -drystalsoflisoniazid,am have der
recognised that efbrmers of isoniazid, for exampteans-cinnamic acid, act synergistically with
isoniazid and that corystallization with such cformers may enhance multidrug resistant

treatmen{Sarceviceet al, 2013)

Shan and Zawarotko have presenssleralcase studies thatlearly demongrate how the
solubility, stability and bioavailability of API crystal forms can be enhanced through crystal
engineeringShan and Zaworotko, 2008 addition to the improvement in bioavailabilityg-c
crystals can be usead deliver pharmaceutical drugs that are not acidic or basic enough to form a
salt, as well as other applications such as ifmaion and purification of APIs, where

homochiral cecrystallization can be used to separate enantio(Ralsvicset al, 2012)

However, crystahnd cocrystal structures cannot be easily predicted from molecular structures.
Very little is yet known about how or when-coystals will form, and the syhesis of specific
desired cecrystals of APIs is difficul{Lemmereret al, 2011) Crystal structures are not related

to molecular structures in simple ways. The way in which a molecule crystaldipeads on the
nature and position of every functional group in the molecule or mole(Disraju, 2013)
Without the systematic and modular study of functional groups, crystal acnystal structures
must be dtermined empirically. For examplgaracetamolwhen crystallized from acetone will

always forma stable monoclinic crystal structure. When crystallized from methanol, the crystals
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will have a metastable orthorhombic layer strucii@eldyreva, 2003)The two polymorphs of

paracetamol are shown kigure 1.5.

Some recent work has been conducted using computational methods. These methods are based
on searching for the most thermodynamically stable crgstatture. Although these methods do
provide predictions of crystal structures, many structures may be very close in energy, providing
unreliable predictions. Furthermore, there may be no routes to nucleating and growing such
structures. (Price, 2014)

In summary, no tried and tested method exists to ensure successful synthesesystals. As
mentioned in Section 1.3, synthon theory has been recently developed in an attempt to predict
the statistical probability of hydrogen bonding, but there is a diogtage of data regarding
intermolecular forces and hydrogen bonds between different functional groups, and synthon

theory is certainly far from well developed.

Figure 1.5: Two polymorphs oparacetamolDiagram taken directly frord. Mol. Struct(2003).
647, 159 179



1.5 Covalent Assisted Supramolecular Synthesis

1.5.1 Covalent assisted supramol ecular synthesis

Covalent assisted supramolecular synthesis can be defined as the covalent modification of one
part of a molecule with the purpose of gaining control over some aspte supramolecular
synthesis of another part of the molecut®, example, the alteringf the hydrogen bonding
characteristics of a functional grgupogether with the corystallization of the modified

molecule with aco-former(Lemmereret al, 2011)

To illustrate, consider the isoniazid molecule showifrigure 1.6. Isoniazid typically has five
potential hydrogen bonding sites, shown by the dotted lines. The amide group, stibwirtlzs

diagram, is frequently involved intermolecular interactions. To block these intermolecular
interactions, the two hydrogen atoms show\aould be replaced by two more bulky ligands,

for example, methyl groups or aromatic rings. This covalemiification sterically blocks any
adjacent molecule from approachiBy The amide functional grou®, is then said to be
sterically fAmaskedo f r om(Lemmegreret alt2011)nThit escc ul ar
crystal engineering technique of sterically modifying one part of a molecule to control the
supramolecular assembly of another part of the molécde r ef erred to as i

supramol ecul ar synthesiso.
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Figure 1.6: A molecule of isoniazid. Covalently modifying the terminal nitrogen atdmby

replacing the two hydrogen atemvith more bulky groups has an effect on the intermolecular
interactions of the amide group,

1.5.2 Benzophenone and its derivatives as covalent modifiers

While the covalent modification of isoniazid has been studied, there is no detailed or sgstemati
study of the effect of bulky groups in particular on the supramolecular synthesis of isoniazid.
The need for such data prompted ardépth study of bulky groups and their effects in the
covalent assistance of isoniazid, and a series of benzophenoiits dedvatives were chosen

for this study. Benzophenone and its derivatives are not pharmaceutically active, but were

11



chosen pmarily for their steric effects when modifying isoniazid. Benzophenone and its
derivatives are nNnGenerally Regarded as Safe
API studies in this respe(Burdocket al, 1991; Elder, 1983)

While experimenting on the covalent modificationisdniazid, a variety of crystals were often
found to be formed simultaneously during crystallization. In addition to the desired modified
isoniazid moiety, crystals were also harvested that were found to be benzophenone azines
(Figure 1.7). This prompted urther investigation into the behaviour of the benzophenone
derivatives, and this study was thus extended to investigate the formation of crystals of side
products of benzophenone and its derivatives produced during the covalent modification of
isoniazid,in order to obtain a comprehensive and complete knowledge of all processes involved
during the covalent assisted supramolecular synthesis of isoniazid with these bulky groups. The

eight benzophenone derivatives that were used in this study are shoaienl.1

() (b)

Figure 1.7: (a) Benzophenone and (b) benzophenone azine.
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Table 1.1 The eight benzophenone derivatives used in this study.

sge

Benzophenone

%

4-Methylbenzophenone

Jegel

4 , -Biethylbenzophenone

;o

OH
4-Hydroxybenzophenone

OH O OH

2 , -Rildydroxybenzophenone

;o

NH,

4-Aminobenzophenone

HzNNHz

, -Bi@minobenzophenone

;

N

4-(Dimethylamino)benzophenone
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1.6 Isoniazid and its derivatives

Isoniazid (isonicotinic acid hydrazide)s the front-line chemotherapeuticdrug used in the
treatment of tuberculosis in South Africa. Howewdcobacterium tuberculosis becoming
increasingly resistant to isoniazid, and it has become urgent that drugs whieffeatve
against resistant strains of the bacteria are developed. It has been reported that the covalent
modification of isoniazid is an effective way to enhance the efficddhe drug against these
resistant straingSuaez et al, 2009 Hearnet al, 2009) Isoniazid is a predrug, and must be
activated by the bacterial catalgseroxidase enzyme called KatG iNlycobacterium
tuberculosis KatG attaches to the isonicotinic acyl group witie reduced form ohicotinic
adenine dinucleotide (NADH) to form an activentplex. However, MNarylaminoacetyl
transferases (a different class of enzyme), rapidly acetylate the amino position of isoniazid,
prevening the reaction with NADH. This decreases the efficacy of isoniazid, resulting in drug

resistancéSuarezt al, 2009 Hearnet al, 2009)

However, if the isoniazid is reacted with an aldehyde or ketone group, théuNEttional group
is replaced with an imine groufrigure 1.8), and the modified isoniazid becomes structurally
blocked from the effects of the-&rylaminoacetyl transferases, resulting in a drug which may be

effective against drugesistant tuberculosis strai(Buarezt al, 2009 Hearnet al.,, 2009)

NH, N

N N

= =
N N

(@) (b)

Figure 1.8: (a) The structure of isoniazid and (b) covalently modified isoniazid.
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In addition to such covalent modification, the bioavailability of the modified isoniazid may be
further enhanced by exrystallizing it with a ceformer, as discussed in Section 1.4. From a
crystal engineering point of view, the pyridine ring of isoniasidn excellent hydrogen bond
acceptor to the carboxylic acid group, as well as to other functional groups. The hydrazide group
of isoniazid also has potential to hydrogen bond through its oxygen and nitrogen atoms, and has
three hydrogen atoms which caat as donors. Thus, from a synthon perspective, isoniazid is an
ideal choice for studies of emrystal formation and crystal engineerifiashhadiet al, 2014)

In 2010, Grobelnyet al s t a t e @ithouhany doubt there is a need for novel therapeutic
agents and/or combinations based on drug substances already available for the treatment of
TB.O (Grobelnyet al, 2011)

The covalent modification akoniazid with a ketoner aldehyde occurs via an aetdtalyzed
condensation reaction. The reaction starts with a nucleophilic attack on the carbonyl group by the
amine nitrogen to form an unstable carbinolamine moiety, followed by acid catalyzed
dehydration to form an iming<avier and Srividhya, 2014This resulthg imine will be referred

to throughout t hi s t .hTeesmeshansm of Govededt imbdifieation is s 0 n

shown inFigure 1.9
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Figure 1.9: The mechanism for thecid catalyze@ovalent modification of isoniazid form an
imine (modified isoniazid).
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1.7 4Aminoantipyrine and its derivatives

4-Aminoantipyrine (4AAP) is an API with powerful antipyretic (fevereducing) properties
(Acheson, 196Q)and is considered a prophylactic against oxidative s{iemsget al, 2011a)
Two of its derivatives, aminoantipyrine ane(M,N-dimethyl}aminoantipyrine, have been used
as analgesic and asitiffammatorydrugs since the late {9century. Their concurrent use with
aspirin is particularly beneficial as they have been shown to prevent or attenuate-fiateleti
effects of aspirinHohlfeld et al, 2008) However, despite the many documented therapeutic
benefits, thee pyrazolones have been associated with agranulocytasisacute condition
involving a severe lowered white blood cell cousridtheir use has beelargely discontinued
(Tenget al, 2011b) This has sparkedeveral attemptso synthesize salts and -coystals of
4AAP (Huo, 2009) as well as a drive tproduce covalently modified derivatives 4AAP
(Deshmukhet al, 2015) Deshmukh commented that due to the significant benefiA&iP
derivatives, and their interactions with DNA, the precise nature and structures of thée S
b as es rdamarkalbef impértanae (Deshmukhet al, 2015) The desired modification of
4AAP to prepare pharmaceutically significant derivativebyighe covalent addition of adducts

to the 4amino functional group shown Figure 1.1Q

; N\
AN Om/
\ _
\V>:§ R,—N
H,N I

Ro

Figure 1.10: Structure of 4aminoantipyrine (4AAP) and its derivatives.The desired
modification of 4AAP is by the covalent addition of adducts &Rd/or R) to the 4amino
functional group.
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In addition to its pharmaceutical interest, 4AAP is an interesting candidate for crystal
engineering due to its high reactivity with ketones adéfades and its subsequent reluctance to
form molecular salts or eorystals. It reacts readily with ketones and aldehydes at room
temperature, and its reactive properties have made it useful as a nitrogen scavenger species
against hydroxyl radical§Santoset al, 2010) To date, 251 derivatives of 4AAP have been
reported inthe CSD (version 5.39)where the modifying adduct has attached to the amino
nitrogen atom. Yet, despite the drive to synthesize salts andystals of pharmaceuticals such

as 4AAP, only five molecular salts of 4AAP have been reppdedhich two are simple salts
with halide courgr-ions(Table 1.2. No co-crystalor complexof 4AAP in which all species are
neutralhas ever been reportethe scarcity of salts cfAAP and the complete absence of any
co-crystals of the species aie partdue to the fact that it reacts covalentlyttwmany of its
potentialco-formerrather than carystallizing on a supramolecular basis.

Therefore, it is clear that a -@vystal design strategy for the supramolecular synthesis-of co
crystals (and salts) of 4AAP should be developed. There is ate®d to prepare covalently

modified derivatives of 4AAP, and for a study of their molecular and supramolecular structures.

Table 1.2 Reported salts of-dminoantipyrine

Salt CSD Reference Code Reference
aminoantipyrine4-aminium | HUKTIS (Chitradeviet al, 2015)
chloride

aminoantipyrined-aminium | PAXSOY (Yanget al, 2012)
bromide monohydrate

aminoantipyrine4-aminium | EVOLIL (Murtazaet al, 2011)

thiourea chloride

aminoantipyrined-aminium

2 , -@ithiobenzoate

PUGHEF, PUGHEFO1

(Huoet al, 2009)
(Fazilet al, 2012)

aminoantipyrine4-aminium

salicylate

DUHYOV

(Chitradeviet al, 2009)
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1.8 Carboxylic acids as cdormers

The carboxylic acid pyridine (COOH --N,y) heterosynthon is well known, and is shown in the
example inFigure 1.11. Statistically, from analysis of CSD structurgbe probability of
hydrogen bond formation between a carboxylic acid and a pyridyl ring igNa#gia, 2009)In
particular, nany succesful attempts at @crystalization of isoniazid withbenzoic acids have
been reported in which this heterosynthon has been Asssinprehensive list of atarboxylic
acid co-formersof unmodifed isoniazideported on the CSQversion 5.39)to date (February

2018), including their references and CSD reference codes, are ligtablénl.3

Figure 1.11: The robustCOOH:-:-N,,, heterosynthon between isoniazid anty2iroxybenzoic
acid.

Table 1.3 All reported carboxylic acid cormers ofunmodified isoniazid on the CS@ersion
5.39)with their corresponding CSD reference codes and literature references.

Year | Co-former CSD Reference Code | Reference
2008 | 2,2-dithiodibenzoic acid BIZMAZ (Menget al.,, 2008
2010 | malonic acid FADGEY (Lemmereret al, 2010)
succinic acid FADGIC, FADGIC02
glutaric acid FADGOI
adipic acid FADGUO
pimelic acid FADHAV
4-hydroxybenzoic acid FADHEZ
2,4-dihydroxybenzoic acid FADHID
2011 | 4-aminosalicylic acid URUDER, (Grobelnyet al., 2017
URUDEROXURUDER10
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2012 | salicylic acid LATKUO (Lemmerer, 2012)
2-chloro-4-nitrobenzoic acid LATLEZ
2012 | fumaric acid LATTAD (Cherukuvadat al, 2012
2013 | 3-(4-hydroxyphenyl)acrylic acid | PEHFUF (Ravikumaret al,, 2013
2013 | 4-hydroxybenzoic acid BICQUB, BICQUBO01, (Aitipamulaet al, 2013
LATTADO1, LATTADO2
nicotinamide / succinic acid BICQUA
(ternaryco-crystal)
Nicotinamide / fumaric acid BICQEL
(ternary cecrystal)
2013 | benzoic acid SETRIU (Sarcevicaet al, 2013
sebacic acid SETROA
trans-cinammic acid SETSAN
SETSANO1, SETSANO2
suberic acid SETRUG
2014 | 3,4,5Trihydroxybenzoic acid LODHOD, LODHODO1 (Kauret al, 20149
2014 | 2,3-dihydroxybenzoic acid BOMBOW (Mashhadet al, 2014
3,5dihydroxybenzoic acid BOMBUC
3-hydroxybenzoic acid BOMCAJ
3,4,5Trihydroxybenzoic acid LODHODO02
2014 | ferulic acid FOSFIE (Swapneet al., 2014
vanillic acid FOSFUQ, FOSFUQO1
caffeic acid FOSMIL, FOSMILO1
2016 | adipic acid FADGUOO1 (Sarcevicaet al, 2016
2016 | 3,4-dihydroxybenzoic acid EJOYEV (Mashhadéet al., 2016
2017 | benzenel,2,4,5tetracarboxylic | VEGHOH (Cunhaet al.,, 2017
acid
2018 | 4-cyanobenzoic acid ACUDAG (Diniz et al, 2018

4-aminobenzoic acid

4-nitrobenzoic acid

ACUDEK, ACUDEKO01
ACUDIO
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When considering a suitable-éarmer for the synthesis @aminoantipyrinejt was noted that
Hemamaliniet al successfully c@rystallized various aminobenzoic acid¢in particular, 2
aminobenzoic acidyith a series ominopyridines (excluding 4AAP). This study showed that
the carboxylic acid functional grpuon 2aminobenzoic acid is potentially capable of forming a
robust heterosynthon with either the amine or with the carbonyl functional groups of molecules
with the aminopyridine backbor(#lemamaliniet al, 2014) Based on Hemamal i
aminobenzoic acid mayherefore be considered a potentiallyood choice as a possible
heterosynthon for corystals of 4AAP Furthermore, the molecular packing mea¢é carboxylic

acids have been extensively studied and documented and the most importantandmo
heterosynthons have been described in detail by Leiserfiveitzerowitz, 1976)and the use of
carboxylic acids as the dormer of choice with isoniazid an¢AAP can thus be considered a

knowledge based approach teagstal engineering

Carboxylic acidswvere therefore chosen to be thefoomers for all cecrystal syntheses in this
study. Benzoic acids were chosen adarmers to cecrystallize with modified isoniazid, and a
range of carboxylic acids were investigated as possibiorowers for the supraolecular

synthesif multicomponent crystalsf 4AAP.

1.9 Dimensionality of packing

A crystal or cecrystal will pack as a -8imensional (3D)hydrogen bondedetwork, a 2
dimensional (2D) sheet, adimensional (1D) chain or tape (also referred to as a ribbon), or as
zeradimensional (0OD) entities, depending largely on the number of hydrogen bonding sites
between the caorystallizing molecules. 3Dhydrogen boneld networks are infinite three
dimensional supramolecular structures which are connected by three or more hyabodsn
whereas 2D sheets are infinite tgonensional structures. A 1D chain is an infinite -one
dimensional structure where molecules areneated by a single hydrogen bond, whereas a 1D
tape (or ribbon) refers to infinite orw@mensional structures connected by two or more hydrogen
bonds, where these hydrogen bonds are essentiafijanar(Burrows, 2004) Examples of each

type of pa&king dimensionality are shown kigure 1.12.
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(d) (e)

Figure 1.12: Examples of dimensionality of packing. (a) -Gugystals with 0D packing
dimensionality. (b) A 1D chain. (c) A 1D tape (dvbon). (d) A 2D sheet. (e) A 3D network.
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1.11 Aims and objectives of this study

The aims of this studyere to contribute to the development of crysiabl co-crystal design
strategies and to the understanding of crystal eodrystal structures of iswazid, 4

aminoantipyrine, benzophenone and their derivatives.

Crystal design involves the synthesis of crystal structures with desired prodeated, on an
understandingf, and use ofntermolecular interactionsCo-crystal designinvolves a study of

the processes of supramolecular synthesis and to develop design strategies to elucidate
predictableand exploitable mechanisms for-coystallization processes.

In particular,the specifimbjectives of this study were to:

1 Prepare cearystals of covalently modified isoniazid using bulky modifierarely
benzophenone and derivatives of benzophenamég¢xamine how these bulky modifiers
and crystallization conditions affect the supramolecular structure of tbeystals.
(Chapter 4)

1 Crystallize and perform a structural study of isoniazid that has been covalently modified
with benzophenone and its dexiives.
(Chapter 5)

1 Examine the formation of the crystalline benzophenone azinepsidieicts formed
during the covalent modification and-coystallization of isoniazid.
(Chapter 6)

1 Develop a design strategy for the supramolecular synthesig-ashinoantipyrine.
(Chapter 7)

1 Crystallize and perform a structural study of covalently modifi@sdnoantipyrine.
(Chapter 8)
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Chapter 2: Literature

2.1 The crystal structure of isoniazid

The crystal structure dboniazidwas first published ithe Journal of the American Chemical
Societyby H. Jensen in 1954. Crystals of isoniazid were described as well developed needles
extended along the-axis. The unit cell was found to be orthorhombic with dimensers
11.33A, b = 14.74 A ,c = 3.84 A and aP2,2,2; spacegroup (Jensen, 1954)The crystal
structure of isoniazidHijgure 2.1a) shows four hydrogen bonding interactions of isoniazid, via
the pyridine nitrogen atom (hydrogen bond acceptor), the ampdoogen atom (donor), the
amino nitrogen atom (acceptor) and the hydrazide hydrogen atom (ddatir)NH, hydrogens

are involved in hydrogen bondin@he single crystal structure of isoniazid does not show any
hydrogen bonding interactions of the carplooxygen atom, but it has been demonstrated via
shifts observed in gibrational spectroscopy study that there is, in fact, hydrogen bonding of the
carbonyl oxygen atongAkalin and Akyuz, 2007)Examining the short contacts in the crystal
structure suggests a weak bifurcated I&:--O interaction between the carbonyl oxygen atom
and two hydrogen atoms of an adjacent pyridine rigure 2.1b).

