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Aim of Thesis

Crystak of pure organic materiakre oftengrown bymethods fundamentally
based on crystallizatiofrom solution A range offactors affect the process of
nucleation and crystal growth solution.The solventan influencehe crystal habit
and impurities which are always presennay cause crystallization difficultie®y
acing as nucleationand crystal growthinhibitors. Indeed sme compoundsare
known to be difficult to crystallie in any other tha a solvated form Sometimes
crystallization from solutioimmay evernrequirethe use ofadditivesto induce crystal
growth These additiveand the concentration at which nucleation occurs can also
affect the nature of thproductobtained.All of these problemsire avoided when
crystals are grown from the gas phase.

It is estimated thaapproximately twethirds of all organic compounds are
able to convert fronthe solid to the gaseous state on heating. However, sublimation
is not normally a first choice crystallization method despite the wide range of
experimental setupghathas been daloped for crystal growtfrom the vapourThe
aim of this thesisvasto develop aonvenient andapid sublimation basechnique
that can be easily implemented in any chemistry labordtarrystal growth of

organiccompounds

Vi



Abstract

A sublimation methodased on the use afconventional vacuum ovenmas
developed for growing high quality single crystafsorganic compoundsuitable for
structure determinatiorKey features of the method areetuse ofa low thermal
gradientwhich favours the growth of large crystaland the use ofacuumwhich is
ideal for airsensitivecompoundsCrystals grown from the vapour are not affected
by solventeffectsand impurities havéar less influence than when crystals are grown
from solution. This low temperature gradient sublimatiam vacuo techniquewas
successfully applied t@ompound which giveonly solvated crystals from solot
crystallization fragile crystals whiclcan be benbn the @plication of mechanical
stress andystemswhosecrystal habit is influenced bthe crystallization driving
force. It was dso possible to combine thermal transformation angstalgrowth for
some 1-[(1E,3E,5E)-4,6-bis(phenykulfonyl)hexal,3,5trien-1-yl] -4-benzene which
gavecrystals of the corresponding(ghenylsulfonyl)biphenyls.

Stanozolol andethinylestradiolaretwo importantsteroids which before this
work were known only as solvates but are shown here to have two polymorphs and
just one crystal fornrespectively whencrystallzed from the vapour. dhution
crystallization experimentsin in parallelgave a wide range of solvated structures.
All crystalline forms of stanozolol andkthinylestradiol were analysed using
diffraction techniques (single crystatrdy diffracion and powder Xay diffraction)
and thermal methods (differential scanning calorimetry and thermogravimetric
analysi3. Infrared spectroscopwas additionally used fathe characterisation and
identification of polymorphic forms

Crystal growth usinghe sublimation methoalso provides easy detection of
the bending properties of molecular crystalsy$lal faces of naftazone and34,
dinitrobenzene when grown by sublimation tend b® curved in the bending
direction This effectis not observed for sation grown crystals. These bent crystals
can be easilgetectedisingoptical mcroscopy

Crystal growth of 1,4haphthaquinone, metélee phthalocyanine an
benzoic acidfrom the vapourwas investigatedunder a range of crystallization

driving forces. The results show thdahe crystal habit of planar moleculewhich

Vil



have stacked structures am directional intermolecular interactignstrongly
depends on crystallization driving force.
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Chapter 1.

Theory



Crystalline solids

Crystalline solids can be described in terms wims, molecules or ions
which arearranged in regular systemat8d patterns[1, 2]. They can exist in
differentcrystalline formssuch agolymorphsandsolvategthe latterarealso known
as pseudepolymorph$. Polymorphs are single component solid fermvhile
solvatescontain more than one constituent in the crystal structiig. 11 [3].
Differences in the molecular arrangement of polymorphsr the chemical
composition inthe case of solvatevary the inter- and intramolecular interactions
These differences lead changein the chemical anghysical propertiesvhich are
especially importatnto the pharmaceutical industry.

(a) (b) (c) (d)

L ——:.J e A =e [: - '
—JY' —J A ‘l —J L —_J L.[ ! ‘!‘;‘ _J. —‘_J _J‘
?_J. ‘ _J .
*ypure API ® Solventmolecule

Fig. 1.1 Crystalline forms of an APKa) pure API (b) polymorphic form of an ARI

(c) clathrate or solvate of an AP({d) solvated form of an API

The energy differences betwepolymorphicforms areusually quite small
making it easy to generata new form unintentionallyThe various steps of drug
processing andevelopmentn particularcreate a variety of opportunities fphase
transformation, solvate formatiosolvatedesolvatation oa change in the degred o
crystallinity. Since form conversion may also take place during storage or use, drug
stability is a major concern fahe pharmaceutical industryAppearance o new,
more stable crystalline form during late stage of development can canchectpr
delayor evenAPI withdrawal[4].



OEvery compound has di f f ergenerl tipoudmpemor p hi
of forms known for a given compound is proportional to the time and money spent in
research on that compound?®o
McCrone, 19635]

Insufficient understanding of solstate propertiehas led to problematic
situations in the pasBometimes it is not possible to continiine production of a
polymorph of interest due to the occurrenceaofiore stable formin this situation
theless stablo ol ymor phs are often polymbrghd[6leAdd t o a
well-known example isthe sudden occurrence o& new polymorphic formof
Ritonavir, onceused to treat Acquiredrimunodeficiency Syndrome (AID$J]. The
lower solubility and bioavailabilityof the new stable formforced Abbott
Laboratoried_td. to withdraw the drug from saldt required a lot of time and effort
before they were able toeproducethe original polymorph[8]. Sometimesthe
changeinimpuritp r of i | e can | ead t oasibtheicaseafthp e ar i n ¢
female steroid hormoneprogesterone[9]. After some time in productionhé
metastable polyorph of this compoundould no longer be produdeThe analysis
of a fifty-year old samplaevealed the presence of eleven impurities, including
another steroid compounahich had beeradded during the synthesis to enhance
crystal growth Some @& these factorswere responsible forthe stabilisation of
metastabldorm 1. Appearance of a new @tallineforms or a phase changesults
in differences in dissolution rate, oral absorption,akalability, toxicology and
ultimately clinical trial results. Therefore early isolation and characterisation of all
possible crystalline forsr of a drug compoundsi a major concerrfor the
pharmaceutical industry

In the chemistry of crystalline solids the main focus is to understand
polymorphism and pseudmlymorphism ata molecular level. Knowledge of how
molecules interact with each othemndahow they arrange dnpack to form 3D
structures helps ithe prediction and preparation of the most stdblen of a given
compound. Alspan understanding of the physicochemical properties of crystalline
solids is crucial to the selection ofthe most &ble form for developmentof

successful pharmaceutical prodsict



Polymorphism

It is thought that Klaproth wakefirst to be aware of polymorphism when he
observed in 1788 that calcium carbonate can crystallize as calcite and arfigijnite
In 1809 Humphrey Davynade a remark #t diamond and graphite are both carbon
and they only differ in the arrangement of carbon atoms in the solid state. Hpwever
the term plymorphism was firstoinedin 1822 by Eilhard Mitscherlickluring his
work on the isomorphous sulphates of cobalt, eoppon, magnesium, manganese,
nickel andzinc[11, 12] In 1965 McCrondg5] defined polymorphisnas

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

| east two different arrangements of the

In other words it is the ability of a compound to exist in two or more crystalline
phaseswith different conformationsandbr crystal packingiving rise to a variety of
crystal structures As a consequencgepolymorphs have differenthemical and
physical propertiesThese differences vanigh the liquid and vapour phagE3].
Structural diversityof polymorphic compoundsvhich resuls in different
crystal lattices arissfrom packing polymorphisrandconformational polymorphism
Packing polymorphismakes placevhen relatively rigid molecules can pack into
different 3D structures[14-16]. Often organicmolecules can exist in a variety of
different conformationsThis also resultén different 3D structuresvhen moleculs
packto form a crystalConformational polymorphisrmoan be therefore defined as the
existence of different conformers of the same molecule in different polymorphic
modificatiors [17-19]. To describe situations when organic moleculesin
polymorphic systems can exists geometric isomers or tautomers therm
configurational polymorphismwas introduced20]. In somecases it is not clear
whether a system should becognised ashaving packing or conformational
polymorphismbecause the differences in paukiinfluence the geometry of the
molecule and the different conformations make tholecules pack differently.
Therefore it is common that polymorphic systdmse a mixed origin as they exhibit

bothpacking and conformational differendeq].



In 1888 terms such as monotropyd enantiotropywere introduced by
Lehmann todescribethe relative thermodynamic stability opolymorphicsystems
[22]. When one polymorph is stable at almjgeratures below the melting point,
while all other polymorphs are unstable, the system is monotf@pic24] This
means that the free energy curves for each of the polymorphs do noaorbss
therefore no reversible transition can take place below the melting jmoaantrary
in other polymorphic systems these fremegy curves cross, meanirthat their
relative stabilities are reversedaparticular temperature. This is characteristic for
enantiotropic polymorphi5].

It was estimated that in pharmaceuticals 70% of barbiturates, 60% of
sulphonamides and 23% of steroids exist in different polymorplnns. 5-methyt
2-[(2-nitrophenyl)aminoj3-thiophenecarbonitrile(ROY) is the top polymorphic
system with sevedeterminedcrystal structures and three other polymorphic forms
observed using Raman spectroscdfig. 1.2[26, 27]

" %
7 : > 8,40 Polymorphs of ROY M
B .
Sy § 2y @ e T |
1,
(1) R P-1 (2) Y P2,/c ~
mp 106.2 °C mp 109.8 °C (3) ON P2,/c L Y.
0=21.7° 0=104.7° mp 114.8°C
8 =526° Hy
(4) OP P2,/c
mp 112.7 °C (5) YN P-1, mp 99 °C (6) ORP Pbca
0 =46.1° 0=104.1° mp 97 °C, 8 = 39.4°

(9) YT04 P2,/c

mp 106.9°C
0=1128° (10) Ros

Fig. 1.2 Polymorphism of Bnethyi2-[(2-nitrophenyl)amino]3-
thiophenecarbonitrile, also known as ROY for red, orange and yellow crystals

The discovery of all the potential polymorphic forms requires extensive

crystallization studies.Many factors which influence the relative nucleation and

5



growth rates need to be examin&d.obtain different forms of the same compound a
variety of methods are availablsuch as: crystallizatiofrom single or mixed
solvents, sublimation, cooling from the melt, thermal treatment, vapour diffusion
grinding or desolvatation of crystalline solvat€yystallization from solution may
involve pH adjustmenthe presencef tailor-made additives anthe adjustmenof
experimental conditions like temperature, initial supersaturation and rate of agitation
[28]. Crystallization is a mulistep process which invols@ucleation, crystal growth

and Ostwald ripenind29] of the crystals.Both nucleabn and crystal growth
determine the nature dhe polymorphc form that will be formed fronsolvent
crystallization

Pseudepolymorphism

Substances are often exposed to solvents or solvent vapour during different
stages of industrial processing. tine pharmaceutical industry the most common
solventbased processes include: wet granulation, sgrgmng, lyophilisation,
precipitation, crystallization and recrystallizati®@olvent moleculeare oftenfound
to cocrystallize with the mother compound. They are likely to affect crystal packing
and molecular conformation and for these reasams sometimesonsideed as
unwanted impuritied30]. However solvent molecules often playimportant role in
the crystal structures. They can act abdthd donos or acceptas contributing to the
formation ofthe H-bonding network. Ifeitherthe moleculeor the crystalstructure
containsvoids or empty channeldue to the crystal packing, solvent molecules tend
to fill these empty spaces. Somselvent molecules have both hydrophobic and
hydrophilic parts and they can be used as bridges between polar amblawon
regions. In coordination chastry they frequently act as ligands, completing the
coordination sphere of the metal i[39].

Solvatesare defined as crystalline solids of a compound in which solvent
molecules are present as an integral part of the crystal stru@ufe If the
incorporated solvent is water then it is referred to hgdrate Somesolvates of the
same substance have the ability to crystalliz&entical crystal structureq32-34].
Molecules in heseisostructural (isomorphou} solvatesare arranged ithe same

mannerforming identicalintermolecular interactions anatystallizing in the same



space groupOnly relatively small differences can be observed in the unit cell
dimensiondf the systems remain isomorpho@ften molecules of the same solvent
can be incorporated in the crystal lattice in different proportfon®ing solvaes
with different stoichiometicatios. Like other organic compounds some solvates may
exhibit polymorphism themselves. Theyave identical components and
stoichiometry ratio but diéfirent packing arrangemenihis was demonstrated for
threemonohydrates of tranilagd5], two hydrates of succinyl sulfathiazo]@6] and
two hydrates of oxazepafB7]. The case of indantrione Xdtoxime is particularly
interesting as the compound is capable of forming polymorphic solvetes
different stochiometicatios: 1:1 and 12 with methanol and 1:1 with ethan[88].
Sometimes rystallization from awet solvent or aolventmixture may lead tothe
formation of a crystal with more than one type of solvent molecule included in the
structure. These types of solvates are also known as heteros{8%ites

Solvateswere onceobtained unintentionally during various solvent based
crystallization or purification processeggl0]. Nowadays to satisfy regulatory
authoritieg[41] it has become essential to find every possible crystalline form of an
APl in system#c polymorph screenings. Although some organic solvents of
solvated crystals are classified as unsafe they can be ideal precursdahe for
development of a desired polymorphic fof#2, 43] In contrat, solvates containing
norttoxic organic solvents may have higher solubilitythan the pure fornwhich
could improvethe bioavailabilityand dissolution rate of an AR44].

CSD provides valuable information dahe solventforming properties of
organic compound§5]. An analysis of every entrgontainng solvent moleules
has beerperformed by many researchdB9, 46] It was shown that watey with
more than 1D00 hits,is the most common solvent incorporated in the crystal
structures of solvated formsApproximately 2800 hits were found for
dichloranethane and aboutQDO to 1400 hits for other solvents (methanol, benzene,
ethanoland acetone Among pharmaceutically relevant organic compouisied in
the 4.02 edition of Pharmacopoeia European (Phiuwas foundthat 36% may
exist in different polymorphic fors) 29%occur as hydrates and 10% are known to
form solvates[47]. All statistics place water molecules a top solvate forming
solvent. This can be attributed to some specific features of this molé¢aler can

easily fit intoeven smalktructural voids due tde small sizeThe multidirectional



H-bondingcapabilityis also responsible for the inclusion of water molecule into the
crystalstructures of APls

Many classification systems have been developed for hydrates in the past.
Most of them are based on the location of theew molecule in the crystal lattice
andwere introduced by Jeffrey, Clark and Morf48]. These include: isolated site
hydrates, channel hydrates and ion associated hydfétedrst categoryrepresents
hydrates where water molecules #elated fromdirect contactwith other water
molecules by intervening drug molecul@he ®condcategorydescribeshydrates
with water molecules arranged next to each other forming channels through the
crystal structure. Thigategoryis further suldivided into expanded channelsnd
planar hydratesExpanded channels maycreaseor contractthe latticevolume by
absorbingor desorbingmoisture depending on the humidity conditiofrs.planar
hydrates water moleculeme arranged in 2D order forming planes in the crystal
lattice. The ion-associated hydratebelong to the thirdcategory of crystalline
hydrates in whichwater moleculs are coordinated toa metal ion. Another
classification which does not require knowledge of the crystal structure was given by
Gal, KuhnertBrandstatteland Grimm[49]. It is based on the thermal behaviour of
organic hydrates. The most retenodel which takes into account the mechanism

and structural changes updehydrationwas proposed by Petit and Coquég&€l].



Nucleation and Crystal Growth

Nucleation

Crystal nucleations a key factor incontroling many properties of the
appearing crystalline phagél1]. The ability to control this preliminargtage of
crystal growth allowscontrol of polymorphism and theize and distribution of
crystals.

Nucleationis a process which leads ttee creation of a new crystalline entity
[52]. It is defined as a series of atomic or molecular events which cause the

rearrangement of atoms or molecules mtduster according to the scheme:

A+A=A,
A+ A=A;

An1+ A = A, (cluster)

This cluster, als&nownasa nucleusor critical nuclei, must have the ability to grow
irreversibly to a macroscopically large siZéne size and the frequency aftical
nuclei strongly depend on the conditsaithin the crystallization medium.

The absence of foreign particles or crystals in the crystallization media is
known ashomogeneous nucleatiolm contrat, heterogeneous nucleatidakes place
in the presence of foreign particles or surfaces which can encahesfgemation of
nuclei at supersaturations lower than required Fammogeneous nucleation.
Heterogeneous nucleatiammore likely to occur since it is practically impossible to
perform cystallization experimest free from foreign bodies. Both types of
mechanism are referred to @s$mary nucleation Formations of new crystals can be
i nduced by the presence ofseeddhe o r yshtea lsse
substance. This mechaniskmown assecondary nucleatigns more favourable than
both homogeneous and heterogeneous primary nucleation and thus it occurs at lower

supersaturation.



Nucleation in polymorphic systems:rule ofstages

In 1897, for compounds which can crystallize more than one form
(polymorphs or solvates), Ostwald developieeliRule of Stagefb3, 54}

0 When | eavieaagdiratrargformiegrto asdther sstate, the state which is

sought out is not the thermodynamically stable one, but the state nearest in stability

to the original statebo.

This means that the crystallizing system advances from the atpated state to
equilibrium in stages with the smallest possible change in free en&igy 1.3
Hence, before the crystals of the most stable form appear, a polymorphic compound
will form every possible metastable forifhe Rule of stages is a general rule, based

on the observationof many polymorphic systems, thus there are many exceptions
known[55].

Free erergy

Form 4

>

Crystallization coordinate
Fig. 1.3 Schematic representation of Ostw&dle of Stages with form 1 being the

least stable and form 4 timeost stable polymorph.

Crystal growth

Following the nucleation step, crystals continue to gnaaching a visible

size. Growth occwwhen the amount of atoms leaving tgeowth mediumand

joining the crystal surface is epter tha the amount of atoms leaving the crystal
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surface and going badkto thegrowth medium For crystas to grow a driving force
IS necessary. According to the law of thermodynamics duringctystallization
process a decrease free energy is required torgmote crystal growth. The
di fference bet we e npoftheegrowti reediunct (solutiop melte nt i a
vapor) and t he .aftheanystalinel phapeastdefinedthsaldivinge
force:
PE &L

If the growth medium israpourthe level of supersaturation becomes the driving
force as the crystals grow when thegourpressure is higher thahe equilibrium or
saturated vapour pressure.

On an atomic scale the growth surface of a crystal is irregtilanntains
many kinks, fre vacancies and unfinished atomic layers which may be used by
atoms joining the crystal surface, Fig4 [56]. Kinks and edges are more likely to be
occupied by an atom. This is due to the larger contact surface. Some atoms might be
placed directly in favoured positisfout most of them will have tmigrate through

the crystal surface to find such a site.

terrace ;
monatomic ledge

ledge - adatom

lerrace

vacancy

Fig. 1.4Kossel model of a crystal surface.

Many attempts have been madeexplain the mechanism anate of crystal
growth. This includeshe surface energy theory, diffusion theogagsorption layer
theory and screw dislocation the@By, 58] Surface energy theoriegere originated
by Gibbs (1878) and Curie (1888nd according to their hypothestse growing
crystalassumd that shape for which the surface energy is lowest. Noyes, Whitney

(1897) and Nernst (1904) gave rise difusion theorieswhich presume that the

11



substance is deposited constantly on a crystal face at a rate proportional to the
difference in concdmation between deposition point and the bulk of solution. In
1922 Volmer proposed that crystal growth is a discontinuous process where crystal
surface grow by adsorption ira layer by layer mode. This is known adsorption

layer theoryand modificationsvere suggested by Kossel and Stran$kie screw
dislocation theoryalso known as BCF theorwas first developed by F. C. Frank
(1949)and further analysed by W. K. Burton, N. Cabreraln@. Frank Growth on

a crystal surface can occur by one of tbieowing mechanisms: continuous growth,

surface nucleation or spiral growth.
Continuous gowth

In the continuous modehe surface of the cryst&é molecularly rough and
retains this form during therystal growth[53]. The energy which is essential to
form a new step is low thuwe crystal surfaceontains manyrowth sies such as
kink and stepsites,Fig 1.5[59]. These kinks and stepre randomly distributed over
thecrystal surface and are used as growth posifienarriving units.

growth unit

]

t

Fig. 1.5Rough crystal surface durirtge continuous growth model
Surface rucleation

Surface nucleation mechanisms originate fradsorption layer theor60].
Growth patterns osurface nucleatiortan be classified into two mechanisrisie
first one is known akayer bylayer growthor single nucleation growthwhere one

2D nucleus spreading over the whole crystal surfacespansible for the growth of
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a singlelayer. A modification ofthis mechanisnoccurs when the nucleation rate is
faster than the time needed to form one layer on the crystal surface. Many nuclei
which gpear all over the surface spread and combine into a layer. This type of
mechanism is known asultinucleation growth2D nuclei can also form all over the
surface and on top of existing nuclei which already started to spoe#dbating to

the growth ofmultiple layerssimultaneously This growth pattern is known as

multinucleation multilayegrowth orbirth and spreadFig.1.6[61].