(a) (b)
Figure 2.1 The crystal structure and hydrogen bonding of isoniazid (CSD ref: INICAC1). The
hydrogen bonding observed in the crystal structure is shown in (a), while (b) shows short
contacts between the carbonyl oxygen atom and two hydrogers af the pyridyl ring.
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2.2 Cocrystal engineering of isoniazid

2.2.1 The cecrystallization of isoniazid and modified isoniazid

Since the realization that -@ystallization of APIs may lead to changes in their physicochemical
properties, there has been a plethora of advances in this field. However, the investigation of co
crystals of the antiuberculosis drugsoniazidhas only gined serious attention since 2010. In
that vyear, Lemmerer, Bernstein amas&Kdah!| &ammpreo
synthon theory to synthesize sevenrcegstals of isoniazid with mono and dicarboxylic acids. It

was observed that the primantermolecular interaction present in all severcogstals was the
carboxylic acidi pyridine (COOH:---N,y,) heterosynthor{Lemmereret al, 2010) In the same

year, Grobelnyet al. synthesized two drudrug coecrystals of isoniazid, having pyrazinamide

and 4aminosalicylic acid as eformers. They confirmed that the same heterosynthon observed
by Lemmerer was present in both-axystals. Tley also noted that in-dminosalicylic acid,

there are two distinct symmetry independeatboxylic acidi pyridine heterosynthons. The
extent of proton transfer is dependent on the temperature, and although the first heterosynthon
clearly has the characistics of a cecrystal, the second may be more indicative of a salt, as
shown inFigure 2.2 Inspection of the HO lengths reveals that thdé-atom is largely in the

same positiorat different temperaturas pair I, but there isevidence for protomigration in

pair 1l, with more saHlike character present at lower temperatufgslOOK, the OH---N,, bond

length is 1.30A, but this lengthens to 1At 240K.(Grobelnyet al, 2011)

Pair I (Co-crystal) Pair I1 (Partly salt)

Figure 2.2 The two distinct carboxylic acid pyridine heterosynthons observed in the
supramolecular synthesis of isoniazid wittahinosalicylic acid. One of these heterosynthons
has the characteristics of a-crystal and the other of a salt. Diagram taken directly from
CrysttngComm(2011).13, 433i 4364.
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In 2011, Sevukarajaet al. synthesized a eorystal of isoniazid with L(+) tartaric acid and
published an extensive study on the physical and biological properties of-tngstal. They
observed that the micrometritic properties (relating tostndace area and particle size of the
drugs) was improved though-coystallization, but that with this particular-éormer, solubility
decreased and the afibercularactivity decreased asompared with puréoniazid This was
determined by comparinghe in vitro antitubercular activityof pure isoniazid againsy.
tuberculosiswith that of the cecrystal using aMicroplate Alamar Blueassay. The compounds
show activity up to12.5¢ g/ ml for pure eggsmhi azoird tahred
acid/isoniazid cecrystal. This indicates that the -coystal has less antitubercular activity than

the pure drug(Sevukarajaret al, 2011)

In 2013, Aitipamuleet al.reported the carystallization of isoniazid with succinic acid, fumaric
acid, 4hydroxybenzoic acid pHBA) and nicotinamide. Garystallizaton of isoniazid with
pHBA vyielded two polymorphs of the hydrated -coystal Eigures 2.3 and 2.4). Co
crystallization with fumaric acid likewise produced a novel polymorph. A ternawrystal of
isoniazid, nicotinamide and succinic acid was alsported Figure 2.5. Once again, all co
crystals present were hydrogen bonded through the carboxyli¢ ggiddine heterosynthon. In
contrast to the observation $&vukarajan, Aitipamula reported that in the ternargrystal, the
solubility was inceased compared with purgoniazid. However, other ecrystals displayed
decreased solubilitfAitipamulaet al, 2013) Before thispublication, there had been no reported

polymorphs of cecrystals ofisoniazid, or of any hydratef isoniazid cecrystals.

Figure 2.3 First reported hydratef a cacrystal of Isoniazid. (CSD ref: BICQUBO01)
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Polymorph Form | PolymorphForm I
() (b)

Figure 2.4 First reported polymorphs of a-ooystal of isoniazidusing 4aminobenzoic acid as
the coformer. (CSD ref: (a) BIQQUBL and (b) BICQUB)

Figure 2.5 First reported ternary ecrystal of Isoniazid, using nicotinamide and fumaric acid as
co-formers. Diagram taken directly fro@rystEngComm?013,15, 5877 5887.
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In the same year, Sarcevied al. reported a series of isoniazid -coystals with various
carboxylic acids. However, the contribution of Sarcewatal. to the understanding of the -co
crystallization of isoniazid will be discussed in detail in Section 2.2.4.2 where work done on
polymorphsm of isoniazid cerystals is detailed.

In 2014, Mashhadet al. reported the synthesis of 1:1-coystals of isoniazid with four anti
oxidant hydroxybenzoic acids, hamelh@droxybenzoic acid, 2;8ihydroxybenzoic acid, 3;5
dihydroxybenzoic acid and 3%trihydroxybenzoic acid (gallic acid). A notable deviation from
the previously reported isoniazid-coystals was the absence of the carboxylic aguyridine
heterosynthon with the 3dihydroxybenzoic acid ctormer. While the other three dormers

displayed the usual synthon, 3jthydroxybenzoic acid was hydrogen bonded to isoniazid via a

phenoli pyridine heterosynthoiiMashhadiet al, 2014) (Figure 2.6)

Figure 2.6. Four cacrystals ofisoniazid with antioxidant hydroxybenzoic acids synthesized by
Mashhadiet al. Note that the carystal of isoniazid with the 3;8ihydroxybenzoic acid co
former is unusual because it forms via the phénglyridine synthon rather thathe usual
carboxylic acidi pyridine synthon . Diagram taken directly framMol. Struct.(2014) 7, 446
452.
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Swapneet al. has noted that isoniazid undergoes degradation in-fissé combination (FDC)
drugs, and has reported-coystals of isoniazid with vanillic acid, ferulic acid, caffeic acid and
resorcinol. The main goal of their work was to produce stable forms oh@dniTheir work on
solid forms of isoniazid with these dormers was also the first report on preparinegcosstals

of isoniazid using liquieassisted grinding (LA§XSwapneet al., 2014)

The synthesized eorystals of isoniazid and vanillic acid were dimorpHhitkewise, those of
isoniazid and ferulic acid were also dimorphic, and those with caffeic acid were trimorphic. The
co-crystal of isoniazid and resorcinol was the onlycegstal in their report that did not exhibit

polymorphism.

The cocrystals were tested for siity and were found to be stable at ambient temperature and
humidity for up to one year. At the higher temperature of 40°C and 75% relative humidity, all
forms except the isoniazi@sorcinol cecrystal were stable for at least six months. The

isoniazidresorcinol cecrystal started degrading after one month.

Swapneet al.concluded that one of the forms of each of the isonieridlic acid and isoniazid
vanillic acid cecrystals Figure 2.7), as well as one of the forms of isoniazid caffeic acid co
crystal may thus be suitable-coystals for a stable isoniazid solid fo(@wapneet al, 2014)

Figure 2.7: The isoniazid vanillic acid eorystal prepared by Swapmed al. showing the sheet
structure and thé&l " HL L L O a n d heterosyntitohsN Diagram taken directly fr@nyst.
Growth, Des2014,14, 5991 6005.
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Of further interest in their study, Swapegal. reported a screening study of all heterosynthons
found in coecrystals of isoniazid to date. As expected, the carboxylic &cigyridine
heterosynthon was the predominant synthon kergetals of isoniazid, but seven other hemo
and heterosynthons havedn reported in isoniazid @ystal structures and are showrFigure
2.8(Swapneet al, 2014)
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Figure 2.8 The eight hetercand homosynthons found in isoniazid@ystals.

In 2016, cecrystals of two Schiff bases @$oniazid modified with acetone were reported by
Orugantiet al, having 2,5dihydroxybenzoic acid and-8minobenzoic acid as the-éarmers.
They also report that attempts to synthesizerystals of the same modified Schiff base with
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2,6-dihydroxybenzoic acid and with phthalic acid failed and suggest that theefailuhese to
co-crystallize could be due to the steric effects of the hydroxy and carboxylic acid groups in the
2-position being too close to the carboxylic acid in theogition. Figure 2.9 Oruganti
suggests that the stemindranceblocks the formaon of the robust carboxylic acid pyridine
heterosynthonypically observed in carystals ofisoniazid(Oruganti et al, 2016) It should be

noted, however, that they did succeed in preparing salts of unmodduiazid with 2,6

dihydroxybenzoate and withtphthalate.

Co-crystal Co-crystal
Success Failure

Figure 2.9 A summary of the attempted synthesis ofccgstals by Orugantt al. Success was
achieved with the modified isoniazid molecule shown on the left and the tviormers
indicated, whereas failure was reported for the twargstals with substituents on theahd 6
positions, which Oruganti attributed to steric effe
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2.2.2 Covalent assisted supramolecular synthesis

A series of papers have been written on covadessisted supramolecular synthesis. Covalent
assisted supramolecular synthesis can be defined as the covalent modification of a molecule with
the purpse of gaining control over some aspect of the supramolecular synfbesgample,

the altering the hydrogen bonding characteristics of a functional group or control over
dimensionality of the packing, together with theargstallization of the modifié molecule with
aco-former.

In Lemmereret al. (2010) isoniazid was c@rystallized with 4hydroxybenzoic acid and 2,4
dihydroxybenzoic acid, and with several dicarboxylic acids, including malonic, glutaric,
succinic, and pimelic acids. It was then demonstrated that the covalent modification of isoniazid
with acetone and-Butanone did not affect the supramolecular synthesi®ofazgid caecrystals,

as the essential functional groups, pyridine and carboxylic acid, were not affected by the
modification. In their experiment, acetone was added to the crystallizing solution, and the two
amino hydrogen atoms were replaced by the aeeitom Schiff base reaction to form an imine.
(Figure 2.10
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Figure 2.1Q A schematic diagram showing the ep@& covalent assisted supramolecular
synthesis of the modification of isoniazid with acetone a#iitanone and simultaneous-co
crystallization vith 3-hydroxybenzoic acid. Diagram taken directly fr@nystEngComm2010,
12, 28562864.
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Lemmerer, Bernstein and Kahlenberg subsequently carried out a series of covalently assisted
supramolecular reactions where nine modifiedcgetals were preparefLemmereret al,

2011) An interesting aspect of this paper was that both the covalent modification and
supramolecular synthesis were done in aotereaction. Lemmerer points out that this-poe
technique is unusual, and that most examples of crystals where an APl has been modified and
co-crystallized require two distinct stepsfirst, the modificationof the API, and then the
supramolecular synthesis in an additional step. Specifically, Lemmerer demonstrated that the
hydrogen bonding functionality can be carried autsitu by simply adding ketones to the
crystallizing solution. Lemmerer also demonttathat, as isoniazid will invariably hydrogen

bond through the carboxylic acidpyridine heterosynthon, the same heterosynthon is involved

in the intermolecular hydrogen bonding of covalently modified isonigzeinmereret al,

2011)

A further series of covalently assisted-aystallizations have also been repor{eémmerer,

2012) showing the potential medical importance of covalent assisted molecular synthesis and
showed how the physical properties ofagstals could be manipulated through this technique,
which could potentially allow for the biological activity of APIs to be improved and modified.
Lemmerer provides a detailed explanation of how the structures and hydrogen bonding patterns
changed due to the modification of the hydrogen bonding functioratity by the use of

different crystal ceformers.

2.2.3 AMaskingo of functional groups / masked sy

Recentl vy, there has been interest iThisigdde <co
conceptin which hydrogen bonding sites can be blockedm their regular intermolecular

i nteractions by predictabl e me a-orgstal eNginesring onc e
was developed concurrently by MacGillivray al. (Sanderet al, 2013)where interjected water
molecules were used to inhibit hydrogen bondintybken the cecrystal componats, and by
Lemmerer(Lemmereret al, 2011) who found that it was possible to block hydrogen bonding

functionality by sterically blocking the site via covalent modification of an adjacent site.
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2.2.3.1 Masking of functional groups by interjected water molecules

In 2009, Bhattet al. demonstrated that control over robust heterosynthons can be achieved by
interjecting solvent molecules between the APl anedfocmer (Bhatt et al, 2009) They
classified their modification as a fAmoder at e
molecules (for example, water) completely blockedftlmation ofsynthons, this was classified

as fNAmasked synt hated sndigure i1 which Isas beénl adapted from
MacGillivr a&yMas kpalp esry ndrh ons 6 (Sanderetal, 2GL3) mlthe e ng i
example shown in the figure, the regu®OH:- Nyy / COOH: - -OHpnenoiSynthon is shown, and

is classified as Asynthon success. 0 When one
a water mol ecul e, It was classified as i
modification of the synthon by the interjectiontofwo wat er mol ecul es was
synthor (Sanderet al, 2013) MacGillivray et al. confirmed the proof of concept by preparing
hydrated cecrystals of acetaminophen and trdn&bis(4-pyridyl)ethylene where water
molecules were interjected between the synthons. The result was a congieté ligdrogen

bonding between the molecules. Instead, the molecules were connected to each other by water
bridges, consisting of one or two water molecules. They demonstrated that depending on the
stoichiometry, either moderate synthon success or compiasi&ing could be achieved by the

interjection of water molecules.
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from CrystEngComni2013,15, 48164822.
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2.2.3.2 Masking of functional groups through covalenmodification of adjacent groups

Lemmerer6s approach to masking was somfwhat
hydrogen bonding functionalitgould be achieved by the steric interference obtained by the
covalent modification of a different futional group to that where masking is required. He
demonstrated that the covalent modification of isoniazid with acetone-anth2one did not

affect the supramolecular synthesis of isoniazietrystals, as the essential functional groups,
pyridine and arboxylic acid, were not affected by the modificatid'/gdmmereret al, 2010)
Lemmerer also demonstrated that the modifiers bonded to thi@z&bcould give a measure of
control of the outcome of the supramolecular synthesis depending on the identity and steric size
of the modifier used. It was shown that the
the remaining hydrogen bomdj functionality of isoniazid in such a way that common hydrogen
bonds and intermolecular interactions are prevented from taking gdasleown irFigure 2.12
(Lemmereret al, 2011)
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Figure 2.12 Diagramadapted fronCrystEngComm(2011).13, 5693 5708. Lemmerer shows
that by masking two of the hydrogen bonding sites by covalent modificatioraeatione, the
dimensionality of packing can be altered, from 2D sheets to 1D ribbons, for example.

As an example of steric control over intermolecular interactions, when théuNgtional group
on the hydrazide moiety of isoniazid was covalently modifigdhe addition of a benzophenone
modifier to form a Schiff base, the amide hydrogen donor and nitrogen acceptor atoms of

isoniazid are completely inaccessible to intermolecular interactions with neighbouring isoniazid
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or 3-hydroxybenzoic acids efmrmers due to the steric effects of the bulky benzophenone
modifier (Lemmeretret al., 2011) (Figure 2.13

Inaccesible
Donor H(2)

Inaccessible
Acceptor N(3)

Figure 2.13 Diagram adaptedfrom CrystEngComm (2011). 13, 56925708. Lemmerer
demonstrated that when isoniazid is covalently modified with benzophenone, the amide
hydrogen donor and nitrogen acceptor atoms are completely inaccessible to intermolecular
interactions with neighbouring isoniazid othgdroxybenzoic acids eformers due to the steric
effects of the bulky benzophenone modifier.
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2.2.4 Effect of crystallization conditions on supramolecular synthesis

Changing crystallization and reaction carohs often has a profound effect on the resulting
supramolecular structure of salts andcecgstals. However, to date, theaeeno tried and tested

rules to dictate what products will be formed by changing variables such as the solvent,
temperature, oratio of products during synthesemongst others. Much of the available data in
this regard is empirical, anthere is still a great need fonore data. Statistical analysis of
hydrogen bonding synthons and other variables can be extracted from ther@iShe more

data that is available, the more robust the information gained from statistical analysis becomes.

A recent example of empirical work looking at héluence of crystallization conditions on the
synthesis of daminosalicylic acid and of variguforms of multicomponent crystals has been
very recently publishefAndréet al, 2017) A n d etalthighlighted how making changes such

as changing of evaporating conditions, grinding of reagents (LAG) rather than the use of
solvents, and choicef synthon results in different forms of the supramolecular proqActdré

et al, 2017)

2.2.4.1 Stoichiometric variation

Stoichiometric variation in corystalscan be influenced by the differesynthons availabléo

the molecules to be ewrystallized. In isoniazid, which has five potential hydrogen bonding
sites, changing crystallition or reaction conditions is known to result in stoichiometric
variation, agsoniazid hydrogen bonds readily through its pyridine and its hydrazide functional
groups. Chiyeet al. showed that it was possible to create stoichiometric variation in salts of
isoniazid with 2butynoic acid by varying the stoichiometric ratio of ismd to 2butynoic acid
during the synthesis proce@Shiya and Lemmerer, 2012\ 1:1 ratio of isoniazid to this €o
former resulted in a 1:1 saif these two molecule@igure 2.14a), the salt ving been formed

by proton transfer from-Butynoic acid to the pyridine nitrogen atom of isoniazid. However, a
1:4 ratio of isoniazid to the-Butynoic acid cdormer resulted in a 1:2 salt of these two

molecules Figure 2.14b).
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(b)

Figure 2.14 Salts of isoniazid and-Rutynoic acid.
(&) The 1:1 salt (4hydrazinylcarbonyl)pyridinium)but-2-yn-1-olate) (CSD ref: VAXROD)
(b) The 1:2 salt (4hydrazinylcarbonyl)pyridinium)but-2-yn-1-olate) (CSD ref: VAXRUJ)

2.2.4.2 Polymorphism

Just as changing the ratio of supramolecular reagents in isoniazrgstals and salts can result

in stoichiometric variation, so it has also been reported that the use of different solvents may
result in polymorphismSarcevicaet al. have done considerable research in the field of isoniazid
co-crystals.Sarcevica has recognised thatfoomers of isoniazid, for exampkeans-cinnamic

acid, act synergistically with isoniazid and thatargstallization with such cformers may

enhancemultidrug resistant treatmeriSarcevicaet al, 2013) They have reportethree ce
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crystak of isoniazid with cinnamic acid, as well as polymorphism in isoniazid/suberic acid,
where the experimental method was chantgethake use of a different solvent. A 1:1 ratio of
isoniazid :cinnamic acid, crystallized from a 2:1 mixture of ethanol : acetonitrile afforded two
polymorphs(Sarceviceet al, 2013) However,a 1:1 ratio of isoniazid : cinamic acid, crystallized
from a 1:1 mixture of ethyl acetate : acetonitrile resulted in a third polym@giteviceet al,

2014) All three polymorphs exhibit the same hydrogen bonding patternsein aeymmetric

units, but differ in their packing arrangements. The hydrogen bonding in the asymmetric units is
via the COOH-- Ny, and COOH---NHymige heterosynthons. Details of these polymorphs and

their unit cell dimensions can be foundTable 2.1 The asymmetric unit and three packing

arrangements are shownRigure 2.15

Table 2.1 The three polymorphs of isoniazid with cinammic acid.

CSD
. . ) Space
Polymorph Refererence Unit Cell Dimensions
Group
Code
a=7.4573A U=96.904°
Form | SETSAN b=9.5154A b=103.264° \ = 576.699R P1
c=10.1737A 2=101.946°
a=14.9124A U=90°
Form Il SETSANO1 | P=3.7468A b=90° Vv =1348.188 | P2Jc
c=24.3089A 2=090°
a=6.4872A U=95.1691°
Form Il SETSANO2 |P=81478A b©=101.111° |, _ 590 0g2f P1
c=13.5603A 5=98.6376°
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() (d)

Figure 2.15 Polymorphs of isoniazid and cinnamic acid

(a) The asymmetrianit of all three polymorphs exhibit the same hydrogen bonding pattern.
(b) Packing arrangement of Form | (CSD ref: SETSAN)

(c) Packing arrangement of Form Il (CSD ref: SETSANO1)

(d) Packing arrangement of Form IIl (CSD ref: SETSANO02)

Sarcevicaet al. similarly showed that polymorphs of isoniazid and suberic acid could be
prepared from a 1:1 ratio of isoniazid and suberic acid, and crystaftiaeda 2:1 mixture of
ethanol : acetonitrileandfrom a 1:1 mixture of acetonitrile : methdrt-butyl etherrespectively.
(Sarceviceet al, 2013) The first polymorph (CSD Ref: SETRUG) was synthesizedgusie
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slow evaporation method. The second polymorph was synthesized using liquid assisted grinding
(LAG) on a Retsch mill using 0.2 mL of the solveBingle crystals were obtainedth seed
addition (seed crystals were obtained from LAG experimeH®)ever, he second polymorph

could only be identifiedrom powder diffraction patternséahe poor quality of the crystals did

not allow crystal structure determination.

2.2.4.3 Impurities and additives

It is well known that the presence of even targounts of impurities in a crystallization solution

may affect the nucleation, growth and dissolution properties of a cry$kiksbuchet al.,

2001) In fact, t has beemeportedthat the presence of additives during a crystallization process
will invariably affect the morphology and crystal structure during crystallizafdeir and

Leslie, 2015 Addadi et al, 1981) In certain instances, it may be desirable to add impurities or
additives to a crystallizeon solution in order to induce changes in supramolecular structure, for
example, stoichiometric variati on mmibrnmadleyomor
additives has been reported where control over the optical activity of crystallizaéien
achieved by the induced preferential crystallization through the use of addineadiet al.,

1981) Typically, a crystallizing solution contains a 1:1 stoichiometry of the API arfdrooer,

and varying this ratio may result in changes in supramolecular struatdréne formation of

new cacrystals(Chiya and Lemmerer, 2012)hese changes may be understood if one considers

an excess of one or the supramolecular agents to be an additive. In other words, it may be useful
in certain specific situations or experiments cansider anything other thaa 1:1 ratio of

supramolecular reagents as additives in order to induce changes in the desired products.

2.3 Crystal engineering of isoniazid

2.3.1 Covalent modification of isoniazid

As described irBection 16, the covalentnodification of isoniazid by the replacement of NH

hydrogen atoms with modifiers is the primary focus in the synthesis of medicines that target
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drugresistant strains of tuberculosis, as this covalent modification prevents the enzymes of the
TB bacteria fom rendering the drug ineffectiyg¢learnet al, 2009) Hearnet al prepared a
series of Schiff bases doniazid and comparete biological activity of isoniazid and modified
isoniazid on miceHearn demonstrated that the Niknctional group of isoniazid is subject to
deactivating acetylation by a class of enzymes known-as/ldminoacetyl transferases (NATS).

He explained thathis deactivation is the reason for the resistance of the tuberculosis bacteria
against isoniazid. However, if the isoniazid drug is modified by the covalent modification of the
amine group to form Schiff bases (before entering the bdeigule 2.16bh, the enzymatic
deactivation process no longer works to deactivate the drug and the resulting modified isoniazid
can be effective for the treatment of mudtug resistant strains of the bacteria. Heairral
prepared 43 Schiff bases of isoniazid and fotad all of them exhibited at least some activity
against M. Tuberculosis vitro. Four of the modifiedsoniazid derivatives, compounds 3, 36, 38

and 46 inFigure 2.17, were testedn vivo in mice anddisplayed considerable activity against
multidrugresistant strains d¥l. TuberculosisA complete list of the modifiers used by Hearn as
well as the experimental results of his primary in vitro screening of his compounds are detailed
in Figure 2.17. Wherethe Schiff bases were crystallized, the dragse reported to be pure. In

hi s concl usi on Sdiiff bases [ofrisoniag@dNH)Lt nay dervefias discovery tools

in probing INHbased treatment modalities, particularly for those patients chrdgical

underdosed in conventional INH therapgHearnet al, 2009)

H R
o) N H 1
“NH, OsN—N=C]
R
X
X
Z s
N N
@ (b)

Figure 2.16 (a) Isoniazid. (b) The general structure of the Schiff bases prepared and tested by
Hearnet al
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Entry Compound B, Rz % Yield mp, °C Clog P MIC, pgfmL?

1. 3 H 2-{OCH,CgHx )CsHy 90 185 457 0.06°
2, 4 [CHy)4CH;y CgHs G4 15-117 4.49 0.39
3. 5 H 4-BriCgH, 91 218-219 384 313
4. [ H 2-CICgH, 66 218-221 3.56 0.78
5. 7 H 3.4-FaCeHz 86 195-196 332 1.56
. 8 H 4-1CsHy 92 243 4.30 0.20
i 9 H 3-1-4,5-[0CH3 ),CyH 90 234 3.50 0.20
8. 10 H 3-1-4-0H-5-0CH,CgHa 87 221 3.76 0.39
q, 1 H 4-ClCgHs 94 215-216 156 0.20
10, 12 H 34-ClCgH5 88 241-244 408 0.20
11. 13 H 2,6-F;CgH; 100 239 332 0.10
12. 14 H 2,3-CliCgHs 98 227 408 0.78
13, 15 H 2,6-CLCeH5 97 Semisalid 4,08 <6.25
14, 16 H 2-NOsCgHy a7 230 1.06 0.39
15. 17 H 4-C1-3-NOCHy 100 231 158 0.39
16. 18 CH;y CgHs 92 169-170 268 <6.25
17 19 H 4-CH3(CH;)s0CsH, 87 135-138 5.49 0.39
18, 20 H 3-NO:CsHy 85 225 1.06 0.125°
19. 21 H CsHs 98 197 3.04 0.05
20, 22 H 4-CH3(CH2)s0CsH, a1 148149 4,00 0,10
21 P H +-CH=CHCH,CH, 54 161-164 224 0.05
2z, 24 H t-CH—CHCH; 73 198-201 185 <6.25
23, 25 H 1-CH=CHCHZCHCH; 93 152-154 264 <6.25
24, P H [<CH=CH[CH3)3CH3 34 152-154 3.03 <525
25, 27 H C=CCHCHCHzCH=CH; 59 124-125 297 010
26, 28 H CHzCHCH2CHaCHzCH=C{CHz )z 29 Ta-80 3.58 0.20
27, 29 CH, CHs 48 161-162 1.70 0,10
28, 30 CHyPh CH5C0LCH,CH; 90 104 378 0.10
29, 3 RyRy=—CCH,CH 76 149-151 394 <0.025
[CH3)CHZC{CH J3CH;
30. 32 H CH=C({CgHs )z 86 223 443 010
3. 33 H t-CH=CH-4-0CH3CsH4 89 218 273 0.20
32. 34 H 1-CH—=CH-2-NO3CsH,, E% 204 1.08 0.25°
33, 35 H C{n-C3Hy J=CH[CH;sCH; 84 121 410 0.50
34, 6 H C[i-C3Hy J=CHCHACH(CH; ] ) 129 397 0.06°
35, 37 H 1-CH=CH-2-0CH;CgHy 92 206 281 0.0
36, 38 H 1-CCH3=CHCgH5 E) 200 334 0.50
37 39 H CH=NNHCOC;HaN % =300 [d)? 158 0.10
38, 40 CHzCHRCH: CHZC0:CHCHS 98 85-90 2.96 0.39
39, a1 CHs CHZC0.CHCH; 85 99 183 0.20
40, 42 H A-[CH=NNHCOCH N)CeHy 90 ~300 (d)? 404 0.05
41 43 CH,CH,CgHe CO,CH,CH,y a0 104 424 .10
42, 44 H CH5{CHz)13CHz 73 89-91 573 0.20
43, 45 H CHzl CHZ 1o CH; 73 92-93 533 0.20
44, 46 RyRz=C{CHzCH; ):CH; 81 167-168 2.85 0.03

* Calculated using HyperChem Pro, Version 7.5, For INH, C log P is 0,49,

% MICqg against M, tuberculosis strain Hy;Ry, unless otherwise noted, MIC INH control 0,03-0.06 pg/mL.

© MICqq against M. tuberculosis strain Erdman, MIC INH control 0.03-0.06 pg/mL MIC PAS control 0.03-0.06 pg/mL
4 Decomposed without melting.

Figure 2.17. TheR-groups used for the covalent modification of isoniazid and the experimental
results reported by Heagtal. in his study of the effects of the covalent modification of isonazid
on antitubercular activity. Figure taken directly fré&uar. J. Med. Chen(2009).44, 41694178.

Other arly work on the covalent modification of isoniazid was by the covalent matidic of

isoniazid with two halogenated aromatic modifig3dvaet al.,, 2006) (Figure 2.18)

0 F
H 0 cl
O N~ H
N o} N
" N
N F
N cl
Z |
N =
N

Figure 2.18 The two modified isoniazid molecules prepared by Silva et al. using halogenated
aromatics as modifiers
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In 2012, Coelheet al prepared a series of 28-acylhydrazones derived from isoniazid and
determined the biological activity of those modified isoniazid derivatives. Thirteen of the
modified isoniazid products showed a more thatidl® higher biological activity againgatG-
resistant strains d¥l. tuberculosigCoelhoet al,, 2012)

O\/H
A o}
AN NH;
‘ “\ N/
H
/
R
Isoniazid

Molecular
Hybridization

Design concept of N-acylhidrazones 1somazid derivatives.

Figure 2.19: Taken directly frominfect. Dis. Rep.2012 4(1).e13. The figure shows the design
concept of the acylhydrazones prepared by Coetlad

Very recently, Ferrares€urotto et al. reported a series where isoniazid was modified to
produce isoniazid hydrazones umj four halogenated aldehydes, namely vanillin, 5
bromovanillin, 5chlorosalicylaldehyde and-BromosalicylaldehydeRigure 2.20. The four
modified isoniazid products were found to be isomorphic. The molecules in the packing of the
hydrazones were bonded to each other via Qlgyr hydrogenbonds, resulting in-2imensional

planar polymeric structuré&erraresiCurottoet al, 2017)
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Figure 2.20: Part (a) shows the four modifiers used by Ferraesottoet al.to prepare a series
of isoniazid hydrazones, and (b) is the general structure of the. series

2.4 Photodimerization of benzophenones

2.4.1 Previous synthetic methods for benzophenolagines

While experimenting on the covalent modification of isoniabehzophenone azine was found

to occasionally crystallize together with the modified isoniazid crystals armtystals. The
formation of the benzophenone azine that occurred was stadéedill be described in Chapter

6. The study also resulted in the development of a new methsyhtifesizingpbenzophenone
azines. The literature described in this section therefore details the previously reported methods

of benzophenone aarsynthesis.

Ketone azides are frequently used in synthetic chenmaststarting materials for the synthesis of
basic aromatic ringeKost and Grandberg, 1959; Carty, Z®9%uts and Greene, 200&s well

as for ligands in metal complex catalyqigerner and Potacek, 2006The gnthesis of
benzophenone azine was first proposed by Lauer and iDyE942 (Lauer and Dyer, 1942)
(Figure 2.21) They reported benzophenone azine as one of several products of the oxidation of

benzophenone oxime. The method of synthesis required inert conditions and several synthetic
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steps, as well as oxidation with the highly toxic potassium ferricyanide. Dimngynhthesis, a
mixture of benzophenone, benzophenone azine and the benzophemone ester
(CsHs)2C © NOT N © C ¢Hg), were formed, and manuséparation was required. &udition to
benzophenone azinenax of the product from the other reactioas obsered. The presence of

benzophenone azine was supported by molecular weight determir{atioies and Dyer, 1942)

HO ‘ ‘
b
|N
N
Benzophenone oxime Benzophenone azine
0 ‘ . ‘

N

T Na(g) + + |

o]

N|/

Nitrogen gas Benzophenone Benzophenone o-diphenylmethyleneamino oxime

Figure 221: Lauer and Dyer 6s beezophemahe azihe freny benzdpkesdnes
oxime showing also the many side products produced from their method of synthesis
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In 1995, Sahat al (Sahaet al, 1995)synthesized benzophenone azine via the reaction of the
iron-cont ai ni ng L e wH(GHsre(GONTHE)Y [BR]1 aedkproyided evidence of

an iron carbine intermediate. Inert conditions were required for the synémesisenzophenone

azine was found to be one of two components in a product mixture, along with
tetraphenylethylene, with benzophenone having a 39% wyiééat separationThe crystal and
molecular structure was determined and was used to confirm that the azine, rather than the
azitine product was afforded. In their paper, the first crystal structure of benzophenone azine was
reported(CSD ref: ZOSLUO)xndthe monoclinic unit cell dimensions were determined ta be
16.303(3) Ab = 5.4864(2) Ac=21.973(5) Ap = 85.52(2)°V = 1959.4(8) A3. It was reported

that the asymmetric unit containe@do half a moleculs of benzophenone azine, but they
determine that despite the high crystallographic symmetry, the two halves of the molecule were
not related by symmetry. Rather, the molecule possessgsyanthetry, with the molecular,C

axis coincident with the crystallographic twofold a¢@ahaet al, 1995)

2.4.2 Weak hydrogehbonds i n benzophenone azines: Ci HLLLO

A particularly interesting feature of the crystals that will be described in Chapter 6, relating to a
new method of synthesis of benzophenone azines, is the abundance of thel Weak @nd

CTHL L L~ hydrogen bondi ng pat tardesribedCi HE b ki r
i nteractions as being fAsupportiveo interact.i
are fairly ubivenywweakoand merely lexdasy in a strictuneé that is wholly
determined by other interactiomgDesiraju, 2005)He alsoasks the question of whether it is
possible to engineer crystal structures consisting of only weak interactions. Desiraju mentions
that historically, these weak hydrogen bonds were dismissed as having little impact on crystal
structure, but stresses thatlay, an understanding of these interactions is considered crucial with
regards to the elucidation of crystal structures, as well as for knowtedgel crystal design
processesKuduva et al. remarks that there is a distinct awareness between amglstrong
hydrogen bonds, but that the differences between the weak and strong types of bonds are more a
matter of degree rather than a fundamental difference in the types of rg&atohuvaet al,

2001)
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2.4.3 Stereochemistry of benzophenone azines

Structural isomerism exists in benzophenone azines andptxroscopigesolution of their
configurations arenot trivial. Benzophenone azines thaave two norequivalent subdtients

can exist as three stereoisomers, nare@®lyEZ or ZZ (Figure 2.22). Afonin et al. has, however
reported that théC NMR shielding constant of thej G atom is stereospecific. Should it be
necessary for the stereochemistry of benzophenones to be known unambiguously, a complete
configurational assignment has been published by Afonin which can be used as a reference
(Afonin et al, 2012)

Rl”“Rz " ‘ O " RZRl
IN | |N
N ,
N N N
@ | @ @ | ® @ I @
R; R

R, Ry R,
EE EZ 2z

1 Rz

Figure 2.22: The three stereoisomers of benzophenone aZiiés E/Z stereochemistry applies

if Ry has a lower priority than R

2.5 The crystal structure of 4aminoantipyrine

The crystal structure of-dminoantipyrine has been reported byetal. (Li et al, 2013)and by

Mnguni et al. (Mnguni and Lemmerer, 2015§Figure 2.23) The unit cell was found to be
hexagonal with dimensiores= 7.4519 Ab = 7.4519 Ac = 31.8705 A (V =1532.69 A and a

P6; space groupThe crystal structure has an intermolecilN&H---O heterosynthon involving

the amino group hydrogen atom donor and the carbonyl oxygen atom hydrogen bond acceptor.
This forms an infinite chain with graph set notatiofb) (Etter et al, 1990Q. There is asixfold

49



screw axis that defines the chaimdaa symmetrically pleasing helical form results down the
crystallographicc-axis Figure 2.23d. There are also two 1 L L ° i nteractions

methyl group hydrogen atoms and the phenyl ring. The dimensionality of the packing is a three
dimensional (3D) networli et al, 2013)

H,oN

(@) (b)

(d)

Figure 2.23. (a) Structure diagram, (b) asymmetric unit and (c) hydrogending of 4
aminoantipyrine. (CSD ref: LOYXEE) and (d) the helical packing of the 4AAP. Part (d) of
Figure 2.23 is taken directly frodcta Cryst(2015).C71, 103 109
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2.6 CoCrystal and crystal engineering of 4aminoantipyrine

2.6.1 Salts ofl-aminoantipyrine

To date, 251 derivatives ofaminoantipyrine have been reported in @8D (version 5.39)

where the modifying adduct has attached to the amino nitrogen atom. Howerer are no
reported cecrystals of 4AAP. Only five molecular salts o#AAP have been reported in
literature summarized irFigure 2.24andFigure 2.25 with CSD reference codes and literature
references shown iffable 2.2. Two of these are simple salts with halide couites The
exocyclic nitogen atom oftAAP is readily protonated and forms a chloride salt in the presence
of hydrochloric acid and a bromide salt when refluxed in an aqueous dibromomethane solution
(Figure 2.24b and 2.2%).

Table 2.2: Reported salts of-dminoantipyrine

Salt CSD Reference Code Reference
aminoantipyrined-aminium | HUKTIS (Chitradeviet al, 2015)
chloride

aminoantipyrine4d-aminium | PAXSOY (Yanget al, 2012)
bromide monohydrate

aminoantipyrined-aminium | EVOLIL (Murtazaet al, 2011)
thiourea chloride

aminoantipyrine4-aminium | PUGHEF, PUGHEF01 (Huoet al, 2009)

2 , -@itbiobenzoate (Fazilet al, 2012)
aminoantipyrine4d-aminium | DUHYOV (Chitradeviet al, 2009)
salicylate
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Figure 2.24: The structure ofAAP and its reported simple salts with their C&ilerence
codes:
(a) 4aminoantipyrine (SIKBAR), (LOYXEE)

(b) aminoantipyrined-aminiumchloride(HUKTIS)
(c) aminoantipyrined-aminiumbromide monohydrattPAXSQOY)
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Figure 2.25: Molecular salts o AAP reported in literature with their CSiferencecodes:
(a) aminoantipyrined-aminiumthiourea chloridé EVOLIL)

(b) aminoantipyrined-aminium?2 , -@itbiodibenzoat€dPUGHEF), (PUGHEFO01)

(c) aminoantipyrined-aminiumsalicylate(DUHYOV)
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The chloride salt of 4AAP reported by Chitradérimsthe same hydrogen bonding as does pure
4AAP described in Section 2.5 but has an additibhai---Cl hydrogen bond to a halogen. This
forms a dimerid?% 1 Oring around the inversion center bktunit cellChitradeviet al, 2015)
(Figure 2.26 As expected, thbromide salt hydrogen bonds through the same synthons as the
chloride salt with the additional water molecule being hydrdgerded to the methyl group and
the bromine ior{Yangetal., 2012) (Figure 2.27)

Figure 2.26. The crystal structure of the-aminiumantipyrine chloride salt reported by
Chitradevi. Diagram taken directly frodaMol. Sruct., 2015 1099 58-67.

Figure 2.27: Hydrogenbonding of the bromide salt ofaminiumantipyrine reported by Yareg
al.. (CSD ref: PAXSOY)
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Murtazaet al prepared a threeomponent saltHigure 2.25(a)) by acidifying the 4AAP with an
aqueous solution of hydrochloric acid, and then refluxing efttanol(Murtaza et al., 2011)t
was reported thahe three components form a tdonensional structure parallel to (001) via a
network of NT H---Cl, NT H---S, Nl H---O, and @ H---S hydrogen bonddg={gure 2.28.

L}
i)
=
.

{ [ e PR,

A

'

Figure 2.28: Hydrogen bonding ahhe bromide salt of-aminiumantipyrinegeported by Murtaza
et al.(CSDref: EVOLIL)

A mol ecul ar s al-dithiobenzoid #cid Ras ayntdesiZzed f2sd by Huo and then
Fazil et al (Huo, 2009, Fazil et al., 2012and was crystallized from ethanol and from a 50%
ethanol/wate mixture respectivelyRigure 2.25(b). Huo commented that the components were
selected as building blocks for creagtia cocrystal, but proton transfer was observed in the
ethanol medium. In the molecular salt, a carboxylic acid group is deprotonated and the exocyclic
amino atom is protonatetNi H---O and Q@ H---O intermolecular hydrogen bonds connect the

ions into 1D chins along thé-axis Figure 2.29.
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Figure229: Hydr ogen bonding of t haithiobenzecacdd ar sal -
reported by Huo and by Fa=it al.(CSDref.: PUGHEF01)

Finally, a saltof 4AAP with salicylic acid was prepared in aqueous solution by Chitradeali

Chitradevi et al., 2009)onic interaction exists between the carboxylate anion and theusmini

cation, forming aR3 1 0r i ng mot i f . As e x pe §6) enttamdiegularEt t e r
O1 H---O hydrogen bond was also foundlire crystal structur@rigure 2.30).

Figure 2.30: Hydrogen bonding of the molecular salt of 4AAP aadicylic acid reported by
Chitradeviet al. (CSDref: DUHYOV)
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2.6.2 Salt or cecrystal? The effect of K,

The effect of K, on cocrystal formation has recently come into the spotlight. Clatdsd. states

that the absolute separation of th€, palues of a molecule and its potentalformer plays a

critical role in deternming whether the supramolecular synthesis of two such molecules will
result in a salt or in a eorystal (Childs et al., 2007)It is generally acceptedhat in
supramolecular synthesis two molecules will form a salt if tkgegpepar at i oka=( wher
pKa(protonated bagd pKy(acid) of the acid and base is greater than 2 oa henomenon

k nown ak& ruleoi{Guillofyp2003) A larger K, separation is expected to result in salt
formation.Bhogalaet al. commented that in pyridine / carboxylic acid complexesgegative

pK, difference between the acid / base pairs will invariably result Hergstal formation
(Bhogala et al., 2005)

CruzCabeza conducted a stéital study of the K, separations of 6465 salts andagstals.

The statistical analysis validated thE,pule and it was confirmed that salts were observed
exclusivelywh er K;>&@nd cecr yst al s wer e obseKy<el Foexcl u:
apK, separations betweérl and 4, the probability of salt formation was found to have a linear
rel at i on skyvalpe(GruzCabdzae 20%2p

More recently, Lemmereet al presentedempirical evidence to suggestathn pyridine /
carboxylic acid complexesy n a b s K.lseparaion afpless than 3 will greatly enhance the
formation of acec r y st al rat her t hano)emmeeeletal, OLHA A RuUl
series ofcarboxylic acid complexes with nine pyridines, and 109 literature examples containing
pyridine and carboxylic functional groups were used for this stlitig. results obtained by
Lemmerer show that a salt can be formedgK, < 3, but that thdikelihood of salt formation
increasesas theapK, increases from 0. Likewisep-crystal formation is extremely unlikely at

apK, >3. This can be shown in the plot @K, vs salt/cecrystal distribution shown ifigure
2.31(Lemmereret al, 2015)
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Figure 2.31.A plot of 109 complexes found in the CSD that have a carboxylicgroap and a
pyridine group, respectivel vy, on skeandthat e
observed cearystal or salt complex. Diagram taken directly fr@rystEngComm(2015).17,
3591-3595.

Stilnovil et al prepared a series of 22-crystals and salts ofarious pyridines with gentisic

acid and analysed the proton transfer in the formation of these complexes. Proton transfer was
found t o be Kavmaslessthan @ lare alwayssepcumed e nK,wap greater than
2(Stilinovil aSthovikari € per t @dodyicBagidi pyridine synthon

existed in all but one of the structures and made the #titegyeobservation that this bond was

shorter and stronger in the-coystals than in the salts.

2.6.3 The covalent modification of 4aminoantipyrine

In a recent study of Schiff bas#erivatives of 4aminoantipyrine, Mnguniand Lemmerer
reported thain 4AAP that has been covalently modified to form Schiff basderm enamines
six-membered intermolecular TW---O hydrogen bondings favoured with imines having
Ci H---O bondslt wasnotedthat of 146 structures @hodified isoniazid that crystallize with an
imine backbone, all 136 nesolvated or hydrated structures have an intramolecul&t- GO
bond. All five structures having an enamine backbone contain intramoledutar-® hydrayen

bonding (Mnguni and Lemmerer, 2015)
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Chapter 3: Experimental

3.1 Covalent modification and supramolecular synthesis

The covalent modificatioof isoniazidwith benzophenone and its derivativgenerally require

heating, increased pressure and extended refluxing over several days, as isoniazid does not
readily react with benzophenone and its derivatives at ambagmtitions. As many crystals

were often synthesized simultaneously, amte small volumes of solven(typically 3 mL)

were used, the setup of reflux apparatus was not practical. Hence, a novel method of creating the
required conditions was developedingshighpressure glass screp rubbedined dram vials

(Figure 3.1a).