Fig. 1.6 The creation of the nuclei on a surface during crystal growth by birth and

spread mode.

Spiral growth

An energy barrier associated with 2D nucleation has to be oveffoortiee
crystal growth to happefb7]. This means that the event should occur at relatively
high supersaturation. Howevéhe growth of 2Dnuclei was observed atlow level
of supersaturatioand this could not bexplained using Volmer, Kossel and Stranski
theory.HenceF. C. Frank proposetthe presence of screslislocationsas a result of
a continuous soura® stepswhich promotecrystal growth62].

A dislocation is a consequence of stress thatsadsengcrystal growth63].
Screw dislocation is a line defect whjathen exposed to the crystal surfaceeates
a stepgiving a rise to the spiral growthattern Fig. 1.7 [64]. As the dislocation is a
source of a stepthis growth mechanism requires lesergy than continuous or

surface nucleation growth arus it will occurat low supersaturatiorgenerating

13



spiral patteraaround the dislocation centr&s a result of spiral growth each crystal
can have a unique growth rate basednaspecific dislocton structure.

(c) (d)

Fig.1.7 Formation and progress of spiral growth by screw dislocation mechanism.
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Crystallization Methods

In general crystal growth can take place from solution, melt or vdpéir
The choice ofcrystallization technique has the most important influence on the
nature anddrm of the obtained material anid often limited by the smaimount of
sample[13, 58] Crystallization process are sensitive to many factof§6]. These
include the type of solvent used, initial saturatiormpurities, additives, rate of
cooling, temperature of crystallizatioand temperature gradient conditionssuch
as pressure, temperature or supersaturatitiin a mediumare changing too rapidly
it might not be possible to obtain a crystalline matef@&]. A formation of
amorphous or glagsmatter will take place insteath some casesnder constant
crystallization conditions, even if the solid is formed, spontaneous nucleation will
only occur after seeding.

Many classical crystallizatioomethodg68] such asslow evaporationrbm a
single or mixture of solvents, rapid cooling, precipitation ifantvent
crystallization), vapour diffusion, slurry ripening and lyophilizati@guire the use
of solvent. Other methodshich are often employed for crystal growth of organic
compounds include crystallization from melt, heat induced transformation,
sublimation and desohaion of solvates. Newer techniquémve also been
developed and successfully applied to generate metastable polymorphic forms:
capillary crystallization[69], epitaxial matchind70, 71} laserinduced nucleation
[72], supercritical fluid crystallizatiofv3] and ultrasoungi74]. The work included in
this thesis is focused on crystal growth from the vapour, therefore sublimation

methods will be reviewed in more detail.
Solvent aystallization

Crystallization from solution takeglace below the melting point of
crystallized matter, therefore it is the method of choice for compounds which are not
thermally stablg58, 75] Crystals grow freely in solution and their faces are not
affected by contact with foreign surfaces, whaan oftenallow optical recognition

of crystallographic axes. However, sometimes the paesef solvent may lead to
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the formation of an undesired solvd®9]. Also, specific solvent interaction may
have an effect on nucleation or the crystal morphology.

Some polymaphs are sensitive to the type of solvent usedn the case of
sulfathiazole form,Ilwhich was found to be stabilized by the use -girdpanol or 1
butanol . Both sol vent s-dimar tvhich istrequircd éor f or me
nucleation and transformation into forms Il and[P8].

Many methodshawe beendeveloped for crystal growthrdm solution. The
simplest is slow evaporation of solvent from solution at room temperature.
Minimalization of nucleation sites results in larger crystals. This can be achieved by
initial filtration, the use of unscrdted flasks and a constant temperature. Slow
evaporation of solvent may take several weeks depending on the type and scale of
the performed crystallization. Sometimes, to minimise the chances of solvent
inclusion, mixtures of solvestare used for slow evapation or for cooling super
saturated solutions. This was demonstrated in therysiallization of carbamazepine
and nineteen corystal formerg77].

Cooling of hot supersaturated solutianis also a commonapproachin
solvent based crystallization methofig8]. The use of stigd vessels aidghe
production ofuniform crystals. Althagh larger amounts of compounds are required
(as not all of the compound will crystallizehis method is more suited for the
growth of single crystals because the level of sigaéuration can be more closely
controlled than in a slow evaporation procs.

Vapour diffusion requires the presence of two solvents. The solute solution in
an open container is placedanlarger sealed vessel which contains a miscible and
volatile antisolvent(i.e. a solvent in which the compound has little or no solubility)
[79, 80] As theantisolvent diffuses into the solute solutj@aturation is achieved
forcing the nucleation and crystal growth. This method is often used for growing
large single crystals for structure determinaf{®o).

Vapour crystallization
Sublimationi s d e f & directdtranaition a a solid to a vapour without
passing t hr oug h[81]t Approximatety uwetthirdspotfi allsoegénic

compounds are able to convert from solid to gas state on hd8&hgVapour
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growth gives solvent free crystals witlell-definedfaces.The temperatures at which
compounds sublime and crystallizbe distance between the sublimed compound
andthe condensation aegthe pressure anthetype of collecting surfacall have a

great influence on the sizkabitand form of the grown crystal82, 83] Also, slow

growth rates and clean surfaces with a low level of nucleation sites contribute to the
growth oflarge crystalsith low dislocation contentery slow growth rates which
favour high quality crystals can be achieved using small temperature gradients in the
sublimation equipmerjg4].

The typeof polymorphformeddepends on the sublimation temperatwigh
high temperatuiefavouring stable forms and low temperatures yielding unstable
metastablecrystals. It is possible toadjust crystallization conditions in order to
obtain crystals of one polymorphic forhmwever, mixtures of several polymorphs
are often found to crystallize togeth@5]. Concomitant sublimation takes place
when polymorphs have similar vapour pressurea particular temperature. This
often happens near the temperatfrpolymorphic transition.

Generally sublimation methodsan be classified into three groupBB6]:
simple vacuumand entrainer Simple sublimationis the most common type of
crystal growth from the vapour phaseheTcompound changes phase from solid to
vapour upon heating and diffistowards the condensation arddne difference in
partial pressurebetweenthe vaporised and condensed matter is the driving force
diffusion. In vacuum sublimation the transport of vapour onto tbadenser is
increased by reducing thpressure which further increases tpartial pressure
driving force.Entrained shlimation is also known as carrier sublimation due to the
use of inert gases. They enhance the rate of flow of vapour and thus increase the
yield of condensed matter.

A wide variety of experimental apparatyypeshavebeen developedver the
yearsfor growing crystals from thgas phasel'he most commors the use oé cold
finger. A horizontal glass tubeas applied for the crystallizatioand crystal habit
controlof succinic acid polymorph87]. Sealed tubes are used for the preparation of
metals (zinc and cadmium) and Roretallic sulphides[88]. Silver halide crystals
can be grown in quartz tubes on copper and quartz subs{g8gsA train
sublimation systemwas developed andpplied to thepurification of organic

pigments[90]. Two and three zone furnaces weraployed to control and maintain
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atemperature gradierand to keem@ constantrate of sublimation during the growth
of single crystal$91].
Crystals obtained by sublimation aoften used as seeds solution phase

crystallizationon alarger scale.

Melt crystallization

Melt refers to a liquid state of matter close to its freezing point. Crystal
growth from the melt is only suitable for thermally stable compounds. Also, it is not
possible to grow mixed crystals of uniform composi{i®a.

Melt crystallization can be used to obtain mstable forms of polymorphic
systems[93]. Often, supercooling of melts first give the least stable form which
afterwards transforms into a more stable polymorph. Sometimes quench cooling a
melt can result in the formation of an amorphous solid which undergoes glass
trangtion and then crystallization upon further heatjfig, 95]

The most widely used melt crystallization techniques are divided into four
groups. These include: theulling (Kyropoulosand Czochralskj, crucible zone
meltingandflame fusiortechniques. Th&yropoulosandCzochralskimethods were
applied to the single crystal growth of many organic and inorganic compf@éds
97]. These methods require the presence of a seed crystal which in the Kyropoulos
method is allowed to grow into the molten phase and irCmchralskimethod is
slowly withdrawn from the molten phase pulling out a growing single crystal. In the
crucible echnique a melt is placed in a crucible which is slowly transferred from a
hot to a cold zone. For this purpose a furnace can be used to control the rate of
cooling [98]. The Dne refining method also requires presence of a seed and it is
applicable to materials having large surface tensionZone refining has the
advantage of producing high purity, dishtion free crystals of organic and inorganic
materials[99, 100] The flame fusion technique was developed by Verneuil in 1904
for the production of artificial gemston¢s01]. Nowadays it is used for the mass

production of jewels and scientific instrume[it82, 103].
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Chapter 2:

Experimental Section
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Materials

50g of Stanozolol (>98%), 1g@f Methandrostenolone (>95%),g5of
Ethynilestradiol (>98%) and 25g of mefate phthalocyanine (>93%) were
purchased from TCI Europe. 25g of ditrobenzene ($7%), 5g of
nitrocinnamaldehyd€>97%) and 100g ofmethoxycinnamaldehyd€>98%) were

obtainedfrom Sigma Aldrich.

Instrumentation and Techniques

Low temperature gradient sublimation in vacug method A

A sublimation method for growing high quality single crystals has been
developed. The combination @fow (and very low)TemperatureGradients with
Sublimation in Vacuum LTGSV, has several important advantages over other
crystallization techniques. Subliti@n (which is also a purification technique) gives
high quality single crystals ia few hours(or less)without the necessity of using
solvents. Workingn vacuoprotects compounds from oxidation and the use of a low
thermal gradient favors the growth of good quality large crystals, suitable for
structure determination. The crystalline form and morphology of the crystals grown
by this method are not affected byl\amts and impurities are less important than
when crystals are grown from solution.

MethodAwhi ch uses the vacuum overmdss heat
been successfully applied to several different classes of compounds. These include
systems for Wich: 1) crystals of pure forms are not available from solution due to
difficulties with crystal packing, 2) there is a problematic habit when grown from
solution 3) polymorphs are formed and 4) crystals grown from solution are of poor

quality.
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a)

Fig. 2.1 Containers for growing crystals by la@mperaturegradient sublimation in

the vacuum.

Crystalsof the compounds listed in Tab21 were grown in almost closed
containers in a Heraeus VT025 vacutherm oven which was operated® &P
pressure. The two sample container types dgethe compounds in TabR1 are
shown in Fig.2.1. The glass sample bottle (25mm diameter), Eifj(a), is covered
with aluminium foil (shiny side up) in which a pinhole has been made and crystals
grow on the smooth side of the bottle. In RidL (b) a Petri glass coveringaock
glass is used. The total weight losses obsefoedtanozololafter 48hours in the
oven were 4% and 15% respectively. The Petri dish has the significant advantage of
allowing more accurate examination of any crystals grown under a micro3dupe.
use of smooth surfaces favours growth of large single crystals, whereafestratc
surfaces enhance the level of nucleation which leads to the production of larger

guantities of small crystals. This was demonstrated for methandrostenolone, Fig. 2.2

Fig. 2.2 Crystals of methandrostenolone grown on scratched and smooth surface.
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Table2.1 List of compoundgrown by LTGSV.

Sublimation Approx. time
Compound name o Crystal Habit required to observe
Temp [°C] .
first crystals*
Benzoic acid*** 89 Plates to needle 30 min
Needles +
Caffeine 170 hexagonal 8h
blocks**

Carbamazepine 110 (FBr:)Or:lkITI) 15 min
o-chlorobenzoic acid 100 Plates 30 min
m-chlorobenzoic acid 110 Plates 35 min
p-chlorobenzoic acid 160 Plates 2h

Cholesterol 115 Needles 12 h

Ethinyl estradiol 135 Needles 8h
4-hydroxy-N-phenyt
bezzeneysulfgnarrilide 135 Plates 12h
Methandrostenolone 120 Blocks 6h

Naftazone 160 Plates 6 h
1,4-naphthaquinorre* 80 Blocksto 30 min

needles

4-Nitro benzoic acid 180 Plates 12 h
Oxalic acid 75 Needles 20 min
Phenacetin 95 Plates 30 min

Phenathraquinone

monosemicgrbazide 190 Blocks 8h

Phthalocyanine*** 475 Plates to needle 4 h

Progesterone 95 Blocks 1lh

Yellow blocks +

ROY 100 Orange needles 4h

> 115 Orange needles 3h
Salicylanilide 120 Plates 30 min

Needles + blocks
140 (polymorph | + 12 h
Stanozolol polymorph II)
> 150 Needles 6h
(polymorph 1)

Succinic acid 130 Plates 5h

Sulfamerazine 180 Blocks 8h

Sulfapirydyne 150 Blocks 6h

Sulfathiazole 135 Blocks 24 h
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(Forms| + 11)

Blocks
110 (Forms 1) 28h

* Crystals of suitable size for single crystaky analysis

** Hexagonal crystals were not staldaough aatmospheric pressure for structure
determination

*** External heater was used to create a range of driving forces across the conden
area

Sublimation in a vacuum oven using anexternally controlled heater,
method B

Theexperimentasetup which used two Petri dishes is shown in ZRy.This
was placed inside a Heraeus VT025 vacutherm oven. Six small holes were drilled in
the pressure relief valve on the rear of the oven. Insulated wires were cemented to the
pressure relief valve using epoxy resin. The six wires were used to connect two
thermocouples and a small heater. The heater was wound onto a 3 x 1 cm ceramic
rod using 70 cm of 0.4 mm nichrome which had a resistance dR44 variable
voltage transformer was used to control the temperature using voltages in the range
of 15 to 25 viis. The samplevasplacedin the centre of the Petri dish directly above
the heater. The sublimation temperature was measured using a thermocouple held on
the glass surface in place of the sample by a piece of high temperature tape. The
heater generated radial temperature gradient illustrated by the colour gradient in
Fig. 2.3 Glass wool was placed around the setup to minimize heat loss and reduce
temperature gradients. The temperature at the walls of thedovemt exceed 100
°C at the highest tempatures used

Fig. 2.3 Sublimation equipment setup showing how the driving force changes across
the condensation area.

23



This setup was applied tbe crystal growth ofl,4-naphthaquinone, metal
free phthalocyanine and benzoic adid each of the performeexperimers it was
observed that the high driving force (in the centre of the Petri dish) promotes
nucleation at the expense of crystal growth. However, towards the edge of the Petri
dish, the nucleatiorateis lower and the reducettiving force promotes the growth

of larger crystals.

X-Ray diffraction techniques

X-rays are scattered in all directions when they hit electrons passing through
the mattef104, 105] However when the matter is crystalline the scattering oKthe
rays occurs in specific directions which strictly depend on the nature of the repeating
pattern. This relationship applied in th&-ray diffraction methods providea
comprehensive descriptioof the arrangement of the atoms in the solid state

structureof crystalline solids.

Single Crystal XRay Diffraction

Single X-ray crystallographic studies give the most detailed characterisation
of solid statg106]. The determination of the unit cell reveals the periodicity of the
crystal and th@ssignmenof the phaseto thestructure factorallows the generation
of the 3D electron density map of the crystal and gings detailedinformation
about the structuref small molecules and macromoleculas the atomic level.
However, if it is not possible to grow high quality single crystals for structure
determination powder Xray diffraction, PXRD, is the method of choice for

polymorphidentification and characterisati¢pb07].

An Oxford Diffraction Xcalibur systemequipped with Sapphire CCD
detectorwas usd to collect Xray diffraction data at both ambient temperature and
150K. The crystal structures were solved by direct methshslxs97, and refined
by full matrix least squares using She®d [108]. Both are included in the Oscail
package[109] which was also used for the analysis of crystal packing and
intermolecular interactiong he only twinnedcrystal structure ofl-[(1E,3E,5E)-4,6-
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bis(phenybulfonyl)hexal,3,5trien-1-yl] -4-methoxyenzenewas resolved with the
program RotaX110]. In all cases an-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included in calculated positions except thfodee water
moleculesin the crystal structuseof hydrates where thehydrogens were refined
with a distance restraint of 8A. Some of the packing diagrams were produced
using Mercury{111].

Powder XRay diffraction (PXRD)

Diffraction from a powder givegsssentially the same information as single
crystal Xray diffraction however the reflection data collapsed onto a line plod of 2
vs. intensity. Thus reflections with identical 2alues are on top of each other. It is
possible to obtain crystal structufesm powder dataising the Rietveld method but
the work is not trivial nor is it always succesdfid 2]. It should also be pointed out
that PXRD examines more than one crystal and thus gives a better overview of a
sample than results based on just one cry$tanks to the specific fingerpts of
microcrystalline powders PXRD is the preferred method for routine
polymorph/solvates identificatioand characterisationPXRD can also be employed

in quantitative analysis of polymorphic mixtufdd 3].

Powder diffraction patterns were collected using Inel Equinox 328
Siemens D500 powder diffractometdyetween 490° and 440° ( 2 d ) respect.i
using Cy gradiation with stepsf 0.05. Powder patterns weralsocalculated using

the atom coordinatdsy programs within the Oscail package.

PatMatch

Calculated powder patterns were compared usingramPatMatch included
in the Oscail package. To compare two PXRD pattekremyd B, program selectas
(usuallytwelve) peakswith the highest intensityzor those peaks their positiordsd
and intensities|, are compared within the ersoof 0.85 and 0.70 respectively. The
program reportgshe number of matching peak®n) for both PXRD patterns. For
matching peakshe difference in their intensitiesp] is calculated:cpl =a#sl For
isomorphous structurdhis value will be close to zero. Match indices, dith for

two PXRD patterns are calculated using following equation:
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Match=1-( oIWeigh,

Weight= —

Isomorphous compounds will have match indices > 0.85.

Thermal analysis

The role of thermal analysis is to monitor the properties of the sample against
time or temperature as compounds undergo both physical and chemical dh&nges
37, 114, 115]These bangesnclude colour change, suiphation, melting and phase
changs. The factors which affect the kineticd these processeaaclude patrticle
size, impurities, crystal shape and presence of polymorphic nucleith@smass and
heating rate of the sampih@vea direct effect on the resdglon of thermal event#\
combination of DSC and TGA is often employed for distinguishing polymorphs and
solvates of pharmaceutical soli#y, 116, 117]Thermal methods have been applied
in manyotherareas, such as: polymers, electronics, material science and in quality

control.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis an analytical technique used to determine
thermal stability of a sampld07]. The principle is to measure weight changesa
function of temperature. TGA measurements plap important role in
characterization of solvates and excipierfthe nmain application of TGA is the
determination of solvate stoichiometry which can be caledl&rom the weight loss
per known amount of analyzed compoudd6]. It is also useful in identifying
sublimation and decomposition procesg@48, 119] The key disadvantage of
thermogravimetric analysis is thétdoesnot provide any information about the
nature ofthe compound and for this reas@iGA is often coupled vih another

analytical technique.

Differential scanning calorimetry (DSC)

26



DSCmeasures the amount of energy that is absorbed (endothermic event) and
released (exothermic event) by a sample during heating, coolirag constant
temperature[71]. This technique provides information on melting point, heat
capacity and heat of fusion of examined materfdle identificaion of different
polymorplsis often possible on the basis of differences of their melting pdiag.
Phase transitionand stability relations between different polymorphic forms can
also be investigatedising this techniqug¢l07, 120] It is possible to analysthe
relative stability of different solvatdsy estimatingthe strength of the hasblvent
interaction using the enthalpy of desolvatationptbsc) obtained froma DSC
thermogram This can be comparesith the enthalpy of vaporisationp(Hap) of the
pure solvent121-123]. Because othe low sensitivity ths method cannotletect
polymorphic impurities (<5%)In rare cases this method may not be sensitive to
polymorphic systemsat all. For instance only one form of mannitol can be
distinguished by DS€37]. The analysis of pseudaolymorphic compoundsiay be
affected bythe type of pan used in the experiment. Also the method is not suitable

for substances which decompose before mel8iig)

Thermogravimetric analysis (TGA) and Differential scanning calorimetry
(DSC) were performed on a STA625 thmal analyzer from Rheometric Scientific.
The samples were scanned at a rate 8€4@in from 25 to 40 °C under a nitrogen
purge at 50ml/min in open aluminium crucibles. The system was calibrated using an
indium standard.The enthalpy of vaporisationalues were taken fronBunger
Riddick and Sakanfi24].

Microscopy

Optical microscopy

Optical mcroscopy is often a primary choice in screening crystal morphology
or monitoring crystal growth goshase transformatigrof polymorphic systemgl2].
Polymorphs differ in their crystal shape and somethimes colour and this can be
observed using optical or scanning electron microscopy. Visual differences in the
crystal morphology do not reflect polymorphism itself. Because there is no intrinsic
relaionship between crystal morphology and crystal structure, microscopy alone is

not enough to study polymorphism. Changes in crystal morphology can be caused by
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different solvents, impurities, additives, e@ptical microscopyhas beerapplied to
the studyof the growth rates of individual faces of many polymorphic systems such

as sulfathiazol§l25] andmethylprednisolon§l26].

Scanning Electron Microscopy

Scanning Electron Microscop(SEM) is routinely used to generate high
resolution image§l27]. It can detect andnalysesurface fractures, examine surface
contamination, crystal morphologgnd thepresence and location of crystal defects
[128]. When additionally equipped witdn Energy Dispersive Xay system (EDX)
it providesrapid determination of elemental compositi&EM work will usually
require the sample to be kept in a vacuum. This can be a limiting factor especially
when dealing with solvatal crystals or compounds which are vulnerable to
sublimation at room temperatur8EM is widely used itfmany areas including
metallurgy, life scieoce, biology, gemologandmedical and forensic sciendé.has
also been applied to the determination of crystal growth mechafis@s 130]
topographical control of crystal nucleatifitB1] andthe investigation othe stability
of crystalline drugd 32, 133]

The Olympus SZX16 stereozoom microscope anditachi S4700 SEM
coupled with EDXwere used to perform surface analysis of organic compounds in

this study.

ATR-Infrared spectroscopy

Infrared (IR) spectroscopy providesaluableinformation on structure and
molecular conformation in the solid stdte84, 135] Significantly changes ariag
from intermolecular interactions such asbonding affect the observed spectrum.
This is particularly important when studying polymorphigdB86]. Sometimes
however IR spectra of polymorphic systems do not differ significarghd this
indicates thathe fingerprints of vibrational modes are not greatly affected by the
differences inthe crystal structuresin general IRspectroscopic techniques are
robust, inexpensive,require only small quantities ofa compoundand very little
sample preparation[135]. Therefore they are highly suitable for preliminary
examination, identificatiorand characterisatiorof pharmaceuticaproducs. As the
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older dispersive equipment has now been replaced by the more accurate Fourier
transform (FT) spectrometel® hasbeen successfully employed time quantitative
analysisof polymorphic systempgl37, 138]

Attenuated total reflectanceATR) is a widely used and particularly
conveniensampling techniquevhich allowsfor qualitative and quantitative analysis

of solid state pharmaceutical compoumdth almost nossample preparatiofi].

ATR-IR spectra were collected from 40680 cm® on a PerkinElmeFT-
IR/FT_FIR Spectrum 400using 32 accumulations at a resolution of 4tmsing
Spectrum 8.3.2 softwareThe ATR wasa DATR 1 bounce diamond/ZeSe universal

ATR sampling accessory.
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Chapter 3.

Crystallization of Solvent Free Crystals not
Available from Solution: Study Case

Stanozolol
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Introduction

Crystalline forms of stanozolol

Stanozolol is an anabolic steroid that was developed by Winthrop
Laboratories in 1962[139]. It proved to be success$fun treating anaemia,
osteoporosis and hereditary angioedema and it is also popularly used as a female
body builder{140-142]. It is commonly sold under the nasWinstrol, Tenabol and
Winstrol Depot143].

Stanozololwas described in the early literature as hathrge polymorphic
forms and several solvated forms. In 1993 W. L Rocco cterised polymorphl
and 2 and four solvates (monohydrate, methanol, ethanol and isopropanol) using
differential scanning calorimetry (DSCX-ray powder diffraction PXRD) and
infrared spectroscopy (FIR) [144]. PXRD studies revealed the diversity in crystal
structures among the crystalline forms of stanozatal its pseudpolymorphs In
2003thefirst and only crystal structur@efore this workpf stanozoloin its ethanol
solvate was publishetty D. R. Lisgarten[145]. No crystal structures opure
stanozolol polymorphs kidbeen reportetiefore this work

Sublimation methodA was applied to grow solvent free crystals of
stanozolol. Solution crystallization gave crystals of four already known and seven
new solvated formsThus the gystal structures of two polymorphs and ten solvates
were determinedStructural diversities amongyatalline forms of stanozolol were
further investigated comparinggerimental and calculated PXRD patteussngthe
Patmatch program within the Oscail packad&ermal analysis was applied to
establish stoichiometry rasmf solvates and to investigatiee strength of solvent
stanozolol interactions- his work providesan understanghg of why no solvent free
crystal forms of stanozolol are available from solution in contrast to the ease with

which solvated forms may be crystallized.
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Experimental Section

Crystallization of stanozolol

Despite the wide range of organic solvents usedy crystals ofsolvated
forms were obtainedHigh quality single crystals of polymorphs 1 and 2 were grown
by sublimation method Adescribed irthe Chapter 2The amount of sample used in
the experimers varied from 10 to 100 mg. The temperature range used for
stanozolol sublimation was from 135 to 170. Both polymorphs were observed at
150 °C. However, at the lower endf the temperature range block shapegbstals
dominate wiereas at 170 °C only needles w@m@duced.This temperature range
was chosen as DSC measurements indicated that there were no transformations in

this region, Fig3.1

10 3.5

0.0 \ _:3.0
_‘2.6

N Onse 228.13°C\ Kz 5

3

=0

- P 120=
Omnset 242,18 °C \ / 1 &=

]
[an]

2
é E30 — e
= T o —
P f N_/ 15 ‘
k3 ]
40 ]
110
50 8
50 231.84°C \ Jos
-7.0 243 9p°C 10.0
500 1000 50 0 2000 7500 3000 3500 400.0
Temp [°C]

Fig. 3.1DSGTG curves for stanozolol, showing the saaid polymorphic
transformation of form 2 Y form 1 at 23

followed by decomposition at 353 °C.
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Typical crystals are shown in Fig23Crystals of pure polymorphs wersad
as seeds but only transformation to one of already known solvated form was

observed.

Fig.3.2 Crystal habitof stanozolol ptymorph 1 (left) and 2 (right).
Crystallization of solvated forms of stanozolol
The solventdistedin Table3.1, wereused in crystallization experimestut
all attempts led to crystalline solvates. Crystals of eleven solvates were grown and

pictures of allof theseare shown in Fig3.3.

Table3.1Overview of the solvents usedcnystallization experiment.

Overviewof the solvents used

acetic acid diethyl ethef propanol®
aceton€” DMF B propan2-ol ®
acetonitrile” 1,4- dioxane® pyridine®
benzené ethanoP THE®

butanol ethyl acetaté toluene”
butan2-ol ® formamidée® wet ethano?
chloroform® methanoP wet isopropandt
cyclohexarf pentanof xylene®

 Formation of monohydrate formM solvate formation; crystals were not observe

Solvated crystals containing methanol, ethanol, isopropasmlighol, acetic
acid and formamide were obtained by cooling hot saturated solutions. Crystals of the
ethanol dihydrate, the isopropanol dihydrate, the dimethylformamide hydrate and the

pyridine solvate were prepared by slow evaporation from wet solvent solufibes.
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monohydratewas obtained from wet solventwhich do not give solvately slow
evaporationThese solvents wergropanol 1,4dioxane ethyl acetate and xylene

a) monohydrate

c¢) ethanol solvate

e) butar2-ol solvate f) ethanol dihydrate solvate
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h) acetic acid solvate

i) formamide solvate j) pyridine solvate

k) dimethylformamide hydrate solvate

Fig. 3.3 Crystal habitof stanozolol solvates.
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Results

Structural analysis of polymorphism in stanozolol

Both needle and blockhaped crystalerere suitable for single crystal-day

analysis Crystallographic resultfor both polymorphsre given in Tabl&.2.

Table 3.2 Crystal data for polymorphs of stanozolol.

Crystalline brm of

Polymorph 1 Polymorph 2
stanozolol
Empirical formula Co1 H32 N2 Oy C21 Hz2 N2 Oy
Formula weight 328.49 328.49
Temperature / K 298(2) 298(2)
Wavelength / A 0.7107 0.7107
Crystal system Orthorhombic Orthorhombic
Space group P22:2; P22:2
alA 7.3164(4) 19.4540(7)
b/A 21.562(2) 18.7009(8)
cl/A 24.0058(11) 10.8348(4)
V/IA3 3787.1(5) 3941.8(3)
z 8 8
;1 | Mcplcutated) 1.152 1.107
g/ mm* 0.070 0.068
Reflections collected 11756 12685
Independent reflections 6695 6908
[Rint = 0.0278] [Rint = 0.0185]
Refl ections 3213 5298
Goodnes®f-fit on F* 0.756 1.026
FinalRi ndi ces R; =0.0380 R; =0.0487
WR; = 0.0616 wR; = 0.1023
R indices (all data) R; =0.1056 R; =0.0718
wR; = 0.0703 wR,=0.1138
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Fig. 3.4 Observed and calculatd®XRD patterns of polymorph 1.
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Fig. 3.50bserved and calculatde®XRD patterns of polymorphs 2.
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The needles and blocks were identified as polymorphs 1 and 2 respectively
by comparing theiPXRD patterns with thoseeported in the literaturgl44]. The
calculatedPXRD patternsfor the needles and the blocks are also in good agreement
with both the reported and observed patterns, FHg5.3

Polymorph 1 crymllised in the orthorhombic space group&2; with two
molecules per asymmetric unit. The molecules within the asymmetric unit are
tautomers A and B, Fig.6. The tautomers were identified on the basis of tHe C
and GN bond lengths in the heterocyclingand bytheway in which the hydrogen
atoms of the NH and OH bonds fitted into the hydrogen bonded network. Thus the
C-C ring junction bonds were G218, 1.381(6) and C2B839, 1.352(6) A
respectively and HIN1 and O1H1 were close to the intermale@antact lines

joining the N1é0O1 and Ol1léN4 respectively.

N 3
/3 38 36
H tautomer B

6
17 15
tautomer A

Fig. 3.6 Tautomers of polymorph 1 showing the numbering scheme for the non
hydrogen atoms.

There are two potential hydrogen bond donors and three potential hydrogen
bond acceptors in each of the tautomers. Hydrogen bonded chains form a spiral motif
in the a direction. The motif involves (NH é OH é NN3-H é N 2, Table3.3
This is illustrated inFig. 3.7 and 3.8 and in graph set notation this is described as
C33(8) chains[146]. The double ended nature of t a

links the spiral motifs into a 3D network.

38



Fig. 3.7 View of hydrogen bonded spiral doashowing the €(8) graph set of
polymorph 1.

Fig. 3.8 Spirals of polymorph 1 linked by tautomer A molecules.
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Table3.3Hydrogen bonding interactions in the crystal structures of polymorph 1
and polymorph 2.

Orientation
Form of of D---A Dimensionality
stanozolol stanozolol Tautomer H-bond [A] of network
bolymorph head-tali AandB N1' H1 N1, 2.817 2D
N4 " H1N4, 2978
! 01" H101, 2.808
head- head B 01" H101, 2.833 3D
polymorph tail - tail 02" H102, 2.743
2 head- tail N2 H1N2, 2778

N4 H1N4, 2885

However,the OH group of tautomer B, O2, is not involved in hydrogen bonding.

This agrees with the reported analysis of IR spectra where a high frequency non
hydrogen bonded ®I band was observed at 3619 tnfrig. 3.9 Unused hydrogen

bonding capacity is not o mmon as it breaks the first
hydrogen bonding which states that AAII

i n hydr og ¢L46]. Dhere atd, however, several well established exceptions

to this rule. Alloxan for example has no hydrogen bonds in its crystal structure and

an analysis using crystal stture prediction methods of possible interactions
between alloxan molecules and those of related systems shows that some dipole

di pole interactions, for example (C=0) é
hydrogen bondin§l47]. Since there are no dipolesthe stanozolol molecule other

than hydrogen bond donors and acceptors it is more likely that it belongs to the class

of rigid awkward shaped moleculeshich have packing difficulties of which

desloratadine is an examplet8].
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Fig. 3.9 FT-IR spectra of Stanozolol polymorpl{réd) and 2(green)showing high
frequency nothydrogen bonded ® band at 3619 cih
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Polymorph 2 crystallized in space group;R2 with two molecules of
tautomer B per asymmetric unit. All potentiatdénd donors and acceptors are
involved in the formation ofa 3D H-bonding network whichconsistsof two
identical, independent, interpenetrgtBD networks, Fig3.10

....."...;';\ a _ :

------

Fig. 3.10Colour coded two identical, independent 3D hydrogen bonded networks of
polymorph 2 dowm.

b
Fig. 3.11H-bonded ring of polymorph 2 down c displaying th§) graph set.
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All nitrogen atoms of two molecules and oxygen atoms of another two
molecules are involved in the formation of a ring motif, Bid.1 This ring pattern,
R,%(10), involves (OIHé NN4-Hé NIN2-Hé OH é ) .

A void searchwhich was performed with the PC void program within the
Oscail packaggl49], shows that both structures contain voids. One sphere of radius
1.6 A can be fitted into the polymorph 1 structure and two spheres of 1.85 A radius
can be fitted into polymorph 2. The void in polymorph 1 is adjacent to O2 which is
not involved in hydrogendnding, Fig.3.12 and the voids in polymorph 2 are at the
origin at 0.5, 00, and 0.750, 0. The structure adopted by polymorph 1 is a
compromise betweethe loss of some hydrogen bonding and the generation of a
more dense structure. The calculated dessbf polymorphs 1 and 2 are 1.152 and
1.107mg/m’ respectively. The presence of voids in these structures is probably due
to the moleculeds packing difficulties.
it has not proved possible to obtain solvergefrcrystals from solution. The
observation of the less dense less stable polymorph is formed at lower temperature
and its conversion to the more stable form at higher temperature is in agreement with
Ostwal dbés [54.l e of stages

0

2
-

& /
-2 /

\ N
VR
S

Fig. 3.12Arrangement of voids in polymorph 1.
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Structural diversity of stanozolol solvates

Crystals of eleven solvates were grown dinel crystal structures of ten of
themweredetermined. e crystdographicdata is given in Table3.4-8.

Table 3.4 Crystal data for monohydrate and ethanol solvate.

Crystalline brm of

stanozolol monohydrate ethanol solvate
Empirical formula Co1 H3a N2 O, C23 Hzg N2 O
Formula weight 346.50 374.55
Temperature / K 298(2) 150(2)
Wavelength / A 0.7107 0.7107
Crystal system Orthorhombic Orthorhombic
Space group P22:2; P22:2;
alA 7.2098(5) 7.1392(5)
b/A 10.4654(7) 10.9541(8)
cl/A 26.0313(13) 26.8891(16)
v/ AS 1964.2(2) 2102.8(3)
Z 4 4
;1 | Mcplcutated) 1.172 1.183
e/ mmt 0.075 0.075
Reflections collected 10407 6211
Independent reflections 3552 3627
[Rint = 0.0345] [Rint = 0.0460]
Refl ections 2182 2219
Goodnesf-fit on P 0.801 0.892
Final R indi R;=0.0372 R; = 0.0550
WR; = 0.0631 WR; = 0.0705
R indices (all data) R; =0.0720 R; =0.0993
WR; = 0.0676 WR; = 0.0894
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Table 3.5Crystal data for isopropanol and butéhol solvate.

Crystalline brm of

iIsopropanokolvate butan2-ol solvate
stanozolol
Empirical formula Co4Hao N2 Oy Cas Haz N2 Oy
Formula weight 388.58 402.61
Temperature / K 150(2) 298(2)
Wavelength / A 0.7107 0.7107
Crystal system Monoclinic Monoclinic
Space group Cc2 C2
alA 24.5445(13) 25.321(2)
b/A 7.2894(3) 7.421(2)
cl/A 15.2500(8) 15.393(2)
b/° 122.679(7) 123.40
v/ AS 2296.56(19) 2414.6(7)
Z 4 4
;1 | Mcplcutated) 1.124 1.107
e/ mm? 0.071 0.069
Reflections collected 5444 17882
Independent reflections 3446 4402
[Rint = 0.0161] [Rint = 0.0472]
Refl ections 3029 3388
Goodnesf-fit on F? 0.980 1.039
Final R indi R;=0.0318 R; =0.0503
WR2 =0.0725 WR2 =0.1290
R indices (all data) R; =0.0375 R; =0.0691
WR; =0.0739 WR;=0.1418
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Table 3.6 Crystal data for ethanol dihydrate and isopropanol dihydrate solvate.

Crystalline brm of

stanozolol

ethanol

dihydrate solvate

isopropanol

dihydrate solvate

Empirical formula
Formula weight
Temperature / K
Wavelength / A
Crystal system
Space group
alA

b/A

cl/A

b / A

VA3

V4

1 | Mcplcutated)
e/ mm?
Reflections collected

Independent reflections
Refl ections
Goodnes®f-fit on F*

FinalRi ndi ces

R indices (all data)

C4aH74 N4 Os
739.07
150(2)
0.7107
Monoclinic
P2
7.3934(2)
27.5812(6)
10.5964(3)
109.234(3)
2040.19(9)

2

1.203

0.078

9236

5277

[Rint = 0.0197]
4629

0.980

R; =0.0327
WR2 = 0.0701
R, =0.0379
WR2 =0.0711

Co4Haa N2 Oy
424.61
150(2)
0.7107
Monoclinic
P2
10.5093(3)
7.2906(2)
15.5622(5)
94.812(3)
1188.16(6)

2

1.187

0.080

5499

3650

[Rint = 0.0169]
3157

0.973

R; =0.0332
WR2 = 0.0733
R, = 0.0397
WRz = 0.0747
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Table 3.7 Crystal data for acetic acid and formamide solvate.

Crystalline brm of

stanozolol

acetic acidsolvate

formamide solvate

Empirical formula

Formula weight

Temperature / K

Wavelength / A

Crystal system

Space group

alA
b/A
cl/A
b/
VA3
Z

y

e/ mm?

A

“Meplcutated)

Reflections collected

Independent reflections

Refl ections

Goodnesof-fit on F?

Fi nal R indi

R indices (all data)

Ca2s Hao N2 Os
448.59
298(2)
0.7107
Monoclinic
P2
10.3775(8)
7.4347(6)
15.5801(8)
91.895(6)
1201.40(14)
2

1.240

0.086

5253

3275

[Rint = 0.0395]
1872

0.875

R; = 0.0504
WRz = 0.0824
R; =0.0921
WRz = 0.0900

Ca3z Hea N5 O3
698.99
293(2)
0.7107
Orthorhombic
P22:2;
7.5672(3)
19.6475(9)
26.3375(9)

3915.8(3)

4

1.186

0.075

14471

6840

[Rint = 0.0264]
4211

0.909

Ry = 0.0476
WR; = 0.1086
R; = 0.0852
WR; = 0.1176
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Table 3.8 Crystal data for pyridine and dimethylformamide hydrate solvate.

Crystalline brm of

stanozolol

pyridine solvate

DMF hydrate solvate

Empirical formula
Formula weight
Temperature / K
Wavelength / A
Crystal system
Space group
alA

b/A

cl/A

b / A

VA3

V4

1 | Mcplcutated)
e/ mm?
Reflections collected

Independent reflections

Refl ections

Goodnesof-fit on F?

Final R indices[I2 G ( | )

R indices (all data)

C47Hsg N5 Oz
736.07
298(2)
0.7107
Orthorhombic
P22:2;
7.233(2)
11.850(2)
48.672(2)

4171.8(14)

4

1.172

0.072

12520

6556

[Rin = 0.0251]
4847

1.085

Ry = 0.0679
WR, = 0.1132
Ry = 0.0962
WR, = 0.1223

Cuss5 H73 N5 Oy
748.08
298(2)
0.7107
Monoclinic
P2
10.4243(10)
7.4432(5)
27.018(2)
94.069(9)
2091.1(3)

2

1.188

0.076

9056

5784

[Rint = 0.0169]
4640

1.025

R; =0.0493
WR2 = 0.1208
R; = 0.0668
WRz = 0.1327
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Fig. 3.13CalculatedPXRD patterns for ten pseugmlymorphs of stanozolol
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The crystals othe methanol solvate which appeared to be of good optical
quality were not suitable for single crystairXy diffraction as less than 2% of the
reflections could be indexed. A possible explanation for the failure of the methanol
solvate toform crystals with long range order is that methanol is trying to crystallize
with a structure similar to polymorph 1 with the solvent molecules in the voids.
However, the void volume which is about the size of a water molecule is just too
small to propest accommodate a methanol molecule.