Glass screviop rubbetlined dram vials were purchased, which were airtight when screwed
closed. The reagents were added to the vials and roughly 3mL of solvent was added to each vial
so that the vial was no more than half full. A magnetic stirrer bar was added and the top was
tightly closed and the vial placed on a heatirer and heated to up to 120°C. This resulted in
considerable convection currents within the vial which mimicked a reflux setup on a small scale
(Figure 3.1b). The reflux could be carried out for several dayshiese vials at up to 120°C
without any noticeable loss of solverithis method also allowed reflux to be carried out at
higher temperatures than the boiling points of the solvétdgever, heating the vial to above
150°C or filling the vial more than haléill caused too high pressure and resulted in the vial
bursting, and this method should therefore only be used noting these limit&oynsafety
reasons, an inverted beaker was placed over the sealed vials while heating at all times. Should

this methodbe used, care should be taken to prevent injury in the case of the vial bursting.
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Figure 3.1 (a) The glasscrewtop rubbedined dram vials used for refluxin@he vials have a
rubberized seal and can boil without significant loss of solfbhtVhen refluxing in the closed
vial, solvent evaporates and flows back down the dideeovial.

In general, the slow evaporation method was used for growing crystals. After the reagents are
completely reacted and dissolved in solution, the solutiadded to a polyop vial. The top is
loosely placed on the vial, which is left open to the atmosphere for sevesalrdagses where

the resulting crystals were small, the solution wasiseolved, and the vial was covered with a

plastic film to slowevaporation, and small holes punched in the.film

Detailed information on the synthetic methods and crystallization techniques can be found in the

chapters that follow.
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3.2 Crystal data and X-ray structure analysis

Single crystal data was collected on a Bruker APER@D area detector diffractomettited
with an Oxford CRYOSTREAM 70QQAll temperature collections were carried out at 17BKta
reduction was carried out usilsAINT+version 6.02.6 software alBADABSwvas used to make

empirical absorption correctioiiBruker, 2004.

3.3 Powder X-ray diffraction

In certain cases of polymorphism (Chapte2) 4powder diffractionpatterns were required to
confirm that the single crystal structures were representative of the bulk material. Where powder
diffraction patterns were required, these were collected on a Bruker D2 Phaser using Cp K
radiation (Ky1=1.788960 A and K.= 1.789879 A) and a Lynxeye PSD detector. Pawley
refinements were carried out using Bruker AXSPASversion 4.2 Powder Xray diffraction

patterns for the polymorphs synthesized in Chapizare presented iAppendix 1.

3.4 Melting points and differential scanning calorimetry (DSC)

Melting points were collected on a Mettler Toledo MP50 melting point system.

Where polymorphism was present (Chapte&?),ADSC and powder diffraction measurements
were doneto characterize the purity and stalyiliof the materials.Differential scanning
calorimetry traces were collected using a using a Mettler Toledd @i#2 aluminium pans
under air purgeSTAR SW 9.20/as used for instrument control and data analysis. Exothermic
events were shown as peaks. @as heating and cooling protocols were performed as
guantitative analysis otertain polymorphs in Chapter.24 The temperature and energy
calibrations were performed using pure indium (purity 99.99%, m.p 156.6 °C, heat of fusion
28.45J5"). DSC thermogramsor the polymorphs synthesized in Chapter 4.2 are presented in
Appendix 1.
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3.5 Software used

All crystal structures were solved using direct methodSIdELXS97. All non-hydrogen atoms
were first refined isotropically, followed kgnisotropic refinement by full matrix leasjuares
calculations based orf BsingSHELXS97 (Sheldrick, 2015)All structures which had not yet
been published by the time of release ofl#tter SHELXL-2017(Sheldrick, 2015yersion were
refined further using this latest version of the software.

Publication material and diagramkcrystals structures were generated u$ifigGX(Farrugia,
2012) ORTER3 (Farrugia, 2012)PLATON(Spek, 2009)ard MERCURY3 (Macraeet al,
2008) In general, diagrams of asymmetric units were generated Q8@ R3 and packing

diagrams were generated usMgRCURY
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Chapter 4: Co-crystal engineering of isoniazid: covalent assisted
supramolecular synthesis

4.1 Introduction

This chapter contains two papers orccgstal engineering.

In the first paper, covalent assisted supramolecular synthesiscoystals is reported and details
how cacrystal engineering was used to mask functional groups 4orystal stuctures and

control the dimensionality of packing.

The second paper examines the effect of changing experimental and crystallization conditions to
induce stoichiometric variation, polymorphism, and the formation of solvates by changing

crystallization coditions.

Details of the publication status of each paper precede the relevant paper.
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4.2 Covalent assisted supramolecular synthesis: Masking of amides inaystal
synthesis using benzophenone derivatives

Title of paper:

Journal:
Reference:
Status:

Date Received:
Date Revised:

Date Published:

Synopsis of Paper

Covalent Assiste&upramolecular Synthesis: Masking of Amides in Co

Crystal Synthesis using Benzophenone Derivatives

Crystal Growth and Design

Cryst. GrowthDes2 0 1 5, 15, 381313821
Published

April 2015

09June 2015

11 June 2015

In this paper, eight corystals of salicylic acid with covalently modified isoniazid were

prepared. Carystal engineering was used to control the dimensionality of the supramolecular

structuresBulky modifiers (benzophenone derivatives) were used to mask the hydrogen bonding

functionality of the amide group on the isoniazid. No hydrogen bonding or short intermolecular

contacts were present between the amide nitrogen atoms in isoniazid and gifiyoneg

isoniazid or salicylic acid atoms.

The paper was published in ti@rystal Growth & DesignMikhail Antipin Memorial virtual

special issue.
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Table 4.1:List of compounds reported in chapter 4.2
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ABSTRACT:

Control over hydrogen bonding patterns and dheensionality of supramolecular structures is
possible through covalent assisted supramolecular synthesis. Consistent and predictable
'masking’ of the amide functionality has been achieved through the covalent modification of
isoniazid with benzophenoramd benzophenone derivatives whileargstallizing with salicylic

acid. A series of carystals using benzophenones as masking agents was prepared ugog one
synthetic methods.No short intermolecular contacts were present between the amide nitrogen

atoms in isoniazid and neighbouring isoniazid or salicylic acid atoms.

KEYWORDS:

Masking, Amides, Carystals, Supramolecular synthesis, Crystal engineering, Robust

heterosynthos, Benzophenone
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Introduction

I n crystal engineering, O6robust heterosyntho
have predictable and reliable hydrogen bonding function&lidy.prime example of such
functionality can be found in the carboxylic acid---pyridine hydrogen bond. The robustness of
the functionality has been illustrated by the consistent hydrogen bonding pattern that occurs
between the COOH---N bond of carboxylic dayroups and the pyridine nitrogen atom of
isonicotinic acid hydrazide (isoniazifi)A rapidly growing field of research in ewystal
engineering is that of exercising control over the dimensionality of such supramolecular
assemblies. A recent review byiBowshighlights the progress that has been made to date in the
synthesis of one two-, and threalimensional hydrogehonded network3.A co-crystal will

pack as a -glimensional network, a-@imensional sheet, or adimensional ribbon or chain,
dependng largely on the number of hydrogen bonding sites between twystallizing
molecules. Masking of specific hydrogen bond functionalities has recently been achieved
through the covalent modification of supramolecular readeg. reacting isoniazid wit
molecules containing ketone or aldehyde functional groups, thegibdip of the hydrazide
moiety undergoes a condensation reaction and replaces the two H atoms with alkyl groups. This
process i s call ed 6modi fyi ngo ty."3 subsequenilyd 6 s
depending on the steric size of the now added R groups, the amide H donor and/or the imine lone
pair can be O6maskedd by making access to the
acceptors. For example, the crystal structurethef unmodified cerystal (isoniazid)-(2
hydroxybenzoic acid) has been determined, and the packing diagrams show that isoniazid and 2
hydroxybenzoic acid (salicylic acid) molecules are connected through hydrogen bonding
between the pyridine nitrogen atand the nitrogen and oxygen atoms on the carbohydrazide
functional group on isoniazito form a 2dimensional sheet along th® plane (Fig. 1a);
whereas the crystal packing where isoniazid is modified with an isopropyl group (by reacting
with acetone), al-dimensional chain is formed by the isoniazid, with the salicylic acid
carboxylic acid group still hydrogen bonding to the pyridine nitrogen atom (Fig° 1b).
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(b)

Figure 1: The hydrogen bodindunctionality of isoniazid and the carboxylic acid---pyridine
heterosynthon with salicylic acid (a), compared with the reduced hydrogen functionality of a
modified isoniazid with acetone (b). Hydrogen atoms not involved in hydrogen bonding are
omitted for clarity. (Adapted fromef. 4c)

Through in situ modification of the carbohydrazide functional group on isoniazid, where
isoniazid was reacted with numerous covalent modifiers, the dimensionality of supramolecular
structures formed between the-@ystallization of modified isoniazid and carboxylic acids was
reducedo 1-dimensional ribbons, due to the Ngroup being replaced with a ketone group, and

the N‘H---O hydrogen bonds no longer being able to folnemmereret al also demonstrated

that when diphenylmethylene (benzophenone) was used as a covalent madifiee i
supramolecular synthesis oN&(diphenylmethylene)isonicotinohydrazide-i$droxybenzoic

acid), the steric effects from the bulky benzophenone moiety rendered the lone pair on the amide
N atom completely inaccessible to thdngiroxybenzoic acid gnol as an acceptor group, as

well as masking the amide H atom from hydrogen bonding with adjacent amide Groups.

We wished to investigate the robustness of bulky groups similar to benzophenone in their ability
to mask the amide nitrogen atom in isoniazid, and we report here the synthesis of-erghtato

structures where isoniazid has been covalently modifiedemgzdphenone and benzophenone
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derivatives and carystallized with salicylic acid (Fig. 2). Due to the position of the phenolic
group on salicylic acid, it was expected that the molecule should be stabilized via intramolecular
hydrogen bonding and the safic acid molecule therefore only bond to the modified
supramolecular reagent via the carboxylic acid group's hydrogen atom. In addition, we
demonstrate that benzophenone and its derivatives as amide masking agents can be prepared in a
three component oreot synthesis through the condensation reaction of these modifiers with
isoniazid, while cecrystallizing at the same time with salicylic acid. A further reason to
investigate isoniazid being reacted with benzophenone derivatives is that the isoniazidlenol

is a predrug, and must be activated by a bacterial catglasexidase enzyme that in
Mycobacterium tuberculosiss called KatG? KatG couples thdsonicotinic acyl withthe
reduced form of icotinamide adenine dinucleotidslADH) to form a isonicotinic acyNADH
complex which then becomes the active molecule. However, the isoniazid efGaache
reduced by a class of enzymes knowrNaarylaminoacetyl transferases (NAT), which rapidly
acetylate the Nkposition preventing the reaction with NADH. A way to overcome this problem

is to react the NEKgroup with aldehyde or ketone groups thantls&ucturally block isoniazid

from the effects of NAT®
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1: (N'-(diphenylmethylene)isonicotinohydrazide) (salicylic acid)
2: (N'-(bis(2-hydroxyphenyl)methylene )isonicotinohydrazide) (salicylic acid)

3a: (N'-(di-p-tolylmethylene)isonicotinohydrazide) (salicylic acid) Form I

3b: (N'-(di-p-tolylmethvlene)isonicotinohydrazide) (salicylic acid) Form I

4: ((E)-N'-(phenyl{p-toly)methylenc)isonicotinohydrazide)- (salicylic acid)
5: (E)-N'-((4-(dimethylamino)phenyl)(phenyDmethylene)isonicotinohydrazide)-(salicylic acid)
6a: ((E)-N'-((4-aminophenyl)(phenyymethylene)isonicotinohydrazide) (salicylic acid) Form I
6b: ((E)-N'-({4-aminophenyl)(phenylymethylene)isonicotinchydrazide)-(salicylic acid) Form I1

(¢)

Figure 2: Summary of reagents and products in the covalent assisted supramolecular synthesis.
Part (a) summarizes the general -@o¢ reaction scheme, where isoniazid reacts with a
benzophenone modifier to form a modified hydrazide, whiclkrgstallizes with salicyc acid.

The various benzophenone modifiers and their corresponding isonicotinohydrazide products
(modified isoniazid) are shown in (b). Supramolecular synthesis resulting from the co
crystallization of the modified isoniazid molecules in (b) with salicgktid resulted in eight eo

crystal structures (c), with etrystals3a and 3b, as well as6a and 6b, having dimorphic
structures.

70



Experimental Methods

Synthesis:

The general method for the epet synthesis of corystals1-6 follows the method describddr
co-crystal 1 below. Compound® - 6 were synthesized in a similar manner. The masses of
reagents, modifiers, solvents and catalysts used, as well as reflux and crystallization conditions

are described in Table 1.

Method of synthesis of cecrystal 1, N'-(diphenylmethylene)isonicotinohydrazide)-(salicylic

acid):

0.1165 g of isonicotinic acid hydrazide (0.8495 mmol), 0.1562 g of benzophenone (0.8572
mmol) and 0.1160 g of salicylic acid (0.8398 mmol) were added into a sample vial. The solids
were dissolvd in AP-grade methanol (10 mL), refluxed in a closed vial for 72 hours at 110°C,
and were left to stand at room temperature open to the atmosphere. Colourless needles were

afforded after 3 days.
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Table 1

Reagents and conditions for synthesis otogstals 16

Co- Mass of Mass of Modifier Mass of Catalyst Solvent Reflux Crystallization
Cry Isoniazid Salicylic Acid Conditions
stal
) Slow evaporation at
Closed vial,
0.1165¢g 0.1562g benzophenone 0.1160g 10mL room temperature.
1 None 72 hours at
(0.8495mmol) (0.8572mmol) (0.8398mmol) methanol 110°C Colourless needles
afforded after 3 days
0.1595g ) Slow evaporation at
0.0106g Closed vial,
0.1003g 2,2- 0.1136g ) ) 10mL room temperature.
2 . nickel nitrate . 4 days at
(0.7314mmol) dihydroxybenzophenone | (0.8225mmol) acetonitrile Clear plates afforded
(0.0364mmol) 70°C.
(0.7446mmol) after 5 days.
Closed vial, | Slow evaporation at
0.1803¢g
0.1175¢g . 0.1175g 10mL 72 hours at| room temperature.
3a 4,4dimethylbenzophenong None
(0.8567mmol) (2.2851mmol) methanol room Yellow cubes
(0.8574mmol)
temperature.| afforded after 3 days.
) Slow evaporation at
0.1514g Closed vial,
0.0988¢g ) 0.1994g 10mL room temperature.
3b 4,4 dimethylbenzophenong None 24 hours at
(0.720mmol) (1.4437mmol) methanol Yellow plates
(0.7200mmol) 90°C.
afforded after 3 days.
. Slow evaporation at
0.1571g Closed vial,
0.1100g 0.1107g 10mL room temperature.
4 4-methylbenzophenone None 24 hours at
(0.8021mmol) (0.8015mmol) methanol Colourless needles
(0.8005mmd) 70°C.
afforded after 3 days
0.1707g ) Slow evaporation at
) ) Closed vial,
0.1037¢g 4-(dimethylamino) 0.1045g 10mL room temperature.
5 None 24 hours at
(0.7561mmol) benzophenone (0.7565mmol) methanol 90°C Red Needles affordeq
(0.7577mmol) after3 days.
) Slow evaporation at
0.1484g 0.0094g Closed vial,
0.1015¢g ) 0.1014g ) ) 10mL room temperature.
6a 4-aminobenzophenone nickel nitrate 18 hours at
(0.7401mmol) (0.7341mmol) methanol Clear plates afforded
(0.7446mmol) (0.0323mmol) 50°C.
after 7 days.
. Slow evaporation at
0.1467g 0.0097g Closed vial,
0.1005g ) 0.2240g ] ] 10mL room temperature.
6b 4-aminobenzophenone nickel nitrate 18 hours at
(0.7328mmol) (1.6218mmol) methanol Clear plates afforded
(0.7438mmol) (0.0334mmol) 50°C.

after 5 days.

72



Crystal Data and X-ray Structure Analysis. The intensity data for the eight-coystals were
collected on a Bruker APEX Il CCD area detector diffractometen giaphite monochromated
Mo-Kyr adi ati on (50 KkV, 30 mA) at 1-scan& havinph e c o
width of 0.5°. Data reduction was carried out us®gINT+ version 6.02.6 software and
SADABSwas used to make empirical absorption correctioftse crystal structures were solved
through direct methods usi8HELXS97.” Non-hydrogen atoms were firsefined isotropically
followed by anisotropic refinement by full matrix leasjuares calculations based Bhusing
SHELXI-97.” C-bound H atoms were first located in ttiéference electron density maghen
positioned geometrically and allowed to ride on their respective parent atoms, with thermal
displacement parametets2 times thabf the parent C atom. Where possible, the coordinates
and isotropic displacement parameters of thé&odnd and Gbound H atoms involved in
hydrogen bonding interactions were allowed to refine freely, except forystals2 and5 due

to poor refinement stability. The diffraction data and refinement statistics-ofystal 2 were

poor even after numerous attempts atystedlization. Diagrams and publication material were
generated using/inGX® ORTER3,? PLATON® andDIAMOND.* The crystallographic data of
each cecrystal is summarized in Table 2.

Powder X-ray Diffraction. Experimental diffraction patterns of €wystalsli 6b were
collected on a Br ukgradD2 tRIavs8(s0 Buds Lasns7ookpU K U
and aLynxeye PSD detector. Pawley refinements were carried out on all data using Bruker AXS
TOPAS version 4.2. Powder-pay diffraction confirmed that the single crystal structures were

representative of the bulk material exceptdowhich shows some impuyiphases (See ESI).

Melting Points. Melting points of all compounds except the dimorBled6 were collected on
a Mettler Toledo MP50 melting point system. The melting points of dimorphic struGaeexl
3b and for6a and 6b, were done using DSC (b&p. Melting points of all compounds can be
found in the ESI and Table 2.

Differential Scanning Calorimetry (DSC). Differential scanning calorimetry traces were
collected using a using a Mettler Toledo 822 t h al umi ni um pans under

9.20 was used for instrument control and data analysis. Exothermic events were shown as peaks.
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Various heating and cooling protocols were performed as quantitative analysis of the

polymorphs. The temperature and energy calibrations were performed usingdoume (purity

99.99%, m.p 156.6 °C, heat of fusion 28.45-1)gDSC traces are given in the supporting

information.
Table 2 Crystallographic data for all ecrystals.
1 2 3a 3b

Formula (C19H 15N30) ' (ClQH 15N303) ) (021H 19N30) ) (C21H19N30) :

(C/Hg0O5) (C7Hg05) (C7Hg05) (C/Hg0O5)
M, 439.46 471.46 467.51 467.51
Melting point (°C) 146 128 134 152
Temperature/K 173(2) 173(2) 173(2) 173(2)
Wavelength/A 0.71073 0.71073 0.71073 0.71073
Crystal size/mr 0.54x0.41x0.25 0.47x0.40x0.10 0.90x0.28x0.21 0.40x0.39x0.26
Crystal system Monoclinic Monoclinic Triclinic Triclinic
Space group P2,/c P2;/c P1 P1
alA 25.8071(6) 25.010(2) 9.9062(2) 8.2520(3)
b/A 6.9240(2) 6.9708(7) 12.0906(3) 11.2852(4)
c/A 12.2426(3) 12.4779(11) 12.4633(3) 12.9411(5)
U/ A 90 90 113.5360(10) 77.516(2)
b/ A 103.5010(10) 90.949(6) 113.0770(10) 85.880(2)
2/ A 90 90 96.2970(10) 82.910(2)
VIAZ 2127.16(9) 2175.1(4) 1194.70(5) 1166.39(7)
4 4 4 2 2
} (calcd)/Mg m® 1.372 1.440 1.300 1.331
g/mm* 0.094 0.104 0.088 0.090
F(000) 920 984 492 492

Range for data/° collection/° 1.62 to 28.00 0.81to 22.99 1.94 to 28.00 1.61 to 28.00

Reflections collected 14559 13760 18654 20720
No. of unique data [R(int)] 4952 [0.0371] 3030 [0.0799] 5748 [0.0427] 5618 [0.0440]
No. data with O (i) 3895 2548 4586 4409
Final R(l > Z(1)) 0.0417 0.1378 0.0460 0.0428
FinalwR; (all data) 0.1178 0.4083 0.1373 0.1219
CCDC deposition number 998017 998011 998014 998015
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4 5 6a 6b

Formula (CZOH 17N 30) ' (CZ 1H20N4O) ) (ClQH 16N4O) ) (C19H 16N4O) )

(C7He0) (C7He03) (C7Hg05) (C7Hs03)
M, 453.48 482.53 454.48 454.48
Melting point (°C) 128 205 137 163
Temperature/K 173(2) 173(2) 173(2) 173(2)
Wavelength/A 0.71073 0.71073 0.71073 0.71073
Crystal size/mm 0.45x0.15%0.10 0.42x0.17x0.11 0.48x0.24%0.12 0.41x0.20%0.16
Crystal system Triclinic Triclinic Triclinic Monoclinic
Space group P1 P1 P1 P2,
a/A 6.6193(2) 7.0057(4) 9.2815(3) 7.8452(3)
b/A 12.3234(3) 11.5495(7) 11.7198(3) 10.7034(4)
clA 14.4180(3) 15.6046(9) 12.2187(3) 13.1775(5)
U/ A 98.727(2) 87.598(4) 94.4050(10) 90
b/ A 98.596(2) 82.792(4) 110.971(2) 93.234(3)
2/ A 100.665(2) 72.850(3) 113.076(2) 90
VIA® 1123.17(5) 1196.91(12) 1104.72(5) 1104.76(7)
z 2 2 2 2
} (calcd)/Mg m? 1.341 1.339 1.366 1.366
e/mm* 0.091 0.091 0.091 0.091
F(000) 476 508 476 476

Range for data/° collection/° 1.45 to 28.00 1.32 to 28.00 1.84 to 28.00 1.55t0 27.99

Reflections collected 19872 17076 18697 9610
No. of unique data [R(int)] 5411 [0.0321] 5783 [0.1444] 5336 [0.0397] 2801 [0.0538]
No. data with O () 3823 2927 3894 1952
Final R(I > Z(1)) 0.0469 0.0572 0.0483 0.0713
FinalwR, (all data) 0.1338 0.1511 0.1403 0.2280
CCDC deposition number 998013 998016 1056771 1056772

Results and discussion

Eight cocrystals were synthesized using @u synthetic methods. Six benzophenone
derivatives were used to modify isoniazid to form eight modified hydrazide molecules, including
two sets of dimorphic structures (Fig. 2). Each of these modified hydnamtsesules were co
crystallized with salicylic acid to form eight -@vystals (Fig. 2), numbered-6, with the
dimorphic structures being labell&8d and3b, and6a and6b respectively. The asymmetric units
and atomic numbering schemes for eackcrystal are shown in Figure 3. Hydrogen bonding
details of cecrystals1-6 are given in Table 3; and comparative structural and packing features

are summarized in Table 4.
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bonds.