Visual inspection of Fig. 3.13 suggests that the isopropanol and-Butan
solvates are isomorphou3here are several different powder pattern matching
methods available and most of them are in commercial software gescKdne
generalized expression for the similarity pdwder diffraction patterns shows that
the criteriadescribed in literature all refer to the correlationctionand are point by
point comparisons[150]. The Xmatch program was developed to include point
neighbourhoodsand was claimed to be an improvement caditional methods
[150]. Xmatch does not pick out this isomorphous pair of solvdibs.PaMatch
program within the Oscail package wasccessfly usedto analyse calculated
PXRD patterns othe crystalline forms of stanozoloFig. 3.13 A brief description
of thePatMatchmethod is given aboviea Chapter 2 A twelve peakcomparison was
used andhe selectegpeaks are given idable 3.10 Table 3.9 containsa list of
identification numbersssigred to theanalysedcrystalline forms of stanozololhe
PatMatch esults are presented in Tab®41land3.12 Table3.11is the matr of
the numbes of matchingpeaks andhe diagonals which correspond identities
show the expected? in Table 3.11 while the expected 1.0 along the diagonal of
Table3.12is set to 0to make it easier to visualize the results using bar charts etc.
The program also lists the top matches and these are shown ir3TBdad clearly
only two solvates are isomorphoisg. 3.14-15.
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Table 3.9 List of crystalline formsof stanozolol andheir corresponding

identification numbers.

Identification .

Sumber Crystalline form of stanozolol
1 Polymorph 1
2 Polymorph 2
3 Stanozolol ethanol dihydrate solvate
4 Stanozolol acetic acid solvate
5 Stanozolol butat?-ol solvate
6 Stanozolol DMF hydrate solvate
7 Stanozolol ethanol solvate
8 Stanozolol formamide solvate
9 Stanozolol monohydrate
10 Stanozolol isopropanol dihydrate solvate
11 Stanozolol isopropanol solvate
12 Stanozolol pyridine solvate

Table3.10Position of the peaks with highest intensities chosen for PXRD analysis.

Identification N
umber Positionofthgpe a ks [ 2 d ]
12.7513.2514.15 16.35 16.55 16.85
! 18.3520.75 33.25 35.55 38.25 38.5Q
12.2Q0 12.4513.1Q 14.4Q 15.45 16.6Q
5 17.0Q 18.5Q 20.5Q 24.55 26.75 36.25
12.8Q0 17.95 18.8Q 25.8Q 26.25 26.85
3 29.7Q 31.85 33.30 34.25 36.0Q 38.1Q
14.6Q 15.6Q 17.8Q 20.2Q 20.85 23.5Q
4 24.1Q 25.4Q 26.15 26.55 30.35 39.25
12.6Q 13.2Q0 14.65 15.85 17.3Q 20.35
> 21.00 22.1023.1027.7Q 28.25 37.3Q
14.6Q 15.7517.0Q 17.55 17.8Q 20.3Q
° 21.25 22.5Q 25.65 28.7Q 34.85 38.6Q
7 13.95 15.05 15.95 20.5Q 21.25 22.5Q
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24.25, 24.70, 27.10, 27.90, 34.80, 35.85;
14.7517.85 18.0Q 18.2Q 19.1Q 22.4Q
® 22.8527.2Q0 27.4Q 29.75 38.4Q 38.65
14.0Q 14.90 15.2516.90 17.25 21.2Q
? 22.0Q 27.0Q 28.25 29.2Q 34.4Q 37.15
14.7515.55 16.9Q 18.3Q 22.0Q 23.75
10 25.45 28.0Q 28.30 29.3Q 36.45 39.85
12.8513.453 15.1Q 16.25 17.65 20.5Q
t 21.65 22.75 23.65 28.45 29.15 38.4Q
12 14.4Q0 14.75 15.3515.9Q 16.05 16.95
17.5Q 18.5Q 20.65 21.4Q 22.25 31.65
Table3.11Numberof peaksmatched
1 2 3 4 5 6 7 8 9 10 11 12
112 3 1. 1 4 0 O 2 1 O 4 2
2 312 0 0 2 0 1 O O O 1 4
3 3 012 01 O O 1 0 O 2 O
4 1 0 012 0 3 3 1 1 0 1
5 3 1 1 012 2 1 0O 3 010 2
6 1 0 0 4 312 2 3 5 4 5 1
7 0 1 0 4 1 012 2 3 2 2 3
8 2 0 1 3 0 1 m2 2 2 1 1
9 2 0 0 2 2 5 3 22 2 3 3
10 0 0 0 3 O 5 1 4 22 1 1
11 4 1 1 18 1 2 0O 1 012 2
12 2 2 0 1 1 0 3 0O 3 1 12

Ten out of twelve matching pleswere found for the isopropanol and butan
2-ol solvates. For these peaks a match indices of 0.88 was calculdted.
isomorphous pair, isopropanol and bufaal solvates, are both monoclinic (space
group C2) with one molecule per asymmetric unit. Aldgffodhere is a significant
difference in their unit cell dimensions, for example drdtmensions differ by 0.776
A, the observed and calculate)XRD patterns are very similar, Fi§.1415. It is

interesting that there are considerable differences in observed and calculated
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intensities. This is due to preferred orientation effects as both observed patterns are

dominated by their 4 0 2 reflections. Thimese solvateare isomorphus and also

have similar crystal morphologies.

1

Table3.12Patternmatchindices
3 4 5 6 7 8 9 10 11 12

1 0.00 0.00 0.00 0.00 0.16 0.00 0.00 0.00 0.00 0.00 0.38 0.00
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.000.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.000.00 0.00 0.34 0.00 0.00 0.00 0.00 0.00 0.00
5 0.16 0.00 0.00 0.00.00 0.00 0.00 0.00 0.00 0.00.88 0.00

6 0.00 0.00 0.00 0.34 0.00.00 0.00 0.00 0.00 0.46 0.06 0.00
7 0.00 0.00 0.00 0.00 0.00 0.@OOO 0.00 0.00 0.00 0.00 0.00

8 0.00 0.00 0.00 0.00 0.00 0.00 0.0@O 0.00 0.00 MO 0.00

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 00O 0.00 0.00 0.00

10 0.00 0.00 0.00 0.00 0.00 0.46 0.00 0.00 @@ 0.00 0.00

11 0.38 0.00 0.00 0.00.88 0.06 0.00 0.00 0.00 0.0m.00 0.00

12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 D@D

Table3.13Topmatchesfor the pairs of PXRDpatterns otcrystalline forms of

stanozolol.

Match Indices

Identification numbers of pairs &rms ofstanozolol

0.88
0.46

0.38
0.34
0.16
0.06

5andl11i Stanozolobutar2-ol and isopropanol solvates
6 and107 Stanozolol DMF hydrate and isopropanol
dihydrate solvates
land11li Polymorph 1 and stanozolslopropanol solvate
4 and61 Stanozolol DMF hydrate and acetic aswmvates
1 and57 Polymorph 1 and stanozolol buta@rol solvate

6 and11i Stanozolol DMF hydrate and isopropanol solva
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Fig. 3.14Calculated XRD patterns of the isopropanol and buiaol solvates
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Fig. 3.150bservedXRD patterns of the isopropanol and butziol solvates.
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Molecular packing and hydrogen bonding of stanozolol solvates

Although stanozolol hathe facility of co-crystallizing with many solvents

forming distinctly different structures some similarities ifbbhding patterns were

recognised. Stanozolol can formidénds with the solvent molecules through the

hydroxyl group located on one end of the moleculd laothof the nitrogenatoms in

the pyrazole ring at the other end of the molectle solvent molecules act as-H

bond donorsand oracceptorsand canform two and three dimensional-bbbnded

networks. There is no unusedldnding capacity in any of the solvated forms. The

list of all H-bonds in the crystal striuges ofthe stanozolol solvates is in Tab814

Table3.14H-bonding interactions in therystal structures aftanozolokolvates.

Crystalline  Orientation _ . _
form of of Tautomer H-bond DA Dimensionality
[A] of network
stanozolol  stanozolol
ethanol head- tail A O1 H101.,2790 2D
solvate 02 H102,2808
N1 H1N1,2833
isopropanol head-tail A N1 H1N1,2785 2D
solvate Ol1 H101.2747
02" H102,2857
butan2-ol head-tail A N1 H1N1,2816 2D
solvate Ol H101.,2774
02" H102,2916
ethanol head-head AandB O1 " H1 01,2820 2D
dihydrate tail - tail 02" H102.2720
solvate O3 H103.2759
O4' H1 04,2764
04" H2 04,2911
O5"' H1 05,2773
O5" H2 O5,3.086
N1" H1N1,2937
N4 ' H1 N4, 2747
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isopropanol head-taill A O1 H101,2722 2D
dihydrate 02" H202,2.783
solvate O3 H103,2.798
03" H2 03,2873
04" H104,2831
04" H2 04,2848
N1" H1N1,2855
monohydrate head-tail B Ol  H101.2725 3D
02" H102,2.899
02" H202,2916
N2'" H1N2,2897
acetic acid head-head A O1 H101.,2608 2D
solvate tail - tail O3 H103.,2795
O5" H1 05,2719
N1" H1N1,2876
formamide head-head AandB O1 ' H1 O1.2745 2D
solvate tail - tail 02" H102.2746
N1 H1N1,3.063
N4 ' H1 N4, 3.099
pyridine head-tail A Ol  H101.2830 3D
solvate 02 H102,2865
N1 H1N1,2952
N3 H1N3,2830

DMF head- head AandB O1 ' H1 01,2744 2D
hydrate tail - tail 02 H102,2831
solvate 04 H104,2834

N1" H1N1,2954
N4' H4 AA,2764

2D Hydrogen bonded layer structures

Isopropanoland butar?-ol solvates, have stanozolol molecules hydrogen
bonded head to tail forming chainga N1 ' HI1 N1 AAAO1 hyyadvweagen b
molecules link these chains into 2D sheeta the solvent oxygen O2 and
Ol HIO1AAAO2 and O2' H1 Orhé\hdkoyetbondingathiaimg e n b
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within the sheets can be classified a8(), Fig.3.1617. These 2D sheets are not
hydrogen bonded to each other. The ethanol solvate has a similar hydrogen bond

network but alternate molecules are rotated preventing the adoption of a sheet
structure Fig. 3.18

Fig. 3.16 The view of hydrogen bonding pattern in a direction of isopropanol

solvate.

Fig. 3.17The view of hydrogen bonding pattern in a direction of b&ah solvate.
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Fig. 3.18The view of hydrogen bonding pattern in a directioetbfinolsolvate.

Solvates from wet ethanacetic acid, formamide and wBMF, have layer
structures in which stanozolol molecules are oriented head to head and tail to tail,
Fig. 3.1921. There are no Hhonds between stanozolol molecules in the structure of
the acetic acid solvateStanozolol is orientated in the hésal head, tailtoi tail

fashion with Hbonded acetic acid molecules in between.

Fig. 3.19Layerednature of ethanol dihydrate solvate.
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Fig. 3.20Layerednature of acetic acid solvate.

vbc‘> A ,c‘ jﬁ

Fig. 3.21Layerednature ofDMF hydrate solvate.

The isopropanol dihydrate solvate has a double layer sheet structure with no
hydrogen bonding betweeahe double layers, Fig3.22 These double layers are
connected by the water molecules via @& A A Abord (2t848 A). Stanozolol
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molecules are notHonded with each other. They are linked to the isopropanol and
two water moleculesiaO1 ' H1 O1 AAAO2 (2.722 i), N1'H1N
O3' H2O03AAAN2 (2.873 ) respectively.

.r_;:::i- ;.";-_-.'. =

i S ' R ‘ )
| WJ%“AM Wﬁﬂﬁ

Fig. 3.22Double layers of isopropanol dihydrate solvate.

3D Hydrogen bonded networks

The monohydrate and the pyridine solvate have 3D hydrogen bonded
networks. The structure d¢iie monohydrated formonsists of 2D sheets parallel to
theac face, Fig.3.23 These layers are connectéd the water molecules into a 3D
arrangement. Fig3.24 shows a view down tha axis of the interconnected layers.
The structure othe pyridine solvatels unlike the other solvates wheadayered
arrangement of the molecules can be observed. The pyridifeeuie is Hbonded
to stanozolol via N1'H1N1AAANS5 (2.722 i)
hydrogen bonds but it does force the stanozolol molecules to pack into a 3D network
in which there is no unused hydrogen bonding capacity 3228
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Fig. 3.24View of 2D sheets and of monohydrate solvate.
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Fig. 3.253D hydrogen bonding network of pyridine solvate.
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Tautomerism in stanozolol solvates

The stanozolol tautomers A and B are observed both alone and together in the
crystal structures of polymorphs and solvates, TaBl#4. DFT gas phase
calculations performed using Gaussian [@81] show that the energies of both
tautomers are very close with tautomer A just 1.2 kJ/mol lower than tautomer B. A
value of 81kJ/mol was calculated for the lattice energpalymorph 1lusing the
Habit program within the Oscail packad®9]. Thus differences in packing energies
can easily overcome the small energy difference between the tautomers. Both
tautomers were found in the crystal structures ofetranol dihydrateformamide
andthe DMF hydratesolvates The monohydate hasonly tautomer B present. The
ethanol solvate has one stanozolol molecule per asymmetric unit but it appears that
the structure is disordered with both tautomers present in nearly equal amounts as the
bond lengths in the heterocyclic ring have valughich are the mean of the
tautomers obseed in the other structure3he kst of thesolvates contain only

tautomer A.

(@)

63



(b)

(c)
Fig 3.26 Tautomers of (a) ethanol dihydrate (view down c), (b) formamide (view

down b) and (c) DMF hydrate (view down a) solvates.
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Thermal analysis of stanozolol solvates: strength of intermolecular

interaction

Thermal analysis was used to check the stanotoleblvent stoichiometric
ratio in bulk samples and to investigate the strength of solvent stanozolol
interactions. The TGA and DSC results for the monohydrate, methanol, ethanol and
isopropanol solvates were also in good agreement with the data foutiek in
literature[144]. Due to the complex nature of the ethanol dihydrate and the DMF

hydrate, total weight loss was calculated for all solvent molepuésent.

1.0 14
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Fig 3.27 DSGTG curves for monohydrate, showing the weight loss of water
molecule, solis ol i d pol ymorphic transformati on
melting of polymorph 1 at 242 °C and decomposition.
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Fig 3.28 DSGTG curves for methanol solvate showing the solvent weight loss at
158 AC, pol ymorphic transformation of
228 °C respectively, followed by the melting peak of polymorph 1 at 245 °C and

decomposition.
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Fig 3.29DSGTG curves for ethanol solvate showing the solvent weight loss at 123
°C, beforethe meltingat 241 °C and decomposition.
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Fig 3.30DSGTG curves for isopropanol solvate showing the solvent wiaghtat
128 °C, before the melting at 242 °C and decomposition.
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Fig 3.31DSGTG curves for butai2-ol solvate showing the solvent weight loss,

melting at 241 °C and decomposition.
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Fig 3.32DSGTG curves for ethanol dihydrate solvate showing the solvent weight

loss, melting at 242 °C and decomposition.
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Fig 3.33DSCGTG curves for acetic acid solvate showing the solvent weight loss,

melting at 242 °C and decomposition.
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Fig 3.34DSGTG cunes for pyridine solvate showing the solvent weight loss at 159

°C, followed by the meltingeak at244 °C and decomposition.
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Fig 3.35DSGTG curves for dimethylformamide hydrate solvate showing the solvent

weight loss, melting at 242 °C addcomposition.

Thermograms for some of the solvates are shown in3F23-35 and Table
3.15gives data for solvent weight loss and enthalpy chari@mgent loss occurs a@s
one step process in most cases but multi step processes are obsesobates with
more than one solvent molecule in the lattice. There is excellent agreement between
the observed and calculated weight loss on heating.

The endotherms of desolvatation are followed by a sharp endotherm’@t 244
which corresponds to the melgirof polymorph 1 The extra peaks between 200 and
240 °C which are observed for the methanol solvate anthtmehydrate have also
been reported for the ethanol solvate and have been attributed the transformation
al ong p ol y mo r[p4d].sThe3tran¥fornzations ard melting occur at
211.9°C, 231.5°C, 245.2°C and 211.1°C, 229.9°C, 244.5°C for the methanol solvate
and the monohydrate respectively. sublimation experiments only forms 1 and 2
have been observed and it has not been possible to produce crystals for form 3.

Thermal analysis can be used to estimate the strength of thedhastt
interaction by comparing the enthalpy of desolvatatprsc) obtained from DSC

thermogram with the enthalpy of vaporisatiapH.,) of the pure solvent. If the
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solvent is strongly bound then the enthalpy of desolvatation will exceed the enthalpy
of vaporisation[121-123] plhscwas cal cul ated wusipsag t he
[ ( pHe X pAJLADH) /Where €& is the mol ggasuHear wei

theoretical loss of solvent weight.

Table3.15DSGTG analysisof somestanozolokolvates.

Solvated form of host/guest Mcae Mexy ®Hyxyp @hbsc P Hap

stanozolol ratio [%0] [%0] [J/g] [kd/mol] [kJ/mol]
monohydrate (1:1) 5.2 4.9 104.4 36.2 40.7
methanol (1:1) 8.9 8.8 162.5 33.9 35.3
ethanol (1:2) 123 121 1955 73.2 38.7
isopropanol (1:2) 155 147 164.6 63.8 39.9
butan2-ol (1:1) 184 17.8 157.1 63.3 40.8
aceticacid (1:2) 26.8 252 2952 66.2 24.4
pyridine (2:1) 10.7 10.7  31.7 23.4 36.4
ethanol dihydrate (2:1:2) 111 10.9

DMF hydrate (2:1:1) 122 114

#Observed solvent weight obtained from TGA analysis.

For ethanol, ntan2-ol and acetic acid o | v a gsgvalues@re greater than
o Hap This suggests that in these cases the solvent molecules are tightly bound in the
crystal | at t i c e psc fdrhihe mondaydrate is prabably enot anH
indication of weak binding as the relative valueq@Ra, for water is expected to be
high since in water all atoms are involved in its hydrogen bonding. The data does
indicate weaker binding for methanol and pyridine and this is probably due to the
lack of long range order in the methanol solvate andptksence of just a single

hydrogen bonding interaction involving the pyridine.

71



Discussion

All attempts to crystallize stanozolol from solution gave solvated crystals.
Sublimation proved to be a successfutthod for the growth of the first high quality
solvent free crystals o$tanozolol polymorphs 1 and 2. Thairystal structures
contain voids and in the case of polymorphuriused Hbonding capacity. Both
features are the consequence of packing diffesiltiue to theigid awkward shape
of the molecule. The ready crystallization of solvates which have structures without
voids and their near maximal use of hydrogen bonding capacity is due to their greater
range of packing options.

DSC coupled with TGprovided valuable information on the nature of
analyzed materialdt provides easy identification adhe methanol solvatevhose
crystal quality was not good enough for single crystah)Xdiffraction analysis.

Programs within the Oscail software provide a rapid analysiseotiegree of
similarities between the calculated PXRD patterns. The results showed that only two
solvates of stanozolol are isomorphold$is isomorphous paimlso had similar

experimental PXR patterns and crystal morphologies
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Chapter 4.

Crystallization of Solvent Free Crystals not
Avallable from Solution: Study Casd=thynyl
Estradiol (EE)

73



Introduction

Crystalline forms of ethinylestradiol

Ethinylestradiol (EE) is a synthetic derivative of the natural estrogen
estradiol. It is one of the most widgdyescribed medicines and is a componerthef
combined oral contraceptive pill. ilasalso proved to be successful in theatment
of breast cancdi52].

EE was reported to exist in two polymorphic forms with the following
melting poins [153]: 146 °C, 183 °C. Although the polymorphism and pseuedo
polymorphism of EE was invesated by several research groups solvent free
crystalshave beemeportedbefore this work Sevensolvated crystastructures of EE
have beerpublishedand some of therhave beeranalyzed by DSC, TGA, FIR
and PXRD The first structure othe hemihydrate form (CSD refcode: FISWIN) was
reported in 1987 by van Geerestgib4]. In 1989 the hemihydrate was redetermined
and the structures of two new solvatasetonitrile and methanolatdetermined. C.
Guguta sudied pseudepolymorphicpropertiesof EE in 2007[155]. This resulted in
four newsolvated formgdimethylformamide, dioxin, ethanol and nitrometgeaand
a detailed comparison of their crystal structurds spite of these rather
comprehensive stigsno crystals of puréormwereobtained

Sublimationmethod Awas used to growhefirst solvent free crystals of EE.
They were used as seedsaim attempto obtain solvent free crystals from solution
but only crystals of nevar knownsolvates were formed.he aystal structures of
sdvent free EE and three new solvates were determined. Thermal analysis was
applied to investigatthe polymorphism of EEand desolvatation of solvated crystals.
PXRD patterns were calculated and compared for all crystalline forms of EE and
used to analyzéurther if thereportedstructural diversity among the solvated forms
continues.A CSD search for no H-bonded carbonyl and hydroxyl gramvas

performedo investigate this phenomenon among steroid compounds
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Experimental Section

Crystallization of ethinylestradiol

100 mg of EE was used to obtaiiglh quality single crystalby sublimation
method Asuitable for struttire determinationColourlesslath type crystalsvere
observedn the temperature rang#i0 to 140 °C, Fig4.2. This range of tempature
was chosen as no events were observethisrnportion ofthe DSC curve, Figd.1
Below the lower end of that temperature rarsgdlimationwasstill observed but no
crystal formation @ok place and only white powder \as obtained The FT-IR

spectum of this white powderwas identical to spectra afrystals grown by

sublimation.
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Fig. 4.1 DSGTG curves for EE, showing melting at 183 °C and decomposition at
310 °C.
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Fig. 4.2 Ethinylestradiad crystalgrownby LTGSWia method A

Crystallization of solvated forms of ethinylestradiol

Crystals of EE grown bgublimationwere used as seeds am attempto
obtain solvent free crystals from solution. Despite the use wfide range of
solvents, Tablel.1, no crystalsof a pure formwere obtained Crystallization from
butanr2-ol and propanofavethe already knowrhemihydrate formCrystallization
from acetone,DMSO and pentas2-ol yield crystals ofthe corresponding new

solvatesFig. 4.3

Table4.1Overview of the solvents usedciystallization experiment.

Overview of the solvents used

acetic acid diethyl ether pentan2-ol °
acetoné’ DMF © propanol®
acetonitrile” DMSO® propan2-ol
benzene 1,4-dioxane® Pyridine
butanol ethanol THF
butan2-ol A ethyl acetate Toluene
chloroform Formamide Xylene
cyclohexan methanof”

A Formation of hemihydrate form,New solvate formatiorf; Known

solvate formation
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b) pentan2-ol solvate

10)0)0) [Vian

c) DMSO solvate

Fig. 4.3 Crystak of EE acetone, penta2-ol and DMSQsolvates.
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Results

Polymorphism in crystal structures of ethinylestradiol

Suitable crystals of EE were analyzed using single crystay>Xdiffraction.

Table4.2 containscrystallographic data for pure form of EE.

Table4.2 Crystal data forpure formof EE.

Crystalline brm of EE

Solvent free EE

Empirical formula
Formula weight
Temperature / K
Wavelength / A
Crystal system
Space group
alA
b/A
cl/A
VA3
Z

;1 | Mcplcutated)
e/ mm*

Reflections collected

Independent reflections

Refl ections obse
Goodnesf-fit on F?
Fi nal R indices

R indices (all data)

CooH24 Oz

296.39

150.1

0.7107

Orthorhombic

P22:2,

6.8664(3)

20.9003(11)

22.0448(8)

3163.6(2)

8

1.245

0.078

9428

5434 [Ry = 0.0424]
3926

1.027

R; = 0.0626 wR; = 0.1001
R; =0.0991wR;, = 0.1145
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EE was found to crystalte in the orthorhombic space group,B2; with two
molecules per asymmetric uniEig. 4.4 shows the numbering scheme of non

hydrogen atoms.

C22 C24

Fig. 4.4Numbering scheme &E for the non hydrogen atoms.

The hydroxyl groups formlD hydrogen bonded chaingrough two
moderately strong interaction®3 * H1 O3 A2&B5084 and 04 ' H1 O4 AAAQO?2
(2.774R), Fig. 4.5. Although each ofhe molecules has two hydroxy groups that can
act as potential hydrogen bond donors and accephersO1 hydroxyl does not

participate in hydrogen bonding.

Fig. 4.51D hydrogen bonded chain of EE extending in ¢ direction.
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Table4.3H-bonding interactions in the crystal structures afgpform of EE
D' HAAA D'"H [i HAAAA D-A[A] D' HAAA

O4' H104} 0.891 1.912 2.774 162.36
O3' H103/ 0.901 1.862 2.755 170.65
02 H102 3.438

This observationis supported by the presence afhigh frequency nen
hydrogen bondedO-H bandin the IR spectrumat 3607 cnmt, Fig. 4.6. The

intermolecular interactions in the structuresif are listed inTable4.3.
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Fig. 4.6 FT-IR spectra opure form ofEE withhigh frequency nohydrogen bonded
O-H bandat 3607 crit.
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Structural diversity of ethinylestradiol solvates

It has been shown that EE forms a broad range of different crystal structures
with solvent molecules. The most recent report ofsiHcturegpresentsa detailed
analysis of crystal packing and-lbbnding network which show a large diversity
amongthe seven solvated forms of EE. In this study an attempt was again made to
obtain solvent free crystals from solution using the crystals obtained by sublimation
as seeds. However, again only crystals of three new solvates (acetone, DMSO and
pentanr2-ol) were formed. The crystal structures of these new solvates were

determined to see if the diversitysdlvatestructures continued, Tablie4-6.

Table4.4Crystal data forEE acetone solvate.

Crystalline form of EE acetone solvate

Empirical formula Co3H30 03
Formula weight 354.47
Temperature / K 149.9
Wavelength / A 0.7107
Crystal system Monoclinic
Space group P2

alA 6.8006(4)
b/A 22.1731(9)
cl/A 7.3916(5)
b/ 117.031(7)
v /A3 992.83(9)
z 2

1 | Moplcutated) 1.186

g/ mm* 0.077
Reflections collected 3018

Independent reflections

2106 Ri,: = 0.0216

Refl ections obs¢1978
Goodnesf-fit on F* 1.043
Final R indices 00315vyR2 = 0.0735
R indices (all data) 00348y R2 = 0. 0756
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Table 4.5Crystal data folEE DMSO solvate.

Crystalline form of EE

DMSO solvate

Empirical formula
Formula weight
Temperature / K
Wavelength / A
Crystal system
Space group

alA

b/A

cl/A

VA3

Z

1 | Moplcutated)
e/ mm*

Reflections collected

Independent reflections

Refl ections

Goodnesof-fit on F
FinalRi ndi ces

R indices (all data)

CosH36 04 S,
452.65

150.0

0.7107
Orthorhombic
P2,2,2

6.9652 (3)
10.9689 (3)
31.2143 (11)
2384.78(15)
4

1.261

0.250

7212

4224 Rin = 0.0204
3945

1.119

0432vyR2 = 0.

0.0476¥* R2 = 0.

924

0982
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Table 4.6 Crystal data folEE pentan2-ol solvate.

Crystalline form of EE

Pentar2-ol solvate

Empirical formula
Formula weight
Temperature / K
Wavelength / A
Crystal system
Space group
alA
b/A
cl/A
b/
VA3
Z

1 | Moplcutated)
e/ mm*

Reflections collected

Independent reflections

Refl ections obsc¢
Goodnesof-fit on F
Fi nal R indices

R indices (all data)

Cos H3 O3
384.54
149.9
0.7107
Monoclinic
P2
12.3596(6)
6.9442(3)
13.9837(8)
111.000(6)
1120.47(9)
2

1.140
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Fig. 4.7 Calculated PXRD patterns of ten solvaté£E
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The crystalstructures of ten known EE solvates wanalyzedoy compaing
their calculatedpowder patterng~ig. 4.7,usingthe PatMatch prograntidentification
numbers assigrd to the crystalline forms of EE are listed Tiable 4.7. Table 4.8
gives the positionof the peaks chosen for the analysis of calculated powder

diffraction patterns.

Table4.7 List of crystalline forms of EE and their corresponding identification

numbers.
Identification _

umber Crystalline form of EE
1 EE acetonitrile solvate
2 EE 1,4- dioxan solvate
3 EE DMF solvate
4 EE ethanol solvate
5 EE hemihydrate
6 EE methanol solvate
7 EE nitromethaa solvate
8 EE
9 EE acetone solvate
10 EE DMSOsolvate
11 EE pentar2-ol solvate

Table4.8Position of thgpeaks with highest intensities chosen for PXRD analysis.

Identification ) )
umber Position of the p
1 14.90 17.1Q 17.3Q 19.35 20.65 21.2Q
22.8Q 22.95 24.05 26.05 28.85 31.79
2 14.8Q 15.05 15.8516.75 17.4Q 19.30,
19.55 19.85 21.35 22.05 23.25 36.05
3 14.8Q 15.5Q 15.7Q 16.45 25.4Q 25.65
26.0Q 26.45 26.85 27.55 28.1Q0 39.1Q
4 13.7Q0 14.5Q 15.35 16.65 18.45 19.55
20.5Q 21.95 24.35 25.35 26.7Q 37.0Q
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10

11

14.0516.85 18.45 19.75 22.6Q 23.45
25.10,26.25 32.7Q 37.95 38.05 39.4Q
14.95 15.05 15.8517.5Q 19.25 22.00
22.45 24.0Q 24.5Q 27.35 29.0Q 30.9Q
15.3Q 15.4Q 16.05 16.55 18.0Q 20.70
21.8522.5Q 22.6Q 23.0Q 24.55 31.6Q
13.30 14.10 15.90 17.4Q 18.55 19.80
21.6Q 22.7Q 22.8Q 24.55 24.9Q 28.95
14.0Q 14.65 15.1Q 15.2Q 15.6Q 16.7Q
24.0Q 26.15 26.45 27.4Q 31.55 35.05
15.30 18.8520.7Q 22.753 24.15 25.05
25.50 25.7Q 26.8Q 26.95 28.8Q 36.00
11.9Q0 13.5Q 14.4Q 15.15 18.6Q 19.0Q
20.3520.65 21.95 22.8Q 24.1Q 25.50

© 00 N O o A~ W DN PP

e
= O

Table4.9 Numberof peaksmatched
2 3 4 5 6 7 8
1 2 1 6
2 4 1 4
12 1 1 O

2

0

B
N

H
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O~ O FPr A O N P O O
NN R WO~ R W O
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The rumber of matching peaks andadated match indices are illustrated
Tables4.9-4.1Q0 The resultshowthat there are no isomorphous struct@e®ngall
known solvatesof EE. The highest match indexas just0.57 and itwas found for
1,4-dioxan and nitrometha&which showa similar arrangement of EE molecules into
sheets. Other solvates of EE show a range of distinctly different structures, Table
4.11

Table4.10Patternmatchindices

1 2 3 4 5 6 7 8 9 10 11
1 0.00 0.00 0.00 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 0.25 0.57 0.00 0.00 0.00 0.00
3 0.00 0.000.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.000.00 0.00 0.00 0.00 0.17 0.00 0.00 0.00
5 0.00 0.00 0.00 0.00.00 0.00 0.00 0.00 0.00 0.00 0.00
6 0.31 0.25 0.00 0.00 0.00.00 0.49 0.00 0.00 0.00.00
7 0.00 0.57 0.00 0.00 0.00 0.4900 0.18 0.00 0.00 0.00
8 0.00 0.00 0.00 0.17 0.00 0.00 0.08®0 0.00 0.00 0.00
9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0MOOO 0.00 0.00
10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 @@ 0.00
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Table4.11Topmatchesfor the pairs of PXRDpatterns otrystalline forms oEE.

Match indices Identification numbers of paid forms ofEE
0.57 2 and 7i EE 1,4dioxan andhitromehare solvates
0.49 6 and 7 EE methanol and nitrometh&solvates
0.31 1 and 6 EE acetonitrile and methanol solvates
0.25 2 andi EE 1,4-dioxane and methanol solvates
0.18 7and87i EE nitromethaasolvate and EE
0.17 4 and87 EE ethanol solvate and EE
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Molecular packing and H-bonding of ethinylestradiol solvates

The hydrogen bonding network thfe EE acetone solvate is similar to th®
chainfound in thepure form of EE with the solvent taking the place of the second
EE molecule The EE molecules are orientated hetmiltail with O1 ' H1 AAAO2
(2.703 A) interactionsThe acetone carbonyl ads an acceptintheO2 ' H2 AAAO3
(2.678 A)H-bond, Fig4.8.

33\ —
‘ [

0 L,
| ‘,“' !
c$ S —

Fig. 4.81D H- bonded chain of EE acetone solvate extendirmgdmection.

The DMSO solvate has a DMSO:EE ratio of 2:1 and it is the only one with
zeradimensional Hbonding.Both ends othe EE moleculeare Hbonded to DMSO
mol ecul es t hr o26ghA)aOnld HA2A AHZBAAA iBidractions
Fig. 4.9

Fig. 4.90D H-bondingnetworkof EE DMSO solvate.

In the structure of EE pentdhol solvate molecules of EE are orientated
head toi tail way and linked throughth®@2 ' H2 AAAO1 -bpohAd Reftak2- | ) H
ol molecules participate in another two-bldnds:01 ' H1 AAAO3 (2.674
O3 ' H3 AAAO2. This2fornisZDH-bpnding network which iparallel to the
abdirection Fig. 4.10
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Fig. 4.102D H-bonded sheets of EE pentaiol solvate.
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UnusedHydrogen Bonding Capacity in Steroid Crystal

Structures

Several well established examplessbfuctures withnon-hydrogenbonded
donors or acceptors can be foundhe literature This has been explained bieric
hindrance rigid, awkward shaped moleculex dipoledipole interactions which
stabilize the crystal lattice and allow for molecules to pack into rfemeurable
structures than those with-bbnding motifs[148, 156] Unused hydroxyl groups
were also analyzedby X-ray diffraction andIR spectroscopyn some carboxylic
acids[157].

To investigate lack of conventional hydrogen bonding among steroid
compounds two searches of the Cambridge Database (@&fiorv 1.13)45] were
performed for entries containing both C=0 andH@roups in the first case and only
O-H in the second case. The constraints in both searches were as follows: steroids:
no solvates rd hydrates, 3D determined, no ions, no powders, no errors, no
polymeric, only organic structures, no(C=0-0Gtbr O-H---OH). 85 hits for lack of
C=0---HO and 134 hits for no ®---OH contact were found. The hits were
analysed manually and inappropricatries were eliminated. Examining steroid
structures on the CSD reveals 14 related examples with unudddgfups
(FNPEYO, FUFDAL, GAPGAF, KANYAA, LAKJAJ, LALXIF, MBRHES,
NPREYO, QEYBAX, QUMJOX, RAMYAG, SUQDUE, WATRIT, YAPZEU) and
10 with unused C=0O gups (AFAWOU, CAZXAC10, EYHENO, HMESDP,
ISTEST, LOHVAF, NOTESTO01, NPTYMO, PAMLUL, ZUKRUS).

Unusedgood proton donors and acceptors are rare in the crystal structures of
organic solids. Howeveseveral entries which were found in CSD represent
examples of unused hydroxyl and carbonyl groups in steroids compibisedms
that this feature is more likely toccur forsteroids rather thaany other classes of

compounds due to theigid natureandmolecdar shape.
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Discussion

It has been showthat shape of the molecule has a significant influence on
the crystal packing and nature of intramolecular interactions formed in the crystal
structures. Incorporation of solvent molecules into the cristtate can compensate
for theinefficiency with whichrigid awkward shapetholeculespackduring crystal
growth The frrst high quality solvent free crystals of Eere grownby sublimation
Solution crystallization of EE gave a wide variety of solvatédicgures.Seeding of
saturated solutiawith crystals of the solvent free foratso resulted in formation of
three new or already known solvates. This leadkd@aonclusion that crystals tiie
pure form of EE can only be obtained from the vapgghase No other solvent free
form of EE was observed during the crystallization experiments and-T&sC
analysis of solvated form$he low melting formreportedn theliterature as well as
in theintroductionto this chapteris thus probably wrong.

The analysis of Fbonding shows similaritiebetween EE an@olymorph 1
of Stanozolol. The hydroxyl group of one of the molecules in the asymmetric unit is
not Hbonded. These featuregere attributed to the rigid awkward shape of the
molecule.All H-bondng donors and acceptors are used in the solvated structures
forming a range of different donding patternsNo voids were found in thpure
form of EE.

Crystal structures of albf the crystalline forms of EE were compared and
analysedusing their calcuked powder patterndNo isomorplous structureswere
found. Small similarities can be found fdr4-dioxan and nitrometh&EE solvates

which have the highest calculated match index of 0.57.
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Chapter 5:

Detection of Bending Properties of Organic
Crystals:Application to Naftazone and 1,3

Dinitrobenzene
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Introduction

Bending phenomena of molecular crystals

Correlation between bending properties of molecular solids and crystal
packing was first described by C. M. Reddy and hisvodkers[158]. His study
includestheinvestigation of 60 molecular crystals amelreports that 17 can be bent
without breakingon application ofa mechanical stress. This phenomenaithough
now widespread for organic compoundsstgl rare among pharmaceuticalsdeed,
venlafaxine hydrochlorides the mly pharmaceuticathathas beemeported to have
bending properties

The bending direction of molecular crystals is associated with anisatropy
the intermolecular interactiong159, 160] In the presence ofinteractions of
comparable strength in all directiorfse. a normal3D H-bonding network crystals
are hard and brittle. If the crystal structure cordatrong and weak interactions in
nearly perpendicular directions the crystal is likedyberd on the application of
mechanical stress.

For reasons which will be clear below it was decided to exathaéending
properties of two compounds)aftazoneand 1,3dinitrobenzene Crystals were
grown both by sublimation and from solution. SEM and optical microscopy were
used inthe preliminary examination of morphology changes. In order to establish the
bending direction, crystal faces were indexed using Oxford program suite CrysAlis
Pro, versiorl71.34.36
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Experimental Section

Synthesis of naftazone

0.11 g of semicarbazide hydrochlor@sdissolved in 3ml of distilled water
andadded to 30ml ohnethanol suspension of 0.32g of -h@phtoquinoneThe dear
brown solution wafieated undereflux for 4 hoursandthe ®lution was left to cool
overnight Theorange needle shaped crystalsaftazongmetastable form [ were

filtered off, washed with ethanol andett.

O (@] O
o H2O )}\
O N
O‘ )k g \N NH,
+ N NH, H
H
HCI

Scheme 5.Bynthesis afaftazone.
Crystal growth of naftazoneand 1,3-dinitrobenzene

Whenmetastable form Il wasecrystallizedfrom ethano] orangecrystals of
stable form Iwere collectedFig. 5.1 Crystallizationby sublimation, method An
the temperature range 140 to 160 °C gave only the stable form | of naftazone, Fig.
5.2

[$4700 15.0kV 12.4mm x150 22/07/2011 13:31

Fig. 5.1 Crystals of naftazone grown from ethanol (fdin
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Lo 0 g o 0 U gt
54700 15.0kV 12.0mm x110 22/07/2011 11:23 500um

Fig. 5.2 Crystals of naftazon@orm 1) grown byLTGSWia method A

1,3-dinitrobenzene crystals were grown by slow evaporation of saturated
solution from acetonitrile at room temperature and by vacuum sublimation°@t, 75
Fig.5.3

Fig. 5.3 Crystals ofl,3-dinitrobenzengrown byLTGSV via method.A
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Results

Detection ofbending properties of naftazone

Naftazone is an API which is a veinotonic and vasculoprotector. drg
polymorphic forms are known and it is quite difficult to ensure the crystallization of
one pure form from solution. It is an example of concomipatymorphsm and has
been examined in some detib]. Following the successful use of sublimation for
polymorph selection for stanozolol and EE it was decided to apply it to naftamone. |
the tempeature range from 140 to 160 €Crystallization of aftazoneby method A
sublimationgave good quality crystals diie stable form bnly. No crystals of the

metastable form were detected.

Fig. 5.4 Bending nature ofaftazonecrystalsgrown from thegas phase.

Several different crystal habits were observédgether withflattened rod
and plate like crgtals there were also bent rods and sate@-thin plates which
were curved, Figh.4. The bent rods and curved plates were not observed for crystals
grownfrom solution. It was also noticed that the crystals bent without breaking in the
direction ofthe initially observed bend on application of a mechanical stress, like
shown on Fig.5.5. This property although established for a range afrganic
compoundsis still rare among pharmaceutica®d naftazone is just the second
example The only other reported case Venlafaxine hydrochloridelt was the
observation of curved plates on sublimation of the compound that suggested that this
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might be a method for the detectiohbending crystals. It was also decided to study
1,3-dinitrobenzene which had been described by C.M. Reddy but which was difficult
to crystallize from solution and could not be face indexed.