76



Compound1l crystallizes in theP2;/c space group, and the asymmetric unit contains one
molecule of N'-(diphenylmethylene)isonicotinohydrazide) and anelecule of salicylic acid

As is expected from eorystals reported in the literatufethe robust carboxylic acid- --pyridine
heterosynthon is present, O2bH2LLLN2 (Tabl e
forms the expected intramolecul(6) hydrogen bond However, he b H hydr ogen bo
is markedly absent, as the bulky benzophenone group has masked the H1 donor and the :N3
acceptor, by makinghe amide and hydrazide group inaccessible to any donors and acceptors,
such as for exampleethtwo lone pairs on the amide carbonyl O1. Hence, all the strong hydrogen
bonding interactions occur within the asymmetric unit to fordirBensional hydrogen bonded
heteromolecular entities (Fig. 3), and there are no further intermolecular hydrogerntdangs
neighbouring entities. The pyridine ring is essentially coplanar with the salicylic acid molecule,
with a 2.7° angle between the planes. The relative orientation of the two moieties is such that the
salicylic carbonyl C26=02 lies on the same sidethwf pyridine/salicylic acid plane as the
isoniazid carbonyl C6=01. The packing of the salicylic molecules is such that they are enfolded
by the diphenylmethylene rings of the modified isoniazid on neighbouring entities, and stabilized

b y -stacking alongheb-axis (Figure 4a).

Compound crystallizes in thé*2;/c space group, and has similar unit cell derggthsto 1 (Fig.

4b), but has a significantly different packing tcagstals3-6a as will be described below. In

this compound, the amide N41 danor and :N3 lone pair are masked from ttleer donor and
acceptor hydrogen bond functionalities not only by the steric effect of the benzophenone
derivative groups, but by intramolecular hydrogen bonding between the phenol donor groups in
the 2position d the 2-hydroxyphenyl ringsO2 and O3, and the N1 and N3 atoms to form N1
H1---O2 and O3H3---N3 hydrogen bonds (Table 3). However, one of the phenol groups, O3,
has its hydrogen atom free to hydrogen bond further, and in fact for@gb&i2---O1
heterosynthon to the amide O1 to forradifnensional ribbons not observed in the other
structures except f@b (Fig. 5). It is significant, however, that the amide group in compa2ind

is still masked by the bulky dihydroxybenzophenone moiety, Badane pair on :N3 remains

inaccessible to the phenol donor of salicylic acid.
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(b)

Figure 4: (a) Packing of the salicylic anN'-(diphenylmethylene)isonicotinohydrazide in-co
crystal 1. Note the interdigitation of the exrystal former and supramoleculaagent. (b) The
isostructural crystal packing of salicylic acid and the related modifidebis(2-
hydroxyphenyl)methylene)isonicotinohydrazide co-crystal 2. All C-bound H atoms are
omitted for clarity.

a
A

»c

Figure 5: The D hydrogen bonded chain forehdy hydrogen bonds between one of the
phenol groups on th2-hydroxyphenyl rings and the carbonyl O of the amide.ishown are
also the intramolecular hydrogen bonds of the amide and the phenol gitu@sbound H
atoms are omitted for clarity.
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Compainds 3, 4 and 5 crystallize in theP1space group forming similar isolated hydrogen
bonding entities ad. These compounds follow the same hydrogen bonding patteknveigh

only the intermoleculacarboxylic acid---pyridine heterosynthon present (Table 3). The packing
of 4 and5 has the salicylic molecules and modified isoniazid molecules packing in distinct layers
(Fig. 6a and b).Structures3a and 3b are dimorphs, and only differ in their moleaula
conformations and packing arrangements. Stru@areas a layered packing, where each layer
is made of both salicylic and modified isoniazid molecules, and adjacent layers stabilized by []-
stacking of the dp-tolylmethylene rings (Fig. 7a). StructuBb has similar []-stacking between

the salicylic and\'-(di-p-tolylmethylene)isonicotinohydrazide as seerliand?2 (Fig. 7b). The
DSC traces oBa and 3b show phase transition endotherms at approx. 113a@hen melts at
134.3°C an@b at 151.7°C showinggssible extra phases in this system.

The C9C8-C7-N3 torsion angle o8b is -61.6°, and is comparable to that of the other five co
crystals, whereas the two benzophenone ring8anhave an angle of +82.5°, with one
benzophenone ring being almost perpealdir to the otherThe pyridine ring in all carystals
except for5 is co-planar with the salicylic acid molecule, bbitis notably different from the
other cacrystals in that salicylic acid lies perpendicular to the plane of the pyridine ring, with an
angle of-86.1° between the planes. The orientation of the salicylic acid molecBéeaimd3b is
different to that ofL and2 in that the salicylic carbonyl C28=02 lies on the opposite side of the

pyridine/salicylic acid plane as the isoniazid carbonyl C6=01.
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Figure 6: Similar layer packing of the salicylic andE){N'-(phenylf-tolyl)methylene)
isonicotinohydrazide (@) and (E)-N'-((4-(dimethylamino)phenyl)(phenyl)methylenre)
isonicotinohydrazide (b) molecules in-coystals4 and 5 respectively Note especially the
similar anti-parallel orientations of neighbouring salicylic and modified isoniazid molecules. All

H atoms are omitted for clarity.

(b)

Figure 7: The different packing of\-(di-p-tolylmethylene)isonicotinohydrazide)-(salicylic
acid) units in polymorph8aand3b. All H atoms are omitted for clarity.
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Compoundsta and6b are dimorphs, but differ significantly from each other in their molecular

conformations, dimensionality and packing arrangements. Compgaindystallizes in theP1

space group, anéb in the P2; space group. In both compounds, the amino groups of-the 4
aminobenzophenone moiety are involved in intermolecular bonding. In addition to the
intermolecularcarboxylic acid---pyridine heterosynthon, each modified isoniazid molec@a in

is hydrogen bondke t o a second modified isoni-&4ii d mi
hydrogen bonds to form dimers withddmensional packing dimensionality (Fig. 8a)6lm each

modified isoniazid molecule hydrogen bonds throughhitd bH4 A t o one adj ace
forming 1-dimensional ribbons instead (Fig. 8b). In b6&and6b, the salicylic acid molecule is
co-planar with the pyridine ring of isoniazid. Howevtre orientation of the salicylic carboxylic

acid C=0 bond fobais synwith respect to the amide C6=01 betmodified isoniazid, whereas

for 6b, the orientation ianti. There is no hydrogen bonding between the second amidelMz

with any neighbouring entitie¥he DSC trace oda shows a melting point at 136.6 °C, followed

by a recrystallization exotherm farnew phase which then melts at 160.0 °C. Inst@aghow

no phase transition endotherms and melts at 163.2°C.
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(b)

Figure 8: Packing of dimorphic structure6a (a) and 6b (b), showing their differing
supramolecular dimensionalitga has a zeralimensional supramolecular structure, wher@as
forms a onalimensional ribbon. The orientation of the salicylic carboxylic acid C=0 bond for
6ais synwith respect to the amide C6=01, whereas6larthe orientation isnti. All C-bound

H atams are omitted for clarity.
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Table 3Hydrogen bonding details of aystalsl-6

dDbH) / d(H---AYA dD---AYA  “(DbHLLL
1
O2bH2LLL 1.01(2) 1.58(2) 2.5904(13) 171(2)
O4bHALLL 0.91(2) 1.79(2) 2.6195(13) 149(2)
2
N1IbH1LLL 0.88 2.31 2.812 116
O2bH2LLL 0.84 1.84 2.5737(13) 1458
O3bH3LLL 1.05 1.92 2.685(8) 127
O4bH4LLL 1.05 1.66 2.633(7) 152
O6bHBLLL 0.96 1.83 2.603(11) 136
3a Form |
O2bH2LLL 0.99(2) 1.65(2) 2.6381(13) 175(2)
O4bH4LLL 0.95(3) 1.67(3) 2.5651(14) 154(2)
3b Form Il
O2bH2LLL 1.05(2) 1.59(3) 2.6383(14) 175(2)
O4bH4LLL 0.91(2) 1.77(2) 2.6031(14) 152(2)
4
O2bH2LLL 0.97(3) 1.61(3) 2.5704(16) 171(3)
O4bH4LLL 0.90(3) 1.77(3) 2.6073(19) 154(3)
5
O2bH2LLL 0.84 1.78 2.615(2) 172
O4bHALLL 0.84 1.82 2.548(3) 144
6a Form |
N4dbH4ALL 0.87(2) 2.16(2) 2.989(2) 160(2)"
O2bH2LLL 0.96(2) 1.71(2) 2.6720(18) 177(2)
O4bH4LLL 1.08(3) 1.56(3) 2.5681(18) 153(2)
6b Form Il
NAdbH4ALL 0.88 2.23 3.068(8) 159"
02 H2:---N2 0.84 1.73 2.563(6) 170
O4bH4LLL 0.84 1.87 2.599(8) 145

(i): x, -y+1/2, 21/2
(ii): -x+1,-y, -z+1
(ii): x, y-1, z
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Table 4 Comparison of planar orientations and torsion angles-igrystalsl-6

1 2 3a 3b 4 5 6a 6b
Orientation of plane dfalicylic acid Co Co Co Co . Co
. o Co-planar Perpendicular Co-planar
ring wrt plane of pyridine ring planar planar planar planar planar
Angle between plane of salicylic acid
) o 2.7° 5.9° -6.9° -28.6° 1.4° -86.1° -4.0° 4.1°
ring and plane of pyridine ring
Orientation of salicylic carboxylic acid
anti anti syn syn Anti  Perpendicular syn anti
C28/C26=02 wrt amide C6=01
Hydrogen bonding dimensionality 0D 1D oD oD oD 0D oD 1D
Packing dimensionality oD 1D chains 0D 0D 0D (0]} oD 1D chains
Torsion angles:
C13C8-C14C19 -80.7° 68.1° 65.9° -63.4° 74.0° -63.2° 69.0° 72.9°
N3-N1-C6-C7 7.6° -12.1° -3.9°  250° -95° 2.0° 2.1° 4.4°
C9-C8-C7-N3 -73.9° 65.2° 82.5° -61.6° 63.5° -67.9° 71.4° 62.8°

Conclusion

In this paper, we have described eightcegstals formed between isoniazid, which has been
covalently modified with a series of benzophenone derivatives, and therystallized with
salicylic acid. Each caorystal was synthesized in a epet synthesiswith covalent modification
occurringin situ. In all eight cecrystals, the benzophenone derivative effectively masked the
amide nitrogen on the carbohydrazide group of isoniazid. The only intermolecular hydrogen
bonding observed in eorystalsl, 3-6a was the carboxylic acid---pyridine N2 hydrogen bonding
to form isolated hydrogen bonded entities; an@,imdditional hydrogen bonding between the
carbonyl oxygen of isoniazid and the phenol donor group of thedPoxybenzophenone ring
was observed to forrdimensional chains. Structur8a and3b are dimorphs, and only differ

in their molecular conformation and packing arrangement. Dimo8phend 6b differ in the
dimensionality of their supramolecular structue.packs in a zeraimensional arrangement,

whereas6b forms onedimensional ribbons. In all cases, the amide nitrogen was completely
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inaccessible to either the phenol donor group of salicylic acid or the amide carbonyl group. In
conclusion, benzophenone aitelderivatives are reliable and predictable in their ability to mask
the amide group in the carbohydrazide moiety-cBetals2 and 6b shows further that if
additional hydrogen bonding functionalities exist on the phenyl rings of the benzophenone
modifiers, they can replace the amide moiety to fordimiensional chains in a similar way to

the amide group if it were not masked.
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Synopsis of Paper

In this paper, eight corystals of salicylic acid with covalently modified isoniazid were
prepared. The effect otrystallization conditions on eor yst al s of imaske
derivatives was studied and reported. -c@gstal engineering was applied to induce
stoichiometric variation, polymorphism and solvate formation via changesflux réme,
stoichiometry of regents (additives), addition of catalysts and addition of sulesiis to the

aromatic rings.
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Table 4.2:List of compounds reported in chapter 4.3
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ABSTRACT:

Eight cocrystals of covalently modified amiazid were synthesized, using either & 4
hydroxybenzoic acid as the former. It was demonstrated that for thecrgstallization of
Amaskedod isoniazid by benzophenone derivati v
conditions played aalge role in the outcome of the resulting supramolecular structure, whereas
the addition of either one or two methyl substituents to the benzophenone rings did not affect the
supramolecular structure of the resulting-argstals. Changing the reflux timeorf the
supramolecular synthesis resulted in stoichiometric variation. Adding larger quantities of one of
the starting supramolecul ar reagents as fdadrc
for the covalent modification of isoniazid during gma supramolecular synthesis prevented the

formation of a solvate.

KEYWORDS:

Isoniazid, Cecrystals, Supramolecular synthesis, Crystal engineering, Robust heterosynthons,

Crystallization Conditions
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Introduction

The influence ofcrystallization conditions on the synthesis eaminosalicylic acid and of
various forms of multicomponent crystals has been very recently publishedd ree .
highlighted how making changes such as changing of evaporating conditions, grinding of
reagents (LAG) rather than the use of solvents, and choice of synthon results in different forms

of the supramolecular products.

A series of papers have been writtem covalentssisted supramolecular synthési<ovalent
assisted supramolecular synthesis can be defined as the covalent modification of a molecule with
the purpose of gaining control over some aspect of the supramolecular synthesis (for example,
the atering the hydrogen bonding characteristics of a functional groupcontrol over
dimensionality of the packing)fogether with the carystallization of the modified molecule

with aco-former.

In Lemmereret al?, it was demonstrated that the covalewdification of isoniazid with acetone
and 2butanone did not affect the supramolecular synthesis of isoniazadystls, as the

essential functional groups, pyridine and carboxylic acid, were not affected by the modification.

A series of covalently asgted cecrystallizations have been reportethowing the potential
medical importance of covalent assisted molecular synthesis and showed how the physical
properties of cecrystals could be manipulated through this technique, which could potentially
allow for the biological activity of Active Pharmaceutical Ingredients (APIs) to be improved and

modified.

Lemmereret al® then demonstrated that the modifiers bonded to the isoniazid could give a
measure of control of the outcome of the supramolecular sysitthegending on the identity and

steric size of the modifier used. It was shown that the steric size itself can be used to shield or to
O6maskdo6 the remaining hydrogen bonding func
hydrogen bonds and intermoldar interactions are prevented from taking place. The concept of
fimas kedod s ynystaheagneerinigwas developed concurrently by MacGillieta®

where interjected water molecules were used to inhibit hydrogen bonding betweerctistao

components.
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In Smith et al®isoniazid was modified with a series of benzophenone derivatives and co
crystallized withzhydr oxybenzoic acid. The predictable
was achieved, and it was shown that the bulky benzophemoxéiers rendered the amide
nitrogen atom inaccessible for hydrogen bonding and no short intermolecular contacts were
present bet ween t he ami de nitrogen at oms

neighbouring isoniazid or-Bydroxybenzoic acid atoms.

Grobelnyet al. has synthesized two drgyug cocrystals of isoniazid, having pyrazinamide and
4-aminosalicylic acid as eformers. In 4aminosalicylic acid, there are two distinct symmetry
independentcarboxylic acidi pyridine heterosynthons. The exie of proton transfer is
dependent on the temperature, and although the first heterosynthon clearly has the characteristics

of a cocrystal, the second may be more indicative of a’salt.

Aitipamulaet al. reported the cerystallization of isoniazid witlsuccinic acid, fumaric acid-4
hydroxybenzoic acid pHBA) and nicotinamide. Carystallization of isoniazid withpHBA
yielded two polymorphs of the hydrated-cgstal. Cecrystallization with fumaric acid likewise
produced a novel polymorph. A ternary-cxystal of isoniazid, nicotinamide and succinic acid

was also reported.

Sarcevicaet al. has reportedhat the use of different solvents may result in polymorphigmey

have reported three aoystals of isoniazid with cinnamic acid, as well as polymismphin
isoniazid/suberic acid, where the experimental method was changed to make use of a different
solvent. A 1:1 ratio of isoniazid : cinamic acid, crystallized from a 2:1 mixture of ethanol :
acetonitrile afforded two polymorpfisHowever, a 1:1 ratio foisoniazid : cinamic acid,

crystallized from a 1:1 mixture of ethyl acetate : acetonitrile resulted in a third polyfforph.

Mashhadiet al. reported the synthesis of 1:1-coystals of isoniazid with -Bydroxybenzoic
acid, 2,3dihydroxybenzoic acid, 3;8ihydroxybenzoic acid and 3,4t6hydroxybenzoic acid. A
notable deviation from previously reported isoniazidcogstals was the absence of the
carboxylic acid pyridine heterosynthon with the 3¢ihydroxybenzoic acid cormer!

Swapnaet al. has nogéd that isoniazid undergoes degradation in fidede combination drugs,
and has reported aoystals of isoniazid with vanillic acid, ferulic acid, caffeic acid and

resorcinol. The synthesized-coystals of isoniazid and vanillic acid were dimorphic.dukse,
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those of isoniazid and ferulic acid were also dimorphic, and those with caffeic acid were
trimorphic. The cecrystal of isoniazid and resorcinol was the onlycegstal in their report that

did not exhibit polymorphisn:

In this report, we have otinued the systematic study of the covalent modification of isoniazid
with bulky benzophenone modifiers, and have replaced thgdfxybenzoic acid ctormer

with 3-hydroxybenzoic acid (metiaydroxybenzoic acid omHBA) and 4hydroxybenzoic acid
(parahydroxybenzoic acid, opHBA), with four cocrystal structures reported for each of these
co-formers. The effect of the reaction and crystallization conditions on the resultiogystals

of Amaskedo i soni azi A gedeeal reactiart sSchemesand ssimmafg s c r i

reagents used in the covalent assisted supramolecular synthesis is shown in Scheme 1.
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isonicotinohydrazide isonicotinohydrazide

(b)

I: (N'-(diphenylmethylene)isonicotinohydrazide),- (3-hydroxybenzoic acid)*
I1: (N'-(diphenylmethylene)isonicotinohydrazide)- (3-hydroxybenzoic acid)
Il1a: ((E)-N'-(phenyl(p-tolyl)methylene)isonicotinohydrazide) - (3-hydroxybenzoic acid) Form |
[11b: ((E)-N'-(phenyl(p-tolyl)methylene)isonicotinohydrazide)- (3-hydroxybenzoic acid) Form 1
1V: ((E)-N'-((4-aminophenyl)(phenyl)methylene)isonicotinohydrazide)- (4-hydroxybenzoic acid)
V: ((E)-N'-((4-aminophenyl)(phenyl)methylene)isoni cotinohydrazide)- (4-hydroxybenzoic acid)-(methanol)
VI1: ((E)-N'-(phenyl(p-tolyl)methylene)i soni cotinohydrazide) - (4-hydroxybenzoic acid),
VII: (N'-(di-p-tolylmethylene)i soni cotinohydrazide) - (4-hydroxybenzoic acid),

(©

Scheme 1:General reaction scheme and summeafyeagents used in the covalent assisted
supramolecular synthesis. Part (a) shows the general reaction scheme of isoniazid with a
benzophenone modifier, which results in a modified hydrazide, antdystallizes with a
benzoic acid derivative. Part (b) ashis the different benzophenone modifiers and their
corresponding isonicotinohydrazide products. Part (c) is a summary of-thrgstals that were
synthesized, presented here for easy referéiaeandlllb are dimorphic structures. *Stucture

I has beempublished inCrystEngComm2011,13, 5692
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Experimental Methods

The covalent modification of isoniazid generally required significant heating, increased pressure
and extended refluxing over several days, as isoniazid does not readily react with benzophenone
and its derivatives at ambient conditions. Heatral. observed thasterecelectronic effects

often make the covalent modificatiasf isoniazid more difficult with bulky modifiers and

e x pl ai nwihdalkyl roalitiers farger than methyl in the ketammponent of the transition

state, the conformational preference for the lone pair dmelNders this nitrogen poorly poised

for nucleophilic attacld ( Het alr 2009).Since small volumes of solvent were typically
used, the setup of a traditionallvef apparatus was not practical. As a practical alternative, glass
screwtop, airtight rubbetined dram vials were used for refluxing. The reagents and solvent
were added to the vial, a magnetic stirrer bar was added and the top was tightly closed and the
vial placed on a heatstirrer. This mimicked a reflux setup on a small s¢gigure 1) It also

allowed for heating to above the boiling point of the solvent, which was occasionally necessary
in order for the condensation reaction to occur. The reftudd be carried out for several days

in these vials at up to 120°C without any noticeab$s lof solvent. Note, for safety reasons, that
heating the vial to above 150°C or filling the vial more than half full caused too high a pressure
and resulted inhie vial bursting, and this method should therefore only be used noting these
limitations. For safety reasons, an inverted beaker was placed over the sealed vials while heating
at all times. Should this method be used, care should be taken to prevennitijigrgase of the

vial bursting.
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Figure 1: (a) The glasscrewtop rubbedined dram vials used for refluxing. The vials have a
rubberized seal and can boil without significant loss of solvent. (b) When refluxing in the closed
vial, solventevaporates and flows back down the sitithe vial.

Synthesis

I: (N&(diphenylmethylene)isonicotinohydrazide)-(3-hydroxybenzoic acid),

The method for the synthesis of this compound is publish€&ayistEngComm(2011). 13, 5692

and is reproduceth e r e : n0. 200 g of i sonicotinic- acid
hydroxybenzoic acid (1.54 mmol) and 0.266 g of benzophenone (1.46 mmol) were added into a
sample vial. The solids were dissolved in-giRade hot methanol (5 ml), refluxed for 3 houts a

in a closed vial, and left to stand at room temperature open to the atmosphere. Colourless plates

were afforded after 7 days.

II: ( N&(diphenylmethylene)isonicotinohydrazide)-(3hydroxybenzoic acid),

0.1057 g of isonicotinic acid hydrazide (0.7709 mmol), 0.1420 g of benzophenone (0.7793
mmol) and 0.1076 g of-Bydroxybenzoic acid (0.7790 mmol) were added into a sample vial.
The solids were dissolved in Agtade methanol (3 mL), refluxed in a closed @& 72 hours at

96



70°C, and were left to stand at room temperature open to the atmosphere. Colourless blocks were

afforded after 7 days.

la: (( E)-NG&(phenyl(p-tolyl)ymethylene)isonicotinohydrazide)-(3hydroxybenzoic acid)

Form I,

0.1050 g of isonicotinic acid hydrazide (0.7658 mmol), 0.1598 g-wfethylbenzophenone
(0.8143 mmol) and 0.1059 g offyydroxybenzoic acid (0.7666 mmol) were added into a sample
vial. The solids were dissolved in Af*ade methanol (10 mL), refluxed in bbged vial for 24

hours at 70°C, and were left to stand at room temperature open to the atmosphere. Colourless

plates were afforded after 7 days.

lib: (( E)-N&(phenyl(p-tolyl)methylene)isonicotinohydrazide)-(3hydroxybenzoic acid)

Form Il 0.0937 g of sonicotinic acid hydrazide (0.683 mmol), 0.1352 g of 4
methylbenzophenone (0.6889 mmol) and 0.1539 g-byddoxybenzoic acid (1.1142 mmol)
were added into a s®le vial. The solids were dissolved in Afade methanol (10 mL),
refluxed in a closed vial f@4 hours at 70°C, and were left to stand at room temperature open to

the atmosphere. Colourless plates were afforded after 7 days.

IV:  ((E)-NG&((4-aminophenyl)(phenyl)methylene)isonicotinohydrazide)- (4vydroxybenzoic

acid)

0.1008 g of isonicotinic acidthydrazide (0.7351 mmol), 0.1370 g ofaminobenzophenone
(0.6946 mmol) and 0.1020 g offdroxybenzoic acid (0.7384 mmol) were added into a sample
vial. 1 drop of concentrated HCI was added to catalyze the condensation reaction of isonicotinic
acid hydraide and 4aminobenzophenone. The solids were dissolved igradle methanol (10

mL), refluxed in a closed vial for 72 hours at 110°C, followed by wgrkwith sodium
bicarbonate: the solution was saturated with sodium bicarbonate, stirred for 5 mirdutasran
filtered. The filtered solution was then left to stand at room temperature open to the atmosphere.
Clear plates were afforded after 7 days.
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V:  ((E)-NG&((4-aminophenyl)(phenyl)methylene)isonicotinohydrazide)- (4rydroxybenzoic
acid)- (methanol)

0.0967 g of isonicotinic acid hydrazide (0.705 mmol), 0.0974 gafihobenzophenone (0.705
mmol) and 0.0973 g of-Bydroxybenzoic acid (0.704 mmol) were added into a sample vial. The
solids were dissolved in ABrade methanol (10 mL), refluxed in a closedl for 24 hours at

110°C, and were left to stand at room temperature open to the atmosphere. Yellow plates were
afforded after 7 days.

VI: (( E)-N&(phenyl(p-tolyl)methylene)isonicotinohydrazide)-(4hydroxybenzoic acid)

0.0866 g of isonicotinic acidhydrazide (0.63 mmol), 0.1239 g of 4nethylbenzophenone
(0.6313 mmol) and 0.1740 g oftd/droxybenzoic acid (16D mmol) were added into a sample

vial. The solids were dissolved in Affade methanol (10 mL), refluxed in a closed vial for 5
days at 110°Cand were left to stand at room temperature open to the atmosphere. Colourless

blocks were afforded after 7 days.

V1 | : -(di-pttdl/inethylene)isonicotinohydrazide)-(4hydroxybenzoic acid}

0.0989 g of isonicotinic acid hydrazide (0.721 mmol), 0.1520fg -dimethglbenzophenone
(0.7228 mmol) and 0.2038 g oftydroxybenzoic acid (1.4755 mmol) were added into a sample
vial. The solids were dissolved in Afade methanol (10 mL), refluxed in a closed vial for 24
hours at 110°C, and were left to staid@m temperature open to the atmosphere. Colourless

blocks were afforded after 7 days.
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Crystal Data and X-ray Structure Analysis.

The intensity data for the new crystal structures reported Heiie YII ) were collected on a
Bruker APEX Il CCD area detector diffractometer with graphite monochromatedKiylo
radiation (50 kV, 30 mA) atl 0 0 A C. The col | ec{sdarswithm®.5°kidtd. i nv
SAINT+ version 6.02.6 software was used for data reductionSidABSwas used to make
empirical absorption corrections. The crystal structures were solved using direct methods on
SHELXS97.** Non-hydrogen atoms were first refined isotropically, followed by anisotropic
refinement by full matrix leastquares calculations based®usingSHELXI-2017.** C-bound

H atoms were located in tltkfference electron density maghen positioned geometrically and
were allowed to ride on their respective parent atoms, with thermal displacement parar@eters
times thatof the parent C atomWhere possible, theoordinates and isotropic displacement
parameters of the #dound and @ound H atoms involved in hydrogen bonding interactions
were allowed to refia freely, except for carystal lllb to poor refinement stability. The
diffraction data and refinement siics of cocrystal lllb was poor even after numerous
attempts at recrystallizatioRiagrams and publication material were generated valimg X"
ORTER3,”®> PLATON® and MERCURY’. The crystallographic data of each-cystal is

summarized in Table 1.
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Table 1 Crystallographic data for compounid¥Ii

I* I lla b
Formula (CagH1N5O): (C1gH1Nz0)- (CyoH17N30)- (C20H17N30)-
(CHe0,) (CHeO5) (CHeO3) (CH6Oy)
M; 740.80 439.46 453.48 453.48
Temperature/K 173(2) 173(2) 173(2) 173(2)
Wavelength/A 1.5418 0.71073 0.71073 0.71073

Crystal size/mrh
Crystal system
Space group
alA

b/A

c/A

Uo

B/

do

VIA3

z

} (calcd)/Mg m?
e/mm*

F(000)

Range for data collection/°
Reflectionscollected
No. of unique data [R(int)]
No. data with O 0(2)

Final R( > 24(1))

FinalwR, (all data)
CCDC deposition number

0.42x0.33x0.20
Triclinic

P1

9.8338(9)
10.2475(9)
10.8863(10)
104.295(8)
112.784(8)
103.370(8)
912.17(14)

1

1.350

0.727

389

4.75 to 62.65
4365

2793 [0.0202]
2516

0.0568
0.1618
SAYPEP

0.09x0.32x0.34
Triclinic

P1

6.8909(2)
10.5354(3)
15.3153(4)
89.916(2)
83.7670(10)
85.9270(10)
1102.48(5)

2

1.324

0.091

460

1.938 to 28.000
20075

5320 [0.0588]
4244

0.0418
0.1121
1810898

0.07x0.15x0.59
Triclinic

P1

7.0137(3)
10.5797(6)
15.5605(8)
90.635(3)
94.052(3)
93.174(3)
1149.85(10)

2

1.310

0.089

476

2.316 to 25.498
11166

4189 [0.0606]
2771

0.0652
0.1785
1810897

0.08x0.15x%0.26
Triclinic

P1

7.2172(10)
11.5224(16)
15.070(2)
110.481(7)
97.188(7)
95.826(7)
1150.4(3)

2

1.309

0.089

476

1.464 to 25.499
10843

4199 [0.0944]
1678

0.1041
0.1739
1810899

*CrysttngComm2011,13, 5692
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v \% VI VI
Formula (C19H16N4O)' (ClQH 16N4O) . (CZOH17NSO) . (CZlH 19N30) .
(C7H605) (C7Hg03)-(CH40) (C7HO3)2 (C7HO3)2
M, 454 .47 486.52 591.60 605.63
Temperature/K 173(2) 173(2) 173(2) 173(2)
Wavelength/A 0.71073 0.71073 0.71073 0.71073

Crystal size/mm
Crystal system
Space group
alA

b/A

c/A

Cyo

b/°

9°

VIA®

VA

} (calcd)/Mg m®
e/mm?

F(000)

Range for data collection/°
Reflections collected
No. of unique data [R(int)]
No. data with O G(2)

Final R( > 24(1))

FinalwR, (all data)
CCDC deposition number

0.10x0.22x0.24
Triclinic

P1

8.3764(5)
8.8620(6)
16.1081(10)
75.315(3)
76.160(3)
73.677(3)
1091.73(12)

2

1.383

0.095

476

1.329 to 25.498
12420

4063 [0.0805]
2366

0.0519
0.1434
1810900

0.11x0.19%0.56
Triclinic

P1

8.8944(2)
10.8401(3)
13.3606(3)
70.5460(10)
81.4800(10)
79.6840(10)
1189.55(5)

2

1.358

0.093

512

1.624 to 27.998
24184

5753 [0.0410]
4483

0.0414
0.1113
1810901

0.06x0.15%0.20
Triclinic

P1

8.8777(3)
13.2137(5)
13.9693(4)
112.474(2)
102.586(2)
91.773(2)
1465.95(9)

2

1.340

0.095

620

1.681 to 25.496
19566

5452 [0.0762]
2364

0.0598
0.1820
1810902

0.12x0.15%0.25
Triclinic

P1

9.0790(3)
13.2861(5)
14.0354(5)
114.298(2)
103.514(2)
90.060(2)
1491.27(9)

2

1.349

0.095

636

1.647 to 25.498
23071

5530 [0.0597]
3183

0.0647
0.1937
1810903
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Table 2 A summary of the angles between the planes of three rings of modified isoniazid and the

co-former. A general scheme of the ring numbering is shown in the diagram included in the
table.

Ring 2
& Ring 4 ) 2
A _g ; @ \_/ \
,/ \\——’/ Cmml / \ /{,‘
o—f ¥ { \ /7 &%
\ /\‘0A Ring 3
Ring 1
Angle
between Rings Rings Rings Rings Rings Rings
Rings (°) 1,2 1,3 1,4 2,3 2,4 3,4
| 72.7 13.3 0.9 82.94 71.9 14.2
1l 70.28 1.55 61.63 69.5 83.52 63.15
Illa 70.90 0.37 62.14 70.69 82.41 62.49
b 76.35 14.24 85.41 73.79 29.33 86.32
\Y 71.79 44.40 23.55 71.41 54.31 58.84
\% 84.18 7.53 6.64 88.30 78.69 9.94
VI* 56.8 42.06 375 80.0 76.6 4.63
VII* 64.24 34.27 321 82.39 80.36 2.40

1 The angles for the secop#iBA molecule inVI andVIl is not shown on the table. Fgt, the
angle between the plane of the tpldBA molecules is 46.79°, and ffll , 48.55°.
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Table 3Hydrogen bonding details of compourdsVil

dDbH) / | dH--AYA dD---A)A ObHLLLA)
|
O1H1AAAN1 0.85(3) 1.89(3) 2.745(3) 178(3)
CI0AH1 0 AAAAO?2 0.95 2.84 3.498(12) 127
I
O2H2 AAAN?2 1.01(3) 1.59(3) 2.6008(13) 176(2)
O4H4 ARAOS3 0.87(2) 1.88(2) 2.7517(15) 171(2)
llla
O2H2 AAAN?2 0.84 1.78 2.613(3) 173
O4H4 ARAOS3 0.84 1.94 2.775(3) 178
llib
N1-H1AB3A 0.88 2.08 2.840(4) 145
02-H2ABIA 0.84 1.86 2.665(3) 159
O4-H4AMRA 0.84 1.92 2.758(4) 179
\Y
02-H2ANRA 0.98(3) 1.74(3) 2.722(3) 178(3)
O4-H4AMAA 0.96(3) 1.87(3) 2.786(3) 160(3)
N4-H4AA G3A 0.97(3) 1.97(3) 2.926(3) 172(3)
N4-H4BA GIA 0.98(3) 1.98(3) 2.929(3) 164(2)
v
N4-HAAA GIA 0.92(2) 2.12(2) 3.0060(16) 163(2)
N4-H4BA GdA 0.901(18) 2.407(18)  3.2621(17) 159(2)
O2-H2AMRA 1.01(2) 1.63(2) 2.6352(14) 178(2)
O4-HAABSA 0.93(2) 1.76(2) 2.6665(17) 163(2)
O5-H5AB3A 0.88(2) 1.93(2) 2.8082(16) 174(2)
Vi
02-H2ANRA 0.82 1.82 2.640(4) 174
O4-H4AGBIA 0.77(4) 1.98(4) 2.751(4) 177(5)
O5-H5A G6A 1.00(5) 1.63(5) 2.628(3) 173(5)
O7-H7A@3A 0.77(3) 1.92(3) 2.669(4) 163(4)
Vil
02-H2ANRA 0.84 1.80 2.639(3) 173
O4-HAABIA 0.90(5) 1.89(5) 2.757(4) 161(5)
05-H5A B6A 0.84 1.81 2.652(3) 177
O7-H7A®3A 0.90(4) 1.79(4) 2.674(4) 170(4)

A,y + 1,2+ 1 x-1,-y, -2+ 2%+ 1,y +1,-2.%,y,2-1.%X+2,y+ 1, z+ Lix+2,-y + 1,-z + 1.9x + 3,
Wy, -z+ 1 X1y, -z +2/x-2, y1, zIx+ 2,y +1,-2+ 1% -1, y, z- 1. x + 1,-y, -z + 1. - 1, y, z- 1. x
+1,-y,-z+ 1.
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Results

The steps of a supramolecular synthetic process are discreet and the crystallization process is
independent of the assembly of the supramolecular structure itf sitithis study eight co

crystals were ythesized using ongot synthetic methods (Figure 2h all eight cecrystals
reported, the same solvent (methanol) was used throughout and the method of crystallization was
kept identical (slow evaporation method at room temperature over a sevparital. We here
describe how simply changing only the synthetic method resulted in polymorphism,
stoichiometric variation, a solvate vs nsolvate, change in dimensionality of packing, and
bonding through differing hetiatves.$qunmddibed s i n
isoniazics were caocrystallized with 3hydroxybenzoic acid and four with-Rydroxybenzoic

acid. As we were interested in the effect of changes in the synthetic method on the results of co
crystallization, the eight corystals weralivided in to pairs, where the synthetic method for each

pair was kept the same, except for one substantial change in the synthetic method having been
applied to each pair. For the first pair of@ystals [ andll ), the refluxing time of the reagents

was changed. For the second pdila( andlllb ), the stoichiometric ratio of the reagents was
changed. For the third paiM andV), the reaction was carried out in the presence and absence

of a catalyst respectively, and for the fourth p&ir andVIl) a methyl group was added to one

of the aromatic rings.
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Figure 2:  Asymmetric units of carystalsl - VIl , showing the atomic numbering scheme for
each cecrystal.*Stucture | was previouslyyblished inCrystEngComm(2011). 13, 5692
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Change in reflux time of onepot synthesis

In co-crystalsl andll, isoniazid has been modified with benzophenone arndrysiallized with

mHBA. For bothl andll, a 1:1:1 ratio of isoniazid : benzophenomeHBA were dissolved in
methanol. The reagents forwere reluxed for 3 hours and fdr were refluxed for 72 hours.

Both were then allowed to crystallize out for 7 days by slow evaporation. Therefore, the only
substantial change to the synthetic method was the change in reflux time. The result was the
formation of two cecrystals,| andll , having different stoichiometric ratios.

The structure of has been described @rysttngComm(2011). 13, 5692. A summary of the

results is reported here for comparison purpd8empound crystallizes in thé®p space group.

The asymmetric unit of contains one modified isoniazid molecule and one mdBA acid
molecule Figure 2). ThemHBA acid molecule crystallizes with static disorder around a centre

of inversion(Figure 3). The carboxylic acid group and four carbon atoms of the aromatic ring of
mHBA are found in the asymetric unit. The carboxylic acid functions as both the alcohol group
as well as the carboxylic acid group. The two missing C atoms of the aromatic ring are generated
by the O2 atom and the C7 atom of the carboxylic acid functiowalpg ThemHBA molecule
therefore exists in two different arrangements in between the modified isoniazid molecules,

shown in Figure 3a and 3b.

Compound| crystallizes in thé?p space group and the asymmetric wmintains one modified
isoniazid moleculeand one MHBA molecule (Figure 2). The hydrogen bonding in the
asymmetric unit is via the typical expected robG€OH---N,, heterosynthorreported in
literature, namely vieED2 ' H2 L 1° AIdb2 as expected from literature, the amide group is
rendered inaccessible to any hydrogen bond acceptors of neighbouring isoniauittBAr
molecules by the steric effects of the bulky benzophenone gr&agh modified isoniazid
molecule is hydrogen bded by a single© 2 * H 2 L hydrdg2n bond to enHBA molecule.
Each mHBA is also hydrogen bonded via its phenol @ donor to the carbonyl oxygen
acceptor of the COOH functional group of an adjaceiBA molecule, thus forming aR3 1 4
ring in graphset not&on.?° (Figure 4a). All the hydrogen bonding interactionsl imccur within

the asymmetric unit to form zedimensional (OD) hydrogen bonded heteromolecular entities.
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The pyridine ring of the modified isoniazid is essentially coplanar with one ringheof t
benzophenone, with an angle between the planes of 1.55°, and the packing is thus stabilized by

" -stacking along tha-axis (Figure 4b).

(©)
Figure 3: Disordered hydrogen bonding lpfand hydrogen bonding dif
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Figure 4: Part(a) shows the packing df. (b) shows the planes of the pyridine ring and one of
the benzophenone rings, which are essentially parallel and therefore suitablstéaking
interactions along tha-axis.
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Change in stoichiometry of reagents

In co-crystalsllla and lllb, isoniazid was modified with -hethylbenzophenone and -co
crystallized withmHBA. For llla , the ratio of isoniazid :-#nethylbenzophenonemHBA used

in the onepot synthesis was 1:1:1, biar Illb , a 1:1:1.6 ratio was used, with all other reaction
and crystallizing conditions remaining the same. The result was the formation of two
polymorphs,llla andlllb , having very different hydrogen bonding and packing arrangements
from each other.

Compoundllla crystallizes in thé®p space group ancbntains one isoniazid molecule modified

with 4-methylbenzophenone and omeiBA molecule. The hydrogen bonding in the asymmetric
unit is via theCOOH:--N,y, heterosynthorfFigure 2).The methyl group on the benzophenone
moiety is directed away from the sites of any intermolecular interactions and does not therefore
i nt er f er e-stagking interattibns along theaxis found inll, and therefore, the
hydrogen bonding and packing@ngement inlla remains essentially isostructural tocaystal

II, despite the presence of the extra methyl group (Figuréd Jomparison of the angles
between the four rings (Table 2) confirms the isostructural packing as the difference in all angles
is negligible.The hydrogen bonding interactions within the packing form-gareensional (OD)
hydrogen bonded heteromolecular entities. The pyridine ring is coplanar with the methylated
ring of the 4methylbenzophenone, with the acute angle betweenlanespinlil a being 0.37°,

and the packing istacking lofule pysidina bnid-dhethylated ring wf the

modified isoniazid along tha-axis.

CompoundlIllb crystallizes in thePp space group and the asymmetric ucimntains one
isoniazid molecule modified with-thethylbenzophenone and om#iBA molecule (Figure 2).

The hydrogen bonding arrangement is unusual as&A hydrogen bonds to the pyridine ring

via its phenol hydrogen (H4) rather than through the exp&@aH---N,y, heterosynthon. The
4-methylbenzophenone moiety is disordered, with the methyl group being found on either
aromatic ring of the 4nethylbenzophenondlb packs in one dimensional (1D) tubes along the
c-axis (Figure 6a). The geometrical shapedie t ubes are al most squar
tube being formed by two modified isoniazid molecules and mBA molecules. with the
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plane of the pyridine ring of the modified isoniazid being almost normal to the plane of the mBA
withanacuteanglef 85. 41A between the planeasmR1Bhese
ring, where themHBA carboxylic acid group acts as the hydrogen bond donor (H2) to the
modified isoniazid carbonyl acceptor (O1). The amide hydrogen of the modified isoniazid
provides the other hydrogen bond donor (H1A) with the carbonyl carbon omthBA
carboxylic acid group being the acceptor. This is highly unusual as the amide hydrogen is
usually masked from intermolecular interactions by the steric effects of the benzophenone
modifier. To date, this is the only reported structure of isoniazid which has been modified with a
benzophenone modifier where the amide hydrogen is not masked. This unusual interaction
occurs because the small size and planar geometry oiHB& allows he mHBA to align itself

in a plane which is fairly well aligned to the plane of the strerically blocking benzophenone ring
with an acute angle of 29.33° between the two planes. This allowsHi2 A t o fAsneak
between the pyridine ring and the benzopmenong and hydrogen bond to the amide hydrogen
atom (Figure 6b).