ABS DISPLAY - play recorded sample movies (1.0.5)

0:-57.00 T:-30.00 K: 134.00 P: -6.00 #30 HKL 418 -2:65 -35.89 D 0.10805 X 571Y:182
—————

Ready... [v Showtool window

Fig. 5.5Naftazonecrystalmounted on a fibréeft and ice indexatiorfright) of

crystal with plate habit

In the naftazone structureatecules are connected Vi3 * H2 AAAO2 (2.
A) into H-bonded chains which extend ine b direction. Apart from weak
C3 ' H2 A istAr&flonsno significant short contacts in the other two directions are
present in the crystal structure of naftazone. Face indexation showed that bending is
about theb-axis which is also the direction of the 1Dhdndingmotif, Fig. 5.6-7.
Thus the 1Dxhainsare nd broken when the lattice bends.

|0t e

Fig. 5.6 Molecular arrangements aiaftazone, Form |, viedown the c axis
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Fig. 5.7 Molecular arrangements afaftazone, Form I, viexdown the b axis

Detection of bending properties of 1,&linitrobenzene

1,3-dinitrobenzene is known to bend on the application of mechanical stress
but the crystals grown from solution were of poor quality and it was not possible to
index their faces and to determine the bending direction. Cryskadt weregrown
by sublimation, method Aseveal their bending properties as among the rod shaped
crystals some bent crystals were observed,5F3gThe crystal quality was suitable
for face indexation. To establish the bending face, one of these snystalmounted

on a fbre, Fig. 58.

ABS DISPLAY - play recorded sample movies (1.0.5)

0:-57.00 T:-30.00 K: 134.00 P-102.00 #14 HKL -0.03 -7.12 -18.28 D 0.02643 X 458Y: §

Ready.. © Ghovicoiwndoy [ TN

Fig. 5.8 Face indexation of,3-dinitrobenzene
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Face indexation established that the bending efilhiBrobenzene crystals is
about theb axis. This was predicted by C. M. Reddy from the crystal packing which
shows anisotropic distribution of intermolecular interacfi®8]. The molecules are
stacked in a zigzag fashion along thaxis, Fig 5.9 Thereare 4o weakC' HAAA O

interactions are presentaandb directions

Fig. 59 Molecular arrangement,3-dinitrobenzene
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Discussion

Sublimation especially whelnTGSV is usedprovides easy optical detection
of molecular solidsvhich haveplastic behaviour. Thiphenomenons unique for
crystals grown from the gaseous phase and it was not observed for aojsteds
same compoungrown from solution.

The examples presented heref naftazone and 1;8initrobenzene show that
compounds wittbending properties tend to yield crystals with bemdcurved faces
amongnormal crystalonly when grown by sublimation. The ability to grow such
crystals is particularly important when experimental recognition of bending direction
is difficult. Deformedcrystals grown bysublimationcan be directly mounted on a
fibre and used for face indexation without the necessity ofyaqgpany mechanical

stress
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Chapter 6:

Combined Synthesis, by Thermal
Transformation, and Crystal Growth pf

(phenylsulfonyl)biphenyls
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Introduction

Organosulfoneare very useful intermediates many differenfiields such as
agochemicals, pharmaceuticald61] and polymers [162]. Aryl sulphones in
particularwere reported agotential antifungalantibacterial, antimmoral and anti
HIV-1 agent4163].

Application of method Ao 1-[(1E,3E,5E)-4,6-bis(phenykulfonyl)hexal,3,5
trien-1-yl]-4-benzeneled to the production of crystals of the corresponding 4
(phenylsulfonyl)biphenyl. Methoxy (OMe) and nitro (N@) derivatives of 1-
[(1E,3E,5E)- 4,6-bis (phenybulfonyl) hexa 1,3,5 trien1-yl]- 4-benzenewere
synthesized and crystal formation of the correspondighenylsulfonyl)biphengd
was observed.

4-(phenylsulfonyl)biphenyis usually prepared in Suzukiyaura coupling
[164], FriedelCrafts[165] and other multistep reactions which require use of both
solvents and catalystfl61]. Method A was applied aa combined process of
synthesis and crystal growth. The process is #ame stepsynthess which does not
require the presence of solvents, a catalyst or further purificationpmdugict is
crystalline andsuitable for structure determination.

Crystal structures of all compounds included in this study were determined
and he influence of parsubstitution on the intemolecular interactions ka been

analysed.

103



Experimental Section

Synthesis of1-[(1E,3E,5E)-4,6-bis(phenylsulfonyl)hexal,3,5trien-1-

yl]-4-benzene and OMe and N@derivatives

Equivalent amounts (1eq) df,3-bisphenylsulfonyl, transinnamaldehyde
and 33eqgof aluminium oxide were used in the synthesis of (1). The suspension was
stirred for 4 hours at room temperature. The aluminium oxide was extracted with
CH.CI, and the resulting solution was concentrated to bright yellow oil. This oil was
dissolved in hot isopropyl alcohol and then chilled ir2@°C freezer for one hour.
The resulting participate was readily filtered. Traftsocinnamaldehyde and trans
methoxyinnamaldehyde were used for the preparation of their corresponding

derivatives scheme 6.1

0]
©\S// R @\S//O
o// // = =
(0]
7+ — ~ o
— (1)
—0 O=S=/0

O=Ss—0
R= OCH, NO,

Scheme 6L Synthesis of-[(1E,3E,5E)-4,6-bis(phenylsulfonyl)hexa,3,5trien-1-

yl] -4-benzenegmethoxy and nitro derivatives

Crystallization of 1-[(1E,3E,5E)-4,6-bis(phenylsulfonyl)hexal,3,5
trien-1-yl]-4-benzene OMe and NO, derivatives

Crystallization from a range of organic solvents gaveedhcrystals or non
crystalline matter.Crystallization by slow evaporation fromcetonitrile at room
temperature gaveyellow crystals of 1-[(1E,3E,5E)-4,6-bis(phenykulfonyl)hexa
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1,3,5trien-1-yl]-4-benzenend corresponding OMe and M @erivatives suitable for
single Xray diffraction analysis, Fig. 6:3.

R 1000 um ; can
Fig. 6.1 Crystals ofl-[(1E,3E,5E)-4,6-bis(phenylsulfonyl)hexa,3,5trien-1-yl] -4-

benzengrown from acetonitrilend correspondingiumbering scheme

10007 um

Fig. 6.3 Crystals ofl-[(1E,3E,5E)-4,6-bis(phenylsulfonyl)hexa,3,5trien-1-yl] -4-

nitrobenzengrown from acetonitrile and correspondingmbering scheme
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Synthesis and crystagrowth of 4-(phenylsulfonyl)biphenyl, OMe
and NO, derivatives

Preparation and crystal growttf p-(phenylsulfonyl)biphenylsook place on
a Petri dish in a Heraeus VT025 vacutherm oven maintained at a pressur of 10
GPa using sublimation temperatures of 115 °C (R = H andspatdl 125 °C (R =
NOy). After approximately five hours colourless crystals formed on the lid of the
Petri dish, Fig6.4-6, andabrown residuevas observedn the bottom dish.

Fig. 6.4 Crystalsof 4-(phenylsulfonyl)biphenygrown bysublimation, method And
correspondinghumbering scheme

Fig. 6.5 Crystalsof 4 -inethoxybiphed-yl phenyl sulphone

grown bysublimation, method Andcorrespondinghumbering scheme
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200 um

Fig. 6.6 Crystalsof 4 -@itrobiphen4-yl phenyl sulphongrown bysublimation,
method Aandcorrespondingiumbering scheme.
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Results

Combined synthesis, by thermal transformation, and crystal growth

Method A, as a rapid technique for crystal growth, was applied-to
[(1E,3E,5E)-4,6-bis(phenykulfonyl)hexal,3,5trien-1-yl] -4-benzene and  para
substituted OCHK and NQ derivatives. Upon heatingand in vacuumthese
compoundaundergo cyclization whickeads to the formation and crystal growth of
4-(phenylsulfonyl)biphenyand related OCkand NQ compoundsSchems 6.2 and
6.3 illustrate paossiblemechanismafor this thermal transformatiotioweverbecause
the formation ofa highly unstable vinyl radicahavn in scheme 6.5 problematical
andbecause thexistenceof a zwiterionform in the gas phase was reported for some
amino acids[166] and because gas phase reaction kinetics have suggested a gas
phase zwitterionmechanism[167] a zwitterion mechanism ipresentedas a

possibilityin scheme 6.3

- Ph
R =H, NO ,, OCHg4 02

SO,Ph |
X AN T
— "
SO,Ph )
R SO,Ph
R
homolysisl\
"SO,Ph

(1)

SO,Ph  radical
PhSO,H +
aromatisation
O
. 2)

Scheme & Possiblemechanism of thermatansformationof 1-[(1E,3E,5E)-4,6-

"SO,Ph

bis(phenylsulfonyl)hexa,3,5trien-1-yl] -4-benzeneia radical aromatisation
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R = H, NO,, OCH,

A~ _SO,Ph SO,Ph
_)\ XX T NN 2
. SO,Ph SO,Ph

(1)

PhO,S SO,Ph
SO,Ph
PhSOH + O Elimination of
PhSQH O
O Q H
R
] @

Elimination of PhSCH:

H
_/' \-"\v H+ * =
0o=s=0 —> o::l:,':o —» HO=$=0 4 p-
Ph Ph Ph

B

Schemes.3 Possiblemechanism of thermatansformationof 1-[(1E,3E,5E)-4,6-
bis(phenylsulfonyl)hexa,3,5trien-1-yl] -4-benzen&ia formation ofzwitterion

Analysis of intra-molecular interactions

Crystal data forl-[(1E,3E,5E)-4,6-bis(phenykulfonyl)hexal,3,5trien-1-yl] -
4-benzeng bis(phenylsulfonybhexatrienesand corresponding NOand OCH
derivatives are given in Tablésl-3.
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Table6.1 Crystal datafor 1-[(1E,3E,5E)-4,6-bis(phenylsulfonyl)hexa,3,5trien-1-
yl] -4-benzené and bisphenylsulfonybhexatriened| .

Identificationnumber () ()
Empirical formula CosH2004 S, CisH1402 S
Formula weight 436.52 294.35
Temperaturé T 299.1 297.0
Wavelength' A 0.7107 0.7107
Crystal system Monoclinic Monoclinic
Space group P2 P2/c

alA 5.9436(3) 16.5020(12)
b/A 14.0768(8) 7.8520(5)
c/A 13.0684(8) 11.3748(9)
b °/ 100.5375) 101.480(8)
V/A3 1074.95(11) 1444.39(18)
V4 2 4

;1 | Mcplcutated) 1.349 1.354

g/ mm* 0.276 0.225
Reflections collected 5206 6662

Independent reflections
Refl ections
Data Completeness

Goodnesof-fit on F?

Fi nal R indi

R indices (all data)

2704 [Ry = 0.0344]
2287

0.999

1.059

R, = 0.0540

WR, = 0.1286

Ry = 0.0666

WR, = 0.1436

2650 [Ry; = 0.0331]
1648

0.999

1.066

Ry =0.0519

WR, = 0.1115

R, = 0.0970

WR; = 0.1506
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Table6.2 Crystaldata for1-[(1E,3E,5E)-4,6-bis(phenylsulfonyl)hexa,3,5trien-1-
yl] -4-methoxpenzenéll and4 -@nethoxybiphed-yl phenyl sulphoné/.

Identificationnumber (m (V)

Empirical formula CxsH2p 05 S, CioH1603S
Formula weight 466.55 324.38
Temperaturé T 150.0 296.3
Wavelength' A 0.7107 0.7107
Crystal system Monoclinic Monoclinic
Space group P2/c P2

alA 5.84331(18) a=6.7378(3)
b/A 25.5606(8) b = 7.9901(4)
c/A 14.9540(5) c = 15.1328(7)
b/o 90.258(3) 98.700(5)
Volume/ A3 2233.49(12) 805.31(7)

V4 4 2

;| Mcplcutated) 1.387 1.338

g/ mm*t 0.274 0.213
Reflections collected 32900 3681

Independent reflections
Refl ections
Data Completeness

Goodnesf-fit on F?

Final R indices fr 2 0 ( |

R indices (all data)

4078 [Rn = 0.0516]

3615

0.999

1.018

R:1 =0.0384
WR; = 0.0838
R1=0.0463
WR, = 0.0875

2209 [Ryt = 0.0255]
1914

0.998

1.055

R, =0.0384

WR, = 0.0854

Ry = 0.0482

WR; = 0.0909
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Table 6.3 Crystaldata for1-[(1E,3E,5E)-4,6-bis(phenysulfonyl)hexal,3,5trien-1-
yl] -4-nitrobenzend/ and 4 -@itrobiphenr4-yl phenyl sulphon¥/I.

Identificationnumber V) (V1)

Empirical formula CoaHigN O S, CisHisNOs S

Formula weight 481.52 339.35

Temperaturé K 149.9 149.9

Wavelength' A 0.7107 0.7107

Crystal system Triclinic Monoclinic

Space group P1 P2/c

alA 5.86394(16) 13.1110(9)

b/A 8.2153(3) 7.6752(5)

c/A 11.8849(4) 15.2536(13)

U o/ 87.204(3)

h o/ 77.171(3) 99.600(7)

5 0/ 86.386(2)

Volume/ A3 556.78(3) 1513.47(19)

Z 1 4

1 | Mcplcutated) 1.4% 1.48

e/ mm* 0.28L 0.237

Reflections collected 4109 6953

Independent reflections 2552 [Ry: = 0.0125] 2766 [Rnt = 0.0445]

Reflections observed (82 2466 1772

Data Completeness 0.999 0.999

Goodnesf-fit on F° 1.19 0.998

Final R indices [I>8(1)] R;=0.021 R; = 0.054
WR2 = 0.0961 WR2 = 0.870

R indices (all data) R;=0.035 R;=0.104
WR; = 0.0874 WR; = 0.1021
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I andlll crystallized in the monoclinic space groupg Bad PZ/c, whereas
V was found in triclinic space group P1l. Tlamalysis of the intemolecular
interactions showghenyl rings are not involved iin+" stackinginteractions The
only phenyl which participates in-B---~ contact was found in the structurelbf,

Fig. 6.7. h the crystal structures dfandV only weak GH--O contacts were found,
Fig. 6.8.

Fig. 6.7Weak GH---" interactionin the structure df-[(1E,3E,5E)-4,6-
bis(phenylsulfonyl)hexa,3,5trien-1-yl] -4-methoxybenzen#l .

Fig. 6.8 Weak GH-- O interactionin thestructure ofl-[(1E,3E,5E)-4,6-
bis(phenylsulfonyl)hexa,3,5trien-1-yl] -4-nitrobenzengV.

II, IV and VI crystallized in the monoclinic space groups/B2P2 and

P2/c respectively. ie biphenyl groupn the crystal structure df was found to be
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almost planarwith the twist angle of just 3.85This differs significantly from the
gas phase structu biphenyl where théwist angle isapproximately 409168].
This is alsooften found in the crystal structures of other biphefiy&®, 170] For IV
andVI the values of the dihedral anglesrespond to 11.4&nd 18.73

The analysis of the intemolecular interactions sh@iathat all the phenyl
rings in the crystal structure of participate in"-" stacking interactions, Fid.9.
These interactions are reduced in the crystal structuré/ofvhere only para
substituted phenyl is involved, Fig. 6.10. NO stacking interactinswere found in

the structure ofVl where the paraphenyl position was substted with a OMe

group.

Fig. 6.9 Crystal packing ofi-(phenylsulfonyl)biphenyl showing maximum capacity of
" stacking interaction.

Fig.6.10"-" st ac ki n othe straceire efl ahitrobpmen4-yl phenyl
sulphoneVlI.
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Discussion

Application of  method A to some  1-[(1E,3E,5E)-4,6-
bis(phenybulfonyl)hexal,3,5trien-1-yl]-4-benzens led to the production of
crystals of the corresponding(ghenylsulfonyl)biphenylsMethod A can bean
alternative and effective method for preparation -¢pHdenylsulfony) biphenyland
related derivatives. This approach allows rapid production of alngactystalline
material without the necessity of using solvents and catalysts. Also due to the
formation of crystals by sublimation further purification of the product is also
unnecessary.

Crystals were analyzedusing single crystal Xray diffraction. The
intermolecular interactions in the crystal structures of th@hénylsulfonyl)
biphenyls show that-" stacking interactions are reduced by painanyl substitution
with NO, and OMe groups.

115



Chapter 7:

Usingthe CrystallizatiorDriving Force to
Control Crystal Morphology:
Application to 1,4Naphthaquinone, Metal

Free Phthalocyanine and Benzoic Acid
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Introduction

The presence of a radial temperature gradient across tkabtmation
surface when crystals are grown via methodsBggested that there mighlsobe a
driving force gradient present. To investigate any effect that a driving force gradient
might have on crystal habit compounds were chosen which are known to have a
tendency to give needle growth from solution and whiave simple stacked
structures without any strong-bbnding networks[171, 172] The compounds
chosen werametalfree phtalocyaninel,4naphthoquinoneand benzoic acidThe
same method was used to grow crystals of tetraphenyltin (TPT). TPT is sortter
three compounds chosen for this study in that it does not have any strong directional
H-bonding but in contrast to the others it does not lestacked structure due to its
near spherical shape.

The growth of crystalsf metal freephthalocyanindoy sublimation has been
reported using a horizontal two zone furnace by two groups with and without the use
of a carrier ga$90, 171] It is difficult to compare the crystallization driving force
variations in those experiments with those observed here. It is suggested in both
studies that the driving force is lowest closest to the sublimation region. In the
second study a ring of amorphous materiabweported closest to the heater with a
clear gap before any crystals were observed. This latter observation supports the
contrary idea that the driving force would be highest close to the heater. In this study
the highest driving force region was recaggd on the basis of high nucleation level
and glass formation which was found close to the small heater. In contrast the edge
of the desublimation surface kich displayed a significantly lower number of
nucleation sites was definedthg lowest driving brce region.

The results for all compounds were analyzed using opticabstopy, SEM
and single crystal Xay diffraction. The crystal structure of idphthoquinone was
re-determined as the only one found in the C&Bichwas reported in 196A.73).
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Experimental section

Metatfree phthalocyanine, 1sdaphthaquinone, benzoic acid and TPT were
grown by sublimation, method B, described in chapter 2. The crystals obtained in
each experiment are shown in Fig. 7.1. Experimental conditions are listed in Table

7.1 Crystals of metafree phthalocyanine wereadnt i f i e d as t he

comparing their FAIR spectra with those reported in the literaflré4].

bl ,‘13"]0 R b4 “ . N N-:f'-
Fig. 7.1Left to right: 1,4-naphthaquinone, metditee phthalocyanine and benzoic
acid crystals grown under different driving forcenditions: 1) high driving force
and 4) low driving force region.

Table 7.1 Crystallization conditions during crystal growth of metade
phthalocyanine (I 1,4-naphthaquinone (2benzoic acid (3and TP (4).

Identification | Sublimation T, [°C]’ T4[°C]” T °C]
number T[°C]
(1) 474 328 314 14
2) 81.5 67.4 63.6 3.8
(3) 89.0 64.1 56.1 4.0
(4) 157 123 117 6

" T, - temperature on the driblimation surface in the highystallizationdriving
force region
” T, - temperature on the griblimation surface in the lowrystallizationdriving

force region
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Results

Application to metal-free phthalocyanine

Fig. 7. ZCrystaIgrovvth of metafree phthalocyanlne under a range of crystallization
driving forces.

Thelongest needles were observed close to the temperature region where the
driving force is relatively low, Fig7.2.2.3. As the driving force increases a rapid
change in the cstal habit was observed, Fig. 7.3

&I,\ o \7 L%
(S5 0d 149.«/ x3502/02/2056‘!14
Fig. 7.3SEM image of metdftee phthalocyanine crystals grown under high driving

force conditios.

Phthalocyanine haa highly anisotropic structure, where the intermolecular
interactions are only defined By" interactions and which extend in thealirection,
Fig. 7.4. Molecular packing shows that in the low driving force conditions
phthalocyanine formsneedles parallel to the stacking directiobhe stacking
direction was defined on the basis of the angles bettfeeplane of the molecule
and the 100, 010 ariD1 facesand theyare-49.330, -45.848, -62.960 respectively.
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Fig. 7.4 Face indexation and molecular packing of médtak phthalocyanine.

Application to 1,4-naphthaquinone

driving forces.

Crystal data for 14aphthoquinoneare given in Table7.2 The observed
habit changes of,4-naphthoquinonerystals grown from the vapour are shown in
Fig 7.5 In the high driving force region the sublimed compound isgglke Fig.
7.5.1,and no single crystals were observed. As the driving force decreases with the
distance from the heateblock shaped crystals anamitially observed, Fig.7.5.2
However towardshe edge of the Petdishthe blocks evolve into neesias shown
in Fig. 7.5.4 The aspect ratio (length/thickness) of the crystals was calculated and
found to be inversely proportional to thestdnce from the centre of the -de

sublimation surface, Fig. 7.6
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Table7.2 Crystal data and for 1;haphthaquinone

Compound name

1,4-naphthoquinone

Empirical formula
Formula weight
Temperaturé T
Wavelength' A

Crystal system

Space group

alA

b/A

cl/A

b °/

Volume/ A®

V4

1} | Meplcutated)
e/ mm?