In co-crystallllb , there is therefore a marked deviation in the hydrogen bonding and packing
arrangements of the @awystal from the patterns expected from literature. It has been
demonstated that the presence of additives during a crystallization process will invariably affect
the morphology and crystal structure during crystallizatiéhThe frequent variation found in
crystal morphology and structure as a result of changes in stoichiometry of the reagents during
crystallization may be understood if one considers an excess of one of the reagents as an
additive. In this sense, the chanderatio of isoniazid : 4methylbenzophenonemHBA from

1:1:1 inllla to 1:1:1.6 inlllb should be seen as the addition of a mole ratio offHiBA as an
additive, and if one considers the profound impact of additives on crystal structure as decribed
by Laha**?? then the large variation in crystal structure betwilen andlllb is therefore not
unexpectedChanging the reagent stoichimetry duringatgstallization could thus be a rich

source of polymorphs and certainly warrants further investigation.
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Figure 6: Packing oflllb . Part (a) shows the almost square tube formed alongakis with an
angle of 85.41° between the plane of the modified isoniazid pyridine ring amtHBA plane.
Part (b) shows the orientation of tmeHBA molecule relative to the sterically hindering
benzophenone ring, allowing tmH B A mo | e c ul e between the pyedmé ring ana
benzophenone ring to hydrogen bond to the amide hydrogen atom.
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Presence or absence of a catalyst in the covalent modification of Isoniazid during epet

synthesis

In co-crystalslV andV, isoniazid was modified with-amirobenzophenone, and-coystallized

with pHBA. The ratio of isoniazid :-aminobenzophenongHBA used in the on@ot synthesis

was 1:1:1. Adrop of concentrated HCI| was added to the reaction solutibvi td catalyze the
condensation reaction of isonicot acid hydrazide and-dminobenzophenone followed by
work-up with sodium bicarbonate and filtratiovi.was allowed to react without the catalysl.

other reaction and crystallizing conditions remaining the same. Therefore, the only substantial
changeto the synthetic method of the two-crystals was the use of a catalystVh, and the
absence thereof IW. The presence of the catalystlw prevented the formation of a solvate,
whereas in carystalV, the solvate was formed.

CompoundlV crystallizes in thePp space group. The asymmetric uodntains one modified
isoniazid molecule and ongHBA molecule. In the asymmetric unit, the modified isoniazid is
hydrogen bonded to thpHBA molecule via anCOOH::-N,,, heterosynthonCo-crystal IV

packs in a three dimensional (3D) network with extensive hydrogen bonding. Apart from the
amide funcional group of the modified isoniazid, which is effectively masked by the steric
effects of thebenzophenonenodifier, every potential hydrogen bonding atom the modified
isoniazid, as well as every potential hydrogen bonding atom orpHA is involved in
hydrogen bonding. Each modified isoniazid molecule is hydrogen bonded to five different
molecules. Three of its atoms act as hydrogen bond acceptors: 1) the pyridine nitrogen (N1) is
hydrogen bonded tthe carboxylic acid group donor (HBf a pHBA moleculevia the robust
COOH:-:-N,yr heterosynthon. 2) its amine nitrogen to the phenol hydrogen (HHIBA. 3) its
carbonyl oxygen (O1) to one of the amine hydrogens (H4B) of an adjacent modified isoniazid
molecule. Both amine hydrogens astlaydrogen bond donors: 1) H4A hydrogen bonds to the
carbonyl oxygen of the carboxylic acid group of a pHBA molecule. 2) H4B to the carbonyl of a
modified isoniazid (Figure 7). Each pHBA is hydrogen bonded to three modified isoniazid
molecules via O3, H2ral H4 in the synthons described in the hydrogen bonding description of

the modified isoniazid above.
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Figure 7: Packing diagram ofV showing the extensive hydrogen bonded 3D network. Apart
from the amide functional group, which is masked by the bererapte ring, every potential
hydrogen bonding atom in the modified isoniazid, as well g#iBA, is involved in hydrogen
bonding.

CompoundV crystallizes in thePp space group. The asymmetric un@intains one modified
isoniazid molecule, onpHBA molecule and one methanol molecule (a solvatéVgf The
modified isoniazid is hydrogen bonded to tigBA molecule via an COOH:--Nyy
heterosynthon.The pHBA phenol hydrogen donor atom (H4) is hydrogen bonded to the
methanol oxygen atom (O5). @oydal V packs in a one dimensional (1D) ribbon. Each
modified isoniazid forms a dimer with another modified isoniazid molecule where the carbonyl
of one molecule is hydrogen bonded to an amine hydrogen of another, formingRar2 h

ring. Unlike cocrystallV, only one of the amine hydrogens is involved in hydrogen bonding.
There is a centre of inversion about the centre of the ring. A tetramer, consistingiBAo

and two methanol molecules is also formed, WHBA and methanol alternating. The methanol
hydroxyl hydrogen is hydrogen bonded to the carbonyl oxygen of the carboxylic acid group of
pHBA and the methanol oxygen is hydrogen bonded to the phenol hydrogen of attiE#er
molecule to formanR; 2 Oring with a centre of inversion in the centre of the ring. Each
modified isoniazid dimer is connected to EHBA tetramer throughan COOH:--Nyy,

heterosynthon (Figure 8).
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Figure 8: Packing diagram d¥ showing the 1D ribbon. Apart from the amide functional group,
which is masked by the benzophenone ring, every potential hydrogen bonding atom in the
modified isoniazid, as well as pHBA, is involved in hydrogen bonding.

Addition of substituent to benzophenone ring

In co-crystals VI and VII, isoniazid was modified with-fhet hyl benzoph-enone
dimethylbenzophenone respectively, anecogstallized withpHBA. For VI andVIl , the ratio of
isoniazid : 4met hy | b e n z o pdinethyheneophénoné gHBA used in the ongot
synthesis was:1:2. All reaction and crystallizing conditions remaining the same. Therefore, the
only substantial change to the synthetic method of the twerystals was the addition of a

methyl group on one of the benzophenone rings.

Co-crystal VI and VIl are isostuctural (Figure 9(a) and (b))Both crystallize in thePp space

group and each asymmetric umibntains one modified isoniazid molecule and tpldBA
molecules. In the asymmetric unit, the modified isoniazid is hydrogen bonded to one of the
pHBA moleculesvia the expectedOOH-:-N,y, heterosynthonThis pHBA is also hydrogen
bonded to the secorgHBA molecule through the carbonyl oxygen (O3) of its carboxylic acid
group to the phenol hydrogen donor atom (H7) of the sepBiB molecule (Figure 2)VI and

VII pack into a thick one dimensional (1D) tapih all of the modified isoniazid molecules on

the edge of the tape and all thidBA molecules forming a four molecule thick arrangement of
pHBA molecules in the centre of the tape. Thus, the modified isohendpHBA molecules

(which have a 1:2 ratio in the asymmetric unit) form armsblecule thick tape with the
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arrangement-p-p-p-p-1 (where | denotes modified isoniazid apmdenotepHBA) (Figure 9(c)).

Each modified isoniazid molecule is hydrogen bahttetwopHBA molecules, one in which its
carbonyl oxygen (O1) acts as the acceptor to the phenol hydrogen bond donor atom (H5) of a
pHBA molecule, and secondly, in which its pyridine nitrogen atom accepts hydrogen bonding
from the carboxylic acid group Hyogen of anothepHBA molecule. Each of thespHBA
molecules is the firggHBA molecule in a chain of foypHBA molecules which form the centre

of the tape. The firggHBA molecule hydrogen bonds to the second via its carboxylic acid group
carbonyl oxygen(O3). The two centr@HBA molecules are hydrogen bonded to each other
through a robust COOHCOOH homosynthon, formingRé 8 ring. The other half of the tape

is the symmetrical inverse of the half which has been described, with the centre of symmetry

about the centre of tH& 8 ring.

The crystal structures ail and llla have already been discussed. However, it should be
mentoned here that in cocrystalsll and llla, their method of synthesiwas kept constant
except thad methyl group to one of the benzophenone ringdan As with cocrystalsVl and

VII, the addition of an additional methyl group to the benzophenone ieradid not affect the
supramolecular synthesis. To summarize the addition of benzophenone rings, in
benzophenone was used as a modifier andlan 4-methylbenzophenone was used, and the
resulting cecrystals were isostructural. M, 4-methylbenzopenone was used as the modifier,

and inVIl, 4,4dimethylbenzophenone was used, and the resultiragystalsVl andVIl were

also isostructural. Therefore, the addition of a methyl substituent to the benzophnone modifiers
has no effect on the supramoleaubutcome.
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(b)

(©)

Figure 9: Parts (a) and (b) show the isostructural packingloandVIl respectively. Part (c)
shows how the molecules of the-cxystal pack into a tape with all the modified isoniazid
molecules on the edge of the tape and alpthBA molecules in the centre of the tape.
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In summary, therefore, in this study, any small cleamy the reaction and crystallization
conditions had a big effect on the outcome of crystallization, whereas changing a substituent on a
molecule did not. For masked isoniazid molecules, it would thus appear that small changes in the
crystallization and r&ction conditons play a bigger role in the resulting supramolecular structure

than the addition of small substituents or making small changes to the molecules themselves.

Conclusion

Eight cocrystals of isoniazid which have modified by benzophenone or a derivative thereof,
were cocrystallized with either 3or 4-hydroxybenzoic acid. The exrystals were divided into
pairs and all crystallization conditions were kept constant excepirfe substantial change in
crystallization conditions being made per pair. Pairs efrgstals were then compared and the

results are tabulated in Table 4.

Table 4 A summary of the changes made to the crystallization conditions and the effect of the

change of the outcome of supramolecular synthesis.

Change made to reaction or Effects of change on outcome of
Co-crystals compared crystallization conditions supramolecular synthesis
| andil Reflux time in onepot synthesis was Stoichiometricvariation of the products
an
changed resulted
The stoichiometry of reagents was
lla andiiib Yy g Polymorphs were formed
changed to create
 andv A acid catalyst was added to the quat A solvate was formed in one structure and
an
synthesis prevented irthe other
A second methyl group was added to the
VI andVill benzophenone rings (one methyl group No effect on supramolecular structure

each ring)

An extra methyl group was added to a
Il andllla ) No effect on supramolecular structure
benzophenone ring
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Where a small change was made to the reaction conditions, a large change in the hydrogen
bonding and packing arrangements resulted. A change in reflux time of thmtagnthesis
resulted in stoichiometric variation of the products. The additiexwh ceformer reagent as an
Aaddi tiveo r es ulwheeecydiogen pdiny thmaughpdifférentrheterosynthons
was observed, as well as a change in dimensionality of the packing. Adding an acid catalyst to
catalyze the modification of isoniazigrevented the formation of a solvate, whereas in the
absence of the catalyst, the solvate was formed. On the other hand, adding either one or two
methyl groups to the benzophenone had no effect on the supramolecular structure, and both pairs
where the nutber of methyl groups were varied were isostructural. Thus, in this study, the
changes in reaction and crystallization conditions had a bigger effect on the supramolecular

structure than changing small substituents on the reagents.

Acknowledgement

The Uniwersity of the Witwatersrand and the Molecular Sciences Institute are thanked for
providing the infrastructure and financial support to do this work. Andreas Lemmerer thanks the
Wits Friedel Sellschop award for funding and Mark Smith thanks the Chemigtaytahent of

the University of South Africa for the financial support.

Supporting Information Available

Crystallographic data were deposited at the Cambridge Crystallographic Data Center with
reference numbers CCDC 181088310903, These data can be aomtai free of charge via
https://www.ccdc.cam.ac.uk/structures (or from the Cambridge Crystallographic Data Centre,
12, Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033). This information is also
available free of charge via the internet at http:/gpads.org.

118



References

(1)

(2)
3)
(4)
(5)
(6)

(7)
(8)

(9)

(10)

(11

(12)
(13)

(14)
(15)
(16)
(17)

(18)
(19)

André, V.; Shemchuk, O.; Grepioni, F.; Braga, D.; Duarte, M.CFyst. Growth Des.
2017 (Accepted)

Lemmerer, A.; Bernstein, J.; Kahlenberg, @rystEngComm2010,12 (10), 28562864.
Lemmerer, A.; Bernstein, J.; Kahlenberg, @rystEngComm2011,13(19), 56925708.
Lemmerer, A.CrystEngComnm2012,14(7), 24652478.

Smith, M. G.; Forbes, R. P.; Lemmerer, Bryst. Growth Des2015,15 (8), 38133821.
Sander, J. R. G.; ®ar, D:K.; Henry, R. F.; Giangiorgi, B. N.; Zhang, G. G. Z;
MacGillivray, L. R.,CrystEngComm2013,15 (24), 48164822.

Grobelny, P.; Mukherjee, A.; Desiraju, G. RrystEngComnm2011, 13, 43584364.
Aitipamula, S.; Wong, A. B. H.; Chow, P. S.; Tan, R. B. GtystEngComm2013 15,
58775887.

Sarcevica, |.; Orola, L.; Veidis, M. V.; Podjava, A.; Belyakov, &yst. Growth Des.
2013 13, 10821090.

Sarcevica, |.; Orola, L.; Veidis, M. V.; Bagkov, S.Acta Crystallogr., SecC. 2014 70,
392-395.

Mashhadi, S. M. A.; Yunus, U.; Bhatti, M. H.; Tahir, M. N.,Mol. Struct.2014 1076
446-452.

Swapna, B.; Maddileti, D.; Nangia, ACryst. Growth Des2014 14, 5991-6005.
SAINT+,, Version 6.02 (Includes XPREP and SADABS); Bruker AXS Inc: Madison,
Wisconsin, USA, 2004.

Sheldrick, G. M.Acta Crystallogr., SectC. 2015,71 (Pt 1), 38.

Farrugia, L.J. Appl. Crystallogr2012,45 (4), 849854.

Spek, A. ActaCrystallogr., SectD. 2009,65 (2), 148155.

Macrae,C. F.,Bruno,l. J.,Chisholm,J. A., Edgington,P. R.,McCabe,P., Pidcock,E.,
RodriguezMange,L., Taylor,R.,van de Streekl., &Wood,P. A. (2008).J. Appl. Cryst.
41, 466-470.

Desiraju, G. R.J. Am. Chem. So2013, (135), 99529967.

Aakeroy, C. B.; Hussain, I.; Forbes, S.; DespeCdistEngComn2007,9 (1), 4654.

119



(200 Bernstein, J.; Davis, R. E.; Shimoni, L.; Chang;LIN.Angew. Chem. Int. EA.995,34

(15), 15551573.
(21) Meir, L.; Leslie, L.,Phys. Scr2015,90(11), 118003.
(22) Addadi, L.; van Mil, J.; Gati, E.; Lahav, MQJrigins of life.1981,11 (1-2), 10718.

120



Chapter 5: Crystal engineering of isoniazid

5.1 Introduction

Isoniazid was covalently modified with bulky benzophenone and benzophenone derivative
modifiers in the absence of -formers.This chapter etails the synthesis of the crystals and a

structural study of crystalline covalently modified isoniazid moledslesported.

Details of the publication status of the paper precede the paper.
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5.2 Synthesis and structural study of crystalline isoniaziderivatives with
benzophenone modifiers

Title of paper: Synthesis and structural study of crystalline isoniazid derivatives with
benzophenone modifiers

Journal: Will be submitted tActa Crystallographica B: Structural Science,
Crystal Engineering an¥aterials

Reference:

Status: Submission Pending. To be submitted by end March 2018.
Date Received:

Date Revised:

Date Published:

Svynopsis of Paper

In this paper, ten crystalline derivatives of isonicotinic acid hydrazide (isoniazid) that have been
covalently modified with bulky benzophenone and benzophenone derivative modifiers have been

synthesized and structurally characterized.
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Table 5.1:List of compounds reported in chapter 5.2
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ABSTRACT:

Isonicotinic acid hydrazidésoniazid) ha been covalently modified with bulky benzophenone
and benzophenone derivativeo yield aseries of potentially pharmaceutically active Schiff
basesThe acidcatalyzed condensation reaction between isoniamidtlze modifiers yielded ten

crystalline isoniazid derivatives, including one salt solvate, namely

N& (diphenylmethylene)isonicotinohydrazide ¢H;sN30, (1),

(E)-N6& (phenylp-tolyl)methylene)isonicotinohydrazideJoH1 /N3O, (11),

N &(di-p-tolylmethylene)isonicotinohydrazide monohydrafe;H;9N30-H0, (111 ),
(E)-NG& (phenylp-hydroxy)methylene)isonicotinohydrazid€),gH15N305, (1V),

NG (bis(2hydroxyphenyl)methylene)isonicotinohydrazi@iH15N303, (V),

N& (di-p-tolylmethylene)isonicotinohydrazide chloride salt dinydr&tgH1sNzOs"
‘H2O-CI, (VI),

NG (bis(2hydroxy-4-methoxyphenyl)methylene)isonicotinohydrazi@g;HigN3Os, (VII ),
(E)-NG& (4-aminophenyl(phenyl)methylene)isonicotinohydrazjd@&yH1N4O, (VIII ),

N& (bis(4aminophenyl)methylene)isonicotinohydrazid@éjsH;/NsO, (I1X), and

(E)-NG ((4-(dimethylamino)phenyl)(phenyl)methylene)isonicotinohyala), CooH20N402, (X).

The choice of acid catalyst for the synthesis was dependent on the naturswistiients on
the benzophenone rings. The synthesis of these Schiff bases is described and a full structural

study of these isoniazid derivatives is reported.

KEYWORDS:

Isoniazid, Crystal engineering, Benzophenone, Mycobacterium Tuberallogs
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Introduction

The covalent modification of isonicotinic acid hydrazide (isoniazid) via the replacemérm of
NH, hydrogen atoms with ketone modifiers is the primary focus in the synthesis of medicines
that target drugesistant strains of tuberosis. This covalent modification prevents the enzymes

of the Mycobacterium tuberculosisacteria(TB) from rendering the drug ineffectiélearnet

al., 2009) Hearnet al prepared a series of Schiff basessainiazid and compared the biological
activity of pure isoniazid with that of covalently rmdified isoniazid on mice. Hearn
demonstrated that the NFinctional group ofsoniazid is subject to deactivating acetylation by

a class of enzymes known asal/laminoacetyl transferases (NATs). He explained that this
deactivation is the reason for the resistance of the tuberculosis bacteria against isoniazid.
However, if the isomzid drug is modified by the covalent modification of the isoniazid to form
Schiff bases Kigure 1), the enzymatic deactivation process no longer works to deactivate the
drug and the resulting modified isoniazid can be effective for the treatment ofdmgti
resistant strains of the bacteria. Heatral prepared 46 Schiff bases of isoniazid andchtbthat

in nearly all of them, the biological activity of the drug was effective against mukrésigtant
strainsof TB. When the Schiff bases were crystallized, the drugs were reported to be pure. In his
concl usi on Heehiff bases foft mriakzid ((NHH thay Berve as discovery tools in
probing INHbased treatment modalities, particularly for those patients chronically underdosed
in conventional INH therapy(Hearnet al., 2009)

H
Os_ _N. H R
NH, @ N—N=C

AN

N/ Z
N

(a) (b)
Figure 1: (a) Isoniazid. (b) The general structure of the Schiff bases prepared and tested by

Hearnet al. (Hearnet al, 2009)
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Coelhoet al. prepared a series of 23-a&tylhydrazones derived from isoniazid and determined
the biological activity of those modified isoniazid derivatives. Thirteen of the modified isoniazid
products showed a more thanfbld higher biological activity again¥atGresistant strains of

M. tuberculosigCoelhoet al, 2012)

In Smith et al. (Smith et al., 2015) isoniazid was modified with a series of benzophenone
derivatives and carystallized with 2hy dr oxybenzoi ¢c aci d. The pre
amide functionality was achieved, and it was shown that the bulky benzophenone modifiers
rendeed the amide nitrogen atom inassible for hydrogen bonding and no short intermolecular
contacts were present between the amide nitr
any neighbouring isoniazid orl®ydroxybenzoic acid atomSevukarajaret al. synthesized a eo

crystal of isoniazid with L(+) tartariacid and observed that with this particularfoomer,

solubility decreased and the ahibercular activity decreased as compared with pure isoniazid
(Sevukarajaret al, 2011) In contrast, Aitipamulat al synthesized a ternary -ooystallization

of isoniazid with nicotinmide and succinic acid and reported that the kergstal, the solubility

was increased compared with pure isoniaditipamula et al, 2013) It is clear that the
solubility and activity of isoniazid and modified isoniazid against tuberculosis may either
increase or decrease with afoomer in its supramolecular structure, but may be moectie

in the absence of a dormer.

This report contains a structural study of isoniazid that has been modified with bulky
benzophenone and benzophenone derivatives to form Schiff bases in the absence eof any co

formers.

Experimental Methods

N"-(diphenylmethylene)isonicotinohydrazide)

0.0220 g of isonicotinic acid hydrazide (05 mmol) and 0.1202 g of benzophenone (0.6596
mmol) were added into a sample vial. 0.0111 g-tdluenesulphonic acid monohydrate (0.0584
mmol) was added to catalyze the reaction. The solids were dissolved in Barllomixture of
AP-grade 1,Aichloroethane and 1,}tichloroethane and refluxed in a closed sealed stopw
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vial for 72 hours at 50°C, and were left to stand at room temperature very slightly opened to the

atmosphere. Colourless needles were affbafeer 3 days.