Reflections collected
Independent reflections
Refl ections
Data Completeness

Goodnesof-fit on F?

obse]

Final Rindices[I2 G ( 1 ) ]

R indices (all data)

Ci0He Oz
158.15
150.0
0.7107
Monoclinic
P2/c
8.1933(3)
7.7393(3)
11.4405(4)
94.486(3)
723.23(4)
4

1.452
0.102
3141

1320 [Rn = 0.0120]
1184
0.996

1.054

R1=0.03®, wR, = 0.0834

R1=0.0347wR, = 0.0859
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Fig. 7.6 Aspect ratio vs. distance from the centre of the Petri dish.

The crystal faces of the blocks and needles were indexed, Fig The
molecular packing Fig 7.7, shows that low driving force conditionsimilar to
phthalocyaninefavours the growth of needles parallel to the stacking direciba.
angles between the plane of the molecules and38@79), 010(-70.107) and 001
(-62.695) faces illustrate thander low driving force conditiongrowth along thea

directionis dominated by molecules attachiftet to the 100 face.

= e el

OAT0T JDOK 1P $400 - b1 $00.00 500 88 400 00
Feady % Shom ot

Fig. 7.7 Face indexation of needle shaped crystal grown at low driving forces and
molecuér packing of 1,shaphthaquinone.
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Fig. 7.8 Face indexation of block shaped crystal grown at high driving forces.

Application to benzoic acid

7,500, um

Fig. 7.9 Crystalgrowth of benzoic acid under a range of crystallization driving

forces.

Fig. 7.9 represents the effect of a range of driving forceshercrystal habit
of benzoic acid At a high driving force Fig. 7.9.1,benzoicacid forms twnned
crystals As the temperature decreases across the condensation area, plate like
crystals Fig. 7.9.2change into needles approximately 15 mrength, Fig.7.9.4

Benzoic acid forms hydrogen bonded dimers which extetodribbons with
weak CHé O i nt er act iaem $ stacking mteractioasrparallel to the
needle growth direction. The angletween the plane of the molecule and 10® (-
53.896), 010(48.217) and 001(-58.052) crystal faces show the same tendency
observed for the other two cases above ofnhghthaquinone and mefate
phthalocyanine.
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Fig. 7.10Crystal packing ofbenzoic acid view down b direction.

Application to tetraphenyltin

The crystallization driving force range providedrbgthod B has no effect on
the crystal habit of TPT, Fig. 7.11, asystals of the same size and shape were
observed across the-dablimation surface. This leadsttee conclusion that only the
crystal habit of planar molecules with stacked structures and no strong intermolecular
interactionsare dependertn the crystdization driving force.

Fig. 7.11Crystak of TPT grown by the sublimation, method B.

124



Discussion

Sublimation method requires the use of a small heatera conventional
vacuum overwhich is only employed as a vacuum chamber. The use sofall
heder allows generation of a range of crystallization driving forces across the
condensation area and expands the sublimatioperatureangeup to 500 °C A
high driving forceregion,at thecenterof the Petri dish, faws the formation of new
nuclei atthe expense of the growth of existing crystélsdecreasing driving force
towards the edge of the Petri digsults inalower level ofnucleation and groth of
the nucleinto larger crystals.

The crystal habit of the compounds studied was found todbdy dependent
on the crystallization driving force. A low crystallization driving force favors needle
growth. In the absence of directional hydrodeemds the crystal growth of planar
molecules in the stacking direction is intrinsically promoted by lthe step
generation energies in that direction and if flat molecules initially attach flat to all
crystal faces when the crystallization driving force is low then growth in all other
directions will be disfavored and long needles will be obseriredontrast to the
behavior observed for flat molecules tetraphenylvhich has a near spherical shape
and no directional intermolecular forces, gives isotropic crystals under the same

crystallization conditions.
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Chapter 8:

CrystallographicDatai Electronic

Information
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1) Polymorph 1 of stanozolol

Table8.1 Crystal data and structure refinement for polymorph 1 of stanozolol.

Identification code stanozolol_1
Empirical formula C21H3N20
Formula weight 328.49
Temperature 298(2) K
Wavelength 0.7107 A
Crystal system Orthorhombic
Space group P2,2:2;

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

a=7.3164(4)A

b =21.562(2)A

¢ = 24.0058(11)A
3787.1(5) R

8

1.152 Mg/mi

0.070 mnt

1440

0.80x0.10 x 0.120 mm
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Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Refl ections
Data Completeness

Absorption correction

obse

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodnesf-fit on F?

Fi nal

R indices

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

2.9360 to 29.1583 °©
-5<=h<=9;-28<=k<=17;-16<=I<=32
11756

6695 [Ry = 0.0278]

3213

0.998

Semiempirical from equivalents
1.00000 and 0.97969
Full-matrix leastsquares on¥
6695/ 0/ 440

0.756

R;=0.0380 wR=0.0616
R;=0.1056 wRR=0.0703
-1.2(14)

0.163 and0.129 e &’

Table8.2 Atomic coordinates ( x fpandequivalent isotropic displacement

parameters (Ax 10°) for polymorph 1 of stanozolol. U(eq) is defined as one third of

the trace of the orthogonalized Uij tensor.

Atom X y z U(eq)
0(1) 8683(2) 7743(1) 9076(1) 54(1)
0(2) 8633(3) 1717(2) 8157(1) 93(1)
N(1) 8533(3) 3450(1) 6427(1) 54(1)
N(2) 6725(3) 3530(1) 6533(1) 51(1)
N(3) 12265(3) 6178(1) 10432(1) 54(1)
N(4) 10585(3) 6003(1) 10601(1) 48(1)
C(1) 9599(4) 3854(1) 6709(1) 57(1)
C(2) 8447(3) 4222(1) 7019(2) 43(1)
C(3) 8815(3) 4748(1) 7409(1) 50(1)
C(4) 7093(3) 5152(1) 7498(1) 34(1)
C(5) 7403(3) 5585(1) 8003(1) 34(1)
C(6) 9089(3) 5999(1) 7948(1) 51(1)
C(7) 9389(3) 6423(1) 8456(1) 47(1)
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C(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)

7710(3)
7677(3)
5610(3)
4569(3)
6079(3)
5677(3)
4136(3)
3753(3)
5477(3)
5006(3)
6716(3)
6710(4)
7391(3)
8486(4)
12647(4)
11212(4)
10961(3)
9495(3)
8944(3)
10571(3)
10007(3)
8525(3)
7606(4)
5754(4)
5376(4)
6904(3)
7346(3)
5688(3)
6142(3)
7772(3)
8132(3)
9918(4)
10287(3)

6810(1)
7175(1)
7291(1)
6804(1)
6372(1)
5952(1)
5500(1)
5054(1)
4712(1)
4272(1)
3999(1)
5528(1)
7273(1)
6823(1)
5782(1)
5365(1)
4847(1)
4382(1)
3939(1)
3586(1)
3138(1)
2689(1)
2269(1)
2109(1)
2598(1)
3075(1)
3507(1)
3893(1)
4341(1)
4757(1)
5205(1)
5522(1)
4025(1)

8576(1)
9129(1)
9220(1)
8867(1)
8655(1)
8163(1)
8299(1)
7813(1)
7629(1)
7144(1)
6901(1)
6962(1)
8096(1)
9622(1)
10016(1)
9920(1)
9518(1)
9722(1)
9239(1)
8978(1)
8515(1)
8719(1)
8273(1)
8541(1)
8990(1)
8917(1)
9400(1)
9570(1)
10038(1)
9899(1)
10385(1)
10302(1)
10222(1)

31(1)
36(1)
46(1)
41(1)
31(1)
35(1)
52(1)
56(1)
42(1)
56(1)
42(1)
61(1)
52(1)
60(1)
50(1)
39(1)
42(1)
34(1)
35(1)
51(1)
52(1)
41(1)
55(1)
63(1)
60(1)
39(1)
37(1)
49(1)
50(1)
36(1)
44(1)
40(1)
51(1)
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C(41)  9306(4)
C(42)  7357(4)

2270(1)
2579(1)

9177(1)
7712(1)

66(1)
83(1)

Table8.3 Bond lengths [A] and angles [°] for polymorph Ist€nozolol.

Bond lengths [A]

O(1)-C(9)
N(1)-C(1)
N(2)-C(18)
N(3)-N(4)
C(1)}C(2)
C(2)}C(3)
C(4)-C(19)
C(4)-C(16)
C(5)-C(13)
C(7)-C(8)
C(8)-C(20)
C(9)-C(21)
C(10)}C(11)
C(12)}C(13)
C(14)C(15)
C(16)}C(17)
C(22)C(23)
C(23)C(24)
C(25)-C(40)
C(25)C(37)
C(26)C(27)
C(28)-C(29)
C(29)C(41)
C(30)}C(42)
C(31)}C(32)
C(33)}C(34)
C(35)}C(36)
C(37)}C(38)

1.435(2)
1.351(3)
1.342(3)
1.348(2)
1.376(3)
1.496(3)
1.545(3

1.549(3

1.539(3

1.513(3)
1.542(3

1.524(3)
1.549(3)
1.517(3)
1.537(3)
1.542(3)
1.402(3)
1.487(3)
1.540(3)
1.558(3)
1.545(3)
1.534(3)
1.532(3)
1.515(3)
1.533(3)
1.521(3)
1.519(3)
1.537(3)

0(2)-C(30)
N(1)-N(2)
N(3)-C(22)
N(4)-C(39)
C(2)-C(18)
C(3)C(4)
C(4)C(5)
C(5)-C(6)
C(6)-C(7)
C(8)-C(12)
C(8)-C(9)
C(9)-C(10)
C(11)}C(12)
C(13)}C(14)
C(15)}C(16)
C(17)}C(18)
C(23)}C(39)
C(24)C(25)
C(25)}C(26)
C(26)C(34)
C(27)}C(28)
C(29)C(33)
C(29)C(30)
C(30)}C(31)
C(32)}C(33)
C(34)C(35)
C(36)C(37)
C(38)}C(39)

1.435(3)
1.358(2)
1.343(3)
1.354(3)
1.384(3)
1.547(3)
1.547(3)
1.529(3)
1.539(3)
1.535(3)
1.542(3)
1.549(3)
1.532(3)
1.525(3)
1.526(3)
1.502(3)
1.361(3)
1.548(3)
1.556(3)
1.543(3)
1.529(3)
1.525(3)
1.555(3)
1.539(3)
1.529(3)
1.527(3)
1.530(3)
1.488(3)
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Bond angle$°]

C(1}N(1)-N(2)
C(22)N(3)-N(4)
N(1)-C(1)-C(2)
C(1}C(2)-C(3)
C(2)}C(3)-C(4)
C(19)}C(4)-C(5)
C(19)}C(4)-C(16)
C(5)-C(4)-C(16)
C(6)-C(5)-C(4)
C(5)-C(6)-C(7)
C(7)-C(8)-C(12)
C(12)C(8)-C(20)
C(12)}C(8)-C(9)
O(1)}-C(9)-C(21)
C(21)}C(9)-C(8)
C(21)}C(9)-C(10)
C(9)-C(10)}C(11)
C(13)}C(12)}C(11)
C(11)}C(12)}C(8)
C(12)}C(13)}C(5)
C(13)}C(14)C(15)
C(15}C(16)}C(17)
C(17}C(16)}C(4)
N(2)-C(18)}C(2)
C(2)-C(18)}C(17)
C(39)}C(23)}C(22)
C(22)C(23)}C(24)
C(40)C(25)C(24)
C(24)C(25)C(26)
C(24)C(25)}C(37)
C(34)}C(26)C(27)

112.8(2)
103.7(2)
106.8(2)
131.7(2)
111.56(19)
111.3(2)
110.7(2)
108.76(18)
113.76(18)
113.20(19)
108.35(18)
111.93(19)
101.27(17)
107.15(19)
114.06(18)
110.5(2)
107.02(19)
118.81(18)
103.08(18)
110.03(17)
111.92(19)
109.32(19)
113.2(2)
113.1(2)
123.1(2)
104.5(2)
132.9(2)
108.01(19)
110.00(18)
108.10(17)
112.84(19)

C(18)N(2)-N(2)
N(3)-N(4)-C(39)
C(1)}C(2)-C(18)
C(18)C(2)}-C(3)
C(19)C(4)-C(3)
C(3)-C(4)-C(5)
C(3)-C(4)-C(16)
C(6)-C(5)-C(13)
C(13}C(5)-C(4)
C(8)-C(7)-C(6)
C(7)-C(8)-C(20)
C(7)-C(8)-C(9)
C(20}C(8)-C(9)
O(1)}-C(9)-C(8)
O(1)}-C(9)-C(10)
C(8)-C(9)-C(10)
C(12)C(11)C(10)
C(13}C(12)C(8)
C(12)C(13)C(14)
C(14)C(13)C(5)
C(16)}C(15)C(14)
C(15}C(16)C(4)
C(18)}C(17)C(16)
N(2)-C(18)C(17)
N(3)-C(22)C(23)
C(39)}C(23)C(24)
C(23)}C(24)C(25)
C(40)C(25)C(26)
C(40)C(25)C(37)
C(26)C(25)C(37)
C(34)}C(26)C(25)

102.86(19)
112.5(2)

104.4(2)

123.8(2)

109.11(19)
109.17(18)
107.76(19)
112.52(17)
112.67(18)
111.3(2)

109.61(19)
117.3(2)

108.23(18)
110.51(19)
112.02(18)
102.65(18)
103.87(18)
114.97(18)
111.01(18)
109.32(18)
111.76(19)
113.18(19)
110.4(2)

123.7(2)

112.0(2)

122.6(2)

111.50(19)
111.85(17)
110.55(19)
108.26(18)
112.32(18)
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C(27yC(26)C(25)
C(27)C(28)C(29)
C(33)C(29)C(28)
C(33)C(29)C(30)
C(28)C(29)-C(30)
O(2)-C(30)}C(31)

O(2)-C(30)C(29)

C(31)C(30)C(29)
C(33)}C(32)}C(31)
C(34)C(33)}C(32)
C(33)C(34)C(35)
C(35)C(34)C(26)
C(35)}C(36)C(37)
C(36)C(37)C(25)
C(39)C(38)C(37)
N(4)-C(39)-C(38)

113.84(18)
110.92(19)
107.8(2)
101.3(2)
117.0(2)
110.8(2)
113.0(2)
102.9(2)
104.6(2)
118.74(19)
111.65(19)
109.87(18)
112.4(2)
112.68(18)
109.74(19)
126.8(2)

C(28)C(27)C(26)
C(33}C(29)C(41)
C(41)C(29)C(28)
C(41)C(29)C(30)
O(2)-C(30)C(42)

C(42)}C(30)}C(31)
C(42)C(30)C(29)
C(32)C(31)C(30)
C(34)}C(33)C(29)
C(29)C(33)C(32)
C(33)C(34)C(26)
C(36)C(35)C(34)
C(36)C(37)C(38)
C(38)C(37)C(25)
N(4)-C(39)C(23)

C(23)C(39)C(38)

113.40(19)
112.8(2)
109.7(2)
108.1(2)
104.9(2)
111.4(2)
114.0(2)
107.3(2)
114.00(19)
103.7(2)
109.83(18)
111.79(19)
109.67(19)
113.26(19)
107.3(2)
125.9(2)

Table8.4 Anisotropic displacement parameters g&L0°) for polymorph 1 of
stanozolol. The anisotropic displacement factor exponent takes the-forfifh? a*?
Ull +..+2hka*b*U12].

Atom U1l U22 U33 U23 U13 Ul12
o(1) 59(1)  36(1)  68(1)  -18(1) 13(1)  -12(1)
0(2) 116(2)  64(2)  99(2)  -36(1) -2(2) 12(1)
N(1) 59(2)  45(2)  57(2)  -18(1)  5(1) 11(1)
N(2) 55(2)  43(1)  55(2)  -19(1)  -3(1) 5(1)
N(3) 55(2)  40(1)  67(2)  -3(1) -6(1) -3(1)
N(4) 63(2)  37(1)  43(1)  -8(1) -3(1) 3(1)
c(1) 49(2)  48(2)  75(2)  -25(2)  -4(2) 0(2)
C(2) 38(2) 39(2) 5322 -21(2) -1(2) 5(1)
C(@3) 36(2) 51(2) 622 -21(2) 1(2) 4(1)
C(4) 27(1)  36(2)  40(2)  -11(1)  -4(1) 3(1)
C(5) 28(1)  34(1)  39(2)  -7(1) -2(1) 0(1)
C(6) 36(2)  48(2)  70(2)  -26(2)  10(1)  -3(1)
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C(7)

C(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)

27(1)
35(1)
43(2)
51(2)
40(1)
31(1)
28(1)
30(2)
33(2)
32(2)
41(2)
39(2)
74(2)
59(2)
85(2)
50(2)
41(2)
45(2)
38(2)
37(1)
39(2)
47(2)
45(2)
67(2)
71(2)
57(2)
41(2)
38(2)
39(2)
47(2)
43(2)
52(2)
55(2)

46(2)
29(1)
24(1)
37(2)
39(2)
32(1)
39(2)
61(2)
62(2)
42(2)
53(2)
39(2)
63(2)
55(2)
48(2)
38(2)
28(2)
36(2)
29(1)
30(1)
51(2)
54(2)
37(2)
46(2)
57(2)
52(2)
34(2)
36(2)
43(2)
43(2)
27(1)
39(2)
28(2)

67(2)
30(1)
41(2)
49(2)
43(2)
31(1)
39(2)
65(2)
73(2)
51(2)
75(2)
49(2)
45(2)
42(2)
47(2)
64(2)
47(2)
45(2)
34(1)
37(2)
65(2)
55(2)
40(2)
52(2)
62(2)
70(2)
42(2)
39(2)
64(2)
59(2)
38(2)
40(2)
37(2)

-18(2)
-2(1)
-2(1)
-11(2)
1(1)
-4(1)
-10(1)
-23(2)
-31(2)
-16(2)
-29(2)
-12(2)
-16(2)
2(2)
-10(2)
-13(2)
-4(1)
-4(2)
-1(2)
-4(1)
-21(2)
-20(2)
-8(2)
-16(2)
-17(2)
-18(2)
-5(1)
-5(1)
-11(2)
-13(2)
-2(1)
-6(2)
-6(1)

1(1)
3(1)
0(2)
10(2)
10(1)
-1(1)
-1(1)
8(1)
6(2)
-3(1)
-2(2)
-2(2)
-3(2)
8(2)
-27(2)
5(2)
-5(2)
3(1)
-5(1)
-3(1)
12(1)
5(2)
-1(1)
6(2)
5(2)
4(2)
-1(1)
1(1)
10(2)
10(2)
1(1)
-1(2)
-11(2)

-2(1)
4(1)
-1(1)
-1(1)
4(1)
5(1)
2(1)
2(1)
-5(2)
-2(1)
-3(2)
6(1)
3(2)
-3(2)
-3(2)
3(2)
0(1)
-4(1)
-1(1)
2(1)
-7(1)
2(2)
-1(2)
-5(2)
-20(2)
-19(2)
1(2)
-2(1)
-1(1)
2(1)
4(1)
-1(1)
2(1)
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C(40) 66(2) 36(2) 5202 -1(2) 112)  5(1)
C(4l)  78(2) 502) 69(2)  -11(2)  -9(2) 11(2)
C(42)  104(3) 100(3) 46(2)  -17(2) -1(2) -35(2)

Table8.5 Hydrogen coordinates ( x 9and isotropic displacement parametersXA
10 for polymorph 1 of stanozolol.

Atom X y z U(eq)
H(101) 8581 7945 9364 71
H(202) 8809 1526 8447 121
H(1N1) 8954 3172 6204 70
H(4) 10002 6179 10869 62
H(1) 10868 3879 6695 75
H(3A) 9789 5004 7259 64
H(3B) 9219 4585 7764 64
H(5) 7652 5310 8319 44
H(6A) 8962 6254 7618 66
H(6B) 10159 5739 7899 66
H(7A) 9677 6172 8779 61
H(7B) 10420 6695 8385 61
H(10A) 5286 7707 9103 59
H(10B) 5301 7246 9611 59
H(11A) 3692 6579 9093 53
H(11B) 3933 7000 8559 53
H(12) 6394 6098 8967 40
H(13) 5308 6209 7846 46
H(14A) 3034 5732 8383 68
H(14B) 4462 5262 8627 68
H(15A) 2837 4754 7926 73
H(15B) 3266 5286 7501 73
H(16) 5858 4451 7943 54
H(17A) 4219 3942 7277 73
H(17B) 4350 4499 6858 73
H(19A) 7680 5820 6903 79
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H(19B)
H(19C)
H(20A)
H(20B)
H(20C)
H(21A)
H(21B)
H(21C)
H(22)

H(24A)
H(24B)
H(26)

H(27A)
H(27B)
H(28A)
H(28B)
H(31A)
H(31B)
H(32A)
H(32B)
H(33)

H(34)

H(35A)
H(35B)
H(36A)
H(36B)
H(37)

H(38A)
H(38B)
H(40A)
H(40B)
H(40C)
H(41A)

5573
6641
7069
8489
6418
8321
9768
7881
13734
12114
10598
8470
11431
11192
11066
9549
4795
5799
4188
5415
6548
7724
5254
4714
6413
5083
7414
7161
8149
11351
9387
10618
9671

5745
5251
7049
7506
7551
7060
6756
6430
5784
4631
5014
4207
3884
3354
2904
3372
2114
1698
2788
2415
3340
3255
4125
3618
4106
4598
5011
5510
4976
3798
3741
4313
2520

7001
6650
7764
8031
8193
9956
9559
9659
9815
9469
9160
8942
8828
9269
8393
8199
8262
8706
8934
9358
8604
9719
9250
9689
10373
10114
9579
10405
10733
10106
10362
10510
9489

79
79
67
67
67
78
78
78
65
55
55
45
67
67
68
68
82
82
77
77
50
49
63
63
64
64
47
57
57
66
66
66
85
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H(41B)
H(41C)
H(42A)
H(42B)
H(42C)

10346
8389
6671
8532
6710

2050
1979
2311
2660
2963

9035
9293
7471
7550
7760

85
85
108
108
108
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2) Polymorph 2 of stanozolol.

Table8.6 Crystal data and structure refinement for polymorph 2 of stanozolol.

Identification code

stanozolol_2

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Co1H32 N2 O
328.49

298(2) K

0.7107 A
Orthorhombic
P2,2,2

a =19.4540(7)A
b = 18.7009(8)A
c =10.8348(4)A
3941.8(3) R

8

1.107 Mg/ni
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Absorption coefficient 0.068 mnt

F(000) 1440

Crystal size 0.40 x 0.30 x 0.25 mm

Theta range for data collection 3.0117 to0 29.2370 °

Index ranges -15<=h<=24:-14<=k<=25;-13<=I<=7
Reflections collected 12685

Independent reflections 6908 [Ry = 0.0185]

Refl ections obse 5298

Data Completeness 0.997

Absorption correction Semtiempirical from equivalents
Max. and min. transmission 1.00000 and 0.98866
Refinement method Full-matrix leastsquares on¥
Data / restraints / parameters 6908 /2 /447

Goodnes®f-fit on F* 1.026

Final R indices R1=0.0487 wR=0.1023

R indices (all data) R;=0.0718 wR=0.1138
Absolute structure parameter 1.2(17)

Largest diff. peak and hole 0.189and-0.157 e.A®

Table8.7 Atomic coordinates ( x fPand equivalent isotropic displacement
parameters (Ax 10°) for polymorph 2 of stanozolol. U(eq) is defined as one third of

the trace of the orthogonalized Uij tensor.

Atom X y z U(eq)
0(1) 7216(1) 3487(1) 9450(2) 53(1)
0(2) 11695(1) 7432(1) -294(2) 62(1)
N(1) 8099(1) 6189(1) 127(2) 59(1)
N(2) 7442(1) 6304(1) 434(2) 59(1)
N(3) 8648(1) 7920(1) 8686(2) 55(1)
N(4) 8680(1) 7214(1) 8432(2) 54(1)
C(1) 8363(2) 5739(2) 963(3) 59(1)
C(2) 7867(1) 5561(1) 1829(2) 49(1)
C(3) 7867(1) 5101(2) 2965(2) 51(1)
C(4) 7294(1) 5320(1) 3870(2) 38(1)
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C(5)

C(6)

C(?)

C(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)

7200(1)
7839(1)
7733(1)
7124(1)
6857(1)
6104(1)
5889(1)
6499(1)
6572(1)
5924(1)
5993(1)
6616(1)
6629(1)
7293(1)
7478(1)
7282(2)
6902(2)
8995(1)
9249(1)
9655(1)
9957(1)
10144(1)
10695(1)
10843(1)
11029(1)
11041(1)
10901(2)
10607(2)
10447(1)
10318(1)
9735(2)
9594(2)
9396(1)

4729(1)
4572(2)
3983(2)
4139(1)
3520(2)
3743(2)
4260(2)
4255(2)
4865(1)
4938(2)
5501(2)
5375(1)
5947(2)
5931(1)
6046(1)
4791(2)
2783(2)
8265(2)
7782(1)
7876(1)
7168(1)
7256(1)
7827(1)
7935(1)
7236(1)
7231(1)
6438(2)
6078(2)
6701(1)
6549(1)
6011(1)
5882(1)
6581(1)

4864(2)
5647(2)
6610(2)
7454(2)
8288(2)
8527(3)
7496(3)
6611(2)
5699(2)
4938(3)
3937(3)
3122(2)
2114(3)
1444(2)
4452(3)
8255(3)
7707(3)
7808(2)
6959(2)
5783(2)
5309(2)
3921(2)
3675(2)
2297(2)
1660(2)
212(2)

-112(3)
1049(2)
1907(2)
3268(2)
3431(2)
4800(3)
5433(2)

38(1)
51(1)
48(1)
38(1)
47(1)
80(1)
79(1)
45(1)
42(1)
69(1)
60(1)
45(1)
58(1)
50(1)
56(1)
62(1)
73(1)
52(1)
40(1)
43(1)
35(1)
35(1)
46(1)
45(1)
37(1)
47(1)
65(1)
58(1)
40(1)
39(1)
54(1)
56(1)
40(1)
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C(38)  9181(1)
C(39)  9041(1)
C(40)  10594(1)
C(41)  11728(1)
C(42)  10520(2)

6439(1)
7129(1)
6974(2)
6966(2)
7730(2)

6768(2)
7393(2)
6077(2)
2137(3)

-362(2)

50(1)
43(1)
56(1)
58(1)
64(1)

Table8.8 Bond lengths [A] and angles [°] for polymorph 2 of stanozolol.

Bond lengths [A]

O(1)}-C(9)
N(1)-C(1)
N(2)-C(18)
N(3)-N(4)
C(1}C(2)
C(2)}C(3)
C(4)-C(19)
C(4)-C(5)
C(5)-C(13)
C(7)-C(8)
C(8)-C(12)
C(9)-C(21)
C(10)}C(11)
C(12)}C(13)
C(14)C(15)
C(16)}C(17)
C(22)C(23)
C(23)C(24)
C(25)-C(40)
C(25)C(26)
C(26)C(34)
C(28)-C(29)
C(29)C(41)
C(30)}C(42)
C(31)}C(32)

1.440(3)
1.338(3)
1.330(3)
1.350(3)
1.387(4)
1.501(3)
1.540(4)
1.554(3)
1.540(3

1.525(3)
1.535(3

1.517(4)
1.535(4)
1.516(3)
1.518(4)
1.529(3)
1.380(3)
1.510(3)
1.536(3)
1.556(3)
1.538(3)
1.522(3)
1.540(3)
1.512(4)
1.537(4)

0(2)-C(30)
N(1)-N(2)
N(3)-C(22)
N(4)-C(39)
C(2)-C(18)
C(3)}C(4)
C(4)-C(16)
C(5)-C(6)
C(6)-C(7)
C(8)-C(20)
C(8)C(9)
C(9)-C(10)
C(11)C(12)
C(13)C(14)
C(15}C(16)
C(17)}C(18)
C(23)C(39)
C(24)C(25)
C(25}C(37)
C(26)C(27)
C(27)C(28)
C(29)C(33)
C(29)C(30)
C(30)}C(31)
C(32)C(33)

1.436(3)
1.339(3)
1.334(3)
1.336(3)
1.379(4)
1.541(3)
1.552(3)
1.533(3)
1.532(3)
1.528(4)
1.558(3)
1.546(4)
1.525(3)
1.513(3)
1.517(4)
1.482(4)
1.370(3)
1.537(3)
1.555(3)
1.537(3)
1.534(3)
1.534(3)
1.570(3)
1.548(4)
1.523(3)
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C(33)C(34) 1.523(3) C(34)C(35) 1.527(3)
C(35)C(36) 1.527(4) C(36)C(37) 1.525(3)
C(37)C(38) 1.529(3) C(38)C(39) 1.483(3)
Bond angles [9]
C(1)FN(1)-N(2) 107.5(2) C(18)N(2)-N(1) 109.1(2)
C(22)N(3)-N(4) 107.7(2) C(39)N(4)-N(3) 108.2(2)
N(1)-C(1)}C(2) 110.0(3) C(18)}C(2)C(2) 103.8(2)
C(18)C(2)}-C(3) 122.4(2) C(1)}C(2)-C(3) 133.8(3)
C(2)}C(3)-C(4) 111.7(2) C(19)C(4)-C(3) 109.0(2)
C(19)C(4)C(16) 110.7(2) C(3)}C(4)C(16) 107.5(2)
C(19)C(4)C(5) 111.8(2) C(3)C(4)C(5) 109.74(19)
C(16)C(4)-C(5) 108.03(19) C(6)-C(5)-C(13) 110.42(19)
C(6)-C(5)-C(4) 115.10(19) C(13)C(5)-C(4) 112.54(19)
C(7)}C(6)C(5) 113.9(2) C(8)-C(7)C(6) 112.0(2)
C(7)}C(8)C(20) 109.7(2) C(7)}C(8)C(12) 106.62(19)
C(20)C(8)}-C(12)  112.6(2) C(7)-C(8)-C(9) 117.7(2)
C(20)C(8)-C(9) 109.3(2) C(12)C(8)-C(9) 100.76(18)
O(1)C(9)C(21) 107.3(2) O(1)C(9)-C(10) 108.9(2)
C(21)C(9)C(10) 111.7(3) O(1)>C(9)-C(8) 112.2(2)
C(21)C(9)-C(8) 114.5(2) C(10)C(9)-C(8) 102.2(2)
C(11)}C(10)}C(9) 107.8(2) C(12)C(11)}C(10)  104.0(2)
C(13)C(12)C(11) 118.6(2) C(13)C(12)C(8) 114.76(19)
C(11)C(12)C(8) 104.1(2) C(14)yC(13)C(12) 110.2(2)
C(14)C(13)}C(5) 110.8(2) C(12)C(13)}C(5) 109.51(19)
C(13)}C(14)C(15) 112.3(2) C(16)C(15)C(14) 112.2(2)
C(15)C(16)C(17) 108.7(2) C(15)C(16)C(4) 112.7(2)
C(17)C(16)C(4) 113.9(2) C(18)yC(17)C(16) 110.5(2)
N(2)-C(18)-C(2) 109.7(2) N(2)-C(18)}C(17)  125.6(3)
C(2}C(18)}C(17)  124.6(2) N(3)-C(22)C(23)  109.8(2)
C(39)C(23}C(22)  104.4(2) C(39)C(23}C(24) 123.2(2)
C(22)C(23)C(24) 132.4(2) C(23)C(24)C(25) 112.5(2)
C(40)C(25)C(24) 109.4(2) C(40)yC(25)C(37) 110.7(2)
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C(24)YC(25)C(37)
C(24)C(25)C(26)
C(27)C(26)C(34)
C(34)C(26)C(25)
C(29)C(28)C(27)
C(28)C(29)C(41)
C(28)C(29)C(30)
C(41)C(29)C(30)
O(2)-C(30)}C(31)

O(2)-C(30)}C(29)

C(31)C(30)C(29)
C(33)C(32)C(31)
C(34)}C(33)}C(29)
C(33)}C(34)C(35)
C(35)C(34)C(26)
C(37)C(36)C(35)
C(36)C(37)C(25)
C(39)}C(38)C(37)
N(4)-C(39)-C(38)

108.09(18)
108.74(19)
111.31(18)
113.92(19)
111.8(2)
109.9(2)
117.5(2)
108.7(2)
108.7(2)
113.2(2)
103.3(2)
103.9(2)
114.3(2)
111.0(2)
110.40(19)
110.3(2)
112.93(19)
109.4(2)
125.8(2)

C(40)C(25)C(26)
C(37)}C(25)C(26)
C(27)C(26)C(25)
C(28)C(27)C(26)
C(28)}C(29)C(33)
C(33}C(29)C(41)
C(33)C(29)C(30)
O(2)-C(30)C(42)

C(42)}C(30)}C(31)
C(42)}C(30)C(29)
C(32)C(31)C(30)
C(34)C(33)C(32)
C(32)}C(33)C(29)
C(33)}C(34)C(26)
C(36)C(35)C(34)
C(36)C(37)C(38)
C(38)C(37)C(25)
N(4)-C(39)C(23)

C(23)C(39)C(38)

111.15(19)
108.75(18)
113.76(19)
113.0(2)
107.79(18)
112.3(2)
100.43(19)
106.0(2)
112.4(2)
113.4(2)
107.4(2)
118.7(2)
104.00(19)
108.70(19)
110.5(2)
110.3(2)
113.4(2)
109.8(2)
124.4(2)

Table8.9 Anisotropic displacement parameters g&L0°) for polymorph 2 of

stanozolol The anisotropic displacement factor exponent takes the farmi{h? a**
Ull+...+2hka*b*U12].

Atom U1l u22 U33 U23 U13 U12
o(1) 50(1)  73(1)  36(1)  17(1)  2(1) -2(1)
0(2) 52(1)  77(1)  57(1)  9(1) 25(1)  4(1)
N(1) 83(2)  54(2)  40(1)  3(1) 13(1)  -2(1)
N(2) 90(2)  48(1)  40(1)  9(1) 5(1) -1(1)
N(3) 60(1)  60(2)  45(1)  -2(1) 13(1)  5(1)
N(4) 61(1)  61(2)  40(1)  8(1) 19(1)  -3(1)
c(1) 67(2)  64(2)  46(2)  6(2) 14(1)  6(2)
C(2) 62(2)  45(12)  41(2)  5(1) 13(1)  5(1)
C@®3) 54(2)  55(2)  46(2)  12(1)  14(1)  10(1)
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C(4)

C(5)

C(6)

C(7)

C(8)

C(9)

C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)

38(1)
36(1)
32(1)
35(1)
32(1)
37(1)
38(2)
35(2)
29(1)
32(1)
34(1)
40(1)
48(1)
59(2)
66(2)
66(2)
76(2)
98(2)
64(2)
46(1)
56(2)
41(1)
36(1)
53(2)
50(1)
35(1)
47(1)
78(2)
72(2)
44(1)
47(1)
82(2)
78(2)

37(1)
38(1)
71(2)
62(2)
44(1)
60(2)
122(3)
125(3)
58(2)
47(2)
97(2)
76(2)
43(1)
58(2)
42(2)
45(2)
57(2)
56(2)
51(2)
44(2)
37(1)
36(1)
36(1)
47(2)
42(1)
42(1)
54(2)
68(2)
53(2)
39(1)
35(1)
33(1)
34(1)

39(1)
40(1)
49(2)
46(1)
37(1)
43(2)
79(2)
78(2)
49(2)
47(2)
75(2)
64(2)
45(1)
57(2)
42(2)
56(2)
53(2)
66(2)
40(2)
31(1)
36(1)
28(1)
32(1)
37(1)
42(1)
35(1)
39(1)
48(2)
49(2)
37(1)
37(1)
48(2)
55(2)

5(1)
4(1)
18(2)
19(1)
7(1)
16(1)
52(2)
60(2)
18(1)
14(1)
48(2)
32(2)
11(1)
21(2)
8(1)
6(1)
42)
25(2)
-4(1)
-1(1)
-4(1)
2(1)
1(1)
-8(1)
1(1)
0(1)
-1(1)
-15(2)
-13(1)
-4(1)
-1(1)
-9(1)
1(1)

6(1)
4(1)
8(1)
4(1)
3(1)
-2(1)
9(2)
14(1)
4(1)
7(1)
0(1)
2(1)
-1(1)
2(1)
9(1)
9(1)
-2(2)
-28(2)
12(1)
8(1)
13(1)
3(1)
6(1)
8(1)
12(1)
7(1)
14(1)
20(2)
23(1)
9(1)
8(1)
24(1)
25(2)

2(1)
2(1)
5(1)
10(1)
-1(1)
-6(1)
-1(2)
5(2)
-3(1)
3(1)
4(1)
9(2)
0(1)
6(2)
0(1)
-9(1)
-4(2)
-21(2)
3(1)
2(1)
-6(1)
1(2)
1(2)
-11(1)
-7(1)
2(1)
0(1)
-9(2)
-6(2)
1(2)
4(1)
-9(1)
-7(1)
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C(37)  48(1)  33(1) 39(1) 0@ 9(1) 0(1)

C(38) 642  43(2)  42(2)  6(1) 15(1)  -2(1)
C(39)  46(1)  49(2)  33(1)  1(1) 9(1) 0(1)
C(40) 53(2) 82(2) 33(1)  5(2) 0(1) 42)
C(4l) 422 742) 56(2)  6(2) 7(1) 6(1)

Table8.10 Hydrogen coordinates ( x 9@&nd isotropic displacement parameter$ (A
x 10%) for polymorph 2 of stanozolol.

Atom X y Z U(eq)
H(1N2) 7160 6576 41 77
H(1N4) 8500 6877 8864 70
H(1) 8813 5571 963 77
H(3A) 8309 5142 3375 67
H(3B) 7804 4606 2729 67
H(5) 7100 4287 4412 49
H(6A) 8212 4434 5103 66
H(6B) 7976 5008 6066 66
H(7A) 7658 3531 6192 62
H(7B) 8146 3937 7105 62
H(10A) 5808 3325 8525 104
H(10B) 6064 3975 9324 104
H(11A) 5475 4095 7088 103
H(11B) 5809 4736 7821 103
H(12) 6454 3818 6117 59
H(13) 6646 5309 6159 54
H(14A) 5545 5064 5477 89
H(14B) 5818 4481 4560 89
H(15A) 5582 5498 3430 78
H(15B) 6030 5969 4318 78
H(16) 6548 4914 2711 59
H(17A) 6256 5864 1538 75
H(17B) 6563 6415 2482 75
H(19A) 7563 6389 3811 72
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H(19B)
H(19C)
H(20A)
H(20B)
H(20C)
H(21A)
H(21B)
H(21C)
H(22)

H(24A)
H(24B)
H(26)

H(27A)
H(27B)
H(28A)
H(28B)
H(31A)
H(31B)
H(32A)
H(32B)
H(33)

H(34)

H(35A)
H(35B)
H(36A)
H(36B)
H(37)

H(38A)
H(38B)
H(40A)
H(40B)
H(40C)
H(41A)

7883
7103
7361
7684
6899
6688
7376
6672
9057
10025
9357
9725
10545
11117
10440
11219
10574
11323
10194
10942
10026
10738
9322
9857
9224
10002
8988
8772
9545
10461
10920
10800
11691

5995
6207
5198
4698
4884
2439
2657
2787
8758
8212
8077
7432
8277
7688
8139
8271
6406
6204
5809
5758
6923
6351
6192
5563
5538
5686
6760
6143
6187
6894
7359
6548
6849

4951
4956
7736
8742
8791
8240
7589
6924
7773
5928
5153
3521
4028
4088
1902
2202
-786
-362
857
1418
1590
3632
3037
3038
4891
5189
5004
6782
7198
6919
6041
5751
2997

72
72
81
81
81
95
95
95
68
56
56
45
59
59
58
58
84
84
76
76
52
51
70
70
72
72
52
65
65
73
73
73
75
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H(41B)
H(41C)
H(42A)
H(42B)
H(42C)
H(101)
H(102)

12068
11861
10547
10615
10067
6960(20)
12084(14)

7332
6547
7698
8212
7598
3290(20)
7210(20)

2028
1682
-1244
-107

-96
10050(30)
-140(50)

75
75
83
83
83

160(20)
180(20)
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3) Stanozolol ethanol solvate.

Table8.11 Crystal data and structure refinement for stanozolol ethanol solvate.

Identification code stanozolol_3
Empirical formula C23Hag N2 Oz
Formula weight 374.55
Temperature 150(2) K
Wavelength 0.7107 A
Crystal system Orthorhombic
Space group P22:2;

Unit cell dimensions a=7.1392(5)A

b = 10.9541(8)A
Cc = 26.8891(16)A

Volume 2102.8(3) R

z 4

Density (calculated) 1.183 Mg/ni

Absorption coefficient 0.075 mnit

F(000) 824

Crystal size 0.80 x 0.35 x 0.15 mm

Theta range for data collection 2.9306 to 28.8699 °

Index ranges -9<=h<=4;-13<=k<=11;-35<=|<=33
Reflections collected 6211

Independent reflections 3627 [Rq = 0.0460]
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