(E)-N"-(phenyl(p-tolyl)methylene)isonicotinohydrazide),lI

0.0964 g of isonicotinic acid hydrazide (037thmol) and 0.1386 g of-fhethylbenzophenone
(0.7062 mmol) were added into a sample vial. 0.0124mtofuenesulphonic acid monohgde
(0.0652 mmol) was added to catalyze the reaction. The solids were dissolved in 3 mL of a 2:1
mixture of ARgrade ethanol and acetonitrile and refluxed in a closed sealedtsgrewal for 5

days at 110°C, and were left to stand at room temperatune slightly opened to the

atmosphere. Colourless needles were afforded after 3 days.

N &di-p-tolylmethylene)isonicotinohydrazide monohydrate]ll

0.1197 g of isonicotinic acid hydrazide (0.8728 mmol) and 0.1841 g of 44
dimethylbenzophenone (0.8755 minekere added into a sample vial. 1 drop of 5M hydrochloric
acid was added to catalyze the reaction. The solids were dissolved in 3 mL of methanol and
refluxed in a closed sealed scréap vial for 3 days at room temperature, followed by wapk

with sodium bicarbonate: the solution was saturated with sodium bicarbonate, stirred for 5
minutes and then filtered. The filtered solution was then left to stand at room temperature very

slightly opened to the atmosphere. Yellow plates were afforded after 3 days.

(E)-N"-(phenyl(p-hydroxy)methylene)isonicotinohydrazide),IV

0.0975 g of isonicotinic acid hydrazide (017thmol) and 0.1410 g of-Aydroxybenzophenone
(0.7113 mmol) were added into a sample vial. 0.0981mhyfdroxybenzoic acid (0.0981 mmol)
was added to catalyze the reaction. The solids were dissolved in 3 ml-grb4®& methanol and
refluxed in a closed sealed scrép vial for 24 hours at 67°C, and were left to stand at room
temperature very slightly oped to the atmosphere. Colourless needles were afforded after 3

days.

N"-(bis(2-hydroxyphenyl)methylene)isonicotinohydrazide V
0.0857 g of isonicotinic acid hydrazide (0%62mmo |l ) and 0.1340
dihydroxybenzophenone (0.6255 mmol) were added inteample vial. 0.0864 g op-
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hydroxybenzoic acid (0.@mmol) was added to catalyze the reaction. The solids were dissolved
in 3 mL of ARgrade methanol and refluxed in a closed sealed sitmewial for 24 hours at
67°C, and were left to stand at room temgiure very slightly opened to the atmosphere. Yellow

plates were afforded after 3 days.

N'-(di-p-tolylmethylene)isonicotinohydrazide, chloride salt dihydrate VI

0.10914 g of Il sonicotinic acid hydrazi de
dihydroxybenzophenone (0.8108 mmol) were added into a sample vial. 0.1202 g of salicylic acid
(0.8702 mmol) was added to catalyze the reaction. The solids were dissolved in 3amtlof
mixture of 1,2dichloroethane and ABrade methanol and refluxed in a closed sealed siew

vial for 6 hours at 70°C, and were left to stand at room temperature very slightly opened to the

atmosphere. Yellow plates were afforded after 3 days.

N'-(bis(2-hydroxy-4-methoxyphenyl)methylene)isonicotinohydrazideyIl

0.0710 g of isonicotinic acid hydrazide (08&fhmo | ) and O.-dily@&dxy4g-406 f
dimethoxybenzophenone (0.5196 mmol) were added into a sample vial. 0.0728 g of salicylic
acid (0.5Z mmol) and 0.0195 g-toluenesulphonic acid monohydrate (810mol) were added

to catalyze the reaction. The solids were dissolved in 10 mL of a ethanol and refluxed in a closed
sealed screvtop vial for 48 hours at 90°C, and were left to stand at rommpérature very

slightly opened to the atmosphere. Yellow needles were afforded after 5 days.

(E)-N"-(4-aminophenyl(phenyl)methylene)isonicotinohydrazide) VIl

0.0995 g of isonicotinic acid hydrazide (067&imol) and 0.1441 g of-dminobenzophenone
(0.7306 mmol) were added into a sample vial. 0.0159 gtofuenesulphonic acid monohydrate
(0.0836 mmol) was added to catalyze the reaction. The solids were dissolved in 3 mL of AP
grade methanol and refluxed in a closed sealed stmewial for 72 hourstal25°C, and were

left to stand at room temperature very slightly opened to the atmospludoerlessblocks were

afforded after 3 days.
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N"-(bis(4-aminophenyl)methylene)isonicotinohydrazide)|X

0.0540 g of isonicotinic acid hydrazide (0439mmo | ) and 0. 07409
diaminobenzophenone (035mmol) were added into a sample vial. 0.0176 g pof
toluenesulphonic acid monohydrate (0.0925 mmol) was added to catalyze the reaction. The
solids were dissolved in 3 mL of Ajfade methanol and refluen a closed sealed scrdap

vial for 72 hours at 100°C, and were left to stand at room temperature very slightly opened to the

atmosphere. Red blocks were afforded after 3 days.

(E)-N'-((4-(dimethylamino)phenyl)(phenyl)methylene)isonicotinohydrazide) X

0.1043 g of isonicotinic acid hydrazide (0.7605 mmol) and 0.1732 g of 4
(dimethylamino)benzophenone (0.7688 mmol) were added into a sample vial. 0.0232 g of
toluenesulphonic acid monohydrate (21@mol) was added to catalyze the reaction. The solids
were dissolved in 3 mL of a methanol and refluxed in a closed sealedtsgreval for 72 hours

at 100°C, and were left to stand at room temperature very slightly opened to the atmosphere.

Yellow blocks were afforded after 3 days.
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Crystal Data and X-ray Structure Analysis.

Intensity data for the ten crystal structures were collected on a Bruker APEX Il CCD area
detector diffractometer with graphite monochromatedhloadiation (50 kV, 30 mA) at 173K.
The col |l ect i on-scamgwitha@s5® widh8 AINT¥verdion 6.02.6 software was
used for data reduction astADABSwvas used to make empirical absorption correct{@nsker,
2004) The crystaktructures were solved using direct methodSBELXS97 (Sheldrick, 2015)
Non-hydrogen atoms were first refined isotropically, followed by anisotropic refinement by full
matrix leastsquares calculations basedfusingSHELXL-2017 (Sheldrick, 2015)C-bound H
atoms were located in thdifference electron density maghen posgioned geometrically and
were allowed to ride on their respective parent atoms, with thermal displacement parar@eters
times thatof the parent C atonThe diffraction data and refinement statistics of cryXtalas
poor even after numerous attempts at recrystallizabimgrams and publication material were
generated using/inGX(Farrugia, 2012)ORTER3 (Farrugia, 201p PLATON(Spek, 2009and
MERCURY(Macrae,C. F. ¢ al., 2008) The crystallographic data of each crystal is summarized
in Table 1 and the hydrogen bonding geometries in Table 2.
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Table 1 Crystallographic data for compounidX

| Il 1 v \%
Formula C19H15N3O CyoH17/N3z0 Cy1H1gN3OH0 CigH15N3z0; CigH15N303
M, 301.34 315.36 347.41 317.34 333.34
Temperature/K 173(2) 173(2) 173(2) 173(2) 173(2)
Wavelength/A 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal size/mrh 0.226x0.324x0.52z 0.066x0.091x0.325 0.084x0.169%0.384 0.072x0.103x0.39% 0.242x0.419%0.521
Crystal system Orthorhombic Triclinic Monoclinic Orthorhombic Monoclinic
Space group P2,2,2, P1 P2,/c P2,2,2, C2/lc
alA 9.7738(4) 7.1641(7) 21.3512(13) 9.8650(5) 20.6917(6)
b/A 9.9605(5) 10.7669(10) 5.9227(4) 9.9131(5) 10.1392(3)
c/A 15.8005(7) 12.0237(10) 14.8729(11) 15.8923(7) 16.9544(5)
ue 90 64.009(4) 90 90 90
br° 90 82.346(5) 106.040(6) 90 115.7390
a/° 90 82.885(5) 90 90 90
VIA3 1538.21(12) 823.99(13) 1807.6(2) 1554.15(13) 3204.07(16)
VA 4 2 4 4 8
} (calcd)/Mg m® 1.301 1.271 1.277 1.356 1.382
e/mm* 0.083 0.081 0.084 0.091 0.096
F(000) 632 332 736 664 1392

Range for data 2.417 to 27.989 1.892 to 25.495 1.985 to 25.491 2.421t0 27.992 2.185 to 27.995

Reflections collected 27237 9199 10908 8892 23999
No. of unique data 3710 [0.0421] 3066 [0.0755] 3256 [0.1805] 3455 [0.0400] 3872 [0.0371]
No. data with O G(2) 3496 1430 1139 2913 3340
Final R( O () 0.0309 0.0627 0.0521 0.0410 0.0375
FinalwR, (all data) 0.0816 0.1525 0.1103 0.0970 0.1054

CCDC deposition
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VI VI Vil IX X

Formula CigH15N305" CoiH1N3Os CioH16N,O CioH1/NsO CaoHaN4O;
*H,O-CI’
M, 387.81 393.39 316.36 331.38 348.40
Temperature/K 173(2) 173(2) 173(2) 173(2) 173(2)
Wavelength/A 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal size/mrh 0.082x0.160x0.39% 0.063x0.125x0.821 0.211x0.322x0.689 0.118%0.242x0.30€ 0.093x0.196x0.25¢€
Crystal system Orthorhombic Monoclininc Monoclinic Monoclinic Monoclinic
Space group Pca2; P2;/c P2,/c P2,/c Cc
alA 8.0689(2) 17.1398(12) 9.2605(3) 9.3882(2) 13.200(2)
b/A 10.7998(2) 14.5323(10) 15.4712(5) 15.8901(4) 13.698(2)
c/A 42.4741(10) 7.9026(6) 12.0003(4) 11.7784(3) 39.908(7)
ue 90 90 90 90 90
b/° 90 91.731(4) 111.6250(10) 111.6510(10) 97.004(5)
a/° 90 90 90 90 90
VIA3 3701.30(14) 1967.5(2) 1598.28(9) 1633.13(7) 7162(2)
VA 8 4 4 4 16
} (calcd)/Mg m? 1.392 1.328 1.315 1.348 1.292
e/mm? 0.237 0.096 0.085 0.088 0.086
F(000) 1616 824 664 696 2944
Range for data 1.886 to 27.998 1.838 to 27.997 2.251 to 27.996 2.259 to 27.990 2.76 t0 26.36

Reflections collected 23895 18049 23604 22908 17910
No. of unique data 8160 [0.0792] 4753 [0.0908] 3841 [0.0541] 3936 [0.0592] 10563 [0.0512]
No. data with O 0@) 6067 2587 3221 3329 7867
Final R( O () 0.0543 0.0567 0.0602 0.0423 0.1265
FinalwR, (all data) 0.1437 0.1549 0.1438 0.1159 0.4207

CCDC deposition
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Table 2Hydrogen bonding details of compouridx

dDbH) / i dH---A/A d(D---A)A DbHLLLA)
[
N1-H1---N2* 0.85(2) 2.32(2) 3.0568(19) 146(2)
N1-H1---N2* 0.85(2) 2.32(2) 3.0568(19) 146(2)
1]
N1-H1---O1W 0.95(3) 2.00(4) 2.935(4) 166(3)
O1W-H1W---N2° 0.85 1.98 2.799(4) 163
O1W-H2W:---01° 0.85 2.55 3.034(4) 117
\Y;
C3-H3---02B* 0.95 2.41 3.261(19) 149
02B-H2B---01° 0.84 1.93 2.773(19) 176
C12H12:---O2A' 0.95 2.59 3.405(3) 144
02A-H2A.--01° 0.84 1.87 2.703(3) 169
C18H18---02B° 0.95 2.50 3.351(16) 150
N1-H1.--N2" 0.88 2.35 2.990(3) 130
Y,
N1-H1---02 0.88 2.22 2.8802(12) 132
02-H2:--N2 0.84 1.83 2.6526(13) 165
O3-H3---N3 0.84 1.85 2.5807(12) 145
VI
C4-H4A.--CI2¥ 0.95 2.77 3.485(6) 133
C4-H4A.--CI2 0.95 2.69 3.343(5) 127
N1-H1:--01 0.88 1.99 2.808(5) 155
N2-H2---ClI1 0.88 2.29 3.083(4) 151
02-H2A:--CI2 0.84 2.22 3.050(3) 171
O3-H3---N3 0.84 1.89 2.609(5) 144
C22H22---CI2" 0.95 2.68 3.386(5) 132
N4-H4..-04" 0.88 2.02 2.845(5) 156
N5-H5: --02W° 0.88 1.81 2.684(5) 173
O5-H5A:--0O1W" 0.84 1.88 2.714(5) 176
06-H6---N6 0.84 1.91 2.617(5) 141
O1W-H1W:---Cl1' 0.859(14) 2.31(2) 3.150(4) 166(7)
O1W-H2W---Cl1 0.856(14) 2.284(15)  3.140(4) 178(7)
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O2W-H3W---Cl1 0.848(14) 2.408(17)  3.239(4) 166(5)
O2W-HAW---CI2" 0.848(13) 2.52(3) 3.271(4) 149(5)

VI

C10H10---N2° 0.95 2.68 3.354(3) 128
C16:H16---O5 0.95 2.62 3.511(3) 157
02-H2---N2° 0.84 1.89 2.730(2) 176
O4-H4---N3 0.84 1.81 2.535(2) 144

VIl

C12H12---N3' 0.95 2.68 3.596(3) 162
N1-H1:--N4B° 0.88 2.58 3.356(4) 148
N4A-H4A.--O1 0.95(5) 2.22(5) 3.157(4) 168(4)
N4A-H4B---N2! 1.00(5) 2.14(5) 3.093(4) 159(4)
N4B-H4D---01" 0.95(6) 1.86(6) 2.800(5) 168(5)

IX

N(1)-H(1)---N(5)" 0.88 2.41 3.2167(15) 153
N(4)-H(4A)---O(1)" 0.882(19) 2.221(19)  3.0644(16) 160(16)
N(4)-H(4B)---N(2)* 0.89(2) 2.26(2) 3.0794(16) 153(17)
N(5)-H(5B)---O(1) 0.907(18) 2.024(18)  2.9242(15) 172(16)

X

N(1)-H(1)...N(5} 0.88 2.41 3.2167(15) 152.7
N(4)-H(4A)...0(172 0.882(19) 2.221(19)  3.0644(16) 160.1(16)
N(4)-H(4B)...N(2}® 0.89(2) 2.26(2) 3.0794(16) 153.4(17)
N(5)-H(5B)...0(1)* 0.907(18) 2.024(18)  2.9242(15) 171.8(16)

Ax+1/2;y+1/2:7+2 ° -x+1,y+1/2;2+1/2 ° X,-y+3/2,21/2. O -x+3/2;y+2,21/2.° x,y+1,2 " -x+1,y+1/2;z+1/2

O x+3/27y+3,21/2." -x+2,y+1/2;z+1/2" -X,y,-z+1/2) x+1/2;y+3/2,2+1/12% x,y-1,2. ' x+1/2:y,2. " -x+1/2,y,21/2.
"X+1/2-y+1,2 % -x+1,-y+1,21/2.° X, y-1/2 -2+ 12 Y -x+1 y+1 242 X,-y+1/2,21/2. S x4+ 1y, 2
Lox+2,y+1/2:2+3/2 " -x,-y,-z+ 1Y x-1,y,2 V' X,-y+1/2,z+1/2 % -x-1,y-1/2-z+1/2 ¥ -x+1 -y+1-z+1 * x-1y,z. **x,-
y+1/2,-z+2/2. 1 x-1,y-1/2,-z+1/2. % -x+1-y+1,-z+1
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Results

The covalent modification of isoniazid with a ketone occurs via@tcatalyzed condensation
reaction. The reaction involves the nucleophilic attack on the carbonyl group by the amine
nitrogen to form an unstable carbinolamine moiety, followed by acid catalyzed dehydration to
form an imine. This resulting imineisrefe ed t o as fAmodi fied i soni
does not readily undergo condensation reactions with benzophenone or its derivatives and
requires harsh reaction conditions and the use of acid catalysts for a successful reactiat. Hearn
al. observed hat stereeelectronic effects often make the covalent modification more difficult
with bul ky modi f i withalkylamodifiere largel than methd/l int the &dtonef
component of the transition state, the conformational preference for the &amenpN renders

this nitrogen poorly poised for nucleophilic attack. ( Het @.,r2009). The conditions required

for the reaction generally required significant heating, increased pressure and extended refluxing
over several days. Glass screap, airight rubbeflined dram vials were used for refluxing. The
reagents and solvent were added to the vial, a magnetic stirrer bar was added and the top was
tightly closed and the vial placed on a heatarer. This mimicked a reflux setup on a small
scale. 1 also allowed for heating to a temperature considerably higher than that of the boiling

point of methanol.

The choice of acid catalyst was also important. In order to avoid salt formation, weak acids were
chosen, but where these failed, stronger acids agglied Originally, the covalent modification

of isoniazid was attempted with the GRAS acids, salicylic acigtordroxybenzoic acid, which
proved successful only for structudds andVI. The apparent ease of reaction of isoniazid with
these two modiérs (4hy dr ox y b e n z o p RliaydroxgbenzophernbneRis dué to the
electron withdrawing hydroxyl groups on these molecules rendering the electrophilic carbon
atom more positive. For all but one of the remaining reactptsluenesulfonic acid prad a
successful catalyst. As the electron donating nature of the benzophenone substituents increased,
the required reaction conditions became increasingly harsh. Ahtbtldylbenzophenone as a
modifier, reflux at 110°C for 5 days was required with pheluenesulfonic acid catalyst. With

t h e -ddnetlylbenzophenone modifier, having two electron donating substituents, the reaction
failed completely and concentrated hydrochloric acid was required for the reaction to occur.
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Figure 2. Asymmetric units (a]i) of crystalsl-I1X, showing the numbering schemes. Part ())
shows the numbering scheme of a quarter of the asymmetric unit of ¢fy&iddich has four
molecules in the asymmetric unit). The complete asymmetric ubdtisfshown in (k)without
atom labels.
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Compoundl crystllizes in theP2;2,2; space group and the asymmetric urdintains one
molecule of N&(diphenylmethylene)isonicotinohydrazide, the product of the covalent
modification of isoniazid with benzophenone. The modified isoniazid moleculesydrogen
bond to each other via ttHamide - - Npyrigine heterosynthoifFigure 3) and form onedimensional
(1D) ribbons along the-axis with translational symmetry via a twofold screw axis along the

crystallographica-a X i s , s t astacking. Thes ibborts ywre formed via chains of seven

atoms between hydrogen bonds, with graphnotatiorC] 7 (Bernsteiret al, 1995)

Figure 3: Packing diagram df. One dimensional ribbons extéalong thea-axis.

Compound| crystallizes in théPp space group and the asymmetric wuihtains one molecule

of (E)-N& (phenylp-tolyl)methylene)isonicotinohydrazide). The molecules are aligned in parallel
planes, and held together via multiple weak BL L L @1 HhldL N i nteracti on
stabilized via " LLL" stacking. Each mol ecul e
its plane by a carbonyl oxygen atom (O1) that is hydrogen bonded via a Qve&kL L L O
interaction to aCi H h y d tomgHl8) ofathe nossubstituted benzophenone ring on an
adjacent molecule to formRé 1 6ring. The pyridyl nitrogen atoniN2) also interacts with a
hydrogen atom of the methyl group substituent of the other benzophenone ring of the adjacent
molecule(H20C) via a weakCit HLLLN hydrogen bond. On the op
hydrazide nitrogen (N3) of each molecule is
but to a Ci1 H hydtersobgticuted barizapmenooerringtohtlee adjacemeoubd
toformaR%lOring. The packing is further stabild@i

along thea-axis Figure 4).
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Figure 4: Packing diagram ofl .

Compoundll crystallizes in the monoclinie2;/c space group and the asymmetric unit contains

one molecule ofN&(di-p-tolylmethylene)isonicotinohydrazide and one water molecule. The
hydrate version ofsoniazid molecules that have been covalently modified via reaction with
ketones are common, as thet&ramolecule is a byproduct of tlaeid-catalyzed condensation
reaction. This reaction occurs via nucleophilic attack on the carbonyl group by the amine
nitrogen to form an unstable carbinolamine moiety, followed by acid catalyzed dehydration to
form an imne (Xavier and Srividhya, 2014)n the asymmetric unit the hydrogen bond occurs
between the amide nitrogen atom (H1) and the water oxygen &ttvd)( The packing ofll is

a threedimensional (3D) network with all molecules being hydrogen bonded to water. Each
water molecule has three hggen bonds and a®1 HL L L ° interaction. T
carbonyl oxygen atom acceptor of the modified isoniazid molecule is bifurcated and hydrogen
bonds to both water hydrogen donors. One of the water hydrogen atoms is also hydrogen bonded
to the isoniaid pyridine nitrogen acceptor atorkigure 5a). The other water hydrogen atom

forms anOr HL L L ° Il nteraction with one of t he ©ben
isoniazid moleculeKigure 5b). The oxygen atom of this water molecule acts as a hydrogen
bond acceptor totheamitd H donor atom. The packing is fu

of the pyridyl rings along the-axis.

140








































































































































































































































































































































































